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Abstract—Local space-time features and bag-of-feature (BOF)
representation are often used for action recognition in previous
approaches. For complicated human activities, however, the
limitation of these approaches blows up because of the local prop-
erties of features and the lack of context. This paper addresses the
problem by exploiting the spatio-temporal context information
between features. We first define a spatio-temporal context, which
combines the scale invariant spatio-temporal neighberhood of
local features with the spatio-temporal relationships between
them. Then, we introduce a spatio-temporal context kernel
(STCK), which not only takes into account the local properties
of features but also considers their spatial and temporal context
information. STCK has a promising generalization property
and can be plugged into SVMs for activities recognition. The
experimental results on challenging activity datasets show that,
compared to context-free model, the spatio-temporal context
kernel improves the recognition performance.

I. INTRODUCTION

Human activity recognition is one of the most challenging
problems in computer vision. By “activity”, we refer to a
higher-level combination of primitive actions with certain
spatial and temporal relationships, e.g., hand shaking, hugging,
eating food with a silverware, etc. Compared with simple
actions, such as walking and drinking, activity recognition
is more complicated. Besides general difficulties of action
recognition, such as camera motion, illumination changes,
occlusion, low intra-similarity and large inter-variability, etc,
the challenge of activity recognition stems from its struc-
tured property: the complicated spatio-temporal interactions
between a set of body parts or multiple persons.

Bag-of-feature (BOF) representation have been widely em-
ployed for action recognition, both for local spatio-temporal
features [1]–[3] and trajectory-based features [4]–[7], since it
gives a sparse and simplified representation of actions and can
be effectively integrated into a machine learning framework.
Impressive results have been reported in both synthetic and
realistic scenarios, see [1]–[4], [8]–[10]. However, the limi-
tation of bag-of-feature (BOF) representation blows up when
they are used to represent complicated activities with long-
range motions or multiple interactive body parts. Because the
bag-of-features representation makes an important assumption
that all the features are independent and thus the geometrical
and temporal relationships among features are discarded.

Context has been considered as an important cue for activity
recognition. [11] proposed to learn the shapes of neighbor-

hoods of the space-time features which are discriminative
for a given action category, and recursively mapped the
descriptors of the variable-sized neighborhoods to higher-level
vocabularies. The process produced a hierarchy of space-time
configurations. In [12], the objects and human body parts were
considered as mutual context, and then a random field model
was proposed to encode the mutual context of objects and
human poses in “human-object interaction” activities. They
casted the model learning task as a structure learning problem,
by which the structural connectivity between objects, overall
human poses, and different body parts were estimated.

In this paper, we introduce a Spatio-Temporal Context
Kernel (STCK) to exploit the structural and dynamic property
of activity features for activity recognition . We argue that
an activity is composed of a set of activity features, which
depend on each other both in the spatial domain and in the
temporal domain. In STCK, one activity feature is considered
to be related to all other features in its neighbourhood, thus
the similarity of two activities is computed by reling on both
the local properties of features and the spatio-temporal context
of features. Moreover, STCK has a promising generalization
property and can be plugged into SVMs for activities recog-
nition.

We first present a spatio-temporal context, which com-
bines the scale invariant spatio-temporal neighberhood of
local features with the spatio-temporal relationships between
them. The spatio-temporal context devides the spatio-temporal
neighberhood of a local feature into a set of sub-contexts.
Different sub-contexts describe different context information,
which makes it possible to consider the context in a precise
way. We then introduce a Spatio-Temporal Context Kernel
(STCK). In STCK, the matching of two features in two videos
is related to the matching of features around its context zone,
which is achieved by a context term. By the context term, a
high value of two features in two videos implies high kernel
values in their context zone.

The rest of this paper is organized as follows. Sec. II
gives a detailed description of our spatio-temporal context.
In Sec. III, we present the Spatio-Temporal Context Kernel
(STCK) for activity representation. We illustrate and interpret
the experimental results in Sec. IV, and finally conclude the
paper in Sec. V.
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II. SPATIO-TEMPORAL CONTEXT

The bag-of-features activity representation makes an im-
portant assumption that all the activity features in a video
clip are independent. Observe that this assumption has been
also widely adopted, and few work considers the relationships
between the activity features. However, one basic fact ignored
in activity recognition is that an activity can be composed
of several activity features, such as the activity shaking hand
consisting of two shaking hands and two moving arms, which
depend on each other not only in the spatial domain but also
in the temporal domain. Thus, in this section, we introduce
the spatio-temporal context of activity features for taking into
account the relationships between them.

