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        Introduction

        This course will allow you to extend your visual modelling skills through the use of the sign graph diagramming technique.
          You will explore the dynamic relationship between social, economic and ecological factors whose interdependencies will determine
          the complex dynamics of the future as it unfolds. Your final task will be to identify points of intervention within this complex
          system in order to "nudge" the situation towards a more favourable outcome.
        

        This OpenLearn course provides a sample of level 2 study in Environment & Development

      

    

  
    
      
        Learning outcomes

        After studying this course, you should be able to:

        
          	use the sign graph diagramming technique to develop and communicate a systemic understanding of complex situations

        

        
          	identify feedback relationships as fundamental controllers within systems and as points of intervention to enact change.

        

      

    

  
    
      
        1 Course outline

        
          1.1 Aim

          The aim of this section is to practise the use of diagramming techniques as part of a fundamental shift in interpreting issues
            – from an assembly of static objects to a network of dynamic relationships.
          

        

        
          1.2 Readings

          In your studies of the learning courses so far, you have investigated a range of factors that may lead up to the ‘perfect
            storm’: a combination of interlinked environmental, social and economic crises. You have also explored your personal ecology,
            extending this to incorporate quality of life and environmental impact aspects. You have done this using a range of verbal,
            visual and mathematical models. 
          

          You have also become familiar with the fact that our mental models evolve through the process of learning. But this can only
            be made apparent to others through externalising those mental models through communicative actions. At its most basic, this
            may just involve having a conversation, drawing a diagram or writing a piece of text. Learning is at its most powerful when
            we engage with others through communication to reveal and then contrast our mental models.
          

          The next steps will involve exploring and communicating the dynamic nature of feedback relationships within systems. This
            will involve developing increasingly relational models of the world, i.e. moving away from viewing reality as made up of static
            and distinct objects, to an awareness of the constant flows within which we are immersed. This is a distinct departure from
            the classical reductionist approach which compartmentalises reality into separate disciplines, each of which focuses on narrow
            bands of organisational, temporal and/or spatial scale.
          

          Reading 4.1 introduces you to the first shift away from reductionist thinking and directs your attention towards the relationship
            between components, rather than a focus on the components themselves. Readings 4.2 and 4.3 establish the two fundamental mechanisms
            through which systems engage in flows of energy, matter and information: positive feedback and negative feedback. These occur
            when processes which control the flow and transformation of information, material and energy within systems ‘feed back’ to
            either speed up the flows/transformations (positive feedback) or dampen these down (negative feedback). Reading 4.4 describes
            how living systems use these feedback processes to maintain an apparent stability, while Reading 4.5 explains the special
            role of information in controlling system behaviour. The final essays, Readings 4.6 and 4.7, introduce two techniques for
            describing feedback relationships and flows/transformations within systems in a visual way.
          

        

        
          1.3 Activities

          Activity 4A engages you in developing a more sophisticated visual model of one of the themes raised in the ‘Powerdown Show’ programme. The sign graph diagramming technique is the ultimate visual modelling approach for revealing positive and negative
            feedback relationships, so you will be using this technique to first explore, and then communicate, the dynamic nature of
            the complex situation you have chosen to investigate. 
          

          The first sign graph you will develop will focus on revealing positive feedback relationships – how a range of factors combine
            to create an increasingly problematic and unsustainable situation. Once you have developed this first sign graph, you will
            be asked to create a second sign graph by adding factors and relationships which will introduce negative feedback processes
            i.e. points of intervention to dampen down the escalating deleterious causes and effects identified in the first sign graph.
          

        

      

    

  
    
      
        2 Section readings – Flows and feedback

        
          Reading 4.1: Systems thinking: the first step

          The processes of analysis and synthesis   in conventional thinking are based on the concept of an object. An object is something that can be clearly distinguished from its environment and can be characterised by its attributes.
            Attributes enable categorisation schemes that are the basis of our normal thinking. So when you look at a particular ecosystem,
            for example a pond, you find different animals and plants. And if you look at any ‘book of the pond’ you find each animal
            and plant described in terms of the attributes you can recognise it by: at the first level is it an animal or a plant, if
            an animal then at the second level is it a fish, or an amphibian, and so on. But this scheme tells you nothing about how the
            pond functions as a dynamic system. 
          

          The first stage of the development of systems thinking recognised that reductionist thinking was flawed and did not enable
            interconnections and interrelationships to be taken into account. This gave rise to the first idea of a system being a set
            of interrelated objects. The disciplines of system dynamics, complexity theory and chaos theory all arose from this first step. In the next few resources, I will explore the basic ideas
            of this approach and how you can use the ideas in a powerful way to explore the problems raised in the previous section. In
            Part 6, I will introduce the second stage of development of systems thinking. 
          

          In examining our pond, the most obvious interrelationship between the plants and animals, is that some plants and animals
            are food for other animals and without the food of course they would die of starvation. 
          

          I have started identifying ‘objects’ (a pond and some of its components – plants and animals) and highlighted one relationship
            (some organisms provide food for other organisms). If you visualise the pond system as flows of energy and matter (food) between
            objects (plants and animals) then you can start building a picture of the pond system’s structure (the objects and their relationships)
            and function (the purpose of the various interactions). I have already identified one function of the pond system – food web
            support. In other words, a pond sustains the flow of matter and energy through a web of living organisms as one feeds off
            the other. Each object within the food web could be characterised by a range of attributes describing quantity (e.g. level
            of biomass) or quality (e.g. relative health). At the same time, you can start linking the objects together so that you can
            represent the food web support function. 
          

          In building a picture of food web support within the pond system, you need to exercise both your skills in analysis and synthesis
            (see Figure 4.1). Analysis is needed to identify the various objects. For example, you may want to break down one object (animals)
            into several objects (herbivores, carnivores, parasites). You could continue doing this ad infinitum: species; age cohorts;
            individuals; organs; etc. Synthesis is therefore needed so as to not lose sight of the primary aim of your investigation –
            identifying the objects and relationships that contribute towards the pond system’s food web support. One could consider synthesis
            as a check on the amount of unnecessary and irrelevant analysis.
          

          
            [image: Figure 4.1]

            Figure 4.1 A pond food web 

            View description - Figure 4.1 A pond food web 

          

          Ponds, like all living systems, are not static. A major component of systems thinking is therefore coming to terms with the
            dynamic nature of systems. The next set of readings will take a closer look at two fundamental types of relationships objects
            can have: positive and negative feedback. These can be considered the conceptual foundations of systems thinking.
          

