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Abstract

In this thesis, I study the methods to solve an NP-hard problem, minimum weighted latency
problem (MWLP). The well-studied NP-hard problem minimum latency problem (MLP) can
be seen as a special case of MLWP. I introduce the motivation of studying MWLP at the
beginning. After describing the existing methods, I propose a Mixed Integer Programming
algorithm for MWLP. As for the main body of this thesis, I study the heuristic algorithms for
MWLP. I use five different classic heuristics to test the effectiveness of heuristic when solving
MWLP. After that, two new meta-heuristics are proposed and tested. Both of them produce
better results compared to the classic ones. At last, I describe two real-world applications for

this problem. MWLP model is tested and proved effective for both applications.
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1 Introduction

In this first chapter, I describe the motivation for studying MWLP in my thesis. After the motiva-
tion, I will introduce the background and the research status of MWLP. The problem’s significance
and its difficulty will be described in the third section. At the end of this chapter, I describe the

organization of this thesis in detail.

1.1 Motivation

The travelling salesman problem (TSP) is a well-known NP-hard problem[1]. It is also a very
well-studied problem([2, 3, 4]. The objective of its optimization is to find a Hamiltonian tour that
minimizes the mobile agent’s entire travelling path and visits every vertex in the map. The problem
is very significant in both theoretical computer science and operations research communities. In
addition to these theoretical contributions, the original formulation of TSP can be used directly in
real-world applications such as very large-scale integrated (VLSI) circuit design, logistics design,
and multi-task planning problems. With slight modification, it can be used in other application
areas, such as DNA sequencing and astronomy. However, even though it is a widely studied
and powerful formulated problem, it still has some shortcomings when dealing with particular
situations. For example, if a tsunami occurs suddenly, the rescue group should arrive at every
village as quickly as possible. The requirement for a good design for the rescue team’s travelling
route is proposed. The main idea is to minimize the sum of all the villagers’ waiting time. TSP is
not suitable for this problem.

The reason that TSP is not able to solve this issue is that TSP is designed as a server-oriented

problem. It focuses on the requirement of the mobile agent but not the vertices (customers). How-



ever, the emergency relief problem described above is customer-oriented. Owing to the shortcom-
ings of TSP, researchers have designed a new formulation called the minimum latency problem
(MLP)[1, 5]. Similar to TSP, the MLP attempts to find a path that visits every vertex in the map.
However, its optimization objective is to minimize the sum of every vertex’s waiting time (laten-
cy). By using the purest formulation of MLP, it can solve the emergency relief problem. The
customer-oriented problem is prevalent in the real world. In particular, in modern highly develope-
d economies, satisfying the customers’ requirements is essential. Nevertheless, the model of MLP
has its shortcomings. In the emergency relief setting, every village suffers significant losses. Every
human life is priceless, so the importance of saving every life and minimizing losses is immeasur-
able. If we consider this problem from the other side, the importance of rescuing each village can
be seen as equal. However, in other situations, the importance of different customers can vary.

Suppose a cargo truck driver Bob is planning to transport a vehicle of various species of fish
to some restaurants from the harbour. His customers, the restaurants, have different preferences.
Some of them may like the high-quality species, such as largemouth bass. Others may be interested
in some common species, for example, fathead minnows. Bob must deliver all the species of fish
his customers require if he does not want to lose his job. To simplify the problem, we assume the
restaurants will accept all the fish Bob delivers to them as long as the fish are alive and they receive
certain requested species of fish. In addition, the fish die at a constant rate. In Bob’s dream, his
truck is equipped with refrigeration equipment. All the fish will survive till the time they arrive at
the restaurant that requested them. However, in reality, he only has a regular truck without any kind
of equipment to keep the fish alive. Now the question is how can Bob minimize his loss during the
transportation? What mathematical model should he use to achieve his goal?

Obviously, the question Bob is facing is a customer-oriented problem. However, MLP is un-



able to deal with this circumstance. Different customers have different requirements. Here, the
requirements are different species of fish. They have different values. Bob’s loss is a function
of two variables, both the fish prices and the restaurants’ waiting time. MLP contains only one
variable, the restaurants’ waiting time, which is not sufficient in this situation. Here, we introduce
a new mathematical model, MWLP.

MWLP contains all the features of MLP. MLP can be seen as a particular case of MWLP where
weights of vertices are all 1. From the customers’ side, it tries to satisfy the customers’ require-
ments and minimize their waiting time. There is no doubt in this case that MWLP is a customer-
oriented problem. MWLP may also classify the customers by the price of the species of fish they
request, which minimizes the driver’s loss. This feature makes MWLP a server-oriented problem.
That is, MWLP can be seen as both customer-oriented and server-oriented. This attractive fea-
ture allows MWLP to be applied to a wider range of applications. MWLP can be implemented to
help corporations to increase their profits, cargo drivers to improve their customer satisfaction, and
even the disaster relief teams to save more lives. More details of MWLP’s applications are given
in Chapter 5.

To the best of the author’s knowledge, no systematic research on MWLP has been presented
previously. I propose an exact algorithm based on integer programming and two meta-heuristic al-
gorithms for this problem in this thesis. A comparison of the capacity of different classic heuristics

for MWLP will also be given.



1.2 Problem Definition and Background

As introduced in Section 1.1, MWLP is derived from MLP. In this subsection, I briefly present the
background of MLP and the algorithms proposed for it. Then, I present a brief history of MWLP.

I will finish by stating the definition of MWLP.

1.2.1 Background for MLP

MLP, the base of MWLP, is usually considered as a variant of TSP. TSP is defined as the problem
of finding a Hamiltonian tour that minimizes the tour length. MLP is defined as the problem of
finding a path that minimizes the sum of the points’ latencies, where a point’s latency is its distance
from the start point along the tour [6]. MLP can be formulated as follows.

Given an edge-weighted graph G, with n vertices and a fixed start point v;, suppose that 7T is
a tour in G,, and use L(vy, v;) to denote the path length from vertex v, to vertex v; on tour 7. The

total latency is defined as

L(T) = )" L(vi,v) (1.1)
i=2

The objective of MLP is to find a tour T such that L(7) is minimized.

There are two main differences between MLP and TSP. First, the objective of MLP is to min-
imize the sum of latency from the starting point, which means a fixed starting point is needed in
MLP. Second, TSP tries to find a Hamiltonian tour, but for MLP, the tour is not limited to being
Hamiltonian. MLP is referred to as the travelling repairman problem (TRP), delivery man prob-
lem, and school-bus driver problem in some literature. MLP is NP-complete in general graphs
[6].

MLP has attracted attention in recent years, as shown in Figure 1.1.



In the same way as other NP-complete problems, three main solution approaches have been
studied to solve MLP: exact algorithms, approximation algorithms, and heuristic algorithms.

For the exact algorithm, several algorithms proposed by Wu et al. [ 7] were based on branch and
bound and dynamic programming (DP) strategies in 2004. Several other exact algorithms based
on integer linear programming were also proposed by Luna and Sarubbi [8] and Ezzine et al. [9].
Ban et al.[10] gave a relatively efficient algorithm using a branch and bound approach in 2013.
These exact algorithms are guaranteed to find the optimal solution. The shortcoming is take they
exponential time in the worst case. That means they can only be guaranteed to produce results for
small problem instances (up to 40 vertices) though they run quickly in practice.

The best-known approximation algorithm was given by Chaudhuri and Godfrey [6] with an
approximation ratio of 3.59 in 2003. Their algorithm was based on an algorithm with an approxi-
mation ratio of 3.59« (here « is the approximation ratio of the best k-MST algorithm) proposed by
Goemans and Kleinberg [11] by using k-MST algorithms in 1998. Before that, the best approxi-
mation algorithm was proposed by Blum and Chalasani [12].

Heuristic algorithms are a set of algorithms widely used in recent years. More details of heuris-
tic algorithms are given in Chapter 3. They have been proven to work well in practice. The first
heuristic approach for MLP was proposed by Salehipour et al.in 2008 [13], which is greedy ran-
domized adaptive search procedure (GRASP) + variable neighbourhood descent (VND). They
improved their algorithm to GRASP + VND/variable neighbourhood search (VNS) in 2011 [13].
GRASP was proposed by Feo and Resende in 1995 [14]. It can be considered as a combination
of a greedy algorithm and local search. VND is a variation of VNS, and is introduced in Chapter
3. Ban and Nghia [15] applied genetic algorithm (GA; a heuristic algorithm, details are given in

Chapter 3) to solve MLP in 2010. In 2013, Ban proposed a composite algorithm consisting of



GRASP, tabu search (TS; a heuristic algorithm, details are given in Chapter 3) and VNS to solve
MLP [16]. Silva et al. [17] proposed an approach called GILS-RVND based on GRASP in 2012.
Most of these heuristic algorithms are based on GRASP and VNS; only some trivial modifications
have been applied.

Compared with the exact and approximation algorithms, heuristic algorithms have only been
studied recently. Researchers have studied how to solve MLP by using exact and approximation
algorithms for decades. However, the first heuristic algorithm for MLP was only proposed in 2008.
Nevertheless, as MLP has attracted more attention in recent years, more heuristic algorithms on

MLP are expected in the future.
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Figure 1.1: MLP research trend. From [18].

1.2.2 A Brief History and Solutions for MWLP

In 1996, Koutsoupias ef al. [19] described the following situation. A treasure is hidden in a certain
cave in a mountain area. An adventurer is trying to find the treasure. However, the mountain area
is full of different caves and they all look alike. The good news is that the adventurer has a treasure

map that marks the possibility of whether a given cave has the treasure and the distances between



different caves. The adventurer’s goal is to find a route that minimizes the distance before finding
the treasure. The problem the adventurer is facing is called the graph searching problem (GSP). In

[19], Koutsoupias et al. gave the formulation

min Z pr)dy(r, v) (1.2)

veG

in which & represents a tour and d,(r, v) represents the distance between the fixed starting vertex
r and vertex v in tour . Here pr(v) represents the probability (weight) of a vertex v and pr(v)
represents the probability that the treasure is hidden at a vertex. Koutsoupias et al. also proved the
problem is polynomial equivalent to MLP. Owing to their proof, MWLP can be easily converted
into MLP in polynomial time. That means all the MLP algorithms can be used for MWLP. How-
ever, the conversion to MLP can greatly increase the size of the search domain, which dramatically
reduces the efficiency of the algorithm. Koutsoupias et al. did not provide an algorithm originally
designed for GSP. After showing the proof, they turned their focus to TRP. I explain the details of
their proof in Chapter 2.

Following Koutsoupias et al., Wu [20] renamed the problem MWLP in 2000 and solved it by
using DP. Wu also investigated MWLP with & servers and the optimal-origin repairman problem.
The problem of MWLP with & servers is simply finding & tours (T, ..., T;) that cover all the nodes
in the graph. The objective is to minimize Zf-‘zl L(T;). The optimal-origin repairman problem is
used to find the origin node that minimizes the total weighted latency. Sitters [21] proved that
MWLP is NP-hard in 2002. He also stated that the optimal-origin repairman problem can be
solved by repeatedly running any MLP algorithm » times. Tulabandhula et al. [22] presented a

variant of MLP, ML&TRP (machine learning and TRP). The problem is to minimize the cost of



failures at vertices. Under an extreme situation, ML&TRP has the same objective function as
MWLP. The authors solved the problem by splitting it. First, they used a method from artificial
intelligence to predict the failure ratios of vertices. Second, the failure ratios of vertices were
used to reconstruct the problem. Finally, they solved the newly generated problem by using an
integer linear programming algorithm proposed in [23]. In 2008, Liu [24] proposed a DP method
and several elementary heuristic algorithms for TSP-WOCT (TSP with weighted order completion
times). TSP-WOCT is a problem very similar to MWLP. Further explanation of this problem is

given in Chapter 3.

1.2.3 Definition of MWLP

We now come to the formulation of MWLP. First, I provide the definition of a vertex’s weighted
latency. It is defined as the product of the vertex’s latency and its given weight. The objective of
MWLP is to find a path starting at a fixed starting vertex and visiting all the vertices at least once,
which minimizes the sum of the weighted latencies of all the vertices. It is formulated as follows.
Given a vertex-weighted and edge-weighted graph G,, with n vertices and a fixed starting point
v1, the vertex weights are represented by w; for vertex v;. Suppose that 7 is a tour in G,, where
L(vy,v;) denotes the path length from vertex v; to vertex v; on tour 7', and w;L(v, v;) is the weighted

latency. The total weighted latency is defined as

wI(T) = Z wiL(vy,v;) (1.3)
=2

I must declare two preconditions here before I explain the experiment environment settings and

g0 on to the main part of my thesis.



First, in this thesis, the weights are restricted to the interval (0, 1] because of the study of
Koutsoupias et al. described above. Unit normalization can be used to map the values in other
ranges into this interval. This is critical because some of the algorithms that are explained later are
based on this precondition. In addition, this conversion greatly simplifies the problem complexity,
which makes it easier to study.

Second, in the formalized definition of MWLP, I limit the problem to a group that has a fixed
starting vertex. I added this precondition because the DP algorithm needs a fixed starting vertex in
the initialization phase. However, in real-world applications or theoretical research, the problem of
finding a path with no fixed starting vertex is much more common. Thus, without loss of generality,
I offer a method to convert the problems without a fixed starting vertex to the problems having a
fixed starting vertex. The method just adds one virtual vertex to the map. The virtual vertex is set
to be the starting vertex, thus its weight value is trivial. It has a distance of O to all other vertices
on the map. By adding this virtual vertex, the original MWLP is converted into one with a fixed

starting vertex, but all the other vertices’ weights and latencies remain the same.

1.3 Experiment Environment Settings

Different algorithms are applied in this thesis. The DP algorithm proposed by Wu is implemented
and used as the comparison group to the classic heuristic algorithms. Then the classic algorithms
are used as the comparison group to the meta-heuristic algorithms proposed later. All the algo-
rithms proposed in this thesis are implemented and tested. To maintain consistency, we run all of
them in the same experimental environment. They are all coded and operated in Matlab© 2015b

and tested on a small-scale server. The server is equipped with two Intel® Xeon® E5-2670 v3 @



2.30 GHz CPUs and 64 GB RAM.

The map of MWLP is obtained by randomly generating vertices in a 200 x 200 area. The
distances between the vertices obey the triangle inequality, thus the optimal solution must be a
Hamiltonian path. The weights of vertices are allocated randomly. They have 7 significant digits.
Only one exception existed when we performed the experiments with 20 vertices. We tested two
groups of data. The weights of vertices of one of the groups is ordinarily randomly allocated.
The weights of vertices of the other group are randomly selected from a weight number pool
containing five different numbers. They are 0.2, 0.4, 0.6, 0.8, and 1 respectively. This somewhat
simplified the problem. I designed this experiment to test the computational limitations of the

heuristic algorithms. Details are given in Chapter 3.

1.4 Organization of the Thesis

This thesis contains five chapters in total. In Chapter 2, I introduce the existing exact algorithms
and approximation algorithms. An integer programming algorithm is also given. In Chapter 3,
I describe some existing heuristics for a problem called TSP-WOCT, which is very similar to
MWLP. Several chosen classic heuristics will then be implemented to solve MWLP. The test results
and the theoretical analysis are also given. In Chapter 4, I introduce two meta-heuristics containing
a heuristic strategy called VNS and a heuristic strategy called P system. The two strategies are
introduced, and the methods based on the ideas of VNS and P system are also explained. Tests
are performed to illustrate the searching capacity of these two meta-heuristics. I introduce the
process of simulating the method and analyse the effectiveness and efficiency of the algorithms. In

Chapter 5, I briefly introduce two real-world applications of the mathematical model. They are the

10



perishable goods transportation problem and a model of the disaster relief problem. Some future

work is also discussed.
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2 Exact Algorithm for MWLP

As mentioned in the previous chapter, both exact and approximation algorithms have been applied
to MLP. Heuristic methods have not been applied as widely. Koutsoupias et al. proved that as
long as the weights of the vertices of the map are rational numbers, MWLP can be converted into
MLP [19]. Thus, any of the existing algorithms for MLP can be used to solve the original MWLP
instance by solving the newly generated MLP instance. Theorem 2.1 is the basis for the reduction,

as proposed by Koutsoupias et al.

Theorem 2.1 (Koutsoupias et al.’s Theorem 3 [19]). If the distances in the metric d are polyno-
mially small integers, and the probabilities pr are rational numbers with small coefficients and

common denominators, the two problems are polynomially equivalent.[19]

The authors proved the theorem by simulating a vertex with weight A/B by a cluster of A
vertices with zero distance from each other, where B is the common denominator. Because B
is the common denominator, all the weights of the vertices can be multiplied by B to become
integers. After this manipulation, the weighted latencies of the vertices are multiplied by B, as
well as the final result. This result can be easily used to calculate the real value (the sum of the
weighted latencies of the vertices before the manipulation). Denote the latency of the vertex as
L, its weighted latency is AL. Now simulate the vertex with a cluster of A vertices with weights
one and zero distance from each other. Because the distances between the vertices are zero, the
latencies of all these A vertices are L. The sum of the weighted latencies of these A vertices is AL,
which is equal to the original one.

Figure 2.1 shows an example of this proof. Suppose we are given w(A) = w(B) = w(D) = 1/5

and w(C) = 3/5. Fortour T = (A,B,C,D), L(T,A) =0, L(T,B) = 3, L(T,C) = 8, and L(T, D) =

12



14. Thus, wI(T) = L(T,A)x 1/5+L(T,B)x1/5+ L(T,C)x3/5+L(T,D)x1/5 = 41/5. During the
conversion process, all the vertices’ weights are multiplied by five at the beginning. They become
w(A) = w(B) = w(D) = 1 and w(C) = 3. According to the new weights, nodes A, B, D become
nodes A’, B’, D’, and their weights are w(A’) = w(B’) = w(D’) = 1. Node C becomes the three
nodes C1’, C2’, and C3’. Their weights are one and the distances between them are zero. For the
new tour 7" = (A’, B',C1",C2',C3',D"), L(T,A") = 0, L(T,B") = 3, L(T,C1") = 8, L(T,C2") = 8,
L(T,C3") =8, and L(T,D’) = 14. Thus, wL(T") = L(T,A") x 1 + L(T,B") x 1 + L(T,C1") x 1 +
L(T,C2)x 1+ L(T,C3)x 1+ L(T,D’") x 1 =41. Here wL(T") = wL(T) X 5.

£ SN — L o

g
6 & y 0
G =) o

Figure 2.1: Illustration of Theorem 2.1.

