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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 effort~both 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

In recent years the configuration task has received a signif-
icant amount of attention. In particular, in the last decade
configuration has been formalized and two main character-
izations have been proposed: one describes the configura-
tion in terms of constraint satisfaction problems~CSPs; e.g.,
Mittal & Falkenhainer, 1990; Stumptner & Haselböck, 1993;
Sabin & Freuder, 1996; Fleischanderl et al., 1998; Soininen
& Gelle, 1999; Veron & Aldanondo, 2000! and the other
one characterizes configuration in terms of a logical ap-
proach ~e.g., McGuinness & Wright, 1998; Friedrich &
Stumptner, 1999; Soininen et al., 2000!. Logical approaches
to configuration stress the need for an explicit representa-

tion of the structural properties of the entities of the domain
in terms of specific kinds of relations. There is an increas-
ing consensus on the opportunity of modeling the domain
of interest via high-level structured languages in order to
ease the elicitation of knowledge about the domain as well
as to make easier the interaction with the user who has to
specify a specific configuration problem. Independent of
the approach chosen to characterize the configuration task,
configuration suffers from the same problem affecting many
other relevant tasks dealt with via AI techniques: computa-
tional complexity. Since the early days of AI, problem de-
composition has emerged as one of the most powerful
mechanisms for controlling complexity. Obviously, worst
case 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
problems. As concerns configuration, ideally, the solution
of a complex problem should be easily assembled by com-
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bining the solutions of the subproblems into which the ini-
tial problem has been decomposed. Decomposition of the
configuration problem should reduce the computational ef-
fort as the solution of a number of simpler subproblems is
easier~in terms of computational time! than the solution of
a single, large configuration problem.

Although speed-up can be an important goal for justify-
ing the development of decomposition strategies for con-
figuration problems, there is at least another good reason
for investigating decomposition. With the development of
web-based services, there is an increasing number of inter-
esting applications requiring some form of automatic con-
figuration for supporting the~possibly inexperienced! user
in specifying and selecting the right product for his or her
needs~e.g., Magro & Torasso, 2001b!. In some cases the
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 well
as choices of specific components are done in the later steps
of interaction. In such kind of situations, the configurator
should not be too eager to provide a complete configuration
of the product because many of the choices made by the
configurator may prove too arbitrary because they are not
supported~or guided! by explicit choices or requirements
of the user~Magro & Torasso, 2001a!. Therefore, a second
reason for some kind of decomposition concerns the ability
of the system to produce partial configurations by config-
uring only those parts of the product that are directly re-
lated to the current user requirements and to postpone the
configuration of the remaining parts.

The importance of problem decomposition in configura-
tion was discussed in Fleischanderl and Haselböck~1996! in
an approach to configuration based on constraints. However,
to the best of our knowledge, the issue of automated problem
decomposition in configuration has not received a lot of at-
tention. Configurators based on CSP may exploit state of the
art techniques of constraint decomposition for improving
problem solving efficiency~Gottlob et al., 2000!. However,
in some configuration domains, modeling the configuration
problems as CSPs can be quite difficult. In addition, for some
configuration tasks a more structured representation can be
more appropriate, for example, in many tasks in which the
explanation of a line of reasoning plays an important role~see
McGuinness, 2002!. The present paper addresses the prob-
lem of defining and comparing a set of automated problem
decomposition strategies in a structured logical approach to
configuration. In particular, we are interested in defining de-
composition techniques that can speed up the configuration
process and may help in interactive configuration. All de-
composition techniques defined in this paper are guided by
the compositional structure~i.e., by partonomic knowledge!
of products.

Our approach adopts a structured logical representation
formalism for capturing taxonomic and partonomic rela-
tions among the entities of the domain and expressing con-
straints among components and subcomponents. Such a
representation formalism~the languageFPC ! is summa-

rized in Section 2, where a sample domain relevant to PC
configuration is also introduced. A formal characterization
of configuration problems is given in Section 3, and Sec-
tion 4 describes the two decomposition techniques the pa-
per deals with and the five decomposition policies that we
defined by combining them. Section 5 provides a formal
characterization of decomposable problems, and Section 6
describes a configuration algorithm adopting one of the five
decomposition policies that we take into consideration. The
benefits resulting from the adoption of different decompo-
sition policies are discussed in Section 7, where the results
of experiments are reported. Section 8 compares our frame-
work to other ones that have been adopted in configuration.
A brief discussion and some suggestions for future work
are contained in Section 9.

2. THE CONCEPTUAL LANGUAGE FPC
In this section we describe the main characteristics ofFPC
~frames, parts, and constraints; Magro & Torasso, 2000!, a
conceptual language for representing configuration domain
knowledge. InFPC there is a basic distinction between
atomiccomponents andcomplexones. The atomic objects
are the basic building components of any configuration,
and thereforeFPC abstracts from their internal structure~if
any!. By contrast, complex objects are characterized in terms
of subparts, which can be complex or atomic objects.FPC
offers the possibility of organizing classes of atomic and
complex objects in ataxonomy, as well as the facility of
building partonomiesthat~recursively! express thewhole–
part relationsbetween each complex object and each one
of its components. The configuration process has to take
into account theconstraintsrestricting the set of valid com-
binations of components and subcomponents. These con-
straints can be either specific to the modeled domain or
derived from the user’s requirements.

2.1. Frames and parts

In FPC each frame C represents aclass 7C7 of objects
~either atomic or complex! and it has a set ofmember slots
associated with it~as usual, ifx is a language element, we
denote its semantics with7x7!.1 Any slot p of a frameC is
described via a value restrictionD ~which can be another
frame or can denote a nonempty set7D7 of values of a
predefined kind! and a number restriction~i.e., an integer
interval @m, n# with m # n!, as usual in the KL-One like
representation formalisms. In any frameC, each slotp with
value restrictionD and number restriction@m, n# captures
the fact that the propertyp for any component of typeC
~i.e., for any individual of the class7C7! is expressed by a

1To be precise, we should always distinguish between a frame, which
is a language element, and the class that it describes. However, in order to
simplify the presentation, we will use the words frame and class as
synonyms.
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set of elements whose type isD and whose cardinality be-
longs to the interval@m, n# .

Because of the relevance of the whole–part relation be-
tween a complex component and a part of it in the configu-
ration task, a special status has been assigned to such relations,
which are modeled via partonomic slots, whereas other prop-
erties and features of both complex and atomic objects are
modeled viadescriptiveslots. In particular, partonomic slots
in FPC capture thecomplex–component relationdescribed
in Gerstl and Pribbenow~1995!. This relation is assumed to
be asymmetric and transitive. Formally, any partonomic slot
pof a frameC is interpreted as a relation7p7 from 7C7 to the
class7D7 denoted by its value restrictionD ~for partonomic
slots, the value restriction is always a frame! such that~ ;c[
7C7!~m # card~7p7~c!! # n!, being@m, n# , its number re-
striction, and card~X ! denotes the cardinality of the setX.
The meaning is straightforward: any complex component of
typeChas from a minimum ofmup to a maximum ofnparts
of typeD via a whole–part relation namedp.

The value restrictionD of any descriptive slotqof a frame
C always denotes a nonempty set of values of a predefined
kind ~i.e., integers, reals, strings, etc.!. As in the case of par-
tonomic slots, a descriptive slot is interpreted as a relation
7q7 from 7C7 to 7D7 such thatm# card~7q7~c!! # n.

In FPC taxonomies, each class has a single superclass
~i.e., taxonomies are trees!; it inherits the slots~both parto-
nomic and descriptive! of its superclass and can refine the
description of the superclass by specifying additional~w.r.t.
those inherited! slots or by restricting the number restric-
tion and0or the value restriction of any inherited slot~ac-
cording to the rules of strict inheritance typical of KL-One
languages!. The subclasses of any class are exhaustive~i.e.,
any instance of a class must be an instance of one of its
subclasses! and disjoint~i.e., there is no instance of a class
that belongs to two different subclasses of this class!.

Figure 1 represents a fragment of the partonomic and
taxonomic knowledge of a conceptual model relevant to
PCs. Each rectangle represents a class of complex compo-
nents, each oval represents a class of atomic components,
each solid arrow corresponds to a partonomic slot, and each
dashed arrow corresponds to a descriptive slot. The concep-
tual model sketched in the figure states that a PC is a com-
plex object containing, among other things, a keyboard,
from one to seven hard disks, an optional CD writer, a
motherboard, and so on. The keyboard, the hard disks, and
the CD writer are all atomic components whereas the moth-
erboard is a complex component. The motherboard con-
tains a main printed circuit board~described by its model,
price, and type!, an optional SCSI controller and other com-
ponents. In the restricted world we are modeling, the PCs
can be of two different types only: advanced application
PCs or low cost PCs. Any advanced application PC always
has a CD writer and a CD reader~i.e., in the advanced
application PC class, the number restriction intervals of the
inherited slots has_cdw and has_cdr have been restricted
from @0,1# to @1,1# !. Moreover, in any advanced application
PC, the CD writer, the CD reader, and the hard disks must

be the SCSI type.~In fact, the value restriction of the inher-
ited slot has_hd has been restricted from the more general
type Hard_Disk to the more specific type HD_SCSI!. Anal-
ogous restrictions hold for the slots has_cdw and has_cdr!.
All the other partonomic slots of the PC class are inherited
as they are. Unlike low cost PCs, an advanced application
PC can have a CD tower~which is a complex component!.

