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MODELING OF THE URBAN ROAD FREIGHT TRANSPORTATION PROCESS USING
DESIGN OF EXPERIMENTS (A CASE STUDY OF KHMELNYTSKYTI)

The paper investigates the influence of key organizational factors on the productivity of urban road freight transportation
using the city of Khmelnytskyi (Ukraine) as a case study. Improving the efficiency of freight transport is an important task in modern
urban logistics due to increasing traffic intensity, growing freight demand, limited road network capacity, and the necessity to reduce
transportation costs while maintaining a high level of service quality.

To describe the transportation process, a response surface methodology based on a central composite experimental design
was applied. Three independent variables were selected for the study: the average technical vehicle speed, the route length, and the
average service time at a delivery point. The investigated ranges of the factors were determined according to the actual operating
conditions of urban freight transportation in Khmelnytskyi.

A second-order regression model was developed to describe the relationship between vehicle productivity and the selected
factors. The adequacy of the model was confirmed using statistical analysis, while the significance of the linear, quadratic, and
interaction effects was evaluated. The obtained results demonstrate that the average technical speed has the greatest influence on
transportation productivity, whereas the route length and the average service time at delivery points also have a statistically significant
effect. The significance of the quadratic speed term indicates the nonlinear character of the transportation process and confirms the
suitability of using a second-order regression model.

Based on the response surface analysis and the desirability function, the rational operating conditions for urban freight
transportation were determined. The optimal productivity is achieved at an average technical speed of approximately 35-38 km/h, a
route length of 10—12 km, and an average service time of 8—10 minutes per delivery point. Under these conditions, the predicted vehicle
productivity reaches approximately 31-32 tons per shif.

The proposed mathematical model can be used by freight transport operators to optimize urban delivery routes, reduce
vehicle idle time, improve fleet utilization efficiency, and support managerial decision-making in the organization of urban freight
transportation. The developed methodology can also be adapted for similar transportation systems in other cities with comparable
traffic and logistics conditions.

Keywords: urban freight transportation, road transport, freight transport productivity, mathematical modeling, design of
experiments, central composite design, response surface methodology, regression analysis, transportation process optimization.

IMOCOHCBHKHM CEPI'II, HIYEIIOPYK AHAPIN, TUXA OJJEKCAH/IP
XMeNpHALBKUI HAlliOHATBHUH YHIBEPCUTET

MOJEJIOBAHHSA MPOLHECY MICBKUX BAHTAXKHUX ABTOMOBIJIbHUX ITEPEBE3EHb
METOAOM INTAHYBAHHSA EKCIIEPUMEHTY (HA IIPUKJIAAI M. XMEJIBHUIIBKOI'O)

V' ecmammi docniooceno ennue opeauizayitinux Gaxmopie Ha NPOOYKMUBHICMb MICOKUX BAHMANCHUX ABMOMODIIbHUX Nepese3eHb Hd
npuxaadi m. Xmenvruybko2o. /s mamemamuiHo2o onucy mpancnopmHuozo npoyecy UKOPUCMAaHO Menoo NIaHy8aHHsA eKCNepUMEeHNy — YeHMpPaIbHull
KOMNO3UYIHULL NAaH. K 0CHOBHI (pakmopu 00CiOHCeHHS 0OPAHO cepeOHIo MeXHIUHY WEUOKICb PYXY A8MOMOOLNSA, O0BHCUHY MAPULPYITY NEPEBe3eHHS
ma cepeoHiil yac 06¢y208y8ants 00HIEl mouku docmasku. [100y006ano keadpamuyHy peepeciiiny MoOeb, o ONUCYE 3ATeHCHICHb NPOOYKMUBHOCI
nepegesenn 6i0 00CTONCYBAHUX AKMOPIB, MA BUKOHAHO OYIHIOBAHHS CIAMUCIMUYHOL 3HAYYWOCHI IX TIHIUHUX, K8AOPAMUYHUX eqheKmi6 | 63acMOOIil.
3a pesynbmamamu ananizy 6cmano6ieHo, wo HAOLIbWUIL 6NIUE HA NPOOYKMUBHICIb MPAHCHOPNIHO20 NPOYecy Mac cepeoHs MeXHIYHAa WeUoKiCmy
PYXy agmomobing, mooi AK 008ICUHA MAPWPYMy ma 4ac oOCIY208Y8aAHH MOYKU OOCHABKU MAKOJC ICTOMHO 6NAUBAIOMb HA eheKmusHicms
nepegesens. Ha ocrosi nofyoosanux nogepxomnv 6i02yKky ma QyHxyii 6asxcanocmi 6UsHaweno payionanbHi napamempu Op2anizayii MiCbkux 6anmag’cHux
nepegesenn, ujo 3a0e3neuyoms MaKCUManbHy npooyKmMueHicms aémomobins 6 ymosax excniyamayii micma Xmenvnuyvkoeo. Ompumani pesynsmamu
MooiCymy 6ymu 6UKOPUCTNAHI MPAHCNOPMHUMU NIONPUEMCMEAMY OISl ONMUMI3AYTl MApuipymis, CKOpoueHHs HenpoOYKMUGHUX GUMpam yacy ma
niosuujens ehpeKmueHOCmi BUKOPUCTANHI PYXOMO20 CKAAOY.

