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Abstract: This paper addresses quality of service aspects of orchestrated web service-based business processes 
in service-oriented architectures.  The proposed mathematical model uses operations research techniques and 
formal semantics of the Business Process Execution Language for Web Services (BPEL4WS) to estimate ex-
pected execution times and counts of invocations of partner web services for each activity of a given process and 
for this process as a whole.  These estimations are performed from the standpoint of a web service integrator.  
Furthermore, the model is applied to forecast the influence of the execution of a set of orchestrated processes on 
utilization and throughput of individual service provider nodes and of the performance of the whole system.  The 
final objective is to support the optimization of service levels agreements (SLA) between the integrator and in-
volved web service providers.  A software infrastructure that implements the model is described as well. 
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1. INTRODUCTION 
 
Service-oriented architecture (SOA) is a modern 
roach to building distributed software systems 
within and across organizational boundaries by     
integrating platform independent loosely coupled 
components (services) which encapsulate internal or 
external business functionalities of involved parties 
and can be invoked via well-defined discoverable 
interfaces. One of convenient applications of the 
service oriented paradigm is business process mana-
gement (BPM) [Newcomer and Lomow, 2005]. 
 
An established form of software components that 
can be used to build a SOA are so-called web     
services [Alonso et al., 2004].  A web service is a 
piece of software located in the net, whose public 
interface is described using WSDL (Web Service 
Description Language) [WSDL] and that uses XML-
based protocols (e.g. SOAP, Simple Object Access 
Protocol [SOAP]) to communicate with clients and 
other services.  Web service metadata can be publi-
shed in a registry (e.g. using UDDI, Universal      
Description, Discovery and Integration [UDDI]), 
where it can be found by probable clients in order to 
establish a connection with the service.  
 
One of the main web service composition types 
suitable for BPM is orchestration.  It lies in the    
creating of composite web services in a declarative 
manner, using algorithmic constructions such as 
conditional branching, parallel flows and sequences.  
The main standard of web service orchestration is 
WS-BPEL (Web Service Business Process Execu-

tion Language, also known as BPEL4WS or simply 
BPEL) in its current version 1.1 [Andrews et al., 
2003].  A web service orchestration system includes 
a coordinator which drives the execution of the 
composite service by carrying out given algorithm 
and communicating with involved stateless web 
services and software clients. 
 
Web service orchestration using WS-BPEL enjoys 
wide support of the industry.  In particular, there are 
quite a number of WS-BPEL editors and execution 
environments (engines) available on the market, 
developed by leading IT concerns, start-ups and 
open-source foundations.  In the context of the broad 
SOA adoption, the ensuring a high quality of service 
(QoS) becomes very important.  But estimation and 
management of availability, performance and other 
QoS aspects of web service compositions are not 
simple due to their distributed nature. 
 
One of these aspects – the performance of              
WS-BPEL based web service orchestrations – will 
be discussed in this paper from the standpoint of a 
web service integrator.  The mission of the integrator 
is to select an optimal set of third-party services, to 
orchestrate a composite web service from them by 
filling out a business process description template 
with all information necessary to start the process – 
i.e. with partner links, addresses, etc., and finally to 
provide the latter to the customers.  The relationship 
between the integrator and providers of third-party 
web services is based on service level agreements 
(SLAs) which in particular determine pricing condi-
tions and QoS warranties.  The integrator has to 
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negotiate a SLA with every provider of selected 
services and to be convinced of the SLA fulfilment 
later on.  It is obvious that it is not sufficient for the 
integrator to have only black-box view for that – 
specifically utilization of nodes, internal processing 
times and overall count of requests to a web service 
or one of its operations are indispensable for analy-
sis and prediction of performance changes. 
 
The main goal of this paper is to develop a perfor-
mance analysis and evaluation model of processes 
created with WS-BPEL and to use this model to 
make predictions about their performance in order to 
optimize used service levels.  We outline also an 
infrastructure that uses this model and describe its 
implementation aspects.  The tactic goals are to be 
able to verify whether a new process instance will 
worsen the performance of involved web service 
provider nodes and therefore of our processes which 
use them, and to check whether web service provid-
ers fulfil their SLAs.  We describe also WS-BPEL 
process profiling, which enables the operator to 
check whether there are bottlenecks in the system. 
 
The rest of this paper is organized as follows:      
Section 2 gives a review of available related work, 
Section 3 represents the core of the paper and de-
scribes the mathematical model we have developed, 
in Section 4 further application and implementation 
aspects of this model are outlined, and Section 5 
contains conclusions and proposals regarding subse-
quent work. 
 
