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Abstract—Multifactorial optimization (MFO) is a new paradig-
m proposed recently for evolutionary multi-tasking. In contrast
to traditional evolutionary optimization approaches, which focus
on solving only a single optimization problem at a time, MFO was
proposed to solve multiple optimization problems simultaneously.
It is contended that the concept of evolutionary multi-tasking
provides the scope for implicit knowledge transfer of useful
traits across different but related problem domains, thereby
enhancing the evolutionary search for problem-solving. With the
aim of evolutionary multi-tasking, multifactorial evolutionary
algorithm (MFEA) was proposed in [1], and demonstrated
efficient multi-tasking performances on several problem domains,
including continuous, discrete, and the mixtures of continuous
and combinatorial tasks. To solve different problems, the design
of unified solution representations and effective problem specific
decoding operators are required in MFEA. In particular, the
random-key unified representation and the sorting based decod-
ing operator were presented in MFEA for multi-tasking in the
context of vehicle routing problem. However, problems such as
ineffective solution representation and decoding are existed in this
unified representation, which would deteriorate the multi-tasking
performance of MFEA. Taking this cue, in this paper, we propose
an improved MFEA (P-MFEA) with a permutation based unified
representation and a split based decoding operator. To evaluate
the efficacy of the proposed P-MFEA, comparison against the
traditional single task evolutionary search paradigm on 12 multi-
tasking capacitated vehicle routing problems is presented and
discussed.

I. INTRODUCTION

Evolutionary algorithms (EAs) are adaptive search ap-
proaches that take inspirations from the principles of natural
selection and genetics [2,3]. They have been shown to be
suitable for solving nonlinear, multi-modal, and discrete NP-
hard problems effectively. In the last decades, EAs have been
successfully applied to solve a variety of real world opti-
mization problems, manifesting continuous optimization [4—
6], combinatorial optimization [7, 8], constrained optimization
[9, 10], etc. However, despite the success that EAs enjoyed,
it is worth noting that most EAs are designed to solve a
single problem in a single run, which appears to be inefficient
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Fig. 1. Multifactorial Optimization Paradigm for Evolutionary Multi-tasking.

in today’s cloud computing era, where multiple optimization
problems are required to be solved simultaneously.

To this end, recently, Gupta et al. proposed a multifactorial
optimization (MFO) paradigm for evolutionary multi-tasking
on single objective and multi-objective optimization [1, 11,
12]. In contrast to traditional evolutionary search paradigm,
as illustrated in Fig. 1 MFO contends to conduct evolutionary
search on multiple concurrently search spaces corresponding
to different tasks or optimization problems, each possessing
a unique function landscape. Further, in [1], a detailed de-
sign of evolutionary algorithm for MFO (i.e., MFEA), one
that is capable of multi-tasking across multiple optimization
problems was also presented. With the introduction of suit-
able decoding operators for different optimization problems,
MFEA has demonstrated efficient multi-tasking performance
in problem domains including continuous, discrete, and the
mixtures of continuous and combinatorial tasks. It is worth
noting that the decoding operator plays the role of translating
the solutions from the unified search space to some problem



specific solution space, the designs of an unified solution
representation and corresponding problem specific decoding
operator represent two key factors in defining the performance
of MFEA for evolutionary multi-tasking.

Vehicle routing problem (VRP), which represents the cor-
nerstone of optimization for distribution networks, is one of
the most important practical problems of operational research
[13,14]. To consider MFO of multiple VRPs simultaneously,
a random-key based unified representation together with a
sorting based decoding operator have been proposed in MFEA
[1]. However, there are several drawbacks of this unified
representation and corresponding decoding operator for solv-
ing multi-tasking VRPs. In particular, the simple random-key
representation do not represent VRP solutions effectively. For
example, solutions {0.1,0.2,0.3} and {0.5,0.6,0.7} represent
two unique solutions in the unified search space, but both
translate to a common VRP solution {1,2,3} when using
the simple ascending sorting decoding scheme. Further, the
evolutionary search of the random-key solutions does not
consider the VRP structures of the decoded routing solutions,
which may deteriorate the multi-tasking performance of MFEA
for multiple VRPs.

