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Abstract:

Complexity is a significant factor in the development of new products and systems; generally
speaking, the higher the complexity, the more difficult products and systems are going to be to
design and develop. There are a number of different factors that influence complexity within
systems, namely: interoperability; upgradability; adaptability; evolving requirements; system
size; automation requirements; performance requirements; support requirements; sustainability;

reliability; the need for increased product lifespan; and finally, the length of time systems take to

develop.

There is, at present, no common language to describe complexity within engineered systems; this
language needs to be developed in order to help industry cope with increasing product
complexity and thus meet customer demands. This thesis represents a start in the development
of that language, and thus an understanding of systems complexity. The thesis offers a
framework for complexity analysis within systems, one which identifies some of the key
complexity characteristics that need to be taken into consideration, and which embraces
complexity problems, definitions, concepts and classifications, origins and coping mechanisms.
It has also has been developed in terms of a measurement approach, thereby allowing for a
meaningful comparison between products, and an understanding of the complexities within
them. This framework was developed using information collected from academic literature and
from more specific case studies. Each complexity characteristic was investigated, and the
interactions between characteristics were identified; these interactions allow us to understand

complexity and help to develop a common language.

The thesis develops a measurement technique that quantifies various complexity characteristics
in terms of the framework laid down, thus enabling a quantified understanding of complexity
within systems. This new measurement approach was tested on a set of recent case studies, and
the complexity characteristics produced by the measurement technique were, in turn, tested
against attributes of the system. The framework itself is always evolving - it incorporates new

complexity characteristics. Nevertheless, such evolution can only further our understanding of

complexity.

Further work, to explore and integrate the approach demonstrated in this thesis into an automated
tool, and test its robustness, along with a continual development of other elements of the

framework, such as a classification of complexity, is recommended.
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1 Introduction

This chapter introduces the research that was conducted, outlines the structure of the

Thesis, and provides an overview of the work.

1.1 Thesis Overview

“Our platforms and equipment are increasingly complex.” (UK Ministry of Defence)
Complexity is a significant factor in the development of new products and systems.

Generally speaking, the higher the complexity of these products, the more difficult
they are going to be to design and develop.

The production of more complex systems within the defence sector arises from the
need for increased product capability due to ever evolving threats (Wilson 2002).
This increased capability requirement is the result of new technologies that are able to
support greater functionality, a greater speed of operation, increased automation and

an improved accuracy, while also reducing support costs, increasing sustainability and

system reliability.

With the need for increased product capability, companies must innovate their
products through the development of technology and through savings in manufacture
costs. However, with this requirement for innovation in products which incorporate
new technologies comes higher costs; in addition there is a need to ensure that
systems are servicable for longer periods of time. The engineering lifecycles of these
products are lengthening, and programmes are frequently started with projected life
spans of 40 years or more, significantly longer than projects started 20 or 30 years
ago. With longer running programmes come higher costs; moreover, these products
are expected to last longer and to be adaptable to an ever evolving capability
requirement that follows threat changes. Products are expected to be upgradeable (as
it is too expensive to continue replacing them in their entirety), robust, reliable,
sustainable, adaptable and increasingly interoperable (in particular new defence
systems as they move towards Networked Enabled Capability or NEC (UK Ministry
of Defence 2005).

As product functionality, intricacy and interoperability increases, often the intrinsic
complexity of these products also increases. This increase in intrinsic complexity

leads to difficulties in accurate modelling and accurate fault finding, often lengthening
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development times; moreover intrinsic complexity may, potentially, lead to an

Increase in emergent properties within systems, something which may or may not be

desirable.

Induced complexities occur as a result of the development process, and have a
potential to increase the effort, and perhaps the cost, required to develop a system.
With the emergence of additional, undesirable complexity, namely, complexity that

offers no benefit to the development programme or system, there are, again, further
effects on modelling accuracy, and accuracy in fault finding; furthermore, emergent
properties, along with development times and costs, all become problematic, and all
are potentially avoidable. However, not all induced complexity is detnmental to
product development, and in some cases enhancing the complexity of a system
reduces the workload and development times; this is achieved, perhaps, with the
introduction of already proven commercial or military technology, which may have
intricacies within it arising from additional and unnecessary functionality (and
therefore unnecessary complexity), but which nevertheless provides a high cost

benefit and a reduced development time as a result of its implementation.

Such complexity within systems needs to be understood in an engineering context;
complexity needs to be classified and quantified in a way that takes into account
specific engineering issues, and in a way that provides useful feedback to
programmes. Classifications, characteristics, measures and approaches that minimise
intrinsic complexity, while simultaneously managing the desirable and undesirable

induced complexities within development programmes need to be developed.

Currently, the words “complexity” and “complex” are often used within industry as

2, 66

‘buzz-words’: thus comments such as “we develop complex products”; “these
systems are complex”; “we’re dealing with a lot of complexity”, etc. These phrases
are often used without any concrete meaning, let alone any common understanding of
useful definition or utility. An agreed understanding of complexity in engineering
systems is needed, one that can be applied consistently across all engineering
domains, so that industry is able to say: “the system is complex because of x”, and go

on to support the statement.

Before this can be done, an understanding of complexity has to be developed. This

thesis produces such an understanding, a “complexity understanding”. This
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“complexity understanding” can be used and applied within engineering in a clear
and consistent manner, providing a tangible meaning to the word “complex” within

systems development in engineering.

The complexity understanding was developed by means of an exploration of the
literature of complexity across a number of disciplines (biology, physics, chemistry,
psychology, engineering, etc.). This exploration was further subdivided into
complexity definitions, origins, measures and classifications; finally, concepts found

within each of these areas were related, if possible, to the engineering domain. For

example:

e Complexity Definitions — Reducible (can the system be made any smaller? Is
it bloated?); Intricate/Coupled/Highly Connected (interfaces that are highly
coupled generate interactions that dramatically effect system behaviour — if
this is not understood, then undesirable effects may result, which add to the
risk of system failure or of poor system performance); Difficult to Analyse
(the modelling of the system is too difficult to effect accurately — how, then,

can we be sure it will work when built?), etc.

e Complexity Concepts - Detail (Static Hierarchical System Structures or
organisations are generally easy to model because the flow of information is
only up or down the structure); Dynamic (Static Non-Hierarchical System
Structures or organisations are much more difficult to understand as elements
can exchange information laterally and up and down the structure); Adaptive
(Changing System Structures are constantly shifting, and so are difficult to
model, understand or predict).

e Complexity Measures — Connectivity (simple connectivity measures of
connections/elements); Intricacy of Connections (understanding and
quantifying the complexity of interfaces either quantitatively or qualitatively);
Complexity of Elements (same as intricacy, but for elements); Commonality

(variation in the design - how much 1s duplicated?).

These aspects form the complexity understanding, and offer and a very simple, bite-
sized view of complexity terms. There are hundreds of definitions, but essentially

they can be reduced to basic themes - the same is true for concepts and measures.
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These themes form the basis of the complexity understanding and can be universally

used within industry, and attributed to systems relatively easily:

“System X exhibits a non-hierarchical structure but it is stable, it has few connections

(low connectivity) between its elements but these connections are data buses
transferring vast amounts of information which can dramatically change the

behaviour of the elements they are connected to.”

In this way, we are thus able to describe complexity in a common and consistent way,
using bite-sized chunks; these chunks are referred to as “Characteristics” of the
complexity within systems. Moreover, like whole systems with elements and
connections between them, the characteristics (elements) can be connected or linked.
Complexity definition characteristics can be linked with measurement characteristics,
for example; definition of the type “Intricate/Coupled/Highly Connected” can link up
conveniently with measures of connectivity and interface complexity; definition type
“Difficult to Analyse” links to systems which are difficult to understand (perhaps in

terms of the nature of the information flows within them), and with complexity

concepts such as “Non-Hierarchical Static System Structures”.

These links between the complexity characteristics form the basis of the “Complexity
Framework” which is a more comprehensive understanding. This is a framework
which includes origins, definitions, concepts and approaches to mitigate or control
complexity, allowing the user to identify and characterise the complexity within their
system, and by using the framework identify all the other linking characteristics; thus,
he may, perhaps, be able to look for them in the system, and identify an appropriate

mitigation to reduce or control the complexity of the system.

Case studies were used to explore problems arising in programmes and to see how
these problems might be caused or influenced by complexity in some way. Six
different business areas were chosen within a single company to form the basis of
these case studies. The case studies covered air, sea and land base systems, and in
total over 20 different problem issues were identified. From these 20 problems, a set
of common problem issues were found and the relationships between them and the

complexity characteristics within the framework were identified. These relationships
were then fed back into the framework.
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The thesis later examines how these characteristics, once identified, can be quantified,
so not only s the complexity within the system understood - what it is, the nature of

it, where it comes from, what we can do about it, etc - but also how “big” it is:

“The system exhibits a predominantly hierarchical structure x% with some non-

hierarchical structures contained within it y%"

This approach enables a clear, non-subjective, repeatable, consistent and
comprehensive method of understanding complexity within engineered systems, and
also an ability to understand its size. This 1s not a part of the conventional industrial
process — this approach prevents the use of ‘complexity’ as a subjective ‘buzz-word’.
Complexity can now be defined consistently, from system to system, and then
quantified. Systems can be compared and analysed; systems can be better understood.
Furthermore, as systems are being developed using architectural type tools, this
method can be easily incorporated and automated in order to provide feedback to

engineers and project managers within programmes.

Such a toolset as this approach provides allows complexity to be managed, monitored
and checked. The intrinsic complexity of the system can be found within the basic
functional flow diagrams and early system designs;, and as these components are
replaced by real engineered designs, the complexities within them, and within the
concept as a whole, can be compared to give an approximation of the induced
complexity which has been added by design. If detailed designs differ substantially
from conceptual designs in terms of their complexity, then this may well be an issue

in future — by using the framework such effects can explored in more detail.

Although this approach does not directly influence the costs of programmes, it does
provide an additional layer of control other than the standard cost and time controls.
The complexity dimension, added to the common standard programme metrics, mean

that programmes can be managed more effectively.

1.2 The Thesis Background

1.2.1 A Brief Overview of Systems Engineering

Systems engineering is the basis for the project lifecycles of most modern
engineering, and the systems engineering lifecycle (Haskins 2006) is the backbone of

product development. The lifecycle consists of a capability or requirement definition
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which follows through an iterative process, thus refining set requirements. After this
refinement, conceptual designs for the system and sub-systems are created, and
detailed designs then follow. The integration of the sub-systems then begins, and as
the integration progresses, testing is carried out at sub-system and system level until
the integration is completed. Once this testing is complete, then overall system tests

finalise product compliance in terms of the customers’ needs.

The systems engineering process is used widely within the defence industry, and also
within a number of commercial industries. It supports large scale projects such as
Eurofighter, Astute and CVF. The use of this process is expanding, and more
investment in research into systems engineering tools, and techniques is going ahead.
SysML tools (Weilkiens 2008, SysML Partners, Bock 2005) is but one example of

investment in new tools to aid systems engineering in the future.

1.2.2 An Overview of the Challenges of Increased Product
Complexity for Systems Engineering

However, the systems engineering process is facing some tough challenges, as
systems become larger, more intricate, more interoperable, and in need of greater

functionality (IBM 2004, Charles, Philip 2003). Coupled with this is the move from

static requirement bases to evolving requirements, and to capability acquisition rather
than product acquisition. All of this can increase the difficulties associated with the

design, development, modelling, integration and testing exercises within the lifecycle.

The systems engineering process is used on a number of projects. It is considered
robust and is particularly strong when applied to projects with a fixed requirement, or

with fixed capability definitions. The process attempts to finalise the requirements
during the requirements capture phases, and then use these requirements to design
sub-systems which are later integrated into the whole. Design and development of
sub-systems can be planned, managed and conducted concurrently, as the
requirements are fixed, and interfaces between sub-systems are, as a result, fixed and
documented in specifications. However, with requirements which do not stay fixed
throughout product lifecycles, and which need constant updates, the systems
engineering process has to deal with new complexities and challenges. Most modern

defence projects are no longer based on a fixed requirement; indeed, the majority now
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have an initial capability based requirement, from which the detailed requirement

specification is derived.

With the move towards capability based requirements (Taylor 2003), taking the
format ‘we wish to have an ability to achieve set out goals’, rather than, ‘the system
shall do x’, there 1s an emphasis on the contractor to translate the capabilities into an
agreed requirement specification, which is then used for design. The move from a
product-delivery perspective, i.e. ‘the system shall do x’, to a capability-delivery
perspective, i.e. ‘we wish to have an ability to achieve set out goals’ in procurement -
currently evident in many systems engineering domains, including defence - adds an
additional process to the systems engineering lifecycle, and one which must be
addressed. The process represents the translation of capability needs into functional
requirements on which the design is based. Invariably, increasing the scope of the

process will increase the complexity and resource requirement of that process.

