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Abstract

This paper describes a framework, called QUMFE
(Qualitative Compartmental Modeling Frame-
work), which assists the user i formulating mod-
els of a physical system and in analyzing their be-
haviors through the simulation of the effects of a
variety of différent perturbations of the system.
QCMF has adopted the compartmental theory as
modeling ontology: a system is represented as a
finite set of interacting compartments. The user
enters, through an iconic language and menus, the
compartmental structure of a physical system and
defines the kinds of functional relationships de-
scribing the interactions between compartments.
Then, QCMF automatically generates a behavior
model of the system. Such a model consists of
a set of ordinary differential equations, which are
currently qualitatively expressed, and is directly
coded into the language (QSIM) which 1s inter-
preted by the simulation algorithm. The system
behavior can be obtained by simulating the model
starting from an nitial state which describes the
perturbations acting on the system. The code
defining the initial state is automatically built by
QCMF as well. Finally, explanations of the pre-
dicted behavior are also automatically generated.
Moreover, QCMF is capable to build and to main-
tain a library of models for a given system.

Keywords: Mathematical modeling, qualitative
modeling, qualitative simulation, compartmental
theory, graphical mterface.

Introduction
System dynamics modeling is a powerful tool for rea-
soning about physical systems. Model-based reason-
ing goes through different stages: first, model formula-
tion and generation, then prediction and explanation
of the system behavior. Model formulation, that is the
definition of the relations between model variables, re-
quires the expert’s domain knowledge as well as-a large

*A more complete version of this paper will appear in
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body of domain independent knowledge. This includes
mathematical concepts and fundamental principles of
physics.  Moreover, in order to be computationally
tractable, the formulated model needs to be manip-
ulated so that it can be represented through the lan-
guage required by the adopted simulation algorithm.
This part of the modeling process, called model gen-
eration, is strictly domain independent and has been
proved to represent a heavy and time-consuming ac-
tivity. In fact, although today available simulation
languages are more user-friendly than standard pro-
gramming languages, they still require precise syntax
and semantics. A good knowledge of the simulation
algorithim is also necessary for interpreting the simula-
tion results. Hence, the need derives for building tools
that have the necessary methodological knowledge for
assisting the user in the model formulation phase, and
for automatically executing the generation, siimulation
and explanation steps.

This paper describes a [ramework, called QCMF
{Qualitative Compartmental Modeling Framework),
for assisting the user in the process of model build-
ing (i.e., model formulation and generation) and sim-
ulation. The chosen modeling ontology is the com-
partmental one: a system is viewed as a finite set of
compartments which interact by exchanging or trans-
forming material. Flows through the system are repre-
sented as transfers from one compartment to another.
Compartmental modeling can be properly exploited for
the formal description of the dynamics of chemical re-
actions and material transfer processes. Although its
most common application remains bio-medical science,
its use has spread to other domains such as ecology, epi-
demiology, hydrology as well as chemical engineering.

QCMF includes knowledge of the theory of com-
partimental systems (Atkins, 1974), while the domain
ontology, that is the decomposition of a specific sys-
tem into compartments and the network of interac-
tions between these, is entered by the user through an
iconic language. A representation of the compartmen-
tal topology in a given systen s called structure model,
whereas the set of representations of the behaviors of
cach compartment, namely a set of Ordinary Differen-



tial Equations (ODE) based on the mass balance law,

defines a behavior model of the given structure. Within

QCMF, a system model is represented by a behavior

model associated with an initial state which describes

the perturbations acting on a structure model.

Although our long-term goal aims at building a
framework capable to execute the tasks of generat-
ing and simulating both quantitative and qualitative
models, this paper deals only with qualitative models.
Nevertheless, a quantitative formulation can be easily
derived from the structure model by symbolically ma-
nipulating the acquired knowledge in order to simplify
the process of writing the set of ODEs, and by map-
ping the behavior model into its corresponding numer-
ical one according to the selected numerical simulation
algorithm. Similar facilities are now provided by the
most recent release of SAAM (SAAM, 1993), which
could supplement QCMF with quantitative compart-
mental modelling tools.

QCMEF embeds all the needed methodological knowl-
edge, and therefore allows the user to go through the
different modeling phases very easily:

1. A structure model is entered through a user-friendly
graphical interface;

2. The behavior model is formulated by performing an
automatic analysis of the given structure, and by
acquiring information about functional relationships
between variables;

3. The behavior model is automatically generated in
the QSIM code (Kuipers, 1986);

4. The initial state corresponding to either single or
multiple perturbations acting on the system is auto-
matically generated in the QSIM code;
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The system model is simulated in order to predict
the effects caused by the considered perturbations;

6. A causal explanation of the simulated results, in
addition to the graphical representation given by
QSIM, 15 automatically generated.

