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Th ic research hac centered on t~ e performance o’ functional resources that are
used by a single multiple— stream p ipelined processor . Such resourcøs include
arithmetic functional units and the modules that compose an interleaved memory .
The functional requirements of such resources is that they perform some opera—
tion and recv-’ hronize their result e with the associated stream in the p..pe-
lined processor .

“
I,

In some ins tances , a replicated or pipel ined resourc e can be used to achieve
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~O. ABSTRACT (continued)

~~ - the required performance. ~h~we ver , in this research a simple non—p ipelined
unit with a fixed cycle t ime is investigated as a lower cost alternative .
This resource is characterized by a cycle t ime . c , and a deadl ine , d , which
if missed results in a penalty of one non—compute pass through the pi peline .

The performance of this type of resource for various resource scheduling tech
niques ha. been determined through the use of Markov modeling and some model
reduction methods. It ~s shown that very high performance ~.an be obtained vh ~
effective uie is made of the available deadlines. An extension to this model
allows the cons1Jer .~t1on of resources with access times not equal to their

~vc l. times.

Various applications for th is type of resource are examined including an
implementation o~ a cost-effective control store which attains high per-
formance through the use of inter~eaving.~ ~~~~~ an organization is most
direct lv relevant to aulttpl~ stream processors, which execute several
programs simultaneously, yet require only a\~ingle microprogram store with
c ’Ut implementation. Additional design constI~ in t s  are developed for the
specification of branch resolution times and t~ r the addition of dumey seg-
ments to enhance overall system performance. Thç cost  design trade -offs for
interleaved memories w tth deadlines are also exautt~ned. :n addition , the
performance •~f parallel processor— me mory conf igura~4ons is contrasted to
systems wi th  t ime—mu lt i p lexed requests  and deadlines with the resu ltant
elimination of t~~e expensive crossbar switch. Formal mechanisms for
evaluating performance vlt h .s~~~ of the above conside rat i’ns are presented.
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SHARE2 RE.S~ URCES FOR MULTIPLE :Ns TRu cr :~ N

STREAM PIPELINED PROCESSORS

Joel Springer Ener , Ph.D.
Coordinated Science Lab~ rntorv and
Departnent of Electrical Engineerir.g

Ur.~ verst ty of Illinois at Urbana-Champaign , 1979

This research has centered on the performance of functional

resources that are used by a single nu~.tip’ e- stream pipel ned processor .

Such resou rc es  include ar~ thmettc f~r .ct io nal unlt~ and the modules that

compose an tr.terleaved memory . The f~r.ctional requirements of such

resources Is that they perfc r~ some opera t tc n ar-~ resynchronize their

results wIth the assocIated stream in the p~peltned processor.

In some I~ sta-ces , a replIcated or pIp~~ ined resource can be used

to achieve the re~~ Ire -~ performance. However , in this research a simple

n-p~ pelIr..’d unIt with a fIxed cycle t:~ e Is Investigated as a lower

cost alternat Ive . This resource is characterized by a cycle t ime , c,

and a deafline . d , wr~I:h If missed results in a penalty of one

non—com pute pass through th~ pipeline .

The performance of this type of resource for various resource

scheduling techniques has be-en determined through the use of Markov

modelIng and some model reduction methods. It. is shown that very high

performance can be obtained when effec tiv e use is made of the ava i lab le

deadlines . An extension to this model allows the consideration of

resources wIth access times not equa l to their cycle times.
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Var ious applications for this type of resource are examined

Including an implementation of a cost-effective control store which

attains hIgh performance through the use of interleaving . Such an

organizattcr . is most directly relevant to nul tip le stream processors ,

wh Ich execute severa . programs simultaneously, yet require only a single

m icroprogram store w I t h  our Implementation. Additional design

constrai nts are developed for the specification of branch resolution

tirnes ar.~ for the a~~ tttcr. of dummy segments to enhance overall system

performance. The Cost ~estgn trade—offs for interleaved memories with

deadlines are also examined . In addition , tte performance of parallel

processor—memory configuratIons is :-cr.traste~ to systems with

time—multiplexed requests and deadlines with the resultant elInIr.ati c-r.

of the expensIve croSSbar swItch . Formal mechanisms for evaluating

perfcr~a~ c~ -~Ith all of the above consideratIons are presented .
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1

1 . INTRODUCTION

ILI P1~elined Processors

A Dioelined orocessor is one whose computational resource s are

divided into a series of’ subunits called segments. These se~~enta

tvo f ca l l v  have specialIzed functions so that a task which requires a

cceol cx operation to be performed exist flow throu~~ a particula r

seo uenc e of se~ment.s ; each se~~ent performs a portion of the complex

ooeration. At any t Lme , di sti nct tasks may be act ive in distinct

segments . Allowj r~g the tasks to be associated with distinc t ins t ruct ion

streams permits the impl ementation of multiple-instruct ion

stre m—nultlp le— dat a stream (MIMD) processors such as describe d by Flyn n

(FL r72). It Is this para llel execution with lowe r cost specialized

!egne nt,s that results in the enhanced performance—cos t ratios typical of

pipe lI-.~’ø’1 procesic~rs ve ts .s com parable parallel pr oces sors wIth dis tinct

~enera1 puroos~ oroceselni eleme nts replacing specIalized pipeline

5cç ~~.r.t3  c’n a one for one basis.

1”.. periph eral processing units (PPUs ) of the CDC6600 provide an

•arlv cce~-er’cieI exampl e of a mul t iple instruct ion stream p ipelined

processor (TMC70]. Some aspects of the desigm and performance of such

processors have be en examire d (SHA7 44 , KA M7 7, DAY77). In this

diss.rtation shared reso~jr~~s for such processo rs are examir ~ d and t hei r

rerf o rmance eval ua~ c -~.

Figure 1 . ’ . 1 illust rat.s the basic structure for the type of

~ioeltne d orocessor described above . The processor model shown consists

-

S of s segments , whIch are used once each cycle in a fixed sequence by

5 -U 
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I each ask. A thoue~’ ~t Is possible to conside r reconfi .~urable pipel ines

in which the or~ er that a task f lows th rou~~ the se~ sents or the time inI ~acPt s - ~eot can be ivr.amically va ried, we wil l  rest rict our attention

to  non-reconf’igurable ploeiines .

I An instruction strea m (or program in execution) consists of an

ordered se’-: ..e~-’oe of Instruct ions each of which is a sequence of pipel ine

I tasks. A ~~~~~ the schedulabla entity for a pipeline , corresponds in

• ~is ‘K’ -~C1 to one cy c le  of’ an instruct Ion . Althou~~ it Is possible for

I a cartlcular Ir~’truct ion stream to have mul t iple tasks active

sI~u .taneou ,lv . ~ restrIct our at tention to organizations jr which only

~~~~ task e a time Is active fr~-r~ a singl e stream. ThIs alleviates the

I rr~’hlems as sort ~t e~ wI th data dependencIes and confl icts betwe en
S 

“ liul I sn.’ouslv sot lye tasks f rom the same stream. Therefore, when

I consi .jprjn~ the secue nce of tasks generated by a singl e inst ruct ion

I ~~~~~~~ each task fi ’w~ completely throu~ i the pipeline and when It

completes It~ pass thrcu~~ the rlpeiine the next t ask is initiated at

I t~
. first segment of Ire pipel ine . If we define each processor segment

t o  take I s egment time unit , STU , to perform its ope ration, then each

I task takes s STUs for execution.

I ~ assume here that normally there are s distinc t instruct ion
S streass active in the proces~~r, since at any t ime a distinct task may

be active I r  •~~ch of’ the a distinc t se~~ents . This corresponds to

S I maximu- ut Ilizati on and performa nce of the pipeline . The tasks f rom

t~ e5. t r ,t r ’j ~-~ ton streams are scheduled in a round-robin fashion one per

I STU . Thus . a ’ any iive n t ime , the s scheduled t asks reside in distinc t
sae’ients and ar’ ~ssocj ated with distinct instruct ion streams. TheI 
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tnst~ jctiofl streams themselves may be compl etely indepe ndent , cr

Sc,_~ew h iI l eoer .den t , sharin g some -code an~ da ta and re-~uirin~ some

Interstrea~ 1n ~~eraSct ion . This shar:nj mechsnlsi w-:ul~ be implemented 1~

software a’~ could be sim Ilar to that for any ~ultiproees sor system .

Thus , s1’c~ s t ”s t r . : t  I~ i ~tr~~—~ are executt r~ t~~ ep e rd e n tly, Suct a

oi~~e t r .5~ orocessor can te vIew~~ as consisting of s dIstInc t parallel

~roce53ors: -4~ere the ssks associated wI th a st n~~ e inst ruct i~n stream

a r e  assocIa ’~~t wI I’ t~~~ cycles cf a parti ~~~a r  proc essor, and

clockIng of these cr~ ces%r’ rs Is skewed f r r ~ one to the rext in a

s~~.~ h r c r ~ is  fs~~ .-r .

;~~~~~r~ ~t~’; ~r:’~

u .~~~ 1’ron.ssor syst~ -~r ~ererally have rxtern a nardwa re resour ces

tha ’ may t-~ ’ shar,1 by the vi rI~ us p r:~~’s~~~rs o~ tJ~e system . Not all of

the se r.st’ur ces nas~ 
‘ “ ~~‘.‘i durir~ “ve~-

, 
~-rocessor cycle. Some may not

b’ used fr~ ’ - ~~ntlv  •nou~~~ to warrant a s~ ec1a’. resour ce unit aff Iliat ed

wIth each p rocessor. Such r~sour ces may, h-wever , be justifIed when

shared by *11 ~r~
,-n’~sors In a m ult t r - roc essor system . Exampl es of thIs• vpe -‘ ‘P h ar5%,s~w~ resour ce inCl .;1~ ~~. t i ~~iv d i V 1d f?  unIts , a rra y

cr-’c .ssine unIt s a n d  other s~~~ Ia ’.Ized m~thematIcsl fu rct lon - .nIts.

S~xeet12e’ resources ar~ shared for furr’ tonal re a son s rath er than simpl y

f~’r --~st etf.°tlveress reasons. Main memory is a ‘rincipal exampl e of a

‘~‘ared res~~r -:~ oC trl ~ type .

.~urtng 3~~3t ~0’S opera SIn,  t hese s hare d resources can be utilized by

all t h e proce’sors In the system. Processors in the pipeline mak e

r~~ ue ste to the resources, ~~ ich then perform the desired operat I on, and

S 

re Jrn resull’, if  any, to th, process ~~nerat1ng the corres~~o n d i n ~~

5SS S

~ 
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renuest. Sometimes the resources wIll be unable to satisf y a request

I t ”umlta tel v , and oons,~ uently, the process may suffer degraded

performance and may have to re— issue an unsatisf ied reques t later .

n rder to have adequate system ~‘erfcreance , it is impo rtant that

I “~~ese resources not severely ~~mit s yste m ope ra t i on .  Shared resources

i t end  to cie~~~ade per ~ :’rmance since a resour ce wt l l occasi~~ a l ly  become

and w I ll consequently have t o  re~ect a re~ uest . Re jec t ions

I -o c cur ~S~enever a r.so~roe has a o c n f I t , ~al ly due to busy hardwa re ,

tha precludes t from sat 1s fvI~~ the re-cuire me nts of’ tr~e pro’resscr’s

I r~~~-~es ’ .

~e~~~r •ff--
~r has cone into the enhancement and performance

of  5y 5~~~e~~~~ ~.j ’!-, share d resources . For j5provir.g the

1 n.’rf—c r’mii nc’ ~( hardware a r t ’  ~—~ tIc unIts pipelining and mult Ipl e

f - tt ~-’ral ~ntts ‘‘ s -:~ be en e~~pl~ W C d .  Fr— ex plc , the ~~C6~~T~ ~T?~o7 :J
r~~ :4~•’ 1.’-anl’ on its arIth”~ tto unIte by using several specl altzed

ar it tr ~e t t -  un Its Instead of a sin’~~e “~uitif~jnctIon unIt. In e ddi t lon ,

I 
of th ese -~r Its are repl icated. Repli - - ’ ’ ion of a fu nctiona l unit ,

if’ II is hesvily ~~Ilized , can reduce ccngestion by divid Ing the load

I • ‘~~~ ‘ipl i—a ’ c - i units. SI-’ llarly. the ‘C’~~ O Increases the

canabllttI.s of t’ s f ;~ -’ tona l unIts by plp.lIr.Ing them. Pipislining the

I f t”n a unlts effectively increa ses the n ; —t - er of functiona l units,

It p~rmI’.s a 1I~ t t n” ’ t ask to be active In each d i sti n c t se~~~nt

I -I’ ‘ a pipelined r’s-’urce, tP*iC ~~~~~~~~~~~~ seve ra l requestS to be In

•v1 itmul t~~ne’~j s l y .

1

_ _ _ _ _ _ _ _  -S.- -
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Fo s h.ire -1 semo rv resour ces the princtpal tr.strumant for improving

performance Is tnterleavir.~. Interleaving implies that th e memo ry is

phvsto a llv dIvided Into separate ~cdu es . This effectively divides the

‘ emory space Int o several dtsjoInt subs paces. Interlea ved memory is

di vid e d so that t’~e low order bits of the address de’ermi ne the mcdu~.e

to be acces sed. This tends to d~strt bute the requests unIformly amoni

‘“ e~~OdtjiC5. Py a ll - --wtni e i - ’h mo dul e to operate irdepe~~t~ ntiy , mul t iple

re~~’.e a Is rev be active sImultaneously as lon g as th ey are made ~.o

d ifferent ~cdu le~ -f the memory . ~bvt ousy . Increasin: the nu’~Ier  -:f

,c’dwles wIl I tmorOve the performance of the memory sjb$ystem .

r Iri s resear-~.’-. we are tnter~~’t,-d I n evaluat Ing t~-~’ performance of

—ui’ I p ’  st ream p lpe lt red pr- i.’ essors with a shared r e s . J r S o e .

~~~~~~~~~~ ~~~~~

Variou s a na ly t Ic  az~d sI~u.lation ~odels have been developed to

predIct t h e  ~.rfor_ ~ance of multiproces sor eomput er systems w I t h  share d

r,so~; r - ’ ” . ‘&-
~~~ of th~ s work has been direc ed toward satisfying

mul t I d e  r~ cuests made to an j- ’er leave d memory .

Som. of the eSr I leSI  W O r k  in ~ht s  field Is credited to Hellerma n

~~~~~~~ That work conetde -~ a model in which a lon g sequence of

r~~-u ~~ite  are assure d to be ~ueued for servIce . For each memory cycle

‘he ‘~u.~~• is scarn~ 1 a—d t he fIrst K r~~~uests are serviced pr~~ ided they

r.f.ren-°e di stInct ondul .s. ~~~. maxim~e K ~~ich meets the constraint is

oh oeen. 

-- - .-~~~~~~~~—rn.S -~~~~~~~~~~ - —~~~ — - - S  .
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Later .rr.~ has const1er~ d more reall etto processor models and less

simpltsttc service discIplines . Skinner and Ashar used Markov modeling

technIques to predict t re  performance of a multiprocessor system

tSKI69). However , the mode l becomes intractable for anything but small

numbers of processors. Strecker (STR7O) and Rav I (RAV72) have stud ied

ana lytt c mode~.s f-cr the performance of p parallel processors making

requests to an N-way Interleaved memory . Strecker found by approximate

analysis a closed fore equation that gives the probab :lity of acceptance

of a memory request as

: ( 1 —

tner researchers have expanded on these results for para llel processor

configuratIons .

The flow of tasks throu~ t-. a plp e lmned processor Introduces some

add~ tjoral struc ure Into the resource sh .arlng problem . This ~t ructure

arises in part be -cause the Irstructi-r . streams have well defined ttming

re latIonsh Ips among themselves, since they fow In a phased fashIon

through the pIp eL Ine. ThIs contrasts sharply w I h  conventIonal parallel

1 processors, which may be operatIng asynchronously with respect to one

I ano th er.

There has b een some previous work that con s Ide r s sose of the

I special -haracte r ist ics of plpelined processors. Briggs tBRI77a ,BRI~7b~

I nas examIned the memory sharing problem for paral el-pipelined

processors , I.e. sets of pipeiined processors sharing a common memory .

I That r es e a r c h  modeled mem- ° ry requests as requiring a f ixed length
S 

- addressing tim. and cy cl e time . Using Markov modeling t~ chniques , an

H 1
- 1
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S 
“c~del was develope d to predict the perform ance of interleaved

-~enory archl’ cot u res especIal ly suited to ner~cry requests as ger~ rated

by suc h pa ra llel_ p:pel ined prc~ esso rs . I n that resea rc h, the service  o f

a par t i’ ular re~ uest was c-ontIr.~ent or. t h e  appropriate busses and

‘eIn: ava I lable immediate ly w the re~ ues t arrived . Howeve r,

In thts rescar h we have expl~~ ed some of the ef fec ts of’ bufferIng at

‘he resource, whIle na tntainlng ‘ynchrony -of operation In a singl e

orocessor.

ki ‘.r resp~~ot  to other types of resS-ur ces , Ko Rge : lc~~ ’€ )  has

e~amI ~~~ 1 0 e  oharac~erIstI c5 of on~ ro 1 s tore r~~a•~5~za~ 1:ns f or  s in Q e

stream pIpe Ir.e-i ~rocesmo rs. A thou~~ this research is related t-o

mul l L . ~ ream p Ip.~ . e.. procesmors the fra~rew-:r1c Kogge developed t s

rtLl app rovrla .. ~—w~ ver, some of the conclusions have to be

O C C~~~~~~ j ed w I t h  respect ~o mui t IpI . st ream pl;elir,.-’d p r cessors. ~e

wI l l r.vi.’s~ that w-rk Ic. -~cre d”ta il ~ecti~~ M .2. Ir. add ition , tr~

wo rk ~ P*ve -done ha- re axed ~c~~ e ’s require ment of a ve ry fast control

s t o r e .

Pe ar-c. and u a
h i h n  (~~~A~~] have exami re l a rest rict ive clas s of

ge-era) ~~ - s - ~~;r Oes f’r a pip .lin~ d proces mo r .  Howeve r our research has

