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This paper studies a sequence-dependent scheduling problem incorporating order delivery,
motivated by satellite imaging scheduling. A set of jobs is to be processed on a single
machine and each job belongs to a specific group. The completion time of a group is the
moment when all jobs belonging to this group are completed. The problem is to determine
a processing sequence of the jobs such that the sum of weighted completion times over all
groups is minimized. We present a binary integer program to formulate the studied prob-
lem and then develop an O(n22n) dynamic programming algorithm for determining optimal
solutions. To produce approximate solutions within an acceptable time, we design a tabu
search algorithm, an iterated local search algorithm and a genetic algorithm. Computa-
tional experiments are conducted to study the performance of the integer program and
the solution algorithms. Numerical statistics suggest that the binary integer program can
reach optimal solutions faster than the integer program existing in the literature, and
the iterated local search algorithm outperforms other approaches when the number of jobs
increases.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

This paper considers a single-machine scheduling problem with sequence-dependent setups and order deliveries. In most
scheduling problems, the identities adopted in the objective functions are jobs, which may consist of several tasks or oper-
ations. The concept of order delivery lies in the fact that many applications define the objective functions in terms of higher-
level entities through aggregation. In the scheduling problem addressed here, jobs belonging to the same order or group will
be delivered in a single batch, and the objective function considers order/group completion times instead of job completion
times, the latter are commonly adopted in the scheduling literature. An order is fulfilled when the last job of it is completed,
i.e. the order completion time is equal to the completion time of the last job in this order. All jobs, from several different
orders, are processed in a single-machine scheduling environment. A sequence-dependent setup time exists between any
two consecutive jobs, and the job processing times are negligible. The objective is to determine a job processing sequence
so as to minimize the sum of weighted completion times over all groups.

The problem setting originates from a simplified model of satellite imaging scheduling, although implications in many
other areas are also admissible. In the scheduling problem of satellite imaging, several requests/orders of various numbers
of photographs or observations need to be fulfilled via satellite imaging operations. Each order consists of several photos to
take and is associated with a weight that characterizes the importance or the degree of urgency. At the completion of a pho-
tographing task, the satellite should adjust the imaging angle of the camera for the next observation spot. Such alternation of
camera angle requires great accuracy with technical concerns, and takes a much longer processing time compared with the
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photo shooting time. Therefore, sequence-dependent setup times are indispensable between any two consecutive imaging
operations, while the photographing time may be ignored. Various institutions may place orders of their own interests. The
objective is to accomplish all requests according to a photographing schedule that minimizes the sum of weighted comple-
tion times over all orders.

In the domain of NASA’s Earth Observing Systems [27,31,32], several critical scheduling issues arise due to the scarcity of
resource. For assigning communication tasks to relay satellites, Wolfe and Sorensen [33] propose a priority dispatch heuristic
and a look ahead heuristic to generate solutions (permutations of tasks) that serve to form the initial population of genetic
algorithm for further improvements. A recent paper by Wang et al. [30] also addresses the scheduling problem of commu-
nication tasks of data acquisition in the satellite management domain. Lemaitre et al. [21] propose and study the selection
and scheduling problem of multiple earth observation satellites. A greedy algorithm, a dynamic programming algorithm, a
constraint programming approach and a local search method are adopted for a simplified model. Lin et al. [22] consider
imaging scheduling incorporating reward opportunities, changeover setups, cloud coverage, and the availability of the space-
craft resource. Lagrangian relaxation, linear search and tabu search are deployed to deal with the scheduling problem. Bian-
chessi et al. [4] consider an imaging setting that involves multiple satellites, multiple users and multiple orbits. Tabu search
is adopted to provide approximate solutions, which are evaluated through upper bounds generated by a column generation
procedure. The problem setting considered in this paper is a deterministic model of imaging scheduling with the new feature
of order delivery, which is commonly adopted in scheduling theory and applications.

The studied model may also be adopted by some other applications under different scenarios, such as in vehicle routing
problems (VRP). Sequence-dependent scheduling has direct links to the traveling salesman problem (TSP) [17]. The custom-
ers to be served may actually belong to different companies, and the service provided to a company is fulfilled only when all
the subsidiary sites of that company are served. In addition, such concept involving change-over setup costs with batch
delivery may also be applied as a variation of the traveling salesman problem. If the constraint of the order delivery is re-
moved, the studied problem is equivalent to the classical deliveryman problem or the minimum latency problem, which
determines the node sequence attaining the objective of minimizing the sum of completion times of nodes on the network.
Nevertheless, incorporation of order delivery is essential to certain practical applications. For example, an order may make
sense to a customer only when all of the components are accomplished; or some orders may have a much higher degree of
urgency than the rest of the orders. Some other transportation problems, such as VRP, also incorporate the concept of order
delivery in order to capture and interpret complicated down-to-earth problems in the real world.

In this paper, we denote the studied problem by the TSP-WOCT (Weighted Order Completion Times). The TSP-WOCT con-
joins the classical deliveryman problem with batch delivery scheduling on a single machine to compose a novel model. The
deliveryman problem is similar to the well-known traveling salesperson problem with a difference in the objective func-
tions. The total delay over all nodes is deliberated in the deliveryman problems while the TSP considers only the total length.
The TSP is studied from an aspect of internal efficiency and the deliveryman problem is focused instead on customer satis-
faction. It is interesting that deliveryman problem has been studied under different titles, such as ‘‘the traveling repairman
problem’’ [1,15] and ‘‘deliveryman problem’’ [11,24]. Some recent researches about the minimum latency problems actually
cope with the same problems [5,34]. The minimum latency problem is known to be NP-hard. It can be solved in polynomial
time for some specific graphs, such as paths [1,15], edge-unweighted trees [24], tree of diameter three [5]. Wu et al. [35]
propose an exact algorithm by applying a dynamic programming algorithm along with a branch and bound technique for
small-scale problem instances. In addition, some researches develop approximation algorithms and analyze their perfor-
mances [2,16].

