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Current Al research on adaptive design is limited to devices with minimal interactions
with their environments. This is partly because current functional models are limited
to devices with minimal environmental interactions. We describe a functional
representation scheme, called the Environmentally-bound Structure—Behavior-
Function (or ESBF) model, to represent and organize knowledge of the functioning
of a device, including the role of its environmental interactions. We also describe a
processing strategy called Environmentally-driven Adaptive Modeling (or EAM) for
modifying a known design for operation in a new environment, and thus for carrying
out new functions that arise due to new device—environment interactions. We
illustrate the ESBF and EAM through the example of adapting the conceptual design
of a refrigerator to obtain a preliminary design of an air-conditioner. We also discuss
the implementation of this example in a computer program called Environmental
KRITIK. € 1998 Elsevier Science Limited. All rights reserved.
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1 DEVICES AND THEIR ENVIRONMENTS

Much Al research on device design has focussed on devices
whose functioning can be modeled with minimal
representation of environmental interactions. Consider, for
example, classical AI design systems such as RI.'
AIR-CYL.? PRIDE,* VEXED" and VT.” Typically, these
systems use heuristic search for a new device design,
accommodating interactions among the components of the
device but largely ignoring the interactions of the device
with its environment. In this paper, we present an approach
for designing devices that makes use of functional models of
devices which incorporate, into the model, the interactions
between the device and its environment.

1.1 Functional modeling for design

A design task can be defined as transforming the require-
ments of an artefact to a physical product description of that
artefact that satisfies the requirements. The designed
products can also be represented using qualitative models
with the structure and behavior of the artefact. Physical
descriptions and qualitative behavioral descriptions cannot
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address the tasks required to be performed during the
process of designing the artefact.

(1) Verification and prediction: once the design task is
complete, it should be possible to verify the artefact
description to see whether it satisfies the require-
ments or not. It is also required to test, at various
stages of the design process, that the artefact
description addresses the requirements.

(2) Incorporating designer’s rationale: the artefact
descriptions need to provide explanations as to
how the devices work. This will enable one to test
whether the artefact will work or not.

(3) Addressing the synthetic task: design requires
synthesizing component-related descriptions into an
artefact description. This is in addition to analytical
tasks such as simulation of the artefact behavior.

The functional modeling approach suggests that an
artefact is modeled in terms of function, i.e. what it is
intended to do, and how the intentions are to be
accomplished through causal interactions among com-
ponents of the device.” Here, the requirements are specified
as functions of the artefact. Gero’s’ method for designing
artefacts, using functional modeling, suggests that the
structure of the artefact is not directly generated from
the requirements. In this model of design synthesis, the
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expected behavior of causal interactions is generated from
the function. The expected behavior is transformed to a struc-
ture. From the structure, the physical behavior of the artefact
is derived. The expected behaviors are compared to the actual
behaviors of the structure of the physical artefact. The
expected behavior is reformulated based on the comparison.’

The functional modeling work in design has attempted to
address a variety of design tasks using different kinds of
functional models. These models can be summarized as
having the following features:®°

(1) Representational grounding. the functions can
broadly differ based on whether they are the
intentions on structure or behavior. The behaviors
of an artefact are abstracted to satisfy a design
intent. Here, the functions are grounded in the
abstracted behaviors.>'® An example of grounding
functions over structure is a display function with
the intent of displaying some aspects of structure
of the artefact."'

(2) Levels of intention: the functions vary in the level of
abstraction of function in terms of its meaning.

(3) Functional decomposition: a function of an artefact
is decomposed into subfunctions, where each sub-
function is mapped onto different aspects of the
artefacts.

(4) Relating function with other kinds of knowledge:
qualitative behavioral models have used general
first principles knowledge to generate behavioral
models. Functional models represent the specific
roles of the first principles in generating behavior
segments in order to achieve a functionality.®'”

(5) Representing function in context: functional
representations that explicitly embed an artefact
into its environment.'?

