
at SciVerse ScienceDirect

Environmental Modelling & Software 48 (2013) 113e128
Contents lists available
Environmental Modelling & Software

journal homepage: www.elsevier .com/locate/envsoft
Map algebra and model algebra for integrated model building

Oliver Schmitz a,b,*, Derek Karssenberg a, Kor de Jong a, Jean-Luc de Kok b,
Steven M. de Jong a

aDepartment of Physical Geography, Faculty of Geosciences, Utrecht University, Heidelberglaan 2, PO Box 80115, 3508 TC Utrecht, The Netherlands
b Flemish Institute for Technological Research (VITO), Unit Environmental Modelling, Boeretang 200, 2400 Mol, Belgium
a r t i c l e i n f o

Article history:
Received 21 September 2012
Received in revised form
23 May 2013
Accepted 21 June 2013
Available online

Keywords:
Component-based modelling
Spatio-temporal simulation
Biomass-harvest model
Python
PCRaster
* Corresponding author. Department of Physical
sciences, Utrecht University, Heidelberglaan 2, PO Box
Netherlands. Tel.: þ31 30 253 9363; fax: þ31 30 253

E-mail address: o.schmitz@uu.nl (O. Schmitz).

1364-8152/$ e see front matter � 2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.envsoft.2013.06.009
a b s t r a c t

Computer models are important tools for the assessment of environmental systems. A seamless work-
flow of construction and coupling of model components is essential for environmental scientists.
However, currently available software packages are often tailored either to the construction of model
components, or to the coupling of existing components. Combining both objectives is not straightfor-
ward, because it requires merging concepts for model component building and model component
coupling. Also, software packages should be usable for domain experts such as hydrologists or ecologists
who do not necessarily have expert knowledge in programming.

We propose an integrated modelling framework that provides descriptive means to specify (1) model
components with conventional map algebra, and (2) interactions between model components with
model algebra. A prototype implementation in a high-level scripting language supports the building of
integrated spatio-temporal models. For a seamless coupling of model components with different tem-
poral and spatial discretisation, we introduce the use of accumulators. These handle the temporal ag-
gregation of model component outputs. The framework provides templates for the custom construction
of model components and accumulators, and a management layer arranges the schedule for the
execution of the integrated model. We use the prototype implementation of the framework in an
illustrative case study to build an integrated model that couples model components simulating the
interaction between biomass growth, wildfire, and human impacts with different temporal discretisa-
tions. The high-level Python language is used as model building environment to allow domain experts
without in-depth knowledge of software development practices to conduct exploratory model con-
struction and analysis.

� 2013 Elsevier Ltd. All rights reserved.
Software availability

Details about the modelling framework prototype and the case
study data set can be found at the PCRaster website
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Required software:
PCRaster: Linux, OS X and Windows, GNU GPL v3, available at
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Python: all major platforms, available at http://www.python.
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1. Introduction

Evaluating the consequences of environmental phenomena
such as the impacts of climate change or the scarcity of resources
requires accounting of multiple processes, interactions and feed-
backs. Computer models can help to develop a better under-
standing of these complex systems. However, building these
models relies on scientific knowledge from amultitude of domains,
and requires integration of this knowledge. The usage of a modular
structure is thereby desired to avoid integrating the expertise of
scientists from these domains into one large monolithic model.
Hence, segmenting a complex system into manageable parts helps
to reduce the overall complexity of both the modelling process and
the model. The assembly of multiple model components from
different domains into a coupled system is known as integrated
modelling (Argent, 2004; Hinkel, 2009; Laniak et al., 2013).

Formulating models that simulate changes in spatial environ-
ments is an evolutionary process, which is influenced by various
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Fig. 1. Conceptualisation of a model component. The external interface describes the
required input variables I and provided output variables O per time step ti. The
implementation of the modelled process is internal. Starting from an initial state Z0,
the transition function f transfers the component state Z into a new state. P is a set of
parameters.
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factors. For example, scientific advance or the testing of a new
hypothesis are factors that can affect the process descriptions in
model components or the composition and assembly of integrated
models. Also, technical advances such as new remote sensing
products delivering data sets in higher resolution may allow the
refinement of spatial processes in the model. To benefit from these
advances, a flexible modelling environment is required that allows
seamless modification of model components and their integration.
The modeller needs to be equipped with a reliable and compre-
hensible way to quickly build new model components, to maintain
and extend existing model components, and to couple those
depending on the modelling objective.

To assist model builders in the development of integrated
models a variety of software applications are available. For instance,
domain specific packages provide integrated functionality such as
intrinsic data types and operations thereon which can be used to
construct model components. Examples are MapScript (Pullar,
2003) or PCRaster (Wesseling et al., 1996) for field-based model-
ling, NetLogo (Sklar, 2007) or Repast (North et al., 2006) for agent-
based modelling, or the General Algebraic Modeling System
(Brooke et al., 1998) for the development of economic models.
Other software packages are directed towards the coupling of
existing model components providing standardised interfaces to
describe and transfer data. Examples are the Typed Data Transfer
library (Hinkel, 2009) or the Open Modelling Interface (OpenMI,
Gregersen et al., 2007). These packages require the modeller to
become skilled in at least two, but possibly more, different software
environments. Extending existing system programming languages
such as Fortran, Cþþ or C# with functionality dedicated to the
development of integrated models such as in the ESMF (e.g. Collins
et al., 2005), Geonamica (e.g. van Delden et al., 2007), ENVISION
(e.g. Bolte et al., 2007) or E2 (Argent et al., 2009) facilitates both the
construction and coupling of model components. These software
tools support modellers in the construction of integratedmodels by
building modular components, and subsequent coupling of these
components. Resolving the discrepancies resulting from the
coupling of components with different spatial or temporal dis-
cretisations, however, remains a problem for a modeller.

We propose a newmodelling environment to describe geospatial
model components and to couple these components to integrated
systems, providing a means to bridge differences in spatio-temporal
discretisation between components. We combine the two concepts
of map algebra and model algebra. Spatio-temporal map algebra as
conventional concept (e.g. Tomlin, 1990; Wesseling et al., 1996)
provides ameans formodel builders to programmodel components
that represent processes acting in a subdomain of the environ-
mental system.We introduce amodel algebra to build large systems
by coupling these model components. Using the model algebra, the
model builder defines component interactions allowing for a
coupling of model components with different spatio-temporal dis-
cretisations. We propose an accumulator building block used to
align model components with different spatial and temporal char-
acteristics. We show a software prototype implemented in Python
using the PCRaster module (Karssenberg et al., 2007). The software
prototype provides templates for model components and accumu-
lators as building blocks for coupled models.

First, we introduce the model component as a building block for
integrated models, and then introduce map algebra as a generic
instrument to describe spatial processes incorporated in the model
component. In Section 3, we illustrate the coupling of model
components with different discretisations by means of accumula-
tors. We introduce Python as a modelling environment in Section 4
and discuss the technical design enabling the ordered execution of
components and accumulators. Section 5 describes a case study
with simplified models describing biomass growth and effects of
wildfire and human impacts, which is used to demonstrate the
building of model components, their coupling to integratedmodels,
and the modification and extension of these integrated models. A
discussion on the benefits of this unified modelling framework for
integrated modelling concludes this paper.

2. Building integrated models

First, we outline the general concepts of a model building block
and the spatio-temporal map algebra used to express spatio-tem-
poral processes on fields. Next, model algebra is introduced for the
coupling of those building blocks with respect to different temporal
discretisations.

2.1. Map algebra

A model component is a building block for the construction of
integrated models and holds the numerical descriptions that
represent a particular environmental process. Fig. 1 shows the
conceptual separation of a model component into internal and
external functionality. This separation avoids a monolithic setup of
integrated models and assists in a modular development of reus-
able components (c.f. Voinov et al., 2004; Argent, 2005; Papajorgji,
2005; Rizzoli et al., 2008).

The external interface of a model component consists of the
definition of the input and output variables. I(ti) is a set of input
variables at time step ti required for the model component to
proceed its calculation. O(ti) refers to the set of output variables.
These are accessible for other components and accumulators.