In scheduling problems with sequential batch processing, jobs are grouped into batches and processed contiguously. A
batch is completed whenever the jobs in the batch are all completed, and jobs of the same batch have a common completion
time. For most scheduling problems, objective functions are defined in terms of job completion times. Some researches on
the other hand focus on the concept of batch delivery and study objective functions that consider batch delivery times.
Cheng and Kahbacher [8] first consider the single-machine scheduling problem with the objective function of the sum of
weighted batch delivery times and the objective function of the sum of total weighted earliness and a batch delivery penalty,
depending on the number of batches. Cheng and Gordon [6] solve the general version of the single machine with batch deliv-
ery scheduling problem by a dynamic programming algorithm. Cheng et al. [7] later prove the strong NP-hardness of the
minimization of weighted batch delivery times and propose polynomial algorithms for two restricted cases. Cheng et al.
[9] propose another objective function to the batch delivery scheduling problem by minimizing the total weighted earliness
and mean batch delivery time. Yang [36] studies the single machine scheduling problems with generalized batch delivery
dates and earliness penalties and prove the problems to be strongly NP-hard. Ji et al. [19] consider a scheduling problem with
batch delivery to minimize the sum of weighted flow times and delivery cost. For a parallel-machine setting, Wang and
Cheng [29] give NP-hardness proofs and develop a dynamic programming algorithm for producing optimal solutions. Tian
et al. [28] investigate the same setting by designing and analyzing on-line algorithms. Yin et al. [37–39] incorporate batch
deliveries into scheduling problems with the decision of due-date assignment. Combining batch delivery in the scheduling
context with sequence-dependent setup times and the application of satellite imaging, this paper formulates and studies the
scheduling problem as the latency TSP with order delivery.

The rest of this paper is organized as follows. In Section 2, we formally define the studied scheduling problem. A binary
integer programming model will be presented to describe the problem. Section 3 develops an exact algorithm based on the
dynamic programming approach. A special case is also investigated. In Section 4, we design a tabu search algorithm, an



60 B.M.T. Lin et al. / Applied Mathematics and Computation 222 (2013) 58–71
iterated local search algorithm and a genetic algorithm to produce approximate solutions. Section 5 is dedicated to a com-
putational study to evaluate the performance of the proposed algorithms. Conclusions and suggestions for further research
are addressed in Section 6.

2. Problem formulation and mathematical model

In this section, we give formal statements of the scheduling problem and present mathematical models to describe the
problem.

Formally, the TSP-WOCT can be described from the perspectives of scheduling theory as follows. There are K orders
O = {O1,O2, . . . ,OK} to be processed on a single-machine. Each order Ok, 1 6 k 6 K consists of nk jobs and has a non-negative
weight wk. Let n1 + n2 + � � �+nK = n and N =

SK
k¼1Ok = {J1, J2, . . . ,Jn} denote the set of all jobs of the K orders. The processing time

of any job of N is negligible. A non-negative sequence-dependent setup time dij is required if job Jj is the immediate successor
of job Ji, regardless of which orders they belong to. A dummy job J0 is introduced to specify the machine status for defining
the setup required by the job scheduled first. Given a processing sequence of all jobs, the completion time Ck of order Ok is
the moment when the last job of Ok is finished. The objective is to determine a permutation of the jobs, which minimizes the
sum of weighted completion times

PK
k¼1wkOk. In this paper, node, job and city are used interchangeably for describing the

basic elements of our scheduling problem.
Example: There are five jobs J1, J2, J3, J4, J5 belonging to two orders, O1 = {J1, J2, J3} and O2 = {J4, J5}. Order weights are w1 = 8

and w2 = 5, and sequence-dependent setups are given in the following table.
dij
 J1
 J2
 J3
 J4
 J5
J0
 3
 5
 2
 3
 4

J1
 0
 3
 8
 6
 2

J2
 10
 0
 4
 2
 12

J3
 7
 6
 0
 8
 5

J4
 9
 4
 7
 0
 7

J5
 13
 5
 11
 4
 0
Consider the processing sequence S ¼ J2J1J4J3J5. The completion times of the jobs are 5, 15, 21, 28 and 33, respectively. The
completion times of order O1 and orderO2 are subsequently C1 = 28 and C2 = 33, respectively. The total weighted completion
time is calculated as 8 � 28 + 5 � 33 = 389.

In Fischetti et al. [11], an elegant integer programming formulation was proposed for the latency TSP. In this model,
integer variable xij is used to indicate the inclusion status of the arc from city i to city j. If xij = 0 then arc (i, j) is not used.
If xij = n � k + 1, then it is the kth arc in the Hamiltonian tour. The model uses O(n2) integer variables and O(n2) constraints.
The model is shown below for a comparison with the models presented for the TSP_WOCT.

IP_Latency_TSP
Minimize Z ¼
Xn

i¼1

Xn

j¼1

xijdij
Subject to
Xn

j¼1

yij ¼ 1; 1 6 i 6 n; ð1Þ

Xn

i¼1

yij ¼ 1; 1 6 j 6 n; ð2Þ

yij 2 f0;1g; 1 6 i; j 6 n; ð3Þ

Xn

i¼1

xi1 ¼ 1; ð4Þ

Xn

i¼1

xik �
Xn

j¼1

xkj ¼
1� n if k ¼ 1;

1 if 2 6 k 6 n

�
ð5Þ

xij P 0; 1 6 i; j 6 n; ð6Þ
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xij 6 rijyij; 1 6 i; j 6 n; ð7Þ
where rij ¼
1; if j ¼ 1;
n; if i ¼ 1;
n� 1; otherwise:

8<
:

Program IP_Latency_TSP developed by Fischetti et al. [11] has been widely adopted in the literature for researches on TSP-
related subjects because it provides theoretical structures that facilitate the development of approximation algorithms and
lower bounds. In this paper, we consider another approach for formulating the latency problem. The necessity for developing
a new integer program is due to the fact that knowing the position of an arc (i, j) in a Hamiltonian cycle does not reveal
sufficient information for calculating the contribution that arc (i, j) makes to the objective function of total weighted order
completion time.

