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Abstract. The design of self-organizing systems and particular multia-
gent systems (MAS) is a non trivial task. On the one hand the particular
system should show a dynamic behavior according to its environment,
to gain a central advantage of distributed systems, on the other hand
it has to act on behalf of its user and the final results have to possess
acceptable quality. Especially the quality of the overall system’s behavior
can become a critical issue, if the subsystems have their own objectives
they have to optimize. In this paper we present a methodology that can
be integrated into MAS for adapting their behavior allowing local op-
timization while respecting an acceptable level of the system’s global
goals.

Keywords. balancing autonomy, multiagent simulation, manufacturing
control

1 Introduction

In the last years, a trend towards decentralized designs of decision support and
decision taking systems can be observed. In contrast to the centralized systems,
it is in practical cases not possible to compute optimal results according to a
global objective function. Resulting plans and schedules will be suboptimal [1,2].
Even so decentralized control systems are in the focus of current discussion and
research. The reason is that (cf. [3])

– systems with higher flexibility and reliability can be designed and
– decentralized control becomes part of current company organization.

But it turns out to be hard to design systems that on the one hand show a flexible
behavior and on the other hand act on behalf of the user and reach acceptable
solution quality in comparison with e.g. centralized solution approaches. This is
especially the case if the entire systems comprise of subsystems that have a local
objective they try to optimize. Note that this is a typical situation if the entire
system was developed following the divide and conquer engineering paradigm.

The idea of self-organizing systems have attracted attention by researchers
that try to overcome this design problem by allowing the system to self-configure
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itself to the given environments and given objective functions. In the following
we look only at such systems. That is each agent has its local goals and objective
function that it tries to optimize while achieving its goals. Moreover the agents
form a MAS that have to fulfill global goals and to optimize a global objec-
tive function within a dynamic environment. As a consequence of the complex
problem and the dynamic environment a flexible solution, e.g. based on a MAS,
has advantages to classical centralized optimizing approaches. Norms have been
identified to be a valuable method to allow multiagent systems (MAS) flexible
behavior still having a hand on the overall system behavior. But the norm de-
sign and system configuration respectively calibration can become a complex
and time consuming issue. The idea of dynamic adaptation is that the system
adjusts itself seamlessly to the given situation [4]. In this paper we outline a
method that can be integrated into a MAS that gives the ability of dynamic
adaptation respecting local and global goals and objectives. Local entities can
perform their actions, and if necessary adapt, enforced or not, their behavior
towards the global objective. This step is called strategy revision. If this revi-
sion is not sufficient for some reason, a more general scheme is applied. Based
on sociologically concepts we propose a reflection phase that allows to change
the existing strategy revision strategies or even objectives. Within this method
norms can play an important role, as they can not only be used to control the
system directly, but can be used guiding the reflection phase as well.

As a step within this methodology we present one possible implementation
of the strategy revision step, called regulated autonomy [5]. This is a centralized
rule-based implementation of a strategy revision step. For the evaluation of this
approach we use a very simple manufacturing scenario. A simple scenario is
chosen to provide competitive results of this technology with other classical
approaches, that typically cannot be applied to complex problems as they can
be found in practice.

This paper is structured as follows. In the next section we outline related work
concerning with the notion of autonomy in MAS and the adaption of autonomy
at runtime. The related work for norm-based systems is left open for further
discussion. In section 3 the principles of reflections are presented. The concept
of regulated autonomy, already developed as an efficient implementation of a
strategy revision strategy is presented in section 4. Finally we summarize and
sketch possible issues to be addressed in future research.

2 Related Work

In this section we review existing work on autonomy and adaption of autonomy
in MAS. The special focus of norms is left open for further discussions during
the workshop.

2.1 Autonomy in MAS

In the literature, there are discussions on different levels of autonomy [6,7]. The
definition of autonomy in the literature ranges from very wide autonomy [8] to
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restricted cases [9].
In early multiagent research, Castelfranchi and Conte [8] discuss a very high
degree of autonomy, such as the influence of predefined norms, behavior patterns,
or procedures is irrelevant, and the relevance is very low with respect to the
action-selection process within an agent, respectively.
A more theoretical and interdisciplinary approach to define the term autonomy
was presented by Bertschinger et al. [10]. Their key question is how autonomy
can be measured. Therefore, they use an information theoretic perspective which
bases on the distinction between the system and its environment. Depending on
the ability of the system to influence the environment, Bertschinger et al. present
different metrics for autonomy.
Additionally, the scope of autonomy – or more precisely the scope or the context
autonomy refers to – is discussed by Kirn [11]. Kirn points out that autonomy
can address different aspects:

– association autonomy (decision freedom towards the participation of agent
societies)

– cooperation autonomy (towards the participation in cooperative processes)
– execution autonomy (local execution)
– resource autonomy (disposition of local resources)
– communication autonomy (this is the participation in communication)

In each of these aspects, the autonomy can be specified for the agent.
Bradshaw et al. [12] define the term autonomy in respect to their research about
adjustable autonomy. From their perspective, autonomy is mainly characterized
by two aspects:

– self-sufficiency, as the capability of an entity to take care of itself and
– self-directedness, as the freedom from outside control.

