
Journal of Automata, Languages and Combinatoricsu (v) w, x–y
c© Otto-von-Guericke-Universität Magdeburg

QUALITY-AWARE SERVICE DELEGATION
IN AUTOMATED WEB SERVICE COMPOSITION:

AN AUTOMATA-THEORETIC APPROACH 1

OSCAR H. IBARRA

Computer Science Dept., University of California, Santa Barbara,
Santa Barbara, CA 93106, USA

e-mail: ibarra@cs.ucsb.edu

BALA RAVIKUMAR

Computer Science Dept., Sonoma State University,
Rohnert Park, CA 94928, USA

e-mail: ravi.kumar@sonoma.edu

and

CAGDAS EVREN GEREDE

Computer Science Dept., University of California, Santa Barbara,
Santa Barbara, CA 93106, USA

e-mail: gerede@cs.ucsb.edu

ABSTRACT

Automated Web Service Compositionhas gained a significant momentum in facilitating fast and effi-
cient formation of business-to-business collaborations where an important objective is the utilization
of existing services to respond to new business requirements in a timely manner. In this context,
the service delegation problem can be formulated as follows: When a user poses a sequence of re-
quests to a “service community”, how to delegate the requests to the available services registered in
the community so that the user requests are satisfied via a collaboration of these services. Here, we
present a formal analysis of theconstrained service delegationproblem where users also provides
a set of quality constraints about the delegation of their requests. We follow the “Roman” service
composition framework and extend it with a QoS model. We use the Presburger arithmetic to specify
constraints. We show that there exists a linear time algorithm for the service delegation problem. In
fact, this algorithm is a finite memory algorithm that solves two variations of the service delegation
problem by reading the activity sequence in two or multiple passes. We also show that these results
are tight in the sense that the number of passes can’t be further reduced. We also prove that the
constrained service delegation problem can be solved in polynomial time in the number of service
requests and delegation constraints.
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1. Introduction

The Web services paradigm is about the fact that the benefits of the Internet as a platform can
apply not only to information but to services as well. This paradigm promises to facilitate
inter-operation of highly distributed and heterogeneous services which are loosely-coupled,
reusable and network-enabled applications. A significant progress towards this goal has been
made by emerging standards (e.g., SOAP [14], WSDL [16], BPEL [4]), industrial technology
(e.g., IBM’s WebSphere, Microsoft’s .NET, Sun’s J2EE) and several research efforts. Our
effort here is on the analysis and understanding of automated service composition.

Automated service composition has similarities with information system integration,
workflows, automated planning, and distributed computing ([10], [12]). The main objective
is to respond to new business requirements automatically by leveraging the existing assets.
This objective is achieved by putting the existing pieces together, and facilitating a collabora-
tion among these autonomous pieces. One proposal toward this goal isservice communities
([1], [2]). A service community is a group of service providers and service users of similar
interests. Service providers register their services for the community use. When a service
user asks for the execution of some activities, there may not be a stand-alone service that is
capable enough to satisfy the request. There may be, however, a way to coordinate the ser-
vices in the community to perform the job in a collaborative manner. The goal of this paper
is to study the automatic generation of this type of collaborations.

The next example illustrates the studied problem. In this example and the rest of the
paper, the “Roman” service framework ([2], [3], [6], [7]) is used as the service model. Finite
state automata (FA) are used to model service execution logics where each labelled transition
represents an execution of an activity (see Section 3 for more details).

Example 1 Figure 1 illustrates the specifications of5 services desired by a travel service
community. For instance,S1 is a book-air-travel service which can be used to book a flight
and a limo. The final (initial) state is represented by a double circle (a circle with a trian-
gle). Each transition label describes the activity performed and the quality of the transition.
For instance, let’s say, the execution cost of book-plane activity byS1 should be between
$10 and $20 dollars, and the execution time should be between5 and10 seconds (the units
are assumed to be defined in the community ontology). This can be represented asQ11 =
{(price,〈10, 20〉, $), (duration,〈5, 10〉, sec)}. The service providers joining the community
register their service instances with the appropriate service specifications. The registration of
a service instance under a service specification implies that the registered service instance can
satisfy the specified service behavior with some quality lying in the specified quality ranges.
For instance, a service instance registering forS1 has to execute the book-plane activity be-
tween5 and10 seconds.

In this setting, let’s say, a community user asks for the execution of the sequence of the
activities book-air-plane, book-shuttle, register-event, book-hotel and book-limo. Also, the
user wants the execution time to be less than 10 seconds and the execution cost to be less
than $20. Unfortunately, none of the specifications describes such a service. On the other
hand, the activities can be delegated to any3 services each of which satisfiesS1, S2 and
S4 respectively, and these services can be coordinated to perform the execution successfully.
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Figure 1: Problem Overview: A travel service community

Figure 1 shows one such delegation described as d(w) =12421.2

The community also can have some constraints about a delegation. This kind of con-
straints give the community the power to control the execution of services. For instance, the
community may favor the usage ofS2 andS3 rather thanS1 which can be represented as the
constraint#S1 < #S2 + #S3 (the number of activities executed byS1 should be less than
the sum of the ones byS2 andS3). These constraints can also be used to affect the perfor-
mance characteristics of the community. For example, the constraint#S5 < #S4 < 2∗#S5
specifies that the work load onS4 should be about within a factor two of the workload onS5.

Our goal in this paper is to develop a delegation algorithm which takes user requests and
delegation constraints as the input and produces a specification describing a satisfactory del-
egation of the requests to the service specifications published by the service community.

¤

This paper makes the following contributions:

• We extend the “Roman” model [2] with a quality of service model to capture the cases
where different services process the same activities with different qualities.

