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Multiscale modeling and integration of physiological models carry challenges due to the

complex nature of physiological processes. High coupling within and among scales present

a  significant challenge in constructing and integrating multiscale physiological models. In

order to deal with such challenges in a systematic way, there is a significant need for an infor-

mation technology framework together with related analytical and computational tools that

will facilitate integration of models and simulations of complex biological systems. Physio-

logical Model Simulation, Integration and Modeling Framework (Phy-SIM) is an information

technology framework providing the tools to facilitate development, integration and simu-

lation of integrated models of human physiology. Phy-SIM brings software level solutions to

the  challenges raised by the complex nature of physiological systems. The aim of Phy-SIM,

and this paper is to lay some foundation with the new approaches such as information flow
and modular representation of the physiological models. The ultimate goal is to enhance the

development of both the models and the integration approaches of multiscale physiological

processes and thus this paper focuses on the design approaches that would achieve such a

goal.

works such as Phy-SIM providing tools to enhance the process
.  Introduction

mergence of systems biology provided a comprehensive and
ntegrative perspective to examine the structure and function
t the cellular and organism levels of complex biological sys-
ems instead of focusing on the isolated parts [1].  However due
o the complex nature of the physiological systems, develop-

ent, integration of multiscale models and linking the layers
tand as one of the challenges for the model developers [2].
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a f
models, Comput. Methods Programs Biomed. (2012), doi:10.1016/j.cmpb.20

n order to increase the effectiveness of multiscale integra-
ion of physiological processes, it is obvious that information
echnology approaches are required.
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Physiological Model Simulation, Integration and Modeling
Framework, Phy-SIM, is an information technology framework
with related analytical and computational tools that facilitates
development, integration and simulation of physiological
models. Besides providing tools to develop physiological
models, the strongest feature of the framework is provid-
ing the environment to aid the development of integration
approaches. Since the problem of multiscale integration of
physiological models, is itself an open research area, frame-
ramework for modeling, integration and simulation of physiological
11.11.010
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is very critical.
A module is a structurally and functionally meaning-

ful part of a system that can be separated from other

erved.
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components. Modularity is advantageous for model storing,
sharing and reproducibility [3].  Although modularity is a desir-
able feature for the definition of physiological models, it is not
usually properly implemented [4].

Modularity in living organisms is studied from an
evolutionary perspective and it is stated that, modular archi-
tectures with functional separation are more  robust and
amenable to design and adaptation. In evolution, mod-
ularity brings an advantage to modifications in modules
without changing intrinsic behaviors and so providing high
reusability [5].  Evolution in nature is actually not so differ-
ent than evolution in software environments. Reusability, easy
extension/modification are desirable attributes in software
life-cycles as well. Therefore in addition to the structural mod-
ularity in anatomy, importance of the protocols and hierarchy
in functionality for biological systems should also be consid-
ered when developing models of physiological processes as
they simplify modeling, abstraction and enable robustness
[6]. Based on these realizations, Phy-SIM proposes two levels
of modularity, structural modularity and functional modularity,
which are new perspectives toward multilevel and multiscale
integration of physiological processes. The proposed mecha-
nism of functional modularity through the information flow
approach is a novel contribution to the physiological model
development domain. Integration of physiological processes
is conceptualized by the transfer, access or sharing of infor-
mation among the models representing the processes, and is
defined as information flow by the authors. Structural modu-
larity on the other hand is observable in the anatomical and
physiological organization of the human body. Phy-SIM uses
the ontological representation of the anatomical and physio-
logical information to achieve structural modularity.

The heuristic guidelines in software engineering design
principles aim for low coupling and high cohesion [7].  For
the domains such as physiological system models, where the
domain problem itself is inherently coupled and tangled, soft-
ware  engineering principles are very crucial. Therefore we
adapt the similar design approaches in software engineering
to make the problem more  manageable for model develop-
ers by reducing the effects of high coupling in multiscale
physiological models. As detailed in Section 4, layered design
to achieve high modularity and the mediator design pattern
are used to manage the communication among highly inte-
grated modules. This way Phy-SIM achieves a software level
improvement in the coupled nature of physiological models.
The details of the proposed software level solutions for the
multiscale physiological model integration and the sample use
scenarios to show how these design decisions improve the
model development process will be the focus of this paper.

2.  Background

Integrative physiology following the emergence of systems
biology is perceived to be central for better interpretation
of physiological data starting from organ or system level
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a 
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down to genomic and proteomic data through the integra-
tion of these different levels of models [8].  In recent years,
several big initiatives that try to create environments for
researchers from various disciplines to achieve a collaborative
b i o m e d i c i n e x x x ( 2 0 1 2 ) xxx–xxx

environment and develop tools for integrative physiology
research were launched. Digital Human Project introduces
the idea of development of a “functional” visible human
and emphasizes the importance of multilevel and multiscale
modeling starting from system down to molecule level [9].
Physiome Project aims to build a database of physiological
models with different scale and levels. Currently, models in
this project are accessible through a web interface and some
are supported with computer models [10]. Virtual Physiolog-
ical Human Network of Excellence (VPH) aims to support
research for developing tools, standards, models and simu-
lations of the human body [11].

As the modeling efforts accelerated, the standards for stor-
ing and sharing mathematical models became very important
especially for the cellular level data and models. CellML and
SBML (Systems Biology Markup Language) are the most widely
used standards storing and sharing of model descriptions.
CellML is used for mathematical descriptions of cell func-
tions. SBML defines an XML-based mark-up language standard
for describing biochemical reaction networks models. Besides
these domain specific standards, some physiological models
are represented using MML  (Mathematical Modeling Lan-
guage).

Parallel to the modeling efforts, development of tools and
software frameworks for integrative physiology studies have
also gained attention. Physiome Project provides tools to
enable integration with quantitative descriptions of relations
among models and parameter sets to identify these relations.
JSIM [12], which is a Java-based system, is used to simulate
the models in Physiome model repository [13]. In [14], a new
approach from a semantic simulation framework, SemSim,
is presented for the integration of multiscale models of car-
diac circulation. In this study the focus is on the integration of
cross-platform models and translating procedural simulation
code to a procedural code.

