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Abstract: This paper presents a survey on the state-of-the-art of dynamic machine scheduling problems. For this purpose,
82 papers have been examined according to the underlying scheduling models and assumptions, the source and
implementation of uncertainty and dynamics as well as the applied solution methods and optimization criteria.
Furthermore, the integration of machine scheduling into the functional levels of a company is outlined and the
essential requirements for dynamic machine scheduling in modern industrial environments are identified. On
this basis, the most prevalent gaps, the main challenges, and conclusions for future research are pointed out.

1 INTRODUCTION

Machine scheduling aims at finding optimal assign-
ments of production orders to machines for a given
planning horizon under consideration of specific cri-
teria and predefined constraints. As part of the ope-
rative planning process it plays a fundamental role in
economic production. A decrease in lead time, for
example, may result in a reduction of capital commit-
ment costs of the producing company and therefore
cause higher liquidity.

One main challenge in machine scheduling is the
adequate modeling of the dynamic production envi-
ronment and the ability to react to unforeseen events
like unexpected machine failures, staff shortages, de-
layed material deliveries or urgent changes in custo-
mer orders. Due to major advances in information
and communications technology, such as cloud com-
puting, internet of things, and mobile computing, in-
formation on new customer orders, processing delays,
machine failures or current material movements be-
come ubiquitous (often in real time). Thus, modern
machine scheduling algorithms are expected to be ca-
pable of including this information into the optimiza-
tion process in an online fashion, thereby supporting
more informed decisions.

Furthermore, classical structures of the automa-
tion pyramid are increasingly replaced by infrastruc-
tures of interlinked machines and systems. Embedded
into such rapidly evolving industrial environments,
the requirements for machine scheduling software are

changing as well: more and more dynamic machine
scheduling becomes a core asset for production plan-
ning, plant control and reactive decision making.

However, what are the essential requirements for
dynamic machine scheduling in modern industrial en-
vironments? To what extent have such requirements
previously been addressed by recent scientific work?
Which are the most prevalent gaps, the main challen-
ges, and conclusions for future research?

This paper aims to focus on these questions and
is structured as follows: Section 2 presents a brief re-
view on related work. Section 3 provides a problem
definition and an overview on the state-of-the-art in
dynamic machine scheduling approaches. Section 4
describes the information and communication techno-
logy (ICT) and current trends in industrial production
environments and derives a set of consolidated requi-
rements for machine scheduling software. In Section
5, the current state-of-the-art is evaluated considering
its industrial applicability and further research directi-
ons are given. Finally, Section 6 concludes the paper.

2 RELATED WORK

The Machine Scheduling Problem (MSP) is a well-
known problem in the field of combinatorial optimi-
zation problems and numerous papers were published
on that topic in the last decades. For a detailed des-
cription of the MSP see (Pinedo, 2012). In addition, a
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range of survey papers have been published focusing
on different aspects of the deterministic MSP. (Mo-
kotoff, 2001), for example, gives a review on the Pa-
rallel MSP while (Allahverdi et al., 2008) focus on
scheduling problems that include setup times or costs
and (Ma et al., 2010) provide a survey on MSPs with
deterministic machine availability constraints. A sur-
vey on non-deterministic problems is given by (Ouel-
hadj and Petrovic, 2008). While (Ouelhadj and Petro-
vic, 2008) mainly consider the solution techniques of
dynamic MSPs like heuristics, meta-heuristics, multi-
agent systems, and other artificial intelligence techni-
ques in detail and give a qualitative comparison, this
work focuses on their industrial application.

3 STATE-OF-THE-ART IN
DYNAMIC MSPs

3.1 Problem Description

The classical machine scheduling problem consists of
assigning n jobs of varying processing time to m ma-
chines in an optimal order due to one or more optimi-
zation criteria. Each job can contain a set of operati-
ons and a corresponding order of operations that usu-
ally originates from technical conditions of the pro-
ducing company. In literature, there are five types of
MSPs (see Table 1), which vary in the number of ope-
rations per job, the number and types of available ma-
chines and the sequence of operations. For more in-
formation on this classification of MSPs see (Graham
et al., 1979).