Given aFPC conceptual model CM and a classC1 of
complex components in the CM, aslot chainstarting inC1

and ending inD is a sequenceg 5 ^ p1, p2, . . . ,ph& ~h $ 1!
of member slots such that in the CM there are the classes
C2, . . . ,Ch21 of complex components and the classCh ~ei-
ther of atomic or complex components! such thatCi ~1 #
i # h 2 1! has a partonomic slot namedpi ~possibly inher-
ited! whose value restriction isCi11 and Ch has a slot
~either descriptive or partonomic and possibly inherited!
namedph whose value restriction isD, which can be either
a class of~complex or atomic! objects of the CM~if pn is
a partonomic slot! or a set ofFPC predefined values~if pn

is a descriptive slot!. The semantics of such a slot chain is
a natural generalization of the semantics of a single slot,
because it is interpreted as the relation composition
7^ p1, p2, . . . ,ph&7 [ 7ph7 + 7ph217 + {{{ + 7p17 from 7C17
to 7D7. That is, if h 5 1, 7^ p1&7 is a relation from7C17 to
7D7, such that~ ;c1 [ 7C17!7^ p1&7~c1! 5 7p17~c1!; if
i $ 1 and h 5 i 1 1, 7^ p1, . . . ,pi11&7 is a relation from
7C17 to 7D7, such that~ ;c1 [ 7C17!~7^ p1, . . . ,pi11&7
~c1! [ øci11[7^ p1, . . . ,pi &7~c1!7pi117~ci11!!, where the opera-
tor ø maintains repeated values ofFPC predefined types,
in casepi11 is a descriptive slot.

More intuitively, if ph is a partonomic slot, the chain
represents the subcomponents of a complex componentc1 [
7C17 via the has-part relationships namedp1, . . . ,ph. The
subcomponents referred to by the slot chain form a set.~No
subcomponent is repeated inside it.!

If ph is a descriptive slot, this chain represents the values
of the propertyph for the subcomponents ofc1 via the has-
part relationshipsp1, . . . ,ph21. Because the propertyph may
have the same values in different subcomponents, the slot
chain denotes a multiset~i.e., there can be repeated prop-
erty values!.

Similarly, a set of slot chainsR 5 $g1, . . . ,gk%~k $ 1!
@each one starting inC1 and ending inDi ~i 5 1, . . . ,k!# is
interpreted as the relation union7R7 [ øi51

k 7gi 7 from C1

to øi51
k Di .

For example, in Figure 1, the slot chain^has_m,has_
mpcb& starting in PC represents the main printed circuit
board of a PC, while the price of that component in a
PC is represented by the chain^has_m,has_mpcb,price&.
The set of slot chains starting in PC$^has_hd&
^has_cdr&^has_cdw&% represents the set of hard disks, CD
reader, and CD writer of a PC.

2.2. Constraints

In modeling the real-world domains the expressive power
provided by the frame portion ofFPC is not sufficient; in
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particular, number restrictions and value restrictions cannot
capture complex interslot constraints relating the compo-
nents and the subcomponents of the complex objects.

For this reason,FPC puts a constraint language at our
disposal. However, each constraint is associated with a class
of complex components in order to have a uniform struc-
tured approach to knowledge representation. In this way,
constraints complement partonomic and descriptive slots in
capturing the characteristics of a complex object.

Given the classC and a constraint co associated with it,
co is of the forma ] b, wherea is a conjunction ofFPC
predicates or the Boolean constanttrue and b is a predi-
cate or the Boolean constantfalse. The meaning is that for
every complex objectc [ 7C7, if c satisfiesa then it must
satisfyb. It should be clear that ifa 5 true, then, for each

c [ 7C7, b must always hold, while ifb 5 false, then, for
eachc [ 7C7, a can never hold. The contradiction true]
false is not a valid constraint.2

Each class~but the root of the taxonomy! inherits all the
constraints of its superclass.

In the following, only a subset of the predicates available
in FPC is described. LetR 5 $g1, . . . ,gk% be a set of slot
chains starting in a classC. The last slots of the chains
occurring in R can either be all descriptive or all parto-

2Actually, FPC is a bit more general, because it allows a constraint to
be a clause whose literals are positive or negativeFPC predicates. How-
ever, here we restrict the attention to constraints having a Horn-clause
form. This restriction does not affect the decomposition mechanisms that
we describe.

Fig. 1. A sample~portion of a! conceptual model: the partotaxonomic knowledge.
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nomic. Therefore, in the former case, for eachc [ 7C7,
7R7~c! can generally be a multiset of property values,
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 andm, n are nonnegative integers
with m # n.
Here c [ 7C7 satisfies the predicate iffm #
card~7R7~c!! # n.

2. ~R!~inI1 ø{{{ø Is!, with ~s $ 1!.
If the last slots in the chains occurring inR are parto-
nomic, eachIj ~ j 5 1, . . . ,s! is a class of components
andc [ 7C7 satisfies the predicate iff7R7~c! # 7I17
ø{{{ø 7Is7. Similarly, if the last slots in the chains
occurring inR are descriptive, eachIj denotes a set of
FPC predefined values andc [ 7C7 satisfies the pred-
icate iff eachv [ 7R7~c! belongs to7I17 ø{{{ø 7Is7.

3. ~R!~inI1 ø{{{ø Is~m; n!!, where~s$1!, the last slots
in the chains occurring inR are partonomic, eachIj

~ j 5 1, . . . ,s! is a class of components andm, n are
nonnegative integers withm # n.
Here c [ 7C7 satisfies the predicate iffm #
card~7R7~c! ù ~7I17 ø{{{ø 7Is7!! # n.

4. ~ f ~R!! RelOp~g~S!!, whereS5 $d1, . . . ,dt % is a set of
slot chains starting inC and different fromR, the last
slots in the chains occurring inR or Sare descriptive,
and their value restrictions denote numeric sets.
Here c [ 7C7 satisfies the predicate ifff ~7R7~c!!
RelOpg~7S7~c!!, where RelOp[ $5, ,, ., #, $%
and f andg are two functions belonging to the set of
built-in functions provided by the conceptual lan-
guage.@These functions include the sum~(!, the
minimum ~min!, and the maximum~max!.# For
example,c [ 7C7 satisfies~max~R!! # ~(~S!! iff
max~7R7~c!! # (v[7S7~c! 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 aFPCCM, let MSClasses~CM! be the set of classes
in the CM most specific in the taxonomy~i.e., the set of the
leaves in the taxonomy!; these classes fully describe the

types of components that may occur in configurations and
they are calledconcrete classes. In particular, MSClass-
es~CM!5A_MSClasses~CM! ø C_MSClasses~CM!, where
A_MSClasses~CM! and C_MSClasses~CM! are the con-
crete classes of atomic and complex objects, respectively.

If C [ MSClasses~CM !, with p_slots~CM,C! and
d_slots~CM,C! we indicate the partonomic slots and the
descriptive slots of classC in the CM ~possibly inherited!,
respectively; slots~CM,C! 5 p_slots~CM,C! ø d_slots
~CM,C! is the set of all the slots of classC in the CM.

To get rid of some superflous details, 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 componentc are
unambigously determined by selecting the concrete type
of c. Formally, for eachC [ A_MSClasses~CM! and each
d [ d_slots~CM,C!, the cardinality restriction ofd is an
interval @m, m# and its value restrictionD is such that
card~7D7! 5 m.

Definition 1. A configuration problem is a tuple CP5
^CM,C,REQS&, where

1. CM is aFPC conceptual model,

2. C [ C_MSClasses~CM!, and

3. REQS is a set ofFPC constraints whose slot chains
start inC. n

In the above CP represents the problem of configuring a
complex object of typeC 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 CP5 ^CM,C,REQS&, a tentative con-
figuration for CP is a pairT 5 ^COMPS,INST_SLOTS&,
such that:

1. COMPS is a set of components~for eachc [ COMPS,
class~T,c! [ MSClasses~CM! indicates the concrete
class to whichc belongs!;

2. there is exactly one componentc [ COMPS such that
class~T,c! 5 C ~representing the target object!;

3. INST_SLOTS is a set of equalities^ p~c! 5 X &, where
c [ COMPS,p [ slots~CM,class~T,c!!, no two dif-
ferent equalitieŝ p~c! 5 X & and^ p~c! 5 Y& occur in
INST_SLOTS and

~a! if p [ p_slots~CM,class~T,c!!, thenX , COMPS
~in this case, the equalitŷp~c! 5 X & means thatc
has the setX of direct components through the
whole–part relation namedp!;

~b! if p [ d_slots~CM,class~T,c!!, thenX is a set of
values ofFPC predefined types~in this case, the
equality ^ p~c! 5 X & means thatX is the set of
values relevant to the property denoted by the
slot p for the componentc!.
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Let PartOf~c! 5 $d [ COMPS0~'^ p~d! 5 X & [
INST_SLOTS!~ p [ p_slots~CM,class~T,d!! ∧ c [ X !% be
the set of components in the tentative configurationT of
which c [ COMPS is a direct part:

4. for the componentc [ COMPS such that class~T,c! 5
C, card~PartOf~c!! 5 0;

5. for each componentc[ COMPS such that class~T,c!Þ
C, card~PartOf~c!! 5 1;

6. for each componentc [ COMPS and for eachp1, p2 [
p_slots~CM,class~T,c!! ~with p1 Ó p2!, if two equal-
ities ^ p1~c! 5 X & and ^ p2~c! 5 Y& occur in
INST_SLOTS, thenX ù Y5 Ø;

7. T respects the partotaxonomic restrictions stated in
CM;

8. no constraint stated in CM is violated inT;

9. no requirement occurring in REQS is violated inT.
n

A tentative configuration can be seen as a snapshot taken
during the configuration process and it represents a config-
uration “under construction.”

COMPS is the set of components occurring in the tenta-
tive configuration; condition 2 assures that exactly one in-
stance of the target object is being configured. Because
each slotp is interpreted as a relation7p7 ~see Section 2!,

Fig. 2. A sample~portion of a! conceptual model: the constraints.
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each equalitŷ p~c! 5 X & [ INST_SLOTS expresses the
value of this relation, computed on the componentc ~i.e., it
states that7p7~c! 5 X !.