3

3

This idea is brilliant. It reduces the difficulty level of the problem by eliminating the weights
of the vertices, one of the two variables in MWLP. Nevertheless, the conversion causes some new
shortcomings.

By using this method, the problem must meet a precondition that the weights are rational
numbers. Otherwise, it is impossible to compute the new weights. Second, the weights must be
numbers with small coefficients and common denominators. This is a requirement proposed from
the theoretical aspect. However, in practice, these limitations are hard to meet. The latter precon-
dition requires the weights of the vertices to be numbers with no large significant figures. This

number determines the degree to which the problem scale expands after the conversion. With only
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one increase of the significant figure number, the problem will grow by a factor of 10 compared
with the original version. In some practical applications, the data precision can be very high. This
dramatically increases the problem’s scale after conversion.

In this chapter, I introduce two existing dynamic programming (DP) algorithms. They are
designed for MWLP and TSP-WOCT, respectively. TSP-WOCT is a variety of MWLP. In some
extreme condition, it is equal to MWLP. After the introduction, I describe a mixed integer pro-

gramming algorithm for MWLP.

2.1 Existing Algorithms

To the best of the author’s knowledge, only two exact algorithms for MWLP have been proposed,
the first by Wu [20] and the other by Liu [24]. The latter was initially designed as an algorithm
for TSP-WOCT, which can be seen as a special case of MWLP. Thus, without much revision, the
algorithm can fit MWLP quite well.

Both methods are derived from DP, but they used different methods to divide the given prob-
lem into subproblems. Wu did it by reconstructing the graph. The graph is cut into small parts
(subgraphs). The subgraphs are connected by “cutting nodes”. After the visiting sequence has
been determined in one subgraph, the subgraph is considered as a vertex in the whole graph. Liu
reconstructed the objective function. The algorithm traverses all the visiting sequences to find the
best solution. Liu redesigned the format of the objective function to help him compute the value

of the “next” sequence with time complexity O(1).
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2.1.1 Wu’s Algorithm

As described above, Wu’s paper was the first to define MWLP, though some of the ideas are
sketchy from today’s perspective. He was trying to find a tour starting at a fixed starting point and
visiting all the vertices to minimize the sum of the weighted latencies of the vertices. In addition,
he discussed the problem of finding multiple ways (multiple mobile agents) in one graph and the
problem of looking for the best start point that can minimize the sum of weighted latencies. To use

DP to solve MWLP, he first defined a cost function, ¢(G, P), as follows.

Definition 2.1 (Wu’s Definition 3 [20]). Let P be a subtour on graph G. Define ¢(G, P) = L(P) +

W(G) = w(P))d(P).

Here, L(P) is the sum of weighted latencies of all the vertices on subtour P, w(G) is the sum of
all the weights of the vertices in graph G, w(P) is the sum of all weights of the vertices on subtour
P, and d(P) denotes the length of subtour P. When P passes all the vertices in graph G, ¢(G, P) is
exactly the sum of all vertices” weighted latencies of P on G, which is the objective of the problem.

Then he proposed a way to divide a graph into small graphs (subgraph) by using a “cut node”.

Definition 2.2 (Wu’s Definition 6 [20]). Let v be a cut node of a connected graph G and G, G,
be connected subgraphs of G. Then G is split into G| and G, at v if V(G1) N V(G,) = {v} and the

union of Gy and G, is G.

Wu used a tuple (/, r) to represent a subtour visiting m points. In the tuple, the first unit / is a
k-component integer vector, [ = (I1, 0, ..., ;). In the vector, k represents the number of subgraphs
and [; represents the number of nodes (/, ) visits in subgraph i. The second unit of the tuple is

an integer r < k. It indicates the subgraph where the subtour stops. Here T'(,r) is defined as the
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minimum c(G, P) of all the subtours represented by tuple (/,r). If P visits all the vertices in G,
T(l,r) is equal to the minimum weighted latencies.

By using this representation scheme, the objective function can be reconstructed in a different
way. Now increase [’s rth component by one node to obtain a new vector /. That means tuple
(', r) ends at a vertex in subgraph r. The vertex has to satisfy two requirements: the first is that it
has not been visited by tuple (/, r), and the second is that it is adjacent to tuple (/, r)’s last vertex.
The value of T'(/’, r) can be computed by the following DP formula:

T ,r) = 1rnin{T(l, D)+ W(G) —w(V()))de(vi, u)} 2.1

<i<k

where V(I) is the set of vertices visited by subtours represented by /. By using this formulation, a
DP algorithm can be obtained in a very straightforward manner. If the order of the nodes visited
within a subgraph is known, MWLP can be solved.

Then, Wu presented a method to determine the visiting order when the subgraphs are trees
or stars. When it comes to a tree with k leaves, he split it into k paths and nodes with degrees
larger than two at the origin. After performing this manipulation, the visiting order of the nodes is
fixed. Regarding stars, a star can be cut into several subgraphs at the internal node. Because the
subgraphs are paths, the visiting orders within the subgraphs are also fixed. The visiting sequence

of the subgraphs can be determined by using the following lemma.

Lemma 2.1 (Wu’s Lemma 2 [20]). Assume H is a star split from graph G at the internal node p
of H. For any leaves i and j of H, i will be visited before j on the optimal tour if w(i)/d(p,i) >

w(j)/d(p, j), and the tie can be broken arbitrarily.

By computing the weight and distance ratio, the visiting order can be calculated.
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2.1.2 Liu’s Algorithm

TSP-WOCT originates from a satellite imaging problem. Assume a satellite is dealing with several
requests, where all these requests are asking the satellite to take photos of several different places
on Earth. For the satellite, different requests have different urgency (priority). For example, a
request from the Ministry of Defence can be more important than a request from a commercial
corporation whose main business is a geographic information system (GIS). Because the locations
of the requested photographs are different, the satellite has to adjust the lens angle before taking the
shot. This operation needs to be extremely accurate, which means it takes much longer than simply
clicking the shutter. The satellite will take all the photos to complete the requests sequentially. The
completion time of a request is the time when all the photos of this request have been taken. The
scheduling objective is to minimize the sum of the requests’ completion times multiplied by their
urgencies.

The TSP-WOCT problem can be formulated as follows. A single machine is going to handle
K orders o = {0y, O,, ..., Og}. Order O, consists of n; jobs and is allocated a non-negative weight
wy. Define n = ny + n, + --- + n;. Here N is the set consisting all the jobs from all the orders,
N = U,[le O =1{J1,J2,...,J,}. The setup time of job J; is d;; if it follows job J;. A job’s processing
time is negligible and the machine’s starting status is the initial job Jy. The completion time of
order Oy 1s Cy, which is the time when O;’s last job is done. The objective is to find a processing
sequence that minimizes the sum of all the orders’ weighted completion times Y5, w;Oy.

If all the jobs turn into orders, namely every order contains only one job, TSP-WOCT turns
into MWLP. That is, MWLP is a special instance of TSP-WOCT. Thus, the method used to solve

TSP-WOCT can also be used to solve MWLP. Liu proposed a DP algorithm that is believed to be
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inherited from Wu’s algorithm.

Liu gave his formulation as [24]

WS, I = > wiCSW,I) + SN, INX > w (2.2)

O01€O(N") OreO\O(N')

where N’ denotes a subset of jobs, S (N, J;) denotes all the sequences in N’, J; is the last scheduled
job, W(S(N’, J;)) is the sum of weighted latencies, wy and Ci(S (N’, J;)) are the weight of one order
in S (N’, J;) and its cost (Iength), 6(N’) denotes the orders already completed in N’, and L(S (N’, J;))
denotes the length of sequence S (N’, J;).

When all the orders are completed, the second term in the first sum equals zero. At that point,
WS N, ) = Lo,can WiCu(S (', ).

Liu provided the example listed in Table 2.1.

S\ = Jodadsdy | S| = LdadsdiJs | W(ST) = W(S 1) + dis X Sooremans We
Sy = J4 3o Jy S’2 = JyJ3hJ1Js W(Sé) =W(S,) +di5s X ZOkeH\H(N’) Wy

Table 2.1: Example from Liu [24].

Table 2.1 can be obtained quite straightforwardly and leads to two conclusions.

1. Assume that the latency of a sequence S| is smaller than a sequence S ,, and both select the
same job to be next. The weighted latency of the sequence generated by S is still smaller

than that of the sequence generated by S ;.

2. The weighted latency of the new sequence can be easily computed by using the old one’s

value.
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By using the two conclusions above, Liu provided [24]

f(N',J)) = 5 min (WS NV, J)))} (2.3)

N JTpellon s,

where []y ;) denotes the set of all S (N, J;). By computing the value of this function, TSP-WOCT
can be solved by using DP.
2.1.3 Comparison

Figure 2.2 shows a map with six vertices, which can be used to illustrate the difference between

MWLP and TSP-WOCT.

Figure 2.2: Demonstration of MWLP and TSP-WOCT, from [25].

In terms of MWLP, each vertex is allocated a weight: w(A) = 0.2, w(B) = 0.3, w(C) = 0.5,
w(D) = 0.9, w(E) = 0.4, and w(F) = 0.2. For sequence S = (A, B,C,D, E, F), Table 2.2 lists the

latency value and weighted latency value of each vertex.

A| B C D | E|F
Latency 0|9 | 23 38 |50 | 60
Weighted Latency | O | 2.7 | 11.5 | 34.2 | 20 | 12

Table 2.2: Latency and weighted latency for S = (A, B,C, D, E, F).

As for TSP-WOCT, the six vertices are divided into two orders O; = (A,C,F) and O, =

(B,D, E). The weights for O; and O, are 0.3 and 0.4, respectively, and we consider the same
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sequence S = (A, B,C,D, E, F). The latency of O, is the latency of the last visited vertex in O,
which is F, thus 60. The weighted latency of O, is 60 x 0.3 = 18. Similarly, the latency of O, is
the latency of E, which is 50. The weighted latency of O, is 50 x 0.4 = 20.

Both Wu and Liu used the idea of DP. As mentioned previously, Liu’s algorithm can be seen as
derived from Wu’s.

The two algorithms have some aspects in common as follows.

1. If we take the jobs as graph nodes and the preparation time as the distance between different
nodes, TSP-WOCT can be treated as a problem of minimizing the total weighted latencies

of the sets of nodes.

2. The forms of objective functions and patterns of organizations are almost the same. Liu
designed his formula by borrowing ideas from Wu. The only difference is that Liu changed

the sum of the weights of the nodes into the sum of the weights of the orders.

Nevertheless, some differences exist. They can be seen as evolutions of Liu’s algorithm.

1. The two algorithms are dealing with two different problems. TSP-WOCT tries to minimize
the total weighted latencies of the orders, not the jobs, whereas MWLP is minimizing the

total weighted latencies of the nodes.

2. In TSP-WOCT, one order consists of several jobs. In a way, this simplifies the complexity
of the problem. However, Wu treated MWLP in a smart way: he focused on dealing with the
subgraph and used different ways to deal with the subgraphs with different types (such as a

path or caterpillar). In this way, Wu reduced the scale of the problem.

I must clarify here, at the end of this subsection, that both Wu and Liu’s DP algorithms can
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be used as a comparison group in this thesis, as I will use a complete graph to test the proposed
algorithms capability. Wu classified the subgraphs into different types to deal with them separately.
However, if the graph is a complete graph, the subgraphs are separate vertices. The solution is
straightforward. In terms of Liu’s method, as long as every vertex in MWLP is treated as a job and
also an order, the problem can be transferred perfectly as a TSP-WOCT. Then Liu’s method can be
used to solve MWLP directly. A more interesting consequence is that when we use this method to
deal with the two algorithms, they tend to end up the same. This proves the speculation mentioned

above that Liu’s algorithm is the descendant of Wu’s DP algorithm.

2.2 Mixed Integer Programming

Integer programming is a widely used methodology for mathematical optimization and feasibility
problems. Different from other mathematical programming methods, its variables are limited to be
integers during the programming process.

0-1 programming or binary integer programming (BIP) is a widely used special case among all
the branches of integer programming. It requires the programming variables to be O or 1. Because
the structure of BIP is very similar to many real-world applications, such as assignment problems,
location problems, and logistics, it plays an important role in the area of mathematical program-
ming research. In addition, any integer programming problems with bounded variables are equal
to BIP following proper conversion. This helps to extend the application range of BIP. In addition,
many kinds of non-linear programming problems can also be converted into BIP problems. This
attracts many researchers from other research communities.

Mixed integer programming is a set of problems in which some of the variables are limited to
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be integers but the others are not. In this section, we present a mixed integer programming solution

for MWLP.

2.2.1 Mixed Integer Programming for MWLP

As for MWLP, its mathematical model is very similar to that of TSP, which means the existing
modelling methods of TSP can also be used to model MWLP. Nonetheless, some differences still
exist. Modifications must be made to the existing models to fit MWLP. The main difficulties are as

follows.

1. TSP is a problem that looks for a closed tour (cycle) with a minimum length. However,
MWLP looks for a path. Simply speaking, MWLP eliminates an edge between the last
vertex and the starting vertex of the TSP cycle. The elimination of this edge can provide a

difference between the modelling methods of TSP and MWLP.

2. When dealing with TSP, not only is the graph undirected, but so is the route. That is, no
matter which direction you choose from the starting vertex, the length it takes to finish a
Hamiltonian cycle remains the same. In contrast, though we use an undirected graph to
study MWLP, the final results will change if the direction is changed. MWLP’s features
require its mathematical model to be directed. This will lead to a major difference between

the two models.

Nevertheless, we designed a model to handle MWLP. It is based on a model described in [26],
which was used to solve TSP. The details are as follows.
In Chapter 1, we gave the formal definition of MWLP. MWLP looks for a Hamiltonian cycle

starting from a fixed starting vertex. In this algorithm, we denote the vertex as v;. Because it is
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the first visited vertex, its weight value is trivial (the value will be multiplied by zero anyhow).
Without loss of generality, we assume there are n — 1 vertices other than v;. Thus, there will be a
total of n vertices in this graph. We use p to denote a path.

The following is a formal description of MWLP in natural language. It contains both the
objective function and limitations of the variables. We will use it as a starting point to deduce the

details of the mixed integer programming method:

min The sum of all the weighted latencies of the vertices

s.t. a Hamiltonian path in graph G
To represent the model’s objective function in mathematical language, the model becomes

min Z w(i)Latency(i) (24)

i=1

s.t. a Hamiltonian path in graph G (2.5)

where w(;, denotes the weight of the ith visited vertex of the path and Latency; denotes the latency
of the vertex. To make the process of mathematical derivation clearer, we focus on the objective
function from now on. The process of the variable limitations is given later.

First, we break up the )’ symbol. Now the objective function is written as

min w)Latencyy + we Latencyp) + - - - + wy, Latency
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where we use d(i,i + 1) to denote the distance between the ith visited vertex and the (i + 1)th
visited vertex, and use the variable W, to denote the sum of weights of all the vertices. Namely,

Wom = 21 Wa). Because Latency;, = 0, the objective function becomes

n
Z wq Latencyi; =wa)Latency ) + wa)Latencys) + - - - + wy Latencyy, (2.6)

i=1

=wyd(1,2) + wa)(d(1,2) + d(2,3)) + way(d(1,2) +d(2,3) + d(3,4)) (2.7)

+ o+ we(dd,2) +d2,3)+ - +d(n - 1,n)) (2.8)
=d(1,2)(wa) + wi) + -+ Wwiyy) +d(2,3)(wa) + way + -+ + W) (2.9)
+-+dn—-2,n— D)W1) + wyy) +dn —1,n)w, (2.10)
=d(1, 2)(Waum = way) + d2, 3)(Weum — wary = w(2)) (2.11)
+-+dn = 1L,n) (W — way — Wy =+ = Wi—2) — Wn-1)) (2.12)

Now, we introduce another variable W, to simplify this equation: W/, denotes the value that

d(i — 1,1) is multiplied by in Equations (2.11) and (2.12) or W(’i) = Woim — Z’i‘l w(). Namely,

W(,l) :Wsum
W(,Z) :Wmm - W(l)
W(/g) =Wum — Wy — W)

Wiy =Waum = Wiy = W) = = W) = Wt

Obviously, W(’i o= W(’l.) — W(p)-
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Now, the objective function becomes

Z waLatencyqy =d(1,2)W,) +d(2,3)W5 + -+ +d(n — 1,m)W(, (2.13)
i=1
= > di-1L,)W,, (2.14)
i=2

Now, we have almost finished the reconstruction of MWLP’s objective function. However, it is
still not sufficient to represent MWLP in an appropriate mixed integer programming model. In the
following, we introduce a mathematical tool called the value system. This can help us to further
deal with both the objective function and the restrictions. The value system is mainly an n X n
matrix X consisting of zero and one. Its element X;; (1 < i < n,1 < j < n) represents whether
there exists an arc from vertex i to vertex j in path p. If the arc exists, the element X;; is set to one.
Otherwise, X;; is zero. MWLP does not consider the situation where a vertex sends out an arc to
itself. Thus, as for every vertex i, X;; = 0. The value system is introduced to help represent the
paths on a map. Matrix X can represent both the objective function and any path that satisfies the
requirement of MWLP in mathematical language.

As for the objective function, the major problem is how to represent d(i — 1, i) and W, by using
the value system. Noting that the objective function result depends on every vertex except the first
visited one, which means every vertex computed in the objective function has a pre-visited vertex.
Considering a vertex v; other than v;. By using matrix X, the length of the arc visited before v;,

d(i — 1,i), can be represented by

d(i - 1,0) = ) d(j.DX;
j=1

J
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This is because as for any vertex v; in graph G other than v;, if there exists an arc from it to v;,
X =1,and d(i— 1,i) = d(j,i) = d(j,i) X Xj;. If v; is not visited immediately before v; in path p,
Xji = 0. This makes the product of d(j, i) and Xj; equal to zero. Because X;; = d(i, i) = 0, the sum
of all the products of d(j,i) X X;; for a single vertex v; equals d(i — 1, ).

Following the same idea, and combining this with the fact that W(’l.) = W(’l._]) — W(i—1), the value

W, can be represented as

Wiy = D (W = wX;i (2.15)

=1

Now the objective function can be converted into

i wgLatencyy = Zn:(znl d(j, )X * W(/i))
i=1

=2 j=I

The objective function has now been converted successfully. In the next step we to show the
method to present the restrictions of the variables. In other words, we demonstrate how to use the
value system to represent a Hamiltonian path.

