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ABSTRACT

The research aims to characterise the optimisation of a technological process
depending on the main time parameters for production. The optimisation does not
require to correct technical parameters of a system, but rather the organisational and
managerial factors of the technological process. The workload is taken as an evaluation
criterion, which factors in the probability distribution of time characteristics of
computer process operations. Time characteristics that represent the performance of
an operation influence the workloads of an operator and equipment, determining the
productivity of the technological process. Analytical models were developed for the
operational control of a production line efficiency considering the probability—statistical
parameters pertaining to the performance of operations and technological equipment
peculiarities. The article presents research results, which characterise the dependence
of a production line efficiency on the type of equipment, and the duration of
preparatory and final operations considering their probability. Under an optimal
workload of the operator, the duration of the complete program changes linearly,
regardless of the time required for the performance of operations by a computer
without the involvement of the operator, and depending on the type of equipment.
A managerial decision can be optimal under the condition that the factor of
technological process efficiency (K_TP) tends to max. The developed method of
analytical determination can be used to calculate the workload of both an operator
and technological equipment. The calculations of the duration of a production line
operation resulted in the methodology for the consideration of probability
characteristics pertaining to the time distribution of the period required to perform
operations, which influences the unequal efficiency of the production line. The
probabilistic character of time distribution related to intervals of performed operations
serves as a parameter in the management of technological process optimisation,
which can be achieved using simulators of technological processes optimised in terms
of their efficiency.
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cess should result in a product of appropriate quality

The efficiency of modern automation of machine ~ and low production cost within a short period
building is characterised by its flexibility, reduced  (Sobolewski et al., 2012). This goal helps to increase
production costs and the volume of manufactured  competitiveness in the unstable economic market.

products (Galova et al., 2018). A technological pro-
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Many approaches can be used to improve com-
petitiveness. One of the concepts is flexible produc-
tion. Flexibility depends on the probabilistic
character of the performance of operations under-
taken by an operator of technological equipment.

Thus, the duration of performing an operation
will be different, as well as the workload of the
equipment operator. The number of operations per-
formed by one operator or certain equipment ser-
viced by one operator depends on the duration of
time required to perform the operations. It is
important to exclude idle times of the operator and
equipment.

The duration of time required for the perfor-
mance of similar operations by various operators is
different and accidental. The productivity of the
technological process changes depending on the
duration of performing an operation.

One possible way of optimisation is through the
distribution of workstations (Kikolski et al., 2018).
However, it is necessary to consider the duration of
time required to perform the operation. Time is the
main criterion, which influences productivity. The
analysis of the duration of performing an operation
characterises the functioning of a technological
process (equipment). It optimises the amount of
equipment serviced by one operator.

Thus, the actual problem is to develop a mathe-
matic model to control the technological process
optimisation, which does not require the correction
of the system’s technical parameters but rather of the
organisational and managerial factors related to the
technological process.

The duration of time required to perform opera-
tions is the main parameter, whereas the time of
performance is accidental and probabilistic. The
article presents the methodology of the research
into an optimal amount of equipment serviced by
one operator. The methodology considers the work-
load factor and the distribution of the duration of
performing an operation, which corresponds to the
law of normal distribution. The productivity of
a technological line is the criterion of optimality.

The article presents research results regarding
the duration of performing an operation using an
example of a technological line in a machine-build-
ing company (Ukraine). The research was conducted
using different combinations of workstations. Tech-
nological equipment was placed in a line, angle-wise
to the direction of the operator’s movement, i.e. the
“herringbone” arrangement, or on both sides of the
workstation of the operator, ie. the “tandem”

arrangement, or ordinarily, in the direction of the
operator’s movement, i.e. the “parallel” arrange-
ment.

