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Abstract

The paper introduces and discusses the notion of decomposition of a configuration problem within the framework of a
structured logical approach. The paper describes under which conditions a given configuration problem can be decom-
posed into a set of noninteracting subproblems and how to exploit such a decomposition, both for improving the
performance of the configurator and for supporting interactive configuration. Different kinds of decomposition are
considered, but all of them exploit, as much as possible, the explicit representation of the partonomic relations in the
FPC language, a KL-One like representation formalism augmented with constraints for expressing complex interrole
relations. The paper introduces a notion of boundness among constraints, which is used for formally specifying
different types of decomposition. One decomposition strategy aims at singling out the components and subcomponents
that are directly related to the constraints put by the user’s requirements; the configurator exploits such decomposition
by first configuring that portion of the product and then configuring the parts that are not related to the user’s
requirements. Another decomposition strategy verifies whether the set of constraints for the product to be configured
can be split into a set of noninteracting problems. In such a case the configurator solves the configuration problem by
splitting the whole search space into a set of smaller search spaces. Different combinations of these two decomposition
techniques are considered, and the impact of the decomposition strategies on the performance of the configurator is
evaluated via a set of experiments using the configuration of computer systems as a test bed. The results of the
experiments show a significant reduction of the computational effath in terms of number of backtrackings and in

CPU time when decomposition strategies are used.

Keywords: Complete and Partial Configurations; Configuration Problem Decomposition; Partonomic Knowledge;
Structured Representation

1. INTRODUCTION tion of the structural properties of the entities of the domain
in terms of specific kinds of relations. There is an increas-
In recent years the configuration task has received a signifing consensus on the opportunity of modeling the domain
icant amount of attention. In particular, in the last decadeof interest via high-level structured languages in order to
configuration has been formalized and two main characterease the elicitation of knowledge about the domain as well
izations have been proposed: one describes the configuras to make easier the interaction with the user who has to
tion in terms of constraint satisfaction proble(@SPs; e.g., specify a specific configuration problem. Independent of
Mittal & Falkenhainer, 1990; Stumptner & Haselbdck, 1993;the approach chosen to characterize the configuration task,
Sabin & Freuder, 1996; Fleischanderl et al., 1998; Soinineronfiguration suffers from the same problem affecting many
& Gelle, 1999; Veron & Aldanondo, 200Gand the other other relevant tasks dealt with via Al techniques: computa-
one characterizes configuration in terms of a logical aptional complexity. Since the early days of Al, problem de-
proach(e.g., McGuinness & Wright, 1998; Friedrich & composition has emerged as one of the most powerful
Stumptner, 1999; Soininen et al., 2000ogical approaches mechanisms for controlling complexity. Obviously, worst
to configuration stress the need for an explicit representacase complexity cannot, in general, be reduced, but from a
practical point of view, problem decomposition may prove
_ , . _ _ _ quite effective in providing a solution to a large variety of
Reprint requests to: Diego Magro, Dipartimento di Informatica, Uni- . . . .
versita di Torino, Corso Svizzera 185, 10149 Torino, Italy. E-mail: problems. As concerns conf|gurat|on, 'dea”y' the solution
magro@di.unito.it of a complex problem should be easily assembled by com-
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bining the solutions of the subproblems into which the ini-rized in Section 2, where a sample domain relevant to PC
tial problem has been decomposed. Decomposition of theonfiguration is also introduced. A formal characterization
configuration problem should reduce the computational efof configuration problems is given in Section 3, and Sec-
fort as the solution of a number of simpler subproblems igion 4 describes the two decomposition techniques the pa-
easier(in terms of computational timehan the solution of per deals with and the five decomposition policies that we
a single, large configuration problem. defined by combining them. Section 5 provides a formal
Although speed-up can be an important goal for justify-characterization of decomposable problems, and Section 6
ing the development of decomposition strategies for condescribes a configuration algorithm adopting one of the five
figuration problems, there is at least another good reasodecomposition policies that we take into consideration. The
for investigating decomposition. With the development ofbenefits resulting from the adoption of different decompo-
web-based services, there is an increasing number of intesition policies are discussed in Section 7, where the results
esting applications requiring some form of automatic con-of experiments are reported. Section 8 compares our frame-
figuration for supporting thépossibly inexperiencediser  work to other ones that have been adopted in configuration.
in specifying and selecting the right product for his or herA brief discussion and some suggestions for future work
needs(e.g., Magro & Torasso, 20®]. In some cases the are contained in Section 9.
configuration can be seen as an interactive process as at the
beginning of the interaction, the user is able to provide just
some initial requirements; additional requirements as welp. THE CONCEPTUAL LANGUAGE FPC
as choices of specific components are done in the later ste
of interaction. In such kind of situations, the configurator
should not be too eager to provide a complete configuratio . . : .
of the product because many of the choices made by thgonceptual language for rgpresentl_ng goqflggratlon domain
configurator may prove too arbitrary because they are nolfnowledge. InFPC there is a basic d|st|nct|or_1 betyveen
supportedor guided by explicit choices or requirements atom|ccomp_onen.ts _andomplexones. The atomic _objec_ts
of the usel(Magro & Torasso, 200d). Therefore, a second are the basic building component; c_)f any conflgurgtlon,
reason for some kind of decomposition concerns the abilit nd therefore”PC abstracts fr'om theirinternal SFI’UCtl'(IIé
of the system to produce partial configurations by Comcig_anw. By contrast, complex objects are characterized in terms

uring only those parts of the product that are directly re-Of subparts, which can be complex or atomic objeftsC

lated to the current user requirements and to postpone th%ﬁers the possibility of organizing classes of atomic and

configuration of the remaining parts complex objects in daxonomy as well as the facility of

The importance of problem decomposition in configura—bu'ld'ng partonomieghat(recursively express thevhole—

tion was discussed in Fleischanderl and Haselt®®8R6 in part relationsbetween each complex object and each one

an approachto configuration based on constraints. Howeve?,f its components. The configuration process has to take

to the best of our knowledge, the issue of automated problert?.to "’?CCOU”I theonstraintsestricting the set of valid com-
decomposition in configuration has not received a lot of at- '”?"O”S of components aqq subcomponents. Thesg con-
tention. Configurators based on CSP may exploit state of th trqlnts can be elther’ speCIflc to the modeled domain or
art techniques of constraint decomposition for improving erived from the user’s requirements.

problem solving efficiencyGottlob et al., 2000 However,

in some configuration domains, modeling the configurationz_l' Frames and parts

problems as CSPs can be quite difficult. In addition, for some

configuration tasks a more structured representation can h@ FpC eachframe Crepresents alass|C| of objects
more appropriate, for example, in many tasks in which thgeither atomic or complexand it has a set ahember slots
explanation of aline of reasoning plays animportant(®®  associated with itas usual, ifx is a language element, we
McGuinness, 2002 The present paper addresses the probdenote its semantics withx|).* Any slot p of a frameC is
lem of defining and comparing a set of automated problenyescribed via a value restrictidd (which can be another
decomposition strategies in a structured logical approach tgame or can denote a nonempty 4&| of values of a
configuration. In particular, we are interested in defining de-predefined kingl and a number restrictiofi.e., an integer
composition techniques that can speed up the configuratiopyterval [m, n] with m < n), as usual in the KL-One like
process and may help in interactive configuration. All de-representation formalisms. In any frafGeeach slop with
composition techniques defined in this paper are guided byalue restrictionD and number restrictiohm, n] captures
the compositional structusee., by partonomic knowledge the fact that the propertg for any component of typ€

of products. _ _ (i.e., for any individual of the clasfC|) is expressed by a
Our approach adopts a structured logical representation
formalism for capturing taxonomic and partonomic rela-
tions among the entities of the domain and expreSS|ng con- To be precise, we should always dlStmgUlSh .betWeen a frame, which
. d b S hIS a language element, and the class that it describes. However, in order to
Straints among components and subcomponents. SUCNggh iy the presentation, we will use the words frame and class as
representation formalisrithe languageFPC) is summa-  synonyms.

S . . . . .
ﬁ)n this section we describe the main characteristic& B
rerame:s, parts, and constraints; Magro & Torasso, 2080
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set of elements whose typesand whose cardinality be- be the SCSI typdn fact, the value restriction of the inher-
longs to the intervalm, n]. ited slot has_hd has been restricted from the more general

Because of the relevance of the whole—part relation betype Hard_Disk to the more specific type HD_SE®Inal-
tween a complex component and a part of it in the configu-ogous restrictions hold for the slots has_cdw and hag. cdr
ration task, a special status has been assigned to such relatioAd, the other partonomic slots of the PC class are inherited
which are modeled via partonomic slots, whereas other propas they are. Unlike low cost PCs, an advanced application
erties and features of both complex and atomic objects arBC can have a CD towéwhich is a complex component
modeled vialescriptiveslots. In particular, partonomicslots ~ Given aFPC conceptual model CM and a clags of
in FPC capture thecomplex—component relatiatescribed  complex components in the CM séot chainstarting inC,
in Gerstl and Pribbenowl 995. This relation is assumed to and ending irD is a sequenceg = (py, P2,.--,Py) (h=1)
be asymmetric and transitive. Formally, any partonomic slobf member slots such that in the CM there are the classes
pof aframeCis interpreted as a relatidip|| from||C| tothe  C,,...,C,_, of complex components and the cla3s(ei-
class| D | denoted by its value restrictidh (for partonomic  ther of atomic or complex componehtsuch thatC; (1 =
slots, the value restriction is always a frareach that Vc e i =h— 1) has a partonomic slot named(possibly inher-
IC[)(m = cardp[(c)) = n), being[m,n], its number re- ited) whose value restriction i€,,; and C, has a slot
striction, and car@X) denotes the cardinality of the st  (either descriptive or partonomic and possibly inherited
The meaning is straightforward: any complex component ohamedp, whose value restriction i9, which can be either
typeC has from a minimum ofnup to amaximum ofparts  a class offcomplex or atomigobjects of the CM(if p, is
of typeD via a whole—part relation namex a partonomic slotor a set of FPC predefined value§&f p,

The value restrictio® of any descriptive slajofaframe is a descriptive slgt The semantics of such a slot chain is
C always denotes a nonempty set of values of a predefined natural generalization of the semantics of a single slot,
kind (i.e., integers, reals, strings, et@s in the case of par- because it is interpreted as the relation composition
tonomic slots, a descriptive slot is interpreted as a relatioff{ p;, P2, ---,Pr)l = [Pnl © | Pr—1ll © -+ ° |p.ll from |C,]

[gll from|C| to | D| such tham= card|q|(c)) = n. to |DJ. That is, ifh = 1, [|(p,)| is a relation from|C, | to

In FPC taxonomies, each class has a single superclagD|, such that(Vc, € |C,[)[{pl(c,) = lIp.l(cy); if
(i.e., taxonomies are tregdt inherits the slot§both parto- i =1 andh =i + 1, [[{(py,....p.l is a relation from
nomic and descriptiveof its superclass and can refine the |C,|| to |D|, such that(Vc, € [Ci)(I{Py,---,Pis)l
description of the superclass by specifying additigmat.t.  (c;) = Ug,,ci(p.....o0lIen IPi+11(Ci+1)), where the opera-
those inheriteglslots or by restricting the number restric- tor | maintains repeated values #%C predefined types,
tion and/or the value restriction of any inherited sl@c-  in casep;_ , is a descriptive slot.
cording to the rules of strict inheritance typical of KL-One  More intuitively, if p, is a partonomic slot, the chain
languagep The subclasses of any class are exhaustiee  represents the subcomponents of a complex compepent
any instance of a class must be an instance of one of itfC, | via the has-part relationships nampd...,p,. The
subclassgsand disjoint(i.e., there is no instance of a class subcomponents referred to by the slot chain form a(bé.
that belongs to two different subclasses of this glass subcomponent is repeated insidg it.