First, we have a fixed starting vertex v;. Its in-degree is zero and out-degree is one:

ZH:X]'VI = O
j=1
Zlej = 1
j=1
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Second, as for any other vertex i that is not the starting vertex, its in-degree is one and its

out-degree is at most one:

Third, some other limitations are still required to eliminate the possibility of the existence of a
simple cycle. Here we introduce a proposition proposed by Feng [26]. We did not find an English

version proof of the proposition, so we also present the method of proof here.

Lemma 2.2. There is no simple circle in path p if and only if there exists

u; €4{0,1,2,...,n-1}, i=12,...,n

which makes

ui—uj+nX,-j§n—1, iij’(i’j)ep

We now prove Lemma 2.2. First, we prove its necessity.

Proof. 1. If X;; = 0, the inequality becomes u; —u; < n— 1. Forevery i = 1,2,...,n, u; €
{0,1,2,...,n— 1}. The maximum in u; is n — 1 and the minimum is zero. The inequality is

proved.

2. If X;; = 1, the inequality becomes u; — u; < —1. Since X;; = 1, the arc between vertex i
and vertex j is chosen in p, and vertex i is visited before vertex j. We only have to find

a permutation of u; € {0,1,2,...,n — 1} to satisfy the inequality to prove this part. The

27



vertices other than v, have in-degrees of one and out-degrees of zero or one. Combined with
the precondition that there is no simple circle, we know path p must be a Hamiltonian path.
Here, we set the root v,’s u value u,, = 0. The second visited vertex’s u = 1, and so forth. In
other words, we set the vertices’ u values to be their visited orders minus one. Since vertex
i is visited exactly one vertex before vertex j, we obtain u; — u; = —1. The inequality is

proved.

Now we prove the sufficiency.

Proof. We prove sufficiency by contradiction.
Assume there exists a set of u; which satisfies the inequality above, but p still has at least one
simple circle. We assume the circle to be (v,1,v,2,. .., Vpm, Vp1). Since it is a circle, m > 2. Within

the circle, all the vertices are connected one by one. Hence, we have

Xp1p2 = Xp2p3 == Apmpl = L.

By putting this into the inequality, we have

Upp — Uy < —1

Upy — Upz < -1

Upm — Up) < —1
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By adding all these inequalities together, we have 0 < —m. Since m > 2, the inequality is not

sufficient. Hence, the hypothesis is not satisfied. The sufficiency is thus proved. O

Finally, by adding the last restriction, we can complete this mixed integer programming. It is

the definition of W’

oy which includes the value of W’/

(1) and Equation (2.15). It is also the second

factor other than the value system in this mixed integer program:

W(,l) =Waum

Wiy = D (W) = WX i#w

J=1

By combining the restrictions and objective given above, the normalized form of the mixed

integer program is given as follows:

n

min ) ( Z 4G DX W)
=1

i=2
Z?:] X;; =0, i=v
2 X =1, i #v
Y Xij <1, i=0,1,...,n-1

st u—uj+nX;;<n-1, u; €{0,1,2,....,.n—-1}
X;; = Oorl, ViandVje G
Wiy, = W
Wiy = X5 (W(,) = WX, i# v
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3 Classic Heuristic Algorithms for MWLP

In this chapter, I focus on the feasibility of using classic heuristics to solve MWLP. Five classic
heuristic algorithms are first briefly introduced and then I explain how to use these heuristics to
solve MWLP.

Heuristic algorithms have drawn attention from different research communities and have been
used to solve many problems in recent years. Researchers have proved that heuristics can be
implemented for many NP-hard problems, where they can obtain good results in an acceptable run-
time. Among the heuristics, genetic algorithms (GA), simulated annealing (SA), particle swarm
optimization (PSO), tabu search (TS), and ant colony optimization (ACO) algorithms are most
widely used[27]. Thus, I chose them to test the capability of heuristics when solving MWLP.
These five algorithms have different features that can represent both the advantages of heuristics
but also their limits to some extent. The heuristics for MWLP are designed and implemented based
on their basic ideas with only minor modifications and specifically tuned parameters for different
problem cases. More details will be given in the following.

The MWLP instances were divided into three types by the number of vertices of their maps.
The problem with graphs having fewer than 30 vertices was considered a small-scale problem.
Similarly, the problems with 30-50 vertices were considered as medium-scale problems. Problems
with more than 50 vertices were considered as large-scale problems.

The parameter settings were designed based on the small- and medium-scale problems. Nev-
ertheless, the experimental results showed they also fit the large-scale problems. Compared with
exact algorithms, the experimental results showed that the tested classic heuristics perform more

efficiently and effectively.
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3.1 Heuristic Algorithms

As mentioned above, five kinds of heuristics were applied to solve MWLP. Here, 1 give a brief
introduction to the development of heuristics and then the explanations of these heuristics and the

basic parameter configuration are introduced.

3.2 Development of Heuristics

Heuristic algorithms are a type of algorithm generated from natural operation laws (like GA) and
real working experiences (like TS). When dealing with an NP problem, the actual usability of
exact and approximation algorithms can be very limited. In practice, a “reasonable” result is good
enough. That is where heuristics can help.

Heuristics are designed to solve NP problems, and the heuristic mechanism does a good job of
reducing the amount of computation. However, the amount of computation is still huge. That is,
heuristics also require powerful computing platforms. This explains why the progress of heuristic
algorithms is accompanied by the development of computer hardware.

In the 1940s, heuristic algorithms were proposed for the first time because they are fast and
applicable. In the next decade, heuristics became numerous: local search and greedy algorithms
drew attention from researchers. In the 1960s, people found that heuristics have many shortcom-
ings. For example, the quality of the results is hard to guarantee. What is worse, the search speed is
too slow when dealing with large-scale problems. Compared with exact and approximation algo-
rithms, heuristics were seen to have no remarkable advantages. This was a dark time in the history
of heuristic development. During the 1970s, great developments in the theory of computational

complexity had been made. Many problems had been proved to be “hard”. That means it is hard
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to find the optimal solution of these problems in polynomial time. On the other hand, the heuristic
algorithm was developing quickly. Researchers had figured out that by expanding the search do-
main, the heuristics can jump out of the local optimum. After the 1980s, new heuristic algorithms
were developed, including SA, TS, artificial neural network (ANN)[28, 29], and so on. Recent-
ly, new heuristics such as the evolutionary algorithm (EA) [30, 31], ACO, P system (membrane

computing), and quantum computation (QC) [32, 33, 34] have been designed.

3.2.1 Genetic Algorithm

Professor J. Holland proposed GA in 1975. He published his book Adaptation in Natural and
Artificial Systems: An Introductory Analysis with Applications to Biology in 1992[35]. In this
book, he systematically described the idea of GA. The algorithm is inspired by the biological
evolution process. It simulates the choice during the combination of different types of DNA, along
with the cross-breeding process and the mutation of chromosomes. During the evolution process,
the individual with higher fitness has a higher probability of surviving. In recent years, with the
development of biotechnology and the demand for efficient and effective optimization methods for
large-scale problems, GA has drawn increased attention [36, 37, 38].

GA simulates the process of natural evolution in the light of the evolution theory at the chro-
mosome level. GA produces better solutions to the optimization problem based on the principle of
survival of the fittest. A string of binary values referred to as the chromosome is used to encode
each individual. In the process of GA, three randomized operations are applied. They are selection,
cross-over, and mutation. At the start of the algorithm, a series of candidate solutions are generated
randomly. Next, “selection” is applied. It is a process of choosing the chromosomes from the pre-

vious generation populations, which are used to produce offspring for the next generation. Many
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different techniques are suitable for this operation, such as rank selection, tournament selection,
and roulette wheel selection. The operation “cross-over” takes two random parent chromosomes
from the population formed by “selection” to generate two offspring chromosomes. The operation
“mutation” is executed after cross-over. Parts of the parent chromosomes are randomly changed
according to a prefixed mutation ratio in this operation. This prevents the algorithm being trapped
in local optima. After repeatedly performing these three operations, the fitness of each individ-
ual in the new populations is improved. The optimization process continues until some stopping
criterion is satisfied.

Usually, three stopping criteria are set for GA. The optimization process stops if any of them

is reached or passed. They are:

1. value of the best-fitted individual’s fitness;

2. number of the generations the best individual or the whole population’s mean fitness value

remains unchanged;

3. number of the evolution generations.

The second criterion is chosen based on the goal that the optimization process is supposed to
reach.

Through testing, the parameters of GA were chosen as follows. The population number was set
to 100. The selection ratio and cross-over ratio were both set as 0.9, and the mutation probability
was 0.05.

Regarding the stopping criteria, we dismissed the first and the second parameters. Under nor-

mal circumstances, we could not know a problem’s global optimum before we run any heuristic.
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In addition, in theoretical research, it is usually impossible to know the range of a problem’s global
optimum before we test it. This is the reason why we dismissed the first stopping criterion pa-
rameter. In our experiments, the numbers of iterations were set before the test. We would like to
find out how much time the algorithms consume when their numbers of iterations vary. Thus, the

second parameter was also dismissed. The generation number was set to 50 after the experiments.

3.2.2 Simulated Annealing

According to [39], Metropolis et al. initially proposed the basic idea of SA in 1953. It was in-
troduced into the research community of optimization by Kirkpatrick e al. in 1983 [40]. Itis a
random search strategy based on the Monte Carlo method. Both the inspiration and name of SA
come from annealing in metallurgy. The algorithm simulates the process a material experiences
when cooling down from a high temperature to room temperature. During the annealing process,
the material will turn from liquid to solid, and its inner structure will become more stable. At the
end of the simulation, if the algorithm finds a better result, the algorithm will accept it. Otherwise,
the algorithm will accept it with a certain probability. This mechanism helps the algorithm jump
out of a local optimum. Recently, SA has become increasingly popular because of its advantages
: it is easy to implement, has a small-scale application program, and short running time [41, 42].
In [43], Kieu even designed a SA for TSP which consumes almost fixed amount of time regardless
the problem scale based on the features of quantum computation.

As mentioned above, SA is derived from the annealing process of metal. Given an initial
temperature, the algorithm will produce a solution in polynomial time by slowly dropping the tem-
perature parameter. This manipulation mimics the process of annealing a metal. When annealing

metal, the molecules in a metal are moving in a disordered state. As the temperature decreases, the
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inner structure tends to become more well-ordered and stable. This process corresponds to finding
the optimum in a search space. In our implementation, at the beginning of the search process,
a random permutation of the vertices is chosen as the initial solution. The manipulation 2-OPT
(short for 2-optimization: this generates a new solution by exchanging the positions of two ran-
domly selected elements) is used to find a new solution. The new solution is called the previous
solution’s neighbour. The initial solution’s neighbours and its neighbours’ neighbours are selected
as the search proceeds. The probability of choosing a solution or its neighbour is determined by
using the Metropolis criterion. A commonly used Metropolis criterion is: if AT < 0, then the new
solution is accepted; otherwise, the new solution is accepted with a probability of “exp(—AT/T)”.
Here AT represents the metal’s temperature change between an unit time. 7 represents the metal’s
temperature. The search process stops when the search space is stable. Usually, this means the
system temperature has dropped to a pre-determined threshold, or the number of newly generated
solutions that have not been accepted has passed a threshold.

We ran a series of experiments to select the parameters for SA. The initial temperature was
set to 1000°C. The temperature was multiplied by 0.9 each time we determined whether the new
solution would be chosen (we called this an iteration). The final temperature was set to 0.001°C.
Similarly to what we did in GA, we also dismissed the second stopping criterion in this algorithm
because the algorithm ran quickly. The increase in time and space consumption caused by dismiss-
ing one criterion is acceptable, and we would like to trade this consumption for the possibility of

finding a better solution.
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3.2.3 Particle Swarm Optimization

PSO was originally proposed by Eberhart and Kennedy in 1995 [44]. It is considered as one
type of swarm intelligence (SI). PSO simulates a flock of birds searching for food in a certain
area. The birds are considered as “particles” in the algorithm. None of the birds knows where
the food is, but they all know how far they are from the food. Thus, the most straightforward and
efficient strategy is to search the area around the bird who is nearest to the food. After one search
iteration, the birds combine all their information. The flock will use the combined information
for the next search iteration. PSO shows has its advantages in its simple implementation, high
precision, and fast convergence. More importantly, it shows superiority when it is used to solve
practical problems. PSO can be coded to run in parallel, which makes it suitable to deal with an
actual problem. Sometimes PSO is modified to search the neighbours of a part of the whole flock.
This idea accelerates the process to find the global optima. However, it may increase the scale of
the algorithm’s program. Owing to these strengths, PSO has attracted increasing attention in recent
years [45, 46, 47].

In our implementation, the algorithm moves through possible solutions (permutations) within
the search space. PSO finds the best solution by following both the temporary best solution and the
global best solution. As with SA, PSO starts searching from a randomly generated initial solution.
PSO uses a manipulation similar to “cross-over” in GA. In the first round, each solution that is
not the temporary best performs “cross-over” with the temporary best solution to “produce” new
solutions. PSO compares all the fitness values of all the new solutions to find the new temporary
best solution. After finishing the first round, all the newly produced solutions perform another

round of “cross-over” with the global best solution and perform the same operation as in the first
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round. The new temporary best solution and new global best solution are saved, and the new
temporary best fitness value and global best fitness value are updated. In addition to these two
operations, to avoid the algorithm being trapped in local optima, we added a “mutation” operation
in the implementation. In each iteration, one bird in the whole flock is chosen to mutate. It performs
operation 2-OPT to generate the new solution. This operation simulates the situation that a bird
occasionally loses its way but finds a great treasure. Similar to the other heuristic algorithms,
the program stops when it evolves a prefixed number of times, or the best fitness value remains
unchanged in several continuous evolutions. Compared with GA, PSO’s running time is relatively
short. Thus, we dismiss the second stopping criterion as we did in SA.

In our experiment, we set the parameters of PSO as follows. The flock was set to have a
population of 100 birds. The maximum evolution time was set to be 1000. Different from GA,

PSO was forced to “mutate” once in every iteration. Thus, no mutation ratio was given here.

3.2.4 Tabu Search

Glover first presented TS in 1986 [48]. TS is an extension of the local search algorithm and one of
the meta-heuristic random searching approaches that simulates the process of human intelligence.
Compared with GA and PSO, TS abandons the idea of producing the new solution from two parent
solutions. Instead, it searches the whole search space but avoids the places around the temporary
optima. This is different from the traditional idea that we should keep searching the area around the
temporary optima to obtain a better solution. TS has drawn attention from the research community
in recent years [49, 50] because it produces good performances in many research areas, especially
in bi-criteria problems [51, 52]. Because MWLP is exactly a problem with two constraints (vertex

weight and edge length), we tested TS to see if it performs well with MWLP.
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TS tries to find the global optima by avoiding searching in the direction that a guaranteed
local optima exists. The algorithm uses a data structure called a “tabu list” to structure the search
process, and help jump out of local optima. The local optima solution is stored in the list. The
algorithm will avoid searching the solutions in the “tabu list”, and the neighbours of the elements
in the list. A number called the “tabu length” limits the size of the “tabu list” is introduced into
the algorithm to make it release some searching area after new local optima solutions are found.
The “tabu list” is managed as a first in first out (FIFO) queue. The “aspiration criterion” is another
unique element in TS. If a solution is found during one iteration and it is the result “best so far”,
it will not be put into the “tabu list” and so its neighbour would be considered. The three data
structures introduced above establish the primary structure of TS and distinguish it from the other
heuristics. In addition to these, “diversification” and “intensification” are the two most significant
manipulations in TS. “Diversification” is a manipulation that forces the algorithm to search the area
which has not been searched. The opposite manipulation, “Intensification”, forces the algorithm
to search an area near the temporary optima to find a better result. These two manipulations help
the algorithm to further jump out of local optima while still finding the best solution. Sometimes
a parameter called “frequency” is used to extend the searching space. It limits the time for which
a solution can be put into the “tabu list”. Usually, a guaranteed local optima should be put into
the “tabu list” as long as it is not in the list regardless whether or how many times it has been
a “tabu”. Namely, by default, “frequency” is set to be unlimited. It is considered as inefficient
because the multiple appearances of one solution indicate that the algorithm has already been
trapped. “Frequency” is introduced to keep the solution with multiple appearances out of the “tabu
list” so as to jump out of the local optima.

In our experiment, we dismissed the parameter “frequency” to make the algorithm run as freely
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as possible. 2-OPT was performed between visiting sequences of two vertices in one solution to
evolve the solutions. The tabu length was set to 4/ w and 100 threads were active in the
search space at the same time. The threads stopped searching if the threads finished a particular

number of iterations. As in GA, this variable was chosen to be 50.

3.2.5 Ant Colony Optimization

Dorigo et al. initially proposed ACO in 1991 [53]. This method simulates an ant colony searching
for food. If one ant finds the food, it goes back to the colony and leaves a pheromone trail on its
path from the food back to the colony. The other ants follow the pheromone to find the best route.
It is a very powerful heuristic algorithm with good robustness, acceptable running time, and scale
for the application program. ACO can easily be coded to run in parallel. With these advantages,
ACO has become very popular [54, 55, 56].

ACO mimics the method that ants use to find the shortest route between their colony and
the food sources. Ants find the route by leaving a volatile pheromone on their way to the food
source and back from the food resource to their colony. When an ant needs to find a way to go,
it chooses the route with a higher pheromone concentration. Correspondingly, the pheromone
concentration over a path becomes higher when more ants go through it. This leads to the result
that more ants tend to choose it. When the ants change their colony location, this positive feedback
mechanism also takes place and helps the ants quickly find their new colony site. If a route is not
used frequently, the pheromone deposit will weaken, so the ants will tend to abandon it. When
no pheromone has been found, a single ant will randomly choose any possible path if no other
factor affects its choice. This mechanism assures the ants can find the shortest route even if several

individuals become lost. ACO helps a single ant employ the collective intelligence of the whole
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colony.

