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Abstract

The ability to answer prediction questions is cru-
cial in reasoning about physical systems. A pre-
diction question poses a hypothetical scenario
and asks for the resulting behavior of variables of
interest. Prediction questions can be answered by
simulating a model of the scenario. Constructing
a suitable model requires distinguishing relevant
aspects of the scenario from irrelevant aspects.
This paper provides criteria for making this dis-
tinction, and it presents an algorithm that uses
these criteria to construct a suitable model for
answering a given prediction question. The algo-
rithm has been implemented in a modeling pro-
gram called TRIPEL, arid the paper summarizes
a preliminary evaluation of TRIPEL in the plant
physiology domain.

1 Introduction

The ability to answer prediction questions is crucial in
reasoning about physical systems. The following ques-
tion, from the plant physiology domain, illustrates the
general form of a prediction question: "How would de-
creasing soil moisture affect a plant’s transpiration1

rate?" A prediction question poses a hypothetical sce-
nario (e.g., a plant whose soil moisture is decreasing)
and asks for the resulting behavior of specified vari-
ables of interest (e.g., the plant’s transpiration rate).
Such questions are important in verifying designs, test-
ing diagnostic hypotheses, and tutoring science and en-
gineering.

Prediction questions can be answered by simulating
a model of the scenario. Simulation provides the de-
sired predictions, and the model additionally supports
subsequent explanation. To ensure reliable predictions,
the model must include all relevant aspects of the sce-
nario. However, to ensure efficient simulation and a
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Transpiration is the process by which water evaporates
from the leaves.

comprehensible explanation, the model must omit ir-
relevant details. Therefore, the central issue in mod-
eling is distinguishing relevant aspects of the scenario
from irrelevant aspects.

This paper describes TRIPEL, a modeling program
for answering prediction questions. Section 2 defines
the modeling task. Section 3 presents TRIPEL’s crite-
ria for distinguishing relevant aspects of the scenario
from irrelevant aspects. Section 4 describes the algo-
rithm that uses these criteria to construct the simplest
adequate model for answering a question. TRIPEL’s
correctness and efficiency have been evaluated on ques-
tions about plant physiology, as discussed in Section 5.

2 The Modeling Task

TR.IPEL’8 inputs are a prediction question and domain
knowledge. The question has two parts: the scenario
and the variables of interest. The scenario includes
physical objects, spatial relations among them, and be-
havioral conditions. Behavioral conditions specify the
behavior of selected variables (e.g., soil moisture is de-
creasing), their initial value (e.g., the temperature 
above the freezing point), or both.

TRIPEL uses the compositional modeling approach
(Falkenhainer ~ Forbus 1991), in which the modeler’s
job is to select those elements of domain knowledge
that are needed to answer the question. Our research
focuses on building differential equation models, so the
elements of domain knowledge are the influences that
pertain to the scenario.

An influence is a causal relation between two vari-
ables, as in Qualitative Process Theory (Forbus 1984).
The variables are real-valued, time-varying properties
of the scenario (e.g., soil moisture or the plant’s tran-
spiration rate). Each influence specifies that a variable,
or its rate of change, is a function of another variable.

Conceptually, each influence represents a physical
phenomenon in the scenario at some level of detail.
Typically, an influence represents the effect of a process
(e.g., the amount of water in the plant is negatively
influenced by the rate of transpiration) or a factor that
affects a process’s rate (e.g., the rate at which the plant
absorbs water from the soil is positively influenced by
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the level of soil moisture). To emphasize their role in
modeling, we call the set of all influences that pertain
to the scenario the candidate influences.

TRIPEL’S output, the scenario model, is the subset
of candidate influences that are relevant to the ques-
tion. Another program, the Qualitative Process Com-
piler (Farquhar 1994), built on QSIM (Kuipers 1986),
simulates the scenario model starting from the initial
state of the scenario. This simulation generates the
predictions that are needed to answer the question.
A colleague at the University of Texas is developing a
program that will use the model and simulation results
to answer the question and explain the answer.

