Proceedingsof TM CE 2010 Symposium, April 12-16, 2010, Ancona, Italy, ed. by I. Horvath, F. Mtotli and Z. Rusak
(© Organizing Committee of TMCE 2010 Symposium, ISBN 978-4%%060-3

FORMALIZATIONS OF FUNCTIONS WITHIN THE DOLCE ONTOLOGY

Stefano Borgo

Laboratory for Applied Ontology

Institute of Cognitive Sciences and Technologies CNR

Italy
borgo@loa-cnr.it

Massimiliano Carrara
Philosophy Department
University of Padua
Italy

massimiliano.carrara@unipd.it

Pawel Garbacz
Philosophy Department

John Paul Il Catholic University of Lublin

Poland
garbacz@kul.lublin.pl

Pieter E. Vermaas
Philosophy Department

Delft University of Technology

The Netherlands
p.e.vermaas@tudelft.nl

ABSTRACT

KEYWORDS

In this paper we give formalizations of two engi- function, formal ontology, DOLCE, functional basis,
neering concepts of technical functions and presenfunctional representation

in more general terms the project of supporting en-
gineering functional reasoning by means of onto-
logical analyses. The concepts that we formaliz
are the concepts of function as defined in Eec-
tional Representatioapproach by Chandrasekaran PD
and Josephson and in tirinctional Basispproach PED
by Stone and Wood. These two concepts represeROB
two main ways of understanding functions in engi-p
neering: the first by means of the behavior of ar-pp
tifacts, and the second by means of operations o
flows as preformed by artifacts. Both formalizations
are given within the foundationaboLCE ontology.
Our choice to formalize existing concepts of funcBeh
tions within a single foundational ontology, is one APD
strategy towards the goal of ontological analyses ofEPD
functions. This goal of enabling the development ofpp
tools for automated functional reasoning, may be rex 4
alized by other strategies as well, such as defining 3 Beh
single formalized concept of function, either for re-

placing existing concepts or for use as a reference ty2tCrBeh
which existing concepts should be related. We conRES

pare these strategies briefly and discuss the meritBehEnv
and shortcomings of our strategy. (o]

T
TechArt

NOMENCLATU

RE
is an endurant

is a perdurant

is a physical endurant

is a physical object

is part of

is a proper part of

participates

is a technical artifact

is a behavior in an event

is an actual perdurant

is an engineering perdurant

is an generalized perdurant

is a condition for

is a behavioral constraint in

is a satisfied behavioral constraint in
behavioral constraint is desired in
is a environment

causally brings about
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DevFunc = is a device-centric function The ontology we use for both formalizations is
EnvFunc is an environment-centric function DOLCE, the Descriptive Ontology for Linguistic and
MD is a mode of deployment Cognitive Engineerin§l5]. By giving these formal-
FMD is a feasible mode of deployment izations with one Qntology, we obtain two important
Req design requirements _res_ul_ts: an analysis of the conceptual structure Qf the
individual approaches and a framework for a direct
CustNeeds = customer needs comparison of these approaches. This brings us to
EngFun = engineering function our larger project. Our broader goal is to build a se-
BasicFunc = basic function ries of integrated formal systems that capture vari-
ProdFunc product function ous ways in which engineers use the concept of func-
Dev is a technical device tion. These formal systems may, from a practical en-
InFlow is an input flow for gineering perspective_, pave '_[he way towards build-
JutFlow is an output flow for ing tool_s for supporting engineering, anc_l towards
. comparisons and translations of the functional con-
MFLow IS a flow of matter cepts between different approaches. From a more
EFlow is a flow of energy theoretical perspective they may enable us to com-
SFlow is a flow of signal pare our work with related work on the formaliza-
Perform = performs tion of functions, notably work by Mizoguchi, Kita-
mura and their collaborators [13], [12], and by Arp
Subscripts: and Smith [1].
;j_ : :2:2:2 :g gﬁsp of agents This paper makes one step in this direction: the goal

is to present the formalization of the concepts of
1. INTRODUCTION function as advanced by the Functional Representa-
o _ _ _ _ tion and Functional Basis approaches. We proceed
The formalization of technical functions in engineer- 55 follows. After a brief survey of our topic and the
ing ontologies is generally seen as furthering our Ungyork done on it, we discuss our assumptions. In sec-
derstanding of this concept. Functions are used ubigjony 4 we then present the main line of the formal-
uitously in engineering but despite their central im-jzation of functions in the Functional Representation
portance, the concept is associated with various anﬁpproacr?, and in section 5 we give it for functions

sometimes, possibly conflicting meanings (€.9., [10], the Functional Basis approach. We end with a dis-
and [21] in this volume). Formalization can clarify ~;ssion and conclusions.

these meanings and the way in which they may differ
from one another. This clarification may in turn lead2, SURVEY

to the means necessary to build automated tools f;:{he variety of meanings in which the concept of

unction is used in current engineering is recently
surveyed in [10]. A thorough way of carrying out
our project would imply formalizing all 18 propos-
als considered in this survey, an effort which may
In this paper we present two of such formalizationsbe simplified a bit by highlighting similarities be-
We describe the results of earlier work [3] on func-tween the proposals. In order to make progress in
tions as understood by ti@inctional Representation a more sophisticated way, we however focus on only
approach formulated by Chandrasekaran and Josepitvo main approaches in understanding functions, as
son [8]. And we present recent work [5], [6] on func- defined by Chandrasekaran [7]. These approaches
tions as understood by tf@inctional Basispproach are theFunctional RepresentatioffR) approach for-

as defined by Stone and Wood [19], which is sim-mulated by Chandrasekaran and Josephson [8], and
ilar to the way in which this is done by Pahl andthe Functional BasigFB) approach as advanced by
Beitz [18]. These two approaches have been iderStone and Wood [19]. We introduce these two no-
tified by Chandrasekaran f7hs the two main rival tjons in the subsections 2.1 and 2.2.

ones in engineering.

engineering, such as tools for supporting reasoning
engineering designing of new technical artifacts an
tools for archiving and retrieving functional descrip-
tions of existing artifacts.

