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Featured Application: Cost-efficient resource distribution in modern logistic networks with
complex, realistic topologies, i.e., encompassing lateral trans-shipments, delayed replenishments,
and uncertain demand placed at any node.

Abstract: Globalization opens up new perspectives for handling goods distribution in logistic
networks. However, establishing an efficient inventory policy is challenging by virtue of the analytical
and computational complexity. In this study, the goods distribution process that was governed by the
order-up-to policy, implemented in either a distributed or centralized way, was investigated in the
logistic systems with complex interconnection topologies. Uncertain demand may be imposed at any
node, not just at conveniently chosen contact points, with a lost-sales assumption that introduces
a non-linearity into the node dynamics. In order to adjust the policy parameters, the continuous
genetic algorithm (CGA) was applied, with the fitness function incorporating both the operational
costs and customer satisfaction level. This study investigated how to select the parameters of the
popular inventory management policy when operating in the non-trivial networked structures.
Moreover, precise guidelines for the CGA tuning in the considered class of problems were provided
and evaluated in extensive numerical experiments.

Keywords: logistic networks; supply chain management; inventory control; optimization; genetic
algorithms; time-delay systems

1. Introduction

One of the key areas of economic and entrepreneurship activity in modern production-inventory
systems, irrespective of the scale, i.e., regional or international, is logistics. Nevertheless, the current
conditions in which the logistic companies operate, highly influenced by globalization, make the
processes associated with the goods distribution and transportation difficult to analyze formally in
precise terms. They are also not amenable to the standard optimization methods due to the high
computational complexity. In fact, most of the scientific research in the field until now has focused on the
basic configurations, such as single-stage systems [1,2], serial chain [3,4], and tree-like structures [5–7].
Meanwhile, in real systems, more complex configurations in the form of logistic networks have been
established [8]. The non-linearities, delays, and couplings in the network node interaction typically
do not permit obtaining a closed-form solution to the associated optimization problem. Moreover,
the traditional models and numerical methods, e.g., involving the Markov chains, are hardly applicable
to the actual, high-dimensional cases [9]. Similarly, the application of heuristics requires precise
development for a specific scenario and type of network [10]. As an alternative, one might consider

Appl. Sci. 2020, 10, 7851; doi:10.3390/app10217851 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-4420-9941
https://orcid.org/0000-0002-3438-0174
http://www.mdpi.com/2076-3417/10/21/7851?type=check_update&version=1
http://dx.doi.org/10.3390/app10217851
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 7851 2 of 24

customizing artificial intelligence (AI) approaches to complex logistic systems [11,12]. Even though
the exact solution may not always be attained with the desired accuracy, the relieved computational
and implementation burden provided by a properly tuned AI method makes it an attractive choice for
practical management problems.

According to Min [11], the recent literature displays an increasing interest in the AI approaches
for process optimization in logistics. The fundamental AI methods, such as agent-based systems,
expert systems, and fuzzy logic, find a wide range of applications in the decision-making problems
related to scheduling processes. In addition, more sophisticated approaches, such as evolutionary
algorithms, have been gradually employed in the planning stage of real-life systems in which the
space of potential solutions should be considered in order to find the optimum [13]. These methods,
depending on their specifics and implementation choices, can solve a given optimization problem
by self-adjusting to the changes in the system variables and constraints. Among other promising
approaches one can also point out machine learning, which finds relatively widespread acceptance
in the industrial framework [14], and simulation-based optimization [15,16]. The computational
intelligence approach is recommended for complex systems in which the optimal solution cannot be
formulated in an analytical way, e.g., owing to model non-linearities, and the evaluation of the fitness
function requires substantial resources and is time-consuming [17].

Among the attractive AI methods, genetic algorithms (GAs) are relatively well investigated
regarding general optimization problems. They form a kind of metaheuristics based on the phenomenon
of biological evolution that explores the space of alternative problem solutions to reach the best one,
which is quantified through a predefined fitness function [18]. Nowadays, GAs are increasingly used
in real-life problems. Jauhar and Pant [19] and Lee [20] note that despite the invention of numerous
modern soft computing techniques, GAs are still widely used by scientists in optimization problems.
Besides industrial applications, many organizational challenges might be addressed using GAs, e.g.,
traffic flow control [21]. These real-life problems require a different implementation and tuning
philosophy of GAs compared to the benchmark ones due to the substantial computational investment
in assessing the population fitness [18]. In order to obtain a solution in a reasonable time, the number
of fitness function evaluations needs to be greatly constrained compared to the benchmark cases.

This study investigated the application of GAs for optimizing the goods flow process in logistic
networks with a complex, fully-connected topology. The goods distribution was governed by the
order-up-to (OUT) inventory policy:

• Taken in its classical form [22], i.e., implemented in a distributed way, with each node preserving
a full local autonomy regarding taking the ordering decisions,

• Its centralized, networked (NOUT) version [23], which is deployed under the auspices of a
common organization governing the network.

The optimization objective was to adjust the policy parameters (reference stock levels at the
controlled nodes) such that the holding costs were minimized, while maintaining a specified service
level in the presence of time-varying, uncertain demand. The value of the fitness function was
obtained by investigating the system’s response to various demand patterns, which required intensive
computational effort, as is typical of real-life optimization problems. The policy parameters have a
continuous range. Thus, in contrast to the standard–binary–GA form, the application of continuous
GAs (CGAs) was considered. This study’s contribution is thus twofold:

• Investigate how to adjust the parameters of the popular inventory management policy when
operating in a complex networked structure such that the cost and service level objectives
are attained.

• Show how to select the CGA parameters for the task of optimizing the logistic network performance,
which requires significant computational effort to evaluate the population fitness owing to
non-trivial node interaction and the uncertain nature of the demand.
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The paper is organized in the following way. First, a literature review related to configuring
the classical inventory management policy and tuning the soft computing techniques for efficient
performance in the considered class of problems is conducted in Section 2. Then, in Section 3,
the system model is introduced and presented in a form that is convenient for computer implementation.
The inventory policies are expressed using the model variables in a vector form. Next, in Section 4,
the characteristics of CGAs and a way that they can be implemented for solving the problems related to
the dynamic goods distribution in logistic networks are discussed. The CGA’s numerical performance
is examined in Section 5. Section 6 comprises the discussion of the results and the conclusions.

