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Abstract

Thas paper describes a method of fault simulation for parallel processars. The proposed methed is based on Time Warp
for goad simulation and Single Faull Propagatisn fae foult sicaulation. These muethods, howsver, are modified for efficient
pazallel execution, remeving the doerrier between good and fault simulation, and simulating muitiple faclty circwits in
parsllel. Preliminary performance evaluation results on parallel inferenee machines, Mulii-P3L and PIM/m, show pood

efficiency of vur method, about § fold speedup on ¥ progessors even for a small circuit.
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1 Introduction

In the flow of WVLS[ eirewit design, one of the most Lime-
conswgnf Shep LS foult somulafton which 14 Pc:r:fn‘.‘:rrr.ed
for the evalpation and imprevement of circwil test pat-
{erng.  Although antomatic iest peneration systems will
eliminate t1y-and-errors with handmade pattesns in this
Irngthy step, they mclode and spend much time on fault
simulation in order to fedace patiernd to be gonceated
The performance of fault sintulation, therefare, is impor
sant for the eficiency of VL[ testing CAD in enther cases
that tesl patterns are handmade or aulomalically gener-
ated.

Ell]l_l.,.: ik .-.il.l.l.l.l. h'.ll'.u]ﬂ.l.:.ll.' jlau'.lll.es 1I|-|HE' I.II.E.JI.I.IJEJ Ur EELE}
and faults, it 15 natural Lo semulate them n E!ilr.‘l:!l‘l F ]
order ta achieve high perlormance In fact, various paral-
Tel fault simulation methods huve been propesed, although
many of them are bat paralle! [or sequeniial processing, O
the other hand, Ttme Warp (T} method Jeferson 83,
15 'Fll_a:,l'll'_' atl: JI:I'.IIITI.dIII. iIJ..E il.l J:ld.TEIEEI. I'JHiL ﬁjllluldl:\.ﬂl
m '-\'I'Ifh il |:|:'\__.'|,||L |:,| d'l'uldﬁ‘.':l. [${11+] I.Iﬂ.rl.ll.ii.ll.lb bil.l.ll.l.‘.dlE'J
in parallel  Several implementations of the method on
picrallel machines showed sgnificantly good performance
iChung B9, Malsumols 92l Tius method, bowever, Las
been senreely adopled far fault simulation hecanse it seems
hard 18 combineg the method with Sengle Faall Propagation
(AFP}[Houy 78] wluch is the base of most of Ligh speed
fauit simulators ::‘l-‘r';]_:l:uk:l.u!-k'. AT, That 15, a straighifer
ward parallelization of a SIP fault simuolator waieg TV
method will be ineflicient becawse of tsufficcent numbe:
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ol faulty events cvaluated in parallel and the ayachropiza-
tion barner between good and fault simulation.

it this paper, we prapase an eficient parall=] fault sime.
ulation method 1o which these two methods are combined.
In aur method, multiple faulty circuits are simulated in
parallel to generate sufficent number ef faulty events
The berner s remeved performing good and fault simula.
tions concarrently. We also show experioesial resulls of
the laull simulator implemented on parallel inferance ma-
ehinies, Mult- PSI [Takeda 88) and PIM/m |[Nakashima 52|

This paper 15 argamized as follows: Section 2 baelly
disgusses the patallelsm i faull simulation; Seclion 3
describes the eircwit model, alponithm and implementation
iggues of our methad, Section 4 presents experimental
results and analysis on them, and Section § gives L
conelusmn.

2 Parallelism in Fault Simulation

It 15 well known Lthal theee ace Lhres types of parallehsm
e fault sirmulation, patlern, fawlt and cerowil paraflelsm
iL':"-'l:IIIIEI. ﬂﬂl I:FJEI_H: 1} While the first two types are
oiten exploited in bl paraliel execulion on senal machines,
the thied type mainly concerns real parallel execulion an
parallsl machines

