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Abstract

The application problem we address is fundamental
to long duration space flights: to monitor and main-
tain the health of the astronauts, and to intervenein

case of illness or injury, when there is no possibility
of returning them to Earth for treatment in any useful
amount of time.

Part of this problem isto develop appropriate predic-
tive models of human physiological functions, tai-
lored to the individual astronauts, with the expecta-
tion that if these models are good enough, ground
monitoring crews can understand certain deficiencies
or other faillure processes long enough in advance
to prevent them, or at least soon enough to alleviate
them.

The scope of the problem, which is to model
enough physiological functionality for predictive
health monitoring and intervention, requires a dis-
tributed development, with individual physiological
components modeled by different organizations in
different places. Distributed component model de-
velopment means that model integration becomes a
fundamentally important part of the project.

In this paper, we explain how thiskind of model inte-
gration can be done, and show how our Wrapping ap-
proach to intelligent system integration can be used
to do it. It should be noted that we are not address-
ing the (also very difficult) physiological modeling
problem, of making the individual component mod-
els sufficiently accurate for our purposes. We are
only addressing their integration.

Modeling is still hard. Appropriate physiological
models must still be devel oped and described.

Keywords: Integrated Human Function, Integration
Science, Long Duration Space Flight, Model Inte-
gration, Predictive Physiological Modeling, Wrap-



ping Infrastructure

1 Introduction

The most common difficulty in integration of com-
ponent models in any subject domain is that the
modeling assumptions of the components are incon-
sistent, rendering the combined model unjustifiable
(and often incorrect), even when very good compo-
nent models are used. In our study of Integration
Science [5] [7], we have devel oped some new meth-
ods for tracking these inconsistencies, and for help-
ing to manage the integration process. Of course,
it remains a difficult modeling problem to identify a
component model’s assumptions, and to adjust it to
change those assumptions, but we can make the inte-
gration of component modelswith differing assump-
tionsexplicit and available, so it (the integration pro-
cess itself) can be studied as atechnical aspect of the
combined model.

Physiological modeling is especially interesting in
this regard, since many of its models are produced
using the same differential equation formalism, with
theimplicit and incorrect assumption that if the mod-
els are expressed in the same language, then they
must be compatible.

The purpose of these combined models is to help
discern what is known about a patient from avail-
able measurements, previous history, and observa-
tions. This task of information processing and in-
tegration is formidable for co-located human physi-
cians, and becomes nearly impossible when they are
separated from their patients by either geographic
distances here on earth or by the much larger dis-
tances (and time delays) of space. The goal of some
recent national initiatives has been to complement
human physicians with better models of the medi-
cal statusof specificindividuals, including predictive
models. The approach presented in this paper pro-
vides aframework that makesit easier to integrate a
heterogeneous set of models, measurements devices,
database results, reports, etc., and hence to better our
analysis and understanding of the patient’s status.

For this approach to work, the physiological models
must be very accurate, both for normal functioning
and for anomalous behavior. They must also be tun-
able to each of the astronauts individually, so that
their physiological functions can be measured and
compared to the appropriate individual models.

The scope of the problem, which is to model
enough physiological functionality for predictive
health monitoring and intervention, requires a dis-
tributed development, with individual physiological
components modeled by different organizations in
different places. Distributed component model de-
velopment means that model integration becomes a
fundamentally important part of the project.

2 Context and Background

Among the development projects currently under-
way in these initiatives, there are many projects that
are developing new instruments, and new interven-
tion or intervention assistance devices, intended to
make them more informative, more portable, more
robust, or more easily controllable from a remote
site. There are aso severa physiology modeling
projects, intended to produce more accurate physi-
ological component models that can be used for pre-
diction.

We are focussed in this paper on the software ar-
chitecture for integration of these models and the
available measurementsinto a predictive whole body
model. Our Wrapping approach to intelligent inte-
gration can be used to organize and manage the in-
tegration of these models, both initially and after de-
ployment, retaining the flexibility in the infrastruc-
ture to allow modelsto be changed aswe learn more,
and to alow different kinds of modelsto beincorpo-
rated as other kinds of physiological prediction ques-
tions arise.

