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Abstract. Open, broken, and improperly closed manholes can pose problems for autonomous vehicles
and thus need to be included in obstacle avoidance and lane-changing algorithms. In this work, we
propose and compare multiple approaches for manhole localization and classification like classical com-
puter vision, convolutional neural networks like YOLOv3 and YOLOv3-Tiny, and vision transformers
like YOLOS and ViT. These are analyzed for speed, computational complexity, and accuracy in order
to determine the model that can be used with autonomous vehicles. In addition, we propose a size de-
tection pipeline using classical computer vision to determine the size of the hole in an improperly closed
manhole with respect to the manhole itself. The evaluation of the data showed that convolutional neural
networks are currently better for this task, but vision transformers seem promising.
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1. Introduction

The development of manholes is an ongoing trend spurred by urban growth. Though the
construction of manholes is such an integral part of road development in the country,
we see many incidents where the improper construction and maintenance of manholes
have led to many road accidents, even resulting in the loss of lives. In India, at least two
people die every day due to open manholes, according to [22]. These accidents occur due
to broken manhole lids, improperly placed lids, or disproportional manhole lids which
do not cover the manhole entirely. This problem is especially worsened during heavy
rains wherein waterlogged roads can hinder even human driving.

Autonomous vehicles are not a reality yet in developing countries like India for many
reasons as seen in [5,[27]. However, even seemingly trivial problems to human-driving
could pose major obstacles to autonomous vehicles. One such problem that has not been
accounted for in prior research is the existence of open or broken manholes which can
lead to costly damages to the vehicle and pose a hindrance to public safety. Potholes are
also a major problem, however the cost of damage to the vehicle would not be as high
as that for open manholes. Thus, the focus of our research is manholes. Autonomous
vehicles will soon be a reality even in developing countries [27] so assuming that the roads
will have no problems with manholes could be catastrophic. Therefore, the inclusion of
detection of open/broken manholes is imperative in obstacle avoidance and lane-changing
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algorithms for self-driving vehicles. Humans can identify open manholes easily, however
for autonomous vehicles this devolves into a computer vision problem.

In this paper, we focus on manhole detection and classification using computer vi-
sion. Autonomous vehicles have a camera and GPS for path planning and localization
respectively. Using a camera, open or broken manholes can be localized and classified
within an image, and using a GPS, the location of the manhole can be recorded to send
to the concerned authorities. We collected a dataset of road-surface images and a few
aerial images from Google Street View, Google Images, and [39]. A lot of the images
in the dataset are from [39] and these images were collected using a moving vehicle and
a GoPro HEROG6 Black RGB camera with resolutions of 1280 x 720 pixels. Since the
road-surface images were collected from a camera attached to a moving vehicle, it makes
it very close to what an autonomous vehicle would encounter. The images include varied
lighting conditions and can hence be used for real-time detection and classification of
manholes on roads by self-driving vehicles.

The training images of the deep learning vision models we have trained, can also
be used for detection on video streams. We also take this research one step ahead
to further classify open and broken (improperly closed) manholes into high and low
importance for determining the priority order of fixing the manhole. This can be used
by private organizations or government authorities to easily find the faulty manholes,
thus preventing unfortunate accidents.

In the past, image segmentation and classification based approaches have proven use-
ful for crack detection [28] and pothole detection [21]. Considering this, and the fact
that autonomous vehicles have cameras for driving, we focus on an object detection ap-
proach to manhole classification and localization. In this paper we evaluate and compare
the different object detection models on the same dataset based on the computational
complexity. The first approach we tested was classical computer vision for localization
of the manhole in the images followed by a simple neural network for classification. This
method is favorable for autonomous vehicles as it does not require a GPU or much com-
putational power. In addition, our dataset was minimal with only 1032 images, thus
we expected this method to be advantageous. However, it was not close to the ex-
pected benchmark, so we attempted simultaneous object localization and classification
(object detection) using Convolutional Neural Networks (CNNs). Specifically, we first
attempted YOLOv3-Tiny [1] which we hypothesized would give decent results without
a heavy dependence on computational power. To compare the performance and the
tradeoff between time and computational complexity, we applied YOLOv3 [37]. Vision
Transformers (ViTs) [9] have gained a lot of popularity in object detection tasks in recent
research (see [7]), thus we used YOLOS [12]. The results were similar to the classical
computer vision approach, thus we implemented a simple, non-hierarchical vision trans-
former for just classification without localization, to evaluate its accuracy especially after
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recent research reported in [24] highlighting its promising applications as a backbone for

object detection tasks.

