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3anpononosano Mooeni memMnopaIbHUX NPAGUL BUKOHAH-
M 01l Gi3Hec-npouecy, wWo 3acmocosyomvCs Yy eunaoxy 6io-
cymuocmi 8 npouechill modeJii noeHoi iHgopmauii npo npu-
YUHU BUKOHAHHA UUX Ol BHACTIO0K 6MPY*AHHA BUKOHABUIE
pobim. Ipasuna opmyromscsa na 0cHO6E aHANI3Yy NOPAOKY
nodiii 6 Kncypnani Gisnec-npouecy, wo 00360J14€ GUIHAMUMU
MEMNOPATILHI YMOBU T 0OMENCEHHA HA GUKOHANNS 610N06IOHUX
0iti. Mooeni npasun Mosicyno Gymu 3acmocoeani ax enemenm
npeocmasnients 3HaH 0J151 CUCeMU NPOUECHOZ0 YNPABIIHHSL,
OCKIIbKU 60HU 81000pANCAIOMb 3ANUCANUL Y HCYPHATL 00CEI0
peanizauii 6isnec-npouecy. Buxopucmanna npaeun 00360-
A€ 00MeNcumu KioKicno MONCAUGUX 6apianmie 6UKOHAN-
Ha 6i3HeC-npouecy 3 Ypaxyeanuam uozo nomounozo cmauy. B
pe3ynvmami CKOpoUyYemvCs 4ac nPUHAmMms piueHs i3 npo-
UeCcHo20 Ynpasiinns 0711 6UNAOKY He6ioN06iI0HOCME NOMOUHO-
20 exsemnaapy Gisnec-npouecy ma 020 mooeJ.

3anpononoeamno Hoeull Menmood UMOGIPHICHO20 BUBEOEHHS,
AKUI BUKOPUCMOBYE Npedcmasieni npasuia 0as mozo, woo
cpopmyeamu nosi, donycmumi nocuidoenocmi Oiti y nemu-
noeil cumyauii, wo euHUKIA 6HACTIO0K Kopuzyeanns 0i3-
Hec-npouecy 1020 suxonasusmu. Memoo zacmocosye npeo-
CMasJieHHs 3HAHb HA 0CHOBL MAPKIBCHKOL JI02IUHOT Mepedci, w0
0036015€ YnopaoKyeamu Hosi nocaidosrocmi oill 3a UMOGIp-
Hicmo ix peanizauii 3 6UKOPUCMAHHAM 36AHCEHUX MEMNO-
panvtux npasun. Buxopucmanns xoméinauii npasun oas nap
nocaidosnux ma nap eidoanenux 6 1act Oili 00360.15€ NiOGU-
wumu mounicmo 06uuUCIenHa UMOBIpHOCMi peanizauii HOBUX
eapianmie Gisnec-npouecy. Memoo epaxosye ingopmauiio iz
JHcyprany nooill npu 0ono6HeHHI NPAGUL, W0 003601€ 3a6e3-
neuumu Gesnepepeie NONOBHEHH NPABUN NPU UKOHANHI 013 -
Hec-npouecy. 3aznarene 06YMO6II0E MONCTIUGICIG NPAKMUY-
HO020 3aCMOCYBAHNA MEMOOY NPU ABMOMAMUI0BAHTH NOOY006i
ma poswupenni 6a3u 3HaAHL CUCMEMU NPOUECHOZ0 YNPAGIIIHHS
Y peanrsHomy waci

Kmouoei cnosa: oGisnec-npouec, mapxiecoka noziuna
Mepedica, UMOosIpHICHe 6UBEOeHH, 0OMENCEHNA HA BUKOHAN-
Ha 01l JcypHan nooiil
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1. Introduction

Enterprise process management is realized by means of
managing business processes. The business process contains
a sequence of actions in manufacture of products or creation
of services that are of value to consumers. The business
process management is performed using models of these
processes [1].

The business process model contains all possible se-
quences of actions with indication of constraints, conditions
and admitted results of these actions. As usual, terms and
constraints specify resources (materials, executors, equip-
ment) required for execution of actions. As a result of each
action, state of the business process changes [2].

Effectiveness of process management is determined by com-
pleteness of knowledge about possible sequences of the business




process actions in the current environment conditions. Adequa-
cy of the process model depends on completeness of knowledge
about the business process. Such knowledge is commonly used
in modeling business processes. After completion of the busi-
ness process, knowledge is refined and the model is corrected at
the stage of analysis of the business process life cycle.
However, for the knowledge-intensive processes [3],
solution of the problem of knowledge incompleteness is asso-
ciated with the difficulties caused by knowledge flexibility
and multivariances. Taking into account the current state
of the subject field, qualified executors of these processes
can create new sequences of the actions not included in the
existing model. Executors typically change the process by
using their implicit knowledge. This knowledge takes per-
sonal experience into consideration, it looks like contextual
templates of actions and cannot be obtained by conventional
methods of knowledge engineering. Personal knowledge is
difficult for examining, therefore, after intrusion of the exec-
utor, it is necessary to evaluate the current state of the busi-
ness process as well as the probability of transition from the
current to the target state. Relevance of such an assessment
consists in that its results can be used to support decision
making when realizing the business process management.

