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Abstract

In this paper, a study of optimised bucket widths
in calendar queue for discrete event simulator is pre-
sented. It is shown that the performance of calendar
queue can vary noticeably depending on the chosen
width factor (Wy). Existing algorithms appears to
perform reasonably well in general situations. How-
ever, under certain scenarios these algorithms may de-
teriorate due to the highly skewed probability distri-
bution of incremental event time. In such scenarios,
the calendar queue with optimum width factor Wy,
has been found to accelerate up to twice as fast as
existing algorithms.

Keywords :  Discrete Event Simulation,
Queue
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1 Introduction

Discrete Event Simulation (DES) is a widely de-
veloped simulation method where the simulation clock
is driven by events. An event is here defined as the sit-
uation that can happen in the considered system and
change the system state variables. Events in DES are
scheduled in a list (named Pending Event Set, PES)
to occur in any future time. Typically, this list of
events is implemented as a priority queue where the
event priority is associated with the occurrence time
of event, t(e), and the event with the smallest priority
is executed first.

In any DES, there are 3 main routines: (i) to
find the next event from the list to be executed, (ii)
to execute the event and (iii) to insert new events,
being invoked from the execution, to the list. Since
a DES needs to perform at least one event operation
(dequeue or enqueue) in every program cycle, that is,
in routines (i) and (iii), respectively, it becomes nec-
essary that the priority queue algorithm selected for
PES implementation must be able to handle all the
event operations in the most efficient way.

Various priority queue algorithms (e.g. [1]-[5])
have been proposed with the aim of reducing the time
complexity required for a large PES. Among these al-
gorithms, calendar queue [5] has gained the most pop-
ularity due to its O(1) time complexity, given that
the calendar parameters have been properly set. In
Section 2, we will illustrate the structure of calendar
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queue. Section 3 discusses about the effect of improp-
erly selected calendar queue parameters. Section 4
presents the analysis of optimal bucket width for cal-
endar queue. Experimental results of calendar queue
performance at different bucket width selections are
then given in Section 5. Finally, Section 6 gives a con-
clusion of findings and suggests some directions worthy
a future investigation.

2 Calendar Queue [5]

A calendar queue is defined as an array of lists,
each of which contains future events. To show the
advantage of calendar queue algorithm, let us compare
it with a linear list [10].

For time ¢t > 0, let N(¢) > 0 denote the num-
ber of active events being scheduled to occur in our
PES. When the simulation is running in its steady
state, the number N(¢) may be approximately con-
stant, hence dropping the temporal argument ¢. In
this case, if we schedule events by using a linear list,
then O(N) bound on the time taken by event oper-
ations follows because, in an enqueue operation, we
may have to search all the N events until we find the
proper position to place the enqueued event. If N is
too large (e.g. when a big system is simulated), then
our DES will not finish its task within an acceptable
time. It is generally agreed that any algorithms that
require the time complexity greater than O(1) may
become impractical in any large DES.

To avoid unnecessarily large time complexity, the
principle of calendar queue is to partition the large list
of N events into M shorter lists and each list is called
a bucket. Bucket is a list with a specified range of
admission times. Only events that occur in this range
are allowed to be scheduled in the bucket. Without
loss of generality, let every bucket have an equal width
of §. Any event with the occurrence time t(e) will
be associated with the m-th bucket in year y (y =
0,1,2,...) if and only if t(e) € [((yM + m)d), (yM +
m+ 1)6).

Since the number of events in each of the M
lists is typically small, any priority queue algorithms
with low overheads can be conveniently utilised for the
bucket discipline operations without any significant ef-
fect on the order of calendar queue time complexity.
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Figure 1: Calendar queue structure (M =
10,0 =1).

8,N =

Recall that there are two main operations, en-
queue and dequeue, in PES management. To find the
bucket number m(e) to enqueue an event e that occurs
at time t(e), we may apply

me) = V(;)J mod M 1)

which results in the O(1) time complexity. For a de-
queue operation, an index variable may be introduced
to identify the most recently dequeued bucket. From
this bucket onwards, the algorithm can then search
for the next event to be dequeued. An example of
calendar queue is illustrated in Figure 1.

