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Abstract The validity of the ant colony algorithm has been demonstrated as a powerful tool to
solve the optimization problems, This technique 1s used to solve difficult combinatorial optimiza-
tion problems but is seldom used for continuous space searchk due to its biological background, A
nested hybrid ant colony algorithm i1s proposed in this paper to solve the complicated production
scheduling problem with hybrid variable structures, and a rovel optimal path pheromone update
algorithm 1s suggested to promote search effictency. Computer simulation results show that the
proposed method is more effective than genetic algorithms as a kind of evolutionary algorithms 1n
solving such kind of difficult problems.
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1 Introduction

Hybrid production scheduling problems 1s a kind of problems with high degree of
complexity., In production processes some production states change continuously with time
and external inputs, while the other states switch interruptedly due to events occurrence
(e. g. » the completion of prearranged tasks) and the abrupt changes of system inputs.
Those two kinds of process dynamics interact each other to realize flexible production of
different products in the same production line. In comparison with generic production
scheduling problems which have been proved to be combinatorial optimization problems
with NP complexity, the hybrid production scheduling problems are more difficult to be
solved in view of the fact that there exist different types of coupling variables in a system.

Ant colony algorithms are a kind of population-zvolution based optimization approa-
ches developed in recent years, and have been successtully used to solve combinatorial op-
timization problems with NP complexity'’. Due to their short development history, their

[2~4]

research in China are mainly focused on the introduction of the principles of ant colony

algorithms, and merely applied to the field of discrete optimization problems (e. g.,
TSP).

A nested ant colony algorithm is proposed in this paper to solve highly complex hybrid
production scheduling problems. This algorithm realizes the optimization in integer-
spaces, real-spaces, and the combinatorial optimization in discrete-sequence-spaces
through a three-nested-layer architecture.

2 Problem statement

Suppose that there have L customer orders arrival in which the /-th order O, =
(r,,®,,T,,¥,), where the components of O, are the specification, the quantity, the due
date (or duration), and the punish rate for delivery delay of the ordered product, respec-
tively, Let a production scheme, P=(P,,FP,,+, P, ), be a list of production tasks as-
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signed to the production line, with the subtask P, = (y;,0;,7;) consisting of the product
specification, the quantity, and the starting time of P;, respectively. The following constrains
should be satistied for each subtask:

€, (Jv.=T (1)
Y:

2,0, =0, €06 (2)

P:'EIE

where " and @ are the set of all product specifications and the set of processing quantities,
respectively; I, is the set of the subtasks possessing the same specification I}, R(I;)=N,,
.. e. » the order O, will be processed by N, subtasks, There are usually multiple system
performance goals to be pursued in hybrid production scheduling problems, such as mini-
mizing the total amount of punish charge due to delivery delay, making the total delivery
just on due-date as possible, minimizing the total time and cost due to the production
switched from one product specification to another, and so on. To the production scheme
P, searching for the best subtask partitioning of the order, 1.e.y, N/ ,{=1,2,+,L, 15 an
optimization subproblem in the integer-space Z, ; for the best allocation of the processing
quantity for each subtask, 1.e. , 6] ,i=1,2,*,m, is an optimization subproblem in the re-
al-space R, ; and for the best sequencing of the subtasks P* =(P; ,P; *+,P,. ) is a combi-
natorial optimization subproblem in the discrete sequence space S,.. These subproblems
are, of course, coupled each other and thus cannot be simply solved independently.

3 Nested ant colony algorithm
3.1 Basic ant colony algorithm

To present the algorithm developed in this paper more clearly, the main procedures of
problem solving by basic ant colony algorithm'®*~ '} is briefly described in the following.

According to the characteristics of the problem to be solved, the solution space of the
problem is transtormed into a searching graph G=(V,C) ,where V={v,,v;,**,v,} 1s the
set of nodes in the graph G, and C={c¢;sc25°*»c,} 1s the set of oriented arcs among those
nodes. A path, connecting an initiative node and a terminal node through a series of inter-
im nodes by oriented arcs, is denoted by w which corresponds to a feasible solution candi-
date. A colony of n ants are denoted by A= {a,,°**sa,}. In each searching period, an ant
a; chooses a path w; in the graph G randomly according to a predetermined path selection
possibility. A searching period ends up in the algorithm when all the n ants finish their
path seeking respectively. The path selection possibility p, ;(¢) for a search from v; to v, in

the searching period ¢ 1s defined by

(3)