The process implementation of the model component is
encapsulated and not visible for other model components. Starting
from a set of initial states Z0 and a set of parameter values P, a
transition function f transfers the state variables Z from time step
ti�1 into new state variables in the subsequent time step ti ac-
cording to the following equation (Beck et al., 1993; Burrough,
1998):

ZðtiÞ ¼ f ðZðti�1Þ; IðtiÞ; PÞc ti (1)

The dynamic behaviour of themodel component is simulated by
iterating the state transition function f over discrete time steps. The
model builder can formulate the transition function to simulate
non-spatial phenomena such as lumped models, or to simulate
spatially distributed processes. The complexity of f can be rather
limited as for example in the calculation of a topographical slope. In
most cases, however, model components will include descriptions
that are more complex, such as groundwater processes requiring
several input variables and providing multiple output variables.

To describe the environmental processes, a domain specialist
who is considered to be the model builder needs to be provided
with a means to program the transition function of Equation (1). A
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conventional approach is based on the map algebra and carto-
graphic modelling introduced by Tomlin (1990). Map algebra pro-
vides data representation and processing constructs that are easily
understood by typical end users (Pullar, 2003) enabling the model
builder to express process descriptions in a formal way similar to a
mathematical notation. Map algebra therefore allows the descrip-
tion of model components in an objective-focused rather than
implementation-focused manner.

The map algebra operations can be classified as follows (c.f.
Tomlin, 1990; Karssenberg and de Jong, 2005; Schmitz et al., 2009)
(Fig. 2):

(A) Point or local operations affecting the attributes of individual
cells. For example, logical and arithmetic operators belong to
this category.

(B) Direct neighbourhood operations regarding a restricted spatial
neighbourhood such as von Neumann or Moore neighbour-
hoods. Examples are filter operations with a certain window
size.

(C) Entire neighbourhood operations considering all cells of a map
as, for example, in distance calculations between cells.

(D) The neighbourhood can also be defined by a given topology as
in material transport over flow networks.

We use map algebra in its extended form by iterating over
discrete time steps, which allows the representation of spatio-
temporal processes as in Equation (1) (c.f. Wesseling et al., 1996;
Pullar, 2001, 2003; Cerveira Cordeiro et al., 2009; Mennis, 2010).

2.2. Model algebra

Map algebra enables a model builder to express environmental
processes in the form of individual model components. The next
step is to assemble these model components to represent an inte-
grated system. Hence, a model builder needs to specify which
model components are present in a coupled model and how these
interact. By itself the provision of the model components would be
sufficient for a modelling framework to determine all the in-
teractions and the direction of the variable transfer based on the
model component interfaces. However, deriving links automati-
cally by a framework requires a formal description of model
component interfaces as well as the attributes of the exchanged
environmental variables. This formalisation is under development
(Schmitz et al., 2012) and not included in this prototype. Here, the
modeller still needs to specify which model components constitute
the integrated model, which of these interact, and in which direc-
tion the variables are to be transferred. Model algebra describes the
provision of the input variables I(t) of Equation (1) for all model
components.

Let Il be all model component input variables l ¼ 1,.,L of the
integrated model. For all time steps ti, the input variables Il need to
be provided as:
A B C D

Fig. 2. Classification of map algebra operations. (A) Point or local, (B) direct neigh-
bourhood or focal, (C) entire neighbourhood or zonal, and (D) operations on a
neighbourhood given by a specific topology (Karssenberg and de Jong, 2005; Schmitz
et al., 2009).
IlðtiÞ ¼ A
�
EnðtiÞ;On

�
t½h;i�1�

��
(2)
where On denotes the output variable n that is provided by another
model component of the integrated model. En is an external input
variable n that is not a model component output such as variables
obtained from a data base. A describes the transfer from either
external variables or model component outputs to the input vari-
ables Il. We consider three different situations for the functioning of
A. In the first situation, the properties of the variable On resemble all
properties of variable Il. That is, spatial properties such as the grid
extent are equal, and time steps of themodel componentsmatch. In
this case, A transfers the output variables On(ti�1) from the previous
time step directly to the model component input Il. In the second
situation, properties such as the spatial scales of On and Il are
different, while the time steps match. A now implies a conversion
operation to adapt the properties of output On(ti�1) to the proper-
ties of the input variable Il. In the third situation, the temporal
properties of the variables On and Il are different: the time steps do
not coincide as, for example, when coupling a daily to a monthly
time step component. In this case, A describes the aggregation of a
set of output variables On(th),.,On(ti�1) such that the properties of
the input variable Il are matched. The first two cases are not further
discussed, because in these cases variables can be exchanged
straightforwardly between model components which have the
same temporal properties, and an adaptation of spatial properties
can be realised by using existing upscaling or downscaling ap-
proaches (e.g. Blöschl and Sivapalan, 1995; Bierkens et al., 2000)
before transferring the variable. For the third situation, i.e. different
time steps between model components, we will demonstrate
different coupling scenarios and clarify the aggregation of
component outputs.

3. Component coupling

In the previous section, we introduced model components as
individual building blocks of an integrated model. We will now
consider the setup of multiple model components and their
coupling to integrated systems. In this section, we derive the re-
quirements for the scheduling schemes and the model components
based on examples of component coupling scenarios with different
temporal discretisation. First, we outline the scenario of coupling
components with fixed time steps. Next, the situation of coupling
components with variable time steps is described. Finally, the
incorporation of components with an undetermined start and end
time is described.

3.1. Fixed time steps for all components

First, we consider a situation where all components in a model
have a fixed time step that is known at the model development
stage. In addition to different time steps, several interactions can
occur in a coupled model. Model components may not interact at
all, interact in one direction, or interact bidirectionally. Each situ-
ation brings along different scheduling requirements in terms of
the data exchanges. We illustrate these situations by means of two
model components, while the principles also apply for multiple
components.

Fig. 3 shows the case of a bidirectional coupling between a
model component C1 calculating a process such as soil water
percolation and a model component C2 calculating for example
groundwater flow. C1 runs with a fixed daily time step whereas C2
uses a time step of one month. Therefore, data between these
components should be exchanged every month. Because of the
shorter time step of the soil water percolation component C1, the



Fig. 3. Temporal control flow between interacting model components with shorter
(C1) and longer (C2) time steps. Each model component requests the most recent
output from the other component. While C1 directly accepts the input of C2, C2 expects
aggregated values from C1, provided by the accumulator A. Note that data conversion
issues such as spatial resampling are not explicitly included in this figure.

Fig. 4. Temporal control flow between two interacting components where model
component C2 changes the time step duration. The scheduler needs to update the
interval considered by the accumulator and to notify C1 of the advanced availability of
output variables from C2.
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latest value (i.e. ti(1) or tk(1) in Fig. 3) is not representative for use in
C2. As a result, an aggregated value over the time steps t1(1),.,ti(1),
such as the sum or median, needs to be calculated before it can be
passed to C2. This takes place by means of an accumulator. While
most modelling situations also require an accumulator in the
opposite direction, we simplify the procedure by having C1 directly
accept the latest seepage values from C2.

In general, the order of model component execution is arbitrary
as long as the dependencies are met at data exchange. The sched-
uling could be as follows. From its initial state, C2 obtains data from
C1 and propagates to its new state in time step t1(2). As C2 expects
new input data to proceed to its next time step that is not yet
available, C2 needs to wait until the accumulator A can provide the
aggregated values obtained from C1.

From its initial state, C1 obtains data from C2 and processes
forward by calculating the transition function and proceeding into
the state at time step t1(1). Prior to the data exchange moment with
C2, C1 can proceed independently until the data exchange moment.
The state variables of C1 need to be stored for each time step so that
the accumulator can process them. C1 can immediately continue
after the data exchange moment because the output variable of C2
is already available. C2 can proceed to its next state in t2(2) as soon as
C1 reaches ti(1) and all values are processed by the accumulator.