Figure 1 represents a fragment of the partonomic and If p, is a descriptive slot, this chain represents the values
taxonomic knowledge of a conceptual model relevant toof the propertyp,, for the subcomponents @f via the has-
PCs. Each rectangle represents a class of complex comppart relationshipg;, ...,p,_,. Because the properpy, may
nents, each oval represents a class of atomic componentsave the same values in different subcomponents, the slot
each solid arrow corresponds to a partonomic slot, and eaathain denotes a multiséte., there can be repeated prop-
dashed arrow corresponds to a descriptive slot. The conceprty values.
tual model sketched in the figure states that a PC is a com- Similarly, a set of slot chain® = {y,,...,y}(k = 1)
plex object containing, among other things, a keyboardfeach one starting i€, and ending irD; (i = 1,...,k)] is
from one to seven hard disks, an optional CD writer, ainterpreted as the relation unidiR| = U, |y;| from C,
motherboard, and so on. The keyboard, the hard disks, and U*_, D,.
the CD writer are all atomic components whereas the moth- For example, in Figure 1, the slot chalhas_m,has_
erboard is a complex component. The motherboard conmpch starting in PC represents the main printed circuit
tains a main printed circuit boardescribed by its model, board of a PC, while the price of that component in a
price, and typg an optional SCSI controller and other com- PC is represented by the chafhas_m,has_mpcb,price
ponents. In the restricted world we are modeling, the PCThe set of slot chains starting in P@has_hd
can be of two different types only: advanced applicationhas_cdx(has_cdw} represents the set of hard disks, CD
PCs or low cost PCs. Any advanced application PC alwayseader, and CD writer of a PC.
has a CD writer and a CD readéie., in the advanced
application PC class, the number restriction intervals of the
inherited slots has_cdw and has_cdr have been restricte?d
from[0,1]to[1,1]). Moreover, in any advanced application In modeling the real-world domains the expressive power
PC, the CD writer, the CD reader, and the hard disks musprovided by the frame portion oFPC is not sufficient; in

2. Constraints
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Fig. 1. A sample(portion of @ conceptual model: the partotaxonomic knowledge.

particular, number restrictions and value restrictions cannot € ||C|, 8 must always hold, while i3 = false, then, for
capture complex interslot constraints relating the compoeachc € |C|, a can never hold. The contradiction tree
nents and the subcomponents of the complex objects.  false is not a valid constraift.
For this reasonFPC puts a constraint language at our  Each clasgbut the root of the taxonomynherits all the
disposal. However, each constraint is associated with a clag®nstraints of its superclass.
of complex components in order to have a uniform struc- In the following, only a subset of the predicates available
tured approach to knowledge representation. In this wayin FPC is described. LeR = {y,,...,y,} be a set of slot
constraints complement partonomic and descriptive slots ighains starting in a clasS. The last slots of the chains
capturing the characteristics of a complex object. occurring inR can either be all descriptive or all parto-
Given the clas€ and a constraint co associated with it,
co is of the forma = B, wherea is a conjunction ofFPC
predicates or the Boolean constante and 3 is a predi- 2Actually, FPC is a bit more general, because it allows a constraint to

cate or the Boolean constaiaise The mear”ng is that for be a clause whose literals are positive or negafi®e predicates. How-
ever, here we restrict the attention to constraints having a Horn-clause

every complex objeat € |C|, if ¢ satisfiesa then it must o This restriction does not affect the decomposition mechanisms that
satisfyB. It should be clear that i& = true, then, for each we describe.
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types of components that may occur in configurations and

[R](c) can generally be a multiset of property values,they are callecconcrete classedn particular, MSClass-

whereas in the latter it is a set of components.
Four types of predicates are briefly described.

1. (R)(m;n), where the last slots in the chains occurring

in Rare partonomic anah, n are nonnegative integers
with m=n.

Here ¢ € |C| satisfies the predicate iffn =
card||R|(c)) = n.

. (R(inly U---U 1), with (s=1).

If the last slots in the chains occurring Rhare parto-
nomic, each;(j = 1,...,s) is a class of components
andc € |C| satisfies the predicate iffR|(c) C |I,]
U---U [lg]. Similarly, if the last slots in the chains
occurring inR are descriptive, eadhdenotes a set of
FPC predefined values andle |C| satisfies the pred-
icate iff eachv € |R|(c) belongs td|l;| U---U ||I].

. (R)(inly U---U I(m;n)), where(s= 1), the last slots
in the chains occurring iR are partonomic, each

(j=1,...,9 is a class of components amd n are
nonnegative integers witm < n.

Here ¢ € |C| satisfies the predicate ifin =

card(|[R[[(c) N (1] U---U [Ig]) = n.

. (f(R)) RelOp(g(S)), whereS= {6, ...,6} is a set of
slot chains starting i€ and different fromR, the last
slots in the chains occurring R or Sare descriptive,
and their value restrictions denote numeric sets.
Here c € |C| satisfies the predicate iff(|R|(c))
RelOpg(||S|(c)), where RelOpe {=, <, >, =, =
andf andg are two functions belonging to the set of
built-in functions provided by the conceptual lan-
guage.[These functions include the suf}), the
minimum (min), and the maximum(max).] For
example,c € |C| satisfies(max(R)) = (Z(9)) iff
max(|RI(c)) = Z.¢jsio v-

A (small subset of the constraints holding in a real
computer system domain is reported in Figure 2, where a
short explanation in natural language is provided for each
constraint.

3. CHARACTERIZING CONFIGURATION
PROBLEMS

In this section we formalize both the concept of configura-
tion problem and the notion of solution of a configuration
problem in case the goal is the assembly of a complete
complex object meeting a set of requirements. As we shall
see, sometimes it is not necessary to build the whole com-
plex product and a partial configuration is enough. A defi-
nition of solution of a configuration problem capturing the
concept of partial configuration will be given in Section 5.
Given aFPC CM, let MSClasse€CM) be the set of classes

in the CM most specific in the taxonontie., the set of the
leaves in the taxonomythese classes fully describe the
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egCM)=A_MSClasse€CM) U C_MSClasse&M), where
A_MSClasse€CM) and C_MSClassé€EM) are the con-
crete classes of atomic and complex objects, respectively.

If C € MSClassefCM), with p_slotdCM,C) and
d_slotdCM,C) we indicate the partonomic slots and the
descriptive slots of class in the CM (possibly inherited,
respectively; slot€CM,C) = p_slotdCM,C) U d_slots
(CM,C) is the set of all the slots of clagsin the CM.

To get rid of some superflous detalils, in the following we
assume that the conceptual descriptions of the concrete
classes of atomic components are specific enough that the
values of all the properties of any atomic componeate
unambigously determined by selecting the concrete type
of c. Formally, for eactC € A_MSClasse€CM) and each
d € d_slotdCM,C), the cardinality restriction ofl is an
interval [m,m] and its value restrictiorD is such that
card|D[) = m.

DEFINITION 1. A configuration problem is a tuple CP
(CM,C,REQS, where

1. CMis aFPC conceptual model,
2. C € C_MSClasse&M), and

3. REQS is a set afFPC constraints whose slot chains
start inC. |

In the above CP represents the problem of configuring a
complex object of typ€ in such a way that both the user’s
requirements REQS and the conceptual model CM are sat-
isfied. In the following the object to be configured is called
the target object.

DEFINITION 2 (tentative configuration Given a config-
uration problem CP= (CM,C,REQS, a tentative con-
figuration for CP is a paiT = (COMPS,INST_SLOTgH
such that:

1. COMPSis a set of componerifsr eachc € COMPS,
clasgT,c) € MSClassefCM) indicates the concrete
class to whichc belongs;

2. thereis exactly one component COMPS such that
clas<T,c) = C (representing the target objgct
3. INST_SLOTS is a set of equalitiép(c) = X), where
¢ € COMPS,p € slotdCM;,clas4T,c)), no two dif-
ferent equalitiegp(c) = X) and(p(c) = Y) occur in
INST_SLOTS and
(a) if p € p_slot4dCM,clasgT,c)), thenX C COMPS
(in this case, the equalifyp(c) = X) means that
has the seX of direct components through the
whole—part relation namep);

(b) if p € d_slot§CM,clasgT,c)), thenX is a set of
values of FPC predefined typesin this case, the
equality (p(c) = X) means thai is the set of
values relevant to the property denoted by the
slot p for the component).


https://doi.org/10.1017/S0890060403171053

56 D. Magro and P. Torasso
CONSTRAINTS

Associated with PC class:

In any PC, if there is at least one SCSI hard disk and an EIDE main printed circuit board,
then a controller SCSI is needed
[col]l ({<has_hd>}) (in HD_SCSI (1;7)) A ({<has_m,has_mpcb>}) (in MPCB_EIDE) ==> ({<has_m,has_cs>}) (1;1)

In any PC, if there is a SCSI CD reader and an EIDE main printed circuit board, then a controller
SCSI is needed
[co2] ({<has_cdr>}) (in CDR_SCSI (1;1))A ({<has_m,has_mpcb>}) (in MPCB_EIDE) ==> ({<has_m,has_cs>}) (1;1)

In any PC, if there is a SCSI CD writer and an EIDE main printed circuit board, then a controller
SCSI is needed
[co3] ({<has_cdw>}) (in CDW_SCSI (1;1))A ({<has_m,has_mpcb>}) (in MPCB_EIDE) ==> ({<has_m,has_cs>}) (1;1)

In any PC, if there is a Unix application software, then a Unix operating System is needed
[cod4] ({<has_asw>}) (in Unix_Sw (1;20)) ==> ({<has_os>}) (in Unix (1;2))

In any PC, if there is a Microsoft application software, then a Windows operating system is needed
[co5] ({<has_asw>}) (in MS_Sw (1;20)) ==> ({<has_os>}) (in Windows (1;2))

In any PC, there must be at most 4 EIDE devices
[co6] true ==> ({<has_hd>,<has_cdr>,<has_cdw>}) (in HD_EIDE U cDrR_EIDE U CDW_EIDE (0;4))

Associated with the Advanced Applications PC class:

[col]...[co6] inherited from PC class

In any Advanced Appl. PC, there must be two CPUs
[co7] true ==> ({<has_m,has_cpu>}) (2;2)

Associated with the Low Cost PC class:

[col]l...[co6] inherited from PC class

Associated with the Motherboard class:

In any motherboard, if there is a SCSI main printed circuit board, then there can’t be any
additional controller SCSIT
[co8] ({<has_mpcb>}) (in MPCB_SCSI) ==> ({<has_cs>}) (0;0)

Associated with the CD Tower Class:

In any CD Tower, the number of CD Readers and CD Writers must be greater than zero and less than 8
[co9] true ==> ({<has_cdw2>,<has_cdr2>}) (1;7)

Fig. 2. A sample(portion of @ conceptual model: the constraints.