no ’ imr~ sed the r.cuireme nt for very fast resources as they have . ThIs

-~~~ a rch er~~~ y-o -s ‘ - -‘ ex ’~ r.d this class of work by using a son’ precIse

~~~OS del f o r  a pip.li”al pro~c es ~~ r a n d  by c~rsIderIng a ge neral resour ce,

w h i c~ — a n be used to a va rIety - f  share d r~ s- -.;rces , inc ludI ng ma in

c rtr~~ s tore a nd  qar~ ral fun ctI on al unI ts.

--S- -

~ 
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Ine of the sI~nifL can
t constraInts that a pipel.ined pr ocessor

I I-o os es on the servicin g of requests Is a dea d line on how so on each

recuest must be serviced. ~~rk has been done concerning schedul Ing with

I deadlIne s rBLA7~ ). Mos t work In that area has considered fInding

schedules to service all requests by thei r deadline s, if one exists.

Howeve r, it does net conside r the poesibility that som e req uests emy

have to miss t~ e1r d e a d lInes. Our work must consider this cese, beca use

r e c u e st~s wil l occasIonally mi ss thei r deadlines , but must sti l l  be

I serviced later.

LJ~ Overview ~~ Research

The orlnotp al ob’.ctive of this research 1, the characterization

I . and cerforma~~~e evaluati  -i~ of mul l Iple in~struo’t Ion stream pipel m e d

orocessors wIth share d resources. Aside fr~ a the basIc f~nct1on al

I -ac abili v -of a resour ce , ult I p r on esso r sra rt nc  of a resour ce requires

a lt~ s sin ~ sc h ~~~ ~~ wa en t~ • proc es so rs and the re sour ce. Req ues ts for

s ervt ’n fr- is the processors are t rm nsSmi t ted by bu sses to the resource.

I Th ese requests comprise commends, addresses and operan S~s. Results from

th e resource, if any, are also transmi tted back to the processo rs via

I bu sses . n additicn , certain status Information, such as accept/reject

-decision s , must be cc.s~ajn1oated betve~~ the processor and  t he resource.

I
A scheduler must overse e the operation of the res ource and ma intain

info rsa ton about th e  sys t e m state. It also controls the trsnsactions

I between the prcicas~~ rs and the resource . The scheduler may be either

c.r.lralized or dis rl huted and may be simpl . or oomplex. The function

I of’ the sob.lu ”r is to schedule requests on the resource to achieve some

I

5- - -  - —-—--5--- -
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goal, such as ~~x t m i z 1n~ the number of requests serviced. We are

pr imarIly concerne d here with the functiona l aspects of’ this scheduler

and the performance obtained for a variety of share d resource

c onflaur ations .

ch apter 2 examInes an appr opriate processor—resource

!nterconr.ection for a mu ltiple instruct ion stream p ipelined processor.

A s imc~le model o characterize requests generated by a single port

c l oe l t ne  is des cri bed . A functional characteriza~ Ion of’ a typica l

resource , and an ove rvIew of t he  perfo rma nce of va r i ous resour ce

tmr ’mentatlons are also presented. Finally, the workloa d for a

resource I~ araoter1~~e~~.

The perfors a nce a~~ects of non-replicated resour ces for ptpelined

processors are examined In Chapter ~~. A ge nera l framework tc describe

svst- er p .rforiance is developed . Then an analytic model to predict

sYstem ;~ rforsance f or  a pract ica l fi rs t — in—f i rs t—ou t (FIF ) based

lead ’.Ine ~-i”uIng dIsciplIne Is developed.

Chapter ~ e x a m i n e s  some acpl lcations of the resource model

deve~ cved In the previous chapter. Cf particular intere st are some

multiol e ~odu ’~e memory resources that are share d by the streams of a

r 1 ~ ”line d processor. The control store for a micropr~~ rammed oipellned

rroo.ssor Is considered fIrst . The performance of the system is

oredl -’ed and desi~~ conside rations for optimizing performance are

creserted, -ensicm s to the theory are then studi ed which allow the

s aee sr -d~ ls  ‘~ be apolied to shared ma in memory. A comparison of the

sha ring ‘~~ o hanj ~~— dev, ’,-o nv’ d Ic. the more conventIonal cross—bar aw ll chtng

n.twork Is then oresented.

S --
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To val idate the analyt ic models develope d under certai n

I assuso tions , a simulation of share d resource performance which consI ders

more accurat e estima tes of req uest behavior and exac t resource model s is

I develcoed. Chaoter 5 presents the remilts of th ese s imula t i o n s. In

addition , the simulator permitted the evaluation of some mo re complex

sche~.Jlin~ discipline s than we were able to model analytically.

I FInally , Chapter 6 presents a summary and conclusions of’ this

research , and some miggestions for further work.

I
I
I
I
I
I
I
I
I
I

1 1
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C . P:PELINED PROCESSOR RESOURCE SHARING

i.J. ~ Processor Resource Qr~anizat1an

This research is primarily concerned with shared resources

associated ~ith pipelt-ed processors. These resources are assumed tc be

associated ~tth a sInglt~ s segmen t p ipel ine , and a~~ req uests to a

particu .ar resource are made through a single request port , e. g . from a

particular processor segment . Although the restriction to a s~ ngie port

ts mot necessary , it is generaLy reasonable to assume that all requests

to a parti’4ar resource from a singie pIpeline nultiple instruct~or.

stream processor can be generated at a part.c~~ar segme nt of th e

pIpe lIne and t h e  extra cost assocIated w~.th a second port ~s not

~ustift -~hle.

FIgure 2.’ . ’ jl - ~otrate s an abstract representatIon for a plpeuined

processor and an associated resource . At any In stan t of tI’e , partiai

re~s .ts for a task resIde in th~ latch assocIated with a single segment

of the pIpe line . A task is saId to be at a particular segment when its

partIal results are contaIne d in the latch associated wIth that segmt nt .

During each segment t ime untt. each segment accepts and latches the

pa rtial results being generated by the previous segment . It then

generates its own partial results , presumably using those it has just

latched , and presen ts the new results to the next segment to be latched

by that segment. at the beginning of’ the next seg~~nt time unit.

Resource requests generated b~ a segment may be presented to the

resource at. some time durI ng the STU that the task m aki ng the request is

at the seg~sert. The resource may then latch the request information , i~

- - -  .. ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~—-
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necessary .

Referrlr,g again to Figure 2 . 1 .1 , if a taSi  associated with an

~nstructicr. stream generates a request at segment V , then while the

resour ce processe s the request , the task continues its fl ow through the

pipeline . At the tIme that task arrives at segment Z , the results of

its request to the resource ~ay be returned . If the results are not yet

available then specIal action may be required to ensure that the results

are returned to the proper stream . n either case , results returned to

the pipeline must always be returned to segment Z.

For systems consistIng of a single pipelined processor that permits

only one segment to make requests , only one request can arrive at a

resource at a t ime . If we were to consider resources accessed from

~u tIple ports in a sIngle p ipeline or from multiple pipelines there is

a possibIlity of sultipl~ sImultaneous requests to a single resource .

In eIther of those cases, addItiona l costs would be incurred , becaus e

each resource would then have the additional responsibi’.ity of selecting

which requests to satisfy and to reject the rest. CertaIn types of

resources , such as memories , are capable of accepting multiple

sImultaneous requests as long as they are requesting distinct modules.

However , to allow simultaneous acceptances i t  is ne cessa ry to have a

s~ Itching mechanism to dIrect the various requests to the appropriate

modules . For an n pipeline system with an m module memory , a generally

ex pensive n x m crossbar switch would be required . Since we have

limited ourselves to one pipelined processor with a single request port

the arb itration and crossbar switching problem associated with

simultaneous requests has been e,.iminated.

II. ---  ~—_ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ ~~-~~~ - - ~~~~~~~~~ -~~~ -5~~ ___________________________



A sIngle por t , processor p ipel ine can be connec ted to an assoc iated

resource by a t ime—multiplexed bus structure . A time—multiplexed

request bus is used to ~ake requests of the resource , e.g. an address

sent to a memory with appropriate control lines. Each task is allotted

a singl e segment time un It on t h e  bus to make its request before the bus

is used for the next request. Figure 2.1 .2 indicates a possible

J utllizatior . of the request bus. The labels In each bus slot signify

~..hioh instructIon stream is associated with that particular bus

transaction , where the streams are designated by the integers from to

6. For an s segment non— reconfigurable pipelined processor , reques ts

appear from successive streams In successive segment time units;

requests from a particular stream appear every s segment time units. A

pair of re~uests from a sIngle stream are thus always separated by some

multiple of s segme nt ti me units .

Resources t rat  return results to the pipeline may also utilize a

t ime-mu t lp ’.e xed bus f~ r returning those results . If the pipeline port

that accepts result s back from ~he resource is as shown in Figure 2 . 1. 1,

then me resource mus t return its results during the second segment time

unit fol lowi ng the Ini t Iat i on of ’ th e request , g ivi ng the resource a

tot al of 3 STUs to perform Its computation includi ng any bus propagation

delays tha t ~ay ar ise.

In genera., reques ts to the resource have a time limit im posed on

the amount of’ time available to satisfy the requests, including bus

propagatl:r delays . This time limit arises because requests are made by

a particular segment , similarly results must be returned to another

particu lar seg ment , arid whi le the resource services a request , the

—

~
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processor pipeline continues operation. Due to this concurrent

I operation , the pipe line imposes a deadline on service of resource

i 
requests.

The deadl ine imposed on resource requests can have a s:grificant

S impact on system performance . If all requests meet their deadlines then

I the flow of tasks In the processor pipeline is not impeded . However ,

S the failure of a request to meet its deadline implies that the task

I whIch issued the request passes the result port before the results are

ava ilable. Therefore , In order to maintain synchrony of operation In

the processor pIpeline th e  results of that resource computation must be

returned to the requesting task when it arrives at the request port

during a subsequent pass through the pipeline . However , the extra

passes , incurred due to missed deadlines, lead to a performance

degradation. This thesis is fundamentally concerned with a

determ i natIon of the magnitude of thIs degradation. Some alternative

mechanisms whIch do not ~a:r.tain continuous operatIon of the processor

pipeline ‘r Involve task preemption are briefly dIscussed for

comparative purpo ses.

L2 fiesource Characterization

A resource is a structure externa l to the processor pipeline that

may be shared by the in.str’~ction streams . Resources tall into the two

broad categories of functional units , whose computational capabilities

are required by the instruction stream s, and storag e elemen ts that

conta In a o~~~ on information base that is shared by the Instruction

streams . Ar ithmetic functional units are an exampl e from the former

—I
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olas s , ~r~d maIn memory from the latter. In both cases , the resource

rece i-.es requests , wr.~~ch ar~ generated by the pIpeline , performs tr.e

requested op~ r- ations ~ni returns the results , ~f any , to the ptpeline .

The operation of most resources can be represented as being divided

i nto tr.ree phases. The diagram In Figure 2.2.1 Illuatrates these

phases . The fIrst phase is a satun .~~~~j, whton refers to the amount of

tIme ~~r~ng whtch a fe~ uest must be presented to  the resource for it to

be recogr.~zed. The second phase is the orocess .L.j~t 
during ~h~ ch the

requested operat Ion . .s performed. At the end c-f the process time the

resu.ts of the oper ation are available to be returned to the pipelIne .

The third , and fIna l , phase is a resource recovery .Li~~ , whIch

correspond s to the d e l ay before the next request may be initiated at the

resource. Many memory devices have access tIme less mar. cycle time and

thus ex ’~ibIt sucr a recovery phase.

A wc parameter model Is -~sed t - ~ character Ize resource timing

behavIor. The first parameter Is the access time. 
~~~, 

fcr resource

requests. It is the sum -f the setup time and process time for a

resource request , and therefore corresponds t.o the time between the

arrival of a re-quest at the resour~e and the return of the results of

that request. The second parameter is the cycle time. ~~~, of the

resource . The cycle t ime IS the access tIme plus recovery t im. and

therefo re represents the minimum time interval between successive

initta.ions of service for requests to the resource . In the model , both

parameters are constants Invariant wIth respect to the exact r.ature of

the parti cular request in service . t is assumed tha t  setup t im e

constraints are met eIther by the time each re~ue3t is available from

~
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the processor or by a laton associated wim the resource.

Resources may be classtf ied as either dIv Isible or ncn .divtsib e.

Requests to a dtvt sib e resource may be part~ tioned into disjoint

classes , suor ~ that each class of requests functionally utIlizes only a

portion of the resource. Memory unItS are th e  princIpal example of a

d~ vistb le resource , sInce memory transact~ ons affect only the part~~:ular

memo ry :oeattcn being addressed .

A .~~jisible resource may be dIv Ided Into several distinc t modules,

such that each request re-~uires j ust c-n.e of’ the modules. For example , a

memory . .h~.:h I’ a d lv ls lb e res ource , may be -dIvIce ~ Into mult Iple

~odu es ty IncludI ng a n:. e c-f the memory space in each module.

Thu s , a ~~~~ r~scurce may have multiple requests in servIce

— slmu . ’ar”-:usiy, as long as the re-quests are directed to distinct

mo dules . Hcwey”r , each modu e ma y servl:e or. y -o ne r”quest at a tIme .

N~~—~1visttie resour~~j simpl y consist -of a stngle m od ul e , which

services a’.’. requests. However , in eIther case a module is the basic

fur.ctional ?cm pc- r .ent of a resource, and each module car be character ized

by an a~~~~s tIme , a , and a cycle tIme , c.

For the r eso urce model developed here It is possIble to refine the

-.-‘t ion of the d~ adltne d iscussed In ~ectIcn 2,1 . The dea~l~~g is a

limit on the amount of tme available to satisfy each request fro. the

processor pIpeline tO the resource . The amount of time required to

sat Is fy  a request actually includes the bus propagation times to and

from th~ resource , any queuif~ delays at the resource and the service

time on the  resource . ~or the resource model d~ scrI bed above , and 

- ~~~~~~~~~~ s S~~ S_ _~S~ - - -- 
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constant ~us propagation de .ays, the lead1ifle cons t raint can be

reinterpreted as a limit on the time avaIlable from the :nstant a

request arrives at a resource to the time the results of that request

must ~e ready to be returned to the processor pipeline . Thus we define

a parameter , 4, whIch is the deadline imposed or. requests from a

pl pe line d processor to a resource . In. order for a request to meet its

deadline , d , the s-..m of any queuing delays It experiences at the

resource pl..s the resource access time , a , must be no g rea ter than d.

Fa~.lure of a request to meet its deadlIne results in a performance

penalty.

To sImpl Ify future discussions we w Il l be considerIng only systems

f-or which the bus propagatIon t imes are zero . It is for such systems

that the dead ’.ine , d , and the actual deadline are identic al . However ,

(or systems wIth  non— zer o prop ag at Ion t imes , these propagation times

must te subtracted from the actual deadline to determ Ine the value of

5 parameter d . The results of tnIs research can thus carry over directly

to such systems .

L.1 System Performance Cansii.ratiozis

~e can ax a~ine some of the techn iques tha t m ight be used to enhance

reso urce perfor mance for the sir~ le port pipelined processor modeled

prev iously. Consider , for example , a functior.al unit that requires 3
ST’.Js to perfo rm its operation and requires no recovery time , i.e.,

aici3. Af ter adjusting the segment numbers for bus delay 0 allow for

the zero bus delay model , requests are considered to be made to this

resource by segment 2 of the pipeline and results are returned to

I

—
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segment 6 as shown in Figure 2.3.la. It every task makes a request to

this functIona l unit , It can accept only 1 out of every 3 reques ts,

s~.nce the remalr.ing requests could not meet theIr deadlines . The chart

in Figure 2.3.lb illustrates the acceptance properties of this

functIona l unit. In many cases , the resulting performance may be

unacceptable and measu res will have to be taken to improve It.

The performance of a divided resource car. exceed that of a

non— dIvIded resource , when both receive the same sequence of requests.

~y perm IttIng requests to be distributed among the multiple modules of a

divided resource , multiple request s may be In service simultaneously.

Memory requests to an interleaved memory , which is a divided resource ,

exntbtt this behavior because requests to distinct subspaces of the

memory may be satisfIed concurrently. Simultaneous service of multiple

requests may improve resource throughput. However , indi v idual modules

may still become a bottleneck and degrade system performance, i f heavy

utIlization of a parttc-dar module Is required .

The techniques of rep .icatlon and pipe linlng can be employed to

improve the performance of resources requested from a single port of a

pipelIne . Using the previous example , Figure 2.32a illustrates how the

use of multiple copies of the functional unit can improve performance .

In this implementation the requests are routed to one of the 3 copies of

th e functional unit. By routing requests to the functional units in

strict rotation , there is always a un It available to accept a request .

The chart in Figure 2.3.2b illustrates the utilization of the units for

5 continuous requests.

- - 5 - - -
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Pipelining the resource could also improve performance . If 3 STUs

I are available for resource requests , then , if feasible , the resource

might be divided into a three segment pipeline . Each segment of the

I resource might require a single STU to perform its portion of the

i resource computation, just like the segments of the processor pipeline .

Therefore , the first segment of the resource is always availab le for a

I new request , since the processor pipeline issues a maximum of one

reques t per STy . Thus when a request arrives , any prev ious requests

have moved down the resource pipeline leaving the first segment free.

Figures 2.3.3a and 2.3.3b show a typical configuration for a processor

with a three segment resource and resource utilization with continuous

requests. From the diagram it is apparent that the resource pipeline

segments are essent Ially extensions of the corresponding segments of the

processor pipeline , although they need only be utilized when a resource

computation is required .

In genera.], the segments of the pipelined resource may have segment

processing times greater than those of the processor pipeline . In that

case , the requests to the resource oou1~d again exceed the processing

capab ility of the resource . The extent of the performance degradation

I this causes can be trea ted as a special case of a simple fixed—cycle

resource , and is presented In Section 3. 5.

Both enhancement techniques could t.nd to be expensive to

I implement. Repl Ication multiplies the resource cost since multiple

I copies of the resource are required . This cost could be significant ,

especially for large resources. In addition , it 15 infeasible to

I replicate certain types of resources. Resources whose state is modified

I

- — -- --- 5---- ”
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by a request fall Into this category if the modification is relevant to

I other streams , beca use such modifications have to be reflected in all

I 
copies of the resource. Write requests to a main memory is a common

• example of this type of request .

r Plpelin.ing a resource involves less increase in cost than

I 
replicating it. Much of the additional costs of’ pipelining are

associated with the latches required per segment. These latches also

I tend to increase the total computation time of the resource somewhat .

This Increase in time may increase the number of STUs required for the

I resource computation and in the worst case the results from the

I 
resources may not be available soon enough , thereby necessitating

additIonal segments in the processor pipeline or other redesign. In

I addItion , a given resource may not be segmentable into a pipeline . The

remainder of this dIssertation wi ll primarily examine the implementation

I and performance of multiple stream pipelined processors with a single

I 
shared resource , where possibly either physical or functional

characterIstics of the resource or economic considerations have dictated

I the use of’ a non—replicated resource that is composed of one or more

non-ptp.lIn.d modules .

I
2.~~ Resource Workload

Workload is another significant parameter that is required to

I evaluate system performance . For the type of pipelined processor we are

I 
considering, the resource workload Is determ ined by a combination of

components. Relevant considerations include the manner in which the

I Instruction streams are scheduled in the pipeline and the resource

I

5--  — ~~~~ ~~~5 S S~~~~s s~~~~ -
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referencing behavior of each individual Instruction stream .

An s segment pipel ine may have a maximum of’ s distinct active

tasks; one task in each segment , corresponding to max imum utilization
S 

of the pipeline . In a multiple stream processor each task is associated

with a ilstinct instruction stream . Thus , with maximum utilization ,

such processors have s active instruction streams. Except when noted to

the contrary , we cons i~ier only systems that have s active instruction

streams at all times.

As was observed prev iously , an Instruction stream may encounter

congestlcn at a resource and be unable to continue processing . Such a

situatIon ~ay require an acttve instruction stream to issue null, tasks

until the congestion subsides. Alternatively, the blocked instruction

stream may be replaced wIth another instruction stream drawn from a pool

of available streams. Evaluation of some schemes of this nature have

been examIned for pipelined processors [TAN75, BRI?7a , BRI77b3 . This

research , however , has been restricted to systems without such pools of

extra instruction streams . The approach taken here is advisable if the

time required to reactiva te an instruction stream is long , the cost of

mai ntaining several instruction streams in a ready state is prohibitive , S

or the expected amount of resource congestion and time spent waiting to

clear task congestion is small.

Thus , we are primarily concerned with processors wi th s instruction

stream s that always progress in synchrony around the s segments of the

pIpeline . Each instruction Stream generates a sequence of requests to

the resource. In the most general case , each request seque nce could be

quite complex and could be dependent on some intricate interdependence

~
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among all, the instruction streams . For our purposes, the instruction

I streams are assumed to be independent and thus each instruction stream

I 
generates a sequence of requests that is independent of the sequences of

other streams .

I Each instruction stream is composed of series of tasks . A task ,

I 
which is the schedulable entity for the pipeline , is in turn composed of

one non-null pass through the pipeline possibly followed by some null

I passes caused by missed deadlines. The request behavior of a task is

modeled with the parameter -
~ , the probability that a given task makes a

S resource request. Thus , each instruction stream consists of a series of

1 
pipelIne tasks , each of which consists of a non-null pass that makes a

resource request with probability v and possibly some null passes

j generated when a request cannot meet Its deadline.

I
I
1
I
I
I
I
I
I

- S
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3. P ERFORM A NC E ANAL YSIS

3~j, Introduction

:n the previous chapter , a model for a multiple stream pipelined

processor was presented . Requests from such a processor are presented

to a resource by a particular segment of the pipeline , which acts as a

single port from the processor to the resource . Thus , the resource

receives a sequence of requests one at a time from the instruction

streams. The nature of the pipeline also Imposes some conditions that

affect how requests should be handled . First , I t imposes a deadl ine

that determ ines how much time Is avaIlable to service a request before a

penalty .s incurred . Second , determ ines the magnitude of that

penalty, i.e. a null pass through the pipeline .

In this chapter we will exam ine the performance of this type of

pipeline~ processor with a shared resource . ‘h e resource is

characterized as descrit~ed :n Chapter 2 wIth a cycle time , c, and an

access time, a. However , to simplify our discussions we temporarily

cons I~~ r enly resources with access times identical to their cycle

times. Section 3.5 Indicates how resources with access times that

differ from theIr cycle times car be treated . In addition , most of the

resources considered in this chapter consist of a single module.

Ex am ination of mult.,ple module resources is deferred to Chapter ~~.

For the purposes of our analysis, a single resource used by the

ptpelined processor is considered . In general , a processor may have

many resources and they may each affect the others and the performance

of the entire system . For example , a very slow , frequently requested 

— — -- ,“- S ~~-
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resource could conceIvably significantly reduce the request rate to the

I remaining resources. However , we will consider only the influence that

a single resource has on performance . The results of this research

I might be employed iteratively to determine the performance of a system

with many resources.

( 3,~ Charac terizat ion 2L Resource Behavior

The effect of’ a particular fixed—cycle resource on overall system

performance is primarily determined by the request acceptance behavior

of the resource . ThLs acceptance behavior can be quantified as the

- amount of time i t  takes before each request Is fully serviced and its

results are returned to the pipeline . Figure 3.2.1 illustrates a

typical resource wIth requests being made from an a segment pipeline.

Without loss of’ generality , the pipeline has been labeled so that

requests are made by segment s-d and that results from the resource are

requIred at segment 1. Thus , the resource has a deadline of d STUs

within which a result m~s~ be produced to avoid incurring a penalty in

performance .

Processing penal les occur when the task at segment I of the

pipeline requires results from ‘he resource that are not available. A

I simple mechanism to react to this sItuation 13 to force the task

‘ 
associated with the unsatisfied request to take a non—compute or null

pass through the pipeline . In this example , the null pass starts at

I 
segment 1 and ends at segment s. The task must continue making null

passes until the request h as eventually been satisfied when t~’. - task

I a—rives at seg ment ‘i .  It is these non—compute cycles that degrade

______  ____ - - -,--- .--------—--- -~ - -~--~ — — - - 5  - - -~~~~~~~~ .—- -- — S - S  —-5 - - -  — - - - —‘ - -~~~—-S— -~~~~--~~-~~--
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I system performance.

I S~ptima1 behavIor fo r this system requires that every result from

the resource be avaIlabl e withIn d 3T~Jz of the tIme :ts corresponding

request Is made. ThIs requirement implies tr~at all results are

ava ilable at segment I when they are required and that each task

requIres just one pass through the pipeline. However , in most

Instances, con.flicts at the resource would prevent some requests from

being completed In t ime . The averag e number of non—compute passes that

1 a task must take before Its request Is satisfied determ ines the

I performa nce of’ the system .

Let ,: null be the ex pect ed number of .iu’..l passes a task must take

whenever it requires ser v ice from the resource . Sinc e every task Itt the

I pipel.ne nosinal .y requires one pass , i .e.  a STUs , the averag e t ime

requ l-ed ty a task t hat makes a resource re~ .es t  is I • 
~ ~~~~ 

passes.
I Reca ling tnat 7 Is the probabIlity a task makes a resource request , we

can evaluate 
~to’ ’ ’ the averag e n~.nber of passes required between the

initIatIon of’ successI v e ‘asks from the same InstructIon stream , as:

I
i total 

. (1 - t )  + t(l  
~rtuI1~ 

a ~~
, (3.2.1)

The expected number of passes a task requires , ~~~~~~ can be used to

measure t~ e p. rform anc e of an IndIvidual instruction stream relative to

I opti mal p.rfcr~anc e for which each task requires exact ly one pass

through the pIpeline . Now , we need to determine 0 null for f lxed-c y c.. e

resources.

1
1

5-
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Eval uation of 
~nul1 depends on a number of factors, including the

request rate to the resource and the scheduling algorithm employed by

the resource . ~i e will beg.n by examining the two responses a resource

may m~~e when It receives a request. f the resource has empty b u f f e r s ,

It may queue the request for servIce. A request that is queued for

serv~ ce wIll be designated accented by the resource . An accepted

request that is serviced with In its deadlIne does not degrade

performance . However , If it misses its deadline , the task that made the

request ~~st make nt~~l passes throug h the pIpeline until the request is

satisfIed and the results are returned to the task .

~~ a request is not accepted , I.e. relected, the requesting task

Is als- required to tate a null pass. During the null pass it is

necessary f’:r tn~ task to reissue its request. Each t ime a task Is

re~ecte~ , It m-~st make another null pass during whIch it reissues Its

F request.

S 

In order to estImate the number of passes the average task

r~ -~u tres , an assumpttcr. must be made concerning the behavior of rejected

requests . We wIll assume that when a rejected request is reissued cne

pass C s S’ls) later the resource system state Is Independent of the

5 s ta t e  when the or ig inal re ques t was made . We will call this the

indeneMent recuest assumDtic n. This assumption is reasonable as long

as the congestion that caused the original rejection has subsided and

the request rate is not significantly altered by rejected requests.

S The implicati~ r :f tnls assumpti’-n Is that the resource state has a

S short ‘ er ~ :.nory res~ lting frci~ the queuing of successIve requests , but

no (or negligible) lor.~ term memory of prev i ous pipeline passes. This

~ 
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type of assumption has previously been used by Strecker (STR7O) to model

I the performance of parallel processor-memory systems and by BriUs

(BRI77b] to model pipelin d processor—memory performance . It is

S 

particular ly appropriate to requests generated by pipelined processors,

since a rejected request is not reissued until one pass (s STUs) after

It was rejected . The time between these requests should allow the

I original congestion to subside and permit the returning request to be

viewed simply as if It were a new request. These conditions should be

I satisfied In systems w ith good performance , sInce good performance

implies few rejected requests. Since many rej ections might tend to

sustain congestion at the resource , the robustness of this assumption is

I checked by simulation in Chapter 5.

I Using thIs assumptIon and treating reissued requests as if they

were new requests, it is possible to ignore the special phenomena of

I reissuing rejected requests and the total behavior of the system can be

characterized by the acceptance behavior with respect to a typical

request. To this end , we assume that the probabi l Ity that an accepted

I request requires i nu ll cycles af ter  acceptance Is and that the

probability that a request is re.~ected , and is thus forced to make a

non—compute cycle , is The probability that a request Is accepted ,

I 
PA ~~ - P~~ Hence , the number of null passes per request-making task

due to rejectIons Is

I

I
I

-5 - . S A
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There f ore s Ince the r.umber of r.u l  passes due to rej ect Ions can be added

~trectly to those re~~ Ired after acceptance

i P  + _ _ _

null t A 
~ 

-

S

and by (3.2.1) t~ e total num ber o f passes requIred by the average task

Is

0tota i 
a $ [~. ~ si/A + _ R

S

For the  s I r n p , case In  w hI ch  a l  accepted tasks are serviced by

their next deadline and therefore require n.e further null passes , we

have

SO/A • 1 and 
~tfA • 0 Y t > 0

Therefo re, ~r.der the condItIon that a request that is accepted can :,et

its deadline ,

p
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P

0 a t + 7  R -

total - PR

S Recall that a dIv ided resource is modeled by considering a sIngle

module. Div ided resources aust therefore be character ized as a unit

I composed of simpler resource sodules. For example , in the case of a

memory , the probability a task makes a request may be ~ . However , the

memory may be Interleaved so that requests to each individual module are

I generated at a rate I’ m , which Is a fraction of * . Naturally if

requests are .~r~Iformly distrIbuted among the modules , for an N module

I system Ia wIll equal 1/N. Since the modu les are assumed to be

IdentIcal and receive requests at the same rate , the probability of any

particular request beIng serv iced is the same as the probability of a

I sIngle module servIcing a request made tO It. Thus , if PA
(z1_P R) is the

probabl.tty that a module accepts a request made to it , the average

I number of passes p-er task w1.l again be

1
1 0 total

f every task makes a request , (I.e. i r~~) then the formula reduces to

p •14
1
~~~~A ..L.

