Discriminative human action recognition using pairwise CSP classifiers
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Abstract

We present a discriminative approach to human action
recognition. At the heart of our approach is the use of com-
mon spatial patterns (CSP), a spatial filter technique that
transforms temporal feature data by using differences in
variance between two classes. Such a transformation fo-
cusses on differences between classes, rather than on mod-
elling each class individually. As a results, to distinguish
between two classes, we can use simple distance metrics
in the low-dimensional transformed space. The most likely
class is found by pairwise evaluation of all discriminant
functions. Our image representations are silhouette bound-
ary gradients, spatially binned into cells. We achieve scores
of approximately 96% on a standard action dataset, and
show that reasonable results can be obtained when training
on only a single subject. Future work is aimed at combining
our approach with automatic human detection.

1. Introduction

Automatic recognition of human actions from video is an
important step towards the goal of automatic interpretation
of human behavior. This understanding has many poten-
tial applications, including improved human-computer in-
teraction, video surveillance and automatic annotation and
retrieval of stored video footage.

For fully automatic recognition of human actions, we
need to localize the humans in the image first. In this paper,
we assume that we have access to these locations. While
this might seem unrealistic, related work by Thurau [15]
and Zhu et al. [18] shows that this detection can be per-
formed reliably, and within reasonable time.

In the development of an action recognition algorithm,
one issue is the type of image representation that is used. At
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one extreme, bag-of-word approaches [2] have been used.
At the other extreme, pose information is used (e.g. [1]). We
use a grid-based silhouette descriptor, where each cell is a
histogram of oriented boundary points. This representation
resembles the concept of histograms of oriented gradients
(HOG, [6]), since it models the spatial relations, yet is able
to generalize over local variations.

For classification, we learn simple functions that can dis-
criminate between two classes. Our main contribution is the
application of common spatial patterns (CSP), a spatial fil-
ter technique that transforms temporal feature data by using
differences in variance between two classes. After applying
CSP, the first components of the transformed feature space
contain high temporal variance for one class, and low vari-
ance for the other. This effect is opposite for the last compo-
nents. For an unseen sequence, we calculate the histogram
over time, using only a fraction (the first and last compo-
nents) of the transformed space. Each action is represented
by the mean of the histograms of all corresponding train-
ing sequences, which is a very compact but somewhat naive
representation. A simple classifier distinguishes between
the two classes. All discriminant functions are evaluated
pairwise to find the most likely action class. This intro-
duces a significant amount of noise over class labels, but
works well for the given task.

We obtain competitive results on the standard action
dataset introduced in [3]. The advantage of our method is
that we require relatively few training samples. In fact, de-
spite considerable variation in action performance between
persons, we obtain reasonable results when training on data
of a single subject. Also, we avoid retraining all functions
when adding a new class, since the discriminative functions
are learned pairwise, instead of jointly over all classes.

We discuss related work on action recognition from
monocular video in the next section. Common spatial pat-
terns, and the construction of the CSP classifiers, are dis-
cussed in Section 3. We evaluate our approach on a stan-
dard dataset. We summarize our experiments, and compare
our results with previous work in Section 4. We conclude in
Section 5.



2. Related work on action recognition

There has been a considerate amount of research into
the recognition and understanding of human actions and
activities from video and motion capture data. We dis-
cuss related work on action recognition, obtained from seg-
mented monocular video sequences. A more comprehen-
sive overview appears in [8].

Action recognition can be thought of as the process of
classifying arbitrary feature streams, obtained from video
sequences. This reveals the two main components of the
problem: the feature representation and the classification.
There have been many variations of either.

The choice of feature representation is important since
it partly captures the variation in human pose, body dimen-
sion, appearance, clothing, and environmental factors such
as lighting conditions. An ideal representation would be
able to discriminate between poses, while at the same time
be able to generalize over other factors. Since it is difficult
to robustly obtain rich descriptors from video, often a com-
promise is sought in the complexity of the representation.
Many approaches use retinotopic representations, where the
person is localized in the image. The image observations,
such as silhouette or edge representations, are conveniently
encoded into a feature vector. At the other end, there is
the bag-of-words approach, where the spatial dimension is
ignored altogether. Feature representations that are some-
where in between these concepts, such as grid-based de-
scriptors (e.g. [9, 16]), are currently popular. These encode
the image observation locally as a bag-of-words, but pre-
serve the spatial arrangement of these local descriptors.

