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Abstract— The article shows the relevance of the tasks of
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L. INTRODUCTION

A From 50% to 80% of accidents in different types of
manufacturing systems, more than 64% of accidents in the
Navy and 80% in the aviation caused by the human-
operator error. Researches in the field of human-machine
systems (HMS) design aimed to reduce human-operator
error reactions, to ensure acceptable conditions of the
operator work and to adapt the "machine part" to the
human [1-8]. The effectiveness of ergonomic researches
greatly depends from the ability to formalize the interaction
between human and machine, and to receive operative
estimation of activity organization variants, to solve the
optimization tasks.

The last years are characterized by rapid change in the
nature of automated control technologies:

e prevalence of distributed control systems with
random input time of requests;

e growth in the number of operators-technicians
working in a single information space (in complex
systems at various levels, ranging from a few
people to a few dozen people);

e increased requirements for operative decision-
making;
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e hierarchical management has resulted in increased
roles and responsibilities of operators-supervisors —
those who make decisions, including secure of
operators-technicians for requests;

e a need for keeping records of working conditions
in the workplace of the operators has increased;

e avariety of options has increased:

o in function (embedding) implementation
techniques;

o in ways to perform certain operations;

o in securing operators for

(operations);

requests

e increased cost of errors.

II. LITERATURE REVIEW AND PROBLEM STATEMENT

The main tasks of ergonomics are [3,9-11]:

e Selection of the degree of automation (distribution
of functions between the person and the machine);

e Distribution of functions between operators;

e Designing information models for the human
operator;

e Designing of activity algorithms for human
operator;

e  Professional selection of operators;

e Designing working conditions at

workplaces.

operator

The solution of all these problems is necessary in order
to [1,2,12-14]:

o Reduce the number of errors;
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e Increase the timeliness of problem solving;

e Reduce the burden on the human body of the
operator and reduce the risks of disease.

The number of information systems, in which many
(several dozen or several hundred) operators works
simultaneously was increased in recent years [9,11,13].
Such systems are called polyergatic [3]. People-operators
are often engaged in different tasks (applications)
processing [1,2]. At the same time, new applications can be
received in random times) [1,2,6,9]. It is necessary to
appoint these applications for specific operators quickly. At
the same time, high reliability of application processing
should be ensured, as well as high timeliness [1,2,14-17]. A
special class of “operators-managers" or "operators-
leaders" has appeared. Such operators are managers for
"operators-executors" [3]. The operator-manager works on
the basis of intuition often [1,2,16,17]. But such methods of
work do not provide the required quality [3,17]. The task of
distribution of functions should be solved on the basis of an
assessment of the reliability of the activity [3]. The
possibility of obtaining such estimates may appear if we
use models based on the apparatus of functional networks
to describe the activity of operators [3,14,15]. However, it
is almost impossible to evaluate quickly all possible
options for the operator-leader [16,17]. Therefore, the
problem of supporting decision-making based on solving
the optimization task arises [1,17,18].

Thus, it is necessary to develop a formal model for the
class of problems related to the decision to organize the
implementation of operational input of (one) query, based
on the need for a comprehensive account of:

e ergonomic standards and requirements;
e technological limitations.

We start from the fact that the operator-leader, based on
the current state of the system at some point in time, given
the employment of operators, their individual
characteristics, level of training, the opportunity to work
together, working conditions in the workplace, must choose
the destination  operators for phased process
implementation of the received query.

To make decisions about consolidating functions is, as
a rule, to ensure maximum efficiency of the system, or else,
to cause minimal damage from the effects of different types
of errors on the stipulation that the following restrictions
are provided:

e technological;

e  ergonomic;

e compatibility of elements;
e  certain time of sale;

e  cost resource consumption.

The mathematical model of the optimization problem
of the request execution accuracy and the mathematical
model of the problem of minimizing the damage from the
effects of different type errors in the general case is defined
in [16]. Posed problem in a general way, depending on
many factors, generates a plurality of local optimization
problems that must be solved in each particular case. Based
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on the analysis of the general statement and the prevailing
conditions on the content of the decision that must be
made, we can distinguish the following main types of
optimization problems (excerpt):

e A general view of the optimization problem for a
variety of functional structures (ways of doing) and
the number of all operators;

e  Optimization of one embodiment of the functional
structure and a set of operators for each operation
of the algorithm of activity;

e  Optimization of one embodiment of the functional
structure and one operator per one operation of the
algorithm of activity;

e  Optimization of one embodiment of the functional
structure and one operator for the entire algorithm
of activity.

Some decisions of problems, arising in practice, were
developed in [17-21]. Many models are described in
general terms or are applicable for particular cases.
Optimization on the functional network (graph of works)
[3,14-15] can only be applied to sequential type algorithms.
Therefore, in order to solve the problem, in the general
case, a transition from the graph of works to some other
model of the description of the functioning algorithm is
necessary. As such a model, a model of the reliability of
states of a polyergatic system can be proposed.

