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Abstract. Sensor networks are gaining momentum in various fields, no-
tably in industrial and environmental monitoring, and more recently in
logistics. The information gathered from the environment (by sensor net-
works) may influence the execution of workflows, making it difficult to
test these systems as a whole. Generally, the tests carried out on the
aforementioned systems make use of recorded information in earlier work-
flow executions. Alternatively, we propose the testing of such workflows
by incorporating results obtained from the simulation of sensor network
applications, allowing the testing of new workflows, as well as of the
changes made to a given workflow by events in the environment. This
paper describes a means of integrating existing platforms with the aim
of introducing the simulation of sensor networks in workflow testing and
execution.

1 Introduction

A wireless sensor network (WSN) consists of a collection of tiny devices capable
of measuring a given scalar or vector field and that can communicate wirelessly.
In a WSN there can be nodes with additional capabilities (besides sensing the
environment) such as act on the environment (actuators), collect and process
data from sensors, or (re)configure the network behavior (base stations).

The topic of sensor networks has attracted the attention of both companies
and research groups. The challenges raised in terms of hardware, such as de-
vice miniaturization, battery capacity improvement, and communication range
increase, are as important as those raised at the software level, particularly in
what concerns the operating systems and the programming languages for these
devices. In both areas there have been important advances [2, 18, 27].

The applications of sensor networks are many and include, for example, read-
ing our body’s vital signs (body sensor networks) or monitoring environmental
conditions (e.g., management of air quality) [2]. Another application area is the
Internet of Things and Services (ITS), which aims at integrating the state of
the world seen from the eyes of sensors in high-level applications available on
the Internet. An ITS application may benefit from environment observations and
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adapt its behavior accordingly. For example, a home automation system may ex-
tend its features and, in addition to the traditional task scheduling (e.g., turning
on and off a given device according to a predetermined plan), react to environ-
mental conditions or to behavioral rules of the inhabitants. Another application
area is logistics, where, for example, we may want to tailor a delivery process
according to the actual conditions of the goods being transported, and to the
traffic information in the route to the destination. In this case, the information
obtained from the sensors can lead to modifications in the delivery process, such
as a change in the order by which the goods are delivered.

Applications that encode workflows are difficult to test because their behavior
depends on external events (the world) that are, in the general case, nondeter-
ministic. The most common approach to test these applications is to replay the
execution of saved workflow traces. Although simple, this approach suffers from
several problems, namely: (a) only allows the testing of workflows that retain
the same execution trace as the ones saved, (b) disallows the testing of brand
new workflows, and (c) prevents the testing of new variants of a given workflow.
The approach we propose to test these applications is to obtain environmental
information by simulating the sensor networks, enabling the creation of virtual
environments where we can study the behavior of sensors per se, the sensor net-
work as a whole, and the application. However, this approach comes with a price:
(i) it requires the construction of a simulation model to simulate the WSN; (ii)
as the scope of sensor networks widens it is necessary to use simulators, which
constitutes by itself a challenge because simulating a sensor network with non-
trivial behavior is far from being a simple, fast task; and (iii) the results of
these simulations need to be integrated into the workflow management systems
(WFMS).

In [26] we describe a process for automatizing the creation of simulation mod-
els for a WSN from high-level specifications that addresses (i) and (ii). In this
paper, we focus on integrating these WSN simulations in workflow management
systems, covering (iii).

We identify two main challenges in such integration: i) the communication
between the WSN simulator and the WFMS, and ii) the changeover (in a trans-
parent way) between using a WSN simulation and a real WSN. As for i) the
communication needs to occur in both ways, i.e., from the WSN simulator to
the WFMS, when acquiring sensor readings, and verso, for example, for allowing
the workflow to reprogram the network when necessary. In both directions we
use techniques that push data between systems, instead of periodically query-
ing the target systems. As for ii) we want to minimize the changes made in the
workflow definition, and therefore reduce the testing impact of the changes cause
by changeovers between real and simulated WSN.

In the remainder of this paper, Section 2 presents related work, specifically
aimed at integrating real WSN data into workflow execution; Section 3 discusses
the simulation of WSN, while presenting a programming language and a simu-
lator; Section 4 presents some workflow management systems and elaborates on
the integration of WSN simulations with the execution of workflows; Section 5
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presents a scenario in logistics that illustrates the use of workflow management
systems, integrating workflows with sensor networks to assess the conditions in
which takes place a supply of materials sensitive to temperature; and, finally,
Section 6 concludes the paper and presents some directions for future work.