Our Wrapping approach can also be used to im-
prove the physiological component models, since
improved flexibility in modeling means:

e more models can be examined,



e aternative hypotheses can be compared,
¢ individualized models can be developed, and

e models can be used with and compared to di-
verse real-time measurements.

Our background for this development is as part of
The Aerospace Corporation, the FFRDC for military
space, and in particular, in the Aerospace Integra-
tion Science Center, with many years of experience
in developing theoretical methods for practical inte-
gration of Constructed Complex Systems.

Historically, space systems are among the most com-
plex engineered systems that human societies build
that work (at least they amost always work). They
are huge: they involve hundreds of organizations,
thousands of people, tens of thousands of compo-
nents, millions of lines of code. They are distributed
around the world, on the ground and in space. They
take years to develop, and are expected last for
decades. It isremarkable that they can be built at all.
The main technical problem for usis how they can
be devel oped systematically and reliably, (relatively)
inexpensively and (more) safely.

The Aerospace | ntegration Science Center has devel -
oped a Knowledge-based approach to integration in-
frastructure for software and model integration prob-
lems that is intended to address problems of this
scale. We called it the Wrapping approach when we
first demonstrated the ideas in the late 1980's [14]
[16] [3], and it has become a well-studied mecha-
nism for complex or otherwise difficult integration
projects[19] [26].

Our experience is that the study of the process of
integration as a subject in itself is essential for the
success of thiskind of integration project [7] [8] [9]

[27].

Wrapping is an active integration mechanism (that
is, running in parallel with the application domain
computations), designed originally to handle large-
scale model development systems, such as the VE-
HICLES system for the Conceptual Design of space
systems, with hundreds of computational models, in-
cluding simulations, evaluations, comparisons, hy-

pothesis testing, optimizations, and graphical user
interfaces [4] [5].

Moreover, any integrated modeling system that isde-
ployed has some stringent autonomy requirements,
and we have shown that Wrapping-based systemsare
well-suited to autonomous operation [22] [25].

3 Challengesof Physiological Model In-
tegration

Constructing effective modelsishard in any applica-
tion domain. Making different models interact use-
fully is aso hard.

The modeling process (in general) consists of five
steps:

e identify components and functionalities (the
phenomena of interest);

e choose a formal or computational space (the
model space);

e map the phenomena of interest into the model
Space;

e perform the derivations or computations im-
plied by the analysis questions,

e map the results back into the phenomena;

and presumably, the mapped results imply interest-
ing or important or unexpected properties of the phe-
nomena of interest. It should be noted that we are
considering only digital models, that is, we are de-
scribing the phenomenon, not constructing a physi-
cal analog of it. Other kinds of modeling are possi-
ble, but we do not think they will be as useful for this
application.

There is enough difficulty in the case at hand, since
even the basic physiological components and prop-
erties are not always clear, and the interactions are
sometimes completely surprising. We would like to
make the development and use of integrated models
effective enough to help us study the possibilities.



There are also pervasive component interactions.
Physiological phenomena do not seem to have any
simple boundaries, and this fact is the most impor-
tant difference to remember between these systems
and engineered systems.

Another difficulty is that there are many kinds of
behavior modulation (in which small changes cause
large effects), and that many of these magnifications
are part of complex regulatory mechanisms that re-
duce or eliminate the possibility of injurious chaotic
dynamics.

In the overall development initiative, multiple phys-
iologica component models are being developed,
with differing assumptions and limitations, some-
what differing modeling mechanisms, and even dif-
fering time and space scale (level of detail) and scope
(extent). The basic problem is to combine these
models usefully.

Of course, some integrated models do aready ex-
ist, but their integration scaffolding is gone. A well-
known example is Guyton’s model of the dynamics
of the cardiovascular system (see [11] for a discus-
sion of the physiology involved, and references there
to various incarnations of the model definition).

All components of this model use the same math-
ematical formalism: coupled differential equations.
There are a few identifiable components, but they
have very permeable boundaries, with different
kinds of interactions.

Because the physiological behavior of this system
depends on chemical activities, thismodel treats in-
teractions at avery detailed biochemical scale. There
do not seem to be any sufficiently useful computa-
tional abstractions of these interactions, since none
of the interfaces is simple enough for the abstrac-
tions to reflect enough of the complexity of behav-
ior. This difficulty is the main one faced by mod-
els of biological phenomena, and tends to drive the
models to ever-increasing detail. This extra detail is
not just unnecessary; it is detrimental to the accuracy
of the model unless the model parameters are accu-
rately known.