Kniouosi crosa: micoki 6anmasichi nepegesenisl, agmomMoOLIbHUL MPAHCNOP, NPOOYKMUGHICIb Nepesesetb, MamemMamuyne Mooeno8anHs,
NIAHYBANHS eKChePUMEHMY, YeHMPATbHUL KOMRO3UYIIHUI NIAH, NOBEPXH 8I02YKY, ONMUMI3aAYis MpanCnOPMHO20 NPoyecy.
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Statement of the problem

Road transport is one of the key components of the transport system of a modern city, ensuring the timely delivery
of goods to enterprises, retail networks, and end consumers. The increasing volume of urban freight transportation, the
rapid development of e-commerce, and the growing demand for faster product delivery necessitate the improvement of
transport process organization and the enhancement of vehicle fleet utilization efficiency [1-3].

For medium-sized cities in Ukraine, including Khmelnytskyi, increasing traffic load on the urban road network
is accompanied by a decrease in the average technical speed of vehicles, longer delivery times, and higher operating costs.
Under such conditions, freight transport productivity is determined not only by the technical characteristics of vehicles
but also by organizational parameters of the transport process, among which route length, average technical speed, and
service time at delivery points play a significant role [3—6].

One of the most effective approaches to investigating multifactor transport systems is the application of
mathematical modeling and design of experiments (DoE), which makes it possible to assess the simultaneous influence
of several factors, identify their interactions, and determine rational operating conditions for the transport process [7, 8].

Despite the considerable number of studies in the field of transport logistics, the mathematical modeling of urban
freight transport productivity using a central composite experimental design for the conditions of medium-sized Ukrainian
cities remains insufficiently investigated [4—12].

Forming article’s objective
The purpose of this study is to develop a mathematical model of the urban freight transportation process using
the design of experiments methodology, to evaluate the influence of organizational factors on transport productivity, and
to determine their rational values for the conditions of Khmelnytskyi.

Analysis of recent publications

Improving the efficiency of urban freight road transportation is among the most relevant research directions in
transport technologies, logistics, and transportation management. The continuous growth of traffic intensity, rapid
expansion of e-commerce, increasing requirements for delivery speed, and the need to reduce operating costs have
stimulated the extensive application of mathematical methods for analyzing transport processes and optimizing road
freight transportation [1-3].

One of the leading research directions is the development of the City Logistics concept, which aims at the
comprehensive optimization of urban freight distribution while considering economic, transport, and environmental
factors. The studies of E. Taniguchi, R. Thompson, and T. Yamada established the theoretical foundations of urban
logistics, proposed models of transport network operation, and substantiated approaches to improving the efficiency of
urban freight transportation [3]. Further development of this research area is reflected in recent studies devoted to
evaluating urban logistics performance, the operation of urban consolidation centers, last-mile delivery optimization, and
the implementation of intelligent transport systems [4—10].

