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Featured Application: An approach for object tracking in logistics warehouses based on YOLOv5
and DeepSORT is proposed, which distinguishes humans from goods, and an evaluation system
is established for object tracking in logistics warehouse scenarios.

Abstract: The future development of Industry 4.0 places paramount importance on human-centered /-centric
factors in the production, design, and management of logistic systems, which has led to the emergence
of Industry 5.0. However, effectively integrating human-centered /-centric factors in logistics scenarios
has become a challenge. A pivotal technological solution for dealing with such a challenge is to
distinguish and track moving objects such as humans and goods. Therefore, an algorithm model
combining YOLOvV5 and DeepSORT for logistics warehouse object tracking is designed, where
YOLOVS is selected as the object-detection algorithm and DeepSORT distinguishes humans from
goods and environments. The evaluation metrics from the MOT Challenge affirm the algorithm’s
robustness and efficacy. Through rigorous experimental tests, the combined algorithm demonstrates
rapid convergence (within 30 ms), which holds promising potential for applications in real-world
logistics warehouses.
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1. Introduction

With the emergence of smart manufacturing in conjunction with Industry 4.0, the
demand for intelligent warehouses and intelligent logistics systems has been increasing. A
well-functioning logistics warehouse system often enhances both the work efficiency of
workers and the operational efficiency of goods [1]. The development of Industry 4.0 has
prompted various applications of artificial intelligence and automation technology in intelli-
gent logistics warehouses. However, it comes with the oversight of human-centered aspects
in intelligent warehouse systems [2]. It has become a major challenge to comprehensively
incorporate human factors into intelligent logistics warehouses.

Furthermore, the development of mobile networks has led to a boom in online shop-
ping transactions, and subsequently, the logistics industry [3]. Therefore, logistics ware-
houses have to manage goods in a more expedient and efficient way. Within the realm of
logistics warehouse management, managers mostly use surveillance cameras to manage
the arrangement of goods and personnel movements. Nevertheless, with the increase in the
number of surveillance cameras and the associated manual time expenses, the traditional
manual handling of video surveillance has gradually been phased out. A more intelligent
and automated video processing system is needed to oversee the movement of individuals
and goods [4,5].

Object-tracking technology has found widespread utility within logistics warehouses.
In the practical application of monitoring logistics warehouses, there is an increasing need
for object-tracking algorithms that deliver real-time performance and robustness due to
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changes in the environment and the tracked entities themselves. Given the substantial vol-
ume of goods and individuals requiring tracking within logistics warehouses, some of the
targets may move randomly, making it difficult for traditional machine vision algorithms to
identify targets accurately. The newly developed object-recognition algorithms, grounded
in deep learning, are able to automatically learn and extract features. Moreover, they can
be adapted to complex scenarios, rendering them particularly well-suited for intelligent
monitoring applications in logistics warehouses [6,7].

This study aims to provide an effective object-tracking approach within smart logistics
warehouses. Additionally, it strives to formulate an object-tracking system tailored to logis-
tics scenarios. The former provides auxiliary means for monitoring the operation status of
logistics warehouses, ensuring smooth functioning and safety management. This approach
aligns with the notion of the human-centric logistics production management concept. The
latter serves as an illustrative model for the management method of sustainable and flexible
industrial logistics systems. It also offers a pertinent method of object tracking to facilitate
human-machine interaction in virtual reality. In sum, this study resonates with the theme
of “Sustainable, Human-Centered /Centric and Resilient Production and Logistic Systems
Design and Management”.

The specific work is as follows.

1. Three prominent deep learning detection algorithms—Faster R-CNN, SSD, and
YOLO—are briefly introduced and compared. The YOLO algorithm is chosen to
analyze the logistics warehouse moving-object-tracking problem.

2. A dedicated dataset was meticulously crafted based on the logistics warehouse sce-
narios. The quality and quantity of the dataset were optimized, yielding enhanced
outcomes in object detection specific to logistics warehouses.

3. The principle and process of DeepSORT algorithms are introduced. Finally, an evalua-
tion metric for the effectiveness of logistics warehouse object tracking is established
based on the MOT Challenge multi-object-tracking competition. This metric facilitates
quantitative assessment, ultimately offering supplementary tools for diminishing the
necessity of manual video surveillance within logistics settings.

