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Pervasive applications need to run on collections of smart objects whose number and 

type are unknown at design time and can change dynamically at runtime. This article 

describes the service-oriented Titan framework, where mobile phones act as mediators 

between dynamic and open-ended smart surroundings and Internet-based servers 

providing applications. Applications are composed at runtime to execute in a 

distributed fashion on smart objects surrounding the user. Scarce processing resources 

on the smart objects are efficiently managed by quick application reconfiguration. We 

describe the mechanisms of Titan on the example of a pervasive dice game and 

discuss Titan’s potential as a rapid-prototyping framework for pervasive applications. 

Introduction 

Today’s mobile phone applications extend the Internet to the ubiquitous computing world of mobile 

phone users. However, they at best interact with only a limited set of devices in the environment of a user 

such as headsets or Bluetooth printers. Our environment will become ever more sensor rich and will soon 

provide a wide range of smart objects; objects including sensors and actuators which are able to sense and 

react to how they are used. The observations collected from nearby smart objects paint a larger picture of 

what happens in the environment of the user. A mobile phone that is carried by its user can coordinate 

these interactions between smart objects and mediate between the pervasive environment and the Internet. 

In this article, we present Titan, a service-oriented framework that links smart objects together to 

collaboratively recognize a user’s context and realize pervasive applications. The framework’s central 

component is running on a mobile phone, which contacts application servers on the Internet to download 

applications and organizes their execution in the user’s Personal Area Network. Throughout the article, 

we follow the illustrative example of children playing a pervasive dice game and give a walkthrough of 

how the Titan framework implements the game. 

Pervasive Applications 

Users of pervasive applications should not be aware that they are interacting with the pervasive world but 

rather naturally interact with any object they meet in their daily life. The main challenges that arise for 

applications are: 

 

 Working everywhere – users are mobile and at times reach places without infrastructure 

networks. Pervasive applications should also work there – at home, on schoolyards, or even in 

remote places such as in a forest. 

 Heterogeneous devices – devices found in the users environment may be built by various 

manufacturers, using diverse operating systems and have various capabilities. 

 Just-in-time application adaptation – user mobility introduces changes in the network 

topology. New devices may become available or get out of reach during the application 

execution, requiring dynamic updates of the distributed processing or the whole applications. 
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 Limited processing resources – devices integrated in smart objects need to be of small size and 

cost to seamlessly integrate in objects and can only provide limited processing resources, power, 

and communication bandwidth. 

 Natural interaction – users interact directly with physical objects which sense manipulations 

performed on them and may generate immediate feedback, possibly via other smart objects. 

Thus, users should not even feel like using a computer.  

 

Several of those aspects have been recognized as being challenges for Body and Personal Area Networks 

[1] and have been partly addressed by existing distributed processing frameworks (see “Related Work” 

side bar). With this work, we provide an integrated solution for creating context-aware applications. 

Using services as a programming abstraction, the Titan framework includes sensor signal processing, 

application composition and distribution to dynamically assembled heterogeneous smart object 

collections.  

An example application area is pervasive gaming [2]. As an illustrative example of a pervasive 

application involving all the above challenges, we provide a walkthrough of how a pervasive dice game 

can be implemented with the Titan framework. 

Case Study: Pervasive Farkle 

A number of children meet on the schoolyard and decide they want to play a game with their smart 

objects. The children discuss different possible games, but do not come up with one they all like and 

decide to consult their mobile phones to ask it for game suggestions. The mobile phone contacts an 

application server on the Internet, describes the smart objects in its environment, and asks for suggestions 

for applications in the category “Games”.  

The server finds that there are six smart dice lying on the ground, and that all children are wearing 

wristbands with acceleration sensors. It therefore proposes to play “Yahtzee” or “Farkle”, two dice games 

played with five and six dice (see the sidebar for the rules).  

Farkle appeals to the children and they download the application to their mobile phone, which then 

configures the environment for the game. 