In this paper, we present a permutation-based multifac-
torial evolutionary algorithm (P-MFEA) for solving multi-
tasking VRPs. Particularly, instead of using a random-key
representation to construct the unified search space in MFEA,
a permutation based unified representation which is able to
describe the customers in VRPs directly is considered. Based
on this unified permutation representation, we subsequently
present a split based decoding operator, which takes the VRP
constraints into consideration and optimizes the number of
vehicles during solution translation from unified space to
routing space, simultaneously. Further, empirical studies on 12
capacitated VRP multi-tasking problems with instances drawn
from the existing commonly used CMT benchmarks proposed
by Christofides et al. [15] are conducted to investigate the
efficacy of the proposed P-MFEA for solving multi-tasking
VRPs.

The rest of this paper is organized as follows: Section II
begins with a brief introduction of MFO. The mathematical
description of the capacitated VRP (CVRP), which serves as
the routing problem domain for investigation in this paper, is
also given in this section. The details of the proposed P-MFEA,
with a permutation based unified representation and a split
based decoding operator, are presented in Section III. Further,
section IV investigates the performance of the P-MFEA on
12 multi-tasking CVRPs, which are extended from existing
commonly used CVRP benchmarks. Lastly, the conclusions
of this study and the possible directions for future works are
given in section V.

II. PRELIMINARY

This section first presents the brief introduction of the
concept of multifactorial optimization, towards evolutionary
multi-tasking. Next, the mathematical description of the ca-
pacitated vehicle routing problem (CVRP), which serves as

the routing problem domain for investigation in this paper, is
presented.

A. Multifactorial Optimization

Consider a situation wherein K optimization tasks are to
be performed, multifactorial optimization (MFO) has been
defined in [1] as an evolutionary multi-tasking paradigm that
builds on the implicit parallelism of population-based search
with the aim of finding the optimal solutions for each task
simultaneously. In MFO, each task is treated as an additional
factor influencing the evolution of a single population of
individuals.

To compare population individuals in a multi-tasking envi-
ronment, the following properties for every individual are also
defined in [1]. Note that each individual in the population is
encoded in a unified search space encompassing the search
space of all the tasks, and can be decoded into a task-
specific solution representation with respect to each of the K
optimization tasks.

- Factorial Cost: The factorial cost f, of an individual p
denotes its fitness or objective value on a particular task
T;. For K tasks, there will be a vector with length K,
in which each dimension gives the fitness of p on the
corresponding task.

- Factorial Rank: The factorial rank 1, simply denotes the
index of individual p in the list of population members
sorted in ascending order with respect to their factorial
costs on one specific task.

- Scalar Fitness: The scalar fitness ¢, of an individual p
is defined based on its best rank over all tasks, which is
given by ¢ = o -

- Skill Factor: The sklilufé{ctor 7, of individual p denotes
the task, amongst all other tasks in MFO, on which p
is most effective, i.e., 7, = argmin{rg;}, where j €
{1,...,K}.

With the properties given above, performance comparison
between solutions in MFO can be carried out based on scalar
fitness . In particular, individual p, is considered to dominate
py in multifactorial sense simply if ¢, , > ¢p,. Therefore,
suppose all the tasks are minimization problems, the definition
of multifactorial optimality is given as [1]:

Multifactorial Optimality: An individual p*, with a list of
fitness or objective value {1, f5,..., f5} on K tasks, is
considered optimum in multifactorial sense if and only if
3j € [1,..., K], such that fr < f(x;), where x; denotes
all the feasible solutions in the search space of task T}.

B. Capacitated Vehicle Routing Problem

The capacitated vehicle routing problem (CVRP) is a fun-
damental problem in combinatorial optimization with wide-
ranging applications in practice [14]. It is a problem to design
a set of vehicle routes in which a fleet of capacitated vehicles
must serve a given list of customers from a common depot.
Formally, the CVRP can be described as a problem defined on
an undirected graph G = (V, E), where V' = {vg, v1,...,0n}
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Fig. 2. An example of CVRP.

is the vertex set and E = {e;;} denotes the arc between
vertices v; and v;. Vertex v represents the depot where
k homogeneous vehicles with capacity () are based. The
remaining vertices denote the customers needed to be served.
Each customer is associated with a non-negative demand
¢; < Q. Further, each arc e;; is assigned with a non-negative
value ¢;; = c;;, which represents the travel distance or cost
from v;(v;) to v;(v;). The objective of CVRP is thus to design
a set of vehicle routes R = {C;}, i = 1,...,k, with minimal
travel cost such that (1) each route starts and ends at the depot
vo; (2) the total demand of each route must be less than or
equal to the vehicle capacity @; (3) each customer can only
exists in one route. The overall travel cost of R is given by:

k

> elC)

=1

cost(R) = 1

where ¢(C;) is the summarization of the travel cost ¢;; incurred
in route C;.

