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Abstract

Performance of Time Warp simulation systems are often
measured on exclusively available paralel computing re-
sources. In distributed systems exclusive use is normally
not feasible. Instead, due to the multi-tasking operating
systems, many users share the workstationsand their avail-
ability for paralld simulation purposes varies extensively.
Time Warp has been found to be very sensitive to varia-
tions in available processing power. This paper presents
two methods for a Time Warp VLS| simulation system to
reduce the negative effect of a non-ideal environment on
the execution of parale simulations. A dynamic load bal-
ancing agorithm which adapts to the change of available
processing power is presented. This mechanism, together
with amulti-cluster partitioningtechniquesignificantly im-
proves the performance of Time Warp based simulation
systems on heterogeneous computing resources.

1

Due to the increasing complexity of digita circuits, digi-
tal logic simulation suffers from consuming vast amounts
of processing time and memory. Simulation time often
exceeds days and memory requirements easily go beyond
the capabilities of regular workstations. Perallel and dis-
tributed simul ation methods have proven to be able to solve
both problems. Time Warp [Jef85] is a well-known opti-
mistic synchroni zation protocol for parallel simulationsand
achieves a significant reduction in elapsed time. Neverthe-
less, a detailed analysis of the obtained results shows, that
there till is a strong potentia for increasing the speed-up,
since alarge portion of timeis spent for rollbacks. There-
fore, a major goal of our research was to reduce the time
needed for rollbacks.
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Simulation Process

Partition

Event Queue

Figure 1. One partition per simulation process

In many simulation systems, each basic el ement ismod-
elled as a single LP (logical process) [Fuj89, CGU* 94,
JB94]. This approach worksvery well for smulationsof a
fair number of basic elements (up to 1000), asisfor exam-
plethe casewith telecommuni cation networks. However, in
digital logic simulation, thisis not feasible due to the large
amount of gates (100,000 and more). Modelling each gate
as a separate LP would result in high administrative over-
head. Instead, our distributed simulator models a whole
partition as one single LP, which can contain up to severa
thousand basic elements (see Figure 1). A drawback of
thisapproach is, that whenever arollback is necessary, the
whole partition needs to be reevaluated, even if only afew
elements are affected. The consequence is awaste of com-
puting resources for redundant element calculations. In
the following sections, we first present a method to reduce
redundant el ement cal culationsand thereby increasing sSim-
ulation speed. The basic idea is to divide and administer
the circuit in more than one cluster per simulation process.
With thismulti-cluster administrationthe reeval uation after
arollback islimited to small regions without significantly
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increasing the administrative overhead. Second, adynamic
load balancing mechanism is presented. Instead of using
process migration techniques as found in distributed oper-
ating systems[Lud93, RJ90], wedeploy acluster migration
method between simul ation processes.

Our experiments show that both the number of rollbacks
and the virtua time span rolled back is decreased by the
improved load balance.

2 Multi-Cluster Simulator

Previousresearch [ML93] showsthat Time Warp increases
digital logicsimulation speed in exclusively avail able com-
puter networks. Now a new method is presented which
decreases the time for asimulation run in amore redistic,
loaded environment.

Let us consider a rollback on a simulator handling a
single partition of the circuit. When it occurs, the whole
partition is rolled back, i.e. all events evaluated in that
partition after therollback timearecancelled and simulation
starts again at thistime. When comparing the simulation
results before the rollback and after the reevaluation, we
find that very often results differ only in small regions of
the partition. Obviously much time is spent on evaluating
alarge number of events a second time which often leads
to the same simulation results. How can we prevent this?

Figure2: Multipleclustering

Only e ements which are affected by therollback should
bereca culated. But theoverhead for finding these elements
issignificant. A good compromiseisto divide a partition
in small clusters (100-1000 el ements per cluster). Only a
few of these clusters have to be rolled back and the rest of
the partition remains unaffected. The example in Figure 2
lets us assume that the rollback caused by an event on
signa S is executed with minimal costs when only the
shaded elements are recalculated. Introducing clusters, the
rollback can be restricted to the shaded clusters2 and 3, i.e.
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only the elements in these clusters have to be recal cul ated.
So the execution costs of the rollback are closer to the
minimal possible costs.

