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CROSS-DOCKING CARGO DELIVERY ROUTING
FOR GUARANTEED MINIMUM PERIOD

Summary. The article is devoted to the problem of effective use of cross-docking as a
technology of cargo delivery with increased time requirements, which allows to resolve the
contradictions of guaranteed delivery time ensuring and the efficiency of the existing fleet of trucks.
The process of delivery organization is considered as the ordering on the transport network of many
discrete freight flows in the form of their phases. If qualitative and / or quantitative changes do not
occur from phase to phase with the flow, then the tact of such flow is constant. However, cross-
docking flows change the size of the band of moving goods. Cargo can be moved as intended by any
group size, which, however, is limited by the maximum and minimum values. A two-stage algorithm
for solving the problem has been developed. The transport network is represented as a graph. The
content of the route search problem is optimization, as it consists of multiple selections from the
initial graph of arcs in the presence of restrictions on input and output flows. One needs to replace
every each edge of the graph with an arc of the forward or reverse direction, or remove this edge.
The criterion for the optimal solution of the problem, which is applied, is the minimum guaranteed
duration of delivery of goods throughout the set of specified freight flows. At the first stage of the
algorithm, the search for the shortest paths in the graph is performed, along which every given
cargo flow can pass. The first stage of optimization is a linear problem of integer programming, the
dimension of which is not too large. The initial data of the second stage is freight flows matrix,
which is obtained as a result of optimization in the first stage. The content of the second stage of the
algorithm is the solution of the equation of the balance of discrete goods flows. The balance
equation means that all flows entering each peak including the sources of cargo flows of this peak
have an average intensity equal to the intensity of the outgoing cargo flows from each source peak,
including runoff. Due to the studied dependencies between the individual phases of the delivery
process on the example of a cargo carrier on the transport network of Ukraine, the formulated
restrictions and boundary conditions, the possibility of guaranteed accurate solution of a complex
problem is obtained. At the same time, the shortest routes were found, reloading points were
identified as well as time parameters of operation and the degree of loading of cars. According to
the results of the research, a threefold increase in the productivity of the fleet of road trains with a
reduction in the guaranteed delivery time by 30 %.
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1. INTRODUCTION
If the volumes of cargo flows in the logistics chains of the transport network increase, and the goods
are those that require urgent delivery, it amplifies the problem of reducing the cycles of their delivery.
Simultaneously, time windows are significantly narrowed. There is a need to apply a rigid schedule of
trucks with minimal costs and fixed assets. In such cases, cross-docking is used, which is a logistics
technique that reduces the costs incurred in the network of supply chains, while increasing the flow of
goods. This reduces the duration of delivery cycles.

2. PROBLEM STATEMENT

Despite the random nature of the origin and destination of freight flows on the highway
transportation network, the formation and satisfaction of demand for goods delivery is the subject of
objective laws. In particular, the delivery of goods on the network is a discrete process, so it is
characterized by such parameters as flow rate, group, volume of accumulation, the front of logistics
operations that are performed simultaneously. It is also known that material flows in the network are
characterized by cyclicity. That is, each flow can be considered with sufficient accuracy, as one that is
periodically repeated, or one that can be decomposed into a set of periodic flows. If these flow properties
are taken into account, the discrepancy between customer requirements and transport efficiency can be
resolved by optimization. Such optimization has a higher level of achievement than in practice.

3. RELEVANCE OF RESEARCH

Road carriers often occur with increasing volumes and diversity of orders in recent years. At the
same time orders for long-distance delivery of small wholesale cargoes dominate. Consignment delivery of
such goods is much lower than the nominal carrying capacity of any of the highway road train. On the
transport network such orders arise chaotically, but customers require delivery just on time within time
windows. There is a known tendency to reduce time windows in the cargo delivery system. In this case, the
carrier that manages the fleet of trucks on the selected transport network is forced to respond flexibly to
customer requests due to the high level of market competition. However, the meeting of whole
requirements of independent cargo owners is accompanied by under-utilization of the transport company
own fleet, which is manifested in significant downtime, incomplete loading, low speed transportation.
Sometimes carriers violate the rules and technologies of cargo transportation in order to avoid such a
dilemma. Transport companies allow overloading of vehicles, infringement regimes of work and rest of
drivers violate the loading and securing of cargo on vehicles.

4. ANALYSIS OF RECENT RESEARCH AND PUBLICATIONS

The published research identifies benefits that can be achieved in cross-docking logistics [1]. First, it
is to reduce cycle time and shipping costs. This is due to the reduction of the period of sending groups
accumulation, and the groups themselves correspond to the maximum capacity of vehicles. Secondly, it is
a reduction in inventories. Stocks are stored only during reloading [2]. Thirdly, it is ensuring the principle
of “just on time” delivery because the requirements relate to harmonize and coordinate truck schedules
arriving and serving of the transportation network nodes [3]. Due to certain advantages, cross-docking
technology is used for the delivery of perishable goods, priority goods, express delivery, with increasing
freight traffic on the network, and also for seasonal fluctuations. However, as the results of other studies show,
cross-docking delivery technology can be ineffective if it is implemented without proper justification of
logistic chains parameters [4]. For example, the size of groups sending goods may be too small or
destination / dispatch of goods might too distant from other points of the route. Therefore, for the effective
implementation of cross-docking technology it is necessary to make a reasonable choice of parameters of
transport and technological processes that implement the delivery of goods. Currently, there are known
methods to justify the location and capacity of reload hubs for the implementation of cross-docking
technology [5]. However, the application of such clauses is a compromise between vehicle under-loading
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and schedule inconsistencies. Therefore, the application of such technology in the conditions of growth of
cargo flows to critical volumes requires a more careful approach to substantiation of parameters of
interaction of vehicles on the network.

