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What is a Petri net?

« A graphical notion (model = picture?)
A mathematical notion (model = graph?)
« A programming notion (model = program?)

* A solver independent medium
e Starting point for a variety of analysis approaches
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AEWATES

« Analysis is typically model-
driven to allow e.g. what-if
guestions.

 Models of both operational
processes and/or the
Information systems can be
analyzed.

* Types of analysis:
e validation
e verification
e performance analysis
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Three types of analysis techniques

1. Reachability/coverability graph
2. Structural techniques
 Place and transition invariants
« Marking equation
« Traps, siphons, etc.
3. Simulation

« Each can be applied to both classical and high-level Petri nets.
* Nevertheless, for the second we restrict ourselves to classical
Petri nets.

Mapping technique/use:
 reachability graph (validation, verification)
e Invariants (validation, verification)
 simulation (validation, performance analysis)
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Examples of generic questions given a

marked Petri net

* terminating
It has only finite occurrence sequences

 deadlock-free _ .
each reachable marking enables a transition

> live _
each reachable marking enables an occurrence
sequence containing all transitions

e bounded

each place has an upper bound that holds for all
reachable markings

e 1-safe
1is abound for each place p

* reversible o
m, is reachable from each reachable marking, i.e., the

Initial marking is a so-called home marking.




Reachability graph

rgl rg2
(0,0,1,1,0,0,0) (1,0,0,0,0,1,0)
gl g2
gol go2 \ /

rl ® X o V o r2 (1’0’0’1’0’0’1)
ol 02 / \
(0,1,0,1,0,0,0) (1,0,0,0,1,0,0)

orl or2

Five reachable states.
Traffic lights are safe!
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Alternative notation

« terminating
It has only finite occurre
sequences

* deadlock-free
each reachable marking
transition

* live
each reachable marking ¢
occurrence sequence co\
transitions

* bounded
each place has an upper |
holds for all reachable m

« 1-safe
1is abound for each pladg,

* reversible
m, is reachable from eac
marklng l.e., the initial m¢{
so-called home marking.

ri+o2

NV

r1+r2+x

| /N

gl+r2 ri+g2
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Reachability graph (2)

« Graph containing a node for each reachable state.

* Constructed by starting in the initial state, calculate
all directly reachable states, etc.

« Expensive technique.

* Only feasible if finitely many states (otherwise use
coverability graph).

 Difficult to generate diagnostic information.




Infinite reachability graph

rgl rg2
gl g2
rl ® gol X [ go2 { r2
o1 02 Therefore tools use a
coverability graph
which is always
finite!
orl or2
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Exercise: Construct reachability graph

free

wait enter before make_picture after leave gone

occupied




Exercise: Dining philosophers

* 4 philosophers sharing 4 chopsticks: A philosopher

IS either in state eating or thinking and needs two
chopsticks to eat.

« Model as a Petri net and construct reachability
graph.

D:\www\wvdaalst\workflowcourse\examples\philosopher4.swf




See also: www.workflowcourse.com

Reachability graph:
The philosophers

Vector = (Position of the tokens)

Press: [

T1,T2,T3,T4,F1,F2,F3,F4

(E1,T2,T3,T4,F2,F3) (T1,E2,T3,T4,F3,F4)
(T1,T2,E3,T4,F1,F4) (T1,T2,T3,E4,F1,F2)
(E1,T2,E3,T4) (T1,E2,T3,E4)
T Thinking
TE: Finished thinking, Start eating
E: Eating
ET: Finished eating, Start thinking
F: Fork

D:\www\wvdaalst\workflowcourse\examples\philosopher4 RG.swf
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Analysis in CPN Tools

 Only state-space analysis, I.e., no invariants.
 Generate report in text file.
e State-space visualization from version 2.2.
 Steps:

1. Enter the State Space Tool (to generate ML code)

2. Calculating the state space

3. Calculating the SCC graph 55
(to calculate home states and fairness) Enter :@, 2,

4. Savelview state space report m{ﬂ ﬁﬁﬂ ‘1';*’



http://wiki.daimi.au.dk/cpntools-help/statespacetools.jpg.wiki?cmd=get&anchor=statespaceTools.jpg&type=image�

CPM Tools (Versi =k
e Tool box

= Hel .
i ‘Sm Miew 5SS
i

» Options

¥hank.con Enter @ o, |:|
55 o o
()| of | B |42

Step: O
5 .
= !—“”‘

Time: 0
= Options Bi
= History s
¥ Declarations
¥ Standard declarations 5°(2,4)
- colset LINIT
= colset INT deposit 5, 5°(2,4)
+colset BOOL A
- colset STRING
¥ colset Account = int with 1.,1000;
¥ colset Balance =int; (a,%)
¥ colset Amount = int with 1..5000;
¥colset AR = product Account * Balance;
¥ colset A% = product Account * Amount;
Tyar a:Account;
¥yar x:Amount; Fy
¥var y:Balance; -
- Monitors 2, 1 E
main

1
=
=

I

deposit

S+ L R
.9) La,y+x] Lay)

Ll [

2,5)++17(3,9) 1°(1,0) ++ 1°(2,0) ++ 17 (3,0)

(ax] ithd Sl
v raw_‘ :
AA a.y) AB
1°(1,0)++
3 1702,0)++
- 17 (32,0)

A fulal=]




Create report

Enter
55

t¥w
o2

Home

Zoom Zoom
in out
Zoom

ERNRF NS SRR GRS KREF EEREENRT SRS RURIERIE AXRE KRRE IR CERI E TN *E IR TR S I VAR

& & 3

100
%

View
| Ruler §Word wrap ©

| Status bar 3*3 Measurement units

Show or hide Settings

CEN Tools state space report for:
/eygdrive/D/courses/BIS-2011/CEPN files/voting-bank-etc/bank.cpn
Report generated: Sun Mar 27 14:01:43 2011

Statistics

State Space
Nodes: 24
Arcs: 44
Secs: o]
Status: Full

Scc Graph
Nodes: 24
Lrcs: 44
Secs: o]

Boundedness Properties

Best Integer Bounds

Uppexr Lower
main'database 1 3 3
main'deposit 1 5 0
main'withdraw 1 2 0

| »

m

100%




CPN Tools state space report for:
/cygdrive/D/courses/BIS-2011/CPN files/voting-bank-etc/bank.cpn

Report generated: Sun Mar 27 14:01:43 2011

Statistics

State Space
Nodes: 24
Arcs: 44
Secs: O
Status: Full

Scc Graph
Nodes: 24
Arcs: 44
Secs: O




Boundedness Properties

Best Integer Bounds

Upper Lower
main'database 1 3 3
main'deposit 1 5 0
main'withdraw 1 2 0

Best Upper Multi-set Bounds
main'database 1 1°(1,0)++ 1°(2,(~5))++ 1 (2,(~1))++ 1°(2,0)++ 1°(2,3)++
1°(2,4)++1°(2,7)++1°(2,8)++1°(2,11)++1°(2,12)++1°(2,15)++1°(2,16)+1(2,20)++1

'(3,(~9))++1°(3,0) LN
main'depositl  57(2,4) Lo s e
main'withdraw 1 1°(2,5)++1°(3,9) (@

Best Lower Multi-set Bounds .
main'database 1  1'(1,0) %H
main'depositl  empty i

main'withdraw 1  empty




57 (2.4)

Report (3) 2

(2]

deposit

Home Mark/
[24]

(a.v)

1 [2,5)++1'j[3,9) 1°(1,0) ++ 1°(2,0) ++ 17 (3,0)
ax

) ) @ e withdraw] N @
Liveness Properties an ae

Dead Markings
[24]

Dead Transition Instances
None

Live Transition Instances
None

Fairness Properties

No infinite occurrence sequences.




.'i” CPN Tools (Version 2.2.0 - September 2006)

|| » Tool box
#Help S5 _
l » Options o o Sim [ Style Create MNet Mon @ View
¥train folded.cpn nrer @ r |:|
Step: 0 - °° «|.|’0 H k lMl‘"
Time: 0
» Options a oﬁﬁ ﬁ)ﬁ) Q
» History —
¥Declarations "*'. JL"_
e Standard declarations L
¥colset Track = int with 0..68;
¥ colset TState = with busy | free;
¥colset TS = product Track®TState;
¥ colset Train = with &|B;
¥colset TT = product Train ™ Track;
¥yar thktkl,tk2: Track;
¥yvar tn,tnltn2:Train;
= Monitors
Mew Page
Binder 0
Mew Fage
17 (0,busy)++
1°[1free)++ 17 (0 busy)++
17(2,free)++ 17 (1free)++
7017 (3busy)++| Lo(2Free)t+ gy byt
< 1:[4,112ree]l++ 1,%%5:5;314‘: 17 ((tk+1) mod 7 free)++
i‘ Eg:ﬁgg%“ 1 [S:free]|++ 1"[{tk+2) mod 7.free) (tr,(th+1) mod 7) 1°(A0)++
176 free) 17(B,2)
. 1°(A,0
@ move train (2 q- (B,3
TS TT

17 (th free)++ (tn,tk)

17 ((tk+1) mod 7,busy)++
17 ((tk+2) mod 7,free)




