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The main objective of this paper is to introduce a new transdisciplinary collaborative research process model to develop
collective intelligence through input from research teams as well as academic and non-academic experts. The paper
discusses the need for new types of collaboration to solve complex problems and reviews the development of
transdisciplinary approaches and collective intelligence. The paper proposes a transdisciplinary collaborative research
process composed of three parts: (1) team building and collaborative problem understanding; (2) development of collective
intelligence through interpretive structural modeling to classify the problem factors according to driving power and
dependence, and (3) use of design structure matrices for transdisciplinary assessment and knowledge integration to form
project teams. The proposed process model is illustrated through an example of a rural eco-village system of systems (SoS)
drawn from the context of a senior capstone design course.

Keywords: transdisciplinary collaboration; information sharing; collective intelligence; interactive management; interpretive structural
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1. Introduction

Over recent years, there has been increasing interest
among researchers and educators for organized
collaboration on the national and international
levels. The evolution of large scale collaborative
efforts between researchers from diverse disciplines
was spawned from the necessity to increase effi-
ciency in solving complex problems that require
knowledge from multiple disciplines. Realizing the
benefits from collaborative research, numerous
initiatives have been launched to develop transdis-
ciplinary research groups and establish new or
larger centers of excellence [1-3].

One of the most constructive forms of knowledge
transfer, for all partners involved, is Joint develop-
ment of technologies, where companies and univer-
sities work together in pursuit of research objectives
that are of mutual benefit, and are jointly managed
under a collaborative agreement. In comparison
with consultancy, contracts, or grants collaborative
research is more interactive in nature and has the
potential to beneficially persist for longer durations.
Disciplines developed over the last few centuries are
convenient for organizing information and for basic
educational activities; however, approaching com-
plex problems and developing complex social-tech-
nical systems to address such problems requires a
transdisciplinary approach. Complex problems by
definition do not observe disciplinary boundaries,
and effective collaboration on any level requires
facilitation via an organizational structure.

Because of the following reasons collaboration
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on research and educational activities are not only
useful, but imperative [4]:

e Collaboration accelerates the pace of new dis-
coveries and the expansion of human knowledge.

e Innovation of technologies occurs through global
cross communication.

e Transdisciplinary collaboration in large-scale
multi-national partnerships initiates speedy
exploitation of promising results.

e Research partnerships are essential in solving
complex problems and to optimize knowledge
acquisition.

e Collaborative, transdisciplinary educational
activities can better prepare today’s students to
solve the complex problems that face mankind.

Collaboration among people from different
nations in research and education can substantially
benefit all parties involved. In order to meet new
challenges in the 21st century, universities around
the world are seeking to broaden their engineering
education systems. In the near future, engineering
education will be an international enterprise.
Hence, institutions of different nations must work
together.

The world is constantly growing smaller and
smaller. Challenging technical, medical, social,
and cultural issues are no longer just local con-
cerns—issues and problems must more and more
be considered from a global perspective. Commu-
nication, collaboration, and education on a global
scale are the keys to solving the complex problems

* Accepted 12 June 2015.
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and issues facing mankind in the 21st century. The
successful development of a network of global
collaboration would provide a common sharing of
knowledge and benefit everyone by greatly increas-
ing the ability to solve complex problems facing the
peoples of the world. Such problems include living
conditions, environmental issues, health and medi-
cal issues, energy issues, transportation issues, com-
munication issues, and educational issues [4].

Although collaboration is not a new idea, new
opportunities for collaboration exist in the 21st
century’s global body of knowledge and informa-
tion-driven economy. Technology has reduced dis-
tances in time and space while enhancing
communication, hence opening the possibilities of
exploring new boundaries in the area of interna-
tional Transdisciplinary (TD) collaboration. Such
international collaboration requires not only active
participation of faculty but also participation of the
top administrators of educational institutions.
Faculty and administrators should find innovative
ways to work together across international bound-
aries. Recent advances in information and commu-
nications technologies are providing new
opportunities for international cooperation in edu-
cation and research [4, 5].

2. Transdiscipline

An interdisciplinary methodology has been defined
as “two or more disciplines which combine their
expertise to jointly address an area of common
concern” (Davies & Devlin [6]). Ertas, et al., [7]
indicated that interdisciplinarity forces one to
“think across, beyond, and through the academic
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disciplines to encompass all types of knowledge
about an idea, issue, or subject.”