An illustrative example of CVRP is given in Fig. 2. As
depicted, in Fig. 2(a), five customers labeled by number 1 to
5 need to be served, the integer value in the bracket gives
the corresponding demand of each customer. The capacity of
vehicle is 10, and the value associated with each edge denotes
its corresponding travel cost. Fig. 2(b) presents one feasible
solution of the CVRP given in Fig. 2(a), i.e., R = {C1,(2,C3},
C1 ={1,2}, C; = {3,4}, and C; = {5}. Based on Eq. I, the
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Fig. 3. Illustration of unified representation in MFEA. Domain-specific
representations (depicted by different shapes) must be encoded within a unified
representation scheme and the MFEA will directly operate on the unified
representation for optimization on multiple tasks.

total cost of R is given by ¢(R) = cp1 + ¢12 + ¢20 + co3 +
c34 + C40 + co5 + 50 = 235.

III. PERMUTATION BASED MULTIFACTORIAL
EVOLUTIONARY ALGORITHM FOR SOLVING VRPS

In this section, we present the details of the proposed
permutation-based multifactorial evolutionary algorithm (P-
MFEA) for solving multi-tasking VRPs. First of all, we recall
the multifactorial evolutionary algorithm (MFEA) proposed in
[1]. As outlined in Fig. 4, the work-flow of MFEA can be
summarized as:

Step 1: Generate an initial population with NP individuals
using random-key as unified representation. Note that,
as illustrated in Fig. 3, an unified representation must
be first defined for different tasks, and the MFEA will
then directly operate on the individuals encoded with
the unified representation.

Evaluate each individual on all the tasks by calculating
its factorial cost f,, factorial rank rp, scalar fitness @,
and skill factor .

Apply genetic operators, i.e., assortative mating, on the
current population to generate an offspring population.
Evaluate offspring individuals on selected tasks based
on vertical cultural transmission.

Update the scalar fitness ¢, and skill factor 7, of
individuals in both parent and offspring population.
Select the fittest /NP individuals from both parent and
offspring population to survive for the next generation.
If the stopping criteria are not met, then repeat Step 3
to Step 6.

As afore discussed, to evaluate the individual on a specific
task, a particular decoding operator is required to translate
the individual from unified solution space to the task-specific
solution space. For solving multi-tasking VRPs, in [1], a
random-key unified representation together with a clustering
and sorting based decoding operator were proposed. However,

Step 2:

Step 3:
Step 4:
Step 5:
Step 6:

Step 7:
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Fig. 4. The outline of MFEA.

as discussed in Section I, there are several drawbacks of
this unified representation and decoding operator, which could
deteriorate the search efficacy of MFEA for solving mutli-
tasking VRPs. For instance, they cannot represent the VRP
solutions effectively, the evolution of the unified solutions is
ineffective, since it does not take the VRP structures of the
decoded routing solution into consideration.

To tackle these problems, in the proposed P-MFEA, we
first present a permutation based unified representation [16]
to construct the unified solution space. Based on this unified
representation, a split [17] based operator is proposed to
take the VRP constraints into consideration and optimizes
the number of vehicle routes simultaneously, in the solution
decoding process.