2. Related Works

The cost-efficient application of an inventory management policy requires setting appropriate
parameter values [24]. In the case of the OUT policy, one needs to adjust the reference stock level
(RSL) such that excessive operational costs and a loss of customer satisfaction are avoided, which is
challenging in networked systems, as the RSLs should be chosen for all the nodes simultaneously.
Until now, the policy tuning has been analyzed mostly in the systems with serial and arborescent
topologies [25]. For instance, Basten and Houtum [26] studied near-optimal heuristics in serial
production systems with backordering. Chang and Lu [27] investigated a similar model, yet with the
loss of unsatisfied demand being accounted for. They applied a phase-type approximation with a given
cost structure to determine the optimal node RSLs under various fill-rate requirements. Albrecht [28],
in turn, presented a decomposition methodology to reconfigure the networked structure into a collection
of two-stage subsystems, and in this way, simplified the selection of RSLs. The proposed solution,
however, did not take the fixed costs into account. Next, Wang [29] analyzed a two-echelon inventory
system that was subjected to a Poisson demand and proposed a heuristic with a reduced computational
footprint. However, he considered identical retailers (nodes with the same demand imposed on
them). Guerrero et al. [30] extended that model to cover multi-product distribution in the context
of the healthcare industry. Then, Eruguz et al. [31] proposed a sequential optimization procedure
for five-echelon chains. However, their methodology needed substantial computational effort to
tackle the intricacies of the general acyclic multi-echelon systems. Afterward, Avci and Selim [32]
developed a numerical framework that enables one to determine safety stock levels in a two-echelon
configuration, while allowing for flexibility in choosing the produced goods quantity. However,
that framework ensures meeting the holding cost objectives and premium freight performance only
for a one-supplier–multiple-retailers model without trans-shipments. Horng and Lin [33] proposed
an ordinal optimization-based metaheuristic algorithm for a similar system with multiple suppliers,
which displayed improved computational performance. Yet again, the interconnection structure
did not allow for the flow of resources between retailers. Afterward, Feng et al. [34] studied a
two-stage system with trans-shipments between retailers under uncertain demand, albeit with the
investigated topology enforcing a single supplier that replenishes all the retailers at the second
stage. Dominguez et al. [35] considered the impact of various structural configurations on the supply
chain performance. They revealed the sensitivity of complex distribution networks to rapid and
unpredictable demand changes. However, the numerical studies were limited to serial and arborescent
configurations only. Ignaciuk and Bartoszewicz [36] investigated optimal control with a quadratic
performance index in multi-supplier systems with an arborescent topology. Their control law is an
improvement over the OUT policy with respect to demand variance smoothening in the markets that
are subjected to significant fluctuations. Recent publications in this category target mostly real-life
cases where arborescent models may be applied [37]. However, in the face of globalization, modern
logistic systems are organized into mesh-type topologies with arbitrary interconnection architectures.
The structural simplifications were found to be ill-suited for these kinds of systems [8], as they lead to
undesirable side-effects, e.g., loss of economic gain and customer trust. The policy tuning in more
elaborate cases of practical significance, especially in multi-echelon networks, is at an early stage
though [38], and requires a detailed study [39]. In particular, in networked systems, unlike serial
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and arborescent simplifications, distributed vs. centralized policy tuning may lead to drastic cost
differences, as evidenced in this work.

While desirable for enriching the knowledge about supply system functionality, formal studies
are difficult to conduct on more realistic models that cover inherent uncertainties and non-linearities.
Consequently, numerical optimization has been proposed as an alternative to searching for optimal
solutions. Chu et al. [6] proposed a framework for setting the optimal reorder points and order
quantities in tree-like distribution networks. Ivanov [40] studied the impact of disruption propagation
in light of the ripple effect in multi-stage supply chains. Song et al. [41] developed an agent-based
simulation system to support multi-project scheduling and decision-making processes. Unfortunately,
numerous simulations implicate significant computational time and effort due to the high mathematical
complexity of real-life problem descriptions. As a remedy to the dimensionality obstacle, the AI
techniques are being proposed, e.g., particle swarm optimization in three-echelon systems [42].
However, GAs are probably the most thoroughly investigated, both theoretically and applied in
many real-life situations. Ko et al. [13] considered over 150 publications concerning the AI methods
used in manufacturing management, order fulfillment, vehicle routing problems, etc., stressing the
popularity and usefulness of GAs. In this line of research, Koulouriotis et al. [43] applied GA-based
optimization to obtain suitable control parameters in serial distribution systems with backordering.
Then, Paul and Rajendran [44] showed how to adjust RSLs and review periods in divergent two-stage
supply chains with a single distributor and multiple retailers. Ambekar and Kapoor [45], in turn,
investigated food grain distribution systems with arborescent topologies. Moreover, Senoussi et al. [46],
after the analysis of several GA-based heuristics for two-echelon systems, pointed out the crossover and
mutation operations as crucial operations that are used to tune non-linear models. Meanwhile, GAs have
found a variety of applications in real-life transportation problems. For instance, Pal and Kant [47]
proposed a GA-based framework to solve the fuel-efficient problem in smart urban areas for both
people transport and perishable goods delivery. Murali et al. [48] combined integer programming with
GA for the integrated routing and scheduling of freight trains in large-scale systems. Deng et al. [49]
considered the feeder-bus network design problem involving multiple criteria, i.e., service costs,
lead-time delays, and the intensity of feeder buses. Zhou et al. [50] adopted GAs to solve the
pallet dispatching problem in order to minimize multiple partial costs encompassing transportation,
inventory, lease, and losses. Furthermore, GAs may support the goods distribution impacted by
various uncertainties, such as pre- or post-disaster times [51,52]. Other nature-inspired techniques,
e.g., the whale optimization algorithm [53] or a GA combined with immune algorithms [54], do not yet
have a sufficiently well-developed theoretical basis for studying their mechanics and limitations.

