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TABLE I.

Abstract—Due to the prevalence of GPS-enabled devices
and wireless communication technology, spatial trajectories that
describe the movement history of moving objects are being
generated and accumulated at an unprecedented pace. However,
a raw trajectory in the form of sequence of timestamped locations
does not make much sense for humans without semantic representation. In this work we aim to facilitate human’s understanding
of a raw trajectory by automatically generating a short text to
describe it. By formulating this task as the problem of adaptive
trajectory segmentation and feature selection, we propose a
partition-and-summarization framework. In the partition phase,
we ﬁrst deﬁne a set of features for each trajectory segment
and then derive an optimal partition with the aim to make the
segments within each partition as homogeneous as possible in
terms of their features. In the summarization phase, for each
partition we select the most interesting features by comparing
against the common behaviours of historical trajectories on the
same route and generate short text description for these features.
For empirical study, we apply our solution to a real trajectory
dataset and have found that the generated text can effectively
reﬂect the important parts in a trajectory.

I.

Latitude
39.9383
39.9382
···
···
39.9259
39.9253

Time-stamp
20131102 09:17:56
20131102 09:18:02
···
···
20131102 09:33:26
20131102 09:34:31

trajectory in Table I is shown on a map. From Fig.1(a) we
can see that graphical interpretation of the trajectories makes
it easier for humans to understand the travel history of this
moving object. Nevertheless semantic trajectories have their
disadvantages in terms of expressiveness and data volume.
•

Expressivity. Semantic trajectories cannot intuitively
express the travel behaviours relating to temporal
attributes such as overspeed, sharp speed change, long
stopover, etc. Moreover, they cannot highlight the
‘interesting’ parts of the trajectories such as signiﬁcant
landmarks and important roads. Although all these
information have been encoded in semantic trajectories already, it needs substantial manual efforts and
expertise to ﬁnd out.

•

Data volume. Essentially a semantic trajectory is an
enriched version of the raw trajectory, i.e., each spacetime point is attached with a set of semantic attributes.
Therefore the volume of semantic trajectories can be
excessive for storage, processing and communication.

I NTRODUCTION

Driven by major advances in sensor technology, GPSenabled mobile devices and wireless communications, a large
amount of data recording the motion history of moving objects, known as trajectories, are currently being generated
and managed in scores of application domains. In the past
few years, a lot of research works focused on the trajectory
analyzing. Effective index structures [35], [26], [3], [25], [5],
[10], [34], [6], [14], [27] are built to manage trajectories
and support high performance trajectory queries. Data mining
methods are applied on trajectories to detect important points
of interest (POI) and ﬁnd the popular route from a source
to a destination [17], [16], [15], [19], [40]. Attentions are
also drawn to semantic representation or interpretation of
trajectory data by associating or annotating GPS locations
with semantic entities [38], [30]. Despite the huge efforts
which have been made on trajectory management and mining,
trajectory data itself is still hard for humans to understand.
Table I demonstrates how a raw trajectory is represented in
databases, which is a sequence of triples longitude, latitude,
timestamp. In order to facilitate better interpretation of raw
trajectories, researchers have proposed several models by associating GPS locations with semantic entities such as POIs,
roads, regions, resulting in semantic trajectories or annotated
trajectories [38], [30]. Fig. 1(a) demonstrates how the raw
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T RAJECTORY IN DATABASE
Longitude
116.339
116.337
···
···
116.310
116.310

To address these drawbacks of semantic trajectories, we
take the philosophy from text summarization in the ﬁeld of information retrieval, and propose a partition-and-summarization
framework. More speciﬁcally, given a raw trajectory and
external semantic information as inputs, our framework will
automatically generate a short text to highlight the signiﬁcant
semantic behaviour of this trajectory. Fig. 1(b) exempliﬁes the
expected summarization for the given trajectory. We ﬁnd there
are several beneﬁts by translating a raw trajectory into text.
First, the information conveyed in the text are strategically
focused on the most ‘interesting’ parts of the trajectories, thus
making more sense for humans. Second, as the output of our
framework is a summarization rather than transformation of
raw trajectories (like semantic trajectories), the output text
is lightweight and easy to store and communicate. Third,
trajectories collected from different sources may have different
formats and schema, but they can all be translated to texts
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(a) Trajectory aligned on a map
Fig. 1.

We develop a partition-and-summarize framework to
tackle several challenges of our proposals including
granularity control and feature selection.

•

We conduct extensive experiments based on a largescale real trajectory dataset, which empirically demonstrates that the generated textual descriptions can
reﬂect the most signiﬁcant features of trajectories and
are easier for humans to understand.

The remainder of this paper is organized as follows. Section II introduces the preliminary concepts and the trajectory
preprocessing. Major features used in the paper are presented
in III. We elaborate the details of the two phases, trajectory
partitioning and feature selection,in Section IV and Sec. V
respectively. We discuss how to construct summary text from
features and how to extend customized features to the system
in Section VI. The experimental observations are presented
in Section VII, followed by a brief review of related work
in Section VIII. Section IX concludes the paper and outlines
some future work.

(b) Summary of the trajectory

Making sense of trajectory data

with similar style. Fourth, various well-studied text mining
algorithms can be applied to the trajectory summaries and
valuable semantic knowledge may be discovered.
Trajectory summarization can be used in many applications. By embedding the trajectory summarization technique
in GPS modules of cars and cells, an infraction reminder can
be created. Every time some driving infractions occur, the
driver can receive the infraction travel summary. Also, during
traveling, an automatically generated trajectory summary is a
good travel dairy, which can be shared to friends via Twitter or
Facebook. In the meantime, the trajectory summary can assist
blind people to understand the travel history using TTS (Text
To Speech) techniques.

II.

P ROBLEM S TATEMENT

In this section, we introduce some preliminary concepts,
and formally deﬁne the summarization process. Table II summarizes the major notations used in the rest of the paper.
TABLE II.

