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Abstract—Service composition is one of the major approaches
in service oriented architecture (SOA) based systems. Due to
the inherent stochastic nature of services execution environment
the issue of composite service quality assurance within SOA
is a very challenging one. Such heterogeneous environment
requires dynamic, run—time composition of services. In this paper
we show how to determine a policy that satisfies the quality
assurance for the composite service provider with the aim of
revenue maximization for this provider. The quality assurance is
defined as the probability that end—to—end deadline will be met,
while taking into account service availability, (composite) service
response time and costs. The calculated policy is determined
using the dynamic programming and allows fast decision making
for run—time composition. Besides, we determine the end-to—end
response—time distributions resulting from determined policies.
We illustrate the proposed solution with a number of experi-
ments.

Index Terms—composite web service; quality assurance; rev-
enue maximization; availability; response time;

I. INTRODUCTION

Web service’s QoS plays an essential role in web service
selection and composition within service oriented architecture
(SOA) systems. The heterogeneous and, in general, inherent
stochastic nature of services’ execution environment makes
the issue of composite service quality assurance within SOA
challenging, i.e. how to provide an accurate QoS value and
maintain promised (agreed upon) value for the composite
web service consumers. High service assurance is one of the
crucial aspects of applications in different areas, e.g. medical,
transport, military, as these typically require high availability,
reliability and dependability. At the same time, these appli-
cations have to be cost—efficient and satisfy the promised
end-to—end response—time deadlines. If the composite web
service provider relies on a set of services being available and
one of those services becomes unavailable (even transiently),
it could have dire consequences on the whole composite
service. In order for the services to be used (for which the
service provider receives compensation), these services must
be available when needed. Otherwise, the provider’s reputation
could be impacted, and the profit may diminish, especially if
penalties have to be paid when the services are not available.
High quality assurance is therefore one of the key elements
for the commercial success of SOA.

This paper addresses the problem of high quality assurance
of composite services within SOA, based on runtime ser-
vice composition that maximizes revenues for the composite
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service provider. The quality assurance is defined as the
probability that end—to—end deadline will be met. Motivated
by practical applications, an important feature of our model is
that is takes into account multiple QoS service parameters,
namely availability, response time performance and service
costs. We use a dynamic programming approach [9] in order to
derive the selection policy that will be used at runtime. This
policy is determined before actual deployment of composite
service, and allows optimal service selection at runtime. Our
solution therefore requires no lengthy (and time consuming)
re—calculation of the service composition at runtime. At the
same time, the calculated policy takes into account actual time
to deadline, current availability of the services, execution costs
and expected revenue of the composite service provider.

To illustrate our approach, we observe the orchestrated
composite web service which sequential workflow is depicted
at Fig. 1. The workflow is based on an unambiguous function-
ality description of a service (“abstract service”), and several
functionally identical alternatives (“‘concrete services”) may
exist that match such a description [2]. The workflow in Fig. 1
consists of four abstract services, and each abstract service
maps to a number of concrete services (alternatives), which
a deployed by (independent) third—party service providers.
When the client’s request is served within the agreed end—
to—end deadline, the composite service provider is rewarded
by the client. Otherwise, when the deadline is not met or
the service request has not been processed due to the un—
availability of selected services the provider pays a penalty
to the client. After the execution of a single task within
the workflow, the orchestrator decides on the next concrete
service to be executed, and composite service provider pays
to the third party provider per single invocation. The decision
points for given tasks are illustrated at Fig. 1 by A, B, C and
D, respectively. The decision taken is based on taking into
account (1) which of the considered services are available
at the decision moment, (2) execution costs, and (3) the
remaining time to meet the end-to—end deadline. Therefore,
our approach is based on fully dynamic, run—time service
selection and composition, taking into account the response—
time commitments from service providers and availability of
the services. The main goal of this run—time service selection
and composition is the quality assurance with the aim of
revenue maximization for the composite service provider.

