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Abstract. Web services coordinated by computational peers can be aggregated 
to create composite workflows that provide streamlined functionality for human 
users or other systems. One of the most critical challenges introduced by Peer-
to-Peer (P2P) based Web services is represented by Quality of Service (QoS)-
driven services composition. Since many available Peers provide overlapping or 
identical functionalities, though with different QoS, selections need to be 
quickly made to determine which peers are suitable to participate in an expected 
composite service. The main contribution of this paper is a heuristic approach 
which effectively and adaptively finds appropriate service peers for a service 
workflow composition, and also some uncertainties in the real ad-hoc scenarios 
are considered by a proper re-planning scheme. We propose to adopt Ant Col-
ony Optimisation (ACO) to tackle the QoS-aware Peers’ composition problem 
in both static and dynamic situations, as ACO represents a more scalable 
choice, and is suitable to handle and balance generic QoS attributes by phero-
mones. The proposed approach is able to improve the selection performances in 
various service composition structures, and also can adaptively handle unex-
pected events. We present experimental results to illustrate the efficiency and 
feasibility of the proposed method.  
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1   Introduction 

Web services are autonomous software systems identified by URIs which can be ad-
vertised, located, and accessed through messages encoded according to XML-based 
standards (e.g., SOAP, WSDL, and UDDI [6]) and transmitted using Internet proto-
cols [18]. In decentralised network, Peer-to-Peer [19] (P2P) based service computing 
inherits the foundational service-oriented features (e.g. service protocols, service dis-
covery mechanism and QoS awareness, etc.), and therefore becomes more flexible 
and scalable, due to the capability of fully-distributed computing. Widely accepted 
and standardised Service-Oriented Architecture (SOA) makes it possible to realise 
larger scale computing paradigm like SaaS, so that P2P-based service systems, which 
depend upon peers’ cooperation and share on services resources, can bring profound 
benefits and profits for decentralised service network (e.g. mobile commerce applica-
tion and Location Based Services [14]). In fully-distributed P2P based service  
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systems, service composition is very inherent to occur as service peers are expected to 
work together, normally represented by a business process or scientific or engineering 
workflow, through cooperation/coordination to achieve desirable global goals. JXTA 
and BPEL [19] also allow peers to cooperate and automate business processes and 
reengineer their workflow structure, so as to rationally compose and make use of all 
resources in decentralised environment. In addition, P2P-based composite application 
is able to increase efficiency and reduce costs, as they are highly reusable and easily 
restructurable. The fast composition is essentially required to replan a service compo-
sition during the execution, sometimes because the actual QoS deviates from the  
estimated schedule and this may cause constraint violation, or sometimes even simply 
because some services might not be available on the fly. In this case, the re-
composition time will influence the overall service response time, thus it should be 
kept as minimum as possible. 

The scalability of decentralised service composition is a research challenge  
because the evaluation of all possible service peers can lead to a combinatorial explo-
sion of solutions. In compositions involving large group of peers, an exhaustive 
search could be very time consuming. Moreover, it is particularly important for the 
QoS aware composition process itself to be fast. Especially for the synchronised or 
interactive systems, long delays may be extremely unacceptable. For example, the 
user of a ticket booking system might not want to wait for a long time while the sys-
tem searches for candidate services offering flight tickets with the lowest booking 
fare. While peer composition is viewed as the ability to combine existing peers  
together in order to generate new functionalities or services, it usually becomes ex-
tremely hard to conduct when handling a large number of services. This is because 
that, to find the solution of such a QoS–aware composition problem is NP-hard. Al-
though previous research efforts have looked at many pragmatic ways to effectively 
deal with the composition of Web services into executable workflows (e.g. [17, 20]), a 
remaining concern is how to optimise the service composition in terms of making 
system more effective. Thus, it is necessary to have an effective approach to handle 
the composition issue quickly, and also, adaptively. 

In this paper we propose to adopt ACO (Ant Colony Optimisation) to enhance  
performance of service composition for P2P workflow and prove it is suitable to be 
used in QoS-aware service composition. The remainder of this paper is organised as 
follows. After related work is presented in Section 2, Section 3 details the proposed 
approach, i.e. the ACO based method for QoS-aware composition in P2P workflow. 
Section 4 reports and discusses the experiment results obtained in the simulations, and 
finally, Section 5 concludes the paper. 