In the new formulation, we use binary variable xijl, 0 6 i 6 n; 1 6 j 6 n; 1 6 l 6 n, to indicate whether arc (i, j) from job Ji

to job Jj is the lth edge in the TSP sequence. Recall that dummy job J0 will be scheduled first so that job index i will start from
0. A total of n arcs rather than n � 1 are selected to compose a complete solution.

BIP_Latency_TSP
Minimize Z ¼
Xn

i¼1

Xn

j¼1

Xn

l¼1

ðn� lþ 1Þxijldij
Subject to
Xn

j¼1

x0j1 ¼ 1; ð8Þ

Xn

i¼1

Xn

j¼1

xijl ¼ 1; 2 6 l 6 n; ð9Þ

Xn

j¼1

Xn

l¼2

xijl ¼ 1; 1 6 i 6 n; ð10Þ

Xn

i¼1

Xn

l¼1

xijl ¼ 1; 1 6 j 6 n; ð11Þ

Xn

i¼0

xijl ¼
Xn

i¼1

xjiðlþ1Þ; 1 6 l 6 n� 1; 1 6 j 6 n; ð12Þ

xijl 2 f0;1g; 0 6 i 6 n; 1 6 j; l 6 n; ð13Þ
In the binary integer program BIP_Latency_TSP, constraints (8)–(13) do not explicitly embed the contribution of each arc
into the decision variable xijl. Therefore, the actual contribution of the lth arc is calculated in the objective function as the arc
cost multiplied by n � l + 1. Constraints (8–11) are self-explanatory. Constraints (12) indicate that each job Jj is the start node
of the lth arc if and only if it is the end node of the (l + 1)th arc. In our formulation, O(n3) decision variables and O(n2) func-
tional constraints are involved. Compared with IP_Latency_TSP, our model BIP_Latency_TSP uses more decision variables.
But this is compensated by the use of binary variables instead of integer ones. Another merit is the applicability to the sched-
uling problem with batch deliveries.

With the new binary integer program, we can accordingly design a binary integer program of the TSP-WOCT in the fol-
lowing. Auxiliary variables tj are used to specify the completion time of job Jj, and variable Ck denotes the completion time of
order Ok.

Problem TSP-WOCT
Minimize Z ¼
XK

k¼1

wkCk
Subject to
Constraints (8)–(13)
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tj þ 1�
Xn

i¼0

xijl

 !
M P

Xn

u¼0

Xn

v¼1

Xl

r¼1

xuvrduv ; 1 6 l 6 n; 1 6 j 6 n; ð14Þ

Ck P tj; Jj 2 Ok; ð15Þ

tj P 0; 1 6 j 6 n; ð16Þ
In the above formulation, constraints (14) confine the completion time of job Jj, depending on if Jj is the end node of the lth
arc. The variable M is a big number, as chosen appropriately. For example, we can set M ¼

Pn
j¼1max06i–j6nfdijg. If xijl = 1, then

tj is the accumulated setup times before its processing. On the other hand, when xijl = 0, tj could be set to an arbitrary non-
negative number. Constraints (15) are given for retrieving the completion times of all orders. This program also uses O(n3)
decision variables and O(n2) functional constraints.

3. Dynamic programming and a special case

In this section, we discuss a special case that can be solved in polynomial time. For the general NP-hard problem, a dy-
namic programming algorithm will be developed for producing optimal solutions.

The latency TSP has been known to be NP-hard. The time required for producing optimal solutions to the latency TSP in-
creases exponentially when the problem size increases. The latency TSP is a special case of the TSP-WOCT where each order
consists of exactly one job. In general, the TSP-WOCT is at least as hard as the latency TSP. Still, we seek to find a systematic
way for generating optimal schedules to the TSP-WOCT. In this paper, we adopt the dynamic programming approach, which
is one of the most widely adopted implicit enumerative methods. Following the standard design technique, Wu et al. [35]
develop a dynamic programming algorithm for the minimum latency problem. The completion times of interest in the
TSP-WOCT is calculated over orders. As the two problems demonstrate several similar features, we adopt the dynamic
programming approach to develop an exact solution method for the TSP-WOCT. The dynamic programming algorithm is
described in the following. Notation used in the algorithm is defined first.

Notation

� N0 # N: a subset of scheduled jobs;
�
Q

Jj ;N
0 : the set of all sequences of jobs of N

0
with job Jj e N

0
scheduled last;

� SðN0; JjÞ: a particular sequence in
Q

Jj ;N
0 ;

� LðSðN0; JjÞÞ: the length of sequence SðN0; JjÞ.

� hðN0Þ: the subset of orders that are already completed in N
0
;

� CkðSðN0; JjÞÞ: the completion time of order Ok in SðN0; JjÞ for Ok 2 hðN0Þ;
� For partial sequence SðN0; JjÞ, define its contribution to the objective function by
WðSðN0; JjÞÞ ¼
X

Ok2hðN0Þ

wkCkðSðN0; JjÞÞ þ LðSðN0; JjÞÞ �
X

Ok2OnhðN0 Þ

wk:
The first part is the weighted cost already incurred for completed orders, and the second part reflects the cost that the
sequence will incur to the unfinished orders.