Table 1: Types of MSPs.

Single MSP: - one machine
- one operation per job

Parallel MSP: - several machines
- one operation per job

Flow Shop - several machines
- several operations per job
- equal sequences of operations

Job Shop - several machines
- several operations per job
- different but specified sequences

of operations
Open Shop - several machines

- several operations per job
- no sequences of operations

Another criterion to categorize MSPs consists in
whether dynamic aspects are integrated into the un-
derlying model of the production environment:

• Deterministic MSP: exact information on all pa-
rameters (e.g. number of jobs, processing times,

availability of material) is assumed to be available
during the complete optimization process,

• Non-deterministic MSP: information on some pa-
rameters is not exactly known in advance, the ac-
tual information is revealed by the occurrence of
the corresponding (dynamic) events.

3.2 Overview of Papers Reviewed

The state-of-the-art analysis comprises 82 papers
working on non-deterministic MSPs. Hence, the un-
derlying machine scheduling model contains at le-
ast one parameter exposed to uncertainty or dynamic
changes or the optimization algorithm includes re-
action mechanisms on dynamically occurring events.
Even though the selection of the examined papers fo-
cuses on their topicality, research with earlier publica-
tion dates was also considered if it contained relevant
contributions that were not addressed by more recent
papers. The publication dates of the examined papers
vary from 1996 until 2018. However, the vast majo-
rity was published in the last ten years as visible in
Figure 1. For a complete overview of all examined
papers and their features see Figure 10 in the Appen-
dix.
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Figure 1: Publication dates of the reviewed research.

According to (Riezebos et al., 2010), the choice of
a machine scheduling algorithm is mainly influenced
by the chosen machine scheduling model and some
basic assumptions, the optimization criteria and the
applied solution method. Hence, these factors are ex-
amined more closely in the following.

3.3 Uncertainty and Dynamics

In deterministic MSPs, all relevant information on
jobs and machines are available at all times and as-
sumed to be accurate. Real production environments,
however, contain uncertainties like dynamically in-
coming orders or unexpected machine failures which
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have big influence on the production plan. Hence, ex-
act data is not available a priori. (De Snoo and Van
Wezel, 2011) distinguish between four types of dyna-
mic events as shown in Table 2.

Table 2: Types of dynamic events.

Urgent orders: important orders, sample
requests, complaints

Order changes: change of amount/article/date,
new orders, cancellations

Internal production/machine failures,
disturbances: delay, rework
Supplier delay in material provision due
problems: to external disturbances

Figure 2 shows their frequency in the examined li-
terature. In about two thirds, only one dynamic event
is considered, while one third includes more than one
event. Uncertainty is thereby mainly modeled by the
use of stochastic or fuzzy data. In case deterministic
data is used, the occurrence of events is dynamically
revealed to the optimization algorithm triggering re-
sponses in real-time or periodical updates of the pro-
duction plan.
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Figure 2: Frequency of dynamic events in literature.

A basic concept to categorize dynamic machine
scheduling is to distinguish between offline and on-
line scheduling. Offline scheduling means the crea-
tion of a schedule at the beginning of the planning
horizon. Due to the dynamics of the production envi-
ronment, there might emerge a need to update the pro-
duction plan during its execution. This process is cal-
led rescheduling. In online scheduling, no production
plan is created in advance but during execution. This
enables the optimization process to respond directly
to unexpected events. A more detailed classification
of dynamic MSPs is given by (Renna, 2010) in Ta-
ble 3. While online scheduling corresponds directly
to completely reactive scheduling, offline scheduling
is divided into three different categories. It is worth
mentioning that some of the authors considering dyn-
amic events do not explicitly specify the handling or
the algorithmic reaction to those. Hence, not all of
the examined research could be classified according
to (Renna, 2010).