When it comes to classifiers, we can generally distin-
guish two large classes of action recognition approaches.
Spatio-temporal templates match unseen sequences to
known action templates. These templates can take many
forms. A key frame or the mean of a sequence of silhou-
ettes over time could be templates. Slightly more advanced
is the concept of Motion History Image, introduced by Bo-
bick and Davis [4]. Here, the differences between subse-
quent silhouettes is used, and stored in a two-dimensional
histogram. Recent work by Blank et al. [3] concatenates
silhouettes over time to form a space-time shape. Special
shape properties are extracted from the Poisson solution,
and used for shape representation and classification.

The time dimension plays an important role in the recog-
nition of actions, since there is often variation in the timing
and speed in which an action is performed. Spatio-temporal
templates can be considered as prototypes for a given ac-
tion. Especially when using histograms, the temporal aspect
is often poorly modelled.

State-based representations, the second class of action
classification approach, model the temporal aspect more ac-
curately. These methods are often represented as a graphical
model, where inference is used to perform the classification.

The temporal relations between different states are encoded
as transition probabilities. Hidden Markov Models (HMM)
have been used initially [5]. HMMs are also used by Wein-
land et al. [17] for action recognition from arbitrary, monoc-
ular views. A very similar approach using Action Nets has
been taken by Lv and Nevatia [10].

Generative models try to maximize the likelihood of ob-
serving any example of a given class. For different actions
that show many similarities yet have a significant intra-class
variance in performance (e.g. walking and jogging), gener-
ative models do a poor job in the classification task. An-
other drawback of generative models is the assumption that
observations are independent. Discriminative models such
as conditional random fields (CRF) condition on the obser-
vation, which makes the independence assumption unnec-
essary. Such models can model long-range dependencies
between observations, as well as overlapping features.

Recently, several discriminative alternatives have been
proposed, based on CRFs. Sminchisescu e al. [14] use
CRFs and Maximum Entropy Markov Models (MEMM) to
jointly learn models for different actions from image obser-
vations or motion capture data. Wang and Suter employ fac-
torial conditional random fields (FCRF), Quattoni et al. [13]
use hidden conditional random fields (HCRF) that model
the substructure of an action in hidden states. State-based
approaches usually have a large number of parameters that
need to be determined during training. This requires a suffi-
cient amount of training data, which is not always available.

In our approach, we learn functions that discriminate be-
tween two classes. Yet, we avoid having to estimate a large
number of parameters by representing actions as prototypes.
These prototypes lie in a space that is transformed by apply-
ing common spatial patterns on the feature data, which are
HOG:-like representations of silhouette boundaries. We re-
duce the dimensionality of the feature representation, and
select the components that maximize the variance between
the two classes. For an unseen action, we pairwise eval-
uate all discriminant functions, where each function softly
votes into the two classes. Our estimated class label corre-
sponds to the action that received most of the votes. Even
though such an approach inherently generates much noise
in the classification, we show that we can accurately recog-
nize actions, even when few training sequences are used.

3. Common spatial patterns

Common Spatial Patterns (CSP) is a spatial filter tech-
nique often used in classifying brain signals [11]. It trans-
forms temporal feature data by using differences in variance
between two classes. After applying the CSP, the first com-
ponents of the transformed data have high temporal vari-
ance for one class, and low temporal variance for the other.
For the last components, this effect is opposite. When trans-
forming the feature data of an unseen sequence, the tempo-



ral variance in the first and last components can be used to
discriminate between the two classes.

Consider the case that we have training sequences for
two actions, a and b. Each training sequence can be seen
as n X my matrix, where n is the number of features and
m,, is number of time samples. We assume that the data is
normalized in such a way that the mean of each feature is
0. Let C, be the concatenation of the examples of action
a, C, is an n x m, matrix. We do the same for action b to
construct the matrix Cj,. Now consider the matrix:

C=c,or +o,0f (1)

C is the variance of the union of the two data sets. Since
C' is symmetric, there exists a orthogonal linear transfor-
mation U such that A = UCUT, a positive diagonal ma-
trix. The next step is to apply the whitening transformation

¥ = /A, which gives us (PU)C(¥U)T = I, and thus:

Sa = (YU)C.Cq (WU)T )
Sy = (YU)GCy (vU)" 3)
Sa+ S, = I )

Since S, is symmetric, there exists a orthogonal trans-
formation D such that DS, D" is a diagonal matrix with
decreasing eigenvalues on the diagonal. Hence DS, D7 is
also a diagonal matrix but with increasing eigenvalues on
the diagonal. The CSP is the spatial transform W = DWU
which transforms a data sequence into a sequence of dimen-
sion 2k such that a vector belonging to one action has high
values in the first £ components. For a vector of the other
action, the situation is opposite. Hence, the temporal vari-
ance in these first and last components can be used to dis-
criminate between action a and b.