Let PartOfc) = {d € COMPY(3(p(d) = X) € 7. T respects the partotaxonomic restrictions stated in
INST_SLOTS(p € p_slotdCM,clasgT,d)) [Oc € X)} be CM™;
the set of components in the tentative configurationf

i - i 8. no constraint stated in CM is violated T
which c € COMPS is a direct part:

9. no requirement occurring in REQS is violatedTin

4. forthe componert € COMPS such that clag§, c) = u
C, card PartOf(c)) = 0; . ) )

Atentative configuration can be seen as a snapshot taken

5. foreach componente COMPS suchthatclagt c) #  qyring the configuration process and it represents a config-
C, cardPartOf(c)) = 1; uration “under construction.”

6. for each componeiwte COMPS and for eacpy, p, € COMPS is the set of components occurring in the tenta-
p_slotgCM,classT,c)) (with p; # p,), if two equal-  tive configuration; condition 2 assures that exactly one in-
ities (p,(c) = X) and (p,(c) = Y) occur in stance of the target object is being configured. Because
INST_SLOTS, thelX N Y = @; each slofp is interpreted as a relatigip|| (see Section 2
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each equalit p(c) = X) € INST_SLOTS expresses the  The last two conditions state that in a complete configu-

value of this relation, computed on the componefite., it  ration the truth value of each constraistther occurring in

states thatp|(c) = X). the conceptual model or imposed as a requireinisritue.
Condition 4 assures that no component containing thélt is worth noting that these two conditions are stricter

target object has been introduced into the tentative conthan conditions 8 and 9 in Definition 2.

figuration. Conditions 5 and 6 express the following As usual in configuration tasks, we make the following

assumption: assumption.

AssumpPTION 1 (exclusiveness assumption on parts  Assumprion 2 (consistency of the conceptual model
A component cannot be a direct part of two different com-puring problem solving, the conceptual model is consis-
ponents(condition 9, neither a direct part of a same tent, where anFPC CM is consistent iff for each concrete
component through two different partonomic relatiéosn-  classC of complex objects occurring in CM, the configu-
dition 6). B ration problem{CM,C,@) admits at least one solution that

Condition 5 also states that each component differentS @ cOmplete configuration. =
from the target object must be a direct part of another com-

plex componentpossibly the target object enough even if it explicitly refers only to concrete classes
Condition 7 states that the tentative configuration re-q¢ complex objects. In fact, each class of atomic objects is
spects the number and the value restrictions of each slgfjays consistently defined, provided that for each slot oc-
occurring in it. Atentative configuration, according to Def- o\, ring in it, both the cardinality and the value restrictions
inition 2 reported above, may contain no information for 4re nonempty sets and that the restriction rules for inherited
some slop present in the conceptual model. In this case g|ots stated in Section 2.1 are followed. If the conceptual
computing the truth value of any constraint mentioniri§  ode| did not contain any constraint, these observations
not always possible iff (i.e., this value could be unknown 14 apply also to classes of complex objects. The assump-
in T). Conditions 8 and 9 state that in a tentative configu-ti5n above assures that when the conceptual model also
ration the truth value of each constraigither occurring in containsFPC constraints, the concrete classes of complex
the conceptual model or imposed as a requireiean be  gpjects have meaningful descriptiofise., for each con-
either true or unknown, but not false. , crete clas<C of complex objects occurring in the concep-
Given Definition 2 above, a tentative configuratiean 3 model, at least one individual of that class can always
be represented as a tree whose nodes are the componentg, iy specified. In other words, the problem of finding a
COMPS or the valuespossibly repeatedof FPC pre-  compjete configuration for a complex object of typewith-
defined types that occur in the equalities contained iny ¢ any requirement but the satisfaction of its conceptual
INST_SLOTS, whose root is the componentor which  gegcription, always has a solutiorThe concrete classes
clasgT,c) = C and such that for each equalifp(c) = 516 the leaves af PC taxonomies; thus, their consistency

{Cy,--.Co}) € INST_SLOTS withn = 1, there are1 edges  jyjies the consistency of all classes occurring in the con-
labeledp, each one connecting the nodewith its child ceptual model.

¢ (i =1,...,n) and for each equalitfp(c) = @) €

INST_SLOTS there is an edge connectingvith a node

denoting the empty sé¢ho edge other than these is present4, REQUIREMENTS-BASED DECOMPOSITION
in the tree. AND CONSTRAINTS-SPLITTING

DEeFINITION 3 (complete configuration A solution to a DECOMPOSITION
configuration problem CR (CM,C,REQS is a tentative o
configurationT = (COMPS,INST_SLOTSfor CP, such 4.1. Amotivating example
that:

It is worth noting that the assumption above is general

As stated in the Introduction, the automatic configuration

1. for each componert € COMPS and each sigt € task can be, in general, computationally expensive. In fact,

slots(CM,clas<T,c)), there is an equalityp(c) = the components and the subcomponents of a configurable

X) € INST_SLOTS; object usually have to respect a set of constraints, both
» endogenousi.e. specific to the modeled domain, such as
Sechnical or physical constraintand exogenouémposed
as additional requirements by any agent requiring a custom-
ized produck Usually, these constraints link together many
components and subcomponents. Thus, rarely can a config-
uration be computed by a process making only a set of local
choices. In most cases the configuration task is performed

Condition 1 assures theompletenessf the configura- by a search process. When a choice made for a component
tion, because a value is specified for each slot of any comduring the configuration activity prevents anotlier even
ponent occurring in it. the samg component from being configured, the process

2. each constraint stated in CM for the classes of th
components in COMPS is satisfied Th

3. the requirements REQS are satisfied’in ]

Any T respecting Definition 3 is called a complete con-
figuration for the configuration problem CP.
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CONFIGURATION PROBLEM:
Configuring an Advanced Applications PC satisfying the following requirements:

Containing a SCSI Main printed circuit board
[regl] true ==> ({<has_m,has_mpcb>}) (in MPCB_SCSI)

With the applX Unix application software
[reg2] true ==> ({<has_asw>}) (in applX (1;1))

With a CD Tower
[reg3] true ==> ({<has_cdt>}) (1;1)

Fig. 3. The user’s requirements for an advanced application PC.

(if possible backtracks, revises a past choice, and explores The consistency assumption on the conceptual mddel
a different path in the search space. sumption 2 gives a good reason for considering first the
If we consider the conceptual model in Figures 1 arfd 2, components and subcomponents that might be critical for
we see, for example, that tliendogenousconstraints co4 the satisfaction of the user’s requirements and then the other
and co5 link together the operating systems and the sofenes. In fact, given this assumption, if a configuration prob-
ware applications components. The choice of the operatintem has no solution, this is due to the exogenous constraints
systems to be installed in any PC cannot Hecal choice;  (which can be inconsistent either by themselves or w.r.t. the
in fact, the satisfaction of the number and value restrictiorconceptual modglBy first considering the components pos-
of the has_os slot is not enougte., installing at least one sibly involved in these constraints, we expect that the in-
and at most two Unix or Windows type operating systems consistency of the requirements will be detected eérly
The operating systems that should be inserted in the coraveraggin the configuration procegsaving useless woyk
figuration of a PC depends on the kind of the software Let us suppose, for instance, that a user states the set of
applications that have been included in it, and vice versainconsistent requirements consisting in those listed in Fig-
Similar interdependencies hold, for instance, between thare 3 plus the requirement that no Unix operating system
main printed circuit board and the SCSI controllsee the should be installed[reg4]true = ({< has_os>})(in-
constraints from col to co3 and go8 Unix(0;0))). It should be clear that the constraints req2,
In many cases, the search space is quite huge and mangg4, and co4 cannot be satisfied in the same configuration.
paths in it do not lead to any solution. Moreover, there is noThe components that can be critical for meeting the require-
guarantee that a solution always exists for any configuraments from reql to req4 are the main printed circuit board,
tion problem. the software applications, the operating systems, and the
Because we are interested in problem decomposition as@D tower, because they are directly mentioned in the re-
way of controlling complexity and for supporting inter- quirements. Besides these components, the SCSI controller
active configuration, we explore two different decomposi-must also be considered, because it is related to the main

tion strategies. printed circuit board by the constraints col, co2, co3, and
co8; furthermore, all the other components referred to by
4.1.1. Requirements-based decomposition these constraints have to be taken into considerdtiand

A first kind of decompositionrequirements-based de- disks, CD readers, and CD writgfs
composition requires the ability of recognizing which  The other componentsuch as the keyboard, video cards,
components and subcomponents might be critical for th&RAM memory slots, and so grdo not have any influence
satisfaction of the user’s requirements. In this way, the proben the requirements. In this case, introducing these last com-
lem of configuring a complex object can be decomposegonents into the configuration would be a waste of time,
into two subproblems: the subproblem of configuring thosebecause no solution can be found, whatever choices are
parts of the target object that are related in some way to thenade for them.

requirements(i.e., to the exogenous constrainend the Moreover, requirements-based decomposition allows the
subproblem of completing such a partial configuration byconfigurator to perform a more focused seafehen when
considering the remaining components. the requirements can be men fact, whenever the config-

3The conceptual model represented in these figures expresses only a *Actually, the decomposition mechanism that we shall present in the
fragment of the knowledge actually needed to configure a PC. However, ifollowing would consider also the CPUs as compongrssiblycritical
the examples, we assume that it is a complete model of the domain.  for the requirements satisfaction.
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uration process enters a failure path in the search space frable 1. Decomposition policies
which a requirement is violated, a revision of any choice
made for a component that had been recogna&pdori to Requirements Based
be independent from the requirements would be useless and
it can be easily avoided by considering such components in
a second phase. Constraints splitting No 1 2 4
The ability to distinguish which parts of the configurable ves - 3 5
object might be critical for the requirements satisfaction
also has other motivations. In fact, if the task is that of
checking the consistency of the requirements, the configu-
ration of the whole product would be a useless effort in
many cases. In this case, the computation of a partial coradding both some Microsoft applications and a Windows
figuration, involving only the components that may prove operating system is not available any more, because the
critical for the requirements, is enough. Moreover, this abil-conceptual model states that at most two operating systems
ity is important in any system supporting an interactivecan be installed in a PCand two Unix operating systems
configuration. In this task, we cannot assume that all thérave already been installed.
requirements are always known from the beginning be- However, in many cases not every constraint interacts
cause they can be incrementally added by the user. In thigith each other and the ability of recognizing the sets of
scenario, the system should not be too eager to complef@ossibly interacting constraints offers the basis for a prob-
the work (i.e., to configure the entire target objgcit is  lem decomposition that considers each set of bound con-
important for it to recognize which components can be crit-straints separately.
ical for the satisfaction of the current set of requirements Let us again consider the requirements in Figure 3. The
and to limit its choices to them by leaving the user theconstraints co4, co5, and req2 refer to the same components
possibility of adding some requirements for componentdi.€., software applications and operating systethsis they
not yet introduced into the configuration. interact among themselves. However, req3 interacts neither
In the (consistent set of requirements in Figure 3, req3 with the other requirements nor with the endogenous con-
specifies that a CD tower must be present in the configurastraints. This means that if, for instance, the configuration
tion. However, nothing else is stated about the CD tower. Ifprocess reaches a region in the search space where one or
for example, we want to allow the user to express soménore constraints among co4, co5, and req2 are violated,
requirements for it in a second phase, the configurator shoulégVvising a previous choice for the CD tower would not move
only insert into a configuration éyenerio CD tower with-  the search away from the failure region. This suggests that
out configuring it. The user can specify at a later time howthe requirement req3 and the set of constraints co4, co5,
many and which kinds of CD readers and CD writersand req2 could be considered separatelther in sequence
she/he wants. Furthermore, when a product needs to ber in paralle) in order to have a more focused search.
reconfigured in order to meet a new set of requirements, it As we shall see, in th&PC framework, the partonomic
can be helpful to single out the subset of components thdtnowledge is the basis for performing both kinds of
will be involved in the reconfiguration process. decomposition.

