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Abstract. Thanks to great technological advances occurred in the lat-
est years, particularly in ubiquitous computing, users are able to perform
almost any kind of application in small mobile devices. The diversity and
heterogeneity in culture, educational background, age, characterize these
users. In many cases, online recommendation is not only about the ser-
vices offered, but also related to actions to take in a certain situation.
This would be an added value for mobile device users. However, context-
aware recommendation is still an open issue. In this paper we focus on
this problem, particularly on the challenge of providing dynamic rec-
ommendations, that are calculated locally in the device, using only the
data produced by the user in each situation (location, time, action). We
present a component based model in which the role of the controller
component is underlined. The controller has to deal with the generation
of models dynamically in a resource-aware environment. We also present
a modular architecture in which the ubiquitous data mining components
are integrated.

1 Introduction

Since data mining research first appeared the number of references one can find
in the literature related to solving the problem of recommendation are very nu-
merous: recommendation of product in marketing problems, recommendations
in e-commerce [14][5][15], recommender systems [6][2]. All the works related to
this research is characterized by: i) recommendations made using global infor-
mation ii) the process of data mining is performed in a centralized way. How-
ever, in mobile environments, one can find many situations in different domains
where recommendations calculated locally and making use only of local data
would certainly bring an added value. Let‘s think on a user in a vehicle where
for some reason no connectivity is available and a recommendation is needed
about the best road to follow, or a visual impaired user asking for information
about a location with no GPS signal. However, context-aware recommendation
in mobile devices is a challenging area mainly due to the impact of ubiquity in
the broad sense (data, users, process, devices) on the process of data mining
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[12][13][20][16]. Ubiquity has made researchers on data mining review the whole
process of knowledge discovery to analyze how to adapt processes to the new
environment of ubiquitous users, process and data.

Data Mining processes are not the only ones affected by ubiquity, the growing
number of web services on mobile and portable devices that have appeared in the
last years is just another example of the increasing importance of moving services
to mobile devices. Standardization to provide device independence adaptable
services to heterogeneous users is one of the main problems that web service
community is facing [18]. Recently, this challenge has been extended to allow web
users to dynamically select the most appropriate mode of interaction for their
current needs, including any disabilities, as long as enabling developers to provide
an effective user interface for whichever modes the user selects [17]. Depending
upon the device, users will be able to provide input via speech, handwriting,
and keystrokes, with output presented via displays, pre-recorded and synthetic
speech, audio, and tactile mechanisms such as mobile phone vibrators and Braille
strips. Personalization services are then the next step of knowledge discovery
processes in ubiquitous environments.

Location Based Services (LBS) are yet another example that are adapting
to mobile environments. Beyond location data itself, usually georeference coor-
dinates, and information related to the semantics of the coordinates themselves
are needed in order to provide users with the information they demand when
invoking a LBS application. Therefore, this kind of scenario once again demands
standards in order to guarantee the service’s interoperability and usability.

For the case of knowledge discovery processes, there are a lot of exam-
ples where autonomous and adaptable Data Mining components are needed to
build recommendation context aware services in ubiquitous environments. In the
aerospace domain robots to be fitted with a autonomous data mining compo-
nent able to decide actions to be taken depending on the situation: location,
resources available and actions to be taken would be desirable [16]. For the case
of intelligent vehicles as in [22][4][9], there are many situations where there is no
internet working connectivity. In such cases the vehicle should be equipped with
some component able to take decision of the best road to take. Domotic houses
[19] are only another example of such situation where information related to the
actions taken by the user in particular situations could be taken as basis for
future recommendations. Technology to assist users is one of the domains where
one can find an increasing demand for personalized intelligent components able
to help taking decisions to the user. For example technology has removed the
barriers for visual impaired users that can now read email or browse the internet.
PDA and other mobile devices and phones fitted with capabilities to deal with
users incapacities [8][7][11]. However it would be desirable for the PDA or the
mobile phone to assist and recommend the user in actions to be taken depending
on the situation.

