ARBUD: A Reusable Architecture for Building
User Models from Massive Datasets
Heath Hohwald, Enrique Frias-Martinez, and Nuria Oliver
Data Mining and User Modeling Group
Telefonica Research, Madrid, Spain
{heath,efm,nuriao}@tid.es

Abstract. In many situations, it is common that a large single source
of data serves as input to multiple applications, each of which may use a
different user model. It is often the case that each user model is created
using a different process; however, in many cases it would more efficient
to use a common architecture for building different user models in different application areas. In this paper, we propose a distributed-computing
architecture based on MapReduce that allows for the efficient processing
of massive datasets using reusable components that compute different
features of the final user model. A metamodel is used for specifying the
characteristics of the desired user model – which can include both shortterm and long-term user models – and the architecture is responsible
for building the user model from the specified data and reusable components. We present an instantiation of the architecture in the context of
telecommunications applications and empirically evaluate the scalability
of the proposed architecture with a real dataset. Our results indicate
that complex user models for millions of users can be obtained in just a
few hours on a small computer cluster.
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Introduction

A user model is a set of information structures designed to contain one or more
of the following elements [11]: (1) A representation of the assumptions about
preferences and/or abilities of one or more types of users; (2) a representation of
relevant common characteristics of users (stereotypes); (3) the classification of a
user in one or more of these stereotypes; and/or (4) the formation of assumptions
about the user based on his/her interaction history. A user model is typically
represented as a vector, where each dimension contains valuable information for
personalization and/or prediction. Although this vector is not necessarily the
end product of the modeling process (for example, the result may be just a
number indicating in which stereotype a user is included), at some point of the
process a vectorial representation of the characteristics of each user will be used.
Hence, a common task in user modeling consists of defining the dimensions
(or features) that define each user model, depending on the application at hand
and available data. This process is often somewhat ad hoc in nature though
this does not imply that the architecture used to generate user models has to
be ad-hoc as well. For example, the different dimensions that compose a user
model could be processed, from an architectural point of view, using the same
functions.
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Once the dimensions of the user model are defined, the construction of the
user model vector can be carried out using a user-guided (or adaptable) or an
automatic (or adaptive) approach [7]. The automatic approach implies processing massive amounts of user activity data by means of statistical or data mining
techniques in order to construct the final model, such that user modeling becomes a computational intensive task due to: (1) The large number of users that
have to be modeled – particularly in commercial environments; (2) the complexity of the process to generate each user model, and (3) in many cases, the need
for multiple models, e.g. short-term and long-term user models.
An architecture that is able to efficiently process and generate user models
is also needed from an application’s perspective. There are a variety of applications that require user models to be regenerated frequently and with strict time
constraints in order to capture variations in behavior (for example, in churn prediction [4], fraud detection [9], real-time recommendations, etc.). In this context,
one of the key challenges in user modeling is the ability to generate millions of
user models from potentially terabytes of data in a timely fashion (e.g. hours
rather than days or even weeks).
Until recently, the user modeling literature has not devoted much attention to
scalable architectures for efficient and large-scale user modeling, mainly because:
(1) The amount of available data and the number of users were limited, and (2)
the applications where user models were required did not have demanding time
constraints. Nevertheless, the increasing availability of large scale human activity data in a variety of domains (e.g., the Web, telecommunications, medical,
etc.) creates the need for platforms that can generate massive and complex user
models in a timely fashion. As an example, in the telecommunications industry,
generating daily user models for three different application areas for 20 million
individuals from the information stored during several months of activity would
be considered a medium sized problem. The construction of such models presents
numerous engineering challenges since typical software methods are not capable
of handling such large data sets and are not able to meet the demanding time
constraints.
In this paper, we propose a scalable architecture for user modeling, based
primarily on the MapReduce paradigm [6], that: (1) Is able to efficiently generate complex user models in a timely fashion from massive amounts of data and
for a large numbers of users; (2) has the capability of generating both short and
long term user models (if needed), and (3) uses pluggable components where the
functions that are used to compute each of the features in the user model vector
can be reused from existing libraries and shared across multiple application domains. In addition, the proposed architecture is generic and hence independent
from the specific application environment and can be used in a variety of typical
user modeling environments such as web, student, medical, or telecommunications user modeling. Finally, we shall highlight the importance of developing
scalable approaches to user modeling that are able to process an entire user base
of millions of users without the need for sampling users or time periods. To the
best of our knowledge, the proposed architecture is the first of its kind to address
the challenges of scalability, reusability and domain independence.
The rest of the paper is organized as follows: First, we describe related work
(Section 2), followed by a description of the architecture in Section 3. Section 4
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presents an instantiation of the architecture in the context of telecommunications
applications. Section 5 evaluates the performance of the proposed architecture
on a large data set of over 20 million mobile phone users, and we conclude in
Section 6.

