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Theodor Borangiu and Damien

Trentesaux

Received: 29 February 2024

Revised: 8 April 2024

Accepted: 18 April 2024

Published: 25 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Autonomous Agent-Based Adaptation of Energy-Optimized
Production Schedules Using Extensive-Form Games
William Motsch 1,*, Achim Wagner 2 and Martin Ruskowski 2

1 Technologie-Initiative SmartFactory KL e.V., Trippstadter Str. 122, 67663 Kaiserslautern, Germany
2 German Research Center for Artificial Intelligence (DFKI), Trippstadter Str. 122,

67663 Kaiserslautern, Germany; achim.wagner@dfki.de (A.W.); martin.ruskowski@dfki.de (M.R.)
* Correspondence: william.motsch@smartfactory.de

Abstract: Modular cyber-physical production systems are an important paradigm of Industry 4.0
to react flexibly to changes. The flexibility of those systems is further increased with skill-based
engineering and can be used to adapt to customer requirements or to adapt manufacturing to
disturbances in supply chains. Further potential for application of these systems can be found in the
topic of electrical energy supply, which is also characterized by fluctuations. The relevance of energy-
optimized production schedules for manufacturing systems in general becomes more important with
the increased use of renewable energies. Nevertheless, it is often difficult to adapt when short-term
energy price updates or unforeseen events occur. To address these challenges with an autonomous
approach, this contribution focuses on extensive-form games to adapt energy-optimized production
schedules in an agent-based manner. The paper presents agent-based modeling to transform and
monitor energy-optimized production schedules into game trees to respond to changing energy
prices and disturbances in production. The game is setup with a scheduler agent and energy agents
who are considered players. The implementation of the mechanism is presented in two use cases,
realizing decision making for an energy price update in a simulation example and for unforeseen
events in a real-world demonstrator.

Keywords: production planning; multi-agent systems; energy-aware decision making; extensive-
form games; modular skill-based production

1. Introduction

Industry 4.0 enables the consideration of customer-specific criteria during manufac-
turing, to produce profitably even with smaller batch sizes, and additionally offers the
potential to include topics of resource efficiency, such as the integration of energy consump-
tion into the planning and operation of production facilities [1]. The sustainability aspects
of energy management and the use of energy data in production planning are as well of
key importance in the field of smart factories [2]. These aspects can be placed into the
potential that comes with the concept of demand side management (DSM) of industrial
energy consumption with a dynamic price-based use of renewable energy [3].

Industry 4.0 can currently be viewed as part of a development period, in which an
autonomous production control is targeted [4]. Autonomous systems can be used and
interlinked in smart factories to meet the requirements of adaptable and flexible production,
based on the availability of cyber-physical systems (CPS) with their further development,
which leads to the implementation of those autonomous systems [5]. Planning is especially
important for autonomous systems, whose characteristics include the ability to make
decisions and to adapt to available resources [6]. The aspects of energy-efficient planning
thus must be placed in the context of these developments.

Modular production systems are controllable more autonomously by using multi-
agent systems (MAS), enabling software agents to access the encapsulated capabilities of
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several production modules [4]. Besides the focus on controlling production modules in
distributed production environments, the relevance of integrating humans and machine
learning algorithms is important for current MAS developments, as presented in the
MAS4AI framework [7]. The relevance of machine learning agents in such frameworks as
MAS4AI can be found in the application of production scheduling in combination with
Industry 4.0 technologies [8]. A special agent type, which belongs to production modules,
are energy agents, which are developed and realized within MAS4AI for the creation of
energy load profiles in modular production systems [9]. For the next steps of development
and research, interaction and communication with planning agents and scheduling agents
were mentioned in [9].

Contributions to the adaptation of energy loads from energy consumers are well
known in the domain of game theory, where for DSM, a formalization as an energy con-
sumption game can be applied, as presented in [10,11]. The application of game theory for
energy-aware scheduling can also be found in the domain of cloud computing, in which
the game could be designed as a Stackelberg game, considering a workload scheduler and
energy efficiency agents as its own players, to adapt the scheduler decisions with energy-
optimization techniques [12]. With regard to the implementation and optimization of
modular production systems, the application of game theory with players as an analogy to
agents is feasible, whereby, the open question for further research is how energy agents for
Stackelberg games could be designed and developed [13]. A multi-criteria flexible job-shop
scheduling (FJSS) with the application of game theory can consider energy consumption,
energy efficiency, and unforeseen events, in a system that is based on a pre-optimization
layer and in which a game tree representation is used to react to changes [14].

A structured literature review about energy-oriented decision support in production
environments pointed out that there is potential for future research regarding the topic
of rescheduling, especially in the context of flexible energy prices [15]. In relation to the
introduced topics of game theory and agent-inspired contributions, game trees can be
formalized and used to adapt already calculated and pre-optimized production schedules,
to react with the players of the game tree to unforeseen events under consideration of
energy efficiency [16]. The role of decision trees in combination with machine learning
and responsible AI and their purpose for explainability to humans are generally of impor-
tance [17]. The agent-based transformation and execution of schedules, based on a game
tree formalism, enables the application of established tree-search mechanisms. In game
tree search within game theory, parallelization and pruning mechanisms can be applied to
achieve faster solutions [18]. Furthermore, Monte Carlo tree search (MCTS) can be used for
industrial scheduling in combination with machine learning [19].

The current contribution is mainly based on the preliminary research from [9,16]
and continues with the opportunities for future research on the design of mechanisms
between scheduler agents and energy agents. The topics of realizing an energy-efficient
production in modular production systems by using game trees, especially for rescheduling
purposes, are examined. The agent-based adaptation of already energy-optimized produc-
tion schedules with game tree mechanisms is focused on reacting on unforeseen events,
such as changing energy prices. The main aim of the current contribution is to show that a
human-understandable autonomous decision-based rescheduling of production schedules
is possible, with the combined conceptual approaches from agents of industrial-focused
MAS and applied extensive-form games of game theory. The concept focuses on the general
elements that are necessary to implement the system and presents with rescheduling use
cases how a schedule adaptation can be modeled and realized.

The paper structure is as follows: In Section 2, a literature review is presented, based
on the introduced literature topics, to highlight the current state of the art and research
as related work. In Section 3, the specification of the overall system is shown, including
the setup of the MAS framework, using an instantiation of the MAS4AI framework, and
the design for both focused agent types, the scheduling agent, and the energy agent.
Section 4 shows the concept of the agent-based adaptation of energy-optimized production
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schedules and the application of schedule examples. In Section 5, results are presented for
rescheduling use cases of a simulated energy price adaptation and for skill execution in a
real-world demonstrator. In Section 6, the results of the contribution are discussed. Section 7
summarizes the contribution with a conclusion and opportunities for future research.

2. Literature Review

The literature that is applied in this contribution is based on the topics of modular
production systems within Industry 4.0, the encapsulation of functionalities of such sys-
tems with a skill-based approach, the modeling of energy-efficient production and its
consideration in planning and scheduling, the developments of distributed agent-control
in manufacturing environments, and lastly, the fundamentals of extensive-form games in
game theory. The theoretical basics and related works are shown for these topics, to set the
literature-based scope for the current contribution.

2.1. Skill-Based Cyber-Physical Production Systems

CPS are a main element towards the goal of a more autonomous production [5]. A CPS
can provide an autonomous control and is important for the design of smart factories [20].
The role of CPS for manufacturing within Industry 4.0 is discussed broadly and consists
of various challenges, approaches, and techniques used, also regarding the domain of
MAS [21]. A modular and flexible production environment is a cyber-physical production
system (CPPS) and can be built with a combination of various cyber-physical production
modules (CPPM) [22]. A CPPM can be defined as a module that contains three logically
aggregated entities [23]:

• An equipment,
• a controller or a computing platform, and
• a cyber representation of the whole.

The relevance of such a modularized production can furthermore be seen in the appli-
cation of the principle of subsidiarity, following a decentralized structure with autonomous
acting production units [24]. CPPMs can be built from several CPS and are thus an elemen-
tal concept of modular production environments, providing standardized interfaces for
different functionalities with their own services [22]. The usage of a standardized interface
design can thus support interacting with vendor-independent production modules from
the perspective of a human worker [25].