Ubiquitous Data Mining provides a chance for providing true personalization
for the individual user in each particular combination of location moment and
actions. Despite the lack of standard guidelines to build data mining compo-



nents for resource-aware mobile devices some results have been already obtained
[3][16]. The challenge has at least three dimensions: i) on the one hand data min-
ing capabilities are locally needed so the components have to be able to compute
in resource aware devices. Ideally the components should be device independent
ii) models of data mining should be calculated even on those situation where
only local data is available iii) the models should reflect the changing environ-
ment, this is to say models have to be dynamically calculated so to adapt to the
user changing behavior.

Consequently, in this paper we further analyze the challenge of adding rec-
ommender capabilities to mobile like devices and propose a component based
module in which the role of a controller is specially underlined.

We use the visual impaired scenario to explain the lacks of the traditional
mining process in resource-aware devices on ubiquitous environments and an-
alyze the challenges of adapting the process. By analyzing a very simple case
of user action recommendation taking into account what we call situation (the
triplet composed by location, timestamp and user actions), we develop a set of
components in which capabilities has been added to deal with the constraints
that computing recommendations have in this scenario. In order to integrate the
ubiquitous mining module in the global scenario of the device we also propose a
possible architecture in which these components will interact. The main aim pre-
senting the architecture is to underline how the new components interact with
the rest of components emphasizing the role of the controller. The architecture
is similar to that presented in [21], but we emphasize the role of a new set of
components that we call Ubiquitous Data Mining Module (UDMM). This mod-
ule is composed by all the components responsible of the data mining process in
ubiquitous environments. The architecture is also based on the one presented in
[10], to deal with data mining with streams data in which as in our case special
attention is due to resource-constrains. The rest of the paper has been organized
as follows. In section 2 the process of computing recommendation in mobile de-
vices is revised to highlight the challenges to be faced. In section 3 the process
of recommendation in context aware ubiquitous devices is reviwed in order to
obtain a set of standard components that will interact in autonomous way to
produce recommendations. The role of a special component ”‘the controller”’
is highlighted is the section. In section 4 an architecture to integrate a set of
components is introduced. In this section the special role of the UDMM module
is underlined. To conclude, section 5 presents the main conclusion and the future
research lines.

2 Challenges for the mining process

We address in this section the main challenges to perform context-aware rec-
ommendations in a mobile device. We assume for simplicity a scenario in which
the device receives data from sensors and other networks but does not send any



data it collects. In such an environment and in order to illustrate the problem we
concentrate on the problem of recommending actions to visual impaired users.

We assume a user equipped with PDA, mobile phone or laptop computer
that receives information of wireless cards or GPS and records information of
the actions the user makes in each moment trough the device. We want to define
a service that will increase the functionality of the device, so that it will give aid
the user giving her/him information related to actions to be performed: objects
to be avoided, place to go in order to leverage a certain service, connect to
battery (even related to PDA). In particular, we assume a blind user equipped
with a Mobile phone with visual impaired modules1:

– voice output of visual display information concerning all menu options,
caller-ID, indicators such as battery level, signal strength, roaming status,
active/inactive call status, mute on/off, ringer profile and access to text
messaging;

– Audio alerts for message indicators, power on/off, change in roaming status,
and battery low warnings;

– Accessible input and controls. Keys that are easy to identify by touch with
a tactile nib and voice echo of key entry.

We assume that the owner of the mobile uses the mobile to: make phone calls,
browse the internet with the help of the voice output, and the most important
part as location service, the mobile is equipped with GPS and location services.
It would be interesting though, that the mobile apart from providing the user
with these services would help him recommending actions to be taken depending
on the context, location and past history of the user behavior. Consequently,
we propose here to add these capabilities by a association rule recommender
module that would calculate associations among the actions performed by the
user. Two important aspects here to take into account as the device is mobile
are location and time. Possible recommendations of the recommender module
would be: suggesting to stop browsing the web, asking to plug in even when the
level of battery is not very low but the situation suggests to run it out, or telling
the user to take or leave the bus in a certain location.