A. Activity Components

In this work, we use a mid-level feature proposed in [13],
named activity-components, as the basic features to represent
activity. An activity-component is a connected spatio-temporal
part having consistent spatial structure and consistent motion
in temporal domain. They are extracted by clustering similar
point-trajectories according to their appearance and motion
attributes. See [13] for more details about this feature.

Activity-components were reported being more descrimina-
tive than local space-time interest features [13], and the spase-
ness of activity-components makes it effective and efficient to
consider the context information between them.

B. Spatio-temporal neighborhood

Let note 𝒱 an activity represented by a collection of activity-
components as 𝒱 = {𝑐𝑛}𝑁𝑛=1. In our case, each activity-
component 𝑐 is described by a vector ⟨𝑓(𝑐), ℓ(𝑐), 𝑠(𝑐)⟩,
where 𝑓(𝑐) stands for the feature of the activity-component
as detailed in Section II-A, ℓ(𝑐) =

(
𝑥(𝑐), 𝑦(𝑐), 𝑡(𝑐)

)
corre-

sponds to the 3-dimensional centroid location of 𝑐, which
is computed from all the key-points in the component. Let
𝑠(𝑐) =

(
𝑠𝑥𝑦(𝑐), 𝑠𝑡(𝑐)

)
be the spatial scale and temporal scale

of 𝑐, where 𝑠𝑥𝑦(𝑐) and 𝑠𝑡(𝑐) are the spatial and temporal
average radius of the component, respectively.

Given a component 𝑐 with centroid location ℓ(𝑐) =(
𝑥(𝑐), 𝑦(𝑐), 𝑡(𝑐)

)
, note ℓ𝑥𝑦(𝑐) :=

(
𝑥(𝑐), 𝑦(𝑐)

)
, ℓ𝑡 := 𝑡(𝑐)

and define the spatial and temporal distance between two
components 𝑐 and 𝑐′ as

𝑑𝑥𝑦(𝑐, 𝑐
′) := ∥ℓ𝑥𝑦(𝑐)− ℓ𝑥𝑦(𝑐

′)∥2,
𝑑𝑡(𝑐, 𝑐

′) := ∥ℓ𝑡(𝑐)− ℓ𝑡(𝑐
′)∥2,

where ∥ ⋅ ∥2 is the 𝐿2-norm. Thus, the spatio-temporal neigh-
borhood of 𝑐 is defined in a way proportional to the spatial
and temporal scale of the component

𝒩 (𝑐) :=
{
𝑐′ : 𝑐′ ∈ 𝒱, 𝑑𝑥𝑦(𝑐, 𝑐

′) < 𝛼𝑥𝑦 ⋅ 𝑠𝑥𝑦(𝑐),
𝑑𝑡(𝑐, 𝑐

′) < 𝛼𝑡 ⋅ 𝑠𝑡(𝑐)
}
, (1)

where 𝛼𝑥𝑦 and 𝛼𝑡 are the neighborhood factors. Obviously,
𝒩 (𝑐) is a circular cylinder with a radius 𝛼𝑥𝑦 ⋅ 𝑠𝑥𝑦 and a half
length 𝛼𝑡 ⋅ 𝑠𝑡(𝑐).

(a) Spatial relationships (b) Temporal relationships

Fig. 1. Illustration of spatio-temporal relationships. In (a), the spatial
relationships are quantized into 5 states. In (b), the locations of lines stand
for the temporal locations of components, and the lengths of lines stand for
the temporal ranges components cover.

C. Spatio-temporal relationships

We describe the spatial and temporal relationships be-
tween components respectively and quantize them into discrete
states. (1) In order to consider the spatial relationships between
two components 𝑐 and 𝑐′, we first compute the spatial distance
𝑑𝑥𝑦(𝑐, 𝑐

′) and then quantize the relationship into 5 different
states as demonstrated in Figure 1(a). More precisely, if
𝑑𝑥𝑦(𝑐, 𝑐

′) is smaller than a given value 𝜆, then relationship is
quantized as state 0; otherwise the angle of the spatial locations
of two components (i.e. the direction from ℓ𝑥𝑦(𝑐) to ℓ𝑥𝑦(𝑐

′))
is calculated and is quantized into the other four states. (2) For
temporal relationships, similar to [14], we define 5 types of
relationships based on the temporal locations ℓ𝑡(𝑐), ℓ𝑡(𝑐

′) and
the temporal scales 𝑠𝑡(𝑐), 𝑠𝑡(𝑐

′) of the components 𝑐 and 𝑐′

respectively: before, meeting, overlapping, equaling, inclusion.
See Figure 1(b) for a graphical illustration. Thus, there are
5× 5 = 25 spatio-temporal relationships in total.

