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Abstract. Reproducibility is a problem in Agent Based Modelling. It has proven difficult
to replicate results obtained by other researchers so as to confirm their findings. A number
of different solutions have been proposed to overcome this issue but the effectiveness of
these approaches is still open to debate. Here we propose that formal methods, an approach
developed by computer scientists for the production of high integrity systems, can be used
to specify even complex Agent Based Models. In order to demonstrate the applicability of
Formal Methods we specify Sugarscape, a well known Agent Based Social Simulation, using
the Z Notation. Our specification uncovers many ambiguities in the original definition of
Sugarscape thus demonstrating the effectiveness of this approach and providing a reference
specification of Sugarscape for researchers to use.
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1 Introduction
Although Agent Based Modelling (ABM) is becoming more popular across many disciplines there
remain questions about its applicability [30]. One of the main issues is that of replication (or
reproduction) of results. It is proving difficult for researchers to reproduce the results claimed
by other researchers. This is known as the replication problem. Efforts are currently underway
to tackle this issue by improving ABM specifications.
In Computer Science there is a similar problem, that of writing specifications precise enough
to allow system developers to produce an implementation that they can be confident matches the
specification. The most precise approach is based in mathematics and termed Formal Methods.
A formal specification can be proven to have (or not have) certain (un)desirable properties. It is
also possible to mathematically verify or prove that an implementation matches a specification.
Formal methods have found a niche in high integrity software development where errors cannot
be tolerated (due to, for example, the risk of loss of life).
We propose using formal methods as a way of writing reproducible ABM specifications. To
this end we formally specified Sugarscape, a well known and large Agent Based Social Simulation
(ABSS1 ), using the Z notation to see if this revealed any inconsistencies in the its original
definition.
We found a number of ambiguities in the rule definitions and also discovered a range of
missing information leading to incomplete rule definition. We have placed the entire specification
online where each rule is formal specified and discussed in detail [26]. We have also used this
specification to implement our own version of Sugarscape to test out different updating techniques
and benchmark algorithm performance [27]. Here we give an overview of the process of formally
specifying Sugarscape and provide conclusions on the suitability of this approach.
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1.1 Outline of Paper
We start with a reminder of what the replication problem in ABM is. After this we survey the
approaches currently proposed to help overcome this issue. Following on from this we give a
brief overview of formal specification in general and Z in particular. Then we give a summary
of the Agent Based Social Simulation we have specified, Sugarscape. We then demonstrate the
efficacy of using formal methods to specify ABSS by listing the issues that the formal specification
uncovered. We follow this section with a discussion of the merits of formally specifying ABMs
and the possible weaknesses with this approach. Finally we give our conclusions on the efficacy
of this approach.

2 The Replication Problem
The replication problem is simply stated: although simulations are developed in quantity and
their results peer reviewed and published it has proven difficult for researchers to replicate these
results [19,33,11].
Given the nature of ABM, where behaviour is defined in terms of simple agent interactions
it might appear, at first glance, that reproducing an ABM defined by another researcher would
be easy. However, in reality it has proven very difficult due to a number of factors, for example:
1. The simulation source code is not publicly available;
2. The rules of the model are not defined sufficiently precisely;
3. The updating method (synchronous or asynchronous) is not declared or clearly explained.
If we wish to check that the published results are accurate we must re-implement the simulation
ourselves, seldom an easy task. Even then, if our results do not match the original we cannot be
sure that it is our implementation that is correct. Modellers need to provide a clear and precise
description of the model to work from and this is not always present. There have been a number
of attempts to overcome these problems but none have been completely successful.
If the published results of a simulation cannot be replicated then we can have little trust in
these results. Being able to repeat or reproduce scientific results is an essential part of science.
This can be a particular issue for modellers in the natural sciences who may not be as familiar
enough with the computer science required to ensure that their implementation is a correct
interpretation of the model.
We posit a new approach, that of using formal methods. Although developed for proving
correctness in safety critical systems we will demonstrate that they can be used to tackle the
replication problem in ABM.

3 Related Work
3.1 Overview, Design concepts, and Details
Overview, Design concepts and Details (ODD) [16] is a protocol for specifying Individual Based
Models (IBM) and/or ABM. ODD was introduced to overcome shortcomings in published IBM
definitions, specifically the issue that IBM are not specified precisely enough to allow for replication of the simulations.
The ODD protocol consists of three blocks (Overview, Design concepts and Details) divided
into seven sections:
1. Purpose;
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2.
3.
4.
5.
6.
7.

