[image: image16.jpg]I The Natural Edge



TDP
                                                                        ESSP Technical Design Portfolio: Whole System Design Suite

                                                   The Fundamentals of Systems Engineering to Inform a Whole System Approach 


[image: image17.jpg]Australian Government

Department of the Environment
and Water Resources



[image: image18.jpg]| Engineering Sustainable Solutions Program

Critical Literacies Portfolio




[image: image19.jpg]f\‘ The Natural Edge




Whole System Design Suite

Taking a whole system approach to achieving sustainable design outcomes

Unit 2: The Fundamentals of Systems Engineering to Inform a Whole System Approach
July 2007



Unit 2
The Fundamentals of Systems Engineering to Inform a Whole System Approach
Educational Aim 

Unit 2 provides an introduction into conventional Systems Engineering so that we can show in Units 3-5, how A Whole System Approach to Sustainable Design will enhance Systems Engineering. In Unit 1, we introduced the fact that many engineered systems are sub-optimally designed because engineers have not taken the time to optimise the whole system. Unit 1 described how this fact has inspired the field of Whole System Design. Unit 2 now shows that this fact has also inspired the field of engineering called Systems Engineering. Unit 2 first highlights the similarities between some of the principles and motivations of good Systems Engineering and Whole System Design. Unit 2 also outlines the differences. A Whole System Approach to Sustainable Design covers more than simply engineering design. Whole System Approaches to Sustainable Design can be applied to all fields of design – architects, industrial, urban and landscape designers – and not just engineers. Whole System Design is also different from traditional Systems Engineering in that it has been more focused on better whole system optimisation to go beyond simply better efficiencies and achieve ecological sustainability. This key difference is highlighted in Units 3, 4 and 5. Unit 3 illustrates how Whole Systems Design enhances traditional Systems Engineering with its greater emphasis on ecological sustainability in the design process. Unit 2 also overviews key terminology and concepts derived from the field of systems science that are relevant to systems engineers and whole system designers. It is important to put Whole System Design for Approaches in the context of traditional Systems Engineering to assist the rapid mainstreaming of the latest insights from Whole System Design into engineering design courses and practices. Also, traditional Systems Engineering will be greatly enriched by integrating it with the latest insights from the Whole System Design literature.
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Introduction: Whole System Design and Systems Engineering
In Unit 1, the benefits of Whole System Design (WSD) were outlined. Unit 1, and the books and reports referenced within it, show that historically many engineered systems have not gone through a rigorous WSD optimisation process. For example, as the Rocky Mountain Institute
 write most energy-using technologies are designed in three ways that are intended to produce an optimised design, but they actually produce sub-optimal solutions: 

1. Components are optimised in isolation from other components (thus ‘pessimising’ the systems of which they are a part). 

2. Optimisa​tion typically considers single rather than multiple benefits.

3. The optimal sequence of design steps is not usually considered.

Unit 1 showed that pursuing a Whole System Approach to Sustainable Design can help engineers to achieve significant resource efficiency and productivity gains and thus help reduce pressures on the environment. An effective Whole System Design optimisation, carried out in the early stages of design projects, provides significant economic, social and environmental benefits. Decisions made early in the design process have an enormous impact on lifecycle system costs, both economic and environmental.
 Figure 2.1 shows that approximately 60 percent of lifecycle costs are determined in the concept phase (Need Definition and Conceptual Design), and a further 20 percent are determined in the design phase (Preliminary Design and Detail Design).
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Figure 2.1. Comparison of the incurred costs and committed costs for each phase of system development
Source: Adapted from Andersen, D.M. (2008)

In addition to the direct costs associated with the project, the cost of making design changes escalates as system development progresses. Figure 2.2 shows that the cost of making design changes is lowest during the initial design phase, is 10-fold higher during the pre-production phase, and more than 80-fold higher during the production phase.
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Figure 2.2. The cost of making design changes throughout each phase of system development
Source: Ranky, P.G.

These facts have lead many in the design professions to call for greater effort to be made at the concept and early design phases – known as Front End Design. There is tremendous leverage in investing adequate human and financial resources into the earliest phases of the development process. A Front Ended Design can lead to better-considered decisions, lower life cycle costs, and fewer late changes, through a concentration of design activity and decisions in the earliest phases, where changes cost the least. This emphasis on more Front End Design makes intuitive sense as shown in Figure 2.3. In traditional design without consideration of whole system approaches and the lifecycle of a product or development, the creation of a system is focused on production, integration and testing. In a Whole System Approach to Sustainable Design process, greater emphasis on the Front End Design creates easier, more rapid integration and testing by avoiding many of the problems normally encountered in these phases. By reducing risk early in the design process the overall result is a saving in both time and cost, with a higher quality system design. There are now a range of empirical studies that support the idea that increasing the level of Systems Engineering has a positive effect on cost compliance and quality of the project.
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Figure 2.3. The value of front end design in reducing costs and risks
Source: Honour, E.C. (2004)

One of the reasons why so many technical systems are not based on a Whole System Approach to Sustainable Design is because the engineering and design professions have become highly specialised professions. As the field of engineering has grown exponentially, there has been a need for engineers to specialise, as no one person can now master all the individual fields of engineering. Through that process of specialisation over the last century many engineers have lost the Victorian
 engineering art of a multi-disciplinary whole system optimisation simply because they do not know enough technical detail to individually complete a true whole system optimisation. While engineers have become more and more specialised, modern technologies have become increasing complex. As Blanchard and Fabrycky comment in their text book on Systems Engineering,
  

Although engineering activities in the past have adequately covered the design of various system components (representing a bottom up approach) the necessary overview and understanding of how these components effectively perform together is frequently overlooked.

Whole system designers like Amory Lovins, Hunter Lovins, Ernst von Weizsäcker, Bill McDonough, John Todd, Janis Birkeland, Alan Pears (see Optional Reading) have recognised the desperate need for the designers to be able to step back and analyse the whole system to ensure that the solution is as effective as possible. It is also important for engineers and designers to think not only of their own scope of work in a whole system manner, but also understand how their expertise can be optimised within the context of the Whole System Design team as well. Unit 1 described how the field of Whole System Design was developed to address these issues. As well as Whole System Design, a new field of engineering has been created, called ‘Systems Engineering’ to also address these issues. 
The field of systems engineering, like WSD has arisen out of the recognition of: 

a) the need for better Front End Design, and
b) the need for engineering designs to optimise the whole system using a life cycle approach. 

The field of Systems Engineering has, like Whole System Design been created out of the recognition that any changes to the design of sub-systems effects the overall system design and performance. Systems Engineering has been created by the engineering profession out of recognition that, as engineering has grown more sophisticated and complex, it has become necessary to focus more on managing carefully how the engineering of components affects the overall system design. Done well, good Systems Engineering ensures that the whole is greater than the sum of the parts, just as Whole System Design does. Systems Engineering is the traditional field of engineering which helps engineers understand how to optimise an entire system. 
However rarely in Systems Engineering text books do they emphasize ecological sustainability as a key goal to be included in the daily practice of Systems Engineering. A Whole System Approach to Sustainable Design is also different from traditional Systems Engineering in that it has been more focused on better whole system optimisation to go beyond simply better efficiencies and achieve ecological sustainability. These key elements of a Whole System Approach to Sustainable Design are highlighted in Units 3, 4 and 5 to demonstrate how it can enhance traditional Systems Engineering. Also, a Whole System Approach to Sustainable Design is a broader concept than Systems Engineering since the Whole System Approach field is relevant for many professions – architects, industrial, urban and landscape designers – and not just engineers. We believe it is vital engineers understand this to appreciate how the latest insights from the Whole System Approach to Sustainable Design field (See Optional Reading) compliment and enhance traditional Systems Engineering to help them focus on achieving ecologically sustainable outcomes. 
Units 2 and the start of Unit 3 provide an overview of traditional Systems Engineering. This is done so that the second half of Units 3, and in Units 4 and 5 can highlight how the latest operational insights from A Whole System Approach to Sustainable Design can enhance the operational implementation of Systems Engineering principles to achieve more sustainable outcomes. We believe that it is also important to put a Whole System Approach to Sustainable Design in the context of traditional Systems Engineering to assist the rapid mainstreaming of the latest insights from leading thinkers in the field of WSD for sustainability, such as Amory Lovins, Ernst von Weizsäcker, Bill McDonough, Janis Birkeland, and Alan Pears (see Optional Reading). This is a key goal of Units 2, 3, 4 and 5. 
Also we believe Systems Engineering is greatly enriched by integrating it with the large body of work on A Whole System Approach to Sustainable Design (see Optional Reading). There are many Systems Engineering success stories, like the hybrid car, which can help society achieve ecological sustainability, and yet these are not covered in most Systems Engineering text books. Rather, most Systems Engineering text books overlook the provision of case studies that apply the Systems Engineering methodology to improving the environmental performance of designs. Units 6-10 of this module provide engineering practitioners, lecturers and students with detailed technical worked examples of WSD for sustainability that could be included in both Systems Engineering text books and taught in Systems Engineering and systems design courses around the world. 
What is Systems Engineering? 

