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Abstract: An enhanced shuffled frog-leaping algorithm(ESFLA) is presented based on the Pareto front and archive
set for solving the no-wait flowshop scheduling problems with makespan, maximum tardiness and total flow time criteria.
Firstly, an initialization method based on the NEH(Nawaz-Enscore-Ham) heuristic is designed. Secondly, a two-point
crossover operator is used to produce a new individual. Thirdly, a part of the non-dominated solutions are added to the
population to improve their diversity and quality. Finally, to further enhance the exploitation capability and efficiency of
the algorithm, a fast local search algorithm based on the insert neighborhood is embedded in the proposed shuffled frog-
leaping algorithm. The computational results and comparisons show that the proposed ESFLA is effective and efficient in
finding better solutions for the problem considered.

Key words: Pareto front; shuffled frog-leaping algorithm; no-wait flowshop scheduling; multi-objective; fast local
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2 (No-wait flowshop
scheduling )

2.1 (Problem description )
(no-wait flowshop sched-

ule problem, NWFSP) : m K =
{1, 2, · · · ,m} n J = {1, 2, · · · , n} ,

. ,
,

,
,

. 1 .

1

Fig. 1 No-wait scheduling model

1∼ m ,
π = {π1, π2, · · · , πn}, j k

p(πj, k), e(πj−1, πj) πj−1 πj

, d(πj) πj

. ,
,

(Cmax(π)) (Tmax(π))
(TF (π)) . πj m

C(πj,m)

C(π1m) =
m∑

k=1

p(π1, k), (1)

C(πj,m) =
j∑

i=2

e(πi−1, πi) +
m∑

k=1

p(πl, k),

j = 2, 3, · · · , n. (2)

e(πj−1, πj) :

e(πj−1, πj) =

p(πj−1, l)+max[0, max
2�k�m

{
k∑

k=2

p(πj−1, h)−
k−1∑
k=1

p(πj, h)}], (3)

:

f1(π) = Cmax(π) = C(πn,m) =

n∑
j=2

e(πj−1, πj) +
m∑

k=1

p(πn, k). (4)

:

f2(π) = Tmax =
n

max
j=1

{max{0, C(πj,m) − d(πj)}}. (5)

:

f3(π) = TF (π) =
n∑

j=1

C(πj,m) =

n∑
j=2

(n + 1 − j)e(πj−1, πj) +
n∑

j=1

m∑
k=1

p(πj, k). (6)

2.2 (Fast calculation of objec-
tive)

(Cmax(π))
(Tmax(π)) (TF (π)) ,

(4)(5) (6) O(n), O(n2)
O(mn), max O(n2),
O(mn).
O(n).

1 γi 1 i 1
, δi i 1

1 . γ1 = 0, δ1 = 0,

γi = γi−1 + e(πi−1, πi), δi = δi−1 + (n + 1 −
i)e(πi−1, πi), i = 2, · · · , n.

2 TP (πi) πi

. TP (πi) =
m∑

j=1

p(πi, j),

πi C(πi,m) = γi + TP (πi), i =
1, · · · , n.

3 λ(πi) = C(πi,m) − d(πi), i =
1, · · · , n.

4 Cmax(π) = C(πn,m), Tmax(π) =
n

max
j=1

{max{0, λ(πj)}}, TF (π) = δn +
n∑

i=1

TP (πi).

2.3 (Fast insertion neigh-
borhood search algorithm)

,
n − 1. ,

,
, [8].

. n π ,
(n − 1)2. 2.2

O(n3).
, O(n2)

:
1 π = (π1, π2, · · · , πn),

k = 1.

2 π πk π′′ =
(π′′

1 , π′′
2 , · · · , π′′

n−1).
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:

2.1 αi π′′ 1 i

1 , βi π′′ i

1 1 .
α1 = 0, β1 = 0 αi = αi−1+e(π′′

i−1, π
′′
i ), βi =

βi−1 + e(π′′
i−1, π

′′
i ), i = 2, · · · , n.

2.2 π′′ C(π′′
i ,m) =

αi + TP (πi), i = 1, 2, · · · , n.

2.3 Cmax(π′′)=C(π′′
n−1,m), TP (π′′)

= βn +
n−1∑
i=1

TP (π′′
i ).

2.4 l(π′′
i ) = C(π′′

i ,m) − d(π′′
i ), i =

1, · · · , n − 1.
2.5 λn−1 = l(π′′

n−1),

λi−1 = max{λi, l(π′′
i−1)}, i = n − 1, n − 2, · · · , 2.

