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A LOS ASISTENTES A LOS CURSOS DEL CENTRO DE EDUCACION
CONTINOUA . -

Las autoridades de la Facultad de Ingenierfa, por conducte del Jefe del
Centro de Educacidn Continua, ¢torgan una constancia de asistencia z -
quienes cumplan con los requisitos establecidos para cada curso. Las
perscnas que deseen gue aparezca su tftuolo profesional precediendo a -~
su nombre en la constancia, deberdn entregar copia del mismo o de su -
ctdula a mis tardar el SEGUNDO DIA de clases, en ias 0f101na5 del Cautro
con la sefiorita encargada de inscripcicnes.

El control de asistencia se llevaré & caba a través de la persona encsy
gada de.entregar las notas del curso. Las-inasistencias serfn.computa=
das por-las autoridades.del”Centro, con el fin de entregarle_constancila
solamenterarlos:alumnos-gue-tengan.un-minimo:dels 80%¢-de.asistencia.

Se-recomienda-a-los.-asistentes-participar-activamente-con.sus_ideas_y
experiencias; -pues-loszcursos que-ofrece-el-Centro~estén-planeados -para-
que:los-profesores:expongan=una tesis,.pero-sobre todo; para-que-coordis
nen-las- nplnlnnes de- todas 1lost 1nteresaﬁcs t:n:-n:='.~t]‘.tuyertu.‘lc:r--W:rn:laf.:'ht-zrrvf:--= se--
minarios. .

Es muy importante que todos los asistentes llenen  y entregen su hoja -
de inscripcifn al inicio del curso. Las perscnas comisionadas por al-
guna institucibdn deberin pasar a- .inscribirse: en las oficinas..del Centro
en.la misma forma que-los-demds asistentes, entregando el oficio respec
tive.

L]

Con objeto de mejorar leos servicios que el Centro de Educacifn Continua
ofrece, al final del cursc se hard una evaluacién a trdves de un cues--
tionario disenado para emitir juicios anSnimos por parte de los asisten
tes. . :

Y






centro de educacion continua
:m division de estudios supariores
' facultad de ingenieria, unam

CUESTIONARIC PARA EL DIRECTORIO GENERAL PARA USO EXCLUSIVODELCEC
ALTA [SI] moDIFICACION [s1]

1.— INSTRUCCIONES GENERALES.

A.— Escriba con letra de melde. C.— Para contestar las preguntas en las lineas 6 en
8 Escrib | los semicuadros escriba, letras y en los cua- )
-— Escriba un solo caractier por dres pondrd nimeras seqin sea la respuesta
cuadro O semicuadro, qua se pide

NOTA : No se haga ninguna anotacién en |gs cuadres sombreados,

NOMBRE DEL. CURSO : FOLIO :

1.— NOMBRE :

L L L] L

TITULG 13 14 NOMBRE (8} , APELLIDO PATERNG APELLIDO MATERNQ. a1

NOTA : Separe mediante unacoma (.} el (los) -nembre (s} de {as apellidos.

2.— REGISTRO FEDE 3.— CEDULA
RAL DE'CAUS.: | l I PROFESIONAL:
42 ANO MES DIA 57 52  NUMERO 53
4,— TELEFONO 5.— TELEFOND
PARTICULAR: OFICINA:
52 NUMERD 85 68 NUMERQ 72 73 ExT. 7
6.— ASISTENTE AL CURSD all B| S
0 PROFESQR:
7 8O B0

1. = DIRECCION PARTICULAR :

B CALLE, NUMERC Y NUMERC INTERIOR, at

ZONA

POSTAL
COLONIA Y/O CIUDAD. 71 72

g—
ESTADG "o TITULO PROFESIONAL =, 76
all e
ESPECIALIDAD | 80

DFCECO1fA




10.— DIRECCION DE OFICINA:

8 CALLE, NUMERQ ¥ NUMERO INTERIDR a1
ZOMNA
FPOSTAL:
42 COLONIA Y/O CIUDAD. 71 77 13
3 7
A M
ESTADO % 7 a0 a0
11— ASOCIACIONES A LAS DUE PERTENECE :
PRIMCIPAL :
B 7
OTRAS :
B 9
10 11
12 13
4 ]
A . K
14 15 BQ 80
A OE GE 19 -
FIRMA -
FECHA DE ELABRORACION
PARA USO EXCLUSIVO DELCENTRO DE EDUCACION CONTINUA ]
CODIFICO : REVISO - OBSERVACIONES:
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v oxo EVALUACION DE LA ENSENANZA

i CURSQO: INTRODUCCION A LAS MINICOM-
PUTADORAS (I P-11)

FECHAS : Del 6 ul 28 de Julio, 1979,

EFICIENCIA EN EL USO DE
AYUDAS AUDIOVISUALES

DOMINIO DEL TEMA

MANT. DEL INTERES (AMENIDAD,

FACILIDAD DE EXPRESION, COMU-

NICACION CONLOS ASISTENTES)
PUNTUALIDAD

Eitementos de una Computadora(Portilla)

Arguitectura de FDP-11 (Guzmén)

Modos de Direccionamiento (Corderoc)

Conjunto de Instrucciones (Portilla)

Manejo de éubrutinas (Guzmén)

Manejo de entrada /salida (Rfos)

Lakoratorio {Cordero)

Aplicaciones {Gerez)
I———

Laboratorio {Rfos)

ESCALA DE EVALUACION DEL 1 AL 10
‘eirs, 27, VL, 79.







EVALUACION DEL CURSO

CONCEPTO EVALUACION

1., | APLICACION INMEDIATA DE LOS CONCEPTOS EXPUESTOS

2, | CLARIDAD CON QUE SE E}CPUS‘IERDN LOS TEMAS
.. GRADDO DE ACTUALIZACION LOGRADO CON EL CURSO

4. [ CUMPLIMIENTO DE LOS {-)B;ETI‘JOS DEL CURSC

5. |CONTINUIDAD EN LOS TEMAS DEL CURSQ

6. | CALIDAD DE LAS NOTAS DEL CURSO

7. |[GRADO DE MOTIVACION LOGRADG CON EL CURSO

ESCALA DE EVALUACION DE 1 A
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g.

iQué le parecié el ambiente del Centro de Educacifn Continua?

Muy agradable ] sgradaeble [ ] Desagradable [__|

Medio de comunicacién por el que se enterf del curso:

Peribdico Peribdico Falleta del
Excélsior [] Novedades [ | {urso ]
Cartel Radian Comunicacian
mensual |:| Universidad[:] : carta,telefo I:j

no,verbal,etc,

stedio de transporte utilizado para venir al Palacio de Mineria:

Automavil D MetTo [::' Otro medlo D

particufar

¢Gué  cambios harfia usted en ¢! programa para tratar de perfeccio
nar vl curse?

iRecomendaria ¢l curso a otras personas? si{ | No [ ]

iQui curse le gustaria que ofreciera el Centro de Educacidn Contuli
nua? .

iQué servicios desearia que tuviese ¢l CEL para los asistentes

Lursos?

Otras sugestioncs:







centro de educacion continua
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INTRODUCCION A LAS MINICOMPUTADORAS (PDP-11)

CAPITULO 1: ELEMENTOS DE UNA COMPUTADORA

M. en C, MARCIAL PORTILLA R,
JULIO-79






S_YSTE MS. PROGRAMMING

JOHN ], DONOVAN
oy

background , o

This book has twe major objectives: 10 teach procedures for the design of sofl-
werr fystems and to provide & bagdy for judgement in Lhe design of soltware. To
facilitale our task, we have taken speclfic examples lvom systems programe We
discuny the design and implementation of the major sysiem components
Whal i1 sydetms programming] Yau may visulize a compuler as some sort of
beast that obeys alt commands, 1t has been sakl that computers ate baskally
. peopk made out of metal or, converstly, peaple are compulers made oug of
* Nesh and Blood, However, toce we gt ¢lose 10 computers, we see Lhat {hey are
basically machines that follew very specific ind peimitive instructions. .
lo the early davs of compulers, peoph communicated with them by on and
off mwilches denoling primilive imvirucilons. Soon people wanted Lo give more
complen instruciions. For exariple, they wanted 10 be able 1o ay X « 30« ¥}
< given that ¥ = 10, what iy X7 Preseni day compulers cannot understang wch
langusge without the zid of rystems programs. Syriéms programs (., com-
pilers, loadens, macro processerl, operating Fystemy) were developed 1o make
computers belter adapied to the reeds of their users. Further, people wanted
maore assistance in the mechanics of preparing their programe.
Compilers are systems programs that accept people-like lnguages and tranalale

-Lthem into machine languege. Losders are systerns programs that prepare maching

lsnguage programs fos execulion. Macro procesor aliow programmers 10 e
_ abbreviations. Dpertting systems end (e xystems allaw Mexible storing and
retrieval of information (Fig. 1.0). .

There ace over 100000 somgrulens In ute now Jn virteally every application.
The producrivity of each computer iy heavily dependent upon the effectiveness,
eMciency, ind sophistication of the gyuiems programs.

In this chapter we inlroduce some 1czminolegy and outline machine structure

snd Lhe besic tasks af an operating system.
1



MACHINE STRUCTURE
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11 MACHINE STRUCTURE

u:’fmy i3 the device where informa;
L Operale on this informy
the form of caes und 2 Lo Oue
Bit, Bty are typieally
provped in unity tha
Memnory location, are Lare called wordy, d‘llrtltu_ of Byles,
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The contents of & word may be interpeeted as daza (values to be operated on)
o inzructions {opetations 10 be performed). A processor is » device that per-
forms a sequence of operstions specified by instructions in memory . A program
{or procedur) is & sequence of Losiructions .

Memory may be thought of w miboxes containing groups of ones wod remos.
Dedow we depict & srics of meonory locitions whom sddrean s 10,000

through 10,001, . i
- L
- 1
19,000 DOOG SO0 Do 0001
1003 0011, DOOG D000 DOOO .
10,002 0000 0000 4000 D100 ST o

An TRM 1130 proceses treating location 10,001 & &0 instrisction would j=uter-
prit §ts contents a3 a “halt™ Brhaciion. Treating the e bocstion a3 numerical
da1s, the processor wotild interpret ity contents uy the binary sumber 0015 D000
0000 D000 (deciteal 11,288). Thus instractions gnd dzta chart the cxme storage
medivm,

Iaformation i memory Iy coded lnto groups of bite that may be interpreted
ak chilsciers, Instructions, f oumbers. A code o 8 set of tules for interpdeting
poups of bits, o4, codes for representation of decimal digits {BCD), for chu-
sctirs (EBCDIC, or ASCI), of for instructons (pecific procesor operation
codes). We have depicted two types of procesmony: Tnpur/Ouiput {1/0) procesors
and Central Provessng Units (CPUs). The 1)O procenors are concerned with the
trandfer of data between merooey and peripberal devicey such gy disks, drome,
printery, and rypewriters. The CPUs pre concerntd with mengputstions of dats
stored in memory. The IO proceson exscate 10 imtructions that are dored in
memocy; they are genenilly sctivated by » cooumand from the CPU. Typacally,
this consisty of an “execuie §0 inatruction whase argument s the sddress of
the eiart of the LfO progeam. The CPU Ioterprets this instraction ead passes the
argument to the 1fO procassor {commenly calked 1/0 channels). .

The 10 mstruction set may be entinely different from (hat of the CPU and
may be executed synchronoudly (Eonclisnecudy) with CPU gperation. Aoy
cioronous operation of 10 chansels and CFLh was one of the sulien forms of
muliiprocessing. Multiprotrsing means heving more than oo procetae oper-
eting on the pame memiry stecltaneondy.

Since ingtruction, like data, 3 siored in pernory end cad be treated 52 dats,
by changing the bit conliguration of an instruction — sdding w numbey 10 it — we
may change it to & different Intruction. Procedures that modify themsehves are
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Howfwr. thiz would watte core! by leaving the assembler in memory while the
uter's program wys being executed. Also the programmer would have to retrans-
late his program with each execulion, thus wasling translation tme. To overcame
the problems of wasted tzznslation time and wasted memory, sysiems progiam-

mers developed another component, ealled the loader.

A loader i3 A program that places programs into memory and prepares them for
execution. In 1 gimple losding sheme, Lhe assembler outputs the machine
language tramslation of # progzam on a secandary siorage device anid u loader is
pliced in core. The loadet places Into memory Lhe machine language verson of
the uter's program and trznsfers conirol to it. Since the loader program is much
onatier thao the agembler, 1his makes mere core available o the umet's program.

The realization that frany usets were wriling vistually the same programa led -
to the Sevelopment of “ready-made™ programs {packagey). Thewe packages were
written by the compuler maaulacturers or the users. As the programmer became
more sophisticaled, he winied o mix and combine ready-made programs with
his own. In response to this demand, a facility was provided whereby Lthe user
could wrile & main progeam that used several olther programs or wbroutines A

gubrouiine s a body of computer instructlons designed 1o be uaed by other

roulings lo accomplish a task. There are two types of subroutlnes: closed and’
open tubroulines. An opert brouting or racro definition is ane whose code it
imseried jnto ithe main program (Mow conuinues). Thus if the mame open sub-,
routine were called four Limes, it would appear in fouwr different places in 1he
calling program. A closed Ribroutine can be stored outside the main routine,

. ind cootrol teansfers o the subrouline, Associaled with the cloyed subroutine
. ure two batks the main program must peilorm: transfer of cantrol wnd transfer

of data. .

Enitizlty, closed subroulines hid to be loaded into memory st a petific ad-
dress. For example, if u user wished to employ & square root subrouting, he
would have 1o wrile his main program w lhat it would transfer Lo 1he locaiion
astigned Lo the square root routing (SQRT). His program and the subroutine
would be assembled Logeiher. Ifa se¢ond user wished Lo ute the same subioutine,
he also would asemble italong with his own programy, $nd Lthe complete machine
language transtition would be loaded into memory. An example of core tlloce-
tion under this infexible loading scheme b depicted in Figure | 3, whert coce in
depicted a5 o linear atrey of locations with the program Areas thaded.

{
Int3in memory & typlcally iplemented 1y magneiic cores: bince memory sad (ore Bt owd
raaymocaly. N .

- ' .- |u
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The various I¥pes of Joaders (g
relocating, direct-link ing, dynamic
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core. Program 2 overfays wng therely
each other symbolics]-
-ddrtp of party of their programs,
lecations (o 1heir subroutines and

more efficlent if tubroutiney

BACKGROUND !

.OpETILing Systems provide & macre processng facility, which permils the pro-

gremmes (o defing an abbrevistion for o part of his program and 10 use the ab-
bzeviation in his program. The maczo procemor tzesls the idemical party of the
program defined by the abbreviation st a maero definition and paves the defini-
tiont. The macto processyr substituies the definition for all gocurrences of the
abbreviation {macro call] én the program,

121 addition to helping programmers abbeeviate thels programy, macro faclitics
have been used ss general text handters and for specializing operating sysiems 1o
individual compuier Inyallations. [n tpecializing operaling systéms (gystems

* genesztion), the entire operaling system Is written ns u series of macro defini-

tions. To specialize the operating system, a'serien 6f macro calls are wrilten,
These are processed by the macro processor by substituling the appropriate
definitions, Lhereby producing all the programs for an operaling system. .

124 Comgilen

As the user’s problems became more calegorized Inlo greas such as scientific,
business, and stalistical problemns, specialited languages (high fevel lanpuapes)
were developed (hat allowed dhe user to exprass cerlain problems concisely and
easily. These high level lyngusges — Examples are FORTRAN, COROL, ALGOL,
and PL{! — are processed by compilers and interprelers A cormprifer (s a program
that accepts & program wrillen in s high level language and produces an object
program. An interpreter is 2 program thal zppesrs 10 execule § 3qUECe program
m if it were machine Janguage. The same name (FORTRAN, COBOL, e1c.} is
often used 1o designate both o compiler and its associated language.

Modern compilers must be able to provide (he ¢omplex facililics Lhat pro-
grammers are now demanding. The compiler must furmish complex accessing -
methods (of pointer variables and data structures used in languages like FLA,
COBOL., and ALGOL 63, Modern compilers must intéracl closely with the oper-
ating system 10 hand)e sialements concarning the hardware intecrupls of a com:
puter (e.x. conditioml salements in PL{1).

1.2.5 Formad Systems

A formal system is an uninterpreted caleulus, |t contists of an alphabet, et of
woeds called aasoms, aad » finile s21 of relgions called rudes of inference, Ex-
emples of formal wystems are; st theory, boolean aigebrs, Post systems, and
Backyy Normal Form. Formal sysiems sre becoming imporiant inuhe dezign,
implementation, and study of programming languages. Specilically, they can be -

‘(o

e



EvOLUTION OF DFCAATING ¥rATEM

ustd 10 specify the
patex (for )
languages. They have been yseg ;‘:} 104 the semantics (mean

LiGr, and complexity studies of languages,

13 EVOLUTION oF OPERATING SYSTEMS

:usl: n.rm Years ago a FDRTRANrprnmmmu w
F:',:R his source deck in hiy lefl hand and 4 green
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*
ould approach 1he CoOmpuler
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1]+
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SALKQROUND ’

-Angy program. Thua, if v progeam did not need the entire memory, a portion of

that resource way wasled, Multiprogramming operating systems wilh perfifoned

. tont memory were devtloped 10 cizcumvent this problem. Mulriprogramming al-

lows multiple progremy 1o reside in separate areas of core ai the same time. Pro-
grama were given s fxed porlion of core (Mulriprogremming with Fixed Taks
{MFT}) o1 a rarying-alze portion of core (Maudtiprogramming with Variable Tasks
v

Often in such partitianed mevnory systéma some portion could nod be used
sdnce |1 was loo small io contain a program. The problem of “holes™ or unuted
poetions of eore Is called fragmensation. Fragmentation has been minimized by
the technique of relocaiable partitions {Burroughs 6300) and by paging (XDS
040, HIS 64%). Arlocarable partitionad core dllows the unumd portions to be
condented inlo one continuous par: of core, .

Faging is 2 mettiod of memory allocation by which the program is subdivided
into equal pattions of pages, and care is whdivided inte equal portions or Mocks.
The pages are Josded into blocks. : )

+ There are two paging techniques: dmpls and demand. To timple paging a1l the
pages of & program mat be in core for exccution. [n demend paginiy a program
¢xn be executed without all pages being in core, Le , pages pre feiched into core

The reader will recall from section 1.1 that a tysiem with weveral processors jy
termed 3 mdUprocessing eystem. The trgfle sonmoller coordinales the proces-
sors ard the peocensy, The resource of processor time i sliocaled by a progrem
known a4 the sokeduler, The procenor concerned with (X i refemed 10 0 the
110 procenme, xed progrumening this processor i catled 1O programenting.

The sesmarce of file of Information ix slocaied by the fe orxfem. A segrmee
i o proup of information 1531 & byer wishes to tieat a3 wn entity. Fiker e sep-
men1s, There ere two typer of Qe (1) directories and (2} data or programs.
Derectories contzin the koaations of other fikes. [n a hierarchica file rystem,
dizectories may point to other direciocies, which in turn may point 10 directories
or Mer.

Time sharing iy one method of allocating processor thre 1L o typieally chat-
acterized by interaciive procesying tad time-slicing of the CFLt time 10 allow
quick retponse (0 each i, . ) .

A sirtuct memory (rame pace, sddren gpace) consisty of those sddrexses that
ray be generaled by o processor during cxecution of a computstion. The mem-
ory e consisgts of the st of sddresses that corretpond 10 physical memory
locations. The technique of segmrentation provides a large name space and 3 good

+
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From the usery pg i
(o assisl him 4 pgemmt o N u;; P o of n operaling system (monitor) i
%7 ol solving problems. Specifically, he follosing

L. Job e N . '
ing, schedul,
§+ gﬂ"lfnulpu! Pmpunmllln: #nd tzflie controller operution
# Vrotectitg Itself from the yyey-
4. Secondary orage nu"-*:ﬂnu;:pmuu" the user from other users

] r ] . .| ] )
mCmndlhﬂ Z:bt h:“:tj: 3. which ane user hyy 5 Job that takes four hours end
s 1190 m:ﬂ I.:kt: four weoads. If both jobs were wbemicied
to baw e o #1010 be moce approprists for the four-second
i e 8o uﬂaﬂmduncmu.lmthmmhuthh.jnbthedulil:
mwwtput pﬂfmm_ by the operating rystem, If i i postible 1o do inp;

! while xm i faneouly execuling A progeam, u1 s the casr with HHII’;:

Lo program i [ i

oty o r(.: an::; :?R qu:lte” " tomplicated task}. The user woutd lice eg

g to the 1y T f. ead, ‘uuﬁn,l it monitor system o tupply a pro-

cyaems in o nel fot execution, Such 4 facility iy Provided by opml::‘
523 the program upplied to the 1/0) channel consisis urnf

u't.il wiy: -
coiveg f':f Mz. O Chavael, did you receive that eharacterr- “Yes, 1
0ttt e ~Fine, wg 7o 7 YeR, Uim sure “Okag, 17 seng
" ] i +“ " ' : ) * o

“Serd 1™ wnd it” “You're sure you weng me to send another one "

An ext ;
from beil::n:l::t h:'r::“m i..um"m ofan operating wslem i 1o Frotect tha
fect him when urlh :Ir ¢ maliciousty or seeidentally, by other usery; 1hat i1 oy
bises. The o Uzérs wre execuling or ¢changing their Programs ﬁlc:'m':; o
users from c m:::r ::::e;np muj:l insure inviclability, Ay weil ;: pr;:tnct:nt;

1 Eralin

wh . & F¥stem must also

S:.:g::::h" maliciously or 2ccidentaily, migh) "crnh":irrt:i::: rr‘rmm lsers

1€ great challengers of protection mcchanisng, When the wat
: stems

mmn_muun 1
progremming couree i given at M1.T., we {Ind that due to Lhe lazge pumber of
students parlicipating it js very dilflculi to personally grade every progium run
on the machine problems. So for Lhe very simple problems — certainly Lhe Mirst
prablem which may be to count the number of A's in a reghier and leave
the answer in wnather reglster — we have written & prading program that is in-
cluded as part of the operating system, The grading program ¢alls the student’s
program end transfers control (o i1, [n this simple problem Lhe student’s program
proceyes the contents of the register, leaves by kngwer in another register, 2ad
returny to the pading progam, The latter chacks Lo find out I the corect
manber has been Jeft in the enswer reglster, Alleswazds, the gradlng program
prints out a listing of ull the studenls in the class and their pades. For example:

coORRECT

ViTA KOHM s

RACHEL SLUBA LM w=  CORRECT
JOE LEVIN — INCORRECTY
LOFT] TADEMW — COARECT

Om Ixst yeas's run, the computer lsting began g2 follows:

JAMES ARCHER = COARECT
ED MCCARTHY — CORRECTY
ELLEN MANGLE — INCORRECT
JOHN ECHWARTE —  MWAYBE

(We are noi sure how John Scheartz did this; we gave hin an A in the course)
- Secondary tiomye management 11 a task perfommed by an operating ystem in
conjunction with the uze of disks, tapty, a3d olher tecondary ctoragt for o wer's
programs and data.
An openating gyatera muat respoad 1o erron. For axample, if the programmer
..thoyld overflow 3 register, It s not economical for the computer to sinply siop
and wait for an opesator Lo inlervens. When an ¢rror 0¢uzs, the openiting tywem

muy take appropriate sthon.

15 OPERATING SYSTEM USER VIEWPOINT:
BATEH CONTROL LANGUAGE
Many users vitw an operating syastem only through.the batch syslem control
cardy by which they must preface their programe In thiy scction we wil} dixus
& simple monilor gystemn end the contmol cands auoclated with it. Diher more
L

complex monitars are dlyeursed in Chapter 9, '
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Mowitor iy a term (kat refera to the tontrol prograys of am opersting cyvicm,
Typically, in u batch rystem the jobs mre siacked in g card resder, and U
moniter system sequeatially procerms each job, A job oy conslst of several
scpaal® program 1o be caecuted mqueatislly, ¢ach individusl progrem being
ratled & job srep. In 4 batch monitor prizem the veer comminicstes with the

system by way of a controf language. In a sinrpls batch monitor rystem we bawe

two clavey of control cands: execution cerdt znd dellnltica casdy. For sxampis,

en ex¢cution c2nd may be in the following format:
I stugy rewvww  EXEC  reirma of progra ba Se sicacirid, Argwerssmt I',Awl
The jub control card, a definition card, may take on the following format:

# job nerre  JOB User narg, Mnitficaion, sxpremd tme vm, Une to
"t painted dut, dupected mumber of Cavdy 10 he prinded

et
Upually tvize is an end-of file cand, whom format might congist of {*, Ugnifying

the termination of & collection of data. Let us lzke the Following sxample of a
FORTRAN job.

FEXAMME JOB DONDVAN,

T188,1,0000
{BTEP EXEC FORTAAN, NOPURCH
AEAD 00N
O 100) = 1M
2=t

=%
100 PRINT 100, I, IZ, [3 -
H00 FOAMAT {R10)

END
r-
HSTEFD EXEC.LOAD
P
HSTEFZ EXEC QBFECT
0
"

The first contro) card iy an example of a definition card, We have defined Lhe
ur lc be Donovan. The rysiem must st op an acrounting e for the umer,
noting thai he expeets to use one minube of time, to cutput a hundred lines of
oulput, and o punch ho eards. The next eomtrod card, EXEC FORTRAN,
NOFUNCH. is sn exampie of an execution card; thet i, the rystem is 10 €xecuty
the program FORTRAN, given one mrpement — NOPUNCH. Thia srgument o
lows the monilor system to perfoem more eiliciently | siwe no cards are to be
punched, it beed not wtditg the punch routines. The dits to the compiee is the
FORTRAM pegrwn shown, termitated by en end-of-fik card /4.

The nexi control card is inother xzmple of an execylion card and o Lhis

- 13
AL RG AOLND P&d
been COM
e cases the exegution of the Yoader . The progan th-: hﬁiﬁmm
losded, Logathes with 2l the routines RecEEdiy or i '[hi.:johmllcp
will hﬂg hd;' oill “bind™ the suhroutines to the main prn!rfmt.mm" il
l;.p?:nuimtd by an end-of file card. The EXES OBIECT u:ﬂ :w s com
card, cousing the moniior system 16 execute the uhiu P b the e
:;r?l:d 'I:"h.l date card, 10, is input 10 the program and is Followed |
. n oY implemenit-
nhwdw. Joop thown in Figure 1.4 presenis an owerview o:;ntthd.
iy baich maniter system. Tha memitor fystem muit T'f' e the usets.
o i job card. 1n processing & Jjob card, Ihl monitar e I
presumsbly Im " iber, wiotted time, eard punch Jimit, and lin® pr "
e o sol card I; pens to be an execution carl, then the |'11h ] o e
o the mn:ww'dlru ;:sum trom secondary starage ind P(ﬂﬂ-ﬂ; r:: arinn
Il;“dlrtf:::::nl conteol to the executable priogr¥n. 1 ':h‘“m';: the next job
pmcer sing, the ystem notes the error and goes back 1o P
yiep.

rnmnmimm

=g

Process job cad

Mo

End of job?

[ e

FIGURE 1.4, Makn Joop of s Emple bytch menltar rete
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1.8 CPERATING FYSTEM USER 'IﬂEﬂPDIHT:_ FAGLUTIES

For the applicatiory-ofiented user, the function of the opeating system b to
provide facllities to belp sobve probiems, The questions of schsduling or protec-
tioa are of no intesest Lo him; what ba ls conceyned with s the sysllable wftwars,
The following facflities are typically proviled by modsm opemting systems:

1. Axsemblers :

3. Compilers, nch 35 FORTRAN, COROL, and ¥L

3, Subroutine libraries, such xs BINE, COSINE, SQUARE ROQT

4. Linkage wdivors and peogram koaders that bind subtoutines together and

prepare programs for sxecntion

5. Utility routines, rmuch a3 SORT/MERGE and TAYE COFY

6. Application peckages, rtich as circuit analyss or esmuletion

T. Debupging facilitiey, sich ay programn tracing and “core dmmps™

8. Data masagement end file processing : '

9. Memgement of gystem hardware

Although this “facilitis™ sspect of an operaling syriem muy be of geat

interest to the ueer, we feel that the wnawer to the question, "How mamy eom.

pilers does that operating system haw?™ oury ta twore sbond the ortentation of
the manoiacturer's nurketing force then it doss shout the dtrecture and ef-
feciivness oF the oparating sysient.

1.7 ELMMARY
The mwlat compontmats of 4 progranoaing system i

.

1. Aspecibier

[aput to an sastmiblet it an govemdly lengugge progrom, Qutput & an object gro- -

grun plus information that enabies the loader to pregare the object program for
uecation.

2. Macro Procmssor

A macro ooff by ia abbreviation (o7 name) for some code. A macre definition 51
stquence of zode that hay & famy (weesd 2aff). & macrd procesior 1a s program
that substitutey and specislioes macro definitions for pwcre calla.

3 Losder
A loader s 'z routine that losds & object progiem and prepares it for execution,

BACKGROUND

[ inking. 1
There aré vaTiowd Io;dtng schemes: nhzolule, relocating, and direct-finking. In
e Are Y

; } am.
geacral, e toadey must load, relocale. Il.l'ld. Link the pbjecl progr

-

" & Compilers

' win ¢ highdevet Linguage”
A cowpiler is a program that eccepts & bource progeam in e h_lﬂl njuwa

B. Operating Systems

d services.

i ‘th [he altocation of PESOUCEs “f
o DP'-'—"“:E Sﬁ'r;tﬂ:r::;::'fﬂ:ff:;" gnd Information. The upt:;t::sg::rsttm
. thpu“ :diﬁy ;r'n:lude: programs (0 Manage these resources, suc wiffic

HAEy ’f * r

Lystem.
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DiGgiTalL PRINCIPLES AND
APPLICATIONS

MaLvio/LEACH

b any digilal sysiom il 15 necessary 1o have a link of communication befwern min
and machire, This communication bk is ofien calfed the “man-maching inee.
face’ and it prosents 3 number of problems. Digaal sysieing aee cagable nf
operating on infgrmation al spreds much greater than man’s, ak? Uus s ome of o
mast imponant attcbutes, For examgle, a large-scale dogtal computer s gapalile of
petlormuny marne than S00.000 addiions per secand.

The probiem hore is w provide data mgaot b sysiem al e hgghest possible
rate, Al the same lime, here s the jroblem of acoepling datd ontput fronm ghe
sysiem 3t 1he higheyt posalile rale, The problem is ooher anagmifnnd s mins
dignal spsiemm do aet yppeak English, or any other languoge for thal nalers, and
same wem ol symbals must therefors be usd for communication Lbene is at
presenl 4 coositterablfe amoont of research in 1his area, and some systinny have
been developed which will accep spoken commanis and give oral fespunses on a
limitedl Lasis).

Sinco digdal systems npergte ina binary mode, 3 number of cole sysioms which
are Linary representations have [een developed and are Ining used a3 the languoage
ol communicatipn helween man and maching, o s chapier we discusy a numboer
of thewe codes and, 21 the same ume, consider the necessary npul-outpul LYup-
menl,

The primary glyechve of this chapier is to acquire the abulily 1o

1. Erplain how Hollendh code and ASCH code are usl in inpuiouipul nuvdis,

7. Dhstuss techneques for magneuc recanding of digilal information, including R7,
W21, andd NRZ), .

3. Oescrile the limiwionrs al a nember of different digital inpulfovipul wimts,

&, Diraw the logic dizgrams lor a simple tree decoder and 2 balanced muliplca-
live detoeinr,

2640
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101 PUNCHED CARDS

Dnr of the mos widely used media lar entering data inlp 2 machine, or for pb-
Lning ouipat data from a machine, is the punched card. Some l:D'l"l'll'l‘llﬂ.l'i X3 f;

of Ihewe cardy are college regintration cardy, puvernmenl checks, manthly uirr:p;
pany stalements, and bank statements, IF s Quite simple 1o uwe :r'mi-: medium 1o nrrr:

rewent Linary infarmalion, since only hwo conduions are reguined. Typically, a hale’

in 1"":1:':[."!1’“‘*““ A 1 and the absence of 2 bile epresents a ©. Thus, the cargd
ey the means of presenting infaematien in hisgry b it s on
sary 10 den clop the code, oty form, ancl it s only peces-
h:he t.'mleI pgm'hed card ied in laegr-seale dals-processing systems is 7%y in
: B % in wu.h.*. ard 0.007 in thick. Each card has 80 wertical columm, amd
lhv-rc ane 12 horigonta! rows, as shown in Fig. 10-1, The columns are nurnb-e:‘H! 1
: unw:‘El:ga;LIiu:'rulm ;L‘EITI:G;MGMM the card. Beginning at the 10p of the card, the
ignated 12, 10,0, 1, 2, 3, 4,5, 6, 7, &, and 9, The hottom edge of
A | p M e T Py B, - L ﬂf h
caed is the 9 edpe, and the op edge iy the 17 edge, Holes in the 12, 11, anfl (i} ruln.\:
are called rone punches, Ianrl hisles in the O through 9 rows are called digir
l::lund'!e:. MNolrce that row 05 both a rome-and a digil-punch row, Any number, any
eller in the alp_l-uhel. or any of seversl special eharaciers Can be represented I;I:'I the
card I:nr punching one or more holes i uny ane calumn, Thys, the card has th
capacity of BO numbsers, Tetters, or combinalians, ' * ©
zfqtublr the n@l wigiely used sysiem lor recording information on & punched
card is Lhe Huﬂf-mh cude_ in this code the numbers 8 through § ane represented by
:‘ sngle punch in a verical column, For example, a hole punched in the fifth row
.- column 12 ropresents a 5. in that columin. The leiters of the alphabet are
rrprmnl::': by 1wo punches in any ont column. The letters A through | are
I:ptewnl hy a zone punch in row 17 andd 3 punch in rows | through 9. The
11. :-n ibrgugh B are represented by 4 aone punchin row 17 and 2 punch in rows
! :mr:;::l-: 9. The Le:!lers 5 ;h;twgh 2 are represented by 2 zone punch in row 0 e
in rows 2 thiough 9. Thus, any ol the 10 decinal digi
. gits and any of the I
'I:;.rltl:l;ri ull' tlhe .:llph:EhH c;n be represeniced ino a Dinary {ashion by pu:chin; |I:
er hales in the card. In addition, a number of i
. . add ' special characiers can b
;hﬁr{o_tnted by punching comBinations ol hules in a column which are not used for
It numblers or |efers of the alphaber, These charactens are shown with the .rup-e
punches in Eig, 10-1. proeet
”.F:E\ h:i'i'r dw-cehr:enr remembering Ihe alphaletic characiers is the phrase iR, is
m:u‘h u':n:; :ha'l! 1 ﬂleﬂ:: J through K have an 11 punch, thase before have a Il 2
, and thase after have a O punch, It is af

s ey e s 0 recessdry o femember that 5

Example 10-1
Chxode the information punched in the card in Fig. 10-2.

Solution

Column | has a -
T. Culumn 2 h.

T punch in row G and a punch in row 4, 1t is therefore the lenes
zong punch i oow 12 and anoiter punch in row B I iy

[
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fig. 10-1. Standard punched card uting Hollenth code,

therefore 1the leter H, Conlinuing thrs favhion, you should see that the cumplene
message reads, “THE QUICK IRGWH FOK JUMPED OVER THE LAZY RIS wALEK, "

talphabetic and AUMETICT AT matgan Can
he other hand, the syshene is oAbty of
ser, In seientitic dagiptues, the

with 1his card code, any alphanumeric
he used a5 input 1o a digital wystem. On t
delivering alphanumenic outpul inlpemalion to the u
informatian might be missite (hght number, location, of guilancy infunnion surh
as pitch rate, roll rate, and yaw rale. In busineys disciplines, the intormatian coulel
be account numbers, names, ddresses, monthly slatements, #IC, I any £ay. the
inlpemation is punched on the card with one charafter per column, and the can! is
then capable of conlaining a maximum of BO characters.
fach card is considereet @y one block or unil of injormation. Since the machine
pperales 0N one €3
recond "' Moreaver, the digilal equipment used 1o punt
syslem, sart cands, e1c., is referred 1o 3y “unil-record eduipment.”
Oveasionally, the infarmation used wi
i, no alphabetic or special characters are
input the infurmation ta the syalem by punc

fig. 10-2. Ezample 10-1.
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et al a lime. the punched card piten referied W a3 4 7wt
k cards, read cards into a

th a digal system is entirely numenc; thal

required, In this case, b is pussible o
hing the cards in 2 siraight binaty

fashion. 1n Utis systern, the alsence of a punch is a binary 0, and a punch 15 A

£\
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Digital Principies and Applicationg

Marny 1 i
mm%mmm&minhmtimhbhchﬁu

baits. h "
Each béork ni 3 bits ¥ called a2 “word.” You will necall from the previous
word musl contain 36 Ripetlogy,

rather th inning i
an rows. Beginning in row 192 j.‘:h:ndul'lm 1, the first 12 bits of the woid are
R . e el 12 [ 1]
:::: :‘:d ri:nmamm 12 b are punched in cotumn 3, :‘P:u: T;:-h;ﬁ ::dﬂum .
: every theee colunung, The card is then Capable of Containing Mtnﬂt:::

The most LENTN RO ,
by means of the key. method of enlering information into punched cards iniglal
» typewriter. and hePurlch machine, This maching Operates very much 1h taly s
operator, The inin:nuﬁm a?:exc"r“ of the cperatlon depend mtimfytm::
AyHem: by means of a cwﬂﬂ PUncl?ed cards Can then be read into The digial
1 the 1ate of 100 10 1.000 1 oac- The infarmation can be entered into the sysen
Q00 cards per minuie, depend; sysiem
"!'::Eba RE on the type of card reader
ic
trical ﬂs:als:-“mht ch‘_"!i"i the punched infarmation inio ihe necey
are draw from i M In Fig. t0-3, The cards are yacked in the i Y e
" 'L one M & Lime, Each card Passes undet the rmad h'ﬂﬂi.h:umh:"e:-. ang
ich are

Frg. 10-3, Card-reading operation,

T e m L

- i e — -

e
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Thwn, #ach signat from the read heads reprrsends 2 binary 1, and this Information o
can be used wo set Dip-flops which form the input sorage rey ister, The vards then o
pass over other roflers and are placed in the stacer, There is quite giten & socomd ry|
mead head which reads the dala 4 second time W provide a validiey chech on the b

reading process, :

Example 10-2

Suppose a deck of cards has binary dats punched in tem, Each cand has twenly- L,
four 36-bit words, I the Cards are read 2t 2 rale of 600 cardy per minute, whal o the he
rae a1 which dala are enaring the syslem?

Solutlon . .
Since each card containg 24 words, the data rate is 24 X GO0 = 14,400 words pero:
minute, This it eguivalent © 36 X 14,400 = 518,400 bily per minuwe, of n-
514, 400/60 w= 8,640 bils per tecond, .

Punched cards can abso be used as 2 medium for acCepiing data oviput from ),
digital system. In this case, a vlack of blank cards thaving no holes punched In
ther) are held in & hopper In 2 card punch which is controlled by 1he dighala
sysern. The Blank cards are drawn from the hopper one at a time and punched -
with the proper informalion. They art then passed under read heads, which chech,
the validiy of the punching operalion, and stacked in an output happer, Cardiy
punches are capable of operaung at §00 to 250 caeds per minute, depending on the -
fystem used, .

FPunched cardy present a number of impoHant advantages, the firsl of which is |
the fact that 1he cards represent 2 means of storing inlormation permanently, Since o
the inlarmation iy in machine code, and since this information Can he printed ono.
the top edge of the Card, this |3 a very convenient megns of communication o
butween man and machine, and beiween maching amt machinge, There is alsc o
wide varicty of periphera! equipment which can be used 1o process inlormation o
vored on cardy, The mod commaon are sofers, collators, calcwlating punchey e
reproduCing punches, and accounling machines. MOMOVEL, it IS very Lasy 10 €0l

rect of change the informalion sioced, since il is only necessary ‘ta rerowe e i
casired cardiy) and replace it (them) with he corrected gnefs). Finally, these cardi
are quite inexpenshve,
10-2 PAPER TAPE -

Another widety ysed Input-output medium is punched paper tape. It s ueed in
muth the same way a3 punched cards. Paper tzpe was developed Initally for the'
purpose of transmitling telegragh messages over wiees, 1 is now used extenively:

for sloriag Infarmation and for ttapymitting informarion from machine 10 machine.~
Paper tape chillery from cards {n that 31 it 2 comlinuous roll of paper: thys, any -
amounl ol iMormation <an be punched inta 3 toll. B is positle 10 recand any

alphabetic or numeric character, &3 wetl a5 a2 number of special characlen, on
oaner Tane by purchime holet in the tape in 1He oroper olac e,
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Fig. 1ll-4._-_-ﬂtched paper Wape. (1) Eghvhole Cody, () Exsmple 10-1,

There ae 3 mumber of codes for punching data in paper tape, but one of the
most widefy vsed is the eighi-hole code in Fig. 10-42. Holes, represending dats. are
punched in eight garallel channels which run the length of the tape. (The channdly .
are Labwled 1, 2, &, B, parity, 0. K, and end of line.t Each charactey, = frumern, -
alphabetic, or special, — occupies one tolumn of eight potition. JCross the width, of
the tape, -

Mumbers ant represersed by punches in one or mome Channels labeled 0, 1,
2,4, and B, s each rumber is the sum of thw punch potitions. For extmple, O h
represented by 2 single punch in the O channel; | 5 represented by g tingle punch
in the 1 channel;: T 15 a singhe punch in channel 2: 31 2 punch i channel | amd 3
punch i Channet 2, o, Alphabetic characten s iepreveniied by & ¢coambrination of
punches in channels X, 0, 1, 7, 4, and B. Channely X and { are used much 24 the
zone punches in punched cards. For txample, the letter A s detignated by punechus
in Channeds X, 0, arcd 1. The wpecial characters are represented by combinations of
punches in all channets whach are not wved © designae either numbers or letten,

A punch in the end-of-line channel sgnilies the end of 3 block of Frorrmation, or
the end of recond. This a te only time & punch apoears in this channel.

As 3 megns of checking the validity of 1he nkormation punched on the tapg, the >
pariy channel is used W ensure that each characiter i represented by an odud
number of holes, For example, the letter C i3 atpresesied by punchet in channels X,

0, 1. and 2. Since an odd numbes of hotes iy requiced for aach character, the cole
for the fetier © alsn hus 2 punch in the parity channel, and thus a rolal of live
punches is used kor this teter,

Example 10-3 )

What information is held in the perorated tape in Fig. 10-4b1
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the Iypewriipr provides 2 writlen copy of what is punched inlg the tape_ This cogry
can be used for verification of the punched information,

10-3 MAGNETIC TAPE -

Maignelic tape has become one of the mos imporant metheds loe storing lage
quantities of information, Magnetic tape oflers a2 oumber of advantages aver
punehod careds andd punched paper tape, One of the most impenant is the fagn that
magnchc tape can be erased and psed over and over, Reading and recording are

*myeh fasier than with sither cards or paper lape. Howeyer, they require the use of
a tape-drive unil which i much mere expensive than the equipment used wilh
cards ard paper tape, On the piher hand, 1 is possibie to store up to 20 millkan
characiors on gne 2,400t reel of magreric tape, and if 2 high volume of data i
pae of the sysiem requirements, the use of magnetic tape is well justified. Most
commaonly, magnenic taps ic supplied on 2,400t reels. The ape iself 15 a Viin.
wide lripof pfashe with 3 magnetic axide Coaling on one side.

Caty are recorded ¢n the fape in seven parallel channels 2long the lengih of the
tape. The channels are labeled 1. 2, 4. 8, A, B and C as shawn in Fig. 10-6. Since
the informarion rec nrded on the tape must be digital n farm, that is, there mus be
lwa states. it s recordegd by magnetizing spotls on the Lape in pae ol o direcClions,

A simplified presentation of the writn and reaf operations is shawn in Fig. 10-7,
The magnet spols a0 reconded on the tape as il passes over the write head as
shwen in Fig. 10-7 4, If a pocitive pulse of current is applied o the wrie-head coil,
a shown in the figyre a4 magnetic flux is sel up in a clockwise direction around the
wiite head_ As this Mux passes throwgh the record gap, it spreads slightly and passes
thrpugh (he oxide coating on 1he magnelic tape, This causes a small area on the
lape 1o be magnetized with the polarity shown in the ligure_ If a current puloe of Lhe
opposle polarity s applied, the Aux is sef up in the oppatite direchon, and a spor

magnclizrd tn the opposite direction is recorded on the Lipe. Thus, i is possible o
record cala on the tape in & digial fashion. The spois shown in the figure are
Ereally exaggerated in 5ize la show the direction of magnetization clearly.

In the rrad operation shown in Fig. 10-7b, a magnetuzed spal on the tape sets up
@ flux in the read head as the tape passes owes the read gap. This ux induces 2
mlr voliage in the read-head cod which can be ampl fied and used la se1 or resel
a Hipdlop. Spots of opposite polarilies on the 1ape induce vollages of cpposite

Fil‘ 106, Wagnehc-tape Code.
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representer) by spres inchanpeds 1, A i

' . A, and B8 h

e . a nce this 15 only Lhree F

il x::“:. ';I“:::“J :Ir'l:han_n:l C I mainkain even parily for ::ﬁlt;lddr-
YT S horizontad parity-check bt This is sometinmes rt:r::d

o . I
a5 the longitulaal parity nt, and it is wailen, when needed, at the end
y , ol a

block of inforenas -
i ﬂ‘ll:‘lnlt(;::d, ar::::: :';r::.lw:j'lf ;I:tm“rd aumber of bits recanded in each channel
L bk . @ panty brit 1% weritten
. *[I_:::lbﬂ ;l’ bus an sven number. These Iwo Syitems mrf m::“w ‘o E:eep
sy-srmtern“- I Cﬂum. of ci:l;:rs-e. st as easidy be implemented 1o m"""“‘ﬂflll"r‘
e, ot S b e o e sy o
" II:Il'::'?q:l'r'e«x. six columns 10 recond one 36-bir wordn the tape in groups of six bits. Thus
veri g ing between )
tions of the mlmlﬂﬂ the reconded Spots on the tape is hawed by he .
and the recordi wte heads, The hortzontal spacing is a furclon of the ta‘ o
. : ing speed. Tape spoeds vary from 50 1o 20 inf pe speed
Inf3 are quile Common. infs, bul 75 and 1125
T . I
. he I:lul:;l‘lun:I n:.rnht-rl otl‘ characters reepeded in 1 oin of tape i cal
d:umarech ':ﬁp;"“ﬂ:"f and it js 2 functign of the Lipe speed and 1:: r..:| " :'d 'h'
0 b o ::;. the wote head . Typical recording densities are 20; ‘5 :'I'hch
2102 x |08 incl. Thus it can be seen thal a total of BOO x 2 , 556, and
‘mean that Ih:‘::““ can be siored on ooe 2,400-1t reel of ta ?: x 2=
- ta would have 1o be slioved with no gaps be pe. This would
groups of characiers, Baps between chardcters or
For putposes of locaing i ;
. g infomualion on 12 il
malion in groups " pe. (l 13 oSt cOmmon | [
space oI’I:ape c *”::; tt:-‘e‘%:ili:‘zdwmw"" In betwern reconds |ht:rr:ti':rf II::I‘::I[
1 L. : Eip." This Ed is v .
::;:;:op:i ard t 15 posiboned over the fﬂdmri!ei;ad:ﬁa:n;eﬂ;s-m tpace of
speed befonpr:t?r::rm the space necessary for the tpe to Come up :'::ﬁ':m- bl
of characters rec::rd ::::IE or reading of information can take place, The 106 n‘:r:m
wotal mamber of Mmtor m? ur:I l;p: is then al::r a furctian of the recard length foc the
s, SincE |
The data a 2 \ ey represent blank space
cags, can m‘;ﬁtﬂ egn the tape. _mcl.ud'ms records laciual data) an{:jni,:?:"uﬁ;
the tolal number of :: as shown in Fig. T0-9. Il there were no intertecord .
e ape i inc h; charaCters mcr:ln:lEd ould be found by multtplying the | s:lm.
were exactly the by the tecording densly in characlers per inch. I .h:ng o
same lengln as the interrecord gap, the total stoug::- wild L'-:ord
y cut

n hﬂI[. hu 1] is d rame
I % Lo H [I4] k“p Ihf' I i i

Fig. 10-9. Recording data on magnelic rape,
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he recording density. it i< a wmple matter 1o de-
jermane the actual sorage capacity of the lape. Consider the length of tape COM-
posed of ane rcond and ane cecord gap 2% shown in FIR. 3(-9. This length of lape
is repealed over and pves down ihe length of The tane, The 1otal number of
characlers that coutd be sored in this length of tape i the sum of the Characiers in
ihe record R and the characten which could be siored in the record gap. The
hich could be stored in tive gap is equal 1o the recording
he gap lengih G. Thus the jotal number ol characlers

which coukd be #ored in this length of tape is given by R+ GD. The rali of the
chataciens actually tecorded R 10 1he total possibie could be called a lape-utilization

{aclor £ and is given by

Civen any One 1ape pwstem and |

R 1,

%7 CD (16-13

F

Examinalion of 1he Lape-ulilization faclar shows that il the iotal number of
characters in the record 15 wqqual to the aumber of characlers which could be stored
in the gap, the utilizaton [actor reduces to 0.5. This atlzation factor can be used
i dererminge the tatal stowage Capacity of 3 magnetc lape il the recording densiy
and the record length are kngwn . Thus the Waal number of characters stored on

tape CHAR is given by

CHAR = LOF {10-2}

where L = length of 1202, in
D = recording Sensity, characten pe inch,

For a wandard 2,400-it revl of lape having 3 (175-in record gap, Lhe farmuyla i EG.

119-2) reduces 10

2,400 x 12 % DX (10-3)

CHAR = ——373 75D

Example 10-4

What is Ihe tolal slotdge capacity of & 2,
recarded al & density of 556 character

characterst

400-I reel of Magnetic lape if dala are
per inch and the record length is 100

Solution

The lotal number of Characiers €an be found waing Eq. (10-1).

7 400 % 12 % 556 X 100
2.4 < 190 4. ot
CHAR * 50 (0.75 * 556) 3o xt P

This result can be checked by calculating the tape-utilizatian factor.
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F 200 S EP
100+ 1075 . 5563 517

The mavimum mwniwt of characien thal can be wared on the tape it 2,408 x 12 x
556 = 16.0128 » 1" Muitiplying this by the uiil, zation Tactor Eives

CHAR = 160128 » J0* 15—1.7-3.111 x 1404

10-4 DIGITAL RECORDING METHODS

There are a numilwr ™ mewnods lor recorching data on 3 magnelic surface. The
methads Gl inlo wo gerneral calegoeies, ¢alied “relurn-to-zero’” and non-refurn-
te-zem,” and they apply 1o magnetic-tape recording as well 43 recording on mag-
netic thak and drum surlaces imagretic-dish and Magnetic drom siorage will be dis-
cussed in 4 Jater chapted.

in the previous section, it was stated 1hat digital information could he recorded
9R Magnelic lape by magnenzing Spots on the tape with opposite polarities, This
Iype of recording 1s kngwn as relurn-lo-zero, or RZ for sharl, necording, The ech.
rigue for reconding data on tape wsing this method s 1o apply 3 series of curreni
pulses 10 the write-lweat] winding as shown in Fig. 10-10. The current pulses st up
;nrrr-spnntling Muxes in the write bead, as shown in [he figure, The spats magne-
tized @n the 125w have polantics Lorrespondmng 1o he direction of the Tux wave-
form, and il 15 only necessary 10 change the direction of the 1nput current 1o wrile
by or 0. Nence thal 1he inpul current and the llux wavsiarm riurm o a 2em reder-
ence level between individual hirs. Thus the rerm *“return 1o e

When ul is desired 10 rpad 1he recarded informanan {rom 1he tapee, Lhe tape is
passed over the ceael hegds and the magnetired spoty induce voltages in the read.
coil winding as showr in the ligure. Nolice thal there it wimewhat of a problem
here, since alf the pulses have both positive and negalive porcons, Ore mthad of
detecting lhe<e levels properly 15 10 sirobe the outpul wavelorm, Thal is, the outpul.

Record . -
furren| puivs -
Record flus _/\_V_/%
Kead
i kg JLWM‘W‘IP‘W‘

swoveputsn L JL R A f4_1 n
LI - | 4 o 1 4q

!
Rrad paie ||; H J [|] Fig, 3010, Retorn-lo-pern
Ut pul . e rding and reading,

LT

————
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Read
winding ouipul

Fig. 10-51, Siased retum-to-zero recording and reading,

voltage wavelorm is applicd 10 ane input of an AnD gate lafler being amp jfied), and
a clock or strobe pulse is applied ta the other input 16 the gale. The strobe pulte
rust be very carefully umed 10 ensure that it samples the output wavelorm at the
proper lime. This is one of the major difficulties of this type of recarding, and ol 15
thersiore seldom used macept on magrelic drums, On 2 magneiic drum, the sirgbe
wavelorm can be recocded on one track of the drum, and thus Lhe proper timing it
achieved, - .
A second dilficglty with This type of reconding is Lhe fact that betwegn bils there
no record current, and thus Delween the spots on Lhe tape the magnetic surlace is
randomly oriented. This means that il 2 new recording is ig be made over old data,
the aew data have 1 be recorded precisely on top of the oid dala, If Lhey are nol.
the pld data will not be erased, and the tape will contain a conglomeration of inlor-
malion, The 1ape could be erased by installing another set of erase heads, bul this is
‘costly and URYECessary. .

A method lor cusing these problems s to bias the record head wih a cument
which will saturate the tape in sither one direclinn or the other. in thiy welem. 2
current pulse of positive polanty is applied only when it is desired 10 wrie 2 1 on
Ihe @mpe as shown in Fig. 10-11, At all oiber imes the flua in the write heads is wk
ficienl to magnetize the enbire track in the O direction. Now, recording data over
ot dalz iv ol 2 probiem since the lape is eifecivety erased a3 il paswes over Lhe
record heads. Moreover, the timing is noLso crilical since il is nol necessary 1o record
exacily aver Lhe previous data. When dala are recarded in this fathion and then
played back, a pulse appears at lhe cutput of the read winding only when a | has
been recorded on the lape. This makes reading the information from the wpe much
i\'IrI!';':II'v:m-“:'l:n:lﬁ-:re-h‘..uu--.t.tq::»-n'n::t, of MRZ, recording technigue is a variation, of the RZ
technique whert |he write curren? pulses do not return to some reference .I'.Wl
betwesn bits. The NRZ recording technique can be best explained by examiming
the record-current wavelorm shown w Fig. 10-12. Nolice thal the current is at +1
while recording 1s and at —| while recording Bs. Since the cument levels are always
at &ither +1 or —[ the recovding probtems of the Lirst RZ system do not exist here.

Notice that 1he voltage at the read-winding ouiput has 3 pulse only when the
recorded data change [rom a 1 1o a ) of vice versa. Therefore, sofMe means of
sensing the recorded dala is necessary for the rezd opevation. H the read-winding
voltage is amplified and used ta set n7 resed a flip-lop as shown in the figure, thg A
side of the fip-Nlop is high during each lime thal a 1 is being read. It is low duting

4

1
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)

Ny lime when the dala bewng read i 2 0. Thas o the A anrlput of the Mip-flop i
wsed a4 3 control signal at one ingut of 2n ano gate. while the ather inpur is a
clock, the oupul of the anp Rate 15 an exact replica of the digual data being read.
Molice that the ciock musl be carelully synchronized with the data 1rain from the
read-head winding. Maobce lsa thal the maximum ratr of fux changes occurs
when recarding ioc reading) alicrnale 15 and s .

In companng this with the RZ recording methads, you can see that jhe MNRZ
methad ofiers Lhe dislinet ddvaniage that 1he maximum rate of fux changes is only
ore-hal{ 1hat for RZ recording. Thus the readfwrite heads and Fssociated elecironics
CAR have reduced requirements inr operation 2\ the same rates, of they are capable
of operating M rwive the raje inr the vame specilications,

A vaciabon an this basic jurm of NRZ rececding is shown in Fig. 10-11. This
le¢hnique is quile often called RN Aty rR-lo- Zero- inverted, ™ MEZL since bath 15
ant 0 are recorded a1 both The high and Iow saturation-cyrreni levels. The key 1o
this methol of recard ing ic that a 1 is sensed whenever there i5 a flux change,
whether it be posive o negative, 1 The rezd-winding oulpul voltage is amplified
ard presented 1y he ar gate asv:{'-own in the ligure, the oulput of the gate will be
the desiredd dala irain, The vpper Schrnitt trigger is sensilive only to pasilive pylses,
while the lower one it wnsilive anly 1o negative pulses. Both oulputs of the Schmut
triRRers are low unil & pulse 2rtves At this time the outpul goes posilive for a fiwed
durdtion and generates the desired outpu pulse,

Fig. 1013, NRZI recorcding and resdang.
b
~ Rrad
13110011001 1 wirding
Heoor g ] =

volliygs -J- SChmin L_rL
LwTEnl

faal g . - Eigger

Read

wind.ng Oira
U1 10 1L 1Lraa1qQgp i1t

:

orge JLIJUUL__S_ AN Aot 1] senmu out
o 1P| Ty ingger 1L

Input-Quipul Devices s

10-5 OTHER PERIPHERAL EQUIPMENT

A wide variety of peripheral equipment has been de_vtlnped_for e v.ulilh dwul
systems, Only a cunory descnption of some of the vanious :qg:pment will be given
here, and the reader is encouraged to study r:{uipment of particular interes by con-
a various manulaciurers. .

Hig: m:i:mn;.x r::::tf:f inputling information inio a digital sysiem is Ib'g' The
use of swiiches, These switches could be pn.n-,h-bumq. mg_gle, ., but Lhe J.:::'-:;;:rW
1ar4 thing is the (3¢t thay they are Capable of representing binary ml‘w;utmt; o
of 10 switches could, for example, be switched 1y represent the 10 binary bus

1u:i:::i;:::+m ol the vimplest means of reading data o of a di.g:.ul sﬁttl;': |1.1m
put lights on the owtputs of the lip-flops in a storage register, Admitiedly, I-: ::li.
ralber slow mears of commuyniCalion, since the opetator misl convert ¢ 1:
played benary data imo something more mtani_ngﬁ._ll. MNevertheless, th::d rmr::::e
an inexpensive and practical means of communication between man and ma " h.,.

A myuch more sophistic ated method for reading data oul of a dnq.nai wu«_rm_ln il
means of & cathode-ray whe, One type of cathode-ray Wube uut_d iy very ::14 am
Lhe lube used in oxillgscopes, and the operation of lt‘I:E Iu_b-e is mrh th' hhhe.
The unil is generally used to display curves representing information w ch h“
becn procesyed by the sysiem, and a camera car! be a.l.t,al'l_'h-ed Fu O unlul:lll ;l;l:
1ograph the display lor 2 permanent record. The mfnrmatlun .duspta_wd mighl
transient response ol #n elecincal nepwork or 2 gu:_ded—mrssa!eifrawcmw. .

A second 1ype ol Cathode-ray tube for display s called a characlrm}.h_ tl ;:
the abilily 10 dispiay alphanumeric characlers on the f_ace of the screen, This : ‘
operales by shooting an clectron beam through a matrix {masfc] ':vljlch has eag |:.|.
the characiars cut in it. As Lhe beam passes through the fatrix il i shaped: ||';Ih“”I
form of the charagter through which il passes, ?nd thiy shaped brarn |2w
focused on the face of the screen. Since Lhe operation of Lhe tleclrc;n WA i - ;:
fast, 1t is possible 10 wrile information on the lace of the lwbe, and the operato
IMSZ::?L.:: iﬁlin?;we which ane used in large radar sysiems h_:we malmie_t- : :lh
the proper characiers 1o display map codrdinales, frJEnd_I',r awrcrafl, uT ”Ewn;
aircraft, o1c, The operator thus sees a display of the surrounding arelil Comp e::adm
all aircralt, properly designated, in the vicmity. These systems utua ¥ have '.l mu-
tional accessory called a “light pen which enables Ihe operalor 1o I[n?‘utt in b: m;
tion inte the digilal tysten by placing the light pen on the surhcep the tu and
activaling it, The operator can do wuch :hi.n;s as expand n atea of ml'ﬂr#;cm ™
infprmalion on an unidenhiied flying object, and oesignate certdin ai
m:ﬂs:mfwhu more Common prece of equipment, bl._lt neveriheless ysedul Thum
large quanuties of dala are bewng hardled, is .the printer, Pnnlte;i are ..-wllll m:
which will pnnl the output data in sraighl binary hrm. ncu. l:lﬂ::u. 0 ;m-. the
alphanumeric characiets, The lypical pranter has Iﬁ-_.? alnlity to prind urrr:.l )
a 1 XHspace line al jaies from a lew hundred lines up o over 1,200 lines pe

- i . | -
minuie, The ymplest prinlers are conwettind, or specially made, electr W I

{

[
=
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wonn gt Characles-at-a-tirme " N
-,;N:nh wf ilin 1D rl'l-.‘lr:utrri p:::l\c:nd They ace "E'I_'“‘"'ﬁf How dad opecate o
mhooe 30 sl aleed peinder s “i i i " oai
b Do of | 200 cluzradion i prinlgms;:f:l': 3_:_';;:';‘;0";“" o 13 camabit
ol ;'.;mm[i]‘m A pales o arourd 250 lines per r;'!il'il.ilfr ol printer s capabie
mmwehad Lsker opuration s possibie with nuch.ines whach i
ITl-u- |mlnt-wl.u-ﬂ prnter is cromposed of 120 wheds, nne for ea:h“p:::lr::n: ::eh:
e In be printeg, These wheels rolate continuously, and when the pro h
mhtfndcr the prnl posilion 3 hammer strikes an inked ribbon Pin::e ri:: e
:r t;f::'c:?::c:: 1|ihe rﬂi!{ﬂr{haﬁtttr on the print wheel. Wheel priug-:m a:r c::f;r;
iwd at the i
O paralion 1t the :T:: I-::- 1,250 hnes per minute and have 3 maximum capatity of
] hﬁeu:llr:: r:-:-::l:‘mmgnl piece ol peripheral equipment is the digital ploiter,
Thes s e wu _ mare and More in a wide variety of tasks, including au-
. g._nur.ncnu.l control, produchion anwork masiers jused o
::u:::kmlngrmnrcults_j. chars and graphs for managemenl inlormation "'“":“:.3
wm::rls;m’ :dn:al |Lbrmahqn. and tral e ana yxis, a3 well at & hn::r olher
el ;wmmm“ . 1 hybwidi form of digiral pluning i uead when the digital
. _ grveried lo analog form (digal-ke-anatog Convertion is the
w pect o Lhe nest chapter) lo drive servamedors which position a © -
E(:: ol graph paper it posiLened on a Rat plothing surface, andiﬂ':’;:l? :::1#:
. wr:;::c;mﬂ; tlhr paper i rsponse t0 rumbeery receneer from 1he ﬂinirallwm
Ao iul 4l proting syveem, which 15 more ruly a digral plaiter, makes use ul
10N MeDping molnes & position the pery and thus plot the inf
kraph paper. In this systemn, which s known as 2 “digilal incremental D:x;m e
um\:;;ul;,r Ine dygitaldo-analog conversion is eliminated, and these ?y;lem'! ::
- In:;. esx Onprmave and smaller in size. Digital incremental piotiers are capabi
|hc-pl1.-,»l :':; ::;::T'::- 1:.: amall a:hn.mzja in and offer much greater accuracies Iha:
. LR rmare, |hese plotters
4%y infy and praviding a compiete r.-,fs::m of a:r:o::t?:: I:n‘::’r Iﬂtﬁ:::g 31 the raie of

10-6 TELETYPEWRITER. TERMINALS

]T'_l;;r I_rit-l-,rpwnlrr {TYY} is presently one of 1he mou popular inpurfou .
is .mlummrl.ml and wversdlie link between man and com et e
campuier is of the small.scale general-purpose (ype, o« a :ar#-xpl-'lmr;m‘;:ﬂhﬂ -
& fmsshigre Dasis. I is common praciice o use a’TTY asa rm:o:r I u‘!;!d -
;:;‘:Itﬂllun_a largercale general-purpose computer via telephone II:':L"“'_'I"':'{“"'
h ;::; :;:a;: nt?:[:d“ de o ui_l,'d in the TTY and the conpuber can be u-pmmm
4> 1w drsnct aux W frequencies whn:ﬁ are then transmilted over [elephane lines
iy oene, mi;fﬂfrh " ustd in conjunction with the TTY o trancale data lrnrr;
i s 10 dngic irvels, and vice versa. The central compurer can be
placel m; I;m:miml_me, and access 10 the computer via a TTY lemtinal is
AT1Y rlI‘l\:kl' :;::::lmllnﬂlﬂ "D' 2 ¢ epbone line
ol 3 hasic i ingin i b
i mixhanism for pronling i“‘mmml:gb::::uﬁm'ﬂ:":;"mr‘::mm;"::-‘::': ;\"Tml.
) M are
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also equipped wilh 3 paper-tape punch, and thus either input dild of oulpul data
can pe recorded on punched paper tape. )

Mol modern TTYs use an ighi-haole punched paper lape. There has Inen an at-
lempt Lo slandardize on an alphanumenc rode, and the Antercan Seandand Code
{or Infgralion Interchange LASCH 15 wthedy usedd, An eighi-hole code has 2° = 256
combinations, sulficient 1o provade lot both uppercase and lowercase alphabelx.
the 10 numerals, and 2 number of special characters and conirgl signals. The
ASCl code is shown in Table 10-1.

10-7 ENCODING AND DECODING MATRICES

Encoding and decoding malrices are ofien used ta alter the form of the data being
emered inta or laken out of 3 syslem A decoding malrix is used to docodde 1he
binary informalion in a digital syvem by changing it inlg some other number
system. For example, in 3 previous chaper Lhe binaty output of a regisier wab
decoded inlo decimal form by means of AND gates, and the decoded ouiput was
usexd b0 drive ninee e, Encoding nlornation is just the mEverse POTESS and
could, for example, involve changing decimal signals into equivalent binary sighals
jor mntry into 2 digital sywerm.

The most siraightiorward way ol decoding information & simply 10 Consnuct Lhe
Aecessary AND gales, 3t was done for the nixie wbes. Decoding in s fashion is
guite simple and is mosl easily accomplished by using the truth table or wavelomms
for the signals ovolved. The decoding of 3 kout-lip-Nop Counler would, for £x-
ample, require 16 SQuI-iNpUL AND Rates, SinCE Ihere are 16 possible dales deter-
mined iy the four Nip-Nops. This Iype of decoding Lhen requires % 1° diodes.
where a is the number of fup-flops, for the complete decodink newerk.

Example 10-5
Oraw the 16 gales necessary 1o decode a lour-flip-flop counter.

‘Salution
The necessary gates can besl he implemented by using 2 truth table 1o delermine
\he necessary gate connections. The gales are siown in Fig. 10-14,

There is a secon methad of decoding which can be used 10 realize 3 savings in
dipdes. This methad i referred 1o 3% Ytree decoding.” and il resylts in a regpctinn
of the number of reguired diodes by grouping the slates o be decoded. Decoding
of Whe Tour-dlip-Mop counler discussed in [he Previous examplie Can be ac-
rompiished by separating jwe couns inlo lour groups. Thee groups are 1,23
4,5.6,7; 8.3.10,11; and 12,10.14,15. Notice that the (i group can be dis-
linguished by an anD gaie whase oulput is DE. the second group try O, the third
group by DC. and the last grovp by OC. Each of these four groups can then be
divided in half by using B or J. Thewe eight subghoups can then be lurther divided
into 1he 16 counts by using A and X The compiete decoding Petw Ork, 15 show In

Fig. 10-15.

LT
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Fig. 10-14. Four-flip-flop counter decoding.

A saving of B diodes has been achieved, since the previous decodwy mhem_eﬁr
required B4 diodes and Lhiy method only reguires 56, The_ saving in chiotiey here s
ot very spectacular, bul the tonstruction of a malrx in thit manner 1o decode frve
flip-flops woukl 1e5ull in a saving of 40 diodes. As the nulm1m al ilp-fAops o be
decoded increases, the saving in diodes increases very rapidiy.

This ype of decoding malrix does have the disadvantage thal the decndt_e-d
signals must pass through more than one level of gares {in the previous method the
signal passes through anly one gatel. The oulput signal level may therebore suffler

. considerable reduction in ampliede, Funhermore, there may be a epeedd limitation

dwe to the number of gates through which the decoded signals musl pas.

A third rype of decoding network iy knaown as 3 “balagnced muliplcauve
decoder.”” This always resuls in the minimum number of diodes required for the
decoding process. The idea is much Lhe same as a lree decoder, sinCe ihe counts o
be decoded are divided inio groups. However, in this system the flip-flops 10 be

decoded are divided into groups of hwo, and she results are then comb’==1 jo give .-



the detired ouipwl signals. To decode the four Nip-llops discussed previowsly, four
+  groups are formed by combining Tap-Nops C and D just as before, In addition, fip-

flps B anct A are combined in 3 similar areangement. The outputs of these eight
Belia gates are then combined in 16 anp gates W iorm Lhe 16 output signals. The results
are shorwn in Fig, 10:16. it can be yeen that a 1otk of 48 diodes are required; 3
saving of 16 diodes iy then realired over the fisl method, while & saving of B
diodes is regiized over the tree method. This scheme again has the same disadvan-

Deid

Dead tages of signal.level degradation and speed limitation as the tree decoder.
. Encoding a number is just the reverse of decoding. One of the simplest examples
DCBA ol encoding would be the use of a thumb-wheel switch (a 10-posilion switch)
i which i3 ysed 1w enter date into 2 digita) syttem. The operatoe can et the switch w

any ore of 10 positions which represent decimal numbers, The output of the switch
is then transformed by a proper encoding matri which changes the decinal

ol gl rumber 1o an equivalent binary rmamber,
] An encoding matris which changes a decimal number to an equivaient binary
a DA number and storey L in & register (4 shown in Fig. 1017, Seling the switch o a
A
c Fig. 1017, Decimali gncoding mairin, (
b 1 Drak . w )
? \
!
’ 9
A pCaA 0

. ' -
! ! =
Fig- 1015, Tree decocding matrix. ///' : /: iﬁ\.\
- 3 ’

Fig. 10-16. Balanced multiplicative decodar. l J& “h( \§(_ l}k &;L -
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Fig. 10-10.  Anolher decimnal encoding matrin
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Potilian places a posilive vollage on the line connected to that position. Notice thay
the # and 5 input 1o each flip-Nap is essentially the output of an OR gate.

For example, il 1he switch is sel to posilion 1, Ihe dicdes connected b Lhal line
fave a positive voltage on their plates (hey are therelgre forward-biased). Thys the
Al inpul fo fip-flop A goes high while the reset inpuls 10 Mlip-fiops 8, C, and O o
high, This sets the binary number 0001 in the Mip-Tkapy, wirere A is the leas) signifi-
€30t bil. Nalice 1hal this encoding matrix requires 40 diodes. As might be eapected,
1 is possible 10 reduce he number of diodes required by comiuning the input func-
bany as was done with decoding matrices. One method of doing this it 1thawn in

Eiili;:lm-w; it represents a saving of 7 diodes, since this scheme requires only 33
5.

s ekl * 7 A 1 8

e — e — A ——
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Any encoder o decoder can be constructed from basic gates as shown in this
seclion, and when only one of bwo unclsom are needed this may provide Lhe best
technique. Howtver, 39 thown in Chap. 3, many of the mant camman decoding
lunciions are available as M5I s, Examples are the 7441 lor 74144 BCD-to-
decimal decoder driver, the 7443 excess-1-ao-decimal decoder, the 7446 BCD-o-
sever-sepment decoder driver, and the 74145 -0k 10 decnder drover. Thers are
numerous athers, and you are urged to consull manulaciurers' data sheets lor spe-
cific inipmalion,

There are alsa a few encoders available as M5 ICs —for example, the Fairchitd
9318 mght-input prianty enCoder. This unil acceps eight inputs and produces
binary welghted code of he highest-order output. Again, you shoutd consult spe
Cilic manufacturers’ data sheets for detailed information on encoders.

STUDY AIDS

Surnmary

Punched cards provide one of the most useful and widely 1sed media for string
binary informatian. tach card is consicered a3 a block or unil of information and i
therefore relerred 10 as a2 "upat record.” Furthermore, punched.card equipment
ipunches, soriers, readers, ete) is commanly called “unil-recard eguipment.”

Alpharumeric iniormation, as well as special characters, can be pupched inme
Cards by means o a code. The most comman code in use is Lhe Hollerith code,

A similar medium hy information dorage is punched paper lape. Alphacumeric
and special characiers are recorded by pedorating the Lape aconding 1o a code.
There are a number of codes, but the gne mast Commonly used is the eight-hole
Code, A perorared role of paper tape 15 & conlinupus record and is thus distingt
from the unit record {punched cardk.

For handling large guantities of informalion, magnetic tape is 3 mast convenient
recerding medium, Magnelic Lape offers the advaniages of much higher processing
rate and much greater recording densities, Moregver, magneliC Lape can be etased
and used over and aver,

The three most commeon methods for recording on magnelic Lape are the elurn-
w-zerg (R7], the non-relum-ta-zemd {NRZ), and the nOn-relurm-Lo-zem-inverted
INRZI). The MNRZ and MNRZI methods effectively erase or clean the lape automa-
tically dunng the recond operation and thus eliminate one of the problems of RZ
recording. These two methods also lend themselves to higher reconding rates.

Encoding and decoding matrices form an important part af inpul-output equip-
menl. These malrices are generally used 10 change infarmation from one form 1o
another, for example, binary to oclal, or Binary to decimal, or decimal 1o binary.

There is & wide variety of dighal peeipheral eguipment including unil-record
SquipmeEnt, printers, Calhode-zay-iube displays, and piolters. The choice of pefiph-
eral equipment 10 be ysed with any sysiem 15 2 major engineering decision. The
decisim involves establishing the system requirements, sudying the available
cquipment, meeling with the equipment manulacturers, and then making the
decision based on cperalional characieristics, delivery Lime, and casl,

nz
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Ghotary

dphanumeri information  Information compased of the letters of t
the numbers. and special characlers. 7 of the alphabe.
bt Qne binary digit.
chacicier A number, letler, or symbol represenied by a combination af bits.
decufing Mmatrix A malrix used to alter the format of information taken from the
oulpil of 3 system, '

encoding matriy A matrix used to alier the format of informati i
e information being entered

Hollerith code  The systern for reprsenting infamation hi [
prescribed manner in a punched vl.:alﬂ:l.r:s Y punching holes in 2

nierecord gan A blank pirce of tape between recorded information.
WRZ  Non-relum-tn-zero recording, -

NAZI  Nof-relurn-lo-zerg inverled recording.

Wity The method of using an additional punched hole for magnetic spot for

magnelic recording) io ensure 1hal the iotal number of hales i
chatacter is ever or odd. or spaty lor sach

ecorching demdily  The aumber of characters recorded per inch of 1ape.
ape-ulrhn-‘ulm factns  The ratio of the number of characters actually revovded 1o
the maximum number of characiers that could be recorded.

it record A punched card represents a unil record since each card containg a
unit or block of inflormation.

Leview Questions

1. Describe some af the problems of the man-machine inlerface,

Cescribe a typical punched card {size, number of celumns, number of rows). .
Which raws are the zane punches on a punched cardi i}

4. Which rows are the.digit punches on a punched cardi

5. What is the Hoilerith code? Whal does “JR. is 11 signifyt

€. How is binary informalion represenied on a card: iz, what does & hole
resent, and what does the absence of » hole represent? i

7. What iy the meaning of unit record!

8. Name three pieces of unit-record ipheral . , .
descriptian of how they are used. petipheral equipmenl, and give a brief

Describe 1he eight-hole code used to punch infprmation inlo paper lape,

b. Describe how 15 and Oc are recorded gn magnetic ta
netic record head, gnetic tape by means of a mag-

Haw iy aiphanumernc information recorded on magnetic tape!
I.  How is binary information recorded on magnetx tapel
). Explain the dual-panty system used in magnelic-1ape reconding.,

G o awm . T b
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14. What is the purpose of an interrecond g2p on magnetic lapel

15.  How can the pe-utilization [actor be used o deferming the 1otal number of
characters stored on 2 magnetic Lapel .

1§. Describe the operation of the RZ recording method, what are some of the dil-
ficulting wilh this system?

17. Describe the operalion of the NRZ recording methad. What advanlages does
this method affer over RZ recordingl

18. Dwescribe the NRZI recording e higue.
9. Why is 3 digital incremental ploter a true digital plotiing system{
20. What is the diflevence between an encoding and's decoding matrixi

Problema

10-1. Make a sketch of a punched card and code your name, address, and social

security number using the Haollerith code. Lise 2 dark spol 1o represent 2 hole.
i i i i number, Make

lulgeltcIfmml:eﬁﬂdﬂl?mhﬁsmnll.lr;t::u;‘lmt;?; rlT1 the havizomal

bénary lashian.

10-3. Repeat Prob. 10-2, but record the number on the card in the wvertical

fashion, .

10-4, Assume that alphanumeric information is being punched inlo cards at the

rale of 150 cards per minute. If the cards have an average of &5 characlers each, at
what rate in characiers per second is the information being processed?

10-5. Make a sketch of a lengih of paper tape. Using the eight-hole code, record
your name, address, and social security number on the Lape. Lse a dark spot to rep-
resent 2 hole,

10-%, 'What length of paper tape is required for Lhe sorage al 50,000 characters of

" alphanumeric information using the eighl-hole cade! Assume na record gaps.

10-7. What length of magnelic lape would be required to slore the information in
Prob. 10-6 il the recording denity is 500 bits per inchl Assume no record gaps.

10-5. Assume that data are recorded o magnetic tape al & densi:rl of 2Dﬂthits per
inch, If the record length is 200 characters, and the interrecord gap is 0.75 in, whal
is the tape-ulilization factorl Using this schemse, how miny characters can be

stowed in 1,000 k of tapel

. Verify the solytion to Pmb. 10-8 abave by wsing Eq. {10-3). Nolice that the
;?;09“ in ﬁm?m: must be replaced by 1,000, since Lhis is the ape lenglh.

10-10. Repeal Probs. 10-8 and 10-9 fof a densily of 800 bils per inch,
10-11. What length of magnetic tape is required to store 107 Characiens recorded

. atidtﬁﬁwufmhiuptfin:hwiﬂﬁarccnrdlmmdsnﬁ:harml

4
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15-3.  Venaly the vnitage-oviput levels for B network of Fig. 11-5 gung Midlman®s
iheorem. Draw the cquivalent cicuns.

114, Aswme the diveder i Prody. 11.2 has +10 V full-scale oulput, and Ting the
itdlewing:

{n The change in oulpul voltage cue 1o a change in the L58.

it The ouiput voltage lor an ingut of 110110,

11-5. A 10:-hit resislive divider 13 constructed such 1hal the cument through the
L5H revisior i3 100 pA Determing the manimum current 1hat will Now through the
MSH rewsior.

11-6. What in the full-scale gulput voltage of a six-bit binary ladder if 0 = 0 ¥ and
1= +10 V¢ Whai is il for an sighi-bi ladder?

11-7.  Find the outpul vollage of a sic-bil binary ladder with the following inputs:

fal 1010401,
(B 111011,
fc1 110001,

M-8, Check the resulis of Prab, 11-7 by adding the indivicduat bit contributions.

11-9. Whal i3 the resolubon of 2 12-bit DA conwverier which yses 3 binary
laddert if the full-scale outpul is + 10 V, what is the resolution in volis!

11-10. Hoaw many hils are required in @ binary ladder 1o achieve a resolution of
1 mV .l {ull scale is +5 W1

11-11. How many comparators are required 10 build a live-tu simyltaneous AJD
converter!

1111, Redesign the encoding matrix and read gales of Fig. 11-20 using wang
Rales,

11-13, Find the following for & | -l counter-lype AJC converler usng 4 1-MH?
clock:

fal Maximurh converson e,

(b Average conversion f.ore,

fe} Masimum conversion rale,

11-14, What ciock frequency must be used with a 10-bil counter-1ype AfD con-
vorfer if ik musl be capable of making ab least 7,000 conversons per secondf

1115, What is the conversion time of 2 12-Dit succesiive-approsimation-type
A0 converter using a T-MHz clocki

11-16, Whal s Lthe convorsion time of 3 12-bil section-counler-rype A/D con-
verer pung a 1-MHz clock! The coumer is divided inio three equal sections,

11-17. What overall accuracy could you reasonably expec) (mom a 12-ba ASD
converier!

11-18. What degree of resoluticn can be ebtained using a 12-bu oplical encoder!
11-19. Redesiyn the Gray-to-binary encoder in Fig, 11-12 using NanD gates.

11-20, Redesign the Gray-lo-binary encoder in\Fig. 11-32 wsing exclusive-ga
Riles.

Y
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Magnetic Devices
and Memories

There is 3 large class of devices and systerns which are wseful a3 digilal elements
bevause of their magnetic behavior. A ferromagnelic malerial can be magnetized in
4 parliculat direction by the application of  switable magnetizing lonce (a magnetic
Aux resulting from a current flowl. The maierizl remains magnetized in that direc-
than aiver the removal of the excitalion. Application of a magnetizing lorce of the
ocpposite polanly will switch the material, and 1t will remain magnelized m the ep-
posite direction alter remawval of the eacilation. Thus Ihe akality 16 slore informalion
in two difforent slales is available, and a large class of bary elemenrs has been
devised using these principles. In this chapler we invesligate a number of these
duvices and syslems that make use of them,
Alter studying this chapler you should be able 10

1. illusirate how magnetic cores are ywd 1o vore binary information,
2, Esplain the fundamenial principles of a coinCideni-Current Mmemory,
3. Describe the operation of & semiconducior memary using either bipolar or
MOS devices,
g

1221 MAGNETIC CORES oo

One of the mosl widely used magnetic elements 15 (he magnetic core, The typical
oe is oroidal {doughnut-chaped), as shown in Fig. 12-3, and s wsually consructed
in one of two ways. The metak-ribbon ¢ore 15 consinucted by winding 4 very thin
metallic ribban on a ceramic-core form, A popular nbban 15 Yemil.thack 4-79
molybdenum-permaloy (known as ulirathin nbbon), and a rypecal core might con-
sist of X rurns of this ribbon wound gn 4 0. 2-in-diameler cerama; form,

Ferrite cores are constructed from a finely powdered mixlure of magretile,
variows bivalent metals such as magrnesium or maganese, and a binder matenal,
The powder iv pressed into the Sesireg shape and fired, During firing, the pawder is
fused into a wald, homogereous, polycrysialline form. Ferroe cores such as this are
commonly condnecied with 50 mil oulside damelers and 10 mil inside ametes.

327
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Fig. 12-1.  Magnetic care,

Ferrile cores can be constructed in smaller dimensions than metal-ribbon cores
and usually have betber uniforruty amd Kower cosl. Furthermore, [emrile cones
typically have resistivities grealer than 16® [-cm, which means eddy -corrent ioases
are negligible and thys core heating is reduced. For thewe reasons, they are widely
used ay the principal memary or slorage elements in [arge-scale digital computers.

Metal.ribbien cores, on the other hand, have very good magnelic characleristics
and generally reguwre a smaller driving current for switching. They are somewhat
beiter for the construction of logic circuits and shift registers,

The binary characteristics of 3 cont can be most easily seen by examining the
hyseresiy Curve dor a typical core. Hysteredis comes from the Greek wond hysterein,
which means 10 lag behind. A magnetic core exhibuls a lag-behind characteristic in
the hysteresis vurve shawn in Fig. 12-2a. in this DRure, the magnetic fTur density B
is plotied a4 a functien of the magnetic force M. However, since the flux densilty B
is dwectly proporiional 1o the flux &, and since the magnelic beld H is directly
propotiional 1o the currend § producing 1t, a plol of d versus His a curve of the same

v

Fig. 12-3 Teente-core hysleresis curves, () Magnetic flux densily B versuy magnetic
field H. tb) Magneix {lux & wersus cummenl 1.

) L

o
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general shape. A plot of flus in the core & versus dnving current § s shawn in Faf.
12-2b. We shall base our discussiaon on 1his Curve 3ince il is gereraliy casier 1o 1tk
it berms of thewe quantines.

Mow, suppate that 4 current source 16 alached 10 1he windings on 1he core
shown in Fig, 12-1, and a pasitive current is applied icurent Dows into the uppet
tlerminal of the winding). This croates 3 Hux v the core in the clochw i diregtinn
shown in Ihe figure remember 1@ right-hamd ruler, 1f the drive current 15 ot
slightly greater than i, shown in Fig- 14-2, the operaing paint of the core o som-
where between points b and £ on the & curve. The magnitude of the flux can then
be read from the ¢ asis in this liguere,

If the drive cuyrrent is pow removed, the aperaling, poinl moves aiong the
curve through point b to point o, The core 13 raw storing energy wilh no inpul
signal, since there is a remaining oF mermanent Qus in the core at this paint, This
property i known as remanence, and this point o known as a remaneni poind,

The repealed applicatvon of posilive Zurent pulses simply Causey the opetal iR
poinl 1o move hoween points d and © on he §& cunve, Nolice that The operaling
poinl always comes 1o reut at paint d when all drive current is remigwed,

Il a negative drive current somewhat grealer than -1. is now applied 1o the
wirding (in a direclion oppasite to that shawn in Fig. 12-1) the operatimg point
maves (rom o down thiough e and $10ps at a poifl somewhere between fand g on
the 4 curve, Al Lhis point the flux has switched in the cnre gnd is now disecied in 8
counterclochwite direction in Fig, 12-1. I the drive current is now removed, 1he
opetaling paint comes to rest at point b on the $ curve of Fig, 12-2, Nohce that (ke
flux hay approcimately Lhe same magniturde bul i+ the negative of whal il wds
previously. This indicales that 1he core has bven magnetized in (he opposne dnm:-
taor, -

Repeated application of negative drive currents will simply cause the cpetating
poinl 1o move between points g and b on the ¢l curve but Lhe linal resting plate
with no applied cumeni will be paint h. Paint h 1hen represents a second remangnl
poinl an the @§f curve.

By way of summary, a core has bvo remanent states: poinl d alter the applicanon
of ane or more positive current pulses, point 1 atter 1he application of ene or more
negative current pulses, For the core in Nig. 12-1, point o corresponds 1o the core
magnetized wilh llux in a clockwise direclinn, amd point b curresponds W magne-
lization with flux in the countercioCiowise direchian,

Example 12-1

Conry can be magnetized by ulilizing the magnetic field surrounding a currenl-car-
rying wire by simply threading the cores an Lhe ware. For the two possible cunenl
directions in the wire shown in Fig. 12-1, what are the comesponding direcuons of
magaetization lor The corel

Solution
Arcording o the nght-hand tule, a current of 4+ magnetizes the core with (he flux

in a clockwise dircclion around 1he core, A current of —1 magnelizes the core with i

Aux in a Counterciockwise direclion around i core,
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!

i
LJ Fig. 12-3.

. s now fuile ea sy 1o st how a magnetic core is used as a binary Morage device
i a digital system. Tho core has two stales, and we can simply define ane of the
w.les? A5 A .1 and the giher stale as a 0. L is perfecily arbiteary which is which, bul
for discussion purposes let us define point o as a 1 and point 2 as 3 0. This n';eani
that a posiltve current w:ll record 2 1 and result in clockwise fux in the core in Fig
: i-:» A negative currerl will record a 0 and result in 2 countercioe kwise Mus in th;
We now have the means for recording or witing 2 1 or 3 O in the core bul we do
np'. a5 yel have any meany of detecting 1he information sloved in the core. A very
s-mpIr techaique for accomplishing this is 1o apply a current o the core wl-;ich will
switch it 10 a known stale and detect whether or not a large flux change occurs
Cn.nsldvr the core shown in Fig, 12-4, Application ol a diive currenl of —! wHE
swilch the core to Lhe O state. IT the core has a 0 stored in il, the operating point will
mave hc:h:u*een points g and b gn the §f curve (Fg. 12-2]. ard 3 very small Aux
change will occur. This small change in fux will induce & very small voltage across
Ine sense-winding terminalh. On the other hand, if U Core has a ? stored in it the
operating point will move from point d to point b on the &f curve, resultng in a
mwch larger lus change in the core, This change in fus will induce a much larger
vollage in the sense winding, and we can thus detect the presence i a 1,
Tn sumMMmanize, we can deiect the contents of a core by applviog a read pulve
which resets the core 10 the O siate, The oulput volizge at the sense winding is

Nig. 11-4. Sensing the ronlenis of a Core.

— b
==
1
1
1
1
1
1
1
1
1
1
1
]
1
/

E 4
— v 100[ | volty
5 ] v ulp tage
Head T 3
wrnd w5
5 Mg . widmg *
E
F]
o

PRI

Magnetic Devices and Memories LAY

—_ l

a

=14

.__-n

« A

£

= &

Ll

E

£ 4

u

x 2

"

i & o

Fig. 12-5. Magnelc-tore switching lime 1 p)
characlensicy, Magnetic frekd Hioersieds)

much greater when the come containy 2 1 than when it conlains & 0. We Can
iheretore detect a 1 by distinguithing betwren the twi cutpul-valtage signals. MNo-
tice Ihat we could set the core by applying a read currenl of +) and detect the
larget auipyl vollage at the seme winding as & 0.

The output vollage appearing at the sense winding lur a lymecal core ia alsa
shawn in Fig. 12-4. Nolice that there (52 difference of abaut 3 10 1 in cutput-vol.
lage amphtude between a | and a 0 output, Thus a 1 ran be detected by uting
simple amplitude discrimination in an amplifier, in large systems wheee many Cores
are uied on common windings iwch as the large memary systems in digital com.
puters) the O cutpul voltage may become considerably larger hecause of agdilive
vifects. tn this case, ampliude dischminalion is quite often ysed in combinalwn
wilh 4 sirobing lechnique. Even ihough the ampliude of 1he 0 culput veltage may
increase because of addibve effects, Lhe wadth of the pulpul will et inerELn
appreciably. This means thal the © ouput-voltage signal will have decayed and wll
be very small before the 1 oulpul voltage has decayed, Thus il we sirobe the read
ampliliees some time after the application of 1he reatd pulse lior example, between
0.5 ared 1.0 us in Fig, 12-43, this should improve our detection ability.