The main contributions of our paper could be summarized



task 1 task 2 task 3 task 4

request 1 composition:
CS1(2)-CS2(2)-CS3(1)-CS4(1)

response

. request 2

composition

Fig. I:

workflow. Dynamic run—time service composition is based on pre—calculated

Orchestrated composite web service depicted by a sequential

policy. Decisions are taken at points A-D, and e.g. it is known to the
orchestrator at B which services implementing task 2 are available at the
decision instance.

as:

e We show how to determine the quality assurance for
the composite service provider. We analyse the relation
between the optimal revenue policy and quality assurance,
and explain how the target assurance (e.g. assurance
required by particular customer) for the composite service
can be achieved. The revenue policy is optimal with
respect to the profit maximization of composite service
provider, and is a foundation for the dynamic, run—time
service composition.

o We analyse the resulting end-to—end response—time of the
composite service, and explain why our method results
in a system which response—time has reduced variance
with respect to the commitments of composite service
provider.

The paper is organized as the following: after overview of
relevant work in Section II, we briefly describe in Section III
the model of the system under consideration. In Section IV
we formulate the run—time service composition problem as a
dynamic programming problem and provide the corresponding
backward recursion solution method used to determine the
optimal decision policy. Next, in Section V, we explain how
to determine the end—to—end assurance and show strategies to
increase it. In Section VI we give the formulae for calculation
of the response time distributions taking the availability of the
services into account as well. In Section VII, the results of
extensive numerical experiments are presented and discussed.
We conclude the paper and give directions for further research
in Section VIIL

II. RELATED WORK

A number of solutions have been proposed for the prob-
lem of dynamic, run—time QoS—aware service selection and
composition within SOA, [3]-[6]. These (proactive) solutions
aim to adapt the service composition dynamically at run
time. In [3] the authors analyse a problem of dynamic web

service composition for different composition patterns. QoS
parameters considered include reliability, availability, as well
as cost and expected value of the response time of individual
web services. The authors propose a solution based on Markov
Decision Processes to minimize the expected response time,
taking into account the availability and reliability of the
respective services and the invocation costs. However, the
authors do not consider the stochastic nature of response time,
but the expected value of it. Besides, they do not consider
the cost structure, revenue and penalty model as given in this
paper. Doshi et al. in [4] presents a policy—based approach
for dynamically choreographing web services. The goal of the
decision policy is to minimize the execution cost, while the
impact of the reward and penalty on per request base are not
analysed. Besides, the impact of the service availability on the
revenue of composite service provider is not addressed in this
paper. Cardellini et al. in [5] consider dynamic service compo-
sition in the context of admission control with various service
classes. The (different) composite service configurations for
the service classes can be dynamically adapted according to
variations in the operating environment due to the admission
or departure of users generating requests for the composite
service. The authors derive an optimal admission and re—
composition policy (by formulating the problem as a linear
optimization problem) that maximizes the profit while guar-
anteeing QoS for the admitted users. The paper [6] considers
the problem of dynamic run—time service composition with
the revenue maximization as the goal. It uses the dynamic
programming approach in order to determine the policy to
maximize the revenue of the composite service provider.

Despite the fact that each of these papers provide useful
results on improving the response time performance, neither
[5] nor [6] take into account the availability of services.
This observation is the main motivation for the present paper,
as we take into account both availability and response time
performance aspects. The service (un)availability may have
significant impact for the end—to—end service composition and
response—time commitments made by the composite service
providers, as illustrated further in the paper.

III. SEQUENTIAL WORKFLOW DECISION MODEL

In this section we briefly describe our model based on a
composite web service represented by a sequential workflow.
Our solution is applicable to any workflow that could be
aggregated and mapped into a sequential one. Some basic rules
for aggregation of a non—sequential into the sequential work-
flow have been illustrated in, e.g. [6], [7], [10]. However, the
aggregation leads to coarser control, since decisions could not
be taken for a single service within the aggregated workflow,
but rather for the aggregated workflow patterns themselves.

Per single composite service request, the orchestrator exe-
cutes tasks one-by—one as indicated by the sequential work-
flow. There are in total IV tasks in the workflow and the task
position within workflow is indexed by i, ¢ = 1,2,..., N.
Each task ¢ maps onto M; > 1 concrete services (alternatives),



where service j implementing task i is denoted by CS;(j), see
also Fig. 1.