4 Our Approach to Model Integration

We start with a list of modeling principles that are
important for integration in Constructed Complex
Systems, which are heterogeneous or distributed sys-
tems managed or mediated by software. It should be
noted that, while the physiology of humansis not a
Constructed Complex System, we expect any kind of
integrated modeling system to be one.

4.1 Modeling Systemsand Principles

NO one model, modeling method, or even modeling
notation suffices for understanding a complex sys-
tem. There will not be a single model or simulation
that can answer al questions. In particular, differ-
ent modeling mechanisms will be more appropriate
for different components, even in the same combined
model. We believe that thisdiversity is necessary for
all complex system modeling [10] [2] [33].

Even when the mechanisms are al the same, inte-
gration meta-knowledge is extremely useful, for a
simple reason. If we learn anything from our mod-
els, then we will want to change those models, and
if we do not have that meta-knowledge, then chang-
ing part of amodel is much more difficult. Different
component models provide different information in
acombined model, or they play different rolesin the
combined model, and keeping track of those differ-
ences is important. We seldom change all compo-
nents together. We need the integration scaffolding
to help understand what to change, and to record the
changes and their reasons.

Another point to be emphasized again is that the
most detailed model is not always the most appropri-
atemodel [17]. In particular, different analysis ques-
tions often need different levels of detail in the mod-
els. Otherwise, if too detailed a model is used, data
needs to be made up to fill in the excess details, and
the effects of thoseinventionsis very seldom studied
using the models.



4.2 Physiological Modeling Systems

We assume that the models describe component be-
havior using various mathematical or computational
notations. These notations can be compiled together
into a code to be run later, or interpreted directly.

Most of the physiological model systems that we
have seen use differential equations, and too many of
them embed the differential equation solver into the
eguations, so that changes are therefore expressed as
delta time updates. In our opinion, it is much bet-
ter to leave the equationsin their original differential
form, since appropriate and accurate solvers can be
selected automatically. There is a lot known about
criteriafor thiskind of algorithm selection [30] [32].

Different kinds of analysis need models at different
levels of detail. Different hypotheses about the un-
derlying phenomena mean that there will be alterna-
tive models of the same component and combination
models.

Most of these combined systems are described as
monolithic wholes. They have removed the scaf-
folding of knowledge that was used to put the pieces
together. Our experience is that this knowledge is
essential for understanding the model and how the
pieces fit together, and especially important for un-
derstanding how to make changes. In addition, re-
taining this knowledge explicitly in the system itself
isthe only way that the system itself can be used to
help make integration choices.

5 Wrapping for Complex Mode Inte-
gration

In this Section, we describe very briefly our Wrap-
ping approach to model integration. There are many
references to the details [19] [23] [26] [28]. We
are focussed on the software architecture for integra-
tion of the physiological component models and the
available measurements into a whole body model.

The Wrapping approach is a Knowledge-based inte-
gration mechanism that we have developed for in-

tegration in Constructed Complex Systems. It is
based on two key, complementary elements: (1) ex-
plicit, machine-interpretable descriptions of all soft-
ware, hardware, and other computational resources
in asystem, and (2) active integration processes that
select, adapt, and combine these resourcesfor partic-
ular problems.

We have shown its wide applicability in software
and system development [19] [24]. The approach
complements existing standards, such as HLA and
CORBA, and provides additional context and se-
mantic information.

5.1 Problem Posing

We begin with an important change of attitudein sys-
tem design and implementation that we have called
the “Problem Posing” interpretation of programs
[20] [21]. It is a declarative interpretation that can
be applied to any programming or design language,
and we believe that it affords a clearer way to in-
terpret the expressions of al programs. The basic
ideaisto consider the code that usually gets written
as defining a “resource” that provides some kind of
“information service” in response to a “posed prob-
lem”, and then keep the problems available in the
code along with the solutions. This separation of
clients from servers has become interesting and use-
ful in larger units (clients and servers are typically
entire programs), but we believe that it is important
alsofor smaller units, asfar downasonewanttogan
the associated flexibilities.

