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Abstract. A major challenge for pervasive computing is to support con-
tinuous adaptation of applications to the behavior of the user. Recent
research has adopted classical workflows as alternative programming
paradigm for pervasive applications and approaches for context aware
workflow models have been presented. However the current approaches
suffer from the low flexibility of classical workflow models. We present a
solution that allows attaching workflows to real-world objects and defin-
ing relevant context dynamically in relation to those objects. The benefits
are a dynamic, yet simple modeling of context constraints and events in
pervasive workflows and a greatly reduced amount of context information
that must be provided to the workflow.

1 Introduction

The great challenge of pervasive computing is the unobtrusive support of users
in diverse tasks. New application paradigms have been developed to tackle this
challenge. A key source of information for these applications is context informa-
tion. A special kind of context aware mobile applications are situated applica-
tions introduced by Hull et al. [I]. This kind of applications is able to detect,
interact and respond to the local (physical) context of the application itself or
the user. This way the all the context information in the local environment is
available for the application and it is up to the application programmer which
context information is accessed.

A context system that hosts context aware applications must be able to pro-
vide all the context information that any application is interested in, in a best
effort manner. We refer to this as static context provisioning. We suggest that the
Adaptable Pervasive Flow (APF or simply flow) [2] is a suitable programming
paradigm for optimizing the provisioning of context information. Our research
on flows is conducted in the ALLOW projectﬂ funded by the European Union.
An Adaptable Pervasive Flow is a far reaching extension of the classical workflow
paradigm that tackles adaptation, user interaction, security issues and context
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recognition. This paper contributes to functional specification of APFs. The clas-
sical workflow paradigm is usually used for programming in the large and allows
orchestration of a set of activities on a high level of abstraction. Activities in
APF can call another flow or (web) service like in the classical workflow model
or represent a task that is directly executed by a human user.

In this paper we focus on three of the new aspects of the APF: First we show
in detail how we extend the classical workflow model in order to make flows
situated. Secondly we provide a modeling concept that allows the flow modeler
to dynamically define what kind of context information is relevant during the
execution, exploiting the situatedness. We show that our modeling concept en-
ables the underlying context provisioning system to dynamically provide only the
relevant context information to a single flow application. We call this dynamic
context provisioning. The third contribution is a constraint and event handling
mechanism that enables a flow directly to react to changes of the relevant context
information appropriately.

The rest of the paper is structured as follows. In section Bl we introduce
our system model and the running example. The related work is discussed in
section Bl We then present in detail our modeling extensions in conjunction with
a scenario walkthrough in section [l Finally, we discuss our approach in section[d]
and conclude our work in section

2 System Model and Application Scenario

Workflow models are modeled using a workflow modeling language. A common
wide spread and standardized language is the Business Process Execution Lan-
guage (BPEL). BPEL is based on XML, which easily allows extensions. In order
to execute a workflow model, an instance of that model must be created and run
on a workflow engine (WFE). Flows are considered mobile and can migrate from
one WFE to another in order to optimize their execution. Classical workflows
are usually created for scenarios that exhibit at least some degree of repetition.
Following that we assume that some of the running flow instances in our system
are created from the same flow model. Because situated flows must be context
aware, our system provides a context access layer. The nodes that host this layer
are connected in an overlay network with undirected links that significantly vary
in bandwidth and latency. The representation of stored context information is
based on our object-oriented entity model, which will be introduced in section
[T in more detail. We assume a system that hosts a large number of flows and
spans a wider geographical region.

In order to show the feasibility of our system, we will apply our concepts to
an example real-world scenario from the domain of logistics. A truck delivers a
box that contains frozen peas to a warehouse. The box should be unloaded and
stored in the cold store of the warehouse before the cold chain is broken. The
unloading and storing are handled by a warehouse worker. Because the peas are
deep-frozen, it is important that they reach the cold store within a certain time
frame when the unloading begins. This will be our running example for the rest
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of the document. Figure [Il shows an illustration of the local environment and all
participants, figure 2] the necessary activities as basic flow. The truck transports
the box to the warehouse. A worker from the warehouse is responsible to unload
the box from the truck. Finally the box is moved to the cold store by a warehouse
worker.

Pea Box Truck Warehouse

ﬁ— - . ‘F: orker
ik | &

Cold Store

Fig. 1. Logistics Scenario overview

Basic Box Flow

Transport to Unload Box Move to Cold .

Warehouse Store

Fig. 2. The basic flow for storing the box

3 Related Work

We found two general approaches that enhance workflow modeling with context
information: workflows with context integration [BIAI5IGI7] that allow to retrieve
and react to context information and personal workflows [SJ9JT0] that are tailored
to the actions of a single human user.