These spatio-temporal relationships reflect the spatial struc-
ture arrangement and the temporal dynamic information of
human activities, which can be used as an important cue to
help understanding human motions and recognizing activities.

D. Context with spatio-temporal relationships

According to the spatio-temporal relationships mentioned
above, we define the context of an activity-component 𝑐 as

𝒩𝑟(𝑐) :=
{
𝑐′ : 𝑐′ ∈ 𝒩 (𝑐), 𝑐′ ⋏ 𝑐 = 𝑟

}
, 𝑟 ∈ {0, 1, . . . , 24},

(2)
where 𝑟 is the label of spatio-temporal relationship, 𝑐′ ⋏ 𝑐
stands for the quantized spatio-temporal relationship, and
𝒩 (𝑐) is the neighborhood of the component 𝑐.

III. DESIGN OF SPATIO-TEMPORAL CONTEXT-DEPENDENT

KERNELS

In order to model the spatio-temporal context of activity-
components, we rely on the context-dependent kernel, which
was first proposed by Sahbi et al. [15] for capturing geometric
structure information of objects. In this section, we extend
the context-dependent kernel into spatio-temporal domain for
exploiting the structural and dynamic property of activities.
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Let 𝒞 be the union of possible components over the activities
{𝒱1, ...,𝒱𝑁}. We consider 𝐾 : 𝒞 × 𝒞 → ℝ

+ as a kernel
which provides a similarity measure between any two activities
𝒱𝑝 = {𝑐𝑝𝑖 }𝑚𝑖=1 and 𝒱𝑞 = {𝑐𝑞𝑗}𝑛𝑗=1 as

𝐾(𝒱𝑝, 𝒱𝑞) =
𝑚∑
𝑖=1

𝑛∑
𝑗=1

𝑘(𝑐𝑝𝑖 , 𝑐
𝑞
𝑗),

where 𝑘(𝑐𝑝𝑖 , 𝑐
𝑞
𝑗) is a kernel measuring the similarity between

two components 𝑐𝑝𝑖 and 𝑐𝑞𝑗 . Let {𝑃𝑟(𝑐
𝑝
𝑖 , 𝑐

𝑞
𝑗) = 𝑔𝑟(𝑐

𝑝
𝑖 , 𝑐

𝑞
𝑗)}𝑐𝑝𝑖 ,𝑐𝑞𝑗

be the elements of intrinsic adjacency matrices with a spatio-
temporal relationship label 𝑟, where 𝑔𝑟(𝑐

𝑝
𝑖 , 𝑐

𝑞
𝑗) is a decreasing

function of any (pseudo) distance involving components 𝑐𝑝𝑖
and 𝑐𝑞𝑗 . Let 𝐷(𝑐𝑝𝑖 , 𝑐

𝑞
𝑗) = 𝑑𝑓 (𝑐

𝑝
𝑖 , 𝑐

𝑞
𝑗), where 𝑑𝑓 (𝑐

𝑝
𝑖 , 𝑐

𝑞
𝑗) is a

dissimilarity metric between components 𝑐𝑝𝑖 and 𝑐𝑞𝑗 in feature
space {𝑓}. According to [15], the kernel 𝐾 on 𝒞 × 𝒞 could
be defined by minimizing

min
𝐾≥0,∥𝐾∥1=1

Tr
(
𝐾𝐷𝑇

)
+ 𝛽Tr

(
𝐾 log𝐾𝑇

)−

𝛼
24∑
𝑟=0

Tr
(
𝐾𝑃𝑟𝐾

𝑇𝑃𝑇
𝑟

)
, (3)

where 𝐷𝑇 is the transposed matrix of 𝐷, 𝛼, 𝛽 ≥ 0 are
parameters and the operations “log”(natural) and “≥” are
applied individually to every entry of the matrix, ∥ ⋅ ∥1 is the
“entry wise” 𝐿1-norm and 𝑇𝑟 denotes matrix trace.