Notation
T
l
l.s
T
T Si

Nevertheless this task is faced with several challenges.
A whole trajectory seldom has the same travel behaviors
uniformly. Usually a trajectory consists of several parts where
each part has very different travel behaviors. For example, in
Fig. 1(b) the vehicle travels in normal speed in the ﬁrst half
of the trajectory, but in signiﬁcantly lower speed than normal
in the second half. Hence the trajectory should be partitioned
into two parts and described separately. Thus, how to properly
partition the trajectory is the ﬁrst question. However, even
within a trajectory partition, there are many kinds of travel
behaviors to be described, It is non-trivial how to choose
the most interesting or signiﬁcant travel behaviors of each
partition. To tackle these challenges, we propose a partitionand-summarization framework: (1) The partition phase tries
to ﬁnd an optimal partition by minimizing the variation of
predeﬁned features for the trajectory segments within the same
partition. Through this partition, we are able to use more
compact representation to summarize each partition. (2) The
summarization phase exploits the common patterns learned
from historical trajectories, to measure the unusualness of each
feature, and generate textual description for the most unusual
features with a predeﬁned template. We also implemented this
framework in a prototype system—STMaker [32].

TP
f
FT
f (T S)

S UMMARIZE OF NOTATIONS

Deﬁnition
a raw trajectory
a landmark in the space
the signiﬁcance of a landmark l
a symbolic trajectory
the trajectory segment connecting two consecutive landmarks li and li+1 of T
a trajectory partition of trajectory T
a feature of trajectory
the concerning features of a trajectory T
T S’s value of feature f

A. Preliminary Concepts
Deﬁnition 1 (Raw Trajectory): A trajectory T is a ﬁnite
sequence of locations sampled from the original route of a
moving object and their associated time-stamps, i.e., T =
[(p1 , t1 ), (p2 , t2 ), · · · , (pn , tn )].
A raw trajectory is represented as a discrete sequence of locations sampled from the continuous movement of the moving
object. However, since the sampling strategies used to generate
the trajectory data can vary signiﬁcantly in different sampling
methods and sampling rates (e.g., locations could be sampled
every 100 meters, or every 5 seconds), the raw trajectory
data are not directly usable for summarization purpose, due to
the following two reasons: (1) Intuitively, despite of different
sampling strategies, different trajectories sampled from the
same route should result in the same or similar summarization.
However, trajectories generated from the same route could be
very different. For example, Fig. 2(a) demonstrates two moving
objects following highly similar routes in an urban area, but
adopting different sampling strategies. Fig. 2(b) illustrates the
actual trajectory data of these two routes stored in the database.

To sum up, we make the following major contributions in
this paper.
•

•

We identify the limitations of raw and semantic trajectories in terms of their interpretability by humans,
and take the initiative to describe individual trajectory
with summary texts automatically.
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It is easy to observe that the two trajectories TA and TB
are much more different than they are supposed to be. Such
limitation has already been observed by a previous work [31].
Actually, the same route could result in very different raw
trajectories under different sampling strategies, which thus
leads to undesirably different summaries and are very hard
for human to recognize. (2) The locations in trajectories are
usually described by latitudes and longitudes. However, these
physical positions can hardly give people any intuitive view
about the actual route of the moving object, and thus cannot
serve as an description in the summary.

trajectory and symbolic trajectory interchangeably whenever
the context is clear.

B. System Overview
Recall the example in Fig. 1(b). In real-life scenarios,
people usually describe their trips in the following manner: ﬁrst
divide the whole route into several partitions with signiﬁcant
starting (sources) and ending places (destinations); and then
use some signiﬁcant events to describe the unusual behaviours
within each partition. For example, when summarizing the
route in Fig. 1(b), Beijing Shangri-la Hotel and Yuyuantan Park
are two signiﬁcant POIs, which mark out a trajectory partition
of the route; along the partition, the car was driving on a high
way, and was moving 14km/h slower than usual, which are
some signiﬁcant behaviors describing how the car traveled.
STMaker follows exactly the same way of how humans think
that it automatically generate a summary text for a given
trajectory in 4 steps, as shown in Fig. II-B:

B

A

(a) trajectories in real world

A

p1

B
p2

1)

p3

2)

(b) trajectories stored in database
Fig. 2.

Example of trajectory in real world and in database

Therefore, in this paper, we propose to preprocess the raw
trajectories using semantic locations which are independent of
any raw trajectories. The following summarization is applied
on these transformed raw trajectories, and thus can give correct
summarization of the original route of the moving object,
without being affected by the chosen sampling strategy. These
semantic locations are termed as landmark.
3)

Deﬁnition 2 (Landmark): A landmark l is a geographical
point in the space, which is stable and independent of trajectories.
A landmark can be either a Point Of Interest (POI) or a
turning point of the road network. We employ our previous
research results on anchor-based trajectory calibration [31] to
rewrite the raw trajectory T into a landmark-based trajectory
T , by treating landmarks as anchor points. The trajectories so
obtained are called Symbolic Trajectories. The size |T | denotes
the number of landmarks of T .

4)

Deﬁnition 3 (Symbolic Trajectory): A symbolic trajectory
T is a sequence of landmarks and their corresponding timestamps, i.e., T = [(l1 , t1 ), (l2 , t2 ), · · · , (lm , tm )].

STMaker rewrites the raw trajectory into a symbolic
trajectory.
STMaker conducts a partitioning to split the trajectory into several non-overlapping parts. During partitioning, we take consideration of multiple features
describing the trajectory. The optimization goal of
this phase is to (1) maximize the signiﬁcance of
the landmarks at the two ends of each partition, (2)
maximize the information cohesion of each partition
in routing and moving features and (3) minimize the
information variance in routing and moving features
within the same partition. We will detail the partitioning process in Sec. IV.
Given the fact that there are too many features to
describe, STMaker will choose the most signiﬁcant
features within each partition according to a novel
measurement of the interestingness for each feature.
E.g., in Fig. 1(b), ‘driving on a high way’ and
‘moving 14km/h slower than usual’ are a routing
feature and a moving feature, respectively. It will be
detailed in Sec. V.
The selected features will be plugged into the predeﬁned phrase templates to form the summary for
each trajectory partition.

We expect that the summary of trajectory T could give people
an intuitive view about the moving behaviour embedded in T ,
which is critical to endow the dreary and elusive GPS data with
comprehensible description. Ideally, given any two trajectories,
the differences in their moving behaviours should be reﬂected
in their summary.