We denote by c; ; the cost that the composite provider
pays for the single invokation of service CS;(j). To stochastic
nature of response—time for service CS;(j) is modelled by
probability density function (PDF) or respective cummulative
distribution function (CDF). The PDF and CDF for service
CS;(j) are denoted by f; ;(t) and F; ;(t), respectively.

We define the composite service assurance T as the proba-
bility that a single request will be executed within end-to—end
penalty deadline J,. Composite service provider is rewarded
by R when single request is completed within the deadline,
otherwise, composite service provider pays penalty V to the
end customer when this deadline is not met. This penalty is
also enforced when none of the concrete services is available
for task ¢ and therefore the composite service provider cannot
generate the response at all.

We assume that the orchestrator knows (due to constant
monitoring of the services) which of the service alternatives
are available for task ¢, as some of the alternatives may
not be available at the decision moment. The availability of
services is expressed by the probability p; ; that the concrete
service CS;(j) is operational and accessible when required
for use, [1]. The orchestrator does not know at service selec-
tion moment for task 7 which of the concrete services (for
tasks 7 + 1 and onwards) are available, but it does know
the availability probabilities of these. In absence of constant
service availability monitoring, the orchestrator could, due to
the lack of knowledge, submit the request to the service that
is temporarily unavailable. This issue may be overcome by
establishing the response—time thresholds that indicate when
certain service may be considered unavailable. This approach
would further require an implementation of “watchdog timer”
policy, i.e. determination of the optimal moments to terminate
the current request, and perform the retry, using the same or
a functionally equivalent service implementing the same task,
[8]. This is beyond the scope of this paper, and will not be
further considered here.

IV. ALGORITHM FOR OPTIMISING EXPECTED CSP
REVENUE

In this section we describe how to optimise expected
revenue in the setting described in the previous section, by
formulating the dynamic service selection as a dynamic pro-
gramming (DP) problem, [9]. Although formulae deduced here
may appear “similar” to those developed in [6], the inclusion
of the services’ availability within these formulae is a chal-
lenging task. The given formulae result in different (and more
accurate) service composition policies, which, consequently,
leads to significant revenue improvements, as illustrated in
Section VII. This also stresses the need to at jointly investigate
impact of availability and response—time parameters for the
service composition.

Due to the fact that we take into account the actual avail-
ability of services, different from “classical” DP approach, we

store a permutation (ordering) of concrete services implement-
ing task ¢. This permutation is denoted by j1, ..., . When
the orchestrator makes service selection decision, it will use
these orderings to choose the ’best’ concrete services among
the ones that are available. Besides, if the deadline expires
during the execution of the composite service request, with
some tasks still not executed, the decision rule is to use the

cheapest services available for each of the remainin tasks.

The decision policy is determined by the current position
within the sequential workflow ¢, the available services at this
position, and the remaining time A till the overall deadline
0p will be violated. When the remaining time to deadline has
the value of 0* a set of expected rewards E[R; | A = ¢*] is
defined by the DP recursion:

ER; | A=6"]=
= Pij ( — iy TE[Rij, |[A=0"]-E[Vi;, |A= 5*])+
+ (1 = pijy)Pis ( —Cija +E[Rij, [A=06"]-E[Vij, |[A= 5*])
+oor A (L =pig) (L= Pigag, -1 )Pising, (1
: (— ciov; +E[Rinv, | A=06"1—E[Vium, | A= 6*])
+ (L =pigi) - (L= piga,)V-
For given task ¢, and without loss of generality, there is an
order j1,...,Jn; of concrete services such that choosing j;
would lead to the highest expected CSP revenue, choosing

j2 to the second highest expected CSP revenue, etc. This is
specified as

—cij, TERi;, |A=6"]-E[V,;, |A=0"]>

> —cij, TE[Rij, | A=06"] —E[V;, | A=0"] >

> 2> 2
> —Cijy, T E[Rijy, | A=06"]-E[Vij,, | A=75]

V

The selection strategy by the orchestrator for given task ¢ is
based on choosing service CS;(j1) if available; if not, choosing
CS;(j2) if available, and so on. The term E[R; ; | A = §*]
represents the expected reward, when concrete service CS; ()
is executed for the given remaining time value §*. The term
E[Vi,; | A = 6*] represents the expected penalty for exceeding
the overall deadline while executing service CS;(j). The
expected reward and penalty functions take into account the
impact of future decisions. This leads to the optimal solution
of the problem, [9].