The choice of QSIM among the several proposed ap-
proaches (Bobrow, 1984; Weld and De Kleer, 1990) to
qualitative modeling is due to the fact that it seeins
to offer the most suitable formalism to represent the
dynamics of processes whose behavior can be quantita-
tively described by ODEs (Nuipers and Kassirer, 1985,
Kuipers, 1989).

Let us observe that each system can be described
by several models, each of them providing a descrip-
tion at a different level of detail. This means that,
according to the available knowledge and the purpose
of model building, a system can be decomposed in
different ways and different assumptions on the func-
tional relationships between variables can be explored.
Hence the need for building a library of models for a
given system, where different entities composing mod-
els are represented through frames, and the whole set
of frames is organized into a hierarchical structure.

The problem of automatically selecting within the li-
brary the appropriate model for a specific goal is cru-
cial in model-based reasoning (Addanki et al, 1991;
Falkenhaier and Forbus, 1991; Iwasaki, 1992; Nayak e
al., 1991; Weld, 1990), and will be considered in the
future work.

QCMTF, which has a practical value as a stand-alone
system, could also be viewed as an acquisition tool of
knowledge represented through system models. The
availability of a library of models allows a Knowledge-
Based System (KBS) to reason exploiting deep knowl-
edge, so enhancing its problem solving ability.

This paper 1s organized as follows: after a brief in-
troduction to compartmental theory, the next sections
deal with an overview of QCMF. The user-QCMF in-
teraction in model formulation, generation and simu-
lation phases 1s illustrated through an example taken
from the medical domain. Finally, the major strenghts
and limits of this work are discussed.

Compartmental modeling

A compartment is fundamentally an idealized store of
a substance, homogeneously distributed: if a substance
1s present in a physical system in several forms or loca-
tions and passes from one form or location to another,
then each form or location constitutes a separate com-
partment for that substance. It should be noted that
different compartiments can coexist in the same loca-
tion of a system and that the compartments do not al-
ways correspond to physically identifiable components.

Such modeling technique is applicable when the
study concerns the flow of some substance through the
system. In such models, the flow through the system
is represented as transfers from one compartment to
another. The structure model, that is the system’s de-
composition and the network of interactions between
compartments, is usually displayed by means of a com-
partmental diagram. Decomposing a system into com-
partments leads directly to its behavior, namely a set
of equations based on the mass balance law. The state
variables of the system, which are denoted by z;(1),
represent the concentration or amount of substance in
the i—th compartiment which exchanges matter with
other compartments or the external environment at
time t. The rate of change of x; 1s obtained by the
equation:
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where 2; denotes the time derivative of xy; fi; and fj;
denote flow variables, that is the rates of mass transfer
mto the 1 — th compartment from the j — th compart-
ment and into the j — th compartment from the i — th
compartiment, respectively. (The compartment 0 de-
notes the external environment). In general, the flow
of material depends on the quantity or concentration




of material in the source compartment and may also
be controlled by the quantity or concentration in some
other compartments, that is:
fij = fij(eg 2,20, .0)

where x;, 2, Zp,,.. denote the state variable of the
source compartment and the variables which control
fij, respectively. The dependency of a flow variable on
state variables can be either linear or non-linear. Both
state and flow variables are always non-negative.

In order to formulate the behavior model, the func-
tional dependencies of each flow fi; on 2; in (1) must
be expressed. The nature of these functional depen-
dencies will vary according to the system under inves-
tigation and will be suggested either by observing the
real system behavior or by the available knowledge.

Overview of QCMF

QCMF is a tool which integrates the steps necessary
to reason about a system behavior: model building,
model simulation, and results explanation. The inter-
est for automating such processes has recently arisen,
and a number of methods has been proposed by several
researchers {e.g. (Addanki et al, 1991; Falkenhaier
and Forbus, 1991; Iwasaki, 1992; Nayak et al, 1991;
Weld, 1990; Capelo et al., 1993; Crawford et al., 1992;
Low and Iwasaki, 1992)).

Fig. 1 gives an overview of QCMF’s modules . It is
menu-driven and its major components are the GIEN-
ERATE, SIMULATE, EXPLAIN and BROWSE mod-
ules.

The GENERATE module helps (1) the user in en-
tering both the compartmental structure and the as-
sumptions about the functional relationships between
variables; (2) then, it automatically analyzes the struc-
ture in order to (3) write down the model equations
imto the QSIM language.

The so generated qualitative model is given as input
to the SIMULATE module. This module (1) manages
the information entered by the user about the pertur-
bations acting on the system; (2) it updates, if needed,
the behavior model; (3) it automatically generates the
nitial state in the QSIM language; (4) it predicts, by
stmulating the model, the possible behaviors of the sys-
tem which are presented to the user in a graphical form.
The analysis of such an outcome can suggest a model
revision of either the structure and behavior model or
the initial state.