I designed an approach different from the mechanisms in GA or TS to generate new solutions
for ACO. This new ACO does not use 2-OPT to create its new solutions. It obtains the solutions
by choosing the next vertex on an individual basis. Every ant first randomly selects a vertex as its
starting vertex. Then the ant fetches the pheromone values of every path from a table maintained
by the system. The ant computes the importance of all the unchosen paths by adding the path’s
pheromone value and the fitness value of the permutation if the path is chosen with a ratio of
1:5. After the fitness value of every unchosen path is computed, the ant decides its next vertex
by performing roulette wheel selection. The ants keep doing this until all the vertices are chosen.
The system has a population of 50 ants. Every edge’s pheromone concentration is multiplied by
0.9 after each iteration. To fully understand the capability of ACO, we designed two mechanisms
to update the pheromone value after each iteration. The first is that the algorithm updates its
pheromone table by only using the best solution. The second is that the algorithm updates its
pheromone table by using every solution. Only the second mechanism is used in the comparison on
behalf of ACO in this chapter because the first mechanism is not as good as the second. However,
this shows its capacity when the ACO is accompanied with VNS to solve MWLP. We provide a
brief comparison of these two mechanisms later in this chapter. More details of the application of
the first ACO mechanism are given in the next chapter. The program does the same thing when
performing the update. It just multiplies the old pheromone value by the volatilization parameter
0.9 and then adds the reciprocal of the solution’s fitness value. Here the numerator 1 (the reciprocal
can be seen as division with numerator 1) is carefully chosen from many candidates. I tried using
a parabola going upwards, parabola going downwards, hyperbola going upwards, hyperbola going

downwards, linear going upwards, and linear going downwards. None of these choices gave better
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results than using a constant, and they had the drawback that they consumed more time.

3.3 Experimental Results and Conclusions

We examined the efficiency and effectiveness of heuristic approaches for MWLP. The DP algorithm
proposed by Wu was used for some instances’ comparisons. In this section, some analysis of the
choice of heuristics’ initial solutions is first given. Then the experimental settings and the test
results are introduced. A comparison of using different heuristics to solve different scale MWLP
completes the results.

First, the terms used in this section should be clearly introduced. “Instance” is used to describe
different MWLP problems. MWLP problems with different graphs or different vertex weight dis-
tributions are considered as different “instances”. “Experiment” is used to describe the whole
comparison process or a whole process of using any heuristic to solve an instance. It may have dif-
ferent numbers of iterations. “Test” is used to describe a set of experiments running on an instance.

The outputs of one test are used as a whole to measure a heuristic’s search capacity.

3.3.1 Initial Solutions

The choice of initial solutions of the heuristics is important. It determines the start point from
which the heuristic begins to search. A good choice of the initial solution can help the heuristic
to not only improve its probability of finding the global optimum, but also reduce the time it
consumes. However, compared with a randomly chosen solution, an intentionally selected initial
solution has its own shortcomings. It could limit the heuristic’s search space, which may trap the
algorithm into a local optimum. In addition, the solution may need a series of delicate computations

to calculate. The computations can be very time consuming and reduce the heuristic’s efficiency.
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An experiment was implemented to test what kind of initial solutions should be chosen in the
heuristics for MWLP. Our experiment tested the effectiveness of two groups of heuristics when
solving an MWLP with 20 vertices. Both groups contained all five heuristics introduced above.
One group’s initial solutions were allocated randomly, the other group’s were generated by a greedy
algorithm. The greedy algorithm was run by a mechanism that the vertex with higher weight is
chosen earlier. All the heuristics shared the same number of iterations, 100, and every heuristic
was run 100 times to avoid coincidence. Except for SA and TS, every heuristic was optimized
from multiple initial solutions. In this situation, if the algorithm was in the second group, one of its
initial solutions was generated by the greedy algorithm, and the rest were all generated randomly.
Because all the heuristics had the mechanism to save every iteration’s best result, even one solution

was enough to affect the final results. The results of the experiment are given in the following.

Heuristics: ACO GA PSO SA TS
Best Result: 1104.810 | 1104.810 | 1104.810 | 1104.810 | 1104.810
Average Result: | 1109.885 | 1209.025 | 1335.477 | 1305.334 | 1304.765
Worst Result: 1127.374 | 1417.875 | 1595.277 | 1834.458 | 1710.599

Table 3.1: Results of the group with randomly generated initial solutions.

Heuristics: ACO GA PSO SA TS
Best Result: 1104.810 | 1104.810 | 1104.810 | 1104.810 | 1347.764
Average Result: | 1109.399 | 1144.565 | 1177.038 | 1292.284 | 1362.258
Worst Result: 1127.374 | 1273.265 | 1363.909 | 1705.343 | 1362.554

Table 3.2: Results of the group with intentional selected initial solutions.

Tables 3.1 and 3.2 list the results of the two groups of heuristics. The best result, average
result, and worst result illustrate the best, average, and worst value of the 100 outputs for every
test. Most heuristics made relatively small improvement when their initial solutions were selected

by the greedy algorithm. Two exceptions were PSO and TS. For PSO, the average value and worst
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value improved drastically. Nevertheless, both groups of PSO found the global optimum 1104.810
(we knew this from the output of the DP algorithm). In terms of TS, it verified the hypothesis
we mentioned above. The selected initial solution trapped the algorithm into a local optimum. In
general, a selected initial solution can help the heuristics slightly improve their search capacity,
sometimes the improvement can be great. However, this mechanism may also cause unexpected
results.

For the determination of the heuristics’ initial solutions, considering the efficiency, methods
more sophisticated than the greedy algorithm were passed. Taking every factor into account, the

greedy algorithm was chosen as the mechanism to compute the initial solutions for the heuristics.

3.3.2 Experimental Settings

The heuristic algorithms were tested in the experimental environment introduced in Chapter 1.
The tests consisted of MWLP instances with 12, 16, 20, 30, 40, 50, and 100 vertices. GA, SA,
PSO, TS, and ACO were conducted for all the instances. DP proposed by Wu was used as a
comparison for the cases in which the number of vertices is 12, 16, and 20. It took about one full
week for the small-scale server to run the DP program to solve the instances with 20 vertices. The
DP algorithm’s running time increased exponentially with the number of vertices, which was as
expected. In practice, more I/O manipulations also affected the running time.

We tried the DP code on an instance with 22 vertices. The program kept running for one whole
month without producing any result. As a result, I gave up running the DP for the instances with
more than 20 vertices. In each set of experiments, all five heuristic algorithms were tested by
performing 30, 50, and 100 iterations, respectively.

Table 3.3 shows the results and running time for DP algorithm when solving different MWLP
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Vertex Number: 12 16 | 20 (uni_weight) | 20 (ran_weight)
Results: 593.3672 | 777.4809 1.1048e+3 1.5282¢+3
Running Time: 4.05s | 849.59s 535384s 536725s

Table 3.3: Results and running time of the DP algorithm for multiple MWLP instances.

instances. As explained previously, the numbers of instances of vertices were limited to be at
most 20. As for the instances with 20 vertices, two cases were tested. The weight values of
the vertices of one of the two cases were distributed uniformly. In this case, the weights of the
vertices were constrained to 0.2, 1/3, 0.5 ,and 1. These four weight choices were generated from a
wireless sensor network (WSN) simulation. The weight of a vertex means the number of messages
it produces in every minute. This case is represented by 20 (uni_weight) in Table 3.3. In the other
case of 20 vertices, the weights were generated randomly within the interval of (0, 1]. This case is
represented by 20 (ran_weight) in the table. The experimental results have up to four digits after
the decimal point. Regarding the running time, the values have two digits after the decimal point
when the number of vertices is 12 and 16. As for the two instances with 20 vertices, the running
times were very long. It is meaningless to record the instances’ exact running times. The difference
between the two cases with 20 vertices’ running times is about 0.25%.

The results of heuristic approaches for MWLP instances with 12, 16, 20, 30, 40, 50, and
100 vertices are shown in Figures 3.1-3.8, respectively. The figures illustrate the average value,
maximum value, minimum value, average time, and standard deviation of different cases. Time
is in seconds. To avoid the coincidence, for every number of iterations and every number of
vertices, we executed 100 experiments. The “average value” shows the average objective function
values obtained by the 100 experiments. The “maximum value” represents the maximal objective
function values found in 100 experiments. They are the worst cases of all these 100 experiments.

On the other hand, the “minimum value” represents the minimum objective function values in 100
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experiments. Obviously, they are the best cases of the experiments. The “average time” shows the
average execution time for the 100 experiments. Thus, if we take all 100 experiments as a whole,

the full test time can be simply computed by multiplying by 100.

3.3.3 Experimental Results

Results for MWLP with 12 vertices Standard Deviation
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Figure 3.1: Experimental results for the instance with 12 vertices.

Figure 3.1 shows the results for five heuristic algorithms solving MWLP with 12 vertices.
As shown in Table 3.1, the global optima were known from the result of the DP algorithm. As
shown in the illustration, all five heuristics found the global optima regardless of the number of
iterations. As the number of iterations increased, the values of the heuristics’ worst outputs, along
with the outputs’ average values, decreased slightly. Taking PSO as an example, when the number
of iterations was 30, the worst result was 6.37e+2. When the number of iterations reached 50, the
value was 6.11e+2. Finally, when the number of iterations was 100, the worst result improved to
6.08e+2. For the average results, the values were 6e+2, 5.98e+2, and 5.99e+2, respectively, as
the number of iterations increased. Though the average value fluctuated, the worst value kept a
trend of decreasing with increasing numbers of iterations. The unit for running time is seconds.
The SA algorithm consumed the least time regardless of the number of vertices, which is due to

the relatively simple architecture of SA. The time consumption of GA and PSO were quite high.
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Though their efficiencies may seem low, their effects were good, especially PSO in this case. As for
the effectiveness, ACO and PSO ranked the best among the five methods. The standard deviation
value shows they were also the most stable methods. By integrating all the evaluation criterion,

ACO ranks first among the five methods.
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Figure 3.2: Experimental results for the instance with 16 vertices.

Figure 3.2 shows the experimental results of MWLP with 16 vertices. The global optimum was
also known from the result of the DP algorithm. Different from the instance in which the number
of vertices was 12, all 15 tests did not find the global optimum. Ironically, the five cases that
missed the global optimum are ran by PSO and ACO. Whereas they performed most effectively
in the 12 vertices instances. Among all the six tests run by these two methods, only PSO iterated
30 times found the global optimum once. This result is surprising and difficult to explain. As
mentioned above, every test ran 100 small cases, which should be enough to rule out the chance
of coincidence. Through carefully studying the six tests of PSO and ACO algorithms, differences
can be found. Though ACO did not find the global optimum, its average values led the pack of
the heuristics. Furthermore, it found the value 7.793238e+02 (only 0.25% worse than the global
optimum) many times in all the three tests. This value is obviously a local optimum in which the
algorithm was trapped. For PSO, it did not just miss the global optimum, it also performed worse

in general compared with its performance when the number of vertices was smaller. The major
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sign of that was its three results of average values were larger than those of GA. In conclusion,
ACO was still effective though it was trapped in a local optimum. On the flip side, PSO performed
badly for this instance. PSO may only be capable of solving MWLP with a very small number
of vertices. In terms of the effectiveness of the other algorithms, GA performed better than it
did in the previous case. TS and SA performed poorly no matter how many iterations they ran.
The average values and maximum values of their outputs were too large. From the viewpoint of
stability, the standard deviation values of the outputs of TS and SA were large, which means their
performances were highly unstable. The standard deviation values of the outputs of GA and ACO
indicated their high stabilities. From the viewpoint of efficiency, SA and TS consumed the shortest
time. However, from the viewpoint of effectiveness, they are not good choices in this case. In

general, ACO and GA ranked highest in this case if we do not consider their time consumption.
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Figure 3.3: Experimental results for the instance with 20 vertices with uniform weighted distribu-
tion.

Figure 3.3 shows the experimental results of MWLP with 20 vertices. In this case, the values
of the weights of vertices were distributed uniformly. This is considered as a small-scale MWLP.
The global optimum was known from the output of the DP algorithm. It was found by heuristics
in 9 of the 15 tests. Even though the global optimum was found in more than half of the cases,

PSO did not obtain it even once. All the other heuristics (GA, SA, TS, and ACO), found the global
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optimum in the tests with 100 iterations. Out of the 100 experiments, they had 18, 1, 3 and 22 hits,
respectively. The number of hits means the number of times a heuristic found the global optimum.
Regarding the tests where the number of iterations was 50, GA, TS, and ACO found the global
optimum. Out of the 100 experiments, they found it 8, 2, and 17 times, respectively. For the last
case, tests with 30 iterations, only TS and ACO found the global optimum and their hit numbers
were two and five, respectively. Based on these results, the effectiveness of ACO is obviously
better than the other heuristics. Considering the stability, the values of standard deviation of the
outputs of ACO were the smallest compared with the other heuristics when they had the same
number of iterations. Thus, ACO demonstrated the highest stability among the heuristics for this
instance. In conclusion, from the viewpoint of effectiveness, ACO performed the best. For the
efficiency, it took the server 5.35e+05s to find the global optimum when it ran the DP method. In
contrast, ACO took only 1.58 s for one experiment when the number of iterations was 100. SA has
a remarkably low time consumption of only 9.90e-02 seconds. Compared with the DP method, all
five heuristic algorithms had relatively low time consumption. PSO’s running time was the longest
in this situation. It took almost 4 seconds to finish one experiment. The total time consumption for
100 experiments was a little more than 6 minutes. Nevertheless, this running time is still acceptable

when the situation is not urgent.
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Figure 3.4: Experimental results for the instance with 20 vertices with randomly weighted distri-
bution.
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Figure 3.4 shows the experimental results of MWLP with 20 vertices. Different from the case
above, here the weight values of the vertices were distributed randomly. We also obtained this
instance’s global optimum by running the DP algorithm. The global optimum was only found by
heuristics in 5 out of the 15 tests compared with its counterpart where the number was 9 out of 15.
Among the five tests in which the global optimum was found, two of them were ran by SA and
the rest were ran by TS. These two heuristics performed the worst during the past tests from the
effectiveness side. The numbers of iterations of the tests in which the global optimum was found
were 30 and 100 for SA. All three tests of TS found the global optimum. However, the hit numbers
were 1, 1, 2, 2, and 3, respectively. For the tests containing 100 small experiments, they were just
small probability events. These tests only presented SA and TS may have the capability of jumping
out of the local optima, but no guarantee of higher searching capacities compared with other three
heuristics. The average values of their outputs proved this from another side. Their average values
were around 17% and 18% worse than that of ACO when their numbers of iterations were all 100.
Considering ACO, though it missed the global optima, ACO found the result 1.53e+3 many times.
It is only 0.2% worse than the global optima. This is the same as what happened in the instance
with 16 vertices. ACO was again trapped in local optima. It represented a shortcoming of ACO
that it has a tendency to be trapped in local optima. Compared with the instance above, all the five
heuristics performed almost the same from both effectiveness and efficiency sides. GA showed
more stability, but only very slightly. Nevertheless, the heuristics hit much fewer times in this
case, which showed that heuristics are much more suitable for solving the MWLP problem with a
limited selection of vertex weight values.

Figure 3.5 shows the experimental results of MWLP with 30 vertices. It is considered as the

first medium-scale MWLP problem in our experiments. As we explained above, DP algorithm
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Figure 3.5: Experimental results for the instance with 30 vertices.

consumes too much time when the problem has more than 20 vertices. This made us skip the DP
implementation for this instance and so we did not know the instance’s global optimum. From
the viewpoint of the effectiveness, ACO performed the best regardless of the number of iterations.
In addition, it demonstrated incredible stability. Its standard deviation values were the smallest
among the five tested heuristics regardless of the number of iterations. In addition, as the number
of iterations increased, ACQO’s standard deviation value curve almost became horizontal, which
implied its stability even for fewer iterations. Different from ACO, the other four heuristic meth-
ods’ standard deviation value curves went down significantly as the number of iterations increased.
That is because, with the increase in the number of iterations, these heuristics tended to reach the
upper limit of their searching capacity. The highly stable performance of ACO can also be a dis-
advantage. It may imply that the algorithm tends to keep searching a small range of candidates. In
other words, it is more easily trapped in local optima. Evidence has been found in other instances
as well. Regarding the efficiency side, PSO performed poorly as also demonstrated the previous
several tests. It consumed the longest time while outputting the worst results. SA consumed far
less time compared with the other heuristics. However, considering the real time, none of the other
four heuristics consumed more than 5 seconds in one experiment even when the number of itera-

tions was 100. As for the tests with 30 iterations, the differences in time consumption between the
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four heuristics except SA were no more than 1.5 seconds. Thus, none of them performed much
better or much worse than the others. All in all, for most situations of the real-world applications,

the efficiencies of all five heuristics are acceptable.
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Figure 3.6: Experimental results for the instance with 40 vertices.

Figure 3.6 shows the experimental results of MWLP with 40 vertices. In general, the dominant
algorithm was also ACO in this case. GA ranked second and performed almost as well as ACO.
With regards to effectiveness, ACO performed the best among the five heuristic methods. Follow-
ing ACO, the next heuristics were GA, TS, and SA. PSO performed the worst, and is not a good
choice for this MWLP instance. From the viewpoint of stability for these methods, the standard
deviation value curve of SA was interesting. It decreased slightly as the number of iterations in-
creased from 30 to 50, but increased as the number of iterations increased from 50 to 100. The
fluctuation implied that the setting of the number of iterations might not fit this instance. As the
problem size increased, only using 100 iterations may not be sufficient for SA to demonstrate its
abilities. On the other hand, it consumed the least time among the tested heuristics. SA again
ranked first for efficiency. Combined with the analysis in the effectiveness part, a larger number of
iterations should be tested to find the limit of AC’s search capacity. More details are given in the
analysis section of this chapter. ACO and GA output the best results, and although ACO consumed

twice as much time as GA, the real time consumptions were still acceptable (4 compared with 2
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seconds).

Results for MWLP with 50 vertices Standard Deviation
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Figure 3.7: Experimental results for the instance with 50 vertices.

Figure 3.7 shows the experimental results of MWLP with 50 vertices. This was the medium-
scale MWLP problem we tested. For effectiveness, unsurprisingly ACO again performed best. As
the number of vertices increased, ACO cemented its dominant position. Its worst outputs were
even better than the best outputs of SA and PSO. Meanwhile, it also found the best solutions out
of all the heuristics and remained highly stable. GA ranked second. Its outputs were only a little
worse than those of ACO, but much better than those of the other heuristics. Among the other
three methods, TS began to show advantages over SA. When the problem scale was smaller, SA
and TS showed similar search capacities. However, with the expanding problem size, TS output
better results. Regarding efficiency, ACO performed second worst of the five heuristics. On the
other hand, GA ranked the third and almost the same as the second place heuristic (TS). It showed
a good balance between its efficiency and effectiveness. However, it is based on a premise that
the heuristics are compared with the same number of iterations. If the 15 tests were combined,
the conclusion changed. The test in which ACO had 30 iterations produced the worst outputs
but consumed the least time among the three ACO tests. The test where GA had 100 iterations
produced the best outputs but consumed the longest time among the three ACO tests. However,

the former test produced better outputs and consumed less time than the latter. In conclusion,
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for this instance, ACO not only produced the best results but also found a good balance between

effectiveness and efficiency.