To derive a proper order of model component execution and to
determine the correct moments for data exchange, a scheduler
needs to obtain information from all model components and ac-
cumulators coupled in the model. For all model components, first
and last time steps and the discretisation applied need to be known.
This information can be used to build up a shared timeline of all
model components. Furthermore, the interaction between the
components needs to be expressed, i.e. which components ex-
change data. From this specification and the known time steps, the
data exchange moments between individual components can be
derived. In case of aggregated values over time, accumulators need
to be declared and executed at specific data exchangemoments. The
scheduler should also identify model components that do not need
to wait for each other. These components can proceed indepen-
dently of each other in the periods between the data exchanges and
can be executed concurrently to increase the model performance.

3.2. Scheduling components with variable time steps

While a fixed time step is used in the majority of environmental
model applications, not all situations can be covered with the
scheduling approach outlined in the previous section. We will now
consider the handling of model components with variable time
steps. Modelling situations like this can occur, for example, when
coupling an economic component with quarterly time step to an
agricultural component for plant growth with a low temporal dis-
cretisation during the summer season and a higher discretisation
during the winter season. Variations in time steps can occur in two
ways: determined before the model execution, or identified during
runtime.

Fig. 4 shows the situation where two model components C1 and
C2 interact through an accumulator with component C2 proceeding
with a variable time step. In terms of the component interactions,
this situation is identical to the one described in the previous
section. The model component C2 again requires aggregated output
values from C1, while the output value from C2 can be used directly.
The model component C2 changes its time step after time step t1(2)

to a shorter duration. Consequently, the scheduler needs to adapt
the interval considered by the accumulator as well as the following
data exchange moment between the model components C2 and C1.

As in the previous section, the model components and accu-
mulators as well as their interactions need to be specified to derive
a schedule for the model execution. As the discretisation of time
steps for each model component is not necessarily known before
the model run, it is not possible to derive an execution schedule for
the total runtime in advance. Therefore, it is necessary to evaluate
the progress of the model components and to derive the corre-
sponding scheduling during runtime. By querying each model
component for the end of its current time step, the next data ex-
change moment between model components can be determined.
Using this information, a schedule can be generated and the model
components can be executed.When the components reach the data
exchange moment the time steps of the model components need to
be evaluated again. This alternating scheme of component execu-
tion and schedule generation continues until the end of the
simulation.
3.3. Scheduling components with unknown start and end time

The implications of the existence of components with variable
time steps on the prediction of the execution scheme were already
discussed in the previous section. We now consider the case where
even less knowledge about the component lifetimes is available: a
situation in which an unknown, limited number of model compo-
nents can appear and disappear during model runtime (see Fig. 5)
as in the case of agent-based models. An example is an integrated
model where a field-based groundwater component is coupled to a



Fig. 5. Components with limited life time interact with a component with continuous
time steps. The scheduling needs to update the interval considered by the accumulator
and to keep track of the number of individual components. Also, aggregated values are
used as initial values for the individual components.

Table 1
Classification of generic accumulator types that aggregate a time series of raster
maps.

Type Operation g, e.g. Variables

Logical AND, OR Truth values that describe epidemic
plague or fire occurrences

Arithmetic sum, mean Average temperature or total precipitation
Conditional min, max Lowest particle concentration values or

peak flow values exceeding a threshold
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number of individual model components representing individual
trees. The trees have their own confined lifetime, can spawn
offspring, and be impacted by water extraction from the ground-
water component. Before the simulation run, the functions and
parameters describing these processes are known. In addition, the
initial population with random age values is known, while the
variation in the number of trees is unknown before the model run.

To organise the scheduling of components with unknown life-
time, the scheduling needs to be arranged in a flexible way that
responds to the existing model situation and the number of
participating components. Therefore, the scheduler can only
consider a short time frame in advance. To achieve this, the com-
ponents need to be registered at the scheduler as well as the
accumulator used to communicate with other components. This
registration allows the scheduler to generate dynamic lists that
hold the properties of those individual components. These lists are
continuously updated and track modifications of current compo-
nents (such as end of lifetime) or the appending of new compo-
nents. With these dynamically managed lists of components,
queries about components can be executed during model runtime.

The interactive components must hold their start time, end time
and time step that determine the temporal properties of the model
component. As the number of components is unknown during
runtime, additional effort in the communication between the
components and the scheduler is required. For example, a tree
model component calls the scheduler to obtain the neighbouring
trees at specific moments in time. In addition, a component needs
to obtain information about the scheduler to forward this infor-
mation to the spawned component allowing its self-registration at
the scheduler. It is recommended to construct autonomous com-
ponents that can be activated by and communicate with a central
control instance. This enables a scheduler to spawn components at
individual moments during the model run in a flexible way.

3.4. Accumulators

When a model builder intends to couple newly constructed
model components, or model components taken from other model
builders or from a library of preconstructed components, the situ-
ation may arise where individual components operate on different
time steps. An orchestration of these individual model components
therefore results in a set of different time steps. Resolving the
different discretisations is necessary to couple model components
appropriately.

A potential solution is to modify the individual model compo-
nents such that they share a common time step. Here, two options
can be distinguished. One is that all model components are forced
to the time step of the model component with the longest time
step. However, model components may have an upper boundary
for their time step due to the dynamics represented either by the
model component itself, or due to limitations with numerical so-
lutions, so this solution is not feasible. The other solution is to force
all model components to the time step of the component with the
smallest time step. To conform to the smaller time step, however,
an additional overhead would be introduced by a repeated execu-
tion of a model component with a longer time step. In addition to
these problems, the modification of a model component to match a
common time step contradicts the principle of independent model
components. By adapting the time step, a model component would
not only reflect interaction with other components but also a
temporal dependency imposed by other model components. These
temporal dependencies make a model component less generic and
therefore less reusable for coupling in a different modelling
context. It is therefore not desirable to use a common time step in
coupled models.

To allow for a coupling of model components while retaining
their individual time steps, the modelling framework needs to
include accumulators connecting model components. In this
approach, the accumulators obtain a set of values at the input in-
terfaces, aggregate with a certain operation, and provide the result
at the output interface. We propose a predefined set of generic
accumulators that is capable of time aggregation for a large range of
system variables. Several operations can be used to calculate the
aggregated values. Their classification based on the operation type
is shown in Table 1. These generic accumulators provide point op-
erations executed on a temporal interval. Fig. 6 illustrates the
working of an accumulator, in this case accumulating Booleanmaps
with the OR operation. Values from the component with smaller
time steps ti(1) are obtained for the time interval since the last ex-
change moment. For each cell location, the operation gx,y aggre-
gates the input values and assigns the values to a result map. This
map is provided at the output interface and ready for collection by
the component with larger time step tj(2).

Next to aggregating variables over time, modelling situations
can occur where model component attributes need to be adapted.
An example is a difference in spatial discretisations requiring a
resampling of the grid cell size, or a unit conversion as in translating
Fahrenheit to Celsius. These generic conversions follow the struc-
tural adapter pattern (e.g. Gamma et al., 1995) to enable efficient
and adequate coupling of model components.

Many modelling scenarios can be built with generic accumula-
tors as described above. However, coupling scenarios can appear
where more complex aggregation operations are required such as
in moving window operations with user specific time step ranges.
Themodel builder can be supported with this task by extending the
accumulator templates to implement the processes according to
the desired purpose.

4. Technical implementation

Following the concepts described in the previous section, we
developed a prototype framework consisting of two layers (Fig. 7).
The layer for custom model development provides the modeller
with the instruments to describe and design model components



Fig. 6. Schematic workflow of an accumulator connecting two components with
different time steps tð1Þi and tð2Þj . The operation g, here the Boolean OR, aggregates the
set of input maps obtained since the last exchange moment. Cell values are coloured in
red for True and green for False. Left to right: time; x and y represent spatial co-
ordinates. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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and coupled models. A second layer provides the execution man-
agement for schedule generation, model execution and data
transfer. The concepts introduced in this section are universal and
the implementation is in principle independent of the chosen
programming language. In our prototype, we provide the modeller
with a toolbox accessible from the Python (2013) language, which
we will introduce first. Then, we present the implementation de-
tails of the layers for custom model development and execution.