        

        
          Reading 4.2: Positive feedback and change

          Simple positive feedback loops are easily illustrated since they are the mechanism through which anything changes rapidly. Take for example the explosion
            of water hyacinth when introduced into new environments:
          

          
            Water hyacinth is a floating plant that has spread from South America to waterways around the world. It can cover the water
              so completely that it obstructs the movement of boats. Imagine a lake that is 10 kilometres in diameter. It takes 8 billion
              hyacinth plants to cover a lake of this size completely. To start with, our lake has no water hyacinth. Then we introduce
              one hyacinth plant on to the lake. After one month, this plant forms two plants. After another month the two plants have multiplied
              to four, and the doubling continues month after month. Two years pass, and the hyacinths have multiplied to 17 million plants.
              Nobody pays attention to them because 17 million plants cover only 0.2 per cent of the lake. Six months later, 30 months after
              we put the single plant on the lake, there are one billion hyacinth plants, which cover about 13 per cent of the lake. Now
              people notice the hyacinths. Although there are not enough hyacinth plants to be a problem for the movement of boats, some
              people are worried. Other people say, ‘Don’t worry. It took a long time to get this many hyacinths. It will be a long time
              before there are enough to cause a problem.’ Which people are right? Is the problem a long time in the future, or will there
              be a problem soon? In fact, with hyacinth doubling every month, the lake will be completely covered after only three more
              months.
            

            (Marten, 2003, pp. 15–16)

          

          The exponential growth of the water hyacinth population is a positive feedback relationship between the population number
            and the amount of births (see Figure 4.2). The greater the population, the greater the amount of births, and the more births
            there are, the bigger the population gets and the faster it does so.
          

          
            [image: Figure 4.2]

            Figure 4.2 Positive feedback diagram of births and population 

            View description - Figure 4.2 Positive feedback diagram of births and population 

          

          Gerald Marten’s example is actually a very real occurrence in many lakes and rivers in Africa, North America, Australia and
            Asia. The water hyacinth prevents navigation and blocks sunlight from reaching the water, while contributing to the water’s
            dead biomass, further starving the water of oxygen. A large-scale death of fish results and fishermen can't even get to the
            few fish that are left. A basic understanding of positive feedback may have allowed fishermen to destroy the few water hyacinths
            at the beginning of the invasion.
          

          This is an example, however, of positive feedback involving the flow of matter and energy within wetland systems. Positive
            feedback also works with flows of information in living systems. Consider a model of the interaction between teacher and pupil.
            Here I can model the variables ‘teacher attention’, the amount of time the teacher is prepared to give to a particular student,
            and ‘student’s performance’, the marks they achieve in examinations and tests. The model implies that teacher attention drives
            an increase in student performance, which in turn drives an increase in teacher attention, thus creating a positive feedback
            loop. As in the case of the water hyacinth, the positive feedback model indicates that any increase in the attention that
            the teacher pays to the student, if sustained, will result in ever increasing performance. At the start the change will be
            slow, and perhaps not very noticeable, but with time the rate of change will dramatically increase. Modelling change in this
            way indicates that in order to create change you must put in place a positive feedback loop.
          

          Take, for example, the sale of fair trade and organic products. In order to increase sales of ethical and organic products
            with limited funding for marketing, companies have to ensure that people who buy the product will tell their families, and
            friends what a good product they have purchased. That has implications for the quality, price, environmental impact, health
            benefits and ethics of the product. There will be no word of mouth recommendations if the product does not address most if
            not all of the previous criteria. But if it does, then increased sales will automatically imply increased word of mouth recommendations,
            which will further imply increased sales – the positive feedback loop that is required for positive change in society.
          

          The above examples are actually not the full story. All positive feedback must eventually come to an end for, sooner or later,
            the ‘resources’ on which the rapid change is based will also come to an end. But at the end of this process, there is no guarantee
            that the situation will revert back to its original state. The lakes in Africa are still smothered in water hyacinth, and
            the high performing student may go on to a successful and fulfilling career. Securing and sustaining positive change in society
            is a much greater challenge, with many examples of failure as well as success.
          

        

        
          Reading 4.3: Negative feedback and stability

          If positive feedback results in change, then another mechanism must exist that creates stability. This is negative feedback. 
          

          What stops water hyacinth from taking over the world? Clearly, it is the lack of tropical freshwater. As the number of water
            hyacinth reaches the limits of their water body, there is a sudden increase in the death rate as offspring compete for the
            ever decreasing levels of sunlight. The sudden overcrowding allows the establishment of a negative feedback loop, where reaching
            the full surface coverage of the water body results in a decrease in plant viability. Thus, the water hyacinth population
            has now reached an equilibrium with the water body surface area: in years of drought, the water body area will decrease and
            so will the water hyacinth population, while in years of plentiful water, the increasing water body area will allow the water
            hyacinth to expand again. 
          

          A second example of a negative feedback loop is a simple model of human sleep. Here we can connect the ‘amount of sleep’,
            the number of hours slept each night, with the ‘amount of tiredness felt’ (see Figure 4.3). This variable is perhaps difficult
            to define but it is easy to understand what is meant, since you understand your own perception of tiredness. It may be the
            case that the more you sleep the less you may feel tired, and the less tired you feel the less you may sleep, so again you
            have a reversal of direction. Each of us has our own particular pattern of sleep, a particular number of hours per night,
            but for everyone if that pattern is disturbed the tendency is always to revert back to the normal pattern after a few nights.
            
          

          
            [image: Figure 4.3]

            Figure 4.3 A negative feedback loop 

            View description - Figure 4.3 A negative feedback loop 

          

          Negative feedback loops therefore result in stability – so if you want stability you must use this model. One of the first
            uses in engineering was the famous example of Watt’s Conical Pendulum Governor (Ewing, 1899) the function of which was to
            stabilise the speed of the steam engine. Any tendency for the speed of the engine to rise was corrected by cutting off the
            steam, and any decrease by allowing in more steam, thus keeping the steam engine stable, working at constant speed.
          

        

        
          Reading 4.4: Dynamic equilibrium

          Homeostasis is the term used to describe the dynamic equilibrium that maintains living systems. Homeostasis could be described as the
            perfect blend of positive and negative feedback cycles in order to maintain living systems.
          