Deﬁnition 4 (Trajectory Segment): An segment T S i of a
symbolic trajectory T is a sub-trajectory which connects two
consecutive landmarks li and li+1 of T .
For a given symbolic trajectory T = [l1 , l2 , · · · , ln ], T has
|T | − 1 segments T S 1 , T S 2 , · · · , T S n−1 . These segments
are the basic atoms constructing T . Two segments are named
contiguous segments if they share the same landmark as the
start and the destination respectively, i.e., T S 2 and T S 3
sharing landmark l3 .

III.

F EATURE E XTRACTION

In this section, we present the main features that will
be used to describe the trajectories. The features considered
in STMaker can be mainly divided into two types: routing
features (which describe where the moving object travels),
and moving features (which describe how the moving object
travels).

In the rest of the paper, the proposed summarization
method is applied to symbolic trajectories. Thus, we will use
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Fig. 3.

Framework overview
TABLE III.
Feature Type
grade of road
road width
trafﬁc direction

TABLE IV.

ROUTING F EATURES

Example
1 (national highway)
13 metres
2 (one-way road)

Numeric
No
Yes
No

Feature Type
speed
# stay points
# U-turns

M OVING F EATURES
Example
86.2 km/h
0
1

Numeric
Yes
Yes
Yes

system, we propose three types of moving features (‘speed’,
‘number of stay points’, and ‘number of U-turns’) to describe
the motion behaviour of a moving object. Some examples of
the moving features are presented in the Table IV.

A. Routing Features
Routing features describe the characteristics related to
where the moving object traveled. Thus, as we focus on
trajectories collected from vehicles, the natural routing feature
is the information about the roads they travel on. For example,
with road information, we can tell whether a vehicle moves
on highway or not. More importantly, road information can
directly affect the moving patterns of the trajectories, for
example, people tend to move faster on a highway than on
a local road. In the STMaker system, we identify and use 3
kinds of road information (‘grade of road’, ‘road width’ and
‘direction’) as the routing features, shown in the Table III.
These features can be extracted from the digital map we have,
and well distinguish different kinds of roads. Notably, the value
of road width feature is numeric, while the values of grade of
road feature and trafﬁc direction feature are categorical. We
assign different integers for the categorical features.

Speed: The speed of a trajectory segment T S is one of the
most important moving features. For instance, if the speed of
T S is higher or lower than the average speed of trajectories on
the same road, the speed feature can signiﬁcantly distinguish
T S from others.
Number of Stay Points: Stay points are places where the
moving object stays for a long time. The occurrence of stay
point is usually caused by trafﬁc lights or some contingency
events, such as trafﬁc jam, temporal parking for buying a
newspaper, etc. If the number of stay points is unusually large,
T S may have a very different moving pattern compared with
other trajectories.
Number of U-turn: A U-turn is a sharp directional change
of the moving object, which is usually abnormal compared
with other trajectories. In real life, people often make a U-turn
when they realize they are moving in wrong direction or have
missed the destination. Some U-turns may violate the trafﬁc
rules or cause trafﬁc hazard, therefore should be highlighted
in the summary.

Grade of Road: The grade of road is the road type of a
trajectory segment T S. There are seven grades of road: 1
(highway), 2 (express road), 3 (national road), 4 (provincial
road), 5 (country road), 6 (village road) and 7 (feeder road).
The roads with higher grade (smaller numerical value) usually
have higher transportation capacity.
Road Width: The road width of a trajectory segment T S is
a important feature which can affect how popular the road is,
and how fast people can travel on the road.

It is worth noting that the above routing and moving
features are just examples to demonstrate the feasibility of
our prototype STMaker. Many other possible features can be
added into our system as required by applications, which is
discussed in Sec. VI-B.

Direction: The direction indicates the trafﬁc direction of the
road. There are two values of direction, i.e., 1 (two-way
road) and 2 (one-way road). If an object moves along a oneway road, then one of the most distinctive information of
the trajectory is ‘moving along a one-way road’, while most
trajectories move along two-way roads.

IV.

T RAJECTORY PARTITION

In this section, we introduce the trajectory partition algorithm in STMaker. We ﬁrst give a formal deﬁnition of a
trajectory partition as follows:

B. Moving Features

Deﬁnition 5 (Trajectory Partition): A partition of a symbolic trajectory T is PT such that

Moving features indicate how the moving object travels.
Many works [4], [41] have been devoted to extracting various
moving information from trajectories. Notably, the algorithms
extracting moving features need to be applied on the samplebased trajectory instead of the symbolic trajectory. In our

•

Each partition T P ∈ PT is a sub-trajectory of T
made up of contiguous trajectory segments, i.e.,
T P = [T S i , T S i+1 , · · · , T S i+j ]
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•
•


T P ∈PT

TP = T

bility of all state sequences sum to one:

T P i ∩ T P j = ∅, ∀i, j.

Z=

Xi ∈X

Clearly, each segment in the symbolic trajectory is covered
by exactly one partition, and thus will be guaranteed to be
summarized exactly once in the description.

|T |−1

exp{−



Φ(Xi , Xi+1 , T S i , T S i+1 )}

i=1

In order to ﬁnd the best label sequence Xopt , we need to
maximize the probability Pr(X|T ). In other words we need to
minimize the sum of Φ(Xi , Xi+1 , T S i , T S i+1 ). In the next
subsection, we will deﬁne Φ(Xi , Xi+1 , T S i , T S i+1 ), which
encodes the relationship between the tags Xi , Xi+1 of two
consecutive trajectory segments T S i , T S i+1 .

Although any partition PT of a trajectory can lead to a
summary, not all of them are suitable for a good one. First
of all, it is better for each partition to have its source and
destination well-known, or more formally, signiﬁcant. For
example, the description of a partition starting from the Times
Square is more understandable to people than that starting
from the National Hockey League building, which is only 300
meters away from the Times Square. Second, it is easier
to generate more compact summaries if the trajectory
segments within the same partition are of similar features.
For instance, if the moving speed varies signiﬁcantly within a
partition, it is difﬁcult to summarize the driving behavior of
this partition using a few words.

