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ABSTRACT

A representation of the Univac AN/ UYK— 20 comp uter sys—

em has Deen emulated on the Burrouqhs 0 Interoreter— Based

System , tru e entire AN /1JYK 20 instruction reoertoir e has

oeu~ri emulated w i t h  the exce p tion of the ‘math pac ’ op tion

(f~~oatin q p oint a r i t h m e t i c  and cord ic functions ), cloc k and

interrupt codes . and inout /out pu t op eration codes. Modular

lesign w i t P ~ exte nsiv e documentation has been im ol emen ted

tnro .jchout orocram deve loom ent a l l o w i n g  for ease of modifi-

cation ar fu rthe r exte nsions to the exis t i n g  emulation.

Emu l a t i o n  ari d the harowar e architecture of the AN /UY~(—2O and

the ~urr cughs D—m ac hi n e , are discussed in co n junction w i t h

the AN /UY !K— 20 emul ation i t s e l f .  Methocs of testing and

depuoqinc, samol e test prooram s ari d recommen oations for con-

tinued de sign m o o i f i c a t i o n s  to the em u l a t i o n  are oresented.

LI

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~ .
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I. INTRODUCTION

A. ST ATEMENT OF THE PROBLEM

The Navy has been ch all e ric ed w i t h  m a i n t a i n i n g  the

newest, most e f f i c i e n t  t a c t i c a l  data systems consistent w i t h

the c o n t i n u a l l y  in creasi ng demands and re quirements of t he

r e a l — t i m e  e n v i r o n m ent .  T h e r e  i s  an extensive conversion

e f f o r t  req u i r e d  to  change from e x i s t i r i ’~ sys tems to newer

mo re sop h isti c a ted tec hnolog y such as the AN /UY i<— 20.

Inherent in up arad inc to a new system is the com p lex

s o f t w a r e  re’ les iqn  ari d ~‘o d i f icati o n orocess w h i c h  is often

h inde red  by tru e absence ~ f the new c o m pu t e r  s y s t e m .

Unfortu n ately, the demands of a m i l i t a r y  i n s t a l l a t i o n

r eq u i r e  s o f t w a r e  a e n e r ’ a t i on  o r i o r  t o  i m o l e m e n t a t i o n  o f  an

upgradea c o m p u te r  system . One so luti o n to t h i s  p r oblem i~

to u t i l i z e  for so ftw aro leveloo m en t an inte rcr e -liate computer

system nn i c h h~~s t he car,~ t 3 i l i t y  of em u l a t i n c  the antic ip ated

t a r g e t  m a c h i n e .  T~~i~ p r ovides a v e h i c l e  for so ftw are

design , develo pment, and te sting p rior to t r a n s i t i o n i n g  to

the new system.

Cur rentl y, t h e  ~Saval Postgraduate Sc ’~ool (NPS) Computer

Scienc e L)~~oar t~rer , t ~ra i n t ~~in s a Burrou ghs Inter pr eter—Based

Sys t’~m kn cwn as t h e  B u r r oug h s  0 — m a c h i n e .  The D r ”ac h in e is

ca pa n le  c f  t e i ~~~ ~ iCroor ggramm ed to em ulate any of a m i r i a d

q
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of  t a ro e t  m a c h i ne s .  It e f f e c t i v e l y  enab les students to

create thei r Own c o m p u t e r  kr uo wi r u a o n ly  t he  m a c h i n e  in s tru c -

tio n rep ertoire for the contr ol u nit in the target m a c h i n e .

The pr ob lem presented w8S to develoo a feasible wor king

model of the AN /UY~<— 2O on the micro p rog r amm able Burroughs

0—m achine. The pr oject nr ov id ed an opp ortu ni ty to obta in

pr a c tical exp erience w i t h  contemp orar y hardware aria to man e—

pu l at e w r i t e~ b l e control stores to i m i t a t e  a Navy t a c t i c a l

comp uter.

8. APPL ICAT IONS OF THE AN /UYK— 20

The Univac A ’~/UY~~— 2O m i n i c o m p u t e r  is a gen eral ourpose

m i l i t a r i z e d  g i g i t a l  comp uter ada p t ehle to numerous tactical

ap p l i c a t i o n s .  The A N /UY K— 2 0 has been successful l y u t i l i z e d

in man y t i m e — c r i t i c a l ,  r e a l — t j ~”e sy stems i n c l u d i n g  fire con-

trol radar , co rn ’~u n i c a t i o n  c o n t r o l l e r s ,  sicra l p rocessiri ,

an al y ze rs for sonar and beacon s i gn a ls , and numerous weapons

co ntrol sy stem s~ A sub sequent ch ap ter w i l l  be devoted to

the tech ni cal asnect s and intern a l desi gn of th e AN ,UY~ — 2O.

Because of its size, rugcedness, and com ou~~iriq capa bili-

ties , tri e AN/ UYK— 20 tas been desian atea the Navy ’s standard

tactical m i n i c o m p u t e r  [1~~). It w as selected for em u l a t i o n

in o r a e’~ to  p r o v ig e  a f e a s i p l e  p l a t f o r m  for software

develo pme nt to th ose r r i l i t a r y  i n s t a l l a t i o n s  e i t h e r  cOnte r~~

o l a t i r i g  or im th e orocess of r e c e i v i n g  an
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A w orkable em ulation would a l l o w  m i l i t a r y  apo l icatio n s

such as data reduction, n avi g ation , telemetr y, sensor pr o—

cess irig, range trackin g and lo g i s t i c s  to have software pack-

ages developed , testec , and modi f i e d  prior to a r r i v a l  of the

AN /U Y~K-20 . Further m ore , i~ w ould p ermit personnel to become

f a m i l i a r  w i t h  the mach i ne by p rovidi n g advanced traini ng,

there b y easing the t r a n s i t i o n  phase to the new s y s t e m .

C. PROJE CT DESIGN O B JEC T IV ES

Se veral desi gn te chri i~~ues were usea throu gh out the

gevelo pm ent of t h i s  Project: 1) m o d u l a r i t y ,  2) structured

p ro qr am m in i , and 3) extensive ci ocu m e rl t at io r i . These desi gn

f e a t u r e s  w i l l  aid the i n terested reader as f l e l l  as s i m p l i f y

any future e x tensi o n s or -n o--ji f j c a t j o r is to the e x i s t i n g  emu—

1 at ion.

M odular •~es iqn was u t i l i z e d  by cr~~a t i n q indep endent pro-

gram segm ents w h i C h  were i~~r i i v i d u a l l y  aeve lop ed, debuagea,

arid tested. These mocul e S or ~uhr ou t in es crovi ged a stronq

foun d at i on w h i C h  -were r e a d i l y  m o c i i f i e d  th rou ah ou t the entire

p ro a ra m m ina effort. Conce o t uall y, th e em u l a t i o n  was d iv i d e d

into r e l a t i v e l y  sm a l l  e n t i t i e s  w h i c h  were fu rthe r reduced to

p rogram Segments rarel y ex ceeding one oaqe in len ath.

Structured p r o g r a mm i n g  w a s  d em on str a tm u ~
y u t i l i z i n g  a

l i — i t e d  n u’~~er of c o ntrol flow structures arid m~~i n t a i n i n O  a

comm on lo l i c a l  le sicr~ t~~r~~uahout the e’-’t ire e m u l a t i o n .

Comp reh ensible code h ell prece ’ience over e x t r ~~m e l y  e f f i c i e n t

I I



code.

In additio n to m o c u l a r i t y  and structured Programming,

the e n t i r e  prog ramm ing  endeavor was suppl emented w i t h  exten-

sive comm entin g to orovide the necessary self—doc ume nt ation

to pr om ote and f a c i l i t a t e  oroqram translation, modif i cation,

and fusing w i t h  the other indep endent modules. These con—

cents promoted the extensive team ef fort reguired to achieve

the research goals. In additi on , it w i l l  orov ide ease of

program mai ntenance arid m o d i f i c a t i o n  in the future.

___________



~

II. EM ULATION

A. HISTOR ICAL BACKGROUND

The term m i crop r o g ram m iri g was first u t i l i z e d  in an arti-

cle by Pro fessor M~ V . ~ i l kes of the Cambr idge Univers ity

M athematical L ap or ator y in 1951 (2’41 . His paper concen-

trated on a control sect ion w i t h i n  the computer w h i c h ,  when

orogrammatica l ly controlled, perf orm eci register—to—register

data transfers se q uentially and in p a r a l l e l  for the execu—

tior i of a single ma c hine in struction. A sequence of ooera—

tions (m icro in struct i ons) required for execution of a

machine instruct i on is corisi~~ered a m icropr ogram.

Trad i t i o n a l l y ,  the comp ute r has been composed of essen-

t i a l l y  f i v e  com oonents the a r i t h m e t i c / l o g i c  u n i t ,  the con-

trol u n i t ,  mem or y or stora ge, in p ut, and output (Figure

E l — i ). Tne con tro l section sets the proper conditions for

the o~ ening anci closing of requir el ~ates in the l og ic  net-

wo rk. H i s t o r i c a l l y ,  th e control se ctio n has been hardware

coris isti n a of a series of decoders ari d f l i p — f l o p s  along w i t h

their assoc iated c i r c u i t r y .  Therefore , every machine

instruction nag a f i x e l  inter p retation w h i c h  was h ardwir ed

w i t t l i n  t ru e co ntro l u n i t .

I n 1°57, .~a i l i e ’ s d e f i n i t i o n  of mi cr op ro a r amm inc was

s l i g h t l y  m o d i f i e i .  It was defined as a techn ioue of design—

13
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ing the control c i r c u i t s  of an e le c t r o n i c  a i q i t a l  computer

to interpret arid execut e a given set of machine ooer ations

as an eguiva ler i t set of m icro — op erations ( 151 .

The ha rdwi red contr o l sect ion can be modif i e d  by inter-

changing ROM m odules o ’ oth er hardware components, by

rep l acing the contr c- 1 section w i t h  a p rogrammable (dynami-

ca l l y  w r i t e a b l e )  control store w hich i n  i t s e l f  is a separate

word—organized mem or y (Figure 11—2 ) or by combining both

approaches. A Program m able control store a llo w s  raoid

c h a n g e s  in the ma chine ’ s inst r u c t i o n  rep ertoire w h i l e  main—

ta m i n g m a x i m u m  design f l e x i b i l i t y .  The resulting computer

system is micro p r o grammabl e and caoabl e of sto ring a series

of changeable machine p ersonalities.

The comp uter con trol store can thus he m odif i e d  to all o w

the execu tion of m a c hi n e language pr ograms int end ed for a

var iet y of ma c hin e arc hi tectures , t h i s  orocess can be com—

oared to rep lacin g hardware components founa in conventio n-

a l l y  ciesign °d computer systems. The Pri mary advdnt aqe of

m icro oroqr a ’n rnel lo~~ic i s the c a p a b i l i t y  to p erfor m various

control seauences wit h o u t  hardwa re m o g i f i c a t i o n s .  The pro-

cess th rough w h i c h  the hardwa re components of one machine

(host) a r e  made to i m i t a t e  the sp eci fic hardware charac-

t e r i s t i c s  of another m achine (taroet ) is known as emulation.
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E m u l a t i o n  a l l o w s  t h e  comp uter scient i st to Create vari-

ous machine arc hi tectures from a si ngl e micro p rogrammable

host. The com p lete set of micro cro g ram s (firmware ) and the

necessary hardware, as we l l  as th e required software, added

to one computer system enabling it to execute orograms

designed for angther system is known as an emulator.

B. M ICRO PROGRA M’~I N G

Computer manufacturers have made a v a i l a b l e  numerous

mic r oo ro gr ari ima ole ma c hi n es w h i c h  Permi t the user to t a i l o r

his i n s t r u c t i o n  rep ert oire to meet the neeas of his p articu-

lar a p p l i c a t i o n . Scme exa m p les of m i c rp o roqr amm ab l e com-

p uter Systems are tie Burrou ghs D—ma chine, the Nanodata

QM— 1 , the Va ri an 73, t he  Standard Logic CA SH—8 , or the

H ewlett—Pac kard 2100. These mic ror jr o g r am ma b le sy stems pro-

vide the benefits of f l e x i n i l i t y ,  low er system costs anci a

sy stematic aoproach to system design if u t i l i z e d  effec—

t i ve l v .

a m anufacturer ‘jesigni s a d y n a m i c a l l y  w r i t e a b l e  con-

trol store , the amount of o a r a l l e l i s m  to be allowed must be

d e t e r m i n e d .  Pa r a l l e l i s m  is aef in ed to he the simultaneous

co n trol of numerous har dware resources. There are b a s i c a l l y

three forms of control: v ,rtic ,l, ho r i z ontal , and residual.

In ve r t i c a l  m icro p r o gr ammi n g , each i n s t r u c t i o n  controls a

s ingle op e ratio n w i t h  p ro gr a m  fl~~w being se que n tial , unl ess

the i n s t r u c t i o n  was a conditional or u n c o n o i t i o n a l  b r an cr i.

by contrast, a h o r i z o n t a l l y  m i cro p rogram m ed mac hi n e is

1~)
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programmed v i a  instructions w hich simultaneously control

m u l t i p l e  resources in c lud in o co nditi on testing and m icroin-

s t r u c t i o n  Seg ij enc ina .

Ho r izontal m i c r o i n s t r u c t i o n s  u s u a l l y  are  not encoded

w h iC h means each bi t  contro ls one machine resource or opera-

tion. they us uall y have a wider word then vertic al instruc-

t i o n s  and c o n s eq u e n t l y  consume more memo ry. V e r tical

instructions are u s u a l l y  encoded w i t h  one or two levels.

Encoa ing means the value of a control f i e l c i  in the microin-

struction is a binar y code so eci fyi n g whi c h  resource or

o pe r a t i o n  i~ to he p erformed. The horizonta l mi croinstru c—

t i o n s  nave  the p ote n tial of b ein g much m ore eff i c i ent

re s o u r c e  m anagers and consea u ent ly are more d i f f i c u l t  to

o p t i m a l l y  d e s i g n  t h a n  t h e i r  v e r t i c a l  counterp arts.

Co rn h i n ini o th e a t t r i n u t e s  of h orizontal and ver t i c a l

mi cr oor o grammi na resul ts i n  residual control. T h i s m eth od

s a v e s  m e m o r y  by using v e r t i c a l  m i c r o i n s t r u c t i o n s  w h i l e

~ im ~~l t ~~n eousl y c o n t r o l 1 j n ’~ m u l t i p l e  p a r a l l e l  resources via

setuo neg isrers. -

A i c r o i n s r r u c t i o r i  i m p l e m e n t a t i o n  severely ef fects the

soeed rif mi crop ro gram execut ion. In serial implementation,

one m i c r o i n s t r u c t i o n  is fetc h ed ana f u l l y  execute a p rior to

fet ching tb~ n ext in struct i o n . This techni que o ffers the

advantag e of l o g i c a l  s i m p l i c i t y  w h i l e  s ufferin g from lack of

~ff~~c ip n c y sin ce it c’~nsumes the - ‘ax im um am ount of tim e.

‘ P a r a l l e l ’  i m p l e m e n t a t i o n  p e r m i t s  f e t c h i n g  of  t he  n e x t
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in struct ion be fore ter minati o n of the Previous instruction.

The oov i ous  adva n tage  is e x e c u t i o n  speed whi C h I5 o f  u t mos t

import ance when emul a tin g anot her machine (Figure 11 3) 12).

Another s i g n i f i c a n t  m ic roor og ramm in g ch aracteristic is

the number of ohases used in the execution of each microin-

struction. A mo nocihase system means tne re are no subdivi —

sionis of the basic cloc k pulse and conse quently each

mi c r o i n s t r u c t i o n  is controlled by the tran smission of the

lead ing  ed~ e o f  a clock cy cle. In a polyohase implementa-

tion scheme , the basi c c lock cy cle is su o di vi d ed into minor

phases w h i c h  are ind ep ende n tl y qenerated via haraware.

Al tr io u g h oolyonase op eratio n s are more com o lex and reQuire

c o m o l i c a t e d  c o n t r o l ,  t h e y  do pe r m i t  f a s t e r  r e s o u r c e  man i p u—

l a t i o n  when the y are e f f i c i e n t l y coded by a l l o w i n g  m u l t i p l e

op erations tO be p erfor m ed duri n g the same phase(s).

the m l c r o p r o g r a m m a b i l i t y  of a given com outer and the

c a p a b i l i t i e s  of  i t s  a s s o c i a t e d  m i c r o m r o q r a m m i ng  language are

d i r e c t l y  effected by the the oresence or absence of each of

the a l t e r n a t i v e  m i c r o o r o g r a m m i n g  c h a r a c t e r i s t i c s  d e s c r i b e d

above. The r icr op r o gr ammin g language sp ectrum ranges from

the lowest level or m i cro lanciua g e through the assembly

languaoes to the high level oroce aura l languages.



Microinstruction F — fc t :h time
Number E - execute  t ime

i • F

i+l F • E

1+2 F • E ~

Ti me
Microinstruction (a)

Number
F • E

i+l F • E

j +2 F

(b ) TimeMicroinstruct ion
Number

F E 
a conditional branch

i+l microinstruction

i+2 F • E

(C)  Tis~

(a)  Serial fetch and execute .

- (b) Paralle l fetch and execute .

(c) Combined ser ia l -para l le l  where next address
depends on conditions in present cycle .

F i i ure 1 1— 3 (21
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The p roblems of micro p r o g ramm ing can be s i g n i f i c a n t l y

reduced if s u i t a b l e  s o f t w a r e  suppor t  e x i s t s  and is  r ead i l y

a v a i l a b l e .  Thi s support is usuall y in the form cf simul a —

t o r S  and debuggers. Tyo i c a l l v ,  a si m u l a t o r  p rovides an

alternative to assemb ly level coding by p e r m i t t i n g  the user

to code in a high er lev el lanauage and yet achieve the same

results at the expense of some added memory and exe cutio n

tim e. Debuggers are ext remely useful in the develo pmental

stages of m icr op r o g r am m in g e s p e c i a l l y  for new and exp erimen-

tal system des ign . Deb uggers p er m it dynamic access to tne

machine status and reg ister contents at the instant th ey are

empl oyed , i.e. a trace feature. Some debuggers offer the

opp ortunit y of assemb ling i n — l i n e .  Th i s op tion can drasti-

c a l l y  reduce required iebu oging time.

Th e  p r i m a r y  a p p l i c a t i o n  of  m i C r O o r O g r a m m i n g  is  t o  impl e-

ment the necessar y co ntr ol structure requi red for the

a n a l y s i s  and executio n of machine level i r ist ruct i ors by

means ~~ p ro g ra m m ed  c o n t r o l  s t o r e s  r a t h e r  t h a n  h a r d w i r e d

log ic. Tne refore , a d y n a m i c a l l y  —i cr oo rog r am rra ble Comp uter

c an p~ ov ide a softwar ’ iev~~lo oment system whi c h  can he a

c o s t — e f f e c t i v e  a pp roach  t o  e x p e r i m e n t a t i o n  w i t h  o o t e n t i a l

c a n d i d a t e s  f o r  r e p l a cement  c o m p u t e r  systems or the design of

c o m p l e t e l y  new s y s t e m s  t o  f i t  t h e  needs of  unicue a p o l i c a —

t ions.
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C. T HE GOALS OF E~~ULA T 1 O N

A w e l l — d e s i g n e d  e m u l a t i o n  can  p r o v i d e  an o p po r t u n i ty  to

exp erime n t and Cre ate so ftware for new computer systems

before the actual he rcw are is a v a i l a b l e ,  the u t i l i z a t i o n  of

an em ulator can almost e l i m i n a t e  rep rogra mming, consequentl y

smoothin g the system tra nsi tion neriod. In addition, emula-

tio n has pr ovided a w or kable model of new systems under con—

sic i er at i o n for pr ocure ment , pr ovidin g a m uc h more deta ile d

cost— p en e f it a n a l y s i s  of system conversion.

Fu rtn ermo re, it i s o ften e c o n o m i c a l l y  Sound to em ulate a

seconi generation Com p uter w i t h  a t h i r d  generation system .

This o rp v ide s arg -w t ~ t o  a c o n t e m p o r a r y  s y s t e m  w h i l e  f u l f i l -

l i ng  t h e  r e a u i r e m p nt s  of  t he  pas t  in a c o s t — e f f e c t i v e

manner. However , t h i s  can oe a disadv antage if the orogram—

m ing staff uses the em u l a t i o n  as a l i n k  to the g il system

and conse quent l v f a l l s  to take aavant aqe of tre attributes

o f the new sy stem.

D. E~~uL A T I 3 l  VE fQSUS SIM ULA T ION

To acco m p lish the emulation object ives , ce rtain design

features must be incorp orated into an emulation . Nat u r a l l y ,

execut ion tim e  and allocated memory are the two foremost

considera tio ns. T r a c i t i o n a l l y ,  the concep t of m i m i c k i n g

ano ther com ou~ er has been a ccom p lished by e i t h e r  a s i m u l a t o r

or an e-rul at c,~~, tw c Con cep ts o ften confused w i t h  one

anoth er.
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A s i m u l a t o r  is a series of high level language (HLL) or

asse mbly language stateme nts ~h i c h i n d i v i d u a l l y  do not

behave l i k e  the tar cet m achi n e instructions. The host

machine executes its own nat i v e  i n s t r u c t i o n s  in Order to

i m i t a t e  the target machine operations. Consequently, simu-

lation is a rather slow techni que because it requires an

intermediate translation. In addition, s i m u l a t i o n  of cer-

tain instructions such as bit m a n i p u l a t i o n  and s h i f t i n g

op erations can re quire an enorm ous am ount of intermediate

code generatio n dem andin g a s i g n i f i c a n t l y  larger mem or y

alloca tion.

An emulato r is a m i~~r~ orrsqr~~m tha t is execut ed on the

hos t m achine , per 1 o rm in g m a chi ne instru ctio ns ~ f the target

m achine. Sinc e an em ulato r accents th e binar y object code

of the tar get m achine ar- I  d i r e c t l y  executes the se instruc-

tions , it can be extre m ely e f f i c i e n t  in terms of time and

so~ ce re quirements. The executio n t i m e  of an emu l a t i o n  is

gepen oent upon many factors: clock rates 0 +  t h e  two

-n ac ,ine s, frecuency of memory references, h i q b  sceed sh ift-

ing c o m p a t i b i l i t y ,  reoui re l register m ao rin g between tar get

and host m ac n ines , b i t  m a n i n u l a t i o n  c a p a b i l i t y  of th~ two

machi nes, c on o i ?i o rl code select i on and testin c , f l e x i b l e

data oath se l ection c a p a b i l i t y ,  int erru p t s i m i l a r i t i t e s ,

inp ut /out p ut c o n c a t i p i l i t y ,  and m i C r op r o g r am m i n g  e f f i c i e n c y .

If tne har iware fea t ures het~~~en t arget and host m ac h ine s

are extreme l y c o m p a t i b l e  and h i i n 1~ e f f i c i e n t  mi cro pr oo ram—

m i n g  h~~s been em ol~~yea , an om u l a t i o n  p erfor m ance ratio (host

22



to tar get) qf nearl y one to one can oe attained. This emu-

lation p erformance ratio (EPR) has been demonstrated by the

emulation of the S~ C-2U7O on the Nanodat a gM—i computer. It

is p ossible to achieve an EP~ better than one to one under

idea l si tuat i ons , when the host machine has a much faster

internal op eratio n execution rate (11,

Several di s t i n c t  advantages can he re al iz ed usin g emula-

ti on as compared to s im ulat i on. The execution speed is sig-

n i f i c a n t l y  better by at least an order of m a oni tu d e , The

target machine rep resentation in f i r m w a r e  is closer to the

actual hardware desi gn and total access to the lowest

machine level is ac n i ev ap l e. Perhap s most n otewort h y, ernu—

l a t i o n  prov iaes the opp or tunity to ra p i d l y  create test beds

for numerous machine architectures and orov ide a basis for

new sys tem develo pm ent.

