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, In thlS the51s We 1nvestlgate the major:factOrs
{

¢ N e

which affect the executlon ef a 51ngle\stream of 1nstruc—

- -

’

H
tlons,and develop a multlproeessor archltecture to .speed-
s ¢ ) Lo -

Qpp such an executlon. The proﬁosed processor organlzatlonr .

—_—

1ntegrates the co epts. ofﬁmlcromultlproceSSLng and mlcro-

qt;::parallel

togeth

xecutlon of lnStructlonS\ Thls 1ntegratlon,
- { . ‘\
1th an 1nVerse POIlSh type language, allows a

N

'nnmber_of closely coupled pProcessors, to-work concurrently
f . b 3 -
on the executlon of a 51ngle stream of 1nstruBt10ns.- After

A

a brlef survey of ex1st1ng fast processmng technlques, the

]

_ - o
the515 develops in detall a Baslc organlzatlon using two. sub—

e processors and- descrlbes the mlcroprogram control scheme

A Y ~ -
-

rzzj?red to Buperv1se-EDelr lnteractlon. Tne reSultlnc sys—

) ‘r el ‘a
t iganlzat;ei allows. hardware detectlon and automatlb

! L

td \
dxecutybn of parallcllsm at, thewznéﬁructlon level. These
A L A

/ba51c pr1nc1ples are flnally extended to more. advanced pro—

Qacessors.organlzatlons. ' .
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" in the macblne (I/O, memory access t1me etc.).
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‘ . "~y INTRODUCTION

C

Today one of the greatest problems in Ehe,area”””ﬂ

of computer desegn is to 1ncrease the throﬁghput of a

»

'machlne at relatlv?ly low Fost. The major factors- whlch

)
)
affect the throughput are-the speed at whlch the processor

_performs and the speed at whlch.data can'be moved about

. ¥ , L
' In a computer, the speed at which the centralu

processor performs can be 1ncreased up to a g\rtaln point
by using more complex loglc. 'As an example, 1n adders,

the speed of pronagatlon Of the carry can be 1ncreased by

brldglng methods.‘ on the other hand the use of more

complex loglc is generally costly and goes to a p01nt of

-dlmlnlshlng the returmg of the dlfferent opegﬁtlons. y

The speed of all computer functions can also

be 1mproved byhzgcreaSLng the component speed, but compOnent'

speed  is llmlt by the state of the art. °
Coﬁ’e jently, further increase in computinq

speed mqst“be achieved by*brganlzatlonal 1nnovatlons

1

i The speed at Whlch data can be moved about in

-

a computer'malnly.depends on the efflclency at.whlch the,

operatlng system (or superv1sory ‘programs) can direct' % .

‘the flow w1}h1m the computer. The maln solutlons to this

*

lproblem would be to rewrite more eff1c1ent operating systems\

0 N ° . ! \’_,__\ . .,' -“

4

. -

.
1




T ‘have more. control programs at mlcroprogram 1€ nd/or‘
e*? J -
o _reduce ‘the time, to run such operatlng systems- by 1n' easing f.

. 'the speed at whlch the prdcessor performs. C k

[ . -,r " The . subject of 1nterest in thlS theS1s is the .
2. 1ncrease of prOCessrng—speed through speciflc ‘pgocessor, o

archltectures. In computer de51gn, spec1f1c archltectural

o

g lnnovatlons are often used to rnqrease the phy51cal speed '

% \llmltatlon og dlfferent unlts. For example,lan 1nterleaved

% . Random Access Memory (RAM) w111 mask the thsrcal speed

% 11m1tatron_1n acce551ﬁ§ the,memory by d1v1d1ng the RAM-

E 'into,Sectlons and thus permlt almost simultaneous access .

g - to‘lt.. | ey .o T -f-i R

% he design of a machine having'a better hard- .

o v : - : co

g 'ware/so ware relation permits a more efficient processingﬂ s

s

ij . and a better sequence of utlllzatlon of the resources can P b
%z ;,then beg achieveq. For example, a stacksorlented machlne ’ .é
%: alloms an or&erly and'efficient'hardware/softwaré relation‘ , . - %
o L . .
g "‘*between/the inverse POllSh notatlon (whlch permlts an \ -

ﬁ: effectlve translatlon of arlthmetlc expre551ons to, machlne : ’-.. -
% . language) and the processor operatlon (storlng of partlal

% . results, lnterrupts, etc.) . i e § L

e, o slng may a1’ be acileved '

An 1ncrease in pro
.“-/ .

by orderlng the Gence of execution of algorlthms. . ‘_;f%.

-

such as look‘ahead, mlcromultlproceSSLng and/ . .- -,

- -

;l

or parallel proce551ng at different levels permit a better o

:".,_' , T - . .
& L utigl’étlon of the resources and decre&%ﬁs the proce551ng - o
RO : . : e ' : : '

hed [ N r . ‘ : '.- : '\)‘

M
&1'
-

[

3
sy L%

L
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time\of‘afsingleQStream of instructions.
.It is the authok's'belief'that the use of a ‘ L |
‘o f - v . . -
51ngle central processor to do everythlng in a computer ’ KNI

is more than outdated. Spec1al processors are used’ today ﬁ// s '

for ;/0, memo;y management, etc. The present trends are . .
the incorppratioﬁ of specialised units into alsystem .

(such as I/O proceséors, processors fcq,data processxng,

-

processors for fast arithmetic" proce551ng,'assoc1at1ve

memory,processors, etc.) in’ okder to lncrease tﬂe,through-

!

put of a machlne. Therefore, in this ‘thesds, we will be
" v L ) I Lo , Il
1nterested in the design of a speC1allsed unlt a multi—

A D T AT I RN S S e e
-t . ] .

[

t
- LN
:

iy
e

processor for the fast proce851ng of a 51ngle stream of

+ instructions (arlthmetlc orlentgﬁ) Thls w1ll be adhleved <.

S

I o~ L

%- 1. .The utilization'of a high'level.machine'1anguage'which

i T . .
ﬁ; e permlts a closer hardware/software relatlon and reduces

3 - ' ~. ' '

g; the proqe951ng time of a program (1 e. compiling, assembllmq//
L .

=
%ﬂ etc.), before- the actual executlon. . .
i N : , ;L

¥ 2. The design of a'prodessor which will take advantage

%?f . ,of 1ts ‘machine language. : ' . T R
el 8 : . . Il . .
g . .
gg 3.' The 1mp1ementation of an organlzatlon whlch masks - " T
;@-- the speed llmltatlon of its dlfferent element;J - ‘Qn

r .
. '

(/ 4.‘ A close communlcatlon in a multlprocessbn\system
(,l - d

R (microprogram'}edel) whlch eases the lmplembntatlon of SO Co
. . l : ! ’ .
technlques ‘such as: micromultlproce551ng, ?etectlon and’

ZE

N

S
1

r
Z
=
T

&

parallel execution. of instructions w1th@ﬁt’hav1ng to -
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nalyse thetdependencmes (operatlonalu'procedural and. - T

t. .
data dependencres) in a Slngle stream oﬁ 1nstructlons AR BN

, 5; The desrgn of a processér that requlres smaller over-‘fu

head by reduc1ng operatlng systg\\bontroliand also permrts o § -
a- full utlllzatlon of the resources. -

In Chapter IT we shall present,a’brlef survey L .
f fast proce351ng technlques and 1ntroduce the/background

on the research toplc. Chapter ITI glves a frame of work

g‘for‘the'design of a fast processorf' TQ& desrgn of a two

—_

sub-processof unlt is presented © 1In Chapter IV 1ntfoduce
™

_;_--anothsj technlque to detect micro- parallellsm and suggest ‘ L

more C mplex sub- processor organlzatlons We then conclude v

%
thlS thesrs by suggestlng further tOplCS of research Appenr d

Nar T
ol

dices'I'and II give further details on the modified ‘Polish o .
v e

.notatlon and on‘the language used Appendlx III shows the

relative tim¢ of executlon used for the mlcro steps. Flnally,
i e
Appendix IV gives the'llstlng ahd the results df«a program-

LR P ATA LT TR S e

Ay

lwh:Lch was used to evaluat‘ the *efflczl.ency of ‘the two sub— : T

: ' -fr .t . .
,processor organlzatlon ) T N *

. N .
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- Coee T . T - CHAPTERII o : ’ o ) ; i .
. .- SURVEY OF, FAST-PROCESSING ‘TECHNIQUES ™ . _ -  «+
'J- e , . . s ‘,’ - 5 - ‘-' . } _. B ". ‘. . L
- (\ " . " - I3 I .. . Tal . J
" The purpose of thls chapter is. to revlew some - , .
. T * . - z N Y ,;.
" of the major exlsthg technlques (used or Stlll on paper) !
. ‘ Q., N . N - ~__
whlch permlt fast proceSSLng. e S : '.-/M[.$ .
_/_ﬂ Y ) . _ \ ' ’ { L :: . .
Orlglnally the main, dlrectlon to 1ncrease the~ : ' -
h speed of 'a processor was to irciude’ addltlonal hardware T
: k. : /4
~-lnto the gafferent unlts of the propessor.- L r
— .
'dlrectlon of researoh 15 ko prOV1de peed by dif erent'f .

b

-

T~

' processor organlzatlons, multlproce551ng technlques and

a

the use of spe01allsed unlts.,z f. uf: .

0. In_thls chapter, flrst the addltlon of hardware
’ L} »

is presented. Next the memory archltect/}fsrequrredlfor
R \

o ’ ' - .
o a

a better=use of'the processor 1s_1ntroduced.? Then an

..
b - . J - oo

Jorderly presentatlon of the alfferent processor archltec-

-3 ———

Y tubes is® glven. Flnally other procé351ng teohnlques used

e .ot o v, -

,to lncrease the proce551ng speed bf a“srngie flow of\ ‘

N

1nstructlons are brlefly descrlbed.. the that, in this :
“chapter, we only dlscuss pr1nc1p1es which’ affect dlrectly

the proce551ng speed ' Otﬁar 1deas such as - v1rtual memory,_

'mlcroprogrammlng, etc., which affect 1nd1reatly the PIOC"' .
. e551ng speed are beyond the: scope Ofakhlé the51s, - L.
;. r.|‘ i . o . . K ) P .- . R ; ‘ .
U I S 'F-.l \\ . S
N \‘.-‘\ ) . N ‘; I ”.?“ . . - . . .
\ © X/ . i . . [
; S . T~
. D N
{ - ST S . S
h"‘ hd j “ . ¢ . .
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T\ more detalled Anformatlon can he obtalned from the mentrened, \f

.1 ‘ SR -t ! TN Lood T
¥
¥

'-;l -1 Addr;lon of reglsters'_.;- < P

S | : .
T @‘ atlons between the regre‘gis as much as pcssrble.-:/‘eafly - ©a

| Only the brlncxpies -of these technmques are presen ed-

references. o o RS R

of 1nstruct&on executlon 1s the cyqle tlme of the memory

n’_ -. s ",
5,

F1-1 S."EMPI,E EXTENSIDNS (ADDITION OF HARDWARE) ;*; BT SV A

L
[ SV ".-' ' v . oy
i R . T,

o ! ) yt ,: . . 'r -7.'. . -—‘l

v !. : s l' '. ( . - . ﬁ;;' '! \:' f N . : e .“'._‘ )
N The purpose bf thlS sectlgh 15 t@ present sqme )

e r Re N

"of, ‘the speed~up tedhnlques that are obtanned by srmple .,

'

s

addltlon of hardware ;n’ the dlfferent parts of th computer'.k
& e Yo .o

I

.
-t . . o N h -

r
: ) S |

. o~ . e Tee . 3 A

RO Iﬁ a processorg one of J;e most conSumrng aspecte ¥.1iJ. !

. . ? ,\. - L.

.r ~ e
» - » \

. e R

references. ~A stralght forward vapproach to reduce the N o

.. y N E R
number of memory references is t&/add a smalI numbet of . N |
‘p L N u V. . . L“
addltlonal reglﬁters to the processor. These égrsters . L {\ w%
_are used to store 1nstructlons, da%ET or partmalrresults

-7,

P bt > ° '

whlch are, frequently‘

ed in the program.\‘Th& user (orC. .
< b , ca

assemb&er) has to 1mp1ement theoprogram to 1ntroduce oper—‘f‘: .
L B

thlS 1mprovement ms program dependent and addlt}onal soft- . ;“

S S AN
ware expendltures are requlred to take full advantade\6£\

- the\system. There are’ many examples of multrreglster - '..
b . T
e e L o L 3 '°". g SN
michines, [l} R _ ‘ N .)/// e
:' 1L2 Multraddressrn@,..l"l,, . g'ﬂ I o .

Multladdﬁ6551ng consrsts of havrng more than one‘

..1' .. ) 3 ‘.t

address per“instruct;on téms reducrng.the number of 1nsbructlon_‘

e

Ny fetches 1n‘a-program. Multladdressrng may”be done in terms o .
' LT 2 oy SO i .
A ) . . . Dok .
3 e’ " ' " ~ h
: | - s :
R 2 ‘J .
. ~ < ¢
i ‘\'l‘ - [} A



v ;' '.:lj . ‘ : . + .
4 H,i é ~ ?' P N Q : ‘
. s _.-: " ‘_" L. ’7 - ) i ’<'( . . L . \f

L : e L -7 - .

b o o b R C S R v

b ; . - 4 . ' ) |r I ] / ‘ g » ,
B o@ MEMOYY.. 1ocatlons orfln terms of feglsteré in’a multlr. S . -
. ] . f + l 4 . . ] a . '

" reglster machlne.\ Fof example, an lnstructlon mlght contaln B S -
O . .

‘f7 the two addresses.of the operands and the address where .
o the result 1s to be ﬁﬂ%redui In such thrée*address machlnes, IR

two 1nstruct10n fetcﬁes are avorded;when compared to srngle

N ) L.

- .——."" i - ) ,,r- . N R 2_ :.«!.’, . i
add(ess . : : Ty . - 1 i ‘ - - . . S
- u ' - . ‘.,“_' o Lo ' " . "f‘ ) . \
¢ M . % .
To Ty Memoxy multladdress conflguratlons are uSually

‘ . ) ! s
-1mpract1ca1 srdce a long word is negded to’ specrfy multl— VL

_address lqla %AM, .Reglster multladdre551ng is? usuatly more L T

'J._practrca1}31nce it addresses only a small number of hard—

ware reglsters and lndlrect or, relatlve memory multladdre551ng

!

. Pcan then be done. ' o i{”~r n . 'ﬁ- i d_u'_‘ S
. ‘ ‘: ) Y : ‘,' - /:‘j‘ . . LN ¢ ‘-__‘.J’ . . ‘:,‘
; oo S A partlcular example of a two—address~per—1nst;uctr0n
1 .
- e - f .-

machlne is the Unlvac llOBA. This- ogganxzatlon permlts

-

membry multraddres ng and the wong ;ength x qulred‘}i 36 -

1rst executlon

P S

blté six blts for OP Code,115 bltsffor\fhe

address, and 15 bits for the seconds exechtlon address [l]

.r—-_

" - - .
L ~ . . . . -
. -

Faooad .
i 1f3‘ Instructlon look-ahead o N : _ )

et '
T e - Another approach to reduce_the number of fetch

s" fl- .
¥ oLt
-cycles to the maln RAM in a multlreglster machlne is the '

lnstructlon 1ook ahead techn1que.'~Wrth a suff101ently R -

- v

4large number of hlgh—speed regrsters, a short sequence .,
R < * 4 =
of. 1nstructlons may be stored 4n the Processor Unit (PU) .

- e

This enables the capture of short loops 1n the program

sich can then be executed at reglster speed and therefore o L

-
reducemthe numberfof memory references. Hy overlapplng
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the fetch cycle and the execute cycle of 1nstruct10ns w1th

a 1ook ahead unit, the tlme consumed for memory reference ~

”may be cutuln half [21 vty e Lo Lo 2

- An alternate archltecture permlttlng 1nstruct10n .

look«ahead is the. use of a fast uffer.’ memory (or cache

ﬁmemdry)'lnsteadiof reglsters.: Thiis reduces the cost of a

4
large number of look ahead,reglsters and the’ same savrng

Lo '

- .-ls achleved 1f block transfer 1sq&sed. ' . ¢

A partlcular example of a computer w1th a look—

~ ahead unit is the Stretch computer L&].,< .

T

'1—4 Overlapplng af 1nstructlons'

v
)f.
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o When a fast fetchlng element is 1ncluded 1nto a -

ﬂ

computer, the actual‘executlon of certain 1nstructaons
“becomes more “time consuging than the~1nstruct10n and . data _
fetch operatlons. By permlttlng an overlap in .the executlon

<

phase of several 4instructions, a sav1ng in processrng speed

can then be achleved Thi in turn, compllcates the role

of the control unlt which’ has to determlne the 1ndependent _ .' '

-

mlcro—steps of . consecutlve 1nstruct10ns that can be over-

lapped// How¢£er, executlon overlap can be facrlltated by

& programmlng the computer such that many consecutlve 1nstruc—
tions are.independent. Today 1n most organlzatlons, such
S |
. - “

programmlng effort is. left to the user (or the compiler) or

is done at bhe expense of complicated. hardware.

R SER T

e
224,

An example of a computer u51§@ this technlque i

is the Stretch computer [1] ' T R '/f
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II-2 MEMORY ARCHITECTURE (for fast processing) '
_ In tdday's computer the limitations of the main '

y : - ‘ '

RAM are its access time and throughput. Théy may be masked‘

" by: 1) provrdlng -an lntermedlate storage between the
..processor and the main memory . 11) organ121ng the actual
RAM to allow multipie access. There are many dlfferent
typeSwof memories and generally their stfhcthre affects
the memory to processor organization and hence the processor
" architecture‘ Therefore, before presentlng the dlfferent _ .
'types oﬁ:processor archltecture, thls section 1ntroduoes K TR
the major memory structures which affect directly the speed ‘31'7 |F.'§
of the processor.' . r ' ' |
2~ l The Buffer (0? Cache) memory

Lt

- A Buffer memory is usually referred to as a hlgh

]

speed memory whlch is not of suff1c1ent size o satlsfy the

RAM requlrements o%ka system. In fact the Bufferbmemory is

. . '
L L)

a0
&
e BUFFER. | 3 L o
| : je=»{ PROCESSOR R
- RAM, MEMORY : o - o
. %

Fig: 2.1 ThewBuffer Memory .



'blocks but it’ w1ll capture less loops im a. Program. The =

e

e T ~-L0-

.l'.'f‘

e BRI

ca small memory between the maln RAM and the processor which

:

is used\to mask'the RAM -access tlme to the processor (Flg 2. l)

In a system with thlS type of memory, the programmee or the sys—-l

f . -

tem programs tries to address the buffer‘lnstead of the main RAM

N . . ~

in order to save memory. access time. The major problems of such.

. a memory -is the data transfcr bctwecn RAM and Buffer memory and,

the choice of the’ s1ze of the memory. There exlsts a ﬁtrong

controversy about the optimal size~of such a memory; A

. v

large Buffer memory w1ll capture a large part. of a program

- but requrres the transfer of large data blocks and hlgh cost .

of memory. A small. buffer av01ds the transfer of large data

]
>

choice of the 51ze of such a memory is program dependent

.‘ " *

'-and depends ‘on the partlcular appllcatlon of- the system

A partlcular example @f a buffer (cache) memory

is in the IBM 360785 [3]. In thrs computer the cache

memory.provides sufficient°s£brage so that the processor

mlght characterlstlcally behave as if it had 80ns. frain

~

storage. " An automatlc machlne algorlthm controls the contents

of the store dynamically. ' The store, called buffer or cache‘

memory, is organized into sectors‘of.1024‘bytes, where each

P

sector ‘'is, in turn, divided\ into 16 blocks'of 64 bytes each.
o

Each sector is associated wi A_024 byta section in main
memory £hrough a- sector address register. TE& system dynam-.
1cally a53001ates (controlled through an algorlthm) the
cache sectors w1th the maln store as main. memory references

R

dare needed by the programs.

o

S AL IR T -.Gq-'*lll'bﬂé)lf&id:z.-tfm

]
=
5



,. | f—ll.—r | A P )
2-2 .The ScratcH:Pad (or workrng)memoryq.' .

The S -P memory is a £ast small memory whlch is
u§bd‘as a worklng place in order to- reduce the number of
memory references to the main RAM (flg 2.2).‘ The™ Uusexr e
(or assembler) has ols} 1mplement hlS program to” 1ntrodﬁce.
references to the S -P memory as much as possrble. Here, .

K as in 2 l,,the problem of data transfer between the. maln‘.-
'ill; RAM and the S-P memory arlses. It should be noted that

.in some organrzatlons the Buffer (oracache) memory is also

used as S-P memory. ’ L, B .

- . . . .

w

*  RAM PROCESSOR {#=%s  SP-MEMORY

- ’ C .
' s _/\
. : . ’
l. ' . -

F1g22TheSPmemory-

2-3 AssoclatlveLBuffer and SrP Memory ', - - o : : '
. o ‘ .
All the problems of data transfer’ln thé Buffer}

and $-P memory may be solved by maklng these transfers trans-
v - s
. parent to “the programmer, that is organlslng the ‘memory. as ’

associative memory.' This' can be achleved by " keeplng track

of the, hlstory(access of the Buffer and S- P memory, words

_//haqh_have not, been: recently accessed may be replaced autoc

. - =

o
matically. Stpdles show that, in such organizations, 'up

.to 95% of the'words requested by the processor have been .

~

T T T TR
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fourd in the fastfsmall memory [21, thus a consrderable oo
—‘) I I
speed 1mprovement oyer 2 slow’ ma}n memory 1S achleved
2-4 The Array Memory ] ~ﬁ AR ﬁ”' E
An array, memory fonsiSts of,an'array f modules * .

(or banks)'of memory-that‘can be acceésed simalﬂaneously,
* /‘ '
© Each module contalns whqle. data words or parts,(bytesﬂ of

a data word This type of memory 1s malnly used in. multl—:

oy, r
processor env1ronment such as array processors, parallel
. Processors,
]

médorg] L

W e

etc. ‘Fig 2 3 gives a block dlagram of such a 'JK_

‘ .
MR 1*{MBR 2 | MBR 3 Lo MBR i . .
v ' . - \’\\r{ﬂ + .
. . e ( Z‘_‘_-j_h\ N , . . i,\K“:"'—-—'—
Fig. 2-3 Array memory . o R _ 5?““r‘~5: ' o
' - - H ' - ey -,
2-5 Interleaved Memory ' L ,(' “

J.