B. Potential Function Φ(Xi , Xi+1 , T S i , T S i+1 )
Recall the two guidelines (in bold) of how to conduct
a good partition in Section IV. Now we translate them into
the following formal expressions: If two contiguous trajectory
partitions T S i and T S i+1 are labeled with different tags,
the signiﬁcance li .s of li should be high; if two trajectory
segments T S i and T S i+1 are labeled with the same tag, the
similarity S(T S i , T S i+1 ), which measures the similarity of
T S i ’s and T S i+1 ’s various features, should be high. Thus,
Φ(Xi , Xi+1 , T S i , T S i+1 ) is deﬁned as follows:
⎧
−S(T S i , T S i+1 ) ,
⎪
⎨
if Xi = Xi+1
Φ(Xi , Xi+1 , T S i , T S i+1 ) =
−C
·
l
.s
,
⎪
a
i
⎩
if Xi = Xi+1
(2)
where Ca is a positive constant speciﬁed by users, reﬂecting
the importance of the signiﬁcance of li .

A. Solution Overview
Different from previous trajectory partition algorithms
which partition trajectories into pieces according to time
interval, stops and etc., our partitioning is according to features
which measure the travel behaviors. Based on this intuition,
we propose a trajectory partition algorithm by leveraging the
power of Conditional Random Field (CRF). CRF is a popular
model used for image segmentation in computer vision, where
pixels in an image are assigned into several regions according
to their similarities, e.g., pixels representing sky, river or grass.
Inspired by this, we model the trajectory partition problem as
a process of labeling each trajectory segment T S i with a tag,
which satisﬁes the following two requirements: (1) There are
at most |T | − 1 different tags in total; (2) If two trajectory
segments are labeled with the same tag t, then all the trajectory
segments in between must be labeled by t.

Landmark signiﬁcance l.s is used to measure the familiarity of the landmark l to average people. To measure the
familiarity of landmarks, in this work we utilize the online
check-in records from a popular location-based social network
(LBSN) and trajectories of cars in the target city, as these two
datasets are large enough to cover most areas of the city. We
leverage a HITS-like algorithm [41] to infer the signiﬁcance of
landmarks, by modeling the travellers as authorities, landmarks
as hubs, and check-ins/visits as hyperlinks.

We model a symbolic trajectory as an undirected graph
G(V, E), where each trajectory segment T S i is a node in V ,
and for each pair of consecutive segments T S i and T S i+1
there is an edge in E connecting their corresponding nodes.
Each T S i ∈ V is associated with an random variable Xi , denoting its tag. For simplicity, we assume a common state space
X for all random variables Xi , such that X = {1, · · · , |T |−1}.
On G, we deﬁne a clique system C = {Ci , i = 1, · · · , |T |},
where Ci contains two nodes T S i and T S i+1 . We formally
deﬁne the CRF model on G and C as follows, which provides
a probabilistic framework for calculating the probability of the
label sequence X, i.e., [X1 , X2 , · · · , X|T | ], globally conditioned
on T :

1
Pr(X|T ) = exp{−
ΦC (X)}
Z

Next, we introduce the similarity measure S(T S i , T S i+1 )
between two consecutive segments. Traditional trajectory similarity/distance measures, e.g., Euclidean distance and LCSS,
directly use the latitude, longitude and time-stamp of the
raw trajectory to measure the spatial or spatial-temporal similarity/distance between two trajectories. Instead of spatialtemporal similarity, we will measure their similarity in travel
behaviours, i.e., features. Recall that we extract mainly two
types features about each segment, namely routing feature and
moving feature. The similarity measure S(T S i , T S i+1 ) will
incorporate both of them.
In order to measure the similarity of all these features of
two trajectory segments, each feature should be comparable.
Thus, we normalize each feature f of T S i to a value ranging
from 0 to 1. The normalizing constant of f is the biggest
feature value among all the trajectory segments of T . After
normalization, all the features F of a trajectory segment T S i
form a |F|-dimension vector vi . Therefore, measuring the similarity S(T S i , T S i+1 ) of two continuous trajectory segments is
to measure the similarity of two vectors. We employ the most

C∈C

=



|T |−1

1
exp{−
Φ(Xi , Xi+1 , T S i , T S i+1 )} (1)
Z
i=1

where Z is the normalization constant that makes the proba-
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widely used vector similarity measure–Cosine Similarity [29]
as our similarity measure. Since different people have different
interest in different features (e.g., one may have higher interest
in ‘speed’ feature), STMaker allows the user to specify the
weight of each feature, we denote the feature weight of f
by w. The bigger w is, the higher the probability for the
trajectory segments, with higher similarity of f , to fall in a
same partition. All the feature weight w forms a |F|-dimension
weight vector w,
 where w
 j stands for the weight of feature
fj . Using these two vectors, S(T S i , T S i+1 ) is deﬁned as
following:
|F|


1
S(T S i , T S i+1 ) = · (
2

j=1
|F|

j=1

Algorithm 1 illustrates the main structure of our ﬁnding
optimal k-partition method. The initial state is that (1, 1) = 0
(line 3) while (1, j) = ∞ for j > 1. The initialization of state
(i, i), which represents each of the i segments is a partition,
is demonstrated by line 4 - 5. And initialization of state i, 0,
which represents all the i segments belong to a same partition,
is illustrated by line 6 - 7. The ﬁnal k-partition result is (n, k)
(line 12).
Algorithm 1: Finding Optimal k-Partition

wj · uj · vj

wj · u2j ·

|F|

j=1

+ 1) (3)

1

wj · vj2

2
3
4

where the u and v are the feature vectors of T S i and T S i+1
respectively; uj and vj are the j’s dimension of u and v
respectively. Note that S(T S i , T S i+1 ) ranges from 0 to 1.

5
6
7

C. Finding Optimal Partition

for i = 1 ← n − 1 do
E[i][0] = E[i − 1][0] − S(T S i−1 , T S i )

11

for i = 1 ← n − 1 do
for j = 1 ← i − 1 do
E[i][j] = min{E[i − 1][j − 1] − ca · li .s,
E[i − 1][j] − S(T S i−1 , T S i )}

12

return E[n − 1][k − 1]

8
9

In our neighborhood system C, each variable Xi is only
directly coupled with Xi−1 and Xi+1 . Therefore, the CRF
model is deﬁned on a chain-like graph. Optimizing Equation
(1) is a maximum a posteriori probability (MAP) problem, and
thus dynamic programming (DP) can be applied to solve the
MAP.

