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Abstract. We present a framework for role-based knowledge manage-
ment in a multiagent environment. Our approach focuses on roles which
are carried out by rational agents. The use of roles for knowledge man-
agement, which is orthogonal to the organizational entity represented by
an agent, reduces the computational cost of reasoning and simplifies the
agent model. Our approach and illustrative examples are couched in the
context of the logistics domain.

1 Introduction

Continued and strong demand for increased customization of products and their
delivery has brought about a sea change in the economical landscape: from mar-
kets that were predominantly controlled by sellers to markets that are now driven
by buyers and their demands. To meet the resulting requirements in the logistics
domain, participating enterprises investigate ways to restructure their business
processes to allow for more autonomy in order to provide flexibility and rapid
response when reacting to customer requests. Such restructuring away from the
traditional centralized way of doing business is made possible by an emergence of
hardware technologies including GPS-based telematics for trucks, more reliable
and longer ranging wireless communication as well as low-power sensor devices.
In addition, innovative software is being developed to support autonomous
decision-making and to provide the right information to the right processes when
it is needed. Software systems implementing autonomous logistic processes (e.g.,
agents) need to share information on a continuous basis, for example, prod-
uct specifications, manufacturing capabilities, delivery schedules, etc., and are
required to make decisions which are consistent with the policies and overall
economical situation of the enterprise they represent. In addition, agents must
be able to negotiate, form coalitions, and thrive in the presence of competition,
and are also subject to unpredictable changes in their environment.
Furthermore the dynamics of logistic processes require the ability to plan
(re-plan) even in light of uncertainty, incomplete, or false knowledge. Stan-
dard scenarios of logistic processes typically have been modeled on the basis of
static graph-theoretic representations. The well-known traveling salesman prob-
lem (TSP), the vehicle routing problem (VRP), or the pickup & delivery problem



(PDP) reduce the complex task of transportation to a route optimization prob-
lem. They neglect both the important role of knowledge and communication in
real-world logistic processes and the fact that relevant parameters, e.g., traffic
flow, incoming orders, etc. change over time.

Thus, in order to migrate from a centralized decision-making to one that
is carried out by multiple, distributed processes acting autonomously, the tradi-
tional communication and data management infrastructures must be augmented
with a sophisticated yet flexible knowledge management system to support the
requirements described above.

The goal of our project, which is part of the Collaborative Research Center
(CRC) Autonomous Cooperating Logistics Processes — A Paradigm Shift and Its
Limitations,* is threefold: (1) To investigate the effects of different degrees of au-
tonomy on the flexibility and robustness of logistic processes. We are specifically
focusing on the role of knowledge and the flow of information in such processes.
(2) To develop an agent-based distributed knowledge management system for
the logistics domain. (3) To conduct and analyze experiments from large-scale
simulations in order to assess how the accuracy, precision, and promptness of
knowledge influences the quality of decision making in complex and dynamic
environments.

In this initial overview paper, we report on the framework for our proposed
knowledge management system (Sec. 3 and 4). We begin by introducing a con-
crete scenario from the logistics domain that illustrates some of the challenges
mentioned above and conclude with related work (Sec. 5) and a summary and
outlook (Sec. 6).

2 A Scenario

Consider a scenario in which a shipping company manages the shipping, interme-
diate storage, and distribution of paper rolls. The paper is produced by paper
mills in North America, Sweden, or Russia and sold to newspapers, publish-
ers, and manufacturers of paper products in Europe. In order to help inventory
management as well as to reduce the price of paper (e.g., through high vol-
ume discounts), the shipping company combines and brokers orders from the
consumers to the manufacturers.

Each order typically includes the number of desired rolls, the delivery date
(including possible late penalties) and for each roll, the required dimensions and
quality of the paper. To fulfill an order, the shipper brokers it to one or more of
the paper mills The rolls are shipped to the buyer via ship, rail, or truck or a
combination thereof.