With the introduction of smart procurement (UK Ministry of Defence 1999), and the
integration of the Defence Procurement Agency (DPA) and the Defence Logistics
Organisations (DLO) to form a new organisation, Defence Equipment and Support
(DE&S), an additional requirement on product development becomes evident, one
which sets out to integrate support strategies and products with the main product as
one package. As aresult product capability requirements include not only design,
development and testing, but sustainability and logistic support as well. The systems
engineering process currently ends at customer acceptance, but product lifecycles will

now be much longer as products will include the logistic support element.

Defence companies are already creating businesses that specialise in the support and
logistics element of defence systems. Some companies have anticipated this change
in procurement strategy and have created customer support and solutions divisions,

dedicated to ensuring that customers not only get good products, but that part of that
product is the logistic organisation that supports and maintains those systems. The
UK Ministry of Defence as part of its Acquisition Operating Framework (UK
Ministry of Defence 1999) employs the lines of development which encompass what

is expected from newly procured systems:
1. Training

2. Equipment
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3. Personnel

4. Information

5. Concepts and Doctrine
6. Organisation

7. Infrastructure

8. Logistics

9. Interoperability

(UK Ministry of Defence 1999)

The systems engineering lifecycle (Haskins 2006) is built upon a fixed blueprint
design strategy: requirements are collected, refined, agreed, and then (in an ideal
world) fixed. Once the requirements are fixed, engineering practices can be adopted
that accelerate the design and production of the product. The systems engineering
approach enables a product to be split into sub-systems with their own requirement
and interface specifications; these can then be designed simultaneously, using a
concurrent engineering approach. Unfortunately, concurrent engineering practices
can be troublesome when the requirements for a sub-system are subject to evolution
due to technological changes, and demands from customers for these changes to be
included. To combat this, interface specifications are then produced which fix the
interfaces between system elements in an attempt to deal with evolution in design;
however, this 1s not always effective, and can restrict the level of evolution within the
sub-systems, sometimes even preventing customers’ demands from being met. This
design evolution, due to time scales and technology progression, coupled with the
increased interoperability and increased functionality requirements of system
elements, has the potential to increase product complexity. The increase in product
complexity may affect costs, time scales, reliability, predictability, and, in some cases,
even safety; as a result it is important that industry takes steps to understand
complexity within their designs in order to mitigate against risk that could potentially

cost a programme. This presents yet another challenge for systems engineering.
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1.2.3 The Problem Overview

One of the challenges facing systems engineering in the future is the need to better
understand complexity within systems. At present industry does not have a
mechanism for recognising, quantifying or classifying complexity in design - there are
no tools, processes or approaches that characterise or measure complexity effectively.
The tools that are available, although not specifically directed towards complexity,
attempt to characterise or measure complexity and then use their measures to
determine a level of risk. COSYSMO (Valerdi, Boehm et al. 2003) is an example of
this, one which uses a composite complexity measure as a factor in budget estimation.
Industry does not understand complexity — the origins of complexity, its effects,
complexity measurements or metrics, concepts of complexity and approaches to

complexity, all remain elusive and unaddressed.

1.3 The Thesis Objectives in Detail

The understanding of complexity in design and development is of prime importance
when tackling systems with high levels of interoperability, such as are becoming more
and more common. Knowledge of the origins, definitions, measures, coping
mechanisms, approaches and problem issues or effects related to complexity in
systems are part of this understanding; such knowledge increases awareness of
associated risk in products (lack of functionality, not meeting requirements, emergent
properties, inability to model effectively, etc.) and their development lifecycles
(resource requirements, budgets, personnel, time). The more complex a system 1s, the

more it contains a high number of intricate and coupled components (Evans 1987), the

higher the associated risk.

The understanding of complexity in design means developing tools and processes that
enable organisations to reduce, understand or better assess and quantify the
complexity in products, and the risk, effort and potential costs associated with it. This
thesis is a step towards developing that understanding of complexity in engineering
systems, by providing a framework for the understanding of complexity

characteristics in systems and developing a method of quantifying them.
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The Aims of this thesis are:

1. To produce a framework for further research into complexity within

engineering.
2. To provide valuable input into the complexity theme within the SEIC.

The Objectives of this thesis are:

1. To develop an analysis technique that can be used to create a common

understanding, appreciation and concept of complexity within systems

engineering in an industrial context.

2. To determine complexity characteristics within real life systems using

metrics and analysis techniques.

3. To provide a system wide view of complexity within the interfaces and

sub-systems independently as well as a system whole.
4. To validate the tool using real systems and conceptual systems.

Unfortunately, due to time constraints it has not been possible to test the analysis
technique or tool on a real system in the conceptual phase. Defence has been the
primary focus of research, and all major engineering programmes in this industry run
in excess of the 3 years it has taken to conduct this research. It would be much better
to validate the tool output following a real development programme, but in this case it

was impractical.

This research work was conducted closely with a defence company as a part of the
complexity theme within the SEIC (Systems Engineering Innovation Centre (SEIC))
which is a collaborative effort between BAE Systems , Loughborough University and
the East Midlands Development Agency (emda). As a result the work carried out is
highly business and engineering orientated, and is focused primarily on defence
systems. The approach and analysis technique, however, remains applicable outside

of the defence industry, where complex systems are developed.

1.4 Methodology

The problem of complexity spans a number of distinct areas that are all key to

improving industrial performance when developing complex systems. In order to
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develop a toolset that can cope with and address complexity in design and

organisation of all kinds, a number of questions need to be answered.
1. What are the ongins of complexity?
2. What are the effects of complexity?
3. Is complexity within design always a bad thing?
4. How can complexity be measured and understood?
5. What are the best approaches to complex problems?
6. How can emergence be quantified or measured?

7. How can intrinsic and induced complexity be reduced?

The answer to these questions will provide an understanding of complexity, and one
that can then be used to develop tools, analysis techniques, models and new
engineering or organisational approaches. These will then improve the ability of

industry to develop complex systems with a reduced risk.

The area of research set out by the questions above is obviously too large for a single

research project; in fact some of the questions on their own are too great for a single
research project (question S for example). As a result, a focus for this research project
was required, and this focus was one of measurement, and an understanding of
complexity characteristics in systems — that is to say that this research produces an
approach to complexity measurement in systems, and an understanding of the
complexity characteristics that form that measurement. This was chosen as it seemed

the most useful to the projects industrial sponsor.

The following bullet points outline a summary of the method used to develop this
measurement approach in the research project. Initially, of course, the focus was not
one of measurement, but one of understanding complexity and all its facets from a

systems engineering viewpoint; in order to do this the methodology was as follows:

1. The initial step when conducting the research was to gather information
surrounding the subject in order to form a comprehensive literature review of
the subject area (chapter 2). This was achieved by dividing the information
collected into categories, namely: complexity origins; effects; measures; and

approaches and classifications from a number of different disciplines (biology,
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engineering, mathematics, etc.). This method ensured that the breadth of
complexity concepts across disciplines was covered, and specific themes for

each category could be explored; these could later be related to engineering
issues. The literature did not address specifically developmental issues within
programmes, but rather the origins of complexity within development
programmes; consequently, the literature review needed to be bolstered by
case studies from within industry that identified typical industrial problems.
Once collected, each category identified themes within the literature. These
themes (referred to as ‘types’ within the framework) were focused on a
commonality between various characteristics identified within each category
under scrutiny. The definition of each category of complexity contained the
following themes: reducibility; difficulty in modelling difficulty in

understanding, etc.

2. Information was collected regarding problems within industrial programmes.
Case studies were used, and an interview technique was utilised, in order to
gather data, and any accounts of the difficulties that exist or have existed
within engineering programmes, along with any solutions that were
implemented. The issues that arose from the case studies were then later
explored in more detail, linking them to phases of the development lifecycle
and attributes of the programmes, such as timescales, budget, and resources.
Although each interviewee was given a directive as to the focus of the
research, there was a distinct risk that some problem issues identified and
documented would not be a result of complexity within the system or design

process.

3. The problem issues identified in each case study were linked to complexity
themes or characteristics found within each category, as explored in the
literature review. These links enabled an identification of the common
complexity characteristics as they exist between different problem issues; only
the most common characteristics of complexity were linked, along with
problems that have similar complexity characteristic mappings. The difficulty
in linking problem issues with complexity characteristics is that, in some
cases, there may not be a clear relationship between the issue or issues and the

complexity characteristics, as no clear distinction has been made between
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issues resulting from complexity and those which have not. In addition, some

complexity characteristics are more easily mapped than others.

4., A framework was developed, based upon the links between complexity
characteristics; this included definitions, origins, problem issues, measures,
concepts and classifications. The development of this framework was
achieved by means of an analysis of any linkages between complexity themes
within the categories, along with the previous analysis of linkages between
problem issues within industry. These linkages form the basis of the

complexity understanding, and thus form the Complexity Framework.

This was the point at which the research moved towards the production of a concept
of complexity measurement, a quantifying strategy for complexity in systems. This
production was built upon the understanding gathered from the work described above.
The next stage in the methodology was to create the analysis approach for complexity

in systems, and to test this approach. This was achieved in the following way:

5. A measurement tool was built, together with an approach to complexity within
engineering. This was achieved by utilising a typical product development

lifecycle consisting of requirements capture, design, development, testing and
validation.

a. Discussions were conducted which aimed to gather requirements from
the industrial sponsor. These discussions helped to highlight issues or
concerns raised by the sponsor concerning the development or future

use of the tool or approach in development.

b. The development phase was iterative, with the initial tool developed
and tested using real system data. The results generated by the tool

were then analysed, and improvements made to the tool; the data was

revisited if necessary.

c. The testing and validation of the approach, and of the tool developed,
was difficult under the circumstances encountered. In order to validate
the tool outputs there needs to be a datum to validate against; currently,

the tool has been tested against already existing systems.
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Introduction of the Roadmap

This section is an overview of the thesis structure in detail — it provides a roadmap

that will act as a guide throughout, and will be offered again as key milestones in the

thesis are reached.

The thesis is structured as follows:

1.

2.

3.

Introduction — This chapter introduces the research that was done, outlines

the structure of the thesis and provides an overview of the work.

State of the Art Review on Complexity - This chapter is a literature review
which serves to generate a comprehensive and detailed understanding of
various complexity components or characteristics in systems engineering:
definitions; examples of system; causes or origins of complexity; concepls or
classifications of complexity; measures and approaches, or coping

mechanisms of complexity. This understanding is then used to create a

framework of complexity in engineering.

Statement of the Complexity Problem with regard to the Engineering
Lifecycle - This chapter uses the literature review (chapter 2) to determine
what the potential complexity issues are within engineering systems. This
section evaluates the changes in the defence sector and procurement strategies
and outlines the problem to be tackled by the research. This is then
elaborated by comparison with ‘real world’ problems investigated within

chapter 3.

Initial Complexity Case Studies - The following section analyses a set of
case studies which identify typical industrial problems and also how they may
be complexity issues, or related to complexity issues. It expands on the

theoretical nature of chapter 2, and the problems identified within chapter 3.

Introduction to Complexity Characteristics and Mapping of
Characteristics to Complexity Problem Issues - This chapter identifies some
of the key and common aspects of complexity problems in engineering systems
using information gathered from the literature within chapter 2 and also from
the initial case studies from chapter 3. The case studies within chapter 4 are
then mapped onto these complexity characteristics, which leads onto the

Complexity Framework which is described in chapter 6.
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6. The Characteristics of Complexity and their Inter-relations: A
Complexity Framework - This chapter examines the relationships between
various complexity characteristics. These characteristics were determined

from the literature search in chapter 2, the case studies and the interactions
within the case studies of complexity components in chapter 4. The output is a
framework of complexity which can be used as an aid to creating various
measurements, coping mechanisms or management approaches for complexity

in engineering’

7. Measurement of Complexity in Engineering - This chapter narrows the
scope of the thesis to focus on measuring complexity characteristics. It
contains a summary of the complexity measures that were found in the

literature search within section 2.7. These are then down selected against
what is considered useful for engineering: the background to complexity
problems in engineering from chapter 3, the problems and issues within
engineering that may need addressing in chapter 4 and the understanding of
their relationships to different complexity characteristics in chapter 5; and
assessments of how easy to apply the measures are (available data etc.). This
information then filters into creating the complexity measurement tool in

chapter 8.

8. Industrial Case Study Data and the Complexity Measurement Tool - This
chapter takes the information regarding complexity issues and their mappings
to complexity characteristics in chapters 4 and 5, and then using the measures
that are useful from chapter 7, creates an analysis tool for complexity in

systems (including the sub-systems and interfaces).

9. Results Analysis - This chapter details the results that were generated from
the second set of case studies outlined within section 8.2 using the complexity
analysis tool outlined within section 8.3. Once the results are collected and

shown they are then compared and conclusions made regarding the tool and
data.

