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ABSTRACT

The article focuses on the up-to-date subject from
the practical as well as scientific point of view. It specif-
ically discusses a proposal of an approach concerning
transport or distribution problems in the range of city
logistics and investigates possibilities to use opted oper-
ations research methods in this particular area. Specific
suggestions lie first and foremost in using selected tools
of operations research (i.e. a set of methods concerning
vehicle routing problem) to model multiple variants of
distribution paths from a determined hub to multiple
spokes in order to minimise the overall travelled distance
in an urban area. As far as the very research goes, to de-
fine distribution paths to supply multiple logistics objects
in the range of city logistics, ensuing methods are step
by step used: Clarke-Wright algorithm, Mayer algorithm
and the nearest neighbour algorithm. The article con-
sists of a conceptual section, describing the relevant the-
ory as well as data and methods used, the practical part
and the section encompassing an assessment of the key
findings, along with the discussion. A suitable combina-
tion of adequate operations research methods and their
application to city logistics issues is where an innovative
solution of this research lies.
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1. INTRODUCTION

In the last two decades, logistics centres, above
all those in big cities, have gained increased accep-
tance as fundamental for cooperation and coordina-
tion regarding the provision of city logistics activ-
ities at a high-quality level along with value-added
services. Urban distribution centres (hereinafter
referred to as UDC) can positively act towards

problematic freight transport in big cities. Freight
transport is important for urban areas due to the fol-
lowing reasons [1]: goods are mainly transported by
road; distances travelled are short and it is not prac-
tical to reload cargo; export of cargo produced in the
city; export of waste out of the city; collection and
delivery activities; warehouses operations located
in city centres.

The European standard EN 14892:2005 regard-
ing transport service, city logistics and the guide-
lines to define restricted entrance to centres of cities
specifies several constraints in terms of entry in ur-
ban areas with big city centres and shopping zones,
as well as other restricted areas, providing instruc-
tions for these associated parts and elements with a
special emphasis on guidelines for freight-transport
enterprises and local authorities to render transport
planning and transport processes effective (opti-
mal), precede any constraints and preserve the envi-
ronment in such urban areas [2]. Emphasis is placed
on several development trends causing changes
in city logistics. Specifically, urban population
growth, increasing e-commerce importance, rapid
distribution in supply chains and increased focus on
sustainability are the most topical. A whole series
of city logistics policy measures have been intro-
duced in urban agglomerations across the world.
Moreover, a number of modelling instruments have
been developed and implemented for the purposes
of planning and assessing the aforementioned mea-
sures. Literature sources dealing with city logistics
issues include, for instance, [3] and [4]. These pub-
lications provide an overview on the characteristics
of the very concept of city logistics, primarily as
looking for effective freight transport means in ur-
ban agglomerations when taking into consideration
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negative transport effects on traffic flow, transport
safety and environment. According to these authors,
city logistics may be defined as an urban distribu-
tion, in particular of cargo, urban logistics, last mile
logistics and/or cargo distribution in urban agglom-
erations.

Various city logistics concepts, measures and
technologies to be implemented are at the heart of
many published studies. For example, [5] presents
a proposal related to planning and optimising a
hub-and-spoke network within a certain urban area,
whereas [6] and [7] discuss the issue of planning
challenges at a city logistics scale, an integrated
scheduling of logistics processes in a short-term
horizon, as well as resource management involving
a two-tier distribution structure.

The topics of studies and UDC as a city logistics
initiative focused on minimisation of traffic asso-
ciated with freight vehicles, emissions generated
by lorries deployed in urban areas and air pollution
from a local standpoint are addressed, for instance,
in the publications [8] and [9]. In [10], van Duin el
al. advise the municipality of the Hague whether the
implementation of UDC is feasible and desirable
based on identified circumstances leading to success
or failure of UDC establishments in practice abroad.
As for other examples, the authors Lindholm and
Behrends in their paper [11] focus on a long-term
system adjustment to traffic restrictions implement-
ed in the particular city, whereas [12] assesses the
efficiency of off-peak cargo deliveries in an urban
area. They demonstrated that policies shifting car-
go delivery in urban agglomerations from peak to
off-peak periods can enhance cargo distribution ef-
fectiveness and mitigate negative effects of external
surroundings.

Furthermore, challenges in transport network
planning regarding freight transport in urban ar-
eas as well as urban travel modelling demand the
use of mathematical programming methods, which
may be found in [13, 14]. Unlike previous litera-
ture sources, Bu et al. apply preference methods for
specifying suitable places for distribution reloading
in city areas [15], and the case study [16] presents
an evaluation of appropriate location in an urban
centre for commodity distribution when applying a
combined procedure consisting of two steps: spatial
analysis, followed by multi-objective mixed-integer
linear programming. Similarly, [17] and [18] utilise

a genetic algorithm linking various apparatuses in
order to elaborate particular research relating to ur-
ban logistics centre location.

In regard to the imperative aspect of city logistics
in the context of this article, a number of approaches
concerning the concept of city logistics have been
discussed in numerous publications. For example,
the papers [19] and [20] deal with two-echelon
capacitated vehicle routing problems (hereinafter
referred to as VRP) and multi-echelon transport
systems in a selected urban area. The paper [21]
presents a set of crucial elements of urban econo-
my affecting city distribution processes. Mason et
al. designed a specific model related to an adaptable
large-neighbourhood search to address a two-tier
transport problem of cargo distribution in congested
traffic flows in city centres in [22]. Lewczuk et al.
in the research study on a transportation problem in
an urban area [23] discuss routing freight vehicles
within city logistics and propose a specific model
established within a depiction of actual transport
networks and addressed for certain data using two-
steps heuristics.

The main objectives and contributions of this re-
search are as follows:

- description and analysis of opted methods of op-
erations research to deal with transport problems
in city logistics;

- modelling the optimal interconnections of UDC
at a city logistics network when applying certain
operations research methods.