Results for MWLP with 100 vertices Standard Deviation
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Figure 3.8: Experimental results for the instance with 100 vertices.

Figure 3.8 shows the experimental results of MWLP with 100 vertices. This was the only
large-scale MWLP problem we tested. From both the effectiveness and efficiency viewpoints, P-
SO ranked the worst for this instance. SA consumed the least time, but its outputs were only better
than those of PSO. The performance of TS was exactly in the middle place (considering both effec-
tiveness and efficiency). GA and ACO both produced good results and showed amazing stabilities
regardless of the number of iterations. Though ACO showed some advantages in effectiveness over
GA, it consumed much more time than GA. The choice of these two heuristics should be based on
the actual demand. If the output is required to be as good as possible but the time consumption is
trivial, ACO should be chosen in this situation. On the other hand, if the application is highly time

sensitive and does not require the best result, GA is the better choice.

3.3.4 Conclusions

The experimental results proved that all the five tested classic heuristics can be implemented to
solve MWLP. However, different heuristics have different advantages and disadvantages, and they

demonstrate different features when the problem size changes.
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For small-scale MWLP problems, the time consumption of all five heuristics consumed was
relatively low. ACO, GA, and PSO were the three heuristics which showed the best searching
capacities.

Regarding the medium-scale MWLP problems, SA and TS ran fastest. GA and ACO were
in the second tier. PSO consumed the most time. From viewpoint of effectiveness, GA and ACO
produced the best results. Their outputs were far superior to the outputs of the other three heuristics.
The most suitable method for medium-scale MWLP is ACO, as it struck a good balance between
efficiency and effectiveness.

For large-scale MWLP problems, PSO performed poorly. It consumed the most time and
output the worst results. Compared with PSO, the output of the other four heuristics were almost
on the same level, although ACO and GA were slightly superior. As the problem size expanded,
the time consumption of ACO was much higher compared with the other heuristics. Considering

both effectiveness and efficiency, the most suitable method for a large-scale MWLP is GA.

3.4 Theoretical Analysis

In this section, a short theoretical analysis of the efficiency and effectiveness of the heuristics
represented in the experiment results is given. In addition, as mentioned in the previous section,
the test result and analysis of using the SA algorithm with a larger number of iterations to solve

MWLP are given.

3.4.1 Test for SA Methods with Larger Numbers of Iterations

As presented in the previous section, regardless of the number of vertices in the MWLP instances,

the time consumptions of their SA algorithms were relatively small even when the number of
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iterations of the algorithms was increased to 100. In this section, the number of iterations of SA
was set to 500. Considering that all the heuristics’ running times were relatively short and they
all produced good outputs in small-scale problems, two medium-scale instances and a large-scale
instance were chosen in this experiment. They are the instances with 30, 50, and 100 vertices,
respectively. The other heuristics’ algorithms with 100 iterations were chosen for comparisons.

The results are shown in Figures 3.9-3.11.
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Figure 3.9: Experimental results for the instance with 30 vertices for the SA method with 500
iterations.

Results for MWLP with 50 vertices Standard Deviation
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Figure 3.10: Experimental results for the instance with 50 vertices for the SA method with 500
iterations.

From the figures, it can be seen that the SA method maintained its advantage of a relatively
short running time. With a greater number of iterations, SA produced better outputs. Compared
with the experimental results shown in Figures 3.5, 3.7, and 3.8, the stability of the SA algorithm

also increased. Such small values in standard deviation of the outputs showed that the algorithm
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Results for MWLP with 100 vertices Standard Deviation
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Figure 3.11: Experimental results for the instance with 100 vertices for the SA method with 500
iterations.

had reached the limit of its capacity to search the search space to some extent. However, it only
produced an improvement compared with itself with fewer iterations: it did not produce a more

powerful searching capacity compared with the TS algorithm, let alone GA or ACO.

3.4.2 Efficiency Analysis

From the analysis of results in the previous section, ACO and GA are the two most effective
algorithms. Thus, here we try to analyse the time-consumption patterns of ACO and GA. Figure
3.12 illustrates the time consumed by ACO and GA when the number of vertices was 12, 16, 20,
30, 50, and 100. We dismissed the instance with 20 randomly distributed weighted vertices and
the instance with 40 vertices in this analysis to make the illustration more readable. Different lines

represent different numbers of iterations as shown in the figure.

Figure 3.12: Time consumed by ACO and GA.

For different numbers of iterations, the time-consumption curves were similar for both heuris-
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tics. We use the instances with 100 iterations as examples. Linear fitting was performed for the
time-consumption curves of both algorithms. The results are shown in Figure 3.13. The R? val-
ues were 0.1262 and 0.1516, respectively, which implies that the time-consumption curves of both

algorithms were non-linear.
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Figure 3.13: Linear fitting.

ACO’s time consumption increased steadily as the number of vertices of the instances increased
at the beginning. When the number of vertices increased from 50 to 100, it increased drastically.
This may have been caused by ACO’s central mechanism. As the number of vertices increases, the
size of ACQO’s pheromone table increases exponentially. The cost of maintaining and checking it
would increase quickly.

In terms of GA, different from ACO, its running time remained low until the number of vertices
increased to 50. When the number reached 100, its running time increased slightly, but not as
much as that of ACO. The explanation for this phenomenon can also be taken from its algorithm
structure. The key manipulations of GA are “cross-over” and “mutation”, whereas their costs are
almost independent of the number of vertices. This explains why the time consumption of GA was

relatively low when the problem size increased compared with ACO.
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3.4.3 Effectiveness Analysis

In our tests, ACO obtained the best results. We believe this is because the inner structure of ACO
fits MWLP well.

In the process of solving MWLP, both the weight of vertices and the distance between vertices
affect the result. The vertices with higher weights and the edges with shorter distances tend to be
visited earlier. The primary optimization objective is to find a balance between higher weights and
shorter distances. That implies the global concept of MWLP is more important than other NP-hard
problems (such as TSP).

The ACO algorithm we used in the experiment updates its pheromone data globally. After any
iteration, the algorithm uses a certain number of the global best results it finds in that iteration to
update its pheromone table. This means that all the vertices are treated as a whole when they are
updated or chosen, which is very different from the other algorithms. Take GA as an example. It
uses “cross-over” and “mutation” manipulations to look for new results. However, both update the
result by changing the position of only two or three vertices in one iteration. It deals with only
local vertices compared with ACO.

To make this more credible, we designed an ACO that updates its pheromone table during
every step, but not globally. The new ACO was tested with the instance with 50 vertices and
100 iterations. The results are shown in Figure 3.14, in which AC_Local denotes the new ACO
algorithm. This algorithm and its output will also be used in the next chapter as a comparison
with the existing ACO algorithm. They will be denoted as AC1 and AC2 in the next chapter
respectively. When the update method of the pheromone table was changed, the effectiveness of

ACO decreased.
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Figure 3.14: Comparison of results for two ACO algorithms.

3.5 Conclusions

In this chapter, we used a variety of heuristic algorithms to solve WMWP. Problems with differ-
ent numbers of vertices were tested using five classic heuristics. For all instances, the heuristics
used 30, 50, and 100 iterations. The experimental results revealed that the tested classic heuristic
algorithms (GA, SA, PSO, TS, and ACO) can find feasible solutions for MWLP.

Through experiments and analyses, ACO was proven to be the most appropriate heuristic algo-
rithm for small-scale and medium-scale MWLP instances. In these two situations, ACO is verified
as able to find the best solution in the shortest time compared with the other heuristics. For the
large-scale MWLP problem, ACO could find the best result if it has the same number of iterations
as the other heuristics. However, the running time of ACO was too long compared with the other
algorithms. In this case, GA demonstrated a good balance between effectiveness and efficiency.

In the experiments above, all the heuristics were run sequentially. It was difficult to code GA,
SA, and TS in parallel because of the limits of their inner structure. However, PSO and ACO
could be coded in parallel with few modifications. This could be a direction for the future work to

improve the efficiency of ACO and PSO, especially for large-scale MWLPs.
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4 New Heuristic Algorithms

In this section, we introduce two new algorithms for MWLP. Similarly to the classic heuristics
presented in the previous chapter, the algorithms proposed here are also designed as evolutionary
algorithms. However, by combining the main ideas of multiple heuristics, the newly proposed
algorithms are more complex and capable of finding better solutions for MWLP. The algorithms
proposed here are based on P system and VND, respectively. Owing to the algorithms’ huge scales,
they consume significant amounts of time if they are designed to run sequentially. To avoid the
enormous time consumption, we developed mechanisms to run both algorithms in parallel.

In the beginning of this chapter, we introduce the main idea of P system as well as the method
for MWLP based on it. The parallel mechanism is also given. We then repeat this for VND.
Next, experimental results are presented to illustrate the effectiveness of the algorithms. Finally,

we provide an analysis from the perspective of the effectiveness and efficiency of the algorithms.

4.1 The algorithm based on P system

P system (also known as membrane computing) is a computation model proposed by Pdun in 1998
[57]. Pdun is a computer scientist whose study area is biological computing. Inspired by the
structure of biological cells, he proposed the computational model by simulating the process that
a cell uses to handle compounds in a circulation system consisting of multi-layer membranes.

P system has drawn attention since Pdaun proposed it. Researchers have designed variants of the
P system. Many of them have been proved to have computation capacity equal to a Turing machine.
Inspired by the biochemical reaction in live cells and the transportation mechanism of biochemical

substances between cells, Nishida proposed the “membrane algorithm”, an evolutionary algorithm
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based on the idea of the P system for combinational optimization problems [58, 59]. Nishida
proved that the algorithm performs better than conventional evolutionary algorithms when solving
TSP. In addition to TSP, algorithms based on P system have also been designed to solve other
NPC problems, such as SAT [60] and Hamiltonian tour [61]. All these algorithms are proven to
be both efficient and effective. Moreover, P system has been applied in many inter-disciplinary
situations. Algorithms based on it have been designed and implemented to help solving problems
in systems biology [62, 63, 64], computer graphics [65, 66], semantics [67, 68, 69], economics
[70, 71, 72], and ecology [73, 74, 75]. For real-world applications, P system has also been used to
solve problems in radar signal processing [76], minimum storage problems [77], DNA sequence
design [78], cooperative driving schedules [79], and optimization of industrial processes [80].
More over, it is even used in decryption [81].

Recently, an increasing number of meta-heuristic algorithms based on P system have been pro-
posed. For instance, in 2014, Niu et al. [82] proposed a meta-heuristic algorithm combining the
structure of P system and the idea behind ACO to solve the capacitated vehicle routing problem
(cVRP). In the same year, another meta-heuristic algorithm, also based on the structure of P sys-
tem, was presented by Yan et al. [83]. They used SA to communicate between different membranes
to solve the weighted optimization problem for case-based reasoning. In 2017, Dong et al. [84]
proposed a multi-objective evolutionary algorithm based on a tissue P system to solve the vehicle
routing problem with time windows (VRPTW). The evolutionary algorithm combined the dis-
crete glowworm evolution mechanism (DGEM) and variable neighbourhood evolution mechanism
(VNEM).

The three kinds of P system studied most frequently are cell-like, tissue-like, and neural-like.

In this section, we propose an algorithm based on the structure of a cell-like membrane system to
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solve MWLP. We briefly introduce the P system and define the concept of a “unit operation”, then

go into the details of the proposed composite algorithm.

4.1.1 Introduction to the P system

Similarly to other natural computation models, P system is also inspired by an existing process
in the natural environment. It simulates the chemical processes between different layers of the
membranes within a cell. During the evolution process, the cell is considered as a frame. The
chemical compounds within it are the subjects that are involved in the evolutionary process. When
passing through a membrane, the compounds are involved in some chemical process with other
compounds or some pre-stored catalyst inside the membrane. Through iterations of this process,
new compounds are produced and then involved in the new process. The final output will be
produced after some stopping criterion is met.

Figure 4.1 illustrates the structure of a cell. Inside it, four colours represent different region-
s. The boundaries between them are membranes. During the evolutionary process, they work as
channels. The compounds move through them and react chemically with each other or self-react if
a catalyst exists. According to the functions they provide, various membranes contain different cat-
alysts. They cooperate with each other to make the whole system work. Imagine a situation where
a compound passes through the skin from the outside environment. The cell needs to decompose
it, absorb the nutrition, and then eliminate the waste. A sequence of chemical reactions needs to
occur in different regions to accomplish these tasks. The substances can be either a reactant or a
product inside or outside of a membrane. Multiple rounds of chemical reactions may happen in
different regions of the cell before it finally produces the complex reaction product.

Chemical reactions are very similar to mathematical calculations. They both have inputs and
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outputs. In different environments, the outputs can be different even though they have the same
inputs. If we consider the chemical reactions inside the cell from this aspect, considering them
as computations, the whole process is very likely a computational model. The initial data passes
through different membranes to “evolve” itself. At the end of the computation, the model outputs
the final result as the cell produces its final product.

Pdun first proposed this as a model for a biological computing. Several years later, some simu-
lators were designed by different organizations. Nevertheless, it is still not a computational model
that fits electronic computers well. The main issue is that it runs calculations in parallel in different
regions whereas the ongoing jobs in an electronic computer are inherently sequential. Many DNA-
computing scientists allege they can solve NP-complete problems in polynomial time, because
DNA-computing can “compute” simultaneously. In other words, DNA-computing implements a
non-deterministic Turing machine. The same thing happens in membrane computing.

In general, P system consists of three parts: the hierarchical structure of membranes, a multi-set
to represent the objects, and the evolutionary rules. The hierarchical structure of membranes de-
fines the computing architecture. It limits the sequence and affiliation of different membranes. The

objects’ multi-set represents the developing state during the computing process. The evolutionary

environment

Figure 4.1: Cell membrane structure (from Wikipedia.org).
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rules define the method P system uses to develop the results. The hierarchical membrane structure
guarantees that the architecture can handle multiple heuristics in one algorithm.

The composite heuristic algorithm based on P system has attracted much attention for two
reasons. The first is that the computing model’s structure is very suitable for combining multiple
algorithms; the other is that the no free lunch (NFL) theorem guarantees its computation capacity.

The famous NFL theorem was proposed and proved by Wolpert and Macready in 1997. It
proves “that if an algorithm performs well on a certain class of problems, then it necessarily pays
for that with degraded performance on the set of all remaining problems” [85]. That is, different
algorithms have specific advantages and disadvantages when solving one certain problem. Com-
posite algorithms can synthesize the advantages of different algorithms, which in theory makes
them have more searching ability than their individual components considered separately. People
designed various mechanisms to avoid heuristic algorithms being trapped into the local optima,
such as diversification in TS and mutation in GA. However, being trapped into local optima is still
inevitable because of the limitations of the mechanisms. Composite algorithms can benefit from

these mechanisms and avoid their limitations as well.

4.1.2 Unit Operations

Before introducing the details of the meta-heuristic algorithm based on P system, the concept “unit
operation” needs to be defined.

Unit operations are the manipulations heuristic algorithms use to find new solutions. For most
heuristics, they require methods to find new solutions to compare with the current best. The ma-
nipulation used in this process is called a unit operation. If we define the concept in a more general

way, any manipulation that helps the algorithm find a different solution can be called a unit opera-
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tion. A formal definition can be given as follows.

Definition 4.1 (Unit Operation). In a heuristic algorithm, a unit operation is the manipulation(s)

that help(s) the algorithm to find a new solution.

Take local search (LS) as an example. It is a simple and basic heuristic algorithm. At the begin-
ning of the algorithm process, the algorithm randomly generates an initial solution and chooses a
method to update it. Then the algorithm keeps using the method to update the current best solution
until some stopping criterion is met. The stopping criterion can be any common one, such as a
fixed iteration number or a threshold. This method to update the current best solution is the unit
operation in this situation. Likewise, in genetic algorithm, the manipulation “mutation” is the unit
operation.

Several manipulations are commonly used as a “unit operation” in heuristic algorithms. 2-OPT
and 3-OPT are the most widely used. 2-OPT is an abbreviation of 2-optimization. It generates
a new solution by exchanging the position of two randomly chosen elements. These two ele-
ments can be anything that influences the value of a fitness function. For example, in TSP, when
dealing with a path, the element can be a vertex or edge. Likewise, 3-OPT is an abbreviation of
3-optimization. It works by changing the sequence of three elements. If we take the three ele-
ments as the vertices constructing a triangle, 3-OPT works by changing the sequence of vertices

clockwise or anti-clockwise [86].

4.1.3 Meta-heuristic Based on P System

Considering the concept of a unit operation mentioned previously, the process of P system is not

completely parallel. In the process of one region’s unit operation, it needs the product of an adja-
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cent region as its initial solution. Understanding this, we can design a complex heuristic algorithm
based on P system.

The algorithm based on P system consists of six unit operations, which are six different heuris-
tic algorithms. They are PSO, TS, SA, GA, and two different ACOs. The two ACOs update their
pheromone data in different ways. Though ACO?2 (called ACO in the previous chapter) produces
better results than ACO1 (denoted as AC Local in the previous chapter) in most circumstances
when they are used alone to solve MWLP , we choose to use both of them in the composite algo-

rithm because of the NFL theorem. The algorithm’s main structure is shown in Figure 4.2.
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Figure 4.2: Illustration of the algorithm based on the P system algorithm.

As shown in the illustration, the “cell” consists of five inner membranes and an outer mem-
brane. The five inner membranes are independent of each other, whereas they are all connected to
the outer membrane. The inner membranes conduct PSO, TS, SA, GA, and ACO1, respectively,
and the outer membrane runs ACO2. Previous experiments showed that ACO2 produces the best
optimization result among the six heuristic algorithms when they are running alone (same number

of iterations) to solve MWLP. Therefore, we consider ACO2 as the most suitable algorithm among
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the six heuristics and believe it can improve further in fewer iterations. That is why we chose
ACQO?2 as the outer membrane.

