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ABSTRACT The scheduling applied to manufacturing represents a huge opportunity for companies to stand
out in a world of fast and big changes. Having a reliable scheduling system will allow factories to deal with
the significant demand for highly customized products. Although manufacturing scheduling has been deeply
studied for decades, there is still a gap between academia and industry, namely because the lack of flexibility
and homogeneity among scheduling solutions, which makes them very use case-oriented. Furthermore, the
absence of standardization is also making it difficult to implement smart scheduling solutions in industrial
scenarios. Thus, this work presents a set of requirements and design principles based on axiomatic design
concept, to make the first steps to standardize the designing and development of manufacturing scheduling
solutions in the context of Industry 4.0. At the end, is presented a scheduling generic framework targeting
smart manufacturing and evaluated in a practical use case.

INDEX TERMS Manufacturing scheduling, scheduling framework, industry 4.0, cyber-physical production
systems, RAMI4.0, design principles.

I. INTRODUCTION
Manufacturing has been changing very quickly in the last
decades, mainly due to the tremendous advancements in
technology. The large demand for more customized products
forces the companies to quickly adapt to the new trends in
the market. Therefore, it is crucial to build mechanisms that
allow to havemore flexibility and reconfigurability within the
factories. One of the areas that may benefit greatly from these
advancements is manufacturing scheduling, since scheduling
is a very complex task that needs to deal with a substantial
number of constraints in very different environments. Manu-
facturing scheduling has also been studying for decades now
and some advances have been verified. However, mainly due
to its implementation complexity, scheduling solutions are
not widely adopted in industry. Usually, scheduling solutions
proposed in literature are too specific and not generic enough
to be deployed in different scenarios, being very different
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among them. Moreover, the requirements and constraints
considered in those cases are not accurate when applied
to the real-world [1], [2]. This creates a big gap between
the academia, where new technologies are studied, and the
industry, where those technologies may be deployed. Conse-
quently, it is necessary to build guidelines to help design-
ers and developers to create scheduling solutions oriented
to Industry 4.0 that can be easily followed and applied to
different use cases. This paper aims to propose a set of generic
functional requirements and corresponding design principles
to help in the designing stage of manufacturing scheduling.
Furthermore, the document presents a generic framework to
provide the integration between the different components of
the scheduling process, as well as a possible architecture.

II. LITERATURE REVIEW
The recent development and advances in technology as well
as themarket demand for highly customized and personalized
products have been pushing the manufacturing companies to
develop new solutions in order to become more dynamic and
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flexible to face these emergent trends and the quick changing
markets. Most of the existing production systems, are based
in automated systems built to achieve high performance and
high delivery rate, coming from the second and third indus-
trial revolutions, but have no capability regarding autonomy,
adaptation and flexibility. Consequently, a group of expert
technicians is needed to solve a problem each time a distur-
bance occurs in the production line [2]. Besides these restric-
tions, the emergence of new manufacturing paradigms, the
appearance of new technologies and processes, the cheaper
development of IT infrastructures, the emerging possibility
of digitization, between other factors led to a disruption
in the industrial scene, known as Smart Manufacturing or
Industry 4.0 [3].

A. SMART MANUFACTURING
Smart Manufacturing can be described as a collaborative
system which reacts in real time to reach the demand of
the factory and the customers [4]. It makes use of concepts
such as Cyber-Physical Systems (CPS), Internet of Things
(IoT), Cloud Computing, AI and data analysis merged with
sensors, communication protocols, control and predictive
engineering to build the manufacturing systems of today and
tomorrow [5]. According to [6], Smart Manufacturing covers
three main characteristics: a) Horizontal integration across
the entire value creation network - this covers the integration
of different players of the value chain during all the product
life cycle, which allows to optimize the entire production
process; b) End-to-end engineering across the entire product
life cycle - the linking and digitization between the different
phases of the product life-cycle, namely the acquisition of
raw materials, product manufacturing, product use and the
product end of life allow to collect, store and process data
to acquire new knowledge and improve the entire production
process; c) Vertical integration and networked manufacturing
systems - the vertical integration brings up the concept of
smart factory, which aims to interconnect all the resources
and software application inside the factory. This characteris-
tic allows the system to be more flexible and deal with unex-
pected disturbances more quickly and efficiently, by having
real-time control from what is happening internally. The
well known Cyber-Physical Production Systems (CPPS) may
contain significant information regarding the hardware of
electrical and mechatronic devices, as well as software infor-
mation and real-time data [7]. The combination of data com-
ing from the physical environment, such as machine wear,
with the data coming from simulation tools, such as stress
or deformation, as well as maintenance records may provide
a more accurate representation of the system and, conse-
quently, more reliable manufacturing solutions [8]. In order
to achieve economic, environmental and societal advantages,
sustainable and highly reconfigurable factories need to be
developed [9]. Reconfigurable manufacturing systems, that
entail characteristics such as scalability, customization, and
modularity, allow to increase the capability to dinamically

change the syste to meet the market demand in an efficient
and flexible way [10].

B. CYBER-PHYSICAL PRODUCTION SYSTEMS
CPPS are a crucial element to achieve smart manufactur-
ing. The benefits of integrating both cyber and physical
components led to an increasing trend of developing new
approaches where those are integrated in manufacturing sys-
tems. By using CPS, it is possible to develop a virtual rep-
resentation of physical objects, contributing to the vertical
integration referred before [11]. CPPS just expand the con-
cept and benefits of CPS to the manufacturing context. CPPS
rely on the integration of physical and virtual worlds through
interaction interfaces, which are used to monitoring and con-
trol operations [12]. Internet of Things (IoT), facilitate the
process of automatic data gathering and inspection. The data
generated by the different resources during the production
process is analyzed and converted in useful knowledge to be
used in different scales to continuously improve and optimize
the production process, for example, by using big data ana-
lytics and artificial intelligence algorithms [13]. CPPS can
provide virtual capabilities to every physical component, high
degree of automation, reconfiguring capabilities, interaction
between components at different scales and integration at
different spatial and temporal scales [14]. Although these
concepts are not completely new in manufacturing systems,
only now, with the advances in ICT, they are becoming reli-
able. In order to standardize the designing and development of
smart manufacturing systems, some reference architectures
have emerged during the last years, such as ISA-95 [15],
the 5C architecture [16], the Smart Grid Architecture Model
(SGAM) [17], the Industrial Internet Reference Architec-
ture (IIRA) [18], and the Reference Architectural Model for
Industrie 4.0 (RAMI 4.0) [19]. These architectures aim to
assure a common comprehension, achieve standardization,
enable semantic interoperability and to provide consistent
operation models for the system. RAMI 4.0 is one of the most
known and used reference architectures when considering
one of the most recent manufacturing paradigms, I4.0. This
reference architecture is becoming a global standard and
is, nowadays, one of the most used architectures and very
supported by industry companies in Europe, such as ABB,
Bosch, Festo, Siemens or SAP.