During the course of the game, the smart dice recognize how they are manipulated during each throw. 

Namely, they detect being picked up, shaken, and thrown. Then they communicate their eye count when 

they lie still. By correlating their movements with the other dice and the sensor-enabled wristband of the 

player, the smart dice can identify the player using them, thus enabling multiple players to play the game 

simultaneously. 

The game state is monitored by the mobile phone. It receives the actions from the dice, keeps the score 

and tells the players whose turn it is next. As it is the first time they play the game, suggestions on 

strategy or rule explanations are delivered just when they are useful. The scores as well as the current 

throw state are displayed on the device’s screen as shown in Figure 1. Thus, except for the selection of the 

game, all interactions with the technology occur naturally with physical objects. 

 

 
Figure  1 Two children wearing wristbands (a) playing the dice game with the smart dice (b). The game 

score is automatically updated on the mobile phone’s screen (c). 
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The game presented here could be realized by 

transmitting all data sensed by the smart objects 

to the mobile phone and processing it centrally. 

However, this would produce an unnecessary 

high load on the wireless network, leading to 

scalability problems and drawing more power 

than needed from the smart objects’ batteries. 

Preprogramming the recognition algorithms onto 

the sensor nodes may be another solution, but it 

needlessly restricts the breadth of applications for 

which the smart objects can be used.  

The Titan framework offers scalable and 

composable deployment of applications in 

pervasive environments. Our solution bridges the 

need for high flexibility required to enable diverse 

pervasive applications in open-ended 

environments and the high computational and 

energetic efficiency required by pervasive and 

wearable computing. 

A service-oriented solution 

The Titan framework is based on the observation that many smart objects need to perform similar signal 

processing steps in order to recognize the context or the actions that are performed on them. A typical 

context recognition process consists of four steps: data acquisition, segmentation, feature extraction, and 

classification. For each of those steps, every smart object keeps a set of services in a service pool.  

Services may include sensors, actuators, classifiers, or various functions computing signal features. 

Service parameters such as window sizes or classification models allow fine-tuning the functionality of 

the services to the application needs.  

The actual context recognition algorithm can then be described by interconnecting the appropriate 

services, forming a service graph that describes the data flow from sensor reading to recognition result, 

and includes all services that process the data on its way. Each smart object locally executes its part of the 

service graph. By interconnecting multiple smart objects in the environment the combined service graphs 

form a distributed data processing application. 

Internet application repositories 

The dice game service graph is composed at runtime by an application server, and involves only smart 

objects that are available on the schoolyard at the moment. The process of finding suitable game 

applications is shown in Figure 2. The top part shows the Personal Area Network (PAN) of the players, 

and the smart objects available. The mobile phone runs a service directory, which acts as a database for 

the services available in the service pools of the smart objects in its environment. When the children ask 

for game suggestions, the service directory’s content is sent to application servers on the Internet to 

determine possible applications for the given PAN configuration. 

The application servers are databases storing application templates as service graphs. These templates use 

services that may or may not exist in the PAN. Each individual service in the application template may 

have multiple, functionally equivalent implementation possibilities involving one or more services. For 

instance, if a sensor node is not capable of executing a FFT, features such as zerocrossings and amplitude 

range might be used instead. 

At runtime, the application servers use service composition algorithms to create a feasible application by 

combining libraries of template service graphs in their database. An efficient implementation has been 

shown in [3].  

Figure 2 shows one example application template containing a service M, which is not available in the 

PAN. Consequently, it is replaced by a functionally equivalent service graph containing the services E, F, 

and G, which are all available in the service pool of the smart dice. 

Farkle Rules 

Farkle is a dice game with six dice. At each turn, a 

player can make one or several throws to score 

points. Points can be scored in a throw by single 1s, 

5s, or triples of the eye count. After each throw, the 

player can continue with another throw or end his 

turn. If he chooses to throw again, he needs to set at 

least one scoring dice to the side. If none of the 

thrown dice score, all points gained in the turn are 

lost, the player has farkled and the next player gets 

his turn. If all dice score, the player can throw all six 

dice again.  