2

Related Work

In the user modeling literature, the concept of architecture for user modeling
as referred to in this paper typically consists of servers for user modeling [5,
3] that include two major functionalities: (1) Serve as a central repository of
information about a user and (2) contain the functionality to transform raw
data about users into user models. The work presented in this paper includes
the second functionality. AHA! [5] is a good example of a server for on-thefly user modeling specifically designed for learning environments. It does not
only provide the framework for user modeling but also includes mechanisms
for content adaptation. CUMULATE [3] is another example of a user modeling
server that uses a distributed architecture. Note that the work presented in this
paper cannot be considered a user modeling server because it is not concerned
with delivering and using the user model. Nevertheless it could be part of a
generic user model server.
The work most related to our research is in the field of data mining and web
mining frameworks [14], where some previous efforts have also focused on high
performance [8]. However, these frameworks are not generally geared towards
user modeling. In this context, [12] presents WIM (Web Information Mining)
for web mining prototyping and provides a model and an algebra to express
web mining tasks. The work presented here is similar in the sense that it is
generic, but while [12] focuses mainly on the algebra, we focus mainly on the
processing capabilities. Our architecture can also be instantiated to generate web
user models.
Note that the approach we take with our proposed architecture is very different from updating a user model on-the-fly when new information arrives, as
done in AHA! [5]. Such an approach requires a much more complex data representation and has to be built using problem-specific architectures. Also, when
short term and long term models must be generated, the advantages of having
on-the-fly user models disappear as all models have to be updated over time independently of the activity of each user. In this paper, we leverage the advances
in platforms and methods for data-intensive distributed computing in order to
efficiently build user models.

3

Architecture for Terabyte-Scale User Modeling

The proposed architecture for building user models, named ARBUD, is depicted
in Figure 1 and has four main components (described below): (1) The Data
available to generate user models; (2) a User Metamodel that describes the components of the long term (LT) and short term (ST) user models; (3) a user
modeling (UM) Library that contains the most common functions used to generate the different dimensions of the user models, and (4) a terabyte-scale UM
Generator that instantiates the architecture and generates the set of user models
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from the information contained in the metamodel using the library. The output
of the architecture is a set of user models for all users.

Fig. 1: Proposed architecture.

3.1

Data Input & Output

The data available to generate the user models may be in one or multiple files.
It is very common that the data is collected using some time considerations, for
example one file of logged user activity data is generated for each month or each
day. The output of the architecture can be presented and managed as a single
file, but typically it will consist of a set of files along with a lookup table that
indicates the file that contains the associated user model for each user. The user
model files will be stored in a distributed file system (the Hadoop Distributed
File System [2] in our case), but can be subsequently moved to a database or
local file system.
3.2