C. RAMI 4.0
RAMI4.0 was developed to accomplish a common under-
standing of which standards, models and use cases are vital
for developing a smart manufacturing. The architecture puts
together key elements of I4.0 in a three-dimensional layer
model. The procedures described in the standards allow
smaller companies to adapt for I4.0, by implementing even
partial standards which may allow to develop an early
I4.0 application. RAMI 4.0 also enables the identification
of standards required for relevant use cases [20]. From this
architecture two important requirements arise [21]:
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FIGURE 1. RAMI 4.0.

1) It must be possible to use, maintain or even extend the
definitions and data in respect of an asset throughout
its lifetime if the Use Case so requires;

2) It should be possible to preserve a link between
‘‘type’’ and ‘‘instance’’ definitions in respect of an asset
throughout its lifetime.

RAMI4.0 makes possible to easily handle the different
phases and aspects of the system (Figure 1), since it expands
the Hierarchy Levels of IEC 62264 (by adding the product
level at the bottom and the connected world, which encom-
passes individual factory boundaries, at the top), differenti-
ates between type and instance in the Life Cycle Value Stream
of products or systems, and depicts the structure of the IT
representation of an I4.0 Component in the Layers axis [21].
This approach allows the description and development of
higher flexibility solutions in the context of an I4.0 environ-
ment as well as the encapsulation of functionalities where
appropriate, due to its three-dimensional model.

Next are described the three dimensions according
to [22], [23]:
• Layer Axis: The Layers axis (Figure 2) that represents
the different perspectives such as data maps, functional
descriptions, communications behavior, hardware/assets
or business processes is divided into Asset, Integration,
Communication, Information, Functional and Business
categories. The business layer maps the relevant busi-
ness processes. This layer ensures the integrity of func-
tions in the value stream, orchestrates the services in
the functional layer, makes the link between diverse
business processes and receives events for advancing
of the business processes. It is in this layer where the
rules the system has to follow need to be modelled. The
Business layer explains what the end user needs are.
The functional layer contains all the essential functions.
It should contain a formal description of the functions
and should be a platform for horizontal integration of
the various functions. At the same time, should be a
run-time and modelling environment for services which
support business processes and for applications and
technical functionality. Here are generated the rules and
decision-making logic. Most exactly this layer defines

what the asset is supposed to do and with what services.
Linked to the functional layer is the information layer
which comprehends relevant data about the system. The
information layer is a run-time environment for (pre-)
processing of events. Rules are applied here to one or
more events to generate one or more further events
whichwill initiate processing in the functional layer. The
Information layer describes what data the asset has to
provide. The communication layer is made-up to deal
with protocols and the transmission of data and files.
This layer should provide the services for control of
the integration layer and a standardized communication
between the Integration and the Information layers. The
data should be handled using TCP-IP, HTTP,MQTT and
OPC-UA protocols, transmitted through LAN or WAN,
and communicate through Bluetooth or Wi-Fi devices.
Basically, it defines how to access the data. Just before
the asset layer is the integration layer, which allows digi-
tization of the assets for virtual representation. This layer
provides information on the assets that can be processed
computationally. It also contains the elements connected
with IT, such as sensors, RFID readers, HMI and so on.
The Integration layer tells which part of the assets will
be digitally available in the network. It is the integration
layer that connects the asset to the virtual world. Finally,
the asset layer represents physical components, such as
metal parts, smart products and resources, documents,
ideas, etc. In the simulation of a system, such as a
machine, it is not only the information and communi-
cation functionality that is important. Its cables and its
mechanical structure are also considered, although they
are not able to communicate. Their information needs to
be available as a virtual representation. Thus, the asset
layer at the bottom enables an improved description of
themachines, components and factories. Essentially, this
layer describes how to integrate physical components.

• Life Cycle & Value Stream Axis: Along the horizontal
axis is the product life cycle and its value streams,
such as dependencies that can also be represented in the
reference architecture model. The draft of IEC 62890 is
a decent guideline for the life cycle considerations,
which distinguish between type and instance. The type
is created when a product comes to the development
phase, which covers commissioning, development and
testing up to the initial sample and prototype produc-
tion. Here is where the type of a product or machine
is created. In the case where an error is reported to the
manufacturer or improvements should be done, the type
documents may be revised. The instance is represented
by each manufactured product of a general type, and
it is assigned a unique serial number. These instances
are then purchased by customers and delivered to them.
For the customer, the products, which are originally just
types, only became instances once they are deployed
in a specific system. Digitization is a core element in
Smart Manufacturing paradigm. The digitization and
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linking of the value streams provide enormous poten-
tial for improvements in the system, once purchasing,
order planning, assembly, logistics, maintenance, cus-
tomers, suppliers and so on are all interconnected. The
cross-linking between different areas is of significant
importance, since it makes possible to see inventories
in real time and know where are the necessary parts
for production at any time, at the same time as the
customers are able to see the completion status of the
production.