No_dist After Never

4.1.2. Constraints-splitting decomposition
Asecond kind of decompositidisonstraints-splitting de- 4.2. The decomposition policies
composition is based on a different observation. As we ) . o
said, the constraintboth endogenous and exogenpusu- Tablg 1 summarizes the decomposmon policies tha_lt we are
ally link together the components and the subcomponent$0nsidering. Because the two kinds of decomposifien,
Moreover, the constraints themselves cabbend[through ~ réduirements-based decomposition and constraints-splitting
the (subcomponents to which they are relevhitt a way decp.mposm'oh are twg orthogonal d!mensmns, a decom-
that a choice made in order to satisfy one of them mayP0Sition policy is defined by selecting a value for each
restrict the choices available for satisfying another one. dimension. - _
We saw that in the considered conceptual model the soft- In rqulrements-based decomposition, there are three dis-
ware applications and the operating systems are linked tdinct choices:
gether by the constraints co4 and co5. In other words, we
can say that these two constraints are bound together. In
fact, in order to satisfy co4, we could install in a PC two
(different) Unix operating systems. This choice has an im-
pact on the choices available for satisfying co5, since, given

the preViOU_S choice, the_onl_y valid possibility is not to iN- sThis is a somewhat arbitrary restriction that we introduced in our
stall any Microsoft application(Note that the choice of simplified conceptual model.

1. no_dist if no distinction is performed between the
(subcomponents possibly critical for the require-
ments satisfaction and those that have no influence on
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it (thus, no requirements-based decomposition is ac- e if c is the target object, CONSTRE) is the set

tually performed; of constraints in REQS plus those associated with
2. after, if the (sub components possibly critical for the clasgT, c) in the conceptual model CM;
requirements satisfaction are kept distinct from the e if cis a(supcomponent of the target object, aode
other ones; both set ¢§ub components are taken into COMPS is the component containings a direct part,
consideration, but the noncriticéub) components are CONSTRSc) is the set of constraints in CONSTRS
considered after all the critical ones; (c’) mentioning some slot relevant to component
plus those associated with cla$sc) in CM. [

3. never as in the previous case, but only the set of

possibly critical(subcomponents is considered; the  The bound relatiorB, is defined on any subset CON
other ones are never taken into consideration. CONSTRSc) as follows.

For the constraints-splitting decomposition there are only DEFINITION 5. Let u,v,w € CON; if u andv contain a
two possible valuesno, meaning that no constraints- partonomic slop of clasgT,c) thenuB.v (i.e., if u andv
splitting decomposition is performed, agdsmeaning the refer to the same direct part of they are bounyd if uB.v
opposite. The latter type of decomposition works only onandvB.w thenuB_.w (transitivity); the constraints cannot
the set of constraintdirectly associated with thearget ob-  be bound in any other way. (]
ject (i.e. the one that should be configuyéd

In Table 1, each policy that we take into consideration is
identified by a number. The policies for which Require- ProperTY 1. If U is an equivalence class in the quotient
ments_basee: never(i.e., policies 1, 2, and)3configure set CONSTREc)/B,, every constraint ilJ can interact
the whole product. The other onés., 4 and %leave out with any other constraint i) in the configuration process
of the configuration those components that are recognizedf c. Whereas, if V& CONSTRSc)/5, is different fromU,
to have no influence on the possibility of meeting the because of the exclusiveness assumption on pastsump-
requirements. tion 1), constraints inV do not interact in any way with

The entry with the dash corresponds to a combinatiorthose inU in the configuration process of componentm
that we do not consider. In fact, whenever we do not make
the “coarser” distinction between the componefgsssi-
bly) related to the requirements and the other ones, it als
seems reasonable to not perform the “more detailed” anal
sis on the interaction among constraints.

It is easy to see thdf; is an equivalence relation.

Let us suppose, for example, that we want to configure
an advanced application REigs. 1 and 2aapcl meeting
the requirements in Figure 3. The set of constraints relevant
%o aapcl is

CONSTRSaapcl

5. FORMAL CHARACTERIZATION OF = {co1,c02,c03,c04,co5,c06,co7,reql,req2,feq3
DECOMPOSABLE PROBLEMS

The decomposition mechanisms are based lbouendrela-
tion among constraints that makes use of the partonomic CONSTRSaapcl/Baapc1
knowledge in order to recognize the possibility of inter- = {{c01,c02,c03,c06,c07,reflco4,co5, reqRireq3 ..
action among constraints. Intuitively, two constraints are
bound if and only if the choices made during the configu-The main problem of configuring aapcl can be split into
ration process in order to satisfy one of theould influ- three noninteracting subproblems, each one corresponding
ence those actually available for the satisfaction of the seconi a different class of constraints in the quotient set.
one.

For the sake of simplicity and without loss of generality,
in the following we assume that in the conceptual model th
classes of complex components have only partonomic slo

the quotient set induced by the bound relati®y,is

DEFINITION 6. Given a configuration problem GP(CM,
C,REQS, a tentative configurationT = (COMPS,
ﬁNST_SLOTS for CP, a component € COMPS and the
The set CONSTRE) defined in Definition 4, the subset

DEerINITION 4. Given a configuration problem GP(CM,  CONSTRSgod€) C CONSTRSc) of the constraints rel-
C,REQS and a tentative configuratiom = (COMPS, evant to componertthat are bound to the requirements is
INST_SLOTS for CP, the set CONSTRS) of constraints  defined as follows:

I I MPS is defi
relevantto a complex componen& COMPS s defined as « if cis the target object, CONSTRS,4(C) is the set of

follows: ) .
constraintsy € CONSTRSc) such that there exists a
requirement rege REQS such that5.req;
SA recursive constraints-splitting decomposition could be defined as e if C is a (subcomponent of the target object, and
one that also works on the constraints associated with the componentsand ¢ = COMPS is the component containirtg as a

subcomponents of the target object. However, it is worth investigating the . .
benefits of the nonrecursive constraints-splitting decomposition, because direct part, CONSTR&Qgc) is the the set of con-

its implementation is simpler than that of its recursive version. straintsu € CONSTR&gqs(c’) that mention some
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slot relevant to component (let us call this setS),
plus all the constraints v associated with cld@ss) in
CM such that there exists a constrainE Ssuch that
uB.v. ]

Section 6.2 reports two examples of sets of constraint
bound to the requirements computed both for the targ
object and for a direct component of it.

As mentioned in Section 4.1, in some cases, the config
urator should compute partial configurations by taking into

consideration a subset of tligub components of the target
object. The following definition exploits the bound relation

to formally characterize when a partial configuration is a

solution of a configuration problem.

DEerINITION 7 (partial configuration A solution to a
configuration problem CP (CM,C,REQS is a tentative
configurationT = (COMPS,INST_SLOT§ such that:

1. for each component € COMPS and each parto-
nomic slotp € p_slotgclas«T,c)), if no equality
(p(c) = X) occurs in INST_SLOTS, thep does not
occur in any constraint € CONSTRggq4C) or the
truth value of each constrainte CONSTR$zo4(C)
in whichp does occur can be determinedTinvithout

knowing the value of p||(c);

. no constraint stated in CM is violated ihand for
each componert € COMPS the constraints associ-
ated with claseéT, ¢) belonging to CONSTRQ:4(C)
are satisfied ir.

. the requirements REQS are satisfied’jn

. for each component € COMPS and each parto-
nomic slotp € p_slotgCM,clasgT,c)), if p does not
occur in any constraint of the set CONSTR34¢C),
no equality{ p(c) = X) occurs in INST_SLOTS;

. for each atomic componeigt& COMPS and each
descriptive slotd € d_slot§CM,clasgT,c)), there is
an equality{d(c) = X) € INST_SLOTS. u

Any T respecting Definition 7 is called a partial
configuration.

e

61

nentc € COMPS, the values of its properties are specified
in clasgT,c) and they are inserted into the configuration
(condition 5.

Similarly, condition 2 in Definition 3 requires thatl the
constraints occurring in CM for the classes of the compo-
Tents are satisfied if(i.e., their truth value is true im). In
éontrast, condition 2 in Definition 7 requires only that all
those constraints i€M that are bound to the requirements
are satisfied irfl. The other ones need only to be not vio-
lated (i.e., their truth value inT can be either true or
unknowrn).

Condition 3 is the same as in Definition 3, while condi-
tion 4 assures that only the components and the subcompo-
nents related to the requirements occutin

ProPERTY 2 (completion. Each partial configuration
T=(COMPS,INST_SLOTgsolving the configuration prob-
lem CP= (CM,C,REQS, according to Definition 7, can
always be extended to a complete configuration solving CP
according to Definition 3. ]

Sketch of the proof. Letc € COMPS and p,,...,p,} be
the set of partonomic slots of clggsc) that have been left
unspecified inT. [

The assumption of consistency of the CAssump-
tion 2) assures that it is always possible to compute a
complete configuratiom = (COMPSINST_SLOTS for
an instancec of clasgT,c). For condition 1 of the com-
plete configuration definitioiDefinition 3), for eachp, €
{P1:---,Pn}, there is an equality(p;(c) = X;) €
INST_SLOTS.