3 πk π′′ k′

π, k′ ∈ {1, 2, · · · , n} ∧ k′ /∈ {k, k − 1}.
3.1 makespan(Cmax(π′))
:

Cmax(π′) =⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Cmax(π′′) + e(πk, π
′′
1 ), k′ = 0;

Cmax(π′′) + e(π′′
k′−1, πk)+

e(πk, π
′′
k′) − e(π′′

k′−1, π
′′
k′), 0 < k′ < n;

Cmax(π′′) + e(π′′
n−1, πk)+

TP (πk) − TP (π′′
n−1), k′ = n.

3.2 (Tmax(π′)) :

Tmax(π′) =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

max{0, λ1 + e(πk, π
′′
1 ), TP (πk) − d(πk)},

k′ = 0;

max{0, λ1, αk′−1 + e(π′′
k′−1, πk) + TP (πk)−

d(πk), λk′ + Cmax(π′) − Cmax(π′′)},
0 < k′ < n;

max{0, λ1, Cmax(π′) − d(πk)}, k′ = n.

3.3 (TFmax(π′))
:

(TFmax(π′)) =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

TFmax(π′′)+(n−1)e(πk, π
′′
1 )+TP (πk), k′=0;

TFmax(π′′) + αk′−1 + (n + 1 − k′)−
e(π′′

k′−1, π
′
k′−1) − (n − k′)e(πk, π

′′
k)−

(n − k′)e(π′′
k′−1, π

′′
k) + TP (πk), 0 < k′ < n;

TFmax(π′′) + αn−1 + e(π′′
n−1, πk) + TP (πk),

k′ = n.

4 , ,
2.

3 Pareto (Shuffled
frog-leaping algorithm based on the Pareto
front and archive set)

, NWFSP ,

, ,
.

3.1 (Algorithm encoding)
NWFSP

,
. 1

.

1
Table 1 The position vector and corresponding

sequence

1 2 3 4 5 6

X 2 1 6 3 4 5
2 1 6 3 4 5

3.2 (Algorithm initialization)
SFLA .

NEH 3 ,
. ,

,
. NEH :

1
, .

2 ,

, ,
, .

3 ,

, , 2
.

4
, 2

. , 3
.
, .

3.3 (Sort and group indi-
viduals )
SFLA , ,
.

,
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.
Pareto :

1
a b.

2 c = a − b.
3 c .

, :{
U(j)k = U(k + p(k − 1)),

j = 1, 2, · · · , s, k = 1, 2, · · · , p,
(7)

: s , p . p=
3, 1 1 , 2

2 , 3 3 , 4
1 , .

3.4 (Produce new individuals)
pworst pbest gbest

. ,
,

pt1, pt2( pt1 = 3, pt2 = 6), pbest

3 6 , pbest

pworst , (
x1 x2), pworst pbest

, .
. 2

.

2

Fig. 2 Update individuals

3.5 (Update individual)
,

x pworst, pworst; x

pworst , pworst;
x pworst . :

pworst =⎧⎪⎨
⎪⎩

x, x pworst,

x, x pworst , rand(·) < r,

pworst, .

(8)

3.6 (Update archive set)
,

(archive set, AS) .
, AS , Pareto

. , AS
, .

, AS, AS .

4 (Multi-objective local
search)

,
. ,

.
:
1 π = x.
2 :
2.1 x ,

x ,
(AS′) .

2.2 AS′ x , ,
x, x.

2.3 AS′ AS ,
, AS.

3 x π, 1.
4 π.

5 (Enhanced
multi-objective shuffled frog-leaping algo-
rithm)

,

:
1 . p

s. F =
p ∗ s. Ui = (U1

i , U2
i , · · · , Ud

i ), i = 1,

2, · · · , F , d .
1.1 2.2

.
1.2 .
2 AS, AS

gbest.
3 1,
:

3.1 ,
, 3.4

.
3.2

, gbest pbest .
3.3

, x.

4 .

5 6,
3.1.

6 AS p

, s = s + 1.
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7 , ,
AS, AS gbest.

8 . ,
3.

6 (Simulation and analysis)
6.1 (Test set)

ESFLA ,
[7] DPSO [8] HDE
. Pentium(R)1.60 GHz

512 M . [7]
, C++ .

, 20 , p =

5, 20, 5 ,
T = 10∗m∗nμs. 3

: Pareto
DlR NNDS(Si)

RNDS(Si)[7]. DlR
si S∗ ; NNDS(Si) RNDS(Si)

si S . ,
3

. S∗ ,
: ESFLA, HDE DPSO

20 ,
S∗. si i .

