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TEMPORAL-ORIENTED MODEL OF CAUSAL RELATIONSHIP
FOR CONSTRUCTING EXPLANATIONS FOR DECISION-MAKING PROCESS

Abstract. The subject of research in the article is the decision-making process in intelligent systems. The goal is to develop
a model of the causal relationship between the states of the decision-making process in an intelligent information system,
taking into account the temporal aspect of this process, in order to build cause-and-effect relationships between the actions
of the process and further use these dependencies to form explanations for the sequence of actions to obtain a decision. The
formation of causal relations between the states of the decision-making process makes it possible to substantiate the sequence
of actions of this process, considering incomplete information regarding external influences on this process. Tasks:
structuring the decision-making process in an intelligent information system as a specialized business process; development
of a three-element model of the causal relationship between the states of the decision-making process, considering the
temporal aspect of this process; substantiation of the possibility of using three-element relationships to build causal
dependencies for decision making in intelligent systems. The approaches used are: the set-theoretical approach used to
describe the elements of the decision-making process in intelligent systems; a logical approach that provides a representation
of the relationship between the states of the decision-making process; probabilistic approach to describe the probabilistic
component of the decision-making process. The following results are obtained. The decision-making process in an intelligent
information system was structured as a specialized business process that, using additional information from the user, turns
the input data into a result that is valuable for this user; a three-element model of the causal relationship between the states
of the decision-making process is proposed, which makes it possible to take into account external influences on the process;
using a probabilistic approach, the possibility of using three-element causal relations to describe the decision-making process
in intelligent systems is substantiated, taking into account uncontrolled external influences. Conclusions. The scientific
novelty of the obtained results is as follows. A three-element model of the causal relationship between the states of the
decision-making process is proposed, based on a model of a temporal rule of the "future" type, containing a state-cause, a
state-effect and an intermediate state that reflects external influences. The model makes it possible to build a base of cause-
and-effect dependencies for the decision-making process in an intelligent information system, considering external influences

and use these dependencies to build explanations for this process.
Keywords: intellectual system; explanation; decision-making process; temporality; causality.

Introduction

The decision-making process in intelligent systems
today, as a rule, is based on the use of complex, "non-
transparent” for the user computational intelligence
algorithms. The use of such algorithms does not always
allow the user to establish causal relationships between
input data, external influences and the decision obtained
by the information system. As a result, the user's
confidence in the received decision may decrease [1].
This makes it difficult to use such a solution in practice.
In order to solve this problem, the user should receive an
explanation of the decision process [2,3]. Such an
explanation is based on the use of a chain of causal
dependencies. The latter establish a cause-and-effect
relationship between the input data and the resulting
decision, considering current external influences [4, 5].

The explanation can be a component of the
decision-making process, and can also be used as a
supplement to this process [6]. In the first case, the
decision-making algorithm should provide for the
formation of cause-and-effect dependencies. The
advantage of this approach is that the explanation can
contain complete information about the decision-making
process.

The disadvantage of the approach is that it
complicates the implementation of the decision-making
process in an intelligent system.

In the second case, the explanation is constructed in
parallel with the decision-making process based on data
on the actions of the process and its state. This approach
makes it possible to supplement the existing intelligent
systems with the possibilities of explaining the obtained
solutions.

For example, supplement recommendations in e-
commerce systems with explanations. However, such an
"external" explanation does not always have full access
to data regarding the state of the decision-making process
and external or internal events that affect the sequence of
actions of the process. Therefore, the problem of forming
causal relations for constructing an explanation is
relevant. The latter represent knowledge about the
decision-making process in conditions of incomplete
information about external and internal influences on this
process.

Existing approaches to the construction of
explanations regarding the sequence of decision-making
in intelligent systems were formed within the framework
of the Explainable Artificial Intelligence program [7].
One approach is to formulate explanations based on
causal relationships. Such dependencies can be obtained
as statistical regularities, formalized to predict the results
of external influences [8], and also generalized to
construct explanations [9, 10].

The decision-making process has a temporal aspect
and therefore statistical regularities can be represented in
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the form of weighted temporal rules [11, 12]. These rules
specify the order in time for pairs of states of the
decision-making process [13, 14]. Dependencies can be
specified for successive states (next-rules), as well as for
states between which there are intermediate states
(future-rules).

