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ABSTRACT 
 

The Intelligent Control Paradigm for software architecture is the result of this work.  

The Viable Software Approach is developed as an instance of the paradigm.  The 

approach uses the Viable System Model as the basis for software system architecture.  

The result is a model-based architecture and approach for developing software systems 

by piecemeal adaptation with the goal that they become adaptive systems at runtime.  

Software built in this manner is called Viable Software.  Viable Software represents a 

unifying class of self-controlling software that is an “intelligent” control system.   

Cybernetics, Control Theory, and Complexity Theory are the background for this work, 

and aspects relevant to this work are presented.  These results are related to software 

architecture and software engineering.  Rationale for the selection of the Viable System 

Model as a basis for software systems is given.  The Viable System Model is described.  

The model is restated as an Alexanderian “pattern language” to make it more accessible 

to software engineering.  A Viable Software Approach is proposed and expressed in the 

form of a Product Line Architecture that arranges the Viable System Model, the Viable 

Software Architecture, a Viable Component Framework, and a Component Transfer 

Protocol into a system for generative programming.  An important result is the 

formalisation of the pattern of the Viable System into the interface specifications of the 

Viable Component.   

Three case studies illustrate the approach.  The first is an analysis and extension of the 

Groove collaboration system.  This study shows how the approach is used to map an 

existing system into the Viable Software Architecture and add fuzzy-adaptive user 

interface controllers.  The second study presents the design and detailed software 

construction of an adaptive camera controller as part of a smart environment.  The final 

study shows how a Business-to-Business e-Commerce system can be evolved and an 

expert system-based controller developed to implement business contracts.   
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Chapter 1  
 
 
Dealing with Complexity 
 

 

We do not set out to build complex systems: we grow them by accident and of necessity.  

Most software systems begin life with the minimum functionality needed to meet their 

requirements - or they should.  However, software systems are embedded in complex 

environments, and most importantly, environments that include humans.  The 

introduction of new software systems, modification of existing ones, and changes in the 

environment itself creates reciprocal adaptations among interacting systems.  These 

evolutionary and coevolutionary1 forces drive simple systems into becoming ever more 

complex.  This is the general setting for almost all “non-trivial,” “non-traditional” or 

advanced software systems we seek to build today.  

Software systems as described above include business-to-business (B2B) e-commerce, 

smart (e.g. ambient, ubiquitous, pervasive) environments [Weiser 1991], military 

command and control systems, autonomous robots, multi-agent systems, adaptive user 

interfaces and the Internet itself; in which most of the systems mentioned are embedded.  

To illustrate, Tennenhouse [Tennenhouse 2000] proposes “Proactive Computing” to 

address the trends he sees developing wherein the number of networked, embedded, 

sensors, actuators and real-time computers vastly outnumber the human users.  His view 

of proactive computing calls for getting humans out of the loop and placing them above 

the loop in supervisory and policy setting roles.  He thinks this proliferation of diverse 

systems calls for the “urgent need to lay the intellectual groundwork for their principled 

                                                 

1 Evolution in two or more evolutionary entities brought about by reciprocal selective effects between the 
entities.  Ehrlich, P. and P. Raven (1964). "Butterflies and plants: a study in coevolution." Evolution 
18: 586-608. 
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design and analysis.”  The evolution of the relationship of human control to computers 

necessitating this approach is shown in Figure 1.1.  Tennenhouse’s Proactive Computing 

is one proposed solution to the general class of problems that motivates the research 

described here.   

Therefore, the motivation for this work is to address the following question: What 

“principled design and analysis” approaches can lead to software systems that may be 

coevolved with other systems in a complex environment?  Further, as the role of humans 

in relation to software systems is all-important, any solution must make explicit the 

nature of their involvement as both users and developers.   

The Intelligent Control Paradigm of software as described in this thesis is one answer to 

the questions and problems posed above.  The Intelligent Control Paradigm is an 

extension of Shaw’s Control Paradigm [Shaw 1995] with the goal of achieving self-

controlling software systems.  The Viable System Model (VSM) [Beer 1984] was chosen 

as a starting point in specifying an instance of the Intelligent Control Paradigm.  