Systems Engineering is a process whereby engineers analyse and optimise the whole technical system, which is composed of components, attributes and relationships to achieve a specified goal. Components, attributes and relationships, in an engineering sense, are defined as follows: 

1. Components are the operating parts of a system (see Figure 2.4) consisting of input, process, and output. Each system component may assume a variety of values to describe a system state as set by some control action and one or more restrictions. 

2. Attributes are the properties or discernible manifestations of the components of a system. These attributes characterise the system. 

3. Relationships are the links between components and attributes. 
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Figure 2.4. The composition of a system
Source: Adcock, R.

As Blanchard and Fabrycky explain,
 
A (engineering) system is a set of inter-relating components that form an integrated whole with a common goal or purpose. In engineering the objective or purpose of a system must be explicitly defined and understood so that system components may be selected to provide the desired outcome. The purposeful action performed by a system is referred to as its function. Common system functions include that of transforming and altering material, energy and or information. Systems that alter material, energy or information are composed of structural components, operating components and flow components. Structural components are the static parts; operating components are the parts that perform the processing and flow components are the material, energy or information being altered. Every system is made up of components and any component can be broken down into smaller components. 
Systems engineers usually work with engineers from all the traditional engineering disciplines to optimise the whole system to achieve a defined goal or purpose. Systems Engineering plays a role of integrating the best of all the fields of engineering to achieve still greater results (see Figure 2.5). Blanchard and Fabrycky sum this up as follows,
  

Systems Engineering involves an interdisciplinary or team approach throughout the system design and development process to ensure that all design objectives are addressed in an effective and efficient manner. This requires a complete understanding of many different design disciplines and their interrelationships, together with the methods, techniques and tools that can be applied to facilitate implementation of the system engineering process. 
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Figure 2.5. Systems engineers work with engineers from all engineering disciplines to achieve holistic integrated solutions
Source: Blanchard, B.S. and Fabrycky, W.J. (2006)

In Systems Engineering, as with any engineering discipline, the objective or purpose of the system must be explicitly defined and understood to ensure that an effective solution is designed.  Once the purpose is defined, this allows the engineer to determine the best way to meet a desired outcome. There are almost always several different ways to engineer a solution to meet a specified need or service. It is up to the systems engineer to first conceive of and work on alternative ways to meet these needs and provide these services. It is the role of the good engineer or designer to determine which of these alternatives is the optimal way to provide a service and meet society’s needs. As Blanchard and Fabrycky write,
  

A better and more complete effort is required regarding the initial definition of system requirements, relating these requirements to specific design criteria, and the follow-on analysis effort to ensure the effectiveness of early decision making in the design process. The true system requirements need to be well defined and specified, and the traceability of these requirements from the system level down-ward needs to be visible. In the past, the early ‘front-end’ analysis as applied to many new systems has been minimal. The lack of defining an early ‘baseline’ has resulted in greater individual design efforts downstream.

Taking a Systems Engineering approach helps ensure that engineers examine the many choices that are available to meet the specific needs of society; where each approach will have its own unique energy and material needs and environmental impacts. Energy and materials are not used for their own sake. They are inputs into a system that provides a function that is considered useful or valuable by society. The client or customer wants cold beer and warm showers, not kilowatts of energy. People want to drink out of something hygienically packed and easy to handle, and don’t so much want to use a container that creates a waste problem. People want mobility, they wish to get from A to B but, not don’t necessarily want more congestion from cars. They want the services that energy, materials and information provide and not the environmental costs and by-products that they can inadvertently create. This means that there are numerous ways that engineers can provide these services whilst dramatically reducing the environmental impacts of the energy and materials used to provide such services. Taking a services perspective can free engineers to create totally new ways of meeting people’s everyday needs. 

Systems Engineering emphasises the importance of stepping back from the problem and asking crucial questions to ensure that the most appropriate solutions are found. Hitchins’
 list of Systems Engineering tenets serve as a general guide for effective Systems Engineering. His list of Systems Engineering tenets is as follows: 

a. Approach an engineering problem with the highest level of abstraction for as long as practicable. 

b. Apply ‘disciplined anarchy’, that is, explore all options and question all assumptions.

c. Analyse the whole problem breadth-wise before exploring parts of the solution in detail. Understand the primary system level before exploring the sub-system.

d. Understand the functionality of the whole system before developing a physical prototype. 
Unit 3 will show how Systems Engineering can be enhanced to incorporate sustainability considerations and hence encourage the development of sustainable systems. 
In the past, due to not considering a wide range of options, some engineering applications have performed poorly as part of the larger system. This is partly due to the lack of knowledge beyond one’s own engineering discipline and a lack of knowledge amongst designers of the subject of natural systems, their limits and thresholds. The confidence in the intrinsic value of technological progress has also led at times for scientific and engineering designers to be too quick to reach their conclusion. There has been an under-appreciation of the value of a precautionary approach to technological development. Two examples that illustrate this were the development of leaded petrol and ozone destroying CFCs for air-conditioning and refrigerators. 

Thomas Midgley, the chief engineer responsible for the decision to add lead to petrol
 and to use chlorofluorocarbons (CFCs)
 for numerous industrial and consumer applications, did not appreciate the ecological effects on heavy metals and certain chemicals. Midgley died believing that CFCs were of great benefit to the world, and a great invention. He was not the only expert to be guilty of ignorance. Almost all scientists and engineers, until the 1950s, were ignorant of the negative environmental effect of burning fossil fuels. All assumed that the oceans and forests would absorb all the carbon dioxide produced from burning fossil fuels and it never occurred to them that this human behaviour could be a problem. The reason plastics do not degrade in the environment is because they are designed to be persistent; similarly fertilisers were designed to add nitrogen to soil so it is not an accident that they also add nitrogen to waterways, thus leading to algae blooms. Part of the problem, as argued by Commoner in his book, The Closing Circle,
 is that designers make their aims too narrow. Commoner argued that historically designers have seldom aimed to protect the environment, but technology can be a successful part of Earth’s natural systems, ‘if its aims are directed toward the system as a whole rather than some apparently accessible part.’ Commoner advocated a new type of technology that is designed with the full knowledge of ecology and the desire to fit in with natural systems. 
A lack of appreciation of the need to take the broader environmental and social systems approach when addressing problems has not simply been an issue in engineering, but also in many other disciplines such as medicine. The following case study illustrates well what can go wrong when the broader system is not taken into consideration when designing solutions to problems, effectively treating the symptoms but not creating lasting solutions.
Why an Understanding of Systems Matters 
Case Study: Operation Cat Drop

In the 1950s in Borneo malaria was identified as a significant health issue. In response to this problem, the World Health Organization (WHO) decided to take measures to significantly reduce the mosquito population, since mosquitoes are carriers of malaria. To achieve this they used the insecticide DDT, which effectively reduced mosquito populations and significantly reduced the incidence of malaria. However, the WHO failed to appreciate the full scope of their actions. DDT not only successfully killed mosquitoes - it also attacked a parasitic wasp population. These wasps had kept in check a population of thatch-eating caterpillars. So with the unforeseen removal of the wasps, the caterpillars populations blossomed, and soon thatch roofs started falling all over Borneo.

There were additional unforeseen effects. Insects, poisoned by DDT, were consumed by geckoes. The biological half-life of DDT is around 8-years, so animals like geckoes do not metabolize it very fast, and it stays in their system for a long time. Those geckoes, carrying the DDT poison, were in turn hunted and eaten by the cat population. With more cats dying prematurely, rats took over and multiplied, and this in turn led to outbreaks of typhus and sylvatic plague (which are passed on by rats). At this stage the effects on the health of the people of Borneo was worse than it had been previously with the malaria outbreak. So the World Health Organization (WHO) resorted to the extraordinary step of parachuting live cats into Borneo. The event has become infamously coined ‘Operation Cat Drop’.

