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In this article, a matrix model (ones (rank organization of types of work matrix (ROTW)) is used
to determine the location and connection in space and time of the main and additional parallel grippers.
The main works are used to calculate the values of grippers by a sequential parallel method for
technologically similar processes, and additional ones — by a parallel method to increase the amount of
resource. The mathematical model includes the research objective and parameters that affect the
construction time. The optimal solution is achieved by the parallel method in stages: by reducing the
periods and duration of flow-lines, initial and final values of grips and critical works. There has been
no study of a sequential method of reducing the construction period using only existing crews. The
effectiveness of the phased method of reducing the construction period is determined in comparison with
the method of using additional parallel flow-lines

Key words: periods of deployment and convolution of flow-lines; serial-parallel and parallel
method; variant design; technologically similar works; rank matrix with priority on the work front;
Critical Path Method.

Introduction

For energy-saving technologies of building construction, rational constructive, organisational and
technological solutions (COTS) should be introduced on the basis of variant design, which will allow the
introduction of resource-saving technological and constructive solutions for the construction of the building
(Hrihorovskyi P. Ye., 2022; Mudrjy 1., 2011; Hicks S. J., 2004; Using modern, 2005). Variant design for
the organization of work allows to reduce construction time by introducing additional labour resources and
redistributing workloads between related processes. In non-rhythmic flow-lines, this condition can be
achieved by the parallel and parallel-serial methods, with the solution of the issue of reducing the
deployment(convolution) periods of flow-lines (Ivaneiko 1., 2022; lvaneiko 1., 2023) and the duration of
processes. In general, no such study has been conducted.

Construction experience shows that there is a need to accelerate the completion of the facility (The
construction, 2020). Reducing the construction duration is achieved by applying industrial labour methods
(consolidated assembly, high factory readiness of building products, structures and equipment) using high-
performance and energy-saving machines and mechanisms of various types (Marcinkowski R., 2020;
Ivaneiko I. D., 2020), in-line methods, increasing the number of workers and shift work, several parallel
streams, etc (Shumakov I. V., 2015; Mudryy 1., 2017).

Reducing the construction time on non-rhythmic flows was carried out by using parallel crews to
achieve a rhythmic flow, introducing an even number of flows on the most labour-intensive works, and
searching for and changing the duration of critical works in grid planning (Ivaneiko 1., 2023). To calculate
the construction period, the Critical Path Method (Kelley, 1959) or optimization methods (Brucker, 2007;
Tanaev, 1989; Lazarev, 2011; Pinedo, 2012; Gross, 2006; Cormen, 2007; Jason Chao-Hsien Pan, 2002;
Schaller J., 2005) are applied using parallel or sequentially parallel linkage methods with the use of new
teams and flow-lines (Afanasiev, 1990; Maj T., 2007; Ushatsky S. A., 2007).
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A study conducted at Lviv Polytechnic National University showed that there are many factors in
flow-line design and grid planning that cause uneven deviations in labour intensity and timing of work on
the grippers. These deviations increase the period of deployment and convolution of the flow-line (labour
reserve) and increase the duration and number of people on site. A partial solution to the problem of
reducing the duration of ongoing construction has been achieved by the sequential parallel method on
technologically similar works within the available labour resource (lvaneiko I., 2022; lvaneiko I., 2023)
and there is a need for their further study by using parallel works (with additional resources).

To develop and improve the model and theory of current irregular construction to reduce the periods
of deployment (convolution) of the flow-line and the construction period by introducing parallel methods
without changing the number of teams.

Materials and Methods

Parallel methods in the current organisation of works are used to reduce the construction period,
which is achieved by redistributing labour resources between the teams using the sequential-parallel and
parallel methods. This balancing of processes is intensive and extensive in nature and uses the labour
resources available at the site or additional resources. A mathematical model has been developed to use
additional parallel resources within existing teams. The calculation is carried out in stages and includes:
balancing the duration of several technologically similar processes; reducing deployment periods, flow-line
durations and critical work by an additional resource. The methodology uses schedules of the number of
workers as well as ordinary (with continuous development of the OTW front) and rank (with continuous
use of the ROTW resource) matrices.

Mathematical model of the problem. The objective function of our problem can be written in the form:

T<T" 1)
where T" — is the normative construction period; T — is the construction period based on the flow-line,
which is equal to:

T=T +T, =T° +T, )
where T, and T, — the lead time for the first and last work in the flow-line, excluding additional parallel

grippers; T® and T° - the total periods of deployment and convolution of the flow-lines, they are
determined by the following formulas:

=2 (3)
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where T and T° - are the periods of deployment and convolution of the i-th flow-line, determined by the

formulas:
k-1

T¢ ImaX(Zt D Z, 1<k<m (5)
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where -t — duration of the i-th row-Ilne (work) on the j-th front; 1,2,..., j,...,K,...,m — partial work

fronts; 1,2,...,1,...,n— partial flow-lines (work).

