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Web services run in a highly dynamic environment, as a result of which the QoS 

will change relatively frequently. In order to make the composite service adapt to such 
dynamic property of web services, we propose an adaptive approach for web service 
composition. This approach uses an EX-QoS model which makes the approach applica-
ble in the decentralized service composition to achieve global optimization. Besides this, 
in order to make the composite service adjust itself quickly when execution problems 
occur, this paper uses replacement composite services backed up before the execution. 
Then, when a service fails, the composite service can easily switch to the replacement 
without affecting the runtime performance. In order to preserve the availability of the re-
placement, a re-selection for updating the replacement is used which is on the basis of a 
performance prediction to make the re-selection complete as early before the invocation 
of the failed service as possible. Experiments show that the proposed solutions have bet-
ter performance in supporting the adaptive decentralized service composition. 
 
Keywords: decentralized service composition, failure prediction, QoS, re-selection, adap-
tive approach  
 
 

1. INTRODUCTION 
 

With the popularity of web service, the creation of valued-added services by com-
posing available services is gaining a significant momentum [1]. However, as the num-
ber of web services providing overlapping or identical functionality, albeit with different 
non-functional properties (e.g. QoS) on the Web is huge, a choice needs to be made to 
determine which services are to participate in a given composite service.  

The web service selection is to select the best set of services, taking into considera-
tion of QoS and user’s constraints in order to make the composite one adapt to the dy-
namic nature of the service [2]. Currently, many people focus their study on this selec-
tion problem and the solutions can be classified into 2 categories: selection with the local 
optimization and selection with the global optimization.  

Selection with the local optimization [2, 3] is to select a service for the task when it 
is required to execute. The advantage of this kind of approach is that it considers the QoS 
of the services at runtime. However, such local approach can only guarantee local QoS 
constraints, i.e., candidate web services are selected according to a desired characteristic, 
e.g., the price of a single web service invocation is lower than a given threshold. 
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Selection with the global optimization [2, 4, 5] aims at satisfying the user’s con-
straints for the whole composite service. This solution turns the selection problem into a 
multiple constraints satisfaction problem (MCSP) and some classical algorithm (such as 
integer programming algorithm) as well as other artificial intelligence algorithm (such as 
genetic algorithm [6] and simulated annealing algorithm [7]) can be used. 

The main issue for the fulfillment of the end-to-end constraint is the variability of 
the QoS. Indeed, the QoS of a web service may evolve relatively frequently, either be-
cause of internal changes or because of workload fluctuations [2, 8]. If a composite proc-
ess has a long duration, services selected by the global optimization may change their 
QoS properties or some services can become unavailable. For such reason, it needs a 
re-selection in the execution of the composite service to adapt to this variable environ-
ment. However, since the time complexity of the re-selection is high [8], the performance 
of the composite service will be influenced. Thus, how to make the composite service 
more adaptive and preserve the runtime performance is still a problem needed to solve. 
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(a) Centralized service composition.         (b) Decentralized service composition. 

Fig. 1. Two service composition models. 

 
Another drawback of the current global solution is that current approach for finding 

composite service with the global optimization is only suitable for centralized service 
composition. There exist two models for invoking a composite service: centralized 
model [2, 9] and decentralized model [10]. For such two models, QoS for evaluating the 
quality of services are surely to be computed differently. In centralized model (Fig. 1 (a), 
in this figure, CS signifies composite service, D signifies data transmitted, RI signifies 
routing information and s signifies service), there exists a centralized engine. According 
to the routing information of the composite service, the engine will route data among 
services. In this model, data transmission time which influences the QoS will be the time 
of routing data between the service and the centralized engine. The selection of one ser-
vice will not influence the selection of others. However, as web service composition de-
veloped in the open environment (the Web), using the centralized model will result in 
some problems. Firstly, in centralized model, services must route data via a centralized 
engine which will add additional execution duration time and result in the bottleneck 
problem. Secondly, certain applications (e.g. B2B applications) will not allow routing 
data via a third party because of the security and business aware problems. Thus, a de-
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centralized model for composite service is proposed. Compared with the centralized 
model, in decentralized model (Fig. 1 (b)), on each service, there exists a routing table 
generated from the routing information of the composite service. Such routing table is 
used for routing data among services. In this model, data transmission time will be the 
time of routing data between the services. Then, the selection of one service will influ-
ence the selection of others. Thus, how to select service with global optimization in dis-
tributed service composition is still another problem needed to solve. 