Thus we define the user situation as the triplet: {T imestamp, Location,

Action}, and we want to perform recommendations based on associations of sit-
uations. Note that we use associations as basis of the recommendation although
we could have used classification. Nevertheless the results obtained so far are
also valid for the case of classification.

We assume the following:

– Location: is a pair of values identifying a point in a known map, it can be
enriched by a semantic: the device and implicitly the user is in a certain shop,
at home or at doctor’s office. Literature offers a wide range techniques for
location [1], GPS and indoor wireless networks are an example. The various
techniques have different accuracy, normal GPS systems have an error in the
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range of three meters, indoor wireless can reduce this error. Depending on
the accuracy we could define a semantic ontology for the localization. In fact,
having the exact position we could enrich the semantic with a more detailed
information (i.e. the user is near the door of the meeting room at University).
For our example we assume the application has a map of a building with some
information related, in such area the user moves and interacts. The related
information completes the map by adding the available services in each room
(i.e. in the meeting room there are wireless and internet services, but no
GPS), and it is important to enrich later the recommendation. Furthermore,
the device is continuously receiving location, analyzing it in a period we
obtain movements and paths of the user.

– Timestamp: we assume that day time periods (morning, afternoon, evening
and night) have been derived and more information such as the day of the
week and working day.

– Action: a set of fixed action: Call, Internet surfing, bank movements, music
listening, plug in the device, text editing, route planning, activity scheduling.

For simplicity reasons in this paper we are no dealing with privacy issues, as
we are concentrating on designing resource aware platform independent compo-
nents, and we are not focusing on the process itself.

The innovative capability of the recommender service will take into account:

– resources. The data mining process has to be resource-aware;
– priorities. The device has to take into account priorities of actions to perform

depending on each particular situation. For example location services are the
priority when the user is out of known location;

– processes to be developed: not only the data mining processes but also the
main operational process for which the mobile device was thought of: phone
calls, location services, . . . .

3 The process of recommendation in components

The challenge is to define the process of knowledge discovery for recommendation
with the change of paradigm we are facing. The traditional process has to be
reviewed due to two main factors: i) it is acting in an ubiquitous environment
ii) it has to be locally computed in the device.

We propose to analyze the process in order to identify atomic pieces that we
call components. Our goal is to define resource aware platform independent com-
ponents for ubiquitous environments. The ubiquitous mining framework from a
functional point of view can be divided into two pieces: i)model generator and
ii)model applicator, nevertheless in the new scenario (see figure 1), a new compo-
nent that we call controller appears. Although in the figure the process is divided
into two main components, they should not be seen as inseparable components,
but as an aggregation of atomic modules which completes a functionality. In fact,
it is important to underline the need to divide into atomic components stressed
by the resource aware constraints.



The controller main function is to interact with monitoring services of the de-
vice and depending on the resources launching the appropriate subset of atomic
components in each situation. The controller can also decide to execute some
atomic components, instead of launching the whole model generator.

It is important to see that we are assuming the whole process to be executed
locally, so to give the mobile device the possibility of developing the whole process
if needed. Nevertheless, this fact does not mean that we assume the mobile
device to have complete autonomy and no need to communicate with a server
so to calculate models based on global information or to get computing power
for complex calculations. There would be cases in which this communication
is needed and other cases where it will not be required, in either case, we are
not dealing with that problem but with the problem of delivering data mining
components able to execute, collaborate and produce results in a resource-aware
device in the presence of other processes.

User

Model 

Generator

Model 

Applicator

Data
Controller

Recommendation

Rec. query

Fig. 1. The mining process

The challenge is then to be able to design an implement components with
the following features:

– resource aware. Components have to be aware of: battery level, CPU, mem-
ory;

– context aware. They should recognize different features of the context;
– adaptable. Components should adapt to different platform;
– autonomy. The set of components all together will provide an autonomous

data mining service if needed.

