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A B S T R A C T   

Recently, autonomous mobile robots (AMRs) have begun to be used in the delivery of goods, but 
one of the biggest challenges faced in this field is the navigation system that guides a robot to its 
destination. The navigation system must be able to identify objects in the robot’s path and take 
evasive actions to avoid them. Developing an object detection system for an AMR requires a deep 
learning model that is able to achieve a high level of accuracy, with fast inference times, and a 
model with a compact size that can be run on embedded control systems. Consequently, object 
recognition requires a convolutional neural network (CNN)-based model that can yield high 
object classification accuracy and process data quickly. This paper introduces a new CNN-based 
object detection system for an AMR that employs real-world vehicle datasets. First, we create 
original real-world datasets of images from Banda Aceh city. We then develop a new CNN-based 
object identification system that is capable of identifying cars, motorcycles, people, and rickshaws 
under morning, afternoon, and evening lighting conditions. An SSD Mobilenetv2 FPN Lite 320 ×
320 architecture is employed for retraining using these real-world datasets. Quantitative and 
qualitative performance indicators are then applied to evaluate the CNN model. Training the pre- 
trained SSD Mobilenetv2 FPN Lite 320 × 320 model improves its classification and detection 
accuracy, as indicated by its performance results. We conclude that the proposed CNN-based 
object detection system has the potential for use in an AMR.   

1. Introduction 

In recent years, rapid advancements have been made in terms of transporting materials. The transformation of automated guided 
vehicles (AGVs) into autonomous mobile robots (AMRs) is among the most significant of these advances. Since 1955, when the first 
AGVs were introduced, they have served as guidance systems for material-handling systems. AGVs have evolved into vision-based 
systems incorporating mechanical, optical, inductive, inertial, and laser technologies. A vision-based system such as this employs 
sensors, a powerful onboard computer, and artificial intelligence (AI), which allow the device to recognize and navigate its sur-
roundings without the need to first define and implement reference points [1]. Autonomous vehicles include self-driving cars, robots, 
and other platforms that can sense their environment, interact with it, and navigate without human intervention. Nevertheless, 
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autonomous vehicles face several problems, including unknown environments, blind spots (invisible areas), non-line-of-sight sce-
narios, poor sensor performance due to weather conditions, sensor faults, false alarms, limited energy, limited computing resources, 
algorithm complexity, human-machine communication, size, and weight limitations. Several algorithmic approaches, including those 
for sensor design, processing, control, and navigation, have been developed to address this issue [2]. 

An AMR is a system that can operate in an uncertain and partially unknown environment. This means that the robot must be able to 
navigate its environment without interruption and avoid any obstacles. As a result, an AMR requires little or no human intervention to 
move and is programmed to follow a predetermined path in both indoor and outdoor environments [3]. It does not require external 
guidance devices such as wires, magnetic strips, or sensors, and can travel in dynamic situations without much assistance from outside 
sources. It also has cutting-edge sensors that can detect nearby objects. An intelligent system that can analyze the onboard image 
dataset of such a robot would allow for exploration of an area by loading an existing map or by creating one for use. As a result, AMRs 
can operate in almost any industrial setting [4]. Collisions between the mobile robot and obstacles must be avoided as the robot travels 
from its starting point to its final destination. The term ‘robot navigation’ refers to the ability of the robot to move through its 
environment to reach its destination without colliding with obstacles. A trajectory must be calculated to move the robot from its 
current location to its destination; this procedure requires a map, the location of the destination, and the robot’s current location, as 
determined by sensors or other location systems. In addition, a suitable algorithm must be used to detect collisions between robots and 
obstacles in the working environment, thereby allowing the robot to alter its trajectory or stop before a collision. The obstacle 
avoidance algorithm therefore aids in preventing collisions [5]. 

Hospitality is an important sector in which service robots are starting to be adopted. Positive online reviews of hotel services are 
correlated with the use of service robots, and guests are encouraged to provide evidence of the services provided by robots in their 
reviews. The catering and delivery industry is a further example of the early commercialization of this technology; for example, malls 
and university cafeterias utilize delivery robots to reduce lines, thereby decreasing average delivery times. According to a study, 
implementing a contactless meal order and takeout service (CMOTS) can increase a company’s profits by 95.4 % [6]. Several studies of 
the interaction between an AMR and the surrounding environment involve the use of sensory equipment for human detection and 
action recognition in industrial environments. Together with a human operator, collaborative behavior can be applied to AMRs 
carrying out a given task in an industrial space [7]. One study evaluated human perceptions of AMR courtesy behavior in industrial 
facilities, with a specific focus on crossing areas [8]. Research needs to be conducted on testing technologies for AMR, and to explore 
how digital twin technology can be used to test the operating environment of an AMR, robot navigation testing, and localization 
algorithms [9]. 

These robots are well-known for their intelligence and their ability to move independently, which enable them to react and make 
decisions in response to their environment. Therefore, they are employed in a range of industrial, transportation, and rescue appli-
cations. The planning of a trajectory is one of the most crucial aspects of the navigation of AMRs: researchers have worked on this 
problem over the past two decades, and numerous solutions have been developed. Path planning aims to determine a collision-free 
route between two points while minimizing the associated costs. This task can be divided into static and dynamic environments 
based on the characteristics of the environment: if the position of an obstacle does not change over time, it is referred to as static path 
planning, whereas if the position and/or orientation of the obstacle change over time, it is referred to as dynamic path planning [10]. In 
robotics and other associated fields, navigation is an important issue. For a mobile robot to navigate autonomously, it must be aware of 
its current location, its intended destination, and how to get there, meaning that navigation is the most important aspect to consider 
when designing a mobile robot. The objective is for the robot to travel from one location to another in a controlled or uncontrolled 
environment; however, in the majority of cases, a mobile robot cannot travel directly from its starting point to its destination, meaning 
that motion planning techniques must be implemented. The robot must therefore rely on processes such as perception (valuable data 
gathered by the mobile robot’s sensors), localization (the robot’s position and configuration), and cognition (decisions made by the 
mobile robot). In addition, goal attainment and motion control must be considered (i.e., the robot must estimate the input force to 
apply to the actuator to achieve the anticipated trajectory) [3]. 

Extensive datasets and a substantial amount of time are often needed to train a deep neural network (DNN) with a new model, and 
transfer learning is often used to reduce these requirements. In many instances, transfer learning begins with a network that has 
already been trained on a sizable dataset, such as ImageNet, and the network is then retrained (especially the classification layers) on 
the domain-specific dataset. Lower training times and significantly smaller datasets are needed for this. Various networks may be used 
for transfer learning, and a range of pretraining datasets can also be employed [11]. 

Real-world images can be gathered by the developer or obtained from external sources, with the two main types of images obtained 
from third parties being raw images and pre-existing datasets. Although search engines can be used to gather raw images, the 
developer will then need to label them. While search engines can offer sizable collections of images, there is a dearth of available 
metadata, and it may be that these photos were not taken under the best or most appropriate conditions, for example with suitable 
lighting. As a result, these images might make for a biased test dataset as well as a sub-optimal training dataset for the computer vision 
model, since they may only be available under a partial range of conditions, which will affect how well it performs. Due to the potential 
for producing inaccurate results, bias in test datasets must be considered. For instance, when a DNN was tested using publicly available 
datasets for vehicle detection, the results showed that the computer vision model performed well on images taken in comparable 
circumstances, such as in the same city; however, the computer vision model could not be generalized to cases outside the training 
dataset. The initial test dataset was therefore biased towards conditions similar to the training set when the performance was tested on 
datasets from alternative urban or rural settings. This may be acceptable for applications specific to the particular area in which the 
training images were collected, but is not suitable for more widespread use [11]. In addition to obtaining raw photos, several publicly 
accessible datasets created by prior researchers are available that cover a variety of disciplines, such as the common objects dataset 
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(COCO) [12], PASCAL [13], ImageNet [14], and the vehicle detection datasets CityScapes [15] and CamVid [16]. If real-world images 
are scarce or unavailable, synthetic images can be utilized. The images are computer-generated and produced from real-world images, 
proprietary 3D simulations, or a combination of real-world images and 3D computer models. Although synthetic images are typically 
easier to create and label than real datasets, the domain gap between the simulated and real environments often results in poor 
performance [11]. 

Research on deep learning has proliferated in recent years and has been used in many areas of application. Deep learning ap-
proaches have also been adopted for the tasks of localization and positioning; for example, a vision system based on the YOLO al-
gorithm identifies static objects that can become obstacles in the path of a moving robot. To identify objects and their distances, objects 
must be determined in advance, such as chairs, wheelchairs, boxes, and tables [17]. A moving object detection system then uses images 
obtained from cameras mounted on objects, such as cars and mobile robots [18]. With the existing form of mobile robots, these 
problems are challenging to solve, due to the difficulties arising in various environments such as agricultural fields. It is, therefore, 
necessary to design a robot that can load and transport sufficient quantities of crops and that can move freely, even in tight spaces [19]. 