1.2 Functional modeling for adaptive design

An alternative method to routine design used in design
research is adaptive design, in which old design cases are
adapted to address new design problems.'*!* For adapting
past design cases to design new devices, qualitative models
of devices are used to represent design cases.'>™'® These
qualitative models represent relationships between structure
and behavior of devices, with minimal representation of
environments.

In addition, functional modeling of devices has allowed
formalization of the design task and the process of adaptive
design.'* A design task can be defined as mapping from a
function of the device or the goals of the designer for the
device to the structure of the device. Each design case is
represented as a mapping from the structure of the device to
the function of the device. The design of a new device, i.e.
achieving a new functionality, is done by adapting a
structure to function mapping of a known device to achieve
the new functionality. The functional models are used to
represent design cases, from which adaptation spaces are
generated for solving a new design problem. The adaptation

spaces for designing new devices can be generated provided
a functional model has the following properties.

o Localization of functional aspects of the device
onto structural aspects of a design case. This
localizability property is not inherent in all
models, e.g., models of non-linear functions.

* Isolable modification of a localized element of a
past design case. The modification of local elements
should preserve the remaining models of the design
case, primarily the localizability property of the rest
of the model. This enables the model to preserve the
remaining functional aspects and their adaptability.
A further consequence of this property is that the
adapted model itself is adaptable, thus ensuring a
potentially infinite sequence of adaptable models.
Therefore, the adaptation spaces generated contain
models that are functional variations of the past
design.

The Structure, Behavior and Function (SBF) model'®
has the above properties. KRITIK'®!'® and IDEAL'®-?
demonstrate the usefulness of these properties in a number
of systems for various domains.

The following aspects of the SBF models enable
localization and isolable modification properties to be
satistied.

(1) Functional closure of behavior: in SBF models, only
functionally relevant behaviors are represented. This
allows functions to be directly mapped onto behaviors,
and no other behaviors are present in the functional
model that does not have functional significance.

(2) Causal closure over structure: each of the behavioral
states in an SBF model is closed over a device sub-
structure and includes a small set of structural
elements of the device. A causal event links two
such states by a behavioral state transition. This
aspect of an SBF model suggests that if there is a
functionally relevant event, then it can be mapped
onto a small group of structural elements.

(3) Equivalence of events across functions: two events
are equivalent if their behavioral states and
behavioral state transitions are equivalent. The
states, or the state transitions, are equivalent if
their elements are equivalent, Both of these are
represented using a global ontology that ensures
their equivalence. This point enables modifiability
without disturbing the equivalence structure in the
rest of the model.

(4) Localizable causes. a state is a causal result of
another state that lies in a sequence of state transi-
tions within the same behavior. This makes use of
the transitive nature of the causal relationships
between states. This closedness makes the search
for a behavioral state transition localizable.

Many functional models possess one or two of the above
. 212 " . N
properties,”’ ** but not all. SBF models provide a powerful
solution for adaptation problems.
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However, this functional modeling of devices allows only
a minimal modeling of the environment:

(1) Minimal role of the environment: the device is
assumed to have a small set of input and output
states compared to its large number of internal
behavioral states. Changes in behavioral states of
environment often do not contribute to the
functionality of the device.

(2) Passive role of the environment: changes in the
states of the environment are brought about by the
device, but the environment plays no distinct role in
the functioning of the device.

For these reasons, SBF models are limited in designing
devices for new environments. Furthermore, they face the
following problems while addressing the design for new
environments by adapting past experiences.

(1) Incomplete model generation: since the environment
of a device is not explicitly modeled, the adaptation
of SBF models generates incomplete models—a
model of the device that does not capture the aspects
of its environment.

(2) Non-adaptable adaptations: multiple SBF models
describing different designs may be composed to
arrive at an SBF model of the new device.'® Since
each SBF model represents environmental inter-
actions, however minimailly, the resulting SBF
model would also minimally represent the environ-
mental interaction. Since the environmental inter-
actions are not explicitty modeled in an SBF
model, this combination of SBF models in an
adaptation can give rise to unpredictable results.
That is, it is not possible to conclude which environ-
mental aspects the adapted SBF model would
incorporate.