2. RELATED WORK 
 
The book “Capacity Planning for Web Services: 
metrics, models, and methods” [Menascé and 
Almeida, 2001] describes various application     
aspects of operations research techniques to the 
performance analysis of distributed software infra-
structures and client-server systems.  Questions such 
as capacity planning, benchmarking, performance 
and availability measurement, workload manage-
ment and forecasting, performance modelling are 
discussed in-depth. 
 
In [Menascé, 2004] a generalized algorithm for SLA 
optimization of components involved in a distributed 
application is described.  It proceeds from given 
maximum allowable total execution time, compo-
nents’ cost functions and average invocation counts, 
and minimizes the total cost of the application. 
 
The Web Service Trust Center (WSTC), arranged by 
the authors of the present paper at the Department      
of Distributed Systems of the Otto von Guericke 
University of Magdeburg, is a platform for deve-
lopment and evaluation of measurement tools and 
techniques in the field of SOA and web services.  Its 
main component is Wesement – a web-based appli-

cation intended for long-term measuring of perfor-
mance, availability and metadata stability of web 
services.  Collected statistics persist in a database 
and can be subsequently used for analysis and fore-
casting, imported in XML format or represented 
graphically.  The measurement service itself as well 
as our experiences of its usage are described in        
[Schmietendorf and Dumke, 2004; Schmietendorf, 
Dumke and Reitz, 2004; Schmietendorf, Dumke and 
Stojanov, 2005].  Technical aspects of the imple-
mentation are considered in [Rud, 2006].  The        
research described in the present paper constitutes 
the next development step of the Web Service Trust 
Center project. 
 
Performance engineering and quality of service 
guaranteeing in the context of web service providing 
is also the subject of many other studies.  There are 
quite a number of performance-driven web service 
management infrastructures proposed which are in 
particular destined to automate negotiation, accom-
plishment and fulfilment validation of service level 
agreements: 
• Web Service Level Agreement project of the IBM 

Corp.  In this system, an individual SLA must be 
negotiated for every client [WSLA]. 

• Web Service Offerings Infrastructure (a research 
project of the Canadian Carleton University) intro-
duces classes of service and is remarkable for its 
low computing overhead [WSOI]. 

• Cremona is another project of the IBM Corp. 
[Cremona].  It is built around the WS-Agreement 
specification [Andrieux et al., 2004] which should 
be the standard way to formulate SLAs. 

• Web Service Management Network, developed by 
Hewlett Packard, relies on communicating proxies 
positioned between each service and the outside 
world [Machiraju, Sahai and van Moorsel, 2002]. 

• WS-QoS infrastructure developed at the Freie 
Universität Berlin uses classes of service too and 
extends standard formats such as WSDL and 
UDDI [WSQoS]. 

 
Extensions of standard web service specifications 
can also be found in other studies which do not have 
a direct bearing to SLA negotiation and management 
infrastructures: 
• UX architecture, proposed by the Nanyang      

Technological University of Singapore, provides 
extensions for the UDDI data format designed for 
saving performance metrics of web service invo-
cations, and an infrastructure that uses these        
extended registries [Chen et al., 2003]. 

• According to the WS-BPEL extension method 
described in [McGregor, 2003], the orchestration-
based architecture should be supplemented with 
special web services for performance measure-
ment, logging and analysis.  

• Authors of [Baresi and Guinea, 2005] present a 
proxy-based measurement infrastructure for      
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WS-BPEL processes.  Monitoring rules (pre- and 
post-conditions) are to be specified using a model-
ling language, weaved into a process and then      
utilized by the Monitoring Manager.  

• Experience report [Chafle et al., 2004] describes a 
decentralization approach for WS-BPEL-based 
orchestration (thereby actually reinventing the 
web service choreography [Newcomer and        
Lomow, 2005]).  Authors discuss various build-
time and run-time coordination and implementa-
tion issues, and prove that their approach can       
increase the performance of the system.  

 
The next group of studies concerns QoS aspects of 
general web service-based workflows: 
• The goal of the WebQ framework [Patel, Supekar 

and Lee, 2003] is to select the most appropriate 
web service for every task of a workflow, based 
on performance characteristics expressed in OWL-
S.  The proposed architecture includes a rule re-
pository, an expert system, and a knowledge base. 