A ba51c memory organlzatlon which does not’ reduce
the access time of a - memory biut can handle several memory

refergnces almost simultaheously-is:the inter}egved memory.

it '
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AN
; An 1nten&eaved memory ‘is a RAM ‘which- 15 dlv1ded 1ntd\

2

several 1ndependent banks. (Flg. 2. 4)

:
»
:

|
i1

MAR 1 | MAR 2 | MAR 3 . ] mar™s

“MBR 1 | MBR 2 | MBR 3 MBRi | o .

1 - MEMORY : e
. L PROCESSOR MBR . T

! . f" . + .

. Flg. 2.4 an interleaved memory - T o | ¥
The data. {or lnstxuctlons) in these banks {s arranged ‘such .
i : !

that the flrst word of'a set of. 1nstruct10ns is ;n B R thea

‘ ‘ .
second 1n Byr, the 1th'1n B. '1 etc.‘ By synchron121ng the ' ¢

agglss tlme of the dlfferen{ banks, a much higher frequency Lo

-

of memory access can then be obtalned. For example, assum-

. N . .
acqess_of'SbOt,’a word can | o~
”.-.‘/V'” _ ._. ; _ . - . ' -—-——'—ﬂ/

o talged at every 500 ~By hav1ng'more than one—— o :
—I-t . Lo
MAR: andeBR"If”IE’EBen possmble to “have SLmultaneous access .

b N s N
to the memory_(lnterleaved and array prepertles). - : .

1ng i banks each hav1ng'a

;,,,fethen—

. _.Iﬁ.today;éﬂia}ge computer aesignw one of‘the

Co preseat trendg is the use of interleaved memory in order °

i
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to 1mprove/tré frequency of*access to the main memory.'

For example, the IBM 360/60 and 360/70 have two storage

B units which are 1nter1eaved in order to péxfit a stter‘

.frequency of access.‘ Another example of d  computer

j - rnterleavedOHEmory is the CDC 6600 Wthh h "up'to 32" .
e . A S _ ' :

“banks of J/&SQC core, storage of s" y- bit words.
That particular organiza ofl also permits four memory . ,{

references to be/processed 51multaneously. - X
o « ., There are.many other organlzations'of interleaved
memories; they are usually a cdmbinatiOn'of-different

memory architectures. An. example is the 1nterphased memory ~

of Burroughs Corporation. . ’

P T e, v

£ 2.6 Pipelined Memory : | . . . y

Cy “n 1

A pipelined memory is a memory which provides a

. L. ‘ . ) . . N \ - N

stream of words when it is addressed. The memory is composed
' - ' ' . ' ’ .

f‘of‘different modules (banks) and when one addressuis furnished.

to the mamory, the wgrds a55001ated w1th this address'(one

-Rt}l‘{!w‘r’rv’*—,w&; ey

in each module) - are sent sequentialiy to the MBR.. in othen,

words, an address to the memory is the address of a super—
———

--word (a part 1n—e?ch module} which is pipelined 2hrough the

. MBR. ‘ o L '\ '. ' e

~ ;

L]

TR AT T Sy P T AT AN AT

: éig‘2.5 gives a bf&ck diagram of a pipeiined~_mm-:
memory. For a particular address; each'wofd (ox oyte) ¢
aSSociated with that address is sent to the MBRrwith-a
delay At egnal-to'the processor clock cycle. This type . —
of organiZation‘is'nsefui in pipeiine processing of a stream.

of instructions and data. : . I .

! ¢ . '
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'Fig 2.5 A pipelined.ﬁemery H L
2.7 AS%ociative memory : o ' | .
: An a550c1at1ve memory is ene in which a data o ':‘ 0.
‘ wo:d is not obtalned by supplying an address which speC1f1es"

“a locatlon lnto the memorya Insteag an 1dent1fy1ng

descriptor is provided to the memory whlch is then searched o

for a matchihé‘desqripter. When a match is found, the. data

-

"word associated'with'the memory descriptor is then the

* desired outpﬁt The search may be sequentlal or parallel.
. <
A sequentlal search 'is usually sloy, only the parallel search

' makes the memory really "associative", but a large amount

of combinational logic is then needed.

The organlzatlon of the a55001at1ve memory varies.

as many data words may be associated with the same descrlptor.
The descrlptor may be»stored w1th the data word or separately.
Generally these memories are expen51ve and the present

" state of the égt llmlts their size.

- ' . . . . - ,

o



2=8 Associative axray processor meﬁory ‘ Lo .

TMemory whlch is accessed one bit at a time for each process—

' processor memory. ‘ Y ' - ‘ l

Fig. 2\6 Associative array processor memory
""\erocessing*element. The memory is.accessed sgrially and

’ oould be pipelined by interleaving'different"associativé‘;

2.9 Orthoganal memory o . o ‘ U o ) f‘

assqqlatlve array processcr memory. R B o

f

S s PR
.+ An 'Associative array processor memory is an array

S

1ng\e1ement (one for" each blt) of the hemory f[47. Eig 2;6 5 : . :

~gives.a dlagrammatlc representatlon of. a assoclativo arrays..

¥

-

. ¢ MAR _ .
‘ . K\e1if’_’,,,ﬂ Bit slice i ) ? '
- PAAMAANNNNNRN E\\\\\\\\ -e—z/”?l?grocessmg
: !Qx,/wen‘\i elements ' _
i i ‘N"E“ . module i s o o
N SIS g o '_, “_":‘.: <‘ * } . .'"
:| MBR R T e T ) o

—

>

"In this hemory each bit has logic, ie. a small-

' - . ) LI

consequently is relatively slow, However, its access -

-

atray processqr memories. This. type of memory is used, -

for example, with the asSociative array processor for data .

.

proce551ng on a«one blt search ba51s. '

\\
" " 'An orthoganal memory is amr associative array
) ’ . | ' :
processor memory that allows both)bit slicing (bit slice
memory access) and conventiohaI word access. The word

access of the memory perﬁlts 2 more natyral I/O than the -

' S . ' “ o . T Y
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; ' As in the assoc1at1ve array’ processor memory ' ,

-each bit of: memory has' logic. Usually the amount of- loglc

’

¢
.1s not very great because of the large number of bltS in -

most memorles. Consequently, in such a memory 1t seéme .
' o .
reasonable to tlme'dlvlslon multiplex the*logic hardware .
© over many cells since mos$t memories are slow compared with
logic (41, e S _ e
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II-3 PROCESSOR ARCHITECTURE

o . -.r 2

As mentlonéd 1n tﬁe 1ntroductlon, oﬁe way to -

r

.".1mprove proce551ng speed and throughput o§ /processor

- is by deflnfng spec1flc processor archltecgu‘es. Thege

DT g

7 Tl
. shown block dlagram and informatlon path F1g2 7) between | 0T

processor and memory Botébthe 1nstruct& ns and_ data can

r,"j

T I

{\ ' be transmltted to the processor eltheq 8 quenﬁrally in

‘| -

'.,(parallel In 11ne wmth thls, processors kan be - élass;fled

in four categorles [5 " Single Instru tion Single‘Data‘

Multlple qﬁta (MIMD),

MEMORY = [4==

|, ,
' .+ W PROCESSOR
[ . " "‘(f
! . O

I str@ct&On path

'Fig742 7. Processor to Memory Inter Onnectlon-

. o :""
‘sectioms. r

o
T
-5 0% i L St
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L 3.1 lngle InStructlon Slngle Data (or(séilal)'ﬁrocessor _ﬂ ‘ -

O .ﬂﬁ In thls orgaﬁﬁzatlon there lS a 31ngle stream of ’

o -
e

1nsttuct¢ons and a 51ng1e stream of data betweenipr cessor and - i
¥ S o
P amemory (Flg 2. 3)~L The 1nstruct10ns .are executed sequentlélly : ,‘j/

1n the processor,an the corresPondlng data 1s requested

- 2
: - .‘-J. ' <o . s
Lot ":synghronously[\ - o ' -
" . ‘;I" o - ,4. T f" ® U
ty 'S . . ) . - ’ '
. .. - ™ 'MEMORY - I~ e T T . ‘

et -} -} Data e -
.o Instrfctions ' CoL o S

{? ) ’ ' ] i+ Y -
- \ « - .. . .= PROCESSOR [*- B L
, by . ﬂ :' - Y - . . “' . . .
" . ¢ . B P - , . : -t .
! : . 't“ - . 3 - : 'r. C . , :
) < N * ' " -~ 1 " rf‘

.0 L Autyplca

g cycle "“for this onéanii?tion is

T % as folldws (for x = X4 yla o ' AR
[ ". i o ' ! ‘ . ' - - [t . “ . ‘ .:.‘ 4 \h\ .. 7 ——e
' st ® X - L e Y S x+y - o )
©UCPU pusy b o b e
R, S s R ) - ’ - . ' .
‘Memoxry . - o ) . R ‘ Cor T
bus busy {1.E}4' s v'. O L BV . PO _ .‘Jik_ﬁ S |
- LT e i o L,
Memory busy. . F——— | be—a=q S _ —
‘ B - SN . ) . ! > . .
- M ' ~ o ' - .‘ “. ‘ - . .
wpnoce551ng and mlcrc parallel executlonnmay be¥used to e -
. . . : - oL . -
1ncrease the proce551ng speed of & SISD. They w1ll be o " .

'ﬂlscussed 1n the last part of thlS chapter. , C

N = . t ) ( . ' :#
- N S - R Y L L
~ a . . ._ . .l - . . I N . ‘ 3 J
. . : ro . . i ' . 1
{ . - ' “ ! - R <
. . ] = ' !
} . ) . ’ 1
- [}
3 AT L] r ' d
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3.1.1 . Bit serléw/processor.f;\- ! :_f'. rtli f;;r& | ' ,_:.j'-i
o ’-? At the.most elementar& level of serlal processor,. - 'é
; 'Q;one bit of" an n- b1t word is, operated on at a grvenﬂtlme. *, é
j There is$ no concurrency anﬁ even the mpst tr1v1al operatlon :
‘;f; of*nhblts reculres a time of n.m,Thls type éf processOr“ o — ;‘é
‘ ﬁnas useh in the flrst generatlon of conputers because the _ ‘"," ?
N . - 0 - o .
: 1cyclic é{lmary memory to whlch 1t ‘was connected was funda- .
e mentally bit serlal.. It should be noted that blt—serlal |
,prdce551ng is today used «in LSI mlcroprocessors on a chip. -« -
| 3.1.2 n- bits serlal processor (word serial) T%, If~ N °
;: ’ l At a secbnd level, the processor and memory | :
’ff 'could be made uo operate on an n—blt Oparallel basrs where‘ .
. A the words (n“bltS) arr av&hlable ohe at‘a times This type |
“of processor became common in. the second ;Zneratlon when C 7&
_corélmemorles appeareﬁ on  the market. The word'serlal - L 'E%
.':processor is fﬁe most ot n used type of processor 1n }/" : ‘ - 2
_ o - 4. - ‘ & :
"cpresent day’fcc'meputer’/(—-——-—ﬁ ;. L ' i ‘ L '_ o - &
: o " In;some‘speciai'purpose,seriai‘Rfodessors,'the \ ﬂ, l\f %
) ,méméky used.is not homogeneousq’hawing‘seoarateoﬁemor§f "(f\' f_¢.§
B Jbanksffor instrnctions aﬁﬁ data.-;: . ff¥¢ | A :.' i
3.1.3 The stack orocéssor;;_ J _}'\‘ ﬁ ’:nf S "-u gég ii
7o Anothqg SISD processor organlzatlon 1s the stack 'r g 'T' 5
aprocessor. The stack processor 1s,basrcally a word serlal ' ) _(:i” ;
N . : %
procESsor 1n whlch last-ln flrst out stacks (stOrage area 'u. o ?,;
B where theﬁl st 1tem stored in memory ‘ige the f}rst item o ,f
[— %
" taken Out) are used for the storage and recall of the e . ;
- B 7 B
intermediate resultsrin a se uen/e/of operatlons En SmCh - ‘ /}2
W ° &l o -4



. :‘f " .’H' ’—._:_-‘.- . .' . B —2.1—
,‘-‘ P ©0 o .
l/processors,the arlthmetlc is. done between the top elements B A
N ' - BRI

~of a- stack whlch is used 1n the ALU When the top of the_ IR 7 B!

1
!
St A e SR e S

stgck is hardware 1mplemented the 1nstructlon operands
} . - - '

are avallable to the processor at reglster sPeed Thls s , i
consequently lmproves the computlng speed of a processor. : . S
b ' )

-

. The stack- organlzatlon p OV1des many other advan- ;?
‘ 2 : -
‘tades such as parameter transfer, efflclent evaluatlon'of
. ’ _,J

arlthmetlc expre551ons7 recur51ve subroutlnes, procedure s

calls, and 1t enables rapld con@ext sw1tch1ng (establlshlng

e . . y

'interrupts) The stack organlzatlon of .a-8ISD processor . E
also permlts ‘the 1mplementatlon bf maéhlnes de51gned to
- support block—structurednlanguages. Such hlgh leuel maohlne . i ﬁ
.glanguages allow more eff1c1ent programmlng, that is they save
.memory locations and 1mprove proce551ng speed. ; Another' |
' advantage of the- stack processor is that it use$ zero-

. Co N
L B

~address ‘instructions, thqs allow1ng packlng of instructions.

Lad

'Most,stapk-oriented.machihes‘usé,the inverse -~ ., I~

Lish ' L ' ! - : : ;
‘Polish notation as code for the arithmetic unit. . The ‘ o3

. ( - " ' ‘ : '.-. vt ! ; ) :

notatioh allOWS-aﬂblose software/hardwaro relatiouship between

the stack structure and the machlne language. The inﬁerse‘
=3 i _-,,._.,_»,
Polish notatlon also permlts an eff1c1ent translatlon of

’

. hagh level 1anguages to stack machlne langpage, thereby

redu01ng\the proces51ng of a program before the actual T .

0 14

o execu'tlon‘ ' - i . - .. {/
- 7 - Today most procesSsor desig§§,inérpde some form -~
. . “« = : - ‘.-.__,-" -

of stack. THe stacks may be"lmplemented‘through the use

[
»
")
[ T X RIS YO A SR
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of fést.eleqtrogic_;egiste's_éndzér variois software methods. P
A partichlar'example of a tackforiented-computer is the
HP-3000 . J61. - L '- S ';i

3.2 ]Muitiple»Insﬁfﬁction Single pata (or pipeliné) processor

i ]

A pipeline processor| is a processor which has
%-multiple“inStruction stream and a sihgle data stream

L L P . : . .
(Fig. 2.9). -The.processor‘consists of multiple‘functional

\

iuniﬁg, each Of/Wthh is respon31ble for partlal proce551ng_

2 ™
of the data stream._ The ba51c 1nstruct1 ns are subd1v1ded

- ifito a ﬁuhbe} of intermediate operation# for the different
Sﬁages or unité‘ fééh proc sstf;;;ge operates’ on the datah". :

: stream, performlng 1ts speélflc part of the 1nstructlon. In ;

lf;;other words each un1t (ox’ stage) lsﬁandepenéent and 1s

capable of carrylng out only selagted tasks on the data ’

.

.. . ¥ :-
Stream, \ C
1, . \ .
Mult1 le serial data operatlons are’ des;rable
.C’ RS 1

1

P

' Data )

Ia

'Fig . 2.9. The MISD or pipeline brgpessor | .

in a plpellne processor so that. several lndependent operatlons'
can be carrled out at a tlme on a large number of dlfferent ' :'

da;a whlch are in the plpellne - This is mainly tq_compensate

.
[5Y

t .,
P . . e, .
! o . .
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for. the major drawback of thlS organlzatlon, the time ﬁt'
\
whlch 1t takes for ‘a spe01f1c data to go. ‘through the pipe-

.1;ne; that 'is the time At requlred for the executidn

of a single complete instruction by a number of different.

’

unlts in the plpellne .

In a program (81ngle stream of 1nstructlons)

the relatlonshlp between the different operatlons-often

.o

"appears as a dependence of one Operation on another for

.information referring either to the conteént of a given

1operand or to which operand should.be_executed‘nekt.

‘ The'pipeline structure is efficient to execute prograhs.

with 1ndependent 1nstructlons and is very eff1b1ent wiagh

executlng programs having many consecutive 1nstructlons

"pec1fy1ng the same operatlon on dlfferent arguments. In

general for most programs, the capaﬁlllty tovrecognlze

' &arlous relatlonshlps between/;n/tructlons is necessary in

e
order to sudeV1de successxve 1nstruct10ns'1n a series of

;

operatlons for the dlfferent parts of the processor. Conse—
/

guently an efflclent sequencang of a large set ‘of operatlons

is requlred since the constralnts (dependen01es) usqally

depend on theptyj; of operatlons avallable, the number 'of

redundant execution unlts, and the‘executlon time requlred

'_by each unlt forWa glven operatmon. Algorithms ha%e‘been

_ developed to dynamlcally sequence opefatlons (ﬁn a plpelinew

M
machine) 1n order to proV1de a smooth executlon stream

" -

-while taklng advantage of all avallable parallel executable

F
P

v
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resources. These machine constralnts are then added to the .

. '. .-p.? -
algorithms, but o algorlthm will guarantee an optlmal exe~ .
oo _ , ) ,
cution sequencing. o . _ ST g

Pipgline processors seem to provide & solution

t

for fast pr0ce551ng, but many problems such as sequen01ng ’

of operatlons and determlnlng the 1ndependence of the conseif, ‘

. cutive 1nstruct10ns degrade the performance of the processor

to a p01nt where such. processors are,only eff1c1ent for

certaln partlcular appllcatlons.

No actual system is completely desagned on the - . B

pipeline prlnc1ple,_butgthe'pr1nc1plesls widely used in
- present-day computers.‘lFor example, the CDC-STAR can‘perform ‘
éi% inner or dot,product of two:vectors as tnéir elements

pass tHrough the pipeline \[tj. Another example of the”
"application of the pipeline principle is the overlap of the
read—wrlte oneratlons into’ a memory (interleaved memory)

whlch is becomlng w1dely used 1n computer de51gn.

3.3 -Slngle Instruction Multlple Data (or parallel)processors

Parallel (SIMD) processors'are'processors which
have a. single lnSﬁFUCthD stream and a multaple datalstream ‘
_In such processors, the same lnstructlon is executed in a
.lnumber of separate processors on dlfferant data;_ Flg 2. 10

/shows the. block dlagram of theé 'SIMD processor—memory 1nform-

atlon path

*
i

|

©. 8IMD processors include array processors, assdci a

_processors, assocmatlve array processors, and orthogonal

R o ~
processorS'. o . —

v . D ) i '
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pThese processor elements are usually controlled by a main

- array prdcezfors,'data are processed in3para;1el. The

R

3
RS E i rearternged S 12 -

. " . T~ '
[ ’ ' ' n
¢ ——— ' . ;
— i . y
|  MEMORY ~ ;
- e : o . s
Data. ¥ I
- -,)’_/-— .:"‘.' . i ] ' : ':E
: , Instru&tions -y S " S i
.. 3 _CONTROL : R '

- : Ty

. PR_OGRAMSL T . - p »
. | I
Fig 2.10 SIMD;or parallel processor o X ' )
3.3.1 Array-processor' - //J S _ . D
o - - ’ ‘ 0 ;
i i B
An array processor usually con81sts of a set of ¥
t L

relatively srmpld’serlal processor elements, each having

its own arithmetic 10g1c unit, its own control unlt, etc.

o

[

control unlt”whloh does, the I/0, 1nh1b1t the operatron of
the processing»elements, and control the routing and skew—
ing- of instructions. Routlng and skewing are used to move

data from one processmnq element to another or allowlng

one procéss:.ng element- to' reference,_another memory. in\ : ‘

4 . 1

Processors ‘perate on a word or byte basis and ysually

-

'access blocks of data words for parallel executlon in the )

=-d1fferent\p\ocessors. : ' -

" Array processors are very useful to 51mp11fy

]

progrémming. For example, matrix processmng may be done

-~ ' . . .
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by an_array of processing'elements«with the use of"a “COMMO?)”'

.

. statement. An example of an array ‘processor. is the ILLIAC IV

i

'memory. Types vary from array processors wrth assoc1at1ve

- functions.

Computer. The array consrsts of 8x8 processors each connected

to ltS nelghbour . The control unit allows & single stream -
- ' <

of 1nstructlons to. operate on many data. The local control‘

4 .
permits each element tofenable or dlsable'the execution of-

-

the common instructions according to local tests. L . -

. 3.3.2° The Assoc1at1ve Processor I T

v ' An assoc1at1ve processor lS one that operates
: , : | ‘
on data, addre551ng elther by tag or value rather than py TN
m?mory locatlon. ThlS 1ncludes machlnes that process +data
. (-‘ - T -‘. 0

1ﬁ parallel while retalnlng theirx assoc1at1ve capablllty.

This tyLe of processor is-very effic1ent for pxocesses
which require the use of associative c%pabilities\such as '

searching through a large data baSe'or_the-eﬁecution of

o Ve , ! ) ‘ o . oy
independent instructions on barge datd stream.: - \' T

3.3.3 Assoc1at1v Memory Processor b !
J - N L

An assoc1at1ve gemory processor is a progessor

r

w1th ‘the above structure bdt 1mplemented w1th an assoclative

proce531ng element memorles to assocratrve memorles w1th ‘ ,
N

21

- enough loglc at each blt td perform all arlthmetlc and loglc ,

o

ir

At present because of the high cost of assoc1at1ve

memories, these two approaches are sultable for only rather
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spec1allsed appllcatlons where high hardware efflclency is

'needed and where data rates dlctate thlS type of structure.
_3 3.4 Assoc1at1ve Array. Processors

LT TR
An assoc1at1ve array processor 1is an associative

~

! processor which operates on bit‘'slices of data {ie. on a

flxed byt position ;Q a set of data . words) 1nstead of on

a wordfbasis. The type of processing element used in a-

basmc associative array processor is. ojgposed-of a 1-bit " ’

arlthmetlc and’ logic unit and a few flmp-flops for control

- and carry holdihg..'In-fact}'pn-assoc1at1ve arraycprocessor
can -process all capabilities of the array processor witlh™ Vﬂ\“
~ :

a differencd, of‘cdurse,iin its assoc1at1ve capabllltles, k-

its addre551ng technlque (bit slldlng) and in some.-cases,’ a
) B o

marked dlfference in speed and eff1c1ency.

oo »

- Fig' 2. 1lshows a typ1 al example of tlmlng in an

ZB-bit_a55001at1ve array processor for the addltlon A+B

- 3

: - F
+
N .
"

e

: BBy 2°2- - 3, A
PU (fetchf"“4 AP s P
’ ‘Q ‘ P A B !

