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Abstract. This paper presents an architecture to automatically create ad-hoc
processes for complex value-added services and to execute them in a reliable way.
The uniqueness of ad-hoc processes is to support users not only in standardized
situations like traditional workflows do, but also in unique non-recurring situations.
Based on user requirements, a service composition engine generates such ad-hoc
processes, which integrate individual services in order to provide the desired
functionality. Our infrastructure executes ad-hoc processes by transactional
agents in a peer-to-peer style. The process execution is thereby performed under
transactional guarantees. Moreover, the service composition engine is used to
re-plan in the case of serious execution failures.3
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1 Introduction

Users benefit from ad-hoc processes and distributed implementations of their execu-
tion environment, since for the first time information systems support users not only in
standardized situations like workflow systems do. Instead, ad-hoc processes can provide
ubiquitous support in a 24/365 way for everybody.

An example for an ad-hoc process is planning an evening. The user states its pref-
erences (e.g., comedy movie, restaurant with French cuisine). Then, an ad-hoc process
reserves a table in a restaurant and a ticket for a movie. In the scenario depicted in Fig-
ure 1, a personal agent (PA) tries to find a cinema showing a “good” comedy and a good
French restaurant. For this purpose, the PA contacts a movie recommendation service in
order to discover a good comedy, as well as a yellow page directory to select a French
restaurant. Afterwards, the PA searches for a cinema which plays the selected movie and
uses a recommendation service to ensure that the selected restaurant has a good rating.
Finally, the PA returns a restaurant/cinema combination to the user. As it can be seen in
this example, this new generation of ad-hoc processes can support users in their everyday
life where situations are unique and usually not appear in the same way more than once.

3 The work presented in this paper was supported by the Swiss National Science Foundation as
part of the project MAGIC (FNRS-68155).
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Fig. 1. Exemplary Scenario: Planning an Evening

In this way, ad-hoc processes imply a shift in the usage of process technology:
Whereas employees in their offices can be assumed to be static, this does not hold for
mobile users who cannot be assumed to be located at only one place. Consequently, ad-
hoc processes respect the nomadicity of users by implementing location-aware services,
e.g., time table information systems considering the actual location of the user. Also,
centralized approaches are not suitable for ad-hoc process execution. Besides, dynamic
process changes are required for ubiquitous applications. In case of the evening planner,
for example, the user might miss the metro and therefore not reach the cinema in time.
Also, the ad-hoc process might figure out that there is no cinema in town. Both requires
that the ad-hoc process is able to dynamically adapt, for instance, with the help of a
decision support system such that nevertheless there is a valid plan constructed for the
evening.

This paper presents an infrastructure which provides a service composition engine
that allows to create and dynamically adapt ad-hoc processes. The underlying process
engine ensures the reliable execution of processes by using transactional agents.

Section 2 discusses the overall architecture. We assume that individual services are
advertised in service directories. The service composition requires three principal com-
ponents: Directories that hold the service descriptions, a service composition engine that
computes execution plans to fulfill user requirements (such as the evening planning task
mentioned before), as well as an engine that executes the composed service in a dis-
tributed way using ad-hoc processes. In this paper we focus on the service composi-
tion component and on the execution engine. Also, we discuss their inter-dependencies.
Scalable directories that facilitate service composition have been explored in previous
work [3, 2]. Section 3 outlines how service capabilities and user request are represented.
In Section 4, we discuss the service composition component of our architecture. Section 5
concentrates on the execution of the ad-hoc processes by transactional (mobile) agents.
It describes the execution infrastructure with the repositories required on each peer. Fur-
thermore, we explain how we enforce the isolation property [7]. The isolation property
guarantees that the system looks stable for each transactional process executing in the
system. This goal is achieved by a distributed implementation of a serialization-graph



testing protocol. Note that locking-based approaches like the S2PL/2PC are not suitable
for ad-hoc processes which usually run for a long time. Thus, the service composition
engine does not have to deal with problems like that there are seats available in the be-
ginning but not later, because our infrastructure detects and solves them transparently to
the user. Finally, Section 6 concludes this paper.