• The Web-Flow architecture [Greiner and Rahm, 
2004] offers quality of service support for coo-
perative business processes. Its core component 
MaX (Monitoring and eXception handling) is       
engaged in performance monitoring and rule-
based SLA violation handling. 

• The METEOR-S (Managing End-To-End OpeRa-
tions for Semantic web services) framework      
[Aggarwal et al., 2004] supports constraint driven 
web service composition on the basis of pre-
defined templates.  They are “concretized” by the 
binder based on data received from the constraint 
analyzer and in the end represented in form of        
executable WS-BPEL processes. 

 
The following studies are addressing formal lan-
guage semantics of WS-BPEL: 
• In [Busi et al., 2005] algorithms for translation of 

web service choreography and orchestration speci-
fications to process algebras are shown.  Based on 
this translation, a notion of conformance between 
choreography and orchestration is formalized. 

• Authors of [Ouyang C. et al. 2005] analyze formal 
semantics of WS-BPEL processes.  Semantic       
elements of WS-BPEL are mapped to Petri Nets in 
order to detect unreachable activities, conflicting 
message-consuming activities and to generate 
metadata for garbage collection of inconsumable 
messages. 

 
3. THE PROPOSED MODEL 
 
As mentioned in the introduction, we have deve-
loped a mathematical model of the performance of 
composed web service processes orchestrated with 
WS-BPEL. This model is based on operations rese-
arch techniques [Carter and Price, 2001; Menascé 
and Almeida, 2001].  The two main actors in the 
model are the integrator running the WS-BPEL 

engine and the third-party web service providers.  
Both the engine and the provider nodes must be 
appropriately instrumented to be able to perform 
necessary measurements.  Measurement modules 
must be added to both the engine and provider nodes 
for that purpose. They send measured data to the 
measurement evaluation and prediction engine that 
runs on the integrator side and is connected with the 
SLA management engine.  The values measured on 
the provider nodes must be then transferred to the 
engine.  Section 4 discusses various implementation 
possibilities of such instrumentation.  There is also a 
database for saving collected measurement data 
obtained from measurement modules.  The architec-
ture of the proposed system is shown in Figure 1. 
 
3.1. Used Formalizations 
 
Now we can turn to the description of the mathe-
matical model itself, which gives base functioning 
principles of the measurement evaluation and pre-
diction engine.  We use the following notation: 
• N  – Set of web service providers (provider 

nodes).  
• ][nS  – Set of web services provided by the pro-

vider n. 
• ][sM  – Set of operations of the service s. 

• ]}[{][ mtmT i=  – Response times of the opera-
tion m measured by the integrator. 

• ]}[{][ mbmB i=  – Compute times of the opera-
tion m.  The corresponding provider is assumed to 
measure these values internally and to grant them 
to the integrator in accordance to the contract. 

• ][sw  – Current waiting time that requests to web 
service s must spend in its incoming queue (for 
the sake of simplicity we assume that the latter is 
organized on the First Come-First Served prin-
ciple) before they can be processed.  
This value depends on the utilization of the cor-
responding provider node and generally cannot be 
directly measured. 

• ][nd  – Current network latency (ping time) of 
node n relative to the integrator’s node. Network 
latencies are to be periodically measured by the 
integrator. 

• ][nu  – Current utilization of the provider node n 
caused by serving web service requests. 

• ]}[{][ mrmR i=  – Invocation rates of the opera-
tion m on the corresponding web service node. 

• ][' nu  – Current utilization of the provider node n 
caused by its other activities, i.e. not by serving 
web service requests from all clients. 

• ][nuo  – Current overall utilization of the node n. 
 
For the performance and utilization quantities the 
following natural correlations are defined: 
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Figure 1: Performance-aware web service orchestration infrastructure 

 
 
• ,][][][][ Nnndswmbmt ∈∀++=  

][],[ sMmnSs ∈∈ ; 

• Nnnununuo ∈∀+= ]['][][ ; 

• .])[][(][
][ ][

Nnmbmrnu
nSs sMm

∈∀⋅= ∑ ∑
∈ ∈

 

 
Based on these correlations and on the principles of 
operations research we can make the following      
assumption: waiting times of requests to web ser-
vices hosted on a node n are minimal if the overall 
utilization of this node is not greater than 1: 

min][1][
][

=⇒≤ ∑
∈ nSs

o swnu  (a First-Come-

First-Served processing order is assumed).  Hence, 
these requests are served with the maximal rate 
achievable without reordering of requests. 
 
