BusinessProcessM odeling using Petri Netswith Clocks

Daniel Riesco , German Montejano , Gabriel Vilalonga , Roberto Uzal”

* Universidad Nadonal de San Luis
Departamento de Informética
Ejército delos Andes 950
5700~ San Luis— Argentina
E-mail: {driesco | gmonte | gvilallo | ruzal} @unsl.eduar
Tel: + 54 (0) 2652— 424027 ext. 251
Fax: + 54 (0) 2652— 430059

Abstract

Petri Nets are todls for the analysis and design of concurrent systems. There is a formal theory,
which suppats Petri Nets. We propaose Petri Nets with Clocks which has a high expressve power
in the cncurrent and asynchronots process modeling and gives the possbility to model red time
systems.

The Petri Nets with Clocks are useful to model systems with temporal requirements via
spedficaion d clocks, using tempora invariants for the places and temporal condtions in the
transitions. Also, we have devel oped an algorithm for the analysis of Petri Nets with Clocks.

For the Business Processes Modeling, we propacse to use Petri Nets with Clocks to formalize
models, all owing to study the models through a quantitative and qualitative analysis.

Petri Nets with Clocks includes additional temporal elements -clocks-, which are gpropriate for
the Business Processees Modeling and are nat taken into consideration in the literature @mncerning
the extensions of Petri Nets with time. Petri Nets with Clocks allows gudying the structural
properties of Business Processes Modeling. This dudy nat only alows the simulation bu aso
verifies formally the model. It is oriented to the verificaion and corredion d errors in the modeling
of the time variable en BusinessProcesss.

Keywor ds. Software Engineeing, BusinessProcess Modeling, Timed Petri Nets, Red Time
Systems, Timed Graph.
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1. Introduction

Petri Nets (PN) are tods for system studying and modeling. PN theory allows g/stem modeling,
obtaining a mathematicd representation d the system [3]. The analysis of the mrrespondng PN
gives important information abou the system structure and its dynamic behavior. This information
can be used to evaluate the system model and for improving and changing the mode!.

When studying different types of systems we ae anfronted with some systems in which time
plays an important role: communicaions protocols, red time systems, business processes, etc. An
important part of these system’s requirements that must be fulfill ed are the temporal requirements.
The growing complexity and criticd nature of these systems have motivated the seach for
verificaion methods [4, §.

To the power of structure analysis and system behavior that PN have, we have alded a structure
of an algorithm that all ows for temporal analysis of the extended PN [1].

Petri Nets with Clocks (PNwC), propaosed here has a high expressive power in the mncurrent and
asynchronots processmodeling and give the posshility to model red time systems. PNwC includes
additional temporal elements, clocks, which are not taken into consideration in the literature
concerning the extensions of PN with time[6, 16, 17, 18

Business Process Reengineaing has emerged as a modeling and analysis methoddogy for
making the organization o an enterprise more dficient [7, 8, 9.

The BusinessProcessModeling (BPM) is described as a set of partialy ordered steps to read a
businessgoal [10, 11, 19.

A comporent of a processis cdled a process element, representing adivities without interna
substructures.

An agent is an ador (human o macdine) who performs one or more process elements. A
coherent set of processelements to be asgned to an agent as a unit of functional resporsibility is
also cdled role, and the product cregded o modified by the exeaition d a process element is
referred to as work. A BMP is an abstrad description d a business process constituted by their
respedive process elements, together with their assgnment to agent. The assgnment describes the
dependencies, coordination and interadion among agents. The most natural way of interadion
among agents is the flow of work. Like the assgnment of processeements to the resporsibility of
agent, a BPM must also appropriately describe the input and ouput relation o work for every
processelement. The BPM describe work scheduling and management strategy applied by an agent
to exeaute the asdgned processelement. Thisis essntial espedally for agent ading in several roles
(involved in more than ore procesy. For a BPM to be adequate with resped to dependencies of
processs as determined by their appeaance and duation, it must refled timeintervals and duation
of process element exeautions. Consequently, the modeling formalism has to provide sufficient
expressvenessto charaderize the time dynamics of the system.

The modeling power of PNwC meds those requirements, since they allow formalizing time in
the places as well as the transitions.

Thiswork presents an approac to oktain the properties of BPM using PNwC.



2. Petri Nets with Clocks

PN are limited in their modeling and design power when used for systems where time is part of
the system’s gedficaion. Timed Graphs (TG) [5,12,13, 14 on the other hand are auseful tod to
spedfy system time constraints.