• Hierarchy Levels: the Hierarchy Levels axis represents
the vertical integration, specifically, the location of
functionalities and responsibilities within factories and
plants. In I4.0 there are smart products being operated in
smart factories that are connected to an external world.
This makes the systems more flexible, where functions
are distributed through all the network and all the partic-
ipants communicate and interact across hierarchy levels.
The goal is to do a functional assignment that describes
the functional classification of different stages of I4.0.
It is based on ISA-95 and follows the IEC 62264 and IEC
61512 standards, the international standards series for
enterprise IT and control systems and batch production
processes respectively. The functionalities have been
extended to include parts in production, i.e. Products,
and also the connection between the system and the IoT
and services as well as the link to other factories and
external collaborations, i.e. Connected World. The Field
Device was added below the Control Device in order to
have consideration regarding a machine or system, and
not only about control device. The Field Device repre-
sents the functional level of an intelligent field device,
such as a smart sensor. The distinct terms Enterprise,
Work Centers, Station, Control Device and Field Device
are used to identify different functions in the shop floor
and then cover as many sectors as possible from process
industry to factory automation. Here are represented in
a functional way the structure of technical assets such
as products and resources organized into their different
functionalities in the system as well as the external
interconnected world.

D. MANUFACTURING SCHEDULING
Companies, nowadays, need to pursue the development of
solutions capable to solve the complex industrial problems
that have been increasing. However, most of the existing
production systems are based on automated systems built
to achieve high performances and high delivery rates, but
have no capability regarding autonomy, adaptation, and flex-
ibility [24], [25]. Hence, they need to focus on predictive
maintenance, energetic efficiency, simulation environments,
production scheduling solution, and so on, in order to achieve
the production KPIs as well as to reduce as much as possible
the energy consumption and increase profits [2]. Enormous
quantities of data are being generated by different tools in

FIGURE 2. RAMI4.0 architectural layers.

current industrial systems, although not all these data are
being stored or made available for other tools in the ecosys-
tem. The scheduling system needs to access and use these
data, generated by different hardware and software systems,
such as shop-floor-related information, maintenance predic-
tions, or energetic analysis. The market heterogeneity associ-
ated to the demand for small lot sizes of highly customized
products led to tremendous environmental challenges for
companies regarding global warming, non-renewable raw
materials depletion and, consequently decreased biodiversity.
Mouzon et al. [26] found that there may be enormous energy
savings when underutilized machines are turned off when
they are idle for a certain amount of time. Thus, produc-
tion scheduling is interrelated with the energy efficiency in
the shop-floor, which means that to improve energy con-
sumption and sustainability within factories it is of vital
importance to develop efficient scheduling approaches [27].
In certain industrial environments, the optimization of the
production and maintenance tasks may be enough to reduce
the energy consumption [28]. It is necessary to overcome
the lack of timely and accurate information and prediction
capability regarding errors and possible faults of tasks being
executed in the shop-floor. Considering the recent techno-
logical advances, there are more date to be extracted from
the factories than ever before. This will help to have more
precise information about maintenance needs, energy con-
sumption, and other KPIs that may be important to take into
account [29]. One of the main challenges in manufactur-
ing systems continues to be the development of scheduling
solutions to deal with both the planning information and the
unpredictable events that may occur [30]. These challenges
may occur in the development phase, due to the systems’
complexity of implementation but also in the design phase.
Production scheduling aims to effectively allocate the parts
to be processed to the available resources and accomplish
a determined objective, since scheduling is a process of
optimizing both work and time. While the main goal of a
scheduling solution is to optimize an objective or group of
objectives by assigning each product to a particular machine
in a particular time in order to be processed, while conflicts
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FIGURE 3. Scheduling generic and specific activities in the development
of a manufacturing scheduling system [31].

between operations are avoided, in actual manufacturing sys-
tems it is common to only consider one objective, which does
not reflect the dynamism and heterogeneity of smart man-
ufacturing environments, where it is necessary to integrate
different software and hardware components [2].

III. MANUFACTURING SCHEDULING IN THE CONTEXT OF
RAMI 4.0
How can production scheduling be integrated in the
RAMI4.0?

The RAMI 4.0 presents details about the concepts, stan-
dards, and interactions. However, details of implementation
and application procedures are not specified. Also, it is not
suggested a way to organize and find services and data that
support machine discovery to perform the operations required
by the products.

As identified earlier, little attention has been given to pro-
viding comprehensive guidelines to develop manufacturing
scheduling architectures, which impacts the system design
and implementation, and may help decreasing the develop-
ment process times and costs [2]. Moreover, some schedul-
ing systems may have common requirements, since all of
them must have a number of common functionalities. The
reuse of a validated architecture will shorten the develop-
ment cycle, ensure the main functionalities of the system
are appropriately covered, and allows the re-utilization for
forthcoming systems of part of the developed code, as far as
the architecture is designed in terms of independent blocks
or function-specific modules [31]. The generic and specific
activities are illustrated in Figure 3. Thus, both generic and
specific activities should be considered when developing
scheduling systems.

In this paper, a framework for implementing scheduling
solutions based on RAMI4.0 is proposed. This framework for
designing Smart Manufacturing scheduling solutions will be
based on the non-functional requirements identified in [2].
Thus, this work will contribute with the guidelines to design
a scheduling system in the context of Smart Manufacturing,

focus on the main aspects of RAMI4.0. Consequently, the
following aspects will be considered:
• Architectural layers: focusing on Functional, Informa-
tion, Communication and Integration;

• Hierarchy Levels: focusing on Station field;
• Lifecycle & Value Stream: the guidelines for manufac-
turing scheduling will be concentrated in the Develop-
ment stage of Type stage.

The smart scheduling system represented in the layers
of the RAMI 4.0 framework consists of building a generic
foundation for developing manufacturing scheduling systems
for SmartManufacturing, interconnecting themost high-level
functions of scheduling to the shop-floor where are the phys-
ical assets that will execute the schedule.

Consequently, different features can be linked to each of
the RAMI’s Layers [32], [33].
• Business: business layer serves to mapping business
models, ensuring integrity of functions in the value
stream, modelling the rules the system has to follow, and
link between different business processes.

• Functional: in this layer are represented the formal
description of functions performed by the scheduling
system, i.e. what the system is capable to do, for example
perform scheduling operations, data analysis, simula-
tion, data visualization and other features.

