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Abstract: Existing person search methods mainly focus on searching for the target person using
database images. However, this is different from real-world surveillance videos which involve a
temporal relationship between video frames. To solve this problem, we propose an efficient person
search method that employs spatio-temporal features in surveillance videos. This method not only
considers the spatial features of persons in each frame, but also utilizes the temporal relationship
of the same person between adjacent frames. For this purpose, the spatial features are extracted by
combining Yolo network with Resnet-50 model, and the temporal relationship is processed by gated
recurrent unit. The spatio-temporal features are generated by the following average pooling layer
and used to represent persons in the videos. To ensure search efficiency, locality sensitive hashing
is used to organize massive spatio-temporal features and calculate the similarity. A surveillance
video database is also constructed to evaluate the proposed method, and the experimental results
demonstrate that our method improves search accuracy while ensuring search efficiency.

Keywords: person search; spatio-temporal features; Yolo network; gated recurrent unit; locality
sensitive hashing

1. Introduction

With the rapid development of smart city construction, more and more surveillance
cameras are being widely distributed throughout cities. As a carrier for obtaining and
storing information, surveillance video plays an important role in the disappearance of the
elderly and children and the pursuit of criminal suspects. However, storing surveillance
videos is not the same as finding the relevant information. Due to the large number of
surveillance cameras and the long recording time, the number of videos is increasing
exponentially. It often takes a lot of time and resources to find a specific person in massive
surveillance videos. In addition, due to the different locations of surveillance cameras, the
surveillance scenarios are also different, which brings greater challenges to person search.
Therefore, it is of great significance to effectively and efficiently search for relevant persons
in large-scale surveillance videos.

In recent years, many person re-identification methods [1-5] have been proposed to solve
this problem. Given a query person, these methods find the same person across cameras,
thereby avoiding the visual limitations of fixed cameras. These methods manually crop person
images by bounding boxes [1,6,7] and separate them from the real scene. They then match the
target person with a gallery of cropped pedestrian images, ignoring the influence of complex
backgrounds. However, in real-world surveillance, these manually cropped bounding boxes
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are not available, and the target person is searched for in unknown surveillance videos, which
limits the practical application of person re-identification methods.

To bridge the gap between person re-identification and practical application, some
person search methods have been studied. Unlike person re-identification, person search
methods need to detect persons in unknown images or videos and identify them in large-
scale datasets. Recently, the end-to-end person search framework [8] has been widely used
in person search methods. In this framework, person detection and person re-identification
are jointly handled in a single convolutional neural network. An Online Instance Matching
(OIM) loss function is also introduced to ensure training efficiency. After that, OIM is
improved by some person search methods [9-11] to increase the similarity of the same
person. Although these methods have achieved good performance to some extent, they
are not suitable for surveillance videos. This is because these methods are trained on
CHUK-SYSU [8] and PRW datasets [12], and only explore single images in the two datasets.
They do not consider the temporal relationship of adjacent frames in the video, which
reduces the search accuracy of surveillance videos.

In this work, we propose an efficient person search method that employs spatio-
temporal features. Since surveillance videos contain a series of frames that are temporally
correlated, our method not only employs the spatial features of persons in each frame,
but also utilizes the temporal relationship of the same person between adjacent frames.
For this purpose, the bounding boxes of persons are detected by Yolo network, and then
the corresponding spatial features are obtained using ResNet-50 model. After that, Gated
Recurrent Unit (GRU) is used to calculate the temporal correlation of spatial features
between adjacent frames, and an average pooling layer is added to generate a spatio-
temporal feature for each person. Finally, to ensure search efficiency, Locality Sensitive
Hashing (LSH) is explored to organize a large number of spatio-temporal features. To verify
our method, we also construct a real-world surveillance video database, which contains
video clips of different backgrounds, viewpoints, and person identities.

The rest of this paper is organized as follows. Section 2 reviews the related work in the
area of person re-identification and person search. Section 3 details our proposed methods
using spatio-temporal features. Section 4 presents the experimental results to evaluate our
method. Section 5 summarizes this paper.

