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Abstract 

When designing a device, the final product of the 
design process is usually considered to be a physical 
specification of a device. However, the design of the 
causal mechanism underlying the physical 
specification, i.e. how the device is intended to work 
to achieve its function, is a product just as important as 
the physical specification, if not more. Capturing this 
knowledge of causal mechanism is necessary in order 
to understand the physical specification of the device 
as well as to evaluate and refine the specifications 
during the design process. Despite the importance of 
such knowledge, existing CAD tools do not support its 
explicit representation or manipulation. We describe a 
design support system under development in which 
knowledge of both the causal mechanism and the 
physical structure of a device being designed is 
explicitly represented and manipulated. The system 
allows the designer to provide functional 
specifications at various levels of abstraction in a 
language called CFRL (Causal Functional 
Representation Language). The CFRL specification 
acquired from the user enables the system to evaluate 
the physical specification as it is being developed in 
order to provide useful feedback to the designer. 
Furthermore, functional specifications provide an 
important basis for recording the engineer's design 
rationale. 

1 Introduction 

Understanding how a device works requires understanding 
the causal sequences of events that achieve the function of 
the device. Books on how man-made or natural "devices" 
work are filled with drawings of structures of devices 
accompanied by explanations such as the following example 
of an aneroid barometer [Macaulay, 1988]: 
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As the air pressure falls , the spring pulls the side of the 
capsule outward. The arm rises, causing the rocking 
bar to slacken the chain . The hairspring unwinds, 
moving the pointer counter-clockwise until the chain is 
pulled taut. 

Such explanations refer to parts of the structure and 
describe how it works in terms of the sequence of causal 
interactions among the parts that lead to the desired result. 
In other words, such explanations and the drawings they 
accompany describe the device structure along with the 
conceptual causal mechanism underlying the structure. 

When designing a deviCe, the final product of the design 
process is usually considered to be a physical specification 
of a device. However, the design of the causal mechanism 
underlying the physical specification is a product just as 
important as the physical specification, if not more. Gero 
makes this point clear in his model of the design process 
shown in Figure 1 [Gero, 1990]. Gero argues that, except in 
a trivial design problem, a structure is not generated directly 
from the requirements. In his model of design synthesis, a 
specification of the expected behavior is generated from the 
requirements 1, and the physical structure is generated from 
the expected behavior. In that model, the expected behavior 
corresponds to the expected causal sequence of interactions, 
i.e. how the device is to work. 

>D 

Be: Expected behaviors F: Functions (i.e. requirements) 

Bs: Actual behaviors D: Design description 

S: Structure 
----;. Transformation 

- ~ Occasional transformation 
01( )I> Comparison 

Figure 1: Model of the design process [Gero, 1990] 

1 Gero calls the requirements "functions" and denotes them with 
F in Figure 1. However, in this paper, we will use the term 
"requirements" to avoid confusion since we consider the term 
"function" to also include what he calls "expected behavior". 



Capturing this knowledge of how the device is to work to 
achieve its function is important in order to understand the 
physical specification of the device as well as to evaluate 
and refine the specifications during the design process. One 
can even view the design of a conceptual causal mechanism 
as driving the generation of a physical specification. 
Despite the importance of such knowledge, existing CAD 
tools do not facilitate its explicit representation or 
manipulation. 

According to Gero, the design process involves the 
following types of activities to manipulate the four types of 
information shown in Figure 1. 

Formulation: Transforming requirements to expected 
behavior. F -+Be 

Synthesis: Transforming expected behavior to a 
structure. Be --+ S. 