In this paper, we go a step further than just object detection for localizing and
classifying manholes. We propose a classical computer vision pipeline to measure the
size of the hole in a broken manhole with respect to the manhole itself to analyze the level
of damage done to the manhole. We take the images classified as open and improperly
closed using the object detection model and crop them around the bounding box drawn
by the object detection model. We then filter and find the maximum contour in the
image and compare it with the smaller contour found. If any of the smaller contours
are greater than 50% of the total manhole area, we determine that the vehicle should
stop or definitely avoid the manhole. This is proposed because although broken and
open manholes pose a risk of damage to autonomous vehicles, all of them cannot be
avoided, especially when the traffic is heavy and speed of the vehicle is high. This
pipeline acts as a form of direction to classify the level of damage into high and low
importance, which would be useful for obstacle avoidance in autonomous vehicles, and
it could even be useful for the respective authorities to determine which manholes are
in need of immediate attention to prevent major accidents. As autonomous vehicles are
a reality these days (though a minority), automation in reporting the improper manholes
to the authorities in charge using the vehicles’ camera and GPS itself is possible.

Thus, the main contributions and novelty of this research work are as follows:

1. In prior research work on autonomous vehicles, the problems that manholes pose,
especially in developing countries, are not taken into account. Our work highlights
this problem and proposes solutions for it. Open manholes are a tangible risk to
public safety, hence, we focus on improperly closed and open manholes in this paper.

2. We conduct a thorough literature review on previous work in manhole detection
in road surface images. We also include a theoretical review of object detection
algorithms.

3. We propose and evaluate multiple approaches to manhole localization and classifica-
tion considering the trade-off between computational complexity and accuracy.

4. We propose a novel pipeline for elliptical object localization, classification, and bound-
ing box prediction using classical computer vision.

5.In prior art, only Convolutional Neural Networks (CNNs) have been considered till
now for the purpose of manhole detection. We test Vision Transformers specifically
for manhole detection in self-driving vehicles.

6. Using classical computer vision techniques, we propose a pipeline to determine the
size of the hole in a broken manhole with respect to the manhole image itself (size
detection).

7. The results of our research show that Vision Transformers are promising as back-
bones for object detection, however currently Convolutional Neural Networks can be
integrated in obstacle avoidance techniques of autonomous vehicles.
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The rest of this manuscript is structured as follows: Section [2reviews the state-of-the-
art research about manhole detection using computer vision approaches. This section
discusses the primary research gaps identified and describes the role of our research. Our
decisions regarding the approaches chosen for the methodology are also elaborated upon
in this section. Section [3] investigates the methodology of the various object detection
methods we attempted for manhole object detection and size detection. Section [] dis-
cusses the results of the paper and summarizes the outcomes of the training and testing
process. The results are analyzed based on computational complexity, accuracy, and
speed. Section [5| reiterates the main results of this work and concludes the manuscript
by identifying the future avenues of work.

2. Review of literature

Research on manhole covers has been done over the years, and the methods of research
are ever-changing with the emergence of new technologies. The commonality between
existing and upcoming research on manhole cover detection is that all the methods are
based on digital imagery. Though traditionally, broken and open manhole covers are
detected and fixed through manual surveys and crowd reporting, this method is labori-
ous, time-consuming, and ill-planned. For this reason, there is a demand for methods of
automation like classical computer vision and deep learning. The papers are organized
by the date of publication to understand the flow of research methodologies.

2.1. Classical computer vision approaches for manhole detection in road-
surface images

A morphological method (dependent on the structure) was developed in [42] (2000) for
detecting round-shaped manhole covers. It involved a black top-hat transform for feature
extraction designed with disc-shaped structuring elements. A masking operation with
a thresholded input image was then done on the extracted round components. The small
regions and the areas without any holes were eliminated from the final resulting manhole
image.