These intermediate states reflect changes in the
course of the decision-making process, which arise as a
result of additional external or internal influences. The
weight of temporal rules determines their importance.
The weight of each rule is set taking into account the
probability of execution of alternative implementations
of the decision-making process that use this rule [15].
However, within the framework of the temporal
approach, causal relationships are considered
insufficiently [16].

Existing approaches to the selection of causal
dependencies are based on the use of a probabilistic d-
separation approach both for individual variables and for
structured entities [8].

However, such approaches determine statistical
regularities [17]. It is not assumed that the probability
distribution of the values of the relevant variables can
change over time.

Thus, the combination of probabilistic and temporal
approaches makes it possible to build causal relationships
that can be used to explain the decision-making process
in an intelligent information system. This problem needs
its solution.

The aim of the article is to develop a model of the
causal relationship between the states of the decision-
making process in an intelligent information system,
taking into account the temporal aspect of this process in
order to build cause-and-effect dependencies between the
actions of the process and subsequently use these
dependencies to form explanations about the sequence of
actions with receiving a decision.

The formation of causal relationships between
states of the decision-making process makes it possible
to justify the sequence of actions of this process, taking
into account incomplete information about external
influences on this process.

Table 1 — Elements of the decision-making process

To achieve this goal the following tasks are solved:

— structuring of the decision-making process in the
intellectual information system as a specialized business
process;

— development of a three-element model of the
causal relationship between states of the decision-making
process, taking into account the temporal aspect of this
process;

— justification of the possibility of using three-
element relations to build causal dependencies for the
decision-making process in intelligent systems.

Structuring
the decision-making process

The decision-making process in an intelligent
system as an object of research has a number of
properties that are essential for building causal
relationships that explain the sequence of reaching the
resulting decision. We highlight the following key
properties of this process, which make it possible to
determine probabilistic causal relationships between the
states of the information system:

—the decision-making process of a given
technology transforms input data into an output that is of
value to the user;

—the decision-making process provides a result in
interaction with the user, that is, this process has
executors;

— information about the execution of the process is
recorded in the form of a sequence of events reflecting
the sequence of execution of its actions.

Thus, this process has inputs, outputs, contains an
algorithm for obtaining a result and uses information
resources provided by the user. The decision-making
process, taking into account these characteristics, can be
presented in the form of a graph that displays possible
sequences of actions to achieve the result. Such a graph
contains one or more initial vertices, which reflect the
receipt of input (input) data sets, the final vertex, which
reflects the fact of obtaining the result.

The key elements of this process are presented in
the Table 1.

Element Properties Use in the construction of causal dependencies

Input The data sets that define the resulting solution; for | They set the initial state of the decision-making
example, in the recommender subsystem, records about | process and make it possible to represent this process
the choice of goods and services by users are used as | as a generalized cause-and-effect relationship "input
input data data - resulting decision"

Output The resulting decision; for example, a recommendation | Sets the final state of the decision-making process and
to the user on the selection of goods or services in the e- | makes it possible to build a causal relationship with the
commerce system maximum degree of generalization "input data -

resulting decision"

Sequence | Contains alternative options for obtaining a solution and | Makes it possible to determine causal relationships

of actions | can be represented by a directed acyclic graph; each of | between the actions of the decision-making process,
the alternative options for obtaining a decision is given | which are true for several alternative options for
by a path on the graph of the decision-making process. | performing such a process

Resource | Additional data provided by the user in the process of | Such additional data are not always available when
forming a decision; for example, information about the | determining causal dependencies in the decision-
user's navigation through the pages of the e-commerce | making process, as they are the result of external
site. influence from the user of the intelligent system
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In conclusion, the decision-making process has
algorithmic and probabilistic components. The
algorithmic component sets the sequence of decision-
making actions for different options of input data, as well
as data received from the user. The algorithmic
component can be displayed in the form of a directed
acyclic graph.

The probabilistic component reflects external and
internal influences on the decision-making process as a
result of, for example, the actions of the user of the
intelligent system. The probability component specifies a
specific path along the process graph depending on the
user's actions.

An important characteristic of this process is that
it should provide a useful solution for the user, taking
into account both algorithmic and probabilistic
components.

In general, the decision-making process has features
of a business process, which makes it possible to use the
concept of building a process model based on its logs to
determine causal dependencies that determine cause-and-
effect relationships between the actions of this process.
The process model in this case is presented in the form of
a directed acyclic graph.

The log contains records about the sequence of
process events, i.e. about the implemented paths around
the process graph. Each sequence of events reflects the
process of forming a decision under relevant external
influences.

