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1 Introduction

This manual describes the Design/CPN Performance Tool for facilitating simulation based perfor-
mance analysis of Coloured Petri Nets. The performance tool is fully integrated in Design/CPN. It
is assumed that the user is familiar with both Coloured Petri Nets (CP-nets or CPN) [6, 7] and the
Design/CPN tool [2, 3, 8].

In this context, performance analysis is based on analysis of data extracted from a CPN model dur-
ing simulation. The performance tool provides random number generators for a variety of probability
distributions and high-level support for both data collection and for generating simulation output. The
random number generators can be used to create more accurate models by modelling certain probabil-
ity distribution aspects of a system, while the data collection facilities can extract relevant data from
a CPN model. Note that the tool does not undertake any performance analysis, rather it provides a
means for collecting data which then can be analysed by the user.

Section 1.1 gives a general description of the performance tool. This includes motivation for
developing the tool, a description of the functionality of the tool, and a description of the integration
of the tool in Design/CPN. Section 1.2 introduces a small CPN model which will be used to illustrate
the use of the performance tool. Finally, Sect. 1.3 will give a brief overview of the output that the
performance tool provides.

1.1 Overview of the Design/CPN Performance Tool

Most applications of CP-nets are used to investigate the logical correctness of a system. This means
that focus is on the dynamic properties and the functionality of the system. However, CP-nets can
also be used to investigate the performance of a system, e.g., the maximal time used for the execution
of certain activities and the average waiting time for certain requests. To perform this kind of analysis
one often uses timed CP-nets?.

While the Design/CPN tool [2] supports state space analysis [1, 3], timed simulations and func-
tional analysis, it lacked integrated high-level support for performance analysis of a CPN model.
Previously, all collection of data had to be explicitly defined and coded by the user. This, in turn,
meant that the user had to be familiar with untimed statistical variables? and the use of code segments.
An untimed statistical variable is a data type with which it is possible to store collected values and
later to extract different statistical information such as sum or average [3]. This manual describes a
performance tool which remedies the above shortcomings of Design/CPN.

During simulation of a CPN model, one can be interested in evaluating the performance of the
system. To do this it is necessary to extract different values from the markings or binding elements
encountered during simulation of the CPN model. A data collector is a central concept in the per-
formance tool. A data collector determines when and how data is extracted from the CPN model and
how to deal with this data. A data collector is defined in Sect. 6.1.

The performance tool provides an easy way to refer to the values from markings and binding el-
ements to be examined during a simulation. The user must write his own functions for extracting a
value from a marking and a binding element of a CP-net. The user is not required to recall the exact
syntax for the functions because it is possible to generate templates for the necessary functions. Data
collection occurs during simulation, and the extracted value is then added to the appropriate data col-
lector. Other facilities such as creating and initialising a data collector and producing a performance

1See Chap. 5 in [7] for a definition of timed CP-nets
20riginally called statistical variables.
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Figure 1: Overview of the tool.

report during simulation are also available.

Figure 1 illustrates how the performance tool is integrated in Design/CPN. The items (except
the item Simulator) illustrate the components of the new performance tool within Design/CPN. The
rectangles illustrate the main components of the tool while the dashed ellipses indicate the existing
libraries which have been extended and integrated into the tool. The solid line ellipses indicate output
produced by the performance tool.

The execution of the model in Design/CPN using the performance tool is as follows: the Simulator
simulates the CPN model possibly using the Random Number Functions for generating random num-
bers. At the same time, the Simulator does Data Collection and updates the Statistical Variables with
the new observed values. Finally, the Output Facilities dump all of the observed values in a detailed
Observation Log File. At any stop point in the simulation, the user can also generate a Performance
Report using the Output Facilities. A performance report shows the current status of the statistical
variables, e.g. sum, sum of the squares, average and variance. In this way a Performance Report gives
a more abstract view of the observed values than the view provided by an Observation Log File.

1.2 Example: FerrisWhesel

In this manual a CPN model of a Ferris wheel is used to illustrate the use of the performance tool. The
Ferris wheel is an amusement park ride. In this system, the Ferris wheel has a capacity of four cus-
tomers. When new customers arrive they receive a numbered ticket, and they join a queue where they
wait until it is their turn to ride the Ferris wheel. The inter-arrival time for customers is exponentially
distributed. Figure 2 depicts the system to be modelled.

What kind of performance measures are interesting for this system? One obvious choice would be
to consider the length of the queue. How does it grow and shrink? Another interesting performance
measure is the average amount of time each customer waits in the queue.

The system is modelled by the CPN model shown in Figs. 3 and 4. The global declaration node for
the model can be seen in Fig. 3. The value Wheel Si ze indicates the capacity of the Ferris wheel; in
this case it is 4. The variable i nt er Arri val is used to model the time between customer arrivals.
Note that i nt er Arri val is a reference variable. A reference variable is used to make it possible
to change the value of the variable without having to switch between the editor and the simulator or
the performance tool in Design/CPN. The colour set | nt is used to model the time used for various
activities. The colour set | nt T is a timed colour set which is used to count customers. The colour set
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Figure 2: Ferris wheel.

Ti cket models a ticket. A ticket consists of a ticket number and a time stamp which indicates when
the ticket was given to a customer. The colour set Cust onmer models the customers. Note that the
colour set E is also a timed colour set. The functions di scExp and di scNor mare used to generate
random numbers from discrete exponential and normal distributions.

(* Capacity of the wheel *)
val WheelSize = 4;

(* Average inter-arrival time, in seconds*)
val interArrival = ref 90.0; 5

(* — Colour sets — *)

color Int = int;

color IntT = int timed;

color Ticket = product Int * Int; 10
color Customer = with custom;

color CustomerxTicket = product Customer * Ticket;

color E = with e timed;

(* — Variables — *) 15
var nextCust,arrivalTime,runTime,loadTime,n,m : Int;
var noOfCust : IntT;

(* — Functions — *)

fun intTime() = IntInf.tolnt(time()); 20
fun round x = floor(x+0.5);

fun discNorm (x,y) = round(normal (X,y));

fun discExp x = round(exponential(x));

Figure 3: Global declarations.

Figure 4 contains the complete net structure of the model. The name of the page containing the
net structure is FerrisWhedl. The left-hand side of the net models the arrival of customers, while the
rest of the net models the Ferris wheel. When the transition Customer Arrivesoccurs, a new customer
token is added to the place Waiting Customers. Upon arrival, each customer is paired with a numbered
ticket which contains a time stamp. The time stamp is equal to the current model time, and it is created



by means of the function i nt Ti e, on the arc between Customer Arrives and Waiting Customers.
The place Waiting Customers represents the queue of customers. Customers are loaded for the next
run of the Ferris wheel when the transition L oadNext Customer occurs. The arcs between Next Ticket
and LoadNext Customer ensure that customers are loaded into the Ferris wheel in the same order in
which they joined the queue.

When customers are loaded onto the wheel, they are counted (see the inscriptions on the arcs
between L oadNext Customer and L oaded Customers). The guard of the transition Start Wheel ensures
that the Ferris wheel is not started until either there are no more customers in the queue or the Ferris
wheel is filled to capacity. Once the Ferris wheel is started, it is running — modelled by the place
Running. After the wheel stops (Stop Whed occurs), then new customers can be loaded, and the
wheel can be started again.

(* --- Parameter Control --- *)

interArrival := 90.0;

Wait for N
Customer
E E

‘output (runTime); +runTi e
e@+nextCust € ]actiF())n ( ) | e@+#runTime
, disNorm (3000,300):
n -
Customer Ticket n Start Stop
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,,,,,,,,,,,,,,,,, n+
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discExp(1.0/(tinterArrival)) m
0
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Y (custom,
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Customers Customer [
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i

‘output (loadTime); |
raction '
\discNorm (15.0, 4.0); !