Detection of obscure and textured circular objects were challenges faced by conven-
tional methods of object detection. In [30] (2009), this drawback was overcome without
the cost of learning patterns. This method was valid for even images with inhomogeneous
contrast and noise as it analyzed the separability and uniformity of intensity distribu-
tions using the Bhattacharyya coefficient filter, rather than the conventional method
at the time, i.e., analyzing the difference in intensity levels of the object interior and
surroundings. Separability in this paper is defined such that it can handle image feature
distributions that are not normal distributions.
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In [17] (2014), manhole cover detection using vehicle-based multi-sensor data combin-
ing multi-view matching and feature extraction was developed. Close range images using
GPS/IMU and LIDAR data were obtained. It involved two main steps — edge detection
and texture recognition. Scene segmentation to eliminate cars and pedestrians was done,
and on the segmented data, a custom edge detection algorithm based on Canny edge
detection [6] (1986), which was sensitive to arcs and ellipses, was used. Arc-containing
regions were fitted to an ellipse.

An algorithm for automatic recognition of manhole covers based on images from the
Mobile Mapping System (MMS) was proposed in [§] (2016). The images were collected
using the MMS and preprocessed by image enhancement using gray-scale transformation
and filtering technology, followed by the double threshold method in Canny operator edge
detection. Hough transform based on the rough localization of ellipse geometry was used
to locate the accurate positions of manhole covers in the preprocessed images.

In [50] (2020) the author concentrated on the detection of manhole covers using
texture-based image segmentation and elliptical fitting. To extract textural features,
the Laplacian of Gaussian filter’s performance was contrasted with that of the Gabor
filter. To divide the pixels in the image into distinct regions, the K-means technique
with sum of square error was employed, and the least-squares approach was utilized to
process the ellipse fitting.

In all of the above papers, only the localization of a manhole in the image is provided.
Additionally, classification of manholes or differentiating between the various objects
within the image is not attempted. The true sense of object detection as we know it now,
is classification+localization. The above papers do not focus on this and thus, our paper
attempts to fill this research gap by implementing a classical computer vision approach
to manhole detection in road surface images. Our approach models conventional deep
learning based approaches by providing a bounding box and coordinates for localization,
and classifies the manholes too. Multiple bounding boxes are predicted in the localization
step as in deep learning models, but the mean of the best fits is taken for the final
classification. Additionally, like in all of the papers reviewed above, we extract the
shape of the manhole from the image using ellipse fitting.

2.2. Machine and deep learning approaches for manhole detection in road-
surface images

In [43] (2011), a multi-view method implementing 2-D and 3-D techniques for manhole
mapping based on vision and GPS was presented. The position and inclination of the
ground plane were estimated to generate front-to-parallel 2-D views. Single-view pro-
cessing involved the application of a cascaded framework composed of mean-shift color
segmented area, aspect ratio, intensity variance, radial symmetry, and texture-based
filters to the 2-D views. The object detection system used for identifying manholes in
single-view processing was Local Binary Pattern feature vectors |31] and Discriminatively
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Trained Part-Based Model [14]. Multi-view processing involved fusing and grouping the
results of single-view processing into 3-D hypotheses which were then fed into a graph-cut
segmentation filter, and finally used for accurate localization of the manholes.

Automated detection of manholes using Mobile Laser Scanning (MLS) data was put
forward in [52] (2015). The road surface images were segmented by detecting curbs in
the images and using them as reference points for segmentation. These images were
converted to raster images with georeferencing and intensity information using Inverse
Distance Weighted (IDW) Interpolation. The high-order features of images were depicted
by a multilayered feature generation model which was built on a vision based deep
learning model. A random forest model was then trained to learn how these features
are mapped to the probability of existence of manhole covers at specific locations. The
manhole covers were then detected in the previously rasterized images using both models.

In [51] (2019), deep learning was suggested for the autonomous extraction of tiny
objects in urban environments. A Mobile Mapped System was used to gather a dataset
for Urban Element Detection (UED) that included manholes, milestones, and license
plates. The faster R-CNN framework was tuned for small object identification, and
a feature extraction CNN network named SlimNet with six convolutional layers and
three max-pooling layers was developed. The performance of these networks on the
collected dataset was compared to other existing deep networks. The findings of this
paper concluded that the SlimNet model had the highest accuracy.