As also visible in Table 3, there are different ways

Table 3: Categories of dynamic machine scheduling.

completely - no schedule created in advance
reactive: - real-time scheduling
predictive - schedule created in advance
reactive: - rescheduling as real-time-response

to dynamic events
robust - schedule created in advance
predictive - consideration of effect of events
reactive: to a certain extent

- rescheduling only if events influ-
ence performance significantly

robust - schedule created in advance
pro-active: - prediction of effect of events

- no rescheduling

to implement rescheduling. It can be carried out peri-
odically (e.g. at the beginning of each planning hori-
zon or after fixed time intervals), it can be triggered by
certain events, it can be a hybrid of the both or might
be linked to the current production performance. Furt-
hermore, there are two different types of rescheduling
in the examined literature:

• Schedule Repair: only local changes are perfor-
med, global production plan is mainly preserved.

• Complete Rescheduling: generation of an entirely
new production plan.

In general, complete rescheduling may lead to bet-
ter optimization results but requires high computing
time (Zandieh and Gholami, 2009). A further dis-
advantage of complete rescheduling is the fact that
it can cause a destabilization of the production pro-
cess by the lack of continuity in the production plan.
This phenomenon is generally known as Shop Floor
Nervousness. Moreover, machine scheduling is fre-
quently linked to other business units such that broad
changes in the production plan may also require a
change of plans in the respective departments.

3.4 Model Assumptions

Machine scheduling models embody a broad range of
different assumptions on the features of the MSP. As
authors usually do not state all assumptions made, it is
difficult to make general statements on their quantity.
A list of the most common assumptions and the count
of explicit occurrences is given in Figure 3.
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Figure 3: Most common assumptions in literature.

As the definition of lot sizes is usually done be-
fore machine scheduling, lot merge, split and overlap
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are frequently not included in research on MSPs. Ho-
wever, disturbances in the production process of an
enterprise may cause postponements, which require
a reduction of lean time. For a brief explanation see
Figure 4.

Setup Time Production Time of 2⋅x units

Production Time of x units

with Lot Merge

without Lot Merge

Machine 1

Machine 2

Setup Time

Lot Merge

Merging of lots can save setup time which leads to a reduction of lead time.

Setup Time Production Time of x units

Production Time of x/2 units

without Lot Split

with Lot Split

Machine 1

Machine 2

Setup Time

Lot Split

Splitting of lots causes extra setup time but reduces partial lead time.

Setup Time Production Time

Production Time

Process 𝑛

Process 𝑛 + 1
Machine 2

Setup Time

Machine 1

Transfer

Lot Overlap

Reduction of lead time by transfer from one machine (process 𝑛) to another 
(process 𝑛 + 1) at the time of partial completion.

Based on (Zäpfel, 1982).

Figure 4: Lot merge, lot split and lot overlap.

Parameters like the capacity of interim storage or
transport and setup times are often ignored or assu-
med to be irrelevant for the solution quality of the
MSP. A few authors, however, include transport and
setup time by adding it to the process time of the diffe-
rent operations. Assumptions on the interconnectivity
of the production process and other business units are
not mentioned.

3.5 Optimization Criteria

Previous publications also cover a wide range of dif-
ferent optimization criteria. While some authors fo-
cus on machine capacity and idle times, others con-
sider the deviation to given due dates or economical
variables. The most common optimization criterion
in machine scheduling is the makespan, followed by
tardiness as shown in Figure 5. It is evident that there
is a strong focus on production-based criteria, while
criteria that emerge from customer perspective or ot-
her that are important for the embedding of machine
scheduling into the ICT infrastructure of the produ-
cing company (e.g. stability) are often omitted.