The user 1s allowed to request a causal explanation
of the predicted behaviors. The EXPLAIN module has
access to all the information about the system model
and to the predicted behavior to be explained in order
to generate a causal chain describing the system transi-
tion from one state to another. To this end, it exploits:
(1) the structure mqdel as a causal graph where the ef-
fects of a change propagate following the paths in the
model topology, (2) the behavior model to detect the
‘primary’ causes of the change, and (3) knowledge of
the QSIM algorithm, namely the transition rules, to
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Figure 1: Overview of QCMF’s modules. Information
entered by the user are explicitely indicated by arrows.
Rectangules indicate tasks automatically executed by
the system
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Figure 2: The hierarchical structure of the library of
models

identify which changes occur from one system state to
its successor.

Moreover, the GENERATE and SIMULATE mod-
ules organize and maintain a library of models which
can be efficiently retrieved and used by a KBS for a
given goal. Each model M can be identified with the
tuple (PS, S, B, I), where PS denotes a physical sys-
tem which has been modeled by specilying for cach
considered structure model () different behavior mod-
els (B), each one requiring the definition of the con-
sidered perturbations (/). All these entities are repre-
sented by frames which are hierarchically organized in
a tree structure as shown in Fig. 2. Any branch of the
tree represents a different model M of PS5 It may repre-
sent either a different level of abstraction (i.e., different
structure model), or a different theory (i.e., different
behavior model), or different working conditions (i.e.,
different perturbation). Thus, each piece of knowledge
entered by the user during her interaction with QCMF
fills a slot of a suitable frame of the model compo-
nents hierarchy shown in Fig. 2. This view makes
clear which different models have been built for rep-
resenting the available knowledge. This organization
is useful on one side to QCMF to correctly access the
model hibrary, and on the other side to the user to
caslly examine the assumptions made in building the
models. The latter of these operations is performed
by the BROWSE module, which provides facilities to
visualize to the user all the information stored in the
library.

Model formulation and generation

Two different sub-modules, which can be selected
through a sub-menu associated with the GENERATE
button, deal separately with the structure and behav-
ior model.

Structure model

The structure model consists of information about the
decomposition of the system into compartments, and
about the network of interactions between compart-
ments and external environment.

A user-friendly graphical interface allows the user to
enter the definition of the structure model and/or to
edit a previously defined structure. Each object of the
structure, 1.e. compartments, flows, controls, must be
defined by the user according to the available knowl-
edge. Each object is represented through an icon, and
1s entered by the user by clicking the corresponding
button. According to the selected object, further in-
formation must be entered by the user. Namely, it is
required to specify:

e for a compartment, the name of the substance it con-
tains, and the position on the input/output graphi-
cal window;

e for a flow, the connections between compartments
and the exchanges with the environment, i.e. which
compartment the flow s leaving from to reach an-
other compartment or the environment, and which
compartment the flow is entering from another com-
partment or from the environment;

e for a control, the controlling variable and the con-
trolled flow.

bach compartment is automatically labeled with a
number, and the flows are automatically labeled tak-
g into account their direction. This facilitates the
model formulation process since the direction of each
flow can be easily identified, as well as the model vari-
ables. Thus, writing the equations in the behavior
model generation phase is straightforward. All input
operations are guided: they mostly occur through ei-
ther menu and/or the selection of compartments.

The components of the structure are recorded as val-
ues of slots of the structure frame that the user can
modify at any time during the generation phase. The
values associated with the compartment, flow and con-
trol attributes/slots are respectively the list of the com-
partment number labels with their respective dubbed
names, the list of the flows, and the list of the control-
ling compartment number labels with their respective
controlled flows. Moreover, information about the sys-
termn which the structure is related to and the list of its
associated behavior models have to be recorded into
slots of the structure frame in order to suitably locate
the structure within the library of models. Therefore,
the structure frame is described by five slots, namely
physical-system, behaviors, compartments, flows and
controls.

In order to draw a clear and nice view of the com-
partmental diagram, functions looking for the mini-
mal connection path of two compartments, and avoid-
ing the overlapping of objects have been implemented.
Graphical editing facilities are available to the user
in order to modify a structure: compartments, flows




and controls can be deleted. The system updates the
structure frame and all related lists and the compart-
mental diagram, that is the compartments and flows
are relabeled. The structure model can be stored, and
then retrieved, through the frame and lists containing
graphical information. However, the saving operation
is performed only after an automatic debugging of the
introduced structure ensures that it is an acceptable
compartmental structure, t.e. all compartments are in
some way connected among themselves.

Behavior model

The formulation of the behavior model of a given struc-
ture requires to specify the variables, the functional re-
lationships between variables, and then to write down
the differential equation (1) for each compartment.