2 Related Work

The integration between WSN and workflow execution present in the literature
applies only to real sensor networks. Typically, the integration is performed
when the data collected by the WSN is made available through web services.
An example of such approach is the Graphical Workflow Execution Language
for Sensor Networks [9] (GWELS), a language and toolkit for integrating WSN
applications into workflow execution. The toolkit adapts WSN data coming from
XML web services as data sources, and provides an environment where it is
possible to define a system that tailors its behavior accordingly with the received
data. Another example of this approach is presented in [10], where the authors
propose to achieve integration in a fully standard-compliant way, using standard
web service technologies for data acquisition and communication, and a Business
Process Execution Language [15] (BPEL) engine for the workflow execution.

A similar approach in nature are the sensor grids [17] that aim at integrating
WSN data (provided by web services) in grid computing environments, such
as GridKit [11]. In [21], the authors use grid workflow management systems to
integrate a WSN available on the grid in a workflow. The workflow code itself is
generated from a graphical modeling environment.

In both previous approaches, the data is provided by real WSN. We argue that
real WSN data is not suitable for testing workflows that encompass WSN appli-
cations, because it is generally not possible to control what the WSN senses. Data
from WSN simulation, on the other hand, varies accordingly with the simulation
itself and, therefore, gives us more control over the testing process. In addition,
if the workflow requires the WSN to behave differently (to be reprogrammed),
the previous approaches do not provide the means to test the reprogramming
before deployment.

3 Simulation of Wireless Sensor Networks

WSN simulation provides a test bed that allows for quick deployments of WSN
applications and gives the opportunity to test these applications in networks with
a variable (potentially large) number of sensor nodes. When simulating WSN,
we not only test low-level issues, such as signal transmission, or measurement of
physical quantities, but also high-level aspects such as communication protocols
and application execution. Simulation is therefore of great interest in any activity
that involves sensor networks.

In [26] we propose a simulation model generator for sensor network applica-
tions and present encouraging results, both in terms of simulation duration time
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and in terms of memory usage when simulating applications with several hun-
dred of sensors. In this section, we present Callas, a language for programming
WSN, as well as the simulation model generator.

3.1 Callas

Callas [20] is a programming language aiming at establishing a formal basis for
the development of languages and run-time systems for WSN. The language
can be used directly as a programming language for sensor networks or as an
intermediate language to which higher level WSN languages can be compiled.

The Callas programming language is type-safe. This property ensures that
well-typed programs do not produce errors at run-time, a property of extreme
importance in the context of sensor networks, in which testing and debugging
are difficult or even impossible to perform after sensors are deployed in a real
environment. Another feature of the language permits the reprogramming of
sensors remotely. This allows for bug corrections or application upgrades without
having to physically redeploy the sensors. In a Callas network, all network nodes
implement the same interface (enforced at compile time), but they may behave
differently depending on the actual implementation of the interface.

A Callas application consists of several files: an interface file defining the
functions available to the sensor network (all nodes in the network share the
same type); a program file by sensor type describing its behavior. and, finally,
a network description file that details the network configuration in terms of,
e.g., number, type, position, behavior, of each sensor in the network. We omit
Callas code in this paper, but the interested reader may refer to [19, 20] for
several examples of programming with Callas.

The execution of Callas programs is performed using a virtual machine. This
allows for abstracting sensors hardware (which is extremely heterogeneous) and
for supporting features of the language, such as sensor reprogramming, across
multiple platforms. Currently, we have an implementation of the Callas virtual
machine (CVM) for the SunSpots, for sensors running TinyOS [12], and for the
VisualSense [4] WSN simulator.

The architecture of the CVM is depicted in Figure 1. It includes three threads:
one that runs the interpreter, one that receives messages from the network, and
one that sends messages to the network. The communication model of the vir-
tual machine is very akin to middleware systems except that calls are obvi-
ously asynchronous. The main thread executes the interpreter, that evaluates
the Callas programs and reads and places messages from the input and on the
output queues. There are two additional threads for interfacing between CVM
and the sensor low-level communication devices, adapting messages (byte-code)
accordingly.

The Callas language allows for low-level function calls to the sensor operating
system through the use of a special language construct (extern). The CVM
must implement the interface with the corresponding operations in the operating
system. In fact, the CVM is parametric on an object, identified in the figure as
Ext Op, that must be instantiated for the particular operating system where it
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Fig. 1. The Callas virtual machine architecture

is running. For executing the CVM embedded as a VisualSense actor, we must
provide this Ext Op object adapted to interact with VisualSense, in particular,
with network-related code and with the external operations of the run-time
system.