Input: Calibrated trajectory T and its segments T S, landmark
signiﬁcance l.s, feature weight w, feature value
f (T S), the partition size k
Output: The best k-partition of trajectory segments
n ← the number of segments |T |
create an array E[0, ..., n − 1][0, ..., k − 1]
E[0][0] ← 0
for i = 1 ← n − 1 do
E[i][i] = E[i − 1][i − 1] − Ca · li .s

10

V.

We deﬁne the DP state as (i) which represents the score
of the potential function Φ on the ﬁrst i trajectory segments.
The state transition function is deﬁned as
(i − 1) − Ca · li .s
(i) = min
(4)
(i − 1) − S(T S i−1 , T S i )

F EATURE S ELECTION

Summarizing a trajectory partition is a process of describing the key characteristics of the routing and moving features
of each partition. However, the summarization text is better to
be concise for human to digest, which obviously cannot cover
all the routing and moving features. For example, most roads
are two-way, and people usually assume an unknown road as
two-way by default. Therefore, for a trajectory partition with
all the covered roads being two-way, it is unnecessary to emphasize the routing feature ‘two-way’ in the summary. Hence,
a feature should be covered only if its value is different from
normal. In other words, the selected features to be covered
should be the most irregular features. By this strategy, the
generated summary is concise, representative and can easily
distinguish the given trajectory with others. In this section, we
will detail how to select features to describe a given trajectory
partition by leveraging historical trajectories.

The initial state is that (1) = 0. The ﬁnal partition result is
(|T |). The global optimal trajectory partition Xopt is used as
the default partition in STMaker.
D. Finding Optimal k-Partition
Nevertheless, different people have different requirements
of the summarization granularity. This granularity can be directly reﬂected in how ﬁne-grained the trajectory is partitioned
and described. To be speciﬁc, for example in the coarsest case,
the whole trajectory is treated as a single piece, and only the
most signiﬁcant features can be described in the summary;
on the contrary, in a more detailed case, the whole trajectory
can be divided into several pieces where each piece has
similar features and gets described in the summary. Therefore,
STMaker supports the user to specify their own preference of
the granularity of the summary. That is, the user speciﬁes the
number of partitions k that the trajectory is partitioned into
and descriptions are generated about.

In the following, we will discuss how to measure the
irregular rate Γf (T P ) of a feature f within a partition T P .
Only features with higher irregular rate than a user speciﬁed
threshold η will be covered in the summary.
A. Irregular Rate of Routing Features
Recall that the routing features describe where the moving
object travels. Thus the irregular rate of routing features
indicates how different the route of this particular trajectory
partition is as opposed to the most common route of historical
trajectories. Formally, given a trajectory partition T P = [T S i ,
T S i+1 , · · · , T S i+j−1 ] connecting li and li+j . We denote the
most popular historical route from li to li+j by P R. The
algorithm proposed in [7] can be used to mine P R from

To solve this k-partition, similarly we deﬁne the DP state
as a pair (i, j) which represents the score of the potential
function Φ on the ﬁrst i trajectory segments if the i segments
are partitioned into j partitions. The state transition function
is deﬁned as
(i − 1, j − 1) − Ca · li .s
(i, j) = min
(5)
(i − 1, j) − S(T S i−1 , T S i )
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B. Irregular Rate of Moving Features

Fig. 4.

Two trajectories connecting l1 and l3

Fig. 5.

Trajectories connecting l1 and l3 in the road network

Moving features indicate how the moving object travels.
The moving pattern of a certain road is usually stable. For
example, moving objects on a high way usually travels fast
with no stops. Thus, if a moving object travels on the same
high with several stops, it is unusual and it should be described
in summary. Therefore a moving feature f ’s irregular rate
should measure the difference between the travel patterns
between each segment of the trajectory partition and that of the
historical trajectories. For example, in Fig. 4, the solid line’s
speed-irregular-rate is derived on the basis of the differences
between the travel pattern of the target trajectory and that of
other trajectories ( e.g., the dotted line) moving along the solid
line, measured for the two segments respectively, viz. l1 to l2
and l2 to l3 .

historical trajectories. If T P and P R are the same, there is
no need to describe the routing features in summary. On the
contrary, if T P is different from P R, the most signiﬁcant
difference between T P and P R should be emphasized in
the summary. For example, in Fig. V-A the given trajectory
partition from l1 to l3 is represented by the black line and the
popular route between l1 and l3 is represented by the coloured
lines. In terms of the ‘grade of road’ dimension, the popular
route is high way whereas the given partition is not. Obviously
the ‘grade of road’ feature should be described in summary.
Thus, we need to measure the difference/irregular rate between
T P and P R in each routing feature dimension.

In order to measure the irregular rate of a moving feature
on a trajectory partition, we ﬁrst need to ﬁnd out the feature’s
regular value on that partition. To this end, we extract the
regular features values from the historical trajectories. For
each moving feature f , a historical feature map, represented
as a directed graph G(V, E), is built to summarize feature
f between two landmarks. Given a landmark set, a historical
symbolic trajectory dataset and a certain moving object feature
f , we can construct the historical feature map in the following
steps:

Given a trajectory partition T P , we deﬁne its
normalized feature sequence FT P of routing feature f as
[norm(f (T S i )), norm(f (T S i+1 )), · · · , norm(f (T S i+j−1 ))]
where norm(·) returns the value of · normalized by the biggest
feature value in the feature sequence. Measuring the irregular
rate of T P in routing feature f can be transformed to measure
the distance between FT P and FP R , for which we design a
edit-distance-like algorithm to measure.

d(FT P , FP R ) =

⎧
length(FT P ),
⎪
⎪
⎪
⎪
⎨ length(FP R ),
⎪
⎪
⎪
⎪
⎩

if FP R is empty
if FT P is empty
min{d(rest(FT P ), rest(FP R ))+
cost(head(FT P ), head(FP R )),
d(rest(FT P ), FP R ) + 1,
d(FT P , rest(FP R )) + 1},
otherwise

Γf (T P ) = wf ·

t=i

|norm(f (T S t )) − norm(rlt →lt+1 )|
|T P |

where wf is the user-speciﬁed feature weight; norm(·) returns
the normalized value of · and the normalization constant is
the biggest feature value among all segments of the partition;
rlt →lt+1 is the ordinary value of f of T S t , which can be easily
computed from the historical feature map.
VI.

