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Abstract. We present an ontology of objects, functions, gederic shape
representation that supports form-function reaspniBy reasoning from the
mechanical and other functions of objects to thgeometric shape
requirements, we deduce the generic shape repatisenof objects, which we
represent as a partial boundary representation eeeepof primitive geometric
shape elements and their spatial and other refatidle use this ontology to
model a knowledge base of everyday objects, inotudheir generic shapes.
This ontology can support applications such as ywbdiesign and object
recognition.
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1 Introduction

There is an emerging interest in automated reagosupport for product design
applications, combining knowledge of functions, eslt§, generic shapes, and their
interrelations, in a machine-understandable reptaien. In this paper, we present
an ontology to represent everyday objects interfdednteraction with humans or
with other objects. An object’s usage is achietfedugh functions conducted by the
object’s detailed shape. While objects may havayndifferences at the detailed
shape level, their functions could be describeda anore generic level, using a
common set of generic functions. By reasoning alaouobject’s generic function
decomposition, we could deduce its geometric shagairements. We embed these
generic shape representations into the ontologyhaoeach object model carries its
own generic shape data. This ontology supportergés applications including
product design and object recognition.

2 Related Works

To support function-based design, a function deamsitipn method and
vocabularies for describing the functions of medtean components has been
developed [9][11]. In this method, the overall ¢tion of a product is recursively
decomposed into sub-functions until a primitiveeleis reached, where all functions



have input and output in forms ehergy material or information Each primitive
sub-function is then mapped to a concept or mechhriomponent to obtain a
product design.

Through more systematic treatment, function-baagdrtomies for design [6][10]
have been proposed, including assembly-related amdrol-related functions of
mechanical objects. These taxonomies define aftieical structure among groups
of functions, and propose a generic phrase stredhat describes many functions
across different domains. However, they lack thengleteness of an ontology in
defining relations between the phrase elements ushction definitions, and their
semantics. For example, Kirschman & Fadel [6]mef sentence form to represent a
function’s parameters, but forbid certain combioasi of keywords from occurring
together. Without a way to encode semantic meartimg knowledge cannot be
represented in the taxonomy itself, and must tedtas a meta-level comment.

Kitamura et al's Function and Behavior Representation LanguagBR(H
includes an ontology of functions of artifacts. eyhuse this to model a coffee
maker’s functionality and intended use, and angigpnintended user behaviors [12].
They have also applied this ontology to the desijna power plant [7] and
manufacturing processes of industrial products [8].

Other works have explored the process of obtaifong from function. Welch &
Dixon describe the use of behavior graphs to meguhction of subsystems of a part
into specific forms [14]. Kim & Feng consider thgnthesis of configuration shape of
a mechanical part from its functional requiremeatsthe early design stage [5].
Cameloet al. [1] proposes a knowledge representation modelippart synthesis in
design based on four levels of abstraction: purfosetion for the designer’s intent,
action function as an abstraction of behavior, biltaas an abstraction of physical
states, and structure as an abstraction of geometry

3 Object Ontology M odeling

We have developed an ontology of objects with aegenshape representation
[13], and used this to instantiate models for salvdozen everyday objects, with an
early emphasis on office furniture. We use UML &nrdtégé for ontology modeling.
We have converted a subset of this ontology (rédlédechairs) to Jess to support a
prototype reasoning application that performs dbassification for chairs at a
symbolic level.

3.1 Function Ontology
We incorporate a function ontology based on exstfonction-based design

research, shown ifig. 1. It is primarily based on Kirschman & Fadel’s &tion
taxonomy [6], with some contribution from Stone &4 [10].
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Fig. 1. Function ontology (after Kirschman & Fadel 98, & Wood 99)

3.2 Part-Whole Representation of Objectsand Features

Manufactured objects are typically assembled fronitiple components, where
each component contributes some specific functipnalWe adopt a part-whole
representation based on decomposing an objectisti offeaturesand their spatial
relationships, where a feature is a functionallgngicant subset of an object or
another feature. Each feature is characterizeitsbintended functions and usage
information. This feature-based decomposition bancarried out to any level of
detail, although for real objects it necessarillgdat a finite depth.

Some features could themselves be objects if cereildseparately. Hence, we use
a recursive data structure in which Object and Ukedboth derive from a Descriptor
base class, and inherit the same data attributesify as shown ifrig. 2.