Another important research area concerns the mathematical modeling of transport processes. Modern approaches
are based on regression analysis, simulation modeling, operations research methods, multicriteria optimization, and digital
decision-support technologies. The application of mathematical models enables the quantitative assessment of the
influence of technical, organizational, and operational factors on transport system performance and the determination of
rational operating conditions [6, 8, 11, 12].

Among contemporary mathematical modeling techniques, the Design of Experiments (DoE) method occupies a
prominent place. Its main advantage lies in the possibility of simultaneously investigating the influence of several factors,
identifying interaction effects, and constructing adequate mathematical models of complex processes. The theoretical
foundations of central composite designs, regression coefficient estimation, model adequacy testing, and optimization
procedures are comprehensively presented in the fundamental work of D. Montgomery [7]. Operations research methods
widely applied to transport optimization problems are thoroughly described by H. Taha [8].

Despite the substantial body of scientific literature, most studies focus on vehicle routing optimization, urban
logistics systems, or traffic flow analysis. Considerably less attention has been devoted to the mathematical modeling of
urban freight transport productivity using Design of Experiments techniques, which enable the simultaneous consideration
of several organizational factors and the determination of their optimal values. Studies employing a central composite
design to develop mathematical models of urban freight transport productivity under the conditions of medium-sized
Ukrainian cities, particularly Khmelnytskyi, are practically absent [4—12].

The conducted review demonstrates that the majority of current research is aimed at solving routing problems,
optimizing logistics networks, and implementing digital technologies in urban logistics. At the same time, insufficient
attention has been paid to the quantitative assessment of the influence of organizational parameters of the transport process
on freight transport productivity using statistical experimental design methods. Addressing this scientific gap constitutes
the basis of the present study.

Therefore, an important scientific and practical task is the development of a mathematical model of the urban
freight transportation process based on the Design of Experiments methodology, the evaluation of the influence of
organizational factors on transport productivity, and the determination of their rational values for the operating conditions
of the transport system of the city of Khmelnytskyi.
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Presentation of the main material

To investigate the process of urban freight road transportation, a mathematical modeling approach based on the
Design of Experiments (DoE) methodology was employed. The application of this approach makes it possible to establish
an analytical relationship between transport productivity and the main organizational factors, evaluate their individual
and combined effects, and determine rational operating conditions for the vehicle fleet. The methodological basis of the
study is a second-order Central Composite Design (CCD), which enables the development of an adequate quadratic
regression model and is widely used in the investigation of multifactor engineering systems [7].

The object of the study is the process of urban freight road transportation within the transport network of the city
of Khmelnytskyi. The subject of the study is the relationship between freight transport productivity and the organizational
parameters of the transportation process.

The optimization criterion adopted in this study is the daily (shift) vehicle productivity, i.e., the amount of freight
transported during one 8-hour working shift, /¥ (t/shift). This indicator comprehensively characterizes the efficiency of
vehicle utilization in urban freight transportation while accounting for the combined influence of operating conditions.

Based on the analysis of previous studies [1-6] and considering the specific characteristics of urban freight
transportation in Khmelnytskyi, three independent factors were selected for investigation.

1. Average technical speed (), km/h. This parameter characterizes road conditions, traffic congestion, and
vehicle operating conditions, directly determining the duration of the transportation cycle. Under the urban conditions of
Khmelnytskyi, the average technical speed of freight vehicles typically ranges from 25 to 35 km/h depending on the time
of day, traffic intensity, and route configuration.

2. Route length (L), km. This factor represents the distance between the depot and delivery points within a single
transportation cycle. As the route length increases, the trip duration becomes longer; however, the relative impact of
preparatory and finishing operations decreases, which may positively influence productivity up to a certain optimum value.