Di.; (t) =

Z i (2) * k
| . (i ) E S, kG U . |
where U is the partial route that has been searched by ants in the period ¢; ¢, ;(¢) and d,,;

are the density of pheromone accumulated on the path segment (v;,v,) by ants in the peri-
od ¢ and the cost of searching for that path segment, respectively; and a,56>0 are called
the pheromone index and cost index, respectively. The pheromone ¢, ;(¢) will be updated
at the end of each searching period in the way of

@;,; (t+ 1) = Ap,,; (1) + (1 — ) Ag,,,; (1) (4)
where A€ (0,1) is called the evaporation factor; Ag; ; is a pheromone increment as a non-
increasing function of objective values, e, g. ,

Ap;.j = Z‘,L’(fk)/ 2 Z¢(fk) (5)

where f, is the objective value corresponding to the searching path w; of the ant a,; and

¢( * ) 1s a non-increasing function.
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The basic ant colony algorithm described above cannot be used directly to solve the
problem defined in Section 2 due to the fact that there are three different types of data
structure involved in the solution space, and the integrated solution space cannot be
mapped to the same searching graph. In addition, those three subproblems logically be-
long to different levels. In other words, the allocation of the processing quantity for each
subtask i1s optimized only after the best subtask partitioning of the order is obtained; and
the sequencing of the subtasks is optimized merely after the best subtask partitioning of
the order and the allocation of the processing quantity for each subtask are determined.
Therelore, a nested ant colony algorithm is proposed in this paper according to the fea-
tures of the problem in such a way that different searching graphs are generated according
to ditferent types of optimization variables. On the other hand, the variables are optimized
nestedly on the different logical levels by searching in different graphs.

3.2 Generation of searching graphs

1)To search for the best partitioning of subtasks in each order, a solution candidate
N, is represented by a binary number with L, bits, 1. e. ,

Ni=ibe by —yoooby (6)
where L, satisfies 2" 7' —1<Zmax(N, , N, ,+++, N, )<<2"1 — 1. A searching graph G, =(V,C,) i1s
formed with the set of nodes

R o U SR [BPORR e R NSRRI (7)
where v, is the initiative node, and v} and v, stand for the two binary states of ;, 1.e. , 0
or 1, respectively. The set of oriented arcs in G, is composed of

Cl - { (U?,l !'U?.l—l ) sty ('U? !U?——l ) ('U? !'U;—vl ) s ('Ui sr‘?’?—l ) s ('Uj ,'U}F] Y sttt ('U% !‘Ull ) }
for j=2,3,++,L,. At the nodes v, and v}, there exist and only exist the arcs pointing to
the nodes v,-, and v;_,.

2) To search for the best allocation of the processing quantity tor each subtask, solu-
tion candidates are encoded as binary numbers with L, bits, where b, 1s the lowest bit and
by 1s the highest bit in the string, and the value of L, is determined according to desired
computational precision. The searching graph G, = (V,,(C;) 1s composed of the set of
nodes

{

( ] 1 1 1
V2 — {'UE "U?"E ?U?,E*l s "* U, 2" 0N ,‘ULE gT)LE__l s """ 9'Uj 2“7 o+ Th } (8)

b

and the set of oriented arcs

C, = {(up, »vl, 1) sy (0] 5 0] 1 ) s (05 00 )5 (0 5071 )5 (0 505 ) 5o s (02501 )
for j=2,3,+*,L,. The symbols in (8) have the same meaning as those in (7).

3)To search for the best sequencing of the subtasks, a searching graph G;=((V;,(C;)
ts built up as a fully-interconnected oriented graph consisting of a set of m nodes, V,; =
{1, yUs+°** sV, } » Where v. €V, represent the subtask P,.
3.3 Nested searching procedures

For the sake of representing the proposed algorithm compactly, the hybrd production
scheduling problem described in Section 2 is reformulated as

(P) 4(};’ ;nl?}eﬂf(xl ’XZE !Xo))
: st g(X L, X, X)) =0

where X, €7, , X, € R, ,and X; € S,,, representing the number of subtasks in each cus-
tomer order, the product quantity for each subtask, and the sequencing of the subtasks,
respectively; QCZ, XK, XS, 1s the integrated solution space, and f and g are the objec-
tive functions and the constraints, respectively. Then according to the characteristics of
the problem (P}, it can be resolved nestedly through a series of subproblem (P;), i=1,
2,3, where




58 ACTA AUTOMATICA SINICA Vol. 29

‘minf (X, X, X:)
(P;):q % L i~ j#k Hij.k€ {1,2,3}
_S.t1. g(XigX_ijk) = ()

for given X, and X,. Correspondingly, the searching procedures for the whole integrated
solution space {2 can be decomposed and conducted by three nested ant colony systems
(A, G}, i1=1,2,3 to solve the subproblems (P,), (P;), and (P;).