What makes this scenario interesting from a logistics point of view is the fact
that despite their weight (e.g., a roll typically weighs between 1,000 and 2,000
Ibs.), paper rolls are very sensitive to shock, temperature changes, and moisture,
and thus require special handling and care during loading and transport. For
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example, an accidental scrape by one of the forks from a fork lift during un-
loading at the dock can easily tear several inches of paper on a roll. In the best
case, the damage can be controlled by unrolling and discarding the torn layers.
In the worst case, the contact has caused the paper to misalign on the core of
the roll. This renders the roll unusable for a high-speed printing press which
unrolls paper at speeds in excess of 200 km/h during the printing process. Other
problems include water damage caused by rain (e.g., during loading/unloading)
or excessive moisture in the storage rooms (e.g., as a result of a sudden temper-
ature change). Considering that the cost of a roll ranges from € 1300 to € 2000,
that delivery schedules are specified down to the desired hour of the day, and
that rolls have to be handled several times on their way from the mill to the con-
sumer, our scenario represents a very challenging transportation problem that
requires careful planning and on-the-fly re-planning. For example, in case of a
damaged roll, the shipper needs to decide whether to sell the roll at a reduced
price to the intended recipient or to a new recipient (who has to be identified
first) who uses less sophisticated printing presses.

In addition, many decisions are made based on incomplete knowledge, for
example, whether or not a roll sustained damage during transport even though
no visible marks exist?. Furthermore, many decisions require communication and
possibly negotiations among customer, buyer and possibly the manufacturer, for
example, to establish a new price for a damaged roll or a new delivery time for
a shipment that cannot be unloaded due to bad weather.

Our proposed framework for agent-based, distributed knowledge manage-
ment described in Sec. 3 and 4 below enables this type of dynamic, autonomous
decision-support.

3 Framework

Our framework consists of three main components: agents, knowledge, and
roles. Agents represent process-owners (e.g., decision-maker) or real-world en-
tities (e.g. vehicle, package, paper roll) in the logistics domain as described in
Sec. 2. In addition, each agent has specific properties (e.g., weight, speed, enter-
prise affiliation), capabilities (e.g., transportation capabilities, sensors for mea-
suring humidity), desires (e.g., minimizing delay of a shipment), and intentions
(i.e., tactical plans). The set of beliefs forms an agent’s knowledge base and is
associated with specific inferential capabilities. We envision that these agents,
which must act in a rational and autonomous fashion, can be implemented as
BDI (belief, desire, intention) agents as introduced in [1]. The BDI approach is
well suited for this purpose since it provides the appropriate concepts and struc-
tures for representing our agents. For example, the strategic layer of agents may
be modeled within the desires, operational aspects within beliefs, and tactical
features within intentions or plans. Furthermore, the BDI approach attempts to
closely mimic human decision-making [2] and represents the dominant approach

2 There are plans to outfit rolls with sensors that can detect certain damage during
transport and store the information for later usage. See also Sec. 4.2



for modeling intelligent behavior within the agent research community [3]. The
applicability of BDI to represent rational, autonomous agents has been proved
in [4].

The second component of our framework provides knowledge management
functionalities including knowledge representation, storage, and manipulation.
In our framework, the terminological domain knowledge is organized as an on-
tology which includes

— a representation of the transportation network as a graph, together with
a two-dimensional map-like representation (similar to geographic informa-
tion systems) enabling spatial reasoning (e.g. inferring properties of proper
subregions using a part-of relation)

— the basic types of agents and their properties (e.g., for a vehicle, its average
and maximum speed, the types of routes in the network it can use, and its
load capacity)

— the properties of ‘inactive’ objects, such as highways, depots, etc.

The visibility of the ontology is determined by an agent’s predefined capa-
bilities. For example, in contrast to a shipment agent, an agent representing
a navigation system has to have complete access to all relevant details of the
transportation network part of the ontology. Dynamic aspects of the scenario
(weather, traffic density, etc.) are not part of the ontology, but triggered by an
event generator.

Knowledge management enables agents to request new or missing knowledge,
or update existing knowledge. Intuitively, our approach to knowledge manage-
ment is similar to peer-to-peer knowledge management. Agents have the abilities
to communicate with available data networks or form ad-hoc networks with other
agents in their neighborhood. In these networks agents can interact on an oper-
ational level to coordinate activities with respect to their primary (logistical)
task. Challenges include the handling of physical mobility of actors, building
partially redundant systems (logistic and knowledge management), and provid-
ing adequate levels of interaction (collaboration, cooperation, competition, etc.).