10. Changes to the Tool -This chapter details the changes that were made to the
complexity measurement tool as a result of the first set of results and the

analysis within chapter 9. The conclusions formed from those results lead to

Craig Read Page 41 12/11/2008



Complexity Characteristics and Mcasurement within Enginecring Systems

the introduction of some other metrics, the removal of some metrics. The new
results from the new metrics have been included here, and these metrics are,

maturity, increased statistics and spreads for interface types and commonality.

11. Discussion - The following chapter reviews all the work so far, the initial
development of potential complexity problems from case studies (chapter 4),
the mapping of those case studies onto complexity characteristics and the
creation of the Complexity Framework (chapter 3), the understanding of the
relationships between different complexity characteristics (chapter 6), the
understanding of measurement of complexity and how it relates to complexity
characteristics (chapter 7), the development of a complexity measurement tool
and strategy (chapter 8), the analysis of the results from that measurement
strategy (chapter 9) and the improvements made to the tool as a result of
evaluation (chapter 10). Finally a reflection back on the work, what could be
improved, what work is required and an assessment of how well the work met

the set out objectives.

12. Conclusion - The following chapter details the conclusions of this thesis. The

conclusions refer back to the discussion within chapter 11 against the aims set

out within section 1.3.

A flowchart has been developed as a guide through the thesis, indicating sections in
the work, and the relationships between these sections. This roadmap and summary 1s
first presented here, and from this point will appear at the beginning of every chapter

with a short introduction and summary.

1.6 Outputs of the Thesis

The following is a diagrammatical view of the layout of the thesis including the
different outputs, and the flow of work.
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Complexity Problem

Issues From Case
Studies Chapter 4

Literature Review
Chapter 2

Complexity

Complexity Component and
Measures - - Characteristic Store
Chapter S

Chapter 7

Complexity Problem
Table
Chapter 5
l Complexity Problem
I Matrix Chapter S
Complexity
Measurement Tool
Chapter 8

Complexity

Framework
Chapter 6

Complexity
MeasurementTool

Refinement
Chapter 10

Figure 2 - The layout of the work and the thesis outputs roadmap.

The following are the elements within the flow diagram shown within Figure 2:

Complexity Component and Characteristic Store (CCCS) — A product of
the literature review, and problem analysis, the store contains different

complexity attributes and problem issues.

Complexity Problem Table (CPT) — A table which describes how the
various aspects of the problems inter-relate. It also contains details regarding
any coping mechanisms or approaches that were implemented. These are
recorded and related, in order to improve the understanding of the problem

1ssues within engineering.
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Complexity Framework — The Complexity Framework or Complexity
Framework shows the various attributes and characteristics of complexity, and

how they interact and affect each other.

Complexity Problem Matrix (CPM) —The mapping of complexity
characteristics from within the CCCS to the complexity problems identified

within the case studies.

Complexity Measurements — A detailed look at complexity measurement,

using data gathered from the literature review and the CCCS.

Complexity Measurement Tool (CMT) - The complexity measurement tool,

and approach is the primary output of the thesis.
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2 State of the Art Review on Complexity

This chapter is a literature review which serves to generate a comprehensive and
detailed understanding of various complexity components or characteristics in
systems engineering; definitions, examples of systems, causes or origins, concepts or
classifications, measures and approaches or coping mechanisms of complexity. This

understanding is then used to create a framework of complexity in engineering.

2.1 Introduction

This section of the thesis 1s an outline of the literature review undertaken to collect
information concerning complexity from various disciplines. The review is centred
on information regarding the following areas of complexity, and in the following

order, with an introduction to complexity in engineering:

e Definitions of Complexity and their appropriate domains, providing different
views for how complexity is described, what constitutes complex systems, and
what attributes are common to complex systems. This also enables common

themes within definitions to be established.

o Complex System Examples, from both engineering and from nature,
providing insight into what constitutes a complex system, and how these

systems compare with definitions.

e The Causes of Complexity, the origins and effects of complexity in
engineering and other disciplines, helping to understand how complexity

affects engineering design processes, products or systems.

o Complexity Concepts and Classifications, the conceptual ideas surrounding
complexity in various domains, and the types of complexities that can exist

also form a valuable part of the complexity understanding that the literature

review 1s trying to develop.

o Complexity Measurement, the various different measures and their
approaches are of great importance to the industrial sponsor, as measurement
of complexity is one method of showing improvement in engineering

processes at reducing complexity in systems that is costly.
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¢ Complexity Coping Mechanisms and Approaches, help to control the
unnecessary complexity in industrial products or systems. Understanding

what the available mechanisms or approaches are is of key interest to the
industrial sponsor and is very useful when considering the complexity

understanding.

As complexity is such a widely researched topic, the categories were chosen for an
exploration of complexity in a variety of different disciplines, not merely engineering;
some mathematical and biological sources are also included. The inclusion of a
number of different disciplines allowed cross fertilisation of ideas and concepts;

however, engineering is the focus of the work.

Problem areas were excluded from the literature review as they were case study
specific, and specific to the industrial sponsor. Problem issues were identified from

these case studies (see chapter 4) and consequently do not form a part of the literature

review.

2.1.1 Complexity Research Programmes in the UK, Europe
and Worldwide

There are a number of complexity research programmes within the UK, Europe and
worldwide. A large investor in complexity research in the UK and Europe is the

Engineering and Physical Sciences Research Council (EPSRC). The EPSRC has a

number of research and teaching strands within the complexity domain, including:
e £12 million of research funded in novel computation: coping with complexity
e £0.6 million for taught courses in complexity and complex systems
e £10 million investment in a 5-year centre in Large Scale Complex IT Systems

e £8 million over five years for two Doctoral Training Centres in complexity

science

e £2.5m for Fundamentals of Complexity Science 2007

The EPSRC also co-ordinates the Complexity-NET organisation, which aims to link
complexity research and training activities carried out at different institutions

throughout Europe using the ERANET scheme for Complexity Science.
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The Santa Fe Institute, founded in 1984, is a private, non-profit based independent
research and education centre, specialising in multidisciplinary collaborations in the
physical, biological, computational, and social sciences. The institute specialises in
the complexity domain and considers the understanding of adaptive complexity to be
critical when addressing key environmental, social, technological, economic and
political challenges. The research strands or “topics” are founded on these concepts
and are detailed within Table 2 below.

Santa Fe Institute Topics | Programmes within Topic

Physics of Complex Non-equilibrium Statistical Physics and Self-Organization

Systems Quantum Information and Decoherence

Networks: Social, Biological, and Technological
Scaling, Universality, and Quantitative Laws of Life

Emergence, Innovation & | Innovation in Biological Systems

Robustness in Innovation in Technological Systems

Evolutionary Systems Innovation in Markets

Robustness in Biological and Social Systems

Quantum Algorithms and Cryptography
Phase transitions in NP-Hard Constraint Satisfaction Problems

Information Processing &

Computation in Complex
Systems Pattern Discovery in Time Series and Spatiotemporal Data
Evolving and Understanding Computation in Cellular Arrays
Statistical Order and Robust Information Processing
Biologically Inspired Solutions to Computational Problems
Financial Markets as an Empirical Laboratory

The Cost of Money as a Public Good

Emergence and Robustness of Community Structures

Dynamics & Quantitative
Studies of Human

Behaviour
Geographic Structure, Demographic History, and Approximate Bayesian

Computation

War-time Sexual Violence

Agent-based Modelling in the Social Sciences

The Dynamics of Civilizations

The Evolution of Human Behaviours & Institutions

The Evolution of Human Languages

Origin, Synthests & Form of Life

Emergence, Organization

& Dynamics of Living The Emerging Ecology of Living Systems
The Emergence of Social Ecosystems

HIV Propagation and Treatment

Systems

Table 2 - Santa Fe Institute topics, programmes and research activities.
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The Santa Fe Institute attracts scientists and researchers from universities and
governments globally, and also offers educational courses that reside with the topics

above. The institute is involved with other projects and businesses in its research

activities.

The Institute for Complexity Sciences (ICC) supports research within the complexity

domain, contributing to workshops, conferences and seminars. The ICC aims to:

a) Promote interdisciplinary collaboration in scientific domains where the notion

of complexity has an essential role, such as:
a. Net structure and dynamics
b. Languages, computation and system simulation;
c. Socio-economic system dynamics
d. Natural computation and new computational techniques
e. Auto-organization: organisms and aggregates

[ Management and development of resources

b) Support the development of a common language between mathematicians,
physicians, economists, sociologists, biologists, linguists and computation
scientists, as well as to maintain a forum, opened to researchers in the above

domains, allowing crossed fertilization of their disciplines,
c) Provide services to the community;

d) Cooperate with public and private entities, concerning mutual interests in the

domain of research, education and services to community;

e) Promote contacts and cooperation with foreign universities and research

centers and international entities
f) Organize advanced education courses
g) To attain its goals, ICC must develop the following activities:
h) Research projects
i) Seminars, conferences and similar activities

Jj) Publications
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k) Advanced education courses and research direction

(ICC 2008)

The New England Complex Systems Institute (NECSI) is an independent academic
research and educational institution. In addition to its own faculties, NECSI also has
co-faculties, students and affiliates from MIT, Harvard, and other universities both
nationally and internationally (NECSI 2008). The areas of study of NECSI include
networks, agent-based modelling, multi-scale analysis and complexity, chaos and
predictability, evolution, ecology, biodiversity, systems biology, cellular response,
health care, systems engineening, negotiation, military conflict, ethnic violence, and
international development. NECSI also offers practical courses and a variety of

literature to support the educational strand of the organisation.

2.1.2 Complex Systems Societies

The Complexity Society is based in Manchester, within Manchester business school
and institute of innovation and research. The society was formed in 2002, as a result
of conversations between Peter Allen of Cranfield University and Elizabeth McMillan
of the Open University. These conversations resulted in the invitation to attend a

meeting at the Open University to present their ideas.

The aims of the society are as follows:

“The Society seeks to CONNECT, DISSEMINATE, INFORM, TAKE ACTION.

e CONNECTING individuals and groups enthusiastic about complexity and
providing a 'home' for complexity in the UK

o DISSEMINATING, communicating and spreading ideas and insights using

public seminars, conferences, Internet, publications

o INFORMING and educating individuals, organisations, government and

policy makers at local and national levels

o TAKING ACTION, practising the values we espouse and moving Complexity

into the mainstream of UK and European life”

(Complexity Society 2008)
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Today 1t has a growing membership and has produced a number of papers on various
subjects including Organisational Design (Elizabeth McMillan 2001) and agent based
modelling (Volterra Consulting Ltd 2003).

The Centre for Social Complexity (CSS) of George Mason University aims “fo
advance the knowledge frontiers of pure and applied social science, by using and
developing computational and interdisciplinary approaches that yield new insights
into the fundamental nature of social phenomena at all levels of social complexity,

from cognitive networks to the world system.” The centre “aspires to contribute as a
scholarly collaboratory of excellence, discovery, and invention, pursuing the highest
standards, and functioning as an active, cutting-edge leader and participant in the

emerging international computational social science community.”

The Complexity Science Research Centre is an Open University based research centre
which was established in spring 2001. The Complexity Research Centre has four key
objectives which are set out within four distinct themes - exploration, design,

innovation and implementation. The objectives are as follows:

o “Exploration - To carry out, encourage and assist interdisciplinary research
and collaborative explorations on complexity science within the University,

the UK and internationally. “

e “Design - To create imaginative and robust models using the latest concepts
and techniques in such areas as organisations and management, computer

simulations, traffic systems and environmental systems.”

e “Innovation - To encourage creative and highly innovative research while

working closely with other research groups, interested individuals and UK

and international organisations. “

e “Implementation - To promote and apply the theoretical and practical

applications of complexity science with seminars, conferences, networking,

publications and consultancy.”
(Complexity Science Research Centre 2008)

This centre maintains links with the Open University Complexity Society, and has the
following overall objective “to establish the Open University as an international

centre of excellence and expertise in complexity science research.”
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The Centre for the Study of Complex Systems or CSCS, is a group of researchers

from a vanety of disciplines including biology, cognitive science, computer science,

political science, psychology, information, physics and political science. Established

in 1999, it has been driven by the following goals:

e To catalyze and encourage research in complex adaptive systems at the

University of Michigan

o To expand and coordinate educational opportunities in complex adaptive

systems at UM

o To explore the boundaries and overlaps between the complex systems

approach and more traditional approaches within the University and business

communities

o To form a community of complex systems researchers and students-both at

UM and throughout southeast Michigan

o To enhance the University of Michigan's world-wide reputation in complex

systems research and education

o To raise funds through government and foundation grants, private and

corporate donations to support CSCS activities.