With the above notation, we can then design a dynamic programming algorithm. For each subset N
0
and job Jj e N

0
, define

function
f ðN0; JjÞ ¼ min
SðN0 ;JjÞ2

Q
N0 ;Jj

fWðSðN0; JjÞÞg:
The value of f(N
0
, Jj) can be computed by a recursive formulation of the values f ðN0 n fJjg; JiÞ for all jobs Ji 2 N0 n fJjg. The

dynamic programming algorithm is given as follows:
DP_WOCT:
Initial conditions:
f ðN0; JjÞ ¼
0; if N0 ¼ fJ0g and j ¼ 0;

1; otherwise:

�

Recursion:
f ðN0; JjÞ ¼ min
Ji2N0nfJjg

f ðN0 n fJjg; JiÞ þ dij �wa þ dij �
X

Oi2hnhðN0 Þ

wk

8<
:

9=
;;�
where wa ¼ wk; if the order Ok containing job Jjis a subset of N0

0; otherwise
.
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Goal:
Determine minJj2Nff ðN; JjÞg:
Regardless of whether or not job Ji finishes the order it belongs to, when Ji is appended to the partial sequence corre-

sponding to f ðN0 n fJjg; JiÞ, an extra cost of dij �
P

Oi2hnhðN0 Þwk is introduced to the remaining unfinished orders. The initial
condition f({J0}, J0) = 0 is defined as the boundary of recursion. The dynamic program has O(n2n) states, each of which
can be computed in O(n) time if

P
Oi2OnhðN0 Þwk for each N0 # N is known in advance. Therefore, the overall computing time

is O(n22n).
While the general version of the studied problem is NP-hard, we consider a restricted case where the setup time for each

job Jj, 1 6 j 6 n, is independent of its predecessor, i.e. dij = dj. Denote this case by TSP-WOCT dij ¼ dj. In this case, we can treat
the setup time for each job as its processing time as in classical scheduling theory.

Lemma 1. In an optimal schedule of TSP-WOCT dij ¼ dj, except for the job processed first, jobs belonging to the same order are
scheduled consecutively.
Proof. Consider an optimal schedule that does not satisfy the conditions of the lemma. Let order Ok be the first com-
pleted order whose jobs are not processed in consecutive positions. We shift all jobs, possibly excluding the job in
the first position, of order Ok right to the positions immediately preceding the last job of this order. It is evident that
the completion time of any order will not increase. The validity can be established through repeated applications of
the above argument. h

Let Pk ¼
P

Jj2Ok
dj denote the total processing length of order Ok. By assigning a specific job Jj to the first position, all the

remaining jobs of N0 n fJjg can be scheduled order by order. Therefore, each order can be considered as a composite job. In
single-machine scheduling of minimizing the total weighted completion time, an optimal schedule can be obtained by
sequencing the jobs in non-decreasing order of the ratios of job processing time and job weight [25].

Lemma 2. Given a job fixed in the first position, there is an optimal schedule of TSP-WOCT dij = dj that schedules the orders by the
WSPT (weighted shortest processing time) rule, where Pk of order Ok are calculated on the basis that the first job is excluded.
Proof. By Lemma 1, an order can be regarded as an aggregate job without interruption of the processing of its jobs, except
for possibly the job in the first position. Under the condition of dij = dj, the processing length of order Ok is the total setup time
required for its jobs, i.e. Pk ¼

P
Jj2Ok

dj. Therefore, scheduling of n � 1 jobs reduces to scheduling of K orders, each order Ok of
which is characterized by processing length Pk and weight wk. The WSPT rule thus applies. h
Theorem 1. The TSP-WOCT dij = dj problem is solvable in O(n log n) time.
Proof. Consider the WSPT sequence of the K orders and calculate its total weighted completion time. Select a job, remove it
from its order and schedule it as the first job in a solution. By a preprocessing procedure, re-calculating the objective function
value can be done in constant time. Therefore, the overall time complexity is O(n log n). h
4. Approximation approaches

Since the TSP-WOCT is NP-hard, the running time required for producing optimal solutions will grow exceedingly fast as
the problem size increases. Although a dynamic programming algorithm was developed in the previous section, it is imprac-
tical for implementation because the required memory and computing time are not affordable when the problem size is
large. In this section we consider several approximation methods that can produce quality solutions in a reasonable time.
The approximation algorithms include local search, tabu search, genetic algorithm and iterated local search.
4.1. Local search

Local search or steepest descent starts with an initial solution and moves to a better solution, if available, within a defined
neighborhood. This process is repeated until no further improvement is possible. The advantages of local search include
simplicity and intuition in design as well as implementation. In this paper, we use a greedy method to construct an initial
solution by selecting the shortest outbound arc that emits from the current node at each step. We adopt 2-Opt and
2-Exchange to define the neighborhoods of the employed local search algorithm. The two approaches are denoted by
LS-2OPT and LS-2EX, respectively.
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4.2. Tabu search

The tabu search approach was first proposed by Glover [12,13] and has been used to solve numerous hard combinatorial
optimization problems. The principle of tabu search is to impose some restrictions so as to guide a search course to cover a
wide range of candidate solutions and to avoid being trapped by local optima [14]. In the search process, it usually starts
from a selected initial solution S0 and generates a set of neighbors {S

0
} by a heuristic swapping. The objective value is eval-

uated for each neighbor S
0
and the best neighbor solution replaces the current solution. The next iteration will be triggered

based on the current solution. The procedure is repeated until certain stopping conditions are satisfied. Moreover, a ‘‘tabu
list’’, the essence in tabu search, is maintained in order to avoid cycling in the search process. A tabu list contains solutions
that have been considered as a ‘‘current solution’’ in the recent iterations. The size of a tabu list is defined according to some
experiential rules. For different designs customized to various problems, specific features of implementations need to be
articulated. In what follows, we describe the major components of our tabu search algorithm.

4.2.1. Initial solution
The initial solution is constructed by a greedy method, same as that used by LS-2OPT and LS-2EX.

4.2.2. Neighborhood structure
We also adopt the two types of swaps, 2-Opt and 2-Exchange, for defining the neighborhood structure, and the resulting

tabu search algorithms are denoted by TS-2OPT and TS-2EX, respectively. It is more likely to locate the global optimum if the
size of neighbor structure is larger; the running time nevertheless will on the other hand increase. Therefore, we determine
the size of the neighborhood through preliminary computational experiences to compromise the quality of the obtained
solutions and the elapsed execution time.