2. Literature review and problem statement

It was shown in [1] that to solve the problems of process
control, all knowledge on possible versions of execution of
the business process should be included in its model. How-
ever, existing approaches make it possible just partially
elucidate knowledge of executors. Study in this direction
involves structuring of implicit knowledge of executors
into a number of basic elements, in particular: professional
understanding of tasks, corporate values, context-based
experience [3]. The highlighted items are included in the
knowledge objects in the business process model, as shown
in [4]. From the point of view of process management, the
key disadvantages of these approaches are as follows. First,
the mentioned knowledge structuring does not allow one to
represent the reasons for changing the sequence of the pro-
cess actions in a particular situation as formal dependences,
constraints and conditions of action execution. Secondly, it
is impossible to prognosticate further admissible sequences
of actions. Thirdly, singling out of knowledge elements re-
quires qualified experts familiar with the processes in the
given subject field.

An alternative approach to using knowledge of executors
in the business process models is used in creation of virtual en-
terprises. As shown in [5], when this approach is used, ontolo-
gy of subcontractors is formed. To complement this ontology,
multi-agent technology is used. The use of ontologies enables
adapting of the business process with taking into account
features of the current sequence and capabilities of subcon-
tractors. However, the subsequent selection of subcontractors
and correction of the sequence of actions also depend on the
formal knowledge of the business process and combined with
the personal knowledge of executors. This limits application of
the given approach to support the process management.

The process management support based on comparison
of the known “as it should be” business process model and
the “as is” model is realized with application of the process
mining methods. The latter model reflects impact of implicit
knowledge of executors on sequence of the business process

actions. When constructing the “as is” model, event logs of
the business processes are used. As shown in [6], this model
can be formed as a graph with the use of the BPMN notation.
Analysis of this graph allows one to represent knowledge
of the business process in the form of conditions and con-
straints of execution of the sequence of works. In the case
of more complex logs containing mixed sequences of events
from several business processes, the required dependences
can be obtained after filtering the log by the method pro-
posed in [7]. In order to form such implicit dependences, ap-
plication of relational nets has been proposed in [8] based on
the results of analysis of the event log. Consideration of the
studied approaches makes it possible to identify conditions
and constraints for executing the business process actions.
However, they do not ensure forecasting of the sequence of
the business process actions in a new, non-standard situa-
tion, e.g. when an executor intervenes because of a conflict
when accessing the resources of several business processes.

When resorting to forecasting in view of the lack of
information on future external influences, it is necessary to
consider not only logical but also probabilistic nature of the
forecasted sequences of actions. Markov logic networks [9]
are used to represent logical and probabilistic dependences.
Adaptation of Markov logic networks for their application in
process management was discussed in [10].

However, the problem of forecasting allowable sequences
of actions with taking in account probabilities of execution
of these actions relative to the current state of the business
process for decision support of the process management still
requires its solution.

3. The aim and objectives of the study

This study objective was to develop a method of proba-
bilistic logical inference of admissible sequences of actions
to achieve final state of the business process taking into
account its current state.

To achieve this objective, the following tasks were solved:

—to develop models of temporal rules of execution of
sequences of actions of a business process on the basis of
analysis of its event log;

— to substantiate the possibility of the process manage-
ment support based on the probabilistic inference in the
Markov logic network with the use of rules of execution of
the business process actions;

— to verify experimentally the proposed method of prob-
abilistic inference.

4. Development of models of temporal rules of executing
actions of the business process on the basis of analysis of
its event log

Event logs have the following properties essential for
probabilistic inference:

1) information on the business process execution is rep-
resented as a set of routes consisting of events;

2) each route contains a sequence of events <ey, eo,..., €,
ej+1,..> corresponding to the sequence of actions in a single
execution of the business process;

3) each event records execution or change of state of the
corresponding process action; events of the route are ordered
according to time markers;



4) each event is characterized by a set of the same attri-
butes with different values;

5) attributes of an event are at the same time attributes of
artifacts, i.e. the objects used by the business process;

6) the set of values of the artifact attributes at the
current time moment describes the conditions for starting
actions of the business process at this moment.