The WHO had failed to consider the full implications of their actions on the delicate natural systems of Borneo. Because they lacked understanding of the basic effects of DDT (now banned in many countries) a high cost was paid for this mistake. By considering only the first-level relationship between mosquitoes as carriers of malaria and humans as recipients of malaria, the WHO unrealistically assumed that this relationship could be acted upon independently of any other variables or relationships. They considered one aspect of the system, rather than the whole system (the entire ecology).

This example demonstrates the incredible importance of a Whole System Approach to challenges/problems which seeks to design sustainable (lasting) solutions. In the real world one relationship strand (e.g. mosquito-human) cannot be separated from the rest of the system. All of the parts of the system are tied together in a complex fabric, and changing one part of the system can lead to profound changes throughout the rest of the system which may not at first glance appear at all connected to the point of action. 

Broadening the Problem Definition

Systems Engineering has evolved out of this understanding of the need to consider the complex inter-relationships of systems. Changes which are seemingly narrow in scope can set off a domino effect that reaches much wider than ever anticipated.  
Systems Engineering recognises that systems exist throughout the natural and man-made world, wherever there is complex behaviour arising from the interaction between things. This behaviour can only be understood by considering ‘complete systems’ as they interact within their ‘natural’ environment. The goal of Systems Engineering is to consider the whole-system, in its environment, through its whole life cycle. (See Figure 2.6) The viability of an engineered system/design/product generally relies upon interactions outside of its immediate (product) boundary. Systems Engineering simultaneously focuses on the specific product to be designed, while considering how that product fits within the context of one or more “containing systems” including the natural environment. (See Figure 2.6) 
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Figure 2.6. Systems Engineering considers the wider systems
Source: Adcock, R.

To solve complex ‘System Problems’ we must engineer complete ‘System Solutions’, through a combination of: 

· The ability to understand, describe, predict, specify and measure the ways in which elements of an engineered system will affect elements of a complex system. 

· The ability to apply “traditional” engineering knowledge to create, modify or use system elements to manipulate or maintain or enhance resilience of the complex system. 
· The ability to organise, manage and resource projects in such a way as to achieve the above aims, within realistic constraints of cost, time and risk. 
It is vital, with the earth’s ecosystems having already lost so much of their resilience and now under increasing environmental pressures that engineers in the 21st Century ensure their engineering solutions do not create new unforeseen problems which further add to environmental pressures. Before discussing in Unit 3 the detailed operational steps of conventional Systems Engineering and how this can be enhance through a Whole System Approach to Sustainable Design, it is important to overview some systems definitions and concepts to provide a foundation for the rest of the units. The rest of this unit introduces some of the key terminology of systems analysis and Systems Engineering. Unit 3, 4 and 5 then discusses the key operational process steps of good Systems Engineering and how these can be enhanced by the 10 key elements of a Whole System Approach to Sustainable Design. Units 6-10 then provide more detailed technical worked examples to demonstrate further the value of a WSD approach.  
What is a System? 

Systems are everywhere. Our universe, the earth, even a tiny atom is a system. Only very recently has humanity started to engineer human made systems. Only in the last few hundred years has humanity begun to truly understand the detailed workings, laws and relationships of both natural and human made systems. We have all heard of various forms of technological systems: computer systems, security systems, manufacturing systems but what do we actually mean when we describe something as a ‘system’? 


Blanchard and Fabrycky define a system as follows,
 

A system is any combination of elements or parts forming a complex of unitary whole, such as a river system or a transportation system, any assemblage or set of correlated members, such a system of currency; an ordered and comprehensive assemblage of facts, principles, or doctrines in a particular field of knowledge or thought, such as a system of philosophy; a co-ordinated body of methods or a complex scheme or plan of procedure; such as a system of organisation and management; or any regular or special method or plan of procedure, such as a system of marking, numbering or measuring. Not every set of items, facts, methods or procedures is a system. A random group of items… would constitute a set with definite relationships between the items, but it would not qualify as a system because there is an absence of unity, functional relationship, and useful purpose. 

In analysing and developing systems, it is important to establish system boundaries. Strategies to establish system boundaries vary. Typically, the wider the boundaries, the greater the opportunities to influence system performance, service delivery, environmental impact and cost-effectiveness. In these units, where the focus is primarily on analysing and developing technical engineered systems for environmental sustainability, the boundaries generally encompass:

· all subsystems involved in developing, operating, maintaining and retiring the system that can be directly influenced
· all other subsystems involved delivering the system’s services that can be directly influenced
· the interactions between the subsystems within the boundaries
In addition, analysing and developing systems actively considers the subsystems and interactions beyond the boundaries, particularly those related to the creation and delivery of input resources at the system boundaries and those related to the processing of output resources at the system boundaries.
As an example of establishing a system boundary, consider the (simplified) task of an automotive original equipment manufacturer (OEM) developing a modern internal combustion engine for a car. The development process typically involves selecting and integrating engine components produced by external suppliers, and assembling the engine. In relation to Figure 2.6, the relevant systems are:

· System of interest: engine; assembly process for the engine; procedures for maintenance and end-of-life processing; spare components.
· Wider system of interest: production processes for engine components and raw materials; infrastructure for fuel access, maintenance, spare components access and end-of-life processing; car; assembly process for the car.
· Operating environment: car; local climate.
· Wider environment: roads; urban and built environment; biosphere.
If the task is strictly limited to engine development, then the system boundaries encompass only the subsystems listed in ‘system of interest’. These subsystems’ components will be selected, modified and manipulated to optimise the system. For example, the most suitable crankshaft will be selected by the OEM’s designer from a pool of crankshafts manufactured by various suppliers – thus, the engine development process has a direct influence on the performance of the crankshaft. Engine development also actively considers the ‘wider system of interest’, ‘operating environment’ and ‘wider environment’. These subsystems will not be modified by the engine development process, but the subsystems may be modified in response to demand for their services. For example, the production process used by suppliers for engine crankshafts will not be modified by the designer, but may be modified by the suppliers to consume less energy if the OEM has committed to reducing its greenhouse gas emissions – thus, the engine development process has an indirect influence on the production process for crankshafts.
Expanding the boundaries to encompass the whole car will increase the opportunities to develop a better car (including a better engine) by granting the designer access to directly select, modify and manipulate a wider variety of subsystems and components. Unit 7 of the Whole System Design Suite presents a worked example of designing a car with the system boundaries at the level of the car. Units 6, 8, 9, and 10 present similar worked examples for other technical engineered systems.
Systems Analysis 

Increasingly, engineers are being asked to analyse and address complex systems problems, such as traffic congestion, climate change and urban water management.
 Many of the sustainability challenges faced by society involve complex interactions between the technical, social, and economic dimensions. An ability to undertake systems analysis can help engineers tackle the complexity of real world problems with greater confidence, and there is an extensive field of such systems analysis which engineers can turn to for ideas on how to tackle complex systems problems.
   

Analysis of systems involves an investigation of the multiple relationships of elements that comprise a system. System Analysis uses diagrams, graphs and pictures to describe and structure interrelationships of elements and behaviours of systems. Every element in a system is called a variable, and the influence of one element on another element is called a link; this can be represented by drawing an arrow from the causing element to the affected element. In analysis of systems, links always comprise a ‘circle of causality’ or a feedback loop, in which every element is both cause and effect. For example, take the urban expansion/induced traffic issue depicted below (Figure 2.7). To relieve traffic congestion in cities (variable #1), freeways and roads are added or extended (variable #2). By adding/extending more freeways, people are able to live further out from the city, and hence more residential properties are built further out from the city (variable #3). More people living further out means more people drive into the city via the new freeways, and hence contributing even more to the traffic congestion problem (feedback loop).
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Figure 2.7. Variables, links and feedback loops applied to the issues of urban expansion and induced traffic
Source: The Natural Edge Project (2008)
However, it should be recognised that the variables in a systems diagram, such as Figure 2.7, don’t occur in series. In reality, all of these events occur simultaneously, which further places emphasis on the interconnected relationship between variables. There are two ways to represent feedback systems – as reinforcing loops or balancing loops:

Reinforcing loops: reinforcing loops generate exponential growth and then collapse. As just described, an example of reinforcing loops is urban expansion/induced traffic in many western cities. Several studies confirm just how quickly urban expansion/induced traffic can take over landmass, as the Sierra Club explain,

Shortly after the lanes or road is opened traffic will increase to 10 to 50% of the new roadway capacity as public transit or carpool riders switch to driving, or motorists decide to take more or longer trips or switch routes. This is short-term induced travel. In the longer term (three years or more), as the new roadway capacity stimulates more sprawl and motorists move farther from work and shopping, the total induced travel rises to 50 to 100% of the roadway’s new capacity. This extra traffic clogs local streets at both ends of the highway travel.
The expansions of several US cities are visible on satellite images by the US Geological Survey.
 This expansion occurs despite some of these cities having politically-defined urban growth boundaries in place to control urban expansion. It is important to note that, in contrast to western cities, rapid road development in Chinese cities was in anticipation of increased traffic as the country became more ‘modernised’ and industrialised, and that urban development did not necessarily follow road development. Such urban expansion, as in Chengdu, China, is also visible on satellite images by NASA.
 
