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Abstract. A pattern-based methodology for design of context-aware decision
support systems is proposed. The methodology is based on knowledge fusion
patterns for the knowledge fusion processes occurring at different stages of a
context-aware decision support system. The methodology as it stands focuses
on the context-aware stages of the system. For the knowledge fusion processes
ongoing at these stages the patterns’ elements relevant to the methodology are
specified. Usage of the patterns to propose system functionality depending on
the user needs is demonstrated.
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1 Introduction

Various methodologies for information system development [1], [2], [3], [4], [5]
consider information requirements as an important element of the system design. The
methodologies aim is to propose the system functionality suitable to the user.

Originally, the research presented in this paper was devoted to revealing of
knowledge fusion patterns for the processes occurring in a context-aware decision
support system (DSS) [6], [7]. The importance of knowledge fusion in context-aware
DSSs is reasoned by the intention of this technology. The objective of knowledge
fusion is to integrate information and knowledge from multiple sources into some
common knowledge that may be used for decision making and problem solving or
may provide a better insight and understanding of the situation under consideration
[8],[9], [10], i.e. knowledge fusion facilitates situational awareness.

The revealed patterns describe the knowledge fusion effects discovered in the DSS,
specify states of the knowledge sources involved in knowledge fusion, and lift the
effects at the ontology level. The main contribution of the present work is a pattern-
based specification of the DSS’ requirements to the knowledge sources involved in
the processes ongoing in this DSS. The specification is intended to describe the
system functionality.



Although the patterns can be used to describe the DSS’ requirements ensuring the
overall functionality of the system, this paper covers only context-aware phase of the
DSS. It is motivated by the ongoing research; the methodology has not been
developed to the full extent. It is believed that the ideas presented in this paper
provide a general conception according to that the methodology will be developed.

The rest of the paper is as follows. Section 2 gives an overview of possible
knowledge fusion effects and introduces the elements of the pattern description
language. Section 3 describes the conceptual framework that the DSS is based upon,
the stages of the DSS scenario, and presents the knowledge fusion effects produced at
these stages. The pattern-based methodology is presented in Section 4. The main
results and the future research are discussed in the Conclusion.

2 Knowledge Fusion Patterns

In this Section knowledge fusion patterns are revealed for the knowledge fusion
processes occurring in the context-aware DSS. Knowledge fusion effects found in this
DSS indicate presence of such processes.

2.1 Knowledge Fusion Effects

The main feature of knowledge fusion lies in creation of a synergic effect from the
integration of information/knowledge. Based on the analysis of knowledge fusion
studies, a number of knowledge fusion processes producing different effects have
been distinguished:

o Intelligent fusion of huge amounts of heterogeneous data / information from a wide
range of distributed sources into a form which may be used by systems and humans
as the foundation for problem solving and decision making [8], [9]. The intelli-
gence assumes consideration of the semantic contents of the sources being fused.

o Integration of knowledge from various knowledge sources resulting in a
completely different type of knowledge or new idea how to solve the problem [11],
[12], or integration of different types of knowledge (domain, procedural, derived,
presentation, etc.) resulting in a new knowledge type [10].

e Combining knowledge from different autonomous knowledge sources in different
ways in different scenarios, which results in discovery of new relations between
the knowledge from different sources or/and between the entities this knowledge
represents [13], [14].

o Integration of multiple knowledge sources into a new knowledge object, which is a
new knowledge source [15], [16].

¢ Inference of explicit knowledge from information/knowledge hidden in knowledge
sources being integrated or fused [17].

e Re-configuration of knowledge sources to achieve a new configuration with new
capabilities or competencies or knowledge exchange to improve capabilities or
competencies through learning, interactions, discussions, and practices [18].

e Involving knowledge from various sources in problem solving, which results in a
solution [6].



From the analysis above it is noticed that different processes can produce the same
effect, and different effects may be outcomes of the same process. The following not
mutually exclusive kinds of new knowledge produced as the knowledge fusion effects
are distinguished: 1) a new type of knowledge; 2) a new knowledge source; 3) a new
knowledge created from data/information; 4) a new knowledge about the conceptual
scheme (new relations, concepts, properties, etc.); 5)a new explicit knowledge;
6) new capabilities/competencies of a knowledge object (an object that produces or
contains knowledge); 7) a new problem solving method or idea how to solve the
problem; 8) a solution for the problem.

