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Abstract other components from the repository while maintaining the
overall functionality of the composite service. Among the
In many applications involving composite Web services, candidate substitutions that offer the desired functityal

one or more component services may become unavailablethe user might prefer some substitutions over others based
This presents us with the problem of identifying other com- on non-functional attributes of the service, e.g., segLgt
ponents that can take their place, while maintaining the liability, etc.
overall functionality of the composite service. Given a  Service substitution based on the functional proper-
choice of candidate substitutions that offer the desiredfu  ties of components has been addressed by many authors
tionality, it is often necessary to select the most preferre [2, 4, 12, 13, 15]. This paper is aimed at addressing the ser-
substitution based on non-functional attributes of the ser yjce substitution problem taking into account the user-pref
vice, e.g., security, reliability, etc. We propose an agto  erences over non-functional properties. We associate with
to this problem usingreference networki®r representing  each non-functional property, a corresponding domain and
and reasoning about preferences over non-functional prop- assume that the non-functional properties as well as their
erties. We present algorithms for Solving several variants respective domains are Specified by some agreed upon stan-
of this problem: a) when the choice of the preferred substi- dards. Service substitution in such a setting requires the
tution is independent of the other constituents of the com-yser to be able to express preferences over non-functional
posite service; b) when the choice of the preferred substi- properties of services. For example, a user might prefer a
tution depends on the other constituents of the compositemore secure service to a less secure one; or one with a lower
service; and c¢) when multiple constituents of a composite cost over one with a higher cost. Furthermore, some at-
service need to be replaced simultaneously. The proposedributes may be more important than others, in which case,
solutions to the service substitution problem based on pref it is useful to assigr[e|ative importancdo different non-
erences over non-functional properties are independent offunctional attributes (e.g., security being more importan
the specific formalism used to represent functional require than performance).
ments of a composite service as well as the specific algo-

. . ) Such preferences ma alitative or quantitative
rithm used to assemble the composite service. P y b d

Qualitative preferences are asserted basedlative good-
nessof two alternatives, whereas quantitative preferences
1. Introduction force the user to quantifigy how mucthe/she prefers one
alternative to another, for example in the form utflity

Service-oriented computing [3, 14, 11] offers a power- fnctions[9]. While quantitative preferences over multi-
ful approach to the assembly of complex distributed sys- e attributes can be difficult to elicit from users, quaita
tems from independently developed software components, eferences are often easier to elicit [10, 18].

in many applications, e.g., e-Science, e-Business and e-
Government. Consequently, there is a growing body of

work on specification, discovery, selection, and composi- . ) . S
P y P value of a particular attribute of the composite service is

tion of services. . . . ) .
. : . a function of all its constituent services. For instance, th

After a composite service assembled from a repository = .~ . . o .
reliability of a composite service is only as high as the re-

of_componentserwces has begn deployed, one or more ConI'iability of its leastreliable constituent. Further, there can
stituents of the composite service may become unavailable

. -be interactions among the user preferences with respect to
Hence there arises a need to replace such components with}. . .
ifferent non-functional attributes. For example, duerm-p

*This work is supported in part by NSF grants CNS0709217, hibitive cost, .the user may prefer higher Seclurii).’ w_heng{her
CCF0702758 and 11IS0711356. is low reliability and lower security when reliability isdji.

Service substitution considering user preferences over
non-functional attributes is complicated by the fact tinat t




Against this background, this paper addresses the prob- e °
lem of service substitution based on user specified qualita-
tive preferences over non-functional attributes. The gont
butions of the paper are as follows: e

1. We introduce an approach to service substitution based
on user preferences over non-functional properties of
services. Our approach utilizgseference networks
[6] for representing and reasoning about preferences
over non-functional properties in this setting.

