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PLANNING OF THE TRANSPORT PROCESS TAKING INTO ACCOUNT
THE UNEVENNESS OF CARGO TRANSPORTATION
IN THE AGRO-INDUSTRIAL COMPLEX

IIJIAHYBAHHS TPAHCIHIOPTHOT'O ITPOLIECY
3 YPAXYBAHHSAM HEPIBHOMIPHOCTI IIEPEBE3EHBb BAHTAXKIB
B A'POITPOMUCJIOBOMY KOMIIJIEKCI

The analysis of modern scientific research and publications devoted to the quantitative assess-
ment and forecasting of transport flow unevenness using mathematical—statistical methods and machine
learning algorithms has shown that decomposing time series of transport operations into trend, sea-
sonal, and random components makes it possible to improve the accuracy of forecasting and transport
resource planning. The study emphasizes the importance of considering transport seasonality in the
agricultural sector, where peak loads occur during harvest periods.

A method for modeling the transport process using mathematical—statistical indicators (stand-
ard deviation, coefficient of variation, coefficient of unevenness) is proposed, which makes it possible
to quantify transport flow fluctuations. Special attention is paid to the use of Fourier series to describe
seasonal and periodic variations in transportation volumes and the least squares method for determin-
ing the parameters of a theoretical function. An alternative modeling approach based on n-degree pol-
ynomials is proposed, providing flexibility and adaptability in the analysis of real transport data.

The results confirm that mathematical-statistical modeling of uneven cargo transportation al-
lows one to forecast daily and monthly fluctuations of transport flows, determine the optimal number of
vehicles for peak periods, form efficient vehicle operation schedules considering seasonal peculiarities,
and justify the use of reserve fleets or variable working modes.
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The obtained results can be applied in the development of transport planning and dispatching
control systems aimed at reducing downtime and empty runs. Further research should focus on creating
predictive models using regression analysis, machine learning, and time series methods to more accu-
rately identify patterns of seasonal and daily fluctuations in transport demand.

Keywords: transport process, transport planning, cargo flow unevenness, coefficient of varia-
tion, mathematical-statistical analysis, road transport.

Pozenanymo numanna nianyeanns mpancnopmuo20 npoyecy 6 azponpoMuciogomy KOMNIeKci
3 YPaxy8aHHAM HEPIGHOMIPDHOCTI Nepese3eHb 6AHMAICI8, AKA € OOHUM I3 20JI08HUX YUHHUKIG, WO GNIIU-
8alOMb HA eheKMUSHICMb poOOMU A8MOMPAHCNOPMHUX nionpuemcmes. Hepienomipuicms nepegesens,
0COOIUBO BAHMAIICIB ASPONPOMUCTIOBO20 KOMNLEKCY NPU3EOOUMD 00 HEPAYIOHATbHO20 GUKOPUCHIAHHSL
PYXoM020 CKady, NiOSUWEHHs COOI6apmMOCmi MPAHCNOPMHUX POOIM [ 3HUNCEHHS PUMMIYHOCTI 102iC-
MuyHUX onepayiti. Boonouac 3a3HayeHo, Wo 3MeHUeH s HePIBHOMIPHOCI MONCIUBE WLAXOM YOOCKO-
HAJIeHHA NIIAHY8AHHA NEPEGe3eHb, CMBOPEHH ONMUMANbHUX 3aNACi8, PAYIOHATbHO20 POSMIWEHHSA CKIA-
0i8 Mma y3200CceH st 2pahiKie MpaHCNOPMY8aAHHS.

AHnaniz cyuacHux HayKosux 00cuioxcens i nyonikayii, aKi npucesdeni KiibKiCHIU oyiHyl ma npo-
2HO3VBAHHIO HEPIGHOMIPHOCMI B8AHMAICONOMOKIE 3 GUKOPUCMAHHAM MAmMeMamuKo-cmamucmudHux
Memo0dis i aneopummie MauUHHO20 HAGYAHHS NOKA3AS, WO PO3KIAOAHHS YACOBUX PAOIE Nepese3eHb Ha
MpPeHO08Y, Ce30HHY Mma BUNAOK08Y CKAAO08I 0d€ 3M02Y NIOSUWUMU MOYHICMb NPOSHO3Y8AHHA MA NJa-
HY8AHHS MPAHCROPMHUX PecypCis. Y poOOmI HA2010UWEHO HA 8AXHCTUBOCTNI YPAXYBAHHS CE30HHOCMI Ne-
peseseHb Y CLbCbK020CN00apCbKOMY CeKMOopi, 0e RIKO8I HABAHMANCEHHSA CNOCEPIalombCsl 8 Nepioou
300py epodicaio.