3. Objectives  and  barriers  in  multiscale
physiological  model  integration  domain—a
software  perspective

Phy-SIM aims to achieve the following in the domain of mul-
tiscale physiological model development and simulation:

1. Separation of structure from function: by the adopted mod-
ular design, definitions of mathematical models, anatomy
and physiology are separated from the integration mech-
anism. The functional modularity is also achieved by
defining protocols separately to handle information flow
and integration which helps to deal with the highly coupled
physiological models (detailed in Section 4.1.2).

2. Anatomical and physiological annotations: building com-
plex models out of individual, multiscale models would
be a challenging process. The challenge would increase as
more collaborative efforts, share models developed by var-
ious institutions/experts. In order to integrate the models,
framework for modeling, integration and simulation of physiological
11.11.010

there should be more  metadata available for the models.
Phy-SIM proposes an ontology based design for represent-
ing anatomical and physiological information associated
with the mathematical models of physiological processes.

dx.doi.org/10.1016/j.cmpb.2011.11.010
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With the tools in Phy-SIM to access the metadata provided
by the annotation process, access and thus integration of
models would be a more  systematic process.

. Enhanced integration step: if the models are annotated
well with the ontological information, determination of the
integration points during model integration is easier and is
guided by the framework.

. Easy model sharing, extension and reusability: by provid-
ing the rich set of annotations (anatomical, physiological);
sharing, extending, storing of models are easier. Moreover
by the modular design, exchanging and reusing models as
well as the integration approaches are possible.

Even though Phy-SIM proposes mechanisms to help devel-
ping integrated physiological models, it should be noted that
ue to the inherent problems, there are still some barriers the
evelopers should take care during integration and simula-
ion. The issue of computation time inherent in multiscale

odels is still an important challenge [15]. Implementation,
esting and validation of integration approaches together with
he readjustments of parameters and modifications on models
ue to integration remain as the processes that require super-
ision and management of the model developer. Although
here are different approaches for multiscale integration of
hysiological models such as bottom-up, top-down or middle-
ut, it is clear that there cannot be one, unique algorithm
or integrating various multiscale models. This is due to the
act that models differ based on the available level of informa-
ion and desired resolution of integration results. Feed-down
ffects and upwards causations in the system requires a mod-
ling approach which will have an interaction within and
mong various hierarchical levels [16]. There are different
pproaches to handle this highly coupled and integrative prob-
em. Full-scale bottom-up approaches are hard to implement
ue to computational requirements. The other alternative,
op-down approach lacks the accuracy bottom-up approaches
ill provide. Another approach, which can be thought of as

 hybrid model is middle-out approach and it goes out to
he other levels starting from the level with sufficient details.
pplication of any of these approaches may be valid based on

he specific case. For instance, in [17] the results of the middle-
ut integration approach applied to the multiscale modeling
f heart are presented. Therefore, integration of multiscale
nd multilevel models should be developed in environments
here different approaches can be employed based on the
etail of available models and computational requirements of
he specific problem.

Moreover on the modeling side, as the coupling among
hysiological models is very high, integration of models often
equire managing this coupling at the model level by domain
nowledge.

In linking the layers from various scales, the trade-off
etween accuracy and complexity stands as an issue [18].
hile addressing this trade-off, biological facts, constraints

nd the robustness of models should be kept [19]. Since the
ecisions on the trade-off are case specific, such evaluations
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a f
models, Comput. Methods Programs Biomed. (2012), doi:10.1016/j.cmpb.20

ill remain as the developer’s responsibility.
Following the stated objectives with the proposed methods,

nd also observing the inherent research problems mentioned
bove, which are outside the scope of the present study, we
 i o m e d i c i n e x x x ( 2 0 1 2 ) xxx–xxx 3

present a general simulation framework. The ultimate aim
of Phy-SIM is to provide new perspectives to integrate multi-
scale models of physiological processes. Addressing all of the
issues in the domain is not in the scope of Phy-SIM, but with
the introduced principles and architecture, it will be a devel-
opment framework to test various approaches for individual
solutions. For instance, testing various multiscale integration
approaches on a fixed set of models, would be highly facili-
tated with the modular design of Phy-SIM, which separates
the models from the integration principles.

4.  Overview  of  Phy-SIM

Phy-SIM is a modeling, integration and simulation envi-
ronment for physiological models from tissue level up to
organ-organism levels. Phy-SIM is designed as a layered sys-
tem, separating anatomical, physiological and computational
models from the functionality. The separated functionality
includes both the domain functionality which is the inte-
gration of these models as well as from the application
specific functionality, simulation. With this design decision
reflected to the modeling process, Phy-SIM introduces a new
perspective for multiscale model creation and integration,
which is the separation of structure from function. Specifi-
cally Phy-SIM has three basic advantages over general purpose
simulation tools. First, the ontology based design provid-
ing systematic domain knowledge representation for both
anatomy and physiology. Second, the capability of easy anno-
tation of models using the ontology based design. Third,
modularization of the integration mechanism with the infor-
mation flow mechanism, with which the development of
various integration approaches will be possible besides the
models themselves.

Target users of Phy-SIM are physiological model develop-
ers, who are familiar with the computational and integrative
requirements of the domain, seeking collaborative work with
integrative focus. Even though there are software tools as
mentioned in Section 2 facilitating modeling and simulation
of individual models, model developers need tools that will aid
the process of integrating models to build more  complex ones.
Phy-SIM users can (i) create/save/load mathematical mod-
els of physiological processes, (ii) annotate the models with
anatomical and physiological ontology, save/load this infor-
mation, (iii) perform queries on the models of interest based
on anatomical and physiological information and (iv) program
various integration algorithms for models, perform the algo-
rithm and test it. These use cases separate Phy-SIM from other
biological simulation tools such as Matlab (Systems Biology
Toolbox) [20] and JSIM [12].