(0busy)++

1
17 (1 free)++ 17(0,busy)++
17 (2 free)++ 17 (1, free)++
L1 (3busy)++|  1o(2freelt+ e busy)es
gl BV GRICT IR 1:[3*1?“5”""" 1" ({tk+1) mod 7 free)++
1* EEHES%** 1 ESngz%H N (tn,(tk+1) mod 7) e,
i 1° (6 free) 1°(B,2)
. 17 (4,0
State Space (a0 ) move train )2 (a3
Nodes: 28 TS W
Arcs: 42 Lt froo) e (tn k)
) 1" ((tk+1) mad 7,busy)
Secs: O 1'[[tk12] mod ?,frg?]rl o
Status: Full
Scc Graph
Nodes: 1
Arcs: O
Secs: O

Boundedness Properties

Best Integer Bounds
Upper Lower
New_ Page'track 1 7 7
New Page'train 1 2 2




[0 busy)++

“(1free)++ | 1 (0,busyl++
2 freel++ 17 (1freej++
) 1 (3,busy)++| L(2free)e+ g husy)++
(4free)++ | 1 03.DUSY)H+ g ((tki1) mod 7 free)++
(Sfree)++ | 1 (4freel++ 4 (i 9) mod 7 free)
(6 free) 17 (5 free)++
17 (B free)

Home Properties @

TS

Ttk free)++
"{{tk+1) mod 7,busy)++
“[(tk+2]) mod 7 free)

e

Home Markings
All

Liveness Properties

Dead Markings
None

Dead Transition Instances
None

Live Transition Instances
All

Fairness Properties

New_ Page'move 1 Impartial

move

(tn,(tk+1) mod 7)

(tn,tk)

17 (A,0)++
1" (B,3)

. 17(A,0
tra|r| 2!. 1‘%5;3

™

O)++
)|



wEPN Tools {¥ersion 2.0.0 - March 2006)
¥ Tool box
= Auxiliary
e Create
+Hierarchy
= Monitoring
k- Met
 Simulation
e State space
 Styla
Fiew
= Help
= Options
¥ DiningPhilosophers.cpn
Step: 0
Time: O
» Options
= History
¥ Declarations
¥yaln=25;
¥colset PH = index ph with 1..n;
¥colset CS = index cs with 1..n;
Tyar p: PH;
¥fun Chopsticks(ph(i)) =

17 esii) ++ 17 cs(if i=n than 1 elsa i+1);

» Monitors
Page

Another example

State space

Simulation = Wiew

o «|.|>0

=10l x|

JLY LT

Enter
55
5 l LE
Binder 0 F
Fage 1B

Ll

PH.all()
1" ph{1)++
1" ph(2)++
FH 1 ph(3)++
P 1" ph(4)++
1" ph(5)
w
Take
Chopsticks
8]
Cs.allf)
5, 1lcs(l)++
o1 es(2)++
PH CS 1 cs(3)++
5 1" cs(4)++
17 cs(5)
Put Down Chopsticks(p)
Chopsticks
)]




CPN Tools state space report for:
C:\Program Files\CPN Tools\Samples\DiningPhilosophers\DiningPhilosophers.cpn

Report generated: Thu Nov 02 10:42:53 2006

Statistics

State Space
Nodes: 11
Arcs: 30
Secs: O
Status: Full

Scc Graph
Nodes: 1
Arcs: O
Secs: O




Boundedness Properties

Best Integer Bounds

Page'Eat 1
Page'Think 1
Page'Unused Chopsticks 1

Best Upper Multi-set Bounds
Page'Eat 1
1ph(5)
Page'Think 1
1ph(5)
Page'Unused Chopsticks 1

Best Lower Multi-set Bounds
Page'Eat 1
Page'Think 1
Page'Unused_Chopsticks 1

p
PH 1" ph(3)++
17 ph(4)++
1 phi(s)

Tvaln=75;
¥calset PH = index ph with 1..n;
¥colset CS = index cs with 1..n;
Tvarp: PH;
¥ fun Chopsticks(ph(i)) =

17 cs(i) ++ 17 cs(if i=n then 1 else i+1);
nitor:

Upper Lower

2 0
5 3
5 1

1'ph(1)++ 1 ph(2)++ 1'ph(3)++ 1 ph(4)++
1'ph(1)++ 1 ph(2)++ 1'ph(3)++ 1 ph(4)++

1cs(l)++ 1cs(2)++ 1cs(3)++ 1'cs(4)++ 1 cs(b)

empty
empty

Y e
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Report (3)

Home Properties

Home Markings
All

Liveness Properties

-------------------------------------------------------------- /strongest fairness \

Dead Markings :
None property, i.e., there
are infinite firing
Dead Transition Instances sequences and in
None each infinite firing
sequencet occurs
Live Transition Instances infinitelv often
All / /

Fairness Properties

Page'Put_Down_Chopsticks 1 Impartial
Page'Take Chopsticks 1 Impartial
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Fairness properties

* Are only relevant if there are Infinite Firing Sequences
(IFS), otherwise CPN Tools reports: "no infinite
occurrence seguences”.

* Gilven atransition t it is often desirable that t appears
Infinitely often in an IFS.

* Properties reported by CPN Tools
e tis impartial: t occurs infinitely often in every IFS.

e tis fair: t occurs infinitely often in every IFS wheret is
enabled infinitely often.

e tis just: t occurs infinitely often in every IFS wheret is
continuously enabled from some point onward

 No fairness: not just, i.e., there is an IFS wheret is
continuously enabled from some point onward and does

not fire anymore




1

Fairness Properties

mainl'b 1 Just




Fairness Properties

main2'x 1 No Fairness
main2'y 1 No Fairness




Fairness Properties

main3'tl 1
main3't2 1
main3't3 1
main3't4 1
main3't5 1
main3't6 1

Fair
No Fairness
No Fairness
No Fairness
No Fairness
Just




Exercise

Indicate for

t4

each transition
(‘ whether it Is
t1 »Q 2 | Impartial, fair,
p2 or just (or

satisfies no
falrness

T p4 property)
pP3

t3




* t1,t2, and t3 are all impartial
because it is not possible to
construct an infinite firing
sequence where not all of
these transitions appear
Infinitely often. If one stops
executing one of these
transitions, the system will
block after a while.

* t4 has no fairness as it Is
possible to construct an
Infinite firing sequence where
t4 remains enabled but never
fires.

t1

t4

t3

t2




Simulation

 Most widely used analysis technique.

 From a technical point of view just a "walk" in the
reachability graph.

By making many "walks" (in case of transient
behavior) or avery "long walk" (in case of steady-
state) behavior, it is possible to make reliable
statements about properties/ performance
Indicators.

« Used for validation and performance analysis.
« Cannot be used to prove correctness!
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Stochastic process

« Simulation of a deterministic system is not very
Interesting.

« Simulation of an untimed system is not interesting.

* In atimed and non-deterministic system, durations
and probabilities are described by some probability
distribution.

* In other words, we simulate a stochastic process!

 CPN allows for the use of distributions using some
internal random generator.
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Uniform distribution

Bir) i

/

i
/
/
/
/
!
/
IJ-’

X X
probability density function cumulative distribution function

(PDF) (CDF)
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Negative exponential distribution

Flxl Dix]




Normal distribution

/




Distributions in CPN Tools

There is standard library with stochastic functions:
e uniform(a:real, b:real) : real

e exponential(r:real) : real

normal(n:real, v:real) : real

erlang (n:int, r:real) : real

Etc.

A nice additional function is also C.ran() which
returns a randomly selected element of finite color
set C, e.d.,
color C =int with 1..5;
fun selectlto5() = C.ran()
returns a number between 1 and 5
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| color BT = unit; :
| color Dice = int with 1..6;

| N

vard:Dice; ] y

CDO 0 > Dice.ran()O
trigger BT 0 throw_dice outcome Dice

or even simpler ...

d

throw_dice  ouleome - DIee




Example(2)

|
| color TINT = int timed: |
| color Dice = int with 1..6: |
| color Delay = int with 0..99; |

. throw dice
trigger 0 X > = Dice.ran()
@ ’<>
TINT (x+1)@+(DeIay.ran 0) outcome Dice
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Yahtzee

| & CPN Teols (Version 2.2.0 - September

b Tool box Binder 0
.‘HE'F‘I dice
+ Options
¥dice.cpn
Step: 0 Sim | Style Create MNet Mon \iew

o M | p oy

» Histaory
5 d

¥Declarations
= Standard declarations 1 d14+1 d2++1"d3
¥colset Dice = int with 1..5; ++1 d4++1"d5
¥vvar d,d1,d2,d3,d4,d5: Dice; throw
» Monitors
dice

result o vahtzes

Dice

17dl++41 d2++1°d3 5 d

[d1<>d2] ++1 d4++1"d5

()

i P ()
try againil-1 (1 lost

LIMNIT Dice

Binder 0
colset Dice

colset Dice = int with

1..6;




After 2055 times throwing the dices ...

five 4’s

rdi'ce.cpn
Step: 4110 Sim  Style Create Net Mon View
Time: 0
“WEDo )| by
= History
¥ Declarations »
» Standard declarations 1 d14+1" d2++1"d=
¥ colset Dice = int with 1..5; ++1 d4++1"d5 5 d
¥var d,di,d2,d3,d4,d5: Dice; throw result P yahtzee
(2 M.Dmtclrs Dice
dice
() 1"d1++1 d2++17d3 5" d
[d1<>d2] ++1 d4++1°d5
()
() 5
lost and (5 54
UMNIT Dice
Binder 0
colset Dice

colset Dice = int with 1..6;




