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MonenupoBanue Ha ocHOBe ceTelt IleTpu moToka ynpasieHus
B UHTEPAKTHBHBIX [IPOrpaMMax MOJAEPKKU IaMATU B TEIEMEIULIUHE

Jlannas pabora OblIa MHHIMUPOBAHA MPOOIEMaMH MOJCIMPOBAHHS NHTCPAKTUBHBIX aJl-
TOPUTMOB B paMKaX CHCTEMbI yIJICHHONW MEIUILIHCKO IOMOIIH JJIs JTIOJCH ¢ HapyILICHHEM Ia-
MmsaTH. PaccmoTrpeno monenupoBanue Ha 6ase cereii [lerpu (PN) moToka ynpasieHus: B HHTEp-
AKTUBHBIX ITporpaMmMax NnoAACPKKU NaMATH, IPEAHA3HAYCHHBIX JIJI UCII0JIb30BAHWUSA B UHAUBU-
JIyaJIbHBIX KOMIBIOTEpPAaX M MMEIONIMX 0co0ble TpeOOBaHUS K HaJeKHOCTH. [IpennoskeHHas
KOHIICTILIMSI MOJICIUPOBAHMS AITOPUTMOB HO3BOJISICT pa3pabaThiBaTh MPOrPAMMBI C IIMPOKUMHU
BO3MOXKHOCTSIMU JUISl €KEAHEBHOTO IIAHUPOBAHMS AKTHUBHOH JIEATENBbHOCTH IOJIb30BaTeIei
C Y4€TOM BO3MOXXHBIX CUTYaTUBHBIX U BPEMECHHbBIX Ol'”paHH‘leHPIﬁ.

Brawaie MbI cTtporM Mozeins PN jurst y)ke ncrosb3yeMoro npocToro JilrOpuT™Ma M aHalli-
3UPYEM €ro0 ¢ HOMOIIBIO MaTPHIIBI IEPEXO/IOB M YPABHEHHS COCTOSIHHI. 3aTeM MbI CTPOUM rpad
PN 11 npeaaraeMoro CJIoXHOro ajJropuT™Ma co B3aUMOHMCKIIIOYAIOIINMI BO3MOKHBIMH J€H-
CTBHSIMHU U IIPUBOJIUM BapUaHT €ro aHajiu3a. J[MHaMu4ecKoe MoBEeASHHE STOT0 AITOPUTMA MPO-
TECTUPOBAHO C MOMOIIBIO cuMyIsiTopa PN.

B pabore nokasaHo, uTo npuMmeHerne PN-MoaennpoBaHus 00eCIieynBaeT mpeckasyemMoe
(YHKIIMOHMPOBAHUE CIIOKHBIX MHTEPAKTUBHBIX IPOrPaMM C Da3BETBICHHOH CTPYKTYpOit
u TpC6OBaHI/I$[MI/I CHUHXPOHHU3ALNHU.

Pabora Bemonnena B JlJaboparopun nHpopManoHHbIX TexHomoruit OMSN.

Coo0rienne OO0beIMHEHHOTO HHCTUTYTA SICPHBIX HcclieoBanuil. Jlyona, 2004
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Petri Nets Based Modelling of Control Flow
for Memory-Aid Interactive Programs in Telemedicine

Petri Nets (PN) based modelling of the control flow for the interactive memory assistance
programs designed for personal pocket computers and having special requirements for robust-
ness is considered. The proposed concept allows one to elaborate the programs which can give
users a variety of possibilities for a day-time planning in the presence of environmental and time
restrictions.

First, a PN model for a known simple algorithm is constructed and analyzed using the cor-
responding state equations and incidence matrix. Then a PN graph for a complicated algorithm
with overlapping actions and choice possibilities is designed, supplemented by an example of'its
analysis. Dynamic behaviour of this graph is tested by tracing of all possible paths of the flow
of control using the PN simulator. It is shown that PN based modelling provides reliably pre-
dictable performance of interactive algorithms with branched structures and concurrency re-
quirements.

