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Abstract: A well established design technique for software
systems is to define their application context and its behav-
ior in all possible scenarios. Those systems are typically de-
terministic in terms of their reaction to inputs from their en-
vironment. A disadvantage of those systems is their lack of
flexibility. They fail when they have to work in a context not
regarded at design time. It was shown that multiagent systems
can offer such a flexibility. But from an external position their
behavior cannot always be anticipated, which in fact is a ma-
jor obstacle using this technology in commercial applications.
Therefore, we propose an approach that combines the advan-
tages of deterministic behavior and flexibility. We use a mul-
tiagent system with an internal management structure. Using
the management-by-exception approach allows a maximum of
local decision freedom and therefore of flexibility, while en-
suring an acceptable overall system performance. Keywords:
strategic management, multi-agent system, self-organization,
management-by-exception

1. Introduction

There is a trend of decentralization in business applications.
Global competition results in the demand for shorter product
life cycles and forces companies to cut down development and
delivery times. Thus, modern software systems are embedded
in highly dynamic, complex, and distributed environments. But
software engineering of systems and processes is continuously
increasing in complexity of design and functionality.

Conventional engineering of monolithic software systems
provides clear structures and explicit processes which allow
for consistent management rules, plans, and control at any step
and level of design and implementation as well as runtime
behavior. During the design process all possible states of the
environment are anticipated and a proper behavior is defined
at design time, see e.g. [14]. Due to their design process those
systems typically have a deterministic input-output behavior,
as long as their inputs are defined. If this is not the case, or
the system is in a context that was not regarded at design time,
its behavior is undefined and cannot be adapted automatically.
Therefore, those systems can be typically classified as inflex-
ible, in the sense of [6]. This definition goes in line with the
aspects that a system can adapt itself to a changing environ-
ment and changing demands towards the system. This defini-
tion can be found in the self-organizing systems as well. In this
sense, self-organizing systems can have the ability to be robust
against environmental changes as they can adapt themselves to
these changes.
A different approach to software engineering can be found in
the field of autonomous systems or distributed artificial intel-

ligence. Here, the software engineer implements functionali-
ties for handling of unforseen environment states by run-time
adaptation. This includes the ability to recognize a decision
situation, identify alternatives, assess them, decide, and imple-
ment the decision. Doing so, increased robustness and positive
emergence of the system as a whole should evolve. In conse-
quence, the system should be able to cope with dynamics and
complexity, distributively and flexibly. Nevertheless, we as-
sume the local autonomy of distributed software entities may
cause suboptimal system states, as the decentralized decision
making creates optimal structures and processes on a micro
level, but often fails to optimize the system as a whole, which
is the goal of strategic consideration on the macro level.
Moreover, the flexible behavior of autonomous systems how-
ever leads to some sort of indeterministic behavior [7]. This
effect can be explained by the definition of determinism. Using
a simple external view like the input-output relation a multia-
gent system can be non-deterministic. However, this does not
mean, that an autonomous system has to be non-deterministic.
The appearance of non-determinism arises from the limited
view on the environmental state (situation). If the internal state
of the system is included, an autonomous system might also be
deterministic. That means that the system can show a behavior
that is not anticipated by an user and does not go in line with
his expectation.
Both aspects are major obstacles for the commercial use of
this technology, and therefore hinder the use of concepts and
software that enable flexibility and self organizing software
systems which is needed to create software that offers compet-
itive advantages.

With a higher level of autonomy, decision making is sup-
posed to become faster and more flexible, but it may also lead
to a loss of control for the management of the system. This
gap between operational decision-making and strategic man-
agement has to be bridged to ensure reliable decision-making.
We are convinced that both aspects, deterministic behavior
and flexibility are relevant aspects. Thus, we present an ap-
proach that allows both. Our goal is to allow as much flexibil-
ity as possible while ensuring an acceptable overall system’s
performance. It does not seem appropriate to construct dis-
tributed software entities which are either purely autonomous
or strongly regulated. Both aspects, autonomy and regulation,
represent the opposed margins of a scale. The challenge for
the engineering of distributed autonomous software is to re-
alize systems with a situation-dependent, optimal mixture of
autonomy and regulation.

We structure the rest of the paper as follows. In the next sec-
tion, we discuss the different aspects of autonomy that can be



identified in autonomous software systems and multiagent sys-
tems. Then in section 3 we describe our idea that transfers the
concept of management-by-exception into multiagent systems.
To investigate the potentials of our approach we use a case
study, investigating a job shop scheduling problem. Presented
results indicate that our approach can meet our expectations.
Finally, we summarize our findings and draw our conclusion
of the potentials of the management-by-exception approach for
self-organizing systems.