2. Related Work

The key to object tracking and providing auxiliary means to eliminate manual monitor-
ing in logistics warehouse scenarios hinges on the selection of object-tracking algorithms. In
pursuit of this goal, state-of-the-art object-detection algorithms are compared for selecting
the best performer among them.

2.1. Faster R-CNN (Faster Region-Based Convolutional Neural Network)

Based on Fast R-CNN, Shaoqing Ren et al. [8] proposed a new Faster R-CNN algorithm
in 2017, which takes advantage of CNNs to enhance the procedure of the candidate region
generation for detection targets. Notably, the architecture strategically integrates the feature
extraction network with the candidate frame-generation network, employing the same
convolutional layer network. This astute design choice greatly reduces the time of the
whole-image object-detection process. Such an idea of using CNNs for image feature
extraction is also reflected in other algorithms. The operational process of the Faster
R-CNN algorithm is illustrated in Figure 1.

The process of Faster R-CNN is as follows:

e  The input image undergoes processing via R-CNN'’s convolutional layers to extract
image features, resulting in a feature map comprised of feature vectors that capture
essential information from the image.

e  The feature vectors are subsequently channeled into the Region Proposal Network
(RPN) to generate candidate boxes.

e  The dimensions of candidate boxes are determined by the pooling layer (ROI pooling),
which enables the classification of candidate regions, using a support vector machine
(SVM), to identify the target category.
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e A precise regression is performed on the classified target boxes.

Convolution layer

Candidate box

Pool layer

Classification and regression

s

Figure 1. Faster R-CNN algorithm process.

2.2. S5D (Single Shot MultiBox Detector)

Wei Liu [9] proposed a new object-detection algorithm known as SSD in 2015. Op-
erating within the realm of single-stage detection algorithms, SSDs accomplish target
localization as well as classification simultaneously.

SSD can be divided into SSD 300 and SSD 512, according to the size of the input image.
The following is the basic operation process of the SSD algorithm, with SSD 300 serving as
the exemplar:

e The input image (size of 300 pixels x 300 pixels) is fed into a pre-training network
(VGG-16) to obtain different feature mappings.

e  The feature vectors of Conv4\_3, Conv7, and Conv8\_2 are employed to establish
object-detection boxes at different scales, concurrently performing their classification.

e  The NMS (non-maximum suppression) algorithm is employed to eliminate redundant
and inaccurate detections. The final detection outcome is then generated, consisting of
the most pertinent and trustworthy bounding boxes for the targeted objects.

2.3. YOLO (You Only Look Once)

The YOLO algorithm proposed in 2016 was designed as a new network for object
detection from end to end. Its unique design approach increases the speed of the entire net-
work operation by casting the object detection entirely into a regression problem, spanning
from input-image segmentation to the classification of targets in each grid [10].

As shown in Figure 2, the process of YOLO is as follows:

e The input image is divided into several grids, and each grid takes responsibility for
detecting potential targets within its confines.

e  The image of each grid is convolved to obtain the positions of the bounding boxes and
the corresponding confidences for multiple targets.

e  The final prediction box for each grid’s multiple targets forecast is obtained using
non-maximum suppression (NMS), which is the result of object detection.
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Figure 2. YOLO algorithm process.

2.4. Comparison of the Three Detection Algorithms

Both YOLO and SSD algorithms are single-stage algorithms that are significantly faster
than the Faster R-CNN, so they should be preferred in warehouse scenarios that require
real-time detection.

The YOLO algorithm has progressed to its fifth version as of the time of writing.
YOLOV5 has made further improvements on the previous version, with increased detection
accuracy and speed. Among its variants, YOLOv5s maintains excellent detection capability
within a compact size (7.3 MB), laying the foundation for prospective explorations into
hardware platforms for cost-effective and capacity-efficient logistics warehouse object
tracking [11].

The DSSD513 algorithm, an improved iteration derived from the SSD algorithm,
exhibits a marked improvement in detection accuracy but diminished detection speed. The
three algorithms—YOLOvV3-320, YOLOV5, and DSSD513—are compared using the COCO
dataset to determine the most suitable one for the logistics warehouse object-tracking
scenario. The outcome of the comparison is shown in Table 1.

Table 1. Comparison of the three detection algorithms on the COCO.

Algorithms mAP@0.5/percent Delay Time/ms

YOLOV3-320 51.5 22
YOLOv5s 55.4 2
DSSD513 53.3 156

In Table 1, mAP [12] refers to the mean Average Precision (mAP), which measures the
accuracy of the object detection. The delay time refers to the time taken by the algorithm to
execute the detection process, signifying the processing speed of the algorithm. The delay
time is a critical performance metric in real-time applications.