Almost all the listed effects have been found in the DSS. An exception concerns
appearance of new ideas how to solve the problem. Such ideas may come as a result
of conscious interactions, discussions, and practices. These issues are not considered
in the research. Below, dimensions proposed to the generalization of the knowledge
fusion processes and elements of a pattern specification language are discussed.

2.2 Pattern Language

Knowledge fusion involves multiple sources in the integration processes. Autonomies
and structures of such sources have been chosen as the concepts in terms of which
knowledge fusion patterns are revealed. In the context-aware systems integration of
information/knowledge refers to the process of integration of their conceptual
structures. Therefore, source’s structure is an obligatory concept taken into account by
the integration. In this research, by sources’ structures the conceptual structures that
represent the knowledge in the knowledge sources are meant.

Autonomy creates awareness of the reliability of the information/knowledge repre-
sented in the sources. The consideration of the knowledge source autonomy concept is
reduced to the detection of relations existing between knowledge sources regardless
of their structures. Autonomous knowledge source is an independent source having no
relationships with other sources. Such source can get changed at any time, at that, the
changes in this source produce no changes in other sources. On the contrary, non-au-
tonomous source is linked to other (non-autonomous) sources. Changes in a non-
autonomous source produce appropriate changes in the related sources.

The DSS operates in a dynamic environment. Information and knowledge
represented in environmental sources that are related to the internal system sources
(environmental and system sources are non-autonomous) are considered to be more
reliable than information/knowledge represented in the autonomous environmental
sources. An argument in favor of this is any changes in the linked (non-autonomous)
environmental sources are reflected in the system sources.

The patterns measure knowledge fusion outcomes in terms of preservation/change
of the structures and autonomies of the initial and target knowledge sources, and in
terms of the effects the knowledge fusion processes produce in the DSS.

Initial knowledge sources are the sources that are integrated leading to the
emergence of a new knowledge (producing some knowledge fusion effect). The
sources resulting from the knowledge fusion or enclosing the knowledge fusion result
are referred to as target knowledge sources. The environmental sources (below,
resources) include sources of data/information/knowledge. In this sense the
environmental resources belong to the collection of knowledge sources.



The knowledge fusion patterns are described using a pattern description language
[7]. The detailed presentation of the patterns elements is as follows:

Name: a name to refer to the pattern

Problem: a problem the knowledge fusion process solves

Solution: a meaningful description of the knowledge fusion process

Initial knowledge source(s): knowledge sources(s) that are integrated leading to
producing some knowledge fusion effect

Target knowledge source(s): knowledge sources(s) resulting from the knowledge
fusion or enclosing the knowledge fusion result

Related pattern (may be omitted): an alternative pattern that can be used instead of
the described one or in parallel or after termination of the described pattern

Exception (may be omitted): a description of cases when the pattern is not applicable

Autonomy pre-states: the degree of autonomy of knowledge sources before the
knowledge fusion process. Three degrees are provided for: autonomous, non-
autonomous, and n/a (for a non-existing knowledge source)

Effect in DSS: the effect the knowledge fusion process produces in the DSS

Effect in ontology terms: ontology-based generalization of the effect produced

Post-states: the knowledge source autonomy and structures preservation degrees after
the knowledge fusion process completes. For the knowledge source autonomies
the degrees introduced in pre-state descriptions are kept on. Three degrees of
knowledge object structure preservations are provided for: preserved, changed,
and new (for a new knowledge object)

Schematic representation: the knowledge fusion process represented schematically

DSS stage: the stage of the DSS scenario where the knowledge fusion process occurs.

In this work one of the possible pattern applications, which is the pattern-based
methodology for design of context-aware DSSs, is offered. Prior to present this
methodology, the conceptual framework the DSS is based upon and the context-aware
stages of the DSS scenario are described.