Descriptor

-hasFunctions[”] : Function
-hasShapeElements[*] : ShapeElement
-hasPropertyNodes[*] : PropertyNode
-hasRelations["] : Relation
-haslLocations[*] : Location
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-hasTasks["] : Task
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Fig. 2. Part-whole representation of Object and Featurssela
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Fig. 3. PropertyNode hierarchy for part-whole data atteisut

A primary goal of this object ontology is to instiate a hierarchical knowledge
base of object models, representing classes ofxemyday objects. This presents us
with a challenge in organizing objects’ data atttés. We have identified that it is
useful to (a) manage a set of properties as if thene a single individual, (b) specify
the existence of a property separately from itai®alc) compose sets of properties
from other sets of properties, and (d) overridepprty values in other features of the
same object, based on the part-whole containmemtidzhy within a single object
model, rather than on the object-feature classahiéy in the ontology. The
traditional ontological approach of modeling dating properties (binary relations)
proves to be too limiting, as it provides attribirtieritance only within the ontology
class hierarchy, and doesn't support compositiohle reify the notion ofdata
attribute as a concrete PropertyNode class, showrFigw 3, with support for
unspecified (deferred) values, and data value mirg. Data value overriding is
useful both within the object class hierarchy (a.J.able base class may establish the
existence of ararea attribute, but leave its value range unspecifietijle each
subclass of Table provides its own override), arithin the part-whole model of a
single object class (e.g. a StandardTable clasgpafal business desks could impose
specific value constraints on the height and aafjles Supporter leg features).

3.3 Generic Shape Representation

A key consideration in our object ontology is a g@n representation of shape,
which can flexibly describe a family of objects. eViirst model primitive geometric



shape elements as shown Rig. 4; an example of a geometric shape element is
horizontal planar surface Each shape element comprises a geometric dakmeat
that specifies the relevant subset of the objecffeature’'s geometry, geometric
constraint such aBorizontal or planar, and zero or more modifiers, which provide
gualitative (discretized) measures of variatiomsrfithe nominal constraint.
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Fig. 4. ShapeElement hierarchy for generic shape repreganta

Shape elements are one of the data attributesiasbto every object and feature
(as can be seen Kig. 2). We then represent generic shapes of object®imposing
shape elements and their spatial and other contgtyancluding constraints between
features of the same object.

To tolerate wide variations in specific geometrye wdopt a partial boundary
representation (B-rep) interpretation, in whichyottle relevant subset of an object or
feature’s boundary is fully specified, representittge critical geometric and
topological relations only. That is, the set df afl a feature’s shape elements are
together taken to comprise a partial B-rep. Uniigeicportions of the boundary are
abstracted away. In their place, we provide a ggdized bounding volume, e.g.
bounding box or sphere, to enforce the principlat thll real solid objects are
bounded.

4  Form-Function Reasoning

We apply form-function reasoning, from the functaoof objects to their generic
shapes, to deduce the functional elements, caligdns[3], which are the active
elements that carry the functions of the featurasd their geometric shape
requirements, as well as any geometric relatiors @mstraints that exist between
features. The result of form-function reasoning iset of geometric shape elements,
which describe the minimum necessary elements fiookgect or feature to achieve
the desired function.



This is a complex kind of reasoning, involving mawmlfferent reasoning
techniques, and intelligent (human-like) understiagicand insight. Currently, the
authors perform this reasoning manually, and ohéy results thereof are embedded
into the object ontology. In this section, we pm@sthree cases of function-to-shape
reasoning, and document the techniques used.

4.1 Geometric Concepts

We make use of the following geometric notions.

Gravity. All objects are affected by the force of gravit@ver typical distance
scales, we assume that gravity exerts a vertioahdard force everywhere.

Static behavior of objects. We will consider objects whose intended usage is
mostly static, i.e. they do not change their shaper time in the course of normal
usage. We ignore specialized or transient physifedcts such as acceleration,
friction, texture, surface tension, vibrations,.etc

Degrees of freedom (DOF). All motions in 3D space can be characterize® by
translational and 3 rotational DOFs. We consieer kinds of restrictions on each
DOF. Ahalf-openrestriction limits a DOF to a half-open intervalhat is, it blocks
motion along one half-axis, but doesn't restricttio in the opposite direction.
(This applies even to rotational DOFs, e.g. in ¢hse of a ratchet component.) A
finite restriction limits a DOF to a finite closed intafyi.e. it blocks motion in both
directions along a single axis.

Polar set. The polar set [1] of a 3D point set P is anotha@nt set Q such that for
all pairs of points @I P and J Q, (pg)< 1. Since the dot product operation is
symmetric, it follows that P is also the polar 6EQ, i.e. P and Q are geometric duals
of each other. This provides a natural way to eonfrom a direction of motion to a
point set that would block that motion, and vicesee

Nor mal cone and accessibility cone. The normal cone of an object is the convex
hull of the normal vectors of its faces [4]. Thecessibility cone is then defined as
the polar dual of the normal cone. This succinatlyaracterizes the set of
accessibility directions of an object.