Work on the formalization of technical functions by

In [7] the Functional Basis approach is actually called the  2Section 4, and some other parts of this paper originate from
Functional Modelingapproach. [4].
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means of engineering ontologies is currently bein@.1. The functional representation
carried out in different ways. In principle two choices approach

needs to be made in this work, one concerning thE . . . .
ontology to be used and the second concerning theuncnons of artifacts as defined in the approach
meaning of the concept of function that is formal—advanced by Chandrasekaran and Josephson [8] are

i-ed. The first choice includes a choice between efined in terms of the behavior of the artifacts.
light-weight ‘terminological ontology consisting of handrasekaran and Josephson isolate five engineer-

a clear and well-related standard engineering termil9 Meanings of behavior and two of function. The

nology, and doundational ontologyformulated in meanings of behavior are characterized with the help
terms of general, axiomatized and philosophicallyof the prlr_nmve notion oftate variable .
motivated concepts [2]. The second choice involves behawor as the \_/alue of some state variable of the
making a normative assessment of the current mean- g?&ﬁi?ir?;tz:\flat'on between such values at a par-
ings attached to the concept of function in engineer- ' . .

ing. Because these current meanings are ambiguous Example the car rattied when the driver hit the
and imprecise, one can opt for introducing a new but curve. .
clear and formalized concept of function thpso behawor_as the value of a property of the artifact
facto has a meaning different to the meanings that ora relatlon_ betW(_aeq such values. .
engineers use. This new concept may be introduced Example alintel distributes the load to t‘.NO sides.
for replacing existing meanings in engineering, or for® bett:cavlor as the_v?lue cl)f sfc;_me state variable of the
acting as a reference against which the existing en- aEr |aac IZV?; anBllr_1|§r\_/a 0 a'mg' fo hile. but
gineering meanings are analyzed, related to one an- thX mE[) ; ded increase ra while, bu
other, and eventually translated into one another. Al- b ehn S_ arte tr:acrealsmg.f wut stat .
ternatively, one can opt for directly formalizing the * EI a\cl)lfotrhas t'? V? ute 0 j(t).mel ou pl,: sta eovarl—
existing ways in which engineers use functions with- avle € artifact at a particular instant or over

o . an interval.
out the help of auxiliary notions. e .
P y Example the amplifier is behaving well; the out-

The main group of researchers involved in the for- put voltage is constant.

malization of functions is the group of Mizoguchi ® behavior as the values of all the described state
and Kitamura [13], [12]; Arp and Smith [1] have  Variables of the artifact at a particular instant or
recently included technical functions into their on- ~ Over an interval.

tological work; and our contribution is given in  (No example given.)

[3], [5], [6]. All these authors make the first choice in Notice that for all five meanings, a behavior of a tech-
favor of foundational ontologies, although not in fa- pjcg) artifact is partially objective and partially sub-

vor of one and the same ontology: Mizoguchi andective. It has an objective aspect because it even-
Kitamura rely on YATO, Arp r;md Smith on BFO, tya)ly depends on the properties or features of the
and we have opted foDOLCE=> With respect {0 pifact. Still, the very same behavior has a subjec-
the second choice there is however not consensugye aspect: it depends on the designer(s) and, indi-

Mizoguchi and Kitamura introduce one formalizedgctly, on engineering practice for the choice of the
meaning of function, acknowledge current engineersiaie variables.

ing meanings attached to the concept, and develo*g ) _

translation rules between their formalized meaning'N€ two meanings of function that Chandrasekaran
of function and these engineering meanings [14]and Josephson distinguish are called dwvice-
Arp and Smith define a formalized meaning that mayeeéntricandenvironment-centrieneanings. Alevice-

be taken as replacing existing meanings. Our choicg€ntric functionof an artifact is a behavior of the ar-

gineers use functions as we will explain in section 3iS @ function that is described in terms of the proper-
ties and behaviors of the artifact only; an example of

a device-centric-function is “making sound” in case
of an electrical buzzer. Aanvironment-centric func-
tion is in turn an effect or impact of this behavior of

3See, respectively, http://www.ei.sanken.osaka-u.ac.jp
hozo/ontalibrary/upperOnto.htm, http:/www.ifomis.org/bfo
and http:/www.loa-cnr.it/DOLCE. “BHP stands for Brake Horse Power and it is described as the
html. amount of real horsepower going to the pump.
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the artifact on its environment provided this effect orin the designing of new artifacts the overall product
impact is selected and intended by some agent. Thisinction is given in terms of input/output flows and
kind of function is conceptually separated from themay initially be coarse-grained. Consider the follow-
artifact that performs or is expected to perform thising example: the overall product function of loos-
function; “enabling a visitor to a house to inform the ening/tightening screws, which is performed or as-
person inside the house that someone is at the dooctibed to a power screwdriver, is defined by several
is an environment-centric function of the buzzer.  input flows: electricity, human force, on/off signals

and screws; and one output flow: looseness/tightness
2.2. The functional basis approach of screws. But when this overall product function
In the rival FB approach the concept of behavior is_decompos_ed in terms of connected sub-functions
has no role and the meaning of function is given inVith well-defined input and output flows, the overall
a more uniform way. The approach of Stone and_)roduct function can be mod_eled in more deta_ll. The
Wood [19] propounds to model overall product func-input flows are extended to mc_lude also relative ro-
tions, especially from the electromechanical and met@tion, and the output flows to include also heat and
chanical domain, as sets of connected elementafPise- The full-fledged functional decomposition is
sub-functions. In line with the design methodol- depicted in figure 1.