• Information: data from different scheduling components
are stored in this layer. It can be rules description, data
models, event’s data, asset’s data, provision of orders
and so on. This layer should ensure the integrity of data.

• Communication: in communication layer are defined the
protocols to establish a standard communication among
the system, such as OPC-UA, HTTP, MQTT, bluetooth,
etc.

• Integration: the integration layer will build the connec-
tion between the physical and the cyber levels. This layer
works as a middleware that facilitates that connection,
ensuring that the information is readable and compliant
on both sides and provides information from the assets
that can be computer-processed. Thus, it is composed
by elements connected with IT, such as RFID readers,
sensors, HMI, and so on. RAMI4.0 proposes the concept
of Asset Administration Shell (AAS) which is used to
transpose any asset into the digital world in a standard-
ized way.

• Asset: in the asset level are present the physical com-
ponents that constitute the scheduling system, such as
raw materials, parts, products, axes, transport circuits,
human workers, working stations, storage, relevant doc-
uments, and so on.

IV. FUNCTIONAL REQUIREMENTS FOR SMART
MANUFACTURING SCHEDULING
Requirements play a crucial role when designing any kind of
systems, as they are the basis to start developing anything
from software to hardware. The purpose of a requirement
is to influence the process of systems development and
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establish a basis for further steps, such as communication,
system integration and maintenance, system architecture,
benefits optimization, improving employee satisfaction and
so on. Requirements may be differentiated in many types,
but mainly in two big groups: Functional Requirements
and Non-Functional Requirements. Functional requirements
refer to the actions that a system has to perform automat-
ically and the interactions between the system and other
systems or human users. It is a requirement regarding a
behaviour that shall be provided by a function or service.
Non-functional requirements usually refer to every system’s
requirement that is not considered a functional requirement,
and can be divided but not limited to System requirements,
Technological requirements, Networking requirements,
Quality of service requirements, Legal requirements and
Constraints [34].

The following keywords were adopted as described to
express the necessity of each requirement:
• ‘‘Shall’’ - Legally binding. It determines that it is manda-
tory to fulfill the requirement.

• ‘‘Should’’ - Not legally binding. It expresses an inten-
tion to implement the requirement under certain circum-
stances but it does not need to be implemented.

The identified Functional Requirements are described as a
tree format, where there is a main requirement that is split
in different ones.
• FR1 Develop a dynamic scheduling system able to deal
with several targets and specific production require-
ments in smart manufacturing environments: the main
requirement identified in this work is to develop and
provide a dynamic scheduling system that shall be able
deal with several targets and requisites. These targets
represent the production objectives, which may or may
not be defined a priori and may change during the pro-
cess. On the other hand, the requisites define theworking
boundaries of the manufacturing system, necessary to
achieve an efficient production, that may change accord-
ing to the circumstances.

• FR1.1 The system shall be able to replicate the phys-
ical system into the logical system: the system using
recent technologies shall receive and interpret informa-
tion regarding the physical system and based on that
create a logical replica that may be quickly accessible
and ready to be tested with different purposes in a com-
putational environment.

• FR1.1.1 A factory topology replica shall always be held
in the logical system, independently of how the data are
saved (ontology, datamodel, etc.)

• FR1.1.2 – The replica shall be updated every time the
factory topology is changed.

• FR1.2 The system shall be able to interoperate with
other systems that may provide relevant information and
knowledge for scheduling (ERP, MES, Data Analytics
tools, etc.): the interoperability among different systems
will allow to develop more accurate and efficient solu-
tions, that may be deployed faster.

• FR1.2.1 The system shall have the capability of inte-
grating software tools independently of the technology
in which those are developed. The technology adopted
should not be an obstacle to an easy and quick integra-
tion of different tools. In the current context of smart
manufacturing, it is crucial that different tools may be
connected and exchange data between them.

• FR1.2.2 The sharing of data between the different tools
shall be harmonized: In order to facilitate the exchange
and interpretation of data, it is necessary to follow a
common path, so the data sharing between tools shall
be harmonized.

• FR1.2.3 The tools to be developed shall have the ability
to work collaboratively: collaboration is a key requisite
in current manufacturing paradigm in order to achieve
success. Thus, it is essential that the new developed
tools have the ability to work collaboratively with other
tools, therefore information among the system may be
exchanged faster and more effectively.

• FR1.3 The system shall be independent of the chosen
KPIs and capable to deal with several combinations.
Solutions not being KPI-dependent are of immense
importance in smart systems where the surrounding
conditions may change frequently. This will allow to
deal with different objectives and restrictions in different
times, giving more flexibility and adaptability to the
scheduling system.

• FR1.3.1 KPIs description shall be uniform for all of
them: In order to facilitate the system’s understanding
of KPIs, they need to be created uniformly, to avoid
misinterpretations or reading errors.

• FR1.3.2 The KPIs list shall be updated as the objectives
are updated: by updating the list of KPIs each time the
objectives of the system change, it allows to always have
the scheduling system working on up-to-date solutions.

• FR1.3.3 The system shall allow the possibility to assign
priorities to KPIs: KPIs do not have all the same impor-
tance and impact in the system. With that fact in mind,
it is important to differentiate and prioritize them to
better execute optimization solutions.

• FR1.3.4 The system shall allow to choose which KPIs to
use in each moment: During the production process, the
user shall have the opportunity to choose which KPIs
need to be considered in the next scheduling instance.
This may vary according to the needs of the factory.

• FR1.4 The system shall have the capability to perform
the rescheduling of operations in real-time. This means
that, if there is the necessity to change plans during the
execution, the system shall have the capability to adapt
accordingly and suggest new schedules.

• FR1.4.1 Thresholds for deviations should be defined.
In order to perform rescheduling as necessary, the sys-
tem needs to know when the rescheduling needs to be
executed. Thus, it is essential to define boundaries that
tell the system when the current schedule is not valid
anymore.