Figure 4. Ferris wheel net.

The model is an integer-timed CPN model, and time is measured in seconds. The di SCExp
function is used to model the inter-arrival time for customers, and it can be found in the code segment
associated with Customer Arrives. The inter-arrival time for customers is exponentially distributed,
which is modelled using the exponent i al random number function, and the mean inter-arrival
timeisi nter Arri val seconds. The value pointed to by the variable i nt er Arri val is used as
the parameter for the di scExp function. By changing the value and reevaluating the auxiliary node
(the box with the text Par amet er Cont r ol ), one can change the inter-arrival rate for customers
(i nter Arri val ) without having to switch to the editor.2 The di scNor mfunction in the code
segment for L oadNext Customer calculates how much time is needed for loading each customer. The
average time needed for loading a customer is 15 seconds while the variance is 4 seconds. A similar
approach is used to calculate how much time is used for running the Ferris wheel — as shown in the
code segment for Start Whee!.

3This is particularly useful when one wishes to make a number of simulations using different parameters.



1.3 Performance of Ferris Wheel M odéel

This section will give a brief introduction to the output that can be created by the performance tool.
Data was collected during two simulations of the Ferris wheel model. This data will be shown in two
different forms, and the data will be briefly analysed.

In the previous section two performance measures for the system were mentioned: queue length
and average waiting time. The necessary functions were defined for collecting data concerning these
measures. These functions will be discussed throughout the manual and can be found in Appendix B.
The model was then simulated. Three simulations were made to see how changing the parameter
i nterArrival affects the performance of the system. The parameter i nt er Arri val affects
how often a new customer arrives at the Ferris wheel. Three simulations were made: one with i n-
terArrival =60. 0,one withi nt er Arri val =90. 0, and one withi nt er Arri val =120. 0.

Ferris Wheel - Queue

120 T T T T r : . ,
Inter-arrival Time = 60 seconds
Inter-arrival Time = 90 seconds -
Inter-arrival Time = 120 seconds --------
100
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Figure 5: Customer queue for different arrival rates.

Figure 5 shows a graph which indicates how changing the inter-arrival time between customers
will effect the queue length. When i nt er Arri val is 120.0 seconds the size of the queue is never
larger than eight. Reducing i nt er Arri val to 90.0 seconds produces a queue size that fluctuates,
but does not continually grow. However, wheni nt er Arri val =60. 0 the queue grows constantly.
This graph was plotted using data from observation log files which were created using the output fa-
cilities of the performance tool. Section 7.2 describes observation log files. The graph was made using
the gnuplot program [5]. The script that was used to generate the graph can be found in Appendix C.

Examples of the other type of output that can be generated in the performance tool can be seen
in Figs. 6 and 7. These performance reports contain statistics about the data that has been collected
concerning queue length and average delay. This type of report gives a high-level view of the data
since it is statistics about the data rather than a list of each value that was observed. In addition to the
statistics shown, the other statistics that can be calculated are: first and last value observed, variance,



standard deviation, sum of squares, and sum of squares of deviation. In these reports one can see that
when i nt er Arri val =120. 0, the average waiting time for each customer was 3.232 minutes?,
compared to 44.526 minutes when i nt er Arri val =60. 0. Similarly for the average length of the
queue. Performance reports are described in detail in Sect. 7.1.

TIMED STATISTICS
Name Count  Sum Average Minimum Maximum
CustQueue 311 34944 1.932 0 8

UNTIMED STATISTICS
Name Count Sum Average Minimum Maximum
CustWait 155 501 3.232 0 10
Current step: 418
Current time: 18085

Figure 6: Performance report, i nt er Arri val =120.0.

TIMED STATISTICS
Name Count Sum Average Minimum Maximum
CustQueue 493 800337  44.355 1 101

UNTIMED STATISTICS
Name Count  Sum Average Minimum Maximum
CustWait 196 8727 44526 4 92
Current step: 592
Current time: 18044

Figure 7: Performance report, i nt er Arri val =60.0.

4See Appendix B for an explanation of how customer wait time is measured in minutes rather than seconds.



2 Simulation with the Design/CPN Perfor mance Tool

This section will give a general introduction to simulating CPN models using the performance tool.
Section 2.1 describes how to generate the necessary ML code for the performance tool. Section 2.2
introduces the performance page and node. Finally, Sect. 2.3 describes how to simulate models and
collect data using the performance tool.

2.1 Generation of Performance Code

Before data can be collected from a CPN model, it is necessary to generate the performance code, i.e.
the ML code which is used to extract data from the CPN model. The performance code is generated
in a way which is similar to the switch from the editor to the simulator.

To use the performance tool the following steps must be performed (in the specified order) in either
the editor or the simulator:

1. Make sure that you are using Design/CPN version 3.2 (or later) and the corresponding ML
image.

2. Use General Simulation Options to indicate whether you want your simulation to be with or
without time. To choose the settings that you want, it may be first necessary to use Simulation
Code Options.

3. Check the box OG Tool Violations in Syntax Options.

4. Use Enter Perf (in the File menu) to enter the performance tool. This will create the perfor-
mance code and may take some time. When Enter Perf terminates, the Perf menu (Fig. 8) is
added to the menu bar (at the rightmost end). This menu contains all of the commands which
are specific for the performance tool.

2 =]
| File Edit Sim Aux Set Makeup Page Group  Text  Align

1 Type: Auxiliary Mode Time: 0 Step: 0 Text: Off Page Sc: Report Setup...
: Save Report...

Data Collector...

Initialize Data Collectors

Figure 8: Perf menu.

Each of the menu items in the Perf menu will be discussed in detail in later sections. Report
Setup is described in Sect. 7.1.1, and Save Report follows in Sect. 7.1.2. The items Data Collector
and Initialize Data Collectors are introduced in Sects. 6.3 and 6.4, respectively.

Note: Invoking Enter Perf from the editor is a shortcut for switching to the simulator and then
switching to the performance tool.



2.2 Performance Page and Performance Node

In order to collect data in the performance tool, a number of functions (from now on referred to as
performance functions) must be provided by the user. These functions are described in Sects. 6.2.1 —
6.2.3. The performance functions cannot be defined in the global declaration node because they are
dependent on the performance code that is generated during the switch to the performance tool. As a
result, two new objects have been defined in Design/CPN: the performance page and the performance
node.

Performance Page

The performance page is simply a page that has the name Performance_Page. When the switch is
made to the performance tool, such a page must exist. If it does not exist, a new one will be created
automatically. This page may contain at most one auxiliary node. If no auxiliary node is found on
the page when a switch is made, then a new one must be created. If more than one node exist, then
the user will be warned and will then have to delete all but one of the auxiliary nodes and reinvoke
Enter Perf.

Performance Node

The one auxiliary node that can be on the performance page will be referred to as the performance
node. The user must define the necessary performance functions in the performance node in order to
ensure that data will be collected as desired.

When the switch is made to the performance tool, the performance node is automatically evalu-
ated (equivalent to choosing ML Evaluate in the Aux menu). After the performance node has been
evaluated, the data collectors® that have been defined in the performance node are installed and are
ready to extract data from the model during simulation. Invoking Initial State in the Sim menu will
delete any existing data collectors and reevaluate the performance node, in addition to returning to
the initial state. Reevaluating the performance node simply reinstalls all the data collectors that are
defined in the performance node. If the performance node is evaluated by invoking ML Evaluate
(instead of using Initial State), then old data collectors will not be deleted, and therefore, multiple
copies of a data collector may exist.