According to Bradshaw et al., autonomy can be related to two dimensions. A
descriptive dimension which describes if the agent is capable to perform an ac-
tion and a prescriptive dimension describing if the agent is allowed to perform
an action.
Barber and Martin [13] define and measure autonomy as the interdependency of
an agent in its decision making to achieve its goals. An agent is autonomous if
it is capable to pursue some goals without interference by other agents.
Luck et al. [14] present a strong definition of autonomy. According to them
the self-generation of goals is the defining characteristic about autonomy. These
goals are generated or derived from motivations an agent has encoded.
Schillo [15,16] introduces a “Framework for self-Organization and Robustness in
Multiagent systems” (FORM) where delegation is the main concept in order to
describe organizational relationships. He distinguishes between task and social
delegation and four different mechanisms for these two delegation modes (Eco-
nomic Exchange, Gift Exchange, Authority, and Voting). He defines a spectrum
of seven organizational forms for groups of agents by using the delegation types
and modes as building blocks: Single Autonomous Agents, Task Delegation, Vir-
tual Enterprise, Cooperation, Strategic Network, Group, and Corporation.



4 I. J. Timm, A. D. Lattner, R. Schumann

Nickles et al. [17] present a specification schema for computational autonomy
based on sociological role theory, namely RNS (“Roles, Norms, Sanctions”), in
order to “support developers of agent-oriented applications in specifying the kind
and level of autonomy (...)”. The viewpoint of the authors is that agents act as
role owners encountering certain norms in a social frame which regulates the
behavior of the agents. In RNS, three types of norms (“permissions, obligations,
and interdictions”) as well as two sanction types (“reward and punishment”) are
distinguished [17]. The sanctions can be specified explicitly by the designer and
thus provide means to control the autonomy of the agents.
Nevertheless, autonomy is a property, which may lead to partially unwanted
system states resulting from conflicting or inconsistent goal sets. The dynamic
and complex interdependencies of autonomous subsystems can lead to systems
whose organization emerges at runtime. Thus, software engineers of autonomous
systems may not consider any possible constellation of subsystems at design
time.

2.2 Runtime Adaptation of Autonomy in MAS

The runtime adaptation of autonomy in MAS is addressed by researchers with
different application scenarios in mind, thus different terminologies evolved.
From the research about mixed-initiative interactions where agents and humans
work together, mostly agents are guided by human operators. In this area the
term adjustable autonomy has been established. Work about adjustable auton-
omy can be found, for instance, in [18,15,19,12]. Here we detail the approach
by Bradshaw et al. [12]. The goal of adjustable autonomy is to maximize the
opportunities for local adaption to unforseen problems and opportunities while
assuring humans that agent behavior will be kept in desired bounds. Therefore
different adaptations are possible:

– adjusting permission, add or remove rights
– adjusting obligations, add or remove tasks
– adjusting possibilities, add or remove skills
– adjusting capabilities, add or remove resources

These adjustments are done by the human operator, at his will.
With a slight different notion, but with the human-agent interaction focus Urbig
and Schröter [20] describe the concept of “dynamic degrees of delegation” from
“Full Autonomy to Manual Control”. The work is based on the C-IPS approach
which addresses different aspects of negotiation decisions in agents (C-IPS stands
for external constraints (C), negotiation issues (I), partners (P), and negotiation
steps (S)). Basically, agents would act with full autonomy. In order to let the user
control the agent, Urbig and Schröter introduce means to distinguish between
situations where the user should be involved and situations that can be handled
autonomously by the agent. The degree of delegation can be specified for different
decision types and dynamically changed during run time.
In the context of robotics, different levels of autonomy are discussed by [21].
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Gancet and Lacroix define five levels of autonomy and define for each level
which abilities and permissions a robot has with the given autonomy level.
Mailer [22] addresses the area of distributed problem solving where he found that
it is useful to dynamically centralize the solving of overlapping subproblems in
order to find solutions more quickly. He calls this approach mediation-based as
it combines techniques from centralized and decentralized problem solving.
Barber et al. [23] present the concept of “Dynamic Adaptive Autonomy”. This
allows agents to switch autonomy within a defined spectrum. Thereby according
to their notion of autonomy, presented above. The degree of autonomy depends
on the goal. Thus for different goals of an agent, it can have different levels of
autonomy.

