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ABSTRACT

This paper presents the Adaplive Time-Celing {ATC)
eceliani=m wlich i proves tloe eMiciency of parallel discrete
event smlation based oo the Time Warp mechanizsm. The
Time Criling. a temporary apper-bound of time to be =im-
ninted, suppresses soeculation errors whach regnire recovery
Y10 s mechatism which advances the Lime-
Cuiling pusition adaplively at runtime, according to the cur-
vent simulatar pecfonmance and the ercor fregquency. Thus,
AT s expected wo enluance the efficiency of the Time Warp

overirads,

mechanisn for oowicle range of problems. We apphed A1 Lo
a parallel bagie semnintor on A dis

Measnpements wite Lken on a

pifan teel mernaory machine.

-pruressar machine wsing
ISCAS S boenchimarks, The performance was 37 % higher
Lhao that witlout AT on average, and was 111 % higher at
tlie Lot eaw

1 INTRODUCTION

[ dbzcrete event cimulation, yeal avstems 1o be simulated
are nswaslly medelod as collections of objects whirh communn:
rate with atbhiers via messages. Tlis object-arnented method
alogy realives patural and faithlul modeling of target systems.

Currentdy, most debates i this field are concentrated on
parailed discrete cvent simulation. For the officient execution
of parallel discrete event simulation, an efficitent mechanism
for krepme time correciness iz essential. The Time Warp
mechanizin ! Jefferson V985] s an eflicienl mechanism capable
aff extracting high parallelism from target problems with spec-
ulative computation, The speculative computation, however,
sametiones results in ervors. These errors pequire recavery
aperabiong called rollback which decrease the perlotmance
af simmlators. Therelore, spppressing the speculation erors
is innpariant for enhancing the efficiency of the Time Warp
meclianism,

The Moving Time Window (MTW] [Sokel 1988] and the
Bounding Window (BW) [Briner 1991] lave been proposed
1g tedure specubation ercoes. In both approaches, o windoaw

wi e over the simulated time space. The window suspends
the simulation of events with extremely lnrge time-stamps
and Lhus can reduce the speculation errors.

Hewever, both approaches have shortzomings. In MTW,
the window 1= &lid to the future whenever events with the
senillest fie are simuolated. Inother words, the global wvir-
mal time (G st be calenlated very frequently te ad-
vange The windww. As GVT update operations reguire glohal
communication such as global svnchronization, MTW iz ef-
fhciently applicalde only 1o smalkscale shared memory ma-
clhimes Froguent glohal communication mav cause significant
overhead an lighly parallel machines with distributed mem
I":':|'

Ol bl other hand, i BW, a new window iz created next
1o the previoas window, only when the events within the
previous window have beew completely processed. Therefare,
BW does sen conse frequent GV updating. However, many
pEoacesiars gay adle al the end of each wandew.

Full.llt"lllll:-l.t'. Lt .1]1|Hu.ﬂ.5..|.|.'.f.:| I_i,-.»u-r abt essenlial prulrl.r::u
wnsclved, that s, how o cstimate the optimum size of the
window before simulation is carried cut. The problem is quite
diflicult becanse the optimam size of the window depends
Inghly oo dhe target problems.

We are atming at enhancing the efficiency of the Time
Warp mechanism for large-scale muolliprocessors, most of
which have distribnted memory. In thes paper, we present
the Adaptive TimeCeiling (ATC), a practical mechanism
for redocing speculation errars without depending on targed
proems. Although the Time-Ceiling is equivalent to the up-
per bownd of the window in MTW or BW, the ATC makes
wpe for their shortcomings.  First, the height of the Time-
Ceilng. winch corresponds to the window size in MTW or
By, warics according to the current simulator performance
ane the corrent frequency of speculation error occnrrence.
sccond, updating the Time-Ceiling can be porformed before
the campletion of event cxecntion below the previous | ime-
Ceiling. Thus, the idling problem is not as senions as in BW,
while the updating frequency is much less than that in MTW
tapproximatelv eqgual Lo that in BW ).



We have bailt o parallel o sunelaloc on the PIM
machine[Nakashima 1992, Taki 1992], & large-scale MIMD
multiprocessor system with distributed memory.  We have
measured the performance of the simulater in arder to asees
tain the effectiveness of ATC.

This paper is organized as follows: Section 2 outlines the
Titne Wearp mechamism. AL'C 15 detailed in Seclion 3 and
the method of deciding the heght of Lhe Time-Ceiling is de-
seribed . In Section 4, o parallel logic simulator, a ty pical ap-
plication of parallel discrete event simulation, and oue parallel
rachine PIM are overviewed. Section & reports the results
of measuring the eflectiveness of ALVC on the simulator. Our
canclasion is given in Sestion 6,

2 THETIME WARTD ME

Tiiscrets event simalation can be modeled so that several
olijects chianpe their states by exchanging messages with each
other. & message has information on an event whase occur-
rence titns ie stamped on the message (time-stamp) In dis
crete event simulation, messages must be ovaluated by Lheir
Jestaciativn abjpect 1 Wine-sban weeder, Otherwise, the re-
gnlts of simulation will be incorrect.