The modern inventory management systems exhibit complex interactions, which are neither
well-understood analytically, nor exhaustively examined numerically. This work explored how CGAs
could be tuned with respect to the selection of population size, selection and recombination methods,
mutation probability, etc., to obtain high efficiency when solving optimization problems in modern
logistic networks with non-trivial topologies subjected to the popular OUT policy control.

3. System Model

3.1. Problem Statement and Preliminaries

In this work, the process of goods distribution realized in complex, mesh-type logistic networks
was analyzed analytically and numerically to obtain efficient performance according to formally
defined criteria. The system topology assumed neither limitations nor simplifications in the way the
interconnection structure was formed. The uncertain demand may be imposed on any controlled node,
with the lost-sales assumption, i.e., no backordering was allowed. The flow of goods among the nodes
was governed by the OUT inventory policy implemented in either a distributed or centralized way.
Table 1 groups the symbols and notation used in the model description.
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Table 1. Mathematical preliminaries.

Notation Description

( . . . )+ The saturation function restricting the argument to non-negative values
t = 1, 2, . . . , T Period, where T is the planning horizon

ΘN = {1, 2, . . . , N} The set containing the controlled node indices, where N is their total number
ΘM = {1, 2, . . . , M} The set containing the external source indices, where M is their total number

αij
Nominal supplier fraction between nodes i and j, i.e., the part of the replenishment signals

generated by node j that is requested from supplier i
αij(t) Supplier fraction between nodes i and j in period t
βij Lead-time delay between nodes i and j, i.e., the time from placing the order to its delivery
B The highest lead-time delay between any two nodes in the system

li(t) The on-hand stock level at node i in period t
di(t) The external demand imposed on node i in period t
si(t) The external demand satisfied by node i in period t
oi(t) The amount of goods to be ordered by node i at the end of period t from its suppliers

ΩS
i (t) The quantity of goods in replenishment orders sent by node i to its neighbors in period t

ΩR
i (t) The quantity of goods in replenishment orders received by node i from its suppliers in period t
l(t) The vector containing on-hand stock levels at the controlled nodes in period t
d(t) The vector containing the external demands imposed on the controlled nodes in period t
s(t) The vector containing the external demands satisfied by the controlled nodes in period t
o(t) The vector containing the replenishment signals generated by the controlled nodes in period t

3.2. System Actors and Their Relationships

The class of logistic networks under consideration encompasses the structures consisting of N
controlled nodes ni, i ∈ ΘN = {1, 2, . . . , N}, and M external sources mj, j ∈ ΘM = {1, 2, . . . , M}. The nodes
form a mesh interconnection topology with a predetermined direction of goods flow. The demand,
whose future evolution is unknown at the instant of taking the goods distribution decision, can be
placed at any controlled node. The nodes have a finite storage capacity, whereas the external sources
are assumed to not have such a capacity. The sources do not receive customer demand, rather they
are used to replenish the stock of controlled nodes. The node interconnections are unidirectional,
characterized by a pair of attributes (αij, βij), where:

• αij is the supplier fraction (SF), which designates how much of the current lot requested by node
nj is to be obtained from node ni, αij ∈ [0, 1].

• βij is the lead-time delay (LTD), which is the time of order completion and shipment from node ni to
node nj, βij ∈ [1, B], where B denotes the maximum LTD between any two directly connected nodes.

The analyzed class of networks does not permit isolated nodes (with no connection to other nodes
or external sources) or nodes that would supply the stock for themselves.

The network dynamics are considered within T equally-spaced periods, given as an index through
the independent variable t = 0, 1, 2, . . . , T. The on-hand stock level of node i at time t is denoted by
li(t), the external demand imposed on this node is denoted by di(t), and the satisfied one is denoted by
si(t). Figure 1 illustrates the sequence of operations occurring at the controlled node in each period,
where solid and dashed lines represent the flow of goods and information, respectively.

Let ΩS
i (t) and ΩR

i (t) denote the quantity of goods sent and received by node i in period t,
respectively. Introducing oi(t) as the amount of goods to be ordered by node i at the end of period t
from its suppliers (both from other controlled nodes within the network and the external sources),
the quantity of goods sent by node i can be expressed as:

ΩS
i (t) =

∑
j∈Θ

αij(t)o j(t). (1)
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Introducing the combined set of indices Θ = ΘN ∪ ΘM, the quantity of goods received by node
i in period t may be written as:

ΩR
i (t) =

∑
j∈Θ

αji

(
t − βji

)
oi
(
t − βji

)
. (2)

Consequently, using (1) and (2), the stock level evolution can be described by

li(t + 1) =
(
li(t) + ΩR

i (t) − di(t)
)+
− ΩS

i (t), (3)

where ()+ is the saturation function restricting the argument to non-negative values. This function
presents a major non-linearity in the considered class of lost-sales systems. With the demand that is
actually satisfied by node i at time t denoted by:

si(t) = min{li(t) + ΩR
i (t), di(t)}, (4)

the stock level evolution can be expressed through the following relationship:

li(t + 1) = li(t) + ΩR
i (t) − si(t)− ΩS

i (t). (5)

In the nominal state, each node is able to fulfill both the external demand and internal orders
originating from other controlled nodes. However, when the external demand is satisfied, yet the stock
is insufficient to complete the internal orders, their quantity is accordingly reduced, leading to yet
another capacity restriction: ∨

i

0 ≤
∑
j∈Θ

αji(t) ≤ 1. (6)

The external sources, which are not subject to capacity limitations, are always able to fulfill all the
orders placed by the controlled nodes.