3anpononosano MemoouKy MoOe08aHHA MPAHCROPMHO20 NPOYecy i3 3aCMOCYBAHHAM Mame-
MAMUKO-CIMAMUCMUYHUX NOKA3HUKIS (CepeOHE KeaopamuyHe GI0XUNICHHS, Koeiyienm sapiayii, Koegi-
YIEHM HepIGHOMIDHOCMI), WO 00360JA€ KIIbKICHO OYIHUMU KOJIUBAHHS 8AHMANCONOMOKI6. OCHOGHY
y8azy npuodiieHo 8UKOPUCMAKHIO padie Dyp e 01 ONUCY Ce30HHUX | NepioOUUHUX 3MIH 00cs2i6 nepege-
3€Hb, a4 MAKONC MemMOOy HALMEHUUX K8AOpamis OJisl BUSHAYEHHS napamempie meopemuyHoi QyHKyii.
3anpononosano arbmepramugHull NioXio MOOem08ANHS HA OCHOGI NOIIHOMIG H-20 CIMYNEHI0, Wo 3a0e3-
neyye eHyuKicmy i a0anmueHicims NpU AHANIZE PeaibHUX MPAHCHOPMHUX OAHUX.

Peszynomamu 0ocnidocents niomeepoxcyioms, wo Mamemamurxo-Cmamucmuine MoOeur08aHHs
HEPIBHOMIPHOCTI nepege3erb 003680A€. NPOSHO3Y8amu 00006i Ma MICAUHI KOTUBAHHS 6AHIMANCONOMO-
Ki6; BUHAYAMU ONMUMAILHY KIIbKICMb a8mMomMo0Oinie 05 3a0e3neueH s nepeseseHsb v Nikoei nepioou;
dopmysamu egpexmusHi epaghiku pobomu pyxomoeo ckiaody 3 ypaxy8aHHAM CE30HHUX 0cobausocmel,
00TPYHMOBY8AMU OOYLIbHICHb BUKOPUCMANHS PE3EPEHO20 ABMONAPKY AO0 3MIHHO20 PeHCUMY pOOOmMU.

Ompumani pesyrvmamu mMoxcymv 6ymu UKOPUCIAHI NPU pO3POOAEHHT cUCmeM NIAHY8AHHS.
ma OUCnemu4epcvbKo20 YPAGIiHHA A8MOMPAHCHOPMHUX NIONPUEMCING, OPIEHMOBAHUX HA 3MEHUICHHS.
npocmois i xonocmux npooieig. Ilodanvuti 00crioHcenHs OOYLTbHO CRPAMY8AMU HA CBOPEHHS NPOSHO-
3HUX MoOenell i3 3ACTNOCYBAHHAM MemoOi8 pecpecilinozo ananizy, MAWUHHO20 HABYAHHS MA YACOBUX
PA0is 05 Oiib MOYHOL i0eHmuU@iKayii 3aKOHOMIPHOCIEN CE30HHUX | 00008UX KOIUBAHL MPAHCROPIN-
HO20 nonumy.

Knrouosi cnosa: mpancnopmuuii npoyec, niany8aHHs nepeee3eHb, HePieHOMIPHICIb 8AHMANCO-
NOMOKI8, KoeghiyicHm sapiayii, MamemamuKo-CmamucmuyHuil AHaui3, asmMomoOLIbHUL MPAHCHOP.

Problem’s Formulation

Road transport is the leading link in logistics systems and provides up to 70 % of the total vol-
ume of freight transportation in the agro-industrial complex of Ukraine. The efficiency of the function-
ing of a road transport enterprise is largely determined by the degree of uniformity of the transport
process, which affects the use of rolling stock, labor productivity, transportation costs and the rhythm
of the work of consignors and consignees [1, 2].

The unevenness of transportation is characterized by changes in their volume in tons and truck
turnover in ton-kilometers over time, i.e. by quarters, months, weeks, days and hours of the day. The
unevenness of transportation worsens the use of rolling stock, production facilities and equipment of a
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road transport enterprise. However, it can be reduced and even completely eliminated by improving
planning, creating reserves, rationally placing warehouses, and timely processing on site of products
that quickly deteriorate due to other factors.

Creating inventories entails additional costs. It is recommended to balance the transportation
schedules of low-value bulk cargo, but it is impractical to smooth out the flow of valuable cargo.

Analysis of recent research and publications

Over the past few years, there has been a growing body of work aimed at quantifying and pre-
dicting the unevenness of freight flows using both classical mathematical and statistical methods and
modern machine learning algorithms. Below is a summary of key areas and conclusions relevant to the
problem of transportation process planning [3,4].

Research in recent years emphasize that for correct planning it is necessary to decompose the
time series of freight flows into a trend, seasonality and random component - this allows you to more
accurately identify regular fluctuations (daily, weekly, seasonal) and respond to them in fleet and sched-
ule planning. In application examples (urban and intercity flows), the authors use classical approaches
to decomposition together with time series to forecast peak loads [5].