All known cross-docking studies are closely related to other related delivery management tasks.
Mathematical optimization is used to make complex optimal decisions, such as minimizing network flows
when planning loading/unloading at hubs, improving delivery and vehicle schedules, selecting the best
product groups for cross-docking [1]. Previous simulation models are based on hybrid meta-heuristic
approaches, genetic algorithms, Tabu search, annealing, and nearest neighbors. However, such traditional
methods do not make any new conclusions about the effectiveness of cross-docking. These methods
provide an acceptable solution only for partial problems, such as multi-route routing, optimization of
logistics centers, network synthesis, and so on. Examples of application and solutions of the complex
problem of parametric optimization of cross-docking and routing according to the criterion of guaranteed
duration when using these methods are unknown. The important conclusion from the research is that the
processes that collect and deliver goods are not objectively independent. Their dependence is due to the
need to coordinate the schedules of different parts of cross-docking [6].

Modern research [7, 8, 9] is devoted to the issue of coordination of input and output flow schedules
in the nodes of the transport network, optimization of vehicle schedules and the work of their crews.
Recently, drone observations have been used to ensure the coordination of vehicles in logistics chains.
However, to achieve the goal of such coordination: reducing the duration of delivery, energy consumption
of services, increasing the productivity of vehicles, meta-heuristic methods are used to find optimal
solutions. In some cases, the search for the exact optimum is not guaranteed.

In general, there are four areas of cross-docking research: vehicle routing / inventory management,
planning, warehousing logistics and distribution. The complex tasks choice should depend on practical
production situations. According to the authors of paper [1], no single problem is of practical importance
because the local optimum found does not satisfy the problem as a whole. However, studies of cargo
delivery systems are asymmetric in relation to the list of solved current problems. The article review [10]
found that the number of publications related to truck scheduling and scheduling is much higher than the
number of articles related to cargo delivery planning in general. The most prominent of them use the
methods of modified mathematical programming [11], simulation modeling [12], genetic algorithms.
However, publications that would apply the principle of continuity of material flow and would consider the
process of goods delivery as discrete, and as a whole are still unknown. As the results show, the main
reason that freight and vehicles flows on the network cannot be reconciled with the optimal parameters is
that the flows are not considered discrete, so their intensities u is a continuous random variable that is
difficult and sometimes impossible to distribute between branched streams [13]. In addition, the known
studies address one or two problems of cargo delivery during the intensification of cargo turnover, but do
not consider the problem as a whole.

In order to successfully coordinate trucks schedules at hubs and reduce the duration of cargo delivery,
there is a lack of research on streamlining logistics operations in cross-docking centers. The vast majority
of techniques for optimizing road and freight traffic are designed to coordinate trucks schedules. Most of
them are based on heuristic and metaheuristic methods. In order to increase the reliability of the search for
the optimal solution, such problems use two stages of solution. One such study presents a new two-stage
mixed integer linear mathematical model for the transport problem of cross-dock network design, which is
integrated with different freight flows and aims to minimize overall transportation costs from suppliers to
customers. This model also takes into account the entry-exit plans of trucks in transport hubs and the
distribution of cargo flows in the cross-docking area in the presence of physical constraints [14]. However,
such a model is too complex to obtain exact solutions by deterministic methods. Therefore, genetic
algorithms have been used to solve it, which, unfortunately, require a large amount of input training data,
which is due to the difficulties of implementing the method in practice. However, as the results of such
studies show, the two-stage model provides a comprehensive plan for managing material flows in cross-
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dock networks, and the proposed genetic algorithms only under such conditions allow to obtain effective
solutions to a complex problem in a short computation time [15]. Operational problems of cross-docking
are NP-complex tasks. Therefore, trying best to solve the problem, one should note that the exact
algorithms can work effectively only for small problems [16].

In general, based on the literature, the following conclusions can be drawn regarding the problem of
using cross-docking. First, the research gap in the cross-docking platform needs to be filled by focusing on
planning transport tasks and incorporating the resource potential of carriers into models that are closer to
real problems. The main problem of cross-docking so far has been considered to solve the problems of finding
the optimal purpose in the queue of incoming and outgoing vehicles from a given node [2]. However, such
a complex task was not solved on a limited network. It should be noted that scheduling tasks for cars are
more relevant than scheduling tasks for transport tasks.

Based on the review of the latest known publications, which relate to the methodology of discrete
material flows ordering under the condition of their cross-docking, on the one hand, complicates the tasks
of schedule optimization, routing, coordination, logistics. On the other hand, discrete processes have a
much larger number of constraints and boundary conditions that allow us to solve NP-hard problems by the
usual methods of linear mathematical programming [17]. Linear and integer programming is the most
common technique which is used in the optimization set to address vehicle routing / inventory management.
However, in complex flow optimization, routing, and scheduling problems, the linearity conditions are not
satisfied, and nonlinear problems do not always have a guaranteed solution due to the sensitivity of clearly
defined boundary conditions.

5. PRESENTATION OF THE MAIN MATERIAL

The purpose of these studies was to develop a method of planning cargo transportation, which would
resolve the contradiction in the use of cross-docking technology: to reduce the duration of totality delivery
of goods provided maximum performance vehicles involved.

