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a b s t r a c t

Integration of models requires linking models which can be developed using different tools, method-
ologies, and assumptions. We performed a literature review with the aim of improving our under-
standing of model integration process, and also presenting better strategies for building integrated
modeling systems. We identified five different phases to characterize integration process: pre-
integration assessment, preparation of models for integration, orchestration of models during simula-
tion, data interoperability, and testing. Commonly, there is little reuse of existing frameworks beyond the
development teams and not much sharing of science components across frameworks. We believe this
must change to enable researchers and assessors to form complex workflows that leverage the current
environmental science available. In this paper, we characterize the model integration process and
compare integration practices of different groups. We highlight key strategies, features, standards, and
practices that can be employed by developers to increase reuse and interoperability of science software
components and systems.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

A model is a simplified abstraction of reality (Schmolke et al.,
2010; Voinov, 2008). To answer questions related to environ-
mental problems, scientists and policy-makers, may need to
address complex issues at regional, continental, and even global
scales (Harris, 2002; Verburg et al., 2008). Developing all-inclusive
models is difficult, however, and we must integrate individual
models that represent specific domains (Gregersen et al., 2007).
Integration of models is becoming more important due to an
increased desire to understand, investigate, and mitigate human
impact on the environment (Laniak et al., 2013; Voinov and Cerco,
2010). The challenge is making standalone models discoverable,
reusable, and interoperable (Goodall et al., 2011). Here, discover-
ability means the availability of meta information of a resource so it
can be effectively searched for, located and understood to ensure
proper use (Erl, T., 2008b). Reusability is how existing software can,
in whole or in part, be used to develop new software (Frakes and
Kang, 2005), as well as the degree to which an asset can be used
in more than one system or in building other assets (ISO/IEC, 2011).
Reuse also implies a decision process that includes evaluating
software for its ability to serve a new purpose. And, finally, inter-
operability is the ability of a system or a product to work with other
systems or products without special effort by the user (Chang and
Lee, 2004).

In this paper a component may represent an elemental physical/
chemical/biological/social process (e.g., infiltration or advection) or
a logical integration of elemental processes (e.g., a watershed
model). A system may be a model (an integrated set of elemental
processes) or modeling system. Note that a model can refer to a
component or a system. Finally, when we refer to an integrated
modeling system we are including both the collection of science
components and the framework software that facilitates their
orchestration. These definitions apply throughout the paper.

Data exchange and data manipulation are fundamental to in-
tegrated modeling systems (Argent, 2004; Leimbach and Jaeger,
2005), and are often constrained by technical and conceptual
challenges. Technically, individual models are designed to serve as
stand-alone components that serve unique purposes and goals.
Conceptual challenges include resolving the different ways mod-
elers and science domains represent data and knowledge. Inter-
operability of models can also be provided at different levels. At the
technical level, models should be able to ‘talk to each other’ which
requires automating data exchange, making models jointly
executable, and ensuring repeatability and reproducibility of model
chain configuration and processing (Knapen et al., 2013). At the
semantic level, models should 'understand each other' by identi-
fying and, if possible, bridging semantic differences in an auto-
mated manner. After semantic mediation, the dataset should be
syntactically interoperable, i.e., data produced by one model are
converted and formatted to serve as input for a receiving model.

We performed a literature review to improve our understanding
of the model integration process and also to collect and present

better strategies for building integrated modeling systems. At first,
our review was limited to integrated climate change mitigation
analysis systems. Due to the commonality of integration techniques
with other environmental domains, however, we broadened the
scope to include integration of models in general. Our search used
key phrases of ‘integration of models’, ‘integrated assessment
study’ and ‘integrated modeling frameworks,’ and we considered
38 articles (see Table 1), of which 18 focused on specific integration
modeling systems (aka frameworks).

To provide structure and context for the paper, we look to model
development process which includes requirements analysis,
design, implementation, and testing phases (David et al., 2013;
Moore and Tindall, 2005; Whelan et al., 2014), with these steps
conducted in an iterative manner (Grimm et al., 2014; Jakeman
et al., 2006). Model integration process follows a similar sequence
and is also iterative (Holzworth and Huth, 2011; Holzworth et al.,
2014), with a small portion of integration realized first, and more
complex issues and functionalities incorporated through iterations.
Keeping all this in mind, we divided model integration process into
phases of pre-integration assessment, preparation of models for
integration, orchestration of participating models during simula-
tion, data interoperability, and testing (Fig. 1).

This process forms the basis for our review. As we conducted the
review, it became clear that three topics deserve special attention
due to their significant role: interface standards for interoperability
(within the preparation of models for integration phase); perfor-
mance in integrating models (within the orchestration phase); and
discovery, accessibility, and ease of use which are process-wide
considerations. A summary of this structure, along with brief de-
scriptions of categories of methods employed, examples of existing
modeling systems, and references are presented in Table 1.

We note that:

� Most papers emphasize only certain phases of model
integration.

� Comparing all selected frameworks with all aspects of the
integration process is challenging due to limitations of available
information. We believe, however, that, collectively, the full
range of methods is represented.

� The set of model integration frameworks in Table 1 represents a
robust, albeit incomplete, representation of existing
frameworks.

Findings related to phases of integration: pre-integration
assessment, preparation of models for integration, model orches-
tration, data interoperability, and testing are described in Sections 2
through 5. To avoid repetition of content, we treat preparation of
models for integration and orchestration of participating models
during simulation together in Section 3. Discoverability, accessi-
bility, and ease of use of integrated systems are addressed in Sec-
tion 6. Section 7 presents discussion as well as conclusions, and
finally recommendations for increasing efficiency and effectiveness
of the model integration process are presented in Section 8.
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