As seen in Table 1, YOLOv5s combines both detection accuracy and speed compared
to YOLOv3-320 and DSSD513. It has a compact volume size of only 7.3 MB, which ensures
its applicability to real-world scenarios. Therefore, YOLOVS is chosen as the algorithm for
object detection in the logistics warehouse scenario.

2.5. Object-Tracking Algorithms

Object-tracking algorithms play an important role in warehouses. Object-tracking
technology offers a valuable way for warehouse managers to ascertain the location and
status of items in the warehouses more conveniently, improving operational efficiency.
Object-tracking technology could be implemented in various ways. For instance, Zhan [13]
combined the Industrial Internet of Things (IloT) and Digital Twin (DT) for the unsu-
pervised management of cold-chain logistics warehouses, ensuring occupational safety
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and health (OSH). These technologies provide higher efficiency and a foundation for the
development of unmanned warehouses. However, a convenient and cost-effective means
of object tracking is needed that also strikes a balance with practical applications. There-
fore, object-tracking technology based on image object detection has gained attention [14].
DeepSORT is widely used for tracking people [15] and ordinary items [16], as a classic
technology for target tracking. Previous studies have effectively harnessed the DeepSORT
algorithm combined with other technologies to solve indoor object-tracking problems. For
instance, Jang [17] designed a lightweight indoor object-tracking method by introducing
DeepSORT in scenarios with partially overlapping fields of view (FOVs). Therefore, this
article harnesses the potential of DeepSORT to design an object-tracking method for use
within logistics warehouses.

3. Logistics Warehouse Object Detection

As stated above, YOLOVS5 has been chosen as the detection algorithm for logistics
warehouses. Its network structure is illustrated first.

3.1. YOLO Algorithm Network Structure

The YOLO algorithm, known as You Only Look Once, employs a single-stage detection
approach inspired by the human visual system. The YOLO algorithm swiftly encompasses
the whole-image data for prediction to avoid confusing the target with the background. In
some cases, the YOLO detection model struggles with targets that occupy a small image
size. Compared to offline detection algorithms, the YOLO algorithm might not exhibit the
highest detection accuracy, but the detection accuracy and detection speed should be taken
into account in practical applications [18].

As shown in Figure 3 [19], YOLOV5s consists of four main components: Input, Back-
bone, Neck, and Prediction, where the Backbone convolves and pools the input image
to obtain the image feature vector; the Neck transfers the extracted image features to the
Prediction part through sampling; and the Prediction part makes predictions based on the
image features to obtain the target bounding boxes and prediction classification. There are
some basic composite network structures in the network structure, as stated separately
below [20].
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Figure 3. YOLOv5s network structure.
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3.1.1. CBL (Convolutional Operation, Batch Normalization Algorithm, and Leaky ReLU
Activation Function)

The convolutional operation, the batch normalization algorithm, and the leaky ReLU
activation function compose the CBL module, which mainly plays the role of data sampling.
The structure is shown in Figure 4.

relu

Figure 4. CBL structure.

3.1.2. Res Unit

The Res unit learns from the residual structure in the ResNet network, which incor-
porates the original input with the output after two CBL operations to form the residual
network structure. This approach makes the structure deeper and avoids gradient vanish-
ing [21]. The structure is shown schematically in Figure 5.

8-.20-¢

Figure 5. Res unit structure.

The residual structure means that the input x of layer i — 1 is superimposed directly
on the output I(x) of layer i. The output of layer i is then f(x) = x + I(x). The residual
structure can be interpreted as a distribution of inputs over different layers of the network.
The distribution of input sources makes the whole structure more rational without invalid
inputs. The emergence of the residual structure allows the neural network structure to
become deeper, and the multi-layer input structure allows the gradient to be updated with
the stable gradient [21].

3.1.3. CSP1_X

The CSP1_X structure shown in Figure 6 learns from the network structure of CSPNet.
The CSPNet structure unites the features of all input layers to maximize the number of
branch inputs used to enhance the learning capability of the network. The CSPNet splits
the inputs, which also drives a reduction in computation.

Figure 6. CSP1_X structure.