- Memory - - ,
cycle | o ey ' A28.2

-L

—
i

PU . . ‘ . . :

( execute )
Fig. 2.11 Typical Timing of ap Array Processor
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- an orthoganal memory to allow faster I/0.

l3.3.5 Orthogonal ProcesSor '

.on data. = -,

: L e =28

-

It should be noted that memory references are made to success—
r.

1ve blt slices’ and that there are no memory cycle confllcts. -

I
‘

Howe er, to increase speed on an associative array processor.

the de51gner can use 1nterleaved memories. It'should be

)

noted that an assoc1at1ve array processor may be used with

_f An orthoganaloprocessor 15 an assocyatlve processory

Wthh allows both blt sllc1ng and serlal access (word access)

'-It is used w1th an orthogonal memory and . 1n contrast ‘with

SIMD processors (Flg'&lﬂ ), Orthoganal pr0cessors have. both

‘ .
data and programs in the same memoryp . AR “
- .

| This type of'organlzatgon is very efficient in

programs with extensive branchlng because ‘the dual access

Ll

memory allows test results to e quickly avallable to the

‘control unlt, thereby 1ncrea51ng eff1c1en¢y : When looplng

! S

‘depends on’ many tests, these tests can ea51ly be performed in

~\
he processmng element array rather than ln the control unlt.

. Another advantage gf this unified organlzatlon

al . - L}

"is that it makes compiling easier.  Serial dpexations, which

”~

—_—
¥

' 4 : . . s e
can be concurrint/w1th parallel ‘ones, can readily operatg,
] A . ' . r

o
3 4 Multlple Instructlon Multlple Data Processors (or

multlprocessors) | . . e _eff’//
. . .-

ot

A multlprocessor is'a 5yst:;7£paracterised by a

number of Lndependent processors eac with its own control ..
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J, unit. In such an organization (Fig.2.12) & ‘programs . - Lo
PR ‘.or,subr0qtines are running at the same time in the . S A
S - N ; . — g o g .
system. o b S { ‘ 2
+ ' R .o . . '. - . - .
.This type of organlzatlon £S advantageous since
the resources of a system (large Random Access Memo;;}3data
'flle, peripheral equipmént etc.?‘whlch requlre the heaviest
. ) ) - _E‘ ":':-)_ l'.. . r
investments can then be shared by the processors. . Such a -
technique of having many p;deessors in<a system increases
* both its reliability and availahility. A failed unit only
reduces the throughput of the system.. - ; »
Varlous types of multlproc6551ng may be‘}ound ’
- v »
. in existing~mach1nes. Partlcular examples are the CDC 6400 '
\ . Iy .
[1)ana the B7700 *[7]. s ’
“4 . " ’ B-' i - ‘I
. | ™ MEMORY - S e
L 4 ” .1.« ) .
N Insfirugtidns . Data
@ MULTI-'
1 PROCESSOR e ‘
i - ' L
t N I ¥
o~ ;Fiész;lz- MIMD processor (or multiprocessor) ™~ =~ . .- R _ T2
\_‘\ T . : \ . N ‘ . , o
% "
: . ?
ET " { . 1 ) 2
N ‘ ‘ ! K
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yr-4 OTHER PROCESSING TECHNIQUES ~ - -

- o
4.,

In this section, we introduce briefly the major

 speed-up feohniques'which are used to=*improve the orocessing
speed of é program in a multlproce531ng environment.. More'
detalls may be  obtained’ fron.the mentloned references.
4.1'-ParalleleProces51ng. | : "-" Fi c . .
e - : K : ‘ .

In a multlprocessor system the proce351ng speed

of*h 51ngle stream of 1nstruct10ns can be speeded~up by

-

‘partitioning the job into sections which are substantially - .
independent of one'another and which‘may therefore be:

executed concurrently, that is in parallel Such para- C o

llel executlon prowides a fast turn around time in the

.execution of a .single flow of 1nstructron. Furthermore

‘ unutiliZed‘reSourCes cf the multig ssor can then be

.applled to other jObS.

q There are two main types' of parallelism present

d

in-a job, that is the macro—parallellsm and the micro- . ~~

parallelism, ‘Macro-parallellsm conslsts of havmng 1ndepend—

ent sectlons,,précedures, or subroutlnes in a jOb being
executed 51multaneously by several proce531ng units. Mlcro-

paralleiﬁém explOltS the relatlve independence of 1nd1v1d-

i3

nal: machlne instructions 1n a sequerice of consecutlve inst- /

u

ructions and/or between steps of execution of an 1nstructlon.

- The lmplementatlon of macro—parallel prOCe551ng is
- & ! |
not only limited to an approprlate hardware de51gn.‘ An

)
L]

-

adequate performance, in such a system, is also determined d
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e . . wr

- by an-appropriaté software overhead.‘ Allocatio% of reSOQFces,ﬁT

El 1

-

scheduling of tasks, and supervrsory strategles must be

i
'

Slmpllfled and the related procedure (algorlthm) mlnlmlzed R
: . -

" to compromise only a small portlon of the total act1v1ty in

the’ System. Another problem w1th macro- parallellsm is the

need to*develop parallel prooessrng procedures at the lang-
uage level (Eddltaon of specZal 1nstructlons ln‘programs to =
dasplay paralleL;sm ln algorlthms) and/or at- the super-
v1sory program level, that is programs determlnlng intrin-
~i51cally parallel procedures in order to take full advantage

of a multlproce551ng env1r0nment in the execution of éﬁrro-
_gram. 'This problem arises marnly be e of ‘the. sequentlal PR
nature of commohlyjusedvnumericai a orlthms, data process-

,i#g procedures;‘and general computer'programs.‘ The advent \ﬂ/x/’f
of maCro-parallelism'thus calls ,for~ghe modification df

accepted techniques to expose any inherent parallellsm in- a

job. A major factor for an eff1c1ent ‘execution is the

lnteractlon between the processors. For example, a close
processor communlcatlon may&cause spec1f1ed tasks to be _ X

'executed on, the termlnatlon of a present 1nstructlon in !

one partlcular processor, or may cause a number-of processqrs
'to qgrt ‘the search for a. partlcular.ltem 1n a partltloned

llSthhEH the item has been located by one proceSSOr.

- ‘ v
__..—-—-l

An eff1c1ent exploltatlon of mlcro parallellsm in

‘a S}ngle stream oEHIEEEEUCtrons—rs-mainly dependent on how .

‘the cfégpter detects and executes m 1ndependent 1nstructlons i

——— -

out of n imstructions. L L S L .
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' One approach to parallel processmng in SISD processors has

.

v . b,een StUdIEd by TJADEN & FLYNN [8] In welr Paper’ thegq

 present a 51mple algorlthm Wthh allows 51multaneous multlple .l
} L
decodlng of a block 0f 1nstructrons to detect mlcro~paralle11;m; L
BY organizing the 1nstructlan formaéfand the decoder of a. ;<.?
' S1SD proceéspr they readlly ascertaf; the 1nstructlons whlch .‘ S

. quallfy for parallel executlon. Thelr 51mulatlon shows '

(assumlng that the algorlthm adds negllglble tlme to the‘%
decodlng process} ‘an 1ncreased efficiency of 86% in the
execution rate of a smngle streagjof lnstructlons. ‘Thlé.

result is based on. hav1ng a decode stack of size 10 in thelr_* ,
v, : . . o _ -
organlzatlon [sl. ' . o o

o
.

i In thls theSlS another' approach (whlch doesﬂgot y g-

1nvolve multlple smmultaneous decodlng) to the detectlon and
%) N , .
parallel execuéion of 1nst?rct10ns in SISD processors 1s )

K

-

The method does not.guarantee

s

maxlmum parallel executlon but it enables mlcromultlprocess-

presented in Chapter III.'

1ng and_overlapplng/of 1nstruct10ns to allow fast processrng

-of a\SISD streann ' "_ _ ~.§,b' . I . . k

] Bl ’ - >

:f" Many other studles on parah&el'processing such.as.

=2

méasdrement_of-parallelism,adeflnltlon of algorlthm, ‘and othe¥ 'r

a2

T“‘rearﬁhstruhtures to detect parallelism can be_found in the refer-
{ ;' ence materlal " t - b o o o

4.2 Mlcromultlproce551ng o T ':5\. L

M1cromu1t1processrng is . an approach to mult1process~ i

ing at the level of yery small tasks [9]. A micro. multlpro—
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cessor system consists.of processing units.sharing'the '

1

|

. Co

proce551ng ofgthe same lnstru;tlon stream'tyhere tasks con- . . i
' i

. .

- faem

sist of 1nd1v1dual 1nstruct;ons._ The system conflguratlon v ot

developedain (9] and [lQ ]conSLs;s-of two igcroprogrammed R IR

[} proce531ng units sharlng the same, control unit., * .i '
.®* ) - There are three’ alternatlve technlques for micro= - . %
: ‘.:- . ‘a . BN "

multrprocessrng that” nave been developed: leapfrog, plpellne,

. ' and graph In the leapfrog technlque each.processqv unlt

. e ‘ PR
o fetches ahd executes its- rhitrﬁctlon. The 1nstruct10ns e

C' of a Joblare executed alternatlvely by the processors. In

. . e '
. the plp811ne technlque, one processor fetches the 1nstructlons

T & . I

whlle the other executes them. The 1nstructlons fetched are

] - .

',"stored 1n an'executsﬁﬂ stack. When the:executiOn staék is" <

v )

empty both processors fetch 1nstructlons, when ;he ﬁmack is

lel both unlts execute 1nstructlons.; The thlrd technlque

1nvolves the 51multaneous part1c1pat10n of all PU's" ln the I~

o v - 2

B executiOn'of each 1nstruc5&0n,' F1g2 13 shows & graphical
i

‘/“ r : ) J —‘.@ /
. . £ £ ese t chnl u .. < . '
f:' 1nterpretatlon o h g ques [ ‘ ,,f”f

r
4 Speed up in the executlbn -of a 51ngle stream of .

ey

T 1nstruct10ns may Hb achleVed tBrough the idea of mlcromultl-

»
Ta

proce551ng erence-|_9] shows that the two-processor

o’

" system glues an 1nc9ease in procesylng rate from 1. .12 to

l 37 compared ta i;?br a uhlprocessor system. .It should

|

be noted that a multlproces51ng env;ronmpnt requlres 1nter- - o

e PO

actlon between the pgocessor units because of the’ dependent e ..1

- ¢ ' LI T ! Q

* nature of the rnstructronfsequence.e‘}'

| Aal}
S

P
'x
r
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processor for the fast proce551ng of a Slngle Instructlon

~

l. . I,. ’ : . ' 7 4 i.‘--f: ‘
& . . .. .o =352 ol
. 1 ] ‘ - ) ' I. i, - N ? K
- " N : . . . “.r
. . “* CHAPTER-III IR ;l~
. e ) N Gy ) ' .
' AN BARCHITECTURE FOR FAST SISD PROCESSING * ~ .
_ - 7 — |
The subject of  this chapter is the design of a
>

i
—

?

slngle 'Data. (SISD) stream. We w1ll present an organlaatlon

L)
allowxng two or moré sub—processors to work concurrently

at the executlon of a 51ngle stream of 1nstructlons. 'The

By

‘idea of mlcromultlprocessrng and mlcro parallel proce551ng
w1ll be_ used efflolently’by a close hargware/software anter-

ction within the processor.' The optratlon cf- the two- sub-

N "

processor unit, is studled in detail and its eff1c1ency 1s’

compared w1th a unlprocessor unit. ° . S _h;;
. i :
. i . -
. : o
. ' . ® 4
/. i )
- 1 4 o
; ' ¥
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T1I-1 FRAME OF WORK -

~ | @

today's SISD processor’ the memory access tlme,

\ Lo

"
Ial . ,t

- - wthh is a-maln llmltatlon to fast proce551ng, éan be masked

L‘ " +

by technlques deséribed in Chapter ITI. Now, if we con31der
a very fast processrng achleved by Ehe collaboration of a

number of sub#processors at the,ex

utidn of'a srngle stregm

of 1nstruct10ns, the requmred flow rate can be obtained by

proper memory organlzatlon.r In th1s t&esrs we will ‘assume

that the memory can glve the flow rate needed and we will

A

organlze the processor such that its cycle time.becomes = o

' 1

- \
. 1ndependent of the memory access tﬁge in order to. 1ncrease

H

the proce551ng speed of'a SI&i‘stream

' A second 11m1tat10n to fast proce551ng is the
1)
speed gL whmch the Arlthmetlc Logic Unlt (ALU) can performn

By a proper dlstrlbutlon of- consecutlve 1nstructlons into a
- 1 ‘

number of sub- processors,neaph hav1ng its own ALU, it then

becomes“possible to,mask the'physrcal speed lamlts of the

[

dlfferent unrta\ Such distribution of-consecutiﬁe instruc—
/Qlons 1s only possrble in a multlprocessor envrronmeng
“having a close 1nteract10n (communlcatron) between ‘the dif-
ferent processing units at control level. . .
.. “In the proposed\organizatlon, a particular-sub—
ngcessor only‘has to maqih the’ speeaaof its elements (ALU,
p

tcontrol,‘etc ), not the

stream. In fact, the proce551ng speed of such a*SISD processor

"

ocessing speed of theflnstructlon ®
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should not depend on:the individual processing speed of itsi

sﬁb—proéesso}'elements. The ideaéis'to'have manyasub;proqégsors .
working concurrently, at their own speed, at the execution S e

of a,single 'stream of instructions. tThe choié%‘of~the part—ﬁ/‘ , %.

icular processang method (mlcromultlproce551ng orbmlcropara-
—\‘, , . .

2

11e1’execut10n) depends on. the 1nteract10n between successive ‘ r.;

»

~
1nstructlons,_and the sequencmng of executlon is done dynam-

By 1cally by the sub~processors ‘common control (SPCC) Thea

1 el

deflned structure also reduces the problem of temporary .
A i .

-
L

.storage which occurs in most phases of proggammlng in pipe-

1

‘line and parallel processors [4] . i g

- . l. + I

The use of a number of processor unlts for the =~ -
. :

- processing of a 51ngle 1nstructlon stream prov1des an effl-

L R I e i R L

-t

‘-5::"«’:}‘«‘7.'5’-.‘\-‘?

~ cient solution to fast proce551ng “but requlres a very. strong -

1nteract10n between the processors. The most common type I

SERRL

-of communlcatlon between a number of processors 1s done

»

~ through the use of proper operating systems (or superv1sory

"a
i

PN

o

if A

programs) whiél are software orlented. In . sectlon III 3 ‘

X

we w1ll 1ntroduce a mlcroprOgrammed .schene allow1ng interaction

between Processors at the control level. hlS w1ll greatly

reduce the software control state (system overhead) in such

» B .
"a system gs well as lncrease 1ts eff1c;encv ‘ . .

The mlcromultlproce551ng technlque was chosen N

9
'

.bécause it reduces. the proce551ng tlme of a smngle stream
" of lnstructlons when there is .no 1nherent parallelism..’ o

Micromultiproce551ng takes advantage of the dependenc1es ' ‘ L
L C -
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- between consecutlve 1nstruct10ns and has been studled in [g]

Mlcro~para11el executlon 1s presently tﬁe subject of varlous

types of research and many algorlthms and structures have

-

been proposed to detect such parallellsm [U. 12 ]

A .

Measure*

ment of parallellsm has been done 1n different types of

Fortran programs [13 L in arltpmetlc express;.ons[14 ] in the '

evaluatlon*of polynom1als[15]' and in dlfferent ‘types ot

Yo

algorlthms and 1nstruct10n streams[16

the results ‘of these research

' a multiprocessor system which

execute microparallelism in a

'Nl" -

17]

Furthermore,,

effdrts justlfy the deSLgn of

-

single instruction stream.

‘w1ll detect automatically and

‘f ?

e
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ITI-2 A PROCESSOR ORGANIZATION FOR FAST SISD PROCESSING

' [

s " . . ' - (b

A major llmlt to the fast. proce551ng of a 51ngle

stream of 1nstructlons is the cycle tlme of the SISD stream

-

‘ processor. The'most efflClent'so;utlon to this problem

=

‘is, to- use many proce551ng unlts to execute the 1nstructlon

stream(;ﬂé/,thls sectlon, a ba51c processor organlzatlon"
a oy
for the fast’ executxon of'a smngle stream of 1nstruct10ns
"y

1s-presented. The" 51mp1est structure, two sub—processors,

;s-used to'simplify the presentation of the subject. -The

principlesfdiscussed here also applyrto'an'n-sub—processor

' . . . . 7_7_%__'_._,__—-—"_"
structure. .- - ' ,

" . . !
The basic organization consists of a processor’

composed of two general (or spec1al purpose) sub processors

each having its® own, Arithmeti¢ Logic Unit (ALU), its own

control section, and a common sectlon to the sub—processors

In thls partlcular organlzatlon the Sub-processors
are general—yurpose ones. In a more advanced de51gn they
may consist-of a set of spec1al purpose unlts in whlch,

o

with a slight modlflcatlon of theeCommon.Control a part—'

1cular 1nstructlon may be sent to a partlcular sub -processor.

-

in order to speedrup the executlon of the 1nstructlon stream.

The common block ‘to the sub- processors con51sts

of an-Instruction Buffer (IB), a Current Address Reglster

‘(CAR), a Result Stack (RS), and a control|un1t This struc=

ture is a very elementary one and in real design it should .

include other necessary hardwafe such as stack pomnters, stack

o f.f

. [/‘AJ Vr' " v\

W
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o

‘oriented sub—processor would then be approprlate

L -4l

i . 1 . ‘ . . .
limit registerd, interrupt registers, interrupt stacks, etc. |

) . o P _'.‘._’
For SISD processing the'structure of the sub-pro-

‘
Iy

'cessors is very-31mple 51nce the common element takes care

b !

of the problem ‘of tempfrary storage. In a SIMD organlzatlon,

each sub- processor requlres a more complete structure since

»

1t has to take care of its own temporary storage. A stack--

-

PR It should be noted here t?ﬁt\fhe I/O is not part

of the desgign and 1t is assumed to be done by an. I/O proces—
- ‘

‘

sor in collaboration with the memory processor. . »

1

>
.

-
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III-3 SUB-PROCESSOR CONTROL ‘' .- .

~-One of'the.major cost factors in todayfs computer’

technology is the’modularity'of design of a s&stem. For this

reason and for a better independendy betweeh the sub-proces-

hsors it is more advantageous o have a number 1ndependent

-

sub*processors, each hav1ng its'own control, superVLSed

"any major change in the-

by a main common controf unlt, than having a: common control

unit to do all the control for the sub-processors another

advantage of hav1ng separate control unlts for the sub—

-

processors lS that it permits the addltlon, to a system,

,,-

of spec1a1—purpose sub-pr cessor nhlts w1thout hav1ng to do

_ / .
eneral archltecture. Furthermore,

.

'dlstrlbuted control eases "the 1mplementatlon of dynamlc

T ——

mlcroprogrammlng in the system. ‘For example with the use of{

look—ahead technlﬁues it is- p0551b1e.to bring 1n advance-‘

1

a specrallzed functlon from secondary storage into a partlc—

J‘

ular sub~processor control unit without having to stop

L4 L3

pﬂeqe531ng in the other sub-proceSsors.

-

The ;ype of m;croprogrammlng used for the sub—

. processors may be address driven {18 ] or conventional micro-

”programmihg'[l9lh20]. Address driven mrcroprogramming (ADM)

[y

.is particularly efficient‘in this organization since each

sub-processor control unit may have 1ts partlcular control\

[

: store memory and a common control program store for the sub—

processors. Common control programs to the sub processors

. . . ' .
r " -_ . . ) 4 .
. '
V - . V m ) Cw
. H . .
3 . oo v

P

-
[y

A



flng the control state or encoded control state of the.proces-

.sor. The content of the mlcro—memory address reglster

T -43- . :

i
4

are then stored only ‘onde (Flg. 3 2) -Further details on E R .

address drlven mlcropro%rarmnlng can be found J.n@gj . o S

\

From IRlﬂ' T - = From: IR2
' Control CONTROL PROGRAM Control
' P ' Ty ; Pragra
/f‘ , quest ORY . " | Request K
. CBM | c8M s a
Addrpsses ﬁAddresses/ !
N . 9 . s . | '
R . I ; B ] ‘ i
- ; - . * ' 1
INS. | CONTROL; _ CONTROL. .. ONS. N :
. ' . . ] * - ;
DE-%" | STATE C \ STATE I DE- |
1 ' . . .
CGDER 1 MEMQRY 'MEMORY 7 CODER f
e . : :
: o
SP-1 Contro: Words = SP-2 Control Words ——— =

- { M -
Fig..3.2 The’appllcatlon of ADM to sub—processor control

In a mlcroprogrammed control unit of a processor,

' v ‘J.
each micro-word consmsts of a set of bit patterns represent ’ o
]

. B

(MMAR) determlnes whlch mlcro-word has to be'execut d and

may also depend on the process or state. In ‘a mulrlproces-

sor system 1t is p0551ble to control the access o? the .com- i L f

' 1

mon resources by allow1ng access to such resources only on

-~ A . »

approval of a commorn control element. ‘The common control L.

o

(spccC) element sequences the access of these resources by e 7

4 r

analyslng the control state of’ each sub-processor at every - 2

micro- memory cycle. Furthermore, to permit the fast proces- .