The switching time of the core i commonly defined as the nme required lof the
output voltage to go from 10 percenl up through its maximum value and back
down fo 10 percenl again (see Fig. 12-41. The swilching time for any one cote i 3
function af the drive current as shown in Fig. 12-5. s evudenl from this curve 1hat
an increased drive current resulls in 3 decreased swilching lime. In general, the
switching time fur a core depends on the physical sire of the core, Lhe type of core,
arwl 1he materials usetd in i consiruclion, as well 28 the manner inwhich it s vsed,
It will be sufficient for our purposes 1o know Lhal cores are available with switching
urnes from around 0. 18 up to milliseconds, with drive curents of 100 mA o 1 A,

12-2 MAGNETIC-CORE LOGIC

Since 3 magnetic core is a basic binary elemenl, it can be wsed in 3 number of
ways lo implement logical functions. Because of its inherent ruggedness, the core s’
a parcularly useful fogical elrment in applicationy where environmental extremes
are experienced, for example, \he lemperalure extremes and radialion EXpUsure e
perienced by space wehicles.

Since the core is essentially a sorage device and its contenl is driected by resel-
ung the core to the O slae, any lopic wysferm using COres must new rily be 27"

I
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Flg. 128, BakC magnetic-core logic elemend.

dyramic system. The basis for using Uve core a3 3 fogical element is shown in Fig.
12-6. A ! input o 1the core i ropwesended by a current of 1 &t the input winding;
this se1s 3 1 in the core magnetizes 11 in a Clockwise divection), An advance pulss
occurs sometime after the inpol pulse has disappeared. Logical opesations are
cartied Out during the lime the advance pulse appears at the advance esen
winding. A this ime U COre is farced inlo the O wale and a pulse appears at the
cutpyt wrding only f the core previounly stored 4 1. The cusrent 10 the output
winding can then be used as the input fov other comss or other logical elements,

There is some energy kns in 1he core during switching. For this reason, the
output winding normally has more ens than either the input O achvance windings,
30 that the output wil! be capable of driving one of more cores.

Mouice that a O can be setin the cove by application of 3 current of —| at the jnpu!
winding. Allernalively, 3 0 could be stored by a cutrent of +! into the undotted side
of lhe input winding, The important thing to natice is that either a 1 or 2 0 c2n be
slored in the cote by applicalion of a current to the proper terminal of the inpuet
winding,

To sienplify our discussion and the logie dlagrams, we shall sdopt the symbols for
Lthe core and ils windings shown in Fig. 117, A pulse at the 1 input sets a 1 in the
core; 3 pulse at the O input w65 a [ in Lhe core: during the advance pulse, 2 pulse
appears 2t the ouipatl only il The core previpusly beld a 1, Lef us now consider
sceme of the basic logic funclions using the symbol shown in Fig. 12-7b.

A methed lor implementing the on function i3 shown in Fig. 12-8a. A current
pulse at either the X or ¥ inpuls sis a 1 jn the core, Somelime aiter the inpul
pulse{s) have been terminated . an advance pulse occurs, If the core has been set 1o
the | siate, a pulse appears at the cutput winding. Motice that this is traly an o
function Since a pulwe al elther the X or ¥ input or hoth sets a 1 in the core,

The method shawn in Fig. 12-8b provides 1he means for gbtaining (he comple.
menl of a variable, The set input winding to the core has a 1 input. This means that
duriog the input pulse time Thiy winding always has a set inpur current, If there s
nG currcnt af the X tapul signifying X = 04, the core is set, Then, when the advance
pulse cecuts, a 1 appears at 1he gutpul, sigrifying that ¥ w1 On the other hand, Jf

-
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Fig. 11-7. Magnetic-cor lagic element, 18] Care witdings, Lb) Logic symbal.

¥ = 1, 3 Curtent appeat 3l the X inpul during the set time, and the effect; of the X
input curen and the 1 input Curment Cancel ane analher. The core then remains in
the resed stale (recall thal The core is reset during the advance putsel. In this case no
pulse appears at the oulpul during the ddvance pulse unce Ihe core praviously con-
tained a 0. Thus the outpul represents X = O,

The anD function can be imptemented using a cofe at thawn in Fig, 12-8¢, The
two inputs 10 Ihe core are X and ¥, and there are four ponsible combinations of
these heeg iNputs. Let's examing these input combinations in dewil,

Fig.12-8. Basic vore logic unctions. (I na, 19 Complement. Lo} a0 (e Exclusive-on.
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1. X=0, Y=0, Since X = 0, the core cannot be set. Since Y =0, V= 1 and the
core will then be neset, Thus this tnput combination resets the core and it stones
al,

2. X=0, Y= Since X =0, the core stil! cannot be set. Y= 1 and therefore
¥ =0. i this input combination, there is no input current in either winding
and the core canngt change stale, Thyy the core remaing in the O state Because
of the provious advance pulse,

3. X=1, ¥ = The cument in B X winding will stternpt % set & T in the core,
However, ¥ = 1 and this curremt will atiempt to reset the core. These twa cur.
renty offser one another, and the core dues not change states. It remaing in the
0 state becauie of the previous atvance pulse,

4. X=m 1, ¥= 1 The curent in the X winding will t&1 2 1 in the core since Fm D
and there is no Cumem o the ¥ winding, Tl'u.lﬂhnscmnbnnatmm;i Tin
the tore, .

In snenary, the input X ant ¥ i the oaly combination which results in a 1 being

siored! in the core, Thus this b tuly an awo funclion. -

An exclnsive-on Rinction a6 be implemented as shown in Fig. 12-8d by oning
the outputs of b anD-function comes,

Example 12-2
Make a truth tabla for the exclusive-pr function shown in Fig. 12-84.

Solution .
x v || w | ey
0 0 0 0 0
] ! Q T t
L B 1 Q 1
1 a 1 0

One of the major problems of core logic becomes apparent in the operation of
the exclusive-ox shown in Fig. 12-8d. This it the problem of the time required for
the information w1 whifl down the line from one core 1o the next. For the exclu-
sive-Ok, the inputs X and ¥ 3ppear at time @, and the AmD Cores are sef of reset ail
this tirne, Al lime Iy an advance pu'se is applied 10 the anp cores and their oulpats
are ysed to ser the Ok core. Then at time t, an advance pulse is applied o the ot
core and the final outpyt appears. Il should be obviouy From this discussion thar
the operxtion time for more tlumphcmd logic funclions may become excessively
lang.

A second difficulty with lhli type of fogic is the Tact that the inpot pulses muy be
ol evacily the ame width. This b panicularly rue for functions such as the
COupPLEMERT amd the AnD, since the inpat signafs are at zmes required to cancel
one another. It iv apparent that if one of the inpxe signals is wider than the other,
the core may o eroneous dala aiter the inpu? pulses have disoppearsd.

I i g A g T — el -
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You will recal’ that In order to swirch 2 core from one state to another & ceriain
minimum current §n is required. This is sometimes refermed to as the select curent.
The core armangement shown in Fig. 12-82 can be used w implement an and func-
tion IF the X and ¥ inguts are each limived 1 one-half the selecl curment )

it the only time the Core receives a full select Current iy, Core logic functions ¢an

- 1N thig
way, the only 1ime the cone can be e is when both X and Y are present, since this'

be comstructed using the half-select current idea. This idea i1 quite Imeporant; it

kwms the basic of one type of Iargeuy:ale rrm-u:lrr lrﬂum which we distuss later in
this Chapter,

12-3 MAGNETIC-CORE SHIFT REGISTER

A review of the previous section will reveal that a magnetic core’ exhibite ar least
two of the major characteristacs of 2 flip-Aop: Arst, it 5 a binary device capabfe of
storing benary information; second, it s capable of being set or rese Thut it woutd
seemn repsonable 0 expect that the core could be used %0 construct & shift regiseer
or & ring counter. Cores are indeed frequently used for et samoses, and in thiv
MCtion we caonsider some of the necessary precautiony and technicgues.

The main idea involves connecting the output of each core to the input of the
next core. When 2 core s reset lor set), the signa! appearing at the oyutput of that
ook i3 wsed fo 52t (or reset] the next core, Such 3 conneciion betwesn two cores,
called a "single-diode ransfer foop,'” s shown in Fig, 12-8.

There are three major problems o overcome when using the single-diode
transfer loop, The first problern is the gain through the core, This is similar o the
problem discussed previously, and the solution is the same. Thal is, the lpstes in
signal Lhroesgh the core can be overcome by constructing the outpul winding wilh
mare turns thar the input winding. This ensures that the gutput signal will have suf-

- hcient amplitude to switch the next core,

The second probem concerns the palarity of the ouiput signal. A signal appears
at the oulput when the core is set or when the cove is reset. These two signaly have
opposile polarities, and either is capable of switching the next core, In general, it is
devirable thzt only one of the two output signals be elfective, and this can be
achieved by the use of the diode shown in Fig. 12-9. In Lhis ligure, the current

produced in the output winding will go through the diode in the forward dircction

tand thus a1 the newt Core) when the core ks resel from the 1 stale 1o the 0 staie. On

-

Fig. 129, Single-giode 1ransier loop, (2 Circult, ] Symbolic representation,
Advance or rest winding

{u}
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Fig. 12-10. Four-core shift register. () Symbotic circult, (5 Waveforms.

the other hand, when the core is being set to the 1 siate, the diode will prevent cur-
rent Mow In The output and thus the nexl core cannot be switched. MNotice that the
opposile tilualion could be realized by simply reversing the diode.

The third problem arises from the fact that resetting cont 2 induces 3 current In
winding ™, whith will pass through the diode in the lorward direction and thus
tend 1 set a 1 in core 1. This constitutes the transfer of information in the revere
direction #nd 1 highly undesirable. Fortunately, the solution 1o the first problem
ithat of gain) results in 2 sofution for this problem as well. That is, since Ny has
fewer windings than N, this reverse signal will not have suficient amplituce 10
swilch core 1, With this understanding of the basic single-diode transler loop, let us
investigate the operation of a simple core shit register,

A basic magnetic-core shift register in symbolic form is shawn in Fig. 12-10. Two
sets of advance windings are necessary for shifting information down the line. The
advance pulses occur alternately as shown in Lhe ligure. A, is connecled to cores'1
and 3 and would be connected to al! cod-numbered cores for a larger register. Ay by
connected @ cares 2 and 4 and wou'd be connected to all even-numbered cores. Il
we assurne that all coms ane reset with The exception of core 1, it is clear thal the
advance pulses will shift this 1 Gown the register from cone to core until jtis shifted
“out the end” when core 3 is resel. The operation is as follows: the fust A, pulie
resets core 1 and thus sets core 2. This is followed by an A, pulse which resets cone
2 and thut sets core 3. The next A, pulse resets core 3 and sets core 4, and Lhe
lollowing Ay pulse shifis the 1 “out the end” by resetting core 4. Notice thal the
two phases of advance pulses are required, since it is not possible wo et a Core
while an advance (or reset) pulse is present.

The output of rach core winding can be used as an inpuat to an amplifier o

s —— ——
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produce the wareedorms shown in Fig, 12-105. Notice that afwr four advance pytses
the 1 has been shited completely thiough the register, and the output lines all
remain kow afer this 1ime,

The reed for 2 rwo-phase clock or advance pulse system could be eliminated i
some delay were introduced between the ouiput of each core and the inpat of the
next core. Suppose that & delay greater than the widih of the advance pulses were
introduced between each pair of cores. In this case, it wou'd be possible o drive
Every Core with the same advance pulse since the outpur of any core could not ar-
rive al the tnput 1o the nest core untfl after the advance pulse had disappeared.

One method for introducing a delay between cones I3 thown in Fig. 12-11. The
advance-pulse amalitude is yeveral times the minfmum required 1o switch the cores
anqil w_ill reset all cores to the 0 state. if a core previously cantaired a 0, no
switching accurs and thus ao signal 2ppears at the owtpul winding. On the other
hand, if a core previously contained a 1, curment flows in the output winding and
char_gr._-s the capacisoe. Some curmesd flows through the st winding of the nest core,
Bart it is small because of the presence of the reslslor; funhermone, it is overmidden
brTﬂ'-: Eugnitude of the advance pulse. However, at the cessation of the advance
puise, € remaing charged. Thus © discha i indi
and sets core 2 1o the 1 sate, 18es thiough the inut winding and £

In this system, the amplitude of the advance pulses is nol too critical, but the
widlh must be maiched 16 the RT time constant of the loop. If the advance pulses
are o long. or alernatively if the RC time constant is oo shor, the capacitar will
discharge too much during the advance pulse time and will be incapable of seting
the core at the cessation of the advance pulse. The RO time constant may {imit the
upper irequency of operation; it should be noted, howewer, that reseiting a core in-
duc:s_a Current in s input winding in 2 direction which ends 1o discharge the
capacitor,

The arrangements we have discussed here are called one-core-per-bil negisiers.
There are numeroys other methods (o many 10 discuss here) for implementing

Fig. 72-11.  Core shif register using a capacitor for delay betwwen cores.
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regisiers and counbers, and the lreadcf it federred ko 1hee relerences for mare ad-
vanced lechniques. Sone of the oiher methods include wo-core-per-hit sysents,
modifwd-advance-palte sydems, modilied-winding-core systems, split-winding-
core systems, and cumeni-routing-trantler Lyseems. -

Example 121-3

Using core symbols and the capatisi-delay rechnique, draw the diagram for a
four-wage ring counter. Shaw the expected wavehorms.

Solution

| .
A riny counler can be formed from a simphe shilt register by using the aulput of 1he

last core as the input for the firsl core. Such a system, along with the expected
wavelomns, is shown in Fig. 12-12.
i

12-4 COINCIDENT-CURRENT MEMORY

The core <hift register discussed in the previous sexction suggess the possibilay of
using an array of magnotic cones for siaring words of binary information. For ex.
ample, a 10-bit core shift register could be used to store 3 10-bit word. The opera-
lign would be serial in form. much like Ihe 10-bil Nip-flap shill register discussed
earlier, it would, huveever, be subpect o the same speed limitations observed in 1he
serial flip-flop reisiee. That s, since #ach Bit must travel down the register frum
cane [o coet, il requires A clock periods to shifl an n-hil word into o out of the reg-
ider. This shdl ime may become excessively long in some cases, and 3 fasler
meibod musl then be develnped. Much [aster operation can be achieved (f the in-
formation s wrilten inlo and read out of the Cores in a parallel manner, Since alt
lhe buts are processed simultancously an enlint wond can be ransferred in only ane

+
fig. 12432, Four-stage ring counter for Example 12.3,
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Fig. 12413, Magnetic-tore calncident-turrent memaory.

clock pericd. A straight parallel yyslem would, however, require one input wire and
one puiput wire lor each coce, For a large number of cores Lhe lolal- number of
wirnet makes this armangement impraciical, and some other lorm of core wleclion
must be developed.

The moyt popular methad Jor storing binary information in parallel form uung
magnetic cores is the coincident-current drive system. Such memory systems are
widely used in all types of digital systerms from small-scale special-purpose ma-
chires up to large-scale digital compulers, The basic ides involves arranging cores
in & matrix and using Iwg hall-select corrents; the method is shawn in Fig. 12-13.

The malrix consists of two sels of drive wires: the X drive wires (verlical) and the
¥ drive wires (horizontal). Motice that each core in the mawix is threaded by one X
wire and one ¥ wire, Suppose one hallselect current Yal, is applied 1o line X, andd
one hallsebect current Vil is applied o jine ¥,. Then the core which iy threaded
by both hnes X, and ¥, will have & total of ¥yf, + Yai, = L, passing thiough it and
it will ywitch stales. The remaining cores which are threaded by X, or ¥, will rach
receive only Yilo, and they will therefare not pwitch daies. Thus we have suc-
ceeded in switching one of the 16 corts by selecting two of the inpul finet Jone of
the X lines and one of the ¥ lines). We desvignale the core thal switched in Lhis case
as core XY, since il was switched by selecting lines X, and ¥,. The designation
X, ¥, s called the address of the core since it specifies its location. We can then
swilch any core X,¥, located 21 address XY, by applying Yal, to lines X, and ¥,
For example, the core located in the lower right-hand cormer of the matria is at the
address XY, and can be switched by applying Yalo to lines X, and ¥,

o
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in order that the selecied core will swilch, the directions of 1he halfselect cwr-
rents through the X line and the Y line musl be addilive in the core, In Fig. 12-1),
the X select curtents nrusd flow through the X lines (rom the top lowand the bottom,
whibe ibe ¥ selec] currenis flow through the ¥ lines from et %o right, Application of

Lhe righi-hand rule will demonstrate thar currents in this directon switch the coe—

such that the core flux is in a dockwise direction looking from the op). We define
this as switching Lhe cone b the 1 state, I is obvious, then, thit revensing the dinec.
1,003 of both the X and ¥ line currents will swivch the core 1o the O state. MNotice that
if thee X and Y liwe Currenty are in 3 sublvaciive direction the stlecied core receivs
Yol — Yalu = 0 atud the core does not changs state. .

With thrs system we now have 1he ability } switch any one of 36 comes by
selecting any two of eight wires. This is 2 saving of 50 percent over a direct paraliel
selection system. This saving in input wires becomes sven more impressive if we
enlarge the enisting malrix to 100 cores {a square matrm with 10 cores on each
siclel, In this case, we are able to switch any one ol 100 cores by seleciing any two
ol only 20 wires. This represents 3 reduction of 5 1o 1 over & Hraight paraiiel selec-
lion system,

AL Lhis peinl we need o develap a method of sensing the comlents of a core. This
can be very eatily accomplished by threading one serme wire through svery core in
the matrix, Since only one core is selecied (switched) at 4 lime, any ouiput on the
sense wire will be due to the changing of state of the selected core, and we will
krow which core it is since e cone address & prerequisite 10 selertion. Notice that
the sevise wire paases through hall the cores in one direction and through Lhe other
hail in Ihe opposite direction. Thus the outpt sgnal may be either a positive or a
negalive pulwe. For this reason, the output from the wense wire is usually amplified
and reclified o produce an output pulse which always appears with the same
podarily.

Example 12.4

From the slandpeinl of consiruction, the core malria in Fig. 12-T4 is more con-
verent, Explan the nec pssary directions of hallselegt currents in the X and ¥ lines
{ur proper aperanon of Ihe Mateix.

Solution

Core X,¥, it exaculy similar n he previously discussed matrix in Fig. 12-13, Thus a
current pasting down thiough X, amd o the right trough ¥, will set core X,¥, 1o the
i state. To st core X,¥, w0 the 1 state, current must pasy Sown through line X, but
curment mus pass from the nght o the left through line ¥, Icheck wilh the right-
hand rule). Pfroceeding in this fashion, we e thal core XY, s similar o XY,
Therelore, current must pass through line ¥y from left 1o nghl. Similacky, come X, ¥, is
sirular o core X,Y, and currenl must therefore pass through line Y, from right to
lefi. In general, currenl must pass from left lo right through the odd-numbersd ¥
lines, and from right to felt through even-pumbered ¥ lines,

Mow, since Currenl must pass from left o righl through line ¥, it is easily seen
that currenl must pass upward through line X, in order to s&t core X.¥,. By an
argumend similar 1o that given for the Y lines, current must pass dawnward twough
the odd-numbsered X lines ang upward through the even-numbered X [ines.

oraew r . w e
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Fig. 1114, Coincident-Cutrent memory matrix (one plane).

The matrix therwn in Fig. 1214 has one exira winding which we have nol yt
discyssed, This it the inhibit wire, In order 1o wnderstand i opecation and function.
let us examine the methods for writing informazion into Lhe malia and reading -
itrnation from the matria.

To write a 1 in any core (Lhat is, to set the cone to the 1 state], il i3 only necestary
0 apply Viig w the X and ¥ [ines seleciing thal core address, Il we desired 1 wrile
a 0in any cone (that is, et the core to the O slabel, we tould simply apply & cusrent
of —%aly 1o the X and ¥ lives sehecting that core address, We can alvo wrile a 0 in
any core by making use of 1he inhibil wire shown in Fig. 12.14, (We assume that
all cores are initially in the O state.) Nolice thar the applcation of Yal, 1o this wire
in the direction shown on the figure resulls in 2 complete cancellgion of 1he ¥ line
select cument (it also tends wo canced an X line cument. Thus o wrile 2 O in any
core, il is only necestary 1o select the core in the same manner ay if writing a |, and
2t the same time apply an inhibvt curment tn g inhibit wire, The major reason ke

writing a Q in this fashion will become clear when we use these matrix planes W

form g complete memory.

To summarize, we wiite a 110 any core )Y, by applving ¥aly 10 the select lines
X, and Y, A O Can be writlen in the same fashion by simply applying Yaly to the
inhibit line at the same time il all cores are initially resey).

To read the informalion siored in any core, we simply apply — ‘Yo, to the proper X
and ¥ lines and detect the cutpul an the sense wire. The select currents of =Vl
resel the core; and if the Core previously held a2 1. an oulpul pulse occurs, il The

© oot previpusly heid a 0, il does nol swilch, and no oulpud pulse appears.

This, then, s the complete coincident-current setection sysiem kor one plane.
Maotice that reading the infarmalion out of the memory results in a complete loss of

v
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Fig. 1315, Complele tointidenl-current memory system.

- )

inft_:nrrj'latinn frurn the memaory, since all cores are resel during the read opeation

This is referred 10 as a destructive readour or DRO system, This mairln plane is uyeci
la wore one bit in a wond, and it is necessary 10 use n ol these plan®s to slore 2n
A-bul word,

A compiele parallel ConCideni-Current memory syslem can be constructed by
ﬂacnn:lp; Ine basic memory planes in the maneer shown in Fig. 17-15. All the X
E.ﬂﬂ' wnes are conaccied in seres from plane 1o plane as are all the ¥ drve hines
ihus the application of Yala 10 tines X, and ¥, mesulls 0 a selecion of Care XY, ir;
every plane, In tons fashion we can simultanegusly switch a cores, where n s the
nI:Jn'tb-cr QI planes. These i cores repvesenl nn® word of r bits. For example, The op
punr mighl be the LS8, the neal 1o the iop plane would then be the second LSB
antl 4o gz the bosiom plame wouald then haold the M5B, '

o read information Trom the meatory, we simply apply =1, 1o 1he proper
gddrmﬁ ard sense [he cutpuld on the o sense lines. Remember that ceadout results
n rewelting all cores W0 e  state, andt thus thal word positian i the memory is
cocdind 1o ail Os,

T? wrile inkymalion inta ihe i'rmmq.r, we simply apply ¥aly 10 the proper X and
Ysem:ll lires, This will, twrwtver, wrile a 110 every core. 5e for the cones in which
we idesire 3 0, we simultancgusly apply Yol W Ihe inhibwl line, For example, 10
wiile IIIJUI in the upper four planes in Fig, 12-15, we apply Yai, to the proper X
aqd Y lines and al the same Lime apply Wiy 10 the infibit lines of (he second and
third plapos,

_Thls methad of wiiling assumes that all cores were previously in tho O slate, For
Uais rtrdson it is comman to dehine a memory cydle. One memory cycle is delned
A% 3 rear! operalion fodowsd by a wreite operalion, This servies bwe poreses: fiest it
cnsures that ali the cores are wn the O slate during the wrete aperation; mum] ]
prorvuies the hasis lor designing a pondesiructive readour INDRO) syslem, '

o= = rede e
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IL 1 Guite inconvenient  oe the data sored in the memory every lime they an
read oul. For this reason, the NDRO has been developed. One method lor ac-
compi shing this function is to read the informaton out of the memony inld a 1em-
potary storage register (flip-flops perhapy. The outputs of the (lip-Nops are then
used ko drive the inhibit lines during Lhe write operalion which faliuws tinhibil 1o
write a 0 ang do nol inhihit to write a 1), Thus the basic memary cycle aliows us 10
form an NDRO memory fram a DRO memary.

Example 12-5

Descripe how 3 coinCident-cuirent memory mighl be consirucled if it musi be
capable ul storing 1,024 twenty-bil w5,

Solution

Since there are 20 bits in each word, there must be 20 plares in the memory [here
it gne plane lor each bill, In order to stone 1,024 words, we coutd make Ihe planes
square. In this case, each plare would contain 1,024 cores; il would be con-
sirucled with 37 rows and 32 columns since (HOZ4} = (29 = 20 32, This
memary 15 lhen capable of storing 1,024 ¥ 20 = 20,480 bits of informanion, Typi-
cally, 2 memory af his size might Le canstruclee in a 1-in cube, Notice thatin this
memaory.we have the ability to swilch any one ol 20,480 cores by coniroliing the
current levels on only 84 wires (12 X liney, 32 ¥ lines, and 20 intibit hinesh, Thit is
wndeed 3 modest number of conieel line.

Example 12-6
Devite a means for making the memery Sysiem in Lhe previoys exampie a NDRO
sysiem.

Solution

One method for accamplishing this i shown in Fig. 12-16. The basic core array
consists of twenty 32-by-32 core planes. For convenience. only the three L3H
planes and the M58 core plane are shown in the disgram. The wiring and opera-
tion for the other planes are the same. For clanty, the X and ¥ seiect lines have also
been omitted. The oulput sense hine of rach plane is fod into a haporar amalifier
which rectifies and amplilies the oulput 50 thal a posilive puise i1pprars any me a
wot core i5 mesel to the D dale. A complele memary cyche comwsh of a clear pulse
ioliowed by a read pulse iollowed by a wrile pulse. The proper wavelorms are
shown in Fig. 12-17. The ciear pulse first sets all flip-flops to the O state (s clear
pulse can be generated from the trailing edge of the wnle pulse;. When 1he read
line gows high, all the anD gates dnven by the bipolar amgliers are enabled.
Shoely after the rise of the read pulwe, — Yl is appiied 10 1he X and Y lines desig-
naling the address of the word ta be read cut. This resets all cores in the elecied
wortl to the 0 state, and any core which cantained a 1 will swilch, Any core which
switches generates a pulse on Lhe sense tine which s amplifisd and appears a5 a
positive pulse at the oulpu of one of the bipolar amplifiers. $ince Ihe read AnD
gates are enabled, a poslive pube at the cutpul of any ampldier passes through the
AND gate and sets the (lp-flop. Shorly herealier the hali-select currents disappear.
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Fig- 12-16. NDRO syigem for Example 12.4.

g _T"d e g low, amud the {lip-Naps mow contain the da whith were
previously i dhe woloced corms, Shoedy afier the read line goes low, the wrie line
BOCY high. and tiis enables the wiite anp Rates Iconnected to the inhibit line
ariversl. The @ side of any Mip-Nlop which has 2 0 sored in il is high, and this
vnnb.les the write AND gate to which it is connected. in this manner an inhibit cur-
rent is applied 14 any core which previgusly held a 0. Shorlly afier the rise of the
Wi pifse, positive hall-select curronts are applied to the same X and ¥ lines
T srl-_:»cl curreniy b & 1 in any core which dees nol have an infubit currenl.-
:Ihu: lhc_ inforatation vered in the Mip-flops is written directly back into the comes
fram which il camse, The hallesplect curcents ane Then meduced 10 zern, and the write
!me Koes low. The all of the wrte line is uiad 1o reses the flig-llops, and the system
18 now ready lor anolher readiwrite cycle,

The NDRC miemony sysiem dicussed in Lhe preceding example provides the
n:leans !‘nf reading informabinn from the sysiem wiihout losing the individual bils
siored in the cant, To have a complele memary syslem, we must have Lhe
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B ——

Magnetic Devices and Memories M5

e - | Y C LI — e —

Chear _n_ - il
Resd [ ——__
Write I——L-.-...-_
l-fmn J—
Mkt x*’ﬂnﬂ
bt +f B /_m

currenrs Y"mﬂo_hl

Fig. 3217, NDRO wavelorms for Fig. 1216 {read from memary),

cap.-l'biliw ta write inlormation into the cores rom some exlernal ource beg.. inpul
dalaj. The write operation can e realized by making use of The euact tame NDRO
waveforms shown in Fig. 12-17. We must, however, add seme addilional gates to
the system such that during the read pulse the data s into the Nip-Nops will be the
extermal data we wish stored in the cores. This could rasily be accomplished by add-
ing & seconed 8 of AanD gates whch can be wsed 1o w1 Ihe Tip-Nlopy. The logic

- diagram for Ihe compicte memory sysiemn is shown in Fig. 12-18. For simpliciy,

anly the L58 is shown since the logic lor svery it is identical.

For the complete memory system we recognize that thore are two dishingt opera-
Lions. They are write indd memory e, store exdernal data in the cores) and read
from memory (i.e., extract dala from the cores 1o be used elvwewherel. For these two
operahons Wi mush necewanily generate wo distinel seis of contrel wavelorma, The
wavelorms for read frooy memory are evaclly Lhose shown in Fig. 12417, and the
venls e summanzed a3 iollows:

1. The clvar puise resais all Mip-flops,

2. Dunnyg the read pulse, all cores 31 1he selecled addess are resel ta G, and the
data stored in them are iransierred 10 the dip-Mops by means of the read asp
pates,

3. Dunng the wrile pulse, the data beld in the (lipflops are siored back in the
cores by aplying positive hali-select curronts (ihe infubi currents are onon.
iratledl by the O sides of the ilip-llops and provide the means of slaring Os in the
roees),

The write intg memory wavelorms are enaclly the same as shown in Fig. 12-17
wilh one excoplion: thai is, the read pulse is replaced with the enfer datz puise.
The evenls lor write it memory arg shown in Fig. 1219, and are summanzed as
bl bevws

¥. The clrar pulse resets all Qip-Mlops.

12. Ouring 1he enter dala pulse, the nopative hall-select currenis reset all cares al
the spdertodl address. The care qulputs are ot ustd, hovoever, since the read
anD as are nol erabled. Instead, external data awe st inio the fip-llops
Ihrough the onler an gates.

TE
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Fig. 12-18. Complele NORC memory system iL38 plane onlyl,

3. Dufing the wrile pulse, data held in the flip-flops are siared in the cores exactiy
a5 belore,

In conclusion, wr ser that write into memory and read from aemory are exacily
the same operalions with the exception of the data stored in the Nip-fiops. The
waveformt are exaCily the same when the reqd and enter data pulses are used
apoenpriately, and the same dalal cyde Lme iy required for either operatron.

il should be pminred oul that 2 number of difficuliies are encountered with this
Iype of systemn_ Firsl of all, since the wense wire in each plane threads #very core in
thal plane, a nuriber of undesired signals will be an the wmse wins, These yn-
deswed wignals sre 3 tesult of the fact that many of the cores in the plane receive 4
hatli-select Current and thuy exhibil a slighl Aux change,

The geometicai e of core srrangement and wiring shown in Fig. 12-13 rep.
fesenls an allempl to munimize the sermse-ling noise by cancellation. For example,
the signaly induced in the sense line by the X and ¥ drive curtents would hopelully

fig. 12-19. NDRO wavefarms ot Fig. 17-15 twnte ihla mempryl.
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b Canceled out since [he sense [ina crosses these hnes in (he appasite direclion the
same nymber of times, Funthermore, the sense line is always a1 a 457 angie To Lhe X
and ¥ welegl Hpes. Similarly, the noise signals induced in the sonse line by ine par-
tial swilching of cores receiving haff-select currents should cancel ane another.
This. however. assumes that all cores are identical, which is hardly ever true)

Another method for eliminaling noive due 10 cores receiving half-select currents
would be to have a core which exhibis an absolutely rectangular BH curve as
shawn in Fig. 12-20a. In Lhis Case. 3 hall-select current would move the operaling
poinl of the cote perhaps from poinl a o point b on 1he curve. However, vunce the
top of the curve is horitomal, no Mux change would occur, and therefote no un-
desired signal could be induced in the sense wire, This is an ideal curve, however,
and cannct be realized in actual practice, A meature of core quality is grven by Lhe
squareness rava, which is defined as

. [}
Squareness ralio = -B—f-

This 15 Ihe ratic of the flux dersity a1 the remanent paint B, to the fluk density at the
switching poinl B, ang is shown graphically in Fig. 12-20b. The ideal vaive is, of
course, 1.0, but values between 0.9 and 1.0 are the best oblainable.

12-5 MEMORY ADDRESSING

In this section we invedigate the means Jor activaling the X and ¥ selection lines
which supply the hall.select currents for switching the cares inthe memary. first o
all, since ot Iypically requires 100 1o 500 mA in each seieed line (that is, fo s
typically between 100 and 500 mAl, each sclect line must be driven by a currend
amplifier. A special class of lransidors has boen developrd Toe this purpase: thesy
are relerrod 10 s core drivers in data shess. What is 1hen needed is the means for
aclwating 1he proper core-driver amplilier,

Uip 10 this pating, we have designated the X lines as X, X, X5, - . X and the ¥
Fig. 12-20. Hysteresss curves (a) Ideal, by Practrcal ireshzable),
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iy as ¥ Y ¥y L L LY, FOY 2 aguare matnia, s e number of cores in sach
v o column, snd there are then n? conm in s plane. When the pianes are -
famypdl #1 & ~bica of A planes, where M is the number of s in g woed, we hgve 2
memwy Capalie ol Mornmg o, M-bit words. Any two sedevs Diney can then e used
12 read of wrie a worrd in memaory, and the sddress of thal word 35 XY, where 2
Aol & can b uny aumber fmm | 0 a. For example, X,Y, represends the column of
coars it L anlerseruon of the X, and ¥, select lines, and we can then say that the
athiress of this wored is 23, Matice thal the first digat in the acdrees is the X fine dmd
Ine second dial s 1he Y line. This i3 arbitrary and could be reversed,

This rethog of sddress designation enlads bui one problem: in a digital system
we Can use inly lhe numbers 1 and 0. The problem is easily resplved, however,
since the address 23, for exampie, can be represenied by 010 811 in binary form. if
we e three [nis jur the X line prsilion and three bats for Lhe ¥ life posilion, we Can
then designate 1he addiess of any word in a2 memary having a capacity ui B4 words
of less. This is rasy 12 sew, since wilh three Gils we can represenl eighl decimal
numbwers, which means we can define an 8 X 8 = 64 word memary. If we chose an
eighi-bit address, four bits far the X line and Towr bits for the ¥ line, we couid define
3 memory having 24 % 24w 15 ® 16 = 156 words. In general, an address of § bils
can be wsed 1o define 3 square memery of 2* woeds, where there are §/2 bils for
the X fines and /2 bils for the ¥ lines, From thiy discussion il is 225y io ses why
large-scale Coingideni-Current Mmermory systems usually have 3 capacity which is an
even jrwer of 2,

cxample 12-7

What wouirl be the siructure of ithe binary address for 3 memacy sysiem having a
capacity of 1,024 wordy!

Selution

Since I* = 1,024, there would hive to be 10 bits in the 3ddress word. The first five
“In could be used 10 designate one of Lhe required 32 X lines, ang the second (e
s could be used 10 designate one of the 32 Y lines.

Ex.mple 72-8

For the memory sysiem described in the previous example, what is the decimal
address for ihe following binary addressesi
U110 g1
1001 3110
i) 11110 0001

Solution

idl The hrst five bits are the X line and correspand to the decimal number 22.
The second five bis represent the ¥ line and correspond o 1he decimal number 5.

Yus the address js X, ¥, -

WO 11001, » 25, and 01010, = 10, Theretore, the address is Xg ¥

ic) The address 15 A,Y..

v B bits of the address in a typical digital syslem are stored in a series of fip-
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Fig. ¥3-11. CoinCident-currant meméry addressing.

Mops called e “acdress register,” The address in binary form must then be
decoded intg decimal form in order 10 drive one of the X line drivers and one of 1he
¥ line driver ampliliees as shown in Fig. 12-21. The X and ¥ decoding mainge
shown in lhe figure can be idenlical, and are esseniially binary-10-decimal
decoders, Binary-to-decimal decoding and appropriate matrices were discussed
Chap. 10. :

126 SEMICONDUCTOR MEMORIES = BIPOLAR

Reduced cost and size, impraved rediability and speed of nperation, angd inCreated
paching dendirty are among 1he technological advances which have made swmicon.
ductor memores 4 reality in modern digilal sysiems, & bipolar memory 15 ton-
sirpcled waing the familiar bipolar transisior, while the MOS memory makes use of
the MOSFET. In this seciion we consider the characteristics of bipolar semmcon-
duchar memaries; MOS memaries are considered in the newt sechon,

A memocy cell” is a unil tapable of storing hinary information; the basic memory
unit in a Inpalar temiconducior memary is the figp-{lep (latch} shown in Fig. 13-22.
The cell iy sedecied by raising the X select line arwl The ¥ selact line; (he sense lines
are both returned through iow-resistance sense aniplifiers 10 ground. if the cell con-
12ins 2 |, current is present in the 1 sense line, On the ather hand, il the cell gon-
lains a8 0, currenl 15 present in the § sense line,

Te write information into the cell, the X and ¥ sefect lines are held high; holding
the 0 senve line high (+ Ve while the 1 sease line is grounded wriles a 1 inio the
coil. Aliernatively, halding the | swente tine high V) and the 0 sense hne i
ground duting a selectwniles a 0 imo the cell. The basic bipolar memaory cell in
Fig. 12-22 gan be used tg store one binary digit ibit), and thus many such ceils are
requined’ e form a memary.

Sinleen of 1he RS Nip-flig cells in Fig. 12-22 have been amanged in a 4-by-4 ma.

(T
L
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Nig 13-22.  Bipodar memory cell Circuit,

trix 1o form a 1o-wiwd by one-bit memary in Fig. 12-21, W is referred o as a
mndom access memory IRAM) since each bit is individually addressable by se
eung ane X line acd one ¥ hine, 11 is also 2 nondestructable readout unce the read
ojwration docs nol alier 1he slale of the selecied flip-fipp, This memory comes on a
wngle semicondudlor chip lin a single package) as shown in Fig. 12-242. To con-
Miuct 2 Te-ward memary with more than one bit per word requires stackiog, these
basic unils. For esample, six of hese chips can be used 1 constn a 16-word by
sin-but memnry as shown in Fig. 12-748. The X and Y address hines are 2il con-
necled in paraliel, The unity shown ia Figs, 12-23 and 12-34 are eysendially
oquivalent to (e Tesas Instruments 9033 and Fairchild 93407 (5033 or 9033).

Example 12-9 b

Using a 9613, explain how' to construct a 16-word by 12-hit memory. What
auidress would sl the 12-bil word formed by the bits in column 1 and row 1 of
cach pianet

Solution

Connect twelve {6oword by one-bit memory planes in parallel. The address
MG XYY Y oYy = 10001000 selects the bil in the firsi column and 1he lirsl row of
each plane ta 12wl word represented by e vertical column of 12 s,

For larger memocies, the appeopriate address decoding. driver amplifiers, and
readionte log are ol comtrucied in 2 single package. Such a umit, for example, is
the Fairchild 93415 «this is 3 1,024-word by one-bil readfwrite RAM. The logic
diagram is thown in Fig. 1125, An address of 10 bis iy required
LAA AL AA A AAAA) W obtain 1,024 words. That is. & baty provide 3 woed

e ey e e R R Ay A, i ) A
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Fig. 12-1,  ¥word 1-bil memary.

locations, In this case, the |0-bil address is divided into two groups of five hits
each, The lirst live (A, A, Ay Ay, AJ select 3 unique group of 12 lines lrom (e
32-by-312 array. The second live [Ag A, A, A, A selont eaactly one of the 32
preselected lines for reading or writing. These basic unils are then siacked in paral-
led a¢ shown previously; o units provide a memory having 1,024 words by a bils.
Another interesiing and useful type of semiconductor memory is shawn in Fig.
12-26. This is 2 bipolar TTL read-mly memary (RCM), The information siored in a
ROM can Le read out, bul pew inlormation canngt be wnitten inig it. Thus, the in-
farmatipn stored is prrmanent in nalure. ROMs can be wsed 10 store mathematical
tables, code ranslabions, and other lixed gala, The lowic required for a ROM is
generally simpier than that required for a readiwrite mernory, and the unit shown in
Fig. 12-26 tequivalent w2 Ti 9074 of Fairchifd 934 34) provides an pight-bel cutpay
word foe each lve-bil input sddress. There are, of coune, 32 words, since an
Ireas of Owve baly provdes 32 words (28 = 173,

be
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Exampie 12-10

How many address bty are required for a 123-word by four-bir ROM constructed
yimilariy to the unit in Fig. 12.36% How many memory cells are there in such 2
unilt

Solution

It requires seven addreys bils, since 27 m 124, There would be 128 X 4 = 512
memaory tells.

12-7 SEMICONDUCTOR MEMORIES —MOS

The basic device gyed in the construction of an MOS temiconductor memory is the
MOSFET. Bolh p-channel and nchannel devices are availabla, The nchannel
roemories have simpler power requirements. wiually only + Ve, and are quile com-
patible with TTL gince they are usoally referenced 1o ground and have posilive
signal levels up 1o +V, .. The pchannel devices generally requine lwo poswer-swpndy
valjages and may requice signal inversion in order 1o be compatible with TTL, MOS
devices ane somewhat simpler than bipolar devices; as a resull, MOS memorics can
be constructed with more bits on a chip, and They ame generally less expensive than
bipolar memories. The intrinsi¢ capacilance associated with an MOS device gen-
erally means that MOS memaries are slower than bipolar unis, bul this capaci-
tance can be used o good advantage, as we shall yee.

Fig. 12-2%. 2%6-bit (321-word & B-bit) ROM.

3 A A A A A,
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+ Fig. 12-27.

An RS fiip-fiop consiructeyd wving BACSFETS is shown in Fig, 12-17, s a stlan-
darg bistable Cirtwil, with €3, and (Qy 4% 1he o athive devices. and (3, and Q,
acting av active pulbups tessonlially resislances). Gy and 0, couple the Rip-flop
outpuls 1o the beo bt liees, This ceil is constructed using p-channe| devices, and
wihection is ac complished tyy holding both the wvoed Tline and the bil select ine high
i+ Vel The poulive valtage on the word line lyins on Oy and Oy and the posilive
voltage in the bip sedeel line turns gn Qp and G, Under this condition, 1he flip-llop
oulputs are coupled direclly to 1he bit outeot amplifier one inpul sioe » high, and
the ather musl Iae iowl, On 1he ather hand, dala can be stored in the cell when it is
secocled bre applving 1 or 0 H Ve, or 0V dod at the dats input 1ermunal. The basic
memary cell in Fig. 12-27 1% used to construct o 1,024-bu RAM hawving a logic
diagram wenlar ke Fig, 12-25. This particular unit is @ 2602 a3 manufaciured by Sig-
neiics Com.

A memory Ceil vting p-channel MOSFETs is shawn in Fig, 12-28. (, ard O, are
(he vwo active devices ignning the flip-llop, while (G, and ), act as actve load
resisiods. The cell s selecled by a low logic level at the lar yelect input. This
s oupley the contents of the fip-Nop cul o appropriate amplifiers {as in Fig. 12.27)
tirouh Qy and L2,

A sar mersnrg v compesed ol coiit capable of Storing hinary information in-
chehimely. For vaasrde, the bipolar ar MOSTET fup-llog rentains set nr reset a5 long

P

oap—
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Fig. 12-28.

] . . if

power & applied so the Circuit. Alsa, a magnetic {ore remains wt of reset, even i
;:wer 5 rempp‘ved. These basic mematy cells are used to farm a static moemory, On
the other hand. a dynamic memary i mmpmu}l of memory cells whose cuntinl_i
tend o decay over a perigd of tme (perhaps milliseconds or secondst; thas, (her
conlents must be restored refreched) periodically, The jeaky capacitance as-

. sociated wilh a MOSFET can be used Lo siore charge, and This 1% then lhe basi unit

used o (orm a dynamic memory. (There are na dynamic Uipolar memories begavse
there is NG sudable intninsic capacitance for charge stotage) The need foc gulra

Fig. 13-2%  Basic dynamic memary cell.
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Fig. 12-%. 1100 Dynamic RAM lagic diagram.,

liming signals and e 1o peripcheally refresh the dynamic memary iy a disadvan-
taxe, but the higher speeds and lower power dissipaban, and therefore the in-
ereaved cell densdy, oumwerghs the disadvantages.-Nate thal a dynamic rmemary
dissinales energy only when reading, writing, of refreshing cells, A typical dynamic
memory coil is shown in Fig, 12-79,

The dynamic mamory cell in Fig. 12-29 1s constructed from p-channel MGSFETs,
The pale capacilance (shown as a dotied capacitor] is used as Lhe Dasi shorage
clement. To wrile inw the cell requines holding the write bus at a low logic level;
then a low level at the write data input charges the gale capaciance islores 2 | if:
_lhe celly. With the write bus beld Inw, and 4 high logic level (4.3 al 1he write data
npul, IRC gate Capacitance it tischarged (s G s siared in e cell),

Te read lrom the cell requires haiding the read bus inpul at a low logic bevel. 1IN
e gate capaciance is charged (ecll contans a 1), the read datz line goos 10 +V,,;
if the crll contains a 8. the read data line remains low, 1

The memary coll in Fig. 12.19 is used by a number of manufacturers o construct
the widely used 1100 1,024-but dynamic RAM. The logic dragram is shown in Fig.
12-30. Refer ho manutacturers’ dala sheets for more detaibed operaling infgrmalon,

12-8 MAGNITIC-DRUM STORAGE

'«.-'.._mm‘tic; cores and wmicenduclor devices arranged in Wiee-dimensional farm
oiier greal advanlages as memory systems. By lar the mosl important advanlage is
ne speerd with which data can be wrtten mig or read from the memory system,
This is called the access ime. and for core memony AySiens it is simply the time of
e readfwrile cvcle. Thus the acceas tims iy direcily relaled 1 the clack, and ovpi-
i values are from jess than | 1o 4 few microscuenngds, These (ypes of METary

e ]
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sysiarms are said to be random-accets wnce any word in the memory Can [
selectnd at random. The primary disadvantage of this type of memary syslem 13 the
cost of construction for the amounl of sorage available As an example, recail that
4 magnetic lape 15 Capable of storing large quantiliet of dala at a relalively Iow_ cost
per it of storage. A lypical 1ape might be capable of storing up to 20 million
characters, which corresponds 1o 120 million bils (Chap. 10). To consinucl sm-.h a
memory with magnetic cores requires aboul 3 million cores per plane, assuming
we use 3 Mack of 36 planes corresponding 10 3 36-bit word, 1L is quite 2asy o un-
derstand the impracticality of constructing such a syslem. What 13 needed. then, is
a syslem capable of storing information with less cost per bil but having a grealer
capacity, _

Such a system is the magnetic-drum siorage syslem. The basis of a magnelic
drum is a cylindrical-shaped drum, the susface of which has been coaled with 2
magnetic saietial, The drum i rotated on ils axis 4 shown in Fig. 12-31. and the
readfwrite heads are used 1o recerd information on the drum or read information
from the drum. Since the surface of the drum is magnetic, il exhihits a rectangular-
fyystevesis-l0op property and can thus be magnetired. The process of recording on
the drum is much the same a3 for recovding on magnetic lape, as discussed in
Chap. 0, and the same methots for reconding are commonly uted (e, RZ, NRZ,
and NRZD., The data are recorded in tracks around the circumierence of the drum,
and there is one readiwrite head for each track. There are three major methods lor
yoring informalion on the drum surface; Lhey are bit-serial, bir-pacallel, and wt-
serial-parailel, . . _

In bit-serial recording, all 1he bits in one word are sored swequentially, side by
side, in one track of the drum. Bil-serial storage is shown in Fig. 12-324. Morage
densities of 200 10 1.000 bils per in are (ypical for magnetic drums. A typical drum
might be & in in diameter and thes have the capacily 1o store r X Ain x 200 L
per in == 5,024 bits in each track Orums have been consirucied with anywhere
from 15 10 400 tracks, and a spacing of 20 tracks 16 the inch is typical. If we as-
sume this particular drum it 8 in wide and has a lotal of 100 tracks, we see im-
mediateiy that it has a storage capacity of 5,024 pts per track » 104 tracks =

Fig. 12.31.  Magnetic-drum HoTage.
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502,400 hity of | . Com ,

memory, v;hi:h 'i:i:m.cm on a :i:.-“[:‘ e s o h 162t of 4 coincident core
- UHE 2 large core system) with

. has 3 capaci Ith G4 Cove

described abave is acqyali Apacity of 293¢ P x 2 w 262 144 bits. The drum

constructed and are now i < and much larger drums have been
Example 12-11

A certain magnetic drum is 1 in in diameter and 12 in tong. What is the sigr
. age

capacily of the drum if there
500 bits per inf ' are 200 tracks and data are recorded al 3 denuity of

.
Solution

Each track hat 3 ¢ i i
& apaciy of ® 3 12 in = SO0 bils perin = 18,844 bits.

2 200 tracks, Lhe drum hay 3 tolal capacity of 18,640 x 200 = 3,7 Py

68,000 ks,

in the preceding example, each & .
- h 3 ack has the :
WE U 3 36-bit word, we can store about 523 wrdiw:.'rnlz:c?:; ot 18,240 bis. U

e _ 2 ack. Since the
$ored stquentially aroung the drun, and since there is only one mdm::
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head lof 1he track, it it easy 10 see thal we may have 1o wail 1G read any one ward,
That 15, the drum is rotating. and the word we wani to read may nol be undar Lhe
read head a the time we choase 1o read it It may in (act have jusi passed under Lhe
head, and we will have 1o wait unul the drum completes nearly a full revolution

. belgre it is under the head again, This paints out one af Lhe majpr disadvantages of

the drum compared with the core siorage. That is the probiem of access lime, On
the average, we can 3yume thal we will have 0 wait the time nequired Tor Lhe
drum 10 complete one-half 3 revolution. A drum is thut said 10 have restricted
$CCE5S,

Example 12-12

If the drum in Example 17-11 rotates at a speed of 3,000 rpm, what is the serage
access time for the drumi

Solution

3,000 rpm w50 rps. Thus the Lime for one revolution is 17030 rps) == 20 my. Thus,
the average access time is one-hall the time of pne revolution, which s 10 ms,
Contrast this with a coinCidenl-current cont memory which has a direct access time
of a few microweconds.

Motice in the previous exampie that it requires 8 shont period of 1ime © read the
16 bits of the word, since they appear under the read head one bit at a time jn a
setial [ashion, The actuil trme required is small compared with the acces time gnd
is lound 10 be (20 ma/rifI521 words per track) ™ 40 us. This read Ume can be
reduced by sioring the data on the drum in a parallel manner, a5 shown in Fig,
12-31b.

The average accens lime for bit-parallel storage is the wame as (or bil-serial
storage, but 4 is possibie 10 read and record informabon &t a much Taster rate with
the bit-parallel system. Let us use the drum in Exampie 12-11 gnce mare, Since
there are 513 words around each track, and sinCe the drum rotates at 50 s, we
can read loc write) 523 words per revelution 2 50 rps = 26,150 words per second.
If the data were sioved in paratlel fashion, we could read (or writel al 36 Limes this
rate, or at a rate of 18,640 words per revolytion X 50 rps = 942,000 words per sec-
ond, We would, of course, arrange {0 have the number of tracks on the drum an
even multiple of the number of bats in 3 word. For enample, with a 36-bil word we
might use a drum having 36 or 72 or {08 tracks.

A thind method lor recording data oo a drum is called “bit-serial-pacailel’”” The
methad is shown in Fig. 12-32¢ and is commonly used for sioripg 8CO informa-
tion. The access and read jor write} times are a combination of the senial and pasal-
lel times. Qe BCD characler ocCupies one bui in each of lour adjacent Iracks.
Thus, every lour tracks might be called a "band.” and each BCD characler oc-
Cupies 008 wpace in the band, i there are 36 BCD characters in 2 word, we can
siore 523 wonds on the doum of Example 12-11. .

Quite oflen the access lime is specded up by the addilion of exlra readfwrite
heads argund the drum. For example, we mighl use bwo sets of heads placed on
opposite sides of the drum, This would obwiously cut the acCess lime in hall, Alter-

Trmmr T o E T gl m— —ir b mam .
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aatively, we might use three sets of hbeads arranged around the drum a1 120" angles,
This wuuld reduce the access time by one-third,

Since wriling an and reading from the drum must be very carefully timed, one
wrach in the drum is usually resenced as 3 timing lrack, On this track, 2 series of
timing pulses is permanently recorded and s wied 10 synchranize the write and
cead operations, For the drum discussed in Examiple 12411, there are 523 woeds in
aach irack around the circumicrence of the drum, We might then record a series of
521 equally spaced liming marks around the circumlerence of 1he timing track,
Each pulse would then designaie the sead of wrile position lor 2 word on the drum,

STUDY AIDS
Summary

A wide variety of magnenc devices can be used a3 binary devices in digital
systerms, By far lhe most widely used is the magnefic core. Cores can be used 10
implement various logic functions sch a5 AnD, O%, and naT, arnd more compli-
cated funclions can he formed from combinations of these basic circuits. Magnetic-
core shift registers and ring counters Can be constructed by wsing the singfe-diqde
uansier loop between cores. Magnetic-core Togic is particularly wselul in applica-
tigns experiencing environmental extremes.

Direct-accoss memoties with very fasl access times can be conveniently con-
strucied using either magneli Coces or tansistors, The most popular method Tor
constructing these memaries is the coincident-current lechnigue, Memories con-
siructed using cores are inherently DRC-lype memories bul can be transformed
into NDRC remories by the addition of external logic.

Suniconductgr memaornies constructed from bipelar transistors o MOSFETS are
avadlable. Bipolar memories are slauc memocies, bul are available 33 random-
acress HOMSs, or as complete readfwrile units. MOS memuries can be either static
or dynamic, and are available as KAMs.

Magnet:c drums and disks provide lurger storage capacilies afa lower cast per bit
than core-lype memaries, They do, however, offer he disadvantage of increased
ACCESS ime,

Clossary

aceess time  For a coincident-current memory, it is the time required far one
readfwrile cycle. In gerwral, it is the time required to write one word into
memory of to read one word (rom memory,

address A series of binary digits used 10 specify the location of 3 wond stored in a
MEMmory,

coinvidentcurrent selection The echnique of applying Y2l on each of two lines
passing Ihrough a magnetic device in such 2 way thal the net currenl of 1, will
swilch 1he device,

DRO  Destructive seadout,

dvnamic meman A memory whawe coments must be restored periodically.

hysteresis  Denved from the Grovk wirt fysternn, which means to lag behind.

hystereiis cutve Genetally 3 plot of magnetic dux density B versus magnelic farce

e R — -

N

Magnetic Devices and Memories k2

H. Can also refer 1o the plol of magnetic flux ¢ versus magnetizing current 1,

memary cycle  tn a coincident-current memaory system, a redd operation fallowed
by a wrile gperation,

NDRO  Nondestructive readout.

RAM Random-access memary.

ROM  Read-only mermorny.

n_!.frcl current |a The minimyum curment required to switch a2 magnetic device.

single-dliode transler Joop A method of coupling the cutput af one magnetic tove
1G e input of the neat magnetic core,

SQUAMSRLSE ratio A measuse of core quality, From the hysteresis Curve, it 5 Lho
ratio B8,. '

static memory A memory capable of woring binaty infoemation indefinitely.

Review Questions

1. Name one advaniage of a lerrite core aver 2 metal-ribbon core,
2. Name one advantage of 3 metaf-ribbon core over a femie core.
3. Describe the mathod for detecting a stored 1 in a core,

LL Whvr s & strobing technigue ofiten used o detect the owiput of 2 swirched
core

5. How is core switching ume t, affected by the switching current?

6. Ewplain why more complicated ogic functions using cores can lead 1w exces-
sive aperaling times,

7. ‘What is the purpose of the diode In the single-diode transier 1oop!
Why is a delay in signal ransfer between cores desired|

9. Explain hopw the R and C in Fig. 12-11 introduce & delay in signal transfer
between Cones,

10. _Exp1a1'n the operatlan of the sense wire in a magretic-core matris plane. Why
is il possitie 1o thread every core in the plane with the same wirel

1. Eaplain how il is possible to store a 0 in a coincident-current memory Cove
ustng the inhibif line, ;

12, Why is 3 basc Loincidenl-Currenl core memory inherently a DRO-type
system

13, In the basic memory cycle for a coincident-current core memo
_ syitem, why .
mLst the read operation come before the write operationd ¥ inte Es

14, What is the difference between the wrte inta memory and the read from
memary cycles for a coincident-Current £ore memory syslem?

15, Explain the meaning of the ut'e “&d-word by eight-bit walic RAM."
16. Why are there no dynamic hipolar memories?

17, What does it mean ta “relresh™ 3 dynamic memary!
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8. Lrw e jhe ilerente bebween random-acoeyl ang fesiricted-acomss mem-
aties.

19, Dvwolwe ihe advamages of viing a magn epc-drum stora ge sysem.

Prashlema

id-1. Draw o tyincal hysieresis corve for a core, and show the two remanent
ICLLIS

12-2. Show graphcally on a ! curve the path of the operaling point as 1he core
1% switched hom & | o a (. Repeat fof switching from aGto a 1.

12-3.  Draw 1he symbol for 3 magnepc-core logic element, and explain the fiunc-
ey el each wingng.

12-4. Draw a et of waveiorms showing how the exclusive-gr circuit of Fig.

1 3-%d mwst operale (nolice it reguires only two Clacks which are spaced 180" oul
ol fUNIAE)

125, Draw asingle-diade Iransler lgop balween twa cores. and expiain jts gpera-
Lig1 {use wavelorms if reeded).

12-6. Draw o whemal and the wavelormy for a core rfing counter which pro-
vides seven outpul pulses,

13-7. Draw a sketch and eaplain how 2 core cgn be vwitched by the comnardent-

currenl meihod.

13-, Make & shetch simidar 2o Fig. 12-15 showing a lhrep-dimemional core

memory Capable of staring 100 ten-bit wordy, Show all input and cutpul lines
Clearly,

1249, Dexcribe the geometry of a coincident-cusrent core memory capable of
slogrimg, 4,095 thiny-5ix-o0 words (e, how many planes, bow many cores per
plane, etc.).

12-10, How many bils can be stored in the memory in Prob. 12-99

12-11. How many conbrol hnes ame required ior the memery in Preb, 12-97

12.12, Show graphically the meaning of squareress ratio lor a magnetic core, and
explain ils imponance for magnetic-Core Mesncries.

12-13. Describe a structure for the address which could be used for the memorny
al Prob. 12+9.

T2-t4. I a certain Core memory is composed of square matrices, whai is the word
ca pacity if the address s 12 binary digisd

12-15. .Huw many s are mequired in the address of 3 256-word by gne-bit
readfiwrile Dipelar RAMT . .

11-16. Dvaw the polarity of the sioned charge on the gals Capacitance shown in
the basic dynamic memary cell in Fig, 12-29.

-
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1217, What it ti'pe bit-storage capacily of a_mlaunehc deum 10 i in diameter o
data are slored with a gensity ol 200 bits per in in 20 tracksf
ic drum capabie of storing 3,340
- What would be Lhe dameter of a magneuc vie of _
tlhlir::»;ibhit \:rords i Lhere are 10 tracks and dala are slored bit-serial a1 360 Dils
i P LB rotales al
i cess time lor the deum in Prob. 12
};;:;30 r:vz::l‘u!':hl:f :xlrsgg:cdune 10 reduce this access Lime by a lactor aof 11
12.20. For the drum in Prab. 12.14, &1 what hit rate must data be moved lLie.,
read or write) il the drum rolaies al 36,000 rpri

Ny
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Introduction to
Digital Computers

The digital principles discussed in the previous chaplers have been wulized to
devise a great many dulferent digital systems. The applicaiions are many and varied,
They include simple systems such s counters and ¢digital clocks. and more comms
plex applicatons such as digital voltmeters. AJD rovverters, reguency counters,

. and hme-period measuring, systems, Among Lhe most sophitticaled thyial syslems

devised are digital computers, including special-putpose machines, small gencral-

purpose computers Buch a3 the Digital Equipment Coep. PDP-B/E), and large

general-purpose computers (such as the (AM 360 and 370 sysiemsi. In by chapler

we consider some ol the basic principles common 1o digital compuler systems.
Adter snudying this chapter vou should be able 10

1. State the dilfecence berween a special purpose and 2 general purpose digial
Compurer. :

2. Discuss Lhe 4 main blocks in a general purpose compmter,

3. Whnie 2 vimple compuler program using mnemanic code.

.14-1  BASIC CLOCKS

The operation or contiof of o digital System can be classified in wo general cal-
egocies — synchronows ang asynchroncus. In a synchronnus system the Thp-lop
are controlled by the system clock and can therelore Change slales anly when the
clock changes slale. Therelore, all the Mp-llops and logic gates change lovels in
time {0 in synChronism) with the clock, An example of such a synclirgnous ysiem
is Lhe parallel counter cansiructed wsing 1he masterfslave clocked Rig-llops. In the
counter, the flip-Aogs €an change slile only when the clock goes low and 2t ™
other ume {notwce that a system could be constructed such hal the Mig-ilogp wimkt
change stale when 1he clock goes highl, On (he other band, in an aser hrooous
system Lthe flip-flops are controfled Dy everis which uoour At randam taws. Thus

€3

=9
o]
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Fig. 14-1.  Basie syslem chock .

the fip-flope may change dales ar random and are nol 0 syncheonism with any
pryng signal sueh as a clock. An example of such a system might be the operation
of 2 push buttan by 2 humgn operator. Depression of the push by tton would cause
a Mig-fog 1o change siate. Since the operalor Can depress the button at any time he
or she divres, the Mip-fog would change states at some rarcdom time, and (his is
thevolone an asynchronous operalon. Mot large-scale digital sysiems operate in
the synchronous mode; if you ghve a lile thought 1o the checkout amd mainte-
nance of such a sysiem, it is ®asy o $&¢ why.

Since all logic pperations in 4 synchmnous maching occwr in synchronism with a
ciock, 1he sysiem clock becomes the basic timing uni, The system clock musl
provide 3 periodic wavelomm which tan be used as 2 synchronizing signal. The
sguare wive shown in Fig. 14-1a 15 a fypial chock waveform used in a digital
systemn. |1 should be noted that 1he clock rerd ot be a perfectly symmelrcal
square wave at shown It could simply be 3 sevies of positive pulses {or negarive
pulses) a3 shown in Fig. 14-15 This wavelorm could, of coune, be considersd as
an pymmeincal squan® wave. The main mequirement iy simply thal 1he clock be
pericctly penodic. Notice that the clock defines a batic timing interval dunng
wiuch logic apecalions must be performed, This base Hming interval is defined as a
Clex k cyclin lime and is equal lo one perind of the clock waveform. Thus all logic
civments. lip-flops. counrers, gates, e, must complele thew Irarmsitons in less
than one cluck cyche lime,

Example 4-1

What is the clock cycle time for a systemn which yses 3 500-kHz clockt A T-MHz
Clocks

Salution

A clock cycle time 15 equal 10 one period of the clock. Therefgre, the clock cycle
time for a 500-kHz clock is 14500 % 107 = 2 us. For a 2-MHz clock, the cleck
cycle fime is 12 % 1 = 0.5 us.

Example 14-2

The toral proparation delay theough 3 masterfsliave clocked fip-flop is given as 100
Ny What is the maximum ciock frequency that can be used with this flip-Nopl?

Solution

An alternative way ol eapressing the Guesron 15, how [asl €an the lip-Nnp operate!
The Tip-Nleg mu=' - ~mplete 5 ianxilion in less than one clock cycle hme, Trare-

aua
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ney must be 11100 % 1877
frequency s he hasic stand ard for measyrement.

in many drpital sysiems the clock is VT2 8 L0 L Cnap. 9 is related

acy of the digital ©
Fq.:nr eul‘l'ﬂ'::; ;h"‘ a:::; nl‘rlhe clock uved 1o drive the counter. If the flnfk:u"::“r'hi
e 10 evaracy s reduced. For this reason, il is necessary 10 S0 0,
frequency: . rains  stable and predicable frequency. (n Mmany . a tyslem
the clock mas :ubiiiw is required of 1he clock. This would be the Case ::I s'r“m
i ) . . d "
:n::rm clock cocld be manttored and adjusicd mmﬂﬂi:r:u:? or 5 simle sine
. . ived [rom & free-running multivt o
the basic rill::tmi:T;ahi bend;nﬁl 14.24 and b. For the Irec-running multivibrator the
wave O3t
{ is given by
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Fig. -3, Crystal oacilarge,

From Eq. 114-1) tan be
’ $eEn ihat the basie plock | i
i:uwlr_;lt:l:fﬁ 2% well as Ihe values of the resmnnm R mu::;:cl: i'"éf":d s
PO ™i Bines |
e l_nc:]n;:lr::rl :iuh::;.'hrarms such as this which have slabilines be-ttmm ::'a:
¥. The frequency of oscillation f for the Wien-bridge gs-

AR L % gy il i
s i s d-:ulll;u s iy Lhese oscillators with sabilities betier than a jew
Elimior oy P tmr.mgma!er c_lnck SCCUrACY is desired, 3 crystal-coniralled
Qv ek o1 that wa in Fig, 14-3 might be used. This vpe of ol o8-
111 dn enclowre CONLaining 3 healing element whichsfr:.a::z' .
ins

Ihf" rr‘rﬂ. l LI T
1 ANl len .f. F Sllc“ DKr”IlDr!- Can "i"l"'E a(tulafl'ES t!l o

Example 14-3

The muitivilragr i Fi i
‘ R. 14-22 is being used a6 2 4 r
. 1
irequer:lfy u:‘“ 100 kiez, I j1s MCUrary is betier than *;s:alit)it‘aﬁd :Eﬂatﬁ o
; =
the maximum ang THUmMUm lrequencies of he mulivibeaiont Per Gar. what are

Solutian

One pary
e rl;unﬂlhllnuf!‘:: c;: :Elh!:uam ol a4 1 tycle in 1,000 cyCies. Two pans in 100
oo e 1(}5' 2 ;f e :n l.tlﬂq tycies, Since he multivibratar rums a 160 kf-lm
IUvalent 1o 200 cpeles Thys the mazimum frequen IL
¥ would

L Y00 ktir + 200 ¢ s = |00
) yrios = | 1k
Uir o el A Hz, and 1he nLAIMUm [requency wiule| e 1 t)

h
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. [ Scamiu I
fig. 144, Oscilaror |01 wigger [ Closk

anvdl outpial aeeplifuee,

MNone of the oscillators shewn in Figs. 14-2 and 14-3 has 3 wquare-wave oulpul
wavelorm, and 1t is therefore pecessany 10 convert the basic frequency inbo 2 sQuare
wave belpre use in the system. The simplest way of accomplishing his s 1o use 2
Schmitl wigger on the putput of the basic pscillator as shown in Fig. 14.4, This

provides red advantages:

1. L provides a square wave of the basic ciock frequency as desired.

2. It ensures thal the clock-output amplifier (the Schramfl trigget in this Casel has
enough powrr to drive all 1he necessary circuils without loading the basic 0%
cillatsor and thus changng the owiliating frequendcy,

14-2 CLOCK SYSTEMS

Quile ofen it is desirable o have tlocks of more than one ireguency in a system.
Altermatively, it might be desirable to have the ability 1o operale 3 system at dil-
fereny clock frequencies. We might 1hen hegin with 3 basic clock which is the
highes frequency desired and develop other basic clocks by simple lrequency
division Using counters. As an exampie ol this, suppase we desire a system which
will provide basic clock frequencies of 3, 1.5, and + MHZz. This could be ac-
complished by ysing the clock system shown in Fig. 14-5, We begin wilh a 3-MHz
oncillator followed by a Schmitt vigger 10 provide the 3-MHz clock, The 1-MHz
signal is then {ed tbrough one flip-flop which divides the signal by 2 10 provide the
1.5-MHz clock. The 3 MHr signal is also led tbrough a divide-by-3 counter, which
provides the L-MHz clock. Systermy having muliipie clock frequencies can be

provided by using 1this basic methad,
m
1 MHf

Ju

IMH: | T [ Schmin L7 ? 1.5 MH
oscillavor tripgper I L ‘

iy

Fig. 14-5. Basic clock system, . (?
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M IMH: 500 uH 100 kHz

Fig. hb  Cloch Fravemn.

Example 144

Show a tlock system which will Provige clock frequencies of 2 MHz, | MHz, 500
EHZ, and 100 kM,

Solutign

i is sometimes desirable 10 have » twva-phase clock in a digital system, A two-
phase clock simply means we have rwe clock signals of the seme Irecreency which
are T80 out of phase with one angther. This can be acomplished wiy phe
Outputs of a flip-flep. The Q Output is pne phasa of the clock and the & oulput i
the olher phace. These two signals are cleary 180" gut of Phase with one another,
HnCe One iy lheu:moimnfmeud'm.a\sﬂm htdwehph; a two-phase
chocaof 1 MHz iy thown in Fig. 14-7. For distinetion, the twy clecks are sometimes
referred 10 as phase A'snd phase 8. You will recall that one use ior & two-phase
clock system is io drive the FAAgrtic-core shifl regisler discutsed in Chap. 12 (Fig
12-1G0. 11 is interesting 1o reve thaithe hv-phase chock syitem Can be used o gver-
come the race problem encouniered with the Gasic paralie] counter discussed jn
Chap. B (Fig. 8-5. The race problem iy solved by driving the odd ilip-fiops lie,
Mip-flops A, C, £, e1e.} with phase A of the tiock, and the even Rip-Nops (e, flip-
flops 8. D, F, etc.) wih phase & of the clock isee Prob, 14-12),

Fig, 17, 1.MMz twouphase clock.

2 MHr
| MHE, Phase A
2 | Do e VUL of—— ,

e 1M i Ifigger

__Ef_"_" WL F MH:, Phune B
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n;',u-l. The usr of a wrgbe pulse. (&) Thveeinpul o interragitd by & wrobe
Pulte. L5 Wareiormy lor the swd gate.

theereioe i & digital
i tmtuniqu.-:incnurﬂmmdcanocmanmma .
Mlﬁumm!‘:r this reason, # stobe pulie i guile nﬂmdtvthped w?ﬁm m

lock, :fhll strobe pulse is used to interrogate the condition of a gate “ﬂ“.  when
:'::inpul bvwls to the gate are nol changing. If the gale levely rcnd&: [} e
trve condition, a pulse appears 2l the nutpul of Ihe ;:teaw:'lm puﬂmbelu P
is applied. If the gate is false, no pulse appean. In Fig. 14-8, th;.ﬂ e s wsed
oy I:errnp1 te the simpls three.inpul anD gale, The waveloms ¢ Y j :
oo ts appear only when the shres input levels 30 the gate ane M;:;:-:dw::
m‘lﬁﬂ na racing can possibly occur since the !tmbl.‘lpuliir;_';mbe ety
midway between the input-level lransitions, The srobe signa | o€ dove ot

a number of ways, One way i 1 didlerentiate the twm oh e i;nEu-E
and wise only the poaitive pulies. A second rnelhod :'Wu.g ferent

clock and feed il inle an "afl” iransistor a5 shown in Fig. ;

14-3 MPG COMPUTER

. _ . :
Up 1o this paint we have Covered quite 3 wide variety ql‘ the 0OpICs g:iiwu ly m;
countered in the siucy of digilal systems. Some of the opics have been discuised

Fig. 149, Developing & sirobe pylse,
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pivdl detair, whue vihers have been realed i
sould now have the necessiry backgmundn't: e al ovtemm o T
; _ e study any dig:lal i
d;“”r:r:::n;::a?ln: a n{unsmum ol efiort, Even sa, you marbe :::::;ﬂﬁ
et and ammrg,alr:zfmn of & digital systemm, In an effort to overcome this
e a:]:h lie together many of the topics discutsed in 1he previ
_ it fime consider the Implementabon of e
pone digilal compuler, 3 small special-puc
The spogial-purpose computer ; 7
miles per gatlon ol a motor Tehic: Irixi{h?::nﬂ:h::g :: e L'_ilculile Tht
purpose compuler sinct this js the only yse for which it iy inmr: et
fr: bl:::r:{p:l?r would he a mare complcated machine which m.’rgl".t hm-‘-purh
mber o s-I erent :pphclamm. ted for 2
e I ﬂ[t:hbi I:.,.:l e design of the MPC compuler musd necessarily be lhe deler-
o e om I|:;':::rz-rI.:arrrl.au'u:e.-_rm:.uirt.-rmmls. The first requireenent might be
that The system. EJPT e ufq:tulu_mg from a supply voltage of 26 or 212 V e
e e thar men; ;;iu :Jefols:raled v a motor vehicle. The second rrq-uiremenl
o e s 2 of the computer be in decimal farm, Nixie tubes might be
e i |ha ;L:E tllh.{"p" require an addbonal power supply of dround + 100
Yo on gl ﬂdr.. Digital moduies are commercially available which provige
Hguie [he +lﬂ.';:|' irﬂ-:iw _ﬂ?:ﬂl! e '_HZ Ve hese moures do oot
will be gne of ecnn;mics T';:: ht?e y bm" L‘hmc_t" i case: The inal aechsion
riles por Ballon waed b',: i t ir:d requinemenl is tha! the compuler calculate the
ol il > € w:h:clf._' to an accuracy of 27 mile per gallon. The
loast once mvem IST mm-‘:_.li impose is Lhal the computer perform a calculation at
Y 4 e I_iht wehicte is raveling at a speed greater than 10 mph
o oiher ¥ “E;Y o ike o gmnfe the mileage performance of the vehicle atl
o once o sler sampling rates are acceptablel, The fitth requirement |
puler be cavabie of operaling in vehicles using fuel at rales bemr-:e:

10 ang 40 miles per gallon. We ¢ i
iy per gatlon. W an now sumungrize the five bhasic requirements of

lz. ﬁwer-suppiy voltage is #ither =6 or 212 V de.
J. ! h: :mpu::!‘ sl provide 3 decimal neadoul in miles per gallon
. o ler i . .
v Thecom t:::: prm-de the readoul 0 an accuraly of =1 mile per gallon
The compuse . p";.wlde a readout of miles per gallon at leasl o -
! en the vehicle s lraveling ar a speed greater then 10 mph es sy

The compuler must be capabl i i
e compuler must be ¢ p;: E:I I::; -a.-;ah:ulzhns miles per gallon between the

5.

It should be i

o -:.jmr;.:-e:‘r:;“ the system requirements lor the computer under siudy h

are Quie simple 2 samewhat less stringent than n the usual case, The e

e e gr:t-unallv_.r made simple in order ko simplify the discussi "W:"E'
: inciples are the same regardless of the severi m:pec. T

H:,EL ::d ll'-e;:lu-d‘r is lhergfore msiructive ol b fy ofthe syriem w

asiuma that we have availabie w 1
. o ransducers which
integral part of the MPG computer, The first transchucer is um; :n xmu“dlh:::
re

R

T

—— oy g —

A g e
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Pulses |
e rameucer i | -

Lyt

P ulyes from
disianot ransducer

FH‘ 1e10. Tur“ducﬂ pul'll.'l for the MPMG thUtlf when the rate i 50 mdes perT
gallon.

ume of fuel flowing inta the gngine. This flow wrangucer provides an electrical
pulse each time Viowm af a gailon of fuel passes through il. The second transducer B
used 10 measure the distance raveled and 15 driven by Lhe spredometer cable.
This distance transducer provides an electrical pulse each ume the vehicle has
traveied a distance of Viwe of a mile,

Mow in order to implement (he necessary logic for the compuler, (el us sxamine
the putputs of the flow and dislance wransducers. Let vs begin by aswuming thal we
have a flow transducer which gives an awiput pulse cach time 1 gallon s used, and
we have a distance transducer which gives an cutpul pulse each time the vehicle
has lraveled 1 mile. Ii qur vehicle is obilaining a mileage slightly belter lhan 10
miles per gallon, the wansducer waveforms dppear 43 shown in Fig. 14-10. Nolice
that the number of distance pulses appearing berween twio Tlow pulies is exactly
equal 10 the miles per gallon wa desine. Thus we can ¢ atcutale the miles per galton
bry simply counting the number of distance puises DCCumming between two flow
pulses. We can check this by noting thal, if the vehicle were operaling at 20 miies
pet dallon, there would be 20 distance pulses behwoen two flow pulses. botice that
i the fow lranstucer supplied 10 pulses per gallon, and 2t Lhe saMe time the dit
lance trznsducer provided 10 pulses per mile, 1he basic wavelorm in Fig. 14-10
would remain unchanged. That is, the number of distance pulses appearing Ine-
pween two flow pulses would stll be egual 1o the number of milcs per gallon.
£rom this it shoukd be clear thai we can choose any number of pulsas per galion
frpm the fiow ransducer 50 long as we choase the same number of pulses per mile
from the distance transducer. The ransducers we are going ta use in the MPG corm-
puter provide 1,000 pulses per gallon of llow and 1000 pulses per mile of dis
ance. Therefore, the number of miles per Batlon can be nbtained by simply coun-
ing Lhe number of distance pulses between conseculive Now pulses.

The reason for using Lhese wansducers can be seen by enamining Lhe Lime
petween flow pulses. Ll us sirst consider the flow trarsducer having one pulse per
gaton and the distance transducer having one pulse per mile. If the vehicle were
pbtaining & rate o 10 miles per gatlon, ane flow pulse would occur BvEry 10 miles.
if the vehicle were raveling 31 speed of 10 mph, Lbe llow pulses would pecur at 2
rate of one per hour. This i clearly not a fast engugh sampling rate. On the other
hard, with the specified ransducers, Lhe flow puisey oceur at a rate of 1,000 puises
per gatlo and at the rate of 1,000 pulyet Pt hour under the same conditions. Thus
the Aow pulses ocour every 1 hej 1000 = 3.6 5. This sampling lime is clearly within
the specified rate. The worst case accurs when Lhe vehicle obtains the masimum
miles per gallon. At 40 miles per gallon and 10 mph Lhe flow pulses occur every
3.6 K 4 = 144 1. We have \nerefore met the minimum-sampling-time requine-

mers.
-
o
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The fogic dia_;um for the MPG computer can now be drawn; it iy shown ia Fi
Hjl along with the complete wavekormt, The flow pubes are d into a cmdf.
noming amplilier and 1then into 3 one-shol to develop the waveform 0%, and ﬁf-
The distance pulses are also fed into a conditioning amplifer. Since we.- desire l::i
count the number of distance pulies OCCuring btlween two pulses, we pse the
dlﬂafm: pulses a5 one input 1 the count AND gate. I O, is used ay th:e other inpyw
10 Thrs AND gate, it is enabled between flow pulses, and the dislarce pulses 3 p:r
u_ﬂs outpul. We wse the pulses appearing at the output of the COunl AND pplpeeln
drive 3 counter, Since we desine 1o display Ihe miles et gallon between the imis

Fig. 1411, Camplete MPC computer,
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of 10 and 40, we use a frve-fip-Rop shift counter oy thve units digits. and a three-
Rip-Nop shift counter for the rens digits of miles per gallan.

Onc conversion Lme is the time between two flow pulses, and we wanl o shift
the accumdlated count into the display Mlip-flops 2l the end Of each convession
cycle. Motice 1irs1 of all that, when (35, is low, the count aND gate s disabled and
therefpre the units and reni counters Cannot change Rtates. N is during this time that
we must shilt the conents al thesa counters into the display Ni-Nops, We use e
leading edge of 05, to irigger the shift ong-shot and develop 1he shift wavelorm
05, The falling edge of 05, is applied bo the shifl gates, and al this time the count
stored in the unsis and fens counters 5 shifted into Ihe display flip-flogs. The falling
edge of 5, is then vsed to reset zll flip-flops i the wnis and tens counters. The
contents of the display flip-flops are then decaded and used to illuminate the in-
dicater lights, 1n this system, the distance pulses can be considersd to be rhe basic
syslemn clock, The Mow pulses form a variable control gate by means of the coniri
orve-shot whichy detenmines the period of time that the count anp gate is snabled
and therefore the number of distance fulses counted, The autpul of the shilt one-
shot 05 can be considered as a strobe pulse which shilis data from 1he counters
intgy the dispiay (lip-Pops in such a way that racing s avoided, The system clearly
has an accuracy of = ane count, which corresponds to =1 mile per gallon.

14-4 GEMNERAL-PURPOSE COMPUTER

The MPG computer discussed in the previous secion i considered a swpecial-pur-
pase computer since it is designed and construcied 1o perform a single Tunction; 19
alier it 50 that it could perform apother lupction would require a major change in
design. On Lhe olher hand, a general-purpose computer is designed so that it can
periormm 2 number of fundamental operations —addilion, sublracuca, multiplica-
Lon, division, comparison, o1c. The compuler £an then be used 0 any number of
different applicatons by simply instructng it 10 perorm the Jpproprale opetatons
in an orderly fashion. The functions 1o be perlormed  Yisted in the order in which
they are 1o be accomplished, is known as a program (instruction s}, This List of in-
structians, Or program, is normally stoeed in the compuler memary; when the com-
Puter is staried, it simply periorms these instroctions in the order sloced, Hergin
lies the difference berween an electronic calculaloe and a general-purpose digital
computer —the calculator performs a funcuon {add, subtract, elc) each tinwe an
operator depresses 3 burton, but the siored-program compuler performs the com-
plete list of stored instructions without human intervertion. Funhermaore, the cam-
puter i Capable of completing Lhe instruclion set in a very shon pericd of e
(addition in perhaps a few micrgseconds), and the operation s virtually eror free.

The simplilied block diagram in Fig. 14-12 shows he basic umts 10 be found in
any genesal-purpose computer system, The inpulfougput block represents the inter-
face between man and machine_ It could simply be a 1eletype unit, where inpul in-
lormation is typed in on the keyboard and ouput Information is printed on paper. It
could! also represent any of the other inpultioutpul media previously distussed, such
&5 punched paper Lape, punched unit-record cands, and magnetic tape, In any Case,
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Fig, 1412, Bask Computer
wnit block disgram,

input data are taken into the system and stored in the memory according to the
appropriate signals as yenerated by ibe control Llock, Simularly, (he contral unit gen-
erates the appropriate wignals 10 read dala from the memory and move it y the
outpid biock,

The arithimetic unit consists of the registers, counters, and logic required for the
hasic operations, including addiion, sulwsaction, complementation, shifling right or
lefl, comparison, etc. Since the manipulation of data is accomplished in this umit, it
it sometimes referred 1o as the central processing unit (CPU). The topics previoushy
covered tnumber systems, digilal arithmetic, elc.) provide an insight into the logic
Circwits and configurationy required in a CPU, Again, the contral wnil pravides the
neceisary signals o move data from the memory unit o the anthmetic unit, per-
form the desired data manipulation, and mowe the resulting data back into VR,

The memory block represents the area used 0 slore the rwo types of infarmation
present in the computer; namely, the list of instructions iprogram) and the dara to
be operated on as wetl a5 the resulling cutpel data. The memory itseli could be
conurucred using any of the devices previously discussed — magnetic cares, mag-
fetic drums or disks, semiconductor memory unils, magnelic tapes, and o on,
Reading data from or writing data inle the memary is again under the guidance of
the contre! unil, :

The conlrol unit generally conlaing the counters, registers, and logic necessary to
develop the control signals required ior moving data into and oyl of The MEmoty,
and lor perfoaning the necessary data manipulations in the anthmetic unit, The
wstem clock s a pant af the control unit, and it is usually the starting point for
generating the proper contd! signals a5 discussed in the first part of this chapter.

Iis imeresting to consder an acwal general-purpose digial computer in light of
the above discussion. For (his purpose, a block diagram of the Oigital Equipment
Corp. POP-3/E is shown in Fig. 14-11* Nowe bow the system diagram can be
broken inta the four basic blocks previously discissad — input/oulpul, arithmetic,
memeny, and cantrol, A table-model POPHE s shown in Fig. 19-14, and the
follawing excerpt gives & gencial descriplion ol the system.

The POP-SE is specially designed as a geneval perpose compuler. It is fas,
COMPJICT, inexpensive, and caty lo intedface. The PDP-R/E is detigned 10 meet

' Small Con
19¥r.
' lyid.

ter Handbook,” chap. 1, Drgiul Equipment Comoration, Maynard, Mass.
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g 141 POP-RE pragrammed dala processor.

the neads of tl'u_* dwrrage user and 13 Capable of modulyr CXDANYION 10
comodate sl indrvdual requirements for a user's specifi: applications *
The POP-BYE Lasic processor is 4 vingle-ackiress, lixed word lengin rlallei
l:;'ll'lsft'f COMpLIe! uung 12-hit, 25 complement afithmetc, The g,rc;ept:me g;
:.: I‘-luﬂi:;-n'ulrd -:..ndnm addrfsﬁ MJignetic core memary is 1.2 microsecnnds
elch and ey ru_r cycles withoul auwindex: and 1.4 micrgseconds for sl
alher oy h’f:. slannard leatures inclugde indwet addressing and facilities for jp
Hruchion skip and program interrupt as a funciign of the inpulfou e
candition. put device
Five I2-bm regicers are used 1o cantrol ¢ !
MEmary, Dnc*r_ah‘: on data and sigre data_ A an::umﬁ: pfﬁ::;:
s:'nr‘ll-::hﬂ W aium:r addressing and loading memary and indicators i ohserve
tae resufts. The IDP.A/E may alo be prog rammed using |he console Telet
w'.:h Kl reade_rfpunch facilily. Thus, programs can be lpaded imle me vy
using the swilches an the Programmer's console, the Teiclype ke l:n-c:mr»:r:l'“':II o
the prper ape fesacr, Processar opetstion iru:iu-:ii.'s-.aa:in::!n.-s:.m;g,.rr mew-i;r[;r

soring dala, retrieving data, receivi .
st £ recerving znd ransmilling clata and rathenwaticz

-

R el L R

R R
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The 1.2/1.4 microseeond cyele e ol the maching provides a compulse
Lgn rate of 385,000 addilions per second. Each adduion requares 2.6 micrase-
cands fwilh ore number in the accumulater) snd sublracion requites 5.0
mic renecands twilh Lhe subtrahend o the actumualaton, Mulbplicalion is per.
feernaxd in 2965 microsotonds o b by 2 sulwoutine thal opetales on e
sigred 12.Int numbers 10 produce 3 24:hit product, leaving the 12 s sigmi-
icant bits in rhe accumulater, Division of lwo signed 12.bit numbers is per-
focrmed in 3424 microseconds or less by a subreatine that produces 2 12-b
qualient in the accumuplator and a 12-bi remainder in core memory, Similar
signed myliiplication and dwision operalions are perfarmed 0 approximaley
&0 microseconds, vtitizing Lhe optional Extended Anthmelw Element,

The flexible, high-capacity inpulfouiput capabilitics of Lhe compuler allow
it to operate 2 large variery af peripheral machines. Besdes the standand
keybuard angd paper-lape punch and reader equipment, Lhese computes are
capalie of operating in conjunciion wilh a number of opticnal devices [such
as high-speed perdorated-tape punch amd reader equipment, card reader
squipTnent, line priniers, analog-to-digilal converters, catbode ray tube ICRT)
displays, magnelic Lape equipmenl, 2 12,7b4-wond random-actess disk lle, a
262,11 2-word random-acoess dish file, sich .

14.5 COMPUTER ORGANIZATION
AND CONTROL

In this short chapler devoted o digital computers, we cannot possibly give an
exhaustive freatment of all machines; howeve:, we can distuss in general terms
Lthose aspecis of compuler organiration and operation which are Common to many
different types of digital computers,

The infarmation siored i Lhe computer memory is of lwo types —either daia
words [numeric information} or instrertion words, in 5ec. 13-1, we cansidered in
sorme detail the varioys fgrmals available for storing numbers, including both fived-
point and floaling-paint numbers. W must now consider an Jppropriate lormat for
2 compuler instruction word.

In general, a computer instruciion wond will have iwe disiinet seglions, as shown
in Fig. 14-15. In this case the word lengih is 12 bits; however, the rumber of bits in
a word varies from machine to machinge (2.8, 36 in the IBM 70007004, 32 in the
IBM 360, 36 in the GE 635, and 12 in the PDP-84E). The first section (the three Dils
on the left in this case) are used for the operaiion code [op-codel of the imiruction
to be performed. The op-codes are defined by the computer designer when Lthe
machine is inilially designed. For example, he op-code for addition might be
defined as 001,. In this case, there are only three bits reserved lor opcodey, and a
computer using this fermat would thecefore be limited 10 2 = 8 op-codes.

The remaining bits in the instruction word shdwn in Fig. 14-15 are ubed to wpec-
ify the address in memory 10 which ke instruthion applies. tn this case, the aine
buts can be ysed to specily any one of 1 = 51} localinns in mMemary. As an ea-
ample, the instruciion word DA1 000001100 means add A1) the contents of the

gr
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Fig. Y415, instruchipn word format,

g
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memery focaled at address 12,, {000001300) 1o the contents of the accumulator
repaster in the anthaeie unit,

Frequenily tne memory is broken up int secrions called “pages” in order L
provide for more efficien] addressing. For example, the POR-BXE has 3 basic
emory of 4,09 twelve-bt words. The memory is broken ap into 32 pages of 128
worns on each page. Thus any wond on a Page can be addressed by means of only
seven bats (27 = 128} The instruclion word jor the PDP-B/E is then arranged as
shawn in Fig. 14-16. If the address mocle hit (bit 3} is 0, the op-code simply refery
to one of the 128 page addresses given by the last seven bils in the word. However,-
tf the address mode bil iv 1, indirect addresting is indicated. This means the contol
wrut will g either 1o page.D or remain on the curent page idepending on whether
Dit 4 i 1 o¢ ), lake the conlenls of the Ziven sddress, and Ireal it as anther
address. The first five i of this new address specify which of the 12 pages
{2 = 32}, and the remaining seven bits give the addmess on that page (27 = 178
conlaining the dala 1o which the op-code applies.

in this way, the instruction word format need only bave seven bidy devoled 1o an
ackiress, andt only an occasional 12-bt address word i3 needed 1o reference dala on
ay one of the other 31 available pages. Claariy 1his word format is more efficient
than simply carrying 12 (2'* m 4,056 bits lor address (ocalions in memory.