2 ESFLA, HDE DPSO DlR

Table 2 Comparison of DlR among ESFLA, HDE and DPSO algorithm

ESFLA HDE DPSO

n ∗ m AVG MAX MIN AVG MAX MIN AVG MAX MIN

Car01 11 ∗ 5 0.13 0.00 2.56 6.15 2.56 7.69 13.88 2.56 99.56
Car02 13 ∗ 4 2.19 0.00 4.69 4.53 3.13 4.69 3.05 1.56 4.69
Car03 12 ∗ 5 0.96 0.00 1.89 72.09 1.33 2.28 1.23 0.00 1.89
Car04 14 ∗ 4 2.39 0.00 3.77 3.69 2.21 3.77 1.25 0.00 1.56
Car05 10 ∗ 4 0.77 0.00 5.13 6.15 2.56 7.69 6.92 2.56 7.69
Car06 8 ∗ 9 0.00 0.00 0.00 6.92 0.00 13.41 0.56 0.00 5.56
Car07 7 ∗ 7 0.00 0.00 0.00 4.50 0.00 10.00 30.06 0.00 99.1
Car08 8 ∗ 8 0.00 0.00 0.00 3.92 0.00 8.11 9.46 0.00 97.30
Hel1 100 ∗ 10 0.37 0.00 2.44 9.10 3.45 99.35 4.30 3.45 5.89
Hel2 20 ∗ 10 0.53 0.00 1.05 2.49 1.49 2.54 2.10 1.05 2.54

Rec01 20 ∗ 5 0.12 0.00 0.78 1.68 1.10 1.87 1.52 1.10 1.87
Rec03 20 ∗ 5 0.84 0.00 1.01 0.99 0.67 1.01 0.67 0.00 1.01
Rec05 20 ∗ 5 0.24 0.00 0.80 1.89 1.13 1.93 1.51 0.80 1.93
Rec07 20 ∗ 10 1.93 0.00 2.83 2.64 1.89 2.83 76.93 0.94 222.36
Rec09 20 ∗ 10 0.25 0.00 0.72 1.66 1.02 1.74 5.25 0.00 98.56
Rec11 20 ∗ 10 1.47 0.70 2.10 2.10 2.10 2.10 1.92 1.40 2.10
Rec13 20 ∗ 15 2.54 0.00 5.80 5.58 4.35 5.80 9.92 2.90 99.75
Rec15 20 ∗ 15 4.35 0.00 6.52 6.52 6.52 6.52 39.94 4.35 140.31
Rec17 20 ∗ 15 0.16 0.00 0.35 0.84 0.84 0.84 0.75 0.35 0.84
Rec19 30 ∗ 10 0.10 0.00 0.96 2.03 1.36 2.32 6.06 0.00 99.04
Rec21 30 ∗ 10 2.44 0.00 3.02 3.02 3.02 3.02 23.72 0.00 140.05
Rec23 30 ∗ 10 0.00 0.00 0.00 2.35 1.54 2.62 1.65 1.54 2.62
Rec25 30 ∗ 15 0.07 0.00 0.68 1.57 0.96 1.64 0.61 0.00 0.68
Rec27 30 ∗ 15 0.31 0.00 1.03 2.49 2.49 2.49 1.60 1.03 2.06
Rec29 30 ∗ 15 0.04 0.00 0.85 1.75 1.20 2.05 1.62 1.20 2.05
Rec31 50 ∗ 10 0.38 0.00 1.08 2.38 1.52 2.60 2.00 1.52 2.60
Rec33 50 ∗ 10 0.66 0.00 1.47 3.26 2.08 3.55 2.28 1.47 2.94
Rec35 50 ∗ 10 0.00 0.00 0.00 2.85 2.28 3.89 2.76 2.28 3.89
Rec37 75 ∗ 20 0.23 0.00 1.14 2.23 1.61 2.74 2.06 1.61 2.74
Rec39 75 ∗ 20 0.04 0.00 0.76 1.30 1.07 1.83 1.19 1.07 1.83
Rec41 75 ∗ 20 0.59 0.00 1.96 4.64 2.77 4.73 3.75 2.77 4.73

0.78 0.02 1.79 3.33 1.88 7.02 8.40 1.21 37.41
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6.2 (Comparison of simulation re-

sults)

[7] DPSO [8]
HDE ,

, [7] [8]
. . AVG,

MIN MAX

. 2 .
1) 2 ESFLA AVG, MIN

MAX 0.78, 0.02 1.79, HDE

3.33, 1.88 7.02 DPSO 8.40,
1.21, 37.41. , ESFLA

HDE . ,
ESFLA DPSO

. ESFLA Pareto
.

