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Abstract
This paper aims to solve the difficulties in job-shop scheduling, a key determinant of production cost
and economic effectiveness of manufacturing enterprises. For this purpose, the existing job-shop
scheduling problems were introduced, the internal and external uncertainties that may influence the
scheduling plan in actual production were enumerated, and the corresponding scheduling and
rescheduling strategies were reviewed one by one. Then, the flexible job-shop model was established
under uncertainties, the mathematical models were created considering such three uncertainties as the
discrete makespan, rush order cut-in and machine failure, and the proactive-reactive scheduling
strategy was proposed against emergencies or uncertainties. Finally, the proactive-reactive scheduling
strategy, developed based on the uncertainty theory, was proved effective and feasible through the
simulation experiments on scheduling optimization under machine failure and rush order cut-in. The
research findings shed new light on the production planning and scheduling strategy of manufacturing
enterprises.
(Received, processed and accepted by the Chinese Representative Office.)
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1. INTRODUCTION
Economic globalization and technological development are a mixed blessing for
manufacturing, the foundation of national economy [1]. The manufacturing industry is faced
with both rare opportunities and enormous challenges. With the continuous improvement of
living standards, the customers have been raising increasingly diverse, subjective and
individualized demands for products [2], while the emergence of new techniques have greatly
accelerated the renewal of products. Overall, the traditional mass production is shifting
towards modern production modes like lean production [3]. The modern production modes
are featured by automated process, diverse products and small and medium batches. These
new phenomena have added to the difficulty in job-shop scheduling [4, 5]. In addition to
advanced production technology, the enterprises must rely on cutting-edge production plan
and production control to adapt to the modern production modes in a rapid and stable manner
and survive the intense competition in the market [6, 7].
Job-shop scheduling, as the core production technology, directly bears on the production
cost and efficiency of the enterprises, and determines whether a modern enterprise could run
efficiently and stably and maintain market competitiveness [8]. Through rational job-shop
scheduling, it is possible to achieve the following goals under multiple constraints and limited
resources [9]: the minimal processing cost, the maximum profit, the highest consumer
satisfaction and the best utilization rate of the machines. The previous studies have shown
that, the actual processing time only takes up 8 % of the entire cycle of product manufacturing,
while the remaining parts belong to waiting for processing, transport and storage [10].
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Therefore, it is very meaningful for enterprises to optimize their job-shop scheduling [11]. In
actual practice, however, there are many uncertainties and emergencies to be tackled in jobshop scheduling [12, 13]. If not solved timely, these factors may endanger the production
efficiency and smoothness.
To solve the difficulties in job-shop scheduling, this paper probes deep into the relevant
optimization methods based on the uncertainty theory and proposes a systematic solution for
enterprises to optimize the internal and external resources, maximize their economic
effectiveness, coordinate the multiple production tasks in the job-shop, and overcome
uncertainties and emergencies [14].

2. OVERVIEW OF JOB-SHOP SCHEDULING PROBLEM
2.1 Job-shop scheduling problem
Scheduling is a ubiquitous problem. Its presence is seen in such fields as transport,
manufacturing, hospital care, etc. [15]. The goal of scheduling lies in completing a job or
realizing a goal within a limited time using the minimum amount of resources. As an
important scheduling problem, the job-shop scheduling problem refers to the completion of
the production task according to the required time, quantity and quality through the rational
arrangement of the processing time and resources for a separable task under certain
constraints like makespan and sequence [16]. The purpose is to improve the productivity,
shorten the production cycle, reduce the production cost and maximize the profits of the
enterprise. The common constraints, i.e. goals, of job-shop scheduling are described in Fig. 1.

Figure 1: Common constraints of job-shop scheduling.

2.2 Features of job-shop scheduling
The various classification methods for job-shop scheduling problems are based on the number
of resource constraints, job-shop composition, or processing features. Whichever the basis, all
job-shop scheduling problems share similar basic features (Fig. 2). Featured by largescale
production, multiple processes and numerous departments, the multi-task job-shop scheduling
is a dynamic and complex system involving multiple levels and multiple factors.
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Figure 2: Basic features of job-shop scheduling problems

3. UNCERTAINTY THEORY
3.1 Scheduling decision mechanism
Manufacturing is a dynamic process influenced by various uncertainties. Under uncertain
factors, the scheduling problem is no longer the search for the optimal solution, but a
methodological issue involving the preferences and attitudes of different decision makers. In
light of the interferences of the job-shop, the uncertainties can be divided into internal factors
and external factors (Fig. 3).