2. We consider and solve two variants of the service . . . L .
S . " importance among a pair of attributes, i.e., if there is such
substitution problem, namelgontext-insensitivand

. . an edge fromX to Y then X is relatively more important
context-sensitivesubstitution. The former assumes . . .
I . A thanY. The third type of edge is undirected and captures
that the preferred substitution can be identified inde- . i .
. . .~ conditional relative importance betweg&handY givenZ.
pendent of thecontext i.e., the other constituents in

the composition, whereas the latter takes into accountgyample 1 Suppose that a user specifies preferences over
the context of the substitution. three non-functional attributes: reliability ), security

3. We consider and solve the service substitution prob-(5) and availability (4). The domains of the attributes
lem in a more general setting, wherein multiple con- are{Lg, Hg}, {Ls, Ms, Hs} and{L , H,} respectively,
stituents of a composition need to be replaced. whereL, representsow “level” of the attribute s, M; rep-

The proposed solutions to the service substitution prob_r_esentsme(yum_an_d Hi representshlgh. The USer speci-
fies that reliability is more important than availabilitynd

lem based on preferences over non-functional properties ~> .~ " =" : .
vailability is more important than security. l.e., the use

are independent of the specific formalism used to represenfjl ; . i ST
functional requirements of a composite service as well asprefers high valuations of reliability and availability. i+

the specific algorithm used to assemble the composition. nally, the user states that his/her preference with respect
the security isnotindependent of the reliability. At lower

Organization. ~Section 2 discusses the preference formal- |evels of reliability, the user prefers higher securityt te

ism called TCP-net, a model for representing and reason-yser tends to prefer lower security when the reliability is
ing with qualitative preferences and trade-offs. Section 3 high (say, due to prohibitive costs of having higher levels
describes our solutions for identifying the preferred sub- for hoth attributes). The TCP-netin Figure. 1 represents th
stitutions for both context-insensitive and context-gares above user preferences_ It shows thas preferentia”y de-
substitution problems using the TCP-net preference model.pendent orr (i.e. Pa(S) = {R}). Double-headed arrow
Section 4 describes our algorithm for substitution of multi  captures the fact thak is relatively more important thard

ple services in a composition. Section 5 concludes with ayhich, in turn, is relatively more important that Finally,
summary, discussion of related work and an outline of fu- the conditional preference tables annotate each node pre-
ture directions for research. senting the total order of the domain of each attribute ¢w.r.

2. Preferences and Trade-offs: TCP-nets the parents of the node, if any).

The information about preferences and trade-offs over
preference variables (hon-functional attributes) candme-c
pactly represented using a graphical model called TCP-net. For completeness of discussion, we describe the formal
A TCP-net [5, 6] is a directed graph such that the nodes of Semantics of TCP-net representation of preferences fellow
the TCP-net represent preference attribbdteand there are  ing [6]. We assume a set of preference variables { X,
three types of edges. The first type of edge is a directed edge- - X} With finite domainsD(X;), ...D(X,). An out-
(single headed arrow) frofX (¢ V)toY (€ V). Suchan  COmeo is a complete assignment of all variabl&s in V.
edge asserts the preferential dependence of an attibute The setofoutcomes& C D(X1)xD(X2)x...xD(Xy).
on the assignment of its parerita(Y) (e.9.X € Pa(Y)). A preference rankings a total preorder over the set of out-
Each node (preference attribue) that has a non empty comesO. We denote the fact that outcome € O is at
set of parentsPa(Y') influencing its preferences, is anno- leastas preferred (strictly preferred) outcomer, € O by
tated with the conditional preference relation cabemdi- 01 = 02(01 = o02). We denote the fact that the usetiris
tional preference table” PT(Y). More formally, we as-  differentbetween outcomes; ando, by o, = o, if neither
sume for each assignment Ba(Y), CPT(Y) specifiesa 01 = 02 NOroz = o™,
total order overD(Y'), the domain oft”. The second type 1TCP-nets also allow the expressioncaiditional preferences — pref-
of directed edge (double headed arrow) captures the relativ erences over variable valuations conditioned on otheabtes’ valuations.

