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Summary

Action recognition is a research hotspot in the field of Internet of Things (loT). Currently,
local pixel-domain spatiotemporal feature extraction methods have reached the state-of-the-art
action recognition performance on many challenging datasets. However, the poor computational
complexity of these approaches prevents them from scaling up to real-time applications. For
solving this problem, we present a novel real-time video feature extraction technique by
exploiting the fast PCA-Flow algorithm. Firstly, we down-sample video images in form of grid.
Based on the down-sampling images, PCA-Flow algorithm is used to calculate optical flow
among adjacent images. The PCA-Flow matrices are then expanded to the original video image
size by using efficient gCLSR super-resolution method to keep the inherent geometric structure
of the optical flow. Finally, we compute action descriptors based on original pixel frames and the
enlarged PCA-Flow images. The proposed approach is validated on three challenging datasets:
UCF50, Hollywood2, and HMDB51. Experimental results indicate that the proposed method
is more efficient in computation and can achieve competitive quality than the state-of-the-art

methods.
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1 | INTRODUCTION

The Internet of Things (loT) is becoming more deeply embedded in our lives at home and at work. It uses sensing technology and intelligent
system to perceive physical world, realize interaction, and seamless link among people and objects. Driven by big data and artificial intelligence,
loT continues its good development momentum and provides new impetus for sustained and steady economic growth. Action recognition, as an
important research area of loT, has a wide application prospect in daily scenes such as automatic driving, video surveillance, etc. Much works
have been recently devoted to action recognition, and among them, local spatiotemporal features are shown to be successful on a variety of
challenging action recognition datasets.!?

Two major groups of local spatiotemporal feature extraction methods, distinguished by the domain in which they operate, are pixel-domain*¢
and compressed-domain approaches.”? Pixel-domain algorithms generally offer good action recognition accuracy, but they also have the
problem of high computational cost, which prevents their usage in real-time scenes. Contrastingly, the approaches of feature extraction in
compressed-domain are able to significantly reduce computing time consumption by utilizing encoded motion vectors (MVs) information. Their
downside is that they are greatly affected by the Bi-directional predictive frame (B-frame) because the backward predicted information in B-frame
is incapable of reflecting the speed and direction of real object movement.

In this paper, we present a novel real-time pixel-based video feature extraction approach for real-time human action recognition. Its
main motivation is to achieve the real-time purpose through acceleration of time-consuming optical flow calculation. In the first step, we
down-sampling the video frames in the form of grid to reduce the computing time consumption of subsequent optical flow calculation. Based
on the down-sampling images, we calculate the optical flow between adjacent frames through the PCA-Flow algorithm,© which is currently the
fastest optical flow algorithm. The PCA-Flow matrices are expended to the original video image size by using efficient gCLSR! super-resolution
approach because gCLSR can preserve the intrinsic geometric structure of the optical flow. At last, we calculate HOG, HOF, and MBH features

based on original pixel frames and its enlarged PCA-Flow images. Experimental results on UCF50,'2 HMDB51,1% and Hollywood24 benchmarks
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show that our method can reach competitive action accuracy as state-of-the-art methods and our approach is more efficient in computation than
some state-of-the-art methods.
The rest of the paper is organized as follows. The reviewing related work are detailed in Section 2, and the proposed method is presented in

Section 3. We show the experimental results in Section 4 and presented our conclusions in Section 5.

2 | RELATED WORK

In this section, we summarize the works on video local spatiotemporal action feature extraction. These methods can be classified into two
categories: pixel-domain approaches and compressed-domain approaches.

2.1 | Pixel-domain feature extraction

The pixel-domain feature extraction method refers the video action features are extract from successive pixel images. Laptev!® introduced
the Harris detector into video area and proposed the spatiotemporal interest points (STIP) algorithm. More detailedly, the approach adds time
constraints to Harris corners and detects the extreme points that change very strongly in time and space as local feature points. Scovanner et al'®
have proposed the 3-D version of the SIFT descriptor (3D SIFT). The algorithm maps the gradient and direction of each pixel in the neighborhood
of the SIFT feature point to a MxMxM voxel unit with Gaussian weight and counts the spatiotemporal gradient values of each solid unit to form
a one-dimensional vector. The corresponding vectors are normalized and stitched together to form a 3D SIFT feature descriptor. Willems et al'”
extend the image SURF descriptor to the video domain by computing weighted sums of uniformly sampled responses of spatiotemporal Haar
wavelets. Klaser et al’® noted that the 3D SIFT¢ raises the HOG3D feature descriptor because the singularity of the extreme points causes the
histogram to become significantly smaller. HOG3D uses a 12-faceted representation of the directional angle feature calculation, and the direction
within the neighborhood maps to the nearest side. Yeffet and Wolf'? extended the LBP algorithm into the field of 3D action recognition through
combining the appearance scale invariance and adaptability of image block matching algorithm and constructed the Local Trinary Patterns (LTP)
action feature descriptor. The algorithm has good real-time performance and is suitable for online action recognition scenes. Wang et al* propose
Dense Trajectories for action recognition. Among the local spatiotemporal features, DT* have been shown to perform the best on a variety of
challenging datasets.