(3) Large adaptation spaces: since an adaptation does
not consider the environments, it is underconstrained
for the requirements of the environments. The result-
ing adaptation space may be very large or
inappropriate for an environment.

The following issues become important in modeling
environments for adaptation.

(1) Easy replaceability of environments: devices are
physically moved from one environment to another,
but can still deliver their functions. The functional
model of the device needs to meet this criterion.
Since a designer may not be aware of all environ-
ments in which a device can be operated or there
may be no generic model of all environments, the
device models will often be incomplete. The only
solution is to change the model of the environment.
This change in environmental model may suggest
some changes in device model, but together they
still need to support a consistent behavior.

(2) Supporting close, yet acausal, interactions between
device and environment: an environment is not a part

of a device in the same sense that a component of a
device is a part. This is because the environment
does not causally contribute to the functionality of
the device. An environment often provides a
physical situation in which the causal events of the
device take place. Devices and their environments
change dynamically and their event structures
depend upon each other. The functional model
should be able to capture this dependency.
Modeling environments without intrinsic functions:
in contrast to devices which are designed for specific
functions, environments are often not designed to
satisfy any functions. For example, the environment
of an automatic coffee-maker can be a room which is
not specifically designed to support the function of
coffee-making. Devices are said to have intrinsic
functions, whereas environments give rise 1o
ascribed functions. The inherent process of the
device supports the intrinsic functions. On the
other hand, the ascribed functions are achieved by
ascribing a structure to the environment that can
support the function.

(3

~—

In order to address the above issues, we have developed a
new functional representation scheme that extends the SBF
model to represent device—environment interactions and
their role in the functioning of the device. We call the new
scheme the Environmentally-bound Structure-Behavior—
Function (ESBF) model. In contrast to SBF models and
other functional representation schemes, the ESBF model
views a device function not as an abstraction of the internal
behaviors of the device, but as an abstraction of the inter-
actions of the device with its external environment. ESBF
gives rise to a new processing strategy, cailed Environmen-
tally-driven Adaptive Modeling (EAM), for adapting the
design of a known design for operation in a new environ-
ment and for carrying out new functions based on the new
environmental interactions. Unlike the adaptive modeling
strategy used in the KRITIK systern, EAM explicitly takes
into account device—environmental interactions.

ESBF and EAM arise from a detailed analysis of three
historical case studies of technological invention: the
automatic coffee-maker,”** the room air-conditioner>®?’
and the windmill.?® In this paper, we illustrate the ESBF
model and the EAM strategy through the example of
evolution of the preliminary design of the air-conditioner
from the conceptual design of the refrigerator.***" The
discussion focusses on the adaptation task as opposed to
other tasks of adaptive design, such as design retrieval,
design verification, redesign and design storage.

A computer program called Environmental KRITIK
(E-KRITIK) implements and evaluates the EAM
strategy for the task of adapting an ESBF of the
refrigerator into an ESBF model of the air-conditioner.
In this paper, we briefly describe E-KRITIK. We
also discuss its limitations and how it might be
extended for addressing some of the other tasks of adaptive
design.
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2 ADAPTIVE DESIGN OF DEVICES FOR NEW
ENVIRONMENTS

The functions of many engineered devices depend upon the
interaction between the devices (made up of components
and connections designed by the designer) and their
environments. For example, a buzzer circuit makes a buzz-
ing sound within air by producing mechanical vibrations
within the air surrounding it. A buzzer circuit designed for
an ‘air only’ environment may not produce sound in an
environment filled with a magnetic field. This is due to
interactions between the magnetic field of the magnetic
coil of the buzzer circuit and the environmental magnetic
field. The model of the buzzer circuit, which operates within
a magnetic field, can explain how the device operates by
representing the interactions between the device and the
environmental magnetic field.

In this model, the function is a state change in the
environment that is brought together by the device and the
environment by continual interaction. The function is a set
of designer’s goals where each goal is instantiated with a
behavioral state of the environment of the device.