The transport network is given, which consists of N transport nodes and roads of communication
between them. Cargo passes between nodes. Cargoes are heterogeneous and not impersonal. Each node of
the network may be the source and sink of cargo flow simultaneously. It is assumed that the average
duration of movement of vehicles with goods, as well as the duration of loading and unloading and
reloading operations, statistical estimates of deviations of these durations are known. The average duration
of traveling on the network is given by a matrix (¢;;), which is symmetrical about the diagonal and reflects
the average statistical duration of travel time between any two points of the network i and j, which are
connected by a road. If there is no road, then ¢;/=+oo. The flows on the network are discrete, characterized
by the source of node b, and by the sink which is node s,, where z=1...P — the number of the specified
incoming cargo flow. Numerical characteristics of flows are average stationary intensity u;,; a tact ;;, as
well as the size of the cargo group k;;, where 7, j — numbers of neighboring points, respectively, the point of
departure and destination. The tact is the period between two successive phases of one flow. The tact
characterizes periodic discrete flows. However, if the flow is composed of several phases, which once
performed, then this flow tact is =+oo. If qualitative and / or quantitative changes do not occur from phase
to phase with the flow, the cycle tact of such flow is constant. However, cross-docking cargo flow changes
the size of the bulk when moving. Cargo can be moved as intended by any group, the size of which,
however, is limited by the maximum £; n.x and minimum k; ,;, values. The maximum value of a group
depends on the size of a warehouse, the properties of the cargo (the possibility of its long-term storage) and
other factors. The minimum value of the group of dispatch is due to the allowable size of transport
packaging, loading and unloading technologies and the minimum cost-effective actual load of trucks. The
same restrictions imposed on minimum 7, and maximum values 7n. tact. The minimum value is
technologically limited (transport packets cannot be ready for shipment faster than 7,;,). The maximum
restriction is due to the characteristics of demand (allowable time windows) [18].



42 M. Oliskevych, V. Danchuk, O. Mastykash

The intensity of discrete freight flow is related to the group of sending the following expression:

R ckets per
Hij = , packets per hour. (D)

Tij
At the constant average intensity of cargo flow u;; between nodes ¢; and g;, the band size and tact are
interdependent inverse values. The intensity of the flow u;; does not depend on the duration of goods
transportation on a given section of the transport network, because the time of departure of the next group
of goods is carried out regardless of the duration of its movement. However, taking into account the tact 7;,
and the duration of transportation #;;, the number of vehicles that simultaneously provide traffic between
the nodes g;, g;, will be determined by their front on this section of the network:

t:
fii=| 2= | @

i.j

In formula (2) the division to a larger whole is applied.

During delivery, groups of goods sent on a common route, or part of a route, may be consolidated or
deconsolidated. Also in the process of delivery reloading at hubs can be used if such reload is appropriate
for the selected criteria. Finally, the management of cargo flows involves determining the routes of
individual groups of goods in particular, and consolidated shipments in general. It is necessary to develop
routes of movement of all groups of cargoes, to substantiate the size of each group, to define nodes of
consolidation of departures and cross-docking, to form routes of vehicles travels and to make the schedule
of their departure and arrival on purpose. These problems, given their relationship, need to be addressed
comprehensively.

In order to solve such a set of problems, a two-stage algorithm with such formalization was
developed and applied. The transport network is presented in the form of a graph G(Q, V,U), the nodes of
which are reflected with a nodes Q,, and ribs V;; — ways of nodes communication where i,j=0..N+1. The
node Q, is virtual, formal source of all cargo flows. The node Qx-; is formal sink of all flows. The ribs
have a weight that is evaluated by the element of the matrix (#;), which is symmetrical about the diagonal.
If #;;= t;; =too, then no rib is between nodes ¢; and g;. There are no ribs of graph G between node O, and
any other nodes of the graph, but there are arcs Uy, The weights of arcs u; and u; 1 are ty;, or #y:1,
respectively is the duration of loading and unloading operations for one group of goods from the flow ..
The content of the route search problem is optimization, because it consists of multiple selection from the
graph G of arcs in the presence of restrictions on input and output flows. It is necessary to construct such
graph G’(Q,U), which is a reflection of the graph G(Q, ¥,U) with a constant number of nodes. This means
that one needs to replace each rib v;; of the graph G with the arc u;;, or u;;, or delete this rib. The arcs of the
graph G’ are discrete freight cargo flows u;;. Each arc has four evaluation parameters: u;; ki), 7;;, fi,. Taking
into account the dependencies (1) and (2), it is also necessary to give the newly formed arcs of the graph
G’ weight, according to three estimation parameters, due to the predetermined flows intensity u.. The
criterion for optimal solution of applied problem is the minimum guaranteed duration of goods delivery on
all specified freight flows. This criterion is defined as the duration of the critical path in the graph G’. The
critical path starts at the vertex Oy and ends at the vertex QOu+1, and passes through such a set of arcs Q that
the chain of all these arcs is the maximum in duration:

N N+l
TmaX:ZZriffi_j — min, U cQ. (3)
i=0 j=1

Each value of the tact ty; depends on the source of traffic in the j-th node of the network, so it refers
to the initial data of the problem.

Restriction:

;ui_j=§,uj_é, for j=1...N, @
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where i is the number of all input flows to node j; & is the number of all output flows from node j;
constraint (4) is written using the principles of balance and continuity of flows on the network; in the
expression of the balance (4) must be present all cargo flows, including those that are outgoing and
incoming; the condition of performance of all set volume of tasks on delivery of freights is carried out
thanks to restriction (4);

Fenin <K; j <k for j=1..N,i=1...N, (5)
Tonin <T;j <Tax» for j=1...N,i=1...N, (6)
N N
ZZfl] Sfmax- (7
i=l j=1

Expression (5) is derived from the reasoning that when for any discrete flow between two adjacent
nodes ¢;, g; of the transport network the inequality 7;>t;; holds, then the tact 7;; is a time constraint on the
movement of the discrete material object (that is vehicle with a group of goods) on the path, not the
duration #;;. In other words, the next vehicle cannot be dispatched from point ¢; and arrive at point g; if its
predecessor was not dispatched and did not arrive as intended. If 7;; <t;;, then number of vehicles f;; will
move simultaneously on the path g, — g;, which is determined by expression (2). Thus, following the entire
route of movement of goods from their sources to the sinks, one can define the duration of delivery as the
sum of the corresponding cycles. The longest supply chain will be critical for a given network and will
determine the guaranteed delivery time. The restriction (7) concerns the total number of vehicles owned by
the carrier, which may be involved in the carriage.

