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Abstract

Simulation is a frequently applied method when analysirgiskics networks. Also within the Collaborative Research
Center 559 “Modelling of Large Logistics Networks” simuat is broadly applied and process chains are used as a mutual
basis for model development and description. Previousarebeactivities exposed non-ergodicity of models as onéef t
typical application-specific problems which are difficdtdiscover by simulation.

In order to detect non-ergodic models the problem has bedirceel to its core employing the more analysis oriented
modelling formalism of Petri nets. With the help of the Petet formalism we developed an efficient method for the
detection of non-ergodic models. Since Petri nets is notdinemon modelling paradigm for logisticians, this method t&a
be made available in the process chain modelling world ofdfistics area, additionally supported by an appropriatd t

This paper describes our corresponding approach and atsondérates the process of identifying a problem class in an
application area, reducing it to its core, establishinglatsm in an analysis-oriented formalism and making cquoggling

techniques available in the application-oriented modghivorld and thus also available for the end-user.

1 Introduction

Process chains are often used for the modelling of logist&ts/orks (cf. [19, 24]). Most process chain paradigms are
informal or at most semi-formal and cannot be directly usedtlie analysis of quantitative aspects. The Collaborative
Research Center 559 “Modelling of Large Logistics Netwdi(K&RC 559; [25]) is a research project consisting of several
sub-projects combining the different competences of tHe &elogistics: engineering, economics, statistics anchgoter

science. The CRC 559 aims at handling the complexities géllrgistics networks by model based analysis using thesgsoc

*This research was supported by the Deutsche Forschungsehedt as part of the Collaborative Research Center “Miadeof Large Logistics

Networks”(559).



chain paradigm of [19, 20] as a basic principle. The need fmramon formalism for the modelling of logistics networks,
that allows for automatic mappings to analysis techniquesylted in theProC/B-paradigm ([6]), which reduces the gap
between informal process chain descriptions and formalatsodviodelling inProC/B is supported by th&roC/B-toolset
([5]), which allows a, mostly graphical, description ancbysis ofProC/B-models.

Due to size and complexitiZroC/B-models are often analysed by means of simulation. For soouels the simulation
showed surprising results, that are not immediately undedsble (cf. Fig. 3): The results seem stable for some g@fio
time, but after a longer observation time the run changesange behaviour. Individual inspection of such models\ath
that these results are caused by non-ergodicity and ttsatém-ergodic behaviour is caused by the structure of theehaoul
cannot be avoided by a change of model parameters like fanjgbeginterarrival times. Non-ergodicity essentially mgan
that a steady-state distribution does not exist (cf. [13),Zb that nonterminating simulations are useless. In roases
non-ergodicity of the model hints at an incorrect modelliighe system, indicating that specific characteristiceHzeen
neglected or misrepresented.

Since in most cases it takes long and expensive runs to @éissaeh situations by simulation, it is desirable to detecin
ergodic models before the simulation is started. A methodi&ecting such situations has been found for Petri nefs ([2
This paper describes how the method can be appli®d6/B-models and how it can be integrated into BreC/B-toolset.
Petri nets are a formalism well known for verifying propestiof a model. In [27, 28] for example Petri nets are used to
formalise event-driven process chains for the descripifdmusiness processes. While most modelling and simulébiols
support the user in checking the syntactical correctnetiseofmodel (cf. [16] for example), to the best of our knowledge
detection of non-ergodic models prior to the simulationasincluded in any simulation software.

This paper is organised as follows: In Sect. 2 fneC/B-paradigm is introduced. Sect. 3 gives examples for nonicg
models of logistics networks and in Sect. 4 a Petri net-basekinique for detecting such models is presented. Sect. 5

describes the integration of the proposed technique irt@thC/B-toolset and in Sect. 6 concluding remarks are given.