2. Related Work
2.1. Person Re-Identification Method

Person re-identification methods originated from multi-camera tracking, and they are
now considered a sub-direction of image retrieval. In 2014, deep learning methods were
first introduced into person re-identification [13,14]. Later, spatio-temporal representation
was used in some person re-identification methods, such as the deep spatio-temporal
appearance descriptor [15], the hierarchical spatial-temporal model [16], the Batch Drop-
Block network [17], the temporal attention network [18], the non-local video attention
network [19] and spatio-temporal representation factorization [20].

Although the above person re-identification methods improve accuracy by incorporat-
ing spatial-temporal representation, they are trained on cropped image datasets, such as
Market-1501 [1], CUHKO3 [6], and MARS [7]. These datasets are manually annotated or
detected by the Deformable Part Model (DBP) [21] to generate bounding boxes, without
any real-world surveillance scenarios. Because most of the person re-identification methods
do not involve pedestrian detection, they are not suitable for real-world surveillance videos,
and they cannot be used in practical applications.

2.2. Person Search Method

Person search is developed based on person re-identification and fills the gap between
person re-identification and practical applications. According to different person detection
methods used in the search process, the existing person search methods can be divided into
two-stage search methods [12,22-24] and end-to-end search methods [8-11,25-31].
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Two-stage person search methods divide person detection and person re-identification
into two separate stages. Zheng [12] explores region convolutional neural network as
person detector and introduces the confidence weighted similarity metric into detection
scores. Chen proposes a mask-guided two-stream CNN model [22] to obtain enriched
representations. Similarly, Lan proposes a cross-level semantic alignment deep learning
method [23] to learn more discriminative identity feature representation in the detection
stage. Wang proposes a task-consistent two-stage framework [24], which consists of an
identity-guided query detector and a detection results adapted re-ID model.

End-to-end person search methods integrate person detection and re-identification in
the same framework. He proposes a detection and re-identification integration net [25] and
utilizes Siamese architecture in the re-identification stage. Dong also uses a Siamese network
with an additional instance-aware branch in the bi-directional interaction network [26].
Zhong proposes an align-and-park network [27] to enhance the robustness of person
search. Yan presents a feature-aligned person search framework [28], which is the first
anchor-free network to tackle misalignment issues. Han proposes a decoupled and memory-
reinforced network [29] to reconcile the conflicts of multiple objectives between detection
and identification sub-tasks. Zhang proposes diverse knowledge distillation and spatial-
invariant augmentation [30] to assist end-to-end framework. Li proposes a sequential
end-to-end network [31] to extract superior features. Yu introduces a cascade occluded
attention transformer [32] into the end-to-end framework, which provides a discriminative
coarse-to-fine representation for person detection and re-identification.

In addition, some person search methods are proposed for video datasets. Huang
explores visual and temporal links of person identities by progressive propagation [33], but
this method is only trained on a movie dataset. Alcazar presents a dataset for audiovisual
person search [34], but this dataset consists of face tracks and voice segments which are
not related to surveillance videos. Kumar provides a P-DESTRE dataset [35] collected by
aerial devices for person detection, tracking, and re-identification. Rehman employs frame
differencing and MACH filters [36] to detect persons in secure areas, and Malviya presents
a multi-behavioral social particle filter [37] to track moving persons from a moving robot.
Ma proposes an unsupervised video hashing method [38], but this method takes each video
frame as a whole. Since this method does not detect persons in the videos, the spatial
features of persons are affected by complex backgrounds.

Person search methods achieve good performance to some extent, but these meth-
ods still have some limitations. First, due to public privacy, there are few surveillance
videos publicly available for person search, which limits the development of person search
methods. Second, to the best of our knowledge, most of the person search methods are
trained on CHUK-SYSU and PRW datasets. Because these two datasets do not possess
the temporal property of videos, the person search methods trained on these datasets
cannot be directly utilized in real-world surveillance. Third, compared with image-based
person search methods, there are relatively few video-based person search methods. For
surveillance videos, the performance of person search methods needs to be improved by
incorporating the temporal relationship of persons between adjacent frames.