In order to construct a graph G’ and to evaluate its arcs, it is necessary to solve the problem of
ordering a graph G, which is NP-hard problem in a strong sense [19]. In addition, the graph G' may contain
cycles, so this graph cannot unambiguously indicate the schedule of goods transportation. Because of this,
we have developed and applied a two-stage algorithm, at each stage of which a guaranteed accurate
solution is obtained in a reasonable time of computer search.

6. OPTIMIZATION ALGORITHM. THE FIRST STAGE
The flows to be implemented are specified. Each flow is given as the initial and final nodes of the
graph G. Thus, the number of flows exiting the node ¢; is a constant value 7, i=1..N, and the number of
flows entering the nodej is a constant value 7;, j=1..N, while:

N N
D k=Y k=K (8)
=l =l

At the first stage of the algorithm, the search for the R routes in the graph G must be fulfilled. Each
of these flows must pass through such routes, the total length (in this case the duration of passage) which is
minimal. In this case, each route starts at the fictitious node go and ends in the fictitious node gy:+;. To
construct a graph G' for which criterion (3) holds, one must remove from the graph G all arcs on which no
shortest route passes and add multiple arcs between those nodes, which consist several shortest routes.
Based on this, the problem of linear integer programming with the following attributes is formulated and
solved as follows.

Variables: x;;, where i, j=0..N+1, are integers, non-negative values, such that:

R/ul] eG'
. L= s 9
XLJ O/ul] QG' ( )

where R is equal to the total number of parallel paths of graph G' from ¢, to gy+. If the arc u;; belongs to
one of R routes, along which given flows pass, then x; =R.
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Search by paths in a graph G by minimum total duration of cargo delivery:

N

N+IN+1
tzzzle]tl] —)min, (10)
i=0 j=0
subject to:
N N
D2 (11)
i=1 j=1
N N
D X0 =D % (12)
=1
N
i=1

J=1 J

Xi.0 =in.j’ (13)

i=l1

x,-_J>O i,j=1...N, (14)
N N
D X%i0— D X0, onax- (15)
=0 j=0

N N

D xi—D %, =0, (16)
i=1 j=0

X0 er, j=1...N, (17)
X N1 2t j=1...N. (18)

The limitation (10) means that for each j-th node of the graph G’ the number of flows passing
through it must be not less than the number of its input flows.

The limitation (11) means that the total number of flows originating in any j-th node must pass and
stop in nodes different from ;.

The limitation (12) means that the total number of flows ending in each j-th node must be equal to
the specified number of flows to be executed.

The limitation (13) means that all the required variables are positive, in addition, the problem
specifies that they must all be integers.

The limitation (14) means that the total number of all freight flows should not exceed the number of
vehicles serving them.

The constraint (15) is the equation of the balance of cargo flows in each nodes of the graph, except
zZero.

Constraints (16) and (17) mean that all specified flows must be performed in at least one ride.

Thus, the first stage of optimization is a linear optimization problem of integer programming, which
can be solved by all available tools and methods. It is all because the dimension of problem is not too
large. The exact solution of such a problem is guaranteed for reasonable calculation time.

The solution of the first stage is the set and the value of cargo flows g;;, i,j = 1..N, the total duration
of service which is determined by the parameters of duration ¢, i.e. in the case when each cycle 7;; =t;;.
However, this situation occurs when all the duration of cargo transportation #;; are multiples of cycles. This
is an extremely rare situation, so one needs to be adjusted for finding optimal the cargo flows according to
the specified intensities uz. Similarly flows must be mutually agreed on the cycles and groups sizes. To do
this, the second stage of the optimization algorithm is developed. At the second stage parameters of
discrete freight flows are defined and schedules of performance of all transport tasks are made.
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7. OPTIMIZATION ALGORITHM. THE FIRST STAGE
The initial data for the second stage is the matrix of cargo flows (g;,), which is obtained as a result of
first stage optimization. The incoming cargo flows are gz, as well as the sizes of the groups of shipments at
the points of departure are k.
The basic equation of the cargo ﬂows balance in each j-th vertex can be written as follows:
N+l
Z“l]+z Z“J +Z e (19)
-1 Cij =1 i-1%J8
The balance equation means that all flows entermg each node j, including the sources of freight
flows ¢. have an average intensity equal to the outgoing freight flows from node j, including sinks. To
provide such an equation, one needs to choose the numerical value of the variables ki), 7, k¢ 7,2 Where
the nodes i, j, ¢ correspond to non-zero values of the matrix (g;;). In other words, one has to choose the
parameters k;,
well as the flow balance equations written on the basis of equality (4). It is also necessary to ensure

7;; so that condition (3) is satisfied. In this case, conditions (5) and (6) must be satisfied, as

condition (7) of sufficiency of available vehicles. This problem is nonlinear if we take into account
expression (19). The search for variables £; ,

deterministic algorithms. Therefore, additional boundary conditions have been applied under which an

7;; for nonlinear problems has no guaranteed success if we use

optimal solution can be achieved. These conditions, based on expression (3) occur when the required tact
7;; are minimal, subject to restrictions, the size of the groups k;; — maximum, and the fronts of vehicles f;;
approach to 1. If such initial conditions are established, then, it is obvious that the balances (18) may not be
satisfied. Using the gradient descent method, we change the numerical values of the k;; groups so that all
equations of balances (19) hold. For example, according to the first stage, there are three consecutive nodes
gi q; q¢of the graph G, through each of which the cargo flow with intensity 4. must pass. The durations
of movement of goods on the corresponding arcs are #;; t;- One has to choose k;; ks 7. 75 fij, fic
Initially, we set the boundary conditions:
Tij = Tmin> Ui = Tmin> Kij = Kmaxs Kje = knaxs fij=15 fie =1