About 50% of the examined papers consider one
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Figure 5: The most commonly used optimization criteria.

optimization criterion only. If more criteria are taken
into account, they are mainly modeled and processed
as weighted sum or as Pareto fronts.

3.6 Solution Methods

In the examined literature different approaches were
used to tackle the dynamic MSP, most of them in-
spired by nature or biology, like Evolutionary Al-
gorithms (EA), Particle Swarm Optimization (PSO),
Artificial Bee Colony (ABC), Ant Colony Optimi-
zation (ACO) or Simulated Annealing (SA). Furt-
hermore, Priority Dispatching Rules (PDR), Variable
Neighborhood Search (VNS), Estimation of Distri-
bution Algorithms (EDA), Teaching-Learning Based
Optimization (TLBO) and Tabu Search (TS) are used
to tackle the MSP (see Figure 6). It is noticeable that
more than half of all authors use evolutionary algo-
rithms. This might result from the fact that EA are
very adaptable to dynamic environments.
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Figure 6: Solution methods for the dynamic MSP and their
count in the examined literature.

4 INDUSTRIAL ENVIRONMENTS
AND REQUIREMENTS

4.1 ICT in Industrial Environments

Ideally, the planning process of a company would
include all business functions as well as its whole
life cycle. However, this approach leads to models
with such high complexity, that it is not possible to
calculate solutions within reasonable time (Buzacott
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et al., 2013). For this reason, a company is divided
into functional levels and sectors, each with different
scope of planning and different planning cycles. For
the functional levels of a company, refer to Figure 7.

Field Level

Control Level

Process Control Level

Operations Command Level

Management Level

Sensors and Actuators

ERP

MES

SCADA

PLC

Based on (Schöning and Dorchain, 2014).

Figure 7: Conventional automation Pyramid.

At first, Enterprise Resource Planning systems
(ERP systems) are applied for the cross-functional
coordination of the individual functional areas of a
company. ERP systems enable a central planning for
the production and other sectors such as marketing,
accounting, finance, materials management, human
resources and quality management on the basis of a
common information system (Buzacott et al., 2013).
For operative production planning and controlling,
Manufacturing Execution systems (MES systems) are
applied on the operations command level. On that
level, machine scheduling is executed. Supervisory
Control and Data Acquisition systems (SCADA sys-
tems) are located on the process control level to en-
sure the monitoring and steering of technical proces-
ses (Heinrich et al., 2015), while programmable logic
controllers (PLC) are placed on the control level to
transmit the process information to higher-level sys-
tems and to enable the automatic control of the plant
and machinery (Seitz, 2015). Sensors and actuators
are located on the field level and are connected to
PLC. While sensors are responsible for the data col-
lection, the processes are controlled with the help of
actuators (Settelmeyer, 2007).

Machine scheduling can be carried out using a
MES system, as it serves as a link between the ma-
nagement level and the shopfloor (Heinrich et al.,
2015). On the one hand, the MES system receives
production orders from the ERP system (Gutenberg,
1971). On the other hand, the MES systems gets feed-
back data from the shopfloor such as status and time
information, production volumes, consumption mes-
sages, occupancy time as well as disturbances (Seitz,
2015). According to (Schuh and Stich, 2013), the
data availability is elementary for machine schedu-
ling: if the scheduling and rescheduling are based on

insufficient data, this leads to inaccurate results. The
current challenge of the ICT is the data transmission
which is hampered due to the hierarchical structure
of any enterprise and the different linking possibili-
ties of the information and communication systems.
For an extract of the linking possibilities see Figure
8. (Schöning and Dorchain, 2014) specify machi-
nery with different ages and origins as a reason for
the diversity of the linking possibilities. Additionally,
the heterogeneous IT-landscape which usually evol-
ves over time is stated by (Schuh et al., 2007) as a
recent challenge for planning and control approaches.