The third component of our framework integrates the multiagent approach
with knowledge management functionalities using roles. Examples of these roles
are knowledge acquisition, retrieval, and mediation. They are described in more
detail in Sec. 4. Depending on their functionality and task in the logistics do-
main, agents may assume any one of the roles, which may change over time.
For example, an agent representing a ship may assume the role of a knowledge
provider reporting weather information to other ships. At a different point in
time, the same agent may also assume the role of a knowledge consumer re-
questing information about its cargo and destination from a dock agent after
loading is complete.

In contrast to conventional knowledge management approaches, our frame-
work does not depend on centralized knowledge repositories. Communication
among the roles is carried out over the already existing agent communication
infrastructure. We are tacitly assuming the existence of standard information



technologies to provide the proper support such as networking, document stor-
age, retrieval, metadata annotation, etc. In a sense, knowledge management
emerges from the interaction of agents by virtue of implementing specific roles
autonomously and in dynamic change.

It is important to note that emerging knowledge management is restricted
by wvarious sociological and technological boundaries. For example, on a soci-
ological level, agents may represent competing enterprises, which may lead to
inconsistent or even incompatible desires. In addition, there is the important
issue of trust. Low trust levels could prevent agents to assume certain roles (e.g.,
that of a knowledge mediator or provider). High trust levels strengthen the con-
nections between certain agents, causing an increase in traffic over time. As far
as technological boundaries are concerned, the presence of embedded computa-
tional entities, which are partially moving in the physical world leads to hard
restrictions on network availability and computational ability.

4 Roles of Agents in Emerging Knowledge Management

Recall that our approach to emergent knowledge management maps the organi-
zational entities involved in the knowledge management process onto agents. KM
usually involves three main roles: the provider who offers information, the con-
sumer who needs information and the broker who mediates between the two. In
contrast, the agent-oriented approach, which advocates decomposing problems in
terms of autonomous agents that can engage in flexible, high-level interactions
[5], employs a multitude of agents to solve the knowledge management prob-
lem. Agentification of classical KM (cf. [6]) has focused almost exclusively on
knowledge or information brokering and on modeling KM tasks by specialized
agents. Taking the agent-based approach, our claim to fully automate knowl-
edge management raises new reasoning demands especially on the brokering and
maintenance of knowledge, which have not been addressed so far. For example, in
classical KM approaches, knowledge brokering and maintenance are performed
by human actors (cf. [7]).

4.1 Roles

Figure 1 depicts a conceptual overview of the eight different roles in our frame-
work together with the most important possible communication acts between
them. Our approach extends the ideas of classical knowledge management by
further dividing the organizational entities and knowledge management roles.
This helps us to reduce computational complexity while gaining flexibility. We
briefly describe the resulting role set and their respective tasks in our proposed
framework:

knowledge consumer: an agent acts as a knowledge consumer the moment
it discovers a lack in its own local knowledge repository. It then poses a
question to a broker as for who would be able to provide the lacking piece
of information.
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knowledge provider: provides items from its internal repository either on de-
mand or as part of pro-active behavior.

knowledge acquisition: this role is intended to provide an interface to exter-
nal data sources. It therefore needs the capability to query a specific source
and build up an internal representation of it. Changes in the source might
trigger the generation of new knowledge items.

knowledge maintenance: this role incorporates tasks which are needed to
keep the distributed knowledge reasonable. Generalisation and learning ca-
pabilities keep the knowledge base (KB) as compact as possible. Surveying
the KB for inconsistencies and checking these against external sources en-
ables the deletion of obsolete or false items. It can also inform others of its
findings.
This is the most complex role and may be further decomposed into sub-



roles if it turns out necessary. It demands very sophisticated reasoning and
learning capabilities.

knowledge broker: the knowledge broker acts as a yellow pages service within
the system. It collects meta-knowledge from providers and points a knowl-
edge seeking consumer to the right provider. The broker also implements
a publisher/subscriber mechanism e.g. for values coming in from external
sensors or the generation of specific items by an acquisition agent.