In [4] (2019), the Automated Localization of urban drainage infrastructure from
public-access street-level images was done. A dataset of manhole and storm drain images
was captured using the Google Street View API and annotated. The Faster R-CNN deep
learning meta-architecture with Resnet 101 as the feature extractor backbone was tested
on this dataset. Localization was done to project the coordinates from image space to
geographical coordinates.

Mapping manholes using the deep learning method RetinaNet in road-level RGB
images was done in [39] (2020). ResNet-50 and ResNet-101, being the two different
feature extractor networks for the RetinaNet method, were used to experimentally test
the method. The results of this test were then compared with the Faster R-CNN method.
However, the findings of the paper concluded that the RetinaNet method was far more
effective than the Faster R-CNN method for mapping manholes.

A method was proposed in [10] (2020) to convert RGB image data and extracted
contours using an object detection algorithm. Pavement distress was classified using
the YOLOv3 (You Only Look Once) algorithm which is a one-stage detection algorithm
that does not need the region proposal phase. A large-scale dataset was prepared,
containing images taken in various weather and illumination conditions. The image
data was analyzed effectively by using Average Precision (AP) as the indicator on the
data.
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In [15] (2021), two deep learning techniques were implemented for automated pave-
ment distress detection and classification, namely Faster Region-based Convolutional
Neural Networks (R-CNN) and YOLOv3. These deep learning frameworks were trained
on a dataset the authors collected and validation accuracy was indicated using Average
Precision (AP) and Receiver Operating Characteristic (ROC) curves. By contrasting
the suggested model with manual quality assurance and quality control (QA/QC) re-
sults received on automated pavement data, the models were assessed.

In all of the above papers, only convolutional neural network based architectures
have been researched for the task of manhole detection. In our paper, we also focus on
manhole detection with vision transformers as they have gained popularity for object
detection tasks. Additionally, the networks modeled in the above papers have not been
tested for the detection speed. Since in this paper we attempted the task of manhole
detection for autonomous vehicles, the computational power requirement and speed is
a significant factor we took into account. This is the main reason why we attempted
YOLOv3 and YOLOv3-Tiny object detection networks in our paper.

2.3. Theoretical review of object detection algorithms

Since we adopt deep learning based object detection approaches, we also include a review
of the state of the art object detection models. The three main approaches towards object
detection are:

1. Classical Computer Vision,

2. Convolutional Neural Networks,

3. Vision Transformers.

We attempt networks from all three of these categories in our paper.

Localization algorithms using classical computer vision have been explored to a large
extent as seen from all the previous papers reviewed. The following papers give examples
of classical computer vision being used for object localization and classification including
bounding box calculation. In [26], the authors use a variant of Hough Transform for
localization and Machine Learning for classification to perform object detection. Max
Margin Hough Transform was used for localization and bounding box prediction, and
classification was done using an SVM based classifier. In [20], classical computer vision
was combined with machine learning to create a fully automated hybrid cell-detection
model named CIRCLE. The images were first processed to extract various tiles from
them. MaskRCNN was then applied to them to detect the cells. These works encouraged
us to test classical computer vision approaches especially to focus on the detection speed
for autonomous vehicles. However, we do not follow the same methodology for object
detection as the above two papers; instead we propose a novel pipeline.