Models of physiological processes to be loaded and saved
are represented in Mathematical Modeling Language (MML)
standard in Phy-SIM. However, import/export option for other
standards such as Systems Biology Markup Language (SBML)
will be available. For the simulation of computational events,
Phy-SIM supports ordinary differential equations for contin-
ramework for modeling, integration and simulation of physiological
11.11.010

uous time events as well as discrete time and discrete event
models. Structural modularity is achieved through the use of
ontological representations of anatomical and physiological
information.

dx.doi.org/10.1016/j.cmpb.2011.11.010
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Fig. 1 – Phy-SIM System Architecture: Phy-SIM has a
layered design composed of computational layer, data layer,
link layer and simulation layer. The data layer is connected
to the relational databases storing the anatomical ontology

via a query engine interface.

Phy-SIM is designed to be an open source framework,
where both easy plug-and-play type modeling and simulation
is supported together with a programming interface for more
ambitious integration projects. The Web Ontology Language
(OWL), which is a semantic markup language used to repre-
sent, share and store the hierarchical structure of an entity,
is used to represent the anatomical structure of the human
body. The framework is developed in C++and the ontology data
(anatomical ontology) in OWL format is stored in a relational
database which uses Jena/ARQ query engine (in Java). There-
fore to handle the communication between the application
and the query engine, JNI interfacing is used (Fig. 1).

4.1.  System  design  of  Phy-SIM

A layered architecture is adopted for Phy-SIM as seen in Fig. 1.
The four main layers are computational layer, data layer, link
layer and simulation layer. The dependencies among the lay-
ers are in one direction keeping the coupling among separate
layers low. Representation of structural information is divided
into two lower layers, as computational layer and data layer and
functional information is defined in link layer. Functional com-
ponent of a physiological process is related to the coupling
among models. Highly coupled functionalities of physiological
processes determine the state of the organism, like homeo-
stasis [21]. In addition to the coupling among physiological
components, integration of multiscale models falls within our
definition of domain specific functions, thus is separated from
the structural components and defined in the link layer.

Computational layer is used to handle the mathemati-
cal representation of the physiological models. Mathematical
equations describing the dynamics of models are defined at
the computational layer. Simulation specific attributes, such
as simulation step type, step size, simulation start and end
times are defined and managed at the simulation layer.

4.1.1.  Data  layer:  structural  modularity
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a 
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Data layer is responsible for the anatomical and physiologi-
cal information of the models. Anatomical layer is designed
to manage structural modularity using an ontology, Foun-
dational Model of Anatomy (FMA) [22,23].  FMA represents
b i o m e d i c i n e x x x ( 2 0 1 2 ) xxx–xxx

the taxonomy and part-whole relations for the anatomical
information. Phy-SIM adopted the abstraction mechanism
proposed by anatomical ontology and anatomical structural
abstraction components of FMA, which together provide the
sufficient and necessary information for conceptualizing the
hierarchical structure of the human body and its parts [22].
Every physiological variable in a process can be associated
with an anatomical structure corresponding to an entity in
the anatomical ontology. The taxonomic level of the associa-
tion depends on the detail the developer knows or is interested
in. Every physiological variable aggregates such an anatomical
association defined in data layer. The FMA ontology is accessi-
ble to the users at various steps of the model development and
integration steps. Taxonomic representation is easily accessi-
ble through a tree like presentation throughout the modeling
process for performing the annotation or for reference (see
Section 5.1).

Once the anatomical associations are bound to the physio-
logical models, this information is saved in an XML  file which
later can be loaded together with the models. This structured
information binding improves the integration, exchange and
sharing of models and therefore increases the efficiency of
collaborative works. The model developers benefit from the
structured annotations during the integration processes. By
the use of the querying interface and the anatomical associa-
tions, the developers view the models with these criteria. For
instance, integrating a circulatory system model with an organ
level model, requires to identify the physiological variables
based on the anatomical associations such as the arterial sup-
ply of the organ and the constitutive relations of the arteries. In
other words, standardized annotations of the models through
the use of ontologies provide the mechanism to investigate,
analyze the models and physiological variables with different
perspectives to identify the correct models integration points.
Such a capability would be crucial in particular for large scale
models.

Similar to the anatomical layer, the physiological layer
is designed to add the physiological associations of mathe-
matical models using ontological representations. As there
are currently no well established or comprehensive ontolo-
gies available for physiology, in the current implementation,
Phy-SIM uses a high-level ontology like representation for
physiological information. There are some proposed ontolo-
gies for physiological processes which are in preliminary form,
and are not as established or comprehensive as, for exam-
ple, the FMA. Foundational Model of Physiology (FMP) [24]
and Ontology of Physics for Biology (OPB) [25] are examples of
such efforts. Currently Phy-SIM only utilizes FMA  for anatomi-
cal information. For physiological information representation,
Phy-SIM uses a high level ontology like representation for
physiological models, since FMP  is not as comprehensive and
available as FMA.

In the ontology-like representation used for physiology,
physiological variables are defined based on their qualitative,
quantitative and temporal attributes. Each physiological vari-
able can have different temporal characteristics (single time
framework for modeling, integration and simulation of physiological
11.11.010

or spanning a time course),  can be scalar or vector valued and
can be defined at a single point or over a field. Taxonomic
organization of physiological variables are based on the type
of information they carry and the information flow medium

dx.doi.org/10.1016/j.cmpb.2011.11.010
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ARTICLE IN PRESSCOMM-3315; No. of Pages 14

 i n b

t
n
v
c
v
v

d
o
t
t
a

4
L
o
t
d
l

c
m
h
[
m

c
r
l
d
i
w
w
o
i
o
p
I
i
w
f
d
t
t

c
a
t
o
m
p
i
p

e
H
c
m
m

c o m p u t e r m e t h o d s a n d p r o g r a m s

hey are being used: (i) circulatory physiological variable, (ii)
ervous physiological variable and (iii) spatial physiological
ariable. Circulatory physiological variables are further spe-
ialized based on the type of information they carry. These
ariables are pressure, flow, volume, temperature, concentration
ariables and they determine the dynamics of the circulation.

