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The work is devoted to mathematical modeling of production processes. Existing methods of production processes modeling
are analyzed. Calculated workflow schemes are proposed when planning the manufacturing process by maximizing work ap-
proximation. The dependences of the time parameters calculation and the conditions of the proposed calculation schemes ap-
plication are given. The method of the time parameters calculation of production processes execution by the method of works
maximum approximation is offered. The procedure of calculation and construction of production processes calendar schedule
is given. The advantages of the proposed methodology in comparison with existing modeling methods are analyzed
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MojaenroBaHHS BUPOOHMYOTO NPoIleCy
METO/I0M MAKCHMAJIbHOI0 30JIMsKEeHHS POOiT
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Mero10 CTaTTi € pO3pOOJICHHS PO3PAXYHKOBHX CXEM B3a€MO3B’SI3KiB MiXK pOOOTaMH, SIKi JO3BOJIATH BUKOHYBATH ITaHYBaHHS
BUPOOHUYOTO NPOLECY METOIOM MaKCUMAaJIbHOTO 30JIHKEHHS POOIT, Ta OTPUMaHHS 3aJISKHOCTEH U1 pO3paxyHKy IapaMeTpiB
4yacy BUKOHAHHS POOIT; po3po0IIeHHsI METOMKH PO3PaxyHKyY MMapaMeTpiB 4acy BUKOHAHHs POOIT METOIOM iX MaKCHMaJIbHOTO
30JIM)KCHHS, a TaKOXK NOOY/10Ba KaJICHIAPHOTO IUIaHY i3 3a3HaYEHHSAM KPUTHYHOTO LUIIXy. BusBieHo, 10 pi3HOMaHITTS B3ae-
MO3B’sI3KiB MiJK poO0TaMu 3BOAUTHCS 10 TPHOX BUIIIB: MOCIIIOBHE, ITapaielibHe i M0CiiJOBHO-IapajieibHe BAKOHAHHS POOiT.
IlepeTBOpeHHs IMX BiIOMHX B3a€MO3B’SI3KIB Ha PO3pPaxXyHKOBI CXEMHU JO3BOJISIE CTBOPUTH NPHUHIUIIOBO HOBY MaTeMaTHUHY
MOJIeJb IIJIAHYBaHH BUKOHAHHS pOOiT. 3aIporIOHOBaHI CXEMH JAI0Th 3MOT'Y BIIMOBUTHCS BiJl 5)KOPCTKHX IMPOCTOPOBHX 3aXBa-
TOK IIpH OpraHi3amii IToCIiJOBHO-IapajIeNbHOr0 BUKOHAHHS poOiT. MeTo MakCHMaJILHOTO 30JMKEHHS poOiT SBIIsE€ c000I0
HOBY aHAJITHYHY MOJEJb ITAHYBAaHHS BHPOOHUNTBA 3 HAOYHHM BiJOOpaXKEHHSAM OpraHi3alifHUX 1 TEXHOJOTIYHUX B3ae-
MO3B’s13KiB poOiT. Po3pobiiennii MeToa Hagae MOXKIIMBICTh MPOCTILLE MEPEXOANTH BiJ] aHATITHYHOTO MOJCIIOBAHHS 10 rpadi-
YHUX KaJeHIapHUX rpadikiB. MeTo MakCHMalibHOTO 30JIMKeHHsI pOOIT JIETKO MiAAA€THCs aBTOMATH3aLi1 004HCIIeHb 3a A0TI0-
MOTOI0 EJIEKTPOHHO-00YHCITIOBATIBHOI TEXHIKH, a TAKOXK aBToMartu3aLii rpadidnoi nodynosu. Lle no3Bossie Oinbin eheKTHBHO
BUKOHYBATH ONTHMI3allil0 IJIaHyBaHHS BUPOOHMITBA (SIK 32 TPUBAIICTIO, IPUBOJLIYH 11 10 TMPEKTHBHOI, TaK 1 3a pecypcamu),
CBOEYAaCHO BPAaXOBYBATH 3MiHM BUpOOHHYNX oOcTaBuH. Takuii MeTox Jae 3Mory OpaTH 0 yBark opraHi3amiifHi if TeXHOIOTIdHI
00MeKEHHSI, IPH [[bOMY BHKJIIOYAIOYH IIPOCTOI OpHraj, M0 BUKOHYIOTH POOOTH. 3alIpONOHOBAHI PO3PaxyHKOBI CXEMH Ta 3a-
JIEXKHOCTI JUIS1 BU3HAYCHHS [TapaMeTpiB 4acy JO3BOJIIIOTH OXOINTH BCE PI3HOMAHITTSI B3a€MO3B’SI3KIB POOIT (IOCIIiIOBHE, Ta-
paienbHe, TOCTiIOBHO-NapajebHe BUKOHAHHS pO0iT)