The goal of this paper is to set the basis to overcome the limits of the previous ap-
proaches to web service selection. We introduce a new QoS model for selection with 
global optimization in decentralized service composition. This new QoS model (EX-QoS) 
is an extension of the traditional QoS model after considering the relation of data trans-
mission between services. We introduce a new framework for composite service to adapt 
to a highly variable environment. Key to this framework is the performance prediction, 
through using which the runtime performance of the composite service can be improved. 
As will be discussed in the remainder of the paper, our approach is effective. 

2. RELATED WORKS 

To adapt to dynamics of web services and meet the global constraint from users, 
researchers [8] propose a solution which uses a re-selection. In [8], the re-selection will 
be triggered when the actual QoS deviates from the initial estimates. When the failure is 
found, the execution of composite service will be stopped until the re-selection is fin-
ished. Therefore, this approach can be only used for runtime-unaware application. 

To make the composite service recover from the failure with the minimal extra de-
lay of the execution of the composite service, researchers [11, 12] propose another solu-
tion which is on the basis of the replacement. In their works, a replacement composite 
service is backed up for each service of the composite one. Then, when a service is failed, 
the composite service can easily switch to a replacement and such self-adaptive process 
will not affect the execution performance of the composite service. In [11, 12], all the 
replacement composite services are backed up before the execution of the composite 
service. Such two approaches do not consider the QoS of services in the execution of the 
composite service. Therefore, the replacement will not be available sometimes.  

Besides this, the above works are only used in a centralized service composition.  
Compared with the above works, we aim at solving the problem of adaptation in the 

decentralized service composition and an EX-QoS model is proposed. Moreover, to ef-
fectively adapt to the dynamic environment, this paper combines the approaches of pre- 
backup before the execution and re-selection in the execution together. In our approach, 
the re-selection is only used for updating the replacement which is predicted to be un-
available. In this way, the composite service can recover from the failure quickly. 

3. EX-QOS MODEL FOR DECENTRALIZED SERVICE COMPOSITION 

3.1 Scenarios of Service Composition 
 

In this section, we will introduce some basic concepts, including composite process,  
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Fig. 2. Composite process of travel planning. 

 
service class, service and composite service through a scenario of travel planning. Fig. 2 
illustrates the main steps that are needed in the composition. In the composite process, a 
flight booking is done in parallel with a hotel reservation, after booking and reservation, 
the distance from the airport to the hotel is computed, and then either a car rental or a 
bike rental is invoked. 

A composite process contains several service classes. For example, flight booking is 
a service class in the composite process of the travel planning. A service class is a set of 
services with similar functions. When it needs to achieve the function claimed by the 
service class, a service in the set will be assigned to perform this function. For example, 
when it needs to book a flight, a service s in the set will be assigned. In this situation, we 
call that service class flight booking is implemented by the service s. If for each service 
class in a composite process, it is implemented by a service and the services form a set, 
we call this set is a plan of the composite process. In reality, there exist several plans for 
a same composite process. Among these plans, the plan which has the best QoS and 
meets the constraints of the users is the composite service. 
 
3.2 EX-QoS Model for Decentralized Service Composition 
 

Due to dynamic nature of the web services, researchers propose approaches of QoS 
driven service selection with the aim of achieving better quality of the composite service. 
As illustrated in section 1, current approaches seldom focuses on the selection with the 
global optimization in the decentralized service composition. Besides this, the QoS in the 
context of the decentralized service composition is different from the one in the central-
ized service composition. In order to achieve global optimization in decentralized service 
composition, this paper introduces an EX-QoS model. 

 
Definition 1  EX-QoS of Atomic Service. For an atomic service s (which only contains 
one operation), the QoS of s can be defined as: QoS(s) = <Qt(s), Qp(s)>, where: 
 
• Qt(s) is the response time of s which is the interval of time elapsed from the invocation 

to the completion of service s. Qt(s) can be defined as: Qt(s) = <Qpt(s), Qdt(s)>, where 
− Qpt(s) is the processing time for the request, which is provided by service providers; 
− Qdt(s) is the sum of the transmission time of request and result among the request 

sender, the result receiver and the service. Qdt(s) can be computed as Eq. (1). 

( ) reqdt res

req res

A A
Q s

B B
= +                                                 (1) 

where, Areq and Ares are amounts of the data transmitted among the service, the re-
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quest sender and the result receiver respectively; Breq and Bres are the average band-
widths among the service, the request sender and the result receiver respectively. 