Properties (2) and (3) determine advantage of one event
over the other for each pair of consecutive events (ej, ¢j+1) from
one route in executing the business process. This advantage
is usually represented in the form of the rule “if ¢; then ej11”
which connects causes and consequences of relevant actions of
the business process. However, in the case of the event log, this
advantage is only defined in the temporal aspect: when the
business process is executed, the ¢; event occurs first and then
the ej+1 event occurs. Considering this aspect, advantage of
the e event over the ej+1 event is expedient to represent using
the X(neXt) operator of the temporal logic [11]. This operator
specifies truth of the event following the current one, so the
dependence has the following form: e;Xe;.{.

Definition 1. The atomic sequence for a pair of events
from the log route is determined for a pair of events in the
case when these events are recorded in two consecutive
discrete moments of time 7; and tj14, that is, there is no other
event between them:

T >rj:>ere.

| VT #ET, T <T VT 2T, )

JjH+

Define the m route of the business process event log as
a sequence of events in time with a given sequence for each
pair of successive events:

nl={eXe,, Vit >} j=1]-1 )

where ¢;, ¢j+1 are two successive log events that arose at tjand
T;+1 time moments.

Based on the sequence for a pair of events, the entire log
route is arranged making it possible to determine the possi-
bility of achieving the final ¢; event as follows:

nl=eFe,[3eXe; X.. Xe,, j=1,]-1, 3)

J+
where F is the operator of the temporal modal logic which
specifies occurrence of an event in the future.

In accordance with properties (1)—(3), define constraints
on the sequence of events of the business process route. The
L event log consists of a set of 1; routes that were recorded
during multiple execution of the business process: L={m;}.
The atomic sequence for the event pairs (ej, ej+1) is strict if it
is executed on all known routes of the log. Denote the strict
sequence for the pairs of events with the help of index « for
the modal operator: X~. Next, define the strict sequence for a
pair of events (e;, e;j+1) from the route m; as follows:

Vn,eLde Xe, ., =e X7 . 4)

i j+

The sequence e; ;X*e; j+1 specifies the set of known con-
straints on the admissible sequences of actions for execution
of the business process. The strict sequence e;;Fe;, for a
pair of events between which there are other events, is spec-
ified in the same way.

Definition 2. The C~ constraint on a sequence of events
in a business process route is a conjunction of pairs of events
for which a strict sequence is assigned.

The C~ constraints a set of potentially possible business
process execution routes. That is, the condition L={m;|C*}
must be met for all business process execution routes realized
and known from the a priori model.

The set of rules C which define potentially admissible
sequences of events consists of constraints C* and condi-
tions Cf. Unlike C*=, Cf conditions may be violated with a
non-zero probability.

Arrangement of events in accordance with (1) and (3)
determines formation of two types of temporal rules. The
sequence (1) specifies the rule of successive execution of two
business process actions, that is, the rule of the neXt: c,.x;=e;
Xej.1 type. The sequence of events (3) sets the rule of the Future
type for execution of a sequence of actions which leads to the
business process target action. This rule is set by the initial and
target actions that are represented by the initial, e, and target,
ey, events on the log route. This rule has the form: cgyue=ej. Fe,.
The generalized rule has the form: c=(ej, Xe;+1)v(e; Fe,), j<n<J.
Combining of the rules of both types to describe constraints
and conditions allows one to represent in more detail admissible
sequences of the business process actions.

In accordance with properties (1) and (2), the set of the
business process routes recorded in the event log L contains
only the sequences of actions that have been realized in prac-
tice. That is, the log contains only a subset of possible routes
II of the business process: Lell. The set of possible routes
of the log contains a set of known routes as well as a set of
ordered potentially admissible routes ;%

= {L,(m, ., ). 5)

The purpose of ordering of potentially admissible routes is
to identify the routes most suitable for realization in the current
environment conditions. Obviously, the routes in which the
rules are fulfilled more often are typical, i.e. suitable for exe-
cution for a large number of the environment conditions. Such
routes will have a smaller index in the tuple of expression (5).

Example 1. Let a double-executed business process is
recorded in log L and it consists of the following completed
event sequences:

L={{e11, €1,2, €14, €1,5), €21, €2,2, €23, €2 4, €25}

The log events are recorded according to the time of
their occurrence, i.e. the second event ey, appears later
than the first event ey 1: T 9>1; 1, event ey 4 later than ey o
T1.4>T1,9, ete. Each event contains a record of the business
process execution. Action is defined by the second index of
event, i.e. events ey ; and ey ; contain records of execution
for the first action, e; and ey for the second action, etc.
According to the expressions (2) and (3), the following
temporal dependences between the pairs of events are ful-
filled on the first route m;:

T|={e1 1 Xer s, e12Xer 4, €1 4Xey 5, eq,1Feq 4, eq 1 Fey 5,
eqoFeq 5).