When using this meta-heuristic to solve MWLP, the mobile agent’s route is stored in vertex
arrays. Ten arrays are included in a group. The groups are considered as the “compounds” to
transmit between membranes. At the beginning, a group of vertex arrays is generated by using the
greedy algorithm. This group is used as the initial solutions of the inner membranes. After the five
optimization processes (inner membranes) are performed, each of them outputs a group of vertex
arrays, which consists of the 10 best solutions found by itself. The five groups are put together
as the initial solutions of the outer membrane. After the outer membrane finishes its optimization
process, it outputs a group of the 10 best solutions. This group of solutions is returned to the inner
membranes as their initial solutions. At this time, the algorithm comes back to the origin state.
We call this an iteration. The algorithm will iterate a predetermined iteration time until the outer

membrane outputs the final solution. The procedure’s pseudo-code is shown in Algorithm 4.1.

4.1.4 Parallel Technique

It is obvious that the meta-heuristic contains relatively many sub-algorithms that makes its com-
puting scale large. Owing of this, its time consumption is considered as the main drawback of
this composite algorithm. However, thanks to the use of membrane computing model, the whole
optimization procedure can be designed to run in parallel. The five inner membranes are mutually
independent. None of them needs to use the others’ outputs.

Based on the analysis above, we designed a parallel operation procedure. Its main program
creates five threads corresponding to the five inner-membrane heuristics. They are allocated to

different CPU cores to run at the same time. If one thread is done, it sends its result to the main
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Algorithm 4.1 p System Algorithm
1: procedure p-SysteM(weighted_map, priority_seq, iteration_time)

2: ini_seq = GreedyAlg(weighted_map, priority_seq)
3: best val = ComputeValue(ini_seq)

4: iteration_number «— (O

5: while iteration_number < iteration_time do

6: acl _best_seq = AntColonylAlg(ini_seq)

7: sa_best_seq = SimulatedAnealingAlg(ini_seq)
8: ts_best_seq = TabuS earchAlg(ini_seq)

9: pso_best_seq = ParticlS warmOptAlg(ini_seq)
10: ga_best_seq = GeneticAlg(ini_seq)

11: new_ini_seq = combination of all the five seqs above
12: ac?2 _best_seq = AntColony2Alg(new_ini_seq)
13: temp_val = ComputeValue(ac2_best_seq)

14: if temp_val < best val then

15: best_val = temp _val

16: end if

17: ini_seq = ac2_best_seq

18: iteration_number + +

19: end while
20: return best val

21: end procedure

program and kills itself. The main program waits until the five threads are all finished. Then the
main program combines the five threads’ outputs as the outer-membrane’s input. In other words,
by running the 6th to the 10th line in the pseudo-code at the same time, some parts of the original
algorithm can run in parallel to save time. By using this strategy, the composite algorithm’s running
time drops impressively without losing computing capability. The experimental results are given

later.

4.2 Variable Neighbourhood Descent

VND is a variant of VNS. VNS was first proposed by Mladenovi¢ and Hansen in 1997 [87, 88].
Compared with other algorithms, VNS shows its advantages in timeliness and creativeness. It

makes VNS very suitable for solving complex problems [89, 90], including NPC problems [91].
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Avanthay et al. proposed a method based on VNS for graph colouring problems [92]. Ribeiro and
Souza solved the same problem by using VND [93]. The proposed VND algorithm performed bet-
ter than GA in experiments. Algorithms based on VNS and a variant of VNS (RVNS) have been
designed to solve VRP [94, 95]. Some algorithms for O—1 mixed integer programming [96] and
minimum spanning tree problems [97] are designed on VNS. In addition to theoretical computing
research, VNS has also been applied in real-world applications, including project scheduling prob-
lems [98, 99], working arrangement problems [100], and job shop scheduling problems [101]. An-
other impressive feature of VNS is that it is simple to combine with other algorithms. According to
the NFL theorem, the mechanism provides VNS with a wider searching space. The meta-heuristic
algorithms combine VNS with GA [101], TS [102], and SA [103] have been proposed and showed
good computing capacity and robustness.

VNS is widely used in solving theoretical problems correlated to MWLP. For example, as we
mentioned in the introduction, Ban et al. used it to solve MLP [16]. In addition, Bjeli¢ et al.used
VNS to solve a variant of VRP [104]. In this section, we introduce VNS and VND, then go into

the details of the algorithm we proposed.

4.2.1 Variable Neighbourhood Search

The principle of VNS is to systematically change the neighbourhood structure during the searching
process to expand the searching field to obtain the local optima. Based on this, new local optima
can be found by repeatedly performing the same procedure for a different neighbourhood. The
global optimum is found by sorting all the local optimal results.

A standard VNS procedure runs as follows.

1. Initialization: Setup the neighbourhood structure sets: N (k = 1,..., k,4,) and the stopping
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criterion. Initial solution x is also given.

2. Keep performing the steps below until any stopping criterion is satisfied:

(a) Setk=1;
(b) Perform the steps below iteratively until k = k.,
i. Random Search: Choose x” from x’s kth neighbourhood. x" € Ny(x).
ii. Local Search: Take x” as the initial solution, apply local search method to find the
local optima x;.

iii. Update: If x is better than the current best solution, update x = x;}, keep perform-

ing local search in neighbourhood N;. Otherwise, set k = k + 1.

Figure 4.3 illustrates the procedure of a basic VNS. The algorithm keeps moving its searching

space to a new neighbourhood to expand its possibility of finding the global optima.

¢
f(x) #% Global minimum
@@  Local minimum

Figure 4.3: Basic VNS from [105].

In real-world applications, the searching procedure could be trapped in the procedure “Local
Search” (2.b.ii). To prevent this shortcoming, many variants of VNS have been designed. VND is

one of these.
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4.2.2 Variable Neighbourhood Descent

VND was also proposed by Mladenovi¢ and Hansen. They explained the model in 2000 [106].
In general, it skips the procedure “Random Search” (2.b.i) and performs the procedure “Update”
(2.b.iii) in a deterministic way. In other words, the procedure “Local Search” is replaced by a

heuristic strategy. The procedure (2.b) is changed as follows.

1. Local Search: Perform heuristic by using x” as its initial solution. The solution is denoted by

>k

X

2. Update: If x} is better than the current best solution, update x = x;. Set k = k + 1.

The pseudo-code of VND is given in Algorithm 4.2 “Basic VND”.

Algorithm 4.2 Basic VND
1: procedure Basic VND(x, k,,,,.)
2: while 1 do
k1
while &k < k,,,, do
Find the best neighbour in x’s neighbours
Change x and its neighbours to the better ones
end while
if no improvement is made
9: end while
10: end procedure

N R

Compared with VNS, VND has two main improvements. It inherits the advantages of multiple
neighbourhood structures from VNS, which makes it have more chance of obtaining global optima
[105]. On the other hand, it eliminates the procedure “Random Search”, which saves a substantial

amount of time.
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4.2.3 Meta-heuristic Based on VND

As for MWLP, it is obvious that the final result is affected by two key features: the weight of
vertices and the distances between vertices. The vertices with higher weights and the edges with
shorter distances are prone to be chosen earlier. Knowing this, we specifically designed an algo-
rithm based on VND for MWLP. This algorithm divides the whole searching space into different
neighbourhoods by using different x" as initial solutions of procedure (2.b). The initial solutions
are generated as follows.

We divide the vertex weight interval (0, 1] into multiple intervals by using a prefixed value
interval_length. The value determines the section length. All the vertices whose weights are in the
same interval are grouped together. In this way, all the vertices are divided into several groups.
The vertices in one group are considered together, and they will produce a visiting array of this
group. For each group, the vertices can be seen as small weighted complete graphs. The two
vertices with the shortest edges are chosen as the first two vertices to be visited. Among these two
vertices, the one with higher weight value is visited first. The second vertex chooses the vertex
nearest to it among the vertices left in this group as the next visiting vertex. By using this method,
the group’s visiting array will be generated. Namely, the previously chosen vertex will choose the
vertex nearest to it as the next visiting vertex among the unvisited vertices.

After every group’s visiting arrays are all generated, the groups will be sorted in descending
order by their weights. The groups with higher weights are visited earlier. The vertices within
one group are visited in the generated order. Then we obtain a visiting order that consists of all
the vertices. It is used as the initial solution in procedure “Local Search” and, at the same time, it

limits the concept of “neighbourhood”. For the procedure “Update”, any optimization algorithm
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can be used to enforce the searching procedure.

New neighbourhoods are generated by moving the group positions. They are moved from left
to right by a short pre-determined length delta every time. The whole process ends when the
interval number shrinks to one. Namely, the interval returns to the original, which is (0, 1]. The
group moving process is illustrated in Figure 4.4 and the pseudo-code is listed in Algorithm 4.3.
In the pseudo-code, a value initial_point is added in case some other requirement is needed. The

value is set to zero in common cases.

4.2.4 Parallel Technique

The value delta is very important for this algorithm based on VND. It should not be very small,
because every group position change is supposed to lead to a visiting array change. If it is too
small, two neighbourhoods could be the same, making the change meaningless. It should also not
be too large. Otherwise, the structure of the neighbourhoods will be very loose. The algorithm may
not be able to search enough neighbourhoods to find a better result. Our experiment result shows
that a suitable delta value is 1/vertex_number. Take the instance with 100 vertices as an example,
delta will be set to 0.01. That means the algorithm will have 100 neighbourhoods to search. If we
perform these search processes in sequence, the procedure “Update” will be executed 100 times.
Fortunately, the neighbourhood searching processes do not have to be performed in sequence.
Similarly to the inner membranes in P system, the neighbourhoods are also mutually independent.
We can allocate them into different threads to let them run at the same time to cut the running time.
When the computer has adequate CPU resources, the efficiency improvement is impressive. The

experimental results are given in the following section.
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Algorithm 4.3 VND Algorithm

1: procedure VND(initial_point, interval_length, delta)

2: i « 0, bestval « inf
3: while initial_point + i = delta < 1 do
4: count «— 0
5: while initial_point + i * delta + count = interval_length < 1 do
6: if initial_point + i = delta + (count + 1) * interval_length < 1 then
7: left_margin = initial_point + i * delta + count = interval_length
8: right_margin = initial_point + i = delta + (count + 1) x interval_length
9: sort_interval(count) = [left_margin, right_margin)
10: vertex_neighbor(count) < all the vertices in sort_interval(count)
11: else
12: left_margin = initial_point + i * delta + count * interval_length
13: sort_interval(count) = [left_margin, 1]
14: vertex_neighbor(count) < all the vertices in sort_interval(count)
15: end if
16: count + +
17: end while
18: for i = 0 : count do
19: greedy_seq(i) = GreedyAlgBasedOnDistance(vertex_neighbor(i))
20: end for
21: initial_seq = [greedy_seq(0), greedy_seq(1), ..., greedy_seq(count)]
22: temp_val = HeuristicAlg(initial _seq)
23: if temp_val < best val then
24: best_val = temp val
25: end if
26: i+ +
27: end while
28: return best_val

29: end procedure

Figure 4.4: llustration of the algorithm based on VND.

74



4.3 Experimental Results

To test the efficiency and effectiveness of the two proposed algorithms, we designed several exper-
iments. The experimental settings and environment remain the same.

In the previous chapter and [107], we showed that classic heuristics could be used to solve
MWLP. ACO with a global pheromone updating mechanism (ACO2 in P system) is ranked first
among the tested heuristics. DP is the only algorithm whose efficiency is acceptable and that can
find the exact solution when the problem scale is relatively large (20 vertices). It was tested in
[107] as a comparison when the number of vertices was 20. In this chapter, problem instances
with 20, 30, 50, and 100 vertices are tested. They are considered as examples of small-scale
(instances with 20 vertices), medium-scale (instances with 30 and 50 vertices), and large-scale
problems, respectively. For the situations with 20, 30, and 50 vertices, we used the same graphs
as in the previous chapter and [107]. For the graph with 100 vertices, because of some Matlab®
inner random number generation mechanism, its vertex distribution structure is very similar to the
graph with 20 vertices. Thus, we regenerated the graph with 100 vertices to guarantee its structure
is different from the other instances. This should reduce the influence of the graph structure on
the effectiveness of the algorithm. As we did in the previous chapter, all the graphs were also
generated by randomly positioned vertices in a 200 X 200 area, and their weights are allocated
randomly. All the algorithms under different instances were tested 100 times to make sure the
experimental results could show the average performances of algorithms. The results of ACO and
DP (only for the instance with 20 vertices) were used for comparisons.

As for the parameters, for the algorithm based on P system, the number of iterations within

different membranes was all set to 50. The algorithm circulated five times between the outer
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membrane and the inner membranes. For the algorithm based on VND, ACO1 was chosen as the
enforcing heuristic. The number of iterations was set to 50. As stated in the previous section,
delta was set to 1/vertex_number. Intuitively, ACO2 should be chosen for the enforcement because
it is considered as the most powerful heuristic when solving MWLP. However, the experiments
produced different but interesting results. More details are given in the analysis section.

The experimental results are presented in Figures 4.5-4.8. All the figures contain the results
for five algorithms: ACO, P system sequential version, P system parallel version, VND based on
ACOI1 sequential version, and VND based on ACO1 parallel version. In the figures, they are repre-
sented as ACO, p_system_seq, p_system_par, VND_ACO1 _seq, and VND_ACOI _par, respectively.
In general, the sequential and parallel versions of an algorithm have very similar effectiveness.
The efficiency is their main difference: the parallel version drastically improved the algorithm

efficiency, especially for the algorithm based on VND.
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Figure 4.5: Experimental results for the instance with 20 vertices.

DP was executed in the experiments for the instance with 20 vertices. Thus, we know the
global optima here. Among the five tested heuristic algorithms, the proposed algorithms found the
global optima for every test. ACO obtained 22 hits within 100 tests. Obviously, VND_ACO_par is

the best algorithm in this situation. It not only had the shortest running time, but also guaranteed
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to find the global optima every time.
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Figure 4.6: Experimental results for the instance with 30 vertices.

As for the other small-scale problem instance, the result in the problem with 30 vertices was
not surprising. VND_ACO_par still had the shortest running time. Compared with ACO, the four
versions of the proposed algorithms all improved the result by around 3%. P_system _seq obtained

the best result among the five algorithms; however, its running time was the longest.
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Figure 4.7: Experimental results for the instance with 50 vertices.

The instance with 50 vertices is considered as a medium-scale problem. When thinking about
the efficiency, VND_ACO_par again ranks first. Compared with ACO, the algorithms based on P
system and VND slightly improved the result by around 1.5%. However, the improvement is not
as significant as when the problem scales are smaller or larger.

For the experiment with 100 vertices, again VND_ACO_par consumed the shortest time. For
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Results for MWLP with 100 vertices Standard Deviation
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Figure 4.8: Experimental results for the instance with 100 vertices.

the algorithm effectiveness, the algorithms based on P system improved the result by 6%. The
algorithms based on VND improved the result by around 3%. That is, when MWLP’s problem
scale becomes large, the algorithm based on P system should be chosen if a better result is required.

However, if a relatively good result is needed in a short time, VND_ACO _par is the best choice.

4.4 Theoretical Analysis

The experimental results are very interesting. In this section, we provide an analysis of different
aspects from the theoretical viewpoint. The contents will cover the efficiency improvement by
using parallel technologies, the performance differences of VND algorithms based on ACI and

AC2, and the reason for the good performance with regards to effectiveness of P system and VND.

4.4.1 Efficiency Improvement by Parallel Mechanism

By manipulating the parallel technique, the running times of both proposed algorithms are reduced.
Tables 4.1 and 4.2 illustrate the effect.
For the algorithm based on P system, its parallel version had huge efficiency improvements

in all different problem scale instances. However, as the problem scale increased, the efficiency
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Time_Seq | Time_Par | Time reduction
20 vertices 20.8789 s | 13.3894 s 35.87%
30 vertices 28.1119s | 18.8152s 33.07%
50 vertices 46.9584 s | 34.7607 s 25.98%
100 vertices | 119.7665 s | 95.4062 s 20.34%

Table 4.1: Running time comparison of the algorithm based on the sequential and parallel versions
of P system.

improvement decreased. This could be explained from three aspects. One is that this algorithm is
not evenly separated. The five inner membrane threads’ running times are very different. When the
faster threads finish their job, the slower threads are still running. The second is that the threads
are not running at the same time. The outer membrane thread must wait until all inner membrane
threads are finished. The last is the algorithm’s scale. When dealing with large problem instance,
the computer’s internal memory is not sufficient to satisfy the requirements of the algorithm. The
external memory will be used to extend the memory capacity. However, because the speed of
external memory is much slower than internal memory, the running time of the algorithm will be
greatly increased. As the problem size increases, more and more external memory will be used,
which will make the algorithm run slower. This explains why the efficiency of the parallel version

of the algorithm improved less as the problem size increased.

Time_Seq | Time_Par | Time reduction
20 vertices 3.2890s | 0.4563s 86.13%
30 vertices 29.7497s | 2.8851s 90.30%
50 vertices 52.4615s | 5.0067 s 90.46%
100 vertices | 102.9535 s | 11.0290 s 89.29%

Table 4.2: Running time comparison of the algorithm based on the sequential and parallel versions
of VND.

Table 4.2 shows the running times of the algorithms based on VND. The efficiency improve-
ment of the parallel version is very impressive. Compared with the sequential version, the algorith-

m based on the parallel version of VND only consumed about one-tenth of the time. Surprisingly,
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attaining this significant improvement in efficiency, the algorithm could still output as good a result
as its sequential version. This is because its structure is very different from the algorithm based on
P system. The running time of its neighbourhoods are almost the same and do not have to wait for
each other to continue. What is more, the search spaces are relatively small. The algorithm based
on VND perfectly avoids the drawbacks of its counterpart. Its features guarantee that all the search
processes start as soon as a CPU core is able to deal with a new task. On the other hand, with a
small algorithm scale, the external memory does not have to be involved in the searching process.

These advantages speed up the manipulation process of the algorithm.

4.4.2 Effectiveness Differences of VND Based on AC1 and AC2

Both algorithms based on P system and VND performed well under all vertex number instances.
For the algorithm based on P system, we have previously used NFL theorem to explain its search
capacity. Everything happened as expected. However, something interesting happened when deal-
ing with the algorithm based on VND.

Before discussing the effectiveness of the algorithm, we would like to discuss some aspects
of ACO. Different ACOs have different mechanisms to update the pheromone table. In [107] and
Chapter 3, we tested two pheromone updating mechanisms. One updates its pheromone locally
(denoted as AC _Local in the last chapter), which means it updates its pheromone table as soon as it
finds its next step. The other updates its pheromone globally, which means it updates its pheromone
table when it finishes an iteration and updates the table by using the step’s best solution. We call the
ACOs using these two mechanisms AC1 and AC2, respectively. AC2 is also the ACO algorithm
we used in this chapter. In the previous chapter, our experimental result showed that AC2 produced

better results than AC1 in medium-scale problems. However, the results were limited to medium-
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scale problems. Moreover, we have only shown that the output of AC1 was worse than AC2.
Considering the fact that AC2 performed as one of the best algorithms, we still do not know how
bad AC1’s performance was. Thus, we would like to present a more comprehensive comparison
of the search capacities AC1 and AC2. In addition, the iterated local search (ILS) method will be
added as a comparison.