CSP1_X divides the input into two parts. One part undergoes CBL, multiple residual
operation structures, and convolutional operations; the other part directly undergoes con-
volutional operations. Finally, the two parts are concatenated, which refers to concatenation
in neural networks. This approach generally fuses features extracted from multiple frames.
After the concatenation, BN, the leaky ReLU activation function, and CBL are connected
for sampling [22].

3.1.4.CSP2_X
CSP2_X as shown in Figure 7, is similar to CSP1_X, using CBL to replace the Res unit.
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Figure 7. CSP2_X structure.

3.1.5. SPP (Spatial Pyramidal Pooling)

SPP is known as Spatial Pyramidal Pooling, as shown in Figure 8. Its function is
resizing the input feature maps to a fixed size. In CNN, SPP is commonly used to solve
problems that include inappropriately sized images.

Figure 8. SPP structure.

SPP obtains features through Maxpool, and then merges the features with concate-
nation to obtain a fixed size feature. In addition, YOLOv5s adds a CBL module for data
sampling enhancement before and after the pooling layer [23].

3.2. Dataset and Training
3.2.1. Dataset

The quality and quantity of the dataset is critical for deep learning detection models. In
the context of the logistics warehouse scene under investigation, the first dataset included
273 randomly selected videos on websites, depicting workers and parcels. However,
the object detection performance of the trained model was poor. Therefore, a logistics
warehouse operated by a company was used as the research scene, as shown in Figure 9.
There, 790 photos were captured, which included goods and workers, encompassing
diverse angles. Light blocking conditions were employed for obtaining complete data.

(a) Parcels (b) Worker

Figure 9. Photos in the logistics warehouse scene.

The original image set was annotated using the software called Labelimg in txt for-
mat [24]. YOLOVS changed the annotation of the dataset from xml format to txt format,
with five parameters per line in the txt file, which is shown in Table 2.
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Table 2. YOLOv5 dataset annotation format.

Object_Class x_Center y_Center Width Height
0 0.85 0.29 0.27 0.12

e  To ensure the robustness of the model, 100 photos from the first dataset are intention-
ally incorporated as a supplement to training.

e  object_class indicates the type of object detected, which is usually numbered by a
positive integer starting from zero.

e  x_center and y_center indicate the coordinates of the center of the target bounding box
(normalized, i.e., divided by the width and height of the whole image).

e  width and height indicate the width and height of the target bounding box (normalized,
i.e., divided by the width and height of the whole image).

3.2.2. Training Process

In order to improve the object-detection model’s performance for goods and workers
across various scales, the training process incorporates the multi-scale transformation
strategy that comes with YOLOv5. The training configuration environment for the YOLOv5-
based object-detection model is shown in Table 3.

Table 3. Training configuration environment.

CPU Graphic Operating Software Training
Card System Platform Framework
. NVIDIA GTX . CUDA114
Intel i5-8300H/8 GB 1050Ti/4 GB Windows CUDNNS.2 Pytorch

Based on the training configuration environment in Table 3, the parameters of the
YOLOVS5 training function were set as shown in Table 4. The workers parameter refers to the
number of threads that CPU is working on during YOLOvV5 model training. The workers
parameter was set to 0 after several tries, as we had insufficient resources for pre-training.

Table 4. Training function parameter settings.

Batchsize Epochs Imgsz Label-Smoothing Workers
4 300 640 0.1 0

The training framework was Pytorch, a GPU-accelerated neural network framework
that is easy to understand and debug code.

The YOLOv5s.pt model was selected for training, and the training process lasted
around 24 h. The training process comprised 300 batches, with each batch consisting of
4 randomly selected images from the training set.

The variation of the YOLOVS5 loss function during training is shown in Table 5. The
variation of train loss, validation loss and mAP@0.5 is shown in Figure 10. From Table 5
and Figure 10, it can be seen that the loss function loss, box_loss, obj_loss and cls_loss
gradually became smaller as training progressed. The loss function loss tended to converge
at the end of training.

Table 5. Loss function during training.

Batch 100 200 300
loss 0.031857 0.020654 0.016067
box_loss 0.016709 0.009924 0.008079
obj_loss 0.014739 0.010567 0.008079

cls_loss 0.000409 0.000163 0.000063
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Figure 10. Train/Validation loss-Epoch curve and mAP@0.5-Epoch curve.

3.3. Object-Detection Test
3.3.1. First Training Detection Model

The first training dataset consists of 273 photographs of actual logistics warehouse sce-
narios, including 50 images of goods, 50 images of staff and 173 images of staff and goods.