Reinforcing loops, by definition, are incomplete. Somewhere, sometime, it will encounter at least one balancing mechanism that limits the spiralling up or spiralling down effect.

Balancing Loops: Balancing loops are forces of resistance that balance reinforcing loops. They can be found in nature (chemical buffers in oceans or cellular organisations) and indeed other systems, and are the processes that fix problems and maintain stability. An example of balancing loops in engineering systems is the suspension system in an automobile. The suspension system is designed to cushion and control disturbances to the height of passenger cabin. While a disturbance will initially change the cabin’s height, the suspension system will eventually restore the cabin to its original height. Systems that are self-regulating or self-correcting comprise of balancing loops. Balancing processes are bound to a constraint or target which is often set by the forces of the system, and will continue to add pressure until that target has been met. 
A significant characteristic of many systems, and often the most ignored, are delays. Delays in loops occur when a link takes a relatively long time to act out, and can have an enormous influence on a system, often exaggerating the behaviour of parts of the system and hence the general behaviour of the whole system. Delays are subtle and often neglected, yet they are prevalent in systems and must be actively considered. Delayed effects are very common in natural systems. This is fundamentally one of the reasons why we currently have the loss of resilience globally of many of the earth’s ecosystems, as highlighted by the UN Millennium Ecosystem Assessment. Delayed effects of humanities pressure on the environment mean that we can overshoot ecological system thresholds without knowing it. This has been a major factor in lulling humanity in general and designers into a false sense of security that things are ‘not that bad’ environmentally. 
Natural Systems Often Exhibit Delayed Feedbacks: The Problem of Overshoot

Over the last two centuries scientists have researched and begun to understand complex natural systems. They have found that the inherent resilience of natural systems means that they often exhibit a delayed feedback to environmental pressures. It is therefore difficult to simply see by the naked eye how pollution and development are reducing the resilience of natural ecosystems until it is often too late and the ecological system has been pushed past a particular irreversible threshold. Jared Diamond showed in his 2005 publication Collapse
 that this delayed feedback has been a factor in the collapse of many past civilisations. Richard St Barbe Baker, renowned UK Forester and founder of Men of Trees in the 1920s was one of the first to draw the modern world’s attention to the risks that arise from the fact that natural systems often exhibit delayed feedback. 
The great Empires of Assyria, Babylon, Carthage and Persia were destroyed by floods and deserts let loose in the wake of forest destruction. Erosion following forest destruction and soil depletion has been one of the most powerfully destructive forces in bringing about the downfall of civilizations and wiping out human existence from large tracts of the earths surface. Erosion does not march with a blast of trumpets or the beating of drums, but its tactics are more subtle, more sinister.

Richard St. Barbe Baker, I Planted Trees, 1944

Until the 19th century most believed that ecosystems would always be able to recover from the pressure humanity has put on them. The 2005 UN Millenium Ecosystem Assessment has shown significant evidence that environmental pressures can push an ecosystem’s resilience past a threshold and into irreversible decline. One of the examples featured in the UN Millenium Ecosystem Assessment was the collapse of the NewFoundLand cod fishery (see Figure 2.8). This sudden collapse forced the indefinite closure of the fishery to commercial fishing in 2003. Until the late 1950s the fishery was exploited by migratory seasonal fleets and local fisherman. From the late 1950s, offshore deep trawlers began exploiting the deeper part of the stock in larger quantities, leading to a large catch increase. Internationally agreed quotas in the early 1970s and, following the declaration by Canada of an Exclusive Fishing Zone in 1977, national quota schemes ultimately failed to arrest the decline and collapse of this fishery. The stock collapse rapidly to very low population levels in the 1980s and early 1990s.The fishery was closed indefinitely from 2003. 
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Figure 2.8. The collapsing of Atlantic cod stocks off the off the east coast of Newfoundland in 1992
Source: UN Millenium Ecosystem Assessment (2005)

Concern that environmental pressures can push an ecosystem’s resilience past a threshold and into irreversible decline was first articulated in 1864 by George Perkins Marsh. Marsh emphasised that some acts of destruction exceeded the earth's recuperative powers and thus, implicitly, humankind needs a precautionary approach in managing the environment:
 

‘The ravages committed by man subvert the relations and destroy the balance which nature had established between her organized and her inorganic creations; and she avenges herself upon the intruder, by letting loose upon her defaced provinces destructive energies hitherto kept in check by organic forces destined to be his best auxiliaries, but which he has unwisely dispersed and driven from the field of action. When the forest is gone, the great reservoir of moisture stored up in its vegetable mould is evaporated, and returns only in deluges of rain to wash away the parched dust into which that mould has been converted.’ He continued, ‘The earth is fast becoming an unfit home for is noblest inhabitant, and another era of equal human crime and human improvidence ...would reduce it to such a condition of impoverished productiveness, of shattered surface, of climatic excess, as to threaten the depravation, barbarism and perhaps even extinction of the species.’
Marsh was a senior US diplomat and his book Man and Nature was a bestseller and very influential book in the late 19th century. Until the publication of Man and Nature, many had believed that it is always possible to pull back once humanity’s environmental pressure starts to cause serious ecological collapse. However, often by then the ecosystem may have already passed the ecological threshold and the collapse is either irreversible or the environmental pressure (pollution, system change) will need to be reduced significantly (by at least 90 per cent or more) to allow the ecosystem to recover. This phenomenon is known as hysteresis. 
All over the world we are seeing ecosystems and their ecosystem services already collapsing from Australia’s Blue Fin Tuna stocks, to the wheat fields of Western Australia being overcome by salinity, to the algae blooms suffocating lakes in the Northern Hemisphere. There are now significant global efforts to better understand where these ecological limits and tipping points are?
 How is it that so many ecosystems are close to collapse or have already collapsed? Simply it comes down to the fact that humanity has based its management of natural resources on flawed assumptions. Take the paradigm of maximum sustainable yield management of natural resources. In most cases the maximum sustainable yield was very close to the thresholds for collapse of that ecosystem. Also in the past there has been an expectation that change will be incremental and linear when in fact with natural systems it is always non-linear. As reported in Chapter 2 of The Natural Advantage of Nations in the section entitled Risks of Inaction, rapid non linear natural systems collapse is occurring. It is appropriately called ‘environmental surprise.’
  

Natural ecosystems are very complex. Therefore it is often hard to determine what a ‘safe’ level of pollutants is. It is also difficult to understand the causal links between pollutants and negative environmental effects – there is usually significant uncertainty. Faced with uncertainty some often call for ‘more research’ to be done. Scientists and health researchers warned in vain for decades about the dangers of cigarettes and nicotine, asbestos
 (first warning 1898), PCB’s
 (first warning 1899), benzene
 (first warning 1897), and acid rain
 (1872) to demonstrate a causal link between these chemicals and significant negative health and environmental health consequences. One of the reasons that causal links are hard to prove is that there is inherent uncertainty in natural systems because the systems are either so complex. Hence it often takes years and many people to collate enough data and analyse it to reduce the uncertainty significantly to demonstrate a causal link. There is a long history of scientist’s warnings being ignored about a range of issues due to such uncertainties, stemming from the complexity of natural systems and human health. 