The purpose of this article is

e to develop an optimization model of the problem
of distributing functions between operators for the
reliability model of states of a polyergatic system
(event graph);

e to test the model's operability.

III. RESULTS

A. Reliability Model of States for a Polyergatic System

The primary and more natural form of representation of
the functioning algorithms is the work graph. However,
such a model does not allow optimization for algorithms
with feedback. Therefore, we propose to construct an
additional model that describes the states of the polyergatic
system. We are interested in the states associated with the
absence or presence of errors in the activities of operators.
We will neglect with the possibility of a structural failure
of the system.

To obtain the event graph, each vertex of the work
graph must be associated with events corresponding to the
beginning or end of the corresponding work or operation.
The outcomes of work can be several, in the simplest case,
two: erroneous execution and error-free execution. Each of
the outcomes is associated with a separate arc on the graph.
Each of the following states corresponds to different
outcomes of the functioning algorithms, in the simplest
case: correct and incorrect.

As a result, we obtain a probability oriented graph G
(X, Z), where X is a set of vertices, and Z is the set of arcs.
An example of the transition from the works graph to the
event graph is shown in Fig. 1
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Fig. I. An example of a transition from a work graph to an event graph:
a — a work graph; b — an event graph; P1, P2, P3 — working
operations, K — control operation; S — starter, F — finisher (notation
- according to [3]). 1 and 2 are absorbing states: 1- completion of
activity without error; 2- completion of activities with an error.

There are distinguished initial and final states on the
graph of the works. Among the final states (absorbing
peaks numbered by the first r positive integers), there are
isolated states corresponding to implementation of the
algorithm without the error (positive outcomes rl). In order
to optimize complex algorithms, there should be provided
the absorption of the process to a given vertex.

B.  The Approach to Posing the Problem of Functions
Distribution Using the Reliability Model of Polyergatic
System’s States
Thus, it is necessary to provide the maximum

probability of hitting the vertex, which corresponds to an
error-free function's execution.

In this case, the alternatives are the operators who can
be entrusted with the execution of the function (in this
article we consider the case when individual (not group)
activity is expedient).

In this case, the model of the optimization problem is:

P=Y ﬁ: > Px" —max P, ()

I i=r+l kek;
®_ N\ k) .(k
) )4 (k) _ P
ij —ZZPU X =a;, j=r+lLr+2,.,N(2)
kekK; i=r+1 kek;

6 =1, atalli 3)

keK;
0 =6W =.=6", at al kek,
x®-M5P<0, atall i and all keK,

x-ms® >0, atall i and all keK,

P INICANE

Jj=li=r+lkek;

xM>0 atalli

4
)
(6)
(7)
and all ke K, (8)
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where: K is a set of operators of the system;

N is total number of vertices, the first r of which are
absorbing;

Pr is probability of absorption in the r state (or states of
the r-type);

Pij(k) is probability of transition of the system from
vertex i to vertex j when choosing the k-th decision;

a = (artl, art+2, ...
at that:

,an) is vector of initial probabilities,

N
Zai:

i=r+l

K; is a set of alternatives or solutions that can be applied
to the vertex of the graph of events K;€K;

m and M are sufficiently small and sufficiently large
numbers.

The meaning of these constraint is the following:

1) The constraint (3) for a boolean variable
5l.(k) requires that for each i, only one & i(k ) is equal to one;

2) The constraint (4) requires that solutions for
dependent states coincide;

3) The constraint (5) requires that for each i at the most

(%) .

one X; ~ is nonzero (together with constraint (8));

4) The constraint (6) requires that for each i one or

k)

more X, are nonzero. Constraints (5) and (6) taken

(€SP

together require that only one ;" is different from

Zero;

5) The constraint (7) is a normalized condition, that
requires the process to be absorbed with probability 1.

The solution of the problem (1) - (8) has the property

that for each i the only one xl.( %7 and one 6,(-“ are non-

zero. This means that to perform operation in the vertex i,
the k-th decision is taken (k-th operator is assigned).
Constraint (4) ensures k-th decision-making based on the
dependent vertices (the whole algorithm of activities
performed by one operator).

C. An Example of Solving the Problem of Distributing
Functions Between Operators on the Reliability Model
of States of a Polyergatic system

The algorithm is modeled operator activity typical
functional structure “Working operation - control of
functioning”. The graph of works shown in Figure 2 (a),
and the graph of events - in Figure 2 (b). The function is
fastened after one of four operators.

It is necessary to decide the task of choice of operator at
presence of dependent operations. Matrix of transition
probabilities of implementation operations each of the four
operators are shown in (Figure 3).

Elements of this matrix are the transition probabilities
from each current state (by rows) to each subsequent state
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(by columns). Obviously, such probabilities depend on the
characteristics of the operator (preparedness, motivation,
functional state, etc.). Therefore, a special matrix is formed
for each operator. It characterizes the reliability
characteristics of this operator.