2   Related Work 

QoS–aware service selection for composition attracts many interesting applications 
and trials of various methods and search strategies, mostly based on operation  
research (OR) or artificial intelligence (AI). In general, most of the accepted  
approaches for effective service composition are focusing on how to find the opti-
mal/close-optimal combinations with the minimum cost (e.g. time, computation re-
source constraints), and they are usually dependent upon Integer Programming or 
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Genetic Algorithms, or mixed up with some other optimisation strategies. Recently 
ACO has been widely used for the problems such as allocating jobs in robot networks 
and searching the shortest path, but has rarely been considered for service selection 
issue. Here we would firstly discuss about those typical approaches used for service 
composition, and briefly compare with our proposed ACO solution.  

The Integer programming (IP) solutions with regard to dynamically finding the 
best service combination have been proposed in some recent papers ([1], [20]). These 
works consider linearity of the constraints and the objective functions, and find the 
best combination of the concrete services. From the QoS point of view, they’re  
conducted at run time. Zeng et al. [20] essentially focus on the cost, response time, 
availability and reliability attributes, where logarithmic reductions are used for the 
multiplicative aggregation functions, and the model is claimed to be extensible with 
respect to other similarly behaving attributes. The need to deal with more general 
constraint criteria, such as service dependencies or user preferences, is strengthened in 
the work presented by Aggarwal et al. [1]. However, they do not explain how the op-
timisation problem could be solved. In this paper, we adopt the ACO instead, as any 
kind of constraint could be handled herein, and we also provide some empirical data 
to assess the performance of our method versus the (linear) integer programming so-
lution in the service composition setting, especially in terms of comparison of the 
computation time with the same number of tasks. An alternative to find a close-
optimal solution could be to use nonlinear integer programming techniques, but the 
maturity of the available tools is questionable, and the application of these methods in 
our setting requires further investigation. A survey of some nonlinear techniques is 
contained in a paper by Grossmann [9]. 

Genetic Algorithms (GA) is viewed as a distinguishing heuristic method for seek-
ing a close-optimal combination. With regard to service composition, Canfora et al. 
[2] utilised GA and focused on the situation where there may be more than one ser-
vice candidate that provides identical functionality but has different QoS, to deter-
mine which service candidates should participate in a required composite service. 
When compared to widely-used linear integer programming methods, their genetic 
algorithm deals with non-linear functions while it scales well with an increase in the 
number of tasks. Technically, ACO is also qualified to deal with that situation adap-
tively, as it uses updated information from time to time to approach to the optimal 
result. A randomised heuristic method based on the general principles of genetic 
search strategy was described by Chockalingam et al. [4] to solve the mapping prob-
lem, in which parallel tasks are assigned to a multiprocessor to minimise the execu-
tion time. Similarly to a P2P-based service system, all peers are required to cooperate 
and work together to accomplish a designed composite task, but we would consider 
using ACO to save more time. The work conducted by Cao et al. [3] is a recent devel-
opment on the application of GA to the service selection problem in the context of 
Web service composition. A service selection model defines a business process as a 
composition of many service agents. Each service agent corresponds to a set of  
multiple Web services, which are provided by different service providers to perform a 
specific task. Nevertheless, taking into account the uncertainty and self-adaptive ca-
pability, GA may be not as good as ACO to deal with dynamic situations or unex-
pected events (e.g. when agent breaks down or its quality is changed during itera-
tions). Instead, ACO can take more advantage of heuristic information and adapt itself 
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to any changing circumstance quickly and easily, and also can facilitate to formulate 
the selection problem based on the nature of a service application effectively. 