Important: No syntax check is made for the performance node. The user is responsible for checking
if any error has occurred by checking the auxiliary region that appears next to the performance node
when ML Evaluate is invoked. Additionally, the switch to the performance tool is made even if an
error is found in the performance node.

2.3 Simulation and Data Collection

After the switch has been made to the performance tool, the model is ready for simulation. In order to
collect data, an Automatic Run (in the Sim menu) must be started. Data will be collected and stored
during the simulation. At any stop point in the simulation, it is possible to create a performance report
(see Sect. 7).

Details and Limitations

SData collectors will be defined in Sect. 6.



When you modify a CPN diagram, it is necessary to regenerate the performance code. When a modi-
fication is made while being in the simulator, it is sufficient to invoke Reswitch and then Enter Perf.
This means that all data collectors will be deleted, and the performance node will be evaluated again
to reinstall the data collectors.

2.4 Limitationsin the Current Version

In the current version of the performance tool it is only possible to collect data during an Automatic
Run, i.e. data will not be collected during an Interactive Run.






3 Random Number Functions

Random number functions allow the user to draw random samples from different distributions. By
using such functions it is easier to construct a more precise model of some physical phenomenon
than having to model the distribution explicitly in the CPN model. This in turn can lead to better
results when simulating and analysing the performance of the model. The random number functions
can also be used in the standard simulator, i.e. one is not limited to using these functions only in the
performance tool.

The following subsections present each of the available random number functions. The interface
for each function is presented along with a short description and an example of practical use. Finally,
the following are also shown for each function: mean value, variance, and the density function which
indicates how likely a value is to be drawn from the corresponding distribution. Further details on the
implementation of the random number functions and the underlying pseudo random number generator
can be found in [4].

3.1 Bernoulli

Interface: fun bernoulli (p:real) : int

Where 0 < p < 1. The value returned is either 0 or 1. The function gives a drawing from a Bernoulli
distribution with a probability of p for success, i.e. success = 1.

Example 1 Throw a die and observe if a six was thrown. This experiment has a Bernoulli
distribution with parameter p = # for success.

Mean: p
Variance: p(1 — p)

The density function, fx(x), is given by:

1—p x=0
f)((x) = p x=1
0 elsewhere

11



3.2 Binomial

Interface: fun binomal (n:int, p:real) : int

Wheren > 1and 0 < p < 1. Returns a drawing from a binomial distribution with n experiments and
probability p for success.

The binomial distribution is related to the Bernoulli distribution in the following way: the sum of n
Bernoulli drawings with parameter p has a binomial distribution with parameters p and n.

Example 2 Throw a die 100 times and observe how many times a six was thrown. This
process has a binomial distribution with parameters n = 100 and p = %

Mean: np
Variance: np(1 — p)

The density function, fx (x), shown in Fig. 9 is given by:

( " )p‘”(l —-p)" % x=0,1,2,..,n

fx(z) = T
0 elsewhere
0.2 T T T T T T
n=20, p=0.5 —
n=100, p=0.5 ----
n=100, p=0.3 -
0.15 [ 1
&
L o1l ]
0.05 | i
| I
0 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Figure 9: Binomial densities.
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3.3 Chi-sguare

Interface: fun chisq (n:int) : real
Where n > 1. Returns a drawing from a chi-square distribution with n degrees of freedom.

The sum of the squares of n independent normally distributed random variables with mean 0 and
standard deviation 1 is a chi-squared distribution with n degrees of freedom.

Example 3 An example for this distribution has been omitted due to the fact that it is
rarely found in nature. Instead, the distribution is used when doing statistical tests.

Mean: n
Variance: 2n

The density function, fx(x), shown in Fig. 10 is given by:

2n/21(n/2)

1 x(n/?)—le—m/Z x>0
fx(@) = 0 elsewhere

where I'(a) = [;° * 'e “dz, a >0

05 T T T T T T T ]

53353
[Tl
~NOTwWN

fx(x)

Figure 10: Chi-square densities.
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3.4 Discrete Uniform
Interface: fun rint (a:int, b:int) : int

Where a < b. Returns a drawing from a discrete uniform distribution between a and b (a and b included).

Example 4 Throwing a die has a discrete uniform distribution with parameters a = 1
and b = 6. The function rint will then return the number of eyes on the die.

Mean: ~ «tb

Variance: %

The density function, fx(x), shown in Fig. 11 is given by:

Xx=a,at+l, ... b
elsewhere

1
fx(z) = { 8_a+1

0.4 T T T T T T T T T T

0.35 |- 4

03 —

0.25 - B

fx(x)

02| —

0.15 B

01 4

0.05 - B

Figure 11: Discrete uniform densities.
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3.5 Erlang

Interface: fun erlang (n:int, l:real) : int
Where n > 1 and [ > 0. Returns a drawing from an Erlang,, (7) distribution with intensity {.

A drawing from an Erlang distribution can be derived by addition of n drawings from a exponential
distribution.

Example 5 A shop gives each 100th customer a present. The arrival time between cus-
tomers is exponentially distributed with intensity [ = 50 per hour. The sums of the arrival
times between customers is Erlang distributed with parameters n = 100 and [ = 50.

Mean: %
Variance: %

2

o~

The density function, fx(x), shown in Fig. 12 is given by:

(n—1)!

fx (@) " _gn-le=2l 4> (andn=1,2,3, ..
Tr) =
X 0 elsewhere

0.2 T T T T

553535
LN
Moo
0000

30 40 50

Figure 12: Erlang densities.
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3.6 Exponential

Interface: f un exponential (r:real) : real
Where r > 0. Gives a drawing from a exponential distribution with intensity r.

Example 6 Customers arrive at a post office for service. The time between two arrivals

has a mean of 4 minutes. The inter-arrival time has a exponential distribution with pa-

rameter r = .
Mean: %
Variance: -

<

The density function, fx(x), shown in Fig. 13 is given by:

o= { 2!

0 elsewhere

T
L =01 — |
08| =01 —
1=0.4 -
07} i
06 i
. o5f i
&
5 _
= oal N .
03| 4

Figure 13: Exponential densities.
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3.7 Normal

Interface: fun normal (n:real, s:real) : real
Returns a drawing from a normal distribution with mean » and variance s.

Example 7 A factory produces chocolate in packages of 500 grams. The amount of
chocolate in each package has a normal distribution with mean n» = 505 grams and
variance s = 3 grams. Each package with a weight less than 500 grams will be rejected
in the control procedure.

Mean: n
Variance: s

The density function, fx (x), shown in Fig. 14 is given by:

0.9 T T T T T

NNee
nonon

S5335
PrOPOo

0.7 |-

0.6

05

Ix(z)

04

03

02

01 |

Figure 14: Normal densities.
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3.8 Poisson
Interface: f un poi sson (mreal) : int

Where m > 0. Returns a drawing from a Poisson distribution with intensity m.

Example 8 A company has a network with a certain load. Each second an average of
100 packets is sent to the network. The number of packets arriving to the network per
second is Poisson distributed with an intensity m = 100.

Mean: m
Variance: m

The density function, fx(x), shown in Fig. 15 is given by:

T
Cf mem x=0,1,2,..,n
fx(z) =
0 elsewhere
0.7 T T T T T T

m=0.5 ¢

m=4 +

m=7 O
0.6 - B
0.5 B
& o4} -

X
03 | 4 B
02} N i
4 + o] o]
[a] o]
0.1 o + o] .
+ <© o]
o + o
N
0 + Ll I;] © N e e by & e @ &

0 2 4 6 8 10 12 14

T

Figure 15: Poisson densities.
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3.9 Student

Interface: fun student (n:int) : real

Where n > 1. Returns a drawing from a Student distribution (also called t distribution) with n degrees
of freedom.