The 273 images were fed into the network for training to obtain the detection model.
Three test videos were randomly searched for in a logistics scene. To validate the dataset’s
dependability, each video contained frames of staff, goods and the background. The results
of the first logistics warehouse object-detection test are shown in Figure 11.

cargo 0.92

(a) Video 1 test results (b) Video 2 test results (c) Video 3 test results

Figure 11. Test results for the three videos.

The trained model encountered challenges when detecting a target that was a relatively
small part of the whole-image bounding box. Along with a continuous video stream, it
tended to lose the tracking frame when the target was obscured. There were also many
cases of false positives—for example, the detection for non-goods objects as targets. In
cases where goods and workers were obscured from each other, the detection bounding
boxes often appeared for only one of the two elements.

In labelling, the authentic-detection bounding box of the workers was defined as the
smallest rectangular box that could enclose worker’s clothing, hair, etc. However, it was
difficult for the detection model to enclose the entire area of the worker when parts of the
worker were concealed. When it came to detecting goods, the model often struggled to
detect the individual items based on their features, especially in scenarios where multiple
goods were stacked each other.

To address the issues above, another dataset was established. The second training
incorporated 790 photos from a fixed scene (i.e., the logistics warehouses of Company S)



Appl. Sci. 2023,13, 9895

10 0of 18

as the dataset for the detection of parcels and workers. It changed the situation of the
relatively small size of datasets and a large number of diverse scenes.

3.3.2. Second Training Detection Model

The second dataset used for training is a set of 790 photos taken from the same
logistics warehouses (i.e., Company S’s logistics warehouses). The 790 images consisted
of 100 images of specific goods (parcels with adhesive tape), 100 images of workers and
590 images of spatial interference between workers and the goods. The test results of this
object detection are shown in Figure 12.

Figure 12. Test result.

As can be seen from Figure 12, the detection of obscured targets was significantly
improved, and mAP@0.5 reached 0.976. At the same time, the model was still able to detect
targets with a relatively small size. Compared with the first training, the second training
was improved dramatically, and the trained model detected the targets individually even
when the goods blocked each other.

As for the proposed tracking task, a continuous-detection bounding box for the
target, as stated above, was not enough; the tracking model needed to maintain the stable
invariance of the tracking IDs. In the tracking task, each target was given a unique ID,
and keeping the ID constant when the target reappearing was a vital metric for tracking
performance reference [25]. To achieve tracking task, we combined the detection model
with DeepSORT to preserve the continuity of target IDs.

4. Logistics Warehouse Target Tracking

YOLOV5 and DeepSORT were combined to assign IDs to the tracked targets in the
video stream and maintain the stability of the IDs. Originated from the SORT algorithm,
DeepSORT now became a tracking algorithm combining Kalman filtering and Hungarian
matching, as described below.

4.1. DeepSORT

DeepSORT differs from SORT, mainly defining a new state of target tracks and match-
ing the original detection result with the prediction by judging the state of the tracks [26]. At
the same time, tracks with distinct states can be judged by the quantities of matching, which
either increase or decrease. The DeepSORT algorithm process is shown in Figure 13 [27,28].
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Figure 13. DeepSORT process.

The DeepSORT algorithm process is introduced as follows.

The existing track is divided into confirmed and unconfirmed states.
For the tracks with a confirmed state, they are cascaded to match with the detection
result. The priority of tracks depends on the time that the tracks exist with the video
stream and the number of successful matching attempts. A track that has just been
successfully matched has a higher priority for cascade matching [29].

e  The process of cascade matching:

1. The cosine distance and cost matrix between the track feature and the depth
feature of the detection are computed.

2. The martingale distance between the prediction bounding boxes and the detec-
tion bounding boxes is computed in the cost matrix.

3. The previously obtained input cost matrix is matched in Hungary to obtain the
final pairing result.

e  The unconfirmed state tracks are formed into a new set with the unconfirmed state
tracks that were not paired in the second step. The set is matched with the detected
bounding boxes that have not been paired in a Hungarian matching with a 1-IOU
cost matrix.

e  The paired tracks need to update the Kalman filter information based on the detection
bounding boxes” information.

1. If the tracks are paired more than three times, they will change from unconfirmed
to confirmed. Tracks lacking pairings will be removed from the set of uncon-
firmed tracks if the number of consecutive pairing failures exceeds the setting

value.