If this assumption is currently true for node n and 
there come k new requests to operations 

U
][

1 ][...
nSs

k sMmm
∈

∈  during one time interval, then 

the performance of n will not become worse if the 
expected overall execution time of these requests 

∑
=

=
k

i
i

exex mbb
1

][ , calculated as a sum of average 

values from expected execution times of kmm ...1 , is 

not greater than ])[1( nuo− . 
 
Expected values of some parameters will be used in 
the most formulae proposed below as well; therefore 
the first question we have to discuss is where there 
expected values can be taken from.  Then (in subsec-
tions 3.3 and 3.4) we present methods for the estima-
tion of execution times of and web service opera-
tions’ invocation counts in WS-BPEL processes.  

Finally (in subsection 3.6) we use these values to 
achieve the main goal of the proposed model as 
mentioned in the introduction. 
 
3.2. Nature of Expected Values 
 
There are following methods to derive the expected 
value pex of a parameter p based in particular on 
statistical time series }{ ipP = of previously mea-
sured values: 
1. If a correlation )(ˆ qfp c=  can be recognized or 

assumed between p and some other parameter q, 
and the current value of the latter equals qc, then 
the expected value of p can be calculated as 

)( c
c

ex qfp = . 
2. Similarly, if there is a known autoregression asso-

ciation ),...,(ˆ 1−−= ikiai ppfp , then the expec-
ted value of p can be calculated as  

),...,( PkPa
ex ppfp −= , 

where }1...0{ −∈ Pk .   
3. Values of some kinds of parameters – e.g. dura-

tions or probabilities – could be considered to 
obey a statistical (e.g. Gaussian) distribution. 

4. For some parameters (e.g. waiting time with pre-
scribed timeout) worst-case values could be           
determined and used as expected values, but for 
most parameters such values equal to the positive 
infinity and thus are hardly usable. 

5. If none of the above methods are available (e.g. 
because the measured time series P are not repre-
sentative enough to be used in the autoregression 
or the current value of q is unknown), the only 
possibility for getting pex is to use some default 
values.  

 
For every parameter of the system appropriate calcu-
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lation method of the expected value must be chosen.  
While presenting formulae and algorithms we will 
specify possible choices using curly braces, e.g. 
“{1,2,5}”.  It is impossible to select the best choice 
from these variants beforehand, because this selec-
tion depends on the quantity of collected statistical 
data, current service levels, and preferences of the 
integrator.  Thus the final configuration must be 
done at the deployment time. 
 
3.3. Calculation of Expected Process  

Duration (τ ) 
 
In this subsection we give rules for calculation of 
expected durations of WS-BPEL processes.  We 
start with simple rules for basic activities: 
• <invoke>: if synchronous, take τ  from {1,2,5}.  

If asynchronous, assume 0=τ . 
• <receive>: =τ expecting waiting time from 

{1,2,3,5}. 
• <wait>: =τ expecting waiting time from {3,5}. 
• <reply>: assume 0=τ . 
• <assign>: assume 0=τ . 
• <empty>: 0=τ . 
• <throw>: 0=τ . 
• <compensate>: ignored because compensation 

handlers can be called only from a fault handler or 
another compensation handler (s. below). 

 
Then we give (recursive) formulae and algorithms 
for compound activities: 
• <sequence> with nested activities kcc ...1 : 

∑
=

=
k

i
ic

1
][ττ . 

• <scope>: same as sequence. 
• <switch> with branches 11... +kcc  (where branch 

1+kc  is the default branch) and probabilities 

11... +kpp  {1,2,3,5} ( 1
1

1

=∑
+

=

k

i
ip ) of entering par-

ticular branches: )][(
1

1
i

k

i
i pc ⋅= ∑

+

=

ττ . 

• <while> with expected loops count f {1,2,3,5} 
(can be float) and expected duration of the body of 
the loop bodyτ : bodyf ττ ⋅= . 

• <flow>: the estimation of the overall flow’s dura-
tion is complicated due to possible presence of 
synchronization links.  To take them into account, 
we represent the flow as a directed acyclic graph 
(DAG) ),(: EVG = .  
 

Outgoing edges of the flow’s source vertex startv  
go to start vertices of parallel branches.  Outgoing 

edges of the parallel branches’ end vertices sink 
into the end vertex of the flow endv .  Subgraphs 
of the nested activities must be constructed as fol-
lows:  
 basic activities as well as structured activities 

whose boundaries are not crossed by synchroni-
zation links can be represented as single verti-
ces.  In particular, <while> activities, seriali-
zable <scope>’s and event handlers can be          
always simplified in this way. 

 each <sequence> activity with boundary-
crossing links becomes a chain consisting of a 
start vertex, nested activities’ vertices and an 
end vertex. 