[ '

sing of a srngle stream of lnstructlons by dlfferent sub-
: 2

.
i
B . ,
e
. . ) . > i
' . t‘- N
. o - . . *
. - L -
o , . - .
L - N o .
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processors, itis necessary to 1mpose 1nterlock condltlons : ce "

)

on the’ dlfferent sub—processors .These lnterlock ond;tlons

result from the dependenc1es (proceduralq operational and ‘

r Y . ) U

data) ‘which may occur in succe551ve 1nstruct10ns processed A P

° "

by the system. These 1nterlock condltlons can be analysed

- froM’the control states of each sub-prdcessor by the SPCC

and used to sequence the sub—processors. -The SPCC is also |

used to control data exchange between the sub- processnxs -
L/

'
i
1
1
i

and ‘can test for falled‘ProceSSLng“unlts. - o N
. - ’ Wt \ ' ’ . o .

Fig. 3.3 shows a simplified diagram of micropro-

'grammed‘sub—processor contr8l units with\the'SPCC.' Each

control unit sends, at every cycle, one word oﬁ 1nformat on
—_—_ £
- .on its state to the.SBECC. The set of 1nformatlon words

-y

received from the subéprocessors constltutes_the addreéds of
- the micro-memory of the SPCC. ‘A proper *SPCC word-is ther
fetched and sent.back to the individual suhfprocessof control’

units. The control wd%ds sent to the SPCC may-be the imdi-

" .

z v1dual control words of theé sub-processors or a meanlngful )

-coded representatlon of the state of the sub processors.

The feedback from the SPCC allows{the control unit of the -

sub-processors.to proceed, toldelay-the execution in the

B o ~ ] . ras

sub-processors, or to make admbdification in the actual -

executlon of ‘a mlcro—word
. L —

s
h

The com%ﬁex;;fggf such a control is malnly depend- : _ b

\%\‘f_ ent on the way that thd different eontrol units of the sub#

processors are clocked. In this thesis,‘we'wlll consider
T e -~ M ”

=
(-
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From;IRL . ‘ Eroﬁ common elements From IR2 . ) :
- L = - JL'T' — II o o : L :
MMARL : dpcc. MMAR ..  MuMare _ -
. - CL N ¢ o
Micro-memory | . ‘Sub-Processors Micro-memory
of’ . Common Control o  of ' - : .
sp-1 ‘ - B SPCC ) L . SP-2
MMBRL | | |. ' SHCC MMBR "1 | |mMBR2 « ' 1« .
‘u - S H 5 / .
R To <—| ‘ f =y T0 ~ II | ' '
MWBR1 control of SP-1 control of SP-2 I MWBRZ
: ! - | ,\ R N ‘ )
ponﬁrol lines - - " To ' ' Control lines ' D
. of SP-1 C commbn‘elements . of sp-2
fig~'313 The Control Organization. . ;- ‘ ' oo / -
- " ‘ . .
oml ' ~
'only ‘the case where the dlfferent control dnits are clnged

31mu1taneously and have the same cycle tlmeJ An asynchron—
ous clocklng of the dlfferent ‘control units may be more

effe01ent hut 1t 1ncreases greatly the compléxity of the/ -

system.' Flg. 3.4 shows the timing dlagram of the system

of fig. 4.3; First, as.shéwn‘in fig. 3.4(a) the sthprOCes—{ ‘e _ .

, ‘ . : P ~ \ : A .
sérs fetchra control word, then Enformation aboutitheir states -~ - - - ‘ “/
. 1 1 . .

is-sent to the SPCC: whmch, in tufn, fetches ana'sends back - ' .

T

the proper formatlon to the sub procegsor control unlts

in order to’ allow them to execute,.delay, or change the ;
- 1 N - . }
executiondo athe mlcro—word in the sub—processor. Fig.3.4(b)
’ o - * . 9 ’ t' ‘ "

—

™~
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e

'HOWever; 1n such a technlque a- branching 1nstructlon causes

shows how the fetgh and executlon cycle cam-be” overlapped Do }

o

in the sub processors to allow faster control. While a . ' ' S
micgo—order‘is executedlln a sub—processor, the'follouino
‘®ne is. fetched from its contrdl store. Further speed can be o .

obtalned by adding to the suB—processor control units a -

‘Micro-Word Buffer-Reglster (MWBR) ‘which allows’ the'control
. Toa - T ) ' - - N f
unit to_always have a micro—word ready<toabe executed.

) " '-‘ '. i

Co . !

a- false mlcro -word +to be fetched from the mlcro store.- Thls : K;: v
B problem can ea511y be surmounted and. such executlon is e P
a " " r., s f:" .

actually done in present—day mlcr?programmed control unlts

1
]

f% ] It should Ye noted t@at\other types of tlmlng are also

-

“Qos51ble., Further detalls on the control part w1ll be glveg

. b .
P n ~ B 1
“ .-".' - T . N
s ¢ in sectlon I11-5. & 7 ' g
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T1I-4 ,DEPENDENCIES AND EXECUTIQb _
R .o . ':. 4 K o .l.;:

In this sectlon the dlfferent types of dependen01es e

L]

Twhlch must be eonsrgered when u51ng the technlques of overL
o i . \ S .
1app1ng, mrcromultlprocesslng, and mlcro-parallel executron 8

w o x

_.are presented. They arlse due to the 1nteractlon betweengL

instruétions and data in SISD and SIMD streams and
?

dlrectly affect the dperatlon of the sub—processors

. . 3

" o ~In Chapter II we 1ntroduced the technlques of

overlapping, ,mxcromultrprocesS1ng andimlcro—parallel'

execution. The time saved using thede techniques and the = °
possible idle trmes which occur areﬁshoWn;in_fig..3.5'and ‘ i .7
depend on the interaction.bétween @onsecutive‘instructions. (
N ' N . v > ] . . - ¢ .

o

a . L ey
SPl sp2 - . SPL
I NORIEREX I
7. - I, Possible I
3 T —— 2
T - I, Idle -
5 . -, I;
- Ie time - \
" - '“‘-I-.'a' ‘
3 " . ——— N
[} n o” ﬁ‘\"- L]} \
° ' NS Sa%ing done' with overlapping * ° L o
. . ' & C - . . i ' oe M ' -
DX T -Saving done with micromultiprocessing,

'Fig. 3.5 Micromultiprocessing Brid micro—paraiiel execution.

N o

Furthermore in the proposed organlzatlon the processrng T
tochnlques used also depend on the dépendenc1es between con-

secutive 1nstruct10ns im the lnstructlon stream. When no .
' i = - ’ ] . -
. . G v Fd i - o

¥
[ . ' i .
: ¥
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[_inherent icro-parallelism is present in the istream of instruc—, -

5Eions,-ov riappind and micromultiprocessing are done. When -
% . S
micrd- pirallellsm i's detected ,the processors operate ln )

parairél and overlapplng is done between consecutlve 1nstruc—
tﬁéhs. Here lt should be noted that the overlapplng is ' o ’ 5

ddne at the control level while the other technlques are
¢ !
used inlthe-executlon of the varlous Operatlons.,.

. - ’ l o - '_ L ’ ' . B
cy The dependenc1es which”atise can be classified

\ t . ’ . - i -—

into ‘threé types: 1) 'procedural, 2\ popefationai,.and

3) datah

ac) - = - Lt . ’ . . ' {

A prccedural dependency is- a dependency. in the:

specification,of the ihstruction sequence. Given a sequence !
q- Vel , { ) it
(ascendlng 1n tlme) of m lnstructlons, lf I s a branch,

then for'{Iu, sz "f Ii;-"" I } all 1nstructlons Ij

l<]<m are dependent on I If I is an uncondltlonal

branch, then the dependenc1es can be qulckly resolved and

removed by refetchlng the correct sequence of lnstructlons

1ntp IB If Ii is a- data condltlonal branch some ldle time

occurs untll the data test is made before the dependency

"dan be resolvéd.' In sectlon III 6 thlS problem, where an -
“woo Y [ . ;

1nstruct10n exp11c1tly spec;fles the addre of the_next,_

. L

_w111 be locked at in mofe defall

f.

An’ opera?f/ﬁal de%endency arises wheh-a resource,

commOn to the sub-p ocesso%s, associated wnth the operatlon
: ~ [/ . ‘
specified by an instructibn Iy 1s-busy. That is when we have .
a set of -operations {OP+{, OP2, OPa"'OPi"'OPkl.executed in

i . .
K 7 T e . R

L)



. .ot L., . B s
, A 'J S/
_SO_ . 1 v ‘ . . - .

. .t .

parallel by k'sub-processors,;resources can orly be dist-

_rlbuted sequentlally to the first sub- processor up to the

. Y
th
i one, where i is the number of resources avallable, g |
. ? :

i<k. Then, all lmstructlons (operatlons) QP,, i<jgk will l p_‘ : i

'be.dependent._ For. example, in our two sub processor-

organization, 1 £ .two operatlons executed ‘in parallel requlre

the access to 1B, prlorltles must then be assigned and one -
processor must walt for serv1c1ng The same problem arises

when a bket of parallel 1nstructlons {Il, Izﬂ--,‘Iip --31 1.
are to be distributed.into a system'of i sub—processofs

-where j l<]<k xAll'instructions i>j will be dependent.
‘Por example in dlstrlbutlng the sequence of.lnstructlons of
the algebrarﬁ expreSSlO%‘X=(A+B)(CtDI(E+F2(G+H) in a two-=
‘=sub—processor system, (E+F) and (G+H) cannot be executed

A} o ]

'concurrently with (A+Bi)ﬁnd (C+D) as there are only two sub
ey

processors, therefore, operatlonal dependenCLes arlseﬁ It

'_should be noted that the second type of operat}ona; depend—

encies will, not ‘cause anx 1d1e tl@& in the sub-processors, .‘_E;
but -it willfprohibit a. maximum efficiency in the processing . \sg:-
Y ' ' ’ ~2 P PR
' . . RN . e i M '
of a single stream of instructions. - % S

-

. o Tne'third'class of dependencies, data dependencies,

- arises 1n a sequence of m 1nstruct10ns when a set of instruc-
tions S affects. (1e. has a 51mk operand) the source operand .
of a subsequent set Sk,‘1<k<nn For example 1f S ; is the set

.of 1nstruct10ns to.execute X= A+B and\Sk the set’ of 1nstruc— _h
tions 'to execute Y= X+C, then S, 'must oe completed before ‘“,

/, | N

— /_.

S ¢
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N - 1

In ou;\brganlzatlon this is taken care

3

one can execute‘Sk

of" by checklng the access to the RS that is Sk w1ll be

"

f
'Aexecuted only after the result. of S entered the RS.

The dlfferent technques of executlon (overlapplng,

mictomu}tiprquSSLng, m1cro~parallel processing) can be'exec-
Coom g - " ‘ . \

ut ed into an n-sub-processer unit. In the next chagter we
c . e :
will show how it is done. It should be noted that’fi such

an_nLSgb—pfbcéssor orgénizatién SIMD and MIMD processing-

k]

is poSsiblé with a proper modification in the sub-pracéssorsr

and thé.common-block. This will be discussed in:Chapte? Iv.
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II1-5° FUNCTIONAL ‘OPERATION °

In thus sectlon we will show how the two- Sub— ' ‘

processor un1t operates. In order to do S0, the language

-
1

.used by the processor w1ll be presented Then we w1ll show
how the deflned archltecture can take advantage ofpthe lang-

uage to detect parallellsm in the stream of 1nstruct10ns

7

and how the language can take advantage of the archltecture

of the processor to 1mplement high 1evel language 1nstructlons.‘
1 N & 1 -

Here we Wlll assume that the stream of instrpctions does

-ﬂot contaln any 1oglcal or branching 1n$tructionsi These,'
instructions generally slow wn_the executron of thé instrucﬁ
tlon stream, and they will be treated -separately in another
«sectlon . | : et |

N _ : . .
In this organization all. the instructions are |

feteched from the memory ccording to the (CAR) and are

pﬁshed into the'lﬁ and thh'correspondiné‘data*into DB hy a"
-separate fetching elementd(or'memory processar), This is
done contlnuously 1n order 'to supply ‘the - requlred flow of -
1nstructlons to the procesSor The. sub*processors-consequently
fetch. all thelr 1nstruct10ns and’ data from the IB and DB,
respectlvely. The executlon cycle of these 1nstruct10ns

is then overlapped (overlapplng of non consecutlve 1nstructlons)
and micro- multLprocessed by the sub-processors until mlcro—l

parallellsm is detected. When such parallellsm is detected,

the sub-processors work in parallel, overlapping consecutive

*:u_sp | | \; , ; | 1?. | : K .;%‘.
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instructions.’ Here it shoula bb noted that ‘the IB and DB

'-may‘not always contaln the right- sequence of 1nstruct10ns

“and data, that is a branchlng lnstructlon could cause a

‘wrong sequenqe of 1nstruct10ns and data to be sent to the

1B and'the p¥. In such a ‘case, these 1nstructlons.and ddta

. ". v - . Jl-ﬁr. N
are - ellmlneted from the IB and the DB, ana the right sequence

"is fetched from the memor] by changlng the content of the

CAR. Th%s ﬁf‘dOne by the sub-processors common control
. RN : ‘ . r

I
»

a language whlch redu es the problem of té/porary storage.
'Furthermore, studles show [ ] that a stack-orlented

-language mlnlmlzes thls problem and also permlts a more.
: N
efficient programming. The language.proposed for th;s ) o

.. N . o . : T

. organization is based .on a modified inverse Fblish notation
which 'is aescribed in more‘details in'Abﬁenaix I.

Here we only introduce the parts of the language and the 0}

modified Polish notetion which are pertinent te explain how

the processor operates. The choice of the language is

also motivated by'the’fadﬁ{that.with the postfix Polish

notation,it_bécomes easy to translate a high.level language ' .

A -

to machine code. : The structure of ‘the notation also allgws : ( T
. an automatic detection of micro-parallelism in a single N 1
i . *® N
stream pf instructions. - -{-I'- - »

: The pOStle Polish notatlon enables the wrltlna_of

' . . 1 . ' . -
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algebralc or 1oglcal expre551ons wlthout exp11c1t1y grouplné

.-‘."""-_u

symbols and withouf requiring expllc1t operator precedence

: conventlon? For example, parentheses are necessary as -

' desired int%/PQEtatlon of. the expression. In thé inverse

(pOStflx) Polish notatlon the express;on'&ould be written

AB+CD~/X%=. : oy

that the proposed language’ takes less memnory locatlons and ™«
instructions'than,the others.' Thls 1mprovement<1s achieved .
SINGLE REGISTER MACHINE  STACK MAcIINq . PROPOSED LANGUAGE
. LI

LOAD - A ‘ 4 PUSH LOAD A

ADD B ‘PUSH ', B . abD B

STORE Temporary 1 -~ ADD - Loap - - C

LOAD C B PUSH . C SUBTRACT D
SUBTRACT D . " PUSH D . SDIVIDE
- STORE Temporary 2 SUBTRACT - STORE X

LOAD - .Temporary 1 ~ DIVIDE =~ = = . ¥
DIVIDE . Temporary 2 : ROP X

STORE . X ‘ R '

16 memory, levations 13 memory loc. ..ll memory loc.

Y

\Ehe proposed language fior Eﬁe processor can be -

best 1ntroduced through an example.‘ Incflg 3.7 a compar-

150n of a smngle reglster machine language, ‘a 'stack machine

1]

lanquage;,and the proposed kahguage,for the expression

0

X—(A*B)/(C—D) is.presented. From fhe example ne can see

9 instrfictions 8 instructions . 6 instructions

Y

Flg 3 7 A conparlson of machine languages

by étorlng automatlcally the partlal results 1nto a stack

{result stack) as they becomé avallable, and by 1ntroduc—
1ng 1nstruct10ns whlch operate on the partial results in
the stack It should be noted that in the 1nverse PO{lSh

~

notation each operator produces a partial ox- flnal result.

e .
\ - . - ) o .

©‘grouping Symbol/)ln the expression X= (A+B) /(C-D) to- convey the

!
‘
!
'
[
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:By pushing these results automatlcally into a stack after- ! ) S

;completlon of an operatlon, 'we reduce the programmihg

effort, use the processor more eff1c1ently, and ‘save storage.

Furthermore, since in the inverse Polish ndtation an oper—
ator not preceded by en‘operand alwaYs_implies an'operation

between partlal results, it becomes convenient to define _. .

K gene&i} operator worklng on, partlal results which are
. q ! b
stored ln”the fesult stack. Such operations can then be: @

&

hspe@ified by an operate instruction (zero address) . For. - '“t' SR »

e ample the elgebraiC‘expression X:(A+EY{C+D)(E+F)(G+H} C .' ' .

can be wrltten as A%@CD+EF+GH+*X_ and executed as fOllOWS.

o _ o <
-..LOAD A ' " : S T .
ADD B o e _. | |
A % First partial result pushed into" RS. L
LoaD €& B o _ e B
v : ' c . e . !
ADD DT, N e . C N ,
' . "« Second partial xesfiIt pushed. into. RS. . = -u-
LOAD . E . T T
3 - N . o
' - B Y .
ADD roo. : . | PR
' “«~ Third partial result pushed into RS. =g N
LOAD G | -- - o
},_— .'f' . . . . . ) o . ,-"r/‘ .
ADD . H - o o
- « Fourth partial result pushed into RS
" SMPY "+ All the partial results are multlplled together

VRS : by this 1nstructlon . - _
STORE X . | ' ) , . " -
Here the SMPY'fnstruction operates on all partialiresults

-

in the RS, which represents a very 1arge ‘'saving of 1nstruc-'

tions and memory locations 1f we compare thls program to . -
ta a B - -

one wrltten in ‘'ordinary stack machlne language or reglster

1
A

1anguage.' In fact, the proposed 1anguage reduces greatly

1 - . . ! .
roE
* . ! . . I
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«‘the programmlng effort and the proce551ng of pIOgramS bé- |

-fore the actual executlon. ThlS is’ achleved by prov1d1ng

a closer hardware/software relatlonshlp in the desmgn of ‘ S

~the processor : o *_ : , - S ‘

1

As for algebralc expressrons, one can use a

modlfled form of POllSh notatlon in order to translate~

"high level 1ogrcal and br@ﬁchlng_rnstrdctions into mdchine

language for the proposed processor. For example the

o N - f ST -
Fortran statement “"If ({A+B).GE.(C*D)) go to'N" can be _ "
written- as AB+CD*>N » where - meané "branch to“"-The'

correspohding:program is the following:

LOAD A - R o ' S o

ADD B o o .;. , . S ' co

) .« Pirst partial resmult into RS." i

LOAD C - . el . ‘

& nE N -~ ‘.‘

MPY D = Second partlal result into RS. . L

. : - ' ! : b
"JGE © N+ Partlal results into RS are compared and the

branchlng is done to N if the first partial
result is greater than or equal tp the second. ,
Otherwise the instruction following JGE N is - "

. .executed R (, ‘
It should bé’noteﬁ that much'more complex branchingqinstruc~

tions (which are not 51mple 1n FOrtran) such as:"If (GAtB)-
. L 4

GT. (C+D) LT (E -F)) go to N"where (A+B) must satlsfy >(C+D) \\; .

and-'<(E—F) can then béfea51ly realrzed The corresponding

modlfled POllSh notatlon is then AB+CD+>EF—<N+ . More .

detalls on ‘the proposed modlfled inverse Polish notation as

-well as on the’ language are given in Appéndlx I and II.,

&

'
I
t
b
|




'independent of CD- and AB+CD=* isg indepeﬁdept‘of EF-.

Y S

U51ng this notatioh, it becomes _very easy to

. detect parallellsm whlch ex1sts in\a stream Qf 1nstructlons.

For example if we look at an. arbltrary algebraic expre551on,

49

we' notice that everythlng 8n the left of an'operator 15_

lndependent of what is on 1ts rlght until two consecutlve_

} operators: are met., For‘example, in AB+QD-*EF—/X=, AB+-1s f.'

U51ng this’ feature of the notation, it is‘then easy to

detect parallellsm existing in an algebraic expression.

\ o

Parallel execution is then p0551ble, and the- sequencfﬁgh*-

Ty

o such parallelism is based upon the fact that partial

results must be fed to the RS by the sub—processors in

Ly . =t
i

‘the same sequence that their operands were fetched from IB

‘-by the sub—processors: In our'eXamplé the partial ‘result

of AB+ has to be pushed 1nto the RS before the partial

_result of CD— Note that{the lnstructlons to execute AB+

are fetched from IB before the ones for CD-. 'Mote details
) . - . Al .

on how the sub—processors'use the RS wil} be given in the .
. 5 . I X -

Lfollowing section., ° ' : S ' o
LS . .

}\ .

Parallel execution can also—be“executed within - .
ﬂ " " ]

~ an 1nstrUCtlon which spec1f1es multlple operatﬁbns on

» partlal results ‘in the RS. If we look atjthe preV1ous

.

example X=(A+B)(C+D)(E+F)(G+H), the multiplicatioh of the

-

' partial results is done by the SMPY instruction which. can

" be executed concurrently by the two"subrpfocessors; "This

type of micro—baralleiism (between stages of executign,ih
- : 3 . } -

<
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.an instruction) is'pe;mftged whenever the instruction’ -

iﬁélies'é chmutaEiﬁe opgrazion.' ?6r'ekample;‘divisiod". st - _

is not a cpmmutatlve oﬁérat;on and a parallel executlon-_| S f

of an 1nstruct10n whlch divides many partLal results 1n "' v (
2 the RS 15rﬁop.perm1ttedf  "' " ‘ : §,< — -

5  _ i Ln the iast:example, it -should bé_noted that. al

manlmum proc9551ng tlme for ‘the executlon of the expresslon

ré reached with four sub—processors.' In nmencral, for every

+

ﬂvwrudslon thgro w1ll ke a spcc1f1c numi.ecr of sul-nroceossors

-

o . . . L . . . s
that will give mlnlmum'procg§>lnﬂ time,  Hvoen though the
v ' - ° . *
Processing time decrcases ap te a certain.moint with thu
. . . X ] ‘ B . ) - > v
" nunber of subenrocessors availahle; the averaan nfficicncy
X ) ‘ L '
or a subi-procosser. in the syutﬁl dmcl asens as denoendencioes

ariso in the instruction stredm. Lat T, be the time recouirad

‘ -
i
“

to perform some calculation using n sub-processors, and T, Lo

. . . ] o L o . 3 [ ]
{ the time reaquired to perfoﬁﬂ the sane cnlcqlatlonabv a pinglc

- "
——— N ‘r

cnrocessor., e Outdln a ‘spred un of tao gy stem &n= Tl/Tr and

. ’ .t v . '
 the averace eff1c1uncy L oof a ITOC25S80r as nn: ot {n = Tl/nT
. ) 1 i .