The creative potential of cross-disciplinary
research increases as one move from interdisciplin-
ary to transdisciplinary approaches [8]. The criteria
of novelty and importance appear to differentiate
transdisciplinarity from interdisciplinarity, which is
the integration of insights from multiple disciplines.
Intelligence and creativity provides a connection to
transdisciplinarity [9].

Many scientists and engineers made excellent
contributions to the development of a transdisci-
plinary methodology since 1970s [10-14]. Klein
states that the term transdisciplinarity signifies a
new structure of unity informed by the world view of
complexity in science, a new mode of knowledge
production that draws on expertise from a wider
range of organizations, and collaborative partner-
ships [15]. Hadorn, H. G. et al., underline that
transdisciplinary research transgresses boundaries
between scientific disciplines and between science
and other societal fields and includes deliberation
about facts, practices and values [16]. There is a need
for transdisciplinary research when knowledge
about a societally related problems are uncertain,
when the concrete nature of problems is disputed,
and when there is a great deal at stake for those
concerned by problems and involved in dealing with
them [17].

“Transdisciplinarity is a practice of acquiring
new knowledge through education, research,
design, and production with a broad emphasis on
complex problem solving. The goal of transdisci-
plinary practice is to improve our understanding of
complex issues by extracting the valuable aspects of
typical academic disciplines and thereby generate
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Fig. 1. TD research process model.
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both a more integrative and universal solution to
support an issue of importance to society” [18].

3. Transdisciplinary collective intelligence

Transdisciplinary collaboration is essential to solve
society’s “messy’” or “‘wicked” problems, e.g., those
with inter-connected influences and requirements
such that the proposed solution causes other pro-
blems, i.c., climate change; response to natural
disasters; enhanced national security [19]. Transdis-
ciplinary collaboration has a big potential to speed
the rate at which research can contribute to the
understanding of the problem, accelerate the pace of
new discoveries, and expand human knowledge.
Transdisciplinarity provides a good framework
and add to the current approaches for collective
intelligence. Transdisciplinary collective intelli-
gence is a new mode of information gathering,
knowledge creation, and decision-making that
draws on expertise from a wider range of organiza-
tions (academic or non-academic) and collaborative
partnerships.

Fig. 1 shows the proposed TD research process
model which is conceptualized in three phases: 1)
collaboratively defining the research problem objec-
tive(s) and building a collaborative research team; 2)
developing collective intelligence to solve complex
problems in question; and 3) TD assessment and
knowledge integration.

3.1 Team building and collective understanding of
the research problem

TD-teams can be developed with distributed leader-
ship—team leadership can change in accordance
with the particular expertise required. Most of the
time, structuring and understanding of a complex
problem may become problematic—collaborating
team members may not even agree on what the
problem is and no solution can make everyone
happy [20]. Considering a hypothetical example,
imagine students in a senior design class working
on a research project for a class. A sample research
project might be to design and develop ideal self-
sustaining rural eco-village systems of system (SoS)
(approximately 100 people live in independent 25
homes).

3.1.1 Interactive management (IM ) workshop

Assume that research sub-project teams of four with
specific roles for each sub-project teams are con-
sidered. Depending on the assigned task, each sub-
project team may have minimum of three and
maximum of five students. Using any communica-
tion platform, a workshop can be organized where
sub-project teams will introduce their project pro-
posals (concepts) about the project being explored.

Through dialog, the collective best ideas of sub-
project teams will emerge and the incorrect or fuzzy
ideas that teams held at the outset will be recognized
as incorrect or sharpened to make them useful.
Through the Interactive Management (IM) process
[21], ideas with high interaction will be grouped into
clusters. Thus, team members can identify and
examine cluster interactions internally and interac-
tions between clusters. Clusters will be placed in a
sequence by using Interpretive Structural Modeling
(ISM)[19]. Itis important to note that the workshop
coordinator should help the team members to
understand the importance of team transactive
memory process (team members in a group develop
ashared system for encoding, storing, and retrieving
information where each person is responsible for
memorizing only part of the total information) [22].
Through Interactive Management (IM) Workshop
sub-project team members will experience the
mutual understanding and learning that are an
integral part of the TD research process.