The identification of all the relevant variables is au-
tomatically performed by QCMF by exploiting the in-
formation represented in the structure: the number of
compartments allows us to 1dentify the state variables
x;, and their time derivative variables z;; the flow slot
permits the identification of the flow variables f;;, and
for each of them to state if it is a leaving or entering
flow, and consequently its dependency on the variable
z;. The possible dependency of f;; on other variables
can be derived by reading the content of the control
slot. In the case of controlled flows, the multi-valued
functional dependencies between flow and state vari-
ables are expressed as sum or product of single-valued
functions. These functions, which actually are aux-
iliary variables, are automatically dubbed and intro-
duced into the list of variables. Then, the initial quan-
tity spaces L; must be specified for each variable. First,
the sets L, associated with the flow and state variables
are instantiated to (0 INF) for the non-negativity prop-
erty of these variables, whereas the sets L; associated
with the variables @; are instantiated to (MINF 0 INF),
where MINF and INF in the QSIM notation mean —oo
and +oo, respectively. As soon as further information
about the system is provided by the user, the sets L,
are updated by inserting new landmarks values. The
order relation of the new landimarks with respect to the
previously defined ones is stated by the user, through
menus, on the basis of her knowledge.

In addition to update the quantity space associated
with each variable, and to translate into the QSIM
language the relationships between variables, QUMFE
derives automatically for each compartment the differ-
ential equation which describes the dynamics of the
contained substance. First, for each compartment, all
entering and leaving flows must be identified so that
the corresponding mass balance equation (1) can be
written. Moreover, the analysis of the compartmen-

tal diagram allows us to identify particular features of

the structure, and to write further equations describing
global properties of the system (for example, the mass
conservation law for closed structure). The translation
into the QSIM qualitative constraints is straightfor-

ward in most cases. However, since QSIM constraint
operators are relations and not functions, the syntax
does not allow nesting of constraints to create com-
plex expressions. In such cases, QCMF introduces a
variable, which has no physical meaning, to represent.
intermediate results. In the following, the variables
x;, fij, ¢; are denoted by Xi, Fij, DXi, respectively,
when they are instantiated by QCMF. The kind of rela-
tionship between variables is suggested by the specific
domain knowledge: therefore, it is entered by the user
who 1s helped in this operation by a menu. The allowed
kinds of relationships allow the user to describe quali-
tatively a wide set of functional dependencies between
variables in terms of their regions of monotonicity.

Information about the behavior model is stored into
a frame, which 1s represented by five slots, namely
physical-system, structure, perturbations, flows and
controlled-flows. The first three slots store all the in-
formation needed for identifying, in the hierarchical
tree structure of the model library, the branch which
the behavior model belongs to, and its possible associ-
ated branches. Their values correspond, respectively,
to the names of the physical system and the structure
which the behavior is related to, and to the list of its
associated perturbations. The flows and controlled-
flows slots allow us to characterize a behavior model of
an underlying structure, that is they give information
about the assumptions made on the functional rela-
tionships between flows and state variables. The val-
ues given to these slots are the list of flows, or auxiliary
variables defining flows, with their respective informa-
tion about the assumed type of relationship, and the
list of controlled flows with their associated kind of
algebraic operator which allows us to define the multi-
valued functional dependency of the flow on the state
variables.

Model simulation

The main task of the SIMULATE module deals with
the automatic generation of the initial state of the per-
turbed system directly i the QSIM code, ie. the au-
tomatic defimtion for each variable of its qualitative
value (qual) and its direction of change (¢dir). QUMFE
tries to build, starting from the values of the perturbed
variables, the initial state of the subset of system vari-
ables which guarantees the generation of a single com-
plete system state. Q(/Ml‘ builds the initial state of
the variables 2; and Knowing the state of such
variables is sufficient when the flow variables are not
controlled, otherwise the user may be asked to give
further informatiou, if any, about the state of the con-
trolled flows which, being the result of algebraic op-
erations between single valued functions, could be not
univocally determined. Such a partial initial state to-
gether with the behavior model are given as input to
QSIM, which determines its consistent completion by
propagating the state ahncs of the specified variables
through the constraints. The basic steps in the design



and implementation of the algorithm generating the
initial state are the following:

1. the user enters, through menus, the qualitative value
of one or more perturbed variables;

2. QCMF automatically identifies, by analyzing the be-
havior model, the variables which are linked to the
perturbed ones by functional relationships, and then
indirectly interested by the perturbation, and deter-
mines their gvals;

3. the sign of z; is calculated by exploiting the quval of
the variables fi; appearing in the equation which de-
fines &;. This allows us to determine the ¢dir of 2;,
and of all the flow variables linked by functional rela-
tionships to ;. Multiple perturbations are allowed.
Whenever, due to multiple perturbations, there is
ambiguity in defining the sign of &;, the user is asked
to state, according to the available knowledge, which
is the prevailing perturbation.

4. the gdirs of the variables 2; are determined by con-
sidering the gdirs of the related flow variables. When
a qdir can not be univocally determined, the user is
asked to select one on the basis of her knowledge.