The centre is conducting a number of different research activities:
o A weekly Complex Systems seminar series
e Anannual UM-Santa Fe Institute Workshop
e Complex Systems Graduate Certificate Program
o Anannual Nobel Symposium

e Regular co-hosting of conferences on complex systems with other research

groups on campus
o Regular workshops on complex systems techniques

o A complex systems computer laboratory for teaching and research on agent-

based models

o A CSCS web site (www.cscs.umich.edu)
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o (Complex Systems Advanced Academic Workshop (CSAAW)

o Complex Systems Reading Group (CSRG)
e Support of interdisciplinary faculty research projects
o Coordinated hiring of complex systems faculty in departments across UM

e Development of new initiatives and proposals for external funding from

government agencies, private foundations and corporate partners.
(Center for the Study of Complex Systems 2006)

These activities contribute to the goals of the centre, covering a range of different
disciplines, and providing links between the centre and other institutions that are also

working on similar projects.

There are also various complexity research centres within Warwick University and

Hertfordshire University which provide contributions to the area of complexity

science.

2.1.3 Centres of Excellence in Complexity Systems, Design

and Engineering

There are a number of centres of excellence concerned with complexity systems,
design and engineering throughout Europe and the rest of the world. The Systems
Engineering Innovation Centre (SEIC) is one such centre, a collaboration between
Loughborough University, BAE Systems and the East Midlands Development
Agency. The SEIC offers both training and research facilities, working closely with

industrial partners to develop effective toolsets, processes and expertise, in order to

improve overall industrial effectiveness, and was set up to:
e To promote and enhance Systems Engineering as a strategic discipline
e To create multi-disciplinary engineering

e To focus on the core competencies underpinning profitability and growth,

namely Systems Engineering and Project Management

e To address the Systems Engineering challenges associated with increased

complexity, degree of integration, novelty and nisk.
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¢ To encourage a collaborative hub with other strategic academic and industrial

partners.

e To obtain cross -fertilisation of ideas through involvement with partners in

other sectors and applications

e To apply the benefits of integrated research-led teaching to the commercial

world.

The research was divided into themed areas, and each theme contains its own strands
of research: one of these themes is complexity, focusing on the difficulties in

developing large complex systems.

Systems Engineering and Integrated Systems for Defence - Autonomous and Semi-

autonomous Vehicles Defence Technology Centres (SEAS-DTC) are virtual centres
of excellence established in broad technology areas that are of significant importance
to the delivery of UK defence capabilities. It consists of a consortium of industrial

partners including BAE Systems, MBDA, Selex, AOS, Rolls-Royce, Roke and CAE.

Their strategic aim is to provide more rapid pull-through of low maturity research into

the UK MOD’s defence equipment programme.

The Cambridge Engineering Design Centre (EDC) conducts research activities with
the aim of generating knowledge, and improving understanding, methods and tools
that contribute to the design process (EDC 2008). The Cambridge University EDC

conducts its activities within research themes:
e Knowledge Management
e Process Management
¢ (Change Management
e Computational Design
e Healthcare Design
¢ Inclusion Design
e Design Practice

o Service Design

Craig Read Page §1 12/11/2008



Complexity Characteristics and Measurement within Engincering Systems

These themes, along with a number of collaborative projects working closely with
industrial partners enable this EDC to innovate and develop new tools, ways of

working, modelling approaches, knowledge and education within the complexity

domain which is of utility for engineering systems.

The Newcastle University EDC has specific research and educational strands within

the complexity domain, namely the “Complex process integration and coordination”
theme (Newcastle University EDC 2008).

It has continued to develop its reputation within industry for delivering original and
practical research, developing methodologies for tackling, designing, sustaining,
modelling, supporting and optimising complexity within engineered systems. The
EDC works closely with the EPSRC to ensure its activities provide benefit to

industrial stakeholders.

The Santa Fe Institute 1s another centre which provides education and research
material within the complexity domain (see Table 2). Also linked with industry
working in a number of different disciplines, the Santa Fe Institute contributes heavily

to the complexity domain as a centre of knowledge, research and industrial

collaboration.

2.2 What is Complexity in Engineering?

Systems complexity in engineering is one of the challenges faced by systems
engineering (IBM 2004, Charles, Philip 2003, Bar-Yam 2003).

Complexity in systems is not limited to design. Indeed, it occurs in a number of ways
within systems; the requirements capture phases, design phases, integration phases, or
in some cases capability capture phase. In other words, it has a presence throughout
the whole lifecycle. Complexity exists within design; within new technologies
(perhaps immature technologies); within the interfaces between system elements;
within the size of the system; and within hardware and software. There is complexity
in the organisation that develops the system; in the internal policies between business
units, mergers and acquisitions; and in policies between prime and sub-contractors.
There are complexities that are associated with manufacturing the system; the supply
chain to manufacture, the manufacture process, and lack of commonality in

manufacture procedures. There are complexities in the operation of the systems; and

Craig Read Page 54 12/11/2008



Complexity Characteristics and Mcasurement within Enginecring Systems

in the emergent properties within new systems in an operational environment that

were not predicted.

In order to improve the understanding of complexity, various different definitions
were examined and the relevance of these definitions to complexity issues within

engineering was identified.

2.2.1 Early Research into Complexity and Systems Design
and Engineering

Kemal A. Delic and Ralph Dum (Kemal A. Delic, Ralph Dum 2006) discuss the
“Historical Prologue to Present Research” within their paper titled “On The
Emerging Future of Complexity Sciences”, found on the ubiquity website (Ubiquity
2008). This brief account uses their article to describe how complexity science
evolved into what it is today. In their paper they discuss the beginnings of era of
complexity science; they write that “approximately as the war-related work on large
scale system optimizations and intensive simulations in nuclear research. Practical

needs and problems evolved into academic work engaging some of the most brilliant

scientist of that time.

Their paper discusses the emergence of Complexity Science and the evolution of that
science over the years, identifying Weaver’s paper (Weaver 1948) as potentially one
of the first significant works within the field of complexity science. The paper points
to different research stages which span 350 years, starting with ‘simplicity’, to
‘disorganised’ and moving toward ‘organised complexity’. ‘Simplicity’ represents a
stage of low dimensional problems with perhaps two variables; ‘disorganised
complexity’ involves a much higher number of dimensions or variables (billions);

while ‘organised complexity’ is a space within which both living and man-made

systems reside.

Traditionally, the scientific approach to the understanding of systems was to vary
single variables within systems, and study the effects of this change. This approach
would work for small, simple systems, and an understanding of their behaviour could
be formed by this method; however, with systems that are complex, varying a single
value would not necessarily produce results that were readily interpretable.
Understanding these systems (economic systems, large human organisations, weather,

etc), and working with them required a new approach. Cybernetics, "the science of
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control and communication, in the animal and the machine"” (Wiener 1965), was a
key stage within the evolution of complexity science as it offered an approach to

dealing with complexity; and among the pioneers of this arca of research were Ashby
and Weiner (Wiener 1965, Ashby 1976).

In his work, Ashby offered a law of pre-requisite variety, a law that states that “the
complexity of a control system must be equal to or greater than the complexity of the

system it controls.” This means that simple systems only require simple controllers,

whereas complex systems require complex controllers.

The concept of complexity was later expanded upon by the Nobel Laurcate for
economics, Herb Simon (Simon 1962). Kemal A. Delic and Ralph Dum discusses, in
his paper ‘The Architecture of Complexity’, “hierarchy as a distinctive structure
feature of complex systems and at the property of “near decomposability” simplifying
the description of complex systems.” This idea was later enhanced by a paper, “More
is Different’, by P. W. Anderson (Anderson 1972), which focuses on the idea that
complex systems are more than the sum of their parts; in a sense, complex systems
represent a Gestalt, one which exists as a result of various connections between
elements within systems that exhibit emergent properties that otherwise could not be
predicted. Anderson, Gell-Mann and Kenneth Arrow later went on to found the Santa
Fe Institute in 1984. Kemal A. Delic and Ralph Dum’s account of the history

describes this as a “milestone in the development of a science of complexity”.

2.2.2 The Development of Measures of Complexity

Cosma Rohilla Shalizi’s, in his brief notes (Shalizi 2008) which cover the
development and early history of complexity measurement, states that, usually, the
first complexity measure is traced back to Kolmogorov complexity (later renamed
“algorithmic information”), a measure of the shortest computer program capable of
producing a given output (string of characters). Kolmogorov complexity is not easily
computable, and does not specifically calculate the complexity of a string; rather, it
describes how random the information contained within that string is. 1t is, therefore,
a measure that is very difficult to apply, and has descnibed as “solemnly taken out,
exhibited, and solemnly put away as useless for any practical application”. Cosma
Rohilla Shalizi goes on to say that “generally speaking, complexity measures either

take after Kolmogorov complexity, and involve finding some computer or abstract
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automaton which will produce the pattern of interest, or they take afier information

theory and produce something like the entropy” (Shalizi 2008).

Those measures that have been developed as a consequence of Kolmogorov include
Bennett’s logical depth (Bennett 1988), other information theory measurcs (Shannon
1948), and computational complexities. Since these initial ideas, complexity
measures have been under development within a number of different domains,
including engineering. Connections with network theory have enabled complexity
measurements to be applied to architectures and system designs, along with biological

ecosystems; and the field of research continues to expand.

2.2.3 The Development of Network Theory

Marta Gonzalez describes networks as “a set of items, called nodes or vertices, with
some connections between them called links or edges.” (Gonzalez 2006). Systems
that take the form of networks exist all around us - financial systems, the internet,
social networks (facebook, MySpace), infrastructure (roads, communications, power

distribution), information networks in defence systems (Network Enabled Capability,

NEC); even within the biological world networks exist, such as food chains or

ecological networks.

While all very different, these networks all contain nodes and links, and can be
analysed using graph theory (Reinhard 2005). Graph theory can be used to
understand networks, and includes concepts of network theory such as spanning trees
(Irvine 1996), where links between nodes have “length” and direction, so information
flow throughout the network can be modelled. Network theory can be applied when
modelling complex systems, determining the potential paths for information between

nodes (links to Senge’s (1994) concepts of dynamic and detail complexity, see section
2.6).

Research into the social aspect of network theory has included the “strength of weak
ties” within social networks (Tesson 2006). Mark Granovetter conducted research
which looked at where job applicants heard about the jobs they were applying for
(Granovetter 1974). This research determined that the strong links within the
applicants’ social network (i.e. friends, family, immediate work colleagues) were
often not responsible for providing information which ultimately leads to finding a

job; instead, it was the weaker links — acquaintances, for example - that provided this
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information. Granovetter suggested that these weak links acted as “network bridges”
between two networks with strong connections that would otherwise remain

unconnected.

The “small world” concept of network theory developed by Watts and Strogatz,
further expanded on the idea of the strength of weak links by seeking a mathematical
explanation. The model developed by Watts and Strogatz showed that these “small
world” networks were neither random nor regularly organised, but were, in fact, a
structure that sat between the two. As with Granovetter’s concept of the strength of
weak links, Watts and Strogatz determined that small networks contain long length
links within the structure that are able to join together two highly connected nodes or

hubs.
The concept of hubs has been further expanded by Albert-Laszlo Barabasi (2002),

who argued that there are some nodes which are often more highly connected than
others, and these are known as “hubs” within networks. Ideas such as this can be
applied to failure analysis within systems, whereby one system component is highly
connected to other system components, and consequently is a leading cause of overall

system failure as a result of being on many information flow paths within the

network.

Network theory, combined with graph theory, continues to be a driving force in the
development of concepts to support, understand, quantify and model complex

systems, be they social, engineered, or mathematical in nature.

2.2.4 Agent-Based Modelling

An agent-based model (ABM) is a computational model for simulating the actions
and interactions of autonomous individuals in a network, with a view to assessing
their effects on the system as a whole. Each element or agent within the network acts
in its own interests, with individual goals or objectives; simulating the interactions of
these agents enables the identification of the emergent behaviour, or complex
phenomena that results from them. ABM combines elements of game theory (game
of life), complex systems, emergence, computational sociology, multi-agent systems,
and evolutionary programming along with using Monte Carlo Methods to introduce

randomness within simulations. The simulation technique is powerful, and suggests a
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variety of applications in a number of different disciplines (enginecring, commerce,
Al).

The Multi-Agent Systems Lab (MAS Labs 2008) 1s part of the Computer Science
Department at the University of Massachusctts at Amherst. It 1s concerned with
developing and analysing sophisticated artificial intelligence problem solving and
control architectures for single and multiple agent-based systems. Organisational
design, performance and adaptation research projects within KB-ORG (an automated
knowledge based organisation designer for multi-agent systems) were created for

developing organisations with different requirements and environment expectations

(MAS Lab 2008).

Engineering projects have included the Autonomous Negotiating Teams (ANTS)
project. This project analyses the coordination of constrained resources in an
uncertain real-time domain. Within this project the coordination of radar sensors was
explored when tracking targets, thus developing negotiating strategies dependant on

the demands of the environment on the system at any particular time (MAS Labs

2008).