The cyber representation mentioned in [23] contains the interface and the algorithms
for the module interaction with other modules without the requirement of reprogramming,
and, furthermore, the implementation of a hardware abstraction layer for decoupling the
interaction and execution logic from the equipment. An important concept to provide
production functionalities with such interfaces is described within the capability, skill, and
service model (CSS model), with the aim of providing a higher level of adaptability and
flexibility [26]. The definition of a skill is stated to be an asset-dependent implementation of
an asset-independent production capability [26,27]. The mechanism of utilizing production
capabilities to match product requirements with suitable production resources can be
implemented with the elements of the CSS model [26]. It is furthermore a main element to
realize a shared production paradigm and to provide and use decentralized production
services on demand among a network of trustworthy partners [24].

In the scope of the current contribution, skills are considered as an abstraction layer
that enables a uniform interface concept for interaction and communication with production
systems. It follows from the design of [4] that several CPPMs can provide their skills, such
as assembly or quality check, to produce a product, which are useable by distributed
organized control software realized with a MAS. The formalized concept of the current
contribution on how such production skills can be applied in a MAS is based on the
framework approach from [7], which has been extended for energy-related functionalities
in [9].
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2.2. Energy-Efficient Production Optimization within Industry 4.0

From an ecological perspective, resource efficiency and energy efficiency have been
mentioned as key objectives since the beginning of Industry 4.0 [28]. Energy in Industry
4.0 plays an important role in the topic of resource efficiency, considering energy con-
sumption explicitly for planning purposes [1]. The topic of energy management and the
application of energy data for production planning are important for smart factories [2].
The domains of energy-efficient scheduling in intelligent production systems [29] and
manufacturing companies [30] are considered in literature reviews. To integrate and apply
energy-efficient planning and scheduling in CPPS, a consideration of several aspects is
necessary. Energy flexibility of manufacturing systems is important for the planning and
shifting of production orders, so that energy consumption can be considered in relation to
processing time [31]. Different components are required to realize the mechanism of a DSM
for electrical energy in a modular organized production, in which energy data must be
measured, preprocessed, and stored related to information about products, processes, and
resources [32]. Energy consumption data must be accessible for a planning and scheduling
component, in combination with information about energy prices in the time horizon of
the schedule. The application of DSM for energy consumption in an industrial context can
thus adapt renewable energy through dynamic prices [3].

The topic of energy-efficient scheduling is of interest in literature and research. Energy
consumption measurements provide the basis for the optimization of energy consumption
during a job-shop manufacturing process and can be used to realize a decision-making
algorithm that is based on a decentralized system [33]. The optimization of production
systems for optimal load control and scheduling can be performed using distributed mixed-
integer linear programming (MILP), in which energy-flexible production units can choose
between several intensities for processing [34]. The improvement of energy consumption
in manufacturing systems can be considered through the scheduling of a machine startup
and shutdown, in which the tradeoff between productivity and energy efficiency must
be discussed and in which the energy-efficient production problem can be formalized
as a constrained optimization problem [35]. A reactive scheduling approach for flexible
manufacturing systems, which integrates the energy consumption of these systems, can
also use the mechanism of potential fields, so that resources can detect the intentions of
products and decide on a standby mode to save energy [36].

From a more decision-based point of view, a structured literature review shows that in
the field of energy-related decision support, the topic of rescheduling for unforeseen events
is not well considered in the literature, where also dynamic energy prices are in general
as considerable as such events [15]. Despite the number of works in the field of energy
consumption in the planning domain of manufacturing, there are still open questions
that must be combined with several modeling approaches for different manufacturing
systems, especially with decision-support models that take care of mid-term and short-term
production planning [37]. A decision-based application with extensive-form games for
scheduling in manufacturing under energetical viewpoints, which is used to reduce the
complexity of the multi-objective flexible job-shop scheduling problem (FJSSP) and to
improve the solving efficiency, is based on a pre-optimization layer [14]. A formalized
utilization of extensive-form games with game trees for modular skill-based production
environments is possible, in which a schedule can be adapted by production units, which
are able to adapt to the decisions from a pre-optimized scheduling [16]. This concept
focuses on local decisions on how the production could be performed best in an energetic
way, for example, by choosing intensities for active timeframes and shutdown policies for
passive timeframes.

Modeling energy characteristics for planning and scheduling applications in modular
production environments is an important topic, where the flexibility of production units is
an essential aspect. The usage of decision-based solutions proves a high potential to react
to unforeseen events, so that decision support and concepts from game theory with games
in extensive form and game trees have potential for rescheduling purposes.



Sustainability 2024, 16, 3612 5 of 30

2.3. Multi-Agent Systems and Holonic Manufacturing Systems for Sustainable Production

In recent years, various definitions of agents and research have been made in the
field of MAS. An agent can be defined as a computer system in a certain environment that
can act autonomously to achieve its goal [38]. Furthermore, an agent can be described as
an autonomous component, representing physical or logical objects in a system, which
can act with the intention to reach its goals, and can interact with other agents, when
their own knowledge and skills are not sufficient to reach the objectives [39]. An agent in
relation to CPS can be described as anything that perceives its environment with sensors
and that uses actuators to influence this environment [40]. A more generalized definition
considers the fundamental abilities and features of agents, so that an agent is defined
as an entity that is placed in an environment and perceives various parameters to make
decisions based on its goal, and to perform required actions on the environment based
on this decision [41]. A MAS is described as a system consisting of several agents that
interact with each other, typically by exchanging messages through a computer network
infrastructure [38]. Agents in a MAS depend on communication, collaboration, negotiation,
and delegation of responsibility to be successful [42].

A further paradigm, which must be considered in this context, is the concept of
holonic manufacturing systems (HMS). The manufacturing paradigm of HMS has been
developed with the goal of improving the adaptability of manufacturing systems [43].
HMS are fundamentally described in the PROSA reference architecture, which covers
hierarchical and heterarchical control approaches for production systems [44]. A holon
itself can be characterized as an autonomous, intelligent, and cooperative element of a
manufacturing system [45]. As described in [43], a holon is stated as a special type of agent,
and the technology used for holonic systems is mostly the MAS. A holonic architecture
for agile and adaptive manufacturing control is provided with ADACOR, in which the
main elements are modeled as holons [46]. There are contributions and challenges to
holonic control architectures in the context of Industry 4.0, considering autonomous and
decentralized decision support as key enablers for manufacturing systems in Industry
4.0 [47]. The concept of a holonic structured system that is realized by MAS for production
applications is also used in the MAS4AI framework, under consideration of technologies
from Industry 4.0 and focusing on the integration of humans, CPPMs, and algorithms
with a skill-based approach [7]. Literature surveys focus on the topic of MAS with CPS in
industrial applications, also considering MAS architectures for the production domain [48].
A CPPS architecture based on multi-agent design patterns with the requirements of Industry
4.0 and several MAS architectures is proposed in [49].

With the importance of energy-efficient production scheduling, further possibilities
arise to integrate sustainable viewpoints into the design of holonic structured MAS and to
combine them with the technologies from Industry 4.0. With ADMARMS, a design method
is described to create MAS for production systems [50]. Based on the increasing need
for sustainable developments, methods are presented to design a sustainable intelligent
manufacturing control system with holonic multi-agents [51]. The realization of a shared
production paradigm also considers topics of sustainability and autonomous control of
skill-based production environments with agents [24].

The topic of specialized energy agents for flexible and reconfigurable CPS is of impor-
tance within the context of Industry 4.0 [52]. A prototypical development of energy agents
in combination with resource agents for modular skill-based CPPS has been validated using
the MAS4AI framework [53]. The concept of the energy agent was subsequently adopted
and further developed, realizing agent-based energy data acquisition for the creation of
energy load profiles on a detailed level of production skills in modular environments, in
which especially as a future research opportunity, the combination with scheduler agents
was mentioned [9]. The agent-based consideration thus must focus on the energy data of
modularized production environments to enable further applications, such as rescheduling
based on energy aspects, for example, changes in dynamic energy prices.
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2.4. Extensive-Form Games in Game Theory

The application of game theory for scheduling and the adaptation of such schedules
is of importance in distributed environments and provides the potential to take energy-
related objectives into account. Concepts of distributed optimization and game-theoretic
application can also be found in the domain of intelligent energy supply networks such
as smart grids. Energy consumption games can be formalized and simulated to realize
an autonomous system for DSM, in which the players participate as users in dynamic
price tariffs for electrical energy by using the strategy of their daily schedules for their
household [10]. DSM can be formalized as an energy consumption game, in which energy
suppliers adapt a day-ahead price strategy from a smart grid and then publish price
information to several customers with the purpose of planning household equipment’s to
minimize energy costs [11].