− Qt(s) = Qpt(s) + Qdt(s) means that the response time is a sum of request processing 
time and data transmission time. 

• Qp(s) is the price of invoking s. 
 

In the decentralized service composition, the data transmission time Qdt(s) considers 
the time of data transmission among the request sender, the result receiver and the ser-
vice, but not the time of data transmission between the service and the execution engine. 
Then, EX-QoS model can be used in a decentralized service composition. 

The works by Cardoso [6] proposes a mathematical model for QoS computation of 
workflow, which involves aggregation functions for sequence, choice, parallel and itera-
tion structure of the workflow. Based on these aggregation functions in the centralized 
service composition, this paper gives a set of functions (Table 1) for computing the QoS 
of composite service CS in decentralized service composition. ρ(s) is the probability to 
invoke the service s in the composite service with choice structure and n(CS) is the av-
erage number of iterations.  
 

Table 1. Aggregation functions for computing the QoS of composite service.  

 Aggregation Function 

Sequence 
( )

( ) ( )
2

dt
t pt Q s

Q CS Q s= + ∑∑  

( ) ( )p pQ CS Q s=∑  

Choice 
( ) ( ) ( )t tQ CS s Q sρ= ∗∑  

( ) ( ) ( )p pQ CS s Q sρ= ∗∑  

Parallel 
Qt(CS) = max{Qt(s)}  

( ) ( )p pQ CS Q s=∑  

Iteration 
Qt(CS) = n(CS) * Qt(s)  
Qp(CS) = n(CS) * Qp(s) 

 
In order to provide composite service which satisfies global constraints and prefer-

ences defined by users, services in the service class should be selected according to the 
QoS. Such selection problem can be formulated as Eq. (2). The aim of the selection is to 
maximize the fitness function; and meet the constraints defined by the user.  

max  ( ),

s.t.  ( )

v
v

t t
v c

F CS

Q CS Q≤
                                                  (2) 

where CSv = {s1,k1, …, si,ki, sn,kn}; sv,kv is the service selected for service class scv; F is the 
fitness function which can be computed as Eq. (3). 
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( )( )
( )

pt
j v pv t

v t p
t p

Q CS uQ CS u
F CS w w

σ σ

⎛ ⎞−⎛ ⎞−
⎜ ⎟= ∗ + ∗⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

                     (3) 

Where, wt and wp are the weights (0 ≤ wt, wp ≤ 1, wt + wp = 1). σ and μ are the standard 
deviation and average of the QoS values for all plans of the composite process. 

4. FRAMEWORK OF THE APPROACH 

From Eq. (2), the selection problem is a NP hard problem. Normally, it may take a 
long time to solve this problem. After the selection, the composite service will execute. 
Then, there is an interval between the service is selected and to be invoked. As web ser-
vices operate in a highly changeable environment, the QoS will change during this in-
terval. When the QoS of a service is changed, such changes will make the composite 
service difficult to satisfy global constraints. Thus, the composite service needs to adjust 
itself in order to meet the global constraints again. For such reason, we propose an ap-
proach (Fig. 3) for composite service adapt to the dynamic nature of the services. 
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Prediction
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Trigger of
Re-Selection 

Self-Healing of 
Composite Service 

QoS-Driven Re-
selection
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Replacement
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Service Result
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Execution Mechanism 
for Decentralized 

Service Composition

 
Fig. 3. Framework of the approach. 

 
Firstly, the monitor of QoS-related context will collect QoS-related contexts for pre-

diction. 
Secondly, QoS of each service in the composite one will be predicted periodically. 

If the QoS at invocating time of certain service is predicted to be a large deviation, and 
the pre-backup replacement is predicted to be unavailable, the process of reselection will 
be triggered.  

After that, taking the original replacement composite service as a reselected slice, a 
QoS-driven reselection will be done to get the new available replacement.  

Finally, when the failed service is to be invoked, the composite service will auto-
matically switch to the replacement to heal itself. 

The key to our approach is performance prediction. If the performance of the ser-
vice is predicted as a failure and the pre-backup replacement is not available, the process 
of reselection will be triggered. Compared with the works of triggering the reselection 
when to invoke the failed service, the approach in this paper can make the reselection 
complete before the invocation of the failed service. Thus, the composite service will not 
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need to wait for the completeness of the reselection and can adjust itself from the failure 
as quickly as possible.  