ABM can be used to model organisational structures where agents may be business
units, individuals, or groups within an engineering development team. ABMs may
also be applied to engineering designs, such as autonomous sub-systems which
exchange information with the individual sub-systems, making decisions based on

this information, such as autonomous reconnaissance systems.

2.2.5 Dynamical Systems and Chaos

Dynamics is the study of change, and a Dynamical System is a system containing
variables which interact and change in time. Examples of dynamical systems are the
stock market and the economy, climate, population, ecosystems, and also

mathematical systems (Spiegelman 1997).

Lorenz studied mathematical dynamical systems and developed the concept of strange
attractors within those systems, which show how the trajectory plot of a dynamical

system moving through time in 3D space, in some cases, tends towards specific points

- attractors.
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Changes in the relationship between two variables in some cases are independent of
scale, an example of which is the optimum cruise spced and size of flying objects.

This relationship has been followed through from objects such as insects right through

to 747 civil airliners.

Scaling and power laws enable a much richer understanding of the relationships
which can exist within dynamical system variables. These relationships that can be
established within systems might otherwise have been overlooked or missed, and may

be crucial to understanding how the system works.

In the field of complexity, relationships between variables is extremely important -
increasing the ability to understand variable relationships means that networks of
interaction within systems can be greatly increased. This improved knowledge and
increase in the understanding of the relationships within systems means that science is

able to determine the reason for the relationships existence and improve knowledge of

that system.

2.2.7 Cellular Automata and the Edge of Chaos

Cellular automata is name given to the relationship between a cell within a network
and its neighbours. Examples of such a system is the “game of life” (Conway 2000)
in which a cell is either lit or kept in darkness, and will change colour depending on
the current state of neighbouring cells on the next clock cycle, depending on a user-
provided rule. In this example with a grid of perhaps 50 by 50 cells, with a
randomised initial state for each cell (lit or dark), processed clock by clock, the cells
change their state depending on the user-defined rule. Initially, the behaviour of the

grid seems to be random - cellular states flicker with little or no pattern; however, as
the process continues regular patterns emerge, in some cases rapidly. The point at
which a system (like the game of life grid of Conway), moving from a state of
disorder or randomness (a chaotic state) to one of order and regularity with little to no

transition period, is known as the “edge of chaos™.

Jeffery Johnson’s article, entitled “Can complexity help us understand risk?”
(Johnson 2006), describes the history of the development of cellular automata

research, beginning with Conway’s game of life.

Wolfram (1994) studied cellular automata and was surprised to find that the outputs

were not simple regular patterns; rather, what emerged from running these grids of
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cells with a set rule was a “pattern that seems extremely irregular and complex.”

Wolfram later determined four classes of output from such a system:

1. All cells become alive or all the cells die, irrespective of the initial conditions.

2. The final state consists of simple structures that may repeat.

3. The behaviour is more complicated with triangle and small structures

appearing at random.

4. A mixture of order and randomness; localised structures are produced which

on their own are simple but interact with other structures in complicated ways.

(Wolfram 1994)

Langton suggested a value lambda to investigate the behaviour of cellular automata;
as this value increased the behaviour of the system was found to progress through
Wolframs classes in the order 1, 2, 4 and finally 3. Langton discovered there was a
critical value at which class 4 existed, between ordered, structured, and random

behaviour. This was later called the “edge of chaos”, a point at which the behaviour

is a mixture of structured and chaotic behaviour.

2.2.8 Simulation
Edmonds’ paper titled “Simulation and Complexity” (Edmonds 2005) begins with the

question “Do simulation models really help us understand complex phenomena?” In
some domains the system is sufficiently complex that standard equation-based and
statistical models are often impractical or even impossible to apply (Edmonds 2005),
posing its own problems and issues. Often it is not possible to model the phenomena

completely; in order to do so would mean a direct replication of it and this is often
impractical and defeats the point of modelling. Edmonds also states that
“inappropriate use of any kind of modelling generates more confusion than it sheds

light” and states that this danger is increased for complex phenomena.

In his paper Edmonds identifies three distinct problems regarding simulation

modelling of complex phenomena:

o The presentation of models that are intuitively plausible but with little solid
relation to their intended domain. Such models are developed to aid

conceptual or formal exploration but then convince their authors to such an
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extent that they then project the model upon their domain, drawing unjustified

conclusions about it.

o Different types of models are conflated in terms of use and judgement, so that
a model that was developed and validated for one kind of use is then used or
interpreted as if it were valid for a different use. For example a model may be
developed as if it were a predictive model but then tested according to criteria

suitable for an explanatory one.

e Since programming is apparently much more accessible than doing
mathematics (going by the numbers able to do each) — many more people can
build models and discover something. This has both positive and negative
aspects, its accessibility has the effect of democratising a field making it less
prone to persuasion via mathematical opaqueness but on the other hand the
lack of the implicit filter that mathematical competence means that there are

more badly constructed or sloppily applied models around to confuse.

Edmonds also identifies the use of models.

e Simulation models can be used for many purposes, including:

o Entertainment, as in ‘SimCity’

o Art, to produce pleasing or expressive artefacts

e Jllustration, to animate a phenomena one wants to communicate

o Pseudo-Mathematics, to determine the properties of the simulation in the

abstract

e Mediation, as a medium with which to communicate or negotiate

e Design, as a way of testing an idea for a design before most costly

construction occurs

e Science, i.e. helping to understand observed phenomena

Agent-based modelling or simulation consists of software objects (agents) which
interact with each other and a virtual environment. Each agent is independent and can
react to and have influence upon the virtual environment within which it resides. This

method of modelling or simulation can be used to create models of complex systems.
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Examples of models of this nature arc computer programs such as “Sim City”
(Electric Arts 2008), a computer based game/simulation of a city environment where
independent agents interact with each other based on a set of rules defined by the
game player. The results of these generated rules (assigning land to residential,
commercial or industrial zones, for example) then influence the behaviour of the
agents, and in turn this behaviour generates feedback to the game player in the form

of economic prosperity, crime rates or approval rates within the virtual city.

Nigel Gilbert of the Centre for Research on Social Simulation (Nigel Gilbert 2004)
talks of computer simulations using agent-based modelling approaches, such as the
SimCity computer game. He notes that “the breakthrough came when it was realised
that computer programs offer the possibility of creating ‘artificial’ societies in which
individuals and collective actors such as organisations could be directly represented
and the effect of their interactions observed.” He also notes that “another benefit of
simulation is that, in some circumstances, it can give insights into the 'emergence’ of

macro level phenomena from micro level actions.”

A lot of additional simulation tools have been developed within engineering that

model and simulate engineering systems. These simulations include packages such as
Telelogic’s Rhapsody tool which can simulate systems created in SysML. These
models can be used to dynamically model systems in software and hardware with
software representations. These simulations have proved to be extremely effective in
the product development process, and the use of ‘synthetic environments’ within
which real or mock systems can operate is becoming a frequently used tool within
industry when developing large systems with many interconnections, or when

connecting a series of systems for the first time (networked enabled capability).

2.3 Definitions of Complexity

There are a large number of different definitions of complexity from a variety of
different disciplines. In order to enhance our understanding of complexity, an

appreciation for the different definitions and their implications is necessary.

Some of the definitions are specifically engineering focused, and perhaps relate to
specific engineering domains such as software or hardware. Others are biological or

mathematical. However it is necessary to explore as many avenues as possible and

Craig Read Page 64 12/11/2008



Complexity Characteristics and Mcasurement within Engincering Systems

different disciplines will have different focuses for their definitions. Before this can

be done, an understanding of what is required by a definition must be formulated.

The International Organisation for Standardisation (ISO) adopts a standard approach
when creating definitions (ISO 1999), and this approach is the basis on which the
definitions collected here will be compared and contrasted. The standard states that

definitions should:

o Be as concise and brief as possible while being complete.
e Describe what the concept is, and not what it is not.

e Avoid circular definitions; a definition of the first concept needs explanation

of that concept, and that explanation refers back to the first concept.

These requirements are considered when analysing definitions of complex and

complexity in this section.

The obvious place to start when looking for any definition is the dictionary. The
American Heritage Dictionary of the English Language (American Heritage
Dictionary 2000) describes complexity as “the quality or condition of being complex”
and “something complex: a maze of bureaucratic and legalistic complexities”. The
dictionary also describes complexity as “consisting of interconnected or interwoven
parts; composite. Involved or intricate, as in structure; complicated. Having parts so
interconnected as to make the whole perplexing.” (American Heritage Dictionary
2000). The Oxford English Dictionary (Oxford University 1992) describes
complexity as a “composite nature or structure, an “involved nature or structure,
intricacy”, and also “an instance of complexity; a complicated condition; a
complication.” The dictionary also describes complex as “consisting of or
comprehending various parts united or connected together; formed by combination of
different elements; composite, compound. Said of things, ideas, etc.” and also as
“consisting of parts or elements not simply co-ordinated, but some of them involved in
various degrees of subordination; complicated, involved, intricate; not easily

analysed or disentangled.”

The dictionary definitions are not directly related to complexity within engineered
systems. The first definitions from the American Heritage Dictionary are not

particularly useful, as they simply denote complexity as a condition of being complex
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without offering any further information — it is, then, a circular definition. The latter
definition from the American Heritage Dictionary is more informative, describing

complexity in terms of intricacy within systems and the difficulty in understanding

such systems, making the whole ‘perplexing’.

Oxford’s definitions like the American Heritage Dictionary offer two rich
descriptions, without much reference back to other concepts, and three somewhat less
useful definitions. Descriptions of complexity, such as a “composite nature or
structure”, a system with “involved nature or structure, intricacy”, or “an instance of
complexity; a complicated condition; a complication” offer little insight into what
complexity actually is. As with the American Dictionary, the last description is a

circular definition and of little use on its own.

However, in both sets of definitions there are a number of key words that describe
complexity well, namely, intricacy, intricate, composite, connected, elements, appear
in the definitions, along with concepts such as disentangled and not easily analysed,
which bare a good resemblance to large scale systems designed today. The
“elements” could be interpreted as sub-systems, the “intricacies” and ‘entanglement’
as the interfaces and the level of coupling between those interfaces. Large scale
systems developed by defence contractors do consist of sub-systems that are not
simply connected; rather, they are connected with data buses, data lines internal

software links, and mechanical links.

A number of definitions of complexity follow the theme of intricacy between
components, or elements. Evans (1987) 1s an example - he describes complexity
within the software domain in a more concise fashion as “the degree of complication
of a system or system component, determined by such factors as the number and
intricacy of interfaces, the number and intricacy of conditional branches, the degree
of nesting, and the types of data structure”. This definition expands on the intricacy
aspect of complexity in systems by providing a source of that intricacy. Although
focused on software systems in particular (they are the focus of the complexity
sources) Evans identifies a number of factors that influence complexity (or the level
of intricacy), introducing the concepts of nesting, conditional branches and data types

and structures which are appropriate for the software domain.
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There are complexity measures specific to software systems, Cardoso uses this
description of process complexity, utilising that taken from (IEEE 1992): process
complexity is “the degree to which a process is difficult to analyze, understand or
explain. It may be characterized by the number and intricacy of activity interfaces,
transitions, conditional and parallel branches, the existence of loops, roles, activity”.
(Cardoso 2005) This is very similar to the definition of Evans (1987), with added

specific software terminology (loops, roles, transitions, etc.).

Evans’ definition is applicable not only to the softwarc domain, but also to the wider
systems engineering domain. Conditional branches (sece Cyclomatic Number for
measurement in section 2.7 Complexity Measures) and nesting within systems are not
only properties of software systems but exist in organisational and technological
systems as well; as a result, the definition is appropriate for the systems engineering
domain, as well as other domains while meeting the criteria set for the definitions

outlined above (concise, not circular, and does not describe complexity using

negatives).

Other definitions or descriptions of complexity also take up this point. J. M. Sussman

(1999), for example, states that “a system is complex when it is composed of a group
of related units (subsystems), for which the degree and nature of the relationships is
imperfectly known. Its overall emergent behaviour is difficult to predict, even when
subsystem behaviour is readily predictable. The time-scales of various subsystems
may be very different (as we can see in transportation - land-use changes, for
example, vs. operating decisions). Behaviour in the long-term and short-term may be

markedly different and small changes in inputs or parameters may produce large

changes in behaviour.” Although not specifically created with the engineering
domain in mind (it was actually created for transportation systems), there are
similarities, or common concepts in this definition, to concepts of complexity found in
engineering. The recurring theme of interwoven sub-systems (mentioned directly)
and their not fully appreciated or understood intricacy (which is ‘imperfectly known’,
perhaps due to the difficulties in modelling systems in their entirety), along with the
additional references to the difficulties in understanding the whole system and
predicting emergent properties is quite appropriate to engineering issues. There are
other relevant aspects of this description to engineering as well - the concept of

different time scales for sub-systems is not mentioned in the previous definitions.
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This is also present in engineering design and systems engineering, with many
products having sub-systems that are vastly different, some human, some electrical,
some mechanical and some software. These different sub-systems run within very
different time frames - electrical and software systems are very fast, processing
information extremely quickly; human interaction is slower, but despite this they must

be integrated to form a complete coherent whole.

