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Abstract

Occlusion and crossing in Multi-Person Tracking al-
ways influence the tracking results. In this paper, we show
how deep Re-Identification (RelD), which aims at matching
pedestrians across non-overlapping video cameras, can be
used to improve the occlusion problem on tracking. The
learned RelD feature is more robust than other features
used in traditional trackers because the training set is col-
lected from different cameras which includes different parts
of the same person. This also helps to solve the occlusion
problem in tracking. We train a neural network with the de-
signed scale loss which normalizes both weight vectors and
output features to remove the effect of their scale variations
on a large Person RelD dataset offline to learn the deep
RelD model and build a framework combining detector and
tracker to meet real-world application requirements. Dur-
ing the online tracking stage, the data association is solved
by calculating the cosine distance cost matrix according to
the learned RelD feature vectors. Experiments show that
using RelD features can effectively reduce the occlusion in-
dex data on MOTChallenge, and the scale loss performs
well. Overall our method achieves competitive performance
on MOTChallenge, and the framework guarantees the run-
ning speed in real-time.

1. Introduction

Object Tracking has received increasing attention in
Computer Vision due to its academic and commercial po-
tential. It is the basis of some high-level task, such as behav-
ior analysis and motion recognition and at the same time, it
is widely used in video surveillance, human-computer inter-
action, virtual reality, and medical imaging. Object Track-
ing is divided into two sub-topics: Single-Object Tracking
and Multi-Object Tracking. The Single-Object Tracking is
through the object’s apparent modeling or motion model-
ing to deal with lighting, deformation, occlusion and other

(a) Correlation filter - Dlib tracker(T]]

(b) Kalman filter traker[2]]

Figure 1. When two person crossing happens, traditional tracking
methods cannot recognize the correct target. In the figures, the
number 1, 2 and 3 stands for the identification result of a person
obtained by trackers. The detector used here is MaskRCNN[3]]

issues. In addition to the problems encountered by Single-
Object Tracking, Multi-Object Tracking requires associa-
tion matching between objects. In the Multi-Object Track-
ing task, frequent occlusion of the target influenced the per-
formance of the tracker. Occlusion and crossing have al-
ways been difficult points for Multi-Object Tracking. When
the target is deformed due to these two kinds of problems,
the traditional tracking algorithm is complicated to identify
the correct target, as shown in Figure [T}

To solve the occlusion and crossing problem in MOT,
we propose an online approach which is evaluated on the
MOTChallenge dataset [4} 3]. A framework combining de-
tector and tracker is designed to meet the practical appli-
cation. This paper is to deal with Multi-Person Tracking
problem, where the “Object” in MOT denotes “Person” in
our case.



Figure 2. Person Re-Identification (ReID) improved the occlusion and crossing problem. The blue bounding boxes are detection results,
the white bonding boxes and corresponding number on top of them are tracking results. The detector used here is still MaskRCNN

There is another subclass in computer vision: Person Re-
Identification (Reid). RelD is to determine whether a person
in a camera has ever appeared in other cameras by comput-
ing the distance between features of two images that same
class images have smaller distance while different class im-
ages have more considerable distance. The training set of
RelD contains different body parts of the same person, and
under different cameras, the same person will show differ-
ent perspectives. During Multi-Person Tracking, when the
occlusion or crossing happens, part of the persons’ bodies
is overlapping. In other words, we believe that an effective
ReID model can handle the occlusion or crossing problem
since the trained network is robust to deal with the “iden-
tity” problem of the targets, which motivates us to apply
ReID method in the assignment matching part of tracking
to solve the occlusion and crossing problems. In particu-
lar, a scale loss, which normalizes both weight vectors and
output features to remove the effect of scale variations, is
applied to learn more discriminative deep features which
are vital to improving the RelD performance. We evaluated
our research hypothesis on the MOTChallenge dataset.

We have the following contributions: 1) Designing a
real-time tracking framework which combined ReID with
a standard tracker to solve the occlusion and crossing prob-
lem, 2) A scale loss is applied to learn more discriminative
feature representations to improve the RelD performance.
The rest of the paper is organized as follows: section 2 de-
scribes the related work, section 3 introduces the proposed
SODR Tracker, section 4 evaluates the method against the
publicly available MOTChallenge dataset, section 5 is the
conclusions.

2. Related Work

Multi-Object Tracking (MOT) can be divided into on-
line tracking and offline tracking methods. The differ-
ence is whether the target of the last few frames is used
when processing the current frame. In online tracking([6} [7],
the image sequence is frame by frame. The tracking
method is therefore also called sequence tracking. Offline
Tracking[8, O] uses a set of frames to process data. The
observation targets from all frames need to be acquired in

advance and then analyzed to calculate the final output. In
this paper, we consider online tracking methods.

Some online approaches use a motion model to capture
the dynamic behavior of a target, which estimates the po-
tential location of the target in future frames, thereby reduc-
ing the search space. The linear motion model is currently
the most mainstream model which assumes the target move
with an average speed[10]. The nonlinear motion model
can solve more complicated situations. It makes the mo-
tion similarity between tracks more accurate. For example,
yang et al. uses the nonlinear motion model to deal
with the problem of free movement of the target. In addi-
tion to the motion model, there are other methods[12]] us-
ing the target as a Gaussian distribution in the image space,
and then explicitly occluding the occlusion rate of all tar-
get pairs in the form of a partial energy difference function.
Such probabilistic prediction methods usually use the target
state as an uncertain distribution. The algorithm only needs
past or present observation targets, so it is also particularly
suitable for online tracking. A variety of probabilistic pre-
diction models are used in Multi-Object Tracking, such as
Kalman filter[13} [14]], extended Kalman filter[13]], and par-
ticle filter[16]. In our method, we used a Kalman filter to
predict the motion track of targets.