The Time Warp mechanism [Jefferson 1983] is a mecha-
nism wlich Reeps the Ume-conrectness of discrete event simu-
lation in an asynchronous manner. In the Time Warp mech-
atismn, cach ohject basically assames that messages arrive
chronalnpically. Whonever measagos Arrive in bime stamp ur-
der, the ohjects suuply evaluate these {this is specalative
compuiation] while recarding the history of the messages and
slatas,

However, when a message arrives at an ohject out of time.
stamp order {a speculation error is detected), the abject
rewinds its history and makes adjustments as il the message
had arrived in the correct order. This procedure is called roll
back, its frequent occurrence ofien decreases sanmlator per
formance.

Az the number of objects in actunal applicalions are much
meore than the number of processors, plural objects nee as-
signed to each processar. Ihas appropriate event scheduling
within cach processor is wseful lor suppressing rollback fre-
CUEnCy.

Clobal Virtual Time (GVT) should semetimes be up-
dated. GVT is 2 global lower bound of the time te be sim-
uleted. As rollback never happens hefore GV, the hastory
uwrea belore GVT can be relensed and revsed.  Details are

presented tn [leffursun 1085,

3 ADAPTIVE TIME-CEILING (ATC)

In & raively-implemented Time Warp mechamsm, a mes
sage is evalualed as soon asib aroives at its destinalion objgect,
even if ils time-slamp 15 extremely large. Such & message,
however, will probably be rewound later, Therefore, a mech-
anism snppressing the evaluation of messages wilh extremely

farge time-stamps should redoce the rewonnd messages ot in
other wards, Lthe specnlation errors.

In thiz section, we describe the Adaptive Time-Ceithing
{ATCY, which is & new mechanism applicable to o wide range
of problems for reducing speculation erivrs.

3.1 Suppression of Speculation Errors with
Time-Ceiling

The Time-Cetling, 12 equivaient to the upper bonnd of the
widuw m BW. The Time-Ceiling iz set above the GVT and
15 oecasionally updated as GVT is renewed, Here, we call the
interval between the GVT and the Time-Ceiling the height
of the Time-Ceiling.

Since the Time-Ceilling gives the upper bound of the time
to be simulated, it should contribute to reducing the spec-
ulation crrors. Fignte 1 shows soveral events waiting in a
:,l_,lu;1l|,;||_|,|g Yueues Lo be sumulated, FI':!IFI e E;‘V'Tulila.i,ju:d S
60 and the Time-Ceiling hetght is 40, In thi= example, events
wilh tme-stamps 70 and 90 can be simulated at appropri-
ate moments, whereas the rest of the evenis must continue
waiting until the Iime-Ceiling, 15 wpdated into the simuabated
future,
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4.2 Adaptive Decision of Time-Ceiling
Height

Although the TimeCeiling 15 expected Lo reduce specula-
tion ercots, it s quite difficolt o know the epamum Pime
Ceibing, height befure simulation starts because the oplimum
height depends on the target problens. [T the height is too
low, many processors might udle, elthough the speculation e:-
rors would be greatly reduced. Desides, frequent updates of
the Time-Ceiling may cause large overbeads. Canversely, of
the Tine Ceiling jemips be the distant lulure, the speculation
errors will hardly be reduced at all.

Figure 2 is a rough sketeh of Lhe relationship between the
Time-Ceiling height and simulator performance. Curve A
corresponds to the case where speculation errors are very
few even without Time-Coiling. ar the rellback cost can be
ignoved.  For this case, theie is no need to introduce the
Time-Ceiling or, if introduesd, the height should be large
cnough, as indicated by a downward pomnting arrow. Cen-
versely, Curve B corresponds 1o the case where many spocu-
lation errors ocowe, of the rollback cost = ogh. For thes case,
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Figure 2 "Time-Clailing height vs. performance

the appropriate height shovld be at the point where there is
an upward ponting arrow.

ATC s a mechanism which adjnsts the Uime-Ceiling
height at vuntiome, The cerrent peafuceance of the simolalor
and the frequency of speculation error cccurience {Lhe ralio
of rewound messages to non-rewound messages) give infor-
mation for adaptive changes. A strategy for the adjustment
ol the Time-Clelling height 1s shown helow. Here, we assamoe
that the Time-Ceiling height can vary within a set of discrete
values™, An example of the table is shown in Figure 3. Also,
we assume that e intial Time-Ceiling height is set to the
minimum value

Lurreni heaht

'
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Figure & Table of Time-Cealing hierghts {an exampls)

The alpornthn. s

IF R... = Dhreshold THEN
The "Time-Coling heigiet 13 moved to the smaller side,
ELSEIF >0  THEN

The Time-C ciling heiglt is moved to the larger side.