Our approach is also of the second kind allowing a runtime adaptation of
autonomy during runtime. An superior entity can force agents to follow certain
strategies or to perform actions needed to obtain the desired overall system’s
performance.

3 Reflection

As mentioned in the introduction, there are challenges in engineering multia-
gent systems with respect to their properties of autonomy and interaction. The
key reasons for applying agent technology in complex economical environments
can be found in the high level of modularization and information hiding as well
as potential for positive emergent effects. The question arises, if such an emer-
gent behavior, i.e., a macroscopic behavior on the basis of microscopic interac-
tions, is beneficial for the global system. In the beginning of multiagent research,
this assumption was stated as a fact. Recent research focuses on sophisticated
design of the autonomous subsystems to enable a positive effect of the whole
system [24,25]. De Wolf and Holvoet [26] propose an approach for engineering
self-organizing systems. Their approach is based on the analysis of the system
after implementation and before delivery. Because of the well-known complexity
of testing concurrent systems, the approach seems to be adequate for systems
with a moderate amount of internal states, where no extensive internal states or
static strategic behavior exists. However, sophisticated engineering is required
to ensure the desired behavior on the basis of autonomous systems respectively
balancing microscopic and macroscopic behavior.

In social science, the phenomena of microscopic-macroscopic interaction is
widely researched [27,28,29]. Norms and regulations are introduced in a social
system to establish a better system performance. In the following we introduce
a methodology which is based on results from social science by Luhmann [30].
The theory focusses on reorganization processes in societies and specifies dif-
ferent steps of individual and social reflection. In this work, a system has the
ability to reflect about its overall performance explicitly within negotiations.
In an interdisciplinary research [1], we conceptualized a social mechanism as
an explanatory model for societies based on the work of [30]. On this basis, a
conceptual model for reflection in multiagent systems has been developed.
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The multiagent conceptualization of reflection is based on the assumption
that a multiagent system was chosen deliberately as a system design. In conse-
quence, autonomy of the agents is not a side effect but one of the key features. If
dependability on the multiagent level is in question, then some dynamic mecha-
nism is required, which allows for context-dependent adjustment of the individ-
ual behavior. As the autonomy is a key feature, the adjustment of the individual
behavior should be as restricted as possible. Furthermore, we aim at a reflection
methodology, which preserves local autonomy even by global adjustment.

In economical systems we know these mechanisms for a long time. In the last
decades, there is a trend in business administration manage people by delegating
tasks with the definition of the context rather than supervising each step of
execution. If the context or the boundaries are not met, the management is
involved again to handle the exception. Keeping this in mind, the methodology
of reflection consists of four steps as illustrated in Figure 1.

Fig. 1. Reflection in multiagent systems

The process of reflection is divided in two different parts. In the observation
and analysis step, the individual agents are reflecting their behavior with respect
to the global goals. The step of joint solution and institutionalization includes a
group of agents which try to solve a problem cooperatively.

The approach is based on a group of agents which can be formed dynami-
cally in runtime or specified at design-time. In either way, it is assumed, that
the group of agents have some common goals and the fulfilment of this goal can
be measured by the group or some other instance with communication capabil-
ities. Furthermore, for each goal, there are different levels of goal satisfaction,
i.e., 0 implies that a goal is completely unsatisfied and 1 indicates that the goal
has been satisfied. For utility-based goals a continuous scale is assumed while
for logic-based goals the goal-satisfaction is a binary function. Additionally, we
assume that the consideration of global goals in every deliberation step would be
inadequate with respect to computational or memory consumption. The basic
assumption is that global system goals are known and that it is possible to evalu-
ate a situation to what extent the target setting is achieved, i.e., a system has the
ability to reflect about its overall performance explicitly within negotiations. It
is distinguished between three color codes: target accomplished (“green”), target
slightly failed (“yellow”), and target failed (“red”).
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The global context emerges from a cooperation or a collaboration. In a co-
operation, agents does not have to fulfill the criteria of individual rationality as
introduced by Sandholm [31], i.e., agents may ”suffer” by a joint solution with-
out compensation. In collaborations, i.e., in settings, where competing agents
are cooperating for a specific task, process, or time period, it is important, that
the solution strategy is modeled in such a way, that each agent meets individual
rationality, i.e., the agents are better off participating in the group than not
participating.

