


from the developer and becomes repetitive. Using
introspection to automate this process, by allowing
the framework to extract information about compo-
nents, removes the need for this repetitive code and
eliminates the risk of the repetition leading to incon-
sistencies and bugs. This, in turn, makes it easier for
developers to use a framework, and results in mod-
elling components that are more robust in the face of
changes to the underlying modelling environment.

The Interactive Component Modelling System
(ICMS)[Reed et al. 1999] is an integrated model
development environment that allows models to be
implemented using a custom modelling language,
known as MickL. The MickL compiler extracts
metadata from the source code, for use by the ICMS
runtime system. ICMS uses this metadata in several
tools, including a drag and drop canvas for integrat-
ing modelling components.

A new framework, currently known as The Invisible
Modelling Environment (TIME) makes use of the
extensible, language independent, metadata capa-
bilities of the .NET environment. TIME is intended
to be a lightweight framework that imposes very lit-
tle framework overhead and constraints, making it
almost invisible to the model developer. TIME is
designed to support a wide variety of model pro-
cessing tools, and currently includes several tools
including user interface generators.

Frameworks that use model metadata, to support
model processing tools, encourage developers to
document models by providing practical improve-
ments to the utility of documented models.

2 ICMS

The Interactive Component Modelling System
(ICMS) is an integrated model development envi-
ronment allowing users to design, implement, test
and integrate modelling components [Reed et al.
1999]. ICMS supports model implementation using
MickL, a C like, custom modelling language. Com-
ponents compiled in MickL can be con�gured, exe-
cuted and integrated with other components using a
graphical, drag and drop canvas. Models are sched-
uled at runtime using the Open Modelling Engine
(OME) [Rizzoli et al. 1998]. Figure 1 shows the
implementation of a simple runoff coef�cient model
in MickL. MickL uses implicit typing, with variable
names starting with an uppercase character (such as
Rainfall or PET) representing properties, of the
OME class, that are extracted by the compiler for
introspection. Because MickL does not use type

declarations, the metadata available to ICMS only
includes the names of properties.

function Main()
{

Runoff =
Coeff *
max( 0.0, Rainfall - PET );

}

Figure 1: Simple runoff coef�cient model imple-
mented in MickL within ICMS

3 TIME

The Invisible Modelling Environment (TIME) is a
modelling framework designed to simplify model
development, while supporting the integration of
model components written in different languages.
TIME runs on the .NET platform and uses the .NET
metadata facilities to extract properties, data types
and custom metadata tags from modelling compo-
nents. Figure 2 brie�y describes the custom meta-
data tags recognised by TIME.

Input Property is an input

Parameter Property is used as a parameter

Output Model property is an output

State Property is an internal state variable

Minimum Property has a minimum allowed value

Maximum Property has a maximum allowed value

WorksWith This component, such as an IO routine
or a visualisation tool, works with a particular
class of Data

Ignore This property should be ignored by TIME
metadata analysis

Figure 2: TIME Model Metadata Tags

TIME is designed in a number of distinct layers,
with layers towards the top of the system using ser-
vices provided by lower layers (Figure 3). With
a thin kernel layer, most framework functionality,
such as user interface generation and model linking,
is implemented in the Tools layer, allowing models
to be remain independent of these tools.

Figure 4 shows the runoff coef�cient model, from
Figure 1, implemented as a TIME model in C#.
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Figure 3: Overview of TIME architecture

The model makes use of TIME’s kernel, contained
in the package TIME.Core. This package pro-
vides the parent class Model, along with the, op-
tional, custom metadata tags (Input, Output,
Parameter, Minimum and Maximum) that have
been applied by the developer. The model code,
and its parent class, do not include any reference
to any of TIME’s support operations, such as data
and model management, model linking, IO or visu-
alisation. This independence, resulting from intro-
spection, allows TIME models to remain stable even
when the framework undergoes major revisions.

using System;
using TIME.Core;

public class SimpleModel : Model
{

[Input]
double Rainfall, PET;

[Parameter,Minimum(0.0),
Maximum(1.0)]

double Coeff;

[Output]
double Runoff;

public override void runTimeStep( )
{

Runoff =
Coeff *
Math.Max( 0.0, Rainfall - PET );

}
}

Figure 4: Simple runoff coef�cient model imple-
mented in C# and TIME

4 MODEL PROCESSING TOOLS

Model introspection and metadata allows us to cre-
ate a library of model processing tools. Examples
of model processing tools include model schedulers,
which control the timing and interaction of models,
parameter space analysts, such as optimisers and
model permutation tools, as well as user aids, such
as user interface generators. Several of these tools
are illustrated in ICMS and TIME while others are
in development and planning.