E. EM ULATION TECHN IQUES

T r a d i t i o n a l l y ,  th ere have been three app roaches for emu-

la t i n g  machi n e instructions: 1) hariw are or f ir r i w a re assis-

tance to a so ftwa r e s i m u l a t i o n  as dem on strated ~ y the IB M

360/b5 emulatio n of the IH~ 7090, 2) indep endent host system

har d~ ar, or firmware w h i c h  rr o vid e s for com p lete execution

~ f the tar get machine ’s i n s t r u c t i o n  re n ertoire of wh~ Ch th e

Burrow~hs D~ mac kin e e m u l a t i o n  o~ t~~e 
AN /tJYK— 2 () is an exam—

ole, and 3) an a u x i l i a r y  nrocesso r w h i c h  is ocerate d in con-

junc t i on w i t r i  th e host m acni ne to execute tar get m achi n e

instructions (ZU ]
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Software con t r o l l e d  em ulation is u s u a l l y  charac te rized

by cate g ori zing the targ et ma chi ne instru ctio ns int o three

di s t i n c t  classes: easi l y emulated ins tr uctio ns, complex

instructions not re a di l y em ulated , and those instructions

no t ieemed necessary for the desired app l i c a t i o n .  Instruc-

tion usage is s i g n i f i c a n t  in thi- s c l a s s i f i c a t i o n  process.

Each class of instru ctio n s becomes a candidate for direct

hard w are or firmware i m p l e m e n t a t i o n .  The first emulated

function in t h i s  ap orcach is u s uall y the fetch and anal y sis

ope ration. Af ter the ~r’s P r u c t i o n  is ana lyz ea , the app ropri-

ate ooco~ e sur fu nct ior can oe executed.

4n a l t e r n a t i v e  em u l a t i o n  techni q ue is th e firmware—

con tr o l l e o  — et hod. Thi s  app roach is i g e n t i f i e d  ry h aving

Sys tem con t rol res id e c o m p l e t e l y  in f i r ’wa re or hardwa re

durin g th e emu~~a t i o m  p rocess. A l l  i n s t r i c t i o n s  are executed

on th e host - “ ac-i ~~e as i f th e y were indi cenous to the tar get

m a ch ine. m i s  -‘ethod is m uch more e f f i c i e n t  than the

sof t~~a r e— c o n t r o T T ~~o !ech~~iiu e however , it is - ‘ore ewc ~~n si ve

ano tne co st ~i t f e r e n t , a 1  is d i r e c t l y re )3te’, t c r~~ e

requ ire d performanc e )ev~~1. Per forma nce i s ~~p r er 1 ,r~~ ~j p r ’ n

the number of recu ire l da ta p at h s, a r i t ~~m et ,c u n it s ,  and

oth er a d d i t i o n a l  l o gi c c i r c u i t r y  w h i c h  mu st Supp lem ent th e

hos t ma c hine a r c h i t e c t u rm .

Upon en t e r i n g  t~~e em u l a t i o n  mole i~ a f i r m w a r e —

c o n t r o l l e d  e m u l a t o r ,  the m ach ine rerf orm s l i x e  tn e target

m a c h i n e  u n t i l  enc -ru nt er in a an e x i t  s i t u a t i o n .  Th ere e x i s t s

thr ee e~~ i t  modes 1)  r r l o r i t y  in r ’rru ot, 2)  ngt i r r o lp— e n t , i

2Li



1~

instruction , and 3) d elibe r a t e  e x i t  because of a debugging

rout i ne.

The t h i r d  e m u lation technique consists of u t i l i z i n g  aux—

• i l i a r y  hardware e l e c t r o n i c a l l y attached to the host computer

for the sole puroose of executin g target machine instruc-

tions. In effe ct , a tar get machine is compos ed of host

m achine hardware w i t h  the necessary ad d i t i o n a l  components

required to cre ate an ef f e c t i v e  emulator.

F . E~1UL.At I O N HAP D~~A R E

The d evelo pm en t o~ w r i t e a b l e  control stores and

micro p r o gra rn rn in cl t ech n iaues have s i g n i f i c a n t l y  infl uenced

computer design. Ir i s Section w i l l  lescri he some of the

a v a i l a r l e  d y n a m i c a l l y m icro p r o g rammable hardware (Figure

II —~() .

Tre He w l e t t~~Packard 2100 is a general purpose m inico m -

pu ter . it has a un icue con t r o l  store d i v i d e d  into two seg-

men ts. One section is ~QO~ and the ot h er section is user

p rogranmaole . The m a c h i n e  is v e r t i c a l l y  m i crop ro g rammed

us in g a standard 83 i n s t r u c t i o n  m a c h i n e  language rep ertoire.

A debugger and assemble r a ssist the user in micropr ogra m

de velo p me nt ~2 l

Ire St andard Logic CAS r1 —~ is a high Speed c i g i t a l  con—

t r o l l e r  w i t h  a seParate c n nt ro l store. It Consists of 16

gene ra l purnose re gi sters and an accumulator. The CA SH 8 is

v e r t i c a l l y  mi c r op r o g r ammed h ut ~oes no t Supp ort any langua ge
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above m ic ro lan qu ag e (21 .

The V arian 73 is a general purpose mini com p ute r tha t has

a 1~~O instruction Set. The hor iz ontal m i croinstruction con-

sists of b’4 bits w i t h  25 f i e l d s ,  some of which indicate

register transfers, ALU operations , s h i f t i n g ,  control store

address ing , con d itio n tes t in z~, I/O control and memory opera-

tions . The Varian 73 contains both a ~OM control store and

a w r i t e a b l e  control store load able from main memory . A

micro Progra m assembler and i n t e r a c t i v e  s i m u l a t o r  are avail-

able (2 ) .

The ~ian odata 
QM— j is uni que in t h at it c ontains both a

con trol store and a nanosto re whi c h  are both loaded under

user orogram control. The 18—hit v e r t i c a l  m i c r o i n s t r u c t i o n s

are stored in the contro store, fetched arid t hen inter-

preted under nanopr oaram co ntr o l. A horizontal n a nO in struC—

t ion is 3otJ b i ts w h i c h  is subdivided into fi v e  72—o it vec-

to rs. A ssemblers for b oth mi cropr ograms and nanoorograms

are a v a i l a b l e  (21.

The p reviously described ma chi n es represent a small sam-

ole 0+ the a v a i l a b l e  micropr og rammable Com p uter architec-

tures. The a v a i l a b i l i t y  and f l e x i o i l i t y  of these compu ter

sys tems h~~s st imu l at ed demand for these devices. Conse-

quently, ha rdw a re m anufacturers have been com p e ll e o to pro-

duce w r i t e a b l e  co n trol Store pq uio m en t to satiate  the needs

of the com p ut er mark et.



CON TROL STORE MICROP ROGRAMMED US ER M I CROP ROGRAMMA B LE
REALI ZATI ON

Main Memory • Burroughs B1700

• IBM S/ 360 Mode l 25
IBM S/370

• Nanodata QM-1

In terda ta 85 •
.

Varian 73

Fast Read/ Hewlett Packard 2100
Fast Write

DSC Meta 4

ROM
• Interdata 80
IBM S/360 Models 30,40,50,65
RCA Spectra 70 Mode l 45

None Preparat ion of Provision of
User Microprograms T rans lator or

Simulator

SUPPORT AVAILABLE TO USERS

Note : Relative microprogramability is the distance from the origin
to the machine point in two space.

Figu re II~~ (21
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III. AN /lJ Y~(—2 0 A RChI TECTU PE

Constructin g an e f f i c i e n t  em ulation requires a pr ecise

understand ina pf the architecture ana p erformance charac-

terist i cs of the ma chin e being em ulated. An em ulatio n must

atte m p t to m atch the target machine ’s features arid ma inta in

its f l e x i b i l i t y  of h ardw are desi gn as closely as p ossible.

Alth ou gh i t is not re cuired , an op erational demonstration of

the emula ted ma c h i n e  can solve man y e m u l a t i o n  questio ns .

In e m u l a t i n g  the A r~/UY K— 2O , arc hi t e c t u r e  and perfor—

ma nce c r i t e r i a  were derived from technical p ublications ,

sin ce an actua l machine was u n a v a i l a b l e .  v~he n incons isten-

cies appeared in t h e  doc ume nt ation , sp eci fi c questions were

posed to a UN I VAC f i e l d  engin eer , who often tested program s

on the AN/1I Y~~— 2O ~~ resolv e inconsistencies. Docume n tat ion

coupl ed w i t h  an exp ert consultant p rovided s u f f i c i e n t  infor-

mation for e m u l a t i n g  th e AN /UY~~—20 su c cessfull y .

The intent of t h i s  ch ap ter is to out i m e  those features

of the AN /UY~~—2O s i g n i f i c a n t  to the em ul a tion. ~ c~et ailed

hardware descri rftio n can be found in Rels. 20, 22, 28.
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A . hA RDWAR E DESIGN

The AN /UY~<— 20 was lesigned for the ~avy to f u l f i l l  the

requirements for sma l l  or m edium size ger~er al purpose data

pr ocessin g in shipboard, m obi l~ shel ter , pr othe r m i l i t a r y

envi ronm ents. Sperry Un ivac incor p orate d -rini c omp u t er tech-

nology in constructing tri m A N /UYb—? ), i n c l u d i n g  h~SI circui-

tr y design, mi cr~~~rogramm ed control , me m o ry m o a u l a r i t y ,  and

asynch ronous or synchr ono us in p ut /out p u t c~~ann e ls .

The AN /U fl<—20 nad to be e x t r e m e l y  f l e x i b l e  in i ts app li-

ca tions , off e ring a ~iae ranae of c o n f i g u r a t i o n  p oss ib il i-

ties w h i c h  were d e r i v a t i v e s  of the basic desi gn. ‘~‘od u lar—

ity, a concept h i g h l y  desirable in a i l i t a r v  environment,

was ach ieve d by offerin g op t iO ns t h at Could be eas i l y  addea

usin g p rinted C i r c u i t  cards and/or m em or y mc’iules .

The A~~/IlYK— 20 can acCom ocia te uo to eior t 8~~, sixteen—b i t

word boards of m a gn etic core storage w i t h  an access ti m e of

750 nanoseconds. The central processor is c o n t r o l l e d  by a

or oqr amm aol e r i c r om em o rv w h i C h  can ~e exp anded by an addi-

tional 512 words. Th~ mi c r~ orogram c o n t r o l l e r  is programmed

at the factor y, hut the add i t i o n a l  m i c r om em or y op tion is

user defined. Both sectio ns o~ mi cr om en or y are p rogramme d

usi ng fu s i b l e  l i n k s ,  and once Programme d ? h C y  a re c o m p l e t e l y

static (Figure I l l — i ) .

A m em o ry interfa ce is re sp onsi b le f~~r t~~e transfer of

dat a to — em or y trom the c’ntra~ processo r (CP) an~

•1 i n p ut /out p ut c o n t r o l l e r  (IOC). Rot h the JOC ana the CP are
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cap ab le of accessing al l  0f m em ory (65,536 words maximum).

The addition of dir ect mem ory access (Dh ~4) pr ovide s a second

mem ory interf ace and an additional access port whi c h is con—

nectea to each of the two 32K memory segments.

The input /outout controller p ermits the central proces-

sor to comrr uri ic at e w i t h  the exte rn al dev ices without

interfering wi t h  program executio n . The IOC has a max imum

of 16 p a r a l l e l  or ser ial channels. P a r a l l e l  data transfer

takes p la ce as yn chr onous ly usi n g 8—bit , l b — h i t ,  or 32—bit

transfers. Serial in ter faces are either synchronous or

asynchronous , w i t h  Aord — t o ser i al or serial—to—word corver—

sions O CCurr inq i n  the IUC . Th e IOC and CP Compete for

me m ory access throug h the m em o ry in terfa c e w i t h  p r i o r i t y

given to the IOC in the event of a simultaneous request.

The IOC is p ermanently assigned several m em or y addresses for

command word and in terru p t word storaae .

The addressable high—s p eed registers a v a i l a b l e  in th e

AN/ U YK— 2 0 include the p rogram address reg is ter (P—re gister),

two 1 6—b it status re gisters (SRi ana SR2), a r e a l — t i m e  clock

register (32—hits ), a m O n i t O r  clock regist er (lb—hits ), and

a set of sixteen 1b—t it gen eral reg isters. An additional

stack of lb general re g isters is an a v a i l a b l e  hardware

oot ion.

• The sixteen gen eral ‘~eg i ster s were inc l u d e d  to enhance

the soeed and p erforma n ce of the A N/ U YK— 2 0 , a l l o w i n g  most

Program s to use a great p ro p orti on of re g ister—to—re g ister
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instructions. These oener al registers can me used as accu-

mulators for a r i t h m e t i c ,  s h i f t ,  or logical functions , as

index registers, or as temp orar y storage locations. m e

seco no set of general registers can be readil y emp loye d via

a s t a t u s  b i t .  This status hi t  desi gnates whi c h  general

register stack is to oe u t i l i z e d .  The du pl icate set of gen-

eral registers yields d ividends in a m u l t i — t a s k  or heavy —

inte r ru p t Processing envir onment. T h i s  a d d i t i o n a l  register

set can be used to Provide hi qh—s oe ed tem p orar y storage.

thus avoidin g slower main memor y storace of working van —

ab I es.

The two 16—bit status re g isters ano the orogram adaress

register represent the ~ra chine status of the AN/ UYX—20 .

ahen these registers are c o l l e c t i v e l y  referenced , the y are

c a l l e d  the program status word (48 b i t  PS’~). the P—register

indicates the next i n s t r u c t i o n  to be executed. Th is

i nstruction may be a là— h i t  sin gl e—word i n s t r u c t i o n  or a

32—bit d ouble— w ord i n s t r u c t i o n . Progr am control can be

modified by usin g an i n s t r u c t i o n  w h i c h  m a n i p u l a t e s  the con-

tents of the P—register.

Status re aister I contains bi t  i n f o r m a t i o n  concerning

condition code settin g s, overflow , ano carr y b i t s ,  interru p t

codes, and numerous ot n e r m achine i n l i c a t i o n s  (Figure

I 1 1 — 2 ) .
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AN/cJY x -20 FrJNcrroNAI. A R C H I r E C X ’ U R Z

T ~ Pur
OUTPUT MIMOMY

[CONTROL 
_________— — — — — _ _ _ _ _  _ _ _ _ _

SOURCE BUS I
A _ _ _ _ _ _

HLAL U MICRO 

_______ 

~~~~~~~~~~~~~~~~~~ ~NTERFACE~~~

[R~~~~~~::S J 
~~

°

~~~J ~~~~~~~~~~~ _______ _______

_____________I DESTINATION IBLJ $

MICROPROGRAMM ED CONTROL

Figure 1 1 1 — I  (22)
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STATUS RE G I S TER 1

~~ ~~ 112 Ii 10 7 4 3 1 2 I 1 ~--  I -_ _ _

• I ENABLE II) OR DISABLE
I i0) DMA

AU.OW (1~ OR LOCKOUT (0)

-_
CLASSIII INTERRUPTS

ALLOW (I) OR LOCKOUT (0)
CLASS II INTER RUFTS

ALLOW (I)OR LOCKOW (0)

I CLASS I INTERRUPT S

NOT uSED ________ —____

ENABLE FLOATING POINT ROUND (01

• 
OR PRO VIOE RESIDUE (II

ENABLE (0) OR DISABLE ( I )  CHARACTERISTIC
OVERFLOW.uNOE RFLOW INTERRUPTS

CONDITION CODE DESIGNATOR

OVERFLOW DESIGNATOR

CARR Y DES IGNATOR 
________________________ -

NORO (0) OR MAIN MEMORY (I) REFERENCE FOR ADDRESS 0077 . 300477 
—

NOT USED 
___________ ______________________

GENERA L REGISTER SET 0 (01 OR SET I Ill ACTIVE 
—-______________ _________________

NOT USED

~ Q~jpITION CODES

SR BITS
Band 9 ARITHMETIC COMPARE

00 0 R ’~ ~
Rm I

01 >OIPOS) IR i).> l R m ) O~ l Y I

ID Not U~.d Hot Uted

II <0 NEG) (R e ) < IR m I ut IV )

F i g u r e  111—2 123)
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Status registe r 2 h olds control b i t s  for direct or

indirect ad iressi ng, and holds interru p t codes. Interru p t

processing routines set b i t s  in the interru ot code fi e l d

Corresp onding to the ICC in t~~rrupt (Figure 111—3 ) .

STATUS R E G I S T E R  2

IS 14 113 12 f 11 IO~~ 9 8 1 7  6 5 4 3 2 1
4 -

I INTER RUPT CODE

INDIRECT CONTROL BITS FOR A, 0

I INDIRECT CONTROL BITS FOR A 12

INDIRECT CONTROL SITS FOR A 14

INDIRECT CONTROL BITS FOR A 16

INDIREcT CONTROL SITS MEANING

00 Norma’ Addressing .
01 Nor~ia1 Addressing.
10 Indirect Addressing win indexi~n:

I~R st ‘~ —

11 Indirect Addressing with indexing;
tWi st ? y +

Fioure 11 1— 3 [23)

The r e a l — t i m e  clock •an1 m o n i t o r  c l oc k registers p rovide

p rogram—controlled inter ru p t c a p a b i l i t y  wr i i C~ is useful for

t i m i n g  and synchron i zin g orooram segm ents w i t h  r e a l — t i m e

even ts. The r e a l — t i m e  clock (PTC) is a ~2— bi t r e q i s t e r  u s e d

a s  CO u n t UP s t o r a o e  ~.ri i l e  t h e  m c , n i t o r  cloc k (MO ~j) is a

lb~~~i t c o u n t — d o w n  re~~~j s t e r . ~ o ne < H1 inte r n a l o s c i l l a t o r

co n t r o l s  t h e  c o u n t i n g  s p e ed  o f  00 t h r e g i s t e r s .  4 n  ort~~ona l

3L)
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e x t e r n a l  clock ooerati n g at a frequency uP to 50 kt)Z is also

av a i l a b l e .

I n t e r r uo t  o r o c e s s i n a  i n  the £IN/ L JYK— 20 is conducted using

a p r i o r i t y  l e v e l  s c h e m e  w h i c h  c l a s s i f i e s  i n t e r r u p t s  i n t o

t h r e e  P r i o r i t y  l e v e l s  ( c l a s s e s ) .  I n t e r r u p t s  w i t h i n  t h e  same

c l a s s  a re  a s s i g n e d  a p r i o r i t y  r a n k i n g  and a code wh i c h  iden—

t i f i e s  w h i c h  p r o c e s s i n g  r o u t i n e  t o  e x e c u t e .  D u r i n g  i n t e r -

rupt  h a n d l i r , q ,  a l l  i n t e r r u p t s  o f  t h e  s a m e  level or lower

l e v e l  a r e  locked out  u n t i l  the CP is com p leted p rocessing

tr’ e c u r r e n t  i n t e r r u p t .  )-4 i g h e r  p r i o r i t y  i n t e r r u p t s  ca n  ove r -

ride the locko ut and cause the CP to honor th em f i r s t ,  h o ld—

ing t,e lowe n level interrupts in  a b e y a n c e  u n t i l  hi g her

l e v e l  i n t e r r u p t  o r o c e s s i n g  i s  comp let ed. The h ig hest prior-

ity interr up ts are har -Iware ~r a l f u n c t i o n s ,  f ollowed by

soft..are interru p ts , and at t~~e lowest level , IOC inter-

rup t s.

Perm anent locati o ns in memor y corresoondir ,a to each

interru p t class holc the ~~~ and RTC when an interru p t is

be ing honored . Like w ise , oth en oerm anent m emor y a~ dresses

a s s i g n e d  t o  eac r i  i n t e r r u p t  c l a s s  bo l d the apPr op riate i n t n r —

ru pt r o u t i n e  e n t r a n c e  l o c a t i o n  to he l o a g e a  i n t o  t h e  PS~’i .

M p~~o ry  a d d r e s s i n g  i s  a c c o m o l i s h e d  u s i n g  b4 pag e a d d r e s s

r e g i s t e r s  w h i C h sep arate ~‘emn .rv int o 1()2~4 wor d maces. ~bso—

lute addresses are for rn e~i by i s o l a t i n g  the upper six b i t s  of

th e r e l a t i v e  address ~o find the oage address regis ter

num ber, and th en concatenatin g th, lower six h i t s  of the
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pag e ad dress r e a i s t e r  c o n t e n t s  w i t h  the l o w e r  ten b i t s  of

the r e l a t i v e  ad dress ( F ig u r e  T1I— ’4 ). Any operation that

stores i n t o  m e m o r y  sets the m ost s i g n i f i c a n t  bit of th e page

address re~~i s t e r  use d in g e n e r a t i n g  th e  address.

Some add i t i o n a l  ha rdware features of the AN/UY (< 20 are

those functions ava i l~’t le on the maintenance panel of the

machine i t s e l f .  These include a break poi nt feature which

a l l o w s  an operator t-, insert from the panel an address wh i c h

causes ‘he A~~/ JYI (— 2O to stop execution w~ en the selected

a d d r e s s  i s  r et e r e nc e c .  O t h e r  a v a i l a b l e  t og a l e s  a l l o w  halt-

ing execution pr ocr a rr ma t ic a ll y usin g ~ey I o r ~ey 2 on the

m aintenance p anel. These agd i~~io nal har-iwa re features are

use ful debunc ,inc to cls.
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8. 1 NiST (~UCT ION FO~~~A TS AND )-~LPEPTOI r’F.

1. Rep ertoire of Instructions

The AN /UY~c—20 i n s t r u c t i o n  set is composed of near ly

• 2b0 separat e in structions designed to ~e both versatile and

co m p r e h e n s i v e .  E~o t h  si n g le— w ord (l b — p i t )  and double—word

(32—bit ) instruct i on s are a v a i l a b l e .  Sorr e of th e s e  i n s t r u c

t i o n s  are s o e c i u i c a l l y d e s i g n e d  to meet the reQuire m ents of

a r e a l — t i m e  environment. ~ few sam pl e instructions in clu ge :

a. Local j u no  — used to f a c i l i t a t e  b oos, say—

i ng  several step s in orogram execut ion.

h. Reverse re g ister — used i n  a c o m m u n i c a t i o n

environment when data is received in one

Se c u e n C e  t~ut m u st oe tra nsmitte d i t- r e v e r se

• s eque nc e .

c. Set p i t ,  clea r h i t ,  and test h i t  — used to

- test in ~)j v id u al P it s i n  re g isters saving

co nsiaera h le executio n ti m e in prooram s that

com m u n ic a t e vi a flags and Status words.