Appearance model is the most important way to cal-
culate the similarity between detected results and track-
ing results in MOT. Some scholars use local features. Af-
ter obtaining these features, they can be used to generate
short trajectories[17]], estimated camera motion[18]], motion
clustering[[19] and so on. The optical flow method can also
be considered as local features. When we use the pixel
unit as the best local range, many MOT methods use the
optical flow method to generate short tracks before data
association[20, 21]]. Some scholars also use region features.
Compared to local features, the region features to search for
a wider range of bounding boxes. The most commonly used
representation methods are classic color histograms[15]] and
raw pixel templates[22]. Color histograms are often used.
However, they ignore the spatial distribution of the target
area. Local features are efficient but sensitive to occlusion
and out-of-plane. Gradient-based features such as HOG can
describe the shape of the target and are adaptable to certain
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Figure 3. The green parts are our contribution and the orange parts we use others work. This framework is to combine detection and
tracking. The blue bounding boxes are detection results, the white bonding boxes and corresponding number on top of them are tracking

results.

changes such as illumination, but it does not handle occlu-
sion and deformation well. Regional covariance matrices
are relatively robust because they use more information, but
at the same time bring higher computational complexity.
Some of the depth features make the calculation of simi-
larity more accurate, but it requires multi-view information
of the same scene or an additional algorithm[23] to obtain
the depth. These features are not suitable to the problem we
are going to solve thus we did not use them in our method.

Recently, many scholars have tried to use deep learn-
ing methods to assist in appearance modeling and have
achieved good results in the MOT competition[24}25]. Leal
et al. [26] trained a Siamese network to match each target
between two frames. Moreover, trained an online gradient
classifier. However, the features used here are pixels and
additional optical flow information which leads to the com-
plex calculation; thus it is not suitable for real-time tracking.
Nicolai et al. [27] uses the pre-trained neural network to ex-
tract the detected features and store them in the gallery. The
loop iteratively compares the Euclidean distance differences
between the apparent features. When matching the current
detection result with the predicted trajectory, they combine
the Markov distance of the Kalman filter result with the Eu-
clidean distance of the deep feature. This improved the ac-
curacy and also the occlusion and crossing problem. Com-
pared to them, we use the MaskRCNN as our detector in-
stead of ground truth for real-time tracking, we use different
deep features by different loss function, and we calculate

the cosine distance by using the deep feature trained with
RelD dataset as the data association method. Yu et al. [28]
uses a similar method as Nicolaiet al., and the difference is
that they trained the same neural network with Tripletloss
function. He et al. [29] integrated the time information on
the basis of Yu et al. [28] and achieved good results. In-
spired by the above methods, we found that deep features
are useful, and it is better to avoid using optical flow infor-
mation to achieve real-time tracking.

3. Scale Online Deep RelD Tracker

Here we propose a Scale Online Deep ReID Tracker
(SODR) framework which uses RelD metric as the appear-
ance model to solve the MOT problem. Our hypothesis is
proved in two aspects: Using RelD metric as the appear-
ance model can solve the occlusion and crossing problem in
MOT; Using the proposed scale loss can improve the RelD
quality to improve the results of MOTChallenge. Figure 3]
shows the whole architecture of the framework. The detec-
tors here we use are from any public methods, and the col-
lected Detections are persons’ bounding box location and
appearance model(ReID metric) feature vectors that corre-
spond to the blue bounding boxes shown in Figure 3] A
deep RelD model is the center of our proposed algorithm,
detailed in section 3.1. In section 3.2 we describe the Track
State Estimation. Kalman filter is used here to estimate the
track state. We also determine the target create and delete
condition. We get the minimum cost matrix of each track by



calculating the cosine distance of current detection features
and predicted track state features stored in the tracklet (a list
of predicted positions by Kalman filter of this target) in the
Assignment part which detailed in section 3.3. We describe
the Hierarchical Association in section 3.4. Gated matrix
is set to determine the effective tracklet, and the Hungarian
algorithm is used here to match the detection with the track.

3.1. Deep RelD Metric

A good appearance model can make the tracker more ro-
bust, and the tracker can recognize the correct target regard-
less of occlusion or crossover.

In Figure [ we illustrate our model. A Wide Residual
Network [30] with a Batch Norm and ReLU layer is ap-
plied to learn deep feature representations. To learn more
effective deep feature, based on softmax loss that separates
features of different classes by maximizing posterior proba-
bility of the class label, we normalizes both of the weight
vector of last Layer and features to remove the effect of
scale variants which is formula as follows,

T
Y4 Xi

N Z —log WTx7 (1)
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where N is the training image number, C' is class number,
x; is the feature representations extracted from the penulti-
mate layer of our model architecture in Figure[d and W is
the weight vector of the last layer of the network.

Since the norm of both weight vector W and feature
x; are normalized to be constant values, the learned fea-
ture are separable in the annular space which removes the
effect of scale variations resulting in a smaller cosine an-
gle of same-class features. The normalization constraint
I x; ||= 1 will make the network hard to converge ex-
plained as below. For ten class classification problem with
the weight vectors W;, j = 1,..,10, given the learned
feature x; of one input image, its corresponding prediction

W x;
. y; i . .
confidence is —*——r—. If we simply constraint W; = 1
j=1€ 477
wix;
o — e i e
and || x; ||= 1, we have W S apoeT N 0.45 and

—log 0.45 = 0.346. The Jlo;s will never converge to zero
in this case. In this paper a scale parameter « is utilized
to increase the fixed norm of feature vector to speed up the
convergence, yet || x; |= a. Then the scale loss is formu-
lated as,

e (:()5(95,Z i)
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where acos(f;;) = Wj x; and HM is the angle between
W and x;. We note that the feature separability is only de-
termined by the angle between images which removes the
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Figure 4. The WRN Network with Scale Loss architecture. The
green part is our contribution, and the orange parts are others work.

effect of the scale variations of both weight vector and out-
put feature representations.