One of the reasons for the collapse of the Newfoundland cod fishery shown in Figure 2.8 is the significant uncertainty in assessing fish stocks. Government estimates of the state of fish stocks usually rely on the catch that fishermen and women report. It is too expensive and too difficult for governments to themselves go out into the oceans and take enough samples to know what the state of fish stocks are. Hence often by the time scientific consensus is built on an issue it is decades after the concerns were raised by the original scientist. The catch history of the Southern Blue Fin Tuna shown in Figure 2.9 illustrates this. 
By this time it is often too late and the ecological system is in irreversible decline or at best, solving the problem will require a dramatic reduction of environmental pressures for the ecosystem in question to have a chance to recover.
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Figure 2.9. Southern bluefin tuna catch in thousands of tonnes from 1950-2006
Source: Larcombe, J. and McLoughlin, K. (2006)

Natural Systems Case Study: Climate Change

This is true of the level of greenhouse gas reductions that will be needed to ensure that positive feedback loops in the earth’s biosphere are not unleashed. The Intergovernmental Panel on Climate Change (IPCC) has warned that deep cuts to greenhouse gas emissions of at least 60 percent by 2050 will be needed to avoid dangerous climate change.
 The earth has a number of positive feedback loops that are already accelerating climate change. They are as follows:

· Widespread melting of icebergs and icesheets (see Figure 2.10). Already sea ice in the Artic has shrunk to the smallest area ever recorded.
 Almost all the world’s glaciers are now retreating. Ice has a high albedo affect which reflects heat, while water instead absorbs more heat helping to warm the earth faster and lead to more ice melting. 
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Figure 2.10. The melting of the polar ice cap (a) 1979 to (b) 2005
Source: National Aeronautics and Space Administration (NASA)
 
· Permafrost, a permanently-frozen layer of soil beneath the earth’s surface, is melting releasing methane into the atmosphere (see Figure 2.11). The Western Siberia bog alone, which began melting in 2005, is believed to contain 70 Billion tons of the gas.
 Western Siberia has warmed faster than almost anywhere else on the planet, with an increase in average temperatures of some 3ºC in the last 40 years.
 The National Centre for Atmospheric Research estimates that 90 percent of the top 10 feet of permafrost throughout the Arctic could thaw by 2100. 
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Figure 2.11. Average annual ground temperature from Fairbanks illustrating the warming trend observed across the Arctic that is causing permafrost to melt
Source: Adapted from Arctic Climate Impact Assessment

Climate scientists now warn that it is critical to reduce greenhouse gas emissions rapidly to avoid passing a 2 degree warming threshold. The reason, they say, is because at two degrees some critical further reinforcing positive feedbacks are expected to begin. At 2 degrees for instance scientists predict that the terrestrial carbon sink (forest ecosystems and soils which are currently net sinks of CO2) will change from net sinks to net sources of carbon. Another significant climate feedback mechanism is the Atlantic Conveyor. Empirical studies show that rapid climate change has occurred in Earth’s history when global warming has triggered the slowing and halting of this significant ocean current that warms Europe, the Atlantic Conveyor (see Figure 2.12).

[image: image13.emf]
Figure 2.12. The Great Ocean Conveyor
Source: UNEP (2007)

If this ocean current slowed significantly and stopped, the effects on human civilisation would be devastating. In addition, a negative feedback -global dimming - is being lessened by effective reductions in NOx, SOx, and soot particulate emissions.
 The first IPCC report in 1990 summed up why these reinforcing feedbacks are such a concern; 

It appears likely, that, as climate warms, these feedbacks will lead to an overall increase, rather than decrease, in natural greenhouse gas abundances. For this reason, climate change is likely to be greater than the estimates we have given. 

Atmospheric carbon dioxide levels that would trigger this rise and unleash the positive feedbacks uncontrollably could possibly be reached in the coming decades. As James Hensen from NASA explains,

We live on a planet whose climate is dominated by positive feedbacks, which are capable of taking us to dramatically different conditions. The problem that we face now is that many feedbacks that came into play slowly in the past, driven by slowly changing forcings, will come into play rapidly now, at the pace of our human-made forcings, tempered a few decades by the oceans thermal response time.

The risks of unleashing further positive feedbacks are well summarised by the 2006 UK Stern Review (see Figure 2.13). To ensure that humanity avoids the critical threshold of two degrees will require us to de-carbonise and transform the entire global industrial economy. 
[image: image14.jpg]5% 400 ppm CO,e 95%
45|0 ppm CO.e

© f I
550 ppm CO,e
@ I 1
650ppm CO,e
® | »
75|0ppm CO,e
L T
Eventual Temperature change (relative to pre-industrial)
0°C 1°C 2°c 3C 4°C 5°C
Food Falling crop yields in many developi
Severeim Rising number of people ger (25

in marg — 60% increase in the 2 th i;“;? (r;%:;n:ssi
Sahel re weak carbon fertilisation); :

increase in Africa and
Rising crop yields

developed
countries if strong on

Significant changes in
study projects more thai

Water water shortages in th
while a similar nurvber Sea |evelTSalinn
major world cities,
Greater than 309 London, Shanghai
in runoff in Medite York, Tokyo and H
and Southern Af
Possible onsel
of part or all of:
rainforest
Large fraction of ecosystems unable
Ecosystems Many species fat
(20 —50% in of
Extreme Rising intensity of storms, forest fires, drough
Weather Small increases i
Events intensity lead to @
damage costs int
cRIIIsrv':;: geic Risk of weakening of natural carbon absoi
natural methane releases and weakening
change and

major 2 Increasing risk of abrupt, ai
ireversible oo"lf:g:;::' climate system (e.g. collap:
impacts and the West Antarctic Ice





Figure 2.13. Stabilisation levels and probability ranges for temperature increases
Source: Stern, N. (2006)

A new industrial revolution is needed which will be every bit as profound as the first industrial revolution. Former US Vice President, Al Gore, in a recent address to US engineers at the US Embedded Systems Conference, argued that engineers can lead their societies in addressing climate change. Since there are significant energy efficiency opportunities of 30-60 percent in most sectors of the economy and half of greenhouse gas emissions come from the built environment and infrastructure, engineers are in a very powerful position to make a positive difference.
As we will show in Units 4-10 advanced energy efficiency strategies through Whole System Design allow significant improvements in energy efficiency and reductions in greenhouse gas emissions. Engineers’ ability to redesign technical systems to reduce significant greenhouse gas emissions on the planet is vital to preventing more positive feedbacks that may further de-stabilise the earth’s climate system. As Gore stated, 
 
Those in the (technical) embedded-systems field can be a big part of a solution to the climate crisis… Embedded systems can be a big part of this. 
Without going into the technical detail, Gore pointed to how ‘power conservation and better efficiency are aids to lowering the amount of CO2 released into the atmosphere. Asking better questions and systems design are really key to this,’ Gore argued. Gore concluded that ‘An engineer is someone who has a vision and puts that vision into a solution… Engineers can lead this evolution because engineering is making vision real.’

As well as understanding more about natural systems, engineers also need to understand systems science because many ideas of Systems Engineering and Whole System Approaches to Sustainable have been taken from advances in systems science. Hence we consider this next.
Science and Systems Science 
Earlier in this Unit we outlined how, since many engineering systems have become more complex and engineers have become more specialised, there has emerged a recognised need for a new holistic, integrating discipline of engineering – called Systems Engineering. A similar process has occurred in science. Over the last two hundred years the amount of scientific knowledge has expanded exponentially. This made it necessary to classify what was discovered into scientific disciplines. Over the last two centuries over 100 new scientific disciplines have been created to manage and classify this explosion of knowledge and discovery. Systems science is a relatively new unifying development based on the insight that systems have general characteristics, independent of the area of science to which they belong. Some key ideas of systems science are now discussed to show how these ideas are being used by Systems Engineering and Whole System Design to help achieve sustainability. This is covered next by over-viewing some key developments of Cybernetics, General Systems Theory and Systemology. 
Cybernetics
The word cybernetics was first used in 1947 by Norbert Wiener. Cybernetics comes from the Greek language and means ‘steersman’. Cybernetics is concerned with the role feedback plays in facilitating self-regulation of systems, whether mechanical, electrical, electromechanical, or biological. Systems Engineering and Whole System Design is focused on achieving a stated goal. To ensure this goal is achieved, often it is important to control dynamic processes using automated feedback. Engineering courses tend to focus on the aspects of control engineering and the role feedbacks can play to assist engineers to create ‘cool’ and complicated engineering systems such as robotics. But control engineering has a critical role to play throughout all of society to help reduce energy, water and materials waste and help achieve sustainability. An everyday example of this is the thermostat in domestic heaters. A thermometer measures temperature, allowing the user to program the heater to only come on at certain temperatures or at certain times of the day. This ensures that energy wastage is minimised. Numerous countries are now rolling-out smart metering to provide residential households with feedback every half our on the amount of energy they are using to help them reduce their energy consumption. Control engineering is also critical to better manage and distributed energy and waste systems that will be critical to achieving a cost effective transition to a sustainable society. Engineers are already building automated feedback into many industrial processes to better manage these processes in real time and thus minimise the amount of energy, water and chemicals used. But there is still significant potential for engineers to use more widely automated feedback to help reduce energy and material usage to help achieve sustainability. 
General Systems Theory 