As an exampie of indirect addressing. suppose the data being operaied on arm
siured 00 page 15 of Ihe memary — in wrder 1o get o another page, one mMust use in-
direct addressing. The instruction word 001 10 0OGT 1 1G means agd (001 the con-
tenly of the data located in address 14,, 0001710 on page 0 1o the contents of the
accumwlator register in the arilhmetic unit. Note that the 1 in the faurth bit pasition
specilies indirect addressing, and the O in the fifth position refers I page 0.
Mow, il the cantents of memory location 14, on page O is GGL0Y QDAI111, the
dala to be added In the accumulalor will be found on PdRe 5, (K101} in focation
15,, 00117 1),

Fig, 148, PDP-E instruction word formal,

Qp cade
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0: Diriecy 0: Page 0
12 e }: Current page
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al  Memory
Memary *  Memory
agdress ey ] BufTer reg.
I 1
Imugruction cods
i Ler reg.
{a} 4
:r Memoty bﬁ Inpul
pemory % Memory Duiput
address reg —— bulfer reg. ﬁ

4 i

Arilhmelic

{&)
Fig. 14-17. Banic computer oparating oycles. () Fetth, (b} Execuie.

The instruciions 1o be executed by the compuler are narmaily Hmr?:jc:: :::
memory in the order ia which 1they are to be perlormed, Ta begn:n an oper: 1.-.1.:; e
address in the memory of the first instruclion 1o be nec_utled is :nm::m o the
machine by an operator. The control wnit then fetches Lhis mﬂruchonm n e
ory, execules Lhe proper operation, and pmcee_ds ta the_ next -n¢1m¢l n o
the memory. This basic two-cycle process conlinues unlull all 1he ipsine ons pave
been completed aml the machine slnps; Thi.;s l.htlr z?:t::::n'::f amceun::ru:eumme

i i s of two fundamental cycles —fe .
:::::":: :;:;n“d determine the wsks o be accomplished by the control unit
du.rr::, :;hp?l::t;mils invalved during a leich cycle are shown in Fig. 14178,
During a feich cycle, the iollowing operalions are perormed!

[ st | 3 be executed » placed in the
. The address in memory of e last mﬂmchluﬁ ko .
' instrction cownler. This sddress is read into the memory address registes
] i% it in the memory.
IMAR! and & readiwrile cycie it initiated mli .
2. The instruction stored al the given address in memory is read inlo Lhe memory
bufier register IMBR], , )
3. Theeﬂp-cidc poctian of the instruclion in the MBR is Ihcn ﬂomdl ;Itl:: np-mdn:
segister, and the address porion is placed in the MAR [in puace BrEvIO)
address] in preparglion for the iollowing execute Cycle.

i i i nexl
4. The inslfuclion Counter s inCreased by ane in order to be ready for the ns

1
febch cycle, ,

417
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The compular unibs achive during an execute cycle are shown in Fig. 14175, and
the [ollowing operaliont gre perormed:;

1. The address in memary containing dala to be read out, or where data 15 10 be
stareed. i conlained in e MAR a1 2 result of the previous feich cvcle, Simi-
hitly. the ap-code is contained in 1he op-code regisier,

1. Theconients o Lhe op-Code registet aredecoded and Ihe control unil provices
tive necessany contrgl uignals 1o perform the operation called for—e g read
data Irom an ingut TTY, into the MBR and siopee it 31 the address in memory a4-
cording to Whe contenrs of the MAR; or, read data fom the address in memary
ay given by the MAR, and move it tg the arithmetic unit via the MBR; or, read
dara from the memory via the MBR and pring the dala on 2 TTY: or, read data
irom the arithmetic unit via the MBR and store it in Lhe menary at the address
specifved by the MAR,

1. At the completion of the axecute cycle, retum to the next keich cycle.

The fetchfexecule method ol pperation is quite common to most general-purpose
digital computers, even though the hwo slates might be referred lo by different
names. When an operaton is begun. the conlrol ynil first places the compuler in
the fetch mode, and thereaffer aternales evecute and feich modes until the desired
operalion s compicie, A series of clock pulses {perhaps lour or five, or tven 12n)
uuring each fetcl Cycu Js used 1o Lmie the vanouy pperabons. A similar sequence
of clock pulses 15 vtilized during the sxecure cycle,

46 COMPUTER INSTRUCTIONS

Lvery Reneral-purpose compuber must have an instruction set, There may be only a
few (LD o s0) for 3 small computer, while a large computer mizy have hundreds of
insireclions, The sel of instructions used wilh any particular compater is of course
dhevivd during the imbal design phases, and anyone who uwes that computer musi
become intimalely famidiar with i3 indiruction set, Incidenily, an indjviduil who
spocializes in efficicntly acranging compuler instruciions lof Lhe purpose of solving
problems is known & a compuler Programmer,

Inside the computer, evary inslruclion must be represented as a group af binary
numbers (e g . 031 for addition], but 10 ease the burden of the programmer, the op-
coxles are irequently assigned muemoni Litles. For example, the op-code for addgi.
Lion might te 001, bul we could code it as ADD. The programmer could then use
ADD in arranging his list of instructions, and when the alphanumeric inpul AGD
appearad at lhe computer input, t would simply be encoded as the insiruction 001,

i generat, there are four different Iypes of instructions — arithmetic, dala manip-
ulation, transfer, and inputfoutput. Lat's il a Hcticiows 521 of instructions and then
se how they mighl be arranged as a program 1o solve a probiem. Even though this
instruclion set i3 fichiciows, it is nuite similar o those found in actual Compuler
systems. Each instruciion is given in mnemonic lgrm, with is binary code in paren-
thisiy, and a descr’ * ol the operation il requires.

e ———— ke e
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operation, but i allows v 10 nacs
e [hat there are four bits in each op—code; his
include more than eight .
::cmc'tioi'li are ysed in a small general-purpose compuler havin

'
41
I

eaing the
HLT (0000 Halls computer operaton, Operator may reslart Ly depressing
wlatl budton. .
ADDX (0001 The content of m:n-or-rh : Ic?mn Xsa
latgr reguler in Lhe anthmedis uni. _ ' e content
E;:Tmlm The content af memoery Ioca..l.bol'l _n iy subtracted [rom
of Lhe accumilales regivter in thwe arithmetic wmt, _ otied by the conteni o
MPYX {6011y The tortent of mamary location X is multip e et
the MQ) register in tne arithmetic uni, and {he product is stored

dded 10 Lhe content of the

v ’ 1 . a t d
E;-"I (G100  The contenl of memory location X is duwdFd inlo the conben
the MQ regisler, and he quolient is stored 10 thf: MO rrg;u:; oty Tocation X,
DCAX (G107} The conienl of the accumulator 15 slored 1
cumulator is clearcd o all zeros. . e sion X
Eggf l:‘:f '."m The cpnient of the MO registen s stored in Memory incall
i Il zeros. _
rd the MG regisler is cleared w al sion X.
:MFJ( 011N The rexl inﬂru;:hoﬂ i% tal;eﬂ::::xmcnﬂ'rﬁ Enw:‘.:i“m N Q regs-
mary lac
LOGX {1060 The content of me .
IEEDX (1001 One word of data is read al the input device and slored in
A atdrems X. P
PRTXH{;?G} Gnewddd-auismadfrolﬂmm‘faladdM$I pt
on the Duiput device. _

»

k1o allnw every posible

is Li i 15 of course not complete Encuy t
This List of insiruciions | o e O hinedantuaye rogramming. No-
{5 NCCossary Hince we wand 10

[
| 1‘ . ru "E " UW ‘hm I
"EWEl m“ ia l.ﬂ“".“ Ll F k| r, % L ad

&1
Table 1 FAerOny Irvstracteon &5
Dperation Imvnction | locaton -
. a1 oiopld
R and siore al memary address 50. RLD 50 ? m-

Read and al address 51. RED 51 101 u]lﬂlm
Read A and uore at memory 2 PR 2 RED 52 2 i
R ¥ andl shom 4l memary . 0CQ 177 3 I RTEY "
Clear M} register DCA 127 ! S0 ;::;"
Clear .-_-::uMulaluf g 5 3 o1l o
Pul A in MQ MPY 52 b 10 D1WIOY
Mutiply & by Y Qs ? E.;'m 0110 e
Suove AY 33 ADD 50 8 goa1 0130101
Fut R wn acounmulalor a0 ADD 53 » pLaTH
Add AY 10 R i aCrumd OCA 54 10 ol oI
Siore Z in 54 PRT 54 " mm;:n::m
Print oul 2 HLT 12 oone -
Hall

noe
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focatians s thal an iramuct ion word is TS -
a0 a2 _ composed of 11, bity = four bits of op-code

Now, let's utilize the instructions for gur fictitious computer b wolve the peoblem
Z= R+ AY. The program will rea! the values of & A, and ¥, perdorm the neces-
sy caloulations, and print out the value of 7, The complet program, as writen in
mil;l: 1:nu:uig:e imnemonic code) and as skored in meamory, would appear as in

F1 -1, .

To initiste the program, the operaior sets the instruction counier at O and
depretses the dart button. The compuer initiates a feicih cycle and obtains the firy
insraction RED SO} rom memory address 0. This is followed by a0 evecute cycle.
The rext fetch Cypcle obtains the msiruction in rmemory address 1, and so on. The
PrOgram ends after the computed value for 7 in printed out and the HLT instruction
is obtainad in memoty address 12,

STUDY AIDS

Smnm_

There are I:m!tall-,r two types of digital compulers —special purpose and general
purpase. Special-purpose computers are designed lor 2 single purpose anly, while
peneral-purpose muchines can be used in any number of different applications. A
geveval-purpose machine i designed with 4 basic set of insbrsctions, 2nd 3 pno-
grammer can use such 2 computer 10 solve specific problerms. The computer solves
poblems by executing 3 3ct of instructions which have been ordered and placed in
the computer memory by 2 programmer, Most cometers opevabe in a basic two-
cycle feichiexecute mode, and the appropriate control signals are geaerated in Lhe
conirgl unit in synchromism with (he systemn lock,

Glotsary

asynchronous sysem A yystem in which Jogic opetations and level nEes
at randiom times. o e oeewr

clock cyrle lime  One clock period; the reciprocal of clock frequency.

vompules program A lisl of specific insiructions which a Computer execules to
salve a given problen,

fetchiexecute  The two allernating modes of Optration in 3 geneval-purpows com-
ey,

general porpose computer A computer designed o accomplish a number of Lasks
For example, all the arithmetic operaiions a3 well as decision making (i,
equal 1o, greamer than, lews than, go, ng rol.

instruction word A computer word having two Leclions, « i
the address secbon, s * the opcode saction and

mnemon  Intended 0 atsiyt the .

up—ﬁ?de-m:lin:n code. The code which defines a specific COMEKHEr OpeTation,

osciflator staby The stability of the frequency of oscillation; usally expressed
In pay pectousand or pars per millon for a petiod of Hime.
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secondary clock A clock of frequency lower than the basic system Clock which is
derived froen the basic system clock,

special-purpose computer A compuber designed 10 accomplish cnly one Lk, for
example, e MPC compuler in this chapter,

strobe pulie A pulse developed o intemogate gates o o shift dala at a tirme soch
Lhat racing i+ avoided,

synchronuus spstem A system in which logic operations and level changes oocur
in synchronism with 2 system clock. -

two-phase clock  The use of two clock waveforms of he same frequency which
are 150" oul ol phase with pne another, for example, the 1 and C oulpuls of 2

flip-Nop. )

Review Ouesiiony -

1. faplain why a clock must be pedectly perocdic.

. How can the clock cycie 1ime be found irom 1he clock frequencytl

3. Why musi flip-flops have a delay time less than one clock cycte timet

4. What (actors alfect the gucitlating frequency of the multivibratot in Fig, 14-2¢
5. What is the purpose of the Schmin trigger in Fig. 14-41

6. Enplain one method for gbuaining & two-phase clock.

7. What is the main purpose for developing a srobe putsel

B. Why is it advantageous 1o develop the strobé pulse in Fig. 14-9 by hurning the
transishor on rather than off!

9, Explain the difference between special- and general-purpose compulers,

1. Whal i1 2 compuier programi
1t. Explain what is meant by fetich and execute in terms ol compuler OpErgron,

Problerms
14-1, Beginning wilh a symmetrical square wave, show a method for developing
a clock consisting of a series of positive pulses. A series of negative pulses.

14-2. Whatis the clack cycle 1ime for a system using 2 1-MHz clock? A 250-kH2
clock!

14:3. ‘What is the maximum delay time for 2 flip-Nop if i is to be used in 2 sysiem
having an 8-MH2 clock? -

144, At what frequency will the multivibrator in Fig. 14-2a oscillile if R = 100
K, O o= 100 pF, ¥, = 20 v dc, and ¥y = 10 v det . . ;

145, Whal will be the frequency of the mullivibrator in Prob. 148 if ¥, is
changed to 20 V dct
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[ ¥

P, Wt value of © oo requeredd oo the mullivilvatgr o Fig.

4.2a of
Ve o W, Bom aT il g the decired froquency is 100 kit

14-7, Whal i the osillating freguency of the wien-rwdge oscillator i fig, 14-3b
in Mo 4T LY, arki = 100 pF?

14-i, I the orpviat oacll3tor in Fas, 14.3 has 3 stahidity of £3 pars in 107 per day,
wital afe the mavimum atwd muninwm freguencies oF the ositldior?

140, dhew the lopic nvcessany 10 develap clock frequencies of 5 Mg, 25 MHZ,
T Wi Te. and 20 kM2,

1410, Tho s.MHfm:iIIam im Proh, 14.9 has 5 sdabificy of =1 part i I peer
gay. Whal will be the munmu and minimum frecuency of the 1-3H: clock?

1411, Why would I The mammum and minimum frequency of the Z00-kHz
clock in Pral. 14100

1417, Draw 1he waweiorms for a paralliel binaty counrer being driven by a two-

phase Cloc k. Show Ehat thiy witl resull in a solution 1o the race probiem. Remembey
that each Mip-llup has a finite delay time.

14-13, How could the MPGC computer be modilied o give 2 solution o the
nearest 1£10 mile per gallont

14-14. [raw 2 block diagiam showing the four major biocks in a general-purpose
COMPleT syshem.

14-1%5.  Hew many Sp-code bnis would be required in 3 machine having 3% -
slucionsd

1416, How muny address bos would be reguired 10 handle 1,000 words of
memaony -

14-17,

How many page sddmess bits would be required to form 2 16-page
memoary having &1 wonds per pagel

14-18. Write 4 machimedlinguape program to solee the problem £ = IRfA + 8.

-

oM. —

N2

t
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Appendix A

States and Resolution
for Binary Numbers

Mlay, mumler of 1

Rimgiutuon ol & I
wore! lengih _
in I:n:! pomrinaliom banary ladkier
1] ' Ll
1 1 500 0040, i
i 4 250 (¥, !
3 i ! 25 g, i
4 16 /2 500, |
5 12 315 :
& b 1% B85, ,
7 129 7RIS 1
8 5 1625 |
g Nz 19303
10 1024 l 9145 )
1" 2 040 r 482 1 :
12 4 [P 24414
13 LWL 1y g
14 16 thd BlO4
15 3 w5k |
16 &% 510 1w |
17 FRTRTES ?.ﬁ'.: 1
8. 267 14d 1.4 a
19 524 28R ;,:;
' 1
m 1 (48 576 !
H 2mr 152 o0
33 4194 ¥H oM -
13 a g R ?}::i
I— . 4 | :Elr?:f 26 __i L

.



centro de educacion continua

divislén de sestudios superiorss
facultad de Ingenlerin, unam.

INTRCGDUCCION A LAS MINICOMPUTADORAS (PDP-11)

CAPITULO II: ARQUITECTURA DE PDP-11

DR. ADOLFQO GUZMAN A,
JULIO-79






-

e

: PDP - 11
. o ua;sa!iﬁfss -
. T PROCESSOR :
. | T I HANDBOOK CHAPTER 2
-y S ' SYSTEM ARCHITECTURE
“Pe nrwot _ 21 UNIBUS
b m’;,:"‘-“ Mot computer aystem components and peaphersls connect ta and cem-
kel o ck munical® with sach other on & %ingl* hgh speed bur known as (he

T '
;iﬂ‘r"ﬁh-:t :L w

f‘_ 1,,15,.,'@-?"!"

UNIBUS— & key 10 the FOP-11"2 many strengths. Addreyses, dats, and
controd Information are sent siong the 55 hney of the bua

| . S - ‘
AN S ot R b 41 < e ey
. o 8 tm Nr.- 16 10 (-

; ’ Figure 2.1 PDP-1i System Simplified Block Diagram

; Tha form of communicatlan is the semé for svery device on the UNIBUS,
The prodersor uses tha same st of $ignaly (0 COMmunicate with MM
ory ax with peripheral devices. Paripheral devices alsc use thiz et of
signa's when communicating with the processor, memory o other pe-
ripheral duvices. Esch device, Intluding memory locktions, procesaoce
raghsters, ans peripheryl device registers, 13 ayugned an sddress an the
UNIBUS. Thus, peripheral devics megisters may be manipuleted z3 fan-
ibly a» tork rmemory by the central processor, ANl the instroctons that
can ba upplied to dats in core memory can be apphed egquaily wall to
data in peripheral davice ragisters, This is an sxpecially powerful feature,
consilering the specinl capability of POP-11 instructions 1o proceas dats
In any memory ldcation o though (T wine an scoumuistor.

211 Bitirections) Lines .

With bidirectional and ssyntchrongus communications on the UNIBUS,
) devicey CAn Send, regeive, ahd axchangs deta indepandenily without
processor Intervention. Faor sxample, & cathoda ray tube (CRT) display
cen refresh itself from & disk file while the cantral processor uni (SPU)
attends to othey taxks, Becayse 1 s dymehmanous, the UNIBUS s com-
patible with devices opereting over a wide rangs of speeds.

2.1.2 Waster-Slave Ralation”
Communication batwesn two dewices on tha bus i3 in the form of 8
master-siave relationship. At any point in time, thare 15 onk device thal
! has control of the bus. This controling device tx termad the "bus mas-
: ter,” The masier device contrpls the buc when communicating with
! angthar device on the bua, tarmed the “slave.” A typical sxampls of
this relutinship s the processar, a3 master, fetching an ingtruction from
memary (which i3 always a sipwe), ADother saampla i the disk, &4
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master, transiarring dais to memory, 8% Slave. Master-siave refation-
thips gre dynamic. The processar, for €xampha, may pass buz control
to & chsk, The disk, ax master, could then communicate with a save
memory bank ; .

Since the UNIBUS is used by the processor and all |/ O devices, there is
a priority $tructure 1o determine which device gets contrel of the buos.
Evary devica on the UNIBUS which is capabla of becoming bus masier
i aIEigned & priorty. Whan two cavicas, which sre capebly of becoming
& busy master, request Las of the bus simutthneautly, The dievice with
ihe higher prionty will eceive control.

- v

¢

Z2.1.3  Interksthed Communication
Commumcation on the URIBUS is inlerlocked 30 that for esch conirol
signal |ssued Dy the mastar device, thers must be & response from the
glave in order io compiels the transter. Therelome, communication 4
indepandent of the physical hus langth {#s far g5 Lming {3 concern®d)
and the timing of each tranyier is dependent oniy upon the response
time of the master end tlave devices. The asynchronous cperation pre-
tludes the need lor Eynchronizing with, and weiting for, cloch impulses.
Thus, =2Ch systam is sllowed to operal® 8t its maximum possible speed.

Inputfoutput devices transferning dirsctly 1o or from memory sre given
highest priarity ang may request bus mastership and ateal bus and mem-
oy cyctEt during instruction oparstions. The procmssor retumes opers-
tlon Immediately aftar the memory transier. Multiple devices can operate
sinultanecusly st maximum direct memory sccess (DMA) rates by
“'stealing” bus cycies,

Full 16-bit words or B-tut bytas of informetion can be transferred on the
bus patwesn & masier and m siave, The information can be instructions,
nddresses, or data, This typ# of operalion oCcurk whan the processor, a3
masier, is fetching instructions, operands, and dats from memory, and
stonng the results into memory aiter execution of instructions. Direct
data transfary occur between s peripheral device controd and memaory.

22 CENTRAL PROCESSOR i

The central processor, connected to the UNIBUS as a subsystem, <on-
troix the tims aliocation of the UNIBUS for peripharals and performs
arithmetic and logic operations mnd instructlon decoding. It contains
Mullipla high-tpxed general-purpose registers which can be used s mécu-

. mulators, sddress pointers, index registers, snd other specialired func

tians. The processor can parform oata transfery directly batween 1D
devices and mermory without disturbing the processor regisiars; doas

both single- and double-operand sddressing snd handles both 16-bit

word and 8 bt bytw data,

221 General Registers
The central processor containe 8 ganaral reglsters which can be used
for » veristy of purposes.(The POP-11/55, 11745 containg 16 genaral

2
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_ “Last-n First-Out™ charactenstics), ) .

ragisturs.} The .registers can be used 85 3ccumyletors, index registerd,
auipinerement cegisters, sutpdecrement regisiers, or as sieck pointers
for temporary storage of dats. Chapter 3 on Addressing describes 1hess
usgs of the genseral registers in more detail. Anthmetc operations a0
be from one genaral register to apother, from one memory or dewvice
register to Ancther, of between mamory or a device register snd a gen-
oral register. Rater o Figure 2-2,
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Fgure 22 The Genaral Regiztary

R7 i used a3 the machine's progrem counter (PC) and contains the
address of tha next inttryction to be, Sxecuted. It is 3 general registes
narmally used only for sddressing pufposes snd not as an accumulator

for srithmelic aperations.

Tha RE register Ia normuelly used as the Stack Poister indicating the bext
watry in the appropriats steck (& cOMMON teMporary storage area wh

- r

222 Irstroction Sat

The instruction fomplement uses the fexibility of the gendral-purpese
registers 1o prinide pwver 400 paweriul hard-wired instructions—the mott
eomprabansive snd ‘powerful instruction reparioire of any computar in
the 35-bit clase. Unling convantional 16-bit computers, which usually
have thres ciasses of instructions (memery relerence instructions, oper
ate ar AC contral instructions snd /O Instructions) all oparations in the
PDP.11 are sccomplishad with ons eet of instructiony. Since peripheral
davies registérs can be manipulated ss Dexibly sy core memory by the
cantrmi processgr, Instruciions that gre used Lo manipulate dete in corm
mamary may be used squalty weil for dats in periphers! device registers.

. Foruxample, data 0 an sxternal gavice register can be tested or modifNed

dirsctly by the CPU, without bringing it inta mamory or disturling 1he
gonaral registers, Cne can add data directiy 1o & paripharsl device reg-
itar, or compary logicaily or arithmaticalty. Thus si POP-11 instructions
can be used to craate & pew dimenkon in the trestiant of computer
IO mund the nesd for & apecial clazs of If0 instructions |3 siiminated,

The basit order code of the POP-11 yaay bath single and double operend
sddress instructions for werds or tytes. Tha POP-11 therefors pil“‘fﬂ_ﬂ'l’tl’

. . 2.3 . i
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vary efficianily In gna tiep, such oparations as adding or subtracting two
operands, or mmrmg an operand fioum one loeation to anather,

PDP-11 Approach

"ADD A.B _ iadd contents of locstion A to loce-

Lion B, store resultx at tocation B -
Corrvantionsl Approach

LA & Joad contents of memory jocstion A

) tata AL

ADD B : ysdd contenty &f rmemory locstion B to
AC .

STA B istore resatt ot location A

Addressing

Much of the powar of tha PDP-11 is derived from its wide renge of ad-
dresying capabilitias. PDP-1]1 sddressing moces include  sequantial
sddreazsing forwards or batkwards, addretsing indeaxing, indirect addnets-
ing. 15-bit word sctdressing. 8-bit iyta scdreswng and stack sddressing.
Variable length instruction formating sllows & minimum number of bits
to be used for each addressing madu This rnults in sfficient ysa of

progr.m storage Space.
223 Procwisor Status Word
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} UZED ONLY OH POP-11/58, & 11/43 WITH
MEMORY MANAGEMENT ’

Figure 2-3 Processor 51atus Word

The Processar Stalus word (PS), st location F77776, contatns infor
mation on the current status of the POP-11. This infarmation inctudes
the curTENl piocessor prigety; current And prkvious cpamtional modes;
the eondition codes describing the results of the lest inptruction: and
an indicator for datecting the execution of an Instruction 1o be $rapped
dyring program detugging,

Processor Priority

The Central Procassor operates at sny one of llght levets of priprity, (7.
When tha CPU 13 operating at level 7 on external device cannot intecrupt
it with & raguest for service. Tha Central Processor must be oparating
ut n lowenr prionty than the sxtemal device's requesi in oider for the
interruption to teks effect. The currant priority lc malntained tn the

2-4
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processor Stitus word (bits 57). The 8 processor lewels provide #n
offective - Intarrupt mash,

Condtion Cod -
The congition codes contain Information on the mesult al' the laxi CPU
Cpagtion. .

The bits sy sat os follows:

Z = 1, # the result was zere

N = 1, if tha result was negative

€ = 1, if the operation resulted In & carry from the MSE
¥ = 1, if the operation resgited in &n arthmatic overflow

Trap L

The trap bit {T) can be cat or cleared uader program control, when sut,
& procestor trap will ocur through localion 14 on compietion of instrec-
tion execution and & fw Processor Status Word will be loaded. h bt
is expacially useful for debugging progreams as 1t grovides an efficient
muethod of instailing breakpoints.

224 Stachs o

In the POP-11, & steck i3 » tamporary dats storage sres which allows &
program L0 make efficiant use of frequently scorvied data. A program
can ad Or delets words or byles within the cisch The stack usex the
“lagt-in, first-out”™ concept; that is, verious items may be sdded to &
stuck in ysquantisl order and retrieved or deleted from the stack In
reverse order, On the FDP-11, a stach sterts st the Nighest location -
servied for it and sxpands hnearly dowrmward to the lowest address &S
itemy are sdded. The ptack is used aytomabically by program interrupts,
subrouting calls, snd trap Instructiony. When th& processor is nter-
vupted, the central processor status word snd the program counter Are
saved (pushad) onto the stack arsa, whils Lhe prfocessor parvices the
interrypling device. A new status word 5 then automaticelly acquinsd
from an area in core memory which 15 reserved for interrupt instruc-
tions (vector area). A return from the (nterrupt instruction restores the
original processcr status and ndums o the Interrupted program without
softeary interventon.

2-5 !
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43 MEMORY

Mamory Organization ,

A memory can be viewed &3 & series of locations, with & number (pg-
drexs) sasigned to asch location. Thus wn 8,192-word PDP-11 mamory
could ba showm s in Figure 24
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77 t.. Figurs 24  Memory Addrmses
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Hetauss POP-1] memoried are designed ta accommodwie both 16-bit -

words and B-bit bytes, the total number of stdresses dows not corre-
spond [0 the nomber of words. An BK.word memory Can coatsin 16K
brytas and consist of 037777 octal locations. Words shvays start # ovan-
numbenkd locations. -

A PDP11 word Is divided ity & high hyte and & low byts as shown in
Figura 2-5.

9 4t B
WIGH #TL . I \w Tm ]
" 1 & [ . i L . -

A A A 1 "

Figure 25 High & Low Byte

Low bytes are stored sf svyn-numbered memory lotations and high
tyten At odd-numbersd memory lCaticns. Thus It I convanient o view
tha PDP-13 rmérmaory as shown in Figura 2-6.
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Flgure 2.6 wﬁ ind Byte Addreuses

Curtain memary ¥ocations heve beorn reserved by the svstem for inter.
fupt und trap handling, processor sthzks, ganursl registers, and periph.
a7al devicw registers, Addressas from O 1o 370, are slways reserved and
thosa to 277, arm reserved on letEw systam conflgurations for traps snd
imtwrupt hardling. .

A 16-bit word used for yte addresking can address & maximum of 32K
words, Howsver, the top 4,096 word locations are reserved fof et et
und regieter addrenses and tha user therefors hay 28K of core I pro-
gram. With the PDP-11!55% ang 11/4%, the user can sxpand above

. 28K with the Mumory Management, This dwvice provides an 18-l

aifactivl meamory sddress which - pefmits sddressing up to 124K words
af sctusl memory.

I the Mamory Management option s pot used, an octel sddress be
twaen 160 000 and 177 777 ip interpreted as 260 000 to 777 777, That
is, if bt 15, 14 andt 13 are 1's, then s 17 sng 16 (the sctended ad-
dress Deis} arm congidered to be 1's, which muocates the Last 4K words
{BK bytet) ta becoms the highast lacations wcoessed by (he UNIBUS,

¢

24 AUTOMATIC PRIORITY INTERRUPTS ’
The multi-level autamatic pricrity interrupt system parmits the processor
to respond sutomatically to conditions autside the system, Any numbar
of separate cavices con be stisched to sach jevel - o
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Figure 2-7 ‘LINIHUS Pricrity

Each penpherat device in the POP-11 Eystermn has & pointer to S own
par of memory words {one poents to the devices's servica reutine, and
the olher containg the new processor statys wtormation). This upigue
identification eliminates the need for polling of devives to identity an
interrupt, tince the wntorrupt serwce hardware selects and heging ex-
eCuting the sporopriste service routllne after having sutomatically saved
the itstus of the inlerrupted program segment.

The dwwices’ interrupt priority and service routing priorily are indepen-
dent, This eliows adjustment of sysism behavior 1n response to real-time
conditions, by dyoamically changing the prionty level of the service
rauting.

The intemupt systemn allows the proceysor 1o conlinually compars its
own programmable prority with the prionty of any interrupting devices
and fo acknowiedge the device with the highest lavel above the Procas-
sor's prionty isvel. The servicing of an interrupt for & dewice can ba in-
terrupted in order to service an interrupt of a highar prigrily, Sarvicy to
the lower priority device is resumed sutomatically wpon complation of
the hgher level sarvicing. Such 8 process, called aested iaterrupt ser-
vicing, can be camed out to any leve! wilhou! requining the softwars to
SAve bngd resiore proceItor ctatus gt asch level.

Yhan u device (sther than the cantral processor) |s capsbie of becom-
ing bus mastsr send requests usa of the bus, it (v ganarally for onw of
two pufpoies:

1. To make & non-processor transfer of data directy ta or from
MY
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2. To interrupt 8 program execution and force tha processor to
BEC o & specific address whare an interrept service roptine
i3 jocated,

(]

Dirert Mamory AcCess

All PDP-11's provide for dirett sccess to memaory. Any number of DIMA
devices may e attached to the UNIBLS, Mazkmum priority is given to
OMA devices, thus silowing mamory data storage ar retrieval at memory
cycle speeds. Reyponse time i3 minimized by the organization snd logic
of the UNIBUS, which samples requests and pronties in peralig] with
data transiers,

Direct memory or direct dala transfers can ba accomplished betwesn
any two periphersls withoul processor supernigion, These NAN-Processar
request transiers, called NPR lewvel daty transters, are ususlty mady for
Chrect Memory Access (memory tolirom mass storage) or direct gevice
transters. (disk rereshing & CRT diaplay).

Bus Requests -
Bus requests from wxternal dewvicas can be made on one of five request
lings, Highest pricrity |s mssigned to non-procwssor request (MPR). Theas
are girect mamory sccess type translers, and sre honored by the pro-
3o betwaen bul cycies of an inxtruction sxecution,

Tha processer’s pronty can be set under program control 10 one of sight
brvals using bits 7, 6, and 5 in the processor siatus registar, Thage bits
st a priority level that inhibits granting of bus requesis on {Owar |eyels
or on the same level. When the processer's priority is set to u level, for
axsmpis PSE, a1l Bus requests oa BRE and below are ignared,

When more than one device iz connacted ta the sama bus requast (RR}
Yird, & devica nearst the central processor has 8 higher prionty than a
duvice Tarther awny, Any number of Gevices can he connected 1o & ginvirns
B8R ar NPR line. .

Thus the priorily System is two-dimensionsl and provides esch device
wilh & unique pricfity, Eath device may be dynamically, silectively
enabled or disabled under program control,

Onca 8 device otbar than the processor hes control of the buk, it may
do ona of two types of cperations! data transfers oF Intesrupt aperatipns.

NPR Data Transfery

NPR data Wansfers can D¢ made bebwesn any two peripheral devices
without the supervision af the processor., Normatly, NPR tranafers sre
batween & mazs storsge davice, such as a gisk, and core memory. The
ttructure of the bus miso parmite deview-fo-gavice transiery, allowing
custarner-dasigned panpheral controlisrs to sccess ofher devices, zuch
at disks, directly,

An NPR device has very fast scoess (o the bus and can transter gt high
dats rates once It has controd, The procesior glate is nod sMected by
the transter; therefore the processor can relinquish contrel whils an in-
struction iz in progress. This can occur st the end of any bus eyrles

29



except in hetwesn & nesd-modity-writa sequancey. An MPR device in con-
trot of the bus may transfer 16-bi words from mamaory at memary speed,

BR Transfers

Cewices that gain bus control wilh one of the Bus Requast lines {BR 7-
Bf4) can tahe tull pdvantage of the Central Processor by raquesting an

nferrupl. In thiz way, the entirg insiroction st (v evailatde for manipu-
lating deta and sistus registers.

Whan » service routing is to ke run, the current tash heing performed
by the central processor is Interrupted, and the device sarvice rautine
is imtated. Once the request has been satisfisd, the Processor returns
to ks former tash,

Intarrupt Procedyurs

Interrupt handling s sutomatic In tha PRFP-1), Mo device polling is e
quired to determine which service routine to sascute. The cpetaticns
required 1o sarvice an mterrum ark as follows;

1. Processor rellngquishex mutrﬂl of tha buy, prioritiss permiling.

2. When a master gains control, H sends tha processor an intermupt
command and an unigue memdry addrisy which contminy tha ad-
dreass of tha device's service routine, celled the interrupt vector
‘modress. Immedintely followang this polnter address Is 5 word {lo-

cated ot vector addresz 27 which is o be used 35 & néw Processor
Sutus Word,

3. The processor !'h':lﬂ!- tha current Proceswr Status (P5) and the cur- )

rent Program Counter (PC) Intg CPL) tamporary registers,

4. The new PC snd PS (interfupl vector) are taken from the specifiod

sddress. mmdPslndPCaanpumManmthocurnmm
Th| rervice routine (s thea imthltod

5. The device aarvice routing can cauvie tha processor 10 retums the

interrupted process by exscuting the Return from Interrupt instrue-
Lon, described In Chapter 4, which popy the twp top words from
the current procestor Stack and uses them lo koad the PC and PS
registers. "

A device routine can be intetrupted by a higher prigrity buy rtquest any

time zfter the rew PC and PS heve betn loaded, I such an interrupt

octurs, the PC and PS of the sarvice moutine srw automatically storsd

in the temporary registers and then pushed onto tha naw curment steck,

and the new devica routing |5 inlbated.

Interrupt Sarviting

Every hardware device capable of Inttrmpting thl procassor hes & unique
sat of jocptions (2 wodds) riserved for Bx interrupt vector. The first word

containg the location of the davice's sarvics routing, and the second, tha .

Processor Status Word that Is o be used by the ssrvics routine. Through

210 -

proper e of tha F35, the programreer can switch the operationsl mode
of the p . ond modify the Processor's Priavity level to mask out
lower laval mnrrupt:

Resntrant Code .
Both the interrupt handling herdware and the subrouting csil hardware

L)

- faciliiate writing resntrant code for the PDP-11. Thim type of code mliows

4 single copy of & given subrouvting or program 1o be shered by rmore
than ona process of fmak. This reduces the smount of o nesded for
multi tash apglications such as the concurnlnt nm:ing of m.nr pariph-
eral devices,

Forwar Fad and Restart

Whenwuer AC power drops below 99 voits for 110v pum-r {190 volti for
220w) or outside n Mrnit of 47 to E3 Hz, as measured by DC powsr, 1he
power i{all sequence i initiated. The Cantral Proceisor sutomaticslly
traps to location 24 and the powsr fall program hes 2 msec. 1o save all-
volatile information {(detx In rogi:ttm and to condition peripherels for
powar fall. '

< han power is restored the processsr traps to lacation 24 and sxscutes
the power up routine to restors the meching to ity xtaete prior 1o pawer
fallorm,

-
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CHAPTER &

PDP-11/34 MEMORY MANAGEMENT

A1 GEMEAAL

B.1.1 Memory Managemant

This chapter deicribes tha Mamory Managemsn! unit of tha 11734
Central Frocessor. The FOP-11/34 provides the hardware facilibes neces-
sary for compiete memory management and protection, It is designed ta
be a memory management faciliy for systems where the memory size i3
greatar 1han Z8K words and for mutti-user, muitl progrimming systems
whera protection and relocation {acilitles are neceLtary,

A8.1.2 Programming

The Memory Managemant hardware has been aptimized towards a mudti-
programming snvironment #nd 1he processor can aperate in bwo modes,
Karne! ard Usar. ‘When in Kernel mode, the program has complets
conirod and fan wxecute all instructions. Mondory and suUparvisory po-
grams would ba zxecuted in this mode.,

When in User Mode, the program is nmrlnud from execuling certain
instructions th.lt couid:

a) cause the modification of the Kernel pmgr.rn.
b) halt the computer.
£} uUsE MmOy SPACE ARsigned to the Wemel or other users.

In & mulli-programming &nvirenment teveral user programs would e
resident in memory at any given time, The task of the supervisory pro-
gram would be; contrgl the sxagutian of the wvanous yasr programs,
manage the sliogation of memory and peripheral deavice resources, and
taloguard tha integnty of the system as & whole by careful control of
kazh uier program.

81



In & mulli-pregramming system, the Management Umit providas the
meany [Gr mssigning pages (relccalsbls memory Segmants) to m usar
arogram and preventing that user rom making any unsuthprized access
to those pages oulside his astigned sres. Thus, w user can efectively
br pravanted from accidential or willful dastruction of any other user
program-or the tystem axscutive program. -

Hardwars implemanted features angbls the opersting system to dy-
namically allotate mamory upon demand whils § program Js being run,
These fastures aré particulary uselul when running highar-level lenguage
programs, whers, for axampls, arrdys ame constructed 8t saecution tima,
No haed spece is reserved for them by the compiler, Lacking dynamic
memary allocation capabikty, the program wouid heve %0 ceiculate and
allow sulicient memory apace 0 accommodate the worst case. Memary
Managantent eliminates this tima-conguming and wutllul procedurs.

513 Wasic Addressing
Thu sddreuses gererated by all PDP-11 Family Central Processor Units

{CPUs) are 18-bit direct byts addressgs. Although the PDP- 11 Family word -

length is 16 bits, the UNIBUS and CPU sddesszing logic actually 1y 18
wth. Thuz, while the POP11 word can only contsin address refarances
up 1o J2K words (54K bytes) the CPU and UNIBUS cen relsmance ed-
dressss up to 128K words (256X bytes}. These exira two bits of sddress-
ing logic provida the batlc framewark for sxpanding marmory refefences.

"

In addition to the word length £onstraint on basic mamory addressing
spcd, th uppaimost 4K words of sddress Lpace it always ressrved for
UMIBUS |10 cevice ragisters. In & baske PDP-11 /mamory configuratian
(withou! Management) 2l address relorences to the uppermast 4K words
of 16t addrass ypace (160000-177777) are converted 40 full 18-hit
rafergnces with ity 17 end 15 Alweys set to 1. Thus, & 15-bit referance
to the /O device register ot address 173224 is sutomaticaily internally
converied to a fuli 18-bit mefersnce to the register at sddress 773224,
Accordingly, the basic PCP-11 configuration can directly sddress up to
28K words of true memory, and 4K words of UNIBUS |G devics registan.

A.14 Active Page Registers

Tha Memory Manzgemant Unit uses two sets of sight 32-bit Active Page
Registars, An APR 1 actuslly & pbir of 16-bit registers: a Page Address
Regiiter {PAR) and & Pxge Descriptor Register (PDR). These regisiery
are lwiys ussd A3 & pair and contain all the informaetion nesded to
describa and relocsta ihe currently activa memory pages.

One set of APR's is used In Kern®l mode, and the other in User modes.
Tha chowe of which et {0 S uted iv determhined by the curment CPU
mode contained in the Processor Statys word.
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! Figure B-1 Activa Fage Ragisters

A.1.5 Capabilitins Provided by Memory Manspement
Mumory Sae {words): 1245, max (plys 4K for 11O & regeters)

Virtual {16 bits)
Physical (1R bits)

Karnei & User
2 [ore 10 epch mogdu}

Addrass Spacs:

Modes of Oparation;
Stach Painters:

Mamory Relocation:

HNumber of Pages: 16 (B tor #ach mode)

Fage Length. 32 te 4,495 waords
Memary Protection: NG agiess
read only
raadfwrite

8.2 RELOCATION

821 Virtusl Addressing

Whan the Memory Mansgsment Unit is opereting, the normal 16-hit
diract byte address is no iongdr {nterpreted ss » direct Physonl Address
(PA) but a3 & Yirlual Address [YA) containing information to be uded in
constructing a new 18-Int physical addrets. The information contaived
in the Virtwat Addrexs (WA) 19 combined with redocstion ang descnption
information contmned in the Active Page Register (APR) 1o yiwkd an
18-hit Physical Address (PA).

Bacause sddrassas are sutomatlically relocsted, ihe computer may be
considared to be aperating in virlysl address space. This means that no
mptiar whare o program 13 losoed inka pirysical meamary, it will not have

g-3



10 D “re-linked": it Stways appesrs to be at the same virtual kcathor in
memary,

The wirtusl sddress space is divided into eight $K-ward pag*y, Each pags
I% relocated separately. This is & usefut feature in multi-programmed
timesharing systems. It permits a new large program to be loaded into
discontinucous bocks of physica) memory.

A page may be a3 smalt a5 32 words, so that thor procsdures or data
mress need OCCupy only &% Much Memory as reguirad. This is & useiul

feature jr real time contral systems that contain many secarate smatl

Lk, It alzo & usefw) [eature for 3tack and bufter control.

A basic function is to perfarm memery refocation and provide salended
mamaory addrassing capebbity for Syatams with mora then 28K of phys-
-h;ll mernory, Two S#ts of page addreay registers sre uysed 1o retocate
virtual agdresses to phyvical sddrasses in memory: Thess Lals sré Lsed
a1 hardware rwlocation registers that permd sevsral Users programs,

sach starting at witual sddress O, to reside simultsneously in physical
memaory.

82.2 Program Relocalion

The page addreas regisiers are used 1o deirming the stadine sdaressy
of sach relocated prugram in pinytical memory. Figere 8-2 thows a tim-
plifed exampia of the relocstion concapt, .

Program A starting address O is relocated by a constant t v
physical addrass 6400, ¥ nt to provice

[mmm' SEGCAL &

DCxnienp

Figura B-2 Simplifisd Memory Relocation Concept
a8-4

If the next processor virtual sddrass is 2, the relocation constant will then
causs physical address 6402, which is the second item of Program A 1o
ba acceased, When Program B /s running. the relocation constanl is
changed o 100000,. Then, Program B virtusl sddressen starting st 0, are
redocyind 10 acoess physical sdreases starting at 100000, . Using the ac-
tive pege atSresy registers to provid® reocation eliminates tha need to “re-
link" & program sach time i i3 loaded into & different physical memaory
location, The program aiwsys appeers to stast at the sama sddress.

A progrem is retocatsd in pages torsisting of from J to 128 blocks,
Each block is 32 words jn hength, Thus, the maximum Imngth of a pags
is 4096 {128 x 32) words. Using all of tha sight availabie active page
registers in a sot, & maximumn program length of 32,768 words can be
accommodated. Each of the #ight pages can be relocated anywhere in
the physical memory, a3 long es ®ach reocsted page beging on »
boundary that it & multiple of 32 worde. Howewer, Tor peges that ant
wTaiber then 4K words, only the memory actually sliocated to the page
miEy be accessod.

The relocation sasmpie shown.in Figurs 8-3 qu:-h"m sevaral points
abott MEMOry relecatitn -

a) Atthough the program sppesrs o be Jn contiguous adoréss space to
the processor, the 32K-word physical address space b3 sctually scet-
tergd through séversl separate.arsas of physical memory. As long
m% tha tots) availabés physickl mamiry space is adequats. a program
can be loaded. The physicsl memory space Newd Aot be contiguous,

b} Pages may be relocated (o higher ar igwer physical addresses, with
respect 10 their virtusl sddress fangis, In the sxampie Figur B3,
page. 1 is relocated to @ higher range of physical sddrasses, page 4
{n reiocated to a'lgwer rénge, and page 3 is not rejocated st all
(evan thaugh its relocation constant is non-Ie).

c) Al of the pages shown in the sxample start on 3Z-word boundaries.

dy Each page is relocated indepangentiy, Thers Is ni resson why two or
mors pages could not be relocated o the same physicdl memary
space. Using mone than one paga sddress register ln tha s:t 1o
access the same sppcy would be one way of providing difterent
mermory accesa-fights to tha seme date, Jepending upan which pan.

of & program was referancing that duts, ) ¢
- : ' = . ‘
Memory Unity - .
Block: 32 wenn '
Pagw: 1 to 124 biocks {32 1o 4,096 words) -
Na. of pages: 8 per moda . e
Sire of refecatable 27,768 wards, tmax (B x 4,096] -

Mamory:
- 85
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Figurt 33 Relocation of & 32K Ward Program mm . ,
124K Word Physical Memory

23 PROTECTIONM

A timesharing system performs multiprogramming: i sllows peveral
progrems 0 neside in memory gpimuitansously, snd 15 opetsts sequen-
Lially. Atcess to these programi, &nd the memory space ihey accupy,

mrust ba yinctly gafined and controiied, Several fypes of Mémory pro-
tection must be aforded & hmesharing system. For ssemple:

»] User grograms must not be allowsd to expand beyond aliocated
space, unless suthorized by the System,

@} Usars must ba prevented from modifying common Eubroutines and
algonthmy that ere resident for all usars, -

&) Usera must be preventsd from gaining cantrol of or moditying tha
cpershing System software.

The Memory Mankgement oplion proviches the hardware facilibes to im- -

plemant all of the above typss of memory pmtec‘tmn
&3.1 Inatcessible Mamory .

Esch page has a 2-bit access contral key associated with i The key is
assignad ynder program contrgl. Whan tha key is sat to 0, the page i
dafined a3 non-reedent. Any atlempt by & user Drogram 10 sccess &
Ron-resrdent page (3 prevepted by an immediste abort. Using this Fea-
fure o provide mamory protechion, only thoaw peges asocisted with the
CUITRnt program are sat (o legel scCess hays. The access control keys
of all dther progrem pages sre 1t to O, nhich prevents illegal mamaoey
ralerences,

8.1.2 Resd-Only Memory

The access Control key for a.page can be sat to 2, which aflows raad
(fetch) memory raferynces to the page. but immediately aborts any at-
tamit ta write into that pags. This read-eniy type of memory protection

B
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can be aiforded to pages that contain common data, subroulinet, or
sharwgd sigonthms. This typs of mémory protechion allows the access
rights to o grven mformation module {0 be vserdependant, That s, the
access nght o & gven nformation module mMay be vatied o0 different

* uyars by aftenng the access control key.

A page address register in #ach of the seis (Hernel and LUser modes)
may be 38t up to relerence the $me phydicH page {n memoary and
eath may ba heywd for diferent access rights. For exampls, the Lser
acc#3s cantrol hey might ba 2 (read-only scotss), and 1ha Kpmal Sccess
cantrod hey rnight be & (allowing complete resd/write access),

8.1.3 Hump:c Adgresd Space

There are two complets sepatate PAR/PDR tatz provided: one “sut for
Karnel mode snd one et for Usar moda, Thiz sffords ihe timesharing
syitem with snothar type of mamory protectlon capability. The mode of

operation |$ spegified by the Processor Status Word Current mods field,
or pravious moda Meld, as determingd by the current instruction,

Assuming the :urn;eni mode PS bits sre valid, the aclive page register
»ofd irw enabisd ns 1Dlows:

PS{utelS, 14) PARIPDR 5S¢l Enabled
e 1] Kernel mode

% ) } iMegal (alt references ubort¥g on access}
11 User maoin

Thus, & User mode program is relpcated by ils own PAR{PDR S&t, 4z are
Hernel programs. This makes d jmpossibig for & program running n
one mods to accidantally reference xpace dflocated 1o anpther moda
when the active page registars ara gt carrectly. For gxaMmple, 8 usar Can-
not transfer ta Kernel space. The Ketnel mode addsress space may be ne-
sarvird for resigent systam monitar funciions. such #% The bazic bnpytf
Cutput Control rougtines, memory management (cap hardlers, and time-
sharing scheduling modules, By dwldmg the types of timegharing syat#m
programs [unctionally between s Kernet and User modes, & minimum
amourl of spage contral househesping is reQuwred 33 the timeshared
opersting sysiem Séquances from Qne user program to the neat, For
waample, only the User PAR/PDR sat needs 19 be updsted as gach ntw
uter program is sarviced, The two PAR/PDR wets implamented in the
Mamory Massgament L'nit are Shown in Figure B-1.

&4  ACTIVE PAGE REGISTERS .

The Mamory Msnagement Unit provides two sats of ¢ight Active Page
Ragittars (APR). Each APR consists of & Page Addressy Register (RAR)
sng & Ppge Dwscriptor Regigter (PDR). Thest registers are always used
a5 & pair and contgin all the information required to lotate and descnbe
the cucrent astive pages for each mods of pperation. One PARI/PDR st
i u3ed in Karnal moda and the other is osed in User mode. The cur-
rant mode hity (o in some cases, the pravious mode ity of the Proces-
sor Status Word detarmine whh s2f will be relerenced for esch
memory acCess. A program Dperating in one made canmol use the PAR/
PDR weis of the other mode 10 scoess meamary, Thus, the two saty ere

a7
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a hey festure in providing a fully protecied anvironment for 8 Lime-
shared muwiti-pragramming systam.

A spacilic processor /O addrias it assigned to sach PAR snd POR of
anch s4t. Table 7-1 is & compiets list of sddmety msslgnment.

NOTE
UNIBUS devices cannot access PARS or PDRs

e & fully-protected multi-programming anvironmeni, the implication is
that only & program cpaerating in the Kerpel mode would be siiowed ta
write into the PAR and POR locatlans lor 1he purposa of mapping user's
programs. However, there ary ng Festrants imposed by the logic that
will prevent Liser mode programa from wnting into thesa registers. Tha
gption of implamenting such s teature in the oparsting sysiem, and thus
sxplicitly protecting these locations from user's programs, ia avaikable
to the sysiem software designer.

Tabie B-1 PAR/PDR Address Assignmants

Kernal Active Puge Registery User Actvg Page Regisiers

Ho. FAR FDRA MNa. PAR FDR
O 772340 . 773300 Q TFTG4AQ FFIe00
i 7razaz 772302 | FTMbAZ 777602
2 Fraidd 2304 2 7I7644 TI7604
3 FT2}5 TG 3 717645 TI7608
4 ¥72350 2310 4 717650 777810
5 rrasng - ¥rasnz 5 752 FIIEL2
& TTE354 772314 & 777654 77614
7 772356 Fr2A14 7 TI7656 777616

841 Page Address Registers {FAR)
The Pags Address Register (PAR), shown In Figure B4, containy tha

" 12-bit Page Address Fiid {PAF) that specifies the base sdoreas of tha
page. . .

Figure B-4 Page Addrass Register

Bitk 15-12 are unused and maaned for poasible future ey,

The 'Page Address Asgister may be afternstively thought af as & relo-
cption constart, or a3 B base register contmning & Base address. Either
Interpretation indicstes the basic function of the Peages Address Ragister
(PAR]) in the resocation schame.

" 8.4.2 Page Descriptor Ragisters (POR)
The Fage Descriptor Registar (PDR), shown in Figurw B-5, coniming in-
fermation relative to page axpandion, pagw length, and sccess Gentrok

* 28

' AFC Kay

Gl T~ BT < 1

Figure 8-5 Pags Dwscriptor Register

Access Controd Fisdd {ACF) .

This 2-bit fiald, bits 2 and 1, of the POR describes tha sccess rights 10
fhis particuler page. The access codes of “keyy" specfy the manner
in which a page may be accessed and whether or not a Evan atesd
#iould rasult tn an abart of the current operation. A memory reference
ihet cauvzan an abort Is not compisted and is terminated immediately.

Abcrts arm caused by stterpis Yo scewss nomresident pagra, page
length wrrars, of access violations, such a3 sttempting to write inlo @
rad-orly Foge. Traps are used &% sn gig in gathering memory manage-
mant infgrmaton.

In the context of sccess control, the term “wrile™ i used o indicate
the action o! =ny instruction which modiffes the conteats of any ad-
dressable wOrd, A “‘write™ is symonymous with what iy ususibe Falled =
“siom' or “modily™ In many computer systems. Tabla 8-2 listy the ACF
keyz andd their functions, The ACF is written Into the PDR under program
control, -

Tubie B-2 Access Comrol Flekd Keyy

Dwscription Funchion
D0 9 Mon-reyident Abort any atternpt to sccess this
non-resident page '
01 2 Rusident read-gnly Abort any stt#mpt 1o write into
; this page,
10 4 (unuzed) Abort all Accestay
11 & Resident resd] write Resd or Write asllowsd. Mo trap

or abort occurs, '

Expangion ODirection {ED)

The ED bit kocated in PDR bit pegition 3 indicates the suthorzwd direc-
tipn in whith the page can expand, A logic 0 in this bit (ED = 0} fndi-
caisy the pags can expand upward From relative zeto. A logic @ in thid
bit {ED == 1} indicates tha page can sxpind cownward toward relative
2a¢p. Tha ED It i3 written into the PDR undar program control. When
the sepansion dimctlon I upward (ED = O}, the page agtiis incressed
by adding blocks with higher relative addreasss. Upward eEpannion y

“usyally specified for program or dats pages to add more grogram or
. tabie npace. An sxemple of page expansion upward Iz shown in Figurs 5-6.

When the sxpansion direction is downward (ED = 1}, the page length is
mncreased by sdding blochs with lower relative sddrizsss, Downwarsd
#xpansion i% spacified for stack pages so thal mors stsck tpace can be
added. An sxampte of page expantion dowrwsrd s shown in Figure B-7.
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To speaily a block length of 42 Jor an upward expandable page, wrile
highest authorized biock no. directly into gh byte of POR. Bit 15 s
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Figure 86 Exampie af an Upwar? Eapandable Page

8-i0

Written Inta (W .

The W kit located in FOR it position 6 indicates whethar the page has
been whtten intd since  was kaded into memory. W =1 is afirma-
tive. The W hit is automatically cleared when the PAR or POR of ihat
page iz writtan infg. it can only be set by the cantral Iogic,

In disk swapping and memory overlay apglications, 1tha W bt {bit 6} can
be uzed to Jeterrune whizh pages in memory have besn modifred by a
vsar. Thoge that have beon written inte rmust be saved in 1her currant
form. Those that have not bean wrllten into {W = 0}, need not be saved
and can b overlaysd with new pages, il necessany.

Puge Length Fied (PLF)
The ¥-bit PLF located in POR [bits 14.B) specifies the authorized langth
of the page, in 32-word blocks. The PLF holds block numbers from O to

177,; thus allowing any page tength from 1 to 128 , blocks. The PLF
in whtten in ithe POR under program eontroi, .

PLF for an Upward Expandabis Pags

Whan the page éxpands upward, tha PLF mouit ba $et Lo one less than
the intanded aumber of biocks authenzed lor that page. For ezompie,
if 52, (42 .} biocks are authorized, the PLF is s#t Lo B1, tal 1 (Figure
8-5). The hardware compares ihe virusl sddress block number, WA (bits
12:6) with the PLF to detarrmine if tha virtua! sddress is within the au-
thorized page length,

When the virtual address block numbar is iegs than or #qual |a the PLF,
the virl.sl sddress is within the authonzed page (ength. 11 the virtual ad-
drezs i3 greater than the PLF, a page length fault {address too high})
is detectad by the hardwars and an sbort occurs. In this case, the vir-
tuel sddress space legal to the progrem |5 non-contiguous becauss fhe
Lhrae most signiflcant bits ol the virtual acdress ars used to seiect the
FARIFCR pet

PLF for & Diwniward Expandable Pags

The capabilty ol providing downward expension for a page & intended
seecibically for those pages that are to be used as stacks, In the POP-11)
a stack starts at the highest location resarved far 1t and sxpands down-
ward toward the lowest address as items are added ta the stack.

¥hen the page is 10 be downward expandable, the PLF must be et to
sythorize & page lngth, 1 blocks, thet starts at the highest address of
the paga. That Is always Block 177 . Refer to Figure 8-7, which shows
an expmple of & downward expandable page. A page length of 42, .8
brocks 1 arbitrarily chosen $o0 that the exampls can ba comparsd with,
ihe upwerd =xpandable axampls showna in Figure 8-6.

- NOTE .
The same PAF i3 usad in both examphes. This is et
done to emphanze that the PAF, as the base e

. address, always determings (he lowest address
+ of tha page, whether it |6 ypward or downward
expandable.

B.11
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Figure B-7 Example of & Downward Expandabte Page
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The calculations for camplementing the number of blecks required ta
obtain the PLF 15 as follows:

MAXIMUM BLOCK NO. MINUS REQUIRED LENGTH EQUALS  PLF
177, - 52, = 125,
127, —- 42,, = a5,

8.3 WVIRTUAL h PHYSICAL ADDRESSES

The Memary Management Unit is located between tha Central Processor
Unit and the UNIBUS address lines. Whan Memory Management is
senabled, the Processor ceases to supply sddqess information 1o the Um-
bus. Instead, sddrestes are sant to the Memary Management Umt whers
they are relocated by verious constants computed within the Memary
Managamant Unit.

5.1 Construction of » Phrysicat Address

The basic information needed (or lhe construction of » Physitsl Address
(PA) camas from the Virtual Address [VA], which j§ diustrated in Figure
BB, and the sppropridie APR st

11 [P} L[]

Lo L. v, i |

aC el Pk SRl v, el #8020

Figure 8.8 Interprétstion of & Virtysl Addresa

The Virtuat Agdress (VA) consists of:

1. The Active Page Fisid {APFh This 3.bit feid detérmingy which of
wight Active Page Registers {APAD-APRT) will ba used 10 lgrm the
Physical Address {PA).

2. Tha Displacement Fiyld (OF), This 13-t field contpine an address
relative 12 tha Leginning of » page. This permits page lengths up to
AK words (2'F = BK bytes). The DF s further subdvided into two
fie'ds as shown in Figure B-9.,

* { - I

[ = RFT 1] A LT e '

Figure 8-9 Displacerment Field of Virtual Address

The Displacemant Field (DF) cansisty of:

I. The Dlogk Mumbar (BN). This 7-hit fierd I int#rpreted a1 the block
numbagr witfun the gurrent pagse.

2, Tha Displacemant in Bieck (DIg). This &-bit fisld contains the dis-
placement within the block refarred to by Lha Block Noembar.
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The rammnder of the information needdd to construct the Physical Ag-
dress comes Irom the 12-B4 Page Address Fraid (PAF) {part of the Achive
Page Ragiiter) and gppecifies the starting sddrass of the memary which
that APR describey, The PAF is sctuslly & bloCh Aumber in the physcal
mamory, 4.g. PAF = 3 indicates 3 starfing Iddl“l of 96, (3 x 32 = 96)
words in physiCal mamory.

The jormation of the Physical Address s illustrated in Figurs &8-10.

C==s & __J=u-

Figurs 8-i0 Construction &f a Phruncal Mdnn

The lagrtsl vequence involved in construching a Physical Address (5 as
Folhyors

1. Swact o ot of hﬂm Page Regisiary depending on current made, -

2. Tha Active Page Fiald of tha Yirtusi Address is used to seHct an
Active Page Registar (APRO-APRT),

3. Tha Page Addrnas Fitkd of the salecied th Page Register con-
tainy the sterling sddrets of the curreatly active page as & block
aurnbar in physical memory.

4. The Biack Numbar from the Virtus! Address is added-to the Block

. number from the Page Address Fleld fo wwld the number of tha

tlock In physles memory which wil contain the Phytical Acdress
being consthuttng,

5. The Digplacemant in Biock from the Displacement Field of the Yirtual
Address is jolred ta the Physical Bloth Numbtr to yiald w true 18-bit
Physical Addrazs,

£5.2 Delermining the Program Physical Addres

A 16:-bit virtual address can specily up ta 32K waordy, in the range Irnm
0 to 177775, (word boundsries are #ven octal nurmbers), The three
most pgmificant virtual address bits damgnate Lhe PAR/PDR s2t 1o be
referanced dunng page Mddress reioCstion, Tabie 8-2 listy the winual
uddress ranges that apacily sach of the PARSFDIR yeta.
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Tahia 8-3 Ralating ¥irtusl Addrtas to FPAR/POR Set
Virtual Address Range -PAR{POR Sot

000000-17 776 &
O200(N-37 776
40000-57 776
OGOOGG-77 776
100000-112776
120000-1 37176
140000-157 776
160000-1¥ 76

o LT e Lk Py b

HOTE

Any us® of page lengths lexs than 4K wortls

causes holes to b8 lft in thl wirtusl address

Lpace.
BE STATUS REGISTERS
Abgris genarwtwd by the protechon hardware are victored through Kernel
wirtual locetion 250, Status Ragisters &0 and # 2 are used to determine
why the abort occurfed. Note that sn abort to a iocation which s ipsell
an imvalid sgdress will cause snother abort. Thus the Kernal program
must insure That Kemel Virtud! Addreay 250 is mapped into & wvalid ad-
dreis, otharwise 8 lo0op will pecur which will require conscle intervention,

EE1 Simiys Regittor D (SRD)

SRO containy abor! #rege ags, mamory managermant snabde, plus other
aiantial Informatian réquired By an operatng Systermn Lo recovar from
an abort or gervice a memory mansgement trap. The SRO tormat 1w
shown in Figure B-11, Its addreds is 777 572,

CITT T 1)
= |

_ Figurs 8-11  Format of Status Register #0 {SRO)

Bitg 1513 are the abort flags. They may be considered bo he in A
“priority quaus” In that "“flagy 12 the right'" are ey signihicant ang
should b8 ignored. For wxample, 4 "non.cesident” abort service routine
would ignovs page length and sccess control Bags., A “page length”
abort service routing would jgrore an accesd control ault.
NOTE
Bit 15. 14, or 13, when set (abort conditions}
cause the logic 10 freeze the contants of 5R0
, itz 1 to & and status register SRZ, This 53 donk
1o facilitate recovery from the abort.
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Prabection ts #nabled when an addreds is being relocated. This tmplies
that sither SRO, bit O is equal to 1 (Memory Managemaent snebled) or
that SA0, bit 8, i3 squal t» 1 and tha memory refarence is the fnal one
of a destination calcolstion (maintenancs/destination moda).

Mote that SRO bhits 0 and B can be wt under program controd {0 pro-
vide mesningful memory managemant canirol information. Howevar,
infermation written intoc sl gther bits (& not meaningful. Only that in-
formation which is automatically weitten into thass remaining bits &5 a
resutt of hardware actipns & usedul &8 & monitor of ihe status of the
tnemory managsment ‘wnit, Setting bits 1533 under- program  eontrol
will not cauye traps 10 occur., Thesd bits, however, must ba reast to O
after an abort or trap has occurred in order to resume monitoring
Mamory management,

About-Monresident .

Bit 15 is the “Abort-Nonresident™ bit, it Is sef by sttempting to acCess
& page with an mccedn control field (ACF) key equal to O ar 4 or by an-
abling resocation with an lllegel mode in the PS. ’

Abgrt—PFage Langth

Bt 14 i3 the “Abort-Fage Length™ Dit. i 13 set by attempting to wcoess
& focation In & pags with & tlock number [virtus) sdemrss bits 12-5) that
is outsige the arma suthorized by the Page Length Fimd {PFL) of the
PDR for that page.

Abort-Rasd Ondy - N
Brt 13 iz the “Abort-Resd Only™ bit. It & 5t by sttempling to write in 2
"Read-Only™ page having an aconss hey of 2.

NOTE
Thare are ng mestrictions that any abort bits
could pat be et simultansgualy by the same
acoass attempt.

Maintenance! Destination Mods

Bil B specihies enmintenance use of tha Memary Mansgement Unit. It is
vied for dagnostic purpodss. For the instructions used in tha initia)
guagnostic program, bit 8 iy set 3o that only the finel destination refer-
enca i3 relocated, It in useiul to prove the capabiliy of relocating
agdresses,

Mods of Operation . .
Bity 5 #nd & indicate tha CPU mode (User or Kernel] sssociated with
tha page cauvsing t mbort. {(Kemel = 00, User = 11).

Page Numbsr .

Bits 31 contain the page number <f refarence, Pages, like bioeks, are
numbered from O upwards. The page aumber Bt is ueed by the sror
récovery routing to idenl:fy the page biing scoessed if an sbost OCturs,

Enable Relocation and Protection
Bit O is the "Enable™ Bt. Whan it 3 wat ta 1, all sddresses re relocated

B-16 .

and protected by the mamary mansgemnent unit. When bit O is sat ta O,
thé memory mansgemant unit is dizabled snd agddrethes gre ngither -
kacated nor protected.

B.6.2 Status Registor 2 (SRZ)

SR2 is loeded with Yhe [G-bit Virtral Address (VA) at the beginming of
sach [nstruction fetch bot is not updsted if the (pstruction feteh fails.
SR is ruad only; » write sttemnpt will not modify its contents., SRY is
the Virtual Addiess Program Counter. Upon an sbort, ibe result of SRO
bite 15, 14, or 13 being set, wili frenze SR? urnti! the SRO abort flage wta
¢leared. The address of 5R? i3 777 576, -

-

1_‘ -
. r b AL AL ],"ﬂ“m.

Figure B-J2  Format of Status Registar 2 {SR2))

L7 INSTRUCTIONS -

Memory Managemant provides the ability to communicets betwrkn Two

spaces, 8% deiermined by the current and previaus modex of the Pro-
cesvor Status word (PS), . '

Mnemonic lastruction Op Code
MFP1 mave 11 pravious instruction space 00555 S
MTPI move ta previous instruction space » 006600

. ‘MFPD move fram prvious Eaty space 106555

" TMTPD mave to previous dale space 108500

Thata instructions are directly compatilie with the largar [l computen.

Tha PD™11/4% Mamory Management unit, the KT11-L, implemants A
seperate iostruction and deta addrwss space, In the PDP-11734, thare
Is aa diffurantistion betwsen instruction or dats spece. The 2 Instryctions
MFFD and MTPD (Move 1o and from previous dats spete) execute kKen-
tically to MFPL ang MTPY,

[
[
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MFPD

MFPI -
move from previcus dats space IDG558
move Trom previous instroction Space DOGSSS

1] ) ¥ 3 ]
]ﬂ'ﬂ -] ﬂll‘l‘I!1_‘l-—|[tll lll t‘-ti
Cperation: {temp) +(src)

L{5P}«(temp)

Corgition Codes:  M: set il the source < 0: otherwise cleared
I: sat il tha source =0 ptherwise cleared
¥ cleared
£ unaffected

Oraaeription: This instruction pushes & word onto the current stack
from an sddress in pravicus space, Processor Status
(bits 13, 12). The wurce sddrtss is computed using
tha currant registery and memory rmep.

Example: MFFI @ (R2) ?g; i“ggﬁﬁ

The exscution of this instruction Ciusis the conatents of (rilatiu]
37526 of tha previous Mddreas sDACR to be pushed cato the Current
stach wa determined by the PS5 {bits 15, 14).

‘g1

MTPD
MTP!
mve to previous data Space . 106600
M Lo previcus Instruction space OOE6DD
1} . F )
| L] B & » 1 1 a I 1 ? i i d 4 | d
' - - ' A i " a i " L -
Opexathon; (temp) ~{5F/ 1
(dut) —(tamp)

Condition Cotdes: N: st the spunia < 0: otherwise cleared
L sutdf the sguecs = Dtherame clesmmd
N V. cleared i
C: unaflected

Daseription: This ingtruction pops & word a¥ the current stack
determined by P§ (bits 15 14} and ctores that word
ity an addreyy i previous space PS5 (i 13, 120
The destination address (% computed usming the cur-
rent registers and mempry map. An example is s
' foligwn:

Exarmpie; . MTPI g {R2) T&; ;Dggsﬁ

The axacution of thiv instruction ckuses tha top word of the curment
stack 1o get stored into the [relstive) 37326 of the previous addresy

pace.

9T
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A
MTPl AND MFP1, MODE O, REGISTER & ARE UMIQUE iN THAT THESE

INSTRUCTIONS ENABLE COMMUNICATIONS TO AND FROM THE PRE-
VIOUS USER STACK, ’

: MFP1, MODE 0, NOT REGISTER 6

MOY  #KM4PUM, PSW
MOV &1, ~2(6)

: KMODE, PREY USER
: MOVE —1 on kernel sinch =2

CLA =0
ING & #3P0 3 ENABLE MEM MGT -
MFPI %0 : = (M5 RO COMTENTS
The —1 in tha kernal sinck i3 now replaced by the contents of RO which
o
: MFPI, MODE D, REGISTER &
" MOV #UMPUM, PSW
CLR %5 :SET R16=0

MOV KM -PUM, PSW ; K MODE, PREV USER
MOV # -k =2 (B
NG &SRO ; ENABLE MEM MGT

MFPI %6 ; ={KSP)+R16 CONTENTS

The —1 in the aerrel stack o now replaced by 1he contents ol R16
(usar stach pointar which is D),

To obtain infe fram the user stack if the status s sat to kernel mode,
priry waer, baa steps are reded.

MFPl 45 : gut contants of R16—user pointer
' MFPI  &@(5)+ ; et ugar pointer from karnel steck
. D ! une sidress citaned to get data
. "+ trom paar mnde using the prev

- ; mode

. The desited dats from the usar sbach is now in the kernal stack and hes
raplaced tha user stack sddress.

82

-y
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: MTPI, MODE O . MOT REGISTER &

MOV & KMLPUM, PSW i KERNEL MODE, PREY USES
MOY ¥ TAGX, (6) P PUT NEW PC ON STACK

INC @ #SR0 ; ENABLE KT
MTP w7 . I %7 e84
HLY : ERRQR

TAGK:CLR @ # 5RO ; DISAGLE MEM MGT

Tha naw PC is poppad off tha current ctack and sincs this is mods O and
not registar § the destination is reglster 7.

i MTPL, MOOE 0, REGISTER &

MOV # UM4PUM, PSW
CLR %6

MOV #KM.4PUM, PSW
MOY  #—1, —(6)

INC @ #5SRO

MTFF %6

5 uxer mode, Prev Uner

: st user SP=0 {RLE)

T Kernel mode, prey ol

: MOYE ] into K stach {RE)
; Enatle MEM MGT

i %%le ~(6)+

The & in R16 i1 now replaced with —1 from tha cortents of the aernel
stack,

To plléc info on the user stack if the status is 2ot to kernel mode, pravw
uses modd, 3 wperate steps are nesdad.

MFP) w6 : Gt conten? of R1&=user pointer
MOV ¥ DATA, —{B} ; part date on Current stack
MTF P&+ i E{6}+ [Fral nddress riocaisd] ~

(RE)+

The duta desired is obtained trom the kermel stack then the dastination
ﬂiidrru 18 obtained from the kemel steck and relocated through the pre-
wipua moda,

2T
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Made Description

In Ketnet #hode the operating program has unregtricted use of the
. machine, The progrdm can MAp users programy enywhare in cora and

thus sxplicitty protect hey aresy {including the davice registers and the

Processor Slatus word] from the User oparating envirdhment,

b User mode a program is inhibeted from executing 2 HALT instrection
and [he processor will trap through locetion 10 W an attampt 5 Mads
1% mueacute this instruction, A RESET instruction results in axecwtion of
& HOP {no-oparation) irstruction,

Thare are twa stacky Called the Kerne) Stack and the User Stack, uvisd
by the cantrel processor when operdting in siher the Kernel or User
mode, reypactively .

Stach Limit violabhons sme disabled in User mode. Stack protection s
provided by memary protact features.

Interrupt Conditions

The Memory Management Linit miocales all addresses, Thus, when Man.
Agemant i enablag, Al trap, Abort, and interrupt veciats drm considared
to be in Kernel mode Yirtud! Address Space. When a vectgred transier
oecury, contegl is transferr®d sécording o & new Program Counter (PC)
#ng Proctazor Status Woed (PS5} contained in 8 two word vicios Feiocated
through the Kernel Attiva Page Ragister Saf,

. Whan a trap, wbort, oF intecrupt ofcurs the “push® of the old PC, old PS
1% 1o the Userfgemel R6 stack specifed by CPU mode bits 15, 14 of the
new PS5 in tha wector (DO = Mernel, i} = User). The CPU mode ials

] also detarmine the new APR sat. in this manner it is possible for a

i Rarnel mode program 1o have complete conlrol over senvce s1signments
1] for gl interrupt condilions, sInce the infterrapt vector is oCates in Kernet
ipack, The Karte| Program may sssign the sennce gf some of thése con-

;:_Ii gtions to & Uper mods program by sinply setbing the CPU meode bils

K ¢l the naw P5 in the vector to return control to the appropriale mode.

User Processar Status (P5) cperates &3 Tolkows:

Uner Traps, Explict
5 Bits Usar RTI, RIT Interrupts FS Arcey
© Cond, Codes (349 loaded from - losded from .
' . stach vector
Trap (4} loaded from joaaed from cannct be
- e h vector changed
. Priosity (7-3) cannot be laded from *
. .changed vactor
SR, Previcus {13-12) £annot be copiad tram .
AN changeg F5 {15, 14)
Currert (13-14) cannct be toaded frem -
changed wector

* Erplicit oparations can be made if the Proctisor Stltu: I mapoed in
User 3pata. . e

822 C



MINICOMPUTERS FOR ENGINEERS NTERRUPT SYSTEMS
AND SCIENTISTS.

59, Simple loterrupt-system Operations. In an imcrrupt system, a

device-flag level (INTERRUPT REQUEST) interrupts the computer

program on completion of the current inslruction.  Processor hardware then
G. A, KORN. causes 1 subroutine jump [Sec. 4-12):

l. Conlents of the incremented program counter and of other selected
processor registers {if any) are automatically taved in specific memory
lecations or in spare registers.

2. The pragram counter is reset [0 start a new inslruction seguence
{lnterrupt-service subroutine) rom a specific memery jocation {“trap

! location'™ associated with the interrupt. The interrupt thus acted

: upon is disabled 5o that jt cannol interrupt ils awn service routine.

Minicomputer interrupt-service routines must usually irst sape the con-
rents of processor registers {such as accumulators) which ore needed by the
main program, et which are not saved automatically by the hordware, We
mighl 2150 hawe 1o save {and later restore} seme peripheral-device control
registers.  Only then can the actudl interTupl service proceed: the service
rouline can Lransfer data after an ADC.conversion-completed interrupt,
implement emergency-shutdown procedures after a power-supply lailure,
elc.  Either the servioe roctine or the interrupt-sysiem hard ware must then
clear the interrupt-causing flag to prepare it for new interrupty.  The service
routine ends by restoring registers and program counter to returh to the original
program, lixe any subrootine (Sec. 4-12).  As the service routine completes
its job, it must also reenable the interrupt.

_—— iy -t - T

EXAMPLE: Consider a simple minicomputer which stores only the
program counter automatically after an interrupl. The interrupi-service
routine i to read an ADC after its conversion-complele interrupt.

Location Lahel [nstroction or Word Data Comments
{main program)

Fm e me m TR b

113 curtent instruction [ Interrupt occurs here

- -

L] 1714 incremented program
counter (1714} will be
stored here by hard-

!
{
/
| ware
/
i
/

0o01 JUMP 70 SRVICE Trap localion, coniains
jump lo relocatable
v 1800 SAVICE STORE ACCUMULATOR IN  BAVAC service routing

- m-
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SAVICE STORE ACCUMULATOA IN  SavaC | Save accumulator

READ ADC J Read ADC 1al0

}  accumulator and

] cleur ADC flag
STORE ACCUMULATOR IN X | Store ADC reading
LOAD ACCUMULATOR sAvaC | Restore accumutiator
INTEARUPT ON { Turn interrupl back on
JUMP INDIRECT VIA oGO0 } Return jump

/ Interrupted program
/ continues

(main program)

NOTE: [nterrupts do not work when the computer is HALTed, so we
cannof test inierrupls wiven 1epping a program marually,

£10. Muttiple Interrupts,  nterrupt-system operation wenld be simple il
there were only one passible source of interrupts, but this is practically
never trze. Ewven a stand-alone digital computer usually has several
interrupls corresponding ta peripheral matfunctions {tape unit out of tape,
prinler ocul of paper), and flight simulalors, space-vehicle controllers, and
processcantrol systems may have hundreds of different intzrrupts.

A practical maltiple-dnterrupt system will have ta:

t. “Teap” the program to &ffercnat memory locationy corresponding to
specific individual interrupts

2. Assign priorities to simultaneous or sUCCEssive interrupts

1. Store lower-priority interrupt requests to be serviced after higher-
prionty reutines are completed

4, Permit higher-priority interrupts to interrupt lower-priority service
routines as soon as the return address and any aviomatically saved
regisicrs are salely stored

Mote that programs andfor hardware must carefully save successive
levely of program-counter and register contents, which will have to be
recovered as needed. Inlerrupt-system programming’ will be further
discussed in Sec. 5-14,

“ure sophisticated systems will be able Lo reastign new priorities shrough
progrommed instencrions as the needs of a process or program change (s¢o
alse Secs. §-12, 5-14, and 3-16).

£.11. Skip-chain ldentification of Interrupts.  The mast primitive multiple-
interrupt systems simply OR all inlerrupt flags onto a ringle inrerripr fine.
The imterrupt-service rowtine then emplays sensefskip instructions {Sec. 5-8)
tn test sticcesaire device fags in ovder of descending prioriry.

* em e v memma s i ——— .-

143 PROGRAMCONTRALLED INTERME BT MASKI% =1

Suppose that the simple interrupt system discussed in See. 59w
connected not only to the ADC reguesting service bul alsa (o ““emergency
interrupts (rom a fire alarm and fram the computer power supply (Sec. 2-13
A skipchain service routine with uppropriate branches for fire alurm
emergency shutdown, amd ADC might Icok like this fonly the ADC servig:
routine is actually shown):

SRVICE  SW!P IF FIHE-ALARM FLAG LOW { Fire alurm?
HIMP TO FIRE J Yes, golo service
J rouline
SKIP IF POWER FLAG LOW { No: power-supply
! trouble?
JUMP TO LOWPWRA { Yes, gor 10 service
§ routing
SKIP JF ADC DONE FLAG LOW § N ADNC servige
forequest?
JUMP TO ADC J Yes, service it
JUMP TO EAROR / No: spunous
{ inlerrupi- print
Jd ertor message
ADC STORE ACCUMULATOR IN savac  f ADC service routine.

READ ADC
STORE ACCUMULATOR IN X

LDAD ACCUMULATOR SAVAL / Restore accumulatar
INTERRUPT ON { Turn mterrupis backd

{ on <
JUMP INCIRECT VIA D000 J/ Retern jump

The skip-chain system requires only simple electronics and disposes of
the priority problem, but the flag-sensing program is limeconsuming.
{n devices may require log; # successive decisions even il the flag sensine
1% dene by successive binary decisions). A somewhat faster method is 0
employ a flag stane werd (Sec. 5-8), which can be Lested bit by bil or used
for indirect addressing of different service routines (Sec. 4-11a).

Mote alse that aur primitive ORed-inlerrupt system must autormatically
disable aif intetrupts as soon and as long #s any interrupt is recopnived.
We cannot interrupt even Jow-priority interrupl-service roulines,

5-12. Program-controflled Tntereupt Masking. [t is often useful 10 enahlc
{armt) or disable |diszrm) individual interripts under program centrol 10
meet special conditions, Improved multiple-interruptl systems gate indi-
vidua! interrupt-request hines with mask flip-flops which can be set and reset
by programmed instrections.  The ardered set of mask Aip-Nops is uswally
trealed as a control register (interrupt mask register) whie lomded ‘with



appropriate 1y from an acenmulator thiough a progrumed [0
walruclion,  troups of intcerupts quile ofien have a cominon mask flip-
Nop (see alse Sec. 5-14).

A very impartant application of programmed masking instructions is 1o
give stlected portions of main programs (as well a5 interrupt-service routines)
pecater or lesser prodection from interrupls.

wote that we will have to restore the mask regisler on returning from any
interrupl-scrvice routine which has changed Lhe mask, s0 program of
hardware must keep track of mask changes. We musi also still provide
programmed instructions 1o enable and disable the entirg interrupt sysiem
wilhout changing the mask.

EXAMPLE: 4 skip-chain sysiem with mask flip-flops. Addilion of mask
Nip-fops to our simple skipchain inlerrupt system (Fig. 5-9) makes it
practical 1o interrupl lowcr-priofity servien roulines. Fach suck routing
wst won hee ity ewn wwanaey lucaiion (o sace Hie program counter, and the
mask muel be restored before the interrupt is dismissed.  The ADC service
routine of Sce. 511 is modified as follews {all interrupls are initially disabled):

ADC STORE ACCUMULATOR IN SAVAC

LOAD ACCUMULATOR 0000 { Save program

ETGRE ACCUMULATOR IN  SAVPC ] counter

LOAD ACCUMULATOR MASK | Save

STORE ACCUMULATOR 48 SVMSKE J  curpenl mask

LGAD ACCUMULATOR MASK 1 f Arm higher-

LOAD MASK REGISTER }  priorily inlerrupls
INTEARUPT ON { Enable inlerrupt system
AEAD ADC

STORE ACCUMULATORIN X

INTERAUPT OFF

LOAD ACCUMULATOR SVMSK { Reslore

LOAD MASK REGISTER §  previous

STORE ACCUMULATOR MASK { mask,and

LOAD ACCUMULATOR sSAVAD f  restort accumulalor
INTERRUPT ON

JUMP INDIRECT ViA SVPL ! Retwn jump

Since mos| minicomputer mask registers cannot be read by the program.
the mask setting is duplicated in the memory localion MASK. Some
minicomputers (c.2.. PDP-3, POP-15, Raytheon 706) allow only a restricted
sct of masks und provide special instructions which simplify mask saving and
restoring {see also Sec. 5-15).  Machines having two or mare accurnulalors
can reserve one of them 1o slore the mask and thus save memuory refercnces.
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Fip. 5%, Intcrrupi mesking.  The mask Mip-Dlops ure treatod ns a control regrater {mark regisier,

which can b clearad mnd loaded by 1O inatruchons.

5-13. Priority-interrupt Systems : Request/Grant Logic. We could replace
the skip—cham system of Sec. 5-11 with fardware Tor polling successive
interrupl lines in order of descending priority, but this is stili relatively siow
il there are many interrupis.  We prefer the priority-request logic of Figs.
5-10or 5-11, which can be |pcaled in Lhe processer, on special inlerface cards.
and/or on individual devicecontrolier cards.

Refer 10 Fig. 5-100. 10 the interrupl is not disabled by the mask flip-fiop
or by the PRIGRITY 1N line, 4 service request (device-Mlag level) will set the
REQUEST flip-flep, which is clocked by periodic processor pulses (LO
SYNC) to Bt the processor cvcic und to time (he priority decision. The
resulting timed PRIORITY REQUEST step has rhree jobs:

1. It prt?:nabll:s the “ACTIVE™ Rip-fAop belonging 1o the same interrupt
circuit.

2. 1t blocks lower-prionity inlerrupls,

3. It informs the processor thal an inlerfupt is wanted.

if the interrupl syslem is on {and if there are no direct-memory-uccess
requesls pending, Sec. 5-17), the procosser answers with an INTERRUPT
ACKNOWLEDGE pulse just before the current instruction is completed
{Fig. 5-13). This scis the preenabled "ACTIVE™ flip-fop, which now gales
the correc! leap address onta 2 set of bus lines—the interrupl )5 wetive.
INTERRUPT ACKNOWLEDGE also resets aff REQUEST flip-flops to
ready them for repeated or new priority requests,

Each intercupt has three stales: inactive, waiting [dcvicc-l'lng ip-flop seLl.
and setive. 'Waiting interrupta will be serviced as soon as possible.  Unless
reset by program or hardware, the deviee lag mainlains the “wailing™ siake

T2
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Fle. =8, Privoy-cham timingiyucuing g Far ope device (see also the Liming Jiagram of
Fig. 5121 The ACKNOWLEDSE line o5 vomimon 1o it imlerrupls on the chain. Nate how
the Mp-fiupn are Limed b the proccwnt-sepplead 10 SYNC pulsen, MASTER CLEAR &
il b b prcncased whenceer mawer s Tefiad on, am) through a console poshbutien,
rowd Bap-aps ntally,  Sfany diferenl mesdywcateons of this aeil 2eit (s=2 alw Fig. 511
Simalar bogg s sed B direg-mg oy -avcess ngy uektsy,

while higher-priority service routines run and even while its interrupt is
disarmed or whele the entire imterrupt system is turned off,

5.14. Priority Propagation and Priority Changes There are two basic
methads for suppressing lower-priorily interrupts.  The first is the wired-
priority-chain method illustrated in Fig. 5-10.  Referring ta Fig. 3-10a, the
PRIORITY IN terminal of the lowest-priority device is wired 10 the
PRIORITY OUT Lerminal of the device with the next-higher priority, and
so on.  Thus the 1imed requests from higher-prionity devices block lawer-
priority reguests.  The PRIORITY IN terminal of the highest-priority

142 FRIQRITY FROPAGATION aNIY PRIGRITY 1 [JANGES 514
Shgim Cha:n
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Fit. 5100 s o Wired-cham prwarity-peopagation ¢imuits.  Sie cach subsystem fand i
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device {usually n power-failure, parity-grroe, or real-time-clock interrup
in the provessor sell) connects to a progessor fip-flop {“master-mash ™
flip-Nopy. which can thus aeny or disarm the cntire chain [Fig. 5-104 and ¢,

The computer program can loid mask-register Nip-Nops (Fig. 3-10a) 10
dicqem sclected interrupts in such a wired chain, but the relative pricrities
of all armed intecrupts are determined by their positions in the chain. 110
passible, though, 1o ussign te o or more different priaritics to a given device
{lig: we connucl il 10 tWO OF MOTe Sepitrale priovfily circuils in the chain and
arm ane of them under program or device contral.

Figure 5-11 illustrates the second fype of priority-propagation logic,
which permits every armed interrupt to set its REQUEST flip-Rop.  The
timed PRIQRITY REQUEST steps from different inlerrupts are combined
in a “priority-arbitration gate cirenit, which fets only the highest-priority
REQUEST step pass ta precnuble its “ACTIVE™ fip-Aop. Some larger
digita! computers tmplement dynamic priority rellecation by mndil'}rlin‘g
their priority-urbitration logic under program control, bul most mini-
computers are contenl with proprammed musking. v

The two priority-propagalion schemes can be combimed. Several mint-
computer systems (c.g., PDP.2, PDP-15) employ lour separate wircd-
priority chains, each armed or disarmed by 2 common “master-mask”
flip-flap in the processor.  [ntefrupls [rem Lhe foor chains 2re combined
through a pricrity-arbitration network which, together with the program-
conlrolled “master-mask ™ fip-Nops, estublishes the relative priorities of the
four chains.

%1% Complete Priority-interrupt Systems, ()} Program-controfled Ad-
dress Trapsfer.  The “ACTIVE™ Rip-Nop in Fig. 5-107 or 5-11 places the
starting address of Lhe correct interrupt-service routine an a set of uddress
lines common 1o all interrupts, Automatic or “hardware™ priotity-
interrupl systems will then immediately trap 10 the desired address (Sec.
$.15h).  But in many small conmputers [e.g., PDP-8 series, SUPERNOQVA),
the priority logic is only sn add-on card for @ busic single-leve! (ORed)
interrupt system. Such systems cannal access different rap addresses
dircctly.  With the interrupt system on, erery PRIORITY REQUEST
disables further interrupts and causes Lhe program 1o trap to the same
memory Jocation, 1ay 0000, and 1o store the program counter, just 2s in Sec.
5.9 The trap location contains a jump 1o the service rontine

SAVICE STORE ACCUMULATOR IN SAavac [/ Unless we have
Jj dspare
J  accumulator
READ INTERRUPT ADDRESS
STORE ACCUMULATOR IN PTR
JUMP INDIRECT WA PTH

149 COMPLETE PHIGHITY-INTERRE ST SyaTt Ay 5

"

READ INTERAUPT ADRRESS 13 an ardinary [0 instruction, which ¢mplo
a device selector to read the interrupt-iddress lings tnte the aecumu’m
(Sec. 590 The 1Q2 pulse from the deviee se'sctor can serve as th
ACKNOWLEDGE pulse in Fig, 5-10a or 5-11 1in fect, the “ACTIVI
flip-flop can be omitled in this simple system).  The program then transie
the address word to a poinker location PTA in memory, ind an indire

Jump lands us where we want to be,

Unfortunately, the service routine for each individuwal device, say f
an ADC, must save and restore program counter, mask, vad accumut.L

{sce also Sec. 5-12):

ADC LOAD ACCUMULATOR D000
STORE ACCUMULATOR IN  SAVPC
LOAD ACCUMULATOR SAVAC
STORE ACCUMULATOR IN SAVALZ
LOAD ACCUMULATOR MASK
STORE ACCUMULATOR IN  SVMSK
LOAD ACCUMULATOR MASK 1
STORE ACCUMULATOR MASK
LOAD MASK REGISTER
INTERRAUPT ON -
READ ADC J Useful work
STORE ACCUMULATOR IN X J done only here
INTERRALIPT OFF
LOAD ACCUMULATOR SVMSK .
STORE ACCUMULATOR MASK .
LOAD MASK REGISTER C
LOAD ACCUMULATOR SAVAC 2
INTERRUPT ON
JUMP INDIRECT VIA SAavPL

Note that most of the time and memory used up by this routine is overheac
devated to sloring and saving registers.

(b} A Folly Aucomatic (“Hardware™) Priorlty-interrupt System.” [noar
nutomatic of “hardware” priority-interrupt system, the “ACTIVEY flip-flor:
in Fig. 5-102 or 5-11 gates the trap address of the active interrupt inta the
processor memoery address register as soon as the current instruction is
completed (Fig. 5-12). This requircs special address Yines in the input
cutput bus and a little ¢xtra processor logic,  This hardwitre buys improved
response time and simplifies programming:

!. The progrem traps Immediately to a different trap location for each
Interrupt; there is no need for the program to identil the inlerrupt.