ogy of Pahl and Beitz [18] an overall product func- stone and Wood [19] provide a glossary of the terms
tion is described by means of a verb-object form anq;sed in their account, which we resume here for later
graphically represented by a black-boxed operatiopeference. Note that the term ‘functiosimpliciter

on flows of material$, energies, and signals. Sub-is by Stone and Wood defined to indicate only an
functions are also described by verb-object forms bubperation. Formally this definition has the awkward
they correspond to well-defined basic operations 0Bonsequence that neither product functions nor sub-
well-defined basic flows of materials, energies, andynctions (as described above) are instances of func-
signals. Basic operations and basic flows are limitegigns in therr terminology. More generally this def-

in number and listed in shared libraries, given in [11],inition may create the wrong impression that tee
which define the functional design space. The wholgpproach is merely one about operations, whereas it
system is called a “Functional Basi". actually has a much broader scope and use in engi-

Stone and Wood present their proposal as supporfeering.

ing the archiving, comparison, and communication® Product function the general input/output rela-
of functional descriptions of existing artifacts, as tionship of an artifact having the purpose of per-
well as the engineering designing of new artifacts. forming an overall task, typically stated in verb-
Archiving, comparison, and communication is as- object form.

sisted since the sub-functions into which overall® Sub-function a description of a part of an arti-
product functions are decomposed, are described by fact's overall task stated in verb-object form. Sub-
means of the limited number of basis operations and functions are decomposed from the product func-
basic flows. Designing of new artifacts is supported tion and represent the more elementary tasks of
since therB design methodology allows designers to  the artifact.

make critical design decisions about the architecture Function a description of an operation to be per-
of artifacts, that is, decisions about the decomposi- formed by an artifact. Itis expressed as the active
tion of the overall product functions in sub-functions,  verb of the sub-function.

in the early conceptual stage of designing at whicte Flow: a change in material, energy, or signal with
only functional descriptions are considered. More- respect to time. Expressed as the object of the
over, this approach provides the means to find over- sub-function, a flow is the recipient of the func-
all design solutions quickly since Stone and Wood tion’s operation.

require the sub-functions to be small and easily solv-

able in designing. 3. ASSUMPTIONS AND METHOD

°The notion of material is construed here rather broadly ajn our ontological analysis of functions we focus
ithcomprises also such objects as screws, air, human beings, only on the meanings as advanced in the Functional
their parts. . - .

kB is the result of reconciliation of two previous tax- Re_presentatlon and Functional Basis approaches.
onomies: the NIST taxonomy (cf. [20]) and the older versions I NiS selection may be taken as somewhat limited and

of Functional Basis developed in, for example, [16]. arbitrary, since by the survey [10] there may be more

116 Stefano Borgo, Massimiliano Carrara, Pawel Garbacz, Pieter E. Vermaas



A 4

—human force= —human force> separete human force:

hande—p DOMPOTESS, . [NNCOUPIGRST -  SSCUIeR . hand >
hand solid ) solid L solid - -~
,ﬁ e e > >
human force
--manual use +---manual use
| :
relative rotation :
import L stop Freactive force> dissipate Allow
—human force>  human human force> rotational rreactive force> rotate solid —human force> force reactive force> rotational frelative rotation-
force energy human force> human force>  DOF human force>
human force— T
weight hi >
screw=—3- import solid RS ight
P force bit welght
human forc
........................................ direction -+ --
............ E onfoff ———— A human forc
human forc:
store supply transmit —= actuate = regulate
—electricity—=> (it electricity—=> lectricit electricity—=> lectricity | | > lectricit electricity—=> [
electricity electricity electricity electricity= electricity electricity
screw
lectricity
; A 4
S change transmit dissipate
electricity ——torque—=> tor uge ——torque—=> toraue ——torque—=> rotate solid ——torque—=> tor pue —heat, torque>
to torque q q e D ey | q e ey

e

I >

heat, noise
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than 18 meanings around, and since other seleare modeled in thes approach in terms of inputs and
tions may be reasonable as welRelying on Chan- outputs, and through this modeling, the functions are
drasekaran [7] we however assume that these twdirectly related to the structural-physical descriptions
meanings cover a larger part of practices in whiclof artifacts. In this second approach there is thus no
engineers reason about functions. Moreover, the twexplicit role for the concept of behavior in relating
meanings that are selected are quite different. In thunctions of artifacts with the structure of artifacts.
FR approach functions of artifacts are related to beBy these differences between the two approaches, we
haviors of artifacts, and then these behaviors are resover thus two quite distinct meanings of function.

lated to structural-physical descriptions of the artl—In our formalization we US®OLCE as our ontol-

facts. This approach thus grants a pivotal concepc—)gy_ This usage again introduces arbitrariness, which

tual role to the term ‘behavior’, and suggests a clea{

toloaical ordering: technical artifacts h thei his time is unavoidable since a “one and only”, best
ontological ordering. technical artifacts nave ?'rontology is currently not available, and may easily
physical structure; this structure, in interaction with

. X . . . . ._hever come to be available. We descrii@.CE in a
a physical environment, gives rise to the artifacts be'separate subsection
havior; and this behavior then determine in some way '
the artifacts’ functions. Behavior is denied this piv-3 1. DOLCE

otal role in theFB approach. Functions of artifacts

The boLCE ontology — theDescriptive Ontolo
"For instance, in [21] in this volume there are for a purpos gy b 9y

e . . . . . .
different to formalization, three meanings selected aketyp- for Linguistic and COgg't'Ve E_”g'”eer'”g- IS par_t
ical to the variety of engineering meanings of function. Toio  Of theWonderWetleffort.® The vision of this effort is

these archetypical meanings correspond to the meaning&leon
ered in this paper. 8http://wonderweb.semanticweb.org .
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to have a library of foundational ontologies reflect-ontology to capture a notion of unity as suggested
ing different ontological choices. For that reason exby the partition of the clasBHYSICAL ENDURANT
tensive attention is given to a careful isolation of the(formally, PED) into classesAMOUNT OF MATTER
ontological options and their formal relationships. (M), FEATURE (F), andPHYSICAL OBJECTS(POB).