VOLUME 10, 2022 71289



D. Alemão et al.: How to Design Scheduling Solutions for Smart Manufacturing Environments Using RAMI 4.0?

• FR1.4.2 The system shall have the ability to monitor
its own performance in order to check for considerable
deviations from the running scheduling. After knowing
the defined thresholds, the system needs, in a consistent
manner, to check how it is behaving itself and if the
current execution is still within the boundaries or not.

• FR1.4.3 When new orders arrive to the system, and
if they are urgent, the system shall be able to notice
whether rescheduling is necessary (if there is a con-
siderable deviation from execution) or whether orders
can be inserted into the current scheduling. The arrival
of new information may or may not affect the current
production.

• FR1.4.4 When there are considerable deviations, the
system shall be able to automatically recalculate a new
schedule. This will limit the human intervention and,
consequently, improving the overall performance of the
system, leading to faster deliveries of finished products
and expenses reduction.

• FR1.5 The system shall provide human-machine inter-
faces that allow a seamless interaction with the human
operator. The interaction between the human and the
system needs to be easy and practical for any operator,
and do not consume more time than necessary for the
human operator.

• FR1.5.1 The application of new schedules at the fac-
tory shall be validated by the production manager (or
equivalent) before being deployed in the production line.
After each new scheduling suggestion, the production
manager will validate the schedule to make sure that it
fits the current needs.

• FR1.5.2 The user should have the possibility to ask for
new schedules at any time. If the user finds it necessary,
he/she may ask the system to suggest new schedules.

• FR1.5.3 The Graphical User Interface (GUI) shall pro-
vide the choice of priorities and use of KPIs, as well as
adding and removing KPIs. When an operator decides to
ask for a new schedule, he/she needs to define what are
the priorities for that particular schedule and what KPIs
are supposed to be met. Additionally, it is important that
new KPIs may be added or old ones removed, according
to the process evolution.

• FR1.5.4 The system shall allow interaction with the
operator to receive feedback from the executions. Thus,
it is crucial that the human operators may give feedback
about previous executions, which will allow to improve
future suggestions.

• FR1.6 The system should have the capability to use
different optimization approaches that allow the best
system’s performance. By allowing several optimization
techniques, the system may find what the is the best
approach for different scenarios.

• FR1.6.1 The system shall be able to optimize the
scheduling process simultaneously for different KPIs
and targets. This means that the system will be able to

focus on different indicators that may be requested and
not only in one specific factor.

• FR1.6.2 The system should make use of data from both
production line and external systems in order to provide
more precise and robust scheduling solutions. By receiv-
ing feedback from internal and external sources the
system may adapt accordingly and improve the overall
performance.

• FR1.6.3 The scheduling starting point shall be the cur-
rent state of the physical system. Thus, the system is
not supposed to make assumptions regarding scheduling
process but shall consult the present state to use the
correct necessary data.

These requirements are important to build a manufactur-
ing scheduling system, although such systems may not be
limited to the ones identified in this document. Nevertheless,
the authors believe that an important step is been giving by
presenting these requirements in order to achieve harmoniza-
tion and standardization in scheduling systems designing and
development for manufacturing. These are also the baseline
for the definition of the design principles explored in the next
section.

V. DESIGN PRINCIPLES FOR SMART MANUFACTURING
SCHEDULING
This section presents the design principles (DP) to support
practitioners in developing scheduling systems for manufac-
turing environments.

The identified DP are based on an adaptation of
the axiomatic design principles where each functional
requirements is matched with one DP [35]. Thus, each of
the presented DP is related with the FR previously defined.
In Figure 4 is a summary of where each of the design
principles fits in RAMI 4.0 layers axis. Note that, this work
does not intend to depict business processes and value chain
interactions, as so, the business layer is not covered in this
document.

The first group of design principles refers to replication of
the physical system into a cyber system, making it able to
easily communicate with other systems and strive in smart
manufacturing environments.
• DP1.1.1 A replica of the factory may be held in the
logical system through the adoption of AAS, which
is the Digital Twin applied to Industry 4.0. The AAS
transforms the physical or intangible asset (entity) into
a I4.0 Component, which is the way to describe thor-
oughly the properties of a CPS. By other words, the AAS
is the digital representation of the real asset, containing
all of its information and technical functionalities, and
administering communications with other I4.0 Compo-
nents. It is included in the Integration layer of RAMI 4.0.

• DP1.1.2 In order to achieve this updatability, two factors
must be considered. First, needs to be defined how the
data are accessed. For this, RAMI 4.0 provides standard
communication protocols to link the Integration and
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FIGURE 4. Identification of design principles in each layer of RAMI 4.0.

Information layers, such as HTTP, TCP-IP, MQTT, and
OPC-UA protocols, which may depend on the device
type and its capability to send data. Second, it is neces-
sary to identify which parts of the asset will be available
digitally and, consequently what data will be provided
by the asset and stored in the Information layer. The
Information layer will include the several data models
that may describe the asset. By adopting generic data
models to describe the assets it will be possible to the
digital factory updated.

The second set refers to the interoperotion between the
scheduling system and other systems relevant to it, such as
ERP or MES. A seamless interoperability allows to develop
more efficient systems.

• DP1.2.1 In the context of Industry 4.0, an asset may
be any entity, from a hardware device to a software
application. Thus, the AAS will allow the integration of
the asset in the digital world, which can be done through
HMI, switches, or sensor readers. According to RAMI
4.0, the communication between different tools shall be
done through data mapping to XML, JSON, OPC UA,
AML, RDF. Nowadays, there are so many technologies
being adopted to develop different or similar tools that it
is vital to keep them interacting smoothly, thus the adop-
tion of common interfaces will allow tools to interact
with each other without being reprogramed each time a
new tool is connected. In this way, the communication
between different tools will be facilitated and technol-
ogy independent.

• DP1.2.2 The transferring of data shall be harmonized
through the use of a data model or ontology. The Infor-
mation layer of RAMI 4.0 comprises not only the tech-
nical data of the assets, but also semantics as a common
language, which means that the data models will be

included in this layer. Consequently, by defining com-
mon data models or ontologies, the exchange of infor-
mation will be harmonized, leading to faster and easier
communication between different tools. As examples of
data exchange formats recommended in RAMI 4.0 there
are XML, JSON, or RDF [20].