Hg |Ls > Mg > Hg
L |Hs > Mg > Lg

Figure 1: TCP-net: Representing Preferences and Importance

2.1 Preferential Semantics




Preferential Independence. In order to understand the

there is another variant of the TCP-net, known as UCP-

need for preferential independence, we note that the set ohets [6] that captures quantitative preferences and refati
possible outcomes is exponential in the number of prefer-importance information using utility functions. However,

ence variables (wheren = |V|). Further, the set of pos-
sible total preorders is doubly exponentialiin A set of
variablesX C Vs preferential independentf Y =V — X

if for all possible values of’, the preference ordeamong
various assignments t& is the same. Formally, a set of
variablesX is preferentially independeff the set of vari-
ablesy = V- X iffforall x1,22 € D(X); y1,y2 € D(Y),
we have::clyl > T2 iff T1Y2 = T2Y2- We say thatﬁl is
preferred toz, ceteris paribud (all else being equal). In
Figure 1, reliabilityR is preferentially independent of secu-
rity .S while S is preferentially dependent ar.

Relative Importance. In Figure. 1, we observe that the
variables availability and reliability are preferentjaihde-
pendent. However, in order to assert if an outcome with
high availability and low reliability is preferred to oneti
low availability and high reliability, preferential indep-
dence information alone is not sufficient. Additional infor
mation regarding the relative importance of one attribute
over the other will be necessary. In our example, relia-
bility is relatively more important than availability (deu

ble headed arrow). As a result, given a choice, the user

would settle for lower availability instead of compromigin
on reliability. This additional relative importance infoa-
tion helps us to infer that an outcome with high reliability
and low availability is preferred to one with low reliabylit
and high availability. Formally, leX andY be a pair of
preferentially independent variables givér- { X, Y'}. We
say thatX is relatively more importanthanY’, denoted by
XpY,if
Yw. w € D(W), where W =V — {X,Y}
Va1, x2 € D(X),Vya,yp € DY) :
T1 > T2 = T1Y W > T2YpW.

The above definition states that the preferencg,w >
zoypw holds even ify, > y,, since any change to the worse
in Y is preferred to any change to the worseXin

In Figure 1, based on the these definitioRss preferen-
tially independent ofd andS; S is preferentially dependent
on R and is annotated with@PT'. R is relatively more im-
portant thamd and A is relatively more important thafi.

Remark 1 We limit our scope of discussion to a class of
TCP-nets calledconditionally acyclicTCP-nets, as only

since we are not dealing with quantitative preferences, we
stick to the basic qualitative TCP-nets.

Non-dominated Set of Outcomes. Given aconditionally
acyclic TCP-net, there exists a total order (that can be ob-
tained using a topological sort) of the set of outcoehat

is consistent withthe given TCP-net [6]. However, several
orderings of©O can be consistent with a given conditionally
acyclic TCP-net (corresponding to distinct topologicatso
ing of the variables in the preference network). In a total
preorder, there could be an outcomsuch thaflo’ : o’ > o
with respect to the TCP-net, but one cannot defias the
unigue most preferred outcome.

Consider the example in Figure 1. If the user did not
provide the information thak is relatively more important
than A, then we will not be able to assert the preference
between two valuations of attribute$Hy, Hs, L4) and
(Lr,Hs,H,). In other words, the user is indifferent with
respect to the above outcomes and we say that the outcomes
form anon-dominatedet, one where any elementin the set
is not preferredover any other element in the set. To han-
dle such situations, it is necessary that the reasoningtabou
preferences considers non-dominated outcomes instead of
the unique most preferred one.

3. Web Service Substitution

We now proceed to describe the problem of Web service
substitution, and how to use TCP-nets to compute the pre-
ferred substitutions from a set of functionally feasiblesal
natives. For this purpose, we will usiminance queries

?
[6] of the formo = o’ with respect to TCP-net (in other
words whetheb is preferred to or dominates).