The final aspect covered by Sussman’s definition, is the sensitivity of complex system
behaviour to small changes in input parameters. This sensitivity of developed
systems is indeed an important issue for systems engineering, as it implies that small
changes in conditions cause large variations in behaviour (see section 2.2.5) making
modelling and predictions awkward and error prone. This is different from system
instability - complexity occupies the space between stability and instability (although

leaning towards instability).

Sussman’s definition (or, perhaps more appropriately, his description) meets the
criteria for a definition - it is concise and complete, with no circular references or
concepts; it does not describe complexity using negatives, and it has highlighted a
new concept that should be considered, although the time scale differences in
operation is perhaps more a cause of complexity than a definition of it. Finally the
addition of system sensitivity is useful, but is perhaps a result of the lack of

understanding or inability to model or predict the system correctly.

Modelling and predictability in systems is also a theme found in definitions of
complexity. Edmonds suggests that a complex system is “a system where it is
difficult to formulate its overall behaviour in a given language, even when given
reasonably complete information about its atomic components and their inter-
relations” (Edmonds 1999), and that it 1s “not easy to understand or analyze”
(Edmonds 1999). This indicates that systems complexity is related to the difficulty in
understanding the system, or modelling, estimating or predicting the behaviour of
systems. The IEEE also describes complexity in a similar manner, as “the degree to
which a system or component has a design or implementation that is difficult to
understand and verify "(IEEE 1990), but a lack of understanding perhaps points to
ignorance rather than anything else — although, as Edmonds argues, “complexity is
distinguished from ignorance” (Edmonds 1999), it cannot be an excuse for it.

Sussman’s (1999) idea of system sensitivity could be the result of ignorance in the
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engineering process. Ignorance or lack of understanding of a system does not
necessarily mean that the system is complex; in light of this the IEEE definition is
incomplete, whereas Edmonds’ definition includes the caveat that complexity is a lack
of understanding despite having “reasonably complete information about its atomic
components and their inter-relations” (Edmonds 1999), which eliminates room for

gnorance.

Similar to un-model able, unpredictable, and non-understandable definitions of
complexity, Langefors (1967) describes an unperceivable system, which can come “fo
mean a system such that the number of its parts and their interrelations is so high that
all its structure cannot be safely perceived or observed at one and the same time.”
This definition is appropriate for complex systems; indeed an unperceivable system 1s
beyond comprehension, beyond understanding. It is complex, which makes this
definition appropriate. Again it is concise, there are no circular concepts; however, it
is just an addition to the definitions of complexity that hinge around the unpredictable
nature of complex systems. However this concept is perhaps more in tune with the
scale issues of complex systems, with the number of parts, and interrelations. Scale is
a common problem in definitions of complexity; the two do not necessarily go hand in
hand with each other (such as the Boolean NK networks of Kauffman), as a result the

definition is perhaps incomplete.

The definitions of complexity outlined thus far centre around complexity properties
within systems; the difficulties in modelling or predicting complexity, the levels of
intricacy, the coupling within the system, the levels of variety, the size, the loops
within the system. However, complexity within engineering systems can be split up
into those complexities that are unavoidable or intrinsic to the system and those that
are a result of the development process, or induced complexities. Musés (Musés

2002) proposed splitting complexity into three “kinds”, and developed definitions or

descriptions of those complexity “kinds”, the first of which is:
“Complexity I - Inherent in almost all natural phenomenon.”

Musés uses the “wealth of species, the incredibly rich repertoire of weather and
sunsets, the turbulent flow of rapids and waterfalls, the endless kinkiness of coastlines
and individuality of tides” (Musés 2002) as examples of this. Musés’ Complexity I
(although describing natural systems) can be adapted to refer to the intrinsic
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complexity of the system. For systems engineering, Musés’ Complexity I can be re-
phrased as;

Complexity I - The ineluctable complexity which exists within a system as a result of

the irreducible functional or capability requirements placed upon it.

Museés continues to describe additional levels of complexity within systems, focusing
on over-complication, which he describes as “simply needless over-complication
arising from not seeing things clearly enough — either through lack of experience or
ability, or from an excess of obfuscating conditioning beclouding the perceptive
mind.” Systems engineering over-complication is induced complexity within the
development cycle of products. The difference between Musés’ definition and the
perception of the systems engineering world is that over-complication is not
necessarily ‘needless’ as a result of being inexperienced of unperceptive, but can

actually be both needed and needless.

Experience in some cases would tell us that the over-complication is in fact beneficial

as technologies are mature; in other cases over-complication is in fact an accidental

and perhaps detrimental result of the development process.
Musés’ definition for ‘Complexity II’ is the following:

“Complexity II - Simple over-complication caused by lack of insight into the

problem.”

This needs adaptation before it can be applied to systems engineering problems.
From an engineering viewpoint this is clearly the addition of unnecessary complexity

into the system that is not beneficial to the system or its development lifecycle.

Complexity II - The avoidable and detrimental unnecessary complexity which exists

within a system as a result of the development process.
Finally Musés describes the third kind of complexity as:

“Complexity III — Problems cannot be solved by pseudo-solutions that are not on
target, such as whitewashed solutions for large scale problems in elaborate often
logorrhoeic terms of complexity of the second kind with large amounts of

inappropriately misapplied complexity of type 1. Simply diagnosing systems is not

enough here.”
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Complexity 1l is quite an appropriate definition when constdering the new challenges
faced by systems engineering (evolving requirements, capability requirements). It

suggests that the process (the solution) may be incorrect and a new solution specific to

the procurement strategy may be required (UK Ministry of Defence 1999).

Complexity III focuses on the point that, often, complexity problems cannot be solved
using already existing solutions that are not specific to the system in question, but
solutions that are created using the long over-complicated Complexity II of miss-

applied Complexity I. Complexity 11l means independent strategies must be realised

to find solutions.

In systems engineering, the equivalent is the application of the same engineering
processes to all product development programmes, or the same metrics as the method
of quantifying various aspects of the development cycle or product. The suggestion
by Musés is that often, the process of engineering in some cases may be bespoke to
that development programme. This of course goes against the general perception of
systems engineering, the lifecycle which is applied to development programmes of all

shapes and sizes as a blanket “whitewashed” solution.

Another definition of a complex system is one that exists at the “edge of chaos™
(Waldrop 1987). This term, although not strictly a definition in its own right as it
does not refer to the complexity concept, refers to a system whose behaviour is almost

random, at a point where complexity within the system is said to be at its maximum.

Stuart Kauffman developed a game of life model based on Boolean NK networks
(Kauffman 1993); these networks were simulations of life based on a natural selection
principle. These models demonstrated the transition from chaotic behaviour to order,

demonstrating the principle of “self-organisation” in cellular automata.

“Irreducible complexity”, a term first coined by Michael Behe (2006), and revisited
by William Dembski in Irreducible Complexity Revisited, refers to a system
“composed of several well-matched, interacting parts that contribute to the basic
function, wherein the removal of any one of the parts causes the system to effectively
cease functioning.” (Dembski 2004). Despite the fact that this complexity definition
was initially developed in support of intelligent design, the irreducibility idea could be
applied to a system which cannot be reduced any further, indicating that there are no

added induced complexities within this system which result from process.
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2.3.1 Complexity Characteristics

Charles Perrow describes complex systems as having the following characteristics:
e Proximity of components that are not in a production sequence.

e Many common mode connections between components in a production

sequence.

e Unfamiliar or unintended feedback loops.

o Many control parameters with potential interactions.
e Indirect of inferential information sources.

e Limited understanding of some processes.

(Perrow 1999)

Commonality between these characteristics, that define a complex system for Charles
Perrow, exist between a number of the definitions explored elsewhere in this thesis
(Edmonds, Muse¢s, Sussman, the dictionaries, etc.). The context within which this
definition or description of complexity arises is the sphere of process, be it the
engineering process, maintenance process or operating process. Nonetheless, the
characteristics here are quite pertinent to systems engineering; the more specific
reference to “unintended feedback loops™ suggests that even closely and carefully
developed systems will have unintended behaviours (emergent properties) that could

be detrimental to system performance, or as Perrow points out, safety.

Hitchins writes that “a generic system can be stated as “complex” when it is
composed of an open set of complementary, interacting paths with properties,
capabilities and behaviours emerging both from the parts and from their
interactions” (Hitchins 1992). Like a number of the other definitions this, too, focuses
on the intricacies within the system elements and interfaces, and with emergent
properties arising from these interactions. The definition is not so useful in the
engineering domain, as it is limited in its description of complexity. There is no
mention of testing, the number of interactions, or the lack of understanding or

comprehension of the system.

Further definitions of complexity or descriptions of complexity centre on the inability

to describe systems, and the inability to model or predict their behaviours.
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“Complexily is the property of a real world system that is manifest in the inability of
any one formalism being adequate to capture all its properties” (Mikulecky 2007).

This is a definition, again, that only partially tells the story for engineering systems;
although relevant, there is no reference to the intricacies that are the root cause of the
difficulty in describing complexity. However Mikulecky does not finish here — he

goes on to state that complex systems are non-fragmentable:

“It is non-fragmentable. If a complex system were fragmentable it would be a

machine. We require the distinction to be dichotomous. Therefore complex systems

are not fragmentable. That is not to say that they are incapable of being reduced to

parts, but such reduction destroys important system characteristics irreversibly.”

(Mikulecky 2007)

In fact Mikulecky continues his description of complexity, and it is highly detailed

one; he further explains that a complex system:

“Consists of real components that are distinct from its parts. At least one set of these
components is defined by its functions. These functional components are not simply
collections of parts. If they were the system would be fragmentable in the above sense.
These functional components are therefore defined by the system and have their
ontology dependent on the context of the system. Quiside the system they have no
meaning. Further, if they are "removed" from the system in any way the system loses

its original identity as a whole system.”

(Mikulecky 2007)

In its entirety, Mikulecky’s description is very thorough. Although not referring to
intricacies and coupling within systems, it does acknowledge the presence of
properties within systems that contribute to their complexity. In addition to this, he
advances a concept of complex systems as being unfragmentable or irreducible. A
variation, and another description or definition used to describe complex systems
often concerns ideas of reducibility. Complex systems are considered to be
irreducible; indeed it is often considered that the only way to model the system

correctly is in fact to replicate it.

What is needed is an understanding of complexity specific to the engineering domain,

one which incorporates elements of definitions or complexity characteristics from
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other disciplines that are applicable to engineering. All the definitions so far

encountered seem to fit one, or a number of up to four distinct themes:
e Irreducibility or unfragmentable.
e Intricacy and coupling.

e Indescribable or cannot be modelled without complete system replication

(intricacies and understanding).

e Level of understanding (ignorance, modelling and predictability)

In engineering, a definition appropriate to the challenges faced by systems
engineering is required. Systems engineering, in particular the integration within the
systems engineering process, 1s interested in the intricacy and coupling of sub-
systems, the ability to model and predict that sub-system and overall system (perhaps
in terms of behaviour, reliability, sustainability, durability and effectiveness). In this
context the last two definition types listed above are applicable; however, it is not
obvious how irreducibility fits in the systems engineering domain. Obviously the
system, if dissected, will not resemble the complete system, but in systems
engineering and, in particular, in defence system engineering, reducing the system
(perhaps due to failure or error) is not usually a problem due to redundancy, or
resilience to failure. In this sense the system still operates despite being reduced; as a

result developed systems are in fact reducible.

Finally the level of understanding of the system in question is of vital importance, but
again must not be confused with ignorance (Edmonds 1999). The idea is that our
understanding of the component parts of systems are, in fact, at a high level, but our
understanding of the system as a whole is in fact limited. Our limited understanding
of the system as a whole, and its operation is related to predictability, or our ability to

model the system. Beyond this there are systems that are simply beyond our

understanding, systems in which no patterns of behaviour can be identified.