There is no limit on the throws a player can do, 

except that he has to score on every throw. The 

game continues until the first player reaches a 

certain point limit, after which all other players get 

one more turn, in which they can try to score more 

points to win. 
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Another option to the service replacements becomes possible if some devices in the PAN provide the 

possibility to add new services to the service pool at runtime, e.g. support wireless reprogramming or run 

virtual machines. In this case, the application server may offer to download a particular service rather 

than compose its alternatives. This feature is especially useful for application-specific services which are 

not easily modeled by generalized services. An example is a service monitoring the dice game state and 

the player scores. 

A composed application consists of one or more service graphs and a control service. The control service 

runs on the mobile phone and uses a special interface to instruct the Titan Network Manager when to 

exchange the service graph currently executed in the PAN for another one. Using multiple service graphs 

in an application allows restricting the processing to only what is needed in the moment and turning smart 

objects that do not participate into power save mode until they are needed again. 

In the case of our children, the composed Farkle game includes a set of service graphs, each of which 

recognizes one of the game states: dice pickup, shaking, throwing and scoring. Additionally, the 

application makes use of a Farkle game control service, which receives the output of the service graphs, 

keeps the game scores and player sequences, and instructs the Network Manager which service graph to 

load next. The Farkle game control service is not available in the PAN Service Directory, and the 
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Figure 2  Titan architecture for pervasive applications. The Network Manager on the mobile phone 

collects device and service information available in the Personal Area Network in its 

Service Directory. It provides it to application servers on the Internet. These servers 

compose possible applications at runtime. They send the resulting service graphs back to 

the Network Manager, which maps the services onto individual nodes for execution. 



Recognizing Context for Pervasive Applications with the Titan Framework 

Technical Report, Wearable Computing Laboratory, ETH Zurich, 2009 

 5 

Network Manager downloads a Java implementation of this service to be executed on the mobile’s virtual 

machine. 

The mobile phone 

When the game is started by the players, the Network Manager on the mobile phone starts the Farkle 

game control service, which in turn instructs the Network Manager to map and execute the first service 

graph on the smart objects. It optimizes service allocation such that the overall energy consumption is 

minimized. For this purpose, it uses a metric summing up the main energy consumers, namely wireless 

communication, sensors and actuators, and the processing resources needed [4]. 

The Titan framework then takes care of service instantiation and that data generated by one service is 

delivered to the next service according to the specification of the service graph. This occurs transparently, 

such that individual services are not aware of whether the next service is executed locally or the data first 

has to be transmitted to another smart object. 

The Farkle control service receives the results of the service graphs running on the smart objects and 

decides when the game progresses from one state to the next. When this occurs, it instructs the Network 

Manager to exchange the current service graph for a new one. During the execution of the service graph, 

the Network Manager monitors the network to determine whether problems occur. In case a node fails, it 

may issue a new mapping of the service graph and update the participating smart objects’ configurations. 

Smart objects 

Ideally, every smart object recognizes individually what is happening to them. Thus, data acquisition, 

segmentation, feature extraction, and classification are completed on the smart objects for the local 

sensing modalities. By only communicating their perceived context, the communicated data volume is 

reduced. A network classifier can fuse those reports to get a global view of the situation. 

The smart objects used in the Farkle game feature three axis acceleration sensors integrated into the dice 

thrown by the children and wristbands with accelerometers worn by each of the children. Those 

acceleration sensors are used to determine the four states of a player’s throw: picking up the dice, shaking 

them, rolling, and determining their score. For each of the states, the Farkle game control service adapts 

the executed service graphs such that only the wrist sensors and the dice that have been picked up are 

used. 