That is, different user actions lead to different
options for implementing such a process.

Accordingly, the process log contains traces of
possible alternative options for its execution. Each trace
consists of a sequence of events. Each of the events is a
reflection of a certain action of the process. That is, it is
appropriate to consider the event as a "snapshot" of the
state of the decision-making process in the intellectual
system. Therefore, the task of building causal
relationships between the actions of the decision-making
process can be transformed into the task of identifying
cause-and-effect relationships between the states of this
process.

It should be noted that the log usually does not
contain a complete description of the process states,
which does not make it possible to build deterministic
dependencies between states. Therefore, when forming
causal dependencies, it is necessary to take into account
the probabilistic aspect.

That is, the choice of one of the log traces is
determined by external or internal influence. External
influences are set by the user. Internal influence is a
probabilistic generalization of incomplete information
regarding the decision-making process.

For example, a process model does not contain all
intermediate states.

Temporal-oriented model
of causal relationship

The process combines several sequences of states

Si = <Si,1'5i,2'---'si,\si\> .

Such sequences may reflect the same causal
relationship yJ between j and n— states of the
decision-making process.

For example, joint dependence yé, for pairs of

states (s;7,53) from the sequence S; and (sy4,53)

from the sequence S, .

The difference between these sequences arises as a
result of the influences 6, and 6, , which arise as a result

of interaction with the user in the process of obtaining a
decision.

Sequences of process S; execution states are

ordered in time. The temporal aspect of each state s; ; is
recorded in the log in the form of time stampst; ; . That
is, the condition is fulfilled for each pair of states

<5i,jv5i,n>:
(V<Si,jvsi,n>)ti,j <tin, )

where 1 j,tj, — the instants of time when the states

Si,j+Si,n occur, respectively.
Thus, on the set of sequences
S={Sj}

there are temporal dependensies rnj that express
ordered by time pairs of states sj;,Sj, on one or

multiple sequences S; .

A set of such rules represents temporal knowledge
about decision-making processes. The use of weighted

rules r) makes it possible to form new sequences of

states and order the obtained sequences according to the
probability of their use.

The temporal approach cannot be used to construct
explanations, since temporal relationships between
process states do not always reflect causal dependencies
between these states.

For example, a user's choice of a certain product in
an e-commerce system over time is not always related to
a change in his preferences or product properties. Such a
choice can be, for example, the result of fulfilling another
person's order.

In this example, the sequence of product selection

is displayed with the help of a temporal dependence r21:

the selection of product 2 after the selection of product 1.
At the same time, the presence of dependence r21 does

not indicate the existence of causal dependence y%,

which reflects a cause-and-effect relationship between
the choice of goods. In this case, there is an unforeseen
external influence (execution of an order from another
user).

Information about this influence is absent in the
description of the decision-making process (in particular,
it is not recorded in the log of this process).
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Therefore, when moving from temporal knowledge
to causal dependencies, it is necessary to take into
account possible external influences and responses to
changes in the sequences of states of the decision-making
process in the intelligent information system.

The problem in this case is the lack of information
about external influences. However, we can take into
concideration the consequenses of such influenses under
conditions of the existanse at least one intermediate state

Si,m between states s; j,Sj ,, so the temporal rule rnj set
the following sequanse of states:

rJ :{<si,j,si,m,si,n>}: @
(VI)tI,J <ti,m <ti,n’

Such a rule rnj is a type of temporal rule of the

"future” type [13]. In the general case, for a temporal rule
of this type, there can be an arbitrary number of
intermediate states between the initial and final states
Si,m .

This work is devoted to the detection of causal
relationships based on temporal rules, so we will consider
only a simple version of the rule connecting three states.
Future - a rule with several intermediate states can be
represented as a combination of several temporal rules
with three elements.

Each of the sequences of three states WiII be

considered as a model of the causal relationship yI J on
the path S; provided that the last state s; ,, depends only
on the two previous ones.

That is, if the probability of its occurrence P (s;p )

is a function of the probabilities of occurrence of
previous states:

yia =
(s =P ) Plaa)).
where P(Si,j)’P(si,m)_

probabilities of occurrence of conditions s; j,sj m onthe

sequence S; .

We substantiate the possibility of constructing a
causal relationship (3) in conditions of incomplete
information regarding external influences on the process
of decision formation in an intelligent system.