2.1 The ESBF representation

In order to address the above issues, we propose a new
model (ESBF) which is an extension of the Structure,
Behavior and Function (SBF) model.'® The ESBF model
supports a hierarchy of interactions between the device
and its environment and is illustrated in Fig. 1. Before we
proceed further, we introduce a few terms in order to avoid
ambiguity. We call the model of a device the device model,
the model of the environment the environment model, and
the model that includes both device and environment
models the integrated device model.

We list below the features of this new models and then
relate them to the issues we identified earlier.

(1) The environment is considered as a ‘device’ which
supports the device model, so that the integrated
device model achieves its function. The environment
model has an ascribed behavior to support device
model functionality. For example, the flying function
of an airplane can be achieved by the plane having

the function of thrust generation, whereas the air has
the behavior of counter-thrust generation. Only those
environmental processes are modeled that enable the
model to support the functionality of the device. The
inherent structure, as opposed to the ascribed
structure, of a device and its interactions with the
environment support its intrinsic functionality. The
device model captures the device’s ability to make
active changes in the environment and react to
the environmental changes as contributing to the
intrinsic functionality. The explicit modeling of the
environment addresses two issues of designing for
new environments: modeling and prediction. Since
environment models are modular, they can be
replaced by other environment models. This
addresses the easy replaceability issue of modeling
the environment.

(2) The interactions between various structural elements

of the device and the processes of the environment’s
physical system are organized into a hierarchy.
While achieving the functionality of the device, the
processes of the environment model interact
more closely compared with interactions between
elements belonging to structural elements of device
and environment models. Due to this organization of
interactions, it is possible to localize the functional
aspects onto structural aspects in a principled
manner.

(3) Each of the device and environment models follow

the modeling principles of an extension of SBF
models. Thus, adaptation can be addressed within
each of these models by functional closure of
behaviors, causal closure of structure and localizable
causes. The event structures of environment and
device models are not causally related. They are
related by influencing the state transitions of causal
behaviors. This allows the adaptation strategies to
localize the structural elements for functional aspects
while capturing various levels of interactions that
take place with the complex system of a device
and its environment.

(4) The behavioral states and state transitions in

both environment and device models share
many ontologies: substance, component (location),

Structure of I Behavior of Device
Physical ] Relevant for Interaction

Functional Abstraction

- of Device for
Device / Interaction
\ \ Function o f
Integrated
/ / Device
Structure of Behavior of Behavioral Abstraction
Physical nvironment Relevant of Environment for
Environment for Interaction Interaction
Structure Behavior Function

Fig. 1. The features of the ESBF model.
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property and parameter. This allows isolable
modifiability in adaptation.

The following is a list of features of the SBF model.'*'®

(1) Functions are represented as transitions of behavioral
states.

(2) Internal causal behaviors of devices are explicitly
represented to explain how the function of a device
is delivered by the structure of the device.

(3) Compositions of causal behaviors are also
represented in delivering the function of the device.

(4) The causal and compositional aspects of behaviors
represent the interactions among the structural
clements. The structural elements are broadly
categorized into components, substances and the
connections between the components.

(5) Changes to structural elements are represented by
behavioral state transitions.

(6) A set of behavioral principles explains the
behavioral state transitions. The basic set of
behavioral principles is: (i) applying a physical
principle; (i) using a function of a component: (iii)
using a structural  relationship: (iv) causal
dependence on another behavior.

The ESBE model has the following specific aspects (see
Fig. 1).

(1) The function of the integrated device, the functional
abstraction of the device and the behavioral
abstraction of the environment are represented as
behavioral state transitions.

(2) The behaviors of the device and environment can
be of two types: causal and compositional. Com-
positional behaviors extend the causal behavior of
an SBF model by allowing more than one causal
segment to give rise to one single behavioral state,
and a single behavioral state causing multiple causal
behaviors.

(3) The models of a device and its environment may
have classes of structural elements that are quite
different. For example, a device may have large
lumped structural elements, whereas the environ-
ment may be modeled as having elements which
are at a lower level of grain size. These differences
in the grain sizes of the structural elements may
require different behavioral principles.

