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Semantics-Aware Hidden Markov Model for Human Mobility

ABSTRACT

Understanding human mobility is increasingly important to many
applications such as urban planning, traffic control and city man-
agement. Previous work mainly focuses on modelling spatial and
temporal patterns of human mobility. However, the semantics of
trajectory are ignored, thus failing to describe people’s motivation
behind mobility. In this paper, we propose a novel semantic-aware
mobility model that captures human mobility motivation using
large-scale semantic-rich spatial temporal data from location-based
social networks. In our system, we first develop a multimodal em-
bedding method to project user, location, time, and activity on the
same embedding space in an unsupervised way while preserving
original trajectory semantics. Then, we use hidden Markov model
to learn latent states and transitions between them in the embed-
ding space, which is the sum of location and activity embedding
vector, to jointly consider spatial, temporal, and user motivations.
In order to tackle the sparsity of individual mobility data, we further
propose a von Mises-Fisher mixture clustering for user grouping
so as to learn a reliable and fine-grained model for groups of users
sharing mobility similarity. We evaluate our proposed method on
two large-scale real-world datasets, where we validate the ability
of our method to produce high-quality mobility models. We also
conduct extensive experiments on the specific task of location and
activity prediction. The results show that our model outperforms
baseline mobility models with much higher prediction accuracy.
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1 INTRODUCTION

With the increasing popularity of personal mobile devices and
location-based applications, large-scale trajectories of individu-
als are being recorded and accumulated at a faster rate than ever,
which makes it possible to understand human mobility from a
data-driven perspective. Modelling human mobility is widely re-
garded as one fundamental task for numerous applications: not
only does it provide key insights for urban planning, traffic con-
trol, city management and government decision making, but also
enables personalized activity recommendation and advertising.
As a result, there has been substantial previous work on human
mobility modelling. The majority of previous work focuses on mod-
elling the spatial and temporal patterns of human mobility. Human
mobility is generally modelled as a stochastic process around fixed
point [9] and various models for next location prediction [3, 8, 19-
21] have been proposed. One shortcoming of these mobility models,
however, is that they overlook the activity (often referred to as the
semantics of trajectory) a person engages in at a location within
a certain time. Thus, these models are not capable of explaining
people’s motivation behind mobility and unable to predict human
activity. To tackle this problem, recently a few semantic-aware

mobility models [27, 28, 30] have been proposed, which attempt
to jointly model spatial, temporal and semantics aspects. Yet these
models are still far from satisfactory as they do not properly distin-
guish motivation between users. For instance, people who appear
at the same location for different motivation (e.g. a chef and a cus-
tomer in the same restaurant) will be considered the same, while
people visiting different locations for similar purposes (e.g. for
entertainment, white collar A goes to gym after work while white
collar B goes to the movie) are considered different. Therefore, the
problem of semantic-aware mobility modelling remains very much
an open question.

In this paper we propose a novel semantic-aware mobility model
using large-scale semantic-rich spatial temporal data — from the
location-based social networks Twitter, Foursquare and WeChat
— which consist of user, location, time, and activity information.
Specifically, the new proposed mobility model addresses the follow-
ing two issues.

e The model is able to capture motivation underlying human
mobility. For instance, it is able to identify that the move-
ment of white collar A to gym and white collar B to a movie
after work are similar in motivation because they both go
for entertainment and relaxation. On the other hand, the
model is also able to capture the difference between a cus-
tomer and a chef appearing in the same restaurant, since
they come to the restaurant for different purposes.

e The model is able to discover intrinsic states underlying
human mobility as well as transition patterns among them.
A state takes into account spatial, temporal and user mo-
tivation as a whole. For example, working in an office
building at district C during the day is a possible state, and
a user in this state having 80% chance to transit to the state
of being in a restaurant at district D in the evening for food
is a possible transition pattern.

Such semantics-aware mobility models are especially helpful and
enables various applications. First of all, they are well-suited for
next location and activity prediction [30], and thus benefit person-
alized recommendation and targeted advertising. Unlike existing
work, our model jointly considers various aspects of human mobil-
ity, thus has the capacity to greatly enhance prediction accuracy.
Secondly, it is potentially useful in revealing economic status of
the city for decision makers since the model captures fine-grained
routines and motivations in human mobility.

However, developing a semantics-aware mobility model is chal-
lenging due to three major reasons. (1) Data integration: It is dif-
ficult to integrate and represent spatial, temporal and semantic
information as a whole since they belong to different spaces and
have distinct representations. (2) Model construction: It is nontrivial
to define latent states and identify transition patterns given the
complexity and diversity of data. (3) Data Sparsity: It is challenging
to construct a both reliable and fine-grained mobility model at the
same time given the limited number of records for each individual
user.