With the trained RelD network, the extracted feature rep-
resentation of each candidate detection at each frame is uti-
lized to improve the occlusion and crossing problems.

3.2. Track State Estimation

Kalman filtering framework and track condition deter-
mination are followed by Bewley et al.’s [2] work. The
description of the motion state is performed using 8 param-
eters, including the center coordinates of the bounding box
u, v, the aspect ratio ~y, the height h, and the correspond-
ing velocity information in the image coordinate system
@, 7,7, h. A standard Kalman filter based on constant veloc-
ity motion and a linear observation model is used to predict
the motion state of the target and then store the prediction
results in a four-dimensional matrix contains the bounding
box location.

For each tracking target, the number of frames is
recorded ever since the last detection result matches the
tracking result. Once the detection result of a target is cor-
rectly associated with the tracking result, the parameter is
set to 0. If the parameter exceeds the maximum threshold
Apnaz, the tracking process for the target ends. If a target
cannot always be associated with an existing tracker (the
tracklet), it can be considered as a new target. If the poten-
tial new tracker can be correctly matched with the detection
result in the following three frames, then it is confirmed a
new moving target appears; if the requirement cannot be
met, it is considered as “fake” that we need to delete the
target.

3.3. Detection Assignment

Here we use the RelD features to build an appearance
model to calculate the cost matrix. For each track stored
in the tracklet, we calculate the minimum cosine distance
of the corresponding 1287 feature vectors of the i-th track
and the j-th bounding box detection d; at the current frame,



we keep the last 50 feature vectors for each track k. Then
the minimum cost matrix of the assignment is:

Ci,; = min{cosine(f, fi)| ) € {f712,} B

According to the tracking methods, we maintain a gate
for proper tracking. Because the motion state is estimated
by Kalman filter, we need to consider the motion gate ma-
trix. Researchers|31] have found that the Mahalanobis dis-
tance provides more possible object locations based on mo-
tion since it is scale-invariant. Here for the motion gate
matrix, we calculate the Mahalanobis distance of the pre-
dicted track and the detection, and this gate matrix should
be smaller than threshold th,, = 9.4877[2].

G = [(d; = 5)">" (= y) Stha] @)

Where Zi_l represents the covariance matrix between
j—th detection and average i-th track which means the av-
erage track location among the tracklet.

To maintain the gate matrix contain both motion and ap-
pearance information, for each row (stands for the minimum
cost of a tack and the current detections) of the minimum
cost matrix calculated by Equation 3] we calculate the Ma-
halanobis distance gate matrix and set the condition accord-
ing to Equation 4]

Next, we use the Hungarian algorithm[32]] to assign the
detections to tracks use the minimum cost matrix as input.

3.4. Hierarchical Association

Bewley et al. [27] introduced a hierarchical matching
strategy to solve the problem of matching priority. If a
track is occluded for a long period of time, the probability
of dispersion will be caused by the constant prediction of
the Kalman filter. This strategy is to make more frequently
seen objects have higher assigned priority. In this way, each
time the tracklet with the same occlusion age A is consid-
ered. We implement our methods on this matching frame.
Algorithm [T] outlines the matching algorithm:

We use the set of track indices T', corresponding to the
white bounding boxes in Figure [3|and detection indices D,
corresponding to the blue bounding boxes in Figure[3] The
track starts at A,,;, = 1 and ends at A,,,,, = 20. We com-
pute the cost matrix and gate matrix by the cosine distance
of the learned RelD features. Within the track time n €
{Amins s Amaz }» we do an integration to solve the assign-
ment problem with the help of Hungarian algorithm[32]. In
line 4 we assign the unmatched detection U with tracks in
T),. In line 5 and 6, we update the matched and unmatched
sets, and the final matched, and the unmatched matrix is re-
turned in line 8. To solve the sudden appearance change
problem, we do an Intersection over Union (IOU)[2]] check

Algorithm 1 Hierarchical Association

Input: Detection Indices D = {1, ..., M }, Track indices
T ={1,..., N}. Track start at A,,;,, and end at A, .,

1: Compute the RelD cost matrix C' using equation [3]and

the gate matrix G using equation 4]

Initialize Matches M and Unmathes U

forn e A,in, ..., Amaz do
[z; ;] < matching_results(C; ;,T,,U)
M+ MU {(i,j)|Gi7j.$Ci,j >0}
U+U {j‘ ZGi,j'xi,j > 0}

end for

return M, U

[xi ;] = IoU checking if n =1

return M', U’

R A A A o

—
=4

between the detection D; predict bounding box of track T}
when n = 1 in the unconfirmed and unmatched sets. The
threshold is 0.3 here for assignment.

4. Evaluation

First we explain the details of training process and the
MOT Metrics we use for experiments, then we list the ex-
periments we did: /) the results of two different detectors
(MaskRCNN and YOLOV3), 2) the effect of using the RelD
method, 3) the effect of different loss functions and 4) com-
pare our tracker with start of art tracker. We evaluate these
experiments on the MOT16[5] benchmark. This bench-
mark evaluates tracker on seven challenge test sequences
contains top-down surveillance setups and frontal-view sci-
ences with moving cameras. The experiments with the
state of art detectors are evaluated on MOT17Det bench-
mark. The MOT17Det uses the same video sequences as
the MOT16 but with detection labels.

4.1. Datasets and Experimental Settings

Datasets. The model is trained on DukeMTMC-
reID[33]] ReID datasets, containing approximately 2000
pedestrians and 2000000 annotated images. We trained the
model with Wide Residual Network, and designed scale
loss has been used, we randomly select 100 images as a
batch. We compute the feature vectors’ cosine distance ac-
cording to the network forward pass of each image.