2. METHODS APPLIED

Distribution problems or tasks when using the
operations research methods in most cases involve a
simple travelling salesman problem or vehicle rout-
ing problem (sometimes referred to as multiple trav-
elling salesman problem. VRP was first introduced
by the Irish mathematician R.W. Hamilton and the
British mathematician T. Kirkman in the 19" cen-
tury. However, this issue has been formulated as a
mathematical problem since the 1930s, as stated in
the literature [24].

VRP is defined by [25] as follows: the set M is
given, and for each two elements x, y, the number
d(x,y) is given, which is called distance between x
and y. The goal is to specify in which succession
the salesman (or vehicle) should pass through the
elements (nodes) of the M set in order to go through
each element just once, and then return to the point
where the journey began while traveling the shortest
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possible distance. In other words, we seek to rank
the M elements into a sequence x,,...,x,, which con-
tains each of the M elements just once and the sum
of d(x,,x,)+d(x,, xy)*...+d(x, |x, )+d(x,x,) should
be as small as possible.

This problem, thus, represents the type of dis-
tribution tasks where delivery of goods to custom-
ers is carried out by one or several routing (circuit)
paths [26]. The objective here is to determine such
sequence of visited places and possibly their inclu-
sion into individual circuits so that each customer
is visited (served) just once and the transport per-
formance (optimisation criterion) is minimal. Cus-
tomer requirements and technological limitations
of vehicles must be respected. Depending on the
number of circuits needed for the delivery of goods,
single-circuit and multi-circuit tasks can be distin-
guished [27].

These methods thus deal with the issue of sup-
plying several nodes, with the route beginning at an
origin point, and after accomplishing deliveries to
individual nodes, the vehicle returns to the origin
point. Each node/station/customer can be operat-
ed only once, and the order of stations is not de-
termined. However, the major objective is to find
the shortest route possible. VRP deals with the most
economical delivery of products from suppliers to
customers in order to meet their requirements (de-
livery period, and so on) [28].

The general mathematical model of the VRP
(see Equation 1) formulated by Miller-Tucker-Zemlin
is presented, for example, by [29] and [30]

n—1”

to minimise:
n n
i=1,=1
under conditions:

Dxy=1 i=12,....n
Jj=1

(1

Sl j=1.2.n
i=1

ui-ujtnx;<n-1, i=
xi € {0,1},

1,2,...,n,
Lj=1,2,...,n

j=12,...,n,

where: n represents the number of locations (in-
cluding the origin point) to be visited; ¢y denotes
the distance travelled between the locations i and
J in length or time units; x . is a bivalent variable
having a value of 1 if the vehicle moves from place
i to place j, and a value of 0 if the conditions are
vice versa; the first and second condition ensure that
each location is visited just once; the third condi-
tion is a set of Tucker conditions that prevents the

creation of sub-cycles; the fourth condition ensures

that the variable X;; can only have the values 0 and 1

and be a bivalent variable.

In view of graph theory, VRP is a classic dis-
tribution problem on the sample transport network
G=(V, E). The vertex indicated as V|, is the centre of
the network and can also be denoted as a central or
distribution point from which material is distributed
to individual delivery points. These points (places
requiring an operation) are in general referred to as
vertices, V,...,V,, where n denotes a number of ver-
tices [31].

As for VRP, a requirement for a certain quantity
of transported cargo in vertices is specified. Cargo is
carried by vehicles wherein their maximum capacity
is limited, and a vehicle’s route starts and finishes at
the same centre V,. The task is basically to compile
a certain number of circuit routes (routing paths)
in order to meet requirements of each customer
point, ensure only one operation for each place and
achieve the smallest possible shipping cost.

As mentioned, depending on the number of cir-
cuits needed for the delivery of goods, there are sin-
gle-circuit and multi-circuit VRP distribution tasks.

Single-circuit VRP methods can be divided into
[28, 32]:

- methods for broader classes of distribution tasks
(e.g. patching method, Hungarian method, Vogel
approximation method);

- methods based on graph theory algorithms (e.g.
greedy algorithm methods, nearest neighbour
method, minimal skeleton method);

- methods for Euclidean VRP (e.g. convex hull
methods, Arora method);

- methods improving solutions (e.g. r-opt method,
Or-opt method).

Multi-circuit VRP methods encompass [27, 33]:

- delivery tasks — it is an extension of the VRP
concept. Here, the goal is also to start at a certain
point, serve a full set of customers and return
to the origin point so that the circuit is as short
as possible. In this case, the capacity limitation
of a vehicle and the requirements of individual
customers in terms of quantity of deliveries must
also be taken into account (e.g. Clarke-Wright
method, Mayer method, bin packing problem
method);

- tasks with time windows — these have the same
principle as in the previous case, but in addition,
the time interval is defined in which delivery is
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to be performed, which eliminates pick-up/de-

livery by one Hamiltonian cycle (e.g. insertion

method, minimum spanning tree method);

- tasks with split delivery — for this type of tasks,
one delivery point is visited multiple times by
various vehicles. In practice, this task can occur
because of a large order that cannot be delivered
by a single vehicle due to capacity reasons, and
thereby this delivery point is included in the list
of multiple circuit routes;

- tasks with multiple depots — in these cases, two
or more depots are available for a distribution
task, wherein each operates a different region.
Each vehicle can start its journey in another de-
pot and, at the same time, it does not have to stop
a journey in the point of origin;

- tasks with simultaneous pick-up and delivery —
these represent an extension of the basic delivery
task with an option to carry out the collection
and delivery of circuit routes at the same time.
To analyse the research problem in this arti-

cle, information analysis methods, including their

comparison, logical induction and deduction, were
used. The individual findings were interlinked
into sections by the synthesis method, the mutual
compatibility of which gives the reader a compre-
hensive overview of the individual research issues
addressed. Last but not least, selected operations
research methods — multiple heuristic VRP meth-
ods — namely techniques of Clarke-Wright algo-
rithm, Mayer algorithm and the nearest neighbour
algorithm (hereinafter referred to as NNA), to de-
fine efficient distribution paths in order to supply

UDC when minimising the distance travelled, were

applied.

