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Abstract. The STROBOSCOPE simulation system is used
to model a queueing system with four servers, each with
its own dynamically changing queue, where entities are
initially assigned to each of four queues based on mini-
mum gueue length. In addition to the base case, alterna-
tives examined include jockeying from one queue to a
shorter queue, reneging (leaving the system) if the waiting
time exceeds a limit, and serving entities based on classes.

Introduction

ARGESIM Benchmark C22 [1] investigates how to
model FIFO queues that include additional dynamic be-
haviour. In the base system, arriving entities can be
served by one of four servers, each with its own queue,
where entities choose the shortest queue to join upon ar-
rival. In ajockeying system, queued entities observe the
dynamic size of all queues and switch to a shorter queue
when possible. In a reneging system, queued entities
grow impatient if their waiting time exceeds a set limit
and depart from the system without being served. In a
classing system, arriving entities are assigned to different
classes and are served in groups according to their class.

These four queueing systems were modelled in
STROBOSCOPE [2] (an acronym for State and Re-
source-Based Simulation of Construction Processes).
STROBOSCOFPE is a free-to-use genera-purpose dis-
crete-event simulation language and system co-devel-
oped by thefirst author. Its simulation models use graph-
ical networks (similar to activity cycle diagrams) to com-
municate easily to others the main modelling elements
(queues, activities, links, etc.).

The complete models are defined in text files with
statements written in the STROBOSCOPE language.
These statements define the resources and their proper-
ties, the attributes and behaviour of the network model-
ling elements, the logic by which resources and network
elementsinteract, the definition of auxiliary objects (such
as for the collection of custom statistics), the initializa-
tion of queues with resources, the overall control of the
simulation, etc.

The design of STROBOSCOPE is based on three-
phase activity scanning that can easily model the com-
plex resource interactions that characterize cyclic opera
tions. In STROBOSCOPE, there is no distinction be-
tween resources that serve (servers or scarce resources)
and those served (customers or moving entities).

Resources can be

(a) generic resources (i.e., without attributes),

(b) characterized resources that are objects that
belong to types (genera classes) and to specific
subtypes (subclasses with specific properties), and

(c) compound resources that have types (general
classes) and which can be assembled by
combining any number of other resources.

For example, the resources “bus’ and its “passengers’
can be assembled into one compound resource object
caled a “loaded bus’ that can flow through queues and
activities as one object. Each characterized and com-
pound resource can have its own dynamic properties.

During simulation, resources spend time in queues or
in activity instances. An arriving entity, for example, en-
ters a queue where it waits conditionally until it can be
served. When the entity reaches the front of the queue,
and when the associated server becomes free, a new in-
stance of the service activity can be created and draw
both the entity and the server from their respective
gueues. The duration of the service activity instance is
the required service time.
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The relative order in which activities create instances
and draw resources from preceding queues (if they could
start at the same simulation time) is controlled by their
priorities which are evaluated dynamically while the
simulation runs. Similarly, the order in which resources
are arranged in a queue is controlled by a user-defined
discipline that is evaluated dynamically each time a new
resource enters a queue. The order, filter, and number of
resources drawn from aqueue by alink are also dynamic.

The following models make heavy use of STROBO-
SCOPE filters. Filters are powerful objects that can be
attached to queues or activities and that define the criteria
for creating dynamic subsets of the resources that are cur-
rently in a queue or an activity instance. Moreover, two
filters can call each other and create complex constructs
that filter two queues at the same time.

For example, two coupled filters working together can
create asubset of all entitiesin asingle queue (irrespective
of which actua physical queue they reside in) that can be
served by the subset of al currently idle servers.

The entities for al the models presented below wait
in asingle queue node called Q (instead of four separate
gueue nodes, Q1, Q2, Q3, Q4). Similarly, when idle, the
four servers wait in a single queue node called SQ (in-
stead of four separate queue nodes, SQ1, SQ2, SQ3, and
Q4). All models below utilize coupled filters to create
dynamic subsets and match waiting entities with their
corresponding servers.

There are several possible models for the C22 bench-
mark. The models below use a network with the fewest
nodes and links, and as aresult, require the most complex
filters. These models are available from the authors.

1 Basic Queuing System

The STROBOSCOPE network for all simulation models
(except for reneging) is shown in Fig. 1. This network
includes only one queue Q for all waiting entities, one
gueue SQ where al idle servers reside, and one Service
activity (instead of including four of each). The model
uses coupled filters to match entities to their servers.

In the deterministic model of the base system, entities
arrive every ta=1, select the shortest queue from among
four FIFO server queues, and store it in a SaveProp.

Each queue is served by a single server with service
timets=4.5. Simulation stops after ne=100 entities arrive.