Figure 3: Classification of job-shop uncertainties.
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Based on the said uncertainties, the job-shop scheduling strategies can be categorized into
proactive scheduling, reactive scheduling, fuzzy scheduling and hybrid scheduling.
Specifically, the proactive scheduling considers the uncertainties in the preparation of the
scheduling plan; the reaction scheduling makes timely adjustment to the scheduling plan
according to the emergencies or uncertainties; the fuzzy scheduling is relatively flexible due
to its fuzzy features under uncertainties; the hybrid scheduling solves the problems caused by
uncertainties through the combination of the former three strategies.
3.2 Scheduling indices
As shown in Fig. 4 below, scheduling is mainly measured by four indices, including the
flexibility, stability, executability and robustness. During the manufacturing, flexibility
reflects how flexible the time, processing mode or sequence in the execution of the scheduling
plan. The stability of the scheduling plan has a major impact on the plan execution, material
demand and external coordination in the production process. Besides ensuring flexibility, the
adjusted scheduling plan should not deviate far from the original plan. Robustness means the
effect of the scheduling plan is immune to any interference or uncertainty. Executability
requires that no constraint is violated by the execution of the scheduling plan. It is difficult to
maintain the executability in actual practice, owing to the presence of emergencies and
uncertainties.

Figure 4: Scheduling indices.

3.3 Rescheduling strategy under uncertainties
The original scheduling plan may not be implemented smoothly due to the numerous
uncertainties in each link of actual job-shop production, especially in multi-task production
mode. Thus, a single scheduling strategy is not flexible enough to meet the requirements for
actual production. Currently, many scholars have combined reactive and proactive scheduling
strategies to solve actual scheduling problems, but failed to determine the proper timing of
scheduling. As is known to all, excessively frequent rescheduling will harm the scheduling
stability, while untimely rescheduling cannot repair the system. In general, the rescheduling
strategies can be roughly classified into three types (Fig. 5).
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Figure 5: Rescheduling strategies.

4. OPTIMIZATION OF MULTI-TASK JOB-SHOP SCHEDULING
BASED ON UNCERTAINTY THEORY ALGORITHM
4.1 Flexible job-shop modelling under uncertainties
The diversification of consumer demands has given birth to small-batch, multi-variety flexible
manufacture system. During workpiece manufacturing, the variety of processing paths,
sequences and machines helps enhance the production stability, improve the utilization rate of
machines and shorten the makespan. Hence, the multi-task, multi-objective flexible job-shop
scheduling has great application significance. As a result, the uncertainties of flexible jobshop were modelled in the uncertain environment.
(1) Discrete probability model for makespan
Due to the makespan uncertainty of each workpiece, the makespan can be regarded as
some discrete points between the maximum and the minimum makespans. Thus, the discrete
probability model for makespan can be established as:
𝑃1 (A), c = 𝑐1 (𝐴);
𝑃 (A), c = 𝑐2 (𝐴)
φ(A) = { 2
…
𝑃𝑄 (A), c = 𝑐𝑄 (𝐴)

(1)

where 𝑐1 (𝐴) is the makespan for workpiece A; 𝑃1 (A) is the probability of the makespan. Note
that ∑𝑄𝑖=1 𝑃1 (A) = 1 and 𝑐1 (𝐴) <𝑐2 (𝐴) < … < 𝑐𝑄 (𝐴).
(2) Failure models
Two mathematical models were created based on the failure rate and repair rate of the
machines. It is assumed that there are ak machines belonging to type k, and jk machines that
have been shut down. Let f = 1 / MTTF be the rate of single machine failure and r = 1 / MTTR
be the repair rate of single machine failure. Note that the MTTF is short for the mean time to
failure, and the MTTR is short for the mean time to repair. Then, the total failure rate and
repair rate of ak – jk machines can be expressed as:
𝑓𝑗 = ∪ (𝑎𝑘 − 𝑗𝑘 )𝑓
(2)
𝑟𝑗 = ∪ (𝑎𝑘 − 𝑗𝑘 )𝑟

(3)

(3) Rush order cut-in model
Assuming that the rush order cut-in obeys the uniform distribution, the following model
can be established:
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1

𝑓(𝑥) = {

𝑏−𝑎

,

0 ,

𝑎≤𝑥≤𝑏
others

(4)

where a and b are two types of rush orders.
4.2 Proactive-reactive scheduling process based on uncertainty theory
Based on the uncertainty theory, the proactive and reactive scheduling strategies were
combined to solve multi-task, multi-objective flexible job-shop scheduling problems. The
flow of the integrated strategy consists of three parts (Fig. 6):

Figure 6: The three phases of the integrated scheduling strategy.