2 Sketch of the System Architecture

This section very briefly presents the overall architecture of our work and illustrates the
interplay of the different components. Figure 2 contains peers on the left side, which are
the service providers. For example, there might be peers providing services for reserving
tickets for a cinema movie. On the right side, there are the users with their requirements.
In between is our planning and execution infrastructure, which fulfills the user require-
ments by invoking services within the context of ad-hoc processes.
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Fig. 2. Architecture

The users have to inform the planner about their initial goals such that the planner
can compose a first plan. This composition is based on the user requirements and on the
services provided and described by the peers. The result of the composition is a plan,
which can also be seen as the definition of a process to be executed in the system. The
process definition is compiled into a transactional agent. This agent is responsible for the
reliable execution of the process. During the execution the transactional agent invokes
services on peers or presents results to the user and obtains new information from him.
However, reliable execution not necessarily implies that the process always performs in
the intended way. It can also mean that failures appear which of course must be detected.
The process has to roll back until it reaches an expansion step which invokes the planner.
Then, the planner modifies the plan. For this task, the planner can access the process state
and the failure description, which can also be considered as a constraint for the planner.

3 Service Descriptions and Requests

We represent service advertisements and service requests through parameters and states
of the world [19, 5]. Parameters can be eitherinput or output, and states of the world
can be eitherpreconditions(required states) oreffects(generated by the execution of



the service). We presume that terms in the service descriptions are defined using a
class/ontological language like OWL [18]. Primitive data-types can be defined using a
language like XSD [20].4 As specified by the latest version of OWL-S [5], in our formal-
ism each parameter has two elements:

– A role describing the actual semantics of the parameter (e.g., in a travel domain the
role of a parameter could bedeparture or arrival).

– A type defining the actual datatype of the parameter (e.g., the datatype for both
departure andarrival could belocation).

We define states of the world through preconditions and effects. We extend the normal
semantics of concepts that can be included in preconditions or effects such that services
can achieve behaviour equivalent to standard STRIPS planning operators which in turn
allows us to model compensable transactions.

A major difference between the approach used by STRIPS and ours is that traditional
planners are based on aclosed world assumptionwhich is not applicable in our case since
by definition web services are entities acting without a central authority. Consequently,
we cannot use exactly the same formalism and semantics as for STRIPS. For example,
a proposition might not be satisfiable for an agent due to its lack of global knowledge.
Hence, in our approach we only use explicit states of the world where negation has also
to be explicit. Formally, we do not use delete lists or terms with negation but we rely on
the definition ofinverserelations between terms (antonyms).

We useinversepreconditions or effects for modelling semantically compensable ser-
vices. Given two servicesS1 andS2 with effectse1 ande2, wheree2 ≡ ¬e1, we can infer
thatS2 can be used to semantically compensanteS1, since applyingS2 will actually undo
the effects ofS1. E.g., in a banking system the statescredit anddebit could be defined
such thatcredit(x) ≡ ¬debit(x). Thus, a service that has as effectdebit(1000) can be
semantically compensated by calling another service with the effectcredit(1000).

In service advertisements input and output parameters, as well as preconditions and
effects, have the following semantics:

– In order for the service to be invokable, a value must be known for each of the
service input parameters and it has to be consistent with the respective semantic
role and syntactic type of the parameter. The parameter provided as input has to be
semantically more specific than what the service is able to accept. Regarding the
parameter type, in the case of primitive data types the invocation value must be in
the range of allowed values, or in the case of classes the invocation value must be
subsumed by the parameter type.

– Upon successful invocation the service will provide a value for each of the output
parameters and each of these values will be consistent with the respective parameter
role and datatype.

– The preconditions define in which state the world has to be before the service can
be invoked. All preconditions must be entailed by the conditions specified by the
current state of the world.

4 At the implementation level both primitive datatypes and classes are represented as sets of nu-
meric intervals [3].



– After invocation the state of the world will be modified such that all effects listed in
the service advertisement will be added to the new world state. Terms in the original
state conflicting with terms in the new state (e.g., terms that are in aninverserelation)
will be removed from the new state.

Service requests are represented in a similar manner but have different semantics:

– The service request inputs represent available parameters (e.g., provided by the user
or by another service). Each of these input parameters has attached a semantic role
description and either some description of its datatype or a concrete value.