Remote I/O Fieldbus Industrial Ethernet

Fieldbus Industrial Ethernet OPC

Ethernet TCP/IP OPC

Visualisation
Systems

Operator Panel Control Systems

PLC

Sensors Actuators

MES

Based on (Seitz, 2015).

Management Level

Command Level

Field Level

2/4-Wire Technology

Control Level

Figure 8: Linking possibilities.

4.2 Current Trends

Apparently, data from the shopfloor can be collected,
but the data transmission is hampered due to the hier-
archical structure with the different linking possibili-
ties. According to (Nyhuis and Schmidt, 2017) a con-
sistent data exchange can be ensured by avoiding me-
dia discontinuities. This can be achieved by establis-
hing a decentralized network through introducing cy-
ber physical systems (CPS), which communicate with
each other via the internet (Bauernhansl et al., 2014).
Due to their direct connection to the data streams of
the field level and the networking with other objects,
as illustrated in Figure 9, a decentralized network can
be established (Schöning and Dorchain, 2014). Thus,
the conventional automation pyramid and the associ-
ated challenges will be resolved (Höll and Stimming,
2015).

In addition to the consistent data exchange, CPS
enable automatic data collection, whereby delayed
feedback as well as possible wrong entries can be
avoided (Reinhart, 2017). For this purpose, sensors
are applied on workpieces, working stations and ma-
terial containers (Höll and Stimming, 2015). For in-
stance, the following information can be provided ba-
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Sensors and Actuators

ERP

MES

SCADA

PLC

Based on (Schöning and Dorchain, 2014).

Figure 9: Dissolution of the automation pyramid.

sed on the collected data (Chongwatpol and Sharda,
2013):

• order status,

• waiting and processing products on a machine,

• machine set up,

• machine failures,

• material shortages,

• available and utilized machine capacity.

While sensors collect data, the aggregation, evalu-
ation and the preparation of the data can be conducted
using cloud computing (Reinhart, 2017). Therefore,
cloud computing can serve as an integration basis
(Reinhart, 2017) and enables the access to the requi-
red data from anywhere (Hauptvogel, 2015). Hence
machine scheduling, production control as well as
the maintenance or the materials management have
access to a common database (Reinhart, 2017).

5 DIRECTIONS FOR FUTURE
RESEARCH

In this section the current state-of-the-art in machine
scheduling is evaluated and further research directi-
ons are given on three different levels. First of all,
current scheduling models and optimization approa-
ches are examined to increase their industrial appli-
cability. Secondly, challenges concerning the integra-
tion of dynamic machine scheduling into the IT in-
frastructure of an enterprise are illustrated. Finally,
human interaction with machine scheduling is discus-
sed.

5.1 Scheduling Model

It is obvious that the value of machine scheduling al-
gorithms for a company depends largely on the qua-
lity of the underlying model of reality. Scheduling
models that are based on parameters that do not ma-
tch the production environment of a given company

or that do not include all of their required dynamic
event types, are not applicable in real production sce-
narios. Hence, it is of great importance to represent
production constraints such as existence and capacity
of interim storage, setup and transportation times as
well as the possibility of lot merge, split and over-
lap in case of production disturbances, which are hit-
herto mainly omitted in research, in an adequate way.
Furthermore, even if all important types of events are
covered in literature, it is necessary to consider them
simultaneously as this portrays the conditions of real
production environments.

As the success of a company is dependent on
several different criteria like efficiency or customer-
friendliness, another main challenge consists in iden-
tifying and representing them adequately by choosing
the right (combination of) optimization criteria. Es-
pecially customer-driven criteria e.g. customer-based
priority rules need to find stronger integration into
machine scheduling. One criteria that finds little con-
sideration in literature but is relevant for almost all
enterprises is stability. A change of the production
plan can cause a change of plans in other business
units of the enterprise as well as a transition of resour-
ces, which might lead to not negligible extra costs. In
particular, the complete rescheduling method, which
is repeatedly applied in literature, can cause stability
problems. Therefore, research on the correlation of
rescheduling and stability, the inclusion of stability as
optimization constraint or objective and a transparent
description of its implications on other business units
would be desirable. Moreover, existing approaches
need to be evaluated on real data or reality-like bench-
marks to lay the foundations for further improvements
and proper adaption to real production environments.