3 Modeling Criteria

When the domain knowledge is extensive, as with plant
physiology, it will describe many phenomena in the sce-
nario, some at multiple levels of detail. Thus, there are
two fundamental issues in modeling. First, the mod-
eler must decide which phenomena are relevant to the
question and which can be ignored. Second, for each
relevant phenomenon, the modeler must choose a rel-
evant level of detail. A candidate influence is relevant
if it represents a relevant level of detail for a relevant
phenomenon.

3.1 Scope
Of the many phenomena in any scenario, only a few
are needed to answer any particular question. For ex-
ample, of the many processes at work in a plant, the
question about decreasing soil moisture only requires
a model of the plant’s water regulation processes. The
scope of a model is the set of phenomena it covers.

There are two types of irrelevant phenomena. The
first type, insignificant phenomena, can be ignored be-
cause they do not significantly influence the variables
of interest. For instance, in our example, growth pro-
cesses can be ignored because they do not significantly
influence the transpiration rate.

The second type of irrelevant phenomena are those
that can be treated as exogenous. For instance, in our
example, the processes that regulate soil moisture (e.g.,
rain and evaporation from the soil) can be treated as
exogenous. Although exogenous phenomena do sig-
nificantly influence the variables of interest, they are
nonetheless irrelevant to the question; they do not help
predict the effects of the driving conditions (in our ex-
ample, decreasing soil moisture) on the variables of
interest.

To choose a suitable scope for the model, the mod-
eler must eliminate both types of irrelevant phenom-
ena. To eliminate insignificant phenomena, the mod-
eler needs criteria for recognizing insignificant influ-
ences. By pruning insignificant influences, the mod-
eler disconnects the model from all the insignificant
phenomena in the scenario.

TRIPEL determines whether an influence is signifi-
cant using time scale information. Processes cause sig-

nificant change on widely disparate time scales. For ex-
ample, in a plant, water flows through membranes on a
time scale of seconds, solutes flow through membranes
on a time scale of minutes, and growth requires hours
or days. In TRIPEL, each influence that represents an
effect of a process may have associated knowledge spec-
ifying the fastest time scale on which the effect is signif-
icant. Before constructing the scenario model, TRIPEL
automatically determines a suitable time scale of inter-
est for the question (Rickel &: Porter 1994). The time
scale of interest allows TR.IFEL to conclude that any
candidate influence operating on a slower time scale
is insignificant. This significance criterion is used by
human modelers in many domains, including biology,
ecology, and most branches of engineering (Gold 1977;
O’Neill et al. 1986; Saksena, O’P~eilly, & Kokotovic
1984).

To eliminate exogenous phenomena, the modeler
needs criteria for choosing the exogenous variables of
the model. Exogenous variables are those variables
in the model whose behavior is determined by influ-
ences that are outside the scope of the model. All
other variables in the model are dependent; their be-
havior is determined by influences in the model. Thus,
the exogenous variables constitute the boundary of the
model, separating the model from exogenous phenom-
ena in the scenario. For instance, in our example, by
treating soil moisture as an exogenous variable, the
processes that regulate soil moisture are excluded from
the model.

To determine whether a variable in the model can be
treated as exogenous, TRIPEL uses two criteria. First,
by definition, the variable must not be significantly in-
fluenced, in the scenario, by any other variable in the
model. (One variable significantly influences another if
there is a chain of candidate influences leading from the
first variable to the second and every influence in the
chain is significant.) Second, note that the objective
in a prediction question is to predict the effects of the
driving variables on the variables of interest. A driving
variable is one whose behavior or initial state is speci-
fied in the question (in our example, soil moisture). 
meet that objective, the modeler must ensure that the
exogenous variables do not separate the model from the
driving variables of the question. Therefore, a variable
in a model can be treated as exogenous only if it is not
significantly influenced, in the scenario, by any driving
variable of the question. TRIPEL tests these two criteria
using a graph connectivity algorithm on the candidate
influences (Pdckel ~c Porter 1994).