3. The Proposed Method
3.1. Framework

Figure 1 shows the framework of the proposed person search method for surveillance
videos. This framework consists of three components: spatial feature extraction, spatio-
temporal feature generation, and feature indexing. First, a surveillance video consists of
continuous frames, which contain information about many pedestrians. Each frame is
fed into Yolo network to detect the bounding boxes of persons, and the corresponding
spatial features are extracted by Resnet-50 model for each person. After that, the process of
person search is not affected by surveillance background. Next, to explore the temporal
relationship of persons between adjacent frames, the spatial features of each person are
successively imported into Gated Recurrent Unit (GRU). The hidden state generated by
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GRU is used to calculate the temporal correlation of a person between adjacent frames.
Since each spatial feature corresponds to a hidden state, it is not feasible to find the target
person by directly computing the similarity between a large number of hidden state vectors.
To solve this problem, an average pooling layer is added to the output of the GRU. A
single spatio-temporal feature is generated by averaging the hidden state sequence for each
person, and the computational cost is reduced in the search process. After generating spatio-
temporal features, the spatial features within each frame and the temporal relationship
between adjacent frames are fully exploited. Finally, due to a large number of video clips in
the database, all the spatio-temporal features are organized by Locality Sensitive Hashing
(LSH), thereby ensuring the efficiency of person search. The similarity between a target
person and persons in the database is computed through LSH, and the persons with the
greatest similarity are returned as the search results.
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Figure 1. The framework of the proposed person search method.

3.2. Spatial Feature Extraction

Surveillance video contains a series of frames. To detect persons in each frame and
avoid the influence of surveillance background, Yolo network [39] is employed to de-
termine the bounding boxes of persons. Compared with Fast RCNN [40], the Yolo net-
work can provide a faster detection speed, which is more suitable for surveillance videos.
Let V = {v1,vp,--- ,on} be a collection of N frames in the video, and the i-th frame is
represented as v;. After the frame v; is processed by the Yolo network, the bounding box is
detected and represented as r;j = {xi,]-, Yijolijs wi,]-}, where 7; ; is a bounding box of the j-th
person in the frame, v;, x; ;, and y; ; are the central locations of the bounding box r; ;, and [; ;
and w; ; are the height and width of the bounding box r; ;.

Based on the bounding boxes of persons in each frame, Resnet-50 model [41] is
used to extract the corresponding spatial features of persons. Each bounding box is
passed through the Resnet-50 model by using conv4_4 to conv5_3, and then sent into a
global average pooling layer to generate a 2048-dimensional feature vector. After that,
this high-dimensional feature vector is projected into an L2-normalized 256-dimensional
subspace. Finally, each bounding box in one frame of the video can be represented by a
256-dimensional spatial feature.
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For the bounding box tijs the Resnet-50 model can be regarded as a non-linear function
frEs(+). After the bounding box r; ; is processed by the Resnet-50 model, the spatial feature
sij can be represented as:

sij = fres(vi) o))

where s; ; is a 256-dimensional spatial feature of the j-th person in the frame v;. All the
spatial features of persons can be represented as S = {si,j}(l <i< nj,1 < j < M), in
which 7; is the number of frames containing the j-th person, and M is the total number of
persons in the video.

3.3. Spatio-Temporal Feature Generation

Surveillance video is not only spatially invariant but also temporally continuous. To
organize the temporal relationship of persons between adjacent frames, Gated Recurrent
Unit (GRU) [42] is employed to process the spatial features of persons extracted from
each frame. GRU is a type of Recurrent Neural Network (RNN) and solves the vanishing
gradient problem in a standard RNN. Derived from Long-Short Term Memory (LSTM) [43],
GRU combines a forget gate and an input gate into one single update gate and utilizes the
hidden state to transfer information. Compared with LSTM, the parameters of GRU are
fewer and the structure of GRU is relatively simple. Thus, GRU can be trained more easily
than LSTM. Because GRU can process data sequences efficiently, it is used to model the
temporal correlation of the same person between adjacent frames.

In Figure 2, the spatial feature s; ; is taken as an input vector and fed into GRU. Firstly,
reset gate ¢; j and update gate d; ; can be computed as:

cij = o(Wesij+ Uchi_1; +be) )

dij = c(Wysi;+ Ughi_1,;+by) 3)

where ;_1 ; is the hidden state of the j-th person in the frame v; 1, o/(x) = (1 + e”‘)f1 is

the sigmoid non-linearity function that maps real-value inputs into the interval [0, 1], W,
Uc, and b, are the parameters of reset gates c; ;, and Wy, U; and b, are the parameters of
update gates d; ;.

i-1,j '\kj "t hi,j

d. . h!

