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Abstract

Model-based design constructs physical systems
in two stages. First, a ea~al friction network
(CRN) of quantities that entails the desired be-
havior is constructed from a domain model. Sec-
ond, a physical system is designed by assembling
components such that all the causal relations spec-
ified by the CRN are imposed. The Compositional
Model-based Design method, CMD, simplifies the
design of complex physical systems by decompos-
ing the specified behavior into logical portions,
obtaining design fragments by constructing CRNs
for each portion, and incrementally composing the
CRNs and the design fragments until a design-
fragment is obtained whose CRN produces the en-
tire desired behavior. Importantly, the method
detects potential interactions between individual
CRNs that may nullify the portions of behavior
already designed for by detecting violations of the
influence closure assumptions under which each
CRN was formed. While this paper illustrates the
method in the context of a boiler control system,
the approach applies to regulatory physical sys-
tems with multiple operating ranges.

Introduction

In model-based design [Williams, 1989; Ulrich, 1988],
a physical system that meets input behavioral spec-
ifications is designed in two steps: 1) a network of
causal relations, cauaal rehtion network (CRN), which
entails the desired behavior, is constructed from a do-
mala model describing the objects in the domain and
their interactions, and 2) a design of the physical sys-
tem, consisting of the objects and their structural re-
lations, is obtained from the design constraints that
were instantiated in order to impose the causal re-
lations in the constructed CRN representation. The
intermediate CRN plays a pivotal role by explicating
the causal paths that show how the designed physi-
cal system achieves the desired behavior. By bridging
the specified behavior and the desired physical system,
the causal relation network considerably simplifies the
search for candidate design hypothesis.

Compositional model-based design (CMD) further

reduces the complexity of designing large physical sys-
tems by decomposing the specified behavior into logical
portions, and constructing CRNs for each individual
portion separately. The CRN for the entire specified
behavior is constructed incrementally by composing
the individual CRNs and extending them, when nec-
essary, to deal with interactions. The input to the
CMD method is the desired behavior specified as a
state diagram consisting of a partial sequence of states,
each of which describes the relevant qualitative quan-
tity changes (increase, decrease, or constant). The
method outputs a design specifying the components
of the physical system and their structural relations.

Figure 1 illustrates the behavioral specification of
a system for pressure and level regulation in a steam
plant. A design ([Babcock and Wilcox, 1975]) that
achieves the desired behavior is shown in Figure 2. In
brief, the system functions as follows:

Fluctuations in the load cause changes to the amount
of steam in the turbine, thereby, causing changes
to the steam outflow from the boiler drum. These
changes are sensed and used to contzol the heat flow
from the furnace to the boiler by changing the fuel-
air ratio. Accordingly, the steam generation changes
to balance the steam outflow from the drum, thereby,
maintaining a constant pressure at the drum. Changes
to the steam generation, however, affect the water-
level in the drum; these changes axe sensed by a level
sensor which controls a valve regulating a compen-
satory inflow of water from a feedwater tank. Conse-
quently, the level of water in the boiler drum is also
maintained constant.

Compositional model-based design constructs such a
complex system by first designing fragments which in-
dependently maintain the pressure and the water-level
in the boiler drum steady and, then, by composing
these two fragments together. The composition explic-
itly considers the potential interactions of the two sep-
arately designed fragments (e.g. the water-level may
be disturbed when attempting to make the pressure at
the drum steady).

Input and Output Representations

The CMD method uses a domain model to construct
CRNs. The domain model consists of a set of model
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Figure 1: A partial qualitative state diagram.
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Figure 2: A boiler control system in a steam plant.

fragments [Falkenhainer and Forbus, 1991] that de-
scribe the domain objects and the physical mechanisms
and processes. For example, in the fluids’ domain, a
domain model for fluids will describe objects such as
liquids, gases, containers, valves, levers, and pumps,
and physical processes such as heat flow, boiling, and
fluid flow. We adopt the vocabulary of Qualitative
Process Theory, QP Theor~j, [Forbus, 1984] to repre-
sent the domain model. Each model fragment consists
of the individual# that constitute the model fragment,
the condition# that must hold for the model fragment
to become operational or active, and the relation# that
hold when the model fragment is active. Examples of
two model fragments are shown in Figure 3.