knowledge mediatior: whenever a consumer has more than one possible
source for its current demand it can decide to employ a mediator to in-
tegrate and filter the responses it gets in order to reduce its own reasoning
effort. The mediator acts as an intermediate between the consumer and the
providers proposed by a broker and decides which items fit best to the given
query or can be integrated into one, more general or more special answer.
The mediator also maintains a reputation list and can therefore rule out
answers from unreliable partners upon request (QoS enforcement).

knowledge output: knowledge output agents provide an interface to active el-
ements of the external environment through actuators and user interfaces.
The communication for this role is unidirectional toward the external in-
terface. Possible responses from the environment are handled by knowledge
acquisition or broker roles (through their external sensor capability) which
can of course be implemented within one agent.

knowledge translation: to handle the possibility of different knowledge com-
munication languages or dialects an optional intermediate can be engaged
in every communication. The knowledge translation role acts as a wrapper
agent who is able to translate e.g., between two differing domains based on
their respective ontologies.

It is important to reiterate that one instantiated agent can incorporate more
than one role (e.g., an agent representing a ship can first act as a knowledge
provider and later as a knowledge consumer). Hence the incorporation of roles
is a decomposition of the KM problem, which is in essence orthogonal to the
mapping of organizational entities to agents. Furthermore, since different roles
of agents need different reasoning capabilities, encapsulation of roles reduces
the complexity of tasks which have to be performed by an agent at any given
time. This encapsulation is realized in our framework by a wvisibility function as
introduced in [8].

4.2 Roles and Knowledge Management - An Example

Let us clarify the role concept and its relevance to knowledge management using
a simple example involving two roles, a knowledge consumer role and a knowl-
edge provider role. Let us further assume that items of knowledge (k, k', etc.) are
represented as definite clauses, ignoring the fact that a multi-modal logic might
be more appropriate to formalize the roles. Moreover, B(A,t) and I(A,t), rep-
resenting beliefs and intentions respectively, are finite sets of clauses associated
with an agent A at time ¢. For example, in the context of our scenario described



in Sec. 2, A could represent the loading/unloading foreman on the dock whose
set of beliefs B during unloading of paper rolls from a ship on the 12" of Dec.
could include items k such as “the humidity is low and current temperature is
2 C” and one of his intentions 7 may be to “unload all paper rolls before 5pm.”
Another intention could be to “identify all rolls that do not meet the stringent
quality requirements of the recipient before the rolls leave the dock.” For the
sake of simplicity we assume a discrete time line and ignore spatial and other
parameters of the agents’ environment.

The knowledge consumer role presupposes an agent A which intends to add
k to the set of its beliefs, where k is a fully instantiated clause subsumed by
another clause ¢ which we will refer to as the query. We further assume that k
is not already included in B(A,t) and that k cannot be inferred from B(A,t),
given A’s current inferential abilities. Rel(k) is the relevance A assigns to k. In
a knowledge transfer, &’ is part of an informative communicative act directed to
A by some other agent B, which in this situation executes the role of knowledge
provider.

Continuing the example, the dock agent A is the knowledge consumer who
would like to add accurate knowledge (referred to as k above) about the status
of each paper roll that is being unloaded to its set of beliefs (presumably to
improve its decision making when identifying damaged rolls). In our example,
this knowledge could be provided by sensors which are attached to each paper
roll and monitor parameters such as temperature, humidity but also the occur-
rence of shocks or any kind of jarring that occurs during transport3. Each sensor
agent B attached to a paper roll assumes the role of a knowledge provider which
can be queried during unloading by the dock agent. Note that sensors measur-
ing the condition of a paper roll are important knowledge providers since even
small tears or scrapes that leave no visibl marks can render a roll useless to some
printing companies. Thus, the dock agent will favor the sensor data coming from
the roll sensor (referred to as k" above) over its own beliefs formed as a result of
a visual inspection (assuming the sensors have been properly calibrated).

