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Preface

Welcome back, my friends, to the show that never ends. We are glad, you could
attend the 24™ annual European Simulation and Modelling Conference, ESM’
2010, organized by EUROSIS. This year, this international European conference
presents the recent advances in the fields of simulation and modeling at Hasselt
University, Belgium.

Modelling and simulation are of major interest to the academic community, but
intended for understanding, managing and controlling organizations in the real
world, be it non-profit organisations, service companies, industry or government.
On an open forum like the ESM conference, the interested community can learn
about new techniques, tools and methodologies how to change their daily
behavior to reach the strengthening objectives in a world where the loudspeakers
sing ‘improve, improve, improve’.

Welcome, maybe for the first time, to the city of Hasselt, to the city of ‘good
taste’. From its location in the East of Belgium, Hasselt sends a warm invitation to
its close neighbours in the Netherlands, in Germany and in Wallonia for all
people of good taste. The inner road ring of this small city may be crossed in ten
minutes but only by those who have no appetite in charming streets with beautiful
fashion shops and with lots of restaurants and cafés spoiling the inner parts of us
all. A reasonable amount of ‘jenever’, the spirit locally brewed but widely known
will print Hasselt for a long time in your memory.

Welcome also to the campus of Hasselt University, located in Diepenbeek, within
the open nature. The light of the open space will walk with you into the entrance
hall where you are warmly invited for this conference.

Unlike the green on and around the campus, an international conference does
not grow by itself. The importance of the work of the International Programme
Committee should be highlighted. By attracting papers, by refereeing papers or
by supervising the review process, the members contribute to the technical
excellence of the conference, which is the aim of the EUROSIS conferences.
Thanks also to the university management for the use of its facilities and to the
dean of the Faculty of Business Economics for his introductory words. A great
thanks to all of you who want to share their findings to the world: the keynote
speaker, the presenters and the co-authors. Special thanks to my co-editors of
the conference proceedings for everything: three names on a cover. Finally, the
management and careful planning rests in the hands, mind and heart of Mr.
Philippe Geril. A warm word of thanks to him is written in golden characters.



Preface

Welcome again, next time in Hasselt or on our campus, as | am well convinced
you will find our place a fruitful and enjoyable place to stay and to visit more than
once.

Gerrit K. Janssens
Conference Chairman
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EFFICIENT STATE SPACE-BASED SIMULATION:
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Abstract

The simulation of discrete stochastic systems is an im-
portant tool to make predictions on possible system
behavior in science and industry. The most widely
used simulation technique, the discrete event simulation,
computes possible simulation results by using random
numbers. Consequently, the simulation results are also
only random numbers. Alternative state space-based
simulation techniques can directly compute the actual
system behavior. They are, however, computationally
infeasible for most bigger models.

In this paper, we present a modification to one
promising state-space simulation technique, the Proxel
method. Our modification, called MultiProxel, uses a
clustering approach on the set of possible discrete sys-
tem states (markings) to avoid redundancies inherent to
the Proxel method.

Experiments were conducted showing that the Multi-
Proxel approach lets the simulation be performed be-
tween two and five times faster for realistic models, with-
out any loss in accuracy. If no redundancies in the model
can be exploited, the method has been demonstrated to
incur only a small computational overhead.

The MultiProxel approach thus has the potential of
making deterministic state-space analysis of existing
models more efficient, and to enable the analysis of big-
ger models that more accurately reflect real systems.

INTRODUCTION

Modeling and simulation of discrete stochastic systems
(DSMs) is an important tool in Engineering, Logistics
and other areas. It is used to analyze possible future
behavior of existing systems, evaluate consequences of
possible changes to real systems, or even analyze sys-
tems that do not yet exist.

The simulation technique of choice is usually the discrete
event simulation (DES) which uses random numbers to
generate a possible system development, and then per-
forms numerous simulation runs with different random
numbers in order to compute an accurate mean system
behavior. The reliance on and influence of random num-
bers make DES often undesirable to use. For models
containing rare events, DES is often unfeasibly slow.
An alternative to DES are state space-based simulation
methods. Those can directly compute the mean sys-
tem behavior without having to resort to replications
or random numbers. These techniques, however, have
their own disadvantages: they are either limited in their
expressiveness (e.g. can only simulate Markovian sys-
tems) and thus are not applicable to the majority of
discrete systems, or are computationally too expensive
to be useful in practice.