3  Context-Aware Decision Support System

The DSS is intended for support of decisions on planning emergency response
actions. A two-level representation of emergency situation is used in the DSS. At the
first level the situation is represented by abstract context that is an ontology-based
intensional model of the situation. At the second level the emergency situation is
represented by operational context that is an instantiation of the abstract context for
the actual circumstances.

Environmental resources produce the operational context and solve the problem of
planning emergency response actions based on this context. For this the resources
organize a resource network. Nodes of this network represent the resources; network
arcs signify the order of the nodes execution.

The problem solution is a set of alternative emergency response actions feasible in
the current emergency situation. The decision maker chooses an alternative from the
set of feasible ones. The chosen alternative is considered as the decision. According to
this decision the response actions are undertaken.



Once the interactions of the decision maker with the DSS have been finished, the
abstract context, the operational context, the decision, and the resources' representa-
tions are saved in a context archive. At that, the operational context and the resources'
representations are saved in their states at the instant of the alternatives generation.

The DSS scenario follows two main phases: preliminary and executive. At the
preliminary phase an application ontology (AO), which describes knowledge of the
emergency management domain, is built. This ontology specifies knowledge to
describe the emergency situations happening in this domain along with problems
requiring solutions in these situations. The AO is a knowledge source fusing two
types of knowledge: domain and problem-solving. The executive phase concerns
support of the decision maker with alternative decisions, decision implementation,
and archiving. The executive phase is the focus of this paper since at this phase con-
text-aware functions of the DSS come into operation. Several stages are distinguished
at this phase. At each of them one or more knowledge fusion effects manifest.

3.1 Context-Aware Stages of DSS

This Section focuses on the knowledge fusion processes going on at the context-
aware stages of the DSS and the knowledge fusion effects produced at these stages.
The processes are generalized in the patterns terms. In the paper only pattern elements
that are relevant to the discussion of the proposed methodology are presented. They
are the states for the autonomies and structures of the knowledge sources.

3.1.1 Abstract Context Creation

The abstract context represents knowledge relevant for decision making in the
emergency situation. The represented knowledge is captured from the AO based on
the type of emergency event. A (smart) sensor reads the type of event and sends it to
the DSS or the user enters it in the system.

The knowledge fusion effect produced at the stage of abstract context creation is a
new knowledge source of the same type as the initial knowledge source (the AO). The
AO preserves its structure and autonomy; the abstract context becomes an autono-
mous knowledge source with a proper structure. The processes going on at the stage
of abstract context refinement are generalized by the simple fusion pattern (Table 1).

Table 1. Simple fusion

Pattern element

Initial knowledge source

Target knowledge source

Knowledge source

application ontology

abstract context

Autonomy pre-state autonomous n/a
Structure post-state preserved new
Autonomy post-state autonomous autonomous

3.1.2 Abstract Context Refinement

In the abstract context the captured knowledge may result in discovery of new
relationships between the knowledge unrelated in the AO. These relationships are the
result of deductive inference. Generally, any kind of knowledge representation items
can be inferred. The inferred items are considered as a knowledge fusion effect that is




the new knowledge. This knowledge is introduced in the abstract context, hereby
changing its structure. In the case of the abstract context refinement the abstract
context plays the roles of the initial and target knowledge source at the same time.
The processes taking place at the stage of the abstract context refinement are
generalized by the extension pattern (Table 2).

Table 2. Extension

Pattern element

Initial knowledge source

Target knowledge source

Knowledge source

abstract context

abstract context

Autonomy pre-state autonomous autonomous
Structure post-state changed changed
Autonomy post-state autonomous autonomous

3.1.3 Abstract Context Reuse

The abstract contexts are reusable components of the DSS. The reuse of an abstract
context in settings when the available resources are not intended to solve the problems
specified in this context may result in finding alternative resources. For instance, one
unavailable method can be substituted for a sequence of methods providing by the
available resources. This leads to a new configuration of the resource network.

At the stage of abstract context reuse the knowledge fusion effect is twofold: a new
(alternative) problem solving method and a new configuration of the resource net-
work. A specification of the new method(s) is introduced in the abstract context. The
context structure is changed, at that this context remains autonomous. The autonomies
and structures of the resources representing the new method(s) are preserved.