The structure of ILS is relatively simple. Simply speaking, it iteratively performs the local
search process (2-OPT for example) for the current best solution. The final output is produced

after some stopping criterion is met. The results of the experiments given in the following.
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Figure 4.9: Experimental results for different ACOs and ILS solving MWLP with 30 vertices.
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Figure 4.10: Experimental results for different ACOs and ILS solving MWLP with 50 vertices.

Figures 4.9—4.11 show the experimental results using AC1 and AC2 to solve different MWLPs

with 30, 50, and 100 vertices, along with the results of ILS. The stopping criterion for ILS was
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Results for MWLP with 100 vertices Standard Deviation
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Figure 4.11: Experimental results for different ACOs and ILS solving MWLP with 100 vertices.
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set as the best solution remains unchanged in 10,000 iterations. Its unit operation was 2-OPT. The
results show that ILS is too simple to solve MWLP when the problem scale is relatively large.
In terms of AC1 and AC2, from the three dimensions we used to evaluate the effectiveness of a
method, they performed better than ILS. However, they have minor differences. AC1’s standard
deviation values and its worst results were worse than AC2’s. AC1’s performances were not as
stable as AC2’s. However, as we showed in the previous chapter, AC2 tends to be trapped in local
optima. Its high stability strengthens this tendency. Though ACI1 cannot guarantee finding a good
result in every test, it provides the possibility to search the space out of local optima.

As we have explained, AC1 was used as the enforcing searching process after the neighbour-
hoods were generated. Intuitively, AC2 should be the better choice. After all, it demonstrated better
search capacity than AC1 when they were used alone to solve MWLP. Nevertheless, experiments
are still needed to test which ACO is more suitable for solving MWLP.

Figure 4.12 shows the comparison results. We did not show the results for 20 vertices here
because both algorithms can find the best result in every test. For the instance with 30 vertices,
the algorithm using AC?2 produced better results. However, when the number of vertices increased

to 50, the algorithms using the results of AC1 and AC2 are almost the same. When the number
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Figure 4.12: Experimental results for the VND algorithms using AC1 and AC2.

of vertices increased to 100, the algorithm using AC1 had better results. In other words, as the
problem scale increases, the algorithm using AC1 achieves better results.

This should be caused by the interference of VND structure. When the problem sizes were
small, the search space was also small. Both AC1 and AC2 alone have sufficient search capacity
to find the global optima. Thus, in this situation, the results mainly show the search capacity of
ACI and AC2, but not the VND structure. As the problem scale increases, neither AC1 or AC2
can obtain the global optima. VND was used to help divide the search space into small parts. This
mechanism shrinks the size of search space and should limit AC1 and AC2 within this small space.
Thus, both AC1 and AC2 can fully use their search capacity. However, the pheromone updating
mechanism of AC2 helps it to jump out of the local optima when it is used alone. Ironically, in
this situation, it goes in the opposite direction. This mechanism mostly offsets the advantage of
the use of the VND structure. For AC1, it keeps searching in its small space restricted by the VND
structure, which helps it to perform the deep searching to obtain a better result. When used in the

algorithm based on VND, the pheromone updating mechanism of AC1 is more effective, especially
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for the large-scale problem instances.

4.4.3 A Hypothesis

Compared with the classic heuristics tested in the previous chapter, both meta-heuristics showed
better searching capacities. With the increase of the scale of the problems, this advantage became
more convincing. At the beginning of this chapter, it was noted that the NFL theorem guarantees
the search capacity of combining different heuristics. Here we introduce a hypothesis about the
search capacity meta-heuristics demonstrated when solving MWLP from a different aspect. That
is, different from normal NPC problems, MWLP has two parameters. This feature leads to the
probability that MWLP has more uncertainties, so the algorithms designed for MWLP should be
able to cover different aspects referring to their search capacities. According to the NFL theorem,
different heuristics provide different search capacities. No single heuristic can satisfy the whole
search capacity requirement of MWLP. In other words, a complex meta-heuristic should be more
suitable when solving MWLP. For the P system and VND algorithms, each combines different
heuristics. This mechanism guarantees they have wider search capacities that exactly meet the
requirements of MWLP.

The value of the objective function of MLWP is influenced by two variables. Both the distances
between vertices and the weights of vertices play important roles. This is the major reason why
MWLP looks more complex than ordinary NP-hard problems. The NP-hard problems we usually
deal with, such as TSP or MLP, are problems whose final solutions are influenced by one variable.
Take TSP as an example: the objective of TSP is to find a Hamiltonian tour that minimizes the
distance the salesman travels. This distance is merely influenced by the paths the salesman travels.

However, in MWLP, the salesman must consider both the paths he travels and the vertices he
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passes. If a vertex is skipped by the salesman, the influence on the final result is different for
TSP and MWLP. For TSP, the salesman only needs to deduce the paths before and after the vertex
he skips, and then adds the distance between the vertices before and after the vertex he skips.
However, for MWLP, the salesman must consider all the changes in latencies of weighted vertices.

For the heuristics, different heuristics have different advantages. According to the NFL theo-
rem, the advantages remain unknown before we test them. However, even though we have tested
them, we do not know what kind of core mechanism made the heuristic show its advantages in
some certain problems. For example, the experimental results show that ACO and GA are the best
among the classic heuristics. The reason why GA and ACO performed well remains unknown.
This is also the main idea of the NFL theorem.

However, if we combine the features of MWLP and the NFL theorem, the reason why meta-
heuristics show better searching capacities is clear. MWLP has twice the number of variables,
which leads to more uncertainties. This feature requires the algorithms to be more diverse in
searching capacities, which is exactly what a meta-heuristic that contains multiple heuristics or

different searching skills can provide.

4.5 Conclusions

In this chapter, we have proposed two new meta-heuristics to deal with MWLP. The parallel tech-
niques were used to improve the efficiency of algorithms. The effectiveness of algorithms were
tested under small, medium, and large problem instances. Experimental results proved that both
meta-heuristics could produce better results than single classic heuristic. As for the small-scale

problem, the algorithm based on P system is more suitable. When the problem scale increases,
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considering the tradeoff of efficiency, the algorithm based on VND is the best choice.
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5 Real-World Application

In previous chapters, we introduced different methods to solve MWLP, including exact algorithms
and several heuristics. In addition, the methods are tested under different circumstances. However,
we have still not explained the importance of MWLP from the application aspect. In this chapter,
we focus on the real-world applications of MWLP.

Every NP-complete problem has its own features when studying it in theory. In addition, its
features make it more suitable to modelling some certain kinds of real-world applications. MWLP
was originally derived from treasure hunts. In modern times, the job of Indiana Jones is not as pop-
ular as it was several hundred years ago. We could still find applications in our daily lives. During
our research, we found MWLP can handle more extensive problems than MLP because of the use
of variable vertex weight. In this chapter, we introduce two real-world instances as examples that
are modelled and solved by MWLP. They are the applications of MWLP in emergency relief and
perishable commodity transportation.

Note that in real-world applications, the distances between vertices may not fit triangle inequal-
ity, nor the graph be complete at all. In the former case, the problem can be handled by maintaining
a table which stores the shortest distance values between all the vertices, and the routes to achieve
the distances. When solving MWLP, the distances between different vertices should be changed
by first hand according to the table. After getting the result by solving the map-changed MWLP,
check the table to output the final route. As for the case where the graph is not a complete graph,
all the unconnected edges could be set to infinite during the coding process. If the “inf” value is not
optional, the distance can be simply set to be a relatively large value to guarantee the unconnected

edges will not be chosen by the algorithm.
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5.1 Emergency Relief
5.1.1 Background and Literature

Natural disasters have accompanied human beings since the beginning of human history. Ancient
floods were recorded in the literature from different cultures all over the world, from Noah’s Ark to
the story of King Yu, who tamed the flood in Chinese mythology. In the modern age, the influence
of large natural disasters on human beings has not ceased. In 1999, a flood in Venezuela killed
30,000 people[108]. In 2004, the earthquake and tsunami in the Indian Ocean caused the death
of almost 300,000 people[109]. Figure 5.1 shows pictures of a coastal area before and after it
was ravaged by the tsunami. The comparison is shocking. In 2008, 3 months before the Olympic
Games held in China kicked off, the earthquake in Szechwan province led to the death of more
than 150,000 people[110]. The United Nations declared the 2010 Haiti earthquake, which killed
more than 220,000 people, as the most severe disaster it had ever encountered only a few days after
the earthquake happened[111].

Such disasters are destructive. They injure people, destroy buildings, and cause shortages
of food and drinking water. Usually, soon after a disaster happens, relief goods including shelter,
food, and medicine will be provided to the victims by the local government or United Nations. Oth-
er international federations including the Red Cross, Red Crescent, and other non-governmental
organizations will also participate in the rescue to provide and allocate more goods and materi-
als later. With the development of modern technology, the emergency relief work has become
more efficient and effective. More food and specific targeted medicines can be delivered to victims
quickly. Nevertheless, considering the massive number of people influenced by severe disaster-

s, the relief goods are relatively limited. On the other hand, the possibility of the post-disaster
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Figure 5.1: Influence of a tsunami on a coastal area [112].
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Character Number of papers
Min Cost 15
Min Unsatisfied Demand 15
Min latest arrival time 4
Min total response time 11
Max travel reliability 2
Stochastic supply 3
Stochastic demand 6
Multi-commodity 13
Multiple depot 7
Single depot 15
No depot 7
Heterogeneous vehicles 18
Stochastic travel time 5
Data from real disasters 19

Table 5.1: Summary of characteristics in disaster relief distribution models [114]

outbreak of communicable diseases is extremely time sensitive [113]. These concerns require the
transportation process to be more efficient and targeted. A good route design strategy for the relief
vehicles would be helpful.

In 2005, United Nations established the Logistics Cluster to help improve the effectiveness and
efficiency of logistic response in humanitarian emergency missions, which is considered as a sign
that United Nations had realized the importance of logistics in aid operations and started to try to
find a solution [114]. Meanwhile, researchers have also presented many studies on this topic. In
[114], the authors showed a summary of characteristics in disaster relief distribution models based
on 29 papers published from 1987 to 2011. Table 5.1 shows the characters and the numbers of
papers studied on it.

As shown in Table 5.1, the study of goods distribution routing for emergency disaster relief
usually models the problem from four aspects, which are the objective function, goods, routing,

and test data. The studies of goods and test data are out of the scope of this thesis. We give a brief
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introduction to the objective functions and routing design, then go to the application instance.

The objective function represents the target of the optimization process. Most of the papers had
multiple objectives. The minimum cost and minimum unsatisfied demand were the two objectives
used most frequently. Of these two objectives, more papers chose the minimum cost. They tried
to minimize the total cost in the goods distribution process, which is fairly straightforward in most
situations. However, considering the situation of emergency relief, saving money should not be
chosen as the top priority. In addition to the minimum cost, half of the papers paid attention to
minimizing the maximum unsatisfied demand of all victims. Compared with minimizing the cost,
this factor is more suitable. It is considered from the side of the victims, and it tries to balance the
losses from different areas. After all, in disaster relief, it is widely accepted that equity should be
the first priority [115]. In addition, by considering the victims, the problem turns into a custom-
oriented problem. This leads to the idea that MWLP can be used to help model the problem in this
situation.

For the routing design, the papers face different kinds of problems. Usually, the goods are dis-
tributed from multiple depots. However, the infrastructure construction quality of some disaster-
affected areas can be low. In this situation, the vehicles must depart from fewer or even single
depots. During the distribution, the vehicles differ in terms of speed, capacity, and personnel allo-
cation. In addition, the travel time can be uncertain because of the disaster. All these considerations
can make the problem extremely complex. In this thesis, we focus on problems with a single depot

and one vehicle.
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5.1.2 Application Instance

As discussed above, different studies on disaster relief are based on selected situations. No unified
standards can be found. Thus, we designed a situation and modelled it using MWLP. This hypo-
thetical situation is largely based on an earthquake that happened in Qinghai province of China in
2010.

Suppose an earthquake affects an area that contains several villages. The houses in this area are
made of mud-brick. Even though the houses collapsed, they did not cause severe injuries to or the
death of residents. Therefore, many people survived the earthquake. However, if the goods cannot
be supplied in time, the victims may die because of the shortages in shelter and food. As described
above, to simplify the problem, we limit the emergency relief crew to consist of one vehicle and
one depot. In addition, we ignore the time the crew spent allocating the goods in villages.

Now we need to introduce the concept of casualty rate in unit time (CRUT). Consider the
situations that victims die because of the shortages in food and shelter. The situations vary in
different areas because of different levels of development and degrees of disaster. In a short period,
the number of casualties can be hypothesized as increasing linearly over time. CRUT describes the
urgency level of an area that needs help. Usually, the unit of time is minutes.

“Minimizing the number of casualties” is chosen as the objective in this model. We believe that
saving as many people as possible is the first principle in the disaster relief process. For compari-
son, a strategy called the nearest neighbour (NN) strategy introduced by Lee [116] is chosen. It is
an approach commonly used in dispatching ambulances and proved effective in the literature. The
NN strategy is a greedy scheme. The ambulance only reacts to its nearest call. In our experiment,

the strategy is implemented as the rescue vehicle goes to the nearest disaster-affected village first.
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Coord: | villagel | village2 | village3 | village4 | village5S | village6 | village7 | village8
X axis: | 110 57 151 114 11 156 26 94
Y axis: | 183 151 76 15 106 187 114 2
Table 5.2: Coordinates of the depot and villages.
villagel | village2 | village3 | village4 | village5 | village6 | village7 | village8
1 1/4 1/2 1/3 1 1/3 1/2 1/3

Table 5.3: Different villages’ CRUT values.

The following is the instance we designed and tested. It shows how to apply the MWLP model
in disaster relief. Suppose a disaster has an influence on eight villages in a 200 km x 200 km area.
The coordinates of the villages are listed in Table 5.2. Now, one vehicle is moving out from the
depot to transport the relief goods to the eight villages. The depot’s coordinates are (166, 117) and
the vehicle’s speed is 60 km/h. To save space, the coordinates shown in the tables are rounded.

Different villages’ CRUT values are listed in Table 5.3. Those values are not the real increased
number of the deceased people in unit time. They have been processed by performing data nor-
malization. Take the CRUT values of the second and the third village shown in the table as an
example: they are 1/4 and 1/2, respectively. In our model, this does not mean the disaster causes
one villager to die every 4 minutes and 2 minutes, respectively. These numbers represent that in
the same period, the third village will have twice the number of casualties as the second village.
CRUT represents the relative level of damage in different villages. This variation of CRUT values
has no influence on the performance of equity in our model, which is the first principle in emer-
gency relief as mentioned above. In our experiment, we assume that the relief crew carries enough
relief goods. Thus, as soon as the crew arrives at the village, all the living people in that village
will survive.

Figures 5.2 and 5.3 show the routes produced by using MWLP model and NN strategy, respec-
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tively. The red circle represents the depot and the stars represent the villages. Different villages
can be distinguished from each other by their coordinates. And the arrows illustrate the vehicle’s

moving direction.
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Figure 5.2: Vehicle route calculated by the MWLP model.
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Figure 5.3: Vehicle route calculated by the NN strategy.

As shown Figures 5.2 and 5.3, the routes produced by two schemes are different. The route
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given by MWLP is: depot — village6 — villagel — village2 — village7T — villageS5 —
village8 — village4 — village3. The route given by using the NN strategy is: depot — village3 —
villaged — village8 — village7T — village5 — village2 — villagel — village6. Though both
schemes have some shared paths, the directions of the paths are different.

If the relief crew takes the route produced by MWLP, there will be 1037 casualties after they
visit every village. This route takes the crew about 472 minutes to arrive at the last disaster-affected
village. If they take the other route, there will be 1180 casualties. The time consumption will be
459 minutes. Though they may save 13 minutes to finish visiting all the villages, the casualty rate
increases by 13.8%.

This instance is generated randomly and very simple. The real-world situation can be much
more complicated. However, it still shows the possibility of using MLWP to solve the disaster
relief problem and has proved that MWLP is helpful. More features can be added to help MWLP

solve more complex problems.

5.2 Perishable Commodity Transportation

We explain a perishable goods transportation problem in this section. It is similar to the problem
introduced in the first chapter. We expand Bob’s problem to a situation that can be used more
widely. The details are described in the following.

Suppose a supermarket chain has one depot and six stores in one city. The depot and stores are
located in a 20 km X 20 km area. Their coordinates are listed in Table 5.4. Every 2 hours the depot
despatches a truck to transport commodities to different stores to fill each store’s shortages. The

truck’s speed is set to be 60 km/h. Usually, different stores require different commodities. Some of
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the commodities are perishable. For example, some stores may require fruit, others may want fish.
Suppose the corporation has no extra money to invest in its own cold-chain transportation network.
They must face the problem that the fruit may spoil and the fish may die during transportation. In
this situation, they would like to minimize their loss during the transportation by designing a better

route for the truck.

Coord: | depot | storel | store2 | store3 | store4 | store5 | store6
X axis: | 0.7 18.7 15.1 7.8 34 0.6 0.9
Y axis: | 17 13.6 | 14.8 13.1 141 |55 1.9

Table 5.4: Coordinates of the depot and stores.

Different kinds of fruit have different prices and different spoilage times. Different species of
fish may die at different rates. Thus, the losses of the various perishable commodities during the
same period are different, and they vary by time. Suppose we can find a method to model the loss
over time as a linear function. Similar to the definition of CRUT given above, we use loss rate in
unit time (LRUT) to represent the slope of the linear function. To simplify the problem, we limit
every store to require only one kind of commodity. The LRUT values of the commodities required

by the six stores are listed in Table 5.5.

storel | store2 | store3 | stored4 | storeS | store6
1/3 1/2 1/4 1 1/2 1/2

Table 5.5: The LRUT values of the commodities required by different stores.