~~d O i t i On a J  f l e x i o i l i t y  is cr ov ide g when the ‘m at h

pac ’ har dware c’c’tion is i n c l ude d in th e A N /U Y I~—2O configura-

tion. Some 33 ad d i t i o n a l  oocodes are addea to the in struc-

tio n set in order to in crease the c om p utationa l c a o a h i l i t i e s

o f  the m a chi n e. ~~r, i n 5 t r t j C t 7 0 0  f o r  sQuare root, double pre-

ci sion m u )t ’ o l v / n i v i c e  i n s t r u c t i o n s ,  as wel l  as hardware

t r i oo rlo ! re t r i c  ar~ 1 h y~~e rbol ic functio n s w h i c h  u t i l i z e  coordi-

n ate cn n v er sio n a l n o r i t ~~m s (cn r d i c ) are included.



___________________ -

Single—word ins t r u c t i o n s  are generally empl oyed when

m a n i p u l a t i n g  operands in b igh—so eed regi sters. Double—word

instructions are used in op eration s i n v o l v i n g  direct or

indirect aadres sina w i t h  or n i t h o u t  indexing, or supplyin g

lb—bit constants to Programs. T yoi ca ] in s t r u c t i o n  speeds

for a single—word versus a double—word instruction are;

SINGLE—WOR D DOU P3LE—~~O RD

I~DD .75 — 1.5 usec 1.5 — 2.25 usec
LOAD .75 — 1.5 usec 1.5 — 2.25 usec

IV ULTI PLY 3.~3 - 4 . 0  usec — 4 .b usec

DIVIDE 6.8 — 7.0 usec 7.~ — 7.5 u sec

‘iear l y a l l  i n s t r u c t i o n s  a f f e c t  c o n l i t i o n  P i t s  in

s t a t u s  r e g i s t e r  I. Trle ~N/U YK — 2u sets toese b i t s  as a

r e s u l t  o f  t w o  t y p e s  o f  o p e r a t i on s .  M0~~t i n s t r u c t i o n s  t h a t

do not ir ’Iv o l ve comp are logic are categorize d as a r i t h m e t i c

in st ruct ions. i~hen the result of the a r i t h m e t i c  op e ration

‘ 5  de ’ermi ned and is about to he stored in mem ory or a

register, a conaiti- , n code is set i n d i c a t i n g  wheth er the

result is o o sit 4ve , n e g ative , or zero. Compare in s t r u c t i o n s

set the C o n d i t i o n  p i t s  based on a greater than, less than,

or egual to comp arison o~ two reg i s t e r s  or a regis t e r  and

• th e cont~’nts of a m emor y aidress.

Tw ~ othe r h i t s  in S~~1 are set as a result of corrou—

t a t i~~n-a l or S~i i f t i nn i n s t r u c t i o n s .  The o v e r f l o w  oDsign ator

i s  se t  w h e n e v e r  an a r i t h m e t i c  or s ’ i f t  O p e r a t i o n  r eQ u i r e s

m o r e  n i p s  ~~~~~~ ~~re p rovi iCd for in a rp a is t er (I~ bits).
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The carry designator is set when an a r i t h m e t i c  operator gen-

erates a carry beyond the most s i g n i f i c a n t  bi t  of the regis-

ter.

The AN/UY K— 20 a l l o w s  l ive d i f f e r e n t  types of operand

formats: sin g l e—lengt h , b yte , l i t e r a l ,  ootiona l floating

p oint , and do uble—length. S i n a l e — l e n q t h  operands are tb—bi t

values w i t h  the sign bit assumed to be in the most signifi-

cant bit. In a r i t h m e t i c  c a l c u l a t i o n s ,  th e sing l e — l e n g t h

word is assumed to be a two ’s co m p l em ’~rit integer. B yte

operands are considere d 8-h it unsi gned integers, and can be

the most si g n i f i c a n t  or least s i g n i f i c a n t  h a l f — w o r d  of a

memory l o c a t i o n. L i t e r a l  operands are 4 — b i t  unsi gned

integ ers aenotec by the ‘m ’ f i e l d  of a l i t e r a l  typ e i n s t r u c —

t l O f l .  F l o a t i n g  Poi nt ocerands are formp r j us ina two aajacent

registers or memory lo cations w i t h  f i e l d s  containing the

sign of t he f r a c t i o n , tne c h a r a c t e r i s t i c ,  an-i 24 h i t s  o~ the

f rac t i on .

Dou ol, — l en g th operands are concat en ate d from two

adjacent re’i iste n s or two ad jacent memor y addresses. The

most s i g n i f i c a n t  h a l f  of the double—length op erand is con-

tai ned in the low—oroer re g ist e r or memor y eadress, and the

least s i g n i f i c a n t  h a l f  in the next sequential register or

address. The sign h i t  for hots words resi des in the hi g h—

order oit p ositio n of the most si g n i f i c a n t  half—word and

w hen used in an a r i t h m e t i c  c a l c u l a t i o n , the double—length

op erand i~ treate d as a two ’s com pl em ent integer. In st ruc—

t i ons i~~v o l v i n g  1ou hle—l en ~~th operands reQuir e the low—order

() 
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register or m emor y adareSS to be even, sin ce the adjacent

cell ada ress is form ea by ‘O R ’ —in g a I in the least si gnifi-

cant b i t  of the address.

• 2. Instruction Form at

The 4N/UYK—20 has fiv e  d i f f e r e n t  in s t r u c t i o n  word

for mats, desjqna~~ed by t w o — l e t t e r  mn emonic codes. These

codes are: PR (Register Ppqister ), ~L (R egister—L iteral ),

RI (Reg ister — Imm ediate ), RK (Re gister—Constant), ann r~X

(Registe r— Ina ex ) . Each of these formats are ~~~s i i r ~a t e g  in

the instru ction word by a com bination of th e opcoge f i e l d

H and the suh funct i on coie. R e g i ste rs are i d e n t i f i e d  in the

‘a ’ and ‘m ’ fiel a s of ‘~‘e i n s t r u c t i o n ,  an~ are re ferred to

by the n ot a tion F~a an i P- • m e  ‘ v ’ f i e l d  i s treated as an

address or a rit ~~r e t i c C on st a ri t ,  ciep enOir~o on th e i n s t r u c t i o n

( F i g u r e  111—5 ) .

The form at PR s i n g l e — w o r d  i n s t r u c t i o n s  perform

op eratio n s i n v o l v i n g  the re gisters soecif i ec by th e ‘a ’ and

‘m ’ fi elds. N~ memo ry references are made to access

ooerands, causi ng c o n s i d e r a b l e  savings in execution tine.

The ‘a ’ or ‘m ’ f i e l d  ma y be used to index special op erations

on regi sters.

Format RL in s t r u c t i o n s  use a l b — b i t  i n s t r u c t i o n

word , usin g one ~r two general re gisters , The ‘a ’ -des igna-

tor se lects the gen eral re j ist e r Pa or register ca in Pa,

j~ 1. The ‘m ’ des i cn ato r cont a ins the 4—hi t l i t e r a l  v a l u e

w h i c h  w i  H re used in t~~e i n s t r u c t i o n .
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INSTRUCTIO N FORMATS
F 15 1 14 1 13 1 12 1 11 1 1 ° ~l8 7J 6j5f4 

________

RH I 0p U a m

a selects Ha; m selects Rm

115 41i31i211 iho 918 7! 6~ SL~T1! 2

RL Op’ U m

a selects Ra; m containS 4-bit constants.

RI•i 11 1 41131 21 11,0 9j  B 7 16 1 5 1 4 1 3 1 2  1 0

Local Op~ I d
Jump

d is signed numbe r of instructions to jump, relative to curr ent posit ion
1+ is forward; — is backward )

RI-2 Fi~
11d I13 112 1h u 1b0l9l8 7 1 6 1 5 1 4 3 1 2 1 1 1 0

Indexed I Op~ J 1 a m
Memory

a selects Ha, m selects Am. A m selects memory address.

15 1141131121’ ‘oT~ ~a 1~ I 5 J 4  3 1 2 1 1 !  0 1fslIa!131121111i0!g 1 8 1 7 1 6 1 5 1 4 3!2

AK Op ’ 2 a L m L
a selects Ha. m ~ 0 selects A m. in 0 selects 0.
Operand 

~ y or 0.

~~~~~~~~~~ ifl0 J 9~ 8 1~ Is ! 
4
~ 

3 1 2 1 1 1  c~ Is Iia l i 3h2 !,llioIg !8 1 7 1 6 ! 5 2 -

AX Op~ 3 a m

a selects A
~. m ~ 0 selects Rm. m 0 selects 0.

+ 
~ m 

or 0 selects memory address.

0p is oDeration code

F i g u r e  I l l — S  [ 2 3 1

~ 
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Ri f o r m a t  s i n g l e — w o r d  i n s t r u c ti o n s  a r e  s e o a r a t e d

i n to two cataoori es. RI r ype I in structions ar~ l o c a l  j ump

instructions where the P—re g ister is increased or decreased

by the ‘ 1’ f i e l d  in the instruction. The ‘d ’ f i e l d

reoresents the two ’s compl eme n t deviation value and a l l o w s

the P— reaister to be altered a m a x i m u m  ~ f +177 octal or —200

octal. RI Type 2 instructions involve ooerations that use

the genera l regi sters Pa and Rrri , and a mem or y address speci —

fiea ny the Content s o f Pm .

The format ~~~~ instructi o n S contain 32 bit s  of infor-

mation. The uooer l b — b i t s  co ntain the op eration cooe and

the designator fields. The ‘a ’ f i e l d  selects the genera)

register ~a, and the ‘m ’ f i e l d  denotes how the next ward,

contai ning ‘y ’ , is to ~e used , if ‘
~~~

‘ eau -a ls zero, th en the

ef f ec t ive op erand aglir ess Y , equal s ‘y ’ . If ‘m ’ does not

equal rero , then Y is formed by acl d in a t h e  con te nts ~ 4 Pm to

Format RX are loubl e word i n s t r u c t i o n s  s i m i l a r  to

the ~~~K i n s t r u c t i o n  that use direct and i n d i r e c t  adare ssing

t e c h n i a u e s  g e t e rm i n e d by the ‘ m ’ f i e l d .  If the ‘m ’ f i e l d

equals zero, t h e n  direct addressing w i t h out indexing is

emplgy ei , w i t h  the e f f e c t i v e  operand address form ed from the

‘y ’ f i e l o  i t s e l f . If the ‘ -‘ ‘ f i e l d  ea u a l s  1 through 7, 11 ,

13, iS, or 17 (octal ), th en d i r ect address ing w i t h  indexing

is em cloyei . The e ffo ct ive op erand address is f o r m e~ by

addi ng t~~e Con tents o# Pm to ‘v ’ . An ‘rr ’ f i e l d  v a l u e  o f  10,

12 ,  j ~4 , or le ~ (oc t al) indicates indi r ectio n is to be
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employ ed, and the i n d i r e c t  address control fie las in status

register ? contain information w h i c h  is useo to generate the

e f f e c t i v e  ooe rand  add ress  or a c a i r  of  i n d i r ec t  w o r d s .  ~‘vhen

the control f i e l d s  ecual 0 or 1, then direct addressi no w i t h

i n d e x i n g  r e s u l t s .  If t h e  c o n t r o l  f i e l a  eq u a l s  2, then  t he

c ont e n t s  of the  first i n d i r e c t  word (I~~1) is located at ~~~~

F i n a l l y ,  if t h e  c o n t r o l  f i e l d  e a u a ls  3, then I?1 1 is located

at ‘ y ’ ind ex e d  by t h e  C o n t e n t s  o f  Rm. In d i r e c t  w o r d  f o r m a t

i s  shown in F i g u r e  1 11— n . Cascaded i n d i r e c t i o n  is ooss ib le

p r o v i de d  t ha t  t h e  i n d i r e c t  words are pro p e rly encoded.

I 3 yt e  a d d r e s s i n g  i s  a c c o m p l i s h e d  u s i n g  RX f o r m a t

instructi ons. A b y t e  i d e n t if i e r  (~~) is used to aeterm ine

whi c h  h a l f — w o r d  (s—h it ) is to be ref .~rence d. If B equals 0,

then the most s i g n i f i c a n t  h a l f w o r ; i  in address I’ is  t h e

o pe rand  b y t e .  If  ~ ecuals 1 , t he n  t h e  l e a st  s ig n i f i c a n t

by te  at  Y i s  t h e  o pe r a nd .  T h e  l e a s t  s i o ’ i f ic a n t  t ’ i t  in the

indexing re g ist er is used as the b yte i - i e n t i f i e r , and tn e

r e m a i n i n g  15 b i t s  a r e  used as t h e  i nd e x i n g  v a l u e  f o r  f i n d ing

~~~. In d i r e c t  by te  o o e ra nd  a ld r e s sin a  f o r m u l a e  a r e  i n c l u d e d

in F ig u r e  111 o. Ih e fo ll ~~w i n a fo rm u l ae app ly for dire ct

byte operand addres sing:

m:0, Y:y, an d ~~ 0

‘n :1—7, 1 1, 13 ,  15,  ~ r 17 octa l

y:y + ( P r n ) /2  and f3~~LS b ~ f (~~
. )

~ I 4
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The orecedinq seC t i on has c~escribed the funda m e n t a l s

of t he ~N/UY K—2O i n s t r u c t i o n  form ats. Peferences 21 and 23

should be consulte d for furt h e r i n f o r m a t i o n  concerning

i n s t r u c t i o n formats and decoding. 

I ~ ~~~ 
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INDIRScT WORD FORMATS

15 14 13 12 I i  10 9 0 7 6 5 4 3 2 1 0

I ~oi I .1 NOT USED X 1 1W 1

- 1W 2 1 1 W ?

VA LUE 
ADDRESS DETERMINATION

0 V ‘ 1W?; if byt , mods , up~r byi • 5 ussd .

V ‘ 1W? • (Hz); if byt. modS , (.58 ~ ~ s d.t.wwo.s byte.

2 V • • IRmI; II byt. moda, I_SB of Sm ‘iii ‘zl nn byt s .

3 V • W2 • (Hm,-tl ; it byll mod., I_SB of S im. I d.tItmiMs bytC.

‘.0. DIRECT ADDRESSING . OPERAN D AT ADDRESS V

I • 1 , CASCADED INDIRECT ADDRESSING . NEW IN OIRECT
WORD I AT ADDRESS V

To d.i.rm ,n. Iii. oOs r.nd oddriss mlii ,, ii byts mod., II,, CØ~ ?Ii~~ ‘t H~ ~ 5 m’ or H ,, , i s
nqssI IhuIlid 1 hiS osetu on and tire f,il.d in hi Ist* most position

Fi g ur e lI i— ~ (2 3)
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IV. I3URROUGhS D— MACH INE

A . HA R D~’JARE DESCRIPTION

The mi Crop ro gram ’ri nq f a c i l i t y  at the Naval Postgraduate

School is compose d of a I~ur roughs  Inte rp reter—Based system.

This system oossesses the c h a r a c t e r i s t i c  of being dynami-

c a l l y  m icrop rogramma bl e and is desi gned using a si mp l e

b u i l d i n g  bloCk st ructure. A t yo i cal sy stem is mace up of a

number of interoreters (processors), main  memory modules ,

and inp ut /output devices , alon a w i t h  a s w i t c h  interlo c k aev—

ice (Si’I) c o n t r o l l i n g  dat a flow on tn e data bus conne cting

the inter p reters to m ain memory and p e ripheral devices. The

heart of the syst ei~ is the iri t e r c reter, also re ferred to as

the D— ma ch ine.

4 0—m ac h in e oossesses fiv e f unctional modules : the

loa ic unit (LU), t~~e contro l u n i t  (CU), the memor y unit

(MU), narom em o ry (N’~’), and m icr op ro gram m em or y (MPM), The

sys tem p resently i n s t a l l e i  i n  t h e Comp uter Science Depart-

men t combines nanom e ’rory and mi cro p rogram m emory in to one

functional un i t. The arc h itecture of the 0—ma chi ne is

desi gned around ~~b it word slic es. i~ord len g t hs from 8 bit s

to b-4 b i t s  are cer ’i s sit’le us in , th e same functio nal uni t

(Figur ’ l \ 1).



I NTER P R E T E R  BLO C K D I A G R A M

A l ternate — Data Inpu t
________________________________________ M icrop roqra~ from

L MICROPROGRAM MEMORY (P1-MEMORY) 
1 

Count Register M emories
EXT AMP CR/SMA R and
CON D P e r i ph e r a l

Comman ds 1 p Dev ices
________________ CTR/ZEXT/LIfl

LO G IC ICON TR OL UN I T
U~)IT (LU )

SAR 1. Commands to _____
LU (Comaan d

Type I I  Regieter) Commands ~~~~~ 
~~1jjIIE~~~~Irsstr. ____________ _________

LIT 
2

amt to
S p e c i f y  s~~ft 

~~l L._......3............J
b a r r e l  swi tc A2 IAMP CP. I

MEMO~~. U
CONTROL UNIT 3. C o n d i t i o n

[1. MPM A ddressj 

(SAR ) A 3 I ~~~~~~ LEC

testi ng and 
~ J ’  •

~~~~~~~~~~v
sett~.ng 

Dynamic ~~in g MPCR / ____________ ___________________

AMPCR SAR 
Condit i ons

2 .  M em /Device
Ad dressing 

SWITC}~AMP CR/CTR BARRELM P M  BR I / 0 R 2 / M A R  B R 1/ 9 R 2 / M A R  L _______________ ________________________Addr 3. Spec. Fcts
LIT/CT~ __________

1LIT/CTR/AMPCR/BMAR 
1 r~ t R  j
Conditions _________________

Main ~~mory  to LU to Other

and In terpreters
P e r i p h e r a l  ~ddres sing

Data Outp~.~t
to M emories snd

Peripheral De’,ices

Fi g u re tV — I (oi
‘I
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The D—m a cn ine used for t h i s  th esis haS been configure o

as a 3d— b i t  wo r ,1 processor. Peference 17  pr ov ide s a

thorotjqn and concise d escr ip tio n of t h e  a r c h i t e c t u r e  of an

inter p reter—base d rr icr op ro ora mm in a system . ,
~ele rence 6

de t a i l s  the sp e c i f i c s  of 0 —m a c h i n e  m icropr o g ramming w h i c h

m ust oe thorou gh ly understood by the pr ogrammer.

1. Logic Unit

The 0—m ac h in e ’s loi ic un i t  pe r f o r m s  s h i f t in g ,  a r i th-

m e t i c ,  a n i  l og ic  f j n c t io n s  and con~~ai
’ ns sc ratc h pan re cis—

t ens and 3a !a i n t e r f a c e s  f o r  t h e  s w i t c h  i n t e r l o ck . ~ l l

adder op erations are p erfor m ed using two ’s comp lem ent ar ith-

m e tic, ena s h i f t i n g  is a cc om p lished in a m a t r i x  ~ f g a t e s

c a l l ea the b arrel s . i t C ” .

The scratch ca-i reg isters ~ 1, A2, and A 3 are ide nti-

cal i n f unc t i o n . Th ey act as tem p orar y storage reg isters

m i t h i n  tn e D ma cr~in e ano serve as p r i m a r y  inputs to the

adder . tne control u n i t  deter m ines wt ,ic h r e gister w ) l l  he

an inpu t tc t u e  ail rier . .~n y of the A—r e ’iisters car’ receive

t he  o ut o u t  f r o m  t h e  o a r re l  s w i t c h .

T he B register functions as t h e c r im ary external

inp ut interface from the sw itc h i n t e r l o c k . It ac ts as the

seco ni inp ut to m e  adder and can receive certai n di r e c t

inputs from the adder ’s a r i t h m e t i c  opera t ion s . The b regis-

ter can p p  lo a o ec  f r o  any gf tb ’ f o l l o w i n g  sources:

4 8
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a. The barre l sw i t c h  outout .

b. The adder outpu t.

c. External cata from the s w i t c h  interlo ck (or con—

tr ol panel switc h es ) .

d. The mem ory informa t i o n  reg ister (Mill).

e.  The com p le ments of four bi t or eight o i t car—

r i es.

f .  The bar rel Sw j t C h  Ull p~ w i t h  the adder, external

d a t a  f r o m  t h e  s w i t c h  i nt e r lo c ~~, on MIl l .

Th e out Put o~ the ~ re d is t e r  i s  f i l t e r eu  p r i o r  t o

gat in g into th e adder . Ik e ‘ f i l t e r ’ consis ts of

t rue /com plemen t selectio n gates w h i c r ’  are d iv ice d into three

sectio ns the m ost s i g n i f i c a n t  b i t ,  tu e least s i g n i f i c a n t

Pit . and a l l  t h e  r e m a i n i n g  c e n t r a l  p i t s .  The Ou tput of t h i s

f i l t e r  i s  t he  indepe nden t  r e s u l t  o f  t h~~sp sec tions and may

be either a l l  zeroes, al l  ones, or th e true contents or

one ’s co m p le m e n t  of the con te n ts of the res oect ive b i t s  of

th e B registe r .

