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Abstract

Organizations and communities are held together by knowledge flow networks whether people are aware of them or not. To
plan such a network is to describe a formal and optimal flow of knowledge as the basis for effective teamwork. The difficulty is
that the result of such planning depends greatly on the planners’ experience. This paper proposes a pattern-based approach to
knowledge flow design for more effective and efficient planning. The approach starts from basic concepts, uses a knowledge
spiral to model knowledge flow patterns and operations, and lays down principles for knowledge flow network composition and
evolution. Tools for planning, simulation and management of resource-mediated knowledge flow have been developed and
experimentally applied to the work of research teams. The planning tool can help users to define, modify and verify a
knowledge flow network and to integrate its components. The simulation tool enables users to study knowledge flow in a
visualized network and to develop strategies for adapting networks to changing conditions. The basic idea is to adapt and
control logistical processes for knowledge flow within teams.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

With the development of information technology,
many organizations are becoming more intent on
knowledge than on labor. For such organizations,
knowledge has become their most precious asset and
their crucial competitive ability [24]. The focus of
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corporate managers has evolved from work process
management to knowledge management. However,
the question of how best to exploit knowledge to
raise the productivity of teams has puzzled many
researchers and managers [8,27]. Knowledge manage-
ment has become an important research area of both
management science and information science. Knowl-
edge management research is concerned with knowl-
edge itself—its creation, acquisition, transfer, and
evaluation—and with its role in teamwork and other
alliances, where human and social factors play an
important part [29,31].
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Two strategies for managing knowledge are codi-
fication and personalization. The codification strate-
gy, a person-to-document approach, encodes and
stores knowledge in online databases and various
repositories where it can be easily used by any team
member. Some organizations, such as Anderson Con-
sulting and Ernst and Young, adopt mainly this strat-
egy [14]. The personalization strategy, a person-to-
person approach, creates, uses and shares knowledge
peer-to-peer, supported by appropriate communication
facilities [35].

Some researchers have focused on the relationship
between knowledge management and work processes
in knowledge-intensive teamwork [6,21]. The pro-
cesses of task and knowledge sharing can be further
integrated to achieve effective teamwork [34]. Process
management approaches (for example, workflow
management systems) have been used in the manage-
ment of knowledge-intensive teamwork [20,37,38].

An emerging topic in the knowledge management
area is knowledge logistics, which is concerned with
methods and procedures for providing the right knowl-
edge to the right person at the right time, especially
when the Internet is used. The production and propa-
gation of knowledge in an organization constitutes
knowledge flow. The larger a geographically-dis-
persed and time-critical team is, the more it depends
on the timely and effective flow of knowledge [26].

A logistic knowledge process takes place in a
knowledge service chain or network, where the
nodes are team members, software agents or knowl-
edge portals that provide services, and the links are
flows of knowledge between nodes. Ref. [32] dis-
cusses the integration of knowledge networks and
the characteristics of two types of knowledge net-
working: direct knowledge sharing where knowledge
is passed between nodes in a pure peer-to-peer net-
working mode, and hybrid knowledge sharing where
all flow is through a central repository.

Planning the knowledge flow network for an orga-
nization means describing and designing the network
to be free of unnecessary flows so that the logistic
processes are efficient and effective [35]. Success in
planning knowledge flow networks depends on the
experience of the planner. Planning a large network
is time-consuming and may need a team of planners.
Without an agreed abstraction method, planners will
find it hard to work together to come up with an

integrated plan. These difficulties are the main obsta-
cles to planning successful networks for large teams.

The codification strategy is supported by informa-
tion technologies such as databases, data warehouses,
group support systems, Web browsers, search engines,
knowledge bases, workflow management systems,
and knowledge interchange formats [10,27]. Knowl-
edge management can be supported by technologies
such as knowledge mining, knowledge capture and
discovery, knowledge filtering, knowledge warehous-
ing, ontology establishment and development, and
intelligent agents [4,23,30]. Better worldwide knowl-
edge sharing and management approaches are being
sought by investigating future interconnection envir-
onments to overcome shortcomings of the current
World Wide Web [15,34].

The knowledge flow network approach proposed
here combines the codification and the personalization
strategies. The main motive is to establish an effective
modeling approach for knowledge flow management
in teams. This paper introduces the concepts behind
the approach, proposes a spiral model of knowledge
flows within networks, describes the operations of
flows, investigates principles for the composition of
flow operations and the evolution of networks, invokes
flow patterns as the basic units of analysis and plan-
ning, and describes a knowledge flow planning and
simulation tool.

2. Knowledge flow networks: the concept and the
spiral model

2.1. Fundamental concepts

A knowledge flow is the passing of knowledge
between nodes according to certain rules and princi-
ples. A knowledge node is a team member or role, or a
knowledge portal or process. A knowledge flow starts
and ends at a node. A node can generate, learn, process,
understand, synthesize, and deliver knowledge.