• DP1.2.3 The adoption of standard communication
protocols, as mentioned in DP1.1.2, and common
I4.0-compliant interfaces and data models, will facili-
tate the collaboration between tools of different manu-
facturers. Thus, the infrastructure shall be designed to
facilitate the integration between tools, which means
tools shall be designed in a way to work together
so they can provide functionalities that would not be
able to by themselves. Consequently, data sharing and
using needs to be uniformed between the different
components.

Next are presented the design principles relevant for devel-
oping KPI-independent scheduling solutions. Different sys-
tems have different objectives and constrains, thus a generic
scheduling solution cannot be dependent of what the KPIs
are.
• DP1.3.1 KPIs description need to follow the same rules
of creation in order to be uniform. This may be realized
by the definition of several fields that need to be ful-
filled, when creating the data model, either by adopting
XML, AML, JSON, or other standard format. The KPIs
description shall be part of the Information layer.

• DP1.3.2 Save system’s objectives in Information layer
(data model). KPIs can be updated by the user, that
should have their own digital replica for user. Then,
it will be easy to establish the communication between
both parts through standard communication protocols.
KPIs must be saved in a generic data model, which
will facilitate the update by the user during the process,

VOLUME 10, 2022 71291



D. Alemão et al.: How to Design Scheduling Solutions for Smart Manufacturing Environments Using RAMI 4.0?

if it is necessary to update the production objectives.
These objectives may vary and comprise, for example,
energetic consumption, waste reduction or throughput
increase.

• DP1.3.3 An editable field, at the moment of KPI’s cre-
ation or during the process, need to be available in order
to assign or change KPI’s priorities. This data will be
stored in Information layer and updated if there are
changes during the process.

• DP1.3.4 During the production process, and before start-
ing a new schedule execution, the system shall provide
the possibility to choose (through the GUI) which KPIs
will be considered in the next execution, since not all of
them may be relevant at each time. The user may then
choose which KPIs are relevant for the next scheduling
instantiation. This can be done through selection boxes,
for instance.

The fourth group of design principles is related to the capa-
bility of the system to execute a rescheduling in real-time,
if there is a plan changing during the production execution.
• DP1.4.1 Boundaries need to be specified when the
KPIs/restrictions are defined. Thus, maximum and min-
imum levels of acceptability need to be identified. These
boundaries shall be defined when the KPIs are created,
i.e. when the associated asset is instantiated, and stored
in the Information layer of RAMI 4.0, which is where
the data models can be found. For example, if a work-
ing station can only manufacture products of type X,
it shall be specified during the instantiation of the digital
replica of that station. On the other hand, if the energy
consumption of a work station must be below some
threshold, the scheduling system may consider that KPI
when allocating production tasks.

• DP1.4.2 Through the acquisition of real-time data from
the shop-floor, the system needs to evaluate how the pro-
duction process is evolving. These data can be acquired
from working stations, human workers, digital readers,
or other sources of information that are able to commu-
nicate with the digital world. This process can be done
in different ways, for example, periodically (where the
information is being verified in regular time intervals)
or event-driven (where, each time there is a new event,
i.e. a change in the system’s state, that information is
communicated to the higher layers). Then, an algorithm
shall perform the calculations in order to verify if there
are deviations that affect the current scheduling execu-
tion and, if necessary, suggest new alternatives.

• DP1.4.3 An algorithm should be implemented to verify
if it is possible to fit the new order within the current
schedule without going over the thresholds, for instance
by placing new orders in idle time positions, or if it is
necessary to perform a reschedule and change the actual
production process.

• DP1.4.4 An algorithm should be implemented to auto-
matically perform a rescheduling when there are signifi-
cant deviations regarding the original schedule. It may or

may not be the same algorithm that performs the initial
scheduling, depending on the necessary conditions for
each particular case.

A human-machine interface should be developed in order
to ease the process between operators and the shop-floor. This
HMI will make the link between the asset (human worker)
and the digital world. The interface should be a friendly and
intuitive GUI and contain all the necessary features for the
worker to operate with scheduling system.
• DP1.5.1 The GUI should allow the production manager
to analyze and validate the suggested schedule. Prefer-
ably, the interface will show all the important metrics
that the responsible worker needs to analyze and, eventu-
ally, a graphical output of the schedule suggestion, such
as a Gantt chart. Then, the user will be able to accept,
refuse or ask for a new solution.

• DP1.5.2 The GUI should allow users to ask for new
schedules in a simple way. Thus, new schedules may
be generated not only when deviations occur, but also
when the production manager considers it is necessary.
As mentioned in DP1.3.4, this GUI should display the
available KPIs to choose for the next schedule.

• DP1.5.3 The GUI needs to contain checkable boxes that
allow to quickly choose which KPIs must be taken into
account in the next scheduling generation, as well as
which are the priorities for each KPI. Additionally, the
GUI should allow the addition and removal of KPIs from
the system.

• DP1.5.4 The GUI should support inputs from human
workers, so feedback about previous executions may
be registered and further analyzed. This can be done
by allowing text insertion, which needs to be analyzed
more carefully, or having predefined options that can be
selected in order to identify recurrent situations. This
may comprise, for example, production, maintenance,
or process details.

Finally, in order for the system to have the capability to use
different optimization techniques to find the best approach for
different scenarios are presented the next design principles.
• DP1.6.1 Different optimization techniques should be
implemented in order to reach a better performance
of the system and, at the same time, allow to deal
with multi-objectives problems. Heuristic optimization
techniques are usually not optimal but more flexible
and faster to find solutions. May be considered Genetic
Algorithms, Particle Swarm Optimization, Ant Colony
Optimization, Multi-agent Systems, among many other
approaches.