          Homeostasis occurs at all levels of organisation within living systems. Individual cells are constantly pumping chemicals
            across their membranes in order to maintain the appropriate chemical composition for crucial functions such as metabolism
            and DNA repair. An organism moves around in order to position itself within a favourable environment: sufficient food; appropriate
            temperature; low levels of toxic wastes. Ecosystems often result in dynamic equilibriums through their food webs. If a species
            becomes too successful, it will soon use up its resources and/or become surrounded by its wastes. 
          

          The key term here is dynamic equilibrium. A famous French proverb captures the essence of dynamic equilibrium: ‘Plus ça change,
            plus c’est la même chose’ (the more things change, the more they stay the same). Take for example, the tropical rainforests.
            These are ecosystems which have survived along the terrestrial zone of the equator for millions if not billions of years.
            Their apparent stability is the result of complex and frantic feedback mechanisms. Gaps open up as mature trees die and suddenly,
            dormant saplings in the sub-canopy are engaged in frantic positive feedback. Intense light finally reaches their few leaves,
            and a higher rate of photosynthesis kicks in. This produces the building blocks for new leaves. The more leaves it has, the
            more it can photosynthesise, and the more it can photosynthesise, the more leaves it has. Thus, you can imagine the vertiginous
            growth of a small sapling into a mature tree. This positive feedback gives rise to ever increasing exponential growth, but
            the tree does not go on growing forever at the same exponential rate. Above a certain size, negative feedback kicks in which
            starts reducing its growth rate. In the case of the tree, it is its ability to transport nutrients from its root system up
            to the leaves. This works by the evaporation of water from pores in its leaves which produces a vacuum, which in turn helps
            to suck up more water through the tree. But the longer the distance between the roots and the leaves, the more fragile this
            suction mechanism becomes, so eventually the tree stops growing taller. Tree growth is now in homeostasis – it has achieved
            a balance between the number of leaves and the overall height.
          

          The limits set by negative feedback mechanisms can be both internal (e.g. size and density of a tree’s water transport vessels)
            and external (e.g. amount of water in the soil). The ‘internal’/‘external’ boundary is a significant one when looking at systems: ‘internal’ refers to properties of the living system itself, while ‘external’
            refers to properties of larger systems within which the living system is situated. Identifying the boundaries of a system
            is not always as simple as this internal/external divide. Social systems are notorious for their fuzzy boundaries: what is
            ‘internal’ to a family: institution; social movement; social event? Establishing boundaries has therefore become a major task
            of many systems methodologies focusing on social systems. On the other hand, the natural sciences don’t seem to have many
            problems with a clear establishment of boundaries. Pick up any text on environmental systems and you will soon be introduced
            to distinct boundaries, the clearest being between rock (lithosphere), air (atmosphere) and water (hydrosphere). But clear
            boundaries within the natural sciences may also be misleading, as there are many feedback mechanisms across boundaries. The
            carbon cycle is an example where the basic carbon atom can be found within, and moves between, the lithosphere, the atmosphere
            and the hydrosphere (see Figure 4.4).
          

          
            [image: Figure 4.4]

            Figure 4.4 Simplified diagram of the carbon cycle (from: T863 Book 2, Figure 4.7, p. 22) 

            View description - Figure 4.4 Simplified diagram of the carbon cycle (from: T863 Book 2, Figure 4.7, ...

          

          Homeostasis operates at all levels of organisation within living systems. The exuberant biomass of tropical rainforests is
            partially maintained by their ability to recycle water. For example, the Amazon basin is surrounded by the Llanos savannas
            of Venezuela to the north and the Cerrado savannas of Brazil to the south. If the humidity coming from the Atlantic Ocean
            were to flow directly back, the Amazon ecosystem would only be a small fraction of its current size. In fact, the giant trees
            of the Amazon rainforest rapidly pump humidity back into the sky which then falls back on to the rainforest, thus preventing
            significant amounts of water from draining away into the ocean. Again, here we have two feedback cycles in operation. A positive
            feedback which promotes large volumes of water to stay within the Amazon basin (the more rain falls down, the more water there
            is to pump up, which in turn creates more rainfall), and the negative feedback which drains water away from the Amazon basin
            (the more rainfall there is, the more water manages to escape down the rivers into the ocean). Thus, these two feedback mechanisms
            play a major role in determining the exact extent of the Amazon ecosystem. Removal of forest cover significantly weakens the
            positive feedback mechanism. Some scientists believe that after a critical threshold of deforestation, the water recycling
            mechanism will break down, resulting in extremely rapid advancement of the two savanna regions into the Amazon basin.
          

          The human body also depends on homeostasis; we have a vast range of positive and negative feedback systems to promote our
            growth in childhood and to maintain us in a healthy state. The levels of glucose, sodium and water in our blood are all regulated
            by feedback mechanisms. Just a small variation of these compounds would place the growth of a child in jeopardy, if not place
            their life at risk. 
          

          We need to eat in order to provide energy for the various bodily functions which help us to grow and survive, but a sudden
            influx of nutrients could easily overwhelm the fine chemical balance we have in our bodies. This is the case for people suffering
            from diabetes. In healthy individuals, the sudden increase in blood sugar levels after a high calorie meal is controlled by
            the release of insulin. This is a perfect example of negative feedback; the more insulin is produced, the lower the blood
            sugar level becomes, the lower the blood sugar level becomes, the less insulin is produced, etc., until the body achieves
            the appropriate blood sugar level. Insulin enhances the capacity of our muscles and liver to absorb the sudden surge in sugars.
            Individuals with diabetes have lost the capacity to produce sufficient quantities of insulin. They therefore have to inject
            themselves with artificial insulin after each meal. Without the injections, they risk slipping into a hyperglycaemic coma
            and eventual death as the body cannot control the sudden influx of sugars in the bloodstream.
          

          When we talk about health, we are basically trying to represent the idea of homeostasis. For humans, the World Health Organization
            (WHO) defines health as: ‘a complete state of physical, mental and social well-being and not merely the absence of disease
            or infirmity’ (WHO, 1946). In 1986, the Ottawa Charter for Health Promotion added that ‘the fundamental conditions and resource
            for health are peace, shelter, education, food, income, sustainable resources, social justice and equity’ (WHO, 1986). Thus,
            it seems as if humans need the above conditions in order to maintain homeostasis within individuals and society at large.
          