To determine the total number of grips on a flow-line construction site, a model was developed that
divides them in space and time into main and additional parallel ones (rank organization of types of work
matrix (ROTW)) (Table 2). The total number of grippers on a structure is determined by the number of
ranks (N, ). Additional parallel quantities (T7,) are determined by balancing the two processes or are equal
to zero. The maximum number of parallel grippers on a work is determined by the formula:
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N,=N,—-m (7)

where N, — is the total number of grippers on the structure; N, — is the number of parallel grippers on the
work; m — is the number of assigned grippers to the work.
Example 1. The output data are included in the matrix in the OTW system (Table 1).

Table 1

OTW matrix for the number of works n=6 on divisions m=7

Divisions and duration of the work
oTW 1] 21314576 m?
A 1 by | b1z | tiz | tia | tis | 16 t17
B 2 t21 t22 t23 t24- t25 t26 t27
e
’g c 3 tzg | t32 | 33 | t3a | 35 | t36 t37
G
172} D 4 t41 t42 t4-3 t4-4- t4-5 t4-6 t4-7
=
~ E 5 tsy | ts2 | sz | tsa | ts5 | tse ts7
F n:6 t61 t62 t63 t64- t65 t66 t67

A rank matrix with continuous resource utilisation (ROTW) and with the timing of the main ¢;. and
additional parallel (T},) work was developed (Table 2) to create a model without changing the number of
teams. The timing of additional work is calculated to balance related processes or is assumed to be zero.

Table 2
The ROTW matrix model n- m=6+7 with additional parallel work
Ranks and duration of work

ROTW* 1 1 2] 3 4] 5 [6] 7 809 [10]11] p12

A 1 ti1 | tiz | tiz | tia | tis | tie | t17 | Tag | T19 | Taa0 | T11a | Ti12

B 2% [Ty | tzz | tz3 | g | las |26 | t27 | ta2g | Tag | T210 | T211| T212

§ C 3% [T3q | T3z | t33 | l3g | t35 |36 | t37 | t3g | 30 [T310| T311| T312

“;: D 4% | Tsy | Tsz | Tsz | tas | lys |l4e | ta7 | tag | lao | gr0 | Taaa| Tarz
o

2 E 5% | Tsy | Tsy | Tsz | Tsg | tss |tse | ts7 | tsg | tso | €510 | ts11 | Tsiz

F =6 | Tes | Tez | Tes | Tea | Tes | tes | te7 | tes | teo | te10 | to11 te12

* The amount of work n =6 on the grippers m =7 ; the timing of the main t;,. and additional parallel T},
grippers.

Methodology for solving the problem of reducing the construction period:
1. Reducing the time of technologically similar processes.
2. Additional parallel works to reduce the periods of deployment and convolution of flow-lines.
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3. Alignment of the labour schedule with parallel work.
4. Reducing the duration of critical activities to further shortening of the construction period (matrix
for the Critical Path Method).

Results and discussion

The output data (Table 3) and the variant for comparing the construction period reduction by
additional parallel flow-lines (Afanasiev, 1990) are presented in Table 4. The calculation was performed
using the branch-and-boundary algorithm, and includes 6 brigades, with the maximum use of three brigades
on the schedule (average number of workers Nag=2.43). The construction duration is reduced from 54 to

Table 3

37 days.
Input data
Divisions, duration of
OTW work
1 II 111 v
n A 4 8 10 6
=<
S |/ B| 2|5 /|23
kS
f C 7 4 9 1
o
>
= D 4 5 7 6

Table 4
Matrix for reducing construction time by
parallel flow-lines

oTW Divisions, duration of work

I v I II

Al 0 44 0 41014 0
A2 0 1910 0 111223
4 26 10 313 14 216 23 528

6 713 13114 16 925 28 432

Types of works

D1 13 417 0 25 732 32 537
D2 | 0 |%g® | o 0

Example 2. Reduction of the construction period by the sequential-parallel and parallel construction

method based on option 2 (lvaneiko I., 2022) (Table 5).

Table 5
Matrix of current calculation with continuous use of the resource
Divisions and duration of work Option 1 Option 2
oOTW Output data A+B
T S T S
I 1l 111 vV | TP T | 2 | T2 | The | =&
Tl T2
4 8 10 6 0 0
A 044 459 9716 16 420 19 28 28 4 20 27
2 2 5 3
= 2 19 4
o
; B 459 9817 17 421 21324 12 31 20 24
[72]
3 7 4 9 1 21 10
2| C |w 717 | 17421 | 21930 | 30431 2 21 42 6 211 4
4 5 7 6 32 21
D 21425 25530 30 737 37 643 11 22 54 11 22 43
Deployment period 32 21
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Determining the timing of the last and penultimate work gives the time of reduction of the last work
(works):
t;,/2=3<TZ; <t,—t;,=37-31=6
where t;, - is the duration of the main work 47 (Table 6); 72, .— is an additional parallel work to the main
work 47(Table 6); t;, i t;, —early start 47 and late finish 36 (Table 5).