1. LITERATURE REVIEW

Optimisation is an instrument that can be used
to solve engineering problems; however, it is not
simple. No unified, universal method exists for an
effective  solution of engineering problems
(Wedrychowicz & Bydalek, 2017). Recently, imita-
tive modelling has become widely used. Application
of an imitative model to a technological process of
production based on standard stochastic distribu-
tions ensures the balancing between flows of pro-
duction inputs and outputs considering the
operator’s workload (Rahman & Ullah, 2015;
Zwierzynski et al., 2018). An imitative model is used
to determine bottlenecks and evaluate some possible
alternatives. For instance, the rearrangement of
workstations or equipment, the adjustment of the
level of resources, and the employment of additional
workers. The research proposes alternative methods
to increase the efliciency of the system under unset
parameters and their limits, which optimise the
technological process and, particularly, the produc-
tivity of the system.

Some researchers (Mourtzis et al., 2015; Al-
Ahmari et al., 2016) consider that digital technolo-
gies of production can also be used to experiment
with production systems and processes and produc-
tion resources. However, such efforts are advisable
at the level of abstracting and in the case of the lack
of definite digital parameters for a technological
process.

Technological process planning has changed
together with the dynamic social demand, accord-
ing to the Industry 4.0 concept (Briesemeister &
Novaes, 2017). In particular, certain shifts occurred
in logistic models of inputs and outputs of the pro-
duction process. Traditionally, production is opti-
mised based on a search with the help of a simulator
to evaluate the importance of decisions (Ivanov,
2017; Ran, 2018).

The article offers a methodology for decision-
making based on SPAF — the sustainable process
analytics formalism (Shao et al., 2014). It provides
step-by-step instructions including required data,
sensitivity analysis and the optimisation of decisions
in relation to sustainability indices on the basis of
modelling and analysis. However, a mathematical
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model, either empirical or analytical, is the final
element in decision-making.

The best possible decision suggests a dynamic
optimisation of the technological process with the
use of automatic systems of control in the case of
a worker absence (Akesson, 2008). Such a case
requires a mathematical model and the specification
of parameters.

Otherwise, it is required to use standard soft-
ware programs, which ensure the assessment of
decision-making risks on the basis of statistical data
processing, while taking managerial actions to
express the accepted optimisation parameter
in qualitative terms (Garcia & Garcia, 2018; Sujova
et al.,, 2019; Mourtzis, 2019; Kibira & Shao, 2016).

In contrast, mathematical and, particularly,
analytical methods are universal and more available;
besides, they secure effective decision-making.
Explicit mathematical formulas and numerous
methods of calculation are used. In such a case,
modelling simulators are adjusted to specific condi-
tions, performing faster and with high accuracy of
optimisation and forecasting. Thus, analytical meth-
ods are still widely used for assessing the efficiency
and production optimisation (Sujova et al.,, 2019;
Mourtzis, 2019).

An analytical method has been developed to
additionally consider the distribution of time inter-
vals of an operation performed by an equipment
operator. It determines the coefficient of the opera-
tor’s workload, which indicates the amount of
equipment that can be serviced by one operator
effectively and immediately. The research considers
different arrangements of equipment placed in
a technological line and the movement of an opera-
tor from one piece of equipment to another while
performing the same operations.

2. RESEARCH METHODS

2.1. DEVELOPMENT OF THE METHOD FOR THE
MANAGEMENT OF TECHNOLOGICAL PROCESS
OPTIMISATION

The control of efficiency of completed techno-
logical processes secures the continuous improve-
ment of their operation in all fields, particularly,
organisational, technological, economic and others
(Tkaczyk & Roszak, 2002).

For a technological process, the efficiency of
optimal functioning is assessed by the factor of effi-
ciency K

1
Krp :CLZ(QP_AQP)' 1
TP p—

where CTP stands for the consumption of energy
required to perform the technological process;
Q, — the productivity of a production process under
ideal conditions;
AQ, — the efficiency of a technological process
under an inconsistency of the system’s parameters,
which are subordinate to the probability character-
istic of the distribution of indices in time, revealed
in their quantity equivalent, AQ,=Q,- W, ;
W,,, — productivity of the technological process
considering the probability distribution of the dura-
tion of performing the operation.

The presented dependence (1) demonstrates
that efficiency is contingent on parameters of a
technical system, which should provide conditions
for the performance of a technological process
according to the technological requirements on the
reduction of production costs.