State variables and Scales;
Process overview and scheduling;
Design Concepts;
Initialisation;
Inputs;
Submodels.

By enforcing a particular structure on simulation descriptions it (i) makes specifications easier
to read and (ii) ensures that modellers do not forget to specify any aspect of the model. ODD
was originally tested by 28 modellers within the field of ecology to test its usefulness. Since its
introduction it has been used in over 50 publications [17]. The long term aims of ODD are stated
as:
“modellers could describe their IBM on paper using some kind of language that (1)
people can understand intuitively, (2) is widely used throughout ecology, (3) provides
‘shorthand’ conventions that minimize the effort to describe the IBM rigorously and
completely, and (4) can be converted directly into an executable simulator without the
possibility of programming errors.”
These aims seem quite naive from a computer science perspective where similar goals have
been attempted for many years without success [5].
ODD has been criticised for not being formal enough [14] and the chasm between the current
approach to specifications taken in IBM and those more formal models used in computer science
is clear. For example it is stated that it is often the case that the specifications produced by
each role in the simulation development process (four are identified: Thematician, Modeller,
Computer Scientist and Programmer) might stay in the realm of mental models, and never reach
materialisation!
ODD has been extended by adding an algorithmic model to specify the behaviours in the IBM
[18]. Although interesting, it is lacking any of the modularisation features used by computing
specification languages such as Z [36].
3.2 Model Alignment
An early paper to point out and address this problem [11] concluded that we cannot trust simulation results that have not been replicated. Simulations should be treated like experiments
in this regard. They illustrate this by taking a published simulation model and producing two
independent implementations of it. They then compared the results of their two independent
implementations against the original to find differences in the outcomes. They state that producing two different implementations gave them confidence in their results, where they differed
with the original results, that they would not have had with only one implementation.
The process of re-implementing a model they called model alignment and they suggest that,
as most simulations are not amenable to formal analysis, experimentation is the only route to
verification.
While we agree that experimentation is useful it does not solve the problem of specifications
that are vague or are missing important information. If we do not agree the rules of the ABM
with which we are experimenting it will not help.
3.3 A Model Driven Approach
Following from the conclusion of [11] that experimentation is the only route to verification, [33]
list two closely related approaches:
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Re-implementation The model is rewritten following the original authors instructions;
Alignment or Docking We implement a conceptually identical model but using different
tools and different methodologies.
They favour alignment as the better approach and propose using an independent modelling
process that can be automatically implemented using a number of different ABM toolkits. This
has the advantages that it becomes easier for modellers to provide multiple implementations and
does not require in depth programming skills from them.
Such an approach would be useful in that a number of implementations can be compared but
it still only gives replication, not reproducibility. We can replicate (copy) their results but it does
not allow us to reproduce their results. In other words if there is some error in their approach
then Alignment will not find that error, only repeat it.
3.4 Executable Papers
Hinsen [21,20,19] identified the problem as belonging to the entire computational science field. His
proposed solution is to produce executable papers, termed ActivePapers. That is, published papers
will, as well as containing the usual text, also contain the full simulation model, executable code,
source code, etc. all in the correct formats in a single HDF2 format. Then from this executable
paper one could extract all the necessary information required to replicate the simulation.
While he recognises and accepts the difference between replicability and reproducibility in
science he states that the current state of affairs is unsatisfactory and a symptom of a lack of
exchange between the natural sciences and computer science.
3.5 Data Sharing
A similar proposal to ActivePapers (above) is made by [28] for embedding data with existing
formats (pdf, etc). Here the suggestion is that no new formats are required and what is missing
is only the toolset to allow easy insertion of different data attachments to existing formats. The
authors have developed some tools to this end.
All these approaches are useful and give more information to experimenters but all have the
same weakness. They only allow us to repeat an experiment exactly as it was done originally.
Therefore such approaches do not deal with errors that are hidden in the original experiment.
For example, if the updating approach used is the source of the problem then simply copying
this approach will give us the same erroneous results.
What is needed is a higher level approach to replication that allows us the freedom to interrogate the original ABM and reproduce the model independently in a verifiable manner.

