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Abstract. Context recognition, such as gesture or activity recognition,
is a key mechanism that enables ubiquitous computing systems to proac-
tively support users. It becomes challenging in unconstrained environ-
ments such as those encountered in daily living, where it has to deal
with heterogeneous networks, changing sensor availability, communica-
tion capabilities, and available processing power.
This paper describes Titan, a new framework that is specifically designed
to perform context recognition in such dynamic sensor networks. Context
recognition algorithms are represented by interconnected data processing
tasks forming a task network. Titan adapts to different context recogni-
tion algorithms by dynamically reconfiguring individual sensor nodes to
update the network wide algorithm execution.
We demonstrate the applicability of Titan for activity recognition on
Tmote Sky sensor nodes and show that Titan is able to perform process-
ing of sensor data sampled at 100 Hz and can reconfigure a sensor node
in less than 1ms. This results in a better tradeoff between computational
speed and dynamic reconfiguration time.

1 Introduction

Ubiquitous computing systems aim to integrate seamlessly into the environment
and to interact with users in unobtrusive ways. As a consequence, the human-
computer interface needs to become more intelligent and intuitive [1,2]. One
way to achieve this is to make the computing system aware of the context of the
user. By knowing what the user is doing, the computing system can proactively
support him.

Activities of a person may be recognized using small, wirelessly intercon-
nected sensor nodes worn on the person’s body, like motion sensors such as ac-
celerometers integrated in garments or sensors placed in the environment, such
as microphones. The sensor nodes must integrate seamlessly into the wearer’s
clothes. Therefore they need to be of small dimensions and can only offer very
limited computational power and memory. Yet activity recognition on such
resource-limited devices is still possible using appropriate algorithms [3], which
work on an intelligent choice of sensor signal features correlated to the activities
to be recognized [4,5].



Context recognition becomes challenging in real-world, unconstrained envi-
ronments, such as those which are likely to be encountered in daily living situ-
ations. In such environments, assumptions on the number and type of sensors
available on the body and in the environment are difficult to make. Sensors in
the environment may be only available for a short time, e.g. as the user walks
by, and context recognition methods must be able to quickly incorporate such
temporarily available information. Context recognition gets even more complex
when hardware, communication, or power failures are considered.

This paper describes for a system the first time specifically designed to sup-
port the implementation and execution of context recognition algorithms in such
dynamically changing and heterogeneous environments. We refer to this system
as Titan – a Tiny Task Network. Titan represents data processing by a data flow
from sensors to recognition result. The data is processed by tasks, which imple-
ment elementary computations like classifiers or filters. The tasks and their data
flow interconnections define a task network, which runs on the sensor network
as a whole. The tasks are mapped onto the single sensor nodes according to the
sensors and the processing resources they provide.

Titan dynamically reprograms the sensor network to exchange context recog-
nition algorithms, handle defective nodes, variations in available processing power,
or broken communication links. It has been designed to run on sensor nodes with
limited resources such as those encountered in wireless sensor networks.

We have implemented and tested Titan on Tmote Sky [6] sensor nodes and
evaluated the performance of the task network execution. The comparison to
existing approaches shows that Titan offers a better tradeoff in computational
speed vs. dynamic reconfiguration time.

This paper is organized as follows: Section 2 reviews existing approaches for
data processing systems in wireless sensor networks. Section 3 describes Titan.
It is then evaluated and discussed against a selection of other existing systems
in Section 4. In Section 5 and 6 we highlight our future work and eventually
conclude this paper.

2 Related Work

An analysis of context recognition methods based on body-worn and environmen-
tal sensors was carried out in [7] and has led to the development of the Context
Recognition Network [8]. It has been designed to run on Linux and to compute
context information on a central powerful computer that collects sensor data
from the environment. However, this system does not tackle the issue of context
recognition in heterogeneous and dynamically organized sensor networks, where
the computation is distributed over the whole network.

An approach to dynamic reconfiguration of data processing networks on sen-
sor networks is DFuse [9]. It contains a data processing layer that can fuse data
while moving through the network. To optimize the efficiency, the data process-
ing tasks can be moved from one node to another. However, DFuse is targeted
at devices with higher processing capabilities than sensor nodes provide.



The Abstract Task Graph (ATaG) [10] with its DART runtime system [11]
allows to execute task graphs in a distributed manner. The task graph is com-
piled during runtime and adapted to the configuration of the network. Similar
to DFuse, DART imposes too high requirements on the underlying operating
system, such that it cannot be run on sensor nodes we want to use.