3.1. CSP classifiers

Based on the CSP technique, we design discriminating
functions g, ; for every action a and b with a # b. First we
calculate the CSP transformation W, ; as described above.
Then we apply W, ;, to each action sequence of class a and
b. Afterwards, the mean is taken over the entire sequence.
This results in a single n-dimensional vector which can be
considered a histogram, normalized for the length of the se-
quence. Next, we calculate the mean of these training vec-
tors for action @ and b, @ and b, respectively. In order to
compute g, ,(x) for a new action sequence x, we use the
same procedure and first apply W, ; to . We then calcu-
late the mean over time over all components, which gives a
vector 2’ of length n. Finally, g, () is defined as follows:

_ lIb—a'| = Jla — 2’|
16 =2l + [la — =]

ab(2) &)

Evaluation of a discriminant function gives an output in
the [—1,1] interval. Note that g, 5 + gpo = 0. Now the
action sequence is classified by evaluating all discriminant
functions between pairs of a and b over all actions:

ga() = gan() (6)
a#b

Since each action class appears in the exact same num-
ber of discriminative functions, the classification of x is the
action a for which g, (z) is maximal. We also evaluate the
discriminant functions in which the actual class does not
appear. This introduces a large component of noise into the
voting. However, actions that show more similarities with

the unseen sequence will receive more mass in the voting.

4. Experimental results

We evaluate our approach on a publicly available dataset,
which is briefly described in Section 4.1. Our image repre-
sentation is discussed in Section 4.2. We present the setup
of our experiments, and our obtained results in Section 4.3.
A discussion of the results, and comparison with related
work are given in Sections 4.4 and 4.5, respectively.

Figure 1. Example frames from the Weizmann dataset. Different
subjects perform actions bend, jack, jump, p-jump, run, side, skip,
walk and wavel. Wave2 is not shown due to space limitations.

4.1. Human action dataset

For the evaluation of our approach, we used the Weiz-
mann action dataset [3]. This set consists of 10 different
actions, each performed by 9 different persons (see also Fig-
ure 1). For person Lena, additional trials appear for the run,
skip and walk action. We decided to leave these out, to have
a balanced set. This also allows for direct comparison of our
results to those previously reported on the dataset. Note that



our approach also works for unbalanced sets. The skip ac-
tion was originally not present in the set, and we present
results both with and without the skip action.

Each trial takes approximately 2.5 seconds. There is con-
siderable intra-class variation due to different performances
of the same action by different persons. Most notably, the
run, skip and walk actions are performed either from left to
right, or in opposite direction. The trials are recorded from
a single camera view, against a static background, with min-
imal lighting differences. Binary silhouette masks are pro-
vided with the dataset.

4.2. HOG-like silhouette descriptors

Similar to recent work on action recognition [9, 15, 16],
we use a grid-based approach, see also Figure 2. Given
an extracted silhouette, we determine the minimum enclos-
ing bounding box, which determines the region of interest
(ROI). We add space to make sure the height is 2.5 times
the width. Next, we divide the ROI into a grid of 4 x 4
cells. Within each cell, we calculate the distribution of sil-
houette gradients, which we divide over 8 bins that each
cover a 45° range. This idea is similar to that of histogram
of oriented gradients (HOG, [6]) but our implementation is
a simplification at a number of levels. First, we do not ap-
ply a Gaussian filter to enhance the edges. Second, we do
not use overlapping cells, which significantly reduces the
size of our descriptor. Third, and most important, we only
take into account the silhouette outline, thus discarding the
internal edges. The final 128-dimensional descriptor is a
concatenation of the histograms of all cells, normalized to
unit length to accommodate variations in scale.