2) 3 31 ESFLA RNDS

AVG, MIN, MAX 29 HDE ,
DPSO . ESFLA AVG

HDE 4 , DPSO 24 ,
ESFLA .

3 ESFLA, HDE DPSO NNDS

Table 3 Comparison ofNNDS among ESFLA, HDE and DPSO algorithm

ESFLA HDE DPSO

n ∗ m AVG MAX MIN AVG MAX MIN AVG MAX MIN

Car01 11 ∗ 5 37.70 35.00 39.00 15.60 12.00 19.00 0.70 0.00 6.00

Car02 13 ∗ 4 51.10 45.00 57.00 14.15 8.00 20.00 3.65 1.00 9.00

Car03 12 ∗ 5 93.15 83.00 103.00 16.05 11.00 24.00 3.00 1.00 7.00

Car04 14 ∗ 4 40.10 31.00 60.00 9.75 5.00 12.00 0.25 0.00 1.00

Car05 10 ∗ 4 37.50 34.00 39.00 21.55 18.00 25.00 0.35 0.00 3.00

Car06 8 ∗ 9 18.00 18.00 18.00 19.10 17.00 22.00 10.25 6.00 16.00

Car07 7 ∗ 7 20.00 20.00 20.00 23.15 19.00 29.00 1.95 0.00 12.00

Car08 8 ∗ 8 37.00 37.00 37.00 29.40 24.00 37.00 0.25 0.00 5.00

Hel1 100 ∗ 10 28.45 11.00 53.00 3.20 0.00 6.00 2.20 1.00 5.00

Hel2 20 ∗ 10 36.85 26.00 52.00 8.10 2.00 13.00 1.75 1.00 7.00

Rec01 20 ∗ 5 49.85 21.00 71.00 9.25 3.00 14.00 1.60 1.00 4.00

Rec03 20 ∗ 5 97.55 69.00 127.00 8.95 3.00 15.00 2.70 0.00 7.00

Rec05 20 ∗ 5 45.25 27.00 64.00 7.80 4.00 12.00 1.35 1.00 3.00

Rec07 20 ∗ 10 37.75 23.00 51.00 13.25 9.00 21.00 0.40 0.00 2.00

Rec09 20 ∗ 10 40.95 25.00 64.00 11.20 6.00 17.00 1.75 1.00 3.00

Rec11 20 ∗ 10 55.45 34.00 79.00 13.15 7.00 19.00 0.60 0.00 2.00

Rec13 20 ∗ 15 39.60 25.00 49.00 15.00 11.00 20.00 1.40 1.00 4.00

Rec15 20 ∗ 15 30.75 25.00 36.00 11.65 8.00 18.00 0.05 0.00 1.00

Rec17 20 ∗ 15 91.40 67.00 126.00 22.50 13.00 35.00 2.85 1.00 5.00

Rec19 30 ∗ 10 53.10 14.00 83.00 9.55 4.00 22.00 1.90 1.00 4.00

Rec21 30 ∗ 10 34.70 12.00 77.00 9.25 5.00 18.00 1.20 0.00 3.00

Rec23 30 ∗ 10 49.10 19.00 76.00 8.90 2.00 15.00 1.35 1.00 3.00

Rec25 30 ∗ 15 51.70 19.00 79.00 14.40 4.00 24.00 0.70 0.00 2.00

Rec27 30 ∗ 15 36.55 12.00 61.00 10.45 6.00 17.00 2.15 1.00 4.00

Rec29 30 ∗ 15 37.80 25.00 56.00 10.45 4.00 20.00 1.85 1.00 4.00

Rec31 50 ∗ 10 37.95 16.00 72.00 6.75 2.00 10.00 2.45 1.00 4.00

Rec33 50 ∗ 10 43.35 4.00 113.00 7.35 4.00 12.00 1.85 1.00 4.00

Rec35 50 ∗ 10 38.60 16.00 84.00 7.05 3.00 13.00 2.05 1.00 4.00

Rec37 75 ∗ 20 44.05 10.00 93.00 6.55 2.00 11.00 2.85 1.00 6.00

Rec39 75 ∗ 20 64.70 14.00 117.00 7.45 4.00 11.00 2.00 1.00 3.00

Rec41 75 ∗ 20 50.05 2.00 109.00 6.60 1.00 10.00 1.80 1.00 3.00

46.13 26.42 69.84 12.18 7.13 18.10 1.91 0.81 4.71
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4 ESFLA, HDE DPSO RNDS