Analysis: Deriving behavior from a structure. S --+ B s 

Evaluation: Comparing the predicted and expected 
behaviors. Bs HBe 

Reformulation: Reformulating the expected behavior 
based on evaluation results. (S, Bs)--+ Be 

Description: Producing a description of the designed 
structure. S --+ D 

A comprehensive design support system needs to support 
multiple iterations through all those steps, since any non­
trivial design problem will require many such iterations. 
We are extending our Device Modeling Environment 
(DME) system [Iwasaki and Low, 1991] to provide such 
support and to enable explicit representation and 
manipulation of knowledge of both the causal mechanism 
and the physical structure of a device being designed. The 
system allows the designer to provide functional 
specifications at various levels of abstraction in a language 
called CFRL (Causal Functional Representation Language). 
The CFRL specification acquired from the user enables the 
system to evaluate the physical specification as it is being 
developed in order to provide useful feedback to the 
designer. Furthermore, functional specifications provide an 
important basis for recording the engineer's design rationale. 

This paper describes the use of CFRL in the extended 
version of DME. We first describe CFRL and then illustrate 
the capabilities of the new system by presenting a 
hypothetical design scenario. We conclude with a 
discussion of our current status and related work. 

2 CFRL 

CFRL is a formalism we have developed for representing 
the functions and expected behavior of a device. It allows 
one to represent knowledge of the functions that a device is 
intended to achieve and also of the sequence of causal 
interactions among its components that lead to achievement 
of the functions. In CFRL, the function of the overall 
device is described first and the behavior of each component 
is described in terms of how it contributes to the function. 

We have provided the language with a well-defined 
semantics in terms of a behavior representation widely used 
in model-based qualitative simulation [Vescovi et al, 1993], 
and we have used CFRL as the basis for a functional 

verification program which determines whether a behavior 
achieves an intended function. 

In this section, we give a brief overview of CFRL. CFRL 
is fully described in [Vescovi et al, 1993]. Before 
describing CFRL, we present the device that we will use 
throughout the paper as an example. The device is the 
electrical power system (EPS) aboard an Earth-orbiting 
satellite [Lockheed, 1984]. A simplified schematic diagram 
of the EPS is shown in Figure 2. The main purpose of the 
EPS is to supply a constant source of electricity to the 
satellite's other subsystems. The solar array generates 
electricity when the satellite is in the sun, supplying power 
to the load and recharging the battery. When the satellite is 
in a shadow, the battery supplies power to the load. Since 
the battery can be damaged when it is charged beyond its 
capacity, the charge current controller opens the relay when 
the voltage exceeds a threshold to prevent the battery from 
being over-charged. 

SA 
Kl 

CCC ~ 

LD: Electrical load on board 
BA: Rechargeable battery 
CCC: Charge current controller 

LD 

SA: Solar array 
Kl :Relay 

- - Signal connection -- Electrical connection 

Figure 2: Electrical Power System 

CFRL allows one to explicitly state the physical context 
in which a function is to be achieved and to describe a 
function as an expected causal sequence of events. Since 
the concept of causal interactions among components is 
essential to the understanding of a function, the language 
allows explicit representation of causal interactions and 
constraints on such interactions. Figure 3 shows an 
example of the representation of an EPS function. 

Formally, a function F is defined as a triplet {DF, CF, 
Gp}, where: 

D F denotes the device of which F is a function. 

C F denotes the context in which the device is to 
function. 

G F denotes a description of the functional goal to be 
achieved. 

The notion of a device function assumes some physical 
context in which the device is placed, and C F is a 
specification of such a context. C F consists of two parts, a 
set of objects and a set of conditions on those objects. The 
conditions must hold throughout a behavior in order for the 
function to be satisfied by the behavior. 

Iwasaki et al. 1517 



G F, the goal to be achieved by the function, is 
represented as a Boolean combination of Causal Process 
Descriptions (CPOs). Each CPD is an abstract description 
of expected behavior in terms of a causal sequence of 
events. The abstracted behavior is represented as a directed 
graph in which each node describes a state and each arc 
describes a temporal and (optionally) a causal relation 
between states. 

DF: ?eps: Electrical-power-system 

C F: Object-set: ?sun Sun, Condition: T 

GF: (ALWAYS 
(IF (AND(> (Electromotive-force 

(Battery-component ?eps)) 
33.8) 

(Closed-p (Relay-component ?eps))) 
THENCP03)) 

CPD3: 

(by-funcdon-of (Controller-component ?eps)) 

Figure 3 : EPS Function in CFRL. 