2, There is no need to save program counter and registers twice us in
Secs. 5-1). 5-12, and 5-15a,
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In a typical system, eich hardware-desigrated trap location is loaded with
a modific] JUMP AND Save instruction (Sec.2-11). s effective address,
sy SRVICE. will store the interrupt return mldress {plus some status hitsk
this is followed hy the interrupt-service routing, which can be relocatable:

SRVICE XXXX / Incremented program-
/ counter reading
/  (return address)
{  saved here
STORE ACCUMULATOR IN SAVAC  / Save acqumulator

LOAD ACCUMULATOR MASK / Save current
STORE ACCUMULATOR IN $vmsK [/ mask
LOAD ACCUMULATOR MASK 1§ et

ETORE ACCUMULATOR IN MASK [ pow
LOAC MASK REGISTER / mask
INTEARUPT ON

READ ADC J Actual work begins here

Saving {and tater restoring) the interrunt mask in this program is the same
as in Secs, 5-12 and 5-15« and is seen to be quite & cumbersome operation,
A lintle extra processor hardware can simplify this job:

{. We¢ can combinte thy LOAD MASK REGISTER and INTEARUPTION |

instruclions into a singhe 1/0) instruction,

151 DH%CLS%HIN GF STERHD PSS STEAL FEATUHES 5% APl i a sy £

2. We can use only musks disarming aff interrumts with prioritics Aefow
level 1,2, 3,.... Such simple masks are cisier 10 store aute-
metically. B

’ 1

In the more sophisticated interrent systems, the imterrupl rcturn-jump:i

instruction is rephiced by a special inslroction [RETURN FROM INTERAUPT),
which automatically restores the program-counter reading and all auto-,
matically saved registers. [Be sure to consult the interfave munual for your *
own minjcomputer 10 determing whick hardware features and sofllware™
technigues are available, .

5-16.9 Discission of Interrupt-system Features and Applications.  Interrupis
are the basic mechanism for shuring a digital computer between different,
aften 1I'1TI1¢-CI'iTiL‘:I|. tasks. The practical effectivensss of u minicomputer
interrupl system wil] depend on:

[. The time peeded (0 service possity critical sitaations

2. The total time und pragram overhead imposed by suving, restoring, and
musking operations assaciated with inlerrupts

3. The number of priority levels needed versus Lhe number which can be
readily implemented

4, Programming flexibility and convenicnce

The minimum time needed to obtain service will include: i

1. The “raw” [atency time, ic.. the time necded te complete Lhe longest
possible processor instruction {including uny indirect addressing):
most minicompulers are atso designed sa that the processor will
always execule the instruction lollowing any 10 READ ur SENSE/
SKIP instruction. We are sere yvou will be able 10 el why! Cheek
your interface manual,

2. The time negded for any necessary saving and/or masking opcration.

A look at the interrupt-service programs of Sees, 5-11, 512, 5150, and
5-150 wall iltusirale how successively more sophisticated priority-interrup
systems provide Daster service with less overhead,  You should, howsver,
take & hard-nosed artitiede to establigh whether you really need the more
advanced features in your specific application.

It is useful at this poinl to 1sl the principal upplications of interrupts,
Many interrupls are associated with /O routines for relatively slow devices
such as teletypewriters and tape reader;punches, and thousands of mini-
computers service these hupply with simple skip-chain systems.  Things
become morte critical in instripmentalion and control systems, which must
not miss real-time<clock interrupls intended to log time, to read instruments,
or t¢ perform control operatiens.  Time-¢ritical jobs require fusr respoires.
Il there are many lime-critical operations or any time-sharing - wiilions,
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e compming time wasted in orethvad operations hecomes interesiing,
Sonte real-time systerns may have penods of peak foads when il becomes
aciually impossible 10 service aff interrupt requoits. At Lhis point, the
designer must decide whether to buy in improved system or which interrupt
reguests ate at least emporanly expendable, 1L is in the tatter conngction
thut dvaamic priority affocation becomes useltl: it may, for instance, be
expedient to musk certata imterrupts diring prok-load perindi.  1n other
siluations we might, instead, fewer the relurive prierity of the main computer
pragrom by unmasking additianal interenprs during peak real-time logds.

Il two or more interrupl-service routines employ the same library sub-
routing, we usre faced, 35 in Sec. 4-16, with the problem of reemiran:
prugramming,  Temporary-$iorapge locations used by the common sub-
rouline may be wiped oul unless we either duplicale the subroutine program
in memory for eacht interrupl of unless we provide true reentrant subroutines,
This is nol usoully the case for FORTRAN-compiler-supplied library
reglines. Qnly a few minicomputer manulfaciurers and software houscs
pravide reenirant FORTRAN {sometimes called “reaf-lime™ FORTRAN).
The best wity 10 store saved registers and temporary intermediate results is
ima stuck (Sec. 4+ 16); o stk pointer 15 advaneed whenever a new inlerrupt is
recognized und retracted when an interrep s dismissed.  The best mini-
comipister interrupt sestems hare hardwaore for automaticalfy adeancing aed
retracring such o stack pointer See, 6-10),

If very fast inlerrupt service s not a piramotnl consideration, we cai ger
around reentrant coding by programming interrupt masks which simplr
prevent interrupiion of crivival service ronsines,

In conclusion, remember thal the chiel purpose of interrupt systems s to
initials computer eperations more complicated thar simple data transfers.
The best method for time-critical reading and writing as such is not through
inlerrupl-service routines with their awkward programming overhead but
with a direci-memaorv-access system, which has no such problems at all.

DIRECT MEMORY ACCESS AND
AUTOMATIC BLOCK TRANSFERS

%17. Cycte Stenling. Step-by.step program-controlled data transfers
himil dola-transmission rates and use valuable processer time for alternate
instruction fetches und execution; programming s also tedious, 1t is ofien
preferable to use additional hardware for interfacing a parallel data bus
direciiy with the Jdigital-compuier memory data register and to request and
prant l-cycle pauscs in processor operalion for direct transfer of data te
or fram memary (inteelace or cycle-steading operation).  In larger Jigital
machines, and optionally in o fow minicomputers (PDP-13), a data bus can
even urcess one memory fank withoul stopping processor inleraction with
viher memory banhs ay &l

15% Byl INTERF ALY T2MGC S-ix

Mote thut cycle stealfng in no way disturbs the program sequence. Even
though smitller diginal computers must stop computation during memon,
transfers, the program simply skips a cycle at the end of the currenl memery
cvele (ro need to complete (he current sasernetion) and Kiter resumes st
where it left off. One does nol hawe to save register contents gr other
information, as with program inlerrupts.

Crqiial comgasher 4
" DMA data bus y
e 1 =) |
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Fig. 1% A direct-memary-access [ SIATinterfuce.

218 DMA Intetface Logic., To make direct memory access [DVA)
practical, the tnterface must be able to:

!. Address desired locations In memory

2. S¥nchronize cycte sicaling with processor operation

3. Initiate transfers by device requests (this includes cTock-timed transfers)
or by the computer program

4. Deal with prorilfes and queuing of service requests if two or more
devices request data transfers

DMaA priorityfqueuing logic is essentially the sarme as the priority-interrupt
logic of Figs. 5-10 and 3-11; indeed, identical Jogic cards eften serve both
purposes.  DMA seevice requesty are always given priarity aver concirrent
irlerrup! regrests,

Just asin Fig. 5-11, a DMA service request [c2ised by 1 device-Fag Tevel}
produces a cycle-sieal request unfess it is inhthited hy o higher-priority
request; the processor answers with an ackaowledpe (priority-grant} pulse,
This signal then sets a provessor<Clocked “ACTIVE™ Mip-tiop, which
sirabes a swvitable memory address into the processor memory address
register and then causes memary and device legic to transfer data from or
10 the DMA data hos {Fig, 5-13),
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In some campoter systems fe.g, Digital Equipment Corporation PDXP-15),
the DMA dat lires are identical with the programmed-iransier data linss,
This simplifies interconnections at the expense of processer hardware. In
clher systems, the DMA datt hines are also used o transmit the DMA
address to the processer before data afe transferred.  This further reduces
the number of bus bines, bul complicates hurdware and timing,
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Fhg. 514 A simfily oloia channel for autematic hlock transfers,

5-19. Avtomstle Block Tramsfers, As we described jt, the DMA data
ransler is device-initialed. A program-dependent decision 1o transfer data,
even directly from ar to memory, still requires a programmed instruction Lo
cause a DMA service request.  This 15 hardly worth the 1rouble for 2
single-word 1ransfer. Most DMA transfers, whelher deviee or program
imtiated, invelve not single words but blocks of lens, hundreds, or even
thousands of dala words.

Figure 5-14 shows how the simple DMA system of Fig. 5-13 may be
expanded inlo an automatic data channe! for block tranpsfers. Ddata for a
block can arrive or depan asynchronously, and the DMA controller will
steal cycles 23 needed and permit the program to go on between cycles. A
block of words 10 be transferred will, in general, occupy a corresponding
Mack of adiacent memory registers,  Suecessive memory addresses can be

-
g
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gated ime the memory address repistered by 4 counter, the carrenr-address
counter.  Before any data transfer 1akes place, a programmed instruclion
sels the current-address counler to the desired pitia) address: the desired
number of words (Wock tengthlis set into a second counter, the word counter,
which will count down with ¢ach datu transfer until 0 is reiched after the
desited number of transfers. As service requesls arrive frem, say, an
analog-to-digilal converter or data link, the DMA control logic implements
successive cycle-steal requests and gates successive current addresses inlo
the memory address register as the current-address counter counts up lsce
also Fig. 5-54).

The word counter is similzfly decremented once per data word., Whena
block transfer is completed, the word counter can stop the device from
requesting further data transfers.  The word-counter carry pulse can lsn
cause an irerrnpt 50 that a new block of data cun be processed.  The won!
counter may. if desired, also serve Jor sequencing device functions fe.,
for sefecting successive ADC multipleser addresses).

Soms compulers replace the word counter with & program-loaded final-
address register, whose contents are compared with the current-adidress
counter o determine the end of the block.

A DMA system aften involves several dara channels, each with o DMA
cantrol, address gates, a current-address counter, and a word counter, with
different priorities assigned to different channels,  For etficient handling of
randomly timed requests from multiple devices {and Lo prevent loss aof data
words), datachanne! systems may incorporats bufler registersin the interiuce
or in devices such a3 ADCy or DACS,

520, Adventages of DMA Systems (see Ref. 6).  Direct-memory-acccss
systems$ can fransfer data blocks at very high rates (10* wordsysac is readih

- possible) without elaborate 1/Q programming., The processor essentioily

deals mainly with buffer areas in s own memary, and only a few [O
instructions are needed to inilialize or reinitialize transfers.

Automatic dala channels are especially suitable for servicing perinherals
with high data rates, such as disks, drums, and fast ADCs and DACs.
Bul fast data iransfer with minimal program overhead is extremely valuab’e
in many other applications, especially if there arc many devices (o be
serviced.  To indicate the remarkable efficiency of evele-stealing Eirect
memory access with muliiple block-transfer data channe!s, consider the
operation of a training-1ype digital flight simulator, which solves aireraf
and engine cquations and services an elaborate cockpil mock-up wilkh min

the interface not only perfarms 174 anatog-to-digital conversions requirmy
atotal conversion time of 7.7 msec but also 430 digital-lo-analog conversions,
and handles 530 eight-bil byles of discrere control informatior The actual
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lime requirsd 10 transfer all this information in and out of the data channels
is 143 msec per lime increment, but because of the fast direct memory
transfers, cycle-siealing subtracisonly 3.2 msecloreach 160 msec ol processor
time {Refl. 2}. .

5-11. Memory-increment Technigue for Amplitnde-distribution Mensure-
ments.  In many minicompulers, a special pulse input will increment the
contcnts of 2 memory location addressed by the DMA address lines; an
interrupt can be penerattd when one of Llhe memerycellsisfull.  When ADC
outputs representing successive samples of 4 random vollage are applisd
to the DMA address lines, the memory-increment feature will effectively
gencrate 2 mode! of the Input-voltage amplituds: distribution kn the computer

Fle. %158 An amplitude-disiriburion Haplay ohiningd hy the method of Fig, 5152, {Dighal
Laplaappter Corperet o | .

¥

14} MMPLEATESTIAG CURBES T ALDEFSS A% WORD CHL S Ik kS &1 -

memory : Each memory address corresponds 1o a voltage cluss interval,
and the contents of the memary register represent the number of spmples
falling into thar class interval., Data taking is terminited after s preset
number of samples or when the first memory register overlouds (Fig, 5- 15,
The empirical amplitude distribution thus created in memory may be dis-
played or pleited by a display routine (Fig. 5-158}, and statistics such as

r=lvyx mlyax .. e
Ly LTy -

are readily computed after the distribulion is complete,  This technigue
has been extensively applied to the analysis of pulse-energy spectra from
nuclear-physics experiments.

Jains diseributions of oo rundons variohles X, ¥ean be similarly compited.
[t is only necessary 10 apply. say, a 12-bit word X, ¥Ycomposed af two &-bit
bytes corresponding 1o twe ADC outputs X and ¥to the memory address

register.  Now cach addressed memory location will correspond to the *

region X, g X < X, .Y, 2 Y« ¥, in X¥space.

512 Add-to-memory Technique of Signal Averaging.  Another command-
pulse input 10 some DMA interfaces will odd 2 data word on the 1yO-hus
data lines 1o the memory location addressed by the DMA address lincs
without ever bothering the digital-computer arithmetic unit or the program.
This “add-to-memory™ feature permits wseful linear operations on dita
abtained from various instruments. the only application well known al this
time is in data nveraging.

Figure 5-16a and & illustrates an especially interesting application aldata
averaging, which has been very fruitlvl in hiologicsl-data reduction (e.p.,
clectroencephalogram analysis).  Periodically upplied stimult produce the
same sysiem response after each stimulus so that one obtnins an unalog
wavelorm periodic with the periad T of the applied stimuli,  To pull the
desired funciion X(i} out of additive zero-mean random naise, one adids
Xirh, Xir + TL X1r + 2T). - .. during succossive pwricwds o enhpece The
signal, while the noise wil] tend to average cul.  Figure 5-16¢ shows the
extraction of a signal from additive noise in successive data-averaging runs,

522, Implementing Current-address and Word Couwnters in the Processor
Memory, Some minicomputers (in particular, PDP.2, PDP.1S, and the
PDP-8 series) have, in addition to Lheir regulzr DMA facilities, a set of fixed
core-memory locations to be used as data-channel address and word
vounters. Ordinary processor instructions (nol 1/Q instructions) load
these Iocations, respectively, with the block starting address and with
minus the block count. The data-channe! interface card (Fip. §-1 M supplies
the address of one of the four to eight address-counier locations availuble in
the processor ; the word counter is the location following the address counter,

r
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1II. - MODOS DE DIRECCIONAMIENTO

ESQUEMAS DE DIRECCION AMIENTO,

La unidad central de proceso (CPU)} en las computadoras debe
realizar las siguientes funciones:

- Obtener y traer de memoria primaria al CPUJ la siguiente
instruccibn a ejecutar,

- Entender los operandos, esto es, definir la localizacidn de
los operandos necesarios para ejecuiar la instruccitn y
traerlos al CPU.

- Ejecutar la instruccidn.

Para llevar a cabo las funciones anteriores el CPUJ debe con-
tar con la siguiente informacion:
-
- El codige de operacitn de la instruccién a ejecutar,
- Las direcciones de los operandos y la del resultado.

- La direccién de la siguiente instruccibn a ejecutar.

Existen diferentes solucicnes que satisfacen los requerimientos
anteriores, los cuales determinan la arquitectura de los proce
sadores que las utilizan.
Se supondrin ope'raciones aritméticas en las que se tienen dos
operandos y un resultadc ya que son las que proporcionan el
caso mis general,
a) Madéquinas de "3+1l" direccicnes

El formato de instruccién en este esquemna de direcciona--

miento contiene todos los elementos necesitados por el CPU
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para realizar sus funciones,

Un posible formato de instruccién se muestra en la figura

111.1
CODIGO | DIRECCION JDIRECCION [DIRECCION | DIRECCION DE} Palabra
DE PRIMER SEGUNDO |RESULTADO| LA SIGUIENTE| nr de
OPERAC.| OPERANDO | OPERANDO INSTRUCCION | memoria
FIG. 1.1

En este caso se tienen cinco campos en el formato de instruccidn: Lino
para el ¢Odigo de operacidn que sirve para indicar el tipo de opera---
cion a realizar (suma, resta, multiplicacidn, etc.), tres campos para ‘
las direcciones de los operandos y resultado de las operaciones, un

campo pard indicar la direccidn de la siguiente instruccidn a ejecutar.

Las instrucciones para &sta miquina podrian ser escritas en forma
simbblica en la siguiente forma: ADD A, B, C, D donde ADD representa
el cédigo de operacién suma y A,B,C y D son nombres simbolicos

asignados a localidades de mermnoria.

Suponiende que existen las instrucciones suma (ADD), substraccidn---
(SUB) y multiplicacién {MUL), entonces una posible traduccitn de la
expresion A=(B*C)-{D*E) en FORTRAN a lenguaje simb6lice en la mé-
quina de 31 direcciones serfa:

L1: MUL B, C, Tl L3

L3: MUL D,E, T2 L7

L7: SUB T2, Tl, A L8

L8:  Siguiente instruccidn
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donde Tl y T2 representan localidades temporales usadas para guardar

resultados aritméticos intermedios.

Las conclusiones més importantes en este esguema son:
Los programas no necesitan estar almacenados en memoria en forma
secuencial ya que el campo de direccibn de la siguiente instruccidn per

mite conocer donde fueron almacenados,

Debido a que cada instruccién contiene en forma explicita tres direc--
ciones, no es necesario tener en el CPU hardware para guardar los re

sultades de las operaciones.

b) MAquinas de "3" direcciones
Considerando que. los programas se escriben secuencialmente y que
por consiguiente es muy logico almacenarlos en este mismo orden,
se llega a un nuevo esquema -de direccionamiento en el cual se sus
tituyen todos los campos de direccidn de la siguiente instruccidn
por un sclo registro dentro del procesador que lleva en forna se-
cuencial y automiticamente la direccitn de la siguiente instruccidn

a ejecutar, Un posible formato de instruccidn se muestra en la

fig. IlI,2 .
ireccldn] Hegstro odigo [Direccibn [Direccion jDireccidn Palabra
de la en el de primer segundo resultade n de
ig. inst,| procesador |operac. |operando [operando memoria

FIG, 1I1.2
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Utilizando este esguema de direccionamiento la expresion A=(B*C)-(D*E)
en FORTRAN,quedarfa expresada como:

MUL B,C, Tl

MUL D,E, T2

SUB T2, Tl, A

Siguiente instruccitn
Donde se ha suprimido la direccidn de la siguiente instruccidn ya que
&sta es8 levada en forma secuenclal v automéitica por un registro del

procesador conocide como contador del programa (PC).

Con el esquema de 3 direcciones se logra aprovechar la memoria en
forma més eficiente y reducir la longitud de palabra lo que redunda

directamente en los costos de la misma., -

¢) Maguinas de "2" direcciones,
En las operaciones arftméticas no siempre es necesario guardar
el resultado en una localidad de memoria y preservar los operan-
dos, por lo que se puede pensar en utilizar uno de ellos para----
guardar el resultado una vez que la operacién se ha efectuado, Las
consideraciones anteriores llevan a presentar un posible formato de

instruccidn en esta micuina, mostrado en la figura III.3

IR. DELA | REG. -OD, DIR. IR, SEG. Palabra
1IG. INST. A} EN EL . P. QP, n de
JECUTAR PROC, OP, QP, memaoria

FIG. II1. 3
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En este esquema se usaré la direccitn del segundo operando como la
direccibn del resultado una vez que la operacidn se haya efeqma:b,
por lo que el segundo operando serd destrufdo. Asf pues Ia" Expreéiﬁn
A=(B*C)-(D*E) en FORTRAN, quedarfa: -

MUL B, C

MUL D, E

SUB | E,C

ADD A, C

La eliminacién del cam.po de direccidn del resultade permnite reducir la
longitud de la palabra de memoria y los costos de la misma, lo que .

permite usar este esquema en mAQuinas medianas y chicas.

d) MAquinas de "'1I" direccidn
| Este es.qt.lema de direccionamiento permite elimipar de todas las ins
trucciones el campo de direccién de uno de los operando y sustim--
irlc por un registro dentro del procesador, el cual contendrd a uno
de los operandos. A este registro se le conoce cOmo a:::uﬁmlador. -
El formato de instruccidn para la miquina de 1 direccibn se mues-

tra en la figura IIl. 4

ir, de la Reg. en el , D. DIR,
sig. inst. a procesador P.
af OP, OPERANDO |
egundo Reg, en el
Dperando procesador

FIG. 1.4
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Lo anterior implica la creacion de instrucciones que permitan cargar

el acumulador con el segundo operando {ILAC) y depositar el contenido

del acumulador en memoria (DAC).

Es importante hacer notar que todas las operaciones se llevan a cabo
immplicitamente contra el acumulador y que &ste contendrd el resultado

de la operacién efectuada, La expresién A=(B*C)-(D*E) en FORTRAN 5

podria traducirse a:

LLAC D

MUL E

DAC Tl

.I_.AC B H
MUL C .

sUB Tl

DAC A

Este esquema de direccionamiento ha sido ampliamente implementado en
una gran mayoria de las minicomputadoras, como por ejemplo: PDP-8, --

PDP-15, IBM-1130, IBM-7090 y CDC 3600.

e) MAquinag de 0" direcciones
Este esquema de direccionamiento solo utlliza el campo de cddigo
de operacidn, por lo que es necesario contar con algln mecanismo
que implicitamente permita conocer los operandos.
El mecanismo anterior se implementa usando una pila & stack, el

cual se puede pensar como un conjunto de localidades contiguas de
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memoria accesadas usandoe una disciplina UEPS (4dltimas entradas, pri-
meras salidas). De lo anterior se concluye que en cada momento se

tendri disponible el elemento que se encuentre en el tope del stack.

El formato de instruccifm para este esquema de direccionamiento se

encuentra en la figura IHI.5

IDir. de la Reg, en el '

sig, inst, CPU
CODIGO Palabra de
DE OF memoria
Apuntador al | Reg. en el
fope del stack CPU
FIG. III.S

Es necesaric contar con instrucclones que permitan meter elementos
de memoria al stack (PUSH) vy sacar elementos del stack a memoria-

(PCP).

La expresidtn A=(B*C)-(D*E) en FORTRAN,podria expresarse como:

£1G. 1.6
T {(Apuntador al tope
PUSH D D del stack).
PUSH E T
(£ po e T
D B*C
MUL *
PUSH B T
B*E]
PUSH C /T
MUL T
B B*C-D*E
SUB D*
T

POP A F&v_n S
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En la fig. HI.6 se ilustra el estado del stack después de cada una de

las inat, anteriores.

Se puede concluir que el conjunto de instrucclones de la méquina no
estd formadc solamente por instrucciones de cero direcciones yva que
también se requlieren instrucciones de una direccidn para meter y sa-

car elementas al stack.

Se requiere un registro en el procesador que apunte al tope del stack

y se elimine el acumulador ya que el resultado de las operaciones --

tambi&én quedarid en el stack,
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2.- METODCS DE DIRECCIONAMIENTO

En las méquinas de una sola direccidn el formato de las Instruccio-
nes que hace referencia 2 memoria consta de dos campos: el campo
de codigo de operacibn y el campo de direccién del operando. 5i su
ponemos que el campo de direccidn consta de n bits, entonces la
mixima capacidad de memoria direccionable seri 2" 1ocalidades. Lo
anterior puede resultar bastante dréistico en el caso de las minicom-
putadoras ya que por lo general tienen palabras de 12 6 16 bitas y si
se asignan cuatro de elles al campo de cidigo de operacitn solo se +
pueden direccionar 28= 256 localidades de memoria en el caso de pa

labras de 12 hits 6 212

= 4096 localidades de memoria en el caso de
palabras; de 16 bits, lo cual resulta insuficiente para iz gran meyo--

rfa de las aplicaciones.

Lo anterior ha ocasionado diferentes modos de direccionamiento, en
los cuales el campo de direccidn sirve para calcular la. direccion
efectiva del operando, logrande una mayor capacidad de memoria di-

reccionable,

a) Inmediato
En este caso el coperando puede estar contenido directamente en
el campo de direccibn ¢ en la localidad de memoria siguiente a
la instruccidn.
Serd necesarjo dedicar un bit de ls palabra para saber como se

debe interpretar la instruccibn.
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Directo

Existe direccicnamiento directo cuando el campo de direccidén de

la instruccidtn contiene la direccidn del operando & cuando éste

campo combinado con algin registro & palabra de memoria gene

ran la direccién del operando,

b.1)

b, 2)

Usando pdgina cero
Uno de los esquemas mis comunes de organizacién de me
moria, divide &sta en n piginas de longitud fija, donde n

dependerd del tamafio de la memoria y del tamafio de las

pdginas.

Las miquinas que usan est0os esquemas generalmente usan
la pigina cero con propdsitos especlales, como son: mane-
jo de interrupciones, traps, localidades autoincrementables,

etc,

La forma de indicar si el contenido del campo de direccitn
se refiere a la pigina cero, es usando un bit para este pro
pbsito, p. €). si este bit es cero el campo de direccidn

apunta a una localidad en la pagina cero.

Usando pédgina actual
Si el bit de péigina estd en uno, se asume que el campo de
direccidn apunta a una localidad en la pidgina en la que se

encuentra la instruccidn, A esta pdgina se le conoce como
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pdgina actual,

La direccion del operando se determina sumando los bits
de orden superior del PC al campo de direccién de la ins

truccifn.
b. 3) Relativo al 'PC

tn este modo de direccionamiento el contenido del campo
de direccion de la instruccifn, interpretade como un ente-
ro con signo, se¢ suma al PC para obtener la direccidn del -

operando,
b,4) Relative a un registro fndice

El contenido del campo de direcc-i:ﬁri de la instruccidn, in-
. terpretado como un éntem con signo, se suma al conteni-

do de un registro indice para obtener la direccidn del ope

rando. En caso de existir més de un registro Indice es

preciso asignar los bits necesarios para su identificacidn.

c) Indirecto
En el direccionamiento indirecto el campo de direccidn de la ins-
truccidn contiene un apuntador a la direccidn del operando & este
campo combinado con algin registro & palabra de memoria genera
un apuntador a la direccibén del operando.
Mediante un bit en la instruccitn se puede saber si el direcciona-

miento usado es directo & indirecto.
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Usando pédgina cero
El campo de direccién de la instruccién apunta a una loca-
lidad en la pidgina cero. A su vez ésta localidad contiene

la direccién del operande.

Usando pé&gina actual
El campo de direccldn de la instrucci®n apunta a una loca--
lidad en la pdgina actual. Esta localidad contiene la direc--

citm del operando.

Relativo al PC
El contenido del campo de direccidn de la instruccitn, inter
pretado como un enterc con signo, se suma al PC para ob-

tener la direccidon del apuntador al operando.

El contenido del campeo de direccidn de la instruccién, inter-
pretado como un entero con signo, se suma al contenido de
un registro indice para obtener la direccion del apuntador al

operando.

L.a combinacidn de todos los métodos de direccionamiento anteriores

con registros de propdsito general, permiten lograr modos de direcclo-

namiento bastante poderosos. Cuando se usan los registros de proposito

general, el campo de direccidn de la instruccidn especffica gue registro

se usa y ¢omo se interpreta la informacifm que contiene.



- 13 -
DIRECCIONAMIENTO EN PDP-11

a}) Con dos operandos
La computadora PDP-1] es una magquina de dos direcciones por
lo que su formato de instruccién tiene campos para cbdigo de

operacifn y operandos. Lo anterior se observa en la fig. 1117

15 1211 98 - 65 32 0

[ | Modo TRegistro [Modo |Registro]

Codigo op. dir. fuente dir. destino
FIG, I, 7

Los bits 12-15 contienen el cddigo de operacion

Los bits 6-11 contienen la dir. fuente

L.os bits 0O- 5 contienen la dir. destino

Las direcciones fuente y destino serdn utilizadas para el cilcu:-
lo de la direccidn efectiva de los operandos, interpretando el

modo y el registro usados.

La direccibn fuente contiene dea subcampos de 3 bits cada uno,
de esta forma es posible indicar cual de los ocho registros de
propésitc general seri usado, asf como la interpretacién que se

le darid de acuerdo a les ocho modes de direccionamiento,

El modo y registro en la dir destino se entienden en la misma
forma que en la dir fuente., La dir destinc también ser# usada

para almacenar el resaltado de la operacién una vez que esta

se haya efectuado,
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b} En esta miquina existen instrucciones que s0lo requieren un
operando en cuyo caso se utiliza un formato de instruccidn con
campos de cddigo de operacién y direccidn destino, segin se

muestra en la fig, M. 8

15 65 0

| [ MODO : REGISTRO |

Codigo op. Dir. destino
FIG. IIL.8

La interprelacidn dada a la direccidn fuente es la misma que en el

caso de dos operandos.

Para poder ejemplificar los modos de direccionamiento se usari el

siguiente conjunto de Instrucciones; asf mismo se asumird que todos
e

los nimeros estin en octal:

Mnemonico Codigo Octal Descripcién

CLR 0050DD Limpia {pone a ceros el des
1080DD tino), B

INC 0052BD Incremento (suma unc al con

INCB 1052DD tenido del destino)

COM 0031DD Complementa logicamente el

COMB 1051 DD destino

ADD 068500 Suma

c) Direccionamiento directo
Existen cuatro modos usados en direccionamiento directo, los cua

les se explican a continuacidn:
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Regiatro

Forma general;: OPR Rn

Descripcidn: El registro especificado contiene el operando
femeridn por la instruccidn.

OPR representa un codigo de operacidon en forma general. -

Modo: 0

Ejemplos: 1

Autoincremento

Forma | general: OPR (Rn}+

Descripcion: El contenido del registro es incrementado des-
pués de ser usado como apuntador al operando. Si la instrucciﬁr;

es de palabra se avtincremente en dos y si es de byte en uno.

Modo: 2

Ejemplos: 2

Aurodecremento

Forma general: OPR-(Rn)

Descripcidn: El contenido del registro es decrementado anteg
de ser usado como apuntader al operando. Si la instruccidn es

de palabra se autodecrementa en dos y 8l es de byte en uno.

Modo: 4

Ejemplos: 3
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Indice
Forma general: OPR X(Rn}
Descripcidn: La suma de X y el contenido del registro se
utiliza como la direccién del operanda..
Modo: 6
Ejemplos: 4
Direccionamiento indirecto : ,

Existen 4 modos de direccionar en forma indirecta, los cuales
utilizan los modos biisicos (direccionamiento directo) en forma

dferida.

Registro diferido >
Forma general: OPR €Rn

Descripcidn: El registro contiene la direccitn del operando,

Modo: 1

Ejemplos: 5

Autoincremento diferido

Forma general: OPR  @&(Rn}t

Descripc idn: El contenido del registro es incrementado des-
pués de ser usado como apuntador a la direcciéon del operando. -
El autojincremento serd en dos, tanto para instruccicnes de byte

comO de palabra.
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Modo: 3

Ejemplos: 6

Autodecremento diferido

Forma general: OPR @-(Rn)

Descripcidn: El comenido del registro €s decrementado antes
de ser usado como apuntador a la direccidn del operando. El
autodecrementc serd en dos, tantc para instrucciones de byte

como de palabra,

Maodo: 5

Ejemplos: 7

Indice diferido

Forma general: OPR (@X(Rn)

Descripcidn: La suma de X y el contenido del registro se uti
liza como apuntador a la direccion del operando, La palabra de
Indice X estd almacenada en la localidad de memoria siguiente a
la instniccidn.

El valor de Rn vy X no se modifica.

Modo: 7

Ejemplos: 8

Uso del PC en direccionamiento
El registro siete, tiene el propbsitoc especifico de servir como con

tador de programa {PC), por lo cual cada vez que el procesador
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usa el R7 para traer una palabra de memoria el R7 se incremen
ta automiticamente en dos de tal forma que siempre apunta a la
siguiente instruccibn a ejecutar & & la siguiente palabra de la ing

truccidn que actualmente se estd ejecutando.

Lo anterior permite usar el PC con prop6sitos de direccionatmien-
1o, permitiendo lograr ventajas cuando se utiliza con alguno de

los modos 2,3,6 6 7.

Inmediato
Forma general: OPR#n, DD
Descripcitn: El operando estd en la localidad de memoria si

guiente a la instruccidn.
-

Modo: 2 usando R7

Ejemplos: 9

Absoluto
Forma general: OPR @#A
Descripcidn: La localidad de memoria siguiente a la fnstruc

cidtn contiene la direccidon absoluta del operando,

Modo: 3 usando R7

Ejemplos: 10

Relativo

Forma general;: OPR A
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Descripcidn: La localidad de memoria siguiente a la ins--
truccion, sumada al PC proporcionan la ‘direccion del operan--

do.

Modo: & usando R7

Ejemplos: 11

Relativo diferido
Forma general: OPR @A
Descripcidn: La localidad de memoria sigblente a la ins--
truccion sumada al PC proporciona el apuniador a la direccidn

del operando,

Mado: 7 usando R7 ' »

Ejemplos: 12

LUIS CORDERQ BORBOA
JULIO-79
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EJEMPLOS

INC

$5SUMA UND AL

F
Antes

(0012027005200
-$0/000000
_$2/001202
~-$5/000000

-
¥

FCOMFPLEMENTO LOGICO

COMB

RO

CONTENIDO DE RO.

K2

Despues

001202/005200
-$0-000001

-$7/001204
-3$5/170020

DEL EYTE BAJO(BITS 0-27)
iLAS INSTRUCCIONES DBE BYTE USADAS SOERE LOS

20

EN R2.

fREGISTROS GEMNERAYES SdALO OFPERAN EN LOS BITS 0-7.

Antes

001206/105102
$2/103252

~-$7/7001204
-$5/170020

MEF wk bk

Antes

QD1204/040103
-$1/700000%5

—$3/000007
—$7/001204
~$5/170020

ADD

R1r.R3

- Despues

0012046/105102
-$2/103125

-$7/001210
~-$5/170021

StUMA EL COMTENILO DE R1 AL CONTENIDO DE R3.

Depues

001204/060103
-31/7000G00%

-$3/000014
~-$7/7001204
~-%5/170020
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2.1
005024 CLR {R4Y+
3
iUSA EL CONTENIDQ DE R4 COMO LA DIRECCION DEL
OFERANDD. PONE A CEROS EL OFERANDO({PALARRA) E
i INCREMENTA EL CONTEMIDD I'E R4 EN DOS,
i : ;
Antes Despues
001210/005024 001210/00
_t4/ 0a18 _54/000-:}125024
_000010./1742164 -000010/000000
~$7/001210 _$72/7001212
_$5/170021 _$5/170024
2.2
105024 CLRE (RAY+
3
}USA EL CONTENIDD DE R4 COMO LA DIRECCION LEL
;DOPERANDQ. FONE A CEROS EL QPERANDO(BYTE) €
i INCREMENTA EL CONTENIDD DE R4 EN UNO.
; )
Antes Despues
001212/,105024 0012127105024
_$4/,000006 _$4/000007
-000004/173015 _00000A/173000
_$7/001212 -$7/001214
_$5/170034 _$5/170024
2.3
Q60022 A0D RO;{R2)4+
'
JEL CONTENIDO LE RO SERA SUMADD AL OFPERANDD
+CUYA DIRECCION ESTA CONTENIDA EN R2. LESPUES
iSE INCREMENTA R2 EN DOS.
;
Antes Despues
001214/0&00 001214/0&60022
30000067 <2 _$0/000007
_$2/000024 -£27000024
_000024/000007 _000024/000014
_$7/001214 _$7/001216
_$5/170024 .$5/170020

-



3.1 .

005245

3.2 .

105245

3.3

064401

INC -{R%}
¥
fEL CONTENIDO DE RS SE DECREMENTA EN BOS Y
rJESFUES SE uwSA COMD LA DIRECCION DEL OPERANDO.
*EL OPERANDO(FPALABRA} SE INCREMENTA EMN UND.
i

Antes Despues
001* 3/885ﬂ45 0012147005245
-$5/7000014
_0G0016XDG222“ ' -0000156/002223
-$7/001214 -$7/001220
-%5/170020 -$5/170020

INCE ~{R3)
i
FEL CONTENIDO DE RS SE DECREMENTA EN UNOD Y
fOESPUES SE USa caMD LA DIRECCION DEL OFERANDO.
FEL OPERANDNO(BYTE)} SE INCREMENTA EN LNO.
F
»

Antes Despues

220/10524 2 5245
3255504337540 983583442
_aa034af043?:1 ~000345/043722
_$7/001220 _$7/00122
-$5/170020 _$5/170030
AN ~{R4) +R1

¥

FEl. CONTEMIDO DE R4 SE DECREMENTA EM DOS Y
$DESPUES SE UTILIZA COMD LA DIRECCION DEL
sOPERANDD QUE SERA SUMADD AL CONTENIDO DE RI1.
i |

Antes Despues
' 001222/064401 . 0012 401
.$1/000017 _ilfoggégg‘
—$A4/000032 ~$4/7000030
Q00030 /7000045 LO00030/000045
-$7/001222 _$7/001224

57170000 ~-$5/7170020



4.1 .
005063 000100 ' CLR 100(R3)
H
iSE PONE A CEROS La LOCALIDAD(PALABRA)
;DIRECCIONADA POR LA SUMA DE 100 Y EL CONTENIDO
iDE K3. EL CONTENIDOD DE R3 NO SE ALTERA.
Antes Despues
001224/005043 001224 /005063
_001224/000100 _001224/,000100
_$3/000004 _$3/000004
_000104/177333 _000104/000000
_$7/001224 _$7/001230
_$5/170020 _$5/170024
4,2
105144 000200 CONB 200(R4)
:
i COMPLEMENTA LOGICAMENTE EL CONTENIDO DE LA
;LOCALIDAD(BYYE) DIRECCIONADA FOR LA SUMA DE
3300 Y R4, EL CONTENIDO DE K4 NO SE ALTERA.
o .
Antes: Despues
001230/1051464 0012307105144
_001332,000200 _001232,000200
_$4/000002 _$4/000002
_000202/1 74562 _O00202/179615
'_47/001230 .$7/7001034
_$S/170000 _$5/170031
4.3.
0456340 0CO0010 000020 abh 10{R3}r 2C (RO
J .
;SUMA& EL CONTENIDO DE LA LOCALIDAD DIKECCIONADA
iFOR LA SUMA DE 10 Y R3, AL CONTENIDOD DE LA
;LOCALIDAD DIRECCIONADD POR LA SUMA DE 20 Y RO.
¥
ant_es DEEPUEE
001234/046340 oA/
_001734/000010 _8815§2z838%i3
_001240/000020 -001240/0000230
_$0/000030 _$0/000030
_$3/000050 _$3/000050
_000050/000037 ~000050/000134
_000050/000075 _000040/000075
_$7/001234 _$7/001242
_$S8/170031 -$5/170020

"
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5. <4
005011 . CLE 2R1
¥
fEL CONTEMIDO DE R1 AFUNTA AL OPERANDQ QUE
rSERA FUESTD A CEROS.
¥
Antes Despues
427005011 ) 242 7011
391545639 390565093"
000044 /035240 _00004A /000000
—$7/7001242 _$£7/7001244
~$5/717002Q _$5/5170024
5.2
105212 INCB #R2
¥
fFEL CONTENIDO DE R2 AFUNTA AL GOPERANDO GQUE
sSERA INCREMENTADD EN UND,
]
Antes Despues
01244105212
935588438 9913384185212
004070/0300000 _000070/000G01
_$770012434 _8$7/0012a44
ES57170024 _¥5/170020
6 .
Q05234 INC @{Rka4)+

rEL CONYEWIDO DE R4 AFUNTA A LA DIRECCION
fDEL OPERANDD GUE SERA INCREMENTADD EN UND»
¢{DESFPUES DE LO CuUAlL R4 SE IMCREEMENTA EN DOS.

Antes Despues
Q01244/005234 001046 /005234
-$4/7000034 —$4/000040
-0000356/000054 -000034/000054
-000054/000007 -000054/000010
_$7/0017244 -$7/001250

-$5/7170020 -35/170020



- 2 -

7
005155 coM 2-(RS)

-
F

+El. CONTEMIOD DE RS SE DECREMENTA EN DOS»
+DESPUES ['E LO CUAL AFUNTA A LA DIRECCION
+HEL OPERANDO QUE SERA COMPLEMENTADO

sLOGICAMENTE .
5
Antes Despues
001250/005155 0012507005155
_$%5/000040 _$5/000034
_000035/000020-- _000034/000020
_000020/000000 _000020/177277
_$7/001250 _$7/001252
_$5/7170020 _$5/17003t
i
a
0467300 000200 ADD B200(R3) +RO

*
¥

;LA SUMA DE 200 Y R3I DETERHNINA EL APUNTADOR A
iLA DIRECCION DE LA LDCALIDAD OUE SERA SUMADA A RO,

¥

Antes Despues:

AEn 2
_881322/882288 0012537000200
-$0/000015 -$0/C000033
~$3/000010 -$3/000010
-000210/000012 ~-000210/0000122
~000012/000014 ~000012/00001 4
~$7/001252 ~$7/7001254

. ~3E/170031 ~$5/7170020

- -
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2b

g
012704 000010 HOV #10-R4
;
sHUEVE & R4 EL MUMERDO 190
F
Antes Despues
0012564012704 - 012567012704
_001260/000010 8013257606010
_$4/000000 _$4/000010
_$7/001256 _$7/001242
_$8/170000 _$5/170020
10
063701 000100 Al @#100:R1

i
iSUMA EL CONTENIDOD DE (A LOCALIDAR 100 A R1.

§

Antes Despues
0126467063701 Y-
_0041270/000100 . 3%§93x333f8$
~-%1/7000033 ~$1/000124
_000100/000073 ~0001850/7000073
_$7/70012484 ~$77001272

-$5/170000 -35/170020

- -



e T

13
005267 000044 : INC Z .

5
¥

i INCREMENTA EL CONTENIDO IE LA LOCALIDAD
iSIMROLICA Z EN UNQ. EL CONTENIDO DE LA PALABRA
iSIGUIENTE A LA INSTRUCCION SE SUMA AL PL PARA

Antes Despues

001272/005247 S 001272/005247 .
_001374,7000044 _001274/000044
_001342/000000 - _001342/000001
~$7/7001272 ) $7/001074
-$5/170020 T _$8/170020
- S S .

12 o
005077 000040 CLR 0z

' ! .
fLA LOCALIDAD SIMBOLICA Z APUNTA A LA
iDIRECCIDON DEL OPERANDD QUE SERA FUESTO A CERDS.
JEL CONTENIDD DE LA FALABRA SIGUIENTE A LA
i INSTRUCCION SE S5UMA AL FC PARA OBTENER LA
+DIRECCION DE 2Z.
ko

Antes Despues
_981306,383945 8813387883823
~0013242/,000100 ~O01342/7000100
0001007000073 ~000100/000000
—$7/7001274 -$7/001302
~$5/170029 5857170024

LUIS OORDERO BORBOA
JULID-79
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PDP - 11
04/34745/55
. PROCESSOR
HANDBOOK

' CHAPTER 4

INSTRUCTION SET

4.1 INTRODUCTIOM

The wpecification for mach InEtruction includes the mnemaonic, octal code,
binary code, & diagram showing the format of the instruction, a symbalic
notatkon describing its execution ang the effect on the condihion codes,

. 8 deseripdion, special commants, snd sasmpies,

MMNEMOGMNIC! This Is indicated at the top comer of sach page. When tha
word instruction has & byte equivalent, the byte mnemenic is also shown.

INSTRUCTION FORMAT: A diagram sctompanylng #ach instruction
shows the octal op coce. the binary op code, and bit assignments, (Hote
that in byte instructions tha most significant bit (bit 15) ix siways & 1.)

EYMBOLS: .

(} = contents of

55 or src — source adidress

DD o dxt = dastination addresa

ot = tocation

- = Dacomes

+ = *is popped from stack™

+ == “ig pushed onto atack™” ¢
4 = boolean AND 4

¥ = boolsan OR
w= exciushve DR

~ = baalean not ' . P
R;I ar R = register

8 = Byta

e [ﬂ for word . o

1 for byta

4-1



4.2 INSTRUCTION FORMATS
_ The major instruciion formats ace

Single Operand Group
OF Cady . I e -
N P PP S S P I R T
15 & B o
Doubla Cperang Groun
0F Code Sre T t
PR 1 Il L} l i 1 1 i | Ll
1% 2 1 & 3 4]
ngisten&:nurc; or Dastination
P Coxhe Trwg SeeSomt
1 1 |y 1 ) L N N | TR S S T
13 9 A 5 5 o
Branch
Bass Cote ]_ : ol fpat !
L e, [ l._ 1 1 I. I 1 1 i l i A
-] E ] T 1]
1
. i
b
4.2 .

dyta Instructiony .

The POP-11 ptocessor includes & full complement of instructions that
manipulate byte operands. Since sil PDP-11 sddresting is byte.orienled,
byte Manipulstion addressing s straghtiorwarg. Byte instructions wilh
autoincrement or autodecrement derect addressing cause the Specilied
register to b modidied by ane to point to the newt byte of dats, Hyte
aperatians N register mode alcesd Ihe low-order byle of the specified
register. Theig provisions &nakle the POP-]1 to parform as gither 8 word
of byte processor, The numbering stheme for word and byte addresses
in core mamery L

HIGH BYTE WORD OR BYTE
Amg &DDAESS
[yl BYTE 1 OTTE O Cx2000
oO0ES | BYTE 3 BYTE 2 HO002

—
_'|
|

The most slgnificant bit (Bit 15) of the instryction word by 3ot to indicate
u byte instruction.
Exampie:

T

Symbualic Octwl

CLR 00500D Clear Waord
CLRE 1950DD Clear Byta L
%
NOTE
The term PC (Program Countyr) in the Opara: Do
. " tlan eaplanation of the instructions refers to the
upcliated PC. -

4.3



| T
4.3 LIST OF INSTRUCTIONS | PROGRAM CONTROL L
Instructions are shown in the loHowing sequence, Othar instructhans are .
found in Chapters S, 11, and 12. : Mnemonlc Imstruction . Op Code
- ] s - 1 or
A—The S5XT, XOR, MARK, 508, snd RTT instructions are implemented . i
inthe PDP-11/34, 11745 s llfﬁﬁ.r i Baxs Code Puge
S The SPL instruction is implamented ondy in tha POP-1} /45 and FDP- Branch
11/55. The MFPS and MTPS instructions are implem-ntud only in tha . ::E :::::: igu::tn::ﬂ?l}:“ zm} e m ) :g:
DF11 734, 9 -
P d BERQ- tranch H squei {'Iu x-rn} rarrrimte e OOT400 A3
SINGLE OPERANMD . B L. branch il plus . erenrrrr s nsisasiee e 100000 438
BMI branch o mmul .................................. 100400 4-35
Code PFage BYC branch If ovartiow is clear 102000 4-40
Wnemanic Instruction hd . BYS  branch It ovarfiow is set . 102400  4-41
Ganaral BLC - branch if curry is clear ..o 103000 442
“CLR(E)  chour QOSHMBHON \\ooooooororessreeresssrenre MOS0D0 :g BCS beaneh I carry in ot .ot e JO3M00 443
COM{8} complement dat ... -- ®Q51D0O 4. Signed Conditional Branch
INC(B)  increment dst ... e WOS2D0 :g . BGE branch )f greater than or equal
DEC{A) decrement dst ... 305300 4- N 3 LT, T T Orooo 445
. NEG(B} negats dst .o WOSADD :ﬁ' BLT  -branch If less than (zero} ... ... 002400 446
TST(B) test St ... .. et w5700 4 BGT branch It grester than (2870} .......... ... 003000 447
. . BLE branch itless than or squsl (to zemo) ... 003400 4-4B
Shitt & Rotate . .
ASR(B)  anthetic it ight .c.....o.n.-.  W062DD 413 Umigned ""‘““::;Lf{'m o 101066 450
Roacy aehmelit ST IR o D 415 : BLOS  branch it lower o7 3am ... 101400 451
e T P T BHIS  branch it bigher or same ... . . 103000 452
ROL{B) rotate lef . .....eseeieecene. BLO branch if lowar 103400 453
SWAH . wap h]'tﬂ! IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII QoC3ID0D 417 . . 1|-111..'
; Jump & Bubrouting
Muttiple Precision : - } JUP jump .. srne e e 000100 4-54
ADCIB) BT CHITY .oovievisiinii e or cmmersrmsmeenerener. WSS 0D0D 4:19 J5R jump 1 SUDROUEINE ...\ oo, OOARDD  4-56
SBC{B)  subliract r.arrr SRR + .- +| 1 S XF- v RTS turn oM subruting e .. DDO20R 4-5B
a5XT ngn extend . s DOGZDD 4-21 A& MARK  mark ..o S . DOG400 459
MFFPS mava byte from prn-:usnr Satys ... slDG700 4-22 & 508 subtract one and branch (if 22Q) ... O77R0S 48]
MTPS move byle to processor status ... sl06455 4-23 * 5PL wat priofity lewel ... ... 00023N 462
tT Trap & Intserupt '
'DOUBLE OPERAND EMT erniulptor trag e, JO4000— 104377 4-R3
TRAP L (] ¢ SR 1m4m—mﬂn &.54
a BPT hrnhpoqnt trap . 000003 465
~-MOVIB) mowe BOURCE 1o destination ... bterrisir alssDD  4-25 10T ¥nput.-’oulput‘ mn ........... b 000004 466
CMP(B) compare sic 1o dab ... e B2SSD0 4-26 N RT) returp trom Interrupt ... . 0DDODZ  4-67
ADD add 976 10 dEL L .o 065500 4-27 RTT return frem Interrupt .. b . 0OOODE 4GB
sUB syltract sro from dst ... i 168500 4-28 MISCELLANREDUS .
* HALT P i st DOODDG 472
I ) WAIT  wait for interrupt . s OO000L 473
BITEEF Bt BBl i E3SSDO 4-3D RESET  resel weternm! Bus . ..oy DOOOOS  4-74
BIC{B)  bit clBdr ... BSS00 :-g; ! . Conditlon Code tion )
|Is(p bt st e ne 55500 - Opera
(B i CLC, ELY, CLZ, CLN, CCC  clepr ... 000240 475
& %0OR watlurive OR e OX4RDD 4-33 SEC. SEV, SEZ, SEM, SCC st o . 000260 4-7%
44 l . 45
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4.4 SINGLE OPERAND INSTRUCTIONS

CLR
CLREB
clear destinstion 05000
Palnnunnlnlunuliaiil
Y I T TR N TR S SN Shher N ST S N S
LH] & E 1]
Operation: (gl hal)
Condtoa Codas: N cleared
I st
¥. cleared
C; cheared
Dayscription Word Contanls of tpeafiad deslinatcen gre rapiaced wilh re
s
Byte: Sane -
Exampi: CLR Rt
Befora Al
(L) = 177777 (A1) = 000000
NZIVL NZYVL
1111} G100

46

e e

tomplement dst w5100
FP‘I 9 0 9 ¥ [ 1 a ' Y 4 4 4 4 [] I
R Y BT TR R 1 .
! & 1 [+
Operation: {3} ~-flp )
Gondition Codes:  N- st if mast ignificant et of result 5 set; cheared othermse
I; s H neslt i O cleared ol hereize
¥ cleared
G
Duscriplion: Repiaces (he contents of the destination addreas by Iheir log:
ical complerment (gach il equal 1o O is st and sach it equal
to 1 ia clearsd)
Byte: Samm
Example: . COm RO
Bafore Al
(AQ) = 0133113 {R) = 1 Gl ads
HIVLC NIVYC

g110 1601

4.7
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< . - . = T - e i
INC - . _.._-...:_ .- . ':._ ---. . LI ' .
.. . ' - e - 1y _ -
" mcrnmlht dst N . 5200 .
on n u. --.-1_ - L ;iu I.-l a6 4 4
L : L e M P L g -|I :
i . . & 2 O
e _:‘-ﬁp&pum:-'_ {qm-{uuhl - D - oo
muunm Hmumﬂcmmmum L T
Lt .. “E: vt o resUlt s G CMieed Ctheragd AR I ."‘-
PV T L N wetin(dsty neld DI3737 [ﬂnrd}qu'!? t,m} P |
e e '1.'- - Gladred otherwike .
e oov T ': not sffecled =" % S
o, '."__-__-.Di-mllﬂnm : Word: Wml tu,r.nrﬂmixuﬂ drs'llmtm _' ) TN
- Eompe . E INC A2 '
| TN 7 pefor ’ T At
! o {R2) =033 {R2) =800334 . -
X . NIYC - . ‘NIVE
1 ' opoC Qo0
-, f
' i
. . 4B
- . . i

decrement dit «05300
an 6 g 4O 1 g 1 @ ¥ 1
j ! 1 f L 'l ‘r I L j'j‘l.t.j.l'J
[7] + 19 [-]
Cygpar xtion: (s dat)-1
Condtion Codes: M 52t if resull 5 =0 cheaned olherwise
- . I: wet it resull 13 O cleared Offvarenise '
¥: st it (del} wars 100000 {wawd) or 200 (byte)
Cheprad glharwne
G not alfected
Dueacriplioe ) Word: Subtract | from the contents of the destination
Byte: Sarrwr
Exnmpla QEC RS
Beforn Aft
{RS) = OO0OL {R5) = Q00000 * .
HIVC NIVC
icon D00
i
i
4.9



NEG
negate ost 405400
"8 0 B 1 © 1 10 Qe 4 a4 4« i
Io, N k l § Il l e b _{ ] L J -y ‘ L ]
L] s .5 a
QOperation: (Gal}e ={dst)
Condtion Godes:  N: se1 1) the result 5 <00 cheared Obhirerisy
L et o sty x O cleared of herwise
V. sal o the resalt a 100000 (word) or 200 {byte)
cloared atherw st
C: clearsd f the result i3 O set otherwise
Oopseription: ' Word: Replaces the contents ol the desting bian sddress by its
hwo's complemen. Hate that 109000  repleced by dseil {n
bwiy's complaenl Rotation The Mest negalne number has
e o Dl COuntirpac).
Hyla: Sam
Exampie: MEG RO
Belfore Al
(RO} = QOOOLD (RO = 177770 - -
MIVWD . MZIVC
Quod . 1021

15T

te3t dst 205700
.uﬂﬂﬂﬂiﬂll'1llldtl1
I_ I. L L ] N 3 1 i 1 i i n _I_ n n J
L} L .- [+
Dparacti o (dsh) s}
Conditlon Coday: N set of the reswll 5 <0 clearsd alberwiss
Z: et of resudl 19 G; cleared ofherwise
W: cleared
C: ctearwd
Dwscription: Word: Setk the candition cades N and 2 aceording o the con.
tents of the destination addres
Byte: Same
Exampi® . | TST RI
Belore Alw
{R1)=012340 (RL)=012340
NZI¥YC NIV
9011 aodo
i
oo



Shifti
Scaling data by lactors of two it sccompivshed by the shull insirucbons:

ASA . Arthevenc shell rghl

A% - Arilhmied o shift el

The aign bit (Bt 15} of the operand is rephcalmd v shefis o e right. The kow
trder bt 15 Lilad with £ in shufts bo the left Biis sheilad out o1 the C Det, a3 hown
i Lhe Foflowng sxpmples are joat,

Rotates .
The rotats sngtruchons operate an tha destinalion ward and the C il as 1hough
they tormed § §7-bal ~corcular bulier. inttroctions facdilale seguential bt
teshng and cetmked il mamspulation.

412

— p— T — — -

. arithmatic shift right

(o T - B - I

Oparativn:

) Condnion Codea:

(a1} =) * whiited om- place to 1w nuht

-chsar®d tiherwne

Zoocat of tha result = [ cldared othersie
, ¥ okded from Ibe Exclusive OR of the N-trt and -t (as set

by Ihe completion of the shll opecation) .

C: loaded from wyw-grder bqt ol the ﬂtitlmtrm

N: unnmmghmugmm’fhu-sun 1+ H8 [result < o

Wiord: Sl'uﬂ: Ml bitg o the dnn'mmnn nght orm piate. Bit LS
\' = ey pepheated. The Cobd 15 loaded trorm st O of lhe destunation,

- ASR performy signed mison of the estination by tm

Ward:

d "

PR PR D 'I E
9

Jwi__gldj J

G

Ev[lq lﬂﬂ!l

“d:§3

- — i mmam m g am

-3




ASL

ASLB
arithmtlc shift hett ap630D
o & o0 9 ' 1 B @1 4 & 4
I. L A I L 1 j 1 L I ‘ L L ] 1 d 1 ! l
=) . 5 @
Operation: {ds1)-aldsty Shdied one place to the
Gnmli‘tinanndn: M; set il fugh.order bel of the result is s (resull <2 O claared
Othcwisa
I st of the result =0; clearnd otherwiss
¥: lomded with the #xciasier DR of the M Dot and C-Bel (33 et
by the comphebon at the sl operalon)
C: iazded with the figh-order nf of the Sestrratan
Description: Word: Shilts all bels of the destmation lefl ane place. Bit 0 i3
. kraded wilh an . Tha G bl of the statos ward is joaded Irom
the moat sgndicant il of the destinalion. ASL performs &
sigred mutt picahion of Lbe deshnation by 2 wth avacliow n:
et
Worg:
E_I 1 n i i i . 1 i PR M L N M }’_b
H a ..
Byte:
A 1] — ExY- ]
B L) MU 5 ] [3 T [111] o

- -

rotate right

v

T
uI‘]_.lalnlnclulil‘j

I—ﬂﬂl 0o 4
P
L]

Condition Coden:

Bwacription:

Enample;
Weord.

[ []

M: sl it the high-order bit of the result 13 set {resull < Q)
claared plherwise

Z7 e of #il ks ol result = 0; cleared olherwise

¥: lowded with the Exclusave OR of the N-nt and C bl (as et
bry the compleion of e rolale operation}

C: hsaded wilh the kaw-arder bl of the destinahion

Rolates all oks of Lhe destination righl ona place. Ba 0o
loaded mitg the C-tut and (he prawous contents of the C bt
ate ioaded wto bit 15 of the deatnalon,

Bryte- Sanrw

4-15



ROL
ROLB

rotats left

-]

g b 4 B 1 v @ QD 4|4 o .« 4 1]
I._L L I PR l e b i L'I:._l.
Y

Conditlon Codes:  N: 2t il Lhe high-prdar bt ol the dwatinationis lﬂl

(resuli = OF clered other s )

Z: et it mlt ety of U Oesteniateon = O Caarad othranse

¥: loaded with the Exchusvs DR ot the B-bit sed Cont (24 30t
by i complelion of the rotate operaton]

C: loadad with tha high-order it ¢! 1be destination

Worc. Botate o) beiy of the destination keft one placy. B2 15

Dorncriget bpoc: .
o oaded into The C vt of ther Stabus word and 1he rEviouws
contents of the C-bet are Gaded 1t Bit O of the destinaton.
Byte: Same .

Exnmple - :

Word:
L
IB"*L'l‘.I.l.t I..I
[ . )
Bybrs:
- g
Lll y 5 1 4 a3 ] i i PR | ‘1 | I j
II -]
i g |
o (3

4-18

Condition Codes:

Do pil iy

Byts 1/Byte O =8yie 0/Byte 1

M st i Mgh.order b of iow-order byte (et 75 ol easalt i set;
chrarad ol herwing

I st fl low-order Dyt of retull = OF chaarsd Othiewrie

¥ cleared

€. clnared

Exchargss high-orcer byte and low ordar byte o Bhe deshing -
o wedrd {Destinabion must be & word addoess).

SWaB R|
Bl org AMwr
(R} = 077777 (L} = 177577
NZ¥YL HIVWC
1111 Qoo
[y
417



Multiple Precision

It 3 somalumes NBcHEsEry to do sithmete on operands conddered &5 rulbphe
words or bytes. The POP-11 makes special provision 1or such operaticns with the
instructions ADC (Add Cerry) and S8C (Subtract {pery} and thaer byle squwa.
s

Fornmsphtmli-hiwdsmybcmﬁmdmuazm double precriiden
wired arvd sdkded o sutriracied a3 shown badow:

The pdcktion of -1 an -] coudd be periormend a Tolows:
=1 = IFTIYYEYY
{R1} = 1717IT (R2) = 17777}

(RI) = I?7FTT  (Ré} = 177777

ADO  R1R2 ; .
ADC  RI
ADD R4,R]

1. After (A1) and (R2} are sdded, 1 s loaded inte 1he C b
2. ADC ingtnuction sdch C bit i (RY); (R = O

1 (R3] and (Rd) arw added

4, Rt |y 377XV or -2

4-18

R L

K ADC
. ADCB.

v

ad Carry 03500

lmlo-n.all-a..lll:nlij._;".‘l.'llx.—l

-] . L] L}

(dstka{gst) +(C)

M. et af result <0 clonred othereie

T st ) result =8 Clegred otherwe

. Wt |f (det) was Q77777 {ward) or 200 (byte)

I and {C) was 1; clanred otherwie

€ nat it (st} wey 177777 (word) or 377 (byte)
and {C} was 1. cionred otherwne -

Adels thy contents of tha C-bit into 1he destinatipn. This per.
resiby thi carry Trom Lha sddibion o the low-order words to be
curisd into thr high-oroer result,

Byte: Sama

Owncripiian:

Doutls precision adddien rmay be done with the leflowng n-
BErUCEION MLencE.
ADD  aD.BC

ADC B

ADD &)1.BI

; d0d low-grder paria
: agid carry imla hagh-crder
i dd hugh order party

- 419
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SBC
SBCB

Bubtract carry

F#iﬂuulniirlnlllll‘li
ljljlll

) — L L 1 L Il

=]

Oipur stioen.
CandXon Codws:

§ i)

{3l 1 (51}-C)

H: set o resull O cleared otherwnse

I: set f resylt % elenres otherwige

v: set il {dal) was 100000 {word) or 200 (byle}
cleared atherwi e

C: sat if {dsi) was Cand L wu [; cleared ofhibuder

Word: Subtracis B contenls uf tr C-bit from the deshna-

fion. This pecmits Eve carry Brom thae sublrachon of g Low:

mm:mmmmmimmmnud«mnﬂm

e,

Byte: Same

Doutde pracigon swbiractan 13 done by:

sue  AQ.BO
SaC Bl
U8 ALBL

420

—

SXT
11aed In the POP-11734, 11745 gnd 11/55
Mgn axtend Oe7DD
AT AT SRR EFEC (4
T i 4 5 o
Operstien: {dat) e Cif N bit in claar
(cat) -1 N bt iy aet
Condithen Codbas: N: unaMecind
Z! st if M bit chear
¥: cloared
C: unalectad .
w It soridibon code b N i sel than 1 -1 it placed 1n the

* CHEEtINTIN O a1 N DY ix chear, than 2 0d placed in e
- dwstination ppwrang. That ingtruclion o5 perticulerly usefud m
masitple prbrusstn srithmelic baceuse 4 permita the sgn to

ba exiended through multipls wondy.

1T

421
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Used 1n the POP-11/34 MFPS MIPS = Wsed in the POP-11/34
i .
move byte from procassor dtatus word 106700 t move byte to processor stetus word - 106455
Ilﬂxﬂ‘ﬂl1.iﬁnll l..lt.‘.‘l‘.‘ ‘l [l‘ﬂ.ﬂ.ilI.1‘UL1JD_LIj|‘t‘_|jt‘|‘|]
Operstlon: (st} = P5 Z0:7 2> I Crparation: PS <0:7 > + {SRC)
dxt lower B bits . k
. Condition Codwy: Set secording 2o effective SRC operand bits 0-3.
Condition Code ’ . . .
Bits: N = gt if P5 bit F = 1; cheared ofherwits .
Z = wtif PS <0: 7> = 0; cleared otherwise
¥ = clesred Derpcripton: The 8 kils of tha effective operand replaces the cur
C = not atfected ] rent cantents of the PS 0.7, The ssurce operand
. wddress (2 freated &3 & byle sddress.
Description: - - Tha-8 bit contents of the PS are moved to ihe effec. . .7 vt et o Note that the T bit-(PB.bit 4) canndt be set with this,
BT b . tive destimation.' W destination lxmode 0, PS bit 7 i s omd t % 5 orrinstroction. The SRS, operand: remainy unchanged.
©omewer st -yl axteekled AhIough te upper byts of the reghiter, ' ot Thin Instraction cen be vesd to changs the priceity bits
. Ths destination operand address |a treated sz = byte . {PS <5:7>) In the PS.
mddress. ' i
e A T e PO T ) N el Wil MG T T, el T ¢ monnr
SR E L b B ke gk § gl Ta i, e e - b I ETRT R I LN
w r-“F“m-+r....r-u, o Ll Oy M 1 -t R e P A R~ L . LB
« bafank ‘ ' aftar P T F TR TR F TR o T TR
- - MO ik ey e kT ST S s T4 (1= B W R IT I LI W I I . L7 - R
RO O] ™ &0 Dot RO [QOCO14]

PS (DOQO1A] 2@ wur oo, PR [0O00L4] (pre) : -
LI PR TR T e e T L

Char L sk OO LD 8t s b e g -
- o . R r “
i LY PERR - PEEG T =i .
H . [T Y- 7Y
a0 212 EMmT
I t d " o A = 4
E: T T Y Ty T -
i - - 1] - r_l ' |+ L] L] L | q [ * . F a
s mmpt e e mm— e W pe— T T ™ T T r i
. . 3 . T T S TR T B I
. 4l T : o000 M. - — L . -
I (TeC s P DLl

4818 '
238

RN ol B2 ATINTT THAED W5 1IN
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45 DOUELE OPERAND INSTRUCTIONS

Double coerand imstructions prowide an instruckion (snd 1ima) sing fachty
since they sliminmiy the need for aadsnd “save™ wquence: such as those
usad in atcumulator prignted machines.

4.24

2= i ——

MOV
MOVB
' MovE sofce ta dettlastwon = 550D
[ﬂlﬁﬂﬂ'lllln'llLlﬂilll
] i 1 1 " 1 M " " ] ] i "
13 1 1 [ T [+]
Operation: (a0 le{tre)
: Comition Codes: N sebil (arc) <0 clasred
i I sl d {3rc) = G ciearwe
V. clabrpg L LTE s I R R KR
Conot st il T
D i plicn: Word, Moves [he source ﬂpel‘lﬂ;ﬂ- (o the destnslon Wtation
The pravicus contenls of the destination are loat. The con-
1ents of the source address are not alkected .
Byte: Same 23 MOV, The MOVE to & regisier (unque #Mong
byt imtructions) extends He rodt sgrfcant o ol the jow
order Dyte (Sgn extenupn) Otherwse MOVE opsrsles on
byt mibcty a3 MOV operstes on wivds.
Example; MOY  RKX.Ri ‘ ; lnads Register | wath Ihe con.

tents of memary iocation: XXX reprasents a programener-de.
fovid minmoree i [ reprasent & marmory locabkon |

MY =R :Hlﬂlﬂ'-ﬂ mambw 20 1me
Ragrilwr O - = "ynchcates 1hat b vadue 20 1 the opersng

MOV (3 w20 (RE) 1 pushes the oprrand con-
T 1A lecation 20 onio 1he steck

MOY (RE) + g ® 577568 ; pops the nperand off the stack
and mareas 1l indo mamory lecston | 77556 (termenasd pring
bulier}) -

MY AL R3
regiater trangler

MOVE Q¥ 177562, @@ 177556 moves g character
from terominal keybosrd tutter 1o teminad printer uler

: pariofon a0 inber

.-
4.25 |



cMP

CMPB
compare % Ta grt- 25800
T T a
Iarilutilnll_l.‘lll.l.’ll]‘]‘l.‘_‘_‘l‘l ]
[T [T " [
Oparation: (src)~-[dst)
Condition Coades: M. el =nuit <0 clearsd oifwrsnie
. L set of ettt =0 cisared othermse
W ot 1 Thare was anthinetic cvarfiow: [hat 15, operands were
i of opposts nigny ancd Hw 3gn of the destinaton was the
b same 35 I sy of 1he result. chesred otherwise
C: cheared 1 thare was a carry froem Ehe mast sigrlcant bt of
Ihe reault; vat otherwise
Duscription: Compares the source and destina lon operands $rd ety the

condilion codes. whach may then be used for snimate snd
wgcal cond bonal trancher. Bolh operands are unatlecied.
The only achon s to set the cond hon codes. Tha compane 1%
customarily fllgwed by a condilional branch imgtruchon.
Mole that unlike 1he sublrac) inslruction the order ol oper.
anan iy (src)-{thal). nod (dety-{arc),

i-26
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ADD
ndd sre to dst 0&5500D
Ian.';a]‘;’x'l‘ g llllllllll ;'.‘l

2 L 9 a
Oparation: (et {src) + (dst)
Condrtion Coder: N set 1f result <0 clearsd otherwise

Daacriphion:

Examples:

L. zetat resgdl = O clearsd ptherwse

¥, st o] e was phitherelic overfiow a3 & resutt of the oper:
Mt thal it belh dperands were of I sane ugn and the
Ul was of the Dppossle gn; Cheared Slharwie

C: ot of Ihre wad & carry from tw most ugrelcant bk af the
ridull; clearad otherinse

Addy the sourca gperand o Lhe destinabon opecand and
Slores (b rexadt Al 1he deslinalion sddreds The enginal con-
tents of Ihe destnation se kost. The cantents of the source
#rw not #tleced Two's complement a0dTon 13 porformesd.

Mvdd I regraber: ADD  20.RO

Add b ey ADD  RLXXX

Add rgpiiter ¥ reghster, ADQ R1.A2

A rremecy fo mamory: ADOS: & 17 F50.XXX

*

KKK 11 3 progfimrmr - delingd mnamons [&r 3 memony loca: -~
g,

31
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SUB | .

P . subtrasl sre from dst 165800

['I i l'ﬂlilrllllfu ‘[‘,'.'1'..;‘_; _ [
o n )

| P
! oM

Operstion: (G TUE I, (Y R T

Condition Codes: M. set if result <0 cleared gliherwsa _ .
I st ! resull =0 cleared othermis \
¥ el 1] {here was ariiumet oviriiaw a1 8 reaut o1 the opet - . . .
' #lion, 1hal 15 1f operands ware of oppotte 3igns and the sign
: of the source was the Same as the Mgn of the result; theared
ol Pt 58 . .
- C: ghparnd if there ward 3 Corry roe the most sgnilicant bt g
the reualt set aiherense .o Logical .
: Thaean snstructans s [ 5o formma doubre s
Dopgriplian- . Subtracts the source pperand from the destinahion operand They permit operslions on data al tha L.t‘::l na anthmeti: graup.
’ and ‘eaves the result 5l Ihve desbrston address. Tha origni s -
contents of the deshinatan are kit The contenls of the
rce are ol alhected. In coubiepratron arthmhc the C.°
bet, wiwen set, incecalws a “hormow’”,

"~ Eaample . SUH RY K2
Belor After
RlI=0111i1 (AR1)=011111
(R2} =012345 (R2) = 001234

NZIVC NIVE
it 0000 h

"

. .28 : - oo




BITB
hit best m35500
a1 a 1 . v 1 _a (I " )
Jl ;.-l‘liu'f-.‘-'l N i 1__}
15 L [}
Oparytion; {srTh A (dat)
- Conddien Codsa: M sel ] hiph-order bit of resuit sel; cearnd oftarwisg
L set of repdt = cloarad othermse
' ¥ claary oo
C mat affeciad L
Y Dascription: Perlafms logial “'snd companison of the source nd el
' naton operands and modvfun candilion cooes secorcingly.
Medber the sowce nor destinalion operands ars sitecied.
Wi The BIT imstruciion miry be wsad 4 hest whethar any of the
by correaponding bils thal are set 1n 1 he deytination are sivg s
',IH ! b tha source o whather ad corraapanthng bils sef in The duy-
r ' . tiratvon sy clear in i sourCe.
1 Exsmple "MW{T S WA3 itest by 3 and 4 of B3 to e
< if both #ru afl

(30),=0 000 DOO 00O OI1 DO

4-3D

L Condition Codes:

Dmacription: | .

Exmnple

BIC
) BICB
hit ciear 145500
1
JunjiJn‘a]':-‘...Jiiainjululifu_lilu}
3 2 n 1 a
Operation: {dst}a ~ (vrc) Mt

M set of high order bil of resull set: clesced otherwise
I oot il pepaatt = (% clearsd otherwse

¥ clasred

C. nat sffgcted

Cleary a3ch et i the deshingtion [hat corrasponds to 3 st
bel o [0 gemarce. The origunal contents of the destinahon s
o3t The contents of the source sre unalecked

BiC R1AL
Balory & Itar
(H3) =00 234 {R3) = O01234
R4 =001L1L 7 (R} = DOO1D]
NIVC NIVE
LLid aQoL

r

(R3)=0 000 001 010 Q11 100

Bafore:
(R4)=0 Q0Q 001 D01 D91 91
Aftar

{Rd)=0 DGO DOD 001 00O 001

a1
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BIS

BISB .
bit set a555D0
Eli-n.11‘.'.'1':.4'L'L_‘1‘|_’.‘.‘I

Operation.
Cornitin Codewy:

Dwscription:

Exnmple

[FaE ]| ] -] o

[a1t]wivrc) v (dat)

M. set f gh-arder et F resull sel. clear! otherwise
Z:sal of resolt =0 clgared olhermse

V. tledred

C nol atiectsad

Performrs. “InCiuiive ORODIrabion Detwiin e sowfce g
sl tidn OpEringy and leaves the resul l the destinag bon
dddewss. that o, Corrmpondeng teis set in The source are st
in It destiniabion. The contents of the deslination are 103t

a5 RO.R1

Before - Abw
(RO) = D01 234 {ROY= D123 |
(RL)=QOLIL} R =00113%

NIVE NIVE

oo o990
Batork: (A =0 000 001 010 911 100

(RI)j=0 0OG DC1 DO 001 001
A . L ]
After: (RLy=0 OO D01 011 a11 101
432 '

-

XOR
Usad in the POP-11/34, 11/45 and 131755
exclusive OR QHROD
Inl'l'Jr“;D.ul' rlrldlu 'l'.‘.']
-} T 4 N )
Oparation: (dat) wRwidst)
Condilion Codws: N el il the result <0, cleared Qi v .
I sot of resylt =00 cirares othersss
V. tteared
G unaliected T
Dwscriglion: | The exclysve OR of the register and destmation cperand iy
- tloced i [he oettinalion sidiss Conlenls of registir are
und Hected. Agpembler format 1s: XOR /.0
Exampiy; XOR ROR2
Belore Afer
Ay =D0)234 ‘ (RO} = 001234
(RN =polll} (R = 000125
I .
Bafore: (RD)==0 Q00 DO1 010 011 100
(R2)=0 00O Q01 001 0L 0L
Aftar: (R2)=0 000 009 911 010 101

AT
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4.6 PROGRAM CONTROL INSTRUCTIONS
Branchae

The instruclion causes & Dranch to 2 locstion gelined by the sum of the offset
(muHipied by 2] and the current contants ol the Program Counter if;

#) the branch natruclon is uncandiluansl

BY 1t v% conditional tr'-d tre condilions are met after testing 1he condition -

coodet [status word)

The cifert i lhe rmber of words from the current contents of the PC. Noh thal
the current tontents ol 1he PC paint g the word Tolkgesng il branch imtruction.

Although the FC expratins & byte address, the offiet & aprétsad in words. The
artset i autorratically Mulliplid by bwd 10 enpress byles beloos it 4 added 1o the
PC. Bil 7 1y Ihe sign of the offsal, |1 it is set. the offset is negative and the branch
15 done 0 the bachward direction. Samdiecly 10 11 3 nod sel, tha ul'l‘“'t in positve
! tha bunch in dorne e forward Sirschon.

Tha & bt othel sliows Seantiang m the Sechwhnd chrection by 200, worda (400.
bytes) from the ouwranl PG and in the forward ﬂr-:tnn by 177, wor (376
bytea) from the curmenl PC

T PDP.11 aatembior handins address arithmalc for the caer and computes and
asamidles the proper alixet twid dor branch inyiructions in Lha form:

Bry o

Where ~Bz1” is the branch insinachon and “loc™ o the addneis To -r-ch the
Branch 15 ta ba made. The asyembler s a0 brror inGZEban in ha instryction 1
o perrIS A DIBNCH FINEE i gxcented] Branch instructioni havse no aliecl on
condilion Codes.

434

T e e § i - — . T w— =8 T

BR

branch {unconditional) QDO400 Plus ollsat

Qe 8 & 9 a9 ©p o 1 FSET

L £ i RN | PRI | i 1 ”I-. i L 1 i |
I ' 7 . 0

Oparston: PC « PC + (2 x offser)

Owucription: Prowndes & wiy of iranslernng program conirsl within 3

range of -1278 0 + {27 words with a one word imtruchon.

Muww PC xddrass = updated PC + {2 X offsat)
Upsdated PC = uddrass of branch instryction 4 2.

Example: With the Branch instruction at lpcation 500, the following off-

ety apply.
New PC Address ONsat Code COHset {dacimal)
414 - ars -3
476 e -2
00 arnz . -1
502 , Q00 o
504 001 +1
506 002 +2
=
o
4-35
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BNE

T branch it not equal (1o Tera}

DG1000 Plus ot et

a o o0 8 0 0 1 o OFFSET i
k 1 I 1 P | 1 i i i L I i
H a7 a
Ot ation: PCAPC + (2rotsal)l I =0
Condillon, Codes:  Unuliwclied
Deacriptiomn: Tasts the state of the 7 bl and causes 3 branch Ihe I el s
v ©ore ghear BNE i3 the complementary operahon to BEQ 1L i uaed
“to et inaduabty klowing @ CMP, o fext that some Dt set
=+ pn the BebRkhon wery Ao o1 e SSurce, folkmang @ BIT,
and gonrally, to test that Bl resalt of the provious Dper-
Hudn whi 1 zero.
Exzample: CMF AB 1compare A and B
BNE C T branch of [hey are nol agual

wlbranchtoCil A % 8
ard Hhal $4anCE

ADD AH tadd Ate®
BNE G 7 Breewchol the resuil iy not
squal tc O

will begnch o G it A+ B:Iﬁn

4.38

row wemm e e

. ———

i -

brarch I equsl [ta zero) DO1400 Plus ot set
o 0 I T - T
1 1 A & I. 1 DLF‘-f.EI-T ] IR ) ]
= "B ]
PC 2 PC + (T x ottygty i =1

Condition Codes:  Linaffacted

Description:

Tasls the slate ol the .ot and causes & branch 215 sat Ay
an gample, it is uted to bexl squalty fHlewing & CMP ppar

. . Blhon, to test that ro Dnhy 1t a0 Lree des| gl o0 were e et

in Ik source iollowng & B4 T operabon, sl Eevawally, o test
that 1he retutt of the pravious opevabion way perg.

CHMP AR ccompare A dng B

BEQ C Cbrmnch il they gre equal
willbranch i Cil A = g h-Ban -
wd the Sequance

ADD AR Tedd A Le B

BEQ £

Corarch of the reull =0
Wl branch W CitA + B = Q. i

6T
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o

F......u-'f-_

BPL

branch if plus

190000 Mus ofl et
g B laiol .

i L i A L I
T . 7 - -

OFFSET
i L

“PC aPC 4 [Zupitsetii M=l

Opasr alion.
Dwepeription: Tests 1he state of the N-Bt and causes s branch if N in -
. clear, {poxitive result).
1 L]
1 ! LTHETENE B E TUR BT SR N * wy
- L] '.'1.- - BT Fl -

438 -

Ol
, BMI
branch H minusz 100400 Plus of fset
N R RAPLANL T IO Ui U BT

b ] 1 7 a

Oparatian: PCaPC + (Zuoffsathd Nai
Condition Codes:  Unattecied
Dwcription: Testn the siate of the N-bit and causes » branch if N is

4l It & usad to test the sign {most significant bit) of
the retult of the previous operation), branching if nsg.
stive.

4

e

4.19
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BVC

branch if ovarflow iy clear I0200C Plus of I yet

| O 0 4 a 1 o o FRET
RTINS IR Tl BRI T kot B
-] ] T Qq
Oparstion: FC o PC + [2a0ifat) il VaD
Dt ption: Tasts 1w 912t of tha ¥ b+l and causes a branch il Ine ¥ bit is

chrar. BYC 13 complementary oparabon o BYS.

d-40

L LI T

branch if ovarflow 15 set

BVS

192400 Plus offset

1
o ey o] e

" R T o
Cparation PC aPC + (2raibetyi Yl
Dwncription: Tesls the siate of ¥ il (overfiow] and Causes o branch it the

¥ bl 1s sel. BYS ox used ta detect anthmatic overiiow i the
P apea b,

Te

a-4]



<1

BCC

brench if carry 1 cloar

103000 Plus offsst

{1 e,0
1% *

Operation:
Dwscription:

_1°1°1'.':°1 o oeeser l_j

7. v
PC aPC- + (Znolhel)it C=0

Tosts the state of the 0B and couses x branch if C is chear,
BOG 15 1he compiethentary operaton 1o BCS

442

branch [F carry i9 1ot

BCS

103400 Plus off set

’ { v 0 0B B0 1 4 OFFSET l
l ' 3 ] ] 1 I 1 L I - h l 1 A
-]

Operation:

Description:

. T . o

PCaPC + 2uoihet)f Cm]

 Tests 1M state of the C-tat and causes & tvanch o Cosat. It

™ used ho test for a carry o the result of a (=g L R
It .

[

a4
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U dyw i

Signad Conditianal Bramches

mrm o — e ———

Particular combinations ol the tondition code bits are tested with tha signed con- BGE
dilional branches. These inglructions are used (0 test the resulls of instroctans n
which the operands wive conedontd 8% signed (two's complemant} vk
Note thal the sense o signed comparsons ditters fram that of unsgned com. "“&““ It greatar than or equel .t . 002000 Pus offyet
paetsers w that 0 signed 16 bk, bro’s complement arithmetic 1he sequence of ; ¢ Zero)
valuwd 5 3% Follows. : Iu e g 0.0 t @ nl OFESET
NPT W S | g el U T
laegesi oTiYF? ] s 7 5
arIr7G
[ N
Opwation: - PCoPC + (2roHat) it NeV =
DO00aL Dercription: CHUSI_H a beanch ol M and ¥ are wither Doth chear o both 1et.
00000 : BGE is the complrmeniary cowraticn to BLT. Thus BGE wf
177777 - _ slways couse & branch whan it ioflows an operation (hat
177776 caused 2ddilon of two Potiteed dumbers. BGE will 10 eause
. N 4 tranch o0 & Tem PRt
ragaive
100007
a1 10000

whareat 1 unsigned 16 ba anthmelic the wequence 15 conhHdered 1o be

Pig Pt L2777
&
- L
000002
000001 .
lowest 000000 :

£e

4-44
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BLT

branch f less than {zero}

002400 Pius offset

e o,0 v e

| oFFSET ]

l_:l"l

Dpartionn:

_Dascription:

BT 9

PCaPC + (Zeolat)ifF Nw¥ = |

Causis & Dranch il tha “Exclusore Crof tha M and ¥ biby are
1. Thus BLT will gtwarys branch Igllowing an oparstion that ~
wadced two nsgelve nombers, even if ovarflow ocqurred.

In particular. BLT will always cauze & branch if it folicws &
CMP mstruclion opersiing on & negative 30urce and & posi-
trwe cestinaluon (v if overilow oocuresd ). Further, BLT will
revir caule & bepnch whan it lolows » GMP intruction oper-
ating on § posabive source Mg negative destnation BLT wil
rot cause & brench i tha result of B Drevitws o s thiny i
20 {wnthout owerfiow).

&-45

: BGT

Granch {f grustar than (1ero) Q03000 Plus off set

a
]_ l 0 L u_l o £ ° | ' 1 ) ] nl b l CfFS-ET I. L ' ]
13 T 1]
Oparstion: PCaPL + 2aaottiablfI wNe V=D
Dapcriptioon Opsrration of BGT s sandar o BGE, sxoe BGT will fot cause

. " b branch o0 & rrg resglt
i LI LR E .y

L | R  F

be
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BLE

branch i jess than or ¥quai (to zero) 003400 Plus offset
6.0 0 D B 1 {4 OFFSET
[.5 ‘I L L I L A [ . I - b I. L L I. h La_] L L M.ﬂ E w m .
- The Unsigned Condibonai Branchas prowide x maans for testing the result of
. COMpaNSeN cperabons in whech the operands ary considennd 2% Imsigred vl
Oparation: PCwPC & [(ZxoMtem)d Z WM > ¥}=I T . - ..
Omcription: Opersion is imilar to BLT but in addition wail couss &

branch Il the result ol the pravious oowration was I8r.

ge
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BHI
branch if highar 101000 Plus atiset
BRI I
) . B 0

Cpearati ooy PCaPC 4 (2xotisetyf CmCandZ=0

Dwracrighionn: + Cavses g branch if tha previous cpersbon cavsed ranther &

. . EMTY NG 8 Teto result. Thes will happen o companson {CM P

operabiom a3 long 43 the Source hay & higher urigned viboe
than 1he destinaban . oo e s el ptr e

=y

A-50

BLOS

branch if kmwer or wame 103400 Plus off et

rge 0 epe e iy L) OFFsET ) \
fr . T a
}  Operslion: PCaPL +(2zoMab i CyZT = ]
- Demcriptinn:

Causes & branch if the prenous operaton cauted sither a
Caxpy O & o result. BLOS o Yhe compiemantary operation
to BHI. Tha branch will aoour o COmpanson aoeratans as

long &% the source 13 equal 0. or hat & Kower unigvad v loe
than the destinahon.

-

92

4.51




|
- ]
BHIS
BLO
branch it higher or yama 103000 Plus off ser branch - if tower R 103400 Plus offset
l—lﬂoﬂdiiui CFFSET i\ 8 o B ; g
| B IR | PR B 1 L N OFESEr |
3 "B [ PPRIPEE S | e b w1
. 4 [ v
Operation: - PCaPl + (Zxalfsa)d & = 0 Opevation: PGPS + (FaoelifCml
Dwecription: BHIS ; the same instruction as BCC. This mnemaome 18 in.- | Description: BLO ix same inyruchon as BCS. Thia mnemonic i inchided
cluded only for comerience . only fox comenience.
b -
o
A [y
4-52 483




JMP

iump

L .

DODD"ﬂoﬂlﬂuillllidll

| P

13
Opecation:
Condidian Codas:
Dhrpcriphoon:

PCa{cdal])
not i lhected

JMP promdes mare fhesible program branching than provaded
snth the Dranch imtruciions. Control may be tranylerred to
any kocalion in memony {na range hmilatan) and £an be ac
comphhad vtk Lhe full fexiiity of the addresang modes.
wilh tha exceplion ol regisier mode 0. Exscution ol a jump
with moode O will cause sn “ibegal instruction”condilion.
(Program contro cannot be translarrad to @ regester ) Regs
ter deterred mode s legal and wll cause program conliol o
e iranaferied 10 the addesit bl o0 the specibed regigter.
Mot that insirucLions 3¢ word data and must theretore be
tetchad HrOm art swen.numbered address. A “boundary e
o 1rap conditicn will result whan the procssaor attampis &0
tetch an irstruction Trom an odd aidress,

Delerrad inded mode JWMP wnplrucions pormil Lrpnyler al
conirol 1o tha addresy contsnad i b seiwtabis slement ol &
tabie of dnapaich vectors,

T

wh nrtructions -

subroui g calt in the PDP-11 provides 1o+ autarmatic nesung of subroutines
reentrancy, snd mudliple sntry points. Subroufines may call ntl-ug subroutines {or
nieed hammabves) 10 any leval of nesting without meking special provision for
Storag e or return sd0iesses sl each wvel of Subroubine catl. The subroubine el
myg rmachaniem dost not mod ity any Ioaed locaban in memory, thus Drowviding for
rieriraney. This 'M':- one copry of 3 subroutine te be shared among severs! in-
mmcur:ur w:c-m or mose delsied descnipiion of subrouting programmng

¢
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Owscription:

¥ (S arog {puth reg contents onlo processar stack)

{(PC hatds location follkawing JSR; thiy address
Now gt i ragl)

(PC now points o subvauting dastination)

Mg FC

PG ={o3l)

W1 erecution of e J5A, the old contents of tha spectioed rsg-
wier (the L INKAGE POINTER") are sutormatcally pushed
onto the processor slack and mew hokage information placed
ir th ragister. Thos sutrroubines nested wathun subroulines
10 any depth may all be Called wath e Sarre inkage register.
Thede is o need ether 10 plan the raomum depth st which
any partcular subroatine will be called or fo aclude imtroc-
it i mach rouline to tave and restore 1hs bnkage porher.
Fyriher, Bnce all Imhaprs are 3avid N & feenirast Manner
on the processor stack exacution of & subroutine may be in.
larrupted. the samve gubroud e reenters] snd executad by

*imtermupl sernce rogtine, Executmn of tha imful subroutine

can then be resumad when other raguesis are sahafed, Ths
process (Caileg nesting) can proceed to 8ty vl

A subroutine cyited with 8 JSR reg.ds] matruchen can acoess
M srpuomenty tollowing the call with edbir putovncrement
sidrasung (regl + . (f srguments dve accetsad ey}
or by inden] addregsng. K{reg). {if aComtpsd W1 FpOOM of -
duth, These pddresmng modes may s'an be delerrad,
@reg)+ wnd ¥{rag) 1 1he pararmeiers are operand 3¢
drostes Tather than the oparandi themsehan,

4.56

Exampin:

Belom:

JSR PC.eat g & special case ot e PDP1] sbroutine ¢ai
swnable for subroubine calls that transmil parameters
trough the general registers. The 5P and thae PC are 1he anly
fgstere that may be modifed by thus call

Anothar spacral case of the ISR nstruchion 15 JSR PG
@(SP)+ which exchanges Iha top wiement of the processor
Stich angt the contents of the pragram counlar. Use of 1hix
Wiibruction llows twen fOulires 10 Ywa p program conlrol and
FESTIE DDEC AT when rCalied where they Iedl off. Such rou.
ey e calied “CO-roubngs -

Fetur 'rom 4 subeoubine s gone by the RTS instnacton RTS
reg s the conlerds of reg inlo the PC and popt the Iep
siament ol Ihe processor stach into Ihe spacilied register.