        

        
          Reading 4.5: Living systems and information flows

          Understanding the role of information flows in feedback relationships is often confusing. It is relatively easy to visualise flows of energy and matter (ecosystem
            food webs, water flowing through a rainforest ecosystem, etc). But how does information ‘flow’ within feedback loops, and
            how does this affect systems? 
          

          The first point to make clear is that information is only meaningful to those systems that can perceive it. In other words,
            these systems need to have components that act as sensors tuned to the particular form of signal that is arriving. On receiving this signal, these sensors must initiate changes in
            other flows, which may include flows of energy, matter or more information. Information, therefore, is something that does
            not already ‘exist’ in the environment. It is a reaction by a living system to flows of energy and matter round it. Flows
            of information are thus always associated with flows of matter and/or energy and a sensor within the living system. What is
            more, we not only have to have the sensors to receive that particular form of signal from the environment, but we have to
            have an internal model which can interpret that signal as information and assess its relevance with regards to its various
            goals. For example, feeling uncomfortably warm in a room is associated with the flow of heat energy into our bodies, but sensing
            this warmth commits us to an action such as removing an item of clothing or opening a window until we achieve the desired
            body temperature. This action is a direct result of our temperature regulation system – firstly our skin senses the change
            in temperature and secondly our nervous system and brain recognises the significance of that change and turns the signal into
            information. Other reactions resulting directly from the transfer of heat energy into our body may include an increase in
            our metabolic rate. This increase in metabolic rate is directly related to a flow of energy into the body and has nothing
            to do with information flow – chemical reactions speed up with increasing temperature.
          

          But why is information flow only important to living systems? In order to survive, living systems have evolved the ability
            to sense changes and react pre-emptively. We sense heat and take off clothing, in order to prevent our bodies from overheating.
            Information allows living systems to actively promote their survival and adapt, rather than being passive recipients of changes
            in energy and material flows within their environment. Maintaining an active information subsystem requires additional expenditure
            of energy. 
          

          But what about things like room thermostats? They are inanimate control systems that rely on information (comparing room temperature
            to the temperature setting). They too sense a change in temperature, and the manufacturer has built in a model which ensures
            that this change is recognised and uses it as information to adjust a source of heat or cooling. But, in fact, these inanimate
            systems are only an extension of other living systems. The room temperature is only meaningful to the living system that occupies
            that room, and the room thermostat is essentially an extension of that living system’s information subsystem. As artificial
            intelligence devices become more sophisticated, this distinction may become blurred, and eventually we may even be able to
            define some robots as being ‘alive’. 
          

        

        
          Reading 4.6: Representing feedback through sign graph diagrams

          Reading 2.5 illustrated how difficult it is to depict relational information using verbal communication, and the need for
            other forms of representation that move away from the linear, ‘drilling down’ reductionist approach.
          

          This reading introduces you to the most popular diagramming technique used to represent systems, made famous by Peter Senge’s
            (Senge, 1994) best-selling book, The Fifth Discipline, where sign graph diagrams are used to represent systems archetypes (classic behavioural feedback traps people get themselves into). (Note that the
            use of the term ‘sign graph’ is actually unique to the Open University. All other literature refers to this diagramming technique
            as ‘causal loop diagrams’.) The basic building blocks of sign graph diagrams are phrase couplets joined by an arrow in order
            to represent causal relationships. For example:
          

          
            	food intake → weight gain;

            	births → population growth;

            	deforestation → reduction in rainfall;

            	stressful work → procrastination in delivering outputs.

          

          The phrase usually describes an activity or process (e.g. weight gain) happening to an object or one of its attributes. People
            do not usually bother to name the object in the phrase. In the weight gain example, it is referring to a human individual.
            The arrow signals that the change in the left-hand side object, or one of its attributes, will result in a change in the right-hand
            side object, or one of its attributes. The arrow is a symbolic representation of terms such as ‘causes’, ‘effects‘ or ‘influences’.
            The left-hand side object is sometimes referred to as the ‘explanatory variable’ and the right-hand side object as the ‘response
            variable’. 
          

          Sometimes, + and - signs or ‘S’ (representing the word ‘same’) and ‘O’ (representing the word ‘opposite’) are placed next
            to the arrow to indicate whether the change in the response variable is in the same direction as the explanatory variable
            (+ sign or ‘S’ symbol) or in the opposite direction (- sign or ‘O’ symbol). 
          

          Sign graph diagrams are excellent at communicating feedback relationships (see Figure 4.5). In some representations, the coupled
            variables are both explanatory and in response.
          

          
            [image: Figure 4.5]

            Figure 4.5 Communicating feedback relationships through a sign graph diagram 

            View description - Figure 4.5 Communicating feedback relationships through a sign graph diagram 

          

          In order to maintain some clarity in the diagram and not make it end up looking like a bowl of spaghetti, it is useful to
            have the principal feedback loop at the centre of the diagram and limits to the number of causal links coming in. Miller’s
            magic number seven, plus or minus two (as introduced in Reading 1.7), is a useful guideline in deciding how many variables
            to include. But this is only a guideline for the final diagram. The actual drawing would benefit from various drafts, with
            each emphasising analysis (breaking down relationships, increasingly detailed objects) and synthesis (combining objects and
            attributes to better reflect the purpose of the diagramming activity). One could visualise this as alternating phases of sweeping
            in relevant detail, and then sweeping out irrelevant information. 
          

          Although sign graph diagrams are relatively easy to develop, they do occasionally result in ‘logical’ pitfalls for example,
            when using the simple population dynamics model (see Figure 4.6).
          

          
            [image: Figure 4.6]

            Figure 4.6 Pitfalls in sign graph diagramming 

            View description - Figure 4.6 Pitfalls in sign graph diagramming 

          

          If we assume that the death rate is less than the birth rate, the positive feedback loop apparent in the diagram would imply that an increase in births would result in an increase in population. So far, that
            is pretty logically consistent. But, if we look at the diagram again and assume a drop in birth rates, the diagram would imply
            a drop in population. That is clearly not the case as long as death rates are lower than birth rates. 
          

          The next reading introduces you to system dynamics diagrams. This technique requires a little bit more effort than sign graph
            diagrams, but avoids the logical pitfalls outlined above. 
          

        

        
          Reading 4.7: Representing feedback through system dynamics diagrams

          System dynamics diagrams, also sometimes called ‘stock flow’ diagrams, can be derived from causal diagrams, although in some
            cases it might be easier to start directly with the system dynamics diagramming technique, especially if you need to explore
            around one particular object’s attribute, such as population number. 
          