• We define the constrained service delegation problem. Given a community of services,
service requests (a sequence of activities), and a set of quality and community con-
straints, we study the problem of how to compute a delegation of requests which sat-

2Note that for the clarity of the discussion, here, we explain a simpler version of a delegation specification. In
fact, as described in Section 3, the specification includes not only which activity is delegated to which service, but
also which transitions are taken by each service.
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isfies the constraints and describes a way to process the requests using the community
of services in a collaborative manner.

• We show that there is a linear time algorithm for the service delegation problem (no
constraints). In fact, this algorithm is a finite memory algorithm that solves two variants
of the problem by reading the activity sequence in two or multiple passes. We also show
that these results are tight in the sense that the number of passes cannot be reduced.

• We prove that the constrained service delegation problem can be solved in polynomial
time in the number of the service requests and the delegation constraints.

The remainder of the paper is organized as follows. Section 2 discusses the related work.
Section 3 defines our service model and the constrained delegation problem. In Section 4, we
present the technique used in the study of delegation problem in a more abstract formal lan-
guage theory framework. Section 5 and Section 6 present our main results on the delegation
problems. In Section 7, a related problem of multiplicity of delegations is studied. Section 8
concludes the paper.

2. Related Work

Our work is most closely related to the works in [1], [2], [3], [5], [6], [7], and [17]. [2]
defines a service composition framework, often referred to as “Roman” model, and studies
the following problem: Given a number of existing service descriptions and a desired service,
how to find a delegator (a specialized kind of mediator) that will achieve the desired behavior
by coordinating the activities of the existing services.

In [2], [3] and [6], the desired service is given as a finite state automaton; and the prob-
lem is to construct a delegator that can output the delegation of any sequence of requests
acceptable by the desired service. This problem is more service provider-oriented in that the
provider would like to construct her desired service. In other words, she specifies the service
she would like to have and the algorithm computes a delegator so that the new composite
service can serve its clients successfully by delegating the tasks to the existing services. De-
pending on the given system of services, the delegator varies from being a simple FA to a
universal model such as a (polynomial time bounded) Turing machine.

The problem of computing a delegator, if there is one, is shown to be solvable in EXP-
TIME [2]. In [3], the model was extended to allow interaction among existing services, and
therefore the delegation decisions are partly given to the services involved which provides
more flexibility to the services in order to achieve the desired behavior. In [6], the delegator
notion was extended to have “look ahead”, i.e., the delegation decisions may depend on fu-
ture activities. [5] studied generalizations of the model of [2] to automata with unbounded
storage where decidability and undecidability of the composability were shown. Compared
to these studies, we are given a desired execution, instead of a desired service. In that sense,
our work is more service user-oriented.

[7] extends the model with processing costs attached to each activity and studies the prob-
lem of computing the cheapest service delegation. It has been shown that the delegation can
be computed in time linear in the length of any input. In contrast to [7], here we don’t con-
sider the optimality of a delegation; on the other hand, the model defined here is more general
and can model several quality metrics including execution costs.
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Service communities are also studied in [1] and [2]. In [2], service providers export their
services to a community, and what additional services can be provided from the registered
services is computed automatically. On the other hand, in [1], service communities describe
the services they would like to provide, and service providers register their services which
can satisfy the communities’ specifications. Our notion of service communities is closer to
that of [1].

[17] proposes a QoS-aware middleware for service composition. Compared to our work,
in [17], each quality metric represents the exact quality of an operation or a service, whereas
in our case the quality metrics are ranges. Also, [17] studies how to select services to form
a given composite service to satisfy a set of quality constraints. In their case, a composite
service schema (represented as a state chart) specifies which activity is performed by which
type of service. Therefore, by construction, the delegation information is included in the
composite service schemas. In our case, however, the given execution sequence doesn’t
contain this information.

Note that the task of service composition consists of two main steps, namelycomposition
synthesisandorchestration[2]. Composition synthesis refers to the process of computing
a specification of how to delegate user requests to the composition components to answer
users’ needs. On the other hand, orchestration refers to the actual run-time coordination of
service executions, considering data and control flow among the components. In this paper,
we study the synthesis problem.

3. Preliminaries

3.1. Service Model and Service Communities

This section presents a formal setting for services in order to get a precise characterization of
the service delegation problem. For this purpose, we follow the model presented in [2] (often
referred to as the “Roman” model).

In this model, aserviceis a software artifact interacting with its clients (humans or other
services). Anexternal service schemadescribes the published service behavior (activities
performed and their execution order). It hides some of the details about the internals. An
internal schema, on the other hand, specifies the full logic of how the activities are actually
executed. In other words, while an internal schema provides the complete service specifica-
tion, an external schema contains partial information and hides some of the business logic
from service users. This study focuses on external service schemas. In the remainder of the
paper, we, therefore, use ’schema’ to mean ’external schema’.

A service instancerefers to one occurrence of a service among several running instances.
Each instance conforms to its schema during its execution. We can informally describe the
semantics of a service execution as follows: When a client first invokes a service instance,
an “enactment” is created for the conversation. Then, the client interacts with the service
instance by sending an activity request and waiting for the return information. On the basis
of the returned information, she determines her next activity request. When the client doesn’t
have any more requests, she may explicitly terminate the enactment.

When a client sends requests to a service, the service may perform each requested activity
on its own or it candelegatethe processing of them to other services. Asimple service
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processes all requests on its own, while acomposite servicemay delegate some or all to
others.

A service communityconsists of a set of services of similar interests and defines a commu-
nity ontology (a common language agreed by the community). Based on its requirements, the
community defines (possibly composite) external service schemas. These schemas describe
specifications of desired services. Each such schema is realized by actual services which join
to the community by registering themselves with appropriate external schemas. This process
is facilitated by means of the community ontology ([2], [1], [17]).

The model introduced so far doesn’t refer to any specific form of service schemas. As
formalized next, this study focuses on the services whose external service schemas are repre-
sented asnondeterministic finite state automata (NFAs).