While their high action recognition accuracy, these pixel-domain methods are time-consuming algorithms. For example, DT features run up
to the highest action recognition accuracy at the speed of 1.1 fps on 640x480 pixels video images. The analysis in DT* shows that most of the
time consumption (61%) is spent on the optical flow calculation. To counteract this problem, we alleviate the expense of optical flow calculation
by exploiting the fastest PCA-Flow algorithm. Experimental outcomes indicate that our approach advances the speed of video feature extraction
by around 40 times with a loss of around 4% in recognition accuracy compared with DT.

Yu et al®® proposed a fast video (V-FAST) space-time salient point detection method, which uses the corner detection algorithm to perform
fast corner detection?! on the XY, XT, and YT planes, respectively, and obtains relatively dense spatiotemporal feature points. Shi et al?? also
increased the action feature extraction speed through random feature sampling and analyzed the effect of random sampling over dense grid for
computational efficiency. We quantitatively compared our approach with the works of Yu et al?® and Shi et al?? and verified the improvements

of the proposed method in both the speed and accuracy.

2.2 | Compressed-domain descriptor generation

To handle the high computing time consumption of local pixel-domain spatiotemporal descriptors, many researchers consider using compressed
domain information of video in the action recognition process. Tom et al?® has taken advantage of quantization parameters and motion vectors
and extracted action feature from the compressed video sequence. They split action classes through Support Vector Machines (SVM). This
approach is robust to illumination changes, scale, and appearance variations. Mu et al® proposed a fast suspicious action recognition method
based on MV, which the characteristics of suspicious activities and the ways of obtaining motion vectors directly from video stream. Mu et al
normalized the motion vectors by taking reference frames into account and extracted the action feature that display the interframe and intraframe
information of the region of interest. Babu et al® proposed a H.264/AVC compressed domain action recognition system with projection-based
metacognitive learning classifier (PBL-McRBFN). In the method of PBL-McRBFN, the features are extracted from the quantization parameters
and the motion vectors of the compressed video stream for a time window.

Kantorov and Laptev’ improved the DT by making the optical flow as substitution the motion vectors. MF” works well when there are only
Intra coded frames (I-frames) and Predicted frames (P-frames) in the video compressed bitstream, as the motion vectors in P-frame are forward
predicted information and roughly reflect the changes of object movement.?* Once the video compressed bitstream abound with B-frames, the
action recognition rate of MF decreases sharply (as shown in Section 4.3). The reason lies in the backward predicted information in B-frame,
which cannot reflect the speed and direction of real object movement. The recognition accuracy rate of the our approach roughly equal MF (with

no B-frame in video streams) and will not be affected by video encoding scheme.
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FIGURE1 lllustrating the pipeline of proposed real-time video action feature extraction

3 | FEATURE EXTRACTION VIAPCA-FLOW

Figure 1 demonstrates the pipeline of our real-time feature extraction approach. After down-sampling the video images, we compute optical flow
between adjacent down-sampling frames by using PCA-Flow.° Then, the PCA-Flow matrices are reconstructed to the original video image size
by using gCLSR!! super-resolution approach. We can save much online running time in the proposed framework because the PCA-Flow basis
and the gCLSR projection matrix are offline computed upon massive video data. Based on the raw video images and enlarged PCA-Flow images,

we compute HOG, HOF, and MBH descriptors by following the work of Kantorov and Laptev.”

3.1 | Down-sampling of images

Although the algorithm of PCA-Flow is the fastest optical flow and itself has achieved the speed of 85 fps on 640x480 pixels video images,
the whole feature extraction process (about 13 fps on 640x480 pixels video images) still does not reach the real-time requirement if we simply
apply PCA-Flow to origin video images and extract video features by following the work of Kantorov and Laptev.”

