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Abstract: The purpose of this paper is to demonstrate the unique contributions made by several
researchers including the author to the design and development of complex adaptive systems for healthcare.
The article first presents definitions of complex adaptive systems and associated terms provided by other
scholars. This is followed by a discussion on the ideas that lead to the development of different complex
adaptive systems. This discussion includes unique contributions to systems engineering applied to healthcare
information systems. A further elaboration on these unique contributions made by these systems considering
applications such as Concept Map-Based Personal Health Information System (C-PHIS) and Data
Completeness Analysis Package (DCAP) is presented. Here the author provides emphasis on advances in
the design and development of complex adaptive systems using concept maps. This discussion also includes
their applications in critical segments of healthcare delivery such as dementia and mental health. Finally, a
pathway for future research work in this field of research is discussed to provide new insights on a possible
roadmap for advancing the science of complex adaptive systems. Overall, the article presents a few critical
ideas and contributions thereby adding to the body of knowledge associated with complex adaptive systems
applied to healthcare information systems. Also, anticipate the unexpected and deal with outcomes of system
engineering in complex adaptive systems with respect to healthcare.
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Introduction
Dooley (1) defines Complex Adaptive Systems as “a group
of semi-autonomous agents who interact in interdependent
ways to produce system-wide patterns, such that those
patterns then influence behavior of the agents”. In this
definition if we must conceive agents as systems or more
precisely as sub-systems of a larger system. In other words,
a complex adaptive system is just another example for a
system of systems. Boulding (2) informed the community
of scientists and philosophers about the hierarchy of
complexity which was further quoted by more recently by
Keating et al. (3) to illustrate the definition of system of
systems as, “the arrangement of theoretical systems and
constructs in a hierarchy of complexity.” Keating et al. (3)
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emphasize that Boulding presented the idea of system of
systems as having static structural components while having
dynamic dimensions. Thereby, allowing a systems engineer
to accept the fact that a complex adaptive system also
consists of complexity, hierarchy, and dynamic dimensions.
A key differentiating factor between an ordinary system
of systems and a complex adaptive system is that the
complex adaptive system adapts itself to its environment
or in other words enables automatic or semi-automatic
self-modification based on the changes in its operating
environment. From this perspective Chan (4) states that
“there is no separation between a system and its environment
in the idea that a system always adapts to a changing
environment.” On this context, Ellis and Herbert (5)
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identify the key features of Complex Adaptive Systems as:
(I) existence of informal collaborative networks, holistic
patterns, causality, feedback, emergent behavior, and
hierarchy.
In a more recent work Complex Adaptive System model
has been defined by Carmichael et al. (6) as “having a
significant number of self-similar agents that: (I) utilize one
or more levels of feedback, (II) exhibit emergent properties
and self-organization, and (III) produce non-linear
dynamic behavior.” From this definition we observe the
metamorphosis in the definitions associated with complex
adaptive systems. Although, the definition here pertains to a
model where complex adaptive systems are applied a reader
can observe the inclusion of concepts such as feedback,
self-organization, and dynamic behavior. This provides a
further emphasis on adaptation of the system based on the
environment in which the system exists. If we must assume
that a particular complex adaptive system pertains to a
specific domain of knowledge then changes, improvements,
and additions to it must reflect on the functioning of the
system. On this matter Gurupur et al. (7) have demonstrated
the usefulness of concept maps to achieve this purpose.
Use of concept maps in design and development
of complex adaptive systems
Ruiz-Primo et al. (8) define a concept map as a “graphical
representation consisting of nodes and labeled lines”.
Concept maps are used in knowledge systems based on the
idea presented by Anderson (9) that states “the essence of
knowledge is structure”. On this note, Gurupur et al. (7)
have demonstrated how concept maps can been used
to develop complex adaptive systems. It is important
to mention that concept maps can play a vital role in
knowledge representation from a domain expert. An
important aspect of using concept maps is that it allows the
domain expert to easily modify the concept map thereby
reflecting an updated version of the domain knowledge.