In summary, TRIPEL eliminates irrelevant phenom-
ena from the scope of the model by pruning insignifi-
cant influences (using time scale information) and 
choosing suitable exogenous variables for the model.
Phenomena that do not significantly influence the vari-
ables of interest, or that influence the variables of inter-
est only through exogenous variables, are not included
in the model (at any level of detail).
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3.2 Level of Detail
The domain knowledge may provide multiple levels of
detail for many phenomena in the scenario. For ex-
ample, water in the plant can be treated as an ag-
gregate, or the water in the roots, stem and leaves
can be modeled individually. Similarly, processes can
be aggregated. For example, the chemical formula for
photosynthesis summarizes the net effects of its com-
ponent reactions. Often, the dynamics of a process can
be summarized by its equilibrium results. For exam-
ple, when the level of solutes in a plant cell changes,
the process of osmosis adjusts the cell’s water to a new
equilibrium level. If the dynamics of this process are
irrelevant, the modeler can simply treat the level of wa-
ter as an instantaneous function of the level of solutes.
Each of these types of alternatives arises in many areas
of science and engineering.

For each relevant phenomenon in the scenario, the
modeler must choose a suitable level of detail. Irrel-
evant details complicate simulation and make the re-
suiting explanation less comprehensible, so the modeler
must choose the simplest level of detail that is adequate
for answering the question.

TRIPEL has several criteria for choosing the level of
detail. First, some approximations may be invalid in
the context of the question. For example, process dy-
namics can only be summarized by their equilibrium
result if the process reaches equilibrium very quickly
relative to the time scale of interest. TRIPEL includes
a variety of general principles for recognizing that a
level of detail is invalid or inadequate for a question.

Second, TRIPEL includes coherence criteria. These
ensure that the level of detail chosen for different phe-
nomena in the model are compatible. The coherence
criteria also ensure that the model does not include
different levels of detail for any single phenomenon.

Finally, for those alternatives that are adequate for
the question and coherent with other parts of the
model, TRIPEL chooses the one that leads to the sim-
plest adequate model. While any simplicity criteria
could be used, TRIPEL defines one model as simpler
than another if it has fewer variables. The number of
variables in a model is a good heuristic measure of the
complexity of simulation and of the model’s compre-
hensibility.

In summary, the domain knowledge often provides
alternative levels of detail for relevant phenomena, and
the modeler must determine which level is relevant. In
TRIPEL, a level of detail is relevant if it is adequate for
answering the question, coherent with other elements
of the model, and it leads to the simplest adequate
model.

4 Modeling Algorithm
Each candidate influence represents some phenomenon
at some level of detail, so TRIPEL’s criteria for choosing
scope and level of detail allow it to determine the in-
fluences that should be included in the scenario model.

This section explains TRIPEL’S algorithm for selecting
the relevant influences.

TRIFBL conducts a best-first search for the simplest
adequate scenario model for the question. Each state
in the search space is a partial model, a model whose
scope may not include all relevant phenomena. A par-
tial model may contain free variables (variables not yet
chosen as exogenous or dependent). The initial state
in the search is a partial model consisting only of the
variables of interest, all free. The successor function,
described below, extends the scope of a partial model
to include any additional phenomena relevant to the
free variables, possibly adding new free variables. A
partial model has multiple successors when there are
alternative levels of detail for the new phenomena. A
partial model is pruned from the search if it is inco-
herent (i.e., violates the coherence criteria) or invalid
(i.e., includes an invalid level of detail); any extension
of an incoherent/invalid partial model is also incoher-
ent/invalid. The search ends when an adequate model
is found that is at least as simple as all remaining par-
tial models; these partial models can only grow. The
simplicity criterion (i.e., number of variables in the
model) also serves as the evaluation function for the
best-first search.