4.1. Python as a basis for a modelling environment

Many phenomena in humanenatural systems are currently
being studied in an integrated way. Integrating different domains
likely requires merging a broad range of technical knowledge and
computational backgrounds. Environmental modellers, such as
hydrologists or ecologists, who perform the integration, now face
the situation that they may be inexperienced in a certain pro-
gramming language or, if they are proficient, they may be inexpe-
rienced in a domain that needs to be integrated. It is advantageous
if a modeller can use a modelling environment that requires a
limited amount of training (Karssenberg, 2002). In addition, a
software environment should preferably support an exploratory
model constructionworkflow (e.g. De Kok et al., 2010) and ease the
Fig. 7. Architecture of the modelling framework. The custommodel development layer
provides framework functionality for component and model building. The model
execution layer comprises of the schedule generation and execution management.
communication with other scientists and non-modellers (c.f. Fall
and Fall, 2001). A declarative development language often meets
these demands (De Kok et al., 2010). Finally, it is beneficial if a
modelling environment can be extended to handle functionality
not foreseen by software engineers and modelling framework
developers.

We use the interpreted, high-level programming language
Python (2013) as a foundation for our modelling environment. Py-
thon has been recognised as the de facto standard for exploratory,
interactive, and computation-driven scientific research (Millman
and Aivazis, 2011; Lin, 2012). The scripting language provides a
readable and concise syntax, making it accessible to scientists that
are not programmers (Bäcker, 2007; Pérez et al., 2011). Python
supportsmultiple programming paradigms such as object-oriented,
imperative, and functional programming styles allowing users to
choose theparadigm that is appropriate for their particular problem.
Python as a platform supports various steps in the scientific work-
flow in addition to the computational parts, such as data pre-
processing, access to web services, or distributed computing (e.g.
Oliphant, 2007; Best et al., 2007; Langtangen, 2007). A wide range
of scientific data formats (e.g. GDAL Development Team, 2013; OGR,
2013; HDF5, 2010; XML, 2008), and analysis or visualisation tools
(e.g. RPy, 2011; Hunter, 2007; Schroeder et al., 2000) are supported
as well. Python is also used as an embedded modelling language in
commercial and open-source applications such as ArcGIS (2013) or
QuantumGIS (2013).

The natural syntax allows a straightforward use of the arith-
metical and array data types provided by the Python standard li-
brary. However, not all native data types match the level of thinking
of scientists such as hydrologists or ecologists, which is a potential
disadvantage as it is preferable that modellers can use data types
and operations that represent domain concepts (Karssenberg,
2002). One solution is to add these domain specific concepts to
the language. For spatio-temporal modelling, spatially distributed
attributes such as land use types or hydrological characteristics can
adequately be represented by fields. Fields allow for the continuous
representation of particular properties and a good algorithmic
analysis by means of map algebra (Tomlin, 1990). Discrete time
systems are appropriate to express spatial dynamics because the
dynamic changes can be expressed using a stepwise model of
execution over discrete time and spatial intervals (Pullar, 2003).
Karssenberg et al. (2007, 2010) introduce Python modules that
enable modellers to use map algebra operations for the construc-
tion of dynamic and stochastic models.

A potential disadvantage of Python as an interpreted language,
however, is the focus on programming productivity rather than on
execution performance. Pure Python implementations of array op-
erations are considerably slower than comparable constructs in
system programming languages (e.g. Langtangen, 2007). However,
optimised modules for scientific computing (SciPy, 2013; Van Der
Walt et al., 2011) compensate for limited standard performance.
Moreover, themixed-language approach provided by Python allows
to integrate Python and system-programming languages such as
Fortran, C and Cþþ. By using bindings such as Cython (Behnel et al.,
2011), Boost.Python (2012), or F2PY (Peterson, 2009), performance
critical parts can be executed in system languages while a modeller
uses the corresponding high-level operations in Python. The lan-
guage bindings also allow extending the Python environment with
legacy code developed in system programming languages.

4.2. Custom model development

4.2.1. Map algebra
We utilise the PCRaster modelling environment (Wesseling

et al., 1996) and its map algebra implementation as a framework
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for modellers to implement spatio-temporal processes of model
components. PCRaster provides the management and visualisation
of raster-based two-dimensional maps and three-dimensional
block structures (Karssenberg and de Jong, 2005; Pebesma et al.,
2007). A wide range of operations implementing spatial and tem-
poral algorithms on these data types is included in the modelling
environment. These algorithms are implemented in Cþþ andmade
available as a Python module by using the Boost.Python language
binding library (Boost.Python, 2012). This allows a model builder to
describe a model component in a high-level scripting language
while the computational intensive map algebra calculations on
spatial variables retain the performance of a system programming
language.

A model builder can use and combine these operations to
construct the transition function f from Equation (1). For instance,
the windowtotal operation from the PCRaster module imple-
ments a direct neighbourhood operation (Fig. 2B):

burningNeighbours ¼ windowtotal(fire, 3)

The windowtotal operation receives two input arguments. The
first argument fire is a Boolean map indicating if a cell is on fire or
not, the second argument is a map containing the number of cells
defining the window size in horizontal and vertical direction for
each grid cell. A uniformvalue of 3 is used, because thewindow size
is uniform in space. The operation returns a result map where each
cell obtains the sum of values in a square neighbourhood. All map
algebra calculations operate on raster maps and return raster maps.

Further information about the development of PCRaster and its
Python bindings can be found in Karssenberg et al. (2007). Recent
applications of the PCRaster modelling environment can be found,
for instance, in stream flow prediction at catchment scale (e.g. Zhao
et al., 2011),flood forecasting for transnational European riverbasins
(e.g. van der Knijff et al., 2010); assimilation of atmospheric trans-
port models (e.g. Hiemstra et al., 2011); uncertainty estimation in
land use change modelling (e.g. Verstegen et al., 2012); or calcula-
tion of surface water availability (e.g. van Beek et al., 2011) and the
groundwater footprint (e.g. Gleeson et al., 2012) at global scale.

4.2.2. Framework implementation
Within the layer for the custommodel development (Fig. 7), the

framework provides templates to allow for the development of
model components and the use of accumulators, and their coupling
to integrated models. Fig. 8 shows the Unified Modelling Language
diagrams (Booch et al., 2005) of the three base classes and their
associated methods that are provided to the model builder. The
ModelComponent class provides template functionality for the
building of model components and can be completed by the
modeller with map algebra instructions. The Accumulator and
Fig. 8. UML diagram of the classes provided by the framework for model development.
ModelComponent (A) needs to be filled with functionality by the model builder.
Accumulator (B) and CoupledModel (C) provide methods to specify the integrated
model.
CoupledModel classes provide functionality for the model algebra
operations that can be used to specify a coupled model setup.

The diagramof Fig. 8A shows the classmethods that are available
to build model components. The modeller implements the run-

Timestep method by inserting map algebra operations describing
spatial processes. The modeller can use the remaining public
methods to describe component attributes. As indicated in the
previous section, model components need to provide a specified
external interface for their input and output variables, and a means
to formulate the process description for the time step proceeding
function. With the addInputValue and addOutputValue

methods, variables can be declared as an input or as an output
variable, respectively. The temporal extent of the component is
specified by twomethods. In the startTimemethod, the modeller
needs to provide the starting time of the model component. In the
endOfTimestepmethod the endof the current time step is given. A
modeller can use the default implementation of endOfTimestep
returning a constant time step specified at the initialisation of a
model component, or the modeller can override the method to re-
turn changing time steps, for example, by implementing the leap
year handling required for a yearly time step. The execution layer
will repeatedly call the endOfTimestep method to obtain the
current modelling time step of the component. As a consequence, it
is possible to change the time step duration at runtime.

Themodel component base class also holds privatemethods that
are not meant to be used by the model builder. These methods
provide functionality used by the frameworkmainly for accounting
andobtaining runtime information.Methods such ascomponentId
return a unique identifier required to address model components
during model execution. The updateInputValue and upda-

teOutputValue methods are called by the framework at the data
exchangemoments. Thesemethods realise the transfer of input and
output variables between model components and accumulators.