4 Formal Methods
4.1 Overview
Computer scientists have been trying to solve a problem analogous to replication. The problem
is how to be sure that the software being produced matches the specification of the client. We
can have confidence in this only if the problem is specified in a precise and unambiguous manner.
It has become clear that specifying a problem in a natural language3 is inappropriate. Natural
languages are neither precise nor unambiguous. To overcome these limitations computer scientists
2
3

http://www.hdfgroup.org/
e.g. English, Mandarin, German, etc.

5

sought to base their specifications in mathematics. The process of producing mathematically
based specifications is known as formal methods [4,37].
Formal methods are based on strong mathematical foundations usually involving one or more
of Logical Calculus, Set and Type theory, Formal Languages, Automata Theory and Program
Semantics. The two more popular mathematical approaches are model based, e.g. VDM [25], and
process based, e.g. CSP [1].
These approaches place the emphasis on correctness and give benefits such as precision of the
system specification and provability of the correctness of the specification and/or implementation.
Their main benefit may rest in the discipline they impose on their users, forcing them to explicitly
define and think carefully about every part of the system being specified. There are three phases
to formally specifying a system, each of which is more difficult than the last:
Specification Precisely define the system in the underlying mathematical formalism;
Refinement Mathematically refine the specification from a high level specification to implementation;
Verification Use the methods proof rules to prove that the implementation correctly interprets
the specification and has all the properties we expect (e.g. the safety property4 ).
The most common approach is known as Formal Methods-lite where we only proceed with the
first step, Specification. This still brings many of the benefits of formal specification without the
higher overheads (in terms of extra time and mathematical knowledge required) associated with
the other two phases. We believe that formal methods-lite is sufficient to solve the replication
problem.
4.2 The Z Notation
We chose the Z notation [36] as our specification language. The Z notation is a formal specification
language for describing and modelling computer systems. It was first proposed in 1977 by JeanRaymond Abrial and gained ISO standard accreditation in 2002. It is based on axiomatic set
theory, lambda calculus and first order predicate logic. All expressions in Z are typed.
Specification in Z is state-based, that is it is based on a system of states with operations
defined in terms of before and after states and the relationship between them. A specification is
defined as a series of sequential steps with each step considered to be discrete in nature. This
makes Z a good fit for ABMs where simulations are defined as a sequence of atomic steps.
A high level Z specification will be independent of implementation issues and although it
is possible to formally refine a Z specification down into computer code this is not necessary.
The high level specification only states the before and after states of each operation and any
implementation that satisfies these constraints is allowable.
Because Z has been around so long it has evolved into a mature and standardised system
that is widely understood within the Formal Methods community. It has a range of software
based tools [13] readily available for specifiers that aid with the production of specifications and
proving properties of those specifications.
This availability of tools combined with the widespread recognition and maturity of Z alongside its state-based approach makes it a good choice for specifying ABMs. In particular, we have
found that the specification of rules in a manner that is completely agnostic as to the implementation approach is a boon. Specifically it allowed us to place no restrictions on what forms of
conflict resolution rules are used. It only states the before and after state of the simulation on
application of each rule, not the particular strategy used to get from the before state to the after
state.
4
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5 Sugarscape
Sugarscape [12] is the simulation that demonstrated how ABM could be applied to the social
sciences. It remains influential today and almost every major simulation toolkit (Swarm, Repast,
Mason and NetLogo) [31,2,23] comes with a partial implementation of Sugarscape that demonstrates that toolkit’s approach to simulation.
Currently, social science simulations are starting to embrace concurrency in an effort to
allow for bigger, more complete and faster implementations of ABMs. Different concurrency
researchers [29,10] have used partial implementations of the Sugarscape model as a testbed
for benchmarking different approaches to parallelising ABMs. However although the rules of
Sugarscape have been defined in [12] there is no general agreement on their exact meaning [3,15].
These difficulties hamper the ability of researchers to properly compare their approaches, provide
complete implementations of Sugarscape or replicate the results of other researchers.
It is worth noting that each of the thirteen rules of Sugarscape can be defined in a paragraph
of text and appear at first glance to be simple. This shows how deceptive natural language based
specifications are, they appear clear but when different researchers try to implement them cannot
agree on their exact meaning.
Originally the rules were stated with an explicit assumption that the underlying implementation would be sequential. Concurrency was simulated through randomisation of the order of
each rule application on the individual agents. Models that follow this regime are termed asynchronous.
Most of the rules require some form of conflict resolution. We have specified the rules in a
manner consistent with the original intention (agents acting concurrently) but independent of
any particular approach to how this concurrency is implemented. That is, we have refrained from
imposing any specific conflict resolution rules or a specific updating approach.
By formalising the simulation and providing a single precisely defined reference for the rules
we can produce a standard definition of Sugarscape. Compliance with this single reference allows proper comparisons to be made between different approaches. It also leaves it open to the
implementer to decide what approach to conflict resolution they wish to take. We detected ambiguities present in the current rule definitions, provided precise interpretations, where possible,
and flagged unresolvable problems where not.