(4) A new ontological entity is added to the environment
behavioral states: the qualitative region. A
qualitative region need not be a physical component
with an intrinsic functionality, but a region of
physical space that shows a behavior. For example,
the surface of a wall deflects an air-current hitting it
at an angle.

(5) The causal state transitions of behaviors of
both the device and the environment can be
causally dependent upon each other. This is
represented by a new behavioral principle called
Environment_Device_Interaction.

2.2 The EAM process

Before we present an adaptation strategy that addresses
these issues, let us define the adaptation task for the design
of new environments.

! Inputs: Known ESBF model, M1 of an integrated device, 1D1, ‘
Functional specification Fn2 of a new {unknown) integrated device, D2, !
Structural specification of environment, E2 ol 102
| Outputs: ESBF modelofiD2 R

Fig. 2 illustrates the overall adaptation strategy. Given a
functional specification, Fn2, of a new integrated device
ID2, a known model M1 of an integrated device ID1 with
function Fnl is retrieved from the case base of designs by
matching the functionalities Fnl and Fn2. The functional
decomposition that is present in model M1 for its device
and environment is adapted to arrive at the functional and
behavioral abstractions of device and environment of ID2.
In model M1, the device model is MD1 and the environment
model is ME1. In MDI, functional abstraction differences
between the device D1 of ID1 and the device D2 of ID2 are
localized to structural elements. In MEL, the behavioral
abstraction differences between the environment El of
ID1 and the environment E2 of ID2 are localized to some
processes.

These models specify the adaptation spaces. While
searching these adaptation spaces, constraints are generated
that reflect the modeling choices which are passed on to the
modification processes in the rest of the models that are
being adapted. Each of the modified device and environ-
ment models satisfies the generated constraints.

From each of the adaptation spaces a model is selected,
and the models are composed to form a complete model of
the integrated device ID2. The localization and modification
processes within the device and the environment models
are different. In this paper, we focus primarily upon the
adaptation strategy of the environment.

3 THE ESBF REPRESENTATION: A DETAILED
EXAMPLE

We present an ESBF model for the integrated device
refrigerator. Fig. 3 shows a schematic for a refrigerator.”
The purpose of the refrigerator is to pump heat from a
chamber, where the food is stored, into the surrounding
room. The device of the refrigerator is the part containing
the components: compressor, condenser and evaporator.
This device of the refrigerator can be viewed as having
two environments: the chamber along with its contents
and the room outside the refrigerator.

The chamber or the enclosure, along with its contents, is
an environment for the refrigerator device, because many of
its aspects such as the contents are not designed for the
device, but can influence the functionality of the device.
In other words, the device model can be described mainly
using endogenous variables and the environment model
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Fig. 2. Overall strategy for adaptation of a functional model of an integrated device.
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Fig. 3. A schematic of a refrigerator.

using exogenous variables. In this paper, we focus mainly
upon one environment: the chamber. The outside room
environment can be considered as a heat sink, without losing
the generality, which provides room temperature as a
reference point.

The function of the refrigerator—to remove heat from the
chamber to the surrounding room—is achieved by a
‘working fluid” or a ‘refrigerant’ going through a cycle of
liquefaction and gasification. Four properties of the ‘work-
ing fluid’ change to achieve this function: heat content,
pressure, temperature and physical state. The working
fluid enters the compressor as low pressure gas at a high
temperature. The compressor applies pressure on this gas,
thus increasing its pressure and temperature. This gas then
flows through the condenser, gives out the heat to the out-
side room, cools down to a low temperature and then
condenses into liquid. The liquid will still be at high
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pressure. It then enters the evaporator, which is a narrow
tube. During the flow through the evaporator, the liquid
absorbs the heat from the chamber and becomes gas at
low pressure. This low-pressure gas at a higher temperature
enters the compressor and the whole cycle repeats.

The purpose of the enclosure is to transfer the heat from
the food stuff held in the chamber to the evaporator. This
heat transfer is performed by the air-currents within the
chamber. A temperature gradient exists within the enclosure
due to temperature differences between the food stuff and
the evaporator surface. The air-current, after receiving heat
from the food stuff, moves towards the lower temperature
spatial point immediately next to it. In this case, the lower
temperature spatial point is above the current location.
Therefore, the air-current moves in the upwards direction.
When it reaches the surface of the evaporator, it exchanges
its heat with the surface and the cooler air-current descends.
This cycle repeats, thus cooling down the food stuff.

