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Abstract
This　lpaper　presents　a　high　perf・rmance　parallel　1・gic　simulat・r・n　a　Pと（Pers。nal

Compgter）　cluster，　w　hich　is　bas　ed　on　a　new　communication　algorithm　called　event

clump血g　to　reduce　the　number　of　communications．　A　logic　c丘cuit　is画廿oned血to

s“ubrcir．c．uits“and　as　s　igned　to　parallel　proces　sors．　The　event－clumping　s’tores　events　to

the　buffers　located　at　the　outputs　of　the　s　ub－circuits．　Then，　the　eVenis　in　the　buffers　are

sgrteq一by　the　adqres　s　ee　and　p　acked　into　a　mes　s　age．　The　null　mes　s　age　method　is　an

algorithrn　to　avoid　deadlocks　that　can　utilize　inherent　parallelism．　Ho’ 翌?魔?秩C　it　has　a

problem　w　here　q　1arge　number　of　null　mes　s　ages　degrade　a　s　ystem　performance．　As　w　ell

as　the　event　clump血g　can　reduce　the　number　of　communications，　it　can　eliminate

unnDece刀@s　ary　nuP　mesAs　ages　when　it　is　applied　to　the　null　mes　s　age　method．　In　this　paper，

an　implementation　of　the　event　clumping　and　a　performance　evaluation　are　des　cAri6edl

The　res　ults　of　the　evaluation　s　hows血at　the　event　clumping　can　reduce　the　conrmunication

overhead　to　les　s　then　2％，剛e血e　overhead　by　the　conventional　conmnication　is　40％．

lt　is　als．o　dgs　cribed　tbat　the　event　clumping　accelerate　the　s　imulation　s　peed　dras　tically　s　ince

it　can　also　improve　the　processor　efficiency．

Keywords：
Parailel　Logic　Simulation，　Event　Clumping，　Reducing　Communication　Overhead，

Null　Message，　Performance　Evaiuation

1．　lntroduction

Logig　s　tun・　ulation　is　a　very　important　proces　s　for　verifying　correctnes　s　of　logic　circuits

apd　their　propagation　delays　in　the　des　ign　of　LS　I　（Large　S　cale　lntegration）．THowever，

simulatipn　of　large　s　cale　circuits　takes　much　time　and　co　s　ts．　A　high　s　Peed　logic　s　imulator

is　a　requisite　tool　in　designing　recent　VLSIs．

A　pcurallel　logic　s　imulation　is　an　attractive　w　ay　to　realize　a　high　performance

simulator［1，2，3］．　H　owever，　it　is　not　alw　ay　s　eas　y　to　get　an　extensiVe　p－erformance，

because：

（a） i！　js一一dif－ficul－t一．tg　ex．tract　inherent　parallelism　in　logic　circuits　fully　while　avoiding

deadiocks　efficiently．

To　avoid　deadlocks，　s　everal　algorithms．that　use　additional　mes　s　ages　have　been
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（b）

proposed　so　far［5，6］．　For　example，　the　null　message　method　uses　additional

mes　s　age　to　propagate　logical　time　to　s　ucceeding　proces　s　es．　H　owever，　it　yields　a

flood　of　mes　s　ages　among　parallel　proces　s　es．　This　results　in　’ 唐?窒奄盾浮

performance　degradation．　Ano止er　Algorithm　for　s　olving　deadlocks　is　known　as

a　query　computation．　in　this　cas　e，　the　proces　s　that　is　s　ued　a　query　has　to　w　ait　for

the　reply　before　resuming　gate　evaluations．　This　delimits　the　parallelism．

sma11　grain　size　of　events　c　auses　computation／communication　imbalance．

ln　logic　s　imulation，　the　computational　s　ize　of　gate　evaluation　is　very　s　mall，　and