In the simplest case, k is identical to k’, i.e., the sensor data from agent B
provides accurate readings about the status of a paper roll. However, since k and
k' can differ (e.g., k' is empty or contains inaccurate data), we need a similarity
measure Sim(k, k') in order to be able to estimate Rel(k’) on the basis of the
initial Rel(k). Sim(k, k') returns the maximum value iff (k' U B(A,t)) implies
(kU B(A,t))%, and returns 0, if B(A,t) implies -k’ (not consistent) or B(A,t)
implies k¥’ (not informative). Since truth and appropriateness of k£’ might depend
heavily on the competence and credibility of B (note, that we neither presuppose
omuiscience of knowledge providers nor benevolent behavior), we also introduce

3 We know of at least one company who is experimenting with RFID and sensor
technologies to monitor the condition of paper rolls during transport.

4 If we presupposed that k is identical to k', we were able to derive, as a corollary,
that A and B are not identical, given our assumption k ¢ B(A,t).



a measure of confidence Conf(A, B, k', t) ranging from —1 (A believes that &’ is
definitely false if provided by B at time t) to 1 (absolutely reliable)®.

In the case of the sensor agent attached to a paper roll, mechanical failure
or calibration problems are the most likely reasons for inaccurate or inconsistent
knowledge k’. Regular calibration would therefore allow for higher confidence
values. On the other hand, if one considers a scenario in which a truck is provid-
ing traffic updates to another truck competing for the same business, confidence
of k¥ might be low. Additionally, the relevance weight assigned to an item of
knowledge k& might be influenced by the probability Avail(k’,t) of being avail-
able at time t. Finally, each act of knowledge consumption is associated with
a cost function Cost(A, B, k’,t). Analogously to confidence the costs depend on
both involved agents, the item of knowledge, and time.

The five parameters, discussed above, are closely interrelated and determine
the impact of the knowledge transfer on the behavior of the consumer agent. In
combination with the corresponding parameters of knowledge provider(s) and
other agents, e.g., agents which participate as mediators®, these parameters also
provide the basis for the emerging structure of the KM system as a whole: suc-
cessful knowledge transactions with a particular provider agent will strengthen
the connection between the involved agents and increase the likelihood of future
transactions.

5 Related Research

According to [9] “Knowledge Management (KM) [...] aims at capturing explicit
and tacit knowledge [...] in order to facilitate its access, sharing out and reuse.”
This rather organization-centered view can be applied to information technology
(IT) as supplementary technology (cf. e.g. [7]) as well as to KM within pure IT
driven systems like the autonomous logistic scenario we propose in this paper.

Agent-based or agent-mediated knowledge management (AMKM, cf. [10],
[6]) is a relatively young but currently very active field of research. [6] give a
comprehensive overview of approaches, that use agent concepts for knowledge
management. They hereby distinguish three areas: single agent systems, homoge-
neous MAS and heterogeneous or society-oriented MAS. Single agent approaches
to KM usually are personal assistants like the well-known seminal works by Pat-
tie Maes [11] and Henry Lieberman [12], the anticipatory knowledge mediator
“Watson” [13], and others. [14] explore how cognitive agents can be used to de-
sign systems that implement their vision of knowledge management and that in
particular support the knowledge management processes in social, organizational
and individual dimension.

5 Conf(A, B, k', t) gives the reliability solely from the point of view of A and thus may
differ significantly from the ‘true’ reliability of k' or some reliability assigned to k'
by B as part of its communicative act.

6 A detailed discussion of these ‘corresponding parameters’ goes beyond the scope of
the present paper.



Applying the peer-to-peer (P2P) paradigm to personal information assis-
tants (cf. [15]) gradually leads over to multiagent approaches, where Edutella
[16], DIAMS [17], and relatives are mainly collaborative and not necessarily
designed as agent platforms. The multiagent plattform FRODO aims at build-
ing a formal, logic-based organisational memory framework, implemented by an
Intranet-enabled agent platform [18] and [6]. The SWF project [19] uses an on-
tology reasoning capable multiagent framework for semantic web retrieval and
traversal.

Our proposed approach employs deliberative agents for which [4] introduces
a formal model based on LORA and VSK ([20,21]). Reasoning with multi-
ple ontologies connected by semantic mappings is a problem present in many
distributed KM approaches. [22] use a P2P architecture to define a sound and
complete algorithm for global subsumptions based on local knowledge. [23] in-
vestigate the issue of integration of information from multiple sources in a co-
operative information system. They propose a distributed description logic to
solve a problem also seen in our presented work.