3.3. State-Space Representation

In order to facilitate both the formal analysis and computer implementation, a state-space model
was introduced. According to (5), the dynamical dependencies in the considered network may be
grouped into:

l(t + 1) = l(t) +
B∑
β=1

Mβ(t − β)o(t − β)+ M0(t)o(t) − s(t), (7)

where:

• l(t) is the vector of on-hand stock levels.
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• s(t) is the vector of satisfied demands.
• o(t) is the vector of stock replenishment orders.
• M0(t) is the hollow matrix representing the internal trans-shipments:

M0(t) =


0 α12(t) · · · α1N(t)

α21(t) 0 · · · α2N(t)
...

...
. . .

...
αN1(t) αN2(t) · · · 0

. (8)

• Mβ(t) are the diagonal matrices describing the node interconnections, i.e., for each β ∈ [1, B]:

Mβ(t) =



∑
i:βi1=β

αi1(t) 0 · · · 0

0
∑

i:βi2=β
αi2(t) · · · 0

...
...

. . .
...

0 0 · · ·
∑

i:βiN=β
αiN(t)


. (9)

For the sake of further derivations, a matrix M is defined as (with the time reference dropped to
indicate the nominal operating conditions):

M =
B∑
β=1

Mβ= IN + M0, (10)

where IN is an identity matrix of size N × N. M is invertible and one can show [55] that M–1 is a
positive matrix.

3.4. Order-Up-To Policy

The OUT policy is one of the classical inventory control strategies considered in logistic applications.
It aims at maintaining the stock, which is depleted to satisfy the demand imposed at the controlled
node, at a chosen RSL. In each period, any controlled node governed according to the OUT policy
checks its inventory position, which comprises the sum of the on-hand stock level and the amount
of goods in transit, against its RSL. If the inventory position is below the RSL, the node will issue a
replenishment order for its suppliers. The fundamental aspect of the OUT policy operation is thus to
determine an appropriate RSL for each controlled node. The choice should enable one to satisfy the
external demand, while simultaneously avoiding excessive stock accumulation. The standard OUT
policy is assumed to be deployed in a distributed way, i.e., independently at each node, and each node
may be subjected to the uncertain external demand.

The stock replenishment process at a node (and thus the goods redistribution in the network)
proceeds as a sequence of activities to be executed in each period (Figure 1):

1. Register the shipments obtained from the node suppliers (external sources and neighbors in the
network).

2. Fulfill the external demand, if possible.
3. Fulfill the orders originating from other nodes in the network, if possible.
4. Based on the discrepancy between the current stock and the RSL, generate a stock

replenishment order.
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Let lri be the RSL of node i and ∆i(t) denote the amount of goods in transit that are expected at this
node. Then, according to the OUT policy, the amount of goods that should be ordered at the end of
period t by node i from its suppliers is given by:

oi(t) = lri − li(t) − ∆i(t). (11)

Introducing lr as the vector of RSLs of all the controlled nodes, (11) may be written for the entire
network as:

o(t) = lr− l(t) −
B∑
β=1

t−1∑
k=t−β

Mβ(k)o(k). (12)

During the optimization process discussed in the numerical section, RSLs will be sought such that
a high service level (high satisfaction of the external demand) is guaranteed, while at the same time,
excessive stock accumulation is avoided. As is customary in the subject literature [22], the service level
is defined as the percentage of fulfilled demand with respect to the requests imposed externally on the
network, i.e., the fill rate. It can be shown (see [55] for derivation details) that a 100% fill rate can be
obtained with a sufficiently large, precisely determined RSL, even for the highest demand in the entire
planning horizon. For such a “worst-case” scenario, the RSL vector is calculated using:

lr =

IN +
B∑
β=1

βMβ

M−1dmax, (13)

where dmax is the vector of the demand upper bounds. However, the value obtained using (13)
overestimates the RSLs for time-varying demands. Therefore, in practice, one should adjust lr for a
particular type of demand profile, e.g., as analyzed in this work, through the simulations incorporating
a CGA.

3.5. Networked Order-Up-To Policy

In contrast to the classical OUT strategy, the NOUT policy takes advantage of the network’s
structural knowledge to influence the goods reflow and obtain a cost reduction. The orders are
generated using:

o(t) = M−1

lrnet − l(t) −
B∑
β=1

t−1∑
k=t−β

Mβ(k)o(k)

, (14)

where lr
net is a vector grouping RSLs for the NOUT policy. According to [23], the theoretical lower

bound for reaching a 100% fill rate under the worst-case conditions is:

lr
net =

IN +
B∑
β=1

βMβM
−1

dmax. (15)

Comparing (13) with (15), yields:

lr
− lr

net =
(
M−1

− IN
)
dmax

=
((

IN − (−M0)
−1

)−1
− IN

)
dmax

=
(
IN + (−M0) + (−M0)

2 + . . . − IN
)
dmax

=
(
− (M0) + (−M0)

2 + . . .
)
dmax ≥ 0,

(16)

which indicates lower RSLs and smaller holding costs when using the (centralized) NOUT policy with
respect to the classical (distributed) one. Similarly to the classical OUT policy, though, one needs
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to numerically determine the vector of RSLs for efficient performance in the presence of uncertain,
stochastic demand that is imposed at the controlled nodes.

4. GA Application in Goods Distribution Systems

Although GAs are used in a relatively wide range of applications in real-life problems, it is difficult
to determine the best solution from the candidate set due to the large search space and intensive
computational effort used for the fitness evaluation. Therefore, a key point in real-life systems is
proper customization (see Simon [18]). For this purpose, one should identify the factors influencing the
evolution toward the optimal solution in a limited time (limited number of fitness function evaluations),
as well as the system constraints. Sometimes, approximations and simplifications need to be introduced
to leverage computational effort vs. the quality and fidelity of the obtained results.