Developing an object detection system for an AMR requires a deep-learning architectural model with adequate accuracy, high 
inference speed, and a model that is small enough to be run on an embedded control system. One deep learning architecture model that 
meets the above requirements is the single-shot multi-box detector (SSD) and its variants. An SSD object detection model with a small 
number of parameters allows it to be used in real-time applications involving the detection of the human lower body using an AGV 
[20]. Vehicle detection has been carried out using improved SSD models [21], and one study of the detection of urban panel 
advertising compared the results from SSD and YOLO [22]. Studies of the use of SSD for Trident Feature and Squeeze have demon-
strated the high accuracy of this approach for small object detection [23]. Furthermore, a CNN has been used to detect landmarks to 
determine the location of a mobile robot [24]; this was applied with object recognition in complex rural areas via an embedded 
graphics processing unit (Jetson Nano), which allows multiple neural networks to run simultaneously. Computer vision algorithms 
have also been applied to image recognition [25]. 

Many different types of objects may be present in a real-world environment, and the identification of such objects with the help of 
machines is a complex task. Computer vision is a branch of computer science that allows machines to see, identify, and process objects 
from still images and videos of their surroundings. A video is a continuous sequence of images (called video frames) that are displayed 
at a certain frame rate. Humans can immediately detect or recognize objects from images or videos and can determine their locations, 
as the neurons of the brain are interconnected. Video object detection is an AI task that uses the same process to detect objects. Object 
detection is an elementary step, and computer vision has been a major area of active research for decades, with various applications 
such as face detection, facial recognition, pedestrian counting, security systems, vehicle detection, self-driving cars, etc. [26]. Posi-
tioning can be carried out using several ultrasonic sensors for autonomously moving robots, where the coordinates are calculated 
according to the time ratio [27]. 

The feasibility and performance of AMRs are controlled completely from the cloud via a wireless connection [28], using a 
low-overhead real-time ego-motion estimation (visual odometry) system based on either a stereo or an RGB-D sensor [29], a prototype 
mining explorer robot has also been created with SLAM software and LIDAR sensor hardware [4]. Since many robots cannot inde-
pendently diagnose whether localization results based on LIDAR are reliable, this may cause serious problems with autonomous 
navigation. A self-diagnosis scheme in which SVM is used to determine the localization status [30], develop a method of navigation for 
autonomous robots in dense environments for the data-driven prediction of robot-human interactions, and carry out experimental tests 
that can be reproduced under controlled conditions. This approach is called navigation with the local human-interaction prediction 
(NLHP) [31]. 

Sensors that detect and monitor vehicles contain three components: a transducer, a signal processing unit, and a data processing 
device. In an AMR, all three are very important to ensure that correct information about the surrounding environment is received. The 
sensors that are currently used in vehicles include monocular cameras, binocular cameras, light detection and ranging (LiDAR), global 
navigation satellite systems (GNSS), global positioning systems (GPS), radio detection and ranging (radar), ultrasonic sensors, 
odometers, and many more. However, each of these sensors has certain advantages and disadvantages: for example, LiDAR operates on 
the principle of radar but emits infrared light waves rather than radio waves. As a result, this sensor has much higher accuracy than 
radar below 200 m, although weather conditions such as fog or snow can negatively impact its performance [32]. 

Several previous authors have used a deep learning model with an AMR to detect objects, for example by developing a CNN-based 
method to detect distracted drivers and to identify the causes of distraction (talking, sleeping, or eating, via face and hand localization) 
[33]. A MobileNet-SSD architecture has been applied to detect damage to pallet racks [34]. An SSD with MobileDet Edge TPU and 
Mobilenet Edge TPU as the backbone was used to detect vine trunks, and the performance of this model was compared with that of 
MobileNet-V1 and MobileNet-V2 on agricultural datasets [35]. A system that allowed mobile robots to localize and navigate inac-
cessible areas of an indoor environment independently was developed in which the advantages of the convolutional neural network 
(CNN) model were exploited to extract data feature maps for image classification and visual localization. The CNN used a suitable cost 
function to overcome the limited generalizability of existing CNN classifier models due to the limited size of the dataset [36]. An 
efficient object navigation strategy was proposed in this paper, and a semantic association model was obtained using Mask R–CNN. An 
effective object navigation strategy was designed in another study to enable a robot to find a given target efficiently [37]. An 
open-source ground robot called SROBO was designed to accurately identify its position and navigate specific areas using deep CNNs 
and transfer learning. A pre-trained SSD-Mobilenet-v2 model was retrained on the SROBO control system using 100,000 images of 
indoor objects [38]. 

In the present paper, we propose a new CNN-based object detection system for an AMR using real-world vehicle datasets. The AMR 
has stringent requirements in terms of detecting road targets in real-time. This study aims to construct an object detection system for 
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the city of Banda Aceh using a deep learning model and to evaluate the post-training capabilities of this model, including its capacity 
for location prediction and object classification. Real-world datasets and an SSD Mobilenetv2 FPN Lite 320 × 320 CNN model are built 
for object detection. To the best of our knowledge, no prior researchers have examined the use of real-world datasets with several small 
images for object detection when applied to traffic conditions in Banda Aceh city. A previously-trained CNN model is therefore 
retrained using a real-world dataset to detect occluded and truncated objects. As a result of this research, it is envisaged that the 
accuracy of object localization, categorization, and detection can be enhanced, with rapid processing. We also present a CNN SSD 
Mobilenetv2 FPN Lite 320 × 320 architectural model that is trained on a real-world dataset of vehicle images, captured in Banda Aceh 
under morning, afternoon, and evening lighting conditions, and which contain four categories of objects: cars, motorcycles, people, 
and goods rickshaws. The dataset contains fewer than 500 images, and an augmentation approach is used to increase both the number 
of images and the number of objects per image, in order to prevent overfitting. The SSD Mobilenetv2 FPN Lite 320 × 320 model is pre- 
trained on the ImageNet dataset containing three of the four objects (excluding goods rickshaws). We then examine the effect of 
training the SSD Mobilenetv2 FPN Lite 320 × 320 CNN model on the dataset to detect all four types of objects on the streets of Banda 
Aceh. Finally, we evaluate the object detection and classification performance of the proposed CNN-based model. The contributions of 
our work can be summarized as follows:  

1) We create a real-world dataset made up of a small number of images based on four object categories: cars, motorcycles, people, and 
goods rickshaws. The images were taken from various angles, at various shooting scales, and under various lighting conditions 
(morning, afternoon, and evening). The dataset also contains truncated and occluded objects.  

2) We propose a new CNN-based SSD Mobilenetv2 FPN Lite 320 × 320 object detection model that is retrained on real-world datasets.  
3) We compare the detection capabilities of the model before and after training on images taken under morning, afternoon, and 

evening ambient lighting. We also assess the object classification and detection performance of the proposed CNN-based system 
using both qualitative and quantitative techniques. 

2. Method 

The methodology used in this paper is shown in Fig. 1, where a real-world dataset is formed from images taken in several locations 
across the city of Banda Aceh. There are three main steps in this methodology. The first is the creation of a dataset containing image 
frames at several locations. This dataset is then subjected to initial processing to create images with a size of 800 × 600 pixels. Next, the 
SSD Mobilenetv2 FPN Lite 320 × 320 CNN model is trained, and the performance of the model is evaluated. In the last step, the final 
results of the model are produced, consisting of an image with the name of the object, a bounding box, and an estimate of the clas-
sification accuracy. 

The steps in the research method used in this study are shown in more detail in Fig. 2. First, pictures are taken for the dataset using a 
camera under three lighting conditions (morning, afternoon, and evening). The next stage is the training process of the SSD Mobi-
lenetv2 FPN Lite 320 × 320 CNN model. The result of this process is a checkpoint file that can be used to evaluate the model. Following 
training, the model is assessed both quantitatively and qualitatively. We evaluated the training results by looking at precision and 
recall values, measured as mean average precision (mAP), across 10 IoU thresholds from 0.05 to 0.95. We also examined the curves for 

Fig. 1. Proposed methodology.  
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classification, localization, and regularization loss. 
We assessed the model’s quality by testing it with images before and after training. We compared how well it performs in three 

lighting conditions: morning, afternoon, and evening. An assessment was also carried out on the accuracy of the bounding boxes before 
and after the training process, using a real-world dataset consisting of images of vehicles in Banda Aceh. 

2.1. Data procurement 

To the best of our knowledge, no open-source images of representative road objects are available for Banda Aceh. We addressed this 
key need by collecting images of vehicles and creating the first road object dataset for Banda Aceh, which can be used to train object 
detection models. The vehicle dataset consisted of images taken with a camera to create a representative dataset. Images were taken 
while paying attention to the position of each vehicle and the size of the object, and were divided into three groups based on the 
lighting conditions (morning, afternoon, and evening). The total number of images in the datasets was 325, each with a size of 4160 ×
3120 pixels. 