Dynamic reconfigurability was investigated by providing dynamic loading
of code updates in Deluge [12], TinyCubus [13], SOS [14], or [15]. Dynamic
code updates however rely on homogeneous platforms (i.e. the same hardware
and OS), which is unlikely to be the case in large scale unconstrained networks
such as the ones we consider here. In addition, dynamic code loading is time
consuming and requires the node to stop operating while the code is uploaded.
This may lead to data loss during reconfiguration.

A platform independent approach is to use a virtual machine like Maté [16].
Applications running in Maté use instructions that are interpreted by virtual
processors programmed onto network nodes. The performance penalty of the in-
terpretation of the instructions can be alleviated by adding application-specific
instructions to the virtual machine [17]. These instructions implement function-
ality that is often used by the application and execute more efficiently. In contrast
to Maté, Titan uses processing tasks as basic building blocks, which include more
functionality and thus execute more efficiently.

3 Titan

3.1 Overview

The goal of Titan is to provide a mechanism to dynamically configure a data
processing task network on a wireless sensor node network. As the physical loca-
tion of the sensors on the sensor nodes is important for their contribution to the
context recognition application, the individual sensor nodes must be individually
reprogrammable.
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Fig. 1. This task network describes a simple application which reads sensor data,
computes two features and stores the results in the Flash memory

Titan provides a set of tasks, of which each implements some signal processing
function. Connections transport the data from one task to another. Together,
the tasks and connections form a task network, which describes the application
to be run on the wireless sensor network. Figure 1 shows an example of such a
task network that reads data from a sensor, computes the mean and variance,
and stores both values for logging purposes.



Programming data processing in this abstraction is likely to be more intuitive
and less error prone than writing sequential code. The inner working of every
processing task have to be thoroughly checked only once. This can be done in
an isolated way and reduces the complexity of debugging.

Tasks have a set of input ports, from which they read data, process it, and
deliver it to a set of output ports. Connections deliver data from a task output
port to a task input port and store the data as packets in FIFO queues.

The application is issued by a master node. It analyzes the task network and
splits it into task subnetworks, which are to be executed on the individual nodes.
The connections between tasks on different nodes is maintained by sending the
packets in messages via a wireless link protocol.
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Fig. 2. Main modules of the Titan architecture. The arrows indicate in which direction
functions can be called

Titan is built on top of the TinyOS operating system [18], which has been
designed to be used on very resource limited sensor nodes. The Titan architecture
is shown in Figure 2 and includes the following main modules.

– The Network Manager organizes the network to execute the task net-
works. It connects to the Task Network Database where the task network
descriptions are located and decides which sensor nodes will execute which
part of the task network. These modules are only available on sensor nodes
with enough resources to perform the network management.

– The Task Manager is the system allowing to reconfigure a sensor node.
It maintains a task pool with all tasks available on the sensor node and
instantiates the tasks according to the Network Manager’s requests. The
Task Manager is responsible for reorganizing the task subnetwork executed
on the local sensor node during a reconfiguration.

– A Dynamic Memory module allows tasks to be instantiated multiple
times, and reduces static memory requirements of the implementation. The
tasks can allocate memory in this space for their individual state information.
This module is needed as TinyOS does not have an own dynamic memory
management.

– The Packet Memory module stores the packets used by the tasks to com-
municate with each other. The packets are organized in FIFO queues, from
which tasks can allocate packets before sending them. This data space is
shared among the tasks.



3.2 Tasks

Titan defines a global set of tasks. Each task implements a data processing
algorithm or an interface to the hardware available on the sensor node. Every
node in the sensor network implements a subset of all tasks, depending on its
processing capabilities. The tasks go through the following phases when they are
used:

1. Configuration – At this point, the Task Manager instantiates a task. To
each task it passes configuration data, which adapts the task to application
needs. Configuration data may include sampling frequency, the window size
to use, or similar. The task can allocate dynamic memory to store state
information.

2. Runtime – Every time a task receives a packet, it is allowed to execute to
process the data. Titan provides the task with the state information it has
set up during the configuration time. Tasks are executed in the sequence
they receive a packet, and each task runs to completion before the next task
can start.

3. Shutdown – This phase is executed when the task subnetwork is terminated
on the node. All tasks have to free the resources they have reserved.