The Viable System Model is a model of intelligent control.  Accordingly, a main result of 

this research is the proposition that the concept of viability captures the chief quality 

desired, in fact the necessary and sufficient quality, for a next generation of software 

systems.  A viable system has the capability, or potential, to successfully deal with the 

complexity of its environment: too survive, to maintain its identity.  A viable software 

system is one that proves to be adaptable over time, by humans (or other agents) to 

become an adaptive software system.  To a large degree, the viability of a software 

system is predicated on its architecture: architecture constrains the strategies the system 

may employ in dealing with the complexity faced in the environment.  What constitutes 

this quality of viability, why it is essential, and how it can be realized in software is the 

subject of this thesis. 
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Figure 1.1 Relation of Human Control and Computing 
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1.1 Thesis 
No algorithm has been found to generate a new type of living organism, a functional yet 

aesthetically pleasing building, an effective human organisation, or the architecture for a 

complex software application.  Systems of this class, or the knowledge required to build 

them, are generated by trial and error learning over time.  John Holland calls the 

successful systems that emerge in his Complex Adaptive System2 (CAS) simulation 

environment Echo “persistent patterns [Holland 1995].”  Stewart Brand, in summarizing 

his photo-essay How Buildings Learn [Brand 1997], says the book is an assemblage of 

“steps toward an adaptive architecture.”  He stresses that adaptive buildings are based on 

proven designs, are cautious about innovation, conservative, conventional, and even 

ordinary: “Honouring the future begins with honouring the past.”  Brand relies heavily on 

the work of the architect Christopher Alexander.  Alexander’s work in developing a 

pattern language for designing and building regions, cities, towns and homes is based on 

rediscovering and documenting the successful “unconscious” designs that have been 

evolved by humans since prehistory [Alexander, Ishikawa et al. 1977].  

The researchers mentioned above have one thing in common: they are holistic or 

“systems thinkers” searching for general principles of adaptive systems.  In that regard, 

the work on this thesis began by casting a wide net, one that fell outside of computer 

science per se in search of general principles, conceptual models, formal, and informal 

systems that could shape the basis for the design of a next generation of organic software 

systems.  The net closed in around the past and present work related to what are now 

called “complex adaptive systems.”  After reviewing the work in this area, the Viable 

System Model of Stafford Beer was selected as a starting point in developing the 

approach to software architecture described here.  

Beer developed the Viable System Model (VSM) to better understand and improve the 

efficiency of human organization.  He based the model on insights from neurophysiology, 

                                                 

2 Complex Adaptive System is a term introduced by Holland to describe a large collection of interacting 
adaptive components as typified by his Genetic Algorithms and Echo Simulation Holland, J. H. (1999). 
Emergence: From Chaos to Order, Helix Books. 

Holland, J. M. (1992). Adaptation in Natural and Artificial Systems, Bradford Books. 

Holland, J. M. (1995). Hidden Order: How Adaptation Builds Complexity, Helix Books.. 
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cybernetics, and control theory [Beer 1984].  Beer did not invent a new model.  He 

discovered and documented the persistent pattern of living organizations: natural and 

human engineered.  His long-term goal has been the development of a discipline of 

“management cybernetics” with the VSM as its methodology [Beer 1956; Beer 1979; 

Beer 1981; Beer 1985].  This thesis applies the VSM to the problem of software 

architecture.  In this approach, the VSM is the conceptual model from which high-level 

architectural models are derived.  Based on these high-level models, component object 

models and component frameworks can be designed for specific application domains. 