General Systems Theory is a broader unifying approach than cybernetics that was invented in the late 1940s by L. von Bertalanffy.
 It is based on the premise that there are basic principles common to all systems and has gone well beyond the concept of control and automated self-regulation that is at the heart of cybernetics. The goal of the General Systems Theory is to develop a framework for describing general relationships in the natural and human made world. The goal is motivated by a desire to develop a common language and robust framework to facilitate communication and collaboration across the disciplines of science, social sciences and engineering. Blanchard and Fabrycky explain that,
  
One approach to creating such a framework is the structuring of a hierarchy of levels of complexity for simple units of behaviour in the various fields of research. A hierarchy of levels can lead to a systematic approach to systems that has broad application.
Kenneth Boulding’s
 efforts to do this are summarised in Table 2.1 below.  

Table 2.1: Kenneth Boulding’s classification of systems
	Level
	Characteristic
	Examples 
	Relevant disciplines

	1. Structures, Frameworks
	Static 
	Bridges
	Description, verbal or pictorial, in any discipline

	2. Dynamic System of Clock-works
	Predetermined motion (may exhibit equilibrium)
	Natural Physical Universe 
	Chemistry, Physics, Natural sciences

	3. Thermostat or Cybernetic System. 
	Closed loop control
	Thermostats
	Control theory, cybernetics

	4. The Level of the Cell or Open Systems such as the cell, where life begins to be evident
	Structurally self-maintaining 
	Biological Cells
	Theory of metabolism (information theory)

	5. The level of the Plant: with the genetic-societal structure making up the world of botany
	Organised whole with functional parts, ‘blue-printed’, growth, reproduction
	Plants
	Botany

	6. The Level of the Animal, encompassing mobility and self awareness.
	A brain to guide total behaviour, ability to learn.
	Birds
	Zoology

	7. The Level of the Human, encompassing self-consciousness.
	Self-consciousness, knowledge of knowledge, symbolic language.
	Humans
	Biology, psychology

	8. Level of Social Organisation. 
	Roles, communication, transmission of values
	Families
	History, sociology, anthropology, behavioural science

	9. The Level of Unknowables.Trans-cendental systems
	‘Inescapable unknowables’
	God
	?


Source: Checkland, P. (1999), p 105

Another classification of general systems theory uses three organising principles to define characteristics of systems: rate of change, purpose, and connectivity. Each principle comprises a pair of ‘polar-opposite’ systems properties:

· Rate of change: structural (static) or functional (dynamic)

· Purpose: purposive or non-purposive 

· Connectivity: mechanistic (mechanical) or organismic.

There are eight ways that these systems properties can be arranged to form eight general ‘cells’, or types of systems:

Table 2.2: Classification of systems according to Jordan’s Principles
	Cell
	Example

	Structural - Purposive, Mechanical
	A road network

	Structural - Purposive, Organismic
	A suspension bridge

	Structural - Non-purposive, Mechanical
	A mountain range

	Structural - Non-purposive, Organismic
	A bubble (or any physical system in equilibrium)

	Functional - Purposive, Mechanical
	A production line (a breakdown in one machine does not affect other machines)

	Functional - Purposive, Organismic
	Living organisms 

	Functional - Non-purposive, Mechanical
	The changing flow of water as a result of a change in the river bed

	Functional - Non-purposive, Organismic
	The space-time continuum


Source: Checkland, P. (1999), p 105

Significant work has been done in the area of general systems theory to also analyse systems archetypes i.e.: common system inter-relationships and patterns of behaviour that arises again and again in the real world.
 These are well summarised in Peter Senge’s classic text on systems theory, entitled The Fifth Discipline.
 Systems scientists have analysed many systems and developed systems archetypes to describe various standard types of common system relationships that arise again and again in the real world. Some forms of systems have common trends of behaviour and can be generally identified as being of a particular family, or ‘archetype’, as described in Table 2.3. Quite often one particular archetype may not fit a certain type of situation; hence it is possible to overlap a number of archetypes to more accurately describe system behaviour. 

Table 2.3: Systems archetypes

[image: image15]
Source: Senge et al. (1998)
; examples added by TNEP
Conclusion: Transition to the Systems Age 

Over the last 200 years humanity has sought to achieve progress through a largely reductionist approach to technological innovation and problem solving. The reductionist approach has been very successful and has helped advance society. But the world we live in today is very different to the world 200 years ago. Through the advent of advanced technologies in communication and transportation, time barriers have dramatically compressed. Every aspect of human existence has become more inter-related and intertwined with an increasingly complex set of relationships due to the phenomena of globalisation - which has been particularly enhanced by the uptake of access to the internet. At the same time, better global communications are raising expectations of consumers in the 3rd world who now aspire to 1st world living standards. Increasing global population and the desire for larger and better systems is leading to greater and greater levels of resource exploitation and environmental degradation. This means that the levels of greenhouse gas pollution in countries far from Australia now can play a part in the bleaching coral reefs in Australia. There is a growing recognition that as society progresses and becomes more technologically complex, the large scale environmental problems that we face can only be addressed effectively through an integrated systems approach. As Blanchard and Fabrycky
 argue: 

There is considerable evidence to suggest that the advanced nations of the world are leaving one technological age and entering another… It appears that this transition is bringing about a change in the conception of the world in which we live. This conception is both a realization of the complexity of natural and human-made systems and a basis for the improvement in people’s position relative to these systems… Although eras do not have precise beginnings, the 1940s can be said to have contained the beginning of the end of the Machine Age and the beginning of the Systems Age.
In this new century we need to combine the best of reductionist knowledge, Systems Engineering and enhance this with a Whole System Approach to Sustainable Design. Units 3, 4 and 5 next consider how to enhance conventional Systems Engineering through a Whole System Approach to Sustainable Design. Units 3, 4 and 5 outline the key operational steps and processes of A Whole System Approach to Sustainable Design informed by the fundamentals of Systems Engineering. This new Whole System Approach to Sustainable Design, outlined next in Unit 3, will help engineers proactively reduce the environmental, social and economic risks of their design projects. Units 3, 4 and 5 are designed to create a robust framework to then, as Al Gore stated above, ask better questions in the technical worked examples Units 6-10 to achieve A Whole System Approach to Sustainable Design. 
Optional Reading

1. von Weizsäcker, E. Lovins, A. and Lovins, L. (1997) Factor Four: Doubling Wealth, Halving Resource Use, Earthscan, London. Available at http://www.wupperinst.org/FactorFour/index.html. Accessed 2 July 2007. 
2. Hawken, P., Lovins, A.B. and Lovins, L.H. (1999) Natural Capitalism: Creating the Next Industrial Revolution, Earthscan, London. Available at www.natcap.org. Accessed 13 August 2007.

3. Department of the Environment and Heritage (2001) Product Innovation: the Green Advantage: an Introduction to Design for Environment for Australian Business, DEWR. Available at http://www.environment.gov.au/settlements/industry/finance/publications/producer.html. Accessed 13 August 2007. 
4. Pears, A. (2004) Energy Efficiency – Its potential: some perspectives and experiences, Background paper for International Energy Agency Energy Efficiency Workshop, Paris, April 2004.
5. Benyus, J. (1997) Biomimicry: Innovation Inspired by Nature, HarperCollins, New York.
6. Birkeland, J. (ed.) (2002) Design for Sustainability: A Sourcebook of Ecological Design Solutions, Earthscan, London.

7. Lyle, J. (1999) Design for Human Ecosystems, Island Press, Washington DC.

8. McDonough, W. and Braungart, M. (2002) Cradle to Cradle: Remaking the Way We Make Things, North Point Press, NY.

9. Pears, A. (2004) Energy Efficiency – Its potential: some perspectives and experiences, Background paper for International Energy Agency Energy Efficiency Workshop, Paris, April 2004.