Table 4 Comparison of RNDS among ESFLA ,HDE and DPSO algorithm

ESFLA HDE DPSO

n ∗ m AVG MAX MIN AVG MAX MIN AVG MAX MIN

Car01 11 ∗ 5 1.00 1.00 1.00 0.90 0.67 1.00 0.07 0.00 0.44
Car02 13 ∗ 4 0.97 0.89 1.00 0.73 0.41 0.93 0.28 0.08 0.58
Car03 12 ∗ 5 0.99 0.93 1.00 0.66 0.46 0.86 0.25 0.10
Car04 14 ∗ 4 0.92 0.78 1.00 0.77 0.54 0.92 0.07 0.00 0.33
Car05 10 ∗ 4 1.00 0.97 1.00 0.87 0.68 1.00 0.04 0.00 0.33
Car06 8 ∗ 9 1.00 1.00 1.00 0.99 0.94 1.00 0.67 0.56 0.89
Car07 7 ∗ 7 1.00 1.00 1.00 0.99 0.88 1.00 0.21 0.00 0.75
Car08 8 ∗ 8 1.00 1.00 1.00 0.98 0.87 1.00 0.01 0.00 0.28
Hel1 100 ∗ 10 0.87 0.29 0.98 0.86 0.00 1.00 0.39 0.13 0.83
Hel2 20 ∗ 10 0.78 0.51 0.98 0.62 0.14 1.00 0.24 0.10 0.64

Rec01 20 ∗ 5 0.76 0.33 0.96 0.69 0.33 1.00 0.27 0.13 0.50
Rec03 20 ∗ 5 0.86 0.62 0.99 0.50 0.17 0.83 0.32 0.00 0.60
Rec05 20 ∗ 5 0.82 0.56 0.98 0.64 0.35 0.91 0.23 0.10 0.40
Rec07 20 ∗ 10 0.75 0.51 1.00 0.78 0.58 0.95 0.08 0.00 0.50
Rec09 20 ∗ 10 0.70 0.50 0.90 0.67 0.33 0.93 0.23 0.08 0.60
Rec11 20 ∗ 10 0.76 0.44 0.97 0.64 0.32 1.00 0.11 0.00 0.33
Rec13 20 ∗ 15 0.91 0.69 1.00 0.90 0.69 1.00 0.26 0.13 0.67
Rec15 20 ∗ 15 0.97 0.87 1.00 0.93 0.63 1.00 0.01 0.00 0.14
Rec17 20 ∗ 15 0.76 0.58 0.96 0.70 0.47 0.92 0.34 0.20 0.56
Rec19 30 ∗ 10 0.63 0.23 0.91 0.84 0.32 1.00 0.34 0.13 0.80
Rec21 30 ∗ 10 0.58 0.15 0.97 0.77 0.38 1.00 0.24 0.00 0.50
Rec23 30 ∗ 10 0.70 0.20 0.98 0.64 0.15 1.00 0.22 0.08 0.43
Rec25 30 ∗ 15 0.79 0.17 0.89 0.78 0.31 1.00 0.13 0.00 0.33
Rec27 30 ∗ 15 0.77 0.23 0.87 0.75 0.50 1.00 0.37 0.14 0.80
Rec29 30 ∗ 15 0.64 0.44 0.96 0.65 0.29 0.94 0.33 0.14 0.50
Rec31 50 ∗ 10 0.73 0.23 0.95 0.87 0.33 1.00 0.37 0.20 0.80
Rec33 50 ∗ 10 0.52 0.05 0.93 0.85 0.40 1.00 0.38 0.14 0.67
Rec35 50 ∗ 10 0.71 0.19 0.92 0.92 0.53 1.00 0.40 0.14
Rec37 75 ∗ 20 0.87 0.13 0.98 0.94 0.33 1.00 0.44 0.17 0.86
Rec39 75 ∗ 20 0.78 0.13 0.97 0.99 0.82 1.00 0.38 0.13 0.75
Rec41 75 ∗ 20 0.83 0.03 0.93 0.92 0.45 1.00 0.38 0.11 0.60

0.82 0.50 0.97 0.80 0.46 0.97 0.26 0.10 0.56

3) 4 ESFLA RNDS AVG, MIN
MAX 0.82, 0.50 0.97, HDE
0.80, 0.46, 0.9 DPSO 0.26, 0.10 0.56. 31

, ESFLA AVG HDE AVG ,
DPSO AVG , ESFLA HDE

DPSO . ESFLA HDE DPSO
, .
ESFLA

HDE DPSO.

7 (Conclusion)

,

. ,
Pareto .

,
, SFLA .

.
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