          System dynamics diagrams are drawn using four symbols: boxes representing attributes or ‘stocks’ of objects (e.g. level of
            water in a tank); valves representing the rate of increase and decrease of the object’s attribute, which are drawn on the
            left-hand side (increase) or right-hand side (decrease) of the boxes; circles representing factors or variables which influence
            the rate; and finally, arrows showing the links between their stocks, rates and variables. 
          

          There are different representations of the object variables according to the system dynamics and sign graph diagrams.

          In the water hyacinth example, the reproduction rate of the water hyacinth (represented by the left-hand side valve in Figure
            4.7) is influenced by the amount of dissolved nutrients and the water surface area. The death rate (represented by the right-hand
            side valve in Figure 4.7) is influenced by the number of herbivores eating the plants and by the availability of water surface
            area. The variables depicted in Figure 8 can in turn be represented as stocks.
          

          
            [image: Figure 4.7]

            Figure 4.7 Representing object variables in a system dynamics diagram 

            View description - Figure 4.7 Representing object variables in a system dynamics diagram 

          

          
            [image: Figure 4.8]

            Figure 4.8 Representing stocks in a system dynamics diagram 

            View description - Figure 4.8 Representing stocks in a system dynamics diagram 

          

          You can see how using the system dynamics diagramming technique can very rapidly develop a complex web of interrelated objects,
            so complex in fact, that you can lose sight of the purpose of the original diagramming activity. System dynamics diagramming
            is at its most powerful when you need to focus on a single attribute and explore the main factors which may determine the
            quality or quantity of the attribute. For example, the diagramming technique was successfully used by a group of basket weavers
            in Zimbabwe to explore the causes in the decline of the main grass species that they harvested in order to weave their baskets
            (Standa-Gunda et al., 2003). The project’s facilitators took advantage of diagramming since they did not have to be too concerned
            with different levels of literacy among participants.
          

          As with sign graph diagrams their development may require several cycles of analysis and synthesis before settling down on
            a final version. Many systems practitioners then go on to mathematically model the relationships identified in the system
            dynamics diagram using software programs such as Stella or Simile. These programs allow you to drag-and-drop system dynamics diagram components onto a blank window and then to introduce mathematical
            equations that determine the rates of increase and decrease of each state. Yet, many people are happy to stop at the diagramming
            stage. The mere fact that the situation is looked at with a relational and multidisciplinary focus, using a visual mode of
            communication, is sometimes enough to produce new insights. 
          

        

      

    

  
    
      
        3 Section activities

        
          Activity 4A: Exploring dynamic relationships using sign graphs

          Here is where things start getting really interesting in terms of system dynamics! So far, most of your modelling work has
            been pretty static, with a limited sense of how things change over time. In fact, the behaviour of complex systems is rarely
            stable. Sometimes change is exponential (e.g. the growth of the World Wide Web); sometimes systems crash and burn (e.g. extinction
            of populations); but often systems demonstrate repetitive patterns of behaviour (e.g. economic boom and bust cycles). A few
            systems are truly chaotic and unpredictable as different feedback processes interact with each other through different timescales
            and magnitudes. All of these different behaviours are determined by complex webs of feedback relationships. 
          

          The aim of this activity is to develop your skills in systems thinking through the use of the sign graph diagramming technique.
            This is one of the most useful techniques for visualising the impact of feedback relationships. You should be aware that this
            technique is commonly called ‘causal loop diagramming’, however, when the technique was adopted for teaching systems at the
            Open University, it was decided that this common name could be confused with ‘multiple cause diagramming’. Hence the technique’s
            name was changed to ‘sign graph’ to emphasise the characteristic use of +/- signs. If you haven’t done so already, please
            read through the sign graphs section in the Diagramming Resource.
          

          
            
              Activity

            

            
              
                Your challenge in this activity is to explore one of the themes raised in the ‘Powerdown Show’ programme and to develop a
                  sign graph to show how you think various causes and effects create a series of positive feedback loops which will lead to
                  an escalating crisis.
                

                Once you have developed your sign graph, I would then like you to identify at least five key areas of intervention within
                  it, for averting the one or more crises you have identified. In other words, each intervention should describe the positive
                  feedback loop(s) that it is affecting. It should be clear by now that these interventions should initiate or support negative
                  feedback loops, i.e. counter-balancing relationships in order to dampen the escalating effects of the threats. To avoid over-complicating
                  this exercise, you can just consider these as an initial one-way intervention (that is, there is no need to diagram your interventions
                  as loops).
                

              

              View answer - Activity

            

          

        

      

    

  
    
      
        Conclusion

        This free course provided an introduction to studying Environment & Development. It took you through a series of exercises
          designed to develop your approach to study and learning at a distance, and helped to improve your confidence as an independent
          learner.
        

      

    

  
    
      
        Glossary

        
          	action learning

          	The process of undertaking the steps of planning, acting, observing and evaluating in order to understand and engage with
            a complex situation.
          

          	actuator

          	In the control model, the part of the system that can effect a change.

          	analysis

          	A method of understanding something by dividing it into parts and making sense of the parts.

          	attributes

          	The properties of a thing that identify and characterise it.

          	balancing feedback

          	Feedback that dampens change. Also referred to as ‘negative feedback’.

          	boundary

          	The line or region which distinguishes what is in a system from the wider environment around it.

          	capabilities

          	The capacity of an element of a system to affect the wider system.

          	change

          	Modification of system structure and/or processes.

          	channel

          	In the Shannon–Weaver model of communication – the medium or link through which a message is sent.

          	chaos

          	A situation which shows no predictable pattern of organisation and/or behaviour.

          	closed system experiment

          	Where an experimental system has to function without any exchange of energy, matter and information with its environment.

          	communication

          	The exchange of meaningful information – an important mode of learning in humans, through which experiences can be widely
            shared.
          

          	communication structures

          	The organisation of communication channels, such as the organisational chart in a company.

          	comparator

          	In the control model, a comparator compares the output of a process against a goal such as an indicator.

          	concept

          	A coherent idea abstracted from practical situations.

          	control

          	Control refers to the function of a system which regulates its outputs or maintains it within certain bounded behaviour. Control
            can arise from within or without a system.
          

          	culture

          	The explicit and implicit social rules that shape the way people behave.