Since the concepts of agents from the domain of MAS and players from the domain of
game theory are similar in several aspects, there is research potential for the application
of Stackelberg games, in which energy agents can react to schedule-related decisions with
their own decisions from an energy-related perspective [13]. Stackelberg games, in which
one player moves first and then the other players move afterwards, by choosing the best
answer to the previous decision, can also be found in the domain of cloud computing,
where one player acts as a workload scheduler and the other players, with their computing
units, try to adapt to this decision with the best energy-optimization decision, realizing
a shutdown policy [12]. Since this sequential characteristic of Stackelberg games can be
formalized by using game trees, the topic of game trees and the solution concepts of those
games can be elaborated on in general for their application towards scheduling adaptations.

Of major importance in game theory is the Nash equilibrium, which was defined
and proven by John Forbes Nash Jr., so that in non-cooperative games there is a strategy
combination that is chosen by the players and from which there is no improvement for
any player to be the only one to deviate from it [54]. Solution concepts for cooperative
and non-cooperative games exist, in which partially perfect and sequential equilibria are
considered in extensive and dynamic games [55]. Furthermore, finite games with complete
information can contain subgames, in which subgame-related Nash equilibria also exist [56].
With a game tree in extensive form, dynamic decision situations can be analyzed, in which
players make their actions dependent on information that they only received during their
interactions, although the overall game can be broken down into individual subgames
for this purpose [55]. The extensive form is a generalization of a decision tree for several
players [57]. The application of game theory for a multi-criteria FJSS under energetical
aspects and unforeseen events by using game trees and subgames is feasible for decision
making in manufacturing [14]. The usage of an extensive-form game for an energy-aware
adaptation of production schedules, similar to the general Stackelberg game mechanism
from [12], is shown for a modular production setup in [16], where CPPMs can choose
energy-related capabilities to react to decisions of the scheduler.

The application of tree-search mechanisms to solve FJSSPs in manufacturing systems
in general is of importance in recent literature, for which MCTS algorithms can be applied,
as presented in [58]. Algorithm developments are proposed for industrial scheduling with
MCTS in combination with machine learning [19]. MCTS methods are also considered
in literature surveys [59]. The application of alpha-beta algorithms for game tree search
can also be considered from early contributions, featuring the general parallelization
perspective of such algorithms as described in [60]. In general, strategies for distributed
game tree search must be considered, for example, as shown in [61]. The potential of MCTS
can be examined in recent implementations, for example, as shown in the implementation
of [62], which can also be used for simulation optimizations [63].

The realization of an autonomous agent-based extensive-form game between scheduler
agents and energy agents following similar principles to Stackelberg games is considered
in the current contribution.
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2.5. Literature Summary and Research Potential

The literature review focuses on the literature topics of skill-based CPPS in Industry 4.0
and the importance of energy-efficient production optimization, especially considering the
topics of scheduling and rescheduling. Related to energy-aware scheduling, the importance
of decision support to react to changing energy prices is of interest in upcoming research.
Since centralized production scheduling models must consider many aspects, there is a
lot of complexity that must be handled, which could also influence computation times.
Applied to a modular and flexible structure of CPPS, it is in general possible to enable a
distributed optimization and computation, since each CPPM of such a system encapsulates
its functionality and has its own computational abilities. Nevertheless, centralized opti-
mization models are of importance and are often able to find an optimal or near-optimal
solution for a production schedule in a suitable computation time, unless changes must
be considered. Solutions for similar problems can be found in the domain of heterarchical
MAS, since the initial planning of such systems tries to find the best solution for the system,
which is provided by agents of a higher hierarchical level. In cases of disturbances, the
agents at a lower hierarchical level try to solve the problems locally and communicate with
other agents. Since decision making in such heterarchical systems could as well be difficult
to follow, a mechanism is required to combine autonomous rescheduling with the necessity
of providing decisions in a human-readable way.

The game theoretical approach that has been chosen in the scope of the current contri-
bution is utilized to address those aspects and is applicable for energy-aware rescheduling
in modular production environments. Additionally, the introduced mechanism of Stack-
elberg games with usage of energy prices is used in literature for similar problems that a
smart grid is confronted with, for example, to implement a mechanism for DSM. The combi-
nation of scheduling agents and energy agents in production is suitable for the development
of a human-readable and transparent decision-making approach with a heterarchically
organized MAS, which tries to reach autonomous adaptation to changing energy prices
and unforeseen events. The mainly considered contributions from the literature review and
their aspects for future research potential are summarized in Table 1.

Table 1. Literature overview of the mainly considered contributions from the literature review with
their future research potential.

Author(s) Literature Topics Publication Content and Focus Future Research Potential

Dafflon et al. (2021) [21] Industry 4.0, CPS in combination
with MAS

Literature review about
developments of CPS

Integration of the
cyber-component of CPS

Bergweiler et al. (2022) [24] Industry 4.0, modular distributed
manufacturing systems

Vision for production
systems of the future

Autonomous sustainable
manufacturing using MAS

Diedrich et al. (2022) [26] Capability, skills and
service model

Information model for
manufacturing Standardized skill models

Bänsch et al.
(2021) [15]

Energy-aware decision support
models in production

Literature review about
energy decisions in production

Consideration of energy price
changes in decisions

Sidorenko et al.
(2023) [7]

MAS for smart manufacturing,
AI algorithms

MAS framework for
human-centered manufacturing Planning and optimization

Motsch et al. (2023) [9]
Energy agents, modular

distributed manufacturing
systems, skill models

Energy agents for load profiling in
a modular production Planning and optimization

Schwung (2021) [13] Game theory, modular distributed
manufacturing systems

Application of game theory in
modular production

Development of Stackelberg
games with energy agents

Zhang et al.
(2017) [14]

Game theory, flexible job-shop
scheduling, energy optimization

Application of game theory for
energy-aware rescheduling Realization with agents

Motsch et al. (2023) [16] Energy-aware decision support,
game theory, skill models

Energy-related skills,
extensive-form games

for rescheduling
Realization with agents
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3. Modeling and Realization of the MAS-Framework

The concept for the implementation and realization of an agent-based energy-aware
production schedule adaptation is an important part of the current contribution. First, in
Section 3.1, the general setup of the MAS4AI framework is presented, which is applicable
for the agent-based mechanism in a modular and decentralized Industry 4.0 production en-
vironment. Furthermore, an overview of the required components is provided. Section 3.2
then focuses on the agent type models for the scheduler agent and the energy agent in a for-
malized way, introducing how agent behaviors and agent skills can be used to enable them
as players in game theory, realizing a scheduling adaptation with extensive-form games.

3.1. Setup and Instantiation of the MAS4AI Framework

The agent-based structure that is specified for the current contribution follows the con-
cept of the MAS4AI framework. The MAS4AI framework provides a generalized concept
on how a MAS can be applied for the usage of AI algorithms and human integration in
Industry 4.0 production environments and thus considers research in the field of industrial
MAS and HMS [7]. The MAS4AI framework can be designed and setup individually,
introducing the main concept as an abstracted framework with designated components,
which provides the possibility to select and instantiate suitable technological solutions [64].
The MAS4AI framework is specifically instantiated in the scope of the current contribution.
The related components are introduced to present a proposal for the instantiation of this
system and for the realization of the agent-based energy-aware production schedule adap-
tation. The applicability of the framework and the research results for modular skill-based
production environments were implemented and demonstrated in the SmartFactory-KL
testbed environment, considering several agent types that are used to plan and control pro-
duction [53]. The components of the MAS4AI framework used for the current contribution
are visualized in Figure 1.
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The several components of the system were chosen and instantiated in the same
way as proposed in [7], as described in [64], and evaluated in [53]. The MAS component
was implemented with the open-source Janus framework, which implements the agent-
oriented programming language SARL and provides the possibility to develop holonic
agents [65]. With the Janus framework, which is used for the development of the MAS for
the SmartFactory-KL testbed environment, agent types such as planning agents, scheduling
agents, resource agents for manufacturing control, as well as energy agents for energy
load profiling, have been developed, implemented, and tested [53]. These agent types are
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applied and extended for the suggested agent-based energy-aware production schedule
adaptation. The implementation of energy agents has been examined more in detail in the
contribution of [9], in which the MAS4AI framework was applied, instantiated, and tested
with reference to the following components:

• Janus framework implementation as MAS with resource agents, which have the aim to
fulfill a production schedule, to control CPPMs, and communicate with energy agents,
which can access the related metering infrastructure.

• The usage of the Asset Administration Shell (AAS) as a standardized interface for
agents, also considering skill interfaces of modular production units as well as for
infrastructure units.