Using modular design principles, Phy-SIM architecture is
esigned, such that, when a comprehensive physiological
ntology becomes available, it can be directly used to replace
he existing ontology-like representation. (The same advan-
age is also true for the modification or alteration of the
natomical ontology.)

.1.2.  Link  layer:  functional  modularity
ink layer is the layer where the models are integrated based
n the anatomical, physiological and computational informa-
ion provided from the lower layers. The concept of a coupled
ynamics among physiological variables is represented at this

ayer.
Physiological processes at the organ level models, are con-

eptualized by the physical laws, such as conservation of
ass, momentum, etc. Hence physiological processes have

igh coupling with other organs and physiological variables
26]. Furthermore, integration of multilevel and multiscale

odels increases the couplings among processes.
The mathematical models for highly coupled physiologi-

al processes defining the current state of the whole system
epresent the regulation, control and modification of physio-
ogical variables [21]. A change in a physiological variable has a
irect or indirect effect on processes determining other phys-

ological variables in defining states of the system. In other
ords, every physiological variable carries an information
hich needs to be accessed, used, modified or integrated by
ther variables. Based on this observation integration of phys-

ological processes is conceptualized by the transfer, access
r sharing of information among the models representing the
rocesses, and is defined as information flow by the authors.

ntegration of multiscale processes can also be defined with
nformation flow. Such a processing among scales, or even
ithin the same scale should be implemented independent

rom the definition of the models themselves. With the layered
esign proposed (see Fig. 1), link layer handles the interpreta-
ion, integration and thus the flow of information is defined at
his layer.

In the presented study, integration of physiological pro-
esses are grouped into two basic groups based on the scale
nd level of the anatomical and physiological structure that
he processes occur. Vertical integration refers to the integration
f physiological processes via variables which carry infor-
ation from different hierarchical levels of anatomical and

hysiological structures. Horizontal integration is the type of
ntegration that uses the modularity for the biological com-
onents within the same level.

For the current status of Phy-SIM we have focused on mod-
ling horizontal integration and horizontal information flow.
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a f
models, Comput. Methods Programs Biomed. (2012), doi:10.1016/j.cmpb.20

owever since the ultimate aim is to facilitate both verti-
al and horizontal integration, the proposed modular design
echanism with the information flow idea, enables the imple-
entation of vertical integration approaches.
 i o m e d i c i n e x x x ( 2 0 1 2 ) xxx–xxx 5

At the structural level, the nature of the horizontal interac-
tion between the different components in complex biological
systems is well-structured. The inputs and outputs of the
organs are well-defined and limited to: (i) electrochemical
signals transmitted through the nervous system, (ii) hor-
mones and other material transmitted through the circulatory
system, (iii) mechanical interaction with environment and
neighboring structures, and (iv) material transport through
the surfaces, which is significant only in limited cases, such
as, skin, lungs, and gastrointestinal tract. Based on these
observations, we  made a generalization and defined the
circulatory system and nervous system to be the major hor-
izontal information flow mediums. Use of circulatory and
nervous systems as the main mediums and separating the
structural information from the functionality is based on
the analogy with computer networks, where the communi-
cation protocols are defined separately from the hardware
of the network. As separating the layers in computer net-
works improves the development of elements in each layer,
abstracting the circulatory and nervous systems and modu-
larizing their functionality independent of the hardware of
the network, i.e. anatomical and physiological organization,
enhances the development process of physiological models.

Extending the above analogy with layered network design,
the presented framework defines the circulatory and nervous
systems as the protocols where the information is carried.
Protocols of the circulatory system correspond to the vari-
ables which determine the dynamics of the circulation, such
as blood pressure, cardiac output, etc. Similarly in the nervous
system, the protocols correspond either to electrical or chem-
ical transmission of neural signals. The flow of information
in the circulatory system can be thought of as a broadcasting
mechanism, where information in the form of physiological
variables are transported in the blood stream. On the other
hand, the nervous system can be thought of as a point to
point communication mechanism where the information in
the form of electrical or chemical signals are transmitted.

There are three basic architectural elements that handle
the information flow, component,  semantic converter and medi-
ator in link layer in Phy-SIM. Using these elements, every
physiological model is defined as a graph as seen in Fig. 3.

Component: Every component aggregates an anatomical,
physiological and computational information of a physiologi-
cal variable (Fig. 3). There is a one-to-one relationship between
every variable/parameter and the component in the model.
Each component represents a node in the graph in link layer
which are connected with directed links.

Semantic converter:  This element defines the links
between the components. The link that is defined with seman-
tic converters not only define the direction of information
flow among components but also provide a mechanism to
define semantics of the flow. They behave like a programmable
black box, where the information can be processed based on
the integration approach. The functionality of these semantic
converters depends on the specific models and the integra-
tion approach adopted. The programming facility of semantic
ramework for modeling, integration and simulation of physiological
11.11.010

converters is provided through the user interface, which helps
to motivate the model developers to implement their models
modularly separating the models themselves from the inte-
gration mechanisms. An example of a semantic converter

dx.doi.org/10.1016/j.cmpb.2011.11.010
dx.doi.org/10.1016/j.cmpb.2011.11.010
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programming is depicted in Section 5.2.  There are two types of
semantic converters designed based on the integration, verti-
cal semantic converter and horizontal semantic converter. With the
current design of semantic converter, the semantics of vertical
and horizontal integration can be implemented and extended
depending on specific model requirements. The presented
case scenario (Section 5), which is a horizontal integration
case, maps the variables and parameter to perform the inte-
gration. However, the task of semantic converter can be as
elaborate as the aggregation of variables from a lower scale
so that the information can be used in the higher scales.
Moreover, dispersion of a variable to a set of various sub mod-
els, conversion of units or physical meaning (like converting
flow to a pressure variable) can be performed with the pro-
grammable black-box architecture of semantic converters.

