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Abstract. This paper compares System Dynamics (SD) and Agent-Based Modeling (ABM). As normally understood, ABM subsumes SD. But if SD variables and rules are generalized sufficiently, SD  and ABM can be considered equivalent.
Introduction
System Dynamics Modeling (SD) (e.g., Forrester) and Agent-Based Modeling (ABM) (e.g., Bonabeau) are often considered competitors. SD represents the world of equational modeling in which one captures what is important about a domain by a fixed set of mathematical equations. ABM represents the world of emergence in which the interactions of many elements (the agents) at a micro level produce macro level results that are often difficult to predict from the micro-level behaviors. But SD advocates justifiably point out that the global consequences of SD models are also difficult to predict simply by looking at the individual equations. So this distinction may not be as significant as it is often made out to be.
An important similarity between these two modeling methodologies is that both are based on time-stepped processes: variables in the models are updated from one time instant to the next. Because of this underlying fundamental similarity the two frameworks lend themselves to comparison, which is the subject matter of the rest of this paper.
System Dynamics
A system dynamic model may be understood as a pair (V, E), where V is a set of numerical variables {v_1, v_2, … }, which are generally taken to represent a collection of what have come to be called stores (of abstract or real materials), and E is a set of equations {e_1, e_2, … } that describe how the variables change in time. 
The equations are such that they are expressible in the following form.
v_i = f(v_x1, v_x2, …)
That is, each equation expresses the value of one of the variables as a function of (perhaps) itself and the other variables. The equations are generally taken to represent transfers from one store to another. Consequently they have come to be called flows. Since there is no restriction on which variables can be used to compute the flows for which other variables, System Dynamics models are capable of representing systems with complex feedback loops. 
In most SD modeling frameworks, the equations are typically not expressed in as discrete a form as shown above. Instead the equations are embedded in software written in a general purpose programming language. When that software is executed it has the same effect as the equations. 
Although the equations in SD models are not necessarily expressed in terms of discrete time steps, the models themselves are always simulated by time-stepping through them. Whether or not the time steps are uniform one can always (if inefficiently) run an SD model using uniform time steps. For simplicity, from this point on I will assume that SD models are executed using uniform time steps. 
In summary an SD model may be understood as a collection of numerical variables along with software to be executed at each time step. When executed the software resets the variables based on their values at the previous time step.
Agent-Based Modeling
An agent-based model may be understood as a collection of Agents {a_1, a_2, … } that interact within an environment. Each agent may be understood as a collection of internal variables {av_1_1, av_1_2, …}, where av_i_j is intended to refer to variable j within agent i.
Agent based models may also include environmental elements. These may be used to represent space (e.g., a grid) or simply elements in the environment that are not agents but with which the agents can interact. The environment of any agent-based model can be represented as a collection of environment variables {e_1, e_2, … }.
A significant if often implicit difference between SD models and ABMs is that the variables in ABMs may be complex. A variable may refer to an “object,” in the sense of object-oriented programming. Each such variable may contain other variables that in turn may refer to other objects, etc. In contrast, the variables in SD models always represent numerical values.
Agent-based models also include software, which is often conceptualized as a collection of rules. The software may be expressed in a rule language. More frequently it is expressed in a programming language such as Java or the NetLogo programming language. When the software is understood as rules the rules may be expressed in such a way that each rule is associated with a particular agent (although there are frequently multiple agents with identical rule sets). Alternatively, the software may be expressed at a more global level. No matter how the software is formulated its effect is to change the values of agent and environmental variables. 
As in SD models, agent-based models are time-stepped. It isn’t required that the time steps be uniform. But like SD models, one can always (if inefficiently) run an agent-based model using uniform time steps. For simplicity, from this point on I will assume that agent-based models are executed using uniform time steps.
In summary an agent-based model may be understood as a collection of software variables (i.e., variables that may refer to numbers, to other primitives like Booleans, or to objects) along with software to be executed at each time step. When executed the software resets the variables based on their values at the previous time step.
What constraints are we putting on the software?
Although the software in the two frameworks is typically written in a general purpose programming language, an implicit if unenforced assumption is that the software performs relatively straightforward computations at each time step. This may be formulated as limiting the computations that can be performed at any time step in either model to that which can be performed by a finite automaton.
Differences so far between SD models and ABMs
The two summaries above suggest that the differences between SD models and ABMs is in the nature of their variables. SD models have numerical variables. ABMs may have variables that refer to more complex values such as software objects. That observation leads to the following characterization of the two modeling frameworks. 
· Any SD model is limited to being a finite automaton. It consists of a finite set of variables that are operated on by finite automata at each time step. 
· An agent-based model potentially has the power of a Turing machine. A Turing machine is essentially a finite automaton that operates on an unbounded tape. Since AMB variables can grow without bound (up to the limit of the computer running them) an agent-based model consists of potentially unlimited storage operated on by a finite automaton at each time step.
As discussed below, there is more to it than that, but this is a good starting point.
Can every SD model be transformed into an ABM?