2 TheProC/B-paradigm for modelling logistics networ ks

The process chain paradigm [19, 20] is used as a common rimgdklhguage within the CRC 559 offering experts from
different areas a mutual basis for communication and moeetldpment. Since it is an informal modelling paradigm, it
offers on the one hand flexibility when describing systeraspin the other hand makes analysis difficult. Usually théyasha
has to transform the process chain description manualtydrguitable input of some simulation tool. This transfotiorat
activity typically includes adding further details and sif@ng informal descriptions more precisely. In additimextra
work for the analyst, the transformation also raises a cb@sty problem, since it is difficult to decide whether thmeigation
model expresses the intention of the informal model. In ot@diminish these problems, parts of the process chairdjgara
were enhanced and stated more precisely [5]. The resultadeliing paradigm is calleBroC/B. ProC/B accounts for the
specifics of the application area by capturing the struttusaarchy of logistics networks in form of functional usiand
the behavioural hierarchy by process chains (PCs) whosstiest can be refined into sub-activities which may be farth

refined etc ProC/B combines these two hierarchies in one description. Fumciiots (FUs) might offer services, which can



be used by activities of process chains. Each service is agakcribed by a process chain.
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Figure 1: Freight Village

Figs. 1 and 2 present an example oP@C/B-model representing a (simplified) freight village. The fepel of the
model (see Fig. 1) is specified by Her ei ght Vi | | age_sket ch whose behavioural part is described by two PCs:
t ruck andt r ai n. The structure part consists of a single (user defined) Fldedd@er mi nal , which offers two services:
truck_handl i ng andtrai n_handl i ng. Services can be compared to functions in programming lagest In the
shown example both services have an input paramleterd) and an output parameteréw | oad). Behaviour and structure
part of a FU specification are interrelated by expressingtwiervice of which FU performs an activity. In Fig. 1 the two
PCst ruck andt r ai n consist of three process chain elements (PCEs) each, arathirchses the second activity calls
a service of FUTer mi nal . The inner view of FUTer i nal is shown in Fig. 2. The offered services are specified by
PCs and some of their activities use the services of two Beecatandard function units which offer predefined sersice
(request andchange). ProC/B offers two kinds of standard FUs: servers and counters. esefged orkl i fts in
Fig. 2) capture the familiar behaviour of traditional queaed counters (sext or age in Fig. 2) support the manipulation
of passive resources. A change to a counter is immediatalyted iff its result respects specified upper and lower bsund
otherwise the requesting process gets blocked until thegeghbecomes possible.

One of the advantages & 0C/B and process chains in general is the visualisation of behgvwhich supports the
communication between experts of an application area. &dr#light village model of Figs. 1 and 2 reads as follows:
Processes for process chainuck are generated according to a Poisson distribution (with annuoé 6 time units). Each
truck has a load which is initially chosen by random accaydim an uniform distribution(, 1 or 2). After incarnation,
the truck “drives” to the terminal which is modelled here byelay of the process for a uniformly distributed duration.
Afterwards the truck “is handled” by servite uck_handl i ng of Ter ni nal . This might resultin a change of the truck’s
load. Finally the truck “leaves” the freight village and thecess terminates at the sink. Considering Fig. 2 we sé¢e tha
handling a truck means first to unload the truck, which is fidessf the st or age’s capacity of300 units is not exceeded.
Afterwards the servefror kl i fts is called, which is a multi-server queue with servers and a (default) FIFO service

strategy. The service time for the requesting process exrd@ed by the expressiéh * dat a. | oad thus modelling the



Terminal

truck_handling

(load:INT)
->
(new_load:INT)
unload use_forklifts \—)\drive_to_load_position
0 ([data.load]) (2 * data.load) (uniform(1,3))
storage. forklifts. DELAY
change request
determine_load —) load use_forklifts
data.new_load := randint(1,3); -data.new_load 2 * data.new_load;
CODE storage. forklifts.
change request
train_handling
(load:INT)
->
(new_load:INT)
unload use_forklifts shunt o
0 data.load] 2 * data.load uniform(4,6;
storage. forklifts.
change request
L determine_load —) load ise_forklifts —
data.new_load := randint(20,40);) -data.new_load]) 2 * data.new_load)
CODE ‘ storage. ‘ forklifts. ‘
change request
CAP=25 MAX=[300]
request change
® o, ®
(amount:REAL) (amount:INT[])

Figure 2: Terminal of Freight Village

time for unloading a loaded truck. (Remark: Access notatimnparameters and variables of processes are prefixed with
keyworddata for technical reasons in order to distinguish them from glofariables. Global variables are not shown in
Figs. 1 and 2.) Afterwards the truck “drives” to a new positigvhich is again modelled by a delay of the process) and
determines the new load. The new load is removed from thagtoif possible (the default lower bound of a countdb)is
and finally the service equest of the serverf or kl i ft s is called again before the process “leaves” the terminak Th
behaviour ot r ai n and service r ai n_handl i ng reads similarly.