          	cybernetic optimisation

          	Action by a system initiated in order to achieve a particular goal which causes some change in the environment towards achieving
            that goal. The change in the environment is fed back to the system via information/energy/material flows which in turn changes
            the way the system then behaves: stronger action if the goal has not been achieved; or the cessation of action if the goal
            has been achieved.
          

          	cybernetics

          	The science of control from the Greek word for the steersman of a ship.

          	delays

          	Where the feedback in a system takes a significant time to reappear as an input. This can have a profound affect on the dynamics
            of the system.
          

          	diagramming

          	A formal approach to visual modelling using a range of techniques for exploring the organisation of information in two dimensions,
            e.g. on paper or on a computer screen.
          

          	difficulty

          	Bounded problem with a limited timescale, clear priorities, limited applications. It can be treated as a separate matter,
            with a limited number of people involved who know what needs to be done, know what the problem is and know what a solution
            would be (contrasted with mess).
          

          	diversity

          	A measure of the degree of differences between things – for example the number of different species in an ecosystem, or the
            different types of businesses that a pension fund has invested in.
          

          	ecology

          	The study of the relationship amongst living organisms and between these and their environment.

          	ecosystem

          	The organisation of species and their surrounding environment into a self-sustaining whole.

          	eight intelligences

          	Howard Gardner’s theory that there are eight different ways in which people develop, communicate and put into practice their
            understandings.
          

          	emergence

          	Higher-level properties emerge from systems of lower-level components in such a way that the high-level properties could not
            be predicted from knowledge of the components in isolation.
          

          	environment

          	In systems terms, this refers to those factors outside of a system with which it interacts or which affect how it operates.

          	environmental footprint

          	The impact of something (such as a person, a city or a sports event) on its environment. Subcategories of an environmental
            footprint include ecological, water and carbon footprints.
          

          	epistemology

          	A study of the way we know what we know (how knowledge arises out of a combination of beliefs and facts), its history and
            its limits.
          

          	equifinality

          	When a system always ends up in a single final state, whatever its starting point.

          	equilibrium

          	When system components do not show any apparent change in quality and quantity.

          	extinction

          	The permanent and irreversible disappearance of a lifeform.

          	feedback loop

          	Where an input of a system is affected by one of its outputs – for example in communication when communicating with someone
            who is communicating back.
          

          	flows of energy, matter and information

          	This refers to the way that systems interact with their environment and amongst its components – for example a system could
            be closed in terms of matter, but open in terms of energy. Some components provide other components with energy, matter and/or
            information.
          

          	group think

          	The tendency for individuals to fall in with the thinking of those with whom they are closely associated, even if they might
            individually disagree.
          

          	hard complexity

          	Complexity that arises from the dynamics of a situation, where the presence of large numbers of feedback loops and/or variables makes prediction difficult.
          

          	hierarchy

          	The nested nature of systems: systems encompass subsystems while simultaneously being part of supra-systems.
          

          	homeostasis

          	The dynamic equilibrium through which living systems maintain the conditions for their ongoing existence.

          	indicator

          	A characteristic of a system which is used as a measure for control.

          	information

          	Matter and/or energy which is not of direct use by a living organism apart from having the potential to change the organism’s
            behaviour – for example, the triggering of moths’ reproductive behaviour resulting from a full moon.
          

          	information and communication technologies

          	Technologies that allow the recording, storage or sharing of information.

          	input–process–output

          	A process-based way of looking at what a system is, concerned with defining a system by what it does rather than the objects
            it is constituted from.
          

          	interdependence

          	The way that different system components (such as organisms in an ecosystem) play roles that supports other components which
            in turn support themselves.
          

          	internalised model

          	A model developed by a living system in order for it to cope with its environment without constantly sensing it. It may only
            be detectable implicitly through the living system’s behaviour.
          

          	interpersonal intelligence

          	The ability to empathise with others by recognising their intentions, motivations and desires. Professions which require a
            high level of this intelligence include educators, psychologists and politicians.
          

          	intrapersonal intelligence

          	The ability to recognise one’s own intentions, motivations and desires. Professions which require a high level of this intelligence
            include poets and artists.
          

          	kinaesthetic intelligence

          	The ability to coordinate one’s movements. Individuals which require high levels of this intelligence include athletes, craftspeople,
            musicians, dancers, surgeons and painters.
          

          	learning

          	The capacity to change or create internalised models in response to experience.

          	learning cycle

          	A sequence of steps that describe the different aspects of learning. There are a number of different types of learning cycle,
            such as Kolb’s learning cycle. Many of them feature observation, evaluation, planning and action, or their equivalents.
          

          	linear sequential thinking

          	Thinking based on a precise sequence of information that goes into greater and greater detail.

          	linguistic intelligence

          	The ability to use a coherent narrative to communicate and organise thoughts. Professions which require a high level of this
            intelligence include lawyers, writers and actors.
          

          	logical–mathematical intelligence

          	The ability to investigate issues deductively and recognise/work with numerical patterns. Professions which require a high
            level of it this intelligence include software programmers, engineers and scientists.
          

          	mathematical communication

          	Mathematical communication uses quantification (numbers and functions) to share or highlight experience.

          	mathematical models

          	Models where the essential dynamics of a situation are represented through numbers and mathematical patterns.

          	mental models

          	Essentially the same as internalised models, but referring specifically to humans.

          	mess

          	Unbounded problems or sets of problems with: a longer, uncertain timescale; priorities which are called into question; uncertain,
            but greater implications. It can’t be disentangled from its context, and more people are involved who don’t know what needs
            to be known, who aren’t sure what the problem is, and don’t see ‘solutions’ (contrasted with difficulty).
          

          	metaphor

          	The use of an unrelated word or phrase to represent and model another object or situation. For example, the term ‘war on terror’
            depicts the process of addressing a particular criminal activity as a military intervention.
          

          	models

          	Simplified representations of reality which have a purpose.