The choice of a rational direction for the
improvement of computer technology considering
production peculiarities depends on requirements
for technological operations of the production pro-
cess. The efficiency can be increased by reducing the
period of performance of some technological opera-
tions, which do not influence the quality of the final
product.

A typical process of computer technology was
taken as an example, the regulated workstations
were subjected to a set of operations, performed by
an operator according to the following technology:
o  prepare to perform operations for a set of items:

- the operator or an item approaches the
device used to perform the operation;

- preparatory operations (expected by regula-
tions for the operation (route) map);

o performance of main operations:

- switch on technological equipment opera-
tions and preliminary consistency control
(position, supply, regimes, etc.);

- perform main operations (under partial vis-
ual control by the operator);

« performance of final operations:

- technical control of item parameters or other
operations according to the operation (route)
map;
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- switch off the operation process and remove

the item off of the equipment;

- control the conditions, move to the next

operation or item.

To make a theoretical analysis into the regulari-
ties of technological indices of the process, depend-
ing on the type of technological equipment (manual,
automatic, robotised), standard consumption of
time can be used for the performance of an opera-
tion or the consumption of time by the stopwatch
study.

The duration of time required to perform main
operations is regulated by the operation modes of
technological equipment and by the item, which is
processed by the equipment.

The productivity and efficiency of work of an
operator manning the technological equipment
(tools) and the quality of performed operations
(according to standard requirements) depend on
the amount of servicing equipment, simultaneously
controlled by one operator. The amount of servicing
equipment, simultaneously maintained by one
operator, depends on the time of performance of the
main operation (without the operator’s participa-
tion, but performed by equipment, programmed by
the operator, to complete one operation) and the
duration of preparatory and final operations, and
the time required for passing from one equipment
to another (or a workstation).

The visualise how a technological process is
organised using the technological equipment as well
as understand the sequence of operations performed
by the operator, Fig. 1 presents a cycle scheme of the
stream process used by computer technology of a
random performed operation.

o 1]

e 2 IIIIII\

For instance, if one operator services four work-
stations, where each of the stations has two opera-
tions equal in time, the operator performs the first
operation and then passes to the second. Thus, hav-
ing four workstations, the operator controls four
technological machines or one operation in each,
i.e. the number of simultaneously processed items
(details, etc.).

Fig. 1 demonstrates that having an optimal
number of workstations or an amount of serviced
equipment per one operator, the factor of the opera-
tor workload should be equal to one or approaching
one.

The duration of preparatory and final opera-
tions depends on the conformity with standard
requirements and technological skills (qualification)
of the operator. Considering the sequence of pre-
paratory and final operations of computer technol-
ogy (Fig. 1), the factor of the operator workload K
is calculated by the formula (Dmytriv et al., 2018):

_ lsdo (nam.ed -1)- tf

Nam.ed tp—f

K

op )

where ¢, stands for the duration of operations on
one equipment or one workstation, t , =t + t,p S
t — the duration of operation performed immedi-
ately on the equipment, without the operator’s par-
ticipation, s;

t, — the duration of final operations, s;

t,, — the duration of preparatory and final opera-
tions, s;
n, . — the amount of equipment, controlled by one

operator, or the number of workstations serviced by
one operator, units.

Warkstation number

T T
0 240 480

— passage of the operator; |[|:|:|] — the duration of preparatory operations t,, s;

T 1 T T
720 260 1200 . 8

I:I — the duration of main operations

tm, S; N — the duration of final operations t;, s
m, & p 7

Fig. 1. Cycle scheme of computer technology
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If K, >1, the operator is underloaded and has
free time, whereas if K <1, the operator is over-
loaded and does not keep to performance regula-
tions regarding preparatory and final operations due
to the lack of time.

Consideringthatt =t +¢,t, =t +t +tand
using the dependence (2) for the calculation of the
optimal amount of technological equipment per one

operator, the following result is obtained:
-1

-1
¢ t t
Nam.ed tm'|:K0p +%(Kop 1):] Jr|:Kop +%(K0p l):| (3)
P P pr

ty Y, L
or  Ngmed = |:Kop +Z(K0p —1)} ‘Lp*' 1} 4)
where ¢ stands for the performance of preparatory
operations by the operator, s.