Condition 4 assures that no component containing the
target object has been introduced into the tentative con-
figuration. Conditions 5 and 6 express the following
assumption:

Assumption 1 ~exclusiveness assumption on parts!.
A component cannot be a direct part of two different com-
ponents~condition 5!, neither a direct part of a same
component through two different partonomic relations~con-
dition 6!. n

Condition 5 also states that each component different
from the target object must be a direct part of another com-
plex component~possibly the target object!.

Condition 7 states that the tentative configuration re-
spects the number and the value restrictions of each slot
occurring in it. A tentative configuration, according to Def-
inition 2 reported above, may contain no information for
some slotp present in the conceptual model. In this case,
computing the truth value of any constraint mentioningp is
not always possible inT ~i.e., this value could be unknown
in T !. Conditions 8 and 9 state that in a tentative configu-
ration the truth value of each constraint~either occurring in
the conceptual model or imposed as a requirement! can be
either true or unknown, but not false.

Given Definition 2 above, a tentative configurationT can
be represented as a tree whose nodes are the components in
COMPS or the values~possibly repeated! of FPC pre-
defined types that occur in the equalities contained in
INST_SLOTS, whose root is the componentc for which
class~T,c! 5 C and such that for each equality^ p~c! 5
$c1, . . .cn%& [ INST_SLOTS withn $ 1, there aren edges
labeledp, each one connecting the nodec with its child
ci ~ i 5 1, . . . ,n! and for each equalitŷ p~c! 5 Ø& [
INST_SLOTS there is an edge connectingc with a node
denoting the empty set~no edge other than these is present
in the tree!.

Definition 3 ~complete configuration!. A solution to a
configuration problem CP5 ^CM,C,REQS& is a tentative
configurationT 5 ^COMPS,INST_SLOTS& for CP, such
that:

1. for each componentc [ COMPS and each slotp [
slots~CM,class~T,c!!, there is an equalitŷ p~c! 5
X & [ INST_SLOTS;

2. each constraint stated in CM for the classes of the
components in COMPS is satisfied inT;

3. the requirements REQS are satisfied inT. n

Any T respecting Definition 3 is called a complete con-
figuration for the configuration problem CP.

Condition 1 assures thecompletenessof the configura-
tion, because a value is specified for each slot of any com-
ponent occurring in it.

The last two conditions state that in a complete configu-
ration the truth value of each constraint~either occurring in
the conceptual model or imposed as a requirement! is true.
~It is worth noting that these two conditions are stricter
than conditions 8 and 9 in Definition 2.!

As usual in configuration tasks, we make the following
assumption.

Assumption 2 ~consistency of the conceptual model!.
During problem solving, the conceptual model is consis-
tent, where anFPC CM is consistent iff for each concrete
classC of complex objects occurring in CM, the configu-
ration problem̂ CM,C,Ø& admits at least one solution that
is a complete configuration. n

It is worth noting that the assumption above is general
enough even if it explicitly refers only to concrete classes
of complex objects. In fact, each class of atomic objects is
always consistently defined, provided that for each slot oc-
curring in it, both the cardinality and the value restrictions
are nonempty sets and that the restriction rules for inherited
slots stated in Section 2.1 are followed. If the conceptual
model did not contain any constraint, these observations
would apply also to classes of complex objects. The assump-
tion above assures that when the conceptual model also
containsFPC constraints, the concrete classes of complex
objects have meaningful descriptions~i.e., for each con-
crete classC of complex objects occurring in the concep-
tual model, at least one individual of that class can always
be fully specified. In other words, the problem of finding a
complete configuration for a complex object of typeC, with-
out any requirement but the satisfaction of its conceptual
description, always has a solution!. The concrete classes
are the leaves ofFPC taxonomies; thus, their consistency
implies the consistency of all classes occurring in the con-
ceptual model.

4. REQUIREMENTS-BASED DECOMPOSITION
AND CONSTRAINTS-SPLITTING
DECOMPOSITION

4.1. A motivating example

As stated in the Introduction, the automatic configuration
task can be, in general, computationally expensive. In fact,
the components and the subcomponents of a configurable
object usually have to respect a set of constraints, both
endogenous~i.e. specific to the modeled domain, such as
technical or physical constraints! and exogenous~imposed
as additional requirements by any agent requiring a custom-
ized product!. 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
by a search process. When a choice made for a component
during the configuration activity prevents another~or even
the same! component from being configured, the process
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~if possible! backtracks, revises a past choice, and explores
a different path in the search space.

If we consider the conceptual model in Figures 1 and 2,3

we see, for example, that the~endogenous! constraints co4
and co5 link together the operating systems and the soft-
ware applications components. The choice of the operating
systems to be installed in any PC cannot be alocal choice;
in fact, the satisfaction of the number and value restriction
of the has_os slot is not enough~i.e., installing at least one
and at most two Unix or Windows type operating systems!.
The operating systems that should be inserted in the con-
figuration of a PC depends on the kind of the software
applications that have been included in it, and vice versa.
Similar interdependencies hold, for instance, between the
main printed circuit board and the SCSI controller~see the
constraints from co1 to co3 and co8!.

In many cases, the search space is quite huge and many
paths in it do not lead to any solution. Moreover, there is no
guarantee that a solution always exists for any configura-
tion problem.

Because we are interested in problem decomposition as a
way of controlling complexity and for supporting inter-
active configuration, we explore two different decomposi-
tion strategies.

4.1.1. Requirements-based decomposition
A first kind of decomposition~requirements-based de-

composition! requires the ability of recognizing which
components and subcomponents might be critical for the
satisfaction of the user’s requirements. In this way, the prob-
lem of configuring a complex object can be decomposed
into two subproblems: the subproblem of configuring those
parts of the target object that are related in some way to the
requirements~i.e., to the exogenous constraints! and the
subproblem of completing such a partial configuration by
considering the remaining components.

The consistency assumption on the conceptual model~As-
sumption 2! gives a good reason for considering first the
components and subcomponents that might be critical for
the satisfaction of the user’s requirements and then the other
ones. In fact, given this assumption, if a configuration prob-
lem has no solution, this is due to the exogenous constraints
~which can be inconsistent either by themselves or w.r.t. the
conceptual model!. By first considering the components pos-
sibly involved in these constraints, we expect that the in-
consistency of the requirements will be detected early~in
average! in the configuration process~saving useless work!.

Let us suppose, for instance, that a user states the set of
inconsistent requirements consisting in those listed in Fig-
ure 3 plus the requirement that no Unix operating system
should be installed~ @req4# true ] ~$, has_os.%!~in-
Unix~0;0!!!. It should be clear that the constraints req2,
req4, and co4 cannot be satisfied in the same configuration.
The components that can be critical for meeting the require-
ments from req1 to req4 are the main printed circuit board,
the software applications, the operating systems, and the
CD tower, because they are directly mentioned in the re-
quirements. Besides these components, the SCSI controller
must also be considered, because it is related to the main
printed circuit board by the constraints co1, co2, co3, and
co8; furthermore, all the other components referred to by
these constraints have to be taken into consideration~hard
disks, CD readers, and CD writers!.4

The other components~such as the keyboard, video cards,
RAM memory slots, and so on! do not have any influence
on the requirements. In this case, introducing these last com-
ponents into the configuration would be a waste of time,
because no solution can be found, whatever choices are
made for them.

Moreover, requirements-based decomposition allows the
configurator to perform a more focused search~even when
the requirements can be met!. In fact, whenever the config-

3The conceptual model represented in these figures expresses only a
fragment of the knowledge actually needed to configure a PC. However, in
the examples, we assume that it is a complete model of the domain.

4Actually, the decomposition mechanism that we shall present in the
following would consider also the CPUs as componentspossiblycritical
for the requirements satisfaction.

Fig. 3. The user’s requirements for an advanced application PC.
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uration process enters a failure path in the search space in
which a requirement is violated, a revision of any choice
made for a component that had been recognizeda priori to
be independent from the requirements would be useless and
it can be easily avoided by considering such components in
a second phase.

The ability to distinguish which parts of the configurable
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 con-
figuration, involving only the components that may prove
critical for the requirements, is enough. Moreover, this abil-
ity is important in any system supporting an interactive
configuration. In this task, we cannot assume that all the
requirements are always known from the beginning be-
cause they can be incrementally added by the user. In this
scenario, the system should not be too eager to complete
the work ~i.e., to configure the entire target object!; it is
important for it to recognize which components can be crit-
ical for the satisfaction of the current set of requirements
and to limit its choices to them by leaving the user the
possibility of adding some requirements for components
not yet introduced into the configuration.

In the ~consistent! set of requirements in Figure 3, req3
specifies that a CD tower must be present in the configura-
tion. However, nothing else is stated about the CD tower. If,
for example, we want to allow the user to express some
requirements for it in a second phase, the configurator should
only insert into a configuration a~generic! CD tower with-
out configuring it. The user can specify at a later time how
many and which kinds of CD readers and CD writers
she0he wants. Furthermore, when a product needs to be
reconfigured in order to meet a new set of requirements, it
can be helpful to single out the subset of components that
will be involved in the reconfiguration process.

4.1.2. Constraints-splitting decomposition
A second kind of decomposition~constraints-splitting de-

composition! is based on a different observation. As we
said, the constraints~both endogenous and exogenous! usu-
ally link together the components and the subcomponents.
Moreover, the constraints themselves can bebound@through
the ~sub!components to which they are relevant# in a way
that a choice made in order to satisfy one of them may
restrict the choices available for satisfying another one.

We saw that in the considered conceptual model the soft-
ware applications and the operating systems are linked to-
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 previous choice, the only valid possibility is not to in-
stall any Microsoft application.~Note that the choice of

adding both some Microsoft applications and a Windows
operating system is not available any more, because the
conceptual model states that at most two operating systems
can be installed in a PC5 and two Unix operating systems
have already been installed.!