          	Modes

          	(of delivery) Medium or type of communication.

          	multiple intelligences

          	The idea that there is more than one way of solving problems – for example right and left brain thinking or Gardner’s eight
            intelligences (linguistic/logical-mathematical/musical/kinaesthetic/spatial/interpersonal/intra personal/naturalist-ecological).
          

          	musical intelligence

          	The ability to recognise pitches, tones, rhythms and compose these into recognisable patterns. Professions which require a
            high level of this intelligence include composers and musicians.
          

          	naturalist intelligence

          	The ability to appreciate ecological interdependence, including the nested nature of our society within the greater Earth system.
          

          	negative feedback

          	Feedback which operates to reinforce stability. Also called balancing feedback.
          

          	network

          	The organisation of components as a system which facilitates the flow of information, matter and/or energy.

          	object

          	A discrete entity, or one that is perceived to be so. Used to categorise flows of energy, matter and information. This is especially relevant when these manifest levels of structural and/or process stability. For example, a stone or a
            flame can be objectified because their material composition, energy levels and capacity to convey information are stable enough
            over time for categorisation.
          

          	open systems

          	A system which exchanges energy, matter or information with its environment.

          	oral communication

          	Verbal communication through sound.

          	organism

          	A living system with a distinct boundary which distinguishes it from its environment.

          	overshoot

          	The point where one or more of a system's components are using resources over the rate by which these can be replenished.
            The inevitable consequence of overshoot is the collapse of the component(s), and the potential collapse of the system as a
            whole if at least one particular component is playing a vital role in system processes.
          

          	positive feedback

          	Positive feedback reinforces change.

          	process

          	The way in which information, matter and/or energy flows through, and are modified by, a system's components.

          	purpose

          	An anticipated outcome that directs system structure and processes.

          	quality of life

          	Quality of life indicators widen attention beyond monetary wealth to health and happiness.

          	quantitative (mathematical) models

          	Models where the essential dynamics of a situation are represented through numbers and mathematical patterns.

          	rates

          	The measures of changing system component quantity or quality relative to time.

          	receiver

          	The means by which communication is received.

          	reductionist thinking

          	Thinking based on the idea that a thing can be characterised by the attributes of its components.

          	redundancy

          	Multiple complementary components or functions such that removing one instance does not result in system failure because the
            others can keep going. For example, the removal of one kidney out of the two will still allow the individual to continue a
            healthy life.
          

          	regulating

          	Taking control of something.

          	relational logic

          	Reasoning based in the relationships between things which are disciplined, rule-bound and repeatable so that decisions are
            defendable and explainable.
          

          	relationship

          	Interaction between components within a system.

          	resilient

          	Able to cope with stresses and shocks by recovering readily.

          	resistant

          	Able to cope with stresses and shocks by not being affected much in the first place.

          	roles

          	The typical functions that system components carry out - for example a species in an ecosystem.

          	selective perception

          	A phenomenon where people pay attention to things they are familiar with or to evidence that supports views they already hold.

          	sensors

          	The means to detect signals or a change in state. In the control model, a sensor monitors the outputs of a process.

          	shared models

          	A common interpretation that enables effective communication.

          	sign graph diagrams

          	A diagram that represents the operation of causality in a system’s dynamics.

          	simplification

          	A model is a simplification of reality that does not pay attention to all the aspects of a situation, but is relevant to understanding
            and engaging with the situation.
          

          	soft complexity

          	Complexity that arises from a lack of certain information about a situation – for example when there are intractable differences
            in the way that a situation is perceived by those involved in it.
          

          	spatial intelligence

          	The ability to recognise visual patterns and relationships. Professions which require a high level of this intelligence include
            artists, designers, and taxi drivers.
          

          	stability

          	Unchanging system structure and/or processes, usually applied in situations where the system's environment is changing.

          	status

          	A measure of a system, its structure, processes and/or components with the aim of identifying change or stability.

          	stocks

          	In a model, a quantity of something that can increase or decrease.

          	subsystems

          	Components of a system, which are themselves systems.

          	supra-systems

          	The systems within which your particular system of interest is nested within.

          	survival of the fittest

          	Continuation of a particular component within a system which through competition and cooperation can access enough resources
            to maintain itself or replicants of it, while other components become extinct through lack of resources.
          

          	synthesis

          	Trying to understand something by considering its relationship to other things. Also the process of making a whole out of
            parts.
          

          	system dynamics

          	The study of the patterns of feedback in complex systems.

          	system dynamics diagrams

          	A diagramming methodology used in system dynamics modelling.
          

          	system performance

          	A comparison between the behaviour of a system as detected through an indicator and what is expected.

          	systems

          	An interconnected and interdependent set of components with coherent organisation, often characterised by nested subsystems,
            emergent properties, communication, and control which is dynamic, adaptive and self-preserving.
          

          	systems thinking

          	A style of thinking that balances rational and intuitive, synthetic and analytic, thinking.

          	technique

          	Standardised and formal approaches for executing certain tasks.

          	thinking trap

          	A learned and/or biological limitation in the way that we model and act in the world which does not result in the best outcome
            for addressing a particular problem.
          

          	tipping point

          	This is where small changes within a system result in no notifiable overall change until a certain threshold is reached, after
            which the system changes radically, and sometimes, irreversibly. A simple example of a tipping point is the boiling of water
            – very little happens as the water temperature rises, but once the 100°C threshold is reached, there is a sudden transformation
            of liquid water into vapour.
          

          	transmitter

          	The means by which communication is sent.

          	unit of measurement

          	A standard measure in which something is quantified.

          	variables

          	Independent and distinct factors which influence the rate of change of a stock's level as represented through a system dynamics
            diagram.
          

          	verbal models

          	Models where a situation is described in written or spoken words.

          	viability

          	The capacity for ongoing existence.

          	visual communication

          	Visual communication uses two-dimensional pictures, three-dimensional objects and spatial representations to communicate experience.

          	visual models

          	Two or three dimensional forms where a situation is described through graphical symbols and spatial relationships.

          	written communication

          	Written communication uses written words to communicate experience.
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        Activity

        Answer

        This is my own interpretation/model of escalating social breakdown inspired by the content of the ‘Powerdown Show’ programme,
          but also drawing on personal experiences and other information sources. The theme that I chose doesn't directly reflect the
          content of one programme in particular, but I liked working on it because it allowed me to explore a range of issues that
          spanned a wide diversity of subjects. Once again, this is in no way ‘the right answer’, and if you have chosen the same theme,
          you may very well have identified different areas of intervention and different positive feedback loops. The crucial thing
          that you should have aimed for was to produce a visual model that can readily communicate a story to your target audience.
          This is what you should concentrate on getting right.
        