3.1 Functional abstractions of the refrigerator
The function of the refrigerator is given below. Here Hs > Ls

and Hh > Lh. Let Lr be the room temperature, then Ls = <
Lr. From here onwards, we refer to the food stuff as source.

w Given: Source in enclosure at temperature Hs with heat Hh
|

i Makes: Source at temperature Ls and with heat Lh, and
| (Hh - Lh) heat is in outside room

The behavioral abstraction of the enclosure, given below,
plays a supportive role in letting the refrigerator deliver its
function. The enclosure or the environment transfers heat
from the source to the evaporator.

. .
: Given: Source inside enclosure has heat cantent Hh, and temperature Hs

| Makes: Source inside enclosure has heat content Lh, temperature Ls, and
! The evaporator has the heat content (Hh - Lh)

The functional abstraction for the refrigerator device is given
below. Here, the heat content QI1 does not include the heat
(Hh — Lh) gained from the environment.

Given: Refrigerant in evaporator has heat content (Hh - Lh)

. Makes: Refrigerant in condenser has heat content Qi1,
Room outside has heat content (Hh - Lh)

The behavior of the ESBF model of a refrigerator has two
distinct behaviors belonging to its environment and device.
The device behavior represents how the heat gained from
the environment is transferred to the outside room. The
environment behavior represents how the heat of the source
is transferred to the device. The environment behavior is a
composition of two causal behaviors. The first is tem-
perature and heat variations of the source due to its inter-
actions with the air-currents. The second is the movement,
and heat and temperature variations. of air-currents within
the enclosure, which carry heat from the source to the
evaporator of the device.

3.1.1 Function of the refrigerator

Fig. 4 illustrates the function of the refrigerator. The given
state describes the source as having the temperature Hs and the
makes state describes the source as having the temperature Ls,
with the condenser having the heat quantity Q11. This function
shows that the source temperature reduces from Hs to Ls,
while the heat quantity is moved to the condenser.

3.2 Behaviors of the refrigerator

Figs 5-7 illustrate the detailed SBF model of the
refrigerator device. The function of the refrigerator device
is represented using the location (loc), substance (sub),
property (prop) and parameter (param) ontologies. The
given state describes that the location, EVAPORATOR,
has the substance, REFRIGERANT, which contains the
substance, HEAT. The REFRIGERANT has the properties
physical state (shown as state), temperature and pressure,
whereas the HEAT has the property quantity. The function
describes the variation of values in these properties
from given to makes states. For the refrigerator device, the
functional abstraction represents loss of heat (He — Le) and
reduction in temperature of the refrigerant.

Fig. 6 illustrates the refrigerator device behavior that
achieves its functional abstraction. The two segments of
behavior illustrated in Fig. 6 belong to the same behavior:
the right segment follows immediately after the left
segment. The first state of the behavior is at the top left,
which shows that the refrigerant is at the evaporator in a
liquid state with pressure Ph, temperature Le and heat Ql1.
The first state transition represents an interaction of the
evaporator with the environmental behavior of heat
transfer from the source. The evaporator interacts with the
environment and absorbs the heat (see Fig. 7) from it. The
next state represents the result of such an interaction: the
temperature and the heat content of the refrigerant are now
higher, the pressure lower and it is in a gaseous state. This
interaction is facilitated by the domain principles: the
Zeroth Law of Thermodynamics and the Law of Gaseous
Absorption of Heat, and a structural relation that the
evaporator and air-current are in contact.

The second state transition represents the movement of
the refrigerant from the evaporator 1o the compressor due to
the ALLOW function of the pipe that connects them. The
third state transition represents the compression of the
gaseous substances, resulting in a state where the refrigerant
is still in the gaseous state with higher pressure, temperature
and heat content. The fourth state transition represents the
movement of the refrigerant to the condenser due to the
function ALLOW of the pipe connecting the compressor
and the condenser. Here, a set of behavioral transition
annotations describe the heat loss to the outside room.
The cooler and liquid refrigerant moves to the evaporator
using the ALLOW function of the pipe connecting the
evaporator and the condenser.