A. Permutation Based Unified Representation for P-MFEA

Permutation based representation is commonly used to
describe solutions in routing problems, such as vehicle routing
[18, 19], arc routing [20, 21], etc. Take Fig. 2(b) as an example,
the corresponding permutation based solution representation is
s = {1,2,3,4,5}. Each dimension of s directly denotes the
customer needs to be served, and the size of s is equal to the
number of customers.
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Fig. 5. An example of permutation based representation

Assume that in K VRPs to be performed simultaneously,
the dimensionality of the ith VRP is given by D;. To construct
the permutation based unified representation for multifactorial
optimization, we first define the dimensionality of the unified
search space as Dypo = maxD,;, ¢ = 1,..., K. For the
population initialization step, each individual is thus endowed
with a vector of Dysro different integer variables, lying
within the fixed range of [0, Dyro]. The jth dimension of
the vector denotes the jth customer needs to be served. While
addressing task 7;, which has dimension D; less than Dy, ro,
we simply refer to the dimensions of values from 1 to D;
in the unified search space to represent customers in 7;. For
instance, as depicted in Fig. 5, the dimension of the unified
space is Dy;po = 10. If an unified solution is given as
{1,10,2,8,3,6,7,4,9,5}, the solution for T; with dimension
D; = 5 is then obtained by removing the extra dimensions
with values larger than 5.

B. Split Based Decoding Operator for P-MFEA

Based on the permutation based unified representation pro-
posed above, this section presents a split [17] based decoding
operator to translate solutions in the unified search space to
VRP solution space.

In particular, the pseudo code of the split based decoding
operator is given in Alg. 1. F and P are two vectors with
size N + 1 (N is the number of customers in a given VRP).
For a solution in the unified space S, F'(j) and P(j) record
the minimum cost of the routes in which the last customer
is S(j) and the predecessor vertex of S(j), respectively. In
Alg. 1, after the initialization of vector F and P (i.e., line
1-2), line 3-17 will enumerate all the feasible vehicle routes
starting from S(7) and store the routes with minimum cost
accordingly. Line 18 will output the decoded CARP solution
R by injecting the delimiter 0 into S based on the predecessors
recorded in P(N).

Further, the example presented in Fig. 2(a) is again here
used to illustrate how to translate solutions from unified search
space to VRP solution space by the proposed split based
decoding operator. Suppose the unified solution is given as
S = {1,2,3,4,5}. The decoding operator will evaluate all
the feasible routes as shown in Fig. 6(b) and update F and P
according to the costs of the routes. For instance, for customer



Algorithm 1: Pseudo code of the split based decoding
process.

Input : A solution S in the unified search space.
Output: A feasible VRP solution R.

1 Initialize F[0,---,N], P[0,---,N], N is the number
of customers;

2 F[0] « 0, F[1,--- ,N] + +o0, P[1,--- ,N| « 0;

3fori:=1t¢t0 N do

4 Demand < 0,Cost + 0;

5 J1

6 while j < N and Demand < @ do

7 Demand < Demand + qs;y;

8 if == j then

9 L Cost + CO,S(j) + CS(j),O;

10 else

11 Cost < Cost + c5(j—1),5(j) = CS(j—1),0

12 B +¢s(5),05

13 if Demand < @) then

14 if F[i — 1] + Cost < F([j] then

15 a. F[j] « F[i — 1] + Cost;

16 L b. P[jl+i—1

Y jej+1

18 Obtain R by inserting the delimiters ‘0’ into S based
on P.

So = 2, there are two routes with S5 as the last customer to be
served, which are Ry = {0,1,2,0} and Ry = {0,1,0,2,0}.
Since ¢(Ry) = 45 < ¢(R2) = 70, F3 and P, are then set as 45
and 0, respectively. In this manner, F and P can be updated
from dimension O to 5. Lastly, the delimiter O will be inserted
into S based on P (i.e., Ps =3 - P3s =1 — P, =0) to
obtain the VRP solution R = {0,1,0,2,3,0,4,5,0} with a
minimal cost ¢(R) = 215, as depicted in Fig. 6(c).

IV. EMPIRICAL STUDY

To evaluate the efficacy of the proposed P-MFEA, empirical
study in the domain of CVRP is presented in this section.

A. Experiment Setup

For the setup of multi-tasking environment, as there is no
common multi-tasking routing benchmark in the literature,
here we build 12 multi-tasking routing problems based on the
existing CVRP instances. In particular, the commonly used 14
Christofides CVRP benchmarks [15] with diverse properties
(e.g., number of vertices, distribution of vertices, routing time
constraints, etc.) are considered in this study. The detailed
properties of the CVRP instances are summarized in Table
I. “CMT7” denotes the number ¢ instance in the Christofides
CVRP benchmark. “N”, “Capacity”, “RT”, “ST” and “BKS”
represent the number of customers, the capacity of vehicle,
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(a) A unified solution S = {1,2,3,4,5} derived from
the graph depicted in Fig. 2(a).
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(b) Tlustration of the decoding process.