The power inherent of TG and PN has motivated us to extend PN theory with temporal requisites
using TG. To the power of structure analysis and system behavior that PN have, we have added a
structure of an algorithm that all ows the temporal analysis of the extended PN [2].

The definition o PNwC is presented here. By extending PN using TG we profit from the
advantage in modeling systems with asynchronows and concurrent behavior (PN) and the
paosshiliti es of formali zing systems with temporal requisites.

Definition 1. A Clock x
A Clock x is a pasitive red variable, i.e, x DR ={z/zOR" Oz = 0}; where R* are dl red
pasiti ves.

Definition 2. Set of all Clocks X
X ={Xy, ...,X%} isthe set of all Clocks.

Definition 3. Restricted predicates Qy
Qy is a set of restricted predicaes on the places defined as a Booean combination d atoms
that take the form x #c, where x O X, #isabinary relation onthe set {<, >, =,>, <} andc O R*™.

Definition 4. Restricted predicates Wy
Wy is a set of restricted predicates on the transitions defined as a Booean combination o
atoms that take the form c # x #¢' or the form x # ¢’ where x O X, # is a binary relation onthe
set{<, =,<}, ¢, c OR™. Every clock in W, must have an upger limit c'.

Definition 5. Valuation VaL
ValL is a set of al vedors of dimension k, where k is the cadinality of set X, and ead
element of the vedtor belong to R*°,
VaL ={v/v=(vy,....) Ok =| X |00j,1<j <k - vOR™}

Definition 6. A Petri Net with Clocks PNwC
A Petri Net with Clocks is a PN extended based on TG, with a finite set of clocks whose
values are incremented unformly with time. The restrictions assciated with the system are
expresed by invariants on daces and the assciation d an enabling condtion with eadh
transition. A clock can be reset in ead transition. Also, the firing of a transition shall be an
instantaneous adion that does not consume time. Time runs only at places and for no more than
what is established by the associated invariant.
Formally the structure of aPNwC isat-uple:
PNwC =<P, T, 1, 0O, X, Inv, C, A > where:
« P,T,landO[3],
o Xisindef 2,



e Inv: P - Q, asociatesto ea placep; O P, arestricted predicae Q [0 Qx (def 3) cdled
placeinvariant.

e C: T - W, asciates to ead transitiont [0 T, a restricted predicate W [0 Wy (def 4)
cdled transition condition.

* A: T - w, setof clocks of the transition that are initiaized to zerow O X.

Definition 7. Affectation o
An affedationa isafunctiona: VaL x T - ValL
afv, ) =v iff O OX - [ OA@WM) O v(i)=00 x OA() O v'(i) = v(i)]

Definition 8. Marked Timed Petri Net MPNwC
A Marked PNwC is defined as MPNwWC = <P, T, I, O, X, Inv, C, A, u >where P, T, I, O,
X,Inv,CandA areindef 6, andpu O M.
The marking pisasan nvedor i = (Mg, M2 ... Hn), Wwithn =| P |and i O Natowith 1<i < n.
The set of all marking M isthe set of al vedors of dimensionn, M O Natg™,
M={u=(, ...,Mn) On=|P|0O0i, I=i<n- p ONatg}

Definition 9. Invariant of the Marking InvM ()
Invariant of the Marking InvM (u) is the anjunction d the invariants of the places where the
number of tokensis greaer than zero.
InvM (p) iff A Inv(p;) wherep; O P Ou(pi) >0

Definition 10. A Predicate applied to Valuation ®[v]
O[v] iff ((x; #c)isin®) O v(i) #c hdds,
wherex; O X, #isabinary relation onthe set {<, >, =,>, <}, c O R™.

Definition 11. A Sate q
A state of a PNwC isapair g = (1, v), . O M and v O VaL, where the valuation v of the
clocks stisfy the invariants of the net’s places, i.e., InvM (W)[v] hdds.

Definition 12. The set of all states Q
The set of al possble states of a PNwC isrepresented by Q O M x VaL, such that:
Q={(l, v) [HOM OInvM(p)[v] hads}

3. Execution of MPNwC

The exeaution d the MPNwC is dore using the successor marking and the system state
changes.

Definition 13. Enabled Transition in MPNwC E(t, q)

Let g = (M, v) be apossble state of a PNwC, where 1 is amarking and v the valuation d the
clocks. In q, the valuation d the docks stisfies the assciated invariants to eat pacein the
marking by def 11.