Fig. 7 illustrates the state transitions that represent
changes in the evaporator as it interacts with the environ-
ment. Here, only the changes in evaporator temperature are
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GIVEN: MAKES:
LCs SOURCE Hs LCs SOURCE Ls
TEMPERATURE TEMPERATURE
ICONDENSER HEAT Qi
o] (sub}—{57p] *
REFRIGERANT QUANTITY

Fig. 4. The function of the refrigerator.

shown. The changes in the rest of the properties—pressure,
heat content and physical state—as illustrated in the states of
Fig. 6, can be represented in a similar way. The evaporator
gains heat from the refrigerator enclosure by interacting
with the air-currents. Each air-current can have a different
effect upon the heat exchange. That is, the amount of tem-
perature changed in an evaporator state depends upon the
type of air-current. As will be described later, this is
crucial in representing how the refrigerator works. In
Fig. 6, each segment shows an interaction. The arrow
indicating environment—device interaction illustrates the
direction of heat flow. The loop on the arrows is the location
of the interaction. All these interactions are aggregated
into a single evaporator state. The first and last states
of this behavior form the first two states in the behavior of
Fig. 6.

3.3 Behaviors of the refrigerator environment

The behavioral abstraction of the refrigerator enclosure is
facilitated by the air-currents, which carry the heat from the
source to the surface of the evaporator. This transfer of heat
by the air-currents, away from the source to the evaporator,
can be represented in four scenarios, which are integrated
into a single representation in Fig. 8. Fig. 8 illustrates four
air-currents: C1, C2, C3 and C4. Each of these air-currents
shows different behavior in carrying heat from the source to
the evaporator and hence realizing the behavioral abstrac-
tion of the environment in different ways. To understand
these behaviors further, we need to define a few terms.

In order to capture the behavior of multiple fluid currents
that are often present in an environment, we introduce a new
ontology: the qualitative region. In a refrigerator environ-
ment, the fluid current is the air-current. An air-current is
considered here as a substance that brings about changes to
various aspects of the environment and the interface
between the device and the environment. The behavior of
an environment, in its SBF model, captures specific

interactions of air-currents. These interactions occur at
qualitative regions 1.1, L12, 1.2, L.14 and L13.

Each of these qualitative regions is characterized by its
qualitative location and a component element at that
location. Two spatial locations inside an environment are
considered as belonging to the same qualitative location if
they share similar spatial properties, such as on_the_wall,
on_the_ceiling, in_the_free_space, etc. The spatial regions
inside the environment, which have some unique qualitative
properties, are called component elements. Component ele-
ments allow for the localization onto a small spatial region
for comparison with other regions, in an otherwise con-
tinuous space. For example, two areas on a wall can be
the same type of component element if they can have the
same qualitative values for temperature. The qualitative
regions identified in Fig. 8 are further described below.

e Location LI: here, the component element is the
source and the qualitative region is near the floor,

o Location L12: this 15 the qualitative region on the
wall close to the middle section of the environment,
and has the component element that is a region on
the wall.

e Location L13: this is a qualitative region on the wall
closer to the ceiling. It has the component element
that is a region of the wall.

e Location L14: this is a region of free space inside
the environment. The component element is a
spatial region.

We can now describe the air-currents in detail. The
simplest of all the air-current behaviors is that of CI,
which is called Vertical Heat Transfer Behavior (VHTB).
The air-current Cl exchanges heat with the component
element source at L1. Since it is hotter, it ascends towards
the cooler ceiling. It hits the ceiling and exchanges heat
there and, being cooler, descends towards L.1. This cycle
repeats itself.