A knowledge flow has three crucial attributes:
direction, content, and carrier. These are the send-
er/receiver  (provider/consumer) node pair, the
knowledge communicated, and the medium trans-
mitting the content. Knowledge usually flows by
means of communication facilities, especially the
Internet. Knowledge flows from node to node in
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a knowledge flow network, helping people to solve
problems and work in cooperation.

The concepts of connectivity, completeness, and
minimum completeness of knowledge flow networks
have been introduced in Ref. [35]. Each flow contains
fields that locate knowledge in a knowledge space. An
approach for determining the fields of the flows within
a composed knowledge flow network, as well as the
four types of composition of flows and nodes, were
also introduced: sequential, join, split and broadcast.
Knowledge content of fields can be represented in
natural language, markup language, meta-concepts,
and formal language.

An important property of a node of a knowledge
flow network is its knowledge energy, which reflects
its cognitive and creative ability, and thus determines
the node’s “rank” or ‘“reputation” relative to other
nodes in the network. The knowledge energy is the
power to drive knowledge flow, so it is also called
knowledge power or knowledge intensity [38]. The
total energy of the nodes in a team’s network reflects
the team’s ability to solve problems and accomplish
tasks. The effectiveness of teamwork requires the en-
ergy differences between nodes. The knowledge ener-
gy of a node can be measured in two ways:

(1) estimated through question-and-answer tests; or
(2) computed from the energy of its predecessor
and successor nodes according to the principle:

Knowledge
Energy,

Knowledge
Energy,

Knowledge
Energy;

the more nodes it passes knowledge to, the
greater its energy; and, the more nodes it
receives knowledge from, the greater its poten-
tial energy.

The energy of a node may change through learn-
ing. The relationship among team members, roles
(nodes), knowledge energy, flows, and spaces is
shown in Fig. 1.

Team members pass knowledge to each other
when carrying out their tasks. Each node has
some “fields”, each of which corresponds to a sub-
space of the knowledge space containing and orga-
nizing knowledge according to the classification of
the knowledge area dimension (denoted by 4;) and
the classification of the knowledge level dimension
(denoted by L;). The notation “KS; = KS, = ... =
KS,” represents a macro knowledge flow chain
whose direction is determined by the overall energy
of these nodes. The notation “KS;(L; 4;) —
KS,(L;, 4;) — ... = KS,(L;, 4;)" represents a
sequential micro knowledge flow chain between
these subspaces.

2.2. The knowledge spiral process model
Knowledge spirals are formed when knowledge

flows in networks. A node can deliver knowledge to
its successors either
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Fig. 1. Relationship among roles and knowledge spaces, flows and energy.
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Passing

Knowledge
Creation

Fig. 2. The knowledge spiral process model.

(1) by forwarding knowledge it received from a
predecessor, or
(2) by passing on its own knowledge.

Fig. 2 depicts a knowledge spiral, which consists of
nodes and two types of flow: external —knowledge
passing between nodes, and internal —knowledge cre-
ation in a node, for example through abstraction, anal-
ogy, synthesis or reasoning.

Our knowledge spiral model is very similar to the
hypercycle model [28]. The self-replication arc and
the catalytic-support arc of the hypercycle correspond
to the knowledge passing link and the knowledge
processing link respectively. The differences are two-
fold: self-replication in the hypercycle is carried out
within a node but the knowledge passing is between
nodes; and the catalytic-support in a hypercycle hap-
pens between nodes but the knowledge processing
happens within a node.

An effective knowledge spiral should maintain the
energy differences between nodes and guarantee that
only necessary knowledge is passed between nodes.
The processing at a node can be modeled by an
automaton CM [33]. Let KE (i, t) be the knowledge
energy of the node i at time ¢. The knowledge flow
from node i+1 to i+2 at time 7+ 1 can be expressed
by the following formula:

KF(<i+1,i4+2> t+1)
NULL,

where F' is a function that transforms the state of the
automaton from Sit (f) to Sit (¢+1) such that Sit
(t+1)=F (KF (<i, i+1>,1), Sit (t)).

If a knowledge process is to be carried out on
multiple fields, KE (s, i, t) can be used to denote
the energy in the knowledge subspace s, which relates
to the content of the knowledge being passed. For
simplicity, the rest of this paper focuses only on
knowledge flowing between nodes.

2.3. Correspondence between knowledge flow and
workflow

In general, a workflow executes with a relevant
knowledge flow network of a team as shown in Fig. 3.
A team member can take on one or more roles, and a
role can also be part of other roles. Some roles take
part in flow spirals and others carry out the tasks
specified in work lists. A knowledge flow spiral can
have instances, each of which can have one of these
four states:

(1) static, defining and storing knowledge;

(2) active, fulfilling roles;

(3) suspension, waiting for something; or

(4) termination, reaching either the successful or
the unsuccessful exit node.

if KEG+1, t+ )< KE(i+2, 1+ 1);

o {KF(<i,i+l>7t)\/ CM(KF(<i,i+ 1>,1),Sit(t + 1), F), if KE(i+1,t+ 1)>KE(i+2,t+ 1);
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3. Composition of knowledge flow networks
3.1. Composition operations

A knowledge flow network can be made from two
or more existing networks by using the following
composition operations.