one　or　more　events　are　possible　to　be　generated　by　one　evaluation．　B　ecause

invokng　communication　is　generally　a　tme・consu曲9　Procedure，出e　ab　ove

si加ation　restricts　the　performance　due　to　the　ihbalance　betWeen　computations　and

commuMcatlons．

Several　s　tudies　have　been　done　s　o　far．　The　parallel　logic　s　imulator　pres　ented　in　［2］，

whichJis」bas　eq　on　th．e．　tme　warp　algorithm　proposed　by　Jefferson［4］，　ha＄　been　developed

on　a　dedicated　p　arallel　machine．　The　reference［3］　proposes　an　efficient　algorithm” ?盾

deadlock　avoidance　on　a　shared　memory　parallel　computer．　Recently，　perfomhance　of　a

netw　ork　of　computer　has　been　improved　drastically．　The　p　arallel　logic　s　imulator　on

such　a　computer　cluster　w皿be　an　usefU1　tool　that　has　high－performance　and　good

interface　to　current　CAD　s　y　stems．

This　p　aper　pres　ents　a　high

Computer）　cluster，

number　of　communications．
the　outputs　of　the　proces　s　es．

and　packed　into　a　message．

performance　p　arallel　logic　simulator　on　a　P　C（Pers　onal

which　is　b　as　ed　on　a　new　algorithm　called　event　clumping　to　reduce　the

The　event　clumping　stores　events　to　the　buffers　located　at

Then，　the　events　in　the　buffers　are　s　orted　by　the　addres　s　ee

As　w　ell　as　the　event　clumping　can　reduce　the　numb　er　of

communications，　it　can　eliminate　unneces　s　ary　null　messages　that　are　used　for　deadlock

avoidance．

This　paper　is　organized　as　follows：In　section　2，　brief　overview　of　para皿el　logic

simulation　　　　　　　　　　algorithms　are　s　hown．　The　event　clumping　method　for　reducing

communication　overhead　is　proposed血s㏄廿on　3．　In　S　ection　4，　the　implementation　of　the

parallel　logic　s　imulator　is　des　cribed．　Performance　evaluation　is　s　hown　in　s　ection　5．

Section　6　concludes　this　paper．

2．　Parallel　Logic　Simulation

In　logic．simulation，　an　event　consis　ts　of　the　tme　and　the　logical　value．　B　asically，　in　the

sequential　s　imulator，　events　are　registered　to　a　tme　w　hee1　that　manages　logicai　titne．　ln

parallel　logic　s　imulation，　the　logical　clocks　are　dis　uibuted　to　proces　s　ors．　Then，　events　are

sent　as　messages　among　the　processors．

Conserva丘ve　method［5，6］is　the　one　of　the　wen一㎞own　algo舳m　fbr　disごrete　event

simulation　that　can　be　applied　to　logic　s　imulation．　ln　conservative　algorithm，　the　oldes　t

time－stamped　event　of　a皿辻Lput　events　is　evaluated　first．　This　guarantees　that　events　are

evaluated　and　generated　in　order．　However，　it　is　possible　to　cause　deadlocks　since　no

events　are　evaluated　before　all　input　lines　have　received　events．

A　null．i｝　ie．s　s　age　algorithm　and　a　query　computation　algornhm　have　been　proposed　s　o　far

to　，avoid　deadlock．　ln　the　null　mes　s　age　algorithm，　a　mes　s　age　called　a　7 獅浮?堰@mes　s　age　is
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（b）　Event　c　lurnping．