Evaluation metrics. For the Multi-Person Tracking
problem, we believe that an ideal evaluation index should
meet the following three requirements: all the emerging tar-
gets should be found in time; find the target position to be as
true as possible; logical consistency, each object should be
assigned a unique track ID which stays constant throughout
the sequence. These three requirements are inspired by the
design of the MOT evaluation metric. To specify the results,



Metrics \

Description

Rellt
Prent
MT 1
ML |
FP |

FN |
IDs |
MOTA 1
MOTP 1

Ratio of correctly matched detections to ground-truth detections
Ratio of correctly matched detections to total results detections
Percentage of ground-truth trajectories which covered by the tracker output for more than 80% of their length
Percentage of ground-truth trajectories which covered by the tracker output for less than 20% of their length
Number of false positive bounding boxes
Number of false negative bounding boxes
Number of times that a tracked trajectory changes its matched ground-truth identity( or vice versa)
Combines false negatives, false positives and mismatch rate
Overlap between the estimated positions and the ground truth averaged over matches

Table 1. MOT Metrics used in our experiments. Among them, the IDs index is particularly important to evaluate our hypothesis

[ Detector [ Rellt Prent  GT FP| FN| MODA{ MODP? |
MaskRCNN | 70.7  78.6 66393 12808 19449 51.4 79.1
YOLOV3 69.4 721 66393 10052 20298 54.3 78.6

Table 2. Results on the MOT16Challenge[S]. GT stands for Ground-Truth. We found that both MaskRCNN and YOLOv3 achieve good
performance, but since our tracking method replies on the detection precision, we tend to choose the better precision detector which is

MaskRCNN.
Method | Rcllt Prent MTT ML| FP| FN| 1IDs| MOTA{ MOTP1 |
MaskRCNN + Correlation filter | 44.2 863 168 36.4 7762 61581 929 36.3 78.4
MaskRCNN + Kalman filter 443 868 187 360 7463 61533 911 36.7 78.3
MaskRCNN + SODR 498 776 236 255 15877 55393 797 374 76.7

Table 3. Results on the MOT16Challenge[S]. We compared the traditional trackers use correlation filter and Kalman filter with the same
detector MaskRCNN. Under the same condition, our method achieves good performance. In particular, the IDs index in our method is the
lowest among the three, which proves that we solve the occlusion problem effectively.

we use 1 denotes higher score is better, | denotes that the
lower score is better.

Most state-of-art algorithms choose to use the ground-
truth given by them or the private detector to test the
tracker’s performance. However, our methods build a whole
framework thus it not fair to compare with the most state-
of-art trackers. For the latter experiments, we compared the
results of current trackers using our framework combined
with the same detector and also some state-of-art tracker
benchmark used public detector such as FastRCNN[28]].

4.2. Exp 1: Detectors

We test two state of art object detectors: MaskRCNN[3]]
and YOLOV3[34]. From the papers, we know that
MaskRCNN gets an Average Precision (AP) of 37.1% and
YOLOV3 is 33.0% with the same dataset COCO[33]]. Test
on our own computer with a GPU "GTX 1060”, MaskR-
CNNis 5 fps while YOLOV3 is 15 fps. After adapting the
data format and metric algorithm, we get the experimental
results as Tabel 2] shows and the average precision curves of
both detectors in Figure[3]

MaskRCNN has more precise results than YOLOv3.
However, the experiments of YOLOv3 is much faster than

MOT17Det - Training Set
| re s s 3 T T T T

.....

0.8

Precision

YOLOV3 (AP: 0.62)
askRCNN (AP: 0.69)

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Recall

Figure 5. The average detector precision of MOTDet17. MaskR-
CNN achieves better accuracy in this dataset and is more stable
than YOLOV3.

MaskRCNN. Since our hypothesis is solving the occlusion
and crossing problem, we decide to take MaskRCNN as the
detector in all later process.

4.3. Exp 2: Effect of SODR Tracker

Here we used the MaskRCNN detector combined with
the traditional correlation filter Dlib tracker and also the
Kalman filter tracker. The data association we used Iou
checking proposed by Bewly et al. [2]. The experimental




Figure 6. This is the number 1 test video sequence on MOT. From top to bottom are 5 tracker:SODR (ours), cppSORT, DeepSort2, EAMTT,
and GMPHD_HDA. In this expeiment, we only focus on the man with white T-shirt and black bag. There are three occlusions happen when
he cross the square. SODR: 1d_39 is our target. Result shows that there are no ID switches during the occlusions. ¢ppSORT: The dark
yellow bounding box is our target. There are three ID switch during the occlusions. Everytime the occlusion happen, this tracker cannot
generate expected trackng results.DeepSort2: The orange bounding box is our target. There is one ID switch during the last occlusion.
EAMTT: The sky blue bounding box is our target. There are two ID switches during the occlusions. GMPHD _HDA: The green bounding
box is our target. The first occlusion cannot be tested because there is no detection result. There are two ID switch during the latter
occlusions. Results show our method is the most robust one for this particular occlusion scenario. After occlusion happen, the IDs of both
white T-shirt, black bag man and other people who is occluded by him are not changed.

| Loss |MT+ ML| FP| FN| IDs| MOTAT MOTPT |
Softmax 212 337 12582 51345 1712 29.8 68.4
Scale_loss | 23.6 25.5 15877 55393 1797 374 76.7

Table 4. Results on the MOT16Challenge[3]. We compared the softmax loss and scale loss. We found that our scale loss has better accuracy
than softmax loss, and notice that the false positives and false negatives are still very large, we consider this is because of the incorrect
detections. The comparison between IDs index of Softmax and Scale_loss shows that better ReID model can reduce ID switches during
occlusions.

results of this two trackers are compared with our proposed mell response from the detector will cause false negatives.
methods. Table [3]shows the results. Since we consider the 20 frames as the track end condition,
our "FP” is high. The "MOTA” is an important metric to
test the tracker, and we got a competitive score that shows
the RelD method can improve the tracking quality. Also,
the ”IDs” metric is lower than the other two methods which
proved that when occlusion happens, our tracker is more ro-
bust. Apart from that, we found Kalman filter tracker is ten
times faster than Dlib tracker, and our tracker has similar
speed as the Dlib tracker.