Considering the mathematical model for the
probability of performance of operations by com-
puter technologies, the impact of the process design
for different types of technological equipment
(manual, automatic, robotised) on the distribution
of time intervals representing the duration of per-
formed preparatory and finishing operations is
analysed in the research. The indices used to organ-
ise the technological process of the equipment
operator include productive efficiency of the opera-
tor and equipment; and the probable and mathe-
matical expectation for the duration of preparatory
and finishing operations.

The law of normal distribution applies to the
duration of time required to perform preparatory
and finishing operations by computer technologies,
their limits of the scope, the mean square deviation,
and dispersion of the results for a sampling distribu-
tion of 100 observations of the performance of
operations using different types of technological
equipment (Kodra et al., 2008).

The distribution of the duration of time required
to perform preparatory and finishing operations is
subordinate to the normal law, which is character-
ised by the probability density function (Bronstein
etal., 1986):
| _(t—m@)z

= O 20
JAO) o \/ﬁ 5)
where o stands for a confidence interval; m()
mathematical expectation.

A mathematical expectation of the variable t for
the Gaussian distribution is determined by the for-
mula (Bronstein et al., 1986):

(t=m@®)?

M= [t f(t)-dt = ! t-o 27

0'-\/2~7r-_3c

-dt (6)

t—-m(t)

The o

tion of equation (6). Consequently, equation (6)
undertakes the following form:

= x is substituted for the integra-

M= ﬁ I;( N2 +m())- e dv=
_o- V20 F m )
7l T e

In equation (7), the first integral is equal to zero,
and the second is the Euler-Poisson integral, respec-
tively:

J.e'xz-dx:Zfe'xz~dx:\/;. (8)
© 0

Thus M|t| = m(t) which characterises the
mathematical expectation of the variable t, is the
average value for the integral of distribution of the
random variable t.

The dispersion of the variable t is calculated by
the formula (Bronstein et al., 1986):

(l—m(f))2

Dl = ———— | (t—m(7 20’ dr (9)
- [=m®)
TheZ T:l/(;) = x is substituted, and, conse-

quently, equation (9) undertakes the following form:

Dx |_— (10)

‘\/— —-®
The integration of parts of equation (10) resulted
in the following equation:

2
o L
v IZ'X'X'GXZ “dx=

T J;xz-e”‘2 -dx=ﬁ )

'=%~{x-exz :{J;e# -dx}.

The first addition of integral (11) under X — o0
is reduced faster than the exponentiation growth.
Thus, it is equal to zero. The second addition of
integral (11) is equal to Jr, according to the
dependence (8).

Thus, the dispersion of the variable ¢ will be
D\t\ —¢?, and o in equation (5) is a mean square
deviation S of the variable ¢.

Table 1 presents the distribution of performance
duration of preparatory and final operations for the
set types of technological equipment, as well as their
mathematical expectation and dispersion.

Using the distribution model for the duration of
preparatory and final operations and having a math-
ematical expectation regarding the duration of the
performance of those operations (Table 1), the
model is created for the duration of the performance

Daj=2
(11)
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Tab. 1. Characteristics pertaining to the distribution of the duration of preparatory and final operations performed by computer technology