tot al

I 3~~ 
Schedu1lnz Reauests 

~~~~ _________

I As can be seen from the previous sectlor., the accepta nce ~re~ect Ion

I 
behav io r of the resource is the determinI ng factor for syst em

performance . This behavior in turn I~ i dependent on the rate of requests

1
-l 
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and the particular scheduling discipline employed by the resource . The

probability that a task requests service at the resource has been fixed

by the system ’s task requirements , but the scheduling discipline should

be chosen to provide effective performance.

For any resource , optimal performance is obtained when the number

of’ non—compute passes that tasks must take is minimized. One approach

to scheduling requests on a resource is to maximize the number of

requests that meet their deadlines. This technique is advantageous when

relatively few processes are delayed by resource congestion. ifl this

sItuation , treatment of requests which miss their deadlines has only a

second order effect on performance . Those few tasks that must be

penalized must , however , be attended to ~.n some fashion. The simplest

approach Is to reject them , so that they reissue their requests one

cycle later. :r many requests are unable to meet their deadlInes , then

the resulting system performance could be quite poor , because so many

tasks are forced to take null passes . Thus , in this section we are

concerned with determ ining a scheduling discipline to maximize the

number of requests serviced by their deadlInes. Later in this chapter

this discip line is analyzed arid its performance predicted .

Previous work concerning scheduling requests with deadlines

centered around finding a schedule which permits all requests to meet

S their deadlines , assuming such a schedule exists t SLA76~ . For

independent jobs with strict deadlines, Riazeweit has developed an

- a:gorlthm that finds a schedule , if one exists , that permits a l  the

jobs to fInish by theIr respective deadlines. Although Independent

S 
requests , as generated by a p Ip e l i n e , are treated in a spec ial case of

- S S S ~~S S~S S ~ S~~~~~~~~ 5 - - - - 5 - - - S S-- —-----5 5 - S
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the analysis , Blazeweiz assumed that any request , once initiated on the

I resource , can be pre— empted at any t ime and restarted later to resume

I 
service. This restriction makes that analysis inappropriate for our

pur poses , since most fixed—cycle resources such as we are considering do

not allow pre-emptions .

I 
In addition , as with most previous analyses related to deadlines,

the deadline is viewed as an unbreakable constraint , and the sole

I objective is to fInd a schedule to service all requests by their

deadlines , if one exists. n this research , however , we assume that it

I may not be possible for all requests to meet their deadlines.

Therefore , we are concerned with max imizing the number of requests

serviced by their deadlines . Those that ziss their deadlines simply

I cause a penalty in performance.

i At this poInt , we are concerned with the development of a

scheduling algorithm which maximizes the number of jobs that meet their

deadlines . The requests w I l l  be generated by a pipelined processor.

I 
The resource thus receives a sequence of time—multiplexed requests. The

resource has a constant cycle time of c STUs and each request has a

I 
deadline of d STUs. Temporarily we assu me that requests which cannot

meet their deadlines need never be processed . This assumption permits

1 us to examine scheduling algorithms to maximize the number of requests

that sect their deadlines, and hence are not penalized , while ignoring

1 the effects of resubmitting requests that cannot meet their  deadlines.

I 
Specifically the assumption allows us to avoid considering the tact that S

when a request misses its deadline , the future request sequence is

I modified by the insertion of null passes. By using this assumption,

S I

-e
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some fundamental properties of scheduling disciplines can be formally

proven. The theory which follows , thus deals with an arbitrary request

sequence which Is not modified as a function of missed deadlines.

The first property concerns the order in which requests may be

serviced . :t states that for any set of requests that can all meet

their deadlines , the requests can always be scheduled to be serviced in

their order of arrival. This property Is a natural consequence of the

observation that since the deadlines and service times are identical for

all requests, the deadl nes are in the same order as the order of

S request arrival. This property Is proven as Theorem 3.3.1.

Theorem 3.3.1: Consider a resource with a fixed cycle time of c units

wh Ich receives requests each with a deadline of d units. If the

requests car. be scheduled so they all meet their respective

deadlInes , then these requests can be scheduled so they are

serv Iced I n the ir order of arrival and their  deadlines wil l

sti ll be met .

Proof : ConsIder a schedule such that all requests meet their deadlines.

Consider two requests 1 and 2 that arrive at t imes a 1, and a2
respectively, where request 1 arrived first , i .e.  a

~ < a2 , but

request 2 is scheduled first . Because of their deadlines ,

request I must be completely serviced before a 1 . d and request

2 before a2 • d. Then in this schedule both requests must be

completely serviced before a 1 . d. Since a 1 • d < a2 • d, the

requests can be exchanged in the schedule and both meet their

deadlines, By continu ing such exchanges I t is seen that an FCFS 
S

schedule allows aU jobs to meet their deadlines. S

Q.E.D.

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ S~ ~~~~~~~~~ •~~ 5 s~ - S
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Using Theorem 3.3.1 it is now possible to demonstrate a scheduling

discipline that maximizes the number of requests that meet their

deadlines. The scheduling discipline to be considered simply services

I those requests that are accepted by the resource in a first—come

first-served (FCFS) manner. Each request is exam ined as it arrives and

only those requests that can be scheduled after all previously accepted

j requests and still meet their deadlines are accepted . Thus, any request

that would miss its deadline after waiting in the PCFS queue at the

J resource is rejected . This scheduling strategy will be referred to as

deadline oueu1n.~~
5 Theorem 3 .3 .2 :  If all requests from a pipelined processor to a

fix ed—cycle resource have identical deadlines of d time units ,

and those requests that miss their deadlines need never be

serv iced , then deadline queuing yields a schedule that maximizes

the number of requests that meet their deadlines.

Proof: Consider a schedule that services the maximum number of requests

so that the they meet their deadlines, and all requests serviced

meet their deadlines. Serviced requests are considered

I accepted , and the remaini ng requests are considered rejected.

Let A be the set of accepted requests ordered by their order of

arrival , such that a
i 

K A is the 1th request which arrives.

I Similarly, let R be the set of rejected requests ordered by

their order of arrival . Apply Theorem 3.3 .1 to the set A of

j accepted requests and rearrange the schedule so that the

requests are serviced in their order of arrival . Also initiate

I service on each accepted reqGist as soon as poasible after its

S arrival .

I
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If a 1 is not the first request that arrived , exchange a 1

with the first element of R , and schedule it to start service as

soon as possible , i.e. as soon as it is made . Thus , the first

request made to the resource is serviced iemediately upon its

arrival at the resource .

Find the first element r E B such that r arrives after a1

but before a4 , ,  and the resource completes a1’s servIce at

least c bef-cre r’s deadline , i.e. the first element of B that

would be scheduled under deadline queuing . Remove a~~ 51 from A

and replace it with r. Adjust the schedule so that each request

in A is served as soon as possib le af ter completion of the

prev ious request. Insert a 1 1  into B in the appropriate place.

Repeat these exchanges until no suItable request r can be found .

Note , each element placed in A from R can never

subsequently be removed from A. Thus , by finite induction , the

resul ting schedule employs deadline queuing and services the

same number of requests as the original schedule. Therefore , it

services the maximum number of requests by their respective

deadlines.

Q.E.D.

Thus from Theorem 3 .3 .2 , one observes that deadline queuing yields

the greatest number of requests serviced without penalty . However , thi s

analysis has ignored the future requirements and potentially subtle

effects of those requests that cannot be serviced by their deadlines .

S~~~~~~S~~~5 S S S~~~~~~~~ ~S~~~~ S~~S ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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These requests must be servIced event ..~ally and while they are being

I servIced there Is a potential that they w:ll interfere with a request

that would hav e made its deadlIne , but will now miss It.

I
.L~i. Deadline Oueuini Perform ance

In this section the performance of the deadlIne queuing disciplIne

for fixed—cycle resources will be exam ined . The discipline we will

exam ine uses 3imp e FCFS queuing of accepted requests , and onl y accepts

those requests that will meet their deadlines , i .e. deadline queui ng.

I This corresponds to the strategy of Theorem 3 S ~~~S 2 , which is optimal

S provided th at requests that mIss their deadlines need never be servIced .

S This scheme is optimal in the sense that I t  permits the maximum number

S j of requests to meet their deadlines. As discussed earlier , those tasks

whose requests canno t meet their deadlines and are therefore re~ected

I, actually must reissue the same request on the next (null) pass through

the pip llne . In order to model system performance it is necessary to

ietermine the probability of re~ectto n , 
~R’ or equivalently the

probabI lIty of acceptance , 
~A t 1

~~ R’ for a typical request. With

knowledge of the probabilIty of accepta nce , the averag e number of passes

I a task must take , under the independent request assumption discussed in

- SectIon 3 .2  is found using the formula

‘- p
S p

total

1 as shown i n SectIon 3.2. for the case that all accepted requests meCt

their deadlines .
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Now we can begin our analysis of the performance of resources using

this queuing discipline . As has been the convention in previous

sections , requests are assumed to be generated by segment s—d of an s

segment pipeline and are serviced by a single, non— pipelined resource

wIth a cycle time of c STUs . The results must be returned to segment 1,

resulting in a deadline of d STUs. Each missed deadline results in a

penalty of one non— compute pass. Also , the streams in the pipeline are

assumed to be generated by independent processes implying independent

S requests to the sam e resource . Finally, each task makes a request with

probability ~ during its compute cycle through the pipeline.

Altho ugh the probability each task makes a request is $ , the

probabIlity the resource receives a request during a given STU is not

necessarily 1 . This dirference arises because rejected requests

introduce null passes that reissue the rejected request. To account for

this difference we introduce the parameter ~~~, which is the probability

that the stream at the request port is generating a request to the

resource .

For systems wi th good performance , i.e. few rejected requests ,

there wil . be few null passes and therefore $ and -~~ will be nearly

equal . In some special cases they should be identical . A notable

example of this situation occurs when every task , during its compute

pass , makes a request to some module of an interleaved memory and these

requests are uniformly distributed among the modules. Since null passes

always make reques ts , the pi peline also generates requests every cycle

and they are evenly distributed among the modules . In Chapter 14 methods

for estimati ng ~ for various resource configurations are presented .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~——~~~~ ----- -S - S  - 
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Now , invoking the independent request assumption and assuming that

reissued reques ts are indIstinguishable from new requests , we wI l l

formulate a method to estimate the probabIlity of acceptance , 
~A ’ 

for a

typical request to the resource .

I First , consider the case where the resource cycle time , c , Is equal

to the deadline d . Briggs tBRI77b has shown for this situation that

I the probability of accepting a request is

1 1
A cz (c-1) + I ,

ST where e and ~ are defined as above. Computed values for the

performance of thIs resource are shown i~ Table 3 . 14 . 1 .  examination of

I this table Indicates that signifIcant performance degradation can occur

for slow resources with large ~ . Reduction of ~~, e.g. by

partitionIng a divlslt. e resource , can compensate for Slow resources .

Butferir,g may Improve performance by taking advantage of the fact

I that the dead iine for a memory access , ~ , may be larger than the cycle

time , c . Figure 3.14 .1 illustrates the handlIng of successIve requests

I to a single resource. Assuming the resource is Initially not busy the

first request will be accepted immediately. When a request is made at

the nex t segment time unit , it will have to wait two time units before

I It can be initiated . Thus, the deadline would have to be at least 5

seg ment time units or the request would have to be rejected . Without

I buffering , the request wou1-~ have been rejected i ediately. As

I 
successive requests are received , the deadline , d , as shown in the

figure , must be inc reas t ngly longer to avoid rejecti ng requests. In

I S
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TABLE 3. ...l

Resource Performance (Noabu ~ fered )

C

8 2 .8889

8 3 .8000

S — .7 2 3

16 2 .9412

16 3 .8889

16 .8..~2 l

2 .969 W

32 3 .9412

32 .
~ .9143

64 2 .9846 5

3 .9697

6.4 .. .955 2
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general, t t  can be shown that for a resource with deadline d and cycle

time ~~, no more than ,.,(d— 1)/c .~ requests need ever be queued . In

addition , a request should onl y be queued if fewer than ,. (d- 1)/c - 1

requests are already queued or if  , (d- 1)/c - I requests are queued I.
and the request ~urrent ’..y beIng processed has less than or equal to d -

- c  STUs to go before completion. These criteria are proven

formally in Theorems 3.14.1 and 3.14.2.

Theorem 3. 14 .1: For a pipeline with a resource with cycle time c and

deadline of ~ STUs , . (d - 1) / c ~ is an upper bound for the ntaber

of -equests that need be queued , provided that all queued tasks

will be processed by their deadlines.

Proof: Assume that a new request arrives when _ (d—1)/c tasks are

queued waiting for the resource and one request is being

serv iced .

Let ~ ~ the number ~f queued tasks z

P z the rn~ ber of ST~ S untIl the request being

served is comp le ted (1 
~ 

p 
~ c)

Therefore , the time needed to complete the new request is

T z Q . c . P . c i  (d—1)/c ’ .c .P .u. c

T > ((d—1 )/c 1) . c . 1 . C d 
S

T > d .

therefore , the new request canno t be served in time and need not

be queued . 5 5

- ~~5 S

— -S— -S ~~~~~~~~ 
S
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Theorem 3. 14 .2: For a pipeline with a resource wIth cycle time c and a

I deadline of d segment time units , a request may be queued if

fewer than L(d-1 )/C J - I requests are already queued or if

1 . .(d— 1)/ c _ - 1 requests are alread y queued and the request

currently being processed require s less than or equal to d -

5 
15 

...(d—1)/c .~ c STUs for completion.

I
Proof: Assume that fewer than .jd-I)/c~ - I requests are queued and a

I new request arrives. Note that if _. (d— ’ )/ c ~ $ I this case

does not apply.

Let Q * the ntaber or queued tasks ~~. . (d- I)/c _ — 2

P * the nt ber of STUs until the memory request being

j served is completed (‘ <. P ‘C c ) .

Therefore , the time needed to complete the new request is

I 
T * Q ’ c . P . c

T ~~
. ( _ (d—1)/c .! — 2) •c ~ ~

I t ((d— 1~ ’c)

I I d - I

I I ~~. d - - S

I Therefore , th . request can be queued .

Assume _ d-l/cJ - I tasks at. queued and the current request
- 

requires less than or equal to 4 - ..(d— 1)/c . c STTis for

I 
completion , and a new request is received .

Now 
~~ L (d— ’)~°~ 

— I

I and I 
~~

. P .~~ d — L (d-1)/o J .

S I
--__

- - -- 5 -- - -
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~~ere fo r e , the ~~~~~~~ needed tc compiete the re uest ~~3

-
~~~

~. C — Cd— ’) c — ‘j c • — (d— ~ )/c c •
~~~~~~ ~~

. 5_ i

~‘erefore , t~e request car .  be ~~eue~~.

~.E.D. S

he prece~ Ing theore~ 3 ead ~Irec t1y t .~ Thecrem 3.14.3, wh::h

relates tne ~ea~~~~e ;-~euIng ~~~ I~~~~e to ccr .vent tona FIFO ~ue~ Ing ,

whl~ n ~~e-.~es a l  re~~es ts  ~~h I O h  arr Ive when there Is an - a ss :g t e~
tuffer Ir. t~.e ~‘~eue and rejects a~~ other requests , w~~~~~ arr:ve when

tte buffers are a~~ assigned. It states that -~ ea~~~t r.e ~~~e~~Ir ~ systems

wIth ~ead I-.es that are exact :u tlp.es of the reso r:e cycle t ine

per f o rm I~ entio a l l y to F F C  ~-.e ..es .~Ith tr .e sam e r.uaber o f b u f f e r s .

ThIs ~ehavI:r Is observed since ~ea~~ l~ e ;ueulng svs te~ s ~~~~ ~ea~~. ir.es

of tr is rature accept all requests receIved ~—.tI all t~.e buffers are

Tre:re~ 3.~ . Th e accepta nce behav Io r of a FIFO ~~~~~ system wIth n

buffers ts identical to that of a deadlIne system wIt~-. deadlIne

* •

Proof : From Theorem 3..o.I one fInds that a deadl Ine syste~ with ~ * (n

• ~)c requires

n b u f f e r s .

- -  — - - S  
S -



;:- ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ - -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ _____________________________

S
~~~~~1 51

I Therefore it Is sutflcler.t to show that any request arriving at

the resource is accepted if there Is an empty butter (I.e. as

in FtFO queuing). From Theorem 3. 14 .2  a request is accepted into
I

a buffer If fewer than n - 1 buf fers are assigned or if n —

requests are queued and no more tnan ~ - L (d— 1)/C~ 
. c STUs

remain for the request in progress on the resources. Note

however that with d * (n • 1)c ,

d L~i~
: -

-
. 

so a request whIch arrIves when n - 1 requests are alread y

queued may be accepted because the amount of tIme remaining for

the request In progress on t he resource can be no more than c

~
- STUs , since the cycl, time of the resource Is c SI~Js.

.~ . Any request that arrives when there Is an empty buffer is put

on the queue and w I ll  meet Its deadline. - 

- -

This behavior Is Identlca . to conventIonal F F C  queuing, which
£ 4-.

queues requests as long as there are any empty butters .

S 
- 

.~ . The acceptanc e behaviors will be identical .

I
Throll ary : f dead line queuing is being employed and 4 t Cr . * 1) c and

I 

—- —
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- (d—1)/c _‘ )  butters are avai lable , then increasi ng d will S

yield no improvement in performance unless an additional buffer

is also added .

To analyze the performance of this resource with buffering , a

Markov model can be constructed to predict the probabilIties for

accepting requests.

Figure 3.14.2 shows the Markov process for a system with d * 7 and c

= 3. The arcs in the model correspond to time intervals of 1 STU , and

the nodes indicate states of the system . The state labeled :

represents the idle state , in w~~I oh  the resource is not busy . The
S 

states labeled (a,b) represent the busy states , where a is the number of

segment time unIts renai’-Lng for the request being processed and b is

the number of requests In the queue awaiting service . The labeling of

each state reflects the system state between STUS, I.e. after the

processing ~f the next STU is begun. ~ is the probabIlIty of a request

being made to the resource and ~~ = -

The arcs labeled ~ and S show the state changes for each segment

-. time unit if a request is or is not received, respectively. Those arcs

labeled I are transitions which occur regardless of whether a request is
received .

Requests are accepted if fewer than L (d—1)/cJ ~~~i S * S _ (7-l)/3j — 1

* I request is queued or if 1 request is queued and the request .

currently being processed has less than or equal to 4 - (d—1)/c a 
-
~ -

7 - - (7—1)/3~ 3 : I segment. time unit to go before completion.

‘4 _ _ _ _ _ _ _ _ _ _ _ _ _

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~ ——-5- 55555 ~ 5
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3.4.2 Markov Model fo r  d — 7 and c • 3
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Requests are completed after leaving states, (a,b ) ,  where a:1. A

new request has been processed for 1 STU when entering states with a=2.

Therefore , finding the probability of the system being in either of

these classes of states will give the probability that the resource has

accepted a request.

Figure 3.18.3a presents a class of Markov models for the case a ~ 2

and c ~ - d ( 2c. The dashed transitions shown originating at the states

( i ,0) will go to either (i—1 ,0) or (i— I ,1) depending on the exact values

of c and ~. Namely, a request being processed must have completed all

but d~-c of its t ime In the memory before an incoming request can be

queued . Thus a dashed transition goes to (i-1 ,1) if i ~~. d— c and to

(1—1 ,0) otherwise .

For this model , a new request service has been started at state

(c—1 ,O). Therefore , finding the probability of the system being in

state (c-1 ,0) is equivalent to findIng the probability that the resource

has accepted a request. To simplify computations , the reduced model in

Figure 3.~~.3b can be used .

The simp~ified model in Figure 3.l1.3b has been constructed by

collapsing the sequences from (c-1 ,0) to (0.0) and from (c-1 ,O) to (0,1)

into single transitions . Thus the transitions labeled v and

represent transitions of c-i segment tine units and correspond to going

from state (c— 1 ,0) to state (0,0) and (0,1) respectively. The node

labeled A corresponds to the (c- 1 ,O) state in the original diagram .

Thus , solving the new model for the steady state probability of being in

state A and normalizing with respect to the original model , gives the

probability of the resource accepting a request. The normalization

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --S S S -  - - - -
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equatIon for this reduced model is Pg • 
~A 

• (c l)P c • (c_1)P
D L

Thus the probability a resource Is accepting a request is

a f o r  c ~ d <  2c , c � 2 ,
d-c~ L

where ~ is the probabilIty of a request , ~ 1 — ~ , a is the cycle

time and d is the time deadline within which the request must be

satisfied . Application of Bayes theorem gives us the probabIlity a

gIien request Is accepted .

I

Qc+ 5d-c-~
l 

, for c ~ d < 2c , a � 2.

A similar ar.a ysis can be performed for the case a ~ 2 and 2c ~ d

S 

< 3c. FIgure 3.~ .18a Is the Markov model for this case. The model Is

similar to the mode . discussed prevIously with the additIon of the row

of states labeled (c—2 ,2) through (0,2). The dashed transItions S

originatIng at (i ,i) go to (1—1 ,2) It i ~~. d—2c and to (1— 1 ,1)

otherwise. A new service has been InItiated ,.her.ever the system enters S

eIther state (c~.1 ,0) or (c—1 ,1 ). Therefore , by steady state analysis ,

It is possible to find the probability that the resource is accepting a

request , by summing the steady state probabilities of being in states

(o—~ ,0) and (c_ ~~,I). S

To slmp t fy  thIs analysis a reduced model can again be constructed .