User Metamodel

The metamodel contains all the parameters that describe the user model that is
to be generated. This metamodel allows the architecture to factor out commonality across several application areas that use the same features or dimensions.
It also allows for the easy use of pluggable components. The metamodel is a high
level abstraction of the desired user models and hence it serves to clearly separate
the user modeling from the model construction tasks. As a consequence, models
can be built without detailed knowledge of the data layout or the distributed
programming code underlying the architecture. The metamodel contains the
following parameters:
1. INPUT is a pointer to the directory or files that contain the data to be
processed. Typically, each file will contain the activity logs for all users during
a given period of time. Each entry in the file will have a reference to the user
ID and the user’s activity in a specific moment in time.
2. LTs , LTe , STs , and STe correspond to the start and end times used to
generate the Long Term (LT) and the Short Term (ST) models. Note that
both models need not be generated, e.g. only a short term model is generated
if LTs = LTe .
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3. LT-UM is a vector (LT-UM1 , · · · , LT-UMN ) indicating the parameters that
define the long term user model. Each of the N dimensions of the vector
contains a specific feature derived from the user’s data pointed to by INPUT. The processes for generating these features in a given context, i.e.,
telecommunications applications or web mining, can be mostly standardized
and are included in the UM Library.
4. ST-UM is a vector (ST-UM1 , · · · , ST-UMM ) indicating the parameters that
define the short term user model. Note that LT-UM and ST-UM can be
different and can have a different number of dimensions (features). Often
they share many dimensions in order to measure recent deviations, but the
short term model may include dimensions that only have significance over a
short term period.
5. FILTERS indicates conditions that the user data must meet in order to generate a corresponding user model. One common condition used for filtering
is ensuring a minimum level of user activity, thus user models are only built
for users for whom there is enough data.
6. NEW-PARAMETER, contains one or more indications of what process to
use to generate a feature of either the LT-UM or ST-UM for the case where
the UM Library does not already contain the necessary process.
3.3

UM Library

The UM Library contains the functions needed to calculate the features specified
in the LT-UM and ST-UM. Note that for efficiency purposes, one or more features
may be the output of a single function. For a given context, the UM Library
will contain the typical elements that user models use in that environment.
For example, in web mining there can be a function to identify the number of
visits of a user to a web page or the number of times that a specific element
of the interface has been used. In a telecommunications environment a function
might calculate the total talk time for a given subscriber, the total number of
phone calls made or received by a subscriber, or the number of individuals in a
subscriber’s social network. Note that new elements can be dynamically added
to the Library using the NEW-PARAMETER element of the User Metamodel.
3.4

Terabyte-Scale UM Generator

The UM Generator applies the User Metamodel to the Data and produces the
User Model Files by means of the necessary elements of the UM Library as well
as any NEW-PARAMETERs. The Generator matches each of the elements of
ST-UM and LT-UM to the corresponding functions of the UM Library with a
lookup table which, for example in the case of LT-UM, maps each dimension
LT-UMi to a function Fi . If the dimension LT-UMi is not found in the lookup
table, it must be provided by NEW-PARAMETER and will subsequently be
included in the UM Library and added to the table for future use. Figure 2a
depicts simplified pseudocode for the UM Generator, which builds the short term
and long term user models in parallel (the outer ParFors). Within each user
model, all features are computed in parallel (the inner ParFors). The Generator
waits until all features are computed, and then aggregates the results, with the
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Generator ensuring that each function is only launched once for the case where
multiple dimensions are generated by a single function.
Figure 2b presents an example of the workflow involved in building a LTUM. The metamodel specifies the location of the input data, typically a set of
time-stamped log files. The architecture then launches in parallel all functions
F1 , F2 , · · · , FN each of which produces a set of files containing records that contain a user ID and the associated feature in dimension LT-UMi . The architecture
waits for all functions Fi to complete and then launches another process to aggregate all the results. The aggregation process is responsible for merging all of
the values for each of the i dimensions associated with each user. It produces
as output a series of final LT-UM files where each record consists of a user ID
and the full vector of N associated model features. As previously mentioned,
multiple features may be computed by the same function for efficiency reasons,
with the UM Generator designed to handle this.

(a) Pseudocode

(b) Example Workflow for Generating LT-UM

Fig. 2: Pseudocode and Example Workflow for the UM Generator

3.5

Implementation

The proposed architecture is heavily influenced by the concepts and philosophy
of the MapReduce [6] programming model and the accompanying distributed
file system. MapReduce is a framework for processing massive amounts of data
in parallel using a (typically large) cluster of computers. The data can be unstructured (i.e. not only in a database) which is true for many data sets used for
user modeling, such as web server logs, telecommunications call logs or search
engine query logs. MapReduce works with key-value pairs and consists of two
basic stages: (1) A mapping stage that processes input records in parallel and
emits intermediate key-value pairs, and (2) a reducing stage that gathers all
values associated with a give key from the mapping stage and then reduces the
set of associated values, emitting final key-value pairs. For the architecture considered here, the keys are often user IDs and the final values are typically one
of the dimensions in the user model, so MapReduce is a natural choice for constructing the UM Generator upon, though a final aggregation stage is added
to construct the final user models. The UM Generator has been implemented
using Hadoop [1], which has two core components: an open-source Java implementation of MapReduce and HDFS [2], the associated distributed file system.
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By building the system on top of Hadoop, with its near-linear scalability, the
addition of more machines to a cluster allows for the construction of user models
from potentially terabytes of data with no needed software changes. The functions included in the UM Library will usually be implemented as MapReduce
processes, although the functions can be implemented using traditional programming paradigms. Nevertheless, the choice of implementation will deeply impact
the computational throughput because of the large volume of data and the need
to aggregate all the results to produce the final user models.