The investigation has been performed at the Laboratory of Information Technologies,
JINR.
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INTRODUCTION

This work was initiated by the modelling and scheduling problems arising
in the framework of a telemedicine project [7] aimed on a construction of com-
puter assistance system for people with brain injuries. The problem consists in
developing a scheduling paradigm for a human—computer interaction program,
which should compensate memory disabilities of a customer while giving wide
choice for a day-time planning in a presence of possible time limits for different
actions™.

In existing approaches, the memory assisting programs were designed for
managing simple user tasks which were restricted in time and space. Such
programs possess rather transparent algorithmic structure, which can be modelled
by an easily traced flow-chart. More complicated algorithms for a day-time
schedule which can have time restrictions along with a possible changing of tasks
and places require an appropriate modelling concept which could provide the
construction of sophisticated real-time interactive programs. The latter should
have a variety of choices and right responses and prompts for every choice with
a free time planning from one side and with tracing of some important deadlines
from the other side.

There are different approaches for modelling of the complex algorithms, with
most widely used unified modelling language and flow charts. In our particular
case we need possibilities for modelling of concurrency and interactivity, as well
as the facilities for hierarchical subdivision. Here we choose the Petri Nets
concept which provides a graphical and mathematical formalism for modelling,
simulation and formal analysis of discrete event systems with concurrency which
fairly suits for our problem of interest. This approach enables us not only to model
the processes but also provides the facilities for tracing of all possible control
flows in the designed structures, i.e., we can consider the dynamic behaviour of
the modelled system. In this way, we obtain an integrated presentation of the
software, environment properties and time constraints.

*In the framework of the project [7] a number of patients with memory disabilities are provided
by pocket computers which have an access to a special server «guided» by a medical assistant. Every
person has a separate plan for each day of the week. Individual plans are organized by medical
assistants and are loaded into personal mobile computers at the beginning of each day. For critical
cases a patient has access to a caregiver via mobile communication.



Application of Petri Nets (PN) for modelling of the interactive algorithms
provides powerful tools for their analysis. In fact, there are well-developed
means for mathematical analysis of such models. There is also a big choice
of PN simulators which maintain analysis and/or animation, and in this way,
provide verification of the performance of a chosen algorithm. Moreover, Petri
Nets paradigm itself ensures the construction of a reliable algorithm since it clears
out possible drawbacks of a concept already on the design level.

This paper presents an example which demonstrates, how tools and methods
developed for the Petri Nets can be used for the development of secure and robust
complex interactive algorithms.

1. BASICS OF PETRI NETS
Petri Net is a graph, consisting of two types of nodes, places, denoted by

circles and transitions, denotes by bars. Directed arcs connect only different types
of nodes: places with transitions, or transitions with places.
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Fig. 1. Condition-event type of Petri Nets (a). The case (b) shows the graph after firing
event el

Places can contain marks, so-called rokens, which pass to the next places
through transitions under certain conditions which will be discussed further. To-
kens are denoted by black dots for condition-event Petri Nets (see Fig. 1), or by
numbers, which correspond to the current number of tokens in a place for other
types of Petri Nets (see Fig.2). The place-transition Petri Net is a general type,
while the condition-event type is a particular case of the place-transition graph
when every place (condition) can contain only one token. However, this type of
Petri Nets has some special properties [2].

Generally, the formal mathematical definition for the Petri Nets is the fol-
lowing:

e A net NV is a 4-tuple N = (P, T, F, M), where

e P ={p1,pa,...,pn} is a finite set of places,
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Fig. 2. Place-transition type of Petri Nets (a). The case (b) shows the graph after firing
transition ¢1

o T'={t1,ta,...,t¢} is a finite set of transitions.

e For the above sets there holds P NT = .

e The flow F'is a set of arcs, F C (P x T)U (T x P).

o My is the initial marking of the Petri Net, that is a displacement of tokens
in the net at the starting position. It shows, which places contain token at the
beginning of the process.

Transitions can be enabled or disabled. A transition is enabled iff all places
which have input arcs to this transition contain tokens. An enabled transition ¢;
can fire. It means, that it can be activated, so that tokens from each input place
of t; are transferred to each output place of this transition.