6 Results of the Specification
We produced a formal specification of sugarscape in Z and made this available as a reference
[26]. This specification covers the entire Sugarscape definition with all 13 rules and two resource
types (sugar and spice).
We made the decision to restrict the initial specification to one pollution type and one resource
type in an effort to guarantee clarity. While the original rules were designed so that they could
be extended to arbitrary numbers of resources and pollutants, explicitly specifying an arbitrary
number of resources and pollutants would make the specification more difficult to understand
and thus more likely to either contain or cause mistakes. This specification extends to about 46
pages in length including embedded explanatory text.
Once we produced a specification for the single resource scenario we extended the specification
to a two resource situation (where the resources are known, respectively, as sugar and spice).
This allowed us to specify the final rule, T rade, as that rule requires two resources to function.
This allowed for:
1. A simpler and easier to understand specification of the rules that use only one resource
(trading clarity against completeness);
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2. A complete (but separate) specification for simulations that use two resources.
The downside of this is that each rule has to be specified twice, once for the single resource
scenario and once for the two resource scenario. Fortunately a modeller will only need to read one
version of the rule depending on the number of resources in the simulation. We do not provide
specifications for multiple pollutants as multiple pollutants were never actually implemented in
Sugarscape. While specifying multiple pollutants would make for a more general specification
there is a trade off in terms of the complexity this would add. If the specification becomes too
complex it can make it more difficult to reason about. As multiple pollutants are never used we
do not feel this is too much of a limitation.
Similarly we did not provide a specification for more than two resources as we deem the
benefits of doing so counterbalanced by both the complexity of the resulting specification and the
lack of any requirement to use such a complex simulation for benchmarking purposes. Sugarscape
has only ever been implemented with two resource types. Anyone wishing to extend Sugarscape
further can use the two resource specification for guidance.
6.1 The Specification Process
A Z specification will generally be broken down into the following steps. First we define any
necessary constants. Alongside these constants we define new types, outside of the built-in types
provided by Z, that are required for the specification. Following this we specify the state of the
system being specified. This state definition will include all the information held by the system
alongside any invariants or properties that hold for the lifetime of the system. Once the state
has been defined we define the initial state of the system which assigns the appropriate initial
values that the system will have on startup. With this in place all of the operations that can
occur are individually defined. Each operation is defined in terms of its effect on the state. These
effects are expressed by showing the relationship between the state before the operation and the
state after the operation has completed. A good high level specification does not say how this
transformation occurs, only what the end result will be. How precisely we convert the before state
to the after state is an implementation issue and there may be many different ways of effecting this
transformation. It is considered bad practice to enforce one particular implementation approach.
We now show how the specification of Sugarscape proceeded before discussing how effective
this process was. The complete specification is not shown here due to its length but is available
in full [26].
Types and Constants Constants are simply defined by naming the constant and defining its
type. Then we state what its specific value is and any invariant properties that it must satisfy.
These invariants may relate its value to some other known constants. In some cases we may not
wish to state what its value is and only state that it is a constant. For example, the size of the
lattice in Sugarscape is a constant size throughout any given simulation run but different values
may be used for any one particular run. For example the simulation size may be chosen based
on the amount of available processing power we have available. In this case we state that it is a
constant and leave its actual value unstated in the specification. Anyone using the specification
must then decide themselves what size grid they are using and state what its value is. In this case
the grid size is passed in as a parameter by the simulation implementer. These constants act as
placeholders that must be given values before the simulation can proceed. By identifying these
constants that have not been assigned specific values we have identified (possibly deliberate)
ambiguities in the definition of Sugarscape.
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CU LT U RECOU N T : N1
(1a)
M IN M ET ABOLISM, M AXM ET ABOLISM : N (2a)
M : N1
(3)
CU LT U RECOU N T mod 2 = 1
M IN M ET ABOLISM < M AXM ET ABOLISM