(1) Merge: overlay nodes common to different
networks.

(2) Add flow: connect nodes of different networks.

(3) Add condition: add a join or split to express the
relationship between flows related to the same
node [35].

(4) Embed: put a knowledge flow network entirely
within a node.

(5) Graph operations: combine with union “U”,
intersection “(Y’, or minus “—".

Knowledge
Flow States

Knowledge Flow
Process Instances

i

Knowledge Flow
Process

AN

Team

Adding flows should handle the case where
the nodes have knowledge fields in common.
Adding conditions should handle the case where
a node is itself a knowledge flow network. The
algorithms for implementing the graph operations,
which are too lengthy to be given here, are
based on matching subnetworks. Fig. 4 shows
an example of composition using two different
operations.

Knowledge flow networks are composed by com-
posing their roles. Let Rel; be the relationship be-
tween the roles in the role set RoleSet;, let Roles,=
<RoleSet|, Rel;> and Roles,=<RoleSet,, Rel,> be
the role models of two networks KFN; and KFN, of
the same team (they may be created by different
planners), and let KFN be the union of KFN; and
KFN, (that is, KFN{UKFN,). The role model of KFN
can be obtained by using the following union opera-

—>| Suspension I——>| Termination

Knowledge Flow
Process Instances

i

Knowledge Flow
Process

/ A\

1T

e L B B

Role
Hierarchy

4 i
J

Workflow: | Task; =

Task, =

\4
@l Work lists

Fig. 3. Relationships between workflows, team members, roles and knowledge flows.
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tion: Roles=Roles; URoles,=<RoleSet, URoleSet,,
Rel | URel>>.

People, organizations and tasks are the three main
considerations in building a knowledge flow network.
Composition of networks should heed principles re-
lating to these aspects, otherwise the resulting network
may not be effective even though its components are
effective.

3.1.1. The flow effectiveness principle

Composition of knowledge flow networks should
guarantee the effectiveness of the composed network.
Effectiveness will be achieved if

(1) knowledge flows in the same flow chain share
the same knowledge space or subspace so that
appropriate knowledge can be delivered to the
right person, and so that the content of the
flow can be stored in the right location in the
space, and

(2) knowledge energy differences exist between
nodes, because effective flow is only from a
node with high energy to one with lower energy,
much as water flows from a point of high
pressure to one at a lower pressure.

3.1.2. The organizational effectiveness principle

Composition of knowledge flow networks will not
be effective unless the result obeys the regulations
and meets the targets of the organization, for exam-
ple with respect to profit, security and copyright,
particularly if the composition requires the team to
expand.

3.1.3. The task relevancy principle

Knowledge gained by composing the team should
help it complete its tasks, otherwise the composition is
ineffective.

Add condition "join"

“Add flow

3.1.4. The mutual benefit principle

All members of the composed team should ben-
efit from the composition, for example by gaining
helpful knowledge or by an increase in reward.
Otherwise, the team may cooperate less in the
long term.

3.1.5. The minimum coverage principle

The composed knowledge flow network should
be the smallest network that includes all the nodes
and flows of the original networks. In other words,
there must be no redundant flows or nodes. Oth-
erwise effective knowledge sharing cannot be
assured.

3.1.6. The trust principle

Effective cooperation requires that team members
trust each other as much as possible. This principle
encourages team members to contribute useful
knowledge and to use the knowledge of others with
confidence.

4. Knowledge flow patterns and the evolution of
knowledge flow networks

A basic knowledge flow pattern is an abstraction of
a category of knowledge flow networks. Using known
and well-understood patterns can help planners com-
pose new networks effectively in the same way that
using design patterns leads to effective software en-
gineering [12]. It can also promote understanding
between planners.

4.1. Authority, peer-to-peer and hybrid patterns

The authority knowledge flow network pattern is a
tree or star, as shown in Fig. 5. A knowledge flow

Merge common nodes

Fig. 4. Composition of knowledge flow networks.



H. Zhuge / Decision Support Systems 42 (2006) 571-592 577

(a) Tree pattern.

(b) Star pattern.

Fig. 5. Authority pattern.

chain is a special case of the tree pattern. The root
node of the tree and the core node of the star pattern
act as the leader of all the other nodes. The knowledge
energy of the root and core nodes should be higher
than that of all other nodes. The root and core node is
called the knowledge authority of the team.