4.1. Introductory Considerations

Typically, in the GA implementations, the objects in the search domain are represented in a
binary form. In the case of logistic networks, however, since the search domain occupies a continuous
spectrum, it is more appropriate to use a CGA. Second, the choice of the fitness function itself should
allow one to assess, with due accuracy, a large number of situations that might occur in the problem
area. As part of the evolution, one seeks a propitious balance between elevating customer satisfaction
and reducing operational costs. Since in the systems under consideration, the future demand is
assumed to be unknown at the moment of taking the stock replenishment decision (as in the practical
systems), the fitness value will be determined from a simulation of network behavior for a given
demand pattern and repeated many times to reach statistically relevant results.

The next sections treat the structure of the applied CGA depicted in Figure 2 in detail.
The recommended parameter configuration is summarized in Table 6.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 24 
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4.2. System Setting

In order to apply a GA to the considered class of systems, a mapping between the logistic and GA
entities needs to be established. It is assumed that:

• The vector of RSLs reflects an individual in the population. Consequently, the stock level at a
controlled node will correspond to the chromosomes in a given individual.

• Since the domain of inventory stock levels is continuous (any value from the assumed range can
form an individual), a CGA is employed instead of a binary-form GA.

• The fitness function value is obtained via numerical simulations of the system behavior, which is
in response to the control inputs established either according to (12) (classical, distributed policy)
or (14) (networked, centralized policy).

4.3. Initialization

In the first step, the vector of initial stock levels is calculated according to (15), i.e., assuming the
worst-case conditions of a persistent maximum uncertainty (demand). The simulation of network
performance using this vector allows one to determine the largest holding cost, i.e., HCmax, and establish
the initial population. At the same time, the calculated vector of RSLs constitutes the upper bound
of the search space with respect to the chromosome-related operations, i.e., RSL ∈ [0, RSLmax]
(component-wise). Therefore, in contrast to the general GA-based computing problems, the initialization
is not random, but rather expert-guided.

In order to determine a suitable number of individuals in the population, various population
sizes were examined. Table 2 contains the results of over 103 simulations performed for the same
distribution scenario assuming different sizes. In the considered class of systems, a 10-individual
population allowed for obtaining a high value for the fitness function in a relatively short time.

Table 2. Optimization results for different population sizes.

Population Size Fitness Function Value Best Fitness Value Ratio Simulation Time (ms)

4 0.8335 0.9362 16,914
10 0.8778 0.9859 43,292
50 0.8823 0.9910 479,072

100 0.8904 1.0000 583,971

The performed numerical experiments showed that the fitness function value changed quickly in
the initial phase of the optimization run, but less frequently afterward. Then, a sudden improvement of
the fitness value may cause a short uptrend; however, the longer the time without changes, the higher
the probability that the optimal solution has already been obtained. For this reason, two stop conditions
were applied: an overall limit on the number of generations and a limit on the number of generations
without fitness value improvements.

4.4. Fitness Function

The fitness function allows one to assess the quality of a particular candidate solution and
consequently select the best one from the current population. According to the introductory
considerations regarding the considered problem area (Section 3.1), the fitness function should
reflect at least two measures of the system’s performance:

• The goods holding cost HC, HC ∈ [0, HCmax], which quantifies the internal efficiency regarding
goods redistribution.

• The fill rate FR, where FR ∈ [0, 1], which quantifies the system interaction with the external actors
that generate the demand.
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The following fitness function was considered:

Ψ =
(
1 −

HC
HCmax

)γ
FRϕ, (17)

where γ and ϕ are the tuning coefficients that facilitated prioritization of the costs vs. customer
satisfaction. By increasing γ, one opts for throttling the capital costs as a primary optimization
objective. Meanwhile, setting a larger ϕ value emphasizes the importance of the system’s external
image, i.e., how well it responds to the market demand imposed on the network nodes. Moreover,
in order to simplify the calculations and avoid the scaling problem, the performance measures are
normalized. For this purpose, the holding cost is divided by its maximal value, i.e., HCmax, which is
established via the initial simulation with an overestimated safety stock. As a result, HC/HCmax will be
confined to the range [0, 1]. The fill rate, by definition, is always between 0 and 1.

4.5. Selection

Mating and recombination are crucial steps for creating a new population of individuals, as well
as the overall GA performance [18]. In our study, numerous selection and crossover techniques were
examined, e.g., roulette wheel selection or stochastic universal sampling. Ultimately, the four-way
tournament method was chosen since it provided the fastest convergence with a given accuracy for
typically-encountered network topologies. Table 3 presents the fitness function values obtained in
the CGA-based optimization of a given goods distribution system with different selection methods.
The data indicated a significant advantage of the tournament selection over other methods regarding
adjusting the policy parameters of networked logistic systems.

Table 3. Optimization results for different selection methods.

Selection Method Fitness Function Value

Stochastic universal sampling 0.4872
Roulette wheel selection 0.7655

Tournament selection 0.8831

The applied method assumed a random selection of four individuals from the source population
and designates the fittest one as a parent. This operation was repeated P times for a population of
P individuals. An example iteration of the four-way tournament selection in a P-size population is
illustrated in Figure 3.
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4.6. Crossover

The recombination is performed through a crossover operation. In a given generation, a pair of
RSL vectors (individuals) is used to create a pair of new vectors (children) by exchanging the genetic
material in the form of the currently adjusted RSLs for a subset of nodes. Table 4 illustrates the influence
of different crossover methods on the results of the CGA-based optimization in networked logistic
systems. Accordingly, in the considered implementation, a multipoint crossover method was applied.
This method consists of swapping the segments lying between uniformly distributed random points
for each pair of parent individuals. The two-point crossover operation, employed in the implemented
CGA (using more points did not improve the results, whereas it augmented the computations time) is
illustrated in Figure 4. Two children are formed by swapping the segments of chromosomes between
points X and Y, such that X, Y ∈ [0, N] and X , Y in individuals C and D.

Table 4. Optimization results for different crossover methods.