The paitern parallel simulation combined with 5FP,
so-calbed PPSFP, 15 regarded as one of the most proms-
ing methed faz cambinational eireuits on senal maclines
|Waicukauski 87, Tn Ulus methed, muliiple inpol pat
terns, usuably 32, are mjected n ibe circuit to be simo
lated, and maltiple stales of each gate earresapanding e
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Figure 1: Parallelsm m Fauit Simulation

the patterns are evaluated simultamecusly wsing biiw:ac
logie operations. I i alse atlempled Lo apply the method
to sequential frenits which requite itesalive evaluation Lo
converge the states of flip-flops in them [Gouders 91]. The
pattern pacallelisim, however, is hardly exploited in real
]'.h'l.T.-'I.“l?I, a¥ecnbion herangs Lhe |'|-::-L|-n1:|.1: EI:II.'I.III‘:IL'EI'I'. in a
parallel machine is, say 32 bit times 64 processors, muell
mere what can be utilized 1n this methed,

The fuult parallelism is alse often explonted in bit paral
lel execution using Bitwise apeeations to evaluste the atates
of multiple faulty circuits {Cheng 91, Sinse a large ciccuil
has many polential laulis and multiple faulty cirevils ean
be evaluaied ndependently of each ather, this appeoach
seems fit for real parallel execution (Duba 88] However, u
straightforward extension of the fault parallel simuiation
[or parallsl machines will compel each processor eloment
ta perform the pood simulation of the entire cireuit. This
sapeludes that the .Ipttl.‘{up: which is al moast the pabio of
tloe execubion tiooe foy the lawll sinawlation e that for the
goond simnlafion will be insufficient for large scale pazaticl
machines.

The crreud parallel simulation has besn widely used
for logic (guod) simulation. Especially, several simola-
tars with TW method achieved good speedup on lacge
toale paralle]l machines [Chung §9, Matsomote 93], As
for faull simulation, however, the siraighiforward npph
cation of the method will also fmil, because the number
of {wulty evenis generaled by the injection of a lanll will
oo oo small Lo pravide crough werks to lnege amannt
‘:'r pfcCesant #lapmanls J.I'.]m'.lu;h concurrend m-:LE:ad w.]l_
geuetate sullicient evenls and achieve faiely high speedup
[Mueller-"Thuns EG], ita dnw pesinrmaners on single proces.
sor will euacel the good [catars.

Therefore, 1t wili be required to combine two or more
parallelization methods in order 1o achieve both lgh san-
Ble processor pe'.':-un'.luu:l: anel E-:'-l:rd :||1¢.:c:du|'| {ambi-
nations of the pattern parallelism with others were pro-
gosed in several previous works [Ishinra A7, Narayanan RR,
Marayanan 89], bot pattern parallel method will be hasdly

applizd o soquentiel cirzuits especially in the cose of pat-
allzl procassing.

Thus, we combnned the cireail perallel and fault paral.

lel in order to accelerate both good and fault simulations.

Good simulation is performed using TW method which
will wxplots the cieceit parallelism. On the other hand,
fault simolation will be accelerated by the sismullaneous
injection of multiple {aults which will provide sufficient
and widely dilfuse faulty events.

3  Algorithm and Implementation

3.1 Circuit Model

Uur fawll simulotor 5 capable te handle combinslional
circnits and symebronous sequential circuits, That is, a
eirtnit to be simulated should allow zero delay evaluation
for s logic gates and unit delay for fip-fops.

The logic value representing the state of & signal s 4,
Lot X A fault s stuck at 0 or 1, aed i5 injected inta
one of the ionput termunals of & gate whieh has twa or mace
iapubs, or Lie outpus terminal if £ has two or move fanogl

I'IT.’\T-'.'I"'I"S.

3.2 Algorithm Overview

The 5P methed i represented as follows:

for ¢ =10 Lo lest_cvele do
hegin
good simulatisndg)
for f.= 1 te ¥ of faulis de
begin
wiject faetif )
propagate fault] )
il ilt'.fﬂ-l‘.“il:.f] tloca |J|.:J|:l_r.1u: ll:.‘lr]
ol
il

[n order 1o exploit the circuit parallelsm, the sirevil is
divaded inle paritions each of whick s allocated to a
processar clement.  The functions good slmulalion and
propagate fault are execaled Ly u levelized event drivan
sipulatyr moa processor element, and will exchange evenls
inpit to or aaipat from gates on otlier processor elements.
Muoreover, the inner and outer loap are parallelized 1n order
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to explot Lhe [ault parallelism and to break the barrier
ketween Lhe good and facll simulations

3.3 Tarallelization of Inner Loop

The innce laop is parallelized in o wavs, ooe is the
bitwise fault parallel methad with a graup ol (up to) 32
faults, aud the other is do-all parallchzatian The leap
can be cxecuted completely ia pacallel if each gate can
held states corresponding to all faults This assumption, of
eonrae, 15 unrealisiic and a certain restriclion 15 necessary
to keep the memory cpuce [Ur o gate al a Teasonable
size. We devised twn bechniguas for expluting ds wuch
parallelism as possible under the memary space hontation.