Gurupur et al. (7) have demonstrated the use of this idea on
developing Personal Health Information Systems. From
this perspective, Albert and Steiner (10) were among the
first to demonstrate the use of concept maps to represent
domain knowledge. Here the investigators attempt to
answer a key question that pertains to the reliability of
the concept map with respect to the domain knowledge
represented. The reliability of the domain knowledge is
ascertained by having two or more domain experts develop
a concept map for the same domain of knowledge. A
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match between these maps would ascertain the reliability
of the concept maps developed. Validity of a concept map
is divided into two parts: content validity and application
validity. Content validity is examined by judging the
required criteria and if the content pertains to that criteria.
In other words, the investigator is attempting to examine if
the creator of the concept map is somehow digressing from
the topic of conversation. Application validity dwells on the
idea of situational performance where the investigator tries
to ascertain if the individual concept map developer has a
high-performance score in that knowledge domain. This
performance score can be derived from quizzes, standard
tests, and other such individual test criterion.
The importance of the discussion on the validity and
the reliability of the concept map dwells in the fact that
the reliability of the complex adaptive system will depend
on the reliability of the knowledge represented in the
form of a concept map. Here it is important to note that
domain knowledge can be complex and representation of
domain knowledge using concept maps means dealing with
that inherent complexity emanating from the knowledge
domain. While discussing complexity it is important to
mention that Herbert Simon (11) in his seminal work
titled, “The Architecture of Complexity” informs the
community of scientists that complexity takes the form of
hierarchy. In 2013, Yao and Gu (12) delineated on how
ontologies developed using tools such as Protégé can
be transformed into concept maps. This work provided
included explanations using mathematical formulations with
key steps involved mathematically representing concept
maps. Khayut et al. (13) advance this thinking by illustrating
the idea that a Complex Adaptive System must represent
information or knowledge that must allow fuzzy thinking.
Aajli (14) illustrated the use of fuzzy logic to represent the
relevance degree of relationships within a concept map.
This clearly indicates that complex knowledge and problems
can be represented using concept maps in developing
complex adaptive systems. To further expand this discussion,
Žubrinić (15) has provided an illustration on the automation
of concept map development from both textual and nontextual sources. In this work the investigator delineates an
eight-step approach in performing this task. This work is
of much importance since it identifies a theoretical pathway
for concept map automation. However, it is important
to note that this may not be a panacea for concept map
automation given the complexity of the knowledge derived
from the universe of discourse for an individual complex
adaptive system.
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Figure 1 General architecture of complex adaptive systems for healthcare using concept maps.

Complex adaptive systems for healthcare using
concept maps
Figure 1 illustrates the general structure of a complex
adaptive system for healthcare based on the research work
carried out by the author (7,16-18). Here in this general
architecture the domain knowledge is first captured with
the help of a domain expert. This knowledge controls the
behavior of the health information system (19). A feedback
loop that involves analysis and evaluations (20) indicating
if the system is making the right recommendations is built
into the system. This general architecture has been used by
the author many of his research works.
From an application perspective, Gurupur et al. (7)
illustrated the use of concept maps in designing Personal
Health Information Systems (PHIS). Given the fact that
the PHIS involve capturing of complex domain knowledge
that needs periodic updating and involves a feedback loop
with different parts of the PHIS functioning as autonomous
agents, PHIS can be perceived as a Complex Adaptive
System. Interestingly, in a more recent work LaNoue (16)
illustrates the use of concept map in improving clinical
quality improvement engaging patients. In this work the
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authors provide emphasis on brain storming, structuring of
the information received, interpretation, and use. In contrast
to the method discussed by Žubrinić (15) where information
is available in an electronic form, here the authors discuss
gathering information from human conversations for the
purpose of concept map development with an intention of
improving processes within the healthcare ecosystem.