The probability of this relationship depends on the

probability of uncontrolled influence P(6;), as well as

on the probability of successive occurrence of states
Si,j+Si,m»Si,n On the sequences $; :

Pvi)=
> (P(ei 136 ) P(sim [3si,j < tim >ti'j)* (4)

RREVA

P(Si,n |E|Si,m :ti,n >ti,m)'

Since the intermediate state s; ;, makes it possible

to represent the future rule as two consecutive next rules
[13].

We know the results of the first rule, so we will
consider the uncontrolled external influence within the
framework of the second rule, during the transition

<si,mlsi,n>:
P(Y:J) P(5|m|3slj m>tlj)

Y (P(6i[36:)P(Sin PBsim tin >tim ). ©

i:vsiﬂyi'”[{]

In expression (5), we take into account the
transition probabilities <Si,mvsi,n> for all possible

influences ;, that is, on all trajectories known from the

log along the directed acyclic graph of the decision-
making process.

Therefore, the probability of dependence P(yii"rj;)
can be calculated as follows:

P(via )=
P(Si,m |35i,j :ti,m > ti,j ) P(Si,n |3$i'm in >t| m) (6)
KR

According to expression (6), the three-element
relationship yi';r{ is a causal relationship, since the

probability of the resulting state s; ,, depends only on the

probability of the occurrence of two previous states
Si,j»Sim and does not depend on the probability of

uncontrolled influences.
Each state sj j,Sjm.Sjn according to approach

which was introduced in [5] is given by the set of the
property values.

Such properties can reflect the objects with which
the decision-making process operates, as well as the
actions of this process.

Therefore, model (3) specifies a causal relationship
between states that are described by heterogeneous
variables. The distribution of variables differs. Also, the
distribution may change over time [18].

Conclusions

The structuring of the decision-making process in
the intelligent information system as a specialized
business process, which, with the use of additional
information from the user, transforms input data into a
result that is valuable for this user.

The sequence of works of this process is
represented by a time-ordered directed acyclic graph,
each vertex of which reflects the state of the decision-
making process after the corresponding action is
performed.

The process graph combines possible variants of its
implementation taking into account external influences
from the user. The given structuring makes it possible to
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identify causal relationships between states of the
decision-making process taking into account external
influences based on existing temporal dependencies for
pairs of states. Such temporal dependencies determine
the ordering of process states in time, but do not always
reflect the cause-and-effect relationships between states
that arise as a result of the implementation of process
actions.

A three-element model of the causal relationship
between states of the decision-making process, based on
the model of a temporal rule of the "future" type, is
proposed.

The model contains a time-ordered sequence of
three states. The first of the states reflects the cause, and
the last - the effect.

The intermediate state makes it possible to take into
account additional external influences, information about
which is missing in the description of the decision-
making process.

The proposed causal relationship model makes it
possible to establish cause-and-effect relationships

between states of the decision-making process on the
basis of temporal relations between these states. Such
relationships can later be combined into causal
dependencies reflecting the connections between the
actions of the decision-making process and used to build
explanations in intelligent information systems.

The possibility of using three-element relationships
to build causal dependencies for the decision-making
process in intelligent systems is substantiated. The
elements of the relation are the sequence of states of the
decision-making process.

It is shown that this relationship makes it possible
to take into account unknown external influences on the
decision-making process.

That is, the probability of reaching the final state
depends on the probability of the first and intermediate
states of this process.

Thus, the proposed approach makes it possible to
establish cause-and-effect relationships between the
actions of the decision-making process in conditions of
incomplete information regarding this process.

Nature, Vol. 538 (7623), pp. 20-23, doi:

2, No. 4, pp. 101-107, doi:
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oTpuMaHHs pimeHHs. PopMyBaHHsS Kay3aJbHHX BiIHOIICHb M CTAaHAMH IPOIECY NPUIHATTS PIlICHHS Ja€ MOXIIUBICTbH
OOIpYHTYBAaTH MOCJIiIOBHICTH JIill JaHOTO HPOLECY 3 ypaxyBaHHIM HEMOBHOI iH(pOpMAIlii 1110/J0 30BHILIHIX BIUIUBIB HAa JaHHM
mpouec. 3aBAaHHS: CTPYKTypHU3allis NpOLECY MNPHUHAHATTSA pillleHb B IHTENEKTyalbHii iHQopMauiiiHiii cucremi sk
crewianizoBaHoro Oi3Hec-Mpolecy; po3poOka TPHOXEIEMEHTHOI MOJeNi Kay3aJbHOrO BiJHOIIEHHS MiX CTaHAMH MPOLECy
NPUHHATTS PILIEHHS 3 ypaxXyBaHHAM TEMIIOPAJIBHOIO acHeKTy AAHOro Ipolecy; oOIPYHTYBaHHS MOMJIMBOCTI BUKOPHUCTaHHS
TPbOXEJIEMEHTHUX BiJJHOLICHD JJIs1 HOOYIOBH Kay3aJIbHUX 3QJISKHOCTEH /Ul POLECY NPUHHATTS PILIEHHS B iHTENEKTYaIbHUX
cucreMax. BUKOPUCTOBYBaHUMH MiIX0JaMM €. TEOPETHKO-MHOXHHHHUN MiJXi/J], SKHH 3aCTOCOBYETHCS Ul OMHUCY CJICMEHTIB
[poLieCy MPUUHATTS PIllIGHHS B IHTENEKTYaJIbHUX CHCTeMaXx; JOTIYHUHN MiAXij, sKuii 3abe3nedye mpeacTaBlieHHs] BiJIHOLICHb
MiX CTaHAMH MPOLECY MPUNAHATTS pillleHHs; HMOBIpHICHUI MiAXiA [ onucy HMOBIPHICHOI CKIIa0BOI POLIECY MPUUHATTS
pimennsi. OTpuMaHi HACTYIHI pe3yJbTAaTH. BHKOHAHO CTPYKTYpH3allil0 HPOLECY NPUIHATTS pillieHb B IHTEICKTyasbHil
iHpoOpMaIliiiHIi CcHcTeMi SIK CIeLiali30BaHOro Oi3HeC-Npouecy, SIKUi, 3 BHKOPHUCTAHHAM [I0JAaTKOBOI iH(popMaIii Bif
KOpHUCTyBa4a, MEPETBOPIOE BXIiAHI JaHi y Pe3yJibTaT, IO CTAHOBJIATH LIHHICTH U1 LBOTO KOPUCTyBaya; 3alpOrNOHOBAHO
TPbOXEJIEMEHTHY MOJENb Kay3aJIbHOTO BiJHOIIEHHS MDK CTaHaMU IPOLECY NPHUHHATTS DILIEHHS, 10 Ja€ MOXJIMBICTH
BpaxyBaTH 30BHIIIIHI BIUIMBY Ha MPOILIEC; 3 BAKOPUCTAHHIM IMOBIPHICHOTO TiIX0y OOTPYHTOBAHO MOXIIUBICTh BUKOPHUCTAHHS
TPbOXEIEMEHTHUX Kay3aJbHUX BiJHOIICHb JUISl ONMUCY MPOLECY NPUHHATTS pILICHHS B IHTEJICKTyalbHHX CHCTEMax 3
ypaxyBaHHSM HEKOHTPOJILOBAaHMX 30BHIIIHIX BIUIMBIB. BucHOBKH. HaykoBa HOBHM3Ha OTpPUMaHHMX pE3yJbTaTiB MOJSATAE B
HACTYITHOMY. 3alpOIOHOBAHO TPbOXEIEMEHTHY MO/IENb Kay3albHOTO BiJHOIICHHS Mi’K CTAaHAMHU TPOLIECY NPUHHATTS PillICHHS,
110 6a3y€ThCs Ha MOJIEITi TEMIIOPAIBHOTO MPaBUITy TUITY «future», MICTUTh CTaH-PUYNHY, CTAH-HACTIIOK Ta MPOMIKHHUH CTaH,
o BigoOpakae 30BHIlIHI BIIMBH. MoOJENb a€ MOXKIHUBICT MOOYIyBaTH 0a3y MPUYMHHO HACIIIKOBHX 3aJIeKHOCTEH IS
MpoLIeCY NPUHHSATTS PIillIeHHs B IHTENEeKTyasbHiil iHpOpMAaIiiiHill CHCTeMI 3 ypaxyBaHHIM 30BHIIIHIX BIUIMBIB Ta BUKOPUCTATH
11 3aJISKHOCTI [UTs TT00YTOBU TOSICHEHb II0/I0 JAHOTO HPOLECy.

Kiaw4yoBi cioBa: iHTeleKTyalbHa CHCTEMA; MOSICHEHHS; MPOIEC MPUIHATTS PIllIeHHS; TeMIOPAlbHICTh; MPHIUHHO-
HACIII IKOBHH 3B'I30K.
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