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Abstract: Existing research has shown that highly reliable network systems can not only significantly reduce their own
operation and maintenance costs, but also greatly improve service efficiency. Quick and accurate qualitative analysis and
quantitative evaluation of the reliability of distribution networks are essential for both correctly estimating the performance of
actual networks and improving network design. This overview will summarize the existing research from four aspects: the current
research status of network reliability, logistics network reliability, network reliability under cost constraints, and network
reliability under transportation distance constraints, laying a foundation for research on reliability evaluation methods for

distribution networks.
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1. Introduction

With the continuous progress and development of economy
and technology, modern logistics systems, as important
supporting systems to ensure the normal operation of social
and economic life, have made significant progress and
development in automation and intelligence. The use of
various modern technologies such as automatic identification
technology, artificial intelligence technology, and GIS
technology has made logistics systems increasingly
intelligent, informative, global, and complex, These
characteristics also put forward stricter requirements for the
reliable performance of logistics system products and services.
As an intermediate hub supporting the normal operation of
logistics systems, the reliability of logistics distribution has
also become a focus issue for enterprises and researchers.
Failure events in logistics and distribution links can lead to
disruption or even collapse of the entire supply chain with
limited affordability. Especially for logistics systems with
more stringent distribution requirements, the reliability of
logistics distribution services will greatly affect the basic
attributes of system operation such as efficiency, cost, and
service.

Logistics distribution refers to an organic whole with
specific functions, which is composed of several factors that
interact with each other, such as the goods to be transported,
various links of transportation, relevant equipment, personnel,
and communication links, within a certain time and space.
According to the relevant definition in China's national
standard "Logistics Terminology", distribution refers to
"logistics activities in which items are selected, processed,
divided, and assembled according to customer requirements
within an economically reasonable area and delivered to
designated locations on time." It can be seen that reliable and
efficient distribution services are an important guarantee for
maintaining the stable operation of the logistics system. In
modern supply chain management, increasingly fierce market
competition has made more and more logistics enterprises
realize that the reliability of logistics distribution services is a
crucial basic condition to ensure smooth production. For
example, logistics distribution strategies such as "one day
delivery" and "next day delivery" in JD Mall cannot be
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separated from the efficient and reliable guarantee provided
by JD Group's self built logistics network system. Therefore,
studying the reliability of logistics distribution networks has
important practical significance.

Mathematical modeling is conducted based on minimal
capacity vector sets. Based on considering transportation cost
and transportation distance constraints, a reliability
evaluation method for multi-state logistics distribution
networks is studied to systematically evaluate the impact of
distribution network reliability. The existing classical theories
and applications provide a wide range of reference
significance, so it is proposed to comb the network reliability
from different perspectives to provide reference for future
research content.

2. Current Status of Network
Reliability Research

In 1982, Japanese scholar, Mine [1], proposed the concept
of connectivity reliability, which reflects the probability of
maintaining connectivity between two nodes in a
transportation network. Generally, only two states of
connectivity (0) and failure (1) are studied. Subsequently,
based on Mine, lida [2] expanded the connectivity between
two points to k point and the reliability of the entire network.
We also refer to this network connectivity reliability as two
state network reliability. In real life, there are often more than
two performance states for various network systems.
Therefore, it is difficult to accurately describe the reliability
of various network systems by relying solely on two-state
networks. Therefore, with the development and wide
application of reliability theory, scholars at home and abroad
have begun to pay attention to more complex systems under
various conditions. The research object of modern reliability
engineering has undergone a transition from simple to
complex, from component to system, and from single state to
multi state, presenting new characteristics such as complexity,
uncertainty, integration, and polymorphism. Reliability
research on networks with these characteristics is known as
polymorphic network reliability. Because polymorphic
networks can better describe the characteristics of distribution
networks in real life, this paper treats the distribution network



topology as a polymorphic network with complex behavioral
characteristics of road sections, and the reliability evaluation
of polymorphic networks naturally becomes the main focus
of this study.