. which is smallier than'one. Another important faotor
1 & . .
which affects the efficiency is the number of operations

§eQuired‘to compute one expression. As explained by Kurk

]

’.Jet a1[13] comphtatlon t1me may be saved‘by performing
extra operatlons For exampl@, in an n-sub—processor unlt the

exgcutlon of a(bzﬁée) requlres four operatlons and T =.4,‘_ : _
whereas ab+acde requlres flve operatlons &nd T =3. Conse-~ . . -

i . . , _ i

- quently saving -in computation time may beuachiEVed through. L
. . . L. . B , . .‘ ) ) {
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' \
fa e

a proper compilation-of a progfam. 'b : ' o
In this thesis, we wall not consider such cases,.r S /
and we will assume that the sequence of 'instructions g1ven

y : /
to the processor is anpanged to ltS minimal form. ) ‘ /

-y

. R f
'

The best way to 1ntroduce how the sub pqgcessors' . ﬁ'/

=

'operateﬂas thFOugh an example. Flg. 3.8 shaws how the o . . /
two—sub—proceSsbrlunit_(fig. 3.1) executes an arbitrafy o ' ya

: | )

algebraic éxpression. Suppose that sub-brdCessor.one_starts, /; .

it will fetch the fixst instruction from Ié; ‘As soon’ as | . /

i A , {
1"\_ . . R

- . _ - ’ | ) " _ | o 3 ‘_/
+ Inverse Polish notation 1) LOAD A 5) spiv . » o

p c 2) ADD B 6) STORE X : ]
AB+CD-/X= * | : " 3) LOAD C - E

' . . 4) SUB D

—'sp-‘1|___‘1)} (3) | (4) - I (6) K

SP‘Z? | (2) ;_% g | (5).. " L /f

T

Fig. ‘3.8 ﬁxecution of_x=(A+B§/(C"D)_ L. ) S

IB i§ free, sub-processor two will fetch the second instrueL

I3
[ M {

tion from IB while sub-processor one executes its 1nstruc~

/ . .
tion, that is it loads the flrst data into the op9051te /»7- '

G

6processoz in reglster say A 2. Sub-processor two will %hen T A

get the ‘second data B into its reglster B2 and add B2) . T

to (A.Z)and aush the result into RS while sub*processor

one starts expcuting the thirdsinstruction. //‘ L
It should be noted here. that micro-parallelism
has been detectéd (at the second lcad instruction) but-

) . . .. ) .l l ' ‘

L
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more micromultiprocessinQ"than‘parallel eiicutlon has ‘been . -

‘done : 51nce ‘there is 0n1Y a shont sequence of mlcro-paralelllsm

)

13volved ;ﬁ the expresSmon. Furthermbre, for such cases . ) .

whene there ex1sts only a short sequence of parallellsm

in an expression, parallel'E?ecutlon requlres the same

- processing time as a micromultiprécessed execution.
o , X

‘ Now coﬁsiﬂerrthe éxémple-bfffig.'B;Q. + In this

N

étample,_(C+D4Eflis“executaﬁ pdndyrreﬁtlfjwith (A*B). In . . o
© AB*CDHE-/X. . 1) LOAD A 4) ADD D . 7) STORE X - p
o 2) MBY B . 5) SUB " E ' o )
o 3) LOAD C ' 6) SDIV - | S

g
i

sp-1, (1) .'(35 (4) , (5} .
t t

—_

.sP-2 | _(2) _ |
/
sp-1 6) - ‘ — .2 S N
- : . . . .

-, ) . . I’y
Fig. 3.9 Executlon of X—LA*B)/(C+D E)

. (.
J .

fact the type of proce551ng utlllzed is not predetermlned

" As soon as they are free.the sub—progessoﬁs 51mply fetch
4 S o. . ’ < ) ) '

s ; ' A
their instructions from IB and try to execute them as soon
s ’ B o

as they are alfowed to by the SPCC Parallél exécutioh

‘ i . i " .
only occurs'when a particular sub-processor is busy execut—

ing a long instruction or the sequencg of instructions
fetched frém IB by one of the sub-processors. happens to

belOng to'é pértiéularfbranch of a’ stream where parailelism
. , . o o i

i$ present. In the: next chapter, another method which per-
- : . Sy T ' ]

T
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lnwe will aSSume that.each mlcro cdhtrol word of the sub~
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[11-6 -MORE DETAILY ON THE PROCESSOR OPERATION ,

. -
T . .
. : ; : - - T ' . v
' ~ . . S LN
B . . - ‘.. ‘ - oo -

Jgﬁ:the preceding section We‘introduced'the*prini
ciple of operation oflthe'basic‘organization‘and-used
only approximate timiﬁé diagrams;"ﬁere we Will cons;der
- .
mlcro/step by mlcro—step executlon in the processor This

J

sectlon will also 1nclude a sequenc1ng scheme for the . e

control unrts oﬂ»the sub- processors (SP) v,
,,":' To 51mp11fy the presentatlon of thlS sectlon
Lol

processors does not contain mere than one mlcro—step

4

. However, more 'than-one micro-word may be requlred to execute

a partlcular micro-step. The second.asgump"lon;made here

is that the ‘access-time of the control memo'ies (migro;‘

memories of the sub-processors) do“not“add"ﬁy appreciable-

delay ‘to the execution of the micro—steps olf thefinstrucf-

: . - '. - . . - p;] : B . . [ ' ’\, . #
tions. i) . . , B _ i'l i : |
In an actual de51gn, more. than%oqe mlcro step -

may be 1ncluded ln one mlcro—word. This TS done to reduce
] ] . N T . N —
the mumber f fetches to the micro;memory Hf the control’

-

I
unlt and/or to reduce the idle tlme that w uld - occur when

the actual executlon tlme of a, mlcro—step LS much smaller

n )) e ¥ 7 \/\ N

i than ‘the mlcro nemory access tlme e > R
{

r " ‘1 : ‘ '.A-_

The number of mlcro steps included in a mlcro—
word actually depends -on the size of the 1oro word (iQé_E}F%),

.on the type of mlcroorogrammlng (dlrect or encoded) used

. 7 | - L ' l




- . . " oot

g L R _ - —é3—' : | L T \
e ’ ' ' ; ) ) .
for the desmgn of the control anit, and on the}number of N

mlcro steps Whlch are- allowed to be exe uted by the same
. L

mlcro—word. "In this the51s we shall nod con51der-the problem

of havrng to choose between dlrect or’ encoded mlcroproqrammlng

"in the de51gm of a control unit. The pr1nc1ples of sub-

1

processor contrel 1ntroduced in thls thesis axe. appllcable

'ln adlrect type of mlcroprogrammlng as well as in -an encode&

. one., Further detall on these mlcroprogrammlnq technlques and“

T — their resPectlve advantagfs may - be found in- [20]

f

A detalled descrhptlon of the operatlon of the ; i

proposed processor can best ke 1ntrodu0ed through an example

Fig. '3, 10 shows a 1lst1ng of all the migros steps requlred
-to-execute an arbltrary algebralc expre551ont,name;x X=(A*B)
: +(c*D). In postfix Polish'notatioh this ;s written as e

AB*CD*+K:. The .figure also inclndes the relative time'bff

CXECULlOn of each mlcro—step (Wthh are glven in detail o
. _ e

¢ in Appendlx III). It should be noted that thlS sequéntral

listing of mlcro -steps represents how the arlthmetlc 3
T ’ - ! * " . \ . ‘ . ' ' M
pression would be executed by a unlprocessor operatlng . ‘ - .

Wlth the proposed lanquage and the prOposed ‘structure.’ - kN

u

v The total executlon time in such a: unlprocessor would tHen be

- 348t (tlme unlts) , . - : 3.'

. .,}f ?1g 3. ll shows how the same program lS executed i .;R

‘rby the twoeévb—processor,unlt. Here we assumed that sub—n

o X . ' v -

procgssor one started the ecutlon I As mentroned earller,

we ‘can see. that each mlcro tep 1s executed as soon. as ‘
: x A

possible by the sub-processors. The delay occurrlng between



LOAD.: A (1)
_ ’ . (2)
. MPY - B’ . (3)
o e )
. . o : (5)°
- . - ';(6)
LOAD .C - )
: T LT (8)
MPY D N (9}
S . /0 (10)
' ' (11) -
. ] ©(12)
SADD T T (13)
: -, (14)
. /S (15)
o ‘ (16)
XY (17)
TOTAL
spl-
(1) IR1«(IB) !
(2) A2 «(DB) - " (3)
(7) " IRL«(IB) . X (4)
(8) "Al. «(DB) o {5}
{9) IRl+(IB)
(18) Bl <« (DB R
{11) Rl +(Al)*(Bl) .
e I C(13)
4 (6)
{12} ‘RS «(R1)" R
S T L (14)
- - © {15)
(16)
H17)
Fotal tlme of executlon 188t

Ilg 3.11 Execution of hF(A*B)HC*D)

INSTRUCTTION

MICRO~STEP
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IR+ (IB) .

A" «(DB)
IR+ (IBY).”
B «(bB)
‘R % (A)*(BY
RS+ (R}

IR« (IB)

A <+ (DB)
IR+ (IB)

B «(DB),

R « (A} *(B)
RS+{R}

. IR+ (IB)

A «(RS) .
B +« (RS}
R < {A+B)
"RS+(R): .

[

RELATIVE TIME.

2t .

24 -
2t
2t
150t
2t .
L2t
2t
2t
2t ‘
150t '
2t :
e _"21.'.
=2t
2t -
20t
2t

" 348t

Fig{_3.lQ'Execupion‘of'X=(A*BiﬂC*D) by a single -processor

J
'gp2 o

i -

IR2+ (IB)
B2 < (DB)

R2 + (AR) * (B2) °

: .
¥

"IR2+(IB)

RS +(R2)

" A2 +{RS)

B2 <+ {RS}
R2 +(A2)+(B2)
RS +(R2) '

-

by two. sub-processors

EXECUTION TIME

SPL SP2  TOTAL
28 2t
28 2t 4t

2t -6t

150t .

T2t 158%

-2t 160t

2t ' 162t
- 2t 164t
2t 166t

20t 186t .

2t 188t -

* N\

2t 150t 156t
2t | “
2t I : .

A~
=
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_ P ‘ ) , _ .
. The processing time of the algebraic expression by two sub-

. L \ . . Lo e

¥ | | r5- o N[

cedural, Operational and data dependehc1es. Fié 3.12

TR
how the 1nstruct10ns aré executed by the sub—processorsL

AB*CB*+X= o | e :
LOAD A. LOAD C, MPY D ‘ STORE X
. SPl  — { —— 2
sp2  p . MRYB _saon_ |
- "h—«:ﬁ .

Fig. 3.12 Execution of k=(A*BM(C*D) by two, sub-processors.
. . ) ) 5 . a

N a7 \ .
processors is 188t.‘,$his represents arépeed‘up-5:343t/
188t=1.91 .which is achieved without‘preproceséing the5instruc—
tlon stream to detect parallellsm. Furthermore, it should

.

be noted that we compared the proce351ng speed of the two -

sub—procéssor.unlt'to a‘Unlproceecor havrng the same language
ae code for,itsQALU, and'ye did”not inc;ude'the.speed.up
whioh-is achiEVed with the lahguage proposed for the system.
For example a conventlonal stack machine language would hdve

requlred.elght 1nstruct10ns lnstead of the siy requlred :

jw1th the chosen language

@&;_" . Appendix IV shows the algorlthm and glves the

v
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llstlng of a program whlch has been wfltten to show the
eff1c1ency of the gwo sub—processor system over the uni-
'processor system for execution of algebraic expressionsﬂ ' _ r

Without’taking into account the speed—up achieved with the

,language,_the average speed-up obtalned is approx1mately 1. 51

"

for 250 arbltrary arlthmetlc expre551ons. !

Now we shall consider how' the actual execution

[N

of\the’micro—steps is.dohe at_the control unit level. Flig.
?.13 shows the timing diagram of the control units for the

.execufion of X=. (A*B)HC*D) . On 'this timing diagram, it

1 : -

was assumed that the access time of the micro-memories did _* -:
not add.any delay to the.actual'execution o@ the micro—step.

Pl

It should be noted that operatlonal d pendencies arise at the

executlon of mlcro steps one and three. F;?g is done by the

-

SPCC and«the executlon is only allowed for m1cro~step one ln

SP—l (E.). At the next SPCC cycle,'ﬁzcro steps ‘two and three

are analysed and, sirice there are . no dependenc1es these mlcro—
r A

:steps are executed cpncurrently (E;and Ej). Operetlonal

v

dependenc1es e}&s dccur strthemexecutroh of micr -steps
12 and 14. -7 AR )
To allow such a sequenc1ng ln the two—sub processor T Y

unit of flg. 3.1, flqe blts have to be sent from each sub-

-

processor to-the SPCC at everylmlcro—memory cycle Three_ ‘
are used to direct'the accessﬂto the common elgments}'one ’ | | |
-bit to teri'the SPCC 1f a' sub- processor ig didle or executlng, v
a;d the last blt is used to  control the state of a flip flop

. {
L) . “ X r" - - . }
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which will allow £he pa%tiai resuits to enter. the RS in the. R 7?}

rlght sequence.g Another bit must be used to inform the SPCC

1f there is any data in the- RS in order to resolve daﬁ; depen- S

dencres.. L . _' "
As an example'we defined iﬁ{table 3.l'the cohtrolﬁtn

codes jused to direct the access of the commen elements. . - . R -0

G Operational_dependehcies can then be resolved hy the SﬁCC'by _'"Zﬁ. .

checklng these codes " For example the SPCC réceives at time. = - ..

t 001 as a code from both sub- processors " This will 1mp1y‘
3

“ an operatlonal dependency ﬁTherefore, at the' SPCC address - = | : \ e
%' composed by these codes, we insert a control word which .
‘%Y. gLBMENT "~ CODE " o ‘ MMBR
' e IN.Addr.Cont.field| 5-bits]
. . No request . 000 3 L uﬁrﬁld to.SP . ;gcc
IB . " 00l - : ﬂ o . PR
DB ) 010 - o T :
. . . o P N
CcAR 011. e _s CCAMMAR .
RS (Fetch). “ 100 . ; ‘|4 bits 1 |1 | 4 bits}
IRS(Store), ' igé ‘ from S‘P.'l s " from SP2
" Spare T 111 : . from - from ‘
. ' ' " RS . Rs ff.
Table 3.1 ‘Control Codes I Pig. '3.14 Format of MMBR
o - S and CMMAR

!

gives the priority of operation to a particular unit, that-

is delay the execution in one sub—processor.

e ‘ In this organzzgtion the partlal results must be S L -
| N ?e) . - , . - ‘ '
' fed to the RS in the same order: that the LOAD lnstructlonS' - _{ e

ass001ated with these operatlons are fetched from the- IB

-, 'For. example .in executlng X=(A*B)/ (C+D), the result of (A*B) S



: L . -69- * L R _
, - . " . - -H’,@ o - B - : \

must enter the RS before that- of (C+D) in order to avoid con-

v

.'fu51on of partlal results._ Thls .is done the SUb4ProceSSOr" ot L'j
whlch sends a one bit srgnal to’ chanﬁ?’the ate of a fllp _ o ) ﬁ}
flop in the SPCC eachatlme a LOAo/lnstructlon xecuted..

The state of thlS fllp ffoprts’gent to the Sch,MMAR and ‘

this w1ll determlne the address of an’ appropria e CPCC word

which wrll _ln the last example, not allow the result of

(C+D) to enter the ‘RS before that of (A*B) Fég. 3. 15 shows " o )
. how.X= (A*B)/(C+D) will Eg_sxééuted. P = o
3\'\ [ -, . ‘ ‘ . SR .’ . & - - T
SPJtozx A LOAD C AEE“P__ﬁV- , ;E:;;,fﬂﬁiﬁ_i_;_[;, ; .

| ) MPY B | . A SDIV . o s

- . . . . : v ) » - -

tJﬂh%p 3.15—Execution of X=LA*B)/(C4B)-' L '

- - . 9’ - . ) . _' - . _ o ? N
- ep1LOAD N LOAD‘C MPY D el ‘"STOREIA ! :
soiiADj LoRR'c WY D 4 ... STOFE - S
spa2 - ADD B - i—;\-*-— };j_ _ _ _.SmMpYy ‘ - — '
. = . | I3 - . . . . ' )
* . ll-_' . * lj“ . -
Fig, 3.16 Executign of X= (A+B) (C*D) oL, Bl
- . R ‘ : -; o '\ : e
| , S As mentloned earlrer, one brt must’ be ségt from L‘ ' .
. 'l )_ . ) ' ( o . v
- the RS tb the.SPCC in. order to resolve data dependencres S c- n

¢.. . This can be seen from the example of flg 3 16 which- _shows
how X= (A+B)(C*D) 1s executed.'_ln this example the executlon ! : i
of the SMPY 1nstruct10n is' delayed untrl ‘the result of (C*D)

. 3 _
is known. As the result of (C*D) enters the RS SPl Wlll ‘

—

fetch 1t and will. congﬁnue the executlon of its, 1nstruct10n
~ S Y o '
| |2 D ST e
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INSTRUCTION =~ .MICRO-STEP ' ./ RELATIVE TIME
- LOAD | A (L) IR«+(IB) 2t ) !
S 2 A «mB] ] 2t SN
ADD B (3).. IR+(1IB) - 2t : _
B (4) B «(DB) -2t .
.(5)‘WR <{A)+(B) 20t SN e "
v (6) A +(R) Co2t ' '
SUB c "{7). IR« (IB) 2t :
. (8) B <«(DB) -T2t o : '
‘ (9) R «(A)+(B) i 20t '
- (10) A «(R) : T2t N
. DEV - D - .(11) "IR+({IB). : L2t
Ve - —4(12) B +(DB) - : ‘2t
' S (13) R «(B)/(A), 300t .«
. S (14) " RS+ (R) - 2
LOAD F (15) IR+(IB) y 2t
. .7 (1) . A «(DB} - = f 2t .
' “.RDD G, . (17) IR+(IB) 2t
- (18) 'B-+«(DB) 2t ;
-(18) R «{(p)+(B) - " .20t .
: N , . . (20) A +(R) .2t
‘MPY C. : (21) IR«(IB) 2t
. ‘ , +(22) ‘B «(DB}Y - - 2t ;
’ T (23) R «(A)*(B) 150t | - ~
_ - (24) RS+ (R) _ .2t A
SADD 7 (25) IR+(IB) - 2t . -
] | (26). A «(RS) - - .2t . - ‘o :
o L (27) B *#(RS) L2t : P
"(28) R +(A)+(B) - 206, o« o Ll
’ (29} RS« (R) . 2t T §
v S “r o . . X - . " . . {‘: .
TOTgﬁ R - ' 576t co
: AN o o . S K
Pig 3.17 Exdcution of "X= [(A+B-®) /D ]+[(F+c)Y*C]by a single e
processor. . ' - - : "
H
- } /
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‘shOW1ng how thé” control resolves operatlonal and data depend- e

, | ' “72- T | - ,’_*
: . - . ;.
' Therefore, ih our‘organization‘ten bits enter i
|the(nﬂﬂuy. Fig. 3.14;§ives the required format' for .the sub—. :
: ‘prooessorsuMMBRJs and the CHMAR. o _ e . &

We shall canclude this section by another'example

encies. Fig. 3. 17 shows _the micro- steps requlred to execute
x:{]A+37C)/D}f{(F+G)*C}. . Fig. 3.18 shows how these micro-

. o ¢ _ -
steps are then executed by the two—sub—processOr organization

defined ‘in this sectiof. From fig. 3.18 we observe the follOW1ng._,'

7£f At the executlon of micro- -steps one and. three_
operatiohal‘dependenc1es are resolved by’ hézlng‘a‘proper
control word at the SPCC address where OPR1=OPR2=001:i e -

ii) At the executlon of mlcro—step (9); the CU§‘F01 of

sP1. stops the executlon in the sub- processor " since all the

requlred data is not avallable.' The " proce551ng will continu;f

at the executlon of micro-step (6) ‘when BP1 receives the

. e . ' ' : .

‘requlred &ata . . . 2 N . e -

.. ) ’ : :
111) At mlcro—step (27] "the RS bit=0 1nd1cat1ng that

no data is present in the RS. The executlon of the micro-

step is-delayed:unt;l a data enters the RS, that is set the
: . X _

RS bit to one ' , ' "

‘ ) \
v) The state of the RS, fllp flop 1ndlcates which pro-

cessor:has the prlorlty of access to the RS. Here, a one

1nd1cates that the SP2 has prlorlty and 0 SPl -

.' It should also ‘be noted that before the content of
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=73 /

' I

. /
"~ f

_the R reglsters are- stored, the next ; /instructidn ‘is fetched

from the IB and decoded "Thls is done'ln.order to know | ’
f - where the result has to be storedjy If the new instruction'is

a LOAD instructione the gontent of the R'registers nustldd

. to'thé'RS otherwise it goes either to the A or B reglsters.