If eachX; is a set of complex components, it is easy to
see that

EXT_T= <COMPSU (0 X ), INST_SLOTS
) (U{<pi(c) = Xi>}>>

is a tentative configuration for CP that extendand still
satisfies all the conditions listed in Definition 7 of the

Conditions 1 and 2 in the definition above are a weakpPartial configuration except for condition 4. If ang is a

form of the same conditions in Definition 3. In fact, condi-
tion 1 in Definition 3 requires that the set of direct parts of

set of atomic components, for eaghe X;, the equalities
(d(x;) = Y) contained inINST_SLOTS have to be added

each component occurring in the configuration is alwayd0 INST_SLOTS, too.
specified for each partonomic relation of that component. The concept of EXT_T can be further extended by con-

On the contrary, eadtpartial) configuration satisfying Def-

sidering each complex component U!'X; and by(re-

inition 7 can leave unspecified the set of direct parts of acursively specifying it in the same way as specified in the

componentc €& COMPS through a whole—part relation

complete configuratiofT. Again, it is easy to see that the

namedp, provided that p is not essential for satisfying somenew tentative configuration EXT "Thuilt in such a way

constraint bound to the requiremeritswhich it occurgi.e.

still satisfies all the conditions listed in Definition 7 except

it must be possible to compute the truth value of such dor condition 4.

constraint inT and that value must bieue).
We assumed that the conceptual descriptions of concre

By repeating this kind of extension for each compo-
teentc € COMPS occurring in the original partial con-

atomic classes contain the values of each property of thefiiguration T, a complete configuration solving CP w.r.t.

individuals(Section 3; therefore, for each atomic compo-
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PROCEDURE mainProc (CM, C,REQS) {
T ={{c}.0); /*c represents the target object*/
class(T,c) = C;
CONSTRSREQs (¢) =RKEQS U {con € constrs(CM,C)/(Areq € REQS)(con B, req)} ;
/* constrs(CM,C) 1s the set of constraints
associated with C in CM */
CLASSES_CON = CONSTSnros(c)/B. ;
WHILE (CLASSES_CON # 0 ) {

c_constrs(T,c) = extract (CLASSES_CON) ;
Extended_T = configure(T,CM,c);
IF (Extended_T == FAILURE) {

RETURN FAILURE;}
T = Extended T;

}//while
RE?URN Ti Fig. 4. A configuration algorithm: mainProc
}//mainProc procedure.
6. THE CONFIGURATION MECHANISMS The modifications to the algorithm in order to implement

the other decomposition policies are straightforward.
In this section we report the general structure of a config-
uration algorithm that adopts policy(See Section 4)Xor
computing partial configurations according to Definition 7.
Policy 5 makes use of both requirements-based decompd-he configuration mechanisms consist of thainProcpro-
sition and constraints-splitting decomposition, therefore wecedure(Fig. 4), the(recursive configureproceduréFig. 5),
use it to illustrate both these decomposition mechanismsand theinsertDirectComponentgrocedurg Fig. 6).

6.1. The configuration algorithm

PROCEDURE configure(T,CM,c) {
dirComplComps(T,c) = ¢ ;
PART_SLOTS = {p € pslots(CM,class(T,¢c)) |
p occurs insome constraint of c_constrs(T,c)}  ;
Extended_T = insertDirectComponents (T,CM, c, PART_SLOTS);
IF (Extended_ T == FAILURE){//IF-1
IF (there is no open choice) {
RETURN FATILURE;
}ELSE{BACKTRACK; }
}ELSE{/*Extended_T =/= FAILURE*/
T = Extended_T;
WHILE (dirComplComps (T,c)#0 ) {
c' = extract(dirComplComps (T,c));
c_constrs(T,c’) = I_constrs(T,CM,c’) U
L_constrs(T,CM,c’) ;
Extended_T = configure(T,CM,c’);
IF (Extended_ T == FAILURE){//IF-2
IF (there is no open choice){
RETURN FAILURE;
}ELSE{BACKTRACK; }
}ELSE{/*Extended_ T =/= FAILURE*/
T = Extended_T;

Y/ /IF-2
}//WHILE
Y/ /IF-1
RETURN T; Fig. 5. A configuration algorithm: configure
}//configure procedure.
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PROCEDURE insertDirectComponents (T,CM, ¢, PART SLOTS) {
WHILE (PART_SLOTS# ¥ ) {

p = extract (PART_SLOTS) ;

IF(a cardinality for p cannot be chosen without
violating any constraint in c_constrs(T,c)) {

RETURN FAILURE; }

- choose a cardinality n for the slot p in such a way that
no constraint in c_constrs(T,c) is violated;

- create a set X={z,...,2, of new components;

COMPSr = COMPST U X;

INST_SLOTSp = INST_SLOTSr U {{p(c) = X)};

IF (the types for the components in X cannot be chosen without
violating any constraint in c_constrs(T,c)) {

RETURN FATILURE;

}

- FOR EACH xi€ Xchoose a concrete class Ci in such a way that
no constraint in c_constrs(T,c) is violated and set
class(T,xi)= Ci;

- remove any satisfied constraint from c_constrs(T,c) and
from each c_constrs(T,d), such that ¢ is a component
(either direct or indirect) of d;

- remove from PART_SLOTS those slots that do not occur in any
constraint of c_constrs(T,c);

IF (the components in ¥ are complex components) {
insert them in dirComplComps (T, c) ;

}ELSE{

FOR EACH xi€ X and FOR EACH g ¢ d_slots(CM,class(T,xi)),
set INST_SLOTSy = INST_SLOTSy U{(q(z:) =V)}
whereV is the set of values specified for g in CM;
}
}//WHILE
RETURN T
}//insertDirectComponents

Fig. 6. A configuration algorithm: insertDirectComponents procedure.

The search for a configuration progressively extends andlassC do not interact with the requirements and are there-
modifies atentativeconfiguration. The tentative configura- fore not taken into consideration.
tion that the configurator is working on is denoted Dy The constraints-splitting decomposition is adopted, too;
(COMPS;,INST_SLOTS). therefore, CONSTRgo4(C) is partitioned into a set of
The mainProc proceduréig. 4) accepts as input a con- classes of bound constraints by means of the bound rela-
figuration problem CP- (CM,C,REQS (Definition 1) and  tion B, (Definition 5). CONSTR&gq<(C)/B, is the quo-
returns either a partial configuratiansolving CP accord- tient set(i.e., the set of the equivalence clagsesluced in
ing to Definition 7 or the FAILURE messagén case the the set CONSTRgo4(C) by the relation3,; thus, it con-
configuration problem does not admit any solugion tains all the above-mentioned classes of bound constraints.
At the beginning, the tentative configuratidncontains CLASSES_CON is initialized to this quotient set.
only a component such that clasd, c) = C, representing Every class of constraints in CLASSES_CON corre-
the target object. sponds to a subproblem, and each subproblem can be solved
The set CONSTR@:4(C) of the constraints that are rel- independently of each other.
evant to the target object and bound to the requirements is In the WHILE loop, the subproblems are solved sequen-
then computed. According to Definition 6, this set containstially. At each execution of the WHILE body, one class of
all the requirements plus those constrains stated in the coronstraint_constrgT,c) € CLASSES CON is activated
ceptual model for the clags of the target object that may forthe target objeatand the configure procedure isinvoked
interact with the requirements during the configuration pro-to extendT by taking into consideration only the current ac-
cess. Because the requirements-based decompositiontige constraints irc_constrgT,c) and the components and
adopted, all the other constrainii§ any) associated with subcomponents af possibly critical for the satisfaction of
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these constraint$The other(subcomponents do not play =~ The WHILE loop in configure procedure extracts one of
any role in the subproblem relevant to the current class othese components at a time; the set of active constraints
constraintg_constrgT, c).] If any one of these subproblems c¢_constrgT,c¢’) for ¢’ is computed and the process is re-
fails to admit a solution, the whole problem has no solutionpeated to configure that portion of possibly critical for
and a global FAILURE message is returned. Otherwise, théhe satisfaction of this new set of active constraints.
configurationis progressively extended until all the subprob- This set is computed as follows:
lems are solved. The solution is then returned.

If CLASSES_CON contains more than one class, it means,_constr¢T,c’) = |_Constr§T,CM,c’) U L_ConstréT,CM,c'),
that the main problem has actually been split into a set of

independent subprobleniis this case, the main problemis wherel _Constr§T,CM,c’) is the set of constraints that

said to be constraints-splitting decomposable this ver-  “nherits” from the component, which it is direct part of,
sion of the algorithm, the subproblems are sequentialljhamely,

solved. However, a parallel version of the algorithm could

be implemented thet sends these subproblems toa po_ol P_fConstr$T,CM,c’) = {con€& c_constr¢T, c)/

configurators working in parallel. The experiments dis-

cussed in Section 7 were performed with the sequential (3p € p_slotdCM,clasgT,c))) (poccurs in copy
version of the algorithm. Nevertheless, the constraints- o .
splitting decomposition strategy proved to also be effectiveli-€-, it is the set of constraints i constreT, ¢) containing
within such an algorithm. some partonomic slot relevant to the compor@ntl._Con-

Each call to configur€T,CM,c) (Fig. 5) corresponds to a strs(T,CM,c’) is the set of constraints associated with
request to extend the configuration of the complex compo¢lassT,¢’) that are bound i to some constraint belong-
nentc € COMPS; by taking into consideration the tenta- iNg to|_Constr¢T,CM), namely,
tive configurationT, the CM, and the the current active
constraints inc_constr$T,c). In response, configufd, L_ConstrgT,CM,c’) = {con& constr§CM, clas<T,c’))/

CM,c) returns either a tentative configuration in whi¢h (3 con, € I_ConstréT,CM,c'))  (con, Be con}.
has been successfully extended or the FAILURE message,

indicating that no configuration exists for componetiat
satisfies the constraints m constrsT,c).

This procedure first extendE by inserting into the ten-
tative configuration a set of nedirect components ot.
Each time a direct complex component ofis inserted
into the configuration, it is added to the set dirCompl-
CompgT,c). In a second phase, configure is recursively
invoked one time for each component in this set.

At the beginning, no direct component ofexists yet,
thus dirComplComp(T, c) is empty. No other components
of ¢ but those possibly critical for the satisfaction of the set
c_constrgT, ¢) of current active constraints have to be con-
sidered(in fact, the other components ofare not involved
in the subproblem that is being solyed herefore, the set
PART_SLOTS of the partonomic slots that are going to b
considered fotpartially) configuring the componemtcon-
tains only those partonomic slots of componerthat are
mentioned in the active constraintsconstrsT,c).

The direct components afare inserted into the config-
uration by insertDirectComponents proced(ifégg. 6).

Whenever insertDirectComponents procedure fails, a
backtracking occurs that revises a previous choice. If no
previous choice can be revised, configure faiBach time
a complex direct component dfis inserted into the tenta-
tive configuration, insertDirectComponents procedure put
it into dirComplCompsT,c). 2. it chooses the type of each such componerit.e.,

the value of clasd, x;) (i = 1,...,n)).

The other constraints possibly associated withss
(c_compT)) are not involved in the subproblem that is
being solved; thus, they are not considered.

When all the direct complex componentsatontained
in dirComplComps are successfullgartially) configured,
configure returns the extended configuration. If any one of
such complex components does not admit any configura-
tion that satisfy the set of active constraints, the FAILURE
message is returned.

In regard to the insertDirectComponents procedure

(Fig. 6), it accepts as input a tentative configuratibrthe
CM, a complex component € COMPS;, and a set
PART_SLOTS of partonomic slots relevant to clgEs).
It returns either a tentative configuration in which the con-
e1‘iguration of the component has been extended by con-
sidering only partonomic slots in PART_SLOTS or the
FAILURE message.