Definition 1 (Web Service Composition [17]) A Web ser-
vice compositiolC = W1 @ Wy ... ® Wj, such thatvl <

I < k,W; € Ris an assembly of component services from
a repository of available serviceB = {W;, W5 ... W, }
such thatC is functionally equivalent to a target or goal
serviceG, denoted byC = G. In the aboved is thecom-
positionoperator for composing two services.

The problem of Web service substitution refers to iden-
tifying a component service from the repository of services

this particular class of TCP-nets have been proved to be that can suitably replace a particular component in an ex-
satisfiable with a preference relation [6]. We also assume isting composite service. The identified component service
that the preferences over variable domains are total orders must achieve the desired functionality in the context of the
for the purpose of this paper, although TCP-nets in general composite service as a whole. Formally, Web service sub-
allow specification of partial orders as well. We note that stitution is defined as follows.

4Functional equivalence can be defined in many ways inclubiisign-
ulation of labeled transition systems [16, 15]

2Conditional preferential independence can be defined aityil
3Ceteris paribus is a Latin phrase that means "all othergbeiual”.



Definition 2 (Web Service Substitution) Given an exist-
ing composite servic€ = W, e Wy ... W,_1 @ W; @
Wit1 ... ® Wy that achieves the functionality of the tar-
get or goal serviceGG such that C = G, Web service
substitution amounts to identifying a replacemdnt,, of

a componentV; in the composite service, such that =
WieWy..eW,_1oWsdWip...eWy and C’

We will also use the notatio6' © W to denote the partial
composition obtained by removing the serviéefrom the
composite servic€'i.e.,CoW;, =W, eWsy...oW,_1 ®
Wiy1 ... ® Wg. The above definition, however, does not
take into consideration the preferences over non-funation
attributes of the composition and the components.

Given the user-preferences and trade-offs over non-

functional attributes in the form of a TCP-net, we can define
thepreference valuatiofiL7] of a service as follows.

Definition 3 (Preference Valuation) Preference valuation
is a functonF : W x X — UD(X;) W
{Wy,Wy... Wi}, X = U{X:}. We denote the valuation
of an attributeX; in a Web servicdV as FF(W)(X;) = v;
wherev; € D(X;). We define the valuation of an at-
tribute X; in a compositionof two servicesV; & W; as
F(WZ S5 Wj)(XZ) e F(WZ)(Xl) O] F(WJ)(XZ), where

FWi)(Xp) © F(W;)(Xp) =
FW;)(Xp) if F(Wi)(Xp) = F(W;)(Xp)

F(W;)(X,) otherwise

The preference valuation of a compositionP? = W; @
Wo @ ... W with respect to attributeX,, is defined (induc-
tively) asF(P)(X,) = F(W1)(X,) © F(W2)(X,) ... ®
F(W;)(X,). We also denote theomplete preference valu-
ation over all attributest’ of a compositionP as the tuple
Vp = (F(P)(X;), F(P)(X2) ... F(P)(Xg)).

The functionF' defines how the valuations éf's com-
ponents are aggregated. Our definitionFotomputes the
the least preferred valuation of that attribute among thie pa
ticipating component services in the composition. For ex-
ample, in the case of reliability, the valuation of a compo-
sition can be defined as the valuation of legstreliable

| | Services| Reliability | Security | Availability |

Composite C Lr Ls Hyu
To-replace w Lr Ls Ha
W1 LR Ls LA

. W2 HR HS LA
Substitutes Wa In e i
Wy Lr Hs Ha

Table 1: Preference Valuations

3.1. Computing Preferred Substitutions

Now we address the problem of finding the preferred
substitutions from a set of functionally feasible substitu
tions using a TCP-net model of preferences over non-
functional attributes. Given a composite serviceand a
componenti? to be replaced, we assume that there exists
a mechanismthat generates the set of functionally feasible
substitutions)V, from the repository of available services.
Our goal is to compute the set’ C W of preferentially
non-dominated substitutions with respect to the given TCP-
net.