Kirouogi ciioBa: MmaTemaTiHyHe MO/ICTIOBAHHS BAPOOHHLITBA, METO MAKCUMAJIBHOTO 30JIMKEHHS POOIT, pO3paxyHKOBI CXEMH,
PO3paxyHOK MapaMeTpiB Yyacy BUKOHAHHSI BUPOOHHYIHX HPOLECIB, KaJICHIApHUA Tpadik
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Introduction

Modern industrial production, which combines a
large number of contractors with complex and diverse
relationships between them when executing work on a
joint project, is impossible without flexible and timely
planning. Such planning is possible only on the basis of
application of the works organization calculated meth-
ods. In addition, the management of modern production
is characterized by a multitude of solutions, the choice
of the best due to the variety and complexity of tech-
nologies is not an easy task. The solution to this prob-
lem is possible through the use of economic and math-
ematical methods for modeling the production process
and computer. Thus, developing a management model
that would most adequately reflect the main features of
the production process and be amenable to automated
calculation, would be easy to use and enable the visu-
alization of results, is an urgent task.

Review of the research sources and publications

Today there are many methods of planning the pro-
duction process, each of which is characterized by its
positive and negative qualities, quite widely covered in
the literature [1 — 13]. Models that have become widely
used in the planning of production processes in con-
struction include Gantt charts, various network models,
matrix models. In most cases, these mathematical mod-
els are ultimately interpreted into graphical calendar
models that are close in structure to linear graphs.
Along with the positive qualities that make it possible
to use these methods, they have some disadvantages.
Thus, the disadvantages of Gantt charts [4, 6] include
the lack of clearly illustrated relationships between
work, the inflexibility and rigidity of the chart structure,
the complexity of its adjusting, the complexity of vari-
ant processing, the inability to use computing to auto-
mate calculations. The disadvantages of network mod-
eling include the lack of the production processes dis-
play clarity, the complexity of the structure, especially
in the serial-parallel execution of works, high complex-
ity of calculations. The main disadvantage of matrix
modeling is the need to separate objects into rigid spa-
tial captures. Therefore, the existence of serious short-
comings in existing planning methods make research in
this area relevant.

Definition of unsolved aspects of the problem

Despite the large amount of work devoted to this
problem, a method of modeling the production process,
which adequately reproduced the main features of the
production process and made it possible to automate the
calculations, was easy to use and made it possible to
clearly visualize the results of modeling, is not pro-
posed.

Problem statement

The purpose of the article is to develop computational
diagrams of relationships between works that will al-
low planning of the production process by the method
of works maximum approximation, and to obtain de-
pendencies for the calculation of the work execution

time parameters. Development of a method for calcu-
lating the work execution time parameters by the
method of their maximum approximation, as well as the
construction of a calendar plan indicating the critical
path.

Main material

Based on the analysis of the relationships of works
that are characterized the construction industry [4, 6],
their diversity can be reduced to three ways of linking
works in time: this is a serial, parallel and serial-parallel
execution of work. Technological and organizational
peculiarities of process execution make demands for
time lag of one work from another on the minimum ac-
ceptable technological or organizational break. Such
interconnections of work, taking into account organiza-
tional and technological breaks, make it possible to
bring their execution as close as possible to serial-par-
allel execution without splitting the object into cap-
tures. As a result, the paper offers computational dia-
grams that allow you to simulate these three ways of
linking work in time and to calculate the work execu-
tion time parameters using the maximum approxima-
tion method.