4.2.3. Selection of the best neighbor and tabu list
In the search process, a set of neighbors of the current solution is generated during each move session. First, we compute

the objective value for each neighbor and record it in the memory. Second, these objective values are sorted in non-decreas-
ing order. Then we can easily locate the best eligible neighbor solution. Moreover, we check the tabu list in order to prevent
the search from cycling. If the best neighbor solution is already in the tabu list, we will skip the solution and choose the next
neighbor with the best objective value among the rest of all neighbors. Finally, the selected neighbor solution replaces the
current one and is recorded in the tabu list in order to avoid being revisited in its tabu tenure.

The size of the tabu list can be fixed or variable. In particular, we adopt the fixed size strategy in our implementation and
the size is set to be seven based on a preliminary study. When the tabu list is full and a new solution is selected, the earliest
solution recorded in the tabu list will be deleted and this new solution will be appended into the list. Therefore, the tabu list
is maintained by a queue with the first-in-first-out mechanism.

4.2.4. Aspiration criterion
The aspiration criterion is introduced to let a tabu search algorithm probe diversified regions of the solution space for

locating better solutions. It is used to determine when the tabu restriction can be overridden. Our search procedure utilizes
the standard form of aspiration criterion, called ‘‘global aspiration’’, in which the search process overrides the restriction of
the tabu list when the new solution encountered is better than the incumbent.

4.2.5. Local search
Since the tabu search approach uses a random sampling method in creating a set of neighbor solutions, its performance

may exhibit fluctuations. Therefore, we embody a deterministic method to make its performance more consistent in the exe-
cution course. When it reaches a solution that is better than the incumbent, the local search method is invoked. Using this
design, we can guarantee that the solution found by our tabu search method is the best solution in its local neighborhood
area.

4.2.6. Stopping criterion
We adopt a simple stopping criterion. The search process is terminated after a certain number of iterations. The number

of iterations is determined by preliminary experiments. We will introduce the details in the next section.

4.3. Genetic algorithm

In the early 1970s, Holland [18] introduces the concept of genetic algorithms (GA) borrowing the principle of evolution
from the nature. The result of such a simulation is a series of optimization algorithms, usually based on a simple set of rules.
These algorithms iteratively improve the quality of solutions and finally produce near-optimal ones. Merits of genetic algo-
rithms include simplicity for implementations, global search capability, and being adaptive to changing conditions in the
problem.

Despite of these advantages, genetic algorithms do not use unequivocal rules of how to search for the solutions, resulting
in a slower solution finding process. For this reason, we can adopt hybrid methods that combine genetic algorithms with
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other techniques. In this paper, a hybrid method combining genetic algorithm and local search is proposed. Local search
plays the role of the mutation operator in the proposed genetic algorithm. To prevent the algorithm from getting trapped
at the local optima, a head–tail crossover operator is used to enhance the capability for escaping from the local optima.
The algorithm consists of the following components.

4.3.1. Initialization
A population of chromosomes is generated in random. We evaluate the fitness of each chromosome. The size of popula-

tion is denoted by a.

4.3.2. Natural selection
Set the crossover probability Pc. Within each generation, a � (1 � Pc) chromosomes are selected to stay in the new pop-

ulation without crossover. Chromosome selection is based on their fitness values. The others that are not selected are going
to produce the offspring that can be added to the new population.

4.3.3. Reproduction
Randomly select a � Pc chromosomes from the current population and produce an offspring from each pair of the selected

individuals.

4.3.4. Mutation by local search
Set the mutation probability Pm. Choose a � Pm chromosomes randomly and improve on them by 2-Opt. The individuals

that stay in the new population by natural selection are always chosen. This can help the search process find the optimum
more quickly.

The followings describe the detail of each of the above steps.
Step 1. Initialization
Chromosome coding and representation are the most crucial to the design of genetic algorithms. It is not trivial to encode

the problem solution into a chromosome neither to design an easy-to-compute fitness function. Because the studied problem
is a variant of the TSP, we adopt the permutation representation to encode the chromosome. An example of a chromosome
with 7 genes is given by (2, 7, 5, 4, 3, 1, 6).

With the chromosome coding scheme, an initial population comprised of a chromosomes is generated. In order to in-
crease the diversity of the initial population and to avoid premature convergence to local optima, half of the members of
the initial population are produced in random, while the other half of the members are produced by a greedy method to en-
sure that there is fertile gene information existing in the population for evolution.

Step 2. Natural selection
We first set the crossover probability Pc. Following the notion of elitist strategy, from each generation we reserve the best

a � (1 � Pc) chromosomes, with reference to their fitness values, for inclusion into the next population without performing
crossover. The remaining a � Pc chromosomes are selected based on the selection probability and are subject to the cross-
over operation that would produce offspring. The selection probability is proportional to the merit of the fitness value. The
elitist strategy guarantees that the best chromosomes will not be dropped by stochastic errors

Step 3. Crossover in reproduction
Traditional local search can improve the quality of a solution by leading it to a local optimum, but it also lacks the

capability for further exploring other promising regions. Crossover operators provide a mechanism for the candidate
solutions to escape from the local optima. Consider two local optimal chromosomes, each of which contains quality
genes at some positions of the chromosome. It is beneficial to explore the uncharted region between local optima by
combining the two chromosomes because it is very likely that this region contains better solutions that have not yet
been explored.

In order to preserve the solution feasibility for the addressed problem, we propose a modified version of the head–tail
crossover (HTC) [20]. We illustrate the HTC by the following example. Let ga = (1, 3, 2, 4, 6, 5, 7) andgb = (2, 7, 5, 4, 3, 1, 6)
be the parent chromosomes. Denote the offspring to be generated by gc. We define the head of a chromosome as its first gene
and the tail the last gene. The HTC crossover will select the genes in ga from head to tail and the genes in gb from tail to head,
and combine them together to form the offspring gc. If the selected gene has been contained in the offspring, the HTC would
discard the selection and proceed to the next gene in the respective order. This crossover combination process can not only
avoid an infeasible solution but also retain the basic building blocks within the parent chromosomes. The algorithm of the
HTC crossover operator is given in the following pseudo codes.