Definition 1 A (possibly composite) service is a nondeterministic finite state automaton
(NFA) A = (S, Σ, δ, s0, F ) whereS is the finite set of states,Σ is the input (activity) al-
phabet,δ is a mapping fromS × Σ to 2S , s0 ∈ S is the starting state,F ⊆ S is the set of
accepting states.

Intuitively, a serviceA is viewed as an acceptor. Each labeled transition corresponds to the
processing of the corresponding activity. The notion of a wordacceptedby A is defined in
the standard manner. If a word is accepted byA, it means the word represents an executable
sequence of activities conforming to the external service schema ofA.

3.2. Quality Model

We extend the model so that each external service schema has associated quality of service
attributes. Here for illustration purposes, we use5 generic quality metrics, which are execu-
tion duration, execution price, availability, reputation, and reliability, but our results can be
extended to include other quantifiable quality of service metrics.

3.2.1. Service Quality for an Activity:

We model the QoS attributes as activity level attributes. In other words, each transition of
an external schema has a QoS vector. Each attribute in such a vector is represented by a
numeric range〈i, j〉 (〈i, i〉means ’exactlyi’). When a community defines an external service
schema, the specified QoS ranges describe the expectation of the community from the service
instances registering themselves to realize the schema. A schema, therefore, is an “umbrella”
specification, representing a set of services which are behaviorally the same, but qualitatively
varying in a specific range. For example,〈10, 20〉 for the execution price of a transition
on a schema shows the service instance realizing the schema has to charge between 10 and
20 units when serving the transition (the unit details should be defined in the community
ontology). Note that we assume the greater the value of a quality attribute is, the better
quality it represents. If that is not the case, then the attributes can be normalized as described
in [17]. For instance, the execution price is such an attribute; but the provided value can be
treated as negative, which is a simple way to normalize such attributes.
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We can represent the quality vector of a transitiont as

Qt = {〈tav
l , tav

h 〉, 〈tdur
l , tdur

h 〉, 〈tpr
l , tpr

h 〉, 〈trel
l , trel

h 〉, 〈trep
l , trep

h 〉}

where each tuple represents low and high quality values of this transition for availability,
duration, price, reliability and reputation metrics. Given two quality vectorsQt, Qu, the sum
Qt +Qu is defined simply as a quality vector consists of the sum of the ranges ofQt andQu.
For example, the price range ofQt + Qu is 〈tpr

l + upr
l , tpr

h + upr
h 〉.

3.2.2. Service Quality on a Path:

An NFA service schema can be seen as a directed graph and a path beginning from the starting
state represents how the service changes its state as it processes a sequence of activities. We
define the quality on such a path as the sum of qualities of the processed activities. More
formally, the quality on a pathP is defined asQP =

∑
t∈PT

Qt wherePT is the set of
transitions inP .

Next, we define the delegation of a word and then we define the quality of a delegation
based on the quality model.

3.3. Service Delegation and Quality of Delegation

3.3.1. Service Delegation:

When a user requests are received by the community, these requests are delegated to the
appropriate service schemas and the requests are processed by the service instances realizing
the schemas. In other words, the processing of the whole sequence of requested activities are
realized by the collaboration of multiple services. The concept of delegating each activity
to a service schema is called a service delegation [6]. Next we formalize the semantics of a
service delegation.

Let’s first defineC, w, w′ andimagew′
j (w):

• C = (A1, . . . , Ar) denotes a community havingr service schemas.

• A request wordw = a1a2 . . . an is a sequence of activities requested fromC.

• An assignment wordw′ = (x1b1y1)(x2b2y2) . . . (xnbnyn) represents each activityai

is assigned to the service schemabi, andbi processesai making a transition from the
statexi to the stateyi, where1 ≤ i ≤ n, 1 ≤ bi ≤ r, andxi, yi are two states ofAbi

• imagej
w′(w) (j-image ofw underw′) is the path beginning from the start state on

service schemaAj constructed from the sequence of transitionsAj makes implied
by the assignment wordw′. If the number of transitions in the path is0, then we say
imagej

w′(w) is λ. Note that if such a path cannot be constructed, we say the assignment
wordw′ is notvalid.

Now we can define a service delegation of a word as follows:

Definition 2 A delegation of a wordw on a communityC is a valid assignment wordw′

where for everyAj in C, the pathimagew′
j (w) is eitherλ or ends in an accepting state ofAj .
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Example 2 Let w′ be (p1q)(r2s)(s2t)(q1n)(k3r)(t2z) for w = a1a2a3a4a5a6. Then,w′

implies thata1, a4 are assigned to the service1; a2, a3, a6 are assigned to the service2, and
a5 is assigned to the service3. The transition path the services take are represented with the
imagew′

j (w) concept. For instance,imagew′
1 (w) shows that the service2 follows the path

r →a2→ s→a3→ t→a6→ z.

Definition 3 If a word w has a service delegationw′ on a communityC, then we say thatw
is composable with respect toC.

3.3.2. Quality of Delegation:

Given a delegationw′ of a wordw on a communityC, the quality ofw′ is Qw′ =
∑

Qp

wherep ∈ { imagew′
j (w) | Aj ∈ C} (the sum of qualities of the paths taken by the service

schemas). Note that the quality of a path and the sum of two quality vectors are defined in
the previous section.

Now we can define the constrained delegation problem.

Definition 4 Given a wordw of activities, a set of constraintsC, and a service community
C, computing a delegationw′ on C such that〈w′, Qw′〉 satisfiesC is called the constrained
service delegation problem.

What we mean by “〈w′, Qw′〉 satisfiesC” and the forms of constraints we model are
described later in Section 6. In Section 5 we study a simpler problem of how to compute a
service delegation without any constraints (i.e.,C is empty). Then, in Section 6, we examine
the general problem and take quality and community constraints into consideration.