One promising state space simulation method is the
Proxel method in (Horton 2002, Lazarova-Molnar 2005).
Its expressiveness is not limited to specific probability
distributions and its superior efficiency on some models
has been demonstrated in (Lazarova-Molnar and Hor-
ton 2004). However, the method is still unfeasibly slow
for most models.

The goal of this paper is therefore to increase the effi-
ciency of said method. This is done by developing an
extension to that method which avoids a certain type of
computational redundancy. This will make state space-
based simulation feasible for more models. It will also
allow for the analysis of bigger, more realistic Hidden
non-Markovian Models (c.f. (Krull and Horton 2009a)),
which use the Proxel method as their primary solution
method.

RELATED WORK

Since the influence of randomness on simulation results
is sometimes undesirable, state space-based simulation
techniques were developed that can compute the desired
simulation result directly, without any influence of ran-
domness.



Continuous-Time Markov Chains (CTMCs) are one ma-
jor state-space modeling and solution approach (Bolch
et al. 1998). Their results are not influenced by ran-
domness and result computation is efficient. However,
CTMCs limit all state transitions to be memoryless, i.e.
to have an underlying exponential probability distribu-
tion. This limitation prevents CTMCs from accurately
modeling most real systems and thus causes CTMCs to
not be applicable to the majority of discrete stochastic
systems.

One way to extend the applicability of CTMCs is to
convert all general probability distributions of a model
to a well-adjusted chain of exponential distributions, a
so-called phase-type distribution. This way, many dis-
crete models can be represented as CTMCs and can be
solved using CTMC solution algorithms. The down-
sides of phase-type distributions are that they increase
the model’s state space, and that the computation of
the chain parameters is time-consuming itself (Bobbio
et al. 2002, Isensee and Horton 2005).

The Proxel method was developed in order to over-
come the limitations CTMCs have. Simply extending
CTMCs using the method of supplementary variables
from (German 1995) in order to model age-dependent
state change probabilities poses algorithmic difficulties
and would generate stochastic matrices that are too big
to be handled. Therefore, the Proxel method creates
only the necessary parts of these matrices on the fly.
This allows for the efficient simulation of some discrete
stochastic systems, but is often unfeasibly slow.

One big disadvantage of the Proxel method compared
to CTMCs is that due to the dynamic generation of
relevant parts of the matrix, certain intermediate results
need to be computed over and over again. In this paper,
we are consequently developing a modification to the
Proxel method that removes some of these redundancies.
As a first step to this extension, we will briefly review
the Proxel method. Since discrete stochastic models can
often intuitively be represented as Generalized Stochas-
tic Petri Nets (GSPNs) with arbitrary firing times, the
Proxel definition borrows some terms from the defini-
tion of GSPNs. So, in the description of the Proxel
method, the different discrete states are called “mark-
ings” and the state transitions between them are simply
called “transitions”

REVIEW OF THE PROXEL METHOD

The Proxel method facilitates state space-based simula-
tion of DSMs with arbitrary probability distributions
(Lazarova-Molnar 2005). The basic approach of the
Proxel method is to divide simulation time into time
steps of equal size and then to trace possible system
developments for each time step in parallel.

The possible system developments are stored in tuples
(m, 7,1I) called “Proxels”. Here, m represents the mark-
ing, i.e. the discrete system state. The entry 7 is the age

vector containing the most recent duration of inactivity
for all active or otherwise relevant state transitions, i.e.
the time during which a given state change could have
happened, but did not. Finally, the entry II is the prob-
ability of the combination of marking and age vector.
Simulation starts by determining a suitable simulation
time step and providing a Proxel for the start state,
usually with an age vector 7 containing only zeros, and
with a probability of one.

The simulation is then iteratively performed for each
time step: For each Proxel of a time step, the probabil-
ities of all possible single! state changes during a time
step (and the probability of no state change occurring
at all) are computed using numerical integration of or-
dinary differential equations (Buchholz 2008). The out-
comes of these state changes are then stored as Proxels
for the next time step.