We solve this problem and lower the original size of video images before PCA-Flow calculation to further reduce the computation complexity
of optical flow. We adopt bilinear interpolation for the down-sampling process so that the smoothness of the images can be maintained.

3.2 | PCA-Flow of images

Based on sampling images, we compute PCA-Flow between adjacent frames by following the steps in the work of Wulff and Black.'® The basic
assumption of PCA-Flow is that optical flow territories can be fitted as a weighted sum over a small number of basic flow territories b,,n = 1..N,

with homologous weights w,,
N
ux anbn, (1)
n=1

where u and b, are vectorized optical flow territories that contain horizontal and vertical motions and are stacked as column vectors u = (u,",u,").
We computed GPUFlow offline?*> on four Hollywood movies to learn the basis flow fields, and construct 8-hour flow data. Then, the basis
that spans optical flow are computed through a robust PCA method,?¢ and the first 250 eigenvectors are taken as the basic descriptors in both
horizontal and vertical directions b,.
Given two adjacent sampling frames and the learned flow basic b,, we calculate the coefficients which define the optical flow.1° Firstly, K
sparse feature matches ({(py.q)}.k = 1,2, ...,K) across neighboring frames are computed by using the fast image matching method.?” Each of
these corresponding feature point induces a displacement vector vy = g, — p, = (Vi Vi,)T. Based on the matched points ({(py, g} k= 1,2, ... K)

and the basis vectors b, the coefficients can be formulated as

W = argminp (|Aw — y[12) + A[Twl|, @
with
bixey - bnxey)
A=|Pueo = bueg (3)
biypy o by
bl.y(PK) vaY(PK)
2 2
2y - o° X
p(x%) = 2Iog[1+(g) )] “)

where y = (Vix, Vo, ... Vi iy, Vays -, Viy)! contains the motion of the matched points between two adjacent sampling frames. The function
p(+) is the robust Cauchy function to be used for tolerating the outliers of matched points, and the parameter ¢ control the sensitivity to outliers.
I is an inverse covariance matrix of the coefficients which computed by projecting the ground truth flow fields of KITTI?® and MPI-Sintel?° onto

the flow basis b,,.
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FIGURE2 Video descriptor. Each 2 x 2 x 3 descriptor grid is summed from quantized values’ 16x16x5 pixels

We solve Equation (2) using Iterative Reweighted Least Squares and compute the PCA-Flow vectors u between adjacent sampling images.

3.3 | gCLSR super-resolution of PCA Flow images

In order to preserve the intrinsic geometric structure of PCA-Flow images, we adopt gCLSR super-resolution method to expand the PCA-Flow
images to the original size of video images. Similar to the PCA-Flow algorithm, gCLSR!! also obtains the fastest online running speed in
super-resolution approaches by exploiting offline training of high resolution image patch manifold model.

In the first step, we adopt the offline training method in gCLSR!! to calculate the gCLSR projection matrix P* based on the learned flow basis b,,
(and its bilinear down-sampling flow), which is offline trained in Section 3.2. The projection matrix P* reflects the geometric structure relationship
between the original optical flow image and its down-sampling image.

In the process of online feature extraction, on the strength of PCA-Flow vectors u and the gCLSR projection matrix P*, we use the online
testing approach in gCLSR!! to amplify the PCA-Flow to the original size of video.

3.4 | Video descriptor

By following the design scheme of local spatiotemporal descriptors,” we construct the action descriptor by histograms of the super-resolution
PCA-Flow data u in the video block. Each block is split into grids as illustrated in Figure 2. We normalize the histograms of the block grids and
concatenate them into an action feature vector.

The histograms of PCA-Flow are dispersed into eight orientation bins and a no-motion bin to construct HOF descriptors.®® Then, we disperse
the spatial gradients of the v, and v, vectors of the PCA-Flow into nine orientation bins and form the bins as the MBHx and MBHy descriptors.
We concatenate the all bins of each grid of the 2 x 2 x 3 descriptor grid, normalize the bins in every temporal slice with L,-normalization, and take
the normalized bins final action MBHx and MBHYy feature. We compute the HOG descriptors the same sparse set of points. The final dimension
of action descriptor vectors is 396.%°

We compute a 32 x 32 x 15 pixel action feature through the above scheme at each position of the video image by a spatial stride of 16 pixels
and temporal step of 5 frames. Following by the method in the work of Kantorov and Laptev,” we also construct a 48 x 48 x 15 picture element
action feature extracted with the step of 24 pixels for multiple spatial scales sampling.