We further distinguish between two variants of the sub-
stitution problem, namelycontext-insensitivand context-
sensitivesubstitution. The first approach assumes that the
preferred substitution can be obtained independent of the
contexti.e., the non-functional properties of the other com-
ponents in the composition, while in the second approach,
the context of the substitution is taken into account.

Example 2 Consider a composite servig€ that and a
componentiW in C that needs to be substituted. Sup-
pose that there is a set diinctionally feasible substitu-
tions W = {Wy, Wy, W3, Wy} such that each component
W, € W can substitutd? in C satisfying all the func-
tional requirements of the substitution. The non-funaion
attributes of interest to the user are reliability, availtty
and security, and the user-preferences over these ata#but
are represented using the TCP-Net in Figure 1. The valua-
tions of the non-functional attributes f6f, W and the sub-
stitutes are presented in Table 1. The objective is to iflenti
the preferred substitution(s) fd# in the compositiorC.

component. We note that other attributes such as cost may; 1 1 context-Insensitive Substitution

require other ways of aggregating the attribute valuatidns

the components in a composition, which can be handled by This approach simply computes the preferentially non-

having appropriate definitions & and®.

Definition 4 (Sole Dependence)Given a composition”'
and its componenty’, we say that”' is solely dependent
on W with respect to an attributeX; iff Voew (X;) >
Ve (X5).

In other words, improving the valuatioViy (X;) im-
provesC'’s valuation of X; as well, i.e., all other compo-
nents inC' have a strictly better valuation fox; thanv'.

dominated substitutions for the component to be replaced,
from the set of functionally feasible substitutions, wittho
considering how the non-functional properties of the other
components in the composition may affect the valuation of
the overall composition.

In Example 2} is the most preferred substitution)iti
asVw, = Vw, = Vw, = Vi, (see Figure 1 and Table 1).

5We refer the reader to [15, 12, 13, 2, 4] for more details ortional
aspects of service substitution



If C is solely dependendn W with respect to reliability = now address the problem of finding substitutes for more
and security, then the choice &f; is the most preferred than one component at a time.
one. As the existing composite serviCehas the valua- Consider a composite servicg that needs to replace
tion Vo = (Lg, Ls, Ha), following Definition 3, the new  a setof n of its componentsW = {W;,W,,... W, }.
composition withi, as the substitute will have a valuation We again assume that the user-preferences over the non-
Vo' = (Hgr,Hg,La) = V. functional attributes are modeled using a TCP-net, and that
However, consider the scenario when with respect to thethere exists a mechanism to find out the set of function-
attributes reliability and security; is not solely dependent ally feasible substitutions for any given component in the
on W, e.g., there is some other service(hin addition to composite. Suppose that eadhj has a set of function-
W that has low reliability and low security. In that ca$g; ally feasible substitutionsRy, = {W;,,Wi,,... W, }.
as the preferred substitution would be a bad choice, as theThe problem is to find one substitutidfi;, from Ryy, for
overall valuation ofC goes down:Vy' = (Lg,Ls,La), each component’; to be replaced. There are many fea-
i.e., Vo = V¢'. This is because the computed substitu- sible sets of substitutions functionally possible, given b
tions do not take into account tlentextof the composite  the space® = Ry, x Rw, ... X Ry, . We denote the
service as a whole. A better substitution in terms of pref- composition obtained by making the set of substitutions
erence can be obtained, if we take into account some con-S = {W;, Ws,... W2} (whereW; denotes a substitute
text information, i.e., the preference valuation of the eom service in the seRy,) as(C & R) @ S. We are inter-
posite service” in the absence ofl’, Voew. Thus, the ested in finding a set of substitutio$s € P that maxi-
context-insensitive approach works well only when all the mizes the preference of the resulting composite serviee, i.
non-functional attribute valuations of the compositios ar A5’ € P : Viceryas = Vicer)os-
solely dependent on the component being replaced. One way to search for an optimal solution is by brute
force: exploring the entire space of sets of substitutiBns
] ] o and finding the set of non-dominating set of substitutions
In this approach, when identifying a replacement, we take from that set. However, given that the number of compo-
|n_t0 account how the valuatlpn of the |dent|f|ed_s_ubst|m|t|o nents to be replaced isand considering that each compo-
will affect the overall valuation of the composition. AS & npent hagt functionally feasible substitutes, it is computa-
result, here we consider the valuation of the composmon tionally expensive (number of possible sets of substifistio
in the absence of the component to be replaced in order tgg exponentialO(k™)) to explore the entire space.