(1) The proactive scheduling phase: During the design of the scheduling plan, a stable
proactive plan was constructed based on the discrete probability model for makespan,
considering the uncertain makespan factors, and was adopted as the benchmark plan for
scheduling.
(2) The evaluation of rescheduling time points: Despite a certain anti-interference ability,
the original scheduling plan may be affected by emergencies in actual production. Thus, it is
necessary to determine when to start the rescheduling strategy.
(3) The reactive scheduling phase: The scheduling plan was modified in local parts to
cope with the impacts from emergencies or uncertainties. If the impacts were not fully
dampened, the reactive scheduling was implemented in a comprehensive manner.
4.3 Experimental simulation and results analysis
The proposed integrated scheduling strategy was validated through Matlab simulation
experiment on multi-task job-shop scheduling. The scheduling aims to achieve the minimal
energy consumption and the shortest makespan. During the experiment, it is assumed that 12
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workpieces need to be processed in a job-shop through 3 processes on 9 machines. Two
uncertainties were taken into consideration: (1) three new workpieces were added at t = 9;
(2) a machine failed at t = 10 and was repaired at t = 11. Under the premise of meeting the
delivery date, the scheduling plan with the least energy consumption was selected. The Gantt
chart of the original plan is shown in Fig. 7 below. It can be seen that the makespan was 38 h
and the energy consumption was 264.5 kWh for the minimal energy consumption.

Figure 7: Gantt chart of the original plan.

(1) Rush order cut-in
Two strategies are available for rush order cut-in to the original plan: first, add the new
workpieces after each operating machine completes the processing of the workpieces in the
corresponding phase, while each nonoperating machine directly processes the new rush
orders; second, scheduling the original workpieces and the rush orders simultaneously. The
Gantt charts of the two strategies are given in Figs. 8 and 9, respectively. It can be seen that
the makespan and energy consumption of the first strategy were 44 h and 298.6 kWh, while
those of the second strategy were 46 h and 280.4 kWh.

Figure 8: Gantt chart of the original plan after local repair.
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Figure 9: Gantt chart of the original plan after rescheduling.

It is clear that both strategies underwent an increase in energy consumption and
makespan. However, Strategy 2 consumed less energy than Strategy 1 under the premise of
meeting the delivery date. The comparison between the two strategies is illustrated in Fig. 10.

Figure 10: Comparison between the two strategies.

(2) Machine failure
When a machine failed, the workpieces to be processed on that machine were distributed
to other machines, especially the nonoperating ones. Based on the uncertainty theory
algorithm, the makespan and energy consumption corresponding to the minimal energy
consumption were determined as 42 h and 288.5 kWh. The Gantt chart of the corresponding
optimal scheduling is shown in Fig. 11.
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Figure 11: Gantt chart of the original plan under machine failure.

5. CONCLUSIONS
Targeting the difficulties in job-shop scheduling, this paper carries out in-depth exploration
into the relevant optimization methods based on the uncertainty theory algorithm. The
following conclusions were drawn from our research:
(1) The existing job-shop scheduling problems were introduced, the internal and external
uncertainties that may influence the scheduling plan in actual production were enumerated,
and the corresponding scheduling and rescheduling strategies were reviewed one by one.
(2) The flexible job-shop model was established under uncertainties, the mathematical
models were created considering such three uncertainties as the discrete makespan, rush order
cut-in and machine failure, and the proactive-reactive scheduling strategy was proposed
against emergencies or uncertainties.
(3) The proactive-reactive scheduling strategy, developed based on the uncertainty theory,
was proved effective and feasible through the simulation experiments on scheduling
optimization under machine failure and rush order cut-in.
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