The results of the correlation filter and Kalman filter
is similar, that may be because they use the same IoU[2]]
checking methods. In comparison to these two trackers,
our methods have better "MT”” and "ML” metric, that is be-
cause the Hierarchical Matching framework is suitable for
not only short term but long term situations. This helps us
to maintain the identities through longer occlusions. We
also got lower False Negatives but higher False Positives.
From the visual inspection of output shows that some pell-



Figure 7. This is the number 12 test video sequence on MOT. From top to bottom are 5 tracker:SODR (ours), cppSORT, DeepSort2,
EAMTT, and GMPHD_HDA. In this expeiment, we only focus on the man with white dress. There is a man with green T-shirt has
occlusion with him. SODR: 1d_3 is our target. Result shows that there are no ID switches during the occlusions. ¢ppSORT: The light
blue bounding box is our target. There is one ID switch during the occlusions. DeepSort2: The light blue bounding box is our target. The
result is wrong for other people start from the second picture, but it still can recognize our target. Latter there is one ID switch during the
occlusions. EAMTT: The light blue bounding box is our target. There are no ID switch during the occlusions. GMPHD_HDA: The blue
bounding box is our target. There is one ID switch in the third picture of our target. Results show our method is the most robust one for
this particular occlusion scenario. After occlusion happen, the IDs of both white dress man and green T-shirt man are not changed.

| Method | MT1 ML| FP| FN| 1IDs| MOTAT |
DeepSort2(Private detector) 328 18.2 12852 56668 781 61.4
EAMTT (Public detector) 7.9 49.1 8114 102452 965 38.8
cppSORT (Public detector) 4.3 59.9 3048 120278 1587 31.5
GMPHD_HDA (Public detector) 4.6 59.7 5169 120970 539 30.5
SODR (ours- MaskRCNN detector) | 23.6 25.5 15877 55393 797 374

Table 5. Results on the MOT16Challenge[3]. We compared the our tracker with state-of-art trackers. For the IDs index, Our method ranks
the third position among them. This proves our hypothesis is valid and effective.

4.4. Exp 3: Evaluation of different losses 4.5. Exp 4: Comparison with State-of-the-art

In Table [5] we compare our method to the state-of-art
trackers in the same MOT dataset. However, we need to

We compared two different loss functions used in our
network, one is normal softmax loss, and the other one is
our designed scale loss. The Table[d]shows the experimental
results. The performance achieved by the designed scale
loss consistently performs better than that on softmax loss,
which verifies that a better ReID model can improve MOT
performance.

notice that most of the trackers used the ground-truth de-
tections provided by MOTChallenge. Thus they achieved
better results under the assumption that the detection output
is 100% correct. Here we list some online trackers use pub-
lic detections or the detections provided by themselves. We
get the results directly from the MOT16Chanllenge website.

Our method is still a strong competitor to other on-



line trackers. We maintain useful "MOTA” scores, mostly
tracked, mostly lost and in particular, we get the fewest false
negatives.

We showed that our methods achieved a good result on
MOTChallenge, also because our hypothesis focuses on oc-
clusion and crossing problems, we cannot find a particular
dataset deal with that problem. Figure[7]and Figure[6|shows
two crowd scenes happen in the MOTChallenge dataset and
we test with our proposed method compared with 4 State-
of-Art trackers.

5. Conclusions

We presented the uses of RelD metric learning for im-
proving the occlusion and crossing problem that traditional
trackers cannot handle. We also showed that the scale loss
function helps to improve the RelD quality. Our method
achieved competitive results for online methods and suit-
able for real-time applications. Our framework may be use-
ful for further real-time Multi-Person Tracking application.
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Supplement material of Multi-Person Tracking
based on Person Re-identification

Hongyu Yang

I. BACKGROUND INTRODUCTION

With the economic and social development, surveillance video has been widely used in security,
commercial, industrial production and intelligent robots and other fields. The most important object
of attention in the surveillance video is persons. Understanding the behavior of persons has crucial
significance for violation judgment, criminal investigation, and danger warning. How to identify, locate,
and track persons is a prerequisite for understanding person behavior. Therefore, person re-identification
and Multi-camera tracking are the first steps to achieve these goals.

At present, most of the work on tracking issues has focused on single-camera single-target tracking.
However, this method is limited, the main difficulties are also occlusion, pose, and light. The multi-
camera tracking system can well overcome these deficiencies. Therefore, the cross-camera surveillance
video system is gradually gaining attention and has begun to receive in-depth research by scholars. Cross
camera tracking needs to face the problem that the tracking target disappears in one camera and they may
appear in other cameras. The process of retrieving a lost person target from a camera’s field of view in
a video taken by another camera is called person re-identification. Therefore, person recognition is the
basis for cross-camera target tracking.

The most direct and typical application of person recognition is cross-camera multi-target tracking,
but as an independent research topic, there are many valuable application scenarios. For cross-camera
multi-target tracking, the traditional method is spatiotemporal data correlation based on some statistical
methods. However, this method relies heavily on prior knowledge of statistics and can correlate targets in
multiple cameras with certain probabilities, but the limitations of the effects are also obvious. Therefore,
cross-camera matching based on person re-identification has now become the most mainstream solution
for cross-camera tracking. .

In addition, in the current academic research, most scholars separately study person recognition and
target tracking as two independent research topics. However, these two topics are actually complementary.
At present, most methods of person re-identification rely on single-frame images, but the information of
single-frame images is limited in the end, and cannot be solved in the case of occlusion. At present,
the research of person re-recognition based on video sequences has gradually begun to attract attention.
However, the cost of tracking sequence tracking is costly. The person tracking sequence can only rely on
manual annotation, so a good tracking detection model is also essential.