The firat technigue 15 sumlar lo Jounding Window
[Driner 51), which is introduced to limit the size ol Lhe Lrail
for ollleack of TW method. That i, the mumber of fanlty
erremil groups to Le simulated sencurcently is limited to »
cartain namber A F which s the size of foelly toad of each
gaie. Uniike the ongina] Bounding Window, the eonditson
beostart the simulation oo o fault group § is nol necessary
to be 1lie completion of the geoup [ A7 Instead, o pool
for fras entries of the faulty trail s matntained, aid e
simuladion (e f ocan be started i o0 enn et oan enlry 4
{rom the panl

The trail the size of A F, however, s atill ino large Lo L
contansed in sach gale, bacause A F is dosivabie o he larger
than Lhe number of processer clements grder to provide
sufficient warks to them. Thuereloie, wo introduced the
second technique, av en-demand loadiagfsaving of gate
stales [rwanfic the single faulty teail allocated ar sach
processne elemeni. Each entry of the teail comtains a fault
group identifier F, ity simulation fime T, aod a list of gate

~

slale

When a processor elemens performs the simulation of

the group f oon the time & with the faully dral endry & for
the first time, it sets F and T of the cotry ¢ to [ and ¢
and eleass 5. A gate aclivated by ihe fault propagation
of f may have the stale of f° and & associated b g, and
ite state will be appended 10 5 of &', if F and T of &' ts
egual to fapd |:i.-=.: the sunulation for f' on O may not
be completed )

Cn the other hand, the sirmulation of [ on £ with &
is performed twice or more, a kind of tollsack occurs on
and after the secand oceasion. ‘L'hat i, Lhe slates 1n 5
of ¢ 15 loaded to corresponding goles, seving ther stales
if necessary. This technigue promuses thal the state of a
gale s evalusted i couslani Lme for the Rest lime, aiod
alsn em rollback eases undee o rensanable expeciation that
a pate whose state 15 loaded will be activated again.

3.4 Parallelization of Outer Loop

The parallelization of the inner loop will be insufficient
to el gond peslormance, because the barnier bebween the
5‘"‘"1 and {ault simulations brings svochronization ower.
Framack N Lasver before Lhe fawdl simulation s reasanable
becapse ibowall Lo muckbilens Lo p.'l[l.ll:lll Lhe {ault simula-
tion with nnstahbe gaod eirewil stales ag Uee relerence. The
barrier afler the Tault sunclation, haweves, can be broken
1l each patc lias a gl:.lr:ll.l! traad foo its ,g,a-:-l:l statos for the
referenen of the Tault simulatian. Meareaver, this brealing
noturally makes b possible 1o break the barrier belween
comseculive good simualations as TW simulators do

Tar breaking thess barriers, we adapled the coneept of
Heonding Window agwn. Each gale las the gool teail
size of A+ A, At for the reference and e for rollback
to b TW simulation Therefore, Lhe Eund sirmulaticw an
tume [ can be stacted, if the good smulatien on ¢ — A2°
and the fault simulntion an £ AL AL are compleled.



3.5 Implementation

We implemented (e faolt simulator on paralls]l infersnce
machines Multi- P51 i Takeda B8! and PIM/m[Nakashima
521, which have up to 64 and 256 processor elements con.
mecied by two-dimensional mesh networks, The whele pro-
gram is wrtten in a committed choice Ingie programming
language KL| [Ueda 90}

As shown 1n Figure 2, the sinulator has the single-
master/multiple-slave eonfiguratton. The master proces-
sor distributed input patterns and gathers good oufput
valurs tofTrom slave pracesases. As Tor the faslt simaola-
tion, it meintains & pool of undeteeted faults, makes wp
and injects faull groups, and collests detected faults to cs-
meved them from the pool. The master is also respoasible
to the synchsonization which 1z perlormed by gathenng
local completions of good/fault simulatisn on slave pro.

CEEROIS.

