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Buxonano mamemamuuny nocmanosxy 3aoadi opmy-
BAHHS MICLKUX 6AHMANCHUX nepese3enb. Po3podneno cmpyx-
mypy cucmemnoi inopmauiunoi modeni, aKa epaxoeye
MmamepianvHuil, eHepezemudHull ma iHPopMauiinuil noMmoKu.
IIpedcmasneno mamemamuuni eupasu 01 po3paxynxy Kpu-
mepiio eubopy pauionanvHux mapuipymie — 0o6pomuicmv
mapupymy. Kpumepiii epaxosye modxcausocmi aozicmuuinozo
uenmpy (o020 ingpopmamuenicms), macy nepeee3enozo 6am-
masicy, 3asanmasicenicmo mapupymy (3amopu), eidcmamnv
nepesesenns ii peanvnuii uac docmasxu eanmasicy. Hozo oco-
0146010 PUCO10 € Me, WO GIH BUHAMAECMBCA 8 OHILAUH-PENCUML
i 8paxosye OuUHAMIKY 3A6AHMANCEHOCMI MAPUPYMIE GNPO-
00621c po60407T 3MiHU.

Po3pobaeno ounamivny mooenv 3ampumox y nputinammi
Ppluens Y 102iCMUMHUX JAHUI02AX MICLKUX BAHMAINCHUX nepe-
sezenv. Modens 0036075€ po3paxyeamu wac oopodKu 3a160K
Ha mpancnopmue 00C1Y206Y68anHs i 4ac Ha came mpancnopm-
He oocnyeosyeanns. Ilokazano, wo cymaphuil 4ac 0ocmasxku
8aAHMAIICY CKIAOAEMBCSL 13 ACY 3HAXOO0NCEHHS MPAHCHOPM -
HO020 3aco0y Ha mapwpymi, 3 YpaxyeaHHaM Onopy Mapupy-
my i 4acy 3ampumox y 6Cix J102iCMUMHUX TIAHUI02AX CUCTEMU.

Pospobneno mamemamuuny mooenv ouinku naoinocmi
BAHMANCHUX MICOKUX Nepe6e3eHb 3 YPaxyGanHHsm 3a6anma-
acenocmi eyauyp. Moodenv pynxuionye 6 onnain-peicumi ma
00360J151€ GU3HAMAMU NAPAMEMPU MPAHCROPMHO20 NPOUECY,
AKI 6PAX06YI0Mb HASAGHICMb 3AMOPIE HA BYIUUAX MicmaA.

3anpononosano Kpumepii ouinku Haoittnocmi jozicmuy-
HOI cucmemu 6AHMANCHUX MICLKUX nepese3ens — Koepiuienm
Haoiinocmi. Kpumepiii epaxosye wac npoxooixcenns mpam-
CNOPMHUM 3ACO00M Mapwpymy i uac 3ampumox Yy nputiHam-
mi 3as60K HA 00CNY208YGAHHA 6 JOZICMUMHOMY UeHmpi, a
MAKONC MAC 3aMPUMOK HA MPAHCROPMHOMY NIONPUEMCMEI.
Hoxazano, wo npu eidcymnocmi 3ampumox y n02iCMUMHUX
Janurozax xoediuienm naoiinocmi 0opieHioe 00unuui, npu
HaseHocmi 3ampumru — Koeiyicum naoitinocmi menue 00u-
Huyi. Busnaueno izuunuii smicm xkpumepiio naoiinocmi — ye
yacmra HeUKOHAHHS 3AA60K Ha mpancnopmue 06CaYy206Yy-
8aHHs MOUHO 6 CMPOK

Kntouosi canosa: eanmajcni nepeeeszenns, roeiui-
enm naditinocmi, doopomuicmo mapuipymy, Micoki 3amopu,
syuuHa mepesca
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1. Introduction

The problem of forming the routes of the urban network
of freight transportation refers to the problems of stochastic
programming, because input data for solving an optimi-
zation problem (flow of requests, range of transportation,
volume of transportation, etc.) are random functions of time.
Decision-making on the formation of urban routes of cargo
delivery is carried out by an employee of the logistics center
of the transport company in the process of online operational
management of requests. In this case, the efficiency of route
selection is determined, on the one hand, by a set of princi-
ples and methods used to solve a transport problem or its
varieties, on the other hand, using modern Internet resourc-

es available online. The latter are effective means of making
management decisions to date.