4

ARBUD Applied to the Telecommunications Domain

In this section, we illustrate an example of how ARBUD can be used to build user
models in the telecommunications domain. We describe some of the functions
that are currently available in the UM Library and also illustrate a metamodel
applied to churn prediction. A large number of the applications of user modeling
in telecommunications focus on understanding how individuals use their phone,
and how that knowledge can be used for providing better services and improve
business intelligence. Common applications include churn prediction [13, 4] and
fraud detection [9], all of which focus on user activity from the same data source –
typically call detailed records (CDRs) which are records that indicate when users
made or received phone calls, SMS messages, etc. In addition, the different user
models for each application can have elements in common which can be shared
using the reusable nature of the proposed architecture. In all these applications,
the behavior of the user is represented by a vector that contains a set of features,
and these vectors are used for training classification or regression algorithms.
These are also examples of application areas where it is common to process very
large datasets with tens of millions of users and where obtaining user models as
quickly as possible is critical. For example, churn or fraud detection models are
typically run on a daily basis in order to detect users at risk.
4.1

UM Library in the Telecommunications Domain

The functions implemented in the telecommunications UM Library have been
selected from the literature in churn prediction, fraud detection, personalization
and recommendation and also from our own experience. In some cases, there
are elements that have already been developed using the MapReduce philosophy
that can be directly added to the Library [10]. Next, we briefly detail some of
the implemented functions:
1. CALLS(): Represents, for each user, the total number of phone calls made,
total duration of the calls, total number of phone calls received, total duration of calls receive, percentage of calls made to other networks and percentage of non-local calls. This is an example of a function that produces
multiple outputs or features. If only a subset is specified by the metamodel,
the UM Generator will ignore the features that are not needed.
2. SMS(): The same as in the previous case but considering SMSs and where
duration of the call is substituted by the number of bytes in the text message.
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3. DEGREE(): For each user, it obtains the IN-DEGREE, the OUT-DEGREE,
and the TOTAL-DEGREE, where TOTAL-DEGREE is the number of unique
users the user speaks with, while IN-DEGREE and OUT-DEGREE also consider the direction of the call when counting call partners.
4. DEGREE-SMS(): The same as the previous function but considering SMSs
only.
5. CALLS2NUMBER(PHONE-NUMBER): For each user, it identifies the number of calls and the total calling time to a specific PHONE-NUMBER or
group of numbers. This function is very useful to quantify accesses to specific services.
6. TERMINAL(): It identifies, for each user, how many times a new terminal
has been used and the age of the current terminal.
Figure 3 presents a simplified example of the pseudocode for the function
DEGREE() included in the telecommunications UM Library, where the calculation of the total degree for each user is implemented as a MapReduce procedure.
The mapper takes each phone call log record and first parsers out the encrypted
caller and receiver IDs. It then emits to the reducers two ordered pairs consisting
of the call partners in both orders. Each invocation of the reducer receives all
key-value pairs associated with a given key. In this case, the key is a subscriber
ID and the set of values are all the talk partners for that subscriber. The reducer
will build a set of all talk partners for the subscriber by iterating through all
of the values it receives, and then computes the total degree for the subscriber,
which is the size of the set. The subscriber ID and total degree are saved in a
file for later aggregation.

Fig. 3: Example of MapReduce Code for Building DEGREE.