The context integration approaches provide modeling mechanisms that al-
low to specify a context-aware transition conditions between the activities. An
early approach based on BPEL and WebServices was proposed by Han et al.
[3]. Their ubiquitous workflow description language (uWDL) adds triples con-
sisting of subject, verb and object to a given transition in a workflow. When the
context is matched the transition is taken. uWDL has developed to a complete
framework [] including modeling tools and support of context aware services
[B]. With Context{BPEL [6] Wieland et al. allow the workflow to directly ac-
cess context information and take decisions on that information. They further
extend their system [7] to be able to process more complex queries and to facil-
itate a higher level of abstraction in context modeling. However uWDL as well
as Context4BPEL rely on comprehensive modeling and provide no flexibility at
modeling time, what kind of context information is relevant at runtime.

In the area of personal workflows Hwang et al. [§] proposed a proprietary
workflow format for personal processes that provides a great deal of flexibility
for the individual tasks. On the downside the modeling of the flow as well as
monitoring its state of execution rely mostly on direct user input. The sentient
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processes [9] are also based on a proprietary language. Such a process is tailored
to a single user that wants to execute a sequence of tasks in a pervasive envi-
ronment. The later extension, PerFlows [10], allows the user to flexibly decide
in which order he executes his tasks. They can be executed automatically, rolled
back, skipped and are context aware to the behavior of the owner. However, the
Personal Workflows as well as the PerFlows allow only the assignment of a single
user to the flow. The user is static and the flow can only react on context in-
formation of that user or direct input. Both concepts do not consider additional
context information that becomes relevant during execution.

PerCollab [I1] envisions another approach for pervasive human interaction.
The authors extend the BPEL with a new activity that allows transparent user
interaction using heterogeneous communication channels ranging from desktop
PCs to PDAs and even mobile phones. This presents a convenient way to in-
tegrate human interaction into a workflow, but as the interaction is handled
transparently the flow is not aware of its environment and thus cannot react
to it.

4 Situated Workflows

In order to relate our application to the physical world, we must first create a
formal model of the physical context. In the next section, we introduce a context
model that is built on object-oriented entities. Given this formal representation,
we can attach a flow to an entity creating a direct relation to a physical object.
This Flow Attachment is explained in section Using the attachment, we
define the relevant context information in the local environment of the flow. We
call this concept a Context Frame. During the runtime of the flow we enforce
application constraints on the actual context and use available context to control
the flows behavior when certain events in the relevant environment happen.
The constraint handling is implemented with Context Constraints and the event
handling with Context Events.

4.1 Entity Model

The entity model is our formal representation of the real world. Every real-world
artifact that is considered in our system is encapsulated by an entity. Each entity
has an identifier and an entity type. For our application scenario, we consider
the following three entity types; 'truck’, ’box’, 'worker’. The relevant instances
for our scenario are: 1. The box that contains the frozen peas. 2. The truck that
transports boxes to the warehouse. 3. The worker who is able to carry boxes,
unload them from the truck and put them to different storage places like the
cold store.

The type of the entity further determines which properties and events the
entity has. An entity property is a variable in the entity type that represents a
real-world property of the corresponding physical object. Examples for properties
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are the temperature of the box, or the position of the worker. An entity event is
generated when something happens at a certain point in time in the real world
that causes a change for an entity. An example for this might be a worker that
picks up a box which results in a pickedUp-Event for the box. We assume that
the properties and events defined in the entity types can be sensed from the
real world by appropriate context recognition systems that are integrated in
the context access layer. For the sake of simplicity, the domain of values every
attribute can have is known in advance. Whenever we refer to either an entity
property or an entity event we also speak of an entity attribute. Entity types are
organized in an entity type hierarchy and allow single-parent inheritance from
other entity types similar to object-oriented programming.

4.2 Flow Attachment

Based on the entity model, we introduce the necessary extensions to the flow
modeling language to create situated flows. We build our extensions using two
properties of the flow modeling language. First, the flow modeling language
provides scopes as a modeling element. A scope groups a subset of the activities
in a workflow model employing visibility rules. Every information defined in a
scope can only be accessed by the activities in the scope. We represent scopes
as dotted rectangles around the activities. Secondly, the flow model is easily
extendable with annotations that can be added to scopes.