• Data acquisition of production units with specific relation for energy load profiling
during production in a methodical way, using and adapting the proposed method
from [66] for skill-based manufacturing.

From the perspective of the instantiated components of the MAS4AI framework, the
Janus framework is used as MAS for the following agent types: Scheduler, energy, and
resource. In Figure 2, the activity view of the scheduler agent is shown.
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The scheduler agent uses, for the initial scheduling of the CPPS, a multi-objective
FJSSP-Scheduler as a pre-scheduling software component. This component provides an
initial schedule under consideration of the criteria for an overall makespan as well as the
related energy consumption with usage of day-ahead energy prices. It is important that this
component provide an optimal or near-optimal solution for the scheduling problem. For the
instantiated solution, a MILP model is applied. If at least a full schedule is provided as an
outcome of this component, several algorithms are useable to solve the scheduling problem,
for example, with a distributed MILP as shown in [34]. The outcome of the optimized
schedule is then used in the game tree schedule component, in which the schedule from the
FJSSP-Scheduler can be transferred in parallel to a game tree formalism, using the game
tree generation algorithm as shown in [16]. Another component that is required by the
scheduler agent is the interface for the dynamic energy prices, which is required to obtain
energy price information for the day-ahead schedule in the FJSSP-Scheduler component
and to obtain information for short-term price changes, which result in the application
for rescheduling of the previous generated game tree, to change decisions on parts of the
schedule locally. The energy price interface component is designed to be able to adapt
energy prices from renewable energy suppliers, for example, as offered with the price
interface from [67].

Figure 3 shows the activity diagram of the energy agent of the instantiated MAS4AI
framework, considering the game tree that has been setup by the scheduler agent.
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Energy and resource agents interact with the cyber-physical parts of the system,
including CPPMs and related infrastructure units. The energy agents therefore apply the
energy load profiles of those production modules, which can be built with methodical data
acquisition and be processed by communicating with resource agents [9]. The measured
energy loads, together with the chosen skill parametrization from resource agents, can then
be used to obtain the energy consumption forecast for the planned skill execution. For
energy agents, the energy adaptation models of the CPPS are of interest, which formalize
the degrees of freedom for each CPPM energy consumption and are formalizable as energy
adaptation models. These energy adaptation models are realizable in a modular CPPS
context, as are energy skills, which are also useable in a game tree for interaction with
a scheduling component that can react to dynamic energy prices [16]. If the scheduler
changes a part of the predefined schedule or an energy price change can be considered
locally by a CPPM by choosing another parametrization, the energy agents observe this
change and transfer it to the respective local decision. The related energy consumption of
the energy skills is used for the reward function in the game tree to choose the best energy
skill under the given and restricted timeframes as a decision from the scheduler agent.

In summary, the described elements of the system are integrated into a combined
concept to realize the energy-aware scheduling adaptation in the MAS. Table 2 summarizes
the main elements of the concept, divided into the main framework parts, which are the
MAS, the CPPS, and the applied algorithms.

Table 2. Components of the instantiated MAS4AI framework.

MAS Framework (Janus) Component of the CPPS
(Hardware and Software)

Algorithmic Elements
(Models and Solutions)

Scheduler agents
FJSSP-Scheduler (multi-objective)

Game tree schedule
Dynamic energy price interface

Optimization model (MILP)
Game tree generator

Day-ahead prices and events

Energy agents Energy adaptation models (skills)
CPPM load profile models

Game tree adaptation
Energy costs computation

Resource agents CPPMs with skill interface -

The focus of the current contribution is on the required elements for the scheduler
agents and energy agents, based on the components of the CPPS as well as the necessary
algorithms. The interaction of energy agents and resource agents, considering also CPPMs
with their skill interface, has already been investigated for the purpose of energy load
profiling in the contribution of [9].

3.2. Design and Implementation of Scheduler Agents and Energy Agents

The concept and implementation of energy agents in the MAS4AI framework from [53]
consider especially the relation with resource agents for data acquisition at the shop floor
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level. The research question of [9] is addressed in the current contribution, on how energy
agents could interact with scheduler agents to adapt energy-optimized production sched-
ules. Thereby, especially the design and specification between scheduler agents and energy
agents are considered. Figure 4 shows the communication diagram of the interaction of a
scheduler agent and an energy agent for initial scheduling and scheduling adaptation with
game trees, with the instantiated framework components of Table 2.
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The scheduler agent at first performs a price request to the energy price component to
obtain the day-ahead energy prices. Based on those energy prices, the scheduling algorithm
is performed with a defined parametrization, considering the objectives for makespan or
energy costs. The optimized schedule, as a result of the initial scheduling process, is then
used to create a game tree, which is overserved by energy agents. Considering the available
energy profiles and energy prices, the energy agent then calculates and decides on the best
response to react to the given schedule under energetical viewpoints.

The interfaces of the agents to interact with the related software components, for
example, from perspective of the scheduler agent, are encapsulated and designed by
using the agent skill approach in the way it is shown in [53,64]. Another possibility is
the usage of the AAS to improve interoperability in the field of CPS and for integration
in the context of MAS [68]. The application of the AAS for interfaces with planning or
scheduling purposes is possible as well [8,69]. The interfaces for the interaction with the
resource level of CPPMs follow the concept of [7]. The interface for the metering hardware
to obtain energy data from a modular production system can also be designed as AAS [70]
and then be used by energy agents for data acquisition [9]. The agent skills from the
agent-oriented programming language SARL as presented in [65] are applied in several
contributions [7,9,53,64], which are used to enter callbacks to interfaces of other systems
from the programming perspective. The agent skills thus offer, beside the possibility of
encapsulation, the option to reuse agent functionalities completely, or at least to a high
degree, by only changing the individual programmed parts of the skill. This concept is
furthermore useable to implement the required interfaces for the game tree interaction.

The formalized model of agents in combination with the behaviors and related skills
with the mentioned interfaces can be found in Figure 5.
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For the scheduler agent, at first an energy price request is performed for the energy
price component. With the agent skill for initial scheduling, a MILP model for creating a
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schedule by using the day-ahead energy prices under multi-objective criteria can be used.
The optimization can thus focus on the criteria of makespan and energy costs, based on the
expected energy consumption combined with the day-ahead energy price forecast. The
generation of the game tree is performed after this step, which is also encapsulated as an
own skill of the scheduler agent. Another skill is to change the decisions on several parts of
the game tree, if an energy price change makes it necessary to adapt the game tree from
the scheduler’s perspective to obtain a better result, based on the given objectives. The
energy agent has the skill to respond to the game tree decisions, considering the timespan
that is foreseen for production orders to be produced. Furthermore, the energy agent
has access to energy profiles, which, combined with the energy adaptation models of the
production modules, allow them to determine the best response to produce those orders. In
this context, the functionality is important in how the scheduler agent and the energy agent
are enabled to become players in the sense of game theory, using their communication to
adapt the decisions of the previous generated schedule as an initial game tree with the
day-ahead energy prices. If no changes are required, the agents must also acknowledge the
predefined decision path. Therefore, it is important that both agent types can observe the
current state of the game tree and can interpret belonging decisions.

4. Method for Energy-Aware Production Schedule Adaptation

The general model parameters and formalization are presented in Section 4.1. In
Section 4.2, the general schedule adaptation mechanism as well as the necessary steps for
the production schedule adaptation into game trees are described, focusing on the modeling
and the transforming of an initial schedule. Section 4.3 shows the detailed rescheduling
mechanism with game trees.

4.1. Model Parameters and Formalization

The formalization and the production schedule adaptation follow in general the ap-
proach of [16], so that an existing scheduling under consideration and computation of
energy costs, based on day-ahead energy prices, can be transformed in an extensive-form
game tree format and then used for rescheduling purposes. In general, the concept of
extensive-form games can be applied to the transformed schedule. The considered mod-
ular production system can be built of several CPPMs C = {c1, c2, . . . ck} with precedence
relations. A CPPS can start the manufacturing process for a production order Oj with
related machines. The processing in active and passive timeframes for an order timeframe
is realized with energy skills Si ∈ Sactive ∩ Spassive of CPPMs, which are described in Table 3.

Table 3. Energy response skills Si of CPPMs in C.