One specific type of semantic converter, namely the replacer
semantic converter is available to be used in the plug and play
user interface. This semantic converter is for horizontal inte-
gration, where a variable or a parameter is to be replaced with
another variable or a parameter from another model. The user
provides the inputs and outputs to this semantic converter,
and the required replacements are done automatically within
the models and thus within the graph represented in the link
layer. This type of semantic conversion modifies the ordering
of the nodes since the links are redefined by the use of the
replacer semantic converter. In Section 5.2, we  will show the
sample uses of a replacer semantic converter and the mecha-
nism to perform a modification on a model upon integration.

Mediator: This is the control unit of the graph, which is
created by components and the semantic converters. The
topology of the graph is perceived by the mediator, so that
the serializable ordering of the mathematical models and
mathematical cycle resolution steps can be performed before
the simulation layer can execute the simulation itself. Once
the topology of the graph is tested by the mediator, non-
algebraic cycles are resolved and a directed acyclic graph is
created by the mediator. Until the link layer, there is no con-
nectivity information attached to the nodes representing the
physiological variables in the model. The nodes contain only
anatomical, physiological and computational information. It
is the responsibility of the mediator to compile the whole model
to build an order of execution to be passed to the simulation
layer. Performing validity checks on the models to avoid alge-
braic loops is another responsibility of the mediator. Once the
topology of the graph is tested by the mediator, non-algebraic
cycles are resolved and a directed acyclic graph is created by
the mediator. Directed acyclic graph is important to achieve a
sequential simulation in the simulation layer. For instance, if
we extract a couple of equations from the gas exchange model
[27] in consideration as follows:

event(t + t.delta >= (tshift + ((1/HR) ∗ 59.999999999999986)))
Tsv = (TsvK ∗ sqrt((1/HR)/1)) ∗ 7.745966692414832;
Tsa = (TsaK ∗ sqrt((1/HR)/1)) ∗ 7.745966692414832;
tshift = t;
afs − con2 = afs − con;
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a 
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In this example every variable (Tsv, Tsa, etc .) are represented
as nodes and there should be an order imposed during the
simulation of these equations due to their dependencies. In
this case, afs − con2 depends on the current value of afs − con
b i o m e d i c i n e x x x ( 2 0 1 2 ) xxx–xxx

and Tsa depends on TsaK. Therefore, when the node informa-
tion is passed to the mediator together with the equations,
the mediator will compile the model and create the directed
links so that the node TsaK and thus its calculation will pre-
cede the node Tsa (see Fig. 2(a) and (b)). It is the mediator’s
responsibility to create the correct topology parsing the given
equations. In doing this if the complete graph contains loops
due to the initial value problems, due to differential equations,
it will resolve it automatically. However, the algebraic loops are
not resolvable and it is the mediator’s responsibility to warn
the model developer to correct this loop.

If we  revisit the broadcasting network analogy presented
before; in circulatory system through the bloodstream, any
information like the cardiac output is disseminated to the
whole system. In this sense, circulatory system is the broad-
casting system where there is not a specific destination for
specific information. On the other hand for the nervous sys-
tem, the information is specific to a destination, carried either
by chemical or electric impulses. This specification overlaps
with a point-to-point network communication. Having made
this analogy, we can get the benefit of modular design in
Phy-SIM and introduce modular definition in the link layer
using the mediator. For any specific mechanics determining
the underlying network structure for the specific type of infor-
mation flow, mediators can be extended accordingly. In the
presented sample scenario of the integration of cardiopul-
monary mechanics and the gas exchange model (see Section
5.2), the circulatory system is the main medium for the dis-
semination of information. Therefore in this pilot scenario, we
implemented the broadcasting mechanism within the media-
tor, where any information provided by the cardiopulmonary
mechanics model or the gas exchange model is made available
to all the sub models accessing the circulatory system. In Fig. 4,
the conceptual perception of the broadcasting mechanism can
be visualized. Mediator is responsible for the availability of
this information to the other sub models in the medium. The
extended mediator, circulatory mediator implements this mech-
anism.

5.  Case  study

The case models used in the following two  sections are
chosen from the Physiome repository [13]. First model is
the cardiopulmonary mechanics model with four-chamber
varying-elastance heart, pericardium, systemic circulation,
pulmonary circulation and coronary circulation, baroreceptor
and airway mechanics models [27]. In the Physiome reposi-
tory more  complex cardiopulmonary mechanics models are
developed incrementally by adding sub-models, such as gas
exchange, to this model.

5.1.  Anatomical  annotation  scenario

In this section, we will illustrate how the ontology based
design improves the integration of physiological models using
framework for modeling, integration and simulation of physiological
11.11.010

example models obtained from Physiome repository.
For the demonstration of anatomical annotation we  iso-

lated the gas exchange model from the compound model,
cardiopulmonary mechanics model with gas exchange. In
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Fig. 2 – Graph representation of a physiological process. The zoomed part of the graph shows that the components
encapsulating structural and computational information. Semantic converters define the links between the nodes in the
graph and provide a programmable unit to implement the semantics of the flow of information.

Fig. 3 – (a) The nodes before the mediator performs any graph theoretic operations, do not have the concept of order,
direction or topology. (b) Once the mediator creates a topology from the individual nodes using their computational
information a directed acyclic graph is created.
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he cardiopulmonary mechanics; gas exchange model is cou-
led with the pulmonary circulation model, airway mechanics
odel, heart model, systemic circulation and coronary cir-

ulation through a set of variables. These variables are
lveolar volume (VA), pulmonary capillaries volume (Vpc),
ardiac output (COutput), systemic capillaries volume (Vsc),
oronary capillaries volume (Vcorcap), flow through upper air-
ays (Qdotup), flow through collapsible airways (Qdotco), flow

hrough small airways (Qdotsm), collapsible airways chamber
ressure (Pcc), alveolar pressure (PA), lung dead space (VD),
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a f
models, Comput. Methods Programs Biomed. (2012), doi:10.1016/j.cmpb.20

olume of collapsible airways (Vc)  and dead space chamber
ressure (PDc). These variables are used to define the dynam-

cs of oxygen and carbon dioxide pressure, concentration and
aturation in the gas exchange model. These variables (VA,
Vpc, COutput, Vsc, Vcorcap, Qdotup,  Qdotco,  Qdotsm, Pcc,  PA,  VD,
Vc,  and PDc) are defined as constants/parameters in the car-
diopulmonary mechanics model before the integration. These
variables are used to define the dynamics of oxygen and car-
bon dioxide pressure, concentration and saturation in the gas
exchange model. In isolating the gas exchange model, we
redefined the variables as parameters with their initial val-
ues and created a standalone model which can be simulated
as is.