In Figure 1, the most recently dequeued bucket
is the third bucket. Each bucket is implemented as
a linear list. Thus, a dequeue operation can be eas-
ily performed by taking out the event on top of the
current bucket’s list. To enqueue an event e into the
calendar, the target bucket is easily obtained by (1)
and the event e can then be inserted into the list of
the target bucket. Ideally, the calendar queue requires
the time complexity of O(1) for both enqueue and de-
queue operations if the optimal calendar parameters
are selected. An analytical approach for the optimal
tuning of calendar has been proposed in [9]. However,
for the sake of analysability, it is resorted in [9] to a
few assumptions (to be further clarified in Section 4)
which may not be justified in practice. This paper is
aimed at investigating the effects of such injustifica-
tion and proposing an alternative way of modifying
the obtained formula in [9] for practical usage of cal-
endar.

3 Calendar Queue Parameters

There are two control parameters in the calendar
queue. The first parameter is the number of buckets
M. On one hand, if M is too small, then the parti-
tioned list in each bucket may become large. This can
result in an increase in the time required for the bucket
operations, especially when the number of events IV is
huge. On the other hand, setting M to a too large
value will gain nothing of substantial advantage in
terms of computational complexity. The reason is
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that a calendar queue with too many buckets -though
decreasing the time complexity- will unavoidably in-
crease the memory requirement. Based on rigorous
empirical studies (e.g. [5] - [8]), it has been found that
a plausible value of M should be M = 2N (whose
value will also be utilised in this paper).

The second parameter is the bucket width (4).
This parameter affects how a calendar queue algorithm
performs in both dequeue and enqueue operations. For
dequeue operations, if ¢ is too small, then most of the
events in each bucket’s list will become the events be-
ing scheduled to happen in the next years. This causes
the calendar to search unnecessarily many buckets be-
fore reaching the bucket that contains the next de-
queue event. However, for enqueue operations, if § is
too large, then most of the events will be placed in
the current bucket (or only few next buckets), which
causes a long list to occur within each bucket and
leaves many other buckets mostly empty. The optimal
values for bucket width will be the focus of investiga-
tions in this paper.

4 Calendar Queue Analysis

The analytical study of calendar queue parame-
ters has been carried out [9] under the condition that
the number of active events in the calendar is con-
stant (e.g. at its steady state). Further, given that a
dequeue event at time t generates a subsequent event
at time t + 7;, the incremental time 7; is defined as an
independent and identically distributed random vari-
able with mean p. The analysis in [9] relies on the
following assumptions.
[A1] The calendar queue contains an infinite number
of buckets, i.e., M = co.
[A2] A direct search algorithm is applied for all de-
queue operations within each bucket’s list.
[A3] The processor times needed to process an empty
bucket (7,) and to process a list element (1) are all
constant.

Based on assumptions [A1] - [A3], it is possible
to derive for the optimal value of bucket width, dopt,
which minimises the expected time to process an event

[9]:
Sopt = /2 Tih + O(NTH?) (2)

However, the formula (2) should only be used
cautiously. Due to the limited memory resource in
most computing facilities, the number of buckets (M)
cannot be infinitely increased; hence, the invalidation
of [A1]. Furthermore, instead of the direct search [A2],
the linear list may be employed to achieve a better per-
formance of the calendar queue. Regarding assump-
tion [A3], the processing time may be more reasonably
assumed dependent on the amount of memory usage
and the computational requirement for generating ran-
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5 Study of Optimal Bucket Width

In doubt of the justification for [A1] - [A3] , this
paper proposes an alternative practical study for the
optimal bucket width. Because our study focuses on a
large simulation system, the number of active events
(N) becomes unavoidably large, which lets the term
O(N—3/2) be approximately insignificant. Thus, for-
mula (2) can be rewritten as

W
opt = Wy ke 3)

where a new parameter, called width factor (Wy), is
here introduced to summarise all the processor time
parameters. !