JSR RS, $BR
we R7 [ PC | * Stack
P Re [ o | — w[DamA©
"
" e
RS PC+2

4-57
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RTS

retumn Trom gubroutine ' D0020R
T
[_u_lﬁ-n.nlu;u.nla.' .ﬂ ]o.ntul' . lrl
™ - I 4 a
Cprarwti n: PCareg
g (5P
Description: Leads contents of reg mia PC and popa iha Lop siement of
the processor shack nfo the e fed regrtir,
Ratum borm a man-feantrant subroutwe i hypecally made
through the same regater thal was used in its el Thus, &
subroutine calted wilh & SR PC, dst exiis wath g ATS PO and
A subroutine called with a JSR RS, ds1, may pich up para-
melars with addressing mades (R5)+. X(RS), or @X(RS}
prwd hnatly Emts waih an RTS RS
Exsmpils: RTS RS '
Belors: (PC) RY SBR Stach
" #1
RE n+2 —— g OATA O

o (5]
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MARK

Used in the PDP-11/34, 11/4%5 angd 11/55

* 00 64 NN

Cparation

Condhion Codes:

Oucbariptio n:

Exampla:

B L a
5Pa PC + 2nn AN m purnber of paramelers
PCaRs - !

A5 [5F) 3
vl hecied

Used ay parl of e standard POP- 11 subroutme return con.
werlion MARK faclilaies the stich clean up procedures n-
volved in subeayline exit, Assemibler lonmat is- MARK M

MOV RS EP) place old RS on siack
MOV Pl (5P ;place N parameters
¥ P2 -SF) won the stachk 1o ba
Aused there By Hhe
gubwoustine
MOY PN 5P
MOV e MAREMN. 5P spHa e the e tiud ngn
. MARK N an the 1lack
MOV 5P RS st up address al Mark N n.
$ruction !
JSR  PCSUB UM o Subrouting

A1 TE poerd the stack i1 B Tolkows:

LD m5
L]

Fu

oD g

ng
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And the pragram 15 st Ine address SUB which 15 the b inng

ol the suhruutlnl
SUE sexeragtion of e lub-rﬂutmn il

ot

RTS R5 The return bagina: this taUE-l;i

Ihe contents of RS to bie pla:ed i |he PC which therni resu!l!. .
iy the mecuton of Ioe inlruction MARK N The conlents o1'
oid PC we placed R5 ’

MARNY Hcauses (1] the i‘llch penter Lo L .ﬂjuit!dln mﬂl

Ip the pld RS valui; (Z) the valu® now in &5 {ihe oid PC) 1o be
ptaced n the PC. and (3} cantents of Ibe [P old RS to be

popped into RS 1hus completing The relurn From sLbroubine v

460 .

subtract one and branch (it ¥ &)

08

Used in the PDP-11/34, 11/4%5 snd 11755
QF7R00 Plus cifset

1
ro ' orFsET
nlljlljllilaiu'_.rl ]_l.- I_LII
15 " & & 5 . 0
Oparsilon: Ra A =] o thi.sr;nultimm PC = PC {2 n alizet)
Condiion Cacdyy:  uruiiocisd
Crscripthon The regoter 15 decrementad il it 5 not equal 1o 0. twce e

altél 13 subtracted from the PC (naw ponling to the follow:
ing word), Tha offsat iz interprated as & sl positive rum-
b, Thit inslruction pravides 3 fast. ellioen methad of logp
control. Avsarnbier syntax i

508 RA

Where & 15 the acdresi to whuch transier iz 1o be made il thy
decrementad R i not sgual ta & Nole thet the 508 msiroc-
1ien Can not be vsed 1o trensfar control m (he lorwand direc



SPL ,
. Used In the POP-11/745 and 1795
S&t Prighity Laval QO023N
[ulululnlﬂlulnIulllul_al’lf_l..lll_']
[} . Y 1 ]
Operalion: P5 (bits 7-5) =Prorty (priority = nnn}
Canartion Codes: no! alfected
Doz rigrtion The lwast sgrufcant three bits ol the -instru:hon
ar®? loaded intd 1he Program Siatus Werd (PS5} bin
- 75 thus causing & changed prianty. The ald prionty
i3 lost. ' '
Assembler syntas o, SPL N
Moe: Thes instrocteon is & no op n User and
- Supennsor moces.
Traps .

Trap ingtruoctions provice for Cally to emudaiors, /0 momtors. debugging peck.
agex, s yier-detined anterpretars, & 1rap m effechvaly an irderrupt generaieg by
soffwars, Whany & Irap oceurs the contents of the current Progeam Coumter (PC)
and Program Status Word {P5) are phed ontc 1he proceisor stach and i
placed by the conterds of & two word [ri) vector contrang 3 rew PC and new
PS5, The refurn $equence Trom a trag immolves execubing o0 AT or RTT Jratruc.
tion which restores the olg PC and old PS by popping  therm Trom iha stach. Trap
vactors wra jocated ot permarently astignad hasd dddnmsey

4-52

EMT

104000 —104377

el ]

Condition Codes:

Dwacription:

Bafore:

Altur;

T +]

¥{SP)aPs

¥ (5P} PC
P 3G)
P5+({32)

N izaced Trom trap vecior
Z: lodded from Yap veclor
¥ loaded (rom irep wochor '
C. Ioaded from brap wector

All operation codet from 108000 to 14377 are EMT imitruc:
tieny ard may beuled 1o Bransmut nlarmation bo the emutat-
ing rouline (e g, function 0 be perlormed). The g vector
for EMT is at address 30, The rew PC 13 baken 1rom Ihe word
. sddress 3); (he new cantral processor status (PE) s Laken
from the word At address 32,

Cavtran: EMT i% Ut frequenby by DEC system soliware pnd
13 Lherefore not recormmended for general use.

. s
o s
RG, 5P h

s {32) .

A —‘—_—1

. -

P51

» o
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frap 104400 — 104777
[rjeeejvoo
7] a7 e .
Dperation: ¥ (5P P
¥ 5P FL
PCw{341
P 36, .
Condlion Codea: I lcaded from trap vector
2! baded from trap weekor
¥ losges fram trap vecior
C: lpoden frone rep veclor
Degeription: Cparstion codes feors, 104400 to 104777 are TRAF inslruc

tens, TRAP: snd EMTE ars identical in operslion, axcept
that tha trap vector jar TRAP iy at address 34.

Hole: Since QEC sollware Mahes irequem use of £MT, the
TAAP instruciion o retommenced e geraral e

4

454

Y

breakpaint frap 000003
T
[ululnxnlnl G.Di nlu iolo.uLDlD. ' 1—I
5 ]
Oupanr rtiews; * {5 PS5
v (5P ) PC
PC =14
PS5 = {16}
Condition Codet: N loaded from Lrap vecior

D riptian:

L. Inaded from trap vector
W' loaged Irnom lrap vector
. € loadwd from trap wactor

Periorms a 1rap Sequence with & 17ap vector address ol 14
Used to call debugping aids. Tha user i cautiormd agairt
ampioying code DOOOGT v progrems run under these de-
hggng ands .

{no wifprmaton s ranmeited in the low byie )

465 .



107

input! auiput trap OO0004

' 6 o 1 0 O

e,0 0 ®40 8 00,0800 .

(1. a
Oparsion: . ¥ (5Pl PS
. (5P PC
P (20
P5{22]

Conditlon Codwst  MNoloaded lrom trap vectior
2oaded from trap veclor
Yioaded trom (rep vaclor
Cilosded from frap vector

Dwscriptuen; Performsg 2 178D Secuarce will: a Lrap vechy pockeess of 20
Lsed 1o call tha 17O Enscutors rowdna 00X o0 the Daoer Laoa
sitware syslem. and lor efrod reporiing in e Dk Oper-

aing Syrtem.
(e nformation i transamwtted in tha low tryie)

466

return from interrupt

RT!

Dwesiription:

Condition Codex: N ioaded Iram PrOCESSOr 3tach

I lasded from processar stack
V. loaded Irom processor stack
C: loaded from processor ttach

COO0002
0 0 o '
0%, %40 P o000 0 ‘0
1B 1{:
Ot nthgry; PCa 5P -
PS5 al5F)a

+ Used 1o enl from an interrupl o TRAP carvice rouline The

PCand PS sre restorsd {popped) feom the processor stack

4.67
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RTT

Used in the PDP-11/34, 11745 and 13 /55

return toom n e runt Q00006
. . .
onnuuuounnu11n_'|
1 ° l ° L L I L n I. A A .I i P I i i
] o
Operation: PCa(S5F14
PSa(5F) 4
Comdition Coder’ M. t0a0ed Irom processdr S1acw
1 aded trom processtrs Stack
¥, loaded from proceksor stack
C joaded Irorn Oroewses slack
This 15 Ihe same as the RTI instryction excep! Ihal al ifhrbits

Dmyeription:

& trace trap, while RTI parpnts a trace trap 11 4 brace rap i3
perding. the liesUinstruchan aller The RTT wil be executed
orear 1o the nazt “T tiap In the case of the RTI imdruchon
the ~T* teap wil ocour wnmedhately atter Lhe RTL

*'H '

Raserved Inatrgntren Traps - Thase are caused by attemnpls 1o execyte insiruckion
codes reservin 107 future Drocesson axpankdn (reserved inatruchons) of mstric-
trans wain legal sddreysing moces Gllegal nalructions), Order codey At corre
spanding to ery of the nshruchons cHcnbed are consideed 10 be reterved o
sifuctcns. JMP and JSA th regisher mode destinabions aee Alegsl mtratlons
Reserved amgt WAl instroction fraps occur &% deseribed under £MT. bul trap
thrgizgh wectory ot bodresses 10 and 4 respactivaly.

Stack Overfipw Trap

Bus Error Trags - Bus Error-Traps arm:
1. Boundary Errors - attempts o relerance instroctiony or word
operands #t odd addresses.

2. Timwe-Out Ermmors - attempts to referencs addressas on the bus
that made NG reaponse within » cartato length of ime. In peneral,
thesn ars cauted by attempls 1o refereace non-easlent memary.
and Altemnpls 1o relerence ron-existent pecipheral devices.

Huy error tiaps CAUSE Drocessar traps Througn the trap veclor addresy 4

TYraew Trap - Trace Trap enables bic 4 f e P and caute processor traps al
the end of inatruction executions. The ifnsiruchion that iz ezecuted after the 0
struclion that sl the T-bit wadl procesd 10 complebon and 1hEn crute 3 processor
Trap fvough the 1rap wacior at sddresy 14 Nate Inal the Irace trap 9 a yysiem
debepnng aid and o transparent to the general programmer,

The follcwing are SpeCidl czzes and are datailed ih subsequant paragraghs
1. The trated instruction claarwd the T-oit.
2. Tha Irtcvltd irglruction set the T-bul,
3, The hpond mnstruction causet a0 mstruelon trap.
4 Thu trece] instrgchor coused & but amiw irap.
5. The trpged instruchon caused B stach overfipw Hrip

£. The protess wit nleruplon Getwaan Lhe [me ihe Tt was 1ol and the
felchung of the instriclian thal wee 10 De traced,

7. Tha traewmd imtlrushion wes & WAIT.
B Tng tracomd insiruction wey 2 HALT.
9. The trated spairuction war 3 Ratum rem Trap c

Fl -

Hote: Tise traced instructhon iz the instrocton after the oae that scis e T-bit,

An Imstruction that csrnd ihe T-bit - Upon betcrng I traced nstruclon an in-
Igrnl Fay, tho trace hog, was skt Tha trap will still pccur at the end of execution
ol thig ivstructon, Tha skzcked s1aluld word, howevar. will have 3 clear T kil

An indbraction thal et tha T-bik - 2ince the T-bet was siready s, setng it agam
has 0o ettect, Tha trap well occor, .
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An sngtruction that caused an Instructiin Trap. The msiructon lrap 15
sprung and the entire rouhine for the S#rvice trap 15 execuled, I fhe
service routine ents with an BT] or in any other way restaores che siacked
slatus word, the T-bit o sel again, the wstruction following Lha traced
instroction is executed and, wsnless it 15 one of Ihe special cases noted
abuve, A trace trap soCurs.

An inziroction that ¢aused & Bus Errod Trap, This 15 lreated 2% an Ine
struction Trap. The gnly diference s Lhal the erfror senace e not as
likely 10 el with an RTL, 50 that the trace trap may not ofcur.

An instructian that caused & stack overflow, The instruciron compieies
execulion as yspal—-the Stack Overflow does not cause a trap, The
Trace Trap Veclor i loaded into the PC and PS and tha oid PC ang PS
#re pushed onlo the siack, Stack Owerflow Docurs again, and this tirme
the trap is made, .

An interrupt between satting of the T-bt snd fetch of the traced introc-
tign. The enbire mlerropt service routne 15 sxeculed and then the T-bat
i et again by the axiting RTL The traged anstrechon 5 execuied OF
there have be#n no ather interrupts) and. uaiess it is a speciad case
rotad above, tauses m trace trap,

[

MNute that interrupts may be acknowledged imimediately after the Ioading
of the new PC and PS at the trap vector location. To lock out 3 inter
Jfupts, the PS5 at 1he trep vector should raise the processor pnonty 1o
hrval 7,

A WAIT, The trap ecours immediately.

A HALT. The processor halts. When the continue key on the consoie is
presyed, the instruction following the HALT is fetched and sxecuted.
Linless it i= ane of the exceptions noted sbove, the trap oocurs imme-
duately Tollowing sxsculion, s

A Return from Trap. Tha return from 1530 madroction sither Clears or seis

the T-tat. It inhibitz the traece trap. #f the T-bit was set and RTT 1a the _

traced instruchion the trap s defayed unll cormpietion aof Lhe next in-
struchion. .

Power Feilure Trap. 15 & standard POP-1) leature, Trap ocours whenever
the AC power drops below 95 volls or outside 47 ta 63 Hertr, Two milll-
seConds Are then aliowed lor power down precessing. Trap vector for
powet failure is at localions 24 and 26.
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Trap pripritizs. In caye muitlples processor trap conditions occur simul-
“tanecusty the foHowing arder of prioeities it otsarved (from high to lowl:

1104
» Odd Addrags
Timeaut
. Trap Instructions
. Tracae Trap
Powar Faifure

Ly O

11734

Qod Addrass
Mamoty Managamant Yiolation
Timeout -

Parity Ermor

Trap tnstruction
Trace Trap

Stachk Overflow
Powar Fall
“irternapt
. HALT From Consola

0 0 R L by e

Pt

11743, 1155
. Odd Addreis
. Fatal Stack Violstion
. Eagmant Yiolation
. Timequt
Parity Ermor
Consols Flag
Segmaent Managamant Trap
Warning Stack Vioistion - .
9. Powwr Failum

B0 N Ly

Tha details on the trace trap process have bedn described in the 1race
trap opwratlonal deszription whech includ®s cases in which an instruc
tion being traced cauies a by error, instruétion trap, or m stack owver-
florer trap.

It & bus error is caused by the trap process handling instruction traps.
trace traps, BlaCh Overflow treps, or & previous bux error, the protesaor
is hatted.

if a stach overflow I3 caused by the trap process In handling bus arrars,
instruction trmps, of trace trapw, the process i3 completed and then the
stack gwarflow trap is sprung.

&
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A7 MESCELL e EOCHS )

HALT

hait OO0
0P & b g 9 T o
'R 9 0 0 b 9 8 a
™ ok ' L —y .l_. A :I'n_._'|n

Camtltion Codem: not athecied

Daacriphion: Caures the procersor operation ho cesss, Tha comole is

given contral of the bus, The consefe data (ghts diplay the -

Contents of RQ; the consoly addresy § -
m alter the hal nstruction. Trlﬂﬂﬂ'hntl: :.IH U;‘:Eti:; :fe
mt:md immediately. The PC poants ko the raxt tratrue-

be wxacuing. Praging the Contwsug hey on the cConsole
@mmammm.hhnw.i

MI.' l‘ h-'“ Iw m ¥ tr'p

472

wait for interrupt Q0000 1
a " T ]
l ] ﬂ e u rl _i u e n 2 n‘ I- ﬂ i u A ° lij. n e “ I u_l. u “
L] ]
. Condition Codes:  nut altecieg
Dweeripthon: Provides & way ior the proceasor to relingvish ul-t of

the pus while it wats for an external nhermupt.
Having bean given a WAIT command. 1he processor
will not compets Tor bus use by fetChing inatructions.
or operands from menmwy. This perrmis hgher trans.
far rale#s Dytwean & device #nd memory, 3ncE NG
ProEasSorinducd iatencies will be encounlersd by
bur requests from the device In WAIT, as in all in-
structions, the PC points 1o the next instfuchion 1al-
lowing the WAIT operation, Thus when an interrupt
causas the PC and P§ to be pushed onio the pro-
ceisor stach, the sddresy of tha next Instruction
tollowing tha WAIT i3 saved. The sut trom the in-
tarrupt routine {i.9. eakcution of #a RTI instruction)
will cause resumptioe of the interrupted prooess wt
the Instruction fodlowing the WAIT,

/8
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RESET

rasal axternai buy ) 200005

o, e & & ' 0 o, i
rl 1 N ]uln-n]ﬂtuuan; i | Jnll
o

[

Conditian Codes: not aflected

Dwicription: Sards INIT on the UNIBUS AN devices on tha NI
BLIS are reset 1o tha $ate al povwesr up.

v

474

Gomarion Cosh Dpersen CLN SEN
CLZ SEZ
_ CLV  SEV
CLC SEC
CCC SCC
condition tode operstors QD022

s s o)
L] [] L] 31 1 [-]

Duncripthon: Set pnd clear conditron Code bits. Sateciable cominations of
. thase ety may be clearsd of Set logether. Conditon oode bits
tomeaponting to bitx 0 the condition code operalor {Bits O
3} wre modited acconding 10 the serme ol bit 4, fha wet/Clabr
et of thar operatos. e, 34t The el gpecddiod by b 0, 1, 2or 3,
if it 4 v 2 L. Ciear cormRponding Dnts if et 4=

Mramon;
Operation 0P Code
Ce el oozl
oy e ¥ o042
Ll  Cearl 0244
LN ClmrN QO0TS0
SEC  SeC . mozsl
SEY Sel¥ . 000262
52 Se? 005264
SEN SetN 000270 f&“
SCC SetaNCCy 000277
X Cheer sl cC ) om2s’y
ClaarVande - 000243 !
NGP  No Operalion . 000240

Combinations Bf tha sbove st or claar oparalionms may be ORed fogethar 1g form
combined instructiong.
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MINICOMPUTER SYSTEMS

R.H., ECKHOUSE, ]R.

/
4 PROGRAMMING TECHNIQUES )

Mastery of a basic instruction set is the {irst step in learning to program.
The next step is ta learn {o use the instruction set 1o oblain correct results
and to abtain them efficiently, This is best done by studying the following
programming techniques. Examples, which should further familiarize the
reader with the tolal instruction set and its use, are given to illusiate each
technique,

4.1, POSITIONINDEPENDENT PROGRAMMING

Most programs writlen 1o run ¢n s eomputer are written so as Lo occupy
specified memory locations {e.g., the current location counter is uzed to
Qefine the location of the first instruction). Such programs are said to be
absalute or position-dependen! programs. However, it is sometimes desirable
to have a standard program which is available to many different users, Since
it will not be known a priori where the standard programs are to be leaded,
it i5 necessary Lo be able to load the program into different zreas of core and
to run it there, There are several ways to do this:

1. Reassemble the progrom at the desired location.

2. Use a refocating loader which accepts specially coded binary from s
relocatsble assembler.

3. Have the program relocate itself alter it is loaded.

d, Write a program that is posilion-independent,

Cn small machines, reassembly is often performed. Whel the required
core is available, a relocating losder [usually calied a finking loocder) is
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SEC, 4.1 FOSITION- INDEFENDENT FROGK AMMING |

preferable. [t generally is nol cconomical to have n program relocnte itself,
since hundreds ©r thousands of midresses may need pdjustment.  Writing
postlion-independen! code is usually nol possible bacause of the structure of
the addressing af ihe object machine, However, on the PDF.11, position.
independent code (PIC) is possible,

PIC is achieved on the PDP-11 by using addressing modes which form an
effeclive memory address relative to the program counter {PC). Thus, if an
instruction and its objecl{s} are moved in such a way thal the relative dis
tance between them is not altered, the same offset relative 1o the PC can be
used in all positions in memory. Thus MC usually references locations rela-
tive to the current localien, PIC programs may make absolute references as
long as the locations referenced alay in the same place while the PI1C program
is relocated,

4,11, Position-lndependent Modes

There are three poasition-independent modes or forms of instructions.
They are;

1. Branches: the conditional branches, ax well as the uncondiliona)

- branch, BR, are position-independent, since the branch address is computed

as an offset Lo the PC,

2. Relotive memory references: any rclative memory reference of the
form

CLF ¥
MOV . ¥
EE ¥

is position-independent because the sssembler assembles it as an offset in-
dexed by the PC. The offset is the difference Leilween the referenced loca-
tion and the PC. For example, assume that the instruction CLR 200 is a1
address 100

Line Symhaolie
Mumber Address Contents Instrustiion Commenic
1 Qoo ob 0Gh087 CLit 200 FINST wOnRD OF INSTRUCTION
000U 4 OV FRE et =1 1

The offset is added to the PC, The PC contiaing 104, which is the address of
the word following the offset {Lthe second word of thix two.word [nstruction),
Note that although the form CLR X is position-independent, the form CLI
@YX is not. We may see this when we consider the Tollowing:



3&3 FAQGHAMKING TECIIMIQUEY CHAPF A

Line Symbolic
Number Addresc Contenla Label Instruclion Comments
1 001000 Q0sa77 8: CLR 28X LCLEAR LOCATION A
000774 .
2, 002400 Q03000 x: :WORD A FOINTER TO A
3. 002000  VO0ODD A: WORD 0

The contents of location X are used as the address of the operand, which i3
symbolically labeled A. The value stored at location X is the absolute addrers
ol the s¥mbolic location A rather than the relative address or offset between
location X and A. Thus, if all the code is relocated after assembly, the con-
tents of location X must be altered Lo reflact the fact that loedtion A now
stands for a new absolute address.? If A, however, was the name assorialed
with a fixed, zbsolute location, statements § and X could be relocated be-
cause now it is impertant for A to remain fixed, Thus the following code ix
position-independent:

Line Symbolie
MNumber Address Canlenin Label Instruction Commaenia
1 200036 A =36 FIXED ARDRESS OF 38
2 001000 Das077 8 CLR #X JCLEAR LOCATION A
000774
3 £O2000  DDOOIS X:  WORDA POINTERTO A

3. Immedigle operands: the assembier addressing form #X specifies im-
mediate data; that is, the operand is in the instruction. Immediate data that
are ot addresses are position-independdent, since they are & part of the instruc-
tion and are moved wilth the instruction. Consequently, a SUB #2HERE ia
position-independent (since #2 is not an address), while MOV 2A ADRFTR
is position-dependent if A is a symbolic address. This is so even though
the operand is fetched, in both cases, using the PC in the autoincrement

TTo verify this poinl Lhe reader is encoursged 1o relocale the cods, sfles nsembly,
into locatipns 2000, 5000, and 6000. By doing o he will divcover Lhal Lhe canlents af
these Toralions are the same as for the originul code and Lhat Lhe contenls of 1ocalion
5000 do not poinl to location 5000,
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mode, since it is the guantity fetched that is being used rather than its form
of addressing, '

4.1.2. Abwlute Modes

Any time a memory location or register is used as a pointer to data, the
referenca is absolule. If the referenced data remain always [ived in memory
{e.g., an absolute memory location) independent of the pasition ol the PIC,
the absolute modes must be wsed.t! Allematively, if the data are relative to
the pasition of the code, the ahsplute modes must not be used unless the
pointers involved are modified. Restating this point in different words, if
addressing is direct and relative, it is position-independent; if it is indirect
and ecither relative or absolute, it is no! position-independent. For example,
the instructian

Hiy alx, HEKE

“move the contents of the word pointed to (indirecUy reflerenced by Lthe FC
{(in this case absolute location X) to the word indexed relative to the PC
(symbolically called HERE)" contzins one operand that is referenced indi-
rectly (X) and one operand that is referenced relatively (HERE)., This in-
struction can be moved anywhere in memory as long as absolute location X
stays the same, that is, it does not move with the instruction or program;
otherwise it may not be,
The absolute modes are:

ax Location X ' & pomier,

SRY The Imrmediate word 5 5 pointer.

(R) The regisier it a painter,

(R}+ and {R] The repister is n paintern

&R+ and @R The ragisier pointa Lo 2 poinler,

XIRYR#Gar 7 The bsse, X, modified by (R}, iz the address of Lhe operand.
TH(R) The bace, modified by (), is 0 poinler.

The nondeferred indax modes require a little clarification, As described
in Chapter 3, the form X{1)™ is the normal mode In which to reference
memory and is 8 relative mede. Index mode, using 2 register, is also a rela-
tive mode and may be used conveniently in PIC, Basically, the register
pointer points to a dynamijc storage area, and the index mode is used Lo
access data relative to the pointer, Once the pointer is set up, all data are
referenced relative to the pointer.

When PIC is not baing written, references to Mued localians may be periformed with
either the absatuie or relalive formas.

1 Recall that X{7) ia equivalent lo X{R7}, which is equivalent to X(PC) where PC-R7,

et rmm—— -
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4.1.3. Writing Automatic PIC

Aulomatie PIC iscode that requires no alteration of addresses or pointers.
Thus memary references are iimited to relative modes unless the location
referenced is fixed, In addition to the above rules, the [ollowing must be
observed;

1. Start the program with =0 10 allow easy relocation using the absolute
loader (see Chapter 7).

2. All location-setling statenents must be of the form .=.2 X or .= func-
tion of symbols within the PIC. For example, .= A+ 10, where 4 is a local
label,

3. There must not be any absolute location-setting statements. This
means that a block of PIC cannot set up specified core areas at load time
with stalements such ag

L w348
. HDED TEAFH, 348  FREE=LORD 4@, 342

The absolute loader, when it is relocating PIC, relocates all data by the load
bias {see Chapter 7}, Thus the data for the abselute location would be
relocated to some other place. Such areas must be set at execution time:

mOY ETRAFH, T4 s FUT ADRE IN AEBS LOC 4@
nov 348, FaZay i AND BES LOCAHTION 42

4.1.4, Writing Nonautomatic PIC
a

Often it is not possible or ecanomical ta write tolally automated PIC,
In these cases some relocation may be easily performed at execulion time,
Some of the required methods of sclution are presented below. Basically,
the melhods operate by examining the PC to determine where the PIC is
actually located. Then a relocation factor can be easily computed. In all
examples it is assumed that the code is assembled at zers and has been e
located somewhere elze by the absplule }oader,

£.1.5 Seiting Up Fined Core Locations

Consider first the previous example to clear Lthe contents of A indirectly.
The poinker ta A, contained in symbelic location X, must be changed if the
code i to he relocated. The program segment in Fig. 4.1 recomputes the
pointer value each time that it is executed. Thus the pointer value ne longer
depends an the value of the location counter at the time the program was
assembled, but on the value of the PC where it is loaded,
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FRAbne LA +LEFINE kB
BREan? FL=nT +LEFINE FE

apEaeE OLETOR 5 Hiry' FL, PR LR m (ALDE OF Thed

PEEO0E DELTOD (21 (] Ih-C-, i +AlLr 1IN OFFEET
MALFTE

BOPERE ibpfed HOY o, x +HMOVE FOINTER TO X
Ll -

a0BLiz pOTerT CLE L2 sCLEAR YALUE THDMIEECTLY
Lep7el

oboR1LeE QDEOGB HALT  ETOF
apleng .= +7EQ

BELOGH GOI0BAD X! , HOR[ A SFOINTER TO R
BB ONP LR el

‘PRIbAD BPOARRR A L WORE a SYRUUE TO BE CLERFER
pRBDNG L . EMNL

Fig.4-1

Now il thit program i5 leaded into locations 4000 and higher, it should
be clear that none of the program values is chanped. This point could be
shown picterially by taking the Fig. 4-1 material, recapying it, but changing
cnly the values in the Jeftmost column, the nddress column. Thuys if one
were to look in, soy, location 4010, the contents would Le 766 and the value
found in location 5000 would he 2000 (1.e., neither value is changed).

Given that the program data have not changed, the question is: How does
it work? The answer is that the offset A—8—2 is ¢quivalent to A—{5+2) and
5+2 iz the value of PC which is plaged in RO by the statement MGV PC RO,
At assembly time the offset value is A—PC,, where PC, =58+2 and PC, is
the PC that was assumed for the program when nssembled beginning st
location 0.

Later, after the program has been relocated, the move instrnection will no
longer store FC, in RO, but a new value, PC, which is the current value of
PC for the executing program. However, the ndd inslructian still adds in the
immediate value A—PC,, producing the final result in RQ:

which is the desired value, since it wields the new absolule location of A
[£.g., the assembled value of A plus the relocation f{actor (PC —PC,0).

4.1.6. Relocating Paintery

If pointers must be used, they may be relocaled as we have jusl shown,
For example, assume that a list of data is (o be docessed with the instruetion
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The pointer to Lhe list, list L, may be colculated at execution time as follows:

M: noy PL. FB sOET CURFENT FEC
Al L-n-2. K& s ADD OFFSET

Another variztion is to gather all pointers into a table, The relbeation
factor may be caleulated once and then applied to all pointers in the lable in
a loop. The program in Fig. 4-2 is an example of this technigue, The reader
should verify (Exercise 1 at the end of Lhis chapter) that if this program is
relocated so that if it begins in location 10000, the values in Lhe pointer

table, PTRTBL, will be 10000, 10020, and 10030.

pebEaA Fpmip  DEF IWE E&

pRBROg Flaiy sPEFIME FL

GopEaz Elellp JIDEFIHE F2

poBQaT FLaxy +DEFINE FC

Q16700 X: riy PC. R ;RELOCATE ALL EMTRIES IN PTETHL
1ezTofE LUk [ 7 | JCALCULATE FELDCATION FACTDF
oboapz

Biz7el Moy AFTRETEL. R1 sGET RND FELOCATE A FOINTER
poiaz .
pEBDBR] RADD Fé&. R4 ITD PTRTEL

Blofeg MOy ATELLEM, B2 JGET LENGTH DF TRELE

pagaag

BoEEIL LODP: HDD ke, {R1)+ RELDLHTE AN ENTEY

pELIBZ LEC [ JEQUNT DOrM

BRELZTS ENE L{OP s ERANCH [F NGT DOME '
FYulelalyr] HALT : STOF WHEM CGOMNE

pURERS THLLEM=} +LEMGTH OF TAELE

Qoapea PTRTEL: . WO&RD . LOOP, FTERTEL

Lelclelind N

fOBBIP *
Dofanl . END

" Fig, 4-2

Care must be exercised when rEst-nrting s program that relocates a table
of pointers. The restart procedure must not include the relocating again
{i.e., the table must be relocated exacly once after each load).

4.2, JUMP INSTAUCTION

Although mentioned earher, the JMP instruction has been overlooked
somewhat up to now, The astute reader will, no doubt, recognize that the
necessity of a jump instruction is diclated by the fact that the branch in-
structions, llthough relative, are incapable of branching mora than 200 words
in either a positive or a negative direction, Thus to hranch from cne end of
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memory to another, & jurnp instruction mutt be & purt of the instruction set
and must allow full-word addressing,

The jump instruction is indeed a parl of the PDP-11 instruction set and
belongs to the single.operand group. As a result, jumps may be relative,
absolute, indirect, and indexed. This fexibility in determining the effective
jump address s quite useful in solving a particular class of problems that
occur in programming. This class is best illustrated Ly example.

4.2,1, Jump Table Problem

A common type of problem is one in which Lthe input data represent
cede for an action to be performed. For each code, the program is to take n
certain action by execuling a specified block of code, Such a problem would
be coded in FORTRAN as

RERD. |HDEX
GO TR €418, 100, X7, 14%0, ., - 7). INDEX

In other words, based on the value of index, the prograom will go ta the
statement labeled 10, 100, 37, and so on.

The “computed GO TO" in FORTRAN must eventually be translated into
machine language, One pessibility in the lanpuage of the FOP-11 would be
- 4

ELAD 1NDEX A FEELDO=INETRUCT I ON
MW INDES. K1 PLACE 1T In EL

CEC Ri iBC[NDE S CumAX -1

AR ri, K1 iFORM Z« 'NDEX

JHP PTAELECRLY) i ITWDIKECT JumF

TRABLE: . WORD LiB, Lied, L3T, L1358, . ,L7

The method used is called the fump table meihed, synce it uses a table of
asddrasses to jump to. The method works as follows:

1. The value of INDEX is cbtained.

2. Since the range of INDEX is 1 <« INDEX € maximum value, 1 s sub-
tracied from the index so that itsrange is 0 € INDEX € max — 1.
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3. The value of index is doubled Lo take care of the fact that labels in
the table are siored in oven addresses; ie., full words;

4: The address for the JMP instruction is utilized both e5 indexed and
indirect, such that it peints to an address to be jumped 10 in the table,

Although the jump instruction rznsfers control to the correct program
label, it does not specily any way to come back. In the next section, where
we shall consider subroutining, we shall see thal a slipht modification of the
jump instructions allaws for an orderly transfer of control, and a return,
from one section of code to anolher,

4.3. SUBROUTIMES

A pood pregramming practice to get into is t0 sepurate large programs
into smaller subprograms, which are easier to manage. These subprograms
are activated either by a main program or hy each other, allowing for the
sharing of routines among the different programs and subprograms.

The saving in memary space resulting from having only cne copy of the
needed routine is a definite advantage. Equally imporiant is the saving in
time for the programmer, wha needs to code the routine only once, How-
ever, in order to share common subprograms, there must be a mechanism to

1. Allew the transter of control from one routine to anaother,

2. Pass values among the varicus routines,

The mechanism that accomplishes these requirements is called the subroutine
finkage and is, in general, A combination of hardware features and softwere
conventions,

The hardware features on the PDP-11 which assist in performing the
subroutine linkage are the instructions JSR and RTS. These instructions are
in the subroutine call and return group and have the following assembler
form and instruction formatt:

ASK reginter, distination

Kn Hudc:h- Hn
Py rgpe v by [
3 ; “‘u_“_ﬁﬂs 4 31: ﬂl
O vody — 4 .I

Lankage poinfyr — Drestinaiion aldress

tDepending on the mode of pddressing, one or two wards are used for Lhe JSR
irglrueLion,

<

i
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RS seprsicr
If K
I R O O O O I N A
1% LI o
- - /i —
{ '
Cp g ~— Lamkage paumnter

Both instructions make use of a “'stack" mechanism similar Lo the stack
mechanism descnibed for zero-address machines in Section 1.2.8.6.

431 Srck

A sfock is an area of memory et aside Yy the programmer far temporary
storape or subroutinefinlerrupl service linkage. The instructions that fagili-
tate stack handling (£.g., autoincrement and autodecrement) nre useful fea-
tures that may be found in low-cost computers. They allow a program to
dynamically establish, modify, or delete a stack and items on it. The stack
uses the fast-in, first-ou! or LIFO concept; that is, varicus items may be
added to a stack in sequential order and retrieved or deleled from the stack
in reverse order [Fig, 4-3). Onthe PDP-11, a stack starts at the highest loca-
tion reserved for it and expands linearly downward Lo the lowest aderess as
itemns are added to the stack.

Low addresaes ://"/'///’/7//7/22/2
7

/

autided //’%1
)

Fig. 4-3 Siack addresses,

High adddreswes |

The programmer does net need 1o keep track of the actual locations his
data are being stacked into. This is done aviomalically through a sfock
poirter, To hkeep track of the last item added to the stack (or ““where wea
are” in the stack), a general register always contains the memory address
where the last item s stored in the stack, In the PDP-11 any revisier except
register 7 (lhe PC} may be used as a stack pointer under progriun control:
however, instructions associated with subrouline linkage and interrupt ser-
vice automaticatly use register 6 (BO) 1 a hardware stack pointer, For this
reason B6 is frequently referred to as Lhe system N/,

Btacks in the PDP-11 may be maintained in vither full-word or byte units,
This is true for a stack peinted Lo by any register oxcept RA, which must be

s
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organized in full-word units only. Byte stacks (Fig. 4-4} require instructions
capable of operating on bytes rather than full words {byte handling is dis-
cussed in Section 4.5),

Wori! slack .
00Dy
003070
00XT2 lempd [ SF . 0o7072 ' -
00T0Te hem w2 . ’ v
0004 Yem # 2
007108 liesn # 1
pOTI02
Byie srack

0TS ttrmgd | —— 5F D005

ooaTE Hem # 3

007077 | leem &2 Mote: Byles sre
arranged in wopdi
0OM00 1 ltem #5 lollewing:
Byte 3 | Byie 2 |
Byte | | Byie O

Fig. 44 Word and byte stacks, -

Iterns are added to a slack using the autodecrement addressing mode with
the appropriate pointer regisler. (See Chapler 2 for a description of the
autoincrement/decrement modes. ) . |

This operation is bccomplished as follaws: '

MOV SCGURCE. -(5F) ;pOvE SOURCE WOED ONTD THE STACK

HoYeR SOURCE. -¢SF) FMOVE" SCURCE EYTE ONTOD THE STALK

This is called a "push” because data are "'pushed onto the stack.”

TSee Section 4.6 tor x discuuion of byte inslruclion:,

Tag——— - 4 s
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To remove an item from stack the auvtoincrement addressing mode wilh
the appropriate SP is employed, This is sccomplished in the following
MAanner:

HoYy {EP)+.DEST » ROYE DESTINATION WORD OFF STHEK
or

MOYE CEF)+, DEST SMOVE DPESTIWNRTION EY'TE OFF STRCK

Removing an ilem from a stack is called a pop, for “popping from the stack."
After an item has been poupped, its stack localion is vonsidered free and
svailable for other use. The stack poinler points to the last-used loeation,
implying that {he next {lower) location is free. Thus 2 stack may represent
a pool of shareable Lemporasy storage locations,

4.2 Subrodgtine Calls snd Returm

When a JSR 5 executed, the canlents of the linknge regisler are saved on
the system RG stack as if 8 MOV reg,—({SP) has been perfoarmed. Then the
same register is loaded with the memory address following the JSR instrue-
tion {the contents of the current PC) and a jump is made to the entry loca
tion specified. The effect, then, of executing one J5R instruction is Lhe
same as simullaneously executing two MOVs and a JMP; for exnmple,

. MOV REG, -45F)  FUSH REGISTER INTO THE STACK
J5R REG, SUER_ MOV FC. RKEG FPUT EETURN FC (WTO KEGISTER
-* JAP SUER LJumP TD SUERDUT [NE

Figure 4-5 gives the “hefore” and after conditions when executing ithe sub-
routine instruction JSK R5,1064,

Brfore Alrer
RS = 00GI22 (K5 = DDA
(RAY =001 7 7h TH =313
(PC Y= (KT = 001 D00 My KT (NS
oIz o Tl il

001774 001774 | pootan —sv

0011 | mnmm | ==— ST | D078 | OUIYTE

00200G | mmenn G000

Fig 4-5 ISR instruclion.
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In order to return from a subroutine, the RTS instruction is executed. !t
performs the inverse operation of the JSR, the unstacking and restoring of
the saved register value, and the return of control to the Instruction follow-
ing the JSR instruclion, The egquivalent of 2n RTS is a concurrent MOV
instruction pair; )

RTS FREG nOY FEG. PC i RESTORE FC
MO (ZF)+. REG s FESTORE REGISTER ’

The use of a stack mechanism for subroutine calls and retums is particu-
lanty sdvantageous for iwo reasons. First, many JSR instructions can be
execeted without the need to provide any paving procedure for the linksge
information, since all linkage information is automatically pushed into the
stack in sequential order. Returns can simply be made by avtomatically
popping thiy information from the stack in opposite order.~ Such linksge
address bookkeeping is called automatic nesting of subroutine calls. This
feature enables the programmer to eonstruct fast, efficient linkages in an
easy, fexible manner. It even permits a routine to be recalled or to call
itself in those cases where thizs i3 meaningful (Sections 4.3.5 and 4.2.6),
Other ramifications will appear after we examine the interrupt mechanism
for the PDP-11 (Section 6.4).

The second advantage of the stack mechanism is found in its ease of use
for saving and restaning registers. This case arises when a subroutine wants
to use the peneral registers, but these registers were already 'n use by the
calting program and must therefore be returned to it with their contents
tntact. The called subroutine (JSRPC, SUUBR) could be writien, then, &
shown in Fig. 4-6.

SUEF : MOy Fi. TEHFE  SAYE K1
: HOY KD, TEMFL+2  TAYE k2
HO TEMFE+T. KT RESTORE RZ2
[ [nl% TEMPE. k1L FESTORE R&
FTs [ i FETUERN

TEMFS: | WORD 6.8, 0,0 B A0 ; SAVE ARER

or uzsing the siack ms
L)

SLHER - HOY El., -{FKE) ;i FUSH R1
MY kz,-C(FED FEUEH B2
HOov (REg)*. B2 + FOF B2
MY {(RE)*. k] s FOF R1
kTS FL I RETLEN

Fig. 4.6 Saving and restoring registers using Lthe siack,
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The second routine uses two fewer words per register save/restore and
allows another rouline to use the temporary stack storage nt a lalier point
rather than permancntly tying some memory focalions (I'EMPS) to & partic-
ular routine. This ability Lo share temporary storame in the form of a stack is
a very economical way to save on memory usage, especially when the Lotal
amount of memary is limited.

The reader shauld nole that the subroutine call JSR PCSUBR is a legili-
mate form for a subroutine iump. The instruction docs nol utilize or stack
any registers but the PC, On Lthe other hand, the instruction JSR SP.SUBR,
where 5P = R6, s not normally considered a meaninglul camhiration.
Later, hawever, utilizing regisler 6 will be considered {see Siclion 4.3.7).

2.13. Argument Tranimision

The JSH and RTE instructions handle the linkage prablem for transfer-
ring control, What remains is the problem of passing arguments hack and
forth to the subroutine during its invocation. As it turns out, this is a fairly
straiphtforward problem, and the rea! question becomes one of choosing one
soluticn from the large number of ways for passing values.

A very simple-minded approach for argument transmission would be to
agree ahead of time on the locations that might be used. For example, sup-
pose that there exists a subroutine MUL which multiplies twe 16-bit words
togelher, producing a 32-bit result. The subrouting expects the multiplier
and multiplicand to be placed in symbolic lecations ARGL and ARG?Z re

“ipectively, and upon completion, the subroutine wil! leave the resullant in
the same locations.

The subroutine linkage needed to set up, cill, and save the generated
results might look like:

noy ., ARNL SAULTIELIER

B0y v, bEGZ iMULTIPLICANE
JEE FL, MUL sCRLL MULTIFLY
Il MEGL, FSLT L SHYE THE TH(
Moy AEGO RELT+2 ;. MUFLDL RESULT

As an alternative to this linkage, one ¢ould use the regislers for the rubrou.
line arguments and write:

KOy ¥, R JALULTIFLIER
MOV v, e i MULT I FLICAND

JEP FC. MUL i CALL HULTIFLY

This last method, although acceptable, is somewhat restricted in that a
maximum of six sxguments could be transmitted, vorrespanding 1o the num-
ber of general registers available. As a result of this restriction, another ol
ternative is used which makes use of the memory lovatiens pointed 10 by the

.
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linkage regisler of Lhe J5R instruction, ‘Since this register points to the first
word following the JSR instructlion, it may be used as a painter to the finst
word of a vector of arguments or argument addresses,

Considering the first case where the arguments follow the JSR instruc-
tion, the subroutine linkage would be of the form:

JEK R, MUL JCALL MULTIFLY
, WORD EVELUE, YYALLE JARGLUMENTE

These arguments could be accessed using autoincrement mode:

MUL : nav (FBYs, BL ;GET MULTIFLIER
HOV (RE)s. K2 ;GET MULT]PLICRND
KTS ke , RETURN

At the time of return, the value [address pointer) in RO will have been incre-
mented by 4 so thalt RO contajns the address of the next executable instruc-
tion following the JSR.

In the second cose, where the sddresses of the arguments follow the
subroutine call, the linkage looks like

JEE FG, MUL i CALL MULTIPLY
LHORG  RHOCF, ¥ ADGR - ARGUMENTE

Far this case, the values to be manipulated are fetched indirectly:

MU, HOY SRR+, kL IFETEH MULTIFLIER
Mo PiRPI+. B2 JFETCH MULTIFLICAND
kTS T , KETUEN

Another method of trangmitting arpuments is Lo transmit only the ad.
dress of the first item by placing this address in a general-purpose register,
It is nol necessary 1o have the actual argument Jist in the same general area a3
the subroutine ¢all, Thus a subroutine can be called to work on data located
anywhere in memory, In fact, in muny cases, the operations performed by
the subroutine can be applied direcly 1o the data locaied on or poinied o
by & stack {Fig. 4-7} without ever sctually needing to move these data into
the subrouline arca.

([P .

lemn | -—R1 I Painds 1o Wleen IF IJ

Fig. -7 Transmilling slaehy ux Arfuments,
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Calling program:
MoV SPOINTER, k1 GEET UP FOINTER
JER FL. SUEE ALy SUBRGUT INE
Subroutine:
ADD (R1}+, (K3) LADO ITEM 8L TO ITEM 82
JPLACE FESULT [M JTEWM 82 E1
VEQENTS TD 17EM 4% WOW.
or
ADD CR1. 2(RL) (SARE EFFECT RS MEOVE EXCEFT
:THAT KL STILL FOINTS TO
A LTEM 01

Given these many ways (o pass arguments to a subroutine, it is worth-
while 10 ask, why have 10 many been presented and what is the rationale
for presenting them all? The answer is that each method was presented =
being somewhast “betier” than the last, in that )

1. Few registers were used to transmit erpuments,
2. The number of paremeten passed could be quite large,

3. The linkage mechanism was simplified to0 the point where only the
address of the subroutine was needed Lo Lransfer conirol and pass parameters,

Polnt 3 requires some additional explanation. Since subroutines, like
any other programi, may be written in posilion-independent code, 1t is pos-
tlble to write and assemble them independently from the main program that
uses them. The problem ks filling in the appropriate sddrens for the JSR
instruction.

Filling in the addrems field in the JSR insttruction is the job of the linking
loader, kinca it ekn not only relocate PIC prograomns but niso fill in subroutine
addresses, Le., iink them together, The result it thol & relocatable subroutine
may be loaded anywhere in memory and be linked wilh one or more calling
program# and/for lubprngrum. There will be only one copy of the routine,
but it meay be used in a rep!tir.iw manner by other programs located any-
where else in memory.

Ancther point not to be overlooked in recapping argument passing is the
significant difference in the methods used, The first Lechniques presented
used the simple method of patsing a vefue to the subroutine. The later tech.
niques pasted the oddress of the vaiue, The difference in these two tech.
nigues, call by volue wnd coll by address, can be guite important, as ey
trated by the following FORTRAN-like program exrmple:
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linkage register of the JSR instruction. -Since this register points to the first
word following the JSR instruction, it may be used as a pointer to the first
warg of a vector of arguments or argument addresses.

Considering the Mirst case where the arguments follow the JSR instrue-
tion, the subroutine linkage would be of the form:

JER K@, MUL JCALL RULTIFLY
. WORD xWHLUE. YWRLUE s REGURENTE

These arguments could be accessed using autoincrement mode:

HUL T here, B JGET mULTIFLIER
nov (RPa+, R JGET MULTIELILAND
kTS ke ; FETURN

At the time of return, the value {address pointer) in R0 will have been incre-
mented by 4 so that L0 contains the address of the next executable ingtruc-
tion following the JSR,

In the second case, where the addresses of the arguments follow the
subrouline call, the linkage looks like

JER k0. HUL iCALL MULTIPLY
- WOk MAREE, YADLE + AFGUAENTE

| For this case, the values Lo be manipulated are {etched indirectly:

MUl ; MOY PRB) 4, K1 ;FETEH MULTIFLIER
HOY ECR@Ie, K2 :FETCH MULTIFLICAND .
(22 Fe ; FETURN

Another method of transmitting arguments is 1o transmit only the ad-
dress of the first item by placing this address in a general-purpose register.
i is not necessary Lo have the artual argument list in the same peneral ares st
the subroutine call, Thus a subroutine can be called to wark on data located
apywhere in memory. In fact, in many cases, the operationz performed by
the subroutine can be applied directy ta the data looeted on or pointed ta
by a stack {Fip. 4-7} without ever actually needing to move these data inte
the subroutine srea.

Toean # 2

ligm &1 -——p [ Pawinila Vo 1tern & I]

L |

Fig. 4.7 Traunsmituing stachy us srgumentls,
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Calling program:

nov SFOINTER, K1 LEET UF POINTER
JER PC. CLHR CALL SUBROLT INE
Subroutine:
AbD CRLdw. (R1) ihDD LTEM 43 TQ JTEM &2

VFLACE FESIUT IN ITER 82, &1
JPOINTS TO [TEM %2 NOW.

or
RDD tRL). 2¢R1) JSANE EFFECT AS AEOVE EXCEPT
JTHAT EBL STILL FOINTS TO
JITEHM Wt

Given these many ways to pats arguments to a subroutine, it iz worth-
while to aak, why have 50 many been presented and what is the rationale
for presenting them wl]? The answer is that eoch method was presented as
being somewhat “better” than the last, in that .

1, Few registers wene usad to transmit arguments,
2. The number of parameters passed could be quite arge.

3. The linkage mechanism was simplified to the point where only-the
address of the subroutine was nesded to transfer control and pass parametsrs,

Point 3 requires some additional explanation. Since subroutines, like
any other programns, may be written in posilion-independent code, it is pos
sible to write and assemble them independently from the main program that
uses them. The problem i3 f3ling in the appropriate nddress for the JSR
instruction.

Filling in the address field in the JSR instruction is the job of the linking
loader, since it can not only relocate PIC programs but also fifl in subroutine
nddresses, Lo, link them together., The resull is that a relacntabie subroutine
may be loaded anywhere in memory and be linked with one or more calling
programs andfor subprograms. There will be enly one copy of the routine,
but it may be used in a repetitive manner by other proprams located any-
where else in memory.

Another point not to be overlooked in recapping argument passing is the
significant difference in the methods used. The first techniques presented
uged the simple method of passing a vafue ta the sulwoutine, The later tech-
nigques pasted the address of the value, The differcnce in these two tech.
nigues, cafl by value shd caff by nddress, can De quite important, as dlus.
trated by the following FORTRAN like program example:
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FROGRRH TEICKLY CEUEEDUTINE SHAF(X. v')
Rzl 1EMFey

ExD. Awy

FRINT. A-E YaTEHP

LhlLL SWAkLL, .2 2 FETUEN

LT ENDr '
G

FEINT. A-E

END

1f the real constants are passed in by value, Both print statements will print
out & —1. This pecurs because subroutine SWAP interchanges the values that
it has received, not the actual conlents of the arpuments thermnselves.

However if the real constants are passed in by address, ihe {wo print
slatements will produce —1. and 1., respectively. In this case the subroutine
SWAF references 1o real constants themselves, interchanging the actuat argu-
ment values,

Higher-level language, such as FORTRAN, can pass parameters both by
value and by address. Often the normal mode 35 by address, but when the
argument is an expression, the address represenis the location of the evaluated
expression. Therefore, if one wished to call SWAP by value, it could be
performed i .

CALL SWAF(L »i .2 -8

causing the contents of the expressions, but not Lthe constants themselves,
to be swilched.

These techniques for passing parameters are easy to undersiand at the
assembly language level because the programmer can seé exact,y what meth-
od is being used. In higherlevel languages, however, where the technique is

" not 30 Lrangparent, interesting results can ogcur. Thus the khowledgeabls

higher-level language programmer must be aware of the techniques used i he
is Lo avoid unusual or unexpecied results,

4.3.4, Subroutine Register Usag

A tubroutine, like gny olher program, will use the registers during ita
execution. As a result, the contents of the registers at the time that the
subroutine is invoked may not be the same as when the subroutine returns.
The sharing of these common resources (e.g., the registers) therefore dictates
that on entry Lo the subrouline the registers be saved and, on exit, restored.

The responsibility for performing the save and restore function falls
either on the calling rautine ar the called routine, Although arguments exist
for making the calling program save the registers (since it need save only the
ones in cumrent use), it is more common for the subroutine itself Lo save and
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reslore ! registers used. On the PDP-11 the suve and restore rouline is
greatly simplified by the use of a stack, as was illusirated in Fig. 4-6.
As pointed out previously, slacks grow downward in memory and are
traditionally defined to occupy the memory space immediately preceding
“the programis) that use them., One of the {irst things that any propram
which uses a stack {in particular one that executes a JSR) must do is to set
the stack pointer up, For example, if 5P {i.e., R8) is to be used, the propram
should begin with

BEG 1L THE FIFET
i INSTRULTION OF THE FRODGKFAM
BEG: moy FL, EF i ZFeRADOR FPEG+T
TST =(5F) s PECREMENT ZF BV 2
i FUSH ONTO THE STRER WILL
JETURE THE [-ATA AT EBEG-I

This initialization routine is wrilten in PIC form, and had il heen assemhbied
beginning at location O {.=0), Lhe program could be easily relovatwed, The
‘routing uses a programming trick o decrement the state: 11 uses the test in-
struction in autodecrement mode and ipnores Lhe selting of the condition
eodes. The alternative to using the TST instruclion would he to SUB L2,5SP,
but this would reguire an extra instruction word.

4.3.5. Resntrancy

Further advantapes of stack organization become apparent in complex
situations which can arise in program sysiems that are engoaged in the concur-
rent handling of several tasks. Such multitask progrom environments may
range from relatively simple single-user applications which must manage an
intermix of 1/O service and bockpround computation 1o lurge complex multi-
programming systems thal mannge a very intrivate mixture of executive and
mullivser pregramming situations. In all these applications there is o need
for Dexibility and time/memory economy. The use of the sthwk provides
this economy and flexibility by providing a method for allowing many Lasks
to use a single copy of the same routine ind a simple, unamhiguous method
for keeping track of complex program linkages.

The ability to share s gingle copy of 2 given program among users or tasks
is called reentrancy, Reentrant program routines diller from ordinary sub-
rautines in that it iy unnecessary for reentrant routines Lo finish processing
a given task befare they can Le used by another tusk, Mulliple wisks can be
in various stages of completion in the same rovline at any Llimwe, Thus the
situation shown in Fig. 4-8 may occur,

T R — 4
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Moy . Meman y
) ) ‘ I"ru';r:m 1 ¥ Suhrovting A .
| Frogram | E
v Mrogram 2 | Sulvouling A .

I L "

rrgran: d Program 2 | Emhu Al

- bt Lt LY

R . ! -’ I PE—

Lf L Pt

Program 3 I_/Sllhn:nlllnl: Al

et 0 ol

- et Reentrant ;-Ippfm:h .
Y - L i ’ Convenlional approach
’ Programs 1, 2 and 3 can- A wparate repy of tubtiuline A
- share subwouling A * . muil be provided fof cack program

Fig. 4-8 Reentrant routines.

The chief programming distinction between a nonthareable routine and a
reentrant routine is that Lhe reentrant routine is composed solely of pure
.. code: t.hnt is, it contains only instructions and constants. Thus a section of
program code is reentrant {shareable) if and enly if it is non-self.modifying;
that is, no infarmation within it is subject to modification. The philosophy
.behind pure code is actually not limited Lo reentrant routines, Any non-
.. madlf:,r:lng program segment Lhat hat no temporary storage or data associated
 withitwillbe , = . .
+ 1, Simpler to debug. : .

2. Read-only protectable (i.e., 7t cah be kept in read.only memory).

3. Interruptable and restartable, besides being reentrant.

Lising reentrant routines, control of a given routine may be shared as

illustrated in Fig, 4-9.
[rok 4 i ' inmnl

Keentranl
P sl my o

{

Fig. 49 Runtrini routine charing.

1. Task A has requesied prnccﬁsirig by reentrant rautine Q.

2, Task A tempecranly relinquishes control of reentrant routine Q {i. e, is

intem.apted] befﬁre it finishes pmcemn: .

[ ——
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A, Txk B starls priwaessing in the same opy of feentrent rouline Q.

4. Teak B relinguishes conirn! of ;wnlr.-mt rouline Q at rome point in
s procesting.

5, Task A regaing control of reentrant routine Q and restmes proceasing
from where it stopped.

The um of reentrant programming allows many tmks 10 sthare frequently
used routines such as device service roulines ond ASCIL-Binnry convenion
routines, In fact, in a mullivser system it & puszibhle, for instance, o con
struet a reentrant FORTRAN compiler that con be used na n aingle copy by
MRNY UseT Programs,

435 RAscunlen

It & often meaningfy) for & propram segment to call itself, The ability to
nest subroutine calls to the same subroutine is called se!f-reenirancy or
recursion, The use of a stack organization permils esasy unambiguous re-
cursion, The technique of recurion is of great use to the mathematica)
analyst, a3 it also permits the evaluation of some otherwise noncompuiable
mathematical functions. This technique often permits very significant mem-
ory and speed economies in the llnguistic operntions of compilers and other
higherJevel software programas, os we shalt illustrate,

A clussical sxample of the technique of recurston con be found in com-

“puting N factorial (V). Although

NaNao(N=1) % (N = 20l
it ix also true that

N = N+ {N - 11
1'= ]

Written in “preudo-FORTRAN," & function for cidoutating N! would look
like: .

INTEGER FUNCTION FALTI(NY
1F <n mE 31+ GO TO 2
FACT=]
FETURN

] FAC TuNeFRE{N=1 )
-EETUFN
ERL

This code is psenda-FORTRAN becouse it cannet actunlly be translated
by most FORTRAN compilers; the problem is that the recursive call requires
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n stack capable of maintaining both the current values of FACT and Lhe
roturn poinders eilluer o the funclion itself or its calling program. Tlowever,
the funclion may b voded in PDP-11T assembly Tanpurage inoa simple fashion
Ly taking adwintape of its stack mechanism, Assuming thal the value of & is
in RO and the value of N 1s Lo be left in 1, the funclion FACT vould be
cowled recursively as shown in Fig. 4-10,

FRCT: Lk LN ;1S FOeQT
. EEQ ExIT i YEX

MOy Fp, ~{SF) . CAVE M

TEL 3] i TEY N=1

JER L. FRACT JUOMFLUTE (M=13"
KET: niy {EF)+. k1 SFETEH FEOH <TRCK
. JSR LML sMULTIFLY yALUES
EXTT: FTS FL RETLEN

Fig. 4-10 Recursive coding of fectorial funelion,

The program of Fig, 4-10 calls itself recursively by executing the JSR
PC,FACT instruction. Each time it does so, il places both the current value
of N and the return address (label RET) in the stack. When N = 0, the RTS
instruction causes the retumn address to be popped off the stack. Nextan N
value is placed in R1, and a nonrecursive call is made to the MUL subroutine,

The subiroutine mulliply (MUL) uses the value of R1 to perform a multi.
plication of R1 by the value of an intemal number {initially 1), held in MUL,
which represents Lhe partial product. This p'artia] product is also left in R1.

Upen returning from the multiply subroutine, the program next en-
counters the RTH [mstruction again. Either the stack conlains the retum
address of the calting program for FACT, or else another address-Jdata pajr of
words generated by a recursive call on FACT, In the latter case, B1 is again
loaded with an N value Lhat is to be multiplied by the partial product being
held locally in the MUL subroutine, and the above procass is again repeated,
Otherwise, the return to the calting program is performed, with ¥7 held in R1,

4137, Coroutines

In some situations it happens that several program segments or routines
are highly interactive. Control is passed hack end forlh between theroutines,
and each poes through a peried of suspension before being resumed. Berause
the rautines mainlain & symmetric retationship to each other, they are ealled
caroufines,

Basically, the coroutine idea is an extension of the subroutine concept.
The difference between them is that a subroutine is subordinate to a larger
catling program while the coroutine is not. Consequently, passing control ig
different for the twe concepls,
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When the calling program makes o call to a subroutine, it suspends itself
and transfers control to the subrouline, The subrouline is enlered at its
Lheginning, performs its function, and terminiles by passing control back 10
the calling progratm, which is Uwreupon resnmed,

In passing contral frum one coroutine to anolher, execution beging in
the newly activaled routine where it Jast left of P--nol at the eplrance Lo the
routine. The Now of conirol passes back and forth hetween caroutines, and
each time a coroutine pains conlral, ils computicional progress s advanced
untiy it passes contro! on 10 angther coroutine.

The PDP-11, wilth its hardware stack feature, can be easily programmed
to implenient o corouline refutionship heiwoen two inlerocling routjnes,
Using a special case of the JSR instruction |ie., JSR PCaHRI- ], which
exchanpes the top element of the register § procestor stack and the conlents
of the program counter (PC), the two routines may De permitted Lo swap
program control and resume operation where they stonped, when reealled.
This control swappming is illustrated in Fig. 4.11,

Routine # | i operting. il then

EacCulry:
JER PO, FIRE) + I )
r
. . . [ LI L !
with he Fallowing resulls: h ! 2 ;
D f
(1) s popped fram the sk "
and the 5P sutanoee menied ; .
. [
—_—
- (3 SPas autodecrenmeated wngd 1he |r ;
okt PCie., 11} n pushed i —d
o
t3y  wantral i rramaferred @ e —
location PCY (i, rowlane 8 1) o=
Routine # F iz opergting, il Then T
exnegcHles i
ISRPC, & [RA} + P au-e R
| e — |
wilh 1 teaule Thad PO by prahpped | I
—— e e e u

far MCE an the stack and coun gl s
tramsferred hack to roufme 8 1,

Fig. 4-11 Corauline inleruction,

The power of 2 coroutine structure is to be found in modern operating
systems, a tapic beyond the scope of Lhis book. |Tewever, in Chapter 6 it is
possible to demensirate the use of coroutines for the doubste buffering of 1JO
while overlapping computation, The example presented in thal chapter is
elegant in its seeming simplicity, and yet it represents one of the most hasic
14O operations to be performed in most operaling sysiems.
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Para efectuar una funcibdn de entrada salida, el progra
mador debe eapecificar donde se encuentran los datocs, de donde vie-
nen o van y como el digpositivo de entrada malida debe ser manejade.

A esto se le denomina programacidn de entrada salida.

Dependiendo de la funcidn de entrada salida ae puede
requerir gque ¢l procesador espere hasta que la funcibn de /O sea -
completada o por otro lado el procesador puede continuar ejecutan-

do tareas simultineaments con la sjecucibn de la funcién de [/O.

El poder programar una corputadora para realizar cil
cules s de poca aplicacifn si no hubiera manera de obtener resulta
dag de la miquina.’ De la misma manera se hace necesario proveer
a la computadora con informacibn a ser procepada. Por lo tanto, el
programador deberi contar con medios para transferir informacibn
entre la computadora y los dispositivos periféricos gue permiten -

cargar datoa de entrada y obtener los de salida.

Para la familia PDP 11, la pregramacibn de los peri-
féricos es extremadamente gsimple, ya que una instruccidn especial
para la entrada salida es innecesaria. La arquitectura de la miqui-

na permite direccionar los registros de estado y datoa de los perifd



*

ricos de manera directa como localidades de memoria. Por lo tan
to, las cperaciones en dichos registros como es la transferencia -

de informacifn a o de ellos asl como la manipulacion de datos den-

.

. , T T .
tro de ellos ea llevada a cabe con instrucciones normales de refe-
rencia a memoria.

-

El uso de todas las instrucciones de referencia a me
moria en lea registros de loa 1pueriférft.:t}a incrementa gradualmente
la flexibilidad de la progratnacidn de entrada salida. Todos los re-

giatros de periféricos puaden ser tratades como acumuladores.

Actualmente en la PDP-11, las direcciones corres-
pondientes a las 4 k palabras superiores, entin reservadas para -
los regiatros interncs del procesador y para registros externos de
entrada salida, por lo tanto, en caso de tratarse de una miqu‘ina c:.h_L
ca, la memoria se vera limitada a 28 k palabraa de memoria fisica
y 4 k de localidades reservadas para los registros del procesador y
diupr.;sitivc:-s de entrada salida. En caso de contar Lcon "Memory
Management" 1;: que provee bits extra de direccionarniento 2 en el
caso de la PDP 11/40 tendremos una capacidad total <;Ie 124 k pala-

bras de memoria figica aparte de los 4 k del Srea de registros an-

. +

tes mencionada.

Todos los dispositivoa periféricos son especificados

por un juego de Tegigtroe gue son direccicnados como memoria y



manipulados con la flexibilidad de un acumulador, Para cada dispo-
sitivo hay 2 tipoe de registros asociados:
l. Repistros de control y egtado

2. Registros de Datos

PR L]

Cada periférico puede conatar dec uno o mée registros
de control y estado {CSR) que contienen toda la informacidn necesa-

ria para comunicarse ¢on dicho dispoaitivo.

El unibus es una via comén gue interconecta el pro-
cesador, memoria y periféricos. Debido a la arguitectura de la mi
n:,uin;, a6lo puede haber un dispositivo controlands el unibus en cual-
quiér tiempo. A cste dispositivo sc le denomina Master. Loa
dispositivos pueden solicitar ser Masters, ya sea haciendo una solici

tud de¢ Bus o una solicitud de no procesador a la logica de a.rbitraje de

prioridadesdel procesador.

La solicitud ¢s atendida si es la de mayor prioridad.
El nuevo master asume el control del bus cuando el actual master -
libera el *I::-:::ntrol dal bus. El nuevo macetro Puede solicitar que el
pracesador atienda el periférico o puede iniciar una transferencia -

de datos sin intervencién del procesador.

I.as interfases en la PDP-11 pueden claaificarae en

3 tipos; '



1. Slave (eaclava) - Esta interfase no esti prevista
para ser Masater. Ella sdlamente pucde transferir datos a o dende

el unibus por comando de un dispositive Maeastro.

2. Interrupt {interruptar} - Esta interfase tiene la ha
bilidad de ganar el control del bus en el orden de dar al procesador
la direccidn de la pubrutina, lo cual es usada para atender la soli-

citud del periférico,.

DMA, Esta interfase tiene la habilidad de ganar el
control del bus de manera de transferir informacion entre ella y al

gin otro periférico.

Un sola interfage puede ernplear los 3 tipos anteriar-

TEA.



DL 11

La interfase para llnea asfncrona DL 1l es una inter
fase para comunicaciones designada para convertir datos de merie a
paralelo. La interfase cuenta con 2 unidadesa independientea, {recep

tor y tranamisor), capaces de eatablecer comunicaclbn simultinea

en amboa sentidos.

La interfagpe DL11 lleva a cabo b&sicamente 2 opera-
cionea: recepcibn y transmicibn de datos asfncronos. Cuando reci-
be datos, la interfase convierte un caracter serie asincrono prove--
niente de un dispositivo externo en un caracter en paralele requerido
paz:a una transferencia al unibua. Este caracter puede ser mandade
por el bua a la memoeria, o un registro en el procesador a algﬁn otro
dispositivo. Cuando se transmiten datos en paralelo desde el bus son
convertidoa a serie para su trangmisibn a un diapl;mitivcr externo. -
Debido a que las 2 unidades son independientes, es pesible eatable-
cer comunicacifn de manera simultinea en ambos sentidos. El re
ceptor ¥ el transmisor operan por medio de 2 registros: el regia-
tro de control y estado, para comando y monitoreo de funciones y -

¢l buffer de datos para guardar los dates antes de transferirlos al

bus 0 a un dispositivo externc.



b
Descripecidn DL11 Teletype Control
Transmiaidn
Cuando el CFJbua direcciona el Thibus, la interfase DL 11

decodifica la direccidn para determinar ai el teletipo es el dispeaiti-
vo externo selecclonado v si es el seleccionado qué funcibn debe desem
pefiar, entrada o salida. Si por ejemplo el teletipo ha gido selecciona-
do para dceptar informacidn a imprimir, dates en paralelo provenien-
tes del unibus son cargados en ¢l buffer de transmicibn del D 11. En
este punto la bandera de XMIT RDY baja debido a que la lbgica del -
tranamisor ha sido activado {la bandera vuelve a eatar baja una frac-
cibn de bit despuéa si el transmisor no se encuentra activo en ese -
momento} I.a interfase genera el bit de arrangue y transmite bit por
bit en gerie al teletipo, de nuevo pone la bandera XMIT RDY (tan -
pronto come el regiatro de buffer se encuentra vaclo ain cuando el
registro decorrimiento ae encuentre activo. Después transmite -

el nimero requerido de bits de STOP.

Recepcibn

La geccion de receptar la longitud del caracter es se
leccionable peor medic de un selector. El caracter recibido aparece
justificado a la derecho en el regiatro buffer recepcidn eliminando -

los Lits de arrangue y paro,



E! caracter completo es formade en el UART y es -
transferido al registro buffer de recepcifn (RBUF) en el momento en
que el centro del primer bit es muestreado. En ese momento el bit
de recepcion efectiia el registro de entrada y control es prendido ai
el bit de Interrupt Enable se encontraba prendido se genera una sefial
de solicitud de interrupcidn. Los bits no usados son llenados con ce
ros ¥ los .bits 12-15 contienen informacibn acerca del caracter inte-
grado por ¢l UART. Notece que el programa tiene un caracter com
pleto de tiempo para retirar el caracter completo del bufier de da-
tos antes de gue el nuevo caracter sea colocado en el registro de re
cepcidn por el UART. En el caao de que el prograrna falle en leer
este caracter anterior, se pierde y el bit de exceao y error son pren
didos (bit 14-15} en el registro buffer de recepcién. En el caso de
que no se presente normalmente el bit de paro el UART presentz lo

que supuestamente recibid, méia el bit error 13y15 prendidos.

Programacibn

la interfape entre el programa corriendo en el prace
sador PDP-11 v el DL-11 ge llava a cabo mediante 4 registroa. Ea-
toa son registros de estado de recepcion (RCSR); 2} registro buffer
de recepcidn (RBUF); 3) registro buffer de estado de tranemicidn
{XCSR); v 4) Registro buffer de traneamiaién {XBUF). La funcidn de

cada uno de estos bits se da a continuacidn.



CR - 11

La lectora de tarjetas CR-11, lee tarjetas perfora-
dag de 80 columnas. La lectora estd diseflada para leer secuencial
mente, los datos en 80 columnas empezando con la columna 1. Ca
da c¢olumna tiene 12 mopas o renglones, una perforacidon es inter-
pretada como un uno binario y la ausencia de perforacibn como un -
cero. Log datoa men leidos de la tarjeta una columna a la vez. Los

datos eon presentados en dos formatos para entrada a la computado

ra.

Modo Comprimido,.- Las 12 zonas de la tarjeta son
codificadas en un byte (fbits), permitiendo un almacenamiento mis

eficiente de la inforrmacidn,

Modo no comprimido.- Un bit ¢s empleado para pre

gentar el estado de cada zona en la tarjeta.

La Lectora CR 1l consta de J registros para comuni
carse con la computadora. Estos son registro de estado y dos re-
gistros de datos, Unco de los cuales preacnta los datos no camprimi
dos y la otra comprimidos. La seleccion de formatos se lleva a ca
bo seleccionando el registro apropiado. Los datos en ambas formas
sc encuentran Biempre prescntes. A centinuacidn se presenta la es-

tructura de dichos registros.



RIP@4

El RJP@4 es un subsistema de disco de cabeza mb-
vil el cual consiste en un controladaor RH 11 y de uno a ocho drivers

de disco RP(4,

El Unibua provec ia interfase entre ¢l procesador la
memoria, y el controlador RH 1t. Todas las transferencias efec-
tuadas entre la memoria y el RH 11 por medic de la facilidad de -

DMA del UUnibus.

El RH 11 contiene dos puertos en el Unibusg: uno de-
signadc como un puerto de control y el segundo carno un puerto de

datos.

Loa datos pueden ser transferides a través de ambos
regiatros. Para operacibn normal con memoria conectada a UInibus
A comoe 8e muestra en la figura 1 sélamente es usado el puerto de -

contrel, el puerto de datoa no se uma.

El RH 11l se encuentra dividido en dos grupos funciona-

les, linea de registroy cantrol y linea de DMA.

La llnea de registro y control permite al programa

leer y /o escribir on cualquier registro contenido en ¢l RH 11. Hay




un total de 4 registros en ¢l RH 11, 15 registros en cada drive y |
rogistro compartido que es parcialmente compartido en el RH 11 y

en el Drive scleccionado.

La linea de DMA funcionalmente consiate en una me-

moria FIFO de 66 palabras por 15 bits y su logica de control,

La funcidn primordial de esta memoria, que de aquf
en adelante llamaremes SILO cs el de buffer de datos para compen

sar fluctuacioncs de retarde en el Unibus al solicitar e} DMA.

Cuando una inatruccidn en la PDP 11l direccicna el -
RH 11 para leer o egcribir cualguier registro en el RH 11 o en algin
Drive, se inicia un ciclo de Unibus y los dates son dirigidos al o de
el RH }1. Si el regietro a ser direccionado es local (se encuentra
en €l RH 11), la 1lbgica de control de registros permite el accese al
registro apropiade. Si el registro direccionado es remoto (content
do en uno de log drives, la légica de control de los registres inicia
un ciclo de centrol de Massbus., El accesc a lns_ cregistros en el -
Drive por medio de la 156gica de control del bus no interfiere con la
transfere_ncia DMA la que puede llevarse a cabe simultineamente.
Los registros locales del RH 11 especifican parAmetros tales como
direccidn del Bus y contador de palabras, mientras que los regia-
tros del Drive elspecifir.:an parimetros como direccibn deseada en el

dica, informacidn de eatado, etc.



11

La linea de datos de DMA funcionalmente consiste en
el Bus de datos Massbus, la memoria SILO y la ldgica de NPR del -

Unibus.

La figura 2 presenta un diagrama de bloguea simplifi

cado de la 1lnea de DMA ¢on un 86lo Unibus.

Los 3 comando de tranesferencia de datoca que pueden
ser llevados a cabo por el RH 11 son eacritura, lectura y checado de

emcritura.

Antes gue cualquiera de estas operaciones ccurra, el
programa especifica una direccibn en memuria.{‘MA}. una direccibn
de :ilin-dru {CA), una direccion deseada de sector y piata (DA) y 2l
niimero de palabras. La direccidon de Memoria repreaentaL Ia locali-
dad de memoria donde se iniciara la lectura o escritura. La direc-
¢ibn de cilindro deseada es la posicibn en la que la cabeza deberf -

pogicionarae.

El sector y pista deseado repreaenta la direccién de
inicio en 1la guperficie del diaco donde los datos seridn escritos o -

lefdos.

El nGhmero de palabrag a ser transferidas a o del dis

CO.
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CL™MATER CORIROL OF WACUUA JEMOSITIONS FROCESSES -

B. H. Cantpsr and R, A. Vilaco

bandix Jesaarch Lyboratories
Souchfiald, Hichigan

ARSTRACT

Wich ths sdvent of the low cost Einicomputar,

fall gucomasic cootra] 9f wvacyun depegiticn py:

£ o
casmay h tachnically fanglbl
CRLlY ALOIgciive, To date, vacwms dapowition
Frocessss have Seen Ilr!ﬂ.z controllied mapyally,
although eimple controllers have bewn avallable
for eomtrolling porcicns of the process such as
the vacmm pusrpdown sod the deposition Tate dur-
ing svaporaticon. Aot arral ana LD
afficignCy and prricrmapce, and

Erltig tanks, Tos approach fo gompUieT com—
2l of yacuum deponicléin processas (evapora- h

. tica and sputtuzing) ie discussed, aod the coo— .
© guptusl deslign of an sutobacic process comtrollepr

ot

buted on & Binicooputer in preasaced. The
sdveatages of sutomating thass procesies ars
Tuviswad,

INTROLLCTION

Ihis papar discussss The spplicatiom of a
mll digita]l computar, or mloicowputer, Eo
sfutomatics contral of vacuus deposition procasses,
vaciuded ava clie wsbabiisnment and comt £
EAS vacuun dp¥ifonmact, roncral of the evazera-
EISa procese, comerol gf the soputisciza process,
oXd control of a cuoher gt lesssz Lanckipns rg-
laced To " Tiaaa peocesias. Emphasia in placed on
VST ITatYey the feanthility of applyipg g dedi-
cated cocouter tn che captio] of 4 plogle yacuces
aapdaition syecam, although of couras othar
Sl itar/depositioa-yvpten Telyzionships may ba
profurable under certaln clrcumstances.

In tha following sectlons the coucrol ra-
eirementy for the vacyua deposicion processas
a9 revisved, Cogathar with tha PIe3£gC Cetheds
#f conctrol and saze of shalr disadventegus. Tha
appraach to cowpuier autdmation of these pro-
coavnan 13 cthen deaporiked and tha copceptual da-—
igh of an autematbic contraller 48 presentad,
sanalTy £7T3 ¢535n ThAC co-JuLet auiotdtion

de to i=proved avstes afiicioncy ang CgTioTe-
R et S St AR IAnaa 08
z Elrsnnat__‘_l:o‘n_gu_'._'.gl__‘g?_e‘r‘_glh:_‘.n_;_.-_,‘_'._!u. All
a3% are wlotmately caflacied ap wconmie

sdvaccayes.
—

Tha fallowing discys#ion of gontrol requira-
mants mnd contieller duslgn concapty im spacifi-
€ally oriemted tovari che batzin-ctvps vaquug depo—
mit ey gracam. ﬂl:'-:_'._:__u:‘r INE SW pEnETaL
ﬁfr?;:?cm be aisd ﬁplltd Ta Lha adte=arion
O TN b T Tyne ST ATENGRR Tha apectitic
eottral Cigefions will differ IL_M:‘I'EJ:.

YALTIR( DEPCSITION FROCESS CONTROL

Cenzyol Fagulrements

The basfs wacuum depoaition procesies
covered 13 this papar drw

EF?!‘_IM
. Thess owo baslc CLTTF =

asd wputte
conpaay gulta & nushg [.T. 39
lce RE+
gl = T
(1) Vatnm crecle comtrol
(2} Framsurs esmtrol
() Submrrare conditiomipg
{4} Evapotatios #durcé comtrol .
{(5) dputtariag ¢omtrol -
{6) Glow ¢ischarge cleasing
{7) Eubstrace rotatican
(8) Mll jar and bese place cooling

Each of thuse functiors is a somevhat in-
dapandant opsration, although thay WAt be
appropriately grouvped and ceordinated te yiald
tha daosired process asguence,. Each of thaas
cperaticns requires control functions. In woma. -

the cootrol im ba Y wrr e e
FITTET relativa to A dealirad or gecpotis ,"..’-; . v

Pty ?53_:991 o 14 .

tol.end hase plate and hall ¢
dE3iing are axamples af this H twol. Ja ”
offier cases, Tohcro) I3 bated on_a tizad ssquencs, .
g geioT. wfco spurtaring aed glew -

scharge clamning, Evaporatisn pourss caserel f
{37an axasple of gu opuraticn \AnTe beth heses T
nﬁﬁu?ﬁ'ﬁ‘%;gﬁwdt the wosk powar lavel i3 .
acmnally maintained fot % timad period, whareis
during sceua) dexposition source povwr I3 weually
tontrolled to yiald & specific deposition rats
wntil a spacified film chickosas iz achiewsd.

Durixy che_process control Asquypcg, To7L of rhe .

{Toze listed_rzquirTe pahy alcpix on-nfl fura.cca~ '

ﬁWsﬂmn{.d_yn_l;r_u. pover aupplisds in whieh S
iEage of currest levels Eﬁ E;mnt.

T EErCTa. | Pressurs control" joveolves adfus:- -

nESE of & varisdle valva, vhile substrate eonii-

tioning and svaporation wourcse sontrol =ay in-

volve tha conteal of vaTiable powar supplise.

Thus , & watuum Jeponjtion process may include 2

number of ateps o oparstions, bur asch aperatico

b itsalf coostitutes s ralatively sizple contraol

raquitenent wvhich can raedily be sutcoated,

Pradant Control Huthods

E__d‘tl, wactnn d.Esition progesesy hava
tamn largaly controllIld maoua. :: alenpuch sicola
%) §4-0 0 ¥ pradantly availsble for centrsl-
13y poicIone of tha procesw. Thé TALLET are

Faprynied with permusuon fcom f970 WESCUN Tecknicol Pupers, vou, H, papet 44,
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htrd“u!d. modular devicey oL Lolts, gach concrol-
! 4 pingia operacisn, and ara :m-:;ﬂr Tigieed
to two aresd: ypaogm cvele coprrol and eyaoors-
tion dource comtrol, Evaporation sgurca <omtrol
is geeatTally acgomplinhad theough the combized
afforts of twe modules or i=its, Ona Is & oont-
Lol unlt whilch decerminew Film thickneam and
deposition rata, and provides o signal or contact
clesure whem thickness rusches tha ast paint valos.
Tha second unll provides & wignal for controlling

" source povar during che soak gnd deposition par-

tiom of cha zycla, usizg ¢igoals from the sanitor
unlt a» the bawis for cootrol duzipg tha depoat-
tion porcion.

Theas méthods of control hav uy of
disting Sadvantaoey g3 fg)lows: Fraguent
atrencion by &n oparator I3 required during the,
mm-wmilﬁm. Evan vhen
tha previdutly cited control modules ars usad,
thailr vperation {3 porfeally uncoordinated. Vhan
the wacuun cycle contIoller has macablighed tha
Propar savironoent, tha CperTator is caquired to
inttiate the source control cycle or the actual
“process", When the latter is complsted, the
Cp4fSLor Mot agaln masually initiace cha ratura
of the chaxber to armowpheric condirions. Othar
suxiliary opurscions, such as glow digpchargs
clasmning, must aleo be macually incroduced in the
eycle as tequired. Thus persemnel wvhe pight be

Fr!uru.'.ni other Cpoky ars ried up in pourine
. Wquipment oparatioa.

Th'lﬂguwunmm;m
alaos {efluence tha process in at leagt kNa.arher
viys. First, aince the aceps af rhe oencess gus
sach ba imitiated by the pprrator, conecedsary
delays may ba incurreqd barvgen phe i#ﬂiiirﬂmuf
oparation and chg stapg of the pex:, thate-
bf_rlduaci_u tha sfficiency of the procasa wnd
fherdasing the overall rom time. Second. sloca
I comirol of the procass involyes a cartain
[Fis LI rator iudgoent in aooe of cha
ateps, tl:.lug:;-—u-ﬁd}y existe for vari
groduct qmlitrmm:ﬁﬂ_u
batth. All af these disadvantages are ulTlmstely

raflactod o comt faciots which would bs I=proved
by dutomatic eonirol of che procass,

T

Agpreach to Compurer Autcasrion

utomat | ol gf .
oS Q basn t';hnicilly fag-
zibla for mone riga, The size [

compulers which hava bean avallable, however,
have ganetally made much dutvoation igorpctical
afT aconoalcally unsound. Exceptions to thiy are
ChasEd wliare the copputer can he usad ro <ontrol
a"TUESET af wacuus depeditidn aybtens, or whars
tMrTPGLAT cad ba used Eo concrol 4 aepgiitlan
pracesT I AUITNAon [v sor-dicang QLONT gdubies.
The recent adveny;_of szall,. fow-essr oinfcom-
putdty bas changad chg picoure dramasically.
¥ow an dutomatic vacual deposition procgsg sop-
trdller basec vian che ula "WTH ]

conTTuT#F ARITTAElgnad to derve a single aystam

i3

- -

‘,,' VPSS T YT

Cr

% to this appresch
Ewa nov direct furthur attentjon. The neIt
s4cTion deacribam #o auromatie controllar bawed
an this approach. Tha advantages of such & cen=
trollar ars outlined in & subssguemc weetion. .
b
An Automstic Yacuws Bepositlen Proceas
Controller

It was nated ssrliey 1o thiv papar that a

vacuum dnponition procesw 1s sads up of & Dumber {,;:'
of diligzeni spasations, sach of Jhich comaki- -7 ,f *
t L
automatls controller bassed oo che wa of a §fgd- - ..
;%JE?_“EAE_-W. toardinace, /7,
contTal the sxerution of Ehass opagatiope. . ,_.-'*"'

ContToller Functionw: Tha untohatic vactim o
deponition process concroller could ba capable of
perfor=ieg the follewing funceloos;

(1) Automaric vaguun gyeler eoarrol of
% bell Far; the vent, toughing,
toraline, asd hi-vac valves; and the -
dgn tube filacect. Procastiom of the

diffuston pucn from pverhesting sed/ .
ar excdislva Eurt pIsiiurs. -7

Auvtonatic prasayla comtrol:

{2 comtrol .

dampar valve za haep chishar pressura - .

cooatagt at a praset value for parr
ar a4ll »f the ocperating cycls.

Egbstrate condiclonlng comezol: coo-
trol beating (to bake or cozdiri:zging
tacperatura), aanndzling, dod cooling
of the sebetrate,

Thickneyg-rars fumn 1
o433 lopyt sifoal, caleulate deposi- !
£¥cn Tats and dararalog vhen thickeess -
TERNEYTEl point valuws. These data

wELTT %W c=ad By b ACioM souILCE - '
canlra uaetion.

[ o e T

Evaporation sourgs sgnbral. peentrgl

ﬂ_;_f_tz,ﬂ_!_w“—&m: )
tise, wouk, deposlition Tate. and
T

- [} .
———

Sputts«ring comkrel: Curn ém preast
fllamant, anode, and Carget poWwer
suppliey at progrecaed palat in cycls
and maintain for tived seguenca. Memi~
tor target current while spuctecing.
IntarTupy Limed sdguanté and sound
&lary 1f current drops balov s prasat
walua.

Clow dischargs cleanioy: turn o fixed
powar wupply om for & preast tioe in~
tarval at any of asvarel pra-prograreesd
poloty io the cycle.

()

(&)

{5

{&)

{n

Subwtrate rotecion! turn schetrate
rotation motor oo and aff 4t pre-
dacterpiosed poilace In che cycla, - Fizad
spaad (manually varlabla vis cootrpl
20L provided), :

()

k- '

e

4 4
.
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(9} Ball jar and base place cooling: turm
coolent sydtem on apnd off. Turm om
wvhansvat Sanied Canparsturd dxtends a
sat point valus,

Controller Dastriptien: the automatic
vacoom depowition controllar would be based oo &

wmll digital sinicomputar with a read-only
mapery., Figurs 1 ie & block diagran showiog che
ralaticnsbip af che controller to the wecuam
depnaition system, while Pigure 2 is & siwp)ified

b

«tc.) could ba introduced via the thumbwhawel
mritch. (Alternacive wathods of iptroducicg thesw
inputs might farluda: (1) potentiomaters, whoss
putput sigosls would he swnt to the computsr ria
the muleiplexnr ovd analog=to—digital conwartar
asd (2) a punched card and card-reqder

,,;

u-..li

ArTAngamsnt . } . fa
(rode
an;ﬁ.ﬂ.inl.m irputs, such as "eyele <77
atart automatic Tacyels", and “resst™ would -

ba 1nr.rnduud ta tha :u'lputlr by sasns of & wtatom

Slack diagrum of the wutomatic eentrollar itself. replecer. Oooff signals from the process, much
Ml Y. — e AL
» SiCammcA ILICY AT .
* MTvm T “ﬂ'""m o - PO O
& CYELL it anT AN o
» MOMET, IR ol o TG 2
- Famin -y
FLAMD IR CI FLE e T
Figurs 1 - Syatam Mlack Dlagres
sy bm
- ST, *
i LK G ALE
MUY e
e 4 [ ]
i 00 TR,
ViRl wrut G TRT [F T
by, —-—ad WaTUAR K i aih
L L) CimGu T CHMELNTE L LY
. —-—-.Dﬂll'ln:
' ——
“wruTy AT
-y ™

Pigure 2 - S{wplified Automatfe Comtrollar Block Diagram

wmmmmm.mm
with a {ront panel Crpically containing the
tnﬂﬁlmtx

{Wtuhl} readout, sach wicth s fungiion walecs
toy mwitch; a four—digit chumbwhesel switch wich
fobition salactor Sriteh;: wavaral togple and push-
button switches; and a pumbar of status or indicar
tor lighens,

Tha wmit wuld have cenoactions &t the Tear
for all loput mignals and for svalog and cm—olf
type output (system control) signals. ALl vgri-

ahla inpur IIElls from extarpel gourced AN
% analog do voleages, Thess would

® pIassure, taperature,and thickeess wig-
aale. Gormalising emplifiers would ba provided
to adjuat the telstive voliage lavels of thosze
wiganle. The normalized aignals are fud to the

tomputer by masps 6f & sulriplavey god an anslogs
to=digital convercar.

- mapually {pat points, BONK powar, ripe tlmaw,
—
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an froa bell-jar boietr limfie switches will be ot

handlad in tha same way. Wﬂl g S
Bigitai~to—gualop conver— P L5

ow wd ¥

tors provida aralog wolfages for funcrioma vhers
‘warisble eontrol signals ars ragquired. So-att

typs tontrol aignals orf contadt closures are pro- i

vided for tha oper

Ta, furning prasel powsr - U
e oo &2 off, oparating bail jur holst *
and mubstrate rocation motors, and in fact East

af tha systam control fimcticonas.

Tha iaput and cutput lotezface cirguite
would ba mounted gn plug-in cards end houssd in
uzused spacn in tha cosputsr cabinat, The wociry
sutomatic controller eguld ba packaged io a swmall
banch-top cahinet, or a3 & small]l rack-soupsed
wonlt, occupying lass than 24 inches of panal
haighe.

Oace the warisus sacual inpute ars s&t,
normal oparaticen of cha systoa Consiats simply
of pressing the "cycla atszt" button, Wo fur~
ther attentica i Tequired wuntil che sutomatic
cycls has basn complated and the bell jsr haa
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"" additfonal festyrms c©o

baat raismd. Prowiplons for reaet d other con
trols wauld ba provided, howevar, for yes whan
sl intervanticn ism felt Ascwssary.

Advancagas of Computer Automatiom

Computer automatlon of che yacun
#ltion procesasy has significanc advantages
Y TEIpECE CO SiChar CAmudL contrnl OF Cha

E2DAT A5 galte to automats "

atrol of ifndividual oparacions,

justrates tha ecoat advantage
¢f computsr sytomation of the vacuim depowitionm
PTOcess, as comparsd with the use of 4 oushar
of individual hardwired control modulea »
accowplish tha zsne cobjéctive. The diagran
shows relat{ive controllar coat versis the rala-
tive dJugrew of automation. The coat versus
features automacad for the modular spproach will
risn wt & fairly unifors tata. The cont of

computar avtomation of only a single operation
mm&mm.
\GoRE OF Ihe copputar ltsalf. Autcmacion of

tla,
bowever, since chis meinly involvas a ceviaion
to tha computer progras dnd the addition of ap-
'propriate interfwce clvcuita. The crossover
point st which tha cost of soemuter autometion

* deops balow that of tha modular gontroller

Approach accurs vhan only & telstively Zew
oparaticns arte to be sutomatad. Modular com-
trollers are not known to be svailable ac
presazt for soza of the feszures Llocluded wichin

« the scopas of tha sutcmatle vazuum dapesition

Frocess contraller descrlbed hersic.