However, the evaluation of E[R; ; | A = ¢*] and E[V; , |
A = §*] requires the usage of PDF (CDF), which usually
results in rather complicated integral equations, see [6]. To
resolve this issue, the discretization of distributions is required.
The response—time of interest (end—to—end deadline) is there-
fore split into segments of the same size h. For the total
number of segments m*, this leads to discretised versions of
the PDF (p; ;1) and CDF (P ; 1):

k
Pijr= E Di,jls
=0



where i =1,...,N, j=1,...,M;, k=0,...,m".

Let terms R} ., R ; .., and V;*; . represent discretised
versions of E[R; | A = §*], E[R;; | A = §*], and E[V; ; |
A = ¢*], respectively. The backward recursion formulae are

then as follows:

R}, = Dijy ( —Cigy By e — Vl.’fjl_’m*>+ 4)
+ (1 = piji )i ( — Cijy + Ry jyme — ;j%m*)Jr
+ 4+ Q=pij)A=pij,) (11— pivai—l)pi,jMi'
. ( = Cijr, T R;jMi,m* — ‘/i:k]-Mi 7m*)+
+ (L= pig )L = pigy) - (1= pijo )V,

where ¢+ = 1,...,N, and, without loss of generality,
Jis--+,Jm, is a permutation of (1,2,..., M;), such that

* *
—Ci,j + Ri,jl,m* - ‘/z

,J1,m* 2

Z —Cijs Rf,jmm* B V:jmm* Z 2 o)
2 “Cijn + R’ile Jmx ‘/:le ;M
Py jm*R, i= N,
R¥. =4 m" ) 6)
b Z pi,j,k'R;le*fka 1= 1,...,N— 1,
k=0
and
* _ (1_PN,j,7n*)‘/7 Z_Na (7)
,5,m* (1 - H,j,m*) R;"Jrl’o’ i=1,...,N —1,

where j=1,...,M;, k=0,...,m".

While applying formulae (4)—(7), the corresponding deci-
sions (actions) can be obtained by storing (j1,...,Jn,) for
every task ¢ = 1,..., N and every possible time interval m*,
where (j1,...,Jjn,) is a permutation of (1,2,...,M;).

We define a (deterministic) decision strategy S for every
i =1,...,N and every time interval m*, as a permutation
S(t,m*) == (j1,...,Jm,) of (1,2,..., M;). The choice to be
made for task ¢ and given time interval m* is then preferably
to choose concrete service CS;(j1). If this service is not
available, then choose CS;(j2) and so on. We denote by S* the
decision strategy that gives the optimal expected revenue, i.e.
this is decision strategy such that (5) is satisfied. In the next
section we address the relation between the optimal revenue
decision strategy S* and end-to—end quality assurance 7.

V. RELATION BETWEEN OPTIMAL REVENUE STRATEGY
AND QUALITY ASSURANCE

In general, the optimal decision strategy S* may not nec-
essarily guarantee the highest quality assurance T}, .«. In this
section we will first develop the algorithm to calculate the end—
to—end assurance and show strategies to increase end—to—end
assurance, while sacrificing expected revenue.

A. Calculation of end-to-end assurance

In order to calculate the end-to—end assurance we use the
(discretised) setting as described in Section IV, equations (3)-
(7). The deadline ¢, can be expressed as m, = [d,/h], i.e. it
is expressed as the number of discretisation segments. For a
given decision strategy S, we define the end—to—end assurance
T = T(S) of the (discretised) decision strategy S to be the
probability that the deadline m,, will be kept.