2. Levels of Autonomy

In the literature, there are discussions on different levels of
autonomy [4, 10]. In early multiagent research, Castelfranchi
and Conte [2] discuss a very high degree of autonomy, such as
the influence of predefined norms, behavior patterns, or proce-
dures is irrelevant, and the relevance is very low with respect to
the action-selection-process within an agent, respectively. The
design and the runtime behavior are very difficult to design
and ensure if such autonomous systems have to interact with
each other.
Timm [15] introduces four levels of autonomy (LoA): strong
regulation, operational autonomy, tactical autonomy, strate-
gic autonomy following a systematic approach using the levels
of decision making known from economics and system the-
ory: operations, tactics, and strategies. Autonomous systems
are situated in an environment with the capability to perceive
and interact with it. The complexity of the deliberation process
within an agent is strongly related to different environmental
properties as proposed by Russell and Norvig [11]. This cat-
egorization is used to specify the levels of autonomy and to
describe their respective adequacy in application domains.

Strongly regulated (LoA 0) systems are the class of systems
usually dealt with in “traditional” software engineering. There
is no part of the system with autonomous capabilities. Any de-
cision – regardless of the decision level – is predefined or deter-
mined by an external entity. Conventional monolithic systems
are examples for this class of systems. They proved to be effec-
tive in environments with limited complexity characterized by
full observability, determinism and episodic structure without
further autonomous systems and with a mainly static behavior.

Operational autonomy (LoA 1) Here, an autonomous soft-
ware system gains the competence to decide on an operational
level with a specific “slack” in the behavior. However, this de-
cision still follows the tactical and strategic boundaries of the
system. In the BDI approach [9], operational autonomy means
that there is no flexibility in the desires or the intention se-
lection mechanism, i.e., the desires and intentions cannot be
modified by the agent. However, the agent is capable to reflect
or refine upon plans.

Tactical autonomy (LoA 2) Tactical decision making in au-
tonomous software systems enables the system to deliberate on
different alternatives for operational behavior. While in opera-
tional autonomy, plans are under consideration, e.g., lineariza-
tion of partial plans, tactical autonomy is performed at the level
of goals and intentions, respectively. Considering BDI agents,
the planning and execution level is associated with the opera-
tional autonomy. The deliberation step of a BDI agent, where
an agent selects or creates an intention with respect to its de-

sires and its current state is the corresponding level for tactical
decision-making.

Strategic autonomy (LoA 3) The strategic aspects represent
the highest level of decision making within a software system
and are conventionally determined by the system’s designer in
advance or by external influence, e.g., the user, during runtime.
The architecture of each individual agent incorporates static
strategies, e.g., by the definition of individual desires and spe-
cific algorithms. In conventional BDI, strategic autonomy by
the agent itself is not feasible as the desires are determined stat-
ically. Timm [15] introduces an approach for strategic auton-
omy as an extension to conventional BDI. Here, the agents are
enabled to dynamically compute interdependencies between
desires and intentions with respect to the current state of the
agent.

3. Management-by-Exception as a Metaphor

A major problem of self-organizing systems is that it cannot
be guaranteed that the system organizes itself in a way that
it can offer sufficient performance1. We therefore suggest to
limit at least temporally the autonomy of the different enti-
ties. To do so, we use a management principle that is called
management-by-exception. The main idea of the management-
by-exception approach is that the management defines bound-
aries for performance indicators that are acceptable. In this
way the everyday business can be handled by employees that
can act autonomously as long as the performance indicators
are within the boundaries. If a critical situations occurs, an ex-
ception which is indicated by performance indicators leaving
their bounds, the issue has to be escalated to the next superior
management tier (see e.g. [5]).

We assume that it is possible that the systems we address
here have the ability to self-monitor their performance. This
can be realized e.g. by a component responsible for monitor-
ing the system performance. Moreover, we assume that there
exists an entity within the system that is allowed to give orders
to the other entities, limiting their autonomy in favor for the
global system performance. In the following we assume that
the performance is measured as a single value, of course this
can be extended towards a performance vector. The simplifi-
cation is used here to ease the explanation of the procedure. If
a specified threshold is missed, all entities are ordered not to
optimize their local goals but to work cooperative optimizing
the overall system’s performance. If this exception has been
handled successfully and the performance indicator is within
its bounds again, the central control can be released and all
entities can perform their local optimization.

We are convinced that this management approach can be
applied to multiagent systems sucessfully. Therefore we inves-
tigate two aspects:

1.Can the overall system performance be kept in acceptable
bounds?

2.Is the more centralized control really an exception or is it
the normal case?

The first question aims to check if it is at least possible to reach
acceptable overall system performance. Of course, here it is a
critical aspect what is defined as acceptable. A global optimal

1 Thereby it depends on the context of the application in what terms and mea-
surements performance is defined, e.g. in terms of availability or throughput.



solution may be desired but due to the decentralized approach
of locally optimizing entities it is only reachable when we
emulate the central control, what can be done resulting in a
system that is not flexible again. The second question goes into
this detail to what degree a centralized control is really needed
to ensure the acceptable overall system performance.

4. Case Study: Job Shop Scheduling

We have taken a scenario from the production domain where
we applied our theories and investigated the questions sketched
above. In the following, we first present the production sce-
nario and then present the results of our simulation.