Given the preceding, it is straightforward that every SD model be transformed into an ABM if for no other reason than that for any finite automaton there is a Turing machine that can simulate it. 
But the preceding trivializes both modeling frameworks. When using a modeling framework, we are not interested in thinking in terms of either finite automata or Turing machine. We are interested in the modeling constructs available to us. It’s useful to think about how an SD model might be transformed more directly into an agent-based model. 
For any SD model consisting of variables (v_1, v_2, …} and equations {e_1, e_2, …} (or the equivalent software) one can directly generate an equivalent ABM by transforming the SD variables into ABM environment variables and by transforming the SD equations (or software) into ABM software. SD models are frequently drawn as what has come to be called stocks and flows diagrams. Stocks and flows diagrams are directed graphs in which the nodes are the stocks (representing the variables) and the edges are the flows (representing the equations). The transformation suggested above may be conceptualized by understanding a stocks and flows diagram from an agent-based perspective. Think of each stock as a variable in the ABM environment and each flow as an agent. At each time step each agent evaluates its flow expression and sets the relevant environmental stock variable accordingly.
What about pseudo-random numbers?
Both SD and ABM frameworks generally supply pseudo-random number generators. An easy way to add a random number generator to the framework already developed is to suppose that there are variables in each framework that provide pseudo-random numbers when read. From this perspective, randomness is similar to an exogenous effect and doesn’t affect the computational relationship between the two classes of systems.
What would it take so that ABMs can be transformed to SD models?
Based on the discussion so far, three additional features are required in SD models. 
· SD must include variables that can grow, such as lists. 
· SD must include variable types that can refer to other elements in the model. The latter is required because agent-based models include variables that can refer to arbitrary objects within the model. 
· SD must include a means to restructure its stock and flows graph dynamically. This is required because in agent-based models the agents typically move around in their environments and interact with different agents and different environmental elements from one time to another. That means that the rules embodied in the agents operate on different variables from one time step to another. 
The first requirement can be satisfied only by adding features—such as lists—to an SD system. Certainly lists are not difficult to implement. Adding them to an SD framework would not be too demanding. 
The second requirement is even easier to satisfy. Most SD frameworks include arrays. Although it is awkward, objects and references to objects can be implemented through arrays. 
The third requirement is also easy to satisfy, at least abstractly, but the solution does severe damage to the way one conceptualizes SD models. Since a stocks and flows diagram is static, it is not possible to restructure it dynamically. But one can do something that eliminates the need for dynamic restructuring. All one need do is to draw a stocks and flows diagram in which each flow takes every stock as an input. That is, every stock is connected through each flow to every other stock. There is nothing within the formulation of SD models that prohibits this sort of diagram. If such a diagram were drawn then the equations (or software) could determine at each time step which of its input stocks actually to use in its computation. In that way SD could mimic agents moving around in their environment. As I said, this works formally, but it destroys the value of stocks and flows diagrams for representing the model in an intuitive manner.
Is that it?
If we extended the typical SD modeling framework with lists (and arrays if they are not already included), and if one allowed stocks and flows diagrams that potentially connect every stock to every equation, could such an SD framework accommodate any agent-based model?  
Not quite. There are two other features of agent-based models (not yet discussed) that such an extended SD framework still could not accommodate. 
1. Agent based models allow new agents to be generated dynamically. Agent-based models also allow agents to be removed from the model. But writing SD equations or software that ignores variables is not so difficult. It’s the potential addition of new agents that poses a challenge for SD.
2. Agent-based models (should) allow agents to change their rules dynamically.
One way an SD framework could accommodate new agents is to use one of its lists (we are now assuming that our SD framework has lists) to be a list of agents. If one went that route, however, every SD model could be expressed as a single SD variable that served as a list of all the other variables. The stocks and flows diagram would be a single arrow from that variable to itself with the software that runs each time step as the flow along that arrow. In other words, the SD variable would represent the model state; the flow would be the state transition function.  With the assumed extensions this could be expressed within an SD framework, but it would hardly be recognizable as a traditional SD model.
What about agents that modify their own rules? I’m not aware of any ABM framework that accommodates rule modification in a fully general way. Many agents have rules that are table-driven. When the agents modify their internal tables their behavior changes. But table driven rules are simply a matter of variables, and SD models can accommodate variables. 
For an agent-based model to modify its rules in a fully general way would require something like a genetic programming system built into the model. Were such available—and more interestingly—were each agent equipped with its own GP system, the agents could change their rules arbitrarily. For an SD framework to match that sort of flexibility would require that the SD framework include both  a GP system as well as a mechanism to replace equations with new equations. I’m not aware of any SD system that can come close to accommodating anything like that.
Conclusions
Agent-based models and system dynamics models can both be understood in terms of variables and software that modifies those variables incrementally at time ticks. Any SD model can be converted to an equivalent agent-based model. To convert an arbitrary agent-based model to an SD model would require adding features to the SD framework and in some cases using the enhanced framework in ways that would make the resulting model no longer recognizable as an SD model.
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