1.J .

Figure 2. The structure of GRU.
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Next, in a new gate, the candidate hidden state /! j is updated by spatial feature s; ,
reset gate ¢; j, and hidden state h;_; j, and is computed as:

h; ;= tanh(Wys;j + Uy (cij © hi_1j) +by) )

where tanh is activation function, ® represents the element-wise product, and Wj,, U, and
by, are gate parameters.

Finally, the hidden state h; ; is generated by update gate d; ;, hidden state h; 1 ;, and
candidate hidden state ] i and is computed as:

hi,]' = dl',]‘ © hifl,j +(1- di,]') © hz,',j )

from Equation (5), the hidden state /; ; not only considers the candidate hidden state 1} jin
the frame v;, but also involves the hidden state h; 1 ; in the frame v; 1, thereby establishing
the temporal relationship of the j-th person between frame v;_1 and v;.

After all the spatial features of persons have been processed by GRU, for the j-th person,
we can obtain a corresponding hidden state sequence h]- = {hi,]-} 1<i< n]-), which
represents temporal correlation of persons in the 7; frames. Then, all the persons in the
video can be represented by a collection of hidden state sequences H = {hj} (1<j<M).

The hidden state hi,j is a 256-dimensional vector, thus the dimension of the hidden
state sequence /; is 256 X n;, and the dimension of hidden state sequences H is 256 X 1; x M.
Due to the high dimensionality of & and H, the computational cost is increased by directly
utilizing the hidden state sequences in the search process. To reduce the dimension of the
hidden states and generate spatio-temporal features for each person, an average pooling
layer is added to the output of GRU. After averaging the hidden state sequence h;, for the
j-th person, the spatio-temporal feature can be represented as:

1
P =t (6)
njis

from Equation (6), the average pooling layer finally transforms a 256 x 7; dimensional hid-
den state sequence /; into a 256-dimensional spatio-temporal feature p;, thereby reducing
the computational cost. For all the persons in the video, the spatio-temporal features can be
represented as P = {p;}(1 < j < M).

3.4. Feature Indexing

After all the spatio-temporal features of persons are generated by GRU, each person
corresponds to a spatio-temporal feature. Due to the large number of pedestrians in
surveillance videos, it is difficult to ensure the efficiency of person search by directly
calculating the similarity between a large number of spatio-temporal features. Because
Locality Sensitive Hashing (LSH) [44] can perform a fast approximate search of the massive
high-dimensional data, it is employed to encode spatio-temporal features into short binary
codes, and then compute the similarity between different features in the Hamming space.

All the spatio-temporal features are input into LSH and projected into a low-dimensional
Hamming space. For the spatio-temporal feature p;, it is mapped to a b-bit hash code by
applying b binary-valued hash functions H, and represented as:

H:pP* ! = {0,1)" @)

In the search process, the spatio-temporal feature of the query person is generated
and projected into the Hamming space, and the similarity between the query person and
persons in the surveillance videos can be computed as:

sim(q, pj) = Pr[H(q) = H(p;)] ®)
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where g is the spatio-temporal feature of the query person.

After the query person is searched for in the video database through LSH, the persons
in the videos are sorted by the similarity of spatio-temporal features, and the top-K persons
with the greatest similarity are taken as the final search results.

3.5. Computational Complexity Analysis

For one video clip V in the dataset, as described in Sections 3.2-3.4, nj X M spatial
features are extracted for all the persons, which has a computational complexity of O(n;M).
After the spatial features are imported into GRU and the average pooling layer, M spatio-
temporal features are generated. Compared with the number of spatial features, the number
of spatio-temporal features decreases n; times, and the computational complexity reduces
to O(M). Suppose the dataset contains Ny video clips, the total number of spatio-temporal
features is Ny x M, and the computational complexity is O(NyM). Due to the large
number of spatio-temporal features in the dataset, searching for a target person by directly
computing the similarity between spatio-temporal features increases the computational
cost. Thus, all the spatio-temporal features are organized by LSH, and the query time for
top-K results reduces to O((NyM )1/ K) for the Hamming distance, thereby reducing the
computational cost of the search process and improving search efficiency. In Section 4.4,
the experimental results verify the search efficiency of the proposed method.