Fig．1　Event　messages．

issued　w　henever　a　logical　clock　is　advanced．’ @The　null　mes　s　age　guarantees　that　the

output　retains　the　previous　value　undl　the　tme　contained　in　the　null　message．

In　the　query　computation　algorithm，　w　hen　a　’deadlock　is　detected，　a　query　mes　s　age　is

is　s　ued　from　the　input　lme　that　has　no　events．　The　query　mes　s　age　is　the　mes　s　age　to

inquire　whether　the　clock　can　be　advanced　or　not．　The　query　mes　s　age　is　composed　of

the　tme　and　the　identifier　of　the　s　ender　gate．　When　a　gate　receives　a　query　mes　s　age，　the

time　in　the　query　mes　s　age　and　the　tme　of　the　receiver　are　compared．　Then　if　the　receiver

is　ahead　of　the　s　ender，　the　receiver　is　s　ues　a　reply　mes　s　age．　The　s　ender　of　the　query　can

advance　its　clock　to　the血1e　included　in　the　reply　message．

Thes　e　algorithms　guarantee　the　deadlocks　are　avoided　or　s　olved．　However，　they　have

some　problems；　The　null　mes　s　age　algorithm　produces　a　flood　of　mes　s　ages　and　restricts

the　performance．　In　query　computation　algori血m，　parallehsm　Inight　be　reduc（対b㏄ause

processes　have　to　be　blocked　undl　the　reply　is　returned．

Our　s　imulator　is　b　as　ed　on　the　null　mes　s　age　algorithrn　for　avoiding　deadlocks　s　ince　it　can

u曲e血herent　p　arallelism　fully．　In　p　arallel　proces　s　ing，血e　number　of　communication　is

aprhllary　factor　that　deterrr血：les　overa皿　perforrnance．　This　paper　proposes　an　event

clumping山at　can　avoid　a　flood　of　null　messages．

3．　Event　Clumping

In　communication　among　p　arallel　proces　s　ors，　there　exis　t　s　everal　overheads．　F　or

example，　the　data　to　be　transferred　have　to　be　packed　into　mes　s　age　at　a　s　ender　node．　A

receiver　has　to　unpack　the　mes　s　age　to　restore　the　data．　There　is　als　o　protocol　overhead

for　ensur血g　reliable　communication．　Reduc血g　thes　e　communication　overheads　is　a

crucial　issue　to　utilize　potential　system　performance．

（）ur　s　imulator　reduces　communication　overhead．　by　decreas血g血e　number　of　mes　s　ages．
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：Fig．2　Elimination　of　null　events
　　　　　　　　　　ほ　　　　　　　　　ユnamessage　buffer．

F19・1　sh・ws　a　c・nventi・nal　event　transmissi・n　and血e　pr・p・sed　event　clump血9．　A

glven　logic　cirgu．jt　is　divided　into　s　ub－circuits　and　as　s　igned　to　processor　elemehts（’PEs）．

The　outputs　of　the　sub－circuit　in　PE　I　are　connected　with　the　in’垂浮狽刀@of　the　sub－cir6uit　in

PE2？PE3，　anq　PE4．　From　Ll　to　Ls　denote　lme　idenufiers．　The　output　event　consists

of　the　　　　　　　lme　　　　　　　　　　　identifier，　the　time－stamp，　and　the　logical　value．　Fi　g．1（a）　s　hows　a

conventional　event　transmis　s　ion　where　each　mes　s　age　includes　only　one　event．　In　this

example，　PEI　is　sues　ten　mes　s　ages　to　transmit　ten　events．　Fig．1（b）　s　hows　an　event

clumping．　When　the　output　events　are　generated　at　PE　I，　eventT 刀@are　s　orted　on　its　lme

identif7ier　and　the　time－stamp．　The　s　orted　events　are　s　tored　to　the　buffer　located　at　the

output血1e　of　the　PE1．　The　events　in　the　buffer　are　clumped　to　form　a　message　and　sent

to　the　succeeding　PEs，　when　one　of　the　following　condition　is　satisfied：

（1）　When　the　total　number　of　events　in　the　buffers　comes　to　the　specific　number．

（2）　WZhen　the　processor　has　no　internal　events　to　be　evaluated．

In　Fig．1（b），一tgn　evgnts　are　clumped　into　three　messages．　The　rebeivers　unpack　the

message　and　place　the　events　to　the　corresponding　input　lines．

Thus，　the　event　clumping　can　reduce　the　number　of　mes　s　ages　drastically．　However，　it　is