• DP1.6.2 The scheduling system should be able to com-
municate with external systems to collect the necessary
data to be used in the scheduling process. Thus, it will
be able to adapt to the challenges in real-time. This can
be done through the use of common interfaces and data
models (DP1.2.3). Moreover, I4.0-compliant tools shall
be wrapped in an AAS, hence the scheduling tool will
be able to communicate easily with those tools.
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FIGURE 5. Impact of each design principle for smart manufacturing
scheduling (Low/Medium/High).

• DP1.6.3 Unless otherwise stated, the starting point for a
new scheduling generation shall be the current state of
the physical system, but never before the current state.
Exceptionsmay occur if the schedule is supposed to start
in a posterior defined date. Consequently, the scheduling
system needs to be up to date.

In Figure 5 is represented the impact of each DP for the
design and development of generic scheduling solutions for
smart manufacturing environments, depending on how much
each one should be considered. Naturally, some DP may
vary and assume different importance degrees for specific use
cases. However, the authors assume the impact may be High,
which means the solution may not be successfully imple-
mented without those principles; Low, meaning the solution
will not be affected if the DP is not implemented, although
it can facilitate the development and using processes; and
Medium, as an intermediate stage between the previous two,
that are not critical but should not be disregarded.

VI. SCHEDULING FRAMEWORK TARGETING SMART
MANUFACTURING
The presented framework main goal is to ease the asset mod-
elling, targeting scheduling systems designing and develop-
ment for smart manufacturing environments. Therefore, the
framework targets not only the acquisition of data at different
granularity levels, as well as the asset modelling and asset
allocation optimization through the execution of schedul-
ing approaches. This optimization process outputs possible
scheduling solutions to be deployed in the factory. With the
help of a monitoring module, it is possible to get feedback
from the shop-floor in real-time and perform data analytics
techniques to monitor critical parameters and trigger self-
adjustment mechanisms, if necessary. Thus, the framework
is divided in three fundamental parts, as demonstrated in
Figure 6:
• Physical and software components integration - The
cyber-physical connection is a driving force for smart
manufacturing environments that want to stay compet-
itive in modern market conditions. The emergence of
CPPS is allowing different entities in the shop-floor to
be virtualized and connected together, which in turn

facilitates the real-time monitoring of the shop-floor
components as well as the controlling of those compo-
nents in the production line. Consequently, is possible
to integrate external tools regarding supply chain and
data analysis with the shop-floor. Based on the con-
cept of RAMI’s Industry 4.0 Component, this part of
the framework aims to connect the different hardware
and software entities among the system. Namely, within
the factory it is important to represent, virtually, enti-
ties such as machines and working stations, parts and
products going through the factory, human workers, and
general information about the factory as working hours,
shifts, and any other relevant information. Furthermore,
it is crucial to register the orders coming from higher
level. All these assets, either physical or not, must be
modeled, so they can be represented in an uniform and
standard way, allowing an easy understanding and inte-
gration with other elements and even external assets.
To conclude, all the previous information can be stored
in a database, where it can be easily accessed by any
module, such as production optimization and shop-floor
monitoring.

• Production optimization - This is a core part of this
framework. Here is where the production scheduling is
performed. The scheduling tool needs to gathering all
the necessary data from the shop-floor in order to allo-
cate the orders accordingly. Here different approaches
may be adopted, although the final goal is to optimize
the production processes in the most convenient and
needed way. This can be to reduce the overall execution
time, reduce average idle the of working stations, bal-
ancing human workers effort, finish the products just in
time, or any other relevant metric for each specific use
case. In order to achieve these objectives, optimization
techniques need to be adopted, which will be com-
pletely independent from the framework itself, and use
case-oriented. Last, the final result should be delivered,
to whom it may concern, in an easy to understand way,
preferably through a visual output.

• Monitoring - The monitoring module will allow to mon-
itor in real-time what is happening in the factory. The
emergence of smart working stations and sensors in
recent years has allowed to have more data collected
from the shop-floor. The adoption of data analytics tech-
niques will allow to understand these data and turn them
into useful knowledge for the company. By defining
KPIs to trace the working conditions, it is possible to
verify howwell the objectives are being achieved. If crit-
ical deviations are verified, a feedback may be send to
the scheduling execution in order to adapt accordingly.

A possible architecture for the presented framework is
identified in Figure 7.

The architecture is composed by the shop-floor layer and
the applications layer, which are connected through a middle-
ware that guarantees a smooth integration and communica-
tion between both parts. The shop-floor layer consists on the
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FIGURE 6. Manufacturing scheduling generic framework.

FIGURE 7. Manufacturing scheduling generic architecture.

factory itself, and is where all the hardware elements and pro-
cesses are present. This layer can be associated to the Asset
layer in RAMI4.0, and is where the entire production process
is controlled. The middleware is the integration layer, and
thus can be linked to the Integration layer in RAMI4.0. Mid-
dleware is responsible to ensure that the integration between
high and low-level is flawless and all the components speak
the same language. To do so, communication protocols must

be defined in order to establish communication among all
the components. In the higher level there are the software
tools and applications. Those can be as varied as needed and
can comprise databases, Enterprise Resource Planning (ERP)
systems, Manufacturing Execution System (MES), schedul-
ing tools, simulation tools, data analysis tools, data visualiza-
tion frameworks or even the Asset Modelling Module which
will allow to module each component in the system. This
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higher-level can be associated to the layers 4, 5 and 6 of
RAMI4.0, since it is where the information and the requested
functions are available, and from where the overall business
in managed.

VII. PRACTICAL USE CASE
In [36] was presented an architecture to solve a task allocation
problem, namely a Job-Shop Scheduling Problem, consider-
ing production and maintenance tasks, aiming to minimize
the total execution time in the shop-floor. As final goal, these
approaches should decrease delays and unexpected number
of failures during the production process. This solution allows
to reach more reliable schedules by considering the mainte-
nance operations to be performed on the production stations.
To solve this problem, a Genetic Algorithm solution was
implemented where the goal is to optimize the task allocation
based on the information provided about tasks and working
stations. In this section, this work will be analysed to verify
in each way it follows the guidelines of the framework and
the generic architecture presented in this document and how
it can be improved.