2.2. Data pre-processing 

The static dataset of images taken with the camera was pre-processed and reduced to a size of 800 × 600 pixels. Images were also 
taken from the internet, with sizes greater than 320 pixels for both the length and width. Image dimensions were reduced to enhance 
training efficiency and accelerate image processing during testing, leveraging the computational capabilities of a Google Colab GPU. 
The SSD Mobilenetv2 FPN Lite 320 × 320 model accepted an input image of size 320 × 320 × 3, thus requiring the sizes of all of the 
static images to be reduced. Next, the collected images were annotated with the LabelImage application, in order to apply bounding 
boxes to the dataset. Determining the bounding boxes is particularly important, as these will serve as a ground truth when the accuracy 
of the bounding box predictions is assessed during the training phase. The implementation of the bounding box was determined based 
on the nature of our dataset, and needed to be "tightly tied," focusing only on vehicles and people, in order to provide the training phase 
with sufficient data for generalization. An annotated dataset with bounding boxes for object detection consists of an image file with the 
appropriate bounding box annotation files. In this study, we used the PASCAL VOC format, and all datasets were converted accord-
ingly. In this format, each image has a corresponding xml file containing all the annotation data; this makes it more convenient, as all 
the information is contained and labeled in the xml file. The next step was image pre-processing. When each image had been labeled, 
further processing was required, as each xml file needed to be converted to csv and finally to the TFRecords format for training of the 
model. The last step was to create a label_map.pbtxt file, to define the mapping of category ids to category names. 

The dataset is divided into two main parts: training data for training the model and validation data for evaluating its performance. 
This was because the learning process was based on a small batch size (minibatch) for training and validation, meaning that each batch 
of training results could be validated to determine the training accuracy. The training data consisted of a jpg image file and an xml 
annotation file. For data testing, only jpg image files were needed. The training and validation datasets represented 80 % (261 images) 

Fig. 2. Stages of the research methodology.  

Table 1 
Number of objects per dataset category.  

Category Number of objects per category 

Cars 297 
Motorcycles 330 
People 370 
Goods rickshaws 121  
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and 20 % (64 images) of the total, respectively. Table 1 shows the number of objects per dataset category used in the training process. 

2.3. Training 

2.3.1. Data augmentation 
In the training process, an augmentation process was applied to the dataset, which consisted of a set of techniques to increase the 

size and quality of the training data. The goal was to increase the generalization capability of the model without changing the cat-
egories of images. Basic augmentation operations such as random cropping and horizontal flipping were performed. Random cropping 
of the image was carried out to create a random subset of the original sample. Random cropping in data augmentation randomly 
extracts different regions from images during training. This enhances a model’s ability to recognize objects in various locations, sizes, 
and backgrounds, and offers better generalization and robustness. 

Horizontal flipping was applied to the dataset to create mirror images, enhancing the dataset’s diversity and promoting the model’s 
ability to recognize objects from different perspectives. For example, the vehicles were mostly on the left side of the road, and this 
augmentation increased the generalization of objects to the right side of the road, and reversed the direction of the vehicle when 
parked (facing left or right). 

The testing dataset was used to test the resulting model, after the training process was complete. The training process involved 
learning new data, thus allowing the model to carry out the vehicle object detection process. The model parsed the training and 
validation data stored in tfrecord format, subsequently leveraging a pre-trained model for training and validation. The objective was to 
derive a model characterized by minimized losses in both localization and classification through rigorous evaluation of the dataset. 

The result of the training process was a checkpoint file, which was converted into a model for retraining. To assess the performance, 
the retrained and pre-trained models were used to apply an inferencing process to the image to produce bounding boxes, object names, 
and detection accuracy for images taken under three lighting conditions (morning, afternoon, and evening). 

2.3.2. Architecture selection 
When the geometric transformation of the dataset was complete, the next step was to select the architecture that would be used for 

training on the dataset. The pre-trained model was initially trained on a large ImageNet dataset, and was then trained to produce a 
checkpoint file. The checkpoint file was then converted into a model for retraining. The vehicle detection model was an SSD Mobi-
lenetv2 FPN Lite 320 × 320, a variant of the single-stage detection algorithm. 

Object detection algorithms can be divided into two categories, single-stage and two-stage methods, with the main difference being 
whether they include a region proposal step. Two-stage algorithms use a region proposal network (RPN) to generate ROIs in the first 
phase, and then send the region proposals to the pipeline for object classification and bounding-box regression, meaning that they have 
an advantage in terms of accuracy, although they are usually slower. In contrast, a single-stage algorithm only performs a single 
detection; the absence of a region proposal step is advantageous in terms of speed, but these models achieve a lower level of accuracy. 
Numerous object detection architectures are available for object detection, but most require a dedicated GPU, and are usually hosted in 
the cloud due to their high computing requirements. This is because they typically apply a two-stage detection methodology, where the 
architecture first generates region proposals and then performs object classification on each proposal. 

Two-stage detection methods, including R–CNN [39], R–FCN [40], and the region pyramid network (RPN) [41], can be used to 
generate the desired regions, and classification is then performed on this region using a fully connected or convolution layer. While a 
two-stage model provides a higher level of accuracy, the increased computational load makes it unusable at the edge. In this research, 
we aimed to train a lightweight architecture that could perform inference in a closed environment (Jetson Nano) with high accuracy 
and in real-time. We therefore chose a one-shot detector, in which bounding box classification and regression are performed in a single 
step. SSD, a single-shot multi-box detector model, is a popular single-stage architecture for high-speed inference in cases where the 
highest level of accuracy is not the primary requirement [42]. 

2.4. SSD Mobilenetv2 FPN lite 320 × 320 single-shot multibox architecture 

The chosen architecture was tested to investigate its advantages and disadvantages. The main drawbacks of the RCNN algorithm 
[43] are the difficulty of detecting objects on a small scale and incorrect localization. An SSD can overcome these limitations to some 
extent, as it performs both operations in one shot. This offers two significant benefits. Firstly, feature maps of different sizes (10 × 10, 5 
× 5, 3 × 3, etc.) can be extracted from the scene, where small-scale feature maps are generally used to detect large objects, and 
large-scale maps to detect small objects (multi-reference detection). Secondly, anchor boxes with different scales and aspect ratios can 
be generated (multi-resolution detection). Another significant advantage of SSDs is their increased performance on low-resolution 
images, which helps to avoid the need for expensive sensors. 

For real-time processing, SSD adopts a one-shot approach by simultaneously predicting category scores and bounding box co-
ordinates across multiple default boxes. This integrated prediction mechanism eliminates the need for a separate RPN. The multi-scale 
functionality allows SSD to analyze and detect objects across multiple resolutions, enhancing its adaptability to diverse object scales 
and improving overall precision in object localization and classification. The integrations of default boxes and multi-scale functionality 
in SSD serve as critical enhancements, yielding a substantial acceleration in processing speed. Simultaneously, the incorporation of 
multi-scale functionality empowers SSD to effectively address variations in object sizes, contributing to its resilience in the face of 
lower-quality images. 

An SSD network architecture was implemented with the VGG16 network as the backbone, which generated six feature maps with 
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various dimensions and aspect ratios for object detection on the back. A non-maximum suppression (NMS) mechanism was also 
applied to the detection output. The output with the highest confidence score was proposed in the case of multiple overlapping 
detection outputs. Although using VGG16 as the backbone provides useful feature extraction capabilities, its internal architecture is so 
deep, with more than 130 million parameters, that it is difficult to achieve real-time inference on edge devices with limited computing 
capacity. The base MobileNetV2 network included an SSD layer to deal with the problem of computational complexity as a result of 
using VGG16 as the backbone of the SSD detector. Google replaced the VGG16 architecture with the Mobilenet network [44], which 
led to improved real-time inference for SSD architectures. SSDLite, which was introduced in Mobilenetv2 [45], has a dramatically 
reduced number of parameters and computational cost. SSDs are very sensitive to the size of the bounding box, and perform much 
worse on smaller objects than on larger ones. However, they perform well on large objects, and are very powerful for different object 
aspect ratios. Classic single-stage detection methods, such as enhanced detectors, DPM, and newer methods such as SSD, evaluate 
almost 104 to 105 candidate locations per image; however, only some of these locations contain objects (i.e., the foreground), and the 
rest are just background objects. This gives rise to the issue of class imbalance [46], which causes two problems:  

1. The training process is not effective because detectors can quickly and easily label most locations as unimportant background 
(easily negative). Unfortunately, this doesn’t help the model learn valuable information. 

2. The difficult negative samples can easily be classified into the wrong category. Although they generate small loss values indi-
vidually, these can collectively overwhelm the calculated losses and gradients and lead to degenerate models. 