Such values of variables, according to formula (3) are the most desirable. However, after setting
such values, the condition of continuity of the material flow through these nodes and expression (2) may
not be fulfilled, i.e. it is probable that:

kl] k]é tl] t
T;tr, ¢~fl]’ and . ¢fjg
i.j J& l] Jjé

In the required paths of the graph G we choose the following pair of nodes ¢;, g;, for which:

Kij

Hij— — max. (20)

Tij

We change £;; for the found pair of nodes, so that the balance equation (19) holds. Then the search
for the next pair of nodes that meet criterion (20) continues until the balance equation for all vertices of the
graph is fulfilled. As a result of such actions, the numerical value of criterion (3) will increase, but this will
be a compromise to the applied changes. The search for flow imbalances on nodes is a finite process and
its algorithmic complexity is O(2n), where n is the number of vertices of the graph G’ [19]. The solution of
the global problem is provided with a minimum duration of computation.

8. TEST METHODS FOR TEST MODELS
The trial model of transport network (Fig. 1) is considered, which consists of six transport points: A,
B,C,D,E,F.



46

M. Oliskevych, V. Danchuk, O. Mastykash

Fig. 1 Model of the transport network (black
vertices and ribs)
and the specified flows (red arcs)

The points are connected by roads, the average duration of which is determined by the square matrix
of time connections (t;;) (Table 1).

Table 1
Matrix of durations

0 A B C D E F N
0 | ##H# 1 1 1 1 1 1
A 0 At 4 7 15 | ### | #iH# 1
B 0 4 At 6 HtH 8 At 1
C 0 7 6 At 7 HtH 4 1
D 0 15 | ### 7 HitH | HHHH 6 1
E 0 At 8 HitH | #HH | #HH 8 1
F 0 HitH | HHHH 4 6 8 At 1

The notation ### refers to a large number
of advance, which means that there is no connection
path between the corresponding nodes. Nodes g,
gy are virtual. The duration of loading and
unloading operations at the nodes was assumed to
be constant #y; =t;5=1 hour. Among the given
freight flows for some period T are the following:
1) war = 25 2) par = 6; 3ups = 125 4) ppc = 9;
5) uge = 4; 6) wca =5;7) ppc = 8; 8) upr = 1;
9) wrc = 3; 10) wep=5; 11) wrp=2; 12) prc=9
packages per hour. We will use the given
digital numbering of cargo flows in the future.

The maximum size of the sending group on the given flows k=100 packets, the minimum — ky;,=1
packet. The minimum time of sending each group of goods is 7,;,=1 hour, the maximum time is 7,,x=16
hours. The number of vehicles at the carrier — /=60. As a result of the first stage, solutions were obtained —
the shortest paths from the zero to the virtual end node, along which the specified freight flows should pass

(Table 2).

Table 2

The result of the search for the shortest paths on the network

Mo TTO O 2

Il
(=)

sum flows

0 A B C D E F 0 sum i
0 2 3 1 2 2 2 0 12
0 1 1 0 0 0 2 4
2 0 0 0 1 0 1 4
0 0 0 1 0 0 4 5
0 0 2 0 0 0 1 3
0 0 0 0 0 2 2 4
0 0 1 0 1 0 2 4
0 4 4 5 3 4 4 12
2 1 4 1 2 2
2 1 4 1 2 2
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In the Table 2 sum flows is the total number of specified flows that must pass through a given
nodes. From the received Table 2 it is possible to display the scheme of cargo flows (fig. 2).

==~

Fig. 2 The scheme of éargb ﬂbws obtained
in the first stage of solving the problem

According to this scheme, it is seen that the cargo flows u; and u4 are performed without cross-
docking on simple pendulum routes and are independent of all others. Other given cargo flows form a
more complex scheme that requires further processing. Subsequently, flows 3 and 4 are excluded from
consideration. The dependences of the balance of flows 1, 2, 5-12 are written in such expressions:

k k
typ + Mg =L = +-48 (21)
Tca TAB
k k
ppe + 48 = ppp +-BE (22)
TAB TBE
k k k
tpe + ppp +—2E = ppp +—EEL L SEFZ oy (23)
TBE TEF1 TEF2
k k k
prp + ppe +—EEL + EE2 = )y e+ ppp +-EC (24)
TEF1 TEF2 TFC
krc kpc
Mcg +——=Hgc T Hpc T Hpc +—, (25)
TFC TpC
kp4
Hpq =—", (26)
TBA
kpa _kac
Mpc=—"=—"". (27)
B4 T4C

It is necessary to set the numerical values of the cycles presented in expressions (21) — (27) and the
sizes of groups so that the maximum guaranteed duration of delivery on all schemes was minimum. At the
beginning the value of all flows tact was =1 hour, and it was adopted that the size of all groups is £=100.
The guaranteed duration is T,,=28 hours. However, all expressions (21) — (27) were not fulfilled. The
largest difference between the planned and actual flow intensities was observed at the node C. Then kxc
was reduced to 76 and txc increased to 4 hours. All flows between nodes F and C were agreed. The process
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of matching other flows of this scheme took 16 calculations, which confirms expected algorithmic
complexity of the problem. The solution found is shown in Fig. 3, where each flow evaluated by required
marks.