The goal in selecting the VSM as a basis for software architectures is to achieve -- in 

software -- the qualities inherent in the living systems it describes.  Beer carefully chose 

the word viability to capture and convey the essential quality of living systems.  Now, 

real systems are embedded in many other, larger systems.  For example, a software 

system is embedded in an organization, a market economy, a user community, a legal 

system and so on.  A software system must be viable, capable of survival, in all of these 

dimensions.  This thesis is concerned with the technical aspects of software: software 

architecture, design, and implementation.  The result of this work is the following 

definition of software viability: 

Software Viability is the quality a software system has if it can be adapted 

over time by humans (design-time adaptable) toward becoming an adaptive 

(intelligent supervisory-adaptive-control) system (run-time adaptive). 

This work has been an experiment; and one statement of the thesis presented here is to 

say it is an experiment in the application of a high-level, conceptual model for software 

systems architecture in order to demonstrate that this definition of viability can be 

beneficial in software.  The overall result of this work is the Intelligent Control Paradigm 

for adaptable and adaptive software architectures as expressed in the form of the Viable 

Software Approach. 

1.2 Thesis Organization 
The thesis is organized as follows.  The next chapter, Chapter 2, provides background 

and related work.  Chapter 2 brings together in one place the major concepts from 

cybernetics, systems thinking, complexity, control theory, software architecture, and 

software engineering on which the thesis rests.  The primary goal of Chapter 2 is to lay 
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the foundation for the presentation of the Viable System Model and the Viable Software 

Approach.  In that regard, the important work of Ashby is described in detail as it is the 

basis for Beer’s Viable System Model.  Chapter 2 situates the approach in relation to 

other software research.  Then, Beer’s model of the “viable” organisation, The Viable 

System Model, is presented in Chapter 3.  It is a necessary to have the VSM presented 

here, as it is central to this thesis.  (Appendix B gives an update on recent applications of 

the VSM based on a literature search conducted as part of this thesis.)  Chapter 4 casts the 

Viable System Model in the form of a pattern language following Alexander.  One goal 

of the pattern language is to make the model more accessible to the practising 

programmer as patterns are now a standard technique in software engineering [Gamma, 

1995].  Chapter 5 is the core contribution of the thesis.  In this chapter the Viable 

Software Approach (VSA) is developed.  The central concept of software viability is 

defined and made specific in the form of a Product Line Architecture approach to 

developing complex adaptive software systems.  The Product Line approach is itself a 

framework in which architecture, software frameworks, and related constructs and 

artefacts are arranged to enable a process for the production of domain-specific 

applications.  The architecture, framework, and component specifications embody the 

structure of the VSM and capture the patterns of the viable system.  A key feature of the 

VSA, and inherent in the definition of software viability, is piecemeal “migration” of 

human control skills into software systems.  An introductory example is included in 

Chapter 5 to make these abstract concepts more concrete.  The example is an analysis of 

the Model-View-Controller design pattern from the viewpoint of the Viable Software 

Approach.  

Three domains-specific case studies are developed to demonstrate the VSA approach.  

Chapter 6 shows how the VSA is used for analysis of existing systems.  The Groove 

Internet-based, peer-to-peer, collaboration system was chosen because its architecture 

was well documented, and because it represents a large class of interactive systems.  

First, Groove’s architecture is mapped into a Viable Software Architecture.  The restated 

system architecture clearly shows where adaptive controllers are to be added.  Fuzzy 

controllers are developed at several levels within the architecture to provide adaptive 

features.  Next, in Chapter 7, the emerging area of “Smart Environments” is explored and 

software for a smart camera controller is described.  A scenario is developed showing 
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how the diverse hardware and software systems that must work together to create such an 

environment might be organised to support a university campus and a “smart lecture 

room” in particular.  The VSA is applied to develop an architecture for the smart lecture 

room.  One component, “a smart camera” is singled out for detailed design and software 

implementation.  The smart camera software system is documented in Appendix C .  A 

third case study focusing on e-Commerce is described in Chapter 8.  There, a B2B 

scenario outlines how the VSA supports adaptable system growth.  The area of 

“electronic contracts” for B2B is explored in depth and a prototype implementation 

documented in Appendix D   Finally, Chapter 9 gives a summary of the work, identifies 

contributions, and discusses possible future work 

1.3 Summary of Contributions 
The Intelligent Control Paradigm of software architecture is the main contribution of this 

work.  One instance of this paradigm is presented in the form of the Viable Software 