The desired device behavior is specified by a par-
tial qualitative state diagram describing the relevant
device states and transitions. A device state includes:
a) The qualitative values of quantities (Qvals). 
Qval of a quantity can be either a landmark ~alue, a
value at which interesting changes occur, or a value be-
tween two landmark values, b) Quantity changes. The
changes to a quantity can take any of three values: inc,
dec, or const, c) Conditional quantity changes. Rela-
tions between Qvals and quantity changes that specify
the conditions on which a quantity change depends.
An example of a partial qualitative state diagram,

specifying the regulation of the steam-pressure, steam-
outflow, and water-level in a boiler-drum of a steam
plant is shown in Figure 1. The designed device is spec-
ified by the components (e.g. open-container(P1)), 
their structural relations (e.g. port-conn(bot(container-
x,container-y, pipe-xy)).

Causal Relation Networks
A causal relation network describes how the caused re-
lations imposed by the components and their connec-
tivity form a causal path through which changes prop-
agate from one quantity to another, ultimately pro-
ducing a desired change in a quantity. The change
in a quantity is determined from the changes in the
quantities that have causal influence relations with the
quantity. All the influences on a quantity are partial,
and the total influence is determined by combining all
the partial influences, specified by the influences in the
influence closure (EC). The influence closure gives 
complete enumeration of the simultaneous influences
on the quantity under the influence clo#=re assump-
tion which states that there are no other influences
other than those included in the EC. The ECs are made
explicit in the CRN representation and play an impor-
tant role in determining modifications of the CRN to
handle interferences that arise due to composition.

A portion of a CRN for achieving an increase in the
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Defmodel: Boiling
Individuals: ?liq. ?gas, ?heat-flow
Activity-Conditions:

temperature(?liq) > boiling-point(?liq)
Relations:

generation-rate ¢¢Q. heat-flow-rate
mass(?liq) ai. generation-rate
mass(?gas) ¢Xl+ generation-rate

Defmodel: Valved-path
Individuals: "/valve, ?valve-mount, ?path
Activity-conditions:

conn(?valve, ?path)
Relations:

opening(?valve) OCQ. position(?valve-mount)
path-msistance(?path) CCQ. opening(?valve)

Figure 3: Examples of model fragments for boiling and a valve.

steam pressure of the boiler drum is shown in Figure 4.
The CRN shows that the mass of the steam in the boiler
drum is increasing since it is directly influenced by the
rate of the steam inflow and, under the influence clo-
sure, ECs the direct influence due to the steam inflow
is the only causal relation affecting it. The direct in-
fluence holds when the conditions for the steam inflow
hold, namely, there must be a pressure difference be-
tween the boiler and the boiler drum, and the path
connecting the two must permit a flow of steam. The
increase in the steam mass is propagated through a
causal relation causing an increase in the steam pres-
sure.

Compositional Model-based Design:
The Details

Compositional model-based design (CMD) decom-
poses the desired behavioral specification into
three logical portions: 1) Individual unconditional
or conditional quantity changes (e.g. SP~ =
inc or SP., < SPI, "-, SP., = inc). 2) The quan-
tity changes constituting a physical system state
(e.g. st = {SP.~ < SPb ~ SPd = inc, LL,~ -- const,
SPb = const}). 3) The transitions between physical
system states (e.g. sl --, s2). Accordingly, the method
consists of a cycle of three steps: 1) Constructing CRNs
for each individual quantity change in the behavioral
specification. 2) Composing the CRNs for the quantity
changes constituting a physical system state. 3) Ex-
tending the CRNs for a system state to make each de-
sired transition from that state. This last step may re-
quire additional quantity changes and causal relations
to be achieved, in which case, the method iterates. Im-
portantly, the influence closures play a fundamental
role: they form the basis for a) detecting when the
composition of two CRNs or the extension of a CRN
may result in new CRNs that do not achieve the previ-
ously established behavior due to adverse interactions,
and b) deciding how to revise such CRNs to re-establish
the desired behavior.
Step 1= Constructing a CRN for a quantity
change In this step, the CMD method independently
constructs CRNs for each distinct conditional or un-
conditional quantity change in the qualitative state di-
agram. The method uses operators to propose domain
model fragments that impose the causal relations for
achieving a quantity change. The operators are based

on necessary truth conditions for a quantity change
[Bose, 1991J. The influence closures constructed for
each quantity change, gaurantee that the truth con-
ditions are satisfied in the context of the constructed
CRNs.