Within the framework, accumulators are used to collect results
of a specific component, to execute an aggregating operation and to
pass the processed data to a connected component. Accumulators
enable environmental modellers to implement functionality com-
parable to aggregation functions in databases or reduction func-
tions in programming languages. In Fig. 8B the base class and its
methods for the accumulator development is shown.When none of
the generic accumulators can be used by the model builder, a
specific aggregation operation can be implemented within the
accumulate method. The addInputValue method specifies the
variables received from other components that need to be aggre-
gated. During model runtime, the input values taken from a model
component with smaller time steps are collected and stored. With
the help of an iterator method, the model builder can obtain and
process the input data since the last data exchange moment. The
addOutputValue method specifies the variable that provides ac-
cess to the aggregated values for other components.

Fig. 8C shows the class for the specification of a coupled model.
The class provides twomethods to specify the information about the
model components, accumulators and their interactions. Themodel
builder is able to add model components and accumulators to the
coupledmodel and to specify interactions between the components
and accumulators with the link method connecting output to
input variables. The run method executes the coupled model.

4.3. Model execution management

The coupling scenarios described in the previous section require
the handling of model components with various time steps and the
consideration of accumulators for temporal aggregation to ensure
an ordered execution of the coupled model. We now describe the
algorithm that manages the schedule generation and execution.
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The ordered execution of individual processes is required in
other disciplines as well and can be found, for example, in the
process scheduling of operating systems (e.g. Bach, 1986;
Tanenbaum, 1992; Torrey et al., 2007) or production line planning
executed in operations research (e.g. Koomsap et al., 2005). Inter-
component communication to notify one or more components
about the status and requests for data can be realised by different
approaches. In a pull-based approach, model components request
data from other components and thereby initiate the progress of
the delivering components. This approach is followed, for example,
in OpenMI version 1.4 (Moore and Tindall, 2005). A second
approach is to keep a centralised instance organising the execution
and communication of model components as for instance realised
in the Tarsier framework (Watson and Rahman, 2004).

Here we use the second technique by implementing a client-
server approach. By maintaining information about all model
components, accumulators and their temporal status, one scheme
can be applied to generate the schedule for the execution of the
integrated model. Also, a central coordination of the execution of
the components enables modellers to add and remove model
components at runtime which is required for agent-based model-
ling. Furthermore, we can identify independent model components
and initiate their concurrent execution to increase the overall
runtime performance. The additional administrative overhead of a
central instance is marginal, as maintaining and updating time step
information is inexpensive compared to the computational inten-
sive spatial processes executed in the model components.

The modelling framework provides a centralised instance that
arranges the management of the coupled model. The instance
builds up a shared timeline between components and accumula-
tors and generates a schedule by accounting for the current time
steps of the model components during the runtime. Table 2 shows
the execution algorithm of the schedule generation scheme for a
single run of an integrated model. The input information for the
algorithm is the set of the model components and the set of ac-
cumulators. The model components also need to specify their start
time and initial time step. Moreover, the interactions between
model components and accumulators need to be specified.

An integrated model is then executed as follows. During the
initialisation of the model run, accounting lists for model compo-
nents and accumulators are created. These lists are filled with pa-
rameters obtained from the model components such as the
component identifier and the starting time steps. The lists are also
enriched with additional information for runtimemanagement like
status flags indicating if a component, for example, either needs to
wait or is able to proceed its time step. These lists are updated
Table 2
Simplified algorithm for a single run of an integrated model.

1 initialise data structures
2 build set of runnable model components
3 distribute intial data
4 proceed first timestep of model components
5 while components not finished do
6 obtain end of time step for all components
7 for each component MC do
8 if MC has no links then
9 add MC to set of runnable
10 else
11 if all coupled components exceed time step of MC

then
12 add MC to set of runnable
13 else
14 add MC to set of waiting
15 execute accumulators
16 distribute output data to input variables
17 execute all components with status runnable
continuously during themodel run and form the basis to create sets
of components grouped according to their status flags. For example,
at the start of the integrated model the runnable set contains all
model components. The initial values are obtained from the
coupled components and then the first time step is executed (lines
1e4).

For the consecutive time steps, the algorithm is executed
continuously until all components have been completed. In a first
phase, the status of the model components is determined (lines 6e
14). Then, the execution of model components, accumulators and
the data transfer is managed. The end of the time step is obtained
from each waiting component to determine the set of runnable
model components (line 6). This information, in combination with
the specified interactions, is used to determine if a model compo-
nent needs to interact with one ormore components within its next
time step. If this is not the case, the component status can be set to
runnable (lines 8e9). Otherwise, the progress of the coupled model
components needs to be assessed. Therefore, for each link the
temporal progress of the providing model component is evaluated.
If the time steps of all linked components exceed the time step of
the model component in question, the most recent input data is
available and the component is able to proceed (line 12). Otherwise,
the model component execution is delayed until all data from the
coupled components is available.

Once the model components have been assessed and grouped
into waiting and runnable sets, the execution and the transfer of
variables needs to be arranged (lines 15e17). Before the model
components with the status runnable can progress their time step,
the output data needs to be distributed to the input variables of
connected components. The scheduler obtains data from the
output variables, calls the accumulators to aggregate data where
appropriate, and distributes data to the input variables. Finally,
with the input requirements met to proceed to its next time step, a
model component is scheduled for execution.

5. Case study

In the case study, we show how the framework can be applied to
construct and couple model components. We will demonstrate this
by developing a biomass growth model which is coupled to a fire-
spreading model. With these two model components, we link the
contrasting processes of biomass growth and biomass destruction
due to fire. These processes operate on different time steps. Further
on, we demonstrate re-usability and extensibility by modifying the
biomass component with a more complex process description, and
add another model component simulating biomass removal
generated by human activities such as logging.

The example is only offered for demonstration purposes and
should not be considered as a reliable modelling solution for the
described problem. We focus on describing the integration of
model components with hourly, daily, or yearly time steps and omit
essential aspects typical for this type of models. We simplify the
process descriptions by assuming linear or logistic growth func-
tions for the biomass component, fire spread on available biomass
and topography with limited fire duration, and increasing harvest
costs as a function of the distance from roads.

5.1. Coupling of vegetation biomass growth, wildfire and harvesting
model components

First, we consider a bidirectional data exchange between two
model components using different temporal discretisations. A
biomass growth component runs with a fixed time step of one year.
A fire model component evaluates once per day the chance that a
fire occurs. In case of a fire, the time step changes to one hour until
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the fire extinguishes. The model is applied to a catchment in the
Spanish Pyrenees. The study area has a minimum elevation of
913 m, a maximum elevation of 1338m, and consists of 27,925 cells
with a cell length of 10 m.

5.1.1. The biomass growth model component
This model component calculates the amount of biomass for

each cell in the catchment. For demonstration purposes, we begin
with a linear growth process. The model component provides the
available biomass as output variable to other model components.
The input variables consist of the cells that were burned in the last
year, and the biomass removed by human influence. Table 3 shows
the implementation of the component. The component simulates
over a 50 year time span with a yearly time step starting from
January 1, 2000 (line 3). Lines 4e9 specify the input and output
interface. The initial biomass is read from a stored data set con-
taining random biomass values distributed over the catchment, and
afterwards specified as a component output (lines 4 and 5). The
burned area is set to an initial value of zero and defined as
component input (lines 6 and 7). This variable will be updated each
year with values from the fire model component. Lines 8 and 9 set
an initial value of harvested biomass and define this variable as
second component input. As the variable will not be provided by
another component here, the value remains constant during the
model run.

The processes described in the runTimestep (line 11) method
are calculated for each time step. Only the cells affected by a fire are
evaluated by resetting the biomass of the corresponding cells (line
12). The amount of biomass per cell is increased by a constant
growth value of 25 and diminished by the harvested biomass (line
13). The growth is assumed spatially homogeneous, while spatially
variable growth is feasible with minor modifications. Finally, the
biomass variable is written to disk with the report operation (line
14).

The operations declared in the model component act on two-
dimensional raster maps. Fig. 9 shows how these maps can be
examined with the visualisation tool Aguila (Pebesma et al., 2007).
The left window shows the spatial distribution of the biomass in
the catchment, and the graph on the right shows the biomass
growth over time for the grid cell under the crosshair.