In each case, introspection simpli�es the develop-
ment of the tool, while allowing for greater �exi-
bility by keeping individual models decoupled from
details of the framework and its tools. The presence
of model processing tools, which make use of model
metadata, also acts as an incentive to document a
model, such as providing good variable names or
metadata for numeric constraints.

4.1 Model Integration and Scheduling

Several protocols are available to integrate models,
including the use of shared data with message pass-
ing [Watson et al. 2001] and dependency based sys-
tems that explicitly store the structure of commu-
nication paths between models [Reed et al. 1999].
Different integrated modelling applications may be
more amenable to one approach over the other, mak-
ing it important that modelling components, which
may be reused in many applications, remain inde-
pendent of model integration protocols.

ICMS uses introspection to provide a powerful
model linking engine based on an explicit structure
of model linkages. TIME currently has tools that
support model integration using shared data. In both
cases the integration protocol has had no impact on
the structure of modelling components, allowing the
frameworks to add support for the alternate proto-
cols, or new protocols, without imposing a main-
tainence burden on model developers.

ICMS gives users a graphical canvas, shown in Fig-
ure 5 for connecting models and controlling �ows of
data. Because ICMS knows the various properties
of a model, it can present the user with the available
ports on an object and the linking engine can en-
force rules such as �each link must be from an input
to an output�.



Figure 5: ICMS Model Linking Canvas

4.2 User Interface Generation

User interaction code, whether console based or
graphical, typically consumes a signi�cant amount
of model development effort. Application and mod-
elling frameworks typically streamline this job by
providing specialised user interaction components,
making the developer’s job one of sensibly arrang-
ing these components for the user. In many cases,
this arranging can be performed automatically using
introspection, removing the need for the developer
to write any user interaction code.

TIME uses introspection to provide both console
and graphical interfaces to models, allowing devel-
opers to quickly modify and test components. Each
property of the model is incorporated in the inter-
face, with additional metadata, such as parameter
constraints, being used to re�ne the appearance and
behaviour of the interface. When models are run
from a graphical interface, numeric properties are
represented by slider bars, with controls for attach-
ing input and output time series’. When a console
interface is used, the system prompts the user for a
value for each input, allowing time series’ to be sup-
plied for inputs or outputs. Figure 6 shows a graphi-
cal user interface (GUI), generated by TIME, for the
model in Figure 4. Where numeric constraints have
been supplied, such as
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slider bars have been appropriately constrained. As
the model executes, slider bars representing model
outputs and internal state variables move to dynam-
ically re�ect the results of the model.

TIME’s user interface generation is intended to pro-
duce technical user interfaces suitable for use by re-
searchers and developers, rather than high level in-
terfaces to be used by non-technical stakeholders.
These technical interfaces are very useful during

Figure 6: TIME Automatically generated user inter-
face

model development because they remain consistent
with changing model code. Furthermore they en-
sure the model code does not directly deal with any
user interaction ensuring it is still possible to create
polished user interfaces when a model is deployed
in an application. By using any custom metadata to
improve the generated GUI, TIME encourages the
documentation of models early in the development
cycle.

4.3 Time Traces

In a single cell model there are likely to be many
variables that vary across time. In spatial models
there will be many variables in each cell. Tradi-
tional model development has required model de-
velopers to provide explicit support for time traces.
This typically results in either a rigid set of input
and output time series’ that must be supplied to a
model, or complicated con�guration code allowing
the user to select individual properties. TIME uses
introspection to allow a model developer to ignore
most time varying inputs, while allowing the user
to con�gure, at runtime, which inputs are driven by
time series and which outputs are recorded.