 <switch>, <pick>, <flow> and <scope> acti-
vities with boundary-crossing links are repre-
sented the same way as the “main” <flow>, i.e. 
as a source and a sink with branches’ subgraphs 
between them (nature of the branches depends 
on the activity). 

 fault and compensation handlers are ignored and 
have no corresponding graph elements. 

 
Synchronization links are represented as edges 
and form the proper subset EES ⊂ .  All other 
edges constitute the subset SN EEE \= . 
 
Start and end vertices of the “main” flow and of 
non-simplified nested structured activities (“sup-
port vertices”) constitute the subset VV ⊆* .  
Other vertices belong to the proper subset 

.\ *VVV N =    
 
Figure 2 shows an example flow graph that has 
two branches.  The first one represents a               
<sequence> with a nested <switch> activity; the 
second one is a simple <sequence>.  One activity 
of this simple <sequence> depends on a nested 
activity from one of the branches in <switch> 
(thick arrow).  Support vertices are marked on the 
picture by a dark background color.  

 

v
start

vend

sequence switch

sequence

 
Figure 2.  Example of a flow graph 

 
For all Vv∈  we define the following attributes: 
 ][vNα  is the moment relative to the start time 

of the flow at which the activity represented by 
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the vertex v will become ready to start, without 
consideration of incoming synchronization 
links: 

})),(|][{}0max({][ NN Evwwv ∈∪= γα  

 ][vSα  – same as ][vNα , but incoming syn-
chronization links are being considered too: 

}),),(|])[][()],[({
}0max({][][

SN

NS

Evwvwvwp
vv

∈−⋅

∪+=

αγ

αα

where )],[( vwp  {1,2,3,5} is the probability 
that the status of the synchronization link (w,v) 
will be positive.  It depends not only on the 
transitionCondition and joinCondition attributes 
of the corresponding source and target activi-
ties, but also on the probability of the source      
activity to be performed. 

 ][vγ  is the moment relative to the start time of 
the flow at which the activity represented by the 
vertex v will complete: 

][][][ vvv GS ταγ += . 

 ][vGτ  is the “duration of passing” the vertex v:  

⎩
⎨
⎧

∈
∈

=
,],[

,0
][

*

N
G

Vvc
Vv

v
τ

τ  

where c is the activity represented by v. 
 
Concluding formula for estimation of the duration 
of the entire flow is ][ endvγτ = . 

• <pick> with expected probabilities kpp ...1  
{1,2,3,5} of message arrivals or alarms: We ima-
gine each <pick> action as a <sequence> of one 
<wait> activity and one <switch> activity.  All 
<onMessage> and <onAlarm> sub-elements of 
the <pick> element are considered to represent 
branches kcc ...1  of the <switch> activity.  The 

duration of the <wait> activity waitτ  can be pre-
dicted from {1,2,3,4,5}.  The duration of the 
<switch> activity switchτ  is to be calculated as       
described above.  Consequently,  

)][(
1

i

k

i
iwaitswitchwait pc ⋅+=+= ∑

=

τττττ . 

• event handlers: same as for <pick>, we consider 
each event handler as one <wait> activity and one 
<switch> activity combined in a <sequence>.  
This sequence is running simultaneously with the 
current scope (the scope in which this event        
handler is installed).  The duration of the <wait> 
activity waitτ  may vary from zero to the overall 
duration of the scope {1,2,3}. All <onMessage> 
and <onAlarm> sub-elements of the <event-
Handlers> element are considered to represent 
branches kcc ...1  of the <switch> activity, with 

the exception that probabilities ypp ...1  )( ky ≤  
of message events’ branches can be greater than 1 
because of the possibility of each message event 
to occur more than once.  If the overall duration of 
event handling switchwait τττ +=  can exceed the 
end of execution of “normal” activities of the       
WS-BPEL process, the latter is to be extended       
appropriately.  

• fault handlers: ignored because exceptions are 
not part of normal behaviour of the scope. 

• <terminate>: terminate calculation of the dura-
tion of the scope in which this element belongs.  