For the experiment, we set the LRUT values of the stores as the weights of vertices in the
MWLP model. Obviously, the value of MWLP’s objective function is the same as the supermarket
chain’s total loss during the transportation. The NN strategy is also implemented for comparison.
The routes produced by the different schemes are shown in Figures 5.4 and 5.5, respectively. The

route given by MWLP is: depot — store4 — store5 — store6 — store3 — store2 — storel.
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The route of the NN strategy is: depot — store4d — store3 — store2 — storel — storeS —
store6. The money lost by taking the route generated by MWLP model is 58.4, and the route’s
distance is about 41 km. The money lost by the NN strategy’s route is 61.9, and its distance is about
43.1 km. Compared with the NN strategy, the supermarket chain not only reduces their loss but
also shortens the truck’s travel distance by taking the route given by the MWLP model. However,
in some cases, the distance of the route given by MWLP can be longer. The MWLP model can

guarantee minimizing the money lost during the transportation among all the models.

Figure 5.4: Vehicle route calculated by the MWLP model.

5.3 Conclusion and Future Work

In this chapter, we have described two real-world applications of MWLP. The instances show
that MWLP is helpful when dealing with disaster relief and perishable commodity transportation
problem:s.

However, the MWLP model still has shortcomings when it is used in real-world applications.
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Figure 5.5: Vehicle route calculated by the NN strategy.

On the one hand, it only has one mobile agent. In most cases, people are dealing with situations
with multiple mobile agents. On the other hand, both CRUT and LRUT are the slopes of linear
functions. As a result, the real-world application must be modelled with a linear loss rate. This
precondition is difficult to satisfy in most real situations. MWLP can be more powerful in real

cases if these two limitations can be removed.
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Appendix

In Chapter 3 and Chapter 4, the experiments’ outputs are shown in figures. Most of the figures are
histograms which are great for comparison. They are able to show the advantages and shortages of
different algorithms in a very clear way. However, this method may result in a loss of precision. In

this appendix, I list the exact numbers of all the experiments as tables.

Average Value | Max Value | Min Value | Standard Deviation | Running Time

Iteration Number 30:

GA: 603.2215 677.8057 | 593.3672 20.8758 0.5547

SA: 677.3265 827.7803 | 593.3672 50.9349 0.0281

PSO: 600.0853 636.9034 | 593.3672 8.6668 0.9063

TS: 671.8106 804.1919 | 593.3672 53.9989 0.1676

ACO: 601.2590 603.4848 | 593.3672 4.2123 0.2459
Iteration Number 50:

GA: 600.6858 677.8057 | 593.3672 16.1153 0.9123

SA: 670.3135 782.5323 | 593.3672 48.8225 0.0463

PSO: 598.1100 611.1832 | 593.3672 5.4997 1.5055

TS: 671.7441 824.9448 | 593.3672 57.9242 0.2777

ACO: 600.5507 603.4848 | 593.3672 4.6141 0.4106
Iteration Number 100:

GA: 602.4315 677.8057 | 593.3672 18.3249 1.8141

SA: 654.2437 773.7990 | 593.3672 49.1445 0.0903

PSO: 599.1615 607.7651 | 593.3672 5.2126 3.0012

TS: 672.0896 824.9448 | 593.3672 53.4221 0.5584

ACO: 598.9319 603.4848 | 593.3672 5.0588 0.8155

Table 5.1: Experiment results for the instance with 12 vertices
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Average Value | Max Value | Min Value | Standard Deviation | Running Time

Iteration Number 30:

GA: 869.0974 908.3766 | 777.4809 22.0301 0.5686

SA: 916.4789 1211.1790 | 777.4809 112.0694 0.0307

PSO: 932.4069 1101.5480 | 777.4809 76.4353 1.0000

TS: 921.4440 1349.1370 | 777.4809 121.9219 0.1752

ACO: 810.9843 853.8841 | 779.3238 18.2544 0.3719
Iteration Number 50:

GA: 853.5262 885.7933 | 777.4809 17.7395 0.9099

SA: 873.6359 1164.7730 | 777.4809 87.1309 0.0495

PSO: 888.5413 1092.0090 | 793.0355 44.1926 1.7027

TS: 912.4278 1278.1990 | 777.4809 124.6073 0.2918

ACO: 804.6404 840.5190 | 779.2319 14.4444 0.6105
Iteration Number 100:

GA: 853.1107 885.7933 | 777.4809 14.8879 1.7821

SA: 865.4213 1228.5790 | 777.4809 88.8633 0.0970

PSO: 855.6312 926.8336 | 782.6950 33.3183 3.3809

TS: 891.0962 1278.1990 | 777.4809 104.8750 0.5848

ACO: 799.2202 831.9296 | 779.2319 14.0389 1.2198

Table 5.2: Experiment results for the instance with 16 vertices

Average Value | Max Value | Min Value | Standard Deviation | Running Time

Iteration Number 30:

GA: 1260.3200 1419.0640 | 1137.3980 56.7416 0.5421

SA: 1362.5740 1760.4110 | 1135.0280 154.7496 0.0316

PSO: 1531.7590 1848.0160 | 1204.9420 144.9686 1.1205

TS: 1347.2510 1830.2990 | 1104.8100 159.7022 0.2184

ACO: 1117.6580 1143.2240 | 1104.8100 10.2207 0.4790
Iteration Number 50:

GA: 1156.9450 1261.2230 | 1104.8100 34.1416 0.9166

SA: 1363.4870 1735.8520 | 1118.4730 150.9704 0.0505

PSO: 1438.8230 1759.8930 | 1164.6990 127.2034 1.8607

TS: 1313.3120 1710.5990 | 1104.8100 142.2239 0.3613

ACO: 1111.8600 1135.5230 | 1104.8100 8.8050 0.7936
Iteration Number 100:

GA: 1147.6420 1282.1820 | 1104.8100 35.3245 1.7850

SA: 1303.3580 1705.9430 | 1104.8100 136.8670 0.0990

PSO: 1338.4110 1624.7380 | 1126.8150 103.1663 3.6755

TS: 1310.7600 1655.2170 | 1104.8100 132.4501 0.7143

ACO: 1110.6500 1127.3740 | 1104.8100 8.2312 1.5839

Table 5.3: Experiment results for the instance with 20 vertices with uniform weighted distribution
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Average Value | Max Value | Min Value | Standard Deviation | Running Time

Iteration Number 30:

GA: 1626.6090 1632.7950 | 1598.7180 6.0662 0.5319

SA: 1794.2700 2253.9790 | 1528.1610 165.0535 0.0290

PSO: 1915.6850 2413.6300 | 1592.7740 138.7305 1.0298

TS: 1719.8710 2257.1890 | 1528.1610 161.5153 0.1948

ACO: 1580.8280 1623.4080 | 1551.9490 18.3299 0.4563
Iteration Number 50:

GA: 1626.7140 1632.7950 | 1598.7180 5.7281 0.8803

SA: 1818.6200 2284.9950 | 1552.6630 171.8900 0.0469

PSO: 1799.5240 2082.3750 | 1575.8200 122.8223 1.7088

TS: 1736.1720 2199.4080 | 1528.1610 168.0478 0.3256

ACO: 1565.2530 1606.8960 | 1531.1210 14.3178 0.7583
Iteration Number 100:

GA: 1624.4280 1632.7950 | 1531.1210 14.2001 1.7537

SA: 1712.9770 2042.5580 | 1528.1610 124.8291 0.0924

PSO: 1686.6620 1905.7020 | 1531.1210 82.1366 3.3977

TS: 1709.3860 2105.2760 | 1528.1610 141.6178 0.6499

ACO: 1535.1240 1555.7190 | 1531.1210 6.3860 1.5075

Table 5.4: Experiment results for the instance with 20 vertices with randomly weighted distribution

Average Value | Max Value | Min Value | Standard Deviation | Running Time

Iteration Number 30:

GA: 5678.88 6268.00 5209.44 222.61 0.58

SA: 6876.94 8823.85 5445.00 769.32 0.03

PSO: 9905.13 13685.76 | 7784.53 1036.18 1.39

TS: 6089.56 8541.06 5155.49 612.44 0.30

ACO: 5473.05 5751.70 5274.82 86.28 0.80
Iteration Number 50:

GA: 5508.10 5955.83 5209.44 147.34 0.95

SA: 6639.20 8078.47 5323.72 661.56 0.05

PSO: 9113.20 10694.52 | 7367.37 860.24 2.29

TS: 5951.91 7453.70 5147.46 497.51 0.50

ACO: 5417.24 5561.88 5248.01 66.01 1.32
Iteration Number 100:

GA: 5477.54 5897.52 5109.95 127.38 1.87

SA: 6396.33 7905.16 5182.79 645.54 0.10

PSO: 8104.93 9884.62 6508.74 725.32 4.57

TS: 5871.55 7449.99 5089.24 485.76 1.00

ACO: 5327.76 5392.92 5209.44 43.61 2.65

Table 5.5: Experiment results for the instance with 30 vertices
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Average Value | Max Value | Min Value | Standard Deviation | Running Time

Iteration Number 30:

GA: 8512.7510 8857.5780 | 8238.3010 207.2454 0.5881

SA: 10627.9700 | 12886.6100 | 9071.3120 811.1912 0.0351

PSO: 18721.4200 | 21634.2500 | 15637.3300 1502.2850 1.8398

TS: 9277.4980 11570.6100 | 8172.8470 658.0425 0.4311

ACO: 7942.8000 8192.1610 | 7631.5290 109.6624 1.1468
Iteration Number 50:

GA: 8417.2780 8768.6450 | 8207.0250 177.4348 0.9752

SA: 10178.3400 | 11977.4800 | 8201.9290 734.0437 0.0569

PSO: 17492.1200 | 21394.1100 | 14480.8000 1404.8780 3.0807

TS: 8953.0470 10363.1300 | 7869.6110 584.7266 0.7111

ACO: 7828.2380 8113.7690 | 7490.8510 118.3647 1.8924
Iteration Number 100:

GA: 8353.6770 8564.1840 | 8141.7140 113.8208 1.9207

SA: 9934.0700 11717.6300 | 7902.6340 875.6051 0.1117

PSO: 15324.1600 | 19457.6500 | 12242.7100 1443.6570 6.1287

TS: 8859.0920 10364.8500 | 7789.6710 604.3225 1.4307

ACO: 7687.5530 7849.7550 | 7533.4330 70.6487 3.8650

Table 5.6: Experiment results for the instance with 40 vertices

Average Value | Max Value | Min Value | Standard Deviation | Running Time

Iteration Number 30:

GA: 14748.3400 | 15092.8300 | 13965.3500 247.9989 0.6039

SA: 18729.2100 | 22559.2800 | 15527.2800 1359.3280 0.0385

PSO: 32413.3200 | 38511.4300 | 27231.1300 2141.4860 2.4648

TS: 15489.5600 | 18277.1900 | 13478.0200 901.5592 0.5850

ACO: 13282.7400 | 13957.3700 | 12408.2100 260.8826 1.5673
Iteration Number 50:

GA: 14416.6000 | 14919.5700 | 13541.8900 333.0463 0.9908

SA: 17612.5000 | 20912.5300 | 14683.4700 1284.0710 0.0622

PSO: 29955.6900 | 37545.5000 | 24540.1700 2637.1680 4.0649

TS: 14787.3300 | 16644.2400 | 13314.2100 737.5127 0.9652

ACO: 13074.3800 | 13475.8200 | 12459.6400 226.1355 2.5905
Iteration Number 100:

GA: 13819.9800 | 14842.3400 | 12868.6200 471.0468 1.9844

SA: 16833.5700 | 20574.9900 | 13460.0800 1186.5610 0.1213

PSO: 26392.8300 | 33295.4000 | 20089.7500 2547.3040 8.0708

TS: 14581.8500 | 16206.2600 | 13216.5000 644.1055 1.9513

ACO: 12472.5800 | 12763.8600 | 12195.5700 110.0858 5.1760

Table 5.7: Experiment results for the instance with 50 vertices
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Average Value | Max Value | Min Value | Standard Deviation | Running Time
Iteration Number 30:
GA: 87627.20 90337.09 | 82442.53 1815.97 0.73
SA: 147811.70 166967.80 | 120740.00 9644.16 0.06
PSO: 352055.10 407250.30 | 295119.10 22217.54 6.99
TS: 100208.70 115845.90 | 82337.77 6873.94 1.64
ACO: 83037.29 86364.09 | 79360.62 1580.93 4.45
Iteration Number 50:
GA: 85416.67 89734.32 | 80277.71 2203.74 1.21
SA: 133627.70 154046.40 | 114187.80 8839.96 0.09
PSO: 332587.60 378245.10 | 289756.20 19814.25 11.59
TS: 95959.24 109807.70 | 82414.01 6043.65 2.73
ACO: 82305.71 85506.49 | 77471.84 1385.70 7.40
Iteration Number 100:
GA: 81955.25 88002.88 | 76412.31 2125.15 2.40
SA: 119914.10 146227.90 | 96907.38 8527.05 0.18
PSO: 301642.00 340973.90 | 255877.10 18313.65 23.06
TS: 92914.09 108651.10 | 81777.86 6064.40 547
ACO: 78474.57 80792.17 | 74990.68 1294.67 14.86

Table 5.8: Experiment results for the instance with 100 vertices

Average Value | Max Value | Min Value | Standard Deviation | Running Time
Iteration Number 100: 6396.33 7905.16 5182.79 645.54 0.10
Iteration Number 200: 6089.33 7655.79 5089.24 478.83 0.21
Iteration Number 300: 5977.45 7410.86 5230.21 491.31 0.31
Iteration Number 500: 5879.41 7879.25 5089.24 510.48 0.51
Table 5.9: Experiment results for the instance with 30 vertices for the SA method with different
iterations
Average Value | Max Value | Min Value | Standard Deviation | Running Time
Iteration Number 100: 16833.57 20574.99 | 13460.08 1186.56 0.12
Iteration Number 200: 16274.70 19311.88 | 13925.50 1129.99 0.24
Iteration Number 300: 15778.70 19850.15 | 13464.15 1080.12 0.36
Iteration Number 500: 15435.06 18217.95 | 12799.65 1002.67 0.59

Table 5.10: Experiment results for the instance with 50 vertices for the SA method with different

iterations
Average Value | Max Value | Min Value | Standard Deviation | Running Time
Iteration Number 100: 119914.10 146227.90 | 96907.38 8527.05 0.18
Iteration Number 200: 112737.10 132484.50 | 92907.76 7591.20 0.35
Iteration Number 300: 109564.70 128814.40 | 89164.08 7787.23 0.52
Iteration Number 500: 104423.50 128507.40 | 84340.42 8072.78 0.87

Table 5.11: Experiment results for the instance with 100 vertices for the SA method with different
iterations
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Average Value | Max Value | Min Value
ACO: 12472.58 12763.86 | 12195.57
AC Local: 13870.40 15973.55 | 12469.34

Table 5.12: Comparison of results for two ACO algorithms. Correspond to Figure 3.14

Average Value | Max Value | Min Value | Standard Deviation | Running Time
Vertex Number 20: 1110.65 1104.81 1127.37 8.23 1.58
Vertex Number 30: 5327.76 5209.44 5392.92 43.61 2.65
Vertex Number 50: 12472.58 12195.57 | 12763.86 110.09 5.18
Vertex Number 100: 34087.37 32543.18 | 35263.06 494.67 15.00

Table 5.13: Experiment results for ACO running the test instances for new heuristics, correspond-
ing for Figure 4.5 to Figure 4.8

Average Value | Max Value | Min Value | Standard Deviation | Running Time
Vertex Number 20: 1104.81 1104.81 1104.81 0 20.88
Vertex Number 30: 5194.75 5089.24 5305.45 66.57 28.11
Vertex Number 50: 12297.16 12051.85 | 12757.56 146.88 46.96
Vertex Number 100: 3193591 30768.41 | 33100.52 411.89 119.77

Table 5.14: Experiment results for the algorithm of P System running in sequential

Average Value | Max Value | Min Value | Standard Deviation | Running Time
Vertex Number 20: 1104.81 1104.81 1104.81 0 13.39
Vertex Number 30: 5230.40 5089.24 5365.99 68.90 18.82
Vertex Number 50: 12296.86 12037.95 | 12830.64 168.65 34.76
Vertex Number 100: 31918.81 31220.30 | 33071.37 385.95 95.41

Table 5.15: Experiment results for the algorithm of P System running in parallel

Average Value | Max Value | Min Value | Standard Deviation | Running Time
Vertex Number 20: 1104.81 1104.81 1104.81 0 32.20
Vertex Number 30: 5236.78 5139.27 5287.45 30.90 133.98
Vertex Number 50: 12430.55 12110.70 | 12674.19 92.72 270.06
Vertex Number 100: 34090.67 32863.00 | 34677.42 348.77 1508.45

Table 5.16: Experiment results for the algorithm of VND based on ACO2 running in sequential
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Average Value | Max Value | Min Value | Standard Deviation | Running Time
Vertex Number 20: 1104.81 1104.81 1104.81 0 5.59
Vertex Number 30: 5235.51 515351 5288.03 32.76 21.68
Vertex Number 50: 12425.76 12206.42 | 12609.79 86.53 47.80
Vertex Number 100: 34030.27 32059.98 | 34877.54 440.05 246.20

Table 5.17: Experiment results for the algorithm of VND based on ACO2 running in parallel

Average Value | Max Value | Min Value | Standard Deviation | Running Time
Vertex Number 20: 1104.81 1104.81 1104.81 0 3.29
Vertex Number 30: 5261.42 5109.95 5322.59 41.59 29.75
Vertex Number 50: 12386.70 12144.32 | 12588.29 91.04 52.46
Vertex Number 100: 33123.00 31591.22 | 34086.87 482.83 102.95

Table 5.18: Experiment results for the algorithm of VND based on ACO1 running in sequential

Average Value | Max Value | Min Value | Standard Deviation | Running Time
Vertex Number 20: 1104.81 1104.81 1104.81 0 0.46
Vertex Number 30: 5261.42 5121.31 5315.30 37.61 2.89
Vertex Number 50: 12391.44 12174.16 | 12585.98 88.22 5.01
Vertex Number 100: 33029.69 31932.28 | 34069.08 475.91 11.03

Table 5.19: Experiment results for the algorithm of VND based on ACO1 running in parallel

Average Value | Max Value | Min Value | Standard Deviation | Running Time
Vertex Number 30: 6471.82 7509.74 5413.27 485.03 1.22e-04
Vertex Number 50: 16227.11 19316.47 | 13831.50 1078.50 5.08e-04
Vertex Number 100: 968533.60 118179.50 | 863934.40 6257.26 1.26e-03

Table 5.20: Experiment results for ILS
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