3.2 Simulating Callas Applications

Sensor network simulators can be categorized as architecture-specific, when only
one node/architecture is supported, or as generic, when the simulator provides
the means to model the sensor nodes. VisualSense [4] is a generic, Open Source
WSN simulator based on the modeling framework Ptolemy II [8], developed at
UC Berkeley. It allows (a) to simulate all the WSN aspects mentioned in the
begining of Section 3, (b) to simulate networks with nodes running different
code among them, a rare feature [7], and (c) to model and simulate using a GUI.
In Ptolemy II, modeling is accomplished using components called actors that
interact solely by message passing, following the Actor Model [1].

The simulation model generator presented in [26] allows the end user to pa-
rameterize the number and distribution of the nodes, the program that runs on
each sensor (or set of sensors), and the network and node models to be used. A
simulation model for the application is generated from a Callas network descrip-
tion file. It contains information needed to compile the application ( interface

and program code for each sensor type), and information specific to construct
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the simulation, given in the form of key = value pairs. Section 5 provides a
concrete example of network description file used to create a simulation model.

The performance and scalability evaluation of the resulting WSN models ex-
ecution, depicted in Figure 2 were obtained with VisualSense 7.01 on a Linux
based PC with an Intel QuadCore 2.66GHz CPU and 3.4GB of RAM. Our exper-
iments show that the simulation duration grows polynomially while the memory
footprint grows linearly. We believe that simulation duration is not a critical
factor, as one would expect to wait for a few hours before having results for a
5000 node network.
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Fig. 2. Duration of simulation and memory usage (horizontal axis) given the number
of sensors in the network (vertical axis)

4 Workflow Execution with WSN Simulation Integration

Workflow management systems are specialized computer systems where it is pos-
sible to model/program, test, and execute workflows. These systems are mainly
used to analyze business processes, but they can also be used for design-time
business process validation [22].

Most workflow management systems are bound to a particular language, for
instance, the YAWL System [25] executes workflows written in Yet Another
Workflow Language [24] (YAWL). There are also a number of workflow manage-
ment systems that execute Business Process Execution Language [15] (BPEL),
such as jBPM [14].

Typically, the integration of WSN into workflow execution is made with real
WSN exposed as web services, or by integrating sensor networks in grid comput-
ing environments that can execute workflows. We claim that if real WSN data
is to be used for testing workflows that integrate with WSN applications, then
there is the need for an additional WSN test bed, since it is neither possible to
control what the WSN senses, nor can we use the real WSN as a testing and as
a production environment.
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In this section, we devise a means of integrating WSN simulation in a workflow
management system as a proof of concept of the integration of WSN simulation
in workflow management systems with both-way communication. Section 4.1 ex-
plains how a WSN simulation can be integrated in a specific workflowmanagement
system, and Section 4.2 elaborates on the integration difficulties that stem from
the lack of interoperability among workflow languages and execution engines.

4.1 Integrating WSN Simulation in the Kepler Workflow
Management System

Kepler [3] is a scientific workflow management system, a system equipped with a
structured set of operations over data sets. Other scientific workflow management
systems include Taverna [13] and Triana [23].

Kepler supports GUI modeling and execution, workflow composition, dis-
tributed computation, and access to data repositories and web services. Like
VisualSense, Kepler is a Ptolemy II specialization. In Kepler, the workflow exe-
cution is determined by a computation domain. For example, in the Synchronous
Dataflow domain the execution is synchronous and occurs in a pre-calculated se-
quence; in the Process Networks domain the computation is parallel, meaning
that one or more components may run simultaneously; and, in the Discrete Event
domain, workflow execution is triggered by events and takes time into account.

One may use the same components interchangeably in Kepler and VisualSense.
Therefore, it should be possible to include simulation models from VisualSense in
Kepler workflows, obtaining a means of acquiring from the sensor network simu-
lation into the workflow execution. Furthermore, since we are able to generate Vi-
sualSense simulation models from Callas applications, we can ease the simulation-
related work for the user. We use this configuration to prove the feasibility of the
integration of WSN simulation in workflow management systems.

In practical terms, the integration is as follows: the VisualSense WSN model
is wrapped a in workflow component. The wrapper component provides an in-
terface that allows both to acquire data from the WSN and to parameterize it.
More complex WSN to workflow interfaces may be defined using the GUI.