not　eas　y　to．　determine　．the　optimaj　number　of　events　to　be　clumped．　If　the　s　ucceeding

proces．sorAs　haye　no　a－ctilv－g　gates，　it　would　be　profitable　to　send　events　as　early　as　possibie

mstead　of　s　to血g　to　buffers．　The　optmal　number　of　events　depends　on　a　performance

balance　of　computation　and　communication．　We　experimentally　determined血e　nu曲er

of　events　to　be　clumped．　In　the　current　implementation，　1000　events　are　clumped　into

one　message．

’1．］he　gvgnt　clumping　is　more　effective　w　hen　applying　to　the　null　mes　s　age　algorithrn．　A’

flood　of　null　messages　can　be　avoided　s　ince　unneces　s　ary　null　events　are　eliminated　while

being　s　orted　at　the　mes　s　age　buffer．　The　null　event　may　be　appended　only　at　the　end　of

the　clump．　Fig．2　depicts　how　the　nuU　events　are　eli血nated　in　the　mes　s　age　buffer．　In

the　figurgl　five　ngll　events　are　deleted．　F　or　the　line　L　l，　all　null　mes　s　ages　’except　the　las　t

o4e　are　eliminated．　The　last　null　message　should　not　be　deleted　since　it　may　be－useful　to

advance　the　clock　of　the　receiver・　Thus，　by　ehminat血g　unn㏄essary　nul　events，　both

一4一



the　size　of　the　message　and　the　receiver’s　task　in　updating　the　clock　can　be　reduced．

4．　Organization　of　Parallel　Logic　Simulator

Our　p　arallel　logic　s　imulator　is　running　on　a　P　C（Pentium　90MHz）　cluster　where　the　P　Cs

are　connected　by　ethernet．　The　s　imulator　has　been　developed　using　C＋＋　language　and

PVM（ParaUel　Vi血al　Machine）［7］running　on｛the　BSDIOS　operadng　system．　PVM　is
the　s　oftw　are　s　ystem　that　permits　a　netw　ork　of　computers　to　be　used　as　a　s　ingle　p　arallel

computer．　Under　PVM，　collection　of　computers　appears　as　one　1arge　distributed－memory

computer　called　virmal　machine．

A　logic　circuit　at　gate　level　（synchronous，　asynchronous，　and　combination　circuit）　can　be

simulated．　The　s　ignal　value　may　be　High，　Low，　and　Unlmown．　The　specific　gate　delays

can　be　assigned　to　individual　gates．

A　legic　circuit　is　partitioned　into　sub一一circuits　before　simulation　by　following　steps．

（1）　Look　for　loops　in　a　given　circuit．　The　gates　in　the　found　loop　are　colored　to　form　a

group　called　a　cluster．　Repeat　this　step　until　no　further　loops　is　found．

（2）　The　next　step　is　to　make　clusters　of　gates　that　are　not　included　in　the　loops．　Pick

up　an　uncolored　gate　and　trace　the　signal　lines　extend丘om　the　gate．　If　another

uncolored　gate　is　encountered，　it　is　brought　into　the　cluster．　Repeat　this　step　to　make　as

big　cluster　as　possible．

（3）　These　clusters　are　assigned　to　the　processors　with　balancing　the　number　of　the

gates．　At　this　point，　as　far　as　the　number　of　the　gates　is　balanced，　try　to　merge　a　loop

cluster　with　the　adj　acent　clusters．
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［lihi．　s　panitioning　algorithm　is　to　make　clusters　of　gates　that　have　cyclic　causal　relations．

［！．he　gates　in　the　clusters　tend　tg　exchange　event　messages　very　frequ’ently．　By　assigning

those　gates　to　one　processor，血e　number　of　communication　can　be　reduced．

5．　Experimental　Results

T．o．e．valu．a．te．thge－ffecqve一ness　of　the．event　clumping，　The　32－bits　ALU（Arithmetic　Logic