F.n-cl‘: 'R.I.'I'\'{' DEOCES 0T hat a laenl sehediler and gan.’.'
and fault simulators. The local scheduler recaives massages
froun ilie imastes and uther slaves. If the PrOCEsSOT 1§ wdle, a
magage immedintely activates the gaad ar fault simalater
Otherwise and wsually, the message is pul in one of pecls
azch of whizh is corresponding 1o a stmulation time ¢ et a
fault BIvip Fo Wihen e simulation for & b or & fault
proup i complated, o peal 8 packed up and its contants
are injected into one of the simulator. The order of picking
15 [anlly evend pools fiest in FIFO manaer, (hen Lhe oldesl
gread event panl. On the ipveeatisn of o simolator, the
local scheduler ndicates whether rollback may occur, in
order to keep the sunwlator fion |.:l:|.f;.l."u|..5|.g PR FISEE T o

nperations in nane! nancrallhack caves

This master-slave configuration simplifies the imple-
meatation of the syncluunigation and the maintenance of
faulls. "uur.'ll_'l.: Lhes i:E:I.ElI. r|11$||.- wol bae ex;::.;lgr.l. bis-
erse Lthe maseer wath many slaves seold be o Lot spat, as
discussed later.

Table I: Siatistics of Cireaits

leval | # af gates | # of {aults -l:;'l.'tragc
1 339 1430 [ 95.7%
! __2' 17 4196 | 95.6
1 2373 BEEY | B3

4 Experimental Results

4.1 Test Circuits

For the performance evalustion, we wsed binary trees of
12 bit adders. A tree i level deep has 27 input vertores,
Vi, Epy ooy Tye, o2 bl wide for each, and 2™ - 1 adders
to caleulate 374, Table 2 shows the number of gates and
faults in cwrcwits with level | to 3 which are used far the
evaluation. The table alsn shows fault coverage of prendo
randam 258 mput patterns. Most of undetected faulis due
to the redundancy of carry lookalead logic.

dinve our circuit partitioning raatine is under develop-
ment, these eieceits are partitioned by hand using a strat-
egy in which each I Lit adder iz the partitianing unit and
adyacent Wits are merged if necesancy The resull is guite
siamalar e what iz gotten by depth flzst pertitioning from
primary ouiputs, atd our routine will alsy pecform =imilar
patbiticn

4.2 Single 'rocessor Performance

Table 1 shows single processor performancss of Multi-PS]
and PIM{m with 258 mpul patterns. The good simulalion
performance of blulti P15 abhout 2.5 K-pvent fsee and is
pgmiicantly higher than 1.4 Keewent/see of Matsumeto's
logie simudator an the same mache [Matsumeots 92|, prob-
ably owing te the zero.delay svaluation. Moreover, sincyg
levelizatien greatly reduces the wumber of events ahaul
W15, the dudtarenee ia greater Lhan ol looks, We also eval.
vated parallshzation overicad cansed by winecessary Lrail
vperatives. The overhead 13 small, abeut 7%, becuase

ol the chonaabion of eperalions fne rallback deactibed in
Section 35

TII!rtL' | Slrlglt -C'lI"JL‘.'h:AJI. [\"L'I.[i.ﬁlll.lll.l.li."_'

[____5_;:&:’511_:._ | - fandt sim

| machine level | exec. time | eventisce | exec. tine | event faee | time/fault
[st] [we) ! {rsec) |

Multi-P3I 1 278 2459 B aia 1.4
2 TiA IRR4 iThg R53 151 )
3 154 0 TG 156.§ = 144 |

PIA i 1 125 KEN 20.0 L2063 HN R
7 K 5226 FE 40| o

3 81,2 S136 | x2v.n 1153 0.69
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Figure 3: Speedup of Good Simulation

The fzull simmulatioa pecformance measured by event faec
scale, howeaver is not excellent, Tlus 15 partly caused by
the parallelization averhead, ahout 30 %, for the unneces-
sary geie state saving. On the wlher bond, the execulion
time por fault injection 1 almeost constant regardless of
the size of sirewit. This backs up our obsersation thal
ihe straightforward extension of fanlt parallel simulation
for real parallel procssing should fail, as diseussed in Sec-

tion 2

4.3 Multiproeessor Performance

Figure 3 and Figure 4 show speedups of good and fault
sigulators on up bo B slave processars an PIM Jm [Tl':lﬂtll
PAT's data is quite similar) witl 256 input pattsins. The
parameters AL, At and Af are 4, 4 and 64, respeclively.
As for e faull simelation, speedups on E slaves with B
patierns are alse shown.