In the observation stage, each agent reports its performance to a blackboard
or central entity (group coordinator) within the group. The blackboard or the
group coordinator computes the goal satisfaction on the basis of the individ-
ual results. Together with the concrete satisfaction level, the goal satisfaction
is available for any agent of the group. If the goal-satisfaction is classified as
deficient, the agents should adjust their operational autonomy. Doing so, the
agents should plan the next action or action sequence under consideration of the
global goal. E.g., assume that a BDI agent has instantiated an intention and
associates this intention with a partial global plan. The agent would now choose
a linearization of the plan which is most suitable for supporting the global goal.

The observation stage is used for normal system performance. If the system
performance with respect to a specific goal is critical (or cannot be achieved com-
pletely for some time, code “yellow”), the multiagent system’s state changes to
the analysis stage. In this stage, the agents have to communicate their currently
pursued goals. The analysis is performed by the agents cooperatively or by a
central entity (group manager). The group manager has to identify the inter-
dependencies of the goal selections of the individual agents and missing system
performance on the group level. These interdependencies are then published.
Under consideration of the autonomy of individual agents, the tactical auton-
omy has to be adjusted by the agents. Each agent should consider the effects
of its goal instantiation, e.g., in our example the step of associating a plan to
intentions, with respect to the group performance.

There are situations where an uncoordinated treatment of the mismatch of
global goals by individual adaptations cannot lead to satisfying results. This can
be the case especially if many agents adapt their behavior in a similar way which
can lead to the over-achievement of one goal while the performance decreases
w.r.t. other system goals. In the case of a severe system performance, the group
of agents is transformed into the joint solution group. Here, the group manager
mediates the negotiation about individual agents’ goals. The agents are assumed
to improve their strategic autonomy, i.e., the agents instantiate those goals which
help the group performance.

The solution which has been negotiated in the group and which restored
system’s performance is generalized as a social rule for later usage in severe
situations (phase four), i.e., the experiences of phase three are made persistent
for future situations and costly computation and communication can be avoided
by handling similar situations in previous phases. For more details about this
approach see [1].
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4 Regulated Autonomy

As already mentioned the concept of regulated autonomy is an implementation
of the strategy revision, shown in figure 1. It is implemented in as a rule-based
approach with a centralized entity for monitoring. Typically for rule-based sys-
tems the reaction scheme is statically encoded.

The main idea of the concept of regulated autonomy is sketched in figure 2.
In default mode, each agent is free to select its behavior as desired (Fig. 2a).
Whenever the system performance reaches a critical state, phase two is initi-
ated. In this phase, the manager agent instructs the shop agents to change their
strategy in order to improve the system performance (Fig. 2b). Whenever the
strategy is changed, costs of the strategy adaptation is recorded. If the system’s
overall performance reaches an acceptable status, the entities are allowed to use
their own local strategies again (Fig. 2c).

Fig. 2. Autonomy vs. regulation

4.1 Scenario Settings

As in our previous work we use the job shop scenario presented in [32] and [33].
Therefore, we briefly sketch the scenario here. Figure 3 presents a schematic
overview of the scenario.

Each shop has an input and an output buffer. It offers exactly one operation.
Each job schedules its current jobs using a given dispatching rule. The rules for
the shops are assigned randomly from the set of strategies presented in Table 1.
These strategies are well known, see e.g. [34].

For simplicity reasons, transportation is not modeled explicitly. It is assumed
that enough transport capacity is always available and transportation time is
zero. The job characteristics are taken from Brennan and O [33] where the sce-
nario is used as well. In Table 2 the duration and shop sequence are summarized.
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Fig. 3. Shop layout, according to [32]

Strategy Code Description

SIRO Service in random order

FIFO First in first out

SPT Shortest processing time first

LPT Longest processing time first

WSPT Weighted SPT

Table 1. Dispatching strategies for shops

Step / job type 1 2 3 4

J1 6/1 8/2 13/3 5/4

J2 4/1 3/2 8/3 3/4

J3 3/4 6/2 15/1 4/3

J4 5/2 6/1 13/3 4/4

J5 5/1 3/2 8/4 4/3

Table 2. Process plan for different jobs, encoded as time/operation, according
to Brennan and O [33]
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There exist five different job types which differ in their processing time for
each operation and the sequence of operations needed to be performed. The jobs
choose the next shop using the shortest queue strategy.