The first term in the above constrained minimization prob-
lem is a fidelity term which measures the quality of how
the features of components match. The second term is a
regularization term which keeps the probability distribution
{𝑘(𝑐𝑝𝑖 , 𝑐𝑞𝑗)} flat without any priori knowledge about the aligned
components. The third term is a term capturing the spatio-
temporal structures, where a high value of {𝑘(𝑐𝑝𝑖 , 𝑐𝑞𝑗)} should
imply high kernel values in the neighborhoods 𝒩𝑟(𝑐

𝑝
𝑖 ) and

𝒩𝑟(𝑐
𝑞
𝑗).

In practice, we use Euclidean distance to compute the
dissimilarity of features

𝑑𝑓 (𝑐
𝑝
𝑖 , 𝑐

𝑞
𝑗) = ∣∣𝑓(𝑐𝑝𝑖 )− 𝑓(𝑐𝑞𝑗)∣∣2,

and take the distance function

𝑔𝑟(𝑐
𝑝
𝑖 , 𝑐

𝑞
𝑗) =

∑
𝑐𝑝𝑘∈𝒩𝑟(𝑐

𝑝
𝑖 ), 𝑐𝑞𝑙 ∈𝒩𝑟(𝑐

𝑞
𝑗 )

𝑔𝑟(𝑐
𝑝
𝑖 , 𝑐

𝑝
𝑘) ⋅ 𝑔𝑟(𝑐𝑞𝑙 , 𝑐𝑞𝑗),

where 𝑔𝑟(𝑐
𝑝
𝑖 , 𝑐

𝑝
𝑘) = exp{− 1

𝜎𝑑
𝑑ℓ(𝑐

𝑝
𝑖 , 𝑐

𝑝
𝑘)} with 𝑑ℓ(𝑐

𝑝
𝑖 , 𝑐

𝑝
𝑘) =

∥�⃗� ⋅ (ℓ(𝑐𝑝𝑖 ) − ℓ(𝑐𝑝𝑘)
)∥2 as a weighted spatial and temporal

distance between two neighbors, �⃗� = (𝜔𝑥, 𝜔𝑦, 𝜔𝑡).
a) Kernel solution: The optimization problem in Equa-

tion (3) admits a solution 𝐾, which is the limit of the context-
dependent kernels

𝐾(𝜂) =
𝐺(𝐾(𝜂−1))∑
𝑖,𝑗 𝐺(𝐾(𝜂−1))

,

with

𝐺(𝐾(𝜂)) = exp
{
− 𝐷

𝛽
+

𝛼

𝛽

24∑
𝑟=0

(
𝑃𝑟𝐾

(𝜂−1)𝑃𝑇
𝑟 + 𝑃𝑇

𝑟 𝐾(𝜂−1)𝑃𝑟

)}
,

𝐾(0) =
exp(−𝐷

𝛽 )∑
𝑖,𝑗 exp(−𝐷

𝛽 )
.

Refer to [15] for detailed proof of this solution and its
convergence to a positive definite fixed point. In practice, the
kernel usually stops after 3 iterations, i.e. 𝜂 = 2.

So far, two activities 𝒱𝑝 and 𝒱𝑞 can be compared within
spatio-temporal context by designed spatio-temporal kernel
𝐾(𝒱𝑝, 𝒱𝑞). It is worth noticing that this kernel can be
plugged into classifiers, such as SVMs, which benefits both
the context-dependent kernel and the well established gener-
alization power.

IV. EXPERIMENTAL RESULTS

This section experimentally evaluates the proposed method.
we demonstrate that taking into account the spatio-temporal
context of activity-components through STCK can largely
improve the performance of activity recognition.

(a) Snapshots of video sequences in the UT-Interaction dataset [16], containing 6
classes of activities and 20 videos in each class.

(b) Snapshots of video sequences in the Rochester Activities Dataset [5], containing
10 classes of activities and 15 videos in each class.

Fig. 2. Snapshot examples of video sequences in two activity datasets: the
UT-Interaction dataset [16] and the Rochester Activities Dataset [5].