As is shown in Fig. 1, the main searching procedures of the nested ant colony algo-
rithm can be summaried as follows.

(X,,X,)

Initialization '/
— (A.,G,} {A,G,}
Optimal
solution

(X, X5 X (X, X, XD

Fig.1 Nested solving procedures

1) Initialization.

2) For the ant colony system {(A,;,G;}, i=1,2,3, proceed the {ollowing operations.

« Generate the searching graph G, on the basis of X;,+*,X,_; except for i=1. In the
case of 7=1, construct the searching graph G, according to (7).

» Dispatch an ant to search for a solution candidate X, of subproblem (P;) on G,.

+ If i=3, compute the objective value of problem (P;) based on X, directly. Other-
wise, 1nitiate the ant colony system {A,:,,G;+1 } to search for the best solution of problem
(P,) and its corresponding objective value with the best solution (X,, X5 , X;) when i=
1or (X,,X,,Xs) when :=2,.

» Send next ant to search on G; if there exist ants not having worked yet. Otherwise,
find a best solution candidate of subproblem (P;) in this searching period and update the
pheromone of each trail in G;.

» Start the next searching period if a termination criterion has not been satisfied.
Otherwise return the optimal solution (X[ , X7 , X35 ) of problem (P) and the correspond-
ing objective value when :=1, or return to the ant colony system {A,.,,G;—;} with the
optimal solution X" and its corresponding objective value of problem (P;) when i=2, 3.

3) The algorithm is terminated.

The nested ant colony searching procedures described above have an important fea-
ture, 1. e, , when the outer system {A;,G;} 1s searching for optimal solution of the sub-
problem P;, the inner system {A,.;,G;+;} can also look for the optimal solution of the
subproblem P,., simultaneously. This manifests the essential parallel characteristics of ant
colony algorithms as multi-agent systems'®)., The parallelism of the algorithm is very use-
ful when a large-scale problem is solved using multiple processors.

3.4 Pheromone update strategy

In the basic ant colony algorithm described in Section 3.1, the pheromone is updated
according to (4) and (5). The drawback of this update strategy is that, for all the paths
the ants have searched, some of them may correspond to worse solutions, in this case, the
amount of pheromone increases due to the pheromone increment. However, if the best
path corresponding to the optimal solution has not been searched, the amount of phero-
mone on this path will decrease due to the effect of evaporation. Thus in the next search-
ing period, the nodes in the best path may be searched with a small probability. This may
lead to incorrect searching guide and a large amount of inefficient search. According to the analy-
sis above, a new pheromone update method is proposed as follows.

Suppose w” (¢) i1s the best path obtained in the ¢-th searching period, and the corre-
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sponding objective function satisfies

o)y < fr—1) (9)
where f* (¢) is the best objective value in searching period ¢ according to path w* (¢). It
for each segment (v;,v;) € w; (), the pheromone increment is updated according to

Ap.,, (1) = ¢(f" (1)) (10)
otherwise Ag; ;(¢) =0. In this algorithm, only the path segments included in the best path
are assigned the pheromone increment at the end of each searching period. In this way, the
pheromone can be used to guide the searching of ants correctly in the next searching peri-
od, to eliminate the influence ot the pheromone update in the worse paths on these path
segments, It avoids large amount of invalid searching and promote the searching efficiency
greatly.

4 Simulation study

The nested ant colony algorithm proposed in this paper has been implemented to solve
several hybrid production scheduling problems''® in the real world. Suppose there are four
customer orders, O, = {Spec #1, 3000 tons, 36 days, 0.1 yuan}, O, = {Spec # 2, 4500
tons, 20 days, 0.3 yuanj}, O, ={Spec # 3, 1000 tons, 3 days, 0.2 yuan} and for all the
products O, = {Spec # 4, 2500 tons, 10 days, 0. 25 yuan}. The processing rate is 300
tons/day. The rinse costs for the production switching from product 1 to the other three
products is 2. 5 tons each time, from the last three products to product 1 1s 5 tons each
time, and between each pailr of products among products 2,3 and 4 1s 3.5 tons each time.