Order Timeframe Energy Response Skills Si Description References

Active response
Sactive

Intensity 1 (I1) Default skill intensity [16,34]
Intensity 2 (I2) Less time and more energy than I1 [16,34]
Intensity 3 (I3) Less time and more energy than I2 [16,34]
Intensity 4 (I4) Less time and more energy than I3 [16,34]

Passive response
Spassive

Idle Default idle [16]
Eco-Idle (Eco) Higher energy savings than idle [16,71]

Wake-on-Lan Sleep (WOL Sleep) Higher energy savings than Eco-Idle [16,71]

Each CPPM can produce in active timeframes in four intensities. Higher intensities of
an Sactive skill will result in a time-saving effect, but also have the effect of higher energy
consumption. Passive timeframes can be adapted with a passive energy response skill
Spassive in which a deeper inactive mode also results in higher energy savings. A special
element of Spassive is the possibility of an empty response, which has no effect. This element
is used to skip the selection of skills for the passive timeframes when the order processing
should be performed without breaks. The applied formalization considers in general
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several aspects of a game for any number of players in extensive form, which are presented
in [72] and based on the definitions of [73]:

• Finite set N = {n1, n2, . . . nk} players.
• Rooted tree, T , as game tree.
• Leaf nodes with a tuple of payoffs, which are computed as rewards.

According to [16], each CPPM can be considered as an individual player of N and
can use its energy response skills Si as action space in the game tree to select and execute
decisions based on the reward. The reward function for such a multi-objective schedule can
be built similar to the reward functions presented in [74], and must consist of the objectives
for makespan and energy costs, in which production times and idle times are formalized
into the reward, for example, to avoid timeframes in which energy is expensive.

Since the schedule as well as the transformed game tree format focus on various
objectives, considering makespan and energy consumption costs, the concept of an overall
reward function must be adapted to several order timeframes of the schedule, to enable
rescheduling of local parts. The timeframe of a production order Oj can be divided with a
set S that consists of an active and passive timeframe tuple of the order timeframe with
(a i, pi

)
∈ S . The reward Rorder for Oj is built of the rewards for Ractive for (ai) ∈ S and

Rpassive for (pi) ∈ S . The reward of Rorder and the related part Ractive should be maximized,
and the value of Rpassive should be minimized, since Rpassive only contains energy costs.
The reward equitation is built as follows for each production order timeframe:

Rorder = Ractive −Rpassive (1)

The reward for the active part consists of parameter α, which is the weight between
the objectives of makespan and energy consumption costs. The value Ma,i,max consists of
the maximum makespan of (ai) ∈ S and Ea,i,max consists of the highest energy costs in
(ai) ∈ S , built on related energy consumption and energy prices. For Ea,i,max the highest
intensity is chosen. The makespan of the decision is scaled with the maximum possible
makespan for the active timeframe. For energy costs, the value is scaled with the maximum
energy costs from active and passive skills. The reward Ractive is built as follows:

Ractive = (1 − α)

(
1 −

(
Ma,i

Ma,i,max

))
+ α

(
1 −

(
Ea,i

Ea,i,max

))
∀(a i, pi

)
∈ S (2)

The reward for the passive part considers the energy costs of (pi) ∈ S :

Rpassive = α

( Ep,i

Ea,i,max

)
∀(a i, pi) ∈ S (3)

4.2. General Schedule Adaptation Mechanism

The realization of an initial day-ahead schedule can be performed with various models,
e.g., with a MILP model [34] or with reinforcement learning [74], in the way it is used as
the pre-optimization layer proposed in [14]. These models can consist of all the required
aspects to find an optimal or near-optimal solution for an initial calculated schedule, but
often have the drawback of long computation times. Such a schedule can also be created by
using rule-based approaches or expert knowledge. The initial schedule then specifies the
possible states that should be followed in the game tree if no changes occur.

The scheduler agent provides at first the multi-objective schedule, which consists of
the provided FJSSP schedule of several CPPMs that are intended to produce production
orders in various intensities. An exemplary result of such a schedule with a 50:50 ratio
for the objectives of makespan and energy costs with a MILP model, which can be similar
designed to [34], and is based on the parameters of Section 4.1, is shown in Figure 6. The
mechanism for the following scheduling adaptation into game trees follows the approach
of [16], in which for each machine, passive and active timeframes are considered.
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Figure 6. Exemplary calculated flexible job-shop scheduling with a MILP model.

The presented schedule adaptation logic is realized as its own component, and changes
in the created game tree can autonomously be adapted with agents, fulfilling the role of
the players of the game tree. Additionally, the mechanism of the timeframe consideration
is extended, so that a tuple of a previous passive (pi) and active (ai) timeframe for each
production order is always considered in combination. In Table 4, the decision-based view
of each tuple is shown as an example for the visualized schedule in Figure 6.

Table 4. Decision-based view of the adapted exemplary calculated flexible job-shop scheduling.

CPPM p1 a1 p2 a2 p3 a3 p4 a4 p5 a5 p6

1 - Intensity 1 - Intensity 1 WOL Intensity 1 WOL - - - -

2 WOL Intensity 2 WOL Intensity 1 ECO Intensity 1 WOL - - - -

3 - Intensity 4 ECO Intensity 1 WOL - - - - - -

4 ECO Intensity 4 WOL Intensity 4 WOL - - - - - -

5 WOL Intensity 2 - Intensity 1 IDLE Intensity 4 - Intensity 3 WOL Intensity 4 WOL

The sequence flow for the initial schedule and the energy-aware schedule adaptation
are visualized in the diagram in Figure 7. The sequence starts with the daily schedule,
obtaining the day-ahead energy prices from the energy price component, and performing
the initial schedule in the scheduling component, which is then transformed afterwards
into the game tree format. The initial schedule and its game tree are then stored and
accessible for the scheduling component. In the realization stage of this schedule, when the
production orders are processed, the current state of the schedule with the related progress
is validated with a cyclic check for an eventual schedule adaptation.

The adaptation is intended in this case for energy price changes, which are retrieved
from the energy price component. If the scheduler agent notices price changes, the related
part of the game tree is identified and, if necessary, adapted by using other makespan
decisions. These decisions are forwarded to the energy agent, which acknowledges those
decisions by choosing the best response decision under energetical viewpoints. Follow-
ing the current state of the schedule in the game tree, the scheduler agent confirms the
upcoming timeframe of the schedule for the next order, which is scheduled on a produc-
tion resource, and informs the related energy agent. The energy agent prepares the best
response by choosing a parametrization with a suitable skill configuration, which is sent to
the related resource agent for the skill execution on the respective CPPM. After the skill is
performed, the schedule is updated again with the current state.
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4.3. Rescheduling Mechanism with Game Trees

The mechanism to adapt and change generated game trees can follow various steps,
based on how the solution space of the game tree should be restricted and explored. The
necessity for changes to already processed schedules is initiated by the scheduler agent.
The scheduler agent observes short-term energy price changes and adapts the decisions
from the previous generated day-ahead schedule by using the game tree. Energy agents of
the CPPMs observe the decision changes from the scheduler agent and decide to react with
their energy skills. The scheduler agent thus acts like a leader player in a Stackelberg game,
in which the decision is observed by follower players and then adapted with their best
response. Nevertheless, the scheduler agent in this role must also consider the expected
response of the energy agents to reach the best possible response as a summarized reward
for both decisions, from the scheduler agent and energy agent perspectives. The main goal
of the game tree adaptation and search mechanism is to solve problems more locally and to
avoid processing a full computation of the overall schedule. The mechanism for game tree
search can have three steps, which are visualized in Figure 8.
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In general, the schedule is divided into several parts, based on the orders that should
be processed by each CPPM. The reference is the given completion time for each order, so
that the active processing time, combined with the previous passive timeframe, builds the
solution space of an individual part of the schedule. A rescheduling is then performed for
a part of the schedule if an energy price change occurs. The possible decisions for all three
steps of the proposed method in general are based on the presented formalization and the
degrees of freedom of the considered energy skills. These skills can be considered to adapt
a rescheduling for passive and active timeframes for each order timeframe. The search
mechanism in three steps is proposed to focus at first on local problem solving, following
the principle of subsidiary from [24], and to extend the solution space in an iterative way.