Examples of this occur at mlcro-steps (11), (15), (17), (21), ?_‘ ' ,ﬂ

-

.(24) and (XX) Here XX represents the first micro- step of S " . J

""’4.-4"""‘_'&

the next’ sequence of 1nstruct10ns
'In thls sectlon we\have shown how ﬁ mlcroprogrammed
scheme can be used to sequence the operatlon of two. sub-

| processors WhlGh contrlbute to the executlon of the same

|"
¢
{
‘
-4

1nstructlon stream. The de51gn presenyed was very smmple.
However,'ln.actual de51gn.more 1nformat10n will have to.be

~sent between the SPCC and*the'sub—processors Here we only

-1 .

intend to 1ntroduce the pr1nc1p1e of having more than one &

' . ~

processor executing the same 1nstruct10n stream in closely
‘. . 1 . o

A

i

coupled sub-processors (at the-control level) where the

*technique of micromultiprocessing and micro-parallel execution

"are ‘used concurrently.

1 Further details such as how much-information must be\

sent between the sub-processor ‘and the S?CC' how this inform- : -

1

ation should be coded the ‘writing of requlred mlcroprograms
, etc., depends on the partlcular design 1ntended " ' b
{ . Y ’ | SN

L

e
by
-
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{II-7 EXECUTION OF BRANCHING INSTRUCTIONS - e N
. - . o . 3 . .

¥

» '

- - The purpose.of;this sectioﬂfis to show how branch- -

( ~r ) g .
_T\in instructions are executed in the proposed organlzatlon. -
9

R: anéhlng 1nstructlons may be sub lelded 1nto two t§pes,

N\
uncondltlonal and condltlonal branch. The uncondltlonal

]

branch does not present any problems-since,,in filling'the

0

i,

- IB, it can be taken care of by addlng a partlal decoder

shall. therefore conSIder only condltlonal branchlng.

to. the IB whlch wild detect ;the branchlng and push thé'

Correct sequeénce into the buffer In thls sectl , we
. I . ’.'. o n

-r

L As}hentloned in seiflon III 4 condltlonal branch—

1ng can. only be resolved'when the data test is made by o

- . T L
the, processor. In the sxmplest type -of- CPU the procassor 4
can‘fetch‘from'the memory the rlght sequence of‘lnstructlons

only after the condltlonal jump ha%“been resolved This, 0

consequently, reduces the process:hg speed of a. stream of
£ oL : i
lnstructlons by a tlme equal to the.memory access time.

- = \
- .

In the proposed organlzatlon, all 1nstructlons

G
=

“are pushed into the.IB anduthe correspondlng data ipto

the DB.  When a condltlonal jump occurs 1n the stream of

instructions- and the range of the jump is 1nsrde the IB,

-~ £
1]

1t\Ls only requlred to. delete lnstructlons below the 1nstruc-

4

tlon requlred‘by the processor. Thls, then, avords the fetch—

ing of the- requlred 1nstructlon from the memory and con—

sequentf?, does\not add. any apprec1able delay to the execution -

LI




in the processor However when thé-jump is to-ap'ingtrug : o S

‘case thlS w1ll 1nvolve a delay Ln the processrng of the

dnstruction stream equal to the access tlme of the memory

[

J
“tion Wthh 1s outside the IB, the IB must be cleared and
-the right sequence fetched from the memory In such a' -
! - Py
) . - ‘ i

o

Some speed—up can be achleved by bypa551ng con—

N~

dltlonal Jumps, that 15, by hav;ng more than one IB and

0
’ ¢ . - .

DB many tentatlve computatlonal paths may be malntalned

51multaneously._ However, to bypass N- consecutlve condltlonal

‘
VoW . . L) i

" only a’small number of conditional jumps can then be”bypassed

~in an actual-desi%ht As‘mentioqed‘in {12'] the frequency 7

references ‘on. this may be found in [16,17]-

'and DE - of size N, approx1mately 2= 2N bypass stacks would

;branches, 2N. IB and DB,would:thehibe requlred. Furthermore,' . T

. A‘-

. ' o, i e L, . .
of occqrrence of,condltlonal‘branchlng 1mstruct10ns in
programs. varies {rom 0.1 to 0.2. Thereiore, for an IB
take cdre of qulte a. large number pfwcondlt}onal brancﬁings.

The problem of condltlonaf branchlng in- actual

programming ls-beyond the spope of this thes1s. Further
PURS . o . ‘& N . .

v T s ) : £
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 CHAPTER IV . 7

| T

S~ ]

OTHER CLOSELY COUPLED PROCESSOR ORGANIZATIONS jg : ’ :

?

[

= FOR FAST PROCESSING

Ll N ° LI

a ' [ S ot

purpose of thlS chapter lS to 1ntroduce;" e, | .

1

nal fast proce551ng technlques whlch can, ﬁc .

some,addif'
implementéd threﬁgh a close co ' ation (at control=»~ . .o
Lok ’ RS

- R

1evel) 1n a mu&tlprocessor enV1ronment. In the last i | - “

chapter we pfésented an organlzatlon whlch cdn automatlcally

detect and‘execute mlcroparaliellsm in a smngle stream of

- [l

. ) : o : . . % . S

lnstructLOns. In this chapter, we will first introduce an’ 7 S

alternatlve technlque to detect automatlcally mlcro paga— - g o

a

.r-f .
llellsm in a 51ngle stream of lnstructlcns. Then, we will
r Fa __’.‘__

indicate how SIMD can be executed in ciqsely coupled proc-
esgprs! aFinaily we will show how mdfe-than,die program
can Qe_executed-simultaﬁeously in an'organiaafion of more

. L o {
+than two 'sub-processors.




‘:‘ - .

+1v-1 DETECTION OF PARALLELISM WITH A-PARTIALLDEcohER-*' o

-present In this sectlonfwe w1ll modlfy the prcv1ous organ-

. to send d‘block of-instructlons (steps which can be executed'
Tin para]lel) to the sub- processors for pa elkexecutlon.
Here, lt should .be noted that the use.: of a partlal decoder ‘ ;

- canbhe avomded by lettlng the compller aSSOClate the flag: .

be associa ed w;th

-for a,flag blt If a flag bit: 15 st to ;one there is, 0

-77-.

 J

In. section III-5 we presented'a method to detect
. _ ;

mlcro parallelzém whlch was based upon, the structure Of b

the lnverse lish notatlon' As mentioned in that'sectlon'tw

mmcrdhparallellsm ‘was not alwayl executed even if it was-

°1zatlon in- order to. execute more mlcro’parallellsm in a’

-
- LI

stream of 1nstructlons..

"

An alternatlve wafjto detect mlcro parallellsm o
: h

. i : : -1

1s to assocxate a partlaladeCOder w1th the IB. ' The part;g ”&
; et

1al decoder is only usod to detect LOAD 1nstructlons By °

addlng an extra blt to theﬂ;? (flaq bit) whlch is set to

<«
one to indicate the LOAD 1nstruct10ns, 1t is now p0551ble

. .~ i

-

1

blt with’ the LOPD 1nstruct10ns.

In thls organlzatlon, two small-buffers|must : _-E

ach sub- processor ln order torstore the cot

- : <

sent to the subsproCessors. Flg. q 1 shows the modlfled . /(rﬁf\\

'sfstem.” The‘operEtion is ab follows: ‘the ﬁlrst suli-proc-

EETIR

W . 'l'

essor fetches Tan’ 1nstruct10n from the IB, then 1t.lOOkS L S

'another LOAD lhstructlon in the IB all the 1nstructlons L Lo

f

S )
i L 1
. "
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L{ " IB ' 3 .
ap - - \_//-“ !
and 0 . -
G P ‘ -
3 S| 'DB * o _
J hY
e o N e
| . /R |
1B gl o o B R
and ' T " and ’
DB ) , ' : DB
of SP% Path to bypass Lo _SP2
PR the buffers
> : et | —
& SP1 : ) D s

Sp2

COEN

Fig, 4.1 Pﬂrallel detecti_ ‘using a oartial'decoder.

- and the correspondlng data up: to that LOAD 1nstruct10n

v ’

are sent to the buffers (1nstructlon and data) of that

) sub-processor Then the second sub- processor fetches the

" next 1n5tructlon avallable ln’th 1B, that is the second
R 4 < .

LOAD instruction. The second sub—processor then looks ZT;eﬂ

i j i [ ]

for a flag bit and lf there 1s one set to 1, it does the . .

same thing as with the flrst One. HoweVer,mwhen thefe is

;

14

: . s
' no flag bit.set to one in the IB after the flrst sub -proc-
’ N, g

essor fetched its instruq%é:n; thls‘andlcates that there

1t

lS no inherent micro-para lism 1n51de the IB Micr.o- f
) mg}tlproce551ng is. then done as- in the organlsii;ln preeented :

in the pTEVLOUS chapter.\ In suchk’ a case: the buffers of the

. sub- processors are not used

-, .

Fig. 4.2 shows how the arlthmeﬁic expre551on of

i
i
!




\\\flg 3 8 would be executed by two sub~processors u51ng a | . \:

" AB+CDY/X=

A

TN

|
‘partial decoder to detect mlcro parallelxsm As in the o o . .P
‘ i

preVlOUS organlzatlon, prlorlty must be a551gned to order,

the use-of ‘th RS.

1

‘%

. LOAD- A ADD B .
sp1 PRl A —

Fig. 4.3 Executlon of X= (A+B)/tC n)
v - :
The only dlsadvantage of thlS ‘method is that it

‘uses more hardware than the prevmous one 1ntroduced in
£ . -
Chagter III; - Its advantages are that more mlcro parallellsm

can be executed ‘when 1ndependent consecutlve arlthmetlc
expre5510ns‘are to be ‘executed by the sub-processors Two'_ (
Oh}”" TS Ay 4

Result Blocks are "also requlred in Order to av01d confus;ot

s

of partlal results. Flg— 4.3 shows how two consecutlve

e

|
arlthmetlc expre551ons, namely X—(A+B)(C+D) and Ym(F+G)(H+I),y

JUREEN .'.;..u_-_' . .
SoTasntts

are executed by the organlzatlon descrlbed 1n chapter III.

+
B = . .
Fig» 4.4 shows how thié is now executediﬁﬁén the detectlon . ,

of micro-parallelism is done with a partyal deqederl(er

loock ahead) and when two RS:are used. Eyom-ﬁlg. 4, 4 we
see’ the need !or hav1ng two RS s for such an executlon In 4_

that organlzatlon, the executlon of the first arlthmetlc

expre551on uses one RS an%ithe executlon of the Sccoﬁd, the d;%if Lo

' -
o . ' ’ e

n'_‘ e, N o . /

T - -.-\ S

P2 ) . o



) " . . y
' | 1 Yo
. Jl .
) . . ; , “
— : . ., |
| | &

- OAD- A LOAD ¢ ADD D
- 5Pl ? A . ; ;

n

3 —
0
<o

. =

>

SP2 f-2 = . } -~ 4 -

. | ey o
SP] e e et L ADD G/ . , o SMPY .
[ i . .

- SPZ .  LOAD"F;LOAD H/ . ADD- I - . . STORE Y - - -
- - P Li— p — .

: f .
SPl’ * : o ’
SP2 e st e e
) ~ . ]
. N .- / _
Fig. 4.3 Execution by
) LS X ) o
-ty SPILPAD | "ADD B - ' .

r B
5p2 LQAD cI 'ADD D/ ‘ SMPY >
R 4 l : -
~ 'syp - -y 7 STORE Y
A - - —

B | | ";", a& DD G :
Sp2 ‘ . IIERB{X oA

spl

'fig.,é.QiExecuﬁ%onIﬁ“thlook ahead o o L . o

»
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n RS are fﬁﬁulred

" -.-..a'l_' .

RS. Furthermore, in order - to 1nd1cate to a sub-processor

u

that it is startlng another arlthmetlc expression and that'

"t

{‘another RS, must be used (at the p01nt marked by an arrow)

N

it is necessary in such an organlzatlon to dlfferentlate

-4

the flrst LOAD 1nstructi0n from the others Thls can be

'

ea511y doné at compllatlon tlme, “that is, the flrst LOAD -

-1n§tructlon of an arlthmetlc expre351on w0uld then be a

_ dlfferent 1nstructlon than the subsequent LOAD 1nstructlons

J
»

in the expressron (e g. a PUSH XX lnstruction may be used). _

' ;ﬁgﬁd’ ' The times of executrpn of , the exaﬁple of fig. 4.3

and 4. 4 by the two organlzatlons are reSpectlvely ~380t ana

260t. Consequently for that partlcular example, the se'‘cond

st

organlzatlon (wrth look ahead) glves a speed-up of 1.46

over the organization of Chapter III.

‘f Detectlon of parallellsm with partial decoders"
-y . t iy -

‘_‘can also be extended to an,er”ub processor unlt xThen

. .,"l
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1V-2 SINGLE INSTRUCTION MULTIPLE DATA PROCESSING -

‘o
+SIMD.processing can easily be executed by extend-
‘ o T S : - : ‘

..‘ . - .._ i . ) . - . 't
- ing a.SISpﬁsub—processoriorganlzation,(Chapter‘IIII. Two '

3.dataf%treams can'be handledisimultaneously bytﬁaviﬁg one -

vl
. of thc sub—processors slaved to the other and hav1ng two
L
Rs'c and two DBJs, However, SIMD proce551ng would 1nhab1t

parallel proceSSLng and mlcromultlproce551ng SIMD process—‘

ing can be allowed on a spec1al 1nstructlon dlrectlng the

‘SPCC to make the second Sub—processor execute the same'ﬁ

‘ l"bperatlons as .in the flrst processor on another data. eream

To malntaln the pOSSlblllty of mlcromultlproce551nq

—_————

[

and parallel egccﬁtlon for SIMD“proce;slng a more spe01allsed

1

unit must then be’ de51ghed " By. assoeiéﬁlng w1th each

o

‘—._h__'_‘. /“‘—.
Sub-processor a slaveq,ALU and an\RS common to. these ALU S

_ : SRS
iE (Flg._4.§); SIMD can then be executed w1th mlcromultlproces-

g .

singuandsoaraIlel proce551qg.. Such an organlzatlon would
. A . . ’ . . . . o

k] .
- Data 1 -. Ihstructions " gata 2

DBl

;' . Data"l out . ¥~—1 . . -r—p Data 2 out
. . ' . . ‘1 kA | L -,
"‘ N . . - ;

S eer Tl se2

Y |

A

| Slayed ALU L y"51a¢éd ALU .

Flg 4 5 .An archltecture ‘allowing parallel proce551n and
mlcromultlproceSSLHg 1n SIMD executlons

K ! : . . P .. -
] ) . .;. . : f}_! .
LI . . A } ’ P -53’



- 8{3-—- : : :

R . i 0 . " L
operate as the one studied in Chapter III, but on two-

data-streams. It should be noted that in order to use

[y

the look ahead technlque to detect m1cro-parallellsm

(Sectlon IV 1) two RS s would then have to be assoc1ated ~.f‘

[

'wlth the ALU's slayed to the sub processon : &,
.i - ‘l

-

LY R 4 . - -

f -
[T ‘ v -
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)
. . . . B : -
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©IV-3 A MULTIPROCESSING ORGANIZATION o

. ar
[ . - . .
. H

The method of detectlonnof parallellsm presented

in Chapter III 11m1tsuthe executlon of parallellsm in a,'
: T o
stream of 1nsﬁ uctlons That'BS'lf the processor were

. $
.:jlmplemented w1t1 more than two sub- processors, more mlcror _
’ H " ) :
' multlproce551ng han Parallel execution would be. done Tn”

o o

. b ; :
a system of more han two sub—processors IF\lS advantageous L
. G «

.-11 to uSe the micro~ parallellsm detectlon method“presented

< in Sectlon Iv—l ' '*study[lz 1 shows that the amount of.
E‘
T
paralleilsm Qn programs depends on the look ahead done in

)

oA program. Furthermore, in reallzlng say a four—sub*processor

L

';‘*- unlt the length of the IB can be chosen such that a four—'

-
- a.

sub processor system becomes ef£1c1ent to execute parallelrsm

f. 2 R ; ...f - s

' uowever, when ‘there is no inherent parallellsm 1n a stream

,of %.nstructlonsr the-four-sub processors wquld have 1dle
f-

times. Flg 4{ 6 shows how mlcromultlproce551ng would be

: " e “ i
done 1n\a four—sub—prooessor unlt From the diagram- 1t '
' SPl - 8§P2. SP3 SpP4 !
. Tl i K i
.‘(-'| ‘I] TR . . _" ] e ‘ ._{"" - ) A:._' - i
d ' " :J ’ I 2 B 'K \\\\ . ’ i .o . T«
' . ) . I CTTTY : vl . ) :
B i\\\\\\\\\\\\\\\\o\\ \\\\\ \\\\\V\\\\ L
FITA ASANRAN 5 . ’ .
N I . - . . p_‘_ .. L i - . hg )
. 6" . : ‘ K ) ¢ _ \\—_" . 0 .
. . . ISSTNST . . .
P \\\\\\_\\\\\\\\\\\1\\ Y \\\\\\\‘\R\ o | oy
‘ +9 HERR. "
I - - ‘ . .
Figﬁid;G MlcromultlproceSSLng in fbur sub—procersors S

.can Jbe seen that mICromultrproce551ng w1th four sub processors :

, ) . l _T . - . . . - ) /. | ) | ‘ s .

" L] R i ) l. ‘ " - . . R . ©a ." . A-“‘l. N 4
N ‘ \_-.ﬁ . ..~ . : o . - .
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13 ‘ S W
Idoes not give any more speed—up than wlth a two sub—processor

_', unlt. Thls only compllcates the role of the common control

W

-unlt.- In’ fact, maximum eff1c1ency with m1cromult1processmng
. |

‘can be achleVed w1th two sub- processors.‘f*,'

Y :
One way tq reduce the idle tlme in the sub-proc—

[+] -

: n

- essors 1n a €Tganlzatlon of more than (wo' sub—processors ‘g

"
o oM .

. 1s~to allow a sepond”program to be execut d 51multaneously

:thh the flrst one, i.e. the'main program. To execuge
. 1 * !
mrcromultlproce551ng the main program can be\restricted to
a - . N N '.. - . M D
" SR : N Co
use only two sub-pxocessors.’ The other sub-processors. can

wo b

\ - 3

be used Eo_exec're the second or background pro@iim. As
‘micro-parallelism®appears-in the main'progrem,—th
! oo ool

e\fPCC
+  reduces or stons the'execufion'of the background pr gram.

-For example,41n a four-sub-pro essor unlt, parallel & ecn—;

v, \

tlon of the main program may requlre onl three sub—proc-

+ .,- -

essars, thus ‘'one sub- proceSSOr would the be avallable Qo
r . .
execute the baﬂkground program, Th}s wo Q% also.reduce
the 1dle tlme of the .sub- processors when dependencmes arlse

¢' in the. executlbn of the main program. Untll these dependen—

. cies are resolved the sub-processors can work ‘on the second

‘ . ) \

_ program. .

) _ _ o S
-‘Simultaneous'executionfofftwh'prog;ams in a
N ,. a

processor requlres‘a dupl}catlon of the IB DB, RS s, etc.,.

M ’ . a

——

[
si 41T ULULL to bLmPL;L} s-—hef--:x:-n-t-eAv:;:t;..m;ro..‘ifi-.r1e,secs:u:uii._p;t:_oq'ram-

ﬁ .7 Such technlques can also be extended o an n-sub—processor

unit where’ a, number of programs can run SLmultaneously 1n

.




-~ the- sub—processors~ The‘contrdl unit.of a.partfcular sub—;;m; |

-processor would. not have-to be more compllwated than the

L2
i

I -6~

i . .
v RIS

"‘the‘system. The greatest problem in ifSlgnlng such an .

érganization would be to de51gg the SPCC ( (write its: mlcro—"

- o

program)‘that wouldwbe ;equlred,to contrel*and sequendéf "

1

one for the. two—sub-processor Organlzatlon 51nce a partlc—

ular sub- processor does not have to be assoc1ated to a

partlcular prqgram.' In such an organlzatlon the sub proces—

'sors would only be dlrected to execute a jOb by. the SPCC

Wthh would have to assoc1ate these sub processors to, a ;

partlcular program.~'

—

. ._-,
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v processors, allow1ng SIMD and ﬁIMD processrng.

R St L S A
| . CHAPTER V . . ° L S
N oS . 'CONCLUSION. . - -

Lo

. _I'" . '.-d . -
St In this the§is we developed an organization that

v

. %nvolves a number of closely coupled sub— processors worklng

S

concurrently on the executlon of a single stream of Lnstruc—

tions. hown in the literature survey of Chapter L
recent reported technlques-to 1ncreﬁse the speed of executlon‘
A&f a” 51ngle stream of rnstrﬁct;ons 1nvolve elther micro- =
§
multlproce531ng or parallel executlon. "Fn this the51sh by
proposlng both a new processor organlzatlon and a eultable

4

tanguage,’we in't oduCed'ho these ldeas could be used con-
. - . h

- t o
aIn'Chapter IIT 3 two-sub-processor organization -

was don51dered in detall It was'Shown‘how a'microprOgram
. I . ¥

c0ntrol scheme can be used to Gontrol and sequence the sub-

' prOcessors in order to allow mlcromultlprocess‘hg and parallel

' ‘execution. A common control was used to resolve procedural

o

.operational -and data - dependencmes Wthh arise when d01ng

such proce551ng. We also showed how‘the-baslc unit ‘(two

sub—processora)operates.“. ‘ COR
In Chapter iV we presented a more efflclent struc—

'

ture to detect micro parallellsm. We also 1ntroduced other

structures whlch can. be reallzed with closely coupled sub-

e

. - e More detalls “on the language and the modlfled

e

PR
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'POllSh notatlon 1ntroduced in Chapter III are glven in

Appendlces L and II, respeétlvely. ~In Appendlx IV wea -

f {1nclude the llsting of a program Whlch was wrltten ko show
4
.

-the: speed-up that can be achieved by the twa =sub- processor

{system (descrlbed ln Chapter III) over a unlprocessor

-'I' , . !