3.2 Development of collective intelligence—
interpretive structural modeling

Interpretive Structural Modeling (ISM), a metho-
dology for dealing with complex issues was pro-
posed by Warfield in 1973. It is a computer-assisted
learning process that provides fundamental under-
standing of how various parameters (clements,
variables, system components, etc.) relevant to the
problem or issue interrelated and thus helps
researchers to structure them in a meaningful
manner to develop collective intelligence to over-
come challenging complex problems.

This interactive learning, information processing,
and developing collective intelligence is especially
useful for working in a group to develop a map of
the complex relationships between various elements
involved in a challenging complex issue. The rela-
tionship map includes paths of ideas and threads of
thought to transform unclear and poorly expressed
mental model of an issue into a visible, well defined,
and relatively easily solvable model. The fundamen-
tal approach of this process is to use academic and
non-academic experts’ practical experience and
knowledge to decompose a complex issue into
smaller sub-issues and build a simpler multilevel
structural model. For the hypothetical example,
general activities to build an Interpretive Structural
Modeling are shown in Fig. 2. Note that the
sequence of these activities may change from one
application to another.

3.2.1 Sequence of activities to develop ISM model

The first step in ISM process is to organize a group
of people with relevant knowledge, skills, and back-
ground. This group of team should consist of
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Diversity I/

Fig. 2. Sequence of activities to develop interpretive structural model.

academic and non-academic experts from diverse
disciplines (Fig. 1). A coordinator who will control
the ISM process should not only be knowledgeable
in the subject matter but also be familiar with the
ISM process. At this stage, it is also important
clearly identify the problem (issue) which will be
studied as explained in section 3.1.1.

Second step is identify and define the factors
effecting issue as shown in Fig. 2. Through brain-
storming and consultation with the domain experts,
research group members work together to document
all the possible factors (elements) whose relation-
ships are to be modeled. Then the most important
factors will be identified for the model development.
Nominal Group Technique (NGT) is an efficient
method for generating ideas for defining a set of
factors [23]. Five basic steps of NGT process are
given as: (a) clarification of a trigger question, (b)
silent generation of ideas in writing by each group
members, (¢) round-robin recording of the ideas, (d)
ongoing discussion of each idea for clarification and
editing, and, (e) voting to obtain a preliminary
ranking of the ideas in terms of significance.

Structural self-interaction matrix

The following step is to establish contextual rela-
tionship to develop structural self-interaction
matrix (SSIM) shown in Fig. 3. Using expert
opinions along with research team members SSIM
is develop which shows the direction of contextual
relationship among the factors effecting the issue or
problem. Four symbols are used in this matrix are:

e Enter V when the relation is from i to j (in the
reachability matrix substitute in the (i,j) entry as 1
and (j,1) entry as 0).

e Enter A when the relation is from j to i (in the
reachability matrix substitute in the (i,j) entry as 0
and (j,i) entry as 1).

e Enter X when the relation is from I to jand jto I,
both direction (in the reachability matrix substi-
tute in the (i,j) entry as 1 and (j,1) entry as 1).

e Enter O when there is no relationship between the
row (i) element and the column (j) element (in the
reachability matrix substitute in the (i,j) entry as 0
and (j,1) entry as 0).

In developing structural self-Interaction matrix, if
the relationship between factors is week, it is
assumed that there is no relationship between
factors.

Adjacency matrix

Then the adjacency matrix, R, shown in Fig. 4 is
developed by transforming SSIM into a binary
matrix by substituting V, A, X, and O by 1 and 0
per the schema described above in the matrix that

s§85
& 4 2 2
S = 5
ST EZS 2,
. g g o 2L L =8
) SEE 38 € 3582
S ~ 06 6 c 3 2 2= 1
5 ¢c ov 2 2 8 g
h 5285 ¢£85%F 882
; \ S 8 6 & FAD
S12 3456 7 89
Policy and regulations 1|\ |X [O |V |V [O|V X |O
Environmental issues 2 VXX |O[A|VI]A
Economic dimension 3 SJAJA[A|VIALA
Green buildings 4 N|A|O|O|V (O
Renewable energy 5 N|V|O|V IO
Self sufficiency 6 < Ol X|A
Transportation 7 ~lvio
Social issues g NA
Diversity 9 N

N

Fig. 3. Structural self-interaction matrix (SSIM) for relationship
between factors.
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Fig. 5. Reachability matrix for directed relationships between the
elements with transivity.

reflects the directed relationships between the ele-
ments. This matrix answers the question of ““yes” or
“no”. In other words, starting from factor (i), can
factor (i) reach to factor (j) to contribute and
improve? If so, substitute in the (j) entry as 1 and
(1) entry as 0). This means that there is a walk from
(1) to (j). Main diagonal of reachability matrix is
filled with ones.