In the first step, the completion time of each order, which is set by the scheduler
agent, is considered by the energy agent as a constraint, so that the order timeframe must
not be exceeded. The results of such local rescheduling can be influenced by using other
energy skills, which cost less energy but result in longer processing times. Therefore,
the passive timeframe before each order could be considered as well. The second step
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allows the consideration of an extended order timeframe by the scheduler agent, so that
it is also possible to choose another order processing time, compared with the previously
adapted schedule. In this step, the rescheduling decision could also reach the passive and
active timeframes of the subsequent order timeframe. The constraint to search inside the
combinations of the solution space is thus extended and considers additionally the first
following passive order timeframe. This step also results in an adaptation of the decisions
of the subsequent order and is the reason why passive timeframes are always considered
in the proposed game tree model before an active order processing timeframe. For such
decisions, the scheduler agents and energy agents must interact in combination for a larger
part of the schedule. In the last step, better solutions are searched in the adapted game tree
without constraints on the timeframe. This results in a much larger solution space since all
possible combinations are searched in the game tree for the rescheduling decision.

The game tree is modeled with the Gambit software (Version 15.1) [75], which allows
modeling and computation of extensive-form games by using a user interface or a Python
API for the game functionalities. The game trees can be modeled in advance, imported and
updated using the Gambit Python library during the runtime, or created directly program-
matically. In the game tree, the rewards must be built for the makespan decision as well as
for the energy decision. Energy measurements and energy load profiles are important to
compute the reward of the energy costs for the timeframes and can be processed in the way
described in [9,70]. Figure 9 shows a game tree example with related elements.
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The scheduler agent decides in which timespan the current order should be produced,
and the energy agent adapts with its best response. If a short time limit is expected by the
scheduler agent to fulfill the given plan, then the selection of an intensity by the energy
agent that costs more time than restricted will lead to no reward for both players. The energy
agent can thus respond only with intensity, which fulfills the given timeframe constraint. In
the presented example, several Nash equilibria are computed. The overall best reward for
the active timeframe part of the proposed example is as well computed as Nash equilibria
with the best overall reward. The scheduler agent would thus act as a Stackelberg leader
player and choose the tree decision for the second fastest makespan, where the time limit
in hours is four. The energy agent then chooses the energy-related skill Intensity I3 as best
response. This mechanism allows it to divide and transform scheduling timeframes with
multi-objective criteria into stable equilibria, where each player can consider their decisions,
regarding this objective, in their best response. With the computation of equilibria based
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on pure strategies in extensive-form games, the best response could be computed in the
Gambit software for each decision of the agents.

5. Results for Rescheduling Use Cases
5.1. Simulated Energy Price Adaptation Example

The results for the agent-based rescheduling with game trees are presented using a
rescheduling use case for an energy price update for a given CPPM with simulated values.
The mechanism follows the first step from Section 4.3, in which the local update of the
game tree, as well as the defined solution space of a given order timeframe, is used as the
solution space for the game tree search. The formalization of the game tree considers the
energy-related skills of the CPPMs as machines in the model, as well as their degrees of
freedom and effects on makespan and energy consumption. The objectives, makespan, and
energy costs are weighted in a ratio of 50:50. For the results of the provided example, the
simulation parameter settings of a CPPM are applied as shown in Table 5, similar to [16]:

Table 5. Simulation parameter settings for a CPPM.

Order Timeframe Energy Response Skills Si Energy Consumption for each h Time/Costs Effect

Active response
Si ∈ Sactive

Intensity 1 (I1) 40 kWh 5 h duration
Intensity 2 (I2) 60 kWh 4 h duration
Intensity 3 (I3) 100 kWh 3 h duration
Intensity 4 (I4) 170 kWh 2 h duration

Passive response
Si ∈ Spassive

Idle 5 kWh -
Eco-Idle (Eco) 2 kWh Costs to active: 5 kWh

Wake-on-Lan Sleep (WOL Sleep) 1 kWh Costs to active: 10 kWh

To show how the mechanism of the schedule adaptation is carried out and rewards
are calculated in the game tree, the day-ahead prices and event-based price updates must
be considered. The energy prices for the order timeframe O1 are shown in Table 6.

Table 6. Energy prices for the corresponding timeframe of production order O1.

Energy Price State Hour 1 in Order
Timeframe O1

Hour 2 in Order
Timeframe O1

Hour 3 in Order
Timeframe O1

Hour 4 in Order
Timeframe O1

Energy prices in ct/kWh
Initial day-ahead forecast 6.1 6.6 9.5 10.8

Energy prices in ct/kWh
Event-based price update 6.1 6.6 9.5 2.5

The rewards of the active response and passive response of the subgame tree for the
given CPPM simulation parameters and day-ahead energy prices are shown in Table 7.

Table 7. Rewards of the subgame tree for the order timeframe O1 with day-ahead energy prices.

Order Timeframe Active Response
Skills Si

Passive Response
Skills Si

Reward Ractive
(Ma+Ea)

Reward Rpassive
(Ep)

Reward Rorder
( Ractive − Rpassive)

O1

Intensity 1 (I1) N/A N/A N/A N/A

Intensity 2 (I2) N/A* 0.33 (M: 0.10 + E: 0.23) 0.00 0.33

Intensity 3 (I3)
Idle 0.33 (M: 0.20 + E: 0.13) 0.01 0.32

Eco-Idle 0.33 (M: 0.20 + E: 0.13) 0.02 0.31
WOL Sleep 0.33 (M: 0.20 + E: 0.13) 0.03 0.30

Intensity 4 (I4)
Idle 0.32 (M: 0.30 + E: 0.02) 0.01 0.31

Eco-Idle 0.32 (M: 0.30 + E: 0.02) 0.01 0.31
WOL Sleep 0.32 (M: 0.30 + E: 0.02) 0.02 0.30



Sustainability 2024, 16, 3612 20 of 30

For the given example, the order must be processed within the given time limit of four
hours. This decision is predefined by the scheduler agent in the game tree and must be
adapted by the energy agent. The energy agent thus selects active and passive skills to
react to this decision with the best response. Since Intensity I1 has a total duration for order
processing of 5 h, the selection is not possible and therefore not applicable (N/A). The first
selectable decision is for Intensity I2, but this intensity consumes the whole time as active
processing time, so a passive timeframe is not applicable (N/A*) for this decision, as it does
not exist in this combination. For this case, a special decision to skip the passive part of the
related order timeframe in the game tree is selectable and applied. For intensities I3 and
I4, passive skills must always be considered. The energy costs of the passive timeframes
are calculated with the energy consumption of the passive response skills with the related
energy price and are scaled with the highest energy costs possible in this timeframe, which
is in this case the Intensity I4. This is performed to ensure the same scaling for calculating
the reward for active and passive skills. Additionally, if the energy costs are weighted
at zero, the passive reward becomes zero as well. Considering the rewards of all valid
combinations within the subgame tree for this order timeframe and with the day-ahead
energy prices, the best response would be Intensity I2 without passive energy skill. The
updated rewards of the subgame tree after the energy price update are presented in Table 8.

Table 8. Rewards of the subgame tree for the order timeframe O1 with updated energy prices.

Order Timeframe Active Response
Skills Si

Passive Response
Skills Si

Reward Ractive
(Ma+Ea)

Reward Rpassive
(Ep)

Reward Rorder
( Ractive − Rpassive)

O1

Intensity 1 (I1) N/A N/A N/A N/A

Intensity 2 (I2) N/A* 0.25 (M: 0.10 + E: 0.15) 0.00 0.25

Intensity 3 (I3)
Idle 0.26 (M: 0.20 + E: 0.06) 0.01 0.25

Eco-Idle 0.26 (M: 0.20 + E: 0.06) 0.02 0.24
WOL 0.26 (M: 0.20 + E: 0.06) 0.03 0.23

Intensity 4 (I4)
Idle 0.32 (M: 0.30 + E: 0.02) 0.01 0.31

Eco-Idle 0.32 (M: 0.30 + E: 0.02) 0.01 0.31
WOL 0.32 (M: 0.30 + E: 0.02) 0.02 0.30

Since the energy price update takes place at the end of the order timeframe, the
calculation of the energy costs for the passive timeframes is not affected. As a result of the
price reduction, the selection of the energy-intensive Intensity I4 has lesser energy costs.
The combination of Intensity I4 as response for the active timeframe in combination with
Idle or Eco-Idle becomes the best response combination after the energy price update.

The adoption of the reward function to parts of the schedule is elemental in the concept
of subgame trees in the overall game tree for a CPPM to compute the results for each part
of the game tree. The computation of the rewards is required during the initial generation
of the game tree as well as for rescheduling purposes, but in this case only for a smaller
part of the game tree. The given time limit for an order timeframe is applied in the example
as a constraint, which is realized as a decision about the required hours to produce an
order. Skills that would lead to a longer processing time than the defined time limit have no
rewards in the game tree. If a higher intensity is chosen for the active production, the time
saved is considered as part of the passive timeframe before the active timeframe, so that
the selection of the active response skill Intensity I3 will create in the presented example a
passive timeframe in the first hour of the order timeframe, in which the passive response
skills with their energy consumption can be selected and considered with energy prices.

