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A novel rule-basedmodel for multi-stagemulti-product scheduling problem (MMSP) in batch plants with paral-
lel units is proposed. The scheduling problem is decomposed into two sub-problems of order assignment and
order sequencing. Firstly, hierarchical scheduling strategy is presented for solving the former sub-problem,
where themulti-stagemulti-product batch process is divided intomultiple sequentially connected single process
stages, and then the production of orders are arranged in each single stage by using forward order assignment
strategy and backward order assignment strategy respectively according to the feature of scheduling objective.
Line-up competition algorithm (LCA) is presented to find out optimal order sequence and order assignment
rule, which can minimize total flow time or maximize total weighted process time. Computational results
show that the proposed approach can obtain better solutions than those of the literature for all scheduling prob-
lems with more than 10 orders. Moreover, with the problem size increasing, the solutions obtained by the pro-
posed approach are improved remarkably. The proposed approach has the potential to solve large size MMSP.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

In batch chemical industry many products are processed through
several sequentially connected stages. In order to improve the efficiency
of production, non-identical parallel processing units are used in each
stage. In such plants, the scheduling of plant operations is a routine activ-
ity. However, because of themany alternateways inwhich orders can be
assigned to various units and produced in different sequences, the task of
optimal scheduling is formidable. Hence, the multi-stage multi-product
scheduling problem (MMSP) in batch plant has received great attention
from both academia and industry. In the past decades, many studies on
MMSP have been reported in the literature [1–7]. The main solution
methods is to establish mixed-integer linear programming (MILP)
model first, including objective function and a set of equality and in-
equality constraints, then solve the model using a modeling software.

Pinto and Grossmann [8] presented a continuous-time mixed-
integer linear programming (MILP) model with continuous time repre-
sentation for MMSP, which relied on the use of parallel time axes for
units and tasks. Later, they proposed an alternative model in which
the pre-ordering of orders was imposed explicitly by applying a repre-
sentation of the time slots for the units. This resulted in a significant re-
duction in the computational time [9].

Hui and Gupta [10,11] established a MILP model for MMSP using
three-dimensional 0–1 variables instead of tetra-index 0–1 variables
to represent the sequence-dependent relationship between order and

equipment. The main advantage of this model compared to the other
previously proposed formulations was the significant reduction in
model size and consequently shortening the solution time.

Gupta andKarimi [12] presented a continuous-timeMILP formulation
without using time slots for short-term scheduling of such plants. The
formulation allowed both sequence-dependent and unit-dependent
setup times and common operational considerations such as order/unit
release times. They developed novel constraints for assignment of con-
secutive orders on a single unit and evaluated them thoroughly to iden-
tify the best constraints. Case study results showed the superiority of
the proposed formulations.

Castro and Grossmann [13] presented a multiple-time-grid,
continuous-time MILP model for MMSP. The formulation could handle
both release time and due dates with different time-based objective
functions efficiently, such as the minimization of total cost, total earli-
ness, or makespan. Afterwards, Castro, Grossmann and Novais [14]
presented another two kinds of continuous time MILP model based on
multiple-time-grid to solve MMSP with sequence-dependent change-
over time constraints.

Xue and Yuan [15] put forward MILP model with pre-ordering ap-
proach to solveMMSP. The pre-ordering approach could identify the in-
feasible assignments throughwhich the number of binary variables was
significantly reduced. Illustrative examples showed that the size of the
proposed model was small, thus significantly shortening the solution
time in comparison with the existing models in literature.

The above mentioned methods took the same way for solving
MMSP. First, a group of binary variables were introduced to indicate
the order allocation and the unit selection. Then, the MILP models for
MMSP were built using discrete or continuous time representation
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approach. Finally, some traditional deterministic optimization algo-
rithms or commercial computing software were employed to solve to
the models [16]. Because of the complexity of MMSP, MILP models
established by traditionalmethodswere large-scale and their generality
were poor, whichmade it difficult to deal with complex constraints and
only feasible for small size problem. When the problem size increases
linearly, the computational time of MILP will increase exponentially. It
is difficult for MILP to solve large-size MMSPs. Although some re-
searchers claimed that their MILP models were suitable for large-size
problems, the solutions to large-size problems were far from the opti-
mum, even if the algorithm ran for very long time [16]. Therefore, it is
urgent to explore reasonable schedulingmodel and seekmore effective
approach for solving large-size MMSP.

Different from the traditionalMILPmodels ofMMSP, He andHui [16]
presented a heuristic approach based genetic algorithm (GA) forMMSP.
In their method, an order sequence was encoded into the chromosome
of the GA. Through the evolutionary mechanism of GA, a group of
random chromosomes was evolved to achieve the optimal or near-
optimal solution.

In this paper, a novel heuristic rule basedmodel for MMSPwith par-
allel unit is presented. The multi-stage multi-product batch production
process is then divided into multiple sequentially connected single pro-
cess stages by using hierarchical scheduling strategies combined with
the concepts of “virtual release time” and “virtual due date”. According
to the features of the proposed model, line-up competition algorithm
(LCA) is introduced to solve the MMSP model. The performance of the
proposed method is illustrated by solving two typical complex illustra-
tive MMSP examples.

The rest of this paper is organized as follows. Section 2 details math-
ematical model of MMSP with parallel units, and presents hierarchical
scheduling method; Section 3 introduces computational procedures of
LCA for MMSP. In Section 4, problems from the literature are solved to
illustrate theperformance of theproposed approach. Finally, the conclu-
sions are given in Section 5.

2. Model Development

2.1. Problem definition

In this paper, the scheduling problem of multi-stage multi-product
batch plants with parallel units is considered. In MMSP, a set of produc-
tion orders is to be processed. Each order, involving a single product,

requires a certain number of processing stages (as shown in Fig. 1).
The features of this process are as follows:

(1) Each order has a predetermined release time and due date;
(2) Each order involves a single product requiring a single processing

batch;
(3) Each order requires multiple successive processing stages, and

can only be processed once in each stage.
(4) Each order can only be processed in a subset of the given units in

each stage. It means that there may be forbidden units for each
order. The process time of order is unit-dependent.

(5) Some units have finite unit release times. Hence, they are not
available from the beginning of the time horizon of interest.

(6) A unit processes only one order at a time. When one order
changes over to another order, time for unit cleaning and prepar-
ing is required. The changeover times are sequence-dependent
or both sequence- and unit-dependent;

(7) Because of flavor and/or color incompatibilities, some order se-
quences are forbidden at any equipment item.

(8) Each unit belongs to one production stage, at the same time it can
only handle one order.

Given all the above features, the scheduling problem to be tackled
involves determining (1) the allocation of orders to units in each
stage, (2) sequencing orders in each unit, and (3) timing each order so
that all scheduling constraints are taken into account and, at the same
time, some measures of the customer satisfaction and/or the plant per-
formance are optimized.

The following assumptions are used to derive the scheduling formu-
lation for MMSP:

(1) All the model parameters are deterministic.
(2) Materials of each order are constant throughout the process, no

material loss.
(3) Once a batch of materials was produced, it cannot be interrupted

during the process.
(4) No resource constraints except unit are considered.
(5) There is unlimited intermediate storage between two stages.

2.2. Scheduling objectives

Two typical time-based scheduling objectives, total flow time and
total weighted process time, are chosen to be optimized [8,16].

Order set Stage1 Stage2 Stage3
Finished
order set

Order Unit Finished order Intermediate storage

Fig. 1. Schematic of a multistage batch plant with parallel units.
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