4.2

User Metamodels

In this section we describe an example of user metamodels for churn prediction built with the telecommunications UM Library. Churn is one of the main
problems of any telecommunications operator and it is defined as the percentage
of customers that leave the operator in a pre-defined time period. In general,
the reasons for churn are varied, but there are a number of factors that are
good indicators of churn, such as the number of individuals in a subscriber’s
social network that use another carrier, the number of complaints the subscriber makes to the operator, or a large number of phone calls to other service providers. The user model generated by our architecture will be the input to an SVM that has already been trained to identify people at risk of
churning. The classification needs to happen on a daily basis, thus the need
to have models of all users in a timely fashion (i.e., daily in this case). In
this context using a ST Model and a LT Model is very useful for measuring
recent changes in individual behavior and we assign STs and STe to span

9

5 days and LTs and LTe to span 30 days. ST-UM and LT-UM contain in
this case the same dimensions: (1) CALL2NUMBER(CUSTOMER-SERVICENUMBER) to have information about the frequency of calls to the Customer
Service of the carrier; (2) CALL2NUMBER(OTHER-CUSTOMER-SERVICENUMBER) to have information about the frequency of call to Customer Services
of other carriers; (3) TERMINAL() to have an indication of the frequency with
which the user acquires new hardware; (4) DEGREE().TOTAL-DEGREE, only
the TOTAL-DEGREE output of the function DEGREE is used the UM; (5)
DEGREE().TOTAL-DEGREE-OTHER-CARRIERS; and (6) CALLS().NUMCALLS.

5

Performance Evaluation

In order to evaluate the performance and scalability of ARBUD, a reference
implementation was developed using a combination of Java and Hadoop. The
performance of the architecture, measured in terms of total running time (in
seconds) to produce user models, was evaluated with respect to two primary
variables: (1) the number of CPUs available in the compute cluster, and (2) the
number of dimensions in the short and long term user models.
5.1

Experimental Setup

For the purpose of the performance evaluation, anonymized phone call detailed
records (CDRs) from a major mobile phone operator in a developed country
were used. The information present in each CDR record included the encrypted
originating phone number, the encrypted destination phone number, the duration of the call in seconds, and the time and date when the call originated. From
the telecommunications UM Library described in section 4.1, seven variables
v = (v1 , v2 , · · · , v7 ) were chosen that exhibited similar performance characteristics (within one percent difference in running time). The time taken for building
many variables depends mostly on data size, resulting in a large class of variables that exhibit very similar time complexity. Using the randomly chosen set
of variables v, 14 metamodels were created, 7 consisting only of a short term
user model and 7 consisting only of a long term user model. The short term
metamodels, denoted as M MS1 , M MS2 , · · · , M MS7 , specified 3 days of CDR data
comprising 2.18 ∗ 108 records and 10.1 GB with the ith short term metamodel
M MSi denoting a user model consisting of the first i variables (v1 , v2 , · · · , vi ).
The long term metamodels, denoted as M ML1 , M ML2 , · · · , M ML7 , were built from
30 days of CDR data, 2.17∗109 records and 103.0 GB with 20 million total users.
Similar to M MSi , long term metamodel M MLi included the first i variables of v.
The experiments were run on a compute cluster with five nodes. Each node
consisted of 16 GB of RAM, 4 hard drives each with 1 Terabyte storage capacity,
and 4 quad core processors. The nodes were all connected with a fast 100 GB
network switch. While performing the experiments, the computer cluster had no
other significant processes running. Version 0.20.1 of Hadoop was deployed on
all nodes with several default settings changed in order to increase performance.
In particular, we increased: (1) The maximum number of both map and reduce
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(a) Time vs. Number of CPUs

(b) Time vs. User Model Size (40 CPUs)

Fig. 4: Time needed to build long and short term user models.

tasks run on each machine, (2) the size of the JVM for each task from 200 MB
to 1 GB, (3) the size of sort buffers from 100 MB to 500 MB, (4) the sort factor
from 10 to 100, (5) the I/O file buffer size from 4 KB to 64 KB and (6) the
proportion of the total heap size used for retaining map outputs in memory
during the reduce stage to 90%.
5.2