The first design scheme 1. Serial execution of works
(Fig. 1). The serial execution of works is planned in the
case when the full completion of the previous work is
required to start the next work, and a time gap is possi-
ble between them.
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Ir..l:| i

Figure 1 — Design scheme of works serial execu-
tion

The strength of concrete is obtained after the work of
concreting the foundation for the equipment.
Then the equipment installation work is carried out.
The completion of a previous job is associated with the
beginning of the next job in the serial work execution
of. The calculation of time parameters when using such
a scheme is performed according to the following de-
pendencies:
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where tfb — late beginning of work i;
t{¢ — early ending of work i;

ti[e — late ending of work i,

tlef , —early beginning of work i+1;
t lli ; — late beginning of work i+1;
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t;,; —early ending of work i+1;

T: — duration of work i;

T;.; — duration of work i+1;

Ty — the minimum allowable gap time between works.

The second design scheme 2a, 2b. Parallel works ex-
ecution (Fig. 2-3). Work is carried out independently of
each other in parallel execution. However, it may be
necessary to link the beginnings or endings of work.
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Figure 2 — Design scheme 2a
of parallel works execution
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Figure 3 — Design scheme 2b
of parallel works execution

For example, electricians should start work on laying
electricity before plasterers; the break between works
should provide the front of the plastering work through-
out the site. In the future, electricians and plasterers do
their jobs independently, ending one job affects the
ending of another. Painting and sanitary works can be
carried out in parallel and independently. In terms of
the interrelationship of these works, their beginnings
are not interconnected, but the finishing of the painting
works should be later than the sanitary works with such
a gap in time between their endings, which allows the
painters to complete the final painting of the sanitary
fixtures and communications. The time parameters
when using Scheme 2a, that is, when work is related to
beginnings, are defined as follows:

eb _ ,eb .
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where tfb — early beginning of work i.

In the case of combinations of works with finishes,
the time parameters are defined as follows:
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where ¢ — late ending of work i+1.
i+1

The third design scheme 3a, 3b. Serial-parallel works
execution (Figs. 4, 5). Serial-parallel works execution
implies a constant lag of the next job from the previous
one for a certain time, which cannot be less than the

minimum allowable gap between the works. The mini-
mum acceptable interval is taken depending on the re-
quirements of safety or work technology. For example,
between the soil excavator and the completion of a soil
manually, such a gap in time is required, which guaran-
tees a safe distance between the excavator and the
workers. Between the plastering and painting works
take the technologically necessary gap in time, which
ensures the plaster will dry up before the painting works
begin. In order to ensure a minimum allowable time gap
between the works during their serial-parallel execu-
tion, it is necessary to observe this gap throughout the
work execution (both at the beginning and at the end).

Depending on the ratio of the previous and subse-
quent works duration, it is possible to establish the need
to introduce a gap between the beginnings (scheme 3a)
or the endings of works (scheme 3b).

If the duration of the next work is greater than or
equal to the previous one, then the delay of the next
work beginning from the previous one to the minimum
permissible gap guarantees at least a delay during the
whole time of their joint execution (scheme 3a, Fig. 4).

If the duration of the next job is less than or equal to
the duration of the previous one, then to guarantee the
delay of the next job from the previous one during the
whole time of their execution by the value of the mini-
mum gap, a sufficient delay of their endings by the min-
imum acceptable gap (scheme 3b, Fig. 5).

Figure 4 — Design scheme 3a
of serial-parallel works execution
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Figure 5 — Design scheme 3b
of serial-parallel works execution

When using serial-parallel works execution schemes,
the calculation of time parameters is performed by de-
pendencies (5, 6, for scheme 3a) and (7, 8, scheme 3b).

In order to start calculating time parameters, it is nec-
essary to have an organizational and technological
scheme of work. It is proposed to draw up such a
scheme in the form of a table (Table 1) using the fol-
lowing design schemes. The works are separated by the
minimum possible permissible gaps in the development
of organizational and technological scheme. The works
are entered in the table in the order of their execution.
The work code is its serial number. At the same time,
the work duration graph is filled. Then each work is
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considered in relation to previous works, as a result of
the analysis the codes of the previous works and the
numbers of the design schemes are filled. If the work
under consideration is related to several previous
works, then the design scheme of relationship and the
gap between each of them are indicated. The value of
the minimum permissible gap between the works is
taken from the conditions of the lag during the techno-
logical or organizational break or by the requirements
of the backlog in space. The justification for the need
to enter the work gap is indicated in the last column of
the table.