Approach.  The Viable Software Approach contains a number of contributions.  Firstly, 

the identification of technical software viability as stated above.  This definition of 

technical software viability brings together the key ideas of the approach.  Namely, that 

software systems need to be both adaptable and adaptive.  An adaptable software system 

is one that can be grown or evolved by humans over time without meeting some 

fundamental problem that leads to a “dead-end.”  Next, there is a direction or gradient to 

the growth process; a viable software system gains adaptive capabilities over time, 

piecemeal, as appropriate.  The idea of viability as the chief quality of software represents 

an advancement over previous notions of “goodness” as expressed by the low-level 

“ilities” of software engineering 

A novel Product Line Architecture (PLA) based on a suite of meta-constructs is 

described.  In this PLA, the meta-model of the VSM captures the essential characteristics 

of complex adaptive systems.  Next, the Viable Software Architecture, expressed as a 

role-based meta-architecture, provides a template for domain-specific architectures.  A 

viable component framework is specified based on the unique set of interfaces identified 

by the architecture.  A major feature of the component interface definition is that it 

supports recursive system composition.  An abstract Component Transfer Protocol is 

provided as guidance in the development of domain-specific assembly protocols.   
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The case studies represent a contribution in their own right.  Briefly, the Groove study 

shows how to map an existing architecture into another framework and extend it using 

fuzzy control techniques.  The smart environment study provides a domain-specific 

architecture for that important class of application; and the smart camera prototype gives 

a concrete instance of a software design based on the VSA architecture.  Finally, the B2B 

case study shows how to evolve a complex adaptive B2B system.  The B2B contract 

prototype show how expert system approaches can be used within the VSA to implement 

advanced business functions.   

A final claim, based partially on the experience of the case studies, is that the Viable 

Software Architecture represents a unification of many diverse architectural styles.  The 

VSA can be described as a Multi-Agent System (MAS) architecture.  It can also be 

described as a coordination framework.  The VSA could well be the basis for an 

operating system.  Blackboard architectures, hierarchical cellular communication 

architectures, and even subsumption architectures fall within its purview.  Further, the 

VSA shows how diverse tools and techniques, including many from AI, can be organised 

within the overall information systems context.   
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Chapter 2  
 
 
Background and Related Work 
 

 

The goal of this chapter is to place the thesis in context, and in that regard, it is 

necessarily two fold.  Firstly, it must provide background for the ideas on which the 

Viable System Model (VSM) is based, as these will be necessary for the presentation of 

the model in the next chapter and in the remainder of this thesis.  Secondly, this chapter 

shows how the work is related to the current state of developments in software 

architecture and software engineering.  As an aid in accomplishing this objective, a map 

of the conceptual terrain covered in the course of this research is shown in Figure 2.1.  

The subject of this thesis, Viable Software Systems, is at the centre of a universe of ideas 

divided into six regions and corresponding to the following disciplines: Biology, Control 

Theory, Cybernetics, Complexity, Software Architecture, and Software Engineering.  The 

text labels in the figure represent key disciplines, theories, and models that relate to the 

development of this thesis.  There are two types of labels in the figure: one refers to a 

specific development (e.g. Cybernetics) with the primary author’s name in parenthesis 

underneath (e.g. Wiener); the other refers to a general area of work, or sub-discipline, 

(e.g. Fuzzy Control) and is italicised.  The four arrows indicate the cross currents of ideas 

flowing between the disciplines that contribute to the development of theories and models 

as indicated.  The two horizontal arrows show the direct evolution of ideas that form the 

basis for this thesis: Cybernetics leading up to the development of the VSM; and the path 

of research in software architecture starting with the “Control Paradigm” leading to the 

central result of the current thesis – the Intelligent Control Paradigm.  The arrows on the 

sides show other related work contributing to the development of the Viable Software 

approach.  