The reduced model Is illustrated In Figure 3.l& .~ b where 
~A 

can be

determined frc~ the stea.~y state probabilitIes of states A0 and Al wIth

S the proper normalIzation 
~~A0 ‘ 

~A 1 ~G 
(c_1)P

D • (c-f lP~ • (c_i)P F 2 
-

—S ~
_S5555 ~~~~55 
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I
I a

B c-l ,0 c-2,O 2 c-3,0 . . .
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‘

,

F (a)

-
- L ‘ Where

/ \ \  7*$
C

~: r ~‘ (~~\~\ ~~~~~/ ~~
A1y~~~~

E
~k +(d-2c)a 46~~

2
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I I \ \ ~-y~O \
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3.4.4 Genera l Markov Model for 2c ~~. d c 3c , c ~ 2

I
I
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1). Solving the Markov model gives the probabi l i ty  the resource Is

S accept..ng a request as

for 2c~~~d < 3 C , c � 2

where

52c — d-l  
- (d - 2c + I).cx.~

3C d 2
.

Therefore the probabilIty a given request is accepted is

~
‘A cQ .

~ 
+ , for 2c ~ a < 3c , c � 2.

Since the performance of the system is directly related to the

accepta nce rate of the resource , it is important to see exactly how high

the acceptance probabilities are . Figure 3 . 18.5 graphs the acceptance

probabilIties as a functIon of the deadl Ine , d , for a typical ~ of 1/16

and a few different resource cycle times. The left hand portions of

each of the curves , except the leftmost point , correspond to those

system s with only one level of queueing . For those systems , substantial

gains can be achieved by increa s ing the deadline , d. At the

break poi -ts , 4 * 2c — ~, only one queuing register Is required . The

gains for increasing d are nct nearly as significant beyond 4 2c - 1.

However , at the pctnts d 2c -I the acceptance probabilities are all

greater than 98%, even for the re atlvely slow resource ..Ith c = U ,

compared to 818% for the same system with no queuing, i.e. a r 4 .

- SSS ~~~ ~~~~~ -
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Another way to appreciate the effect of the deadline Is to observe

some of the configurations that have similar performance . Th this

exam ple, a resource with identical cycle t ine and deadline 4 * c s 2 has

only a sl ightly higher probability of acceptance than a system with c *

3, 4 * 18. And in turn that configuration has approximately the same

probabI lity of acceptance as one with c z 18 , d z 6. Thus , in a design ,

where there is a cost tradeoff between reducing resource cycle time and

Increasing the deadl Ine , it could be advisable to use a slower resource

but take advantage of a longer deadline by incorporation one level of

queuing at the resource .

The graph In  FIgure 3 . 18 .6 shows the effects of varying ~ . In

general , the request rate from the pipeline 2lght be fixed by the

requirements of the execut Ing InstructIon streams . However , if the

resource is divisible, e .g. an an interleaved memo’y, then the request

rate to each module might be halved by dividing the resource in twO. 
S

The figures 1.lustrates the probabil Ity of acceptance for a resource

with cycle time c * 18 . Howeve r in spite of such a relatively —

unattractive cycle tIme , high performance can be obtained by decreasing

ox For a deadline d z 2c - I : 7 , where only one level of queuing Is

required , an acceptance probability of better than 8% can be achieved

with Ox * 1/16 and better than 99% with ~ 1/32 . These very high

acceptance rates achieve almost impercertible performance degradation

~ue to rejection. Further considerations of divisible resources, and in

particular interleaved memories , is contained ir Chap ter 18 .

~~~~~~~~~~~~ ._SS555___SSS SS S ~SSS S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  _ SS ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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S 3,3, Lccess Limi

Up to th Is point our attention has been devoted to resources with

access t imes identical to their cyc le t ines. Access t ime refers to the

amount of t ine a resource requires from the instant a request is

S initiated from the queue until a result is returned by the resource .

After returning the result some devices require a recovery time before

the proc ess~.ng of another request can be initiated . Core memories

exhibit thIs type of behav Ior , because when performing a read , the data

Is fIrst accessed and Is ava ll ab e to the reading device , but additional

tine is required to re-write the ~ata into them , since core memor ies

have a destructIve read . Some semiconductor memories also have access

time less than cycle t Ime . The sum of access time and recovery tIme

Comprise the oyc e time of the devIce.

Naturally, assumIng that access t ime equals cycle tine would

provide a worst case an.a.lyais for non—plp .lined resources. However , it

is plausible that taking advant age of a shorter access t ime could

improve perform a nce. For example , consider Figure 3.5.1 , which

Illustrates a typical 6 segment pipeline and resource . it the access

and cycle t Imes are both 3 STUs and the deadline ii 3 Sills, then the

performance of this system under the deadli ne queui ng of Section 3.18

ccu~~ be calculated u sing the model develo ped in that section . with the

knowled ge t hat c z 4 * 3. Now assume that the resource is replaced with

a functionally identical uni t with a cycle time of 3 Sills, but an access
tIme of only 2 STU5. Pros Figure 3.5.2 it can be seen that with an

access tI~~ of 2 STUs a request to the resource may either be initiated

S immediately or delayed STU , and still return Its result within the

S - -u
- - S-—--S—-~~~~----— -5- 55S -SS.55S - SS~~~~~~~ S S S S - S S S S 5- .~~~~~~~~~~ . --- - S_S - _ S 5-4
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deadline of 3 Sills. Equivalently, the deadline in this example will be

satisfied as long as the entire resource cycle is completed in no more

than 1$ Sills. Thus , the performance of a system with a deadline of 3

STUs and a resource with access time 2 and cycle time 3 is equivalent to

a system with a deadline of 14 STUs and identical access and cycle times

of 3 Sills. Theorem 3.5.1 generalizes this result.

Theorem 3 .5 ,1:  If a resource , which is characterized by a cycle time ,

c , and access t ine , a , accepts requests using a deadline queuing

disciplIne with deadline 4 , then the perfo rmance 1.5 identical to

that of a system characterized by identical access and cycle 
S

times a’ a c’ * c and a deadline d’ a 4 . c — a. 
S

Proof: The service of requests under a dead~.ine queuing discipline-

serves requests first-cone first-served as long as each request

serviced can meet Its deadline. The scheduling decisions for

such an organization , thus beeoce dependent solely on the amount

of t ime each request occupies the resource , and the max Imum

amount of tine a request nay wait and still meet its deadline .

Since both the systems have identical cycle times , c ’ *

requests occupy the resource for the same amount of time in both

cases. For the system characterized by a , c and d , each request

nay wait for d - a STU5 arid still meet its deadline . For the

syste. characterized by a ’ a c’ a c and d ’ a d . c - a a request

say walt 4’ — a ’ • 4 • c — a — c a d - a and still meet its

deadline . Therefore , since c ’ a c and d’ - a ’ • d — a the

scheduling decisions under dead jine queuing will be identical

and the performance of the two systems will be Identical .

Q.E.D. J

r 
— S

- S S -——~~~~--S ..— S
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The graph in Figure 3 .5 .3 illustrates the effect of varying access

I time on system performance .

The deadline queuing dIscipline of Section 3 .14 is assumed with a

request rate ~ • i/ i6 and a resource with cycle time c a 3. The curves

indicate the probability of accepta nce for a request versus deadline , 4 ,

for access times of 1 , 2 and 3 STUs. The effect of changi ng the access
S 

time is s imply to translate the curve. Sinc e the ord inate corresponds

I directly to per fo rmance , drawi ng a vertical line for some value of d

illustrates the effect of usi ng resources with different access times

I but the same cycle time . For examp le , for this syst em with a cycle time

of 3 STIJs and a deadline of 3 STUs , the probability of acceptance can be

raised from nearly 89% to aliost 99% by reducing the access time from 3
to Sill.

‘1 It is intere sting to note that the model for resources with

Ident Ical access and cycle times can also be extended to pipe lined

S 

j  
resources . Theorem 3 . 5 . 2  illustrates this extension.

Theorem 3 . 5 . 2 :  .f a p ipel in d resource is composed of segments whose

1 basic time unit is c (measured in STUs of the processor) , has an

1 access time a and accepts requests using a deadline queuing
0~

5 disciplIne wi th deadline d , then the performanc e is Identical to

that of a system with a non—pipelined resource with identical

access and cycle times a ’ a c’ a c and a deadline d’ • d • a —

I a.

Proof: Using the same proof outline as Theorem 3.5. 1 , one first notes

that the ainim a tine between initiatio ns of service on the

pipelIn.d resource is c , which is simply the time a request

~
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spends in the first segment of the resource ~tipeline. This time

I is identical to the cycle time of the non—pipelined resource, so

in both cases the mini m time between initiation of successive

I requests is c STUs . In addition , the time a request may wait

I and still meet its deadline on the pipelin.d resource is d - a.

S This is identical to the oorre apo nding t ime for the

non-pipelined resource, i.e. d’ - a ’ • d . c - a - a a d - a.
Therefore , the perfor manc e of the two syst e s is identical .

Q.E.D.

t 

For the remainder of this thesis most of the analysis is presented

S in terms of non—pipelined resources with access time equal to cycle

time . However , for au cases presented , application of Theorems 3 .5. 1

and 3 . 5 .2  would permit those results to be applied to resources ,

including pi pelt ” ed resource s , wh ose access times and cycle times

differ.

S 

3~~ Suamarv

:n this chapter , a deadline queuing discipline was evaluated for a

J fixed cycle resource servici ng requests generated f rom a si ngle port of

a pipe lined processor . This queuing discipline is based on first —co me
•1

first—served service of those requests that can meet their deadlines.

Such queuing was demonstrated to maximize the number of requests

I serv iced by their deadlines , while assuming that those requests that

I miss their deadlines need never be serviced . However , in practice those

requests must be serviced eventua lly. It was therefore assumed that any
S 

request that would miss it , deadline would be rejected and the task

S-S  -
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making the request woul~ be forced to take a null pass through the

pipeline and reissue Its request ~urir.g that pass.

An approximate analysIs for this queuir.g dIscIpline was pertor~ ~d

S 

usIng Karkov modeling techr.t.~ues . ThI s analysis used tn e pipelined

~~~~~~ 
S 

- 
processor-resource model developed :n Chapter 2 and assumed that a~~

re4~ests mere independent , I.e. reissued rejected requests were

indistir~ u~~hable from new requests. This analysis y:e.de~ the

probability that a request is accepted as follows : S

~A~~’ 
C , d) - for e ~ d <  2c , c �

for ~c.� d < 3c , c � 2 ,

where

- ~~c-d- 1 
- (4 - 2c ~ • -, ,  ~3c-d~2

and

where ~ is the pr obabi lity of a req ues t , e Is the cycle tIme of the

resource , and d Is the deadline Imposed by the pipeline. For resources

wIth access time , a, less than the cycle tIme the pr obabI lIty of

acce ptance can be sho wn to be
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I ~A~~ ” c , d ’ — d + c - a) .

I Similarly, for pipe tned resources with segment time c that produces

resu ts In time a , the probability of acceptance Is again

I

I ~~~~~~~~~ 

C , 4’ — d + c - a).

- - These results ay then be applied to predIct the system perfo rmance

by estimating the average number of passes each task must take . For S

single :cdu e resources the average number of passes is

1 — P (~2 , c , d)
C _

~~~~~~ 4 $  
A

- total - 

~~~ 
c , d) S

1. where ~~,c ,d) Is the probabilIty of acceptance and ~ is the

probabiitty each task makes a request. For multiple module resources

that receive ind epe ndent requests uni form ly dIstributed among the

modules
4.

- - - 

~A~~fu ’ c , d) -~1. + $ p (t’X , c , d)
S A m

where Qm is the rate of requests to an Individual module , e.g.  ~ a a

1~~ fo r N-way Inter leavi ng of a memory resource. Furthermore ,

-
. 5
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~t otal  — 
~~~~~~~~~~~~ d),

it requests are ma de every cycle .

No te , however , that ~ .s an as—yet - unkn cwn f u r.ct . cr .  dependent on

the task request rate , and the other system parameters. The

deter lr.at’or. of ~ for various resource configurations Is presented In

Chapter w~

1)
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S 

~4 . APPLICATIONS

I
.~.J. Introduction

The model developed in the previous chapter has examined the

performanc e of a multiple instruction stream pipelined processor with a

shared resource. A pipelined processor operated as a multiprocessor,

T permits distinct instruction stream s to be active simultaneously in

distinc t segments of the pipeline. Pipelined processors have several

advantages over conventional multiprocessors. They are generally more

cost—effectIve : they use more economical specialized segments, instead

of general purpose computation elements , and they permit simple sharing

of resources by a single time division multiplexed bus system rather

than by parallel busses wIth arbitration and crossbar switching. The

sharing of a resource , modeled with a constant cycle time , C , and access

time , a , was described in detail. It was demonstrated in Chapter 3 that

under certa In circumstances deadline queui ng can achieve ve ry high
- perfo rmance for such a resource . In this chapter we will examine some

app lication s of this technique to the implementation of sp ecific system

resources.

The first resource to be considered is the control store for a

pipelin.d processor. Moat multiple processor architectures require

I multiple copies of the control store , one for each processing unit.

S I 
Sharing of a single control store or even a limited number of control

Stores could reduce processor costs. This sharing could be especially

important for a si ngle chip 1.31 mult iprocessor , where reducing die size

I
-~~ - - _ _-
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can mean the difference between a chip being practical or not . Section

14 .2 examines organizations for microprogram control of a pipelined

processo r and tne implementation and perfo rmance of various

cost-effec tive alternatives. A significant parameter affecting control

store performance is the deadline associated with requests to it. We

will illustrate som e of the design tradeoffs that affect deadline

determ ination and their influence on system performance .

Main memory as a shared resource is examined ln Section Z4.3. The

analysis for main memory is similar to that for a control store . 
S

However, main memory utilization differs slightly from that for control

store. Principally, main memory requests may be made less frequently

than control store requests , which were assumed to be made every cycle.

In addition , a main memory may receive write requests , which have no

dead~Lne . Both characteristics cars Influence system performance . Their

effects are examined.

Finally. Section I4~~14 contrasts the performance of pipelined

processor sharing of resources to a system that may generate

simultaneous requests.

S ~LZ Multiole Access Control ~tore

Microprogramming i~ generally touted as a desirable method of

control with several structural and flexIbility advantages over

hardwired control. However , the appro~riate implementation of

microprogrammed contro l for pipeilned processors tends to be a

S considerably more complex problem than that for strictly sequential

processors.
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Kogge t K0G77) has examined some aspects of microprogrammed control

which are directly applicable to single stream pipelined processors. In

particular , two different schemes for microprogrammed control are

described . These schemes are:

1. Data—stationary contrc~1 - Each microinstruction specifies the

controls for all the segments for the particular task entering the

pipeline . Microtnstructtons essentially flow through the pipeline with

their associated tasks. Thus, at any particular time , s distinct

mieroinstructions will simultaneously be controlling distinct segments.

2. Time-stationary control - Each microinstruction specifies all.

controls of a pipeline for a single segment time unit. Thus, all.

segments are controlled simultaneously by a single microinstruction.

However , each microinstruction must be coded to provide partial control

for s distinct tasks.

The typical data—station ary microprogram controlled pipeline can be

diagrammatically represented by its three major components (see Figure

14 .2.1). Internal to the s pipeline segments shown are the basic

func tional units of the system and the hardware for sequencing the

microprogram control store . The microinstruction registers allow each

microinstruction to remain with its associated task during its pass

through the pipeline , in accord with data—stationary control.

Microinstructtons issued from the control store are placed at the head

of the string of microinstruction registers at the same time as the

associated task is placed in the first segment of the pipeline . Thus,

the tasks are sequenced down the pipeline in synchrony with their

correspo nding microlnstructions . Since only portions of the

T S
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microinst ruction word are typically required to control each segment of
S the pipeline , the size of the microinstruction register generally would

decrease along the length of the pipeline . The function of the control

store is to accept microinstruction addresses from the pipeline and to

present new microinstruction words to the pipeline.

In this implementation a single microinstruction Is used to control

a task during one entire pass through the pipeline . Thus, branching

S cannot occur withtn a pass through the pipeline , but only between

passes. In order to simulate such intrs—pipe branching capability and

maintain data—stationary control , it is necessary to encode multiple

controls in each microinstruction and allow each segment to select the

appropriate alternative based on Information provided by prior segments.

This method allows the appearance of intra-pips branching at the expense

of Longer microinstructions. This technique was advoc•ted for

microprogram control by Borgerson , Tjaden and Hanso n ( 80R78).

A t ime-stationary control store Implementation is illustrated in

Figure ~.2.2. AgaIn the pipeline s egments contai n the basic func tiona l

units of the system. However , the microprogram instruction registers

for buf fer Ing microinstructiorts have been elim inated . Each time unit ,

the control s t ore must prov ide controls for all the tasks that are

active in  the a segments of the pipeline. Next address generation must

also take into account the s distinct tasks by determ ining a sIngle

address for the microinstruction that provid es the appropriate control

S Signals to all tasks for the next segment time unIt.

~~~~~~~~~~~~ S S - S —~~~~~~~~~~~~~~~~~~~~~~ S ,— S -5- - S - - - Li
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Data stationary control resembles stogie stream control and thus

has a distinct advant age in ease of coding, but requires buffering of at

least partial microinstructions until their tasks exit from the

pipeline . Time-stationary control , on the other hand , does not require

such buffering , but requires a much larger microstore . The control for

a s Ingle task is spread over s mieroinstructions each of which contains

partial control for  s-i other tasks from distinct streams. Since these

tasks are uncorrelated , there must be at least one microinstruction for

every combination of possible operations In distinc t segments. In

addltlor , next microinstruction sddres~ generation may be quite complex .

The pr inc ipal -~tsa dva nt ag e of iat. a—sta ti o nary control is the

difficulty that may be encountered when ex cep t iona l  conditions detected

in one task must affect the flow of other concurrently executing tasks.

kogge used basically t~ t s argiaent in favor of t~se-s ta t Ionary control .

However , he considered a processor with a high dependence between

concurrently executing tasks , since they are drawn from a si ngle

InstructIon stream. For a system with independent streams , as under

cor4Iieratl-n here , these exceptional conditions do not directly affect

the flow of concurrent tasks from other streams . This makes

d at a-s t at Io nary contro l the more attractive alternative to explore in

greater detail for pipelined processors with Independent streams. 
S

We arbitrarily label the pipeline so that n w aicroinstructions are

required at segment 1 . It  the next microinstruction addresses are

available at segment s-i , the control store has a deadline of d segment

time units to generat e a new microinstruction from a mIcroinstruction

address. The deadline , d , for a pa r t icu. ar pipeli ’c wil. depend greatly

55 5 s~~ s s 5SS s s S S _ 5 - ~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 S 5  5 - - 