A lot of researches regarding the QoS in Web services focus on the development of 
QoS ontology languages and vocabularies, as well as the identification of various QoS 
metrics [11] and their measurements with respect to semantic Web services. For ex-
ample, papers [10] and [13] emphasised a definition of QoS aspects and metrics. In 
[10], all of the possible quality requirements were introduced and divided into several 
categories, including runtime related, transaction support related, configuration man-
agement and cost related, and security related QoS. Both of the papers shortly present 
their definitions and possible determinants. In our previous work [15, 16, 19], we fo-
cused on P2P-based service selection and the extensible description of non-functional 
properties via OWL-S and WSMO. In [19], we presented a first sketch of QoS-aware 
service selection, however, with special attention to the extraction of the ontological 
description of services and the design of the selection process with OWL-S. With 
regard to the selection process, the prototype presented in that paper has the limitation 
in terms of dealing with multi-specifications, because it only considers “Respon-
seTime” as the selection criteria, by which the selection is not quite realistic for  
effective services composition. Therefore in [15, 16], we extended the description of 
non-functional properties via modelling-driven WSMO specification, and presented 
an algorithm for Peer coordinator to automatically identify the best peers through uni-
fying qualities and properties. Nevertheless, based upon our earlier works, the main 
aim of this paper is to propose a quick and effective ACO-based approach for P2P-
based QoS-aware service composition.  

3   The Methodology 

Ant Colony Optimisation is a well-established optimisation technique based on the 
principle that real ants are able to find the shortest paths between their nest and a food 
source [8]. This mechanism works on the basis of pheromones, some kind of bio-
chemical scent, which is left behind by the ants. Other ants are attracted by these 
pheromones and always walk in the direction with the highest pheromone concentra-
tion. This natural behaviour was first adopted as an optimisation technique by Dorigo, 
Colorni, and Maniezzo [5, 7]. Their Ant System provides the foundation of the opti-
misation method presented here. This behaviour is the basis for a cooperative interac-
tion, and this manner can be applied not only to solve discrete optimisation problems 
but also to solve both static and dynamic combinational optimisation problems [12].  

In this work an artificial ant is an agent which moves from node to node on a com-
position graph. It chooses the nodes to move by using a probabilistic function of both 
trail accumulated on links, and a heuristic value, which was chosen here to be a func-
tion of the number of services within a workflow. By a probability, artificial ants pre-
fer nodes which are connected by links with relatively more pheromone trail. The 
following are the three heuristic hints from natural ant behaviours that we have trans-
lated to our artificial ant colony: 1. the preference for paths with a high pheromone 
level; 2. the higher rate of growth of the amount of pheromone on ideal paths; 3. the 
path-mediated communication among ants. 
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For the purpose of selection processes, ResponseTime, Cost, Availability and 
Reputation are utilised often as QoS factors, and they can be described as a peer’s 
non-functional properties with WSMO. Assume a composite service “l”, we define 
that RT(l), C(l), A(l) and R(l) are the respective normalised QoS factors (Respon-
seTime, Cost, Availability and Reputation) in the interval [0,1]. These normalised 
QoS attributions can be computed by applying the rules described in Table 1, which is 
based on a simple way of normalisation. The composite service “l” contains “n” 
atomic Web services, and we assume that the number of artificial ants is “m” at each 
iteration (after an iteration, ideally every ant can find a combination of possible can-
didate peers for composite service “l”). 

Table 1. Normalising QoS Attributions 

 

We define a cost function for evaluating QoS of a service composition l as follows: 
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Where: w1, w2, w3 and w4 are weights which indicate the importance of the QoS fac-
tors for service integrator (or user). Q(l) represents cost function of composite service 
l, and the objective is to minimise the cost function value of composite service “l”. 
The reason why we define the function in this way is that we need to differentiate the 
preferences of QoS properties, such as ResponseTime (is preferred as low as possible) 
and Availability (is preferred as high as possible).  

 
Fig. 1. Composition graph for services workflow 
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In Figure 1, we may assume that there are ‘m’ candidate peers {P1, .., Pm} and ‘N’ 
atomic services {Atomic Service1, …, Atomic ServiceN} in a service composition 
process. That is to say, there are ‘N’ groups of peers, and each group is {P1, .., Pm}. 
Clearly, the goal is to find right peers from each group for each atomic service. 
Hence, by applying the ACO based approach, m artificial ants are initially placed on 
Atomic Service1’s nodes (from P1 to Pm). Ideally, the more ants, the better, but that 
would consume much longer time for iteration. Hence, in a balanced way, we nor-
mally set the number of ants is the number of peers. For any step i, ants move to 
newer possible nodes (the peer group for Atomic Servicei) until it reaches the end 
node (the peer group for Atomic ServiceN). When all the ants have completed a path, 
the ant that made the path with the lowest cost function value Q would modify the 
links belonging to its path by adding an amount of pheromone trail. In each iteration, 
each ant generates a feasible composite service by choosing the nodes according to a 
probabilistic state transition rule. 