MACULAR
HARCWIRED
CONTROLLERS

RELATIVEL DEGAEE
DF AUTCMATION

Figura 3 - Cost Varsuw Dagres of Automation
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The computer sutomated controller alie
resules in » nuober of parforaangs ot opeté-
ctionsl sdvantages:

{1

Flaxibilicy: Fop the pagr hayicg
varyin ' =

saxlbilicy, The operaticns he
BJuanca can ba guics ad, od,
otharian ed, and set-points
can be establlshad by means of swiiches

#0d other comirele oo the paoal af
the autonatic contraller.

(1)

For the ujar
titlvely.

Frocess Lepeacabilicy:
making rthe md
i otfers g ho % oa-x- I
teogatasilicy, once a glven saquanca
bas beez watghlished and wec-poiag
walusw hava baen e, resulting ino
walformicy of che rasultant product.

Frocess Efficiency: Tha 3
contrellar will E:u'-'ldf. Emoth and
4 ranslclion fruz orm cpefagion

[ K" B jracesy Lo ms gext,
BTt Ty tharele ororen 1n 4 mini-

zum of tima and thus echancing tha
wfficiency of che process.

(3

{4) Farvonnel Advantages:

quance and dec-peint values have
n e% SOHEd, the Opergrao

Fequlred Ec prenas the “start” butigfn,

BT thd cocplete cycle will by expquted

It ended. Lhus Etunnnnl ara [read

ffom routine CpATAIiDg Lasks.

&11 of thess ata ultisarely reflesctsd in
sconomic adventages of automatic cosputar cootrol
of vacuus deposition procesas,

CONCLIS IONS

Although vacous depoaltion processss zequlra
a ralatively large numbar of comtrol Tuneel
aach [mctlnnﬁﬁm-_-’._—" y a1 wllnd‘ut-
lmd to_automatic concgol tweh-
o . & advent of the Low-cost miolcomputes
BT hppaars to make computer sutomatioa of veculm
depoeiticn procasses boch techoically feasibla
and sconamically scteractiva, Autcmated contrel
offacs & vusber of oparational advantagas awer
prowaptly used semisutomariz control meshods,
many of which ars ulcisately reflected as addi-
tional sconomic advancages. Haoce It way bm
azpacted that gcocpurer sutcaacicn of the coptisl
of vacwsy depovicion procaessas will achisve ETOw -
ing importance ia tha nesr future.
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Batch Control with a Minicomputer

R. YOUNG, Emcry Industries, Inc. and
D. E. SVYOBODA, Jackson Associales

At Emery Industries, o minicomouter conresls e
production of chemicels, constting of AR
renchnns nf h:mr adds with g'ozhicle Forerrey
of th SHerm O
monitaring 1o ddc. The outhors Cestrnibe tme maes
ware ond soltware for 0 system the! comnnantrgie

s --1::,-_-':?
e i e

the minicompurer's voiue a5 cn o Theem ot by,

ible, sophisticated producticn tool

FOR PROCESS APPLICATIONS, it's often more
econoniical to design the control svstem amupd a
digital compurter rather th; '
".‘;',L'.I." g analne et mw
mincam)aiters stark o %000 ko 5,000 wuhuut cure
menwory; therefare, for all but the simplest svstems,
the cost of the computer i Le less than the cost
of the hardware it replaces.

In addition, the overgll LiF eti”h
compuk sware {even with uumalh angnlge
programeeing} is lﬂs than that reyuired for equive
alent h: are, the compulter programs Jafe
sdser o oy y Suf.-h:stu..ttni contral alpanthms
that can reduce operalng _cosis—Dut which are
dmrﬁmplemcm with hardware—ran usuzlly
be programmed for a mmputn with little difficulty.

The process control system described in this
artiele performs a variety of functions typlual of
comphuter- -based svstems. These fupctopns include
c%_:;&_;hmre input and output, an‘l!ug lnput

output, direct dicital contral {dde! ef analog
process vasinbles. siming and slunging gf nrocess
events, and logiiing ot nrpceco amandee and e enty,
TI'FF"'*umputcr-Eumu are is discusied nnl. tollowed
by ar explznation of programming techninues.

Hardware for the mini

The compmiter cantrol svstem ishown in_the fimered
tnle argnin it Douoao s PDPSLL cem-
puter and Peritherar | Eruipment’s 73209 myenetic
tane anlt. AJUSITORGT wrilmment conysts of ..na]m:
to- urﬁlt;ﬂ A D -'Nmqu o LAY "‘2{"*
vertery _-:;pnt.;ct mure in Lita Jndﬂltﬂug i2Nne
of-day ¢ cluck Por evENt Iowsime 4 H0-Hz interval

s whus b pron s Yoy ol e s LSERL fnr the ovbjre
S nLerh b A aerti 1]l 4 taaey mewriter for
mlu, T e adtry ate friewnted :hmugb
dll Annne e |

TE'H' CIENTAGEe T e e i‘.d]ll\ ﬂ'._.. {ﬂntm] program
and the peringters gvunoetal with cach product
Hal wiil twe maaractunad. The macnctic<grs
taemnary trtesks nd rtees VLEor weapdy, and Ros a
LE-mictwcsnial ovi e e,

Compater | £ 100Gt onacint of E2anpat ard
12ooutput data funcs. 1302 ¢an be seherzd and
placed on Hie varjeer lies ags :u:r*pt-'-d Frrra the
inpur fines ar apg T rLate times. nder control ot
thr pmotam [ oo dtmn, siv address lineg are.sned
by the cureral Te ta ninite wipil oy guiptt datz
ta ar fromm eaternad mpapment sech as contact-
clomnre wnwnm and 1) & wosdeters. Controd lines
that van b= polsed] ar tested be the program
svnchropice the eitenwl loge with the controi
BTOLTAm-

C‘ontnﬂ-ﬂmurt wipuhe gz greapced and 2ddressed
nogrmep ! LD rnat carnespand to the Poutout
data Lo v o ke memeaber, DG input circuits con

sist of RC &5enc 9 Lake on? contact-bounce num‘*
followed bo wiomur thzuers (1o convert irpuls
t logic lels AL |nrl1i'1- pass throuth icala-
lion tr.'mtf“r'ﬁl"s am] dieeles for conversion o de.
Coatactieivins et mdode signals from the
AR Iatts jat e, dporitor pushnuttons. valve-
positien i swat hes, xnd lovel detectors.

Contzct-closure outpat hasdware consists meztly of

sulidostite dev ces, tnads lor ac output and transis-

tor vt Mes foral wumpub A fow nelays, doven

Reprinted ==tk permistion from FHtmee Teeamad  eol 0 mm B3O8 goe JuTh,
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A Winkpmputer=tassd Syitam for Bakeh Contral '

- 1 -
i’ Chrona-Log Periphertl Equipment Corp, )
. : Diguirt chock Mog-Tope TH2D-9 .
Digitol inputs l i Digitel outputs )
Lamit fanfchis Salewoid vaives
. Loved ditactors | r————=]  Tirw ieterrupt Pg::" 1 s Aot ganunciators |
L (4} - {15 -
- Sigll olarm (4,095, [2-tn word |
) Alrm ety _ Indicotor lemps '
{24) I ] [23)
. i R -
Opercior contres & ¥4 Motor controls ,
129) Roytheon Compuiee Rayheon Computer {5
" . 24-chonngl MADT 10 T=chonmet MDA 2
N Spores v - '
1) { m" " Y {1
Angloy Ingut x5 ild Andloy piipd .
. Tdttysw 55A- . . :
- - -.un.-.-.d-'_.:i ™ ..‘J rm 5 H h-J [ M ...-‘

by transistors, are used where continujty (4 desir-
able in case of a logic pawer supply failure. The
mnt;r:bclmure outputs are also armanged in groups
of 12,

Each contact-closure output has a storage flip-
flop which receives and heolds the data from ore of
the cutput lines. Groups of contaet-closure outputs
are selected to receive datd by codes provided on
the six address lines. The putputs include signals
to the annunciator panel, motor start/stop signals,
and signals to solenoid-operated pilot valves that
supply air to the process valves.

Analog valtage inputs are multiplexed to an A/D
converier, r:ﬁangé to binary numbers, and pumu
the input data lines of the computer. Prpecss vari-

ables such g rabire

entered into the compuier via the ASD eanyverter,

meat radjusted potentipmetgrs)
a.n pass throuch the AT converter.

The D/4 _ennverters accept binary output data and
prodice corespending analog voltages. A separate
converter is uwd fur e.'lth analog uutput wlth a

a;f 0 1ning LEhes e ot PP consrivm which

provice air 1o throttling wondrol valves.

The interval timer eeneratis a Hme.interript ximmai

for e compuber aoseem e iboa sepoted. the h.lS.IL"
ining e seopepeingt st b pikocess, The tirner

alee providpg g poberoepe ppe ondrepa b sog depiya-
L epaloipn phe dife .

tue_control i e didceeps

- The stall atarm consist of two 10-milllsecond timers

130

that can be meset by the program. The timers must
be reset so that at Jeast one is always running,
otherwise, an alarm signal is produced. If a pro-
gram error or hardware malfunction alters the
normal sequence of the program, the timers !
n;:t be reset often enough, thereby actuating a stail
alarm.

The teletypewriter and clock are used in a conven-
tional manner for event logging. Time in hours,
minutes, 2nd seconds can be read from the clock
and printed by the teletypewriter with a typical
message: 08:16:37 THERMINOL FROM ESTERI-
FIER LOW FLOW,

Software for the mini

The computer programming, or software, resulates
the operation of a computer.controlled process. and
constitutes a major part of the design and develop-
ment effort of such a system. Some of the genesal
tasks for Emery Industries’ computer can be men-
tioned; they are typical for a control computer that
is applied to a batch process.

Depending on the product’s requirements, the
software senuemses the valves, provides timing. and
monitors the status functions that determine when
steps should be taken. The coemputer checks six
varinhle and 14 logical iyes or no) "endpaints,” any
cambination of which can control the duration of a
step or the branching to one of several possible
next steps. Computer software must also check 2
total of 50 temperatures. nanual valve positions,
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ud other status signals that show the svstem is

“operating normally. Critieal status errors can stop

the chemical process,

The annunciation function of the software puts
out printed messages {on the teletypewriter} con.
cerning the status indicators and program fow.
A self-checking funchion detects and annunciates
computer malfunctions.

I¥s impressive that the minicomputer has soffi-
cieat capacity for all of these functions. The key

. . . _
ta fittine them in wac the areful organization of
cospftuware Intn sulimutbineg, mies the normal

gram ¢ n:nErvs 3 el i tire Ig{__mb—
'S ¥ 5 & 101 ! ki)
routin s_tor this applic hm! |sﬂt at_ o _subroutine

L Tl I many_fies i) IPE[m, se-
uence whicl) tainumezes ! uiyed -
el of_piestm stuemegds. For a program of
Toutine operations but unique ssquence and dura-
tion of the operations, this approach greatly short-
ens its length.

A peneral principle of the software orpanization:
T P T e St
and onlv thote functions unique 16t arhoylar
cheniica uct rerrain in the main program.
U operation TR e STt this
prncipal. Changing the combination of the 47
on-off valves of the process system can happen
ax many ay JO times during the batch process. A
change takes two program statements, a valve-
thange subroutine call followed by an encoded
combination. The valve-change subroutine decodes
the combination, selects the valves to be opened
or closed, and produces a valvechange message
which gets printed by the anounciator subprogram.
Finally, the proper valves are actuated by the up-
date subprogram which does all [0 Functions.

ST ATy tgulshaotio grd Sungled
p 0_inpartant fsatyre

Time-sharing 13 another familiar toal that has been
applied in this system. Simultanesus aperation of
functions such as output printing, system rrror
detecting, enxlpoint detection, and ddc was deemed
necessary; therefore, a time.interrupt system for

tme-sharing was devised, M
] i1 il into Ll [aa w.ﬂc

ntains parts o the programming. Foyr
d

asses ner second throueh the 15 slois 2t xgauus
&ﬁh_epex—:gmgq gf all statements. At the end of
the Arst Ya-second interval within each slot the
contents of the accumclator and the 2ddress of the
next statement to be executed {in that particular
time slot} are saved by the executive before going
on to the next slot, and on to the 15th.

At the start of the corresponding Hme slot dur-
ing the next '% second pass, the accumulator is
restared by the executive and the program proceeds
ns if the interruption had not taken place.

An executive “fork control” subroutine {an un-

13}

conditional jumnp) permirs progmmming in ont glot
ta alter the Row of that in Jnother slot, Parameler

values in one Hme slot can be read or modified
From another slot,

The dde loops go into a single time slob These
loops are the digital-computer evuivaient of analog
controt loops that aperale valyys, Five valves con-
tral nine process variables, Each ioop has setpoint
inputs from the main program and process vad-
able inputs from the uxlare program. The control
algorithm resembles that of a normal analeg loup,
except that summaztion replaces analog intergration
and digital diilerentiation replaces analog.

A “tune-up” control pancd permits rapid optisniza-
tien of various constants for these Joops. Consider-
ing the computer spced aml the time constants
of this application, the dde control is indistinguih-
able from analog control but it is much easier to
tunc and madify.

Becatise of possible Tailures, saleenard pracedures
have been included tn the software design. Magual
takcover of any valve or anv ddde.docn sctpoint is

Peasibie, these opfinms are desitned sa that auto-
mabic contro all Wf}«'.

Lenienee, all of the

ubove software is stored on niignctic tape Which
s read inty T mpatir T s T e o
Wlllv. all snbyprovrams remain in the
womputer core and_only the_moato Drogram a8 jezd
in at the h"fi’.".!.i" of vach chemjcgl peocess. Provi-
sion Tor il sbing the magnetic_tape i aisg_patt of
the snﬁ;i-im.

in Emery Industries’ system, every phase of real-
Hime computer usage is represented—from simple
alarm.point monitoring to unattended direct digital
contro! with sclf-checking features. The system has
heen designed se that the operator can interact
with the control system to ulter setpoints i neces.
sary, or adjust the contrel system to handle process
upscts manually if the need arises.

Some of the soitware concepts bormowed from
computer time-sharing technology (which permit
many subroutines to be activated simultanecusly),
contributed to the Bexibility of the system. This
Organizatioh purmits a new main program to be
written fer an entirely new product with 1 mini-
mum of effort, inasmuch as the main programs con-
siat primarily of a sequence of cally to the various
utility subroutines, along with their required end.
points and setpoints,

Dr. Aobert Young & Director of Engineeciog at Emery
Industrics, Ine, Cincinnasi, Ohio: Dr Dean E. Svoboda
u 1 consultant with Jackson Avsacuater, Columboy, Ohlo,
Artlele bt based an paper presented at the Conference on
Solid-5tate Drevices for Industrial Applications, spatisored
by LEEE with I8A 01 a cooperating aociety, Cleveland, 154G,
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Part 5
Process Control Applications
Including Direct Control,

. Supervisory Control,

and Advanced Control

Introductory Comments

Autgmation in the process Industries has been under way for many years. The variety of
. Epplicationt it extensive, Barlw-sy s bbmrm-torbiech -t oot 5o b | pagm - Ol i O Saew o s
AT T T appH e ston e svglo=pienit.  The advent of themiplcomoutes bas prowicac
MrpbrerTrEti ety thevedication ol 2 migicompeter 1 a-single tak. 0, al MOSl. 2 S0HL
nymbecclralated-¢arrs. This approach to MToMation his been trmad * lesdiead sutomition”
B P i, ittt et S8 G 3L UL O R o pharree T his leeds, of courss, we an alternats
Mt 0f problems, (DlGIOoAWEl-SONTANTICANON, fince various minicomputer epplicationt will
bw required to share information concernsd with resources, ardert, ete.

The papers fin this part describe the various control applications thar ariss in industrial
procysies, They are selncted in arder oo ilustrate the vanety of problems, the variety ot control,
theory, and technology that can be applied, and the problems of imptermanting such systems.
The first paper by Feebebiouly coscribas-iosorme-demt varioay SEENGTTEAT 17 3§ tvHE et
e ahich £rovids SDDORUGITE-FOE G (FA1L. s Ty-of ditTereme comtrul theories To-be-smplied.
The organization of such » complex contrel Systam iy important, for it may mean the difference
betwean success and failure in any specilic instanee. Mookysdescrbas. iha-rry-planteare
DvgemrreceatO- o oot =temse lves Ut -pe-organized..in aldar to. oo ide a . effactive
T,

Thaege oo paoet T, “ A% oomberco—cdhercr 104 . Conigh- at-the foweest- bevel-Tiemehr-riirect
CEnIECL wikupiarthee brmttroreo! TR T O TRt thy PO T VT 0, Lt M 1
plact, OF importance here b1t grmtep T Ot O s - e g 0 S et e Wi 35
thade i fppin - vmpored e TaIfaETioy.  |n particutar, the design of the application most ke
INID ACCOUNT Tk T TR e TN O TV T Tir=r=C W -3 S-S 21 600y arh -y OF
uler-tonviiThbetyrees TOMhMUEr Con Tl aie? meanerekcortrot sred which nthences greety the
OLgatialin ab tha diract digital comirol yystem, This papar aiso dlustrages the varizty of input!
Butpur devices through which 3 mHmcomputer mMust communicatd with human being and tha
proceis, Thashicd paper, by ©. M, Gautier, M, A. Huripur, an2 . A, E. Rich, gigs sc alippianys
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WEWSTTEITMOTE S thntral,  Fieymrtrrsrtheegxperence—trrt-hobeerrine=tromrromnls
installec in cye thirty CEMADLAUAE g A O e e T FTIOTTIC St b Lt gr—end
hazdinaza apd softvvare problemundetail.

Tl ity |Gkt dially s procnss - contcolespgams,  Se-leebintbinagiarrtrr=—rhg
rathes.compiot bardwace foo [lware--aorissl theoryrrymerr to-mmoe—wttective.  That i,
Bddibiorr-—yr=mola mgntation .of - the-feadback.-sontrol-sgorinone—dhamdelus, adl-uhnul
tachniCueel Gl e L R ARRE O LB P LRGSO L bt S -t et pmereg b g
CQDiLolbe D, Par AR L i PRyt e T, This, coupled with
A TP, O s AP ATWITTES, [T one TR =Y Freciem s i SR T e bt s Eavoer 31|
AT T Ty e iy iU e it e rvgn, Tl eyt et e - g
gl i de Jtaamk-orer ot B T Y PR T N T ST T ey i rh e o i s tridg .

Tl gt s P P bt i S i e L - B STy | PR DT Syt
Cannst b 4onanmical ived ondsl-mtvoLi-edigital 2ompn ter. This is in contrast to many applics-
tions whare the computer duplicates the function of an analog contred system but perhaps at
lovwer cost Twmmmwmmmmmm
rogeiy T TONTAE manner,

TWW“MWT
iDplamented-rittrminicomputestic tha process contiol -eres-rr-bmnited embyrby ore's iraging:
tisww  Howevtr, sermessholaon parmen s omrcemancee-ra havesonrosgh=syreermy Tratyrirtri-oh
o] ey e A e 115, SRR FGLALE PRI 1S, D EMALOLLCOMEnla i on, D grepngl-go -
WeArk 2]t LA D g LS LaDor - Sk Stion.,
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Systems Engineering in the Glass Industry-

RAYMOND I,

mwml'ld azamples of thegretically or axper-
mentally devalaped modeln ara givea. W

[ IntaooUCTION

¥, r memw-mmal
revedation The mechanical age had begun, characterized
h_l,r, in the words uf dlabarenn [1], “aiabinkaiquenebeireg-

The rnmmn.u.nmmdmg We are h'nng in the

f;'l "elpatriwnge " The inkessaation-rersiution—the process ui

cur time—is taking place, forting us to reshape and re-
structure our processes and o Mewe=iEtoTIN TN
fmmndﬂhw—mmww

tm:. .o
These statements provide the baekground for the survey

that follows. [1 consists of three major parts. Keie-tt—
evbipu—irwrnretrrrdmen tr Ty e en gEETIN N

prescneds Finully, Suation LA ek i b-rvwarr-frevor
imemalpriingcriag wilk-Deilbousc-in. o ganccal way.

II. Geveras Systems Exoixeenaivg Coxcerrs

A. Definitions
TWhat do the terms " uziiDi dbuldustemp-rremeereryg '

mean? There are almaost as many dehnitions s thepe are
writcrs oo the subject, The concept of svElems is an ancient

one, AmeemsiereiorereeeT SIS Tt ametbieinboomn
mentd st the 3h Tulernativonl CUIIEfm on Lilasd

tast, Lowdon, Eae
Al A=
glond, July 3, 1944,

The suthwer is with tha Tachaical Staff Dwmun. Corning Cluss
Works, Coromg, N, ¥.

Mnnusrript received Dacember 21, 195, TIH-!
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MOULY, pENIOR MEMBER, [ELL

Fig. 1.

Physical wystem design approaches.

" ey
Caiunaaegwal.” Syatems engineering is the art ot the tech-
pigque of building syslems. This, in itself, would nol Le a
new activity were it not for dwer-faeters el s eftze

AN U MO 0 i b - S T B0 v it 1 2
cagineering. The-me-frewrrrrheftrmibavrrenront the

Sty | ' : o
A modern definition |2} reads as follows:

mhﬂ.‘

WnpertErrr o TR oA A e L e e
The, seccad factas wedivabrr=rrr-wngineering 1 mpicr -
tagration. It says that the whole is more than the sum of
the parts

Tesizping A dralotiiab il Tty A rr-nrtreboaeymm.
iAo pespaaificatun. of siespmenrro-he built. There
are two fundsmentally different appronches to the system
design problem. Ther-mresrvtdefnee-ivmal kame-d 3 the
thimpttmpnmmrfer et rORT AT e e ae-standn - wp-
pmh-f.F:rl}

sageecing. It consists simply of building e syatem which
does the job. The direct approach is acoeptable for small
Eystems, but as systems become increasingly complicated
and extensive, it is frequent]y uate if optimym de-
agn s to be achi_;wd In addition, the risk snd eoats in-
volved n extensive experimentation might be prohibitive.

Thsttiatidtrir—rr Pt ek v i Woitet eyt et 0T

sctermifitTapprodch; it begips with the replicement of the
real world problem by a problem involving mathemutical
mlntmn:ahlps In other words, the first step Tonnty of
formulariug » duitable model of the physical process, the
svstem objectives, ond the impozed eonstroines. im_uh
tigns of mathematiral relation~hips on a computer citen
piay & vilal rlz in the search for a solution

A C Yurings afrer-
native designs can be comnared and evalusted, Lhen. and
o T —
fhicn only. 3 #vatom 1s bhult.

mmmmwm“d
ther-wtureined wrpwseies, Tha direce approach is itkely to
be used in tho atructuring of the whole syatem. wheres
the standard wpprosch will be tken for the design of

Reprintsd tram F1EEE Trmms, Svre, Scl Cydwm,, vol. SE0.5, po. X0-312, 0o 1969
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vanous eomponents. The standerd approach has been
extensively used by engincers for the design of control
systems,

The manufacturing procesy is the system we are in-
terested in. I shall disouss it nature from o Syatems en-
Einecting viewpoint and particuiatly examine the mle of
the information network and show how it relates ta the
economics of process eontrol.

ivdiverareirinTiProcerControt T 5}
"Thutmriist vebrrmg—tsiem, whﬂh—r%-he-rmjurm

b Cltitimelifal i1, - ort s frer; Y B
i I“E wimdeindustry, can be Mi‘w_ﬂtﬂﬁdﬂl-ﬂmc*

Lr (2" ture showsein Fig. 2, consisting of wwey-sheemnetmpberme ts:
PRI P o the plyveical process tndsthemromroller, Thaacnimer's
61T a0ttt Pttt shamplanb-itoror-tmpbimize
IR theeproceerwithe-rempeos-te- e omnuiscturing spatemob-
-1 ‘:."‘, Jewstrers,

‘"" T Bomaar v : ~threi-itrbsoncting
{’ conla-functionyexm be identifted. At the Beeerve], we

find the Proteve onivideblutrtbinviarhicie sneiedes e siole-
Mﬁpiﬂmﬁhmmmmmspmw
Wbt L0 O CReprOrETr TS, Raudeontaomoonireieat
Ih—ﬂmd'lﬂﬂr%rh—gnidancrfoﬂhrmﬂimmf
Prisutd iy Nl ko 4h opvern shch-activitiersrsehedaimg,
inmﬂnryvmmmhm:ntmi.‘nnd“iﬂ?oiﬁug. The man-
agement control functiona b the thirg level inelude the
{14 setting of objeetives to be achioved by the system within
L the constraints of policy. . .
’ ; ' els, we ran
identify & Rty T e 0 01— Peplatie 1,
innbintnl T TN —as we
-move taward the top of Lhe pyramid. It can als be
obaerved that, e e i L T VO PRI
cQutral theeuphisivoreshe phrmioth waridemdesrmsras
WMmem[u
othudachi I

Ter®

iy oF-gonkreld nrerions,

Other important characleristies gf the eontral s¥siem are
the detumcimps frenaeremabr ettt ond the
cne rises through the hierarchy of control Tevels. It should
a0 be pointed out that cuubssbmprrrbberremr—rie-trnest
level wre ewentislly those of a detibontiuorwrmiem,
whercas as one Fiiabbosughethe-tnemmmhy, the naturs of
the problems becomes Wbl gl Drababilisie,

Thia hiernrehical control strueture ein be idestified in
modt industrial proce-sew although not always in o ays
tematic {orn. We find that machines, such us controliers,
sequential coutrol systems, ele., are carrying out atto-
matically some uf the control funclions at the lowest lovel
of control, : serrreTrrewril)
aibhdsadirec iy - b Lanuu - bl [ —————r T
B pervimmar < i vinperwm] mmreg e, Al b i Gilin
bbb e b o ek MLl Dbt i Fiese o s o o -Summm
MMHMHMWW
pukbad the inforpation potswack wlobie system.

2ie

f%&#h&h&ﬂmhy. Such syvilems are
technologically (easible. Why should they be imple
mented? Mw@
A B Y TP b b i i P—teebe
appred-exteTSirely by eompetittye indwstries. In order to
answer the question, we should exumine the nature of the
radabrrrmbip that =D WETTT hrrrmensrrygsiarmt 1ol
N aoul- e sootmmice-of the proces,

C. Procesy Control and Process Economicy

We know, intuitivety, that there is a refationship be
tween these two subjects, but it is only recent I¥, however,
that the quanti*ative muture of this relativnship hos been
established. Trapeznikov shows in a recent paper |71 that
eontruiling o process ¢onsists o ordering inforn.ytion.

P ot B b o L mt wu eyt rerrn | wenc]i-

Lismemsmil v sbrrid. 4o Boorrme 4 Pt P T | bt | v; the
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Mg 3 Proow disctivenem—ootod infobcacion cure.

entropy of the syatem will increase. Tahuwaprompopegdaten-
. . eyt
Iil e c } Li i - *
dembundocaental relationsbip mdutes o thi bl -
fgirnck o s he amcuni-el-control-mforstatidn [

— mr:—_-m-um}

B,y heing the messure of the degree of disprder in the sys-
tem ssmociated with the emount of control information £

Eficiency should be taken here in a verv general sense,
acd in particalar, it con be looked st z3 profit. The rela-
tionship, llustmted welig. 3 can be jooked at a# & farmal

tame. It WHMMn—
ship between return and eflort expressed in monetary
units.

Important practical conclusions ean be drawm from
these considerationa:

1) Bwsstrailantibiaiios L0 CiueraprcH—sr it h
ipgEasng-kooledge, T e e T o T
Ligetibywasl - tha-ralativuship, the jmeestment-meoontrol
shmu_m_-mud—w—mlmn-mmmuwhbla

2] WWW?‘MW&
DS R Es b b i Ll bt deyroe-ol-uibastive-
RS-l lyvets,

5 i lailiee A i st ol bt Lo TrfmTA tIO 0t the
MMMWMM&
the major function of insteamentation and control en-
gineeting haa been to increace the ordering of idormation
at thn process eontrol level, the first level of the cuntrol
hierarchy. The automatie coordinated control of major
units s not progressed ga rapilly, basically beeause until
recently no control tools were available to process relisbly
contrel infurmatien in ezl time. It zhould, conseuyuently,
PO B NUTIN FERRRTCTRT. T ST P LAY R S A
Tt bbbl i St iar Jeyt s maabid e Lach Sainse
O fudabiid il ronat, bizchoindorpus doudiaoger dstiadie. ol ot
3 N S R T L 0

TH. Svyreus Excivexmng v THE Glass [xpustay

I shall now review apecifin examples of applicatiens of
systoma engincening concepts in the glasy industry. I
shall foeus on twe subjects—process modeling and com-
putar conteol systems.

A. Process Modely and Modeling Techniques

The plant or protess is the central and most funds-
mental e, In process eontryl, koowledge of process be-
tavior comes first. Models which represent the essential
aspects of the process are needed in order to apply the
standard approach to systems design.

desswalrivhre e s ot A et ive
Lapkbaaalation -od. o-prossse or-end earvors hatshowrthe b
Iﬂmmmt%w
haisgenamdered” |3]. We shall not consider either physical
stale models, such a9 tank models using viscous snlutions

" [2]-[11), or eclivity models, such as rERT, but will dis
" -cuss only modely in which methematios ix used to deseribe
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/
e

the salient fentures of the process behavior and which are /

intended primarily foe use in the synthesis of control sys-
temas, The mathematica]l relationships of interest nre
those which relate the provess inputs, manipulated varn-
ables, and disturbances ta the intermediste variables and
outputs ireebdndieiciilmnrisfrr-provesroontrolpraiien
saplomvionre=t i tthess=rehrrivmehirr-neemmtfor-the
clisibtvriwsbroives ioreni-4hermymbem,
Jodels can be olisstivmimreeperimmenbalt-thootatianl

nceonding to the technigues through which they are de-

" veloped. ‘wipnrelstihilaitfulnitpuephll | TEqLIreT the ob-

servation of the process variables in order that the state of
the procesa may be recorded under o voriety of conditions.
Lovtrrwr e e st Tttt e e
nasrvTrriate-rarmhlewered wrrmessmwren b e coewnrs Lo
Gliladaapttas e rein Ty, Tl e |
CaNavg st Tl T ptck T T L BT T IO S T
o dtstere o] €4 T P S P Bl i 14
[PFVRR e IR B ST T D S

Lanblspmmrrenbrronietmereb-avst i bitad doucs iabiowol
FIPRTES TR ST RERE T ST, L S P S
i bl kbt % 208 -0 - v OO T I OO Y b il
DS, ERSTETI RV OR e s rdeser-fond smert nheoqua.

In any case, the validity and wsefolness of the model
gemerally depend hesvily upon the ingenuity of the model
bailder, his ¢lear understanding of the purpasze of the model
and his prior knowledge of the process.

Several examples of experimental and theoretical
models developed for the dedign of control aystems in 1he
glazs industry will be reviewed in the {following.

Lbbiad il i P iciin Ll uld! [17]: Th-hnbmmple
Wmmm Tlwe problem is to de
VEIO[ GTL e ieetiee-vi e Y P T T T Y A
1 gl D et e PP ST TVEN TII R 5 C LT
(T S .

The process i8 shown in Fig. 5. Gluss i3 delivered to the
lorming process through o refraetory ning placed at the

nv

=
f

LT
b
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Fig. 5. Vells tubing procesa.

L

battum of the bawl. Air in blown threugh a pipe iz the cens
ter of the ring while Lhe iubing is drsnm by a pulling
machine. At the end of Lhe runway, 8 cutting machine euty
the tubing inte tubes of proper length.

p S IR TR RPN S TS PR e A L
” . e " . ing
¢PP Mﬁﬁm“mmmwf Fig. 7. Vello lubing procsss with automatic diameter oontrl
[Puiabie =1 mnnned‘lﬂwmﬂm 0y FCHPE - ¥alommn.
R Saknotnei-thvamcanirolosd. icasizhlz diaqurter. Tiampquabicns
Flliburbadeweavere-obt Mrrert-trv—ex et metbalalop-resparnse

i 3 el o, P

Lagdumeyiies. “J: e
A farming presaure - T+ 1 K
. A& valve position alg + 1 T + 27 T4 1
.I"'{I'l l;’-? b .
Y 3 diameter w - K et J' Jﬂ v 1 -
4 lorming pressure . n!lfttdfl — " - -
I P rll:lr"
Thsictisiiil bl netiinsshed - it doo-atatidieul- dosarip- fa) .
t il st sty arot b - rmie,. Lt o o 0 Sl ot
r WWW#MMH Mﬂ"'pﬂctm
quently, MMW- '
1 Dl bbb iy TP AT T T T Tt e et oY - "
1 Thuanhmmwmﬂa i

"//\I AL e e Pttt e e b Y RS TIO VR Flp § Hictog.ams of Giknweler error in} Manund, thi Amiomatz
f T Aol T M B - T e | e b A o diameier cookiol, (Nota: v sutematc = U5 o magoal.)
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)
Thisepemtsii-models, inopiiiel Lulspntindvemet o, (r.‘.*' J
Ny SLotis iCudinabl] Gl b sis s kg L O T (/
T B T N R o T
tem W:ns The control system of Liz T gasx
aclopled ; 1t 35 & Commmabiiu il —rET T
N gl b g 11, |:nagmedeny wid L b
daep, and the diupolimieacuicollol baminommpn, 1ow%-
banduddibaloop.
The histograms, e e

{hesriiooindestnaniiuiid s Lomadic ubsah L uarn
Voabfbbakaiedeae Sk -paecent,

2} Ribbeirdlachiistelloprror=itwdel |141]: T susdels
wemednaeloped o cnn et ke Ut utrl st -0 m-
([T PCRTEPLEC I PRI SRR, e SR L e
of fulbainadiesa a-rvivhommeehere—t Frped), These models
which account for the process behavior, including the
quality control sampling procedures, were used in o digi-

tal computer simulstion te evaluate siternate control Fig. 9. Ribbon maching proces.
sirategies. - . ’
‘M.h I_ i“: . : ‘ 1. i _ L {111 e 4l
I I " a d :ap :E En:: Ih i ‘“I i-“h“ o Ty . L { (TR FIL ] L " DT ELY
haadeszior batwoon ignificant pmcisiesanables. [ ] [ o ; B
\be, st 2igmif il I T [

bvirbeeriy—srrre T Y=o et et ;‘a . 3 " v e ¢ "y

produsb—tyerri —crrbepbtaiet O TEeIbacE funitrol. .

. e berobt e Jor neanier wonwel. || . |

Mﬂmﬂﬂ*ﬂ“!ﬂ'hﬂﬂm_ & T im -‘3“; 3 5 ¢ \:I
-lc

datauied ps the feedbuck measuement and a long trans- e
=ikl ck-imrartrreearrd-rerasdvesdialurho o, £ . e a W e

-
£

atabilitisithoaiutomrimropometo-tiewmgrregis- [ a w3 ™t gt e L)
tuthugdsmiopandadualyeuportie oo rrsteredwi gn Fig. 10. Ribban machina prooss. coded

gedid=rn - tvelepod et brsoevivrvmmeetudies. The wrmean -
auwtoraatic control of the low-frequency components of the ! '
error signal resulted in s significant reduction of the [T« o Aneenishe gmmen, =
'urilbility of the prodyuct dimensiona. e T {_" . e
1 meatal T T T}

&MMW
d wimresom-ei- s anniost b, When the sweepustiioeof
3 TR ETL IHTEEEPCORT IR B L S S S WY [P e
there willsfudinmtbinmr-ulamguerr-rtys-ritermmporrmer = he

QUL pradepistirrmpine . €0 kit Dl bt e o=t~ [ )
POtk ikttt il it 103108 (e beliiaieid 100 | I "IL._' lis
§O1 Sana e P Prtr et 1T S PR T TTIE=riP—emaludrr 112 0] ; _, Fck L = S
WV diimpuiibimiaur el sitbnul withouigullas retuen. e -

¢ Ao general, the trunsfer function may be approximated Fig. 11.  Libbon muchine procss compust control system.
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Fig- 12, Glas composition respooes 10 & siep changs in baich
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Fig. 11. Formbearth ¢hannsl —ooling sone cross cection,

- The Sy b

o vyt

» . Companng Ty, r, and T,

can give some idea ny to what extent the glass ia ideally

, mired. The derivative of the etep response gives the

* residence lime distribution of the glass. Fig. 12 illustrates
r wome experimentul results.

*  For a furnace with a glass cupacily of 200 tons and s

& [ pull of 9G tons/dmy, Ty = 50 hours: the Lransfer function

k;_' { without cullet return consisted of & transportetion Iag

Ty = 3 hours and a time constunt v = 40 hours. With s

cullet return of 30 percent afier 20 hours, the transporta-

i tion lag was 3 hours as before, but the time constant in-

erensed to 100 hours,

h . ' e R T g
1 Ummirro-censtriet ® Hieorereat model based- on phivsical
[amemmrt A e T st il basmeiitie] i e
Uik e - Ll Jalias il il bt e i FTIYTE T TRV S
tpuanenuntionn v 06 physical biwie dLapplwapprepri-
ateboundary sud initial conditions, and 33 salve- e equn-

ik ryaennly icad ot wunwerival meaty,
The forehearth delivers the slasz in an open channe! fram
the furnace 1o the focming machive and conditions the

Eiass to 2 predetermined delivery tennmerature by-mieans of '

wind cooling and gus heating a3 showa in Fig, 13. -

8] Eemleliusaayaimmopwations; The basic energy

equation—The geners! differentinl cquation for hest

transfer of 4 famiayetvsvanhanolioybumimarmnc i
cltlssip-dasidoancslorrrrmiyeaterTeren
adetsssey. By aking an energy halance on a differential
volume element” ol dunensions dr, dy, dz, the energy

fgllaton
L ]

2 (OTY 2,01y _ 2
w5 Rk s) - G

rute of energy ioput by ate af’energy
oonduction and radisticn  input by mass
Bow
. ar
- =. 1
<5 = ®

rate of accurnuli-
tion of enengy

In deriving (1), the follgswing ssgumptions are made.

ﬂeﬂ&’ﬁa@fﬂ_ﬁ?nﬂﬁ-ﬁm'ﬂ_ﬂ a3 being due
to a ‘Wr@ﬂﬂt&ivitx” ol BT awheme T ja the
RGSOTUTE temperature rnd a is the absorption soefficient for
e €astey of Wavelengthe eorrenponding to, tempargture
T The factor L in 01 i) e conductivity
plus r@iﬁ;ﬂm@upﬂvit}f.

n e effective conductivity_ k-, density ol wiare_f,
and the specifg heat of glsss €, ure not tempera(e
e ent fhence noya function of the spage coordiagtes).

uj The velocity V, in the xdimation, (direction of Agw)

is oot 8 function of 2. Thuy (1) mdﬂnea to

ok »r T aT arT
| — A — | —m . — -
#C, [ay' ast J ar At (2

Equstion (2) is applicable only in the interior of the
glass. To completely apecify the aystem, appropriate
bound aww:fﬁﬁgﬁl@%_ el 'Eli_!;uhem
are the fo uszTg. )

1} The tempernture distribution on_the glassrefractory
boundaries at the bottom {y = 0} and the sides iz = 1F)
of the channel are assumed 1o be time-inva want and linear

EE P I i ey Sy A —p—

functionS of Yhe apace coordinnies.
e s e e e e por

T{z01) = &z} iy specified

-

{3)
T(z.p.u) = ¢x(z.y) ia apecified,

fiy At the interface befween the glisy and the gas (v =
d), the boundary is 3 radiatios boundagy where she glass
iy exchanging_radiany, energy. with the. channe! caclosurs
trefractery crown). Further. the gas in the sonce hatween
the glass and the erowt ulg exrhanges hess, with the sys
tem TENTAN @ vincion, jod_padingjon, The equation for

the glass—gas nterface o aguin derived busedt on ene gy
hnhnce-———-——n,n P T ————

o i o
e

ol
¥ ay IH

TR

= aF (Tases! = T =« MT ~ Tou) {4
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Fig. 14. Meltiog eyutam schamaiic.

) Btelan Boltzman constant

F view factor denived with the assumption that
the glaas surface nnd the crown are two opposita
infinite parallel planes

A gas best transfer coefhicient

T wwn, these temiperatures am inputs to the model and

Tee must be either zoumed or determined by
measyrerent on sctusl forehearths,

i} Since glass temperatare is symmetric with respect to
the center of 1be channel (z = D),

[~

7 -0

v) Al time zero, the tempernture distribution at some
koocation "X must 53 !p[‘flﬁl;l 14 an mgt,u]._mn.d.luan
Usually the tezﬂperuture_ﬂmtnhutmn st the inlet to the

fo :}rth is given.

{5}

) I.ppﬁuﬁ-—-phr--ri' Thiz modn I is upplicable
10 the &y elebiOed i s a P ySt ¢ L
for an exmtrmgeferperrmerih. Sttty b
mﬁ-hﬂnmmmm“km
Bl oMbt et o e as
{ampriwvstrl-valis Logarlperorrss iy AT A PR T T TP et
1 tacinbit s L A b i i e St pbay b i,
3} Monhlssapedegmlataidwdiais: (¢ 0f the enrlest examples
of the application of modeling technirjues to the analysis of

vontrol system problems in the glass industry is given by
Oppelt [17]. His paper presenty a conceptual elementary
multivariate dynamic model of 2 gloss tank and suggests
improved control strategies using fesdhack and feedior-
wand techniques.

The first atep in approaching the problem ia to construct
mathematical models for all the process units by taking
one of tha moat important aspects of the entire process into
consideration: the physical transformation of granular
material.

A general model 35 developed which, when specialized,
can be used to moded silos, mixers, and miving tanks along
with ather process componentas. This general model will be
described briefly lor o silo.

A silo is defined sa & temporary storage device whereby
granular material is dumped into the tep, stored, and at
some later time removed from the bottom. The medel was
developed under the following reasouing.

a) The filled ailo is divided into spaces of batch valume
size (refer to Fig. 15).

h) Associated with vach space s a mrrupondmg bateh
and its deseribing constituent vector.

¢} When o balch ia removed from the bottom, ali the
batch conatituent vectors above it move down one space.

d) When the material i either entermd or extraceed, it is
done diseretely in time.

e) Betause of the mixing effect between adjocent
batches, the output batch is s=ome combinatioa of any in-
put batch.

n
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Fig- 13. Schematic silo.

1) All materials which are placed in the mlo together
bave equal or nearly equal densities.

g) A batch of materisly, er uny part thereof, has o mazi-
mum and 3 minirum lenglh of the silo to trunsverse, and

this tranxveraal oceuts within some maxirum and mini-

pum aunber of outptt batehes,

These sasueaptions, together with mxss and impulse
balance, vield the foilowing set of equationa:
- E:l WA{K) — XA(K}

Y(K) (6}

W (KY =1

{
=1
EWK =i+ D= X =i+ 1) = XK ©)
X)) m XK — 1w oK = 2= -0
= XK —m 4 1). (B

By substituting (9) in1o (R}, then rearranging it, there
results

WKy = 1 — .Z:?,“'-”f ~i+1) (10)

where

XK} constitucnt veetor of the material a1 the ith
position in the eompartmentalized ailo, just
prior 10 the &th output

YiK) Kth output bulch constituent veetor

) maximum range over which an input bateh will

be sprend aver the output batch

the meighing value which dedgnates the por.

renlage of inputs that are in the sutpul at time

NT.
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Fig- 18. Activity realms

The weighing values are assumed to be of o statistical
patire, ‘The particular disturbanee associated wilh the
random varizhies of tlie model is deperdent upun the par-
ticular sdin to be modeled and the materisl to be stored.
Thua the weighing values not only must satisfy the eon-
atraints imposed by {7) and (10}, but also must Le gence-
ated in mecordaoce with the information extracted from
the actual data obtained by tonducting experimeity on a
particular silo. Onee the weighing valuez are determined.
(8) &2 be veed to sxpress the phywicsl troncformation
taking place between input and outpul batches within the
xdlo.

The second step is to combine all the component
models inta a “multactivity svstem.’” Broadly defined, the
model is composed of four activity realms {Fig. 16), The
first realm defines the furetions of the romponents of the
process. The second realmn defires the internction: and per-
forns =trueture roordination. The third realm defines the
rupsrvisoty functions {eontrol), and the fourth realm de
Bnes the policy making and plitning functions.

The complete avstem model for bateh systermns iy amen-
sble to digilal eomputer simufation aod has been wsed to
investigate procoss design and control problems.

8) Cossclutsmmarmrh b ey ap=prr=—orthp T pToeTSY i0-

dlissiaiewreb =t bt tre— e Kbt he—prneens

MMMMW&-
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Fig. 17. Plant process control computer system.

The essential role ployed by the controller of the
manufacturing process, the information network, was dis-
cussed i Section I1I-B. It wes stated that the computer
technulogy makes it now possible to automats control
functions ut all levels of the hicrurchy. It iz within this
framework that we will now survey, on the basiy of scarce
published information, the status of the impiementation
of such svatems in the gliss industry,

Ome of the Grst computer control systems implemented
in the gli-s industry wor mentiened in the rection on
process medvling (Bection TILAY Tt s the progess cume
puter control s¥stem developed for the sulomatic epntrol
of a fibben muckine [14]. This svalem Periorms cotittyj
functions only. The strueture of the system is depirted in

Fig. 17, Quality control inferumtion iz entered manuslly
and processed by ¢ process cnatrol computer which in tur
manjpulates n number of variables on the forehearth and
ribbon machine.

Another example of prce-s computer contrnl applica-
tion is given by Lhe coutrol svstem vsed in the planta of
the Owens-Corting Filwntlas Corpuration. On the basis of
published [nfermation. it appears thar these syatema are
essentizlly process contml svsiema performing st level
control fengtions n the nulting and deliver: are:is of the
pracess, dlthough —onee production sebeduling might be
effectied in some in=tanees {14]=[21].

Other =upcrvisory ¢ontrut appheations have also ken
anngunced rerentdy by gl egriainer manuiuciurers
(221, (233 ]. Computer control sysiems are being used fur the
control of batching, melting, and in-pecting operations at
the Lakeland. Fla., plant of Owena, Ilinois. The funetion
of the computer s o supenviee und monitor the votirg

proces,
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Fig. 18 Plant process motrol computer syatem with cealra! eantrol room.

Shabinrirphiverermavimb. The process comjuter eontrm) -

system conlrols o Hoat glas+ menufacturing procesa [34],
[25]. Salprymmrr = T T PN Ptk e e
P b Lim vyt -ormrtr e A T T et
GHG prresterer vartrhlia. The Tl o ayerr syt -
{ hbvami il i e b RN+, o |, bt
Siasiamgrminmrierd -, \ | ettty vt m—t—rT
me [ [TERIPCRT TP Feli M 1

T TR TR L AT U LR T Ay T mmm
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itk L b A et Ty~ -
4 e HiA

{andd it i Pvrim ey 1 T hp mutm! £on-
trul toam Is pepresented in Fig, 19 The eperatur eonsole,
an-line printer, alwem iypeariter. television display amd
teennling deviees. and geaphic paneis evn be identifoal,
The scarcity of mecording in-fruments is apparent.

On the basls of thest examples, it would appear that the
glnsa industry, following the rrend pioncercd by other
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process industries, is slowly moving, in an evolutionary
fushion, toward computer-directed, central, process con-
trol systerns.

It is believed that the trend towuard integrativn will oot
siap at the process control level, but that production eon-
trol and manngement conttel functions will progressively
be included into the design of fully integrated on-line,
renl-time tontrol systems. Dt ineermrvesisrad i ~dl-illis-
1 masbapding o try oL e i - Pimab b i Fe bR ol W b ot ro|
cammpuwbrrnntenr kasec-nmrFrmecone demrg et i bi-ole i0-
R ki Ay wE 2Lk DACLLIA- M i s L i i phPetinie -asic]
pasduerierrs romtrolHamttiverer e amd-ineneed-binae The
tiaourrmmnl it - Foit it lio 4301 n RSl FepnT-ERARELON
stimbiwhly- wivbimaied, T harmewti o oiiiia ol the cutire
st -ina 1 vini iz bl U e PG Lol it bonds, Thisper-
Thiapmtec it ive i phemeread ool vamod - nalge-
i s [ Wi Lhe cheriiostm et Uiy Dl O1 gL~
tiiwrrrre—twinrmat -y b trerewd - w hen, pecded,
There s no vvidener that ~uch integrzted cuniral »vstems
afe in operation eday although, as we micntioned pre-
viously, semne of the existing rontred systems might wi-
ready hove developed to include some production ccnirol
functions.

-

s

The series of diagrams, the last one in particular, Al
suggesis i clear trend toward making computing power
svailable as a utility throughout the system in much the
name way as electric power is available today.

The integrated contrel systems approach should natu-
raily be expected to affect our basic concepts of plant de-
sign and operation. In partieular. it should be expected to
have a very significant impact on the management and
orgunizational strusture of the plant. This is the subject
that will be discussed in the foilowing section.

IV. Hraws Facrors (261[29]

The emphasis of this survey han been so far on the
economic and technological a<pects of systema develops
nwent in the ginss indusiry, We have discussed problema
relating to the development of the automatit control lnop
represented by the diagram in Fig. 21, symboliting the
phyaical process controiled hy an on-line computer. Rut
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and development of human compenents of systems has not
been a1 systematically pursued in the past as it might have
been, Ghemousinrin remsrrtemeyepe doniorred-nand -
Nttt stk a0 Wrmr e v STt her Tan
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UnifealSiptes thie is probably best reflected in the types of
docymeprs_required ol poientisl contractops_ for_the de
velopment of complex man-machine sysdems, Lualitative
and qunnllt'mw personnel requirergents | infors infprmation
{QQPR]}I ducumn:m nh:ch ﬂpeﬂ['{ thﬁ_ﬂeilﬂw de-
velopment o7, thy personnel sobsyatem hecessary for im-
plemeniatiun,_ maintenance,. and gperation of thess snm-
plex systems are required. This can no longer be an evolu-
tionary development process. Tt must be plunned and de-
eigned as the physical subsystem{a) ja.

Fig. 23 schemstically reprezenta the man-machina ays-
tem develapment cyvle. dulowemlwreredocaleparent
il =i et =t Terrrrdrrrehimes.  Exsameihis
Puiinnanm eyt il b i i bt i i 1|
pEallalauurssieod-iorsinprcs tediwport-atrincirthe
camploleag-romponen ty 21T Membled fortestmg and=train-
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In addition to assuming that sll required compenents are
availablo at » specified end point, the continuing inter
actiony contribite immensely te preventing the eeed lor
contly and time-consuming retrofittings of components and
major system modifications. To acoumplish thiz, however,
implies the development of an ability to rommunicate ef-
fectively and interrelate on the part of representatives of
diverss disciptines. Compromises and trade-offa will ba
required. Ultiinale optimization of eath subsystem will
undoubtedly not be possible, it total myslem opiimizalion
and effectiveness will be more closely appraximated.
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Whatever tha end product of an inlegrated plant or com-
pany control sysler terns out to be, it s lmost certain 1o
require different approaches to. the organization, manage-
ment, develepment, and maintenance of the human com-

ponents. W b il pliing

M‘H&W
mmn..mmwnmthmudnm;
Wablr=thu-pl rision Fuy nbomm hrvotepmrent - mumt hegin-rreeif

» ho-bhig bt laweleoia i robin
Lhis-dmamper iy Tress-fabere.

¥. ConcLustona

In this survey we have discussed some of the economic,
technological, and human aspects af systema engineering.
We see systems engineering us the technigue through which
the electric technalngy, exemplified by the digital com-
puter, is being applied to our indusiry,

Severn] major trends that characterize the evolution of
systems enginecring technology in our industry have been
identified:

1} Faeagedite fbiiitlsibmbtviadarbosintidet b o0 s goiidin -
tegration..afw pracess. conbrl, production. canizaland
maRageimant coutrol fnnetions. .

2) Madelingmhiiguemare pimiognm-ineressiagiy im-
PRk Sole s sl leadter the-desigr-wioptmuneers-
tatai.ihrpughstise- integration of thes desigrr-6i-the-proeess
andaf-Hroorrtob-ayatem.

3) T wnporiance-oi-human-fastors cannot 5 over-
smphmized. Owewnderstandirr o Thise fAMOrrN-tee of
Wgenrum oot bemrren e T~ S 0ot M DOTHAR= OTLE,
cambserltmg~the T ofvimpletnentatior ofsmoderne-tech-

As engineers, we find ourselves increasingly moving in s
potition to influence directly aocial and human patterns.
The nature of our work must change as our essential
responaibility becomes one of education of the public in
modern technology.
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gt tndunirial—proocasos-tiap—t

At s=Fho il yin
implementing-cveryday - procest-comrol-probie -
vabbl-as-ad vanced comrokat-ioweroverniFyrsicmreost,
Coatrol concepts for continuous processes use the
computing, moniloring, information starage and
snalytical ability of the direct digital contral com-
puter. In the batch or discontinuous process the com-
puter's lomic capability is emphasized. To perform
baiching operations, a comprehensive logic system
is necessary. Implementation of such a system using
digital techniques provides many advantages over
implementation using analog equipment with auxiliary
digital logic circuits.

To fully appreciate thess advantages, the reader
must have a basic understanding of coatinuous control
aystems as well as the batch type systems, The fol-

lowing will describe single loop controf, several ad-
vanced control concepts and control of semicontiny-
Ous processes, a3 ah inroduction to digital computer
zpplication and backup.

Saglundvvprrrrrer ol .
Sumlemsrrghe~lopfeedberiecontrob-rerthe * mbst
Caprrorrconttel- fodnd-mr-the- process—ndusinics~1t

nu-ed-iw«mnlmlhng fhorwe-bewel, tTemperaTdies e
wmyre{heh\l“ﬁblu Bevirprennmteeand

de—this
Lyl aontral.

Basically, these controllers compare the measure.
ment of & vansble with its desired value or set point.
If the two values are not equal, the controller adjusts
3 control value to minimize the difference (Figure [).

[n action, the contreller ts an analog computer
which calculates & one, 1wa or three term expression,
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Figure I — Advance conlred Lechnigques applied wa »
heat exchangper

depending on the type of control action required by
the process. Tistirrmeastermeegefine proposiioun],
resol=and-derivatiercoatrol-agion. During process
start-up, cocfficients of the three terms.are manualiy
sei on ihe contraller 10 provide the best reiponse
utrder normal operating conditions. L paalag=sen-
kit g S b ekl PIOCE S OPE LA bl ge=t he
MMWW al
Optmumi-values.

Figure 2-illusi ralog-theee | yper-of- advenood -control:
isberenual, fewdierererd and onwemie, ‘
Emebdncnprl vl $ Ol o haliomatyipissunleulile
PGt O i R e L8 ZSGTEMEN - WinC I i T-oye d
Lawmenn] rod-Lhomdosired -Du -unmenserebi-varmbic=in
Figure-drihe-Btu-oumpaler- periorme-e-Cakculation
basedmtnrihoadilfaren:a-bol weerrintsuthti-pank-inde!
lomperrtut i A0 Lho Deat-exchanper |T2-TI)
thamfh rorsfepe ol orocess fluid through the heat ex-
chanper. Tigimmalciilnrmegretoous e of- hewheal
tragaabertdd -ke Lha-process-iluid — dadeserimepaim de.
Memecrr! - vt oreedtdr iovd e ch L PO O L € 31

Nuid amdpet temperature T,

Analog computing devices perform (he necessary
cakculnions and control can be executed with con-
ventionul analas centrol devices. Additional calcula-
tions may be necessary before some vanables are
combined. For example, the diffsrentinl pressure

signal provided by the commonly vsed onifice plate
is proportional to the square of the flow! A computing
element is therefore necessary to extract the square
raot of the differentiai pressure signal.

pbidederi ey i rteptosefasdfoonard contial. S
Gl Matkomenl he-at sranefer Bl rabe.is fod Josward ™
(o _adjuet-ine= flow--of -heating-oreeoohing- fliuid wamd
ahanpe demperature-TT-Thisfecdioreand calculaton
andcipmicy disturbances i both inbet temperature-T4
anid-process- ilow-Fl. Deapsontiermanpesty bie-sont ol
ltdytive=foed [orward- signal .anticipaies- the change
1 Gubblabbrtpuit required. Thegiagnibsibe-of (e - feed-
{oouard-~aothon«ir—ocunliy= determimed - by - eaperi-
facatalion-and- may bave to be. adiusled periodically,
since.the. heat tramsfer-characteristics of-Lhe beat ex-
changer change-with age.

Amtirivd-controt technique hrstrated by Figure-2 is
casende—ervmrnl = d - techmigque-where one controller
Adpuetsathut w2 point of-another controdtem-The cutput
abebtsnperature -coatrodier- C-in-fed  icmeaded) -to
Uhe-sct—point-of - temperature contrelie~C2 through a
muliplying--device M. Hemr—chemrer=nr—proceys
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Spring Joint Computer Conf., 1967
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tvinidatiasiiningmyerpelimited. Many high production
petrochemical processes are in the continuous proceys
CARRROTY.

Controf of semicontinuous processes

Elel

Ermmmly. prodocr g eI r-freguently
and-oparaling pacssstass change. [t should be noted
that mosk=itottiegrmportinmrm-—prosers s LLll use
fecdhacheronirol, but wilk.peogcammed-shanges of
contpalaalapoiny.

Figure ) illustrates a aimple chemical reacior,
logredients are added sequentially and lemperature
is maintained according to various presel programs
to provide the chemical reactions necessary for
various products. Tt it sl il sianlr 27
e lram. endolbe ramio-bo-c ot hermis duriag-tw-pro-
dariiag-cycle. Hamtewitairdes-ior hold s stirbEatpors -
SARD o Litalt~ COMAPOE # $30L 110 st e £ AN Cma e i
fgamvheating T PERCIOT- 0= COITg et heammblvimit <

Tt e it B il —p e v T prrg mprinne |,
caclusaw-produsl, For instance, there may be changes
in specified ingredient mix and heating and cooling

%0

temperatures and temperature rates of change. Pre-
. .
0L i PEADIE Tl it b= et re RO
I . . ) :
nabadiogedOui panedetarsing enduabnpping

{a Figure 3, he comtauiepiremeripmionmperanmeila]
ibmbibaiea e frwrdinaech suartvebproblem. However,
the paablemeis-sowplicztcd, tinomidemustechancr at
th D Cdicnng, 50T aandasbion and
ot e limeiestwmomrtraliod=Tiic. Alto, the sequence
of events must be readily changed, dependiog on the
intended product.

Combinations of special purpose d:mtai and amlnn
contrel equipment have been buitt which satisfy 1the
demands of the discontinupus process. However,
the programming of this equipment is relatively in-
fiexible and the controd cannot be well-tuned because
of ihe cyclic nature of batch processes. Many of theae
pystems are not used st full operating speed, since
the control constants aré & COMPrOMise. /- P

| f
[

Applying the d:'g:‘mjl computer
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Moereds. BesstrmsmmiefTrrornti it bt £ X
copdtinaad_aade; ) : _
APt wall ascimdatehepssoaicplanls. Many

of the installations use direct digital control techniques
on all or some of the conirol problems.

Tablz feanmparurersanpemerensimusing-diven
wm'uly T I
PRGN PP Sl il e Dbl iyl TR
T A C et v S O IR O 1)~
tiabaalewissions, the o1heminprrrwreforpariormance
MR Bt ek O SO TN sis. Gifeiie
WWMI

Tabla | ~ Compariscn of compular Lyses bt fout put
betuyes comtinuous and batch prowoy control

il H R U BT

TR il T (™ ..
MWL [ WTH im DT
L - an (™
(- Wt )

Lt ot [ "m

CAmane ~

FLth Fivusse i '
BibiT il (TR " (I:u'l) w
MHIW Py M- (] 1

Table [~adoer .-.hsnws the inputfouiput disttibution

for 2 lasge=betch-wemrol-insratistiowvarrenily being
implemented by a digital computés sysiem. viegpen-
pasissn=of-the-bErcirorttir T T T PrOT e y-Te-
N g o Sl F e PPT-op s PP i -
EbEkiand-eaFoontrolonpory. | sasdadgesswen: =
eyt T T P T il kit g
A= ORI TTCTIS gy s, A5, it
Wi S e D Pttt Yok ity -
£y b e T T TN TT T YT YT =Py vy uypymmspr -
omwse, Increased number of push buitons, signal
lights and the increased size of Jigital displays re-
quire more digital inputs and oulputs.

It 15 ‘Blagubig ailicamimiivat-the-rummier-al-penineleu| -

The philesophy of DDC

mwmﬂmmm
U prooset-comtrot-fickd - became-asidens that cels.
Lidkabyeit Lhe-=wrare ~Jrrrwyr—a

L.

Hd

DOt procEwstbe-hiodt
pesccescyCoUl oty —rd equarchr—re preseniod by /

lhr_m-mer. This made the pressss .

opasalatibappy, but in many instances the yrowses

SRR DT e rCTYi YOryesere-nt!. There was
no guarantee thal 1he operators would achieve the

oplimem controd seitings for the plant.
What

sttt et p e G-
asge? If 30 desired, tamsawpewwr eowideTty e -
formyrd, sasewrie and indiesvssieaisnloniasierwsmin h
Pl idotion s,  Eoaemmmiesmmrseints
relaiisguloeiiniamaltalance, (Hrewpmmesrrentory,
lCnkitildalimedemiopcd. [n o scnse, anessememic
ralissneiionlaidelawmmmes ble, wherexs sprosvss
bt il i Lottty
pedemm=wwrndrdce. 1n addition, the on-line process
compuler performed olher useful work to aid opera-
tors, plaml supervisors and process cngineers: see

Table I1. .
Tabla 11 —Some pos-critical functions of an on-line
PTOCERS COMmpULET

LOG OPERATIMG QATA K ENGINEER(NG UMITS

CALCULATE AMD DISPLAY QPERATOR GUIDES

IMTEGRETION OF MATERIAL FLOW

AEPORT OK FROCESS STATISTILS - MATERIAL USEC
FUEL USAGE, THRQUGHPYT, ETC.

LCALCULATE AMD DHSPLAT OR RECORD UHHEHUREIHL[
YARLABLES SUCH RY BTU RATE, MASS FLOW

@ WONITOR AND ALAKM PROCESS LIMITS

RECORD PROCESS EVENTS DUNING UNUSULL DISTUABANCES

& HONITOR aWD RECORD CMAWGES IM SET POINTS,aLarM

LiMITS, ETC, MBDE BY THE CPERATOR
& PAOYVIDE ON BEawD QPERATOR |KFORMATICN ll.J'CH %

TAEND RECOROING. ALARNM $TATUS REFORT,
LOO? SET POGNT AMQ PAREMETEA DATA

2 & 8

T

: L]
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Sorizg Joint Computer Conf., 1967

STt tilippinbanee) ]! It was reasoned that
DDC would reduce the cost of a process control com-

puter by eliminating the cost of the individual foed-
back controllers. Since the controller mercly per-
forrna a calculation, why couldn’t the computer per-
form the calculaticn? Severat expenmental ventores
showed that the DDC concept was physically pos-
sible ! The feedback conrtrol Jaw was ealculated
within a general purpose computer and the resulting
signal outputted directly o the contral valve,
Adnlissipiinappssrti-iimirdhetraderofF-ootweer=in-
cisiniua i loep=-comrotery snd- o direc t-di gilal-a0miro)
(BBG)-computer was m the ares of 200 loops~There
war-p-tooker - however:Fhis- trute-oftdid - not-m-
claderaryT provisiony imeese the"tomputer-systom
failed ~For-mout instatiztions this meant ushyg-amleg
ssnro] leTy-to -beck- vp-the-D DO computer-on-sach
lsop.considered critical.
e ], C Tl

. Contmpimrmive DT INE DTHer-Eb o ape—eers
“locketvin”™ at thaic bitmmbpetebuithe opeoion conld

Figure 4 showa two lpops from a large system. The
measurement  Myfslagsglyemuspslesswiaslmpane !,

With the evolotionary history of digital process
compuler equipment, it is impossible 1o more than
estirnate yuiielilveeerefatteret (MTBF). For
the smaller digital computers, including inputfoutput
equipment, that have been applied to (e process
contro! problems, cakculaled MTBF bas mnged from
1030 10 2000 hours, lencn in circuit design indi-
cate tha: spliablllpesnileiwercase, but reliability sta-

tistrcs on integrated circuils are mot yet aviilable F 0(

However, uGacilasfaledusemaestimwrmprey =} -

. \ : e , u
[T TV ER RS DR R SRR AN N
MI‘ ol S pTOCTRialicienseatompiotng

For Mus. inwetvmg-teeyTNaa 150
loops, ilwapewenthatatinoiingitesampuiscivile 3ot
MWMP

mu-m: However, the user must be fully nwnre
that !
oplaaication. as well as the functions listed in Table
11, ifmiiseeeeperer=thils. Perhaps most important,
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any adwewoplewowend that was dependent upon the
computer, wch a3 fowiiomward, sssssdenandernulti-

[t slep=tweir-ap=a-iTreroep romtrormeapesyl] a3
all saquewsscomrel action.

In addition, thisesjslemai i re=Tomerionm

: n

1 therefore biibisimmireienpereyr. ) o

couipmenisaheuid- (2il. Nole 1hat insyesdfmimaime -
shasadsquipmentdadls, processsasnbistoags ermed
to the backup.aeboygiem.

Tabbe~]1.

Tablaedil bt emminimptageare YT datat
which compare the avilability of a single computer
system with a parallel computer system, The table
assumes that the MBRF alessinglescampatonsmbic m
ettt e et avlseyrt c suc i
paslipbegpmvpewrswesom. Expericnce baz shown
that repair time for various [milures, with on-site
maintcnance personncl, averages between 5 and 3
houry, depending upon the zkill of the maintcnance
personnel, 1he availability of sparc equipment, etc.
With the paralle] system, it appears that the average
repair time can be maintained vnder 5 hours, since
the system incorporates claborate programs for sclf-
diagwosis 1o cnsure proper Lransfer to the Im:i.:up

Table 111 - Availabdlity - single comguter vi. dual
compitel ByElem

=T CTRE T AT
s - 1 [ —
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R ham ! ey e en el ae |
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JE TE._ :T0 WY Sy ST B A L [Ty -
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'R L ek i R rbve v A S L
T Bl meee
. oim ll--lll-lﬂ.llmi---—“;_l'l
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T Y S B ki ————— —
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Fritiw FE Sl fpymienie” o Bt - mwsxy
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Figure 3= Dual computer— DOC with digial bachup
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aystem. The failed computer subsystem is available
for scif-checking while the backup subsystem main-
tins process control.
Systesstpbibiodypossnbonsoinmicollystivmetive
=l Yoy et at SR bk il e ey
stepraperatiihs. A paraliel control processor using
ditect digital control techniques takes full advantage
of the digital computer's process cootrol capability
withoul reservation and compromise. It can include
advanced controt technigues, such ax sclf-tuning or
adaplive cootrl which cannot be oblained with set
point control. The parallel computer processing syi-
tem may provide these features and, in addition, may
offer ooyt advantages over a conventional analog con-
irol system for the large continuout process.
Rertin I AUG0T procass i T oo e computer

) orrof sttt f

b P DRI TR TR et nayshermtan
Inputioutpus equipment

Figures 4 and ¥ show 1kat in DDC, as in all contiol
sysiems, measuring elements and final control oe-
vices are slill essential. Each measurement is in-
dividually conditioned before being fed to the multi-
plexer of the computer inpotfoutput sysicm. Failure
of wny input or outpul therefore is similar to failure
of a singls controlier und will not disable other ioopa.
Tteaalanvealvtmldhpgtot pact-yothmeixiors of

e - . h

Elpownagpplics. Also, Hitstnoltnpaumes futiare.,
L e 3 o e W

NQalic online toiling, k40 ~OporEiw ey
Dol e i Mt 2 7 e TV PO i *iveSproCe 5.
Somvalaiiira-tont-inprrr-arercermettivawrmsrference
513 DA e L £l DY T d S ORI TR Y T ALS,
lasiage Uit bbbl r Gt Sl b i bm yut e 1.

All failed devices muost be eosily removed lor re-
placement. Any disruprion of normal functions dur-
ing repair should be limited ro the few inpats or out-
puis which share the same priated circuit as the failed
clement.

T gbrertromit=t=drrmorreprogrenreich

- Al Caibats
N labaraplancd.

234

b dpmpeleprioen 1yslem, in caze of sysiem AC pumr
(118

The m-m-im—d—m
shissdeslonini-im=timpatiowpor=tysiem=geirol
o : ol M A
While Dmﬂd‘! the illlld-n

fromeepssuingeimput-awipetparromrobderites. Re-
pair can then proceed with no fear of acekdenta) inter-
ference with process control,

In norwsb-pperation, Wit Seatswleswmpalcr
. 1, the i v

hclmiemingatd S 'I' I III-
Lipninanupilable,

The inhibit logic must be fail-safe 3o that its failure
will not disturb the syitem in coguol. It must be
tested mutomatically to ensure that transfer to backup
can take place if a transfer is commanded by a failure
detection. §f inhibit logic will not transfer the other
computer uiomatically, the system should annunci-
ate that fac1 and provide an independent manual
ovemmide which forces wansfer of the control of the
inputfoutput r.quipml:nl m the other computer.

Cther systens dr.lfgn requiremenis’

The smwtcr
CamRLsalion—hak Which Wc

LAl Tr T =TTy et rr-imd-program
1 Ebirietry=bawraquissd. Bil=mromery-twrr-sive-aaniain
IR S Draiveme [0 sinvmpii-prmetrestionae! 3
balchrprogram, diagnosiiswpeepgmmmindis-Laull detec-
lioEand-proprerrro-artmaimeerance. Sophisticated
man-machine communication programs, which in-
volve lengthy message storage. can &iso be included.

Bisgmesbispreng e fOr th=CoR Tt weTOR 1 puter
communicalions link shoulicsetaforrefafure, an-
Mgl e fr irre—amd=crrrrr T e T eover
Il Lackopewystiem. A program system permits
updaling and on-line diagnostics while time-sharing
the real-time programs in bulk memory.



The Place Of Digital Backup ln The Direct Digital Control System

.. 33

Fioprerhowld= ey pressiuss-ani-a-oyetam
" R L . . tmibec]
subsyerem. Another procedure mnd program is re-
quired to transfer sfl operating programs from the
backup subsystem back to the repaired computer,
without interfering with process control.

i ; it _
- I. >besprogrant-rompi T debrpgmyaTprob
o “'Im'i"""l."" Howi e af . .
imposrfamysivppronrfaworemery. When backup
computer takes over process conirol, these programs
are discontinued,

CONCLUSION

By using DBC with complete inputfoutput control
and computer backup, the parslhsb-wwwrpottr=promw -

APl pe it onercirmiedeapalasivn i asen-
pibtsnmarrtyolompiwwnpcs, 11 takes full ndvaniage of
the logic xmd computational ability of the digital com-
putler, whereas a computer system which depends
on anajeg sct point control or xnalog backup cannot.

[ e ]

The parallel control compuier system program stor-
age ability, together with backup of logic control,
program scquence and formulation, makes it ideally
suited for complea batch ur atart-up and shutdown
applications.

Complex continuous control systems wnuld also
benefit with this contral sysiem. Built with staie-
of-the-ant electronics, the system should challenge
the economics of compater set point control and single
computer direct digital control with znalog backup.
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Recent Developments in Automation
of Cement Plants

E. H. GAUTIER, IR, MYROX R, HURLBUT, ueuser, 1EcE, axp EIJDWARD A, E. HICH, sEY 10N MEMPER, IEEE

Absteact—Ovar o decade has pussed atoct process compulars ware
Bzst applied to conirol paits of the cpnenl masufatturing procen,
Tha path from chere 1o the present has succnpsos —and fajlores—
afong its way. Over 3 cezrent plants have ingtalled tuch computers
os parlof thear eXoris 1o keep profit margine from shrinking. Progress
in uvsing lhess process control technigues hns been largely evolp-
lionary. Certais factors can now be ideotified more cerininly me
exseniial ingredionis for soccess. Among Lhewer are tha lollowing.
Ly “"Peogle (acters®™ of 1the tement mabnulacturer stand we fzpt in
importuncs, Thets {oclude macapermeal scpport, process know-how,
treining wnd topervision of aparaterg, and an inner confidence and
determinatios hat “we cea maks (t work.' 2) Well-dooe Interface
Jobn of adapiiog control room demgn and operslors lo each other,
nutlemation compatienis with the process and I8 machicery, aod
plant design Io fit sutemalic control foodementals. 3 ) Dagigning the
process to rexlly ba controlinble. 4) Control hardware and software
which Bt Lha nature of this industry. Exch of the foregoing Inciors bs
expanded wiith emphasin oo how recenl developooents of betier
understanding, control functions, hardware, zoftware, and of
process and plant deslgn are merging Lo halp shaps the folure of
swromalion io the cernent industry.

Tapwer 70 T W16, wpproved by the Ceanent 1Tndust ry Sotimitiee
oA the JEEE I A Group for presenistion st 1he 1871 Thireenth
Amtoial TEEY Cememt Todustry Technged Confereie, Senlide,
W, May =18 Munisenipt received June 100 1971, -

Foid, Ciantier ared 32, M. THurtbut are with the Manaf weturing and
Prowees Aatomucitbend i boess Lavision, Ciepetal 1lec rie (_'nrnlmn}*_
W=t Lann, Alaes, 11490,

E &, 5 Lich v witly ithe Lndustry 2aler awd F:"Iim-n-ring {.I'fl.-
Limas, Chetern] Electeie Conpany, Sl vectndy, NoY ) 1243

]

IsTHoBUCTION

VER 10 yenrs hnve elupred vinee digital jproces con-

tred computers were St dreduced in e cement

manufpcturing inaduetry {of reforecers). Over 30 have been |

installed or soon will be, Some have uchieved ruccess.
Some have not. Rome are ol rately saceessful.

Turng this period <everad dist o1 trends have encrged.
Among these i= the realization 1hat the cwentiz! g edients
for sueceasiul pricess cor trol syvelems, as ahown i Toble L
also npply to the cement dustry. These ingredients were
derived from a stady of diverse proces indusries wlich
had used process control compater =ystems. A juriher
tecud s incrensing cvidener that economic ber vlius of the
more successiul svetems in cement plants rend 10 be nt
least el to those shown in Table IT.

Same aslditional trends are 1he Tollowing.

1} Iuerensed wwareness— ond ndpieting e the implies-
tigiw—of thre vs<emia] importaces of adegquate “poople
facters™ tu operade noal suppeert wueh syelems,

2 The »preading u= of direel digital oo trol (B 0¢C) e
part of the nutomution syatem ax contrmsled lu compten
using e rvisery methods of loop control only.

3y The development of adeqeste imterfaee cosieepits
hiardwioe to il the Autumation svstem 16 e provess
aind to e progple ueing the runtrol svatem.
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domagan]plog Chlencingd Fasiliclas, [

La4iry]l CoAbew, fopa, (mnt ol
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* Figores juat avaibilie,

e The inereisteg awureners by fany enguged 1o plent
tesizn that antematic progess coriml principles provide o
hazin forr miakibng signifieant Improavcintents inopaiy aspects
of plaer dosign. In some easer the total plant investmen
rerquired is ievorably nffecied.

) Fhe fonge inerpsc of kedad antomatic conteol Tube-
Trand being perfnninil where miajor evisidirarion of sucly
auteatie conted s raken i desigee sl operotion oF wew
Cerment hant= This has becn espr cinlly =0 for seme plos
designed by Furopeans.

i} The increase of availability of uotonitic proeess
eoteed aystenis wheg the major components of the sy stem

. .35

Ly

are supplied with nesded power by nn isolated “clean” ride-
theough power sugpply.

73 The recent developmeat of small or minicomputers,
with adequate supporting interface hardware and software,
mukes possible economic automatic control of smaller
segments of the pricess than wus practienl hitherto, In
effect, a process seginent becomes cuntrulled by its own
“dedicated” computer. The small computer provides the
pomibilily of economically adding automatic control to
selceted ports of muny existing as well ay new plants, This
iy especially true where plant design and operating realities
favar a etretched uut step-byv-step approach with & mini-
mum of iblemetion hetween ench new step pod those al-
ready takes.

PrrLy, FACTORS

"#apple factora™ are the majer key in uclieving wuecess-
ful prufituble nutomutic procees contral. Even some alower
ficst-geurration procea contrul computers are still earning
their way when ndequate people factors huve been greated
anil maintained in place uver the years. The faster ard more
poserful third- and fourth-generstion computers do not
britig suttess whers adeguate supporting people factois are
not desigred nnd maintsined in plage. What are some of
there people factors which can be corsidered wital to
Aticcess”’

A Favorable Envivovment for Central Control Operalors:
Thin favoruble environment which v created musily Sy
plunt mapagement includes the following. 13 There ahould
be ne ahame on, ar threat to the secunty of, the operstors
if the uutomatic system rontrols the proeem better overall
thun the operutors do. 2) There should be a denine on the
part of eath coitrol operator and their supervisurs in that
they want the control kysten to succeed, they Belicre they
eun help muke it succecd, and they fake the necesssry stepa
to muke it succe ], Finally, this results in the reafization
thut making the system work well is renlly o contithution
to hix company'a profitabibty, hence to better job seeurity,
I} There should be weitten and readily availnble operoting
rules, Tu be effcetive theee muant e simple, closely bt the
loeal =ituatbion, and then be enforced fziely. Yet menns
murt be retnined for weevpting and placing o effect vakid
Auggestiona  for impruyenients cotming [ront uperating
personnel.

Training Supplemented by Repwlar Refrcsher Conrses:
Ignotnee and miiscuncepriond gboct aotumation wre o
major ~putce of npprehen sion about autonation oo the
part uf operafors anyd their supervisuts. This igromnce is
often well disguised, Well-deslgned training and refresher
cours¢a, erprcialiv tpilored to the needs and capubiliticn
of these personnel, provide a toetful vet efecrive woy b
dispel sufhivient igoorarce about gutnmation 5o that good
progress is nclieved.

The best Lruining cowrres for eperators geovrally result
when prepared and wlministered by thuee buving responmi-
ble charge ard administration of contrel of the ¢ement
making prieess, Short enurscs of trinipg i contrel sya-
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totn comeepds and applications wre al<o desirable for higher
levelr of comend plant management and for those miper-
vi<ory pemsanne] who, while ol regponsible fur procrss con-
trod, sienilicandly offeet b resalte by the quadity of sup-
port and underdunding they give in discharging their
duties. Fruining nnd practice in padntenance of itema-
tion components s alse vital, Uegally the highest nvail-
ability on eunirol hiae been fiamd 16 exist where the ewner
ilovs mopst of his gwn malitemee work on auroeination
ayxfem compatents, Training i prugramming for 2 er 3
cemerd plant personnel i very useful. ‘The pature of the
comnent making procees = such that copditions witen
change. These changes may orise from wenr, ¢hemical or
physical properties, nid other saurees. A reasonable pro-
figieney in muwdifving 1he control programes 10 ¢losely
necommodate These clunges, when they affert procems
curitrul, does much to maintain good control cMiciency.
Frpually importunt, a high confidence level in 1he processs
cuniml evktem Hself is 1liereby maintained.

Adfugting Job Deseeipiions of Plant Supervisory and
Pruceng Conirol Peveonviel; The posl of 1his is to make the
descriptions more closely fit the renlities of automatic
process control. For example, the four major cuntimioun
|sarta of most cement plante (mw grinding, hemogenizing
or blending, bureing, and finigh grinding) highly interact
with ¢ach ofher, expecinlly in the downstream direcrion,
{Plants which use hat kiln gas for drying have even more
cumpilex interaeting control proliems.) How often duer one
wee bull mill nperatorz taking setions which influenee chem-
Wwiry, of vice versa, bui without coordinating with the
cliemisla Lo awaare overall mininaim perturbations io the
procesa? Concentunlly, the buest arenngements, 1aking
aytomatic egutrol of the process intg account, Tallew.

13 A single mannger of procems cuntrol who at leant
manages operatiog eoutrol of the grinding, blending, and
bwrning uperations. He i responsible for training ond dis-
cipline of the eeniral oyw-mators. He is al=e acecuntable for
vprrition of the continmams parte of 1he process.

3} The chemical and other uperating peconnel et
more ns advisors 1o this Procets Control Manager but with
no direer agterity vver eenlny opermtipg rersonnel.

4} This ringle Procesa Control Muonager uspally will
make minor progrom adjustments deeemsary 10 kecp
abreast of process changes nnd tu mauke desired improve.
moema. This can be delegal et in whole or i prart 10 wtherr,
but 3 is his respensibifity 1o judge, icaipll, verify, and
finnlly determine the usefulness of such chairges.

Sume plunte hove moderiiized their rupervisory and
upeTnling sinuctures to achieve successful antomalie
procesy cantrol with o overall docrense of personnel.
Spme vther planty have relained 1rulitional job deserip-
ligns. The highest plunt upervision has tended 1v stuy
buskilv, fincevely, ond relatively oleof from mbdres=ing
themscelves to ndjusting 10 1he implientions of mitomaution,
Pra<tritingly envugh, most of the failures nod nosternie
suecessce wre fonid in 1hir elnen.
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Feople Factore of Asdonadion Suppliera: Supplier's peop|s
are 1 key fngredient in peaisting s weer of wutmnation 1g
wehieve sueecs<ul eontryl of 1he process, especially whore
apphcation softwire fur precess confrol i purelionsed.
Their know-low, comabinn? with know-how of the owiners
repreeentatives, Tirgely provides the busin for e Loer
suceese ur fuilure of he sew control system. The ireiul is 10
better ongunize the plapsing, tenining, inetallation, and
ojTation of wiemation ey=tems to make ececss more
cortain, E

et Isiran Coxtiul

DI time chares the digita] compruter to direet s eont |
the finpl element, such n< 0 valve, damper. rie. Usially
gome furm of backup hirdware- -computer manual station,
ar all example—exists on 1he ceatral operndor’s paned for
cnch final output devier beiug cuntrolled, This backup
doviee wlo provides m means of mapual  sdjustment
of the fnal output device when 1he compuler i out of
service, Tomov even be in the form of a full analog con-
trofler,

Aany of 1he carlier ceanend automativcn systems wiilize
eouventionnl analog instrument controllers to manipmiate
those process voriables which sre within the enpahbilities
of =uch avalof coutrollerr. Supervisary logic, often clled
“Lewel 2, ealenlntes the purput sigrads 1o cagse meaipala-
tion af the ket points of such aamlog eowt rollers. Supesyisory
Jogie i+ used to handle those control situstion: whers com-
bivaliops of inleruetione with other eontrol hops, nun-
linearities, vgry Jong procom delmyw, und highly involved
exlonlations minke veanl arlog controllers relatively se-
lezs, This wyslem v also known ue digitalinnalog contrel
(DACY; ar digitally dlirected unwing cuntrol (DDAC)
An hardware, sind cspecially o good rupporting sofinare,
becsme wvnilable in the Jast half of the L0, BYDC spread
go thut nuw 3 0s fimst chodee in many pew inetallations,
Amonmg the advitigges DI provides, as compared with
maie conventional snaloy in=truneation, are o Tullowa,

1} The DDC eomputer readily checka lmits, providee
digital Allening over oy periods of time, makes nathe-
mutical eyleulations, and does decision mekipg-—meny of
which are diflivult ur improctiead with analog insnanenta-
tion couipraent. .

2) In many ivstunces more precise contrul 1esulis bes
cattse rthe rft problem within the regulotor teell is
abzeat. .

3} The une of DDC [urevs operators to be sygtemadic n
dvcumentirg all constants ameociated with each regulating
Ioop. Thin is rarely done with anajug regulating #velime,
althuugh such svstmne would work better if sueh ducu-
mckigton wik done aid kept up 1o date, and n-d 10
msdetain byt pdjusl ments. ,

4) DPEC b tomparntively cosly armoged for bumples
tennsfer for different moden of operntion, prevention of
reset wirnlup, and atomntie fatlure delection.

) With DO schlitios ol deletion of loops wnd el
i the condrol, mpmtioe e o be vaed are endly done. This



Fig. 2,

Ainivunguuer with CHT operatur's conecle for canmeat
priwe== conind,

iz cxpecially wseful duriog aotomatie stert-up wid shurdow
Gl major paets of the total process during which tran-ieuat
manipndation of contod loops ia ofien required.

G v s DI ecomputer the overall higher tevel of
procesz eumtrol (ealled Level 2 or superviseory eontrol)
triuls to Be more exsily done sinee the computer must wnly
cutmmiinicate wirl itsell 1o chapge =€l potnts, switeh keps
in sl vut. pwalify control eyuationd, amd so forth.

7)1 Lo arnbezing <everal viisting in=tallations it i+ evident
thut a wellehe caecfully thought-through and well-
opw rated digital vomputer system usitg analeg tegulators
un loups for wliieh they wre suituhle can provide exsentiuth-
ax gl wcontrol of the process as ean DDC for many pacts
of thy tontinws process. However, this i oot true
durtne, anromiarie ~part-up. A+ the complesity of the reg-
uhiling haspm fncrenscs {guch as some eazes where comples
ros flow pater .~ exist between raw grindiog mud the kikn-
ender depriiment), DD peovides significant sdvantages
by rcilily permitring easy switching of regubiting loogw
and mwalilving thedr furns te folluw the vaziable gae Auv s
which -weh plant- have,

Fig. 1 ~Funa s v furng of o DIXC operator's twa-ule waql
for ther nsan- sutngmater interface i o DDC sy eren. ig, 2
slupan o cathodeeray tube (CRT) input- nutput eogsohe
nuere reeet 1y availihle Tor cement plant coatsol, The wye
F CIUE v mn Like ]y 1o spreal,

Ivrenvw g Coscerrs axo Hagpw ane

Trewds o expurenees elearly show that erscntial in-
grealiont= for aueeraful eenent gutomation o inclmle
wbortiutely  interfwcing 1} the eentezl contrel mum
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devign i the centritl vperatom W each ather; 2) the
subnudion eomponents with the process and its n-
chinery; 3} the plant design with the automation s¥atent;
4) the plant power distribution system layout with the
autcimation system; 3) many drives and their eontrol with
the logie in the autonution system where autonatic start-
up-shutdewn ia inclutles]l i the nutomation systens for
selected parts of the plant processes.

CQther factors exist. The foregoing are the mosl jm-
portint. [Hsewssion of each foulluws.

Inlerfacing Central Control Rovm: wwith
Central Operators

Simplifieation of the layouts of the central room wl of
the central operutor’= panel (COP) is worthwhile. Such
simplification tends to lower initiol costz for centoul contp!
tooni ciquipment and wiring, Operuting, trontleshooting,
and rmaintenanee procedures are greatly simphfied if good
coticrpis are used in such layouts. Among the factors which
perniit good simplification without saerificing operability
vt redinbility are as followa.

1} Tt woull be wise to wimplify the control room opr-
tor's job. A typical centrl operator 15 hard-pressed to
effectively mumitur wul properly respond to more than o
Few hucdred displayed items of informuation. Yet voe sooe-
tinees fituls o COP in o eemient plant having 1000-2000
different  indicating  hght=, 30-200 ammeters and in-
dicitors, 2040 recurders, 200- XX push-bultnn statinns
atul =elector switches, 3060 controllers and st pwint
stations, ete. Why 50 muany?

2) In the design stage rigidly question whether it
is teceesary for each device 1o be in the centrl roone. TF it jn
an nmmeter primacily intended for maintenauce wses, jt
prubably belongs vin the mutor euntrol center for the matyr
in question. If it is a0 indieating light showing statys
of an individul drive, whut can rthe operstor do ubouyt
that light? Often sueh starus lights are better on their de-
purtzuental mgtor cottrul center or relay panel. Mainte-
traner mrey be their primury purpose. 17 80, it s betler dope
by havirg suel lights at the motor cuntrel center of reluy
panel. 1f it v o recowder, would not the purpose of the
centzal operntor be beiter served i he were limired to
chatts of the eritieal virinhle: only * Other analog varinbies
ganr b recunded by switching to une or more shared re-
conlers when rpecial teste and ob-crvariors are to by
maule,

A) Giroup srarting of a conudete grinding mill with its
auxiliziries or of @ stuhdepurtrient permits laege reductions
un rthe COE of puzh otk anl indliesting lighta, Cirizup
statting belps highlight the diztinction in the design shag
between thuse deviess readly needed ar the COT and these
deviers necded Tor maintenanee. Devices for tnintensnes
vre genenally more iecful= and ligs expersive avers#-
if located on their moter vuntrl eenber or the weeociz ol
eeluy puaoel. The lewtion of individual deive atatus jy-
dieating deviees an the correspomling departmental metor
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control ecnter of relay pael Ppermitn guick fault iwling by
neintenzinee personnel when she centeal operator motifies
them that oo ssquence of start it sommt be comnpleied.

1) Where fmlly attomntie compite-lireested start-up
i <Nl dow o i being plaamse) e ladingg transient neoip-
nlationz of regulating e, armnge 1had the procelnes
Tor mumanl sl computer start-ups il elatdiwns be s
similar 2z posgible. Thie helps tench the uprerator oo reet
procedures by having lim observe eompoler <iart-ups_
al~u helps the sperator sense suwd dingiose diliealtics when
swpctbing e amiss an the cornputor-emitolld pro-
curlure.

Fuberfuring A wioanaliue arith the FProcese and with
He Machinery

To citrol o process first roytlires reasguable iowledge
by the process controller of pricess conditions. Siner nute-
mulic rocess control digital compuoters are elvetronie
devices. thetr procesa stutus hunwledge comes from fre-
yues muttoring of status of selected rantactr and analog
signatle—nll derived from proeces conditivns.

Switrhes ird their transducers help deteet proersa limits.
proces= Rowe, levels, starvition, and =o forth, and provide
the computer nnd the control operntor vita! siatus informa-
tion. Fome of 1hese switehes aleo provide part of the tradi-
tioi] prvcess-flow requence interlseking,

Procesa varinhles such as velegied 1emperiore, Aow
rides, pressures, rpreds, and su forth, provide process
knowledge to the computer by using suitable (musmitters
to convert 1o sintable munkbeg i vigiada 1o the compniier.
Tl tlear trend for new consimction i tu at leant make
el feedbaek signals compatible with future process con-
trul computers.