In the logistic domain several MAS approaches have been described in the
literature (e.g., [24]). [25] aim at replacing conventional tracking and tracing in
the logistics domain based on sending (i.e. pushing) EDIFACT messages by an
agent-based pull mechanism. [26] present a prototype of a multi-agent commu-
nity implementation and a constraint-based protocol designed for the agents’
negotiation in a collaborative environment.

Previous research on MAS in the logistics domain has put a strong emphasis
on price negotiations and auctions. In these approaches the inter-agent com-
munication often reduces to bidding (cf., e.g., [27]), or the internal structure is
defined by a set of equations (e.g., [28]). [29] applies MAS to shopfloor logistics
in a dynamic production scenario. It aims at flexible and optimal scheduling of
production plans in a heterogenous shopfloor environment.

6 Conclusions and Future Work

We have proposed an initial conceptual framework for knowledge management in
support of autonomous processes in dynamic environments such as the presented
logistic domain, for example. Our framework assumes an agent infrastructure
based on the BDI approach and emphasizes the importance of knowledge and
its efficient management. We propose a role concept which covers all relevant
aspects of knowledge management, including knowledge acquisition, pro-active
knowledge transfer, and knowledge maintenance.

The use of roles is motivated by a twofold advantage over common agent-
based KM approaches. An agent incorporating different roles may partition its
knowledge base accordingly and hence reduce the complexity of its reasoning
task, and secondly roles enable a much clearer modeling of the agents at design
time.



6.1 Contributions and Benefits

Our framework provides the following four important benefits: (1) It integrates
the operational and knowledge management levels in decision-support applica-
tions through the allocation of roles. (2) It eliminates the need for a centralized
knowledge repository. Existing KM infrastructure can easily co-exist with our
approach. (3) The use of the different BDI tiers to organize knowledge allows
for a natural mapping to the organizational, strategic, and tactical information
layers that exist in the real world. (4) It supports collaboration and coalition
forming among agents while also allowing for competitive behavior.

As such we expect that our project, when fully implemented, will not only
contribute to a better understanding of the use of autonomous agents in the
logistic domain but also provide new theories and algorithms for the efficient
management of knowledge in large-scale multi-agent systems. Other important
contributions include the development of a formal representation that is power-
ful enough to represent agents, their roles, and the underlying knowledge, as well
as an efficient implementation of agents to allow experimental validation of the
accuracy, precision, and promptness of autonomous decision making in complex
and dynamic environments.

6.2 Plans for Prototype Development

We have conducted an initial feasibility study of the concepts proposed here
using a simplified model of our logistic scenario. We are currently developing
a proof-of-concept prototype system to help validate our approach. Specifically,
we are developing a distributed multiagent system based on the FIPA compliant
agent platform JADE [30]. This platform is aimed to be a testbed for various
applications of autonomous agents in logistic scenarios. Basically those scenarios
consist of a number of active objects modeled as agents and a traffic network of
nodes and edges. For example, agents could model packages to be shipped as well
as trucks, that want to maximize their utilization. Nodes may be logistic sources
and sinks, or traffic junctions. Edges represent roads, railroads, waterways and
the like that connect nodes. Manually or stochastically triggered world events,
e.g., a traffic jam or a breakdown of a truck, force agents to reconsider their
plans.

The scenario in Sec. 2 serves as our starting point for describing knowledge
management needs in the logistic domain. In order to make use of such a scenario
in our prototype, we defined a logistics ontology which forms a common ground
for all KM-related tasks within the simulated world. Currently, the agents in our
prototype are already able to exchange knowledge in a rudimentary way. The
proposed KM approach consisting of roles and decision parameters is still under
development. The parameter-based decision process will be realized as part of
an agent’s behavior. Agent roles follow from agent communication that will be
specified as FIPA interaction protocols for each interacting role pair.

We will use the prototype as a means for validating whether (1) our set of
decision parameters is complete and minimal; (2) our approach to distributed



knowledge management is robust; (3) the role concept is appropriate to model
communication and decision-making processes; and (4) the use of roles will re-
duce the computational costs of reasoning within the agents. Our long term
objective is to evaluate possibilities and limitations of autonomy in logistics.
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