As one might imagine, it is possible to specRyoC/B-models precisely enough that an automatic analysis besome
possible. The formerly manual transformation process @m lpe automated thus avoiding the mentioned consistency
problem. Within the CRC 559 a corresponding toolset has loeseloped which provides a graphical user interface to
specify ProC/B-models and transformer modules which nq@C/B-models to the input languages of existing analysis
tools. For more details oRroC/B and the corresponding toolset we refer the reader to [5, 6].

Not surprisingly, simulation is often applied for a detdil@nalysis, since it is applicable to &foC/B-models. In most
cases the logistician is interested in the steady-statavi@ir of the system/model, e.g. in long-term mean valuas, b
simulation has the disadvantage of providing only statidtiesults. In the early beginnings of the CRC 559 an intergs
effect was discovered [3]: Several models of logistics eks (also the simple model of Figs. 1 and 2) show non-ergodic
behaviour, implying that the corresponding steady-staamvalues do not exist. Non-ergodicity per se is not a singri

effect, since overload situations are often encounterezhvaletermining the model’s peak performance. Usually amcapp



priate choice of the parameters results in an ergodic madelfiich steady-state performance figures can be determined
But in the domain of logistics networks one finds typical aitans where non-ergodicity can not be avoided by adjusting

parameters. For those models it turns out that non-erggdscan intrinsic characteristic of the model.

3 Non-ergodicity in models of logistics networks

The freight village model presented in Sect. 2 is a variarthefmodel considered in [3]. Only some parameters have been
changedto reduce the simulation effort. Fig. 3 depicts aiptessimulation result. A point at model timef the shown curve
denotes the mean number of trains at &t i nal for the time interval0, t]. Normally one would expect convergence to
some limit value. The first part of the curve of Fig. 3 suggests/ergence.

Inspecting the simulation result in detail, one realizes the confidence interval width becomes very small, e.gimeg t
16000 the95% confidence interval is abot4 +2%. Usually automatic stopping rules would have terminatedstmulation
at that point in time or even earlier, so that we would not heeen the second part of the curve which hints at non-ergodic

behaviour.

mean number of trains at terminal

88 &BRHRL |

#trains

seed ; INTEGER = 13; | ) ) ) ) )
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000
model time t

Figure 3: A possible simulation result of the freight villamodel from Figs. 1 and 2

[3] also presents an explanation for this behaviour. Infdtyrexplained, non-ergodicity is caused by the interdejeeice
of trains and trucks: Both type of vehicles deliver and pjzkead units, which are temporarily stored in the storagehBo
trucks and trains, are blocked whenever delivery or piclsupat possible, because the storage is empty or full. In a way,
loaded vehicles can be interpreted as being the server foaded vehicles and vice versa. Even though the averagearumb
of delivered load units matches the average number of loadisg, the model is non-ergodic due to stochastic effedts (c
the specification of arrival streams, new load units andinigivimes). The following Markov chain explains this kind of
non-ergodic behaviour in a more formal manner.

Assume that the storage capacitynigind that we have only two type of carriers: type V1 carriericiviare loaded by

one unit each and are going to deliver their load to the siragd type V2 carriers which are unloaded and try to load one



unit from the storage. Further assume that the correspgrdliival processes are determined by Poisson streamsateth r

for type V1 andu for V2. Let the chain’s state space consists of all integers
0,1,...,n for0,1,...,n storage spaces filled

and no carriers waiting
n+1,n+2,...,00 forn storage spaces filled and

1,2,...type V1 carriers waiting
-1,-2,...,—00 for 0 storage spaces filled and

1,2,...type V2 carriers waiting
If we define that driving, shunting, and using the forklifte ammediate, i.e. timeless activities, we get the Markaoaich