The reliability evaluation methods for polymorphic
networks are typical NP hard problems. Therefore, scholars at
home and abroad have proposed many methods to evaluate
network reliability. These methods can be mainly divided into
analytical methods and simulation methods. The simulation
method mainly uses the Monte Carlo method [3] to study
network reliability issues, mainly estimating the probability
of a random event through the frequency of its occurrence.
This method can only obtain an approximate value of network
reliability in most cases, and requires a high accuracy in
sample selection. The core of analytical methods is to set
efficient structural functions to obtain network reliability
values. Analytical methods mainly include accurate
algorithms and approximate algorithms, including the random
process method [4,5], the multivalued decision graph method,
the general generating function method, and the polymorphic
minimum capacity vector method [5,6]. The core of
polymorphic minimum capacity vector method is to construct
a mathematical model of polymorphic minimum capacity
vector satisfying constraints based on network topology. As
one of the research hotspots in the field of reliability, the
polymorphic minimum capacity vector method is mainly
applied to evaluate the reliability of polymorphic networks [6],
so this method is also the main focus of this study.

Given the capacity level d, the reliability Rd of a
polymorphic network refers to the probability that the
network can successfully transport d units of traffic from the
source point s to the sink point t [7]. The main method for
calculating this reliability index is through the polymorphic
minimum capacity vector (d-MCV) with the capacity level d.
Therefore, solving the d-MCV in a network is the main goal
of solving the reliability of a polymorphic network. Lin [7]
and others first proposed the concept and mathematical model
of candidate d-MCV, which is mainly constructed by
assuming that the flow in the network satisfies the flow
conservation law. According to the maximum flow network
theory, Yeh [8] proposed a candidate d-MCV solution model
with fewer constraints and variables than those of Lin [7] and
others. Yeh [8] verified the effectiveness of this model
through theoretical analysis. On the basis of the above model,
Niu et al. [9] constructed a candidate d-MCV mathematical
model with stricter constraints by introducing the concept of
the lower limit of edge capacity. This method does not need
to know all the minimum capacity vector information in the
network, thereby reducing the time complexity of the above
model. Based on the model of Lin [7] and others, Chen [10]
and others proposed an improved algorithm for solving d-
MCV using a fast enumeration method. Baiet al. [11]
proposed a recursive algorithm for obtaining reliability values
at all capacity state levels. It is worth noting that the candidate
d-MCYV is not a real d-MCV. Therefore, Lin [7] and others
proposed a comparison method to determine whether the
candidate d-MCV is a real d-MCV. Yeh [12] concluded
through complexity analysis that the comparison method is
very inefficient in verifying the candidate d-MCV. Therefore,
a candidate d-MCYV identification method called the loop test
method was proposed. These two methods are also the main
methods for verifying candidate d-MCVs.
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3. Research Status of Logistics
Network Reliability

As an "artery" supporting the internal and external
circulation of social economy, logistics distribution networks
are fundamental logistics facilities that ensure the smooth
flow of goods and achieve their temporal and spatial value,
and are crucial to our society and economy. In theoretical
research, distribution networks are often modeled as a
polymorphic network model in which each side has a
mutually independent, finite, nonnegative integer random
capacity. In the multi-state network model, distribution
network reliability refers to the probability that the network
can deliver a certain amount of goods from supply location s
to demand location t. Jane et al. [13] constructed a
polymorphic network model to represent the logistics
network, and proposed a hybrid algorithm related to capacity
scaling algorithm and decomposition algorithm to directly
calculate the reliability of the logistics network. In addition,
some scholars [14-19] have also proposed algorithms to
calculate logistics network reliability based on minimum
capacity vectors (minimum capacity vectors under cost
constraints) that meet demand d and budget b.