The controller component will coordinate and manage components of this
kind to fulfill our goals. Due to the crucial role of the controller, after describ-
ing the model generator and the model applicator we will underline the main
characteristics of this new component.



3.1 Model generator

In traditional data mining experts deals with the various phases2 of: 1) Data
preparation 3) Modeling 4) Evaluating 5) Deployment. The experts understand
and prepare the data to extract one or more models, then they evaluate the model
and finally decide how to deploy it. In the ubiquitous data mining framework
such process should be carried out in the device in an autonomous way. In the
figure 2 we can see the model generator in atomic components. Although the
components in the figure are shown as sequentially executed, in fact they need
to be coordinated and launched by the controller.

CONTROLLER

PREPROCESSING ASSOCIATION 

MINING

...

INTERPRETER

FS

SAMPLING

EVALUATION

DEPLOYMENT

DATASET SUB{DATASET}
RAW

MODELS

USABLE 
MODELS

ALGORITHM 1 

ALGORITHM  n

Fig. 2. The model generator in atomic pieces

Preprocessing module. The Preprocessing consists of preparing the data to
apply the association rules algorithm. One of the main components required in
this case will be to reduce both data and attributes for efficiency reasons. On
the other hand these two processes have to be automatized as we are assuming
autonomous data mining components. We concentrate here in two components
that will be required in almost data mining process and that their standardiza-
tion is consequently required. We are talking of the Feature Selection component
which reduces the dataset vertically with the number of attributes and of the
sampling which operates horizontally on the number of instances.

Feature Selection component (FS). Feature selection in practice is the task
of generating a consistent subset of variables for the mining algorithm, where
consistent include the concepts of relevance and non-redundancy. In Ubiquitous
Knowledge Discovery the feature selection problem is stressed by the resource
aware constraints, to compute more variables means to consume more energy
and keep the device longer busy. For those strong constraints the traditional
feature selection approach can be reviewed in order to obtain a smaller dataset:

2 www.crisp-dm.org



by rethinking the task or just defining more constraining parameters. We can
notice that the intention of FS in ubiquitous environments should be to give
more importance to the resource consumption that are required for the attribute
derivation. In fact we are not in a traditional data mining problem where rel-
atively we don’t care about resources, the ubiquitous should be outlined as a
trade off between resource consumption and result accuracy.

Sampling component. Sampling is that part of statistical practice concerned
with the selection of individual observations intended to yield some knowledge
about a population of concern. A good sampling should not affect an inference
result, and in the case it affects partially, the error should be less important
than the advantages of sampling (i.e. time or resource consuming). Thus the
importance of sampling can be motivated by nature of devices. The device is
continuously receiving information and it is relevant the storage and reorgani-
zation of such information. From this point of view the sampling is fundamental
when we have limited resources.

Association mining module. Association rules can be calculated using one
or different resource aware algorithms, the controller will be the one deciding
which algorithm to launch in each particular situation. Observe also that the
input data in a dynamic environment can also change: location is not available
or any other attribute is missed. For flexibility shake model with different input
data should be performed, yielding different sets of association rules that will
finally be used for the recommendation step. Consequently all these components
will be part of this module.

Interpreter module. At least this module is composed by two components:
i) evaluator in charge of deciding sets of rules that have the required quality in
charge of translating ii) interpreter in charge to translate association rules into
recommendations. Not also the importance of these components as part of the
autonomy of the process relies on the function.

3.2 Model applicator

The model applicator is in charge of selecting the model and consequently the set
of recommendations, and choosing the best one for the particular situation. The
recommendation can be asked from the user or by the system. Two components:
model selector and results personalization have been identified (see figure 3),
that are next further explained.

Model selector module. The model generator has provided several models,
the role of the model selector is to find the proper model which better fits each
situation. The controller has once again a crucial role, as one of its aims is to
decide when a recommendation is needed.
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Fig. 3. The model applicator in atomic pieces

Result personalization module. One of the dimension of ubiquity we have
to deal with is heterogeneity of user which has to do with: different cultures,
languages, disabilities etc. Consequently components have to be developed in
order to deal with this heterogeneity: magnify fonts for the visually impaired,
speech recognition, braille capabilities.