As result of all of this, the definition for complexity in systems engineering is an
amalgamation of different definitions. The appropriate definition of complexity
includes the intricacy of the interfaces, an assumed level of understanding of the

components and interfaces, and the difficulty in describing the system.
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The definition used within this thesis 1s a combination of Evans and Sussman and

describes complexity (in systems engineering) as:

“A system is complex when it is composed of a group of related units (subsystems),
for which the degree and nature of the relationships is imperfectly known. Its overall
emergent behaviour is difficult to predict, even when subsystem behaviour is readily
predictable.” (Sussman 1999) “The degree of complication of a system or system
component [is] determined by such factors as the number and intricacy of interfaces,
the number and intricacy of conditional branches, the degree of nesting, and [the

overall system structure] . (Evans 1987)

2.4 Complex System Examples

In the natural world complexity is in abundance, and ranges from biological to
geographical systems (Magee, Weck 2004). Ecosystems and their inherent
complexities, and intricacies such as food chains, climate and weather systems are
massively complex, although they have been modelled to predict potential effects of

global warming (Washington 2005), evolution of species (Adami 2002), landscape

transformations and erosion.

There are also a number of systems described as complex in the economic world and
the engineering world. World economics and the World Trade Web (WTW) are other
complex systems (Arthur 1999, L1, Jin et al. 2003). These two have network
properties, with nodes or elements and their intricacies, interfaces, relationships and
resulting behaviours (synchronisations) in much the same way that designed

engineered systems have; however the scale is somewhat different.

Understanding the effects and causes of climate change 1s also a highly complex
exercise. Climate change and its effects are the result of a vast number of
components, variables and intricate interactions existing across a range of disciplines
(physics, geography, chemistry, biology, etc.), and these need modelling in a concise

and valid manner.

Climate change is a result of interactions between different elements; as with any
system, these elements could be thought of as sub-systems, and their interactions as
interfaces. An example of the elements within climate change are rainfall, heat
retention of surfaces, evaporation rates, particles in the atmosphere (Stanhill 2007),

gas content of the atmosphere, oceanic currents, ocean level, ice caps, carbon
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emissions, and much more. The effects of climate change are also intricate - the
increase in overall temperature means that where food is imported from has to change,
as those countries producing some foods will no longer be able, or may have lower

yields due to environmental conditions no longer being suitable; conversely, the

warming climates of other countries will accommodate the growth of new produce

(Parry, Rosenzweig et al. 2004).

Climate change is caused by a vast number of different things: solar radiation, gas
composition of the atmosphere, sea temperatures, the size of land masses, sea masses,
and more. The effects of climate change are also vast, both directly and indirectly:
rainfall changes, temperature changes, food production impact, flooding,
desertification, erosion, exports, economies and more. Climate, or the climate system,
is a complex system with a large number of interactions, intricacies and different

elements, and is very difficult to model (Jim 2007).

Biological complex systems exist in ecosystems or cellular systems like the immune
system (Cadenasso, Pickett et al. 2006, Ferdinando, Genuario et al. 2004, Deem 2005,
LLC 2008). Ecosystems consist of climatic and biological components: sunlight,
temperature, rainfall, herbivores, omnivores, carnivores, plants, immigrant species,
and indigenous species. These interact in an intricate way through carbon cycles,
oxygen cycles, reproductive cycles, through food chains and much more. Cellular

systems, such as the immune system or the human body, also contain different

elements or components with highly interactive properties.

As of now we are unable to accurately predict or model all aspects of these systems.
The human body has many 1llnesses that are not understood, Lupus for example
(Anderson 2008); weather systems and climate are very complex and our predictions
are not always accurate (Jim 2007); ecosystems are fragile and the effect of immigrant
species or changes in variables is not always understood or modelable (Bolte, Hulse et

al. 2007). These are systems where the knowledge of their component parts is

reasonable, and certainly not completely ignorant.

Systems developed within industry do not have the same scale present in biological
cellular, ecosystems ecological complexity (Myers 1992), or climate systems: they are
not as complex as those that exist in the natural world, they do not contain the level of

intricacy or the number of different variables. The internal chemical reactions of
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living cells consist of thousands of enzymes, producing thousands of chemical
reactions every second. With a collection of millions (perhaps trillions) of cells which
may form a single body, the number of reactions taking place at any onc moment is
enormous. If one imagines a cell with a thousand reactions every second, and a body

made up of ten trillion cells, that is ten thousand trillion reactions every second in the

cells alone.

Products developed by industry may be fast, and consist of a high number of
components which make sub-systems (cells making organs), but the complexity is not
on the scale of the natural world as these developed systems have a much lower
number and lower level of intricacy of component interactions. The space shuttle
consists of approximately 2.5 million parts (Kridler 2002) and the Boeing 747
approximately 6 million parts (Boeing 2007). The difference in the scale is obvious,
although larger in size; the number of components in developed systems are not even
close to number of “parts” (cells, etc) within a human body numbering in the trillions.
The interactions and intricacies within software and electrical systems are relatively

trivial in comparison to the weather, climate, biological or cellular systems within the

human body, and as a result make modelling and prediction easier.

The systems designed and developed through the systems engineering practice are not
random; they have architectures and designed structures. They consist of sub-
systems with pre-defined behaviours or properties which in turn consist of known and
understood components. The system is then formed from the collection of these sub-
systems (which in some cases may become another sub-system higher in the
hierarchy). Quite often the interactions of components are limited to the sub-systems,

and the sub-systems interact with each other as whole entities, these interactions are

then managed in the design process with interface specifications (Haskins 2006).

In the engineering world, systems complexity is often associated with scale; the larger
product or system the more complexity is associated with its development. Of course
in reality complexity can exist at various scales, from the small cellular systems to
large scale climate models, ecosystems or aircraft. From an interaction and intricacy

viewpoint, the scale of the complexity in developed products is low, but none the less

this complexity is significant as any extra effort required is a cost.

In engineering systems the complexity comes from:

Craig Read Page 77 12/11/2008



Complexity Characteristics and Measurement within Engincering Systems

e Amalgamations of companies and their interactions.

e Intricacy and coupling of the system interfaces along with the nature of the

architecture.
e The size of the system.

e The number of sub-systems.

e The scope of the product; support and operation as well as the design,

development and testing.

e The variation in the skills required developing the product; software,

hardware, fluid dynamics, control.
e The budget and resources available to produce the required product.

(see 2.5 The Causes of Complexity)

Examples of complex systems produced by engineering processes and composites of

companies include:

¢ Submarines (Naval-Technology, BAE Systems)

e Aircraft, both military and commercial(Boeing 2007, Eurofighter
Jagdflugzeug GmbH, Air Force Technology, Hayles 2005)

¢ Ships, both military and commercial (Naval Technology)

e Land vehicles, or ground effect (General Dynamics UK, UK Ministry of
Defence, Pike 2008, R & F Defence Publications 2007)

¢ Networked Capability (UK Ministry of Defence 2005).

There are other examples of engineered complex systems; these systems may be
organisational systems, communication systems, manufacturing systems, logistic
systems or computer network systems. The examples here reflect the typical products
of defence industries with some commercial equivalents. However these systems
consist of elements and interfaces which can be (with a lot of effort) counted and

described from documentation and specifications.

Table 3, taken from (CSCS) shows three examples of complex systems in the natural

world. These systems contain a large amount of interaction and also exhibit dynamic

and adaptive behaviour.
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These natural systems span a different scale (as discussed above) to hardware
engineered systems, but the scale and intricacy of an engineering system is significant
for engineering as a discipline. Engineered Complex Systems (ECS) are not of the

same scale as natural systems, but this is the complexity that requires understanding.

2.5 The Causes of Complexity

Causes of complexity, or complexity origins, are partly described within the

definitions outlined above. The definitions (see 2.3 Definitions of Complexity)

identify four main themes:
¢ Imreducibility or unfragmentable.
e Intricacy and coupling.
e Indescribable or cannot be modelled without complete system replication.

e Level of understanding.

These definition themes provide a starting point for determining the causes of
complexity within systems. The causes of these themes are causes of complexity.
However, there are a number of other origins within engineering and these too need to

be explored. Taking the themes drawn from the definitions as a guide when exploring

the origins of complexity is a logical start.

The intricate nature of systems and the intricacy within systems is a common

definition of complexity (see 2.3 Definitions of Complexity). Being intricate or

containing intricacy is one origin of complexity within systems; it represents being

“Perplexingly entangled or involved; interwinding in a complicated manner”
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“The quality or state of being intricate; complexity; complicated or involved

condition.”

“An instance of this condition; a complication; an entangled or involved state of

affairs; a perplexing difficulty.”
(Oxford English Dictionary)

These definitions of intricacy and the intricate suggest that the levels of coupling in a
system, that is the number of interfaces, the nature of those interfaces, and the effect
they have on the system are a cause of complexity in systems. Coupling or
dependency is the degree to which one element within a system relies on the other
elements within the system. It is the lack of predictability of the relationships or the

cohesion of the system elements that makes the system complex; scale is also a factor.

Along with the definitions of complexity having themes, McDermid (2000) identified

a number of themes or key factors;

“Scale — the number of elements in the system;
Diversity — the extent to which systems are made up of different elements;
Connectivity — the inter-relationships between the components. “

He further expands on this by stating that scale 1s not a problem “if the system
structure is regular, it can be assessed analytically — or if the number of elements is
sufficiently large it can be assessed statistically” (McDermid 2000). McDermid goes
on to state that scale can “exacerbate problems with other facets”, meaning that the
combination of scale and other complexity factors are the result of problems. An
example of such ordered but large scale systems are Kauffman’s NK Networks
(1993). The system here is comprised of cells in a grid that are connected with cells
adjacent to them; these cells are attached to a clock, and as this cycles the cell state
will change (light or dark) depending on the state of the cells around it. Initially cell
states are chosen at random, and as the clock cycles self organisation occurs as
patterns are produced. Although Kauffman created these networks to emphasise the
idea or concept of self-organisation, they are an example of how scale, or the level of
interaction, is not necessarily a factor for complexity on its own. The NK Network is
easy to model and predict using computer models, the emergent properties and the

self-organisation of the system become evident in these models. This is what
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McDermid means by a regular structure (repeated in this case) and easily assessed

analytically:

“Diversity increases the number of types of element which have to be analysed. The

greater the diversity, the more effort has to be spent in understanding the elements

individually - and as a composite.”

(McDermid 2000)

Diversity, variability or, perhaps a better description, a lack of commonality in
systems is most definitely a key factor in system design. The diversity in the system

leads to the need for multi-discipline design optimisation.

“Connectivity again increases the difficulty of assessment — the number of pair-wise

interactions increases exponentially with scale, for a (potentially) totally

interconnected system.”

(McDermid 2000)

McDermid refers to connectivity as a complexity contributor; however this is not
always the case, and the Boolean NK Networks (Kauffman 1993) shows this to be
incorrect. The connectivity of the system contributing to complexity is a result of the

level of coupling in the system. Highly coupled systems, in which elements are

highly dependent on other elements or a number of elements, will be more difficult to
understand than those with a large number of connections but low coupling.

Connectivity itself is not a key factor in complexity in systems - coupling and

interdependency 1s.

Although a fairly concise set of key factors, there are three key factors that are

missing here;
o The maturity of the technology within the system.

e The level of commonality within interfaces and components.

e The level of coupling between system components.

It could be argued that commonality is, in fact, diversity, but this is not the same as
commonality. Systems with large ranges in diversity may have a large degree of
commonality, as the majority of the system elements are in fact the same or similar.

Diversity on its own as a concept of complexity in systems does not recognise this.
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Biggiero (2001) distinguished between 9 different sources of complexity in human

systems;
e Pure Logical Complexity
e Relational Complexity
e Pure Gnosiological Complexity
e Evolutionary Complexity
o Semiotic Complexity
e Semantic Complexity
e “Pure” Computational Complexity

o Chaotic Complexity
o Self-Organizational complexity

Biggiero mentions the interactive efiect studied in psychotherapy and refers to

Watzlawick (1967). The key complexity origins within engineering systems are as

follows;

¢ The number of system elements.

e The number of interfaces.

e The nature of the interfaces and coupling that results from them.
e The scale of the system.

e The level of maturity of the technology within the system (effectively a result
of the level of understanding).

e The diversity within the system components, the level of multi-disciplinary

skill sets required.

e The level of variation and commonality within the system.

These sources or origins of complexity will affect engineering systems and their
complexity and are the key origins that are considered within this project.
Understanding and managing these sources, how they inter-relate, and their
relationships with other complexity characteristics, concepts and measures is also of

importance.
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2.6

Classifications or concepts of complexity are also of high importance when

Complexity Concepts and Classifications

considering complexity within systems. There are a variety of different complexity
concepts that can be drawn from the natural world (irreducible complexity, often uscd
as an anti-evolution argument), the mathematical world, the “edge of chaos”

(Waldrop 1987) , and the engineering world, in terms of concepts of relational

complexity.

Senge (1994) classifies complex systems as exhibiting either “detail” or “dynamic
complexity”. ‘Detail Complexity’ comprises of systems with essentially hierarchical
relationship structures with no lateral relationship links between the system elements,

while ‘Dynamic Complexity’ describes a hierarchical structure with lateral

relationships.

Figure 4 - A system that exhibits detail complexity.