The relevance of this study is confirmed by the fact that
at this stage there are Internet resources that allow collect-
ing information about the need for freight transportation. At
the same time, for modeling and forecasting traffic flows in
the urban transport network, special modules for dynamic
modeling of cargo transfer in real time, taking into account
congestion (traffic jams) on transportation routes, are re-
quired. Such modeling modules for urban freight transporta-
tion have to complement existing Internet resources, operate
on their basis, using the systems of information gathering,
shortest route selection, determination of highway conges-
tion and the presence of traffic jams on routes.



Proceeding from the above, the main argument of such
research is finding solutions to improve the efficiency of
urban freight transportation. The methods of such a search
are the development of a mathematical model that interacts
with modern Internet resources and allows choosing an opti-
mum route, taking into account congestion of highways and
streets at different times of the working day. The practical
significance of such a study is to reduce the time and cost of
transport services within the city.

2. Literature review and problem statement

In [1], the results of the formalization of the process of
functioning of various production transport systems, pro-
viding for the accumulation, temporary storage, loading
and transportation of goods, are presented. It is shown that
to solve such problems it is necessary to apply a logistic
approach, which is a methodological aspect in freight trans-
portation technology. In [2], the mathematical model of the
logistics system is presented, which allows rationalizing the
work of interconnected enterprises on the basis of a complex
of technological and management decisions. The analysis of
the presented works [1, 2] shows the prospects of using the
logistic approach in the development of freight transpor-
tation models. But they did not provide any methodical or
methodological approaches to constructing models that are
problematic components in transport reliability modeling.

In [3], the analysis of the process of functioning of a
transport-storehouse complex is carried out and the efficien-
cy criterion is formalized. This indicator represents specific
costs of cargo handling and takes into account the expenses
of the freight owner related to the downtime of vehicles
waiting for service. The conducted study demonstrates the
relevance of using criteria estimates of different logistics
systems in the process of their functioning. In [4], the anal-
ysis of trends of urban freight transportation development is
performed and the criterion of economic feasibility is elabo-
rated. The method of estimating urban freight transporta-
tion based on information about freight flows is presented.
Thanks to the creation of the information matrix, freight
rates are justified. The results are presented, which make it
possible to state that the economic criterion is appropriate
when choosing urban routes.

The analysis of [3, 4] allows drawing a conclusion about
application of the criteria approach in them. But it is advis-
able that the criteria are dimensionless. This allows for a
generalized assessment of reliability, which is also a problem
component in transport reliability modeling.

Concerning the characteristics of transport informa-
tion service products, the paper [5] considered four stages
of forming system estimates. The information model is
developed on the basis of artificial neural networks. The
results of modeling show that the availability of information
and communication systems is an important component of
urban freight transportation. This affects the efficiency of
transport services. But the mechanism of using information
systems according to selected criteria is not disclosed.

The paper [6] also shows that the development of in-
formation technologies provides new opportunities to tra-
ditional urban transport. The concept of intelligent trans-
portation as a new generation of transport systems is
introduced, which will allow building a reasonable transport
infrastructure. It is noted that exchange of information

about the density and volume of traffic on city streets will
allow increasing the level of transport services. However,
there are many problems in collecting, storing and using
intelligent vehicles. The papers [7, 8] present the results of
forecasting the time of cargo delivery in the city network. It
is pointed out that the majority of models are designed for
passenger transportation, which cannot be used in freight
transportation forecasting. Also, the conclusion about the
promising use of GPS technologies is made. The prospects
of IT systems are substantiated in [9]. It is proved that such
an approach increases the informativeness of monitoring
and allows forecasting transport services. From the analysis
of [6-9], we can draw a conclusion about the promising use
of GPS technologies in transport. But their presentation and
use in mathematical models as components or parameters
that assess the reliability and efficiency of the investigated
process are problematic.