The end-to—end assurance can be calculated using the
following recursive relations:

PN jm~ i=N,
T =4 5= ®)
2,7,m .
kzopz‘,j,kTﬁl’m*,k, i=1,...,N—1,
and

Tif’rn* = Pij T’;:jhm* + (1 — DPij, )pi7j27"7;':j2,7n* +oeet )
+ (L= pij ) (L =pige) - (L= Pijar, 1 )Pijins, T,

4,9 Mm,; ,m*
where S(i,m*) = (j1,...,Jm,)- The end—to—end assurance
T(S) equals Ty, . Clearly 0 < T(S) < 1 for any given
strategy S.

In general, not any value of end—to—end assurance may
be reached. The highest possible end—to—end assurance can
be calculated as described with the ordering (j1,...,ja,) of
concrete services at each task ¢ and time interval m* on the
assurance factors 77", .. The highest assurance is achieved
for permutation (ji, ..., jas,) such that
Tr >Tr

B,j1,m* = Ti,52,m*

>...>TF

4,JMm, M

Remark: The optimal revenue strategy S* defined in section IV
need not be unique, because there might be different permuta-
tions (j1,...,4ar,) of (1,...,M;) such that (5) is satisfied,
namely when there are equalities. However, each revenue
policy S has accompanied assurance 77 ., calculated using
(8)-(9). In case when there are two or more revenue policies
that yield the same revenue, these policies can be ordered
according to their respective assurance. In case when two or
more policies S yield the same revenue, and have the same as-
surance, we further order them according to the lexicographic
ordering of permutations. This is how the uniqueness of the
selection strategy is achieved.

B. Optimal revenue strategy with target assurance

We denote by Sy, the unique optimal revenue decision strat-
egy for given penalty V, by ERy (S) we denote the expected
revenue for strategy S and given penalty V. It holds that
ERy (S}) > ERy (S) for all selection strategies S. However,
the optimal revenue strategy Sj, need not have the highest
end—-to—end assurance, for instance due to expensive but high
assurance individual services in the chain. As explained in the
remark, the assurance 7'(S},) is maximal among all strategies
S under condition that ERy (S) = ERy (S5,).

The composite service provider may need to guarantee a
certain minimal end—to—end assurance 7" for given penalty V.
This assurance might not be attained by the optimal revenue



selection strategy Sy,. This establishes the need to determine a
different strategy S # Sy that has maximal expected revenue
under the condition that it has end-to-end assurance greater
than or equal to 7. The strategy .S could be determined by
usage of the following theorem.

Theorem V.1. Let penalties W and V satisfy 0 <V < W.
For given end—to—end deadline, let Syy be the optimal revenue
strategy for penalty W with assurance T = T(Sw). Then
ERy (Sw) > ERy(S) for all selection strategies S with
T(S)>T.

Proof: Let C1; be the expected cost paid when strategy
Sw is used under the condition that the end—to—end deadline
is met, and C2 be the expected cost paid when strategy Sy is
used, under the condition that the end—to—end deadline is not
met. Given the assurance T = T'(Sy ), the expected revenue
is

ERw(Sw)=T - (-C11+ R)+(1—-T) - (=C12 —W).

Let S be any selection strategy under condition 7'(S) > T.
Let C5; be the expected cost when strategy S is used, under
the condition that the end—to—end deadline is met, and let Cyo
be the expected cost paid when strategy .S is used, under the
condition that the end-to—end deadline is not met. Then

ERw(S)=T(S) - (=Ca1+R)+ (1 —=T(5)) - (—=Caa = W).

Since Sy is optimal revenue strategy for given penalty W,
it holds that ]ERw(Sw) > ERw(S), i.e

—T)-(=Ci2=W) >
=T(5)) - (=Ca2 — W).