4. Current Status of Network
Reliability Research Under Cost
Constraints

Reliability of distribution network service capability with
cost constraints refers to the probability that the network can
successfully deliver d units of goods from the origin to the
destination and the total distribution cost does not exceed the
given budget constraint b, expressed as Rel(d,b). The simplest
method for calculating Rel(d,b) is the exhaustive method,
which requires enumeration of each capacity vector in the
capacity vector space one by one, so it has a high time
complexity and is only suitable for small-scale distribution
networks. Currently, the most commonly used method for
calculating Rel(d,b) is to use a cost constrained minimum
capacity vector [19,20], abbreviated as (d,b)-MCV. If a
capacity vector X is satisfied, the network can successfully
deliver d units of goods demand from the origin to the
destination under X, and the total delivery cost does not
exceed the given budget constraint b. Any other capacity
vector smaller than X cannot meet both conditions, then X is
called (d,b)-MCV. When all the (d,b)-MCVs of the network
are obtained, Rel(d,b) can be calculated using the disjoint sum
method [21,22] or the state space decomposition method
[23,24]. Therefore, solving the (d,b)-MCV of a network is the
core of computing Rel(d,b), and is also the focus of existing
research. Currently, researchers have proposed some methods
to search for cost constrained minimum capacity vectors.
Based on key factors such as demand levels, budget
constraints, and capacity conditions, Lin [20] constructed a
search model for candidate (d,b)-MCVs using the network's
minimum capacity vector. The feasible solution of the model
is called candidate (d,b)-MCVs, and the candidate (d,b)-
MCVs need to be further validated to determine whether they
are true (d,b)-MCVs, as duplicate (d,b)-MCVs may appear in
the results of the model, that is, multiple identical (d,b)-MCVs.
Repeating (d,b)-MCVs only increases the complexity of
reliability calculations without any impact on reliability
values. Therefore, it is necessary to remove all duplicate(d,b)-
MCVs so that the results no longer contain duplicate (d,b)-



MCVs. Lin [19] considered both the polymorphism of the
capacity of edges and the polymorphism of the capacity of
points when constructing the (d,b)-MCV search model;
Moreover, Lin [20] proposes to use a comparison method to
determine whether the candidate (d,b)-MCV is an (d,b)-MCYV,
and the comparison method can also remove the duplicate

(d,b)-MCVs that occurs. Yeh [15] believes that the
comparison method is not efficient in verifying
candidate(d,b)-MCVs, and proposes a directed loop

verification method to verify whether the candidate (d,b)-
MCVs are genuine (d,b)-MCVs. Without knowing all the
minimal capacity vectors of the network, Niu et al. [9]
constructed a search model using the properties of (d,b)-MCYV,
but this model is only applicable to directed networks.
Recently, Forghani-elahabad et al. [17] proposed a more
efficient method to identify repetitive (d,b)-MCVs, and
through numerical analysis, it was found that the solution
efficiency of this algorithm is superior to other algorithms. In
summary, although current researchers have proposed some
algorithms for solving (d,b)-MCYV, these algorithms still face
two main challenges. First, it is very difficult to solve
candidate (d,b)-MCV models; Secondly, there are still
significant computational efficiency bottlenecks in the
identification of repetitive (d,b)-MCVs.

5. Current Status of Network
Reliability Research Under
Transportation Distance Constraints

In network models, the transportation distance constraint is
often represented by the diameter constraint D, which
represents the maximum distance from the source point s to
the sink point t in the network. Currently, research on the
reliability of networks with diameter constraints is mostly
focused on two state networks. Peting et al. [25] first defined
a diameter constraint, which is to set a positive integer D, so
that the path length of all nodes in the network does not
exceed D, and the reliability Rel(d,D) of a two-state
network under the diameter constraint is the probability that
all nodes in the network have at least one connected path that
is not greater than D. In diameter limited networks, redundant
edges or nodes may be generated. Therefore, in order to
calculate Rel(d,D), Peting [26] and others proposed that the
edges (i.e., redundant edges) in the network that only exist in
st paths larger than D should be detected first and deleted from
the network. However, the method proposed by Peting is only
a sufficient condition for detecting redundant edges.
Literature [27] proposed a method to adjust the sampling
space based on using path structures called D-pathsets and D-
cuts, and further developed a Monte Carlo method to obtain
an approximate solution for the reliability of a two-state
network. Wang et al. [28] proposed the expected path problem
with diameter constraints and re evaluated the reliability of a
two state network when nodes are unreliable. For K-terminal
reliability under diameter constraints, Cancela et al. [29,30]
defined the (s, K)-diameter as the maximum distance between
the source node s and all nodes in the set K, and proposed a
simple method to calculate the network reliability when the (s,
K)-diameter is not greater than the given value D. Nesterov et
al. [31] proposed an improved factorization method for
computing network reliability under diameter constraints
based on Page [32] parallel method for computing network
reliability and Cancela et al. [30] method, and demonstrated
the efficiency of the algorithm. For K-terminal reliability, he
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obtained a judgment theorem for independent edges and
independent points of K-terminal active networks with
diameter constraints, and then proposed a simplified
algorithm for independent edges and a factorization algorithm
for diameter constraints. Finally, an algorithm for solving the
reliability upper bound of K-terminal active networks is
presented. Zhang et al. [33] studied the reliability of social
networks, using diameter constraints to describe
neighborhood relationships in society, and studied the
neighborhood relationship and reliability issues between user
v and selected group K. It is noted that the two state network
model only considers two extreme network states, so it is not
suitable for reliability analysis of distribution networks.
Under the polymorphic network model, Zhang et al. [34]
studied the definition of network reliability Rel(d,D) under
diameter constraints, and provided an algorithm for
calculating Rel(d,D), which is implemented by deleting
redundant edges in the polymorphic network. However, there
are two problems in this study. First, the definition of network
reliability under diameter constraints only considers the
distance of the st-path in the network structure, while ignoring
the actual transmission distance of the flow, resulting in
insufficient rigor in the reliability index. Secondly, the
proposed method only considers the presence of redundant
edges in the network, and does not consider the coupling
relationships between edges, nodes, and nodes in the network.
As a result, the required st-path does not always meet the
diameter constraint. Therefore, the calculated reliability value
cannot accurately reflect the logistics service capacity of the
distribution network under transportation distance constraints.