The communication between the workflow and the WSN simulation is me-
diated by the model wrapper. It converts the messages from the workflow to
the network, and vice-versa, allowing for both way communication. The wrap-
per may be reconfigured, even at execution time, in order to allow a different
interaction. The WSN integrated in the workflow (whether simulated or real)
may be switched to another one, even at execution-time. This allows for test-
ing WSN application changes made by workflows in testing environments (WSN
simulation) before deployment (real WSN).

Other difficulties of integrating VisualSense’s sensor network models in Kepler
may lie in the (possible) computation domain heterogeneity. WSN simulation is
performed in the Wireless domain, an extension of the Discrete Event domain
that is not suited for all types of workflows. However, there should be no dif-
ficulties in the type of business processes that we are interested in simulating,
because they are usually event oriented.
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4.2 Workflow Interoperability

A way to mitigate integration difficulties, and to use WSN simulation mod-
els in more workflow management systems is to create robust mechanisms of
workflow interoperability, i.e., the ability to execute workflows in a distributed
way, using two or more distinct workflow management systems. The available
variety of workflow management system engines and description languages hin-
ders workflow interoperability. For example, Taverna [13] interprets the Simple
Conceptual Unified Flow Language [13] (SCUFL), Kepler uses the Modeling
Markup Language [5] (MoML), Yawl system [25] uses Yet Another Workflow
Language [24] (YAWL), and Triana [23] interprets, in addition to its proprietary
format, the Business Process Execution Language [15] (BPEL). Summing to the
aforementioned difficulties (the variety of description languages and of execu-
tion platforms), workflow specification languages usually have different degrees
of expressiveness, making the translation among them not always possible, which
compromises interoperability by language translation.

Workflow interoperability could be achieved by standardizing the specifica-
tion/execution language. There has been such attempts, for example, the Work-
flow Management Coalition created XPDL [15], and Microsoft and IBM have
created BPEL, both aiming to become the standard. Another way to achieve
interoperability of workflows is by integrating workflow engines so that it is
possible to run each workflow in its execution environment, but being able to in-
teract with other workflows, running in other environments. Such an approach is
proposed by Kukla et al. [16]. The authors see workflow management systems as
(legacy) applications embedded in a Grid Computing environment, in the case,
GEMLCA [6] (Grid Execution Management for Legacy Code Applications).

5 Use Case: The Vaccines Delivery Process

The following scenario describes a workflow process integrated with environmen-
tal readings obtained from a WSN. A company distributes vaccines by several
of its customers (e.g., pharmacies, hospitals). The vaccines are very sensible to
the environment temperature and are compromised if exposed to a temperature
above its accepted parameters. To cater for this specificity, vaccines are trans-
ported in small containers equipped with its own cooling and monitoring systems.
The vehicle is itself supplied with a general refreshing system that maintains the
overall temperature dependent on the total cargo.

The control vehicle system consists of a sensor network including the temper-
ature sensors of each container and a base station connected to the GSM system
of the vehicle that is used for communications with the head office. Each sensor
is programmed to fire an alert message should the temperature of a container
reaches a given threshold (that might be different for each container). The base
station is responsible for communicating the alert messages to the head office, for
defining the GPS delivery routing, and for managing the overall cooling system.

The delivery workflow process is controlled centrally at the company’s head
office and is in contact with the vehicle’s control system. In case the vehicle
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Fig. 3. The vaccine’s delivery configuration

reports an alert indicating that some vaccine container is in danger of deteriorate,
it triggers alternative workflows, like changing the delivery order of the goods,
that, in turn, may originate changes in the vehicle’s control system. The changes
could be, for instance, the communication of a new destination coordinates for
the GPS system, or the transmission of a new algorithm for adjusting the vehicles
overall temperature, caused by the download of cargo from the vehicle.

Figure 3 depicts the scenario configuration, with the head office workflow
execution system and the vehicle’s control system communicating via GSM. Also
it illustrates the local communications among the GSM units and the workflow
execution engine and the vehicle sensor network, which is organized as a base
station and several sensors.

Testing this workflow using the traditional approach requires a method to
replay the communications with the truck. However, this is not required if the
simulation of sensor networks is integrated with the workflow execution. Further-
more, the integration may allow the use of simulation data from sensor networks
in richer scenarios than the one just described.

From the WSN application (defined in the network file, network. calnet , de-
picted in Figure 4), a simulation model, depicted in Figure 5 is automatically
generated. The model can be further edited in VisualSense.

The network description file allows to specify the number of nodes ( size ) and
their positions (position ), the network and node models (template) (the persistent
format of Ptolemy II has the .moml extension) and the communication range
(range).