5.1.2. The fire model component
The second model component simulates wildfires. Wildfires are

complex phenomena and rely on variable conditions, such as the
wind velocity. We simplify by considering the spread of fire relying
on two conditions. First, the spreading of fire depends on the
available biomass in the neighbouring cells. This input data is
Table 3
Python script showing the linear growth process simulated in the biomass
component. The variables hold two-dimensional raster data types.

1 class Biomass(PCRasterRealTimeComponent):
2 def __init__(self):
3 PCRasterRealTimeComponent.__init__(self, "clone.map", &

datetime(2000,1,1), datetime(2050,1,1), timedelta(days ¼ 365))
4 self.biomass ¼ self.readmap("initialBiomass")
5 self.addOutputValue(self.biomass)
6 self.burned ¼ boolean(0)
7 self.addInputValue(self.burned)
8 self.harvested ¼ scalar(20)
9 self.addInputValue(self.harvested)
10
11 def runTimestep(self):
12 self.biomass ¼ ifthenelse(self.burned, 0.1, self.biomass)
13 self.biomass ¼ self.biomass þ 25 � self.harvested
14 self.report(self.biomass, "availableBiomass")
provided by the biomass model component. Second, the spread of
fire depends on the topography of the catchment with a higher
probability of burning in uphill direction (c.f. Karafyllidis and
Thanailakis, 1997). The output of the component is a map with
Boolean values indicating which cells of the catchment were
affected by the fire.

The corresponding implementation of the fire model compo-
nent is shown in Table 4. Similar to the biomass component, the
simulation period and the input and output variables are initialised
in lines 3 to 7. The fire spreading processes given in the runTi-

mestepmethod are calculated if a new fire starts or an existing fire
continues to burn. This condition is fulfilled when either a random
value exceeds a certain ignition threshold, or a fire already started
in one of the preceding time steps (line 10).

If a new fire ignites, a random starting location is assigned and
the time step is changed to one hour (lines 11e13). Then, the cells
that potentially catch fire are calculated by identifying the non-
burning neighbour cells with available biomass above the threshold
(lines 14e18). For these cells, a higher probability of ignition is
assigned to uphill cells. The uphill cells are determined based on
the local drain direction networkmap self.ldd (c.f. Burrough and
McDonnell, 1998) and fire occurring in the neighbouring down-
stream cell (lines 19e23).

The lines 24e26 account for the fire duration and extinction for
each cell. We assume that a fire in a cell extinguishes after 10 h (line
26). In line 27, the total area that is burned within this fire is
updated. If no cell in the catchment is burning anymore, the time
step is reset to one day (line 28 and 29).

5.1.3. Aggregation of fire incidents
As the time step of the fire component is smaller than the time

step of the biomass growth component, several individual fires can
occur within one year. To account for the total burned area it is
necessary to aggregate the cells affected in the individual fires
before the data is processed by the biomass component. Therefore,
an accumulator interconnects the biomass and fire model
components.

Similar to model components, accumulators are equipped with
an external interface to define the input and output variables. The
burned areas provided by the fire component are collected as input
values during the model execution and aggregated for each year.
The input maps of the accumulator hold Boolean True values in the
cells that were burned during a fire. The accumulator iterates over
the individual input values and aggregates in this case with a
Boolean OR operation, as was shown in Fig. 2. The resulting output
variable holds the total burned area of the current year.

5.1.4. Component coupling and results
The model algebra script that is used by the modeller to

implement the coupled model is shown in Table 5. Instances of the
model and the two components are created in the lines 1e3. In line
5 and 6, the model components are added. The transfer of data that
does not require an accumulator is specified in line 8, where the
output variable biomass from the biomass component is linked to
the input variable availableBiomass of the fire component. Line
9 specifies the link in the opposite direction. By a logical OR accu-
mulator, the output variable burnedArea of the fire component is
aggregated and then transferred to the input variable burned of
the biomass component. Finally, the complete model is executed in
line 11.

5.1.5. Replacing the biomass component
During the development of an integrated model, modifications

to the process descriptions emerge because of, for example, the
increase of scientific knowledge, increase in data availability, or



Fig. 9. Screen capture showing the spatial distribution of biomass and the timeseries for a specific cell. Cell locations and instants of time can be selected interactively.
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model component maintenance by activities like bug fixing or
refactoring. We now demonstrate how a specific component can be
adapted without affecting the other components or the overall
working of the coupled model. Therefore, we replace the simplified
linear growth of the biomass B by a logistic growth function (c.f.
May, 1977; Dakos et al., 2009):

dB
dt

¼ rB
�
1� B

k

�
� ðc0 þ cinctÞ

B2

B2 þ 1
þ dDx;y þ e (3)

The script in Table 6 shows the more sophisticated biomass
component, where the first ten lines are the same as in Table 3.
Equation (3) is calculated in the runTimestep method as follows.
For simplicity, we set the initial grazing pressure c0, its increase
cincand the random noise e to 0. Line 13 calculates the growth term
with a growth rate r of 0.2 and a carrying capacity k of 100. The
diffusion of the biomass is composed of an assumed dispersion rate
d with a value of 0.01 and the dispersion term Dx,y (line 16). Dx,y
models the interactivity with the direct neighbouring cells repre-
senting clonal growth or seed dispersal. The neighbouring cells are
obtained with the window4total operation. Finally, the biomass
variable is updated and stored (lines 18e19).

Fig. 10 shows resulting maps for both components and the
accumulator for a 50 year model run. The top row presents output
maps for the biomass component, every 5th year is shown. The
bright spots indicate areas that were burned previously. The
bottom row shows four output maps from the fire component
resulting from a fire incident occurring in August 2016. The bottom
right map shows the total burned area accumulated in the year
2016.

5.1.6. Adding a human interaction component
In addition to the modification of individual components, it is

often desirable to insert new model components to implement
additional processes. We now add a third component simulating
biomass removal by human activity, and replace the constant
parameter harvested of the model script in Table 3 with the
output of the new model component Logging. The input variable
for themodel component is the biomass available in the catchment.
The output variable is the harvested biomass.

The initialisation of the model component is similar to the ones
previously presented, the runTimestep implementation is shown
in Table 7. We assume that the costs of logging increase with the
distance from the infrastructure present in the catchment, and that
amaximum of feasible logging costs is given. These conditions form
a zone of acceptable logging costs along the roads (see Fig. 11).
Within this zone, 20% of the available biomass above a certain
biomass threshold is harvested (lines 11e14). The remaining lines
15e17 calculate total values for the costs and the logged biomass.

To the script of Table 5, we append instantiation and adding of
the Logging component to the model, and specify the links for the
bidirectional data exchange between the Logging and Biomass



Table 4
Python script showing the implementation of the fire model component. The ini-
tialisation of some variables is omitted. The literals &, j and w represent the spatial
Boolean AND, OR and NOT operations.

1 class Fire(PCRasterRealTimeComponent):
2 def __init__(self):
3 PCRasterRealTimeComponent.__init__(self, "clone.map",

datetime(2000,1,1), datetime(2050,1,1), timedelta(days ¼ 1))
4 self.availableBiomass ¼ scalar(0)
5 self.burnedArea ¼ boolean(0)
6 self.addInputValue(self.availableBiomass)
7 self.addOutputValue(self.burnedArea)
8
9 def runTimestep(self):
10 if random.random() > self.ignitionThreshold or

self.fireIsBurning ¼¼ True:
11 if self.fireIsBurning ¼¼ False:
12 self.assignFireLocation()
13 self.setTimeStep(timedelta(hours¼1))
14 nrBurningNeigh ¼ window4total(self.burning)
15 burningNeigh ¼ ifthenelse(nrBurningNeigh > 0,

boolean(1), boolean(0))
16 potentialNewFire ¼ burningNeigh & wself.burning
17 bioNeigh ¼ ifthenelse((potentialNewFire ¼¼ 1) &

(self.availableBiomass > 30), self.availableBiomass, scalar(0))
18 bioAndFire ¼ self.burning j boolean(bioNeigh)
19 neighboursToBurn ¼ windowtotal(bioAndFire,

3) � scalar(self.burning)
20 potentialNewFire ¼ ifthenelse((neighboursToBurn >

1) & (bioNeigh > 0), potentialNewFire, boolean(0))
21 downhillBurning ¼ downstream(self.ldd, self.burning)
22 prob ¼ ifthenelse(downhillBurning, scalar(0.8), scalar(0.1))
23 newFire ¼ (uniform(1) < prob) & potentialNewFire
24 self.burnsSince ¼ ifthenelse(self.burning, self.burnsSince þ 1,

self.burnsSince)
25 self.burning ¼ self.burning j newFire
26 self.burning ¼ ifthenelse(self.burnsSince > 10, boolean(0),

self.burning)
27 self.burnedArea ¼ ifthenelse(self.burning, boolean(1),

self.burnedArea)
28 if self.nrBurningCells(self.burning) ¼¼ 0:
29 self.setTimeStep(timedelta(days ¼ 1))
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components. Fig. 11 shows resulting maps obtained with the
extended model. In the output of the biomass component the in-
fluence of the logging constrained by the maximum logging costs is
visible (Fig. 11). Also, the fire in the south-west of the catchment
reduces the area of biomass available for logging (Fig. 11B). Fig. 11C
shows the influence of the reduced biomass on the fire spread. The
total costs and the amount of harvested biomass can be determined
because the costs and amounts of logged biomass are stored for
each cell and each time step in the logging component (Fig. 11D).