The successor function, extend-model, extends the
scope of a partial model. Extend-model first determines
whether all the free variables in the partial model can
be exogenous, as described in Section 3.1. If so, it
marks each one as exogenous and returns the resulting
model, which is now complete. Otherwise, it chooses
a free variable that must be dependent, and it deter-
mines all combinations of candidate influences on that
variable that include every significant influencing phe-
nomenon at some level of detail (multiple combinations
arise from alternative levels of detail for these phenom-
ena). Extend-model returns a set of new partial models,
each the result of extending the original partial model
with one of the combinations.

To extend the original partial model with a combi-
nation of candidate influences, extend-model adds the
influences to the model, marks the chosen free variable
as dependent, and adds any new free variables to the
model. The new free variables are those variables ref-
erenced by the new influences but not already in the
model (e.g., an influencing variable).

This algorithm is guaranteed to find the simplest
model that satisfies all the adequacy criteria. Each
partial model represents all its extensions. Thus, the
initial partial model in the search represents all sce-
nario models that contain the variables of interest. A
partial model is pruned from the search only when it,
and all its extensions, are inadequate or as complex as
another adequate model. The successors of a partial
model represent all its adequate extensions. Hence,
TRIPEL always finds a simplest adequate model if one
exists.
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5 Evaluation
To evaluate TRIPEL, we tested it on seven prediction
questions concerning the physiology of a prototypical
plant. Each question specifies the qualitative behavior
of one variable (e.g., soil moisture is decreasing) and
asks for the resulting behavior of another (e.g., tran-
spiration rate).

Our plant physiology knowledge base includes 77
variables and 155 candidate influences describing a pro-
totypical plant. The candidate influences cover pro-
cesses of water regulation, carbon dioxide regulation
and carbohydrate regulation. Every process interacts
with every other process at some level of detail. The
time scales of these processes range from seconds to
hours. Many phenomena are represented at multiple
levels of detail, as described in Section 3.2.

For each question, TRIPEL chose a suitable scenario
model, as judged by a domain expert. That is, the
chosen scenario models included the variables and in-
fluences required for answering each question, and they
excluded irrelevant ones. On average, the models con-
tained 11 variables and 14 influences, a small fraction
of the knowledge base. The largest scenario model con-
tained only 15 variables and 20 influences. These mod-
els are simple for two reasons: each excludes irrelevant
phenomena, and each omits irrelevant details.

Moreover, TRIPEL generated these models efficiently.
For each question, only a fraction of the candidate in-
fluences were ever considered, and inadequate models
were typically pruned at an early stage. Consequently,
although the knowledge base supports well over 1000
coherent models of the plant, TRIPEL required less than
15 seconds to find the simplest adequate model for each
question.

6 Future Work
A more thorough evaluation requires more exten-
sive domain knowledge. We are currently evaluating
TRIPEL using the Botany Knowledge Base (Porter et
al. 1988), which includes over 200 processes described
at multiple levels of detail. Because of its size, and
because it was designed to support other tasks in addi-
tion to answering prediction questions, we expect this
knowledge base to help us determine whether our rele-
vance criteria are correct and our methods are efficient.

7 Related Work
The modeling programs of Falkenhainer and Forbus
(1991), Nayak et al. (1992), and Iwasaki and 
(1994) are most similar to TRIPEL. The program 
Falkenhainer and Forbus is notable for its contrast-
ing method for selecting the scope, and the program
of Nayak et al. is notable for its contrasting method
of constructing a model (it builds an overly complex
model and then repeatedly simplifies it). The model-
ing algorithm used by Iwasaki and Levy is most similar
to TRIPEL’s algorithm. Our previous paper (Rickel &:

Porter 1994) contains a detailed comparison between
TRIPEL and these programs.

8 Conclusions
To provide a reliable, comprehensible answer to a pre-
diction question, a modeler must choose the simplest
adequate scenario model. TRIPEL employs several cri-
teria to distinguish relevant aspects of the scenario
from irrelevant aspects. These criteria guide a best-
first search through the space of models. Our evalu-
ation indicates that TRIPEL efficiently identifies those
aspects of the scenario that are relevant to answering
each question.
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