The ~eeond mujor fmetor in remotely ;o antomadiendly
vontrodling 1he prosead iz that o1l sudables teguived 1o
selieve procese holdpints mum be phyeically avnilabje
and remetely eontrallable. The trends deemed rom ag-
s S avutomation show tar this paos mean: 1) ~nbativsting
adjustable rpeed fun drives for danper contralled gas flow
circuils i eame et 23 esuring 1hat all feeder drives and
their feeding devices have adequante plioseal mnge of fred
rales oo meet aetual Protess cont o needs; 3) providing suf-
fieient nusaber of dependent raw feeders we 1hat he eliem-
ical hedid poinis desired enn, in foet, be achieved without

exeesive depemlence on downsiream blewling Gieilities 1o

hoprefully make up for deficieneies in this area; 4) seleetion
of kiln. cooler grates, snd other drives g that they are Jow
drift, have preferably zere desd-band in control, have som-
panntively Aat speed-torque corves, nid ean have vernier
sperd climges paele of s low os 00 pereent when reguired
and 5} wreanging all =uch “commended® variables with
nevesshey romponents wso thal they are cumpratible with
conmanals from 1he vomptter wnd ity eoeiated deviees
witlont reepiiring inlers ention by puagde; neither <hould
exces<ive wenr of the limad mechani-m re-nlt nhen sub-
freeted fo B pe numdiees of =pusll eyt o edingees.

Foberfaring Plant Degigan with the Awlomation Sysfew

‘The trend is 16 menlife new plant designe Gnd vperatinge
procedures) amd the sutamntion sy rlem 1o bedler G egel
tdher. For existing planta, some sre o desighiod v w1,
b very capatible with sntannitic process vulral. y'
many existing planis are eompriible with atomadion iy
cortain parts of 1heir process. For thiose, the trend towgg|
using minicomputers 1etds (o be a “gond AL Specilie
detailz of phimt de<dign wterfaciug with autemation :re
elaborated inafollowing seetion of 1his paper.

Tufesfacing the Plant Pover Disiribuiion Sysfem Lagogt
i A Ifunteifon

A good trend beeed on soand engineering, it erapliesizod
by autematic process control ronsideratipns, is (n <trieq Iv
departmentalize all power circuits. This meana: bt maj;,
power feeders serve the raw department from the raw-
mutterinl feedera nnder raw wilos to 1he inpus 10 1w hy-
maogenizing, silos and nothing elze. Let the cement grinding
electrical power feeders serve that depuriment nnd nuthing
tvlve, and wo an, throughout 1he plant. Autematic control
kelps highlight 1he impertance of a well jaid out power
diztribution svstem, espeeinlly when nutomatie start-up
nnd shutilovwn are plahned.

Part of the interfacing of the sutomntic prucess runim)
systems with 1he power diztribution =ystem is 1o carefully
rongider in advance the effvets. prevention, aud cure of
Furges appeating in Lthe power distribution system: of ligh.-
speed reclosing by remene wility ciecuit breakers: trug-
sient voltage dips nnd Leex of whatever daration sl
erign; and just where piraer fur the process condrgl
thould wetnnlly be tuken from the miain power «di-tribu-
lion =vslem,

An Nerny wnalyzer in the luboratury that ik roputsive
o welding somw e else in the pland, or to spotting of a
ball mill wator, tends_ ro be relatively uscless ot thore
times, Jo faet, it may even give oul ezroneois data, g
power sunpky Tor the pocess contrel taken from cirevins
whnell wre subject to freguent ontages or have severp
~witehing trensientw, <nch o= Mnn ernuee on them, tend- 1
alsa be nopren ehoiee, Traneient svervoliages msl =overe
short eirenite i input=ontput wiring luve eseh been o,
lo “wipe ont” Lirge sectinie of sutemalic process control
viipment in cement amd v other plants, Gond interface
engineeing of the power distibation system and of 1
rutomalie process control 3% o distinet trend nnd is wol1h-
while to o correctly. A speeific =ohalion to many of theae
protems is given in prester detail i g falbewing section of
of 1his [FHIT

Firtecfarivyg Firives gud Thee Conteod with Avitamatic Fiovess
Contred Whin  Autengtic Narl-Up aud  Shabfowr are
Inchisled o the dutonration System

Very fow cement plants in the United States Tave iy
claded somatie start-up sl shutedown of selecied pors



(YNNI Llf: TUTIM TS UF i e ST FLyaIn

Fitsnd of the proeess jo their poocess eonnpueber control s4s-
temns Many ure doiug group atarting and stoppiong of drives
vialy by wther means, with the operater manipulationg the
loups Tiar the teunslent gomlitions ducing such star-ug
shutthwen. However, o few  Furvpean-designel  lunge
throughput mew eoment plies hoave ineluded such fetunes.
The work of duing this slus that eigomas attending must
be paid te the proeess twechanical equipment aml to its
relinbility when prrt of an overall syatem, as well 55 to the
desigh of the nutomati¢ start-up and shutdown logie itself,
if renl suceess in execuling this function is 1o result.

The impdementiug of this antomatic stert-up and shat-
down elearly shows that first cluss nterface enginesnug
betwern noehinery Builder:, plant designers, wl auto-
matic process conl el designers is best accomplished before
the plant i physically built, Xut vuly mest complete pussi-
bl seepiences of »rart-up ot abtcdow p aud their variat o
be forescet il accunttely deseribed glieard of finee, bt the
prifornmnee anl behavior of the virioud process flows
atel 1Fansient samdinions must alsn be foreseen anmel doe-
rerilied i accurndely ar possible nhea! of time, Where suel
catra figoreua thinking = doig counpletely during the design
stige. sblomentic starb-wpr sl shutdown, including the
ransient manipubtion of regiiating loops, becumics muie
rasily aecotgliflval W hen auch Agocos thinking s oot
done ahead of tinw, then the nelud implementing of the
start-up o shubdyw o tends to be mete protracted, wn-
oleessanily expwnasive, amd probably the function shoulil
not Hun be in the computer. An effect of applying this
funetion alrewly hus been to esatribute to mlifications
in proeess and mnchine ey

ErrecTs o AUrouwTioy ox PLasT Tesicy

Here iz where o truly exeiting aspect of auternation be-
ginm tur e evident. Cinod automatic process control Bually
pruvides o means ol Making ruw materiaiz into Ani<hed
cenient relatively quickly and acenrately onee the ruw
meaiberinda gre conunitted inte the row grindiog svstem,
Certon orber inbusteies hove noted amd taker ndvunroge
uf the ability wl antemuadic poucess contel to redoes the
storag: Detween suecersive follow ing parts of the process.
The cenaent industry is beginsing 1o usv these teelininues
e wtul meore 4], Beleereld aspecis Tollow,

Haive Pepratinead aod Condrd

Dhsizners of ome pelatively new United Jrates’ coment
prloat unborstogmd el it demented el o of pinimizing
Hione detaa s betweon v mill b es and quichly obeain-
g sl setings ipsen ehweraieul nfarnzetion abaut e steenn
i nte their dowosteeam lanngeeizer, By eombining
o=l X-vay elamieal conggiug techningies of wroural Fan
cosspwemilion with =hozt Hanes oz Loz port, sumpHe anasdysis,
mn? conbective netions, they were able Lo ofilize o =ingle
L% I bomegenizing vessel betaween their o deparinuent
it flaeie Kif, ¢ dveradd, they felt that this apepmach savsl
i o inveatianent of sipprosinmtely L million dollies,

)
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Fig. 3. Time delays aind raw iy eomaeien ontrl sceoracies.
(n) Tdeulized rew nay contpal 25etem for wnalyzing time delsys
versin homogenizer sizing. (h) Elettd of time delays and honw-
gonieer o e on raw iy coid ol (8} Efects of cuntnol inderysl nnd
ryRtem thnedelnre i euw mus eankrul,

Another plant W Westert Korope combitsl goomd up-
line gauging vl row e elientieal composition at the dis-
charge poant of the raw milt grnsling circuit with <hort-
time delavs in making eorreetions wnd with cowmpnter
contrgl of theit prehonwggenizing pile buibiling wd come-
pater guidoney i vuarey aperation. By learnitg the tech-
nigoes wicd perfonoing them consistently well, they were
able tn eompletely elminate downs=tream bomopenizing
eyuiptent with the egrzesponding ingh vpereting cxpense
of such vessele,

Anglher S, plant originally had planned to wie iarge
mill feedd bins between the row mill feeders und eaely rw
mill. Analysis of the oifeets of the time delays gurh il
-l bins woull bave on dJdecren<ing possible chvmieal
weeurwe - led theme ty elioinate sach lapge feorl b il
reclues the delays i thak portioe af the nuresial P port
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civemid= e abonnt T8 pun bstesod of the 2 I plomed arige
iy,

Aonnadytieal appreacl e assist in wder<tamling 1he
elfer~ on redaetion of process delos v, samsping,
snals disg ol currection Times in inproving e aecuceies
uf poedees: condrol, ik given in g 3=},

g, Aa} is o bleck dingram of 4 .-i|n]:|'iﬁ|}1.] EIW 1S CHlie
troh =¥=tem thal cau be weed 160 culenlate approsimat e
worst oo errors in 1 he Momwgtenizer innlyais due to ex <tem
transport times. The grinding virenit, the sampling <y~em,
the sumpling inderval, and the control intervnl are troated
ug eusing aple time debys T T T ond T, nwfwtv
tively. The homagenizing <ilo hax a Athing 1ime T, corre-
' spoding to the netual “fallness” at which the silo 1y fuet
upeerating. When un eeror oceura in the feed compaition,
the compuier eontrol program ean do nothing until it
detects 1he error st 1he nutput of the sampling system.
It may 1ake up 1o the sum of all these deluvs for the con-
tral program Lo delect the crror and carrect the feeders.
Duriwg this time they, atotd of Ty + 70+ Tu + T hol
kaul matzrial hus gune inte 1the system. The maximum
error it 1he homogenizer compositing will oeenr if the feed
vrror ooeurs when the homogentzer is near full, and there is
hu time left 1o correct The error. Thys= both the batch and
conlinuous lomogenizers may be considered the =ame,
and the maximum (raction of (he inpo error that wili be
present in the humogenizer output iz then given by

. T+ T+ Tut T
.E-. L
g T,

whery

K.  nit homoegenizer enor, corresponding to a unit
raw material ferder chemieal eomposition error.

Ty Transport delays for time consumed by materisl

Lraveling from rAw materiul feeders to the sampling

el ation, h.

Sample imterval, b (zero fin cline ganging in the

exnmple but 1= more for lzboratory Xeray and

manual chendeal nnalyace),

T. Sumple preparation and analyss time, b (0023 h
uxéd in example).

T. Contiof interval, b (Lypically 3 minin 1 h),

Fig. 3{b) uses this equation to show the effict of grind-
g cirewit transpont times Ty on the humogenizer ermor
E, for lwmogenizers with 6-, 12, und 18-h lilling times and
assmining & control program interval of 1 h (7, = 1.0} und
a I5-min =ampling time (T, = 0.23 h). To show the im-
phcations of these curves, consider i sxslem with o delay
of 15 hoand o filling time of 18 1, I (ke delay wore iecloeed
to N BS W 1he ~iane nesalts conld he achieved with o wilieof
v 12k ety

The tesults <levan in Fig. 3(hy were abtained with corree-
Yo wade at 1 hontervals. g 3{c) <hows the effect of
increpsing sound deerea-ing the interval helween correetions
L I enn be sevn hat devrea-ing 1he interval 1 G h

IhEr I KR T iir s res 4% ~THT AKEE G %1 AL APPLEC Ui, JU LY A0 T W] ‘

Fig. i

Lablsrsivre Xorav chemieal aunlyzer in cenmenl prisid,

shows simall gain with a 12-h filling time, bl that in-
crea<ng the inlerval 10 2 b enises B conaderable lo=s in
ACCUrACY.

These re-11t9 show the necessity of shortening the for-
ward path and feedbadk path time detays in the raw mix
Buvstern.

The possible implications of reducing  Invesiment
in the "“lront end” of the plant by using principle-
shown in Fig. 3 represent w distinet sod relatively new
trend which will likely be used more in the Mfure. igs. 4
and 5 shuw views of X-ruy rlhiemical anah sers imed in
eement plunts.

Taproving Kifa-Cueder fleaign Cowcepls from a
Comfrad 1 fewrpoing

Analvaes of the (rends show the folliwing.

13 Inereu~ing emphasis is being placed on kesping the
arrangement of proeess flow nnd auxiliary deviees in the
kiln-couler cireuit ns simple n= pos=ihle.

2y The commenls about charugteristios and arcange-
ments of kiln, cooler, grate, and selected fan cdrives poe-
viously given in this paper are applicable,

4) The Lirger grate 1ype of eonler: are nure enntrollnhle
il individual deives are provided to contral aic Bow to ench
mujne campartment and for Whe eooler exhinust, The elder
practice of using very few eonler (aps arranged with
setarate dampers 1o cond rol aiv fos toenel major eompart -
ment mukes for o totgh controflablitye problem. The trend
is b pravide ~eprrabe B Ter el fioetion = to permil
the cooler 0o aelieve e best performanee a4 2 beal re-
superator and G- eeaber of clinker {51

) When coaf 3= useid pson fuel, the 1eepd o ey 1o o
duee the variutions i compeosition, cxpeciably the axh ron-
1ent of the cond. Eoch variations ingvituldly produer witle
variations in chemical compo=ition of the cinker wlhore o
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Fig. 8. Tandavs of compoter conteol of cemaent Kila,

myfor component i+ the widely varying ash content of 1he
cual o~ it enters the buming process. Rlending of such coal
iy help. Purchasing higher grade coal mauy help. Sorie
Have en en zhilied to other types of Foel as the problens and
ereds of ysing coal have become mere svident.

2} Ancther trend i to retutu dust to the kiln iy o more
uriforin nsuiner o improve controtlability, Avalanching of
dii-t iy hopprets under precipitators ur dust colleetors and
starving of dnst Feerl ur other Llimes are factors rending to
e viddent gontrol actions to respord o such kiln
teerl prertielbition- The trend b to treat returm dust as an-
vher ceppeile kito feed aud install o retam dust sarge i
dl return dust metering eguipment arranged to grad-
mally puxlulate the average return dust feed cate te fit the
rogperal lovel ol meturn st being penemted.

) Hizing ol proce=+ component~ sulficiently Lirge =o
i~ L provithe “roum™ Ter contid at top production Fates i
atiestluer trerul. [t is difficudt bo attain lop grlaity contrd if
e doulueed draft Fan, foel ferder, kiln dive, and =¢ forth
wre ppweraling “wide vpen™ af their top limit, e, ot of
Fabpyre,

71 There is more emiplisia being ploeed on the recupwra-
Yo aspeet of the conlor by oftaining good recondary air
teruparad e meglsurie e its and then using sidegugre logic
Mo etiphasize heat fecuperation. Soime huve pioneered aml
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Fig. 7. Twodaysal mnrnsl contool of some cement klin s m Fig o

persexered in mnking geold mogsurements of 2econdary air
temperptyre.

Fig=. 6 und 7 shisw good compurutive bul typical rezults
with and without compuler control on a kiln-cooler in n
cement plant.

Crrinding ANl Civcadt Design and Automalic
Process Coniral

The hu=it objective ui grinding mill circuit evatrol is to
maintain Anen#ss within u narrow band, usualiy at some
mukinium production level consistent with the existing
peoce=s atel machine constraints, Usunlly indirect mensure-
nieptts gre reduirel sinee pot muny fnenesa sensors ure
vel pperating. Yet o trend does exiat to apply and use more
fineiess ~ep=ors, particalarly in cement grinding mill
vircuits [6]. T rends in grinding mill cirguit dexign which are
emphasizid even further by cotddetations of autamatic
priscess cantrol inclule the following.

1} Obtwin gl mensurements of mill feed rates,
either by wrighing leedees or by 3 combination of total
mill ferd rate amnd = deehnl weighing freders for udditives.

2) In elo-ed-gireuit grimling, sensng of input wakts fo
elevutor, separators, aml ball mills is alway s preferabbe
utterapbing to vhian eguivaleot messsrements using drive
input amperes, Mower svstem veltage affects dove input




ig. % Proetwe evtibind eompupies fntallaton o cemes pluo,

Fig. 9 ot mauend sompaier in=taflatfaon in coment plant,

amperes bul only sHghthe affeets drve inpar watts, Thu«
centrd hased on qmpere resdings mny, ot 1imes, e baed
1o false Infermation.

3) The 1rend is 1o ploce more cmphasi= oo adequate sie-
ing of all components of the gnnding nall <ireuir, This
capectully apphes 10 these handfing recirculating Joad.
Good control may be impeaetien! if sume of the recimrulat -
ing hoaed auxilineies, or of other componemts, prevent ade-
gquate landling of the Auw rale which may Be inlierond dye
to varations in the process mnkerals actually used.

4} Some crment plant= designed by Europeans are now
Leing built nnd inelude Teatarrs Jor closed-loep control of
fimenes Using conlinuots finenees sensors.

Figa. B angd 7 +how s provess computer instafation in
u coment plant,

Trests ax ronare Cov ecpol. Fuserross
Bewxa Prreronuen

The nejuriiy of Uniled Stater” cement plante =g
digita) proeess entnputer control technigues Tuve applied
them 1o the control of raw mix chemieal eompodtion, kilin-
einler tontrol, soner validity chieeking and abom lozpiug.
preslustion sed drend data lopdng, and daily operatine
reTHIr 8,

Cirinding mill load conmtro! and DDC are also operating
it u pumber of U8 cement plants with [IDC being more
widely need in the Lest Tew 3ears. Muost new cenent plants
mpsidle of the Dinited States amil Canode are desdgned by
Burypeans, Fnosme instances sefected Furopean destgned
cornent planlz Mave been significanth altered in their
design eomncepls 1o Letter interfuce with oulomadie proee-s
condnd principles and couipment. The porpose las alse
boen 0 Keepr overn]] jovestment ta oo minimnn, Thus o
repel For cuety pland = s Ve nol omby prepfornn Chae ennad 1] 1l
erilier funetions Just listed, gt o ofven inelide, as appme
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primte, sdditional funetions of

1} aparry =tladabing gondinee;

2 pechomogenizing pile bailding eontral;

A prelusrnopenizing pale baikling ealrulations;

#1 eciding will Toond contred w iy nasinziaing as well a-
Aedvestate versions Twing  utilized and with fhenes
b, 1 senne enses, being used bassl en continoon
fineness s pHGes;

3) cenent mix compwsition comlrol;

8] cement =ils menitoring and validity rhecking:

73 momitoring of driver for unseheduled hutdowns;

8} autumalie slart-up nnd  shatdown of  continoous
prucers lepariments by prgrammed logie, inchadiog
Tran-ient manipatation of rr-“u!rl'tirlg |nnpe¢ axwill s O - urF
cortr] of drives themeebes;

43 contral of wverall load eoupling Jor depuoiineuts
between which relatively dow =urge capaeity for materials
exisin

A more detailed description of many of these uetinns
™ Riven in [5|

FxeHEASING AV 4ILABILITY OF AUTouaTie Mot
Coninol SvsTeus gy ApEGUaTeE PowER SUFPILIES

A linicfly mentioned previously, s distinel need v to
more Thoroughly analvze the interrelntion of the puner
supphy for the automatic process control syetem fd its
majur compotients and the power disiribution «vslem
churacteristivs. The distinetive «olution—nnd  trend --
found w~eful It many such automslic progess contrsl sy
1ems ix to jsolute the power supply for e process contl
curuputer nnd certain eritival senrurs (stch as N-rayv paiiee
und analyzer, oxygen aualvzer, and sefeeted in~tiumenta-
tian ), Thix p~vlateed yuoseer eppply i often in the foens ol o
sepeirat o induetion or de motor=liven alternator vrpugjyserd
with s fvwherd ond meeespry control o rde thnoogh mosd
power svstem transient disturbanees. Such o solated
pawner supply, when properly destgned. provides clean
powcr Lo Ahesr ruit o] gt nle.

e pesade of wetryg sueh an =oladed elew ride-rhnoagh
power sipply s that the press control cquipment i- oot
harmed, or taken vul of sopviee, during momcntary Jips
or voltage losse in the main power aupply. [noaddition, the
surgr= which sumatimes get into the main power «Ji=tribu-
tign syvstem md 115 mgpjor components e kept oue of 1he
process control equipment.

As plenta are designed which integrate antomation and
plant deslpn together more eprefully and incinde antomatic
sturt-np and Shotdesn of selected porGons of Yhe peoeess,
the isalated ride-thiongh pues or <upply coneept = oxtcnled
tev absn Tnehwle puoer o the relays contmldling the motor
cuntrd eenters themselees, TS Tavs g basis Tor rgplil me
start of critical portions of the process following (omporary
Fhitduwns due (e a vhort-torm loss of vultnge in the main
Maart peewer svstem,

In surmie imslances the Adde-thmogh power sappl be-
cones Lootery supported for, sav, perds of fnem 5 10 30
min in ordet Lo permit Gndby ausilinge Diesel engine
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etenstbor <ot= Lo b oorbivited soen ] tabos over Dl Tiuwet i of
supdving eritieal Toguds foe Slose turning of tloe Xl Tor
oeeriding pomps, fan< aml eooler groates doeitg lsz of
Ptesoer Tronn e neatiaial oty prosaer aoipee by the plont,

The ahility te guickly eestarl the eontonenns proeess
Pt of the plind alter bbb sloe ta ternun ey o
of peeer systens =ippely vidbgs b beeonting incneasingdy
ipartant in Mot duteresunected pihlin
Wildy power syateins misl e higlespeedt eeelosing on
their juain trapemission loes to Keep scpmeate geiesting
Alatiens in syaehroism during ~hort eiveuins oeeurzing e,
line~ whitely folerconnent surh griwcrating stations Lafea
the lort gireuit &= romosed prenytfy and the intercotnee-
lion bwtween generador= restorsd promptly, the sepamie
Eetier g <l Fend teoswing apart sulhetenth so that
they et be sufely reclowed together without ela-
Lorates time-con-mming resyiehiunizing provison-.

Tiw eMect= wf this higlizggeed 2lort-rircuit imterruption
bl st paent gl sl veelosing, s seen at the ceoent
Plant baiey B bt posser Gs o=t fow Dvpiealls §3- 1725 after
which pwwer eomes haek Fran tlye ufilits. Tluring thyt
chinet tinw, fwoet drives shut down due to their u=ing in-
stattlane s uncervobliage protectiog,

anther way,

AMiviwcouryTeir= ok CEvEST Lyt CoaThOL

Dhuring mget of the time in wlich digital prces- com-
iiter lave been applied 10 comvat plant -, aderuate soft-
Wik with interfuee handware jued peressnrn peripheral
erpipient have been availalde oniy with medivmesized
provess cantrol compiter. Theee medinm process contml
eonnpnters liove the capabibity of dlisdog any oc all of the
Ceerietivan dusted ke blae proce ediigs <evtiedn af this pager, either
srndivibaally or simultanesusly. Became sucl mediun,
Jrvweea ol it s Frsaso sl bt tal fapt il n‘_'upuhil'l['tf.\, thel.'
temled torhe Ghweennonie when belng oo ulemed Tor o sngle
erheniar cantrob function =uwelh as, fer example, conteul of
Faw midh chemien] compresiting,

Emalt ar mtpivagriters Bave been available Tor momy
avar- Yet by theme~elves they are relatively wseless oo n
resbtine: proeces control job unle-x an adeyuate Hbrary
ot sl softwre aend ol application suftaare
eaprindly Lailoeed for tealtime pMucess eanteo! are avail-
abbs Moreancer, tlie dael of suleguate suppocting thter-
e Lt lwciee pueriondaely saibedd By e fpalu<trie= to b
setiedd Ld rednes D ebeie weauless i soelindusties.

Survevs of many SXisting eenwnt plad= in che Poitid
Slates eonerruiaz e posability of applying curematic
pveess enntind boave thiseho=e] tiad there s peed a4
pedtential enlilnes foeominieongomee 3 they are oule-
apretely enquipgead with stpgaertiog <tandand sl applie-
Vil sulbware, neryi-afy” nterineg |'|:|rr|1.l|.:|r|'II anl RITULD S
i Pradaines el afler in=tallating —rvice,

Sueli o revent develypunent i< shown in Fig- 19 12
Thasw fipires =hea Llock Jiageimes of o Lne of minkeom-
prters boekend i by wilespueate sl Ll softaw e, hanBwgees,
o D serviges b e Lat s ving Lhis seginent of the comaent
ternmdie teeriing Jondnstry,

Fig.
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The threer migieenguter-lesed ataation =3 slene
hiown i Fige, 10-12 are for rav nii® ehoemieal vogapasition
coptml, for ko contral, and for extended adigital e
paability (inelnding generie DO waftw e ) Faneln s st D
The following eantrod couipanent ol operationad Teatues?
s are all bl aronitad s inicompater <y<le of b
ware bl standeard |'l|||j'.-|,r_1|.' RO IR rh“*iglunl tre e
prrogess control reguirements ctrols proeess thromgloit-
pute 1y control deviges typically ap The CO el wtilizes
menlern reliable deviees for interfuee with ojwrator - video-
1vpe of operator's consols [Hus typer for eounliinat v
ampertor's Jog aud alarm lgi each 3 a complete and
imlependent sem; each is powered frum a rde-thirueh
o er =itpply; and ench ean cuprnunicate with ofher -
vampuler-based syvetems belouging te its omn Lamily
us | preprile.

The raw mis system <hon o Fige 1 neldes an Xy
analvzer for elemental aualsis of the mw miv sream
sunptes, The functicnsl centrol provided by the pre-
engineered software will comitrol up lo Six raw material
feeders, correeting feeder mics as neges=ury to maintain
the sumple analyeis al the proper chemical compueition.
‘The sx=tem will also contiol up to 190 homegemzer to be
letch or cuntinuous Bled for u »pecific chemical cnmpuwi-
tion by adju-ting the chemieal composition hold puing for
Vhe raw taix sdresm, A chenmizt's fog with paper tupe panch
ariel resed er fardumping and bading programs are inclodied.,
s ix the capaeity Jor Yirous cuslam options.

The kilu-rontrol svstem <howy i Figo 1E provides the
basic Tunetions of maintuining stable kiln operation
through proger sedting and adjuriment of the prinury Litn
virables <uch as feed rutes. speed, foel Bow, and airde-
fuel rutic. Cooler grater and g~ fow are also coptrulled n-
apgrupriate jo the tye of clinker eooler nsed, The =xsfiemn
Ias the enpability of being able 10 cortrod the virons
1y s of kilu-cooler combinatitns, dey and wet feed, with
and without prebester. Kiln pesformanee bag e ineluded.
et the etpracily Tk Vs elsLan apicns,

The svetent for extemdod digital enpability provides 1
capoeity far extensve dala aeguisition, for rovntoring el
salarming. apdd for duily production summary, and other
hgging funetions; and combined with {he exntensive odulu
aequisition capacity i the avaikability of INDC sullware
for digital coutrol of any or ol progess Jeops. The =l peints
fur the DNC process foops wee poraally set at the opers-
tor's videa-1vje con=nle, although sapervisory controls of
those set points from guoller minicompater rysien
fumily mremler is alqo posstble (Fig. 12).

b meldition to the previeushy deseribed equipment ind
uperational features, the =neepsful i gompaiter-leed
autoImtiun svetemn nasT entdinue (o inejude the fill come-
plement of al) organizationnl harking Ly both users und
supplier, ipchiding awareness training, and commilinent
by the user, and inchding adeguade ipstallagian sturt-up
wesitpnee, wnd follpw-on srvice availalifity Ly the sop-
jier. The misicamnpmier-tnsed sy=ten then = siingdy an
extenstnn i 1he Lfest wntanation techindogy 1o el Ahe

pealving peeds of e coment indhistey. Alaf the fundsn -
tal rnircinends fon woreess il exist ol Lt eondione
t Yo meel Jor ~ppeees~ful sinGoanadion e ee-arli.

[ TR R N EI LTSN q 4

Wo nnay conelinde o follimiog.

1) The venmeent plant owper and his repressntad ives
base avoilible cven sider ehorees than before as te 1
size il l','lj.l:l!l-l]."i!'.‘* of autnmatic JiF s votitrel 3=t
which they ent vetmmbieal]ly t=e

9] Thi= Lrosch-ning of 1he base for proeess wulonetic
eomlrol cumpiters to afo include the minicompirees, wde-
auately supported By stanolard seltware and interfaee
Bardwar=, meine That many oxi-1ng plaas ean have auto-
maticon apphied Lot least portivos of thair proeess which
iy nod liive been very ceonmnical hitherto.

21 Adequate people Tuctors ineluding approqmate job
astghmnends of uperating peraonnel ardb TheiT supwr vision.
combined with gond ipitial gnd contimied trddning vomsin
vital for suecess in anloamatic eontrnl,

1) The po-~ibilitiez of modifying basie lan te=ign for
new plants 1o hetter idapt to the possibilities of autunalie
process cuntrol are exciting. They 1y a basie foy -izoifi-
cantly changing fur the better total plant invesineut sawl
pperating profitabithty,

A) Sueress i achisving milnbatic proees ciat i 1= fet
af neekdent. Suecess jx best Jesigned-in from the beginning,
o be attained, i1 poinepally includes owner invalvemer
from the beginuing and thereafter plus heavy =npplie,
invalvement from the leginning but tapering off o> opera-
Liein tor Cunt o] proceeds,

6} Principul exsential ingrelient= for sueces with the
|:|.'pi|:;|| A runt:lhilil}' for each Tove now been wdentified
for wul nrnalie process coutrod ~x-tems I cement pang-
fwrturing plints Typieal eeonmmic benefits deriyved from
speeessiul mrtomatic process conteol by digital computer
fasd ]t e heeve alee bweeny i en balied.

Herrvireses=

Copppiter o Spnpeeinng, “Seqebeerd of praess oungl
pungders For the censent alustiy” preentad g ihe 11964
IEFF Crnent Jodu=try T hipsiend ('J-myl.*n-nh-,, Tiaranine, Clnl.,
Canada, May 14-10.
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The oparation of a papar machine is eritically atfecied by
the complex inlmaction of subsysiems that traditionally are
subjected to independent control action. This article de-
scribes the design of a control system for a paper machine
that takes into account such interaction, and shows how
the design techoique may be applied to 3 basis-weight/

moisturg-control systam,

Interactive Control of Paper Machines

E. B. DAHLIN. Measurax, Inc.

Good paper-machine conirol must inglude ¢oordina-
tion ol such subsysiems as refiner, headbox, and
dryer, and spead and stock feed. Withow! such coor-
dination, conirol actions that are taken in one part of
the gverall process may be mujor sources of upset in
another parl. Specifically, refines adjustments may
upsel moisture control; speed changes may infiucnce
paper formation unless compensatory headbox ac-
tions are Laken; setpoint changes in basis weight may
cause both an upset m moisture conlenl and a vari
alion in sheet strength.

Fffective handling of inleractions among paper-
machine subsystems may be iniliated by construcl-
ing a control system Lhat takes advantage of exist-
ing analeg controls while employing the full power of
digital computing techniques. The resulting conirol
syslem is nol 100 comples, yet greatly improves the
output product, and at Lhe sume time kegps open a3
much digital computcr capagity as possible for more
saphisticated algorithm implcmentation.,

. For a general approach to mathematical medeling

for Lhe paper industry, Rel. 1 is suggesied. Previous
wark by the author an ceniain algotithms appears in
Refs, 2, 3, 4, and 5 The esperimental data used in

this articls was gathered as described in Rels.3and 5.

Faper machine inflysncas
Tte table an the next page establishes qualitative rela-
lionships amang essenlial independent variables thal
may bc cither random disturbances or maripulation
inputs, snd an array of dependent variables, Vari-
ahies preceded by an asterisk are normally manipu-
lated and variables that can be observed are boxed.
Cuntrol objectives may be defined [rom a study of
this 1able. The bhasic need for auvtomalic regulation
stems fram the exisience of the disturbanee variables.
Measured and manipalated variables afTard possibili-
ties Tor Tonmning Feedhack contrel toops, The table
alse indicates simultaneous effects ol manipulaled

variables upon variables relaled to specifications for
the product quality, such as basis weight, moisture,
and larmation.

11 is often uscful 1o stabilize fiber Mlow by cascaded
control argund the siock valve. 1a the table, fber
Aow is idenlified as dry stock flow (DSF), and is
defined as the product of eonsistency and stock flaw,
The lcedback loop, closed from valculated DSE 1o
stock valve position, will be alfected by consislency
reading noise and 1emperature impact on the consis-
lency meter calibration.

However, these sicady-state caliheation errars are
nal Lo cntical Lo pood contrgl because the long-term
behavior of fiker fow is delermined by feedback of
basis weight, The uschuless of the calculated DSF
loop is rather to prevent short-lerm variation in con.
sistency Irom upsetting the basis weight and (he
muyisture contenl of the reel,

The leedback loop from slcam pressure Lo sitam
valve posttion is normally smplemented with analog
pneumatic controtlers. Within the dynamic range of
this contrel Joap, the cffects of steam line pressure
and Aash tank pressure arc prevenied from propagat-
ing through the system w0 inRuence dryer heat flow
rate and recl motsture.

Intwractive compuier cantral systém

The bleck diagram of Figure ! shows how a digital
computer may be applied to & paper machine for the
purpose of improving product quality through more
sophisticated control of inleractions among operating
subsysiems. The compuler reccives measurements of
quality-defining variables and performs highly com-
plex analysis of, for example, nonlincar calibration
characleristics  and  calibration  parameters  Tor
different paper grades. Production rates, fiber con-
suraplion per produced reel, and means and variances
of quality-defining variables can be prepared regular-
Iy Tor management. The compuler can calculaie on-
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line the true cross-direction pruofiles of, say, busis
weight., bone-dry weight, and moisture,

These and other compiex functions are routinely
perfurmed as shown in Figure 1, where the computer
impiements algorithms to supplement the analog con-
“trol of lecal eperations. This syslem incorporates fea-
tures that are not generally included in papec-
machine ¢control.

To illustrale the methods used, a relatively simple
system for coatrolling basis weight and moisture will
now be discussed {(Figure 2).

The subsystem for pulp-flow contral ¢ensists of a
flowmeter leeding a signal 1o un analog flow cun-
troller. which then manipulaies the stock valve posi-
lion. A cunsislency meter transmits a signal 1o the
digital computer. A program provides digital fltering
for climinating high-lrequency noise associaled with
the consistency measureméent. Alier noise removal,
the progrem calculates Aow set-point corresponding
to fiber Aow (dry stock flow or DSF) (mplementa-
tion of this loop with a mixtere of analog and digital
hurdware provides a profitable balancing between dy-
namic perfuormance and cost.

The dry¢r-contro? sysiem 15 @ <onvenlional pasu-
matic control loop regelating the steam pressure in o
dryer section, uswally the one directly ahead of the
Basis weight and moisture scanner.

The supervisory controfler utilizes measurements
ufl basi- weight and moeisture oblained (preferubly)
at scanuing speeds between 300 and 1KY in. per
min. These speeds enable the con puier to have better
process information to work with in, for example,
calcwlaling eross-direglion profiles,

Process identification

The cbjective of process identification is to Jetcrmine
process dynumics purameters—a must step in con.
structing the process mathematical model if an ade-
Gquitte conlsul system is to resutl, The parameters are
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required for both the desipn and 1the tening phases.

The procedure is to intraduce small upsels in the
manipulated vatiables and collest the response data
in computer memary. After 2 small periurbalion of
the stock wvalve, fer instance, a variation in stock
Aow, consistency, basis weight, and moistuze will be
abserved. Again, 4 small variation in steam pressure
sctpoint will cause changes in steam pressure, mois-
ture, and basis weight thal are transmited Lo the
computer. The required paramelers are abtained by
analysis of such response data.

The criterion Tor a good model is that 11 provide
the basis for good coalral-system tuning. The degree
ol nesded accuracy of parameter estimation also de-
pends on the loop sensitivity to discrepancies be-
tween  assumed model sipucture with  parameler
vatues and actual process dynamices.

In the application being discussed, an adequate
model structure ¢an be defived (rom 1he wet-end
mode! ¢quations ¢f Beecher, Ref, 1. lgnaring the .
head box time constant, the simplified lincar model
developed by Beecher is

A AW s
= al I
A DSF 1 4 Tt (N
s

where A BW = basis weight change at the reel
A DSF achange of concentrated pulp fow to
paper machine (pallans dry pulp per min. )
X\ = gain constant
r =lransport delay from stock valvc ta reel
T3 =+ |MiKiNE Lime conslant in the wire pit
ry =the [raction of fiber flow that does ol
circulate through the wire pit {reteation)
5 = Laplacian operalor
This mode] bring acceptable lor the wet end of the
machine, the dryer is next considered. The nature of
a response to a small steum-pressure change is ob-
lained (rom a heat-fow analysis of the drum, Figure
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3. If the felt is the same (emperature a% the pocket
air, the heat flow per unit area may be modeled as in
Figure 4. The driving signal is the temperature on the
inner surfzee of the condensate. The sheet is consid-
ered as having &8 wet and a dry section, Lhe latter re-
sisting water removal. The rate of water removal iy

Fu Ll CU.. (TI —_ '} {2}

where C = reciprocal cnthalpy of waler evaporation
{fiu = heal conductivity per unit area between
the wei sheet node
T, = temperawure of thefibers in the sheet
T. = temperature of the water in the sheet

With temperuture as the analog of vollage, heat
capacity as the analog of eleciric capacity. and heat-
transfer numbers as analogs of electriz conductivities,
the transler function for Figure 4 may be wrilten

Fols) _ Ca AB a
{0 R, s+ A){s + & }
where
L - Ulr
U 1 = incremental {4
i +—-—H-R“ + R, dryer efficiency
R, = R+ Rus + R, BERCE
R, = Ry + L
[ n —
Ue 4 — 1 {5}
th ‘[‘ ng
'Ri.r == ].F.‘Utj

A. B echaracteristic radian frequencies of the
nelwork

When the sheet is transportied through the dryer

section—all of whese drums are assumed 1o have the
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L]
where w ity f) =weight of water per unit area at
time of the clement that entered the dryer section at
time 1,

1 =the fraction of the 1o1a! dwelling time in
the sectign during which the sheet element is in con-
tact with the steam drums

Frem the concept of Equation 7, the water content
seen by a fixed observer localed at the end of the
drycr section and watching the sheets go by can be
expressed by the differentiul equation
ani(r) dwy

RGP t[Fln - Fle - )] @

where w{t} = waler weight per vnil area at deyer end
wal{] = water weighl pua at dryer entry
ry = dwelling time in the drycr section
Taking the Laplacian transform of Equation 8 and
combining the result with Equation 3 yiclds the
dryar-section transfer function:

w5} - vyCu A & |- "4
D R, s+ As+ B 5

The constants A 2ad B depend upon the hear-
transler coefficienis and the heat capacities of the sys-
tem, and are difficult to estimate. [n 2 trpical dryer,
A varies widely while 5 is relatively independent of
the heat transfer to the drum, Figure 5. The A
reflects the condition of the intcrnal heat transfer of
the drum. Aralysis of heal transfer between drum
and sheet, wet and dry sheel nudes, and sheot to air
pocket shows thal A and & are both Fairly indepen-
dent of these parameters.

Equations | and 9 define a reasonably adequate
moedel struciure for purposes of process identifica.
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tien. [L is in practice Teasible, Rel, 3, 1a combine
these 1wo structures inlo a single form:

Kerr L (10)
s+ O

where K, 7, and € are gain, transport delay, und
pole, respectively. Each of these parameiers is indi-
vidually determined for the two 1ransfer lunclions of
Equations | and 9. IT this simplihed form 15 uwsed,
there must be very shorl imervals between perturba-
tions on the identification process, Ref. 3. A method
for determining K, v, and £ by analysis of the dala
from an idcntificalion experiment is given in Refs.
Zand 6. .

Figure 6 shows the response (o perturbations dur-
ing an identification experiment of A, busis weight,
and B, dry stock flow. When the input lime seriss
dara of Figure 4B is used to drive the basis-weight
modei, (he solid curve of Figure §A results, indicat-
ing by agreemenl with plotted dala thal a good pro-
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cess model has been established in the computer.

Exiposing the stzcam-pressure seipoint 10 per-
turbatipns yields the nonlinzar behavior shown in
Figure 7A, revealing the water-removal limilations of
the sicam drums, Figure 7B shows correspondence
betwern observed response of moisiure content and
response obtained from driving the model with the
data of Figure 7A.

The mcthod illustrated here has been t1ested over
many variables an a variety of paper machines. The
conclusion is that effective tuning of larger systems
can be accomplished by this method of process iden-
1ification,

The cantipl algorithmas

For the system of Figure 2, algorithms are designed
to oblajpn a specified response ta setpoint changes in
either maoisture or basis weight. This response is over-
shool-free and has exponential setiling character-
istics. Observations of closed-loop operation have
been made on many installations, and the effective-
ness of loop decoupling and transpert delay bas been
verified, Refls. 4 2nd 5,

The process madel of Figure B is used for con-
traller design. The hold blocks maintain a continuous
output sipral updated periodically by the computer,
which acts’as a sampling device. The hold functions
are incorporaled in the stcam manval-amo station
and the analog flow cantraller shown in Figure 2.

The closed-loop dynamics af'the steam-pressure
loap are represented by a single pole, E. Cross.
coupling characteristics are indicaled by parameters
e, and «,. An illustrative example of cresscoupling
networks is given in Figure 9 and discussed later in
some detail.

The dynamic effects of scanning, and of the result-
ing conirol by the cross-machine averages for mais-
lure and basis weipht (alternately boae dry and con-
ditioned), are included in the model of Figure 8. The
averages are calcolaled frem soms formed over the
samples 1aken during a single scan. In the medel,
conlinugus Intcpration serves 4s an approximation
for this calculation, Such approximation significantly
reduces the complexity of 1he final control algorithm
without preducing any effect on controd-system tup-
ing. The symbol 27 indicates a time shift equal to the
scanning time increment T,

In Figure 10, speed of setlling s shown as being
dependent un a parameler { 3 ) that is chosen as high
as possible consisten!l with permissible frequeney and
amplitude lor steam pressure and siock-flow changes
dermanded by the controller. Better control requires
grealer activily in manipulating variables. Often,
however, the maximum value of A is determined by
overshoot characteristics generated by nonlincar phe-
nomena not accounded for in the moade],

As to decoupling, let it be assumed thal a moisture
seipoint change is made, Figure 9. The zlgorithm
Cl1 will then see a positive moisture error & 2ad eall
for a sicam pressure decrease . When sieam pressure

CONTAROL ENGINLELRING
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devreascs, basis weight and moisture will be affected
according ¢ response curves indicated by £ gnd g,
Due to process interaction, not only is moisiure
changed but basis weight is alse upset. Evenlually the
basis weight algorithm C22 would correcl the basis
weight error, but this needless ups:t is avoided by
oper ation of the decoupling algorithms €12 and £21.

Algorithm C21 will have afready scen the maisture
errer & that occurred with the szpuint change, and
calied for a stock-Row decrease B, This has resulted
in a nullifying effect un moistece and basis weight as
indicated by signais / and k. Proper selection of al-
gorithm €12 can similarly offset (he effeqt of a basis-
weight setpoint change on moisture,

In addition to interuction-free sctpoint change, the
devouplud controlier achieves much fasler contral ac-
tivn than do independent basis weight and moistuce
contrallers, Figure 1! Using narmalized units Lo in-
dicate desiation from setpaint, the graph shows mais-
Lute Tesponae Lo an upscl when the twa controllers
are applied without decoupling algorithms. The
graph may be conipared with mdisture response in
Figure 10D, where much tighter control is ablained
with good stability.

The decoupled controller preven(s unnccessdry
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control actions. When a consistency variation causes
gimultanecus upsct in basis weight and moisture, for
evample, the combined cffect of the algorithms in
Figure 9 wili cause a stock-valve correction, leaving
steam pressure unaffected.

It is hoped that his discussion of a corbined basis
weight and moisturecontraller design has indicaled
how the basic principles may be applied to much
more comples control systems.

REFERENCES

1 "Dynambe Modeling Technigue 10 the Paper Indusinn,” AL E.
Beether, TAFPFS ¥al 43 No. 2, pp 117120, Fcbruars 198),

2. "Om-Line Identifcation of Process Dynamecy,” E, 8 Duahlin,
1BM fournad gf Resecrch & Develupmens, Yol 11, Mg 1 pp.
408424, Juby 1967,

1 “Propcess Identification and Contral om 2 Paper Mlaghine,” £,

B. Dahlin gad . B Sanbure, [FAC/IFIP Symipusium. "Dhai-

ik Canwgl of Large Indusirial Sislems,”™ Torente, Candy.

June | T-19, 1958

“ Destgning 1nd Tuniag Digital Conirullers,™ Part |, E. B. Cah.

lim, frsirumicars gad Conpead Senenn, fune 1365,

3. "Dmrigning amd Tuning Dagansd Conirgllersy,™ Pap I E. 8.

Dublin, B L. Zronngr, AL G, Hornee, and W, A Wickalrom,

fmsteuatwnty @nf Controd Sy premet. Tuly 1908

“Provess Identifivation for Cuntfol Ssvsutvm Design amd Tun-

il'll..“ E.A Duahlm, Muossargy Carp, and DB Brusoger. Yot

W) "..‘I.IIP Lontrid Eapng Ay, April EIne, p.NI1.






centro de educacion continua

divieidén de esatudios supeariores
facuitada de Ingenierta, unam

INTRODUCCION A LAS MINTCOMPUTADORAS (PDP-11)

HARDWARE VOLUMEN IT

M., LN C. MARCIAL FORTILLA R.

JULIO ,1879.

Patacle de Minaria Calla de Tacube 5 primer plso. Méxical, D.F






oothoc  9¢  PRogRAMA  (PCY  oowriaue  uaditsccion —
Pe LA inTciod  (tiguiawd ) Al tjEwthon .

s ocntccion (IR)  auDiene A ciewatany  nutcdsd
(Fetdenir) .

REUisTo0 D& Ui uuml.l Mt.uuu..mone ,t&hm mrumm
REISTLD  p&tNded &Y. '

REQISIID we UL &I o RUNRR A GEAULWOD D& WA
OPELMION ETECTUROR . | p/tETOW, uchj , Wwo e

V.A.L (A

ADGiA OE VAL .- AsOPPivig  asd £6eons S waol  PE
L iluccionr Gt IR, pAda  GCUCeAE ) Puuoy,
o 6 po J wrvbids D lEbl.

BUle s .

Jowéccionts o6 F /

O fide i gL PCEl xR

rinceiod  Fevetio . Liomra v aceod

o1 TN A PC. #HI g M g8

L S NP p.f‘a.a:c;byﬁm )
$x~ A st Z.R.

. - —
LeA0H W 8.4 .

) CTEwrn —Mfdecigar, o UMA VR M LG R e
Chatw & LR, &5 w00l 494 A g canimrd: @JF
DA LA, ud&; BE mtand AN AIMASERIAS JE G tan
IE TGN | Eton w2 4:’5.&: C;f&urm v J
tAITGuceidn) I W AUALE TR B o iem

el e M o W



LU A Jrdvienie  FIBURA & MUESIR A &8 Q24A0F28 ci'ON
OF wnA  (OMPUA 0Ot Pt “o¢ val  DrLECCIOA) ¢

Rpgintar - gute Eontrgd

QutpuT gotrs . lagyl garel
out 2 — Bus 3
Ff'.l-.._—/ —n] Progrom Countyr I"_"/ ] T
Foge gdaret)
Bl / f
[T Markolp odderit regittes e ——d
LM A ndarzan i Adgrens
READ f wHLTE
Cord mamdry =ath fommands, Coacral
rugd £ windy fagic
Scode 10qi¢ Tuming
and

Tumung
$ugral
QEngra I

* !
lmidfge Tiank
Datg gnd 'Iﬂﬂru:hon P
mEtrEetiang IR e s e, tam—
L
. ———’/{hﬂmarp bu M T hr ._.__../_,_._! 10
GMA DATA confogl
.‘.__/_.___l T MLt -Q—"‘/—'—'-

- il Tl -

Cthae or thenat? b devd ol -L___..a‘{__.,, 1

IR | § S e T T ST )

=== ==
a
m;:: twes G:_} 10 date

wyatem

#
—
T L ===

Swgh, gwverfiae,
ond £0rry flogs

—

Fyncton Coteal

« Flyg. 33, Organization of & "Buaic™ oingle-abdrews minkompuler,

LA AL FiwE A0S ICUICWES Hbsvios .

MHERA,~  (co8¢ o CI. ) mion o progansed ¢
{7y cciau &3 rn: PAATDI

P ol
BeqiiTto #6 HOl# (H.8.R )  sowntwt hA-imsravceion o

PAID QUG EUTEA ) JALE G Ad MEHOLA .

REG. P¢ Dldsccions w#C peniotin [Hdz ) T COMNTENE  4A  pletcei o)
B O pEiOA ppim gm.-uzn PES BT



e
LTS o ) petieri 4

wliont |
e e
CONTROL. "‘—"—"'"""'"""""""j
Byt /moto

—x “} I
I (4% T
HEHDRIA -] oeERRC.
| - or u:;m \l
SUMAS, :
m:;‘ol. R HiepRs , B
HEMORAR

r_rmarth

Y 7 WV -y

PATA AOCDD .
DD 68 UNA iNsTRUCEOND T PyeA et e [w&:ﬂ
- AL AcL , P
AodR . BibwEIA mil?,u 0 ARMWOD /
L) » HOY CESD, hCL
lo‘ ﬂoﬁ ﬂﬂﬂ, ACL \MJH& L %Qﬂ‘;ﬁliﬁ&

o6 M [.... une )
AL ACE PnP+4,



HOdS O  DVBECCIONAMIGITO.

cOMOIE ui0 En KiRSe PRAA  ww& T K/ GR/ T VA
UNA  PRLABR P COMPI/RUOEA LXK A sd  [1§UiieE p oot N

M RWIE WURMOUTR  §8 ufldfow i) ULINOI - P &/T PACA
DIELCtBMAR | i8S compinavens (M 3 ;0808 ] viusissery
@Ml ALY  MIP0S 8 QscLi'ony  GFLOL QUG P CONTIANVEER)
56 Mbucionas |

_ &
LeEcon) EN PGIvA  celD ( 36 IvdscciouvAn -Z/""V PACA B
AL MNP0 PEeA HEWORIA PRINUMAL, — 8. ;) p= ) ¢
o putoens aREcCiovAe RET (1% am)  masans.

PAGIVA PRESEIR . s pjioe ca wimoin b0 €56 Mbaoy

(5;: o214 ) q T O saia EACRuc #ESCCOUR o
L AhbwA VoS imcual JE b hA  PLEIUR iNiTEUeLy gu .

‘g,'ge'a:;b Mlﬂﬂwﬂ K RAVD -~ u"l“:jﬂ. A D e war AT bt B D
e 174 MO 1 &b J0MA aca  NEECC O Fr W -7V TR T O P R 2,
{nyrivccion PREMWIE .

PIAECCOWAMINTO mI 264i5NEO EANS _ & Ol ewpr)
[abbdutllons Landiiinliing R A, s TU

SimiAR A ANREBR  ExEpP®  aus (R DIRECCiGN SC 4UMIA s o)
"o FRO Mu‘-‘( cur]u COMBAIFOD  T& QWuItbeA L0V O7ZAS .m:w::;'wef!)_

)



FIEGRA VNIV cNOEEAGD —  JUHA G LONB00 omup

EEQHRD Ol ired M ONRwing pe 1A DICtcct'gns u)

Di2eccion A Mt 0
UEM A casd

IQRtC/D. ~ B gitkcciond AM Jeyro S€

& ‘ﬂ""..i “‘”D_- CoL vy oAl FohiitS S ERIGEA
Sl RIUCCIONAMIGNITD SN RECID i B OV Bujos ARSI Fv ' oAss

MR D  pACE  WUCCIONAR 0T84 PAASIA ,  Cby 0 QUISIGD L)

nﬂu}apa cor)  wATOD | . COA ¢f uﬂ Je AUCorn)

DIRECCIONAR. 64 & pacrobas [ o)

__.__L_'_______

RWAS AR5  conIVTAMRYS  gisprw EMifend  285p 3
u;jujww CCTURE NG D) G D403 gu CONJUNCEO W)

DN UN JISENGQ  Of  FaTEERUPCOo ] POOROA BE
* T —— r
[peas ek pMA ). Aa ’IMEZMH'# o onvl

o NIl P A 8A) 5 D¢ #0,000 PABRAS /I'EJ C1Fito /l.

X JNRMA o6  FAUTERRUPCI o AES / PRiOLivIR] g1 virt
PRAA v (ONPUiAGORA  puB 4 igaTGD A b3 PITEERITY
OIPOs TIvO S AP0 Lo RE MRV, 0 waved  EX4ITE
Cwd  FIRA, o PERUIAY 08 LA [NFORMALIOY .

HANDS ~ vis EJM MO GE F A TERRUPCLF Oa)  E0J f‘/.l.

d.- GuABDA 8 UTTN/PD OF P00 L3 2E4/SIS el Alfigoled
- G sETREMAM  QUE  IPOLITIdD  QERERD Wit

7 0 (TR PEID
Jo- de wicriigq A DuBAUITAS o5 fNTERBQUPLIE S,
W4 WAITR  dd  QUEOE  AVIFECHY A~

UMW OE L piipaes

4~ PEGREIA e CNBAIp A Aos  BE4INTROS  au &
Cton QUMY AT S e PAIO Y/

J.~ o4 ¢ Plactio.

- . ..ﬁ ak
s ] CNPVTAKRAS  (MNLRIPIN O AvIRds 64 HALIunds 28N Ey AT



AEH TewéL palt FRANSHI IO o€ DAY EFTC/ R TE EA3/ TooAs -
A8l HMINIWVIIOHRPYR 00RA S U.‘?‘H'f&n Rl  ACCESD  OIPECiD A MELPEY
(DH’? ) & M", FRouslS uwmw AcoA MIGTD “Rarioes |
Ewiel hm  coHMNTA 0@

LA wbwoeis (YoAwituR 0iscs)
AR UsuRe A0  TRmGFELEM) UAY HRJIJA S

PE [ WFOHA -
LiDm . Jime TE  Figue 2057 4 H&/ AUE  JutRRUM PR j
HEVRL ANSO &L FPROCEID  DE{ CRITO AMNELIOEMWR — PALH

capn  PandRA ( O Koo )y AN Fetioo x oHA T
UM CiLsd Do MMALAR . (A HANEER

FHPMA OF viRkdAe
6L CAua, OMA CIcA Jisuiburt.

COMO Fumtisne  EL QHA,

1 rowAwes LA OMPUTR GORA 1IN LIIIM pASA  TOANS ML
DHRS FUIE LR AMONOIA  PRIACTIM
iVFotMAcion pg Witk 4 A
FAY: By vl JUCLUJ

& ofico | & FeANSAREL
IWIEEFASE  EL O MA

LA O7LECLON o5 LA PIINECA FALLSEA
Wt ROOUE  TAMIOT PALR AR MEM. PRINGPAL  comO pMN

& aﬂr.p, Al (oM FL Ao, o6 PRLABRAY Pu it oo
FVALKIWTE (6 oW e # piteccrand sewn'®’  setn
TRANFRES) N , AT/ ud v MAND OC 1 IUD

LA M?ﬂ”#d“ CONTIAVA O Su mc,q_.a MM#(
] AU0e  ar PNA AL si seco

2.~

AR Wie2FRIE ofi. OMA Je &/¢en A b AR BNCE
M

reECLian) ot OLOALE M~ Bt prua M PR SR

JEWAL ALA LMAVTHARA FELMING -

2O0  jiCTa o0 ;8 MO Hace Aot Qe IE W cieed)

6 MAULi A & cavaL e pHA  re 2084 Tee

LOMTROL @é LA MWOEIR DubniwlE tIE catw TEANS M Y00
. 4

VA ANABZA . vwA vE2  TeANSHIfToA A m

COMATROOEA ONTTVVR  WONSY OPELAUGY  4/N

A LUVl a.ud" UA  TEAN MOV A HM&# é
/o -1-0160,

LA m#fa"amm

L&ﬂ:ﬁ



3. ywA UEE suE DD EL SLOGWE FuC TRAVIFERZI 0O , A
INTREFASE DA PRAEA . HAOA UNA JERAL QR < OMPUPIAEH
BUF RRUAWO | nALIGW OO JIO me. SISFEHA  9é INTERLUPCIOA)

LA COMPOMONRA P60 AMOEA HACKE VSO et
FRMAIoR ) Heoedd (v o8 G racro |

pEATOC AL ARLBO P& citwy) & OmMA rieJc LA
PROLOAD PMAS AU OF wAWIcE oOi80 dfPo)iivO #F £/ S

VEAMDS A (O TIMUAUDYD LA DRGA NI 2Ac O
Vo ouih pptUivG  Pomiae T LA PDP I,

7 PXL vnujar &M pMmAOUIUg e “uEeFA 2 "
A b TR EwIEITE RO .

LA OMPOTA DORA  POP I/ ¢arn 024AwidAon AL

l- @éum wad  yay BUS /wu) w0 AL AL
QPR oUeCTAGe S HL PROCESAOGOL, LA HEMOUA 3 Meos
) PERIFELreDS, &t 3ui ziewnE Sé liatas
z; i)

o

K Likas e a0

'F TRAVRG LA/ PE PRIGRIpANG S

1V NS e alteccig,

T QoM TAD |

T0aAs  AAS  KINEAT 30 R/P/CECOONALLS | txEpm F
EAPR PR TR BN D/CECLONAR  COMND A cecail oD

P Mireolif, EWPD  QUF A o/eECCiY o Mayll QUCT
WAL L4LALPAC,
o RRitRIOn €
z .- kt Jihiésnst - AFERMIP LD "/Rr-ﬁa £
n* ‘; o o . aun PR TE
e ; YT}
MOURL  oiSROLITIVD FOMAR.  @uioL sé 05 Siogret

T FTE.T E& EM HudiEsE FEL I NADD T B Py TV af J



UUA  FRAnIFERINCIA  RE OATDS  #UAIEIC FERAIAMACSO @ WANDS A
PLASTIVO  FOMA  DNTRIL  #ET BUS, CC CFY o5, A

<0 M CSTABA WAKIGWOO & inieiAli v owA  RwTTun

Of SERUICIC | pARA  IATTIFACEE & PUPONITIVO . & SSMIFOO
ERCONTROL — AEOE TRANIFCRIA — JjarFORMAUON AWAQUTL
ofile KiPOsiFvY .,  Eird JHENIFICA A wALBUIER
OHPOLIRVe  TIewE ) AUALC DAMA

DL INSTRUCCIONE] y oo ORGA NI ZACIA)  OFLA  peAlLiin/A
TR techn PRI RECQQNOCEE  RACIOAIACANE VA (R RRUPCIOM,
AST om0y Plistione,

JUTERFAR G wwAh  Miri QOM PLIALOLH .

LA FUTER PR GUTEE A RN OMIIA DOV ” G AL E 12
nilPosiiivd  #E &/ L BUE WA TRANIFL R CA
PROGRAMACA 08 0ATOL  juco ywepa A Sigureuie B
UL OV ES ‘

I~ TLARNSACRECs 2T .d;rm x_"mmam) ewWids Lt
(o w0 TR 00LA 7 @ QUPOIIHVD  0F O3 sElecimA 20,

7 SMCWIAC WANOO  n  CONWIARRAR g Ct

DAFPOS /7100 JELECCIQUAOb &8V 410703 pALA  TEANIMITTA
05 ORDI , Li/UEQuIN0 S JHTEMA O& Mk RRUPCELON
7 pRioRioNns |

L0 AUTRLI0 JE LEua  AcnBD B &s CONAINMOUE Il ea
ARdol T leFrwats’ b, 'dﬁ!lwﬁu ) J oW LiliemA  Clureerwna /
P8 C/iRiu/TEH /A O MALIUIME |



i .

L &AL 1l S8 QUERER TRUSHITIE pprol PE UM ALLMR O
il SAFER A s AT
(R(! —~ AD] A wa REGIIS0 {xa... o), (ol JatiCZ A
SUEATRA (ud LA SIQUERTE Piauba | | cA pONRINDOBA  sEcdcato A ual
N f
OLPOSTIVE  BPECFIO  catqmwry | IU NUMED | BN o REG/Imo

SECECTIQNAODE #¢  oNEOITYD . A POR & 80 PARMR DL DHPULYUC
/3 DId ~~— BlY = OONO} - /2,

& GIQwilD e QOIS 4 A SEwAL ¢ GEnEL A feuAL D7
' DiIPO3ITIVO  SELEC i AR ¢ ‘

X
|
|
L ]:’...'.‘h . -
32

‘ 11"y

3 :
o34 e

F

i 03y oL
o33 .
™) v

Aparor’ -

e By ey s/

o

|
!Illi!l

L )
-
A R i
—1a
L_‘l Yoy isr S0
gl]u!ur e ]
i . kg 13] e A
- LN e jra-f-‘:
JT ‘. . .. B
DATOR | | dnierkucy tur govice Ne.13 ‘o
. Timing dagram
(T ey =T} P T | J— '
. |
QATOR s s e r - -
g 831 GgRniaming dais from e compuier 1o 8 Sevica Inlegfacy,

" =

. . = .



}.M THE T e
gates fial

o DOY-0R a0 ﬂ

: i,-} ¥

¢ .
| i .
Dl'ﬂﬂ-iu-tnllv.plp - H i ] "|-|' AN
hmm Lman :- o . -~
Il AL
| A i it} it
t - ."-" - I Inthetogy Iak ——
! -.- Computes ‘hé%'. wm.m - ﬁ
! - 3
! .
!
| Doven ' bvice
Mo q L3

i L0 Typicel 11O Inl:rmnn“ﬁnm for devices uslng mmed dels 1raRsass.
Arave ] (onﬂa}é oO0Re | TitlE. iMJT.;“ a! 187 875, I€ Fﬂ:;:.
Tt MRNA 1‘ §£ ar;mazﬂ.m ~ &/ ¥ & e _
riea o6 { ~vR4 ﬁy@ae)

‘8 LiMEAS -0 0470 B
J ECECeo wAdolAS oa N MYiiie el

& wtal
K 1vEAS pf wuTtL P A o PeTR min AL
aipoliindo

Y awtas oF cowrsor st Himitio AL covmng,

iay  LNEAS € ONTROL Jowenow pan 44 JRAAE FEeiRLA O AT
L 1ANCrO / FINAL g .y angcro DES, Aif oMo £
Cov TRDC  RS4 SVIRHMA  pE  INersorddav 7 PRIOZipAIES

SPethcion) DESALIOR  Kes  pARD)  Jade 0L -
AUN AT W

e SJeL Lof

PURANTE  UNA
Benavin 008 (LA O AINIORA )

INfRLFA2 | CIE RegqliIrRo Trd w:‘a]q
oD AINDI w0 L8 AECET LAV



-y

$oRHUTE IE SEREQA  wi PULID  2E COMTBOC  ANK 0D M)D,O)
El ual w2l O0MNE) o oA/ ‘? AVRS D¢ pADY
———

{owae I6 upritdda v v ;"lé!&! f Ao Al KGNCAT O pars QU
vAv S REGISTRO  pe EF (U Sy utGWE  Bgutsd )
& RAelo AP g ‘oo cowet iMoo Jﬁfm’a.:&nf
CPARA - FORRAL W PULIO  PL WAL (fACGE UM PRESET  OILED
tw ro0aS ans F.F., Odrves pADL & Ave’
wr & oIPSITiv0  SdeEction AL Y o) LAY LidiCd e #4470
PAGA RNEE vN  EEAL nitccry tuetron L F

+3 ¥

D53 ~
Px4
mq] 053

DS 1
&0

.| parom
care?

¢ & e
et —
1 { ’
L £ @0 Bl U e R
-
- § .
Dawecy painch L
(hg )3} .
X Xy
Inlawtace hor
Srvica Ha 1l
Timing dusgram
DATO1 " g S
QATOE I1 -
paTQ2 M.

Y Tvaatp Presditlg of & davlca latnrfucs rogistey.



:"_-"‘:‘f-.

LR TRANS FeRetiA O OAIDS petw) 2EGHINRO g ol
ACUNULAOOE N Ll LOMPUIO0RA & JeullEh &

QOAFT VM D AL
B e/ irns PECEcCiOnN Aol vE  prPOSIIIVD v thh
OHIVIAPORA  MAUSAR VN PULIO oo~ tOWROl  OR7 1] 4 roons
LAS s NTERFPRCED .

By L)
Bl i A,
D53
LDty D94
nel —
E =
1}
b50 —
[t - — -
- L Frrad L bnny 1 - A [ B ) 3 l.'.Il . $
aTI2 § gtor( ) - ;
. |
e J h”
1 E .
U |5 el - CLoe
oL
e 2 .
——=x
L .
= 3
* Davich selpt?
¢ & Tne 1] 5 €
—
1 2
¥ e
hoiumulator | o 255 )
e & IR T
42
I P ¢
2 a54 Inlurtoca for ]
cL Aapicy Mo 11 . i
E . -
benice s & n Timing dagrom ,,.E::E" 'ﬂ":'h: ‘
M DaTH llutoottntiigrl
gestar . BT e ered L
Ly g tar Call » — —
LaTTZ n

Flg B Tesnslurring dals from o devics intesface tegister io an scrumulytor in the
compule,



* e sy e ppiead Ad. '

10 ATRINT ——— ' o
) e

- 4 _|
 Srroby
ATerr g —tat
pul g o G
h!nr.*ll
“ .
Pty : o P . P

L ) i ] [ a R-r.na'@
ﬁ Computar L E_o -] 1 2
Infw
e " N
M s usce
Timilng diagem,
Sircby inberrupt

I any desicas request
= berogpt

e Y T — _ . .~

” ki 333 Rudimentayy ll'lllt:uptr_rlll:m

DGR F M{/faod a8 ﬁfjﬁt’tfm/c) Qs sl PLO

o

BT P
1 R AN
s .
w{ B AN
| o7 ‘M‘”
.m ‘Mﬁ

STRINT

[—— i
The Fwen .
| BCCymmy g | ?
Jtroby
Mg —a——a [ o PO
[ T1 T S o Thir t s
Pntur_qn
Pulre
I OH maody=1
|44
£ a8
Intarigca tor
wearmplti v b1l
L R
Tladng dagrom
Slrgen {nferrapd .....p—_q.J_-L._.,.-.-

Trbarrugt | I —




L

SESTEMA ' RUDIMEUPALIY 1 VvEEA (OMO SC
MUESTOA ENLA Slhquied i€ FoquiA

+BY

|
-.R; . .. .13. .H.
Enlar magst = A Inmwrupt=1 . Lot # O
Enobipil ) , fﬂﬂbh Voot 14 Emvo bl 1
" 1 . .0 r "
- I ¥ e | -I ¥ oo —pp—
s . ’
n.qrn-m-u |fez [ meady - Paodyr ]
1 ' L
Ll v | ] ke
He 12 Ha. 3 . My 14

by -17 Rudimeatary prloticy tyatem. . . t

CoMUNKACT  yABInS  DITAN TTV0S (UEew) IMTERRUMAE At ke,
od  ForMHA  oe REoLVEL fi/2 PROBLEMA & ulitiéan oo
v SilieHA D¢ PROLIORCES .  ENE  J/TenA Mot ceae

P ASEGURAR AUE  JXAKIWE vit oL }7@ .nf #E:C'"
REDUDCL B LB . CA  OMPOTROOER  (pMickA T

THLEA  OARD jeduicio  AC iSRS  BE A 0L

PHO&MAO y LR LD LUAL H’J.:f. B:,:“'J'c-ﬁ:q; p‘;:; ’
ioTeRduPrLipns P& EIC oryMs: fivo = Qs T/

L] [] L] r
iAS G ALES A= JNTERRUAICA N 06 05 ©OIPOSIFidO

e MEOQ  PRIGBIGAD



WA FOoRMA & 2EBLUel €L PROBLEHA ANRLDE €5
Oritidawed A MAICALA G- PRGUIMIE . ev A
WAL  cAsA OHIPOSITTYO  RATORD  PE 403 6 qpuras
ne pRioRionss., 3/ HAY < orrROITIveS ow ¢
MISHA  PRIOLOAO  vwO WO POEoE [N iEehm e

0oFAO

S0 PONGAMES BNE € DiRSTIvo T IS de CE Alry a8
FRIORIOND  DEc GBUPS S | copumov  €TE  DISPONTIVO
AAGR VNA  JRICRRUPCIOA , 4O PRIMELy aE  HACE OF
WOHPIIARER | ¢ ImvciRR  FwitciAR R SUBRUPNA  DE T€euiced
€S cEGR tq HASCARYN O PRIOCAI * € EIR OLIPNTH
A cuMt §€ B TEd  Sas MEMORH) gy €A £000CA €U Uns
AUMULAPOL ,  E3TR MAICARA  putos TRUEC APAGAH#OS
AUS PN POSINTVOS B but  4RUPYY i, ¢0, [, g s y L0t

ATEOS  D/SPONIITUES  S& QutoAN A crivod P EOEN)
INTEQeUMPIE AL 03 <7



-

SEC. &7 INTEAFACING A SMALL {.IIMIM_FUT'ER
1

15 14 1% 4 11 10 9 & T & 3

57

L]

< [ole poononooe InlniﬂT o}

Fig. &-18 Frhriljr mu:-k.

- =i I. . '.""'"‘T-:'._,..' * L e
. 1%
- ive E’i - - X
. o4 A
[ ]
g! M 1 an
- -
By 1 —
. &b . )
STRMSE : :
STRHT
. T
q% ""I''E.'_'_t,_.;-l—"'-""-_'_'.':—1L Ve "- 4 “ | |I )
e .
"':' H.vt“ 1] : . A . '
) L
Aa ""
) |
- - . e Wkt ’
. . _ A
“ o ' " o :
i Enabily 13 “iiny . E,“,r wooiro
u.: * .| PR . \ B .
’ By S Intorfacy
. -t [} g...i.a.i._. Intarfec
. a 5 o] raatynt haTd
ST LI 11
\ ' & B
o Timing SO0 e T
t Maik an ﬂuill lindk .
o *51iobe mat pise e e
Fig. 619 Setting prlorities with u mack. .

L .
" o=
'
.
-~
r
4
i

- = A e



s

£/5

VUAGE LAS FunCionEs pAS THAZIAUFES o cOF SHRMAL aigiiAcll,
ES LeqvAM  AcAbD A ACioMN O QonNRtoy

UM RAUADOR pduy SFIMFPLE eu QS plIRONNTYAl sN-dE Gy
TRANEIIFOR, ( ot Sei Tl )

SiePing MUD.L .



ke owm --

Fraili CHAP, } SYSTEM INPUT-QUTPFUT CONSIDERATIONS

Sigie of Swilch ponnections Nt deret Von al
Groy - cods on malor magarrd Tleld
Eduwnier
-+ F-EC - . .
L?i G:I . .
E]
o 09 .. : -
|
- — -
Firnr
TR e g )
. -
] ] 1 :”\ .
. 1
L
S peiact '
Ltep _ pA 2
———
11 ) /‘:
1
7
Third -
lxp x lﬁ' -y
- -
!
10 . : "
i
4 1 e
fourth
stap f],.‘i"_
- 3 .

=
7
N

w

Fig. 76 Switching sequence foe srepping,

In "general, the technclogy available makes 8- to 12.bit DA converten )
(zither binary or lwo 1o thiee digits of BCD) commonplace. Lowser resolution
does not save a manufacturer appreciable cost, while higher resolution presses a
manufsclurer toward sgnificantly costlier circuits. The clrcuit of a D/A
converier 18 combinational, Furthermore, the scitiing ime of the oulpui in
msponse 1o a change on the input js fast. For example, the 1ime for the




SEC. 71 ACTUATION 05

Significantly, the torque transmitted by a hysteresis cloich i virtoally
independent of the speed of elther the load or the ¢c motor,

To ditve such devices, we cant use a low cost digital-to-saalag (DfA)
converter 10 provide a voltage or current proportional 10 a digital input, With the
advent of high-performance integrated-circuit components, these DfA converters
are being buill by many manufacturers with everdimproving perfonmance
specifications and dropping costs. An example of a low.cost 12:bit DiA
converier is shown in Fig. 79, It converts a 12-hil sign ptus two's complenent
inpul (from DTL or'['TL logic) into a bipolar putput veltage propertional Lo the
input and betwesn + 10V, '
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Fig. 7-1
driver; {d} inductive load drivers having Fatier turnaff; (£) inductive jasd driver having faster
twen-0n and turnsGlf; (7 carcaded transitor wwitches,
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Tramisizr switches. (0) Basic bramsisipp selict; (3 light d-iwen

gently instead of abruptly when the transistor is surned off. These modifizstions
are mads to protect the transistor from encessive power dissipation during
switching and from voliage breakdown during tem-eff due w0 an inductive
voltape surpe.

Although the elreult of Fig, 7-Ie will drive any Inductive device, often the
petformanee of the device can be tignifieanty improved if the current can be
tuzned on and aff f2ster, Thus 2 stepping motar can be made to step faster and a
prizter ean be mado wo print at a higher rate.

One of the modifications shown in Fig. 7-1d is often used to speed up
fwrn-off of the current in the induclive cofl. Twra-off is accelerated by
dissipating ere:gy in either Ry o1 the Zener dicde. The Zener permiis the
breakdew: voitaze cf the 1rlq5um' to be adorceched moss clesely than R,
does. Als>, i Rilis ihe current &t 2 constant {maximuwa) rate. In eonteast, the

. current in the Ry cin:uit peaks Clote 1o the same maximuem moe,.and then its

The ::::..E: c" F:,. F-le edie poresister R 1o spend v furnon of the
gurrent, To do Rt ¥, moust be incroased s fhat in the stendy siate the
inductive i€ soos its sated voitaps. Increasing Vo znd Ry .r:gﬂ.,.: in this wrv,
“ oeffect. increves the wupes pesigprony ceas b dhe (e

DT S B P

=) inductive Yoad

—— —— ——— e —

"y

e s ik ]

EEL. 7.1 ACTUATION ki

infinite tource resistance (ie,, i the load were supplied from 2 switched current
souree) the current bulldep would be instantaneous, The trade-off involved in
increasing K. is the power distipated in Ry and the increased power required of
the Ve power supply.

In many cases, the device curment is sulficiently larpe so thet V', cannel be
tdriven directry from a pate output. Figure 7-1f shows a transistor switch driven
By on {nverter whose coie Function is to provide eurrent gain, permitting 2 lower
valve of R than a gate output can drive,

Fometimes when finer control s required than can be achieved with
rormal cn-off operation, this finer zontro) can be obtained while still retaining
the simplizity and power efficiency of e transistor switch, By using fast,
time-zveraged switching, we can obizin proporiional tempersture control of a
grvro in 2n inergal guidancs system, as shown in Fig. 7-2. The duty cyele T, /Ty
cap be eontrolled digitally with 2 counter to provide heat input to the gyro
directly proportional to the errar between the desired and aciual temperatures.
Furthermore, the theemal response of the heater wirding will smooth the input
to itz avsrage value of

Loy
T
Eizrect digital control of shalt positlon ¢2o be efficient]ly achieved with a
slepping motar, such as that showr in Fig, 7-3. With the many manuflacturers
wha provide them, stepping motors are 2vaitable having 2 broad range of torgue
ratings, without gearng, from a fraction of an cunze-inch for simall nstrementa.
tion stepping motors up to hundreds of pound-inches for large units. They are
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SuUM GrROUD

There are four programs in this series. They offer solu-
tigns [each uvsing a different addressing mode) to the same
ijr,'_‘]&}lﬂl'ﬂ!

Tables A, B, and € ecach contain five one word entries.
Add corresponding entries from A and B and store the

result in the corresponding entry of C. Do this with-
out modifying tables A and B, 1.e., A(I} + B{I) = C{I}.
ivte: The programs do not load tabfes A or 8.

s PROGRAM 5UM]
F THIS VERSION USES AUTOINCREMENT ADDRESSING

A-1gpgd
B=2gp¢
C=1p9¢
START: MOV ia,Ry ;SET UP STARTING ADDRESSES
MOV 3B, R1 ;OF TABLES '
MOV ¥C,R2
MORE: MOV (R@)+, (R2) :GET ENTRY FROM TABLE A
ADD ({R1)+, {R2)+ ;ADD ENTRY FROM B, STORE 1IN C
CMP R2Z,BCH12
BEQ DONE ;FINLISKEED?
BR MORE ;HD, GO BACK
DOKE:  HALT :YES, STOD
LEHD™ START



. PROGRAM SUM2
. VARIATIOH O AUTOTHCREMENT ADLRESSING

-

A=1ag
A=2ppR
C=3ppp
SIART: MOV 4-5,R3 . SET UP COUNTER
MOV EA,RP : SET UP STARTING ADDRESSES
MOV #B,R1 . (F TABLES
MOV #C,R2
MORE: MOV (R),(R2) : GET ENTRY FROM TABLE A
ADD {R1),{R2) : ADD ENTRY FROM B, STORE IN C
INC R3
BEQ DONE + FINISHED?
T5T (RO)+ 1 HO-- IHCREMENT REGISTERS
TST {R1}+
TST {R2)+
BR MORE : B0 BACK
DONE:  HALT . YES, SToP
(EHD START

i PROGRAM 5UM3
; THIS VERSIOW IMPLEM_NTS INDEXED ADDRESSING

A=1B0R
B=1812
C=2p.0

r -

START: CLR RP
MORE: 0V A(P9 ,E{Rﬂ
ADD S(RA},CLRP
CHP RP,#B-A-2

SET UP RP

GET EWTRY FROM TABLE A

ADD ENTRY FRCM TABLE B

PR THIS FURMULA TO WORX, TABLE B
MUST IMMEDIATELY FOLLOW TABLE A

i M AT P WA Y Tt ow

BEQ DAHE FIRISHED?

TST (Rp)+ HO, IWCREMENT Rp BY 2

BR MORE THEN GO BACK TO MORE WOT START
DONE : HALT

LELDF START

A-21



. PRUCRAHM SLM4

i THIS

VERSION USES RELATIVE MODE, INCHREMENTING THE

;OFFSET TO ACCESS THE TABLES OF DATA

START:
Ah:
BB

DONE -

PR

B=2 piyl

C=3adf

MWV §-5.R1 ;SET P COUNTER

ROV A, :GET ENTRY FRCOM TARLE A

ADD B,C ;AD0 ENTRY FROM TAELE B

INCG R1

BEQ MOWE FINISHED?

ADD §2,AA12 ;HO, ADD 2 TO THE OFFSETS TO
ADD §2, 04514 s ACCESS NEXT ENTRIES IN TABLES
ADD #2,BP+2 A, B, AND C

ADD }2,BB+4

BR AR ;: GO BACK

HALT

.EWD START

A-22



SRANCH INSTRUCT LGRS

15 14 13 1 11 13 9 nl

K 2 ) a
‘___._.'_1 - ] { v ]1...‘.....,..,- -—u.-hT-n.—n— - ...;-.-. -—-vl-h-- --.AE—-.A.. .-d—n\.—-f__‘__,‘*n_ wlwﬁh#
l i & G K I T D D )
“dl-u_l—-ﬂ‘ll—'*lﬂllnﬂﬂn-h.:. - :-a-r-J-—-'— i - 1 4 ! 1"‘-""‘-"‘""‘ —--!-' -
CFIZRATICHE CcCcDZEI I CFrFSEET

I (+127 WORDS TO ~128 WORDS)

TEST THE COoMDITION QoLE eIT(S)
IF CCLDITICM(S] MET, BRANCH TC ZFFICTIYE ADDRESS DEFINED 5Y CFFSST
1P CONDTITICHIS) Nel 22T, EMECUTE %NEXT SEQUENTTAL INSTRUCTIOMN
SFFSET

'S CCFI ZMENT) DISFIACL¥ENT WITHIN B BITS SPEQIFYING
TR CF WCRDS FRACHM THE UFCATED PC TC THE EFFECTIVE ADDRESS

CTALCULRTICH

TZ PC IS5 LArRISSING A BYTE ABLDRESS, 3UT THE CFFSET IS EXPRESSED IR %“orDS
THEREFCRE, ZLFCRE REING ADDED TC THE pC TO DETERMINE THE EFFECTIVE
ADDRESS, THX CUFSEr 'UST ALSC PE EXPRESSED IN BYTES.

THE RAEPDVARE ACCOMPL ISHES THIS UY SHIFTING THE OFYSET CMCE TO THE LEFT
{(ACITIFLY EY 2) AND SIGH EMTENDING (BIT 7 TC BITS 8-15) TG FORM A
16 227 nLuvash,

RANGE CFFSET
(iiChLS) {LCW 8 31TS)
[ -200 260 ]
- [ EFFECTIVE  ADDRESS =
| -5 73|
b -4 374 . | {CFFSET * 2} 4 ( + 2)
[ -3 375 ]
) 376 |
) | -1 377 ]
L. 2 eeg | OFFSET =
| £ pa )
[ 3 TR TFFECTIVE ADDRESS - ( + 2}
2
| +3 i3 | |
[ +4 L ]
B < e NOTE: .+2 IS THE UPDARTED BC

Can T T ] A-23




IO DITIONAL BEANCH

BRANCY BR. EFFADR APA4PP+axx
EFFROR <sbC THAKRSFER CONTIOL TGO EFFADR UNCONDITICHALLY
CCHDITIGHAL VRANCHEY .
[T BRANCH IF MINUS BMI EFFADR  LPR4PR+xx
IF N=l, EFFRDI -+ DPC TFANSFER CCHTROL T3 FFADR IF H BIT IS SET
3 ERANCH TF PBLUS BEPL EFFADR 1PERE o
IF He=@, EFFADR-3FC THANSFER CONTROL TO EFPADR IF N BIT IS CLEIAR
h
| ERANCH IF :OUAL ZERQ BEDQ EXFADR  AF147040cx
M IF Zal, EFTADH - PC TRMAMSFER COMNTROL TG EFFADR IF Z BIT IS s5ET
F BRENGH IF HOT EJUAL TERD ENE PFFADR  @8Pl@dd+xxx
IF Z=p, CFCADR~¥ PC TRAMEFER CONTROL TO EFFRDR IF T BIT IS CLEAR
L
ERANCE TF OVERFLOW SET BVYS EFFADR 124 Braay
E IF Val, EFFRDOR-} BC TTANSFER CONTROL TO EXFADR IF ¥ BIT 15 SET
BRAHNCH TF OVERFIOW CLEAR BVC FFPALR  l1p2pPHmcx
IF V=)}, EFPADR -3 "RANSFER CONTROL TO EFPADR IF ¥ RIT IS CLEAR
BRANCH IF CARRY SET BOS FPPADR 1934 f0+xxx
If C=l, LTFACR-¥PC TRANSTER CORTROL 10 EFFAGR TF  BIT IS SET
BRANCH ¥ CARRY CLERR BCC EFPADR 13ippdraxx
IF Cmf, EXFADR-* BC TRANSFER CONTH)L TQ EPFADR IF C BIT IS5 CLFPAR
BHANCH IF LOWER HLO EFFADR 1934000 N
1T C=1, EFFADR-} PC TEAUSFER CONTROL TO EFFADR IF ¢ BIT IS5 SPT
1)
W BRAKH IF HISHER OR ShME BHIS EFFROR 12373 +xxx
S IF C=@, EFFADE-}IC TRANSFER CONTROL T0 EFPAOR IF C BIT IS CLEAR
I
G EIANCE IF LOWER OR SAME BLOS ErFADR  1P1400+xwx
L II' Cyl=l, EFFALR- PC TEINSTER CONTROL Y0 EFPADR IF THE RESULT CF
E € BIT IORed WITH T EIT EQUALS OHE
i)
HrhliCH TF HICHER BHI EFFADR LH1O80+xxx
IF C,Ze=@, EFPADR-PC TRANSTER CONTROL TO EYPADR IF TRE RZSULT Or
— C BIT I0Red WI'TH 2 BIT EQUALS Z¥RO
—
HiFAHCH TP LESS THAN ZERO BLT EFFALR ﬁﬂ24ﬂﬁ+m
IF H,r=1, EFPADR) PC TEANSFER CONTROL TO EXFrfabDR I[P THE® RESOLT OF
3 N BIT XORed w1TH V BIT EQUALE ONE
. HAANCH IF GFEATER OH EQUAL ZERD BCE EFFADR PE2BRPMHxeX
o IF W8, EFFADR-# PC THAHNSEER COLNTEOL TO EFFADER IF THE RESULT OF
- H BIT xXGRed WITH ¥V BIT EQUALS ZEHD
N HBRANCH IT LESS OR EQI]AL ZERO BLE EFFATR PAZAADy o
If I, (N Vi=l, EFFARR-PC TRAHSFER CONTROL TD TPFADA IF THE RESOLY CP
E * 2 BIT I0ORed WITH [N XDRed WITH V) MLDOALS OK
o HRAMCH IF GREATER TilaH Lrpo BT FPPADR P304 xyx ,
IP 2,(H,V)=8, LFPADR-V PG TEAMSFFR COMTROL TQ EFFARR IF THE RESULYT OP
— .24 ? RIT 10Fed WITH (M YORed WITE V) EQUALS IZRD



LOOPING TECHNIQUES

PROGHAM SEGKMENTS BLLOW USED TO CLE&AR A 5. WORD TAHLE

f. AUTOIHCRENENT (POINTER ADDRESS TN (GPR)

KOV {TRL,R{

LOOP : CLR (Hd)+
CrP RY, §TEL+184.
ENE LOOF

2. AUTODECREMENT (POINTER AND LIMIT VALUES IN GFR}

MO 3 BIL, R 3
MOV #TEL+1gA. ,R1
LOOE CLR - {R1)
CMP R, R4
ENE LOOP

3. COUNTER (DECREMENTINHG A GPR COHTAIRNIHG COUNT)

MOV ¥TBL,R@
MOV ESE. .R1
LOOP: CLR (RA)+

DEC R1
BNE LOOGE e

4, INDEX REGISTER MODIFICATION {INDFXED MODE; MODIFYING INDEY VALUE)

CLR RM
LOQP ; CLR TEL{R{)
ADD #2,RE
CMP Ry, 3144,
BHE LOOP

5. FASTER INDEX REGISTER MODIFICATION (STORING VALUES IN GI'R)

MOV $#2.R1
mov K1a0., 02
CLR RY

LCOP: LR 'BL(RY)
rOD R, R
CMp BRAL,R2
EHE LOOP

6. ADDRESS MODIFICATION (INDEXED MOBE; MODLIUYING BASE ADDRESS)

20V #THL, R4
JLOOP CLE OIRA)
ANDD $2,LO0OP+Y
cCiPr IOP+2 f i 1ﬂﬂl
RNME LOKGIR_
A-25



LIGHT GRoup | _,

There are fowr progrems in this series., Thay esach
cause different patterns of lights to he moved
through the conscle diota lights [pot so0 on the
11/85). Each is basad upon the fact that RBf

is displayed when a RESET instruction is executed,
The pumber of consecutive RESETs necded for the ocye
Lo pick up the pavtern depends upon the speed of
the machine [(2-3 is comfortable for the 11/2f).

Program LIGHT1

1. This program moves a series of four lights throudgh
the data lights from right to left.

2. At some points, only three lights will show due to
tha use of the C bit in the RQL instruction. (Note
the use of the MOV SWR,RI instruction instead
of 157 SWR.]

i PROGRAM MOVES SET QF 4 LIGHTS THROUGH THE DATA

¢ LTGHTS. MAKES USE OF THE RESET INSTRUCTION WHICH
: CAUSES THE CONTEHTS OF RE TC BE DISPLAYED IN THE
i DATA LIGHTS (NOT SO ON THE 11/§%5).

SyRa117579

START: MOV 3$17,.RE s INITIALIZE RE
MOVE: ROL R{ .+ :ROTATE VALUE IN Rf
RESET . ; TWO RESETS OK FOR 11/298
RESET ;MORE HEEDED FOR l1/4F AND 11/45
;HANT TO CONTINUE?
MOV SWR,R3 ;CHECK THE SWRr
:USE MOV INSTRUCTION BECAUSE
;1T SETS 2 BIT WHEREAS TST
;SETS THE Z BIT BUT CLEARS
s THE C RIT--VALUE IN RF WOULD
: DISAPPEAR
BEQ MOVE :CONTINUE iF ZERD
HALT :HALT IF NON-ZERO
LN START

A-26



Progiaem LIGHT

-

l. This program moves one light (starting with bit #)
from right to left up throwgh bit 15 or te just
below a single hit set in the S5R and then back
#gain to bhit B. The procedure continuas (one canp
change the upper limit on movement simply by
changing the single console switch set)
back and farth until...

2, Program halts when a one is placed in the SR.

RA=x0

Rl=%1

PC=%7

SR=177574

2P
START: MOV §1,RP :START WITE RE=1

MOV #1,R1 ;WHEN SR=1, HALT
LPl: CHP SR,R1

BEQ FIN

RESET

RESET

RESET

RESET

ROL RP :ROTATE R T0Q LEFT

CMP RE,SR ;DOES RP EQUAL LIMIT SET HY SR

BEQ LP2 ;YES==S5TART RIGHT ROTATES

BR LP1 ;HO0--CHECK FOR HALT OR DISPFLAY
Lpz ROE R ; ROTATE R TO RIGHT

RESET ;DISPLAY RE

RESET

RESET

EEESET

CcHMP RFLRL ;HAS RA ROTATED BACK TO = 17

BEQ LP1 ;YES—-—START MOVEMENT TO LEFT

AGARTH

ER LP2 s HO—--CONT INUE RIGHT ROTATES
FIN: HALT

LEND START

A-2?



Progras LIGHT3

1. This program starts with the two middie lights 1it
{bits 7 and 8) and then moves these lights out in opposite
directions to the extreme lights {bits 15 and p) and then
back again to the center, 50 on and so forth until...

2. A non-zery value is placed In the consocle switches.

: PROGRAM MOVES CONSOLE LIGHTS FROM CENTER
1 OUT TO ENMDS, BACK TD CEHTER, OUT AGALN, ETC.