Both endurants and perdurants are associated with a
bunch of individual qualities (elements of the cate-
gory QUALITY). The exact list of qualities may de-

TheDboLCE's ontology is the most studied module of
this library. Formalizing th&r andFB meanings of

function by means obOLCE in part means that we end on the entitv-shapeand weiaht are usuall
also want to extendOLCE to capture crucial notions 'Faken as uaIitiesy.of E sical engura?\t d rationy
in the area of engineering and so to use this onto- 9 pny H

logical framework to analyze, clarify, and possibly 32?(1[';?:'02 as ?r?:l/l\t/leeis rﬁforﬁrr]deuég?tséugﬁﬂm_
improve the work in this area. Here we can provideIS aq ualii/’ égébciated \?vimne and orﬁ onentity: 9
just a minimal introduction to the whole ontology, . 9 y X y . w; .

t can be understood as the particular way in which

the interested reader can find in [15] the underlying{hat entity instantiates the aeneral broperty “havin
motivations and a throughout discussion of technical ty 9 property 9

weight”. For example, the endurant Hamn#321
(g token) has its own individual instantiation of prop-
erty “having weight”, namely, the individual weight-
quality of Hammer#321.

aspects. DOLCE ontology concentrates on particu-
lars as opposed to universals. Roughly speaking,
universalis an entity that is instantiated or concreted
by other entities (like “being human” and “being an
event”). Aparticular (an element of the clagssr-  The change of an endurant in time is explained
TICULAR) is an entity that is not instantiated by otherthrough the change of some of its individual quali-
entities (like the Eiffel Tower in Paris). That is, your ties. For example, with the substitution of a com-
car is a particular as opposed to the model of your cagonent, Hamme#321 may change its weight. This
provided that the latter is interpreted as a type beingneans that the individual weight-quality of this entity
instantiated by a number of entities among which onavas first associated to (or classified in) a position
is your car. Particulars comprise physical or abstracand later to (in) a position of a given weight-quality
objects, events, and qualities. space. Note thgt and ¢ should not be considered
It seems to us that theoLCE ontology provides a V\;e'ght .meas‘.”es I|ke,l_sa§]<:g. Thiy are e_IementsI
good framework for the needs of engineering design? (posmqr_]s |n_) aqua 'ty space Whose primary role
it adopts the distinction between objects like prod—'s. o partition |r_1d|V|duaI qualities in .e_quwalent (or
. . . ... similar, depending on the space) entities before com-
ucts and events like operations; it includes a differ-

entiation among individual qualities (e.g., the wei h,[mitting to numeric values and measure units. Thus,
imong Individual g S (€., 19 same may be associated kg in one measure
of a specific material item), quality types (weight,

space and td1.1/b in another. Quality spaces are

color, and the like), quality spaces (spaces to classif}élements of theREGION category, a subcategory of
weights, colors, etc.), and quality positions or qualia ’

. " ) ABSTRACT.

(informally, locations in quality spaces). These, to-

gether with measure spaces (where the quality posPOLCE'S taxonomic structure is pictured in figure 2.
tions get associated to a measure system and, thus,&@ch node in the graph is a category of the ontology.
numbers), are important to describe and compare af category is a subcategory of another if the latter oc-
tifacts. Indeed, among the motivations to nsg_.cg, ~ curs higher in the graph and there is an edge between
an important element was its robustness and flexibilthe two. RARTICULAR is the top category. The class
ity which allows to capture in a natural way the viewsOf subcategories of a given category forms a partition
proper of engineering practice. except where dots are inserted.

The DoLCE ontology category (classfNDURANT Another important relation for our work in this pa-
comprises objects (like ahamme} or amounts of Per is theparthoodrelation: "z is part ofy”, written:
matter (likean amount of plast); while the category P(z,¥), with its cognates the@roper part (written:
PERDURANTcomprises events likeaking a holeor PP (2, 9)) and overlaprelations (written: O(z, y)).
playing a soccer gamehat is, things that happen in In DOLCE the parthoodrelation gpplles to pairs of
time. (Formally, the categorgNDURANT is repre- endurants (e.g., one endurant is part of another) as
sented by the constafiD and we writeED(z) to ~ Well as to pairs of perdurants (to state that an event is
mean thatz is an endurant. Analogously, we Use  °jn poicethey are called physical qualities and are denoted
PD for perdurants.) The term ‘object’ is used in the by means of th®Q predicate.
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Figure2 DOLCE taxonomy of entities

part of another). For pairs of endurants, the relatiorship between the artifact and the event in which it
of parthood is temporalized (i.e., with the third argu-‘behaves’. Consequently, we are able to take into ac-
ment for time objects) since an endurant may looseount inherent conceptual connections between be-

and gain parts throughout its existence. haviors and the entities to which we ascribe behav-
iors. We are also in a position to say that two dif-

4. FORMALIZING FUNCTIONAL ferent endurants behave differently in the same per-
REPRESENTATION FUNCTIONS durant. For instance, if two capacitors in an electri-

cal circuit participate in a process, we can say that
they exhibit different behaviors (despite referring to
the very same process) because they are associated
Let » be a technical artifact, formallyechArt(z).  to different entities:. To formalize this relationship,
Lety be a perdurant, that iﬁ’,D(y). We take the be- \ye introduce a ternary relation

haviorz of x in a perdurany to bethe specific way in

whichz occurs iny. In this view, behavior depends Beh(z,y, z) (1)

on the chosemr andy and is seen as a qualification

of the participation relation. For instancegifs aca- Wwhich reads % is the behavior of the technical ar-
pacitor, then the way in which occurs or exists in a tifact = in eventy” and is taken as primitive in our
given process of storing electric energy is a behaviotheory.

of preciselythis capacitorz.*® Looking at engineers’ activity, we need to distinguish
Our definition of behavior links behaviors with two different kinds of behavior. While an ‘actual behav-
categories of entities: endurants and perdurants. Foer’ of the artifact is what it actually does during (a
mally, we take behavior to be a new kind of indi- part of) its life, the more general notion of ‘possible
vidual quality: it does not hold for a single endurantbehavior’ deals with what the artifact can possibly
or perdurant, but for pairs of an endurant and a perdo. A pen may be destroyed before it happens to
durant!® In this way, it captures the special relation- write, still the pen could have participated to a writ-
ing event, i.e., writing is part of its behavior although
Indeed, we begin by looking at capacitor instances (tokenspot of its ‘actual’ behavior. Furthermore, although a

and do not address the behavior afpeof capacitors. pen may not possibly write due to a design flaw, still
"The ontological classification of ‘behavior’ is still an ape

problem in the literature. As far as we know, our approach isnew.