(c) The decoded VRP solution R.

Fig. 6. A demonstration of the decoding process on the VRP presented in
Fig. 2(a) by the proposed split based operator.

the routing time constraint, the service time of vehicle and the
best known solution!, respectively.

Further, the multi-tasking routing problem is built by pairing
instances with different routing properties, such as different
number of customers, different routing time constraints, etc.
The built 12 multi-tasking problems for investigation in this
study are summarized in Table II.

Next, in this study, the traditional single evolutionary algo-
rithm (label as SEA hereafter) is considered as the baseline
for comparison. For fair comparison, both the SEA and the
proposed P-MFEA are configured with the same evolutionary
operators and parameters, which are detailed as follows:

1) Population size: Popsize = 30.

IThe best known solution of the CVRPs to date in the literature are drawn
from: http://neo.lcc.uma.es/vrp/known-best-results/.



TABLE I
PROPERTIES OF THE CHRISTOFIDES CVRP INSTANCES (n, RT, ST AND
BK S DENOTE THE Customer Number, Routing Time Constraint, Service
Time AND Best Known Solution, RESPECTIVELY).

CVRP Instances | N | Capacity | RT | ST | BKS
CMT1 50 160 00 0 524.61
CMT?2 75 140 00 0 835.26
CMT3 100 200 00 0 826.14
CMT4 150 200 00 0 1028.42
CMT5 199 200 00 0 | 1291.29
CMT6 50 160 200 | 10 | 555.43
CMT7 75 140 160 | 10 | 909.68
CMTS 100 200 230 | 10 | 865.94
CMT9 150 200 200 | 10 | 1162.55
CMT10 199 200 200 | 10 | 1395.85
CMT11 120 200 00 0 | 1042.11
CMT12 100 200 00 0 819.56
CMT13 120 200 720 50 | 1541.14
CMT14 100 200 1040 | 90 | 866.37

2) Max Generation: Gmax = 1000.

3) Independent run times: Runs = 20.

4) Evolutionary operators:
o Crossover: OX(Ordered Crossover) [22].
o Mutation: Swap mutation [23].

5) Local search operators: Exchange [24], Or-opt [24],
2-opt move [24].

6) Probability in assortative mating [1]: RM P = 0.7.

7) Local search probability: PLS = 0.1.

B. Results and Discussion

Table III tabulates the performance of the single evolution-
ary algorithm SEA and the proposed permutation based mul-
tifactorial evolutionary algorithm P-MFEA on the 12 multi-
tasking CVRPs across 20 independent runs. Note that SEA
solves the CVRP instances in each multi-tasking problem
separately while P-MFEA on the other hand, optimizes the
two CVRP instances simultaneously. “B.Cost” and “Ave.Cost”,
“Std.Dev”’ denote the best cost, averaged cost and standard
deviation, respectively. The superior performance in Table III
is highlighted in bold.

As can be observed, in Table III, P-MFEA achieved superior
or competitive performance against SEA on 22 out of total
24 CVRP instance, in terms of “Ave.Cost”. With respect to
“B. Cost”, P-MFEA has found better best cost solutions on
6 CVRP instances than SEA. Further, it is noted that on
instances, such as “CMT1”, “CMT6”, and “CMTSR”, which
have small number of customers, P-MFEA and SEA always
obtained the same ‘B. Cost” and “Ave.Cost”’. However, when
it turns to solve the CVRP instances, such as “CMT5”,
“CMT10”, and “CMT13”, which have larger number of
customers and contain more complex routing structure, P-
MFEA always can find better solutions than SEA with respect
to both ‘B. Cost” and “Ave.Cost”.