5. SEMI-MARKOV MODEL FOR PERFORMANCE PREDICTION 

The study of this paper is based on the following assumptions: (a) the speed of 
processing the request is constant; (b) the price of requesting for a service is constant; (c) 
the execution engine is never failed; (d) the failures by different service and communica-
tion links are separate and do not interfere with each other; and (e) during the data trans-
mission process, data transmission speed does not change. 
 
5.1 Semi-Markov Model for Data Transmission Speed 
 

Markov Process model is one of the probabilistic models. It is useful in analyzing 
dynamic behaviors of the system [13]. A semi-Markov Process (SMP) is the extension of 
Markov’s, which is to model time-dependent stochastic behaviors [14]. A SMP is similar 
to Markov process except that its transition probabilities depend on the amount of time 
that elapses since the last transition. Since web services operate with frequent changes, 
the change of data transmission speed can result either from the soft damage of the inter-
net, e.g. network load, or from the hard damage of the internet like a communication link 
that is broken. In this sense, the stochastic behavior of the data transmission speed de-
pends not only on the current state, but also on the duration of the state. Thus, a SMP can 
be used to analyze the behavior of data transmission speed. 

In order to use SMP to analyze the stochastic behavior of data transmission speed, 
we firstly classify data transmission speed into 3 states: qualified state, soft damage state 
and hard damage state. The meanings of above 3 states are given in Definition 2. In Defi-
nition 2, V(t) is used to signify the data transmission speed at time t and ST(t) is used to 
signify the state of the data transmission speed at time t. 
 
Definition 2  States of Data Transmission Speed. We use th_VQ to signify the threshold 
of data transmission speed in the qualified state.  
 
• If V(t) ≥ th_VQ, then ST(t) = qualified state; 
• If 0 < V(t) < th_VQ, then ST(t) = soft damage state; 
• If V(t) = 0, then ST(t) = hard damage state. 
 

In this paper, th_VQ is the data transmission speed with a given probability of 70% 
of the past executions.  

After defining the states of data transmission speed, a semi-Markov model for data 
transmission speed can be defined as follows: 
 
Definition 3  Semi-Markov Model for Data Transmission Speed. A semi-Markov model 
for data transmission speed can be defined as: SM = <Z, P, F>, where 
 
• Z is the state space of data transmission speed, Z = {1, 2, 3}. When Z = i, it means that 
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the data transmission speed is in state i. State 1, 2 and 3 are qualified, soft damage and 
hard damage states respectively;  

• P is the matrix of state transition probabilities. If the current state is i, the next state 
enters in state j with probability Pij and 1.ij

j
P =∑  Especially, Pii = 0; 

• If the current state is i and the next state is j, the duration at state i until the completion 
of transition from i to j is d. d obeys the distribution Fij(d).  

 
Let Hi(d) be the distribution of duration spent in state i, Hi(d) = ( ) .ij ij

j
F d P∗∑  The  

average duration in state i can be signified as μi. According to lemmas [15] of semi- 
Markov model, there is stationary distribution π = [π1, π2, π3] and for each πj, it can be 
computed through getting the solution to Eq. (4). Also, let LimPi the steady-state occu-
pancy probability of state i, it can be computed as Eq. (5). 

5

1

5

1
1

j i ij
i

i
i

Pπ π

π

=

=

⎧
=⎪

⎪
⎨
⎪ =⎪
⎩

∑

∑
                                                     (4) 

i i
i

j j
j

LimP
π μ
π μ

=
∑

                                                   (5) 

5.2 Failure Prediction Based on Semi-Markov Model 
 

Aiming at improving the availability of the replacement composite service, this pa-
per intends to predict the QoS performance. 
 
5.2.1 Description of prediction 
 

As to our prediction problem, we try to predict whether the data transmission speed 
of the service is a deviation from the estimated one during the invocation. Such a prob-
lem can be described as follows: if the current state is i, current time (predicted time) is t 
and the duration in the current state is d, we need to predict the probability of that the 
data transmission speed Vf at future time (the time to be predicted) tf must not be below 
the maximum deviation Ve. Let j be the state of Ve. To solve this problem, we need to 
consider the following two situations: 
 
Situation 1: State j is the same as i.  

This situation is either because of lasting in state i from t to tf, or as a result of 
switching to i again after multiple transitions. We will consider these two situations. 
 
Situation 1a: State j is the same as i and during tf − t no transition occurs. 