RetinaNet is one of the best single-stage object detection models, and has been proven to work well with both compact and small- 
scale objects. SSD Mobilenetv2 FPN Lite 320 × 320 is a variant of RetinaNet, whose architecture, as shown in Fig. 3, was created by 
adding two improvements to the existing one-stage object detection model: feature pyramid networks (FPNs) and the focal loss (FL). FL 
is an improvement on the cross-entropy loss (CE), and was introduced to deal with class imbalance problems with single-stage object 
detection models. A background class imbalance issue with extreme foreground-background disparity arises in a single-stage model, 
attributed to the dense sampling of anchor boxes, which represent potential object locations. In RetinaNet, there may be thousands of 
anchor boxes at each layer of the pyramid, meaning that few will be assigned to ground-truth objects, while most will be background 
classes. These easy examples (with a high probability of detection) can collectively overwhelm the model, even though they produce 
small loss values. The use of FL reduces the loss of contributions from easy examples and increases the importance of correcting 
misclassified examples. This approach naturally solves the class imbalance problem because examples from the majority class are 
usually easy to predict, while those from the minority class are difficult because a lack of data or examples from the majority class 
dominates the loss and gradient process. Due to this similarity, the use of FL may solve both problems. 

2.5. Experimental setup 

In our experiments, we used a deep learning framework consisting of TFOD 2 (Tensor Flow Object Detection 2), Google Collab-
oratory, an Intel(R) Xeon(R) CPU @ 2.20 GHz, an Nvidia Tesla T4 GPU, 12.68 GB RAM, a 78.19 GB disk, libcudnn8 = 8.1.0.77, CUDA 
Version: 11.2, OpenCV v4.6.0, Tensorflow = 2.9.0. 

Fig. 4 shows the experimental setup for the model training process. The experiment began with the data acquisition stage, in which 
we collected images to create a dataset. This was followed by pre-processing and augmentation of the images. The SSD Mobilenetv2 
FPN Lite 320 × 320 single-stage object detection model architecture was then selected. The process of network training and validation 
was carried out, and the final stage involved testing the model on the images. 

2.6. Performance evaluation 

The performance of the proposed object detection system was evaluated both qualitatively and quantitatively. In the qualitative 

Fig. 3. Architecture of SSD Mobilenetv2 FPN lite 320 × 320.  
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evaluation, we assessed the images resulting from the inference process in the model, whereas the quantitative evaluation is explained 
in the following. This evaluation was based on the localization losses for the bounding box offset predictions and the classification 
losses for the conditional class probabilities [42]. The loss L is calculated as the sum of the squared errors and is given in Equation (1). 

L=
1
N
(Lcls + αLloc), (1)  

where N is the number of matching bounding boxes, Lcls is the classification loss, α is the balancing parameter for the weights between 
the two losses Lcls and Lloc, and Lloc is the localization loss. If N = 0, we set the loss L to zero. The localization loss is a smooth loss L1 that 
is applied in Fast RCNN [47] between the predicted box (p) and the ground truth box (g) parameters. It is also the loss between the 
predicted bounding box correction and the true value. The coordinate correction transformation is the same as that applied by R–CNN 
in the bounding box regression process. A robust L1 is less sensitive to outliers than the loss used in R–CNN and SPPnet. The smooth loss 
L1 is shown in Equation (2). 

Lsmooth
1 =

{
0.5x2 if |x| < 1

|x| − 0.5 otherwise , (2)  

where x is the predicted value minus the ground truth value. When the regression targets are unbounded, training with this loss may 
require careful tuning of the learning rates in order to prevent exploding gradients. Using Equation (3) can eliminate this sensitivity. 
Lloc is calculated in Equation (3) [47]. 

Lloc =
∑

i,j

∑

m∈{x,y,w,h}

lmatch
ij Lsmooth

1

(
di

m − dj
m

)2
. (3) 

To perform bounding box regression, we use four coordinate parameters in Equations (4)–(7) [43]. 

tj
x =(gj

x− pi
x
)/

pi
w, (4)  

tj
y =(gj

y− pi
y

)/
pi

h, (5)  

tj
w = log(gj

w
/

pi
w
)
, (6)  

tj
h = log(gj

h

/
pi

h

)
, (7)  

where lmatch
ij indicates whether the i-th bounding box with coordinates (pi

x, pi
y, pi

w, pi
h) corresponds to the j-th ground truth box with 

coordinates (gj
x, gj

y, gj
w, gj

h) for each object. di
m,m ∈ {x,y,w,h}, are the predicted correction terms for the center coordinates of the box 

and its width and height. The classification loss in Equation (8) is defined as the softmax loss applied to multiple classes [43]: 

Lcls = −
∑

i∈pos
lkij log

(
ĉk

i
)
−

∑

i∈neg
log

(
ĉ0

i
)
,where ĉk

i = softmax
(
ĉk

i
)
, (8)  

where lkij indicates whether the bounding box to i-th and the ground truth box to j-th corresponds to an object in class k, “pos” is the set 
of matching bounding boxes (N items in total), and “neg” is the set of negative examples. SSD uses hard negative mining to select easily 

Fig. 4. Experimental setup used for training.  
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misclassified negative examples to create the neg set. Once all the anchor boxes have been sorted based on the objectiveness confidence 
score, the model selects the top candidates for training so that the ratio between negative and positive is at most 3:1. 

A metric is used to measure the performance of the detection algorithm. In the case of object detection, the evaluation metric used 
here measures how close the detected bounding box is to the ground truth bounding box. This measurement is carried out indepen-
dently for each object class by assessing the amount of overlap between the prediction area and the ground truth. Each detected 
bounding box must first be classified in order to calculate the precision and recall values, as follows:  

a. A true positive (TP) is a correct detection of the ground-truth bounding box.  
b. A false positive (FP) is a false detection of a missing object or misplaced object detection.  
c. A false negative (FN) is an undetected ground truth bounding box. 

Precision is the ability of a model to identify only relevant objects [48]. This is the percentage of correct positive predictions, and is 
calculated as Equation (9). 

Precision=
TP

TP + FP
. (9) 

Recall is the ability of a model to find all relevant cases (all ground truth bounding boxes). It is the percentage of correct positive 
predictions out of the total number of ground truths. It is calculated as the ratio between the correctly classified positive samples and 
the total number of true positive samples: the more positive samples are detected, the higher the recall. It is expressed in Equation (10). 

Recall=
TP

TP + FN
. (10)  

In addition to the precision and recall metrics, we also calculated the IoU and FL. IoU is defined as the intersection between a detected 
bounding box and the ground truth bounding box. The area of overlap between the predicted and ground truth boxes is divided by the 
union area, resulting in the IoU [48]. An IoU value of >0.5 is usually considered a good prediction. This metric determines how many 
objects were correctly detected and how many false positives were generated, and is defined in Equation (11). 

IoU=
Area of Overlap
Area of Union

. (11) 

FL is an improved version of CE, which attempts to address the problem of class imbalance by assigning more weight to examples 
that are difficult or easily misclassified (i.e., backgrounds with noisy textures or partial objects, or objects of interest), and lowering the 
weight of easy examples (i.e., background objects) [46]. It can be calculated as shown in Equation (12). 

FL(pt)= − αt(1 − pt)
γ log pt , (12)  

where pt is the predicted confidence score for an object candidate, α is the weighting factor, and γ is the focusing parameter. (1 − pt)
γ is 

a modulating factor, with an optimum value for α = 0.25 and γ = 2. 
The F1 score is mathematically expressed as the harmonic mean of precision and recall, providing a symmetrical representation of 

both metrics [48]. It is presented as Equation (13). 

F1 score=
2 ∗ Precision ∗ Recall

Precision + Recall
. (13) 

Fig. 5. Results of image annotation with the LabelImage application.  
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3. Results 

3.1. Model evaluation 

In the model evaluation process, the first step is to perform an annotation process to ensure that the model does not contain errors. 
The output data consists of an image dataset and an xml file, which is the result of the process of labeling with the LabelImage 
application. In this way, the relationship between the image, the bounding box, and the label of each image is obtained. The xml file is 
subsequently transformed into a csv file and further processed into a tfrecord file for use in training and validation data. These data are 
then passed as input to the training process, in addition to the pbtxt file, to determine the number of classes, and the config file, to 
determine the hyperparameters during the training process. Finally, an annotation process (naming the bounding boxes for each 
object) is carried out for all four object classes (cars, motorcycles, people, and goods rickshaws). Fig. 5 shows the result of an image 
annotation process, where the bounding box coordinates and object names are stored in an xml file. 

After the training process, the SSD Mobilenetv2 FPN Lite 320 × 320 deep learning model is evaluated based on a loss classification 
and localization loss graph, in which the loss curve produces a value of close to zero with an increase in the number of training steps. 
We then carried out experimental testing of the model’s ability, before and after training, to detect the location, name, and accuracy of 
objects in images that were not included in the training process, under three different lighting conditions (morning, afternoon, and 
evening). Performance testing yields values for the average precision and average recall. 