For the selection of a node, ant uses heuristic factor as well as the pheromone fac-
tor. The heuristic factor denoted by η is a heuristic desirability about an ant moving 
from a current node to another, and the pheromone factor denoted by τ is an indica-
tion of how many ants have visited the link. The probability of selecting a next node 
(from Atomic Servicei to Atomic Servicej) is given by: 
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where Pk
ij is the probability with which ant k chooses a next node to go. H is the set of 

nodes that have not been passed by any ant for Atomic Servicej, and h is a node (i.e. a 
peer in the group for Atomic Servicej) which has not been visited yet by ant k. The 
parameters α and β control the relative importance of the pheromone versus the heu-
ristic information ηij, which is the heuristic desirability of the ant on node i moves to 
node j, is given by: 

 

                                       
jij N

1=η                                     (3) 

 

where Nj is the number of Web services between Atomic Servicej and Atomic Ser-
vicen. Actually, for service peer composition, η can be viewed as a heuristic stimulus 
which can keep ants moving from source towards destination covering all atomic ser-
vices. 

The whole path’s pheromone update is applied at the end of each iteration by only 
one ant, which can be the iteration-best or the best-so-far, and the update formula is 
defined as follows: 
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where ρ ∈ (0, 1] is a parameter that controls the speed of evaporation of pheromone, 
and Δτ = 1/Q(L), here L is the current best path with the lowest Q value.  

To facilitate the peers’ service composition and deal with dynamical situations, the 
proposed ACO algorithm for service composition is presented as follows. Algorithm 
1 is designed to quickly find the close-optimal combination for a composite service, 
and Algorithm 2 is responsible for monitoring uncertainties and then generating re-
placement solution for the remaining part of composition in case one or more peer(s) 
becomes unavailable. In Algorithm 1, each atomic service on a peer is regarded as a 
virtual node of a potential path that might be found by ants. After each iteration, a 
possible path would be found by ants, and then the combination QoS is calculated and 
recorded, afterwards the visited nodes’ pheromones would be updated. Finally, the 
nodes with more pheromones would be more possibly consisted of an eventual path, 
i.e. a close-optimal combination would be generated. For dynamical changes and un-
certainties during execution, the Algorithm 2 is set as a supplement to reasonably 
cope with peer’s breakdown or if there are any other needs. 

 
Algorithm 1. ACO-based Approach for Service Peer Selection 

Step 1. Initialisation: 
An initial population of ant colony individuals Antk, k=1, 2,…, m (m can be the number of candidate 
nodes), is initialised in this step. N is the number of atomic Web services. Format the composite nodes list 
of each ant to provide the following steps to record the ant composition history. Set a small amount of 
pheromone on each node as initial condition for each link. Set iteration counter I=1, and initialise the 
maximum iteration number Imax. (When I reaches Imax, Stop.) 
Step 2. Starting travel: 
for ant k=1 to m do 
       Place Antk on candidate node of the first atomic service. 
end for 
Step 3. Searching for next node: 
Repeat until the composition list is full 
for k=1 to m do 
       if ant Antk is already reached the final node of composition 
              Then Break and do Antk+1. 
       else 
               Choose the candidate nodes and calculate the probability Pk given in formula (2). 
       end if 
       if the ant Antk is stuck at a dead node or reach the maximum transport action number N. 
              Then move the ant back to the start node, and clear the current composition list of Antk. 
       end if 
end for 
Step 4. Calculate the composite service’s QoS value for each ant’s journey: 
for k=1 to m do 
       Compute the Q value according to Q(l) in formula (1) based on the visited nodes 
end for 
Step 5. Update the pheromone factor: 
For each path’s nodes update the pheromone value according to formula (4) 
Find the best composition path and update the best composition history. 
Step 6. Check to stop criterion: 
if (I<Imax) 
       Then record the best composition list, and Goto Step 2. 
else 
       Return the best composite service and stop. 
end if 
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Algorithm 2. Monitoring and Replanning 
While (1) 
       if any breakdown/events happen 
              Put all incomplete atomic Web services into an arraylist L; 
              Delete the dead peers and refresh the peer group; 
              Do Algorithm 1 for replanning the left composition; 
       end if 
end while 