In the peer-to-peer network pattern, every node can
be reached from any other node via a path consisting
of nodes and links under certain constraints. Its flow
characteristic is peer-to-peer, i.e., there is no authority
node in the network. Fig. 6 (a) is an example of the
peer-to-peer network pattern. The loop pattern is a
special case of the network pattern in which each node
has only one input and one output link as shown in
Fig. 6 (b).

Routing strategy, like those used in peer-to-peer
network [2], can be adopted to raise the efficiency of a
large knowledge flow network. The strategy helps a
node to target its out flows according to the energy

(a)

difference between nodes and an effective locating
approach.

The hybrid pattern is the composition of the au-
thority pattern and the peer-to-peer pattern. In Fig. 7,
node G of (a) is the authority node in the peer-to-peer
network although it does not emit flows to all of the
other nodes, and (b) is the composition of the star
pattern and the loop pattern. The thicker arrows rep-
resent much knowledge flow. Further, each node can
connect with a tree pattern to form a new hybrid
pattern.

4.2. The resource-mediated pattern

The resource-mediated pattern is a network in
which there is no direct flow between knowledge
nodes. Any knowledge flow is between a knowledge
node and a resource node. Here resources are black-
boards, knowledge bases, knowledge portals, data

(b)

Fig. 6. Peer-to-peer network patterns.
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Fig. 7. Hybrid pattern.

tables, files of any form, and even soft-devices—a
uniform resource model [36].

Fig. 8 shows an example of this pattern, where
circular nodes denote resources, square nodes denote
knowledge nodes, downward arrows denote knowl-
edge flows of the writing kind (that is, expression),
and upward arrows denote knowledge flows of the
reading kind (that is, acquisition). Flows between
knowledge nodes (the dotted lines in Fig. 8) can be
derived from the flows between knowledge nodes and
resource nodes. For example, the knowledge flow
from A to B (denoted as A—B) in Fig. 8 can be
derived from A — Resource; and Resource; — B.

Constraints are imposed for control of knowledge
flow in this pattern according to

(1) topic relevancy: resource providers and consu-
mers (knowledge nodes) must be interested in
the same topic,

Resource;

Resource,

(2) cooperation: there is cooperation between
knowledge nodes, and

(3) access privilege: only qualified consumers can
use certain resources.

4.3. The split—join pattern

The split—join pattern is based on knowledge flow
composition as introduced in [35]. This pattern has an
initial node with N (N>1) output flows under a
condition denoted as CON;, a final node with M
(M=>1) input flows under a condition denoted as
CON,, and a black box that receives the flows from
the initial node and sends its own output flows to the
final node, as shown in Fig. 9.

For the pattern to be logically consistent the two
conditions must be reconciled according to the fol-
lowing four rules.

Resources

Fig. 8. Resource-mediated knowledge flow pattern.
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Rule 1.1F CON;=’and-split’" THEN CON,="and-
join” or CON,="or-join’;

Rule 2. IF CON;="or-split” THEN CON,="or-join’;

Rule 3.1F CON;="xor-split’" THEN CON,="xor-
join” or CON,="or-join’;

Rule 4. TF CON,=’and-join” THEN CON;="and-
split’.

4.4. Evolution of a teams network

A team’s knowledge flow network may change as
work proceeds to adapt it to change in the team and
to raise the efficiency of knowledge flow. Such
network evolution should not disturb team members’

work modes and should not interrupt their current
work.

The example of Fig. 10 shows how a research
team’s knowledge flow network might evolve. In
the first stage, the team has a tree-like pattern with a
leader and three members working in separate areas.
These three are expected to learn for themselves at
this stage and only communicate with their leader. In
the second stage, team members are allowed to learn
from each other. The pattern unites the existing pattern
and the loop pattern. In the third stage, new members
are added to the team to work on the three areas. The
pattern now unites the prior pattern and three tree-like
patterns. In the fourth stage, these new members are

Black box

Input Output
—» A | CON; CON, B ——*>
N-split M-join
/// ! N
- | ~<
7 Three ekamples TS~
-7 ] S
-7 | RN
. v e

—> — > 1 >
Instance
C
> A CON; CON, B >

o

Fig. 9. ‘Split—join’ pattern.
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1) Tree 2) Tree L Loop

Add new members

3) Tree U Loop U Tree

Add new members

C1C]

4) Tree U Loop L Tree U Loop

»

. L
Time

Fig. 10. Evolution of a research team’s knowledge flow network.

allowed to learn from each other. The new pattern thus
unites the prior pattern and the loop pattern. This
example shows that a knowledge flow network can
evolve through applying a set of operations to knowl-
edge flow patterns.

4.5. Examples

An example of using knowledge flow patterns with
roles is the university research and teaching team

Knowledge flow pattern

Knowledge flow pattern

shown in Fig. 11. Member “Hai” can take on three
roles:

(1) The teacher, as a node in a tree-like broadcast-
ing pattern.