Thus, programs interpreted in this style do not “ call
functions’, “issue commands’, “assert constraints”’,
or “send messages’; they “pose problems’ (these are
information service requests). Program fragments
are not written as“functions’, “modules’, “clauses’,
or “objects’ that do things; they are written as “re-
sources’ that can be “applied” to problems (these are
information service providers).

The Problem Posing interpretation is particularly ef-
fective in combination with “Wrappings’, our com-
putationally reflective knowledge-based approach to



integration infrastructure and the development, inte-
gration, and management of heterogeneous comput-
ing systems, which we describe next.

5.2 Wrapping Overview

Wrapping is based on making all the computational
processing elements explicit, including al of thein-
formation and all of the processing of that informa-
tion. Thereis:

e machine-interpretable information (in the
Wrappings or Wrapping Knowledge Bases)
about the uses of all computational resources,
and

e aset of active integration processes (the Prob-
lem Managers) that interpret the Wrapping in-
formation to implement the Intelligent User
Support functions[3]:

— Discover: which resource(s) are appropri-
ate

— Select: which resource to use

— Assemble: syntax (data)

— Integrate: semantics (information)

— Adapt: control parameters, switches, etc.

— Explain: why a resource was or was not
used

— Bvaluate: the result of the use of the re-
source

The computational resources include the domain
models, their interpreters and other processing el-
ements, any reference data files, measurement
sources, auxiliary or utility functions (such as dif-
ferential equation solvers or optimizers, databases or
graphical user interfaces), interconnection architec-
tures, and every other element that provides an in-
formation service, to a user or to other resources in
the system.

The Wrappings describe not only how to use a re-
source (which is about getting the right bits to the

right place in the right format, which is what we
mean by Assembly), but also more qualitative infor-
mation about when, whether, and why it is appropri-
ate to use the resource for the current problem in the
current context (which is much more about the se-
mantics of the resource use, whichiswhat wecall In-
tegration). Thisinformation is collected into knowl-
edge bases for analysis by the Problem Managers.

The Problem Managers map posed problemsinto re-
source applications in a very flexible way, based on
context and mediated by the Wrapping Knowledge
Bases (Knowledge-Based Polymorphism). They use
the Wrapping descriptions to determine which re-
sources to use, how to combine them, and how to
organize the system’s computational resourcesin re-
sponse to problems posed to it by users (who can be
either computing systems or humans). Wrappings
are therefore a very general way of allowing many
methods to co-exist, and using specialized methods
for planning, integration, monitoring, and analysisin
their appropriate context.

Part of the key to this flexibility is the Problem
Posing interpretation described above, which allows
much more information than is usually available to
be taken into account in the computational resource
selection process. It goes beyond the usua sep-
aration of interface (what to do) and implementa
tion (how to do what is to be done) in the object-
oriented paradigm, by separating the posed prob-
lem (what needs to be addressed) from the resource
that can address it (what to do to provide what is
needed). This separation keeps the posed problems
in the models, where they can be analyzed by the
Problem Managers, so that different resources can
be used in different contexts. Thisis analogousto a
kind of problem- and context-dependent invocation,
with the Wrapping Knowledge-Bases providing the
indirection rules.

This very flexible infrastructure can be used to con-
struct executable codes from model specifications,
so that the overhead is entirely contained in compile
time.



5.3 Wrapping Description

In this Subsection, we describe Wrappingsin alittle
more detail. The Wrapping theory has four essential
properties, that underlie its simplicity and power:

1. ALL parts of a system architecture, at al lev-
els of detail, are resources that provide an in-
formation service, including programs, data,
user interfaces, infrastructure services, archi-
tecture and interconnection models, and every-
thing el se (implementorschoose alevel of detall
below which they do not want to decompose the
Services).

2. ALL activitiesin the system are problem study,
(i.e., al activities apply a resource to a posed
problem), including computations, user interac-
tions, information requests and announcements
within the system, service or processing re-
guests, etc. (implementors choose a level of
detail below which they do not want to decom-
pose the activities). We therefore specifically
separate the problem to be studied from the re-
sources that might studly it.