=44 =4 f=1 =104 =8 f=1

Fig. 3 The result of parametric optimization of the flow scheme

The given scheme needs to be practically implemented in such way. The truck Al with 64 packages
arrives at point A where 44 packages are reloaded on the truck A2 in the ratio: 24 packages are to delivery
on the AF route, 8 packages are to the AE route, 8 packages are to FB, 4 packages are to DF. 20 packages
are consumed at point A. The truck A2 moves to point B in 4 hours. And 8 packets of FB are unloaded at
point B and 16 packets of BE are accumulated for sending on the route BE in 4 hours. 104 packets are sent
in 8 hours from point B to point E by vehicle A3. 32 packages of route BE and 16 packages of route AE
are unloaded at point E. The other 56 packages are transferred to A4 car. The A4 car goes into circulation
with the tact of 8 hours. It delivers to point F 8 packets that are destined for delivery to point D and 48
packets in the AF direction. All 56 packages are unloaded from the A4 truck in point F' Also in point A5 64
packages are loaded on routes, respectively, 24 — ES, 40 — ED. The A5 truck with 64 packages departs
from point E with the tact of 8 hours. The A4 vehicle unloads 56 packages at F, 48 of which are
transported on the route AF, 8 packages — on the route DF. 64 packages from the A5 vehicle at F are
transferred to the warehouse, and then to the A6 with twice less frequency. Cargoes are loaded on the A6
vehicle in the direction of FC in the amount of 36 packages and in the direction of FB in the amount of 8
packages as well. The A6 is sent from point F with the tact of 4 hours and it travels on the FC route for
exactly 4 hours. Therefore, the number of loads on the A6 truck will be 64/2 + 36 + 8 = 76 packages. The
truck A6 unloads 48 packages in point C intended for consumption in this point and sent from points,
accordingly, E — 12 packages and F — 36 packages. The other 28 delivered packages are formed in the
group of departure to points D and A. 40 packages are sent from point C by truck A7 with a frequency of 8
hours to point D. Vehicle A, which transports 72 packages with a frequency of 8 hours, is sent from point
D to point C at the same time. Thus, the maximum duration of cargo delivery under this scheme is 40
hours. The number of trucks involved in the scheme is 8. Their actual loads are: Al — 64, A2 — 44, A3 —
104, A4 — 56, AS — 64, A6 — 76, A7 — 40 packages, A8 — 72 packages.

Trucks schedule is a set of {#;} points of time that limit their departure / arrival at the appropriate
points of the transport network for unloading / loading. Moments of time were calculated by expressions:

Ljmax =1 +7; > (28)

tj.mmin

= tl' + tl'.j’ (29)
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9. THE RESEARCH OF DELIVERY PROCESSES OF
THE TRANSPORT COMPANY: CASE STUDY

The developed methodology was used to improve the process of cargo delivery in the central and
southern regions of Ukraine. The “Trans-Service-1” Ltd. receives orders for transportation of goods in
packages that are periodically repeated in one day. Such goods transported by the enterprise include food,
construction materials, industrial and household equipment and others. The enterprise uses freight road
trains as a part of the MAN-TGX tractor-truck with the SCHMITZ semitrailer for such transportation. The
volume of cargo in such a road train is 92 m’. The maximum load capacity of a road train is 34 standard
transport packages. Groups of shipments of these cargoes range in size from 3 to 34 packages. Shipments
range from 3 to 250 packages. Data on the transportation of piece goods in the south-eastern and central
regions of Ukraine during the year were used. Transportation is carried out from freight stations and
terminals, between different companies. Time windows for different loads range from 24 hours to 4 days.
Trans-Service-1 has three vehicles bases in these regions: Haisyn, Dnipro and Odessa cities. Data on
incoming orders and their execution were collected for May-July 2021. The map of routes shows the main
origin and sink points and the average travel time between them (Fig. 4).
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Fig. 4. Scheme of optimal cargo flows, obtained as a result
of the first stage of planning: red arrows — cargo flows, black ribs — unloaded sections of the network

8. Kherson y o

The depots of fleet of enterprise are marked on the scheme by black circles (on the scheme of them 3), all
transport points are numbered (on the scheme of them — 12). The average travel time is determined for the
average summer intensity of traffic flows in the period from 8 to 19 o'clock, on the current highways of
this region of Ukraine as of May—July 2021 using the Google Map router. Based on the distances between
each two transport points, as well as when using Google Map, a matrix of travel time ¢, is constructed. The
number of fleets of tilt road trains that carry goods in packages in the defined area is 28. All trucks are
serviceable, with mileage from the beginning of operation is no more than 150 thousand km. Duration of
loading and unloading of a truck for one cycle is 1.0 hour, taking into account time of performance of
maneuvers. Duration of work shift is 8 hours. The 4-month period of transportation performance was
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considered, during which the majority of orders were periodically repeated. Requests for transportation of
goods are received at the head office of the enterprise and form the incoming flow within one working day.
The distribution of applications between free trucks is made after that. If the application is rejected by the
manager or not fulfilled by the company, the customer cancels the order. Thus the refusal is fixed. The
average daily number of applications is 28. The standard deviation is 6 applications. The maximum number of
orders is 47 per day. Applications are processed by both the logistics department and the commercial and
financial department. One or two applications are distributed for a daily transport task for each road train.
Some orders are eliminated as unprofitable for this transport company. A statement of orders was compiled
after processing the daily applications for the transportation of groupage cargo, which is presented in the
Table 3. The Table 3 does not indicate the maximum rate of departure of goods, as it coincides with the
average duration of the time window of 24 working hours. The size of the maximum group of departure
coincides with the volume of departure.

When using the first stage of the algorithm, the optimal duration of the cargo flow was obtained, which is
shown in Table 3 and in Fig. 5. The total turnover, provided that the total volume of orders for the shortest
routes is fulfilled, is 86.9 packages / hour. The multiplicity of flows in Table 3 means that in a given direction
the flow of goods will be moved by several independent carriers. This means that the multiplicity of flows
corresponds to the number of vehicles involved in a given section of the transport network.