4.1. Behaviors in functional
representation
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engineers (not aware of the flaw) talk about its writ-nition of behavioral constraint. LeK be a class
ing behavior. To make room for these cases in deef technical artifacts. It is said in [8] thatlzehav-
sign activity, perdurants are divided in actual, phys-oral constraintin X is any constraint on the behav-
ically possible, and physically impossible (yet logi-iors of the elements of. As the examples given
cally meaningful). The categorgPD of generalized in [8] suggest, a behavioral constraint may be abso-
engineering perdurants the class of all perdurants lute, i.e., unconditional (e.g., that the value of out-
which can be relevant to engineers regardless of theput voltage is greater than 5 volts), or conditional
physical possibility. The categoria®D andEPD col-  (e.g., that if the input voltage is above 5 volts, the
lect those that are actual and physically possible, resutput voltage is a sinusoid). Cdiehavioral envi-
spectively. ThenAPD C EPD C GPD C PD. ronmentan objectr, writtenBehEnv(z), obtained as

Having to deal with possible perdurants, we use théhe sum of all the technical artifacts of interest in the
notion of coherent perdurantto indicate perdurants €nvironment; formallly, 3.X (X C TechArt Nz =
that live in the same possible world (cf. [3]). Using oy(y € X)), whereo is the mereological fusion
coherence and a minimality condition on the clédss ope_rator_. The_n, we can form_allze behav_loral con-
of perdurants to which an artifagtparticipates, one straints in environment as pairs of behawors_ [3]:
can define the actual (possible, generalized) life of?€ first behavior plays the role of a constraint for
2. The function (in the mathematical senga (z) thg Iqtter (in absolute c?nstralnti the two be_hawors
gives the perdurany which is the actual life ofs, ~ cOINCide). Letcond(z’z,,), mean “perdurant is a
essentially the fusion of the actual perdurants Whicf?onqlt'c_m for_perdurantz N then a_lpehawo,ral con-
are mereologically minimal (with respect to space) ipStraint in environment: W't.h condition(z, z'), writ-
C,.. In [3] we specialized behavior intactual possi-  [€NCrBeh(z, 20, z1), is defined by formula:

ble, impossible andgeneral behavioby considering  BehEnv(xz)A (3)

the way in which an artifact occurs in an actual, B ' v (P(2. %) A Beh(' A
possible, (engineering) impossible, and generalized™® ~ *1 f”,’y,é (@ ;x) o (@ ’y’}Z,O)))
ZO#ZI_’E|$7$>Z/>Z/ (P(w,w)/\P(w,ﬂj‘)/\

engineering perdurant, respectively.
g gp P y Cond(zp, 21) A Beh(2/,y, z0) ABeh(z", 1/, 21)))
To incorporate dependence on beliefs, needed to

model Chandrasekaran and Josephson's notions yle formula states that if the constraint is uncondi-

behavior, two further notions of agent-related perional (zo = z1), thenz is the behavior of an ele-

durants are introduced. Given a group of agehts ment inz. If the constraint is conditional botty and
we isolate thej-possible perdurantssing the predi- 2! are behaviors of two (possibly equal) elements of

catePDg (i) whose meaning isC believes thayisa - Now it is easy to define the predicasatisfied

possible perdurant” and that we partially characteriz&€havioral constraintwritten SatCrBeh, to indicate

in [3]. Then, a generalized engineering behavior bepbjective regularities in engineering possible perdu-

lieved possible by, called aG-behavior is defined  "ants
by (formally, £): The notion of device-centric function is described as
follows:

Behg(z,y, 2) £ Beh(z,y, z) A PDg(y). (2)

. . . “Let F be a class of behavioral constraints defined

4.2. reupr;gté(é?lzgofﬁncnonal on, and satisfied by, an object D. If F is intended or
desired by an agent A, then D has function F for A.”

Besides distinguishing different meanings of behav{([g], p. 172)

ior, Chandrasekaran and Josephson [8] define the

hotion .Of artifact fu_nctipn. _They Presuppose ayqpe p plays the role of the environmeht and is
theoretical perspective in which artifact functlonsSeen as a single object (from which our definition of

are construed as intended behaviors and define t"\f%havioral environment). To model the function we
conC(_apts:de_wce—cen;rlduncuor? andenvironment- lack only a notion ofbehavioral constraint desired
centricfunction. In this subsection we show to whatby an agent. The predicaESg(z, z, 2'), meaning

* bl b 1

extent the ontological approach outlined above i?hat “the behavioral constraifit, »') in environment
x is desired by an agert”, is introduced for this

suitable for grasping these concepts.
In order to characterize both notions of functions,reason (in [3]) we discuss the technical aspects of this
Chandrasekaran and Josephson start with the defiredicate). Finally, we reach the sought definition:
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fall in the room’s temperature causes a bimetal strip
DevFuncg(z, 2,2’ ) (4) in the thermostat to bend. When the bimetal strip
SatCrBeh(z, z, 2’) A DESg(z, 2, 2'). bends to a certain angld, here associated with
17°C, it closes an electrical circuit which connects
The environment-centric notion of function requiresthe furnace to the thermostat and the furnace ignites.