The papers [10, 11] are devoted to reliability assessment
of transport services. On the basis of the analysis of trans-
port networks, the authors found that it is expedient to eval-
uate them by comparing the reliability criterion. The meth-
odology for calculating the criterion, which is determined
by the degree of congestion of city streets, is presented in
the study. However, these works do not address the issue of
determining the congestion of city streets at certain hours
of the day. This makes the use of the above methodological
approach problematic for determining the congestion crite-
rion of streets.

The papers [12, 13] deal with modeling urban traffic
flows on the basis of the revealed analogies in the patterns of
processes in electric circuits. In them, the concept of “road
resistance” in a separate section of the street is used. This
approach allows developing a mathematical model of vehicle
speed reduction in certain areas of city streets with traffic
jams. In these works, in addition to the identified problem of
congestion accounting, a promising approach to calculating
the road resistance of a vehicle is shown.

Further development of such an analogy is obtained
in [14]. The mathematical model of urban freight transpor-
tation is developed, the main difference of which is real-time
operation. By means of Internet resources, the congestion of
road sections or the presence of traffic jams is determined.
But the developed model does not consider the congestion
dynamics of city streets and does not allow assessing trans-
portation reliability, so completion is required.

The problem of identifying a dynamic mathematical
model of delays in decision-making at a logistics center and
transport company when receiving a transportation re-
quest is reduced to the definition of the model operator. The
“model operator” means a dynamic mathematical model in
the form of second-order linear differential equations. A
similar approach in the modeling of freight transportation
during harvesting is used in [15]. The presented method-
ical approach is promising. It allows modeling delays in
transport services. This will allow determining reliability
indicators that can be presented in the form of dimension-
less criteria.

Methods of modeling dynamic flows of urban freight
transportation, taking into account street congestion in real
time, based on the use of available Internet resources, need
further development and improvement. The obtained fore-
cast will allow justifying a rational cargo delivery route in
real time (for the next 30...60 min.), thus increasing delivery
reliability.



3. The aim and objectives of the study

The aim of the study is to develop a mathematical model
for assessing the reliability of urban freight transportation,
taking into account street congestion in online mode, and
justify the reliability criterion of urban freight transportation.

To achieve the aim, the following objectives were set:

— to substantiate the methodical approach to the study
of reliability of urban freight transportation taking into
account street congestion;

— to substantiate the process parameters of urban freight
transportation, considering traffic jams on city streets;

—to carry out mathematical modeling of reliability of
transport services for urban freight transportation.

4. Methodical approach to the study of urban freight
transportation taking into account street congestion

As a methodical approach to the study, mathematical
models in the form of second-order differential equations
were chosen. Such equations have proven themselves well in
technical fields and have a well-grounded solution appara-
tus. The chosen method allows studying processes that are
functions of time.

The objective function of choosing rational routes for
intra-city freight transportation is to increase the reliability
of cargo delivery (on time) and reduce transportation costs.
The factor that changes in the decision-making process is the
congestion on city streets, which will be taken into account
by the parameter of route resistance R, The mathematical
model is a second-order differential equation, the solution of
which will allow predicting delays on the route, taking into
account route resistance.

Considering the system model of urban freight trans-
portation in the most general view, we distinguish three
input flows: matter, energy, information. “Matter” means
the volume of cargo to be moved from the consignor to the
consignee. The cargo (material) flow, under the influence of
information (logistics center) and energy (transport compa-
ny), turns into a transport service.

When considering such a model of the transport process,
the central issue should be description of the information flow,
which is primary, and material and energy flows as secondary.
Therefore, the process of urban freight transportation can be
represented as a chain. The first stage is the preparation of
information using Internet resources and dynamic modeling
software. The second stage is the transfer of information in
the form of rational routes to the transport company, which
performs freight transportation at a given time. In order to
increase the reliability of cargo delivery (on time) and reduce
delivery expenses of the transport company, the mathematical
apparatus of cybernetics and system engineering is used.