However, in many cases not every constraint interacts
with each other and the ability of recognizing the sets of
~possibly! interacting constraints offers the basis for a prob-
lem decomposition that considers each set of bound con-
straints separately.

Let us again consider the requirements in Figure 3. The
constraints co4, co5, and req2 refer to the same components
~i.e., software applications and operating systems!, thus they
interact among themselves. However, req3 interacts neither
with the other requirements nor with the endogenous con-
straints. This means that if, for instance, the configuration
process reaches a region in the search space where one or
more constraints among co4, co5, and req2 are violated,
revising a previous choice for the CD tower would not move
the search away from the failure region. This suggests that
the requirement req3 and the set of constraints co4, co5,
and req2 could be considered separately~either in sequence
or in parallel! in order to have a more focused search.

As we shall see, in theFPC framework, the partonomic
knowledge is the basis for performing both kinds of
decomposition.

4.2. The decomposition policies

Table 1 summarizes the decomposition policies that we are
considering. Because the two kinds of decomposition~i.e.,
requirements-based decomposition and constraints-splitting
decomposition! are two orthogonal dimensions, a decom-
position policy is defined by selecting a value for each
dimension.

In requirements-based decomposition, there are three dis-
tinct choices:

1. no_dist, if no distinction is performed between the
~sub!components possibly critical for the require-
ments satisfaction and those that have no influence on

5This is a somewhat arbitrary restriction that we introduced in our
simplified conceptual model.

Table 1. Decomposition policies

Requirements Based

No_dist After Never

Constraints splitting No 1 2 4
Yes — 3 5
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it ~thus, no requirements-based decomposition is ac-
tually performed!;

2. after, if the ~sub!components possibly critical for the
requirements satisfaction are kept distinct from the
other ones; both set of~sub!components are taken into
consideration, but the noncritical~sub!components are
considered after all the critical ones;

3. never, as in the previous case, but only the set of
possibly critical~sub!components is considered; the
other ones are never taken into consideration.

For the constraints-splitting decomposition there are only
two possible values:no, meaning that no constraints-
splitting decomposition is performed, andyesmeaning the
opposite. The latter type of decomposition works only on
the set of constraintsdirectly associated with thetarget ob-
ject ~i.e. the one that should be configured!.6

In Table 1, each policy that we take into consideration is
identified by a number. The policies for which Require-
ments_basedÞ never~i.e., policies 1, 2, and 3! configure
the whole product. The other ones~i.e., 4 and 5! leave out
of the configuration those components that are recognized
to have no influence on the possibility of meeting the
requirements.

The entry with the dash corresponds to a combination
that we do not consider. In fact, whenever we do not make
the “coarser” distinction between the components~possi-
bly! related to the requirements and the other ones, it also
seems reasonable to not perform the “more detailed” analy-
sis on the interaction among constraints.

5. FORMAL CHARACTERIZATION OF
DECOMPOSABLE PROBLEMS

The decomposition mechanisms are based on aboundrela-
tion among constraints that makes use of the partonomic
knowledge in order to recognize the possibility of inter-
action among constraints. Intuitively, two constraints are
bound if and only if the choices made during the configu-
ration process in order to satisfy one of themcould influ-
ence those actually available for the satisfaction of the second
one.

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

Definition 4. Given a configuration problem CP5 ^CM,
C,REQS& and a tentative configurationT 5 ^COMPS,
INST_SLOTS& for CP, the set CONSTRS~c! of constraints
relevant to a complex componentc [ COMPS is defined as
follows:

• if c is the target object, CONSTRS~c! is the set
of constraints in REQS plus those associated with
class~T,c! in the conceptual model CM;

• if c is a~sub!component of the target object, andc' [
COMPS is the component containingc as a direct part,
CONSTRS~c! is the set of constraints in CONSTRS
~c' ! mentioning some slot relevant to componentc
plus those associated with class~T,c! in CM. n

The bound relationBc is defined on any subset CON#
CONSTRS~c! as follows.

Definition 5. Let u,v,w [ CON; if u andv contain a
partonomic slotp of class~T,c! thenuBcv ~i.e., if u andv
refer to the same direct part ofc, they are bound!; if uBcv
and vBcw thenuBcw ~transitivity!; the constraints cannot
be bound in any other way. n

It is easy to see thatBc is an equivalence relation.

Property 1. If U is an equivalence class in the quotient
set CONSTRS~c!0Bc, every constraint inU can interact
with any other constraint inU in the configuration process
of c. Whereas, if V[ CONSTRS~c!0Bc is different fromU,
because of the exclusiveness assumption on parts~Assump-
tion 1!, constraints inV do not interact in any way with
those inU in the configuration process of componentc. n

Let us suppose, for example, that we want to configure
an advanced application PC~Figs. 1 and 2! aapc1 meeting
the requirements in Figure 3. The set of constraints relevant
to aapc1 is

CONSTRS~aapc1!

5 $co1,co2,co3,co4,co5,co6,co7,req1,req2,req3%;

the quotient set induced by the bound relationBaapc1is

CONSTRS~aapc1!0Baapc1

5 $$co1,co2,co3,co6,co7,req1%,$co4,co5,req2%,$req3%%.

The main problem of configuring aapc1 can be split into
three noninteracting subproblems, each one corresponding
to a different class of constraints in the quotient set.

Definition 6. Given a configuration problem CP5 ^CM,
C,REQS&, a tentative configurationT 5 ^COMPS,
INST_SLOTS& for CP, a componentc [ COMPS and the
the set CONSTRS~c! defined in Definition 4, the subset
CONSTRSREQS~c! # CONSTRS~c! of the constraints rel-
evant to componentc that are bound to the requirements is
defined as follows:

• if c is the target object, CONSTRSREQS~c! is the set of
constraintsv [ CONSTRS~c! such that there exists a
requirement req[ REQS such thatvBcreq;

• if c is a ~sub!component of the target object, and
c' [ COMPS is the component containingc as a
direct part, CONSTRSREQS~c! is the the set of con-
straintsu [ CONSTRSREQS~c

' ! that mention some

6A recursive constraints-splitting decomposition could be defined as
one that also works on the constraints associated with the components and
subcomponents of the target object. However, it is worth investigating the
benefits of the nonrecursive constraints-splitting decomposition, because
its implementation is simpler than that of its recursive version.
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slot relevant to componentc ~let us call this setS!,
plus all the constraints v associated with class~T,c! in
CM such that there exists a constraintu [ Ssuch that
uBcv. n

Section 6.2 reports two examples of sets of constraints
bound to the requirements computed both for the target
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 the~sub!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.

Definition 7 ~partial configuration!. A solution to a
configuration problem CP5 ^CM,C,REQS& is a tentative
configurationT 5 ^COMPS,INST_SLOTS&, such that:

1. for each componentc [ COMPS and each parto-
nomic slot p [ p_slots~class~T,c!!, if no equality
^ p~c! 5 X & occurs in INST_SLOTS, thenp does not
occur in any constraintv [ CONSTRSREQS~c! or the
truth value of each constraintv [ CONSTRSREQS~c!
in whichp does occur can be determined inT without
knowing the value of7p7~c!;

2. no constraint stated in CM is violated inT and for
each componentc [ COMPS the constraints associ-
ated with class~T,c! belonging to CONSTRSREQS~c!
are satisfied inT.

3. the requirements REQS are satisfied inT;

4. for each componentc [ COMPS and each parto-
nomic slotp [ p_slots~CM,class~T,c!!, if p does not
occur in any constraint of the set CONSTRSREQS~c!,
no equality^ p~c! 5 X & occurs in INST_SLOTS;

5. for each atomic componentc [ COMPS and each
descriptive slotd [ d_slots~CM,class~T,c!!, there is
an equalitŷ d~c! 5 X & [ INST_SLOTS. n

Any T respecting Definition 7 is called a partial
configuration.

Conditions 1 and 2 in the definition above are a weak
form of the same conditions in Definition 3. In fact, condi-
tion 1 in Definition 3 requires that the set of direct parts of
each component occurring in the configuration is always
specified for each partonomic relation of that component.
On the contrary, each~partial! configuration satisfying Def-
inition 7 can leave unspecified the set of direct parts of a
componentc [ COMPS through a whole–part relation
namedp, provided that p is not essential for satisfying some
constraint bound to the requirementsin which it occurs~i.e.
it must be possible to compute the truth value of such a
constraint inT and that value must betrue!.

We assumed that the conceptual descriptions of concrete
atomic classes contain the values of each property of their
individuals~Section 3!; therefore, for each atomic compo-

nentc [ COMPS, the values of its properties are specified
in class~T,c! and they are inserted into the configuration
~condition 5!.

Similarly, condition 2 in Definition 3 requires thatall the
constraints occurring in CM for the classes of the compo-
nents are satisfied inT ~i.e., their truth value is true inT !. In
contrast, condition 2 in Definition 7 requires only that all
those constraints inCM that are bound to the requirements
are satisfied inT. The other ones need only to be not vio-
lated ~i.e., their truth value inT can be either true or
unknown!.

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 occur inT.