Tvpe OF MATHEMATICAL EXPECTATION |MEAN SQUARE DEVIATION
TECHNOLOGICAL OPERATIONS DISTRIBUTION LAW
M(T:), M(Te), S, DISPERSION 52
EQUIPMENT
Manual, linear (,p 757,79)2 S(t,) = 8.225
arrangement t, £t,)= 1 o 26765 M(t,)=67.79+8.225 0’=67.65
NPT 82052
(e, -82,02F S(t) = 14.12
tr _ 1 o 219938 M(t)=82.02+14.12 0°=199.379
fip)=——F—
141227
Partially (;p,(,g,(g)z S(t,) = 8.233
automated, to _ 1 o 26778 M(t,)=68.65+8.233 0*=67.78
. f(tp) = .
linear 8,233-N2-7
arrangement (¢, -53,11p S(t)=10.219
t o 1 o 210444 M(t)=53.11£10.22 0%=104.438
flp)=——F——
1022427
Partially (tp —36,84)2 S(tp) = 4.431
automated, t, ft,)= 1 o 219634 M(t,)=36.8424.431 02=19.634
“tandem” 4431427
arrangement
& (1 —45.34) S(ty) = 4.432
tr Y= 1 o 21964 M(t;)=45.34+4.432 0’=19.644
flp)=——"F7—-
443227
Automatic, (t,, —37,85)2 S(ty) = 4.627
“tandem” to ft,)= 1 o 22141 M(t,)=37.85+4.627 0’=21.41
arrangement SNP 4.627 27
(e, 17,617 S(t) = 2.429
t )= 1 & 25898 M(t)=17.61+2.429 0%=5.898
(AR WLy
Automatic, (, , 38,29 S(ty) = 2.987
“herringbone” t 1) = 1 o 28926 M(t,)=38.29+8.926 0%=8.926
arrangement ? 59921
(e, -100P S(ty) = 0.48
— 2 _
t _ 1 o 2023 M(t)=10.1+0.48 0°=0.23
fip)=—"F7—-
’ 0,48-4/2-7
Automatic, (,p ,31,09)2 S(t,) =3.94
“parallel” to )= 1 o 215522 M(t,)=31.09+3.94 0°=15.522
arrangement JSNplT 39427
(e,-1094) S(t)= 0,904
t N 1 o 20816 M(t;)=10.94+0.904 0’=0.816
flp)=——F7—"
0,904-v2-7

of one-type operation using different types of tech-
nological equipment. From equation (2), it is possi-
ble to derive a dependence for the calculation of the
duration of an operator workload by the calculated
amount of technological equipment. The duration of
the operator workload depending on the amount of
manned equipment can be calculated by the for-
mula:

by = Kop “Nam.ed '(tp + tf) (12)

Due to the probabilistic character of the distri-
bution representing the duration of the performance
of preparatory and final operations, dependence
(12) undertakes the following form considering the
mathematical expectation for the performance of
operations:

ty = Kop “Nam ed lt_p J—FS(tp)th_f x S(tf)J, (13)

where p,t_ fstands for the average value of the
duration of preparatory and final operations,
respectively, s;

S(t,),S(ty) — the mean square deviation of
the duration of preparatory and final operations
performed by computer technology, respectively, s.

The duration of the performance of a production
program considering the number of operators per
computer technology (workstations or technological
equipment) is calculated by the formula:

Ty = Kap ‘Mam.ed [fp + S(tp) + ff + S(tf)] ) Mprog/Nn,op’ (14)

where M,,,,. stands for the production program, units;
N,» — the number of operators, servicing a
technological line, number of people.
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Dependence (14) enables calculating the
duration of the performance of a program with
different duration of the performance of an operation
immediately on the equipment and without the
operator’s participation, and the optimal workload
for different types of technological equipment.

2.2. MODEL OF A TECHNOLOGICAL PROCESS
EFFICIENCY UNDER THE RATIONAL WORK-
LOAD OF A COMPUTER TECHNOLOGY OPERA-
TOR

The productivity of different types of
technological equipment used for operations of
different duration to procedure one item ensures the
optimised management of the technological process.

Considering the duration of the operations .,
for one production item (considering the
performance of preparatory and final operations
tio = tm + tp), the dependence for the determination

of labour efficiency will have the following form:

_ 3600- Nam.ed
Isdo

op (15)
From dependence (2), the dependence can be

derived for the operator efficiency or the efficiency of

a production line with a set amount #gmes of

technological equipment, having determined the

duration of the operations ty, for each production

item and having introduced it in dependence (15):

3600 - 1, o4

WprL = T (16)
Kop “Nam.ed '(tp + tf) +Zf(1 ~Named)

Considering the mathematical expectation for
the duration of time required to perform preparatory
and final operations, dependence (16) undertakes the
following form:

3600-n,

- am.ed

Kop Mamed [p TS, +1 £5(t )]+

Wprr =

17)

+ (ff + S(tf)) (1 - nam.ed)

With the help of the developed analytical method,
the research was conducted, which confirmed the
reasonability to use the statistical distribution of
probability for the duration of operations performed
by an operator for the management of the techno-
logical process optimisation.