Note that as n increases, the Student density approaches the normal density in Sect. 3.7. Indeed, even
for n = 8 the Student density is almost the same as the normal density.

Example 9 An example for this distribution has been omitted due to the fact that it is
rarely found in nature. Instead, the distribution is used when doing statistical tests.

Mean: 0
H .1
Variance: ——;

The density function, fx(x), shown in Fig. 16 is given by:

(n+1)
L[(n+1)/2 2\ 2
oy T/ ()
Vnr T'(n/2) n
where T'(a) = [;° 2* e %dz,a > 0.
04 L T T T . T T T i
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&
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Figure 16: Student densities.
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3.10 Continous Uniform
Interface: fun uniform (a:real, b:real) : real

Where a < b. Returns a drawing from a uniform distribution between a and b.

Example 10 A person is asked to choose a real number between 1 and 10. This random
variable is uniformly distributed with parameters ¢ = 1 and b = 10.

Mean: ~ «tb

. . (b—a)?
Variance: o

The density function, fx(x), shown in Fig. 17 is given by:

a<x<hb
elsewhere

fx(z) = { 8%“

04

0.35 - —

03 | B

0.25 B

0.2 —

fx(x)

0.15 | E
01| -

005 | .

-0.05 1 1 1 1 1 1

Figure 17: Uniform densities.
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4 Binding Elementsand Markings

In the performance tool it is possible to refer to each state of a model during simulation, i.e. one can
refer to each encountered marking during simulation. It is also possible to inspect how a state was
reached from the previous state, i.e. one can inspect each occurring binding element during simulation.
Thus, values can be extracted from the markings and binding elements for updating the data collectors.
Two different ML structures are available: the structure Per f Mar k containing a marking function for
each place, and the structure Bi nd containing a binding constructor for each transition in the CP-net.
These functions and constructors can be used to determine when to extract data and which data to
extract. The Per f Mar k and Bi nd structures are analogous to the Mar k and Bi nd structures which
are described in the Design/CPN Occurrence Graph Manual [8].

4.1 Binding Elements

To denote binding elements the following constructors are available:
con Bi nd. <PageName>'<TransNane>: Inst * record -> Bind. El em

where the second argument is a record specifying the binding of the variables of the transition. The
type of this argument depends upon the transition.

For example in the Ferris wheel model:

Bi nd. Ferri sWheel ‘Cust onmer (1, {next Cust =75, n=x})
matches the binding element where the transition Customer Arrives (with the name Customer) on the
first instance of page FerrisWhed has the variable noOF Cust bound to 75. The variable x is included

to be able to inspect the value bound to the variable n.

It should be noted that Bi nd. <PageNane>'<Tr ansNane> is a constructor. This means that it
can be used in pattern matching. For example:

Bi nd. Ferri sWheel 'Cust oner _

will match with every occurrence of each instance of the transition Customer Arrives (with name Cus-
tomer).

Bi nd. Ferri sWheel ‘Cust oner (1, {next Cust =75, ...})

will match with each occurrence of the first instance of the transition Customer Arriveswhere the vari-
able next Cust is bound to the value 75 and regardless of what any other variables might be bound to.

21



4.2 Markings

Marking Function
To inspect the markings of different place instances the following functions are available:

fun Perf Mar k. <PageNanme>'<Pl aceNane>:I1nst -> (CPN OGrec — CS ns)

where CSis the colour set of the place.

For example in the Ferris wheel model:
Per f Mar k. Ferri s\Wheel Vi ti ngl net _mar ki ng

returns the multi-set of tokens on the place Waiting Customers (with the name Waiting) on the first
instance of the page Ferriswheel. The variable net _mar ki ng refers to the current marking of the
entire net.

Multi-set Representation

The Per f Mar k functions return the internal ML representation of a multi-set. The internal repre-
sentation of a multi-set differs from the formal sum representation® which can be seen in connection
with tokens during simulations.

The function ms_t o_l i st can be used to convert either multi-set representation into a list represen-
tation.

fun metolist:CS nms -> CS |ist
The function st ri pt i me can be used to remove the time stamps from a timed multi-set.

fun striptine:CS tms -> CS ns

The following list shows the different representations of a simple timed multi-set. Item 3 is the result
of applying st ri pt i e to either of the multi-set representations in Items 1 and 2. Item 4 is the result
of applying ns_t o_l i st to either Item 3 or the formal sum representation of the same multi-set.

1. Formal sum: 2'true @[1,3] +1'fal se@[1]

2. Internal: (2,t rue,[Bl {di gi t s=[ 1], si gn=PCS}, BI {di gi t s=[ 3], si gn=PCS}])!!!
(L,fal se,[Bl {di gi ts=[ 1], si gn=PCS}]) ! tenpty

3. Stripped time: (2,true)!! (1,fal se) !l enpty
4, List: [true, true, fal se]

Chapter 37 of the Design/CPN Reference Manual [3] contains further details about:

e NB_to_list

6See Definition 2.1 in [6]
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the internal ML representation for multi-sets
untimed and timed multi-sets
the operators !! and !!!

the constants enpt y and t enpt y
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5 Statistical Variables

This section describes the concept of statistical variables. Statistical variables are data structures pro-
viding the ability both to accumulate values from a simulation and to access statistics about these
values during the simulation of a model. The values accumulated in a statistical variable can be in-
tegers or reals. Two types of statistical variables with different behaviour are available: timed and
untimed.

The values and statistics that can be accessed in both types of statistical variables are:
o first value
o last value (most recently added value)
e minimum
e maximum
e count (number of updates)
e sum
e sum of squares
e average
e sum of squares of deviation
e standard deviation
e variance

Timed statistical variables include additionally:

o time of first update
o time of last update
e time interval (indicates how much time has elapsed since the statistical variable was first up-
dated)
51 Untimed Statistical Variables

Figure 18 shows how an untimed statistical variable is updated with different observed values. If an
untimed statistical variable is updated with the the same value twice, then the value influences the
statistics twice, as expected. Let x;, ¢ = 1..n be the values with which an untimed statistical variable
is updated. The sum and average of the values are calculated in the following way:

_ Sumn

Sump, = >0 | T; Average, = =4

The remaining statistics are calculated in a similar fashion.
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Figure 18: Observed values for untimed statistical variables.

5.2 Timed Statistical Variables

Timed statistical variables differ from untimed statistical variables in that an interval of time is used to
weight each observed value. Figure 19 illustrates how a timed statistical variable is updated. Assume
that a timed statistical variable was created at the time to and that the circles indicate when the timed
statistical variable was updated. The variable was last updated at time ¢,, with value z,.

At time ¢;, the timed statistical variable is updated with a new value x;, then at time ¢;; it is
updated with the value z; ;1. The interval [¢;, ;1] is used to weight the value z;, in other words, the
weight of the value z; is (¢;+1 — t;). At precisely time t;, z; has no influence on sum, sum of the
squares, average, sum of the squares of deviation, standard deviation or variance because the weight
is zero, but for all time ¢ > ¢;, x; will influence these values.

% o
o 2 )
=% O
>
-§ X o—
B
o)
O x, @

X1 4

ty t; ty=t, tyovnty, t, ot

Time of observation
Figure 19: Observed values for timed statistical variables.

The sum and the average of the values at time ¢ > ¢,, are calculated in the following way:

Sumy = (X0 ik (i1 — i) +zn * (t—tn) Tt > 1,

Average; = iﬁ—’g* ift>t,

With timed statistical variables, it is possible for a value to exist for zero time, see for example
Fig. 19 where the value x5 at time ¢, exists for zero time because it is followed by an update with the
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value x5 at the same model time (o = ¢3). In this situation, in contrast to the above mentioned sta-
tistical measures, the measures maximum, minimum and count take into account all the values with
which the statistical variable has been updated, i.e. including the ones which have existed for zero
time. This is due to the fact that maximum, minimum, and count are the only statistics that are not
weighted with the time elapsed since the last update.