Algorithm: head–tail crossover
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Parent chromosomes: ga = (a0,a1,a2, . . .,an-1), gb = (b0,b1,b2, . . .,bn-1);
Offspring chromosome: gc = (c0,c1,c2, . . .,cn-1).
Procedure crossover (ga, gb, gc)

begin
a_index = 0
b_index = n�1
c_head = 0
c_tail = n�1
round = 0
While round < n

begin
if (round mod 2) = 0 then

while ga[a_index] has existed in gc

a_index++
gc[c_head] = ga[a_index]
a_index++
c_head++

else
while gb[b_index] has existed in gc

b_index��
gc[c_tail] = gb[b_index]
b_index��
c_tail��
round++

end
end

Step 4. Mutation by local search
The mutation operator commonly used in the design of genetic algorithms plays the role of diversification strategy which

may enhance the diversity of the current population and avoids premature convergence. In our proposed hybrid method,
however, the mutation operator is implemented using the 2-Opt as aforementioned in local search and tabu search. The
2-Opt mutation operator leads the solutions to local optima which will be combined in the next generation by the head–tail
crossover for exploring other promising regions. As the design of crossover and mutation operators is different from that of
traditional genetic algorithms, the setting of parameter values, such as the crossover rate and the mutation rate, will be
determined based on preliminary experiments.

4.4. Iterated local search

Iterated local search (ILS), probably first due to Stützle [26], is a simple and powerful meta-heuristic that iteratively applies
local search to improve on the current solution. It has been applied to flow shop scheduling problems [26]. The motivation for
designing ILS is based on the observation that local search tends to get trapped in local optima. Two major mechanisms in ILS,
i.e. perturbation and acceptance criterion, are deployed to resolve this problem. Instead of restarting local search with a ran-
dom initial solution when the quality of the current solution cannot be improved further, perturbation is introduced to assist
local search escape from the local optimum by moving to a new neighbor solution which is then led to another local optimum
by the local search process. The acceptance criterion is used to determine which of the local optimal solutions should be re-
tained. The perturbation and acceptance procedures are iterated until the termination condition is satisfied. The following are
the pseudo codes of the ILS algorithm. For detail introduction, the reader is referred to Lourenço et al. [23].

Procedure Iterated Local Search
Let S0 be an initial solution.
Let S⁄ be the local optimum solution obtained by applying a local search process

on S0., i.e., S⁄ = LocalSearch (S0).
Repeat

S
0
= Perturbation (S⁄)

S
0⁄ = LocalSearch (S

0
)

If Z(S
0⁄)<Z(S⁄) then S⁄=S

0⁄and Z(S⁄) = Z(S
0⁄) /⁄ Acceptance Criteria ⁄/

Until termination condition is met
End
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Next, we describe the detail implementation of all operators used in the ILS algorithm to tackle the TSP-WOCT.
4.4.1. Initial solution
The initial solution is constructed by the greedy method, same as that used in the approximation algorithms noted in pre-

vious sections

4.4.2. Local search
In general, any local search algorithm can be used, but the choice will affect the solution quality obtained and the com-

putation time required by the ILS algorithm. Preliminary experimental results manifest that 2-Opt is better than 2-Exchange,
so we use 2-Opt to generate neighbor solutions in local search. For large-scale problems, the computing time for applying
local search is not acceptable. To handle this difficulty, we propose a simplified version called the best-improvement local
search algorithm. First, an edge (or, a pair of nodes) is randomly chosen. We examine all possibilities for swapping with this
edge and if one or more better neighbors are found, the one with the greatest improvement is retained.

4.4.3. Perturbation
The adoption of perturbation is important to iterated local search since it enables the search process to leave the local

optimum and find a good neighbor as the initial solution to be led to another local optimum that is better than the previous
one. For the studied problem, perturbation is a simple modification to the solution structure. It performs two instances of
swap-move and one instance of 2-Exchange. The swap-move swaps the jobs at positions i and i + 1, where i is randomly
selected.

4.4.4. Acceptance criterion
We consider the standard acceptance criterion that the ILS algorithm only accepts a local optimum that is better than the

one obtained in the previous iteration.

5. Computational experiments

This section is dedicated to appraisal on the efficiency and effectiveness of the proposed algorithms. We designed a series
of computational experiments. The algorithms were implemented in Java and tested on a personal computer with a Pentium
D 2.8 GHz CPU and 512 MB memory running Microsoft Windows XP. The test data were obtained by randomly generating
points with real value coordinates on a 100 � 100 square plane. The setup times between jobs are thereby defined as the
Euclidean distance (rounded to integer), and thus the setup times between two jobs are symmetric. Euclidean space is
adopted to reflect the application origin of satellite imaging scheduling.

To analyze the efficiency of our binary integer program, we use CPLEX to implement the two formulations IP_Latency_TSP
and BIP_Latency_TSP of the deliveryman problem presented in Section 2. For each problem size, five independent test in-
stances were randomly generated. The results are shown in Table 1. The row entitled ‘‘optimal’’ indicates the number of in-
stances for which optimal solutions were successfully found, out of the five independent runs. The row entitled ‘‘Avg Time’’
gives the average execution time over the five instances. It is clear that the binary formulation took a shorter execution time
than the integer program. Although the binary integer program is computationally faster than the integer program, we do
not claim its absolute superiority. As mentioned in Section 2, the integer program inherits good structures to facilitate
the deployment of other research techniques. Another merit of the BIP_Latency_TSP model is its applicability for modeling
the studied model involving batch deliveries.

The second part is to investigate the efficiency of the dynamic programming algorithm and the effectiveness of the pro-
posed approximation approaches. The number of orders was a given constant and the weight of each order wi was randomly
generated from the uniform interval [1,10]. All jobs were randomly assigned to the orders.

In the computational study, we used various numbers of jobsn and various numbers of ordersK. One hundred instances
were generated for each combination ofn and K, and the average performance from these one hundred independent runs was
presented as the computational result. The experiment analysis basically consists of three parts. The first part reports the
relative performance between the dynamic programming algorithm and all the tested approximation methods. Two perfor-
mance indices are used: the elapsed running time and the relative error. The relative error is defined as 100% � (apprx-opt)/
apprx, where opt and apprx respectively denote the objective values of the optimal solution and an approximate solution [3].
Due to the difficulty for the dynamic programming algorithm to report optimal solutions of large instances within a reason-
able time, the second and the third parts only consist of the performance comparisons among the three meta-heuristic ap-
proaches. Numerical statistics are summarized in Tables 2–9.