Figure 3 shows the different stages which are executed when a player chooses to throw two dice and the 

corresponding service graphs executed on the smart objects. The first game state configures the wrist 

sensor of the current player to determine whether the player reaches down to pick up a dice. This event is 

broadcasted to the smart dice. The smart dice periodically sample their acceleration sensors using an 

acceleration service to detect whether they are moved by a variance and threshold service. Additionally, 

the dice run a decision tree service, which reports to the mobile phone when the pick-up and moving 

events coincide. The game control service then reconfigures the picked up dice for the next state.  

The second state of the game determines whether the dice are jointly shaken by the same player, allowing 

multiple people to play simultaneously. Only the dice shaken together with a player’s wrist are used to 

follow that player’s score. 

The third state waits for the end of the rolling motion of the dice, whereupon the final state determines the 

eye counts of the dice from the measured gravity vector. The corresponding eye count is forwarded to the 

Farkle game service, which determines the throw’s best scoring combination and identifies which 

player’s throw it is next. The state sequence then starts anew. 

Results 

We have implemented the complete Farkle game presented above including an application server, a 

Network Manager on a mobile phone, six dice with integrated wireless sensors, and a wrist worn wireless 

sensor. Our main goal was to determine the performance of the Titan framework and whether the 

reconfiguration times would allow an appealing game experience. We thus measured the execution time 

on the mobile phones and the smart object devices as well as the data volume communicated. 

Additionally the context recognition accuracy has been determined. 
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Figure 3  Illustration of the four Farkle game states, including the user action (top), the acceleration 

signals recorded on two dice for one throw (middle), and the individual service graphs for 

each game state (bottom). Every service is customized for the Farkle game state, as shown on 

the example of a decision tree service. 
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Execution performance 

We have used a HTC P3600 mobile phone featuring a Samsung SC32442A processor at 400 MHz with 

64 MB RAM to run a Java implementation of the Titan Network Manager, Service Directory, and to 

download and run the Farkle game control service. The six dice devices measured acceleration using an 

ADXL330 3-axis MEMS accelerometer sampled by a TI MSP430F1611 microcontroller running at 

8 MHz and providing 10 kB RAM. The wireless link was provided by a Chipcon CC2420 transceiver 

implementing IEEE 802.15.4. The mobile phone connected to the smart objects use a custom Bluetooth to 

IEEE 802.15.4 gateway. 

Downloading the Farkle game description including the Farkle game control service and the service 

graphs from the application server via HTTP required 38.9 kB of data transfer. In our office, it took on 

average 17 seconds to obtain it using an HSDPA connection.  

The reconfiguration time of a single node has been measured using a minimal service graph involving a 

counter and a LED display service. This service graph is encoded in 20 bytes and fits into a single 

configuration message. The resulting reconfiguration time averages at 106 ms and involves the transfer of 

a configuration message from the mobile phone over the gateway to the smart object, reconfiguration, and 

a confirmation message in return. Reconfiguring the node itself takes 650 μs. The execution times of 

individual services on smart objects range between a few microseconds and several milliseconds [5]. 

The most complex service graph of the Farkle game involves 41 services to recognize “shaking” for all 6 

dice. Mapping it to the PAN takes 3.5 seconds while the complete switching time including wireless 

reconfiguration amounts to 4.4 seconds. 

Titan’s reconfiguration time is short enough to be useful for user interaction applications. The recognition 

algorithms can focus on the few activities of interest in the current state and reconfigure for other 

activities when the state changes. The activities that should be recognizable after reconfiguration need to 

be detectable for longer than the reconfiguration time of the new service graph, which is in Farkle a 

maximum of 4.4 seconds.  

Recognition performance 

As an example, we describe the performance of the “shake dice” state. In this state, the wrist sensor and 

all dice picked up in the previous state sample their accelerometer at 20 Hz and detect correlated shaking. 

The data is segmented in 3 second windows with an overlap of 50%. Three features, mean, variance, and 

zero crossing rate, are computed on the magnitude of the 3-axis acceleration. One dice sends its three 

features once per window to all other participating dice, which add their local features to feed a decision 

tree determining common motion. Executing the service graph on the MSP430 takes 4.88 ms after each 

sample, and 7.44 ms for feature calculation and classification when a window is complete. 