Technical Remark. Consider a timed simulation with integer time. If the time advances with value one
for each update of a timed statistical variable, then the statistics for the timed and untimed statistical
variables are equal, assuming that the statistics are accessed one time unit after the last update. The
reason is that in this situation the weight is one for each value in the timed statistical variable.
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6 Data Collectors

A data collector is a central concept in the performance tool. Data collectors determine how to extract
values from a CPN model, when to extract these values, and what to do with the values. It is possible
to maintain several different data collectors (timed or untimed with integer or real values) - each
extracting different values from markings and/or binding elements during simulation. Section 6.1
gives a more detailed definition of a data collector. Sections 6.2.1 and 6.2.2 discuss predicate and
observation functions, respectively. Section 6.3 shows how to create a data collector. Finally, Sect. 6.4
describes how to initialise data collectors.

6.1 What isa Data Collector

A data collector determines when to extract data, how to extract data and and what to do with the
data. Each data collector contains two functions: one which determines when to extract data from the
CPN model, and one which determines which data to extract. These functions are called the predicate
function and the observation function, respectively.

The values for each data collector must be dealt with somehow. One option is to store the values
in an observation log file (see Sect. 7.2). The other option is to maintain a statistical variable. A de-
scription of statistical variables was given in Sect. 5. It is also possible to maintain both an observation
log file and a statistical variable. Furthermore, one must decide whether the data collector should be
timed or untimed. The type of the data collector (untimed or timed) will determine whether or not the
associated statistical variable untimed or timed. The difference between untimed and timed statistical
variables can be found in Sects. 5.1 and 5.2.

6.2 Performance Functions

Three user-defined functions are needed for each data collector; these functions are collectively re-
ferred to as performance functions. Two of the functions are associated with a data collector, and the
third is used to create a data collector.

The two functions associated with a data collector are the predicate and observation functions. A
predicate function determines when a data collector is updated. An observation function is used to
calculate the value with which the corresponding data collector is updated.

The predicate function is evaluated after each step of the simulator. If it evaluates to t r ue then
the observation function is invoked, and the corresponding data collector is updated with the value
observed by the observation function.

The relation between the predicate function and the observation function is as follows:

if predicate then
update_datacoll(observation)
else ();

The create function is the third function. It is used to actually create a data collector. The create
function is predefined, and it only needs to be called with an appropriate parameter, which will be
described later.

All performance functions must be written in the performance node on the performance page.
Note that Sects. 6.2.1, 6.2.2, and 6.2.3 contain detailed syntax for the performance functions. These
functions can be generated by using the template facility described in Sect. 6.3.
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6.2.1 Predicate Function

A predicate function must have the following format:
fun <Predi cat eFuncName> (net _mar ki ng, bindi ng-el ement)

with type:
fun <Predi cat eFuncName>:CPN OGrec * Bind. El em-> bool

For the Ferris wheel model a predicate function has been defined; it returns t r ue if either of the
following transitions occur: Customer Arrives(with the name Customer) or L oadNext Customer (with
the name LoadNext). This is achieved by matching the binding elements

Bi nd. Ferri s\Wheel ’ Cust oner _
and Bi nd. Ferri s\Wheel ' LoadNext _

The function looks like this:

fun CustQueuePred (net_marking, binding_element) =
let
fun filterFun (Bind.Ferriswheel’Customer _) = true
| filterFun (Bind.FerrisWheel’LoadNext _) = true
| filterFun _ = false
in
filterFun binding. element
end;

6.2.2 Observation Function

An observation function must have the following format:

fun <Cbservati onFuncName> (net _mar ki ng, bi ndi ng_el ement)
with one of the following types:

fun <Cbservati onFuncNanme>:CPN OGrec * Bind. El em-> int

fun <Observati onFuncName>:CPN OGrec * Bind. Elem-> real

For the Ferris wheel model an observation function has been defined; it depends upon the marking of
the place Waiting Customers (with the name Waiting). The observation function returns the number
of tokens on the place in the current marking. This is done by extracting the marking of the place
Waiting Customers (using the marking function Per f Mar k. Ferri s\Wheel * Wi t i ng) from the
current net marking. Finally, the size of the marking is returned.

fun CustQueueObs (net_marking, binding_element) =
let
val mark_Waiting = PerfMark.FerrisWheel'Waiting 1 net_marking
in
CPN’size mark_Waiting
end;
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6.2.3 Create Function

There are two different create functions:
e Perf Creat e. new nt Dat aCol |
e Perf Creat e. newReal Dat aCol |

The return type of the observation function (int or real) will determine which create function to
use. In the following Per f Cr eat e. new nt Dat aCol | will be used to illustrate the examples.
The type and use of the Per f Cr eat e. newReal Dat aCol | function are analogous.

Evaluating the Per f Cr eat e. newl nt Dat aCol | with an appropriate parameter will actually cre-
ate a data collector. The type of this function is as follows:

fun Perf Create. new nt Dat aCol |
{Nane: string,
PredFun : CPN OGrec * Bind.El em-> bool,
CbsFun : CPN OGrec * Bind.Elem-> int,
Dat aCol | Type : <untinedDC | tinmedDCs,
StatVar : bool,
LogFile : string option} -> unit

The Nan®e attribute specifies the name of the data collector. The Pr edFun and the GbsFun at-
tributes hold the predicate and the observation function, respectively. The Dat aCol | Type attribute
indicates whether the data collector depends on time or not (t i medDCor unt i medDC). The attribute
St at Var specifies whether a statistical variable has to be maintained. Finally, the attribute Log-
Fi | e indicates whether an observation log file has to be maintained. The value NONE indicates that
an observation log file will not be maintained, and SOVE "fi | ename" indicates that an observation
log file with name f i | enamne will be maintained.

For the Ferris wheel model, the following is used to create a data collector:
PerfCreate.newlntDataColl
{Name = "CustQueue",
PredFun = CustQueuePred,
ObsFun = CustQueueObs,
DataCollType = timedDC,
StatvVar = true,
LogFile = SOME ("'CustQueue'™
Int.toString(floor(linterArrival))™
".1og™)}
The data collector has the name " Cust Queue", and it will be updated with values observed by
the function Cust QueueCbs. This observation function will be evaluated only when the function
Cust QueuePr ed returns t r ue. These two functions were defined in Sects. 6.2.1 and 6.2.2. The
observed values will be stored in a timed statistical variable and an observation log file. The name of
the observation log file depends on the value of the variable i nt er Arri val . For example, when
i nterArrival =90. 0the name of the observation log file is Cust Queue90. | og.
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6.3 Creating Data Collectors

A new data collector is created by evaluating performance functions: namely predicate, observation
and create functions. These functions must be written in the performance node. It is possible to gen-
erate a template for each of these types of functions while using the performance tool.

To create data collectors using ML templates perform the following sequence of operations:

1. Select a group of transitions and places (Shift and left-click) that you want to refer to in the
predicate and/or the observation function.

2. Invoke Data Collector in the Perf menu. The dialog box shown in Fig. 20 appears.

.,
Data Collector
Mame
[] statistics (] Timed
[ rogme
| Reset ‘ ‘ Cancel | 3

Figure 20: Data Collector dialog box.

3. Give the data collector a name.

4. Use the check box Statistics if you want a statistical variable to be maintained for the data
collector. The statistics can be viewed in a performance report.