Further, to access the efficiency of the proposed P-MFEA,
the representative search convergence traces of P-MFEA and
SEA on the multi-tasking CVRPs are presented in Fig. 7.
The Y -axis of the figures denote the averaged travel cost ob-
tained, while X -axis gives the respective computational effort
incurred in terms of generations made so far. As depicted,
generally, P-MFEA converges faster than SEA on most of the
multi-tasking CVRPs. It is worth noting that on the instances
with small number of customers, i.e., “CMT1”, “CMT6”,
and “CMTS’, although P-MFEA and SEA obtained the same
solution quality (as presented in Table III), P-MFEA converges
much fast than SEA, e.g., “CMT6” in Fig. 7(b), “CMT8’ in
Fig. 7(d), etc. Further, on the instance with larger number of
instances, i.e., “CMT5”, “CMT13”, etc. faster or competitive
convergence speed can also be observed by P-MFEA against
SEA, e.g., “CMT5” in Fig. 7(c), “CMT13” in Fig. 7(e), etc.

Since P-MFEA and SEA share the same configuration of
evolutionary operators and parameters, and the only difference
is the MFO paradigm incorporated in the former, the superior
performance obtained by P-MFEA in terms of both solution
quality and search efficiency confirmed the efficacy of auto-
mated implicit information transfer in MFO paradigm as well
as the effectiveness of our proposed unified representation and
specific decoding operator for solving multi-tasking CVRPs.

V. CONCLUSION

In this paper, a permutation-based MFEA has been proposed
to improve the multi-tasking performance of MFEA in the
context of VRPs. Our main contributions can be summarized
in two-folds. First of all, we have presented a permutation
based unified solution representation, which is more effec-
tive than the random-key unified representation in MFEA.
Secondly, we have proposed a split based decoding operator
to translate solution from unified space to problem specific
space. It takes the VRP constraints into consideration and
optimizes the number of vehicle routes simultaneously, during
the decoding process. The efficacy of the proposed P-MFEA
have been confirmed on 12 multi-tasking CVRPs, which are
extended from existing commonly used CVRP benchmarks.

As this paper only considered CVRP as the routing problem
domain of study, in the future, we would like to further inves-
tigate the proposed P-MFEA on other variants of VRPs, such
as VRP with time window, VRP with stochastic demand, etc,
towards more generalized and efficient multi-tasking VRPs.

VI. ACKNOWLEDGEMENTS

This work is partially supported by the National Natural Sci-
ence Foundation of China (NSFC) under Grant No. 61603064.

REFERENCES

[1] A. Gupta, Yew-Soon Ong, and L. Feng. Multifactorial evolution:
Towards evolutionary multitasking. Evolutionary Computation, IEEE
Transactions on, PP(99):1-1, 2015.

[2] Thomas Béck, Ulrich Hammel, and Hans-Paul Schwefel. Evolutionary
computation: comments on the history and current state. IEEE Trans-
actions on Evolutionary Computation, 1(1):3-17, 1997.

[3] C. A. Coello Coello. Evolutionary multi-objective optimization: a
historical view of the field. IEEE Comp. Intel. Mag., 1(1):28-36, 2006.



TABLE II
SUMMARY OF THE MULTI-TASKING PROBLEMS INVESTIGATED.

Multi-tasking Problems P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
CMT1 | CMT1 | CMT3 | CMT3 | CMT3 | CMT6 | CMT6 | CMT8 | CMT8 | CMT11 | CMT12 | CMT13
CMT Instances + + + + + + + + + + + +
CMT3 | CMT6 | CMT4 | CMT5 | CMT12 | CMT8 | CMT10 | CMT13 | CMT14 | CMT13 | CMT14 | CMT14
TABLE III

NUMERICAL RESULTS OF P-MFEA AND SEA (“B.Cost”, “Ave.Cost”, “Std.Dev” DENOTE THE BEST COST, AVERAGED COST AND STANDARD DEVIATION
ACROSS 20 INDEPENDENT RUNS, RESPECTIVELY. THE SUPERIOR PERFORMANCE IS HIGHLIGHTED IN BOLD.).