ELSEIF I = 0 THEN

The Time-Ceiling height is moved to the smaller side,

whert H,,. 15 Lhe current f::quenr_l.' -.'-fsperul:ui:'a:l. Srror a-
Here, we define the ratio of rowound messages to
non rewonnd messapes as the fregneney of speeulation errar
cceurrence. fi s the gradient of the least-squares approxi-
mation line for the last N samples (Figure 4). Unfortunately,
several experiments may be needed to find the appropriate
N and Thresfiodd. However, the parameters are less sensi-
tive, and will be more general than the window size in HW
ar MTW.

CUTrence.,

*These values shanld he given in an exponential manmer.
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Figure 5: Process of the Time-Ceiling update

3.3 Timing of Time-Ceiling Update

There sl remains a problem of when the TimeCeiling
should be updated. Il the Time-Cetling 15 updated after the
completion of all events below Lhe previous Time-Ceiling, like
BW, many processors will wnevitably be wdle. Ta aveid this
prablem, the npdate operation should preceds the completion
ol previous events.

Our strategy of starting the update speration is as follows,
[Tere, we assume thai each processor has a scheduler which
manages all events simalated i Lhe processor. Alsa, we as-
sume that a OVT controller exists in the simulator to update
GVT. A scheduoler manages the local time of each processor
(LVT,Y which is defined as the minimuwm of the local times
of abjects belonging to the processor.

When LVTP first reaches the reporting time, which 1= be-
low the current Time-Ceiling, the scheduler sends a request
message o the GV contraller. On receiving request mes
sages from all schedulers, the GVT controller updates GV
Then the Time-Ceiling can be updated to be the sum of the



new GVT and the new haght™™ . Meanwhile, the events be-
tween the reporting time and the previous GVT can be sim-
nlated. Figure 3 illusirates the npdate process of the Time-

el nET .

4 LOGIC SIMULATOR, LANGUAGE
AND MACHINE

Parallel logic simulation is a typical application of paraliel
discrete event simulation. Here, each gate 15 modeled as an
vbject, and a change of signal correspands to an event.

We built a parallel logic simulator[Macsumeto 1992] on
the I'EM machine 1o evaluate the eflcctiveness of AT in mm-
proving Elmlllﬂ.lﬁl Pﬁf[‘;‘l’”liﬂ—ﬂ o8,

4.1 Owverview of the L_ugi_r._f:;im:ulﬂtnr

A rough specification of our simulater is shown below,

Target Clreuits
Both cambinaiurial and sequential circuits, where all
components st be descnled al pate level

Signal values
3 wvalues (i Lo, X}

Thelay
Nammal delay model (different delays can be zssigned
to each gate.)

In our logic simulator, targel cerouils are partsioned an-
tomancally in the preprocessing stage. Once the subcircnits
are assipned to processors, they cannot migrate to other pro-
cessors (static load distobution)

With respeclt to scheduling within o processor, event
scheduling s realized by controlling the message delivery to
destination gates. Each processor has a message scheduler
which transmits the message with the smallest tme-stamp
tonts destination first

4.2 KLI1 Lang uapge

The simulater is written in concurrent Jugic language
KLV eda 1900]), KL1 has the following characteristics.

Tirst, KL1 has an aspect of an object-oriented language.
Objects’ belavior agamst messages received {eg. sending
new messages of changing their states) can be naturally de-
seribed with KLI, Second, KL1 realizes implicii datza flow
svncheanization. This means that KL1 never compels pro-
grammers to dexcrbe synchronization explicitly az a primi-
tive level, Third, the KL1 laugoage assumes a system-wide
{eloball name space cven on distributed memory machines,

00 course, this IFBEEFing samalimes Causes prermalurs opera-
tivne, In this ease, the Time-Criling position should be kept and
Feguesl anessages are sent agaimn at the same reporting time.

T Another possible strategy is to trigger the update aperation
when the number of events in the scheduling gueue becomes
stnaller than the given thresheld

The programmer only adds a “pragma” o specily object al-
location to a certain provessor, as shown below.

oo Blimaode( PIY, L

where 0 e o “poal” of KLI, which ropresente an object.
These features pravide us with a very good envirommeni for
object-oriented programming of paralle]l applications.