On the second route, the following dependences are true:

To|={e21Xe 9, €29Xe 3, €2 3Xes 4, €2 1Xes 5, €3 1Fes 3,
e 1Fey 4 er1Fes s, e00Fes 3 e)2Fes 4,0 9Fes 5, e 3Fes s}.

These dependences include conditions and constraints
on the admissible sequences of the business process actions.



In accordance with expression (4), the constraint for a
given business process combines all dependences that are
fulfilled on both routes which makes it possible not to take
into account the first index for events:

C==(e1,1Xe1oneq 1 Feq sner o Feq 5)A
/\(62'1 622/\62'1}762,5/\62,}7 62,5)=€1X€2/\61F65/\€2F65.

A set of conditions includes all other dependences that
have been fulfilled on at least one of the routes of the busi-
ness process. Therefore, it is expedient to delete the route
index from description of these dependences:

C™={e12Xeq 4, e14Xey 5, e11Feq 4, €2 2Xey 3, €2 3Xes 4,
e 1Xes 5, e 1Fes 3, eq 1Fey 4 e oFes 4, €9 3Fes 5=
={esXey, es Xes, esXes, ezXey, e1Fes, eiFey esFey, esles).

The conditions and constraints derived from L are in
fact knowledge of the admissible behavior of new routes w;/"*
which reflect advantage of one actions of the business process
over others. Constraints C= should be fulfilled on each of
these routes. The conditions for each business process route
are determined by the conjunction of a subset of elements
with C~. In particular, the plurality of above-mentioned con-
straints and conditions esXesaeqFes represent knowledge of
such admissible new sequence of actions: 1, 2, 3, 5.

5. The method of probabilistic inference of admissible
sequences of actions in relation to the current state of the
business process

The proposed method uses knowledge representation
based on the Markov logic network. The main feature of this
representation is combination of logical and probabilistic
components in describing logical facts and cause-and-effect
relations to specify possible states and action sequences of
knowledge-intensive business processes.

General representation of knowledge that takes into ac-
count sequence of log events is as follows:

KB =({e, }{cp.w0, ==} {70}, Pa={al )e, ), (6)

where ¢,,” is the constraint; @, is the constraint weight; ¢;”
is the condition; wj is the condition weight; oy /* is the value
k of the attribute of the current event e; j; P(A={a; j*}) is the
probability of achievement of the target event e; ; specified by
the set of values of attributes {o; /}) in relation to the current
state of the business process characterized by the event e; ;.

In accordance with properties (4)—(6) of the event log,
when calculating constraints ¢, and conditions ¢;~, each
event is specified as the logical facts based on the values
of attributes of the business process artifacts, i.e. e;;=
=fi({o; /). Later on, in formation of constraints and con-
ditions, events (or the route) will be considered as a whole,
without attribute detailing. The weight w; for conditions
¢;” is calculated taking into account probability of their
occurrence in accordance with the expression traditional
for the Markov networks:

A=l o) ool )

where Z is the distribution function used for valuation.

Since the values of attributes {o; /*} determine the final
event of the route, the corresponding route ;*“ can be spec-
ified instead of them as an argument. The basic algorithm
of calculating the weights of conditions is given in [9]. The
weight of the rule determines probability of fulfillment of
the corresponding dependence: the greater the weight, the
oftener this dependence is fulfilled. The value of weight oo
for constraints determines their fulfillment for all possible
realizations of the business process.

The problem of probabilistic logical inference in repre-
sentation of knowledge (6) has the following subproblems:
verification of the possibility of successful completion of the
business process in relation to its current state; identification
of the best sequence of actions (events) for the successful
completion of the business process.

The results of these subproblems enable support of deci-
sion making in the event that an executor changed sequence
of the process and the new sequence was not executed by
other versions of the business process, i. e. T;*“g L.

The probabilistic inference method uses the following
initial data: the event log L containing routes of the previous
business process realizations as well as the current route; limit
time for recording the event sequence, stl; conditions C*for
execution of actions. The method includes the following stages.

Stage 1. Filtration of the subset / of the input routes of
the event log.

The business process log contains records of execution
of a significant number of versions of the business process.
Due to improvement of the business process, over time, the
outdated routes may not correspond to its current behavior.
Each event contains a time marker. Therefore, filtration of
routes of the event log is performed using these markers
according to the condition of the critical time of route re-
cording, t':Vr, e I, > ' where 1;; is the marker of time of
the event j on the route, ;.

Stage 2. Selection of conditions C~ for the subset of the
log routes, L.

At this stage, only those conditions ¢;” are considered
which connect events from a subset of routes with /, that is,
the following condition is fulfilled: 3m;: ¢;”true.