Now, adding (1 — T)(W — V) on both sides, and given the

T-(-Cuu+R)+(1
T(S) (=Ca +R)+ (1

fact that (1 —-T)(W —V) > (1 -T(S))(W — V), we obtain:
ERy(Sw)=T - (-C11+R)+(1-T)-(—Ci12—V)

=T - (-Cu+R)+Q0A-T)-(=Cra = W)+ (1 -T)(W -V)
>T(S)-(=Ca1+ R)+ (1 =T(8)) - (—=Ca2 — W) + (1 =T)(W = V)
2T(S) - (=Can+ R) + (1 =T(5)) - (=C22 = W) + (1 = T(5)(W
=T(S) (-Ca1 + R)+ (1 —T(9)) - (—Ca22 — V) =ERy (9),

which completes the proof. ]

The following conclusions could be made from the given
theorem:

« The end-to-end assurance increases with the increase of
the penalty value.

o The optimal expected revenue decreases with the increase
of the penalty value.

o When optimal revenue strategy Sy, for given penalty V'
does not meet target assurance, a new strategy Sy needs
to be calculated. This is done by finding the smallest
penalty value W (W > V), for which the optimal revenue
strategy Sy meets the target assurance 7. The revenue
strategy Sy is then optimal under condition that target
assurance is met.

VI. CALCULATION OF END-TO-END RESPONSE TIME
DISTRIBUTION

The end-to-end assurance only describes the probability to
complete the request before the deadline. The assurance corre-
sponding to a selection strategy S could be readily calculated
from the end-to-end response time distribution. However, the
determination of the end-to—end response time distribution
allows to identify, e.g. strategies that have response time close
to the deadline with relatively high probability. Therefore, we
describe here how the end-to-end response time distribution
r* of a strategy S can be computed. In section VII we will
demonstrate the usage of such distributions.

Suppose we have a selection strategy S, that will give, for
every abstract service ¢ and time ¢, a permutation (j1, ..., ja, )
of (1,...,M,), ie. S(i,t) = (J1,--* ,jm,), such that, if
available, concrete service j; will be selected, else concrete
service jo if available, etc. Let ry; ; be the response time
distribution when CS;(j) is available and selected, and the
remaining time to deadline equals to s. Further, let r5; be
the response time distribution for task ¢ and remaining time
to deadline s, i.e. no concrete service for task 7 is selected
yet. When no concrete services are available for given task,
the composite request will not be completed, and, for such
a scenario, we assume the response time to be infinite. We
denote this by function 1, (t) that equals to 1 when response
time is infinite, and equals to zero otherwise. Then:

Tsi = DijiTs,is T (1= Digi )PijaTsija T+ (10)
+ (X =pij )X =pija) (1= Pigas, -1 )Pisjing, Tssiving, T
+ (1 =pig) (L= Piju,) Lo

The response time distribution for CS;(j), with remaining
time to deadline s is

fNJ()vl N,

reig(t) =9 Jo fid OB+ @)rsyiv)(®)dy, (A1)
fori=1,...,N -1,
~—Viwhere (R (y)g)(t), is given by
_ g(t - y)v t Z Y,
(R+(y)g)(t) = {07 t<y (12)

Due to the lack of space, we do not show here how to
calculate discretised response time distribution.

VII. NUMERICAL EXPERIMENTS

In this section we will give some numerical experiments
of the theory described in previous sections, and state some
observations coming from these experiments. Unless otherwise
specified, we illustrate the results for the case of the sequential
workflow that consists of N = 4 tasks (abstract services), and
each task is implemented by four different concrete services
(alternatives).



A. A static algorithm for comparison

We need first to determine a (static) reference to compare
our results to. One approach may be, see [6], to determine an
optimal path W = (Wy,--- ,Wy) in advance, such that for
task ¢, a concrete service W; is selected. This approach is not
applicable for the problem we consider here because any of
the individual services in the optimal path may be unavailable,
which implies that the probability that the composite service
never generates a reply can become quite large. As an illustra-
tion, let us analyse a sequential workflow with IV tasks, where
each concrete service has availability that is same and equals
to a value p < 1. In case when an optimal path is determined,
i.e. a single concrete alternative has been chosen for each task,
and that choice is not changed, the probability that composite
service request would not be served is 1 — p”, which goes to
1 quickly as N becomes large.