A CRN that achieves an increase in the steam pres-
sure of the boiler drum in the boiler control example
is shown in Figure 4. It is constructed using causal
relations from the model fragments for a container, a
contained gas, and a gas flow. According to this CRN,
the increase in the steam pressure of the boiler drum
is achieved by an increase in the steam’s mass which,
in turn, is caused by a gas flow (with flow-rate greater
than zero) from the boiler to the boiler drum. A de-
sign fragment that imposes this CRN is also shown in
the figure. Similarly, CRNs for other quantity changes
stipulated in the qualitative state diagram (e.g. con-
stant water-level in the boiler drum, constant pressure
in the boiler drum, etc.) may be constructed. The
CRNs for the constant water-level and constant pres-
sure in the boiler drum are based on ECs specifying
that there are no causal relations affecting these quan-
tities (consequently, they remain constant).

Step 2" Constructing a CRN for each state. In
this step, the method composes the CRNs for the in-
dividual quantity changes constituting a system state
into a composite CRN that entails the system state be-
havior. Candidate CRNs for each state are generated
by taking the cross-product of the alternative CRNs for
the quantity changes. The ECs of the composite CRN
are updated as follows: the EC of a quantity that ap-
pears in several CRNs is a composite EC that consists
of the union of the causal relations affecting the quan-
tity, while the EC of a quantity that does not appear
in other CRNs remains unaffected. The method veri-
fies that each of the updated ECs continues to achieve
the individual quantity changes of the system state. If
an individual quantity change no longer holds (due to
adverse interactions), additional causal relations to re-
establish the quantity change are added to the compos-
ite CRN by applying operators [Bose, 1991] that pro-
pose the necessary revisions of the ECs. If attempts to
repair the composite CRN fail, the method backtracks
to an alternative candidate.

For the boiler-control example, Figure 5 illustrates
how the CRNs of Figure 4 are composed to obtain a
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Figure 4: The construction of a CRN to achieve an increase in the steam pressure in the drum.

consistent composite CRN for the system state, 8x. The
steam pressure in the boiler was previously established
to remain constant by formulating an EC which spec-
ified that no causal relations affected it. However, in
the composite CRN, the CRN for achieving an increase
in the steam pressure in the boiler drum contributes a
causal relation that affects the steam pressure in the
boiler since, in that CRN, a flow of steam from the
boiler to the boiler drum was established to increase
the steam pressure in the boiler drum. Consequently,
the composite CRN will achieve a decrease in the steam
pressure of the boiler, instead of maintaining it con-
stunt (Figure 5[A]). There are two alternative design
choices: i) alter the CRN to prevent the sh~ring of
structure (by specifying non-sharing of the boiler with
the source of the steam inflow into the boiler drum),
or ii) introduce additional causal relations to cancel
the erect of the steam flow, for example, by postulat-
ing a generation of steam to compensate for the loss
due to the outflow from the boiler (Figure 5[B]). The
steam generation rate in the boiler must be greater
than zero and, consequently, the heat-flow-rate from
the furnace must also be greater than sero (assuming
that the temperature of the water in the boiler is at
the boiling point). In order to maintain the steam-
generation, the water in the boiler must be constantly
replenished from another source. Choosing the boiler
drum as the source leads to the violation of the EC
for maintaining the water-level in the boiler drum con-
stunt, and the CRN may be repaired by introducing
a water inflow from the feedwater tank to compensate
for the outflow to the boiler (Figure 5[C]). The revision
process is repeated until all the ECs satisfy the truth
conditions for the required quantity changes and hence
the composite CRN achieves all the quantity changes
of the system state.

Step 3" Augment|ng CRNs to perform state
trans|t|ons. The previous two steps result in CRNs
that achieve the behavior in each individual state. In
this step, the desired transitions from each state are
achieved. State transitions are due to changes in the
activity of model fragments in a state (e.g. a steam flow
will become inactive when the pressures at the source
and destination become equal, resulting in a transition

to a new state). Accordingly, a transition from state si
to state sy requires dynamically transforming CRNo, to
CRN0~ by identifying the differences in the activity of
the model fragments in the two CRNs. The enablement
or disablement of these model fragments, as appropri-
ate, will then lead to the desired transformation. The
CMD method performs a state transition by: i) Identi-
fying the model fragments in CRN0, that must be deac-
tivated, ii) Identifying the model fragments in CRlC, j
that must be activated, and iii) Introducing causal re-
lations that achieve the quantity condition changes for
the activation and deactivation (e.g. to activate a gas
flow, the pressure at the source must be made greater
than that at the destination by introducing causal re-
lations affecting one or both of the pressures). The
method applies operators to make the necessary mod-
ifications to the CRN.