The results of the simulation are the elapsed time and the training loss. Elapsed time refers to the total amount of time it takes for 
the training process to complete. This includes the time taken for processing each epoch (complete pass through the entire training 
dataset), updating the model parameters, and iteratively improving the model’s performance. The training loss, in the context of the 
SSD MobileNetV2 FPN Lite 320 × 320 deep learning model, refers to the quantitative measure of error incurred during the training 
process on the specified dataset. The objective of this training is to iteratively adjust the model’s parameters to minimize this loss value, 
indicative of the dissimilarity between the model’s predictions and the ground truth labels within the training dataset. The training 
phase yields distinct loss curves, delineating the classification and localization losses. As illustrated in Fig. 6, the classification loss 
converges to a final value of 0.0413515. This denotation of a notably low training classification loss suggests the model’s proficiency, 
thereby signifying its potential for effective generalization in object classification tasks. The smaller the classification loss, the better 
the model’s performance in terms of detecting objects. Fig. 7 shows the localization loss, which has a final value of 0.01855353. This 
value indicates the level of accuracy of the bounding box; the smaller the loss, the higher the IoU, and the more precise the object 
detection capability of the proposed model. 

The optimal mapping from the inputs to outputs is determined by the weights learned by the neural network. Large weights may be 
indicative of an unstable network, in which minute changes in the input can result in significant changes in the output. This may 
indicate that the network has been overfitted to the training set, and is likely to perform poorly when applied to new data. This issue 
can be resolved by modifying the learning algorithm to encourage the network to keep the weights small. This process is shown in 
Fig. 8, and is referred to as weight regularization; it can be used as a general strategy to reduce the overfitting of the training dataset 
and to increase the generalizability of the model. 

In addition to the classification and localization losses, Table 2 also shows low regularization losses, meaning that overfitting can be 
avoided in the training process. The iteration number is 16,000 steps. We conduct a comparative analysis of our training loss in 
comparison to that reported in prior research. In the previous study, a real-world object detection system was trained exclusively on 
synthetic data using YOLOv5, resulting in a training loss exceeding 0.01 [49]. The training losses of the D-CNN network model in the 
flow statistics module (STM) exceed 1.0 [50]. The loss function reflects the ability of a model to identify the input data items in a 
dataset correctly: the lower the loss, the better the classifier predicts the relationship between the input data and the output targets. It 
represents how accurately the algorithm can guess the correct class of a given object in a scenario involving classification loss [51]. The 
training losses of the YOLOv3 network model for detecting road hazards are below 0.04 [52]. The elapsed time for the proposed model 

Fig. 6. Classification loss, calculated as a softmax loss over multiple classes for each example in the training set.  
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was low, as the Google Collaboratory GPU was used, and the dataset considered in this study was not large. As a result, the elapsed time 
for the training process for the proposed model was lower than for comparable models in other studies [53]. 

3.2. Experimental results 

The experiments were carried out on three types of images, which were taken in the morning, afternoon, and evening. This was 
done to explore the changes in the detection accuracy when there is a change in lighting. The test results for the morning, afternoon, 
and evening conditions are shown in Fig. 9(a and b), 10(a and b), and 11(a and b), respectively. 

Fig. 9(and b) shows the experimental findings for the object classification accuracy, before and after the proposed deep learning 
model was trained on images taken in the morning. It can be seen that following training, the classification accuracy for cars increased 
from 73 % to 96 %, while for motorcycles, the classification accuracy increased from 75 % to 93 %. For people, the classification 
accuracy was 77 % prior to training, and 51 % after training. 

The reason is that there are fewer pictures of people standing sideways in the datasets compared to images of people doing ac-
tivities, like riding motorcycles. Before training, the accuracy for classifying motorcycles, bicycles, and benches was below 47 %, but 
the accuracy for goods rickshaws was unknown. After training, the accuracy for classifying goods rickshaws reached 100 %. The results 
of this experiment show that the classification accuracy of the proposed model is very high. 

Fig. 10(a and b) compares the object classification accuracy before and after training of the proposed model on images taken in the 

Fig. 7. Localization loss, calculated as a smooth L1 loss between the predicted bounding box correction and the true value.  

Fig. 8. Regularization loss based on weight regularization.  

Table 2 
Final loss values for the fine-tuned SSD Mobilenetv2 FPN 
Lite 320 × 320.  

Classification loss 0.0413515 

Localization loss 0.01855353 
Regularization loss 0.07530993 
Total loss 0.13521497 
Elapsed time 2 h 9 min  
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afternoon. Before training, the classification accuracy for cars ranged from 74 % to 75 %, but it was a perfect 100 % after completing 
the training. For motorcycles, the accuracy increased from 49 % to 97 % after training, whereas for people, the classification accuracy 
increased from 33 % to 75 %. Before training, the classification accuracy for goods rickshaws was at or below 45 %, while after 
training, it reached 100 %. 

Fig. 11(a and b) compares the accuracy of object classification before and after training on images taken under evening conditions. 
The classification accuracy for cars was 70 % prior to training and 99 % afterward, while for motorcycle objects, it increased from 68 % 
to 100 %. For people, the classification accuracy was 73 % before training but approached 97 % after training. The classification 
accuracy for goods rickshaws reached 100 % after training; previously, these had been classified as motorcycles. The qualitative 
classification accuracy results for cars, motorcycles, people, and goods rickshaws, under the three conditions of morning, afternoon, 
and evening lighting, are shown quantitatively in Table 3. 

The lighting condition was one of the factors taken into account to determine the classification accuracy. Fig. 9(a and b), 10(a and 
b), and 11(a and b) illustrate the effects of morning, afternoon, and evening illumination, respectively, on the classification accuracy of 
the CNN model. In the morning, the accuracy for identifying cars was 96 %, motorcycles 93 %, people 51 %, and rickshaws 68 % and 
100 %. In the afternoon conditions, five object cars, three of which attain 100 %, one object 99 %, and one object 77 %. The object 
classification accuracy for motorcycles was 97 % and 57 %, whereas for people it was 75 %, and for goods rickshaws, it was 100 %. 

During the evening evaluation as shown in Fig. 11(b), the classification accuracy for cars exhibited values of 99 %, 100 %, and 81 % 
across distinct scenarios. Accuracy in identifying people reached 97 %, while motorcycles and rickshaws achieved perfect accuracy at 
100 %. Notably, the presence of shadows cast by roadside objects did not yield any discernible impact on classification accuracy across 
varying illumination conditions. Upon visual inspection, Fig. 10(b) displayed classification accuracies of 97 % for motorcycles and 75 
% for people. In contrast, Fig. 11(b) showcased enhanced performance with 100 % accuracy for motorcycles and 97 % for people. 
These findings underscore the model’s adaptability to diverse environmental conditions, affirming its efficacy in maintaining accurate 
classifications amid varying lighting and contextual scenarios. 

The difference in precision is due to the fact that the motorcycle and people in Fig. 11(b) are shown on a large scale, whereas in 
Fig. 9(b) they are shown on a medium scale. The results in Table 4 indicate that the mAP value for large objects is 0.374, whereas, for 
medium-sized objects, it is 0.206. There is a linear relationship between the classification accuracy value and the mAP value, as the 
mAP for large objects is greater than for medium-sized objects. The higher the mAP, the greater the accuracy of classification. In the 
truncation condition depicted in Fig. 10(b), there were three car objects, with two achieving a perfect accuracy of 100 %, and one 
reaching 99 %, respectively. The high classification accuracy can be attributed to several images in the dataset depicting objects in 
truncation conditions at the image boundary, and the cropping process used to generate additional images for training and validation. 

In terms of the detection accuracy for cars, we note that the proposed SSD Mobilenetv2 FPN Lite 320 × 320 was comparable to the 
CNN DP-SSD architecture [54]. The classification accuracy for vehicles with the DERD model, based on the YOLOv3 network, was 
reported to reach 75 % [50]. A vehicle detection model was implemented using 11 different extraction network models. However, their 
highest classification accuracy of 86 % was still inferior to that of the proposed SSD Mobilenetv2 FPN Lite 320 × 320, which achieved a 
perfect score of 100 % [55]. The average classification accuracy of our Mobilenetv2 FPN Lite 320 × 320 SSD reached 84 % for all 
objects (people objects were detected with the lowest value of 51 % in the morning conditions, while for the other 3 objects, the 
average accuracy value was higher), making it less accurate than Resnet 50 (86 %) and Darknet53 (85 %). 

Lastly, another study compared various object models with five CNN models to classify cars and people [56]. All objects were 
classified by size, truncation, and occlusion, based on the KITTI criteria, into three levels of difficulty: easy, medium, and difficult. The 
highest classification accuracy for object classification was 82 %, i.e., lower than the proposed SSD Mobilenetv2 FPN Lite 320 × 320. 
The classification of people gave the highest classification accuracy of 56 %, as compared to a maximum of 97 % for the proposed SSD 
Mobilenetv2 FPN Lite 320 × 320. 

Table 3 
Object classification accuracy under different lighting conditions.  