Once the initial state has been defined, the user can
run a simulation by selecting the related option in the
SIMULATE menu or simply save the generated code.
Another task performed by the SAVE option is the
updating of the behavior frame and its associated per-
turbation frame within the library of models. The per-
turbation frameis described by four slots, three of them
identify the physical system, the structure and the be-
havior models the system perturbations refer to, and
the last one records the perturbed variables and their
associated perturbation.

The user 1s allowed to consider two different kinds
of scenario m defining the initial state. In one case,
the effects of perturbing a reference steady state of the
system can be simulated; in the other one, a tracer
kinetics can be analyzed. Although there is no con-
ceptual difference in building the initial state, two sub-
modules, which are selected through a sub-menu of the
SIMULATE button, deal separately with the different
scenarios. The main difference between the two sub-
modules concerns the interaction between the user and

QCMF.

Perturbation of the steady state

System models should describe how one or multiple
disturbances on a system cause the transition from its
normal state to an abnormal one. Then, such mod-
els are obtained by perturbing the normal state sup-
posed to be steady, i.e. by changing the qualitative
state of some variables, and possibly by introducing
either structural or behavioral changes in the model
describing the physical process during the GENERA-
TION phase. On the other hand, it is equally interest-
ing the simulation of the time evolution of the system

{from an abnormal steady state to a normal one, for
example , in a medical context, caused by a therapy.

In both cases, the initial state is defined by both the
reference steady state and the perturbed one. There-
fore, the first task executed by this sub-module is the
definition of the steady value of each variable. This
operation is performed automatically by QCMF when-
ever the quantity space of the variable defined in the
behavior model is (0 oo); otherwise the user is asked to
specify, through a menu, in which interval the steady
value of a variable lies. New landmarks representing
the steady values are added to their respective quantity
spaces in the behavior model by exploiting the func-
tional dependencies between variables, and new corre-
sponding values are added to the corresponding con-
straints. Then, the user must choose, always through
a menu, which variables are perturbed, whether their
value is greater or lower than the steady one, and pos-
sibly the ordinal relation with the other landmarks.
The options offered in the menus represent either the
variables that can be perturbed, i.e. state variables,
constant flows and fractional transfer rate coeflicients
which define linear flows, or the intervals where the
steady and the perturbed values can lie. As the sys-
tem is initially supposed to be in equilibrium, this
means that the gval of ; must be equal to zero, that is
the flows entering a compartment perfectly balance the
flows leaving the compartment. QCMF checks the con-
sistency of the specified steady values with the struc-
ture model.

Tracer kinetics

Compartmental modeling plays an important role in
describing both the distribution and metabolism of
either tracer labeled compounds or drugs. An ideal
tracer experiment consists in the application of a test
signal having negligible mass and behaving metabol-
ically exactly as the original substance to which is
added as a marker. A number of useful properties
emerge (Carson et al., 1983) from such hypotheses.
First, the tracer exhibits linear dynamics if the sys-
tem is In a constant steady state and irrespective of
whether or not the functional dependencies defining
the intercompartmental flows are linear. Furthermore,
these linear dynamics are time invariant. Qualitative
models of tracer kinetics can easily allow the user to
mvestigate the consequences of removing the hypoth-
esis of “small-signal perturbation” by considering non
linear functional dependencies.

In this scenario, the generation of the mitial state
could be seen as a particular case of the perturbation
of a steady state where the steady value of each vari-
able is assumed to be equal to zero (this means ab-
sence of tracer in all compartments), and there is a sin-
gle perturbation which corresponds to the introduction
of a tracer labeled compound into one compartiment.
However a specific sub-module has been implemented
mainly to manage in a suitable way the dialogue with




the user. Within this context, the variables represent
the concentration and transfer of the tracer substance.

The user must choose, through menus, both the com-
partment where the tracer is introduced and the kind of
input signal for the tracer. The input signal can be ei-
ther an impulse (injection experiment) or a step signal
(infusion experiment). QCMF verifies if the structure
model is consistent with the chosen input signal, that
is the absence or presence of a flow from the external
world to the compartment, respectively.

Behavior explanation

We consider explanations as presentation of informa-
tion that offer a meaningful interpretation of simu-
lation results, which describes, in a language that
is comprehensible by the user, how and why a be-
havior occurs. Thefore, the core of the EXPLAIN
module, which has been fully designed, but still un-
der development, deals with a method for generating
a causal interpretation of behaviors; more precisely,
given a succession of qualitative states describing a
simulated behavior, QCMYF identifies the cause-effect