Our topic combines these two sub-topics, trying to improve real time tracking with the help of re-
identification and therefore has great research significance. This report will focus on the deep neural
network based Re-identification methods and the Re-identification based tracking methods

II. PERSON RE-IDENTIFICATION

Person re-identification is the use of computer vision technology to determine whether there are specific
persons in an image or video sequence. Widely considered as a sub-problem of image retrieval. Given a
monitoring person image, retrieve the person image across devices. It is designed to compensate for the
visual limitations of the current fixed camera, and can be combined with person detection/person tracking
technology, and can be widely used in intelligent video surveillance, smart security, and other fields.

For cross-camera target tracking problems, when a person target disappears from one of the cameras,
the person must be identified again in other cameras. This is a typical person recognition problem. In
other words, person recognition technology is the basis for cross-camera tracking.



Therefore, in this section, we will first introduce existing person re-identification related data sets,
accuracy assessment criteria, and some existing mainstream methods.

A. Related Data set

persons identified a total of more than a dozen related data sets. When deep learning had not yet
occurred in the early years, the number of data set images at that time was still relatively small. With the
advent of deep learning, person re-identification issues have greatly increased the amount of data required.
This section will introduce several large-scale person identification data sets for deep learning.

@

(ii)

(iii)

@iv)

v)

(vi)

(vii)

Market 1501

Market1501! is collected on the campus of Qinghua University, and the images come from six
different cameras, one of which is a low-pixel camera. At the same time, the data set provides a
training set and a test set. The training set contains 12,936 images and the test set contains 19,732
images. The image is automatically detected and cut by the detector and contains some detection
errors (close to actual use). There were a total of 751 people in the training data and 750 in the test
set. So in the training set, there is an average of 17.2 training data for each class (each person).
MARS

The MARS (Motion Analysis and Re-identification Set)!? data set is an extension of Market1501.
The image of this data set is automatically cut by the detector and contains the entire tracklet of the
person image. MARS provides a total of 20,478 image sequences for 1,267 persons, and the same
6 cameras as the Market 1501. Unlike other single-frame image data sets, MARS is a large-scale
person re-identification dataset that provides sequence information.

CUHKO03

CUHKO03B! was collected at the Hong Kong University and the images came from 2 different
cameras. This dataset provides machine automatic detection and manual detection of two data sets.
The detection dataset contains some detection errors, which are closer to the actual situation. The
dataset contains a total of 14,097 images of 1,467 persons, with an average of 9.6 training data per
person.

CUHK-SYSU

CUHK-SYSUM™ is collected by the Hong Kong University and Zhongshan University. The feature
of this data set is to provide the entire complete picture, rather than providing person images that
automatically or manually extract bounding boxes, as most other data sets do. The data set contains
a total of 18,184 complete images containing 99,809 person images of 8,432 persons. There are
11,206 full-length images of the training set, including 5,532 persons. The test set has 6,978 full
images containing 2,900 persons.

DukeMTMC-relD

DukeMTMC-reIDP! was collected at Duke University. The images were taken from 8 different
cameras. The borders of the person images were manually annotated. This dataset provides training
sets and test sets. The training set contains 16,522 images and the test set contains 17,661 images.
There are a total of 702 people in the training data, with an average of 23.5 training data per person.
The data set is currently the largest person re-identification data set and provides the annotation of
personal attributes (gender/long sleeve/whether backpack, etc.).

VIPeR

The VIPeR!® data set was an early small person re-identification data set with images from two
cameras. The data set contains a total of 1,264 persons for 632 persons. Each person has two pictures
taken by different cameras. The data set is randomly divided into two equal parts, one as a training
set and one as a test set. Due to the earlier acquisition time, the image resolution of the data set is
relatively low, so it is difficult to identify.

PRID2011



PRID2011[" is a dataset proposed in 2011. Images are from 2 different cameras. The data set contains
a total of 24,541 person images of 934 persons, so the detection frame is manually extracted. The
resolution of the image size is unified of 128 x 64.

The above is the dataset mainly used in current person re-recognition research. As persons re-recognize
pictures taken from different cameras, problems such as lighting, the person poses, viewing angles,
occlusion, and image blurring may occur, causing pictures of the same person to behave differently
in different cameras. Therefore, it is arduous for persons to recognize a character and it is difficult to
obtain a good recognition effect by manually extracting the feature. It is necessary to learn a robust image
feature through certain means.

B. Method based on Representation learning

The method based on Representation learning is a common person re-identification method3%:1%:111,
This is mainly due to deep learning, especially the rapid development of Convolutional neural network
(CNN)!2, Since the CNN can automatically extract the representation feature from the original image
data according to the task requirements, some researchers regard the person re-identification problem
as the Classification/Identification problem or Verification problem. The classification problem refers to
training a model using a person’s ID or attribute as a training tag. The verification question refers to the
input of a pair of (two) person images for the network to learn whether the two images belong to the
same person.
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Fig. 1: Combine classification loss and verification loss!®!

Geng et al® uses the Classification/Identification loss and the verification loss to train the network.
The network diagram is shown in Figure 1. The network input is a number of pairs of personal pictures,
including Classification Subnet and Verification Sub net. The classification sub-network performs ID
prediction on the picture and calculates the classification error loss based on the predicted ID. The sub-
network is verified to fuse the characteristics of the two pictures and determine whether the two pictures
belong to the same person. The sub-network is substantially equal to a bi-class network. After enough
data training, enter a test image again and the network will automatically extract a feature that is used
for person re-identification tasks.