The memory i n f o r m a t i o n  ru °qi ste r is the inter ’ace to

the sw i tc h  i n t e r l o c k . ‘Alp functio n s as a bu ffe r to m ain

memory or to a p er ioher a l d ev ice. tt is an Out Put destina-

tion of the barrel S w i t c h  and i t s  out Put car ’ be sent tO tne

E3—r eg i ster or the S w i t c h  i n t e r l o c k

The adder in th e l o g ic unit p e r f o r m s  a l l  a r i t h m e t i c

fu n c t i o r s  and can be catea o ri zel as a ve rsion of a carry

look—a h ea d adder. The contr-’il tjn it  can gate various comb i—
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nations of A , B , an d Z inp uts to th e adder. An ‘A’ input is

defined as an input from one of the three Scratch pal reai$’

ters. ~ 
‘
~~~

‘ input is the outout of the B register ’s

tru e /compl eme nt f i l t e r  dates. A ‘Z’ inout is an external

inPut to t he lo c i c u n i t  ano can ori g i n a t e  from one of the

f o l l o w i n g  sources:

a. The o u t o u t  o f  the counter in the memory control

u n i t  (‘
~CU ) w h i ch  is gatco to the most sign i f i -

cant ei ght b i t s  of tue adder w i t h  the remaining

h i t s  z e r o e d .

b . The out Put Of the l i t e r a l  rea iSter in the MCU

w h i c h  is gated to the least s i a r ’i f i c a n t  eig ht

b its of th~ ae~der i.~i t h  the rem a i ni r ’q b i ts

z e r o e d .

c. A n op t i o n a l  in p ut ~h i c~ i s  ~ a tea into th e — i - i d l e

bytes of the adder w i t h  the m ost and le~~st sig-

n i f i c a n t  b ytes zeroed.

d. The outout of the alt ernate ‘rrcrocro qrar ’ Count

r eg i s t e r  (Ai PCR) in the “CU w h i c h  is ga ted into

t h e  le a s t  s i g n i f i c a n t  12 b i t s  of th e acier (13

r i t s  for ~~ m icr ome ’norv m a cn i n e s )  w i t h  a l l  ot h er

b i t s  being zeroed.

e. A l l  zeroes.

Two inp uts , selectee from the A , B, or Z so ur ces ,

are al - ~ avs ga ted to the aaaer . These inp u t s  a re re ferr ed to

as X — s e l ’u c t  a” -~ V—sel ect. ‘In ‘~— sel e c t  inp ut may ne e i th e r

an ~ ~m rut o~ -a L ~~np I ,at . If it is not sp e c i f i e d ,  it is
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assu med to he zero. A v a l i d  V—selec t has e i t h e r  a B, Z or 1

as its inpu t. Some Z inputs, however, are v a l i d  only as Y —

select in puts. An y c o m b i n a t i o n  of v a l i d  X— se )ects and Y—

selects are per m i s s i c l e  addends, w i t h  an octi on of adding a

one to the least sie n i f i c a r i t h i t .  For su b t r a c t i o n  ooera—

tions , the value to be subtracted must be a Y— s e l e c t ;  the

V—select input is sub secuent ly two ’s com p lemented and g a t e d

to the adder. A l l  b inary Boolean op eratio n s betwe en two

adder in p uts are a l l o w e d ,  ari d d yn amic c o n d i t i o n  b i t s  for

o v e r f l o w  (A Ol ), a l l  p i t s  tr ue (A3T), and most /least si g nifi-

cant bi t  test (MST/LST) are a v a i l a b l e  to the control unit

for testin g . ~ i t t e s t i ng  is a v a l u a b l e  feature for decoding

instruction words.

The barrel c . i t c h  is a m a t r i x  of gates that accepts

o a r a l l e l  da ta from the adder and s h i f t s  the data any number

of p laces to the l e f t  or ni a nt w i t h  zero f i l l . It also can

r i ght s h i f t  the worc in an end—around fashion . T he output

of th e p arre l s w i t c h  m ay he directed to any of the f o l l o w i n q

j e s t i n a t i o n s  s i m u l t a n e o u s l y :

a. T he A registe rs .

h. The h regis ter .

c. Th e m em or y i n f o r m a t i o n  register .

1. T he least s i g n i f i ~~~ n~ lb h i t s  to the MLU recis—

te ns.

e.  T n e  l e a s t  s i o n i f i c a - t  three to six h i t s  tp the

con tro l jn i t s h i f t  am ount reois ter (hit len gth

lep endin g on th e word size of rn a cnih e ) .

51 
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2. T n e  Co nt r o l  U n i t

The c g ntro l unit has five major sections: the shi f t

amount re cister (SAP), the condition reqister (COND), par t

of the contro l reg ister (Cfl, tke decoder for micro p rogram

memory content, and clock control. T h is m odu le of the 0—

machire ‘ranades the functions of the processor , and is

d i r e c t l y  resoonsib le for log ic u nit ooeration .

V

SA R ard its  associated lo g i c  contr ol s h i f t i n g  opera-

tion 5 oy loa l i r i a s h i f t  amounts into SA~ and ge ne r a t i r g  the
‘

I-
required ~-~~~*‘-clS in d icated by the current m i c r o i n s t r u c t i o n

for the bar r~el switch. In a d d i t i o n ,  the S~~R’ s lo gic gen-

erates the ‘~~o rl len a t u com p lement ’ of the SAP contents

where the c o m p l e m e n t  is de f i ned to be that amount w h i c h

woul d restore tn e p it s  of a word to t h e i r  o r i g i n a l  position

after an end- -around ~ b i f t  of ‘i f o l l o w e d  by an end—around

sh i f t  of th e ‘co m p l e - ent ’ o f N. For exa m p le, i f an end—

around ri g h t  S h i f t  of 20 was re quire d in a 32—bit D— m a ch i n e ,

ano the r en-i—aro und s h i f t  of the c om p l em e n t  of 20 (12) w ou ld

he required to restore th e contents tc its o r i g i n a l  value.

The c o n d i t i o n  re g ister has four m ajor functions:

a. It stores 12 reset~~ab l e b i t s  w h i c h  are used as

error i n d i c a t o r s ,  in t e r r u p t s ,  sf~i tus , and

l~~ck~~ut in d i cators.

r. It selects one of in c o n g i t i o~n P i t s  for rer fo rm ~

i n g  c onciiti ~~n al op erat i ons. These lb h i t s  are

comoose l of t~~e 12 C o n d i t i o n  t i t s  of th e 

- . ---



c o n d i t i o n  re oi St er r iuS the ~ d y n a m i c  con d i t i o n s

generated by the LU adder during the present

cl ock t i m e .

C. It decodes b i t s  from the m emor y for resett in a ,

settin o , or redue st in g the setting ~ f designated

P i t s  of  t h e  c o n d i t i o n  r e g i s t e r .

I. It resolves P r i o r i t y  between inter p reters in the

setti ng of global condi tio n bit s (GC), thereby

crov~~iin a a m ethod of c o n t r o l l i n g  inter—

i n t e rp r e t e r  l O Ck O U t

The co n tr o l re g ist er Stores the control b i t s  of the

5~~~b i t  m i c r o i n s t r u c t i o n  t h a t  are not h ei -i q used in the f i r s t

phase of th e e x e c u t i o n  cy c le. The c o n t r o l  r e q i ster is sub-

divi d ed into secti cn s w h i c h  are usea py  the memory control

unit , the ‘l og i c u n i t ,  an -i t~~e co- ’trol u n i t  during th e execu-

ti o n chase of a ‘ nj c r o i n s t r J c t i o n .  For a d e s c r i p t i o n  of tim-

i ng arid chases, see section C of t h i s  ch anter.

3. “em ory Contr ol Unit

‘e m orv c o n t r o l  u n i t  orovides t h e basic address-

ing i nterface ret~~eer the 0 — m a c h i n e  arid b oth m a i n  m emory

(S—memory) ~~rig -“icroo rocr~p~ m em o ry 
(M_m ~~m ory ). One MCU can

ad dress b4 ~~ w ords (25br~ b ites ) of m a i n  m em ory, and if the

0—mach ine is confi g u red w i t h  a s~ cond MCU , a m a x i m u m  of i?8~

wo rds Can be aidres seg .

The em or y c o nt r ol u n i t  h~~~~~ th ree m ajor Sec tiori S
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a. T he m icro p rogram address section controls the

a d d r e s s i n g  of m icropr ogram memory arid the

seq uenc ing  of  m i c ro i n s t r u c t i o n s .  It C ontai ns

the micro p rogra m count re g ister (MPC ~fl, the

alternate m i c roprogram count register (AMPCP),

t he inc rem ent er , the mi cro p rogram address con-

trols regi ster , and t h e i r  assoc iated logic. For

standard UK M— rn en ori es , the ~PCP and AM PCR are

12 p i t s  long. For ~~~K ~‘4—me’ro ries, ~PCi~ and AM PCR

are 13 b i t s  i n  len gth (the 0— m achines i n s t a l l e d

at t he Postora’iuate School em p loy 8K M—

m e m o r i e s ) .  A ’1PC~ is a V—s e l e c t  i nput to the

lo g ic unit adder.

~~~. T he m emo r y /g evi Ce address section c o n t a i n s  the

~~~~ P i t  m em ory address register (M A ~~~~) ,  two l b — b i t

base re gisters (f~Pj and eR? ), outp ut s e l e c t i o n

aa tes, and associated control lo c i c. ~;hen form-

ing a m em or y address , th,~ lower ei g ht h i t s  of a

base re g i s t e r  aria V A ~~ are conca tenated. The

concat enat e~1 2~~— h i t  co ntents of H~ 1/ ~lt~2 and ~ AP

(B M A R )  is a v a l i d  V —s e lect in p ut to the logic

u n i t  adder.

c. Tn~ Z register Section Contains two reg isters

w h i c h  are Z inp u t S  to th e lo gi c u n i t  adder. The

l i t e r a l  re li ster (LIT) is an M — h i r  reg ist er into

nh icr i const a nts are loaded. A n ~~b it coun ter

(CTP) is used in co nj u n ct ion ,,itb a counter

overflow Condit i on b i t  to control i t e r a t i v e

_ _ _ _ _ _ _ _ _ _  _ _  ~~~~~- -~~~~-~~~~ -- -~~
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loopi ng. The Z register sect ion also Contains

s e l e c t i o n  g a t e s  f o r  t’be loadah le coun ter ari d i t s

associated logic.

- :  q • M j~~r~ pr~ gr~ m memo ry CM —memor y)

A 0— m achine ma y have a dua l or s in c l e micro p rogram

memory scheme. A 5 in d i cated ear lier, the 0—machines used in

t h i s  emulat ion project Mad a single m i c r op r o g r am  memory,

consol i dating the m icro p r o g r am mem ory and nanomemory into

one 56—hit program m able store mem ory, often re f erred to as

~1—memor y. ~ jCrop roqra ms , con si st i n a  ~ f ~S b — p i t  m i c r o i r i s t r u c—

tions , are d y n a m i c a l l y  ch~~ngeah le r,y the user, th us aisti n

gu i sh in o the D—na c~~ine as an ext r e m e l y  f l e x i b l e  com p utin g

device.

The seQ uen ci ng of m i cro p r o gra m in s t r u c t i o n s  is con—

t r o l l e a  by a Co n d i t i o n  oi t  p rocedure mh~~Ch determines the

successor Command to be executed. M m em o ry p rovid e s data to

the Co n d itio n t e5tin ~ lo~~ic w h i C h  then dete rmin es w h i c h  con-

d i t i o n  is to he test ec. The cutout of th e c o n d i t i o n  testi ng

logic is a true/ f alse si gna l t hat is ~atea to tb e succ~~sso r

selec tio n l o g ic. T h i s  lo~~ic th e n selects between the thr ee

true ane th r ee false successor h i t s  also p rovi d ed by th e h~—

memor y ~vo rd . The thr ee se l ected h i t s  p rov ia e e i gh t ~cssi b l e

succe ssor Ccmr bi n atio ns:

-1
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a. W A IT Rep eat the current instruction.

h. STEP Step to the next i n s t r u c t i o n .

C. SKiP Skip the new t ~rist ru ctio n .

d. JUMP Jump to anoth er M— m e rno ry address.

e. RE IN Return from a micro p rogram subroutin e .

f . CALL Ca l l  a microprogram subroutine.

a. SAV E Step and save the in s t r u c t i o n  address.

h . EXEC Exe cute one in s t r u c t i o n  out of sequence.

Ihe o a r t i c u l a r  successor comm and chosen co n trols

gates w h i c h  select the app ropr iate M— add res s from MPCR or

A M PC~ ana p r ovi d es in cre m entin g logic f~~r generating the

ne x t  M~~me m o ry  a c d r es s .  E x c e p t  f o r  t h e  EXEC command, the

MPCN is loaiea w i t h  t h i s  ~~ m emor y address.

B. ~PS 
‘.‘ICr ~OPR0GPA~ M I NG F’~C I L IT V

1. Phys ic a l D esc r in ti o n

The Computer Science Departm ent of the Nava l Post-

gra duate School oossesses a E~~rrOughs int e roreter -based Sys

tern co nsisting of three in ter p reters (Processors ) also known

as 0— mach ines, a bL~~ 32— p i t word , m ain m emor y m odule , a card

reader , a dual can tr i o g e disk i rive, a l i n e  p rinte r’ , d I’id a

Datamedi a 2S00 CRT f~~nC t j orii riq as a sup ervisor ’ s conso le

(Figure IV 2). A l l  in p ut and output is p erformed through a

si n gl e 0—m achi n e processor , hardware co ri ficure d w i t h  device

depe ndent Ports COO P) f~~ r oc ri o r i e rals and th e e x t e r n a l

cloc k .
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A f t e r  i n i t i a l  l i g h t — o f f  and bootstra p , the system is

con figure~ into two Burroughs 6700 — LIFI) A LGOL Stack—

m a ch ines , each adares sin~ 32K of memor i ari d each communicat-

ing w i t h  the inp ut outp ut processor (LOP) in a pseudo—

multi p rocessing environment. Software , w r i t t e n  in ALGOL, is

p rovid ed w h i c h  runs on the ~—b 7 0O system . A resident moni-

tor cont ro ’ p rogram and disk f i l e  manager control the

maint en ance of system f i l e s  and the execution of jobs in a

ba tch environment. ~Ot h 0—m achines com p et e for syste m jobs

jnout from tri e card reader or C~RT . Ot her so ftware a v a i l a b l e

inc l u a es an A LGOL c o m n i l e r  (a d e r i v a t i v e  of ~LG0L 60), a

mi cro p rogra m t r a n s l a t o r  c a l l e d  I r~SL4~~G, a li n e  ecitor, and

a s i m u l a t i o n  p rogram for mi C r op ro g ra rh s. T~~A N SLA N G pr ovi d es

the m e d ium cv ,.
~h i c h  mic rop r o g raTs are w r i t t e n .  User

m i~~roc roqrams loaded into a 0—machine change its  i d e n t i t y

and destro y Y’e S t a c k — m a c h i n e  p r e v i o u s l y  loaced.

2. I np ut / Ou t p u t  In t e r face

Pi v o t a l  to th e op e r at io n of th e eurro uahs system is

th e in cu~t /ou t ou t interface. C~n l v  one orocp sscr , t~~e LOP ,

c om m u n i c a tes ,.~ i t h  pe r ip h e r a l s ,  and the ot h er 0—ma chin es ,

conf id ure d as St a ck— m ac h i n es , m ust comp ete for it s  services.

The l OP com m.Jri ca tes as yn ch ronousl y , u Sln Q a conventional

‘h ar’ lsP’are ’ h~~~? f l O~~~. Si nce a l l  i r t e r ~~reters have access to

tb~ m a i n  m e m o ry  ~~~~~~~ a c O m m u n i c a t i o n s  l i n k  ~as been e St a—

b l i s r i e l  u si ng tre upcpr 
~~~~~~~ 32 b i t w C~~~~S of m a i n  mem ory. If

a j t a C~~— m a c n i n e  .~ i s ~’es  t~ c c r r u n i c a t o  w i t h  t~~e ToP , i t

p la c e s a m essa ,~ i- ~~o a j -,ress h5,535 known as th e ‘m a i l b o x ’,

C, ’-1

_ _- _  
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and i s s u e s  an i n t e r r upt  (INT) to th e VP. The LOP pe ri odi—

caHv tests IN T , and i f set, w i l l  retri eve the cont ents of

the ma i l b o x  (and m a i l b o x  — I i f required ) and p erform th~

desired ocerat ion. The other Stac~~~mac h i r e is locked Out

from interrogating the LOP u n t i l  it has compl eted crocess ing

the reQuest. N o r m a l l y ,  the op er atio n reau ires transferring

• a buffer to some out cut device. ~hen the lOP has com p leted

honoring the reouest, i t pl aces a com p letion code in th e

m a i l b o x  and sets 1’J I for th e Stac k— m achi n e reQuesting the

I/O . Thi s inte rp reter m ust ha l t  execution and chec k m a i l b o x

to see i f the 1/U was perfor med successfu l l y, compl eting the

ha ndshakin g process. T h i s p rotocol p er m i t s  bo th Stack—

mach ines to perf orm input /out p ut ind ep endently of each

other , pr ov id ed bot h m a i n t a i n  S t r i c t  mem ory bound aries.

A n otn er f~~riC t~~~ri of the lOP i~ inte r f a c i n g  ch aracter

code form ats b etwee n tn e p eri p herals and the Other two 0—

m ach ines. .~hen th e mac hi n es are confiqure a as Stack—

m ach i nes, ch arac te rs are passed to trie T OP i n  b b i t  BCL

(burrouohs Comm on Lancuaqe ). Th e lOP must convert t h i s

ch aract er set to A SC II + Or outpu t to the li n e  Printe r ana

CR1 . A s i m i l a r  t r a n s l a t i o n  must he  made for i r ~put data con-

verti ng from e i ther E~ CD IC or A SC II dep endin g on whether the

input Source ~ S the cara rear~er or th e CHI.

3. ‘~em ory Interface

Sin ce a l l  t~’ree D—m a ch ines mt jst share the 6UK of

ma ,n mer .ory , a o - i o r i t v  schem e ~as deve lopea to resolve



mem o ry reference c o n f l i c t s .  The main m em o ry module is actu-

a l l y  a sin gl e— p o rted, 32 r i t  wp rd , core memory w h i c h  can be

made to appear m u l t i p o r t e d  us in a a sw i t c h i n t e r l o c k  unit

(Sal) de velo ried by t~u rrouqhs. The s w i t c h  i n t e r l o c k  controls

the m ain data bus of the sy stem , and resolv es c o n f l i c t s

usi ng a P r i o r i t y  Scheme. The r) m ac hine w i t h  th e high est

o r i o r i t y  is the LOP , w i t h  tb~ p r i o r i t y  of the other two

m ach ine s bei ng re l a t i v e  to th e i r  Ph ysic a l P r o x i m i t y  to the

Ii~P. Once a m emor y re ferenc e haS ceen made , a 0—machine

m ay Cor~t i r ue execution w i t h O u t  w a i t i n g  for a completion sig—

m a l from the S w i t c h  i r t e r l o c k .  A l t h o u g h  t h i s  technique of

me m ory r efe re n ci n~ m i n i m i z ~~s unnecessar y de l a y, it r e stricts

the p ro gram frgm ch anc inq the rea~1 or w r i t e  addresses or the

con tent cf ~IR (write on l y) p ri o r to a co m n l e t i o n  signal.

C. ~IC~~O 1 ’S t PUCT ION TI ’~ING

The t~urrou~~hs D— r r a ch in e i m i t i a t e s  a m i c r o i n s t r u c t i o n

once ever y c l ock cy cle. Th e 0— m ac n in es u t i l i ~~ea for th e

~N/ U y K—dO em ul~~t io n gp erat~~-j fr om a one mHz internal clock ,

w h i c h  Pro~i ucei a c l ock cul se once every microse con d . A D -

‘ach in e c~es i~~ned w i t h  an p i o n t  ~~~ c lock, e m i t t e r — c o u p l e d

loq i c (ECL ), arid a faster m emor y c y cle ti m e , howeve r , could

e~ ecjte ei~~~t t im es faste r . Tbi ~ i m p l i e s  t nat advances in

c i r c u i t  re~~hn o l~~gy car p e r m i t  e m u l a tions to ac hi eve im p roved

sceei ari d p er form an ce .~~i t h  n o Chanoe i~ th ’~ m i c rop rogram s.

H Every m i c r o i n s t r u c t i o n  is ~x e cu t~~d using onp or m ore

t i ~~ ~eri~~1s, ca l!~~d chase 1. phase 2, and phase



3. 4 priase is a constant in t e r v a l  of tim e  equ ivale n t to one

cloc k du ration rneasureu from th e t r a i l i n g  edge of each suc-

cessive cloc k oulse. Some m i c r o i n s t r u c t i O n s  only re quire

phase I to com p lete execution . Some requi re phase I arid

ohase 3, aria s t i l l  othe ’~s reou ire phases 1,2, and 3. A new

microinstruction is i n i t i a t e d  at each clock c y c l e , a l l o w i n g

for ove rlap p in g of m i c r o i n s t r u c t i o n  executi on in phase 1 and

phase 5.

‘A iCr oi ri s t r u c ti ors cons i st of two tvres. In a tyce 1

m i c r o i n s t r u c t i o n ,  events cam take olace in a l l  thre e phases:

Phase 1: c o n o i t i o n  testin g , (con a i t ic ri al ) external

ope ratio n s or (conditional ) logic opera-

tion i n i t i a t i o n  after com p letion of a

p rior logic op er ation , ari d Successo r ~~—

m em ory address co n t r o l .

~~~~~ 2: a h o l d i n g  chase f0r pha se 3 logic opera-

tion cont rols.

Phase 3: th e c o m p l e t i o n  Phase for l c a i c u n i t  opera-

tions and d e s t i n a t i o n  r ec iste r q a ti n q

sp e c i f ic- I by lo g ic op c ra tic n .

Dur ing th e op ti o nal phase 2 cer iog, a typ e I mi croi n-

structi o n ~ xec u t i o n ~p m p l e t i ~~n is h e ld in abeyance w h j l e  a

subsequent tyPe 2 instruct io n is mi e cuted. A type 2

• m j c r Q i nSrr ’jC~~~o m r e~i u i r m s  on l y oriase I to com p l e te execu-

tion , an’l i r~vo~~v e s  l i t ~~~r -~~1 a ssiri nm en ts to t~~ree rePi ste rS

L II , ~~~~ ani~ ~ A PCm . -~~ a Se  2 m ay also b~ i n i t i a t e d  if  t h e
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next sequential tv ri e 1 i n s t r u c t i o n  does not execute its con-

ditional logic op erat ion and therefor e can comp lete i ts exe-

cu tion in phase I (Fi gure Iv—3) . A PP endix 0 of Ref . 6 has a

comp lete ais cussion of m i c r o i n s t r u c t i o n  t i m i n g .
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0. r RA ~~SL.~~i,

.‘iicropr oa rammin g cn the 0— m achine is accom p lis h ed usin g

a m i c r o tr an s lato r /ass emh l er c a l l e d  TRAN SL ,~NG . TRA r iS LA N G

a l l o w s  the p ro gramm er to w r i t e  m i c r o i n s t r u c t i o r i s mne rr on i—

c a l l y  w i t h out concentratin g on the r u t  p atterns that compose

the m i c r o i n s t r u c t i o n s  t~~c~-se lves . TRAN SLA” ~G is w r i t t e n  in

A LGOL , the language of t h e  ~b7OO Stac k—machine. Nearly the

entire ~anouaae of TR~~N~SLA~Y is composed of reserve a words

recoani zed by the A LGOL orogr~~m . L ach reserve d word has a

sp ecia l m~~~~n i r g w h i C h  causes the trans la t or to construct

o a r t i c u l a r  r ’l j c r oi n str uct io n s. A T RAN S LA N G in s t r u c t i o n  is

e q uivale n t to one m i c r o i n s t r u c t i o n  C o n s isti n g of the set of

p a r a l l e l  D —m ac h in e f u n c t i o n s  p erf orm ed during the clock

phases. 1 PA’~SLA jG is a free form lanquaae and in s t r u c t i o n s

m ay oe w r i t t C n  i~~ a lmost any order . V u l t i r l e  i n s t r u c t i o n s

m ay aooear on a li n e ,  sep arated by a cerio g ‘ .‘ . TPA ~~SL AT’~G

constructs inclu d e  i t e r a t i v e  m ec hani sms , incut / c u t p u t,

assiJn ’rert funct i o n s , control transfers , and Soolean , and

conp u t a t i o n a l  op er ations. In a c-flti on , TRA ~~sLA :-~G o c r — i t s

la p el a e f i n i t i o n s  and s y m b o l i c  references for orogram con-

trol flow. R e ference b is the p r oo r am n i riq m a n u a l  for

l RA N SLA ~-G an~ con ta in s t k~ com p lete syntax for the language.

A p p e n d i x  A gf ~ef . 10 Iccum ent s a d ditions to the T kANSL AN G

i n s t r u c t i o n  r ep e r ti c i r e.

~ ~ icr c~p rog ramm e r m ay C o nstru ct ccm p l ’c ate c i ‘ri cr o i n—

s t r u c t i o r i s  t h a t  p e r f o rm  m a n y  ‘~~i f f e r e n t  t a s k s ,  so~~e i n t e r a c t —

in g c l c s e l y  9 i t ’  0—m ac h in e cloc .. t i m i n g .  ~‘i c r o i r i s t r u c t i o n

e, Li
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gatina to several aevices n erm i ts a single ThA (4 SLAl ~G

instruction to accom p lish some or a l l  of the f o l l o w i n g

a c t  i ons:

a. test a condi t ion.

b. set /reset a c o ndition.

c. i n i t i a t e  an extern a l p oeration.

d. add.

e. sh i f t  th e r esult of an add.

f . store the r e s u l t  i n t o  several registers.

q. in crem ent a counter .

h . com p lem ent a s h i f t  amou nt .

i. d eter m ine th e successor m i c r o i n s t r u c t i o n .

By j u d i c i o u s l y C omp os ing h~~5 m icro p r o gr am , ~ orograr~~er may

m i n i m i z e  e x e c u t i o m  t i m e  by ta~~ i n o  adva n ta ge of mi c roinstruc-

tion phase over la p ari a u sin a b i q h l y  par a l l e l  m icrocode.

The T~i A iSL .’~C. asse m bler c o nstructs an ob ject crogram

co n s i s t i n g  of n o n—relocatable 5b b i t  m i c r o i n s t r u c t i o n S .

IPAi ’S LAt ~G m a i n t a i n s  a cross reference taol e that r e s o l v e s

lab el references lurin g assemb ly . Th e object cooe created

is stored on a d i S k  a r i d  may be loadea in to the mic rom en on y

of a 0—ma chi n e us in g a sp eci a l co n t ro l word recogniz ea by

th e ~p erat i n a system. Once loaded, the s—mac h ire assumes

the contr o l s t r u c t u r e  di ctated by the users micr opr o gram .
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V. AN /u Y~c—2O E M ULATO R

A . EM ULAI ION DES IGi

1. Fun ctio na l Comp onents

The archite cture of th e 4N/UY K—2 0 emu la t or micro Pro-

gram .~as develooed usin g general a u i d e l i n e s  p r ovided by

r e f e r e n c e s  and P r e v i o u s  e m u l a t i o n  e x p e r i e n c e  on Bu r roug hs

0—machines [10) . The fi r s t  c i eCiS i on incor p orated i n  th e

e m u l a t o r  d e s ia n  w a s  t o  i n t eg r a t e  t he  e n t i r e  e m u l a t i o n  w i t h i n

one D—m a ch ine . Sin ce th e 0— m achi n es had the ca p acity to

handle  n e a r l y  ~ o f m i c r O j n s t r u c t j O f l s ,  no m i cro p r ooram rn ing

c a p a c i t y  l i m i t a t i o n s  w e r e  ~ nv is i o n e d .  Ire design objectives

of a m op u la r iz ed , w e1’~.docum ented , str ucture d m icro p rogr am

could also be rea l i zea .

..i t h t h e em ulator e n t i r e l y  contained in one D

m acnine , several secondary b e n e f i t s  a lso ex i sted. F i r s t ,

the emulat o r wOS more im m une to hardware p roblems. H one

0—machine was m a l f u n c t i o n i n g ,  th e emul ator co’.’~ d s t i l l  be

run on t he  a l t e r n a t e  L i — m a c h i n e .  S e c o ni ,  i t - a’s L- c s s l b l e  to

have two A~~~ /U Y K —2 0  e m u l a t o r s  re si jeri t in the S y s t e m  a t  o ne

t ime. I~ot on l y w o u l l  two em ul a tors s o ee d  uP  t e c t i n Q  of th,

i n d i v i d u a l  e T u l a t i o r ,  but th e y wo u l~~ a l so pe r — i t  t h e i r  even-

tu a l use in a s v s t ~~ ” c o n f ig u r e d  f o r  A N / U Y ~~~
2 (

~ ~ u~~t i~ , ro c e s s

m a .  Iw e t h i r d  arc f i n a l  b e n e f i t  o f a t o t a l l i  i n t p ~~rated

- _ _ _ _ _ _ _ _ __ _ _- - ~ -- —•-- -
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emu l ator was recogni zed dur ing the desi gn of the

inp ut /Out p ut c o n t r o l l e r  (LOC ). Since the Atj/U’r rc— 20’ s IUC

was capable of indep endent pr ocessi ng, an em u l a t i o n  of its

IOC w o u l d  riot he p ossible w i t h i n  the same U—machine. An

emulation of the IOC cou ld he accom p lished in a second 0—

m a c h i n e ,  w ii i c h w oulc be have as an indep endent channel for

the 0—machine configured as the Ar ~/UY~<— d O processor.

Al thou g h t h i s  em u l a t i c n  does not atte mp t to emu l ate th e

AN /UYlc— d () ICC, the fa ct that a second 0— m ac h in e e x i s t s  makes

i t s  i m p l e m e n t a t i o n  a r e a l i s t i c  e x t e n s i o n  t o  t h e  p r oj e c t .

The em u l a t o r  p rogram orga n ization waS created fol-

lowing the basic g u i c e l i n e s  of Ref. 17. rhe loaaer occup ied

the lowest section of .
~— m em or y w i t h  the em u l a t o r  microco d e

f o l l o w i n g  s e g u e n t i a l l y .  ~H cr~ orogram contro l passed from

t he loade r to t~~e em u l a t o r  v i a  th e e x e c u t i o n  o~ a ‘C’ card

wh ich s i r i n i f i e g  executi o n Comm en ceme nt.

Th e e m u l a t o r  m i c r o p r o g r a m  w a s  o r g a n i z ed  i n t o  t h r e e

m ogule s p o s i t i o n e d  SUCh t h a t  forward aggress refere n c ing

wo u l d  re m i n i m i z e d  in ~~~ TR A NS L A N G as s m b l e r  to sav~ t im e

anj srace. The u t i l i t i e s  sec t i on was i n  the lo w est corti on

of  the emulat or , since its rout ines were referenced Ire—

g u en tl y by the Succee d ing sections. In 1i v i~~ual subroutines

w i t h i n  the u t i l i t y  secti on were orlan i zed a l o h a h e t i c a l l y .

The ins t r u c t i g n  and m e m o ry  4etc h routines comp rised

th e next — O d u l e . Trese routines incor p orated a l l  fe tc n

op tions a v a , l a c l °  in tr e A ’ ~/ k y ’ ~ — 2 O  em ulato r.
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The oocole routi n es occuoie~ t h e  l a s t  s e c t i o n  o f  t h e

emulator. The oocodes were arranged n u m e r i c a l l y w i t h

further in d e xi ng dete rmine a by th e remaini n g f i e l ~~s of the

i n d i v i d u a l  i n s t r u c t i o n . Figur e V—i shows the ~~ m emOr y mac-

p ing of the A N /U YK—2 0 emulator layout. A pp endix F contains

the em ulation orogram l i s t i n g .

2. v a in M em ory O r q a n i z a ti on

Of pri m ar y im p orta n ce in th e e m u l a t i o n  desicr was

the l o g i c a l  or g a n i z a t i o n  of t r e  b ur r ou ghs system ’ s m ain

mem o ry . Since th e A N / t J Y K — ~~0 w a s  a l b — p i t  word machine , it

was decided that onl y the lower n a i t — wora -o~ a ~3ur roughs

3d—p it w ord w ou l~ ~~ used oy the emulator . Th$ s  des ign res-

t r i c t i o n  p e r m i t t e d  the ad dressi n g structure of th e AN /UYK— 20

to he d i r e c t l y  crojected on the 0—machine. A one—to one

cor respondence between th e m em or y address of th e 4f4/UYb—2 0

and the 8urr cugri s system ~as also achi eve a .

Since the numn er o~ h igh—s p eed regis ter s a v a i l a b l e

i n  th e ~— — a c h i n e  was s m a l l ,  a 1K p o rt ion of m~~~~ fl m em or y was

reserved for the A : j / u j ’v~~— d O  ad~~ressabl e re g i st e r set , the

cage address registers, th e temp orar y storage srace , and th e

em u l a t i o n  ou ffers . Ib e nappi ng of the AN /UY~~—2O hin h— sp eed

reai sters to m ain memory g r eatl y S i m p l i f i e d  the m i c ropro—

gr amm ing r~~guir eme n t 5 o f t~~e em u l a t i o n ,  hut ac~ ea consider-

able execution t i m e  overheag . ~-emo rv access t i m e S  for the

m app~ g rea is te r s were m uCh slower than th e actual transfer
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rates of th e AN / t JY K— 2 0 reuist e rs . F io ure ‘/—2 show s the com-

p l e t e  m a i n  m em ory map p in g of the e m u l a t i o n  reserved storage

area.

3. Em u l a t i o n  Program S t a t u s  i~ori

Al t h ou g h th e em u l atio n o u p licatea a l l  the AL. /UYK—2 0

reg isters, the registers w h i c h  com p rise d th e Program Status

wo rd (P5:~) oossessed uni au e c h a r a c t e r i s t i c s .  Status reg is-

ter 1 was com b i ned w i t h  the p rogram acaress re~~i s t er to form

a sin ~~le 32—hit PS~~. Ihe em u l a t o r ’ s PSv~ alway s co ex i s t ed

i~~ t n e  A l  reais te r of the 0—ma c nine and in  m a i n memor y iur

~ na  e xec u tion of A ’j/u~ r~— d0 crogram s. The f i e l a s  of SRi were

-‘o i i f i e a  to inc l u i e  c e r t a i n  emulator tog a les , along w i t h  the

norT al c o n d i t i o n  h i t s  (Figure V—3 ) . The - cor~a i t  ion h i t s  for

D”~ arc no n—d estructiv e reao ~n lv (d)kO) mace were removed

f rp m  t h e SRI si n ce th ey -m e re rta ra~~-are 
f eatu res of the

~~ /UYK— d () th a t w oul d not re em ul a t e d .

Status re c ist e r 2, the re maini ~~ ; 1~ ~ its ~ f t h e  A~~~~~~

UY l~— 20 ’ s PS;i , was not r e si cen t in any D— — a c r i n e  rea~~st ers

d u r i n g  e m u l a t i o n  e x e c u t i o n  for r.~o reasons: t~~e em u l a t i o n

cou li not a ff o r d the l u x u r y  of ~.I8 h i t s  of reserved re gi ste r

sp ace, and SR2 was less fr e au ent l y referenced than SRi and

t h e P—register. Conse g u e nt l y, S~~2 ~aa to t e read from its

reserve~ l o c at io n i n  m a i n  -‘emory. The con tents of the upoer

it , n i t s  gf S~’?’ s -‘e ”or v l o c a t i o n  also conta ined a d d i t i o n a l

em uL~~ 1cr ’ tc~~c l e n  w~~1 C h  w er e ~-sed t y t h e debu ader oackaae

(Fiqu ’~e 1 3).

7 t~
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~ A 1 N  t~EM (IkY ,VA PP Z N f l S

D E C I M A L  O C T A L .  USF

A D U P ES S  A D O P E S S

* * * * ** * * * *~~~* * * * * * * * *k * * ** ** * * ** ** * *h * * * * * *  * .* * * * * * * * * * * * * * * *

U — 15 0 — 17 GENEI’~AL R E G I S T E R  S l A c k

l b  — 31  20 — 3 7  G E N E RA L  R E G I S T E R  S T A C k  2

32 ~10 P R O G R A M  STATUS MIRI)

33 ‘*1 P P E A K P O I N T  P E G I S T I R

3d ‘42 S T A T U S  R E G I S T E R  2 ( S P ? )

35 ‘4 3  N E X T  LOAD A D D R E S S

36 ad C LOC KI TM E

37 R E A L  T I M E  C L O C K

38 — ‘43  — 53 wORK SPA CE ( T E M P  S T O R A G E )

— — 61 S T A C K  (TEMP STORAGE STAC K )

50 — 5 3  62 — e5 1/0 COMMAND t~OWDS (IOCw )

Sd - I 1~~ — 1 67 Uf iU SED

12u — 121 170 — 1 71 HEx ADD RESS FOR INPUT

1?d — I d I  17 ?  — 2 ) 5  U-4P UT C A R D  B U F F E R

— 152 216 — ? 3 0  UNUSED

15 3  — I~~5 2 3 1  — 2 71 OuTPUT PPINI BUFFER

186 205 27? - 3 1 5  C R T  t~U F F E R 
-

— 3~~~ — 3~35 E O R L I S T

— 161 ~‘~~b — 1 3 7 7  IJ ;~ IJ S E D

— 1 02 3  l uOO — 1 7 7 7  P A G E  AO ORESS R F ;L S T E R S

F igure V—2
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AN/ UYK-20 EMULATION
PROGRAM STATUS WORDS (PSW)

ACTIVE PSW: RESIDES IN  LU REGISTER Al ( M E M O R Y  A D D R E S S  3 2 )

STATUS REGISTE R 1. 1
31 30 2~ 2~ 2’ 2625 24 23 22 21 20 1918 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0:.j :::::i:: i i i  i i t i i i i i j i i i i i i i

P R O G R A M  A D D R E S S  R E G I S T E R  ( P A R )

G E N E R A L  R E G  S T A CK  0 ( 0 )  o r  1 ( 1 )

T~~TE R R U P T  LOCKrnIT ~ t~~ GS  ~~~~~~~~~~
B R E A K P O I N T  R E A D ( 0 1 ) / W R I T E ( 1 0 1 / 3 C T H ( 1 l ) *

P A G I N G  *

C O N D I T I O N  ~~~ DF~

F L O A T I N G  P O I N T  ROUND/RESIOtJ E

F L O A T I N G  P O I N T  O V E R F L O W / U N D E R F L O W

O V E R F L O W  D E S I G N A T O R

C A R R Y

KEY ~ (O11 ~~~~~ ~~~ V *

REM OT E E X E C U T E  *

INACTIVE P5W: RESIDES IN MEMORY ADDRESS 33

[—STATUS REGISTER 2

:: i i  i i i i  m i  I i - I I [ J U l l U l l  ~f~ 1~II
[~~~T E R R U F T  C O D E  ( N I )

[INTERPRETED ~F -~~~1O

INT ERPRETE D I F  m~~ L 2
4

I N T E R P R E T E D  I F  m~~l4
4

I N T E R P R E TE D  IF ~~~ 16

NOT U S E D

TRACE OUTPUT (C R T — 1 .  ? R T — O )

TRACE F L A G *

* F I E L D S  A D D E D  FOR U S E  B Y  THE E M U L A T O R

i 3I ~~rp  V )
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~~. D_ * a c h i n e  Peq ist ers

~ it n  p n l y a l i m i t e d  number of hi gh—s p eed reg isters

av a i l a b l e  in toe 0-machine, the em ulation desi gn had to

in clude a w e i l — c ~e~.eloro ea p lan for the i r  usage. Since onl y

s e v e n  r e g i s t e r s  jn th e 0— ma chine were 16 b i t s  or longer,

they were used e x c l u s i v e l y  for m a n i p u l a t i n g  the A N /tJ Y V — 2 0

addresses , in s t r u c t i o n s ,  ano data. The register environ m ent

had to te consistent t hr ou g hout every ex ecution cy cle to

a l l o w  u t i l i t y  r o ut ines to he ca li c o  in the sarr e mann er by

a l l  oocode sucroutin e s . The p r i m a r y  coal of the em ulation

was to use as few merre ry references ~s oo ssih le to conserve

execution t i m e  end me rn or y soace. Ju d i c i o u s  use of th e

ex i s t i n g  re c ister s was a necessit y .

Se vera l factors ~‘a-o to h~ consi gered before select—

i r ~a a re g ister for a o a r t i c u l a r  ‘unction. T~’e mos t im ro r

ta n t con si~~era t i c n - s i t S  f l e x i ~- i l i t y  w i t h i n  the 0— m ach ine.

b e  b re g ist er , for ex am p le, ~as used ~s a general purpose

r e i i s t p r ,  5 in c e i t S  C O n t P O IP S  C O u l d  he aat eo thr ou gh a ‘nas~~—

m a  f i l t er o rior rp ne in’o u t i l i ~~eg. ~ secona fac tor was th e

t y o e  c f  operanl it c~~u l g C on t a i n . Doub le— ma rc operands

( 3 2 — n i t )  co u lr ,  o n ly  re stored i n  t h e  32—bit lo gi c u n it

re g i st e r s w h i l e  l b — h i t  operands cou ld also be stored in t h e

rn e’no rv con tro l un i t  regi $t ers.

T h e  A t re g ist e r contained the e m u l a t i o n ’s 3d—h i t

Program st atus ~or1 (PS~~) at th e comm en cem ent 0f the e’r u l a —

- - t o r p ro gram ’. It w as r - r t  a ffe cte d by i n d i v i c u a l  i n s t r u c t i o n
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micrcco rie , e~ ce~~t woen i r c r c — e n t i n o  tb+ - RA ~•~, or ~~en a p ar-

t i c u l a r  i n S t r u c t i o n  m o i i f i e j  the PSv , . Em u l a t o r  toggles

reside nt in S~~1 coul o nct be a1te r e~ r~v an

instructio n h-eCaLSe t h e i r  sett ing s -,~ere ingepend~ nt of nro—

c r a m  e x e c u t i o n .

The ~3 re g is t er h e lo f h ~~ i n s t r u c t i o n  m ord for t~~e

du r ati on of its executio n cycle. Each f i e l o  o -~ the inStruC —

t i on  c o u l e  r~e decoded and intereretea from the A 3 reg ister

wit h out havi ng to r e t ri e ve it from m em or y . Once t~~e

instructio n had oeen c~~m oi~~t e1 y decoged , ~ 3 was marie a v a i l —

able as a sc r at ch ~ad re gi ster .

The A2 and ~ re gi sters m ere 
- 
used as scratch pad

reci ste rs d u rinc ~ each occede ex e c u t l r n  cycle. In general ,

thei r  contents were v o l a t i l n,  exc~~ct -m- ~ en they were sp ecifi-

c a l l y  cocume nte l i n  t~~e th e PrCcri rr l i s t i n g .  th e contents

of t~2, for e xa m p l e , was rot el tere a in th e L~~(’L I~4

sub r outi n e , becaus e of i ts  use i n  the c a l l i n g  fetch routine.

A ? ana Fi were m a n i o u l a t e r i  as e i t h e r  s i n g l e  or dou tle— wc ’ri

ooeran’i s O-J r in ~ th e ar it~~m e t i c  O rpr’ at ~~O nS.

the On l y rorr~~in jn a l o oi c u n i t  re g ister was the

m em ory iri f o r — a t i o n  r e g is t e r (~~I R) . 
r~’rR was used for storing

in fc rm ~~t Io n i n t o  m~ ’rory and as a tem p or ary storage location.

In te r—e cj i a t e r esu l ts m ’re oep o sir e -1 in M I )~ rj ur inq instr u c-

ti o n e %e c ut irirl and retu rn e ’-l tor oua~ m e  ~ reg ister.

The ~-a g e re 3 i s t er s ,  kP) a rc  ~~2, we re usea as

s t o r a g e  f - o r ~ i -j r e s s e s  ar -I g i r ’l l p — le n ri th Op erands, and for

7 q  
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t e mp o r a r y  storage o~ int er- ~pd ia t e results. In ado itio n , a l l

me m o r y  a dd r e s s i ng  in  the e m u l a t i o n  was accompl i shea us ing

the lon er ~ bi t s  ~ f dP2 and ~~~~~~~ (~~AR2) . These memor y con-

trol unit registers had to be used c a r e f u l l y ,  because they

required a seguence of sever al m i c r o i n s t r u c t i o n s  to oroperly

reference t h e i r  cont ents.

B. LU .AUFR

I r e  loa~ er inco r oor ate -’ i n to t~~e 
A ’ / J Y ~~— dO em ’u l ati o n

p rovided a s im o le mecha ni sm for loa cjinc .~“j/lJYP ( 2O in struc-

tion s into m a i n  m em or y (S- em ory) of the kurr ouq h s mi c r op r o—

gr am m ing syst em (Figur e v—i)). Its c r - t rol wor g re r - e rt oire

was f l e x i b l e ,  a l l o ~~ina a va r i e t y  of ~~/UY h— 2 O p rogram

e n v i r onm e n t s .  .Joo ccn tr ol st a t em e nts were in cluded to exe-

c ute ana r a l t  i n ~i i v i ~~ua l orogram ’s an ywh ere in S—m emory.

The loajer —od u )~ con si sre’l e s s e n t i a l l y  of a scanner and

a tr a ns l a tor w r i t t e n  in t n e — icro coc e. i n f o r m a t i o n  was read

into a ~~‘ — ~~‘-irg b u f f e r  from ca rri s or CR 1 in p u t , then the

b u f f e r C o n t e n t s  were scanned for control code co n sisti n g of

o re  o r - “ o re  c h a r a c t e r s .  Once these Char a cters were inter—

p r~~te1, control w-i S P i s s e d  t o  t h e  t r a n s l a t o r  s e c t i o n  w h i c h

deco d ed  t h e  r e s t  o f  t h e  d a t a  i n  the h u f f~~r and per formed the

r eg u i r ed  t u n C t i O n . The tr a ns lator Section ConsiS t ed of a

v a r i e t y  ~ f r o u t ine s  t h a t  h and l e d  s p e c i f i c  c o n t r o l  w o r d s  in

th- ’ loa d er re p ertoire , t he  loade r co n trol stat ~~rren ts, h p w —

‘ver, n al t o  ap p e a r  i n  a lo ’i i c a l SeciuenCe (See A p p end ix A) .

A l l  loa ger control st ar~~~ents ire co n t a i n e d i n  A o p e n g~~x H .
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th e actual interface p i p e l i n e  between the loader and the

em ulator con siste d C f two sm a l l  em ulator u t i l i t y  routines

which sta rte o and stooped the e x t ernal cloc k of tne our—

rougb s m i c r o rr on r am ’m in q system. Ihese routines were

inserted for em ’ui ati c n t i m i n g  pu rpo s e s ,  and p r o v i d e d  a ‘ s t o p

watc h’ for ~N/UY~~— 2O orograms. T h e  t i m e  recorded (in m i i i —

lj sec on as) by t h i s  ‘ stoo watch’ was place d in a reserved

m emor y location in the em u l a t i o n  memory m ’ap, ang cou ld be

read usin g e i t h e r  a t r- ~ce C o n tr ol i n s t r u c t i o n  (‘T’), or a

mach ine statu s c c- rtr o l word (‘\I’)~

C • THE FE TC H ~flNILE

In orjer t p  e m u l a t e  Af ~/UYK— 20 execut i on ani m em ory

referencin g , f et ch microcode waS gev elop ed .~h j c h in co r—

poratea m em ry aodces sin o a l o o r i t h m s  and i n s t r u c t i o n  fetch

rout ines. S ince hoth -iata and instructions were eau ali y

acce ssible  fror~ the processor , tee memor y ad-iressing scheme

w a s c l o s e l y  l i n ~~ei to t~~~ i n s t r u c t i o n  fe tc h concept. L at a

ang i n s t r u c t i o n s  ca u la he in te r sp er se -i th rouchout m e m o r y ,

an o p r o p e r  p r ~~g r~~m ex e c u t 4 nn r e g u i r e l  t h a t  t h e  P r o g r a m

a d d r e s s  r e a i s t P r  p o i n t  t o  an i n S t r u C t i o n  word.

The em u l a t i o n  usec tw o routines for memor y addressi ng,

E~~i ,L 1r , for rea - iin a, and E~~(JL0UT for w r i t i n g  (~~ido res V .

V—o ). Tre-s e su b r o u t i n e s  p m r f~~r’rpg bo t h paqino and b r e a k —

p oi nt Ch eC~~i y ~~, der enc1~~g on to ggl es set i n  t h e  pr o gram

s t a t u s  w O r ~~. Pa~~~ng ~aS inc o rp or a te d i nt o th e e m u l a t i o n  in

• o r d er to ~au’- e t k e ex ecutio n overreaci r ec uired in em u l a t i n g
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t h e  A t j / I J Y K — 2 O ’ s n a g i n c  s c h e m e .  T h e  p ag i n g  s c h e m e  i m p l e —

meri ted in th~ em ulator ‘~i v ici en mai n m emory into 25~~—word

o a g e s ,  i n s t e a d  g f  l O 2 4 — w ~~rr1 oaqes used by the AN /IJYK— 20.

Since the Hurr ouqh s 0—m achine was organize d for 25b—word

pages, the m icr ocroa ra m m ’in~ re ciu ired for the pagir,a was

stra ig r ’t forwa rd . The 25b page address registers resided in

the em ulator ’ s ‘memory m aop ino , each i n i t i a l i z e d  to the page

number corr~~sron di n q to t h e i r  r e l a t i v e  address (0 255). The

pa ainq a l a o r i t h m  i’~- i t a t e 1  th e A r~/LIYlK d1J ’s m et h od of page

addr e ssi n~~, and in cl u d e d  th e s e t t i n g  of a o~ qe m o g i f i c a t i o n

bit.

The bre a~ c o i n t  op t i on ~as adriei to Pr ov i d e a metho g of

r,phuIaing A - j /tJ Y~K-2 () Program s , once tre e m u l a t i o n  was corn—

ol e t e-l . E~~ULI~ and F”ULOIj T testec’ to-~c~1es set in the P~~~ to

deter mine if b r e a k p o i n t  read, w r i t e , o r r ot h was desire d .

Ir e m em ory ai ’ires sin~ C onvention re quire d a l l  m emor y

referen ces from l~c to ~~4’K to use E”~NLT~ and L ’ULOUT . A l l

memory r eferences to the m em or y maco in c~ area (i— 1O ?3 ) d id

n o t  use these r o uti n es , b Lt in stead ~t i l i z e g  absolute merr orv

ret e renc 1 n’~ m i  c rocode.
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The i n s t r u c t i o n  fetc n routine (IFEI C t) retrieved

instructions from ‘rain me m ory based on the contents of the

p rogram address re g i ster. Since IFETCH used E~-L L IN to read

tee in s t r u c t i o n s  from m em or y, i t could operate in a paging

envi r onment, w i t h  or w i t h o u t  bre a kcoints (Fi gure v—7) .

IFET CH was also res p on sib le for i n c re m entin G the PAk , and

for testin g the trace togg le p rior to fetching an instruc-

tio n . IFET C~ wa S cap able of r e t r i e v i n g  any instruction word

in the cr o -~ra’r a~1dreSs soace (lO ?~i—bS ,53S ). In tne event

th a t t h e  upper me ’r ry l i m i t  wa s reach ed , IFETC h w ou l d set

th e PAR to 1 )2u arl co n t i nu e e xecution. Irace toggle test-

ing w a S  i n s e r t e d  i nt O I F ET CH ~s p art of th e c u i l t — i n  dehuc—

gina oackaoe. Since I FE TC H was c a l l e d  p rior to every

instruct io n , it w as t~’e lo cic a l ch oice for p l a c i n g  a c a l l  to

the lehuager.
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0. OPC1)DE I~~PLE~~E N T A T I O l~

A l l  of the 20S i n d i v i d u a l  i n structions emulated were

mi cr op ro g rammed us in c an id e n t i c a l  in struction decod ing

m echanism . The routines that p e rformed the reguired opera-

tions were te r m i n a l  nooes on a large tree networ k , wh ose

root was the OPCODE . routine. OPCC)DE fetched an i o S t r u C t i O n

and iso lat ed the op eratio n code fi e la . The binar y v alue of

the oocode f i e l d  was a~ in dex tp an op eration j u m P  tabl e

c o n t a i n i ng i n d i v i d u a l  occode M me mo ry alaresses. ~‘ i t h i ~~

each oocode r outi ne .as “icroc od e w h ~~~C h  i solated the sub—

function ‘f’ f i e l d  of tri e i n s t r u c t i o n  ana used its value as

an i n d e x  tO the n e x t  level at oocode anai ys is . De~ en d inq on

t h e  occoae, t h i S  l ast juno could i i e n t i f y w h i C h  i n s t ruction

~as to ce n er for~~ea. If it did n ot , further a n a l y s i s  of the

‘n ’ or ‘ a ’ f i e l d s  cjrovici ~’1 t he  f i n a l  iooex to the instruc-

tio n. I n s t r u c t i o r  f o r m a t s  are d escr ibed ~~ti A c p pnd~~x C .

aft e r th e i n s t r u c t i o n  ~~a1 been ex ecute d , contro l cassed

ha ck to the -occode r o L-ti r e , a nd  tk en the exe c j tion c y cl e was

reoeatPl f~~~r t h p  em u l a t i o n  of tre n e x t  A~~~/ t J Y K — ~~~O in struc-

tion. The • ,/u Yf ’ 2 (
~ oro~~ram ~~mr ~~~ul~ j cause t h i s  mi crop ro-

gram b o o  to he e x i t m o  by e i t h e r  i n s e r t i n g  an executive

retur n , i n s t r u c t i o n  (03,U,a , 00) w~~ i C r  caused a ‘p r i o r i t y

i n terru p t ’ an-i h a l t m i  oroaram e x e c u t i o n ,  or b y cod ina an

,nStr u C t i c ~ t na t ~as not imnle ’” Pn ted , not assi gned , or

caused a o i v i s i c o  ~‘verf lo w . The l ast t ir ee cases caused an

e - z e c~j t i or i f a j i t ,  w h i l e  m e  fo rm er re ,u lt ed in n orm al program

te r m i n a t i o n  (Fi~~ure ~~~~l )•  

—--~~~----- -- ~~~----
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The in s t r u c t i o n  ‘etch mode of UPCOI)E assum ed that the

P4P alw a y s  oointe d to an i n s t r u c t i o n  word. Double—word

instruct i ons alw ay s had t h e i r  ‘y ’ f i e l a  fetc hed after they

were det erm in ed to he twO words in  len g th. Con c itio n a l

oouble— wo rd i n s t r u c t i o n s  p er form ed t h e i r  c o ndition test

b e f o r e  t h e  ‘ y ’ f i e l d  was f e t c h e d .  If  t h e  t e s t  f a i l e a ,  t h e

£ PA~ -was inc rem ented oy two o rior to returning to OPCODE for

continued exe cution .

The 0PC~~DE routi n e  was also ~r i t t e n  to accommodate th e

A~i/ UY~~— 2O ‘ remote exe cute ’ i n s t r u c t i o n .  •‘~hen t h i s  op e ration

was ce rf or m e -~, a h i t  was set in th e PS~ wh ich w ould indicate

that one i n s t r u c t i o n  o u t — o f — l i n e  was bein g execute d . For

t h i s  op eration , the current Ps,: was stored in mem ory, and

the PAF was l oadea -w i t h ~he address of th e i n s t r u c t i o n  to be

executed. The OPCC1 I)E routine al w a y s checkea tre remote exe-

cute n i t  a urinc an, i n s t r u c t i o n  c y c le. 1~ the n i t  ~as set ,

it w o u l d  fe tch toe i n s t r u c t i o n  i n d icated r,y the remote exe—

c i t e  PAP , and rest ore th e ac tua l P A P , i nc r em e n t e d  by two,

in to the PSii .

Some o f the ooco-~e re p e r t oire of th e A~-~/U~~~~~O ~ as not

emulated. l~~ose i n s t r u c t i o n s  that were not em ul ated , h~~w

e v e r ,  ret a ined slots in t h e ooccae h i e r a r c h y  for futu r e

incl usion. tn y i n s t r u c t i o n  not im p l e m e n t e d  b y the emulator

caused th e m -j~~h i n e  to f a u l t , anc P r i n t e d  an error -l ia gn os ti c

on tre selecte i Ou t Pu t  -~e~~ice (‘‘J UT I- 4 PL E~~E~~1 ED — E~~F, C u T j O i ’
~

F
~

i ’
~
5 ‘ ) .  S i m i l a r l y ,  l o c a t i o n s  were reserved for those

i n s t r u c t i o n s  not a s si - ’,nel ry th e ‘/I JY ~~—i? U were reserve d
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L . - - .- -- -~ - - - -- - - -~~~~~~~-- - - - - - -  - -



~
—

~
-.- -. -- --- _. -~~~~~~~~~~~~~~~~~~

-— - -.
~~~~~~~~