1, if head(FT P ) = head(FP R )
0, otherwise
(7)

Finally, the irregular rate
Γf (T P ) =

3)

i+j−1


cost(head(FT P ), head(FP R )) = |head(FT P ) − head(FP R )|
(6)
whereas for categorical routing feature f ,
cost(head(FT P ), head(FP R )) =

2)

Add each landmark in the landmark set to the vertex
set V of the historical feature map.
Add a directed edge from li to lj , denoted by e(li , lj ),
if there exists a trajectory T in the historical symbolic
trajectory dataset travelling from li to lj directly. We
denote such a trajectory by T (li → lj ).
Annotate each edge e(li , lj ) with the average value
of feature f of T (li → lj ) denoted by rli →lj , e.g.,
the average sudden stop times between li and lj and
the average speed between li and lj .

With the historical feature map, we can measure the
irregular rate of f of a given trajectory partition T P by the
following equation:

where rest(·) returns that tail part of a feature value sequence
which consists of all but the ﬁrst feature value, whereas
head(·) returns the ﬁrst feature value. For numerical routing
feature f ,



1)

wf · d(FT P , FP R )
max(length(FT P ), length(FP R ))

where wf is the user-speciﬁed feature weight.

969

D ISCUSSION

A. Summary Construction
Even with meaningful features selected, presenting them in
their original numeric values is still hard to interpret by the the
users, For example, given a summary saying that the average
speed of the given trajectory partition is 70 km/h, the users can
hardly tell whether the vehicle is fast or slow, e.g., moving in
70 km/h is pretty fast on a local road, whereas it is quite slow
on a highway. Therefore, the ﬁnal step in summarization is

TABLE V.
Feature
Grade of road
Road width
Trafﬁc direction
speed
# stay points
# U-turns

TABLE VI.

T EMPLATE E XAMPLES

Template
through given road type (road name) while the most drivers choose regular road type (road name)
through given road width metres wide road while most drivers prefer wider/narrower roads
through given trafﬁc direction while most drivers prefer regular trafﬁc direction
with the speed of given speed km/h which was |given speed - regular speed| km/h faster/slower than usual
with given # stay points stay points (in total for about time duration)
with conducting # U-turns U-Turns at places of U-turns

T EMPLATE E XAMPLES

using text, many text processing techniques, e.g., text indexing,
text clustering and text categorization, can be directly applied
on the summaries. For example, applying the text clustering
method on summaries of all the trajectories in a certain region
at a speciﬁc time period, we can have a quick overview about
the trafﬁc condition.

Template
The car moved/started from source to destination through road type, with feature
template
Then it moved from source to destination through road type, with feature
template
Then it moved from source to destination smoothly.

VII.

to provide interpretable descriptions for the selected features.
We deﬁne a set of phrase templates for each feature, some of
which are exempliﬁed in Table V.

E XPERIMENT

In this section, we conduct extensive experiments to
validate the effectiveness of our partition-and-summarization
framework. Our system is implemented in Java. All the experiments are run on a computer with Intel Core i7-2600 CPU
(3.40GHz) and 8 GB memory.

In the templates, all the italics need to be replaced with the
actual values of the selected features. For categorical features,
the feature values are presented with the actual semantic
meaning, e.g., ‘highway’ or ‘express road’ for the ‘grade of
road’ feature, rather than the meaningless numbers, ‘1’ or ‘2’.
For the numeric features, we further provide several intuitive
descriptors (in bold font) by comparing the actual feature
value with the feature’s average/regular value. As an example,
the irregular ‘speed’ feature can be either faster or slower
than the average speed value. Besides, feature extraction can
also produce by-products, which could be very useful in the
templates. For example, extracting the ‘# of stay points’ feature
will also provide where the stay points take place and how
long the moving object stays. Both of them can be presented
in template to enrich the summary.

A. Experiment Setup
Commercial Map: We use the commercial map of a large
city—Beijing—provided by a collaborating company. The
commercial map is used to build the landmark dataset, and to
provide routing features which are essential for our algorithm
(Section III-A and V-A).
Landmark Dataset: The landmark dataset consists of two
parts: the turning point dataset extracted from the commercial
map, and the POI dataset of Beijing provided by a reliable
third-part company. We extract about 32,000 turning points
from the commercial map. The raw POI dataset has about
510,000 POI points. We cluster the raw POI dataset into
approximately 17,000 clusters using DBSCAN [12], and use
the geometric centers of the clusters as the landmarks.

In order to make the summarization more ﬂuent, we also
deﬁne several sentence templates, shown in Table VI, such as
‘The car moved from source to destination through road type,
with feature template. Landmarks and selected features can be
embedded into these templates to generate the ﬁnal summaries
text.

Trajectory Dataset: We use a real-world trajectory dataset
generated by 33,000+ taxis in Beijing over three months.
This dataset has more than 100,000 trajectories. We randomly
split the dataset into two parts: a training dataset of 50,000
trajectories, and the rest trajectories as a testing dataset. The
training dataset is used to mine popular routes between the
landmarks, and to build the historical feature map. The testing
dataset is used to test the effectiveness of our framework. In
the following, we refer to the summarization results of the
testing dataset as the summary dataset. Thus, there are about
50,000 summaries in summary dataset.

B. Extension with New Features
In real-life application, users could easily add new features
into STMaker by desire. A new feature f ∗ can be added with
the following steps: The ﬁrst step is to deﬁne the type of
feature f ∗ , i.e., whether f ∗ is a routing feature or a moving
feature, a numerical feature or a categorical feature. If f ∗ is a
categorical feature, we deﬁne consecutive integers to represent
the categories of f ∗ . The second step is to collect regular value
of f ∗ . If f ∗ is a routing feature, the regular value of f ∗ on
each road needed be collected from third-party sources, such
as digital map; if f ∗ is a moving feature, a historical feature
map of f ∗ need to be built with the techniques discussed in
Sec. V-B. The third step is to create feature template for f ∗ ,
following the rules introduced in Sec. VI-A.