(2) The supervisor, as a node in the union of
a tree-like broadcasting pattern and a loop
pattern.

(3) The department head, as a node in a tree-like
broadcasting pattern.

Knowledge flow pattern

Supervisor

Jack e

Fig. 11. Example of using knowledge flow patterns through roles.

Director Dept Head
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A software development team is a typical knowl- (1) effective sharing of software experience and
edge organization. Beyond traditional technical resources, and
aspects like software tools and development method- (2) appropriate organization of the team.
ologies, effective knowledge management is an im-
portant way to raise the efficiency of software The first aim can be met by using Internet-
development by teams. Knowledge management in a based advanced platform like the Knowledge Grid
software team has two main aims: [34]. The software tool KCB, which will be de-

The Software Development Process

Analysis Design Programming Testing

Integration of Workflow Components

) J
A

) Mapping
Integration of Knowledge Flow Components

=] - ;
v

4______

Analyzer Designer Programmer Tester

ft 111

Resource-mediated Knowledge Sharing

v v v v v

owledge: software patterns, development experience, development

Fig. 12. Using knowledge flow components to construct an agile software development team.
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scribed in Section 6, can be used as the human—
computer interface for collecting raw knowledge and
experience.

The second aim can be met by using knowledge
flow components to construct a network for an agile
software development team. As shown in Fig. 12 a
software development process usually takes five
steps: analysis, design, programming, testing and
maintenance. Workflow sets out the tasks included
in each step. Using Workflow, the team organizer
can select knowledge flow components suited to con-
structing the team’s knowledge sharing model. Roles
are assigned to knowledge nodes.

A software team is organized according to the
requirements of the roles. Using a knowledge flow
network in this way means that

(1) team members can work in different regions,
and

(2) a team member can take on more than one role
at different times and can effectively share
knowledge, software experiences, and resources
such as software components.

A knowledge flow network for a new agile soft-
ware development team can be rapidly formed by
composing existing flow patterns or by reusing and
adapting existing networks.

5. A knowledge flow network planning and
simulation tool

5.1. Knowledge flow network components

A large building block used in the design
of knowledge flow networks is the knowledge
flow component, which has the following three
characteristics:

(1) Relative independence. Processing within a
component should be relatively independent
of that in other components. Consequently
the density of knowledge flows within a com-
ponent is usually higher than that between
components.

(2) Encapsulation. 1t can itself be used as a knowl-
edge node. A knowledge flow component can

be normalized to have just one initial node and
one successful final node. Any external flow
can only use the component through its input
and output nodes.

(3) Internal process completeness. The knowledge
flow process is complete in both build-time
(definition phase) and run-time (execution
phase).

A component is called definition complete if:

(1) every internal node has at least one input and
one output flow,

(2) every internal flow except from the final node
goes to an internal node,

(3) the final node can be reached from the initial
node, and

(4) there is no isolated node or subnetwork.

Execution completeness requires that all restric-
tions and conditions be met during execution, and
that the execution of the component can be treated
as that of a single knowledge node.

In summary, a knowledge flow component is a
network that describes a complete knowledge flow
process, and that is independent, encapsulated, and
complete.

5.2. Planning

Ordinary information systems process and man-
age information, so their analysis and design focus
on information structure and information flow. Co-
operative information systems use the same technol-
ogies for delivering information but they typically
use different representation technologies so as to
support mutual understanding. The planning of a
knowledge flow network focuses on the analysis of
cooperation and its knowledge flow. The two kinds
of system have enough in common for the
approaches and strategies used in the analysis of
information systems and in workflow systems to be
adapted for use in component-based knowledge flow
design [37].

The general strategy is the incorporation of the top-
down refinement and bottom-up verification strate-
gies, like those in requirement analysis, design and
verification suggested in software engineering meth-
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work is accomplished through the incorporation of the
designer and the tool. Fig. 13 depicts the following

planning process.

583

(3) Construct the componential knowledge flow

network by defining components according
to the designer’s experience and discussed
patterns.

(4) Find useful components or patterns in the

(1) Analyze the cooperation and workflow within
the team according to task and organization
structure, and the information flow between
team members. The planning tool can help
with this step by recording and analyzing the
task relevant information flows from file trans-

mission and e-mails between members.

(2) Lay out the initial knowledge flow network.

Designer

Human
support

component repository, and design components
that are not to be found there. Newly designed
components will be put into the component
repository. Remote storage and retrieval of
components should be provided if the network
is geographically dispersed.

(5) Compose the selected components to form the

final knowledge flow network.

| (1) Analyze cooperation and work process within team |

-

./'
-

-

.4

-

A

>| (2) Lay out initial knowledge flow network |

KN Y

Refine

| (3) Componential knowledge flow network |

(4) Search

4
‘mponent reposito]

I Candidate components

Y
(4) Define new components

A

Y A

| (5) Composition

’\ Tool Support

A A

| Knowledge

flow network | | Planning Tool

A

| (6) Feature definition

A\

Fig. 13. A reference planning process.
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:I (7) Bottom-up verification I,
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(6) Use the planning tool to specify the features of
each node and flow for each component from
the top down.