In the remainder of the paper, when the intent is clear from the context, we use the word
“service” to refer to an external service schema.

4. Finite-state Transducers for the Suffix Problem

In this section we present two types of transducers we consider in this paper and study the
suffix problem, which will be defined below. The results and the techniques presented in this
section will be used in Section 5 to show some results about forward delegation.

• A 1-way DFT (1-DFT for short) is a deterministic finite automatonM with a finite
control, a 1-way read-only input tape and a 1-way write-only output tape. Figure 2.a
illustrates one suchM . M has a printing head on the output tape that moves from
left to right printing symbols. At each step, as a functionδ of its current state and the
input symbol scanned on the (read-only) input tape,M changes its state, moves the
input head to the right and writes a word on the output tape and moves its output head
to the left-most blank cell. (Initially, all the cells in the output tape are blank.) The
transducer halts when it enters a special (halting) state. For convenience, we assume
that there are left and right end-markers on the input tape. Note thatM need not print
on every move. For any wordw ∈ Σ∗ whereΣ is the input alphabet, lety ∈ ∆∗ be the
output where∆ is the output alphabet. The functionT (M) = {(w, y) | y is the output
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Figure 2: (a) A finite state transducerM ; (b) A communityC = {A1, A2}

of M on inputw } is the transduction realized byM .

• A 2-DFT is a deterministic finite automatonM with a finite control, a2-way read-
only input head and a1-way output head. The output head can print a word (including
empty word) over a finite output alphabet∆ at each step of the computation. The input
head can move left, right or remain stationary based on the current state and the symbol
read by the input head except at the end-markers (#, $) where the movement is more
restricted. (Thus, on the left (right) end-marker, it can only move right (left), or remain
stationary.) The output head always moves left to right (or remains stationary if the
output printed at the current step isλ), and after printing a word on the output tape, it
moves to the leftmost blank square to the right of the word it just wrote. The transducer
halts when it reaches a configuration〈q, a〉 such thatδ(q, a) is not defined whereq, a
are the current state and the scanned input symbol respectively. Note that a2-DFT may
not halt on all the inputs since it could loop forever on some inputs. The transduction
realized byM is T (M) = {(w, y) | y is the output on inputw whereM halts onw
whenM starts in its initial configuration3 }.

Let T1 andT2 be two transductionsT1 : Σ∗ → ∆∗, andT2 : ∆∗ → Γ∗. The composition
⊕ of transductionsT1 andT2 is a relation onΣ∗ → Γ∗ defined in the usual way:

T1 ⊕ T2 = {(w1, w2)| for somew3, (w1, w3) ∈ T1, (w3, w2) ∈ T2}.
In this section, we consider a problem that we call thesuffixproblem for regular languages

defined as follows. Given a regular languageL, thesuffix computationinvolves the transduc-
tion

TL = { (a1...an , b1...bn) | bi = 1 if the suffixai...an is in L, andbi = 0 otherwise.}
The problem we address is the following: For a regular languageL, canTL be accepted

by a finite-state transducer? The main result of this section is that for any regular language
L, TL can be realized by a 2-DFT, but for most of the regular languagesL, TL cannot be
realized by a 1-DFT. We also show that there is a regular languageL for which TL can be
realized by a 2-DFT, but no 2-DFT with a bounded number of head reversals (independent of

3For an inputw, a DFTM is in its initial configuration wheni) the finite control is in the start state,ii) the input
tape content is#w$, iii) the input head scanning the left end-marker (#), andiv) the output tape is blank).
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the input length) can realize it. The results and the techniques presented in this section will
be used in the Section 5 to show some results about forward delegation.

Theorem 1 Let L be (0 + 1)∗11(0 + 1)∗. TL can be realized by a 2-DFT, but not by any
1-DFT.

Proof. First we describe the 2-DFT that realizesTL informally. (Although this result is
a consequence of the general result we show later, the general result is not intuitive so we
present a direct construction here.) On input string#w$, the 2-DFTM starts scanning the
input tape until it sees the first occurrence of a 11 or reaches the right end-marker without
seeing a 11. Latter case is easy to deal with: In this case, the output is0n wheren = |w|.
M generates the output 0 on a reverse sweep for each input symbol until it reaches the left
end-marker and halts. In the former case, it moves its input head until it reaches the left
end-marker and for each input symbol scanned it writes a 1 on the output tape. Now it moves
the input head to the right until it reaches the first occurrence of 11, continues until it sees
a second set of consecutive 1’s or it reaches the right end-marker without seeing another 11.
In the latter case, it reverses the input head and writes a 0 on the output tape for each input
symbol scanned until it reaches the previous 11 and halts. In the former case, it reverses the
input head and writes a 1 on the output tape for each input symbol scanned until it reaches
the previous 11. Now it repeats the process. The correctness of this construction is obvious
from this informal description.

Next we show that there is no 1-DFT that realizesTL. Suppose such a transducerM exists.
Consider the sequence of statesq0, q1, ..., whereqi+1 is the state reached fromqi on input
0. Let j be the smallest integer such thatqj = qi for somei < j. Let the outputs on the
transitionsδ(qk, 0) beTk for all k = 1, ...,j. If all the Tk ’s areε for k = 1, 2, ...,j, then it is
obvious thatM produces the same output on0i$ and02j−i$, which is clearly wrong. Thus,
Tk 6= ε for somek. This means thatM produces an output while processing a prefix of 0’s.
Suppose the output produced includes a 1. Then, on input0j$, it produces an output string
one bit of which is 1, a contradiction. Similarly, if the output produced includes a 0, the input
0r11$ (for somer ≥ j) would produce a contradiction.

This concludes the proof. 2

In fact, it seems that no 2-DFT with bounded reversals can realizeTL for the above lan-
guageL. However, it can be seen that there is a 1-NFT that realizesTL.