10. van der Ryn, S. and Calthorpe, P. (1986) Sustainable Communities: A New Design Synthesis for Cities, Suburbs and Towns, Sierra Club Books, San Francisco. 
Example: Disputes between supplier and manufacturer.





Example: Collapse of fishing stocks. 





Example: Modern agriculture’s dependence on artificial fertilizers leading to algae blooms downstream.





A system is an open set of complementary, interacting parts with properties, capabilities, and behaviours emerging both from the parts and from their interactions. Hence changing one part of the system will ultimately have an effect on the performance of other parts in the system.





Example: Oil production rates have peaked and are now in decline in over 60 countries





Example: Negative rebound effects from efficiency investments.





Example: Managing population levels of an endangered specie





Example: Climate change melts ice, reducing the albedo effect, further warming the planet





‘Accidental Adversaries’: Each competitor’s performance stays low or declines, while hostility increases over time. 





‘Tragedy of the Commons’: Total activity grows, but gains from individual activities decline. 
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‘Shifting the Burden’: Three patterns exist: reliance on a short-term fix grows, while efforts to fundamentally correct the real problem decline, and the problem symptom alternately improves and deteriorates.





‘Limits to Growth’: There is growth (sometimes dramatic), then falling into decline or levelling off.





‘Fixes that backfire’: A problem symptom temporarily improves and then deteriorates, worse than before.





Balancing loop: Oscillating around a single target (with delay), or movement toward a target (without delay).





Reinforcing loop: an important variable accelerates up/down, with exponential growth/collapse.














� Rocky Mountain Institute (1997) ‘Tunnelling through the Cost Barrier’, RMI Newsletter, Summer 1997, pp 1-4. Available at � HYPERLINK "http://www.rmi.org/images/other/Newsletter/NLRMIsum97.pdf" ��http://www.rmi.org/images/other/Newsletter/NLRMIsum97.pdf�. Accessed 5 January 2007.


� Anderson, D.M. (P.E., fASME, CMC) (2008) Design for Manufacturability & Concurrent Engineering, How to Design for Low Cost, Design in High Quality, Design for Lean Manufacture, and Design Quickly for Fast Production, CIM Press (448 pages). See also � HYPERLINK "http://www.halfcostproducts.com/dfm_article.htm" ��http://www.halfcostproducts.com/dfm_article.htm�. Accessed 11 July 2007.


� Ibid.


� Reprinted with permission. Original source: Professor Paul G Ranky, PhD, NJIT, USA, Concurrent Engineering and PLM (Product Lifecycle Management) published 2002-2008 by CIMware USA, Inc., � HYPERLINK "http://www.cimwareukandusa.com" �http://www.cimwareukandusa.com�. Available at � HYPERLINK "http://www.cimwareukandusa.com/All_IE655/IE655Spring2007.html" �http://www.cimwareukandusa.com/All_IE655/IE655Spring2007.html�. Accessed 16 July 2007.


� Honour, E.C. (2004) Understanding the Value of Systems Engineering, Proceedings of the Fourteenth Annual Symposium of the International Council on Systems Engineering, Toulouse, France. Available at � HYPERLINK "http://www.incose.org/secoe/0103/ValueSE-INCOSE04.pdf" ��http://www.incose.org/secoe/0103/ValueSE-INCOSE04.pdf�. Accessed 16 July 2007.


� Ibid. 


� This refers to the Victorian era of the 19th Century. 


� Blanchard, B.S. and Fabrycky, W.J. (2006) Systems Engineering and Analysis, 4th ed., Pearson Prentice Hall, Upper Saddle River, NJ.


� Adcock, R. (n.d.) Principles and Practices of Systems Engineering, presentation, Cranfield University, p 8. Available at � HYPERLINK "http://www.incose.org.uk/Downloads/AA01.1.4_Principles%20&%20practices%20of%20SE.pdf" �http://www.incose.org.uk/Downloads/AA01.1.4_Principles%20&%20practices%20of%20SE.pdf�. Accessed 27 March 2008. This figure is based on text in Flood, R.L. and Carson, E.R. (1993) Dealing with Complexity: An Introduction to the Theory and Application of Systems Science, 2nd ed., Plenum Press, New York, p 17.


� Blanchard, B.S. and Fabrycky, W.J. (2006) Systems Engineering and Analysis, 4th ed., Pearson Prentice Hall, Upper Saddle River, NJ, Chapter 1.


�Ibid.


� Ibid, p 45.


� Ibid. 


� Hitchins, D.K. (2003) Advanced Systems Thinking, Engineering and Management, Artech House, Norwood, MA.


� Lewis, J. (1985) ‘Lead Poisoning: A Historical Perspective’, EPA Journal, May 1985, US. Available at � HYPERLINK "http://www.epa.gov/history/topics/perspect/lead.htm" ��http://www.epa.gov/history/topics/perspect/lead.htm�. Accessed 5 January 2007.


� Elkins, J. (1999) ‘Chlorofluorocarbons (CFCs)’ in Alexander, D.E. and Fairbridge, R.W. (1999) The Chapman & Hall Encyclopaedia of Environmental Science, Kluwer Academic, Boston, MA, pp 78-80. Available at � HYPERLINK "http://www.cmdl.noaa.gov/noah/publictn/elkins/cfcs.html" ��www.cmdl.noaa.gov/noah/publictn/elkins/cfcs.html�. Accessed 5 January 2007.


� Commoner, B. (1972) The Closing Circle: Nature Man & Technology, Bantam Books, Toronto. 


� Hawken, P., Lovins, A.B. and Lovins, L.H. (1999) Natural Capitalism: Creating the Next Industrial Revolution,  Earthscan, London, Chapter 14 Human Capitalism. Available at � HYPERLINK "http://www.natcap.org/images/other/NCchapter14.pdf" ��http://www.natcap.org/images/other/NCchapter14.pdf� . Accessed 13 August 2007.


� Adcock, R. (n.d.) Principles and Practices of Systems Engineering, presentation, Cranfield University, p 6. Available at � HYPERLINK "http://www.incose.org.uk/Downloads/AA01.1.4_Principles%20&%20practices%20of%20SE.pdf" �http://www.incose.org.uk/Downloads/AA01.1.4_Principles%20&%20practices%20of%20SE.pdf�. Accessed 27 March 2008. This figure is based on a figure in Flood (1987) cited in Flood, R.L. and Carson, E.R. (1993) Dealing with Complexity: An Introduction to the Theory and Application of Systems Science, 2nd ed., Plenum Press, New York, p 74.


� Blanchard, B.S. and Fabrycky, W.J. (2006) Systems Engineering and Analysis, 4th ed., Pearson Prentice Hall, Upper Saddle River, NJ, Chapter 1.


� Proust, K., Dovers, S., Foran, B., Newell, B., Steffen, W. and Troy, P. (2007) Climate, Energy and Water: Accounting for the Links, Land & Water Australia, Canberra. Available at � HYPERLINK "http://www.lwa.gov.au/downloads/publications_pdf/ER071256.pdf" ��http://www.lwa.gov.au/downloads/publications_pdf/ER071256.pdf�. Accessed 19 October 2007.


� Tenner, E. (1997) Why Things Bite Back, Fourth Estate, London; Sterman, J.D. (2000) Business Dynamics: Systems Thinking and Modeling for a Complex World, Irwin McGraw-Hill, Boston; Jervis, R. (1997) System Effects: Complexity in Political and Social Life, Princeton University Press, Princeton; Newell, B. and Proust, K. (2004) The Darwin Harbour Modelling Project: A Report to the Ecological Research Group of the Darwin Harbour Advisory Committee, Darwin Harbour Advisory Committee, Darwin. Available at � HYPERLINK "http://www.nt.gov.au/nreta/water/dhac/publications/pdf/finalreport20050307.pdf" ��http://www.nt.gov.au/nreta/water/dhac/publications/pdf/finalreport20050307.pdf�. Accessed 19 October 2007; Proust, K. and Newell, B. (2006) Catchment and Community: Towards a Management-Focused Dynamical Study of the ACT Water System, ACTEW Corporation, Canberra. Available at � HYPERLINK "http://www.water.anu.edu.au/pdf/publications/Catchment%20and%20Community.pdf" ��http://www.water.anu.edu.au/pdf/publications/Catchment%20and%20Community.pdf�. Accessed 19 October 2007.