3.1.2 Context-Sensitive Substitution

identify substitutions, i.elcow, in contrastto the context- A more efficient but naive approach for finding multiple
insensitive approach where we instead considétedThe component substitutions according to the user preferences
following algorithm describes this approach. would be to execute the one-component substitution algo-
1. ComputeVWj’ = Vicowyow,, YW; € W rithm multiple times, once for each component _to be sub-
2. Compute the preferentially non-dominated set of val- Stituted. However, there is no guarantee that this approach
uationsy = {Viw,” | W3’ : Vin,” = Vi,’} wirt. would give the begt possible set of substitutions, as illus-
TCP-net trated by the following example.
3. Returr_l th_e sgt of Sl/.letItutIOI’lS corresponding to eaChExampIe 3 Consider a compositiof! that requires three
valuationing i.e., W' = {W; [ Vi, € ¢} services to be replacedW’ = {Wy, Wy, Ws}. Let
To see the subtle distinction between the context- there be functionally feasible substitutions?y, =
insensitive and sensitive approaches, suppose that in Ex{Wi1, Wiz, Wiz}, Rw, = {Wai, W, Waz}, Ry, =

ample 2,C is solely dependent ol with respect to se-  {Ws1, Ws2, W3} respectively. Table 2 shows their val-
curity; and not with respect to reliability and availahjlit ~ uations over two non-functional attributes and Y with
Let the valuation ofVoew yield (Lg, Hg, Ha) — assum-  domains{xo, x1, v2, x3} and {yo, y1,y2,ys} respectively.
ing all other components i€ have high security level. ~ The preferences over the variables are given in Figure 2.

The above algorithm would return the solution1&s be- Let Veew = (x2,y3); then the naive substitution ap-
causeVicewyows = (Lr,Hs,Ha) clearly dominates proach will execute the single-component substitution for
Vicewyews = (Lr, Ms, Ha), as well asVicewyaw, = Wy, Wy and W5 independently, yielding replacements

(Lr,Ls,La) andVicewyow, = (Lr,Hs,La). Thus, I/_Vll,ng and W:?vl respgctively according to t_he algo-
this approach yields the best solutig’ = {1V} taking rithm presented in Section 3.1.2. The resulting prefer-

into account the context information. ence valueVoowe(w,, Way W5} = (To,y1). How-
. o ever, note that there exists another solution, namely re-
4. Multiple Component Substitution placementsiVys, Way and W, for Wy, Wy and Wi re-

The solutions we have seen so far are aimed at findingspectively, which yields a better solution with valuation
preferred substitutions for one component at a time. We Veow g {w,a,was,wai} = (T2, Y1)-



VW11 = <x17y3> VW21 = <x07y2> VW31 = <x37y1>
VW12 = <x27y2> Vsz = <x27y1> VWsz = <x27y1>
Vv, = (@1,91)  Vives = (o, v1)  Vivss = (21, 01)

Wi (l,3)

Table 2: Valuations of replacements

OO

’)’3>)’2>Y1>Y0‘ ’X3>X2>X1>Xo

Figure 2: Preferences: Multiple Component Substitution P

The reason for the sub-optimal solution obtained by the
naive approach in the above example is that it does not con- Figure 3: Multiple Component Substitution
sider the effect of the choice of replacement for one compo- o s
b PO"41 Finding Preferred Order

nent on the choice of replacement for others.
The solution obtained by the naive approach can be im- We construct a lattice with the bottom of the lattice as the