An appropriate combination of operations re-
search instruments and their application to specific
areas of logistics is where the novelty and innova-
tive solution of this research lies; i.e. it fulfils the
gap in literature by addressing distribution tasks in
the range of city logistics.

The Clarke-Wright algorithm, as formulated in
[34, 35], is a well-known classic heuristic technique
for dealing with VRP issues. This method is above
all used to address the multi-circuit distribution
problems in which specific restrictive circumstanc-
es splitting up the entire journey into multiple legs
are to be respected, in addition to the crucial factor
of distance travelled. This tool is iterative, which
means that the given solution is improved by de-
grees when executing a certain procedure (i.e. iter-

ation steps) until it is optimal. The principle of this
instrument lies in designing the fundamental paths
of the entire journey (circuit). Thereafter, they are
aggregated together when carrying out iterations in
order to be in line with the limiting stipulations of
the permissibility of the final solution [36].

These limitations encompass, for instance, not
exceeding a vehicle payload, maximum path dis-
tance, quantity of vertices visited, entire journey
duration and so forth. The advantage/disadvantage
of aggregating two paths into a single one is giv-
en by the savings generated by such an aggregation
(i.e. grouping paths together). These savings are
quantified by the so-called preference coefficient z;
in line with the equation Z;j:(d0i+d0j'dz]')’ where z;
entails a difference between a sum of paths' lengths
(Vy-V-V,) and (V- Vj- V,) and aggregated path length
(Vy-V- Vj- V). In each iteration, the Clarke-Wright
algorithm aggregates those two paths to obtain the
highest preference coefficient; as long as this ag-
gregation can be created with regard to the limiting
stipulations of the solution [36].

The Clarke-Wright algorithm solutions can be
formulated into seven successive stages. For de-
tailed information, see, for instance, [37].

Since one of the aims of this article is to specify
an operations research technique that allows sepa-
rating the entire distribution journey into multiple
legs during the supply of a large number of objects
from the given hub, the Clarke-Wright algorithm,
being a multi-circuit VRP method for tasks with
limited capacity of vehicles deployed, seems to be
an efficient and appropriate instrument.

The Mayer algorithm, described as a heuris-
tic approach in [38], is intended to address the
multi-circuit transport problems with capacity lim-
itations and a complete network of delivery paths.
It is used to compile circuit routes with a selection
of minimal elements, which can be used for assign-
ing pick-up and delivery plans [39]. Addressing
distribution tasks using this method is conducted
in two consecutive stages. In the first stage, all the
sites to be supplied are divided into groups repre-
senting individual circuit routes so that the sum of
requirements within each group does not exceed the
limitations of the capacity of vehicles deployed to
do their work. In the second stage, it is necessary
to determine such succession of supply operations
(deliveries) to individual sites as to minimise the
distance travelled within each circuit (by imple-
menting some other suitable VRP methods).
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When addressing problems using the Mayer al-
gorithm, just like in the case of the Clarke-Wright
algorithm, the procedure is based on a symmetric
matrix of distances among all the sites involved,
where they are sorted by the distance to be travelled
so that the origin point (i.e. the starting location) is
listed as the last site, and other sites are sorted by
their distances from that origin point. In the matrix,
the furthest site is listed as first, followed by less
distant sites to the origin point, up to the least dis-
tant site in the matrix [40, 41].

The procedure for addressing the first stage of
the Mayer algorithm is presented, for example, in
[42]. This can be summarised into several succes-
sive stages, as seen in [43].

Based on the above description and following
the summarised advantages of the Mayer algorithm,
it can be stated that this technique seems to be an
effective and suitable instrument for the distribution
problem scenarios in this work.

The nearest neighbour algorithm is an opera-
tions research tool that can be applied to distribution
problems wherein only one operator picks up or dis-
tributes cargo to defined objects [44]. After all the
predetermined spokes are served, the vehicle gets
back to the starting location. Each and every object
can be operated only once. The crucial objective of
this approach is to aid in seeking a solution that de-
termines the most efficient order of supply of each
object being regarded. The aim of the task is to cut
down the travelled distance or the overall transport
costs [45]. This classic heuristic instrument is an
unsophisticated method not requiring any intricate
computations. Its input sources of data comprise
above all a matrix of distances respecting travelled
kilometres between each operated object which are
sought gradually. In line with formulations defined
in the research study [46], this method is one of the
efficient tools that can be applied to deal with VRPs.
Its essence lies in specifying a starting location from
which the optimal link to the next location needs
to be detected. Such approach is repeated until all
relevant objects are served. When all the locations
are interlinked, the procedure will get back to the
starting point. This method could be summarised in
multiple steps, as seen in [47].

Following the previously mentioned statements,
the NNA seems to be an appropriate tool to be
implemented in the application section of this re-
search, i.e. to determine the most efficient distribu-

tion paths in supplying predetermined objects (i.e.
UDC in our case) while decreasing the overall trav-
elled distance.

3. DESIGN OF MODELS

This section is aimed at an endeavour to opti-
mise findings achieved when addressing the issue
of supply of selected objects (in our case, UDC),
focusing exclusively on execution of distribution
journeys from a starting location to multiple objects
using specific mathematical methods with a special
emphasis on a certain territory within city logistics.

The researched regional public logistics centre
(hereinafter V) is suggested to be located in a ficti-
tious place with dense roads and busy freight trans-
port, in which an industrial site out of the city centre
might be located as well. Afterwards, the considered
objects (urban distribution centres; hereinafter V)
will be periodically operated by predetermined car-
go consignments when deploying lorries with low
capacity suited to distribute in the range of urban ar-
eas. These objects V, including the starting location
V, as well as travelled distances between all of them
given in km, are summarised in the following 7able 1
— entry matrix of distances D. This table represents
a 17x17 matrix, where each number denotes a dis-
tance travelled between two corresponding nodes
given in km.