Reachability matrix with transivity

The reachability matrix with transivity R, is shown
in Fig. 5. This matrix is checked for the transivity
rule and will be updated until transivity is estab-
lished. Transivity rule states that, if a factor (ele-
ment) A is related to factor B and if factor B is
related to factor C, then factor A is related to factor

C. Following transivity rule a reachability matrix
which considers transivity is developed.

Final reachability matrix

Driving power and dependence of factors are also
computed in the final reachability matrix as shown
in Fig. 6. Summation of ones in the corresponding
rows gives the driving power and the summation of
ones in the corresponding columns gives the depen-
dence.

Level partition

For level partition, the final reachability matrix, Ry
along with antecedents of each element of prospects
are used [24]. Previously obtained driving force and
dependence helps to classify the factors into groups.
These groups’ positions are determined by the
separation of antecedent set and reachability set.
From these two sets intersection set is determined.
The factors are common in the reachability set and
antecedent set are included in the intersection set.
These three sets help to identify the level of the
factors. If all the factors of the intersection and
reachability sets of any particular factor are the
same, then that factor is identified as the top level
group (level I group) in the ISM hierarchy. Once the
top level factors are identified, it is removed from the
set to identify the next level. This iteration process is
repeated until all the levels are identified. As shown
in Table 1, factors 3, 8, and 9 are found to be at level
I. Hence, it will be positioned at the top level group
in the ISM hierarchy. This process is repeated until
all the levels are determined. The factors along with
their reachability set, antecedent set, intersection set
and levels, are shown in Tables 1, 2, 3, and 4. These
levels help to build the diagraph and ISM model.

Formation of digraph and ISM based models

As shown in Fig. 7, the association of sets and
binary relations through matrices can now be con-
verted into graphical form by using theory of
digraphs (directed graphs) [25]. If there is a relation-
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Renewable energy
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Social issues
Diversity

X3

1]
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Fig. 6. Final reachability matrix for driving power and dependence of factors.
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Table 1. Variables at level I (first iteration)

Variable Reachability Set Antecedent Set Intersection Set Level
1 12345678 12456789 1245678

2 12345678 12345789 1234578

3 2378 123456789 2378 |

4 12345678 1245789 124578

5 12345678 1245789 124578

6 13678 12456789 1678

7 12345678 123456789 12345678 |

8 12345678 123456789 12345678 1

9 123456789 9 9

Table 2. Variables at level II (second iteration)

Variable Reachability Set Antecedent Set Intersection Set Level
1 12456 124569 12456 I

2 12456 12459 1245

4 12456 12459 1245

5 12456 12459 1245

6 16 124569 16 I

9 124569 9 9

Table 3. Variables at level III (third iteration)

Variable Reachability Set Antecedent Set Intersection Set Level
2 245 2459 245 I

4 245 2459 245 I

5 245 2459 245 I

9 2459 9 9

Table 4. Variables at level IV (fourth iteration)

Variable Reachability Set Antecedent Set Intersection Set Level
9 9 9 9 v

ship between factors j and i, connection between
factors will go from i to j. Finally, digraph is
converted to ISM to see a broad representation of
the interrelationship between the factors (Fig. 8).

MICMAC analysis—classification of performance
measures

Performance goals for the eco-village may include:
reduction of energy (using green buildings, wind
and solar energy), water, land, and natural resource
management, reduction of water use, waste treat-
ment, recycling, roof-top capture of rainwater for
landscape irrigation and production of fruits and
vegetables guided by intertwined educational, eco-
nomical, environmental, sustainable and social
goals. MICMAC was developed by Duperrin and
Godet in 1973 to study the diffusion of impact
through reaction paths and loops for developing
hierarchies for members of an element set [26]. The
purpose of MICMAC analysis is to arrange the
factors with respect to their driving power and
dependence in four clusters [27]: (1) autonomous,
(2) dependent, (3) linkage, and (4) independent
factors. The driving power and dependence of

each of factors are imported from Fig. 6. Fig. 9
shows the driving power-dependence diagram for
self-sustaining rural eco-village SoS.