3. Average service time per delivery point (£), min. This parameter includes vehicle maneuvering, preparation of
accompanying documentation, loading and unloading operations, and vehicle preparation for subsequent movement. In
urban freight transportation, this factor is often one of the most influential because it directly determines the duration of
the transportation cycle.

Under the operating conditions of Khmelnytskyi, the average technical speed of light-duty freight vehicles
involved in urban transportation generally ranges from 25 to 35 km/h, depending on the time of day and traffic congestion.
Typical delivery routes are 8-20 km long, covering the city center, industrial districts, and commercial areas, while the
average service time at a delivery point is 10—15 minutes.

Thus, the selected factors characterize the three principal components of the urban freight transportation process:
the vehicle operating regime, the spatial characteristics of the route, and the time required to perform transportation
operations. Their combination provides a sufficiently comprehensive description of the organizational conditions of
freight transportation and enables the development of an adequate mathematical model of transport productivity.

To investigate the influence of organizational factors on urban freight transportation productivity, a mathematical
modeling approach based on the Design of Experiments methodology was applied. This approach makes it possible to
establish quantitative relationships between the investigated factors and the response variable, evaluate their individual
and interaction effects, and determine the optimal parameters of the transportation process while minimizing the number
of required experiments [7, 8].

Unlike a conventional full factorial experiment, which allows only a linear regression model to be obtained, the
Central Composite Design (CCD) enables the construction of a quadratic regression model that more adequately describes
real transportation processes, where the relationship between the influencing factors and transport productivity is
inherently nonlinear [7].

In this study, a second-order rotatable Central Composite Design for three factors was employed. The
experimental design consisted of eight factorial points corresponding to a full factorial (2) design, six axial (star) points,
and two center-point experiments. Consequently, the total number of experimental runs was 16, providing sufficient
statistical accuracy for estimating linear, quadratic, and interaction effects and for developing an adequate mathematical
model.

To construct the mathematical model, the natural values of the investigated factors were transformed into a
dimensionless coded space. The natural and coded factor levels are presented in Table 1.

According to the selected Central Composite Design (CCD), an experimental matrix consisting of factorial, axial
(star), and center points was constructed. Such a design structure makes it possible to estimate the linear effects,
interaction effects, and quadratic terms of the regression model, while also providing the basis for assessing the adequacy
of the developed mathematical model of the transportation process [7].

Table 1
Factor levels and variation intervals
v Levels
actors 1,68 -1 0 +1 +1,68
V' — average technical speed, km/h 16,6 22 30 38 43,4
L —route length, km 5,9 10 16 22 26,1
t — average service time of one point, min 3,9 8 14 20 24,1
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The experimental design matrix includes eight factorial points corresponding to the full factorial (2°) design, six
axial points located at a distance of (& = 1,68) from the design center, and two replicated experiments at the center point.
This combination ensures the statistical efficiency and rotatability of the design, enabling reliable estimation of second-
order regression coefficients over the investigated factor space.

The experimental design matrix used in this study is presented in Table 2.

Table 2
Matrix of the central compositional plan and test results
V, average technical t? average serv‘ice .
Ne ’ L, route length, km time of one point, W, tons/shift
speed, km/h min

1 -1,00000 22 -1,00000 10 -1,00000 8 25,72

2 -1,00000 22 -1,00000 10 1,00000 20 20,78

3 -1,00000 22 1,00000 22 -1,00000 8 22,02

4 -1,00000 22 1,00000 22 1,00000 20 16,18

5 1,00000 38 -1,00000 10 -1,00000 8 31,61

6 1,00000 38 -1,00000 10 1,00000 20 28,04

7 1,00000 38 1,00000 22 -1,00000 8 28,86

8 1,00000 38 1,00000 22 1,00000 20 23,87

9 -1,68179 16,6 0,00000 16 0,00000 14 19,1
10 1,68179 43,4 0,00000 16 0,00000 14 29,44
11 0,00000 30 -1,68179 5,9 0,00000 14 29,95
12 0,00000 30 1,68179 26,1 0,00000 14 22,83
13 0,00000 30 0,00000 16 -1,68179 3,9 30,42
14 0,00000 30 0,00000 16 1,68179 24,1 21,62
15 0,00000 30 0,00000 16 0,00000 14 28,09
16 0,00000 30 0,00000 16 0,00000 14 27,94

Based on the results obtained from the second-order Central Composite Design (CCD), the experimental data were
statistically processed, and the coefficients of the quadratic regression model were determined. The calculations were
performed using the STATISTICA software package, which provides estimation of regression coefficients by the least
squares method, assessment of their statistical significance, and verification of the adequacy of the developed
mathematical model.