Given these two tools, we attach a flow to an entity, by adding an attachment
annotation to a scope. In order to improve the flexibility, attachment happens
in two distinct phases. In the first phase, during modeling time of the flow,
the modeler adds the attachment annotation to a scope. Only the entity type
of the attachment is defined at this point. In the second phase, when the flow
is running the attachment is resolved to an entity, that is an instance of the
entity type specified in the attachment. Then the flow is actually attached to
that entity. Figure Bl shows an attachment of the box flow to the box. The small
dotted rectangle (A) represents the attachment annotation, its code depicted
in the box. The actual box instance is resolved at runtime. A single scope can
have multiple attachments annotated, which allows a flow to be attached to
multiple entities. The entity type of the attachment is static during runtime but
the attached entity can be exchanged under certain conditions. For example, a
flow could be attached to a worker and this worker finishes his shift while the
flow is still running. Because the worker is unavailable, the flow needs to resolve
another worker, to continue execution.

When a flow is attached to an entity the flow becomes situated. It is logically
co-located with the attached entity and the entity becomes a relevant part of
the local environment the flow can respond to. It is also likely that the flow will
access some of the context information of the attached entity. Because of this
the context access layer can dynamically provide efficient access to the context
information of attached entities to the flow.
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Pea Box |Attachment ({
EntityType: box
_——— 7
Attached Box Flow ; Lo Entity: PeaBox }

Transport to Move to Cold
Warehouse Store

Fig. 3. Extension of the basic workflow model to a situated workflow

4.3 Context Frames

The environment of the flow might not only include attached entities but also
other entities which are not known at design time. Those entities become rele-
vant to the flow during its runtime because they have some contextual relation
to the actual entity the flow is attached to. The modeler can add a Context
Frame to the flow providing access to more entities in the flows local environ-
ment based on that contextual relationship. In our scenario, there is a worker
responsible for unloading the box from the truck. But flow modeler cannot know
the actual context of each worker in the warehouse. So the flow modeler adds a
context frame that defines those workers as relevant that can assist the unload-
ing and storing process. In Figured] the box flow is depicted including a Context
Frame that defines the relevant workers for the flow. We add the Context Frame
as new modeling element to the flow modeling language. Similar to the Flow
Attachment, the Context Frame is annotated to a scope in the flow model.

A Context Frame defines any number of so called entity sets that contain
the entities that are relevant to the flow. The modeler can define an entity set
either combining two existing ones using set operations (union, intersection, set
theoretic difference) or create new entity sets using certain Filters.
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ContextFrame {
EntitySet worker_set {
EntityType=worker;
Range= occupation_status==idle,
distance (position,PeaBox.position) < 15.0; }

Fig. 4. Context frame that covers all free workers within 15m of the box
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We propose the use of three different filters. The first one is a Type Filter
that restricts the type of entities that can be in the set. The type filter in our
example is set to worker so that only workers can be an element of the set and not
other entities. The second one is an Attribute Filter. It lists the number of entity
attributes that are considered relevant and only these attributes are updated by
the context system. We apply this filter to further reduce the amount of context
information that must be provided to the flow by the context access layer. The
third filter is the so called Range Filter. The range filter removes the entities,
whose attributes are not in range of a defined domain of values. It consists
of a number of expressions and an entity must fulfill all these expressions in
order to be a member of the entity set. In our example, we use two range filter
expressions. As the box flow in Figure @l is only interested in workers which
are idle, occupied workers are filtered out. The second range filter expression
removes all workers from the set that are not close enough to be relevant for
further execution. The Context Frame can access the context information of the
attached entities. The information is used to define the relation between the
entities of the set and the attached entity. This way the content of the entity set
is directly dependent on the actual context of the box. Because of the changing
context of the attached entity, the actual elements of the entity set are calculated
dynamically at runtime taking the relation into account. When a Range Filter
is defined without a relation to an attached entity we call the enclosing Context
Frame an absolute Context Frame. Otherwise it is a relative Context Frame. The
context information in a Context Frame can be accessed, when the flow executes
activities in the scope.

4.4 Context Constraints and Events

Context Constraints and Context Fvents are two mechanisms to utilize the con-
text information provided from attachment and context frames. Both have a
similar structure but different evaluation semantics. We first describe the com-
mon structure and then discuss the different semantics using the application
scenario. Both, Context Constraints and Context Events, consist of a context
condition and a handler. The context condition monitors the situation and in-
vokes the handler when necessary. The condition itself consists also of two sep-
arate parts. A logical predicate in first order logic and an event qualifier. The
predicate is defined over the entity properties from the attached entities and
from the context frames. The evaluation rules of the context condition are con-
trolled by the event qualifier. We provide two different event qualifiers. The
onEvent qualifier evaluates the condition when a certain entity event (c.f. E]) is
triggered. The betweenFEvents qualifier evaluates the condition continuously dur-
ing the specified events. The event qualifiers are defined on the available entity
events. We also provide two special events to allow evaluation when a scope is
entered or left. These two events are the onEntry-Event and the onExit-Event.