New Strategies: Introducing multiple clusters per sim-
ulation process leads to two new problems:

o An administration problem: How can alarge number of
clusters per simulation process be managed efficiently?

e A partitioning problem: How many clusters should be
produced (What isthe optimal sizefor one cluster?) and
how should these clusters be mapped onto simulation
processes?

Simulation Process

Figure 3: Multipleclusters per simulation process

2.1 Extended Administration

Global synchronization in our simulation system [BS93] is
based on Jefferson’s Virtual Time mechanism [Jef85], em-
ployinglazy cancellation andincrementa statesaving. The
event queue of asimulation processis splittedinto separate
gueues for each cluster (see Figure 3). They are scheduled
in increasing time stamp order to guarantee causality. A
time-wheel isused for fast cluster sel ection independent of
thenumber of clusters. The administrationoverhead for the
time-wheel is neglectable. It contains one entry per cluster
holding the cluster identity and the next virtual time step,
which has to be simulated for this cluster. The entry with
the smallest virtual time stamp is degueued first and one
time step of the appropriate cluster is simulated.

2.2 Partitioning

Our simulation method requires a partitioning al gorithm to
divide a circuit into many small clusters and merge them
into some larger sets, onefor each simulation process. The
Corollaapproach [DBK90, SB93] yields good partitioning
results for alarge number of partitions. The basic ideais
to detect strongly connected regions within a circuit and
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to combine them into digoint clusters called corollas by
minimizing cut costs. Theresultisafinegrained clustering
of the circuit with a large number of corollas. Then the
corollas are merged to partitionsin order to realize a good
static load balancing and further reduce cut costs. Because
of the large number of corollas, the partition size can be
adjusted in a wide range. For the multi-cluster ssmulator
the corolla approach can be extended in two ways:

e Partition first: First combine corollas to large parti-
tions, one for each simulation process. Then combine
the corollas of each partition to the number of clusters
needed for each process.

o Cluster first: First combine corollas to the number of
clusters needed for al simulation processes. Then com-
bine clusters to partitions, which are assigned to the
processes.

The partition first method results in a minimized number
of cut signals between the simulation processes. With the
cluster first strategy the cut signals between the clusters
are minimized. Both partitioning methods were analyzed
with different numbers of simulation processes (2-12) and
clusters (2-300). We experience that if the number of al
simul ation events sent between simulation processesisless
than 10% of al generated events, communication is no
longer the bottleneck for speeding up simulation. For both
partitioning strategies the number of cut signals between
simulation processes is small enough for this condition to
hold. But for dynamic load bal ancing, the second approach
‘cluster first’ is better suited, because cut costs between
the different simulatorsremain small after moving acluster
(see section 3).

2.3 Resultsfor Multi-Clustering

Multi-clustering reduces simulation time by restricting the
effects of arollback to clusters. The additiona adminis-
tration overhead consists of two things. A small constant
expenditure must be spent for deciding, which cluster has
to besimulated next. A moretime consuming disadvantage
is the overhead spent on administering the additional cut
signalsby extradata. In order to find out whether the im-
provements outweight the introduced additional overhead,
we ran simulations on two types of networks.

¢ Anidea, non-loaded network with Sun/Sparc2 worksta-
tions: The workstations are in a separate network trunk
which isnot used by other users.

e A nonideal, loaded network with DEC 5000/25 work-
stations. The workstationsitself are non-loaded but on
the network is normal traffic caused by other users and
services.
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Figure4: Five Workstations (Sun/Sparc2) with no network
traffic

The resultsin Figure 4 and 5 are evaluated for the bench-
mark circuit s38584 [BBK89] with more than 20000 e e-
ments using five CPUs.