– The service request outputs represent parameters that a compatible (composed) ser-
vice must provide. The parameter role defines the actual semantics of the required
information and the parameter type defines what ranges of values can be handled by
the requestor. The compatible (composed) service must be able to provide a value for
each of the parameters in the output of the service request, semantically more spe-
cific than the requested role, and having values in the range defined by the requested
parameter type.

– Preconditions in a request represent the state of the world available for any matching
service advertisement. They are equivalent to initial conditions in a classic planning
environment. This state has to entail the state required in the precondition of any
compatible service.

– Effects represent the change of the world desired by the requestor of the service or
the goals that the service request needs to be fulfilled. In order for any of the goals or
effects of the service request to be considered fulfilled, the state of the world after the
invocation of a given service will have to contain an effect entailing the respective
goal.

4 Service Composition with Partial Type Matches

The composition algorithms presented here take as input a request, consisting of a set
of provided input parameters, a set of required output parameters, initial preconditions,
and desired effects. The composition algorithm interacts with a service directory in order
to retrieve relevant service descriptions. If a given service composition problem can be
solved, the algorithm returns the workflow of a composed service.

Frequently, provided outputs and required inputs don’t have complete compatibility
because the type of a required service input may not cover the full range of possible
request inputs. However, there may be multiple services that together cover the full range.
To address this, we have designed a service composition algorithm based on forward
chaining, which we callforward chaining with partial type matches. In this algorithm
we do not require the range of a service input parameter to cover the full range of an
available request input parameter. For a service to be considered, it is sufficient that for
each required service input there is a parameter with matching roles and overlapping
type provided by the request. We still require that all preconditions ofs are fulfilled by
r. This kind of matching between the types of the inputs of requestr and of services
corresponds to theoverlapor intersectionmatch [15, 3].

Service composition with partial type matches combines several partially matching
services into a composite service using aswitch that maps each possible combination



of parameter values from the space of available request inputs to one or more partially
matching services. To be able to fulfill the same functionality as a completely matching
service, there has to be at least one service for each range combination of input param-
eters that accepts these parameter values. The switch corresponds to a non-deterministic
planning operator: The choice point that it introduces allows for a number of possible
service invocation paths to be followed without commitment to a particular one during
service composition. The choice will be made at runtime during the executing of a ser-
vice composition plan based on the input parameter values of the switch. Each of the
branches in a switch provides a (possibly different) set of available parameters.

Experimental results carried out in various domains show that using partial matches
decreases the failure rate by up to 7 times compared with an integration algorithm that
supports only complete matches [4].

5 Process Execution

5.1 Processes and Execution Infrastructure

After the user has specified its requirements and the planner has generated an initial
plan, this plan is compiled into a transactional agent. Transactional agents are used in
the AMOR prototype [8, 9, 11, 13, 12, 17] to executead-hoc processes. Ad-hoc processes
satisfy a user need which might not emerge again. The definition of an ad-hoc process
is quite similar to that of workflows. Ad-hoc processes are composed of a set of steps.
These steps can be of different types:

– Activitiesare either service invocation or user interaction steps. These steps contact
and/or influence the outside world.Service invocation stepsinvoke services on one
or more peers, which may retrieve or manipulate data. An example is the reservation
of a seat for a movie.User interaction stepspresent data to the users or allow them
to give information to the process. For instance, the user can state that he does not
want to see action movies.

– Control flow stepsallow to define parallel as well as alternative execution paths.
Parallel execution paths are specified by usingfork andjoin steps.

– Expansion stepsdefine situations in the process in which the execution state and
failure information is delivered to the planner which in return provides the ad-hoc-
process with steps by which the process is extended with. Placing user interaction
steps strategically before expansion steps, the planner can use them to get informa-
tion from the user.

The AMOR prototype executes ad-hoc processes in a peer-to-peer fashion. An ad-hoc
process instance moves from peer to peer to invoke the specified services on the corre-
sponding peers. Ad-hoc processes are internally implemented as mobile agents. Without
relying on a centralized coordination engine, AMOR ensures globally correct execution.
To realize this, each peer is equipped with a local coordination layer, as depicted in Fig-
ure 3. This layer maintains meta-data required by ad-hoc processes to invoke local ser-
vices. Firstly, the service repository holds information about locally available services.
This allows to find concrete service instances implementing the service types specified
by the planner. Secondly, the network repository manages connections to other peers.
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Fig. 3. The AMOR Process Execution Infrastructure

Thereby, peers are able to establish ad-hoc communities. These two repositories allow
ad-hoc processes to discover services locally as well as remotely (see [9] for details). To
speed-up the service discovery in case of similar service queries, information regarding
services on other peers could also be cached locally.