Convolutional Neural Networks have been popular in object detection for a long
time now. The YOLO algorithm [35] is popular and YOLOv3 is the model we chose
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for our research. YOLOv1 [35] is a one-stage detector which uses the Darknet frame-
work [2| and is trained on the ImageNet-1000 dataset [13]. It splits a given image to
a grid of Sx .S cells. For every cell in the grid, it computes confidence for n bounding
boxes. The predicted result is encoded into a tensor of dimensions S x S x (5n + p),
wherein the input image is divided into S x S sub-images, the 5n term corresponds to
five attributes of the bounding box that must be detected (center coordinates, height,
weight, and confidence score). The p term represents the probability of the object in
the image belonging to a particular class. YOLOv] had difficulty with detecting small
objects and when the dimensions of the testing images varied when compared to the
training images [1]. YOLOv2 [36] improves upon this by introducing batch normaliza-
tion in every convolutional layer. YOLOv3 [37] further improves upon this by using
independent logistic classifiers for multilabel classification instead of multiclass classi-
fication when using softmax. This improves the model as using softmax imposes the
assumption that each box has exactly one class which is often not the case. The key
novelty of the YOLOv3 algorithm is that it makes its detections at three different scales.
YOLOv4 [3] furthers upon YOLOV3 to introduce a new architecture with a backbone,
neck, dense prediction, and sparse prediction. The backbone and dense prediction net-
works are similar to that of YOLOv3 (the backbone is changed to Cross Stage Partial
Network (CSPNet) [47./48]), and the neck is a novel idea to add layers in between the
backbone and dense prediction block. The layers added to the neck are a modified Path
Aggregation Network (PANet) [25], a modified spatial attention module, and a modified
spatial pyramid pooling, which are all utilized to combine the data in order to increase
accuracy. The CSPDarknet53 backbone [47] eliminates repetitive gradient information
in big backbones and incorporates gradient change into a feature map that speeds up
inference, improves accuracy, and shrinks the size of the model by reducing the number
of parameters. YOLOvV5 [18,|19] utilizes the same CSPDarknet53 as backbone. The Path
Aggregation Network in YOLOvVS5 is different and adopts a new feature pyramid net-
work (FPN) that includes several bottom up and top down layers. The model’s low level
feature propagation and localization precision are both enhanced by this PANet. The
localization accuracy of the object is increased because of PANet’s improved localization
in lower levels. In YOLOvT7 [46], the PAnet is replaced by Extended Efficient Layer
Aggregation Network (EELAN) which uses group convolution to enhance the features
learned by different feature maps and improve the use of parameters and calculations.
In addition, compound model scaling is used. This is scaling the width (number of
channels) and depth (number of layers) in coherence for concatenation based models.
A summary of the architecture of these models can be found in Table

Transformers were first proposed for Natural Language Processing tasks in [45]. In [9],
the authors propose a Vision Transformer called ViT which closely models the original
transformer architecture of [45] as closely as possible for image classification tasks. Im-
ages are first flattened into 2D patches to be passed to the transformer’s encoder network.
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Tab. 1. Table from [29] with an additional column added for YOLOv7.

YOLOv3 YOLOv4 YOLOv5 YOLOv7
Neural
FCNN FCNN FCNN FCNN
Network
Backbone
Darknet-53 CSPDarknet53 CSPDarknet53 CSPDarknet53
Feature Extractor
Loss . . . .
Function Binary Cross Binary Cross Binary Cross Binary Cross
Entropy Loss Entropy Loss Entropy Loss and Entropy Loss
Logits Loss Function
Neck FPN SSP and PAnet PAnet EELAN
Head YOLO Layer YOLO Layer YOLO Layer YOLO Layer

The transformer’s encoder consists of alternating layers of Multi-headed Self Attention
(MSA) and Multi Layer Perceptron (MLP) blocks. Layernorm (LN) and residual con-
nections are applied respectively before and after every block. The MLP contains two
layers with a GELU non-linearity. Due to its accuracy on ImageNet, in 7], a Vision
Transformer was used for object detection to develop the DETR model. The DETR
model uses the feature maps extracted by a CNN backbone as input for the transformer
encoder-decoder architecture for transforming feature maps to features, followed by a sin-
gle feed forward neural network for prediction. It uses a bipartite matching loss function
for matching between the predicted tokens and ground-truth objects. In [24], instead
of using a CNN backbone for object detection as done in [7], the authors explore using
a plain Vision Transformer like vanilla ViT as a backbone for object detection. In [12],
the authors propose YOLOS, an object detection model which uses plain Vision Trans-
formers ViT and DeiT [44] as the backbone. While YOLOS chose a Transformer with
an encoder-only architecture similar to ViT, DETR used a Transformer encoder-decoder
architecture. For each encoder layer, YOLOS always examines a single sequence without
making a distinction between the tokens in terms of operations, where the tokens are
the learnable embeddings in the image.

For our work, we chose YOLOv3 and YOLOv3-Tiny as the networks to compare
to YOLOS. We wanted to compare the performance of a tiny object detection model
as it can be used for autonomous vehicle research. YOLOv4 and YOLOv3 have tiny
object detection networks and as seen in the above figure, the authors of YOLOS also
released a YOLOS-Tiny model. That is why these networks were chosen for our research
work. Also, YOLOS is a completely transformer based architecture with a transformer
backbone, and YOLOv3 is a completely CNN based architecture which makes it a good
point of comparison.
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3. Methods

3.1. Functional Block Diagram

Fig.[l]and Fig.[2|describe the proposed methodology’s general flow. A visual explanation
of some of the methodology’s key decision points is provided by the flowchart. This
modular structure makes it simple to plan for future changes to functionality and flow
that will boost efficiency and allow integration with additional methods.