(of tangible states) shown in Fig. 4. The global balance gogfor this Markov chain have the solution

A

7 = p'* o, i =—-00,...,00 With p:=—

oo

showing thatr can not be normalised to a probability distribution, i), __ m = 1 can not be satisfied. Of course,

the Markov model is very simple, but shows an interestingatteristic: Non-ergodicity can not be “fixed” by selecting

appropriate values fox andy, since it is caused by the structure of the chain.
[olcaRgelologgcyo]
H H H u u u u n n H
Figure 4: Non-ergodic Markov chain

Also [3] reports about several simulation runs of the fréighage model using different parameter settings. In thd e
all simulations showed non-ergodic behaviour. Severatrothodels of logistics networks turned out to be “structyral
non-ergodic” as well and specific parts of such models haea mentified being responsible for non-ergodicity. E.th¢k-
keeping activities (cf. Fig. 7) and typical assembly or pagloperations might lead to non-ergodic behaviour (cf).[2h
most cases non-ergodicity of tReoC/B-model hints at an incorrect modelling of the system. Casréig the freight village
model, e.g., we ignored existing time tables for trains amttiol processes managing delivery schedules which waaiéd h
avoided non-ergodicity in this case. Having Fig. 3 in mirids idesirable to detect such incorrect models before stattie
simulation, also remembering that we presumably have stbfipe simulation of the freight village model before theeff
shows up. In our example non-ergodicity was caused by theelisagtructure, thus it seems an obvious idea to investigate
this structure, particularly having in mind the usuallygecomplexity of state-based analysis techniques. In codbzvelop
new techniques it is often beneficial to select less compledetiing formalisms. Analysis based on the inspection ef th

model’s structure is, e.g., the domain of Petri Nets [8, 22].



4 A Petri net-based technique for detecting non-ergodic models

In [4] a simple Generalized Stochastic Petri Net (GSPN)cstme is presented (see Fig. 5), which exhibits the sameteffe
as the freight village model of Figs. 1 and 2. The GSPN is ngodic, since its Markov chain (of tangible states) is the
same as depicted in Fig. 4. Note that all timed transitiorss GSPN have, by definition, an exponentially distributeari
delay and that for the net of Fig. 5 we ha¥&(p,) > 0 implying M (p2) = 0 andM (p2) > 0 implying M (p;) = 0, so that

1:= M(p1) — M(p2) is a suitable state descriptor for tangible states.

tl b1
e e e e 1
A D—»O\ | Legend: !
I |I immediate timed !
¢ | W transition transition |
1 D—»Q/ 3 - |
o D2

Figure 5: A non-ergodic GSPM\, 1 € R™ (cf. [4])

Since our interest is in efficient techniques, the quessamtiether one can detect such nets without inspecting tte sta
space. Ergodicity in bounded, i.e. finite-state (GenegdliStochastic Petri is related to the existence of homesstatd
several authors have investigated this property, vennafi¢he context of special net classes, see e.g. [8, 9, 11)126hse
of infinite-state GSPNs the existence of home states doehaadcterise ergodicity anymore. Itis still a necessangimn,
since it corresponds to the irreducibility of (a subset bf torresponding Markov chain, but sufficiency does not lasld
shown by the example in Fig. 4.

In the following we will denote withC' the incidence matrix of the net (cf. [8]). Thieh column ofC describes the effect
1 0 -1
on the marking by firing transitioh. E.g., the incidence matrix of the GSPN of Fig. Bls= .Letm e N
0 1 -1
denote the number of transitions of the GSPN. The kernel ¢fixn@ is defined bykernel(C) := {z € R™ | C x x = 0}.
Let N(z) be a vector counting the number of transition firings in tieetinterval[0, z]. The mean firing flow vector
N € R™ is then defined byV := lim,_,, F[N(z)]/z whereE| | denotes the expectation operator.
Assuming an ergodic GSPN, it is obvious that the mean firing flector N exists and that furthermore the expected
input flow of tokens at a place equals its expected output fidwZ, 14]). The last fact can be expressed using the inciden

matrix C' of the GSPN giving

CxN=0 (2)