-5-- 

-



- - —-- 5- - -~~~ 
- — -

~~~~ 
n-__ -~~~~r 5 5 - - — S

78

on the microcode addressing mechanism for that pipeline . In particul ar ,

the n~~ber of segments required to resolve a conditional branch in the

microcode Is generally the determ ining factor for d. In many instances

the branch resolution time will be small enough that d will be

sufficiently large to permit satisfactory operation of the system . On

the other hand , if the branch resolution t ime is too long, an alternate

branc n handlIng mechani sm may have to be usec .

For example , a scheme might be Implemented in which the

mI cro i nstructIon for the mcst probable of two branch destinations may be

requested . In  the event that ‘he other des t ina t ion  ts  required , no

operatt -or .~ w til be perfora e~ on the next pass through the pIpeline

except to request the appropriate microinstruction from the control

store . In thIs case executIon time wIll increase ty a factor based on

the probabilIty that a sicrocode branch occurs and the wrong destination

is requested .

Alter natively, t h ø  •f!~eot of the branch could be deferred for one

pass. Either of thes e scheme s can be used to extend the deadline to be

the ent Ire length of the pIpeline , since the next microinstruction

address ~s then gr.cwn immediately from the previous task . Finally, both

the true and false destinations coUd be acces sed for each

microinstruction branch. Then actual branch resolutIon could be delayed

until the las t segmert . This scheme , however , has the disadvantage of

requiring Increased contro l memory bandwidth , anoog other complications .

AddItional a,p.’cts of determining a deadline are explored in Sections

14 .2.2 and 14 .2. 3.
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In addition to the deadline that the control memory must meet , it

must also process requests at a rate sufficient to satisfy all of the

streams In the system . In our model , this implies a microinstruction

delivery rate of 1 microinstruction/ STU. Section 14 .2.1 will consider

various multiple access data-stationary control store organizations that

can meet these requirements.

~L2~,1 Control Store Orunizatlori

As a possible candIdate for a control memory , consider a simple

memory element which accepts addresses and presents as output the

contents of the addressed location in • c seconds. A typical

semiconductor read-only memory ( ROIl) would f It into this category .

Furthermore , let us assume that another request can be initiated

immediately after an output is presented . This implies the access time

and cycle time for the RON are identical . Let c c/ s~ , where 1~ s

Is the basic segment ttm e unit of the pipeline. This makes a the

control store cycle time , measured in segment time unIts.

Consider FIgure 14 .2. 3 , with c ‘ and d z 1 STU. During the

progress of a particular task through the pipelIne , an address is

presented to the control memory after completi ng operations in segment s

- ‘ . Then while a task completes its op erations in segment a , the

control memory is cycled for that task and 15 ready to present a new

microinstruction to segment I for the next task from thIs stream . Note

that nothing Is gained here by extend Ing the deadline . d , to any time

greater than I STU since the control memory actually requires only I

time unit for its operation. In fact If -~~ were greater than one , the

___ .m- .. S _ - S _ ~~~~~~~~~~~~~~~~~_ s-—s~~~~~~~~~~~~~~~~~5 5 -~~~~~~5 5 - 5  -
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next microinstruction •ddress would have to be buffered . When a > 1 , a

single memory control store cannot keep up with the processor request

rats of 1 microinstruction per STU and multiple or divided memory

control stores must be considered .

To accommodate slower speed memories the multiple memory

configuration illustrated in Figure 14 .2. 14 may be used . In this control

store scheme let us initially assume that each of the s streams in the

pipeline Is associated with a distinct RON in the control store. This

structur e requires an input demultiplexer whose function is to direct

the microinstructIon address to the appropriate memory . The memory unit

will then latch the address and initiate access of the requested

microinstruction word . FInally, d segment time units Later , the output

multiplexer directs the instruction into the microinstruction register

assocIat ed with segment 1.

Let us assume that the cycle tIme for this control store is c

segment time units. This time includes the delays through the

multiplexers and uses the assumption that the cyc .e and access times of

the RON are equal . Therefore as long as the deadline , d , is longer than

c segment time units , this control store will be able to de l iver

microinstructiona rapidly enough. Also, since every process in the

pipeline is associated with just one of the control m oriea each

control memory will be availab le to provide the next microinstruction

for its proces s . Consequently, this multiple memory control store with

s memories wIll perfor. satisfactorily in providing microinstructions to

the pipeline . An example of the memory utilization for an organization

of this type Is shown in Figure 14 .2. 5.
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In the important case in which the contents of the ROMs are

S identical , it is possible to reduce the number of memory units required .

By looking at the example , for c ‘ 3, in Figure 14.2.6, it is obvious

tha t  onl y a of the memory units are in use simultaneously. Thus only c

copies of the control memory are required , and they can be used in

strict rotation by the s streams in the pipeline. Note that only c

copies of the control memory are required regardless of the number of

S segments, a , in the pipeline and that c must be less than a. As long as

the deadline , d , is no less than c , the memory will always have

sufficient time to access a new microinstruction. Since the memory
S 

uni ts  are used in rotation and the pipeline makes only one request per

segment time unit , the control store will always have a free memory to

accept a new request . In the case that the access and cycle t ime

differ , the access t Ime should be used throughou . the above argument ,

except that cycle time is used to determ ine the number of ROlls required .

The obvious disadvanta ge of this scheme is the high cost associated

with the requirement for replicati ng Identica l ly coded ROlls . This

problem becomes severe for large control memories.

To al leviate some of the high cos ts associated with multiple memory

control stores It is possible to substitute a single interleaved memory

control store for the multiple memories. In a typical interleaved

memory , the address space of 2”” ~ words is divided among N z

identical memory modul es each containi ng 2~ words. Successive memory

addresses are placed In successive memory modules modulo N , i .e. the

low—order n bits determine whIch module is to be accessed , and the

high—order w bits determine the proper word within the module.

_ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The i~ terleaved memory control store requires but one copy of the

mtc roI~3t ructtcn3 rather than c copies . It does , however , require a

~I r.c r amount of additional access control logic. Furthermore , since

..r~terleavtng 1.3 only considered when > 1 , not all acce ss requests can

~e sat IsfIed . Th particular , if a request Is made to a busy module ,

that request must be rejected or at least deferred until the module is

not busy. The consequence of rejection or deferral is that the next

mIc ro~ r~structIcr. may not be avaIlable In tIme for the next task of the

corresponding stream . Therefore , in tr~e simplest scheme , the stream

affected wou1~ be requIred to Issue a null task into the pipel ine durIr.g

~.hI:h no processing .s pertor~ed except to re~ssue the rejected memory

request. N~~I tasks will degrade system performance , but as

demonstrated tel-c u , thIs degradatIon can be mIr.~mIzed .

To examIne this perf ormance degradatIon , let ~s assume a

probabI l~.ty , 
~A ’  of the event A that a request Is accepted by the

Inter .eaved memory cor.trol store. t is now ~osslb e to f~ r.d the

S 
expected number of passes through the pIpelIne that is required for each

mIcrcir.structIor~. The protatl lty that n passes are required is (1 -

Therefore ,

n-I I

5 

E(no. p1hh1 S) ” n~l 
n(1-PA) ~~ 

—

Since each task ~h uld ideally require or.ly I pass through the ~Ipel ine ,

the performance of each stream (and hence the system) Is degraded by a

fact or

•1

L 
- 
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I
where U ~.s the probabil Ity that a task is performing useful computation.

For performance a nalysis purposes the mIcroinstruction addresses

generated by the pipeline each segment time unit are assum ed to be

independent and uniformly distributed among the memory modules . These

assumptIons are reasonably .~ustified since the successive addresses

generated by the pipelIne will be Independent of one another due to the

fact that they arIse from dIstir~ct streams. Also , by interleaving the

memory modules on the low—order bits , sequentIal accesses wI l l  tend to

be distributed evenly among the memory modules .

Since requests are assumed to be made independently and unIformly

among the mod ules It is sufftcier.t to study the performance of a single

module . For any dIstInc t module the conditIons ~of the performance

analysts of deadline queuing for a fix ed—cyc le resource are satisfied .

Thus , the results of SectIon 3 .14 can be applied to predict the

perfo rm ance of the data —stat Ionary control store under consi deration

here . To apply those result s , we observe that formulas 3. 14.1 and 3 . 14 .2

correspond to the probabIlity that a control store reques t to a

particular module is accepted given that a request Is being made to that

module. ~cwever , since a ll the modules are Identical and receive

requests uniformly. i.e. at a rate of x 1/N , where N IS the level

of Interleaving, the formulas 3.14 .1 and 3.14.2 also specify the

probab IlIty that any request is accepted by the control st-cr. so

- S - S
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— d I 
f o r  c ~~ d < 2c , c � 2

— _ _ _ _ _ _ _  
for 2 c � d < 3 c , c � 2

~ C ,~

where

— ~2c-d-l - (d~ Z~~ 1~~m~
3C d_2

w~.th $ /N , ~ = - 

~~m ’ 
• resource cycle time of c STUs , and a

deadline of ~ STUs . As was demonstrated in Sect~cn 3.5, the model is

easi ly extended If the access tIme Is not equal to the cycle tIme .

Since the performance of the system iS d~ re:tly related to the

accept ance rates of the control store , it Is Important to see exact ly

how hI€ h the acceptance probabIlItIes are . Figure ~ .2.7 graphs the

acceptance probabIlities as a func tto r .  of the deadlIne , d , for a typical

number of modu es (N 16) and a few different memory cyc le t Ime s .  The

left hard portions of each of the curves , except the leftmost poInt ,

correspond to those system s ~~~~~~~ only cr.e leve . of ;ueueing per mcdule.

For those systems , substantIal gains car. be achIeved by Increasing the

deadline , d . A t  the breakpoints d 2c - 1 only one queuing register is

required . The gains for increasing d are not nearly as significant

beyond d ~ 2-c — . However , at the po ints d : 2c — the acceptance

probab Ilities are all greater than 98%, even f o r  the relatively slew

memory wIth c ~ , ocopared to 814% for the same system with no ~ueutr.g,

i.e. d c. 
5

a .~~~—  - -~~~ —. - - -~
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The graph ir~ F~g~ re ~.2.8 shows the effects of jncreasi~~ the

number of modules , N , i.e. the level of interleavthg of the Contro .

store. Even when cons1~~ ring the relatIvely unattractive cycl, time c :

~4 , high performance can be obtained by increasing N. For the point ~ *

2c - I 7 where oni y one level of ~ueutng is required , an acceptance

pr at~~.t t y  of better ‘nan ~5S can be achieved with N 16 and better

than ;;s with N ~ 3 2 .

These very ~~~ aooeptance rates r~~ uce perfo~~ ar~ce degradation ~~~~~~

to re~ectior. to nearly percept~~~e levels. The actua rejection rat~

s h o u ~~~ be ~onewh.a’ lowe r iue ~. c t r .~ sequer~tia nature of

cro ru,y .o r .  accesses. Namely, s’ te r a~ ~tti t~ a memory conflIct s

two ~~~~~ t~~l miorc ~‘ r ~ct~ or. stream s ~tll access mtcro instruct4.cr.s in

~~stir.ct ~od u es i~ lo~~~~e~ ar~ car.not conflict wIth one another agair

Until a c- r tro l s~ c re  branch Is t~~er ty one :f the streams. This

phe omenor. ~il be explore~ further I~ Chapter 5.

‘e therefore conc~~~e that very high performance can be obtained

fros an 1-terleaved memory -or~trol store , for reasonable levels of

Ir.terl eavir€ and memory speeds. Less interleavIng Is requIred If the

deadline allows ~~.ø~~ing of memory requests. Oft.- hIgh performance can

be achieved wIth o~ 1y one ~ue~.ir~ regi ster per module and a moderate

amount of Irterleaving . Th~ hardware cost of Interleaving and queuing

shou~~ be quIte low with respect to the cost of a single ROtI ccntro

store. Su~startIal cost savings, with little p.rfcrmanee degradatIon ,

shcu l~ be achievab~~ with respect to mu ltIple ?cM control store

organiza tors .

- ~~~~~~~~~~
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4.2~2 e~~l~~e eterminition

As can ~e seen ~rc~ the per r~ar~ce curves ~~r the Interleaved

memory oontrO . store , the ~ead~~ ns imposed on resource requests can have

a stV~Iftcant impact on overall system ~perItiOn . :ncreaslng the

~ea~Ltr.e, a.cng vlth tncorporattr.g any a~~ttt nal buffertr~ that :I~~ t

be necessary , always I~ pr~ :es the probabil Ity of acceptance ror resource

requests. Th~..s, the processor 2Ipe~~.r.e ~esIgn ~~~ attempt to per~~t

resource -equests to be ger~erated as early as possible ir. the ~ycle .

C~ part~~ular Interest Is the e~~ect ~f addIng a d umm y segment to

an existing pIpe ltr~e. ThIs extra segment per ~ c r~~s no cosputaticn .

Since the seg~ er.t t I~~ ~ntt is unatfected , t~e exe :uticr . cr ea:h

tnstr. c t t c n  stream ~~~~~~.j  be s cwed . Howe ver , t~ e sçgment ccu .~ be added

so as tc Increase the ~ead l~ r~e ar~d thus Imçr:ve the per~or~ance o~ the

~r.ter . esved trc s tore . ThIs culc cause an overall Inprove~ent t r .

the per~:r~ ar.ce ~t the system .

..ater t~e ~ra~ch ~echar.Is~ wI~.l be examIned tc  Illustrate itS

ef~e~t on dea~lI~e ~ete~~~r~at ion.

Fcr an 1-terleaved zemcry Contro l store wIth probabi lity O~

acce pt an~e and a pipel ine wIth c active systems , the expected n’~~ber

~ non-r.ull tasks In process among the actIve streams is 
~~ 

Therefore ,

In general the per~cr~ar.ce. ~ø , of a pIpeline w~th I streams ar~ s

segments is

t
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where ~ is t~’.e probabl.Ity that a segment Is ~o Ir~ useful computation .

~.ist~~ thIs formula we can eval .~ate the effect of addir ~ th~~ y segments.

ConsIder a pIpeline of s segments with s streams in execution. Let

the origt r.al pipelIne have a deadline of d segment t ime units whIch is

increased to d’ with the additIon of d’ -d dummy segments. Now d’—d

additional streams can be in execution simultaneously . These, however ,

put a heavier ~.oad or. system resources , e.g. primary memory space .

Thus streams should not be expected to run as veIl when the number of

streams Is Increased . Let ~ account for this degradation effect , e.g.

Is roughly the utIlIzatIon of the stream s assocIated with the added

F 
segments relat Ive to the utilization of th. previous 3 streams whose

utlli:atlon Is maIntaIned at Its previous level. Ftna ly, let be

the probabIl ity that t~ e contro l store accepts a request , given a

deadlIne d . Then , the per for~ ance of the origir.5. system is

U0 — 
~~~~~~~~~~~~~~~

The performance of the new system Is

U
1 

• P,~(d ) • + (4 -4),

giv Ing a perfo rmanc e ratio of

U1 P~ (d ’) 
~~~~~ ~~‘-~iV0 P~ (d) a (d~-d).

r 
_______________________________
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To study a specIfIc example , consIder the case In which d z c and d

Is increased by I to c • 1 . Wi conservatively assume that tne

• probabilit Ies of acceptance w Ill be unaffected by the lowe r .tt l lzation

of the added strea m , I.e. we use a low estimate for PA(d’). Then

substituting PA (d) S l/(~~c + ed_ c ) , we f ind

- ~~
C + 

2 
‘ : ~o ~c+~~ 
$

Sow If ~~/W C is greater than , pertorm~nce of the system wIll improve.

AlgebraIc mar~ipu.at tcr  shows that performance wil l te improved If

~ > 1  - (a + 1)~K

or . equivalently

1 -
~~~~~ - 1 ,

where

K - 1 -

For the specific case = d : 2 and the level of Interleaving N

~~ , Figure ~.2.9 shows the perform ance ratio , W 1/ . d O , versus the number of

segments , s , for various utIlI:ations , 
~~ 

. From the graph it is ev Ident

that fc r utili:ations of at least .75 , addi ng a dumm y segment always

improves perfor~ anoe . ?Ipe.ines with 5 or more segments wIll show

imp rovemen t wI th  ~ .5. Even If the added stream Is not used ( 

___ _ _&~__ —a— — — — — — ____
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• 0), pipelines of 10 or more segments will have improved performance with

the addition of a dummy segment . Recall , furthermore that the curves of

Figure ~4 .2.9 use a low estimate of Wi/WO as decreases from 1 due to

underestimating PA(d’). Ii
In general , the benefit of adding dummy segments is highly [

dependent on the increase in probability of acceptance , 
~~ 

This is

especially true when utilization of the added streams is high.

Examination of Figures v .2.7 and ~L2 .8 indicates that increasing the

deadline , d, causes the most significant gains in to occur when d is

less than 2c - 1 , the resource cycle time is short and the level of

Interleaving is low . Therefore , the most significant gains can be made

when addi ng a dummy segment when d is less than 2c - 1 . In some cases

adding eno ugh segments so d’ 2c - 1 will be useful , alt hough

increasing d’  beyond 2c - is not likely to be profitable , because the

gain Ir 
~A 

in that region , for most systems examined , is not very large .

Note , however , that If 100$ utilization of the added stream s is

realized , i.e. ..e s 1, then adding a dummy segment is always

advantageous. Gai ns would be still higher if some additional

computation could be assigned to the dummy segment to increase the

computational power of a single pipeline pass . Of course , the coat of

the control store and the processor would then increase somewhat.

~ .2.k ~rancth Resolution j
Up to this point , the segment , which makes requests to the

resource , and consequently determ ines the deadline has been assumed to

be fixed by system architecture . In general , the choice of a segment to

n
~~~~~~~~~~~~~~~~~~~ 

—••• •.• •
~~ -—-• • . • • ~~~~~

•
~~~~~~~~~ • __ rn_j .—--_--—•-

~~~
• • -~---~~~•--~~-.—-—-~~- - -.  —

—•-- .•
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make resource requests is determined from timing constraints on

• computations in the pipeline. However , in some special cases

flexibility in when requests are made can lead to performance

improvements. The microinstruction request mechanism for a control

store will be exam ined to illustrate this flexibility and how it might

be exploited by systems restricted to a single request port .

The deadlin, for microinstruction requests from the pipeline to the

control store is constrained by the amount of time , i.e. number of

segments, required for branch resolution . Deciding which instruction to

fetch after a conditional branch In the microprogram usually depends on

the value produced by some prior calculation or comparison. Therefore

until that computation Is completed the pipeline cannot determine which

microinstruction to request next. As long as those decision

computations can be completed in the early stages of the pipeline a

reasonable deadline should be available to access new microinatructions .

Consider for example an s segment pipeline with segments labeled

from 1 through s as Illustrated in Figure A .2. I0.

If branch resolution is completed by segment s— i and new

sicroinatructions are required at segment 1 , then the control store has

a deadline of i STUs to access a new microinstruction. An analysis can

now be undertaken using the principles developed earlier in this chapter

to determine the performance of this configuration. Mowever , it might

also be interesti ng to study the effects of maki ng all requests from an

earlier segment , e.g. s — J . In this case , some percentag e of the

branches will not be resolved before the request had to be made by the

request port at segment s-j .  When this situation occurs some penal ty

- -
~~ 

—
~ —--- —--- —-—— -~ - .— — — —- — —-- - — 4
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will be incurred because th. appropriate mioroinstructions may not be

available for the next pipeline cycle. However increasing the deadline

increases the p.rform.nc. of the control store and could lead to an

overall performance improvement . We will now evaluate this tradeoff in

• more detail.

Without altering the pipeline structure, there are two principal

alternatives for handli ng a microprog ram branch that is not resolved in

time to make a request at th. request port . The simplest method would

• have the stream in question not make any request to the resource during

that pass. Then , since that stream would not have a microinstruction to

control its next pass through the pipeline , it would hav e to make a null

pass . During that pass , however , it would make a request for the next

microinstruction , sinc e the branch would have been resolved . This

method has the disadvantag e of requiring nul l passes for all unresolved

branches , but might gain perfo rmance by increasi ng the deadline and

slightly reducing the request rate to the control store.

The second alternative is a slight modification of the first, in

which , instead of making no requests when a branch is still unresolved ,

a guess is made as to which branch outcome is most likely and the

corresponding microinstruction is requested. Even in the absence of any

information , one would expect a 50% chance of guessing correctly (for

2-way branches), and conceivably additional information, e.g. encoded

in the Instruction , could improve the odds of guessing correctly.

Although some non—productive requests will be made , this scheme has the

advantage of requiring a null pass only for those requests that were

guessed incorrectly .

L
_ _ _ _ _ _ _  • • • • •~~ .----—- --~~~~— --~-— - - - -- • . • •~~— • • • • • • • • • — • • • • • • — ~•



98

A third alternative might involve making requests to both potential

next microinstructions. However , this alternative will not be

considered here , since it involves multiple simultaneous requests to the

control store .

The effect of varying the deadline for control store requests is

significantly influenced by the actual distribution of branch resolution

times along the length of the pipeline. The probability that a

conditional branch micro instruction is resolved at or before segment I

may be denoted by the cumulative probability distribution function

Fb(I). For illustrative purposes, a hypothetical distribution is shown

in Figure ~.2.11 . As for all probabIlity distribution functions it must

be monotonical y increasing and go to ~.O. In this case , Fb(s) is

exactly 1.0 since by segment s all branch resolution tort that cycle must

be com pleted . The nonzero value at Fb(0) occurs s ince some branch

resolution may have been completed prior to the pass in which the branch

actually occurs. This situation might arise if after data needed fcr a

branch decIsion has been computed , a fixed computation under the control

of the next microInstruction can be performed before the branch needs to

be taken.

For microinstructions , which are not conditional branches , it is

assumed that the next address is known immediately at the first segment

of the pipeline . For the following analysis each microinstruction is

assumed to have a probability 
~, 

of being a branch.

To evaluate the performance of the system in which no guesses are

made it. is necessary to evaluate the number of passes required for

non-branch, resolved branch arid unresolved branch mioroinstructions .

— —I
1~~~~~~~

_
~~
. . • ~~~~~~ • - •  ~~~~..
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• , Botn rion—~ rar.cr. and resc~.ve~ ~—anc hes requ.re r.u .l passes ~~e only to

re 2ect lor .s  at the resource . And therefore wI~~. require 
~~~~ ~~~

passes on the averag e , where • A~ ~~~~~ is t~e probabilIty the resource

accepts a g:ver. re~~es t .  Unresolved branches require one a~dIt Icr~a

pass , I.e . • 1 / P~~(~~ m ,d) passes. Since \ ~ 
— Fb(s— ~ fl 

Is the

• ;rc~at~ .ity of an .rresc veci brancr. 4’.en deadline d is used , the average

nu.~ber of passes wI’.~. be

• — :t — Fb (S_ d ) :i P d) ~ 
x:I.Fb

($.d):. + 9
A m , A m ,

— —I - F (s-dY5

-whe re •A (~ ~~~~~~~~~ 
Is t e  ~rc~ aII.Ity the resource accepts a given request ,

assumIng a re~uest ;r:~ a~ I.Ity Of ~ to each m:~~~ e ar~ dead lIne ~~~.

Since some passes through the plpe ir.e ty a task requIre r~c

requests. t~.e re~ .est rate from the pIpeline , ~ •, Is less tr~ n ‘ .

However the ~r.res:.ve~ branches which cause these r.or.-re~~ e~ t cyc~ es

cccur rardcn~y so t~ e requests from the pI~e I~e are stt~~ independent .

To determine the request rate , ~ , we observe that every task makes , :r.

the averag e , I/P A ~2 
~~~ 