links between variables in successive states. One of

the basic distinctions between the proposed different
approaches to the generation of causal explanations
of the system behaviors (De Kleer and Brown, 1986;
Iwasaki and Simon, 1986a; Iwasaki and Simon, 1986h;
Gautier and Gruber, 1993) is whether the relations or
constraints used in the model are directional or not. In
the former case, a causal account is simple to be ob-
tained because the values are propagated through the
directional constraints supplied by the model builder.
Alternatively, bidirectional constraints require causal
ordering techniques because they lack an explicit rep-
resentation of causality. The context in which the EX-
PLAIN module generates a causal account is limited to
compartmental modeling methodology in which rela-
tionships are directional. This allows us, given a bidi-
rectional QSIM model, to interpret the system’s be-
hiavior by combining simulation results and the knowl-
edge of the directional relationships expressed through
the compartmental diagram. In the transition from
a state (@S;) to its successor ((JSiq4y) one or more
variables will change qualitative state. This transition
from state Q5; to Q511 will be necessarily due to the
qdirs in state Q.S; describing the evolution occurring in
the system at time ¢;. This principle 1s the basis of the
algorithim underlying the EXPLAIN module because it
allows QUMF to causally concatenate the changes from
a state (o its successor: the algorithm when comparing
two successive states will single out those changes that
are a direct consequence of the directions of change
in @5; and will propagate the effects of these changes
through the directional constraints to account for the
remaining changes. Applied to a behavior chosen by
the user, this procedure is repeated beginning from the
initial state to the whole sequence of qualitative states
describing the behavior. The causal account we are

alming at arises from chaining the separate accounts
obtained for the successive transitions. The user will
be allowed to ask for causal explanations of either a
specific behavior of the system or the differences the
whole set of possible system behaviors exhibits. The
presentation of explanations are provided at different
level of details: first, the relevant events are presented,
and then, on the user request, more and more detailed
causal explanations for any change in the system vari-
ables are produced.

An example of application of QCMF to
the medical domain

The lack of methodological knowledge necessary for
building and simulating models has been a serious de-
terrent for physicians, much more than for expert in
other domains, from using system models in spite of
their great utility for reasoning about pathophysio-
logical systems.  As shown in (Ramoni et al.; 1992),
medical reasoning may be broken down into two dif-
ferent phases: first, initial information s exploited to
select candidate problem’s solutions (hypothesis selec-
tion phase), and then these solutions are used as start-
g conditions to forecast expected consequences that
should derive if adopted as final solutions (hypothe-
ses testing phase). Diseases represent the solutions of
diagnostic reasoning, 1.e. the search for the best ex-
planation of the current situation of a patient, while
treatments represent the solutions of a therapy plan-
ning problem, i.e. the search for the best action to
ameliorate a patient’s conditions. Structure and be-
havior models provide an essential knowledge repre-
sentation formalism for exploiting genuine pathophysi-
ological theories, when available, in the testing phase of
medical reasoning (Ironi et al., 1990): the consequences
of a selected solution can be obtained by simulating
a model of the considered pathophysiological process.
A disease can be modeled by changing the values of
some model variables, and possibly either the func-
tional relationships between variables or the structure
model with respect to the one describing the physio-
logical behavior. Thus, the model simulation provides
the new steady state, which is abnormal, as well as the
transient (o achieve it. In case of therapy planning,
also the action of the hypothesized treatment needs to
be modeled: for example a drug’s farmacokinetics is
essential to describe how 1t aflects the system’s behav-
ior. Thus, a KBS should contain different structure
and behavior models which could be used whenever
the solution’s hypotheses they represent are selected
as candidate solutions. In the medical context, QCMF
can be viewed as a powerful tool for the acquisition of
pathophysiological knowledge.

Let us consider, for example, the Glucose-Insulin
Regulatory system (G-I-R) in order to describe QCMF
at work. After the selection of the system, the user
is then allowed to enter one of the model-reasoning
phases. The structure model shown in Fig. 3 corre-
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Figure 3: A structure model of the glucose-insulin regulatory system

sponds to the simplest decomposition for G-I-R, and
includes two compartments: glucose and insulin.

The glucose is described by a single compartment
representing extracellular fluids. The processes that
have been explicitly considered are the liver glucose
production fig and the glucose elimination fy,. The
liver glucose production depends on both extracellular
glucose and plasma insulin; while the glucose elimina-
tion is due to renal excretion, as well as to the insulin-
dependent glucose utilization by muscles and adipose
tissues and the insulin independent glucose utilization
by the central nervous system and red blood cells. The
insulin subsystem is also described by a single compart-
ment representing plasma insulin. The insulin produc-
tion derives from the pancreatic response to glucose
stimulation. There 1s no exchange of flow between
the two compartments, but they interact to control
the glucose production and elimination and the insulin
production.

At first, the automatic analysis of the structure in
Fig. 3 identifies the following variables: X1, X2, DX1,
DX2, F10, F01, F20, F02. The information stored in
the structure frame (Fig. 4) allows QCMF to identify
which flow and state variables are related to. The flow
FO1 depends on X1 and on the controlling variable X2,
F10 depends on both X1 and X2, while F20 and F02
are respectively function of X1 (controlling variable),
and X2.