Table 3

Initial data from the order statement

Ne of | Start End Average intensity The minimum | The minimum | The average | The average
order | point | point of cargo flow, tact, hours group size tact, hours size of group
packages / hour ’ ’
1 2 3 4 5 6 7 8
1 5 3 1.0 3 3 8 8
2 3 6 3.8 3 1 8 30
3 3 5 0.5 3 6 24 12
4 4 12 0.3 3 10 16 4
5 4 3 0.5 3 6 24 12
6 10 3 3.0 3 1 4 12
7 7 12 6.0 3 1 4 24
8 4 8 2.7 3 1 12 32
9 1 12 0.2 3 15 48 8
10 7 10 0.1 3 30 72 8
11 1 2 2.0 3 2 4 8
12 1 3 1.3 3 2 8 10
13 11 12 1.5 3 2 8 12
14 4 11 2.0 3 2 8 16
15 12 6 0.8 3 4 12 10
16 5 12 0.3 3 10 24 8
17 4 2 0.3 3 10 24 8
18 12 9 0.5 3 6 16 8
19 12 5 0.8 3 4 24 20
20 2 10 0.6 3 5 36 20
21 10 9 5.0 3 1 4 20
22 2 3 4.0 3 1 4 16
23 7 2 0.2 3 15 34 8
24 9 12 0.2 3 15 72 12
25 8 11 0.8 3 4 16 12
26 7 9 0.8 3 4 16 12
27 12 11 1.3 3 2 12 16
28 12 2 3.0 3 1 4 12
29 12 1 1.0 3 3 8 8
30 12 4 0.3 3 10 12 4
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In order to obtain optimal routes and trucks timetables we optimize the parameters of discrete flows
pre-applying such conditions and restrictions. Based on the scheme and initial data, we will make a balance
of total cargo flows that must pass through each node of the transport network, which are: u; = 3.6, u, =
=5.6, u3 = 8.4, us =24.2, us = 7.4, us = 4.0, u; = 10.6, ug = 1.3, o = 6.5, u10 = 10.1, uy1 = 2.4, u, =
=19.0 packets / hour. The initial value of the tact of all clock cycles is 7;/=3.0 hours. The initial value of all
fronts is f;;= 1. The initial sizes of groups are accepted according to the Table 4.

Table 4
Optimal freight flows obtained after the first stage of optimization
From the point To the point Multiplicity of flows Total average packet intensity / hour
1 5 3 3.6
5 1 1 1.2
5 3 2 6.2
3 5 1 4.0
3 10 2 4.4
10 3 3 6.6
10 8 1 1.3
10 7 1 2.4
8 10 1 1.3
7 10 1 3.8
7 9 1 2.8
7 6 2 4.0
9 7 1 2.8
9 4 1 1.3
4 9 1 2.6
9 11 1 2.4
11 9 1 2.4
4 2 4 5.6
4 12 6 16.0
12 4 7 19.0
2 11 2 2.8
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Due to the complexity of the cargo flow scheme, it was not possible to single out independent
transport and technological cargo delivery schemes. However, the second stage of the problem was
successfully solved. All conditions and restrictions of (4)—(7) type were met. Due to the applied
boundary conditions, the balances of flows in the directions indicated in Fig. 5 were harmonized. The
guaranteed duration of delivery of the transport package in any direction of this scheme is 16.8 hours.
At the enterprise of “Trans-Service-1” duration of execution of orders for delivery of freights in the
same directions reaches 24 hours. Eight vehicles are involved in the transport-technological scheme.
Compared with the real production situation at the enterprise, this result more than triples the
productivity of road trains. This result was achieved due to the fact that on adjacent sections of the
transport network the organizational parameters were agreed (reduced to the equality of tact) due to
the variable load capacity of vehicles. The actual load capacity of vehicles ranges from
12-34 transport packages. The specific schedule for each car is given in the Table 5.

Table 5

The optimal schedule for the execution of the daily set of orders for the optimal delivery plan

5 . . Unloadmg / loa@mg, packages m.the End point:
< 2 Start point: departure time, intermediate point of cross-docking :
E B unloading,
=g hours; downloads, packages
4 o Ist 2st 3st packages
1 1: d=4 h., 34 pack. 3:5/- 10: -/5 — 7:34
2 5: =16 h., 14 pack. 7:-/16 9: 10/6 — 2:26
3 10: ¢=10 h., 30 pack. 3:30/15 — — 1: 15
4 7: =12 h., 32 pack. — — — 6: 32
5 4: »=2 h., 34 pack. 9: 4/— 7:12/2 10: 6/6 3:10
6 4: =2 h., 12 pack. — — — 12: 12
7 4: »=8 h., 34 pack. 2:6/3 11: 12/- 9: 12/- 8:7
8 12: ¢=6 h., 24 pack. 4:3/- 2: 8/— — 11: 13

According to received schedule in Table 5 it is possible to notice that work cycle of each road
train is a constant corresponding to conditions of uninterrupted work. It is also seen that the cycles of
cargo delivery processes on adjacent routes are multiple. Thanks to the optimization, it was found that
the front of vehicles in each section of the transport network does not exceed — 1.

10. CONCLUSIONS AND PROSPECTS FOR FURTHER RESEARCH

Discrete consideration of cargo delivery processes, application of parameters that are characteristic
of periodic processes, as well as the principles of continuity of flows on the network allowed to formulate
the routing problem as two-stage task of flow optimization. Thanks to the considered balances of flows
in vertices we managed to reduce dimension of an initial problem to apply deterministic methods of
mathematical programming. The problem dimensionality is reduced due to the fact that in the first stage
of the solution those traffic flows are identified for which it is impractical to use cross-docking, and
which are considered in isolation from other flows. Deterministic methods can be applied to such a
complex problem due to the studied balance dependencies and the established boundary conditions of
optimality.

In the study of delivery processes of piece goods in packages in the central and south-eastern regions
of Ukraine in the transport company revealed under-utilization of the transport capacity of the existing fleet
at a steady intensity of order flows. It was found that the productivity of road trains can be increased by
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optimizing transport and technological schemes and work schedules more than three times. At the same
time the guaranteed term of delivery of freights is reduced by 30 %.