Unit）　　　　　　called　　　　　　　　　　　a32　　　　　　　　　　　　　　　　and　the　　　　　　　　　　　　　　　　　　　　　　　sequential　circuit　S　1494　proposed　in　IS　CAS’89　has　been

simulated．　The　a32　and　S　1494　consist　of　943　and　683　gates　respectively．　The　15000

input　s　ignals　w　ere　generated　randomiy．　The　number　of　total　’?魔?獅狽刀@’evaluated　w　ere

approximately　1600k　for　a32　and　496k　for　S　1494．　The　S　1494　cannot　be　divided　to

paorg　than　three　s　ub－circuits，　s　ince　it　includes　a　1arge　clu　s　ter　of　gates．　The　s　imulation

has　been　performed　with　event　clumping　and　without　event　clumpihg　for　comp　arison．

Fig．2　s　hows　a　communication　overhead血血e　tot訓execudon㎞e．　in　the　figure，　EC

denotes　event　clumping．　Wnhout　event　clumping，1090　to　40900f　the　executionV @ti　’
?@are

consumed　by　communication．　The　event　clumping　can　reduce　this　overhead　to　190　to

290　for　both　circuits．

The　performance　gain　obtained　by　event　clumping　is　shown　in　Fig．3．　ln　the　case　of　a32，

using　five　proces　s　ors，　the　s　imulator　w　ith　event　clumping　can　ekecute　ab　out　1300　timds

fas　ter　thJan　the　s　imulator　w　ithout　event　clumping．　For　S　1494　on　three　proces　s　ors，　the

gvent　clumping　can　accelerate　55廿mes．　Fig．3　shows血at血e　performance　gain
increas　es　as　the　number　of　proces　s　ors　increas　es．　By　clumping　eVents，　the　sefider

pl．oces　s　gl　can　produce　enough一　load　to．keep　the　receiver　proces　s　or　busy　before　falling　into

idle　w　aiting．　for　events　to　be　evaluated．　Thu　s，　the　event　cluniping　reduceg　the

proces　sors’idle血ne　and：inproves　the　proces　sor　ef五ciency．　This　results　in　the　high

speedup　ratios　shown　in　Fig．3．

6．　Conclusions

Ip　this　paper，　a　hig4　perf．　ormance　parallel　logic　simulator　on　a　PC（Personal　Computer）

cluster　w　as　presented．　　　　　　　　　　　　　　　　　　　　　In圃el　process血9，血e　number　of　communicatipn　is　a　primary

fact・r　that　dete「mes　the・verall　perf・rmance・The・simulat・r　is　based　pn　a　new　alg・ri血m

called　event　clumping　to　reduce　the　number　of　communications．

To　evaluate　the　effectivenes　s　of　the　event　clumping，血e　s　imulations　were　performed　for

combinatorial　　　　　　　　　　　　　and　s　equential　circuits．　The　results　of　the　evaluation　sh6wed　that　the

event　clump血g　could　reduce　communication　overhead　to　les　s山an　2％，　w　h丑e　overhead

without　the　event　clumping　w　as　1090　to　4090．　It　is　also　confirmed　that　the　event

clumping　accelerated　the　simulation　speed　by　a　factor　of　55　to　1300．

Our　circuit　partiqoning　algorithm　fmds　loops　in　a　circuit　and　as　s　igns　the　loop　to　one

proces　s　or．　This　p　artitioning　algorithm　is　beneficial　to　reduce　the　nuinber　o　f

communications．　However，　it　s　ome血es　has　a　problem　in　balanc血g　the　loads　among

proggs　s　ors　since　the　s　caie　of　the　loop　depends　on　a　topology　of　the　Circuit．　The

partiljopmg　algorithm　that　performs　better　w　ith　event　61umPing　is　required　to　be

developed・　The　deta丑ed　evalua丘on　of　our　simulator　is　aユso　n㏄essary　by　apPlying　to

wider　range　of　circuits．
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