3.3 Connections

Packets exchanged between the tasks carry a timestamp and information of the
data length and type they contain. Tasks reading the packets can decide on
what to do with different data types. If unknown data types are received, they
may issue an error to the Task Manager, which may forward it to the Network
Manager to take appropriate actions.

To send a packet from one sensor node to another, Titan provides a com-
munication task, which can be instantiated on both network nodes to transmit
packets over a wireless link protocol as shown in Figure 3. During configuration
time the communication task is told which one of its input ports is connected to
which output port of the receiving task on the other node. The two communica-
tion tasks handle communication details, such as routing or reliable transmission
of the packet data in the wireless sensor network. The communication task is
automatically instantiated by the Network Manager to distribute a task network
over multiple sensor nodes.

The recommended maximum size of a packet for Titan is 24 bytes, as it
can easily be fitted with 5 bytes header into a TinyOS active message. The
active message is used to transmit data over wireless links and offers 29 bytes of
payload.

3.4 Dynamic Allocation of the Task Network

A programmer designs his application by selecting tasks from the task list Titan
provides and interconnecting them to form a task network. Task parameters as



well as location constraints can also be defined. The description of the resulting
task network is then loaded into the Task Network Database in the network.

When the execution of a specific task network is requested, the Network
Manager first inspects the capabilities of the sensor nodes in the environment by
broadcasting a service discovery message containing a list of tasks to be found.
Every node within a certain hop-count responds with the matching tasks it has in
its Task Pool, and adds status information about itself. Using this information,
Network Manager decides whether the task network can be executed, and which
node runs which tasks. This is currently done by first placing tasks with location
constraints on the first node found with matching requirements. In a second step,
the remaining tasks are greedily added to the nodes. If the node capacities are
reached, new nodes are added to the processing network until all tasks have been
placed.
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Fig. 3. Allocation of a task network: parts of the task network are configured onto each
participating node, depending on their sensors or computational capabilities. Intercon-
nections across sensor nodes are realized over special communication tasks

When data needs to be exchanged across nodes, communication tasks (see
Section 3.3) are automatically inserted. The resulting task subnetworks con-
taining the tasks to be executed on every sensor node are then send to each
participating node’s Task Manager, which takes care of the local instantiation
as shown in Figure 3. After the configuration has been issued, the Network Man-
ager keeps polling the Task Managers about their state and changes the network
configuration if needed. On node failures, the Network Manager recomputes a
working configuration and updates the subnetworks on individual sensor nodes
where changes need to be made, resulting in a dynamic reorganization of the
network as a whole.

3.5 Synchronization

When sensors are sampled at two sensor nodes and their data is delivered to a
third node for processing, the data streams may not be synchronized due to dif-



fering processing and communication delays in the data path. As a consequence,
a single event measured at the two nodes can be mistaken for two.

If the two sensor nodes are synchronized by a timing synchronization pro-
tocol, a timestamp can be added to the data packet when it is measured. The
data streams can then be synchronized by matching incoming packets with cor-
responding timestamps. Timing protocols have been implemented on TinyOS
with an accuracy of a few 10 µs [19,20].

If the two sensor nodes are not synchronized, the sensor data can be examined
as in [8]. The idea is to wait until an event occurs that all sensors can measure,
e.g. a jump for accelerometers on the body. Subsequent packets reference their
timestamp to the last occurrence of the event. This functionality is provided in
the Synchronizer task.

4 Evaluation

We have implemented and tested Titan on Tmote Sky motes [6]. The mem-
ory required by the implementation is listed in Table 1, showing the memory
footprints of a plain TinyOS implementation, the virtual machine Maté, the
code distribution framework Deluge, and Titan. These numbers change when
compiled for different platforms, but give an indication of the size of the Titan
implementation.

The space reserved for dynamic and packet memory RAM can be tailored
to the needs of the application and the resources on the node. The task number
and type in the Task Pool on the node determines the amount of ROM memory
requirement, and can be adapted to the platform as well. The memory footprint
shown in Table 1 includes all Titan tasks as listed in Table 3.

Platform ROM RAM

TinyOS1 16520 541
TinyOS with Deluge 26896 1089
Maté 37004 3146
Titan 35024 1422

dynamic memory + 4096
packet memory + 1440

Table 1. Memory footprints (bytes). The
Tmote Sky module provides 48k ROM
and 10k RAM.