As this would mean an unfair assessment of the static
approach, we adjust it as follows: For each task ¢, i =
1,... N, a specific permutation wil, R wlMi of concrete ser-
vices (1,...,M;) is chosen, such that

(1) of all possible compositions, (wi,---,wh) gives the
optimal expected revenue, under the condition that these
concrete services do not fail,

(2) for i € {l1,---,N}, and k € {1,---,M;}, de-
note Erf := the expected revenue for the composi-
tion (wi,---,w}_y,wF,wt, -, wy). Then Er} >

Er? >0 > ErlMi.

This means that, in our reference case, the optimal (static)
composition (wi,--- ,w}) is executed. However, whenever
a concrete service wil at task 7 is unavailable, the concrete
service w? is selected instead when available, otherwise w; if

available, etc.

B. Revenue and assurance improvements with identical avail-
ability of services

In this subsection we illustrate the revenue and assurance
improvements when our solution is applied, compared to the
reference.
TABLE I: Parameters of concrete services implementing a
single task <.

Task 4
Concrete servicel | ¢ pu o
Alternative 1 1 5 2
Alternative 2 2 3 2
Alternative 3 5 25 2
Alternative 4 10 1.25 3

For each abstract service we assume we have four concrete
services with parameters as in Table I, i.e. with cost ¢, and
parameters p and o of the lognormal distribution of the
response time. The end-to-end penalty deadline is §, = 18,
reward R = 20 and penalty value is V' = 50. We also assume
that concrete services for all tasks have the same availability
probabilities, and these probabilities vary from 0.6 to 1. The
results for expected revenue and end-to-end assurance are
shown in Figure 2. The dynamic run—time selection strategy

significantly outperforms the static reference strategy, with
respect to both revenue and end-to-end assurance. The abso-
lute difference among expected revenue for the dynamic and
static strategy remains more or less constant, independent of
availability. However, the end-to-end assurance comes farther
apart as the availability probabilities approach one.

When the availability of concrete services equals one, the
difference between expected revenue for the dynamic and
static strategies results from the fact that the dynamic strategy
takes into account realised response times of the subservices
when selecting the concrete services for the next task. The dy-
namic strategy can therefore take advantage of a low realised
response time, even if the probability for this realisation is
small.

When availability probabilities differ from one, our dynamic
strategy takes future availability uncertainties into account,
while the static strategy does not. As we see in Figure 2 that
the difference in expected revenue stays more or less constant,
while the availability probabilities decrease, we conjecture that
in this case the main contribution to the advantage of the
dynamic strategy versus the static strategy lies in the fact
that the dynamic strategy takes realised response times into
account, and not that it takes future availability probabilities
into account.

C. Expected revenue and quality assurance

In this section we illustrate an application of Theorem V.1.
Again, the setting consists of a sequential workflow with four
tasks, of which each has four alternatives with parameters
specified in Table I. Furthermore, we assume that reward
R = 20, the penalty V' = 50, the penalty deadline J,, = 18,
and the concrete services all have an availability of 1. The
dynamic strategy in this case realises an end-to-end assurance
of 0.9537, see also Figure 2. Let us now suppose that the
minimal target end-to-end assurance is 73 = 0.97, and let us
determine the strategy that yields optimal expected revenue
under this additional requirement. We first check whether
target assurance is achievable at all. To do so, we determine
maximum assurance 7T,,,«, as described at subsection V-A. We
obtain the value of T},,,x = 0.98, with an (negative!) expected
revenue of —5.862. The target assurance of 0.97 is therefore
possible.

Applying the Theorem V.1 we develop the following steps
to determine the strategy:

1) Increase the initial penalty V' = 50 by increments AV,

say AV = 10.

2) In n—th iteration, determine the strategy S,, that gives
the optimal expected revenue for penalty V +nAV. Cal-
culate the resulting end-to-end assurance under strategy
Sn, ie. T(Sy)

3) For the first iteration n which results in assurance
T(S,) > T; compute the expected revenue for strategy
S, using the initial penalty V = 50.

The approach is illustrated in Figure 3 for the initial penalty
value V' = 50, AV = 10 and T; = 0.97. The target assurance
T} is reached for iteration n = 44, i.e. the penalty value of 490.
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Fig. 2: Comparison between the static and dynamic strategies

for service parameters given in Table I.