As far as the hiver glucose production (F10) is con-
cerned, it 1s reasonable to assume that F10(X1,X2) is
expressed by summing two single valued functions of

name: G-I-R
pathophysiological-system: Glucose-Insulin
behaviors: normal beh-1 beh-2
compartments: [-glucose 2-insulin
flows: F10 Fo1 F20 F0?2
controls: [-F10 2-F10 2-F01 1-F20

Figure 4: The frame representing the structure model
of the Glucose Insulin Regulation system shown in Fig.
3. Slot names are indicated in bold while slot values
in italic

X1 and X2, whose dubbed names X1F10 and X2F10
are automatically built by joining the names of the con-
trolling variable and the controlled flow. Both X1F10
and X2F10 can reasonably be assumed to behave as
a monotonic decreasing function of X1 in the inter-
val (0 X1*) and of X2 in the mterval (0 X2%), re-
spectively, and constant elsewhere. Analogously, the
function FOI(X1,X2), describing the glucose elimina-
tion, can be defined by the sum of X1F01 and X2F01,
where X1F01(X1) can be assumed to be monotonic in-
creasing, and X2F01(X2) monotonic increasing in the
interval (0 X2**), and constant elsewhere. The pro-
duction of insulin (F20) can be reasonably assumed
to increase monotonically with the concentration of
glucose (X1) reaching a saturation value (F20%*) for
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Figure 5: A possible behavior of the G-I-R system i response to an increased glucose concentration with respect

to the normal value, denoted in correspondence to N

X1=X1¥* Such a choice is supported by available ex-
perimental knowledge. All the above mentioned land-
marks are automatically generated and included in the
quantity spaces of their respective variables. Let us
notice that a landmark can also be removed from its
quantity space when new information allows us to nar-
row either the domain or the codomain of the corre-
sponding variable. For example, the quantity space of
F20, firstly instantiated to (0 o), is restricted to (0
F20**) as F20** represents the maximum value F20
can take on. The insulin elimination F02 can be as-
sumed to be a monotonic increasing function of X2. As
far as the liver glucose production (F'10) 1s concerned,
1t 1s reasonable to assume that F10{X1,X2) is expressed
by summing two single valued functions of X1 and X2,
whose dubbed names X1F10 and X2F 10 are automati-
cally built by joining the names of the controlling vari-
able and the controlled flow. Both X1F10 and X2F10
can reasonably be assumed to behave as a monotonic
decreasing function of X1 in the interval (0 X1*) and of
X2 in the interval (0 X2%), respectively. and constant
elsewhere. Analogously, the function FO1(X1,X2), de-
scribing the glucose elimination, can be defined by the
sum of X1F0! and X2F01, where X1F01(X1) can be
assumed to be monotonic increasing. and X2F01(X2)
monotonic increasing in the interval (0 X2**), and con-
stant elsewhere. Of course, other kinds of functional
dependencies between variables could be hyvpothesized,
and, therefore, the assumed behavior model is not the
only possible one for the structure in Fig. 3.

Let us now suppose that the perturbed condition
of G-1-R consists of an increased glucose concentra-
tion with respect to the normal value (reference value).
The initial state gencrated by QCMF results in a LISP
function describing both the normal state and the per-
turbed one. By the analysis of the behavior model,
the variables identified as possibly interested by the
perturbation of X1 are F20, X1F10, X1F01, and con-
sequently F10 and FOI. As the normal value of X1 is
supposed to he in the interval (X1*, X1**) as well as
X2 does in (X2¥%, X2%*) 20, X1F01 and FOI take on
a value greater than the normal one, whereas X1F10,
and then F10, do not change since the perturbed value
of X1 still lies in the saturation interval. Therefore, it
1s DX1 < 0 (DX1= I'10 - F0O1), and DX2 > 0 (DX2=
F20 - F02). This means that ¢dir(X1) i1s decreasing
and ¢dir{X2) increasing, and consequently, by the anal-
ysis of the constraints, it is ¢dir{DX1) increasing and
¢lir{DX2) decreasing.

In response to the assumed perturbation, two classes
of behaviors have been obtained: transient courses
showing damped oscillations or not. An example of
behavior taken from the latter class is shown in Fig. 5.
Let us notice that all the behaviors generated by the
simulation are featured by a final steady state where all
the variables assume agam the normal value. This is
the expected result as the considered model represents
the physiological behavior of G-1-R . The simulated
behaviors show all the possible ways the system in a
perturbed condition reacts to bring itself back to the
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Figure 6: A typical behavior of the type Il diabetes model in response to an increased value of the glucose

concentration with respect to the normal one

normality. The behaviors grouped into the two classes
mamly differ for the different temporal orders in which
different events occur. More interesting scenarios de-
scribing G-I-R abnormal behaviors, such as type I and
type II diabetes, cannot be obtained by simply per-
turbing the variables of the previous defined model,
but structural and behavioral changes are needed. In
type I diabetes there is almost no insulin secretion from
pancreatic cells, that is the insulin production is not
controlled any more by the glucose concentration. In
type Il diabetes, in addition to a reduced production
of insulin, the glucose uptake by muscles and adipose
tissues does not depend on insulin. As far as the be-
havior models are concerned. in the first case the vari-
able F20 does not appear any more in the list of sys-
tem vartables and constraints. In the second case the
variable FO1 can be supposed monotonically increasing
with X1, and F20 a constant function whose value is
lower than the normal one.