Property 2 ~completion!. Each partial configuration
T5 ^COMPS,INST_SLOTS& solving the configuration prob-
lem CP5 ^CM,C,REQS&, according to Definition 7, can
always be extended to a complete configuration solving CP
according to Definition 3. n

Sketch of the proof. Let c [ COMPS and$ p1, . . . ,pn% be
the set of partonomic slots of class~T,c! that have been left
unspecified inT. n

The assumption of consistency of the CM~Assump-
tion 2! assures that it is always possible to compute a
complete configuration PT 5 ^COMPS,INST_SLOTS& for
an instance Sc of class~T,c!. For condition 1 of the com-
plete configuration definition~Definition 3!, for eachpi [
$ p1, . . . ,pn% , there is an equality^ pi ~ Sc! 5 Xi & [

INST_SLOTS.
If eachXi is a set of complex components, it is easy to

see that

EXT_T 5 KCOMPSø Sø
i

n

XiD, INST_SLOTS

ø Sø
i

n

$^ pi ~c! 5 Xi &%DL
is a tentative configuration for CP that extendsT and still
satisfies all the conditions listed in Definition 7 of the
partial configuration except for condition 4. If anyXi is a
set of atomic components, for eachxi [ Xi , the equalities
^d~xi ! 5 Y& contained inINST_SLOTS have to be added
to INST_SLOTS, too.

The concept of EXT_T can be further extended by con-

sidering each complex componentx [ øi
n Xi and by~re-

cursively! specifying it in the same way as specified in the
complete configuration PT. Again, it is easy to see that the
new tentative configuration EXT_T' built in such a way
still satisfies all the conditions listed in Definition 7 except
for condition 4.

By repeating this kind of extension for each compo-
nent c [ COMPS occurring in the original partial con-
figuration T, a complete configuration solving CP w.r.t.
Definition 3 can be built. n
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6. THE CONFIGURATION MECHANISMS

In this section we report the general structure of a config-
uration algorithm that adopts policy 5~see Section 4.2! for
computing partial configurations according to Definition 7.
Policy 5 makes use of both requirements-based decompo-
sition and constraints-splitting decomposition, therefore we
use it to illustrate both these decomposition mechanisms.

The modifications to the algorithm in order to implement
the other decomposition policies are straightforward.

6.1. The configuration algorithm

The configuration mechanisms consist of themainProcpro-
cedure~Fig. 4!, the~recursive! configureprocedure~Fig. 5!,
and theinsertDirectComponentsprocedure~Fig. 6!.

Fig. 4. A configuration algorithm: mainProc
procedure.

Fig. 5. A configuration algorithm: configure
procedure.
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The search for a configuration progressively extends and
modifies atentativeconfiguration. The tentative configura-
tion that the configurator is working on is denoted byT 5
^COMPST,INST_SLOTST&.

The mainProc procedure~Fig. 4! accepts as input a con-
figuration problem CP5 ^CM,C,REQS& ~Definition 1! and
returns either a partial configurationT solving CP accord-
ing to Definition 7 or the FAILURE message~in case the
configuration problem does not admit any solution!.

At the beginning, the tentative configurationT contains
only a componentc such that class~T,c! 5 C, representing
the target object.

The set CONSTRSREQS~c! of the constraints that are rel-
evant to the target object and bound to the requirements is
then computed. According to Definition 6, this set contains
all the requirements plus those constrains stated in the con-
ceptual model for the classC of the target object that may
interact with the requirements during the configuration pro-
cess. Because the requirements-based decomposition is
adopted, all the other constraints~if any! associated with

classC do not interact with the requirements and are there-
fore not taken into consideration.

The constraints-splitting decomposition is adopted, too;
therefore, CONSTRSREQS~c! is partitioned into a set of
classes of bound constraints by means of the bound rela-
tion Bc ~Definition 5!. CONSTRSREQS~c!0Bc is the quo-
tient set~i.e., the set of the equivalence classes! induced in
the set CONSTRSREQS~c! by the relationBc; thus, it con-
tains all the above-mentioned classes of bound constraints.
CLASSES_CON is initialized to this quotient set.

Every class of constraints in CLASSES_CON corre-
sponds to a subproblem, and each subproblem can be solved
independently of each other.

In the WHILE loop, the subproblems are solved sequen-
tially. At each execution of the WHILE body, one class of
constraintsc_constrs~T,c! [ CLASSES_CON is activated
for the target objectcand the configure procedure is invoked
to extendT by taking into consideration only the current ac-
tive constraints inc_constrs~T,c! and the components and
subcomponents ofc possibly critical for the satisfaction of

Fig. 6. A configuration algorithm: insertDirectComponents procedure.

Decomposition strategies 63

https://doi.org/10.1017/S0890060403171053 Published online by Cambridge University Press

https://doi.org/10.1017/S0890060403171053


these constraints.@The other~sub!components do not play
any role in the subproblem relevant to the current class of
constraintsc_constrs~T,c!.# If any one of these subproblems
fails to admit a solution, the whole problem has no solution
and a global FAILURE message is returned. Otherwise, the
configuration is progressively extended until all the subprob-
lems are solved. The solution is then returned.

If CLASSES_CON contains more than one class, it means
that the main problem has actually been split into a set of
independent subproblems~in this case, the main problem is
said to be constraints-splitting decomposable!. In this ver-
sion of the algorithm, the subproblems are sequentially
solved. However, a parallel version of the algorithm could
be implemented that sends these subproblems to a pool of
configurators working in parallel. The experiments dis-
cussed in Section 7 were performed with the sequential
version of the algorithm. Nevertheless, the constraints-
splitting decomposition strategy proved to also be effective
within such an algorithm.

Each call to configure~T,CM,c! ~Fig. 5! corresponds to a
request to extend the configuration of the complex compo-
nentc [ COMPST by taking into consideration the tenta-
tive configurationT, the CM, and the the current active
constraints inc_constrs~T,c!. In response, configure~T,
CM,c! returns either a tentative configuration in whichT
has been successfully extended or the FAILURE message,
indicating that no configuration exists for componentc that
satisfies the constraints inc_constrs~T,c!.

This procedure first extendsT by inserting into the ten-
tative configuration a set of newdirect components ofc.
Each time a direct complex component ofc is inserted
into the configuration, it is added to the set dirCompl-
Comps~T,c!. In a second phase, configure is recursively
invoked one time for each component in this set.

At the beginning, no direct component ofc exists yet,
thus dirComplComps~T,c! is empty. No other components
of c but those possibly critical for the satisfaction of the set
c_constrs~T,c! of current active constraints have to be con-
sidered~in fact, the other components ofc are not involved
in the subproblem that is being solved!. Therefore, the set
PART_SLOTS of the partonomic slots that are going to be
considered for~partially! configuring the componentc con-
tains only those partonomic slots of componentc that are
mentioned in the active constraintsc_constrs~T,c!.

The direct components ofc are inserted into the config-
uration by insertDirectComponents procedure~Fig. 6!.

Whenever insertDirectComponents procedure fails, a
backtracking occurs that revises a previous choice. If no
previous choice can be revised, configure fails.7 Each time
a complex direct component ofc is inserted into the tenta-
tive configuration, insertDirectComponents procedure put
it into dirComplComps~T,c!.

The WHILE loop in configure procedure extracts one of
these componentsc' at a time; the set of active constraints
c_constrs~T,c' ! for c' is computed and the process is re-
peated to configure that portion ofc' possibly critical for
the satisfaction of this new set of active constraints.

This set is computed as follows:

c_constrs~T,c' ! 5 I_Constrs~T,CM,c' ! ø L_Constrs~T,CM,c' !,

whereI_Constrs~T,CM,c' ! is the set of constraints thatc'

“inherits” from the componentc, which it is direct part of,
namely,

I_Constrs~T,CM,c' ! 5 $con[ c_constrs~T,c!0

~ 'p [ p_slots~CM,class~T,c' !!! ~ p occurs in con!%

~i.e., it is the set of constraints inc_constrs~T,c! containing
some partonomic slot relevant to the componentc'!. L_Con-
strs~T,CM,c' ! is the set of constraints associated with
class~T,c' ! that are bound inc' to some constraint belong-
ing to I_Constrs~T,CM!, namely,

L_Constrs~T,CM,c' ! 5 $con[ constrs~CM, class~T,c' !!0

~ ' conin [ I_Constrs~T,CM,c' !! ~conin Bc' con!%.

The other constraints possibly associated withclass
~c_comp~T !! are not involved in the subproblem that is
being solved; thus, they are not considered.

When all the direct complex components ofc contained
in dirComplComps are successfully~partially! 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 configurationT, the
CM, a complex componentc [ COMPST, and a set
PART_SLOTS of partonomic slots relevant to class~T,c!.
It returns either a tentative configuration in which the con-
figuration of the componentc 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 slotp [ PART_SLOTS, it chooses
its cardinality, that is, it chooses the numbern of di-
rect componentsx1, . . . ,xn of the componentc, through
the whole–part relation represented byp;

2. it chooses the type of each such componentxi ~i.e.,
the value of class~T, xi ! ~i 5 1, . . . ,n!!.

In performing these choices, it must respect both the par-
totaxonomic description~i.e., the number and the value re-

7The backtracking mechanism is not described here, because it is out
of the scope of this paper.
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strictions ofp! and the active constraints inc_constrs~T,c!.
If either the cardinality ofp or the type for anyxi cannot be
chosen without violating any constraint inc_constrs~T,c!,
a FAILURE message is returned to configure procedure,
which manages the backtracking. Otherwise, the tentative
configurationT is extended by both adding the setX 5
$x1, . . . ,xn% of new components to COMPST and adding the
equality ^ p~c! 5 X & to INST_SLOTST. If x1, . . . ,xn are
complex components, they are inserted into dirCompl-
Comps~T,c!. After the two above-mentioned choices have
been successfully made forp, all the satisfied constraints
are removed from the tentative configurationT. ~In fact,
any subsequent extension ofT cannot change their truth
value.! Whenever a constraint is removed fromc_con-
strs~T,c!, it can be that some slots in PART_SLOTS will no
longer occur in any active constraint for the componentc.
These slots need to be removed from PART_SLOTS, be-
cause they are no longer critical for the satisfaction of the
constraints inc_constrs~T,c!.