4. Experiments and Results
4.1. Datasets

For these experiments, we built a surveillance system to capture videos. This system
consisted of nine cameras, which were deployed indoors and outdoors. Different cameras
exhibited different backgrounds, illuminations, viewpoints, time periods, and person
identities, which led to differences in the appearance of the same person. In addition, some
pedestrians were occluded by complex backgrounds or crowded environments.

From the surveillance system, we collected 15k video clips with 897 person identities
and created a surveillance video database. To evaluate the performance of the person
search method, we selected 11,546 video clips as training data and the remaining 3454
video clips as testing data. The statistics are summarized in Table 1, and a few examples of
the video database are shown in Figure 3.

Table 1. The statistics of surveillance video database.

Database Video Clips Person Identities Training Data  Testing Data
Surveillance Video 15,000 897 11,546 3454

4.2. Evaluation Criteria

In the surveillance video database, two different criteria were used to evaluate the
performance of the proposed method. First of all, Average Precision (AP) was utilized
as the performance metric for a query person, and Mean Average Precision (MAP) was
employed to evaluate the overall performance and computed as:

1M
MAP = — Y AP, )
Nq i=1

where Nj is the total number of query persons.
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Figure 3. Examples of the surveillance video database.

In real-world surveillance, we pay more attention to the top-K search results. Thus,
the top-K accuracy is defined as:

Accuracy = (10)

i}
N, q
where D, is the number of query persons that obtain top-K positive search results, and N,
is the total number of query persons. In the following experimental results, the value of K
is set to 1, and top-1 accuracy is used to evaluate the performance.

To evaluate search efficiency, the average time for N; query persons is used to compare
our proposed method with the existing person search methods.

4.3. Experimental Design

In the surveillance video database, the RGB frames of video clips were employed as
the inputs for the proposed person search method. A pretrained Yolov5 network [45] was
used to detect the bounding boxes of persons in each frame, and an ImageNet-pretrained
Resnet-50 model [42] was used to extract the spatial features of persons. After that, GRU
and average pooling layer were added to the network and finetuned together with the
Resnet-50 model. Finally, to ensure search efficiency, LSH was used to organize all the
256-dimensional spatio-temporal features in the video database.

To verify the spatio-temporal features and evaluate the search performance, our pro-
posed method was compared with Region Convolutional Neural Network (RCNN) [8],
which is widely used in person search methods, and the proposed method was also
compared with the Progressive Propagation Person Search (PPPS) method [34]. The com-
parisons included: (i) the accuracy comparison between spatio-temporal features and
spatial features, (ii) the accuracy comparison between our method and RCNN using spatio-
temporal features, (iii) the accuracy comparison between GRU and LSTM with different
pooling methods, (iv) the accuracy comparison between our method and the RCNN method
with different numbers of video clips, (v) the accuracy comparison between our method
and the PPPS method with different numbers of video clips, (vi) the efficiency comparison
between our method, the RCNN method and the PPPS method with different numbers
of video clips. All the methods were performed on machines with an Intel Xeon E5-1620
3.5 GHz processor, 256 GB of RAM, and NVIDIA Geforce GTX 1080Ti GPU. All the experi-
ments are implemented based on PyTorch [46].
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4.4. Experimental Results

To evaluate search accuracy, we compared spatio-temporal features with spatial fea-
tures in the framework of the proposed method. In order to compare them with spatio-
temporal features, the bounding boxes of spatial features were also detected by the Yolov5
network, and the spatial features were extracted from key frames. As the number of bits in
the hash code increased from 8 to 128, the MAP value of our method increased from 0.258
to 0.662 in Figure 4a, and the top-1 accuracy of our method increased from 0.377 to 0.897 in
Figure 4b. This was because the large number of hash bits can increase the distinction be-
tween spatio-temporal features. Although the search accuracy of using only spatial features
increases to some extent, it is still lower than the search accuracy of our method. Compared
with the spatial features extracted from key frames, the spatio-temporal features not only
contain the spatial features within each frame, but also represent the temporal relationship
of spatial features between adjacent frames. The representative ability of spatio-temporal
features is better than that of spatial features, thereby increasing the distinction between
different persons in the surveillance videos. Thus, the search accuracy is improved by
utilizing the spatio-temporal features.