Figure Bl shows the further extended box flow. We have annotated a Context
Constraint (CC) and a Context Event (CE) to the inner scope that encloses
the unloading task. The semantics for the Context Event are defined as follows.
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ContextEvent {
Box Flow ContextCondition { onEvent (entryEvent)
Not isEmpty (worker_ set) }
Handler { EmitFlowEvent (WorkerAvailable) }

(AL CE )
——— - ::::I__::::I_ ______________________ 1
i 'CE !cc !
1 —_———_— L L____I 1
: | ! !
[ Transport to | . Move to Cold . .
' 7 warehouse . Unload Box ! Store — !
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ContextConstraint {
ContextCondition {
betweenEvents (PeaBox.pickedUpEvent, exitEvent)
PeaBox.temperature < -18.0 }
Handler { EmitFaultMessage (TempExceeded) }
}

Fig. 5. The box flow with a Context Event and a Context Constraint

When the context condition of a Context Event is evaluated and the predicate
is true, then the handler is invoked. When the truck has reached the warehouse,
the flow waits until a worker is close enough to the box. When the entity set in
the Context Frame becomes non empty the handler is invoked. The flow gets a
notification and can continue its execution, because a worker is available that can
start the unloading task. The semantics for the Context Constraints are basically
inverted. When the predicate evaluates to false the handler is invoked. While the
box is being unloaded, the condition of the CC is evaluated, because the flow gets
notified about the peaBox.pickedUp event. In our example scenario we consider
a context constraint that monitors if the temperature of the box is always below
-18 degrees Celsius so that the cold chain is maintained. If the predicate becomes
false at any point in time until the task is completed the handler of the Context
Constraint is invoked. The handler then tries to resolve the constraint violation.
Additional information on integrated constraint handling in flows can be found
in our previous work [12].

4.5 Example

To demonstrate the effects of our extensions we show a walkthrough of our sce-
nario pointing at the effects of our new modeling elements. The box flow handles
the transport process of the flow. When the flow is invoked it is first attached
to the pea box. The box is loaded on a refrigerated truck and transported to
the warehouse where it should get stored for some time. On arrival of the truck
the box flow waits until it gets notified that a worker has - literally speaking
- entered the Context Frame, i.e. fulfills the range filter of the Context Frame.
The worker gets notified about his next task and starts to unload the box from
the truck into the warehouse. When the box flow receives the pickedUp event
from the peaBox the Context Constraint starts monitoring the temperature of
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the box. Note that the flow only knows and can subscribe to the pickedUp event
and the temperature values because he is attached to the box. Without the at-
tachment from this flow there might be no other application that is interested
in context information about that box and the context access layer would not
provide them. If the worker carries the box to the cold store in time the flow
will continue normally. However, should the temperature rise above the value in
the constraint, the system reacts to the change. The flow might be adapted to
the new situation and activities could be added e.g. an additional quality check
on the goods. But the constraint violation could also lead to the termination of
this flow and trigger the removal of the box from the usual delivery.

5 Discussion

The extensions we provided for the flow modeling language enable a flow modeler
to create situated workflows. He can describe the local environment of the flow
based on Flow Attachment and Context Frames. The modeler can further apply
our constraint and event handling mechanisms which allow the flow to adapt to
the environment. The main advantage of our approach is the reduced amount
of context information that is relevant and the fact that relevant context in-
formation can be determined at runtime. The context provisioning system only
has to provide and maintain information that are relevant to the flow applica-
tions (i.e. attached entities and entities defined in Context Frames). The flow
benefits from a much smaller range of context in its local environment it needs
to monitor and adapt to. But our approach leaves some open challenges. Our
approach relies on quite comprehensive knowledge about context information.
Every context that is modeled in the flow should be available during runtime.
Another aspect is the quite expensive dynamic calculation of the visible context
for a single flow. We will investigate the use of aggregation techniques for entity
sets based on the assumption that similar flows will have similar requirements
on context information.

6 Conclusions and Future Work

In this paper we introduced a novel way to model context aware workflows. Our
approach provides more flexibility in modeling than the existing approaches. We
dynamically restrict the amount of context information so that the flow is only
aware of relevant context. We further provided a constraint and event handling
mechanism on top of our context modeling approach that allows to monitor the
execution and to trigger adaptation. As we discussed above the provisioning of
the entity sets may be rather expensive. We will investigate how to optimize
the calculation of entity sets in a system that hosts a large number of situated
workflows. This includes the adaptation of the context provisioning system to
the needs of a single or similar situated flows.
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