X CPN Tools (Version 2.020

Tool box
= Help
= Options
¥ statistics.con
Step: 0
Timea: 0
 Options
= History
¥ Declarations
» Standard declarations
¥ colset Job = int timed;
¥ colset Res = unit;
¥yar j:Job;
¥yar r:Res;
¥fun iat() = round({exponential(0.05));
¥fun ptl) = round({normal(10.0,1.0));
¥yar result:INT;
» Monitors
example functions
example net

|

Binder 0

: Sim  \iew |55
example functions

oy | p pp/m

example net

valit=0:int
bernoulli{0.5)
val it =5 int
binomial(10,0.5)
valit=6:int

discrete (1,10)
val it = 23.9142997372 : real

erlang(10,0.5)
val it =0,0112478388921 : real

exponential(100.0)
val it = 8.85471291714 : real

normal(10.0,5.0)
valit =1 int
poisson(0.5)
val it = 16.3058542628 : real

uniform(10.0,20.0)

|
s




Example

‘¢ CPN Tools (Version 3.0.2, January 2011

= Tool box
» Help
» Options
¥ statistics.cpn
Step: 0
Time: 0
» Options
= Histary
¥Declarations
» Standard declarations
¥colset Job = int timead;
¥ colset Res = unit;
Tyarj:lob;
¥var r:Res;
wfun iat() = round(exponential(0.05));
¥fun ptl) = round{normal{10.0,1.0));
Tyar result:INT;
= Monitars
example functions
example net

d
Binder 0

. Sim  Miew [SS
example functions example net

«()o| M| [ph]

[1==100]

i 1
create —@—D start proc

ry Job

J+1@+iat()

end proc

[result=bernoulli{0.5)]

h 4

if result=1
then 17j
alse ampty

if result=0
then 17j
alse empty




WEPN Tools {¥ersion 2.0.0 - March 2006} - |5 |i|
¥Tool box

= Auxiliary Binder 0 Wiew -
e Create example functions example net Q Q o lation
. 4
leergrchy Eu g% = ‘ ’o nL
»Monitoring T 0

LY
i 1 1@O07
= Simulation / 1 — 1 O O
- State space J [J < -
= Style
e Wiew
» Help 1
» Options
¥ statistics.cpn .
Step: 0 J
Time: 0
= Options Cre a te
= History
¥Declarations
¥ Standard declarations
= colset UMIT
wcolset INT
Teolset BOOL = bool;
= colset STRING
Teolset C = int with 1..5;
¥colset Job = int timed;
¥colset Res = unit;
wyarj:lob;
¥yvar r:Res;
¥fun iak() = round(exponential(0.05)); . 1
¥fun pt) = round{normal(10.0,1.0}); J + 1 @ +Ia t()

¥yar result:INT;

v
»

Jo

= Monitors
example functions Binder 1
example net fun pt  funiat

fun iat() = round{exponential(0.05));

None




il CPN Tools (¥ersion 2.0.0 - March 2006) =la1x]

¥*Tool box | |
= Auxiliary Binder 0 Wiew

e Create example functions example net Q iulation

2
»Hierarchy Q|Eu|9$| = ‘ ’
¥ Monitoring T . o 0
= Simulation
- State space J

= Style

B —pp| start proc enc

» Options
¥ statistics.cpn
Step: 0
Time: 0
= Options
= History
¥Declarations
¥ Standard declarations
= colset UMIT
wcolset INT
Teolset BOOL = bool;
= colset STRING
Teolset C = int with 1..5;
¥colset Job = int timed;
¥colset Res = unit;
¥yar j:Job; Binder 1
¥yar riRes; fun pt
¥fun iat() = roundiexponential{0.0! _ .
¥fun pt{) = round{normal(10.0,1.0) fun pt() =rou nd (norma I( 10 'O.r 1 0)) r
¥yar result:INT;
= Monitors
axample functions
example net

: Job

[result

None




alternative notation [b]%v = if b then 1'v else empty

il CPN Tools (¥ersion 2.0.0 - March 2006) =la1x]

¥Tool box | |

= Auxiliary Binder 0 Wiew
| | | >
I:! Eu 9% i

e Create example functions example net Q iulation
TN

= Hizrarchy

¥ Monitoring .|’O| H | h |&1

= Net
= Simulation
- State space
= Style
e Wiew

» Help

» Options

¥ statistics.cpn

NLI

Step: 0

Time: 0 | =b ” (0 5)]
[result=bernoulli(O. v
= History
¥Declarations
¥ Standard declarations
= colset UMIT

wcolset INT te St

Teolset BOOL = bool;

w colset STRING f |t — 1

¥colset C = int with 1..5; I re S u -
¥colset Job = int timed;

¥ colset Res = unit; th e n 1 \ .]

wyarj:lob;
¥yvar r:Res;

fun iat() = round tial(0.05)); elee amntyv . _
] o O if result=0

[result =1]% then 1"

alca armntyv

[result =0]%

None




Adding hierarchy

B CPN Tools {¥ersion 2.0.0 - March 2006}
¥*Tool box
= Auxiliary
k Create
= Hizrarchy
= Monitoring
= Net
= Simulation
- State space
= Style
e Wiew
» Help
» Options
¥ statistics.cpn
Step: 0
Time: 0
= Options
= History
¥Declarations
¥ Standard declarations
= colset UMIT
wcolset INT
Teolset BOOL = bool;
»colset STRING Binder 0
¥colset C = int with 1 example functions
¥colset Job = int timad,
¥colset Res = unit;
wyarj:lob;
¥yvar r:Res;
¥fun iatl) = roundi=xpe
¥fun ptl) = roundi{norm
¥yar result:INT;
= Monitors
axample functions
¥example net
machine

Job

None

Binder 2
exampla net

Wiew

Q

Q%[ ¢

julatio

17 1@0 . .
L ] [i<=100]
1
start create quels
j+l@+iat()
machine
1,10
()
-~ 1
r r
i
start proc
i@+pt() i

Job

n

SIS

=12l

 machine p{ done
Job machine | Job
i
[result=bernoulli{0.5)] ¥
- test
if result=1
then17j
else empty if result=0
then 17j
else empty
(e
and proc
e Job
k4

Job




Example revisited

CPN Tools (¥Yersion 2.0.0 - March 2006)

pTool box
» Help Met View Simulati Hierarchy
» Options = o PN imulation o
¥ ct_smart_stochastic.cpn i$ | eal| Q Q 'E?b « LY - ) —
Step: 300 o - po > || “-E-‘:u & 4 ©
Time: 363 | % B ==
» Options O | O O Q
» History ) Binder 0
¥Daclarations ) Main fun delay fun interarrivaltime fun select fun update
¥ Standard declarations
wcolset E
wcolset INT 1 "C':'EE
» colset BOOL 1ot
» colset STRING & 1" "Adam"@3E68+++ 5 et
» calset Prad : 1" "Eve'@35E 1" "eaffe
» colset PL 5 1 coffee’@349+++ 1 "Eve"++1 "Adam" 1° "coffe
= colset Res v 1 "'ea @343 fras 17 "coffe
= colset PR “n " o . 27 "coffe
»var p sel 1 Hgnghae tt P I=~[p] 1 m p:l[sel=select(p,|,r)] r o r 17 "coffe
[i«100] 17 "coffe
e varr [ 1" coffe
sl create P 1" "caff
= vari demand to produce Etart prog end prod @ 1000 1 "caff
¥fun delay(p,r) = 17 “coffe
round(exponential(1.0/reall Prod P (p.r) Prod |3 weof
if p="tea" then i Ao a8
(ifpr="Eve" then 2 else 6) else P@-+interarrivaiime(p) el (sel.)@-+delay(p; 1 Eggi
(if r="Ewe" then 12 slse 4) g ; 1" "coffs
duction .
0 npro 1" "eoffi
Tfun interarrivaltima(p)= " "coffe
fi t [time(p) 1 ff
round(exponaential(1.0/reall 1 1°100 PR 17 "coff
if p="te2a" then 5 alsa 10 1" "coffs
s INT 1" "coffe

¥fun select{p,l,r] =
if (p="taa" andalso r="Eve") oralsa
(p="coffee"andalsc r="Adam") oralse

then p
else select{hd(l) tI(1),r)
¥fun update(l,p) =

if 1 =[]

then []

alse if hd(l) = p then ti{l) else pupd:
= Monitors :

Main

Mone




Subruns and confidence intervals

« A single run does not provide information about
reliability of results.

* Therefore, multiple runs or one run cut into parts:
subruns.

 If the subruns are assumed to be mutually
Independent, one can calculate a confidence interval,
e.g., the flow time is with 95% confidence within the
Interval 5.5+/-0.5 (i.e. [5,6]).