also the notion ofmode of dep|oymerf[br an artifact: The event sequence can be illustrated in the follow-
it consists of(7) the structural relationships betweenNg way:

the artifact and the objects in the environment and () Temperature drops to 2,

(44) the actions in which the artifact and these ob- (||) Strip bends to anglet,

jects are involved. Since these aspects are captured|||) Switch closes,

by perdurants, a mode of deployment for an artifact (jv) Current flows to furnace,

x in an environment’ is simply any generalized per- (V) Furnace ignites.

duranty such that there exists; with P(x1,2’) and

x # x1 and bothr andz, participate iny, formally:  “The thermostat’s behavior — Dretske observes — is
MD(y,z,2') 2 TechArt(z) A BehEnv(z’) A  the bringing about of furnace ignition by events oc-

P(z,2') A3z (P(z1,2') Az # 21 A PCu(z,y) A CUrring in the thermostat — in this case the closure of
PCyux(71,7)) a switch by the movement of a temperature-sensitive

- _ strip.” ([9], p. 86) In our framework we represent
where PCyx(z,y) means thatz participates in the

whole perduranty. Then afeasible mode of de- the thermostat behavior aBeh(thermostat,e,b)

ploymentFMD, is an (engineering) possible perdurantwhereb is the general behavior of the thermostat for

which is a mode of deployment. From [8]: the evente corresponding to the sequence (1)—(V)
above. If we want to model the behavior for a sub-

“Let F be a class of behavioral constraints that arevente’, say (lll), we writeBeh(thermostat, e’, b’)

agent, say A, desires or intends to be satisfied in somghere ¢’ is “Switch closes”. Instead, the behav-

[world] W. Let D be an object introduced into W, in ior of the switch ate’ is introduced by writing

a mode of deployment M(D, W). If D causes F to beBeh(switch, e/, b").

satisfied in W, we say that D has, or performs, the

function Fin W.” (p. 171) 5. FORMALIZING FUNCTIONAL BASIS

FUNCTIONS

We now move to the second approach which, as we
saw earlier, rely on a very different framework of

Now fix a causal relatiortS and specialize it to a
satisfied behavioral constraint overz, 2’ caused by
a perdurany to obtain predicate

concepts.
CSup(x,y,2,2") = SatCrBeh(z, z, 2/)A
Va!' 2"y y" (Beh(x',y',z) A Beh(x”,y”,2’)) — 5.1. Design requirements
(Cs(y,y') A CS(y,y") A key concept in the formalization afs is the no-
We can finally formalize the environment-centric tion of design requirementsThis notion is used by
function as follows: Pahl and Beitz ([18], Chapters 4.2 and 5) in a general

(5) Sense comprising explicit and implicit requirements;
it covers topics as different as demands and wishes
of the user, economic feasibility, safety and perfor-

The ontological framework sketched above has beefi@nce requirements, and so on. However, when fo-
used in [3] to formalize the five meanings of behay-CuSing on functional modeling, as in the work of

ior and their examples, described by Chandrasekaraptone and Wood, the important requirements are just
and Josephson [8] those that constrain the notion of engineering func-

o tion broadly considered.
Here, for reason of space we limit ourselves to for-

malizing one example taken from Dretske [9]. Con-/V& Write CustNeeds(z, y) o indicate that product
sider a mechanical thermostat in a room and assunjénction z and the device,™ satisfy the customer

that the room temperature drops (47 The ther- 12n our formalization of B functions, we speak about devices

mostat r95p0nd.3 by tuming_the furnace on. Thigather than about artifacts. Stone and Wood [19] themseises
event characterizes a behavior of the thermostat: the concepts of artifact, device, and product side-by;sidth-

EnvFunc(z,?,z,2',y) = CSyp(x,y, 2,2 ) A
FMD(y, z,2') A3GDESg (2, 2,2").
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needs [19], andeq(z,y, v, 2) to mean that the de- product functions.
sign requirements are satisfied by the engineering,rodFunC(w’y’Z) 2 EngFun(z, y, 2) A (11)
function z and devicey with an input flowv and an
output flowz. Note that this relation is ontological
and not epistemological sinaghas no actual role. ProdFunc(z) = EngFun(z) A —BasicFunc(z). (12)
In the functional design process, as envisioned in thB . .
functional basis approach, the device is simply ig- esign requirements and flows
nored®® FB partitions flows in three disjoint types: material,
Since the customer needs are mandatory for the d&Neray: and signal (cf. [18], pp. 29-30). This classifi-
sign requirements, we have: Cation may be called ontqloglcal because it accounts
for what flowsare as we will see later. In the perspec-
Req(z,y,v,z) — CustNeeds(z,y). (6) tive of function descriptions, instead, we have seen
_ . that a (general) flow can participate to functions as
We constrain the notion of customer needs even fUinput or as output flow. In other terms, the function at

—BasicFunc(z,y, 2).

the FB perspective: flows as input or output flows. Again, we can define
CustNeeds(z,y) — Jv, z Req(z, y, v, 2). (7)  general flows via the notion of design requirements:
InFlow(z,z) = Jy, vReq(z,y, z,v). (13)

Design requirements and functions N
OutFlow(v,z) = Jy, 2Req(z,y, 2, v). (14)
whereInFlow(w,z) andOutFlow(w,z) mean that
w IS an input (output, respectively) flow for the engi-
neering functione.