This procedure performs the two basic kinds of choices
of the configuration process:

1. given a partonomic sl@e PART_SLOTS, it chooses
its cardinality, that is, it chooses the numlyeof di-
rect components,, ..., x, of the component, through
the whole—part relation representediyy

7The backtracking mechanism is not described here, because it is out |1 perfor_ming thesg ChOiceS' it must respect both the par-
of the scope of this paper. totaxonomic descriptiofi.e., the number and the value re-
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strictions ofp) and the active constraints i constr¢T,c). = CONSTRSeg@apcl is partitioned into the set of equiv-
If either the cardinality op or the type for any; cannot be alence classes

chosen without violating any constraint anconstrgT, ),

a FAILURE message is returned to configure procedure, CLASSES_CON= CONSTRSeos@apcd/Baaper

which manages the backtracking. Otherwise, the tentative
configurationT is extended by both adding the S¢t=

{X4, ..., X%,} of new components to COMR%nd adding the {req2,co4,cobfreq3}.

equality (p(c) = X) to INST_SLOTS. If xq,...,X, are

complex components, they are inserted into dirCompl- Itis easy to see, for instance, that reql is directly bound
CompgT,c). After the two above-mentioned choices havein aapcl to col, co2, co3, and co7, because all these
been successfully made for all the satisfied constraints constraints contain the partonomic slot has_m of
are removed from the tentative configuratidn(In fact, clasgT,aapcl = Advanced Appl. PC; moreover, it is bound
any subsequent extension ®fcannot change their truth in aapcl by transitivity to co6, in fact reql is directly
value) Whenever a constraint is removed froencon-  bound in aapcl to col, which is directly bound in aapcl to
strg(T, ¢), it can be that some slots in PART_SLOTS will no co6 (because they both contain the partonomic slot has_hd
longer occur in any active constraint for the component of Advanced Appl. PC clagsMoreover, req3 contains only
These slots need to be removed from PART_SLOTS, bethe partonomic slot has_cdt, which does not occur in any
cause they are no longer critical for the satisfaction of theother constraint; therefore, req3 is not bound to any con-
constraints irc_constrsT,c). straint(except itselj.

Itis worth noting that each componentin= {x,,...,X,} CLASSES_CON entails a set of independent subprob-
is anewone, that is, it is different from the other compo- lems(one subproblem for each equivalence class of con-
nents in COMPS: this assures that the exclusiveness asstraintg. The configurator solves them sequentially. Let us
sumption on partéAssumption }actually holds. Moreover, suppose that it starts with the subproblem corresponding to
whenever an atomic component is inserted into a configuthe setreql,col,co2,co3,c06,ch? Figure 7 contains five
ration, the values for its properties are also stated in thenapshots of the configuration process relevant to this first
configuration. subproblem; the tentative configuration is represented as a
tree(see Section j3in which the thick arrow indicates the
current componer(i.e., the one that is being configured

At the beginning the set of current active constraints
In this section we briefly describe the behavior of the con-for the target object isc_constr¢T,,aapcl = {reql,
figuration algorithm by means of an example in which thecol,c02,c03,c06,c¢.7The set of partonomic slots that have
configurator builds a partial configuratigaccording to Def- to be considered are those ones in Advanced Appl. PC
inition 7) by adopting decomposition policy 6lable ).  class that occur in some active constraints, namely,
Because the backtracking mechanism is out of the scope #ART_SLOTS= {has_hd,hasnhas_cdr,hasiw}. [See the
this paper, we discuss a simple example in which the contentative configuratiorT, in Fig. 7(a)].
figurator is able to go straight to the solution without enter-  After the direct components of aapcl relevant to these
ing any failure path in the search space. slots have been inserted into the configuration, the situation

Let us suppose that we want to configure an advancets as depicted in Figure(iB): no more direct parts of aapcl
application PC(described in the PC conceptual model need to be inserted for solving the current subproblem and
PC_CM shown in Figs. 1 and) 2neeting the requirements the constraint co6 is satisfied T, thus it is removed from
REQS listed in Figure 3. The procedure mainRRC_  the set of active constraints.

CM,Advanced Appl. PC,REQSis invoked. The process  The motherboard mb1l is a direct complex component of
starts with a tentative configuratioRy containing only the aapcl(i.e., dirComplComp§Tl,,aapcl = {mb1}), therefore
component aapcl representing the target objélotis it must be(partially) configured. mb1 inherits from aapcl
clasgT,aapc) = Advanced Appl. PQ. The set of con- theset_constréT;,PC_CM,mbl={reql,col,co2,co3,c$7
straints relevant to aapcl is CONSTR@pcl = of constraintgbecause all these constraints contain parto-
{co1,c02,c03,c04,c05,c06,co7,reql,req2,yégde Defini- nomic slots relevant to mh1lThese constraints activate
tion 4). All these constraints are bound to the require-the set of local constraints_constrgT;,PC_CM,mb} =
ments; thus, CONSTR&g(@apcd = {col,co2,co3, {co8 (in fact, reqlB,; co8), thusc_constrgT;,mbl) =
co4,c05,c06,co7,reql,req2,réq®ee Definition 6. Be-  {reql,col,co2,co3,co7,ch8 he set of partonomic slots of
cause policy 5 is adopted, only the components and th&lotherboard class occurring inthese constrair{tsas_mpcb,
subcomponents of aapcl possibly critical for the satisfachas_cs,has_cp{isee Fig. 70)].
tion of these constraints will be considered during the con-
figuration process(requirements-based decomposijion Bl ] - ) ]
Solving this subproblem actually means finding a partial configura-

Moreover, constr_aints—splitting decomposition takes place,y,, o CP, = (PC_CM,Advanced Appl. P@teq1), according to Defini-
and thus according to the bound relatidDefinition 5), tion 7.

= {{reql,col,co02,c03,co6,ch7

6.2. A configuration example
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hd_scsil hd_scsil
. cdw_scsil . cdw_scsil
7 & cdr_scsil cdr_scsil
‘ ‘hasihdhas_cdw hasihdhas_cdw
aapcl aapc has_cdr mb1l aapc has_cdr mb1l
. has_m :. has_m :.
{reql,col,co2,co3, {reqgl,col,co2, {regl,col,co2, {reqgl,col,co2,
co6,co7} co3,co7} co3,co7} co3,co7,co8}
{has_hd, has_m,has_cdr, {} {} {has_mpcb, has_cs,has_cpu}
has_cdw, }
a) T b) T2 c) T3
cpu2
hd_scsil hd_scsil ’ cpul
. cdw_scsil . cdw_scsil has_cpu /.
/‘ ’. cdr_scsil /‘ ’. cdr_scsil has_cpu
has_hdhas_cdw ‘has_hdhas_cdw a
_ @ _-® e cd
aapc, has_cdr mbl / mpcb_scsil aapc, has_cdr mbl mpcb_scsil
has_m =.—has_mpcb—>. has_m - has_mpcb—».
{co7} {co7,co8} {1 )
{} {has_cs,has_cpu} {} 0}
d) T4 e) Ts

Fig. 7. A configuration example: the first subproblem.

It is worth noting that the initial set_constr§T;,mbl)  arcs and grey labels and nodesljyandT-) is not involved
of active constraints corresponds to the set CON-n any way in the resolution of the second one.
STR&eodmbl) (see Definition . This is true in gen- The third subproblem, corresponding to constraint req3
eral when requirements-based decomposition is adoptedFig. 9), is solved by introducing a CD towéthe compo-
In fact, in such a case, for the target object only the connent cdtl inTg) into the configuration, wherg, is a partial
straints bound to the requirements are activated, therezonfiguration solving the main problem according to Defi-
fore, the set_constr§T,CM,c) for each direct component
c of the target object contains only constraints bound to the

requirements; each constraintinconstr$T,CM,c) is bound cpu2

to a constraint in_constr$T,CM,c) by definition, thus it is , ’ cpul
. . . hd scsil P

bound to the requirements, too. This reasoning can be re- P caw scsil has_cpu ,.

cursively repeated for each subcomponent. 4 cdr_scsil has cpu
After the main printed circuit board of type SCSI mpcb ha;_hd}iésfc‘i‘” ;

4

- hasics

_.has_cdr

_scsilis insertefFig. 7(d)], the constraints reql, col, 02, aapcf .-~ _.has_cdr mp1 . .- mpcb,_scsil
and co3 are satisfied ify; thus, they are deleted from the .v;'a‘-.': B as_mpch-—r@)
tentative configuration. The configuration process then con- (req2, cod, co5)

siders has_cs and has_cpu slots: two CRIpsl and cpu@ (has_asw,has_os}

and no SCSI controller are inserted into the configuration

[Fig. 7(e)]. ConfigurationT; contains no active constraints

(i.e., both the sefreql,col,co02,c03,co6,cpdf the con- a) Te cpu2

straints initially active and constraint co8, activated by the hd sosil ’ cpul

first ones in the mb1 component, are satisfieddjy there- ._ caw_scsil has cp'u . )
fore, Tsis a partial configuration solving the first subproblem. 4 cdr_scsil has Cpu'

The second subproblem corresponds to the set of con- ‘has hghas_cdw

straints{req2,co4,cop These become the initial active con- aapc:t
straints for the target object, as shown in Figute)8The

e 4
. has _cs

© has_cdr mpcb_scsil

configurator solves the second subproblem by taking into ,

consideration only the slots has_asw and has_os. Configu- ¢}

rationT; is a partial configuration solving both the first and

the second subproblems. Because there is no mteractlon

between these two subproblems, the portion of the tentative b)

configuration relevant to the first orighe one with dashed
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cpu2
hd_scsil ’ cpul
. cdw_scsil has_cpu v.
« cdr_scsil -~ -
‘hasihdha_S—de _" h?”s’icpu gy
ST - ~“"has_cs
aapcl .7 . .-has_cdr - mpcb_scsil
“ has_m---reeemeeeeeeeeed has_mpclb----- >.
{reqg3} ‘xu ha57a§Wapp1X1
{has_cdt} has_os ..
xupixl
a) Ts cpu2
hd_scsil ’ cpul
. cdw_scsil has_cpu 'y.

A cdr_scsil . -
‘hasihdha_sicdw @ hax'sfcpu )
e “"has_cs’

: ” mpch_scsil

has_aswappix1

hag_os s.

has_cdt ‘unixl

cgtl

b) To

Fig. 9. A configuration example: the third problem.

67

uration process, because they are not critical for the satis-
faction of the requirementse., keyboard, case, video card,
modem, eto.

Figure 10 shows an example where the user incremen-
tally specifies hefhis requirements. In fact, after stating
the requirements listed in Figure 3, ghe might put some
additional requirements on the components and subcompo-
nents relevant to partonomic slots not specified in the par-
tial configurationT,. In particular, requirements REQB
Figure 10 require that the CD tower cdtl contains two CD
readers and two CD writers. In order to satisfy the user’s
request, the configure procedure has to be invoked to con-
figure component cdtl given the set of constraints relevant
to that component. The invocation of configure has the ef-
fect of extendingdly by means of a solution to the configu-
ration problem CRy,, = (PC_CM,CD Tower,REQS.