Interaction with human. Objects, particularly furniture, that are intedd®
contact or interact closely with a human, requirBficient clearance for the human’s
body parts, as well as accessibility directiong #ilbw the human to approach and
leave. We model clearance as negative (emptywedubounded by the faces of one
or more objects, and represent accessibility doest using accessibility cones
derived from sets of relevant faces of the objédtdeling of the human’s body itself
is currently handled implicitly on a case-by-casasib, rather than explicitly
representing human body shape in the ontology.

4.2  Form-Function Reasoning for Container

We consider a generic Container class that contiggsds. We elaborate its
functions as follows.



Limit all motionsin the lower halfspace. Freely flowing liquid moves in every
direction that has any downward component and amngd¢ntal component. Hence, a
Container must limit all such motions simultanegusMore specifically, it suffices
to limit vertical downward motion to a half-opertérval, but all horizontal motions
orthogonal to gravity must be limited to finite énvals. The set of limited motions
thus comprises the normal cone opacketform feature [4], oriented upward with
respect to gravity, as shown #ig. 5. Hence, we deduce a geometric shape
requirement of anpward pocketvith respect to gravity.

recognized original accessibility
g r aVity component normal cone cone

L e ﬁ@’ @ !

Fig. 5. Upward pocket feature

Contain aliquid. The material properties of a liquid are thatritolecules flow
freely, but maintain a constant volume. It follothat a liquid can escape by flowing
through a hole of any size. Hence, we deduce ang& shape requirement 0b
through holes

Hence, we deduce that a Container must be an uppaket without holes. By
observation, the converse also holaisy upward pocket without holes can function as
a Container of liquids. This can be observed dtey rainfall by seeing rain water
collecting in every depression in rocks and othefages.

4.3 Form-Function Reasoning for Table

We identify a generic table’s function as follows:support multiple general solid
objects without motion, at some constant elevafi@ight above the ground), so as to
make them conveniently accessible to a human. ¥¢erdpose the Table class into
two feature types, (1) a Counter feature that astdne objects, and (2) one or more
Supporter features that fulfill the role of maimiaig the Counter’s constant elevation.

Focusing our attention on the Counter, we elabatafeinctions as follows:

Contact multiple general solid objects. To support another object without
motion implies that the supported object is stabléence, to stably support many
objects of arbitrary shapes, with arbitrary posiing, implies a multitude of contact
points. From this, we deduce a geometric requirgrobasurface Note that this is a
fairly universal line of reasoning, which applies most contact relations between
solids. It is known that most mechanical assemldied contact-related functions are
characterized by their mating surfaces.

Limit vertical downward motion. Gravity induces a vertical downward force on
all objects; hence, the Counter feature must Itivét resulting motion to a half-open
interval. The polar dual of a vertical downwarate is a horizontal planar halfspace
that faces upward with respect to gravity. Frons,ttwe deduce a geometric
requirement oplanarity, i.e. a planar surface.



While the polar dual technique also suggests azbotalness property, this alone
isn't sufficient to establish it. For example, tbhaion of many small Counters at
different elevations could still satisfy both oftlabove functions, but isn't a typical
table. We introduce additional factors to rule i possibility.

Minimize forces and energy. A secondary characteristic of a table’s usage is
minimize the forces acting on its supported objecthis rules out the case of an
inclined Counter, as this would cause objects tal e slide off (ignoring friction).
Also, a table should minimize the energy cost g@ositioning objects on it, which
argues against having an inclination, or many sab#iers with different elevations.
From these considerations, we deduce stronger suffsp@ geometric requirement of
horizontalness

Accessible from upper halfspace. The purpose of a table is to make objects
conveniently accessible to a human, i.e. graspatbdemoment’s notice. This implies
that a Counter’s elevation shall be attuned tohthman’s expected posture, and its
area shall be appropriate for a human’s arm’s redchlso implies that an object on
the table should be accessible from any directiothé upper halfspace induced by
the Counter’s top surface, with respect to the ityadirection. This further supports
having a uniform elevation everywhere on the Cauynthich also supports the
geometric requirement diorizontalness
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Fig. 6. Traceof form-function reasoning for a Table’s Counteatfee

Hence, from the functions of the Counter feature, deduce a geometric shape
element of ahorizontal planar surface This agrees with the intuitive notion of a
countertop or tabletop. We explicitly represerd #bove chain of reasoning in our
ontology, as shown iRig. 6.



4.4  Form-Function Reasoning for Chair

A chair's primary function is to support one humiana seated posture, at a
constant elevation. We decompose the Chair claestwo feature types, (1) a Seat
feature that contacts the human, and (2) one oe8apporter features that maintain
the Seat’s constant elevation. We note that a’shaéat feature has similar functions
as a table’s Counter feature, namely to contacth@nmbject, and to limit its vertical
downward motion. Hence, by applying similar reasgn the geometric shape
element of ahorizontal planar surfacecan also be applicable to a Seat. By
observation, this is, indeed, a valid shape foresomal chairs.