Difficulties in choosing rational city routes, taking into
account the actual congestion of city highways, are due to
the fact that such tasks do not have formal methods of solu-
tion to date. For example, the classic transport task allows
defining the shortest route. However, the shortest route is
not always rational in the city conditions because of uneven
congestion of highways. On the shortest route there may be
traffic jams, which will reduce vehicle speed and increase
delivery time and costs.

The process of “manual” route selection among the
options considered and analyzed in the logistics center by

search and comparison takes into account the quantitative
rather than qualitative aspect of the process. Therefore,
modeling, forecasting and effective management of urban
freight transportation require formalization of the problem
in the form of a dynamic mathematical model.

5. Results of studies of urban freight transportation
processes

5. 1. Parameters of the urban freight transportation
process, taking into account traffic jams on city streets

The procedure for modeling urban freight transportation
processes can be broken down into the following steps.

The first stage of modeling allows choosing a route with
the minimum resistance and determining the time of freight
delivery t4, that is, travelling time, as well as route quality fac-
tor Q,. The physical significance of the route is given in [14].

To determine the running speed of the vehicle on a route,
the calculation formula of route resistance is used [14]:
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where v, is the vehicle speed on a route without traffic jams,
determined using the Google Maps Internet resource, km/h;
J is the logistics system performance per unit time, t/h; /. is
route length, km; m is cargo weight, t; ¢, is vehicle travelling
time, h. The travelling time on the chosen route ¢, is deter-
mined using the Google Maps Internet resource; IR is the
Internet resource, which takes into account traffic jams in
online mode, dimensionless value.

If there are no traffic jams, the route in this Internet
resource is displayed in green and IR=1. If there are delays
in movement, the color of the route turns yellow, then red
and brown. So, IR=0.9..0.7. For IR=0.6, speed decreases
to 5km/h.

The informational content of the logistics center Ly,
which is part of the logistics system of urban freight trans-
portation, characterizes the ability to create an information
field that causes the movement of material flows. The infor-
mational content can be calculated according to the formula
proposed in [14]:
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Then, the running speed of the vehicle on a route, taking
into account traffic jams, is determined by the formula:

Drun = Dr - Dab’ (3)

where v, is the value of speed reduction due to traffic jams,
determined by the formula:

v, =y’ J-R,, km/h. )

Using the estimated value of the running speed of the
vehicle v,,,, it is possible to determine the time of cargo
delivery ¢, from the consignor to the consignee, taking into
account traffic jams in the online mode:

t,=——, h. )




The resulting value of cargo delivery time t¢; allows
determining the route quality factor according to the
formula given in [14]:
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This allows choosing the optimum value Q,—max from
the three presented routes with the help of the videoprobki.ua
Internet resource. For example, a route with a minimum value
of [, will not always be optimal due to traffic jams (low IR) or
low informational content of the logistics center L.

The route quality factor Q,, calculated by (6), can serve
as a criterion for choosing an optimum route for urban
freight transportation, since it takes into account material,
information and energy flows. The route is selected based on
the information of Google Maps and videoprobki.ua Internet
resources. The criterion takes into account the capabilities
of the logistics center (its informational content), weight of
cargo transported, congestion, transportation distance and
actual time of cargo delivery.

The feature of the proposed criterion Q,, in comparison with
known, is that it is determined online. So, the criterion Q, takes
into account congestion dynamics during the working day or
at the time of cargo delivery. For this purpose, it is necessary to
add reverse information communication of the vehicle with the
logistics center in the scheme of the information model.

The second stage of modeling takes into account the lag
effect of the system in the process of decision-making and
movement on a route, which allows determining the time of
delays in the logistics system (LS).

The sum of delivery and delay time determines the total
time of the transport service order:

ty=t,+t, h, @)

where ty is the time of request fulfillment, h; ¢4 is the delay
time in the LS, h.