Vector of initial probabilities: a = (a3, a4, a5) = (1, 0,
0). An objective function and system of limitations

answers formulas (1) -(8).
% N
® O,

W &)

a b
-

Fig. 2. Typical functional structure "Working - control operation." Earl
works (a), Count of events (b).

The problem of optimizing the choice of the operator:

P = Zil’lf *x! — max

i=3,4 k=1
4 4

(k) (k) % p(k) _
DIECREDIPIEHAT
k=1 i=4.5 k=1
4 4

(k) (k) % p(k) _
Zx4 - zxi P, =0
k=1 i=3,5 k=1
4 4

(k) (k) p(k) _
23 =2 2 xR =0
k=1 i=3,4 k=1
4

(k) % p(k) (k) % p(k)y _
D (PP + X F P =1

=~
Il

1
4

> 6 =1,ari=345

k=1
5H =M =60 at k =1,2,3,4
x,.(k) —M§i(k) <0,ati=3,45and k=1,2,3,4
x* —md® >0,ati=3,45and k=1273,4
x* >0, {01}, atk=1234

As a result we get the value of objective function and

value of wvariables: P;=0,999588; x3%=1,0303>0;
x,/9=1,0200>0; xs¥=0,0103>0 (Figure 4).

It is seen (from this figure) that it is necessary to choose
the solution with the number 3 (high index) for all vertices

of the graph. This applies to x and O variables. The number
of this solution corresponds to the number of the operator
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that will ensure the maximum error-free solution of the
problem. As can be seen, the predicted probability of error-
free execution with this decision will be 0.999588.

1st operator, matrix [Pii'm]

1 0 0 0 0

0 1 0 0 0

0 0 0 0,91 0,09

0,92 0 0,08 0 0

0 0.05 095 0 0
2nd operator, matrix [Pﬁm]

1 0 0 0 0

0 1 0 0 0

0 0 0 0,9 0.1

0,93 0 0,07 0 0

0 0,03 097 0 0
3rd operator, matrix [Pﬁm]

1 0 0 0 0

0 1 0 0 0

0 0 0 0,99 0,01

0,98 0 0,02 0 0

0 0.06 094 0 0
4th operator, matrix [Pi(‘ﬂ']

1 0 0 0 0

0 1 0 0 0

0 0 0 0,93 007

0,935 0 0,065 0 0

0 0,05 095 0 0

Fig. 3. Matrix of transition probabilitys

The conclusion from the analysis of the result of the
solution of the problem (Figure 4). The values obtained for
the objective function and variables indicate that a
maximum probability of error-free operation of the
algorithm is achieved, when the function performs a third
operator.

D. The Novelty of the Model.
The novelty is that:

e unlike empirical methods of distribution of
functions between operators, a method is proposed
that uses objective quantitative indicators;

e reliability model of system states was first used for
the task of distributing functions between operators
of a polyergic system.

IV. IMPLEMENTATION

The developed model was used in the development of a
computer system for decision-making support for
operators-leaders.

This system was tested in the operation of control
systems of various technological processes.

Among them:

e  gas pipeline management system,

e gsystem for calculating payments for utilities,
e abanking management system,

e a system for managing access to distributed
information resources and services.
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In addition, the model was used in the preparation of
masters in the disciplines "Ergonomics" and "Information
Systems" in:

e  Sumy State University;

e  Sumy National Agrarian University;

e  Ukrainian Engineering and Pedagogical Academy
(Kharkov).

V. FUTURE WORK

It is necessary to develop the following models:
e  multicriteria distribution of functions;

e a model that takes into account the preferences of
the operator-leader and operators-executors.

e  expert system on operators' preferential capabilities

VI. CONCLUSIONS

1. A problem situation of making a decision concerning
the assignment of operators-technologists of polyergatic
computer systems raises many optimization problems that
can be efficiently solved by using formalisms of functional
networks.

2. The novelty of the approach is the use of quantitative
indicators for making decisions about the distribution of

functions and the rejection of intuitive methods.
Optimization models of the distribution of functions
between the operators are an integral part of the ergonomic
support system of the polyergatic computer systems.

3. It is convenient to solve the problem if we first
describe the functioning in the form of the reliability model
of the polyergatic system's states, those, in addition to the
graph of works, construct a graph of events.

4. The problem is reduced to the problem of
maximizing the probability of process absorption at the
vertex, which corresponds to the error-free execution of
functioning algorithm.

5. The convenience of the approach is that the problem
is reduced to the problem of linear programming.

7. The application of the model makes it possible to
find ergonomic reserves for increasing the reliability of
polyergatic systems.

8. The restriction is the need to have initial data on the
reliability of all operators.

9. Implementation recommendations - using the model
as an element of a decision support system for the operator-
leader. Optimization models of the distribution of functions
between the operators must become an integral part of the
ergonomic support system of the polyergatic computer
systems.

Fig. 4. Results of decision of task (MS Excel, excerpt)
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