2. Unpaired tracks will also be removed if they have not a successful pairing
previously.

3.  If there is an unpaired detection bounding box, a new target track will be created
for it.

4.2. Object-Tracking Test

DeepSORT requires the outcomes of other object-detection algorithms as its input, so
YOLOVS5 is employed as the input object-detection algorithm. The test video from the first
dataset training for YOLOV5 was selected randomly. Figure 14 shows the comparison of
DeepSORT and YOLOVS.
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(a) DeepSORT test results (b) YOLOWVS5 test results

Figure 14. Comparison of DeepSORT with YOLOVS5.

As can be seen from Figure 14, the DeepSORT adds the IDs to the detection results of
YOLOVS5. The observation of DeepSORT throughout the test video showed that the tracking
target ID remains relatively constant in the cases where the tracking target reappears.
Notably, there is an absence of ID switching among multiple targets in the video stream,
maintaining the stability of the tracking IDs (as stated by Lin et al. [30]). However, it is
challenging to evaluate the superiority of two algorithms’ video tracking effects solely by
the human eye. Therefore, the evaluation metrics of the logistics warehouse multi-object
tracking were derived to provide a quantitative evaluation.

4.3. Object-Tracking Evaluation Metrics

The object-tracking evaluation metrics utilized in our study are derived from the
MOT Challenge competition [31]. The main object-tracking evaluation indicators of the
MOT Challenge competition are MOTA (Multi-Object Tracking Accuracy), MOTP (Multiple
Object Tracking Precision), Rcll (Recall), MT (Mostly Tracked), ML (Mostly Lost), IDF1
(Identification F-Score), IDP (Identification Precision), IDR (Identification Recall), IDSW
(ID Switch), etc., as shown in Figure 15. The MOT Challenge competition employs a set of
comprehensive evaluation metrics to evaluate object-tracking performance. These metrics
are as shown in Figure 15.

— MOTA Multi-Object Tracking Accuracy

MOTP Multiple Object Tracking Precision
Rell Recall
MT Mostly Tracked
ML Mostly Lost
MOT IDF1 Identification F-Score
Indicators IDP Identification Precision

IDR Identification Recall
IDSW ID Switch
FP False Positive
FN False Negative

— M Fragments

Figure 15. Evaluation indicators for the MOT Challenge competition.

(1) MOTA

The formula for calculating MOTA is as follows:

MOTAZI_FN—FFZ;—IDSW 1)

GT (ground truth) signifies the accurate target bounding box information of the
tracking target, which is often obtained by manual annotation or automatic annotation
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software in practical problems. MOTA quantifies the proportion of tracking information
except false negative (FN), false positive (FP) and ID switching (IDSW) among all true
target information.

FN represents the true samples that are identified by the tracking algorithm as false
samples; FP represents the false samples that are identified by the tracking algorithm as
true samples [32]. The samples here can be interpreted as the tracking bounding boxes of
the target for each frame in the video stream. IDSW represents the number of times that
the same tracking target ID undergoes changes during the tracking process.

) MOTP

MOTP is a metric employed to evaluate the effectiveness of detection during tracking.
The calculation formula is as follows.

2

where ¢ signifies the current number of frames in the tracked video stream; the variable ¢;
corresponds to the count of successful pairings between the tracked tracks and the Ground
Truth (GT) tracks at frame t. D;; denotes the distance between the successfully paired
two tracks at frame ¢ (generally calculated by Euclidean distance or IOU, Euclidean distance
is employed in this paper). The better the detection effect, the shorter the Euclidean distance
between the paired tracks. An increased number of successful pairings results in a higher
MOTP value.

(3) Rell

Rcll gauges the proportion of successful target tracking, calculated by dividing the
number of successfully paired targets by the number of real targets.

(4) MT and ML

MT indicates the number of tracks that have been successfully paired for over 80%
of the total frames during the whole tracking process; ML indicates the number of tracks
that have been successfully paired for less than 20% of the total frames during the whole
tracking process.

(5) IDP
IDP is similar to the calculation of precision. Accuracy is defined as the proportion of

true positive samples among all positive samples, while IDP refers to the proportion of all
samples assigned correctly to the target ID.

(6) IDR

IDR is akin to the calculation of recall. Recall refers to the proportion of all true
positive samples for which the predictor offers a positive prediction, while IDR refers to
the proportion of all samples for which the tracking algorithm has correctly assigned the
target ID.