The purpose is to define the most efficient de-
livery sequence improving the cargo availability for
each object, which means to determine the optimal
distribution paths from V|, to V.. In order to observe
the city logistics aspects, the task postulates are as
follows: (a) distribution is performed by way of cir-
cuit paths; thus, it all concerns a capacity limited
VRP; (b) in total, three cargo delivery lorries are
available to ensure distribution (A with a payload of
3,400 kg, B with a payload of 2,500 kg and C with
a payload of 3,000 kg) — lorry capacity limitation
(i.e. available lorry payload) represents a major lim-
iting stipulation of the transport problem addressed.
The time restriction of the distribution process is set
by the maximum uninterrupted period of driving,
and it is defined in the EC Regulation 561/2006 as
270 minutes/journey (including periods of auxiliary
activities as well as periods of all reloading opera-
tions in this case) [48]; (c) the criterion of optimi-
sation is interpreted by the overall lorry transport
performance (given in travelled distance in km)
directly associated with the transport costs; (d) the
quantity of each consignment to be delivered is
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Table 1 — Entry matrix of distances D (traveled distances given in km between individual objects)

i o " 8 8 v, Vs Vs vy Vg Ve Vo | Vo | Vi | Vs | Ve | Vs | Vs
Vo 0 12 (1.1 |23 |36 |10 |32 | 18 (59 |22]|47 |16 | 10| 34 |33 | 29 | 53
Vi | 1.2 0 13 (10|33 | 18 |20 10| 32 | 13 | 35 ]065| 21 | 31| 20| 1.7 | 41
v, | 1.1 1.3 0 20 | 47 | 045 | 3.0 | 23 | 42 | 26 | 45 | 1.6 | 23 | 44 | 3.0 [ 035 4.6
Vol 23 | 10| 20 0 33 125 |13 | 1.1 |25 | 14|28 | 08 | 22| 32| 13 |24 ] 47
V,| 36 |33 | 47 | 33 0 31 | 32 | 07 | 32 045 3.1 14 119 | 15 | 32 | 33 | 57
Ve | 1.0 | 1.8 | 045 | 2.5 | 3.1 0 34 | 24 | 46 | 28 | 49 | 21 | 27 | 50 | 34 | 35 | 5.1
Ve | 32 | 20| 3.0 | 1.3 | 32 | 34 0 20 (14|23 |16 | 18] 31| 39 [008]| 33| 38
vV, | 1.8 | 1.0 | 23 | I.1 | 0.7 | 24 | 2.0 0 35 1035| 35 |075] 12 | 21 | 24 | 26 | 5.1
Ve | 59 | 32 | 42 | 25 | 32 | 46 | 1.4 | 35 0 40 [045] 3.0 | 45 | 3.7 | 1.4 | 47 | 50
Vo | 22 | 1.3 ] 2.6 | 1.4 | 045] 28 | 23 | 035 | 4.0 0 32 | 1.1 16 | 1.8 | 33 | 3.0 | 58
Vio| 47 | 35 | 45 |28 | 31 | 49 | 16 | 35 |045| 32 0 33 | 43 | 36 | 1.7 | 49 | 53
Viy| 1.6 1065 1.6 | 0.8 | 1.4 | 2.1 1.8 {075] 3.0 | 1.1 | 33 0 20 | 29 | 20 | 22 | 47
Vo 1.0 | 21| 23 | 22 | 1.9 | 27 | 3.1 1.2 | 45 | 1.6 | 43 | 20 0 29 | 3.6 | 33 | 57
Vi | 34 | 3.1 | 44 | 32 | 15|50 |39 |21 |37 ]| 1836|2929 0 4.0 | 47 | 7.7
Vie| 33 120 | 30| 13 |32 |34 |008| 24 | 14| 33| 17|20 3.6 | 40 0 34 | 3.8
Vis| 29| 1.7 1035] 24 |33 |35 |33 |26 |47 | 30|49 22|33 ]| 47 | 34 0 4.9
Viel| 53 | 41 | 46 | 47 | 57 | 51 | 38 | 5.1 | 50 | 5.8 | 53 | 47 | 57 | 7.7 | 3.8 | 49 0

predetermined for each UDC (see Tables 3-5); (e)
uniform mean lorry velocity is set at 40 km/h; (f)
comparatively flat height-profile of roads in the ter-
ritory under investigation is kept; (g) cargo delivery
is required during night-time periods; thus, no extra
waiting intervals occur given that signalling devices
at junctions are switched off.

3.1 Model of distribution paths — original
state

For the purpose of the research conducted, a sin-
gle distribution day was chosen to demonstrate an
example delivery process. In this scenario, a pro-
posal of optimised distribution paths is discussed in
section 3.2 when applying the Clarke-Wright algo-
rithm, and then in section 3.3 using the Mayer al-
gorithm (along with the NNA) for addressing VRP.
Their application in terms of designing distribution
paths per day is discussed as well.

A basic prerequisite for the design of distribu-
tion routes using the specific mathematical method
is to create a symmetric matrix of distances for the
addressed model example (see Table 1). In addition
to a matrix of distances, a matrix expressing jour-

ney times between each logistics object (UDC) is
required as well. Such a matrix will be used to count
overall journey times per day for each delivery path
when applying the Clarke-Wright and Mayer algo-
rithms. To this end, an overall journey time com-
prises a total period consumed while distributing
shipments to clients, inclusive of cargo unloading
period at clients, which is 15 min, as well as a pe-
riod spent at the starting location ¥ needed for all
technological operations, which is 60 min. To create
a matrix of distances, mapa.cz as a simple online
route-planner was utilised to find out the journey
times in minutes between each object. Also, the dis-
tance matrix was created on the basis of a constant
mean velocity of lorries during distribution, which
is 40 km/h. A 17x17 entry matrix of times was cre-
ated, however, it is not included here due to limited
extent.