How can we exploit this equation for detecting non-ergodits Usually the determination &f is difficult, but for
some transitions we can identify the corresponding compisreasily. Consider our example of Fig. 5 again. Obviotiséy,
components;, no of the mean firing flow vectoN = (n1, n2, ng) are directly given by definition, becausgandt, are

source transitions, i.eny = A\, ne = u. Furthermore, from Eg. (1) we know that is in the kernel of matri>xC. A basis



for the kernel of the incidence matrix of the net given in Fgs (1, 1, 1) showing that\ = p has to hold, if the GSPN is
assumed to be ergodic. This shows that the net is sensitiverds even small changes of the firing rates and therefore a
critical candidate. Theoretically the net might be ergddicA = u (for our example we know that it is non-ergodic, but
this can not be detected from Eq. (1) alone), but especidiignwsing simulation for analysis we might run into a serious
problem. The reason is that, due to the finite number reptaemin computers, we might not run the original model, but
rather simulate a (slightly) perturbed, and thus non-eigoddel [23].

Determining information on some componentsfis not only possible for source transitions, but also fonsiaons
which partially exhibit an Equal-Conflict (PEC) net struetu Conflicting transitions in an Equal-Conflict net exhithie
important property that at any marking all conflicting tréiosis or none of them are enabled [26]. An example of such a
net structure is shown in Fig. 6. Because of the net structueecan deduce that,/n3 = Aa/A3,n2/ny = A2/A\y and
ns3/ng = A3/A\4. Furthermore a basis for the kernel of the incidence matriis given by{(1,0,1,0,1),(2,1,0,1,1)}
implying no = ny and thus\y = \4. The last fact shows that the net of Fig. 6 is sensitive tosatinges of the firing rates

for transitionst, andt,.

A2

I~
- augio\u

t E@/’ Q/ ts

17}

Figure 6: Transitiong,, t3,t4 in PEC

In [2] this kind of sensitivity is callea-sensitivity, since it indicates potential non-ergodic nets. Also indZufficient
criterion for detection of e-sensitive nets is presentelde @riterion is based on a rank condition which can be effilsien

tested. E.g., for the net of Fig. 6 one only has to take the acorapts for transitions,, ¢3, t4 into account and since

rank( ((0’0’ 170’O)tT(07 1107 1’0)257“) )

= 2<3= |{t2,t3,t4}|

we know that the firing rates are dependent on each other,jsgdhat the GSPN is e-sensitive.

More precisely stated one can detect e-sensitive GSPNsdipdjm PEC sef” for which
rank((Proj(kl, T)...Proj(k,, T))) < |T| 2

holds, wheré:y, . . ., k, is a basis of kernel{) and Proj denotes the projection of vectbr ontoT'. Note that all transitions
of a PEC set need to be of the same kind, either timed or imneediace otherwise the GSPN is not live. Rank condition (2)

can be checked efficiently, since only maximal PEC sets rebd tnvestigated, cf. [2].



Employing this rank condition shows that typical situatinogistics networks might lead to non-ergodic models when
not modelled carefully. Fig. 7 shows the main activities whsing a storage. Assuming that delivery and pickup is peréal
by different type of carriers and consequently modelled iffgient “arrival streams”, the net of Fig. 7 shows a custogma
model. Unfortunately, the firing rates of the two sourcesigons are dependent or in other words the net is e-seasgince

the kernel of the incidence matrix is one dimensional.

delivery D—»Q—;DTTQ_»H

storageQ& " :/ capacity

pickip (- O O]

Figure 7: Stock-keeping scenario

The rank condition also identifies our freight village exdenfrom Sect. 2 as an e-sensitive GSPN, indicating non-

ergodicity. Fig. 8 depicts the core behaviour of the termirsing averages for loading and unloading volumes.

trucks ¢
b1

o
O

. D2
trains 3 ty

Figure 8: GSPN for freight village

The GSPN has two source transitions, i.e. two transitiof&E6, namely; andts. Calculating the kernel of the incidence
matrix gives the base vectot0, 10, 1, 1) showing a dependence of the firing rates of the two sourcsitiams, since the
rank (herel) is less than the number of elements in the PEC set ¢jere

The former examples show that the rank condition might hegmiifying non-ergodic models. The simplicity of the
modelling formalism, in our case Petri nets, definitely leela lot when developing the described technique. Unfotélya
from the point of view of the logistician, which is our intezdiend-user, Petri nets are not an adequate modelling fisrmal
for describing logistics networks. Far from it! We are attgdappy about the situation that the logistician accemsribre
formal version of process chains, ifroC/B.