B. Evaluation Approach
We study both the effectiveness and efﬁciency of our
partition-and-summarization framework. In all our algorithms,
we set the weight of the landmark signiﬁcance in the potential
function as 0.5, the feature weight as 1 and the irregular rate
threshold for a selected feature as 0.2.
We use 6 features in the experiments. including GR, RW,
TD, Spe, Stay and U-turn, which represent grade of road,
road width, trafﬁc direction, speed, # stay points and # U-turn
respectively. To study the effectiveness, we study the following

C. Text Processing
The research on text processing is very mature compared
with trajectory processing. After summarizing the trajectories
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over a two-hour interval. Trajectories are classiﬁed into these
12 categories according to the time of their generation. For
example, a trajectory generated at 5:00 pm belongs to the
category of 16:00 - 18:00. We analyze the summarization by
studying how the feature frequencies F F of various features
change in the summaries of each category. The feature frequency F Ff of a feature f is deﬁned as follows:
F Ff =

Fig. 7.

# summaries contaning f
# total summaries

The higher F Ff is, the more number of trajectories have
irregular value on f . Notably, the weather of the eleven days is
mostly sunny or cloudy, and thus most of the trajectories were
collected under the similar weather. Fig. 8 shows the results of
F F of all the six features we considered in our experiments.

User interface of STMaker

As shown, all the features have a conspicuously higher
F F during daytime (6:00 - 18:00) than those at night (18:00
- 6:00 (next day)), especially for the features: road width
and speed. This contrast in the summaries clearly reﬂects
the reported fact of heavier trafﬁc during the daytime. If we
compare the summaries during the daytime, the speed feature
has a signiﬁcantly higher F F in categories 6:00 - 8:00, 8:00
- 10:00, 16:00 - 18:00 and 18:00 - 20:00, which tells that
more vehicles have irregular speed during these eight hours.
The reason for the phenomena is that during these hours the
trafﬁc is always heavy since people need to go to work or go
back home. Therefore the driving speed is slower than usual.
Similar phenomena occur in relation to the features of grade
of road, number of stay points and number of U-Turns. This
observation agrees with our common sense that the trafﬁc in
daytime is very different from that at night. Also, observation
consents to our common sense that the trafﬁc during rush hours
is very different from that during other time of the day. It
veriﬁes our expectation that our summarization framework can
well reﬂect the change of trafﬁc with time.

4 aspects of the summarization: (1) whether the summary can
reﬂect the changing of environments, e.g., time, (2) whether the
landmarks mentioned by summaries are signiﬁcant, (3) the impact of feature weight and partition size to our summarization
framework, and (4) feedback from volunteers about whether
the summary helps understanding of the trajectory. As to the
efﬁciency test, we record the time cost for a single trajectory
summarization by varying partition size k and the size of the
trajectory.
C. Performance Evaluation
1) Case Study: Before conducting the quantitative performance evaluation, we show a case study of our summarization
system in Fig. 6, which shows one trajectory’s different summaries of different granularities. Fig. 6(a) shows the k = 1
summary of the trajectory that it has two stay points in the
whole trajectory. Fig. 6(b) illustrates the k = 2 summary by
dividing the trajectory into two partitions and speciﬁes that two
stay points exist in the ﬁrst part and a U-turn occurs in the
second part. Fig. 6(c) demonstrates the ﬁnest grained summary
(k = 3) of the trajectory. Besides the information given
by k = 2 summary, another signiﬁcant landmark (Suzhou
Road) is highlighted in the summary. We can see that more
detailed information is shown with the growing of k. Also the
summaries given by our system can well describe the routes
as well as the moving patterns of the trajectories, which one
may hardly tell directly from the map.

3) Effectiveness of Landmark Selection: Ideally, the starting point and destination of every trajectory partition should
be of high signiﬁcance, so that users can get a better idea of
the trajectory. Thus, we study whether the landmarks picked
in our partition step have high signiﬁcance. We sort all the
landmarks of the given trajectory in descending order by the
landmark signiﬁcance, and group them into 10 groups, i.e., top
0−10%, top 10%-20%, · · · landmark signiﬁcance groups. For
each group of landmarks, we analyze their usage frequency in
the summary dataset. The usage frequencies are presented in
Fig. 9. As shown, the usage frequency versus the landmark
signiﬁcance follows a long-tail distribution. Speciﬁcally, the
landmarks in top-10%-high-signiﬁcance group appear about
40% in the summary dataset, which is almost half of all the
landmarks used in the summarization. Moreover, nearly 60%
of the landmarks used are very popular landmarks, i.e. among
the 30% groups. It proves that the landmarks we used in
summaries are mostly well known to users.

The user interface of STMaker is demonstrated in Figure. 7.
At the lower right corner of the ﬁgure is the raw trajectory data
and at the upper right corner is the summary of the trajectory.
From the ﬁgure we can see that the raw trajectory is text-heavy
and hard to understand while the summary gives an intuitive
view of where and how the moving object travels. Also the
data volume of the raw trajectory is big while the summary is
more compact.
2) Effectiveness of Trajectory Summarization: Summaries
at Different Time. The trajectories during different time of
the day could be very different. For example, most trajectories
during the rush hours move at low speed and have more stay
points than usual. Thus, the summarization should reﬂect such
temporal differences of trajectories. In this experiment, we
evaluate how the summary contents change with time. We
divide the 24 hours of the day into 12 categories, each spanning

4) Effect of Feature Weight and Partition Size k: In this
section, we test how the feature weight w and the partition size
k affects our trajectory summarization algorithm. Firstly, recall
that a higher feature weight of feature f results in (1) trajectory
segments with higher similarity of f have higher probability
to be in a same partition; (2) feature f has higher probability
to be selected in the summary. In order to verify the effect
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(a) The car started from the Daoxiang
Community to the Haidian Hospital
with two staying points (in total for 167
seconds).

Fig. 6.

Example of trajectory summarizations

Fig. 8.

Features’ F F of different time

(b) The car started from the Daoxiang Com-

(c) The car started from the Daoxiang Com-

munity to the Suzhoujie Station with two
staying points (in total for 167 seconds).
Then it moved from the Suzhoujie Station
to the Haidian Hospital with conducting one
U-turn at Zhichun Road.

munity to the Suzhou Road with two staying
points (in total for 167 seconds). Then it
moved from the Suzhou Road to the Suzhoujie Station smoothly. Then it moved from
the Suzhoujie Station to the Haidian Hospital with conducting one U-turn at Zhichun
Road.