Step 3. Selection of constraints C and clarification of
conditions for the subset of the log routes, 1.

At this stage, the following dependences ¢;” are selected
from the set C~ for which “mel ¢;”=true is fulfilled. These de-
pendences are excluded from the C~ and introduced into the
set of constraints. From C>, the conditions are additionally
removed that include events from the set of constraints C*.
For those conditions that are left, weights and values of the
distribution function Z are calculated. The algorithms given
in [9, 11] are used in calculation.

Stage 4. Selection of a subset of events E from the routes
mel that do not fulfill the constraints C= obtained in Stage 2.
The condition for selection of the event ¢; is as follows:
“ejeE’ Ac,=true. The route index is not used in this condi-
tion since events from all routes are selected. That is, one
event from the E' set can be recorded on several log routes.
Additionally, the last event of the current route is deleted
since it cannot be used to form new routes.

The purpose of this stage is to reduce the number of poten-
tially possible routes that will be formed at Stage 5. The set of
possible routes is defined as a sum of all possible placements
for the selected set of events. The number and sequence of the
events that satisfy the constraints is unchanged on all routes
of the subset / which reduces the number of placements.



Stage 5. Formation of a set of potentially admissible
routes, {m;""}.

5. 1. Formation of all possible placements from E by 1,
by 2,..., by |E.

5.2. Supplement of the obtained placements with the
sequences of events that satisfy the constraint of ¢,”. Each
pair of events is arranged on the route m;"*“ according to its
constraint c,,”.

Stage 6. Potential calculation for each route m®. In
accordance with expression (7), potential is calculated as a
sum of weights of all conditions satisfied on the given route.
Constraints are not counted in calculation because they are
the same for all routes.

Stage 7. Calculation of probabilities of realization of each
of the routes Pot(r;"*“) by formula (7).

Stage 8. Ordering of the routes m;"“ according to the
values of probabilities, according to (5).

The result of this method is the set of potentially possible
routes 7"“ ordered according to the values of probabilities.

Example 2. Let such initial data are used in the method of
probabilistic inference.

1. The log L consisting of the following sequences of
events:

L={{e1,1, €12, €13, €1,5), (€21, €2,2, €24, €2 3),
(€31, €3,2, €33, €3 4, €3,5), €41, €4,2, €4,6)}-

The event ey g is the last event recorded in the log of the
business process that is executed (that is, 146 corresponds
to the current time). The sequences of events are ordered
according to the execution time of four business process ver-
sions, that is: T4,6~T4,1> 13,5 > 13,1~ 12,5 T2, 1~ Tt 5 Ty 1.

2. Limit time of recording the route which is t>1; 5.

3. The set of conditions for all four sequences of events:

C7={e1 Xey, e1Fes, eaFes, e9Xey, e4Xes, ea Xes, esXey,eqFes,
eiFey esFey, esFes, esXes, eqFeg, eoXeg).

The procedure for formation of these conditions is given
in subsection 4.

The result of Stage 1. Since, 1>1, 5, the first sequence of
events is deleted from further consideration and the subset /
has the following form:

12«62,1, €22, €2 4, €2,5>, (63,1, €3,2, €33, €3 4, €3,5>7
(€41, €4,2, €4,6)}-

The result of Stage 2. After deletion of the first sequence of
events from the set C~, the dependence e3Xes associated with
it is deleted and the set of conditions takes the following form:

C ={e1Xey, e1Fes, esFes, exXey, e, Xes, e9 Xes, esXey,
eiFes, eiFey eyFey, eslFes, e Feg, ey Xeg).

The results of Stage 3. The dependences that are true on
all routes with [ are separated from the set of conditions.
These dependences form constraints on execution of the
business process actions. The conditions and constraints
obtained are as follows:

C==e¢1 Xeone i FesneoFes,

C™={esXe4(1,37), e4Xes(0,47), e2Xe3(0,65), e3Xe4(0,37),
e2Fe;(0,15), e3les5(0,2), eaXep(1,84)}.

The conditions eqFes, eiFey, eiFeg are deleted from the
set C~ since they are decomposed into a sequence of con-
ditions and constraints. In particular, the condition e(Fes
is detailed through the constraint e;Xes and the condition
esXes. The weight of conditions and the value of the distri-
bution function Z are calculated in accordance with [11].
The weight of conditions is given in the set C> in brackets
after the dependence. The greater the weight the lower
probability of rule violation. All constraints have weight oo:
they cannot be violated during the process. This deter-
mines exclusion from further consideration of the events
related to constraints. The value of Z is 19.18.