 
If actually k different processes kqq ...1  are possible 
based on one given WS-BPEL document (this will 
be the case if multiple <receive> or <pick>         
elements exist with attribute createInstance set to 
“yes”), we need to calculate appropriate expected 
durations ][]...[ 1 kqq ττ  for each of these processes 
and then take the average weighted value based on 

expected probabilities kpp ...1  {3,5} ( 1
1

=∑
=

k

i
ip ) 

of entering each process.  Hence the concluding 

formula is )][(
1

i

k

i
i pq ⋅= ∑

=

ττ . 

 
3.4. Calculation of Expected Web Service 

Operations’ Invocation Counts ( β ) 
 
For each operation NnsMm

nSs

∈∈
∈

,][
][

U  the 

following (recursive) formulae can be used: 
• <invoke>: 1=mβ . 

• <sequence> with nested components kcc ...1 : 

∑
=

=
k

i
imm c

1

][ββ . 

• <scope>: same as sequence. 
• <flow> with parallel branches kcc ...1 : Same as 

sequence. 
• <switch> with branches 11... +kcc  (where branch 

1+kc  is the default branch) and probabilities 

11... +kpp  {1,2,3,5} ( 1
1

1

=∑
+

=

k

i
ip ) of entering      

particular branches: )][(
1

1
i

k

i
imm pc ⋅= ∑

+

=

ββ . 

• <while> with expected loops count f {1,2,3,5} 
(can be float) and expected invocations count in 
the body of the loop bodyβ : bodym f ββ ⋅= . 
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• <pick> with expected probabilities kpp ...1  of 

actions kcc ...1  representing message arrivals or 

alarms: )][(
1

i

k

i
imm pc ⋅= ∑

=

ββ . 

• event handlers: same as <pick>. 
• fault handlers: ignored because exceptions are 

not part of normal behaviour of the scope. 
• <compensate>: ignored because compensation 

handlers can be called only from a fault handler or 
another compensation handler. 

• <terminate>: terminate calculation of invocations 
count for the scope to which this element belongs.  

• other basic activities (<throw>, <receive>,  
<reply>, <assign>, <empty>, <wait>): 0=mβ . 

 
Same as for durations, if actually k different pro-
cesses kqq ...1  are possible based on one given     
WS-BPEL document, we need to calculate appropri-
ate expected invocations’ counts ][]...[ 1 kmm qq ββ  
for each of these processes and then take the average 
weighted value based on expected probabilities 

kpp ...1  {3,5} ( 1
1

=∑
=

k

i
ip ) of entering each pro-

cess: )][(
1

i

k

i
imm pq ⋅= ∑

=

ββ . 

 
3.5. Analysis of Expected Additional Utilizations  

of Third-Party Web Service Provider Nodes  
 

After formulae to compute expected durations and 
web service operations’ invocation counts for any 
given executable WS-BPEL process have been      
derived, we can apply them to analyze expected 
additional utilizations of third-party web service 
provider nodes. 
 
Expected supplementary invocation rate of operation 
m, which is caused by the execution of the given 
WS-BPEL process q, can be calculated as 

][
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q
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q τ
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overall supplementary invocation rate of m is 

∑∑
==

++ ==
k

i i

im
k

i
q q

qmrmr
i

11 ][
][][][

τ
β

. 

 
Expected supplementary utilization of an involved 
web service provider node n, which is caused by the 
execution of given WS-BPEL processes kqq ...1 , is 

∑ ∑
∈ ∈
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][ ][
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from {1,2,5}).  According to the corollary men-

tioned previously in the introductory section, the 
performance of the node n will not become worse if 
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This is the main criterion for the performance opti-
mization and provision. 
 
3.6. Optimization of Service Levels 
 
The cooperation of the integrator and third-party 
web service providers is based on service level 
agreements.  The providers place their services with 
certain (previously agreed or default) service levels 
at the integrator’s disposal and the latter must pay 
for that.  The selection of the optimal service level 
could be very expedient for the integrator because it 
helps to avoid inconsistency between actually        
performed and paid web service invocations and 
other consumed resources. 
 
Note that we restrict ourselves with performance and 
price aspects of service level agreements.  Other 
possible SLA properties – e.g. accuracy, confidenti-
ality, etc. – are not relevant and therefore not        
discussed here.  The SLA negotiation process is 
beyond the scope of this paper, too. 
 
In SLA many variants of pricing models could be 
possible.  One provider may want to be paid for 
every invocation (on the per-node, per-service or 
per-operation basis), another one can ask to pay for 
utilization of its nodes.  There can also be comple-
mentary conditions, e.g. in regard to differentiating 
of charges depending on guaranteed maximal res-
ponse time, etc.  Providers predefine often concrete 
classes of service, one of which must be selected 
while negotiating a service level agreement.  
 