As an objective function for the overall system we use the mean flow time.
This implies that, regarding the given dispatching rules, it is known that the SPT
dispatching rule will perform best. This eases the application of a rule-based im-
plementation of the strategy revision process. E.g., if another objective function
is used to minimize the makespan, the optimal distribution of dispatching rules
depends on the set of orders, and has to be computed for each revision process.

As already mentioned there exists one entity, called manager agent, that
supervises the overall performance. If a job is finished, the corresponding job
agent informs the manager and reports the flow time of this job. The manager
agent can monitor the mean flow time according to the jobs finished so far. If
this value falls below a specified threshold, the manager agent can order the
shop agents to work following a specific strategy. Here this is the SPT strategy
which is known to perform best in this scenario. If the actual mean flow time
reaches an acceptable range again, it can allow the shops to work according to
their locally preferred strategy.

4.2 Evaluation

The results presented in this section were computed using a time driven simula-
tion implemented as a multiagent system based on the JAVA agent development
framework JADE1.

For evaluation purposes, we use three basic settings with different control
cycles w.r.t. the overall system’s performance. In the Con01 experiments, the
current quality (mean flow time) is checked after each job. In the Con03 and
Con10 settings, the control interval is set to three and ten, respectively. For
each setting, ten different runs are performed where 100 jobs are generated and
processed. Figure 4 shows the average mean flow times for all three settings2.
The mean flow time is computed every time a job has been finished, i.e., the last
value (job no. 100) indicates the mean flow time of all 100 jobs.

Figure 5 presents Box-Whisker plots of the relative central control time, i.e.,
the ratio of time interval lengths under central control divided by the total time.
Box-Whisker presents the upper and lower quartile and the median. Therefore,
they can be used to discuss the statistically spread of the data. While the mean
central control times of setting Con01 and Con03 do not differ a lot, the mean
value of Con10 is lower indicating that in our experiments central control is
rather infrequent. Having in mind that these regulated strategies are capable to
ensure an adequate level of the overall performance (see [5]) it can be stated,
that this can be done restricting the local autonomy rarely.

1 For the Java Agent DEvelopment Framework see http://jade.tilab.com/.
2 All statistical computations as well as plots have been generated with R Project for

Statistical Computing 2.6.1, see http://www.r-project.org/.

http://jade.tilab.com/
http://www.r-project.org/
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5 Reflection and Norms

So far, we presented a methodology for the dynamic adaptation of multiagent
systems. The concept itself is – deliberately – on a rather abstract level such
that a huge variety of methods for concrete dynamic system design can be de-
rived. Thus, the presented methodology of dynamic adaptation should be rather
seen as a building block for software systems; we explicitly do not propose an
software architecture. The dynamic adaptation, i.e., the strategic management,
of autonomous software systems constitutes the center of our research agenda.
Until now we have investigated three aspects. As a first step we3 have designed
the overall methodology as an interdisciplinary model with a mapping of Luh-
mann’s concept of reflection following to strategic management of autonomous
software systems. In a second step, we4 investigated the feasibility of observa-
tion and analysis of interdependencies between local and global objectives. In
this context, we applied objectives on the basis of key performance indicators
and utility functions; the assessment of dependencies are derived automatically.
The third aspect, the implementation of the strategy revision process, has been
done as a statical rule-based approach (regulated autonomy) which has been
described briefly in previous section.

We rely on mechanisms adapted from social science. To stay in line with
this research and the terminology, the use of norms seems promising. Having
in mind the abstract concept mentioned above, there are no restrictions for the
formalism of norms to be applied.

To our point of view, it is promising to use norms for the implementation
of the following aspects of the reflection methodology. As already mentioned,
the institutionalization phase of the reflection can be implemented as norms to
conserve successful strategies persistently.

In our case study (regulated autonomy) we expect high potential of substi-
tuting the static rules by notions of norms.

The most challenging process step of our methodology is the generation joint
solutions in the recommendation phase. Various approaches like central decision
making, argumentation, negotiation are applicable. We are convinced that none
of the approaches is dominant with respect to different application domains.
Consequently, the process of finding joint solutions should be guided by norms.

Until now the discussion focussed on how to apply norms on the process
of reflection. However, we assume that there is high potential for applying our
methodology of dynamic adaptation to the evolution of norms. From a more
general perspective, this methodology can be used to enrich a model for social
simulation.

We are looking forward to discuss these issues in Dagstuhl.

3 In cooperation with the social scientist Frank Hillebrandt (University of Muenster).
4 Together with the diploma student Florian Pantke (University of Bremen).
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