A transitiont O T inaMPNwC isenabled E(t, q) in the state q = (I, V),



Et,q)iff OpiO1() - u(p) = #pi, 1(p)) DCM®[V] hdds. /* defs6, 10 ¥

Definition 14.. System Sate Changing —
The System State Changing is represented by the foll owing expresson:
SC=0Q, - O

where Q isthe set of al states (def 19).

The dhanging relation — 0 Q x (T O R") x Q has two types of changing: temporals and
instantaneous. The notationis q — "™ g’ for temporal changingand q —'q’ for instantaneous
changing, whereg, g’ 0 Q andtime, t OT O R".

Definition 15 Temporal Sate Changing — "™
Temporal state changing represents the dapse of time by a changing labeled time from the
state (W, V) to (W, v+time), (4, v) 0 Q, time O R™.
(1, V) - (u, v+time) iff Oy, yOR™ . 0<y<timeOd InvM (u)[v+y] hods
[* def 9 */

Definition 16. Instantaneous or discrete Sate Changing (by transition) -
An instantaneous date dhanging is given by the exeaution d atransitiont O T, where the
changing islabeled t, from the state (i, V) to state (W', V') asdef 14.
(1, V) - (', V) iff E(t, (1, v)) Da(v,t) =V [* defs7, 14 %

4. Analysis Method

Analysis of a PNwC is based onthe eploration d the symbadlic exeaution d the system being
analyzed. This exeaution is gudied using the PN readability graph. When the readability graphis
constructed ead graph node represents a symbadli ¢ state. The foll owing definitions are necessary for
the formalizing of the process model that employs PNwC. The analysis algorithm alows model
cheding to deted errors in the structure a well as modeling of the time variable. In contrast with
the dgorithm described in [20] this algorithm all ows the analysis of concurrent and asynchronous
processas well asthe time variable.

4.1. Symbolic Execution of PNwC

A symbadlic state of aPNwC is ageneralization o the mncept of state. The stateisa pair (I, V)
asindef 11. The symbdlic stateisapair Ou, QOas in def 17. The difference between state and
symbadlic state is that state uses a valuation and the symbali ¢ state uses a predicae Q.

Definition 17. Symbolic Sates [u, Q1
The analysis verificaion technique that follows are based on symbadlic exeaution for a given
set of symbalic states[14)].
A symbdlic state of aPNwC isapair Ou, QCwhere u O M, and Q 0 Q.



Definition 18.: Set of all Sates|[ Ou, Q)|
[ Gu, Q| isthe set of all states (W, v) of the symbadlic state [ju, Q[such that Q[v] hads.
[* defs 10, 11*/

Definition 19 Temporal Successors of Symbolic States [I, SucGime (Q)0
The temporal successors of symbadlic state that are in [ Ou, QO]| are characterized by the
symboali ¢ state [, SucGime"(Q)L)where
(1, V) O [ O, sucGim Q)] iff (W, v-time) - "™ (u, v) O Q[v-time] halds.
[* defs 15, 10*/

Definition 20.: Successors of Symbolic States by a Transition [, succ(Q)O
The succesors of symbadlic state by atransitiont from Ou, Qo [, succ(Q)Care:

M, V) Ol G, suca(@O|iff O, v) O H, QO (V) - (|, V)
I* def 16*/

Definition 21.. Symbolic Sequence Oug, Qolto [y, Q100 Oup, QoL0...
The analysis of PNwC is dore exploring sequences of symbdlic states. We define the
symbali c sequences as foll ows.
A symbalic sequencewith start OUg, Qollis asuccesson d symbalic states:
(o, Qoo Oy, Q13 Oz, Qo00...
where [ isthe initial marking, Qo arethe dl clocksinitialized in zero and
[ + 1, Qi + 107 BuccM(l; , 1), sucG;(SucGime' ' (Qi))C

Definition 22.. Symbolic Reachability Graph
The Readability Graph (RG) of a PNwC is compased of sequences which are mnstructed from
theinitia state (o, Qo[ Let [, Qi) be ay symbdlic state, if Ot;; O T, 1<r <k - E(W , tj) then
the symbadlic RG will be ammpaosed of the symbali ¢ sequences with the foll owing charaderistics:
O, Qilq Oy, €201

O, Qi0tk Ok, Q0
where k is the number of enabled transitions in O, Q;[] and where k new sequences are
generated that have the particularity that up to the symbdlic state [, Q;Clof the sequences they are
al equal, and from then onthey might be diff erent.