In place-transition Petri Nets some arcs get numbers, so-called weights, which
tell how many tokens should be transferred through this arc. For example, the
arc between pl and ¢1 in Fig.2 has weight 2. It means, that this arc is dedicated
for transferring two tokens. And the input gate of {1 expects not less than two
tokens from pl to be enabled.

Examples of the performance of condition-event and place-transition Petri
Nets are shown in Figs. 1 and 2, respectively. In Fig. 1 we observe the situation,
when transition (event) el is fired first. Therefore, place (condition) c3 gets a
token. In case if transition (event) e2 would be fired, place ¢4 would get a token,
and so transition el would be disabled.

Figure 2 presents the example of a general place-transition graph with weighted
arcs. The arc between pl and ¢1 has weight 2, which is denoted in the graph
by the corresponding number. If the arc has weight 1, as the one between p2
and t1, the number is omitted. In Fig.2,a transition ¢1 is enabled (since it has
enough tokens from both places), therefore it can fire. Fig.2,b shows the graph
after firing transition ¢1. Since the arc between ¢1 and p3 has weight 2, it moves
two tokens to place p3. After firing the transition, one token is left in p2, since
one firing of ¢1 needs one token from p2.



All interconnections of a given Petri Net can be described by an incidence
matrix, which is given by

-1, if (p,t) € F and (t,p) ¢ F,
if (p,t) ¢ F and (t,p) € F, (1

if (p,t) ¢ F and (t,p) ¢ F.

t
t
It should be noted that the incidence matrix exists only for pure nets, i.e. nets
without self-loops, consisting of one place and one transition (where p is both out-
put and input place of t), because in this case the corresponding matrix elements
are indefinite.

After firing a transition, the marking of the net changes from M; to some Mj.
A sequence of transitions t1,to, ..., tx is called occurrence sequence, enabled at
M, if there are markings My, Mo, ..., My, such that

Mo 2 )

By tracing such sequences of markings it is possible to construct the reachability
graph. The latter traces all variety of transitions and all reachable markings of the
considered Petri Net. By analyzing the reachability graph one can reveal possible
deadlocks, or can make a decision on boundedness of the system. It means, that
the system contains a finite set of possible states (markings).

When analyzing a particular Petri Net, the main issues are reachability, bound-
edness and liveness of the given graph. The Petri Nets theory is presented in
extensive literature [1-3,5,6], where the analysis and existence theorems for these
properties are given. Here we do not include theoretical foundations of Petri Nets,
we aim to show on basic examples how to construct and analyze these graphs.

Let us consider a Petri Net graph presented in Fig.3 which models task
processing by a processor unit. Here Petri Nets graph models the following
processes: t1 denotes that a task is put into the queue, pl — the task is waiting
for the processor, p2 — the task is being processed, p4 — the processor is idle,
p3 — the task is completed. For this graph we have the following flow:

F = {tlpl, plt2, pdt2, t2p2, p2t3, t3p4, t3p3, p3td}.

In Fig. 3 we have the initial marking of the graph My = (1,0, 0, 1). It corresponds
to the moment when there is a task waiting and the processor is idle (both places
contain tokens). So next event which can happen, is that enabled transition ¢2
fires and place p2 gets a token. It means that the processor begins to compute the
task. After the task is completed transition ¢3 fires and transfers tokens to places
p3 and p4. After that the system has marking M = (0,0,1,1).
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Fig. 3. Petri Nets graph for task processing

Incidence matrix (1) for the graph in Fig. 3 looks like

1 -1 0 0
0 1 -1 0
0 0 1 -1
0 -1 1 0

Nrig.3 =

A well-known example of using condition-event Petri Nets for modelling the
producer-consumer problem is shown in Fig.4. The model consists of three
parts, a producer, a buffer and a consumer. Producing and consuming parts have
mutual dependence through the buffer states.