(7) Verity the whole network with the help of the
planning tool and remove any errors. The gen-
eral strategy used in this step is bottom-up.

5.3. A planning tool

We have used Java to develop a prototype tool for
component-based planning. The tool can help plan-
ners to define a complex top-level knowledge flow
network and then to refine it by expanding nodes
into components that ensure the best cooperation
between team members. During definition, high pri-
ority should be given to reusing existing patterns and
components.

Fig. 14 shows the main interface of the tool. The
network is defined by clicking on the buttons in the
upper part of the interface and drawing in the middle
part. The hierarchy of nodes, where the high-level
nodes can be expanded, is shown to the left. The
network being defined is shown in the middle. Plan-
ners can edit the network by using “cut” and “add”

"Y' Component-based Process Developn

¥ Cile Tool Opton Yiew Window Help

H. Zhuge / Decision Support Systems 42 (2006) 571-592

operations. The properties of the nodes and flows can
be specified by clicking on nodes and flows in the
display and filling out the fields then shown at the
bottom of the interface. At any time the tool can check
for correctness according to the logical structure, con-
ditions and principles.

5.4. A team organization principle

Trust between team members is an important
factor that affects cooperation. The planning tool
includes a special matrix TRUST that records the
need for and level of trust between team members
and supports reasoning for finding out the implied
trust relationship. Each element in TRUST is a func-
tion of time frust;(t), which represents the degree to
which member / trusts member ;j at time ¢. The
elements can be initialized by the tool or the team
leader and then adjusted according to each team
members’ feedback scores about the effectiveness
of cooperation during work. A vector records the
evolution of #rust;(¢) in the lifetime of cooperation.
The tool computes the average trust degree at any
time and can display its evolution curve to help
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analyze the development trend. The team leader has Trust levels of individuals will reflect feedback
the privilege of seeing the trust degrees between about their effectiveness in teamwork. The levels are
team members. used in selecting team members when planning
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knowledge flow networks. People more trusted by
current team members will be preferred when adding
new members.

The distribution of page ranks of the Web obeys the
“power-law” and “the rich get richer” rules, and so do
many other networks with scale-free and competitive
characteristics [1]. However, knowledge tends to level
off like water, a “the poor get richer” rule, because a
node with less knowledge can gain from nodes with
more (that is, knowledge intensities always tend to
equilibrium). The distribution of trust levels is some-
what similar to Web page ranks because nodes with
high trust levels have more opportunities to cooperate
than nodes with low trust levels. From the above
discussion we draw the following principle.

Principle for selecting team members

A team should select the person who has more
knowledge and is more highly trusted by team
members.

5.5. Simulation

A knowledge flow network can be simulated to
examine its dynamic features under all conditions.

H. Zhuge / Decision Support Systems 42 (2006) 571-592

Fig. 15 shows the simulation interface, where the
background displays the network being simulated.
Users can click on any node or flow to be shown its
data. The front window shows the knowledge space of
the node that the user has clicked on and the evolution
of its knowledge content. The contrasting rectangle
moves around as the subspace of the current active
flow changes. The window behind the front one dis-
plays the change in the knowledge content of all
nodes as they evolve.

Users can watch the distribution of knowledge
around the nodes during simulation so that they can
adjust the network when an ineffective flow is
revealed. Fig. 16 shows the interface that displays the
changing subspaces of a selected flow and its direction.

Using this simulation, a planner can get a feel for
how knowledge accumulates and flows within a net-
work, can check whether the network is working
properly with respect to trust and knowledge level
differences within the network, and can verify that
its structure satisfies the composition principle (note
that here we do not show trust level differences).

Rules of thumb for adjusting the knowledge flow
network can be gained from experience with simula-
tion of different networks. These rules are important
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assets that can help an organization adapt to changes
in its environment.

6. Team-KCB: a resource-mediated knowledge
flow management tool

Knowledge flow management tools can help team
members record and receive knowledge. A good
graphical user interface in such a tool can help team
members make their tacit knowledge explicit so that it
can then become tacit for other team members. Re-
search into the art, culture and psychology of such
interfaces is beyond the scope of this paper.

We have developed two types of knowledge flow
management interface: one uses an orthogonal classi-
fication semantic space (Resource Space Model), and
the other is team-KCB (Knowledge Collection Board).
Prototypes are shown in http:/kg.ict.ac.cn. The main
reason for adopting the former is that knowledge can
be effectively and efficiently organized because the
interface matches the stored data structure [34]. The
reason for adopting the latter is its utility—many users
are quite familiar with bulletin boards.