Using a dataset of 99 minutes of correlated and uncorrelated shaking of different frequency and 

amplitudes by five different subjects and performing a 5-fold crossvalidation, we reached an average 

accuracy of 83.8%. Better results were obtained using signal correlation as feature, which achieved an 

accuracy of 91.3%. However, using correlation requires transmitting the complete 20 Hz magnitude data 

from the wrist to the dice instead of just transmitting three feature values every 1.5 seconds. It would thus 

increase the communicated data volume by a factor of about 10. A network classification using window 

features has also the advantage of needing less accurate synchronization between the sensors. In our tests, 

the shaking detection accuracy decreased by 12.8% when using correlation as feature and signals where 

misaligned by 5 ms. The window-based feature classification on the other hand decreased by just 0.1%. 

 

In a centralized solution, all nodes constantly transmit their 20 Hz samples to a central node where all 

processing is done. In the distributed solution on the other hand, the wrist broadcasts its features once per 

window period directly to the dice, which then report their classification result to the central node. This 

reduces the transmitted data volume for n dice by a factor of: 

 

𝑞 =
 1 + 𝑛 𝑠𝑎𝑚𝑝𝑙𝑒𝑟𝑎𝑡𝑒 ∙ 𝑤𝑖𝑛𝑑𝑜𝑤𝑠𝑖𝑧𝑒 ∙ 𝑤𝑖𝑛𝑑𝑜𝑤𝑠ℎ𝑖𝑓𝑡

𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠 + 𝑛
=

 1 + 6 20 ∙ 3 ∙ 0.5

3 + 6
= 23. 3  

 

This significantly reduced bandwidth need enables the smart objects to use low power communication 

with lower bandwidth as they only transmit events instead of continuous data streams. An important 

observation is here that using direct communication from the wrist to the dice reduces the required 

bandwidth by a factor of 2.3. This shows that a mesh topology here has an advantage over the usually 

chosen star topology for Body and Personal Area Networks. 
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Discussion and Outlook 

The main strength of the Titan framework is that algorithms within the services can be optimized for the 

platform they run on, yet the flexibility of quick reconfiguration and the resulting possibility to adapt to 

dynamic environments is maintained. The service abstraction is ideally suited to describe context 

recognition algorithms and thus allows running pervasive applications efficiently in dynamic and 

heterogeneous environments. 

The ability for quick reconfiguration allows splitting applications into different states in which the smart 

objects only process signals relevant at the time. On state changes, when smart objects fail or get out of 

reach, the smart objects can be reconfigured to perform new functionality. As a consequence, the 

computational load on the nodes can be kept low and enable them to switch off at times to save power. 

Today’s ubiquity of mobile phones makes them perfect candidates to act as mediators between the 

pervasive computing world and the user. To application servers, they abstract their environment and 

receive applications adapted to the current situation. For the pervasive world, they manage the distributed 

application running on smart objects in their vicinity. By managing the processing locally, the application 

gains on scalability and has an improved reaction time. The mobile phone screen may be used as user 

interface to display application status information such as the game scores of Pervasive Farkle, however, 

the main interaction with the user takes place using the smart objects. 

Rapid prototyping in pervasive environments 

The Titan framework provides algorithmic building blocks which can be used to compose diverse context 

recognition algorithms and allows reconfiguring the network to exchange algorithms quickly and without 

physically accessing the devices. These properties make it a good framework for rapid prototyping. When 

developing signal processing algorithms for a context-aware smart object, one must: 

1. Acquire sensor data. 

2. Design and train algorithms offline  

3. Implement the trained algorithm for the embedded system. 

4. Upload the implementation to the smart objects. 

5. Debug the implementation, requiring iterating from step 3 to 4. 

6. Test the context recognition algorithm. If the performance is insufficient, the process must be 

started again from step 1 or 2. 