’ appendlx also @ncludes comparatrve results obtalped w1t

The

e program Bs mentloned earller these data do not’ 1nclude

s >

’the saV1ng aéhleved with the language proposed for the

]

. processor. Furthermore, 1t should be noted that the speed—

'

- ’} up ls galned W1thout having to . preprocess the 1nstruc ion

stream in order to detect mloro parallellsm

L

; s ot . HE
research go resolve tne\{:1L0w1ng problems: - _" ,ﬁr-

o

N ' SR RS

<
which are used in tﬁe proposed organlzatlons must be invest-

: B ' . '
;ta. This toplc in 1tself requlrga;further

ng_i) The relatlve siz¥d of the bqffers (IB and DB) \\_;‘

e

v ' b -\\ l

1gated These buffers must be. longrlﬁongh to eapture as

. many oops as pos51ble 1n a program, but, on the o}her
. QQ ™ ¥
" ; hand 1ong buffers requlre a longer delaY in process;ng
. 1 : . .
when. they have to be rewritten., A solutiOn to th%f proﬁzem

woulﬁ be to allow one or more 1tstruct10ns to bypass the

~

T buffer after it has been erased However, thrs can. be &one
. . e“ X ‘ '
: J”' . only at the cost of a more complex system. ]

: ii)j Determlne the number of bufférs requlred to bypass

. the condltlonal ]umps whlch would be 1n51de the IB.:?Th;S

¢

1

\o.

e

[
M

-,-))-
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ould requlre an analysms.of the speedhup achleved by by—:

passlng dlfferent numbers of condltlonal jump;\Versus cost,, - f-/7
. h ! S . - :
of the system ln ordeﬁ to obtaln an efflclent design.' o -
- . v o
L 111) Ascertaln the SlZB of an od%put buffer which can .
. . LYy
be used to temporarlly store the results outputted by the-' . j@'
" processon{: - . S ﬁ .' 'faﬁ ' IR ‘
- g v. ) '-«- . S ) o ‘ A v
s , N
e ﬁiﬂ_ﬂmhese tOplCS were not lnvestlgated here prlmarlly
. e e l

because they are hmghly program dependent and. thelr study

" becomes much more meanlngful when One con51ders a partlcular
- s . ) . " b .
appllcatlon. For general purpose computers, the best that o Lo

®ne can. do is to con51dernstatlst1cs over a large number of o

dlfferent types of programs and adjust the number and the, - T

., T .
- { o '
/ L @

. ( .

S ' : Ano%her'toplc oi research w0uld

-

51ze of buffers accordlﬁg to retults obtalbzd :

to determlne R |
o

gthe numbe;‘dr sub- processors requlrea to glve max;mum' o
L i | : y -
‘ eff1c1ency for the exeoutlon of a 51ngle stream of 1nstruc—‘ - ‘H!
e %

tlons/ Even theugh We showed thet fdr mlcromultlpreceSSLng-.' o
' L3 S VI . S
two sub—processors can glve maxlmum eff1c1ency, ‘the ch01ce*of E)ﬁ,y,(

the numbe;\;f sub—processors for a system should\Fegpnd on"' ' . 51

the degrge

\ ¢

f parallellsm (number ofF lndependent 1nstruct10ns,“.b

;usets of Lnstruct&ons,.etc ) present 1n-a stream of N 1nstrup— L
i tlons, where N is the size. of the Instructl‘n Buffeg j%he ,;“
f: number of sub-proce%sors requlred l
‘ then ‘be dependeﬂt on the\paxtlcufar
. Processor. .l't .o.:'fft|h7}-:ﬁ“ o K L T

:,.I.'

e

S "'f'f\ﬁ
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"“that were identlcal. #s mentioned in Chapter v, the sub—

.processors'could be speclal—purpose ones. In such a system,

-one would then have to aneStlgate the de$1gn of ‘a commo >

control whlch could distribute a\partlcular Lnstructlon f\'
o _
to a partlcular sub—processor unit.’ / N

"”“;“see th e
Many\gaﬁer research toplcs such as determlnlng

«hQ\\much preprcce581ng s”ahld be"donecbefore the actual

executson, how multlprogrammlng and multlprocess1ng would

‘be 1mplemented-1n such a system, and‘how I/0 should be hand-

led, still need to be\xnvestlgated "
‘-\\\ ‘ <

Concernlng the eff1c13ncy of the system, it should

be 1nVestigated how the processzng speed is affected bj

. its cost The factors whlch\have to be con51dered are‘the

degree of parallellsm ln programs, the\slze of the buffers T

T
. ¢

for lookfahead, the‘numberlof processors in-the system,

the cost of an individual sub-processor unit. It is. the

author's belief that theﬁnumbef‘of sub—pr0cessors reQuirEd«;n

for a good performance is relatlvely small for the executlon
.of general programs, but may become qulte large for certaln
special purpose applzcatlons. However, w1th the advent of
LSI techn logy, m1cro~processers on a Chlp are actually ‘
de31gne and 1t is expected that in the near future SPEClal
purpose mlcroprocessors Wlll become avallable.‘ Even though
in most' present—day computers multlprocessors are malnly

used for mu tlprogrammlng and multlproce351ng of programs

at the task lEVel, it is the author s bellef that, with
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‘

A . . " / . b . e | ) r ' n
the advenﬁ‘of LSI m;é;gpultiprocessors, the “use of a Quﬁbér ‘

Y . ~.

of closely coug}ed subhprocessors wlll greatly 1nﬁrease the\;

speed of a 31ngle 1nstructlon stream., A scheme szmllar to

‘n

. ) T
~the one developegfin thls thesis would then prove most
- N ' ' V ‘ | : \
.advantagews/ L | . | . |
Ll . - N ' . ) ' |
-~ / . ' ’ | |
) L‘ | - | { - m
' a B ! " . l. ’ ? C
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'APPENDIX 1 _
| - AModified Polish Notatton .~ = . - \

) s ‘
The Polish notation was deve]oped by . the Po]ishﬂiogician

J Lukasiev1ez, and provides for the specification of an arithmetic

' \ ekt
/)expre§s1on parenthesis -free form There are several fbrms of Po]1sh

notation In th]S thesis we use a modified Postfix (trailing operator) oot

Y - e ———

L ot inverse Polrsh notation, “in order to“take advantﬁge of the structure
AN

of the processors tl‘is, we transform the zero-address inverse Polish

notation‘(operatprs do not have -an’address) into one including one-' . . { =
. i . o -\ . . . ) . .

address codesﬁ ,
o ; . . ‘ 1 o

. : o . P

. A In writing an arithmetic expression in this notation, the irst
A

and second Characteremust be an operand (or tetter). The other characters'

- may then be ejthqr operands or operators*- The first character or operand

| 1s-assoc1ated with a LOAD instruction. The second character is*then.as- N

sociated with a LOAD instruction if'it is fo1}owed by another operand ;
or. to. the fo]lowing operator if it Hs foilowed hyan operator Similarily, s
each of the fo]]owing Operands is then aSSOC1ated with a LOAD #nstruction
~1f fo]iowed by another operand or: with the operator if fo]]owed by an .
/operator. ' For example X = (A+B*C} “may be written as ABC*+X i3 then,
A would be associated with a. LOAD instruction B with another LOAD in-

S struction,-and C with the multip ication operator Every time a LOAD

instruction is thus met, the part of the expression preceding the LOAD

: 1nstruction is then independent of what comes after it until two consec- .

instruction is

"utive operators are met Therefore, '» tjme a Toad

he result (partial result) of is. sent (in order)

then operates on a11 the part 1 results of S], R o

:\ L N : ' 1N
’. - o . ' \ ) .. - ’

i
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. .’. * . N o, ' -. - . i
andlstores the resu]t 1n.a'staddeé‘- < Citadk Sz rece1Ves the

" ) {
data 6f /all OPy's. ATl these data can then be operated on by the

th1rd dperator, 0P3,. of a sEQuence of 3 qperators 1n a, row, and 50 on. <
e F For exampﬂe, 1n executing the fol]owing Po]1sh‘expression
AB+CD-*EF+GH+/ X= the partial, resulys of AB+ and CD- are

pushed into Sy, the OPZ (*) operates on the pa t1a] results in §7, and

the result of this is then sent to Sz _Then the part1a1 resu]ts of

/
the result 1nto,52.,,0P3€{)£w111 then éxecute, the subtractron of the
2\;esults in Sy and send the-tesult in,S,. 537w311\then,contain_the
f . \.'.

inal answer.

o -

T m—

o | o
If an operator OP does‘not find at least 2 operands in S _ ]

0P1 uses S as a source of operands.‘ The operat1on 0P is then executed

.on al] .the. part1a1 results (operands) in S 1 S5 does_not contain any .
operand Siil is: then used, .and so on. The fo]]oﬂing expression i]lust- -
-rates this: AB+CD-*EF-}X . Here the part1aT results of AB+ and CD- :
are pushed into Sy. 0P2(*) then operates on these data and ‘the result

" is sent into S2. EF- s then eXecuted and the result pushed into S] N

" As 0P>(/). is to be executed, on]y one operand is present in S], and the
second. 0perand is then fetched from Sz The last rule of execut1on in
this notation 1s that, g1ven a sequenoe L], Lg, L3--¥—-«Ln of ;ohsecut1Ve
TLOAD 1nstruct10ns, the f1rst LOAD is pushed into S;. Nhen the second‘ i

. LOAD L2 comes in, L] is transferred into Sz and Lp. is put into §;." When
L3 comes ing. Ly is. moved 1nto Sq, L2 1nto Sz, and Ly into S], and so on.
This 1§ «done to avo1d confusion in associating the operands with the operators.

- . o L
i . . P
1 : . ’

. -



-

\ \ (
For examp]e in ABCD+/*X \\ » A, B and C are a sociated w1th
LOAD 1nstructions and D with the add\operator (+) Nhen the expression hl

W\ : :
is_to"be executed A is in'S; and B 1n\§1 The operation CD+ is then
N

. done and the result pushed into 51. 0P24/) theq\d1v1des the two results

sékred in 81 and pushes the resuTt into Sz\ 0P36*) MWill then mu}t1p1y -

o the operands stored 1n 82 tOgether and wi]] put the answer into’ $3. .
- ‘EEEE“ . L e, ' v\' . '1" o B

In the processor architecture presented 1n chapter I¥1 of this
hesms ~ Weruyse- on]y one stack (RS) for,part1a1 results Therefore
‘we must 1im1t the number of part1a1 resu]ts in the stack that a zero- -
address operator operates on and restr1ct access to theﬂstack to the °

sub- processor wh1ch made the last LOA6 1nstruct1on One way to reduce

( the number of operands that.a zero-address 1nstruct10n can operate on

second

' 315 fb jléow it to operate on only two operands stored 1n the RS. .A

ssibiJity 1s to'use the address fieid of such 1nstructions to”
specqu the number of operands in w&-that the operator operates on. For
examp]e the’ expressjon AB+CD-*EF+GH+/ X = is then executed as\follows
(assum1ng that the address part on non- address1ng instructions Spec1f1es
the number of operands 1n RS which -can -be opFrated on). . First the resu]t

A

of AB+ will be ‘pushed 1nto the stack followed: by the result of CD-. \{he

- operation wi]] then. multip]y the contents of the stack together and put

'tﬁi\answer back. into the stack..‘Then the results of EF+ and. GH+ are \\-
h

0P2£/) operation set to 2 at compilation t1me, the 1nstruction then

ed 1n£§,the stack. N?th the address field of“the‘non-addressing' ‘ \\\;

d1v1des only the firs e1ements of f the top of the E ack The resu]t‘
/}tﬁ then pushed back

the 2 results left in the stack

0 the stack and the 0P3( ) opera ign opetates’ on

t

\

|

Vool
"



to reduce ‘the number of operators required to spec1fy an\@r1thmet1c ex-

preSs1on _ For example, to execute (A+B)(C+D)E¥F)G+H) thi can be written

s b .
oas AB+CD+EF+GH+* instead of AB+CD+EF+GH+*** When usihg more\tban one -

Y

; . \
.stack the 0P2(*) operat1on multip]ies automjt::71ly allhthe,paétjaT

results, which here wili be in ST, together ~~1n the one-stack cese,

the 0P2(*) operat1on then has to Spec1fy that thetperatron is 1mp11ed >

3 times.

3 A - ) - . A
) [y ) ’ _- . l‘ . ., ‘ ‘\\.
The sub-processor organization presented in chapter 111 \uses \?
only one stack chever, an organization w1th%more than one stack is \\

. \
possible, and’ wi]l allow more paral]elism tn beidetected and EXECUted \\\

automat1ca11y in a stream of 1nstruct1ons

iBraﬁching Instrdctions | _ s

In order to a1lowtdn eésy‘trensletfon-df H.L. branchiﬁg inst-

ructlons into machine Janguage for the proposed. sub processor organiz-

e e e )

ation, we 1ntroduoe the followihgksymbols in the notations - -
©7 > O greater than - .

-

< ' less than_ e

n

sma ler\cr equal . ¢ 7 L]

S5 e equal '\'
+ ,'branch‘to

peb
1

kS
\ .




e

L

this IlﬂoTisrffnot’ation.‘-_""
. tngical IFP_‘ | y
‘ IF((A+§)GT§C+D))GOT0 ‘N
DN

A

2. Arithmetic IF -

IF((A+B)%X(C+D)) xi,'xz‘, X3 .

AB+QDH+* X1 XoX3

3. Computed GOTO
GOTO (Xi, Xp, Xgu-m-ieXg) I

Lo I+ Xy Xg¥3-—~--- Xn
- ;:,
L
~ ’#
At
S
. | -

-,

S




- one processor-exeputes LOAD c, if sends a signal to the control unit

| . -97 - -.lml\h;)"‘. . o
. abpENDIX 11 - NS - |

The Language

Thg language uséd in this proéessor is a machine language '
"derived directly from the ‘modified Polish not&t+dﬁ presented.in'this
thesis. Since the processor can be adapted to any one-addréss machine
fanguage, we introdiice hére_on]y the instructions which are particular

to the prpceésor. : - - ~

s

./_'
As étated.in Chapter 3, every time a LOAD instruction‘ié'mei

by a sub-procesSor; the previous partial_resuit in the arithmetic ex- .
pression is stored automatically into the RS. For example, X = (A+B) (C+D)
“is written AB#CD+*X = in inverse Polish nqtatioh and .the co??esponding

instructions are LOAD A, ADD B, LOAD C, ADD D, SMPY, STORE X. Here, when’ ye

indicating that the paftia1 result (A+B) must be stored in the RS. There- A
 fore it then becomes advantageoassto develop instructions which will: o

operate on these pértia1 results. Table II.1 gives a list of probosed

instructions which operate“oﬁothe RS stack._ It should be noted that here
we 6nly giﬁé sohe operations onlﬁs; in fact; all the.stack operations ‘ -,:" ‘
on it éan.Be imb1emented here. »Furthermqrefby having an éﬁd?ess field - |
‘ shecifying the number of operands on which the instruction operates, | |

more complex instructions are then possible.

-
Y -

SADD 2 opérahds¢oh top'o%'thé stack are added together.

GSSUB' Se;ﬁnd operand is subtracted from the top of the)stack. E ‘ -
J.SMPY ' operands on tog of the stack are mu1tjp1ied_together.

spIv - To of.the stack is divided by second operand. ,
JNES 2 Apérahds on top of stack are compared. If they are not

- . - » h
equal, the next memory location gives the address to branc
tg. 1f the condition is not satisfied, the instruction at

the second memory location is executed. - . | -
. S . / :

»



A

coo e o {; 93 - ) C ;»';.". T e e
' l‘* , ‘ - : o ) e \
JEQS ' Same as JNES. re the branching is done where the.elements - '

' are equal, . K u LR
JGTS . -Same as JNES. Here the branching is done when ‘the first o
, .~ operand is greater than the second ’
LTS Same as JNES Branching 1s done when the first operand 1s ‘ i,'
~ less. than the second.. - | , . i /;;,//*'
© JGES ; Same as JNES.' Branch1ng is done when the,first operand is o }
- "greater than or equal to the second
JLES - Same as JNES Branching is done when the f1rst operand 15.
. smaller than or equal’to the second
-JMPS Jump to one of the 3 next addresses accord1ng to the sign !

of the operand (+, -, 0) on top of the stack.

4
~ JMPS XX Branch according to the XX memory location fol]owfng this
instruction. : . . ’

."Table iI-l' ProposEd instructions. - . | | - N

The folioning_exampies show “how the branching instrucﬂ&ons of

Appendix 1 in'Po1ish'notation age written in the proposed tanguage.

. ' . . . \ Y
1. AB+CDESNs L )
i - S
LOAD A, ADD B,"XOAD.C, ADD D, JETS.N, v
. o2, AB+cp+*x152x3+ T

“LOAD" A, ADD B, LOAD C, ADD D, “SHPY, 3PS § x], X, X3

3. 1+x]xzx;f33---in : - o -
- . .- N . 3:
. IMPS t;/x1,,x2,-x3 - o B

t

As the language used in a processor depends on the part1cu1ar

i/

deszgn (architecture) we Judged it not necessary here to dEfin'

* formal set-of instructions. The 1ntent was to.show’ the type of inst- :

_ruction that this particular design‘allows. rj[, ' o B . 3

4 > '
? . -
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. - : APPENDIX III - - \

|3

_RELATIVE TIMES (OF EXECUTI{N) .=

‘ 'In. this thesis we uée the_reiatlvé times -of ex+ ;
ecution listed below. These'figgres'corre ?ogd'with‘a good
approximation qf execution times iﬁ a 36—bitf&omputerr As
these relative times vafy grgatlj with the architecture and{
the glectronic technology 6f'thé cﬁhpﬁfer, in the ;ctual
évaluatioﬁkof'thé two- :p;gcessor‘uhit we workédlwith a
number of aiffereﬁt sets'dflréiétive time figuxes,{as given - =

a,
in Appendix .IV.

T .OPERATION e / _TIME UNITS (t)
Registér-and-Stack transfer o ) 2t . “~
Addition (of two data) o 20t
Subtraction (bf two data) - - 20t o re
Multiplication {(of two data) 150t o ‘

Division (of two data) S 300t . .ff—

. - Here -t may be considered as an unit delay depen~
c ; : at

~ L M \‘ :
ding on the electronic technologie used in the computer. . . ‘
. b j - MR Co

That is-it may vary anywhere Petween 2ns to 30ns. - : &

o 4
. / H

A . .

. i
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APPENDIX 1V

.- =100-

' EVALUATION QF THE _EFFICIENCY OF THE

;
/
|
|
ot

!

'TWO SUB—PROCESSOR SYSTEM

- The program llsted in this appendix accepts a

valid arlthmetlc equgssxon in POllSh notatlon and glves

/

executlon tlmes of the expre551on by two sub-processors

and an nniprocessor.

[T
- lere

we nenlected register transfers

,_between the dlfferent ogerations as they are negllglble

PAL[)Compared to the actual operatlons and can be almost be.

*OUT S1PAR’
*
*IN-S:PAR
* + .
*QPT-T S
. >
@252 0226 -
@253° 0024
9255 0024
@257 0454 N

8198 1200 TYPE,
@121 1206 READ,
P12 1214 * HEAD,
91A3 1223 OUT»
2184 0000 Ti,
‘2195 @AP@ ACC»
2106 0GOS F1,
2187 9008 F2,

2119 @a2ad OPR2, .
111 @eens Bl, .
9112 Qees . SIGN,
113 .- 00@B TEST.
0114 Q060  PARL,
2115 0809 T2,

. B116 0O0@ FG»
117 90 ACCR»
2120 0902 CAR»
2121 09800 OPD, -
2122 2080 PARs
@123 @@BD. -FLG»

- 8124

‘2000 BAR»

NN INOIICDNINS

%252

226

- 24

-

*255
24

*257

454
*100
STYPEZ

- SREAD .

SEAD.
SQJT

e
o

masked when u51ng two sub-procesﬁ
sors ( Chapter III .section 6),
The program is in PDP-8.assembler

language.

i
I
!
g

i e, ‘

o e T



e fmaemmaaaamema,ﬂ" CLA CLL

*200 '

. L _ | ;
p20@ 7308 -  CLA CLL R

@201 3185 . JCA ACC o ’
@282 3117 DCA ACC2 -

,
£

- @P03 3129 - ©  DCA CAR : ' _ . o o
p2@a 3115 - DCA T2 ' . . o
P2A5 3186 . NCA F1 r\\\,n ' ! : e

“ pPp6 3187 . . . ICA F2 : : : ST
A2nT 31417 2CA Bl
210 3112 - . DCA SIGN ' . S
@211 3113 - DCA TEST: - ' T

pP12 3114 'DCA PARL . T T
M213 3116 - DCA FG. - o . -
@214 312t © ~ DCA OPD - - e 7
215 - 3124 - © DCA BAR coe ‘ S
0216 3104 - ICA TI - ~ L : o ‘
217 3122 - DCA PAR ' S o e o
P22 3123 - oca FLG . - . .

... 9221 5777 f JMP “START B \ - e ,

4377 9400 . | A

paoe 1377 §ThRT" ------ 300 _
Mol 4588 JMS I TYPE

Pa@3 4521 - JMS I READ_. / INPUT
pa@4 3184 . DRCA T1 ' '

S 1104 ° o \TAD-T!
pdpe 1376 - \TAD (7477

@7 7588, ~ .. 1SMA .