The pseudo-code for a single Proxel simulation step is
shown in Algorithm 1. For a complete simulation, this
algorithm simply needs to be executed iteratively for
each time step till the desired end of the simulation,
with the output currentStep of one time step being the
input input Proxels of the next one.

Algorithm 1: Simulating a single time step using the
standard Proxel algorithm

Data: inputProxels, At
foreach Prozel p € inputProzels do
IItyans = getTransitionProbabilities( p.transitions,
p.ageVector);
stayProb = 1 - sum(Il;qns);
if (stayProb > 0) then
currentStep.addOrMerge
L (createInactivityProxel( p, At));

foreach Transition trans € p.transitions do
currentStep.addOrMerge(
createTransitionProxel(p, trans, Iy.qns[trans]));

return currentStep;

One issue with a naive implementation of the Proxel al-
gorithm is that each Proxel of a given time step causes
multiple Proxels for the next time step to be created
(one for each possible state change and one for inac-
tivity), resulting in an exponential growth of the num-
ber of Proxels per time step. To curb this exponen-
tial growth, Proxel merging is used: all Proxels of a
given time step that represent the same age vector and
marking are merged into a single Proxel by accumulating
their probability. Algorithmically, efficient merging re-
quires an efficient way of finding these duplicate Proxels.
In the current implementation, this is done by storing
all Proxels of a give time step in a binary search tree in-
stead of a generic container. This slightly increases the

1The Proxel method does not compute the probability of mul-
tiple state changes occurring during a single time step. This is a
known source of inaccuracy, especially for big time steps.



time complexity of adding a single Proxel from O(1) to
O(log(n)), but reduces the time complexity for finding
duplicates from O(n) to O(log(n)).

Reflections on the Performance of the Proxel
Method

The Proxel method can efficiently simulate some models,
but for most bigger models, the approach is too slow to
be feasible.

To determine the major performance bottlenecks, our
Proxel simulation software was profiled using the tool
Valgrind (Nethercote and Seward 2007). Profiling
showed that about 80% of the computation time of a
Proxel simulation run is spent on computing the state
transition probabilities and on inserting Proxels into the
search tree. Thus, a reduction of the number of Proxels
and the number of state transitions probabilities to be
computed could significantly speed up Proxel computa-
tions.

THE MULTIPROXEL APPROACH
Observations Leading to this Project

The extensions to the Proxel method developed here to
speed up Proxel computations are based on two obser-
vations on the behavior of a Proxel simulation:

First, it was found that while the state transition prob-
abilities to be computed depend on all active state tran-
sitions (which are determined by the marking) and po-
tentially all elements of the age vector, they do not ac-
tually depend on the marking itself. In the example of
customers waiting in line to be served at a bank counter
in Figure 1, different numbers of waiting customers need
to be represented by different markings, but these num-
bers do not influence the probability of the current ser-
vice ending or a new customer arriving in the next time
step.

Thus, one may cluster these markings of a simulation
model that agree in the types and parameters of all of
their active state transitions. This allows for the tran-
sition probabilities to be computed only once for each
cluster of markings (instead of for each marking individ-
ually, as is done so far). These transition probabilities
are then applied to all markings of a cluster, preventing
redundant probability computations.

Second, when dealing with these clusters, the target
markings for a given state transition for markings of
one cluster tend to fall into a single other cluster. Put
another way, if the target marking of a marking m,
through state transition ¢ is mj, then the target mark-
ings of other markings in the same cluster as marking
my through state transition ¢ are likely to fall into the
same cluster as m/. In the bank example in Figure 1, all
markings but the one for “0 Customers Waiting” form a
cluster, and the state transitions for almost all of them

tn+1

0 Customers
-~ - Waiting

0 Customers
Waiting

1 Customers
Waiting

1 Customers 1
Waiting

2 Customers A 2 Customers
Waiting .. Ly Waiting

3 Customers 1 "7 3 Customers
Waiting S rd Waiting

~+
>
’
7
’
7 * 7

/ SN

Figure 1: Schematic representation of the state space for
the “Bank” example. Ovals represent markings, rectan-
gles group them into clusters. Dashed lines represent the
state transitions for “Customer Arriving”, solid lines the
ones for “Customer Served”.

lead to markings inside a single cluster. This behavior
can be exploited by modifying the Proxel data struc-
ture to contain information on all markings of a cluster
instead of just a single marking. Then, many computa-
tions can be performed efficiently on clusters of Proxels.
Both ideas together, the clustering of markings to pre-
vent redundant computations, and the joint treatment
of markings belonging to the same cluster, are the basis
of our new MultiProxel approach.