(a) effect of feature weight
Fig. 10.
Fig. 9.

(b) effect of partition size

Effect of parameters in trajectory summarization

usage frequency of landmark groups

the most popular route, which in turn increases the irregular
rate of routing features. Moreover, irregular moving features
of the partial partition may not be signiﬁcant enough for a
long partition, and thus the longer the partition is, the fewer
moving features are described.

of w, we conduct a controlled study by tuning w of the Spe
feature from 0.5 to 4, while keeping w of all the other features
to be default value, and summarizing randomly selected 1000
trajectories using these different weights. Fig. 10(a) shows how
the eight features’ F F vary with the different weights of the
Spe feature. As shown in the ﬁgure, F F of the Spe feature
increases gradually when the weight increases, which conforms
to our expectation.

5) Impressions of Users: The primary goal of trajectory
summarization is to give users an intuitive view of where and
how the moving object traveled. Therefore, in this experiment
we test whether the users can have an intuitive view after
reading the summaries. Since users’ understanding is hard
to quantify exactly, we propose to use four understanding
levels to assess how well a user understands a trajectory after
reading a summary: (1) has no idea of the trajectory; (2) has
a little idea of where or how the moving object traveled;
(3) has idea of where and how the moving object traveled
but the summary should be improved by giving more/less
information, improving the summary sentence or some other

To explore the impact of partition size k, we run our summarization algorithm on 1000 randomly selected trajectories by
varying k from 1 to 7, and analyze how the F F of each feature
changes with k. The result is shown in Fig. 10(b). We can see
that as k increases, the F F of routing features (GR, RW and
TD) decrease while those of moving features (Spe, Stay, U-turn
and SpeC) increase. The reason is that the larger a partition is,
the more probable it is that the moving path is different from
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Trajectory Summarization. Given a set of trajectories, [13]
proposed a solution to cluster the trajectories into several
groups, and represent each group by its most central trajectory.
[1] summarized a set of trajectories by providing a symbolic
route to represent the cardinal trajectory directions.

methods; (4) knows clearly where and how the moving object
traveled, and the summary is well presented. We randomly
select 450 summaries and ask thirty volunteer users to read
ﬁfteen summaries each. Then we ask each user to classify
her understanding of the trajectory into one of the four levels.
Fig. 11 shows the understanding level of the users. We can
see that nearly 55% of randomly selected 450 summaries are
marked at grade 4, and nearly 80% (grade 3 and 4) summaries
can give users an intuitive view of the raw trajectories. This
implies that the proposed trajectory summarization algorithms
can achieve its primary goal.

Fig. 11.

Text Summarization. Many works have been devoted to text
summarization. [39] used Support Vector Machine to ﬁnd
a summary sentence in a document. However, this work is
limited in that it did not leverage the relation between the
sentences. [9], [21] took a different approach and made use of
the relations between sentences. [28] used Conditional Random
Field to partition a document and identify the summarization
sentences.
Multimedia Summarization. The large amount of multimedia
data available on the Internet is making audio/video summarization increasingly important. [8] exploited information
retrieval techniques to summarize audio by extracting salient
words from the audio. [18], [22] took a different approach
which extracts non-textual features such as ‘noteworthy utterances’ instead of text features. [33] extracted keyframes
from a video as the summarization. [18] exploited both audio
and video information, and proposed the maximal marginal
relevance algorithm for video summarization. [11] studied how
to use natural language to summarize video, which focused on
how to extract human actions from video.

User feedback

6) Summarization Time Cost: We also evaluate the time
cost of our trajectory summarization algorithm, which is especially important for online summarization systems. The time
cost mainly depends on the size |T | of the given trajectory
T and the value of partition size k. Thus we tune |T | and k,
and record the average time cost for summarizing a single
trajectory. The result is shown in Fig. 12, from which we
observe that most trajectories can be summarized within tens
of milliseconds. With the increasing of |T | and k, the time
cost increase slightly.

(a) Effects of |T |
Fig. 12.

Trajectory Segmentation. A few works have been conducted
on trajectory segmentation. [37] proposed a method to segment heterogeneous trajectories into several parts according
to different means of transportation, e.g., by bike and by car.
This trajectory segmentation method can hardly be applied on
a trajectory generated by the same transportation.
Trajectory Annotation. Dedicated algorithms are independently designed for trajectory annotations with geographic regions or lines. Regarding trajectory annotation with geographic
regions, studies [30], [23] focused on computing topological
correlations (called spatial predicates) between trajectories
and regions. Regarding trajectory annotation with geographic
lines, many works [2], [36], [24], [20] have been focusing
on identifying the correct road segment on which a vehicle
is traveling, . [2] used only geometric information of the
underlying road network and apply distance measurements to
generate line annotation. [36] accounted for the connectivity
and contiguity of the road networks, rather than only the
geometric distances. [24], [20] studied generating annotations
for low-sampling-rate trajectories.

(b) Effects of k

Average time cost for summarizing one trajectory

VIII.

IX.

R ELATED W ORK

The existing trajectory summarization works focused on
how to ﬁnd the most representative trajectory out of a set of
trajectories. To the best of our knowledge, none of them studied
using text to summarize a single trajectory. However, there
are several works on summarization of text, audio and video,
which share similar inspiration with our work. In this section,
we review these existing trajectory summarization works, and
the works on summarization of text, audio and video. We
also review existing works on trajectory segmentation and
trajectory annotation which are related to our partition-andsummarization framework.

C ONCLUSIONS

In this paper we have taken an important step towards
making sense of trajectory data by automatically generating
a summaries text for individual trajectory. A partition-andsummarization framework has been proposed, which splits a
trajectory into several partitions with similar travel behaviour
and generates summarization to describe the most signiﬁcant
features for each partition. We conducted extensive experiments on a real-life trajectory dataset. The experiment results
show that our summarization framework can reﬂect the most
representative features of the trajectories. We expect this work
will trigger several interesting open problems in this direction,
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such as summarization of trajectory group, semantic queries
on trajectory summarization, etc.
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