Identification of above mentioned parameters and vari-
ramework for modeling, integration and simulation of physiological
11.11.010

ables in both models are critical to perform the integration
of these models. Therefore, an automated, standardized
mechanism is essential. As seen in Fig. 5, Phy-SIM gives a user
friendly interface to annotate the variables. While the models
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Fig. 5 – Annotation interface of Phy-SIM: physiological variables of models are listed and the mechanism to select an
anatomical entity from the tree like representation of the FMA  ontology is provided. The annotations can be saved in XML

file to be loaded later with the corresponding MML  file.

are being loaded on the right hand side frame, the naviga-
tion on the tree representation of the anatomical ontology is
possible on the left of the frame. The models are presented
as variables and parameters each of which is detailed with
the equation describing its dynamics, initial value, unit and
description. For each parameter, Phy-SIM provides the math-
ematical information such as the value, unit and anatomical
and physiological information. For each variable mathemat-
ical information (initial value, unit, equation) and structural
information (anatomical and physiological association) is also
provided. Also the reference ontology for anatomical and
physiological information are presented with tree like struc-
tures for easy access. The equation for each physiological
variable indicates the dynamics that is associated with that
variable. The interface provides the facility to analyze and edit
the individual variables/parameters with their computational,
anatomical and physiological attributes clearly marked and
separated. Instead of removing the complexity of the mod-
els, this interface provides a modular representation for each
type of information. For instance, model developer interested
in the anatomical annotation of the models, would be able to
analyze and edit the corresponding attributes by use of tree
like representations of the ontologies.

Based on the hierarchical information provided by
the individual parameters’ and variables’ anatomical and
physiological associations, and relationships among them,
model developer will decide on the proper integration
approach for the multiscale models. This is the reason why
we emphasized the representation of structural information
in the user interface. The annotations are saved in an XML file,
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a 
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which can later be loaded together with the model files (MML
files).

Based on the level of anatomical information available,
developers can query the FMA  ontology to retrieve the
associated anatomical structure using the querying interface
in Phy-SIM. Since the ontology provides a taxonomic and part-
whole relationship, different levels of anatomical structure are
used to annotate the models. For instance, in the presented
case of cardiopulmonary mechanics model, a physiological
variable representing the pressure at the systemic circulation
can be associated as vena cava, as systemic vein or just as vein
depending on the detail of the model itself.

Investigating the two models in detail without the use
of any anatomical or physiological information and trying
to find out the integration points would be very inefficient
(Fig. 6(a)). However, if one would be able to investigate the
model based on their anatomical associations, and ask ques-
tions such as: What are the physiological variables/parameters
which have the lung as an anatomical association? or What are
the physiological variables/parameters which have an anatomi-
cal association with an organ part of lower respiratory tract?;
then investigation of the results of such an inquiry would
provide a more  systematic approach to perform the integra-
tion of the models over these variables (Fig. 6(b)). Similarly
based on the annotations performed, the models can be ana-
lyzed with the physiological view as seen in Fig. 6(c) and
performing queries to handle questions such as: What are
the physiological variables/parameters which are used to define a
pressure?

As seen in Fig. 7(a) and (b), Phy-SIM currently provides the
different interfaces to query the models based on anatom-
ical information associations. This mechanism queries the
database storing the anatomical ontology based on the
taxonomical and other relations. Based on the retrieved
framework for modeling, integration and simulation of physiological
11.11.010

anatomical entity results, the models are searched for corre-
sponding annotation. The first querying option is based on an
RDF query language, SPARQL, and requires the user to type
the query to retrieve the anatomical entities. This mechanism

dx.doi.org/10.1016/j.cmpb.2011.11.010
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rea l V A (t)  L;             // A lveolar volum e
… ..
rea l V pc(t)    m l;            // P ulm ona ry  capil la ries volum e
rea l    C O utput(t) m l*sec^(-1),  //  C ardiac outpu t
… ..
rea l Q dotsm (t) m l/sec; // F low t hrough sm all airways
rea l Q dotco(t) m l/sec; // F low t hroug h collap sib le airways
rea l Q dotup (t) m l/sec; // F low through  up per airways

C ard iopu lm onary M echan ics  M ode l

V A  =  3.3183 3709  L;          // A lveolar vo lum e
V pc =  107.7810 3929 m l;   // P ulm ona ry capillaries vo lum e; 
C O utput = 108.4435 251 1 m l*sec^(-1); // C ard iac outpu t
…
…
Q do tup =  20 14.8846 08 m l/sec; // F low through  upper airways
Q do tco =  2014 .884608  m l/sec; //  F low through co llapsible  airways
Q do tsm =  -28 31.393 298  m l/sec; // F low throug h sm all  airways
P cc =  -2.7130 82393  cm H 2O ;       // C ollapsible  airways cha m be r 
pressure
P A  =  - 2.47108 741  cm H 2O ;        //  A lveo la r pressure
V D  = 0.185 L;               // Lun g dea d space
V c =  0.08 45026 2 L;            // V olum e of  collap sible a irways

G as exchan ge  m od el

(a)

Variab les  asso ciated  w ith  L ung
rea l Q dotco(t) m l/sec; // F low throug h collap sib le airways
rea l P cc (t) cm H 2O ; // C ollapsib le airways cham ber p ress ure
rea l V D (t)  =  0 .18 5 L;              // Lu ng dead  space

Variab les  asso ciated  w ith  a lveo lus
rea l Q dotsm (t) m l/sec; // F low throug h sm all airways
rea l P A (t)  cm H 2O ;         // A lveolar press ure 