(1b)
(2b)

1. CU LT U RECOU N T (1a) defines the size of the culture string. Although we do not have
a specific size for CU LT U RECOU N T we do know that it must be an odd number as the
culture string is defined to contain an odd number of bits (1b);
2. Similarly although we know that M IN M ET ABOLISM and M AXM ET ABOLISM (2a)
values are not explicitly stated we are told that M IN M ET ABOLISM must be less than
M AXM ET ABOLISM (2b);
3. M is the dimension of the grid
When the simulation is run specific values must be assigned to these constants that satisfy the
invariants we have given them. We leave these specific values to the implementer to assign but
we have flagged what the constants that define any particular instance of Sugarscape are and
forced the implementer to give them values within the given constraints.
We often need to define new types in a specification. These new types are generally used to
make the specification easier to read and understand as the examples below clearly demonstrate.
[AGEN T ]
P OSIT ION == 0 . . M − 1 × 0 . . M − 1
SEX ::= male | f emale
BIT ::= 0 | 1
af f iliation ::= red | blue

(1)
(2)
(3)
(4)
(5)

1. AGEN T is used as a unique identifier for agents. We could just assign each agent a unique
natural number but our approach make our intentions easier to understand and the specification easier to read;
2. P OSIT ION is also used to make specifying the 2D indices within the grid easier to read
and more compact;
3. All agents have a sex attribute that can only take one out of two values;
4. BIT s are used to encode both culture preferences and diseases of agents;
5. Every agent has a cultural affiliation defined as either belonging to the blue tribe or red tribe.
State In Z modularisation is achieved by dividing the specification into schemas. In this case
we divided the state into two main separate parts or schemas. The first schema defined the
information held by the lattice component of the simulation and the second schema defined the
information held by the agents in the simulation.
Although Lattice locations can be viewed as a type of agent this division makes the state easier
to comprehend and serves a useful purpose as some operations (known as rules in Sugarscape
terminology) act only on one of these schemas (for example, the Growback rule/operation only
affects the lattice and not the agents).
The Lattice is an M × M grid or matrix of locations where each location contains amounts
of sugar5 and pollution. Each location can hold up to a maximum amount of sugar where this
maximum amount can vary from location to location.
5
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Lattice
sugar : P OSIT ION →
7 N
maxSugar : P OSIT ION →
7 N
pollution : P OSIT ION →
7 N
dom sugar = dom maxSugar = dom pollution = P OSIT ION
∀ x : P OSIT ION • sugar(x) ≤ maxSugar(x) ≤ M AXSU GAR

(1)
(2)
(3)
(4)
(5)

Taking each part of the schema in turn:
1. sugar is a mapping that stores the amount of sugar stored at each position in the lattice;
2. maxSugar is a mapping that records the maximum amount of sugar that can be stored in
(carried by) each position;
3. pollution records the amount of pollution at each location;
4. Every position has a sugar level, a maximum allowed sugar level (or carrying load) and a
pollution level;
5. Every position’s sugar level is less than or equal to the maximum allowed amount for that
position which is in turn less than or equal to the M AXSU GAR constant;
We need to track the number of turns that have occurred in the simulation. Each turn consists
of the application of all rules that form part of the simulation. This is specified in the simple
Step schema below:

Step
step : N

Operations Each rule in Sugarscape is defined as a separate operation in Z. To show how this
proceeds we will show the specification for the PollutionDiffusion rule as it is one of the simpler
rules. First we show the original rule definition as stated in [12]
Pollution Diffusion Dα
– Each α time periods and at each site, compute the pollution flux the average pollution
level over all its von Neumann neighbouring sites;
– Each site’s flux becomes its new pollution level.
This rule determines how pollution diffuses over grid. Pollution diffusion is calculated every α
turns and is computed as the average pollution level of all a location’s von Neumann neighbours.
We rename the constant α as P OLLU T ION RAT E for clarity as α is used in many of the rules
with different meanings.
The von Neumann neighbours of a location are those immediately above, below, left and right
of the current locations (aka north, south, east and west). We define the four cardinal directions
taking into account the fact that the grid wraps around at its edges (i.e. it is a torus).
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north : P OSIT ION ↣
→ P OSIT ION
south : P OSIT ION ↣
→ P OSIT ION
east : P OSIT ION ↣
→ P OSIT ION
west : P OSIT ION ↣
→ P OSIT ION
∀ x, y : N •
west((x, y)) = ((x − 1) mod M, y)
east((x, y)) = ((x + 1) mod M, y)
south((x, y)) = (x, (y − 1) mod M )
north((x, y)) = (x, (y + 1) mod M )

P ollutionDif f usion
∆Lattice
ΞStep
maxSugar′ = maxSugar
sugar′ = sugar
(step mod P OLLU T ION RAT E ̸= 0) ⇒ pollution′ = pollution
(step mod P OLLU T ION RAT E = 0) ⇒ pollution′ =
{∀ l : P OSIT ION • l 7→ (pollution(north(l)) + pollution(south(l))
+pollution(east(l)) + pollution(west(l))) div 4}
We note here the first appearance of the notion of after-state. Z specifies operations in terms
of how the state after the operation relates to the state before the operation. For any particular
variable X in a schema, X refers to the value held by that variable before the operation starts
while X ′ (called X prime) refers to the value it holds after the operation has finished. Thus to
state that an operation increments X by one we would write X ′ = X + 1. We note that “=” is
the equality predicate and not an assignment operator6 .
Ξ before a schema name indicates the inclusion of the before and the after states with the
added invariant that all the after states are equal to their before states, that is the schema does
not change the state values. ∆ also indicates the inclusion of the before and the after states but
does not state the relationship between them. If we use ∆ then we are required to state in the
schema how the after state values relates to the before state values. Thus in this schema we do
not need to state the after state of the step variable - it must be equal to the before state.
The schema tells us that both maxSugar and Sugar values remain unchanged. This is
stated explicitly by saying that the before and after values are equal. Pollution diffusion occurs only once every P OLLU T ION RAT E steps. Our schema enforces this by only calculating
new pollution levels when step (a counter telling us the number of this tick) is evenly divided by
P OLLU T ION RAT E. When it is updated the new pollution level at a location is the average
of its neighbour’s pollution, specifically their pollution level before the operation occurs.
6.2 Results of the Specification
Formally specifying Sugarscape allowed us to identify a number of issues with its definition. We
have grouped these issues into three main categories: Lack of Clarity, Missing Information and
Sequential biases.
6
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Lack of Clarity The rules, although simply stated, lack clarity in their definition. Only one
version of each rule is presented even when many variations are referred to in the text. The
variations presented cannot always be used together, for example the Movement rule defined in
the appendix is not the variant required if the pollution rule is also used. Our specification brings
all the variants together in one place for ease of reference. We also identified the combinations
of rules that are allowable within any particular simulation setup.
Missing Information Missing or incomplete information is the biggest cause for concern. In
many cases we can work out the most likely answer based on context but in some cases there
is not one definitive correct answer. If there was more than one arguably correct solution we
choose the simplest. How we fill in these blanks can have a big effect on how the simulation
proceeds. These effects may be important if we are trying to compare different implementations
of Sugarscape. For example, there is no mention of any minimum amount required by agents to
have children in the Mating rule but such an amount is referenced in the Credit rule.
By replacing each ambiguous interpretation with one simple and precise interpretation we
allow different developers to replicate and benchmark their results against each other. All hidden
assumptions that could serve to advantage one implementation over another are excised.
Sequential Biases Sugarscape is based on the assumption that it will be implemented sequentially. While this may have been a good assumption at the time it was written it is not
now necessarily the case. Improvements in processing speed have recently been attained mainly
through the introduction of concurrency. Simulations are now almost always run on multicore
or even multiprocessor machines. Building assumptions about the processor architecture into the
simulation definition is not good practice. A properly defined simulation should be independent
of such implementation concerns.
The Z specification is free from all sequential assumptions. It achieves this without having
to specify or constrain in any way what conflict resolution or avoidance strategies are employed.
This leaves developers the freedom to try out different approaches as suits their implementation
platform. However modellers still need to explicitly and clearly state what particular resolution
strategies they are employing as these can alter the simulation outcomes.
Although the original Sugarscape definition explicitly assumes that the implementation will
be a sequential one we have chosen not to make this assumption in our specification. To be
sure this assumption can be included in the specification and we have produced an alternative
explicitly sequential specification of Combat for comparison. We note that explicitly demanding
that asynchronous updating be used does have a large affect on the structure of the specification.
This is not unexpected as it is well known that asynchronous and synchronous updating give
different outcomes in simulations [22,34,6,7].
6.3 Conclusions
Of the thirteen rules of Sugarscape our specification process found issues in all but four of the
rules (Growback, Pollution Formation, Culture and Trade). It is interesting to note that although
Trade is probably the most complex rule there were no issues with its definition. However, it is
a self-contained rule unaffected by the other rules. The more interesting issues were due to the
unforeseen interactions that can occur between rules. For example, when Credit and Inheritance
are used together in a simulation it is unclear how we deal with loans of dead agents. Are they
inherited by the children or discarded? Similarly Credit mentions using the minimum amount
required by agents to have children to help calculate loan amounts but this minimum amount
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is not mentioned in the Mating rule. The ambiguities and missing information within the other
nine rules could have a significant effect on the outcome of a simulation run.
Further work remains to be done in getting agreement from the ABM community on the
decisions made in producing this interpretation of Sugarscape. Any incorrect assumptions made
in the course of producing this specification need to be identified, agreed upon and corrected. A
more complete list of the issues identified during the specification process can be found in [26].
Sugarscape can now be used as a benchmark (or rather set of benchmarks) for modellers.
This is particularly useful for those proposing alternative approaches to simulation such as synchronous updating or, for example, comparing the performance gains under different processor
architectures, for example, Multicore versus Graphics Processor Units (GPU).