Experimental Results

One of the assumptions of the proposed architecture is that it is highly scalable.
To test this premise, different HW configurations were used in order to disable
different numbers of the cluster’s CPUs, but always ensuring the same number
of CPUs were enabled on each of the 5 machines in the cluster. For each configuration, one-variable long and short-term metamodels M MS1 and M ML1 were
built using different numbers of CPUs. The results are presented in Figure 4a,
where the x-axis reflects the number of CPUs enabled in the cluster, and the left
(short term) and right (long term) y-axes show the total time taken in seconds
to build M MS1 and M ML1 . Note that there is a factor of 10 difference in the
left and right y-axes, reflecting the fact the the long term model is built from
roughly 10 times as much data. In both cases, the time taken to build the user
model initially decreases as more CPUs are added but eventually stabilizes with
performance reaching a maximum at about 50 CPUs. This pseudo-exponential
performance curve is in agreement with previous findings [10], and likely results
from memory saturation as each CPU corresponds to a map or reduce process
that may need a substantial amount of memory for sorting results. All models were built multiple times, but variance in the performance was found to be
minimal. Even with only 10 available CPUs, more than 2 billion CDRs were
processed and M ML1 was built in about 1 hour and 17 minutes. Note that the
memory needed to build certain dimensions surpasses the 16 GB of memory
available on each machine, for example computing the DEGREE of all nodes
requires about 24 GB of total memory, so it was not possible to compare these
results with a traditional non-distributed approach.
Another assumption of the proposed architecture is that as more dimensions
are added to the user model, performance scales well to accommodate additional
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dimensions. In order to test the relationship between total running time and the
number of dimensions in the user model, the cluster was configured to always
have 40 CPUs, using 8 CPUs from each of the 5 machines. The same 7 short and
long term metamodels (M MS1 , M MS2 , · · · , M MS7 and M ML1 , M ML2 , · · · , M ML7 )
were each passed into the architecture and the corresponding user models were
built. The resulting running times are presented in Figure 4b, where the x-axis
represents the number of dimensions in the user model and the left (short term)
and right (long term) y-axes show the total time taken in seconds to build the
short and long user models. Variance was found to be minimal and results are
shown from one set of models built. Both short and long term models are seen to
exhibit linear scalability. As in Figure 4a, there is a factor of 10 difference in the
left and right y-axes. The correlation coefficient between the number of model
dimensions and the short and long term running times are 0.9994 and 1.0000,
respectively, providing strong evidence for linear scalability. It is worth noting
that building a long term model with 7 different dimensions from a real data
set with more than 2 billion records took a little more than two hours, implying
that the architecture can easily support daily updates of the user models for the
data sets considered.
To test the maximum size of a dataset that ARBUD would be able to handle
in order to create daily model refreshes, different 7-dimensional long term models
were built using five 8 − CP U machines, each time increasing the dataset size.
The time needed to build 1.02 terabytes of input data was found to take 24
hours and 10 minutes, just a little more than time than a daily build requires
but demonstrating that the architecture can scale to terabyte-sized datasets.

6

Conclusions & Future Work

In this paper, we have presented ARBUD, an architecture for building both long
and short term user models that can gracefully scale to handle massive datasets.
The architecture uses metamodels to describe the desired user models, allowing
for the abstraction of commonality from different user model building processes.
ARBUD can build different short and long term user models from massive data
sets with little to no new software development. Hence, it is generic and can be
used for any application area that has record-based log files of user activity or
behavior. In addition, the architecture allows for reusable components that can
be applied in different domains.
In performance tests with phone call data logs of 20 million users, we have
found that increasing computer resources, as measured by the number of available CPUs in a computer cluster, decreases the running time needed for building
user models to a certain point, after which more CPUs no longer decrease model
build time. We have also verified that ARBUD’s performance scales linearly with
the number of dimensions in the user model. We have experimentally demonstrated that ARBUD can build a 7-dimensional user model from a 1.02 terabyte
dataset in little more than 24 hours on a small 5 node computer cluster.
These results highlight the ability of the proposed architecture to take advantage of recent advances in distributed computing to produce user models
efficiently, and thus is relevant for applications that need to build user models
from massive datasets with strong time constraints.

12

For future work, we would like to expand the set of components included
in the UM library. We will add more components relevant to different application areas in the telecommunications domain and will create a web mining
UM library, in order to automatically build long and short term user models for
personalization or recommendation systems.
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