reçu.sts. Therefcre sInce every task requires

- tota l ~$3SS3 ~r the averag e

1
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IIP A (cz d)
-I-—-

~ tota l

— 1
1 + A ( 1  - Fb (s_ d ) ) P A

(
~

_
~~~~

.

wr ~Ich Is found by ~tvI~ tng the number of passes which make requests per

task ty the tcta.I number cf passes requIred p.r task . A though this

fcrmu~ a ~s not In :.csed form it can be solved iteratively to find ~

he perfo rmance of tr~Is organization can be obtaIned by observing

the robabl Ity ,  W , that a task is p .rfcr~:ng -sef~~ computations during

Its pass thrc .~~h the pipe~.Ine , where

• 1/0 total .

~~r’e A I-~ FIgure .a .2 . ~2 t~~u strat e3 the p .rtormance versus dead ine , d ,

for a control store that makes no guesses for unresolved branches for a

typ Ica l configuration wIth a ~6—way Interleaved control store and cycle

time , • 3. The branch resolutIon distributIon Is assumed to follow

Figure ~i .2.11 shown previously with 8 segment., and C.? of t~e

alcroinstr.actior.s ass~~e~ to be branches.

One modifIcatIon to thIs scheme as suggested earlier Is to make a

request that is a best guess as to which mI:roirstructlor. wI. .  be

• requlr.d r.ext . f the correct guess Is made , no penalty due to an

unresolved branch occurs . Whereas , if an I ncorrect  guess ii made the

res~~ts of that request are ignored and a non-compute cycle is taken
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durIng whIch the proper request Is ~~~~

The performance for thIs modified system can be determined by

examining the possible states that a microinstruct Ion task can be in.

The tour events that can occur with respect to branching behavIor in

thIs case are shown In Table ~.2. I. Across from each condition is the

probability ~ot tnat condition given the previous conditions are

satisfied , whCre \ is the probabilIty a branch occurs , Fb (s_d) is the

probability a branch Is resolved by segment s-d and is the

probab Ility of guessing correctly. Therefore the probability of each

event Is found by taking the product of the appropriate independent

• probabIl ItIes assocIated wIth each conditior. that makes up the event .

The expected number of passes required per mIcroInstructIon can be

calculated from the number of passes r,~uIred for each event . In every

cas e , once the proper request Is being made , 1/PA(~~m Id) passes are

I
i requIred . Only In case V , where a pass Is wasted makIng a wrong

request Is ore addItIonal pass required . Therefore , the average number

• of passea requIred to access the proper next microinstructIon Is

0total !A~~~ ,d) 
+ ~~1 - Fb (s~

d))(l -q ) ,

where 
~~ 

35,d), \ , F~,(s—d) and c’ are defIned as above. Note that

every task makes a request every c y c l e , and therefore the request rate

from the pIpeline , ~ , is 1.0 , and 
~ a • 1/N.

Curve B ~n Figure ~~~~~ plots performance versus deadline for the

same typical ccntrc l store with 16—way interleaving, a cycle tIme of 3
STUs and the same branch and branch resolutIon characteristics as above .
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TA BLE ...1

Microinstruction Branch Behavior

I No Branch

II Branch

Resolved by segments s-d •F
b (s~d)

III Branc h

Not r .aolved by aegment .-d ‘(1 - F5(a— d))

Guess right .0

I ’.’ Branch x
Nc’t resolved by segment s -d .(1 -

Guess ~~rc ~ng . (~~ ~~ )

1

p
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The perfo rmance measure , W , agaIn Is the probability a stream is

performing usefu . computatIon , i . e. a non— nu1 . cycle , and

total

In this example , , the probabil Ity of guessing correct is

pessimistically assumed to be 0.5. However , the performance wIth

guessing is still superior to the no guess scheme . This happenS because

the performanc e gair..s from guessing correctly are signifIcant, while the

performance degradation due to the higher request rate lowering the

acceptance rate Is s.Igh.t.

The peak in each curve Indicates the value for the deadline , d ,

wt~I:h ~a.xImIzes system performance. in each case the value of d was S

3~7~J5 thIs is exact ly 2c - I sInce the resource has a cycle time , C , of

3 STUs . With a deadline of ~ this resource requIres only a single level

of bufferIng, whIch can be easIly implemer.ted as a register that is

either loaded or bypassed by each request. Thus, for this specific case

the overal . performance of the system is improved by selectIng a

deadline which Is significantly greater than the cycle time of the

resource .

In general , th. probability of acceptan ce curves (Figures 1~.2.7 and

14 .2.8) have very steep slopes for deadline s frc~ c, th. cycle time of

the resource , to 2: - 1 . Therefore for an arbitrary branch resolution

distributIon , If the number of unreso4ved branche s does not Increase too

rapidly as the deadlIne is Increased from c to 2c — 1 , using a deadline

of 2c - 1 and a limited amount of buffering could improve system

_ _ _ _  - - - - —  ~~~~~~~~~~~~ - • • ~~•- -~~~~~ — -•-• - ~~~~ - —
•.- -- - - - - - - - - - - --~~~~~~~~~~
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performance. However , the probability of acceptance increases very

slowly for deadlines above 2c - 1, while the number of unresolved

branches continues to increase , so it is less likely that forcing the

• deadline to be larger than 2c — 1 would result in much improvement , if

• any, in syste. performance. In general one would expect to find

increases in d improving performance to a point and causing a decrease

in performance after that point as improved acceptance probabilities are

overcome by increases In wrongly guessed unresolved branches .

• 14.~ Plultiole Lccess ~~~~ MemorY

A main memory shared by the processes of a mul tiple s tream

pipelined processor has many characteristics In common with the control

store for such a processor. As with the control store, a single port

main memory that accepts requests from a single distinguished segment

for the pIpelIne can receive requests one per segment time unit in a

round-robin fashion from the tasks in the pipeline . The main memory

also has its cycle time , c , and deadline , d , within which requests must

be satisfied to avoid performance degradation. Thus, a main memory

appears to fit within the constraints of our model for fixed—cycle

resources shared by the streams of a pipeliried processor.

A main memory does however have some characteristics that

distinguish it from the control store described previously. First,

since the contents of the main memory can be modified by the active

processes it Is difficult to implement an organization with multiple

copies of main mem ory, since to maintain data integrity all

modifications caused by writing into memory must be reflected in all.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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copies. In addition, the customarily large size and cost of main memory

would prohibit its replication. Therefore, an interleaved main memory

appears to be a more desirable alternative it acceptabl, performance can

be obtained thereby .

The request behavior for main memory could also differ from that

for a control store. Requests from the pipeline to the control store

were assum ed to be exactly one per STU , because each stream requires a

new microinstruction for each pass through the pipeline . The

probability of acceptance for this request behavior yields a lower bound

on the performance of any single request port pipeline. However, main -•

memory requests may not be made as frequently. Therefore, requests will

tend to find less congestion at the resource. Performance will also

appear to be higher due to the simple fact that cycles that make no

requests wIll never be penalized. Both factors tend to improve the

overall performance of the system . Subsection ~.3.1 examines these

effects in more detail.

Memory writes introduce another distinction between main memory and

control store . Most processors do not permit dynamic modification of

the contents of the control store and even for those that do , such

modification is a relatively Infrequent operation compared to control

store reads and is normally handled separately from normal computation.

In contrast , main memory writes comprise a sig nificant percentag e of all

accesses . Memory writes differ from reads because there is actually no

— return response required from the resource , unlike the read request

which requires the data read to be returned . Therefore , write request

scheduling need not be constrained to meet the deadlin, required of read

~
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requests. Any discipline that maintains the integrity of the data can

be used . The strict deadline queuing mechanism as illustrated for

control store reads , certainly could be used , by imposing the same

deadlines on writes as on reads. This performance would again provide a L
lower bound on system performance , when both reads and writes are j
present . However , taking advant age of the additional flexibility

introduced by writes could lead to even better performance. This

potential will be explored briefly in Subsection ~4 .3.2.

~~~~ Reduced Request Rates

In this section the effect of reduced request rates on processor

performance is examined . The resource in question is assumed to be an

interleaved main memory and requests are to be serviced by a strict

deadline queuing discipline as developed In Chapter 3, in which all

requests have the same deadline.

As was the case for control store requests , it is assumed that

requests are independent arid uniformly distributed among the modules of

the main memory. Therefore , if a request is made every segment time

unit , the performance of the resource as indicated by its acceptanc e

behavior is described by its probability of acceptance of a request

where Is the probability of a request to particular

module (with uniform requests to N modules i 1/N) , a and c are the

resource access and cycle times, respectively, and d is the deadline

imposed on all requests. For deadline queuing 
~~~~~ ~ 

1/N ,a,c,d) can

be calculated from formulas 3.14.1 and 3.14.2. Of course, these are

exactly the same results as were obtained for control store requests. 
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:r not every task makes a memory request , then the request rate to

t~ e modules s:~ply decreases. Recall that * Is the probability that a

task makes a request from the pipeline . Similarly, ~ is the

probabilIty that a request arrives at the resource in a given STU .

Thus, with requests appearing randomly from the pipeline, the

probabilIty of a particular module receiving a request ~.s g a / N .

Therefore, the probability a given request Is accepted is 
~~ ~

a, o , d) . As developed in Section 3 .2 we find thet the aver age number

of passes requ~.red by a ta~k is

1 - P
~total  — 1 ~~. ______

where P
~
(
~~5 

s/N , a, c , d), since $ of the requests require

1’
~A cycles and the remainder only 1.

The analysis thus Car for reduced request rates has not considered

the perturbatIons due to rejected requests . For organizations with

requests every cycle , as for the control store , sometimes an instruction

stream Is delayed because a rejected request must be resubmitted . But

the system continues to generate one request per segment t ime unit.

Also , I’ the original requests were uniformly distributed , then the

actual distribution of requests to the modules will. still. be uniformly

distributed . This occurs because each module should reject the same

number of requests , so each module still receives the same total number

of requests. However , with reduced rates , the actual request rate seen

by the resource may be altered . 

— - --
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The actual request rate seen by the resource is determined by the

number of times requests are rejected . To determine ~ , consider a

stream of tasks, such that R of the tasks make requests and ~ do not.

Thus , the probability a task makes a request Is z R / ER • W). Now,

rejected requests increase the probability that the resource sees a

request due to the presence of resubmitted requests. It was shown

previously that each task which makes a request requires 1/P
a passes

where P~ j
~ a function of the probability that a request Is made to the

resource, ~ , and the resource parameters. Therefore , the probabIlity

the resource —eceives a request is

ft/P
A

RJPA
+L

Substi.tutlor. yields

I

1 + ( -

Note that is a complex function of ~ . Thus this equation is most

easily solved by iteration.

Figure A .3.1 plots performance W totsl’ the probability a

task Is doing useful computation , versus deadline for various task

request rates , $ . For this example , an organization with access time

equal to cycle time , a * c . 3 and 8—way interleav Ing (N’8) Is used .

The curve labelled t • ~.O, corresponds to a pipeline which makes

requests every time unit. It therefore shows a performance identical to

the performance that would be predicted for a control store with the

same syste m parameters. Reduci ng the request rate has the effect of

- — — - -  -~~—— ----- --——. - - - —~~~~--—-~ —------ . -- ~~~—~~~~— - . -  —a--—-——
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Improving performance , while maintaining the general shape of the curve.

This effect is very similar to that observed when the level. of

interleaving is increased , while all other parameters are held constant.

Figure 14. 3 .2 more clearly shows the effect of the request rate , $
on system performance by plotting perfo rmance , W , versus * for the same

system for a few different deadlines, d. The steep slope near $ z 1.0

shows that the most significant improvements appear to occur by slightly

reducing $ below 1.0. The left—hand portions of the curves approach

1.0 since with no requests, i.e. $ * 0.0, all tasks need take only one

pass through the pipeline , without any null passes.

Figure 4.3.2 also Illustrates the marked effect that varying the

deadline , d , can have on system performance. For this system with cycle

time , c * 3 and 8—way Interleaving, we observe that wIth a deadline ~

3, the rate of requests, $ , must be less than .75 to achieve the same

performance as a system with d z U and * • 1.0. And if d 14 it must

have $ ( .60 to achieve the same performance as a system with 4 5 and

* z 1.0. This again illustrates the potential of taking advantage of a

deadline , even if it is only slightly greater than c.

By considering systems with good performance one expects that the

variation in Q due to rejected requests would be small. Table 14 .3.1

enumerates the pertinent statistics for a number of interleaved memory

configurations . Comparison of the request rate of the tasks, $ , and
the actual request rate to the resource , ~ , show the difference to be

only a few percent . The ultimate difference in final system performance

between the model , which estimates ~ iteratively , with performance W ,

and a sodel , which simply assumes a a $ , with performance U’ , is less

-a

--

~
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TA.BLE 14.3 . 1

Perfo rmance with Reduced Request Rates

N c d P P U U’ p
A tota l total

8. 3 3 0.200000 0.208231 0.9505 0.9897 1 .01014 0.9901 1 .0100
8. 3 5 0.200000 0.200297 0.9981 0.9996 1.0004 0.9996 1.00014
8. 3 7 0.200000 0.200000 0.9999 1 .0000 1 .0000 1.0000 1 .0000
8. 3 3 0.1400000 0.142143514 0.90141 0.9593 1 .014214 0.9615 1 .0*00
8. S 0.1400000 0.401765 0.9926 0.9970 1 .0030 0.9971 1.0029
8. 3 7 0.1400000 0.1400130 0.9995 0.9998 1 .0002 0.9998 1 .0002
8. 3 3 0.600000 0.634688 0.8631 0.913~ 1 .0952 0.91714 1.0900
8. 3 5 0.600000 0.603910 0.9836 0.9901 1 .0100 0.9902 1.0099
8. 3 7 0.600000 0.6001455 0.9981 0.9989 .001’ 0.9989 1 .0011
8. 3 3 0.800000 0.8281402 0.82814 0.8579 1 .1657 0.8621 1 .1600
8. 3 5 0.800000 0.8014535 0.9715 0.9771 1 .0235 0.9773 1.0232
8. 3 7 0.800000 0.800740 0.99514 0.9963 1 .0037 0.9963 1.0037
S. 3 3 1 .000000 1 .o0000o 0.8000 0.8000 1 .2500 0.8000 1 .2500
8. 3 5 1.000000 1 .000000 0.9570 0.9570 1 .014119 0.9570 1 .014*9
8. 3 7 1.000000 1 .000000 0.9908 0.9908 ‘.0093 0.9908 1.0093

3 3 0.200000 0.203980 0.9751 0.99149 1 .0051 0.9950 1 .0050
16. 3 5 0.200000 0.200000 0.9995 0.9999 1 .0001 0.9999 1 .0001
16. 3 7 0.200000 0.200000 1 .0000 1 .0000 1 .0000 1 .0000 1 .0000
16. 3 3 0.400000 0.1412’014 0.9510 0.9798 1.0206 0.98014 1 .0200
6. 3 5 0.400000 0.4001446 0.9981 0.9993 1 .0007 0.9993 1.0007

16. 3 7 0.1400000 0.400000 0.9999 1 .0000 1 .0000 1 .0000 1 .0000
~~
. 3 3 0.600000 0.6176 97 0.9283 0.9557 1 .01463 0.9569 1.01450

15. 3 5 0.600000 0.600997 0.9958 0.9975 1 .0025 0.9975 1.0025
16. 3 7 0.600000 0.600000 0.9998 0.9999 1 .0001 0.9999 1 .000 1
15. 3 3 0.800000 0.815068 0.9075 0.92*6 1 .0815 0.9259 1.0800
16. 3 5 0.800000 0.801173 0.9927 0.99141 1 .0059 0.99141 1 .0059
16. 3 7 0.800000 0.800000 0.9995 0.9996 1.00014 0.9996 1 .00014
16. 3 3 1 .000000 1.000000 0.8889 0.8889 1. 1250 0.8889 1 .1250
16. 3 5 1 .000000 1 .000000 0.9887 0.9887 1 .0115 0. 9887 1.0115
16. 3 7 1 .000000 1 .000000 0.9989 0.9989 1 .0011 0.9989 1.0011
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than IS for the cases shown .

14.1.2 Memories kj~~ Writes

The tac t that main memories receive write requests introduces

another distinction between main memory and the oontrcl store described

previously. If write requests are satisfied so that they meet the same

deadline that is imposed on read requests, then proper operation of the

system is assured . Thus, the same deadline queuing discipline that was

described with respect to control stores can be implemented for a main

memory . The icadline , which is imposed on all requests, would simply be

determined by the requirements of the read request. As was demonstrated

in Sec tion ~.2 this implementation can often provide excellent

performance with a limited amount of buffering and a reasonable amount

of interleaving. However , for a main memory , write requests add an

additional degree ~f flexibility that might be exploited to improve

performance further. Write requests do not have deadlines in the same

sense as read requests , because writes need not return any information

back to the processor . This implies that some write requests may be

accepted , when a read request would have to be rejected .

To augment this principle, an extension to the deadline queuing

organization is considered in which requests are accepted and serviced

FCFS if and only if the request can satisfy its service deadline after

all the requests ahead of it in the queue are satisfied and there is an

unassigned buffer in the queue . FCPS serv ice of accepted requests

avoids the potential for a request getting overtaken by later requests.

For a main memory , FCFS service eliminates the read— before—write 

- _________ --
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problem , wt~~n can destroy data integrity.

An analytic model can be developed to predict the performance of

such a buffering system which accepts only those requests that will

satisfy their respective deadlines. Figure 4.3.3a is a Markov model for

such a resource with a single level of buffering and assuming requests

arrive with arbitrarily distributed deadlines. This model is very

similar to the one developed in Chapter 3 for requests with only one

deadline . The node labeled is the idle state and the active states

are .abeled (i , 3) corresponding to the cases in which the request in

service has t time units to go before completion and .1 requests are

buffered . Also , Z~ is the probability tha t a request arrives and ~ * 1

- . The transition probabilities tk are the probabilities that a

request arrives at the state associated with the transition and can be

serv iced .

Theorem 3. 14.2 gives a method to determ ine whether a newly arriving

request with deadline ~ should be accepted . Frog the theorem it follows

that if the resource is in state ~ , a request is always accepted , and

it it is in state (i, j) and the request has a deadline of d time units,

than it should be accepted if .~ 
< (d— 1 )/c . — I or if j a (d—1)Ic .~

-1 and I ~~. d - ..(d—1)/c ~ c. Note, however , that because the queue

is of fl it, length, this criterion might specify that a request should

be queued, but it is impossible to accoemodate it because of buffer

overflow.

Sinc e we have ass umed that all requests are independent and have

arbitrarily distributed deadline s , let us assu me that there is som e

probability distribution such that th ’~ probability a request has

—— ~-~ —-— -,——- —--- -~~~~ - -,- - --- - - 
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deadline ~~. is for 0 ~~. ~ L— 1 . Note ,

L-I
t d~ISO

and the probability a request arrives and ~as deadline is ~

Now , it is straightforward to find each transition probability , tk,

which ~.s the probab~~ .ty that a request arrives and can be accepted when

the sys tem ~.s in state (ic , 0) .  Thus ,

tk ~~~

‘ 

~~~d1 
(4.3.1)

~ D

• where D is ~~e minimum dead~.ine a request :ay have and stil . be accepted

when the system is In state (X,0).

The reduced model in Figu re s.3.3b can be constructed by collapsing

the sequences from (c- 1 ,0) to (0,0) from (. — 1 ,0) to (~~,1) and from (c- i)

to (0 ,1) Lnt~ sing e transitions . The nodes labeled A and B correspo nd

to states (z- ’,3) and (~ -1 ,i) in the original model and thus correspond

to the states in which a new request has been accepted . Thus, solvi ng

for the steady state probability of being in states A or B and

normalizLng with respect to the original model gives the probabIlity of

the resource accepti ng a request. Th. normalization equation for thLs

reduced model is ‘ 

~A + P3 + (C 1)P c • (c-i)P 0 1. Thus , the

probabilIty that * resource is accepting a request is

_ _ _ _  
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where

-

~~~. 1+
I -

and

c-I
• if (I — t

1
)

1—1

Appl ication of Bayes theorem gives the probability that a particular

request Is accepted as

cQ~ + ~~~~~~~~~ (~ .3. 2)

For the speci al case of main memory, let us assum e that read s have

a deadline dr a d and the probability a request Is a read request is

On the other hand, since writes have no deadline d
~ ~ • and the -:

probability * request is a write request is P~ ~~~ 
Now assuming

N—way interleavin g , $ a 1 and independent request to the modules, 
~ a

1/N , it Is possible to calcul ate the tk probabilities and the

perf d rmance of the system for any cycle time c.

~

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Wt t h only one level of bufferIng the effects of this scheme are

only evident when d ~ 2c . In these cases , substitution ifl equation

(4 .3 .1)  to find the tks yields

I a

~~ Y d - [9j ’ ~

Substitution into equation M .3.2 gives the probability of

acceptance For an N—way Interleaved main memory which receives requests

for read s with a deadline d with probabilIty 
~r 

and writes , which have

no deadline, with probabIlity 
~~ 

— 

~~ 
The graph in Figure ZL3.4

iisplays acceptance probabIlity versus read deadlIne for a one level.

buffered system for memory cycle times 2 , 3 and ~ and read probabilities

.6 and .O. Noting that 1 .0 is equivalent to strict deadline

queuing of all requests as It they had a deadlIne d one observes that

queuing write requests when appropriate does improve performance In most

cases . However , with 1 level of buffering that technique has no effect

when d is exactly 2c. This occurs because deadline queuing with one

buffer and a deadline , d � 2c is equivalent to staple FIFO queuing of

all requests , as demonstra ted In Theorem 3 . 14 .3 .

Complex models for higher Levels of queuing can be constructed

similarly. However, these models become much more complex .

______________  
-U
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~~ Ij~ Multi~lexed j~~~ Crossbar Conflict Resolution

Since this research has been principally concerned with requests

generated by a single distinguished segment of a pipeline , the models

constructed have permitted a resource to receive only a single request

during any one pipeline segment time unit. Since requests can be

handled by a single t ime-multiplexed bus from the pipeline to the

resource . However , non— pipelined configurations of multiple processors

might generate multiple simultaneous requests. For example the C.mmp

processor developed at Carnigie—Mellon University consists of sixteen

distinc t processors operating simultaneously and sharing a common

• aultiport memory ~WUL72].

Figure 1& .~8 . 1  illustrates a possible sequencing of requests for a

four processor system . Part a of the diagram illustrates the

time-multiplex ed requests that might arise from a four segment pipelined

processor or from four distinct processors which successively use clocks

each one ~uarter cycle out of phase from the next. The labels in the

• squares reflect which processor generated the request. Similarly part b

of the figure indicates how requests generated by four processors with

fully synchronized clocks m ight be represented . Conflicts at a resource

(e.g. a module of an interleaved memory) might make it necessary to

resubmit rejected requests in both schemes. In general , a system that

can make time—multiplexed requests at a rate of one request per time

unit to a resource with a cycle time of c time units can generate the

same number of requests as a system that can generate c s imultaneous

requests once per resource cycle time .
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An implementation of a simultaneous request mechanism generally

requires the construction of a crossbar switch. A crossbar switch , such

as used by the C.emp, allows each processor to be connected to a

distinct memory module for the duration of each memory cycle. Conflicts

arise because no two processors may access a single memory module

simultaneously. Consequently when more than one processor requires the

same module , only one request can be satisfied and the others must be

deferred at least until the next memory cycle. This behavior results in

the performance degradation observed when a resource is shared by

multiple processors by means of a crossbar switch . Ravi t RAV72 ),

Strecker (STR7O] and others have theoretically modeled the performance

of crossbar switching system s which receive randomly distributed

requests. Chang, Kuc~c , and Lavrie tCHA77) have reexamined these results

by sImulation and shown them to be slightly optimistic.

For the request structure illustrated In Figure 14.14.1 with a

resource cycle time of ~ a 14 STUs, comparison of the performance of part

b as predicted in (31R70) w ith the performance with no buffering for

part a as predicted by the analysis of Chapter 3 shows that the crossbar
switching scheme is superior in performance to the time—multiplexed

switching scheme . For example, with a request rate a * 1/16 the the

probability of acceptanc e for’ the schemes a and b are .8142 and .910,

respectively . Although this simple comparison has negated the possibly

high cost, low reliability and propagation delay of the crossbar , it

appears that in general , unbuffered time—multiplexed switching networks

• perform more poorly than comparable crossbar switching schemes. 

— • - • -—-.-.‘—~~-—----- .—-.~-—---- .-—..——.~~~~~~ —---------- .••---•- - —-.
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For a resource that receives a fixed sequence of requests , it is

possible to demonstrate that if the requests are presented to the

resource in a time multiplexed fashion without buffering at the resource

then the performance can not exceed that of the corresponding

organization that generates requests simultaneously. In essence, the

number of requests serviced by an organization that generates c requests

simultaneously each resource cycle time can be no less than that of an

organization that makes evenly distributed time-multiplexed requests at

a rate of C par resource cycle time , i.e. the resource appears to have

a cycle time of c time units , where the time unit is the interval

between requests.

This conclusion can be appreciated by considering each group of

simultaneous requests and comparing them to the corresponding set of

time-multiplexed requests. Consider a group of c simultaneous requests

and the corresponding set of simultaneous requests. For example , Figure

14.14 .2 illustrates the resource requests and their service times if c

equals 3. Parts a and b of the f igure correspo nd to the resource

occupancy for time-multiplexed and simultaneous (3 at a time) requests,

respectively. The shaded requests in part a correspond to the shaded

set of simultaneous requests in part b. For the simultaneous request

mechanism the number of requests that can be serviced from a particular

group of c simultaneous requests depends only on the conflicts among the

requests in that group. For the time—multiplexed request mechanism the

same set of requests would conflict because each request must overlap

the next c - 1 requests. Thus, the time—multiplexed mechanism can never

service more than the simultaneous scheme, since the same group of

requests overlap their services in both cases (recall there is no 

-- ‘- -- - — • - - -  - ——---- ‘• ___&-• — --- —-—-~----- - - - —
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buffering). Furthermore , since the time-multiplexed requests may also

conflict with the previous group , while simultaneous requests will not ,

the performance for time—multiplexed requests will generally be worse

than for simultaneous requests .

The results of Chapter 3 indicated that buffering of requests for

• time—multiplexed request sequences to a resource might improve

performance. This buffering is effective when the deadline within which

a request must be satisfied is greater than the resource cycle time.

Thus, one might expect that with a large enough deadline the performance

of a time-multiplexed request organization could conceivably exceed tha~

of a simultaneous request scheme .

Recalling the request sequences of Figure 14.14.2b , one can observe

that no buffering may be applied to the simultaneous request strategy

until the deadline reaches 6 time units , or in general , twice the cycle

time of the resource , I.e. 2c. This occurs since for any group of

simultaneous requests a module at which a conflict arose will not become

• idle for the cycle time of the resource , in this case 3 time units, and

therefore a rejected request started after it bece~ .s idle will not

finish until 2c time units after it was first submitted . Therefore,

when the simultaneous request mechanism is used a deadline of 2c time

units is required before buffering would permit more requests to meet

their deadlines. On the other hand , since a system with

time—multiplexed requests may employ some buffering for any deadline

greater than c time units its performance under certai n c ircumstances

can be shown to meet that of the corresponding simultaneous request

sys tem with the same deadline .

-

~ 
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One sItuation in which the pertormance with time—multiplexed

requests can perform at - least as well as with simultaneous requests

occurs when the deadline is exactly 20 1. tn that case , buffering

does not help for the simultaneous requests since the deadline is less

than 2 c .  Hci~ever , buffering caf~ be employed for the time—multiplexed

requests.

Consider the group of c time-multiplexed requests that corresponds

to a particular group of c simultaneous requests. WIthout loss of

generality, we assume that - the first request In the group arrives at

time t. Therefore, that request must begin service no later than t + d

— c = t . c - I to meet its deadline . That is also the time at which

the last o~ the c requests arrives . Note, all the requests in the group

arrive before t • c - 1 and can meet theIr respective deadlines if their

service is initiated at that time . Furthermore , it the requests in

every such group are only initiated for service exactly c — I time units

after the arrI’~al of the first request In the group, there woui~ never

be conflicts between the requests from distinc t groups, i.e. the first

request in each group arrives c time ..nits before the first request from

the next group, so service of the requests from different groups does

not overlap . So the max imum number of requests that can be serviced

simultaneously from each group can be selected for service exactly c —

time units after the arrival of the first request in the group. That

technique would permit exactly the same number of requests to meet their

deadlines as an organization that makes c simultaneous requests every

resource cycle ti me . Thus, an o rganization with t ime—multi plexed

requests , where each request has a deadline of 2c — I , can perform at

least as well as the corresponding system that makes simultaneous 

-•~~ ~~~~~~~~~~~
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requests once per resource cycle time .

As a specific example , consider the case of a resource with cycle

time c : 3 and a deadlIne d = 2c - I s 5. The requests generated by

thIs organization and the corresponding simultaneous request scheme are

shown In Figure 14.14 .~~. The shaded requests show the same group of

requests as they would appear tn the two systems. La noted above, the

simultaneous request system need not buffer any requests, but the

time—mult Iplexed request system may buffer a request and still service

it by its deadline . We now propose the following scheduling strategy

for the skewed request sequences:

1) delay consideration of the request labeled

I for 2 time units.

2) Delay consideratIon of the request labeled

2 for time unIt.

3) Consider the request labelled 3 immediately.

Note that as long as all the requests initiate service at their new

ti.es of ccn slderat ior i  all of the requests so serviced will still meet

their respective deadlines . ~n addition, if each successive group is

scheduled in the s ame manner , there would be no conflicts between

requests from dIstinc t groups. Thus, since in both organizations the

same sets of requests are considered for service simultaneously the

number of requests serviced would be identical

This proposed scheduling discipline , however , does not exploit all

the potential of the deadlIne that is available to every request in the

• time—multip lexed organization. It was shown in Chapter 3 that for a

fixed sequence of requests FCFS service of those requests that can meet

- -- ~~~~ .--~~--— - —~~~ ---~~. - - -  -- - •- • - 
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their deadlines , maximizes the number of requests serviced that meet

their deadlines . Thus , when d • 2c— 1 , implementation of such a

scheduling discipline would permit the performance of the

time—multiplexed organization to meet or even exceed that of the

corresponding simultaneous request organization.

By extend t r.g the previous observations to systems with longer

deadlines , it is again possible to com pare the performance of

simultaneous and tIme-multiplexed request mechani sms . In general one

would expect a simultaneous request mechanism to achieve higher

performance for deadlines of the form d tnc for positive integers n and

ttme-m~~tiptexed request mechanisms to achieve better performance for

deadlines of the fc rm i ~ nc - I for any positive integer r..

~o complete thIs comparison of time—multiplexed switching and

crossbar switchi ng it is necessary to examine the effects of buffering

for a simultaneous request mechanism . As observed earlier no buffering

Is required until the deadline Is at least twice the cycle time of the

resource. Using similar arguments to those invoked previously, one

woul d expect that the corresponding skewed request mechanism woul d have

interior performance for a deadline of exactly twice the cycle time ,

i.e. d i 2 c .

To perform an analysis of the perfo rmance of a simultaneous request

mechanism , we assume that a processor generates a request for a resource

with some uniform probability ~ . Equivalently this Implies that for a

multiple •odule interleaved memory with N modules and uniform requests

to the modules z m • ta/N. Since requests are assumed to be randomly

distributed ong the modules , it is auffioient to study the performance

~1
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of any -cne no~~ile.

~or.stder tne simple Markov model In Ftgure 4 ..~.3. This trtvtal ,

one state mo.~el is used to represent the operation of’ a simultaneous

request scheme in whIch P processors each make one request each resource

cycle t ime ~It~i no buffering . TransitIons are assumed to occur at the

beginn.tr.g of each cycle and the various transItions represent the number

of requests •~uring that cycle. The transition labelled ~ represents

the case In which no requests are received at this module and and

~ 2 
represent the cases In whIch one and two or more requests are

recet;ed res~ectIve y. Note , that for both 
~ 

and transItions

exactly I request Is accepted fcr servIce and addit I-o~~l requests must

be re~ected . The cIrcled numbers represent the number of requests

accepted for each transiti on. Thus ftndi-.g the probabIlity that the

model is makIng transitions 
~~~~~ 