A. Experimental Setups

All the comparisons are implemented on two recent ac-
tivities datasets: the UT-Interaction dataset [16] containing
complex interactions and the Rochester Activities Dataset [5]
containing complicated daily activities, Both of which are
reported to be challenging on activity recognition.
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b) UT-Interaction dataset: It contains 6 classes of
human-human interactions: shake-hands, point, hug, push, kick
and punch. Each class contains 20 video sequences which are
divided into two different sets: (1) the first 10 video sequences,
Set 1, are taken on a parking lot with slightly different zoom
rate, and the backgrounds of the video are mostly static with
little camera jitter; (2) the other 10 video sequences, Set 2, are
taken on a lawn in a windy day. The backgrounds of the video
are moving slightly, e.g. tree moves, and the videos contain
more camera jitters. Observe that the background, scale, and
illumination of the videos in each set are different. Figure 2(a)
shows one snapshot for each class.

c) Rochester Activities Dataset: This dataset contains 10
classes of daily living activities: answering a phone, chopping
a banana, dialing a phone, drinking water, eating a banana,
eating snack chips, looking up a phone number in a telephone
book, peeling a banana, eating food with silverware and
writing on a white board. Each of these activities contain 15
different sample videos, which were performed three times
by five different people of different shapes, sizes, genders,
and ethnicities. It has been reported that only using motion
information is not sufficient for distinguishing these activities
and some other information, such as appearance descriptions,
should be taken into account [5]. Figure 2(b) shows one
snapshot for each class on the dataset.

In order to evaluate and compare the performances, we
duplicate experimental setting in [5] and [16]. Specifically, for
Rochester Activities Dataset, 12 video sequences performed by
four out of the five subjects are used as training set, and the
left 3 video sequences are used for testing. The experiments
are repeated five times; For UT-Interaction dataset, a 10-fold
leave-one-out cross validation (each times, 9 samples are used
for training and the left one is used for testing) is implemented
on each set. Different methods are compared by using the
average recognition rates.

B. Comparative Evaluations

To evaluate the effect of the proposed method, we model
and classify activities with 3 representations:

- Bag-of-Component + SVM: we first generate a codebook
of activity-components using k-means, then represent ac-
tivity with bag-of-features model, finally train the model
of each class by SVMs with radial basis function kernel.
The size of codebook is 600 for both datasets.

- Component + STCK + SVM: The model of each class
is trained by SVMs with the STCK. When computing
the STCK, the following parameters are used: 𝛼𝑥𝑦 = 4,
𝛼𝑡 = 6, 𝛼 = 20 and 𝛽 = 0.5.

- Component + context-free kernel + SVM: The modeling
and classification is the same as in Component + STCK +
SVM. However, in this case, 𝛼 = 0 is used, which implies
that no context is taken into account when computing the
kernels.

The above parameters are chosen in order to achieve the best
performance on the databases.

The STCK is compared with 2 context-free models: the
bag-of-components model and the context-free kernel. As
mentioned before, the context-free kernel is the special case
of STCK, that is 𝛼 = 0. Equal error rate (EER) is used as a
measure to evaluate the performances, which equally weights
the positive and the negative errors. The smaller the EER, the
better the performance is.

Figure 3 shows the EER of activities in UT-Interaction
dataset. We can see that Component + STCK + SVM outper-
forms Bag-of-Component + SVM and Component + context-
free kernel + SVM, both on Set 1 and Set 2. Specifically,
on Set 1, the average EER of Bag-of-Component + SVM
and Component + context-free kernel + SVM are 24.2% and
33.3% respectively, but for the proposed Component + STCK +
SVM, we get the EER of 19.2%. The proposed spatio-temporal
context-dependent model Component + STCK + SVM also
improves two context-free model in Set 2, which outperforms
Bag-of-Component + SVM (32.5%) by 6.7% and Component
+ context-free kernel + SVM (38.3%) by 12.5% respectively.

Figure 4 shows the EER of activities in Rochester Activities
Dataset. We can see that the EER of Component + STCK +
SVM is lower than those of Bag-of-Component + SVM and
Component + context-free kernel + SVM in 8 activity classes
and is as the same as those in lookupInPB and writeBoard
classes. For the acerage EER, the proposed Component +
STCK + SVM outperforms Bag-of-Component + SVM (17.3%)
by 8% and Component + context-free kernel + SVM (25%) by
14.7% respectively.

The above experiments show that the performances of
STCK are consistently better than those of the context-free
kernel and the bag-of-components model on the two datasets.

V. CONCLUSION

We have presented a Spatio-Temporal Context Kernel
(STCK) for activity recognition, which not only takes into
account the local properties of features but also considers their
spatial and temporal context information. We demonstrated
that, when using proper context, STCK improves the matching
between features in different video. Experiments on challeng-
ing activity datasets have confirmed that our proposed STCK
outperforms the popular bag-of-features representation and the
context-free kernel.
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