Fig. 6 shows a typical response of the type 11 dia-
betes model in response to an increased value of the
glucose concentration with respect to the normal one.
As expected, as the glucose elimination s insulin re-
sistent, the glucose concentration can reach again the
normal value, whereas the insulin, for its reduced pro-
duction, decreases and achieves a steady value lower
than the normal one. Nevertheless, another class of
predicted behaviors, where the glucose concentration
achieves a steady value lower than the starting value
but still higher than the normal one, is equally accept-

able from a pathophysiological point of view.

Conclusion

Compartmental modeling is a well-known modeling
technique for the representation of the behavior of com-
plex systems, and its use by researchers in physics, biol-
ogy and medicine dates back to the 1920’s. In the com-
partmental approach, the behavior of a complex sys-
tem 1s represented through an idealized decomposition
of the system into interacting compartments, whose be-
havior is basically governed by the mass balance law.
The compartments do not necessarily correspond to
actual distinguishable physical components unlike the
device-centered approach in which components have a
divect correspondence with the different physical parts
an artifact 1s made up of.

This paper describes the architecture of QCMF, a
computer-based framework which integrates facilities
for generating a model of a compartmental system,
simulating 1ts behavior and providing a causal expla-
nation of the obtained behavior.

In other works (Addanki et al, 1991; Falkenhaier
and Forbus, 1991; Low and Iwasaki, 1992) dealing with
qualitative model construction, the modeling problem
is approached by selecting, within a large predefined
model library, model fragments, and possibly by com-
posing them. In particular, the selection is performed
according to either a set of assumptions or a user’s
query about the system’s behavior. In these works, the
model formulation procedure is based on QPT (Forbus,




1984). QCMPF, which is based on QSIM, allows the
modeller to specify in a graphical way, the compart-
mental structure of any new system, and acquires the
needed knowledge to generate a system model. Then,
a new model is stored into a hbrary from which it can
be easily retrieved. The basic model components, i.e.
compartments, are not worth to be stored separately
since they are not physiclogically meaningful outside
the context where they are placed, i.e. the overall
model. This represents the major difference between
the two approaches: in the former one components can
be fully defined independently from their combination
into a specific model, in the latter one models can be
built instantiating few conceptual entities, 1.e. com-
partments, flows, control signals, and so on.

In this paper the main emphasis has been given to
the description of QUMF’s ability in model formula-
tion, generation and simulation. These facilities are
now fully operational. The main problems we faced
deal with the simulation process. QCMFE inherits from
QSIM all of its strenghts and limitations (Fouche and
Kuipers, 1992; Kuipers, 1987; Kuipers and Bearlant,
1988; Kuipers et al., 1991, Lee and Kuipers, 1988,
Shen and Leitcl, 1991; Struss, 1988): it is capable to
predict all possible system behaviors but can lead to
an intractable branching of the behavioral tree. In or-
der to control the simulation, QCMF automatically in-
vokes filters for reducing the proliferation of behaviors,
namely the Higher Order Derivative (HOD) constraint
(Kuipers et al., 1991) or, whenever this is not applica-
ble, the chatter box elimiation technique (Clancy and
Kuipers, 1993). Whenever it is possible, QCMF also
exploits filters expressing the mass conservation law by
introducing into the behavior model the suitable vari-
ables and constraints. Another way to further reduce
the behavior tree consists in performing an attainable
envisionment, 1.e. no new landmarks are introduced.
As new landmarks are related to a specific behavior,
this makes easier the comparison of behaviors allow-
ing us to aggregate the similar ones. The aggregation
of behaviors aims at taking the significant distinctions
for the user needs out of the behavior tree. At a first
instance, the user could be interested only in the dis-
tinctions either in a subset of variables or in the final
equilibrium state. For example, in a therapeutic con-
text, knowing if a system i an abnormal steady state,
when perturbed by a therapy, is capable to achieve
a normal state 1s the essential information. In fact,
if the set of produced alternatives did not contain the
expected behaviors, the perturbed model should be re-
vised.

As regards its possible use, many issues can be con-
sidered. First, QCMF can work as a stand-alone sys-
tem resulting in a powerful didactic tool for reasoning
about the pathophysiological behaviors of a system.
Then, QCMF can be fully integrated within larger
knowledge-based systems that use different formalisms.
In fact, 1t may generate knowledge sources that can be

properly exploited in the deductive inference of medi-
cal reasoning in the execution of both diagnostic and
therapeutic tasks.
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