Team-KCB supports resource-mediated knowledge
flow management. Fig. 17 shows four interfaces pro-
vided by the tool. Interface (a) is a bulletin board,
where team members can post and read knowledge
from subspaces that interest them. Interface (b) lists
questions and answers from team members. Interfaces
(c) and (d) provide for posting and answering ques-
tions. Any team member can attach reference files to
knowledge posted through interface (d).

In bulletin board mode, knowledge flows by asking
and answering; from the person/role answering to the
person/role asking. The knowledge energy of a node
is roughly proportional to the number of its outgoing
flows.

Some relationships between resources reflect
knowledge flows between their authors. For example,
citation relationships between scientific papers reflect
knowledge flows from the author(s) being cited to the
author(s) doing the citing. A citing paper is the con-
fluence of the cited incoming knowledge and the
innovation of its author(s). So a resource-mediated
knowledge flow management tool can be very useful
in managing knowledge and in exploring the rules of
innovation in scientific research.

Hyperlinks between resources are a kind of weak
citation. Some semantic relationships between
resources can be established to refine the citation
relationship by using text-mining approaches. Re-
source-mediated knowledge flows through four
types of links: question answering links, information
flows, citation links, hyperlinks, and semantic links,
as shown by the dotted arrows in Fig. 18.

The rank of a resource in a network can be calcu-
lated by combining:

(1) its rank in the citation network,

(2) its rank in the hyperlink network,

(3) its rank in the semantic link network, and
(4) its rank in the information flow network.

These three networks are all scale-free and com-
petitive, so algorithms for computing these ranks can
be designed with reference to the PageRank algorithm
[18]. The reputation of the knowledge nodes in net-
works is reflected to a certain extent by their ranks in
the question-answering network and by the mediating
resources’ ranks.

A background system (a Knowledge Grid) classi-
fies, stores, and refines the raw knowledge collected
from the KCB. The Knowledge Grid uses the resource
space model to share knowledge efficiently. Team-
KCB analyzes text to find hyperlink and citation
relationships between text resources.

7. Related work, discussion and implications
7.1. On epistemology and organizational learning

Epistemology is about knowledge and knowing,
and can be traced back to the days of Plato and
Aristotle. Empiricismregards knowledge as the prod-
uct of sensory perception, while rationalismregards
it as the product of rational reflection. Recent stud-
ies show that knowledge can be transmitted from
one person to another and can even actively pursue
goals of its own (this idea matches the ideal of
knowledge logistics, Knowledge Grid and soft-
devices [34,36]), so it loses dependence on any
individual person. Researchers have also noticed
the importance of communication and social pro-
cesses in the development of knowledge. Some
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researchers even believe that knowledge processes [25]. The epistemological dimension classifies knowl-

construct social systems [16].

edge into explicit knowledge, which can be formally

In organizational learning, a two-dimensional expressed, and tacit knowledge, which is hard to
space for describing knowledge has been suggested formalize. The ontological dimension classifies
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- Question Answering -

Information flow

Hyperlink

Fig. 18. Multiple types of links reflect resource-mediated knowledge flows.

knowledge that is shared among the members of an
organization. Knowledge flows within dimensions in
four ways other than those introduced in this paper:
1) social, in which knowledge moves socially from
the individual to the organization (from small to
large); 2) externalisation, in which knowledge
moves from tacit to explicit; 3) combination, in
which knowledge of small teams is combined and
coordinated to become the knowledge of a large
team; and, 4) internalization, in which an organiza-
tion’s knowledge is transformed from explicit to tacit.
A third dimension of the knowledge life cycle is
suggested to reflect the evolution of knowledge [26].

7.2. On research scope, method and technical

feasibility

Isolating an object for research is important to
modelling. External knowledge acquisition increases
nodes’ energy, which makes knowledge flows more
effective. This paper mainly discusses the propagation
of external and explicit knowledge that can be for-
malized, transmitted via communication media, and
stored in digital machinery. The planning of knowl-
edge flow networks seeks to formalize and optimise
logistic processes. The network itself is a kind of
organizational knowledge, which is relevant to the
roles in an organization but not to the individuals.

Here we are more concerned with the content and
effective sharing of knowledge in distributed teams,
especially in agent-based virtual organizations [22]. A

number of approaches in the Al field can be used to
express the content of knowledge. Content can be
layered as concepts, axioms, rules and methods, can
be classified according to its application domains, can
be identified according to its locations, and thus can
be organized in a three-dimensional knowledge space
[34]. Our work also considers a uniform resource
model that encapsulates internal flows and activity
processes to actively provide appropriate on-demand
knowledge services [36].

We have not so far seen any other tools that
support knowledge flow network planning and man-
agement. However, some knowledge management
tools have been developed and used. For example,
the IBM’s “Intelligent Miner” and “Web fountain” are
knowledge capturing and understanding tools [5], and
the Lotus Notes based “Knowledge Xchange” is for
knowledge sharing and is used by Andersen Consult-
ing professionals.