4.1 The Test Setting

We use here a job shop scenario originally presented in [3]
and [1]. This allows us to compare our actual results with pre-
vious work. We experimented with this scenario in [13, 12],
investigating different aspects of self-organizing systems and
the performance measurement within those systems. Figure 1
presents only a schematic overview of the scenario. In the orig-
inal paper by Cavalieri et al. [3] the processing entities were
called machines. We call it shops here because each machine
can be seen as a local shop and therefore represented by its
own agent. This allows us more general research in further
work as well. Each shop has an input and an output buffer. It
offers exactly one operation. For simplicity reasons transporta-
tion is not modeled explicitly. It is assumed that always enough
transport capacity is available and transportation time is zero.

The job characteristics are taken from Brennan and O [1]
where the scenario is used as well. In table 1 the duration and
shop sequence are summarized. There exist five different job

Duration / Operation Step 1 Step 2 Step 3 Step 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 1. Process plan for different jobs, encoded as
time/operation, according to Brennan and O [1]

types which differ in their processing time for each operation
and the sequence of operations needed to be done. As we ac-
tually do not want to test the reactive scheduling abilities in
our research it is assumed that no disturbing events occur and
processing times are always met.

There exists a huge number of different dispatching strate-
gies for shops. Here, only a subset is presented and used in
the simulation studies. All these strategies are well known and
were taken from Pinedo [8]. They are presented in table 2.
All these strategies need no or only the duration and priority
information of the job. Thus, we restrict the scenario to use
no generated release and due dates because we want to con-
centrate on the data presented in the literature. For the WSPT
strategy priority information is needed. This priority is as-
signed to the job by the manager. In this strategy, the process-
ing time is multiplied with the priority. The priority for a job is

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 2. Dispatching strategies for shops

a uniformly distributed value in the interval [0,1]. For the job
routing different strategies can be found, as well. Examples of
routing strategies might be shortest queue (SQ), shortest queue
according to sum of durations (SQSD) or service in random
order (SIRO). In [13], it was pointed out that in the given sce-
nario the usage of different job routing strategies do not have
significant effects. We fix the strategy for jobs in this research
to the SQ strategy. The strategies for the shops are assigned
randomly from the set of strategies presented in table 2.

The performance indicator is here the mean flow time of a
job, from the starting of the first operation to the end of the last
operation. It has to be kept in mind that the shop floor system
is not necessarily optimizing these objectives. This implies
that the results may be worse than in a scenario with a purely
centralized control.

Jobs and shops are represented by agents. Moreover, there
exists a supervising agent which is called the manager agent.
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 to 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

All tests were made using the above described scenario setting
with initially 100 jobs (20 per job type) starting at the same
time and all shops have an empty queue. All presented results
are means computed by 10 runs of each experiment. Both ques-
tions presented in the previous section should be answered in
the context of this case study. This case study is discussed in
more detail in [12].

To answer the first question one has to define what is an
acceptable quality of the system. Actually, we used two ap-
proaches. First, we assign each shop a strategy randomly (strat-
egy: random). Second, we assign each shop the same strat-
egy and then compute the mean value for all strategies (strat-
egy: mean). The mean flow times are sketched in figure 2. We
decide to use the computed mean values, as this leads to a
lower bound for the acceptable mean flow times. The strate-
gies CON1, CON3 and CON10 represent strategies where the
shops started with randomly assigned strategies and the man-
ager agent supervises and monitors the overall system’s perfor-
mance. This monitoring is done after one, three or ten jobs have
been finished. Thus these strategies represent different moni-
toring and control strategies. But as one can see in figure 2, all



Fig. 1. Shop layout, according to [3]

regulated strategies can ensure that their results remain below
the given boundary.

Fig. 2. Mean flow times for different strategies

To answer the second research question for this case study
we investigate the fraction of time the central control was
ordered. This fraction is shown in figure 3 presenting Box-
Whisker plots of the relative central control time, i.e., the ratio
of time interval lengths under central control divided by the to-
tal time. 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 in-
frequent. Having in mind that these regulated strategies are ca-
pable to ensure an adequate level of the overall performance it
can be stated, that this can be done restricting the local auton-
omy rarely.
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Fig. 3. Box-Whisker plot of relative central control times

5. Conclusion

In this article, the first results of implementing a modern man-
agement approach into self-organizing software systems is pre-
sented. Our first results indicate that the idea of management-
by-exception is an adequate approach to design systems that
on the one hand show an acceptable overall system’s perfor-
mance and on the other hand allow a maximal degree of local
autonomy and thus flexibility of the systems. This aims to al-
low the emergent effects of self-organization and the flexibility
of distributed autonomous systems while guaranteeing that the
overall system performance remains in acceptable bounds.

As the work presented here are first results there are a num-
ber of questions open, so far. Next steps should validate the ob-
servations we made in our first case study. Therefore, a differ-
ent domain should be addressed. Another important question is
to investigate in more detail how the degree of central control
is correlated with the defined acceptable quality. As discussed
earlier if one forces the optimal solution to be computed, then
this approach is equivalent to a central controlled approach. In
our case study the required quality was above a random assign-
ment and needed in most cases below 20% centralized control.
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