In the case of abstract context reuse the knowledge fusion pattern is nested. The
main pattern "configured fusion" (Table 3) includes the extension pattern. The
extension pattern corresponds to introducing the new specification in the context.

Table 3. Configured fusion (the main pattern)

Pattern element

Initial knowledge source

Target knowledge source

Knowledge source

abstract context

resource network

Autonomy pre-state autonomous autonomous
Structure post-state changed preserved
Autonomy post-state autonomous autonomous

3.1.4 Operational Context Producing

An operational context is produced through the semantic fusion of data/information
from multiple environmental resources within the ontological structure of the abstract
context. Initially the operational context is a copy of the abstract context. As soon as
the resources start instantiating this copy, they lose their autonomies. When the copy
is fully instantiated it becomes the operational context. At that, information from the
resources is constantly coming into this context. Therefore, the operational context
and the environmental resources are related over the period of decision making and
implementation. In practice, the operational context represents the map of the area
around the emergency event where the situation dynamic is represented (the mobile
responders are moving, the traffic situation is changing, etc.).



The knowledge fusion effects had at the stage of the operational context producing
are 1) the operational context is a new knowledge source; 2)this context is a
knowledge source created from data/information; and 3) the operational context rep-
resents knowledge of a new dynamic type. The abstract context preserves its structure
and autonomy when the operational context is produced. The operational context is a
new non-autonomous knowledge source. The instantiated fusion pattern (Table 4)
generalizes the processes going on at the stage of operational context producing.

Table 4. Instantiated fusion

Pattern element

Initial knowledge source

Target knowledge source

Knowledge source

abstract context

operational context

Autonomy pre-state autonomous n/a
Structure post-state preserved new
Autonomy post-state autonomous non-autonomous

3.1.5 Problem Solving

As it is said above, the result of problem solving is a set of feasible emergency
response plans. An emergency response plan is a set of emergency responders with
required helping services, schedules for the responders’ activities, and transportation
routes for the mobile responders. In the plans earlier independent entities become
related, i.e. new relations between these entities have arisen.

The plans are represented in the picture of the operational context. In this way, the
operational context and the results of problem solving are fused forming, at that, a
new knowledge source. This new source represents knowledge of a new type (the
instantiated knowledge fused with the solution set).

At the problem solving stage the operational context dissolves within the new
knowledge source and does not preserve the structure and autonomy. At time of alter-
natives generation and decision making the environmental resources and the opera-
tional context are related (non-autonomous). As soon as the decision has been made
the new knowledge source and the environmental resources become autonomous. The
knowledge fusion effects produced at this stage are 1) new relations between entities,
2) a problem solution, and 3) a new knowledge source of a new type. Table 5 presents
a fragment of the flat fusion pattern for the processes at the problem solving stage.

Table 5. Flat fusion

Pattern element Initial knowledge source Target knowledge source

Knowledge source operational context knowledge source fusing the operational

context and the set of alternatives

Autonomy pre-state non-autonomous n/a

Structure post-state changed n/a

Autonomy post-state n/a autonomous

3.1.6 Decision Implementation

The decision is a solution that the decision maker has chosen from the set of alterna-
tive ones. This decision is made at a certain time instant. The situation may change
from the moment the decision was made to the moment of its implementation. The




responders whom the decision is delivered may be unable to implement it in the
changed circumstances. In some cases, the activities assigned to the responders who
become unable to operate can be delegated to or redistributed between other respond-
ers participating in the decision implementation. As a result of this, the responders
that are ready to take the assignments gain new capabilities / competencies.

For instance, an emergency team trained to rescue operations has failed in the
course of actions because of a road destruction, ambulance blockage, etc. In certain
cases these operations can be delegated to available teams. In the DSS the emergency
responders are represented by their profiles. In the case of consent, the plan (the
decision) is adjusted accordingly and the profiles of the teams agreed to take part in
the rescue operations are extended with the new capability.