� Holtzclaw, J. (n.d.) Stop Sprawl: Induced Traffic Confirmed, Sierra Club, San Francisco, CA, USA. Available at � HYPERLINK "http://www.sierraclub.org/sprawl/transportation/seven.asp" �http://www.sierraclub.org/sprawl/transportation/seven.asp�. Accessed 11 August 2008.


� Acevedo, W. (1999) Analyzing land-use change in urban environments, USGS Fact Sheet 188–99, U.S. Geological Survey. Available at � HYPERLINK "http://landcover.usgs.gov/urban/info/factsht.pdf" �http://landcover.usgs.gov/urban/info/factsht.pdf�. Accessed 11 August 2008.


� Schneider, A. and NASA Landsat cited in NASA Goddard Space Flight Centre – 2003 Earth Feature Story at � HYPERLINK "http://www.gsfc.nasa.gov/feature/2003/1212globalcities.html" �http://www.gsfc.nasa.gov/feature/2003/1212globalcities.html�. Accessed 18 March 2008.


� Diamond, J. (2005) Collapse: How Societies Choose to Fail or Succeed, Random House, NY.


� St. Barbe Baker, R. (1944) I Planted Trees, Lutterworth Press, London and RedHill.


� Millennium Ecosystem Assessment (2005) Ecosystems and Human Well-being: General Synthesis, Island Press, Washington, DC, p 12. Available at � HYPERLINK "http://www.millenniumassessment.org/en/Synthesis.aspx" �http://www.millenniumassessment.org/en/Synthesis.aspx�. Accessed 18 March 2008.


� Marsh, G.P. (1864) Man and Nature: Or, Physical Geography as Modified by Human Action, Weyerhauser Environmental Classics Series, University of Washington Press, London.


� The Resilience Alliance - Resilience’s thresholds database at � HYPERLINK "http://www.resalliance.org/ev_en.php" ��www.resalliance.org/ev_en.php�. Accessed 2 July 2007.


� Hargroves, K. and Smith, M. (eds) (2005) The Natural Advantage of Nations, Earthscan, London, Chapter 2. Available at � HYPERLINK "http://www.thenaturaladvantage.info" ��www.thenaturaladvantage.info�. Accessed 2 June 2007.        


� Deane, L. (1898) ‘Report on the Health of Workers in Asbestos and Other Dusty Trades’, in HM Chief Inspector of Factories and Workshops (1898) Annual Report for 1898, HMSO London, pp 171–172. (see also the Annual Reports for 1899 and 1900, p 502).


� Polychlorinated biphenyls (PCBs) are chlorinated organic compounds that were first synthesised in the laboratory in 1881. By 1899 a pathological condition named chloracne had been identified, a painful disfiguring skin disease that affected people employed in the chlorinated organic industry. Mass production of PCBs for commercial use started in 1929.


�Santessen, C.G. (1897) ‘Chronische Vergiftungen Mit Steinkohlentheerbenzin: Vier Todesfalle’, Arch. Hyg. Bakteriol, vol 31, pp 336 - 376.


� Smith R.A. (1872) Air and Rain, Longmans Green & Co., London. 


� Larcombe, J. and McLoughlin, K. (ed.) (2006) Fishery Status Report 2006: Status of fish stocks managed by the Australian Government, Bureau of Rural Sciences, p 105. Available at � HYPERLINK "http://affashop.gov.au/product.asp?prodid=13736" �http://affashop.gov.au/product.asp?prodid=13736�. Accessed 18 March 2008.


� IPCC (2001) Climate Change 2001 Third Assessment Report: The Scientific Basis, IPCC, Cambridge University Press, Cambridge.


� National Snow and Ice Data Centre (2005) ‘Sea Ice Decline Intensifies’, Press Release, National Snow and Ice Data Centre. Available at � HYPERLINK "http://nsidc.org/news/press/20050928_trendscontinue.html" �http://nsidc.org/news/press/20050928_trendscontinue.html�. Accessed 2 June 2007. National Snow and Ice Data Center (NSIDC) is a part of the Cooperative Institute for Research in Environmental Sciences at the University of Colorado, Boulder.


� National Aeronautics and Space Administration (NASA) website at � HYPERLINK "http://www.nasa.gov/home/index.html" �http://www.nasa.gov/home/index.html�. Accessed 8 May 2008.  


� Pearce, F. (2005) ‘Climate Warning as Siberia Melts’, New Scientist, 11 August. Available at � HYPERLINK "http://environment.newscientist.com/channel/earth/mg18725124.500-climate-warning-as-siberia-melts.html" �http://environment.newscientist.com/channel/earth/mg18725124.500-climate-warning-as-siberia-melts.html�. Accessed 18 March 2008.


� Ibid. 


� Walsh, J.E., Anisimov, O., Hagen,J.O.M., Jakobsson, T., Oerlemans, J. Prowse, T.D., Romanovsky, V., Savelieva, N., Serreze, M., Shiklomanov, A., Shiklomanov, I. and Solomon, S., 'Chapter 6: Cryosphere and Hydrology', p 210,  in Symon, C., Arris, L. and Heal, B. (eds) (2005) Arctic Climate Impact Assessment Scientific Report, Cambridge University Press. Available at � HYPERLINK "http://www.acia.uaf.edu/pages/scientific.html" �http://www.acia.uaf.edu/pages/scientific.html�. Accessed 15 March 2008.


� Bryden, H.L. et al. (2005) ‘Slowing of the Atlantic Meridional Overturning Circulation at 250 N’, Nature, vol. 438, pp 655-657.


� UNEP (2007) Potential Impacts of Climate Change, UNEP. Available at � HYPERLINK "http://www.grida.no/climate/vital/impacts.htm" ��http://www.grida.no/climate/vital/impacts.htm�. Accessed 2 July 2007. 


� Wild, W. et al. (2005) ‘From Dimming to Brightening: Decadal Changes in Solar Radiation at Earth’s Surface’, Science, vol 308, pp 847-850.


� Houghton J.T., Jenkins, G.J. and Ephraums, J.J. (eds) (1990) Climate Change The IPCC Scientific Assessment., IPCC Cambridge University Press, Cambridge.


� Hansen, J. (2006)Communicating Dangers and Opportunities in Global Warming, Draft American Geophysical Union, San Francisco. 


� Stern. N. (2006) Stern Review: The Economics of Climate Change, HM Treasury, UK, Chapter 13: Towards a Goal for a Climate, p 294, Figure 13.4. Available at � HYPERLINK "http://www.hm-treasury.gov.uk/independent_reviews/stern_review_economics_climate_change/sternreview_index.cfm" ��http://www.hm-treasury.gov.uk/independent_reviews/stern_review_economics_climate_change/sternreview_index.cfm�. Accessed 3 January 2007.


� Deffree, S. (2007) ‘Gore: Climate crisis could attract next generation of engineers’, Electronic News. Available at � HYPERLINK "http://www.reed-electronics.com/semiconductor/article/CA6430597?industryid=3140&nid=2012" ��http://www.reed-electronics.com/semiconductor/article/CA6430597?industryid=3140&nid=2012�.  Accessed 2 July 2007. 


� Ibid.


� Bertalanffy, L. (1951) ‘General System Theory: A new Approach to Unity of Science’, Human Biology. 


� Blanchard, B.S. and Fabrycky, W.J. (2006) Systems Engineeringand Analysis, 4th ed., Pearson Prentice Hall, Upper Saddle River, NJ, Chapter 1.


� Boulding, K. (1956) ‘General Systems Theory: The Skeleton of Science’, Management Science, vol. 2, no. 3, pp 197-208. Available at � HYPERLINK "http://www.panarchy.org/boulding/systems.1956.html" �http://www.panarchy.org/boulding/systems.1956.html�. Accessed 24 September 2007.


� Checkland, P. (1999) Systems Thinking, Systems Practice, John Wiley Publishing, West Sussex, England. 


� Ibid, pp 107-108.


� Ibid, pp 107-108.


� Senge, P.M. et al (1998) The Fifth Discipline Fieldbook, Nicholas Brealy Publishing, London, pp 121-150.


� Ibid.


� Ibid. 


� Blanchard, B.S. and Fabrycky, W.J. (2006) Systems Engineering and Analysis, 4th ed., Pearson Prentice Hall, Upper Saddle River, NJ, Chapter 1.





Prepared by The Natural Edge Project 2007 (Updated May 2008)
Page 31 of 31