Figure 1 shows a graphical depiction of all the
original circuit distribution paths during delivery. In
this figure, the individual circuits are colour-differ-
entiated. A path for lorry A is marked by blue, a path
for lorry B is highlighted in green and a path for
lorry C is marked by red.
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Promet — Traffic& Transportation, Vol. 34, 2022, No. 5, 739-754




Stopka O. Modelling Distribution Routes in City Logistics by Applying Operations Research Methods

Figure 1 — Original distribution paths of the model example

Table 2 — Attributes of the original distribution paths with

Table 3 — Attributes of the original distribution paths with

deploying the lorry A deploying the lorry B
Distance | Demand of .Tir.ne O.f Han@ling Distance | Demand of T.lm? of Han@llng
Path [km] client [ke] distribution | period Path [km] client [ke] distribu- period
£ [min] [min] tion [min] |  [min]
v, - - - - v, - - - -
v, 1.2 160 kg 2.5 15 Vi, 1.0 840 2.0 15
" 1.3 600 kg 3.0 15 V1o 4.3 360 8.5 15
" 20 180 kg 4.0 15 ) 3.3 840 6.5 15
v, 33 100 kg 7.0 15 a 6 - 30 -
s 3.1 140 ke 6.0 15 Total | 102 2,040 20 45
v, 2.4 200 kg 5.0 15
Ve 2.0 360 kg 4.0 15 stipulations. Tuble 3 lists individual parameters of the
Ve 1.4 100 kg 3.0 15 second path, for which the lorry B (green route) was
v, 4.0 360 kg 3.0 15 deployed. The table includes the same types of data
2 29 _ 45 i as t}l;e prngus path.h o .
Total 2% 2.200 53 135 ase . on Table 3, the Qvera journey time was set
to 125 minutes after adding all the necessary values.

All the attributes relating to the original distri-
bution path in which the lorry A (blue path) was
deployed are summarised in 7able 2. This table pres-
ents a sequence of operation of individual UDCs V,
overall travelled distances of the distribution path as
well as travelled kilometres between corresponding
objects, client demands for cargo, times of distri-
bution drive among pertinent logistics objects and
handling periods at individual objects.

From the table above, the overall journey time
was determined to be 248 min (including ancillary
works of 60 min). Based on the data detected, it can
be stated that the model path meets all the limiting

Following the data obtained, it can be declared that
even this model path meets all the limiting stipula-
tions. Table 4 shows the characteristics of the third
distribution path (red colour), for which the lorry C
was assigned.

From 7able 4, after counting all the necessary val-
ues, the overall journey time was determined as 163
minutes. On the basis of the data obtained, it can be
stated that even this model original path meets all
the limiting stipulations. At this stage, it is desirable
to assess all meaningful aspects concerning original
distribution paths executed by the corresponding
lorries. 7able 5 summarises all the data relevant to
this assessment.
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Table 4 — Attributes of the original distribution paths with

deploying the lorry C
pan | Disance | Demand of | | e
[min] [min]
Vs - - - -
Vis 29 120 6.0 15
Vi 34 400 7.0 15
Vie 3.8 700 7.5 15
Vi 7.7 140 15.5 15
Vs 34 - 7.0 -
Total 21.2 1,360 43 60

Table 5 — Assessment of all the original distribution paths

Value of the criterion of optimisation 57.4 km
Quantity of distribution paths 3

Quantity of lorries deployed 3

Lorry A payload utilisation 64.71%
Lorry B payload utilisation 81.60%
Lorry C payload utilisation 45.33%
Lorries mean payload utilisation 63.88%

3.2 Model of optimised paths using the
Clarke-Wright algorithm

This section presents the optimised distribution
paths for the model example when applying the
Clarke-Wright algorithm. This is done according to
individual steps (section 2). The first 2 stages are
focused on creating an entry matrix of distances D
(see Table 1). To this end, the next phase of formulat-
ing an elementary solution of the assignment can be
approached directly, which means to determine the
fundamental paths from the starting location (V)
to each UDC (V)) and return journey. As for fun-
damental paths, it is necessary to define the criteri-
on of optimisation and limiting stipulations of the
addressed task as well [46]. The fundamental paths
of the model example and their relating attributes
are shown in Table 6. These parameters include:
[, —length of the path section (km); / — overall trans-
port performance; ¢, — client demand quantity (kg);
l;— time of distribution drive (min); 1 - handling
period at individual UDCs (min); ¢, — an overall
journey time (min).

After determining the fundamental paths, a fol-
low-up phase of the Clarke-Wright algorithm is
the formulation of a preference coefficient matrix
denoted as Z= {Zz_'j} in accordance with the formula
zl.j=(d0i+d0j—dj), expressing a difference between

ij

Table 6 — Fundamental paths of the model example and their attributes

Paths [,[km] q, [ke] L [min] ¢, [min] ¢, [min]
Vo=Vi=V, 24 160 5 15 80
Vo=V,=V, 22 600 4 15 79
Vo=Vi=V, 4.6 180 9 15 84
Vo=Vi=V, 7.2 100 15 15 90
Vo=Vs=V, 2.0 140 4 15 79
Vo=Ve—V, 6.4 360 13 15 88
Vo= Vo=V, 3.6 200 8 15 83
Vo=Ve—V, 11.8 100 24 15 99
Vo=Vo—=V, 4.4 360 9 15 84
Vo=Vio= Vo 9.4 360 19 15 94
Vo=Viu—", 32 840 6 15 81
Vo=Vin=Y, 2.0 840 4 15 79
Vo=Vi3=V, 6.8 140 14 15 89
Vo=Viu=V, 6.6 400 13 15 88
Vo=Vis=V, 5.8 120 12 15 87
Vo=Vie— Vs 10.6 700 22 15 97
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the sum of lengths of two fundamental paths and a
length of a path formed by aggregating them. The
resulting Z matrix is given in Table 7.

Now, we can proceed to the proposal of deliv-
ery paths itself. This is conducted as an iteration
process, in which fundamental paths are gradually
aggregated together on the basis of individual val-
ues of preference coefficients listed in the Z ma-
trix. At the same time, the permissibility of aggre-
gating pertinent paths is verified continuously in
individual iterations, which means to check wheth-
er an aggregated path is in line with all the limiting
stipulations, and whether an aggregation does not
merge 2 marginal locations of the path. Hence, the
very first phase of the procedure is to search for
the highest value of all the coefficients in a matrix,
which is in our case represented by a joint of UDCs
Vi and V|, with the highest value of 10.15. Thus,
the possibility to connect these two locations needs
to be investigated. In total, 23 iterations were per-
formed; nevertheless, due to the considerable range
of this process, only the findings are shown in this
article (see Table 8).