Formulae for calculating of invocations’ counts of 
web service operations and additional utilization of 
providers’ nodes are already given in previous sub-
sections.  Based on these values, the integrator can 
switch to the most appropriate class of service.  
 
To determine the optimal value of the “maximal 
response time” parameter, a kind of process profi-
ling should be performed as follows.  The fraction of 
time that accounts for invocations of a synchronous 
web service operation m in the overall execution 
time of processes kqq ...1  can be estimated as 

∑
=

⋅
=

k

i i

im
ex

q
qmtm
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τ
βδ  ( ][mtex  from 

{1,2,5}).  In much the same way the integrator can 
estimate summary fractions of all operations of a 
web service or of all web services of a provider.         
A notably large value of this fraction can warn of 
possible bottleneck; in this case, selection of a      
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service level with smaller value of the “maximal       
response time” parameter could be advisable. 
 
Similarly the integrator can determine whether it 
should decrease service level (and thus the pay-
ments) for an operation whose performance is not 
significant due to infrequent invocations. 
 
3.7. Relationship to Simulation 
 
Simulation can be used to model complex systems, 
for which it is very complicated or practically       
impossible to develop an analytical model or to put 
the real system on trial.  After a significant amount 
of statistics is gathered in numerous runs of the 
simulation model with diverse input parameters, the 
researcher can try to formulate empirical laws of the 
modelled system’s behaviour.  On the contrary, an 
analytical model expresses prospective laws of the 
system under consideration.  In both cases we have a 
simplified view on the system and take the risk of 
getting a wrong result, but an analytical model – of 
course, when the system’s complexity allows us to 
use one – ceteris paribus describes the system’s 
behaviour with greater accuracy and provides the 
possibility to draw desired conclusions immediately, 
i.e. without any additional experiments. 
 
Formal semantics and execution rules of “normal” 
activities in WS-BPEL processes are rather simple; 
therefore we use namely an analytical model to 
describe performance aspects of the execution of 
these activities. 
 
But it can be necessary to use simulation to analyze 
performance impact of fault and compensation hand-
lers, which are not parts of normal behaviour of the 
WS-BPEL processes and thus not taken into account 
in the current version of the model.  Their considera-
tion becomes important when it can be supposed that 
there will be a noticeable amount of faults in the 
corresponding process. 
 
Same as event handlers, fault handlers – and, conse-
quently, compensation handlers – can be activated at 
any moment during the execution of the scope, but 
their possible effects – e.g. cascading execution of 
compensation handlers of enclosed scopes – are 
fairly more difficult to be described analytically. 
 
4. IMPLEMENTATION ASPECTS 
 
4.1. Possible approaches to implement measure- 

ment modules and organize data transfer 
 
As mentioned in the above sections, both the         
WS-BPEL engine on the integrator side and web 
service engines on providers’ sides must be instru-
mented in order to perform necessary measurements 
and to send their data to the integrator’s measure-

ment evaluation and prediction engine as shown in 
Figure 1.  Here we enumerate some possible ways to 
implement these extensions: 
1. Direct patching of the engine’s source code.  

There are some open-source WS-BPEL engines 
available. Many web service engines are open-
source too.  

2. Instrumentation of the engine using aspect-
oriented programming (AOP) [Houspanossian 
and Cilia, 2005]. 

3. Adding a measurement aspect to an aspect-
weaving WS-BPEL engine [Courbis and Finkel-
stein, 2004]. 

4. Use of other possible extensibility mechanisms 
of the engine (e.g. plug-ins). 

5. Instrumentation of the web service engine with 
the Application Response Measurement toolkit 
[Turner et al., 2002]. 

6. SOAP handlers with measurement and data 
transfer functionalities either on the integrator 
side or on the provider side, or both. 

7. HTTP/SOAP proxies with additional measure-
ment and data transfer functionality. 

8. SOAP attachments as transport mechanism for 
the data exchange [Connolly B. 2003].  This      
approach can be used primarily on third-party 
provider nodes. 

9. TCP packet sniffer and analyzer.  This can be 
the last chance to measure response times of 
web services if we are unable to change the 
middleware. 