On the ideal network (Figure 4) there is no advantage
with the multi-cluster method. In this situation, execution
time dightly increases due to the additional administration
overhead. Inthe network with regular net traffic (Figure5)
messages need more time to reach their destination. This
resultsin more and ‘longer’ (interms of virtua time) roll-
backs. In this example, multi-clustering accel erates simu-
lation up to 30%. In the shown example, simulation times
employing 60 to 90 clusters (12-18 clusters per partition;
200-400 elements per cluster) are close to minimum. It
should be noted that the multi-cluster simulator running
with one partition per simulation process is only about 3
% slower when compared to the original parallel simulator,
which can only manage one partition per simulation pro-
cess. Dueto theobtai ned results, themulti-cluster approach
isagood base for dynamic load balancing.

3 Dynamic Load Balancing

3.1 Reasons

Very often Time Warp performance on a distributed net-
work is measured in a perfect environment, where the
available CPUs can be used exclusively. In such a sit-
uation load balancing of paralel logic simulation can be
easily achieved by an appropriatepartitioningat the start of
the simulation as a preprocessing phase. This static parti-
tioning can be used until the end of the simulation without
modification and thenumber of rollbackswill remain small.
In aredistic environment the situation is different. Nor-
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Figure 5: Five Workstations (DEC 5000/25) with normal
network traffic

mally, users start jobs at arbitrary times on al available
workstations. The computing power varies with time over
the CPUs. Due to the optimistic synchronization protocol
which relies on a more or less homogeneous progress of
all simulation processes, the overall progress will be deter-
mined by the slowest CPU. The faster processeswill be hit
by many rollbacks and the available computing power is
not used effectively any more [NPFR85].

If the unbalanced situation lasts for a certain period of
time, one possibility isto redistributethe simul ation ‘ work-
load’ in order to speed up theoverall progress. Our original
paralel smulator is able to manage one partition on each
simulation process, so there were three possibilitiesto do
load balancing:

¢ Repartition the wholelogic circuit
¢ Move single elements of the circuit
o Migrate processes

All three methods don’t work well for dynamic load bal-
ancing. Inthefirst case, simulation must be synchronized,
stopped and the repartitioning takes too much time. By the
second approach atoo small amount of work |oad isshifted
and no significant change in the load situation is achieved.
Thethird possibility depends strongly on the operating sys-
tem and isnot agenera portableapproach. Thiscontradicts
to one of our mgjor goas: Doing the load balancing fully
within the application program.

3.2 Feasbility of the Multi-Cluster Simula-
tor for Load Balancing

To obtain a significant shift in workload, 5-10% of thecir-
cuit hasto be transferred to another simulation process. In
our example, this results in 200-400 elements. This can
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Figure6: Control mechanism

be achieved by using the described multi-cluster ssmula
tor, since the size of clustersis adjustable before starting
simulation by our partitioning tool. Moving a cluster to
another simulator consist of thefollowing steps: The static
topology information of the cluster is made accessible to
the destination ssimulator. Second, al signal and e ement
states, pending events and information of incremental state
saving concerning thisclusterismoved. Last, al other sim-
ulatorsare informed about the change of the mapping. The
advantages of introducing multi-cluster partitions remain
and are not affected by transferring a cluster.

3.3 Controlling Load Balance

The load balancing problem can be described by means
of ‘control engineering’. A regulator is needed which de-
cides when to shift which cluster from which smulation
process to which simulation process in an environment,
whose load is changing stochastically. We solve this prob-
lem with an algorithm in the global control process, which
consists of three main components (Figure 6) [Lud93]:

e |oad sensor
e |oad evaluator
¢ halancing adaptor

A more detailed view of the problems reveds that an ap-
propriate measure for load and decision rules are needed
which determine the necessary action in order to achieve
load balancing.