Two possible settings

Steady-state analysis (l)

Steady-state analysis (Il)




average
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variance
utilization
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average
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IS not the same as

although the average over the
subrun results is the same (5.7)




"low level"
measurements

VVVVVVV V V V¥V V aggregation per

subrun
(average, min,
max, variance,
etc.)

subruns =11 confidence =0.9
average = 5.7 confidence interval =
standard deviation = 0.21 [5.7-0.117,5.7+0.117] = [5.58,5.82]
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Using monitors in CPN Tools

¥Marking_size_Top's_1
¥Type: Marking size

©logoing s
¥Nodes ordered by pages | -
¥Top GOy L o) CPHN Tools Smulation Performance Beport
Top'A 1 (Place) s eoTime(1 s Het: Clnets\QueveSystem\QueueSystem. cpn
7 Iote that these statistics have been calculated for data that 12 not necessanly mdependent or
@ e@-+expTima(100) identically distributed.
Arrivals @ Server o
JArTvarET i Q guctt\glrjwtrféoﬂébn;
‘ Timed statistics
jobs™~[job] jobs 2 e
| Name |Cmmt | Awvrg ‘I\"Il.ll |I\,-'Iax |T1me Interval
elinte Chang=Queus  Allfrans D@L Marking_size_ServerBusy_1[201 |0.828407 [0 |1 |11131
Binder 0 | Queue_Length 200 |[1992903]0 |9 [11131
Server
T |Server Utization 118 [os28407 /0 |1 [11131
] server f-%‘;‘l;\s‘erver server
e ( Server w ‘ TUntimed statistics
I! gnuplot graph ;IQIEI | Name |C|:|1111t| Sum | Avre | St ‘I\-Iin Max
500 Avérage Queue Delay —— | Count_trans_occur_Amivals'Armive_1 107 (107 [1.000000 |0.000000 |1 |1
| Processed_A Jobs l46 |46 [1.000000 |0.000000 |1 |1
400 1 | Queue_Delay |100 | 19933 [199.330000 | 252527148 [0 |1255
=300 Simulation steps executed: 307 [ I TITTEg =10/ x]
% Model time: 11131 14 Joege Ten =
3 , Jieerenn
o7 200 Generated: Wed Feb 15 1511031 12 —
=
g 10
o 100 8
6
0
4
-100 2
90 95 99 ol I |Mn
83.3480, -182.895 Confidence interval level 6204087, 0.4RRF; 4000 6000 8000 10000 1200(



http://wiki.daimi.au.dk/cpntools-help/queuesystem.jpg.wiki?cmd=get&anchor=QueueSystem.jpg&type=image�
http://wiki.daimi.au.dk/cpntools-help/simperfreport.jpg.wiki?cmd=get&anchor=simPerfReport.jpg&type=image�

« Gas station with one pump and space for 4 cars (3
waiting and 1 being served).

 Service time: uniform distribution between 2 and 5
minutes.

« Poisson arrival process with mean time between
arrivals of 4 minutes.

 If there are more than 3 cars waiting, the "sale" is
lost.

* Questions: flow time, waiting time, utilization, lost
sales, etc.
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Top-level page: main

e arrive Car S

environment gas_station

drive_on Car

depart Car




Subpage
gas_station

c c
[len(q)<3] [len(q)>=3]

———_———————————— 1 put_in_queue drive_on
| color Car = string;

| color Pump = unit;
| color TCar = Car timed;
color Queue = list Car,
Ivar c:Car,
var g:Queue;
Ifun len(q:Queue) = if g=[] then O
else 1+len(tl(q));

depart Car drive_on Car



Interesting performance indicators:

« Calculation of flow time (average,
variance, maximum, minimum, Service
level, etc.).

« Calculation of waiting times (average,
variance, maximum, minimum, service
level, etc.).

» Calculation of lost sales (average).
* Probability of no space left.
* Probability of no cars waiting.
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Alternatives

| color Car = string;

| color Pump = unit;

| color TCar = Car timed,;
color Queue = list Car;

Ivar c:Car,

Ivar g:Queue;
fun len(g:Queue) = if g=[] then O
Lelse 1+len(ti(q)):

Model the following
alternatives:

¢ 6 waiting spaces
° 2 pumps
« 1 faster pump

[in ]

arrive

c c
[len(q)<3] [len(a)>=3]

put_in_queue drive_on

depart Car drive_on Car



Experiments

(note time dimension * 1000; not needed in CPN Tools Version 3)

P CPN Tools (Version 2.2.0 - September 2006
e Tool box
= Help

» Options Sim | Style 'Create Net Maon |View
¥ fuelstation.con

by (ol M |y

= Options
= History
rDeclarations
¥ Standard declarations
¥colset Stime = int;
¥colset Carld = string;
¥colset Car = product Carld *Stime timed;
¥colset Pump = unit timed;
¥colset Queue = list Car;
¥ colset Tint = int timed;
¥colset INT=int;
¥yar c:Car;
Tyar cid:Carld;
¥yartstime;
¥var q:Queus;
¥yvar i,k L INT;
rfun len(q:Queue) = if g=[] then 0 else 1+len{t{q));
¥Monitors
wflowtime_drive_on
e flowtime_depart e 9 S_Static
» parcentage_serviced =
» Marking_size_gas_station'fill_up_1 lenviron ment | gas station
= Marking_size_gas_station'pump_free_1
= List_length_dc_gas_station'gueus_1
T¥Main
environment
gas_station

Binder 0
Main  environment  gas_station




oM Too trerion 220 Seprerie 00 S =~ = oo

wTool box

»Help Binder 0
# Options Main | environment gas_station
¥fuelstation.cpn

S.tED:D Sim | Style Create MNet Mon | View
Time: 0

o WEpo Wb b m

¥ Declarations
¥ Standard declarations .
¥colset Stime = int; [len(g)<z] drive_on
¥ colset Carld = string;
¥ colset Car = product Carld *Stime timed; Py
¥ colset Pump = unit timed;
¥colset Queue = list Car;
¥ colset Tint = int timed;
¥ colset INT=int;
¥yar c.Car;
¥yar cid:Carld;
Tyar t:5time;
¥yar q:Queue;
wyarijk, i INT;
¥fun len(g:Queue) = if g=[] then 0 alse 1+len(tl{q));
¥ Monitors
= flowtime_drive_on
e flowtime_depart
F percentage_serviced
= Marking_size_gas_station'fill_up_1
= Marking_size_gas_station'pump_free_1
» List_length_dc_gas_station'queues_1
¥Main
environment
gas_station

[len(q)==3]

c@+discrete(2000,5000)
fill_up YCar




" CPN Tools (Version 2.2.0 - September

= Tool box
= Help
= Options
¥fuelstation.cpn
Step: 0
Time: 0
» Options
» Histary
¥Declarations
¥ Standard declarations
¥ colset Stime = int;
¥ colset Carld = string;
¥ colset Car = product Carld *Stirr
¥ colset Pump = unit timed;
¥ colset Queue = |ist Car;
¥ colset Tint = int timed;
¥ colset INT=int;
¥yar c:Car;
¥var cid:Carld;
¥var L Stime;
¥yar q;Queus;
¥varijk,INT;

¥ = if 0= 0
Monitors

w flowtime_drive_on
wflowtime_depart
F percentage_searviced

Binder 0
Main

environment | gas_station

i+1@+round({exponential(1.0/4000.0))
[i<10000]

i 1'1@0

counter

create

o e S

CPM'Replications.nreplications 10

Tint

"car_"’\Int.tu:uString[ij,IntInf.tDInt[time[J
[OUT]

record_drive_on

Car

»Marking_size_gas_station'fill_up_1
+Marking_size_gas_station'pump_fr

measure

w List_length_dc_gas_station'queus,
Win )

environment

monitors
4«

record_depart

te MNet Mon View

(cid,t)
B drive_on
Car
(cid,t)
o depart
Car




[» Tool bo:

:EEL’?DHNU mber of cars.being.served

¥fuelstation.con
Step: O
Time: 0
= Options
= History
¥Declarations i
¥ Standard declarations drive_on
¥colset Stime = int;
¥ colset Carld = string; PUC_In_
¥colset Car = product Carld *Stime timed;
¥colset Pump = unit timed;
¥colset Queue = list Car;
¥ colset Tint = int timed;
¥ colset INT=int;
¥yar c:Car;
¥var cid: Carld;
¥var t:Stime;
¥yar q:Queue;
wvar ikl INT;
¥fun len(q:Queue) = if q=[] then 0 else 1+lan(t
¥ Monitors
e flowtime_drive_on
e flowtime_depart
» percentage_serviced
¥Marking_size_gas_station'fill_up_1
¥Type: Marking size ‘
oLogging

[len(g)==3]

ci+discrete(2000,5000)
Car

¥Modes ordered by pages \

¥gas station ‘
end (transition)

fill_up (place | |

start (transition]
I-Marking_size_gas_statiun'pump_fr%_l
w List_length_dc_gas_station'queus_

wMain _ ‘

environment

- S1m te el Mon fiew
gas_station

Dat reak | User | Write
Coll ] aint | dmf in file

LL Place | Tran
Dc i Cont | Enab

k|




e Tool box

e Number ofspumps free

¥fuelstation.cpn
Step: O
Time: 0
= Options
= History
¥Declarations i
¥ Standard declarations drive_on
¥colset Stime = int;
¥ colset Carld = string; PUC_In_
¥colset Car = product Carld *Stime timed;
¥colset Pump = unit timed;
¥colset Queue = list Car;
¥ colset Tint = int timed;
¥ colset INT=int;
¥yar c:Car;
¥var cid: Carld;
¥var t:Stime;
¥yar q:Queue;
wvar ikl INT;
¥fun len(q:Queue) = if q=[] then 0 else 1+lan(t
¥ Monitors
e flowtime_drive_on
e flowtime_depart
» percentage_serviced
# Marking_size_gas_stationfill_up_1 @+ discrete(2000,5000) ()
¥Marking_size_gas_station'pump_free_1 Car - ! ump_fre
¥Typea: Marking size ‘ & -
oLogging & Pump
¥MNodes ordered by pages \ 1 1 (@0
¥gas station ‘ 0 o
end (transition]

pump _free (place) ‘

start (transition)
w List_length_dc_gas_station'queus_

[len(g)==3]