0.7

0.9
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Top-1 accuracy
b=4 o
> S

o
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[#=Spatial fearures -5
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0 3’ 1 1
32 64 128 8 16 32 64 128

Number of bits Number of bits
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Figure 4. The accuracy comparison between spatio-temporal features and spatial features: (a) MAP
comparison; (b) Top-1 accuracy comparison.

To further verify the effectiveness of the proposed method, our method was compared
with RCNN, which is also employed to generate spatio-temporal features. In the structure
of RCNN, the pedestrian proposal net is used to select the top 128 bounding boxes, and
the identification net is used to extract spatial features. For the same comparison with
our method, these spatial features were also fed into GRU to generate 256-dimensional
spatio-temporal features, and then organized by LSH. As the number of bits in the hash
code increases, the MAP value of our method is larger than that of RCNN in Figure 5a, and
the top-1 accuracy of our method is also better in Figure 5b. This is because the pedestrian
proposal net in RCNN would inevitably generate some false alarms and misalignments in
the bounding boxes, which reduce the representative ability of spatio-temporal features
and decrease the search accuracy. Compared with RCNN, the Yolo network used in our
method can avoid the false alarms in the candidate bounding boxes and provide fast
detection speed for a large number of frames. Therefore, the search accuracy of our method
is improved by combining the Yolo network with GRU.
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Figure 5. The accuracy comparison between our method and RCNN method using spatio-temporal
features: (a) MAP comparison; (b) Top-1 accuracy comparison.

To further evaluate search accuracy, accuracy comparison was performed between GRU
and LSTM with different pooling methods. In Figure 6, as the number of bits in the hash code
increases, the search accuracy of four different methods increases. However, with the same
pooling method, the search accuracy of GRU is better than that of LSTM. This is because GRU
can be trained more easily and effectively than LSTM, and the parameters of GRU are fewer.
Thus, GRU can better calculate the temporal correlation of the same person between adjacent
frames and achieves better performance than LSTM in the search process. On the other hand,
when using GRU or LSTM in the same situation, the search accuracy of the average pooling
method is also better than that of the max pooling method, as shown in Figure 6. Compared
with the max pooling method, the average pooling method can generate more representative
spatio-temporal features. Of the four different methods, GRU and the average pooling method
achieve the largest search accuracy. Therefore, in our proposed method, we employ GRU and
the average pooling method to increase search accuracy.
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Figure 6. The accuracy comparison between GRU and LSTM with different pooling methods:
(a) MAP comparison; (b) Top-1 accuracy comparison.
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We compared the search accuracy between our method and the RCNN method with
different numbers of video clips. For the same comparison, the RCNN method also uses
GRU to generate spatio-temporal features. As the number of video clips increases from 6K
to 15K, the MAP value of our method decreases from 0.795 to 0.662 in Figure 7a, and the
top-1 accuracy of our method decreases from 0.934 to 0.897 in Figure 7b. This is because
more video clips generate more spatio-temporal features which are affected by complex
backgrounds, illuminations, viewpoints, occlusions, and various appearances of persons.
Due to dimension reduction in our method and the increasing number of spatio-temporal
features, the distinction between different spatio-temporal features may be decreased to
some extent, which reduces the search accuracy. Although the search accuracy of our
method is decreased, it is still better than that of the RCNN method, which proves that
the spatio-temporal features generated by our method are more representative and ensure
search accuracy.
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Figure 7. The accuracy comparison between our method and the RCNN method with different
numbers of video clips: (a) MAP comparison; (b) Top-1 accuracy comparison.