Due to this normalization, and the relatively high dimen-
sionality compared to the number of data points in a trial,
the covariance over a trial might be nearly singular in some
cases. We avoid this by applying PCA, and selecting the 50
first components. These explain approximately 75% of the
variance, depending on the person that is left out. See the
next section for details regarding this process.

4.3. Results

We evaluate our method using leave-one-out cross-
validation (LOOCYV), where each of the 9 folds corresponds
to all trials of the corresponding person. Specifically, this
gives us 80 training sequences per fold, 8 for each of the
10 actions. First, we calculate the PCA transformation over
all training sequences, and project the silhouette descriptors
down on the first 50 components. Next, we learn all dis-
criminant functions g, j, between all pairs of actions a and
b(1 <a,b<10,a # b). Specifically, we use the first and
last £ = 5 components in the transformation, which gives
us action prototypes vectors of dimension 10. We experi-
mented with other values for & but found no improvement

(@) (®) (©
Figure 2. Silhouette descriptor, (a) image, (b) mask and (c) the
boundary orientations, spatially binned into cells. Normal vectors
are shown for clarity.

for £ > 5. For each of the trials of the person whose se-
quences were left out, we evaluate all these discriminant
functions. Each of these evaluations softly votes over class
a and b. In our final classification, we select the class that
received the highest voting mass.

We performed the LOOCYV, and obtained a performance
of 95.56%. In total, 4 trials were misclassified. The skip
action of subject Daria was classified as jumping, the skip
action of subject Ido was classified as running. Also, the
jump action of subject Eli and the run action of subject Sha-
har were both classified as walking.

To be able to compare our results with those reported in
previous studies, we also left out the skip class. This re-
sulted in a performance of 96.30%. Again, the jump action
of subject Eli and the run action of subject Shahar were
classified as walking. In addition, the wavel action of Sub-
ject Lyova was misclassified as wave2.

4.4. Discussion

The baseline for the full dataset is 10%, and 11.11%
when the skip action is left out. Obviously, our results are
well above these baselines, and show that we can achieve
good recognition, even when single action prototypes of di-
mension 10 are used. Also, it shows that intra-class vari-
ations can be handled, without modelling the variance be-
tween different subjects. This gives the impression that we
can even train our classifiers with less training data. Note
here that training for all actions and all training subjects
takes well under 1 second. To verify this hypothesis, we
evaluated the performance of our approach using different
numbers of subjects in the training set. For each number m,
we present the results as averages over all 8!/(m!(8 — m)!)
combinations of training subjects. Table 1 summarizes
these results, both using all actions, and with the skip ac-
tion omitted.

Clearly, performance decreases with a decreasing
amount of training data. But even when only a few subjects



Table 1. Classification performance of our CSP classifier on the
Weizmann dataset, using different numbers of training subjects.
Combinations is the evaluated number of subsets of subjects.

Subjects Combinations  All actions  Skip omitted
1 8 64.72% 69.14%
2 28 77.82% 83.82%
3 56 81.83% 88.98%
4 70 84.60% 90.85%
5 56 86.63% 92.44%
6 28 89.01% 93.87%
7 8 91.39% 94.91%
8 1 95.56% 96.30 %

are used for training, the results are reasonable. Especially
for the evaluations with very few training subjects, we ex-
pect that the variation in the direction of movement of the
run, skip and walk sequence will have a significant impact
on the results. Even though we do not model the movement
in the image, changing the direction of movement results in
image observations to be mirrored. Of course, this results
in very different silhouette descriptors. Still, our approach
can cope with these variations to some extent.

Both the feature representation and the classifier have
an important impact on the performance. To measure the
added value of using CSP, we performed an additional ex-
periment where we did not transform the feature space. In-
stead, we directly took the first 10 components of the PCA.
For each training sequence, we calculated the histogram by
taking the mean of the feature vector over time, which re-
sulted in a 10-dimensional vector. We determined the pro-
totype for each action by averaging over these histograms.
Again, we used Equation 5 and 6 to determine the class
estimate. We achieved a performance of 77.78% for all ac-
tions, and 85.19% with the skip action omitted. When we
used the first 50 PCA components, the performance slightly
increased to 80.00% for all actions, while the performance
without skip remained the same. A closer look at the mis-
classifications shows confusion between run, skip and walk,
along with some incidental confusions. It thus becomes
clear that the use of CSP is advantageous over a feature rep-
resentation without CSP transform.