To describe the urban freight transportation process, a second-order quadratic regression model of the general form
was adopted:

W = by + b;V + byL + byt + b, VL + b3Vt + bysLt + by V? + bypL? + byst?. (D

The estimated regression coefficients are presented in Fig. 1.

Taking into account the estimated regression coefficients and the results of their statistical significance analysis,
the final quadratic regression equation describing the dependence of transport productivity on the investigated
organizational factors was obtained. Insignificant coefficients were excluded from the model, resulting in a statistically
adequate regression equation that can be used to analyze the transportation process and determine rational operating
conditions.

The resulting regression equation describing the relationship between freight transport productivity and the
investigated factors is given as follows:

W = 28,09 + 3,31V — 1,99L — 2,50t — 1,52V?% — 0,75L% — 0,88t2. )

The statistical evaluation of the developed regression model was performed using analysis of variance (ANOVA).
The results are presented in Table 3.

The analysis indicates that all three investigated organizational factors have a statistically significant influence on
the productivity of urban freight road transportation (p < 0,05). The largest contribution to the variation of the response
variable is provided by the average technical speed of the vehicle, which exhibits the highest Fisher statistic (F = 336,43,
p <0,001). A slightly smaller, yet still highly significant, effect is observed for the average service time per delivery point
(F=193,00, p <0,001) and the route length (F = 122,46, p < 0,001).

The analysis of the quadratic effects demonstrated that all second-order terms of the regression model are
statistically significant (p < 0,05), confirming the nonlinear relationship between transport productivity and the
investigated factors. This result justifies the application of a second-order Central Composite Design for modeling the
transportation process. The most pronounced nonlinear effect was observed for the average technical speed factor.

At the same time, the interaction effects between the investigated factors were found to be statistically insignificant
(p > 0,05), indicating that within the studied ranges each organizational factor affects vehicle productivity predominantly
independently of the others.

The developed regression model demonstrates a high level of predictive accuracy. The coefficient of determination
is R2=10,9916, while the adjusted coefficient of determination is R%adj = 0,9789, indicating that the model explains more
than 99 % of the variation in the response variable. Furthermore, the relatively small residual mean square (MS Residual
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= 0,4422) confirms the adequacy of the regression model and its suitability for subsequent response surface analysis and
the determination of optimal operating parameters of the urban freight transportation process.