3.3 TD assessment and knowledge integration

Transdisciplinary assessment (TA) includes inte-
grating people (social), artefacts (technical), and

LEVELI

LEVEL Il

LEVEL IIl

LEVEL IV

Fig. 7. Digraph based on reachability matrix with relation
strength.
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Fig. 9. Driving power-dependence map for self-sustaining rural eco-village SoS.

knowledge (cognitive) associated with different
scientific and non-scientific knowledge domains
[28] into an appropriate methodology [29]. Societal
players who are affected by a problem along with the
research team must be drawn into the research
process to effect scientifically valid research (Fig. 1).

In the third phase of TD research process, design
structure matrix (DSM) is used for SoS design and

development. DSM provides a simple, visible, well
defined representation of complex systems that aids
meaningful solutions to decomposition and integra-
tion problems [30, 31]. In order to reduce the techni-
cal complexity of eco village SoS research project,
work will be distributed among several design and
development student teams. The following steps are
used to reorganize student research teams:
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1. Decompose the research team into sub-project
teams with specific functions, roles, or assign-
ments—map the sub-project teams to product
components.

2. Document the interactions between the teams.

3. Analyze potential reintegration of the teams via
clustering (integration analysis)

Decomposition of research team into sub-project
teams creates a crucial managerial challenge due to
the complex web of interactions between teams and
team members for design and development of eco
village SoS. This effort can be coordinated and
orchestrated by the system team. The system team
manages the whole design and development pro-
cess, interacts with all the sub-project teams, and
provides guidance and ensures that the systems’
compatibility with each other within the system of
systems exists [32].

Complex systems such as SoS in this case, require
communications and exchange of information
among team members and teams. Information
flow between team members can be created using a
team-based DSM in order to better map teams, to
address the SoS problems. Clustering (integration)
of teams can provide new understandings into
system decomposition and integration. To optimize
the team collaboration for collective intelligent
(knowledge integration through transactive
memory process), interactions between teams
within DSM clusters should be maximized and
interactions between DSM clusters should be mini-
mized [33]. While minimizing the size of the clusters
some overlapping between the clusters is also
recommended [34].

4. Discussions

The hypothetical example of an ideal self-sustaining
rural eco-village systems of system (SoS) in a multi-
project environment given in this paper can be
created by optimizing natural resources—using
renewable energy, growing much food as possible
through intensive agriculture, community building,
sharing common resources, and finally “‘all for one
and one for all”.

Factors in designing and developing an ideal self-
sustaining rural eco-village SoS shown in Fig. 2 is
simplified by lumping similar factors serving to
same purposes. Such as renewable energy may
include solar, wind, hydro energies. Environmental
issues may include recycling, air, water, and soil
protection. Self-sufficiency may include recycling,
and sharing common resources (food production
etc.), Diversity may include age, income levels,
culture, color, being from different country, and
social issues may include encouraging unity through

diversity, fostering cultural expression, emphasiz-
ing holistic health practices, being committed to
living in a community. Designing and developing
an ideal SoS is not an casy task. Many subsystems
(e.g., energy, green building, transportation, recy-
cling, etc.) must be integrated to achieve an overall
optimum SoS solution.

The main objective of this paper is to introduce a
new TD research proses model in education which
deals with such complex system development by
creating and using collective intelligence through
transdisciplinary collaborative effort. Interpretive
Structural Modeling (ISM), a methodology for
dealing with complex SoS design and development
is the key component of this research. Building
collective intelligence to understand how factors
affecting SoS performance and their relationships
are an important part of interpretive structural
modeling.

After removing the transivities based on the
reachability matrix as described in the ISM
approach, the digraph (Fig. 7) is converted into
the ISM and finally the structural hierarchy of the
performance measure factors of SoS is developed as
shown in Fig. 8. This figure depicts visually the
direct and indirect relationships between the factors
affecting the performance of ideal self-sustaining
rural eco-village systems of system.