Ready to deliver Ready to consume
Buffer filled

Deliver

Produce Consume

2l 4

p2 po6
Buffer emply

Ready to produce Ready to remove

Fig. 4. Modelling of a producer-consumer problem

Here we begin with the initial marking My = (0,1,0,1,0,1). In this position
the only transition which can fire (or as we said, is enabled) is t1 (produce), while
all other transitions are disabled at the marking Mjy: ¢2 to be enabled requires
tokens from both p4 and p1, and ¢3 to fire requires tokens from p3 and p6. Hence,
after firing transition ¢1 we have the next marking M = (1,0,0,1,0,1). In this
way, the token from place p2 is transferred to place pl. At this step transition
t2 becomes enabled (both pl and p4 contain a token) and can fire. It transfers
tokens to both p3 and p2. The number of places which can obtain a token from
a single enabled transition is defined only by a number of outgoing arcs but not



by the number of «incoming» tokens from the ingoing arcs. For the modelled
process above steps mean that the product was produced and then delivered to
the buffer. Next, we have the marking M = (0,1,1,0,0, 1).

At this step we should note that firing of transition ¢1 is independent from
the processes of the «consuming» part of the Petri Net. Performance of the
«producing» part of the graph is influenced only by the state of the buffer. If
the buffer is not empty, then the product cannot be «delivered» and further
«production» stops. It is regulated by transition ¢2.

Next, in the «consuming» part, transition ¢3 is enabled, since both places
which have incoming arcs to this transition contain a token. After firing ¢3, both
p4 and p5 obtain a token. The «consuming» part of the net is also regulated by
the state of the buffer from one side (transition ¢3), and by firing of independent
transition t4 (consume) from the other side.

There are examples of modelling the producer-consumer problem for several
consumer or/and several buffers, as well as with a number of tokens > 1.

One can find in the literature interesting examples of Petri Nets modelling
for logistic processes, communication protocols [5], vending machines [3].

2. PETRI NET CONSTRUCTION FOR AN INTERACTIVE ALGORITHM

In Sections 3 and 4 we describe the main results of this paper. First, we show
how to construct and analyze a Petri Net model for the flow-chart on an example
of a medicine taking algorithm (see [7], page 11). According to presentation of
the flow-chart elements in terms of places and transitions as described in [5], we
generate a corresponding Petri Net (Fig.5). The performance of the modelled
algorithm can be investigated either by using state equations, or by building the
reachability graph. Note, that in Fig.5 transitions t5 and t7 are inserted for
simulation reasons. The real algorithm has a start place at p6 and two exit places,
p5 for normal exit and p7 for critical exit. This graph is safe, since the number
of tokens in each place cannot exceed one.

To simplify further analysis we can reduce the Petri Net in Fig.5 to the
algorithm shown in Fig.6. For this purpose we include the simple structures
(having no branches) of the type ¢ — p — ¢ into a single transition node ¢. In this
way, we construct a compact graph for further analysis of the program. According
to (1), the incidence matrix for this Petri Net is the following:
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Fig. 5. Petri Nets graph for the medicine taking flow-chart. Transitions ¢5 and t7 are
inserted for test simulation reasons

Every row of the incidence matrix corresponds to a definite place, every column —
to a definite transition. For example, place p5 (fifth row from above) has two
outgoing transitions ¢7 and ¢8, which are denoted by —1 and one ingoing transition
t6, denoted by 1.

At the starting point we have the initial marking of the graph M, =
(1,0,0,0,0,0). For any possible marking of the graph M we have equation [6]

M=My;+N-v, )

where v is the firing vector. For example, setting M = (0,0,0,0,1,0), we can
find the firing vector by solving the system of equations
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Fig. 6. Reduced graph for the medicine taking algorithm

-1
0
0
N-v= 0
1
0
Hence, solving the system of equations
—T1+ 23— T4 +2x9 +T10=—1

Ty —x9—xg+ax7 =0
1‘2—1‘9:0
—r3+ x4 —25=0
$6—$7—$8:1

rs + xg — x10 = 0,

we get the desired firing vector v = (1,0,0,0,0,1,0,0,0,0), which, in fact,
determines the sequence of transitions which should fire in order to reach the
marking M from the initial marking M. Specifically, it means that transitions
t1 and t6 should fire to reach a marking M = (0,0,0,0,1,0) from the initial
marking My = (1,0,0,0,0,0). In this way, it is possible to see if any marking
in the designed graph is really reachable from a given state.