Defining the MultiProxel Approach

Identifying Marking Clusters One necessary pre-
processing step for MultiProxel simulations is to find
sets of markings with identical state transition behav-
ior, i.e. markings that agree in the types and parameters
of the probability distributions of all of their transitions.
Our approach is to serially number all state transitions
and then to assign a cluster ID number to each marking
based on the state transitions active for that marking.
Specifically, the cluster ID for a marking is the binary
string B = bgb1bs...b, where each b; is 1 if state transi-
tion 7 is active for that marking, and is 0 otherwise. All
markings with identical ID then form a cluster.

MultiProxel Definition Next, the MultiProxel data
structure needs to be defined. While a Proxel was
defined as the tuple (m,7,II) containing the marking,
age vector and the probability of the combination, a
MultiProxel should hold data on all markings of a clus-
ter. Therefore, we define a MultiProxel as the tuple
(cluster, T, S) were cluster identifies the cluster that all
markings of a MultiProxel belong to, and S is a set of



(m, IT) pairs, storing the probability IT for each marking
m of cluster.

At any given point in simulation time, the set of all
MultiProxels contains exactly the same information as
would the set of all Proxels of a normal Proxel simula-
tion. Each representation can easily be converted to the
other one. Consequently, the simulation results will also
be identical.

The Algorithm

The usual Proxel simulation algorithm from (Lazarova-
Molnar 2005) as shown in Algorithm 1 needs to be mod-
ified only slightly to make use of MultiProxels: transi-
tion probabilities are computed only once for each Multi-
Proxel, and then are used for each marking that is part
of the MultiProxel. And since the target states that can
be reached through a single transition from all markings
of a MultiProxel are likely to be concentrated in very
few MultiProxels, only these few MultiProxels need to
be located in the search tree.

The pseudocode for a single MultiProxel simulation step
is given in Algorithm 2. As for the Proxel pseudocode
in Algorithm 1, for a complete simulation this algorithm
simply needs to be executed iteratively for each time
step, with the output currentStep of one time step being
the input input MultiProzels of the next one.

Algorithm 2: Simulating a single time step using the
MultiProxel algorithm
Data: inputMultiProxels, At
foreach MultiProxel mp € inputMultiProxels do
I4qns = getTransitionProbabilities(
mp.cluster.transitions, mp.ageVector);
stayProb = 1 - sum(IT;rqns);
if (stayProb > 0) then

currentStep.addOrMerge
L (createlnactivityProxel( mp, At));

foreach Transition trans € mp.cluster.transitions

do

MPprev = NULL7

foreach Marking m € mp.cluster.markings do

M¢grger = m.getTarget(trans);

if (mpprey.cluster = Mygrger-cluster) then
MPpyrey-addProbability (myayget,

| mp.probability(m) * IL;qns[trans|);

else
Mpyrey = currentStep.addOrMerge(
createTransitionProxel(mp, myqrget,

| trans, II;pqns[trans]))

r(;turn currentStep;

Here, mpy,e, is used to cache the previous target Multi-
Proxel to prevent multiple successive lookups of the
same target MultiProxel and thus allowing to often find

target MultiProxels in constant time.

In an efficient implementation, all markings of a cluster
would be numbered serially so that the set of all (m,II)
pairs of a MultiProxel can be implemented efficiently as
a simple array that stores the probability of marking ¢
at index 4, and can be accessed in O(1).

Impact Conducting state space-based simulation us-
ing MultiProxels instead of Proxels allows for much more
efficient simulations: with MultiProxels, each state tran-
sition probability needs only be computed once for each
MultiProxel, no matter how many markings are part
of the associated cluster. Thus, the overall number of
transition probabilities to be computed is reduced sub-
stantially.