To realise the unused resource, additional technologically similar parallel works are introduced,
starting from the end:

T =t,,12=6/2=3
Th =t —1:) /1 2=(7-1)12=+3
where t;, —t, - the difference between the works performed on one gripper.
T;+T; =3+3=6
To reduce the duration of the first work (t7) additional parallel grippers of the same type are
<t, =4/2=2 (located on the same rank of the ROTW matrix):
t=t,-T,,=4-2=2
In this case, the work is performed by 4 teams in 35 days, with the maximum use of three teams on
the schedule (average number of workers Nay=2.57).

introduced, equal to 72

Table 6
Matrix for redistributing the timing
of work by the parallel method
Ranks and duration of work Option 2 Option 3
oTW A+B A+B/paralel
T S T S
1|1 2] 3] 4]°5 6 7 TP T | = | T | Tas | 2
T. T
1 2
4 8 10 6 0 0 0 0 0
1
A 2 5 7 4 0 0 0 4 20 20 2 18 18
2
= 0 2 5 2 3 0 0 4 2
o 2
E B 2 5 8 4 3 0 0 20 24 20 22
o
P 0 0 7 4 9 1 0 10 8
3
% ¢ 0 0 7 4 9 | 143 3 6 21 31 6 21 29
0 0 0 4 5 7 6 21 19
4
D 0 0 0 4 5 4 3 1 22 43 1 16 35
Deployment period 21 19

Additional parallel work is not taken into account when calculating the deployment periods and
duration of work: 72 =2; T2 =+3; T7 =3.

The Critical Path Method calculation matrix is used to further shorten the construction period (Table
7).

It is possible to reduce the time of work tZ, and construction by four days with the Critical Path

Method by introducing additional parallel work with a total construction period of 31 days. In this case, the
work is performed by 4 teams, with the maximum use of four teams on the schedule (average number of
workers Nayg=2.9).
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Table 7
Critical Path Method calculation matrix

Divisions, duration of work
oTW
1 II 111 v
0n2 27 714 14 418
A 022 257 8715 24428
2
o) 27 7ql5 15 419 | 19422
= B 2 57 7 815 15 419 28 331
—
15}
0 7514 15 219 | 1928 | 28429
<3 C 8715 15 419 19928 3132
>
= 14 418 1924 | 28 432 | 32435
D 19 423 23 528 28 432 32 335

37

Example 3. Calculation of the example which is performed with a reduced number of grippers (Table

8 and 9).
Table 8
Output data
Divisions Types of works
A B C D
1 12 7 11 9
16 5 10 13
Matrix for redistributing the timing of work by the parallel method
. Option 1 Option 2
Ranks and duration of work
Output data Parallel works
ROTW s TS
12|34 ]|5 |TP|Ty| 2| T2 | Thn|H
Tl T2
12 16 0 0
1
A 6 8 28 20 14 13
£ 0 | 7|5 1]0 2t 21 ° 2
5 2
s |B 6 | 7 | 5 |5+2 121 5 P
S 0 | 11 | 10 | 0 10 8
A 3
g c 8 |6 |5 6| || a [ I
|_
0 9 13 40 19
D|4 5 7 7 12 22 62 6 14 33
Deployment period 40 19

Table 9

In this case, the work is performed by 4 teams in 34 days, with the maximum use of three teams on
the schedule (average number of workers Nag=2.73).
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Conclusions

1. Today, virtually the majority of buildings are completed with delays (77 % of projects are 40 %
behind schedule (Optimisation, 2023). To implement an effective BIM technology, it is necessary to
optimise costs and time. One of the ways to achieve the required time is to develop effective calculation
methods and implement them in production.

2. A mathematical model for calculating the reduction of construction time by parallel methods is
proposed.

3. A methodology for solving the problem of reducing the construction period is developed.

4. The proposed method for reducing the construction period by sequential-parallel and parallel
methods with irregular flow-lines allows reducing the construction period by 12-18 % compared to the
method of parallel flow-lines.
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1. JI. IBaneiiko
Hamionansuuii yHiBepcuteT “JIbBiBChbKA MOITEXHIKA”,
Kagenpa OyniBeIbHOrO BUPOOHHIITBA

CKOPOYEHHSA TEPMIHY IIOTOYHOI'O BYAIBHUIITBA ITAPAJIEJIBHUM CIIOCOBOM
3 BUKOPUCTAHHSAM HASAIBHUX BPUTI'A /]

© Isanetixo I J1., 2024

VY craTTi 3ampoNOHOBAHO 3MCHIIMTH TPHUBANICTh BUKOHAHHS HEPUTMIYHHUX ITOTOKOBUX pOOIT mapa-
JIeTTLHUM METOJIOM 32 JIOTIOMOTOI0 HAasIBHUX OpHras.