Effect Estimates; Var.:W, tons/shift; R-sqr=,99156; Adj:,97889 (Spreadshest1)
3 factors, 1 Blocks, 16 Runs; MS Residual=4422091
DV: W, tons/shift
Effect | Std.Em t(6) p -95% | +95.% | Coeff. | StdEm 95% | +95.%
Factor Cnf Limt | Cnf Limt Coeff. | CnfLimt | Cnf Limt
Mean/Interc. 28.090841 0,468770 59,9246 0,000000) 26,94380| 29,23788( 28,09084  0,468770| 26,94380 29,23788
(1)V, average technical speed, km/h{L) 6.61210) 0,.360491 18,3419 0.000002 5,73001| 7.49419f) 3.30605 0,180246] 286501 3.74710
V, average technical speed, km/h(Q) -3,03330 0,439833 -6,8965 0,000459| -4,10953 -1,95707| -1,51665| 0,219916 -2,05476| -0,97853
(2)L, route length, kmi{L) -3,98111 0,359752 -11,0662 0,000032 -4,86139 -3,10082| -1,99055| 0,179876 -2,43069 -1,55041
L, route length, km(Q) -1,50399 0,436077 -3,4489 0,013651| -2,57103 -0,43695| -0,75199| 0,218039  -1,28552| -0,21847
(3)t, average senvice time of one point, min(L) -4,99785| 0,359752 -13,8925 0,000009 -5.87813 -4,11756( -2,49892 0,179876| -2,93906 -2,05878
t, average senvice time of one point, min(Q) -1,76514| 0,436077  -4,0478 0,006743 -2,83218 -0,69810( -0,88257| 0,218039 -1.41609 -0.34905
1L by 2L 0,34500 0,470218  0,7337 0,490794 -0,80558 1,49558| 0,17250) 0,235109 -0,40279 0,74779
1L by 3L 0,55500 0,470218  1,1803 0,282547 -0,59558 1,70558| 0,27750| 0,235109 -0,29779 0,85279
2L by 3L -0,58000/ 0,470218 -1,2335 0,263526 -1,73058 0,57058( -0,29000 0,235109 -0,86529 0,28529
Fig. 1. Fragment of determining regression coefficients.
Table 3
Results of the analysis of variance (ANOVA) of the regression model of urban freight road transport
productivity
Factor SS df MS F P
Average technical speed (linear effect) 148,77 1 148,77 | 336,43 | <0,001
Average technical speed (quadratic effect) 21,03 1 21,03 47,56 | <0,001
Route length (linear effect) 54,15 1 54,15 | 122,46 | <0,001
Route length (quadratic effect) 5,26 1 5,26 11,89 | 0,0137
Service time (linear effect) 85,35 1 85,35 193,00 | <0,001
Service time (quadratic effect) 7,25 1 7,25 16,38 | 0,0067
(V' \times L) 0,24 1 0,24 0,54 0,4908
(V \times ¢) 0,62 1 0,62 1,39 0,2825
(L \times f) 0,67 1 0,67 1,52 0,2635
Error 2,65 6 0,44 - —

Also, based on the results of statistical processing of experimental data, a Pareto diagram of standardized effects
was constructed (Fig. 2), which reflects the influence of the studied factors and their interactions on the productivity of
urban freight transportation.

The analysis of the obtained results showed that the average technical speed of the vehicle (¥) has the greatest
statistically significant influence on transport productivity. The standardized effect of this factor is 18,34, which
considerably exceeds the critical value at the significance level of p = 0,05. This indicates that vehicle speed is the
dominant factor determining the productivity of the transportation process. An increase in the average technical speed
reduces the duration of the transportation cycle, increases the number of trips completed during a working shift, and
consequently improves vehicle productivity.

The second most influential factor is the average service time per delivery point (¢), with a standardized effect of
13,89. This result confirms that reducing the time required for loading, unloading, and processing accompanying
documentation is one of the most effective ways to improve the productivity of urban freight transportation.

The third statistically significant factor is the route length (L), with a standardized effect of 11,07. As the route
length increases, the transportation cycle becomes longer, reducing the number of trips that can be completed during a
working shift and, consequently, decreasing overall transport productivity.

(1)V, average technical speed, km/h(L) 18,3419
(3)t, average service time of one point, min(L)
(2)L. route length, km(L)

V, average technical speed, km/h(Q)

t, average service time of one point, min(Q)

L, route length, km(Q)

2Lby3L

1Lby3L

1Lby2L

Fig. 2. Pareto diagram of standardized effects.
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A notable feature of the obtained results is that the quadratic effect of the average technical speed (/?) also
exceeds the critical level of statistical significance, with a standardized effect of 6,89. This confirms the existence of a
nonlinear relationship between average technical speed and transport productivity. From a practical perspective, this
indicates that once a certain speed level is reached, further increases in speed no longer result in proportional
improvements in productivity. Such behavior can be explained by the specific operating conditions of urban
transportation, including traffic signal regulation, traffic congestion, speed limits, vehicle maneuvering, and other factors
that restrict the effectiveness of further speed increases.