Also, as was stated before, with respect to a single state
transition, the target markings of most markings of a
cluster fall into a single other cluster. Consequently, for
a given state transition, the target for most markings
of a MultiProxel are also only a few or even a single
MultiProxel. Thus, only those different MultiProxels
needs to be found explicitly in the search tree with a
time complexity of O(log(m)) in the number of Multi-
Proxels. The probability for each marking can then be
added to the MultiProxels in O(1).

Finally, the MultiProxel approach will cause two dif-
ferent types of small computational overhead compared
to the normal Proxel approach: First, a constant ad-
ditional amount of time needs to be spend to create
the clusters. Second, overhead by a constant factor is
caused by MultiProxels, because they are more costly
to compare to each other (since they contain more el-
ements) and have to maintain (m,II) pairs with zero
probability. The Proxel approach would simply not have
created Proxels with a probability of zero, but Multi-
Proxels need to be created as soon as there is some prob-
ability left in at least one of the markings it represents.
This overhead, however, is not substantial compared to
the potential benefits, as shown in the next section.

EXPERIMENTS

Experiments were conducted to assess benefits and ap-
plicability of the MultiProxel algorithm. For that pur-
pose, the following questions were investigated:

e How high is the overhead of the MultiProxel
method?

e How high is the performance gain for typical mod-
els?

e How high is the performance gain for models par-
ticularly suited for the approach?

For each question, a suitable simulation model was
chosen, and was simulated with both the Proxel and
MultiProxel algorithms. For all experiments conducted,



the actual computed simulation results for the Proxel
and MultiProxel simulations were identical, giving addi-
tional confidence that the MultiProxel approach indeed
solves the problem at hand correctly.

Experiment Setup

Multiple models were simulated to asses the efficiency
of the MultiProxel approach. Each model was simu-
lated multiple times, varying the simulation step size
and thereby the result accuracy. The particular step
sizes for the experiments were chosen in order to yield
computation times that are high enough to eliminate
the random influence of concurrently running programs
on the computation time.

For the same reason, all computation times measures are
not the overall simulation duration (wall clock time),
but the CPU usage times of the respective simula-
tion processes. All experiments were conducted on a
Core2Duo 3 GHz CPU. However, both simulation pro-
grams are single-threaded, using only one of the CPU
cores. The CPU was manually set to always run at
full speed in order to eliminate the influence of dynamic
CPU throttling on the computation times.

The implementations of the Proxel and MultiProxel al-
gorithms share most of their source code. They use iden-
tical code for Proxel storage, numerical integration, and
probability distributions. Different code is used only
when the differences in the algorithms make it neces-
sary. This way, the differences in computation time
can indeed be attributed to the different theoretical ap-
proaches with great confidence.

Computational Overhead

The question of computational overhead is important in
order to determine which fraction of markings needs to
be clusterable for the model to be simulated more effi-
ciently using the MultiProxel approach. The overhead
itself is best determined using simulation models where
no markings can be clustered and thus the MultiProxel
approach does not provide any benefits, but still imposes
the overhead. This way, the difference in computation
time between the Proxel and MultiProxel approaches for
such a model yields the computational overhead.

One example of such a model is the three marking fully-
connected model (cf. Figure 2). As the state transition
probability distribution are all different, the model can-
not be clustered. Therefore, of the three markings that
are reachable in this model, each is the only marking in
its respective cluster in a MultiProxel simulation.

The model was simulated with each algorithm and two
different simulation step sizes. Each combination was
simulated three times and the computation times of the
three runs were then averaged to yield the results shown
in Table 1.

For both simulation step sizes, the difference in com-

Figure 2: Stochastic Petri Net of the “Fully Connected”
model.

Step Size Computation Time | Overhead(+)
Proxel | MultiProxel Gain(-)

2 3.7s 4.2s +13.9%

1 29.4s 33.1s +12.6%

Table 1: Computation Times for the “Fully Connected”
Model.

putation time amounts to about 13%. Since clustering
is not applicable to this model, these 13% of loss in
efficiency represent the computational overhead of the
MultiProxel method. And since the relative overhead of
about 13% is the same factor for both step sizes, it can
be assumed that no overhead by a constant value (as
opposed to overhead by a constant factor) of the Multi-
Proxel approach was observed. Thus, the constant over-
head of clustering the markings on the computation time
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