Small-scale instances include the combinations of n = 10, 14, 18, 20, 22, or 24 and K = 3 or 5. The computational results are
shown in Tables 2 and 3 with K = 3 and 5, respectively. The statistics include the average running times the different algo-
rithms required to solve each instance. Since the dynamic programming algorithm provided optimal solutions for these
small-scaled problems, we can compute the hit frequency and the error ratio of approximate solutions with reference to
the optimal ones as depicted in the tables. We observe that LS-2EX and LS-2OPT tend to be easily trapped in the local optima



Table 1
CPLEX implementations of IP_Latency_TSP and BIP_Latency_TSP.

n 8 10 12 14 16 18 20 22

IP BIP IP BIP IP BIP IP BIP IP BIP IP BIP IP BIP IP BIP

Optimal 5 5 5 5 0 5 0 5 0 5 0 5 0 5 0 5
Avg time 0.418 0.038 20.366 0.366 – 0.466 – 3.818 – 4.764 – 17.95 – 58.294 – 148.872

Table 4
Medium size, number of orders = 3.

n TS-2OPT GA ILS

Time Win Deviation (%) Time Win Deviation (%) Time Win Deviation (%)

30 5.17 72 0.13 3.27 52 0.42 1.58 62 0.49
40 5.84 37 0.67 15.05 25 0.76 3.80 61 0.61
50 6.48 22 1.25 20.47 16 1.52 7.68 66 0.43
60 7.23 14 2.12 34.96 10 2.28 13.39 77 0.22

Table 2
Small size, number of orders = 3.

n DP LS-2EX LS-2OPT TS-2OPT TS-2EX GA ILS

Time Time Hit Error
(%)

Time Hit Error
(%)

Time Hit Error
(%)

Time Hit Error
(%)

Time Hit Error
(%)

Time Hit Error
(%)

10 0.00 0.00 36 3.7 0.00 52 1.7 3.86 100 0.0 3.61 100 0.0 0.02 99 0.0 0.05 99 0.0
14 0.04 0.00 15 5.7 0.00 35 2.3 4.26 100 0.0 3.88 89 0.2 0.08 99 0.0 0.15 97 0.0
18 1.87 0.01 10 8.1 0.01 24 3.7 4.46 100 0.0 4.07 65 0.5 0.26 86 0.1 0.33 88 0.2
20 12.37 0.02 2 7.6 0.01 10 4.8 4.65 99 0.0 4.27 43 0.8 0.46 85 0.1 0.46 86 0.1
22 76.19 0.01 3 9.4 0.01 13 4.9 4.94 98 0.0 4.54 32 1.3 0.64 82 0.1 0.60 79 0.2
24 386.91 0.01 1 9.8 0.01 0 6.5 5.02 94 0.0 4.61 17 2.0 1.08 65 0.3 0.85 72 0.3

Table 3
Small size, number of orders = 5.

n DP LS-2EX LS-2OPT TS-2OPT TS-2EX GA ILS

Time Time Hit Error
(%)

Time Hit Error
(%)

Time Hit Error
(%)

Time Hit Error
(%)

Time Hit Error
(%)

Time Hit Error
(%)

10 0.00 0.00 33 4.0 0.00 53 1.5 3.92 100 0.0 3.67 100 0.0 0.02 99 0.0 0.06 99 0.0
14 0.04 0.00 13 5.6 0.00 32 2.3 4.37 100 0.0 4.01 94 0.1 0.10 98 0.0 0.17 94 0.1
18 1.86 0.01 2 8.6 0.01 11 4.5 4.72 100 0.0 4.32 61 0.6 0.35 87 0.1 0.38 91 0.1
20 12.08 0.02 4 7.9 0.01 5 5.2 4.78 100 0.0 4.39 54 0.5 0.58 91 0.0 0.56 86 0.2
22 75.78 0.01 4 5.9 0.01 6 9.3 5.27 100 0.0 4.80 24 1.4 0.97 70 0.2 0.74 77 0.3
24 395.02 0.01 1 9.7 0.01 3 6.2 5.00 89 0.0 4.61 25 1.6 1.52 61 0.3 0.91 72 0.3
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as compared to TS-2OPT, TS-2EX, GA and ILS. Consequently, the average hit frequencies and error ratios of LS-2EX and
LS-2OPT appear to be inferior to those of other approximation methods. In addition, if examining the computational results
in more detail, we may see the superiority of the 2-Opt strategy over the 2-Exchange strategy for constructing the neighbor-
hood structures in both the local search and tabu search approaches. This phenomenon is also evident in all of the other
experiments conducted in this research. It is worthwhile to further study the comparative performance of the two neighbor-
hood strategies applied in other contexts. In the remainder of the experiment, we used the TS_2OPT strategy as the
prevailing tabu search approach.

The numerical results in Tables 2 and 3 also evince that TS_2OPT has the highest hit frequency and the lowest error ratio
among all meta-heuristics for small-scale problems. TS_2OPT could report optimal solutions for most of the test cases, thus
achieving negligible error ratios. As the number of jobs (n) exceeds 18, the dynamic programming algorithm requires a com-
putation time significantly longer than all meta-heuristics. In particular, the error ratios resulted by TS-2OPT, GA, and ILS are
below 0.3 percents for all tested small size instances. This implies that the number of orders (K) does not substantially affect
the performance of these algorithms when the problem size is small.