The two temperature sensors, Node1 and Node2, in blue, execute the code in
node. callas . Periodically, they send the temperature in each container to the base
station, represented in green. The base station executes the code in sink . callas .
It is possible to identify the node communication ranges, as well as their relative
positions.
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# file: network.calnet
i n t e r f a c e = i f a c e . c a l t y p e

s en so r :
code = node . c a l l a s # code for sensor in container
s i z e = 2 # two sensors of this type
range = 50 # sensor range
p o s i t i o n = random 0 , 0 to 10 , 10 # distributed randomly
t emp la t e = c on t a i n e r S e n s o r . moml # sensor simulation model

s en so r :
code = s i n k . c a l l a s # code for the base station
s i z e = 1
range = 50
p o s i t i o n = e x p l i c i t 0 , 0 # positioned at a particular place
t emp la t e = gsmSink . moml # base station simulation model

t emp la t e = con ta in e rNetwork . model # network model

Fig. 4. A Callas network description file with simulation parameters

Wireless Director CallasPowerLossChannel

Sink

in out

Node 1

in out

in

Node 2

in out

Fig. 5. Sensor network as defined in VisualSense
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Wireless Director CallasPowerLossChannel

Sensor network (base station
+ nodes) channels.

GSMChannel

GSM channel that allows
communication with the
control center.

properties

payload
outPort

WirelessToWired

This actor listens on the
GSMChannel, forwarding all
communications to the out-
Port of this model.

Sink

in
out

gsmOut

In addition to the out port, the Sink
(base station) has a gsmOut port, linked
to the GSMChannel.

in

Node 1

in out

nnNode 2

in out

Fig. 6. VisualSense WSN simulation model to be integrated in the Kepler workflow

Fig. 7. Workflow in Kepler. Actor TruckNetwork encapsulates the network model in
Figure 6. The CalculateBestPath actor encapsulates the workflow of path recalculated.

The communication between the sensor nodes and the base station is made
through a channel (CalasPowerLossChannel). This simulates the wireless commu-
nication between the sensors in the container and the base station, taking into
account signal properties such as power loss, and avoids the transmission of re-
peated messages. Ports in/out of all the represented nodes receive/send messages
through CalasPowerLossChannel. The communication of the base station with the
control center is simulated by the GSMChannel. Notice that the base station is
the only node that can send messages on GSMChannel, namely output messages,
making use its gsmOut port.

The workflow described in Figure 7 calculates the best path for the deliver-
ies, taking into account the container temperatures, and the truck location. The
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sensor network integration is made by encapsulating the network model in a
Kepler actor (TruckNetwork), that acts as a data source. The workflow execution
is, in this case, triggered by a message received from TruckNetwork. In a differ-
ent workflow, the execution could be started by another event, possibly being
altered by an incoming message from the sensor network. In the top right corner
of Figure 6, there is the WirelessToWired actor, that receives the messages sent
through GSMChannel and dispatches them through the outPort of TruckNetwork,
depicted in Figure 7. In the workflow integration, this message is routed to a
MessageDisassembler actor that extracts the containerID and truckPosition values,
needed for the CalculateBestPath workflow. It should be mentioned that the
WirelessToWired actor (that connects the sensor network to the workflow) is in-
dependent of the network and of the workflow; it is only a message broker.

6 Conclusions and Future Work

This paper presents an approach to integrate sensor network simulations into
the execution of workflows, which allows the testing of higher level applications
based on information from the things in the world. Our proposal aims to inte-
grate the simulation of sensor networks of VisualSense [4] in the Kepler workflow
management system [3], exploiting the interoperability of components (actors)
between the two systems. This approach is feasible because both systems are ex-
tensions of the Ptolemy II modeling and simulation platform [8]. For the creation
of WSN simulation models we make use of a generator (of simulation models)
that we presented previously [26]. We believe that our approach is a valuable
contribution for testing applications (not only those based on workflows) that
depend on environmental values. It enables the execution of new workflows us-
ing simulated data, and eases experimentations with new scenarios. In contrast,
testing workflows based on information from previous executions does not seem
as flexible and complete.

As for future work, our initial focus will be on the validation of the proposed
integration model, as well as obtaining results that allow us to evaluate the pro-
posed solution. An interesting point that deserves further attention is workflow
interoperability, i.e., the ability to execute workflows in a distributed way, using
two or more distinct workflow management systems.

Although we have not addressed the availability of sensor information via
web, this does seem viable and we envision what it could be achieved using
web services: the base stations would have to be identified (and named) in the
network description file, so that they could be presented as webservices, and
so that the clients can register themselves in order to be notified by the base
stations.
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