proved by having a search procedure that chooses the opP@rtial compositior’ S W, and the top of the lattice as the
timal replacement for a componeHit;, contingenton the fully substltuted_orepawe_dcomposmon, namelg' oW @
previous replacement choices already made. However, note’- Each node in level ('-e-’_”O‘?eS that ar_ésteps away
that even in such an approach, tirderin which we choose from the bottom) of the lattice is the partial composition
replacements for components plays an important role in de-C © W composed witf different substitutes. There are a
termining the solutions. For example, if we choose the total of n + 1 levels in the lattice and at each levedf the

replacement foitV, first, followed by a replacement for Iatt!ce,. there are{’}) nodes. In pqrticular, the Iev@lo_f the
W, (given the choice forV;), followed by a choice for lattice is the bottom and level+ 1 is the top. The lattice for

W (given the choices fol¥’; and W), we obtain the Example 3 is illustrated in Figure 3, whegg corresponds
sub-optimal solutioni¥;;, Wa, and Wa; with valuation ~ ©© ¢ © W ands; corresponds td/ © W @ S, whereS

(0, y1). Instead, if we choose the replacementfigy first is the optimal substitution. We note that each path in the
followed by > a’mdwl then the resulting solution is (’)p- lattice specifies one order of selecting substitutddirand
timal: the choice fOngiS Wi1; the choice fofs (given we denote the valuation of the fully substituted compositio

the choice forl¥;) is Wss, and the choice foil; (given obtained through a paghin the lattice ag_/P' )

the choices folV; andW5) is Wis. The resulting valua- We assign the cost of each node in th_e Ia_ttlce as fol-
tion of the substituted composite servicdis, y;) and it is !ows. The cost of the bottom of the latticey(in Figure 3)
optimal. Thus, the order in which the replacements for the IS Veew. The cost of a path of lengthfrom s, to any
components are chosen impacts the optimality. other node is the given by, (7, . 7,y WhereW; is

In the absence of any information regarding the order locally-preferred substitute for
in which components have to be replaced, ¢inéy way to
guarantee an optimal solution is to explore all possible or-
ders. In effect, this problem generalizes the known NP-hard

t_raveling sqlesman _proplem [8] that involves finding the op- Eqof example, in Figure 3, there are two paths fregrto
timal ordermg of_pplnts in aplang such thgt the overal.l-real ss. The cost of substitution along the path, s1, s4 iS
valued costis m|n|.m|z_ed. The qwfer(?nce in our case is that Voowe(wi,.wa) = (21,91); in this path substitution of
we deal with qualitative valuations instead of real-valued W, is selected before the substitution figf;. While the
costs. cost of substitution along the path, ss, s4 is computed
We propose an approach to finding the optimal solution from the selection of substitution fa#’5 followed by that
by exploiting that fact that the optimal solution corresgen  for 1. Cost of any node other than the bottom is the most
to somepreferred orderin which the services are consid- preferred cost among the paths from the bottom of the lat-
ered to be replaced. In the above example, such orders aréce to itself. For example, cost of nodg is (z2,y1) due
(W3, Wo, W) and(Ws, Wy, Wa). We presentan algorithm  to the cost of the patky, s5, s4. Finally, the most preferred
that organizes the possible orderings in the form of a attic substitution is given by the path from the bottom to the top
and obtains the preferred order as the shortest path betweeaf the lattice which corresponds to the cost of the top. Note
two nodes in the lattice. that, this path corresponds to the preferred-order.

W, € {Wl, Wy, ..., Wn} — U{WJ | 1/2[77 substituteSWj}

Jj<i



Algorithm 1 PreferredSubstitutions(, G(N, E))
1: forall n € N do

2. V, vV
3:  p(n) < undef
4: end for
5 Vien « Veow
6: while |[N| > 0do
7: N1<—{n€N:§9m€N:Vm>-Vn}
8: N — N \ N1
9: forall n e Ny do
10: forall m € N such thai{n,m) € E do
11: if Vaom > Vin then
12: Vin — Vaom
13: p(m) —n
14: else ifV,,, ~ V,om then
15: Create a node’ with same edges as
16: Vr;z — Voom
17: N —Nu{m'}
18: end if
19: end for
20: end for
21: end while

Algorithm 1, inspired by Dijkstra’s shortest path al-
gorithm [8], computes the cost of the top of the lattice.