4.5. Comparison with related research

There have been several reports of results on the same
data set. We review these results, and point out differences
with our work. Such comparisons reveal the advantages and
disadvantages of one method over the other.

Niebles and Fei-Fei [12] achieve a 72.80% score over
9 actions. Spatial and spatio-temporal interest points are
sampled, and combined into a constellation. Action classi-
fication is performed by taking a majority vote over all in-
dividually classified frames. No background segmentation
or localization is needed. This makes their approach more

robust than ours. Recent work by Thurau [15] uses HOG-
descriptors for both detection and action classification. No
background segmentation is used, but centered and aligned
training data is needed. For classification, n-grams of action
snippets are used. With all 10 actions, and 90 bi-grams, a
performance of 86.66% was achieved.

The work of Ikizler and Duygulu [9] does not require
background segmentation, but localization is assumed. A
large number of rotated rectangular patches is extracted, and
divided over a 3 x 3 grid, forming a histogram of oriented
rectangles. A number of settings and classification methods
was evaluated on the dataset without the skip action. All
actions were classified correctly when using Dynamic Time
Warping. This requires the temporal alignment of each un-
seen sequence to all sequences in the training set, which
is computationally expensive. Using one histogram per se-
quence, 96.30% was scored. Again, this requires compar-
ison to all training sequences. For comparison, we calcu-
lated the performance of our descriptor using global his-
tograms and 1-nearest neighbor using Euclidian distance,
and with the skip action left out. This resulted in 96.30%
performance, a similar score.

Other works require background subtraction, and use
the masks that are provided with the dataset. Wang and
Suter [16] score 97.78% over all 10 actions. Raw silhouette
values are used, and long-term dependencies between ob-
servations are modelled in their FCRF. When small blocks
of pixels are regarded, thus effectively reducing the resolu-
tion, performance decreased. For 4 x 4 blocks and 8 x 8
blocks, scores were obtained of 92.22% and 77.78%, with
descriptor sizes 192 and 48, respectively. Kernel PCA was
used to reduce the dimensionality, but the dimension of the
projected space was not reported. In contrast, we start with
a 128-dimensional silhouette descriptor, and perform the
classification using only 10 components. Moreover, our
training requirements are much lower. On the other hand,
FCREFs are able to model complex temporal dynamics.

Blank er al. [3], and more recently [7], create space-
time volumes for each sequence by concatenating silhou-
ettes over time. Special shape properties are extracted from
the Poisson solution, and used for shape representation and
classification. Classification is performed using 1-nearest
neighbor. Performance was measured on smaller subse-
quences, which makes direct comparison impossible. Their
performance is 99.61% without skip, and 97.83% on the full
dataset. Note that the use of subsequences partly solves the
issue of partial silhouettes when a person enters the image,
which is that case of half of the actions. Batra er al. [2]
use a bag-of-words approach, with small space-time silhou-
ette patches as feature points. Classification on the dataset
without skip results in 82.72% performance using 1-nearest
neighbor, and 91.36% using a logistic regressor.



5. Conclusion & future work

In this paper, we performed action recognition on a stan-
dard dataset. Oriented silhouette boundaries are encoded
as a histogram of orientated gradients within in cells of a
grid. The main contribution of our work is the application of
common spatial patterns (CSP). This is a spatial filter tech-
nique that transforms temporal feature data by using differ-
ences in variance between two classes. Such a transforma-
tion focusses on differences between classes, rather than on
modelling each class individually. For unseen sequences,
we calculate the histogram over time, using only the first
and last 5 components of the transformed space. Each ac-
tion is represented by the mean histograms of all corre-
sponding training sequences. Simple discriminant functions
are evaluated pairwise to find the most likely action class.

Using the complete Weizmann action dataset, we ob-
tained a recognition performance of 95.55%. With the skip
action left out, as in previous research, our performance is
96.30%. These results are competitive, and we showed that
we can even obtain reasonable results with only a few train-
ing subjects. Moreover, training complexity is low.

Future work will be aimed at performing automatic hu-
man detection, such as in [18]. Also, we plan to investigate
action prototypes that can model temporal characteristics.
In addition, we would like to investigate other classification
schemes, to avoid the noise that is introduced when using
pairwise evaluation. A final point to address is the temporal
segmentation of the action.
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