3.4 Virtual TimeProgress VTP

As an inverse measure for load, Virtua Time Progress
(VT P)isintroduced [Lim94] . It reflects, how fast asimu-
lation process continuesin virtual time. V7" P isca cul ated
as follows. First, we introduce the integrated virtua time
(V1) of asingle simulation processwith multipleclusters
at ared timetg, which is calculated at every simulation
step S of any cluster on thisprocess. ATy isthe length of
simulation step S in virtua time units. ng isthe number
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of clusters during that simulation step on this process. For

IVT, weobtain:
Z (ATS)

n
tg<t: 5

VT, = 1)

Time steps which are computed twice dueto arollback are
included in this sum. During theinterval [¢;; 2] the VTP
of asingle ssimulation process is defined asfollows:

i, —1VT,
s e
2t

An increase in the number of events to be simulated during
a constant period of real time will result in a decrease
of VTP, if the work load is unchanged. If in contrary
the event count is unchanged but external load changes
(processes launched etc.), V7" P will decrease too. In both
cases |oad ba ancing should be considered.

VTP[tl;tg] =

3.5 Break-Even Timetgg

Of course, amove of acluster needs a certain amount of
time, which may not be neglected. During that period, the
sending and receiving simul ati on processes cannot advance
invirtua time. Thereforeload balancingisonly initiated if
the ratio between the corresponding V7' Psis big enough.
Figure 7 shows how a bresk-even point can be derived.
t,.c iISthetime needed to move acluster, ¢tz isthe break-
even time. The solid line (gradient V'I"P) isthe measured
advance of the global simulation progress (global virtua
time) [BS92] before theload balancing. V1'P,,. (dashed
line) isthe predicted V7' P, if aload balancing is applied.
VI'P and V1 Pp.q Can be easily calculated by the global
control process, which hastheinformation about the V1" Ps
and number of clusters of al simulation processes. A load
balancing is carried out, if the following condition holds:

3

lBE,ae

VT Pyreq > VTP

tBEmaz - trec

Our agorithm takes a maximum break even point asinput.
So the behaviour of the load balancing strategy can be
adjusted to a certain load environment.

virtual
time

- - - predicted
— actual

VTPpred .7 .

real time
t-to

Figure 7: Bresk-even time
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Figure 8: Without load balancing
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Figure 9: With load balancing

3.6 Resultsfor Dynamic L oad Balancing

Figure 8 shows a simulation run of the circuit s13207
[BBK89] on two processors without load balancing and
an additional external load started at red time 100. Conse-
quently, the V7" Pslargely differ. Further, GV'I" advances
dower and the overall simulation progressis slowed down.
Finally it ends at real time 420. In contrast, Figure 9 pic-
tures the simulation of the same circuit in the same load
environment but with load balancing. The first cluster is
moved from the overloaded simulation process to the un-
derloaded one only a short time after the V7' Ps begin to
differ. Until rea time 130 five more clusters follow (see
Figure 10). Then the VV7'Ps are adjusted again and the
GV'T advances faster than in the unbalanced simulation.
Inthissituation, thesimulationaready terminates after 320
seconds. Figure 10 depicts a magnification of apart of Fig-
ure9, whereload balancingiscarried out. Thevertical bars
intheplotsof V'I'P, and V'I'P; represent the time points
when the moved cluster is sent and received, respectively.
After the transmission of a cluster, the slower simulation
process (2) accelerates and process (1) is slowed down.
Thelag between two corresponding vertical bars showsthe
time needed for transmitting the cluster. It ranges between
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Figure 10: With load balancing - magnified

two and seven seconds, depending onthe size of thecluster.
The compl ete bal ancing process asawhol elasts 20 seconds
in thiscase.

3.7 Conclusonsand futurework

It was shown that dynamic |oad balancing of a Time Warp
simulation is feasible and yields good results. It can be
achieved by slowly adapting the workload of the participat-
ing simulation processes to the load situation of the CPUs.
Our plan for thefutureisto study the behaviour of our algo-
rithm in amore complex environment. We want to extend
our tests to cases with more than two CPUs. Further the
reaction of our algorithm on faster and larger external load
changes has to be investigated. The amount of data which
hasto betransferred between simulation processesto move
a cluster is very large. Therefore, we want to apply data
compression techniques on the moved clustersin order to
reduce the transmissiontimet,....
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