The proposed algorithm can be used to control the freight traffic of the transport company. Its
further improvement involves the study of the results obtained with increasing size of the problem and
under dynamic conditions of solution obtaining.
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MAPIHIPYTU3AIIA JTOCTABKH BAHTAXKIB
3 KPOCC-JOKIHI'OM 3A TAPAHTOBAHUX
MIHIMAJIBHUX TEPMIHIB

Anomauis. Cmamms npucesiueHa npooaemi YCniuHoeo 3aCmOoCy8aHHs KpPOCC-0OKiHZY, SK
MexXHO02Ii 00CMABKY 8aHMANCIE 34 NIOBUYEHUX BUMOS 00 MEPMIHI8, WO 00360JI4€ PO38 A3V68aAmuU
cynepeuHoCcmi Migic 3a0e3NeUeHHIM 2apanmoSaHUx MepMiHie 00CmMasKu i eqheKmueHOCmi GUKOPUC-
MAanHs HAI8HO20 NApKy 8anmaxcieox. Ilpoyec opeanizayii 0ocmagku po3enidaemvcs K ynopsaoKy-
BAHHS HA MPAHCHOPMHITL MEPEIHCI MHOICUHU OUCKDEMHUX 8AHMAICONOMOKIE V 6ueisdi tioco ¢pas.
Axwo 610 hasu 00 gpaszu 3 nomoxom e 8i00y8amvcsi SAKICHI, i/a00 KiNbKICHI 3MIHU, MO MaKm ma-
K020 nomoky € cmanum. Ilpome 8anmasconomoxu npu Kpocc-O0KiH2y 3MIHIOIOMb 34 nepemiljeHHs
Ppo3mip 2ypmy. Banmaoici mosicna nepemiwyamu 3a npusHaueHHAM O08LIbHUM 2YPMOM, POIMIPU AKO-
20, OOHAK, € 0OMEIICEH] MAKCUMATLHUM A MIHIMATLHUM 3HAYEeHHAM po3mipie eypmy. Pospobaeno
0gocmaditinuil aneopumm po3e sizanHs 3aoadi. Tpancnopmmua mepesica npeocmasiena y eueisoi
epaga. 3micm 3a0aui NOWLYKY MaApUpymie € ORMUMI3ayitiHuM, OCKIIbKU NONS2AE VY MHONCUHHOMY
8UOOPI 3 NOYAMK08020 epapa 0ye npu HAABHOCMI 0OMedxcelb Ha 6XIOHT | 6uXiOHI nomoku. [lompibno
KOJICHE pebpo epaga 3aminumu Ha Oy2y npsamo2o abo 360pOMHO20 HANPAMY, AO0 SUOAIUMU Ye
pebpo. Kpumepiii onmumansrocmi po3e’sa3Ky 3a0a4i, SKull 3aCmoco8aH0 — MIHIMAIbHA 2APAHMO-
6AHA MPUBANICIb OOCMABKU BAHMAIICIE NO YCil CYKYNHOCMI 3a0anux eanmasxconomoxie. Ha
nepwitl cmaodii aneopummy GUKOHAHO ROWYK HAUKOPOMUIUX WAAXI6 V epaghi, no sKux Mmooice
NPOXOOUMU KOHCEH [3 3a0aHUX anmasiconomokis. Ilepwa cmadis onmumizayii € AiHIUHOW0 3a0a4ero
YINOUUCTI08020 NPOSPAMYBAHHS, POIMIPHICMb He € Ha0mo eenukoro. [louamkosumu oanumu 0ns Opy-
20i cmaodii € mampuys 8aHMAdNCONOMOKI8, AKA OMPUMAHA 8 pe3yIbmami onmumizayii Ha neputiti
cmadii. 3micm Opyeoi cmadii aneopummy — ye po3e 130K pieHAHHS OALAHCY OUCKDEMHUX GAHIMANICO-
nomoxie. Pigusanms 6anancy 03Hayae, wo yci nOMoKY, sKi 6X005mb Y KOJICHY EPUUNY, GKIIOUHO 13
oofcepenamu 8aHmMaiCoONOMmoKi6 OAHOI 8epUIUHU, MAIOMb CEPEeOHIO IHMEeHCUBHICMb, AKA O00pIBHIOE
IHMEHCUBHOCME BUXIOHUX BAHMANCONOMOKIE 3 KOJNCHOI GUXIOHOI 8epUIUNHU, BKAIOYHO 3i CMOKAMU.
3a60sku 00CHIONCEHUM 3ANEHCHOCHIAM MIJC OKpeMuMu @azamu npoyecy 00CMAKU HA NPUKIAOL
BAHMANCHO20 NEPEGIZHUKA HA MPAHCNOPMHIN Mepedxci Yipainu, cghopmyrvosanum obmedceHusm i
Kpauosum YMO8amM OMPUMAHO MONCIUBICMb 2APAHMOBAHOZ0 MOYHO20 DPO38 A3AHHA KOMNIEKCHOI
npobaemu. Ilpu ybomy 3HANOEHO HAUKOPOMULT MAPUPYIMU, BUSHAYEHO NYHKMU NEPeBAHMANCEHHS, d
MAKodC YACo8i napamempu excniyamayii i Cmyniib 3a6aHMAMNCeHHs asmomooinis. 3a pe3yib-
Mamamu npoeeodeHux 00CIiONCeHb OMPUMAHO MPUKPAmHe Ni08UUeHHs NPOOYKMUBHOCHI BUKOPUC-
MAHHS NAPKY A8MON0I3016 i3 3HUNCCHHAM MepMiHie capanmosanol mpueanocmi docmasku Ha 30 %.

Knrouosi cnosa: docmaska sanmaoicis, Kpocc-00KiHe, Mapuipymusayis, OUCKpemHa onmu-
Mmizayis.