We say that a perdurantis an engineering function
with input flowy; and output flowys if there is some
devicez which participates to the whole perdurant

such thaReq(z, z,y1,y2)-
The correlation between the notions of input/output

Y
EngFun(z, y1,y2) = 3:Req(@, 2, y1,42)- ®)  fiow and that of function is now obvious:

An engineering functiosimpliciteris a perdurant for EngFun(z,y, 2) < (15)

which there exist input and output flows that satisfy (InFlow(y,z) A OutFlow(z, ).

definition (8). Formally,
SincerB classifies flows in types, we enforce that any
EngFun(x) 2 Jy, yoEngFun(z, y1, y2). (9) flow entity must belong to one of the allowed types,
namely, material, energy, or signal flow:

Among all functions thers model distinguishes Flow(z) < (MFlow(z) V EFlow(z) V SFlou(z)). (16)
a certain set of functions which are called sub-Of course, types must be distinct:

functions. As the term “sub-function” suggests an
implicit relationship to functional decomposition, we MF+0¥(#) — ~(EFlow(z) V SFlow(x)) (17)

will use the more neutral term “basic function” to de- EFlow(z) — =(MFlow(x) V SFlow(z)) (18)

noteFB sub-functions. SFlow(z) — —(MFlow(z) V EFlow(z)) (19)

BasicFunc(z,y,2) — EngFun(z,y, 2). Design requirements and devices
BasicFunc(z) — EngFun(z). (10)

As discussedFB is not clear on its basic assump-
FB is not very clear on its classification of func- tions. This is the case even when the notion of device
tions. However. it seems coherent with to assume 'S Used. Here we define a device as an object involved
that all and only non-basic engineering functions ard? @ given context of design requirements remarking,
in this way, the centrality of theeq relationship:

t indicati hether th diff bet th A
ggp;; icating whether there are differences between these Dev(y) £ 3z, z, vReq(z, ¥, 2, v). (20)

13To highlight this fact, we could simply writeq(z, v, z) . .
and introduce an existential quantifier in formula (6). This One can then express the fact that the design require-

choice would, however, hide the distinction between whagis Ments stipulate that a certain device performs a cer-

questedKeq) and what is realizedsagFun). There are different  tain function:

ways to make the distinction and the introduction of a refeee A
to devicey in Req is perhaps the simplest. Perform(z,y) = 3v, zReq(y, ,v, 2). (21)
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5.2. Functional basis and DOLCE energy flows that are distinct of the matter and sig-
nal flows illustrates this practice. Yet, also in engi-
neering it is acknowledged that energy flows in re-
As anticipated before, the engineering functionsality do not come separately. Pahl and Beitz ([18];
listed in FB are here interpreted as types whose inp. 30) confirm that the conversion of electricity in a
stances are perdurants of certain kinds. power plant is associated with a material conversion,
EngFun(z) — PD(z). (22) although that latter conversion may not be visible in a
nuclear power plant. We choose to see energy flows
The class of perdurants used bg is not arbitrary as qualities since this gives a clear ontological mo-
and can be characterized at least to some extent. Thigation of the flow distinction embraced tmg. If
proposed match between engineering functions andane insists on having energy flows as a separate cat-
subclass of perdurants allows us to provide a coheegory, this would lead to a revision ofOLCE or to
ent and ontological framework for the three notionsthe adoption of a different ontology.

used inF8: function, sub-function, and product func- For completeness, we point out an alternative option

tion. For instance, given our assumption that an engdiz hich is compatible WitboLCE: to model energy
neering function is the most basic in the ontologicalas an entity on a par with entities that are seen as
sense and is formalized by means of a class of per

q ¢ b-function i deled i b amounts’ like water and air. This view has some
urants, arrs sub-function 1S modeted as the Sub- 5,y arg consequences like making independent the
class collecting all and only the perdurants that hav

. . . %hange of energy and the change of water location
as participants the flows requested in the (often 'nfor\'/vhen water is moving down a waterfall. Perhaps
mal) engineering description of the sub-function. ' ’

the uneasiness that some engineers show with this
Given axiom (22) and Definition (8) it seems naturalontological classification is due to the constraint of
to constrain that an entity performing a function mustiooking at flows as objects: flows of energy are in-
participate to the whole perdurant: trinsically associated by some to processes or events
which have very different ontological properties. The
whole issue is anyway subtle and might require some
further discussion. Here we recognize the different
positions while deciding to stay close to the view ac-
For obvious reasons it is not possible to assign th&nowledged by Pahl and Beitz. B this position
general notion of flow (i.eElow) to any specific on- means to take energy as a primary flow, which pre-
tological category ofboLCE. The following three supposes a second carrier flow that has the purpose
conditions make clear the ontological categories ofo transport the primary flow [17].

FB flow kinds They state that material flows are Also, the claim that signal flows are perdurants

(a subclass of) endurants, e.g., a screw, that enerMould be explained. Clearly, not all perdurants are

flows are (a subclass of) physical qualities of en-_. . . . .
. ignal flows. Generally speaking, in engineering a

durants, e.g., pressure, and that signal flows are éall nal flow refers to the presentation of data (geomet-

subclass of) perdurants, e.g., visual signal: 9 P 9

ric information, instruction list, etc.) and is typically

Ontological categorization of FB functions

Perform(x,y) — PCr(y, ). (23)

Ontological categorization of FB flows

MFlow(z) — ED(x). (24)  provided by static perdurants or processes (a light is
EFlow(z) — PQ(x). (25) on, anincreasing sound is emitted, a figure is shown,
SFlow(z) — PD(x). (26) @ flowchartis depicted in steps etc.). The actual in-

terpretation of the information (a light on means the
Our full formalization extends the above axioms andemperature is reached, a sound means the device is
definitions with a number of additional constraintsmalfunctioning, a figure means that the output port is

whose aim is to tie down the formal meaning of theon the back etc.) is a much more complicated perdu-
concepts we use (cf. [5]). rant and is not modeled by tiw® approach.