3. Wrapping Knowledge Bases (or WKBs) con-
tain Wrappings, which are explicit machine-
interpretable descriptions of all of the resources
and how they can be applied to problems to
support what we have called the Intelligent
User Support (IUS) functions [3] (as described
above). Wrappings contain much more than
“how” to use aresource. They also provide in-
formation to help decide “when” it is appropri-
ate, “why” it might be theright one for the prob-
lem, and “whether” it can be used in this current
problem and context.

4. Problem Managers (PMs), including the Study
Managers(SMIs) and the Coordination Manager
(CM), are algorithms that use the Wrapping de-
scriptions to collect and select resources to ap-
ply to problems. Making these infrastructure
resources also explicit is one key to the flexi-
bility afforded in Wrapping systems. They use
implicit invocation, both context and problem

dependent, to choose and organize resources.
The PMs are also resources, and they are also
Wrapped. Thisfeature isthe other key.

Thus, a system built with Wrappings uses what
we have called Knowledge-Based Polymor phism to
connect the problems to appropriate resources. It
is therefore an example of the Problem Posing
Paradigm.

A Wrapping is not simply a coded interface “to” a
resource, the way the usual “Wrappers’ are; it is a
conceptual interface to the “use” of aresource, for a
particular problem in a particular context (the selec-
tion of the appropriate resource to apply for a given
problem in a given context is a kind of case-based
reasoning [13]). Thisinformation is used to gener-
ate the appropriate Wrapper interfaces on the fly. We
Wrap “uses’ of resources instead of resourcesin and
of themselves, since many analysistools have grown
by accretion over the years, and common ways to
use them have developed their own style. This non-
correspondence is one of the important normalizing
features of Wrapping, since it allows the uses of re-
sources to be much more ssimply described than try-
ing to describe the entire resource at once.

Because all of the resources are Wrapped, including
the Wrapping processes, the system is Computation-
aly Reflective [1] [29] [12] [18], which means that
it has an interpretable model of itself. This ability
of the system to examineits own behavior, including
current and expected future behavior, also has many
interesting and important consequences. In particu-
lar, the system has no privileged resources, since any
part of it, including the basic infrastructure resources
(such as the Problem Managers), can be selected and
replaced using the same processes. It is this abil-
ity of the system to analyze and modify its own be-
havior, at whatever level of detall is important (and
that was defined by the implementor’s choice of re-
sources and Wrappings) that provides the power and
flexibility of resource use.

The Wrappings are not actually code surrounding a
given software resource, as one might imagine vari-
ous intelligent front-end programs are. Instead, the
Wrappings are collected into one or potentially sev-



eral knowledge bases, called Wrapping Knowledge
Bases (WKBSs), which alows developers to test this
meta-knowledge with known static methodsfor eval-
uation of knowledge bases [2] [15] [6] [18] [24]..

Along with this change of attitude, we have defined
asemantically neutral expression notation for Wrap-
pings. The basic expressive notion of Wrapping is
the “posed problem”, and the basic computational
component isthe “resource’. They are connected by
the “Wrappings’, which consist of processes and as-
sociated knowledge bases that convert a posed prob-
lem into coordinated collections of resources that
can address the problem. We have developed this
notion into the wrex notation, which extends the ap-
plicability of Wrapping al the way down to the data
access and expression evaluation level of detail. We
call wrex semantically neutral because the seman-
tics of any given expression is completely defined
by the collection of resources available to the system
when that expression is evaluated. It allows a sys-
tem builder to write semantically neutral code, thus
avoiding language design tyranny [31], and which is
then activated by means of the resources provided.
Of course, it also leads to some interesting and dif-
ficult problems in semantic specification. The prob-
lems are not new; they are the “ self-modifying code”
problem, writ large, but we know that they can be
solved in many special cases[28].

5.4 Advantages of Wrapping for Inte-
gration

Systems described using Wrappings have explicit
meta-knowledge about the uses of the avail able com-
putational resources, that can be prepared and stud-
ied independently of model execution. Other pro-
grams can perform other kinds of computations on
this meta-knowledge (for example, for model verifi-
cation and validation as described above).

Model assumptions and conventions can be recorded
and retained, and therefore their effects can be more
easily identified. In order to build combined models,
component model s can be automatically matched by
level of detail and assumptions, so that multiple al-

ternative hypotheses can be studied.