The author of [16] obtained a second-order differential
equation, which allows representing the transient process
in the logistics system of urban freight transportation from
receipt of the transportation request until freight delivery
to the customer. Let’s represent the equation without the
procedure for receiving it:
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The time constant of the logistics system Tps, charac-
terizing the lag effect of the system, is determined by the
expression:

rc " Nre

where Ty ¢ is the time constant of the logistics center (LC),
which takes into account the lag effect (delays) in request pro-
cessing, h; Trc is the time constant of the transport company
(TC), which takes into account the lag effect (delays) in the
receipt of transportation requests, h; Cy¢is the coefficient of
sensitivity of the logistics center to the receipt of requests; Cr¢
is the coefficient of sensitivity of the transport company to the
receipt of transportation requests from the logistics center.
For the coefficient d;:

_ (TLC+TTC)
= 2TL5'KLC'KTC

(10)

The obtained coefficient d; s characterizes the absence or
presence of the oscillatory process in the LS. In accordance
with the accepted methods of the theory of identification
of dynamic objects, for d;<1, oscillations are present in the
system, for d; ¢>1 — absent.

The right member of the equation (8) is the input sig-
nal in the LS — logistics system performance, t/h. The left
member of the equation is the response of the LS to the input
signal J. The increase in the number of time constants T7¢
and T7¢c makes the process less sensitive (less susceptible) to
the input influence of J. The time of request processing and
cargo delivery increases.

The gain factors of Ti¢ and Ty¢ characterize the
sensitivity of the LC and TC to the receipt of requests.

The solution for the above differential equation (8) is the
expression:

d,Q, .
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where m(t) is the time function of delivery of the specified

mass of cargo; ¢ is the current time, h; / is the frequency of

oscillations, determined by the expression:

s L
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A is the amplitude of oscillations, determined by the
expression:

(13)

The importance of the time constant Ty s suggests that
the logistics center and the transport company have a signif-
icant lag effect in the receipt of requests and, as a result, will
have a large delay time.

3. 2. Results of mathematical modeling of reliability of
transport services for urban freight transportation

The results of dynamic modeling of the cargo delivery
process on urban routes, formula (11) with the change
in cargo weight m=5+15tons and traffic jams on a route
IR=1.0+0.7 are shown in Fig. 1, 2.

From the analysis of the results, it follows that cargo
weight is a significant parameter and increases the delay
time in the LS 3.11-3.23 times. When changing traffic jams
on a route, IR decreases from 1.0 to 0.7, hence, the delay time
increases 2.42 times.

This result affects the total transport service time, for-
mula (7), which increases 1.32—1.42 times.

The above modeling results suggest that the dynamic mod-
el allows determining the total time of transport services, tak-
ing into account various factors. The model works online and
interacts with Google Maps and videoprobki.ua resources. This
is the difference of the developed model from earlier known.

The value of the total transport service time ¢s is given
by the joint use of the developed models. The first one can
determine the travelling time of the vehicle, taking into account
the route quality factor ¢,. The second one allows determining
delays in making service decisions.
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3. 3. Justification of the reliability criterion of
15 transport services for urban freight transportation

/ The above values ¢, ¢4, ty allow determining the
12 / reliability of the logistics system of urban freight

transportation. According to [15], it can be argued
that the reliability of the LS of freight transpor-
tation is estimated as the ratio of the following
process indicators. In the numerator — service time
expectation. In the denominator — total service and
delay time expectation.

3 In accordance with the formulated definition,
we write down the expression to assess the LS reli-
' ) T I I : ; I ) r \ ability when fulfilling a single request 7, which was

0.3 0.6 0.9 12 1.5 th performed in the LS:
t 50 |

ts (100 c. = byt (14)
ts (151) R PR R Y

For n requests performed in the LS during the
working day, the coefficient Cy is determined by
the expression:

2l
i=1

Fig. 1. Transitional process of cargo delivery time # of the logistics
system with different cargo weights m for /R=1.0

m, t C,=
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where 7 is the number of transportation requests.
Based on (15), the reliability factor is less than
9 II / unity and acquires a value equal to unity only when

(15)

total delays are zero. Even in the presence of insig-
nificant delays, Cp is less than unity.

The resulting dimensionless parameter Cg,
3 which has the physical significance of the share of
request fulfillment on time, can be a criterion that
estimates the reliability of the logistics system.

0 | 1 1 1 1 1 1 T 1 1 1 1
0.3 0.6 0.9 1.2 1.5 t,h The maximum value of unity, Cy can acquire
ts (51) in the absence of delays, i.e. t;=0. If there are
ty (10t) delays in the LS, t,>0, Cg will be less than unity.