A node specifies a condition on a state. The condition is 
a logical sentence that must hold in a state of the world at 
some time using the variables defined in D F and C F. The 
arcs in a CPO are directed and specify temporal and causal 
relations among nodes. An arc has the following attrib~tes: 
causal-flag: An indicator of whether the relationship 

between the states described by the source and destination 
nodes is causal. 

temporal-relation: =, <, or ~, indicating the temporal 
relation between the states described by the source and 
destination nodes. = means that the states described by 
the two nodes are to be the same state, < means the state 
described by the source node must strictly precede the 
state described by the destination node, and ~ means the 
state described by the source node must either be the 
same as or precede the state described by the destination 
state. 

causal-justification: If an arc is "causal", one can attach a 
justification for the causal relation. A justification takes 
the form of a Boolean combination of the predicates by­
function-of (<component>) and with-participation-of 
(<component>). Those predicates are used to specify the 
participation of a device component in a particular portion 
of a causal process. 
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Because the semantics of CFRL is defined in terms of 
matching a functional specification to a device behavior, the 
language is immediately useful for design verification. In 
Figure 4, we show an example of matching a CPO to an 
EPS behavior generated by a qualitative simulator [Iwasaki 
and Low, 1991]. The left portion of Figure 4 shows part of 
an EPS function. (The notation has been changed slightly 
for legibility.) The right portion shows part of a predicted 
behavior for EPS. Since the IF part becomes true at state 
s4. s4 is matched against node nl. Nodes n2 and n3 match 
with s5 and s6. The temporal constraints on the arcs are 
clearly satisfied since s4 < s5 < s6. The way this portion of 
the behavior was simulated shows the existence of the 
following causal path involving the controller and the relay: 

Voltage-battery> 33.8 [s41 ~ Tum-signal-on [s41 
~ Signal-control = on [ s5 1 ~ Relay-open [ s6 1. 
Thus, as required by the arcs in the CPO, the functioning 

of the controller plays a role in causing the condition 
specified in node n2 to become true and the functioning of 
the relay plays a role in causing the condition specified in 
node n3 to become true. 

IF Voltage-Battery> 33.8 
and • 

Relay-Closed ' ' ' 

THEN ,, ,, 
-----~ nl oltage-Battery > 33.8 

n2 

n3 

Causal,< 
by-funcdon-of 
(Controller) " 

..-;------~' 

Causal,< 
by-funcdon-of(Relay) 

84 
Shining-p (Sun) 
Relay-Closed 
Charge-Battery > 30 
Voltage-Battery> 33.8 
Signal-Control = off 

Shining-p (Sun) 
Relay-Closed 
Charge-Battery > 30 
Voltage-Battery> 33.8 
Signal-Control = on 

86 

Shining-p (Sun) 
Relay-Open 
Charge-Battery > 30 
Voltage-Battery> 33.8 
Signal-Control= on 

Figure 4: Example of matching a CPD to a behavior. 

3 A Design Support System 

A comprehensive design support system needs to support 
multiple iterations through all the steps of design, including 
formulation, synthesis, analysis, evaluation, reformulation, 
and description, since any non-trivial design problem will 
require many such iterations. Furthermore, even though the 
requirements are the input in Gero's model, requirements 
are rarely completely known a priori. Even known 
requirements often change during the design process, a 
provision not allowed for in most formal models of the 



design process. During the process of generating and 
evaluating alternative designs, the designer may discover 
unforeseen consequences of given requirements or features 
of the environment that have effects on the performance. 
As a consequence, the requirements are likely to change 
many times. A practical design environment must support 
such incremental acquisition and evolution of the 
requirements. Our goal is to develop a design support 
system that can facilitate all these activities by: 
• Providing languages for describing both device structure 

and functional specifications at various levels of 
abstraction. 