4   Experimental Results and Evaluation 

In this section, we evaluate performance and feasibility of the proposed ACO method. 
To verify the proposed approach, experiments are conducted based on a few different 
scenarios. Essentially, we conduct a few experiments to prove the proposed method: 
1. apply ACO in a general composite workflow, and compare ACO with optimisation 
method in static environments, in terms of computation time; 2. test the re-planning 
performance by randomly setting a few peers dead in dynamical environments.  

In simulation, we established the environment with Matlab, and all experiments 
were conducted on a PC with Intel Pentium4 3.0GHz, 2MB; 800 MHz FSB; DDR2 
1GB @ 667MHz; and MATLAB 2008a. All QoS data (i.e. ResponseTime, Cost, 
Availability and Reputation) of service peers are randomly generated in Matlab. 

4.1   Quick Composition and Comparison 

As shown in Figure 2, a general workflow, which contains structures of split and flow 
for service composition, are depicted, with 7 atomic Web services (AWSs) involved. 
As a matter of fact, for peer selection process, now we do not consider about differ-
ences between simple sequential composition pattern and other mixed patterns, as our 
emphasis is on selecting an appropriate peer for each atomic service amongst service 
peers. Therefore, in this work, the selection method we proposed can be extensible for 
service selection in all sorts of composition patterns, even though different composi-
tion patterns may impact the calculation of cost functions. 

In this experiment, we assume that there are 10 service candidate peers, and utilise 
the proposed method to select appropriate service peers which are able to conduct 
those 7 atomic Web services and provide better overall service quality. The major 
goal of this method is to identify better peers with pheromones and probabilities for 
atomic services. In the selection process, there is little difference between a purely  
 

 

Fig. 2. A general composition workflow  
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sequential workflow and the mixed one, while using ACO method to search for 
proper candidate peers. Ants will exploit their own heuristics at join or split nodes. 

Figure 3 shows the nature of ACO regarding best composition value and average 
value at each iteration for this experiment. These composition values are based on 
calculated Q values. At every iteration, the change of best value indicates that ants 
found a better path of composition than the previous iteration. As shown in left part of 
Figure 3, the best composition values were getting better and better from the begin-
ning to the 9th iteration, and afterwards there was no changes happened since ants 
could not found better solution. In the right part of Figure 3, the situation of average 
composition values changed obviously during all the 20 iterations. Here, the average 
value is the mean value of all possible compositions found by ants at each iteration, 
and the changes of average value are caused by the probabilities of ants’ choices and 
the amount of pheromones. However, the trend of the best composition value is led 
well by heuristic information, as shown in the left part of Figure 3. 

 

Fig. 3. The Q values in ACO iterations 

Table 2. Calculated Q Values of Peers for Atomic Services without ACO Approach 

 

Table 3. Selection Results with Q Values by ACO Method 
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Table 2 shows each service peer’s Q value that is calculated based on formulas in 
Table 1, without ACO approach, and each data represents the relationship (Q value) 
between a candidate peer and an atomic service rather than a composition service. The 
infinite (Inf) value of a peer means that the service peer can not fulfil the corresponding 
atomic service, and Q values of selected peers are calculated based on a set of random 
data which are representing relevant peers’ non-functional properties. Table 3 then lists 
the results from using ACO method. From the two tables, we can see that the combina-
tion results by ACO method are exactly the same selections with the best Q value for 
atomic services in Table 2. It suggests that ACO based approach can also generate the 
results without completely knowing Q values of each peer. Actually, exhaustively cal-
culating all peers’ Q values in this way (e.g. Table 2) is a simple optimisation method to 
select service peers for service composition, as it can easily find the best peers combina-
tion after knowing each peer’s Q values for atomic services. Hence, the major cost of 
computation by the optimisation method is the calculation on all possible combinations, 
and when the number of atomic services and peers increases, the time cost would 
greatly increase as well. Given the computation cost, ACO based approach does not 
need to calculate all service candidates’ Q values beforehand, since the calculation is 
only needed to conduct when a service peer is chosen with a certain probability. In other 
words, ACO approach can save much more computation time than the optimisation 
method, particularly for a large number of possible combinations. 
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Fig. 4. Comparison of ACO, GA and IP 