In contrast, the quadratic effects of route length (L?) and service time (#*) exhibit considerably smaller
standardized effects (approximately 3,45—4,05) and do not reach the threshold of statistical significance. This suggests
that, within the investigated ranges, the influence of these factors on transport productivity can be considered
predominantly linear.

The interaction effects between the investigated factors are relatively small and do not exceed the critical
significance level. This indicates that the influence of each organizational factor on transport productivity is manifested
largely independently of the levels of the other factors.

From a practical standpoint, these findings suggest that the transportation process can be optimized by improving
each factor individually, without the need to account for substantial interaction effects between them.

Based on the developed quadratic regression model, the optimization of the transportation process parameters
was performed using the desirability function approach. The optimization results are presented in Fig. 3 in the form of
predicted productivity profiles and the corresponding desirability function. The response surface plots illustrating the
relationships between the investigated factors and transport productivity under the optimal operating conditions are
presented in Fig. 4.

The analysis of the optimization profiles indicates that the average technical speed of the vehicle has the greatest
influence on the productivity of urban freight transportation. As the speed increases from 16,6 km/h to approximately 35—
38 km/h, the predicted productivity rises rapidly. Beyond this range, further increases in speed result in only marginal
improvements in productivity, confirming the nonlinear nature of this relationship and agreeing with the significance of
the quadratic term identified in the Pareto chart analysis.

V, average technical speed, L, route length, km t, average service time of one DESITED"I‘W
km/h point, min
36,000
£3 T il e
31,894 +;{ D T S R D ) SRR EETE H B
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- o~
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p g
o
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166 434 59 26,1 39 8,95 241
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Fig. 3. Profiles for predicted values and desirability.
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average service time of one point 8.95 min route length 10.95 km average technical speed 36.7 km/h
Fig. 4. Transportation performance surfaces at optimal factor values.

Herald of Khmelnytskyi national university, Issue 5, 2026 (369) 173



Technical sciences ISSN 2307-5732

The influence of route length is negative. As the route length exceeds approximately 1618 km, transport
productivity gradually decreases because the transportation cycle becomes longer, reducing the number of trips that can
be completed during a working shift.

A similar trend is observed for the average service time per delivery point. As the duration of loading, unloading,
and related service operations increases, transport productivity decreases almost linearly. This behavior can be explained
by the fact that unproductive vehicle downtime occupies an increasingly larger proportion of the available working time.

The desirability function, shown on the right-hand side of Fig. 3, demonstrates that the maximum desirability
value is achieved under conditions of high predicted transport productivity. A desirability value approaching 1,0 indicates
the optimal combination of the investigated organizational factors.

The optimization results indicate that the most efficient operating conditions for urban freight transportation
correspond to the following parameter values:

1. Average technical speed of the vehicle: approximately 35-38 km/h.

2. Route length: 10-12 km.

3. Average service time per delivery point: 8—10 min.

Under these conditions, the predicted transport productivity reaches approximately 31-32 t/shift, corresponding
to the maximum value of the desirability function.

Conclusions

Using a second-order Central Composite Design, the influence of the average technical speed of the vehicle,
route length, and average service time per delivery point on the productivity of urban freight transportation in the city of
Khmelnytskyi was investigated. A quadratic mathematical model adequately describing the transportation process was
developed.

The study demonstrated that the average technical speed has the greatest influence on transport productivity,
followed by the average service time per delivery point and route length. A statistically significant quadratic effect of
vehicle speed was identified, confirming the nonlinear relationship between speed and transport productivity.

Based on the analysis of the response surfaces and the desirability function, the optimal transportation parameters
were determined as follows: an average technical speed of 35-38 km/h, a route length of 10—12 km, and an average
service time per delivery point of 8—10 min. Under these operating conditions, the predicted transport productivity reaches
approximately 31-32 t/shift.

The developed mathematical model can be applied by transport enterprises to support decision-making regarding
vehicle operating conditions, optimize urban freight transportation routes, and improve the overall efficiency of the
transportation process.
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