5. Use the check box Log file if you want an observation log file to be maintained. An observation
log file contains each value which has been observed by the observation function.

6. Use the check box Timed if you want the data collector to depend on time. If the box is
checked, you get a timed statistical variable and/or a timed observation log file, otherwise they
are untimed.

7. Click OK. This will append some template ML code to the code in the performance node on
the performance page. This new code contains templates for the three performance functions:
a predicate function, an observation function and a create function.

8. Modify this template ML code to get the intended behaviour.
9. Evaluate these performance functions in one of two ways:

(a) Select Initial State in the Sim menu
(b) Evaluate them manually with the following two steps:

i. Select the predicate and observation function, evaluate them using ML Evaluate in
the Aux menu, thereby determining the return type of the observation function.
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ii. Install the new data collector by evaluating the Per f Cr eat e. newl nt Dat aCol |
or Per f Cr eat e. newReal Dat aCol | call.

Examples of template code for the Ferris wheel model can be found in Appendix A. The appendix
also contains precise directions for generating the same code.

Templates do not have to be used when writing performance functions. If performance functions
are written from scratch, remember that they must be written in the performance node. After adding
performance functions to the performance node, they must be evaluated as in Step 9 above.

Important: No syntax check is made when evaluating ML code in the performance node. The user is
responsible for checking if any error has occurred by checking the auxiliary region that appears next
to the performance node when ML Evaluate is invoked.

6.4 Initialising Data Collectors

If the user chooses Initialize Data Collectors in the Perf menu, then all the data collectors are ini-
tialised, i.e. all statistics collected in statistical variables are deleted, and all observation log files are
emptied.
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7 Output Facilities

The performance tool can create two types of output files. The first is a performance report which
provides statistics about the data that has been collected. The second type is an observation log file
which is simply a file that contains each value that has been observed by one specific observation
function.

7.1 Performance Report

A performance report can be saved anytime a simulation is stopped. Stop criteria can be set by
invoking General Simulation Options in the Set menu. A performance report contains statistics
about the data that has been collected during a simulation. These statistics are extracted from all of
the statistical variables within the data collectors. A list of the available statistics can be seen in either
Fig. 21 below, or in Sect. 5.

7.1.1 Report Setup

The layout of the performance report can be specified by using the Report Setup entry in the Perf
menu. The dialog box shown in Fig. 21 appears.

Report Setup
Width: Text Values _
}X{ Min |E Average l:‘ Varnance
D max < count [ ] standard Deviation
|:| First Value & 3um l:l 3um of Squares
l:‘ Last Value l:‘ 3um of Squares of Deviation

Timed statistics:

|:| First Time l:‘ Last Time l:‘ Interval

‘ Save... ‘ ‘ Load ‘ ‘ Reset ‘ ‘ cancel ‘ I oK |

Figure 21: Report Setup dialog box.

Text: specifies the width of the column containing the names of the data collectors.

Values: defines the format of numbers. The first number is the number of digits in the integer part
of numbers. The second number indicates the number of decimal positions when reals are included in
the performance report. Note that when creating a performance report, if a number is too large to fit
in the given column size, then the number is replaced by * ’s in the performance report.

Statistics: by checking the boxes of some of the statistics, you indicate that you want these statistics
to be printed for each statistical variable.
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TIMED STATISTICS
Name Count Sum Average Minimum Maximum
CustQueue 408 192971  10.620 1 21

UNTIMED STATISTICS
Name Count  Sum Average Minimum Maximum
CustWait 200 3044  15.220 0 30
Current step: 509
Current time: 18171

Figure 22: Example of performance report.

7.1.2 Save Report

To save a performance report, select Save Report in the Perf menu. A dialog box will appear, and
the name of the file in which the performance report will be saved can be specified.

An example of a performance report can be seen in Fig. 22. The functions that were used to define
the data collectors can be found in Appendix B. The report was created after simulating the Ferris
wheel model when interArrival=90.0 until the time advanced to 18171. At this point the simulation
had taken 509 steps.

7.2 Observation Log File

Data that has been collected during a simulation can be stored in an observation log file. An obser-
vation log file will automatically be generated in the file specified in the call for creating the data
collection. Note that it may be useful to specify an absolute path to the observation log file. This is
due to the fact that otherwise the observation log file will be saved in the current directory which may
not be the directory that one would expect.

There are two forms of observation log files: untimed and timed. An untimed and a timed ob-
servation log file differ in how they are updated. Each observation log file contains two columns of
numbers. The value in the first column depends on the type (timed or untimed) of the observation log
file. In an untimed observation log file, the value in the first column is simply a counter indicating the
number of the update. Whereas in a timed observation log file, the first column contains the simulation
times at which the observation log file was updated. The second column always contains the values
that were returned by the observation function. Table 1 shows the format for each type of observation
log file.

Important: When you select Initial State (in the Sim menu) the performance node is reevaluated,
and data collectors are created. If an observation log file has the same name each time the performance
node is evaluated, then the contents of the log file will be lost when a new simulation is started. You
must either create unique file names or move the observation log files before starting a new simulation.
An example of how to create varying file names can be seen in Sect. 6.2.3.
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Untimed Timed

1 = 1 T
2 [ t2 X9
3 I3 t3 x3

Table 1: Observation log file format.

The data in the observation log files can be used to plot graphs. In particular, the data can be plotted
by the gnuplot plotting program [5]. Figure 23 shows a graph that was created using gnuplot and the
data in the Cust Queue90. | og observation log file. The gnuplot script that was used to create the
graph in Fig. 23 can be found in Appendix C.

Ferris Wheel - Queue
25 T T T T

T, " T T
Inter-arrival Time = 90 seconds

20 —

15 - —

Queue Size

10 -

0 1 1 1 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Time (in seconds)

Figure 23: Plotted data from observation log file.
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8 Accessing Statistical Variableswithin Data Collectors

This section describes functions that can be used to access statistical variables within data collectors
(see Sect. 5 for details about statistical variables). When defining predicate and observation functions,
it is sometimes advantageous to be able to access statistical measures of the statistical variable inside
a data collector, e.g. to be able to refer to the current sum or average. One can also be interested in
creating an observation log file which can be used for plotting the variance of a certain measure.

This is possible by using the functions described in this section. Note that the functions can only
be used after switching to the performance tool and cannot be used in arc expressions.

A structure named Per f AccessDCcontains the functions. The general format of the functions is:
Per f AccessDC. <Measure>[1| R "Nanme of DC'
where

e <Measur e>: Identifies the measure to be accessed, i.e. Sum Avr g, etc.

e [ 1| Rl : Some measures have different types — depending on the type of the values stored in the
data collector, i.e. the return type of the observation function. ”I =i nt , "R’=r eal , while ”
indicates that only one type is possible for this measure.

e "Name of DC': identifies the data collector to be accessed, i.e. it has to be replaced by the
full name of the data collector.

Note that the statistical measures that depend on time are evaluated at current time.

8.1 Functionsfor Accessing Data Collectors

Average
fun PerfAccessDC. Avrg:string -> real

Count
fun PerfAccessDC. Count:string -> int

First Observed Value
Type of values: int
fun PerfAccessDC. Firstl:string -> Intlnf.int

Type of values: real
fun PerfAccessDC. FirstRstring -> real

Maximum
Type of values: int
fun PerfAccessDC. Maxl:string -> Intlnf.int

Type of values: real
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fun PerfAccessDC. MaxR:string -> real

Minimum
Type of values: int
fun PerfAccessDC. M nl:string -> Intlnf.int

Type of values: real
fun PerfAccessDC. M nRistring -> real

Sum
Type of values: int
fun PerfAccessDC. Sum :string -> Intlnf.int

Type of values: real
fun PerfAccessDC. SunR:string -> real

Sum of Squares
Type of values: int
fun PerfAccessDC. SSl:string -> IntInf.int

Type of values: real
fun PerfAccessDC. SSRistring -> real

Sum of Squares of Deviation
fun PerfAccessDC. SSD:string -> real

Standard Deviation
fun PerfAccessDC. StD:string -> real

Last Observed Value
Type of values: int
fun PerfAccessDC. Val uel :string -> Intlnf.int

Type of values: real
fun PerfAccessDC. Val ueR:string -> real

Variance
fun PerfAccessDC. Vari:string -> real
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8.2 Additional Functionsfor Timed Data Collectors

The functions below access statistical measures that are only defined for timed data collectors.