It is worth noting that each component inX5 $x1, . . . ,xn%
is a newone, that is, it is different from the other compo-
nents in COMPST: this assures that the exclusiveness as-
sumption on parts~Assumption 1! actually holds. Moreover,
whenever an atomic component is inserted into a configu-
ration, the values for its properties are also stated in the
configuration.

6.2. A configuration example

In this section we briefly describe the behavior of the con-
figuration algorithm by means of an example in which the
configurator builds a partial configuration~according to Def-
inition 7! by adopting decomposition policy 5~Table 1!.
Because the backtracking mechanism is out of the scope of
this paper, we discuss a simple example in which the con-
figurator is able to go straight to the solution without enter-
ing any failure path in the search space.

Let us suppose that we want to configure an advanced
application PC~described in the PC conceptual model
PC_CM shown in Figs. 1 and 2! meeting the requirements
REQS listed in Figure 3. The procedure mainProc~PC_
CM,Advanced Appl. PC,REQS! is invoked. The process
starts with a tentative configurationT1 containing only the
component aapc1 representing the target object~thus
class~T,aapc1! 5 Advanced Appl. PC!. The set of con-
straints relevant to aapc1 is CONSTRS~aapc1! 5
$co1,co2,co3,co4,co5,co6,co7,req1,req2,req3% ~see Defini-
tion 4!. All these constraints are bound to the require-
ments; thus, CONSTRSREQS~aapc1! 5 $co1,co2,co3,
co4,co5,co6,co7,req1,req2,req3% ~see Definition 6!. Be-
cause policy 5 is adopted, only the components and the
subcomponents of aapc1 possibly critical for the satisfac-
tion of these constraints will be considered during the con-
figuration process~requirements-based decomposition!.
Moreover, constraints-splitting decomposition takes place
and thus according to the bound relation~Definition 5!,

CONSTRSREQS~aapc1! is partitioned into the set of equiv-
alence classes

CLASSES_CON5 CONSTRSREQS~aapc1!0Baapc1

5 $$req1,co1,co2,co3,co6,co7%,

$req2,co4,co5%,$req3%%.

It is easy to see, for instance, that req1 is directly bound
in aapc1 to co1, co2, co3, and co7, because all these
constraints contain the partonomic slot has_m of
class~T,aapc1! 5Advanced Appl. PC; moreover, it is bound
in aapc1 by transitivity to co6, in fact req1 is directly
bound in aapc1 to co1, which is directly bound in aapc1 to
co6 ~because they both contain the partonomic slot has_hd
of Advanced Appl. PC class!. Moreover, req3 contains only
the partonomic slot has_cdt, which does not occur in any
other constraint; therefore, req3 is not bound to any con-
straint ~except itself!.

CLASSES_CON entails a set of independent subprob-
lems ~one subproblem for each equivalence class of con-
straints!. The configurator solves them sequentially. Let us
suppose that it starts with the subproblem corresponding to
the set$req1,co1,co2,co3,co6,co7%.8 Figure 7 contains five
snapshots of the configuration process relevant to this first
subproblem; the tentative configuration is represented as a
tree~see Section 3! in which the thick arrow indicates the
current component~i.e., the one that is being configured!.

At the beginning the set of current active constraints
for the target object isc_constrs~T1,aapc1! 5 $req1,
co1,co2,co3,co6,co7%. The set of partonomic slots that have
to be considered are those ones in Advanced Appl. PC
class that occur in some active constraints, namely,
PART_SLOTS5 $has_hd,has_m,has_cdr,hascdw%. @See the
tentative configurationT1 in Fig. 7~a!# .

After the direct components of aapc1 relevant to these
slots have been inserted into the configuration, the situation
is as depicted in Figure 7~b!: no more direct parts of aapc1
need to be inserted for solving the current subproblem and
the constraint co6 is satisfied inT2, thus it is removed from
the set of active constraints.

The motherboard mb1 is a direct complex component of
aapc1~i.e., dirComplComps~T2,aapc1! 5 $mb1%!, therefore
it must be~partially! configured. mb1 inherits from aapc1
the setI_constrs~T3,PC_CM,mb1!5$req1,co1,co2,co3,co7%
of constraints~because all these constraints contain parto-
nomic slots relevant to mb1!. These constraints activate
the set of local constraintsL_constrs~T3,PC_CM,mb1! 5
$co8% ~in fact, req1Bmb1 co8!, thusc_constrs~T3,mb1! 5
$req1,co1,co2,co3,co7,co8%. The set of partonomic slots of
Motherboardclassoccurring in theseconstraints is$has_mpcb,
has_cs,has_cpu% @see Fig. 7~c!# .

8Solving this subproblem actually means finding a partial configura-
tion for CP1 5 ^PC_CM,Advanced Appl. PC,$req1%&, according to Defini-
tion 7.
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It is worth noting that the initial setc_constrs~T3,mb1!
of active constraints corresponds to the set CON-
STRSREQS~mb1! ~see Definition 6!. This is true in gen-
eral when requirements-based decomposition is adopted.
In fact, in such a case, for the target object only the con-
straints bound to the requirements are activated, there-
fore, the setI_constrs~T,CM,c! for each direct component
c of the target object contains only constraints bound to the
requirements; each constraint inL_constrs~T,CM,c! is bound
to a constraint inI_constrs~T,CM,c! by definition, thus it is
bound to the requirements, too. This reasoning can be re-
cursively repeated for each subcomponent.

After the main printed circuit board of type SCSI mpcb
_scsi1 is inserted@Fig. 7~d!# , the constraints req1, co1, co2,
and co3 are satisfied inT4; thus, they are deleted from the
tentative configuration. The configuration process then con-
siders has_cs and has_cpu slots: two CPUs~cpu1 and cpu2!
and no SCSI controller are inserted into the configuration
@Fig. 7~e!# . ConfigurationT5 contains no active constraints
~i.e., both the set$req1,co1,co2,co3,co6,co7% of the con-
straints initially active and constraint co8, activated by the
first ones in the mb1 component, are satisfied inT5!; there-
fore,T5 is a partial configuration solving the first subproblem.

The second subproblem corresponds to the set of con-
straints$req2,co4,co5%. These become the initial active con-
straints for the target object, as shown in Figure 8~a!. The
configurator solves the second subproblem by taking into
consideration only the slots has_asw and has_os. Configu-
rationT7 is a partial configuration solving both the first and
the second subproblems. Because there is no interaction
between these two subproblems, the portion of the tentative
configuration relevant to the first one~the one with dashed

arcs and grey labels and nodes inT6 andT7! is not involved
in any way in the resolution of the second one.

The third subproblem, corresponding to constraint req3
~Fig. 9!, is solved by introducing a CD tower~the compo-
nent cdt1 inT9! into the configuration, whereT9 is a partial
configuration solving the main problem according to Defi-

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

Fig. 8. A configuration example: the second subproblem.
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nition 7. Because decomposition policy 5 is adopted, the
configuration process stops at this point. It is worth noting
that some components and subcomponents of an advanced
application PC have not been considered during the config-

uration process, because they are not critical for the satis-
faction of the requirements~i.e., keyboard, case, video card,
modem, etc.!.

Figure 10 shows an example where the user incremen-
tally specifies her0his requirements. In fact, after stating
the requirements listed in Figure 3, she0he might put some
additional requirements on the components and subcompo-
nents relevant to partonomic slots not specified in the par-
tial configurationT9. In particular, requirements REQS' in
Figure 10 require that the CD tower cdt1 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 cdt1 given the set of constraints relevant
to that component. The invocation of configure has the ef-
fect of extendingT9 by means of a solution to the configu-
ration problem CPcdt1 5 ^PC_CM,CD Tower,REQS' &.

The partial configurationT10 reported in Figure 10 is a
solution because it meets all the requirements REQSø
REQS'.

7. EXPERIMENTAL RESULTS

In this section we briefly discuss a first set of experiments
showing the advantages~in terms of speed-up! of 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
are deeper, the taxonomy includes additional subclasses,
and the constraints capture more restrictions on the com-
binations of components and subcomponents. Table 2 sum-
marizes the main characteristics of the domain~complex0

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

Fig. 10. A configuration example: configuring the CD tower component.
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concrete classes means classes of complex0concrete
objects!.

In order to test the performance of the different policies,
we designed a test set of 153 randomly generated configu-
ration problems. The mean number of constraints express-
ing user’s requirements in each problem is 4.4. In 69 cases
~45.1%!, the requirements are inconsistent w.r.t. the concep-
tual model. These problems do not admit any solution. In
addition, 51 problems~i.e., one-third! are constraints-
splitting decomposable.

The configuration system was implemented in Java~i.e.,
the configuration algorithm was implemented as a set of
Java procedures working on conceptual models and user
requirements in which classes, slots, and constraints are all
Java objects! using JDK1.3. The experiments were per-
formed on a Duron 7000Windows 2000 with 128 MB of
RAM.

Because the configuration of a complex entity may be
quite expensive from a computational point of view, we
have imposed a threshold of 360,000 ms of CPU time~i.e.,
6 min! for solving a single problem. This means that a
configuration problem is considered solved if and only if
the configurator either finds a solution for it or it detects the
inconsistency of the requirements w.r.t. the conceptual model,
within this timeout.

We first tried the simplest policy 1 in Table 1. Because
this policy does not make any attempt to subdivide the con-
figuration problem, as expected, the results were not good
because it was able to solve only 98 out of 153 configura-
tion problems~competence5 64.1%!. It is worth noting
that in the 98 solved problems, the average computation
time was 15,015.7 ms~standard deviation5 40,171.2 ms!
and the average number of backtrackings was 3494.1~stan-
dard deviation5 8818.6!. Among the 69 inconsistent prob-
lems, only 17 were solved~i.e., 24.6%!. For these problems,
the average CPU time was 31,913 ms~standard deviation5
64,598.7 ms!.