Three performance goals are considered as follows:

mpinzm*(@g"-@;) (11)
1=
4

mpinZlT; — T | (12)
=1

min Z Ay * Ty (13)

R ' ‘ ige {1,2.3.,4} _ ' ‘
where ®, is the quantity of order O, completed before 1ts due date, ; 1s the punish rate for

the quantity of order O, delivered after the due date, T, is the real delivery time of order
O,, and &, and 7; are the rinse quantity and the number of production switching from order
O, to order O;, respectively. Formula (11) is considered as the first level goal, while (12)
and (13) are taken into account as the second level goals. In order to evaluate these multi-
ple objectives for solution candidates in the nested ant colony algorithm, an objective rank-
ing method developed by the authors of this paper in the multi-objective genetic algo-
1 1s adopted.

The nested ant colony algorithm (denoted by Alg. 1) and the multi-objective genetic
algorithm-'* (denoted by Alg. 2) are used to solve the same problem for comparison. The
parameters used in Alg. 1 are set as follows: n=10,A=0.5,24=0.5,6=0,L,=3,L,=§,
ar=0.1, an=0.3, a:=0.2, a,=0. 25, and the number of searching periods=20. Accord-
ingly, in Alg. 2, it is set that the population size=10, the encoding length=_8, the cross-
over probability=0. 9, the mutation probability=0. 3, the number of evolution periods=
20. The termination cornditions of the both algorithms are set up as the predetermined
number of iterations or evolutionary generations.

In view of the probabilistic characteristics of these methods, 100 rounds of computer
simulations are conducted for each algorithm. The statistical results are shown in Table 1
where f..» fi» and g;s for i=1,2, are the best objective value, the mean value and the
standard deviation of the 7-th level goal in the 100 rounds of independent problem solving,
respectively. The comparisons of the first level and the second level objective values ob-
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tained in the 100 rounds of problem solving by Alg. 1 and Alg. 2 are shown in Fig. 2 and
Fig. 3, respectively.

Table 1 Statistic analysis of two methods

fl.npr. fZ.apr 7‘1 ?2 o1 02
Alg. 1 5038. 6 17. 82 5462, 2 23. 0070 175, 8199 2. 4138
Alg. 2 5181. 0 24.49 5946. 2 32. 1870 372.4956 3.4625
8000 — — — —_— e —— 60 e
— Alg.1 V P* |' - — Alg.1 V P*
______ * - —— -
7000 t Alg.2 OP ) 4
40|
w6000 b w30
20}
5000t
10}
e —— A e ————————— e —————————— ——————— — — L_____—L_—_—__—I__—___—_J—_—_—_—.J
1999 20 40 60 80 100 00 20 40 60 80 100
rounds rounds

Fig. 2 Comparison of the first level objective values  Fig.3 Comparison of the second level objective values

Simulation results indicate that all the statistical indexes of Alg. 1 are better than those of
Alg. 2. For example, in comparison with Alg. 2, the best objective values of the two levels
of goals in Alg. 1 are decreased by 2. 75% and 27. 24 %, respectively; the mean values of
the 100 objectives are decreased by 8. 14% and 28. 54%, respectively; and the standard
deviations of the objective values are decreased by 52. 80% and 30. 29% , respectively.

5 Conclusions

A nested ant colony algorithm is proposed in this paper to tackle hybrid production
scheduling problems. Computer simulation results manifest its predominant performance
in such kind of front-end problems in the fields of production scheduling and demonstrate
its energetic vitality in solving similar complex optimization problems with hybrid data
structures. Besides, to apply this approach in the field of production scheduling there still
exist many aspects to be further investigated in the future, e. g. , how to accelerate its
computation speed, which i1s the common problem faced by biological-heuristic-based algo-
rithms, such as genetic algorithms, immune algorithms, and ant colony algorithms, Be-
cause many complex optimization problems with hybrid data structures, such as departure
and landing scheduling of airplanes, intelligent transportation scheduling, communication
network routing, task assignment of multi-robots, and graph generation and partitioning,
continuously emerge in recent developments of science and technologies, the research of
hybrid ant colony algorithm has prosperous application perspectives.
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