7 Issues with Formal Specification
We have demonstrated that formal methods can be used to specify even a complex ABM such as
Sugarscape. The fact that it identified many ambiguities shows that it fulfils its purpose. Formal
methods have many years of solid research and a strong theoretical grounding behind them. They
are designed to make specification of large and complex systems as easy as possible by building
in modularity.
Our Sugarscape specification shows that we can model an ABM at a very high level while
still remaining very precise. This is a key issue as we need a way of specifying our simulations
that allows not just replicability but more importantly reproducibility. The benefit is that the
specification does not force us to adopt one particular set of parameters but it does force us to
state precisely what values we have attached to those parameters.
There are, of course, downsides to the use of formal specification. The price we pay for their
precision is a requirement for mathematical formalisms that some modellers may find too difficult
or time consuming. To quote a well known paper in computer science “there is no silver bullet” [5].
The quest for a simple and intuitive natural language-based specification technique has proven
futile in computer science and will similarly prove futile here. If we want reproducibility then
we need the rigour of mathematics. The size of the formal specification produced for Sugarscape
may seem large but we must remember that (i) it is an entire family of simulations with very
complex interactions and (ii) we have specified it twice, once with a single resource (Sugar) and
once with two resources (Sugar and Spice). Most other ABSS are smaller and simpler in scope
and would require less work.
While the Z notation allowed us to produce an acceptable specification of Sugarscape there
are other more recently developed specification languages such as Alloy [24] or Object-Z [35] that
may prove even more effective and produce simpler specifications. Translating from Z to these
other notations would allow for a fair comparison to be made between the different specification
techniques. Formal specification deserves serious consideration as an approach to solving the
replicability issue in ABM. While some may feel it is “overkill” for normal specification there is a
stronger case for its use in specifications used as benchmarks, comparisons of updating techniques
(synchronous vs asynchronous) or implementation techniques on GPU/multicore architectures.
Formal methods are difficult and time consuming to read and/or write. Both tasks require
a familiarity of the underlying mathematics and the available tools. While reading and understanding an existing specification is not as onerous as writing one some math sophistication
is still required. It may be the case that computer scientists will be needed to produce these
specifications for modellers and also to aid in implementing them until modellers become more
familiar with the mathematics underlying formal specification techniques. This should come as
no surprise: software development is a highly skilled task. Formal methods are not an easy solution to the problem but then decades of research in computer science indicate that there is no
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easy solution (no “silver bullet”) to this problem. Formal methods do not guarantee correctness
but they do reduce the ambiguity of the ABM description and make errors easier to spot and
verify. Any attempted solution to this problem will require hard work and a firm mathematical
foundation.