[4]

[8]

[9]

[10]

(11]

. . Proposed P-MFEA Single Solver
Multi-tasking Problems | CVRP Instance B.Cost Ave.Cost Std.Dev | B.Cost Ave.Cost Std.Dev
Pl CMT1 524.61 524.61 0.0 524.61 524.61 0.0
CMT3 826.14 828.51 1.3 826.14 829.02 0.9
P2 CMT1 524.61 524.61 0.0 524.61 524.61 0.0
CMT6 555.43 555.43 0.0 555.43 555.43 0.0
P3 CMT3 826.14 828.19 14 826.14 829.02 0.9
CMT4 1031.96 1037.19 4.7 1032.18  1035.90 3.2
I CMT3 826.14 828.72 1.0 826.14 829.02 0.9
CMT5 1300.76  1314.02 4.5 1306.01  1314.76 3.5
P5 CMT3 826.14 828.46 1.3 826.14 829.02 0.9
CMT12 819.56 819.56 0.0 819.56 819.56 0.0
P6 CMT6 555.43 555.43 0.0 555.43 555.43 0.0
CMTS 865.94 865.94 0.0 865.94 865.94 0.0
P7 CMT6 555.43 555.43 0.0 555.43 555.43 0.0
CMT10 1403.59  1410.45 3.8 1409.08  1410.84 2.7
s CMTS 865.94 865.94 0.0 865.94 865.94 0.0
CMT13 1545.55  1555.21 6.6 1548.78  1556.83 4.9
P9 CMTS8 865.94 865.94 0.0 865.94 865.94 0.0
CMT14 866.37 866.37 0.0 866.37 866.37 0.0
P10 CMT11 1042.11  1045.94 6.9 1042.11  1044.65 2.1
CMT13 1545.73  1551.17 3.7 1548.78  1556.83 4.9
Pl CMT12 819.56 819.56 0.0 819.56 819.56 0.0
CMT14 866.37 866.37 0.0 866.37 866.37 0.0
P12 CMT13 1546.36  1553.73 5.1 1548.78  1556.83 4.9
CMT14 866.37 866.37 0.0 866.37 866.37 0.0

H. Maaranen, K. Miettinen, and A. Penttinen. On initial populations of
a genetic algorithm for continuous optimization problems. Journal of
Global Optimization, 37(3):405-436, 2007.

Y. S. Ong, Z. Z. Zong, and D. Lim. Curse and blessing of uncertainty
in evolutionary algorithms using approximation. IEEE Congress on
Evolutionary Computation (CEC), pages 2928-2935, 2006.

L. Feng, Y. Yang, and Y. Wang. A new approach toadapting control
parameters in differential evolution algorithm. The7th International
Conference on Simulated Evolution And Learning (SEAL2008), pages
21-30, 2008.

K. C. Tan, Y. H. Chew, and L.H. Lee. A hybrid multi-objective
evolutionary algorithm for solving vehicle routing problems with time
windows. Comp. Opt. and Apps., 34(1):115-151, 2006.

Z.Zhu, S. Jia, and Z. Ji. Affinity propagation based memetic band selec-
tion on hyperspectral imagery datasets. IEEE Congress on Evolutionary
Computation (CEC), pages 18-23, 2010.

K. Tang, Y. Mei, and X. Yao. Memetic algorithm with extended neigh-
borhood search for capacitated arc routing problems. IEEE Transactions
on Evolutionary Computation, 13(5):1159C1166, 2009.

F. Neri, C. Cotta, and P. Moscato. Handbook of Memetic Algorithms.
Studies in Computational Intelligence. Springer, 2011.

Y. S. Ong and A. Gupta. Evolutionary multitasking: A computer science

[12]

[13]
[14]
[15]

[16]

(17]
(18]
[19]

[20]

view of cognitive multitasking. Cognitive Computation, 8(2):2, 2016.
A. Gupta, Yew-Soon Ong, L. Feng, and K. C. Tan. Multi-objective mul-
tifactorial optimization in evolutionary multitasking. IEEE Transactions
on Cybernetics, PP(99):1-1, 2016.

Gilbert Laporte. What you should know about the vehicle routing
problem. Naval Research Logistics, 54(8):811-819, 2007.

G. Dantzig and J. H. Ramser. The truck dispatching problem. Manage-
ment Science, 6:80-91, 1959.

N. Christofides, A. Mingozzi, and P. Toth. The vehicle routing problem.
Combinatorial Optimization, PP:315-338, 1979.

Zbigniew Kokosinski. A chromosome representation of permutations
for genetic algorithms. In Proceedings of the International Conference
on Artificial Intelligence, IC-Al '99, June 28 - July 1, 1999, Las Vegas,
Nevada, USA, Volume 1, pages 65-69, 1999.