Let Di be the stochastic variable of duration in state i. If no transition occurs during 
tf − t, it means that the duration in state i will be d + tf − t. Then, the probability of Vf at 
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future time tf that is not below the maximum speed Ve is computed as Eq. (6).  

1 (( ) ( | ))

( ) ( | )

( | ) ( )
(1 ( ))

( )

1 ( )
(1 ( ))

1 ( )

a e i f i

e i f i

i i f i f
i e

i

i f
i e

i

PR PR P V V D t t d D d

P V V P D t t d D d

P D d D t t d P D t t d
FV V

P D d

H t t d
FV V

H d

= = ≥ ∧ ≥ − + ≥

= ≥ ∗ ≥ − + ≥

≥ ≥ − + ∗ ≥ − +
= − ∗

≥

− − +
= − ∗

−

               (6) 

where FVi(v) is the distribution of data transmission speed in state i; P(Di ≥ d + tf − t | Di 
≥ d) is the probability of duration in state i bigger than d + tf − t, under the condition that 
it has been already in state i for d since the last transition. 
 
Situation 1b: State j is the same as i and during tf − t, at least one transition occurs.  

If at least one transition occurs, it means that the duration kept in state i before the 
first transition is shorter than d + tf − t. Meantime, the probability of re-entering state i 
after several transitions during the interval from tf to t is close to the steady-state occu-
pancy probability LimPi of state i. The probability can be computed as Eq. (7). 

1 (( ) ( ) ( | ))

( ) ( ) ( | )

( | ) ( )
(1 ( ))

( )

( ) ( )
(1 ( ))

1 ( )

f

f

b e t i f i

e t i f i

i i f i f
i e i

i

i f i
i e i

i

PR PR P V V Z i d D d t t D d

P V V P Z i P d D d t t D d

P D d d D t t d P d D t t d
FV V LimP

P D d

H t t d H d
FV V LimP

H d

= = ≥ ∧ = ∧ ≤ < + − ≥

= ≥ ∗ = ∗ ≤ < + − ≥

≥ ≤ < − + ∗ ≤ < − +
= − ∗ ∗

≥

− + −
= − ∗ ∗

−

  (7) 

where P(Ztf = i) is the probability of the transition entering state i from the other state. 
Considering the above two situations, the probability under the situation that state j 

is similar to i, can be computed as Eq. (8). 

1 1 1(( ) ( ))

1 ( ) ( ) ( )
(1 ( )) (1 ( ))

1 ( ) 1 ( )

e i a b

i f i f i
i e i e i

i i

PR P V V D d PR PR

H t t d H t t d H d
FV V FV V LimP

H d H d

= ≥ ∧ ≥ = +

− − + − + −
= − ∗ + − ∗ ∗

− −

 (8) 

Situation 2: State j is different from i. 
If state j is different from i, it means that there exist at least one transition during the 

interval from t to tf. Similar to Situation 1b, the duration kept in state i before the first 
transition is shorter than d + tf − t. Meantime, the probability of entering state j after sev-
eral transitions during the interval from tf to t is close to the steady-state occupancy 
probability LimPj of state j. Then, the probability can be computed as Eq. (9). 
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2 (( ) ( ) ( | ))

( ) ( ) ( | )

( ) ( )
(1 ( ))

1 ( )

f

f

e t i f i

e t i f i

i f i
j e j

i

PR PR P V V Z j d D d t t D d

P V V P Z j P d D d t t D d

H t t d H d
FV V LimP

H d

= = ≥ ∧ = ∧ ≤ < + − ≥

= ≥ ∗ = ∗ ≤ < + − ≥

− + −
= − ∗ ∗

−

            (9) 

where, P(Ztf = j) is the probability of transition entering state j from the other state. 
 
5.2.2 Process of prediction 
 

To predict the data transmission speed, we need to get the distribution of data trans-
mission speed Fi(V) in state i, the distribution of duration Fij(d) and transition probability 
Pij. To calculate the above distributions and probability, for a continuous-time semi- 
Markov process, a set of backward Kolmogorov integral equations [13] are developed. 
While the approaches to solve these equations are feasible and can achieve accurate re-
sults in some situations, they perform poorly in many situations, for instance, when the 
rate of transitions is exponential with time. In applications like [12], a discrete-time semi- 
Markov process is utilized to achieve simplification. In this paper, we develop a discrete- 
time semi-Markov process to calculate distributions and probability. 
  