• Supporting incremental acquisition of both constraints 
that must be satisfied by the device and properties of the 
environment in which the device is expected to operate. 

• Providing analysis tools for evaluating the design through 
simulation and for verifying that the simulated behavior 
satisfies the functional specification. 
We view the design process as one of parallel refinement 

of two types of specifications: physical and functional. The 
two specifications are closely linked in many ways. The 
functional specification drives development of the physical 
specification by providing the goals to be achieved. The 
functional specification refers to parts of the physical 
specification in order to explain how different components 
are to interact with each other to achieve the overall 
function. The physical specification must include at least 
all the components that are referenced in the functional 
specification and all connections that enable them to 
interact. Analysis of the behavior of the physical design in 
turn may suggest additional functions that are needed. 
Finally, the functional specification provides an important 
part of the rationale for the physical specification as well as 
the evaluation criteria for design. 

The following section describes the design environment 
through a hypothetical design scenario. 

3.1 Hypothetical Design Scenario 

The given task is to design an electrical power supply (EPS) 
for an Earth orbiting satellite; The top-level goal is 
expressed in CFRL as shown in Figure 5. 

Dp: ?eps: Electrical-power-system 

CF: Object-set: ?sun: Sun, ?1: Electrical-load 

Conditions: T 
Gp: (ALWAYS CPDO) 

Figure 5: The top-level function of EPS 

It says that the power supply generates power, supplying 
electricity to the load. The physical specification at this 
point, shown in Figure 6, is very simple. It shows that there 
is an electrical load connected to a power-supply. 

ripow.,---ty (?•l I Lood(?l) ll 
-- '=' 

Figure 6: Top-level physical specification of EPS 

The designer first decides to refine the power-supply 
component in Figure 6 by selecting a specific class of 
devices as a power supply. The system, using its 
component library, displays the following options: 

Power-supply options: battery, solar array, thermal 
generator 
The user selects "battery". The physical specification is 

refined to include a battery as the power supply. The user 
wants to see the behavioral implications of this selection. 
The systems performs qualitative simulation of this abstract 
physical specification using its generic knowledge of 
batteries. The simulation results, as shown in Figure 7, 
indicate that the battery will run out of power at some 
unspecified time t, after which the load will not be supplied 
power. 

Simulation results 

Figure 7: Qualitative simulation result 

The system's verification module compares this predicted 
behavior with the top-level functional specification and 
informs the user that the function is not satisfied since the 
battery fails to supply power after some time. Furthermore, 
causal analysis by the verification module reveals that the 
failure to provide power causally depends on the capacity of 
the battery as well as the power demand by the load. These 
analysis results prompt the user to refine the functional 
specification by changing "ALWAYS" to "fort< 20 years" 
and by adding the constraint that the electrical load is 100 
watts and constant. 

The user now asks the system to describe types of 
batteries that can satisfy these constraints. The system, 
using its battery knowledge base, describes possible types of 
batteries that can meet these requirements and lists their 
attributes, such as the capacities they must have. One of the 
listed attributes is weight, which the system computes will 
be between 500 kg and 30,000 kg depending on the type of 
battery chosen. The user decides that this is unacceptable 
for use in a satellite. She adds a new constraint that the 
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weight of the EPS must be less than 50 kg and rules out 
using a battery as the power supply. 

The user now returns to the list of alternatives supplied by 
the system and selects a generator as the power supply. The 
component knowledge base contains knowledge about the a 
priori requirements of each type of componen~ for its 
operation. In the case of generators, the requrrements 
include the availability of some type of fuel such as oil, 
coal, gas, or uranium. Since the system does not know 
enough about the environment in which the EPS will 
operate to determine if any such fuel is available, the system 
displays this requirement, which leads the user to specify 
the environmental constraint that there is no fuel and to rule 
out use of a generator. 