The model defines two compound resource types:

COMPTYPE Entity; COMPTYPE Server;
SAVEPROPS Entity ServerID;
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Figure 1: STRBOSCOPE Simulation Model Network.

The SaveProp Server|D of the resource Entity isassigned
at runtime and stores the ResNum property (i.e., 1,2,3,4)
of the Entity’ s assigned Server.

Therelative order of eventsis controlled by the prior-
itiesof activities. Combi activity Service has ahigher pri-
ority to start and create an instance than IntArrival.

Thus, the order of events is as follows (important
when ending and starting activity events occur at the
same time).

1. Service ends. The idle Server is returned to SQ, and
the Entity that was in Service is terminated.

2. IntArrival ends: An Entity is generated and is assigned
a Server when it flows through link EN1 to queue Q.

3. Service starts: If any Entitiesin Q can be matched with
anidle Server in SQ, then anew Serviceinstance starts
and draws the first matched Entity and its Server.

4. IntArrival starts: A new IntArrival instance is created.

The assignment of a Server to an arriving Entity in (2)
considers both the number of Entities in Q aready as-
signed to each Server, as well as the Entity being served
by that Server. The counting of the Entitiesin Q that have
already been assigned to each Server is done with filters.

The matching of Entitiesin Q with their Serversin (3) is
done by the following two coupled filters as follows.

FILTER MatchedServers Server 1; /forward def

FILTER MatchedEntities Entity
SQ.MatchedServers.Count;

VARIABLE ChoiceOfCursoredEntity
'MatchedEntities.HasCursor?
MatchedEntities.ServerID :

FILTEREXP MatchedServers
'ResNum==ChoiceOfCursoredEntity’;

EN2.ServerID';

An instance of Service can start when the ENOUGH at-
tributes of its incoming links SR1 and EN2 return the
value true (i.e., any number greater than zero). Link SR2
has the default ENOUGH, which returns true when the
preceding queue SQ is not empty.



The more important ENOUGH is that of link EN2
(shown below) that applies filter MatchedEntities to
gueue Q to create the subset of Entities that have a free
Server in Q. If that subset is not empty, then a new in-
stance of Serviceis created.

ENOUGH EN2 'Q.MatchedEntities.Count';

The new instance of Service then draws resources
through its incoming links. First, it draws through link
EN2 the first Entity for which its Server is currently idle
in queue SQ. And then it draws through link SR1 the
matching Server (i.e., the one whose ResNum is the same
as the SaveProp ServerD of the Entity already drawn).

DRAWWHERE EN2 'SQ.MatchedServers.Count';
DRAWWHERE SR1
'ResNum==Service.Entity.ServerID';

1.1 Deterministic Basic Model Results

STROBOSCOPE can dynamically write data about the
state of the simulation to files. Figure 2 shows an exam-
ple Excel graph of thedatain such afilewiththelDs(i.e.,
ResNum) of the last 20 Entities vs. simulation time.
STROBOSCOPE dso has an add-on that can create Ex-
cel graphs of the contents of selected queues vs. simula-
tion time. Such agraph for queue Q isshownin Figure 2.
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Figure 2: Outgoing Entity IDs (ResNum) and total length of
queue Q for the base model.
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Table 1 shows statistics about the length Iy and the
waiting timetq; in Q, for the basic deterministic model.

|qt tq,i

SimTime Avg Max Avg Max
118 568 13.00 6.70 13.50

Table 1: Basic Deterministic Model Statistics.

1.2 Stochastic Basic Model Results

For the stochastic version of the base model, the number
of arriving Entities before simulation ends, and the dura-
tions of activities were as follows:
VARIABLE NE 500; /max arriving Entities
DURATION IntArrival Exponential[l]; /TA
DURATION Service Triangular([2.5,4.5,6.5];/TS

Table 2 shows the resulting statistics about the length ¢
and the waiting time tq; in queue Q, from three runs.

It tq,i

Run SmTime Avg Max Avg Max
1 577578 2734 64 3158 78.19

2 58133 2671 46 31.06 54.64
3 572973 3397 69 3893 79.32

Table 2: Basic Stochastic Model Statistics.

1.3 Variant Order of Concurrent Events

In the deterministic model, several concurrent events can
occur at the same time, and their relative order produces
different simulation results.

For example, the following order of concurrent events
occurs when activity IntArrival has ahigher priority than
activity Service:

1. IntArrival ends: An Entity is generated and is assigned
a Server when it flows through link EN1 to queue Q.

2. Service ends. Theidle Server isreturned to queue SQ,
and the Entity that wasin Serviceis terminated.

3.IntArrival starts: A new instanceis created.

4. Service starts: If any Entitiesin Q can be matched with

an idle Server in Q, then a new instance of Service
starts and draws the first matched Entity and its Server.