(7) 1IDF1
IDF1 is then the harmonic mean of IDP and IDR. The calculation formula is as follows.
2
IDF1=1— -1 (3)
_— + _
TDP T TDR

®) M

FM refers to the number of tracked target tracks that are mistakenly terminated by the
tracker in the video stream.
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9) IDSW

IDSW serves as a distinctive form of FM, so the value of FM is generally larger
than IDSW.

4.4. Object-Tracking Model Testing
4.4.1. Data Format

A gt.txt file is commonly used in MOT datasets to record information about each
tracking frame in the video stream [33]. The Darklabel software is used to annotate the
video from Company S’s logistics warehouses to obtain a gt.txt file, as shown in Figure 16.

0,0,699,216,459,664,1,0,1
0,1,781,542,336,298,1,0,1
1,0,698,208,454,677,1,0,1
1,1,778,507,339,298,1,0,1
2,0,697,184,453,706,1,0,1
2,1,775,473,339,295,1,0,1
3,0,699,147,445,752,1,0,1
3,1,771,435,341,294,1,0,1
4,0,698,100,442,803,1,0,1
4,1,767,398,342,295,1,0,1

Figure 16. gt.txt file screenshot.

The first bit of each line represents the current video frame.
The second bit indicates the ID number of the target track.
The third to sixth bits are four parameters, and the third and fourth bits of the
data represent the horizontal and vertical coordinates of the upper-left corner of the
object-tracking frame. The fifth and sixth bits indicate the width and height of the
tracking frame.

e  The seventh bit indicates the current status of the target track, with 0 being inactive
and 1 being active.
The eighth bit indicates the target type of the track.
The ninth bit indicates the visibility ratio of the object-tracking frame, which is related
to the interference between this frame and other frames.

A det.txt file is a counterpart to a gt.txt file, which records the object-tracking frame
information obtained using the tracking algorithm. The det.txt file has the format shown in
Figure 17.

31769472347 303 -1 -1-1-1
41746 332363480 -1-1-1-1
51735190 361662 -1 -1-1-1
6171273400813 -1 -1 -1 -1
7169516425894 -1 -1-1-1
816860439930 -1 -1-1-1
846960428917 -1 -1 -1 -1
916800445922 -1 -1 -1 -1

Figure 17. det.txt file screenshot.

The first to sixth parameters in each line of det.txt files have essentially the same
meaning as those in gt.txt files. The seventh parameter indicates the confidence level of the
tracked target, and the eighth to tenth parameters are related to 3D target tracking.

4.4.2. Tracking Result

The test video was annotated using Darklabel to obtain a gt.txt file. The det.txt file was
generated from the two datasets. The outcomes of the det.txt file were derived through the
YOLOVS5 detection model combined with DeepSORT. Table 6 shows the tracking outcomes
of the first and second tests measured by MOT evaluation metrics, respectively.
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Table 6. The first and second tracking results.
Times MOTA MOTP  Rcll MT ML IDF1 IDP IDR IDSW FP FN FM
First 63.7% 0.131 86.6% 23 0 755%  724%  78.8% 56 1858 1120 129
Second  75.8% 0.118 87.8% 25 0 83.8%  84.0%  83.5% 26 973 1022 96

The change in the values of the aforementioned metrics demonstrates a notable im-
provement in the tracking results. Additionally, upon visual inspection of the tracking
videos frame by frame, it becomes evident that the tracking target ID stability from the
second dataset has also significantly improved.

4.5. Transfer Learning for DeepSORT

Trained object-tracking models often need to be implemented in different scenarios
and environments in practical applications, which requires the high transferability and
generalization of the trained models. To this end, transfer learning could be employed
to retrain the model through a new dataset, enhancing the object-tracking performance.
Transfer learning [34] is a proposed machine learning technique that facilitates the transfer
of trained model knowledge from one task to another related task model. The steps to
perform transfer learning on the trained DeepSORT model are as follows:

e  Prepare the dataset: The new dataset needs to be organized, ensuring it is representa-
tive and diverse.
e  Transfer learning strategy:

e  Feature extraction: The majority of the pre-trained DeepSORT model’s weights
need to be retained while solely adjusting the output layer to suit the new task. It
is necessary to freeze the weights of the initial layers to maintain low-level feature
extraction capabilities.

e  Fine-tuning: In addition to modifying the output layer, fine-tuning some of the
lower-level weights to adapt to the new task is considered, allowing certain
lower-level weights to undergo slight adjustments.