-_ -
~~~~~~~~~

--
~~~~~~~~~~~~ 

-

locat ions in th e em u l a t i o n  • T~~i 5 p e r m i t t e d  the emulator to

oe resp on sive to any future AN /IJY,c — ,?O hardware modifica-

tions. ~.h enever ~ ri i n s t r u c t i o n  to he executed was not

assigne d , tee emulator generated a fault in terru p t and

p rinted an error dia gn ostic on th e selected outp ut device

(‘FAUL T INTE~~~UPT — ~x E Ci JT IC N E\iDS’).

E. UTILITIES

A l t h ~~u-~j n , e a c h  e m u l a t e d  i n s t r u c t i o n  p erform ed diff ere n t

op era t i ons, each decen h ed upon a ccrnmon set cf u t i l i t y

suoro ut ines to acco m p lish t n e i r  task. These subroutines

varied in c o m p l e x i t y ,  but each p erfor m ed a function that

contribute d t o  successfu l i n s t r u c t i o n  execution . A simpl e

op eration o ften re gui r~~i re g ister ad dressin g , condition code

se tt i n c , ani memory adires sina , n ef or e th e task was com

ol  e t e d .

U t i l i t y  Sut~’r o u t inPS were in~~l u i p j  in t h e em u l a t i o n  when-

ever f e a s i n l e  to si~~c b i f y  m i c r oo rc a r a mm ifl a and to a l l e v i a t e

orocr am rrin c re dun danc y . These su~~r ou tin e s were c a l l e d  us in a

the successor comm a nd Constructs a v a i l a b l e  i r T~~A r~S L A r ~L .

flep enci ng on th e purp ose of th e u t i l i t y  rou ti n e , p aram eters

were Passed via  r -— ma c h in e regi ster(s) or c o n o i t i o n  bi t( s ) .

Thi s i n f o r m a t i o n  was u t i l i z e d  ry th e u t i l i t y  in deter mining

wh at ooe r ati o n  wa s to be cer form ed . In the carry

subrout i ne , for exa m p le, a local c o n d i t i o n  b i t  was oassed

~~~~~~ i n d i c a t e d  t h e  w o r op n ia t e  C o n d i t i o n  COdE to he

i n s e r t e c  i n t o  t~~e P3.’ . A m ore comp l ex e x a m p l e ,  t h e  RX
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form at u t i l i t y  r outine , regui red two p ar ameters to be s e t  by

the i n s t r u c t i o n . 2eg i ster A 3 containe d the i n s t r u c t i o n  word

and LC2 was set or cleared defl etid inq on whether or not byte

formatting was re ci uired . The RX routine c a l l e d  other

routines and could p erf orm con siie rab le processin g before

the f i n a l  r esu l t , th e e f f e c t i v e  op erand address , was

retur n ed to the c a l l i n g  routine v i a  the ~ register.

T e e  u t i l i t y  S e c t i o n  enccmoa ssed a number Cf routi nes

-w h i c h  n erfo rm e d com p lex data “ ani o u l a t i o n .  A r i t h m e t i c  util-

i t i e s  for m u l t i p l i c a t i o n , d i v i s i o n ,  and scuare root were

accessea by nine sep arate i/U’~~ —2 O in s t r u c t i o n s .  Indi rec-

tion routi nes, w h i C o  were c a l l e d  by t~~~~~~ ~~ f o rm a t  rout ines ,

em ul a t ea t he  A~ ./LI y~~~ 2O c a s c a d e d aod ress i~~ c a r a t i l i t i e s .  A

genera l purp ose m ove Sub r out ine rer-~l t t ed —.r tr 25t c e l l s  of

m a i n  m em o r y  to be move&1 # r Q m  ~~e lp c~~t i ~~ to -~n ot -h er . Th is

routine was used b y  th e e — u l a t o r ’ s e r o r  ;~~~.j~~~r o s t ,c  u t i  1 t

t i e s~ as -w eM as ttie loan a°a store m u l t i c - l~~ aa~~ r es s  reg i s -

ter instructions.

F . L~,PLT/OUT PUT C T - ~OLLE~

A l t e o u c h  the A ’4/U Y~-— ? O ’ s IOC w?5 not em ulate d , several

of i t s  des ig n features nere i m i t a t e d  in creat ing a general

c j r oose irp ut /o- j~~~u~ co ntr o l l e r  f~~r t~~e em ulator. The

i n p u t /O u t p u t  Comma nd i n s t r u c t i O n  (35 ~R) i n i t i a t e d  the i/O

seau°nce, an-i rese rve d sev er al c e l l s  in t h e -m em ory m app in g

for 1/.1 c o n t r o l  ~ords (Fiaur p v — ° ) .  Th ese cc ntr o l words

con t~~i ne- 1 f i e l ds W h i C h  i n o l c a t e n  ~~b a t  p e r i p h e r a l  d e v i c e  w a s
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AN/ UYK -20 EMULA T ION

ZNPUT/OUTPUT COMMAND WORDS

151413 12 11 109 8 7 6 5 4 3 2  1 0
I O C W ( 5 0 )  I 1 1 1 ( 1 1 1  1 1 1 1 1 1

LI~~ U T ( 0 )  / O O T P U T ( 1)

NOT U S E D

3UF’”’R  C OU N T

O E 7I CE  I D  *

iocw + 1 1 1  I I I I I I I I I I I I I 1
BUFFER PIDDRESS

T H E  i 4 I C R O C O D E  A L T E R S  T H E  I O C W  +
D U R I N G  S U F F E R  T R A N S F E R

IO c w + 2 t~~~~~~I I I I j L I H I I~~~~~~

BUFFER SIZE
U S E D  FOR CR 1 O U T P U T

~~~CW + 3 1 1 I I I I 1 1  I I i f  I I 1
N U M B E R  OF S E C T I O N S

U S E D  FOR D I S K  T R A N S F E R S  (N O T  I M P L E M E N T E D )
* C ODE : 00 — C R1

01 - P R T  ( O U T P U T ) / C R D  R D R  ( I N P U T )
10 - D I S K  ( N O T  I M P L E M E N T E D )

~~i m j r p  ‘~-~~~~~ 

----_-- - . ~~~~ - - -~~--~~~~~~~-—— - - -
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s e l e c t e c ,  the number of buffers that wo~~li be passea,

w h e t h e r  i n p u t  or c u t o u t  w a s  d e s i r e d ,  and w h e r e  t h e  b u f f e r

was locat ea. Iwo a d d i ti on - i l wards were reserved for control

data rec~u i re d to inte rf ace w i t h  the dis k and the CR1 . The

d isk inp ut /out Put mi crocode was not incorp or~~t~~d into the

c o n t r o l l e r ,  hut the fram ew ork was orov idea SO the IOC could

be rea n i l y in serted i n  th e future.

The emulator ’ s IOC sec ti on was located in the u t i l i t y

sec tion o f the em u l a t i o n ,  ani operated asyn ch r onousl y w i t h

t~~e ~urr ou :~hs TOP . Sinc e t~~e IOC Was c o l l o c a t e c  w i t n  the

em u l ator i n toe Same 0— m achi n e , i t  was not cap able of

indep endent oro ce sSiod. Unce it -was i n i t i a t e d ,  e m u l a t i o n

execut ion waited u n t i l  inp~
jt /outnu t -w-1 s comp leted. The emu—

la tion had to use th e ~ u r r ou an s  C omm on Language , since the

top s ~r icr oc ro gram eg to accer’t ~n l v  th i s characte r set

from ot h er fl m a chi n es.

In oroer to transfer a 33—word l i e  p r i n t e r  buffer to

the I~jP , t b e  ~~./IJ Y~~-2U ~r’- u l a t o r  1L11 bad to use bb  A~~. /LY K ?O

-w p r 1S.  In order to send 20 wp rdS to th e C RT, t~~e J O C  h ad to

cont ruct a ~O w o rg p u f f e r . i h e  CO~-’°~ ES sub r outine packed an

A N /U Y l~ — 20 hu f fe ’ p f bb, lb p i t  words i n t o  a 32—bit , 33 w0rd

bu ff e r, g u i t a p l e  for cut out to t n e [~
)
~- . 
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S i m i l a r l y ,  on in o ut , a 20—Word lOP buffer from the card

reader or C~~T e xpanded into a ~4O—wo ra At J/UY b—2 0 buf fer. In

t h i s  c a s e ,  t h e  F~~~~P A N D  subroutine s p l i t  every oacked 32—bit

word p f th~ lOP ’ s bu ffer into two l b — b i t  words, su i t a b l e  for

processing by the emulator. These add i t i o n a l  aata transfor-

mations were reguir ea because of the bu ff erin g requireme nts

of the 1~urrough s lOP.

go
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11 . EM U LAT ION TESTING

A , MET HOD OF TESTI N G

The fun g am en ta l testing techni que u t i l i z e d  th rough out

the develo pment of the e m u l a t i o n  consisted ~ f thre e d i s t i n c t

ph ases 1) each module was in- d e Pen de n tl y assembled and

debuqgeo u n t i l  success f ul assem bl y was ac rievea, 2) each

orogram segment was th en tested for accurac y of t~~e inte nded

op erat ion, and 3) tee com r osit e em u l a t i o n  oroaram ~as tested

under actual program condition s a l l o w i n g  for in t e r a c t i o n

among several -m odu les. A debu acing oac~~aqe, wh i C h  W a S

develo p ed earl y in the e m u l a t i o n  p roject , was the p rimar y

test v e h i c l e  for v e r i f y i n a  e m u l a t i o n  cod ino . Devel opm ent

and testin a of th e loader ~a s,  however, como lete a p ri o r to

the c r e ation of the dePuoger.

Lo ader test in o was acc om p lished by m o n i t o r i n a  the con-

tr o l p ane l li gh ts and s y n t h e t i c a l l y  h a l t i n g  nro gr~ m execu-

tion via the insertion pf ‘N A I l ’  sta tem ents , fo rci n ~ the

desired re gi ste r to he tr ansferre u to ‘MI~~’ , and then re—

e x a m i n i n g  the p anel l i gh ts. This process W a S  e x t r e m e l y

tedious and ti m e  con suming but oroved to t~e an in v a l u a b l e

tool for rec oun i z in c p e c u l i a r  T)R A~~SLM’iG constructs and

~ i c r C i n S t r u c t i o n  execution side effects.
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Each module was suojecte d to an extensive aesk cne c kin g

p r o c e s s  in o r d e r  t o  r educe  t r i v i a l  a s s e m b l y  e r r o r s  b e f o r e

runn ina it on the machine. A f t p r  a successful assembl y ha d

been achieved , the code was m erged w i t h  o r e v i o u s l y  e x i s t i n g

a s s e m b l e d  m o d u l e s .  rhe em ulator -~as exp anded as more

modul es were added , w i t h  u t i l i t y  routi nes being in co rp orated

p rior t~~~ the orcode programs.

I n i t i a l l ~~, the loade r was designec, p rogrammed, and

thorouah l y t ested p ri o r  to the ~ icr oo rc q r am mi n q of any

AN/ UY~~— 2fl ins t ru ct io ns or u t i l i t i e s .  ~~i t h  the loager im p le-

mented, th e e m u l a t i o n  c f  the UY)<—2 () i n s t r u c t i o n  repertoire

coul o crocede w i t h a m i n i m u m  of loader indu cea orotle m s .

Independent np co ies and various u t i l i t y  routines were

added to the o r e v i o u s l y  as sem p le~ pro gram s. The f i n al emu-

la t i o n  consiste a of -a t o ’-al ~~- f 2’)~ orcodes , a set of u t i l i t y

o rogr~ ms, an d a ~cr~~a hle  l~~aner .

In the n e x t  ch~35~~ p 4 te st ~~n-i , eve ry m op u le was subjecte d

t o  a ren re sent -~t i v e  n j —p e r  nf •~~~ç~ c a s e s  w h i C h derron stratel

b Ow c l o s e l y  th ey cn— oare i t~~ t.’e 1cc~~m er ’tei .~~/UY~~
_ 2 ) opera-

tio n . A r t i f i c i a l  e n v i r o n m e n t s  ~~~~ cr.’at e7 to su r j eCt every

occo-le to a v a r i e t y  of s i t u a t i o n s .  .~hene ver the op erat ion

of the oocode disa cre ’-l ~ i t b  th e docume nte d ~‘-d /ti~~~— 2) coer a—

tio n, the ooCode ’ s fu r c t io n —~as th o r ou ahl v researc hed. m e

oocoie ’s s u e  e ff ects we re cate~~n riz e d an~ questions formu-

late d . O ften th e answ er s ccu l~ o n l y ~e ob tai n ed from the

u n i v a c  f i e l d  enoi n ee r .

_ _ _ _ _ _ _ _
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to i l l u s t r a t e  the c o m p l e x i t y  of t estin g , an ala instruc-

tion was tested -~ i t h  numerous ooer-and com binations: two

p os itive operands, twc ne g ative operands , one of each s-i qn

y i e l d i n g  a nea at iv e resu l t~ opp osi te signs prod ucin g a cosi-

tive result , ari d 0000site Signs orodu cing a zero Sum. Dur-

ing each addi t i o n  op eration , the ove rflow, carry, and condi-

tion b i t s  had to be monito r ed in status reaister I to verif y

t h e i r  app ropr iate setti n g . T h i s  level of a etai l was

achieved w i t h  a)) of th e im p lemented oocoaes i n  orcer to

produce an e f f i c i e r t  and accurate em u l a t i o n .

Throug hout the entir e testin g scena rio, w h~~Ch comp os ed

207. of the e m u l a t i o n  crojec t , the -deouqaer r o u t i n e  (DU~’ P R EG )

pro viaea the necessa ry i n f o r m a t i o n  for e x a m i n i n g  o~ coo e exe-

cution. A r epr ese n t a t iv e sam p le dehugoer out p ut is p rovi aed

i n  A pp endix D .

OUM P~~~G pe rm i t t e d  a sn ap shot pf b O t h  A~~/(iY~~~2O gener al

re li sten stacks, PS~~, 1 , and 5~~2 ,  in ad d i t i o n  to the 0—

m a c hine re g isters (Al, A d , ~3, ~~~~ ~~~~~~ lIP ) arc to e liur—

roughs e xt e rnal cloc k . OL)~ PPEr, oossessec, ~u~~t i c i e n t  f l f x i —

b i l i t v  to he ircorrorate c into th~ mi c r o c o~~e at any p oi n t .

In the fi n a l  e m u l ator , however , the lehuo~ e~ is use r soeci—

fied , and w i l l  dum p t h e  AN/ U Y IK— 2 0 em u l a t o r  en viro nm e r— t

either at every i n s t r u c t i o n  fetch and p r ogram stor, or when

c a l l e d  by a loader control card.
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B. SAM PLE TEST PROGRAM S

Af ter suh ject i n ~ the en tire em u l a t i o n  to extensive test-

ing, som e rep resentative test programs were deve lop ed to

demonst rate the f e a s i b i l i t y  of the em u l a t i o n  and i t s  ca pa-

b i l i t i e s  and p erfor ’-ance as compared to an actual A t a /t J Y~(—2O.

t here were two orogra-r s w h i C h  were sel ecte a because the y

incor p orated num erous e m u l a t i o n  features. The two Programs

were th e s o l u t i o ”~ c ’ sim ultaneous l i n e a r  eQ u a tio ns by

Cram er ’ s rule ar-~ -~ e n e r a t i n n  o f n r i m e  numb ers. It m ust be

noted tha t strea ml iner , crodrair design was not emo has i zec hut

rather u t i l i z a t i o n  of a va r i e t y  c f  opccles anc features of

th e em u l a t i o n .