C ard iopu lm onary M echan ics  M ode l G as exchan ge M ode l

Param eters  asso ciated  w ith  L un g
Q do tco =  2014 .884 608  m l/sec; // F low throug h co llap sible  airways
P cc =  -2.71308 2393 cm H 2O ; // C ollapsible  airways cham be r press ure
V D  = 0.185  L;              // Lung dead space

Param eters asso cia ted  w ith  a lveo lus
Q do tsm =  -28 31.393 298  m l/sec; // F low through  sm all  airways
P A  =  -2.47108 741  cm H 2O ;        // A lveolar press ure

Param eters  asso ciated  w ith  p ulm o nary 
a lveo lus
V A  =  3.31833709  L;           // A lveolar vo lum e

(b)

Press ure  variab les
rea l P cc (t) cm H 2O ; // C ollapsib le airways cha m ber p ress ure
rea l P A (t) cm H 2O ;     // A lveolar press ure 

Vo lum e  variab les
rea l V A (t) L;             // A lveolar volum e
rea l V pc(t)    m l;           // P ulm ona ry

C ard iopu lm onary M echan ics  M ode l

Pressure  p aram eters
P cc =  -2.71308 2393 cm H 2O ; // C ollap sible  airways cham be r 
pressure
P A  =  - 2.47108 741  cm H 2O ;        //  A lveo la r press ure

G as exchan ge M ode l

F lo w  p aram eters
Q do tup =  2014.8846 08 m l/sec; // F low throu gh uppe r airways
Q do tco =  2014.884 608 m l/sec; //  F low throug h co llap sible  
a irways
Q do tsm =  -28 31.39 3298 m l/sec; // F low through  sm all  airways

Vo lum e  p aram eters
V A  =  3.3183 3709  L;          // A lveolar vo lum e
V pc =  10 7.78 103929  m l;   // P ulm ona ry capillaries vo lum e;

(c)

Fig. 6 – (a) Without the ontology associations, interpretation of the physiological variables and their domains is difficult to
resolve. With the annotation and hierarchical organization provided by the ontology, physiological variables and
p , i.e.

p
i
i
i
l
e
s
t
m
i

arameters can be viewed from the desired systematic view

rovides the flexibility to perform any kind of query as seen
n Fig. 7(a). The text box on the upper part of the interface
s for typing any type of custom SPARQL query. The query
s executed in the anatomical ontology (FMA) stored in the
ocal database. The result is therefore a list of anatomical
ntities listed in the lower left list box (bronchopulmonary
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a f
models, Comput. Methods Programs Biomed. (2012), doi:10.1016/j.cmpb.20

egment, lung and bronchopulmonary subsegment). Based on
he results returned, the model developer further queries the

odel(s) under development or integration process, assum-
ng they have already been annotated with the anatomical
 anatomical as in (b) or physiological as in (c).

ontology. The steps in the middle part of the frame present,
the order of actions to be taken by the model developer. First
the interested anatomical entity from the result of the query
in the left list box should be selected. Then the model to be
queried based on the selected anatomical entity is to be deter-
mined. Once the selections are made, the results are returned
ramework for modeling, integration and simulation of physiological
11.11.010

on the right list box. In the presented case in Fig. 7(a), the vari-
ables which have been annotated with the anatomical entity
lung are listed. This way the model developer would be able
to filter the variables based on the anatomical associations

dx.doi.org/10.1016/j.cmpb.2011.11.010
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Fig. 7 – (a) Custom query interface for querying physiological variables based on anatomical associations. The user can type
the SPARQL and get the list of physiological variables based on the retrieved anatomical association. (b) Anatomical query
interface in Phy-SIM: this interface helps the users to build anatomical queries using the predetermined sets of predicates.
The corresponding SPARQL is created and executed.
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hich would help them through the integration process. The
ther querying mechanism as seen in Fig. 7(b), helps the users
o build the query by providing the predefined query type. The
ser is given the options to select the model to perform the
uery on, the anatomical structure and the type of anatomical
elation for that structure. Based on the selections made by
he user, the SPARQL query is automatically generated and
xecuted.

.2. Integration  scenario

emantic converter, detailed architecturally in Section 4.1.2,
andles the programming of the integration mechanism. In
his section we  will show how such a user programmable
lement will help the integration of building more  complex
odels. The case models are chosen from the Physiome repos-

tory. In the Physiome repository cardiopulmonary mechanics
odels are developed incrementally by adding sub-models,

uch as gas exchange or airways mechanics models to the
ore circulation model. This incremental procedure is actu-
lly a very common practice and will be applied more  due to
he availability of various models from different researchers.
or instance a subgroup from VPH [28] integrated a pulsatile
entricular model to the cardiovascular model developed by
uyton et al. [29] to have a more  detailed model of the
ardiovascular system to represent various pathologies. We
ill demonstrate how such an integration will be performed
ith Phy-SIM framework.

The steps as perceived from the user perspective in per-
orming the integration are as follows:

 Load the models to be integrated: the cardiopulmonary
mechanics model and the gas exchange model will be
loaded from the MML  files. The models will be visualized
based on the parameters and variables. If anatomical or
physiological associations are added to these model param-
eters or states, these associations will be saved and can be
loaded for later use (see Fig. 8(a)).

 Identify the integration points: once the models and their
associations are successfully loaded, the second step is to
identify the parameters and variables through which the
integration will be performed. This can be done by either
hand selecting the desired variables or performing queries
on the list of variables based on the anatomical and physi-
ological annotations (see Fig. 8).