Crossover Method Fitness Function Value

None 0.0288
Single-point crossover 0.7853
Multipoint crossover 0.8865
Uniform crossover 0.8242
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4.7. Mutation

In order to avoid premature convergence and explore diverse areas of the search space, a mutation
operation was performed as the final phase before proceeding to the next generation in the evolution
process (Figure 2). As in biology, this might lead to an exceptionally well-adapted (fit) individual,
yet should not occur too frequently to avoid erratic behavior. In the CGA, the mutation implies
replacing a given chromosome (the current RSL corresponding to the chosen network node) by a
random value within the search domain. With the mutation probability set to 0.15, each chromosome in
the candidate solution had a 15% chance that its value will be swapped with a random value from the
interval [0, RSLmax] established for that node in the initial simulation. In order to adjust the mutation
probability, values from a relatively large range of 0–0.5 were considered. The results are summarized
in Table 5.

Table 5. Optimization results for different mutation probabilities.

Mutation Probability Fitness Function Value

0 0.3931
0.01 0.8706
0.05 0.8690
0.1 0.8709
0.15 0.8823
0.25 0.8800
0.5 0.8031
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4.8. CGA Summary

In order to facilitate the application of the CGA in the optimization of logistic networks, the choice
of algorithm components and parameters, as discussed in Sections 4.4–4.7, is summarized in Table 6.
The numerical values reflect the recommended setting for obtaining a fast convergence, i.e., a reduced
number of fitness function evaluations dictated by the significant computational effort that is invested
in simulating the network behavior.

Table 6. Continuous genetic algorithm (CGA) parameters for logistic network optimization.

Phase Parameter Setting

Initialization

Population size 10 individuals
Stop criterion 103–104 generations

Fitness function Ψ =
(
1 − HC

HCmax

)γ
FRϕ,

Evolution
Selection Four-way tournament selection

Crossover Two-point crossover
Mutation 15% mutation probability

5. Numerical Study

In order to perform a detailed analysis of the goods distribution process and CGA performance in
logistic networks, a dedicated, multithreading application has been developed. As the first step in the
program, a state-space model was created. The model was parametrized with:

• A simulation interval.
• The number of nodes.
• The type of inventory control strategy used to steer the goods distribution process.
• The type of statistical distribution used for generating demand requests.

Once the fitness function coefficients were input, the optimizer sought the best vector of RSLs
using either a full search method or a CGA. Owing to the large space of potential solutions, which grows
exponentially with the number of nodes involved:

lr1
δ
·
lr2
δ
· . . . ·

lrN
δ

, (18)

where δ denotes the iteration granularity, the full-search method is feasible only for small networks.

5.1. CGA vs. Monte Carlo (MC) Method

The CGA performance was compared with two benchmark methods. The first one was a
full-search algorithm, which can be utilized only in non-sophisticated structures due to the large
computational effort. Another, which can verify more complex cases, assumed the performance of MC
simulations based on the same parameters as the CGA. In this section, the results obtained through the
GA-based optimization are compared with the MC simulations, as is typical in the initial examination
of evolutionary algorithms [18].

The MC method operates on the stochastic RSL vectors established in each generation. In contrast
to the GA, the fitness evaluation does not assume other evolutionary operations, i.e., selection, crossover,
or mutation. The fitness function values are calculated for all the candidate solutions from the generated
population. Hence, the subsequent populations do not arise from the previous ones, like in GA-based
algorithms, but are arbitrary and independent of each other. The comparison performed in this
section tracked the fitness function improvements in the process of the goods distribution using MC
simulations and the CGA for 1.5 × 103 generations, without other stop conditions. In the numerical
analysis, three topologies, assuming different network sizes and customer demands, were applied.
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The simulation horizon was set to 30 periods. Each population of candidate solutions, both for the
CGA and MC simulations, contained 10 individuals. The mutation probability for the CGA was set
to 15%. The first examined topology encompassed five nodes (N = 3, M = 2), which led to 1.7 × 108

candidate solutions to examine the full-search algorithm with the same granularity set for all methods.
The second topology comprised 14 nodes (N = 10, M = 4), with a search space of 4.8 × 1029 solutions,
which was no longer feasible for the full-search approach. Finally, the last network comprised 27 nodes
(N = 21, M = 6), which translated to 2 × 1069 possibilities for forming an RSL vector. Table 7 summarizes
the results obtained for these three networks.

Table 7. Detailed results of the Monte Carlo (MC) method vs. the CGA.