Next we consider a regular languageL for which there is no 1-DFT but there is a 2-DFT
that makes only two reversals on the input tape to realizeTL.

Theorem 2 Let zero(x) denote the number of 0’s in a binary stringx. Consider the well-
known parity languageL = {x | zero(x) is odd}. TL can be realized by a 2-DFT that reverses
the input head only twice, but not by a 1-DFT.

Proof. We describe informally the 2-DFTM . On input#x$, M makes an initial pass over
input stringx determining if the parity ofzero(x) is odd or even. During the second pass, it
uses this information to determine the parity of each suffix. In fact, the first output bitb1 =
1 (0) if the parity ofzero(x) is odd (even). If the outputbi is 1, thenM uses the following
simple rule to determine the outputbi+1. (It need only the remember the previous output bit
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in order to implement this computation.)bi+1 = 1 if the next input is 0, else it is complement
of bi.

The following is a simple proof thatL can’t be realized by a 1-DFT:L has the property
that for anyx ∈ {0, 1}∗, there existy andz such thatxy ∈ L, andxz 6∈ L. From this it
follows that the 1-DFT can never outputs its first bit until it reads the entire input string. From
this fact, a contradiction can be readily obtained. 2

Next we show that, for any regular languageL, the transductionTL can be realized by a
2-DFT. In order to show this result, we need the following lemma from Chytil and Jakl [13].

Lemma 1 The class of transductions computed by 2-DFT is closed under composition.

We use the above lemma to show the following:

Theorem 3 For any regular languageL, there is a 2-DFT that realizesTL.

Proof. Let T ′L = {(x1x2...xn, ynyn−1...y1) | yi = 1 (0) if and only ifxixi+1...xn is (not) in
L }. We will show thatT ′L can be realized by a 2-DFTML as follows. LetM be a DFA
that acceptsL. Create an NFAM ′ by reversing the transitions ofM , and convert the NFA
M ′ into a DFAM1 using the subset construction. The setF of accepting states ofM will
be the starting state ofM1. The DFTML, on input#x1x2...xn$, moves its head to the right
until it reaches the right end-marker. Then, it starts reading the input from right to left, and
maintains in finite control a state ofM1. Initially, this state isF . After reading each input,
it updates the state by simulatingM1 from the maintained state on the input scanned. If this
current state containsq0, then it writes 1 on the output tape, else it writes 0 on the output tape.
It repeats this until the input head reaches the left end-marker. Then it halts. It is easy to see
thatML realizesT ′L.

Now define the transductionT1 as:T1 = {(x, xrev)|x ∈ {1, 2, ..., r}∗}. It is clear thatT1

can be realized by a 2-DFT that simply moves the head to the right until it reaches the right
end-marker, then reads the input tape from right to left and copies the symbols read on the
output tape. It is obvious thatTL = T ′L ⊕ T1. By the above lemma, there exists a 2-DFTM ′

that realizesTL since it is the composition of transductions realized by two 2-DFT’s. 2

It would be interesting to characterize the regular languages for which the suffix problem
can be realized by a bounded reversal DFT.

5. Computing a Service Delegation

Our aim here is to propose an algorithm for the service delegation problem and to make
a formal analysis of the algorithm. To do that, first, we need a model of the machinery
computing a delegation. We call this machinery adelegator.

5.1. Delegator Model

We model a delegator as adeterministic finite-state transducer(DFT). There are some ad-
vantages of designing a delegator as a finite-state transducer. In addition to the fact that such
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delegators work in linear time, they also have other desirable properties such as testability for
conformance to specification.

Next, we ask a natural question whether a1-DFT or a2-DFT is more appropriate to model
a delegator. Essentially, a1-DFT delegator should be able to compute a delegation “online”
(or “real time”), i.e., it makes one pass on the given sequence of activities and as it sees the
activity, it assigns the activity to a service schema. In other words, the delegator doesn’t have
to know the complete sequence in order to start the delegation. The following result, however,
shows that in general a1-DFT is not strong enough to model a delegator and the delegation
computation cannot be done “online” in general.

Theorem 4 There exists a community of servicesC = (A1, ..., Ar) such that there is no
1-DFT delegator that computes a service delegationw′ for every wordw being composable
with respect toC.

Proof. Consider the communityC = (A1, A2) of services in Figure 2.(b). We claim that
there is no1-DFT M that can compute a delegation for any word composable with respect
to C. Suppose that such a1-DFT M exists. AssumeM hask states. Consider an input
x = pnm, wheren >> k (we do not show the end markers that go with the input as required
by the definition of1-DFT). By definition of a1-DFT, the transducer need not write on the
output tape at every step. However, it is clear thatM has to write a non-blank word after
reading at mostk p’s on the input; otherwise we can pumpi p’s to x for somei and obtain
a wordy = pn+im, and the output fory will be the same as the output forx. This is a
contradiction, since the output fory must be longer byi bits. Hence, on inputx, M outputs a
word starting, let’s say, with1 (sincex ends with anm) before processing all of thep’s. Now
sinceM is deterministic, it will also output1 as the first bit for the inputx′ = pnc. But this
is wrong, sincex′ ends with ac and the first bit to be output should be a2. It follows thatM
does not exist. 2

Our next results show that2-DFT delegators are capable enough to solve service delegation
problem.

5.2. Delegation Algorithm

Here we show that there exists a delegator which computes a service delegation for an input of
sequence of activities in time linear in the length of the input. Essentially, the delegator works
on the input tape, makes bidirectional moves on the input tape and uses its finite number of
states to decide the assignment of each activity. Note that this style of computation is not
“real-time” because the delegator doesn’t decide the fate of an activity as it sees the activity;
instead, the decision happens after examining a window of activities.