Following the table above, in total, two opti-
mised distribution paths were created to operate
individual clients (in our case, UDC) by using the
Clarke-Wright algorithm. In order to provide for the
first path, it is needed to deploy the lorry A given
the weight of cargo carried and as well as the lorry
capacity, and as far as the second path goes, it is
meaningful to use the delivery lorry B, for which a
maximum payload will be utilised effectively.

A graphical representation of both distribution
paths is shown in Figure 2. The circuit path for the
lorry A is highlighted in blue and the lorry B path is
marked in red.

3.3 Model of optimised paths using the
Mayer algorithm and NNA

In this chapter, the original distribution paths
for the model example are optimised using the
Mayer algorithm whereby individual delivery se-
quences will be determined by the technique of
NNA. This will be done in accordance with the
procedure specified in section 2.

Table 7 — Preference coefficient matrix Z (relating to Clarke-Wright algorithm)

i Vi Y Vs Y Vs Vs s Vs Vs Vio | " Vo [ Vs | Va | Vs Vie
v, 1.0 | 25 1.5 | 04 | 24 | 20 | 39 | 2.1 24 | 215 | 0.1 1.5 | 25 | 24 | 24
v, 0 14 |1 00 | 165| 13 | 06 | 2.8 | 0.7 1.3 1.1 | -0.2 | 0.1 04 | 3.65]| 1.8
Vv, 0 26 | 0.8 | 42 | 3.0 | 57 | 3.1 42 | 3.1 1.1 25 | 43 | 28 | 29
v, 0 1.5 | 3.6 | 47 | 63 |535| 52 | 38 | 27 | 55 | 3.7 | 32 | 32
Vs 0 08 | 04 | 23 | 04 | 08 | 05 |-07]-06| 09 | 04 | 12
Ve 0 3.0 7.7 3.1 6.3 3.0 1.1 2.7 | 642 | 2.8 4.7
v, 0 42 | 365 | 3.0 [ 265]| 1.6 | 3.1 27 | 2.1 | 20
Vy 0 4.1 |10.15] 45 | 24 | 56 | 7.8 | 4.1 6.2
Vy 0 3.7 | 27 1.6 | 3.8 | 22 | 2.1 1.7
Vio 0 3.0 14 | 45 | 63 | 2.7 | 47
Vi 0 0.6 | 2.1 29 | 23 | 22
v, 0 | 15[ 07| 06| 06
Vi 0 2.7 1.6 | 1.0
Via 0 2.8 | 48
Vis 0 33

Vie 0

Table 8 — Optimised distribution paths for the lorry A and B when applying Clarke-Wright algorithm

Paths Lorry | /[km] q [kg] L [min] ¢, [min] t.[min]

Vo= Vi=Vi=Ve=Ve=Vio=Via=Vie=Vis— Vo= Vs =V, A 17.55 3,120 36.5 150 246.5
Vo= Vi = Vo= Vo=V, = Vis=Viy =V, B 855 | 2,480 17.5 90 167.5
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Figure 2 — Optimised distribution paths for both lorries when applying Clarke-Wright algorithm

This method must be implemented in 2 ele-
mentary consecutive phases. In phase 1, the UDCs
will be divided into individual circuit paths, and
as for the phase 2, the succession of deliveries to
each object will be defined for each designed path
so that the distance travelled is as short as possi-
ble [29]. First of all, we assign UDCs to delivery
paths. To this end, a table of rates based on the
entry matrix of distances given in 7able I needs
to be compiled (see Tuble 9). In this table, the dis-
tances travelled among the UDCs are expressed
in the same way as the matrix of distances. How-
ever, the UDCs are sorted in descending order by
the distance travelled from the starting location
V, which is not included in the table per se. The
table also comprises a column indicating client
demand from the corresponding line.

Subsequently, we may continue to the process
of assigning the objects (UDCs) to individual
distribution paths. It is done through iterations
according to steps 2-9 (see section 2). When exe-
cuting iterations, it is required to monitor whether
any of the limiting stipulations are violated by in-
corporating UDC into the specific delivery path.
In order to continuously observe the time con-
straints of the task, the default succession of sup-
ply of clients within the circuit paths will also be
defined in each iteration. Now, the very iteration
process can be initiated. In total, 13 iterations for
the distribution path no. 1 and 4 iterations for the
distribution path no. 2 were executed, and again,

due to the considerable range, only the outcomes
from the conducted iterations are listed as follows
(see Table 10).

As mentioned, it is reasonable to supplement
the very assignment of objects to individual distri-
bution paths when using the Mayer algorithm by
a different technique to deal with the single-cir-
cuit transport problem. By using such method, the
order of individual locations to be served during
single-circuit route is modified. While delivering,
the succession of visited nodes needs to be put
into order so that the distance travelled is as short
as possible. For this purpose, the NNA will be
used in the following section [49].

To define the supply succession to individu-
al clients, this heuristic technique searching for
the shortest possible single-circuit distribution
path will be used. This algorithm is simple and
does not need complicated calculations. A matrix
of distances between individual vertices for the
designed paths is used as a data source, which is
gradually analysed [50]. At the beginning of the
procedure, the starting location is defined. The clos-
est unused vertex is identified in a matrix of dis-
tances for the starting location, and this link is listed
in the continuous solution of the distribution path.
Step by step, this procedure is applied to all the ver-
tices, and after finding the last vertex, it is connect-
ed to the starting point [45]. Thereby, the entire path
is completed.
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Table 9 — Table of rates of Mayer algorithm (distances between objects in km along with a demand of client in kg)