Similarly, the user considers solar arrays and is presented 
with the requirement that sun light be available. The user 
adds the environmental constraint that sun light is available 
only for 70 minutes out of every 100 minutes and rules out 
solar arrays. 

Since none of the options for a power supply presented by 
the system fulfills the functional goal, the designer decides 
to combine batteries and solar arrays, so that the solar array 
can recharge the battery as well as provide power while the 
sun light is available, and the battery can provide power 
when sun light is not available. She modifies the functional 
and physical specifications accordingly. She further refines 
the physical specification by choosing a nickel-cadmium 
battery. These steps produce the specifications and 
constraints shown in Figure Sa and 8b. 

Functional Spec 

GF: (AND (ALWAYS (if (shining-p ?sun) then CPD2)) 

(ALWAYS (if -(shining-p ?sun) then CPD3))) 

CPD2: 

causal,= 
CPD3: 

Physical Spec 

_rr---(NI_C_D_?_x_) ..., 

(Solar array ?y) 

Figure Sa: Refined functional and physical specifications 
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Environmental constraints Functional constraints 
For every 100 minutes, load= 100 watts, constant 

sun-light is available for (Weight ?EPS) <50 kg 
70 minutes. 

\.. 
- $x : Fuel(x) 

Figure 8b: Refmed constraints 

At this point, the designer decides to check the design by 
simulating its behavior. Predicted behavior indicates the 
possibility of the battery heating up and eventually 
becoming damaged. Noticing the battery heating up 
reminds the user that the scientific equipment on board the 
satellite should not be exposed to high temperature. She 
adds the functional constraint that the temperature of the 
EPS should not exceed 40° C. Causal analysis of the states 
in which the battery heats up and becomes damaged reveals 
that overcharging of the battery is the cause. 

The designer modifies the design again to include a 
controller, whose behavior she specifies to be opening the 
connection between the solar array and the rest of the circuit 
when the battery becomes fully charged and closing it 
otherwise. This new design is shown in Figures 9a and 9b. 
It also shows the functional specification is refined to 
include the function of the controller. The lower part of the 
functional specification shows the behavior of the controller 
as specified by the designer. 

Functional Spec 

GF: (AND (ALWAYS (if (AND -(Fully-charged ?x) 
(Shining-p ?sun)) 

then CPD2)) 

CPD2: 

CPD3: 

(ALWAYS (if (OR (Fully-charged ?x) 
-(Shining-p ?sun)) 

then CPD3))) 

<i![t: (Disharging ?3}::) = •@2: (Powered']) 

CPD4 

~-4--1-:-(C_L_?_x_)_>_cD- causal •@:2: (Open~ 

CPDS al 
caus ~ 

<i!-t:(CL?x)<cD ·~ 

Figure 9a: Functional specification containing a controller 



Physical Spec 

(Solar array ?y) 

Figure 9b: Physical specification containing a controller 

Simulating this new design reveals chattering behavior of 
the controller. The designer modifies the threshold for 
closing the controller in CPOS to c1 such that c1 < cO to 
eliminate chattering. 

3.2 Summary 

To summarize, the design support system described in this 
section has the following features: 
• Allows specification at various levels of abstraction of the 

physical structure and the intended functionality of the 
device being designed. The functionality is represented 
using CFRL and describes what the device is to achieve 
and how. 

• Aids analysis of the design by providing simulation 
facilities which can automatically formulate a simulation 
model of a given design and predict its behavior. At an 
early design stage, simulation can be performed 
qualitatively to uncover possible undesirable behaviors. 
The system also provides causal analysis of the 
undesirable behaviors to help refine the design. 

• Aids evaluation of the design by a verification facility 
that compares a predicted behavior against the functional 
specification in CFRL to determine whether the predicted 
behavior achieves the desired function. 

• Aids in selection of components by presenting 
alternatives and their characteristics, using its component 
library indexed by function. 