In the boiler-control example, the transition from
sl to 8a requires finding causal relations that acti-
vate a steam outflow from the boiler drum when the
steam pressure of the boiler drum is equal to that
of the boiler (Figure 6). Since the flow model frag-
ment is conditioned on the path-resistance being less
than or equal to some threshold value, it may be ac-
tivated by decreasing the path-resistance (e.g. slowly
opening a valve). The activation of the steam-outflow
can be coordinated with the steam pressure of the
boiler drum reaching the steam pressure of the boiler
by using the changing pressure difference to decrease
the path-resistance to some value below its threshold.
Figure 6 illustrates how the causal relation may be
achieved. The new causal relations and other quantity
changes introduced in this step (e.g. decreasing the
path-resistance) are similar to those initially achieved
in Step 1, and are achieved by iteration over the entire
method. The iteration terminates when all the posted
quantity changes and transitions are achieved.

Related Work

Williams’ work [Williams, 1989] on Interaction-based
Invention, another model-based design method, is
closely related to our work. His method precompiles
the domain theory into an abstract space describing
the interactions between quantities. It constructs a

.
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Figure 5: The construction of a composite CRN to achieve state sl.
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Figure 8: The extension of CRNal to achieve a state transition from sz to s2.

CRN that establishes a desired functional relationship
between two quantities by finding a candidate path of
potential interactions in this abstract space and ver-
ifying with the detailed domain model that the path
establishes the desired relationship. The C M D method,
by checking for potential interactions during the con-
struction of the composite CRN, eliminates the need
for a separate verification step. In addition, the ECs
provide strong guidance for determining how to incre-
mentally extend a CRN to achieve more of the desired
behavior; in contrast, Williams’ method, in extending
partial paths, has limited guidance.

Ulrich [Ulrich, 1988] uses a bond-graph representa-
tion of component models to propose approximate de-
sign solutions which are refined using debugging oper-
ators. Unlike our method, his method does not con-
struct an intermediate CRN which entails the desired
behavior, and describes the causal relations that the
design must impose.

Our use of truth conditions for ensuring correctness
in the constructed designs is similar in spirit to the
use of modal truth criteria in the planning work of
Chapman [Chapman, 1988]. Our truth conditions dif-
fer from his, in terms of having to consider interfer-
ence that arise from simultaneous quantity changes and
sharing of structure and function.

Summary

In summary, we described a compositional model-
based design method for designing complex physical
systems. The method decomposes the desired behav-
ior into logical portions, constructs CRNs that achieve
each of these portions independently, and incremen-
tally extends the CRNs fragments until a composite
CRN that entails the desired behavior is constructed.
Finally, the method builds a physical system that
imposes the causal relations of the CRN and, conse-
quently, achieves the specified behavior. Interactions
between CRNs are detected based upon violations of
the necessary truth conditions by the ECs that result
the composition of CRNs, and are revised to main-
rain previously established behavior. The CMD ap-
proach has been implemented within the ADB rule-
based framework [Forbus, 19901 on a SPARC worksta-

tion. The method has generated designs for subprob-
lems in the boiler-control example. In addition, it has
been demonstrated in examples involving the design
of control subsystems for chemical reactors and other
multiple-operating region regulatory devices.

The current bottleneck in our approach is the prob-
lem of ensuring correctness of CRNs which requires
checking for all potential interactions between CRNs.
We are currently investigating how the search for cor-
rect design solutions can be controlled using abstrac-
tions of domain models. We axe also evaluating the
soundness and completeness of the method which de-
pends on the axioms that specify conditions for nec-
essary trutlm of quantity changes and quantity con-
ditions in a state. In addition, we are investigating
how the search conducted by the CMD method may
be performed in a least-commltment manner by work-
ing with partial designs and extending them by posting
constraints, a method that mixes well with our com-
positional approach.
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