Th e p rogram fcr s c i v i n g  l i n e a r  ed uat ions C on tained a

total of 2~ oococ~~s, r e d uirin c 2~ cocode executio n c y cles

arid ~3 i n s t r u c t i o n  fetcoes. Th e p ro gram dem onstrate d a l l

four fund arre n~~al m a t h e m a t i c a l  oo er a t lc n s , nurne rouS store and

load fjr cti o r~~, a cn ”- ca ri scn te st .and ) jumP i n s t r u c t i o n .

th e ca o a r - i l i t y  p f c e r f o r — i ~~n c a r - ~ r e a a e r  i~~r~ut 3rd Cu t o u t

was added ~~b~~ n th e em u l a t o r  ICC ~ aS com p l ete d .

the prime num b er p rogram de m o n s tr a te i 30 instructions

w h j C b  reguire d h O  oocode executio n cy cl es~ an~ 122 instruc-

tion fetche s. Thi s orogram i l l u s t r a t e d  numerous comp arison

tes ts, )ooc’ino st ru ct ure s , sev e ral jump i n s t r u c t i o n s ,  a load

m u l t i p l e  i n s t r u c t i o n , ad rl i ti c ,n , ani l i v i S i o n .  The test oro—

g r a m s a r e  i n c l u d e d  in A p p p n d i x  E.



C. TEST ~E.SULTS

The performance anal y s i s of the t est programs consisted

p r i m a r i l y  of run n ing num erous test cases, ex a m i n i n g  the

results for accur acy and com p u t in g the t n t a l  ti me requi red

to execute the em u late d AN /UY IK—2 0 Programs. The t i m i n g  of

the orogram s was a cco m p lished by us in a an external clock

av a i l a b l e  on th e ICP . The c lci c~ ti me pr ovide d a f a i r l y

close re p rese n tation of the e m u l a t i o n  e x e c u t i o n  ti me, ~ut it

cannot be con sidere d a com rl ’~te l v  accurate measure sin ce the

em u l a t i o n  m ust in ter r o g ate th e TOP to r e t r i e v e  th e external

c lo ck contents. ~p o r oxi- ’a te lv 50 m i croseco nds are usea wh en

sam p l in g th e cloc ~..

The t i m e  rec ui rem ent s ~~~
f t h e  A -’i/~~ J Y K 20 p rogram execution

w e r e  h a n a— c a l c u l a t e l  by su mm in g tne p u b l i s h e c  i n s t r u c t i o n

ex ecution t i ” e s  as p resente d in ~ef. 21. m e  e m u l a t i o n  cer—

formance ra t i o  (EPR) wa s conc ute d m e r e l y  to live an aPp roxi-

m at e in a i c at ion c~ tN e em u l a t i o n  p er f o rm an ce. Tee EPP is

t h e n a t i d  of m ea su re d ~ur r n j~~hs e m u l a t i o n  t i n e  to the calcu-

l ated 4~-/ ~~f~~—2 ) exe cut i on time .  tw o E PP fi gures a re

recorcea one w i t h  p aging im p l e m e n t e d  and one w i t h o u t .  T h e

naa irio EFR f i g i r e  i s - si a n i f i c a n t  onl y in t h a t  i t  i n d i c a t e s

hp~ m uc h a d d i t i o n a l  ov e rh e ad must ce in cu r r ed w hen em u l a t i n g

th e m a d i n g  m ec h a n is - ô~~ t h e A~-/U Y~~~2O. Tee recui red a dd i—

‘ion al e x e c u t i o n  t i m e  -was anout 2h~~. ‘~a t u r a l l v ,  o a l i n d

o v e r h e a d  is ~i r e c t l v  p r o p o r t i o n a l  to the hum -p er ~ f ins truc-

tion fe t ch e s C r m e m o r y  re f e-ences o e r f o rm ~~ci d u r i n g  a p ro—

aram .



The results of rrocr ~ rr tes t i r ~q a re ~s fo ll ow s .

C R~~~E~~’S PI.JLE Pp~IME NLIMbERS

Number o~ Oococies 30

Number of Fetches 122

E x ecutio n Cy cles 28 11~

Ti~re ~ /o  oac ~i r~g S0~~O usec 13Q0 0 usec

T i m e  w i t h  Pa qin g ~ 000  usec 17000 usec

AN /UY~~—2 0 Ti m e 7~ usec 1 93 usec

EPR ~/o Pa~~ir~o ~~~~~ :: I ::

EP~ w i t h  Paq i r~~ 103 :: 1 88 : 1

Thes e f~~~u r p s r e Q r ps e r t  ~~r ’ly a o oro xi ’ate co~r~~ar~~sons ~~f

the t A r )  ~ac hi r-i es . T~~ece C c ’ j r a t i o r l s crovi cl e an e s t i — a t e  of

em u ’a t io n c h a r a c t e r i s t i c s .  ~n e f f e c t i v e  EPk w i t h o u t  r~ao i n q

~as oro jecte~ to be ~5::1.



V I I .  S1J~~~A Q Y  AN D ~ E C U MM E ND A I I O N S

A. EXPERIE N CE ~,ITh H~ RDV. A~~E

Th e em u la tion oroject orov iled t~~e u ni ’~ue oroortun~~tv o f

learning about t~~o comp uter systems. Th e burrou ghs 1)—

m achine demanded a r~et~~i l e i  knowl edoc of hardware ooeration ,

as w e l l  as a tho rou qh un~~erstar ’iina of the crooro~~ra’rr . inc

languaqe , TRAN S LAN G . The comp uter a r c h i t e c t u r e  and proces-

sor ca~~abfl i t i e s  c it  th e ~~~~~~~~~ nad to ce investigated and

then inte gra tec i n t o  the cont rol stare ‘~err cry of the

~3urrou aN ’ s D—~,iachin e.

On sev eral occas~~cir,s, h .~roware m a l f u n c t i o n s  ~~~~ t~~e

~urrou~~hs e~~u i c r ~er’ t crev en tel nor~~al system ocie rat ior t. The

carl realer wa s inoo~~r acl e for sev e r al weeKs , ar. i the lis k

cj r ive u n i t  hac t o  be r~ o air e 1  sev e ra l ti ’es . D ur ina  the

f i n a l  th r ee .~ee~~s o~ or~~jec t -je v eloc- p n t, one f~~~ac~~ire

ce asel ~c fu n ct i o n  or~~~e ’l y . t h i s  r es t ric te d em u l a t i o n

t e S t i n O  to th e r e r ra i n i n~~ [‘ m a c h i n e .

A l t h c i u c i h  these hariware ~ i f f i c u ) t i e s  i~~cedeo nor m al rro—

cress of th e croj ect , the y d ii not ci rp ve nt the en u l at i o n

from successfuHy b e ir ~c co~ oleteo . I f  a harl~ are rr ob l e~

r’reventel e m u l a t i ’~n t~~st~~ni or 1et~u~~~ing, r ’fh e r “~c i 1 u l eS  ~.ere

de si in ed and tPst~~nc~ W a s  o o s t c ~~n,~1. t - i s  c,rm~~tted con-

t i n u a l  e~~u la t i o n  ‘ieve l ’crent r,~~~ri1ess of the ~‘araWa re
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Status. In ad r $ itio n , co i s i d e r e h l e  t i m e  ari d e f f ort Wa s

invested in t r oub l e—shooti no bard.~are m a l f u n c t i o n s ,  so th ey

co ul d r e isolat e ’i , diaqno sel, and rec aired.

8. LESSCThS LEA RNED

The emu l a t i o n  oroject br ouoht to qet h er many different

compu ter scien ce tec hr i iau e s .~ rid l i s c i c l i n e s  w h i c h  w i l l  be

use f ul in f u t u r e  c om o u t er  s c i en c e  e n d e a v o r s .  ~ g r e a t  aeal

of exoer i e nce in  b cth com ru t er a r c h i t e c t u r e  ari d o ci er atior i

was gained in two d i f f e r e n t  t v ~ -e s  of crmo uters . ~ ic rop ro—

gra m m i n g  orovidea new i n s i a n t  i n t o  corrp uter ~1esia ri arid

reve al ec many o o t e n t i a l  a r o u i c a t i o n s  for croqrarr rri able con-

t rol s t o r e  irac~~~i ne s .

Si nce em u l a t i o n s  n o r m a l l y  r eau i r~ a larae d e v e l o o r r e n t

e ffo r t , t h i s  cr o je c t k a~ to ~~~~~~~~~~~~~~~ jud ici ous system

desig n ar i d orcj e ct m ariage rent o r i n c i c i l e s  in  order +or it to

be co rrp let od su c c e s s f u l l y .  C a r e f u l  m o r i t~~r i nci r~~ cr i t i c a l

stages of t~~e e - u l a t i c n , an c r c r i i n a r’ o r ’  of t~~e o r o g ram ming

effo rt to meet scriel u lel ~~~~~~~~~~~~~~~ was necessary

throu ~~riout t h j 5  research . T~~p sm a l l  oro~~r amrinq team con—

ceo t proved to w ork e x t r e m e l y  f l e l l  in t h i s  croj e ct.

F i n a l l y ,  several soft.’-3rp o ractices were s t r i c t l y  t o l —

lowe ~ t ha t  oroved tc t e  ~ r i v a 1 u a b l e  in  constructing th e ecu—

la t i r i n .  F i r s t ,  T o d u l a r  rror~ramr ~ ino suCcee1e~i in  r a r t i t i o n —

in~ the e m u l a t i o n  i n t o  al s c~~e te m o d u l es wh~~Cn cou lc ~~ t e

ies iqred , cojp d, ~~ st e i , ~nc~ r m nl~~ rente a i n - i i v i o u a l l y .  The

9 ,.,

~

-

~

- -

~

_ _ _ _ _  _ _ _ _ _ _ _--

~~~~~~~~~~~~ 

~~~~~~~~~ - - .



em ulatio n was constructe d i n  s eome- i ts, u s i n g  the p reviously

ve r i f i e d  mo jules as a test bed for the new codul es bein g

b u i l t .  Struc tu reg C r Cd C ~3 rli l’ inQ and p r~~l , f j~ docLirr en lt atio n

were useful in develo oin q e a c h  m i c r o o r o q r a r r  r o u t i n e  b e c a u s e

the y p ermitted each team mem ber to understand the fun ction

of th e orooram and hO~ i t could he used.

C. EMULAT IO N PROBLE~1S

The mo st s i g n i f i c a n t  p roble m p f t~~e em u l a t i o n  was not

having ha d any exp erience w i t h  an ~~/U’r~K—2O arid not h aving

anyone re a d i l y  a v a i l a t ~l, w j t h  p r i o r  ~~/U YK— 2O exp erience.

This la ck of know led g e createg scme a rl x i e t 9  when atte r r o ting

to ana lyz e the r a m i f i c a t i o n s  of i n d i v i l u a l  orcoQes .

The idioSy n cr a S ies of certa in oncodes were not made

sel f— evide nt by the A ’l / ’JYK— 2 0 so ftware m anuals. Conse-

quentl y, num er ous code m odules were redesiar iec when m ore

detai )ec i n f o r m a t i o n  was crovided by  a U N I V A C  f i e l d

engin eer. I r i s  Prove d to he ver y t i m e  c o n s u m in g ,  i n , f f i —

c ient, aria f rustrati ng .

An ot h e r e m u l a t i o n  d i f f i c u l t y  was the lack of worki ng

registers i” the host machi n e as comp ared w i t h  the tarcet

macnin e. ~h i l e  th e A~./UY~~— 2U has eit h e r  1t or 32 aeneral

reai sters, oep endinq on whether the second stack n otion is

incor p o rated, the r)~ m ach ine has e f f e c t i v e l y  on ly seven work-

able re~~1s ter s c0 ’t a i niri g ib o i t s  or m ore. Therefore, a l l

A N /Uypc— 2 ’) re g is t e r s ta - i tc ce mapp ed i n t o  S—m em or y w h i C h

gq



createa m uch lon ger re ci ster r e ad /w rit e times. Thi s  created

s ia ni fi c ,int re g ister m a n i p u l a t i o n  pr oblems w h i c h  in some

cases reaui red mai n  mem ory references for instructions

inter idea to he s t r i c t l y  r e g i ster—to—re g ist e r op er ations.

Conse quently, increased execution times resulted in a higher

emu l ation p erfor m ance ratio (EPR), iecreas inq the overall

e m u l a t i o n  p erform ance.

0. r~ESULTS

E m u l a t i n a  the 4N/UY~(—2 O on a ~3urrouqh s 0—mac h ine

required a co n s id e r aol e amount cf p r ep a ratio n ar~d o l an ni n g

before any results were re a l i zed. Ar ’ in oepth analysis of

each com p uter ’s a r c h i t e c t u r e  an~~ op e r ati n g c h a r a c t e r i s t i c s

was conducted to insure that an e m u l a t i o n  w a s  f easible in

the a l l o t t e i  ti m e per ioi . From th e i r i ce p ticn of the p ro—

jec t ’ the goal ~ f t h e e m u l a t i o n  was to i m p l em e n t  a star ida r l

AN /u Yb— 2O processo r . Iris decisio n was t~asea on th e capa

a i l i t y  ~ f th e D— ’-ac ni n e and an esti ma te of hOw much t i m e

would be i n v o l v e i  in 1eve lo~~ina, ieoucgirg , arid testi no th e

f i n a l  oroduct . A l t b o u ~~h t h i s  goal was ac hi eve d, it was felt

m ore ti m e  cou ld hav e been devot ed to testi r ’a and v e r i f v i n a

em u l a t i o n  op erat ion .

The AN /U YK~~2O e m i j i a t i c i n  was a hi~~ bl y c om d ex m i c r o c r o —

qr ammi n q oroject i n v o l v i n a  riu tm e rou s ~ata St ru ctures arid

transfer p rotocols. A t o t a l  of 205 A j / Ii Y~c— 2 0 instructio ns

were em ulated Out o~ nea r l y 2°O i n s t r u c t i o n s  in the r ep er—

to i re (i r ’c lu d inl a l l  b C ,  m at h r a c ,  an~~ clock in t er ru o t
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opco des). A~
\4/U Y~<—2 O dia ci r r ost i c orogr~~m s ari d user proqr am s

w i l l  e s t a p l i s h  the v a l i d i t y  of the em ulator ’s Cons tructio n .

E. RECOMM EN DAT ION S AI~D FOLL0~i—ON TOPICS

A l thouqh 205 oocoaes have been imp lem ente d , teste n , ~ nd

develop ed in to a worki ng em u l a t i o n ,  there are s t i l l  many

cha ll engi n g avenues to pursue in cr e at ina the com p lete emu-

la t i o n  paC kaae. Fir s t ,  t e st in d is a conti n uous pr ocess and

shoulo ue p erf o rm ed in conju n ctio n w i t h  code o o t l r r i 2 a t i o n .

A com p reh ens ive cage o p t i m i z a t i o n  e f f o r t  could im p rove the

EPR wi t ho ut S a c r i f i c m n o  code r e a d a b i l i t y .

Seconc, t he f l o a t i n g  p o i n t  and ‘ma th oac ’ opt i ons coul d

be im p lement e d. 1-n e a d d i t i o n  of f l o a t i n g  p oint a r i t h m e t i c ,

t r i g o n o m e t r i c ,  and h y c e r b o l i c  funct ion s ~.oul d si g n i f i c a r t l y

strengthen th ~~ sc i e n t i f i c  c a p a b i l i t i e s  of the em u l a t i o n .

Th i s  w ou ld be an e~~t r e m p l y  Strenu ous un1 ert a~~inc ~u t w o u l d

per m i t  m ore t a c t i c a l  aata a p p l i c a t i o n s  ci the e-’ulario n ,

i n c r e a s i n g  i t s  v alue t o  the ~~~v v .

O ne area w h i c h  ccu l~~ he e x am in e c  is to oer for ” a

c om pr ehe nsive t i m i n g  a n a ly s i s ~ PtwePn am A~~/(iYP<— 20 arid t~~e

emulatio n . Ih is  c ou lc con s i s t  of c o l l e c t i n g  numerous bench

m ark program s from Navy A- j /UY~c—2 0 i n s t a l l a t i o n s ,  where rier—

forman ce data coul d be accur a te l y obt a ine d . Ti- ese Dro q ra r r s

co u l d the n t~e run on th e em ulator , and analvz ~~d w i t h  the

Pench ~ark re sults. 1h~ f e a s i b i l i t y  of r ep l ac i r i o or suhst~~—

tuti n g ~m u l a t i o n  ho st m a c h in e s  ‘o r  ta rge t ~~Chines C O u l )  he

1 0 1



addressed ani suoocrted by the t i m i n g  analy sis study.

An em u l a t i o n  of the 4). J/ UY~~—20 inpu t /outp ut c o n t r o l l e r

could be i n corp orated into the em u l a t i o n  w i t h o u t  serious

d i f f i c u l t y. Since a second 0— -m achine i s  a v a i l a b l e ,  the IOC

c hannel processor i n s t r u c t i o n s  cou la be em u la te g arid

insert ea into that D—rrac h in e ’s co n t r o l  memor y . The indepen-

dent processina c h a r a c t e r i s t i c  of the A r-i/ UY P< 20 IOC w ou ld he

f u l f i l l e d usi a t h i s  arrangeme nt.

Fi n a l l y ,  wh en t ri e r~u rrpuah~ system is l i n K e d  w i t h  the

computer scien ce dep artm ent ’ s P~~P 11/50, th e A N / U Y K — 2 i )  ernu—

lator co u lO he connected to th at system ’s p eri p h e r a l

resources. Th i s  w ould a l l o w  fut u re inco rp oration of an

A~~/UYK 2O ULT PA ass’~n cler arid a CMS~~?M comp i l e r  into the POP

1 1/5k) system -which cou li th em oroduce m achine language

object coco f i l e s  f - n r th e .~‘i/U Y~c—2O e m u l a t o r  to execute.

I
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A PPENDIX ~~~ . ~~./UYK—20 E~~ULA T0R USER’S vA NU~ L

This descri p tion is desi qn eJ to p r ov i~ie suffici e n t

information to op erate the MJ/U YK— 2’J e m u l a t i o n  p ro gram . It

is assumed t h at the infor m al b u rr ot jgn s 0— ma chin e m anual in

the burrou gh s laborator y w i l l  suo oly adeouate Power on

instructions and solve any h a r dware o r e r a t i r i a  o i f f i c u l t i e s

w h i c h  m ay arise. -

The procedure for u t i l j i i n g  th e ~.N/ UYK—2 0 emul ator can

be d i v i d e a  i n t o  four chases

1) selectio n o f the necessar y loader co n trol cards

(JCL) . -

2 )  selec tion o’ t he ~~./U YK—2 0 p rogram i n s t r u c t i o n  set.

3) i r r p le m e n t ~~t io r’  o f  phases one aria two i n t o  tn e

recui rel card or Cr~T fo rmat.

-4) a c t u a l  ha r owa r e i m p l e m e n t a t i o n  o.~ t k e ~u r ro u q h s

0—m ac n i ne result ir ’a in p ro g ram e x e c u t i o n .

Phase one can be achieved by s el e c t i n ~ ~ be desire d

loader control cards aescri p ed in A p p e n d ix  B. The can for—

mat  is i i entica l to the CR1 f o rm a t, exce p t t ha t t h e  C’~T

re quires the user to < ca rri a ge ret u r n >  at t h e  end o f  e v e r y

l i n e  o f inpu t  a a t a .

Phase tw o is a c como li sn ed ~v creatin g the ~~i/ U Y ’ < — ? O

p ro g r a m  f r o m  a subset of p -h e 2 ’ S  em u l a t e d  i n s t r u c t i o n s .

1u3
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Phase three Consists of ke yp u n ch ing th e desired JCL and

AN/ UY~~—20 p rogram in t h e  f o r m a t  i l l u s t r a t e i  in Appendix C.

The result m a  job aeck w i l l  t y o i c a l l y  ~e assembl ed as

follows:

?SMLOAD TED /UYK2O UBJEC I ~ l o a d s  th e em u l a t or  i n t o

m i c r om em o  r y

L O 0 O 0~4 /. load tne progra m into

page ~

C O )20o FAU LT j~~T E R R u P T — E x E C tJ T IO l- J E~~D S “

C 00214 NUT I~~PLE ’1E~~T~~D— E~~ECUT IO N ENDS

C 00222 L~Iv I f l~ JV EP FL O — FAUL T Er JT F~~ED ”

**** *** ~ *** * * * * * * * * * * * * *

ot h er deS i~~~’1 JC L
* * ** * *  ** * * * * * * * * * * 4 * * * * *

A~j/ U y I~—2() Proc ~ra ’

0 3 , O , a , O ~
) 

~ p r i o r i t y  i n t e r r u p t

(a O~~— 1 7  o c t a l )  (mandatory card)

~ co~rm e ’ce oro qr~~m

exec ution

‘~ (or -A l ) % m a c h i n e  status (req. dump

at t e r m i n a t i o n )

E % eni jot’ ca r-i



F i n a l l y ,  phase fcu r consists of t n e  e n t i r e  Program deck

being loadea i n t o  the card reader. It is assumed that tre

lop is at a d a r e s s  0015 hex, the selected in t e rp r e t e r  is at

ad dress 05’~
Q hex, the l i n e  p r i n t e r  is ‘REA DY ’ , arid th e IRQ

s w i t c h  i s  ‘o ff’ .

The I~~ s w i t c h  is a t h r e e — w a y  togg le S w i t C h  mounted on

the right side of th e inter p reter. In the uo p o s i t i o n ,  IRQ

i s  ‘on ’ , h o r i z o n t a l l y  it i s  ‘o f f ’ , an d t h e  d o w n n a r - ~ p o s i t i o n

is used for e x t e r n a l  f u n c t i o n s .

~f e i t h e r t h e  i n t e r p r e t e r  or t h e  lOP i s  n O t at t h e

p roper s t a r t i n g  adoress, c l e a r  them o’i aep ressing the

‘CLEAR ’ bu tton on each u n i t .  If t h i s  p roce du re aoes not

remedy th e s i t u a t i o n ,  C o n s u l t  the user ’ s m a nual i r ~ t r e

laboratory.

Uoo n readin g the ?S~~L0A 0 ca ra, t h e  ~ y s t ~~~ w i l l  loa d the

AN/ U Y~~—2 O e m u l a t o r  coject rrcoram i n t o  th e  m i c r c ~~em o ry  of

the s e l e c t e a  i n t e r o r e t e r .  T h O  p r og r a m  a-ldr ess cOunt er (On

the i n t e r p r e t e r )  w i l l  ~ e at the b e q i n n i n o  of th e e m u l a t i o n

P r o g r am , a d - I r e s s  0 0 0 0  hex . A t  t h i s  c o i n t ,  t h e  us er can

select CPT i nput and c u t o u t  by p l a c i n g  the 1~~G s A i t c h  to th e

‘on ’ ( u c w a r o )  r o s i t i o r ’. I f CR 1 in o u t is riot d e s i r e d ,  leave

the IRQ s w i t c h  i n  t h e  ‘o f f ’  (ho~~izc’ n t a 1 )  p o s i t i o n . Nex t,

force step the i n ter p r e ter py r n o m a n t a n j l v  dep ressing t h e  F S T

b u t t o n (u r n e r — o s t  nush ~- u t t on on s ia c  c a m e l  o f  t r e  i n t e r -

p r e t e r ) .  On n O t h e l d in t he  F S T  b u t t o n .  T h i s  may cause

sc-’.’e un d e s i r a b l e  s u e  e f # e c t s .
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Af ter cep ressina the FST b u t t o n ,  the .
~N /U Y I~—2 () p rogram

is loacieo i nto S—m emory. If t ri e i n p ut i s  expected from the

CR1, the user must enter h i s  p rogram from the con sole. Oth-

erwise, the e m u l a t o r  w i l l  reQuest cards from the Card

reader. O nce the p rogram nas been loaded and th e ‘I~’ card

read, anagram execution be gins.