In Figure 10, the game tree of the subgame of the presented example with the rewards
from the energy price update is presented. Parts of the game tree, which are not considered
due to constraints such as the selection of Intensity I1 due to the long processing time, are
skipped to improve the search time in the game tree. The same logic is applied for special
decisions, such as the skip of passive timeframes if they cannot occur based on the given
time limit. The feasible decisions of the energy agent to react with a tuple for active and
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passive timeframes for the earliest realizable time limit are also available as response with
the same reward for the two other scheduler decisions with lesser time limits.
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5.2. Prototypical Skill-Execution Adaptation

The game tree mechanism to adapt to changes can be realized and validated with
different purposes for a CPPS, for example, during skill execution with CPPMs. For
this purpose, the agents of the MAS can react to unforeseen events and changes on the
shopfloor, which could lead to delays and disturbances to the previous schedule. The
prototypical implementation was realized on a real-world demonstrator of a modular
production environment for discrete manufacturing of the SmartFactory-KL. This testbed
environment was also used in the prototypical implementation of [9] for energy load
profiling with energy agents, realizing decision making about energy profiles during the
skill execution by resource agents. The considered CPPM is shown in Figure 11 and is
used in the production environment as a flexible assembly station, which provides several
skills to pick up product parts from the transport system and return them if the assembly is
finished. The station therefore moves the parts to a manual assembly workstation. The main
component of the flexible assembly station consists of a robot arm (Universal Robots UR5e).
Compared with the simulated example, the timespan and the energy consumption during a
skill execution are shorter. This has an impact on the reward function of the game tree, since
energy prices can be applied to this detailed level, but energy price changes are of minor
importance due to the much lower timeframe and energy consumption. Nevertheless, the
skill execution can be adapted using intermediate idle states as breaks during processing to
react to unforeseen failures or load peaks in the system.
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Figure 11. Flexible assembly station as CPPM of a real-world demonstrator with corresponding
energy load profile.

The flexible assembly station is a CPPM with three skills, which are considered se-
quences in the production process. Intermediate states appear between the skill execution
of two skills. Since the considered skills are not parameterizable to reach different operating
speeds, the only degree of freedom to adapt to energy-related or time-related changes exists
in the usage of those intermediate idle states as execution breaks. Differently from the
simulated example, the focus is not on the evaluation and recalculation of the rewards of
the game tree but on the selection of alternative sequences, which, if ignored, would lead
to disturbances and delays in the production process. Nevertheless, the adaptability of
this mechanism can be applied and validated using this example, even at such a granular
level. The skill-execution sequence of the three involved skills follows a similar structure of
precedence relations, which takes place not on the level between several CPPMs but inside
a single CPPM with skills. The adaptation use case on this demonstrator differs between
two possible events that could occur during the skill execution:

1. Prevention of energy load peaks by using idle states.
2. Consideration and handling of failures during processing.
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In the skill-execution use case, the energy price is not focused on the calculation
of the energy reward. Nevertheless, the energy consumption itself is considered on a
detailed scale. The order timeframe to fulfill the order processing by using the CPPM is
also divided into an active response and a passive response. The energy consumption
of the skill execution was measured using the prototypical implementations from [9,70].
The parameter settings of the skill for picking production parts from the transport system
towards the flexible assembly station of the SmartFactory-KL testbed environment are
presented in Table 9.

Table 9. Parameter settings for skill execution on the flexible assembly station.

Order Timeframe Skills Si
Energy Consumption

(Skill Execution)
Required Time

(Skill Execution)
Energy Consumption

(Summary)

Active response
Si ∈ Sactive

Unload from
Transport System 88.25 Ws 12 s 1059 W

Passive response
Si ∈ Spassive

None 0 Ws N/A 0 W
Idle 83 Ws 8 s 664 W
Idle 83 Ws 12 s 996 W
Idle 83 Ws 18 s 1494 W

Three skills of the flexible assembly station are required, which must be completed
in sequence as part of the production process on this CPPM. The summarized energy
consumption is built from the energy consumption and the required time during skill
execution. As the passive response of the assembly station, only an idle state is useable,
which always has the same energy consumption. The timeframe in which an idle state
could be used is flexible, so it could be used to avoid disturbances during the skill execution.
Since the flexible assembly station consists of several submodules, for example, 3D printers
that can produce product parts for subsequent assembly, the possibility of energy load
peaks could occur, for example, if the related 3D printer is currently heating up.

To show the possibilities of how the extensive-form games could be used in the real-
world demonstrator for handling unforeseen events, the skill to pick a product part from
the transport system is modeled as a game tree. The mechanism follows the same principles
as the simulated use case, in which the scheduler agent provides a time condition within the
production order that must be completed by the CPPM. The energy agent of the CPPM then
decides on the best response and combines active response in the form of skill execution
with passive response possibilities using the idle states. Additionally, the skill execution
is combined with a probability, which must be observed by energy and resource agents,
and which could lead to a failure, processing during an energy peak, or a successful skill
execution without any issues. If a skill execution is considered in combination with a passive
response in the idle state, the probability of processing during an energy peak decreases.
Since no energy prices are considered, only energy consumption must be integrated into
the reward function. Unlike in the simulated use case, the active response skills have no
degrees of freedom in time, so the time condition from the scheduler agent does not only
depends on the maximum timeframe of the active response. The reward function for a skill
is always built up on the combination of makespan and energy consumption from active
and passive timeframes, in which only the passive response is time flexible.

Rskill = (1 − α)

(
1 −

(
Ma, i + Mp, i

Ma,i + Mp, i,max

))
+ α

(
1 −

(
Ea, i + Ep, i

Ea,i + Ep, i,max

))
∀(a i, pi) ∈ S (4)

The game tree rewards for the skill execution with the presented CPPM parameters and
for the passive response times and the probable results, considering possible unforeseen
events, are shown in Table 10. The objectives makespan and energy consumption are
weighted in a ratio of 50:50.
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Table 10. Rewards of the subgame tree for skill execution on the flexible assembly station.

CPPM
Skill Timeframe Condition Passive Response

Skills Si
Probable Results Reward Rskill

(Ma+Mp+Ea+Ep

Unload
product part from transport

system

Completion in 30 s

Idle
(18 s duration)

Failure 0.00 (M: 0.00 + E: 0.00)
Energy Peak 0.00 (M: 0.00 + E: 0.00)
Successful 0.04 (M: 0.00 + E: 0.04)

None
(direct start of the skill)

Failure Depends on new
skill execution

Energy Peak 0.30 (M: 0.30 + E: 0.00)
Successful 0.61 (M: 0.30 + E: 0.31)

Completion in 20 s

Idle
(8 s duration)

Failure 0.00 (M: 0.00 + E: 0.00)
Energy Peak 0.17 (M: 0.17 + E: 0.00)
Successful 0.48 (M: 0.17 + E: 0.31)

None
(direct start of the skill)

Failure 0.00 (M: 0.00 + E: 0.00)
Energy Peak 0.30 (M: 0.30 + E: 0.00)
Successful 0.61 (M: 0.30 + E: 0.31)

Completion in 12 s None(direct start of the skill)
Failure 0.00 (M: 0.00 + E: 0.00)

Energy Peak 0.30 (M: 0.30 + E: 0.00)
Successful 0.61 (M: 0.30 + E: 0.31)

The exemplary modeled game tree as an extensive-form game for probable unforeseen
events is shown in Figure 12. The best rewards from the perspective of makespan and
energy consumption are obtainable if the skill is directly processed without consideration
of passive response skills. Nevertheless, the consideration of a passive response with an
idle state reduces the probability of load peaks, so that a better adaptation to unforeseen
events could be reached. If a load peak occurs, the reward for the energy agent is set to zero.
If a failure during skill execution occurs, the total reward for both agents is zero. If a longer
timeframe condition is chosen and a failure occurs, there is the possibility of restarting the
skill execution, which leads to the possibility of a reward in the game tree.
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6. Discussion

The agent-based mechanism enables communication with all necessary system com-
ponents to react to energy price changes and to interact with agents for an autonomous
schedule adaptation. The main element of the rescheduling mechanism is the extensive-
form game as a game tree. The game is setup like a Stackelberg game, in which the decisions
of the scheduler agent are handled in the way of a Stackelberg leader player who moves
first and whose decisions are observed and then adapted by the following agents, which
are energy agents with the mechanism of Stackelberg follower players. The agent-based
realization for rescheduling allows the encapsulation of functionality, such as the handling
of energy profiles for individual machines or the respective parametrization of the skill
interfaces by resource agents. Following the approach of the MAS4AI framework, the
usage and integration of services of other system components can be realized, so that also
callbacks into legacy software can be considered by using the concept of agent skills.