Much better results can be obtained when policy 2 is
adopted. This policy tries to solve the problem by first con-

figuring the portion directly related to input requirements
and then completing the configuration with the other~sub!-
components not involved in the input requirements. This
policy is quite effective because it was able to solve~within
the time limit! 140 out of 153 cases, so that its competence
was 91.5%.~Thus, the competence increased with respect
to the 64.1% obtained under policy 1!.

As reported in Table 3, the average computation time for
solving the 140 problems is 13,007.4 ms. This is a good
result because the configuration system is able to solve most
of the difficult problems that policy 1 was unable to solve
without penalizing the average cost. It is interesting that
policy 2 solved 65 of the 69 inconsistent problems~i.e.,
94.2%!, confirming the intuition that the inconsistency can
be detected earlier in the configuration process if the com-
ponents possibly involved in the satisfaction of the require-
ments are considered first. The time spent in solving these
problems was an average of 24,626.3 ms~standard devia-
tion 5 55,268.3 ms!.

Table 3 compares the performance of policy 2 with re-
spect to policy 3. This latter extends policy 2 by consider-
ing the possibility of splitting constraints into separate classes
and configuring the product by taking advantage of this
subdivision. The competence of policy 3 was the same as
that of policy 2, that is, policy 3 solved exactly the same set
of problems that policy 2 did. However, policy 3 was~slight-
ly! better in both the average number of backtrackings
~26.7%! and the average computation time~25.7%!. In
comparing the results reported in Table 3 it is worth noting
that only some of the 153 problems in the test set admit
constraints splitting. In fact, for only 45 of 140 configura-
tion problems that were solved by policies 2 and 3 was
constraint splitting possible~i.e., 32.14%!. This means that
the overhead for attempting the splitting was small and there
are some benefits in performing the splitting, even when
we compare the entire test set. The benefits become much
more apparent when we focus our attention only on the
subset of cases where constraint splitting was possible.

Table 4 reports the comparison between policies 2 and 3
on the 45 problems where policy 3 could actually exploit
the splitting of the constraints in guiding the configuration
process. We see a significant reduction in terms of back-
trackings~228.1%! and average computation time~228.3%!.
By inspecting Tables 3 and 4 we can see a strong correla-

Table 2. Computer systems domain: Main
characteristics

Max. no. levels in partonomies 4
No. classes total0concrete

Complex 21017
Atomic 72056

Ave. no. slots in each class
Complex~partonomic slots! 8.3
Atomic ~descriptive slots! 4

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
Ave. no. different slot chains in each constraint 1.9

Table 3. Policy 2 versus policy 3 (global)

Policy 2 Policy 3

No. backtrackings
Average 1400.6 1306.2
Standard deviation 3803.7 3600.7

CPU time~ms!
Average 13007.4 12261.0
Standard deviation 39621.3 38636
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tion between the reduction of the number of backtrackings
and the saving in computational effort.

It is also worth noting that the decomposable problems
seem to be easier to solve than typical configuration prob-
lems occurring in the test set. In fact, if we compare the
average CPU time of the 140 problems with the average
CPU times of the 45 decomposable problems we see a re-
duction from 13,007.4 ms to 6,491.9 ms~with policy 2!.

Regarding policies 4 and 5, we have to take into consid-
eration that policy 4 does not try to produce a complete
configuration, but it stops as soon as the portion related to
input requirements has been configured. Policy 5 is like 4
but it has been extended by exploiting constraints splitting
~when it is possible!. Both policies solved the same number
of problems, 142~i.e., 92.8% of the whole test set!.

If we compare these two policies, we get results similar
to those obtained for policies 2 and 3: on the 142 problems
that they solved, there is some reduction, on average, both
in the number of backtrackings~26.7% for policy 5 w.r.t.
policy 4! and in CPU time~23.2% for policy 5 w.r.t. policy
4!. Again, the advantages are much more significant if we
compare the behavior of policies 4 and 5 on the subset of 47
problems~33.1% of the test set! where constraint splitting
was possible: on average,228.1% of backtrackings and
226.8% of CPU time for policy 5 w.r.t. policy 4.

8. COMPARISON WITH PREVIOUS WORK

8.1. Configuration ontologies

The relevant concepts for the various configuration tasks
have been described in several works~Mittal and Frayman,
1989; Mailharro, 1998; Soininen et al., 1998; Felfernig et al.,
2000; Soininen, 2000!. We have defined the decomposition
mechanisms in theFPC framework in which many of these
concepts can be expressed. Besides those concepts explic-
itly mentioned in Section 2, it is worth discussing four other
concepts occurring in configuration ontologies.

8.1.1. Resources

In the FPC framework, both resource satisfaction and
resource balancing can be expressed and actually have

been exploited to model the computer system configura-
tion domain that we used in experiments. For instance, the
RAM memory slots produce a certain amount of memory
capacity, and each software application needs a certain
amount of memory. These properties are represented with
the descriptive slots RAM_mem and Sw_mem associated
with the RAM and Software_Application classes, respec-
tively, and taking values in a set of positive numeric val-
ues. The constraint truer ~max~$^has_asw,Sw_mem&%!! #
~S~$^has_m,has_ram,RAM_mem&%!!, associated with the
PC class, states that the memory capacity resource must
be satisfied.9 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
represented in Figures 1 and 2.

In theFPC framework every constraint is always asso-
ciated with a class of complex objects; moreover, in each
constraint, the slot chains explicitly refer to a set of com-
ponents of individuals of the class with which the con-
straint is associated. This allows the representation of
contexts~i.e., sets of components! in which resources must
be satisfied or balanced.

8.1.2. Shared components

Another issue that it is worth discussing is that of shared
components. As stated in Section 3, in the present work we
assume that partonomic relations are exclusive~Assump-
tion 1!. This assumption is quite natural in several config-
uration domains. However, in some cases shared components
must be represented.

We use an example to briefly discuss some issues rele-
vant to what can be retained and what should be modified
in the framework in order to handle shared components.

Let us consider, for example, the conceptual model de-
picted in Figure 11, where a hydraulic system is composed
of two subsystems having two tanks as their part. We sup-
pose that the tanks can be shared by the two subsystems. If
we require the first subsystem to have only TypeA tanks

~@req1# truer ~$^has_sub1,has_tank1&%!~in TypeA!!

and the second at least one one TypeB tank,

~@req2# truer ~$^has_sub2,has_tank2&%!~in TypeB~1;2!!!,

we may wonder if the decomposition strategies can be ap-
plied to this situation.

The conceptual model states only that the tankscan be
shared by the two subsystems, but not that theymustbe
shared. If a valid configuration exists in which~at least! one
of the two tanks is shared, then a valid configuration in
which each subsystem has its own tanks also exists and it
can be constructed by separately configuring the two sub-

9For brevity, here we do not consider the memory consumption rele-
vant to the operating system.

Table 4. Policy 2 versus policy 3
(constraints-splitting decomposable
problems)

Policy 2 Policy 3

No. backtrackings
Average 1046.3 752.6
Standard deviation 3404 2562.6

CPU time~ms!
Average 6491.9 4653.2
Standard deviation 17825.5 13073.2

Decomposition strategies 69

https://doi.org/10.1017/S0890060403171053 Published online by Cambridge University Press

https://doi.org/10.1017/S0890060403171053


systems; conversely, if both the subsystems can be sepa-
rately configured, a valid configuration of the whole system
does exist. Therefore, the subproblems of configuring the
two subsystems are independent to a certain extent, be-
cause the main problem admits a solution if and only if the
two subproblems are solvable separately.

According to the bound relation~Definition 5!, req1 and
req2 ~associated with the HydraulicSystem class! are not
bound; therefore, this relation is still able to recognize such
an independence.

However, if some components can be shared, it is often
convenient to produce configurations in which they are ac-
tually shared.Forexample,ahydraulic systemwith three tanks
~two TypeAand one TypeB tanks, in which one of the TypeA
tanks is shared by the two subsytems! could be preferred to a
system in which four tanks are present. To produce such
configurations, the procedure in Figure 6 has to be slightly
modified. This procedure always inserts a set of new com-
ponents each time a cardinality greater than zero is chosen
for a partonomic slot. To handle shared components, this pro-
cedure should be given the possibility of using components
already present in the tentative configuration it is working
on each time a shared partonomic relation is considered.

To express the situations in which the components
must be shared,FPC has to be extended with a set
of new predicates. For instance, we could model the
fact that the tanks must be shared by the two sub-
systems by means of the constraint@shared# true r

shared~^has_sub1,has_tank1&,^has_sub2,has_tank2&!. In this
case, the two requirements req1 and req2 cannot be consid-
ered separately. The bound relation still works, because it
places req1, req2, and shared in a same class of bound
constraints.

8.1.3. Functions

Mittal and Frayman~1989! present a model of configu-
ration tasks in which functional architectures play a basic
role. The configuration algorithms that we presented here
does not rely on functional architectures. However,FPC
provides the means of describing a set of functions in order
to express some typical classes of requirements. TheFPC

models contain, for each function, a mapping into a set of
FPC constraints. These mappings are used to automatically
produce the requirements in aFPC constraint-based form.
The user can further specify her requirements by directly
adding a set of constraints to those derived by the functions
that she selected~see Magro & Torasso, 2001b!.

8.1.4. Connections

In some configuration tasks also the connections~either
physical or logical! between components represent an im-
portant piece of knowledge. These connections are usually
represented by means of ports. In our framework this knowl-
edge cannot be explicitly expressed. To model the com-
puter system domain we used in experiments, a set ofFPC
constraints has be derived from this knowledge. For in-
stance, if, in each complex object of classC, the compo-
nents of, say, type TypeAneed to be connected to components
of type TypeB, a set ofFPC constraints is added to the
conceptual description ofC. These constraints state that in
any individual ofC, the number of TypeB components must
be greater than or equal to the number of TypeA components.