Lin et al®®!%!! believe that mere person ID information is not sufficient to learn a model with sufficient
generalization ability. In these tasks, they additionally annotate the attributes of the person’s image, such
as gender, hair, and clothing.By introducing the person attribute tag, the model not only accurately predicts
the person ID, but also predicts the correct person attributes, which greatly increases the generalization
ability of the model. Most papers also show that this method is effective.



Figure 2 is an example. As can be seen from the figure, the characteristics of the network output
are used not only to predict person ID information but also to predict various personal attributes. By
combining ID loss and attribute loss, the network’s generalization ability can be improved.
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Fig. 2: Combine ID loss and attribute loss!’

C. Method based on Metric learning

Metric learning is a method widely used for image retrieval. Different from representation learning,
metric learning aims to learn the similarity of two pictures through the Internet. On the problem of
person recognition, the similarity of different pictures of the same person is greater than that of different
persons. Finally, the loss function of the network makes the distance of the same person image (positive
sample pair) as small as possible and the distance of different person images (negative sample pairs)
as large as possible. The commonly used methods for measuring learning loss are Contrastive loss!'!,
Triplet loss!!#15:161 " Quadruplet loss!!”! . First, if there are two input pictures I; and I, we can get their
normalized feature vectors f;, and f7, through the network feedforward. We define the Euclidean distances
of these two image feature vectors as:

@

(ii)

dn.n = fn. — fil]2 (1)

Contrastive loss

The contrast loss is used to train the Siamese network. The structure is shown in Figure 3. The input
of the twins network is a pair of (two) pictures, [, and [, which can be the same person or different
persons. Each pair of training pictures has a tag y, where y = 1 means that the two pictures belong
to the same person (positive sample pairs), whereas y = 0 means they belong to different persons
(negative sample pairs). Contrast loss function writing:

Le=yd7 ;, + (1 —y)(a—dip)t 2)

Where (z), represents maz(z,0), « is a threshold parameter designed based on actual needs. In
order to minimize the loss function, when the network inputs a pair of positive samples, d(1,, I;) will
gradually become smaller, that is, person images with the same ID will gradually form clusters in the
feature space. Conversely, when the network inputs a pair of negative samples, d(1,, I,) gradually
increases until it exceeds the set a. By minimizing L., the distance between pairs of positive samples
can be gradually reduced, and the distance between pairs of negative samples gradually becomes
larger to meet the needs of persons to re-identify tasks.

Triplet loss

Triplet loss is a widely used measure of learning loss, followed by a large number of metric learning
methods based on the evolution of triple loss. As the name implies, the triple loss requires three
input pictures. Unlike contrast loss, an input Triplet includes a pair of positive sample pairs and a
pair of negative sample pairs. The three images are named Anchor a, Positive p, and Negative n.
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The image a and the image p are a pair of positive samples, and the image a and the image n are
a pair of negative pairs. The triple loss is expressed as:

Ly = (duy — dup + )+ (3)

As shown in FIG. 4, the triple can pull the distance between the positive sample pairs, push away
the distance between the negative sample pairs, and finally make the person images with the same
ID form a cluster in the feature space, achieving person recognition.
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Fig. 4: Triplet loss!'®!

Cheng et al!'® think that the formula (3) only considers the relative distance between positive and
negative sample pairs, and does not consider the absolute distance between positive sample pairs.
For this reason, improved triplet loss is proposed:

Lit =dyp+ (dap — dom + @)+ C))

The formula (4) adds d,, to ensure that the network not only pushes the positive and negative
samples in the feature space, but also ensures that the positive sample pairs are in close proximity.
Quadruplet loss

A quadruple loss is another improved version of the triple loss. The quadruplet requires four input
pictures, which have a negative sample picture. That is, the four pictures are a fixed picture a,
a positive sample p, a negative sample picture 1(Negativel) nl and a negative sample picture
2(Negative2) n2. Among them, n1 and n2 are pictures of two different person IDs. The structure is
shown in Figure 5 and the quadruplet loss is expressed as:

Lq == (da,p - da,nl + Oé)+ + (da,p - dnl,nQ + B)+ (5)

Where « and  are manually set constants, usually [ is set to less than «, the former is called
strong promotion, and the latter is called weak promotion. Compared to the triple loss, which only



considers the relative distance between the positive and negative samples, the second term added to
the quad does not share the ID, so the absolute distance between positive and negative samples is
considered. Therefore, the quad loss usually allows the model to learn better features.
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Fig. 5: Quadruplet loss architecture!!”!

(iv) Triplet loss with hard sample mining

The hard-sample triad loss (TriHard) is an improved version of the triad loss. Traditional triads
randomly sample three images from training data. Although this approach is relatively simple, most
of the sampled pictures are simple and easily distinguishable pairs. If a large number of trained
sample pairs are simple sample pairs, then this is not conducive to better characterization of network
learning. A large number of papers have found that using harder samples to train the network can
improve the generalization ability of the network. One paper!!”! proposed an online hard sample
sampling method based on training batches - TriHard. The core idea of TriHard is that for each
training batch, randomly select P ID persons, and each person randomly selects K different pictures,
that is, a batch contains P x K pictures. Afterward for each picture in the batch a, we can pick one
of the hardest positive samples and one of the hardest negative samples and a to form a triple. First
of all, we define an image set with a as the same ID as A, and a set of image images with different
IDs as B, then TriHard denotes:

1 .
Lip = Px K Z (I?eaj{ dap = nen Qo + )4 ©)

a€batch

Where « is the artificially set threshold parameter. The TriHard loss calculates the Euclidean distance
of each image in the a and the batch in the feature space, then selects the positive sample p that is
the farthest (much less) than the a distance and the closest (most like) distance. The negative sample
n is used to calculate the triple loss. TriHard loss is usually better than the traditional triple loss.