The result of Stage 4. When forming a subset of events
E'in accordance with the constraint e;Xes, the first event
is not taken into consideration. Events e, and e5 are also
not taken into account in formation of placements because
of action of the esFes constraint. The e event represents
current state of the business process and is also ignored.
The resulting set has the form E'={es, e4).

The results of Stage 5. At Stage 5.1, the following se-
quences of events are formed from the events of the subset
El {es, eq), {es,e3). At Stage 5.2, the following new routes are
formed:

5" ={ey, e, e¢,e3, 4,e5),

"¢ ={e1, ea, €g, 4,63, €s5) {€3,64), (€4,€3).

The results of Stage 6. The obtained route 75"¢“ is
characterized by the following conjuncture of conditions:
ey FeinesXenesFesne  Xes. The route @ is characterized
by the following conditions: ey Fe,. Potential of each of these
routes forms the sum of weights of their conditions. For the
given input data: Pot(ms"¢“): 0.15+0.37+0.2+0.47=1.19;
Pot(m"*)=0.15.

The results of Stage 7. Probabilities of new routes have
the following values: P(m5"*“|e)=0.171; P(rs"“|es)=0.087.

The results of Stage 8. The resulting new routes are or-
dered by the probability value: (rt5"¢%, 7t5"¢%).

The set of possible routes which, according to (5),
combines the already realized and admissible sequences
of events has the following form: IT={{e2.1, €22, €24, €2,5),
(e31, €3,2, €33, €34, €35), (5", 6" )}

6. Experimental verification of the method of
probabilistic inference on the example of after-sales
service process

A simplified model of the business process of after-sales
service of electronic devices was considered. The process
description in the log contained 5 typical routes with two
sequences of events. At the moment of simulation, the
business process was in a state of transition to a warranty
repair. This status was represented in the log by the current
event ¢;19. The state was non-typical since the event e; o
did not belong to known completed routes.

The objective of the experimental verification was, first-
ly, to determine a set of potentially admissible routes m;"¢%
from the current event e; o to the known final event e.
Secondly, it was necessary to make sure that the new routes
were in line with the existing approaches to service. In order
to achieve the stated objective of the experiment, potentially
admissible routes were formed, their probabilities were de-



termined and the events of these routes were
analyzed taking into account description of
the relevant business process actions.

When realizing the probabilistic inference,
the log of events of the business process as well
as the conditions constraints on execution of
actions were used.

6.1. Routes of the event log

Incoming routes of the event log are listed
in Tables 1, 2.

Table 1 contains the log of the business
process consisting of 5 known routes: 1y, T, 73,
14, 5 and one current route mg"“. Each event
has two indices: the route index and the busi-
ness process index. For example, the e5 g event
is the third event of the route ms which per-
forms the ninth action of the business process.

The indexed list of the process actions
relevant to the log’s events is given in Table 2.

The graph of the process is shown in Fig. 2.
For the events from the potentially admissi-
ble routs, m"¢“, i=6,1I, the first index is not
shown for simplicity.

Table 1
Routes of the business process event log
Routs Events sequence
Lo {e11, €12 €13, €1 €15 €16 €17, €18)
Tty (ea, €22, €23, €24y €25 €26 €27, €28)
3 (es,1 €32, €33, €34, €35 €36, €37, €3,8)
T (€4, s, eny, ea7, Chs)
5 (€51, €52, €59, €57, €58)
5" (€6,1, €62, €610, )
Table 2
Business process actions
Event index Description
1 Application for the device repair
2 Disassembly of the device
3 Malfunction diagnosis
4 Reconciliation with the customer on the repair
5 Purchase of an assembly or a component
6 Replacement of an assembly or a component
7 Assembly of the device
8 Payment and transfer of the device to the customer
9 Cleaning of the device
10 Traqsition of the faulty assembly to the warranty
repair

The set of possible routes is the set of all business process
event locations, excluding the current event, e; 9. That is,
the length of the possible route can vary from 1 to 10 events.
However, taking into account the constraints and absence
of cycles, it is necessary to exclude events e; 1, €; 1, €; 19 from
the potential route. Also, the last event e; g is excluded since
the achievement of this event indicates completion of the
business process. Thus, the set of possible routes is equal
to the sum of the number of placements from 6 by 1, from
6 by 2, ..., from 6 by 6 and amounts [{m;"¢“}|=1965.

G

Fig. 2. Known 74, Ty, 73, T4, T5 and possible routes {7/"¢"} of the simplified

business process of after-sales service

6. 2. Conditions and constraints for the sequence
of actions for potentially admissible routes of the busi-
ness process

This section presents the results of Stage 3 of the
probabilistic inference method. Constraints are given in
Table 3. All constraints were assigned weight o to ensure
their unconditional execution within the framework of the
model of knowledge representation based on the Markov
logic network [9].