Calculation of time parameters is proposed to be per-
formed in tabular form (Table 2) according to the given
design dependencies. The spreadsheet consists of two
parts: the left one, which describes the organizational

and technological interrelationships of the works, and
the right one, in which the parameters of the works ex-
ecution time are calculated. First, the left part of the ta-
ble is filled, the data for which is received in accordance
with the organizational and technological scheme (ta-
ble 1).

The calculation starts with the determination of the
early parameters. The calculation is performed for each
job, moving from work to work from top to bottom.
The calculations use dependencies that correspond to
the design diagrams of the relationship between the
works. If the work in question is related to several jobs,
then the early parameters maximum values calculated
for that work are taken into account for the determina-
tion of this work execution time parameters.

Table 1 — Organizational and technological scheme of works execution
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Table 2 — Calculation of works execution time parameters
by the method of works maximum approximation
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After calculating the early parameters, the late param-
eters are determined. The calculation is carried out for
each work, moving from the bottom up. In the final
work, the early and late parameters are the same. The
calculation is based on the dependencies that corre-
spond to the calculation schemes. As there are several
references to the work in the following works, minimal
values are taken from the calculated parameters for
each reference of the works execution time.

After calculating the early and late parameters of the
works execution time, time reserves are determined.
They are calculated as the difference between late and
early parameters.

According to the results of the execution time param-
eters calculating, the mathematical model of production
should be represented in graphical form. Graphic rep-
resentation of the mathematical model allows to present
it in a clearer form, to attach the works execution to the

calendar basis, which in turn makes it possible to plan
the provision of resources production and to control the
timely execution of planned works. The most visual
and convenient to use are linear calendar graphics. The
basis for drawing the calendar schedule is the forml,
which is given in [13].

The calculation of the production organization plan-
ning by the method of works maximum approximation
(table 2) makes it easy to translate it from analytical to
graphical form.

Construction of a linear graph is performed according
to early time parameters. Scale bar graphs indicate
work planed on early parameters, time gaps between
works, possible late endings of works, time reserves,
links between work, and the critical path of the sched-
ule. An example of constructing a linear graph is shown
in Fig. 6.

p Maonths
B Processes name Marth | April
E.'E 3 Working days
[2 4|6 |810{12/14]16]18120(22|24]26|28|30(32|34 36|38[40
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m - gap on critical path;

time reserve:

T= 1w, m8:0 =8 — sings of gaps and time reserves

Figure 6 — Linear calendar chart based on the calculation results

Conclusions

It is known that all the diversity of relationships be-
tween jobs comes in three types: serial, parallel, and se-
rial-parallel works execution. The transformation of
these known relationships into computational schemes
allows us to create a fundamentally new mathematical
model of work scheduling. The proposed schemes al-
low to avoid rigid spatial engagements when organiz-
ing serial-parallel works execution. Replacing the work
lags in space by the lags in time makes it possible to
naturally take into account the technological and organ-
izational gaps between works in the time parameters
calculations, which in turn allows us to maximize
closeness of the works execution between works.

The method of works maximum approximation is a
new analytical model of production planning with a vis-
ual representation of the organizational and technolog-

ical interconnections of the work. It allows you to de-
velop the positive qualities of previous models and to
some extent eliminate their negative properties. The de-
veloped method makes it easy to move from analytical
modeling to graphical calendar graphs. The method of
works maximum approximation is easily subjected to
automation of calculations by means of electronic com-
puting, as well as automation of graphical construction.
This makes it possible to optimize production planning
more efficiently (both in terms of duration, leading to
policy and resources), and to take into account changes
in production circumstances in a timely manner.
The developed method allows to take into account or-
ganizational and technological constraints, while ex-
cluding simple brigades performing the works.
The proposed calculation schemes and time-dependen-
cies allow us to capture the full range of work relation-
ships (serial, parallel, serial-parallel works execution).
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