Speedups of good simulations are resemble to the
results of similar size ciccuits in (Matswmoto 92|, wad
aze Letier than these of lacper ones in [Mueller-Thuaz
84]. This shows Lhal our syechromzation mechanism with
small Bounding Windrw warks 2t well os other global syn-
chronizution stralegies. Speedups inr Inrger mrcults are
better, and they are improved further, 7.5 [or B slaves, by
m'.:l.'rg'ing I as dhgepdsed latar

As for the fault simulation, speedups are smaller thaa
goud simulations. For the first B patterns, however, sig-
nificantly hatter resulis are gollen, A parl of the reason
of thess mesults is that the number af undetected faulls
rapidly decreases. That is, local fault simulators become
starved and the speedup drops as the simulation pro-
gresses. This relatianabip in the case of the level-1 circait
apd B slaves 14 shown in Fagure 5

The other reaswn ix the hot spot &t the master proces-

]

{Speedup)

¥ e . N e
—d fevel-3 h
oo e C
& Caas l-w \ wilh § paligrms { i
L]
4
1 .
S
3 -5
i 3 4 ] [] ki ]
{Slave PEs)
Figure 4; Speedup of Fault Simulation
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Figure 5 Speedup and Undetected Faolls
sor. The load avetage of the master processor it nearky

100 % in the vase of Uhe faall simulative, wlhile it is ap-
provimately 53 % in the gond simalatan. This s mainly
causcd by the maiatenence of [uults such as fawlt deop
ping aud grouping. These operation can be distributed 1o
slaves to cogl Lhe hol spal, of wp E;i.n: up pm mediale d:vp
ping and aptirmal grouping. This issoe s Jelt as a [uluee
wark

4.4 TParameters for Synchronization

In erder to evaluate the effect of the paralielization de-
scribed 1n Sechion 3, we measured speedups on B slaves
with 256 patterns warying the parameters A f, Ot and A

Figure 6 shows resulis for good simulation in whick
ﬂl': the siz= of 1he s\und l.l;a.il, varred fram 1 ta 168, In
simulations lor all ciccuits, She vplimal valee of L% 15 B,
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Figure 7. Fawlt Simuelation Varying Af

with which 7.5 fold specdup i3 gotlen for level-2 cirouit.
I the fault simelalion, however, the values of Af and A¢°
can be Tl gt Eu;l-..". results, while Ii.1.l]ﬂ.i|'|E, them | will

Arprade tha perlormance 10 1o 20 %

Ou the other haod, e pecfonmonce of fasll simulation
15 \'l:'r:l' sensibive Lo 1.]|_|_" \':I.I_.I,ﬂ. 'D:- ﬂf “'EIH:II, |13 I.IH‘: Nl H‘r I.I'IF
{nulty trail. o shown in Figure 7. These figures also show
1leat the growih of circuit size makes the perlormonce more
seusitive Lo parametess, sspecally to AFf  Therefore, it
might ha neressary ta adjnst parameter valoes according
io circurd saze, This issue 15 also left as a [wiure work

5 Conclusions

In this paper, we prosented an efficient fauit smulaton
methed fur pacallel processors which exploits both the

fault and circuit paralielism, combiring Single Fault Prop-
agation and Time Warg methods. In our faolt simulate:,
multiple {fault grovps are injected and evaluated concur-
rently using the faulty trail allocated on each processar ¢l
ement. Faully circuit states of gates are laaded and saved
fromto the fzulty trail on.demand. The barriee belwesn
the good and fawll simulations are broken by modified
Bounding Window method in which the good trail con-
tains states in the past not ecly for rellback but also for
the reference from the feult simwlator. Owing to these
techniques, we got good performance results, about &6 fold
fault simulation speedup on 8 slave processors of parcallel
inference machines,

Althongh we snccessfully implemented the simulator
and achizved good performance, there is iuch work Lo be
pursued in future Fiest of all, we muost complete the cire-
cut partrtioning roctime which will 2nable us to evaluate
simulator's petformance with various and large scale cic
cuits. It will be also pecessary Lo modily our method in
vrder Lo coul the botl spot ot the master pracosanr and to
adjust the synchromization parameters.
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