Figure 4 shows a ‘Detail Complexity’ system structure. The circles represent the
elements within the system (perhaps sub-systems or components), and the links
between them represent the interfaces. The hierarchical construction of detail
complexity systems means that information flow is restricted. There is no lateral
exchange of information within the system apart from at the top level. The number of

trees (Irvine 1996) are easily computed, and their associated lengths (depending on

the interface nature) are also easily computed.

Figure 5 - A system that exhibits dynamic complexity.
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If the links become bi-directional, there are an infinite number of trees that describe
the information transfer in both detail and dynamic complexity systems (the
information can, in effect, double back on itself an infinite number of times).
However the information transfers still follow the rigidity of the hierarchy in the
detail complexity system, and contain some order, where as the information transfer l

in the dynamic complexity system does not have a hierarchical structure, and the

transfers as a result are more likely to be erratic.

Dynamic and detail complexity systems link nicely to the definition of complexity,
the ability to understand and provide a short description of the system. Hierarchical
systems are more easily understood and described than dynamic complexity systems.
Of course, a system in which all elements interface with all other elements is the
ultimate in dynamic complexity, and in terms of interfaces alone is easy to describe,

however it is the functional properties of that system that make understanding and

describing difficult.

Further complication, is the effect of the interface vocabulary. Martin (2004)
introduces the interface vocabulary as a part of his measurement system of complexity
(scale complexity, interface complexity, etc). He highlights the importance of the
interface types between elements as contributing factors to complexity within the
structure. The nature of the interfaces is critical when considering the complexity of a
system (Evans 1987, Edmonds 1999), in terms of the interactions, intricacies and
level of coupling within it. Some interfaces have the potential to offer much higher

levels of coupling or intricacy than others, and this should be taken into account.

The semantics surrounding detail and dynamic complexity are unclear, dynamic
implies that the system is in fact changing, in a state of flux, where as the reality is the
system is in fact static, the interfaces are defined, the elements are defined. In both

detail and dynamic complexity cases the system 1s static and subject to no adaptive

behaviour - this contradicts the descriptive semantics and can be misleading.

Dynamic as a description goes beyond these concepts of dynamic and detail
complexities, truly dynamic systems are capable of adaptive behaviour and self re-

organisation (Kauffman 1993), they are able to respond to environmental changes.

The concept of ‘Complex Adaptive Systems’ (Heylighen, Dooley, Fryer 1991) or self-

organising systems (Kauffman 1993) is a dificrent classification for complexity.
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Systems are no longer static in construction as interfaces change in nature or even flip
in and out of existence altogether. Organisations of people show the complex
adaptive system principle in action, as members are employed into a team, or current
members of that organisation move from one team to another (elements being created,
or moving), and their interactions with other members of that organisation change, are
newly created, or dissolved (interfaces created, destroyed or changing in nature). The

overall organisation adapts to the changing environment or re-organises itself. This

re-organisation is not necessarily positive, it can in fact be detrimental, as in the case

of a system unexpectedly reacting to its environment.

The concept of the “edge of chaos” (Waldrop 1987) is a term used to describe
complex systems that exist at the boundary of order and complete disorder. It can be

thought of as a concept of complexity and not just a description or definition.

2.7 Complexity Measures

A number of numerical and qualitative measures are available that measure

complexity within systems, organisations, algorithms and more, some measures even

attempt to measure cognitive processes.

Edmonds’ thesis (1999) provides a comprehensive study of complexity measures that
are available, in particular numerical measures for complexity. There are a vast array
of computational and numerical complexity measures that could be applied to systems
within this problem domain; it is a case of ascertaining their relevance to the problem
domain being explored. The numerical measuring methods explored by Edmonds
(1999), Martin and Moody (Martin, Pierre-Alain J. Y. 2004, Moody 1997) who both
developed measuring metric and measuring approaches may be useful, but other

measuring methods or toolsets of a qualitative nature might also have application

within the problem domain.

Some measures have no direct link to systems engineering issues, and as a result, in
their current format they are of little direct use. However although the measures
themselves are not directly applicable to engineering, the concept of the measures
may have an applicability; this was also explored in order to ensure no measures of

obvious benefit were ruled out.
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2.7.1 Computational Complexities

Computational Complexity (Kimon 2007, Papadimitriou 1994, Du, Ko 2000) is a
numerical complexity measure, and measures the required resources to run software
or computer system algorithms. The higher the computational complexity of the
algorithm, the higher the resource requirement to run that algorithm, attempting to
formulate the relationship between algorithm length and the time take for a given

system to execute that algorithm.

The application for such a measure within the software field as computer hardware
becomes faster and computer resources get cheaper is obvious. Industry can create
algorithms within software and then, by using predictions of the technology
progression, be able to ascertain whether or not calculation of that algorithm in an
allowed time is possible. Processing time becomes particularly important when
considering real time systems or safety critical real time systems involving software -

here an understanding of computation complexity is of clear benefit.

Algorithmic information complexity (Bennett 1988, Edmonds 1999, Vitanyi, Paul M.
B., Ming 2000, Grunwald, Vitany1 2003) is a measure of the length of the shortest
program possible to reproduce a required output string. The more ordered the string,
the shorter the program, and hence a reduced algorithmic information complexity, the
more random the string, or the closer to the “edge of chaos” (Waldrop 1987), the
longer the string must be. Incompressible strings (those outputs with a generation
program that is not shorter than output itself, in fact to the point where the generation
is a replication of the output string) are indistinguishable from random strings.
Closely related to this complexity measurement concept are concepts of arithmetic
complexity, which is the minimum number of anithmetic operations to complete a task
(very similar to computational complexity, in that the minimum number of operations
will govern CPU times, etc.) and also Shannon information theory, using probability

to model the output transmitter of a string in order to replicate its output (Shannon
1948).

A measure of the computing resource required to compute a result with respect to the
size of the input. As the input increases in size, the computing resource required to

compute the result will also increase, this measure, measures that increase. The time
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may increase for the computation, or the computing power could increase to

compensate for the time increase.

Although the measure is mathematically based, there is an application for this
approach within engineering systems. The resource required for the computation
could be altered to reflect the resource required to develop a system, and changing
that system or adding additional requirements to that system could reflect a change in
the level of resource required, in terms of time or other resource (manpower, facilities,

etc.). If the resource required increases dramatically with an increase in the number

of requirements, the system may be more complex than if the resource were not to

increase; either that or the requirement changes were more critical.

Modifying the concept of this measure to assess the level of resource required to

develop a system (rather than computing resource to run a programme) is a concept

that could be used within engineering.

2.7.2 Information Theory Complexities

Shannon (1948) complexity again focuses on replicating a message string generated
from a “transmitter” using a probability based analysis of the message transmitter
characteristics (how likely it is to produce an A, or B, how likely it is to produce a C
if the previous two letters are A E, etc.) in order to produce an output using a
Stochastic Process technique. This is similar to Kolmogorov complexity (Szabo, Li
1997). Peter GrAunwald and Paul Vitanyi (2003) in their paper Shannon Information
and Kolmogorov Complexity distinguish between the two as follows:

“In the Shannon approach we are interested in the minimum expected number of bits

to transmit a message from a random source of known characteristics through an

error-free channel.”

“In Kolmogorov complexity we are interested in the minimum number of bits from
which a particular message or file can effectively be reconstructed: the minimum

number of bits that suffice to store the file in reproducible format. This is the basic

question of the ultimate compression of given individual files.”

Peter GrAunwald and Paul Vitanyi (2003) then further expand on this and explain the

difference and its importance.
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“A little reflection reveals that this is a great difference [between Shannon Information
and Kolmogorov Complexity]: for every source emitting but two messages the Shannon

information (entropy) is at most 1 bit, but we can choose both messages concerned of

arbitrarily high Kolmogorov complexity.”

Rissanens Minimum Description Length (MDL) is another information description
complexity model (Vitanyi, Paul M. B., Ming 2000, Barron, Rissanen et al. 1998,
Griinwald, Myung et al. 2005, Complex Systems Computation Group), similar to
those created by Kolmogorov and Shannon. The model describes the MDL of a
system, and the length of this description forms the basis for the complexity, The

larger the description the more information the system contains and the higher the

complexity.

In both Shannon and Kolmogorov (Shannon 1948, Grunwald, Vitanyi 2003)
applications for industry are not obvious, but there are potential technical applications
in data transmission. However, when trying to use this measure with respect to a
development programme the scope is limited, as one would expect since they are not
developed for the systems engineering domain. MDL however could be related to the

requirements that describe a system, COSYSMO (Valerdi, Boehm et al. 2003) and a

number of other basic complexity measures within development programmes already
use the number of requirements (the description of the system, the number of
requirements being related to the description length) in a system specification to
estimate complexity qualitatively. COSYSMO of course expands on this, with
difficulty factors for specific requirements, as some requirements may require more
effort for compliance than others. This, of course, means that the MDL (if it 1s
assumed the requirement set is compressed to the maximum while maintaining its
integrity) although smaller, may in fact be unable to take into account the difficulty in
meeting each requirement. The depth of the requirement is in fact the issue - what the
requirement actually means in terms of effort and resource, complexity measurement
that analyses the true implications of the requirement set along with the

compressibility within it would be more appropriate to systems engineering practice.

Bennett’s ‘logical depth’ (Bennett 1988, Edmonds 1999) is defined as the running-
time to generate the object (string) in question by a near-incompressible program.
The measure gives value to information based on the time taken to calculate or

produce the information and its usefulness; the time taken to calculate aircraft take off
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data (weights, runway rolls length, reference speeds, etc.) means the data is more

valuable than the equations used to calculate them. Edmonds quotes Bennett saying,

“Logically deep objects... contain internal evidence of having been the result of a
long computation or slow-to-simulate dynamically process and could not plausibly

have originated otherwise.” (Bennett 1988)

In terms of output strings from programs, a random string has low logical depth, if it
is incompressible and therefore the reproduction requires a simple copy of the string,.
A very simple string also has low logical depth, as the program required to reproduce
it is also simple. There are distinct links between logical depth and the concept of
sophistication (Fortnow 2003), which “is the size of the projectible part of the string's
minimal description and formalizes the amount of planning which went into the
construction of the string.” Whereas “Depth,” defined by Bennett (1988), is the
amount of time required for the string to be generated from its minimal description
and formalizes its ‘evolvedness’.. Both are a variation of the same theme, and like
other concepts of information theory (Bennett 1988, Shannon 1948, Barron, Rissanen

et al. 1998, Complex Systems Computation Group) the complexity hinges around the
length of the shortest programme to model strings, transmitters and receivers in the

minimal way.

It would seem that Bennett’s logical depth (Bennett 1988, Bennett 1990, Edmonds
1999) contradicts some descriptive complexity measures, in that random strings
would in fact have a low logical depth due to the simplicity of the description of that
string, but a high complexity in terms of Shannon and Kolmogorov information

theory in that the directly replicate the string the entire string must be stored and there

is no compressions possible.

2.7.3 Information Flow Complexities

The number of spanning trees relates to the pathways within a system of elements and
interfaces. The concept of spanning trees 1s methodology for understanding system
interfacing and the intricacy and coupling of these interfaces. The more “complex”
the interface between two system nodes or elements, the longer the “length” of that
interface. From these interfaces between nodes, and their associated lengths, paths
through the system for information can be measured and compared to gain insight into

how the system will operate.
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A system with 4 nodes that are all connected, has a total of 16 different pathways for
information flow (Irvine 1996). The applicability to developing systems is again
related to the interfaces between system components, and the potential flows of
information. Generally it is accepted that the more information flow pathways
possible, the higher the complexity. However, there are other factors to consider
when dealing with interface complexity and this measure alone would not be a

sufficient measure.

Spanning trees as a concept relate to the idea of dynamic complexity within systems
(Senge 1994), as the number of spanning trees in a system represent the different
directions of information flow within a system that are possible, there is potential here
to measure (Irvine 1996) complexity in systems with changing structures, or

comparing the complexity of the systems in interfacing and information flow terms.

2.7.4 Length of Proof

Proof lengths for mathematical theorem can be used as a measure of complexity.
However, mathematical proofs can be short and yet be complex, and long carefully
written proofs can be simple depending on how they are constructed (the use of
complex axioms and the level of hierarchical information gain (Edmonds 1999),

perhaps in an explanatory fashion), possibly even unnecessary lengthen added to the

proof to make it easier to follow, giving rise to “needless complexity” (Edmonds
1999). If there are two theories or solutions for the same problem, both with equal

supporting experimental data, the simpler theory using the Goodman’s measure

should be used.

Similarly, Goodman (1966) developed a categorisation of extra-logical predicates,
based on expressiveness. A general predicate is deemed more complex than a
symmetric one, as it includes the latter as an example. Similar to hidden complexity,
as a general predicate may contain complex proof, as Edmonds (1999) states, “the
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