In thisvariant order of concurrent events, an arriving En-
tity isassigned a Server before the departing Entity in the
terminating instance of Serviceisreleased.
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Thus, the departing Entity is counted as still being in
Service at that Server (i.e., incorrectly) and changes the
assignment of a Server to the arriving Entity. The results
areshownin Figure 3. The statisticsareidentical to those
in Table 2.
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Figure 3: Outgoing Entity IDs (ResNum) and total queue Q
length for the variant basic model.

1.4 Large Version with 40 Queues
STROBOSCOPE has preprocessing statement capabili-
ties that enable scaling simulation models to any number
of queues, activities, links, resources, etc.

Here, the stochastic model was scaled to a larger
model asfollows:

No = 40, ta = Exponential[0.1], ne = 5000

The simulation results are shown in Table 3.

|qt tq,i
SimTime Avg Max Avg Max
57213 267.71 548 30.63 69.29

Table 3: Large Basic Stochastic Model Statistics
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2 Jockeying Queues

2.1 Model Description

In asystem with multiple queues, jockeying occurs when
an entity leaves its current queue to join a shorter queue.

In these simulation models, al Entities wait in queue
Q. Thus, jockeying simply requires changing their Save-
Prop ServerID from the currently assigned Server (with
the longer queue) to another Server (with a shorter
queue).

Thisisaccomplished asfollows, using filtersthat cre-
ate the appropriate logical subsets of Entities in Q to
make decisions and act (without the need to remove and
reinsert any Entity objectsin Q).

1. Jockeying may occur at the end of an instance of ac-
tivity Service when a Server returnsto queue SQ. This
reduces the Entities assigned to that Server by one.

2. At that point, the last Entity assigned to each of the
four Servers evaluates the minimum queue length for
the other three Servers, and if it is shorter than its own
queue by two Entities, then it changes its SaveProp
Server|D to the target Server with the shorter queue.

3.1n case of ties, the chosen target Server isthe onewith
the smallest Server ID (i.e., 1,2,3,4).

4. The comparisons and assignments in step (2) are done
inreverse order of Server |Ds, starting with the logical
queue (subset) for Server 4 and finishing with the log-
ical queue (subset) for Server 1.

2.2 Deterministic Jockeying Model Results

The result graphs for the jockeying model are shown in
Figure 4.

Thefirst five and last five jockeying events are shown in
Table 4. They are identical to the results shown in [3].

2.3 Stochastic Jockeying Model Results

The corresponding stochastic jockeying model was
obtained by changing the duration of activities IntArrival
and Service, like in the base model.

Table 5 shows results from three runs that were ob-
tained automatically as part of the standard STROBO-
SCOPE reports.
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Figure 4: Outgoing ids and total queue length

3 Reneging Queues

3.1 Model Description

Reneging occurs when the waiting time for an Entity in
Q exceeds its waiting time tolerance (e.g., tr = 9), and it
chooses to leave the system without being served.

The STROBOSCOPE network for the reneging
model is shown in Figure 5. In this model, each termi-
nating instance of IntArrival generates two resources, an
Entity and a matching Twin with the same ResNum.

Twin isanew compound resource type that makes re-
neging easy to model. Twin is released to an instance of
activity MaxWaitTime, with duration tr = 9, and then to
gueue TQ. Combi activity Reneg can then always start
and draw the Twin from TQ. Reneg also attempts to draw
the matching Entity with the same ResNum that might re-
nege from Q. Drawing the matching Entity can only oc-
cur if that Entity has not been served yet and is till in Q.
Otherwise, no Entity is drawn.

For this reason, combi activity Reneg is assigned less
priority than activity Service. Only Twinsfor the reneged
Entities are collected in queue RenTn.

for the jockeying model.
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Table 4: First five and last five jockeying events.

It

tq,i

Run SmTime Avg Max Avg Max

1 565915 2203 46 2493
2 576728 1142 33
3 579266 19.13 63 2216

13.17

54.98
40.87
74.73

Table 5: Jockeying Stochastic Model Statistics.

Figure 5: STRBOSCOPE Simulation Model Network.

3.2 Deterministic Reneging Model Results

Figure 6 shows a graph of the IDs (ResNum) of the last
40 outgoing Entities and the total length of Q vs Smtime.
There were four reneging Entities, and they are shown by
orangecirclesin Figure 6. They arealso listed in Table 6.