or 
~ 2 

will give the probabIlIty that

the :cdu.e is servIcing a request , I.e.

£ no. reques ts accepted at a module ) • l Q~ ~

- a1 + a2

• 1  -~~~~

Solving by combinatorial analysts for B , the probabIlIty that no

request Is made to a module , fc r a system with p processors and N

modules we fir.d

— ~~~~~~~~

The probability that a request f r : m  one of the processors is accepted is

~

—

~

‘--

~
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a1 ~~~~~ ~8 No Request
,~~y ’ ’ ~ .J a1 1 Request

— a2 � 2 Requests

• ~~~~~~~~

...4 .3 Markov Model for Simultaneous Requests (d • c)

T~~ T
(Th a2 ~~ $ No Request

— 

~i 
1 Request

1 a2 � 2 Request

18
18

“-‘moe

4.4.4 Msrkov Model for Simultaneous Requests (d • 2c) 

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~~~ • 
E (no . requests accepted at a modute3 N

A P

SubstitutIon yields

r1 - (
N 1 1

L
~A ~~~~~~ p (4.4.1)

for simultaneous requests from p processors with requests uniformly

dIstributed to N modules with no buffering . This result is identical to

the results f:ur.d in (5TR70 .

Figure ~~L8 expands t h I s  model to include a single level of

buffering. This bufferIng can be utilized effectively when a request

has a deadlIne at least twice , but less than three times, the cycle time

of the resource. In this model the state corresponds to the system

state In which no requests are buffered at this module. While in this

state a single request arriving at this module can be serviced .

Whereas , if two or more requests arrive , or.e request may be serviced

immediately, one request is buffered and deferred for service In the

next resource cycle and any additional requests are rejected . The model

moves to the state labeled I when the module has buttered a request .

When In thIs state , the buffered request must be serviced in the next

resource cycle . However , if one or more requests arrIve at the

beginning of that cyc e , one of them wIll go into the buffer tc be

serviced during tre followi ng cycle. All add Itiona l requests must be

rejected . The circled numbers In Figure ~~~~~~~~~~~~ indicate the number of

requests accepted for each transItion.

- ,—-
~~~
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Solving thIs Markov model , the steady state probabilities for the

states are found to be

P(~) • 
—

~~-—— and P(1) • 
a2

In addition , the expected number of requests out of p accepted by one

module Is

E (no. requests accepted at a module ) (1-s) + a2 P( ~)

The probability a request Is accepted Is

D — 
E (no . requests accepted at a module) N

A ’ ‘1

for s imultaneous requests from p processors uniformly distributed to N

modules wi th a single level of buffering , where ~ is the probability no

requests arrive and a2 is the probability 2 or more requests arrive at

the module. As before

fl i-t

and combinatorial analysis shows

• ~ 
(1r~..l)

P 
- 

p 
(~~

1) 
P_i

_________________________________________ 
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The graph in Figure ~LtL5 shows acceptance versus deadline for

skewed requests (lines) and simultaneous requests (crosses) for d : C

and d 2c.

As final example to compare the performance of the two bussing

methods under a realistic scheduling discipline consider the

organization shown in Figure ~~~~~ The system illustrated consists of

three processing units connected through some switching network to a

shared Interleaved memory . Figure ~~~~ presents the structure of one

of the processing units. Each processor is shown to consist of a two

segment pipeline . The two distinc t tasks in the pipeline are assumed to

arise from independent processes . Thus , the entire system has a total

of six active processes at all times. The segments of the pipeline each

take 3 time units and segment 0 makes requests to the shared memory

which also has a cycle time of 3 time units. Therefore requests from

the processes in a single pipeline alternate once every 3 time units an

need never conflict. However , with all, three pipelines operating,

conflicts at the shared memory can occur .

In order to optimize performance , either a crossbar switch or a

time—multiplexed bus may be constructed. Figure L~~~2a illustrates the

request sequence to the memory if all the processing units use the same

clock and make requests through a crossbar switch. With a 16—way

interleaved memory the probability that a request from such a system is

accepted is found to be .9388 from Equation ~.IL1. If the processor’s

clocks are skewed to be each 1 time unit out of phase from the next, the

request sequence of Figure M .~~.2b occurs. In this case a

time-multip lexed bus may be utilized with requests made once per time

______________________________
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unit , each taking 3 time units to be serviced . If the results from the

memory are required exactly 3 time units after the request then the

probability a request is accepted is .8889. This performance is not as

good as with the more costly crossbar. However , if the request has a

deadline of ~$ time units the performance increases to .9377, nearl y as

good as the crossbar . Finally, wi th a deadline of 5 time units

performance increases to .9877. These longer deadlines might be

available if , for example, the results from the memory are not required

until the later stages of the computations in segment 0.

Thus, we have shown that under certain circumstances, i.e. excess

deadline time , a time multiplexed bus can provide equivalent or improved

performance over a crossbar system with the added benefit of elimination

of the generally costly crossbar switch . On the other hand , if the

deadline is exactly the same as the cycle time then the crossbar yields

higher performance. But a time multiplexed bu~ might still be

competitive because it is less costly, and often gives very high

performance .

L~ SL~~ ary~

In this chapter , the performances of some resources shared by a

multiple stream pipelined processor were examined. The first resource

considered was a control store to permit such a processor to be

microprogra~~ed. Such a control store is required to accept requests at

a rate of one request per STU, i.e. $ s 1 , a~~ return a new

microinst ruction to each stream in time to control its next task ’s pass

through the pipeline . Both replicating the control store and
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~nterleavtr.g It were presented as alternatives to achieve satIsfactory

perfo rmance . The performance of an Interleaved control store , when

serviced ty a deadline queuing dIscipline was predicted by oalculating

~~, the probabil Ity a task is doing useful computation. It was shown

that

• W _
~~ m C + : d~ c~~I for c~~~ d < 2 c , c � 2

for 2c~~~d < 3 c , c � 2

wh ere

- ~2c-d-l - (d_?C+l)Q~~
3C_d_ 2

,

wIth I — z 1/N , where N 15 the level, of interleavi ng and the

control store has a cycle tine of STUs and a deadline of d STUs . The

performance of such an organization can be quite high .

The deadline is a very important factor when calculating

performance . Some considerations that migh t affect the determination of

a deadline were presented . First , the consequences of adding a dummy

segment to the processor pipeline was presented . The ratio of

perfo rmance of a system created by add Ing d ’ -d dummy segments , which

permits a deadli-e of d’ , to a system with an origInal deadline d is 

-- -— 
-•- - ~~~~- - - - - -~~ - - - • -
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W 1 PA
(d’) 

+ ~~ (d’-dj
s + (d’-d)

where P A (d) is the probability of acceptance for the system with

deadline d , $ is the number of’ segments in the original system and is

the utilization of the added streams with respect to the original

stream s in the system . A conservative estimate allowed us to predict

~1/WO when d z c and d’ c . I as

V1 • .‘ S . $ ~
ac~’8 s + 1

Such a system car. often show an improvement In performance by adding a

dt~~y segment , and wi .1 sometimes show improvement ever, if no streams

are added (~ 0) when s is sufficiently large.

Microinstruction branch resolution was presented as a second

example o~’ deadline determ ination. Two methods were illustrated in

which the tradeoffs for increasing the deadlIne to improve control store

performance at the expense of leaving som e conditional microinstruction

branches unresolved were examined . The first method simply did not make

a requCst when the branch was still unresolved , and required an extra

nul l pass in such situations during which the request was made. The

perfo rmance for this method was predicted by the equation

W a 
PA~~m

d) + A (l -

_ _ _ _ _ _  
__________________________ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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where

~~ a~~ X / N

and

a — 
~ + - Fb

(s_d))P
A~~ fl ,d)

with X the probabIlity of a branch , Fb(s_d) the probabilIty a branch is

resolved b~ segme nt s—d and PA (O m ,d) the probability a request is

accepted when the module request rate is ~ and each request has a

deadl Ine d .

The second method made a guess as to whIch branch would be taken

and requIres an extra null pass only if the guess is incorrect. The

performance for this method was predicted wIth the equation

1’A~~m 
d)

1 + — Fb (s_ d ) ) ( l  - 7)P
A~~~~

d)

where C is the probabilIty of guessing correctly . In either case, the

formulas wOuld sometimes encourage the use of a dead line that is greater

than the basIc cycle time of the resource to achieve better performance.

Main memories were treated separa tely to il lustrate scme of their

specIal characterist Ics . First , the effect on system performanc. of

reducing tne probability a task makes a request , $ , was examined . In

that case , the actual request rate to the resource would be altered . Sc

_ _ _ _ _ _  _ _  -~- ---~• -—-- -- -~~- - - - - •-~~~• - • • •  •



I
4t was shown t~at the request rate o the resource , ~ , cou ~d be

evaluated from the equat Ion

a - 
~+ (J - l

,
)P

ResultIng In a module request rate of z

Second , the han dlIng of write requests to an interleaved ma In

memory was exam ined . A modif i ca t ion of the dead line queuing discIpl Ine

was presented that exploited the fac t that writes need not be servIced

by the sam e dead l~.’e required of read requests.

Finally , the performance of request mechanisms that make

time-multiplex ed requests , as for pipe lined processors , vers~s a

stm~ltaneous request mechanism wIth  the same request rate were compared .

It was demonstrated that for a fixed sequence of requests , the

performance of the simultaneous mechani sm can be no worse than the

time-multiplexed mechanism for dead l~nes that are exact multiples of the

cycle time . However , the converse Is true for deadlines of the form d

nc-~ for integers n ~ 2. Then the perfo rmance of the two organizations

were predicted for some typical organizations and the results for

various deadlines were contrasted . In general , the simultaneous

mechanism has superior performance for deadlines that are integral

aultiplea of the cycle time of th. resource , but am the deadline Is

increased the t ime—multiplexed scheme eventua ..ly become s superior and

stays so until the deadline is again an integral multip le of the cycle

time .

- - - -— 5— —
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5. s:~~uL~’. : IoN OF RESOURCE ACCEPTANC E BEHAVIOR

5..~.j Introduction

The analytic results presented in the previous chapters depend on a

number of assumptions to make the mathematics tractable. In order to

• justify the results of that analysIs , a simulator was developed .

The princ ipal assumption under investigation is that all requests

are independent of one another. This assumptIon ignores the fact that

• in any real implementation requests reJected during one pass through the

pipeline must be resubmItted during the next pass . Thus, even if new

requests are independent , the presence of resubmitted requests may cause

request dependence. The attribute that most significantly influences

this effec t is the Mmemory that the resource has of prior congestion.

In effect the analytic models assumed that the resource had a very good

short term ~memory* for conge~tion , but would tend to “forget about the

congestion that caused a request to be rejected , so that in the next

cycle the resubmitted request appears as if it were a new request. The

longer the pipeline , i.e. the more segments , the better this assumption

might be satisfied . For systems with low performance there is also the

possibility of multiple rejections that will return as a group one pass

later causing recurring congestion. Therefore, both the effects of

re submI tt Ing rejected req-jests and varyi ng the ntaber of segments in the

pIpeline are exam Ined by simulation.

Another aspect to be examined is the effect of request sequences

that have some structure . For example , requests to a control store

would tend to have a high degree of regularity . Since requests to a

-
~~

-~~ rn 5--~~~ — ---— ~~~~~~~~~~
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control store are strictly microinstruction fetches , the request

sequence from a particular stream could be modeled as the concatenation

of strings of sequential references connected by non—sequential

branches . Results from simulation runs on this type of reference

behavior will be presented .

Also computer simulation permits the evaluation of alternative

scheduling mechanisms . Up to this point , almost exclusive attention has

been paid to various deadline queuing mechanisms . The performance

ourves in Chapters 3 and 14 indicate that deadline queuing can achieve

very high performance in most of the cases evaluated . However , for

certain configurations further Improv ement of the performance might be

desirable. Although no optimal scheduling algorithm is known to

minimize penalties incurred by requests , a few alternative schemes are

exam ined to see if higher performance can be easily achieved .

Deadli ne queuir.g also has the potential disadvantag e that the

vsrious streams do not maintain the same relative timi ng. When a

rdquest is rejected , the stream associated with that request is stalled

for one pipeline cycle. So a queuing discipline Is examined in which

the pipeline is stopped upon rejection to maintain the same

synchronization of the streams . This scheduling should also be simple

to implement , since stopping the pipeline might simply involve halting

• its clock temporarily.

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _  ~~~~~- - •- - - - -
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i12 Iesti.n~ ~~ AssumDtions

For a deadline queuing system . a request is accepted for service if

after servicing those requests already accepted , the current request can

• still complete its service in the resource by its deadline . If a

request canno t be accepted then the task associated w Ith that request is

blocked and the task must repeat its request during its next cycle

through the pipeline . That same request is repeated once each pipeline

cycle until the request is finally satisfied . After the request is

satisfied the task becomes unblocked and during its next pass through

the pipeline it will , continue processing and may make a new request to

the resource .

The Markov models that were developed in Chapter 3 and used in

Chapter 44 assumed that each request seen ~y the resource was independent

of’ all other requests. To model thIs , we used a fixed probability, 2

that the task currently at the request port of the pipeline was making a

request . For mu .tip le module resources, such as interleaved memories,

the requests to the modules were also assumed to be uniformly

iistrlbut.d among the modules . Therefore , for an N module resource the

requests would be uniformly distributed among the modules with

probability i/N. So if requests are made to the resource with

probability 2, then requests are made to a module with probability 3 m
: 2/N.

Now , the Markov analysis eoul~ be carried out for either the single

resource or for the multiple module resource by considering a single

module as a single resource , since all the odules are identic al .

However , by assuming that elI requests are independent , th is analysis

.5—,—.- 5—— - — -• — 5—— - -— - - - 5 -  -5 
~~~ — —-- —---- - --—- —-.-—~~~ -—-5-55 - -
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ignores some effects due to the resubmission of rejected requests.

Rejected requests can have adverse effects on system performance,

because they tend to increase the request rate to a resource and act to •

sustain congestion at the resource. The fo rmer effect can be accounted

for by adjustIng 2, however the latter is not accounted for in the

model .

To make an accurate estimate of the effect that the resubmission of

rejected requests has on system performance a computer simulation of the

resource model was developed . The model maintains the requests for an s

segment pipeline with s active tasks in a vector s elements long. Each

element of the vector corresponds to the current request for one of the

tasks in the pipeline . For a single resource , this information

translates simply to whether or not a request is being made . For

multiple module resources , information regarding which module is being

requested Sust also be maintained . Also associated with each task is a

Boolean value Indicating whether the current request has been accepted

or not.

The simulation proceeds by examining each task’s request , one per

time unit , servic 4-ng the s streams in a round—robin fashion. If the

prior request fro. that stream was accepted then a new request is

generated . For the time being we assume that new requests are generated

independently. If the prior request was not accepted then the prior

request is repeated and no new request generated . In either event , the

request from this task is submitted to the resource , and marked accepted

or rejected as IS appropriate .

-——--- -—--—---—-- -.• • -—- —-. ----‘—--- ---5 _~-5_ • 5. -5 _ _ .•---— -.-—- -—— ~~~~~~ —-5— .• - • --~•—~
--- • -—-— - .- - - - - ’— — •-~~~~~—
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The state of the resource is maintained b~ a counter associated

with the resource , which indicates the number of time units the resource

needs to complete service for all the requests in its queue . For

multiple module resources a counter is kept for each module. The state

of the resource must be updated at each t ime unit by decrementing each

non-zero counter to reflec t the fac t that the module is one time unit

closer to finishing the service of *11. its accepted requests. The

ex amination of these counter states also allows the determination of

whether a request can be completed by its deadline and therefore should

be accepted . When a request is accepted the counter is increased by c

to account for the additional t ime the resource will be busy .

The accuracy of’ the simulation runs was established by running a

few simulations for a very large number of requests and observing that

the results had indeed converged for those cases . Also , several runs in

which re ,~ected requests were not res ubmitted , showed very good agreement

with the analytic models.

Initially, to check the reasonableness of the analytic performance

model , a number of s imulation runs were performed with selected system

parameters. To increase the efficiency of these runs , it was assumed

that every task makes a request to one of the modules of an N module

resource , i.e. $ z 1 and therefore ~ z 1. The modules themselves are

presumed identical and new requests are distributed uniformly among

them . When t ~ ‘, since a request is made every time unit , the system

will exhibit max imum performance degradation and resource conflict for a

g i v e n  set of’ system parameters .

-u
-j
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These runs were designed to detect the effects of the resubeission

of rejected requests. These runs were performed for pipelines with 8

segments, which was considered a typical number of segments, for

resources with various numbers of modules, N, cycle times, a, and

deadlines , d. A tabulation of the significant results of these runs is

included as Table 5.2.1. Examination of the table reveals that the

analytic model is well within 2 per cent of’ the simulation. Indicating

that the assumption of the analytic model that all requests whether new

or resubmitted appear to be independent and uniformly distributed seems

to be justified in practice for those cases studied . In addition , as

might be expected , the accuracy of the analytic model appears quite good

for those configurations with good performance and falls off as the

performance of the system falls off. This seems reasonable , because as

performance decreases , the number of rejected requests would increase

causing more sustained congestion at the resource and increasing their

influence on system performance.