Solving this in an ad hoc programming manner does not substantially change step 1 and 2. Sensor data 

may be collected using wired sensors or using multiple wireless channels to avoid too high data loss. Step 

2 can make use of standard machine learning tools such as Weka [6]. Steps 3 to 5 however involve 

programming of a distributed and heterogeneous system, possibly using multiple programming languages, 

different operating systems and poor debugging facilities. Also, pervasive applications are meant to live 

in open-ended environments and require dynamic, run-time adaptation to changing resources, or to 

changing user’s interests and needs. For each new environment with differing conditions, a complete 

reimplementation may be required. The development time for a rapid prototype sums up to be in the order 

of days to weeks. 

Using Titan on the other hand, pervasive application designers can make use of existing services for 

context recognition algorithms available on the application servers. Steps 3 and 4 are reduced to copying 

parameters from the algorithm trained in step 2 to a corresponding service graph. The existing services 

are debugged, interoperable, and may eventually be directly provided by smart object manufacturers 

which implement them for efficient execution on their platform, possibly involving specialized hardware 

components. In case new services are required, a Titan Service API is provided which allows integrating 

new service implementations for the desired platform. 

Titan’s service-oriented abstraction allows pervasive application designers to focus on the recognition of 

the interaction with smart objects rather than on their implementation. Using a toolchain implementing 

the development steps presented above the development time for simple smart object interaction 

algorithms is reduced to a few hours. 

Presentation at the European Researcher’s Night 

The stability of the Titan framework was under test when we showed a stripped-down version of the 

game with two dice at the European Researchers’ Night in Zurich in the end of September 2008. During 8 

hours, the general public could play with the dice and see how their interaction was recognized by the 
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dice and results were displayed on a large computer screen for the audience at the booth. About 30 

people, mostly children, had fun in playing with the dice. Titan’s reconfiguration ability allowed at times 

switching the smart dice configuration and showing real-time plots of the acceleration signals sampled at 

the dice. By seeing the actual sensor signals, the public could get a picture of what it means to develop 

signal processing algorithms and where the smart dice got their “smartness” from. 

Further application areas 

Although the Farkle game presented in this article may seem a “toy example” in its truest sense, it 

illustrates well how the different components of the Titan framework interact and includes all the basic 

challenges of a complex pervasive application. In our group’s work, we have demonstrated that wireless 

sensor nodes are capable of more challenging classification tasks such as the recognition household 

appliances using sound [7], or how the assembly steps on a car assembly line can be recognized using 

sensors integrated into the worker’s garments and in the tools used [8]. Here the Titan Framework can 

assist workers by following tool motions and to adapt the context recognition to the current task. The 

context information can be used to automatically configure tools, such as setting the maximum torque of 

an automatic screwdriver, or to automatically complete checklists for the work process. A worker would 

be reminded if his task is not complete, assisting him to improve overall production quality. 

The fast reconfiguration ability of the Titan framework can also be used in a setting with multiple 

redundant sensors to change the subset of currently used sensors and turning off not used ones to save 

power and extend network lifetime [9]. 

Conclusions 

One way of making smart phones smarter is to capitalize on ambient intelligence. Mobile phones are 

already ubiquitous, and become mediators between the user and the pervasive world surrounding us. The 

service-oriented abstraction of the Titan framework is ideal to describe context-aware applications. It 

allows efficient execution of distributed signal processing algorithms on low-profile microcontrollers, yet 

maintains a high flexibility to adapt algorithms to a wide range of smart object compositions. Quick 

reconfiguration makes Titan well-suited as a rapid-prototyping environment and reduces the 

computational load of smart objects by restricting the processing to the essential signals. 

The mobile phone lets Internet application servers compose applications and executes them on devices in 

its environment. Besides the selection of the application to be executed, all user interactions with the 

technology occur in a natural way, namely by simply interacting with physical objects, thus making 

applications truly pervasive. 
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