Interface function Cycles Time (µs)

pasteContext 85 16
getContext 145 28
allocPacket 370 70
sendPacket 290 55
hasPacket 25 5
getNextPacket 425 81
Transfer 1 packet (avg) 1026 195
Table 2. Cycle count of the most important
Titan interface functions

Table 2 lists the time needed for the most important functions Titan offers to
the tasks. All times have been measured by toggling a pin of the microcontroller
on the Tmote Sky. The average packet transfer is measured from the point where
the sending task calls the sending function to the time where the receiving task
has retrieved the packet and is ready to process its contents. This time is roughly

1 As distributed with Tmote Sky modules, and instantiating the Main, TimerC, Gener-
icComm, LedsC, and ADCC components



200µs. For the recognition of movements, acceleration data is usually sampled
at less than 100 Hz [4], which leaves the tasks enough time for processing.

Table 3 shows the currently available tasks for Titan. The delays given in
the table indicate how long each task needs to process a data packet of 24 bytes,
which is the recommended Titan packet size as mentioned in Section 3.3.

Name Descriptions Delay RAM ROM
Duplicator Copies a packet to multiple output ports 192µs – 250
FBandEnergy Computes the energy in a frequency band

from FFT data
200µs 12 410

FFT Computes a 32 bit real-valued FFT over
a data window of n = 2k samples (delay
for 128 16 bit samples)

186ms 16 + 4n + ns 4714

Led Displays incoming data on the mote LED
array

36µs – 260

Mean Computes the mean value over a sliding
window of size n

318µs 12+ns 494

Merge Merges multiple packets into one 328µs 12 454
MinMax Looks for the maximum and minimum in

a window of size n
193µs 8 484

ExpAvg Computes an exponential moving average
over input data

222µs 8 416

Synchronizer Synchronizes data by dropping packets
until an user defined event occurs

220µs 10 476

Threshhold Quantizes the data by applying a user-
defined number n of thresholds

95µs 4+2n 424

TransDetect Detects value changes in the input signal,
and issues a packet with the new value

201µs 2 474

Variance Computes the variance over a sliding win-
dow of size n

1510µs 16+ns 720

Zero crossings Counts the number of zero crossings in
the data stream

176µs 8 370

Table 3. Titan task set and delay Ti on a Tmote Sky. RAM indicates the number of dynamic
memory bytes allocated, ROM the bytes of code memory used. The delay has been computed for a
packet of 22 bytes data. ns gives memory bytes needed to store n in the data type used, e.g. for 16
bit values ns = 2n

Most task delays are in the range of a few hundred microseconds, which
shows that a task network has enough time to execute when using a sampling
frequency of 100 Hz. Even an FFT can be performed over 128 samples in 180ms,
leaving 86% of the sample time for processing. Whether a whole task network
can process the sampled data in real-time needs further analysis. If the sensor
data is sampled with a frequency of fADC and the recorded samples are issued in
packets of NADC samples, the time left for processing of the local task network
is:

Tfree(NADC , fADC) =
NADC

fADC
− NADC · tsample − tADCMsg (1)

Where tsample is the time needed by the sensor to sample one sample, and
tADCMsg the time needed to issue a packet.

The time needed for the processing of the data, i.e. executing the task network
is determined by the delays Ti of the allocated tasks with their configuration Di,
and the number Np of messages exchanged, which needs the time tp.

Tused(T ) = Np · tp +

(∑
∀i∈T

Ti(Di)

)
+ O(T ) (2)



The TinyOS scheduler overhead is included by the O(T ) function. The execution
of the task network is thus feasible if the following inequality holds true:

Tused < Tfree (3)

In a heterogeneous network, the times needed to execute a task differ from node
to node, such that an adaption of the times are needed. This can be done by a
simple factor as proposed in [7], where every node indicates a speed grade that
is multiplied with the task execution time. A more exact approach would be to
store a task execution time table on every node, which the Task Manager uses
to determine whether the assigned task network is actually executable.

4.1 Configuration Times

To analyze the time of a reconfiguration, we have configured a node with a
task subnetwork containing a counter task that increments every second and
sends its data to the LED task, which shows the counter value on the Tmote’s
LEDs. The task subnetwork description has a size of 19 bytes and fits in a single
configuration message. Table 4 shows times needed from the reception of the
configuration message to the point where the task subnetwork runs.