Definition 4  QoS-Related Contexts. QoS-related contexts is the observed result at time 
tob, and it can be defined as qc = <tob, v, stob>, where tob is the time of the observation; v 
is the observed data transmission speed at tob; stob is the state of v. 
 

In the following part, we will introduce how to compute needed probability and dis-
tributions based on QoS-related contexts.  
 
• Establishing Transition Set 

Let QCS = {qc1, qc2, …, qcn} be set of QoS-related contexts observed in the past. 
For each qci ∈ QCS, qci is the QoS-related context observed at time qci.tob.  

Given QCS, all the transitions from state i to j form a set TRij = {(qcu, qcv, duration) 
| qcu, qcv ∈ QCS, ∧ qcu.stob = i ∧ qcv.stob = j ∧ i ≠ j}. In this paper, we use TRij[k] to sig-
nify an element (qcu, qcv, duration) in TRij where duration is the time between qcu.tob and 
qcv. tob. And duration can be computed as Eq. (10). We use TRij[k].pre to signify qcu and 
TRij[k].post to signify qcv. 

 
TRij[k].duration = TRij[k].post.tob − QCS[l].tob                            (10) 

 
where, QCS[l] is an element in QCS and it satisfies the following conditions: QCS[l − 
1].stob ≠ TRij[k].pre.stob and for any qc in QCS, if QCS[l].tob ≤ qc.tob < TRij[k].pre.tob, 
qc.stob = TRij[i].pre.stob. 
 
• Calculating Transition Probability Pij 

Based on the transition sets TR, the probability of transition from state i to j can be 
computed as Eq. (11). 
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| |
| |

ij
ij

ik
k

TR
P

TR
=
∑

                                                    (11) 

where TRij is the set of transitions from state i to j according to QCS; |TRij| is the number 
of elements in TRij. 
 
• Computing Steady-State Occupancy Probability LimPi 

To compute the steady-state occupancy probability, we firstly get the solution to Eq. 
(4), to obtain π. According to Eq. (4), π can be computed as Eq. (12).  

1
12

1 2 3 21

31 32

1 1
[ ] [0 0 1]  1 1

1

P
P
P P

π π π

−−⎡ ⎤
⎢ ⎥= −⎢ ⎥
⎢ ⎥− −⎣ ⎦

i                           (12) 

Let u = [u1, u2, …, u5]. For any ui, ui is the average duration spent in state i, and it 
can be computed as Eq. (13).  

[ ].

|{ [ ]}|

ij
j k

i
ij

j

TR k duration
u

TR k
=
∑∑

∑
                                          (13) 

After getting π and u, by Eq. (5), the steady-state probability of each state can be 
computed.  

 
• Getting Distribution of Duration Hi(d) 

To compute the probability as in Eqs. (8) and (9), what is needed is the duration 
spent in the current state since last transition. Let TRfinal be the final transition according 
to QCS, and TRfinal .post be qc. Then, the state of qc is the current state. Let the current 
time be t. Then, the duration is t − qc.tob.  

Let’s discuss how to compute Hi(d). To compute Hi(d), we will compute Fij(d) 
firstly. Fij(d) is the probability of entering the state j from state i, under the condition that 
the duration in state i is less than d. Then, Fij(d) will be the ratio of the number of ele-
ments in TRij with the duration that is below d to the number of all elements in TRij. It can 
be computed as Eq. (14). Then, Hi(d) can be computed as Eq. (15).  

|{ [ ] | [1, | ] [ ]. }|
( ) { }

|{ [ ]}|
ij ij ij

ij
ij

TR u u TR TR u duration d
F d P T d

TR u
∈ ∧ <

= < =           (14) 

( ) ( )i ij ij
j

H d F d P= ∗∑                                              (15) 

• Getting Distribution of Data Transmission Speed FVi(v) 
It also needs to compute the probability FVi(V) of data transmission speed that is 

less than the maximum deviation speed V in state i. It can be computed as Eq. (16).  
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i
ob

qc qc QCS qc st i qc v V
P v V Z i FV V

qc qc QCS qc st i
∈ ∧ = ∧ <

< ∧ = = =
∈ ∧ =

         (16) 

After computing all the above probabilities, we can use Eqs. (8) and (9) to compute 
the probability of data transmission speed not below the maximum deviation.  