The higher the value of Cg, the more reliable the
transport process.

The dependences of the reliability coefficient of
urban freight transportation with changes in cargo
Fig. 2. Transitional process of cargo delivery time # of the logistics system  weight and in the presence of traffic jams on a route

t; (159

with different cargo weights m for /R=0.7 are presented in Fig. 3.
Cr
0.9
IR=1.0
0 8 S~ /

T~/
§ o~

0.5

0.4

Fig. 3. Dependences of the reliability coefficient Cr of the logistics system with different weights of cargo transported m and
in the presence of traffic jams on a route /R



From the analysis of the dependences presented in
Fig. 3, it follows that the increase in cargo weight reduces
the value of the reliability factor from 0.84 to 0.64 while
the presence of traffic jams on a route, IR=0.7, further
reduces the value of Cy to 0.57.

The presented modeling results confirm the above con-
clusion that the reliability factor C can be a dimensionless
criterion that predicts the reliability of the transport service.

6. Discussion of the results of the study of urban
freight transportation processes

The parameters of the transport process such as road
resistance and route quality factor are substantiated.
Their numerical values allow choosing an optimum route,
which is a practical significance of this work. The route
quality factor takes into account the capabilities of the
logistics center (informational content), cargo weight,
congestion (traffic jams), transportation distance and
actual time of cargo delivery. This is the difference of the
proposed parameter from previously known. A special
feature is that it is determined online and takes into ac-
count congestion dynamics during the work shift. This
allows obtaining numerical estimates and comparing their
values.

The parameters of the transport process were de-
termined in the form of dependences of delays on cargo
weight, route length and traffic jams on city streets. The
scientific result of the study are the dependences, which
allow calculating the time of delays in transport services.
Their difference from the known models is that they take
into account the dynamics of the transport process and in-
teract with Internet resources through GPS technologies.
It is found that cargo weight is a more important parame-
ter and increases the delay time in the LS 3.11-3.23 times.

The criterion of reliability of the logistics system of ur-
ban freight transportation, namely reliability coefficient,
is proposed. It is provided by the block of mathematical
modeling of delay time and takes into account a number
of criteria. Among them: travelling time of the vehicle,
delay time in the receipt of transportation requests at the
logistics center, delay time at the transport enterprise.
The analysis of the modeling results suggests that in the

absence of delays in logistics chains, the reliability coeffi-
cient is equal to unity, in the presence of a delay the reli-
ability coefficient is less than unity. The physical signifi-
cance of the reliability criterion is defined. It is the share
of non-fulfillment of transportation requests on time.
The disadvantage of the proposed method for assessing
the reliability of logistics systems of transport services
is the mechanism of determining delays in all system
components, which can be the subject of further research.
The restriction of the developed reliability criterion is its
applicability only for urban freight transportation.

7. Conclusions

1. As a result of the research, the mathematical model
for assessing the reliability of urban freight transporta-
tion is developed, taking into account street congestion.
The model operates online and allows determining the
process parameters of urban freight transportation (road
resistance and route quality factor). It takes into account
traffic jams on city streets, which distinguishes this model
from previously proposed. Thus, it is possible to calculate
the reliability criterion for different routes and choose a
route with its maximum value.

2. The dynamic model of delays in decision-making
in the logistics chains of urban freight transportation is
developed. According to the input data (cargo weight,
route length, traffic jams on a route), the model allows
calculating the processing and implementation time of
transportation requests. Data on the presence of traffic
jams on routes are obtained using Internet resources
(GPS technology). It is shown that the total time of cargo
delivery consists of the travelling time of the vehicle, tak-
ing into account the road resistance and delay time in all
logistics chains of the system.

3. The reliability criterion of transport services for
freight transportation within a city is offered. It is shown
that the reliability criterion varies from 0.84 to 0.64 while
the presence of traffic jams on a route, IR=0.7, further
reduces the value of Cy to 0.57. It is concluded that the
reliability coefficient Cg can be a dimensionless criterion,
predicting the reliability of transport services, which
makes the practical significance of this work.
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