An important aspect of developing knowledge systems
using concept maps will be ascertaining the strength and
validity of the concept map. As discussed before, Albert and
Steiner (10) have already provided a path for measuring the
validity and reliability of the concept map. An illustration
on measuring the strength of the concept map was provided
by Gurupur et al. (17,18). This research provides insights on
measuring the strength of the connectivity of concepts for
a healthcare application. The investigators involved in this
work attempt to ascertain the depth of knowledge without
focusing on validity, and reliability. The reason for not
attempting to measure validity and reliability is based on
the idea that the knowledge provided by the domain expert
will not require further validation.
The concept of relying on the domain expert has been
illustrated by Karla and Gurupur (19). Karla coined his
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system as C-PHIS where “C” denoted concept maps. In this
work the investigators described how concept maps could
be used for knowledge generation and implementation
of a PHIS. If we perceive a PHIS as a complex adaptive
system from a system of systems perspective concept maps
work as communicators between individual autonomous
systems of the whole. Although the authors here focus on
system design and development, they do not describe this
phenomenon using appropriate mathematical formulations
thereby limiting the necessary contribution to science. It
is also important to mention here that this system can be
applied where concept maps can capture the necessary
behavior of patients and caregivers. This captured behavior
can be used to modify the outcome or recommendations
made by the system. This is an area of engineering that
is worth exploring where a captured patient or caregiver
behavior aligns the system in a particular direction of
recommendation.
Data completeness analysis package (DCAP) (20)
illustrates the use of concept maps in developing a system
that analyzes the incompleteness of electronic health record
data. In this system concept maps are used to develop a
master concept map that identifies a complete electronic
health record. With regards to using concept maps in
illustrating the factors that lead to mental health illness was
carried out by Alafaireet et al. (21). In this work Alafaireet
et al. (21) focus on the various domains that affect mental
health and the level of intervention required with respect
to each domain. The concept map created represents
links between these domains along with their impact on
mental health. The concept map used in this research work
was developed after investigating more than 600 articles.
Therefore, this research is another example on how concept
maps simplify the representation of complex domain
knowledge. This simplification conceptually facilitates its
use in driving the knowledge systems of a complex adaptive
system.
In a more recent research work Leyns et al. (22) describe
the use of concept mapping in clustering policy needs for
public health. This work provides a description on capturing
necessary information as statements and using these
statements in deriving individual concepts and mapping them
together to form a concept map. While Alafaireet et al. (21)
attempt to perform something similar for mental health
associated with recidivism the investigators in this article
focus on gathering information by brainstorming instead of
extracting it from research articles. This is another evidence
of concept maps reducing the complexity of information.
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It is also important to note that in the pursuit of reducing
complexity there is room for incorporating the details
through connected sub concept maps.
Overall, available literature clearly indicates that
concept maps can be used in representing complex domain
knowledge using various methods. Additionally, we know
from the work conducted by Gurupur et al. (7) and Karla
et al. (19) that this complex domain knowledge can be
integrated into a complex adaptive system.
Conclusions and possible future work
We have now discussed some relevant work on design and
development of complex adaptive systems using concept
maps. Noticeably, complex adaptive systems have not been
discussed in scientific literature compared to other more
general popular perceptions of systems such as knowledgebased systems, rule-based systems, and decision support
systems (23,24) which are closely related to the idea of
complex adaptive systems. Here the author presents a
perception that in different ways a complex adaptive
system is a decision support system since it is used in
supporting decisions from existing knowledge and new
data. Additionally, it is also a knowledge-based system since
storing, retrieving, and processing knowledge is key to the
functioning of a complex adaptive system, and it can also be
conceived as a rule-based system to accommodate tacit, and
implicit forms of knowledge (18,25-29).
Based on the discussions presented a key observation
made here is presenting systems and experimental work
performed by the author and other researchers working on
complex adaptive systems in delineating the relevance of
using concept maps in different ways for developing these
systems. Additionally, it is important to emphasize that use
of concept maps to implement a feedback mechanism or a
self-learning structure for a complex adaptive system will be
a much-needed future effort.
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