Another way of model analysis is based on the construction of the reachability
graph. It is built by tracing the momentary possible markings of the system, as
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Fig. 7. Reachability graph for the medicine taking algorithm (in Fig.5)

shown by (2), after each consequent firing, beginning from the starting position.
The reachability graph for the initial Petri Net in Fig. 5 is shown in Fig. 7. Here, it
is easy to see that the graph is bounded (it doesn’t contain unbounded branches).

It should be noted that according to a definition [3], the graph presented in
Fig.5 belongs to a subclass of Petri Nets known as Finite-State Machines. It
means that every transition in this net has exactly one incoming arc and exactly
one outgoing arc.

In this way, any flow-chart can be modelled by a Petri Net, and on this basis
we can derive its mathematical description, which, in turn, allows to analyze all
possible and impossible states of the given algorithm. In the next section we
construct a Petri Net graph for modelling parallel activities or concurrency.

3. THE ALGORITHM FOR OVERLAPPING ACTIONS
WITH A CHOICE POSSIBILITY

In this section we propose the construction of algorithms for programming
a day-time activity of a user which gives him a variety of possible activities
according to his choice. These algorithms are modelled as Petri Net graphs
which provide a «logical tracing» of the flow of control under the constraints
coming from delays watching, displacement of the patient and a given variety
of the day-task choices. The example of the PN graph constructed for three
overlapping actions with choice possibilities is presented in Fig. 8. It describes the
algorithm for programming choice between overlapping day-time tasks (actions)
in a presence of time restrictions for every consequent action and taking into
account possible variations in place location. It is possible to introduce more
conditional restrictions, such as action priorities or some additional environment
conditions. In Fig. 8 one can see how after starting place pl = 1 (it corresponds
to the initial marking My = (1,0,...,0)) the control flow is splitted into three
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Fig. 8. Interactive algorithm with the two-stage overlapping actions using time and place
semaphores

places p2 = 1, p3 = 1, p8 = 1, denoting the conditions for activity, time and
space. The marking of the scheme becomes M = (0,1,1,0,...,1(p8),0,...,0).
These places have the meanings «moving out», «time semaphore» and «place
semaphore». According to the time left after the first outdoor activity of a user
denoted by «action 1», one of the three «deadlines» will be activated. These
«deadlines» designate the fact that up to some apriori fixed time the user should
return home, for example, to have some important meeting. The values of
the «deadline» thresholds can be calculated by the program before starting the
outdoor activity. And then, according to the time needed for the first action,
program proposes the next route, or gives the possibility of available choice for
the user. After that three branches of control flow are again incorporated into
one by means of one of transitions ¢6, ¢7, {8 to form the next stage of activity
depending on the previous conditions (on the choice of deadline route).

It is possible to introduce more semaphores, including some necessary prepa-
rations for the possible outdoor tasks. The graph may be more branched, but with
the same logical structure.

The constructed graph has a hierarchical structure. The places drawn as dou-
ble circles (for example, the places for «moving out»), like p2, p4 or p9 represent
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the so-called virtual (macro)places. They denote that these places themselves
contain subgraphs for implementing a certain activity, for example, moving from
home to some place, or visiting a doctor. Most of macroplaces subgraphs have
a structure analogous to the one corresponding to the medicine taking algorithm
shown in Fig.5. Generally, these simple graphs have normal and critical exits.
Here we omit consideration of critical exits since their treatment can be easily
implemented on the code level.