-

wMain

emuru:unm_ent i ﬁ1 Mon fiew
gas _station

User | W rite
def in file

Tran
Ernab




£ CPN Tl erson 220 Septemeer 20 S - - ==

e Tool box
» Help Binder 0

» Options Maj = g e at gas station
¥fuelstation.cpn L en g t h Of a U eU é
Step: O
Time: 0
= Options
= History
¥Declarations i
¥ Standard declarations drive_on
¥colset Stime = int;
¥colset Carld = string;
¥colset Car = product Carld *Stime timed;
¥colset Pump = unit timed;
¥colset Queue = list Car;
¥ colset Tint = int timed;
¥ colset INT=int;
¥yar c:Car;
¥var cid: Carld;
¥var t:Stime;
¥yar q:Queue;
wvar ikl INT;
¥fun len(q:Queue) = if q=[] then 0 else 1+lan(t
¥ Monitors
e flowtime_drive_on
e flowtime_depart
» percentage_serviced
e Marking_size_gas_station'fill_up_1
+ Marking_size_gas_station'pump_free_1
¥List_|length_dc_gas_station'queus_1
¥Type: List length data collection
oLogging
¥Nodes ordered by pages ,
¥gas station ,
drive on (transition)
put_in_gueue (transition) ,

gueue (place) /

start (transition]
¥Main \ Sim 'lt',I'|E’EEtE lel Mon fiew

environment . e el u
= ata Brea SEr | W rite
Jas station ze paint | dmf in file

[len(g)==3]

ci+discrete(2000,5000)
fill_q Car

7
LL Coun | Place | Tran
Dc Mran | Cont | Enab

k|




M Tee ¥ Howtime_drive_aon

==

o boy ‘rTﬁ,rp_e: Data collection
Ip nTlmeq ;
tions = Lagalig) |;
|stat 'NDdES_ ordered by pages ' CPM'Replications.nreplications 10
Stap: ¥eanvironment
[ime: record_drive_on (transition) ir
Jptiol e Predicate
istor ¥ Observer 20))
Jeclal fun obs (bindelem) = 7]
¥ Stal let
Yoo fun obsBindElem [(environment'record_drive_on (1, {cid,t 1)) B (IntInf.tolnttime())-t) _|"Car_"AIﬂt-tDStriﬂgl{iLIﬂtIﬂf-tDIﬂt[timEb
¥ | cbsBindElem _ = ~1 EJ @
oo in [OLE] E
¥oo obsBindElem bindalam
Yoo end
¥co e Init function
¥ wStop
¥yar c:Car; (cid,t)
¥var cid:Carld; record_drive_on |- drive_on
¥yart:5time;

¥yar q:Queue;
rvarijk, i INT;
¥fun len{g:Queua) = if g=[] then 0 else 1+len(tl(q)]

vMonitors
¥flowtime_drive_aon
¥Type: Data collection \
OTimed
oLogging

¥MNodes orderad by pages \
¥environment
record _drive on (transition)

» Pradicate
¥Obsarver

fun obs
let

(bindelem) =

\

fun obsBindElem (environment'record sdrive_or

| b
in

sBindElem _ = ~1

obsBindElam bindelem

and

= Init function

= Stop

» flowtime_depart
» parcentage_serviced

» Markina siz

in obsBindElem {environmentrecord_drive_on (1, {cid,t}))

2 das station'fill un 1

measure

Car

Flow time for
cars not served

(cid,t)
record_depart | depart

Car

Break | User | Write
Call paint | daf | in file
LL | Coun | Placa | Tran
DEC | Tran | Cont | Enab

(IntInf.tolntltime())-t)




N ToEWersion 2.2.0 - September gm

I b eI — .
||:|p o Mamn environment | gas_station
tions Fl t I f
2Istation.con OW I I I I e O r C arS
step: 0
[ime: 0

Jptions t h at h aV e b ee n S e rV ed i+1@+round{exponantial(1,0/4000.0))

Histary 1 1" 1@0 [i<10000]

Jeclarations .

¥ Standard declarations "car_""Int.toSt
¥colset Stime = int; create
¥colset Carld = string;
¥colset Car = product Carld *Stime timed;
¥colset Pump = unit timed;
¥colset Queue = list Car;
¥colset Tint = int timead;
¥colset INT=int;
¥var c:Car; record_drive_on
¥yar cid:Carld;

¥yart:5time;
¥yar q:Queue;
rvarijk, i INT;
¥fun len({g:Queua) = if g=[] then 0 else 1+len(tl(q));
Monitors
w flowtime_drive_on
rflowtime_depart
¥Type: Data collaction
oTimed
oLogging
¥MNodes orderad by pages
¥environment
record_depart (transition)
» Pradicate
¥Obsearver

measurea

fun obs (bindelam) =
let
fun obsBindElem (environment'record_depart (1, {cid,t})) = (IntInf.tolnt(time())-t)

| obsBindElam _ = ~1
obsBindElem bindelem y -~y -
end  J -
» Init function ~ y ~y
» Stop
» parcentage_serviced
= Marking_size_gas_station'fill_up_1
= Marking_size_gas_station'pump_free_1 Place | Tran
- List_length_dc_gas_station'queue_1 e | Tran | cont | Enab

Break | User | Wrice
paint | def in file

Main




N Too Nersion 220 seterier 200 S - - ==

ol biox
Ip
tions
s|station.cpn
Step: 0
[ime: 0 d
Jptions CarS Serve
History
Jeclarations
¥ Standard declarations
¥colset Stime = int;
¥colset Carld = string;
¥colset Car = product Carld *Stime timed;
¥colset Pump = unit timed;
¥colset Queue = list Car;
¥colset Tint = int timead;
¥colset INT=int;
¥yar c.Car;
¥yar cid:Carld;
¥yart:5time;
¥yar q:Queue;
rvarijk, i INT;
¥fun len({g:Queua) = if g=[] then 0 else 1+len(tl(q));
vMonitors
w flowtime_drive_on
»flowtime_depart
¥ parcentage_searviced
¥Type: Data collection
oTimed
oLogging
¥MNodes orderad by pages
¥environment
measure (transition)
= Pradicate
¥Obsarver

fun obs (bindelam) =
let
fun obsBindElem (environmeant'measure (1, {i})) =i
| obsBindElem _ = ~1

obsBindElam bindelem
and

= Init function

- Stop
= Marking_size_gas_station'fill_up_1
= Marking_size_gas_station'pump_free_1
w List_length_dc_gas_station'queus_1
Main

Percentage of

Einder C
=nyvircnment | gas_station

Main

measure

~
=

MNone

i+1@+round(exponential(1.0/4000.0])

\

[i<10000]

create

CPMN'Replications.nreplications I

"car_'"“Int.tDStringl[i]l,IntInf.tDIntl[timel[)

record_drive_on |4

record_depart |

[OLE]
[cid,t)
drivy
(cid,t)
dep

e Create lal Mon figw

Data ark | Break | User | Write

Call ize | point | daf | in file
JCnun Placa | Tran

DC | Tran | Cont | Emab




1
| Executas the speacifiad
number of transitions

. without showing the
sim | Style ‘Create /Net' Mon {intermediate markings.

(o M| b ppjmu

C M 9 file///Dy/courses/BIS-2010/CPN/newsimulation/output/PerfReporthtml » [~ S~

[ CPN Tools Simulation Pe...

CPN Tools Simulation Performance Eeport
Net: D\courses'BIS-2010\CPN \newsimulation'fuelstation_ cpn

INote that these statistics have been calculated for data that is not necessarily independent or identically distributed.

Timed statistics

Name Count|| Avrg

List length dc gas station'quene 1 191300 888529

Marking size gas station'fill up 1 18258|(0.799214 AV e r ag e
Marking size gas station'pump free 1(|18258|0.200786 "
flow Is
Untimed statistics

Name Count|| Sum Avrg Ti ; t i m e 7 0 359

flowtime depart || 9128 |[67178542][7359.612401
flowtime_drive on ||872 0 0.000000 Jlo o
|

S s exene: 38250 Just one run .

Generated: Sun Mar 28 19:04:26 2010

percentage serviced || 10000||9128 0.912800 |
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Subruns in CPN Tools

Exl()

CPN'Replications.nreplications 10




[ CPN Tools Simulation Pe... =

[} CPN Tools Perfarmance ... *

C M i filey//D:/courses/BIS-2010/CPN/newsimulation/output/reps_1/PerfReportllD.html

CPN Tools Performance Feport
Net: D-\courses' BIS-20100CPN \newsimulation'fuelstation cpn

Number of replications: 10

Statistics

Avrg

90% Half Length

95% Half Length

99% Half Length

List_length_dc_gas_

station'quene_1

19128 800000

31.014615

144 561228

-
4

min _iid || 0.000000

0.000000

0.891917

0.014062

0.017353

0.024932

0.02425%

0.924649

Marking size gas

station'fill up 1

18255.600000

162.029230

1189.122456

1186.716909

]
[:I
ID_UUUUUU g IU_DDGUGD

| 0.000000

| 0.000000

118360

.8

0.797933

0.003853

0.004755

0.006832

0.810488

Marking size gas station'pump free 1

18255.600000

162 020230

89.122456

1
00000

min iid

(Y0
0.000000

|_o 0
000000

00
00000

0.202067

avrg_iid

0.003853

0.004755

0.006832

0.006648

0.189512

0.209521




[ | CPN Tools Simulation Pe... =/ [ CPM Tools Perfformance ... *

CcC f = file:///D:fcourses/BIS-2010/CPN/newsimulation/output/reps_1/PerfReportllD.html
|mg_iid ||U.2U'2U'b? ||U.UU3853 ||U'.UU~4?55 ||U.UUE:ESI ||U.U'U'bb48 ||U.189512