As shown in Figure 4, ACO is the least time consumer through all the experiments. 
When the number of concrete services is small, say, less than 15, IP outperforms GA. 
For about 20 atomic services the performances of ACO and IP tend to be the same. 
Then with more atomic services, while the ACO and GA are able to keep their compu-
tation time performance almost constant, this is not the case for IP based optimisation 
method, where we see an exponential growth due to the corresponding increment of the 
number of variables needed to represent the problem. In this experiment, we assumed a 
set of workflows consisting of 5 to 40 atomic services, and the same numbers of service 
peers are involved in the selection for each atomic service. The experimental settings of 
GA were based on [2], where GA is with crossover probability of 0.7, a mutation prob-
ability of 0.01 and the number of generation is 100. The parameters of the ACO in the 
simulations were set as: α, β are 1 and 5, respectively, ρ (speed of evaporation) is 0.1, 
and 20 iterations (as few changes occur after 20 runs in the test) for each trial. 
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4.2   Effective Re-planning 

In reality, composite services are often conducted in scenarios that are changing dy-
namically and unexpectedly, due to real environments’ uncertainties. In this case, peers 
need to take actions quickly for the re-planning and/or re-adjustment if any events oc-
cur. For example, some of the selected service peers for a composite service might crash 
down during execution, and then the expected workflow would be stuck forever until a 
replacement was given. Hence, it is necessary for the ad-hoc execution of a whole work-
flow to be affiliated with a replanning scheme, i.e., the ability to adaptively find a re-
placement in order to resume the remaining incomplete tasks. Figure 5 depicts 6 scenar-
ios: two with “5 atomic Web services and 20 peers”, two with “10 atomic Web services 
and 30 peers” and two with “15 atomic Web services and 40 peers”. During the com-
posite service execution, we assume some service peers to be dead unexpectedly, e.g., 1, 
2 and 4 service peers can be suddenly out of order in each scenario. In the simulation, 
consumed time for replanning vary from case to case, the maximum replanning time is 
45 (msec.), and the minimum is 7 (msec). “F” means that there is no available peer(s) 
for the required atomic services. The amount of consumed replanning time is actually 
dependent on the dead peer’s virtual location in workflow process where a number of 
atomic services have not completed when the event occurred.  

Based on all experimental results, we conclude that the ACO-based approach leads 
to effective and adaptive QoS-aware composition with less computation time and rea-
sonable quality of solution. 
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Fig. 5. Replanning Performance of ACO in Dynamical Environments 

5   Conclusion and Future Work 

In this paper, the ACO-based approach is proposed to tackle the QoS-aware peers’ 
composition problem, in terms of determining a set of peers to be bound to atomic 
services. Those services are contained in an orchestration, and candidate peers are 
heuristically selected based on QoS aspects for the orchestration by the means of 
ACO. With our experimental results, ACO allows a P2P based e-service system  
to handle QoS attributes with non–linear aggregation functions adaptively and  
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efficiently, and it is a balanced practice to apply ACO to quickly finding the close-
optimal solution. The main contribution of this paper is a heuristic approach to effec-
tively determine and select appropriate service peers for composition, and also the 
uncertainties in the real service execution scenarios are considered with a proper re-
planning scheme.  

In the future work, we would investigate some probabilistic models, e.g. Partially 
Observable Markov Decision Process (POMDP), to cope with more complicated un-
certainties within actual service compositions and executions, and also we would im-
plement an essential P2P based service prototype and testify the approach to see how 
sound it can suit the real applications. 
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