5.2 System Level

As stated in Section 4, the advancement in sensor
technology allows for real-time availability of diffe-
rent data representing the current state of the pro-
duction process at any time. This information can be
transferred to machine scheduling algorithms using
cyber physical systems and cloud computing. Howe-
ver, ERP- and PPS-systems are currently not ready for
the required networking due to their central and deter-
ministic orientation. Moreover, an exchange of those
systems will not occur in the near future (Ganschar
and Gerlach, 2013). Hence, one main challenge con-
sists in the evaluation of the consequences of dynamic
machine scheduling on ERP-relevant data. Additio-
nally, interfaces between machine scheduling and bu-
siness units like resource planning or order and pro-
duction planning have to be defined adequately.
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5.3 Human Interaction

An application of machine scheduling algorithms wit-
hout human interaction requires fully automatic re-
cognition and processing of event data. According to
a survey of the Fraunhofer Institute in 2013 (Ganschar
and Gerlach, 2013), only few of the interviewed com-
panies (16%) believe that the majority of the requi-
red event data for dynamic machine scheduling can be
automatically identified by current technical systems,
while 59% of the interviewed companies consider hu-
man abilities as important component (Ganschar and
Gerlach, 2013). Furthermore, human knowledge is
fundamental in modeling of production processes and
adapting the parameters of the optimization model
(De Snoo and Van Wezel, 2011). Human competency
is also needed in decision making. To this day, human
production planners have gathered huge expertise in
choosing the best production plan according to the re-
quirements of a company. With the ongoing progress
in the area of artificial intelligence, it remains an open
question, whether these tasks could be taken over by
intelligent machines at some point. But even if that
is the case, the acceptance of automatically generated
production plans by human decision makers needs to
be subject to further research (Hußlein and Breidbach,
2015).

6 CONCLUSION

In this paper, the state-of-the-art in dynamic machine
scheduling and current directions in industrial pro-
duction environments were presented. In the exami-
ned literature, a great number of optimization crite-
ria and model assumptions could be identified. These
have to be further developed and combined to ma-
tch real production environments. The applied solu-
tion methods were found to be mostly nature-inspired.
Statements on their quality were not part of this work.
A big shortcoming was found in the fact, that only two
of the approaches were tested and evaluated on real
data. Thus, this needs to be intensified in future rese-
arch. Furthermore, all important dynamic event types
are covered in the examined literature. However, si-
multaneous consideration of several events types as
well as adequate reactions and the respective influ-
ence on the stability of the production plan require
further investigation. The hierarchical structure of the
IT infrastructure in companies is a current obstacle
in applying dynamic machine scheduling, as dynamic
changes of the production plan can have influence on
other business units and therefore also on other le-
vels of the IT system. Prospectively, cyber physical

systems and cloud computing allow for a decentrali-
zation of the automation pyramid and enable a ste-
ady exchange of data and real-time data availability,
which can serve as a basis for the implementation of
dynamic scheduling. Hence, one main challenge con-
sists in defining adequate interfaces. Additionally, an
empirical study could be conducted to further investi-
gate the suitability of dynamic scheduling approaches
for practical application. On the one hand, software
manufacturers could be asked on the current state of
dynamic machine scheduling in practice. On the other
hand, software users could be consulted to identify
practical problems and challenges of current machine
scheduling.
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APPENDIX

For a complete overview on the examined papers and
the respective features see Figure 10. As not all aut-
hors state every feature of their work or comment on
each of the criteria defined in this survey, it is not re-
markable that the table contains some blank lines.
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Figure 10: Overview and classification of all examined papers.
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