Gl Vel Vie l Vel Va l Vsl Vial Ve | Visl Vsl Vol Vol V| W V, | Vi | Vs | Demand [kg]
Vg 0 | 50 (045|32 |37 | 14| 14|47 25|40 |35 |30|32]| 42| 45|46 100
Vie| 50| 0 | 53|57 |77 38|38 |49 |47 |58 51|47 |41 |46 57|51 700
Vie | 04553 0 | 31|36 |17 |16 |49 |28 |32 |35|33|35]|45]|43 |49 360
vV, | 32|57 |31 0 1.5 132 (32 (33]33(045]0.7 | 14|33 |47 |19 (3.1 100
Vs | 37 |77 |36 | 15| 0 | 40|39 47|32 |18 |21 [29|31]|44]29 |50 140
Vig| 14 38| 1732 140| 0 (00834 |13 |33 |24]20|20]|30]|36]|34 400
Ve | 1438 | 1.6 |32 391008 0 |33| 13|23 |20 | 1.8|20/|3.0]|31]34 360
Vis | 4749|4933 |47 34|33 0 |24]30]26]22]17]035|33 /35 120
Vy | 25|47 |28 333213 ]13]24] 0 14| 11108 ] 10|20]22]|25 180
Ve | 40| 58 |32 (045 1.8 |33 23|30 | 14| 0 |035] 1.1 | 13|26 |16 |28 360
V, | 35|51 3507 |21 ]24]20]|26]|11]035| 0 |075| 1.0 |23 |12 |24 200
Vi 13047 |33 |14(29]20]| 18 22|08 | 1.1 075 0 [0.65] 1.6 |20 | 2.1 840
V, | 32|41 353331 ]120]20]|17]|10] 13| 10065 0 13 (21|18 160
V, | 42|46 |45 |47 |44 3.0 ]30[035{20 |26 |23 |16 |13 | 0 |23 ]045 600
Vip | 45 57 43119293631 (33]22]16|12]20(21 23] 0 |27 840
Ve | 46 | 5.1 | 49 | 3.1 | 50 | 34|34 |35 25|28 |24 |21 | 18]045|27 | 0 140
Table 10 — Assignment of UDCs to distribution paths for both lorries when applying Mayer algorithm
Paths Lorry q; [kg] L [min] t, [min] ¢, [min]
Vo=Ve=Vie=Ve=Viu=-Vs=V =V, = Vo= Vo=V, = V3=V, A 3,200 37 165 262
Vo=Vie=Vis= Vo= Vs=V, =V, B 2,400 30.5 75 165.5

Figure 3 — Optimised distribution paths for both lorries by applying Mayer and the nearest neighbour algorithms
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Thus, after compiling paths (see Zable 10), indi-
vidual steps are carried out according to the proce-
dure (see section 2). However, given the substantial
scope of the whole procedure, only the outcomes
are indicated below.

Following the investigation using the NNA, the
optimal distribution path no. 1 when deploying the
lorry Ais as follows: V)=V, =V, =V, =V, = Vy—

Vi=Vis=Vig=Vy=Ve—=Viu=Vyor Vo=V, =V,
V=V V=V V=V = V= Vg = Vi3 =V,

wherein for both variants, the criterion of optimisa-
tion is 15.88 km. The optimal distribution path no.
2 when deploying the lorry B is as follows: V, -V,
~Vs=V,=Vs—V,s—V,, wherein the total distance
travelled is 14.70 km. A graphical illustration of
both paths is depicted in Figure 3, in which the route
no. 1 for the lorry A is marked in blue and the deliv-
ery path no. 2 for the lorry B is highlighted in red.

Based on proper analysis of individual paths,
the final evaluation as well as discussion of the en-
tire distribution process designed by applying the
Clarke-Wright and consequently Mayer algorithms
along with the NNA can be carried out (see the fol-
lowing section).

4. FINAL EVALUATION AND
DISCUSSION

4.1 Evaluation of the limiting stipulations

First of all, it is necessary to assess whether the
design of distribution paths by using opted methods
complies with all the predetermined limiting stipu-
lations. This evaluation was already carried out in
individual designs in section 3. Thus, all the values
of two specified limitations (i.e. lorry payload and
overall journey time) achieved when modelling sev-
eral cases of distribution paths using each method
were taken into account. Following the conducted
modelling process, all the stipulations were ob-
served in both scenarios.

Table 11 — Comparison of the total distance travelled

4.2 Evaluation of the optimisation criterion

Here, it is of highest priority to evaluate whether
the designed scenarios of distribution paths by us-
ing all the methods results in a reduction of the total
transport performance required for execution of the
proposed distribution compared to the original state.
The overall distance travelled is therefore consid-
ered as the chosen optimisation criterion. Based on
its value decrease in comparison with the delivery
initial status, the efficiency of the designed distri-
bution process by applying the opted operations
research techniques can be assessed. To this end,
Table 11 is compiled to illustrate the overall transport
performance obtained by each method.

In the table above, by using all the methods cho-
sen for modelling the distribution paths, the trans-
port performance is reduced in comparison with
the original status. The best outcome is achieved
by applying the Clarke-Wright algorithm, which
reduces the overall original transport performance
by 31.3 km. The efficiency of this technique may
be attributed primarily to the fact that it is a meth-
od appropriate to address multi-circuit distribution
problems with various types of limiting stipulations,
including those set out in this publication. Unlike
the Mayer algorithm, its potential may be thus fully
utilised when designing delivery paths.

4.3 Evaluation of the lorry capacity
utilisation

The capacity utilisation of lorries deployed in
distribution needs to be evaluated as well. To this
end, utilisation of a lorry payloads separately as
well as the average payload utilisation of all the lor-
ries together was assessed. To clearly evaluate this
parameter, Table 12 is compiled, showing the per-
centage utilisation of lorry payload during distribu-
tion designed by each method and the original state.