Condition Object category Accuracy (%) 

Before training After training 

A. Morning Car 73 96 
Motorcycle 75 93 
People 77 51 
Goods rickshaw – 100 

B. Afternoon Car 74 100 
Motorcycle 49 97 
People 33 75 
Goods rickshaw – 100 

C. Evening Car 70 99 
Motorcycle 68 100 
People 73 97 
Goods rickshaw – 100  
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3.3. Performance of the proposed model 

In this study, we created a real-world dataset and a new CNN model for use with AMRs. Previous studies have provided results only 
for the COCO dataset [49,52,53]. The mAP is a measurable parameter in COCO, and a 101-point interpolated definition of average 
precision (AP) is utilized in the calculation. The mAP is used to evaluate object detection models by comparing each ground-truth box 
to the detected box and delivering a score. The greater this score, the more precise the detection. Object detection models are typically 
tested using a variety of IoU thresholds, each of which may produce predictions that differ from the others. For COCO, the AP is the 
weighted average of the minimum IoU required to consider a match positive. AP@[0.50:0.05:0.95] represents the average AP for an 
IoU of between 0.5 and 0.95, with a step size of 0.05. In the COCO competition, the AP is the average of 10 IoU levels over 80 categories 

Fig. 9. Experimental object classification under morning illumination. (a) before training. (b) after training.  
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(AP@[0.50:0.05:0.95], i.e., ranging from 0.5 to 0.95 in increments of 0.05). 
The precision reflects the ability of the model to identify only pertinent objects, whereas recall is the capacity of the model to locate 

all pertinent cases (all ground truth bounding boxes). It is the proportion of accurate positive predictions to the total number of ground 
truth boxes. In addition, IoU is defined as the intersection between the detection and ground truth bounding boxes: it is calculated by 
dividing the area of overlap between the predicted bounding box and the ground truth by the union area. 

The precision and recall metrics were used to evaluate the performance of the proposed CNN model by the COCO guidelines for 
evaluation. The AP and average recall (AR) were computed for each object class, and the results are shown in Tables 4 and 5. There are 
four values each for AP and AR, spanning IoU thresholds from 0.50 to 0.95, evaluated across small, medium, and large areas. 

Table 4 shows the performance results for the CNN model using a COCO-based evaluation. Each AP value is further subdivided into 
four areas: all, large, medium, and small. Our results demonstrate that the greater the area, the higher the average precision and the 
stronger the object detection capability of the proposed model. The overall detection capability of our model is shown to be excellent. 

Table 5 shows the performance results for the average recall of the CNN model, which are also divided into four categories: all, 
large, medium, and small. There are 10 values of IoU, varying from 0.05 to 0.95 in increments of 0.05. The findings for the AR are also 
good, with the object detection capacity increasing as the area increases. The vehicle detection employed a CNN YOLOv5 model, and 
yielded a mAP of 0.258 at IoU(0.5), whereas with our SSD Mobilenetv2 FPN Lite 320 × 320, the mAP reaches 0.273, and the recall is 
0.411 mean average recall (mAR) at IoU (0.50: 0.95) and 0.48 mAP at IoU (0.5) [51]. 

Precision and recall form the two components of the F1 score, which combines these metrics into a single statistic. The F1 score was 
also designed to work effectively with unbalanced data. Table 6 displays the average precision and recall evaluation ratings for the SSD 
Mobilenetv2 FPN Lite 320 × 320 following fine-tuning. 

To observe the impact of the hyperparameters on the effectiveness of our CNN model, the number of iterations must be modified. 
Tables 7 and 8 show the changes in the AR and AP values when the original 16,000 iterations were increased to 50,000, for IoU values 

Fig. 10. Experimental object classification under afternoon illumination. (a) before training. (b) after training.  
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in the range 0.50:0.95 and four area conditions (all, small, medium, and large), with a max dets value of 100. The AP value for small 
areas increased from 0.169 to 0.171, while for medium areas it increased from 0.206 to 0.388, and for large areas, it increased from 
0.374 to 0.477. The AR value for all regions increased from 0.411 to 0.497, while for the small condition, it decreased from 0.293 to 

Fig. 11. Experimental object classification under evening illumination. (a) before training. (b) after training.  

Table 4 
Results for average precision after fine-tuning the SSD Mobilenetv2 FPN Lite 320 × 320.  

No. IoU Area maxDets Average precision (mAP) 

1 0.50:0.95 All 100 0.273 
2 0.50:0.95 Small 100 0.169 
3 0.50:0.95 Medium 100 0.206 
4 0.50:0.95 Large 100 0.374  

Table 5 
Results for average recall after fine-tuning the SSD Mobilenetv2 FPN Lite 320 × 320.  

No. IoU Area maxDets Value of average recall (mAR) 

1 0.50:0.95 All 100 0.411 
2 0.50:0.95 small 100 0.293 
3 0.50:0.95 Medium 100 0.348 
4 0.50:0.95 Large 100 0.515  

U. Aulia et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e35247

16

0.281, for the medium condition it increased from 0.348 to 0.532, and for the large condition it increased from 0.515 to 0.569. 
The number of iterations, or epochs, is a hyperparameter that determines how many times the learning algorithm will work through 

the entire training dataset. Increasing the number of epochs generally leads to a longer training time and higher computational cost. 
Training for too many epochs can be computationally expensive, especially for large datasets and complex architectures. In practice, 
determining the optimal number of iterations often involves monitoring the model’s performance on a validation set during training 
and selecting the point where further training doesn’t significantly improve mAP or may even lead to overfitting. It is a balance 
between ensuring the model has learned the relevant features from the data and preventing it from memorizing the training set. 

The challenge with a small dataset is that the model may overfit to the limited examples. Transfer learning aims to mitigate this 
issue by leveraging knowledge from the source domain to provide a better initialization for the target domain. Transfer learning is 
influenced by the ability of the pre-trained model to leverage knowledge from a source domain (usually a larger dataset) and adapt it to 
a target domain (small dataset). A pre-trained model from a source domain may have achieved high classification accuracy on a larger 
dataset. The hope is that the learned features are transferable and can provide a good starting point for the target task. 

By modifying the hyperparameters of the CNN model during training, a trade-off can be achieved between the accuracy of the 
proposed system and its computational requirements. Our SSD Mobilenetv2 FPN Lite 320 × 320, the mAP reaches 0.384, and the recall 

Table 6 
F1-scores based on average precision and average recall results after fine-tuning the SSD Mobilenetv2 FPN Lite 320 × 320.  

No. Area IoU maxDets Average precision Average recall F1-score 

1 All 0.50:0.95 100 0.273 0.411 0.328 
2 Small 0.50:0.95 100 0.169 0.293 0.214 
3 Medium 0.50:0.95 100 0.206 0.348 0.258 
4 Large 0.50:0.95 100 0.374 0.515 0.433  

Table 7 
Average precision results after fine-tuning the SSD Mobilenetv2 FPN Lite 320 × 320, for several iterations varying between 16,000 and 50,000.  

No. IoU Area maxDets Value of average precision (mAP) 

16,000 steps 50,000 steps 

1 0.50:0.95 All 100 0.273 0.384 
2 0.50:0.95 Small 100 0.169 0.171 
3 0.50:0.95 Medium 100 0.206 0.388 
4 0.50:0.95 Large 100 0.374 0.477  

Table 8 
Average recall results after fine-tuning the SSD Mobilenetv2 FPN Lite 320 × 320, for a number of iterations varying between 16,000 and 50,000.  

No IoU Area maxDets Value of average recall (mAR) 

16,000 step 50,000 step 

1 0.50:0.95 All 100 0.411 0.497 
2 0.50:0.95 Small 100 0.293 0.281 
3 0.50:0.95 Medium 100 0.348 0.532 
4 0.50:0.95 Large 100 0.515 0.569  

Fig. 12. Object classification experiment with images of Jakarta.  
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is 0.497 mean average recall (mAR) at IoU (0.50: 0.95) and the precision is 0.62 mAP at IoU (0.5). 
In this paper, we considered a dataset for the city of Banda Aceh, and our approach required validation before it could be applied to 

other cities. To do this, two experiments were conducted, one based on images of the city of Jakarta, Indonesia, and the other based on 
images taken in European countries. Figs. 12 and 13 are from id.quora.com and Shutterstock, respectively. During the evaluation of 
our convolutional neural network (CNN) model on images of Jakarta, as illustrated in Fig. 12, the identification of three car objects 
yielded a classification accuracy exceeding 97 %. Simultaneously, the accuracy for recognizing motorcycles reached 97 %, while the 
classification accuracy for people was observed to be 47 %. This discrepancy in accuracy may be attributed to variations in the dataset 
distribution and the inherent challenges associated with the diverse visual characteristics of people. Upon applying the CNN model to 
images of European scenes, as exemplified in Fig. 13, the model demonstrated increased performance. Specifically, the model suc-
cessfully recognized and classified two car objects with a classification accuracy achieving 100 %. This outcome suggests a notable 
proficiency of the model in adapting to different geographical contexts and datasets, potentially influenced by variations in envi-
ronmental conditions, object appearances, and dataset characteristics between the two regions. 

Although our CNN model cannot detect small objects, it yields acceptable performance for AMR applications, as the closest objects 
can still be recognized. Numerous scholarly works have presented neural network architectures that cannot be applied to mobile 
devices and embedded systems. In general, a large model such as VGGNet is used as a feature extractor, and novel functionality is 
added on top. The main issue with architectures such as VGGNet, ResNet50, and Inception is that a single pass through the network 
requires billions of calculations and tens of millions of parameters. To train the architectures on clusters, extremely powerful GPUs are 
required. 