To prove the existence of such a delegator, we first construct a2-DFT which computes the
reverseof the service delegation. Note that the delegation is a word as defined before and
the reverse of a wordx1x2 . . . xn−1xn is defined asxnxn−1 . . . x2x1 in the standard manner.
This 2-DFT makes a right sweep followed by left sweep and outputs one delegation on each
word.
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Theorem 5 There exists a2-DFT that computes the reverse of a delegation of a wordw of
lengthn on a communityC in 2n steps.

Proof. LetS = (AT ; A1, ..., Ar) andΣ be the common input alphabet of the NFAs. Without
loss of generality, assume that the language accepted by each machine does not contain the
null word ε. Construct the product NFAB of the systemS whose states arer + 1-tuples
〈q, q1, q2, ..., qr〉whereq is a state ofA andqi is the state ofAi and the transitions are defined
as follows: 〈q, q1, q2, ..., qr〉 ∈ δ(〈p, p1, p2, ..., pr〉, a) wheneverq ∈ δT (p, a) and there is a
j such thatqj ∈ δj(pj , a) andpk = qk for all k 6= j. (Note that this product construction
is different from the standard product construction used for the intersection.) We introduce a
new symbol& and create a new state in the product machineB and direct all accepting states
to the new state via input&. We make the new state the only (unique) accepting state. Then
the language accepted by the modified product machine is a subset ofΣ+&. For notational
convenience, we also call this modified machineB and continue to refer to it as a product
NFA (or machine).

Let Bd be the DFA constructed fromB using the subset construction [9]. Letq1, ..., qk

be the states ofB, whereq1 is the initial state andqk is the unique accepting state. Note
that each stateqi is an(r + 1)-tuple representing the states ofAT , A1, ..., Ar. For everyqi

(1 ≤ i ≤ k), let Bqi be the NFAB with start stateqi. Note that each such NFA has the
same accepting stateqk. For everyqi (1 ≤ i ≤ k), let Br

qi
be the NFA derived fromBqi by

reversing the directions of the edges, and makingqk the start state andqi the accepting state.
ThusBr

qi
accepts the reverse of the language accepted byBqi .

For eachqi (1 ≤ i ≤ k), we use the subset construction to construct the DFACqi equiva-
lent toBr

qi
. Note that the start state ofCqi is the singleton subset{qk} and every accepting

state (which is a set of states) contains the stateqi. Now we construct a 2DFAD which, when
given#w$ = #a1...an$ (where#, $ are distinguished input delimiters or endmarkers), will
output the delegation ofan, ..., a1 (in this order).

D has in its finite control the specification (i.e., the transition function) of eachCqi . D
moves its input head from the left endmarker to the right endmarker and simulatesBd and
computes the state reached byBd after readingw. Note that the state is a set of(r+1)-tuples.
If the state reached is not accepting, thenD outputs ’invalid’ and halts; if the state reached
is accepting but there is no tuple in the state for which all components are accepting, thenD
outputs ’error and halts; elseD goes to the next step.

D now moves left and for each symbolan−i (i = 0, ..., n − 1), computes as follows:D
maintains in its finite control a vector of the form〈P1, ..., Pk〉, where eachPi is a state ofCqi ,
which is a subset of a state ofBqi . Initially, the vector is〈{qk}, ..., {qk}〉. Note that{qk} is
the initial state of eachCqi .

D readsan−i and computes from〈P1, ..., Pk〉 the vector〈P ′1, ..., P ′k〉, whereP ′j is the next
state ofCqj from Pj on input (i.e., after reading)an−i. Also, if P ′1 contains{qt1 , ..., qts}
wheret1 < ... < ts, D picks the firsttm such thatP ′tm

is an accepting state ofCqtm
, and

then outputs1 ≤ l ≤ r that corresponds to the delegation toAl that resulted in stateqtm .
It is clear thatD is a2-DFT that performs its computation in exactly2n steps and solves

thebackward delegationproblem. This completes the proof. 2

Next, we prove the existence of a linear-time delegator for the delegation problem.
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Theorem 6 There exists a delegator that computes a delegation of a wordw of lengthn on a
communityC in O(n) steps.

Proof. Let T (D) be the transduction associated with the reverse delegation problem. We
have shown in the previous theorem thatD can be realized by a2-DFT. Define the transduc-
tion T1 as:T1 = {(x, xR)|x ∈ {1, 2, ..., r}∗andxR is the reverse ofx}. It is clear thatT1 can
be realized by a2-DFT that simply moves the head to the right until it reaches the right end-
marker, then reads the input tape from right to left and copies the symbols read on the output
tape. Clearly, the compositionT ′ = T (D) ⊕ T1 gives the solution to the delegation problem
(first useT1 and thenT (D)). By Lemma 1 of Section 4 from Chytil and Jakl [13], the class
of transductions computed by a2-DFT is closed under composition. Therefore, there exists a
2-DFT D′ that realizesT ′. It follows from the construction of the above lemma thatD′ halts
on all inputs. Thus the total number of time steps on any input lengthn must beO(n) since
the number of visits on any tape square of the input tape can’t be visited more than a constant
number of times without getting into an infinite loop [9]. 2

The delegator described above goes back and forth on the input tape, and decides the
delegation of the given activities. In general, the number of reversals (of direction of the
input head) can be unbounded (i.e., it can grow with the length of the input). Next, we study
the question of whether it is possible to construct a delegator when there is a bound on the
number of reversals the delegator can make (a reversal happens when the input head changes
its direction from forward to backward or vice versa). We prove the following result:

Theorem 7 There exists a communityC = (A1, ..., Ar) of services such that there is no
2-DFT delegatorM whose input head reverses a bounded number of times that realizes the
forward delegation for any composable word.