Analysis of specific routes (for example, transportation of agricultural products, produce lanes)
illustrates the strong seasonality of freight flows, with peaks concentrated in limited months. In such
cases, the authors recommend combining time series with calendar variables and flexible formation of
rolling stock reserves in the “high season”, as well as using targeted load balancing scenarios (transfer-
ring part of shipments to the off-season or using subcontracting) [6,7].

Formulation of the study purpose

Modeling the process of transporting agricultural products will allow obtaining objective func-
tions to determine the following characteristics: volume of cargo transportation; cargo turnover; con-
tainer arrivals. Determination of mathematical-statistical indicators (standard deviation, coefficient of
variation, coefficient of unevenness) will allow quantitatively assessing fluctuations in cargo flows.

Using the obtained data in the planning process will help increase the utilization rate of the
vehicle fleet, reduce downtime, and reduce the cost of transportation.

Presenting main material

The unevenness of transportation is estimated by the unevenness coefficient by the volume of

transportation in tons [8]:

P
Ty =B, m
freight turnover in ton-kilometers:
Wmax
nW = ' (2)

w
where Wmax, Pmax — respectively, cargo turnover and transportation volume during the busiest period;

W , P — respectively, average cargo turnover and transportation volume.

Modern methods of planning the transport process are based on its mathematical-statistical re-
search and modeling [9,10].

Periodic and seasonal fluctuations in transportation volumes and cargo turnover are conven-
iently represented using Fourier series.

In this case, it is required to obtain such simple harmonic oscillations, the summation of which
corresponds to the oscillations of the actual levels of the dynamic series. Based on these considerations,
the change in transportation volumes is presented as a function of time:

Vi = ag + Yx=1(ax coskt + by sin kt), (3)
where y, — aligned (theoretical) values of transportation volume P;, cargo turnover W, or number of
containers submitted Z,. At certain values of t, they are called moving, or conditional, averages; a,,
ay, b, — unknown parameters of the theoretical objective function given by Fourier series; k — har-
monic series (k =1, 2, ..., n).

Based on the least squares method, the parameters of the Fourier series are determined by the
following formulas [11]:

ap = E=22t (4)
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=231, i coskt; (5)

bk = ;Zi=1 yisinkt. (6)
When studying the unevenness of transportation, n is often taken equal to the number of months
in ayear, i.e. 12.
Then for different months of the year t in the expressions under the sign of the functions takes
the values given in Tabl. 1.

Table 1. The values of trigonometric functions of the parameters of the Fourier series

month value month value
January 0 July b
February /6 August 71/6
March /3 September 41/3
April /2 October 31/2
May 21/3 November 51/3
June 51/6 December 117/6

Taking the number of harmonics k equal to 1, 2, 3 ..., we find all values of cos kt and sin kt.
According to the value of the harmonic, the Fourier series change their form.
When k = 1 function (3) takes the form:

¥ =ag+ ascost + by sint. @)
Atn
n o, n o no
0= 21;;3’1; 4. = ZL=136’lcost; b, = Zl:l);lSIHt' (8)
In the case of the second harmonic (k = 2):
¥ = ag+ a, cost + by sint + a, cos 2t + b, sin 2t, 9)

Whel’e az Zl 1Yicos2t. b Zl 1y151n2t

In the case of the third harmonic (k = 3):
Y, = ag + a; cost + by sint + a, cos 2t + b, sin 2t + a5 cos 3t + b3 sin 3¢, (11)

where az —M b, _ Zit,yisin3t
6 6 .

The unevenness of transportation can be represented by other dependencies, for example, by an
nth degree polynomial:

91 = ag + art + ayt?+ ...+ a,t™, (12)
where aq, a4, ... , @, — unknown parameters.
Finding the parameters ao, a1, ... , a is reduced to solving systems of linear equations. In this

case, the available database is used: vector y and matrix T. The system of equations is presented in
matrix form:
T - A = yt’ (13)

1t, tf ..t] ay V1
1t, t2 ..t} (a w (yzw
whereT =1 1¢, 3 7 | Q| = :
\1 tn t2 ..t”/ \an/

A system of linear equations with unknowns ag, a,, ..., a,, is solved in Mathcad using a matrix
method:

w

T-T1 A=y, -T™ 1 (14)
A - Yt . T_l. (15)
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Conclusions

Mathematical-statistical research of uneven transportation allows: to predict daily and monthly
fluctuations in cargo flows; to determine the optimal number of vehicles required to ensure transporta-
tion on peak days; to form vehicle operation schedules taking into account seasonal features; to justify
the feasibility of using a variable operating mode or a reserve fleet of vehicles; to develop models for
optimizing logistics flows that minimize idle and idle runs.

Optimization is carried out by leveling cargo flows (for example, by transferring part of the
transportation to less busy days) or by implementing flexible dispatching control systems.

Further research should be directed towards building predictive models using regression analy-
sis and machine learning methods to predict seasonal and daily fluctuations in transport demand.
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