The proposed SSD is a sufficiently fast object detector to be used with real-time video. Our SSD is designed to be independent of the 
underlying network, allowing it to operate on top of almost any structure, including MobileNet. The object detection module of 
MobileNet + SSD relies on a variant called SSDLite, in which depthwise separable layers are used in place of regular convolutions. 
When SSDLite is used on top of MobileNet, it is easy to obtain genuinely real-time results (30 FPS or more). We not only feed the output 
of the final base network layer into the SSD layers but also feed the outputs of several previous layers. The MobileNet layers are 
responsible for converting the pixels from the input image into features that describe the content of the image and passing these to the 
other layers. Consequently, MobileNet is employed as a feature extractor in the second neural network. The MobileNet architecture is 
optimized for operation with mobile devices, and requires only up to 4 million parameters, significantly fewer than VGG (130 million) 
and ResNet50 (25 million). It also performs significantly fewer calculations: 300 MFLOPs as opposed to 4 GFLOPs or more for these 
larger variants. MobileNet is a suitable replacement for VGGNet due to its equivalent accuracy. Since object detection is a more 
complex process than classification, we add numerous additional convolutional layers to the SSD network. It is therefore essential to 
use a fast feature extractor, and MobileNet V2 provides precisely this. 

A common method for determining the computational cost is to count FLOPs (the number of multiply-accumulates); however, a 
speed test on real devices also needs to be considered, as many other factors such as caching, I/O, hardware optimization, etc. can 
affect the actual time cost. SSDLite + MobileNetV2 320 × 320 has a model size (number of parameters) of 4.3M and a computational 
cost of 805 MFLOPs. A low-power embedded GPU (Jetson Nano) is used, as it enables the simultaneous operation of multiple neural 
networks and the application of a computer vision algorithm for image recognition. When models are trained on large-scale datasets, 
algorithms that use deep learning techniques incur high computational costs; however, this compact, powerful device enables the 
parallel execution of numerous neural network algorithms. It can assist in the development of applications such as audio detection, 
image classification, object detection, segmentation, and audio or speech processing. 

With a quad-core 64-bit ARM CPU and a 128-core integrated NVIDIA GPU, the Jetson Nano delivers 472 GFLOPS of computing 
performance. Jetson is a new integrated accelerator hardware that is extensively used with machine learning algorithms. Its capa-
bilities mean that it can be used in the development of AMRs, intelligent Internet of Things devices, and advanced AI systems, among 
other applications. In addition, a technique known as learning transfer can be implemented with Jetson Nano pre-trained networks 
that utilize machine learning. The main characteristics of this device are its portability and low power consumption. However, to 
maximize its capabilities and attain real-time performance, an optimization phase is required for both the hardware and the various 
algorithms used. 

4. Discussion 

We aimed to develop a model for a specific dataset that could accept numerous inputs and produce outputs using a deep learning 
method and employed a metric known as the loss to evaluate the performance of our model. The loss quantifies the error produced by 
the model: a high loss value usually implies that the model produces inaccurate output, whereas a low value suggests that the model 
produces less error. 

The training loss measures how well the predictions of a deep learning model match the training data and is used to assess the 
performance of the model on the training set, i.e., the subset of the data used to train the model initially. The loss is broken down into 
two parts: the classification loss (for predicting conditional class probabilities) and the localization loss (for predicting bounding box 
offsets). In this case, our SSD Mobilenetv2 FPN Lite 320 × 320 deep learning model had a classification loss of 0.0413515, a locali-
zation loss of 0.01855353, a regularization loss of 0.07530993, and a total loss of 0.13521497 when evaluated. This loss value is very 
low, meaning that the model can classify and localize objects based on limited datasets. 

To determine the ability of our model to produce object names, we assessed the classification accuracy for each type of object (cars, 
motorcycles, people, and goods rickshaws). A test of the classification accuracy before and after training of the model showed an 
increase in the classification accuracy for cars from 70 % to above 96 % for the morning, afternoon, and evening conditions. For 
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motorcycles, the accuracy increased from 49 % under afternoon lighting to 97 % after being trained. For people, the accuracy 
decreased from 77 % to 51 % after training, under morning lighting. 

In the assessment of images acquired during the afternoon, the preliminary classification accuracy stood at 33 %, revealing a 
subsequent enhancement to 75 % following the completion of the training process. Similarly, for images captured in the evening, the 
initial accuracy was measured at 73 %, experiencing an appreciable augmentation to 97 % post-training. Notably, the classification 
accuracy values for goods rickshaws across the three lighting conditions (morning, afternoon, and evening) were initially unavailable 
due to the absence of specific training for this category within the model. However, after targeted training, the model exhibited a 
noteworthy proficiency, achieving a perfect 100 % classification accuracy for goods rickshaws. This underscores the adaptability and 
capacity of the model to generalize and accurately identify objects for which it was not initially trained. 

A real-time road traffic management system was based on an upgraded YOLOv5 model. Experimental findings showed that the 
YOLOv5 algorithm has an overall accuracy of 78 % for cars and 77 % for people for mAP (0.5) [51]. YOLOv4 is the main structure to 
detect vehicles in tough weather like haze, sandstorms, snowstorm, fog, dust, and rain, during both day and night. With some im-
provements called CSPDarknet53 with SPP-NET added to YOLOv4, it can accurately identify cars with an 81 % overall accuracy [57]. 
The classification accuracy of the multi-scale hybrid attention module (MHAM-YOLO) algorithm on the task of car detection in an 
occluded environment is 97 %. It accurately determines whether the vehicle is occluded by another vehicle or by irrelevant back-
ground information for cars [58]. 

An algorithm that fuses LiDAR with machine vision sensors was based on an improved aggregate view object detection network 
(AVOD) scheme in a prior study. In this case, the AVOD fusion algorithm was taken as the benchmark framework. The results showed 
that the improved AVOD fusion algorithm improved the detection accuracy and speed compared with the original AVOD fusion al-
gorithm in terms of car objects and pedestrians in urban road scenarios. This model had a classification accuracy of 78 % for cars and 
77 % for people [56]. 

We compared the object detection capabilities of our system under three different lighting conditions (morning, afternoon, and 
evening), and images with varied object scales were considered to detect four classes of objects (cars, motorcycles, people, and goods 
rickshaws). Tables 6 and 7 show the metrics used to evaluate how well our CNN model performed the task of object detection. In the 
detection process, a location and a confidence rating are assigned to each object. Precision measures the accuracy of the positive 
detections made by the model, specifically the ratio of correctly identified objects to the total objects predicted. Recall measures the 
ability of the model to identify and capture all relevant objects within an image. It is the ratio of correctly identified objects to all actual 
objects. 

The first real-time technique to attain mAP exceeding 70 % is SSD300. For a mAP of 74.3 %, the speed of inference is 59 FPS, which 
is very high. The frame rate for Faster R–CNN is only 7 FPS, although its mAP is extremely high. YOLOv1 has a frame rate of 45 FPS and 
a mAP of 63.4 %; despite the low resolution of the input images, it can still produce excellent results. Based on the results of exper-
iments, the SSD300 model does not lose accuracy when it is sped up; however, it does have some drawbacks. For example, the default 
box needs to be explicitly set, and the detection performance for small objects is inferior to that of Faster RCNN. The disadvantages of 
SSD include the requirement to explicitly specify the minimum, maximum, and aspect ratio parameters for the previous box and its 
inability to detect small objects [42]. 

The YOLOv4 method is based on the original YOLO architecture, and employs the leading optimization technique that is currently 
available. It also includes enhancements in terms of data processing, network training, activation function, loss function, and other 
aspects. Despite a lack of theoretical novelty, many engineers value this approach. It has three main advantages: (i) it is a highly 
efficient and accurate object identification model that can be trained on a standard GPU for consumer use; (ii) it evaluates the 
effectiveness of several state-of-the-art target detector training techniques; and (iii) the target detection module offers an excellent 
level of performance by achieving a balance between FPS and precision. However, several variants of the YOLO series have drawbacks: 
for example, the detection of small targets is ineffective, each cell can only generate two boxes and one class, and the recall rate is low. 

Fig. 13. Object classification experiment on images taken in Europe.  
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Despite the use of numerous techniques to improve performance, the detection of small objects has not improved substantially. The 
precision of YOLOv3 remains subpar compared to the R–CNN series. The deficiency arises from the practice of overwriting data 
initially populated at identical output layers and anchors with subsequently filled data. For instance, in scenarios where a dog and a cat 
of similar dimensions coexist in the same spatial location, the model may only identify one of the animals due to the data overwrite 
mechanism. In YOLOv4, a variety of techniques are employed to enhance the performance. 