The partial configuratiorT, reported in Figure 10 is a
solution because it meets all the requirements REQS
REQS.

7. EXPERIMENTAL RESULTS

In this section we briefly discuss a first set of experiments
showing the advantagd# terms of speed-ypof using
decomposition strategies for configuration. The domain cho-
sen for this experiments is the configuration of computer
systems. The conceptual model used in the experiments is
a larger version of the one reported in Figures 1 and 2, so
a larger variety of entities is considered, the partonomies

nition 7. Because decomposition policy 5 is adopted, theare deeper, the taxonomy includes additional subclasses,
configuration process stops at this point. It is worth notingand the constraints capture more restrictions on the com-
that some components and subcomponents of an advancbthations of components and subcomponents. Table 2 sum-
application PC have not been considered during the configmarizes the main characteristics of the dom@iomplex/

aapcl

Additional REQUIREMENTS

configuring the CD Tower
cdtl such that it contains two
CD readers and two CD writers:

(REQS"') :

[regd] true ==> ({<has_cdr2>}) (2;2)

[reg5] true ==> ({<has_cdw2>}) (2;2)

T1o0

has_hdhas_cdw

has_cdt ‘unixl

”

cpu2
. 1
hd_scsil ’ cpu
‘ cdw_scsil has_cpu ‘y‘
< 5 .

cdr_scsil :'/has cp{l—

= 4
" has_cs

__hasicdr

has_aswappix1

has_os

o

cdw_scsil

cgel has_cdw2

N w2 cdw_scsi2
as_c W‘__.‘
has_cdr2 has_cdr2 edr_scsil

dr_scsi2

Fig. 10. A configuration example: configuring the CD tower component.
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Table 2. Computer systems domain: Main Table 3. Policy 2 versus policy 3 (global)
characteristics
Policy 2 Policy 3

Max. no. levels in partonomies 4
No. classes totdtoncrete No. backtrackings

Complex 2Y17 Average 1400.6 1306.2

Atomic 72/56 Standard deviation 3803.7 3600.7
Ave. no. slots in each class CPU time(ms)

Complex(partonomic slots 8.3 Average 13007.4 12261.0

Atomic (descriptive slots 4 Standard deviation 39621.3 38636
FPC constraints

Total no. 56

Ave. no. in each concrete complex class 12.3

Ave. no. different slots in each constraint 2.3

Ave.no. predicates in each constraint 1.9 figuring the portion directly related to input requirements

Ave. no. different slot chains in each constraint 1.9 and then completing the configuration with the othmb-

components not involved in the input requirements. This
policy is quite effective because it was able to sdlwéhin
the time limif 140 out of 153 cases, so that its competence
concrete classes means classes of comfdencrete was 91.5%(Thus, the competence increased with respect
objects. to the 64.1% obtained under policy.1
In order to test the performance of the different policies, As reported in Table 3, the average computation time for
we designed a test set of 153 randomly generated configisolving the 140 problems is 13,007.4 ms. This is a good
ration problems. The mean number of constraints expressesult because the configuration system is able to solve most
ing user’s requirements in each problem is 4.4. In 69 casesf the difficult problems that policy 1 was unable to solve
(45.1%9, the requirements are inconsistent w.r.t. the concepwithout penalizing the average cost. It is interesting that
tual model. These problems do not admit any solution. Inpolicy 2 solved 65 of the 69 inconsistent problee.,
addition, 51 problemgi.e., one-third are constraints- 94.2%), confirming the intuition that the inconsistency can
splitting decomposable. be detected earlier in the configuration process if the com-
The configuration system was implemented in Java,  ponents possibly involved in the satisfaction of the require-
the configuration algorithm was implemented as a set ofnents are considered first. The time spent in solving these
Java procedures working on conceptual models and usgroblems was an average of 24,626.3 (steindard devia-
requirements in which classes, slots, and constraints are albn = 55,268.3 mg
Java objectsusing JDK1.3. The experiments were per- Table 3 compares the performance of policy 2 with re-
formed on a Duron 700Nindows 2000 with 128 MB of spect to policy 3. This latter extends policy 2 by consider-
RAM. ing the possibility of splitting constraints into separate classes
Because the configuration of a complex entity may beand configuring the product by taking advantage of this
quite expensive from a computational point of view, we subdivision. The competence of policy 3 was the same as
have imposed a threshold of 360,000 ms of CPU tiee,  that of policy 2, that is, policy 3 solved exactly the same set
6 min) for solving a single problem. This means that aof problems that policy 2 did. However, policy 3 waight-
configuration problem is considered solved if and only ifly) better in both the average number of backtrackings
the configurator either finds a solution for it or it detects the(—6.7% and the average computation tinte5.7%). In
inconsistency of the requirements w.r.t. the conceptual modetomparing the results reported in Table 3 it is worth noting
within this timeout. that only some of the 153 problems in the test set admit
We first tried the simplest policy 1 in Table 1. Becauseconstraints splitting. In fact, for only 45 of 140 configura-
this policy does not make any attempt to subdivide the contion problems that were solved by policies 2 and 3 was
figuration problem, as expected, the results were not goodonstraint splitting possibl@.e., 32.14%. This means that
because it was able to solve only 98 out of 153 configurathe overhead for attempting the splitting was small and there
tion problems(competence= 64.1%. It is worth noting are some benefits in performing the splitting, even when
that in the 98 solved problems, the average computatiome compare the entire test set. The benefits become much
time was 15,015.7 m&standard deviatiorr 40,171.2 ms  more apparent when we focus our attention only on the
and the average number of backtrackings was 34@4ah-  subset of cases where constraint splitting was possible.
dard deviation= 8818.6. Among the 69 inconsistent prob-  Table 4 reports the comparison between policies 2 and 3
lems, only 17 were solvefile., 24.6%. For these problems, on the 45 problems where policy 3 could actually exploit
the average CPU time was 31,913 (standard deviatior the splitting of the constraints in guiding the configuration
64,598.7 ms process. We see a significant reduction in terms of back-
Much better results can be obtained when policy 2 istrackings(—28.1%9 and average computation tirte28.3%).
adopted. This policy tries to solve the problem by first con-By inspecting Tables 3 and 4 we can see a strong correla-
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Table 4. Policy 2 versus policy 3 been exploited to model the computer system configura-
(constraints-splitting decomposable tion domain that we used in experiments. For instance, the
problems) RAM memory slots produce a certain amount of memory

capacity, and each software application needs a certain

Policy 2 Policy 3 amount of memory. These properties are represented with
No. backtrackings the descriptive slots RAM_mem and Sw_mem associated
Average . 1046.3 752.6 with the RAM and Software_Application classes, respec-
. Psljat’_‘dar(d d)e"'a“o“ 3404 25626 tively, and taking values in a set of positive numeric val-
Ime(ms) .
Average 6491.9 4653.2 ues. The constraint trues (max({(has_asw,Sw_me)y)) =

Standard deviation 17825.5 13073.2 (2({¢has_m,has_ram,RAM_mehn, associated with the

PC class, states that the memory capacity resource must
be satisfied. For the sake of simplicity and in order to
keep the example in Section 6.2 small enough, this con-
straint and the descriptive slots occurring in it are not
tion between the reduction of the number of backtrackinggepresented in Figures 1 and 2.

and the saving in computational effort. In the FPC framework every constraint is always asso-

It is also worth noting that the decomposable problemg-iated with a class of complex objects; moreover, in each
seem to be easier to solve than typical configuration probconstraint, the slot chains explicitly refer to a set of com-
lems occurring in the test set. In fact, if we compare thePonents of individuals of the class with which the con-
average CPU time of the 140 problems with the averagétraint is associated. This allows the representation of
CPU times of the 45 decomposable problems we see a r€ontextgi.e., sets of components which resources must
duction from 13,007.4 ms to 6,491.9 rwith policy 2). be satisfied or balanced.

Regarding policies 4 and 5, we have to take into consid-
eration that policy 4 does not try to produce a complete8.1.2. Shared components
configuration, but it stops as soon as the portion related to Another issue that it is worth discussing is that of shared
input requirements has been configured. Policy 5 is like 4components. As stated in Section 3, in the present work we
but it has been extended by exploiting constraints splittingassume that partonomic relations are exclugissump-
(when it is possible Both policies solved the same number tion 1). This assumption is quite natural in several config-
of problems, 142i.e., 92.8% of the whole test get uration domains. However, in some cases shared components

If we compare these two policies, we get results similarmust be represented.
to those obtained for policies 2 and 3: on the 142 problems We use an example to briefly discuss some issues rele-
that they solved, there is some reduction, on average, botfant to what can be retained and what should be modified
in the number of backtrackings-6.7% for policy 5 w.r.t.  in the framework in order to handle shared components.
policy 4) and in CPU tim&—3.2% for policy 5 w.r.t. policy Let us consider, for example, the conceptual model de-
4). Again, the advantages are much more significant if wepicted in Figure 11, where a hydraulic system is composed
compare the behavior of policies 4 and 5 on the subset of 4@f two subsystems having two tanks as their part. We sup-
problems(33.1% of the test sgivhere constraint splitting pose that the tanks can be shared by the two subsystems. If
was possible: on average;28.1% of backtrackings and we require the first subsystem to have only TypeA tanks
—26.8% of CPU time for policy 5 w.r.t. policy 4.

([reqT] true— ({¢has_subl,has_tankl(in TypeA))

8. COMPARISON WITH PREVIOUS WORK and the second at least one one TypeB tank,

8.1. Configuration ontologies ([req2] true— ({{has_sub2,has_tank2(in TypeB(1;2))),

The relevant concepts for the various configuration tasks ) - ]

have been described in several wotkittal and Frayman, W& may wonder if the decomposition strategies can be ap-
1989; Mailharro, 1998; Soininen et al., 1998; Felfernig et al. Pli€d to this situation.