3. RESEARCH RESULTS

3.1. RESULTS OF THE ANALYTICAL RESEARCH
OF AN OPERATOR’S WORKLOAD

The amount of equipment serviced by one opera-
tor characterises the workload. Results of the model-
ling of the operator workload and dependence (2) are
demonstrated in Figs. 2-4.

The increase in the amount of equipment, which
is serviced by one operator (Figs. 2 and 3), causes an
increase in the operator’s workload. Thus, the opera-
tor cannot keep to the set time limits required to
perform the operation adequately. Therefore, the
coeflicient of the operator’s workload depends on the
correlation between the duration of the performance
of the operation immediately by the operator and the
duration of the performance of operations without
the operator’s participation.

Results of the modelling for the optimal amount
of technological equipment per one operator are
demonstrated in Fig. 5.

Under the condition that final operations are
performed without the participation of an operator
(i.e. automated or serviced by a robot), the change of
t/t, correlations from 1 to 7 contributes to a signifi-
cant increase in the amount of equipment serviced by
one operator. For the analysis of dependence (4), the
article supplies a diagram of the response projections
(Fig. 6).

The duration tm of an operation performed
immediately on the equipment without the operator’s
participation is an important parameter influencing
the amount of equipment, which is simultaneously
serviced by the operator. The analysis of the graphical
dependences (Figs. 5 and 6) resulted in a sampling of
the most common types of equipment used in
Ukraine (Fig. 7).

The analysis of the research results (Figs. 5 and 6)
demonstrated that an increase in the duration of
computer operations (¢, ) without the operator’s par-
ticipation led to an increase in the amount of equip-
ment serviced by one operator. Similarly, an increase
in the correlation between the finishing and prepara-
tory operations caused an increase in the amount of
equipment serviced by one operator.

The condition for the conformity of the opera-
tor’s work with requirements of computer technology
is expressed as Kop>1.
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Fig. 2. Workload of the operator of manual technological equipment
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Fig. 3. Workload of the operator of partially automated technological equipment
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1 — partially automated, “herringbone” arrangement, 4 units of equipment; 2 — partially automated, “tandem arrangement, 3 units of
equipment; 3 — automatic, “herringbone” arrangement, 8 units of equipment; 4 — automatic, “herringbone” arrangement, 16 units of
equipment

Fig. 4. Workload of the operator of automated technological equipment
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Fig. 5. Dependence of the amount of technological equipment nem.s serviced by one operator on the duration t» of the operation

performed immediately on the equipment and without the operator’s participation and the correlation of final and preparatory operations
tf/tp

NATANANANNNNNANY
MARANARAN AN
\\\ \\\\\i\\\\\\\ o
B e e
I e
BANANNN NSNS
I e e

1 2 3 4 5 6 oty

Fig. 6. Diagram of projections for the response surface of a dependence of the amount of equipment nam.d serviced by one operator on the
performance duration t» of the operation immediately on the equipment and without the operator’s participation and the correlation of
final and preparatory operations ts/t,
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1 — manual, linear arrangement; 2 — partially automated, linear arrangement; 3 — automatic, tf/fp 'm” arrangement;
4 — automatic, “herringbone” arrangement

Fig. 7. Dependence of the amount of technological equipment num.s serviced by one operator on the duration t»on of the operation

performed immediately on the equipment and without the operator’s participation, and on the type of equipment

Thus, an increase in the level of automation of
technological operations ensures an increase in the
amount of equipment serviced by one operator (Fig.
7). The duration of computer operations, regardless
of the level of automation, leads to an increase in the
amount of equipment serviced by one operator.