To model and reason in those domains in which more
complex constraints relevant to the connections have to be
represented,FPC framework should be extended.

8.2. The open world semantics and the justification
of configuration elements issues

As pointed out by some researchers, the classical open world
semantics of description logics and of classical proposi-
tional or predicate logic is not suitable for configuration
task~see, for example, Weida, 1996; Soininen, 2000!.

For instance, given a consistent DL knowledge baseS 5
^TBox,ABox&, under open world semantics, a particular in-
dividual descriptiond may be consistent withS ~i.e. S' 5
^TBox,ABox ø $d%& may be satisfiable!, even ifd contains
some concept names that do not occur inS. However, in a
configuration task, whereS is a conceptual model and in-
dividuals are intended to represent configuration elements,
such individual descriptions should be forbidden. In fact, it
is assumed that all basic concepts needed to express con-

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

70 D. Magro and P. Torasso

https://doi.org/10.1017/S0890060403171053 Published online by Cambridge University Press

https://doi.org/10.1017/S0890060403171053


figurations are explicitly mentioned in the conceptual model.
Moreover, open world semantics would allow fully speci-
fied individuals to restrict more roles than any primitive or
defined concept ofS that they instantiate. This means that
no basic concept inS is able to account for all the proper-
ties of such individuals. Again, in a configuration task, these
situations should not occur. In fact, it is assumed that the
conceptual model does explicitly contain the description of
all the types of elements that can occur in configurations. In
order to cope with these issues, Weida~1996! formalized
the concept of the closed terminology assumption~CTA!.

Similar problems also occur when formalizing a config-
uration conceptual model as a logic theory. In fact, letT be
a first-order theory describing a configuration domain, in
which all the objects that can appear in a configuration are
explicitly represented~by means of constants!. If we think
of a configuration as a model forT,10 under the classic
semantics of first-order languages, a configuration might
contain objects not represented inT. To rule out these mod-
els, in Soininen~2000! only Herbrand models were al-
lowed. However, as pointed out by the author, this is not
enough. In fact, Herbrand models could contain unintended
relations among elements. This is not appropriate for a con-
figuration task, because any relation occurring in a config-
uration must be “justified,” that is, there must be some
“reason” in theoryT for the relation to hold. Soininen’s
proposal is to further restrict the set of allowed models to
stable Herbrand models~see Soininen, 2000, for details!.

Our framework is close to description logic based ap-
proaches to configuration and basically follows the CTA
stated in Weida~1996!. In fact, the application does not add
any new concept to the conceptual model during problem
solving. Moreover, we distinguish between abstract classes
~nonleaf classes inFPC taxonomies! and concrete classes
~the leaves inFPC taxonomies!. In each tentative configu-
ration ~thus, in both complete and partial configurations!,
each component~either complex or atomic! instantiates one
~and only one! concrete class~Definition 2, item 1!. Be-
sides this, every component occurring in any complete con-
figuration is “finished” in the sense specified in Weida
~1996!. In fact, if a configuration contains the equality
^ p~c! 5 X &, p is a slot~possibly inherited! of the~concrete!
class class~T,c! instantiated by the componentc ~Defini-
tion 2, item 3! and such an equality expresses a property
respecting the restrictions for slotp stated in the conceptual
description of class~c! ~i.e., the equality is justified by the
conceptual description of class~c!, Definition 2, item 3!.
Moreover, each complete configuration specifies every slot
p [ class~c!, for each componentc occurring in the con-
figuration~Definition 3, item 1! and all the constraints~pos-
sibly inherited! associated with class~c! in the conceptual
model are satisfied byc ~Definition 3, item 2!.

The case of partial configurations~Definition 7! is slightly
different, because for them it is not requested that every
componentc specify all the slots relevant to the class that it
instantiates~which is still a concrete class!. However, each
partial configuration can be extended to a set of complete
configurations~Property 2!. Thus, each partial configura-
tion represents a common subconfiguration of a set of fin-
ished configurations.

Differently from Weida’s approach, the framework dis-
cussed in this paper does not exploit CTA to progressively
specify the type of components. In fact, configuration prob-
lem definition~Definition 1! assumes that the concrete class
instantiated by the target object is knowna priori. Further-
more, as soon as a component is inserted into a tentative
configuration during problem solving, the application
chooses the concrete class that such component instanti-
ates. To make such choices the application makes use of a
set of focusing mechanisms able to rule out a set of impos-
sible classes~Magro & Torasso, 2001a!. These choices may
be retracted~by means of a backtracking mechanism! as
soon as the configurator reaches a failure state in the search
space.

Our framework does not require that the components
that can be part of a configuration be explicitly listed in
the conceptual model, because the application creates them
dynamically. Thus, the approach does not commit to Her-
brand models. However, each element occurring in a con-
figuration is justified. Indeed, in each configuration there
is exaclty one component representing the target object
~Definition 2, item 2! and, as said above, each relation
occurring in a complete configuration is justified by the
description of the basic concepts in the conceptual model.
A partonomic relation needs an additional justification for
being stated in a partial configuration, because only the
properties possibly critical for satisfying the requirements
can be specified in such configurations~Definition 7!. ~It
is worth noting that the requirements are expressed in the
vocabulary of the conceptual model: see Definition 1,
item 3.!

As in Soininen~2000! but different than Mittal and Falk-
enhainer~1990!, no subset minimality condition is imposed
on configurations.

9. DISCUSSION AND FUTURE WORK

Problem decomposition has been recognized as an impor-
tant issue in configuration. Fleischanderl and Haselböck
~1996!, for instance, stress the need for designing configur-
able large-scale systems~in which connections among com-
ponents by means of ports play an important role! in a
modular manner. If the interaction among modules~called
packages! is 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
to the product designer. Instead, in the present paper we
have argued that in some configuration domains the com-

10For the sake of simplicity, we can assume here thatT also contains
the requirements.
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positional structure of the product can be exploited to au-
tomatically decompose configuration problems.

The experimental results showed that major improve-
ments in the performance of the configuration system can
be obtained by singling out the components and subcompo-
nents that are directly related to the constraints established
by the user requirements and by first configuring that por-
tion of the product.

We also showed that further improvement can be ob-
tained by analyzing the set of constraints for the target ob-
ject to be configured and decomposing them into independent
sets. Splitting the search space into a set of smaller search
spaces allows us to strongly reduce the number of useless
backtrackings~as made apparent in the section devoted to
experimental results! and therefore to improve performance.

The results reported in the paper were obtained in a set of
experiments made in a real-world domain relevant to com-
puter systems configuration. We obtained similar results by
applying these techniques to a nontechnical domain rele-
vant to configuration of students’ curricula according to
Italian law.

Actually, the improvements reported in the paper are an
underestimate of what could be obtained if a parallel execu-
tion of the configuration subproblems were performed in-
stead of a sequential one. In fact, it is possible to replace the
loop in procedure mainProc~Fig. 4!, which implements a
sequential resolution of the various subproblems, with a
parallel invocation of different configurators.

In the sequential approach, the total amount of time
needed for solving the whole configuration problem is the
sum of the times needed for solving the different subprob-
lems, whereas in the parallel approach the total amount of
time is reduced~in the best case! to the time needed for
solving the most difficult subproblem plus the time spent
in decomposing the problem and assembling the solutions
to subproblems. However, the way we have decomposed
the configuration problem assures that the global configu-
ration can be obtained by simply summing up in the target
object the results of the configurations relevant to the sub-
problems. Moreover, the basic criterion for the decompo-
sition strategies is theboundrelation ~Definition 5!: it is
worth pointing out that this relation, in practice, is inex-
pensive to be computed, so that there is almost no over-
head when we try to split the constraints, even in those
problems that are not decomposable by constraints splitting.

The constraints-splitting mechanism that we have de-
fined and used for partitioning the constraints associated
with the target object can be extended in order to perform
constraints-splitting decomposition in the components and
subcomponents as well. Such a form of recursive constraints-
splitting decomposition is described in Magro et al.~2002!,
and some preliminary results are reported that show its
effectiveness.

A discussion of all the relevant aspects concerning inter-
active configuration was beyond the scope of this paper.

Nevertheless, we argued that decomposition~in particular,
requirements-based decomposition! is an important capa-
bility in such a task.

As discussed in Section 8, many concepts occurring in
the configuration ontologies can be represented inFPC;
thus, the decomposition techniques that we have defined in
this framework can be applied to several configuration do-
mains. We have seen that the extension of theFPC frame-
work in order to represent and use shared components is
straightforward. Instead, some work has to be done in order
to extend theFPC concepts, the configuration, and the de-
composition mechanisms to connections between compo-
nents and to complex constraints on these connections.

The differences between a structured logical approach to
configuration and a CSP-based one make sometimes diffi-
cult to understand how one side can benefit from the results
obtained by the other. Nevertheless, we have started inves-
tigating the possibility of adapting some decomposition tech-
niques defined for large SAT problems~Park & Gelder,
2000! in order to further decompose a configuration prob-
lem into a set of loosely interacting subproblems. For in-
stance, consider a configuration problemP1 that can be
decomposed into two subproblemsP11 andP12 by means of
constraints-splitting decomposition. If we add to the con-
straints relevant toP1 a new constraintv that is bound with
a constraint relevant toP11 and with a constraint relevant to
P12, we get a new configuration problemQ that is no longer
decomposable by constraints splitting. However,Q is “nearly
decomposable.” Indeed, as soon as the constraintv is satis-
fied in a tentative configuration~if possible!, the problemQ
becomes constraints-splitting decomposable~in the context
of such a tentative configuration!. This suggests that the
control strategy of the configurator should be guided by the
constraintv and the configurator should try to first satisfy
this constraint. Magro et al.~2002! contains a preliminary
discussion about this issue.
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