5. Modeling Business Process System with PNwC

In [15] the timed Petri nets has been vital for the preanalysis of the structural properties in the
decompasition d BPM for improve adistributed simulation methods to acceerate the evaluation.
Here we present a methodfor model analysis and \erificaion that goes beyond simulation.

In a correspondence anong PNwC and business process concepts, the static structure of the
businessprocesstopdogy is expressed in a PNwC graph, whereas the behavioral asped is encoded
in the initial marking and the transition firing rules of the PNwC. The relationship between PNwC
and BPM resped of theirs main concepts can more formally be summarized as follows. A BPM isa
MPNwC /* def. 8 */



BPM =<S, X, Inv, C, A, o>, where:

* Sisthe structure of standard PN, S = <P, T, I, O>. P is the set of places, corresponds to
“work deposits’, stores for pieces of work represented by tokens.

T isthe set of transitions T = {t1, t2, ...} stands for process elements, i.e. abstrad, atomic
proceses to be mndwted uponinvocaion (enabling). Each transition hes associated a
condtion d firing. Transitiont; dorit consume time for their enabling. The transition t; is also
refer as processelements. Work is een as a product creaed or modified by the enaament of a
process element, i.e. the firing of a transition. A processelement may require aresource or a
set of resources for their exeaution; it may or may not consume time.

The functions | and O model the flow or work among processelements.

* X isthe set of clocks /* def 2 */ represent al the variables what models the time in the
systems. Each element of X can model time restriction in invariants and condtions.

e Inv: P > Q,/* def 6 */, the work depasit’s invariant, that stand hav many time may stay a
work, represented by tokens, in awork deposit.

e C: T - W, /* def 6 */, the processelement’ s condtion, that stands the enabling interval time.
Establi shes what is the necessary time for ajob to passto ancther deposit.

« A: T - w, /* def 6 */, the process element’s affedation, stand the new values of clocks, a
new initialization d the set of clocks. The dfedation refleds the end d a task mensuration
and the beginning of another one. Clocks are reset to be ale to time anew set of adivities.

* Moistheinitial assgnment of worksto work depaosits.

6. Dynamic behavior

Anaogously, we describe the rules for the definition d the dynamic behavior of BMP
with PNwC.

Process element enabling rule: A process element t; is enabled, E(t;, g), in some
state q = (M, V), iff ead of its inpu depaosits contains a “sufficient” amourt of work,
and the temporal restriction associated to the processholds /*def 13*/.

Processelement exeaution rule: When a processelement t; (1 T exeautes in the state
(1, v) produce astate changing to (W', V), /*def 16*/. That means changes in the
marking removing a cetain amourt of work from its inpu deposits and creding a
certain amourt into its output deposits, W', and the new valuationv'.

A business process or equivalently a process finaly appeas as a set of partialy
ordered processelements, described as a spatia region d a PNwC graph.

7. Conclusions

We have presented here aformalism to model systems with time restrictions. We believe that is
very important the verificaion d the system’s integrity regarding its dructure and its tempora
spedficaions. Deallock detedion and tempora blockings as well as the wnsistency of the
restrictions have been proposed in previous work.

PNwC has a high expresgve power in the mncurrent and asynchronous process modeling and
have the posshility to model red time systems. PNwC includes additional temporal elements,



clocks, which are not taken into consideration in the literature cncerning the extensions of PN with
time. We have developed:
- aformalism for PNwC,
- aCASE tod, suppated by the ebove formalism, that allows the design and erification
of concurrent and asynchrony processes.

PN theory has been used for developing the PNwC formalism, including the analysis. On the
other hand, TG theory has been used for the temporal aspeds of PNwC.

The defined theoreticd basis allowed developing a CASE tod, which models, verifies and
correds automaticadly errors in the modeling of PNwC time variable. The tod generates
information abou temporal unreatable state and processdeadlocks with temporal blocks. Also, it
correds places invariants and transiti ons condtions.

Modeing and analysis of business organization is required for the purpose of redesigning an
enterprise’s business process to make the organization more dfedive (Business Process
Reengineaing), as well as for the purpase of establi shing advanced coordination techndogy in the
organization. Here is presented an abstrad frame of business process ystems and a modeling
formalism based onPNwC. This formalism all ows the quantitative and qualitative analysis of BPM.
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