So the question comes up how to make the rank condition, erngulated for Petri nets, available for the detection of
non-ergodidroC/B-models. Generally one has two possibilities: one is to tiltegoPetri net technique fétroC/B, the other
is to mapProC/B-models to adequate Petri nets. We selected the seconditipssince it additionally offers the chance to

use further Petri net based techniques.
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5 Tool support

To apply the technique described in Sect. £toC/B-models, the process chain model has to be transformed tianPe
This section shows how the transformation can be performddaw the technique can be used to ®%tC/B-models for
non-ergodicity. The test for detection of non-ergodic mstias been implemented within tReoC/B-editor, additionally the
Petri net can be exported to the APNN-format ([7]) makingHar techniques available being provided by the APNN-towlb
([10D).

To use the test for non-ergodicity fBroC/B-models basically three steps have to be performed: FiedrthC/B-model
has to be transformed to a Petri net, before in a second stefeshfor non-ergodicity can be accomplished. Finally the

results of the test have to be retranslated toRifmC/B-model.

1

EVERY negexp(1.0)

Figure 9: Mapping fronPProC/B to Petri nets: Sourc@green rectangle represents timed transition)

The toolset mapBroC/B-models to hierarchical coloured Petri nets ([17]). Funttinits are represented by substitution
places. Tokens are used to represent processes, whilere@miused to distinguish between different process chains
The different elements of BroC/B-model are mapped separately to Petri net constructs antected afterwards. Some

ProC/B-elements and their mappings to Petri net constructs arerstmoFigs. 9-12.

Figure 10: Mapping froniProC/B to Petri nets: Sink

A source, that generates processes i@C/B-model is mapped to a transition, that will generate tok&usce a source
is the starting point of a process chain it only has an outgaig to which the rest of the process chain is connectedctehi
in Fig. 9 by three dots). Each source will generate tokensdiffarent colour. When mapping the services of functiortsini
that are used by several different process chains, the e needed to distinguish between process chains, satch th

after service call only that process continues which itétiahe call. A sink as an endpoint of a process chain has only a

y PCElement H
negexp(1.0

DE LAY

Figure 11: Mapping fronProC/B to Petri nets: Process-Chain-Element (PCE)
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incoming arc and is mapped to a place to which the rest of the fiRet is connected, and an immediate transition, which
destroys tokens and thus terminates processes (see Fig. 10)

A PCE can be transformed in different ways, depending onhdrét is used as a Delay-PCE or for calling a service of a FU.
A Delay-PCE and its transformation is shown in Fig. 11. Tla@s$formation of a PCE connected to a FU (shown in Figs. 13
and 14) will be explained later. A Delay-PCE is mapped to agknd a timed transition, which denotes the amount of time
the PCE consumes.

Finally Fig. 12 shows the mapping of an And-Connector as amgte for the different connector-types availabl®inC/B.

Figure 12: Mapping fronProC/B to Petri nets: And-Connector

An opening And-Connector splits a process chain in two oraparallel branches, that are merged again by the closing And
Connector. The Petri net representation consists of aiti@m¢hat is connected to several places (one for each hjaardd
will create a token on each of those places. The closing @ionis mapped to a transition that will destroy one tokemfro

each branch.