10. SNMP and DTrace – these technologies can be 
used to measure utilization and other internal 
parameters of remote nodes.  SNMP (simple 
network management protocol) is a well-known 
approach of system and network administration 
and management [SNMP], and DTrace is a      
system management framework developed by 
Sun Microsystems and first introduced in          
Solaris 10 and OpenSolaris operating environ-
ments [DTrace]. 

11. Internal mechanisms of the execution environ-
ment.  Management functionality is embedded 
in J2SE and .NET execution environments and 
can be used to obtain necessary data. 

 
4.2. A Prototypical Implementation 
 
We have partially implemented the infrastructure 
depicted in Figure 1 (except SLA management 
mechanisms).  The open-source engine ActiveBPEL 
version 2.1.1 was instrumented to be able to send 
measurement data for every executed activity (see 
variant 1 in subsection 4.1) to the statistics database.  
 
The art of communication between the engine and 
the database can be flexibly configured using 
adapter architecture (adapters for “direct” JDBC, 
RMI and web service-based access are currently 
available),   whereby   a  balance   between  firewall- 
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   <process [...]> 
      <bpelpa:performanceAnnotation  
            created="Fri Oct 20 18:56:13 CEST 2006"> 
         <bpelpa:tau tau="25765.961556312457"/> 
         <bpelpa:beta operdef="0" count="19.972180837713427"/> 
         <bpelpa:beta operdef="1" count="4.491379310344827"/> 
      </bpelpa:performanceAnnotation> 
      <!-- Descriptions of Web Service operations --> 
      <bpelpa:operations> 
         <bpelpa:operation key="0" pt-nsuri="http://service1/"  
              pt-lpart="Service1" operation="add"  
              endpoint="http://localhost:8080/service1/Service1"/> 
         <bpelpa:operation key="1" pt-nsuri="http://service1/"  
              pt-lpart="Service1" operation="sub"  
              endpoint="http://localhost:8080/service1/Service1"/> 
      </bpelpa:operations> 
      ... 
   </process> 

Listing 1: Performance annotations in a WS-BPEL document 
 
 
friendliness and performance can be achieved.  On 
the web services side, appropriately configured 
SOAP handlers are responsible for performance 
reporting. 
 
The measurement evaluation and prediction engine 
is implemented as a tool that processes WS-BPEL-
documents in conjunction with the measurement 
database and annotates every relevant activity and 
the process as a whole with special XML-elements 
that contain performance predictions (based on     
methods {2,5}).  Listing 1 shows an example of 
such annotations. 
 
4.3. Other implementation-related thoughts 
 
It can be advisable to combine process performance 
estimation with initial parsing and analysis of       
WS-BPEL documents – i.e. the measurement 
evaluation and prediction engine should be embed-
ded into the WS-BPEL engine. Variants 1–4 from 
subsection 4.1 can be suitable for that. 
 
It this case it would be possible to examine before-
hand whether a new process can worsen the per-
formance of involved web service nodes and thus 
cause the risk that the integrator will be unable to 
keep QoS warranties given to its clients.  If this 
anxiety proves true, the initialization request of this 
new process must be either quite declined or         
accepted with reduced service level. 

 
5. CONCLUSIONS AND FURTHER WORK 

 
In this paper we have proposed a performance esti-
mation model for executable WS-BPEL processes 
which is based on both the formal WS-BPEL seman-
tics and operations research techniques.  It can be 
used to predict utilization changes on the nodes 

hosting involved web services, to calculate expected 
durations of new processes and to optimize service 
level agreements between web service providers and 
the integrator.  To the best of our knowledge, this is 
a first proposed model of that kind.  Despite of its 
simplicity and implementation feasibility, the model 
is rather precise.  
 
The version 1.1 of the WS-BPEL specification was 
published in 2003.  The new version WS-BPEL 2.0 
is currently (in February 2007) being worked out by 
the corresponding OASIS Technical Committee and 
available as a draft.  Our mathematical model will 
need to be adjusted in order to consider the changes 
made in the final version of the specification after 
the latter will be released. 
 
The next potential improvement would be more 
pragmatic reaction to possible performance degrada-
tion.  Currently we consider any possible perfor-
mance worsening ( min][ ≠sw ) to be not accept-
able, but this is a very idealistic point of view.  This 
issue is also concerned with aspects of service level 
negotiation between the integrator and its clients, 
which is not reflected in this paper at all. 
 
We plan also to complete the implementation of the 
proposed integration infrastructure (in particular, to 
implement process profiling and SLA management 
mechanisms) and to carry out experiments in order 
to examine the correctness and the adaptability of 
the proposed mathematical model in the practice.  
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