Criterion of optimisation Original state Clarke-Wright Mayer algorithm and NNA
Quantity of lorries 3 2 2
Travelled distance [km] 57.4 26.1 30.58
A 26 17.55 15.88
B 10.2 8.55 14.70
C 21.2 -
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Table 12 — Comparison of the lorries’ capacity utilisation

Investigated parameter Original state Clarke-Wright Mayer and NNA Max. value
Quantity of lorries 3 2 2 3
Lorry payload utilisation 63.88% 95.48% 95.06% 100%
A 2,200 kg (64.71%) 3,120 kg (91.76%) 3,200 kg (94.12%) 3,400 kg
B 2,040 kg (81.60%) 2,480 kg (99.20%) 2,400 kg (96.00%) 2,500 kg
C 1,360 kg (45.33%) - - 3,000 kg

In the table above, we can see at first glance that
the modelling process of distribution paths using
the selected operations research tools in all the cases
resulted in a substantial increase in the capacity util-
isation of the lorries A and B, as well as the average
capacity utilisation compared to the original state.
The increase in average capacity utilisation is main-
ly due to the fact that the lorry C was not deployed
during the optimisation process. The best average
payload utilisation of deployed lorries was achieved
with the Clarke-Wright algorithm reaching a val-
ue of 95.48% (i.e. an increase of 31.6% compared
to the original status), which is only slightly more
compared to when implementing the Mayer tech-
nique (95.06 %).

S. CONCLUSION

This research work designed various delivery
scenarios by applying adequate mathematical meth-
ods for planning distribution paths in the context of
a transport problem, enabling to minimise the over-
all distance travelled when supplying urban distri-
bution centres. Specifically, vehicle routing problem
techniques were implemented as follows: Clarke-
Wright algorithm, Mayer algorithm in combination
with the nearest neighbour algorithm. Thereafter,
the findings were compared with the initial status of
distribution paths.

The partial benefits of the manuscript lie above
all in (a) a description of specific attributes in rela-
tion to the concept of city logistics and elaboration
of an in-depth analysis of existing literature in the
topic, as well as (b) a summary of several known
methods of operations research focused on solving
transport problems (VRP) in the range of city lo-
gistics.

The major contribution of this research publi-
cation consists in modelling the transport problem
presented via a specific approach of distribution
process in city logistics when starting from an initial
logistics object (designated as V) in order to de-
termine the optimal distribution paths for operating

multiple distribution centres in urban area. The key
objective of this research lies in an effort towards
minimising the distance travelled, denoted as the
optimisation criterion when applying several VRP
techniques.

Based on key findings from the review of litera-
ture dealing with issue of distribution task optimis-
ation in relation to the concept of city logistics (see
section 1), it can be stated that there are as of yet no
scientific papers discussing a similar subject while
comparing the application of multiple VRP meth-
ods. It is precisely the suitable and effective combi-
nation of adequate operations research methods and
their application to city logistics issues where the
novelty of this work lies; it fills the gap in the liter-
ature in terms of addressing the distribution tasks in
city logistics. Moreover, the obtained results may
be applied even to needs of state government or
regional government, logistics service providers,
developers, decision-makers and experts in the re-
search topic, as well as other entities that can use the
acquired knowledge for their needs.

Moreover, such types of transport problems can
be successfully implemented to further analogical
tasks to a greater or lesser extent and ought to be in-
vestigated even more thoroughly. Further research
can therefore aim especially at the ensuing topics.

Introduction of efficient telematics applications
or other information systems ought to be regarded
as another suitable recommendation in terms of
distribution tasks. These technologies are essential
in the process of logistics services provision and
transport process management, as well as their con-
nection to both internal and external environments.
The importance of this subject is given by the fact
that an efficient logistics system will involve a large
number of interdependent entities, whose coopera-
tion must be coordinated by means of sophisticated
technical apparatuses. To do this, it is necessary to
propose the concept of telematics interconnection
of online information related to several transport
modes and types of logistics services (i.e. their
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optimal deployment, utilisation of their capacities
with regard to transport infrastructure capacity, en-
try prices — fuel, tolls, charges for infrastructure
with respect to environment and so forth).

In regard to the economic advantages/disadvan-
tages of the given designs, models and methods, it
would be reasonable to deal with the economic as-
pects as well. Given the complexity of these topics
as well as the limited range of this research, it was
not possible to focus on this aspect. Since there is
no formulated universal approach to assess the eco-
nomic efficiency of building and allocating a net-
work of public logistics centres in connection with
city logistics issues yet, this topic should also be
addressed in the future in detail.

In addition, it ought to be emphasised that all the
models designed are globally applicable and can be
utilised in various transport-related areas.
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MODELOVANI DISTRIBUCNICH TRAS
V CITY LOGISTICE APLIKOVANIM METOD
OPERACNIHO VYZKUMU

ABSTRAKT

Clanek se zaméruje na aktudlni téma z praktického
i vedeckého hlediska. Konkrétné se zabyva ndavrhem
pristupu k dopravnimu ¢i distribu¢nimu problému v
oblasti méstskeé logistiky a zkoumad moznosti vyuziti zvo-
lenych metod operacniho vyzkumu v této oblasti. Konk-
rétni navrhy spocivaji predevsim v pouziti vybranych
nastrojii operacniho vyzkumu (tj. souboru metod tyka-
Jjicich se okruzniho dopravniho problému) k modelovani
vice variant distribucnich tras ze stanoveného uzlu do
vice lokalit, aby se minimalizovala celkova ujeta vzdale-
nost v meéstské oblasti. Pokud jde o samotny vyzkum, pro
definovani distribucnich cest pro zasobovani vice logi-
stickych objektii v ramci méstské logistiky jsou krok za
krokem pouzity nasledujici metody: Clarke-Wrightiiv al-
goritmus, Mayeriv algoritmus a algoritmus nejblizsiho

souseda. Predkladany clanek je rozdeélen na koncepcni
cast, ktera zahrnuje relevantni teorii i pouzita data a
metody, samotnou praktickou cast a sekci obsahujici
zhodnocent klicovych zjisteni spolu s diskusi. Inovativni
reSeni této vyzkumné prdce spociva ve vhodné kombinaci
adekvatnich metod operacniho vyzkumu a jejich aplikace
na problematiku mestské logistiky.
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meéstskd aglomerace; méstska logistika, méstské
distribucni centrum, operacni vyzkum, okruzni
dopravni problém.
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