Users are presented with an automatically generated
user interface, where all numeric properties are ini-
tially con�gured as scalars (Figure 6). The user can
select to play ( ) a time series into inputs, by drag-
ging and dropping existing data, or recording ( )
an output. Figure 7 shows the user interface for the
runoff coef�cient model (Figure 6) after the user has
selected to play a rainfall time series and record a
runoff time series.



Figure7: TIME Modelwith TimeSeriesattached

Using introspectionto handletime varyingproper-
ties reducesthe amountof codein a model,mak-
ing it easierto developandmaintainmodels,while
making the resultingmodelsmore �e xible, by de-
ferringdecisionsabouthow amodelshouldbeused,
until it is. This �e xibility to defermodelcon�gura-
tion is particularlyimportantwhena modelis used
in a large integratedmodellingexercise,wherere-
sourcelimitationsrequiretradeoffs betweenwhatis
recordedandwhatis discardedaftereachtimestep.

4.4 Parameter SpaceAnalysis

Several tools exercisea model's responseover its
parameterspace.Theseincludetools that �nd and
optimiseparametersetsfor agivensetof inputsand
observedresults,tools thatpermutateover a region
of theparameterspaceto mapmodelsensitivity and
tools that stochasticallyvary model parametersto
simulaterealworld variability.

Model developmentoften involvesthese,andsim-
ilar tools,beingcustomdevelopedfor eachmodel.
Using introspection,eachtool canbe implemented
usingmodelmetadatato discovernamesandranges
of parameters.A quasi-generaloptimisationcom-
ponent,basedon directsearch[HookesandJeeves
1961]is currentlybeingdevelopedin TIME.

4.5 Persistence

Model persistenceis the ability to save a model's
state(currentvaluesof all inputs,outputsandinter-
nalvariables)atsometimeandloadthemodelback

atalatertime. It hastraditionallyfallento themodel
developerto implementpersistencemechanismsfor
anew model.Thiscanbeatimeconsumingprocess
andtypically resultsin persistencemechanismsthat
arehighly versiondependent,with new versionsof
modelsnot readingolder�les.

ICMS canautomaticallysavemodelcon�gurations,
including integratedmodels. TIME currently has
supportfor loadingthe con�guration of individual
modelcomponents.

4.6 Model Distrib ution

Distributed Processingis the techniqueof sharing
the computationof a systemacrossmultiple pro-
cessorsor computers.Distributedprocessingis ei-
ther usedbecausesomeresourceis availableonly
on certaincomputersor becausethecomputational
load of thesystemis too greatfor a singlesystem.
This secondreason,parallel processing,is partic-
ularly attractive to userswith large computational
demands.Parallel processingbecomesappropriate
whenmany runsof a modelare required,suchas
stochasticvaryingparameters,or whena very large
modelcon�guration canbe partitionedinto mostly
independentsubmodels,suchasdifferentbranches
of a node-linknetwork. Writing parallelprocessing
applicationsfrom scratchcanbecomplicated,with
low level issuessuchas network communications
andsynchronisationrequiringsigni�cant effort. By
building uponothermodelprocessingtools,suchas
persistenceandmodellinking engines,it is possible
to createmodeldistribution toolsthatremaintrans-
parentto themodeldeveloper.

5 PERFORM ANCE CONSI DERATI ONS

By dynamicallyexaminingcomponents,introspec-
tion defers until runtime certain operationsand
checksthataretypically performedatcompiletime.
Thisdeferral,while introducinggreat�e xibility , in-
troducesa runtime performancepenalty. Under-
standingthis penalty, andexaminingapproachesto
overcomingit, allowsusto betterdesignmodelpro-
cessingtools.

Consider the hypothetical model con�guration,
shown in Figure8,whichincorporatesseveralof the
modelprocessingtools discussedabove. A model
is con�gured to run 100times,usinga permutation
tool that covers a region of the parameterspace.
For eachiteration, the model is run for 10 years,
on a daily timestep,with at leastonedaily time se-
ries input. Eachtimestepinvolvesthe performing