8 Conclusion
While it is recognised that there is an issue with replication in ABM, it has been pointed out
[30,9] that replication is not the same as reproduction. Simply forcing authors to publish their
model’s implementation will not give us reproducibility. If their models are incorrect then just
replicating them will just replicate their errors. What is required is more along the lines of
the model-driven approach [11]. The inclusion of extra data alongside the published results will
obviously help but it is not enough. We should be able to reproduce their results, based on their
model, using our own implementations.
What is missing is the ability to specify the model in a clear and precise manner such that
independent replication of an implementation becomes possible and ambiguities and errors in the
model can be revealed. One approach in computer science that fits this criteria is formal methods
where the model is specified with mathematical rigour and can, if necessary, be formally verified.
Although [11] states that experimentation is the only way to verify a model this does not
preclude but rather requires some precise specification of the model so we can prove that an
implementation of the model is a correct interpretation of this model.
We have produced a formal specification of the Sugarscape family of simulations [26]. It is,
to the best of our knowledge, the first formal specification of the entire Sugarscape simulation
family. The purpose of the specification is to provide a clear, unambiguous and precise definition of
Sugarscape and demonstrate the applicability of formal methods to helping solve the replication
problem. The specification has identified many ambiguities and/or missing information in the
original rule definitions. Where there was an obvious way of removing these ambiguities we have
done so. If there was more than one possible solution we chose the most likely one.
Because our specification is high level and only defines the before and after state of each rule
it makes no assumptions as to how any rule will be implemented. All inherent biases towards, for
example, a sequential implementation have been removed. Implementers have complete freedom
as to what programming model they employ (Object-oriented, imperative, functional, or any
concurrent approach). Any simulations that adhere to the specification can be properly compared
in terms of performance or patterns of behaviour. This will put on a firmer foundation any claims
made by researchers about their implementations.
Specifying Sugarscape has made a huge difference to our understanding of the simulation and
although it took some time to write we feel that it has, in the end, saved time by identifying
issues in advance of implementation and giving the simulation a clarity that enables it to be used
by others. While we could have implemented our synchronous Sugarscape framework without
first formally specifying it the specification process ensured that we had a fuller understanding
of the simulation. Any problems or ambiguities were found and clarified before we started coding
thus making the code cleaner and simpler.
While we believe that the Z notation is not the best formal method to use, it is well known
and many newer methods more suited to ABM are based on it [24,35]. Our Z specification can
be translated into any one of the newer methods by their advocates without much difficulty.
The specification itself is complex. Specifying the single resource scenario took 46 pages of Z
with embedded explanatory text. Researchers not familiar with Z or its underlying mathematics
may find it difficult to understand. It is an open question as to whether the benefits of formally
specifying an ABM is sufficient to repay the amount of effort required to produce it.
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Specifying systems precisely is difficult. Computer science has been engaged in this issue for
decades and is still trying to solve the problem. There is no easy solution. In terms of precision
formal specifications are unbeatable as they are embedded in a firm mathematical foundation.
Formally specifying an ABM is no small undertaking and requires a familiarity with mathematical
topics that some modellers may not presently be familiar with.
If modellers want reproducibility then they must treat their ABM specifications as first class
citizens and demand the same precision from them as they do from other aspects of their models.
We have shown that formal methods, even formal methods-lite can be used to uncover problems
with ABMs.
8.1 Further Work
This specification has been made available [26] for anyone who wishes to use it and provides a
standard reference that researchers can use when producing their own implementation.
It will prove invaluable, for example, to researchers who advocate the use of a GPU [8,29,32],
containing hundreds to thousands of individual processors, for improved performance. The more
complex rules in Sugarscape (such as Combat, Inheritance and Mating) are not easily parallelized
and provide a better test of how well parallelisation algorithms work than other simpler rules.
By providing a precise and full set of these rules it is now possible for researchers to properly
compare how different models cope with the more complex and realistic ABMs.
We are currently using the specification to provide a reference implementation of Sugarscape
[27] that employs synchronous updating. This implementation is being used to benchmark the
concurrent performance of novel synchronous updating algorithms for ABM on multicore and
GPU architectures.
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