The above classification of flows needs some discuss

sion. By taking energy flows as physical qualities%' DISCUSSION

we may counter the engineering practice to see enfhe formalizations given in the two previous sections
ergy or energy flows as a separate ontological enshow that an ontological analysis of the concept of
tity that exists or occurs independent of other entifunction as used in engineering leads to highlight-
ties. The mere fact that iRB engineers speak about ing the essential elements and, subsequently, to their
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logical expressions. Yet it should be acknowledgednly one concept of function. Further work is needed
that these results are about the theoretical side of the understand the key element behind each proposed
project we described in the introduction; empiricalperspective.

proofs, consisting of yalidatio_ns of the prgctical US€rhe second issue of comparing the different formal-
fulness_of the fo_rmall_zatl_ons N €ngineering are StIIIizations is, as already said, important to the val-
to be given. This validation may be given after ad-

dressing a number of further issues raised by the tWidation of our work. The separate formalizations
9 a . . y %ay already provide the means to develop computer-
formalizations. For instance, if by a comparison of

s ) ) supported tools for supporting functional descrip-
the two formalizations, precise rules can be given fo PP PP g P

tions in engineering. But by also comparing the

the translation of functional descriptions given in theformalizations, tools for translatingr functional

FR approach into functional descriptions given in thedescriptions toFs functional descriptions andice

FIB approaltt:h,banc::qah\t/ﬁrsath?rll one V\:cotlrjlld Obtim versa could be developed, thus relieving the burden
clear results by which th€ USEIuiness ot this work Calye o | g of multiple meanings of functions in engi-

be determined. More generally we see a number g eerin
further issues to be addressed. g
The evaluation of the third issue, the relationship of
A first issue is whether we have SUfﬁCientIy Coveredour work with that of Mizoguchi and Kitamura’ de-
the domain of engineering function descriptions bypends on how one considers the new formal concepts
formalizing FR and FB functions. Second, the tWo that ontological analyses may introduce into engi-
formalizations should be Compared n detall, n Orderneering_ If these new Concepts are again engineer-
to analyze their differences also from the ontologi-ing meanings of functions, as is arguably the case for
cal perspective. Third, it is still unclear how our for- Mizoguchi and Kitamura, then comparing our work
malizations relate to the one developed by Mizoguchyyith that of Mizoguchi and Kitamura is needed to
and Kitamura in [12] and [13], and to the one givenaddress the second issue just addressed. If, how-
by Arp and Smith [1]. ever, these new concepts are not engineering mean-
f'ngs, as may be the case with the one defined by

The focus in our wor_k on engneering meanings OArp and Smith, then the comparison should be car-
the concept of function forces us to consider the

first issue of “completeness”. We have relied cmned out on different grounds. The motivation may

. . rest on noting that in the work of Arp and Smith co-
Chandrasekaran [7] when presenting the Function . . .
) ; . erence between the conceptsaflogical function
Representation and the Functional Basis approaches . o :
andtechnicalfunction is central, which would mean

towards functions as approaches that indeed cover . S X
at by comparing our formalizations with the one

the main part of engineering. Yet it ShOUI.d be ac'by Arp and Smith, the differences betweer func-
knowledged that in principle 18 engineering con-

cepts of function can be distinguished [10]. These 141 B functions, and biological functions can be
. o ; determined. These differences may then be relevant
concepts may be sufficiently similar to single out a : L . . ;
o ) : : to engineering fields in which biology plays a role,
more limited number of archetypical engineering ap-. ; S . i
like biotechnology and biomimetic engineering.
proaches. Yet the number of archetypes can be larger
than two, as is, for instance, exemplified by the anal-=
ysis of functions in [21] in this volume. Conversely, 7. CONCLUSIONS
it may be argued that we have been too elaborate@ihe term “function” is associated in engineering with
by formalizing two concepts of functions. Chan-various and sometimes conflicting meanings, as the
drasekaran [7], for instance, makes a distinction besurvey [10] of the 18 different engineering concepts
tween therrR andFB approaches but also conjecturesof function seems to imply. One consequence of
that research within these approaches is converginghis variety is that in engineering a communication
Similarly, in the survey in [10] it is suggested that theproblem arises when engineers exchange functional
18 meanings identified may be partly integrated. Anddescriptions using different meanings. Ontological
in [21] in this volume, it is argued that one can defineanalysis can provide a solution to this communica-
one overall account of function that captures at leagion problem: by laying down the different mean-
three different engineering meanings of functions. Tangs within a single foundational ontology, the dif-
some extent, the answer is that we are not in a posferent concepts can be made explicit enabling auto-
tion to determining whether the ontological analysismated functional reasoning using one meaning, and

of functions will lead to a couple, 18, or eventually enabling automated translation of functional descrip-
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tions using different meanings for the term. But it is[2]
acknowledged that this solution still has a promissory
character.

A first concluding remark is that as described in this
paper, ontology provides more strategies to deal witl3]
the problem. We advanced the strategy to formal-
ize existing concepts of function but alternatively one
can introduce a new formalized concept of function,
for relating the existing engineering concepts or for
replacing them. Which strategy will be most success-
ful is not a topic we considered, yet we can note thaf4]
the third strategy may become in conflict with engi-
neering practices when it is beneficial for engineer-
ing to use the concept of function with more than one
meaning. Function may be a term that has a flexible
meaning for a good reason ([21] in this volume), orpg
it may be a Wittgensteinian family resemblance con-
cept, in the sense that it has a set of similar meanings
that exist side-by-side in engineering.

A second concluding remark is that the work pre-
sented in this paper within the strategy of formaliz-
ing existing concepts of function is not completed.
Other concepts that the two advanced in the Fungg]
tional Representation and the Functional Basis ap-
proaches may need to be formalized, and the pre-
sented formalizations may need to be developed to
more detail on the basis of engineering literature o ]
functions not considered in this paper. Moreover, th
number and nature of practical illustrations of our
formalizations, show that the translation of our onto-
logical analyses to applications that are useful on the
engineering work floor is still in an initial phase. Re-
sults presented in this paper are therefore still primalLB]
ily on the conceptual level of explicating the various
meanings engineers attach to the concept of technical
function; their potential to solve the communication
problem for functional descriptions in engineering is[9]
conjectured but still has to be substantiated by prac-
tical application.
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