> O- &~

| -

|| 209511

flowtime depart

count_iid

9126.800000

25132533

31.014615

44561218

43358454

9179

max_iid

118192300000

67592080.300000

Avera

1181.666042

6.885657

1224.183626

OW LI

540938.709960

_[[322.102011

| 777210.7901712

1313.408874

9054

66432681

18615

68943753 |

7406.069819

53.540469

66.071218

94.929910

92367611

7237 463885

7523.325205

flowtime drive on

873.200000

25132533

31.014615

44 561218

43358454

0.000000

0.000000

0.000000

0.000000

0.000000

0

0

0.000000

0.000000

0.000000

0.000000

0.000000

0

0

0.000000

0.000000

0.000000

0.000000

0.000000

0

0

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

percentage

serviced

10000.000000 |

0.000000

0.000000

0 000000 |

0.000000

0.000000

0

10N -Sery
| 0.000000 |

I?lmmammm

0.000000

1 000D

110000

DEDDDUD , ]

9126.800000

25132533

31.014615

44 561218

43358454

9054

9179

0.912680

0.002513

0.003101

0.004456

0.004336

0.905400

0.917900

Generated: Sun Mar 28 19:14:39 2010




Base case [7.352,7.460] [0.910,0.915]




U - September 2006]

"N PN Tools (Version

»Tool box

'HElp Binder 0
»Options Main  environment gas_station
¥fuelstation2pumps.con
Step: 0 |
Time: 0
» Options
» History
¥ Declarations
¥ Standard declarations
¥colset Stime = int; [len(g)<3]
¥colset Carld = string;
¥colset Car = product Carld *Stime timed
¥colset Pump = unit timed;

[len{q)>=3]

drive_on

pU

¥ colset Queue = list Car; Sim | Style Create Met Mon \iew
¥ colset Tint = int timed;
o) | p ppimu

¥yvar c:Car;

¥yar cid:Carld;

¥yar tiStime;

¥var q:Queue;

wyari,jk INT;

¥fun len(q:Queus) = if g=[] then 0 else 1+

¥ Monitors
» flowtime_drive_on
start ]
()

»flowtime_depart
» parcentage_serviced
»Marking_size_gas_station'fil_up_1

= Marking_size_gas_station'pump_free_1 . 2°0
. — === . — - 3
¥List_lenagth_dc_gas_station'gueus_1 il u é(a@r+d|screte(._DDD,EDDD]| ump_fre
¥ Type: List length data collection -up -
oLogging Pump
» Modes ordered by pages C 5 2 (@0
¥ Main 0 Q

environment
Jas_station

and

Car



[ CPN Tools Performance ...

C ff % file:///D:fcourses/BIS-2010/CPN/newsimulation/output/reps_2/PerfReportllD.html

CPN Tools Performance Report
Net: Dcourses' BIS-20100CPN \newsimulation'fuelstation2 pumps.cpn
Number of replications: 10

Statistics

Avrg 90% Half Length||95% Half Length | 99% Half Length

List_length_dc_gas_station'guene_1

comt #dl 10063 000000 113 318017 14 naas74 Iz 282000 5724218

iﬂﬂ_‘& ,l;ﬁ - gzl'. AIF'll- ‘.fl".f". U_UU
1 ll.-- A Moo M e ? hob oy 0.0foo ®

miri iid

avrg_id [|0.107718 0.002875 0.003548 0.005098 0.004960

Marking_size gas_station'fill_ up_1

cmmt_ﬁdl 19925 800000 6.636034 8.180148 11 766017 11.448435

min_ud || 0

avrg_id [|0.872762 0.005708 i 0.010121 0.009848 0.853645

Marking_size gas_station'pump_free 1

count_iid|| 19925 800000 |6 636034 8 189148 111.766017 111.448435

avrg id |1.127238 |0.005708 0.007044 |0.010121 |0.009848 1116292 | 1.146355




|mg_iid || 1.127158

[ CPN Tools Performance ...

CcC f = file:///D:fcourses/BIS-2010/CPN/newsimulation/output/reps_2/PerfReportllD.html

|| D.U05708

|| u.ou7044

||U'.U'1U'121

| | D.009E48

|| 1.116191

> O- &~

|| 1.146355

flowtime depart

9961.900000

4.094574

5.883009

5724218

9953

9970

11600.600000

)

124.143357

609401375

i &

12662

3515441 1.6DDDDD|

| 162715656655

|233?S?"20?845?

22?4?6.942953| 38778392

| 357503040

3930.421027

16.927915

24321718

23665238

3893 412851

3966.627774

flowtime drive on

38.100000

3.318017

4.094574

5.883009

5724118

30

47

0.000000

0.000000

0.000000

0.000000

0.000000

0

0

0.000000

0.000000

0.000000

0.000000

0.000000

0

0

0.000000

0.000000

0.000000

0.000000

0.000000

0

0

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

percentage serviced

10000.000000 |

0.000000

0.000000

0.000000

0.000000

10000

10000

0.000000

00
0.000000

0
0.000000

erved
0.000000 |

04 ojo
000000

6,

9/

9961.900000

3.318017

4.094574

5.883009

5724118

9953

9970

0.996190

0.000332

0.000409

0.000588

0.000572

0.995300

0.997000
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Base case

[7.352,7.460]

[0.910,0.915]

Two pumps

[3.916,3.944]

[0.996,0.997]
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i

SPNCPN Tools (Version 2.2.0 - September EERECH

»Tool box
»Help
= Options
¥fuelstationSplaces.con
Step: 0
Time: 0

i Sim | Style
» Options
» History

Binder 0
Main

Create

environment

6places to queue

Met Mon Miew

M| b [y

o
¥ Declarations -

¥ Standard declarations
¥ colset Stime = int;

¥colset Carld = string;

¥colset Car = product Carld *Stime

¥colset Pump = unit timed;

¥ colset Queue = list Car;

¥ colset Tint = int timed;

¥ colset INT=int;

¥yvar c:Car;

¥yar cid:Carld;

¥yar tiStime;

¥var q:Queue;

wyari,jk INT;

¥fun len(q:Queus) = if g=[] then 0 ¢

¥ Monitors

» flowtime_drive_on
»flowtime_depart
» parcentage_serviced
¥Marking_size_gas_station'fil_up_1

FType: Marking size

r Nodes ordered by pages
¥Marking_size_gas_station'pump_freas

¥ Type: Marking size

oLogging

» MNodes ordered by pages
¥List_length_dc_gas_station'queue_:

¥Type: List langth data collection

oLogging
» Modes ordered by pages
¥ Main
environment
gas_station

[len(g)==6]

drive_on

alll

start

()

c@+discrete(2000,5000) 0

fil_up YCar ump_fre

Purmp
¢ 1 1'()@o
)]

and

Car




[ | CPN Tools Performance ... [/ [ CPN Tools Performance ...

C ff file:///D:fcourses/BIS-2010/CPN/newsimulation/output/reps_3/PerfReportilD.html

CPN Tools Performance Eeport

Net: D\courses'BIS-20100\CPN \newsimulation'fuelstationSplaces_cpn
Number of replications: 10

Statistics

Avrg

90% Half Length

95% Half Length

99% Half Length

List length dc _gas station'guene 1

count_fid |

19680.200000

18.247226

22517854

mar

min_iid 2.00%00E g

31.479976

avrg_iid

1.730337

0.048830

0.070159

0.068265

1.853813

Marking size gas station'fill up 1

count_iid

1119359.800000

45.035707

64.706476

erage
0.000000 0.000000

0

. 0.00000

0.000000

62.959952

1
0

0.845927

0.004984

0.006150

0.008837

0.008598

0.860005

:M:lrking_size gas statiun'pump free 1

193592 800000

36.494453

145 035707

64 706476

162050052

0

e#pu
oDono 0000000

0. '@|

0.koofo"

159

0.154073

0.004984

0.006150

0.008837

0.008598

0.139995

0.170000




[) CPN Tools Perfarmance ...

*

| avrg_id

[ CPM Tools Performance ...