The activity of the program shown in Fig. 8 begins from place pl («Start»).
Then the following steps are activated:

e Firing of transition ¢1 activates places p2 («moving out of the house»),
p3 («timer semaphore») and p8 («place semaphore»). As was noted, p2 is a
macroplace, consisting of a graph itself.

e Firing of transition t2 activates place p4 («action 1»). This is also a
macroplace, containing a simple subgraph for performing some predefined action.

e After that, according to the time past after action 1 is fulfilled, one of
transitions t3, t4, or t5 can be enabled. The choice of firing depends on the
predefined values of «deadline 1», «deadline 2» or «deadline 3» and on the desire
of the patient. For example, if visiting a doctor took much time, then transition
t3 is fired, corresponding to place «deadline 1», which leads to macroplace p15
«moving back home». If after «action 1» there is still some time left before some
home activities, there can be a choice between firing ¢4 or ¢5, which leads to
«action 2» or «action 3», according to the pre-defined day-plan of the user. The
example of the choice of «deadline» for «action 2» is shown in Fig.9.

e Transition ¢8 also activates new timer pl1, which can be used for further
choice of outdoor activities. In this case it is performing or not «action 22»
according to the value of the timer and predefined values of «deadline 21» and
«deadline 22».

Let us construct the incidence matrix for this scheme. According to (1) it
looks like

-100 0 0 0 0 0O O OO 00O O 1
100 0 0 0 0O O O O 0 —-100 0 O
10-1-1—-10 0 0 0 0 0 000 0 O
01-1-1-10 0 0 0 0 0 000 O O
001 00 0-10 000 0O0O0 0 O
000 1 0 0 0-10 00 00O 0 O
000 0O 1 0 0 0—-100 000 0 0

N o — 10-1-1-10 0 0 0 0 0 000 0 O (5)

Fig.8 = 000 0 0 O O 1 0-1-1000 0 0
000 0O O OO O0O-100 000 0 O
000 0 0O OO 1 0—-1-1000 0 0
000 0O O0OOUOU OO 1 0—-100 0 0
000 0O OO OO0 O 1 000 —-10
000 0O 0O-100 000 00O 0 1
000 0O OO 1 0000 111 0 -1
000 0O O OOO0OO0 OO0 10-11 0

We can find analytically if some type of a marking is really reachable. The initial
marking of the scheme is My = (1,0,0,...,0). We need to prove existence of

11
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Fig. 9. Simulation step before a choice of the «deadline n» route. At this step, the tokens
are distributed at places p4, p3 and p8 after firing the transitions ¢1 and ¢2 from the initial
position p1 (Start)

some marking, say,
M =(0,...,0,1(p9),0,1(p10),0, ...,0). (6)

Solving the system of Eqs. (4) with the given My, M and incidence matrix Nrig g
(5), we obtain the firing vector

v =(1,1,0,1,0,0,0,1,0,0,0,0,0,0,0,0).

It corresponds to consequent firing of transitions ¢1, ¢2, t4 and ¢8, which bring the
system to the state given by (6). Though with larger systems incidence matrices
become rather cumbersome, they are easy for the treatment due to sparse structure.

Dynamic behaviour of the graph in Fig.8 can be traced by the animation
procedure («run simulations») of the Renew simulator [4]. One of the simulation
steps is shown in Fig.9. The Renew simulator provides step-wise tracing by
manual activating of the transitions on the desired path or can produce automatic
run-time simulations by «scanning» all enabled transitions one by one. Animation
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in a run mode substitutes the analytical evaluation of the graph, since it traces
all possible firing steps statistically. If there exists a place with unboundedness
(a «trap») it would be seen after a few cycles of the run mode (the number of
tokens in these places would be > 1).

CONCLUSIONS

There exists a number of references describing the Petri Nets based modelling
for different fields of application, for example, simulations in internetworking, au-
tomatic production control, modelling of industrial concurrent processes, logistic
management, etc. Here we have shown the application of Petri Nets for modelling
of the control flow in the interactive memory assistance programs, which have
special requirements for robustness. Presented examples of building and analyzing
the PN models of interactive algorithms do not give an easy way for the problem
solution. But they give a tool for verifying very branched program structures
with concurrency, which is questionable when using flow charts or UML designs.
For large complex algorithms with concurrency when mathematical analysis of a
graph is cumbersome, it is possible to use PN simulators to estimate their perfor-
mance. The proposed Petri Nets based modelling of the telemedicine tasks gives
means for integrated presentation of environment properties, time constraints and
for tracing of the flow of control in the designed structures.

In this work the Renew PN simulator was used [4], which provides good
simulation equipment, as well as robust performance.
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