10 5212 : JIMP .42 : . \‘, :

1Y 52200 o JMP OPRD . - ZINPUT!IS AN OPERAND

.#a12 7380 - CLA CLL - : .
#2413 .13 TAD (7445 - St -
pa14 - 1Ye4 . . TAD TY Vo

8415 7500 : SMAC T = _
2416 5774 o . JMP 200 7/ ERROR IN INPUT = - ;
@417 5252 “JMP CARR /INPUT OK :
;73@5\\ )PRD,  CLA: CLL R
2424 /. 1104 : ’mahIAD T4 _' -
@422, 1373 ' ey |
8423 7450 oo N \ L
@424 5256 - . /JMP DPRR . /INPUT IS AN OPERANDC#). - = .
‘@25 7308 . “ecLacLL . . N .
8426 11647 ——L ~TAD=EL oo L : P N
427 1372 0 TAD <ﬁ§§5. : | . : S
8430 7458 TsNA , : E : .
8431 5256 " ~JMP  OPRR . /INPUT IS AN OPERAND (+) . -
LA CLL. . SRR _ : : >
TAD Tl . . v e e P '\\.
- TAD_(7523 TR - . C Y
. SNA . _ ' L N
JMP-OPRR  *.  /INPUT IS AN OPERAND (-)
. CLA CLL . b R
TAD TY SR S
CTAD €7521 - T

v

=
o
n
2

1
4
4
J
f
i
i
P
i

]
A
\ |

. 4* O \ v :' -7 - - _T/ . i -
e i 4 o L '.
- \ ) / B L . . ‘ ‘jl
S S ' ' . . A « i |
'
b ML_ - T I



. ‘a.._,_?’ . . o . e 4 . , . . o - — .
- aaR 7450 SNA e e I e
@443 5256 JMP. OPRR Z/INPUT IS AN ORERAND (/) .
Ma4 "7300 . CLA CLL o . ‘ .
paas 1184 TAD"TY L h . S
Paa6. 1367 .. .+ TAD- (7503 C -
Ma71 7450 ' - SNA |
0450 S7 JMP END . /INPUT 1S -:EXIT PROGRAM (’ s ‘
@as1 S 7%4 JMP 200 “
Bas2 730 cLA CLL /INPUT IS A LETTER T | ' :
@453 31 . NCA OP) - - . i .
@454 21p5 . ISz GAR T 0 - el ' S '
M55 5402 RJ/” JMP INP_ LT . . _
8456 7 —OPRR, . CLA CLL ~ 7/ INPUT IS AN “OPERAND’ o
@as?7 Y115 . ‘TAD. T2 ; , :
0460 /1504 "TAD I TI Co- o : St
P461 3115 DCA T2 I - '
Ba62 2121 1SZ OPD. S '
Pag3 1120 TAD CAR B
Ba64 1365 TAD €7777 .- ﬁlpr/
BA65 T440 'sza ¢ : : _ ‘
"@ak6 5336 JMP CARN1 / CAR NOT =1 .- ) T
0467 71382 Ci, CLA CLL ./ CAR =1 -
a7 1111 TAD BY . R Te
"84Tl 1365 TAD, (Y777,
- Pa72"- 7450 - SNA . o S '
P473 - 5301 “JMP C2 T . L
8474 7300 CLA CLL A : T
A475 1122 TAD PAR
Ba76 1365 TAD- (7777
8477 ' 7559 SPA SNA ) :
A59» 5305 & JMP.C3, | —-. {
@501 - 738@ C2, . CLA CLL - / Bl =1
@582 1117 . TAY ACC2 kL
| 9583° 7440 S 8szAa S
@584 - 5328 - . JMP C5 » / ACC2 ROT=8 . -
@505 73980 €3, , .CLA CLL' " £ ACC2=0 oo :
2506 " 1185 - .-TAD ACC - : - "\ ‘
8507 . 1504 TAD I-T}\. -
@510 3185 - - DCA ACC ' T . ‘
9511 1504 - o T LT NMe— L : .
;@512 7040 . LemMAa Y e _ S 1
- 2513 7001 - IAG RS - . ) y}
@514 3117 - DCA ACC2 s . e SO
@515 7300 Ca» CLA CLL o S - o RPN
8516 3120 I CA CAR , - - o
@517 5764 : ~JMP XIN : < : : !
8528 7308 CS. CLA CLL - = @
< @521 1117 , . TAD ACC2 o
0522 ' 1584 ' TAD T TI h
5233117 - DCA ACCZ ) N |
@524, 1117 .TAD .ACC2 ‘ A .
P525 7558 SPA SZA L . | %
P526 5315 ° JMP C4 7 ACC2<0 o ! //,/’/i!
, s S J/ - _ i
! %{. :ni
“',. o ' . - E '

—
PPARE .



0527
,0530
‘9531
@532
- @533
- P534
8535
18536
, @537
L9540
PS4 1
79542
© 9543
054 4
7 B545
9546
@54 7
550
@551
9552
9553
9554
8555
8556
@557
0560
P561
0562
0563
05 64
0565.
09566
0567
9579
8571
As 72
9573
a5 74
2575
2576
2577

denn
2681
P6d2
86023
2604
0605

2606 .

0607
0610

Q611 «

2612
2613

- 9614

7300,

7368 D1, .

»
t

1185 TAD
17 TAD
3105 nDCA
3117 nCA
3111 0CcA
$315 - JMp
7308 CARN1; CLA
1120 " TAD
7459 SNA
5763 - JMP
7380 ¢ CLA
112@ " TAD
7040 cMA
1121 ‘TAD
7001 1AC
7001 IAC
7440 SzA
5354 . JMp
2122 152
5301 JMP
7300 "Cés  -CLA
1120 TAD
1365 TAD
3124 2 CA
1194 . TAD.
3te DCA
5301 Y. JmP
2600 '
0732
7177 -
1954
7503
7521 .
7523° . -
7525
7526
02060,
7445
1417
0300 I
o ) *6Q0
7300 CARO, - CLA
1124, ' TAD
7440 SZA
571717 JMP
1122 " TAD
7440 m SZA
5214 . JMp
1m14° . TAD
3122 DCA
3114 - D@, nCA
3111° - dCA
5226 T JMP
ctA

JeLL

ACC.

.ACC2
acc
"ACC2

. B1
ca:

CLL

CAR

CARO

CLL
.CAR

OPD

cé
PAR

ce

CLL

CAR
C7777
BAR

T1 .
sign 7
(;2; . '

CLL
BAR
BNO
PAR
D1
PAR]
PAR/
PAR1"
B1 . -
PIMP

7 CAR NOT

7 CAR NOT

~



p6e15

9616,

2617
2620
P62
P62
P623
624
625
2626
P62 7
630

@631

g632
P&33
0634
@635
P636
@637
064 0.

‘P641

poa2
0643

10644

@645

c11ee .
1376
7440 .
5226

‘7308 i
IRR-L-T
1114 ;
3122 ¢
5211

7380 PIMP,
1122 '
7040
1375 -
3253 5
1194 1

1374~

7458
5773.
1300

1122

@372

7450

5254
7300 D2,
1122 .

7081

EVEN,

.

7308 COMPL.,

7302 C8»

TESSs

"TAD PAR |
TAD €7777

- 3%A
JMP PIMP

* GLA CLL

TAD PAR
TAD PAR1

" DCA PAR

JMP DO
CLA" CLL
TAD. PAR
CMA
TAD €3

‘DCA TESS 7
. TAD" TI

TAD (7521
SNA
JMP El
CLA CLL
TAD PAR
AND (2001
SNA. _
JMP EVEN -

CLA CLL
TA) PAR

AC
AR
TAD €7777"

DCA PAR .
JMP COMPL
5 :
CLA <CLL
TAD PAR

_RAR

TAD (7777
JCA PAR
CLA CLL
TAD PAR
.CMA -, _

"DCA TEST .
DCA PAR
1SZ PAR!
CLA CLL
TAD F1

. SZA

L JMP £2

" TAD TESS
SNA
JMP o +7

" CLA CLL -
TAD T2
TAD I Ti

e




-105-

~ e1e1 2253 18z Tess. S Cooo ‘
. @792 5388 . JMP .2 : - oo - L

- 9783 3115 . ~obea'T2 ¢ . S
@704 7308 E2,,  CLA CLL- T s, T B

S @70s, 111 . - TAD B1-. - 3 . P
706 1376 . TAD «7777 . RS ' ' — ; ~

. 8787 7440 "N SZA, - : »

@718 S3t4 . .. . JMP D3 | : ' Co ©
8711 1117 o TAD .ACC2 . . ) ‘ . SN
0712 7449 " SZA , S T e
'e71a sS3a3, JwPps T < ; @
_ ¥ @71a 7308 D3, - CLA CLL-
‘8715 1185 * TAD ACC
"@716 1504 . T I T .
2717 2113 - . 1SZ TEST _
. 8720 5316 . . JMP .-2 .
@721 3195 - + _ DCA ACC . ,

. 8722 1584 TAD I T1 S | WA
8723 7940 . "CMA .

0124 700 - Iac - _ . ' .

. 8725 3117 DCA ACC2 te - L L 4
8726 7300 Da.. CLA CLL T “ : e
8727 7001 . 1ac . ' g
8730 3111 ~r. .DCA Bl ' 4 s
@731, 5771 JMP . INP e , ' i

- @732 7392 XINs  CLA CLL ' , : , |
@733 1187 - . TAD F2 ’ _ : - :

@734 1376 TAD €7777 -

@735 ' 7440 SZA . . o T

9736, 5771 JMP INP : - .

#737 3187 DCA F2 o _ - /

8743 11100 ' TAD- OPR2 o S : T

B741 3104 . DCA TI . i C N

8742 5770 JMP Ct - ] E ..

2743 7306 DS, CLA ,CLL ./ ACC2,NOT=0 -
. @744 1117. , . TAD ACC2 _ o :

2745 1504 - . TAD I' TI1, - S

726 21%3 - . - ISZ TEST | _ c :
8747 5345 . “JMP -2 - o - -%~ ,
a7s5@ - 3117 DCA ACC2 ' .ot .

875t . 1117 - TAD ACC2 -

@752 7550 - Y SPA SZA h - - _ :
@753 5326 JMP D4 . AR -

@754 73080 ~CLA CLL S o . !

0755 1185 © _ TAD ACC . ‘ /
8756 1117 | TA) -ACC2 o _— , ~
8757 3105 ' DCA ACC :

8760 . 3117 . 9 CA ACC2 ;

. 8761 S326 . - JMP D4 ‘ - . . .
0770 0467 . SO ST o
27171 @ag2 | -, ~ -

8772 8021 I //-
8773 . 1000 - : o : S
8774 7521 L ‘ o \ o S

© 0775 @003 - _ . / .

8776 1177 B ' , i : A
8777 1014 L ' .
'. .- . T -



1000
1901

1902 .

1607
1910

1011
1912 - -

1213
1814
in1s
1016
1717
1920
1021
1622
1623
1724
10925
1026

19271

1930
1031
1932
1433
1934
1835
10836
1037
1040
1841
1942

1943

104 4
1645
. 1846
1247
195D
1951
1952
1853
1854
1955
10
1957
- ,1060
Yos1

1062

1863
, 1864

1865

-

1801

7300
1122

5776
7300.° 'BNO»
1194 .
7040
7001
1112 -,
7440
5234
2106
7300
1124
7040
7991
1121
7440

~ 5775 °

5250
7300
1196
7459
5774
7399

D&,

3107
1194
3110
1112
3104
5774 -
7389 - D7,
1196 |
<FE-}-
S773 ;

-%M

Ry

PR S

7309, END,

2116
7300
1105
8372
1006
79086
4583
7300

11es

OPR2
SIGN
Tt
- C1
CLL
F1
PAR

CLL
FG
CLL

PIMP -

(7008

P

=SIGN

—~—y



166
1867

1270 .

1871

1272

18473

1074

1275
1276
1077
1100

11el-

1102
1103
1104
1185
1126
1107
1110
1111

1112

1113
1T14
1115
1116
1117
1120

1121 .

1122
1123
1165

1166

1167

1170

1171

1172

1173
1174
1175
1176

1177

1200

1281

1202
1203
1204
1205
1296
1207
1210
1211
1212
1213

AND

RTR -
RIR:
RTR
JMS
CLA -
TAD
AND
RTR
RAR
JMS

.CLA

TAD
AND

" JMS

CLA
TAD
CHA
IAC

C=ied-

(9700 -

I oUT
CLL
ACC
(0270

1 OJT
CLL’
ACC -
(oen7
I o1
CcLL

IAC -

szA
JMP
TAD
JMs
CLA
™™
DCA
JMP
JMsS
JMp

*120

@
TSF

- JMP

CUTLS

- 7380° .,

SREAD 5

. CLA

JMP.,
a
KSF
JMP
KRB
TLS °

JHP.

NST
(254

I TYPE
CLL
T2 .
ACC-
END

1 HEAD
200 .

P

KO

CLL
I STYPE

o‘l'

1 SREA

-



?

1214 Q000

CAR 2120
CARN1 @536
CARO . - @600

OPD g121
~OPRD7 * ;8420
OPRR "8456
OPR2

#1110

4

-Sghﬁo

I

1215 73020

1216 1377 °

1217 4500

122% 1376

1221 4500 _

1222 5614 .

1223 ' 0099 SOUT, ™
1224 1375 o
1225 4500

1226 . 5623

1375 9260

1376 - 9212

1377 8215

ACC @105

ACC?2 @117
' BAR A124

BNO 1014

Bl P1i11

CARR . "Bas2
COMPL 9661
C1 . Pa6T
- C2 2501
c3 2505
Ca 8515
cs 2520
of 9554
c8- P667
.be 26110
D1 P614
.b2 @644
D3 p714
Da 8726 .
ps 8743
D6 19034
D7 . 1050
END . 1054-°
EVEN A654
El " 1000
E2 A72a
FG . 8116
FLG 2123
F1 . 106
F2 g1o7
HEAD are2
INP 2402
NST 1122

.

- CLA

TAD
JMS
TAD
JMS
JMp

TAD
JMS

"JIMP

';ﬁd

. .=108B=-

éLL

(215 - .

I TYPE
(212
1. TYPE

1 SE%Q-‘

(260

Z

-
. owd

0



.....

Lol 2183 - SR
PA%% arag :

PARL . D114 ' : - L
P - @626 - - SR -
© READ . 0101  » ™
SEAD" 1214 '
SIGN . @112
SOUT 1223 . N
- SREAD 1206 Ty
~ START 0428 ‘
STYPE: .1200 - R

TESS. 0653 . )

-  TEST @113
TYPE. Q100 . i .

R | 2194 R : . ™
To ,'errs ! ' S N\

L

-

‘/'
¥

. . : » \.“‘ . .
; EFFICIENCY OF THE TW;\QUB-PROCESSOR SYSTEM

The épeed-up achieved when using two sub—processo4g

,;_ulw instead of one tb execnte arlthmetlc expressxons 1s approx—
- 4 .imatively 1 508 Thg next page_shows aﬁ'example of output.
‘\'of the program.- For these expressions the average spéedr
N “'up is-1.48 « The exepdtion time.bf the different operations
s \\ -
/

-~  was then changed and the same expressxons fed - to the program

(p111).‘ The resultlng speed-up becowes 1.49 , l:]

awa’




-133-.

0UT e183 - . . SR ]
“PAR - 8122 _ , . ;
PARI*  91ra ' ’ : .
PIMP 6626

READ D101 : - ) } o Y

SEAD | 1214

SIGN f112

SOUT 1223 . ) .

SREAD 1296 . o - -
START .PaPB A :

STYPE 12€8

T=S8§ 8553

TEST 2113

TYPE  Pisa

T - Plda
- 2115
XIN . arze

.__.-ICEEEC"" OF TEL ' .uﬂD "*cs-vanm SYSTEN

- T s_:_:»eed-m achieved when ﬁsim' ot 31:...»-;,::*.::-&3&9:-5

insteald of one to ezec:;te ax“‘tmet:;... 92,1'15;9:.5 .:9' z:,:;.‘:*
Imztively ‘n,sc.-s IE:Le ::ez*-* fa:e BOWE 2o sxzample ©f output

of the program, :Fo: ._:es-f»e:;::cmm e BYELATE DRetie
A

o= is 1. 28 . Tee ez&cnt...o:x :n.ne of the fzf-e:fw‘* operEvions

'u:as then chazmed am te Same i-.:z:;;'f;ss fed o the crozean

a;mn, Toe resultine speed—op Deoomes .47 .



-110-" : I e

I

:fExecutioh ﬁime‘of operation§$-+ = 20‘t, - = 20 ¢, * = 150t; "

VAL 300 t. - { Outputs are givén in octal.) . ;

eRB+CD++X=0058, 2074

eAB+CD+#X %0252, 0276
eABXCD*+X=0252, 3580 \
BABCD+++X=8050, 8074’ -
PARCD***X=84545 7702

RARCD/ /%X=135651356 T o
. BABCD/*/X=135¢,1356 =~ / - )
"QAB+CD/+X=05080,08524 L

BAB-CD-/AB*EF*/+X=1200,1 780 o f
BAB+C#D/AB+CD+%+X=142651452 '
 BAB-CD-/EF*GH*=-X=0521, 1224
PAB+CDSFG*AB+*X=0726,1224 K N
RABC//AB/X=1138,1604 : , . o~
9AB-CD-=EF+GH+%*X£0524, 1022 '
GAR*CDX/AB+C*P+3X=0726s 1452 <
_ BAB-C+D/EF+CD*%X=1200, 1452 .
"BAB*AB=C+EF*GH**X=1200, 1654 '
8AB/AB//AB*CD**~X=1402,2532 ' : .
BAB~CO+/EF+GH/+%X=0776>1476 '
@ABCDE++++EF*GH**X=0550, 1022 :
ABXCD-E*/X=07265 1154 .
AB*CD-EF-*X=0702, 0752 -
BAB*CD*EF*GH**X=21130.2032
BABCDE®+*%X=3702,11238
BAB*CD*E*+X=0500,0726
BAB=C*EF-G*x/X=0752, 1200
BAB-CD-*EF+G+HI*=X=@34 6, 0620
fAB*AB*C*DE/FG-%*X=1402,2304
8AB/CD/EF/GH/+X=1200,2354
BABXCD/EF//7X=2260,2506 ' : ,
BAB+C~D/AC**X=0752,1200 - ' , ' - /
@AB*CD-/AC*AF*-FG-~X=0776, 1522 ‘ o
BAB+CD+/AB*F=G++X=08524,1046 ! - ' ‘ ’ ~L.
BAB/CD/EF/GH*1J**X=2032,3410 ' '
8AR~C/EF+CD*E-+X=0550, 1046 ,
@AB/AC//AC~AC--AB*DF*--X=1320,2450 . .
8AB+CD+/AB+CD-E*G++X=0500,1072 . .
PAB/CD+E-F/D+AB*CD*/X=3004, 3504 - . - »
BAB+CD-EF/GH**AB+CD+*%*X=1452,2400 o : ' '
BAB+CD~~AB+CD~~-=X=0120,0214 SN
®AB/CD/EF/GH/ I J/KL/*X=25B624766
@AB+C+D=-FGeX*AB**X=120@,1452
- BAB/CD+F~-*AB=-CD~+%X=1130,1274
SAB-CD=-*AB=CD+/=~X=0574,10846
SAB+CD-/AB+CD-/AB+CD+*X=1022,1546
PAB/CD/+AB+CD*/FG/HI ++=X~X=1700,2722 _ : B
@ABXCD**AB#CHD*x+X=0726, 1 630 _ ' - ¥ -
‘BAB+CD/EF®G*X=0702,1154 ' : : a :
9AB+CD+EF+4+X=0120, 0144 _ Y : -
GAB+C+D+AB/C/D//7ABSCH+X=1708,3054 - - o -




. ) . T LT B .“. b " ) . ' . \ ' Lo
' e . . . L B
. . "»;.‘14'.> i -111= ' : | ) o ) w\ - |

-~

Executlon tlme bf operations~ += 25 t, - = 25 t, ¥ = 125% : '

il

/ = 300 t. ( Outputs are given in oc$a1)

. PAB+CDYMX=0P062,0113 L SR '
| BAB+CD+%X=B2265 0257 : : !
PAB*CD*+X=0226,0423
. BABCD+++X=PB62,0113 ~ l

BABCD***X=0372,0567 ! ‘ : B

@ABCD//%X=1325,1325 S . . | | K o ]

BABCD/*/X=1325,1325 : : ' '

BAB+CD/+X=A505,0536 : _ ‘ |

@AB-CD-/AB*EF*£+X=1138,1635 SRR N _ : S :

eAB+C*D/AB+CD+*+X=1325, 1356 - T | | g

@AB-CD~/EF*GF#~-X=0505,1161 - IR

BAB+CD~FG*AB+*X=0620,1077 o
. BABC//AB/X= 1130,1604 - ' ' _3v_

@AB-CD-EF+GH¥*X=0454,0733 S I )
BAB*CDA/AB+C*D++X=0702, 1356 - e
BAB-C+C/EF+CD*#*X=1130s4+356 , ; S

.- BnBXAB- C+5F*GH**X=I@46:144@' _ .

.. 8AB/AB//AB*CD*%-X=1274,2424 v . . ‘
9AB-CD+/EF+GH/+*X=076451471" C NS
8ABCHE++4++E F+ GHIX = =0505,0733 . -, : ‘ :
SAB*CD-E*/X=070251077 - e - , -
@AB*CD~EF-*X=08567,0651 . g o .
BAB*CD*EF*GH**X=0764 51553 . . ' o -
BABCDE****X=056T7,8764 o =~
BABXCD*E*+X=0423,0620 : ~ -
@AB-C*EF-G*/X=0733,1130 -

8AB-CD=*EF+G+HI +-X= e?ze.eaaa

BAB*AB*C*DE/FG-#X=1274,2863 N

9AB/CD/EE/GH/+X=1212,2373 . v . | - ‘
@ABXCD/EF//X=2260,2455 oo | :

. @AB+C-D/AC**X=03733,1138 - ‘ . : g

' @AB*CD~/AC*AF*-FG--X=0733, 1440 - :
8AB+CD+/ABXF-G++X=0536,1046
8AB/CD/EF/GH*I J**X=1717>3162
@AB-C/EF+CO*E-+X=0567, 1046 _ | N
8AB/AC//AC-AC--AB*DF*-=X=1274,2424 - o L.
8AB+CD+/AB+CD-E*G#+X=8505,1077 .
BAB/CD+E-F/D +AB*CD*/X 22734, 3441 : :
BAB+CD-EF/GH**AB+CD+**X=1356,2176 o _ ‘ ST
8AB+CD--AB+CD~-~X= 0144,0257 . o
BAB/CD/EF/GH/!J/KL/*X-2373:4571 I,

) @AB+C+D-FG*X*AB 094651274 _ o T
gﬁﬁ @AB/CD+F-#AB-CD- #X3104651243 ' s
8AB-£D-#AB-CD+/-X=06208, 1046 ' -

- BAB4CD=-/AB+CD-/AB+CD+#X=1015,1553
BAB/CD/+AB+CD*/FG/HI++=X~X=1717,273A
BAB*CD*sABSC*D*+X=0620, 1407 \
PAB+CD/EF*G*X=6651,1077 ° . o
BAB+CD+EF++X=0144,0175 : :
eAB+c+D+A_/C/D/(ABtCtox-ITI1o30!6

Fl
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