SimTime, t Entity ID Server ID

77 68 1
86 7 2
89 80 1
104 95 1

Table 6: All four reneging events for deterministic model.
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4 Classing Queues

4.1 Model Description

In the deterministic classing queue model, an Entity is
generated at the end of an instance of activity IntArrival
and flows through link EN1 where it chooses the shortest
Server queue (which it storesin its SaveProp ServerID),
and an assigned class (i.e., a number from 1 to 5, which
it storesin anew SaveProp named Class). Thus, the first
Entity is assigned to Class 1, the second Entity to Class
2, etc. Thisassignment order repeats with Entity 6, which
isagain assigned to Class 1, etc.

Arriving Entities enter queue Q but are not served
right away. Instead, service at al Servers starts when
SmTime reaches 10. The order in which Entities are
served is controlled by dynamic filters and the SaveValue
CurClass, which is the number of the class called by an
operator. Only the queued Entities whose Class equals
CurClass can passthefiltersand be served in FIFO order.

The value of CurClass starts at 5 and is decremented
by 1 whenever there are no more queued Entities whose

Class equals CurClass. Eventualy, the value CurClass

Figure 6: Outgoing IDs and total length of queue Q for the .
decreases to 1, and after that, the process is repeated by

reneging model.

Table 6: All four reneging events for deterministic model.

SimTime, t Entity ID Server ID

setting CurClass back to 5, etc.

Activity Service can start and create an instance
whenever there are any matched Entities in queue Q.

” 68 1 Matched Entities are those whose Class equals CurClass
86 77 2 and which belong to alogical queue(i.e., afiltered subset
89 80 1 of Q) that currently has afree Server. Each new instance
104 05 1 of Service draws first the matched Entity from Q that is

3.3 Stochastic Reneging Model Results

The statistics results from three runs of the stochastic

reneging model are shown in Table 7.

currently at the front of itslogical queue and then draws
the matching idle Server from queue SQ.

Each time amatched Entity is drawn from Q to anew
instance of Service, the model counts the current number
of Entities still in Q whose Class equals CurClass. When
that number becomes zero, the value of CurClassis dec-
remented by 1. When CurClass reaches the value 1, and
there are no more Entitiesin queue Q with Class equal to

I to,
i il 1, CurClass starts again at 5.
Run SimTime Avg Max Avg Max
1 544171 426 14 464 9 STROBOSCOPE supports user-defined collectors
5 482'019 5.83 16 5‘62 9 that can collect any cal culated dataand produce statistics.
' ' ) Five collectors were defined in this model to produce
3 517067 494 15 510 9

Table 7: Reneging Stochastic Model Statistics.
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waiting time statistics for each of the five classes. Each
time a matched Entity was drawn from Q to a new in-
stance of Service, the model calculated its waiting time
in Q and sent it to the statistics collector for that Class.
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4.2 Deterministic Classing Model Results

Figure 7 shows a graph of the IDs (ResNum) of the last
20 outgoing Entitiesand the total length of Q vs SmTime.
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Figure 7: Outgoing ids and total queue length for the
classing model.

Table 8 shows the average and maximum queue waiting
timesfor the Entitiesin each of thefive Classesthat were
compiled by the user-defined statistics collectors.

Class: 1 2 3 4 5

Avg: 30.05 26.45 20.85 3255 30.52
Max: 6250 60.50 51.50 71.50 67.00

Table 8: Queue waiting times per class (deterministic
classing model).

4.3 Stochastic Classing Model Results

As in the base model, the stochastic classing model was
produced from the deterministic model by changing the
durations of the activities IntArrival and Service and in-
creasing the number of generated Entities to 500. For the
stochastic version, the Class of each arriving Entity was
chosen with equal probability from 1 to 5.

Table 9 shows statistics from three runs about the
length and the waiting timesin queue Q.

|qt tq,i

Run SmTime Avg Max Avg Max
1 733365 8449 179.00 123.92 350.00

2 706.638 60.05 133.00 84.87 259.83
3 702241 91.04 18400 127.86 322.06

Table 9: Stochastic Classing Model Statistics.

Table 10 shows the average and maximum queue
waiting times in Q for the Entities in each of the five
Classes from three runs of the stochastic classing model.

Run Class: 1 2 3 4 5
Avg: 1462 151.3 1242 581 131.2

! Max: 350.0 3269 2819 278.8 3429
Avg: 641 781 804 1126 918

2 Max: 2145 2274 246.4 250.8 249.7

3 Avg: 1429 1504 1035 96.0 1423

Max: 3221 299.0 2384 260.7 312.8

Table 10: Queue waiting times per class (stochastic
classing model).

5 Conclusion

The STROBOSCOPE graphical and statistical results are
very close to those produced by GPSSin [3]. The versa-
tility of STROBOSCOPE queues, activities, and especially
filters, makes it straightforward to model the non-stand-
ard queueing systems in ARGESIM Benchmark C22 by
using compact simulation networks that are suitable for
education.
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