Time Interval
fun PerfAccessTi medDC. I nterval :string -> IntlInf.int

Time of Last Observation
fun PerfAccessTi nedDC. Last Ti me:string -> Intlnf.int

Time of First Observation
fun PerfAccessTi nedDC. StartTine:string -> Intlnf.int

8.3 [Exceptions

If you are trying to access the statistical variable of a non-existent data collector, then an exception
will be raised. The exception is named Per f _SVNot Foundl nDC nane, where nane is the name
of the non-existent data collector. The exception will be handled by the exception reporting facilities
described in Sect. 9.

8.4 Return typelntinf.int

The aforementioned access functions can be used to access statistics from statistical variables that
are associated with data collectors. Data collectors can currently be updated with either real numbers
(real ) or integers (i nt). This section discusses why the return type of many of these functions is
I nt I nf.int (the ML type for infinite integers) rather than i nt .

The functions return infinite integers for two reasons. The first reason is that the type of time is
I nt I nf.int. Therefore, it is reasonable to expect that the functions that return information about
when a timed statistical variable was updated return an infinite integer.

Secondly, statistical variables have been implemented such that they can be updated with an in-
teger, but the integers are converted to infinite integers before the statistics are recalculated. This is
done to avoid overflow, for example, when calculating sums of squares.

The following functions may be useful for manipulating infinite integers:
fun IntInf.tolnt:IntInf.int ->int

This function will raise the Over f | owexception if the value does not fitinani nt .
fun IntInf.toString:Intinf.int -> string

For more information about infinite integers and the | nt | nf structure in Standard ML see [9].
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9 Exception Reporting

This section discusses reporting of exceptions in the performance tool. A number of different excep-
tions may be raised while manipulating data collections. The performance tool provides some basic
feedback concerning exceptions that have been raised, provided that the exceptions are raised in con-
nection with data collection or file manipulation in the performance tool.

An exception report is created for the following types of exceptions:

o /O exceptions raised when manipulating observation log files.

I/0 exceptions raised when saving performance reports.

Exceptions raised when updating and accessing statistical variables.

Exceptions raised when evaluating predicate and observation functions.

If one of the above types of exceptions is raised, an exception report will be created. This is done
by first creating a page called Perf_Exceptions. On this page, an auxiliary node will be created, and
the description of the exception that has been raised is written in this node. After the report has been
written on the Perf_Exceptions page, a dialog box opens indicating that an exception has been raised,
and the simulation stops.

Each exception report contains the name of the CPN diagram and some indication of the type of
exception that was raised. If an exception is raised when evaluating a predicate or observation func-
tion, then the current step number and binding element are also included in the exception report. If
an exception is raised while updating a data collection, then the name of the data collection will be
included in the report. Finally, if an exception is raised in connection with file manipulation, then the
name of the file will be included in the exception report. An example of an exception report is shown
in Fig. 24.

Desi gn/ CPN Per f or mance Tool Exception Report
D agram /users/cpnuser/ nodel / Ferri sWeel

An 10 exception was rai sed while manipul ating
an observation log file.

Error: open_out "/users/cpnuser/ CustQeue.l og":
openf failed, Perm ssion denied.

Figure 24: Example of an exception report.
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A Template Functions

This appendix contains template code that was generated by the performance tool. A description of
the exact steps that were taken in order to generate the given code can be found below. Appendix A.1
shows template functions for collecting data concerning the length of the customer queue. Appendix
A.2 contains template functions for customer wait time. The modified version of the code which can
be used to create data collectors can be found in Appendix B.

A.1l Customer Queue

This appendix contains template code which can be modified in order to calculate the length of the
customer queue. When the transition Customer Arrives (with the name Customer) occurs, a new cus-
tomer arrives and the length of the queue increases. When the transition LoadNext Customer (with
the name LoadNext) occurs, the length of the queue decreases because a customer leaves the queue.
The customers waiting in the queue are modelled by the tokens on the place Waiting Customers (with
the name Waiting).

The following seven steps were taken in order to generate the following template code.

1. Select (in group mode) the transitions Customer Arrivesand LoadNext Customer and the place
Waiting Customers.

2. Invoke the Data Collector item in the Perf menu.

Give the data collector the name “CustQueue”.

> w

Check the box Statistics.
5. Check the box Log file.
6. Check the box Timed.

7. Click OK, and the following code is added to the performance node.

(* -=> CustQueue <=- *)

fun CustQueuePred (net_marking, binding_element) =
let
val mark_Waiting = PerfMark.FerrisWheel’'Waiting 1 net_marking
fun filterFun (Bind.FerrisWheel'LoadNext (1, {noOfCust=noOfCust,n=n,loadTime=loadTime,
arrivalTime=arrivalTime})) =
| filterFun (Bind.FerrisWheel’Customer (1, {nextCust=nextCust,n=n})) =
| filterFun_ =
in
filterFun binding. element
end;
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fun CustQueueObs (net_marking, binding_element) =
let

val mark_Waiting = PerfMark.FerrisWheel’'Waiting 1 net_marking

fun filterFun (Bind.Ferriswheel’LoadNext (1, {noOfCust=noOfCust,n=n,loadTime=loadTime,

arrival Time=arrivalTime})) =

| filterFun (Bind.FerrisWheel’Customer (1, {nextCust=nextCust,n=n})) =

| filterFun_ =
in
filterFun binding. element
end;

PerfCreate.new< Int|Real>DataColl
{Name = " Cust Queue",
PredFun = CustQueuePred,
ObsFun = CustQueueObs,
DataCollType = timedDC,
StatVar = true,
LogFile = SOME " Cust Queue. | og" };
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A.2 Customer Waiting Time

This appendix contains template code which can be modified in order to calculate the average wait-
ing time for the customers riding the Ferris wheel. When the transition LoadNext Customer (with
the name LoadNext) occurs, the variable ar ri val Ti ne on the input arc to L oadNext Customer is
bound to the time (in seconds) when the customer joined the queue. This value can be used to calcu-
late how long the customer waited in the queue.

The following six steps were taken in order to generate template code.

1. Select transition LoadNext Customer.

2. Invoke the Data Collector item in the Perf menu.
3. Give the data collector the name “CustWait”.

4. Check the box Statistics.

5. Check the box Log file.

6. Click OK, and the following code is added to the performance node.

(* -=> CustWait <=- *)

fun CustWaitPred (net_marking, binding_element) =
let
fun filterFun (Bind.FerrisWheel’LoadNext (1, {noOfCust=noOfCust,n=n,loadTime=loadTime,
arrivalTime=arrivalTime})) =
| filterFun _ =
in
filterFun binding. element
end;

fun CustWaitObs (net_marking, binding_element) =
let
fun filterFun (Bind.Ferriswheel’LoadNext (1, {noOfCust=noOfCust,n=n,loadTime=loadTime,
arrival Time=arrival Time})) =
| filterFun _ =
in
filterFun binding. element
end;

PerfCreate.new< Int|Real>DataColl
{Name = "CustWai t",
PredFun = CustWaitPred,
ObsFun = CustWaitObs,
DataCollType = untimedDC,
StatVar = true,
LogFile = SOME "Cust Wi t. | og"};
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B Performance Functions

This appendix contains the modified code of the template code in Appendix A. These functions
were used when simulating the Ferris wheel model in order to generate the observation log files and
performance reports that are discussed in Sects. 1.3, 7.1 and 7.2.