~ 1 I O ] ()
L] @, L @, _ i @ |
source_trucks  drive_to_terminal - drive_to_terminal  handle_truck  hangdle_truck  pandle_tfiitk  handle_truck  leave_freight_willage  leave_freight_village sink sink
Ty 1 £y £y 1 £y
[ @, il @, ) Q L @, |
source_trains  drive_to_terminal drive_to_terminal  handle_train /handle_train  handle_iia B_train leave_freight_village leave_freight_village sink sink

truck_handling

train_handling train_handling train_handiing

Figure 13: Petri net transformation of the freight villagerh Sect. 2

Figs. 13 and 14 show the Petri net transformation of the ffiteiglage model from Sect. 2. Fig. 13 shows the top-level

of the model. The function uniter m nal is translated to a substitution place. For each serviceofl, places and

12
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Figure 14: Petri net transformation of the function uretr m nal of the freight village from Sect. 2
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transitions are created where the PCEs that use the serei@@anected. The inner net of the substitution place is show
in Fig. 14, containing the mapping of the two services of thiection unit. Please note that the names of the places and
transitions have been taken from the elements oPtte€/B-model and may not be unique, since the mapping faLC/B-
element may result in several places and transitions. Thaligof the places and transitions have an additional unique
ID not displayed in the figures. The two figures show the Paitirapresentation of a PCE connected to a service of a
function unit. Depending on the type of the FU, this représton will look different: In Fig. 13 two PCEs are connected
with theTer i nal , Fig. 14 shows the connection of PCEs and cousitesr age, which is represented by a single place.
The function unitTer m nal is represented by a substitution place. The transitionsetted to the substitution place are
sockets. Each of those transitions has a counterpart witikinet contained in the substitution place, the so-calet(see
[15] for a detailed description of substitution places)r Each PCE, that uses the service of a function unit, a unigloeic
is assigned to the transitions and places, that are creatatgdhe transformation of the service, to make sure, that a
returning from the service call, the process continueseattrrect place. In order to map an access to a counter dgrrect
the user has to specify average values for the loading amédimg volumes, since in most cases those volumes are not fixe
values but taken from a probability distribution (cf. Setand Fig. 8).
It should be noted, that the transformation of BxreC/B-model to a Petri net underlies some limitations: FneC/B-model
may contain variables of different data types like integeal or boolean, that can hardly be expressed by a Petri det an
are ignored during the transformation. Some parts of theaihdhat access those variables, like for example branching
conditions at a connector, cannot be mapped exactly to ttrerféé. So basically the created Petri net reflects the &trac
of the ProC/B-model, while the behaviour may not be completely identicgtis might result in so-called non-faults [1],
which denote characteristics of the Petri net (e.g. a nanrlet) which are not consistent with tReoC/B-model (e.g. the
original model might be live due to boolean expressions atbtdhches). The problem of non-faults can not be avoided
when abstracting. Thus the analysis based on Petri nets fyisther results usually not obtained with such a certédiramn
a simulation, but still requires some insight from the user.
After the ProC/B-model has been translated to a Petri net the test from Seetn de performed. In case non-ergodicity
is detected, one or more transitions are identified, thatraREC and for which the cardinality of the PEC-set is greater
than the rank of the matrix consisting of projected basearsdcf. Cond. (2)). These results have to be retranslatéiteto
ProC/B-model to be helpful for the modeller. That's why the relatizetween places and transitions of the Petri net and
the elements of thBroC/B-model are stored, while the mapping from #®C/B-model to a Petri net is done. Note, that
in most cases BroC/B-element is linked to several places and transitions, behi piace and transition is linked to exactly
oneProC/B-element. Therefore the correspondPrgC/B-element for a transition having been identified by the teemt, be
determined unambiguously.
The mapping fronProC/B to a Petri net, the test for non-ergodicity and the mappirth@fesults from the Petri net back to
the ProC/B-model have been integrated into #heC/B-toolset ([18]). The test can be selected for the whole modehly
parts of it. Details of the test are hidden, so that modefieesd not be familiar with Petri nets.

The outcome of the test is presented in a result window tegetlith the results from another consistency check that

performs a syntax check. The result window consists of thegts as shown in Fig. 16: The selection list contains all FUs
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Figure 16: Result window
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forwhich errors have been found. Depending on the optidestel, some of the messages can be suppressed. The ragmainin
messages will be displayed in a sorted manner in the rightopéine result window. The result messages are composed of
a description of the error and the name of the affected elebwing presented in a HTML-like fashion. Clicking on one of
the element names in those error messages opens a windogvadsbciated function unit and highlights the element.