This results in strategy S,, which yields expected revenue of
6.37 for V' = 50. By Theorem V.1 this is the highest expected
revenue that can be achieved under the condition that the end-
to-end assurance is greater than or equal to 0.97.

D. Impact of availability

In this set of experiments we investigated the alternating
individual service availability, and the impact it has to expected
revenue and end-to-end assurance. The parameters of the
concrete services are specified in Table I. However, not all
services have the same availability; we set the availability of all
concrete services implementing task 1 to 0.55, while concrete
services implementing tasks 2, 3 and 4 have availability of
0.65, 0.75 and 0.85, respectively. In the Table II all 24 possible
compositions are shown. For example, configuration with label
a uses alternative 4 at position (i.e. task) 1, alternative 3
at position 2, and so on. For respective configurations the
resulting revenues and end—to—end assurance are illustrated in
Figures 4 and 5, respectivelly. Both Figure 4 and Figure 5 show
“gaps” of dramatic revenue increase (resp. assurance increase),
noted by A, B and C in the figure. Careful examination of
permutations from Table II indicates that gap A in Figure 4
results from the fact that the alternatives for the last two
tasks change from 2 and 1 (with availabilities 0.65 and 0.55
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Fig. 3: Expected revenues and end-to-end assurance for dif-
ferent penalty values.

respectively) to alternatives 3(4) and 1 for the same tasks.
Similarily, gap B results from the fact that the alternative for
the last task is not 1 anymore, but 2.

TABLE II: Indices of alternative assurance configurations

label — a b ¢ d e f g h i ] 1
positonl | 4 4 4 4 4 4 3 3 3 3 3 3
positon2 | 3 3 2 2 1 1 4 4 2 2 1 1
positon3 | 2 1 3 1 2 3 2 1 4 1 2 4
positon4 | 1 2 1 3 3 2 1 2 1 4 4 2

label — m n o p q r s t u VvV W X
positonl [ 2 2 2 2 2 2 1 1 1 1 1 1
positon2 | 3 3 4 4 1 1 3 3 2 2 4 4
positon3 [ 4 1 3 1 4 3 2 4 3 4 2 3
positon4 | 1 4 1 3 3 4 4 2 4 3 3 2

This leads to the following observations:

o The highest optimal revenue is achieved when the ser-
vices with highest availability probabilities are placed
at or near the end, and services with lowest availability
probabilities are placed at or near the beginning of the
service chain. One logical explanation for this is as
follows: when optimal concrete services are unavailable
at the beginning of the service chain, there is still enough
“room” (in the time budget) to compensate this with a
different strategy. When they are unavailable near the end,
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by permutation indices.
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Fig. 6: Comparison of response—time PDFs for dynamic and
reference (static) strategy when deadline=18.

this “room” to maneuver is much smaller.

o The above observation indicates that when considering
which service alternatives could play a role in construct-
ing a composite service, extra care must be taken to
ensure that the service alternatives near the end of the
chain have sufficient availability probabilities.

E. Response time distribution

We showed in Section VI how the response time PDF
can be determined, and we illustrate the results in Figure 6.
The same setting and parameters as in subsection VII-C are
taken. From the respective PDFs we notice that dynamic
response time PDFs shift more towards the deadline compared
to the reference strategy. The dynamic strategy focuses on
optimal expected revenue, and when more time is available, the
strategy uses this time and select cheaper but slower services.
It is also clear from Figure 6 that dynamic strategy results in
higher assurance than the reference strategy.

VIII. CONCLUSIONS AND FUTURE WORK

In this paper we presented a dynamic programming based
solution for dynamic, run—time web service composition with
two conflicting goals: revenue maximization and quality assur-
ance. An important feature of our analysis is that we take both
service availability and stochastic model of services’ response
time distribution. We have shown how to determine the policy

by permutation indices.

that would result in maximum revenue for given target quality
assurance. The promising results from this paper will be
further investigated for larger workflow settings, real service
performance data and for time—varying services’ models.
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