C M % file///D:;/courses/BIS-2010/CPN/newsimulation/output/reps_3/PerfReportllD.html

||U_154U'?3

|| 0.004984

” 0006150

” D.OUEE3T

”U.UUEEQE

||U'_139995

” L. 170000

flowtime _depart

count_iid

9678.900000

18.247226

22517854

32.353238

31.479976

9630

9744

max_iid

30006.200000

299730152

369.879763

531436441

min i

- -~

| 103039273. -IDDDDD‘

1 -
101932891192

| 13 2.078492

| 1953781.721972

517.092180

| 19[]1[]-16.2-13?65|

100848139

| 10640004

10646.221288

127.439617

157.265911

225956768

219857858

10395.074418

11048 810800

flowtime drive on

321.100000

18.247226

22517854

32.353238

31.479976

0.000000

0.000000

0.000000

0.000000

0.000000

0

0.000000

0.000000

0.000000

0.000000

0.000000

0

0.000000

0.000000

0.000000

0.000000

0.000000

0

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

percentage serviced

10000.000000

0 000000

0000000

'0.000000

0 000000

| 0.000000

| 0.000000 | 0.000000

| 0.000000

10.9¢€

000000

9678900000

18.2472126

22517854

32353238

31.479976

9630

0.967890

0.001825

0.002252

0.003235

0.003148

0.963000

0.974400
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Base case [7.352,7.460] [0.910,0.915]
Two pumps [3.916,3.944] [0.996,0.997]
Six places [10.518,10.774] [0.966,0.970]




e Tool DoX
= Help
= Options
¥fuelstationfastpump.con
Step: 0
Timea: 0
» Options
= History
¥ Declarations
¥ Standard declarations
¥colset Stime = int;
¥colset Carld = string;
¥colset Car = product Carld *Stime timed;
¥ colset Pump = unit timed;
¥ colset Queue = list Car;
¥ colset Tint = int timed;
¥colset INT=int;
¥var c:Car;
¥yar cid:Carld;
¥yar t:Stime;
¥var q:Queue;
Tvari gk, INT,
¥fun len(q:Queuea) = if g=[] then 0 else 1+len(t(q));
¥ Monitors
w flowtime_drive_on
= flowtime_depart
» parcentage_serviced
¥Marking_size_gas_station'fill_up_1
»Type: Marking size aS t e r
» Modes ordered by pages
¥Marking_size_gas_station'pump_free_1
»Type: Marking size
»Modes ordered by pages
¥List_laength_dec_gas_station'queus_1
FType: List length data collection
» Nodes ordered by pages
¥ Main
environment
gas_station

Sim [ Style Create MNet Mon | Wiew

[2-5] => [1.4-3.5]

(I o| D | o

gas_station

[len{g)>=2]

drive_on

pyc_in_

start

pump

cm+discrete(1400,3500)
fil_up YCar

{

ump_fre
Pump

1" (J@o
()

end

Car




[*] CPN Tools Performance ... *

[] CPN Tools Performance ... *

) CPN

Tools Performance ...

C ff file:///D:fcourses/BIS-2010/CPN/newsimulation/output/reps_4/PerfReportllD.html

CPN Tools Performance Eeport
Net: D\courses' BIS-20100CPN \newsimulation'fuelstationfastpump cpn
Number of replications: 10

Statistics

Avrg

90% Half Length

95% Half Length

99% Half Length

List length dc _gas

station'queune 1

count_fid |

19772 800000

15 601641

110364153

127 822039

27.071100

max

min_iid

-
S

00000

0 00
0.000000

OQo
000000

000

avrg_iid

0.388141

0.010423

0.012863

0.018481

0.017982

Marking size gas

station'fill up 1

v g
count_iid

19557.600000

38.728306

55 644117

0
0.000000

. 0.000000

0.000000

54.142200

0.600104

0.004608

0.005687

0.008170

Marking size gas station'pump free 1

19557 600000

38728306

55644117

0.399896

0.005687

0.008170

0.007950

0.387643

0.413028




[ "] CPN Tools Performance ... » [ ] CPN Tools Performance ... * [ [ CPN Tools Performance ...

C ff file:///D:fcourses/BIS-2010/CPN/newsimulation/output/reps_4/PerfReportllD.html
avrg_und ||0.399896 0004608 0005687 0008170 0007950 0387643
| | | | | | |

” U413018

> O~ &~

| -

flowtime depart

count_iid

9777.800000

15691641

19364153

27 822059

27.071100

9729

9825

1112359.400000

1177.506636

1219.050743

1314.728079

1306.233099

| 3943

335_IDDUDDI

| 336248.3494093

‘
I-lSElli_-l-l-h‘jTI; | 470 75.439377|

| 40232718

4032.742007

323607112

39934405

57.377149

55818454

4135.339500

flowtime_d

rive_on

222.200000

15.691641

19.364153

27822059

27.071100

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

percentage

serviced

comnt_tid |

10000.000000

0000000

0.000000 |

0.000000

0.000000

10000

110000

max

min_iid

0.000000

0
0.000000

C

lon_-s

AP

A4
0.000000

0.000000

9777.800000

15.691641

19.364153

27822059

27.071100

9729

9825

avrg_iid

0.977780

0.001569

0.001936

0.002782

0.002707

0.972900

0.982500
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Base case [7.352,7.460] [0.910,0.915]
Two pumps [3.916,3.944] [0.996,0.997]
Six places [10.518,10.774] [0.966,0.970]
Faster pump [4.000,4.065] [0.976,0.979]




Insights obtained from simulation

« Adding a pump significantly reduces the flow time (from
approx. 7.4 to approx. 3.9 minutes) and reduces the
percentage not served (from approx. 9% to approx. 1%).

« Adding more waiting places significantly increases the
flow time (from approx. 7.4 to approx. 10.6 minutes) but
reduces the percentage not served (approx. 9% to
approx. 3%).

 Installing a faster pump significantly reduces the flow
time (from approx. 7.4 to approx. 4.0 minutes) and
reduces the percentage not served (from approx. 9% to
approx. 3%).

ANA-86




Analytical models versus Simulation

models




Example: M/M/1 queue

 arrival rate A (average interarrival time = 1/A)
e service rate u (average interarrival time = 1/M)
 utilization p = A/M

* average nof cases in system L = p/(1 - p)

« average flow time S = 1/(n-A)

« Example:
e A=1/100 and p = 1/50
e p=0.5
e L=1
e« S=100




S =100

*A =1/100
*u = 1/80
0 =0.8
T ol =4

S =400

flow time

A =1/100
M =1/99
p =0.99
0 0.2 0.‘4 o.‘s O.‘8 1 1.2 .L = 99
utilization .S —_ 9900

ANA-89




CPN model with monitors

f CPN Tools (¥ersion 2.2.0 - September Z006)
»Tool box
» Help Sim  \iew | Hier

® Options
. oM | b pp/mu
Stap: 0 Binder 0 = L
Tirien © example functions  mml
» Options
= History
¥Declarations
» Standard declarations
¥colset JobID = int timed;
¥ colset Timestamp = int;

¥ colset Job = product JobID* Timestamp timed; 10
¥ colset JobList = list Job; -
¥colset Res = unit;

¥var j:JobID; O

¥var riRes; o
wvar l:JobList; [~ [(§,Mtime( ))]

¥ var t:Timestamp; 1/ i) [i<=1000] 1/‘ ﬂl

¥fun iat() = round{exponential{1.0/100.0));

¥fun pt() = round{exponential(1.0/50.0));
JobList

riun Mtime() = IntInf.tolnt(time()):int;
Tvar result:INT; start aeate
¥Monitars
»Marking_size_example net'free_1
» Marking_size_example net'busy_1 JoblID
w List_length_dec_example net'queue_1
¥Flow_time
*Type: Data collection J+1@+‘at()
oTimed
olLogging
»Modes ordered by pages Job
¥Predicate
fun pred (bindelem) =
let

(:t) @ (G:1)
measure

Job

(i,t)@+p()

Gt

fun predBindElem (mmil'measure (1, {j,t})) = true
| predBindElem _ = false

in
predBindElem bindelem val it = () : unit
end
¥Observer
fun obs (bindelam) =
let
fun obsBindElem (mml'measure (1, {j,t})) = Mtime()-t
| obsBindElem _ = ~1

CPMN'Replications.nreplications 10

in
obsBindElem bindelem
end
» Init function
= Stop
example functions
mm1

None




Creating monitors

8 CPN Tools {Yersion 2.2.0 - September 2006) - Dlﬂ
»Tool box
* Help Sim  View | Hier

-onie (Dol p | p pp/m

Step: 4000 Man fctions  mm1

Time: 100321 |
» Options Catas Mark | Break | User | Write
w History -‘-ulll>5\ze~ =l dnf | infile

¥ Declarations / — Toan \
» Standard declarations Tran | Cont
¥colset JoblD = int timed;
¥ colset Timastamp = int;
¥colset Job = product JobID* Tir esta
¥ colset JobList = list Job;
¥colset Res = unit;
Tvar j:1obID;
¥var riRes;
¥var l:JobList;

|~ [(j,MEme( )] (3,8 Tee==lies

i
1 1" 1001@100321 : .
¥yar t:Timestamp; 4 [<= 0] 5 L[] r r

wfun iat() = roundiexpo 1.0/100.0) 1
¥fun pt() = roura(exp, I(1.0/50.0));
¥fun Mtime() = Intl ime()):int; start aeate gueu start proc end proc
Tyar resultTidlT;
¥Monitors
» Marking_size_examgfe net'free_1 JobID
» Marking_size_example net'busy_1
»Lis'_length_dc_example net'queus_1 j+1@+iat() 0
¥FRow_time
¥Type: Data collection bus‘-"
oTimed
O Logaging
w MNodes ordered by pages
¥Predicate
fun pred (bindelem) =
let
fun predBindElem (mm1'measure (1, {j,t})) = true
| predBindElem _ = false

JobList
+pt() (it

Job

in val it = () : unit
prediindElem bindalem
vobe;edrver CPN'Replications.nreplications 10
fun obs (bindelem) =
let
fun obsBindElem (mm1'measure !, {jt})) = Mtime()-£
| obsBindElem _ = ~1

in
obsBindElem bindalem
end

» Init function

kStop
example functions
mm1

MNone




Single run

/= CPN Tools Simulation Performance Report - Windows Internet Explorer =10 x|
I +
t\;;}.‘ "\:)" - I.é Dycourses\BIS-2003YCPrsimulation’,autputt PerfReport, Rkml j + || A IGoogIe 2=