Since there can be more than one air-current present at a
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Fig. 5. The functional abstraction of the refrigerator device.
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Fig. 8. Different kinds of air-currents transporting heat from the
source to the evaporator.

time and they can have different temperatures, they can
influence each other’s behavior. Air-current C2, being of
lower temperature compared to C1. is pushed aside by Cl.
It moves upwards at an angle and, as a result, hits the wall at
L.12. Here, the wall being at the same temperature as the air-
current, no heat exchange occurs. However, the component
element wall at L12 has the property to deflect the air-
current. The air-current now moves upwards at a new
angle towards the cooler ceiling. At the ceiling, it exchanges
heat with the evaporator and, being cool, descends vertically
downwards. This behavior of air-current C2 is called Wall
and Air-Current Collision Behavior (WACB). Current C3
shows similar behavior.

The air-current C4 starts vertically upwards after
exchanging heat with the source. On its way. at L14. it
collides with a cooler air-current descending vertically.
The result can be a vertically downward or upward moving
air-current, depending upon the temperature of the resulting
air-current. This air-current behavior is called Air-Current
and Air-Current Collision Behavior (ACACB).

3.3.1 Functional abstraction of the refrigerator
environment

Fig. 9 illustrates the behavioral abstraction of the refrigera-
tor environment. The transfer of heat to the device occurs
implicitly, by the air-currents, as has been explained earlier.
Each state of the function is described using the following
ontologies: qualitative location (loc), component element
(comp), substance (sub), property (prop) and parameter
(param). The function for the refrigerator environment
describes the decrement in temperature of the source.

3.3.2 Heat transfer from the source

Fig. 10 illustrates the Heat Transfer Behavior (HTB) of the
source in the environment of the refrigerator. This behavior
represents the cooling of the source by three different air-

S. Prabhakar, A. K. Goel

currents. The three air-current behaviors—VHTB, WACB
and ACACB-—interact with three behavior segments of
source cooling. Each of these interactions occurs at a
behavioral state transition of the source cooling. Or, the
source cooling is enabled by the exchange of heat, which
1s represented as a conditional transition. Here, the arrows of
conditional transition represent the direction of the heat
transfer. All the behavioral segments for source cooling
are aggregated into a single behavioral state, which
represents the aggregated value of the temperature cooling.

The behaviors of the environment have behavior state
transitions which use the annotations of the behavior
model in KRITIK plus two other annotations. The first is
the environment—device interaction. This is also used in
device behaviors. The second is the qualitative parametric
relation. This represents a qualitative relation between the
values of the local qualitative parameters. If this relation
is true, in addition to the fact that other annotations of the
state transition are also true, then the state transition takes
place.

3.3.3 Vertical heat transfer by air-currents

Fig. 11 illustrates the behavior of air-current C1 of Fig. 8.
The behavioral state uses the same ontologies as the
behavioral abstraction of the environment. The first state
illustrates that the substance AIR-CURRENT and the
component EVAPORATOR are both at the location LCe.
The AIR-CURRENT has the properties TEMPERATURE
with value Htacl and DIRECTION of movement UP. The
AIR-CURRENT has a substance HEAT, which has the
property QUANTITY with a value of Hhacl.

These property values change, in the first state transition,
due to the interaction of the air-current with the evaporator
heating behavior (see Fig. 7). as represented by an environ-
ment-device interaction. Due to the first state transition, the
air-current loses heat to the evaporator, resulting in the next
state with lower temperature and heat content. The second
state transition represents the movement of the air-current in
the DOWN direction. This state transition is enabled by a
domain principle that the cooler air-currents descend, and
due to the parametric relation that the distance between the
evaporator and the source is less than the temperature
difference between the source and the air-current. The
result is that the air-current reaches the location of the
source.

The third state transition represents the heat exchange
between the cooler air-current and the hotter source. This
interaction between the behaviors of the air-current and the
behavior of the source (see Fig. 10) is due to conditional
transition.

The resulting hotter air-current rises to the evaporator.

GIVEN: MAKES

LCs SOURCE Hs fLes SOURCE Ls |

[fo¢ }-——[comp} { Prop]—-fparam] | | [Toc}——[comp} f PrOP]-——fparam
TEMPERATURE ‘ TEMPERATURE

Fig. 9. The function of the refrigerator environment.