6. DETAILS OF THE APPROACH 

6.1 Triggering Re-selection Based on Failure Prediction 
 

The algorithm presented in Algorithm 1 describes the proposed re-selection trig-
gering approach. The basic idea is to predict the data transmission speed of each service 
in the composite one, and when the predicted speed below the threshold, the confident 
degree is also low (which means a failure will be happened at invocation time) and no 
replacement is predicted to be available to rescue such failure, the re-selection will be 
triggered. The prediction will be based on the semi-Markov model as describe in the 
former section.  
 
Algorithm 1  Re-Selection Triggering Algorithm 
servcie TriggerReselection(CS, ReplaceCS)   // CS is a composite service; ReplaceCS is 

a replacement one. 
1 begin 
2  for each service s in CS do 
3    if ∃su, QoSPrediction(s, su, T(s), Q(s)) < ThresholdP(s) and QoSPrediction(s, sr, 

T(s), Q(s)) < ThresholdP(s) then     
// T(s) and Q(s) are the invoking time and expected QoS of service s respectively; 

sr is the reliable service 
4       if ¬∃RCS ∈ ReplaceCS, all services in RCS is predicted good then 
5          return s; 
6       else return null; 
7  end 
 
6.2 Re-Selection for Finding Replacement 
 

That the original replacement is not available may affect the adaptive ability of a 
composite service. Thus, a re-selection is needed to find a new replacement. The prob-
lem of such re-selection is described in Eq. (17). 

max ( ),

s.t  ( )

vv
t t

v c

F CS

Q CS Q ′≤
                                                 (17) 

where, Qc
t′ is the runtime of original replacement. 

This paper proposes a heuristic algorithm for solving the above re-selection prob-
lem. And the approach can be used for pipeline [4] composite service. The basic idea of 
the algorithm is: firstly, for each service class, keep constant number of part plans in 
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order to control the time complexity; then, based on the heuristic function to select the 
part plans which is most possible to be the optimized replacement; finally, if the heuristic 
process cannot find the replacement composite service, a process of random searching 
will be done in order to find the needed composite service through adjustment.  

 
Definition 5  Part Plan and Plan. For composite process CP, if ∃P = {Xij | Xij = 1 
∧

i

ik
k S k j

x
∈ ∧ ≠
∑ = 0} and |P| = |{Si}|, we call P a plan of CP. If |P| < |{Si}|, we call P a part  

plan of CP. If Xij = 1, Xij is an assign of i. Given a part plan P, if |P| = i and for each scu 
(1 ≤ u ≤ i), ∃Xij ∈ P, we call P an i level plan. 
 
Definition 6  QoS Govern. Pi

1 and Pi
2 are the i level plans of abstract composite service 

ACS. If q(z)(Pi
1) > q(z)(Pi

2), we call under factor z, Pi
1 governs Pi

2.  
 

Pi
* and 

*
iP  are two virtual i level plans of abstract composite service ACS. If for  

each Pi
u ∈ i level plans of ACS, and under each factor z, Pi

* governs Pi
u and Pi

u governs  
*,iP  we call Pi

* and 
*

iP  the best and worst i level plans respectively. Since that Pi
* and  

*
iP  defines the quality range of all plans, they can be used as the referenced point to 

evaluate certain level plan. For the i level plan p, h(p) is used to give score to p.  

( ) ( )
( ) ( )

( ) ( ) 2 2* *

( ) ( ) * 2 * 2* *

( ( )) ( ( ))
( )

( ( )) ( ( ))

t t
i i

t t
i ii i

Q Q P F F PP P
h P

Q Q P F F PP P

− + −
=

− + −
                    (18) 

where 0 ≤ h(p) ≤ 1, and bigger is h(p), more closer is p to the optimal plan. This paper 
uses h(p)as heuristic function.  

 
Algorithm 2  Finding Replacement Composite Service 
PCS Find_HEU(FS, cons, W)   // FS is the re-selected slice 
1 begin 
2  for each 1 1

u
i iP P− −∈  do 

3  begin 
4    for each service j ∈ FS[i] do 
5      let Xij = 1 to form Pi

u and compute QoS of Pi
u; 

6    Get Pi
* and 

*;iP  
7    for each Pi

u ∈ Pi do 
8      calculate h(Pi

u); 
9    keep top k in Pi; 
10   if ∃Pi

u ∈ Pi and Pi
u.q(t) ≤ cons(t) then 

11      return Pi
u; 

12    else 
13    begin 
14      select Pi

u ∈ Pi with maximum of QoS; 
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15      return RandomSearch(CP, Pi
u, cons, w); 