Tables 4–6 exhibit the performances obtained through medium-scale instances, where the number of jobs (n) is set to 30,
40, 50, or 60, and the number of orders (K) = 3, 6, or 15. Since the dynamic programming algorithm failed to produce optimal



Table 5
Medium size, number of orders = 6.

n TS-2OPT GA ILS

Time Win Deviation (%) Time Win Deviation (%) Time Win Deviation (%)

30 5.55 60 0.22 6.08 32 0.46 1.90 55 0.74
40 6.46 27 1.04 18.76 23 1.16 4.62 55 0.71
50 6.82 23 1.64 34.93 16 1.89 9.22 63 0.48
60 7.58 14 3.13 60.92 9 3.915 15.99 84 0.25

Table 6
Medium size, number of orders = 15.

n TS-2OPT GA ILS

Time Win Deviation (%) Time Win Deviation (%) Time Win Deviation (%)

30 6.23 69 0.15 4.88 24 0.77 2.57 53 0.62
40 7.14 28 1.02 12.82 18 1.76 6.16 58 0.53
50 7.88 14 2.03 27.25 14 2.82 12.69 71 0.46
60 8.89 10 2.87 62.97 8 3.39 21.74 81 0.34

Table 7
Large size, number of orders = 6.

n TS-2OPT GA ILS

Time Win Deviation (%) Time Win Deviation (%) Time Win Deviation (%)

70 8.51 7 4.03 35.34 2 5.15 26.78 91 0.14
80 9.15 7 4.68 64.67 6 4.93 40.61 88 0.16
90 10.1 0 5.77 53.92 1 6.10 56.77 99 0.01
100 10.84 3 6.07 82.32 2 6.27 80.65 95 0.04

Table 8
Large size, number of orders = 15.

n TS-2OPT GA ILS

Time Win Deviation (%) Time Win Deviation (%) Time Win Deviation (%)

70 9.37 9 4.04 66.28 1 5.47 33.39 90 0.11
80 10.18 3 5.52 100.77 2 6.28 50.42 94 0.11
90 11.07 3 6.33 100.36 1 7.24 72.60 96 0.06
100 12.15 0 6.95 93.07 0 7.52 100.88 100 0.00

Table 9
Large size, number of orders = 25.

n TS-2OPT GA ILS

Time Win Deviation (%) Time Win Deviation (%) Time Win Deviation (%)

70 10.29 7 4.59 82.93 2 5.75 41.23 91 0.13
80 11.38 5 6.61 133.82 0 5.75 61.22 95 0.02
90 11.95 1 9.31 163.79 0 6.57 86.86 99 0.00
100 12.77 0 10.55 197.84 1 6.93 21.74 99 0.00
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solutions within a reasonable time and the solution quality obtained by the local search methods (LS-2EX and LS-2OPT) is
not acceptable, only the performances among the TS-2OPT, GA, and ILS are examined. The columns entitled ‘‘win’’ in these
tables indicate the number of tested instances for which the corresponding method provides the best approximate solution
among all the competitors. The columns entitled ‘‘deviation’’ summarize the relative error ratios produced by each individual
method by replacing the reference to the optimal solution with the best solution generated by the winner approach indi-
cated in the ‘‘win’’ column. Some observations for various values of n and K are summarized.
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1. Observations on different numbers of jobs, n: The values of ‘‘win’’ decrease as n increases for TS-2OPT and GA; however,
ILS shows an ascending value of ‘‘win’’ as n increases. This indicates that a higher probability exists for ILS to play the role
of winner among the three approaches when tackling medium-scale problems with larger values of n. More precisely, TS-
2OPT was able to produce the best approximate solutions for most instances with n = 30. ILS becomes the leading method
when n P 40.

2. Observations on different numbers of orders, K: The running times and deviations for all of the three competing methods
generally grow along with the increase of the number of orders. GA relatively provided a less number of ‘‘win’’ solutions
as the value of K increases, implying that GA performs comparatively worse with larger K when compared with TS-2OPT
and ILS.

Tables 7–9 summarize the statistics for the large-scale cases. We specified four different numbers of jobs (n = 70, 80, 90,
or 100) with three different numbers of orders (K = 6, 15, or 25). It is clear that ILS outperformed TS-2OPT and GA because it
produced the largest number of ‘‘win’’ solutions when coping with large-scale instances. GA not only failed to beat the other
two methods in most of the large-scaled problem cases, but also required a much longer execution time. TS-2OPT seems to
be the most efficient method in the aspect of required computing time. However, TS-2OPT failed to produce more ‘‘win’’
solutions even when the number of iterations was increased to 100,000, implying that TS-2OPT might not be able to escape
from local optima when the problem size increases. Therefore, ILS could a viable method when considering the trade off be-
tween solution quality and elapsed running time.

6. Conclusions

This paper considered a variant of the latency TSP incorporating order delivery. We first gave a binary integer program
that is different from the integer program known in the literature. The binary model runs faster than the existing integer
one. To produce optimal solutions, a dynamic programming algorithm was devised. The complexity is O(n22n), which still
exhibits an exponential growth of computing time with respect to the problem size. A special case that can be solved in poly-
nomial time was identified. By the complexity nature of the problem, three meta-heuristics, including a local search, a tabu
search and a genetic algorithm, were designed for producing approximate solutions. From the computational statistics, it is
clear that the iterated local search outperforms all other approximation approaches in terms of solution quality. The dom-
inance becomes more significant when the number of jobs increases. If we consider the time elapsed for producing solutions,
tabu search dominates the other two meta-heuristic approaches. Comparing different neighborhood structures, we find that
2-Opt is better than 2-Exchange. Genetic algorithm seems to be inferior to other meta-heuristic approaches in all settings.
We need to emphasize that the experiments are not designed and conducted to claim the superiority of one method over
others for the studied problem, but to provide preliminary investigations of the deployment of these methods.

For further research, seeking quality lower bounds for the development of branch-and-bound algorithms to optimally
solve the TSP-WOCT can be an interesting direction. Moreover, the derivation of tighter lower bounds also provides theoret-
ical insights into the studied problem and gives underestimates of optimal objective values for evaluating approximation
approaches. The concept of order delivery suggests considerable room for further research on other subjects when aggrega-
tion of individual entities (jobs, nodes, elements) is in effect.
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