Number
of Nodes

Optimization
Method

Fitness Function
Coefficients Performance Indicators Best Fitness

Function
Fitness Value

Difference

γ ϕ
Holding

Cost Fill Rate

5 MC 1 1 3086 94% 0.84691098
0.00135 CGA 1 1 3043 94% 0.84820807

5 MC 1 10 7715 100% 0.75242282
0.00975 CGA 1 10 7412 100% 0.7621462

5 MC 10 1 676 73% 0.58623815
0.00315 CGA 10 1 660 73% 0.58932219

14 MC 1 1 8068 94% 0.90066472
0.042714 CGA 1 1 9076 99% 0.94339654

14 MC 1 10 31,326 100% 0.83752243
0.100814 CGA 1 10 11,892 100% 0.93832014

14 MC 10 1 4438 88% 0.69718233
0.048514 CGA 10 1 3593 90% 0.74566725

27 MC 1 1 59,828 99% 0.92887945
0.042527 CGA 1 1 18,210 99% 0.97139658

27 MC 1 10 105,453 100% 0.89118056
0.076327 CGA 1 10 31,488 100% 0.96750679

27 MC 10 1 42,873 96% 0.61059353
0.236127 CGA 10 1 13,086 97% 0.84669328

The data gathered in Table 7 shows the effectiveness of the considered CGA and its superiority
over the MC simulations. The evolutionary method achieved the goals set by the network managers in
a short time. The conducted tests allow one to observe two significant aspects of GA-based optimization
in the resource distribution environments under consideration. The first one concerns the size of the
network topology: the bigger the interconnection structure, the greater the savings that are obtained
using the GA-based optimization relative to the MC one. Owing to the relatively small search space,
the results of the five-node network were similar for both methods. By exploring a large amount of the
search space, the MC method had a bigger probability of finding a good solution than in the remaining
two cases of more complex topologies. For the larger search spaces, correspondingly, for the fourteen-
and twenty-seven-node topologies, the CGA found much better solutions. The CGA was more efficient
at finding good solutions in the case of polarized priority in the objective function (either γ or ϕ set to be
much larger than the other coefficient). The plots presented in Figure 5 depict the improvements in the
fitness function value obtained using the CGA vs. the MC method for the twenty-seven-node topology.
Figure 5a–c illustrates the optimization process convergence for the fitness function coefficients that
were adjusted to (γ = 1, ϕ = 1), (γ = 1, ϕ = 10), and (γ = 10, ϕ = 10), respectively. All the cases showed
that CGA allowed one to find the optimal solution in a smaller number of iterations than the MC
approach. This is a key observation for the analyzed class of real-life systems, which require high
computational investments when determining a single fitness function value.
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The execution of the optimization procedure with the CGA lasted on average 45, 311, and 1268 s for
the five-, fourteen-, and twenty-seven-node networks, respectively. Thus, the computation time grew
exponentially with the network size, albeit linearly with the planning horizon. The CGA performance
in this aspect may yet be improved, e.g., by recurring using the hardware-assisted parallelization
techniques [56].

5.2. The CGA in the Inventory Policy Optimization

In order to comment on the usefulness of the CGA regarding optimizing logistic network behavior,
numerous models with topologies of different sizes and complexities were examined (number of nodes:
5–70; gamma, Poisson, normal distributions with different parameters; around 5000 problem instances
overall). For illustrative purposes, two representative examples were selected and given detailed
treatments in the latter part of this section. The first series of these simulations was conducted in
the framework of a “small” network comprising five nodes (N = 3, M = 2) and was compared with
the exact solution obtained using the full-search approach. The second example corresponded to a
much larger, fourteen-node system (N = 10, M = 4), which was not amenable to the exhaustive-search
method. The common parameters were set as follows:

• Simulation interval T = 50 periods.
• External demand was imposed on all the controlled nodes, which was generated using a gamma

distribution with the shape and scale coefficients equal to 5 and 10, respectively.
• The CGA population comprised 10 individuals.
• Mutation probability = 15%.
• Stop conditions: generation limit = 104, the number of generations without improvement = 103.

In each case, the performance of the standard OUT vs. networked NOUT policy was assessed.

5.2.1. Small Network (N1)

Figure 6 illustrates the topology of network N1. The network consisted of two external sources
(grey circles) and three controlled nodes (dashed circles). The numbers displayed at the arrows
indicate the SF and LTD, respectively. For instance, node 3 acquired 20% of goods from node 1 with a
delay of 7 periods. The base holding cost obtained in the initial simulation run for the RSLs chosen
according to (13) equaled 1.03 × 105 units. Although a non-sophisticated topology was considered
with a granularity δ = 1 unit, the full search approach required exploring a space of over 109 potential
solutions. While being time-consuming and inefficient for larger constructs, it formed the baseline for
the CGA performance evaluation in the analyzed case of a small-sized network.
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The plot presented in Figure 7 illustrates the relationship between the holding cost and the
customer satisfaction level (quantified through the fill rate) for different fitness function coefficients
γ and ϕ. As expected, setting a bigger γ allowed one to reduce the holding costs, while a larger ϕ
improved the customer satisfaction level. The simultaneous increase of both coefficients brought
the system to the desirable conditions of full customer satisfaction that was obtained with minimal
holding costs. Hence, the largest density of points in Figure 7 was for the fill rate between 95–100%.
The detailed data regarding the N1 optimization are grouped in Table 8. The presented data confirmed
the analytical implications of (16) in that the networked policy indeed allowed one to reduce the costs
for a given fill rate objective. Using the graph or the table, the inventory manager can easily adjust the
problem parameters according to the cost limitations for a given service level to be attained. The RSL
vector will be found automatically using the CGA.

Table 8. Policy performance in network N1.

Fitness Function Coefficients Order-Up-To
(OUT) Policy

Networked OUT
(NOUT) Policy

γ ϕ Holding Cost Fill Rate Holding Cost Fill Rate

1 1 7831 98% 8523 99%
1 5 10,965 100% 10,496 100%
1 20 10,576 100% 9882 100%
1 50 11,092 100% 10,036 100%
1 100 11,407 100% 9947 100%
5 1 4814 90% 3347 89%
5 5 8036 98% 7792 97%
5 20 10,124 100% 9808 100%
5 50 10,160 100% 9721 100%
5 100 11,026 100% 9748 100%

20 1 819 58% 1280 72%
20 5 5073 92% 3564 90%
20 20 8060 98% 7467 98%
20 50 10,625 100% 9804 100%
20 100 12,287 100% 9763 100%
50 1 411 51% 468 57%
50 5 2783 77% 2532 85%
50 20 6585 96% 4921 94%
50 50 7804 98% 7142 98%
50 100 9728 99% 9635 100%
100 1 296 48% 176 47%
100 5 1414 64% 1282 72%
100 20 5028 92% 3560 90%
100 50 7111 97% 4646 93%
100 100 7803 98% 5463 94%
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The fitness improvement toward the optimal solution established by the full-search method
(dashed) for the objective function parametrized by γ = 1 and ϕ = 20 is illustrated in Figure 8. The CGA
quickly steered the RSL allocation for either of the investigated policies, where 98% of the reference
value was reached within 36 iterations. In the latter phase, the convergence rate was faster for the
centralized, i.e., NOUT, policy, which was attributed to a more accurate view of the system structure
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5.2.2. Large Network (N2)

Network N2 encompassed four external sources and ten controlled nodes. The considered
interconnection structure is illustrated in Figure 9. The lead-time delays were randomly selected from
the range 1–7. The holding cost from the initial, worst-case simulation performed for the maximum
persistent demand amounted to 7.73 × 105 units. The corresponding domain for the exhaustive
search encompassed 1033 combinations, thus being infeasible for the common computing platforms.
The comparison of the initial RSLs calculated for the controlled nodes using (15) and the optimal vector
determined using CGA is visualized in Figure 10.
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Figure 11 depicts the performance measures obtained for the considered network topology and
Table 9 groups the numerical data. When compared with the small-network case discussed in the
previous section, larger differences can be noticed between the investigated policies, which were all in
favor of the centralized strategy NOUT. In the analyzed case of the network from Figure 9, the cost
savings for a given fill rate fell in the range of 5–43%. The biggest savings in the case of the better,
centralized, policy, for both the full and partial customer satisfaction, are marked in bold in Table 9.