RetinaNet gives the same high accuracy as Faster R–CNN. Since the formula for the FL is flexible and can be expressed in a variety of 
ways while maintaining the same level of performance, it is not important how the FL is defined. In the domain of computer vision, a 
streamlined single-stage detector, RetinaNet, was devised to substantiate and address issues pertaining to the loss of focus in object 
detection. This model closely resembles a combination of Resnet and FPN. ResNet is adopted as the basis for feature extraction, while 
the purpose of FPN is to enhance the use of Resnet’s multi-scale features in order to generate more evocative feature maps using multi- 
scale target region data. Although the FL considerably reduces the disparity between positive and negative samples, several aspects 
could be improved: for example, it is susceptible to noise interference, making accurate sample labeling extremely challenging. 

CenterNet, a novel anchor-free object detection method based on the CornerNet foundation and published in April 2019, out-
performs all other one-stage object detection algorithms on the MS COCO dataset by constructing object detection triples. In terms of 
AP, it outperforms the majority of extant one-stage and two-stage methods on the COCO dataset. Several enhancements have been 
made to the architecture of CenterNet, with positive results. However, CenterNet also has some disadvantages: for instance, in the 
training and prediction procedure, it can detect only a single center point, and classify two objects as a single object if the centers of the 
two objects overlap after downsampling [59]. 

A high recall value with a low precision means that although all of the ground truth objects can be discovered, the majority are 
inaccurate (many false positives). In contrast, a low recall value with high precision suggests that although all of the predicted boxes 
are correct, the majority of the ground truth objects are missed (many false positives and negatives). The mAP and mAR were measured 
for 10 different IoU thresholds in steps of 0.05 (0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9), which can also be expressed as mAP@ 
[0.5,0.95]. The object size was measured in pixels, with large objects defined as those with more than 96 pixels, medium-sized ones as 
between 32 and 96 pixels, and small ones as below 32 pixels. The model seeks to strike a balance between minimizing false positives 
(improving precision) and capturing as many true positives as possible (improving recall). The optimization process involves 
considering various IoU values, reflecting different levels of overlap between predicted and ground truth locations. This approach aims 
to enhance the model’s ability to accurately determine locations across a range of scenarios. 

To optimize the model for high recall values and precise object position identification, we must consider the AR value. The AR for 
large objects in this study was 0.51, while the values were 0.348 for medium-sized objects and 0.293 for small objects. The average 
rating for all sizes was 0.411. The test results also demonstrate the capacity of the detection model to accurately recognize each object’s 
location and name under different lighting conditions (morning, afternoon, and evening). The AP and AR values were used to calculate 
the performance of the model: larger objects generated the highest AP value of 0.374, while small objects generated the lowest value of 
0.169; larger objects also had the highest AR value of 0.515, while small objects produced the lowest value of 0.293. The capacity of the 
model to detect large objects therefore exceeds its ability to detect small objects. A high recall value means that an object has been 
detected, but its name does not match the ground truth. A high recall value is extremely desirable when determining the location of an 
object. 

It was discovered in this study that low values of the classification and localization losses affected the AP and AR. The capacity of 
the CNN model to recognize an object is therefore strongly influenced by the size of the object. After assessing the classification ac-
curacy, it was discovered that large and medium-sized objects were detected more accurately than small ones. There was also an effect 
from the illumination of the images (captured in the morning, afternoon, and evening) on the classification accuracy following 
training. Another effect was the difference between the detection abilities before and after training, with a final classification accuracy 
of up to 100 %. A further discovery was that our CNN model could yield excellent classification accuracy even when trained on a small 
dataset. Finally, as indicated in Table 1, new objects can be trained on the SSD Mobilenetv2 FPN Lite 320 × 320 model using a dataset 
of 121 goods rickshaws. 

The AP is computed differently for the VOC and COCO datasets. The VOC dataset includes 20 object categories, and the AP for each 
category is calculated using an interpolated 11-point sampling of the precision-recall curve. The final AP is computed by taking the 
mean of the APs across all 20 categories. In contrast, the Microsoft COCO dataset includes 80 object categories and uses a more 

Table 9 
Comparison of object detection models.  

Model AP AP50 

Faster RCNN [59] 36.8 % 57.7 % 
SSD [59] 31.2 % 50.5 % 
YOLOv4 [60] 43.5 % 65.7 % 
YOLOv5x [60] 55.8 % – 
YOLOR [60] 55.4 % 73.3 % 
YOLOX [60] 50.1 % – 
YOLOv6-L6 [60] 57.2 % – 
YOLOv7-E6 [60] 55.9 % 73.5 % 
YOLOv8x [60] 53.9 % – 
Proposed model – 62.1 %  
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complex method for calculating the AP; rather than using an 11-point interpolation, it uses a 101-point interpolation, i.e., it computes 
the precision for 101 recall thresholds from zero to one in increments of 0.01. The AP is also obtained by averaging over multiple IoU 
values rather than just one; the exception is a common AP metric called AP50, which is the AP for a single IoU threshold of 0.5. 

We compared our object detection model with the Faster RCNN, SSD, and YOLO models, as shown in Table 9. The YOLO model was 
evaluated based on the MS COCO dataset test-dev 2017 on four training machines (NVIDIA V100, NVIDIA A100, Tesla V100, and Tesla 
T4). When applied to the MS COCO dataset test-dev 2017, YOLOv4 achieved an AP of 43.5 % and AP50 of 65.7 %, with a speed of more 
than 50 FPS on an NVIDIA V100. YOLOv5x achieved an AP of 50.7 % on images with a size of 640 pixels. Using a batch size of 32, it 
could achieve a speed of 200 FPS on an NVIDIA V100. With a larger input size of 1536 pixels and test-time augmentation (TTA), 
YOLOv5 achieved an AP of 55.8 %. YOLOR achieved an AP of 55.4 % and AP50 of 73.3 % with a speed of 30 FPS on an NVIDIA V100, 
whereas YOLOX achieved state-of-the-art results in 2021, with an optimal balance between speed and accuracy, with 50.1 % AP at a 
speed of 68.9 FPS on a Tesla V100. 

YOLOv6 consists of eight scaled models, called YOLOv6-N to YOLOv6-L6. When evaluated on the MS COCO dataset test-dev 2017, 
the largest model achieved an AP of 57.2 % at a speed of around 29 FPS on an NVIDIA Tesla T4. YOLOv7-E6 achieved an AP of 55.9 % 
and AP50 of 73.5 % with an input size of 1280 pixels, at a speed of 50 FPS, on an NVIDIA V100. YOLOv8x achieved an AP of 53.9 % 
with an image size of 640 pixels (compared to 50.7 % for YOLOv5 with the same input size) with a speed of 280 FPS on an NVIDIA 
A100 and TensorRT. As shown in Table 9, the 62.1 % AP50 of the overall classes can be achieved on the three lighting conditions 
(morning, afternoon, and evening). For AP50 values, our presented framework is 4.4 % and 11.6 % higher than those achieved by 
Faster RCNN and SSD, while our presented framework is 3.6 %, 11.2 %, and 11.4 % lower than those achieved by YOLOv4, YOLOR, 
and YOLOv7-E6 respectively. 

The SSD Mobilenetv2 FPN Lite 320 × 320 CNN model proposed in this paper has limitations in terms of detecting objects under 
nighttime, rain, fog, and snowy conditions. In addition, the model can only detect cars, motorcycles, people, and goods rickshaws. The 
classification accuracy for small objects is low, although a moderate degree of classification precision was seen for images of people 
standing upright. 

In further work, we will consider a dataset containing images taken under nighttime and inclement conditions and will employ an 
augmentation process with two variations, namely mosaic augmentation and geometric transformation augmentation, which will 
include image displacement, random scaling, motion blurring, and the addition of random noise. 

The proposed CNN model is especially suitable for use with AMRs in environments that require the detection of goods rickshaws as 
well as in general scenarios with cars, motorcycles, and people, to avoid collisions. The possible applications for this CNN model 
include object detection for AMRs as well as integration with path planning modules and road detection modules, which will allow 
robots to make decisions when turning and overtaking other objects on the road. 

5. Conclusion 

This paper has proposed a new CNN-based object detection system based on images of real-world vehicles, for use with AMRs. 
When developing the proposed system, we employed the concept of transfer learning by fine-tuning a CNN model that had been trained 
previously. First, we created an original dataset of vehicle images taken in Banda Aceh. An SSD Mobilenetv2 FPN Lite 320 × 320 model 
was then developed, which was fine-tuned to detect four classes of objects: cars, motorcycles, people, and goods rickshaws. Our results 
demonstrated that the CNN model could determine the position of the object and its name, with good classification accuracy. Af-
ternoon lighting conditions provided the best detection capacity. The trained CNN model could identify cars, motorcycles, people, and 
goods rickshaws with medium to high accuracy (50–100 %), even when applied to images of occluded and truncated objects. The 
classification accuracy of the CNN model in identifying cars, motorbikes, and goods rickshaws approached 100 % after training and 
reached 97 % for people. Training the CNN model boosted its classification accuracy and reduced errors in determining object names 
and locations. The results presented here indicate that the proposed CNN-based object detection system shows promise for future 
implementation in AMRs. 
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