5.1.7. Collaborative building of larger integrated models
Above, we showed how modellers can construct and modify

model components for defined spatio-temporal processes, and how
Table 5
Model algebra script specifying the coupled model consisting of the two model
components, a logical accumulator, and their interactions.

1 biomassFire ¼ CoupledModel()
2 biomass ¼ Biomass()
3 fire ¼ Fire()
4
5 biomassFire þ¼ biomass
6 biomassFire þ¼ fire
7
8 biomassFire.link(biomass["biomass"], fire["availableBiomass"])
9 biomassFire.link(fire["burnedArea"], biomass["burned"], OR)
10
11 scheduler.SingleRun(biomassFire).run()
they can couple and extend integrated models. The construction of
integrated models with a larger number of components, however,
will require additional effort to integrate external models and
model components constructed by other scientists.

Existing, external models can be integrated following the
wrapper approach. An external model can thereby be encapsulated
in a model component and called per time step within the run-

Timestep method, based on two different practices. The first
approach can be used with compiled executables that have a
command line interface. Here, the inputs and outputs of the model
components need to be converted to the file format used by the
executable, and its execution can be accomplished by a system call
(c.f. Carrera-Hernández and Gaskin, 2006; Schmitz et al., 2009). The
second approach is applicable if the source code of the external
model is available. In this case, the language binding approaches
introduced in Section 4.1 can be used avoiding the detour via the
file system (e.g. Lin, 2009). The framework supports themodeller in
the construction tasks by providing predefined building blocks, and
it provides a basic inspection of linkages based on the intrinsic data
types of Python and PCRaster.

Collaborative development of integrated models places further
demands on the modelling framework. Additional information
clarifying the scientific intent of model components is required to
improve the understanding and to ease the reuse of availablemodel
components. Moreover, cooperation between modellers of various
disciplines requires a coordinated development workflow. In the
current version of the framework, the model component interfaces
are described at the technical level of the application programming
interfaces (APIs) of the Python language. However, APIs make it
difficult for scientists to detect conceptual mismatches when link-
ing models across scales (Ewert et al., 2009) and scientific domains,
as APIs do not always expose semantics such as defining a model
variable as parameter with an associated measurement unit. A
possible solution is to use ontologies (Uschold and Gruninger,1996)
expressing the semantics of model components, including for
instance the exchanged variables, constraints of model compo-
nents, and interfaces. Ontologies can improve the assessment of a
model setup as they allow incorporating additional information
such as measurement units and spatial discretisation in the eval-
uation of the linkages. They also can lead to implementation in-
dependent representations and an improved description of model
components or integrated models. Ontologies are used, for
example, to describe environmental data (e.g. Madin et al., 2007;
Saiful Islam and Piasecki, 2006), or to describe component in-
terfaces (e.g. Rizzoli et al., 2008; Athanasiadis et al., 2011), including
component models used as building blocks in the framework
described here (Schmitz et al., 2012).

Managing the collaborative model development is another
facet of the integrated modelling process. Applying common
model building practices is required to coordinate a distributed
Table 6
Python script for the improved biomass component. The input and output interface
to other components remains the same, only the process description is modified.

11 def runTimestep(self):
12 self.biomass ¼ ifthenelse(self.burned, 0.1, self.biomass)
13 growth ¼ 0.2* self.biomass* (1 � self.biomass / 100.0) �

(self.biomass**2 / (self.biomass**2 þ 1))
14 sumBiomassOfNeighbours ¼ window4total(self.biomass)
15 numberOfNeighbours ¼ window4total(spatial(scalar(1)))
16 diffusion ¼ 0.01* (sumBiomassOfNeighbours �

numberOfNeighbours* self.biomass)
17 growth ¼ growth þ diffusion
18 self.biomass ¼ self.biomass þ growth
19 self.report(self.biomass, "availableBiomass")



Fig. 10. Result maps from a model run with the improved biomass component. The top row shows biomass values, the bottom row output of the fire component and the
accumulator.
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development of modular components and to ensure their smooth
integration. Structured approaches for the development, applica-
tion, integration, and maintenance of software products can be
found in various software development methodologies (e.g. Cohen
et al., 2004; Kniberg, 2011; Rubin, 2012). These approaches strive
to improve the development process and quality of complex soft-
ware by defining the tasks and order of specification, design,
implementation, and application in the technical development, and
assigning specific roles to developers, users, and coordinators.
However, software engineering practices are only slowly finding
their way into the environmental modelling domain (e.g. Verweij
et al., 2010). Modellers should become more aware of modelling
practices (e.g. Refsgaard and Henriksen, 2004; Jakeman et al., 2006;
Scholten et al., 2007) aswell as software development practices (e.g.
Szyperski, 2002; Beydeda et al., 2005) to improve the scientific and
technical quality of their models.

6. Discussion and conclusion

We presented an architectural design and prototype imple-
mentation of a component-based software framework for the
exploratory development of integrated models. The framework
provides a unified environment supporting the building and
coupling of model components with different temporal and spatial
discretisations. The case study example of forest fire demonstrates
the flexibility of the framework by straightforward modification
and extension of model components.

The framework supports the task of the technical model devel-
opment as part of the development cycle of integrated models (c.f.
Table 7
Implementation of the Logging component. The initialisation of the model
component is omitted.

10 def runTimestep(self):
11 potentialBiomass ¼ self.availableBioMass > self.bioThreshold
12 potHarvest ¼ self.passableCosts & potentialBiomass
13 toHarvest ¼ ifthenelse(uniform(self.passableCosts)

< 0.2, potHarvest, 0)
14 self.harvested ¼ ifthenelse(toHarvest, self.availableBioMass, 0)
15 self.report(maptotal(self.harvested), "totalMass")
16 harvCost ¼ ifthen(self.harvested, self.costs)
17 self.report(maptotal(harvCost), "totalCosts")
Jørgensen and Bendoricchio, 2001; Jakeman et al., 2006; Schmolke
et al., 2010). With the framework, a model builder can use the built-
in raster-based data types and operations to construct spatio-tem-
poral model components. With component-based design and
standardised interfaces, these model components can be straight-
forward coupled into integrated models. A tedious consolidation of
model component packages (e.g. Fall and Fall, 2001; Pullar, 2003;
Sklar, 2007; ArcGIS, 2013; ExtendSim, 2013) and coupling frame-
works (e.g. Moore and Tindall, 2005; Warner et al., 2008; Hinkel,
2009) can be avoided in this way. The presented concepts of map
algebra, model algebra, and accumulators for the scale transfer
between components are in general independent from a specific
technical implementation. By using a generic high-level scripting
environment, we reduce the application barrier for non-software
experts compared to the frameworks based on system program-
ming languages as used for example in Collins et al. (2005), Watson
and Rahman (2004) or Lindenschmidt et al. (2005). Moreover, high-
level languages offer in general faster development times and result
in a less error prone development of models.