 Program the integration: since the models can vary in
scale and level, integration approaches are dependent on
these variations. The very basic integration approach, which
replaces a variable or a parameter with another parame-
ter or variable in the other model is represented with the
replacer semantic converter as described previously. The user
can select this functionality and the replacement will be
performed automatically. The replacement will effect the
oxygen/carbon dioxide pressure, concentration and satura-
tion, which will now consider the dynamics related to the
cardiopulmonary mechanics variables. The replacer seman-
Please cite this article in press as: E.Z. Erson, M.C. Ç avuşoğlu, Design of a f
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tic converter will take the parameter to be replaced as input
and the variable to replace as the output. Any additional
programming will not be required for the semantic con-
verter. However in the topological level, the links between
 i o m e d i c i n e x x x ( 2 0 1 2 ) xxx–xxx 11

nodes will be updated and thus the dynamics will change.
Upon integrating the gas exchange model with the car-
diopulmonary mechanics model, equations for carbon
dioxide and oxygen pressures across alveoli require a mod-
ification to consider the rate of change of alveolar volume.
The user can perform such modifications in models, by
selecting the modifier option in the integration step, and by
typing the updated equation (see Fig. 8(b)). This operation
will be treated differently than a semantic converter; since
it will not only change the topology but it will also change
the structure of the nodes in the graph.
For multiscale integration cases, more  complex integration
approaches are required, such as vertical integration. For
such cases, the user defines the input–output of the seman-
tic converter and programs the semantic converter (see
Fig. 8(b)). In such cases, where a domain expert knowledge
is required to define how to map  variables in models from
different scales, the programming capability is required.
Therefore, the textbox in Fig. 8(b) is provided to the model
developer to type in the equation(s) that the semantic con-
verter would implement to integrate the multiscale models.

• Compile the model: once the integration steps are com-
plete, the compilation goes through the model definition
files, modifications and programmed semantic convert-
ers to test the validity of the models. Once the model is
identified as being valid, the graph representation of the
model(s) are created by the mediator as described in Section
4.1.2. The topological updates due to the semantic con-
verters and modifications are handled at this step. Later,
simulation specific parameters such as simulation step are
identified.

5.3.  Graphical  representation  of  simulation  results

The results of simulations in Phy-SIM are saved in a format
suitable to load in MATLAB. Moreover the users can choose
to visualize the simulation results with the plotting facil-
ity provided by Phy-SIM. For this purpose we  have used a
cross-platform software package for creating scientific plots,
“PLplot” [30]. The package provides the tools to plot the data
with different chart types, axis/graph names and output for-
mats. Currently minimal set of options are provided within
Phy-SIM to present the graphical results (see Fig. 9).

6.  Current  status  and  mode  of  availability
of  the  framework

Design and implementation of the components to execute the
major functionality of Phy-SIM is complete. Once the design
of Phy-SIM was complete, the implementation was on the
scope of the sample models (see Section 5) with the features
that would be helpful to present as a proof-of-concept, such
as modular representation of physiological models and the
representation of information flow among physiological mod-
els to improve the integration process. Phy-SIM is still under
ramework for modeling, integration and simulation of physiological
11.11.010

development for beta release and more  advanced features will
be implemented in the future. Phy-SIM is designed to be an
open source framework and the current version is available
upon request from the authors via e-mail. The details of the
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Fig. 8 – Screen shots for integration of circulatory model with the gas exchange model. (a) The information model, gas
exchange model is loaded. The variables and parameters of the models are listed. The user can select the
parameters/variables from these list to perform the integration. (b) The selected parameters/variables can be assigned as
inputs/outputs to the semantic converter, based on the type of integration specific type of semantic converter can be
selected and using the text box provided, the programming of the semantic converter can be performed.
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Fig. 9 – Plotting of simulation results in Phy-SIM. In (a), the user is given the list of variables to select for plotting on x and y
coordinates. In (b) naming of the chart, axis titles are entered. In (c), the type of the graph is selected and the name is given
t  attr

p
n

7

D
o
l
B
t

o the image file. In (d), the graph is plotted with determined

roject and demo movies describing the details of a case sce-
ario can be found at http://robotics.case.edu/PhySIM.

.  Discussion  and  conclusions

ue to the complex nature of the physiological systems, devel-
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pment, integration of multiscale models and linking the
ayers stand as one of the challenges for the model developers.
esides the computational issues in multiscale models and
he barriers presented in Section 3, high coupling within and
ibutes.

among scales is a problem for performing the integrative stud-
ies. It is clear that to study the complex system in detail,
integrative approaches should be adopted, for which the soft-
ware frameworks, like Phy-SIM will be the biggest aid to
overcome these problems. Hence in contrast to trying to solve
the challenge in the mathematical model development level,
we propose to minimally reflect the challenges to the devel-
ramework for modeling, integration and simulation of physiological
11.11.010

oper during model integration process. In order to achieve this,
we propose a modular programming environment, which will
promote the separation of structure and function in the phys-
iological models. However it should be noted that the model
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developers still face the issues raised by the multiscale model
integration domain. Identification of the integration approach,
especially for the multiscale models depend on the level of
detail available to the developers, computational constraints
and also to the desired resolution of simulation results.
Development of the integration approach and its application
to the models with the correct set of parameters, initial con-
ditions and assumptions are still the responsibilities of the
model developer.

For the current status of Phy-SIM we  have focused on mod-
eling horizontal integration and horizontal information flow.
However since the ultimate aim is to facilitate both verti-
cal and horizontal integration, the proposed modular design
mechanism with the information flow idea, enables the imple-
mentation of vertical integration approaches. Since the target
users are model developers involved in collaborative studies
for multiscale physiological models, Phy-SIM’s user interface
will be enhanced based on the feedbacks from the users.
As Phy-SIM evolves, addition of more  user-friendly interfaces
using standard representations would help to expand the
users to non-experts. Integration of the parts plays a big role
in defining the whole complete organism, which can be per-
ceived as building a jigsaw puzzle [31]. Phy-SIM provides a
development environment for this jigsaw puzzle, where phys-
iological models can be integrated into the complex whole
and simulated. The two levels of modularity proposed in
Phy-SIM, structural modularity and functional modularity, are
new perspectives toward multilevel and multiscale integration
of physiological processes. As the model developers use Phy-
SIM for their model integration needs, they will also benefit
from the modular thinking Phy-SIM advocates. For instance,
testing various multiscale integration approaches on a fixed
set of models, would be highly facilitated with the modu-
lar design of Phy-SIM, which separates the models from the
integration principles. The ultimate goal is to enhance the
development of both the physiological models and the inte-
gration approaches.
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