Whereas Dijkstra’s shortest path algorithm works for quan-

uations, then the node is split intd nodes (replicating all
the edges of the original node in the split nodes), one for
each of the paths with non-dominated valuations. However,
such splitting, which will increase the computational com-
plexity, can be effectively avoided by soliciting informaat
from the user to break the tie due to non-dominance when-
ever the condition at Line 14 is satisfied. In that case, our
algorithm will be able to assign a unique cost to each node,
thereby avoiding node splitting.

The algorithm terminates when the minimum cost of all
nodes are assigned; At this point, the valuations at the top
element in the lattice correspond to the most preferred non-
dominated substitutions.

4.1.1 Complexity

Let there ben components to be replaced, ahdeasible
substitutes for each of them. By our construction, for each
edge of the lattice, we make one substitution, i.e., we choos
the best substitute frorh candidates. Assuming that we
obtain unique cost for each node (i.e., costs of all paths
leading to a node are comparable), the number of times
we make such a selection is equal to the total number of
edges in the lattice, which is.2" 1. Hence, we consider
k.n.2n~! sets of substitutions in all. It can be shown that
Vk > 2,¥n >4: k" > k.n.2""1, i.e., our approach will be
more efficient than brute force whenever- 2 andn > 4.

Remark 2 If the cost of a node is not unique, as would be

titative costs, or cases when the valuations of the paths argne case if there are at least two paths to that node with non

totally ordered, Algorithm 1 works for partial orders as el

dominating costs, then an alternative to splitting the node

This is needed because a node can be associated with mulg to solicit information from the user to break the tie be-
tiple costs as the cost of the paths from the bottom to thatyyeen these costs. This leads to unique cost at each node.
node may be incomparable. Furthermore, unlike Dijkstra’s | the event, the user fails to provide such information, the
algorithm which works on real value comparison operator, gigorithm can proceed by splitting the nodes. However,

>, Algorithm 1 uses dominance relation between non-
functional attribute valuations.

Lines 1-4 initializes the cost of a nodig and its parent
p(n) to v andundef respectively. The symbal denotes
the worst valuations of the non-functional attributes im ou
setting (e.9.{Lg, Ls, L4)). At Line 5, the bottom of the
lattice is assigned the cost dEow, i.e., the value of the
non-functional attributes of the compositichwithout the

services inl¥/. Line 7 obtains the set of nodes whose as-

such splitting will lead to increase in computational cost
of our method. Letn nodes be split at each level of our lat-
tice representation. Then the complexity for computing the
globally-preferred substitutionsts
n—1
C(n,m) =kn2""' +km Z(z' —1)(n—1)
=2

(1)

Using this, we can design a method that switches from our

sociated cost is not dominated by that of any other node.algorithm to brute-force method when splits are made

Initially, this set will be singleton containing only the tho
tom element (unlesB-cw = V, in which case any substi-
tution for the services i/ is a preferred one). Line 10—

13 identifies the one-step neighbors of the current node and
updates their cost appropriately if the costs are comparabl h

(Line 11). If there are two paths ta with incomparable
costs (specifically with non-dominating costs — Line 14),
then the node is split into two (Lines 15-17). In general
if there arep paths leading to a node in the lattice, grid

paths form the non-dominating set with respect to their val-

and any further splitting will maké™ less thanC'(n, m).

5. Summary and Discussion

Web service substitution approaches [15, 12, 13, 2, 4]
ave been developed in the past that identify functionally
feasible replacements from a given repository. Regarding
non-functional properties, existing techniques have $ecu

' on analyzing non-functional properties as hard-condsain

5The derivation of Equation 1 is not presented due to spacsticont.
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