3.2. RESULTS OF THE ANALYTICAL RESEARCH
ON THE DURATION OF WORK AND EFFICIENCY
OF A PRODUCTION LINE

Figs. 8-11 present the calculations for the dura-
tion required to perform a program using depend-
ence (13) and different duration of the operation
performed immediately on the equipment without
the operator’s participation and the optimal workload
of the operator for different types of technological
equipment.

The reduction in the duration of a production line
operation within the range of the correlation
t/t,=0.5-0.8 results from the optimal amount of techno-
logical equipment serviced by one operator, and under
K, = 1. The reduction in K, <1 is intolerable because the
operator will not manage to perform all operations
according to requirements because of the unargued
amount of serviced technological equipment.

The productivity of a production line (equation
21) depends on the duration of time required to per-
form preparatory tp and final tf operations, which
have the number series subordinate to the normal
distribution and the duration tm of performance of
the computer operations without operator’s partici-
pation. It also characterises the number of equipment
units serviced by an operator and regulates the factor
of the operator workload Kop. The modelling results
are demonstrated in Fig. 12.
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Fig. 8. Interval in the duration of a production line operation to perform the program for 100 products during the time tn, of the
operation performed immediately on the equipment and without the participation of the operator
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Fig. 12. Dependence of the efficiency of technological equipment on the duration t» of the operation performed immediately on the
equipment and without the participation of the operator, and on the correlation ts/t,, under: t—=>min, t,~>min

4. DISCUSSION OF THE RESULTS

The analysis of modelling results demonstrated
that under the optimal workload of an operator (1.0 <
K, < 1.15), the duration of time required to perform
the program changes linearly, regardless of the time
tm of the operation performed immediately and
without the participation of the operator, and depends
on the type of equipment (Figs. 10 and 11).

The analysis into the dependence of the efficiency
of technological equipment on the duration tm of
operations performed by computer without the par-
ticipation of an operator, and the correlation ¢/t
under t> min, t, > min (Fig. 12) confirmed that the
productive efficiency of equipment is subordinate to
the second-order equation. In the 3D diagram (Fig.
12), the domain of the efficiency of a technological
process at the level of 29-36 unit/hour corresponds to
the manual equipment with a linear arrangement,
and 51 unit/hour or more — the automatic equip-
ment with the arrangement, which is required for the
work of manipulation robots.

Therefore, the results of the research on the
dependence of the efficiency of a production line on
time characteristics of the technological process can
be used to optimise the process control by determin-
ing the efficiency of the optimal operation by expres-
sion (1).

The reduction in losses of a technological process
efficiency causes an increase in system efficiency.

CONCLUSIONS

The analysis into a technological process of com-
puter technologies demonstrated that the duration of
preparatory and final operations depended on the
type of equipment, level of automation of operations
and instruments, and partially depended on an
operator’s qualification and sense of responsibility.

The amount of technological equipment serviced
by one operator characterises the workload under the
condition of the conformity with standard require-
ments for computer technology.

The time interval of the technological equipment
operation depends on intervals of preparatory and
final operations and the time tm of the operation
performed immediately on the equipment and with-
out the operator’s participation. Thus, when the factor
Kop of the operator’s workload approaches one, the
duration of the equipment operation reduces. How-
ever, in the case of increasing K, > 1 the operator
will be underloaded, and thus, the duration of the
technological equipment operation will increase.

The optimality of the approved managerial deci-
sion is reached under the condition when K, > max.

The developed method for the analytical deter-
mination of the workload helps to calculate the
workloads of an operator and technological equip-
ment. The calculations of the duration of a produc-
tion line operation resulted in the methodology for
the consideration of probability characteristics per-
taining to the time distribution of the period required
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to perform operations, expressed a the irregularity of
the production line efficiency.

The consideration of the probabilistic character
of distribution of time intervals required to perform
an operation is taken as a parameter for the manage-
ment of a technological process optimisation, which
can be achieved using simulators of technological
processes with optimised efficiency.
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