Further simulations were run to examine the effects of reducing the

request rate on system performance . When the probability of a task

making a request , * , is reduc ed , the actual request probability to the

resource , 2 , is altered by the introduction of extra requests due to

rejected requests. The magnitude of this effect was estimated

analytically in Section 14 .3.1 . Table 5 .2.2 compares the simulated

perfo rmanc. of some systems with lower request rates to the performance

predicted by the analytic models developed earlier . The figures shown

are for a aystem wi th cycle time , c s 14, deadline d ~ 5, 8—way

interleaving and s z 8 segments . Such an organization with requests

every time unit , i.e. • v 1 , has relatively poor performance and thus

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -5 5 - • .  —5.- - -—— . -.5- —. - -5-’ - - --‘-a --
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TA BLE 5 2 . 1

System Performance With Deadline Queuing

Simulation Theoretic

c .~ N S U U p
total total

2 2 8 8 0.8886 1.1253 0.8889 1.1250
2 3 8 8 0.9842 1.0160 0.9846 1.0156
2 4 8 8 0.9978 1.002 1 0.9978 1.0022
2 5 8 8 0.9997 1.0002 0.9997 1.0003
2 2 16 8 0. 942 1 1.0613 0.9412 1.0625
2 3 16 8 0.9956 1.0043 0.9961 1.0039

16 8 0.9998 1.0001 0.999 7 1.0003
2 5 16 8 1.0000 1.0000 1.0000 1.0000
2 2 32 8 0.9700 1.0309 0.9697 1.0313
2 3 32 8 0.9989 1.0010 0.9990 1.0010

32 8 0.9999 1.0000 1.0000 1.0000
2 5 32 8 1.0000 1.0000 1.0000 1.0000
4 8 8 0. 7138 1.4009 0 .7273 1.3750
6 5 8 8 0.7820 1.2787 0.7901 1.2656
4 6 8 8 0 .8497 1.176 8 0.8548 1.1699

7 8 8 0 .9130 1.0952 0.9207 1.0862
8 ~ 8 0.936 8 1.0~ 7... 0.943~ 1.0598

3 9 8 ~ 0.95 -.~ 1.0475 0.9624 1.039 1
10 8 8 0.9712 1.0296 0.976 1 1.0244

* 1.~ 8 0 .837 5 1.1939 0.842 1 1.1875
4 5 16 8 0.8830 1.1324 0.8858 1.1289

6 16 -
~ 0.930 5 1.0746 0.9311 1.0740

4 7 16 8 0.9764 1.0240 0.9780 1.0225
8 16 8 0.9864 1.0 137 0.986 7 1.0135

4 9 16 8 0.992 7 1.0073 0.9932 I.00~910 16 8 0 .9970 1.0029 0.99 72 1.0028
4 3 32 8 0.9126 1.0957 0.9143 1.0938

5 32 8 0.9405 1.0632 0.9603 1.0635
4 6 32 8 0.9679 1.0330 0.9670 1.0341

7 32 8 0.9942 1.0058 0.9943 1.005 7
4 8 32 8 0.9969 1.0031 0.99’8 1.0032
3 9 32 8 0.9987 1.0013 0.9987 1.0013
4 10 32 8 0.9997 1.0002 0.9997 1.0003

— . 
-.- - - --—.5-. --. --5—-—— .— ---- .-.-—-5. -5 .-.
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TABLE 5.2.2

System Performanc e With Reduced Request Rates
(c—4 , d—5 , 11—8 , s”8)

Simulation 

---
--5—

--- - 

--- - New Old Avg W 0 tota l

0.2069 0.9500 0.93 79 0.9496 0.9895 1.0106

0. 3 0. 3226 0.9012 0.8915 0.9003 0.95 79 1.0440

0.6 0.6366 0.8618 0.8420 0.8590 0.9103 1.0986

0.8 0.8286 0.8229 0.7812 0.8159 0.8469 1.1809

1.0 1.0000 0.7915 0.7432 0.7810 0.7810 1.2805

Ana lyt ic

New Old Avg W 
~tota1

0.2 0.2083 0.9499 0.9896 1.0106

0.4 0.4250 0.9017 0.9582 1.0436

0.6 0.6360 0.8521 0.9098 1.0992

0.8 0.8297 0.8209 0.85 14 1.1745

1.0 1.0000 0.790 1 0.790 1 1.2656

I 
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the influenc e of resubmitted requests should be most evident .

Examination of the table reveals that for this example the analytic

model predicts .~ , the actual rate of requests to the resource , to

within 1%, and using these ~ ‘s it also predicts the probability of

acceptance for a typical request , 
~A ’  quite accurately. The only 

~A
- . - - - - - predicted .w~th zore than 1% error was in the case where * 1 , which is

the case with the greatest amount of congestion. 

resource behavior as quantified by P~ only affects those tasks that make

requests , the performance predicted for the system , represented by W and

is at least as accurate as the prediction for Recall that

W , the probability a system is taking a compute pass , equals 1/ 
~total

where totaj. is the average number of passes a task must take .

Table 5.2.2 also enumerates the probability of acceptance for new

requests as opposed to old or reissued requests. These numbers ,

obtained b~ s~.mu.ation , appear to substantiate our claim that with low

congestion , ~~ reissued requests seen indistinguishable from new

requests. In particular , for those cases wt t h  lower request rates , *
the probabi.ity cf acceptance for the two types of requests are closer

than for those cases with larger t.

The accurac y of the analytic model might also depend on the length

of the pipeline. As long as the congestion that caused a request to be

re jected can subside within a pipeline cycle , that request , when it

re turns , will appear as i f  i t  were a new request . Thus , one would

expect that the shorter the pipeline , the less opportunity the

congestion has to subside and therefore the less accurate the analytic

model woul d be. To study this conjecture a few simulations were

- —-—-5-5— —.~---- -------——— — - —--_--5- -5- .-— -, ----.--5—--- -- _-•-__ __-55.____ — --- --5-5— -- -
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performed with various length pipelines . The resource being considered

had a relatively long cycle time and request rate and could be expected

to have nearly a 30% performance degradation , implying a substantial

amount of congestion. Even for these cases , the results of these runs ,

shown in Table 5.2.3 ,  indicate little deviation from the theoretic

predictions even for very short pipelines , and little sensitivity to s.

A related topic of interest concerns the pattern of requests to the 
-

resource . The analytic models and the simulations described up to this

point have assumed that new requests are always generated randomly. In

practice this assumption may not always be satisfied . Consider , for

example , he multiple module interleaved control store described in

Section 11.2. The control store was easily modeled as a multiple module

shared resource . However , the sequence of requests generated by each

microinstruction stream tends to have some structure that could

invaltdate the analysis.

The analysis relied for its justification on the observation that:

(i) successive requests fro. the pipeline arose from distinct

independent tasks , so there would be no correlation between neighboring

requests and (ii) the requests arising from the same stream are

separated by a number of uncorrelated requests . Thus each request was

a.’sumed to be generated independently of a].l other requests .

To examine the e ffects of non—random request sequences the

simulator was modified so that new requests are generated more

systematically. As an example , a simplified model of the request

pattern to a control store was considered . Since a control store

receives only microinstruction requests , one would expect the request

-— - — - - —  - -  - - --~~~~~~~~~~ 
- —-~~---~-- - - - -~~~~ -- ~~~~~~~~~~~~~~~~~
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TA B LE 5.2.3

System Performance With Varying Length Pipeline

c d N a U 0 to tal

4 5 8 4 .7770 1.2870

4 5 8 6 .7794 1.2830

4 5 8 8 .7812 1.280 1

.. 
— 5- - 8 10 7802 1 2817

Theoretic prediction .7901 1.2657

-- -—-5- .——- —-.~~~~~~~~— —a- .~~~~~~~ --—— - -- --5- .— --—‘- -
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sequence between branch microinstructions from a single stream to make

requests to consecutive memory locations . Therefore , if the control

store is partitioned into modules such that the memory space is

interleaved on the low order bits or the memory addresses , then

successive requests from a single stream tend to be made to successive

modules modulo N. To account for the branching behavior of the

microinstruction streams , a simple model such a presented by Burnett and

Coffean was used ( BUR7O) . In this model , each microinstruction is given

the same likelihood of being a branch (vs . a sequential reference).

The parameter X is introduced to represent the probability that a

request is a branch. In the event of a branch, the new request is

assumed to have an equal probability of accessing any of the modules,

otherwise ..the request is made to the module that follows the one which

received the last request from-- that stream 

The results of the simulations with this referencing pattern are

included as Figures 5.2. 1 and 5 .2.2.  Figure 5.2.1 demonstrates the

effect of branching probability, \ , on W , the performance of the

system . The system under consideration makes requests every cycle C * =

1), has a cycle time of c s 11 STU s and a deadline of d i 5 STUs. Curves

are shown for 8 , 16 and 32 modules . The rightmost point of each curve

represents the performance with ~. = I or branches every

microinstruction. This is identical to totally independent requests and

the performances indicated are nearly the same as predicted

analytically. Moving to the left on the curves, x is decreasing ,

thereby increasing the degree of structure in the referencing pattern.

Until ~ drops below 0.6, the change in performance is relatively small ,

indicating that the amount of structure has little effect on performance

Ii
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for the cases shown . However as ). is reduced even more , the

performance improves significantly. This improvement is probably a

consequence of a lock step phenomenon between the microinstruction

streams . Since most of the streams are making sequential references

each wi1~. tend to synchronize with the streams before it , and conflicts

will potentially occur only when a stream makes a branch. Thus, the

Lower the probability of a branch, the longer will be the sequential

sequences with no ~or!~icts. Carrying this to the extreme , with no

branches. i.e. ~ s 0, after some 1rtt~~l ccnflicts the streams would

synchronize and never con(~tct  again , i.e. ‘ .0.

The case presented above with c s ~4 , d 5 has onl y a 78%

probabi,lty cf acceptance for 8 modules and totally independent

requests , and shows nearly a ’ sizable 2% improvement for \ = .2. For

systems with better performanc e for independent requests the effects due

to branches are less sign~f’~.cant . To illustrate this Figure 5 .2 .2 plots

the perform ance tc r various resource parameters toth for a branch

probability of \ .2 and fc r independent requests ( \ 1). The

curves for . z .2 have very much the same structure as for )~ 
i I,

except their perfo rmance is improved. The d~splaceaent for the ~ • .2

curves appears very similar to those for greater levels of interleaving,

but no analytic correlation has been found .

.5~~~~~~ 
ilternate Lohedulina Altorithas

r 
The deadline queuing discipline has been clcsely examined during

this research . It has the advantag e of being based on straightforward

first-~”-f~rst-out queuing of requests after a binary accept/resect

L
______________________ - .~~~~~~~~~~~~~~~~~ 
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decision. Also requests are always considered one at a time , never

simultaneously, further simplifying the decision mechanism .

Furthermore , ~eadline queuing has been demonstrated to be capable of

achieving high performance under certain circt~ stances. This section

exam ines the problem of t~nding alternate scheduling algorithms that

might improve performance.

The deadline queuing discipline takes a degenerate approach to the

scheduling of those requests that ca nnot meet their deadline . It simply

deters considering such requests unt~.l the task associated with the

rejected request returns to the single request por t of the pipeline. At

that time , the task has been penalized one null pass through the

pipeline and the resubmitted request is then treated as if’ it were a new

request . As long as the probabilIty of a request beIng una b le to meet

Its deadline is small, the resubmitted request w Ill probably not be

penalized again and perf~ormanc e w11 be good. However , one might expect

that attemptlr .g to perform more sophisticated scheduling of rejected

requests before the associated task arrIves back at the request port

could improve performance . We will examine some such request scheduling

and evaluate their performanc e by ~taulat icn. The class of scheduling

we consider is based on FCFS scheduling of those requests arriving from

the processor that can sect their deadlines. Those requests that cannot

meet theIr deadlines are considered for service onl y when there are no

other req~ests outstand ing that can still meet their deadlines.

The pipeline represented in Figure 5.3.1 can be uied to help

i1lu~trate what happens to those requests that are unable to meet their

deadlines . We have labeled the pipeline so that requests are made by

U——— -- ----5— ’ --5—— ~~~~~~~~~~ ‘-5-5~~_-5-5-~~~~~~ ——---~.- -5-— ~~~—.- --5’ -~~ , - , ,, -
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segment s-d and the results are required by segment 1. If a task makes

a request that cannot meet its deadline, then the task must take a null

pass through the pipeline . Null, passes start at segment 1 and end at

segment s. The task continues to make null passes until the request has

been satisfied and the result is available at segment 1, when the task

arrives at segment 1.

Effectively, the request that cannot be serviced by its deadline ,

is assigned a new extended deadline of s.d STUs and penalized one

non-compute cycle through the pipeline. When the task returns to

segment s-d its deadline has been reduced to d STUs. Thus, if the task

has returned to segment s—d , and service has not been initiated on its

request , the tasic ’s status is identical to that of a new request , except

it has already taken a null cycle. Thus , we need only give sp ecial

consideration to a request that has missed its deadline , but has not yet

returned to segment s.d . Requests in such a state will be referred to

as conditionally accepted.

When a request has been conditionally accepted it may be plac ed in

a buffer . Certain decisions must be made regarding its priority for

scheduling. When attempting to schedule a conditionally accepted

request for service , the goal is to minimize the n~aber of null passes

taken by all the tasks in the syste m . There appear to be two fac tors

that will influence this. First , when such a request is being serviced 1:
by the resource there is a potential that a newly arriving request will

m iss its deadline because it is blocked by the request in service . This

effect would probably induce one to wait until the deadline for these

requests is nearly the same as those generated by the pipeline before 

—-- .—,,~~~~~~~~~~~~~~~~~~~ -“-‘~~~~-‘ --5- , -- 
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trying to service them . On the other hand , if the resource is idle and

therefore available to service a conditionally accepted request , then

not scheduling it sight be unwise , because congestion might develop that

will force that request to mi.ss its deadline again.

It should be possible to find an algorithm that minimizes the

expected number of non-compute passes by assessing the tradeoff between

servicing a request immediately and risking interfering with other

requests or waiting and risking not getting service because of possible

future congestion. This analysis would likely be very complex and eould

result in a complicated scheduling algorIthm based on complex timing and

system state information. So we only consider a simple organization

with dec isIons based on simply obtained state information.

The scheduling technique we studied simply services requests that

canno t meet their original deadlines only if the resource is idle and if

the request is within some specified time of Its new extended deadline .

Recall that this extend ed deadlIne arises because the task associated

with a request that cannot meet its deadlIne must take a null pass

before it can use the results from the resource , if they are available.

Thus, implementation of this scheduling discipline entails being able to

service requests that can meet their deadlines FCFS and buffering the

remaining requests for service in case the resource should become Idle.

If the resource becomes idle then the buffered request with the closest

deadline , it Its augmented deadline is less than a specified constant ,

4’, is serviced . Finally, if a buffered request has not started service

by the time its associated task arrives at the request port, it is once

again considered as it it were a new request .

—--5 .—~~~~~~~~~~—~~~~--~~~~~~~—---— - - --5- -
~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --‘.— -
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A simulation of this scheduling algorithm was performed. The

resource considered was an eight—way interleaved memory , such as a

contro l store with cycle time c * ~ and a deadline 4 • 5. Such a system

would have a probability of acceptance P~, of .782 for the deadline

queuing discipline described in Chapter 3. Table 5.3.1 shows that the

more complex scheme does give slightly better performance.

Another possible scheduling technique might stop computation in the

processor pipeline to allow time to relieve congestion at the resource .

Requests to the resource can be served FCFS . The processor continues

processing tasks normally, unless a request is not able to meet its

deadline . In such instances , the pipeline is temporarily halted , and

then resumes when the request that caused the delay is satisfied .

Such a mechanism has the advantage of always maintaining the same

relative synchronization between the instruction streams in the

processor pipeline . It also is likely to be easily implemented , since

stopping the clock would halt the pipeline . Maintaining coordination

with other external resources , which are not stopped , could introduc e

some complications .

The performanc e is now determined from the amount of time the

pipeline is stopped . For each STU that an $ segment pipeline is

stopped , s STUe of computation are lost, on. by each instruction stream.

For strict deadline queuing, the penalty for rejections of those

requests that cannot meet their deadlines is also s Silis. That penalty,

however , Is only assessed to one task by forcing it to take a null pass

through the s segment pipeline . Of course , It may be necessary to stop

the pipelin, for more than one STU. For resources with a cycle time of

I
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TABLE 5.3.1

System Performance with Conditional Acceptances

c d d ’

4 5 7 .80 7

4 5 .~ .810

.
~ 5 10 .820

I  
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2 STUs a short delay of only one STU , which Is equivalent to a null

pass , might be expected , while for resources with longer cycle times

multiple STUs of delay might be required , which is equivalent to

multiple null passes. The analysi s for strict deadline queuing

indicated that most rejections required only one null pass. This leads

one to expect that as the resource cycle time increases or the deadline

decreases the technique of stopping the pipeline would appear

progressively worse when compared to strict deadline queuing. Table

5.3.2, which lists the results of some simulator runs, seems to have

confirmed this conjecture .

Another fact makes stopping the pipeline even less attractive .

Sequential, requests , such as requests to a control store by two

instruction streams that are in phase would repeatedly cause delays each

pass through the pipeline , whereas strict deadline queuing allows them

to get out of phase with each other. Table 5.3.3 illustrates this

principle for a system with cycle time c z 3, deadline d ~ and 8-way

interleaving. For that configuration the degree of structure in the

reference stream has little beneficial effect or even an adverse effect

on performance. Thus, we feel that stopping the pipeline to satisfy

requests does not appear to be a very desirable alternative. 

-5 - --- ---- ---------— ‘—-- -----‘—- -‘-—- - - - -‘------- - -
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TABLE 5.3.2

Performance when Pipeline is Stopped to Meet Deadlines

U

Stopping Deadline
c d N Pipeline Q~ieutng

3 3 8 1.0 .74n .800
3 5 8 1.0 .924 .957
3 8 8 1.0 .992 .995
3 3 16 1.0 .843 .889
3 5 16 1.0 .984 .989
3 8 16 1.0 .999 1.000
2 3 8 1.0 .698 .790
2 3 16 1.0 .823 .886
4 5 8 1.0 .982 .985
4 5 lô 1.0 .996 .996

TABLE 5. 3 .3

Effect of Branch Behavior when

Pipeline is Stopped to Meet Deadlines

c d N

3 4 8 0.2 .836
3 6 8 0.4 .845
3 4 8 0.6 .846
3 4 8 1.0 .844 
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6. CONCLUSIONS -

~~,.j Suamary ~~ Resul ts

1~Recently , the semiconductor industry has been making tremendous

advances with integrated circuit t.chnology. These advances have led to

continuous decreases in component costs and increases in component

complexity and capabilities . With respect to computers , such advances

encourage the construction of increasingly complex systems .

Multiprocessors with extensive sharing and cross access of common

resources by the distinct process streams in the system form a principal

example of such systems . Theory which allows the proper evaluation of

the performance and design tradeoffs of resource sharing in

multiprocessor systems has been inadequate . We have focused our

attention on the special problems that arise with multiple instruction

stream pipelined processors with fixed cycle time resources. Pipelined

processors exhibit the ir~ erent coot—effectiveness of pipelining and

permit convenient sharing of resources via time—multiplexed busses.

One of the distinctive features of pipelined processors is the

deadline imposed on requests to shared resources. This deadline arises

because the tasks in the pipeline flow synchronously through the

pipeline in a round-robin fashion, and therefore failure to return

results to a task when it requires them , causes a penalty to be

assessed . This penalty usually manifests itself as a null cycle duri ng

which the task performs no computation , but allows additional time for

the request to be satisfied . Previous studies of multiprocessor systems

have not considered the effects or even the existenc e of such deadlines , U 
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ar.d theoretical studies of abstract systems with deadlines have not

considered any of the ramifications associated with requests that must

miss their deadlines. In this research a practical scheduling

discipline is presented which exploits the deadlines that arise with

resource sharing by pipelined processors.

An analytic model was developed to analyze systems using this

scheduling discipline and Markov modelIng techniques were employed to

arrive at a set of equations to predict the performance of systems with

c ~ d ( 3c. These formulas can be used to evaluate the tradeoffs

associated with resource cycle time , deadline and request rate. In

addition , simple extensions permit these same results to be applied to

systems with resources whose access time is less than their cycle time

and to p~pelined resources. The model can also be applied to an

Interleaved menory . In those cases , the system performance can be

evaluated from knowledge of the performance of each individual module of

the memory . Therefore , the effects of interleaving can be determined

from the model by determining its effect on the module request rate.

Chapter ~ takes a detailed look at these tradeoffs as specifically

applied to the main memory and control store for pipelined processors.

This theory adequately characterizes many situations for which no

evaluative tect~niques were previously available. And at many easily

attainable points in the tradeoff space, high performance can be

obtained . As might be expected increasing the level of interleaving ,

i.e. reducing the request rate , and reducing resource cycle time each

lead to improvements in performance. However, even using the simple

FCFS scheduling discipline proposed , dramatic performance improvements

—-5— — - ---- 5  -‘—-5— ‘ — ‘ —----—-.——--- -— --..-— - .‘----‘-
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were observed for some systems when the deadlines were increased . Most

of the improvement is obtained when the deadline is increased in the

range from c to 2c — 1; in that range only one level of buffering is

required . Beyond d z 2c— 1 the increases tended to be less dramatic , but

in many cases very high performance can be obtained with a deadline of

2c— 1.

The results of this dissertation have demonstrated that taking

advantage of the deadline on resource requests from a pipelined

processor can have a significant influence on performance. Therefore ,

in a real implementation it might be advantageous to examine the

consequences of increasing the deadline as opposed to the potentially

costly route of decreasing resource cycle times or even increasing the

level of interleaving. In Chapter ~1 the effects of adding d~~~y

segments to increase the deadline and increasing the deadline at the

expense of having more unresolved microinstruction branches are

explored . In both cases under certain circumstances , improved system

performance can be obtained by using these techniques to artificially

increase the deadlines. Finally, a comparison of time—multiplexed

requests, such as generated by a pipelined processor, with

simultaneously generated requests illustrates that with certain

deadlines the performance of the time—multiplex ed system exceeds that of

the simultaneous request system (with the same deadline). And in many

~ases it achieves comparatively high performance without the generally

expensive crossbar switch required to satisfy simultaneous requests.

-u
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j,j Suzaestion~ ~~ 
Further Research

The basic deadline queuing discipline described in this research

was demonstrated to have good performance for many of the systems

considered . Furthermore , the alternative discipline described in

Chapter 5 provided slightly improved performance. However , even that

more complex discipline still does not guarantee maximal performance.

One topic for additional study might be to discover an upper bound on

the parformance or an optimal scheduling discipline for each set of

processor-resource parameters. Optimal scheduling strategies for a

specific set of system parameters can be determined using the policy

iteration methods described by Howard (H0W71). However , because of the

subtle and potentially complex effects that requests that are not

serviced by their deadlines can have on future request behavior , it may

be difficult to find any general results.

Further work may also consider some ex tensions of the present

model. One extension might consider a pipelined processor which makes

requests to several resources. For example , requests might be made to a

control store and main memory. I~ the system Is configured so that the

control store has very few rejections then the request rate to the

memory migh t be unaffected . However , if both resources cause rejections

then the request rates to both resources could be affected . To model

these interactions the single resource model developed here might be

applied iteratively by readjusti ng the request rates on each iteration.

However , simulation studies would have to be conducted to ensure that

the assumption that all requests are uncorre lated is still satisfied .

Other extensions might include studying the effects that maintaining 

- ----5~~~~~— ~~~~~~~~~~~~~~~~ ~~~
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pools of extra streams that can be substituted into the pipeline in the

event of request rejections would have on performance, and the L
perfor m anc e of syste ms using replicated resources , where the resource is

replicated less than c times. In addition, the results of this theory

might be applied to other organizations with similar deadline

structures.

Finally, further research is required to more deeply explore more

precise models for resource request behavior . This type of research

could be use to predict performance more accurately and might also be

used to suggest alternative resource configurations.
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