Overlapping models can be used, with compatibil-
ity interface models. Thisisuseful when component
models have parts that represent other components
(at lower levels of detail). These models can still be
integrated, as long as there is an appropriate map-
ping of activity between the different models of the
same components (as monitored and / or enforced by
another resource provided by the modelers).

Individualized models can be selected and adapted
according to context (adaptation models are needed),
and used with or compared to real-time measure-
ments.

The Wrapping infrastructure is inherently dis
tributed, and can use any transport mechanism.

Finally, all of this flexibility can be compiled out so
there is essentially no run-time cost [20].

5.5 Wrapping-Based Modeling System

A Wrapping-Based modeling system is a collection
of component and interaction models, in various
formal or computational notations, a collection of
computational utilities and databases that are used
in conjunction with those models, a collection of
Wrapping Knowledge bases containing Wrappings
of those models, and a collection of Problem Man-
agers.

Each model Wrapping includes careful descriptions
of assumptions and applicability, limitations and
other constraints, styles and conventions of use
(many model failures occur when they are used out
of their range of applicability, or outside the scope of
their assumptions).

Many kinds of analysis programs can be written and
used as utilities, once there are resources supplied
that interpret the various model notations.

Programs can read interaction models, collect appro-
priate component models, and compile al of them
into a model program to run later. Such model pro-
grams can be run with a graphical user interface for



selecting input parameters and output displays, and
monitoring the dynamic behavior of the models.

Programs can compare the different levels of detail
available, and determine that component models at
some levels of detail are missing (that is, the system
itself can not only help the devel opers useit, but also
help them develop it in the first place or extend it
later on).

Programs can compare two different models of the
same component at different levelsof detail for com-
patibility or approximate consistency (according to
supplied resources that implement the appropriate
criteria).

It is a fundamental tenet of this approach that there
are no privileged resources anywhere in the system.
The Wrapping Knowledge Base interpreters (and
therefore the Knowledge base formats used) can be
partially replaced, the Problem Managers (and there-
fore the notations in which they are written) can be
superseded, and specific planning methods that ap-
ply only in constrained contexts can be used, along-
side of the usual ones supplied in the default Wrap-
ping core (as long as their criteriafor use are speci-
fied).

The cost of this flexibility and power is that the
system developers need to find or write these re-
sources, describe their appropriate context of use in
the system, and provide interpreters for the notations
used. Of course, this is true whatever kind of in-
tegration mechanism is used, and the advantage of
using Wrappings is that the use criteria, design deci-
sions,and notation interpreters remain in the system
for later perusal and analysis, modification and ex-
planation.

The use of Wrappings also does not solve the prob-
lem of inconsistent assumptions in the component
models. As above, this inconsistency problem may
occur no matter what kind of integration is used, but
the Wrapping approach allows those assumptions to
be made explicit, where they and their effects can be
examined, compared, and changed when necessary.

6 Conclusions and Prospects

We have described Wrappings very briefly in this
paper, and argued that it will be a useful approach
for developing integrated physiological models. The
rest of this Section has a description of our assess-
ment of the prospects for this kind of model integra-
tion problem.

Thefirst point to makeisthat our discussion is about
integration of models, not about making individ-
ual physiologica significant models. The process
of (physiological) modeling is hard and will remain
hard. What Wrappings offersto the modelersand the
modeling community is a framework for simplify-
ing the integration compromises of individual mod-
els by making them all explicit and analyzable, and
amechanism for allowing them all to work together
in a managed context without requiring all of thein-
teracting models to use exactly the same modeling
style (there are, of course, some careful considera-
tions required for the interactions across styles, but
again, the use of Wrappings provides a way to make
those considerations explicit and the resulting inter-
faces systematic and repeatable).

Our claim is that many physiological models will
benefit from the “ Software Disintegration” required
to prepare them for a Wrapping-based system. In or-
der to understand the models, their assumptions and
limitations, their roles in a combined model and the
information services they provide, and the relevant
time and space scales, all must be made explicit for
analysis, no matter what model integration mecha-
nism is used. Wrappings allows al of this knowl-
edge to be retained in the system for use by run-time
or other analysis programs.
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