3.3 Controller

As previously noted the controller component is one of the keys underling the
new paradigm. Three are the main challenges this component has to manage:

– Context aware. The Ubiquitous KD process has to be aware of the context,
where the context is represented in terms of sources the device is receiving
and information the device offers. The controller should be able to set prior-
ities or even stop certain processes depending on the context. In figure 2 the
controller communicates with the modules and with the atomic components.
Before running the FS for example, the controller collects information about
the context, and it should be able to decide whether is the case to launch
the task or not.

– Resource aware. The controller is in charge of the problems related to limited
resources: battery, memory, CPU, communication. A controller which is not
taking care of the battery level could terminate last energies to compute a
non important recommendation instead of preserving the possibility to make
an emergency call. Supposing a case where the controller is informed about
a low battery and the input attributes are many. It could decide to run the
FS module, but with more constrain parameters in order to obtain a smaller
number of attributes. It could bring to a worse result, but a result, which
can save more battery than a precise one.

– Priorities. In ubiquitous environments the time and the context make the
tasks more sensitive. The controller should be aware of which moment is the
right one. Supposing the visually impaired is in his/her house with the device
connected to an outlet, the user is not using the device and does not need
a recommendation. This could be a right moment to execute the sampling
task whose results will be used for future recommendations. In fact the CPU
is not being busy by any process and the energy used is recoverable, the



higher priority is given to the sampling module. The priorities are strongly
correlated to the recommendation. The awareness that the user is going to
ask a certain recommendation will see that the controller will give higher
priorities to the that prior recommendation.

4 Architecture

4.1 Design Principles

Once we have analyzed the process and identify a set of components we present
an architecture in which the components are integrated.

We propose a service-based architecture that is inspired in that presented
in [21] and optimized to execute simple, but local services. The main goals are
support the strong requirements of ubiquitous devices regarding small resources,
e.g. low memory consumption, supporting mobility, and robustness. Addition-
ally, components-based design supports the reusability of existing components
or parts of components. The main design principles are:

– adjusting to multitude of changing environment variables;
– mining is performed locally on a resource constrained capabilities environ-

ment.

4.2 Architecture Description

Figure 4 represents the components organized in two layers: i) the layer of Ubiq-
uitous Data Mining Module (UDMM) and ii) the middleware services that in-
teracts with the operating system and resource abstract layer.

UDMM is the differentiating module as it provides the services described
in the section 3. The main feature of this module is the controller component
which is in charge of managing the data mining process on the basis of the
middleware monitoring services and the context. The middleware layer contains
the infrastructure services such as location, scheduling, storage and registration
hiding the device heterogeneity.

The scheduler manages, connects, and runs services. Therefore, the resulting
middleware layer provides an interface to services which is significantly simpler
and at lower cost because it is based on WWW standards. Context Management
and Monitoring Services components are responsible of detecting changes of
context and resource availability.

5 Conclusions

In this paper he have address the problem of context aware recommendation
in mobile devices. Taking as example, the case of recommendation for visual
impaired users, we have deeply analyzed the whole process. The first goal has
been the identification of atomic components that will be the basis for designing a
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Fig. 4. Layer’s Structure of Ubiquitous Mining Architecture

platform of independent data mining components for ubiquitous environments.
The analysis of the process using these components has raised the need for
a special component that we have called the controller. The controller main
function is to interact with monitoring services of the device and depending on
the resources launching the appropriate subset of atomic components in each
situation. We have also presented in this paper an architecture that includes
the Ubiquitous Data Mining Module that joins together all the components
previously identified. The identification of atomic components, could be the basis
for future data mining services or software components. We are currently working
on the design of the model for the standard component of interaction and the
standard API, all taking into account the functionality of the model.