We also compared the search accuracy of our method with the PPPS method with
different numbers of video clips. In Figure 8, as the number of video clips increases from
6K to 15K, the search accuracy of our method and the PPPS method decreases, but the
accuracy of our method is better than that of the PPPS method. Unlike our method, the
PPPS method uses a different way to organize the temporal relationship of video frames.
In the PPPS method, the IDE feature is used to represent the person in each video frame,
and then it is used to explore visual and temporal links of person identities and compute
the similarity. Compared with the IDE feature representing a person in a single frame, the
spatio-temporal features in our method represent persons between adjacent frames, which
can better represent persons in the surveillance videos and increase the discrimination
between different persons. Therefore, our method achieves greater search accuracy than
the PPPS method.

To evaluate search efficiency, the average search time was used to compare our method
with the RCNN method and the PPPS method. In Figure 9, as the number of video clips
increases from 6 K to 15 K, all the search times of the three methods increase because more
video clips increase the computational cost of the search process. However, the search time
of our method is lower than that of the RCNN method and the PPPS method. Compared
with the RCNN method using the pedestrian proposal net, our method generates fewer
spatial features by utilizing the Yolo network in the stage of person detection, thereby
reducing the computational cost of the subsequent process and obtaining a shorter search
time. Different from our method and the RCNN method, the PPPS method explores the
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visual and temporal links to search for a target person, thus it has to calculate the similarity
of these links for each frame, which greatly increases the computational cost of the search
process. In contrast, our method employs LSH to organize the spatio-temporal features
and compute the similarity, thereby reducing the computational cost. Compared with the
RCNN method and the PPPS method, our method achieves the shortest search time and
improves search efficiency.
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Figure 8. The accuracy comparison between our method and the PPPS method with different
numbers of video clips: (a) MAP comparison; (b) Top-1 accuracy comparison.
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Figure 9. The efficiency comparison between our method, the RCNN method, and the PPPS method
with different numbers of video clips.

4.5. Experimental Summary and Discussion

To fully explore the property of spatial invariance and temporal continuity of videos,
the proposed method generates spatio-temporal features to represent persons and organizes
these features to achieve person search of surveillance videos. Compared with conventional
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methods [37,38] utilizing frame differencing to detect persons in each frame, our method
can detect persons more accurately with the Yolo network and better represent persons
using spatial features. Simultaneously, unlike previous person search methods that only use
spatial features, the spatio-temporal features not only contain the spatial features of persons
in each frame, but also involve the temporal correlation of spatial features between adjacent
frames. Thus, the spatio-temporal features are more representative than spatial features
and are more suitable for surveillance videos. The spatio-temporal features increase the
discrimination between different persons, thereby improving the search accuracy. As
shown in the experimental results, the MAP value of our methods is 0.662 and the top-1
accuracy is 0.897, which are both better than the RCNN and PPPS methods.

Although the proposed method achieves better search performance compared with
some state-of-the-art methods, it still suffers from some limitations. Firstly, our method can
achieve good performance in single person surveillance scenarios, but the search accuracy
drops in crowded environments. Because the persons are occluded by each other, the Yolo
network cannot detect a complete bounding box for each person, thereby reducing the
description of spatio-temporal features. Furthermore, our method only uses one GRU to
calculate the temporal correlation of spatial features between adjacent frames, which limits the
representative ability of spatial-temporal features. Finally, due to the high dimensionality of the
hidden state sequence, our method adopts an average pooling layer to reduce dimensionality
and generate spatio-temporal features, but it may lose some information on hidden state
sequence and reduce the discrimination between different persons.

5. Conclusions

This paper proposes an efficient person search method that employs spatio-temporal
features in surveillance videos. The spatial features of persons are extracted from each
frame, avoiding the influence of complex surveillance background. GRU is then utilized
to process the temporal relationship of spatial features between adjacent frames, followed
by an average pooling layer to generate spatio-temporal features. Compared with spatial
features, the spatio-temporal features are more representative for surveillance videos.
To ensure search efficiency, LSH is used to organize massive spatio-temporal features
and calculate similarity. We also constructed a surveillance video dataset to evaluate the
proposed method, and the experimental results demonstrate that the proposed method
improves the search accuracy while ensuring search efficiency.

In future work, we aim to apply this method to more video surveillance scenarios, such
as the P-DESTRE dataset [36]. Therefore, we will explore more video frames to organize
the temporal relationship of spatial features and increase the distinction of spatio-temporal
features between different persons.
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