With Python as development environment, we use a widely
applied, platform independent and open-source scripting language.
Python provides a large standard library and a wide range of
commercial and free extensions for the development of environ-
mental models (e.g. ArcGIS, 2013; SciPy, 2013; Oliphant, 2007;
Karssenberg et al., 2010; Van Der Walt et al., 2011; Kraft et al.,
2011). The language has a clean syntax making code intuitively
comprehensible for non-expert programmers (c.f. Prechelt, 2000;
Fangohr, 2004; Loui, 2008; Millman and Aivazis, 2011; Lin, 2012).
An advantage compared to compiled languages is the optional use
of an interactive Python shell (e.g. Pérez and Granger, 2007). The
shell provides an environment for interactive exploration with
direct feedback during model development. Interactive shells
provide flexibility for exploratorymodelling without the traditional
cycle of implementation, compilation and execution required by
conventional system programming languages (Pérez and Granger,
2007). Modellers can more easily modify and extend their models
and are therefore able to respond to changing requirements such as
modifications to the conceptual model. Modern software engi-
neering practices such as agile development processes (e.g.
Killcoyne and Boyle, 2009; De Kok et al., 2010; Verweij et al., 2010;
Scheller et al., 2010) can thus be adopted by environmental scien-
tists without advanced software engineering skills.



Fig. 11. Outputs of the integrated model extended by the harvest model component. (A) Growth variable from the Biomass component with overlayed road infrastructure. (B)
Reduced harvesting area in the Logging component due to a fire incident. (C) Accumulated output of the Fire component. (D) Trend of total costs and harvested biomass.
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The features of a generic scripting language as it is used here can
also be applied to glue existing software tools into a collaborative
environment. Examples of this approach are given by Best et al.
(2007), Roberts et al. (2010) or Abdella and Alfredsen (2010),
where proprietary and open source packages are combined to
provide spatial analysis capabilities. However, such a glueing
approach is only feasible when a limited number of components
need to be coupled (e.g. Cerco et al., 2010). In our approach, we
resolve this problem by extending Pythonwith a framework for the
design of model building blocks as well as the execution manage-
ment required for the development of integrated models. There-
fore, the model builder is relieved from the complex task of
arranging the scheduling for a larger number of model components
with feedback processes. In addition, our more regulated approach
with regard to the development of component interfaces is bene-
ficial for the reuse of model components and avoids a repeated
implementation per case. Nevertheless, our approach still supports
the glueing task of Python as used for example by Roberts et al.
(2010). By applying the wrappers, an external, independent
executable can be integrated via file system access and a system call
(e.g. Hahn et al., 2009; Schmitz et al., 2009). However, substantial
work needs to be done by the model builder to transform the
variables of the model component interfaces to the input and
output files of the external executable.

The scheduler of our framework supports the ordered execution
of components and accumulators. The accumulator concept pro-
vided by the framework can be used for temporal aggregation
when linking different model components. As a consequence, it is
no longer necessary to modify process descriptions and to adapt
the time steps of components to fit output and input data between
coupled components. The separation between the component
outputs and accumulators allows for a more generic application
and straightforward reuse of existing model components. The case
study focuses on the temporal facets of the accumulator, although
the accumulator can be utilised as adaptor as well. In this case, the
accumulator expresses conversion processes such as spatial
resampling of raster variables.

The modelling framework provides accumulators as technical
means to resolve spatio-temporal discrepancies. A modeller is able
to construct model components operating at their characteristic
scales (c.f. Blöschl and Sivapalan, 1995), and to couple these
resulting in integrated models. The scientific assessment of feed-
back effects and the influence of multiple spatial and temporal
scales in complex integrated models, however, is not yet fully
evolved (Ewert et al., 2009). Modellers need to be aware that a
coupling of model components, even if their construction followed
good modelling practises, can produce complex patterns (Laniak
et al., 1997), and that several problems need to be considered in
the evaluation of integrated models. For example, model outcomes
can depend on the selection of spatial and temporal discretisations
(e.g. Hessel, 2005). The stability of integrated models can be
affected if a coupling is not applied over a limited range of scales or
in specific situations (c.f. Wainwright and Mulligan, 2004), as dis-
cussed for example in rainfall-runoff modelling (Beven, 2004;
Chow et al., 1988). Fundamental domain principles such as the
conservation of mass in hydrological modelling should not be
violated by the coupling of misaligned components, as raised for
example by Elag et al. (2011). Further studies are needed to inves-
tigate how model composition, the selection of time steps, and the
accumulating processes contribute to the sensitivity and uncer-
tainty of integrated models.

The use of model components eases the coupling and reuse of
model components within the presented framework. However, the
combination of model and framework code for model components
does not facilitate their direct integration into other software
frameworks (c.f. Lloyd et al., 2011). The interoperability of devel-
oped model components with respect to other modelling frame-
works is not fully incorporated in the prototype implementation,
and technical and semantic barriers still need to be resolved.
Nevertheless, it is feasible to couple model components developed
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in our framework to other frameworks with limited effort. We
briefly discuss potential approaches to enable interaction with
components developed in other software environments. First of all,
our model classes can be linked to other code within the Python
environment. Following object-oriented conventions, coupling of
our model components to other Python classes is straightforward
by calling methods of the model components. Secondly, the Python
model classes can be integrated with frameworks developed in C,
Cþþ or Fortran. For these system programming languages, Python
classes can interface for example with the help of automatically
generated language bindings. The Python model components can
therefore be mapped into frameworks that adopt a component-
based development approach like the Integrated Modelling Archi-
tecture (IMA; Villa, 2007). Thirdly, the integration of Python model
components with an interface standard such as OpenMI (Moore
and Tindall, 2005; Gregersen et al., 2007) can be accomplished by
mapping the input and output interfaces of our components to
OpenMI’s equivalents InputExchangeItems and Out-
putExchangeItems. The Python model components can replicate
the ILinkableComponent interface of OpenMI and thus build
compliant building blocks, an approach similar to the one pre-
sented by Castronova and Goodall (2010). In general, the OpenMI
standard is programming language independent and C# and Java
implementations are available. However, to integrate Python
components, substantial effort by creating a Python reference
implementation of the OpenMI standard or by coupling Python and
C# within the .Net environment is required. Interfacing OpenMI
compliant components in different runtime environments such as
Java and Python is also not straightforward. It is thus desirable to
bridge the technical barrier of different runtime environments to
allow for a coupling of model components developed in virtually
any programming language. A fourth approach is therefore to retain
defined component interfaces and to realise the information ex-
change between model components by programming language
independent network protocols. This can be achieved by incorpo-
rating libraries such as the TDT (Hinkel, 2009) or the ICE (Henning,
2004) into integrated modelling frameworks.

The above-mentioned options are technically demanding, while
a domain specialist as model builder would profit from a more
conceptual description of model components and ideally their
incorporated processes. A step in this direction is to embed for-
malised descriptions of model components and their interactions
with the help of ontologies (e.g. Madin et al., 2008; Buccella et al.,
2009; Janssen et al., 2009). While ontologies are mainly used to
describe environmental information such as observed ecological
data (e.g. Madin et al., 2007) or to formalise spatial and temporal
properties (e.g. Miralles et al., 2010), ontologies also can be a means
to bridge different modelling frameworks (Rizzoli et al., 2008) or
ease the implementation of multi-paradigm models (Villa et al.,
2009) as in integrating object-based and field-based models (e.g.
Kjenstad, 2006). Formalised descriptions are integrated into several
frameworks. The IMA (Villa, 2007), for example, requires interface
compliance at the programming level, and enhancement of model
components by semantic standards such as the Web Ontology
Language (OWL, 2004). However, ontologies for integrated
modelling frameworks supporting flexible construction and broad
assessment required for example in uncertainty estimation are not
fully evolved, although individual approaches are available (e.g.
Williams et al., 2009; Gruninger and Tan, 2009; Athanasiadis et al.,
2011). Future research will therefore focus on extending the pre-
sented framework with scheduling schemes and accompanying
ontologies that allow execution and analysis of integrated models
with techniques such as Monte Carlo analysis and data assimilation
(e.g. Doucet et al., 2001; Moradkhani et al., 2005; Karssenberg et al.,
2010).
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