At the time of the decision implementation, the responders taking part in the
response plan are not autonomous. Moreover, in the course of the response actions the
structures of their profiles as well as the decision structure may change. The changed
decision structure results in changing the structure of the knowledge source
containing the set of solutions. This knowledge source is not autonomous until the
decision is implemented. The knowledge fusion effect produced at the decision
implementation stage consists in gaining new capabilities / competencies by the
emergency responders. The adaptation pattern (Table 6) generalizes this case.

Table 6. Adaptation

Pattern element Initial knowledge sources | Target knowledge sources
Knowledge source e knowledge source representing the decision

o profiles of the emergency responders
Autonomy pre-state | non-autonomous non-autonomous
Structure post-state | changed changed
Autonomy post-state | non-autonomous non-autonomous

3.1.7 Archival Knowledge Management

The stage of archival context management deals with the management of knowledge
contained in the archived components. The main intention of such management is
inference of new knowledge based on the accumulated one.

For example, an emergency team participated in different emergency response
actions. Some operational contexts in which this team appeared and then participated
in corresponding actions represent the same hospital. Based on a comparative analysis
of these operational contexts it can be judged that most probably the team is a part of
the hospital found together with this team in different contexts. The part-of relation
between the emergency team and hospital is the new revealed relation. The revealing
of a new knowledge based on a set of observations is a kind of inductive inference.

In the archive, the operational contexts, the representations of environmental
resources, the responders' profiles, and the knowledge object representing the decision
are related. I.e., in the archive all the listed knowledge sources are non-autonomous.
As a result of archival knowledge management, new knowledge about conceptual
schemes of the archived knowledge sources can be inferred. This new knowledge gets
specified in the AO. As a result of this, the structure of the AO gets changed but its
autonomy is preserved. The knowledge fusion effect produced is a new knowledge




about the conceptual scheme. Table 7 shows a fragment of the historical fusion

pattern for the processes occurring at the stage of archival knowledge management.

Table 7. Historical fusion

Pattern element

Initial knowledge sources

Target knowledge source

Knowledge source

operational contexts

application ontology

Autonomy pre-state non-autonomous autonomous
Structure post-state preserved changed
Autonomy post-state non-autonomous autonomous

4 Pattern-Based Methodology

The offered methodology follows four steps:

1) specification of the system

information requirements; 2) capturing the user requirements; 3) matching the system
requirements against the user requirements; 4) finding available system functionality.

The proposed patterns enable to formulate the system requirements in terms of the
patterns' inputs/outputs (Table 8). Further on in this paper only the patterns' inputs are
taken into account to formulate the requirements. The patterns' inputs and outputs
jointly are planned to be used to track the information flows across the DSS' stages
and between the patterns. These flows manifest interrelationships between the stages
and thereupon allow ones to specify explicitly in the methodology what output
scenario components can serve as the input at what stage.

The system requirements (Table 8) are formulated for the particular DSS. The
patterns' parameters are presented in the way they are used in this DSS. These
parameters generalized are presented in Table 9 (the columns "System
requirements"). These columns formalize possible parameters’ values for general
cases and formulate general conditions for the patterns applicability. In the table the
following notation is used: “a” — autonomous knowledge objects, “na” — non-
autonomous, “m” — modifiable, “nm” — not-modifiable, “/” — logical OR, “&” —
logical AND. The resource network is considered as a single knowledge object.
Modifiable resource network means that this network is reconfigurable, at that any
changes inside the network nodes are not supposed (the structures of the resource
organizing the network are not changed).

User requirements are demonstrated by an example. For instance, the user does not
possess any AO. Though, he/she has an unalterable abstract context representing the
abstract situation this user usually deals with and a set of resources authorized for
his/her needs. As well, this user can manage the actors’ profiles as at he/she
discretion. The example of the user requirements is presented in the column "User
requirements" (Table 9). "Not defined" parameter value means that the user has no
specific requirements to the input component. The system designers can manipulate
such a component by their choice. Here it is supposed that the system provides the
user with the components resulted in the system scenario execution with the
parameters required for the overall system functionality.

The system requirements are matched against the user requirements to determine
the patterns applicability for this user (the column "Pattern applicability" of Table 9).
From Table 9 seen, that the fully applicable patterns are flat fusion and adaptation.