D. Method based on Local feature

The classification of the network’s training loss function can be divided into representation learning and
metric learning. The related methods have been introduced previously. From the aspect of extracting image
features, the method of person recognition can be divided into a global feature and a local feature-based
method. The global feature means that the network extracts a feature from the entire image. This feature
does not consider some local information. Local features refer to manually or automatically letting the
network focus on key local areas and then extract the local features of these areas. The commonly used



methods for extracting local features include image segmentation, positioning using skeleton key points,
and attitude correction.

Image dicing is a common way to extract local feature . As shown in 6, the picture is vertically
divided into several pieces, because vertical cutting is more in line with our intuitive perception of human
recognition, so horizontal recognition is rarely used in person recognition. Afterward, the segmented image
blocks are sent to a long short-term memory network (LSTM), and the last feature merges the local
features of all the image blocks. However, the disadvantage is that the requirement for image alignment
is relatively high. If the two images are not aligned up and down, then the head and upper body are likely
to be compared. This makes the model wrong.

S [20;21]

Contrastive Loss Function

Fig. 6: Using image dice to extract local feature[*!!

In order to solve the problem of manual image slice failure under image misalignment, some papers use
some prior knowledge to align Persons. These prior knowledge are mainly pre-trained Pose and Skeleton
models.

The paper!??! first uses the model of pose estimation to estimate the key points of the person and
then uses the affine transformation to align the same key points. As shown in 7, a person is usually
divided into 14 key points that divide the body’s results into several regions. In order to extract local
features at different scales, the author has set three different PoseBox combinations. The three PoseBox
corrected pictures are sent to the network along with the original corrected pictures to extract features.
This feature contains global information and local information. In particular, it is proposed that if this
affine transformation can be performed in the pre-processing before entering the network, it can also be
performed after input into the network. If it is the latter then it needs to make an improvement on the
affine transformation, because the traditional radiation change is not guidable. In order for the network
to be trained, it is necessary to introduce a derivative that approximates radiation changes.
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Fig. 7: Pose box architecture!??!



CVPR2017’s work Spindle Net?*! also uses 14 human body key points to extract local features. Unlike
paper!??, Spindle Net does not use affine transformations to align local image regions. Instead, it uses
these key points directly to derive the Region of Interest (ROI). The Spindle Net network is shown as

Feature Fusion Net (FFN)
INPUT |FEN-C1|  FEN-PI  [FEN-C2|  FEN-P2 FEN-C3 FFN-1| FFN-2 | FFN-3 | FFN-4

WhaleFusion
-.-ﬁ-Fh’-u (NN-bk L g NN
N"} ! ]
usion

FF ~|- CNN ===

Fig. 8: Spindle Net architecture!?!

8. First, 14 key points are extracted from the skeleton key points, and then 7 ROIs are extracted using
these key points. The CNN (in orange) parameters of all extracted features in the network are shared.
This CNN is divided into three linear sub-networks FEN-C1, FEN-C2, and FEN-C3.

For the input of a person image, a pre-trained skeleton key extract CNN (blue) to obtain 14 human body
key points, resulting in 7 ROI regions, including three large regions (head, upper body, Lower body) and
a small area of four limbs. The seven ROI regions and the original picture enter the same CNN network
to extract features. The original image gets a global feature through the full CNN. Three large areas get
three local features through the FEN-C2 and FEN-C3 subnetworks. The four limb regions receive four
local features through the FEN-C3 subnetwork. Afterward, these eight features are connected at different
scales according to the illustrated method, and finally, a person re-identification feature that combines
global features and multiple-scale local features is obtained.

The paper®* proposed a Global-Local-Alignment Descriptor (GLAD) to solve the person pose change
problem. Similar to Spindle Net, GLAD uses the extracted key points of the body to divide the picture
into three parts: head, upper body, and lower body. After that, the whole image and the three partial
images are input together into a parameter-sharing CNN network. Finally, the extracted features integrate
global and local features.

In order to adapt to the input of pictures of different resolution sizes, the network uses global average
pooling (GAP) to extract the respective features. Slightly different from Spindle Net is that the four input
pictures each calculate the corresponding loss instead of merging a total loss for a feature.

All of the above local feature alignment methods require an additional skeleton keypoint or pose
estimation model. Training a model that can reach a practical level requires the collection of enough
training data. The cost is high. In order to solve the above problem, AlignedReID!*! proposes an auto-
alignment model based on SP distance, which automatically aligns local features without additional
information. The method used is dynamic alignment algorithm, or also called as shortest path distance.
The shortest distance is automatically calculated.

The core idea of this paper is that they calculate the shortest distance between two local features to align
different parts, and then they only keep the global feature to measure the difference between pictures.
The distance of the person in different pictures can be summed by the global distance and focal distance.
Global distance is defined by L2 distance while the local distance is calculated by dynamic aligning.
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Fig. 10: Shortest distance calculated by the local feature!®!

Given the local feature of two pictures, F' = fi, fo,...fn, 9 = g1, o, ...gn. First they use element-wise
to regularize the distance between 0 and 1:

ollfi—gsll,—1

A e”fi_ngg‘i'l ’

i,j€1,2,3,..H 7)

Where d; ; represents the distance of the ith vertical bar in the first picture and the jth vertical bar in the
second picture. Then a distance martix D made up of these distances. They define the shortest distance
as from (1,1) to (H, H) in the distance matrix. This can be calculated by the dynamic programming:
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The local distance can be combined with any other global distances, then they chose TriHard loss as
their metric learning baseline. The whole framework as below:

N

horizontal pooling ? ! N H
Iconv local feature  local distance E I
MNx128=T NxN

triplet loss

hard sample mining

—
- g N

global pooling T' N
global feature global distance
N=2048 N=N

Nimages
warped to 224=224

Fig. 11: Aligned SP architecture **

E. Method based on Video sequence

The above methods are all based on the single-frame image method. Usually, the information of a
single frame of image is limited. Therefore, there is a lot of work focused on the use of video sequences
for person re-recognition method