The Internet provides the communication facility
needed for globally distributed knowledge manage-
ment. The setting up of Web-based knowledge portals
and workplaces has been investigated [21]. The future
interconnection environment will provide better sup-
port for the knowledge logistic processes of geograph-
ically distributed teams [3,11]. The Knowledge Grid
provides for organizing and sharing knowledge at sev-
eral levels so that members of a team can solve pro-
blems or accomplish tasks efficiently [34]. A prototype
of the Knowledge Grid based on a multi-dimensional
knowledge space has been implemented based on the
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Semantic Web representation, which provides the basis
for understanding the communication between roles
(team members and software mechanisms) [9,25,19].
The future intelligent Grid environment will provide a
better platform for the Knowledge Grid.

7.3. On knowledge flow patterns and organizational
Structure

Grady Booch pointed out in the foreword of [12]
that all well-structured object-oriented architectures
are full of patterns. Using software design patterns
promotes mutual understanding between designers
and increases the reusability of software components.
The knowledge flow network patterns introduced in
this paper have the same advantages in planning team
networks.

What is a well-structured knowledge organiza-
tion? Drucker believes that the ideal management
patterns of knowledge organizations already exist in
entities such as orchestras and hospitals [8]. This
suggests that a well-structured knowledge team has
fewer control nodes. Any team member can direct-
ly communicate with the leader and with other
members who work on the same task. The pro-
posed knowledge flow patterns have the same
properties.

7.4. Implications

The tools introduced in this paper are prototypes
demonstrating the feasibility of the proposed ap-
proach. Application to research teams has led us to
the following conclusions:

* Clarifying the scope and intention of knowledge
sharing makes it more effective. Task-oriented
knowledge flow network construction can achieve
better sharing. The network of a knowledge team
should adapt to change in a task. The difficulty lies
in adapting the network as the team evolves.

* The simpler a knowledge flow network is the better
its sharing. Pattern-based network construction can
simplify the structure of a network by reusing well-
understood components.

* Getting team members to make their tacit knowl-
edge explicit is very important in making sharing
more effective. A well-designed and friendly inter-

face for this process can make members more
willing to contribute.

* The higher a team member’s knowledge level and
trust rank is, the more important is his/her role in
carrying out a task. The member of highest rank
should be placed at the root of a knowledge flow
tree.

* The more relevant the content of knowledge
flow is to the task, the more effective the team-
work.

7.5. Ongoing work

Effective knowledge sharing also has to do with
humanity, psychology, organization regulation, law
and so on [7]. Belief and trust of team members affect
knowledge sharing, particularly in relation to copy-
right. Ongoing research concerns the following
aspects:

(1) distributed cooperative planning of knowledge
flow networks;

(2) value chains in knowledge flow networks;

(3) knowledge logistic strategies and applications in
distributed research teams;

(4) approaches for dynamically forming and adapt-
ing knowledge flow networks;

(5) approaches that incorporate the factors of inten-
tion, trust and belief [13], and the relevant rea-
soning for forming effective teams;

(6) good graphical user interfaces that can encour-
age users to express knowledge and help users
understand displayed information;

(7) algorithms that match patterns and components
and find matches in a repository;

(8) investigating the primitive patterns of networks
and proving the sufficiency of the patterns; and,

(9) applications in e-business and e-science, espe-
cially in real peer-to-peer network platforms.

8. Conclusion

Knowledge growth and effective knowledge shar-
ing are the main objectives in organizing knowledge
teams. This paper proposes an approach to knowl-
edge flow planning based on patterns, and tools for
such planning based on our investigation of the
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processes, principles and rules of team knowledge
sharing.
The approach has the following major advantages:

(1) It simplifies large-scale knowledge flow net-
work planning by using patterns, components,
composition, top—down refinement, and bot-
tom—up verification;

(2) It raises the reliability of knowledge flow man-
agement by localizing flows within compo-
nents, just as software components localize
errors and raise the reliability of software;

(3) It raises the understandability of knowledge
flow networks by establishing common compo-
nent patterns;

(4) Knowledge flow components help a large team
work in small units, which usually leads to
better innovation than in large units because of
the great reduction in the need for communica-
tion [3]; and,

(5) It raises the adaptability and mobility of knowl-
edge management.

Component-based knowledge flow management
can prevent change in a part from affecting the
whole, and adapt well to any change in flow patterns
caused by organizational changes.

The proposed approach and tools are techniques
for planning and simulating the knowledge flow
networks of large teams, strategic alliances, or
virtual organizations, which can be either central-
ized or decentralized. Successful use of the plan-
ning tool depends on the analysis of the
organization’s architecture and management regula-
tions, the balance of efficiency, mobility and crea-
tivity, and also on social and human factors. This
paper takes a small but important step towards the
goal of efficient and effective knowledge flow
network planning.
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