Table 8. DSS requirements

Stage Input Output Functionality Pattern
Abstract context | Autonomous AO Autonomous Creation of a non- | Simple
creation abstract context instantiated ontol- | fusion
ogy-based model
of the situation
Abstract context | Autonomous Autonomous Inference of new | Extension
refinement modifiable abstract abstract context (contextual)
context knowledge
Abstract context | e Autonomous e Autonomous Reconfiguration of | Configured
reuse modifiable abstract abstract context | the resource net- | fusion
context e Autonomous work according to
e Autonomous recon- | resource network | the current circum-
figurable resource stances
network
Operational e Autonomous ab- e Non-autonomous | Creation of a near | Instantiated
context stract context modifiable oper- | real-time picture of | fusion
producing e Resources able to ational context the situation
lose their ¢ Non-autonomous
autonomies resource network
Problem solving | ¢ Non-autonomous e New autonomous | Providing the Flat fusion
modifiable opera- knowledge decision maker
tional context source with a set of
e Resources ableto | e Autonomous alternative
lose their resource network | decisions
autonomies
Decision ¢ Non-autonomous modifiable knowledge | Gaining new Adaptation
implementation source representing the decision capabilities /
¢ Non-autonomous modifiable actors' competencies by
profiles actors
Archival context | ¢ Non-autonomous Autonomous AO Inductive inference | Historical
management operational contexts of new knowledge | fusion
e Autonomous
modifiable AO

The configured fusion, instantiated fusion, and historical fusion patterns are
applicable partly. The applicability of the configured fusion and instantiated fusion
patterns covers management of the resource network. The historical fusion pattern
allows for some inductive inference. The remaining patterns are inapplicable.

The analysis of the applicable patterns results in the following system functional-
ity. The system can reuse the existing abstract context. As introducing any knowledge
into this context is not allowed, this context can be reused if the previously used set of
environmental resources is available. At that, any new network configurations are
senseless as they cannot be specified in the context. Having the abstract context and
the resource network the system can provide the user with an operational context (the
dynamic picture of the situation) and a set of feasible decisions in this situation. As
the user is able to manage the actors’ profiles, the system provides he/her with the
ability to manage the decision implementation. The operational contexts produced
based on the reusable abstract context can be archived, inductive inference over them
can be supported but the inference results cannot be retained.



Table 9. Pattern-based requirements

Pattern System requirements User requirements Pattern
Input(s) Parameter Parameter value applicability
value
Simple fusion | AO a/na/m/nm unavailable n/a
Extension Abstract context a/na&m nm n/a
Configured Abstract context a/na&m nm n/a
fusion Resource network a/na/m/nm a/na&m applicable
Instantiated Abstract context a/na/m/nm nm n/a
fusion Resource network na&m/nm a/na&m applicable
Flat fusion Operational context na&m not defined = na&m | applicable
Resource network na&m/nm a/na&m applicable
Adaptation Decision na&m not defined = na&m | applicable
Actors’ profiles na&m na/a&m applicable
Historical Operational contexts a/na/m not defined = a/na/m | applicable
fusion AO a/na&m unavailable n/a

The proposed functionality means that the user can deal with the situation he/she
usually deals with, solve repetitive problems with different values for the problems'
variables, and manage the decision implementation. For instance, applying to the
emergency management domain, the system can support decisions on the emergency
situations caused by one and the same type of event. At that, such events are supposed
to happen in some area where the system has access to a fixed and the same set of
environmental resources.

5 Conclusion

The possible knowledge fusion effects were described. These effects were found in
the context-aware DSS for the emergency response domain. Knowledge fusion
patterns specifying these effects along with the states of knowledge sources involved
in the knowledge fusion processes were revealed. One of the possible pattern
applications, which is the pattern-based methodology for design of context-aware
DSSs, was offered. In the methodology the patterns were used to specify the system
requirements ensuring the full system functionality.

So far, the methodology covers the executive phase of the DSS. Some future
research is needed to specify the overall set of the system requirements and to
describe information/knowledge flows across the DSS' stages and between the
patterns. Such a specification will enable to find out dependencies between the system
stages and available functionalities, and to specify more accurately the applicability of
the knowledge fusion patterns to different user's requirements.
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