These observations are quite general. As was investigated for different network sizes and structural
complexities, the cost-related benefits of the NOUT policy relative to the standard one grew for larger
and more intricate topologies. Figure 12 summarizes the policy performances under different fill rate
requirements. The bars represent three different topologies, involving three, four, and five supply
nodes connected to each controlled node, respectively. The stacked bars reflect the overall holding cost
for full (100%) and high (90%) customer satisfaction levels. As expected, the holding costs decreased
when relaxing the fill rate objective. The gain from using the centralized policy relative to the standard
one grew for more complex topologies. Interestingly, the holding costs decreased for more involved
connectivity structures. This was probably caused by an averaging effect, i.e., although encompassing
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more nodes and having a denser linkage structure, the topology became more regular with respect to
the connection specifics, e.g., the mean lead-time delay for a given node.
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Table 9. Policy performance in network N2. The biggest savings for full and partial customer satisfaction
are given in bold.

Fitness Function Coefficients OUT Policy NOUT Policy

γ ϕ Holding Cost Fill Rate Holding Cost Fill Rate

1 1 70,538 100% 54,079 99%
1 5 71,022 100% 67,596 100%
1 20 75,454 100% 61,101 100%
1 50 76,549 100% 63,390 100%
1 100 93,568 100% 62,277 100%
5 1 34,999 90% 24,977 93%
5 5 65,246 99% 55,363 99%
5 20 79,339 100% 57,843 100%
5 50 87,859 100% 60,545 100%
5 100 73,144 100% 67,893 100%

20 1 15,840 68% 10,456 77%
20 5 41,023 93% 23,463 92%
20 20 58,958 98% 49,282 99%
20 50 77,607 100% 56,149 99%
20 100 86,818 100% 56,969 99%
50 1 6538 47% 5349 63%
50 5 27,577 84% 16,686 86%
50 20 42,402 94% 30,863 95%
50 50 62,475 98% 54,078 99%
50 100 71,686 100% 53,318 99%
100 1 3139 35% 2915 52%
100 5 13,594 64% 10,746 78%
100 20 36,217 90% 26,947 93%
100 50 53,074 97% 33,801 96%
100 100 63,704 99% 56,342 100%

Figure 13 presents the changes in the fitness function in the CGA search process. The same business
objectives as for network N1, parametrized using γ = 1 and ϕ = 20, were considered. Despite having
initially better effectiveness in the case of the OUT policy, ultimately, in line with the theoretical
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assumptions, the search for the best RSLs for the NOUT policy continued to progress beyond the level
established for the OUT one and approached the optimal selection more closely.
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6. Results Discussion and Conclusions

This study investigated the performance of CGAs with respect to the automatic parameter
adjustment of inventory control strategies in logistic networks that have complex, mesh-type topologies.
Two such strategies were examined: the classical OUT policy implemented in a distributed way and
a centralized one that took into account the network connectivity structure. The analytical study,
which was confirmed by the conducted numerical experiments, demonstrated that the centralized
decision-making allowed one to lower the holding costs while maintaining the requested service level
relative to the distributed approach.

The performed numerical studies confirmed that the CGA-based optimization was an effective
tool for the optimization of logistic networks, even in the case of complex interconnection structures.
It allowed one to reduce the computational time and effort (relative to the full-search approach),
while yielding a near-optimal outcome. Moreover, the CGA-based optimization provided a considerable
improvement over the typically applied MC approach in terms of accuracy and convergence time.
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Hence, it can be considered as a viable alternative to the traditional tuning procedures, especially in
systems with irregular topologies. For the sake of clearer visualization, the reported numerical studies
showed systems consisting of a relatively small number of nodes, i.e., a few, or a dozen. This scale may
either reflect a small distribution network, e.g., a regional store network, or serve as a projection of an
extended one (e.g., a continent divided into countries or a country divided into states). Strenuous tests
of the CGA-based optimization of the interconnection structures involving hundreds or thousands of
nodes is an area for further research. The analysis of the execution time indicated that such structures
might require parallelization techniques to conduct the computations.

From the managerial perspective, the conducted research offered a few important insights. First,
it was evidenced that in the considered class of systems, the application of a centralized OUT policy
was economically more efficient than the distributed one, although it required a common view of
the system. The greater the structural complexity, the bigger the economic profits that were gained
in the centralized approach. The CGA-based optimization may be flexibly adapted according to
diverse system requirements. The applied fitness function allows system managers to smoothly
balance the optimization objectives, notably, the customer satisfaction vs. the operational costs,
using just two numerical coefficients. In particular, a simultaneous increase of both coefficients enables
achieving full customer satisfaction with maximum economic savings. Moreover, in the proposed
framework, the objectives can be redefined, or replaced, without altering the computational scheme
itself. The framework can also be customized to support other inventory control policies besides OUT,
albeit with different search-space constraints and other fitness functions that balance the optimization
goals would need to be specified.

There are a few directions in which the presented research could be extended. One may address
the robustness issues, e.g., how to adjust the CGA for a yet more involved case of networks with
uncertain, time-varying parameters and topologies (inaccurate inventory records, node failures,
etc.). Furthermore, other evolutionary algorithms may be implemented and compared with the
discussed CGA-based optimization with respect to the time and efficiency when seeking the optimal
solution. Since in inventory management problems, one typically faces a number of conflicting goals,
multi-objective optimization algorithms may also be considered.
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