Whenever an ad-hoc process intends to execute a service invocation step, its coor-
dination layer contacts the local coordination layer of the peer on which the process
currently resides on. The latter returns a reference to an appropriate peer on which the
service can be executed. So, each ad-hoc process must have a process description to know
its application semantics. Also, each process manages its execution state such that the co-
ordination layer of the process can control the current process execution context without
requiring a centralized engine. For exchanging information within the process, the pro-
cess coordination layer includes additional components, e.g., aprocess board. The latter
manages variables, i.e., objects addressed by their names, of the process. Information
flows between different (sequential or parallel) steps of a process via this process board.
Inter-process synchronization is performed by cooperation of theprocess synchronization
componentsof the corresponding processes and peers.

5.2 Transactional Guarantees for Process Executions

AMOR supports transactional properties, i.e., guaranteed termination [16] and isola-
tion [1] for process executions. In the following, we concentrate on the isolation property
which prevents undesirable interference between different transactional agents. The plan-
ner need therefore not care about this issue (and also complicated failure handling). It can
simply assume that its plan will be executed as it is specified. Otherwise, the system will
re-instantiate a situation from which it can plan over again. The following situation illus-
trates the benefit: A transactional agent retrieves in a stepsr the information that there are
exactly two free seats for the desired movie. However, before the agent definitely tries to
book these seats, another transactional agent might have done this, too. Conventionally,
such failure situation must be detected and dealt with by the planner. AMOR compen-



sates the execution before the stepsr and then restarts it again. This time, the seats are
not available and another option of the plan is chosen according to the process definition.
Of course, this is transparent to the planner which need not to be contacted.

Technically, AMOR detects such failures by using a serialization graph [1]. The
nodes of this graph correspond to processes of the schedule while the directed edges
refers to the conflicts occurred between these processes. The execution (schedule) is cor-
rect if the corresponding serialization graph is acyclic.

Traditionally, cycle checking is performed by a central coordinator which maintains
a global serialization graph. In our scenario, however, there is no such global coordinator.
An important aspect of our novel protocol is to bridge the gap between the available, local
view of transactional agents and the global knowledge needed to enforce the correctness
criterion. The challenge is to enforce global correctness, although the transactional agents
are acting autonomously and thus do not necessarily have up-to-date global knowledge.

Therefore, we equip each transactional agent with a local serialization graph which
is kept up-to-date by communication between the transactional agents. However, for rea-
soning whether or not a transactional agent is allowed to commit, it must rely only on
information which is guaranteed to be available at commit time. The incoming edges in
the serialization graph are up-to-date, because they are caused by service invocations of
the particular transactional agent on a peer and are therefore detected by the peer and
returned to the invoking transactional agent. If there is no incoming edge (from an un-
committed process), the corresponding process is allowed at commit time. This property
can be checked and enforced autonomously by each process.

The commit processingof a transactional agentTc ensures that the peers clean up
their logs used for conflict detection and informs the transactional agents which are wait-
ing for the commit ofTc. The knowledge about these commit dependencies is delivered
by the peers as a reply to the commit message ofTc. Then,Tc informs the dependent
transactional agents about its commitment.

Besides, AMOR must ensure that transactional agents, which are involved in a cycle,
are able to detect this. Since none of the agents involved in a cyclic waiting situation
can commit, this situation would last forever when not detected explicitly. Note that
just knowing from which a transactional agent depends on is not sufficient to detect
cycles. The transactional agents have to exchange their knowledge (conflict information).
A transactional agent must inform all other transactional agents it depends on whenever
any changes happens in its local serialization graph, e.g., due to some service invocation,
compensation, or its commit. An agent receiving such a message updates its local graph
using additional information of the received one. In case its local graph has changed, a
transactional agent transitively propagates its graph further to the agents it depends on.
For more details about the protocol and the recovery strategy when a cycle has been
detected we refer to [10, 13].