As already mentioned the test identifies the model of thelftevillage from Sect. 2 as being non-ergodic, because the

n Freight_Village_sketch - gvz_sketch.mod - Arbeitstenster 1 ~Ja]x
Funktionseinheit Bearbeiten Modus Ansicht Optionen Suchen ﬂilfel
el - | ORI =] ] £ 3 E =5 E oo s BRI B 2[4 .
Freight_Village_sketch
(randwmwﬂ,z)\NT) Uu‘;gc‘%
. drive_to_terminal _> _>\eave;rewgm,vmage _.®
Torm(46 ata. iform( 46

EVERY poisson(5) v DELAY DELAY

1
(randint(30,50INT)

train
(loackINT)
@ drive_to_terminal _> handle_train _>\eave;rewghwuage _.®
i Formias (dataloady Idataload) for( 4D
it
n

EVERY poisson| (60) DELAY

Figure 17: Results of the test for non-ergodicity for theghe village model of Sect. 2

rank condition holds for the two source transiti@mur ce_t r ucks andsour ce_t r ai ns (see Fig. 13). Accordingly an
error-message referring to the two sources ofRmaC/B-model will be displayed to the user, that allows an easy astl f
selection of the two elements. Fig. 17 shows a screenshmut thhe ProC/B-editor with the highlighted elements, that have
been identified by the test for non-ergodicity.

Of course, the model from Sect. 2 is manageable and an erpedenodeller might detect non-ergodicity without per-
forming the test. Fig. 18 shows the structural hierarchylafger model of a freight village. Basically the model is quoaed
of three parts: The root of the hierarchy describes the geioarof trucks and trains, that enter the freight villaghe Becond
part is a terminal for bimodal traffic, where goods are exgeanbetween trains and trucks. In the third part of the model
mixed cargo is exchanged between trucks. A more detailecrigéen of the model is given in [12]. As one can see in
Fig. 18 there are various additional function units that slaésources and subparts of the system. All in all the model
reaches a level of complexity where non-ergodic situatenesdifficult to discover just by visual inspection. The t&st
non-ergodicity detects some elements (the messages ava shbig. 16). In this case the critical PEC sets do not camdis
source transitions like in the example of the small freighage model, but of transitions, that have been created &yping
connectors to Petri net elements. The situation here idasitoithe setting in Fig. 6. The critical part of the model ianked
greyin Fig. 15. This part of the model describes transshigpf goods between trucks and trains. The correspondircgpso

chains are synchronised via process chain connectors ardsas to storages, which results in a sensitivity of dnatas
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for trucks and trains concerning this part of the model.

It should be noted, that due to the above-mentioned lirmatiof the transformation frolRroC/B to Petri nets, this
might be a non-fault, but a cautious modeller can check vérdtie model of the freight village will behave correctlygE.
the modeller might ensure, that trucks or trains have todemloaded when no synchronisation is possible, which can be
modelled by conditions for the branches of OR-ConnectdreeSsuch conditions (usually based on variables) are rictigt
mapped to the Petri net, non-faults might occur. On the dihad the test for non-ergodicity will still result in a uskffiint

in these cases, since it points out critical parts of the hedgch should be inspected with care.

6 Conclusions

We have presented typical situations in models of logistetsvorks which result in non-ergodic behaviour and where no
ergodicity is caused by the structure of the net and cannat/bieled by adjusting parameters. We described a method for
detecting such situations that is based on a rank condibioRétri nets and can be efficiently computed. Finally we sitbw
how this test can be transferred to the application-oreeRr®C/B modelling world and presented the integration of the
analysis technique into tHeroC/B-toolset.

Future work will be directed towards the application of it Petri net based analysis techniquesF@C/B-models
aiming at additional support for the validation of simutetimodels. Amongst functional properties like livenesspal
properties in the context of restricted models might be tdrist. E.g., for live and bounded extended free choice Retls
it is known, that a marking reached after each transitiorfined is a home state (cf. [8, 11]). This might help in finding th

end of the transient phase or at least a reasonable stadingfer sampling.
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