3a HEPUTMIYHOT'O ITOTOKOBOT'O Oy IIBHHUIITBA ICHYIOTB IPOIIECH 13 3a11aCOM HEBUKOPHUCTAHOTO TPYIOBOTO
pecypcy Ha poOoTax, sSKi BU3HAYalOTHCS TEPIOJIOM PO3rOPTAaHHS IMOTOKIB. BOHM BIUIMBAIOTH Ha TEpMiH
cniopy/ukeHHst Oynimi. [lix wac mpoekTyBaHHS Ta BHPOOHMITBA BHHUKAIOTH CHTYAaIlil, KOJIH HEOOXiTHO
3MEHIUTH TEPMiHM BHUKOHAHHS pPOOIT, HOpMAaTHBHI a00 BCTAaHOBJICHI 3aMOBHHUKOM. OmHHMM i3 cmoco0iB
BUpIIICHHS TPOOIEMHU € YBEAEHHS NOJATKOBOTO MAapajledbHOTO PEeCcypCy A 3MEHIICHHS KaJleHIApHOTO
TepMiHy OYAIBHUIITBA | BUKOPHCTaHHS MaIlINH.

CkopoueHHs1 TepMiHy OYIiBHUIITBA 3a JOIOMOTOIO OpraHizailii poOiT IOCITaloTh MapajieIbHUM
METOJIOM — 3aIPOBAKEHHSIM JI0JJATKOBUX 3aXOIUICHb, IIOTOKIB 1 po0iT. OnTHMi3aIliiiHi MoCIiJOBHOCTI TIOTOKY
po3paxoByroTh ciocobamu Critical Path Method, teopii po3kiaziB Ta anropuTMOM TiJIOK i MEX.

VY crarTi Ans po3paxyHKy BHKOHAHO MOJENTh y MaTpulli (paHroBa Matpuis 3 Oe3lmepepBHUM
BUKOpHUCTaHHAM pecypcy ROTW) i BU3HAUCHHS PO3MIIIEHHS Ta 3B’SA3Ky B IMPOCTOPI Ta 4aci OCHOBHUX Ta
JIOZIATKOBUX MapaielIbHUX 3aXBaToK. OCHOBHI pOOOTH BUKOPUCTOBYIOTH ISl PO3PaxyHKy 3Ha4eHb 3aXOILICHb
MOCJITOBHO-TTAPAJICIFHIM METOJJOM Ha TEXHOJIOTIYHO OJHOTHITHHX IIpOIecax, a JOJATKOBI — IapajieibHUM
METOJIOM 3i 30UTBIIEHHAM KIUTBKOCTI pecypcy. MareMaThndHa MOJETb OXOIUTIOE METy JOCHiKEHHS Ta
nmapaMeTpy, MO0 BIUIMBAIOTh HAa TepMiH OymiBHHUITBA. ONTHMaNbHE PIIICHHS MOCITAETHCS TapajieIbHAM
croco0OM TMOETAIHO: 3MCHIICHHSM TEpioiB Ta TepMiHY MOTOKIB, MMOYATKOBHX Ta KIHIICBHX 3HAYCHb
3aXOIUICHb Ta KPUTHYHUX PoOiT. JOCHiKeHHs MOCIiJOBHOTO METOYy CKOPOYCHHS TepMiHy OyIiBHHMIITBA 3
BUKOPUCTAHHAM JIMIIE HasBHUX OpWTraj 3arajoM He BUKOHyBanocs. EQeKTHBHICTH moeTamHOTO METOAdy 3i
3MCHIICHHSIM TEpMiHy OyIiBHUIITBA BH3HAYCHO IOPIBHAHO 3 METOJOM BHKOPUCTAHHS JIOJATKOBHX
napaieIbHHUX MOTOKIB .

KurouoBi cjioBa: mepioaiB po3ropraHHsi i 3ropTaHHsl IOTOKIB; MOCHiI0BHO-MApaeaIbHU i
napajieJibHUii MeTO/; BapiaHTHe NPOEKTYBAHHSA; TEXHOJIOTiYHO OJHOTUIIHI POOOTH; PAHIOBa MATPHUS
3 mpioputerom no ¢pouty podir; Critical Path Method.
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