4 | EXPERIMENTS

The introduction of experimental datasets are enumerated in Section 4.1, and the experimental settings are presented in Section 4.2. Then, we
evaluate the negative effect of B-frame upon MF in Section 4.3. In Section 4.4, we compare the proposed method to the traditional approaches

and evaluate the impact of down-sampling interval upon proposed method.

4.1 | Experimental datasets

In this section, we briefly enumerate three datasets (Hollywood2,'* HMDB51,% and UCF5012), which are the most challenging action datasets.

The Hollywood2 dataset! (as shown in Figure 3A) has 12 action classes and is collected from different Hollywood movies. There are
1707 videos in Hollywood2 and are divided into a training set with 823 clips and a test set including 884 clips. Both the training clips and test
clips in Hollywood2 are taken from different movies. The performance is measured by average precision (mAP) over all categories.®°

The HMDB51 dataset?® (as shown in Figure 3B) has 51 action classes and 6766 video clips in total. The clips in HMDBS51 are cut from a variety
of YouTube videos. We use the original setup of three train-test splits for action recognition by following the work.1® There are 70 videos for
training and 30 videos for testing in every class and split. The average recognition performance is reported over all the three splits.3°

The UCF50 dataset!? (as shown in Figure 3C) is collected from real-world videos of YouTube and has 50 action categories. The action clips
range from common sports to daily living activities.3! The action videos are divided into 25 groups in every class. There are not less than 4 action
clips in every group. There are 6618 action video snippets in whole UCF50 dataset. Following by the recommendation in the work of Reddy and

Shah,? we use the leave-one-group-out cross-validation and calculate the average accuracy over all categories.

4.2 | Experimental settings

We randomly extract a subset of 256 000 action feature descriptors from the training set and reduce feature dimensionality through the factor

of two using Principal Component Analysis (PCA) as in the work of Perronnin et al.32 We use whitening technique by following the process of
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FIGURE3 Datasets Examples. A, Hollywood2'4; B, HMDB5113; C, UCF50'2
X264-B0  x264-B1 x264-B2 x264-B3 TABLE1 lllustration of negative impact of B-frame on MF. The x264-B0

indicates none B-frame in x264 stream; x264-B1(2,3) represents that there are

Hollywood2  56.2% 52.9% 47.9% 41.3% not more than 1 (or 2,3) successive B-frame(s) in x264 stream

HMDB51 46.7% 41.5% 36.8% 30.7%
UCF50 82.6% 77.3% 71.7% 65.8%

PCA to ensure the descriptors have equal variance among different dimensions, and L2 normalization is applied to reduce the correlations among
vector elements. The GMM model with a 256 dimensional Gaussians is trained. We then calculate the action descriptor of each video through
a 2DK dimensional Fisher vector, where D is the descriptor dimension after performing PCA. Finally, the L2 normalization is taken on the Fisher
vector once again. We montage the normalized Fisher vectors to construct different feature types and use a linear SVM (C = 100) for the action

recognition training and testing.

4.3 | Impact of B-frame on MF

The fastest video feature extraction method MF” is easily affected by B-frame in video code stream. To investigate this aspect, we transcode the
original videos to videos with specified coding scheme by using common video codec x264. We set the interval of I-frame at 15 in video stream
and fix bit-rate at 500. The parameter of adaptive B-frame placement decision is forbidden. We then set the maximum number of concurrent
B-frames at O, 1, 2, and 3 separately and get video code streams with different number of B-frame. MF descriptors are extracted from the
specified format videos and action recognition performs based on the settings in Section 4.2.

Table 1 indicates the performance of action recognition under different number of B-frame in video streams. The action recognition accuracies
of MF achieve maximum when there is no B-frame in video streams on three datasets. Moreover, with the increase of the amount of B-frames

(the number of P-frame reduced correspondingly) in video streams, the recognition accuracies of MF are declined by 3% to 7%.

4.4 | Evaluation of proposed method

We first evaluate our approach comparing with recent methods.*”2%22 Then, we evaluate the impact of down-sampling interval on the proposed
method.