References

1. H.-S. Ahn and W. Yu. Indoor mobile robot and pedestrian localization techniques.
Control, Automation and Systems, 2007. ICCAS ’07. International Conference on,
pages 2350–2354, Oct. 2007.

2. A. Ansari, S. Essegaier, and R. Kohli. Internet Recommendation Systems. Journal
of Marketing Research, 37(3):363–375, 2000.

3. L. Barkhuus and A. Dey. Is context-aware computing taking control away from the
user? Three levels of interactivity examined. Proceedings of Ubicomp 2003, pages
159–166, 2003.

4. M. Bertozzi, A. Broggi, and A. Fascioli. Vision-based intelligent vehicles: State of
the art and perspectives. Robotics and Autonomous Systems, 32(1):1–16, 2000.



5. S. Changchien and T. Lu. Mining association rules procedure to support on-line
recommendation by customers and products fragmentation. Expert Systems With
Applications, 20(4):325–335, 2001.

6. Y. Cho, J. Kim, and S. Kim. A personalized recommender system based on
web usage mining and decision tree induction. Expert Systems With Applications,
23(3):329–342, 2002.

7. J. Dowling, A. Maeder, and W. Boles. Intelligent image processing constraints for
blind mobility facilitated through artificial vision. Proceedings of the 8th Australian
and New Zealand Intelligent Information Systems Conference (ANZIIS), pages
109–114, 2003.

8. R. Golledge, R. Klatzky, J. Loomis, and J. Marston. Stated Preferences for Compo-
nents of a Personal Guidance System for Nonvisual Navigation. Journal of Visual
Impairment & Blindness (JVIB), 98(03), 2004.

9. O. Gusikhin, D. Filev, and N. Rychtyckyj. Intelligent Vehicle Systems: Applications
and New Trends. Proc. 3rd Intl Conf. Informatics, Control, and Robotics, 2006.

10. P. Haghighi, M. Gaber, S. Krishnaswamy, A. Zaslavsky, and S. Loke. An Archi-
tecture for Context-Aware Adaptive Data Stream Mining. European Conference
on Machine Learning (ECML) Workshop, 2007.

11. T. Hedgpeth, M. Rush, V. Iyer, J. Black, M. Donderler, and S. Panchanathan.
iCare-Reader-A Truly Portable Reading Device for the Blind. The 9th Annual Ac-
cessing Higher Ground: Accessible Media, Web and Technology Conference, Uni-
versity of Colorado, November, 2006.

12. H. Kargupta. CAREER: Ubiquitous Distributed Knowledge Discovery from Het-
erogeneous Data. NSF Information and Data Management (IDM) Workshop, 2001.

13. H. Kargupta and A. Joshi. Data Mining” To Go”: Ubiquitous KDD for Mobile and
Distributed Environments. Tutorial notes of the seventh ACM SIGKDD interna-
tional conference on Knowledge discovery and data mining, August, pages 26–29,
2001.

14. R. Kohavi and F. Provost. Applications of Data Mining to Electronic Commerce.
Data Mining and Knowledge Discovery, 5(1):5–10, 2001.

15. G. Linden, B. Smith, and J. York. Amazon. com Recommendations: Item-to-Item
Collaborative Filtering. Internet Computing, IEEE, 2003.

16. M. May and L. Saitta. BluePrint in Ubiquitous Knowledge Discovery.
17. W. Members. World wide web consortium - multimodal interaction activity.

http://www.w3.org/2002/mmi/.
18. W. Members. World wide web consortium - web standards. http://www.w3.org/.
19. P. Pellegrino, D. Bonino, and F. Corno. Domotic house gateway. Proceedings of

the 2006 ACM symposium on Applied computing, pages 1915–1920, 2006.
20. G. Piatetsky-Shapiro. Knowledge discovery in databases: 10 years after. ACM

SIGKDD Explorations Newsletter, 1(2):59–61, 2000.
21. J. Riekki, J. Huhtinen, P. Ala-Siuru, P. Alahuhta, J. Kaartinen, and J. Röning.
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