Af ter successful p rogram t e r m i n a t i o n ,  the oroqram

returns to the loader and asks for m ore in p ut .  ~ t t h i s

ooi nt, tr ~e u s e r  ~ra ’y t e r m i n ~~.e h i s  job, or start a ri ct r ec load

seQ uence. It Sh ould he rem emt er e g t h a t  tre A N / U Y P ( — 2 0  ~ r”ul a—

tar has been aesignea f o r  mono orogramm inc execution. It

execu tes one p rog ram at a ti ~~e, hut can execute any nurroer

of programs in ’ seou en t ia l oraer if desire d . ~.h er th e job is

t e r m i n a t e d ,  tn e f~— m a c h i r e  r eturns to i t s  s t a r t i n g  aggress

(OQoD hex ) and a w a i t s  f u r t h , r  p roc es s in g . ~ nen t~~e u se r

returns to the s t u r t  a l- i ress, th e sys te~’ is ef f e c t i v e l y

‘ma ster c le a r e n ’ s ince S—m em or y w i l l  oe cleared oni or to

ex e c J t i n ~J any ~u r t n e r  job s. It i s not necessar y, however,

to use th e ? S - ’LOA O card for ag~~i t i o ~~al oroar am s or rroaram

re— runs because th e em u l a t o r  object coom s t i l l  res ioes i n

m i C romemo r~~.

If t he result s o ’ pr og ram execu t ion are not as a n t i c u —

~ ate’i , use of e i t h e r  a ‘ 1 ’  -or ‘ 1 1 ’  op tion (trace Card) 1 5

reco mmended ?g Prov ide th e use r w i t h  a f e t c b — o v — f e t c h  pro

gram trace w i t - n th e ou tpu t to t h e  p r i n t e r  or C~~T resrec—

ti v e l y .

- ‘ lOb



~PPE NU JX 3 . L041’EP CO~JT POL C~~k D FO~~”AT S

CARD COLU h~~S

1 2 3 LI 5 ~ 7 ~ 9 10 Ii 12 1~ lu 15 lb — 2 )

d R de c i r r a l  ajar

C dec i mal  adcr c h a r a c t e r  s t n i n ~ f o l l o w e o by a

0 d e c i m a l  adcr data

E

S e c j m a l  a~~or

I 1 rec~ dat a
2

L rioc. c-age ru”

M

P

nec. n u m b e r

S 1
2 

Na t o : ~ l l  n~~m e r , r t j~~ l is a e  i~~ dec i m a l .

1~~7



LOA D F~ C DNTRUL CA R D DESC P I PT IO h .

Control Card
I d e n t i t i  fier Descri p tio n

B — —— The ‘ d ’  ca ra is used to im p l e m e n t  the
break p oint feature of th e emula tion.
T h i s  features a l l o w s  th e user to sp eci fy
a dec i m a l  address i n  columns LI—d.
C o l u m n 2 must contain a i~ or i~ to p re a k—
p oint on a reaa c r  w r i t e  op eration
respective l y. The defau l t co n o iti on is
brea~~p o i n t  on b oth reaa and w rite.

C ——— T~~e ‘C’ ca rl is used to in sert ch arac te r
str i n g s  i n t o  — e t m o r y .  The ch a r a c t er
stri n g starts ~n c o lu’- r ~ and con t inues
u n t i l  t e r m m n a t e a  by a Quote sv rol (U)
or the S t r i n g  reaches C O l u m r , 

~~~ Ire
i e cimal adaress w he re t b e ch~~racte r
strin g w j l l  t’e w n i t t , n  u s ‘iven in
cc l um r ’ s LI— S -. A nl -a r~ or zero a-laress
f i e l d  causes th e ch a r acter s t n i n a  to oe
inser te d at th e curre n t loac address.

U ——— T h e ‘D ’  ca rd is used to Stare orc i~ i al
d ata from c o l j m n s  lb—20 into tne memo ry
address fou~~i i n’  c o l um n s  4—s . A bla nk
or zero address f i p l a  causes the oata to
bp in serted at t h e  c u r r re nt  load
aadresS.

E ——— Th e ‘ F ’  c aro is used to i n d i c a t e  t n e
en-I—o f—job ar-i tbe r e ’cre is a m a ndatory
c o n t r o l  card for j h  sep aration .

S T h e ‘ C ’  card or ‘GO ’ c- a r c is used to
start execution. lee st a r t i n g  dec im al
-address is in c~~lu- ” ns LI— B. The ae faul t
v a l u e  of a bla n k or zero address f i e l d
w i l l  cause p ro gr am execut ion to start
add ress 010214 .

1 0 ~



—— The ‘I ’ card or set index re g ister card
is used to store decimal data from
columns 1~i—20 into the register desig-
nated in columns 7~~~, into the qem era l
re gi ster stac k (1 or 2) sp ec i fi e d in
c o l u m n 2.

——— The ‘I’ or load card is used to oa r t i —
tion m em or y in to 25b, 25b word (32—bit)
oaoes -and t~ load the cro grarn into the
ce ci ma l page as referenced by columns
14— 8. Paces 0-3 should not be used
becauSe they contain the recuired emula-
tion re c ister m app in g and established
works p ace , the ‘L’ is a recuireci con-
trol card , and it is recomm encjecj that it
be th e f i r s t  JCL card.

The ‘ ‘  card o r m a c h i n e  st atus car-i pro-
vi des a re gister dump , w b ereeve r i t is
inserted. It is n o r m a l l y  cla ced between
th e ‘U’ and ‘E ’ cares in t he JCL ceck .
If a I is nla ced in c o l u m n ’  2, the
mac h i r e  st atus dum o ~,, i l l  he se—i t to the
ChI . Th i s  dump w i l l  c o n t a i n  the curre n t
value a l l  A~~/U’(l<—2 0 gener~~l req ,sters ,
t h~ P5’ , SR2, next i n s t r u c t i o n  address,
th e hre a k coi n t address, and c lo c K t i r r e .

P — — -  T h e ‘P’ card is usea to m m n l e r r e n t  rag—
u na.

The ‘
~~~~~

‘ or reserve soace card is used to
reserv ° ~‘em ory snace as s r e c i f i e d
aec i m a l l y  in c o l u m n s  •4_ ~1 •

S — — — Ib e ‘ S ’ car - I i5 used to s i m u l a t e  setti ng
of the oroaracm stpo switches (1 and 2)
on the A N /UY~~—2 O m ai ntenance panel.
C o l u m n  2 m( Jst c o n t a i n  a 1 or a 2. Two
cards a re reguir ed if both s w i t c h e s  are
to be S et .

T — — — The ‘I ’ or trace car d p rovi d es a fet c h—
ry~~fQ tc b rroaram trace , lum p i n g  the
er’ t i r e  m a c h i n e  status on’ every fetch
c y c l e. T f a I i s in c o l u m n  2, the trace
w i l l  ~~ d i s p l a y e d  on th e CR1. T h i s  card
is recom mended for -,ebugoing Program s.

10- i 
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A P P E N D I x  C .  A N / u y ~~— 2 0  E~~JL M T fl~ UISTr~uC TI O N FO R t ”AT

Format Card C olu m ns

********************** ******* ************** k**** k*******

5 6 7 B q 10 11 12 13  14

PR, RI, orcode , ‘f’ , ‘ a ’ ,

l~I Typ e 2

6 7 ~~ ° 10 11 12

RI l ype I occade , ‘ 1 ’  , ‘

S ~ 7 ~ ‘ 10 I l  12 13 1’4 1~ 1 6 — 2 0

RK , Px occo de , ‘ f ‘ , ‘ a ‘ , ‘ ‘ , ‘ y

Notes:
1 ) A l l  f i e l d s  are in - o c t a l  w i t h  t e  e x c e p t i o n s  of

addr esses ana t n o  ‘ v ’ f i e l d  w h i C h  are a e c i m a l
2) A l l  f i p ! ds  m ust ho zero~~~i l I e-i
3) The f o l l o w m n ’ c  f i o l l  r e s t r i c t i o n a  m ust be f o l l o w e d:

F i e l.j ~ange ~ase

Oocoie 00—76 Oct - 31
0—3 octa l

‘a ’ 00— 17 oc tal
0 0— 1 7 oc tal

‘
~~~~~

‘ 000— 377 octal
00000 o5535 dec i m a l

ad~~r 000140—65535 inc i m al

11 0
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A P PENDIX 0. SA~’PLE ~Ebu GGF~ O U T P U T

This app endix p r ov ides a samo le p ro gr am output ill u s-

tra tin g the Trac o op tio n . The debugger is c a l l e d  at tee

begi nn in g of every i n s t r u c t i o n  fet ch, and at t he  t e r m i n a t i o n

of the p rog ram . Scace has been Provi d ed for dumping 14~i

mem ory adoresses i n c l u - d ina emul at e g ~N/ ti Y .~- —20 re g isters a-id

C—m achine reqisters . Each p ut rut 1 i r ~e con sists of ei ght

regions Print ed i n ’ h e x a de cu-iua l w i t h  a tota l of eight nex

d i o i t s  (32 bits) per reg ion ,

Tee l i s t i n g  is annotated to mn ’ i i c a t e  the i d e n t i t y  of

each out put c e l l .  A summ ar y of ce l l  d e f i n i t i o n s  (numb er ing

from le t t to r iciht , tar to b o tt am ) f o l l o w s :

D E C I M A L  .~D D R E S S  C~E S C R L P T I G t ’ j
~ * * *.  * * ** *  * * * ** ** a  .* *~~ * *  ,*~~ . * * * * * * * * * * * * * *

0 — 15 Ge ’-eral Qe~~i s t e r  S t a c k  1
16 — 31 G e n e r a l  -~~d i s t e r  S t a c k  2

32 P ro e r a m  S t a t u s ~,cro (f~S.’.)
3 3 1 4 r e a k p o i n t  k e - u i s t e r  (5kh~~’~- P T )

S t a t u s  Re gi s te r 2 Sk~~)
35 H F X T 1 j 5 1~ (n ex t b a a  agiress )
3e C b o c k t i n e
37 R eal li m e C l o c x (~‘ TC)
3~ A~ 1p CP
. 9 4 1
49 /12

4 3
‘42 M T P

43
14 7 Unused

1 1 1



Ma Ma
c u

cr~

2 2

0 0 0 4 0 6  ci a c e t ic o e . a c n ,.  —
0 0 00 0 0  0 4- 00  6. 0 6, 0 0 0  0 0 0 0 0  0 Ci C

0 0 o , . ,  0 0 0 4 2 0
M a C .  0 0 0 0 C. ci 0 4 00  0 0 0  0 4 0 4 0 4 C. 0 Ci
0 06 0 € _ C 0 0 0 0 00  0 4 0 0 0 0  0 4 0 0 00
0 0  0 C) 

~ . 0 0 0 0 0  0. 0 0 0 00  — 0 0 0 0  0 i c C
0 0 0 40 0  0 0 0 0 , - .Ci 4 0 0 € _ C C  0 0 6 00 0
0 0 6 0 00  0 00 4 40  4 0 0 0 G 0 0 00 0 ) 6

-

ci
4 0 00  0 6 0 00  0 0 C Ci 00  Ci 6 0 0 00  0 0 0

-~ S 0 0 0 0 0 0  0 0 00 0 0  0 00 0 0 0  0 0 6 0 0 0
C 4 4 0 4- 0 4  C , O C i O .04  4 0 0 00  _ 0 4 4  C d- ).
2 2 0 0 0 0 € _ C  4 0 00 0 4  0 4 0 4 0 6  “ 0 00 4 4 0
— — 0 00  Ci 0 0 Ci C. 00  0 C C C C C  0 Ci r C 4 0  0 0  0
Ci 0 0 0 00 0  6 0 0 00 0  6 0 0 0 00  0 0 6 0 0 6
U — 0 ci 4 — C i) .  0 4 Ci 0 4 Ci 0 0 C €,~ 4 C 0 0). 0 U~ CO o 0 0 0 4 0 o  4 0 04 0 4  0 0 4 0 6 0  C 4 6 0 40 0  ~

— 0 00 00 0  0 0 0 0 0 0  0 00 0 0 0  0 00 0 0 0O 0 0 00  0 0 0 00  0 Ci 0 0  0 0 0 0 = C C. e 0 6, 00
0 46 0 C C C Ci 0 4  C C C. 4 0 0 0 0 4 0 0 0 0 C, C, C C 0
C. 40 C 0 0 6 00 4  0 06 .0 0 0  6 00 0 0 0  0 0 4 4 C C ,

ii. — 0 00  0 C e  0 0 00 0 0  0 0 0  0 00  ,. 0 Ce  o c .  C
O 0 (6 0 0 00 0 0  0 0 00 0 0  0 0 0 00 0  0 0 6 0 00
— 0 0 6. 0 Ci C, 0 C 0 0 0 C C 0 0 0 Ci 0 0 C C Ci 0 0 0

C C O  4 0 0 0 00  0 0 0 6 0 0  0 06 00 0  — 0 0 6 . 06 6
‘0 2 _ i

0 ‘0— — 0 0 0 0 0 0 0  0 00 0 0 0  0 00 0 00  0 0 00 40
— f l ’ 0 2 0 0 0 0 0 0  0 0 0 0 00  0 6 0 0 0 0  — C C a O Ci i’a C

0 3 ‘0 o C — C. 0. 4.) 0 00  0 4  0. C Ci 0 0 4 Ci 4 0 C., 0’ 4 4 0  0.-. 4,0) 4. 0 S~~~~~~~~C 0 0 C 0 C i  C , 0 0 C . C Q  0 6 . .. 0 0 4  !~ 0 0 0 00 0
o 0 4 0  0) 0 0 0 0  Ci 0 0  0 0 0 0 0 0  0 0 C 0 00  0 0 0  0 0  C-02 0  0 WW 00 0 0 0 0  0 0 0 0 0 0  0 0 0 0 0  ‘ 0 0 0 0 0 0
o — — 0 X C. 00  C. C C  C Ci 00  0 0 4 0  C 1.) 0 o 0 Ci 04  0 C. C, 4.. - 6 0 . -  0 0 ) 00 6 0 6 0  0 0 0 4 4 0  4 0 4 40 0  — 0 4 0 4 4 0  60 0 )  ‘0 2  e,. Me ~,_ ,,,.P — 

=0 C c i
0 0 0  0
2 2 4 0 ) 0 0 .  044 i Z 4,
UJ Iie 0 0 .~ .X  0 0 0 40 0 00 0  0 0 00 0 0  O O C a 0 0 0’ 0 0 0 0 0 r e  e

5 0 0’ 0  w 0 2 0 0 0 00 0  0 0 00 0 0  0 0 0 00 0  C - n e O n2 0 4 40 0 0. 0 0 0  0 0 Ci C. 0 00  0 0 0 0 C C. 0 0  Z C Ci 4.. O S  0 4..
00  2 0 0  ‘ 0 0 0 0 0 0 6 0 0  0 0 00 0 0  4 00 0 0 0  — 6 0 4 0 4 0  2
— — — ci 0) 0 2 6  0 0 0 0 0  e 0 0  0 0  0 0 0 0  0 0 0 0  0 0 — 6 0 0  0 ~~00 ,.) 0 0 0 06 0  0 0 00 0 0  0 0 0 0 00  ~~ 0 00 0 0 0
= 0 0 0 CS C C. (50 0 0 0 Ci 4 C’ C. 4 0 0 4 Ci C. C Ci 0 4 Ci
4 ) 4 6  0 0 4 0 0 0  0 04 0 0 0  ~~~~~~~~~~~~~~~~~~~~~~~ C 0 0 4 0 C~~~7
U,). I

4— 0 3 ‘0 C Ci 0 0 0  ‘0 0 4 0  0 ‘0 0 0 0 0 0 vi ‘0 0 0 0 0 4
0 . 0 0  0 0 0 00 4  0 . 0 0 0 04  4 0 0 0 00  0 , 00 0 00
0 .4 0 4 4 4 40  - 4  4 4 4 4  cc .  e 0 4  5 4, C O Ca ,,,
0 2 4 , .  0 0 0 4 2 4  4 0 0 0 0 4  4 04 0 0 6  4 4 6 0 0 0
0 0 ) 0  0 0  0 0 00 0 0  0 00 0 00  0 0 0 0 00  0 0 0 00 04 . 4 2 (44 — .4 0 0 0 0 0 )’ )  0 0 0 0 0 0

0 0  0 40 4 40  0 0 4 0 4 0  0 4 40 04  — C . € _ C 0C. C
0 00  C C  4 0 0 4 0 0  4 0 0 4 0 4  4 44 0~~~,,J

4 0. Ci C. C .40 0. C C C 6 — fl C C 0 — C., - It) C C  C. — C.eeI _ r.. — t’ r i f le  n t -S r e  f lO O r , ,  C- n er o , .  0’ 0 0 .  no r
4 2 0  0 0 4 . )  0 0 4 0 0 0  0 4 4 0 0 0  4 0 0 0 0 0  0 0 4 0 5 4

C C C 0 0 Ci 0 0 0 Ci 0 6. 0 0 C, 0 0 0 C t 1, 0 0 Ci C, C
0 ’ 0 0 I ’ d  (0 .4 4 )4 0 0 0  0 0 0 0 0 0  0 0 0 00 0  0 00 0 0 ,.  0 0 0 00 0O O AI Ai t Cf l * - f l O l C O f l o)  5 40 0 0 0 0  0 00 5 4 0 0  0 0 0 0 0 0
0, (M t. C’-4 6. ti P 4 0  C. 4, C. 0 4 0  Cc i  C C, ) .  Ci 6 4 0 4  0 0  = C. 4 0  0 C heo c c c  — 0 4)1 0 0 0 0 0 0( 0  00  = 0 0 0  C 0 00 0 0  — C C C  0 0 0
0 6 .0 0  C. ~‘.. i”

.0 0 0 0 0 ) 0 .  0 4,4
0 0 00 0 0  0 0 0 0 4 0  0 0 0 4 0 t I  0 0 0 00 0
0 0 0 0 0 0  0 0 0  0 00  a n o  a C, — 0 0 0  0 0  0
0 0 40 0 6  0 0 0 6 0 4  0 4C ~~~~~0 ’ 0  5 6 4 0 0 4
0 0 0 0 0 0  6 0 04 0 0  0 0 0 0 € _ C ,  6 00 C C - C
0 0 0 0 00  0 0 0 00 0  0 00 0 0 0  0 0 0 0 0 0
0 0 0 06 ,0  0 0 00 o 0  0 0 0 0 6 ,0  0 00 06 ,0
4 0 . 4 4 4 4  4 4 4 4 00  * 4 4 4 , 9 4  ~ 4 44 4 _ C .
0 0 0 04 4  4 4 00 0 4  C 4 - C c .Ie~~~~~

,,,, 
0 0 0 0 0 4

,J
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A PPF NOIX F:. S-4MPLE TEST PROGRAM S

r~ie pr ograms listed in t h i s  app end ix were oesiQneo to

i l l u s t r a t e  how the ~N/UYK 20 ~“uba t o r can he used for

‘Je ve~ orin ’a pro~~r ams . The f i r s t  two p rograms presented are

the generat ion of p r i m e  numb ers an-i the s o l u t i o n  of sim u l -

t a n eo us l ine a r  edua!~~nns by Cr’)-~rer ’ S ~ule. T ney lep i ct

sever al ~~N/1i ) con tro l s t r u c t u r e s  S u C h  as b ooo i r .q, itera-

tion ’ , an-i c o n d i t i o n ’  cc-ie t e s t i r ~, as w e l l  as nu rrPr ou s b aa,

sto re, an-i a r i t h m e t i c  op erat ion s. Tnp last c r o a r a m  per~~orr n s

the Cramer ’ s ~ u l e  a l g o r i t h - ”  an-i -1e-~on ’s tr a tes ir ’rut lout p ut

ro ut i n~~S.

1 1 3



( 0 ( 5 40 0  .0
0 4). 400 =

C C  4 4 0  0
0 Ci 0.0 C) C
o 0 0 00  4)
Ci 0 45 44 -_ C
C Ci 0 0 4.. Cd

— 
(0600,,4

in 
It) . 

00 0 04 0 004 — — 4,, 
~~~~U p., 04 0 = 00 ISO C. 0ii. 4 — — 0 C — C 0 6 - 00 44 0 44) hiS 04 4 0 4  0 0 0 0 0 6— — ~~~.0 — 0 — a — 4 4  4 4 4— — 4 — 0 0 4 4 _ or,.. C X  L O C . 0 0 4Ui 0 .4  0 0 o — — — 0 0 U — 0 0  = 02 0 04 4-i — C U C C) 0 0 2 — —a • 0. 2 0 2 4 C 4- — C. ii. 5 

~~ 4 = i_ .o 0O “I’O C J  — .,
~~~~~.. ‘C — 2O. >- . S C C C S  C N C C ~~~~ C~~~

4 ( 6  
— 4, — Ui . 4 20 0  04 0 U) U 0  Ci 0 00 04 3 0 4  (U .0 4 
~~~0 — ci ‘0 0 0 2. = ci 0 6  0 — — 0 00  4. Ci— S r i0 ). Z .   

~~~~~~~~~ Z~~~~~ci o r t _ ... ,_ 4 r C i C . cc ( 560 ‘4 ‘0 C - 04 Ciii = — ~_ 2 — C CD C O O  C— ‘0 0 (6 0 — 0 3’ fl (3 ‘0 -a 0 4 02  2 2 ii, 6 Z 04 0 0 0 0 0 0C. C U i S J Q C - _ j  — C— — ~~~~~~~~ c _ —~~ 0 0 04 04 0, 4)4 tie 5 04 — 2 5 — — — Ci ). 0 — 5 C. 2 4 4%, — C C C C,’ 0 C. C— 2 ,.i .- X Z  0 0 4 . a .,. ci4 0 4 0  00  O W . X 4 _, 4 _j * 3 .0 5 i . j, -5 0 0  0C 04 0 = — — .O e . C C — a i — .,, I C — — = — — C —0 0 4  0 0 2  C C  0 0 z ) . 2 04 4 0 4 Z o . . .c o c_ i 2  
~~~~~~ — . 4 ’ 0 ) . O  0 — 5Z U , ie. 0 C i i i  ii 4.0 C~~~~~~~~~~~ 0 4 4 5  4 0 4 4’ 0 4 i  2 C .i C i0e 0 . ,~~~4 i e C ) 5 Cc 4 , .Z r c ,.. ,, 4 0 — Z 1 2 s. _ i, 0 0 00 4 - C0 .0 __ . _  

44 6 _ i  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘2 3 0 4... .4 Q, C 2, i i U i .,i CC i . J 0 aS — 0 0 0 0 — — 5 04 0 • 06  5 4 ’ 4fl ~~~ . Ci) 0, ci 0 0 — 0 ci 0 0 0 0 5) 0hii u., 2 ‘C 4*  .4 ‘ 0 01.. 5 4 6 0 0 . , ,  4 4 - , . , . 0 46 0 )  •
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