Proof. Consider the communityC = {A1, A2} in Figure 2.(b). LetM be a2-DFT with
s states whose input head reverses at mostk times for somek that is independent of the
input lengthn. Let the input bex = pn1q1p

n2q2...p
nmqm, wherem is much greater thank

(k is the number of states ofM ), n1, ..., nm are much greater thans, andqi ∈ {m, c} for
1 ≤ i ≤ m. We ignore the right end-marker since it is not relevant to the proof. We assume
(as is customary) thatM starts with its head reading the leftmost symbol of its input and that
when it halts, its head is reading the right end-marker. We call the subwordpnj qj as ablock.
Associated with each blockB is the numbern(B) = total number of reversals performed by
the input head while the input head is in that block. Since the number of blocksm is much
larger thank, there is at least one blockBj = pnj qj (for some specificj) with the property
that the input head ofM never reverses while scanning any input symbol of this block. Let
t be the first time at which the input head enters the blockBj and lett′ be the first time step
at which the input head is reading the symbolqj of block Bj . Sincet′ − t ≥ nj is much
greater thans, it is clear that during the time betweent andt′, M must write a non-null word
on the output tape. If not, as in Proof 5.1, we can produce two words of different lengths for
whichM ’s output words will have the same length. Suppose a symbol printed byM during
this time is1, then by changingqj (from m to c, or vice-versa),M would still produce the
same1 on the output tape, which is an erroneous output for this new input. This completes
the proof. 2
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Next we consider the constrained delegation case.

6. Constrained Delegation

In this section, we first define a fairly general class of constraints, namely Presburger for-
mulas, and we show that when a Presburger formula is enforced on a composite service,
delegations can be computed in polynomial time in the length of the input.

Let X = {x1, ..., xr} be a finite set of nonnegative integer variables. Anatomic Pres-
burger relationonX is either an atomic linear relation

Σx∈Xaxx < b,

or a mod constraintx ≡d c, whereax, b, c andd are integers with0 ≤ c < d. A Presburger
formula can always be constructed from atomic Presburger relations using¬ and∧. Note
that a Presburger formulaF (x1, ..., xr) defines a relationP ⊆ Nr, i.e., the relationP =
{(k1, ..., kr) | F (k1, ..., kr) is true}. Note also that in our definition, Presburger formulas are
quantifier-free (i.e., there are no existential and universal quantifiers).

The following lemma is well-known:

Lemma 2 Let R = {F#k1#...#kr | r ≥ 1, F is a Presburger formula overr variables,
x1, ..., xr are nonnegative integers, andF (k1, .., kr) is true}. There is an algorithm (deter-
ministic Turing machine) to acceptR in time polynomial in(m + n), wherem is the length
of the binary representation ofF andn is the length ofk1#...#kr, with eachki represented
in binary.

Let C = (A1, ..., Ar) be a service community. Suppose we want to restrict the delegation
of symbols inw such that ifwi is the subsequence delegated toAi, then not only iswi

accepted byAi for 1 ≤ i ≤ r, but (k1, ..., kr) must also be in a specified relationP , where
ki is the number of symbols inwi. So, e.g., ifr = 3, P might be the set of triples(k1, k2, k3)
such thatk1 ≤ k2 + 2k3 andk2 > k3 + 5.

We can prove the following result. Note thatF represents a Presburger formula overr
variables.

Theorem 8 Let C = (A1, ..., Ar) be a service community. We can construct a two-way
deterministic Turing machine transducer (DTMT)M (i.e., M is a 2-DFT augmented with
read/write worktapes) which, when given a two-way read-only inputF#a1...an, outputs a
delegation of all the symbols inw = a1....an (to theAi’s) such that ifki is the number
of symbols ofw delegated toAi, thenF (k1, ..., kr) is true. Moreover,M runs in time
polynomial inL, whereL is the length ofF#a1...an.

Proof. The main idea behind the proof is to use “breadth-first search” and Lemma 2. The
overall idea is as follows: construct a tree recording all possible ways to delegate the given in-
put word. During the construction, at each level of the tree, make the duplicate configurations
collapse to one. Each configuration consists of the state and a number of counters (which can
contain quality attributes like price, reputation etc., or they can be, for instance, the number
of a’s assigned to service A1 and the number of b’s assigned to service A2 ); therefore, there
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is a polynomial number of configurations totally. At the end of the construction, for each
configuration, run the given constraint specific Turing machine. Since there is a polynomial
number of configurations and to check one formula takes polynomial time, the total time is
polynomial in the size of the input word, and linear in the size of constraints and the number
of FSMs. 2

We can generalize the theorem above to NFAs withstorage. More specifically, each ser-
vice is modeled as an NFA augmented with polynomial-bounded counters (i.e., an NFA hav-
ing a finite number of counters, each which can have value at mostp(n) for some given
polynomialp). We will show that for a set of services under this model, the constrained
delegation problem is solvable in polynomial time.

A polynomial-bounded counter machine (or simply, linear NCM) is an NFA augmented
with a finite number of counters (or integer variables). While making a transition from a state
to another state, each counter (which can only have nonnegative values) can be incremented
or decremented by1 or unchanged, and can be tested for zero. The counters are restricted in
that there are constantsc, k such that on any input of lengthn, the value stored in each counter
during the computation is at mostp(n) = cnk; thus, such counters are calledpolynomial-
bounded counters). Note that in automata theory, a counter is represented by a push-down
stack where the stack can only be checked if it has a top element. More precisely, the stack
has only two symbolsB and0 whereB can only appear at the bottom of the stack and it
is never erased. Thus, the number of0’s on top ofB represents a number, the content of
the counter. Note that there is no direct way to ask about the value of the counter other than
testing whether it is zero or not, i.e., whether the stack is empty or not.

Our condition on the counters being polynomial-bounded can be strengthened to counters
with linear values. This is because a counter that has value bounded bycnk (for somek) can
be simulated byk linear counters without loss of time.