B.1 Customer Queue

Cust QueuePr ed returns t r ue when either transition Customer Arrives (with name Customer) or
transition LoadNext Customer (with name LoadNext) occurs, i.e. it returns t r ue only when
the length of the queue changes.

Cust QueueQbs returns the number of tokens on place Waiting Customers (with name Waiting),
i.e. it returns the number of customers in the queue. This function is evaluated only when
Cust QueuePr edreturns t r ue, i.e. it is evaluated only when the size of the queue changes.

(* -=> CustQueue <=- *)

fun CustQueuePred (net_marking, binding_element) =
let
fun filterFun (Bind.Ferriswheel'Customer (1, {nextCust=nextCust,n=n})) = true
| filterFun (Bind.FerrisWheel’LoadNext (1, {noOfCust=noOfCust,n=n,loadTime=loadTime,
arrivalTime=arrivalTime})) = true
| filterFun _ = false
in
filterFun binding. element
end;

fun CustQueueObs (net_marking, binding_element) =

let

val mark_Waiting = PerfMark.FerrisWheel'Waiting 1 net_marking
in

CPN’size mark_Waiting
end;

PerfCreate.newlIntDataColl
{Name = " Cust Queue",
PredFun = CustQueuePred,
ObsFun = CustQueueObs,
DataCollType = timedDC,
StatVar = true,
LogFile = SOME (" Cust Queue" " Int.toString(floor(linterArrival))” " . 1 0g")};

51

10

15

20

25



B.2 Customer Waiting Time

Cust Wi t Pr ed returns t r ue when transition LoadNext Customer (with name L oadNext) occurs,
i.e. itreturns t r ue each time a customer is removed from the queue.

Cust Wai t Qbs is evaluated when LoadNext Customer occurs. When a customer is removed from
the queue, the variable arri val Ti me is bound to the time at which the customer joined
the queue. Therefore, (current tinme - arrival time) div 60 isthe customer’s
waiting time in whole minutes (remember: in this model a unit of time is a second). The
definition of function i nt Ti me can be found in Fig. 3.

(* -=> CustWait <=- *)

fun CustWaitPred (net_marking, binding_element) =

let
fun filterFun (Bind.FerrisWheel’LoadNext (1, {noOfCust=noOfCust,n=n,loadTime=loadTime,
arrivalTime=arrivalTime})) = true
| filterFun _ = false
in
filterFun binding. element
end;

fun CustWaitObs (net_marking, binding_element) =

let
fun filterFun (Bind.Ferriswheel’LoadNext
(1, {noOfCust=noOfCust,n=n,loadTime=loadTime,
arrivalTime=arrivalTime})) = (intTime() — arrivalTime) div 60
in
filterFun binding. element
end;

PerfCreate.newlIntDataColl
{Name = "CustWai t",
PredFun = CustWaitPred,
ObsFun = CustWaitObs,
DataCollType = untimedDC,
StatVar = true,
LogFile = SOME (" Cust Wai t "~ Int.toString(floor(linterArrival))" " . | og")};
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C Gnuplot Scripts

The following scripts were used with gnuplot unix version 3.7.

C.1 Combined Customer Queues

This script was used to produce the graph shown in Fig. 5. The data that was plotted was saved in
three files: Cust Queue60. | og, Cust Queue90. | og, and Cust Queuel20. | og. If the script
is saved in a file named conbi nedqueue. gnu, then the commands in the script can be executed
by typing the following on the command line in gnuplot:

gnupl ot > load *combinedqueue.gnu’

# gnuplot script for Customer Queue
# This is a comment

set title "Ferris Wheel - Queue™
show title

set xlabel "Time (seconds)"
show xlabel

set ylabel "Queue Size"

show ylabel

#set terminal postscript landscape monochrome
#set output combCustQueue.ps"

plot [1 [0:120] \

CustQueue60.log” title ’Inter-arrival Time = 60 seconds” with lines , \
CustQueue90.log” title ’Inter-arrival Time = 90 seconds” with lines , \
CustQueuel20.log” title ’Inter-arrival Time = 120 seconds” with lines

#set terminal x11
#replot
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C.2 Customer Queue

This script was used to produce the graph shown in Fig. 23. The data that was plotted was saved in
the file Cust Queue90. | og. If the script is saved in a file named Cust Queue90. gnu, then the
commands in the script can be executed by typing the following on the command line in gnuplot:

gnupl ot > load *CustQueue90.gnu’

# gnuplot script for Customer Queue
# This Is a comment

set title "Ferris Wheel - Queue"
show title

set xlabel "Time (in seconds)"
show xlabel

set ylabel "Queue Size"

show ylabel

#set terminal postscript landscape monochrome
#set output "CustQueue90.ps"

plot \

CustQueue90.log” title "Inter-arrival Time = 90 seconds'™ with lines

#set terminal x11
#replot
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I ndex

1,23
1, 22,23

accessing data collectors, 39

Bernoulli, see random number function, Bernoulli

Bind, 21

Bind.Elem, 21, 30

binding element, 1, 21

binomial, see random number function, bino-
mial

chi-square, see random number function, chi-
square

continous uniform, see random number func-
tion, continous uniform

CPN’OGrec, 30

data collector, 1, 29, 33
accessing statistical variable, 39
create, 32
deleting, 8
initialize, 33
timed, 29
untimed, 29
Data Collector dialog box, 32
discrete uniform, see random number function,
discrete uniform

empty, 22

Enter Perf, 7

Erlang, see random number function, Erlang

exception report, 43

exclamation point, see !! or !!!

exponential, see random number function, ex-
ponential

Ferris wheel, 2-6
global declarations, 3
model, 2

Initial State, 8, 32, 36
IntInf.int, 41

marking, 1, 21
marking function, 22
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ms_to_list, 22

multi-set
formal sum representation, 22
internal representation, 22
list representation, 22
timed, 23
untimed, 23

NONE, 31
normal, see random number function, normal

observation function, 29, 32
example of, 30

observation log file, 2, 5, 29, 36
format, 36, 37
timed, 36
untimed, 36

Perf menu, 7
PerfAccessDC, 39
return type Intinf.int, 41
PerfCreate.newlIntDataColl, 31
PerfCreate.newRealDataColl, 31
PerfMark, 21
performance code, 7
performance function, 8, 29, 32
evaluating, 8, 32
template, 32
performance node, 8, 29
evaluating, 8
syntax check, 8, 33
performance page, 8, 29
performance report, 2, 5, 35
Poisson, see random number function, Poisson
predicate function, 29, 32
example of, 30

random number function, 2, 11-20
Bernoulli, 11
binomial, 12
chi-square, 13
continous uniform, 20
discrete uniform, 14
Erlang, 15
exponential, 4, 16



normal, 17

Poisson, 18

Student, 19

t, see random number function, Student
reference variable, 2
Report Setup dialog box, 35

SOME, 31

statistical variable, 2, 25-27, 29, 35, 39
accessing within data collector, 39
timed, 26
untimed, 25

striptime, 22

Student, see random number function, Student

t distribution, see random number function, Stu-
dent

template, 32

tempty, 22

timed multi-set, see multi-set, timed

timed statistical variable, 26

untimed multi-set, see multi-set, untimed
untimed statistical variable, 25
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