J. E. Beasley. Route first—cluster second methods for vehicle routing.
Omega, 11(4):403-408, 1983.

Mohammad Mirabi. A novel hybrid genetic algorithm for the multidepot
periodic vehicle routing problem. Al EDAM, 29(1):45-54, 2015.
Christian Prins. Two memetic algorithms for heterogeneous fleet vehicle
routing problems. Eng. Appl. of Al, 22(6):916-928, 2009.

Bruce L. Golden and Richard T. Wong. Capacitated arc routing
problems. Networks, 11(3):305C315, 1981.



MT1
cMT3 - - _
RMP=0.7,PLS=0.1,POPSIZE=30 RMP=0.7,PLS=0.1,POPSIZE=30 RMP=0.7,PLS=0.1,POPSIZE=30 RMP=0.7,PLS=0.1,POPSIZE=30
538 —P-MFEA —-vrEA 538 | " [=P-MmFEA —~P-MFEA|
536 ——SEA —+ SEA 536 ——SEA 560 “p ——SEA
834 ;
3 534 ¥ g
g g S
1532 T 832) IS
g S Y
I g o
g 530 g g
2 2830 <
528| b T
526 828
524 4
10 20 30 40 50 60 200 400 600 800 1000 10 20 30 40 50 60 50 100 150 200 250
Generation Generation Generation Generation
(a) Convergence traces of P1 (b) Convergence traces of P2
MT5 cMT13
RMP=0.7,PLS=0.1,POPSIZE=30 RMP=0.7,PLS=0.1,POPSIZE=30 RMP=0.7,PLS=0.1,POPSIZE=30 RMP=0.7,PLS=0.1,POPSIZE=30
— P-MFEA soashn Y= 1580
H SEA 1350 o —SEA 1575
834 -
g ] ] % 15701 %
8 | 3 1340) 88675 8 3
) ; 3
[ o ]
g g g 867 1565
g £ 1390 :
< z < ge6.s < 1560 .
1320) 1555 ey
28 866)
200 400 600 goo 1000 10 200 400 600 800 1000 85P0 10 200 250 300 350 400 P 200 400 600 800 1000
Generation Generation Generation Generation
(c) Convergence traces of P4 (d) Convergence traces of P8
cMT14
cMT1L cMT13 cMT13 _ V _
RMP=0.7,PLS=0.1,POPSIZE=30 RMP=0.7,PLS=0.1,POPSIZE=30 RMP=0.7,PLS=0.1,POPSIZE=30 RMP=0.7,PLS=0.1,POPSIZE=30

1580, 1580 P T
1160 ——P-MFEA| 1 ——P-MFEA 1 —— P-MFEA o73 zE’X‘FEA
—— ' o - ——
SEA 1575k SEA 1578 SEA

1140 o -“
81120 g 1570 51570
; ; )
b o b
? 1100 8 1565 g 1565
g g g
< 1080 < 1560 < 1560

1060 1555| 1555

Ll -l i | Y i
200 400 600 800 1000 1550 200 400 600 800 1000 1550 200 400 600 800 1000 b 20 40 60 80 100
Generation Generation Generation Generation
(e) Convergence traces of P10 (f) Convergence traces of P12

Fig. 7. Convergence traces of P-MFEA versus the SEA on representative multi-tasking CVRPs. Y'-axis: Averaged travel cost; X -axis: Generation.

[21] L. Feng, Y.-S. Ong, Q. H. Nguyen, and A.-H.Tan. Towards probabilistic
memetic algorithm: An initial study oncapacitated arc routing problem.
In Proceedings of the IEEE Congress on Evolutionary Computation,
CEC, pages 1-7, 2010.

[22] 1. M. Oliver, D. J. Smith, and J. R. C. Holland. A study of permutation
crossover operators on the traveling salesman problem. In Proceedings of
the Second International Conference on Genetic Algorithms on Genetic
Algorithms and Their Application, pages 224-230, 1987.

[23] J. Y. Potvin, C. Duhamel, and F. Guertin. A genetic algorithm for vehicle
routing with backhauling. Applied Intelligence, 6(4):345-355, 1996.

[24] Nacima Labadi, Christian Prins, and Mohamed Reghioui. A memetic
algorithm for the vehicle routing problem with time windows. RAIRO
- Operations Research, 42(3):415-431, 2008.