• Allows incremental acquisition and refinement of various 
design requirements, including functional and 
environmental constraints. 
The final products of a design process using this design 

environment include physical and functional specifications 
as well as a complete list of requirements and a description 
of the operating environment. The functional specification 
should include a detailed description of what the device is 
expected to do, how it is expected to do it, and under what 
circumstances. Furthermore, the history of the design 
process will be maintained in order to enable post-facto 
reconstruction of the design rationale. 

4 Discussion and Conclusion 

In this paper, we have described a design support 
environment which allows explicit representation and 

refinement of functional specifications along with physical 
specifications. CFRL is used to express the intended 
function of the device to be designed and how the function 
is to be achieved through causal interactions of its 
components. Knowledge of the intended function of the 
device allows the system to evaluate the design of the 
physical structure during the design process to provide 
useful feedback to the designer even at an early stage of the 
design. 

The described design support system is being 
implemented as an extension of the existing DME system. 
DME already contains model formulation and simulation 
facilities, a device structure editor, and an explanation 
facility [Gruber and Gautier, 1993]. An efficient algorithm 
for automatically formulating an appropriate simulation 
model for a given query has been developed and 
implemented [Iwasaki and Levy, 1993]. We have also 
implemented a behavior verification program based on 
CFRL [Vescovi et al, 1993]. 

As Gero points out, designing the expected behavior, i.e., 
what the device is to achieve and how, is an important part 
of the entire design process. Furthermore, in practical 
design problems, the requirements are not fully known 
initially but they are modified, augmented, and refined 
during the design process partly in response to analysis 
results of the design being developed. Therefore, a design 
environment must support such incremental acquisition of 
requirements as well as functional specifications. 

A design support system needs to maintain a history of 
the design process, including development of the functional 
and physical specification, acquisition of requirements, and 
analysis performed of intermediate designs, including the 
desirable or undesirable behaviors discovered which led to 
further refinement of the design. Such a record can be used 
later to reconstruct not only rationale for the design of the 
physical structure, but also rationale for requirements and 
functional specifications. 

There has been significant previous work on both 
representation of function and its use in reasoning about 
physical devices. CFRL is based on the work on Functional 
Representation [Sembugamoorthy and Chandrasekaran, 
1986], and it is a further extension of the work presented in 
[Iwasaki and Chandrasekaran, 1992]. We have extended 
the expressive power of the language described in those 
papers, and have provided a formal foundation of the 
semantics of the language to make possible its use for 
verification of design. Franke [1991], and Bradshaw and 
Young [1991] also represent the intended function in a 
manner similar to Functional Representation. An important 
characteristic that distinguishes CFRL from the work of 
Franke, Bradshaw, and Young is the role causal knowledge 
plays in CFRL and its use in verification. Our work is 
based on the conjecture that causal relations are an essential 
part of functional knowledge, and that explicit 
representation and verification of such relations is important 
in ascertaining that the design achieves the intended goal. 

Lee and Lai [1991] make a useful distinction between two 
types of design rationale: (1) a record of the exploratory 
activity of the design team, and (2) an account of how the 
designed artifact satisfies expected functionalities. The 
design support system described in this paper captures the 
latter type of rationale. It is a step towards realizing the 
view of functional representation as design rationale 
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discussed by Chandrasekaran et al [1993]. As such, the 
system we have described concentrates mostly on acquiring 
infonnation about the structural and behavioral aspects of 
the device to be designed, but does not handle the full range 
of possible types of design rationale. There has been much 
work on development of systems for design rationale 
capture [Klein, 1993; Fischer et al, 1991]. In contrast to our 
work, most of them concentrate on capturing the second 
type of rationale in the fonn of argumentation structure 
(pros and cons) for individual features of the design. Few 
offer a representation fonnalism expressive enough to 
capture detailed functional knowledge of how the design is 
intended to achieve its goal, nor do they treat the 
development of the functional specification as a distinct 
activity in the design process. We believe that a 
comprehensive design support system must be able to 
represent and reason about both types of infonnation, and 
we intend to extend our system to handle the full range of 
infonnation involved in device design. 
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