However, since the Seat is meant to directly carsabuman, additional issues
such as ergonomics must be taken into account.

Ergonomics. When a rigid object is intended to contact a hurfite an extended
period of time, the human’'s comfort becomes a §iant consideration. One
solution is to add padding to soften the contactt this entails some shape
deformation during usage (in fact, this deformatisrprecisely the function of the
padding!), which we do not yet model in our ontglogAn alternative mechanism
that maintains rigidity is to contour the surfacebeetter fit the intended body part.
Hence, a Seat could have various non-planar dewmitiso long as it remains
approximatelyplanar to fulfill its primary function.

Thus, thehorizontal planarproperty is taken not as a firm requirement, tsubae
allowed extreme within some range of variationse #stract away these variations
in a seat's shape by defining a qualitative cooditdf seat_quasi_planarwhich
spans a range of surface curvatures from perfeddiyar to contoured so as to fit a
human’s bottom. At this level of abstraction, we ot commit to any analytic
characterization of such contouring

44.1 Form-Function Reasoning for BackedChair

As the Chair superclass represents all possiblesshidoes not commit to any
other, more specialized, features. Such commitsnare deferred to the numerous
subclasses of Chair in our object ontology. Ba€lwdr is a subclass of Chair that
includes a Back feature that also contacts the humvhose function is to limit the
human'’s reclining motion (rotation of the torso abohe hip joint). The human
contact function is similar to that of a Seat, se deduce an analogous geometric
shape requirement of quasi-planar surfacewhich may be contoured to fit a
human'’s back. We expand its other functions devid:

Limit approximately horizontal motion. A human’s reclining motion can be
decomposed into a rotational force, or torque, Rdotlhe human’s hip joint. As the
human’s torso is initially upright, the tangentiabmponent of this torque is
approximately horizontal. Hence, a Back featurestmlimit an approximately
horizontal motion. From the polar set techniques deduce arapproximately
vertical halfspace. While some real chairs do exhibit afgodly vertical back,
ergonomic considerations allow for a slight inctioa for added comfort, such that
the external dihedral angle between the seat anbabk is slightly greater than<90

Accessibility. We deduce that the key characteristic of a BackedG#$ that the
seat and the back together shall definstep form feature [4], represented by an



accessibility cone consisting of a 2D sector spdnimg the normal vectors of the
seat’s top face and the back’s inner face.

Geometric variations. Note that the Seat and Back features can beimtispnd
may be separated by horizontal or vertical gapshaout violating the step form
feature requirement. We characterize these all@wadriations in geometry by two
numeric parametergxtentand separation The extentis the length of the usable
portion of the seat’s top face, i.e. in the posithalfspace induced by the back’s inner
face. The extent must be within a finite intervalf it is too short, then the seat
cannot function as a seat, and if it is too lomgntthe back no longer functions as a
back. Theseparationis the horizontal gap, if any, between the sedtthe back, and
this must be below a threshold value, else thecblsgn't function as a backed chair.
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Fig. 7. Shape model for BackedChair

Based on the above reasoning, we instantiate eesmapgel for the BackedChair
subclass, shown iRig. 7. The Chair superclass (in light blue) definescatSeature
having a shape element loérizontal planar surface The BackedChair subclass (in
yellow) inherits the Seat feature, and adds a Heekure with a shape element of
vertical planar surface

5 Discussion and Future Work

We have developed an object ontology that inclualegeneric representation of
shape, and generic functions of objects from eistadod function taxonomies. Our
ontology supports a kind of form-function reasoningiere we first identify the key
functions that characterize an everyday objectntifie attributes and values that
parameterize these functions, and then deduce dgeorskape elements implied by



these functions. We have found that this reasorpngcess is complex and
challenging, and draws on a vast array of differembwledge sources: physics,
mechanics, material properties, ergonomics, ett.this paper, we have presented
several techniques that we have found useful ifopaing form-function reasoning.,
but our list is by no means complete. Presenttly,form-function reasoning can't be
automated, so we perform it manually, relying orr ¢twuman expertise. The
outcomes of this reasoning is represented in otal@yy, both in the form of explicit
justification graphs, and in the set of geomethape requirements for a given set of
functions, which are encoded into the relevantahjtass in the ontology.

This ontology could support designers by servingadirary of cases that link
functions to forms. For a given parameterized fiamcthat matches a known case, it
could quickly return the associated shape inforomatiFor a given function or feature
of an object, it could enumerate successful previdasigns that achieved those
functions or incorporated those features, to broadbuman designer’s horizons.

A major future extension of this ontology is to popt automated form-function
reasoning. This generally entails that we extérddntology to represent knowledge
sources, means of justifications, and proof stepsl combine it with a reasoning
engine, possibly using an approach similar to #eeproving. In addition, it would
require a substantial knowledge base that covesida range of “common-sense”
knowledge.
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