4.4.1 | Comparison of proposed method with recent methods

We evaluate the proposed method and compare the speed and accuracy of action recognition with the state-of-the-art methods.#72922 The

down-sampling interval is reported at 4 pixels. The speed of feature extraction with different methods is reported in fps and run at a single module
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TABLE2 Comparison of proposed method

A . . " Ours DT# MF’ V-FAST2 MBH22
with recent methods in action recognition
accuracy and speed. The speed of mAP fps mAP fps mAP fps mAP fps mAP fps
descriptor calculation is presented with Hollywood2 55.6% 40.9 59.4% 1.1 56.2% 1582 523% 325 513% 94
spatial resolution 640 x 480 (Hollywood2), HMDB51 450% 87.8 493% 29 467% 4194 429% 813 40.8% 335
ngéé;‘&i’:Iﬁ"DB5 1), and 320 x 240 UCF50 81.1% 1041 859% 3.9 826% 5937 785% 97.6 77.6% 37.7

of AMD Opteron(tm) Processor (2.2 GHz). Table 2 gives the results of recognition performance and feature extraction speed on Hollywood2,
HMDBS51, and UCF50 datasets.

Proposed method vs DT*. For the performance, DT* (59.4%, 49.3%, 85.9%) is about four percent higher compared to our descriptors (55.6%,
45.0%, 81.1%). However, if the speed of action descriptor extraction is acted on both approaches measured in Hollywood2 videos with the
picture element of 640 x 480, the proposed method gets 40.9 fps, which is around 40 times faster compared to DT* on Hollywood2 dataset. We
have got more faster speed on the datasets of HMDB51 and UCF50, as the videos in these two datasets have smaller spatial resolution.

Proposed method vs MF’. The running speed of proposed method (40.9, 87.8, 104.1 fps) is obviously slower than MF7 (158.2, 419.4,
593.7 fps), and the recognition accuracy of our method (55.6%, 45.0%, 81.1%) is also slightly less than MF7 (56.2%, 46.7%, 82.6%). However, our
method meets the real-time requirements as well and will not be affected by video encoding scheme.

Proposed method vs V-FASTZ. The performance of our method (55.6%, 45.0%, 81.1%) is approximately three percent higher than V-FAST2°
(52.3%, 42.9%, 78.5%), and the running speed of ours (40.9, 87.8, 104.1 fps) is slightly faster than V-FASTZ® (32.5, 81.3, 97.6 fps).

Proposed method vs MBH?2. As MBH?2 only achieves the real-time speed on small size videos such as HMDB51 and UCF50, the running
speed of our method (40.9, 87.8, 104.1 fps) obviously faster than MBH?2 (9.4, 33.5, 37.7 fps). Moreover, our method (55.6%, 45.0%, 81.1%) is
approximately four percent higher than MBH?2 (51.3%, 40.8%, 77.6%) in recognition accuracy.

4.4.2 | Impact of down-sampling interval on proposed method

For estimating the effect of down-sampling interval size on proposed method, we test the recognition accuracy and the speed of proposed
method under different down-sampling grid sizes of 2, 4, 8, and 16 pixels. Figure 4 illustrates the PCA-Flow images of consecutive frames under
different sampling interval, and Table 3 presents the speed and accuracy of recognition of proposed method. From Figure 4, we can see that the
PCA-Flow motion images severely distort when down-sampling interval exceed 8 pixels and the accuracy of recognition also decreased at a great
lick. Thus, the appropriate down-sampling interval size of the proposed method is 2 ~ 4 pixels.

'

i
&

¥ {

FIGURE4 Consecutive frames in
action recognition datasets (left)
and their PCA-Flow images

under different down-sampling
interval size Raw Image Interval=2px Interval=4px Interval=8px Interval=16px

TABLE.3 Impact of dqwn—sampling ipterval on propos_ed method. The speed of Hollywood2 HMDB51 UCF50

descriptor calculation is computed with spatial resolution 640 x 480

(Hollywood2), 360 x 240 (HMDB51), and 320 x 240 (UCF50) pixels Step. mAP  fps mAP  fps  mAP  fps
2px 56.4% 243 459% 641 823% 86.2

4px  55.6% 409 450% 878 81.1% 104.1
8px 52.1% 56.1 412% 1029 77.9% 1229
16px 47.7% 705 36.8% 1214 71.5% 1410
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5 | CONCLUSIONS

In this paper, we proposed a real-time action video descriptor extraction approach for real-time action recognition which is totally different from
traditional approaches. Its main idea is that we take full advantage of the current fastest PCA-Flow algorithm and down-sampling the origin
video frames to accelerate the process of optical flow calculation. We down-sampling video frames in form of grid firstly, and based on the
sampling images, we calculate PCA-Flow between adjacent frames. Then, the PCA-Flow images are expanded to the original video image size
by using efficient gCLSR super-resolution approach. Finally, we compute video descriptors on account of the original video images and enlarged
PCA-Flow images. Experimental results show that our approach achieves competitive quality as traditional methods and completely meets the
real-time applications.
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