Table 3
Constraints of the business process
Constraints Content

o Xe Application for the device repair > Disassembly of
1202 the device

o-Xe Assembly of the device > Payment and transfer of
T8 the device to the customer

eiFe Application for the device repair >> Assembly of
e the device

eiFe Application for the device repair >> Payment and
es transfer of the device to the customer

erFe Disassembly of the device >> Assembly of the
2o device

esFe Disassembly of the device >> Payment and trans-
208 fer of the device to the customer

The following constraints do not use the route index
for events because these events belong to all log routes.

Later on, when determining new routes, the first index
will also not be used since all events with the same action
index reflect execution of the same action for different
realizations of the business process.

As a result of applying the above constraints and taking
into account the current state of the business process ey,
the maximum number of elements of the new route was 4:
{e4, es, eg, eg). The number of possible routes [{n***}|=64, that
is, we have managed to reduce complexity of the forecasting
task for this business process by about 30 times.

The conditions for the business process are presented
by the rules of the NeXt and Future types given in Table 4.



This list is a subset of all rules in the set of the log routes,
Ty, Ty, T3, Ty, T5. Each potentially admissible route " is
characterized by a conjunction from a subset of the given
conditions. The sum of weights of such conditions is the
route potential and, according to (7), sets the probability of
its realization.

Index 7 of the m"*“ route is given in the first column. The
column “Potential” contains the sum of weights of all rules
in the “Conditions” column.

Analysis of the four most probable routes, 15", 11",
0", 119", has shown the following.

The route 115" had probability of 0.1298 and contained

the following sequence of works: application for repair of the
device (1); disassembly of the device (2); fault diagnostics (3);
transition of the faulty assembly to warranty repair (10);

Table 4
Conditions for execution of the business process

— - replacement of the assembly or the component (6); recon-
Condition Weight Routes ciliation of repair with the customer (4); purchase of the
esFey 0.085714 Ty, T, T3 assembly or the component (5); cleaning of the device (9);
eoFer 0.042857 —— a§sembly of the device (7); payment and transfer of the de-
vice to the customer (8).
eskFeg 0.014286 Ty, T, 3 This route largely reflected the logic of service in the event
esFes 0.085714 T, T, T3 that the component needed for repair was in stock: at first, re-
placement was done and then the component was purchased.
eskes 0.042857 ™, T2 T3 The route also included an action to reconciliate repair with
eslFe; 0.014286 Ty, Ty, T3 the customer. In practice, such a reconciliation may take place
oiFes 0.085714 — in the case of repla.cemtlant. of the faulty component, not by the
same but by one with similar characteristics.
esFe; 0.042857 Ty, Ty, 3 The route 71" had probability of 0.1243 and included the
esFe; 0085714 —— following key actions after transition to the warranty repair:
purchase of the assembly or the component (5); Replacement of
eaXes 0.900000 T, T2 T3 the assembly or the component (6); cleaning of the device (9).
esXeg 2.702733 T, 5 This route fully reflected logic of the warranty repair.
The route 1;y"¢“ had probability of 0.0573 and com-
i 0.900000 , T, . . . .
eaXes T bined the action of cleaning the device (9) as well as the se-
esXes 0.900000 Ty, Ty, M3 quence of works from the route mt;. This route fully reflected
esXeg 0.900000 0, o, T3 logic of the warranty repair. B .
The route my™® had probability of 0.0573 and contained
esXer 0.900000 T, T2, 73 a sequence of works from the route m;. This route fully re-
egXer 2.702733 T, s flected logic of the warranty repair.

7. Discussion of the results obtained in the study of the
method of probabilistic inference

6. 3. The results of the probabilistic inference

The results of the method functioning are shown in
Table 5. This table contains 12 routes with the high-
est probability of the 64 routes that resulted from the

The method of probabilistic logical inference obtained

inference. in the study uses the knowledge representation based on
Table 5
Results of the probabilistic inFerence
. . Poten- Route "
i Event index tial pr'ojba— Conditions
bility