Two main important factors, self-sufficiency
(measure 6) and policy and regulations (measure
1) shown in Figs. 7 and 8§ are the most preliminary
factors which need to be analyzed before other
factors as most of the other factors depend on
them. These two factors not only affect but also
they are affected by the other factors. For self-
sufficient eco village, the main goal must be a very
high level of self-sufficiency and a very small ecolo-
gical footprint. However, in some areas, laws and
regulations can be major barriers for rural eco
village development.

As shown in Figs. 7 and 8, factors economic
dimension (measure 3), transportation (measure
7), and social issues (measure 8) are positioned at
the top of the hierarchy. They are also very sig-
nificant measures for the development of a rural eco
village. Of course, one of the main reasons behind
creating eco villages is families (social), rural eco
village must have connection to the other world
(transportation), and a true economy that is result-
ing from the value of people and benefited by
balanced use of land (economic dimension). These
three factors are strongly interrelated—affecting
and affected from each other. These higher level
factors have greater influence on the eco village SoS.
Hence, when designing and developing such SoS,
these three factors can be first evaluated and kept
constant as much as possible during the perfor-
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mance improvement. In other words, first make sure
that transportation issues are solved, within certain
limitations economic modeling is developed, and
social issues are resolved, and then start iteration by
changing the other remaining factors to find the best
possible solution for the ideal self-sufficient eco
village systems of system.

As shown in Fig. 9, all performance measures of
factors effecting SoS have been classified into four
categories. Cluster I includes autonomous factors.
As seen in Fig. 9, they have low driving power and
low dependence, hence they can be eliminated from
the SoS. For this case, no factor has been identified
as an autonomous factor. This indicates that there is
no disconnected factor from the SoS.

Cluster II includes dependent factors that have
low driving power and high dependence. As seen
in Fig. 9, only economic dimension (measure 3)
has a smaller guidance power but it is extremely
dependent to the SoS— this factor may not affect
other factors but it is affected by other factors of
SoS.

The factors in the linkage cluster have to be given
extreme importance due to their high driving power
and high dependence power. Cluster III includes
linkage factors of policy and regulations (measure
1), environmental issues (measure 2), green build-
ings (measure 4), renewable energy (measure 5), self-
sufficiency (measure 6), transportation (measure 7),
and social issues (measure 8). As being the most
important factors, they affect and depend on other
factors in SoS. Any action on any of the factor in
cluster III will affect the entire SoS. Therefore, as
mentioned earlier, designing such systems of system
is a challenging task and seven major factors within
this cluster which influence the SoS performance
must be carefully analyzed and integrated with the
whole projected system. Note that, self-sufficiency is
on the border of the dependent and linkage cluster.
This factor, not only can be affected by other factors
of SoS but also it can affect the other factors.

Cluster IV includes independent factor of diver-
sity (measure 9) with a strong drive power but very
week dependence. This factor is the key driver for
the eco-village SoS performance. Diversity is the
strength and an important element. As diversity has
impact on many factors, eco-village participants
have to pay maximum attention to establish a
diverse but integrated community for peaceful,
healthy, and sustainable life so that issues will not
be out of control.

5. Conclusions

In this paper, the author introduces a new transdis-
ciplinary collaborative research process model in
education for the purpose of developing collective

intelligence through input from research teams,
academic, and non-academic experts. The paper
motivates the need for new types of collaboration
to solve complex problems and discusses the devel-
opment of transdisciplinary approaches and models
of collective intelligence. The author proposes a
transdisciplinary collaborative research process
composed of three parts. First, team building and
collaboration are used for problem understanding;
Second, Collective intelligence is developed through
structural modeling to classify problem factors
according to driving power and dependence.

Eco-community determines the course of human
interaction, the prospects for the impact on the
natural environment, social issues, and sustainable
peaceful, healthy life. Diverse participants in an eco-
village may have their personal and collective
choices and may have an enormous impact on
their interaction in cooperative and competitive
modes.

Developing self-sufficient eco village SoS in this
paper is a hypothetical case study. Moreover, infor-
mation processing to develop structural self-inter-
action matrix shown in Fig. 3 was based on few
experts’ opinions. The results of model analysis may
differ in real world setting. Of course, capability of a
group of team members along with academic and
non-academic experts collectively can envision a
better and different solution model for challenging
complex problem such as this one.

It is important to note that ISM is a tool to
identify the order and directions of the complexity
of relationships among the system factors (ele-
ments). It does not provide any relative weight
associated with the factors.
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