Model training: Training the adjusted model using the new dataset.
Model evaluation: Evaluate the retrained model and compute evaluation metrics to
evaluate the model’s performance on the new task.

e  Refinement and iteration: Further refining the model based on the evaluation results
and adjusting hyperparameters or fine-tuning the model network.

The transfer learning process for DeepSORT is shown in Figure 18.

e

Trained
3 ]
model
foi Model —unsatisfactory
dataset Training Satisfactory_,(:]

Figure 18. Transfer learning for DeepSORT.

5. Discussion

In the absence of relevant research and open-source datasets for logistics packages,
this study has constructed a logistics warehouse image dataset, which was applied to the
combined algorithm of YOLOvS5 and DeepSORT to achieve object tracking within logistics
warehouse scenarios. The combined algorithm was numerically evaluated by the MOT
Challenge evaluation metrics. The study has achieved good tracking performance and pro-
vided a validation approach for the effectiveness of eliminating manual video surveillance
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in logistics scenarios. This accomplishment signifies an effective smart monitoring ap-
proach for “Sustainable, Human-Centered /Centric and Resilient Logistic Systems Design
and Management”.

The combination of YOLOv5 and DeepSORT is specifically designed to cater to human-
centric logistics scenarios, where real-time object detection and multi-object tracking are
essential. The following are some applications:

e  One primary application is the determination of warehouse zone occupancy. By accu-
rately tracking the movement of objects in different zones, real-time occupancy data
could be easily garnered, which optimizes inventory management and streamlines
logistics. Additionally, it facilitates the prediction of space utilization trends, enabling
the proactive allocation of resources.

e  The method contributes to safety protocols within warehouses. By continually tracking
the trajectories of objects and employees, potential hazards and unsafe practices can
be identified promptly, minimizing the risk of accidents.

e  The method’s versatility extends to inventory management, offering insights into
warehouse stock movement and depletion rates, and preventing overstock situations.

In conclusion, the presented object-tracking method holds immense potential for
revolutionizing warehouse operations. Its applications include occupancy determination,
safety monitoring, efficiency enhancement, and inventory management, contributing to
the optimization and development of future advancements in human-centric logistics
warehouse environments. Such a combination also provides value-added support by
enabling data-driven decision-making to optimize resource allocation for enterprises.

However, it is pertinent to acknowledge that the computational demands of the
proposed method could increase significantly with a larger number of objects and types
of employees. This might necessitate more distributed computing resources, which could
impact the feasibility of real-time tracking. The proposed algorithm may need to be adapted
to handle a larger volume of data while maintaining reasonable processing times. A
careful balance between algorithmic sophistication, computational efficiency, and practical
considerations may be required to address these inherent limitations and trade-offs.

6. Conclusions

This research focuses on the design of a moving-object-tracking scheme for logistics
warehouses. It primarily encompasses the design of a deep learning-based detection
algorithm for logistics warehouses and the design of experiments for tracking moving
targets in logistics warehouses. The main contributions of the dataset, algorithm, and
evaluation method are described below:

e In order to solve the problem of moving-object tracking in logistics warehouses, a
specific company was selected as the sampling object to make the dataset. The dataset
encapsulated tracking outcomes for both goods and workers in video streams. The
tracking model was further strengthened and applied to most logistics warehouse
scenarios through the optimization of the dataset.

e  YOLOvV5s was selected as the base model on account of both detection accuracy
and detection speed. Despite incorporating the DeepSORT network for multi-object
tracking, the tracking speed remained sufficiently fast (within 30 ms). In addition,
YOLOV5s boasted a compact size of 7.3 MB, thus holding potential for application in
the actual logistics scene.

e  The multi-objective evaluation metrics from the MOT Challenge were employed as
the performance evaluation metrics of the logistics warehouse object-tracking system,
assessing the degree of improvement of the tracking effect.

e In the detection test, the mAP@0.5 achieved an impressive score of 0.976, demonstrat-
ing the high accuracy of the object-detection model. Moreover, the tracking test yielded
a commendable MOTA of 75.8% and a Rcll of 86.6%, validating the effectiveness of the
tracking algorithm. Moreover, the method of transfer learning for trained DeepSORT
models is introduced.
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