Gn)og[e“(;v jUitvoeren +@ @ E‘ - | i:-',-‘ Eladwijzers= > @Instellingenv

Contribuke Edit in Contribute Post ko Blog

Wk {€& CPM Toals Simulation Performance Report | | ﬁ - Bl - EA - |:2r Page = @Tgﬂls -7

CPN Tools Simulation Performance Report
Net: D-\courses' BIS- 2008 CPN simulation'mm1_cpn

WNote that these statistics have been calculated for data that is not necessarily independent or identically distributed.

| Timed statistics

| Name (Count | Avrg |Min |Max
|List length_dc_cxample_net'quene_1 2002 [0417271(0 |7
Marking_size_cxample_netbusy_1 2002 |0.486339 |0 |1
\Marking size_cxample netfree 1 2002 0513661 |0 |1

| Untimed statistics
| Name ‘Cuunt| Sum | Avrg |]Iin |3.Iax
|Flow_time |1000 90651 [90.651000 [0 |317 |

Simulation steps executed: 4000
MWadsl timea- 1N0371 LI

| LT T [ my Computer *,100%




,f_:‘ CPN Tools Performance Report - Windows Internet Explorer _Ialxl _

- I@ D\ courses|BIS-2008 4PN simulationtoutputtreps_2\PerfReportIID, hkml v &, » IE CP N Rep I I C at I 0 n S n rep | I C atl 0 n S 10
_IUltvoeren{ 2w B~ | 97 Bladwijzers~ FageRank

SIS
Google |G~

Contribute Edit in Contribute @Post Lo Blog

P v B - i - sbPage = Ok Tools v

ﬂi’ H'E? ,é CPM Tools Performance Rennrt I I

- 11 [96.703-4.01059,96703+4.0159] 3

\et D:courses BIS-2008'CP..
Number of replications: 10

‘ Name | Avrg

SLLLILCIL L L

A =1/100
M = 1/50

Statistics

3% Half Length |99% Half Length | StD

90% Half Leng

‘ Flow_time _
|count_iid | 1000.000000 |0.0000 |0.000000 10.000000 0.000000 1000 .p - 05
max_fid |387.300000 632363 |84.534834 121458094 118.179760 [440 .L — 1
min_fid |0.000000 000000 |0.000000 10.000000 0.000000 |0

sum_iid [96703.9g900 4010.580995 (4949238717 7110975169 | 6919.039359 [86441 ~ .S — 100
|avrg_iid (96703000  |4.010590 |4.949239 17.110975 6919039 |86 441597107 ~64000‘

‘ List length_dc_example net'guene 1 ]

|count_id [2002.000000 |0.000000 |0.000000 0.000220 2002

max_iid [8.400000 |0.828801 |1.022728 6 10

minid [0.000000 |0.000000 0.000000 loGu0000 [0 0

o id [0.464261 < 031128 0.038413 [o0s3702 0301320 [0.559613

‘ Markin _exam>'-_net'busy_1

|count_iid [2002.000000 |0.000000 Mooooo" [0.000000 0.000000  [2002 2002

max_id |1.000000 1000000 10.000000 0.000000 |1 E

min_iid [0.000000 ~ [0.000000 10.000000 0000000 [0 0

|avre_iid [0.484061 0.013468 |0.016620 10023880 0023235 (0445626 |0.519824

‘ Marking_size_example net'free 1

|count iid [2002.000000 |0.000000 |0.000000 10.000000 0000000 [2002 2002

max id [1.000000 |0.000000 |0.000000 10.000000 0000000 |1 F

min id [0.000000 |0.000000 |0.000000 10.000000 0000000 |0 0 ~

avg_id 0515939 |0.013468 0.016620 10.023880 0023235 0480176 |0.554374

Col D[ [y Computer




,f_:‘ CPN Tools Performance Report - Windows Internet Explorer _Ialxl _

ey I@ [:\courses|BIS-2008CPNsimulationoutputlreps_4\PerfReportIID, html j 5| % Ia CP Nl Rep I i C at i 0 n S . n rep | I C atl 0 n S 10
GDUSIEHG" ;IUitvoeren +@ - B~ | 97 Bladwijzers~ FageRank

Contribute Edit in Contribute @Post Lo Blog

] - »
W 88' '| (€ PN Tools Performance Report | (& CPN Tools Performance ... X | | @ = = (= - :hPage = (CFTools +

-

CPN Tools Performance Report
Net: Dicourses' BIS-2008 CPN simulation'mm1 cpn
Number of replications: 10

A =1/100
*u = 1/80

‘ Statistics

| Name |  Avrz  |90% Half Length 93% Half Length [99% Half Length | S(D | Min | Max °p = 08
‘ Flow_time _
|count_iid | 1000.000000 | 0.000000 10.000000 |0.000000 0.000000 [1000 | 1000 .I— - 4
‘max_fid |1845.200000 |320.566238 1395592378 568379854 553038435 [1211 3088 .S — 400
min_fid |0.400000 0.299328 10369383 |0.530723 0516398 |0 |1

sum_iid [424854.700000 |47563.021217 58694792140  [84331.597902 82055362490 293109 [540346

|avrg_iid [424.854700 47363021 138.694792 |84.331508 82055362 [293.109000 | 340.346000

‘ List_length_dc_example net'guene 1

|count_iid [2002.000000  |0.000000 0.000000 |0.000000 0.000000  [2002 2002
max_did [19.800000  |3.040301 13751860 |5.390604 5245104 [15 33
min_iid [0.000000 10.000000 10.000000 |0.000000 0.000000 [0 o
|avrg_iid [3.526236 10.491455 0.606477 |0.871374 0847855 (2214570 |4.693034

‘ Marking_size_example_net'busy_1

|count_iid [2002.000000  |0.000000 10.000000 |0.000000 0.000000  [2002 |2002
max_id |1.000000 10.000000 10.000000 |0.000000 0.000000 |1 |1
min_iid [0.000000 10.000000 10.000000 |0.000000 (0000000 [0 o
|avre_iid [0.821571 0014726 0018172 |0.026109 0025405 [0.792455 |0.867871

‘ Marking_size_example net'free 1

|count iid [2002.000000  |0.000000 10.000000 |0.000000 0000000 [2002 2002

max_did [1.000000 10.000000 0.000000 |0.000000 0000000 |1 |1

min_did [0.000000 10.000000 10.000000 |0.000000 0000000 [0 o ~
avrg_iid |0.178429 10.014726 0018172 |0.026109 0025405 (0132120 [0.207545

|_|_|_|_|_|_| ¢ My Computer [® 10w - 4




,f_:‘ CPN Tools Performance Report - Windows Internet Explorer _Ialxl _

)+ | € DitcoursesiBls-2008\CPNisimulationioutpLtireps_6\PerfRepartID. html =l 2]l x fso CPN' Rep I | CatIO ns.n rep | | Catl ons 10
Google |G~ | vtvosren § 52 & B - | C2 Bladwipers, PigRank,
contribute B Editin Contribute 5] Past to Blog
W ke 88' .| & CPN Toals Performance Repart | & CPN Taols Performance ... X | | 2 - B -t - ShPage - (0 Tooks - 7
-l
| *A = 1/100
Name Avrg ‘ Q'JLESZ” ‘ giﬁg;" 9;2132“ ‘ StD ‘ Min ‘ Max _
‘ Flow_time .I‘I - 1/99
|count iid [1000.000000 | 0.000000 10.000000 0.000000 |0.000000 1000 1000 N — O 99
max fid [4899.700000 [1252.193365 (1545259897 (2220201002 2160274471 |2216 9389 p :
min_iid [3.300000 2186834 12698646 3877363 |3.772709 F 13 QI_ = 99
sum_iid |1709043.500000 | 307350790075 |626339.272858 |299912.748359 [873622.763150 938796  |3460629
awg_id |1709.043500 |507.550790 (626339273 (899.912748 (875622763  |958.796000 3460.629000 ‘S — 9900
‘ List_length dec_example net'queue 1
|count_iid {2002.000000 |0.000000 10.000000 10.000000 |0.000000 2002 2002
max_fid |46.800000 11.543858 114245612 120467834 19915377 |26 92
min_iid [0.000000 10.000000 10.000000 10.000000 |0.000000 0 0
avrg_iid |15.676766 14935393 16.090732 18751052 |8.514848 8628088 |33.015949

‘ Marking_size _example net'busy_1

|count_iid [2002.000000 |0.000000 10.000000 10.000000 |0.000000 2002 2002

max_id [1.000000 0.000000 10.000000 10.000000 |0.000000 E E

min_iid [0.000000 0.000000 10.000000 10.000000 |0.000000 0 0

|avrg_iid [0.954594 10.014241 10.017574 10.025250 |0.024569 0928707 |0.995219

‘ Marking_size_example_net'free 1 NOte d@VlatlonS.
|count_iid [2002.000000  |0.000000 10.000000 10.000000 |0.000000 2002 2002 Why’)

max_id |1.000000 10.000000 10.000000 10.000000 |0.000000 E E

min_iid [0.000000 0.000000 10.000000 0.000000 |0.000000 0 0

avre_iid [0.045406 0.014241 10017574 10.025250 |0.024569 0004781 |0.071293

Generated: Mon Oct 27 22:38:41 2008
ANA-95
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Conclusion analysis

* Analysis is typically model-
driven to allow e.g. what-if
guestions.

* Models of both operational
processes and/or the information
systems can be analyzed.

* Types of analysis:

« validation (interactive
simulation/gaming)

o verification (state-space
analysis, place and
transition invariants,
siphons, traps, etc.)

e performance analysis

(simulation)
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