Task Time [µs]

Process configuration message 260
Clearing existing task subnetwork 56
Configuration & Startup 196
Total (with OS overhead) 650

Message Processing 260
Clearing 56
Configuration 196
TinyOS 138

Message 
Processing

40%

Clearing
9%

Configuration
30%

TinyOS
21%

Table 4. Analysis of the reconfiguration process

If a reconfiguration needs multiple configuration messages, Titan stops the
current task subnetwork on the reception of the first message. The configuration
of the new task subnetwork is then continued every time new configuration
packets are received. As soon as the task subnetwork information is complete,
Titan starts the execution and notifies the Network Manager of that fact. The
continuous processing of the incoming configuration messages reduce the delay
after the reception of the last message, as it only includes the configuration and
startup time.

4.2 Case Study

To compare the Titan framework to other systems, we have chosen a simple
application and have implemented it in three systems: Titan, Maté [16], and
Deluge [12]. Maté provides a virtual machine on network motes and thus allows
to distribute code in heterogeneous networks, while Deluge allows to reprogram



motes and thus allows to upload platform optimized application-specific code.
Thus the comparison involves a general and a specialized solution next to Titan.

The test application continuously samples a sensor at 10 Hz, calculates the
maximum, the minimum, and the mean over 10 samples, and sends them to
another node. We have measured the number and total size of the configuration
messages to be sent, and evaluated how long the processing of the samples takes
on the node. The results can be seen in Table 5, respectively in Table 6.

Platform microseconds

Titan 3.68 ms
Maté 24.0 ms
Deluge 201 µs

Table 5. Processing delay for the case
study

Platform Size [Bytes] Packets

Titan 71 4
Maté 75 4
Deluge 29588 1345

Table 6. Configuration data size

The numbers show that Titan executes 6.5 times faster than the Maté virtual
machine and has a similar configuration size. Deluge on the other hand has an
application specific image and is about 18x faster than Titan, but, due to the
large number of configuration messages, it needs several seconds for transferring
a program image and reboot. This time is not acceptable in the context recog-
nition applications that we envision, where sensors, computational power, and
communication channels may change dynamically and in unpredictable ways de-
pending on the user location, motion, social interaction, etc. Deluge does allow
to store a certain number of configurations, depending on the node Flash mem-
ory, but this allows only a small number of different task sets to execute, while
Titan can be reconfigured to a much broader range of applications.

Note that we have chosen a simple application capable of running on Maté.
Maté is not able to support sampling rates higher than 10 Hz. It neither can
compute a FFT at 10 Hz in realtime, which Titan is able to do. Being able to
compute a FFT in realtime is important as many features for activity recognition
are gained from the frequency space [3,5].

5 Discussion and Future Work

The work presented here shows that Titan is capable of performing simple con-
text recognition tasks. We are working on extending the Titan task set with
classifiers and context recognition algorithms that optimally exploit the sen-
sors on the body and in the environment. These algorithms adapt to the sensors
available at the moment and reorganize the computation to changing conditions.
This will allow Titan to tackle more complex context recognition tasks.

There are many parameters in the algorithms for the distribution of the task
network and the monitoring and failure handling that need to be investigated
in more detail. A better approach would use power or transmission cost metrics
to arrange tasks on the network. It would also be interesting to enable Titan to
dynamically rearrange single tasks during the execution instead of reconfiguring
whole nodes if changes to the task network configuration need to be made.



Titan currently only allows to run one configuration at a time. Multiple task
networks could be running in parallel and be configured on the nodes separately.
This would require the Task Manager to handle accesses to resources that are
available only one time on a node and are used with different parameters.

6 Conclusion

We have described the Titan architecture and how it can execute context recog-
nition algorithms in dynamically changing and heterogeneous sensor networks.
Titan provides a set of tasks with functionality and interconnects them to form a
task network, which describes the data processing algorithm. The task networks
are then split into task subnetworks and assigned to the different nodes in a
heterogeneous network.

In unconstrained, every-day environments the available sensors, computa-
tional power, and communication links may change unpredictably. Titan pro-
vides fast reconfiguration and high processing speed, which make it an ideal
platform for context recognition in such environments in comparison to virtual
machine or dynamic code upload approaches. Titan provides a set of data pro-
cessing tasks that can be used for various applications and offers easy program-
ming. The task networks are automatically adapted to the sensor node network
and are able to compute user context in the network.

The results of the implementation show that a sensor node reconfiguration
can be made in less than 1 ms, and sampling rates of 100 Hz can be supported
with enough free processing time for recognition algorithms. Thus Titan offers a
better tradeoff between processing time and dynamic reconfiguration delay than
related approaches.
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