In our experiments, the widely adopted hold
model (e.g. [1]-[6]) is employed to evaluate the perfor-
mance of calendar queue over a wide range of Wy. The
distributions of 7; as detailed in Table 1 are here stud-
ied. All the experiments are performed on an INTEL
P4 2.0GHz with 512Mb RAM and Microsoft Windows
XP operating system.

Figure 2 plots the resultant average time per hold
operation when the bucket width of calendar queue is
computed from 3 with Wy = 2% (i = —5,—4,...,7) at
various values of N when the employed dlStI"lbuthn
for 7; is bimodal a. The figure shows that the optimal
width factor Wyepe, which gives the minimum time to
perform a hold operation, should be set to 2. Choos-
ing W; too far from its optimum Wy, results in the
complexity of calendar queue much greater than O(1).

A sensitivity study to the optimality of bucket
width is studied in Figure 3. It is clear that an at-
tempt to achieve a near optimal range for Wy is not
too hard. The reason is that, although Wy is not

1Since 7, and 7; are not known a priori, replacing both of
them by a single parameter, Wy =,/ 27_%, reduces the cardinal-

ity of solution space from 2 to 1 dimension when searching for
an optimal bucket width.
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Figure 2: average time per hold operation.

employed, the time to process a hold operation is still
in an acceptable range of complexity for an order-of-
magnitude wide range of Wy around Wyp:.

Figure 4 plots the average hold time versus Wy
for a large N = 30,000 and five different distributions
of 7;. Each distribution gives the average hold time
with a parabola-alike curve and reflects a different
value of Wyep. However, the obtained results from
all the distributions give a wide near-optimal range of
W¢, which always includes the value of W = 2. This
finding is consistent with all other experiments not re-
ported herein. Thus, the results suggest a practical
approximation for Wy = 2, by which the time com-
plexity would increase by less than 15% (based on our
experiences so far) from its minimum.

Figure 5 compares the performance of calendar
queue with Wy,,; and another three alternative im-
plementations of calendar in the literature, namely,

(i) the conventional calendar queue with its fixed
value of bucket width computed from the average
inter-event time on the head of queue [5],

(ii) the dynamic calendar queue with its bucket
width dynamically computed from the average inter-
event time on the part of queue with the highest event
density [7] and

(iii) SNOOPY algorithm whose implementation
is based on (ii) with an addition adaptive mechanism
to trace for a near-optimal bucket width [8].

Figure 5 suggests that, if one could set Wy to
its optimum, then we can improve the speed of exist-
ing implementations (i) - (iii) by making the optimal
calendar queue algorithm upto twice as fast.
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6 Conclusion

Because the simulation time of DES is mostly
spent on the event management operations, an effi-
cient data structure can explicitly speed up the time
needed to simulate a huge system. For this reason, the
calendar queue, and other calendar-based algorithms,
are the popular data structure adopted for DES im-
plementation for their O(1) time complexity.

Our experiments show that the performance of
existing calendar-based algorithms may vary and can
much deteriorate when the event incremental time (7;)
has a highly skewed probability distribution. How-
ever, it is here found that the calendar queue with its
width factor Wy set to its optimum W,y can speed
up the running time up to twice as fast as other exist-
ing calendar-based algorithms.

Although the selection of Wy,,: can result in the
optimal speed of calendar, it is nontrivial how one may
a priori set this value. This is because Wy, is depen-
dent on many unknown variables (e.g. distribution of
7;). Incorporating an adaptive mechanism that can
change Wy, dynamically and optimally in the calen-
dar is here believed a rewarding research. However,
in the meantime the near-optimum value of Wy, Wy
= 2, that can be commonly use for many simulation
scenarios can be adopted to achieve a fair performance
of calendar queue.
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