5.3 Plan Expansion

In the following, we will illustrate the interplay between the planner and the execution
component and thereby the power of the concept of expansion steps in a small example
in Figure 4.
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Fig. 4. Example for a Process Expansion

The initial process consists of three activities, beginning with the user input of its
preferences how to spend the evening, followed by collecting the necessary information
(e.g., about cinemas, restaurants, and public transportation), before the process actually
performs the reservations. As we can see, the process also contains two expansion steps.
If the process reaches an expansion step, it invokes the planner. The two expansion steps
illustrates two possibilities to use them by late or post modelling [6].

Firstly, a plan expansion can be the last step of a regular path because it is not known
how to proceed (late modelling). An example for late modelling is the expansion step at
the end of the process. Here, the planner cannot know at the time of the process definition
exactly what is happening afterwards (e.g., whether a bus or a cab is taken or the user
wants to go to the cinema or to the restaurant). Thus, the process is executed until that
point, then the planner has enough knowledge to construct the next steps.

Secondly, expansion steps allow to cope with unexpected failures (post modelling) or
failures which the planner seems not likely enough to plan for such events. The expansion
step between the second and third activity is an example for such a situation: In case the
reservation fails, which the planner assumes not to happen likely, the process would
step back from the step “reservation” and take the alternative ending at an expansion
step. Now, the planner could use the knowledge collected in all steps executed before to
generate a new plan, e.g., by booking a theater ticket instead of reserving seats in cinema.

5.4 Enhanced User Support

To support ad-hoc-processes for users in a 24/365 style requires to accept users as “...
nomads, moving between office, home, airplane [...] In doing so, we often find ourselves
decoupled from our ‘home base’ computing and communication environment” [14]. A
user can log out and log in from a different PC and can continue the same session on
another device. Due to the peer-to-peer process execution, it is unclear for the user where
the process currently executes when he logs in again. This requires that either the pro-
cesses discover the user or vice versa. The AMOR prototype follows the first approach.

If the process reaches anuser interaction step, it sends a query for a service ‘Interac-
tion with the user X’. If such a user and thereby the user’s actual location is identified,
the ad-hoc process migrates to the corresponding peer and opens a window for the user



interaction. Certainly, such windows must be closed if the user logs out. Also they must
be transferred to another peer if the user logs in there.

Nomadicity of users also implies that his information needs might depend on its
current location. Weiser [21] stated “If a computer merely knows what room it is in,
it can adapt its behavior in significant ways without requiring even a hint of artificial
intelligence”. This property is often known as location-awareness or context-awareness.
Realizing this vision requires to determine the user location. In simple scenarios, it might
be sufficient to determine only the physical coordinates, but sophisticated applications
require logical places like “The nearest train station is the main railway station”, which
have to be derived from the physical location. Obviously, this is a hard problem which
cannot be solved in a generic way.

Thus, the AMOR prototype focused on a sample of a location-aware timetable infor-
mation service. The current logical location of a user using this service is received from
the peer information the user is logged in. This information can either be static in case of
stationary peers like desktop PCs or dynamic depending on the current physical location
determined. We use the latter one to implement a location-aware timetable information
system. For that, we equipped a notebook with an Haicom HI-202E USB GPS mouse
(used together with the Chaeron GPS Library and IBM’s Java Communication Library),
on which our sample process of an evening planner gets the location as one input and
checks for suitable connections to reach, for instance, a cinema or a restaurant.

6 Conclusion

This paper presented a novel service composition approach to complex value-added ser-
vices. Our approach bundles services provided by peers in a peer-to-peer network to ad-
hoc processes, which fulfill user needs. Our execution platform runs the ad-hoc processes
in a completely distributed way with transactional guarantees. In case the execution en-
gine itself cannot resolve a failure situation, it interacts with the service composition
engine to find an alternative solution. Here, dynamic process expansion (redefinition)
takes place. An important contribution of this paper is that it combines service composi-
tion techniques (from the A.I. community) with mechanisms for reliable ad-hoc process
execution (from the database community) to realize a system, which can support users in
their every day live 24 hours, 365 days.
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hoc Processes. In H. Ḧopfner and G. Saake, editor,Beitragsband zum Workshop “Grundlagen
und Anwendungen mobiler Informationstechnologie”, Heidelberg, 23.-24.03.2004. Fakulẗat
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