16    end  
17  end 
18 end 

7. EXPERIMENTS 

This part will verify the effectiveness of the proposed approach. 
Experiment 1 is used to test the effectiveness of the proposed performance predict-

ing approach based on the semi-Markov model. Simulate test set of data transmission 
speed according to the Gaussian distribution N(10, 1). The threshold of reliability is 0.9. 
The size of test set is 100000. Compare the relations among the predicted results, pre-
dicted interval and the observed interval between two neighboring contexts. Table 2 
gives the result (OQ is the observed interval between two neighboring QoS-related con-
texts in the test set; N is the number of predictions; R is the average accurate rate of the 
predictions which can be computed as the ratio of the number of predictions that is right 
to the number of predictions; I is the predicted interval and the unit of I is second). 
 

Table 2. Semi-Markov based predicted result. 
OQ 0.5s 0.1s 0.05s 
I 10s 60s 180s 10s 60s 180s 10s 60s 180s 
N 300 300 300 200 200 200 150 150 150 

R% 95 86 80 97 93 83 98 95 92 

 
Table 2 shows that if the observed interval between two neighboring contexts is 

smaller than 0.1s, although the predicting interval is relatively bigger (e.g. 60s), the pre-
dicted result (accuracy is 93%) is acceptable. If the observed interval is smaller (e.g. 
0.05s), although the predicted interval is bigger (e.g. 180s), the accuracy of the predicted 
result (e.g. 92%) is also acceptable. Thus, through minimizing the observation interval, 
the accuracy of prediction result can be improved. 

Experiment 2 is used to test the performance of the heuristic algorithm for finding 
the replacement. Randomly generate 200 scenarios, in each of which the number of ser-
vice classes may be 5, 10, 20 and 40 respectively, the number of services for each ser-
vice class is 10 and the number of part plans kept in each level is 20. Randomly generate 
200 scenarios, in each of which the number of service classes is 20, the number of ser-
vices for each service class are 10, 20, 50 or 100. Compare the runtime in Fig. 4. 

From Fig. 4, the runtime of the proposed algorithm is less than that of the exhaus-
tive searching algorithm. 

Experimentation 3 is to test the effectiveness of the EX_QoS model. We use satis-
fied degree of execution duration to evaluate the effectiveness of EX_QoS. Eq. (19) 
gives how to compute the satisfied degree. Give 200 scenarios where the average amount 
of data transmission between services can be 0, 10, 50, 100 and 200 bit. Compare the 
satisfied degree of the composite services backed up according to the QoS model used in 
[2] and the EX_QoS model. Fig. 5 shows the result.  
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From Fig. 5, SD of the composite service backed up based on EX_QoS is higher 
than the one based on QoS in [2]. EX_QoS is effective in selection in decentralized ser-
vice composition. 

Experimentation 3 is to test the interrupting time caused by re-selection process. 
Randomly generate 10 scenarios with OQ = 0.1s, I = 60, k = 20 and the threshold of fail-
ure probability is 0.9. Compare the extra delay, the result of which is shown in Fig. 6. 
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Fig. 6. Comparison of extra delay. 
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Fig. 6 shows the extra delay caused by the proposed approach is always the shortest 
among the three approaches. The reason is that the proposed approach is an improvement 
of the traditional pre-backup approach. By performance prediction, services which will 
incur a QoS violation can be predicted and if the corresponding replacement composite 
service is not available, the reselection process aiming at finding a replacement will be 
more likely to finish before the invocation of the service and thus the composite service 
can adjust itself from the failure as quickly as possible. Besides this, through the re-se- 
lection, the availability of the replacement can be preserved, and the composite service 
can use the replacement to rescue from the failure. Then, the extra cost will be the mini-
mum. 

8. CONCLUSION 

In order to adapt to dynamic property of services, we propose an adaptive approach 
for web service composition. The contribution of this paper includes: (1) an adaptive 
approach for web service composition is proposed; (2) an EX-QoS model for achieving 
global optimization in decentralized service composition is presented and corresponding 
heuristic algorithm is given; (3) a method of performance prediction is introduced in 
order to make the re-selection for updating the replacement complete as early before the 
invocation of the failed service as possible. 

In the future work, we will study on how to do the re-selection for a complex com-
posite service. The prediction approach will be studied more and the proposed adapting 
approach will be put into practical applications of web service composition. 
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