2000; Soininen, 2000We have defined the decomposition  1h€ conceptual model states only that the tacis be
mechanisms in th&PC framework in which many of these Shared by the two subsystems, but not that theystbe
concepts can be expressed. Besides those concepts expfifiared. If avalid configuration exists in whicat least one

itly mentioned in Section 2, it is worth discussing four other©f the two tanks is shared, then a valid configuration in
concepts occurring in configuration ontologies. which each subsystem has its own tanks also exists and it

can be constructed by separately configuring the two sub-
8.1.1. Resources

In the FPC fra_mework' both resource satisfaction and °For brevity, here we do not consider the memory consumption rele-
resource balancing can be expressed and actually hawent to the operating system.
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Subsysteml_
has subl (1 {' has_tankl (2;2)

Hydraulic
System

has_tank2 (2;2)

has _sub2 (1;1) /
\ Subsystem2

Fig. 11. A portion of a hydraulic system conceptual model.

systems; conversely, if both the subsystems can be sepatodels contain, for each function, a mapping into a set of
rately configured, a valid configuration of the whole systemFPC constraints. These mappings are used to automatically
does exist. Therefore, the subproblems of configuring thegroduce the requirements in8PC constraint-based form.
two subsystems are independent to a certain extent, b&he user can further specify her requirements by directly
cause the main problem admits a solution if and only if theadding a set of constraints to those derived by the functions
two subproblems are solvable separately. that she selectebee Magro & Torasso, 2001
According to the bound relatiofDefinition 5), reql and
req2 (associated with the HydraulicSystem claase not  8.1.4. Connections
bound; therefore, this relation is still able to recognize such In some configuration tasks also the connectiteither
an independence. physical or logical between components represent an im-
However, if some components can be shared, it is ofteportant piece of knowledge. These connections are usually
convenient to produce configurations in which they are acrepresented by means of ports. In our framework this knowl-
tually shared. Forexample, ahydraulic systemwith three tanksdge cannot be explicitly expressed. To model the com-
(two TypeAand one TypeB tanks, in which one of the TypeAputer system domain we used in experiments, a s@tRit
tanks is shared by the two subsytgmesuld be preferredtoa constraints has be derived from this knowledge. For in-
system in which four tanks are present. To produce sucktance, if, in each complex object of cla8sthe compo-
configurations, the procedure in Figure 6 has to be slightlynents of, say, type TypeAneed to be connected to components
modified. This procedure always inserts a set of new comef type TypeB, a set ofFPC constraints is added to the
ponents each time a cardinality greater than zero is chosetbnceptual description &. These constraints state that in
for a partonomic slot. To handle shared components, this praany individual ofC, the number of TypeB components must
cedure should be given the possibility of using componentge greater than or equal to the number of TypeA components.
already present in the tentative configuration it is working To model and reason in those domains in which more
on each time a shared partonomic relation is considered. complex constraints relevant to the connections have to be
To express the situations in which the componentsepresentedFPC framework should be extended.
must be shared,FPC has to be extended with a set
of new predicates. For instance, we could model the ) o
fact that the tanks must be shared by the two sub8-2- The open wgrld semant|c§ and the justification
systems by means of the constraifgharedtrue — of configuration elements issues
shared(has_subl,has_tankhas_sub2,has_tank2inthis  As pointed out by some researchers, the classical open world
case, the two requirements reql and req2 cannot be consigamantics of description logics and of classical proposi-
ered separately. The bound relation still works, because Honal or predicate logic is not suitable for configuration
places reql, req2, and shared in a same class of bouRgsi see, for example, Weida, 1996; Soininen, 2000

constraints. For instance, given a consistent DL knowledge hase
_ (TBox,ABox), under open world semantics, a particular in-
8.1.3. Functions dividual descriptiond may be consistent with (i.e.3' =

Mittal and Frayman(1989 present a model of configu- (TBox,ABox U {d}) may be satisfiable even ifd contains
ration tasks in which functional architectures play a basicsome concept names that do not occuk irHowever, in a
role. The configuration algorithms that we presented hereonfiguration task, wher& is a conceptual model and in-
does not rely on functional architectures. HowevERC  dividuals are intended to represent configuration elements,
provides the means of describing a set of functions in ordesuch individual descriptions should be forbidden. In fact, it
to express some typical classes of requirements. /A€ is assumed that all basic concepts needed to express con-
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figurations are explicitly mentioned in the conceptual model. The case of partial configuratiofiBefinition 7) is slightly
Moreover, open world semantics would allow fully speci- different, because for them it is not requested that every
fied individuals to restrict more roles than any primitive or component specify all the slots relevant to the class that it
defined concept of that they instantiate. This means that instantiategwhich is still a concrete clagsHowever, each
no basic concept i is able to account for all the proper- partial configuration can be extended to a set of complete
ties of such individuals. Again, in a configuration task, theseconfigurations(Property 2. Thus, each partial configura-
situations should not occur. In fact, it is assumed that theion represents a common subconfiguration of a set of fin-
conceptual model does explicitly contain the description ofished configurations.
all the types of elements that can occur in configurations. In Differently from Weida’s approach, the framework dis-
order to cope with these issues, Weid®96 formalized cussed in this paper does not exploit CTA to progressively
the concept of the closed terminology assumptiGiiA). specify the type of components. In fact, configuration prob-
Similar problems also occur when formalizing a config- lem definition(Definition 1) assumes that the concrete class
uration conceptual model as a logic theory. In factTible  instantiated by the target object is knowampriori. Further-
a first-order theory describing a configuration domain, inmore, as soon as a component is inserted into a tentative
which all the objects that can appear in a configuration areonfiguration during problem solving, the application
explicitly representedby means of constantsif we think  chooses the concrete class that such component instanti-
of a configuration as a model foF,'° under the classic ates. To make such choices the application makes use of a
semantics of first-order languages, a configuration mighset of focusing mechanisms able to rule out a set of impos-
contain objects not representedlinTo rule out these mod- sible classeéMagro & Torasso, 200d). These choices may
els, in Soininen(2000 only Herbrand models were al- be retractedby means of a backtracking mechanjsas
lowed. However, as pointed out by the author, this is notsoon as the configurator reaches a failure state in the search
enough. In fact, Herbrand models could contain unintendegpace.
relations among elements. This is not appropriate for a con- Our framework does not require that the components
figuration task, because any relation occurring in a configthat can be part of a configuration be explicitly listed in
uration must be “justified,” that is, there must be somethe conceptual model, because the application creates them
“reason” in theoryT for the relation to hold. Soininen’s dynamically. Thus, the approach does not commit to Her-
proposal is to further restrict the set of allowed models tobrand models. However, each element occurring in a con-
stable Herbrand modelsee Soininen, 2000, for details  figuration is justified. Indeed, in each configuration there
Our framework is close to description logic based ap-is exaclty one component representing the target object
proaches to configuration and basically follows the CTA (Definition 2, item 3 and, as said above, each relation
stated in Weidd@1996. In fact, the application does not add occurring in a complete configuration is justified by the
any new concept to the conceptual model during problendescription of the basic concepts in the conceptual model.
solving. Moreover, we distinguish between abstract classeA partonomic relation needs an additional justification for
(nonleaf classes itFPC taxonomieg and concrete classes being stated in a partial configuration, because only the
(the leaves InFPC taxonomieg. In each tentative configu- properties possibly critical for satisfying the requirements
ration (thus, in both complete and partial configuratinns can be specified in such configuratiofi3efinition 7). (It
each componerieither complex or atomjanstantiates one is worth noting that the requirements are expressed in the
(and only ong concrete clasgDefinition 2, item 1. Be-  vocabulary of the conceptual model: see Definition 1,
sides this, every component occurring in any complete contem 3)
figuration is “finished” in the sense specified in Weida As in Soininen(2000 but different than Mittal and Falk-
(1996. In fact, if a configuration contains the equality enhaine1990, no subset minimality condition is imposed
(p(c) = X), pis a slot(possibly inheritegof the(concret¢  on configurations.
class clasfT,c) instantiated by the componeant(Defini-
tion 2, item 3 and such an equality expresses a property
respecting the restrictions for slpstated in the conceptual 9. DISCUSSION AND FUTURE WORK
description of clasz) (i.e., the equality is justified by the Problem decomposition has been recognized as an impor-
conceptual description of clagg, Definition 2, item 3. tant issue in configuration. Fleischanderl and Haselb6ck
Moreover, each complete configuration specifies every slot1996), for instance, stress the need for designing configur-
p € clasgc), for each componert occurring in the con-  able large-scale systertia which connections among com-
figuration(Definition 3, item 3 and all the constrainigos-  ponents by means of ports play an important yate a
sibly inherited associated with clags) in the conceptual modular manner. If the interaction among modulealled
model are satisfied by (Definition 3, item 2. packagekis kept low, the configurator can benefit from the
package structure by focusing on one package at a time. In
that approach, the responsibility of defining packages is left

19For the sake of simplicity, we can assume here Thatso contains 10 the product de_S|gner. InStead' in _the present paper we
the requirements. have argued that in some configuration domains the com-
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positional structure of the product can be exploited to auNevertheless, we argued that decompositiarparticular,
tomatically decompose configuration problems. requirements-based decomposiliés an important capa-

The experimental results showed that major improve-bility in such a task.
ments in the performance of the configuration system can As discussed in Section 8, many concepts occurring in
be obtained by singling out the components and subcompdahe configuration ontologies can be representedipC;
nents that are directly related to the constraints establisheithus, the decomposition techniques that we have defined in
by the user requirements and by first configuring that por-this framework can be applied to several configuration do-
tion of the product. mains. We have seen that the extension of & frame-

We also showed that further improvement can be obwork in order to represent and use shared components is
tained by analyzing the set of constraints for the target obstraightforward. Instead, some work has to be done in order
jectto be configured and decomposing them into independend extend theFPC concepts, the configuration, and the de-
sets. Splitting the search space into a set of smaller seardomposition mechanisms to connections between compo-
spaces allows us to strongly reduce the number of uselesgents and to complex constraints on these connections.
backtrackinggas made apparent in the section devoted to The differences between a structured logical approach to
experimental resulignd therefore to improve performance. configuration and a CSP-based one make sometimes diffi-

The results reported in the paper were obtained in a set afult to understand how one side can benefit from the results
experiments made in a real-world domain relevant to comebtained by the other. Nevertheless, we have started inves-
puter systems configuration. We obtained similar results byigating the possibility of adapting some decomposition tech-
applying these techniques to a nontechnical domain releniques defined for large SAT probleni®ark & Gelder,
vant to configuration of students’ curricula according to 2000 in order to further decompose a configuration prob-
Italian law. lem into a set of loosely interacting subproblems. For in-

Actually, the improvements reported in the paper are arstance, consider a configuration probldéM that can be
underestimate of what could be obtained if a parallel execudecomposed into two subproblefs andP,, by means of
tion of the configuration subproblems were performed in-constraints-splitting decomposition. If we add to the con-
stead of a sequential one. In fact, it is possible to replace thstraints relevant t&; a new constraint that is bound with
loop in procedure mainProd=ig. 4), which implements a a constraint relevant #,, and with a constraint relevant to
sequential resolution of the various subproblems, with &,,, we get a new configuration proble@that is no longer
parallel invocation of different configurators. decomposable by constraints splitting. Howe@eis “nearly

In the sequential approach, the total amount of timedecomposable.” Indeed, as soon as the constramsatis-
needed for solving the whole configuration problem is thefied in a tentative configuratiotf possible, the problenQ
sum of the times needed for solving the different subprobbecomes constraints-splitting decomposainé¢he context
lems, whereas in the parallel approach the total amount off such a tentative configuratipnThis suggests that the
time is reducedin the best cageto the time needed for control strategy of the configurator should be guided by the
solving the most difficult subproblem plus the time spentconstraintv and the configurator should try to first satisfy
in decomposing the problem and assembling the solutionthis constraint. Magro et a(2002 contains a preliminary
to subproblems. However, the way we have decomposediscussion about this issue.
the configuration problem assures that the global configu-
rat.|on can be obtained by S|mply summing up in the targetACKNOWLEDGMENTS
object the results of the configurations relevant to the sub-
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sition strategies is thboundrelation (Definition 5): it is sity of Torino and the Italian Space Agen@sSI). The authors are
worth pointing out that this relation, in practice, is inex- indebted to Luca Anselma for his support in implementing the
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