Through the decisions which can be modeled and observed by using the game tree,
the agents can adapt to changes locally and under full information. Since local subgames
of extensive-form games can have individual subgame-related Nash equilibria [56], the ob-
servability and constant update of the game tree is required for both agent types, to ensure
adequate decision making for rescheduling. The presented concept is thus extendable and
realizable for a various number of machines, which are considered in an initial day-ahead
schedule. For each relation between a scheduler and a machine, an interaction between
the scheduler agent and the related energy agent exists, so that between those agents the
rescheduling takes place in an individual game tree.

The presented rescheduling use case enables the comparison of changed rewards in
the game tree due to a short-term energy price update. The formalization of game trees
in general enables parallel computing since each subgame tree between schedulers and
energy agents could be computed and solved individually to react locally to changes. This
enables a distributed computation with the best possible decision that can be found in
a predefined time and is scalable with newly integrated machines. Since decision trees
can contribute to human-understandable decision making [17], the game tree enables a
better explainability of the rescheduling decisions. This allows the integration of humans
as decision makers for rescheduling, so that humans can act in game trees in the way of
agents. Since the MAS4AI framework provides the possibility for integration of various
algorithms, it would be of interest for future research to choose and compare the results of
various algorithmic combinations for scheduling and optimization. There is potential that
biologically inspired search algorithms such as ant colony optimization or bee algorithms
can contribute to this, since those algorithms also follow a multi-agent approach.

The main concept that is applied to the considered tree search is the localization of
subgames so that Nash equilibria for each subgame can be computed. To avoid larger
search times across the game tree, the search is performed in several steps with iterative
enlargement of the solution space. A full tree search, as the last possible step on the
presented solution space extension, will thus result in the drawback of long computation
times, so that the main advancement of local rescheduling is lost again. Based on the main
principles of the basic concept, there is potential for future extensions and applications
with tree search, such as parallelization during tree search or the application of pruning
rules to skip parts of the game tree that have no or most likely less influence to find a better
solution. Within the solution space of single-order timeframes as well as across several
subsequent-order timeframes, it can be attempted to find a better solution in a predefined
computation time. The search range could then be parametrized by agents.

A main element for the realization of the simulated energy price adaptation example
was the encapsulation of an overall schedule into several smaller parts, dividing the possible
solution space by using the order timeframes, which consist of active and previous linked
passive timeframes. The tuple of passive and active timeframes brings in flexibility to
adapt longer processing times of an order into the passive times of the subsequent order
timeframe during the search in an extended solution space. If a previous order is finished



Sustainability 2024, 16, 3612 26 of 30

earlier, the time freed up can also be automatically considered in the subsequent passive
timeframe. The reward functions of a multi-objective optimized day-ahead schedule, which
is adapted into a game tree for scheduler agents and energy agents, can be separated for
several parts of the schedule, which are adapted as individual subgames. The rewards of
the leaf nodes for scheduler agents and energy agents, focusing on makespan and energy
consumption costs, can be designed to result in stable Nash equilibria.

The prototypical implementation of a skill-execution adaptation was realized on a
real-world demonstrator of the SmartFactory-KL, using the skills of a robot arm of a flexible
assembly station. Since the timespan at this level of granularity is too short to react to
energy price changes, the handling of unforeseen events and failures based on generated
game trees was focused on to show the possibilities of this approach for finding and using
alternative sequences. The adaptability of this approach could thus be presented during
the skill execution for corresponding schedules, in which the same mechanism is applied
on a more granular scale. The time condition decision from the scheduler agent can be
considered by the energy agent to adapt the passive response to avoid the probability
of load peaks in the CPPM or to restart the skill execution again. The realization of the
prototypical implementation also showed the importance of energy measurements and
energy load profiles for the calculation of the rewards in the game tree for decision making.
As some energy consumptions of machines depend on different parameters besides speed
and intensity, for example, temperatures in the machine itself and the environment, it is
important to consider a detailed model with a range of possible energy consumptions.

In summary, both use cases show the possibilities of using extensive-form games for
decision making for adaptation and rescheduling. The energy price consideration with the
simulated example and energy skills shows the potential to integrate this approach with
the respective agents in a MAS for autonomous energy price adaptation. Nevertheless,
a drawback for practical evaluation of this use case is, that production systems with
modeled degrees of freedom for electrical energy consumption rarely exist. The example
was simulated to demonstrate its applicability, and the parameters of the energy skills
were selected according to demonstration criteria. However, the second use case shows
the possibility of applying the mechanism to a real-world demonstrator. Especially under
consideration of breaks in production and different unforeseen events, further application
of this mechanism can validate and further develop its robustness. For both use cases, an
extension of the area of application is necessary to gain additional insights into further
developments and limitations and to continue working on the open questions identified.

To place the results in the context of the contributions from the literature review, a
comparison with the approaches and results of the referenced key contributions is necessary.
In the game theoretical implementation of [13], an optimization for a modular production
system was presented by using a potential game. The aspect mentioned for future research
on the implementation of a Stackelberg game with corresponding energy agents was
addressed in the scope of the current contribution. Future research can contribute to the
mentioned combination in [13], using potential games for optimization across several
production modules and Stackelberg games for energy-related decision making.

The realization of the prototypical adaptation presented during skill execution follows
a similar aim, as shown in the contribution of [14], to have a pre-optimization layer for
scheduling production units and then to react to unforeseen events by using extensive-form
games, which can then be separated and calculated in several subgames with shorter
solution times. The contribution in [14] presents a framework for usage and application of
this mechanism in a production environment and considers aspects to improve aspects of
sustainability, and where the potential for future integration into a MAS was stated.

An important aim of the current contribution was the combination of already stated
research questions and that the combination of different domains and perspectives can
create a new point of view for autonomous adaptation of production schedules under
consideration of energy-related aspects. Based on the discussed topics, the results and
limitations offer potential for future research and developments in this domain.
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7. Conclusions

The concept and realization of an agent-based adaptation of energy-optimized produc-
tion schedules with extensive-form games are presented in this contribution. The required
components, which must be included and considered in the MAS framework, are intro-
duced, and the activities of scheduler agents and energy agents are modeled. The design
and implementation of those agent types for day-ahead scheduling, based on makespan
and energy cost objectives, as well as for the agent models for realization of the scheduling
adaptation with game trees, is formalized and validated with a simulated example. Addi-
tionally, the mechanism was applied to a prototypical skill-execution adaptation use case
for a real-world demonstrator of the SmartFactory-KL testbed. The results of the simulated
energy price adaptation use case show the realizability of agent-based rescheduling by
using applied game theory with extensive-form games for short-time energy price updates.
Therefore, the rewards for the energy costs of localizable subgames of the game tree, which
represent production order timeframes, can be updated. The subsequent decision making
focuses on local rescheduling to avoid changes due to dependencies towards a larger area
of the schedule. The results of the prototypically implemented skill-execution adaptation
use case show the application of the extensive-form games and how unforeseen events
and failures can be modeled. Based on the rewards, which are built on measured energy
consumption values, alternative decision making is calculable.

For future research, there is potential for further experiments, such as the application
of various datasets for FJSSPs under energetical viewpoints or machines that have different
implementations of energy skills, for example, to vary the decision options. Additionally,
the consideration of constraints can be elaborated on in future research, for example, energy
load limits for energy consumption during a timeframe, which is challenging if the game
tree search is distributed and parallelized. Extensions of the presented game tree search can
be investigated with a detailed consideration of tree pruning, for example, if cheaper energy
prices are offered, to search for decisions for faster production first. Based on the successful
formalization and transformation of such schedules into game trees, future research can
thus focus on various approaches for faster decision making, such as investigating paral-
lelization, tree pruning, and reinforcement learning approaches with MCTS, for example,
using MCTX [76]. Additionally, there is potential for the combination of these solution
concepts and benchmarking for various data constellations of such experiments. Based on
the improved explainability of schedule adaptations with game trees for scheduled and
executed decisions, further research can focus on the integration of human decision making
using the mechanisms of game trees. The integration of humans into the MAS could, in
this case, follow the general design of the MAS4AI framework [7].
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