Clearly, the proof of the above theorem still holds, even if eachAi has polynomial-bounded
counters, since the total number of configurations is still polynomial. Hence, we have:

Theorem 9 Let C = (A1, ..., Ar) be a service community, where eachAi an NCM with
polynomial-bounded counters. We can construct a DTMTM which, when given a two-way
read-only inputF#a1...an, outputs a delegation of all the symbols inw = a1....an (to the
Ai’s) such that ifki is the number of symbols ofw delegated toAi, thenF (k1, ..., kr) is true.
Moreover,M runs in time polynomial inL, whereL is the length ofF#a1...an.

The Presburger constraints on the delegation can be generalized in various ways. For
example, suppose that the community hasr services each hasO(k) transitions for some
numberk. Also, suppose that the quality vector of each transition contains execution costs.
In this setting, Let’s say a user wants to specify that the cost of a delegation should be less
than some value. Then, a Presburger formula can be formed overO(kr) variables where
each variable represents the number of times the corresponding transition is taken during the
delegation. More specifically the formula will be “the sum of the variables times the transition
costs being less than the user desired cost value”.
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7. Ambiguous Composability

In this section, we study the multiplicity of delegations. We describe the problem and the
results in a more abstract language theory framework. The results can easily be tailored to
the service delegation problem we discussed in the previous sections.

We define the notion ofk-ambiguous composability as follows: Given a systemS =
(A; A1, ..., Ar) of NFAs, we say thatS is unambiguously composable if there is a unique
delegation for every string inL(A). More generally, we say thatS is k-ambiguously com-
posable if there are at mostk ways to delegate any string inL(A). If there is nok such that
S is k-ambiguously composable, then we say thatS has unbounded composability.

We can show the following results regarding ambiguous composability.

Theorem 10 Given a systemS = (A;A1, ..., Ar) of NFAs and a fixedk, it can be decided if
S is k-ambiguously composable.

Proof. Create an NFAM that guesses simultaneouslyk + 1 distinct compositions and ver-
ifies that each of them is a valid decomposition. More precisely, define the languageL =
{[a1, b1,1..., b1,k+1] [a2, b2,1..., b2,k+1] ... [an, bn,1..., b1,k+1] — bj,1...bj,n is a delegation of
a1...an for eachj = 1, ...,k + 1}. An NFA M can be designed to accept this language.M
guessesk + 1 distinct delegations and verify by keeping track of all the k+1 sets ofr + 1-
tuples of states and accept if and only if each of the guesses is a valid delegation. Now,S is
k-ambiguously decomposable if and only ifL is empty. The claim follows from the fact that
emptiness of a regular language is decidable. 2

We can also show that, given a systemS = (A; A1, ..., Ar) of NFAs, it can be decided ifS
has unbounded composability.

We need the following result from [11]. LetM be a 1-NFT (nondeterministic finite state
transducer). We say thatM is finite valued if there is an integerk > 0 such that for any string
w accepted byM , there are at mostk outputs produced byM . We have the following result
from [11] that characterizes NFT’s that are not finite valued.

Theorem 11 LetM be a NFA withn states in which all the useless states have been removed.
M is of unbounded ambiguity if one of the following is true:

1. There exists a stateq and a stringw (of length at mostn) such that there are two paths
labeledw that takeq to itself producing two different outputs.

2. There exist two statesp andq, and a stringw of length at mostn such thatp ∈ δ(p, w),
q ∈ δ(p, w) andq ∈ δ(q, w) and the outputs produced on the loops (aroundp andq)
are different.

We can use the above theorem to show the following:

Theorem 12 Given a systemS = (A; A1, ..., Ar) of NFAs, it can be decidedin polynomial
time if S is k-ambiguously composable for somek.
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Proof. (sketch) It was shown in [11] based on the above theorem that finite valuedness of
a NFT is decidable and this result was strengthened in [15] where a polynomial time algo-
rithm was presented for this problem. Given the systemS = (A; A1, ..., Ar) of NFAs, we
define a 1-NFTMS that is similar to the NFA of Theorem 3.1, except that it also outputs
the ID number of the NFA that it currently simulates. It is clear that this NFT will output all
possible delegations when given a composable string as input. It is also obvious thatS is k-
ambiguously composable if and only ifMS is finite-valued. Now we can apply the algorithm
of [15] to determine if this NFT is finite valued. This concludes the proof. 2

Finally, we consider the problem of determining the equivalence of delegators. We say that
two unambiguous delegatorsS1 = (A;A1, ..., Ar) andS2 = (B; B1, ..., Br) are equivalent
if there is a bijective mappingπ betweenAi’s andBi’s such that on any inputw ∈ L(A), if w
is composable and if the (unique) delegation forw in S1 is b1...bn, thenw is also composable
in S2 and the delegation forw in S2 is π(b1...bn).

We can show

Theorem 13 It is decidable to determine whether the delegators for two unambiguous dele-
gatorsS1 = (A; A1, ..., Ar) andS2 = (B;B1, ..., Br) are equivalent.

Proof. Recall the 2-DFT that was used for the reverse delegation in Section 3. We build the
DFT’s for S1 andS2. Call themM1 andM2. The delegators forS1 andS2 are equivalent
if and only if M1 andM2 are equivalent. The decidability now follows from the fact that
equivalence problem for single valued 2-DFT is decidable [8]. 2

8. Conclusion

Automated Web service composition is a central problem in the area of Web services in order
to achieve flexibility and scalability. The delegation problem that forms the central theme
of this work involves a user request for service that can be delegated to a set of services
that forms a service community so that the composition of these services meets the user’s
request. We believe that our constructions provide a foundation for efficient implementation
of tools for the delegation problem and we hope that the ideas presented here would lead to
the development of such software tools.
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