In Figure 8 is demonstrated the proposed architecture of
the solution. Several tools interact with each other in order to
gather the necessary data to generate the scheduling output
solutions.

This architecture can easily be divided in two parts that
match with the high and low layers in the architecture pre-
sented in this document.

One regarding the lower-level, i.e. the shop-floor, where
the hardware assets are present. This includes available work-
ing stations, human workers, which will be decisive to allo-
cate both production and maintenance tasks. A Graphical
User Interface (GUI) is used to trigger new schedule orders by
a human operator, which can also be done automatically by
the system at predefined times. This is completely in accor-
dance with the lower-level layer suggester in the architectures
proposed in this work.

The second part is the higher-level, intended to host the
software tools and applications. In this layer there is a man-
agement module, which can be an ERP, where are stored the
orders from the customers to be processed. There is, also,
a maintenance module, where the maintenance intervention
are analysed and maintenance tasks may be triggered, and
the shifts for maintenance teams may be defined. Further-
more, there is the scheduling module, corresponding to the
main module in that study. The scheduling tool collects the
necessary data, such as production and maintenance tasks to
be executed, the factory topology (which gives information
about the working stations, and the time horizon to execute
the schedule and, through the implementation of a Genetic
Algorithm, generates a collection of three types of schedules
based on the gathered information. The adopted optimization
technique allows to optimize the function cost, which in that
case is to minimize the total production time of the entire
shop-floor. The three types of schedules are a) allocate the
tasks as soon as possible (which allows to free the machines

sooner), b) allocate the tasks as late as possible (favoring a
just-in-time production), and c) a hybrid approach which tries
to maximize the distribution of the tasks and minimize the
overall production time. To complement, there may be other
software tools to complement the scheduling optimization.
These toolsmay be used to perform datamining to explore the
data coming from the shop-floor, data analysis searching for
patterns or deviations that help to recalibrate the scheduling
parameters, data visualization to present advanced output
tools to help operators and decision-makers, and so on.

The approach in [36] is partially aligned with the frame-
work presented in this work. The scheduling optimization
module interacts with other modules to collect important data
to be processed, namely amanagement module (equated to an
ERP system) to receive production and maintenance orders,
and external tools to gather additional data from data analysis,
or to provide visualization outputs. Furthermore, there is the
connection with the shop-floor to acquire data related to the
working stations or human workers. All the information is
stored in a database.

However, the components do not use a common middle-
ware to communicate among them, instead they have point-
to-point interactions, where each one interacts directly with
other one. This fact, makes that more communication points
are needed, which brings more complexity in terms of design
and implementation, since the components do not use the
same protocols to communicate.

VIII. FINAL REMARKS
A. DISCUSSION
The results of this work demonstrate how to apply rele-
vant design principles in the development of manufacturing
scheduling solutions, based on generic functional require-
ments identified. The document is divided in several stages.
First, it brings together a set of functional requirements that
will help designing and developing scheduling systems for
smart manufacturing environments. The goal of a require-
ment is to influence the system development process and
lay the groundwork for subsequent processes. As showed
in 3, there are a significant part of Requirement Analysis
and System Design phases that are generic and common
across different manufacturing scheduling systems. Func-
tional and non-functional requirements are the two basic
types of requirements. The tasks that a system must per-
form automatically, as well as the interactions between the
system and other systems or human users, are referred to
as Functional Requirements. Non-functional requirements
refer to any requirement in a system that isn’t regarded a
Functional Requirement. The identified Functional Require-
ments (see [2] for Non-functional Requirements) are based on
real-world challenges that can be found in nowadays factories
and are generic enough to be present in a lot of them. Sec-
ondly, this work provides a set of Design Principles to assist
practitioners in the development of production scheduling
systems. The identified DPs are based on an adaption of the
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FIGURE 8. System interactions overview [36].

axiomatic design principles, in which each FR is matched
with one DP. As a result, each of the DPs supplied is linked
to the previously determined FR. This approach is deeply
linked with Industry 4.0, mainly with RAMI4.0 reference
architecture, where DPs are matched with RAMI4.0 Layers.
Then, a generic framework is proposed, where the main goal
is to guide the asset modelling, by identifying which assets
are important for manufacturing scheduling solutions, and
then facilitate its designing and development. Here, three
fundamental parts were identified:

• Physical and software components integration, which
aims to connect different hardware and software entities,
such as machines, parts, human workers or production
orders, among the system.

• The production optimization module is responsible to
execute the scheduling. Consequently, the relevant data
needs to be gathered from the shop-floor in order to
allocate the orders accordingly.

• Themonitoringmodule is an important complement that
allows to monitor in real-time what is the status of the
factory and evaluate how the schedule is performing,
by defining KPIs previously.

This framework is complemented by a generic architec-
ture composed by the low-level (the shop-floor layer) and
the high-level (the applications layer), that are connected
by a middle layer which guarantees a seamless integration
between both parts. The different parts of the architecture are
associated to the different layers of RAMI4.0, as it is a ref-
erence architecture that has been largely adopted, mainly in
Europe, and may contribute to harmonize the development of
scheduling solutions. Finally, a previous work on production
and maintenance scheduling was compared to the proposed
approach in order to evaluate how much it is aligned with
the proposed guidelines. As a final remark, the main goal
of this work is to propose a set of guidelines that help to
develop scheduling architectures oriented to manufacturing,

in a common and harmonizedway, and filling the absence of a
standard to develop manufacturing scheduling solutions. This
will, naturally, impact the system’s designing and implemen-
tation phases. Furthermore, the reuse of a validated architec-
ture will shorten the development time, while ensuring that
the main functionalities of the system are covered.

B. FUTURE WORK
As future work, it should be explained how to modelling
the different scheduling-associated assets. This can be done
using RAMI4.0’s Asset Administration Shell, which is a
concept of Industry 4.0 to provide information for the dif-
ferent assets in the system, namely it links any asset to
the virtual world. Asset Administration Shell provides any
component with capabilities to communicate and share infor-
mation with the digital world. Furthermore, new application
cases will be used to keep improving the Design Principles
adopted.
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