4.5  Paralle]l Inference Machine

The Parallel Inference Machine [PIM[Nakashima 1992,
Taki 2002] 1s the prototype hardware system of the Japanese
Fifih Generation Computer Systems project. Programs writ-
ter in [WKLI can be executed eficently on PIM. Five PIM
maodels have been developed, Our simulator s evalnated on
PIM/m

FIM /m conmists of 256 processors that are connected with
eifhers in a 2-dimensional mesh. Each processor hes S0MB
uf local mermocy, a 1B instruction cache and a 4B dats
cache. A processing voil s a 440 it {32 hits for data and 8
bits for a tag) pipelined miciuprocessor and the machine eyele
is 65 nsec, The connection bandwidth between processors is
I AEMB/second

Stnee PIM fm s a loosely-coupled distributed memory ma-
chine, the cost ol data access to other processors is rather high
compared 1o the cost witlin a processar, However, the dif-
ference between these costs is much less than thal in systems
where workstatians are connected by a local avea network

5 MEASUREMENT RESULTS

We experimented with six sequential cirenits of [SCAS'RY
Lenchmarks.
Table 1 shows Lhe stee of Lhe circuits,

[ Circuite E Ho. of gates

18584 77,965
s38417 31,095
s35907 26,433
s15830 13,354
| s13207 11,565
59234 6,965

Table - Size of the circuits

With respect to the parameters, Threshold, the Hmit of
speculation error fequency, was 0.5, and NV, the number o
samples for least-square approximation, was 4,

Figure 6 shows the performance v, Lhe number of proces
sors. ln the figure, the solid lines shaw the simulater perfor-
mance for each circuit using the ATC, whereas dotted lines
indicate perfarmance without AT,

Sometimes performance was fairly good even without
ATC, and for these cases. ATC decreased perfarmance a lit-
tle. In other cases, ATC enhanced performance. We can see
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Figure 6: EfMect of ATC on performanse

Lhat the tuere processors that are availuble, the hiqh{‘t the ef
fectiveneee aof AT In fact. in our expenments, ATC showed
the greatest cffcctiveness, 337% improvement in performance
an average, when using 256 processors, This is quite natural
Trevanse the frequency of speculation £rior cccurrence grows
as the nwmber of processors increases

Table # comparez the frequency of speculativa enor oc-
currence for P56 processors, Appatenlly, the lequency was
greatly reduced by ATC i all cases.

FPliese resulis show that the ATCO overhead is not so large,
and ATC is, on average. effcctive not only lor reducing specs
wlation crrors but alss for ablaimmg near-oplimum perfor-

AN,

Clirenils ] F without ATC th. with ATC I

) ;335_&4' 0205 0262
SIFA1T 1.027 .344
S1E0AT | 0406 0,318

s15BsL || T ALK 0377
&1 3207 iy fd R 005
AT 3001 U265

TR e 35 the frequency of speculation error securtence.

“Table 2 Effect of the AT in reducig speculation errors
(for 256 processors)

The transilion of the Time Ceiling height is shown
Fipure 7. In vider te ses the validity of the ohtained vai-

nes, we execubed further simulation where the Litne-Ceiling
height is kept a constant valee  Uke relationship belween
ithe |.1e35h1 and p-rrfn::.r:nlrl.ln::l.-. i shown buside the transition
praph. These graphs show that the height increased quickky
and then moved around the optimam hei.ghl.

Ilowewer, sometimes the height is quite unstable. One of
the reasons for this might be that the performance varies with
simulated time. For such cases, parameter N, the number of
samples for least-pguare approximation, should be lamger.

t CONCLUSION

The Adaptive Time-Ceiling ( ATC), a practical mechanism
for :red.ur_"i:ns apeculation srrots wilhoul I:iﬂi:l!!ltdills_ il barget
problerms, is presanled. ATC s expected to enhance the effi-
ciency of the Time Warp mechanism.

The ATC has advantages over similar approaches such as
the Moving Tine Window [MTW) and the Bounding Win-
dow (BW), Fist, the ATC can automatically find the op-
timum Time Celing height at a very low cost. Thus, ATC
makes the Time Warp mechanism applicable to a wide range
of problems. Second, the Time-Ceiling i= wpdated less fre-
quently than the Time Window is in MTW. This means that
the time-comsnmption for wpdating GVT is much smaller
than MTW, and so ATC s much more suitable for distributed
sueinoiy machines. Third, the nisk of processor idling is much
reduced compared to BW hecanse ATC updates GVT be-
fore completion ol event simulation bebow the corrent Time-
Ceiling.

We evaluated the effectiveneas af the AT by applying it
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to parallel logie simulabion. Cur sxperiments revealed that
ATC enbanced simulator performance, sspreially when using
many procestore. When umng 250 processors, Lhe perfor
mapcs was improved, on average, by 37 % over thal wilhout
AT Although the overbeads of ATC decrensed parformance
sumetimes, thiz decrease 15 o slight that it can be ignored

One of the remaining problemes is the appropriale selectian
of a few parameters such ax the limil requency of speculation
errees and dhe sampling aumber N, although its seasitivity is
mueh lower than that in methads where the size of the time
window wust be specified, The height fluctaation problem
should also be solved.
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