RA=1H
R1=11
R2ui2
SHR=17757D

L "ZppR

START: MOV #2£p,R1 ; PLACE LIGHTS
HIV #4PP,R2 ; IR CENTER

MOVZRA: MOV Ri.R9 i R BUILT FROM R1 AND R2
ADD R2 RP i COULD USE XOR AND MOV INSTEAD

GISPLY: RESET + DISPLAY
RESET
RESET
RESET
TST 5WR
BEG LIMIT ; IF KON-ZERQ IN SWITCHES, HALT
HALT

LIMIT: ST R2 ; HAS RZ BEEN ROTATED ALL THE WAY LEFT?
EM! AGAIN

ROTATE: ROR R1 i NG, ROTATE RY RIGHT AND RZ LEFT
ROL R2
BR HOVZRE
AGAEN: MY {#1,R2 ; SET UP QUTSIDE CONDHITIONS
MOV #1PARLR,RY
JMP MOVZRP ; DISPLAY AND ROTATE

LEHD START

A-28



PROGEAMMTING LE¥AMPLES

1. PROGRAM TO COUHT HEGATIVE HIMBEES IH A 'TABLE
;20. SIGHED WORDS
P REGTHNING AT LOC VALUES
PCOUHT oW MANY ARE HLGATIVE I RY

START<, -~ - .., ; SET uP STACK
“MOV §VALULS,R1 :5ET UP POINTER
MOV ¢VALUES+4f.,R2 ;SET UP COUNTER
CLR Rg
CHECK: TST (RLl)+ fTEST NUMBER
BPL HEXT ;POSITIVE?
IKC Ry :HO, INCREMENT COUNTER
NEXT: CMPF R1,R2 ; YES, FINISHED?
BIIE CHECK :HO, GO DBACK
HALT i YES, STOP
VALUES: §@
.END START i

II. PROGRAM TO COUNT ABOVE AVERAGE QUIZ S5CORES
;LIST OF 16. QUIZ S5CORES
; BEGIKNING AT LOC SCORES
; RIOWH AVERAGE IN LOC AYRAGE
sCOUNT IN RY SCORES ABOVE AVEPRAGE

START'\~ . {SET UP STACK
MUY Flo.,RL ;SET 0P COUNTER
MOV JSCORES.R2 :SET UP POINTER
MOV FAVRACE,R3
CLR R@
CHECK: CMP {(R2)1+, (R2) ;COMPARE SCORE AND AVRAGE
BLE G :LESS THAMW OR EQUAL 1O AVRAGE?
INC RY pt10, COuWT
HO: DEC R1 i YES, DECREMENT COUNTER
BNE CHECH sPIRISHED? MO, CHECE
EALT ;YES, STOP

AVRAGE: b3,

cCQRES: 25,,79.,1089.,60.,65.,85.,088,,44.
55.,75.,194. ,65.,98.,78.,65,,74.

JEXND START
A-25



Summary of Arvgumunt Handling

Autpincrement MOV [R5)+, Ry

To access seguential arguuents as operands.
JS5R RS,S5UB
184.
1Ed8
6¥dp

sutoincrement Deferred MOV 8 (RS)+,RY

To access Seguantial arguments as effective addresses.
JSR R5,5UB
FLis)
FLD2

Indexed MOV 4 (RS) RS

To access arguments randomly as operands,
JSRK RS5,S5UB
124.
2849,
675,
345,

Indexed Deferred MOV é4{R5}-Rﬁ

To access arguments randomly as effective addresses.
JSR RS,5UB
FL.DA
FLDB
FLDC
FLOD
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INITSP:

CRLF:

LHFD:

QUTPUT :

AGAIN:

i SUBROUTINE EXAMPLE

; THPUT TOH VALUES, S0RT, &Ann
p QUITPUT THEM IN SHALLEST iw LARGEST ORUER

%

1RE=1V7756R
ThA=TES+?
TPE=TER+2
TPBaTPS+2

= 3pep

F. oo

JSR BC,CRLF
JSR RS, OUTPUT
LINEY

69.

JSR PC,CRLF
JSR RS ,0UTPUT
LINEZ

26.

JSR PC,CRLF
JSR PC,INPUT
JSR PC,SORT
J5R PC,CRLF
JSR RS ,GUTPUT
BUFFER

1.

JSR PC,CALF
HALT

+ NN mt mk omwd ok il ET WR WA ma b Wt omt mE

1

INITIALIZE STACK POINTER
GO TO CRLF SUBROUTINE
GO TQ OUTFUT SUBRQUTINE
SA OF LINE 1 BUFFER
HUMBER OF OUTPUTS

G0 70 CRLF SUBROUTIME
GO TO GUTPUT SUSROUTIKE
SA QF LINE 2 BUFFER
NUMEER OF OUTPUTS

GO TO CRLF SUBROUTIKE
GO TO IHPUT SUBAQUTINE
GO TO SORT SUBROUTINE
GO TO CRLF SUSBROUTINE
GO TO CUTPUT SUBROQUTINE
THNPUT BUFFER AREA

: HUMBER OF QUTPOTS
; THE END!Y.L

; SUEROUTINE 7O OUTPUT A CR & LF

15TB RB#TPS

BPL CRLF

MOYE 215, B4TFB
TSTB @4TPS

EPL LNFD

MOVE #12,84TPR
RTS PC

E
[}
L}

¥
*
1

TEST TTO REAGY STATUS

QUTPUT CARRIAGE HETURNH
TEST TTQ READY STATUS

OUTPUT LINE FEED
EXIT

; SUEROUTINE TO OUTPUT A VARIABLE LEMGTH MESSAGE

MOY (R9)+,.Rp

MOy {R5}+,R1

HEG R1

TSTH G#TPS

BPL AGAIN

MOVE (Rp)+ . BETPB
INC RI

BHE AGALH

RTS RS

A-37
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FICK UP SA OF DATA BLOCK
PICK UP BUMBER OF OUTPUTS
HEGATE 17

TEST TTO HEADY STATUS

OUTPUT CHARACTIR
BUP COUMTLR



; SUBROUTINE TO INFuT TEN WALUES

IHPUT: MOV fBUTFER Rp ; SET UP 5A OF STORAGE BUFFER
MOY #-10, ,R? ; SET UP COUNTER

in: 1570 2£TKS v TEST KYBD READY STATUS
BPL IN

OUT: TSTB @5TP3 ; TEST TTO READY 5TATUS
BPL OUT
MOYE BaTKH,CaTPB ; ECHO CHARACTER
MOVB BATRE, (RP)+ ; STORE CIARACTER
INC R v INC COUNTER
BNE IN
RTS PC ; EXIT

1 SUEBROUTIME TO SORT TEN YALUES
SORT: MOV #-18.,R4
MEXT: 1OV COUNT ,R3
0¥ #BUFFER+9. R
ADD R2,RP
HIPB (RP}+,R1
LO0P: CHFR (RP)+,RI
EGE GT
LT: HOVE -{Rp) ,R2
MOVE R1,(Rp)*+
: oV R2 R
GT; IHC R3
ENE LOOP
INSERT: MOVE R1,BUFFER+1D.(R4)
INGC Rd
INC COUNT
BNE HEXT
MOV #-9. COUNT + RESTORE LOCATION {OUNT
RTS PC ; EXIT

COUNT: _.WORD -9,

LINE1: .ASCII /INPUT AHY TEN SINGLE DIGIT YALUES (P-9): 1'LL/
LASCIT /Z0RT AMD OUTPUT THEM TN/

LinE2: LASCII /SMALLEST TO LARGEST OROER,/

BUFFER: ,=.+1p.

LEHD INITSP . FINISHED!:!
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The memary elements in static and dynamic RAMS may contain
ane, bwo, three, or [bur transistors, We do not have the time Lo go into
the circuit desipgn of static and dynamic RAMs. For the remainder of
this lisok, our discussion is limited to basic ideas behind the static
BANL!
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As shown in Table 7-3, the output lines are fivating during a hold
or write operalion but connevled dunng a read operation. Memorize
Tablle 7-3 lor later yse,

" TABLE 7.3, RAM ACTION

ME  WE | Qperation ﬂu‘l‘pul‘
a X Hald Floating
1 1] Read Connecied
1 1 l Write Flaoating
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S50LUTION.,

The nddress-to-VWE setap thoe is 5 15, This ineans the address must Le
applied at least 5 us before WE goes high; otherwise, the manufacturer
does not guarantee that the conect register is written intg.

The data-to-WE setup time is 5 ns, Therefore, the data has to Le
applied at least 5§ us before the WE goes high, Unless this condition is
sutisfied, we cannot be sure the data will be correctly entered.

The address-from-WE hald time is 10 ns. This means the address
must be held at least 10 s after WE goes low,

The data-Fom-WE hold time is alsa 10 ns. So for a valid write op-
eration, the data must be held at least 10 ns after WE goes low.

EXAMPLE 7-8,

How does the RAM of Fig. 7-13 differ from the one of Fig, 7-12?

S0OLUTION.

It's still a static RAM, but the control inputs are inverted. Those bubhbles
at the WE and ME inputs mean camplementary operation. In other
words, the WE and ME entries of Table 7-3 are invened: 1X gives a
hold, 01 produces u read, and 00 gives a write,

7-4, THBE-MEMORY..DATA.AEGIBTER

Srrpeeviiadoalits o 000 Mt peb e s W hmsac high o od haldeefemii
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ADDRELE

Fig. 1-13. te MAM witl; invertad cantrol inpurs.

waords, to satisfy the RAM setup time. the MDR is loaded helfore u wrlty
operation; to satisfy hold time, the MD{ retaing its contents ufter o write
uperation, - -

The SAP-2 computer uses a 256 X 12 RAM (sne Fig. 7-14). The MAR
avain supplies the address word, byt this time it contains 8 bits rather
thun 4. This means the binary address«s are from

ADDRESS = 0000 0000

to

ADDRESS = 1111 1111

The equivalent decimal addresses therefore are O to 255,

The 256 %12 RAM can store 256 words of 12 bits each. These words
are loaded into Ry Ry, By, . - -4 Rusy. Noninverted WE and ME sigln_als
control the operation of the BAM; a low ME creates the hald condition
with a foating output, a high ME and low WE result in a rf._'ad onito tlhr:
W bus, a high ME and high WE produce a write operation with a floating

1 tulput.

W bus
nal

> MAR

I5E = 12
RaM

7

b 4K
12|

ME

[ ¥.9 KO/ L

A

] -

Fig. T-14. MAR, RAM, and MDR connested to W bus,




tad Oiglisl Compmier Elecironics

*

The memaory data register of Fig. 7-14 is a 12t buffer register.
Lts two-stale outpui goes to the RAM data inputs. Therefare, the MDR
supplies the word to be stored in the HAM, As indicated, the MDD has
o LOAD (Lp) input, A low Ly prevents the bus word from entering the
MDR; a hLigh L, and positive clock edge load the bus word into the
MR,

Incidentally, the memary data register (MDR) is also known as the
memary buller register (MBR) In this book, we prefer using MK be-
cause it pinpoints the funetion of the register; the D in MDR stands
for “data™; this iy more concrete than using B, which stands for “huiTer,”

EXAMPLE 7.5

Figure 7-15 shows purt of a computer, A three-state program counter
delivers an B-bit achilress to the W bus when Ef is high. As vsual s high
Cp and positive cloch edee inciement the PC

An fupeet register (1) receives instruction and data words from the
outsicle warld, At the moment, the input word 1s I, This word comes
from a peripheral device such as a punched-card reader, a magnetie-
tape reader, a teletypewriter, ete.

Initially, o CLR pulse resets the program counter to 0s. If the input
word is

I, =1100 0001 1001

what will happen il o positive clock edge occurs once during each of
the lollowing control words?

CobnLuwWye M LuLE, = 0110 D000
Crbp LWy M LLE, = 0000 0010
CI-ErLu‘IIVE h!l_-]l—.nl_qu - {Hm 010!
CrLlipLyWy MyLpL E, = G001} 1000
CoE LuW, M, Lol E, = 1000 0000

SOLUTION,
In the first control word, E. and Ly are high. Therefore, the contents of
the program vounter set up the MAR vin the W Lus. After the positive
clock edye strikes,

MAR=FC -

Since the PO was initrally cleared,

W1 AT = T 000 FOEOEN
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Fig. 7-15.  Part of the SAP-2 computer.

In the second control ward, L, is high. When the next positive clock
edge hits, the instruction or data waord fram the peripheral device is
loaded into the inpul register tu get

L= 1100 0001 1001y~

Ly and E; are high in the third contral word. This means the con-
tents of the inputf register set up the memory data register via the W bus.
The next positive cluck edge therefure loads the MDR with the inpul
word to get

* MDR = 1100 000} 100!

In the fourth control ward, WE and ME are high, This produces a
write operation_Since the MAR isaddressing the R register,

m 1T, AR LTI



o ovter aneiyites e o omndy on the application. IF e cume
puter as 10 be tim_addrend qused iy imany people at the same
tine), it will be | pov o, and eapensive. On the other
nand, & computer dediccied tu ooly ane prognun is usually
srmall, limited, an: mexpzensive flike a microcarmputer).

The SAF {simpie as possible) computer kas been designed
for you, 'the Lieginner. The imain purpose of SAP is to show you
all the crucial ideas Lehind computer operation without bury-
ing you in unnecessary detail, But even a simple computer
like SAT covers many advanced concepts. Rather than Lom-
bard you with tog much all at once, we will examine three
diffierent generations ol the SAP romputer.

SAP-1 is the first phase in the evolution towurd modem
compuiers. Although primitive, SAP-! is o big step for a be-
ginner. Really dig into this chapter; master SAP-1, its archi-
tecture, its programming, and its internal circuit gperation.
Then you will le ready for SAP.2,

e,

B-1. ARCHITECTURE

Figure 5-1 shows the architecture (structure] of SAP-1. All
register outputs to the W bus are three-state: this allows
arderly communication and dats transfer, All register ontputs
not cunnected to the W bus are two-state: these gutputs con-
tinzously drive the hoxes they are connected tp,

Most of the regislers of Fig. 8-1 were discussed earlier.
What follows is a briel descriplion of cach hox; detailed ex-
planaticns come later.

Program Counter

The program counter (P2) counts from 0000 to 1111, equiv-
alent 1o hexadecimal @ through F. The PC is reset to 000
befare each computer run. After an instruction has been
fetched, the PC is incremented by one, Therefore, at the be-
ginning of cach fetch cyele, the PC holds the address of (he
cuwrrent instruction.

Memory Address Begisier

The memory address register (MaR} receives hinary ad-
dresses from the program counter. Because the PO couats
Fom 0000 upward, the MAR telects the ROM words stored at
hexadschh  ddresses O upward. Note that the cutput of the
MAR is ¢ Late,

e

SAP=

- —

‘t:},

CoEpbifn LEMAEL SLEulalg

Fig. &1

Sal-1 architeciaie,
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Read-only Memory

The 16 x 8 PROM is switch programmable; therefore, by closing and
spening switches, you can store any 16 words of 8 Dits vach. These
words, located at addresses 0 through F, are symbolized “v R, R, R,,

ER I |

Ry. When E, is high, the addressed word is read

the W hus.
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Instruction Register

Exumples 7-5 and 7-6 showed you how ROM instructions are read onto
the W bus, Each ROM instruction is then loaded into the instruction
register (IR} by applying a high L, and positive clock edge.

The canlents of the instruction register are split into two smaller
words. The four MSBs (most significant bits) are a two-state output that
goes directly to the control unit. The four LSBs, on the other hand, are &
three-state cutput that is read onto the W bus when E; is high,

Control Unit

The contral unit (CONY makes a computer what it is: an automatic data-
processing machine. Before each computer run, CON sendsa CLA signal
to the instruction register and program counter. This wipes out the last
instruction in the IR and resets the PC 1o 0000,

CON also sends a clock signal to all registers; this synchronizes the
operation of the computer, ensuring well-defined internal states. In
ather words, all register transfers and changes occur on the positive edge
of a common clock signal. '

The hits lram the bottom of CON form a 12-bit control word:
CON = CyE(LyEn LEL,Ey SEpLole -

This word determines how the registers will react 1o the next positive
clock edge. For instance, a high £, means the program eounter will be
incremented, a high E, and L, mean the cantents of the PC are loaded
into the MAR, etc

CON is like the conductor of a symphony. [t synchronizes and
orchestrates all the different pieces in the SAP-1 computer. By generat-
ing different rontines {similar to Examples 7-5 and 7-8), CON muakes the
other circuits feteh an instruction, Joad the accupudator with o nwnlber,
add two numbers, etc.

Accumulator

Chapter 6 intrexluced the accumuiater (A}, a group of flip-finps that store
intermediate answers during a computer tun, In Fig. 8-}, the secumu-
latar has two outputs. The two-state owiput goes directly to the arith-
metic-logic unit. The three-state outpat connects to the W bus. There-
fore, the B-bit acenmulator weord continnously drives the ALU, the sume
word appears on the W bus when E, is high.

e wr————

Ly
’

Arithmetie-Lagic Unit

The urirl:mf;tic-lugiu unit {ALU) contains a 2's complement adderfsub-
tractor {review Secs. 4-7 through 4.9 if necessary). When the subtract
(Sp} input is low, the ALU forms the wlgebraic sum; thereflore, its con-
tenits are

ALU=A+ B
When Sy is high, the algebric difference appears: .
ALLU = A + B

{Reweall the 2's complement is equivalent Lo decimal sign change.) _

The ALU is an asynchronous (unclocked) cirenit; this means its
contents can change as soon as the jnpul words change. When Ey is
high, these vontents appear en the W bus.

B Register

A high L, and positive clock cdge Liad the word on the W hes into the
B register, The two-state autput of the Tegister drives the ALU, supply-
ing the number b Le adided er sublrueted from the contents of 1he ac-
cumulator.

Output Regisier

At the end of a cvnuganter mn, the avcumulator eontains the answer to the
prablem being solved. At this point, we need to transfer the answer to
the outside world. This ts where the output register (O] 18 used, When
£, and Ly are high, the next positive clock edge loads the aceuwmulator
waord into the autpnl register. ‘ .

Typical computers have several output registers, which ane con-
nected to fnferfuce circuits that drive peripheral devices, In this way,
processed data can drive printers, cathode-ray mbes, telecypewriters,
eIc. {An interface cirruit tailors the data for each device.)

Binary Display

The hinury disploy (12) is a horizontal row of eight light-enitting :1im]_es
(LEDs) Necnnre each LED connects to one flip-fop of the outpuat TURiS-
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Therelore, after wea'svy tencferred an answer fom the arcumulatoer to the
Qutput register, we van sev the answer in binary fonn,

B-2. INSTRUCTION SET

A computer i5 a useless pile of hardware until someone programe it
This means loading step-by-step instructions into the memary before the
start of a computer run. But before you can program a computer, vou

must learn its instruction ser, the basic operations it can perform, The
SAP-i instruction set follows.

L.DA

LDA stands for “load the accumulator.” A complete LDA instruction
includes a ROM word, LDA R,, for example, means “load the acoumu-
lator with R;." Therefore, given

_Ry= 1111 D000
the executian of LDA R, results in
A= 1111 QOO0

Similarly, LDA R, means "load the accurnulater with R,,” LDa R,
means "load the aceumulator with R;," and so on.

ADD

ADD is another 5AP-1 instruction. A complate ADD instruction in-
cludes a ROM word, Far instance, ADD R, means “add R, to the ac.
cumulatar contents”; the sum in the ALU replaces the ariginal contents
of the accumutator,

Here's a numerical example. Suppose decimal 2 is in the accumula-
tor and decimal 3 i3 in the R, register. Then,

A = 0000 0010
R, = 0000 0012

Duriag the execution of ADD R, the following things happen. First,
R, is luaded into the B register to got

n Y T e
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and almost instantly the ALD forms (he sum of A and B:
ALU = 0000 0101
S;zmnd, the ALU cantents are loaded into the accunulator o get
A = 0000 0101

As ynu see, the accumulater winds o with the sumn. ‘

The foregoing routine is used for all ADD instructions; the ad-
dressed ROM word goes te the B register and the ALU output to the
aceumulator, This is why the execution of LDA R; adds H; ta the ae-
cumulator contents, the execution of LIDA Ry adds By 10 the accumulator
conlents, snd so on.

SUB

SUB is another SAF-1 instruction, and it toe is incomplete without a
ROM word. For example, SUB Ry means "subtract R from the contents
of the accumulator™; the difference formed in the ALU replaces the
original contents of the accumulator.

IFur a vunerete cxample, assuine decimal 7 is in the aceumulator and

decimal 3 is in the ROM Bg register. Then,

A= (000 0111
R = (000 0011

The exerution of SUBR R, takes place as follows, First, B is loaded inte
the B register to get

B = 0000 0011
and almost instantly the ALU forms the difference of A and B:
ALY == 0000 D100
Second, the ALU contents are loaded inta the acenmulatar to get
A= 0000 0100

S0, the aceumulator ends up with the difference.

The foregoing routine applies to all SUB ijastr ms; the ad
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dressed HOM word goes to the B register and the ALU gutput to the
sceumnulator. This is why the execution of SUB R, subtracts R, fram the

contents of the aceumulator, the execution of SUB Ry subtracts Ry from
the accumulator, and so on.

ouT

The instruction QUT Lells the SAP-1 computer to transfer the accumula-
tor contents to the output register. After OUT has been executed, vou
cap st'e the answer to the problem being solved,

OUT is comnplete by itself; that is, you do not have to include a ROM
word when using OUT because the instruction does not involve the
memnory,

HLT

HLT stands for halt. This instruction tells the computer to stop process-
ing data. HLT marks the end of a program, similar to the way a period
marks the end of a sentence. You must use a HLT instruction at the end
ol every 5AP-1 program; otherwise, you get computer trash {meaning-
less answers caused by runaway processing),

HLT is camplete by itsell; that is, yvou den’t have to include a ROM
word when using HLT because this instruction does not involve the
MmMemary, '

Memory-lielerence Instructions

LDA, ADD, and SUB are called memory-reference instructions {MRIs);
you must include a ROAL word when using these instructions, OUT and
HLT, on the other band, are not MRIs because they do not invelve the
memnary.

Mnesnonics

[LIDA, ALY, SUR, OUT, and HLT are the jpstruction set for SAP-1.
Ablrevialed iastrictions like these are called smemonics (memary
aids). Mnemonicy are popuiar in computer work because typical com-
puters have hundreds of instructions in their instruction sets. Table B-1
siynmarizes the SAP-1 insuction set,
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TABLE &-1. INSTRUCTION SEY
T

Anemonic Operation
LDA Load sctumulator with ROM werd
ADD Add BOM ward o accumulator
SUB Subtract ROM word Mrem accumylator
ouT Load cutput register with accumulater word
HLT Hale

EXAMPLE B-1.

Here's a SAF-1 program:
LDA R,

ADD H,

ADL Hy

ADD g

SUB Ry

ouT

HLT

What does each instruction do?
SOLUTION.
The Rrst instruetion leads the accumulator with Ry
A =R,
The second instruetion adds R, to the aceumulator contents:
A= Hy+0,
Similarly, the next two instruclions add Ry and Re:
A=H,+ R+ R+ Re

The SUB instruction subtracts By, from the accumulator eontents:

i _ A=, 4 B, + I+ Re = Ry

The QOUT instruction loads this sccumalator word inte the output
register; therefore, the sinary display shows
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D=4

The HLT instruction stops e Jdata processing.

&8-3. PROGRAMMING

The X's of Fig. B2 are switches an the operator panel of 5AP-1 These
switclies program the contents of the memory. A closed switeh loads a
binary 1; an open switch, a binary 0. Since there are 16 ROM registers,
we ¢an store 16 words at addresses O through F.

To program instruction and data words into the memory of SAP-1,
use the operation code (op-code) of Table 8-2. The op-code bits go Into
the four M5B positions and the address bits inte the faur LSB paositions.

TABLE B-2. OPERATION

COQE
Mnemonic O-Copelp
LDA L b
) ADD Qe |
SUEB o
ouT 1110
HLT i

Here's haw to program LDA R, inta the Ry rexister. The ap-code for
LDA is 0000, and the binary address for By is 111}, Therefore, you nust
program the swilchics in the Ry register like this:

op-op-opop  cleel-cl-cl

Since ap {open) leads a binary 0 and o {closed) loads a binary 1, the R
rezisier has Leen programmed with the word

R,=D0000 11]] {LDA Ry}

Ryl XXxX ExXx
Ryl kXXl pxxs
Ayl KEXY KEXX

. .

HD AXER KEAK

H'E EXAX AN

Re | waxx xxxx

Fig. 52 gramming switches for 13 = § BOM.

Digial Compute: Efac,ronrs

How would you program ADD By ia the B, register and 565 3 in
the R; register? Auain, put the ¢p-ence bits in the M5 T positions and the
uddress bits in the L3B positions. After the switches are progranancd,
the stored war:ds are

R, = 0001 1116
R, = 0010 1101

L&DD .RH:
(SUR Rg)

The OUT and HLT instructions don’t use address bits; therefore,
we can disiegard the switches in the LSB positions. For example, to
store OUT in the R, register and HLT in the R, register, set the switthes
1o frot

R, = 1110 XXXX
R, = 1111 XXXX

Becanse the address Lits are not used, the LSB switches can be open or
closed.

EXAMPLE B-2.

Machine language is the binary words a particular computer responds

to. Translute the program of Example 8-1 ints SAP-1 machine language
and store the coded instructions at hexadecimal addresses 0 upward.

SOLUTION.

All we have to dois replace the mpemonics by op-code bits and the BOM
words by address bits, For instance, LDA R, translates into 0000 1001,
After translating the e¢ntire program of Example 8-1 and Joading it into
the ROM, we have

N, = 0000 1001 {(LDA R,
H, = 0001 1010 (ADD R,}
R, = 0061 1011 {aADD Rg}
R, = 0001 1100 fADD Re)
R, = (010 1101 {SUB Rg)
R, = 1110 XXXX ({OUT)
Re= 1111 XXXX (HL.T)

Incidentally, any program like the foregoing that's written in
machine language is called an ohject progrom. The oriy ' program
with mnemenics and BOM werds is called a souree progre.,... In SAP-1



B SAP-1 Pk

214

the ope.__ur translates the souree progrum inte an object program when
programining the ROM switches.

A final point. The four MSBs of a machine-language instruction in
5AP-1 specify the operation and the four LSBs give the address: from
naw on, we will refer to the MSEs as the instruction field and to the
LSBs as the oddress field. Symbolically,

R, = XXXX X000
Instruction feld—— - l
Address field

EXAMPLE 8.3

How can we simplify the appearance ol the source program given in
Example 8-17

SCLUTHON.

The R in each memaory-refecence instroction is redundant information.
In other woards, when we translale to machine langueage, all we need is
the subscript. For instunce, LDDA 9 gives the same information as LDHA
Ra.

By deleting all Rs from the memory-reference instructions, the
source program of Example 8-1 becomes

LDA §
ADD A
ADD B
ADD C
SUB D
ouT
HLT

-

This is the standard practice in industry; from now on, we will write
source programs like this.

EXAMEPLE 8-4.

How would you program SAP-1 to salve this arithmetie problem?

16 -+ 20 o 24 + 24 — 32

- — -

Digltal Computer Electronica

SOLUTION. .

You can use the program of the preceding exumple provided decimal 16
is loaded into the R, register, decimal 20 into the R, register, decimal
24 into the Ry register, and so on.

After programming the ROM switches, the memory words are

R, = 0000 1001 {(LDA 9)
R, = 0001 1010 (ADLD A)
R, = 0001 1011 (ADD B)
R, = 000! 1100 [ADD C}
R,= 0010 1101 (SUR D)
R, = 1110 XXXX {OUT)
R,=1111 XXXX (EBLT)
R, = 0001 DOOO (16,

R, = 000! 0100 {20,0)

Ry = 0001 1000 (24,0 .
R = 0001 1100 {28,
Rp=0010 0000 . {32..)

Notive the program is stored ahead of the data, That is, the initial
pragram instruction goes into the 8, wegister, and remaining instrnctions
g0 into successive addresses. This is essential in SAP-1 because the
program counter starts with binary address 0000, Since the PC hulds the
address of the instruction to be fetched neat from the memory, we mnst
load the program ahead of the data,

Incidentally, a stored-program computer 1% ane in which an abject
program is stored in the memory before a computer run. SAP.T is an
example of a stored-program computer. It uses front-pane! switch pro-
gratnming, the simplest but slowest way te load 2 program into a com-
pPUHer Iemaorty. ' '

EXAMPLE 8.5

Show the contents of the accumulatar after the fivst five instructions are
executed in the program of the preceding example. Show the contents
af the output register after the QUT instruction is evecuted,

SOLUTION.

For convenience, the source program iy repedted along with the decimal
cluta: '

R, = LIJ4 9
H, = ADD &
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P,~ADDI B While each instruction is Fetehed und executed, the compater passes

B,= ADDC thiroughy Jdifferent machune vhases, periods during which register con-

I, =SUB D rents change. Let’s fnd out more about these phases.

R, =0UT

H: m HLT Ring Counter

:“ - }._,g'" The ring counter of Fig. 8-33 fpart of SAP-1"s wondrol unit) has an cutput
& = =M . of

HF - %15 “

He = = T,T,T,T,T,T

Ry, = 32: T="T,TT,;T.Ty

) ) N N At the haginning of 3 computer min, the ring word is
{In these equations, the = sign stands for “is «quivalent 10.”)

After LDA 9 is executed, the contents of the accumulator are ' T = DOO001

A = Q001 0000 (16,4} Suecessive negative clock edges produce ring words of

D———[ \—J u l—-CH:’

== CLA

The execution of ADD A gives

A =001 0100 {36,4) Ring couniy

M

Af:erADF)Bisenecutﬂd. . I_] l l i _i_

A == 0011 1100 60,0) LRI fas

When ADD C is executad, i
A = 0101 1000 - Tt r
R T O SO So

Executing SUB I gives , _'——l '_—L
o

A = 0011 1000 {564}

The accumulater contains the answer ta the problem. Afer QUT
it executad, the contents of the output register are T
—

0 = 0011 1000 (56,4)

Al this point, HLT stops the data processing.

B4, FETCH CYCLE

| —_L_
T . , ’ ¥
The contrel unit is the key to a computer’s automatic aperation. After ¥ :

the prog—m and dat 2re lozded inti the memaory, a start signal burn i
conitrol rto COM. This unit then generates the contral words tha
fetch apa execute each instruction. .

Fig. 3. Rlog countes o Sembnl, (s Clocl and Gming pulses.
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T = 000010
T = 000100
T= 100000

Then, the ring cunnter resets to 000001 and the cycle repeats. Each
ring word represents one muchine phase.

Figure 8-3b shows the tining pulses out of the ring counter, The
initial phase T, starts with a negative clock ¢dge and ends with the next
negative clock edge. During this phase, the Ty bit out ofthe ring counter
is ligl

Dhuring the next phase, T, is high; the following phase has a high
Ty; then a high Ty, and s0 on. As you can see, the ring counter produeces
six phases. Each instruction is fetched and execubed during these yix
phases.

Address Phase

The T, phase is called the address phase because the address in the PC
is transfermred ta the MAR during this phase. Figure 8-4a shows the
computes sections that are active during this phase. {Aclive parts are
light; inactive parts are dark)

During the address phase, E. and L, are high; all other contro!
liits are low. This means CON is sending out a control word of

CON = CI"EPLMER LJE|L5E“ SL'EUI*HI-'U
= Q110 0000 0000

during this phase.

W

L
Ciony

fai fa)

Fig. -1 Feuhrouline (o3 Ad3ress phase (B Memory plase. ic) Increment jphae.,
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Memory Phase

Figure B-4b shows the active parts of SAP-1 during the T, phase. This
phase is called the memory phese because the addressed ROM instruc-
tion is transferred from the memery to the instruction register. During
the memary phase, CON is producing a control word of

CON = CPEFLHEH L]ElLﬁEh SuEuLpL-o
= 0001 1000 GGO0

As you see, the Ex and L, hits are high,

Increment Phase

The T, phase is called the increment phase because the program counter
is incremented during this phase. Figure 8-d¢ shows the sotive purts of
SAP-1 during the increment phase, The only high contre! bit during
this phase is Cp, and the word out of CON is

CON = CPEPLMEH LELLE, SuEuL.LD
= 1000 0000 0000

Fetch Cycle

The address, memory, and increment phases represent the fetch eyele
of SAP-1. During the [letch cycle, CON sends out the three control
waords just deseribed. Tulsle §-3 repeats this control routine,

TABLE B-3. FETCH RDUTINE
Pheae C.E.L En LEL.E. ScEulsln Effect
T, {adcress) orto Qoo NINiRi} MAR = FC
T, Imemory) LRI 190014 0000 1h = K
T {inerement) iogu 0o0GD o000 Ipcrement PO

During the address phase, E; and L, sre high: this means the PC
sels up the MAR via the W bus, As shown earlier in Fig. 8-3b, a positive
clock edge vocurs mudway through the address phase; this loads the
MAR with the contents of the ',

During the memory phase, E and 7, are high. Therefure, the ad-
dressed WOM register sets up the instruction register via the W bus,
Midway through the memory phase, a positive clock edge loads the
1R with tiie addiessed BOM insteuction,
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Cw Bothe enly ' s contred hit doning the increment phase. This
sety up the PC o eouse poniove clogk edges, Halfway through the incre-
ment phase, a nasitive loes 2use hits the PC and advances the cantents
bv ane.

3-3. EXECUTION CYCLE

The next three phases (T, T, 2od T,h are the execution cyefe of SAP-1.
The register transfers during the execution gyele depend on the par-
ticular instruction being executed. For instance, LA O requires diflerent
register wansfers than ADD B. What follows are the control routines lor
diflerent SAP-1 instruciions.

L.LDA Boutine

For 2 concrete discussion, let’s assume the instruction repister has
been luaded with LDA ©:

1R = G 100

During the T, phase, the instruction ficld G000 gnes to the CON, where
it is decoded; the address field 1001 is loaded into the MAR. Figure
E-5u shows the active parls of SAP-1 during this execution phase. Note
that E,; and L, are high; all sther contro! bits are low,

During the second execution phase (T,), E, and L, go high. This
means the addressed data word in the ROM will ke loaded into the
sccumulater on the next positive clock edge (see Fig. 8-5b).

o {5} fet

Fig 8.3 A moutine {2} First ezecotion phase. (B) Second execution phase. (g Fir
el o e
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T, i+ 2 Jo-nathing olage. During this Giird evecution pase Y
registers are inactive (Fig. 8-5¢). This means CON i sending e, 2
word containing all (k.

Talle B4 summmariees the control roubine needed to impiorecnt
fearry out} the LDA instrmicton The first exeeution phase sends ths
address field in the instructicn register 10 the MAR. The second exetu-
tion phase loads the addressed data word into the accumulator. The
third exccution phase marks time; it does nothing.

TARLE 8.4, LO& ROUTIME

Flse Co Ly LELLE. Sl ulindg Eﬁff'
T, acio ylon guon MAK = ATIDRAESS
Tl []!]U! I’.'ﬂllﬁ ﬂ{}ﬂl} A-RAWI'J;
T, oo o0ao0 Gooo Bu nething

ADID} Bouline

Suppose at the end of the felch erele, the instruction register contiins
ADD I 5

TR = 0001 10}L -

During the first exceutivn phase {T,), the instruction fleld goes to the
CORN and the address ficld w the MAR {see Fig. 8-6a). During this phase,
E, and Ly are high.

Contio! bits B, and L, are bigh during the next execution phase
{T,). This allows the addressed data word to set up the B register LFig.

CON
faf th! fel

Fig. 56 ADD aad SUB roulines. (¢} First caecution phase. (i} Secon
le) Finat execution phase

ution phase,
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B-6&). As usual, loading takes place midway through the phase whep the
positive clock edge hits the CLE input of the B register. '

During the third execution phase {T,). E¢ and L, are high: there-
fore, the ALU sets up the accumulator (Fig. 8-6¢}. Halfway through this
phase, the positive clock edge loads the sum into the accumulator,

Tncidentally, setup time and propagation delay time prevent racing
of the accumulator during this fnal execution phase. When the positive
clock edge hits in Fig. 8-6¢, the accumulator conlents change, forcing
the ALU cantents to change, These new ALU contents retum to the
accumulator input. But the new ALU contents don't get there until two
propagation delays after the positive clock edge fone for the accumulator
and one for the ALU). By then it's too late to set up the accumulator,
This prevents accumulator racing (loading more thun ence on the same
clock edye),

Table 8-5 summarizes the control routine needed to implemens the
ADD instruction. The first gxecution phase sends the address field jn
the instructian register to the MAR. The second execution phase loads
the addressed data word into the B regisier. The third execution phase
loads the ALU contents {SUM) into the accumulator:

TABLE §-5 ADD ROUTINE

FPhicesc CrErLuE' LbElL.uE; Suf:uL_uLn Ef#‘ff
T, oGoLe Glug oDoo MAR = ADDRESE
T, bool dogo  poi4Q B o= H o eas
T, ooon a0140 a1¢d A= SUM

SUB Routine

The SUH routine is similar 16 the ADD rautine; the only difference is
making 5, high during the final execution phase, Therefore, Fips. B-6g
through € show the active parts of SAP-1 during the three erecutipn
phases. (A high 85, drives the ALU in Fig. B-6c.)

Table 86 summarizes the SUB routine. The first control word sends
the address ficld from the instruction register to the MAR, The second
control word loads the addressed data word into the B register. The
third control word loads the ALU contents {DIFF) into the accumulator,

TAELE 8-6. §UB RODUTINE

Fhausr CeEel uEn L\L,E, S Eglg Effect
T, og14a 21409 G000 MAR = ADDIESS
T, 6061 0000 Golo B = By pomeny
T, Ounu gogo 11020 A =TDIFY

Digital Com- - Elscitanics
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OUT Routine

Suppose the instruction register contains the OUT instruction at the
end ol a fetch evele. Then,

IR = }110 XXXX

The instruction feld zoes o the CON, Alter this Beld is decoded, the
CON sends nut the control youtine needed to load the accumulatar
contents into the output register.

Figure 8-7 shows the active seclions of SAP-1 during the execution
of an OUT instruction. Since E, and L, are high, the next positive clock
edgue loads the accumulater word into the output register during Lhe
first execution phase [T;). The temaining execution plases (T, and T.)
are do nothings,

Table 8-7 shuws the OUT routine. The firsl vontrol word allows the
accurmilutar to set up the aurtput register via the W bus. The next two
contro! words do naothing except mark time,

HLT

HLT does not requtire n control rowtine hecause no registers are involved
in the execution of ant HLT instructiun, When the IR contains

IR = 1111 XXXX

the instruction field 111! tells the CON to stop processing data, CON
stops the computer by turning off the clock (eircuitry discussed later),

w
CON

Fig. .7 Firer eveation phese nf QU7 insdput.on.
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TABLE 7 2.7 ASUTING

Fhase TeErlabs Ed L Ey S ELLL, Effeci
Ty LARLIENEY Ul aoul QUT = &
LB Qo0 ugod 1] 11424) Da nathicg
T, aGoo Coon oopg Do nothing

Machine Cyele

SAP-1 has six phases {three fetch and three sxecute). These six phases
are called a2 mechine cycle (see Fig. 8-8). I takes one machine evele to
jetch and execute each program instruction; therefore, the duration of
& cotnputer run is directly proportional to the number of program in-
sbuctions.

EXAMPLE 3.6,

SAP-1 has a 1-MHz clock How long is a machine cycle? Haw long iz
the computer run for & program with 12 instructions?

SOLUTION.

The clock has a freguency of 1 MHz; therefore, the period is

1
T=Taiz = 1 e

Relening to Fig. 8.3b, you can sew that sach phase lasts. for one clock
period. Since there are six phases per machine cycle, each machine
eycle has a duration of 6 us.

A program with 12 instructions takes 12 machine cycles 1o complete.
Therefore, the duration of the computer run is 72 ps.

Diglial Compntar Zinejrnr ey

EXAMPLE H.-7

Fignre 8% zhows the six phases of SAP-1. The pesitive clast etlie
aeourg halfeay throagh awcli phase, Whe is thiz imanoant?

SOLUTION.

SAV-1 i< a hus-organized compuler (the common type nowadays). This
allows its registers to communieate via a bus. But relizble loading of a
register takes place only when the setup and hold tizne are satisfed
(review Sec. 5-3 if necessary). Waiting half & ¢ycie before loading the
register satishes the setup time; Waiting half a cyele after loading satis-
fies the held time. This is why the positive clock edge is designed to
strive the registers halfway through each phase {Fig. 8-45.

There's another reason lor wailing half a cycle before Inading a
register, When the ENABLE input of the sending register goes high, the
contents of this register are suddenly dumped onto the W bus, Stzay
capacitance and Tead inductance prevent the buos lines from immedi-
ately reaching the correct voltage levels. In other words, we get tmn-
sfents (exponential, ringing, ete.) on the W bus, We have to wait for the
data to settle on the bus Jines if we want reliable loading. The half-cycle
delay before clocking is adequate for al] transients to die yut

EXAMPLE B-B.

The {ollowing program and data are in the SAP-1 memory;

B,=LEAC
R, =ADLRD D
R, =HLT
Re= 15,

Hpy = 33,

Show the register changes for each phase of the B, machine cyele,

LK
i
TR DU DU Pt
e Fplch eyt o Ex a0 £y i m———— g
ot Maching eycle o
Fig 88 hine cyele.

+ igw + o + Poge +oroge + mdge + i
’ b ! !
oo
1
Cix I
L By y I g remerl E secucbon E wetulitn Bt
s phasr (LT ] phne_ phase phas

Fig 85 PFositive clock edges owur midway through each machine pha

T
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SOLUTION,
Before SAP-1 can run a program, the operator has to push a CLR bution.
Amaong other things, this resets the program counter to 0000, The opera-
tor then pushes 4 start bulton and the computer runs the program. Here
are the register changes during the first machine cycle:
T, (see Fig. B-4a):
MAR = PC = 0000
T, {Fig. B-ab}h
IR = R, = 0000 1100
T; (Fig. 8-4¢):
PC = 0001
T, (Fig. 8-5ak:
MAR = ADMIRESS = 1100
T, {Fig. 8-5b):
A= Re=0000 1111
T, (Fig. 8-5¢}:

Do nothing

T

EXAMPLE &%,

With the program and data given in the preceding example, what are
the register changes during the second machine eycle?

SOLUTION,

The PC holds address 0001 at the beginning of the secand machine
cycle. Here are the register chunges.
T, {Fig. 8-d4a
MAR = FC = 0001

T, {Fig. §-45):

» SAP-1 is a computer because it slores a program and

< DLefure caleolations begin; then, it antomatically carries o

the program instructions withont human intervention, And
yet, SAP-1 is primitive, like & Neanderthal man compared
i0 a modern person. Something is missing, something found
in every modern computer.

EAD-2 js the next step in the evelution toward modern
computers. [t includes jump-instructions. These new in-
structions force the compuler to repeat or skip part of a pro-
gramn, As vou will discover, jump instructions oper uwp a
whaole new world of computing power.

9-1. ARCHITECTURE

Figure 91 shows the architectore of SAF-2. As before, all
register vubpuis to the W hies are three-state; those not con-
nected 10 the s are tweo-stare, A brief deseription af each
thox is given now, with detaiils t follow later.

' -

Subroutine Counter

The subrowtine counter [SC) can pinch hit for the Program
counter during a compuler run, This oeeurs when a new in-
stricction (discussed loler) takes program contrel away from
the PC and gives it to the SC. While it has control, the SC
sends the binary address of the current instruction to the
MAN, after the instruction has been felched, the 5C is in-
cremenled by one. Program control remains with the SC
'until terminated by anather new instraction.

Program Counter

This time, the program counter has 8 bits: therefore, it can
caunt from

PC = 0000 0000 (0,)

to

Moo= 1111 111 {FF..)

——

“A CLA signal resets the PC Lefore coch computer run; so
the data processiog starts with the 13, tmstraction,

SAP-2
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Meomon Address Hepisipr

During the fetch cycle, the MAR receives 8:biv addresses Som the ure-

. gram ¢ounter ar subroutine sounter, whichever has program coon ol

Dunng the execubon cyrle of memon-eference instroctions, the MAH
receives an 8-bit address Seld from the instruction register.

Randum-Access Memory

The 256 » 12 BAM can store anv 256 words of 12 1yts. These words,
lncated at addiesses O through FF, are symbolized by B, K, R,, . ..,
Rr, B By Bigs - -+ ¢ By With WE low and ME high, the wddressed
RAM word is read onto the W bus. With V'E and ME hialy, the cantents
of the MDH are wrilten into the addressed RAM loeation.

Maurmnry Data Ruegister

A high L, and positive clock edge Joad the MDR. The two-stale putput
then sets up the RAM, The MDHR aiso has a three-state gutput; therefore,

a high Ep reads the contents of the MDA onto the W bus,
y

Instruction Hegister

During the execution of a memory-reflerence or a jump instruction, the
four M5Bs ip the instruclion regisler represent the instraction Feld and
the eight L5Bs are the address fheld. During the execution of an aperate
ingtruction {explzined later), the eight MSBs in the IR forn the instruc-

' tion field and the four 1.SBs are don't cares.

Control Unit

The contiol unit praduces CLR, CLE, znd CON to coordinate and
synchienize all registers, Because SAP-2 has a bigger instruction set,
the instruction-field decoder has more gates. And because of the new
registers, the cyntrol matrix has more hardware, Although the CON
waord is bigger, the idea is the same: The CON bits determine Low the
registers react to the next positive cloch edge.

Input Register

Interface circuits convert signals from peripheral device anched-
card readers, cassete-tape readers, teletypewriters, elcy o binary
signals suitzble for entry into a computer. The design of an inlerface
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depends on the peripheral: a teletypewriter (TTY) needs one kind of
interface; a cassette reader, another.

In Fig. 9-1, the binary word lrom an interface circuit sets up the
inpul register. Therefore, a high Ly and positive ¢lock edge load this
word inlo the inpul register, During another phase, a high E, can read
the input word onto the W bus for transfer to the accumu lator, As shown
in Examples 7.8 and 7-10, a control routine exists for loading vp to 256
instruction and duta words into the SAP.2 memory.

Accurnulator

The twa-state autpot of the accumulatur goes to the ALU; the tiree-
stute ontpud to the W hus, Therefore, the Y2.bit word in the accumulitor
condinuously drives the ALY, bul this same word appears on the bus
andv when E, is high. (A pe and A, will be gxplained laler.)

Avithmelic-logic Unit

Stanclard ALUy are commercially availuble as integrated citcuits. These
ALUs have 4 or more select bits that determine the arithmetic or logic
aneration perflormed on words 4 and B.

The ALU of Fig. 9-1 is comparable to a standard ALY, Because the
seleet Liits (5 through §,) vover OO0 through 1111, we can sclect 18
arithmetiv and Jogic functions. SAP-2 uges three arithmetic functions
{NULL, ADD, 5UB) and seven logic finctions (complement A, cam-
plement B, OR, AND, NOR, NAND, and XOR}Y.

B Register

As beflore, a high L, and positive clock edge load the B register with a
word from the W bus, and the two-state output continuously drives the
ALUL

Index Register

The index register {X) has a load input L, to control Joading from the
bus and an enable input E, to control readout onto the bus, Further.
more, the index register has an increment input INX and a decrement
inpur DEX,

When INX is hich, the next positive clock vdge inereases the con-
tents of the index register by one. When DEX is high, the next positive
cluek =dee decreases the contents by ane. 1 other words, & high INX
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means the index register counts up; a high DEX means it counts down *
{X minuy and Xy are explained later.)

i Output Register
[}

t Again, the contenls of the accumulator ean be loaded into the autput
register {O). This way, an answer can move from the CPU {central
nrocessing unit} te the outside world, The output register connects
to an interface cireuit. The design of this circuit depends on the pe-
ripheral device being driven (printer, CRT display, teletypewrter,
etc.). The interdace circvit converts the contents of the cutput register

| into signals suitable for drivi ng the peripheral device.

|
3.2, MEMORY-REFERENCE INSTRUCTIONS

SAP-2 has an instruetion set with 28 instructions, This section is about
the six memory-reference instrictions,

! Recognizing an MRI

The SAP-Z fetch eyele is the same as Lefore, T, is the address phase
[MAR=PC). T, is the memory phase (1R = Ry}, and Ty is the increment
. phase {advance PC by unue). All SAP-2 instructions, therefore, use the
memaory during the fetch cycle because a pProgram instruction is trans-
ferred from the memory to the instruction register.

During the execution evele, however, the MEeMmory may ur may nat
be used; it depends on the type of instruction that has been fetched, A
memory-reflerence instruction (MBI is one that uses the memory during
the execution cycle. You can always recagrize an MR by the registers
used in the first execution phase {T,).

Figure 9-2 shows the active parts of SAP-2 during the T, phase.
When an MBI is in the instruction register, CON sends sut high £, and
L bits. This means the address field of the IR is lpaded into the MAR.
The T, phase of any MRI therefore rasulls in

MAH = AT)DRESS

Remember this, It will help you distinguish an MBI (rom other types of
instruetions discussed ater

"1 intesested in the design of up/down counters, see A, F. Mulvino and D, P, Leach, .
itg! Principler and Applicanons, MoGruw-Hl] Haal Company, New Yorl, 1975, R 246-
To5E.
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L4, ADD, and SURB

The first three MBI in SAP-275 instruction set are the sume as before,
although now we can chioose fram 2536 memory words, locaied at ad-
dresses 0 through FF. Far instance, LIDA 23 means “Load the accumu-
latar with R, ADD 7C means “Add R;¢ to the aecumulator,” and SUB
FF means “Subtract Ryp Jrom the accumulator,”

Incidentally, any ward being loaded, added, subiracted, or other-
wise opetated on is called an aperand, In the foregning examples, Ry,
Rye. and Ry are operands: 23, 7C, and FF are the addresses of the
operands,

S5TA

STA ix the mnemonic for “store the accumulator word.” Every STA
instroe 4 includes s memory address. STA-56, for example, me:
“store . aceumulidor word at address 56,7 If

r———

245

- weFa

A ] G (HHKD
the esecution of STA 36 results in

Ho= 1111 0000 DOOD

LTE and LDX

The last two MRS iu SAP-2% fnstruction set are similar to LDA exeept
that the addressed memory word is loaded into the B register or into the
index register.

LD}B is the mnemonic for “load the B register,” and LDX is the
mnemenic for “load the index register,” To be complete, these instruc-
tions must include an a2ddress. For instance, LDB 45 means “'laad the
B register with Ry, and LLDX 78 means “load the ind=x regisler with
R,."

-
EXAMPLE §-1.

Write a program that adds three numbers {4, I, and ¢} and winds up with
the sum in the accumulator, the B register, and the index repister.

SOLUTION,

Here's one program that will work:

R,=1.0A 20
R, = ADD 01
R,= ADD 22
R, = 5TA 23
R,=LDB 23
R, = LDX 23
R,= HLT
Ry=a

R,y =1
Ru=r¢

H,y = (SUM]}

. Instructions H, threugh R, add the three numbers. Instruction B, stores

" index register. R, stops the data processing, at which point the sum ap-

the sum at address 23, Instructions R, and R, load the B register und

pears in the accumulator, B register, and index register.

The data {a. b, and ¢} is loaded into addresses 20, 91, 32 hefare

the computer run. During the computer run, data is stored . ..Jdress 23;
1



2%0 Dighal Campyler Elecironics

%. 5AP-2

F]|

the parentheses around SUM indicate Lhis Jata is produced by the com-”
puter,

%3, JUMP INSTRUCTIOKS

Memory-relerence instrretions are one type of instruetion; jump in-
struzctions are another, SAP-2 has six jump instruclions; these can change
the program sequence. Instead of fetching instructions at successive
addresses, the computer may repeat or skip part of the program aftera
jump instroction has been executed.

IMF

Luring the T, execution phase of al) MRIs, the address feld in the IR is
transferred to the MAR (Fig. -2}, This is how you can recognize an MH],

Jumpinstructions &re diflerent, To begin with, JMP is the mpnemonic
for “jump the prograin counter.” Every JMP instruction includes an ad-
dress to be loaded into the PC rather than the MAR. Fn other words, a
IMP instruction differs from an MRI because of the registers used in the
T, execativn phase {see Fig, 8-3}

VWhen a JMP instruction is in the TR, the CON sends out high E,
and L, hits, This mecans the address field of the TR goes to the PC (ather
than to the MAH. The T, phase of uny JMP instruction, therelore, 1e-
sults in

PC = ADDRESS

The T, and T, phases are do nothings.
Since thy PC contains a programmed address after a JMP is exe-

cuted, the instruction lelched next coines from the programmed address .

rather than the usual incremented address. This allows the computer to
reprent ar EL'E],'J part of the program.

For 1nstance, after the Ry, instruction (JMP 40} is exceuted in Fig.
9-4a, the PC contains address 40. The next instruction fetched is B,
therefore, the computer will repeat the program between W, and Ry,

On the ather hand, the esecution of the R;, instruction {JMP 700 in
Fig. 9-4b forces the computer to jump to the Hy, instruction; therelore,
all instructions between R,, and Ry, are skipped.

Examples 9-2 onward give you practice with the JMP instruction
and sharpen your understanding of this powedul instructiun,

JaM

1AM resermbies JMP because it can change the contents of the PO But
it difces from JMP because it produces 2 program Jump only when a
special condition i3 satisfed,

i

» —
o J — oy
Cly ——2s tR
r

N

CON

High £,
and {p

Fig. 9-3. T, phase of JMP instruction,
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= LD¥ 83 -—

=~ ST 54

i}
{h) Jumping forward.
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FAM s o ow st dor Tianp the progrun counter i the ac-
cumulator iy rasie |, o Simply, Semp if accumulatur minus.” Every
TAM instraction incluaes thy addeess to Le loaded into the PC For
instante, JAM 40 means jump to address 40 i acerumulater minus,”
apd JAM 63 mesns Tjamp to address 80 if accumulator minus,”

Figure 9-5 shows the effect of u JAM 40, During the execution of
the N, instruction, CLIN tests the contents of the accumulator. I the
accwmulater is minus, the program jumps back te the By instruction;
otherwise, the program contipues with the Ry, instruction,

After the SUB 92 is execuled, a JAM 60 appears. Again, the CON
tests the acoumulntor contents, If these contenis are minus, the pro-
gram jumps ahead to the Ry instruction; etherwise, it cuntinues with the
R,y instruction.

JAZ

JAZ ix the muemuanic for “jomp (he program eounter il the accumulatar
is zers'; ur simply, Tjump if aceumulaler zero,” Every JAZ instruction
includes tlie address to be Jouded into the PC. JAZ 32 means “jump 10
address 32 if accutnulator zero, otherwise, continue with the next -
struction.”

1M and J1Z

1¥M stands for “jumn the program counter if the index register is minus™;
ur simply, “jump if index minus” JIZ is the mnemenic fer “jump the

A, = &AD0#

B, = ATABI
A minus

 Jam A0
g = SUB92
= JAaM B
Fgy " STA 81 )

. A mirws

Agy » LNREE

Fig. 9 LAM jumnps.

% a2 259

Progimim counler il;t'h-.- index register is zero™': or etmply, "y, s e
ZuTU

Everv JIM and J1Z instruction ineludes the address to b Inatted intn
the FC. Fur instanee, }1M 94 means “Jump to address 93 Finde mine
JIZ TF means “jumgp to address 7F il indeyx cera

JAM. JAZ, JIM, and )IZ are called conditional jumps because the
program jump oceurs only if certain conditions are watisGed. On tie other
hand, JMP is wnconditional, once this instruction is felched, the axecu-
"tion eyele alwayy jumps the program o the specified address.

IMS

A ulrouting is a program stored in the memory {or possible wse o an-
other program. Ajost computers have subroutines for finding sines,
cosines, tangents, logs, squale rools, etc. Theswe subroutines ere part of
ihe suftware supplied with modern compulers. {“Software™ refers to the

| programs manulacturers ptepare for use with computers. Besides sub-
routines, software includes assemblers and compilers, programs that can
translate source programs into object programs,}

JMS is the mnemonic for "jump 1o subroutine.” Every |MS instrue.

tion must include the starting address of the desited subrontine. Fus
instance, il a square-root subroutine starts al address A” and a log subs-
Teutine at address C5, then 2 188 A2 will jump to the squire-ront su -
routine and 2 JM8 C5 to the log subroutine. ARer the subroutine is cors-
pleted, the computer retums to the original program.

When a JMS is executed, program control passes from the Program
counter to the subrovline counter, After each subroutine instruction is
letched, the SC is incremented by one. In Lhis way, the 5C pinch hits
for the program counter duning the execution of a subroutine, At the end
of the subroutine, program control reverts to the PLO
i JMS is unconditional, ke IMP, Onees a [MS has been fetched into
ithe instruction register, the computer will jump to the starting address
of the subroutins.

IlSummar}r

During the execution of an"MRI, the MAR receives the address field,

During the execution of a [MP, the program counter receives the
address field During the execution of JAM, JAZ, [IM, or JIZ, the pro-
gram couanter receives the address field il certain conditians are satis-
fied. During the execution of 2 JMS, the subrouting counter recejves the
adgrESS field and the program counter szves {retsins) the smented
rddress.
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MALs are the workliones of an instruction set; they load 1egisters, ! [nstruction  Comment
achd and snbtract adidiessed words, und store words in the memory. But — LDAB A=325
the jump jnstructions are the real magic of an instruction sel; they make :,:“ ~ SUB7 A ]5"
the computer repeat part of a pregram, skip part of a program, and jump ! L
' ) . - R,=JAM S5 Noajump
to other addresses in memory where nseful subroutines are stored. RoeJAZ5 Nojum
Tahle 91 lists the mnemonics and ap-code lor SAP-2's memory- B.:t I"~1P:::1 Hetim E::r R .
\ reference and jump instructions. ' '

During this first pass, the LDA 6 loads the accumulator with the binary

TABLE 9-1. MRAIs AND JUMP INSTRUCTIONS FOR SAP-2 equivalent of decimal 25, The SUB 7 subtracts the equivalent of decimal
Ar » On-Cont Mean: 9, leaving decimal 15 in the accumulator. Because the accumulator con-
Al picditapdade n-Cody Eamng J- tents are posil’i'k-'ﬁ, the L"tM 5 and JAZ 5 have no effect. Then comes the
LA D0 Lenie aeessaniator I JIMI® 1, which returns the processing to the SUB 7 ipstruction (sce Fig.
ALMD 0ol Add addressed word ! 0.6a).
suB 001 Suhtract addresyed word . )
STa (TN Store sutumulator word [ Secand pass:
LDb Ohix lowd I tedister . "
LIX 0 Lassed indien repmiater Instruction Comment
Intt LH b Jump ' — -
JAM 0l jump il accumulalor minus , B, =5UB7 "'i__‘?"
LY bemie Jumnp if accumulater zero » By =JAM 5 No jurnp
JIss (1Y, 1) Jump il index minus R,=]AZ5 Nojump
[1F4 130 Jump il indea zerg R,=)MP! Return to &,
s N Jwing o subrouline
1t M el . .
:Iul h:_:: ::;:d On the second pass, the SUD 7 reduces the accumulator contents 1o
11D Not used decimal 7, stil! positive. The JAM 5 and JAZ 5 are again ignored. The
OPR i} Operate instrechion [See. 9-4) 1 JMP 1 returns the processing to the SUB 7 instruction {Fig. 8-Ga).

- Third pass:

Instruction Comment
R,=SURT A=-2,
Descrilie what happens during the execution of this programn: R;= JAM 5 Jump to B,

R; = BLT End af program

EXAMPLE 9.2

a4

,=LDAG
R,=5UB7
1 B, =IaM s LOA 8 LDA § LOA B
R,=]AZ 5
R, = ]MP 5ub? SUB T SUB 7 w——y
R, =HLT o JAM § 3405 Two
H, =25, i s AZS JAZE vturne
L
fir = My — JMF Y P 1
Because of the jup insiructions, part of the pragram will be repeated. IOHLT HLT . HLT === Ecapt
Wer can surimarize Hie data processing by listing a conmnent after cach : fat rod : ful
instruction that is excouled. Cie 56 A sample program with JAM, JAZ and JME.

Firgt pavs:
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Croy thie third pass, e 500 0 nathes the accuimulater contents nepgalive
{the sipgn hit clarses Trom U4 1) The JAM 5 now lorces the computer te
jutap o thye % instroglion. Ab this point, the data processing itops
{Fag, Y-6A. -

The computer run therefore has two rotums to SUB 7 and the final
escape to HLT (Fig, 4-6¢;.

EXAMPLE 8-3.

A square-root subrautine starts at address A2 and a log subiroatine at
address C5. \What daes the following program de?

N,=LDasb

R, = JM5 A2
B.= aAD}D 7

R, = M5 CS
R,=5TA S8

R, = HLT

Il‘ = "1{1{)“

R, = 80,,

I, = (ANSWER]}

SDLUTION,

We can summarize the data processing by listing a2 comment after each
instriction is execuled.

Imstruction Comment

R=113A6 A=400,

R, = M35 A2 A= 20, after subroutine
R,=ADD7 A=100, :
R,=JM5C5  A=23, ufter subroutine
R, =5TaA8 HR,=2,

R, = HLT End of program

The LDA 6 loads the accumulator with 400,,. The JMS A2 jumps the
computer to thie sguare-root subrouline. Afler this subroutine is finished,
the accumulater contains 20,. The ADD 7 increases the accumulator
contents to 100,,, The JMS C5 results in a log subroutine, aftar which
the aceumulator contains 2, (the common Jogarithm of 108,,}). The STA S
stores the aeeumulator word at address B.

Figure 9-7 illustrates the program sequence. As shown, the Brat exir
from th ain progran nccurs sfter the execution of JMS A2, After col
pletivn  the square.root subrouting, we reenter the main program oo

i
f

w
m
kN
o
h
*

ra

. — 5F
LA S
M5 a2 —-r---——-———1
PLYY Pag
MAS OS5 ———y :
' 5B

ETAE Pl:i
HLT :

3RE
Frg. 8.7, Yrogmam sequence faf subrouines,

ADD 7. After JMS C5 {5 executed, we leave the main progrem for a
second time. Upon compiction of the log subruutine, we reenter the
main program at STA 8,

MNatice the BRE instroction ab the end of each suliroutine. BRB is
the mnemonic for “branch bach.” This instruction wkes program con-
trg] away from the subroutine counter and returns it to the program
counter. BRY 15 discussed further in the pext section,

9-4. COPERATE INSTRAUCTIGNS

An gperale instruction neither uses the memory not alters the propram
epunter. Insiead, it uperates an words already transferred gut of memory
into working registers (like the accumulataor, B register, index register,
etc.}, Wit fallows 15 a brief description of each SAT-? gperate instruc-
tion.

NP

NOPF is the mnemonic for “nooperation” During the execution of a ROF
instruction, all the phases are do nothings. Therefore, nothing happens
when a NOP i5 executed.

Why use a NOP? Alter writing a fong program, vou almost always
have to debug it {locate and correct the errors). This may require adding,
changing, or removing instructions. f you remove ap instruction, yan
can fill the gap with a NOP.

For instance, in Fig. 9-8a, the second ADD E2 s an unintended
duplication. If yon pull this instruction, a gap appears in the progran,

- The easiest way to fill the gap is with a NOP (Fig. 8-8D).

Some microcommuler manufactimers recommend starting  grogram
with a NOF The reason given is that potential races exist at the be-
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Rg = LO& C7 Ay = LDACY
Ry - AGDEZ Ry, = ADDEZ
A, = ADDEZ [Errer| R, = NOP
Ay, = SUBE] Hz = SUBEJ
- .
Ay, ~ HLT Ry, = HLT
fa} fi-l,
Fig. B-8. Using a NOP o il & gap.

ginning of a program, By leading off with a NOP, these polential races
have a chance to die out,

NUPsdare also used to produre delays. By repeating a NOP a few
hundred times, you can delay the data processing while some activity
takes place elsewhere in a computerized system. .

Cl.A

CLA means “clear the avcumuobator,” The execution of 3 CLA resets ali

. accumulator Lits to zero (Fig. 5-9g),

xXCH

XCH is thf,_‘ mnemonic for “exchunge accumularor and index” During
thel execution of an XCH, the words in the accumulator and index
register are transposed {Fig. 9-9L). For instance, if

A =000 G000 1111 f15,4)
X = 00K 0000 1001 (9,6
A A
{“ocoo T poor | pooG | Cj_wxx]xxxx!uxx]
Fuxax]axen [ aaxx]* e
o
fa) s}

Fig. 09, (ohAber CLA {5 The XCH in w:lion

-~ — e

§. BAP-2 5%

the execution of an XCH results in

A = 0000 0000 1001
X =0000 0000 111!

{20}
{154}

DEX

DEX means “decrement the index register.” The execution of a DEX
decreases the contents of the index register by one. Given

X = Q000 0000 1001 49,

the execution of a DEX produces

X o= 0000 0000 1000 (8,

INX
INX is the mnemonic for “increment the index register.” This instruc-

tion adds ane to the index register.

CMA

OMA stands for “complement the accumulator™ The execution af a
CMA inverts each bitin the acenmulator, producing the 1's camplement.

CMB

CMB is the muemonie for “complement the B register.” This instruc-
tjan invers ¢ach bit in the B register, reselting in the 1's complement.

IOR

[OR means “inclusive OR,” identical to the OB function discussed in
earlier chaplers The execution of an IOR will On the correspanding
bits in the nu.urnuia ar and B register (Fig. 9-10}; the result appears in
the accumulator, !

{9-1}
{324

A=]111 1110 1100
Bee 111 0301 OOUD
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b BAF-3 28T

Fransfranx[xxax] &

[ N
drbd Ll 1110k
TeEr 1 v

[xxxaixaxn] wsnx|B

Fig. 910 Logiv operation e bitwise,

the execution of an JOR gives

A=11L1 1111 11000

AND

"Executing an AND praduces bitwise axping of the accamulator a2d 8 | BRB i5 the mnemonic for “branch back.”” The BRE j

register [Fig. 9-10), with the result appearing in the accumulator, With
the initial values given by Eqs. (8-1} and {9-2), the execution ol an AND
produces

A= 1111 GOG0 00D

NOR

This instruction KOs the contents of the accurmulatar 2nd B regisier on
a bitwiss basis. As usual, the result appears in the accumulator. With
the values of Eqgs. {8-1) and (9-2), the exceution of 2 NOR gives

A = 0000 OO0 0011

NAN

NAN is the maemaonic for NAND, Again, the correspanding bits of the
goeumulator and B register are operated on, Given the values of Egs.
{0-1} and {9-2), the execution af a NAN results in

A= 0000 1111 1111

XOR

An XOR instruction wiil exclusive 0 the contents of the accumulator
and B register bit by bit. Given the values of Eqs‘ (G-1) and (9-2), tle
execution of an XOH produces

A -=0000 1111 100

From
Intertace
Cir Cuil

4

EIDETTEII

Ny

[ | 20 | Kaux | 4

Fig %11, INP mantlerns mput ward frem interfaee Grcoit to sccemulator.

ERB

is used at the end of
each subroutine to get back to the main program. BRB is to a subroutine
as HLT is to the main program. In other words, if you forget to use 2
BRB at the end of a subrouting, you will get computer wash when the
subroutine is called.

INF

INP mieans “input,” This instruction is executed in two phases. The firt
execution phase loads the input register with a word from the interduce
citcuil. The second execution phase transfers this word to the seocumuls.

tar {see Fig. 9-11).

QuUT

QUT stands for “output.” When this instruction is executed,
cumulalgr word is loaded into the output register,

the ac-

LT

! What does every program end with? Right, HLT. This instruction stops

the data processing.

Op-Code andd Select Code

Earlier, Table 9-1 showed the opcode for all MRIs and jump instruc-
tions. 1100, 1101, and 1110 are unused words, but 111)  Yicates an
operate ipstruction. That is, all operate instructions have .5 lormal:
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FLEL XXX XXXX

Up-mdu—_' ]
Sclect code

Don't cares

Tuble 8-2 shows the sefect cade, the midedle 4 bits used for each
aperate instruction. To program any operate instruction, start with four
Is, follow with the select code, and end with Four dan't cares. For
instance, the mnemonics ad equivalent machine words for the frst
hree operate instructions are

NOP= 1111 0000 XXXX
CLA= 1111 0001 XXMM
MCH= 1111 (010 XXXX

{The = sign stands for "is equivalent to.”)

Incidentully, MEIs und jump instructions use an address Feld but
operate structions don't, Lbecause all the operands are already in
working registors.

You now have the cotire SAP-2 instruction set: 6 MERIs, & jumps, and
16 operates; a lotal of 28 instructions,

TABLE $-2. OPERATE INSTRUCTIONS
AFmeniunie Neleot Codp Meaning
NOP Ledi] Mo operation
CLA MMl Clear acvumulaior
XCH 0o Exchange A wnd index
DEX 00y Demement index
WY Oy Increment indes
Chi A il Cnmpl..:menl. A
ChB o1to Cornplemant 11
1o| MmN Tncluskyve-0m
AN Lk Axp
NGB Wl NOR .
WAN 110 MNAME
X(JH o1l Exilugrve-f1h
(1] 1 110kl Branch bm k
1IN Hor IRput
OuUT t1ig Churpet
MLT 1111 l Halt
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EXAMPLE 9-4.

How many times js the DEX executed before the JIZ 4 jumps the
processing tu the HLT in the lollowing program?

B,=LDX 5

R, = DEX )

R, = JIZ 4 ’
Ry=]MP |

R,=HLT

R, =3,

SOLUTION,

The LIXX 3 Joads the index register (hereafter valled index) with 3.
DEX reduces the indexs te 2,,. 11Z 4 is ignored because the index is not
zero. JMP 1 returns the program to the DEX.

The secund time the DEX is executed, the index drops to 1. 11Z 4
is again ignored and JMI 1 returns the program to DEX for a second time
{sec Fig. 6-12). .

The third DEX ;educes the index to zero. This time, J1Z 4 jumps
the program to HLT.

A leop is pant of 3 program thet is repeated. In this example, we
have passed through the loop {DEX and )1Z) three limes as shown in
Fig. 9-12. Note that the number of passes thrgugh the loop equals the
number loaded into the index register.

If we change R, to 7,, and rerun the program, the computer will pass
through the loap seven timas. Similarly, if we change R, to 200,,, the
computer will pass through the loop 200 times.

The point to remember is this. We can set up a loop by including an
L.DX, DEX, JIZ, and JMP in a progrum. The integer loaded into the
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2.

4,

5.

&.

DIBECTORIO DE ASISTERTES AL CURSO: INTRODUCCION A LAS

MINIQOMPUTADORAS, DCL 6 AL 28 DE JULID DE 1979.

NHOMBRE ¥ LIRECCION

FRANCILOO JAVIER ACUILLAR JURREZ
Ermita Iztapalapza WHo. 442-24
Unidad Modelo

México 13, D. F.

Tal. 581-32-64

JAIME ARTEMID AGUILERA \RZQUEZ
José Baltbuena Vera Wo. 7

"Col. lLog Ciprasges

México 21, D. F.

Tel. 6771-56-48

JUAN MANUEL ALONSD MRRTINEZ
Martin Mendale No. 1429-A
Col. Del valle

México 12, D. F.

Tel. 534-90-73

DAVID ALVAREZ SOLMLHE
Bertha Ho. 195-2
Col. Hativitas
México 13, D. F.
Tel. &72-78-91

JOSE DAVID ARHGELES 4.
Concepoidn Urquiza 266
Col. Las Camelias
Morellia, Mich.

VICTOR GABRIEYL BARDOSA GARCIA
Martin Castrején Ho. 72

Col. F. Del Rio

Moralia, Mich,

EMPRESA Y DIRECCIOH

TELEFOMOS DE MEXICO, S.R.
Parque ¥ia No. 198

Cal, Cuoavhtémoo

México 5, D. F.

Tal, 518-82-20

E.N.E.P. ZARAGOZA
Ignacic Zaragoza ERg. Guelatao

S5.H.C.P.
Falacio Hacional

IHDETEL, S5.A.

Antigud Caminoc a San Lorenro 5/H
Col. Zona Industrial ‘
Teluca, Méx,

Tal. 4-24-44

ESCUELA DE ING. ELECTRICA UMSNH
Ciudad Universitaria, Esc. d6
Ingenierfa Eléctrica.

Morelia, Mich.

Tel, 2-77-76

ESCUELR DE ING. BELECTRICA UMSHE
giudad Universicaria, Esc. de
Ingenieria Eléctrica,

Marelia, Mich.

Tel. 2-77=-T76
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10.

1.

DIRECTOR1O Dl ASISTENTES AL CURSO: INTRODUCCION A LAS

MINICOMPUTADORAS DEL & AL 28 DE JULIO . pE 197%,

4 e -

["EL § C= JUNIO AL 4 DE affr

LOMBRE ¥ DI RECCION

oV ODTL LTy

= iremlerm —

TEQDORD - BOGARIN NUREZ & "7
trurange 535 3, =14

Col. Resalegtr.cista
culiacidn, sSin.™.}F.

Talle 27021 G

PagRIOn Lot Longesdd
VICTOR MANUEL QASTILLO DOMINGUEEZ, 1.,
Plaza de la Repiblica 26-5" pisc
Colv.labacalara “«
México S, b. F.
Tel: Ld6-24-21

P R T T SF R A P

A 'E:lt. LI e .I:-"Eh
MAWLIEL DEL VILLAR CASILLAS
Loute. 16 -'0
Col. Sta. Ma. la Ribera
Maxico 4, D. V.
Tel. 541-19-21

Teema. Foudwes oo L LBEFBMO i

Sanch#z2 Tl e, 30

Col, "olia " e
JUVENTING, DEZSANTIAG) . GRACIDA
Stal-Cruz 1567 .nt. 3
Cal. Portalas
México 13, D. F.

Tel. 532-9%-22
c e, duofs SRVID VLTS HERRERA

Tt do St inae ol 196
ol rada

CARLOS!DIAZ ' RODRIGUEZ

Cafetal 473" 7

Col. Granjas México

México 8, D. F.

Tal., 657-1775% ] } ] o
. L T P A

L om0

[ ! - J..-,‘. - we ¥

FRANCISCO ALBERTO DOMINGUEZ ROCHA

Av.. 20 de nov. $1 Dpto. B

Col. Ceptro

Méxlico 1. D. P.

Tel. 512-72-81

L

EMPRESA ¥ DYRECCTON

ESCUELA DE INGENIERIA DE LA UAS
Constitucidn y Andrade

Culiacin, Sin.

ral, 2-49-70

. -
COMISION FEDERAL DE ELECTRICIDAD
Flaza de la RDpiblica 26-5" pisa
Col. Tabacalera

Méxim 5; C. F. '
Tal., S546-24-21 '

BUFETE INDUSTRIAL DISEROS Y PROYECTOS
5.4,

Tolstel 22

Col. Anzures

México 4, bD. F.

Tal, S33-15-00

S.A.0.P,

dola y Av. Unilversidad
fol. Harvarte

Meéxico 12, D. F.

TElﬂ ??4-32—1?

| b i
i

C.A.P.F.C.E.

Vito Alesgic Rables 380
Col. Tecoyotitla

MéExico 20, D. F.
Tﬁl:i554f57‘91

cT A
P RN
ot

SECRETARIA DE HACIENDA ¥ CEEDITO

PUBLICO
Teli 512.81-22



13.
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15.

16.

17.

18,

DIRECTORID DE ASISTENTES AL CURSO:

INTRODUCCION B LAS

-MINICOMPUTALORAS, DEL 6 AL 28 DE JULIO DE 1579,

NOMBRE ¥ DIRECCION

RICARDD ESFRIELLA GODINEZ
Calle 2 BALE. 26 Ho. 12
Col. Fovissste

Méaxics 21, D, F.

Tal. &677-96-561

FAMON FEXAS FERHAHDEZ
Viena 156
Col. El Carmen

México 21, D. F,
Tel, 554-06-88

LIS HUMBERTO FRRNCO CARDENAS
Av. Universidad 465-4

"Ccol. Del valle

México 12, D, F.
Tel., 523-459-36

LUIS GRECIA REYES
Martin Castreijdn 35
Col. Felicitasz del Rio
Morelia, #Mich.

Tel. 2-64-25

JOSE MANUEL GONZARLEZ GONZAIEZ
Nogal 122

Col. Casa Blanca

Toluca, Edo. de Max.

JOSE FRANCISCOD GIRCN ARVAYD
Cumbres de Maltrata 409-3
~ol. Harvarte

México 12, O. F.

EMPRESHE ¥ DHIRECCION

FARCULTAD DE INGENIERTA, U.H.A.M.

Cd. Universitaria
México 20, D. F.

SECFETARIA DE HACIENDA ¥ CREDITO

FUBRLICO

Falacio Haciocnal Edif. 5-2° piso

México 1, D. P,
Tal. 585-40-11 axt, 2134

BANRURAL
Ccampeche 290-7% piso
Méxice 11, D. P,

ESC. DE ING. ELECTRICA UMSHH

Morelia, Mich.:
Tel, 2-77-76

INDETEL, S.A.

Antiguo Caming a San Lorenza, 5/

Col. Zona Industrial
Toluca, Edo. de MiEx.
Tel. 4-24-44

PLASTICOS EREX
Ferrocarril de Cuernavaca
Col. Oliver de los Padres
Tel. 595-31-00

3z24



UIRECIORIO DE ASISTENTES AL CURSO: IHTRDﬁUCCIOH A LAS
MINIOOMPUTADORAS, BEL & AL 28 SE JULIO DE 1979,

WOMBRE T DIRECCION EMPRESE ¥ DIRECCIOH
FERIAHDO GRIMALDI DE GYVES S.A.R.H,

Retorno B13 Ho. 17 Reforma 51-13° piso

Cal. Cantinola Col. Centro

MBxico 21, D. F. México 1, D, P,

Tel, 549-96-190 Tel. 535-6H-65

ELEHNE GOMEZ RICARDEZ INSTITUTO MEXICAND DEL PETROLEQ
Génocva 307 Av. de lag 100 Mts. Ho. 152
fal. valle Darado Col. San Bartolo Atepehuacan
Pdo. de MEx. México 14, D. F.

Tal., 567-66-00 ext. 2243 ) rel. S67-91-00 ext. 2243

JOSE LUIS GUISA TORRES INSTITUTY) MEXICANO DEL FETRCLEOD
Tabacos 26 Bv. de log 100 mtes. No, 152
Tal. San Mateo Col. San Bartolo Atepahuacin
Fdo. da M8xico México 14, D. F,

Tael, 373-33-17 Tel. S67-6G6-00

ILAUHA HERNANDEZ FALLET CZ.F.H.H.

Josd Ma. Olloqui # 16% - 3 Tepic 40-2° piso

Col. del valle Cel. Roma Sur

Miéxico 12, D. F, Méxieco 7, D. F.

Tel: 534-75-53 Tel. 584-06-68

MARCO TULID HEREERA HUREZ y S.A.R.H.

Reforma 31-12% piso
Maxico 1, D, F.
Tel., B&6-D0-E4

ARTURO HERMANDEZ LEDESMA S.h.R.H.

valle Arispe 78 b Dpto. 303 Sierra Gorda 23

Col., Valle de Aragén Col. Lomag de Chapultepec
Edo. de MSx. México 10, D. F,

Tel. 520-56=77



25..

26,

27.

28.

29,

DIRECTORIO OFE ASISTENTES AL «CURSO:

INTRCDOCCTOM A LAS

MINICOMPUTADORARS, DEL & AL 28. DE' JULTO DE

1575,

HNOMBRE Y DIRECCION

ROSENDO ISLAS 50SA

via de Heptuno 13

Col. Arcos de la Haclenda
Cyautitidn Izcalli

Edo. de Méx.

LIS M. LEOW ESTEADA
Cacahuamilpa 12-202
Cel. Condesa

Ma8xico 7, D. F.

RaMoOMN FELIPE LOFEZ GUAL
Cakriel Hancera 1430-30%5
Col. del Valle

M&xico 12, D. F.

Tal. 575-52-37

ELSA LOPEZ LOPEZ . i I
Edif. 5 ent. 2-201
tnidad Tlatelolco
México 3, p. F.

Tal. 567-6&6-00 ext. 2626

JAIME ANTONIO MACHUCA GONZALEZ

VIRGILIC CESAR MARTINEZ VASQUEZ
Insurgentas Sur 418-12 .
Col. FEoma Sur

Méxlco #, D- F.

Tal. SB4-52-74

EMPRESA Y DIRECCION

FACULTAD DE INGEMIERIA, U.MN.A.M.
Ciudad Universitaria

DJILF. . .
hmores 1270 :
Col. Del Valle
MExico 12, D. F.
Tal. 559-91-43

C.F.H.H,

Tepic 40

Col. Roma

México 7, D. F. ' ' '
Tal. 574-14-97

CINSTITUTO MEXICAKD DEL PETROLEO

Av. de los 100 mts. -152

Col. San Bartolo Atepehuvacdn
México 14, D. F.

Tal, S567-91-00 ext. 2636

PRODUCTOS ESPECTALIZADOS DE ACEKD, H.A.
Poniente 134 No. B4 -

Cocl. Ind. Valleio

México 16, D. F. s
Tal., 567-710-22

C.P.M_H.
Tlaxcala 92
Col. Rowa Sur
MEXiCO T b. F.
Tel. 584-02-23



31,

3.

34.

36.

DIRECTORID DF LSTSTENTEH Al CURSQuINTRODUCCION B LAS

MINICOMPUTADORAS, DEL & AL 28 DE JULIC DE 1374,

BOMERE £ DIRECCLON

ALFREDY MASRMAD LIAZ MAEEDO
Ealendue 111

Col, Narvarte

wixica 12, B, P.

Tal. 519-T74-05

TORGE ARTUMD MASTACHE FLORES
Col. uaxiveo

Maxicer 13, 0. F.

Tal, 575-3%-53

GABRIEL MEMNDLE BOTELLD
hv. NicollRs Ledn 182
Sal. Javdin Balbuena -
MExico 9, D. F.

Tel. 552-52-24

JOSE LEQPOLDD MIRANDA TORRES

Retarne 8 da Iglesailas calderdn No. 18
Sol, Jardin Belbuana

Naxicn 9, D. P,

Tasl, S552~57=48

SERSIO MURIZ PERER
Mariano Azuela B-18
Col. S5ta. Ma. la Ribara
Maxico 4, D. F.

Tel. 535-20-T6

J. RODRIGO MUROZ O.
Tripoll 507-4-A
Cocl. Portales
Maxico 7, D. F.
Tel., 532-2E-68

EMPRESA ¥ DIRECCICN

C.F.H.H.

Taple No. 40
M&xico |, D. T,
Tal. S5ud-72=-74

TACULTAD DE IMNGENIERIA, U.H.A.M.
Ciudad Universitaria

C.P.H.H.

Tepic 40-3® PISO
Col. FRona

México 7, D. F.
Tul, B74-10-73

B.H.C.P.

Pelacin Hacional Edif. 5-2° pimo
Col. Centro

Mdxico 1, D. P,

Tel. 'S10-21-599

IHSTITUTD MEXICANG DEL SEGURO SOCIAL
Av. Cuauhtémoc

Col. Doctores

Méxioo 1, D. F.

Tal. Ta1-11-22 ext. 2122 y 2174



7.

ig.

9.

40,

41,

12.

DIFECTORIO DE ASISTENMTES AL CURS0: INTRODUCCION A LAS

MINICOMFUTALORRS, DEL & AL 28 DE JULIO DE 197%.

NOMBEE ¥ DIRECCIOH

RAMOH WORIEGA SOLORZAND
Carrille Puerko 3&68-5
Col. Aanfhuac

Méxiena 17, D. F.

Tal. 527-97-28

FAETQ OLLEERVIDES AGUIRRE
Flaya Tabachines 36

Col. Marte

Méxicoc 13, D. P.

Tel. 5?9134—Dﬂ

HECTCOR PAZ COHCHA
Ote. 9 Ho. 112

Col. Reforma

Cd. Netzahualctyotl

ATFONSO PINTO CONCHAS
Colima 191

Col. Roma

México 7. 0. F.

Tal. S14-65=-498

ATLPONSD QUIRDZ CHAVOLLA
Xochicaleo 51-103

Cal. Harvarte

MExjca 12, D. F.

Tel. 530-05-49

JUSTO MIGUEL RAMIREZ CRBRERA

Tripoli 310-306
Col., Portales
Mexlco 11, D. P,
Tel, SB4A-T2-01

EMPHRESA Y DIRECCICH

INSTITUTD MEXICANSD DEL PETRDLED
Av. de los 100 mts. 152 s
fol. Sn. Bartolo Atepehuacidn
México 14, D. F.

Tel. 567-G&6-00 ext. 2347

INDETEL, S.A.

Antiguo Caming a San Lorenzo, 544
Col. Zona Industrial

Toluca, Edo. de Max.

ral, 4-24-43

PLASTICOS REX, S.A.
FP.CC. de Quernavaca 324
Cal, Dlivar da los Padres
Meéxico 20, D. F.

Tal, 535-31-00

4

PRODUCTOS ESPECIALIZADPOS DE ACERD..S.A.

Fonienre 134 Mo, BS4
Col. Ind. Vallejo
MBxico 16, D. P.
Tel. S567-70-22

5-A.R.H.

- reforma 35- Mezanine

Col. Centro
México 1, D. P,
Tal, 546-63-92

C.P.HN.H.

PEPIC 40

col. Roma
MéExlco 7, D. F.
Tel. SH4-T72-45



BPIHECTORIC DE ASISTENTES AL CURSO: INTRODUCCION A LAS
MINTCOMEDTADORAS, DEL 6 AL 28 DE JULIQ DE 1979,

NOMBEREE ¥ DIRECCUION EMPEESA ¥ DIRECCION

43, ALEJAHNDED BRMIREZ MACIEL S.A.H.O.P.
Calle 4 Ho, 149 * Kola y Universided
Col. Pantitlén _ Col, Narvartsa
México 9, D. F. México, D. F.
Tel. 558-03-84 Tel, 519-66-00
dd. MARIQ POJIAS LEOM n.I.r
Calzada de la ¥iga 1416 E-108 hmores 1240
Col. SiEénm. Col. Dal valle
Maxiea H, D, F. México 12, D, F.
Tal., 275-91-5%1 eaxt. 132
45. ENRIQUE RUIZ GOMZALEZ FACULTAD DE INGEHNIERTIA, UO.H.A.M.
Chihuahua 47 Dpto. 502 Ciudad Universitaria
Col. Roma " Méxica 20, D. F.
México 7, D. F.
Tel. 564-80-95
46. ISMAEL SANCHEZ GOMEZ 'C.F.H.H.
Kagal 18 Tepic Ho. 40
Col, Sta. Ma. la Rlbeya col. Roma
MExico 4, D. F. México 7, D. F.
Tal. 592-37-03 Te)l. 574-14-97
47. ROBERTD SANCHEZ RODRIGUEZ S.ARH.OLE.

Bv. Universidad 2016 Ed. 3=-102

Col. Capileo Universidad
Méxieo 20, D. P,

Constituyentea 947
Col. Balctn de las Flores
Tel. 271=30«00 axt. 456

si,  J. MARIO SANCHEZ VELASCO C.P.N.H.
Emperadoraes 224~402 Tlaxcala 93
Col. Porcales Col. Roma

Maxico 13, L. F.

Maxica 7, D. F.
Tgl. 5E4-08B-21



4%,

0.

51.

32,

53.

54,

DIRECTORIO DE ASISTEWTES AL CURSQ: INTRODUCCION A LAS

MINIOOMPUTADORAS, DEL 6 AT, 28 DE JULID DE 1979.

HOMBEE Y DIRECCION

ANTONIO SANDOVAL LEYVA

L9-4%- Fracce, Alvaro Obregtn

Col. Paralsc
Méxieco 13, D, F.

GILEERTO SANTOS ARAQE

rep. de Costa Rica Ho. 44-17

Col. Marelos
Méxicg 2, D. F.
Tal, 529=-19-B4

VICTORE M. SEVILIA A.
Patén Sur 46-22
Col. Harvarte
M8xiecn 7, B. F.

LUIS MIGUEL TERAN MARTINEZR
Av. Cuitlahuae 163

Col. Potrero del Llanc
México 15, D. F.

Tel. 556~00-36

MARCC ANTONIO VAZQUEZ ESQUIVEL

Alajuela, Cesta Rica

EUSEBIO VELAZOUEZ

EMPRESA ¥ DIRECCION

C.B.N. H.

Tepic Mo, 40
Col. Roma
México 7, D. P.
Tel. 574-22-06

5.4.H.0.P.

¥ola y Universidad
Col. Narvarte
MExico b. F,

Tel. 519-51-34

FACULTAD DE IMGEHMIERIA, U.H.A.H.

Ciudad Onivergitaria
México 20, D. P.

C.B.N.H.

Tepic Mo, 40-22 piso
Col, Roma Sur
MExico 7, D. F,

Tel, 584-06-68

UNIVERSIDAD DE COSTA RICA

E.A.R.H.

HEeforma 35-Mezanine
Cal. Centro

Maxico 4, b. F.
Tel, 546+53-93



55.

56.

57,

58,

DIRECTORIO DE ASISTENTES AL CURSO:

INTRODUCCION A LAS

MINICOMPOTADORAS, DEL & AL 28 OE JULIO DE 1979,

HOMBRE ¥ DIRECCICH

ENRIQUE ZRRATE LEYVA

FEANCISCO JAVIER ZAVALA MORALES
Manvel Ma. Plares # 149-5

icnl. Chrera

Méxice 8, D, F.

Tel. ST78-00-01

FRAHCISCO ZAVALR ZAVRELETA
Calz., Valleio 583

Col. Magdalena de les Salinas
Méxigco 15, D. F.

Tel. 567-44-79

BEENARDO ZENDEJAS MORALES
Calz. de la Viga 1416-E 108
Col. Sifén

México B, D. F.

v

EMPRESA ¥ DIRECCICH

S5.4.R.H.

Reforma 69-9° piso
Col., Contro

Méxica 1, b, F.
Tal. 5315-65-95

COMPARIA MEXICRNAR ARROFOTO, 5.A.
11 de phril 338

Cocl. Escandén

MExico 18, D. P,

Tel. 516-07-40 ext. 126

C.P.H.H.

Tepic Ho. 40
Col. Roma
México ¥, D, F,
Tel, SB4-0B-23

nD.I.F.

hmores 12:40

col. Cel Valle
Méxigo 12, D. F.
Tel. 553-%1~29