        Drawing sign graphs can take some application and will probably require several iterations – I had seven attempts! The key
          is to brainstorm as many negative and positive relationships as possible and then to look for the positive feedback loops.
          Remember that feedback loops are the backbone of systems, so even if you can identify some clear linear relationships, you
          have to think very hard about whether you want to retain these in your final diagram. My final diagram, presented in Figure
          4.9 below, demonstrates a range of positive feedback loops which could work in concert to worsen social conditions. My first
          attempt looked like a can of worms and I had to be ruthless in simplifying the diagram to show what I thought were several
          key positive feedback loops. You will notice that my sign graph includes components that operate at different organisational,
          temporal and spatial scales – from the local to global. Presenting a systemic understanding to a particular scale of human
          organisation (individuals, groups, communities, companies, governments, etc.) doesn’t necessarily imply that your analysis
          must restrict itself to the components only apparent at that scale. Figure 4.10 shows you where I have identified five key
          ‘dampening’ factors and the place where they could intervene. Even here, the interventions are not necessarily restricted
          to one particular scale of organisation. Although we sometimes feel that we can only intervene at the organisational scale
          we are currently involved with, this scale can also lobby for change at other scales of organisation. For example, it is often
          the case that our personal actions are often restricted and determined by other scales of organisation, so in order to deliver
          change, we must intervene at other scales by, for example, supporting (or creating) institutions and/or social movements which
          have the potential or actual power to force change.
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          Figure 4.9 Sign graph exploring my interpretation of causes and effects leading to social breakdown 
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          Figure 4.10 Sign graph showing five key interventions that I believe would reverse social breakdown 

          View description - Figure 4.10 Sign graph showing five key interventions that I believe would reverse ...
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        Figure 4.1 A pond food web 

        Description
The figure shows a diagram of a pond food web in cross-section. The diagram indicates the flow of nutrients from drainage
        water and the atmosphere into the pond, which are assimilated by algae and larger plants. These in turn provide food for invertebrates,
        which are then eaten by foragers (represented as two fish). These are in turn eaten by predators and insects. All of the food
        web components then contribute to the detritus.
        Back to - Figure 4.1 A pond food web 

      

    

  
    
      
        Figure 4.2 Positive feedback diagram of births and population 

        Description
This figure shows a sign graph of the positive feedback relationship between births and population. The births component has
        an arrow linking to the population component which in turn has an arrow linking to the births component. Both arrows have
        a positive sign associated with them.
        Back to - Figure 4.2 Positive feedback diagram of births and population 

      

    

  
    
      
        Figure 4.3 A negative feedback loop 

        Description
This figure shows a sign graph of the negative feedback relationship between ‘tiredness felt’ and ‘amount of sleep’. The ‘tiredness
        felt’ component has an arrow linking to the ‘amount of sleep’ component. This arrow has a positive sign associated with it.
        The ‘amount of sleep’ component has an arrow linking to the ‘tiredness felt’ component. This arrow has a negative sign associated
        with it.
        Back to - Figure 4.3 A negative feedback loop 

      

    

  
    
      
        Figure 4.4 Simplified diagram of the carbon cycle (from: T863 Book 2, Figure 4.7, p. 22) 

        Description
This figure shows a diagram of the carbon cycle. Arrows show how carbon dioxide is removed from the atmosphere by photosynthesis
        and absorbed into vegetation. An arrow from the vegetation indicates that the carbon is then stored as coal and oil through
        the geological process. This carbon is then released by extraction as indicated by the symbol of an oil rig. Carbon is then
        released to the atmosphere through volcanic emissions, fossil fuel burning, and organic matter decay. Carbon is also exchanged
        between the atmosphere and the oceans, as indicated by two arrows going in opposite directions. In the oceans, the carbon
        is deposited as limestone and released through weathering and erosion.
        Back to - Figure 4.4 Simplified diagram of the carbon cycle (from: T863 Book 2, Figure 4.7, p. 22) 

      

    

  
    
      
        Figure 4.5 Communicating feedback relationships through a sign graph diagram 

        Description
This figure shows a sign graph of the feedback process between ‘stressful work’ and ‘procrastination in delivering outputs’.
        Both of these components are linked together by arrows in the process of positive feedback.
        Back to - Figure 4.5 Communicating feedback relationships through a sign graph diagram 

      

    

  
    
      
        Figure 4.6 Pitfalls in sign graph diagramming 

        Description
This figure shows a sign graph of the logical pitfalls of this diagramming technique. On the left-hand side of the figure,
        the population component is linked to the births component with a positive signed arrow, and the births component is linked
        to the population component with a negative signed arrow. On the right-hand side of the figure, the population component is
        linked to the deaths component with a positive signed arrow, and the deaths component is linked to the population component
        with a negative signed arrow
        Back to - Figure 4.6 Pitfalls in sign graph diagramming 

      

    

  
    
      
        Figure 4.7 Representing object variables in a system dynamics diagram 

        Description
This figure shows the system dynamics diagram of water hyacinth population dynamics. The ‘stock’ of the water hyacinth population,
        represented as a white rectangle receives inputs from the left-hand side, represented as an arrow with a valve on it pointing
        towards the rectangle, and releases outputs from the right-hand side, represented as an arrow with a valve on it pointing
        out of the rectangle. The input valve has two variables (represented as green circles) linked to it through lines: ‘water
        surface area’ and ‘dissolved nutrients’. The output valve also has the ‘water surface area’ variable linked to it through
        a line, but also has an additional variable ‘herbivores’, linked to it through a line.
        Back to - Figure 4.7 Representing object variables in a system dynamics diagram 

      

    

  
    
      
        Figure 4.8 Representing stocks in a system dynamics diagram 

        Description
The figure shows an expanded system dynamics diagram of water hyacinth population dynamics. The variables in Figure 4.7 (‘water
        surface area’, ‘dissolved nutrients’, and ‘herbivores’) are now no longer depicted as variables, but as stocks, i.e. within
        rectangles each with their own input and output arrows/valves. The connection between components remain the same as in Figure
        4.7
        Back to - Figure 4.8 Representing stocks in a system dynamics diagram 

      

    

  
    
      
        Figure 4.10 Sign graph showing five key interventions that I believe would reverse social breakdown 

        Description
The next free course will be entirely dedicated to exploring dynamic simulations of simple system dynamics models of population
        growth; introducing you to a range of different system behaviours, which will allow you to visualise the effects of positive
        and negative feedback relationships that you have ‘mentally’ simulated in this activity. 
        Back to - Figure 4.10 Sign graph showing five key interventions that I believe would reverse social breakdown 
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