1 {12310 41]9 7 | 8 27599 | 0.0426 esFeg, esFeq, egXer
211121310619 7 | 8 27599 | 0.0426 esFeg, esFe7, egXeq
312 (3104|619 7 | 8| 28027 | 0.0444 e4Fes, esFez, egXer
4111213110649 7 | 8 | 2.8027 | 0.0444 esFeg, e Feq, esFer, egXey
511123105419 7 | 8 | 2.8456 | 0.0464 esFes, esFey, esFe;, egXe;
6| 1123 |10]5]9 7 | 8| 28884 | 0.0484 esFes, esFes, esFes, egXeq
711121310546 /|9]|7/|8]29742|0.0528 esFes, esFeg, esFer, esFer, esFes, e Fez, egXep
8|1 1|23 [10(6 (5|49 7] 8]29742 | 0.0528 esFes, esFeg, esFer, esFer, esFes, e Fe7, egXey
911123104 ]|5]|6 7 | 8 | 3.0571 | 0.0573 esFes, esFeg, esFeq, e, Xes, esFeg, e Fer, esXeg, esFeq, egXe;
1011213109 4|56 7| 8]|3.0571]0.0573 esFes, esFeg, esFer, e4Xes, e Feg, esFer, esXeg, esFeq, egXer
11123105619 7 | 8 | 3.8313 | 0.1243 esles, esFeg, esFe;, esXeg, esFeq, egXe7
1212310645917/ 838742 0.1298 esFes, esFeg, esFeq, ejXes, esFer, esFeq, egXeq




Markov logic network. The key elements of this represen-
tation are the rules of modal logic which connect events of
the business process routes and specify the conditions and
constraints on execution of actions. These conditions and
constraints are determined depending on the context of re-
alization of the business process.

Experimental verification of the proposed method con-
firmed possibility of forecasting admissible sequences of the
business process actions using rules derived from analysis of
the event log.

The sets of conditions and constraints on execution of
actions for a simplified business process of repair of elec-
tronic devices were determined. As a result of probabilistic
inference, 64 routes were formed for transition from the
non-typical state to the final state of the business process.
Analysis of four routes with the highest probability value
has shown that three of the four routes fully corresponded
to the conventional sequence of repair works. One route de-
termined non-standard sequence of work for the case when
the components for repair are available in the stock. The
indicated difference of this route related to the fact that only
five routes were used for training with the subsets {r, 1y, 73}
and {m4, T} having the same sequences of actions each.

It should also be noted that the use of conditions of Fu-
ture type enables more accurate determination of sequences
of execution of the business process actions. The estimated
probability of successful completion of ten most likely se-
quences increased by an average 21.2 % taking into account
these rules.

The proposed method does not take into consideration
the cyclical execution of the business process as well as the
attributes of events. This issue requires further studies. Tak-
ing into account the event attributes allows one to generalize
or detail rules. The generalized rules simplify the search
for potentially possible paths of execution of the business
process and the detailed rules make it possible to more accu-
rately distinguish these trajectories.

The advantage of the proposed method consists in that it
provides the possibility of continuous adaptation of recom-
mendations in the course of execution of the business process
since the conditions and constraints on execution of actions
can be adjusted on the basis of new events included in the log.

Forecast of promising lines of creating software eco-
systems is the rather interesting field of application of the
proposed method. Existing approaches are time-consuming
and use parametric identification [13] and ontologies [14].
Use of the event logs of existing information systems makes
it possible to identify constraints and conditions that are
essential for creating a friendly behavior in the information
environment. New paths of behavior of information systems

can be formed taking into account these constraints and
conditions.

8. Conclusions

1. Models of business process execution rules were devel-
oped. They combine constraints and conditions for execution
of each possible action sequence. The set of rules defines
priorities for execution of actions for a particular state of the
process in the conditions of incomplete information about
the reasons for execution of these actions. This makes it pos-
sible to compare versions of the business process execution
in a case of unforeseen external influences on the course of
work. Also, the proposed rule models ensure automating of
construction of knowledge bases for the process management
systems by defining the sequence in pairs of events by the
routes of the business process log and further distributing
the obtained dependences on the constraints and conditions
for action execution. Representation of rules in the form of
ordered pairs of events enables supplement of the knowledge
base in real time, as new events are recorded to the business
process log.

2. A method of probabilistic inference of sequences of
the business process actions was developed. The essence
of the method is construction and ordering, according to
probabilistic assessment, of a plurality of new versions of
the business process execution in relation to the current
non-standard state using knowledge in the form of rules of
action execution. The method makes it possible to cut the
time of decision making for the business process manage-
ment based on the choice of a new sequence of actions from
an ordered set of versions admissible for execution. Also, the
method provides the opportunity to supplement the business
process model with such versions of actions that take into
account changes in the state of the subject field or new ex-
ternal influences on activities of the enterprise at which the
business process is executed.

3. Experimental verification has shown that the new
sequences of actions with the highest probability values
obtained by the proposed method reflect the existing logic
of execution of the business process. The proposed combi-
nation of conditions and constraints on execution of actions
makes it possible to reduce, at least by an order of magnitude,
the number of admissible sequences of the business process
works and, accordingly, the needed computing resources
when using the method of probabilistic inference. Addition
of conditions for arbitrary pairs of actions to conditions for
pairs of sequential actions enables more precise (more than
20 %) determination of probability of the obtained routes.
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