6. Existing Problems

In recent years, domestic and foreign research on network
reliability has achieved a wealth of theoretical and practical
guiding research results, providing some inspiration and
reference for the development of this article from the
perspective of modeling and solving methods. However, the
following issues need to be further explored in the study of
evaluation methods for the reliability of distribution networks.

On the one hand, when evaluating the reliability of
distribution networks with transportation cost constraints,
although current researchers have proposed some algorithms
to solve (d,b)-MCVs, these algorithms still face two main
challenges. First, it is very difficult to solve candidate (d,b)-
MCV models; Secondly, there are still significant
computational efficiency bottlenecks in the identification of
candidate (d,b)-MCVs. It has been noted that the
globalization and intelligent development of the logistics
market have led to an increasingly large scale and complex
network composition of distribution networks. Due to the NP
hard attribute of reliability evaluation for logistics networks
with transportation cost constraints, the increase in network
size will lead to an exponential increase in the time consumed
by the algorithm and the cost scale. Therefore, in order to
adapt to the continuous expansion of the logistics market,
there is an urgent need for practical and efficient algorithms
to be applied to the reliability evaluation and analysis of
distribution networks under transportation cost constraints.

On the other hand, when evaluating the reliability of
distribution networks with transportation distance constraints,
the existing research on network reliability with diameter
constraints mainly focuses on two state networks. However,
in the actual operation process, due to the impact of uncertain
factors, distribution networks have the characteristics of



polymorphism and complexity. Therefore, two-state networks
are not suitable for reliability analysis of distribution
networks. In addition, it is noted that there are still
imperfections in the definition of reliability and
computational methods in the study of discussing
polymorphic network models. As a result, the impact of
transportation distance constraints on distribution networks
cannot be well described.

7. Further Work

(1) It is difficult to solve the candidate (d,b)-MCV model.
We propose to improve the existing candidate (d,b)-MCV
model by introducing a lower capacity limit for edges. In the
improved candidate (d,b)-MCV model, the constraints on
variables are stricter, thereby reducing the search space for
candidate (d,b)-MCV and improving search efficiency.

(2) Identification efficiency bottlenecks for repetitive (d,b)-
MCVs. By introducing the concept of transcendental numbers,
we propose an efficient method for identifying repetitive
(d,b)-MCVs by establishing a one-to-one mapping between
(d,b)-MCVs and real numbers.

(3) Aiming at the problems of network reliability
evaluation under transportation distance constraints, a
reliability index for distribution networks with transportation
distance constraints is proposed. Note that the key to
calculating this reliability index is to solve the d-MCV
problem with diameter constraints. Therefore, it is hoped that
based on determining the redundant edges of the network, the
actual transmission distance of the stream will be fully
considered, and then a mathematical model of d-MCV with
diameter constraints will be constructed, and an accurate
solution algorithm will be proposed.
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