3.2. Dataset

We mainly used road surface images for this study due to its application in autonomous
vehicles. However, few close-up aerial images were added to the dataset as well. Also
in support of road-surface images, in [4] it was indicated that street-level imagery could
provide useful information to identify manholes that could not be detected in aerial
images. In this dataset, we focus only on round manhole covers. This is as most manhole
covers are round, for the purpose that orientation when placing the cover is not an issue.
At the same time since manholes weigh around 250 pounds [11], it is easy to roll them
in case of replacement.

We have used the dataset publicly provided in |38] and described in [39].

A total of 1032 images were collected and annotated. Data augmentation in the form
of 90° rotation, and saturation value change were performed in the dataset to obtain
a dataset containing 2673 images. This was carried out to balance the number of images
per class, avoid overfitting, and enhance the deep neural networks’ performance during
model training. The images were split into three different classes in an unbalanced
fashion: closed manhole improperly closed manhole open manhole

Since we used the same dataset for classification and object detection, it is available
in two different formats. In the format for classification, all the images have been divided
into folders based on the class label without any annotation file as required in the classical
computer vision object detection method. The drawback of this dataset is that images
which have multiple objects each of different classes, the objects cannot be classified
separately in the same image. All of the images were manually annotated in the format
for deep learning-based object detection by marking rectangles (bounding boxes) around
the manholes and categorising each rectangle by the corresponding class. This was done
using the labelImg tool [23]. Images which have multiple objects, each of different
classes, can be classified separately in the same image.

For training, these images were divided into three groups for training, testing, and
validation. The train-test-validation split is done randomly with no manual intervention.
As the dataset is minimal already, we increased the number of training samples to
contribute to a more robust evaluation. The number of images in each of the sets are as
follows:
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Fig. 1. Block diagram of the methodology
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Fig. [3] depicts an example of an image which has been annotated with a bounding box
drawn around the manhole.

3.3. Methodology
3.3.1. Object Detection

In Section 2 in the Review of Literature, we elaborated on the architectural differences
between the three main approaches towards object detection. As described in the re-
view of literature, we implemented classical computer vision approaches, CNN-based
YOLOv3 and YOLOv3-Tiny, and Vision Transformer based YOLOS. We evaluated the
performance of each of these models on our dataset to determine the best for man-
hole detection and classification specifically for autonomous vehicles. A summary and
comparison of the different methods used in this paper is available in Table
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Fig. 3. Example of an annotated image.

Classical Computer Vision approach to manhole detection

In this method, we propose a novel pipeline for manhole detection in road-surface images.
This method was attempted as it does not require specialized hardware like a GPU and
the computational complexity of the algorithms is not high especially in comparison to
deep learning approaches. Since we are evaluating the performance of the algorithms
for self-driving vehicles, we expected this method to be advantageous. In addition, the
dataset collected is minimal for deep learning tasks so we proceeded with this approach.
The code for this approach was implemented with MATLAB.

1. Pre-processing

In classical computer vision approaches, the filtration and preprocessing stage is an
essential part of object detection. We combined multiple approaches in order to get
a high level of accuracy. For filtering, we employed the Laplacian filter . This
filter was chosen since it preserved the edges while reducing the noise. This filtering
was followed by histogram equalization to improve the overall contrast of the image
as low contrast regions are brought closer to the average contrast value. Next, Canny
Edge Detection @ was done to detect the edges of objects in the images. We applied
this technique to extract the morphological information from the images while also
reducing the data to be processed before performing manhole localization.

Fig. 4] shows an example of how an image looks after preprocessing.

2. Manhole Localization
The geometrical circular detection filter is based on the approach proposed in and
adapted in . However, since the manholes in road surface images have a mostly
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Fig. 4. An example of the effect of preprocessing. (a) Original image; (b) pre-processed image.

elliptical shape, we used an elliptical filter. The code for the ellipse detection is
adapted from [41]. It can be used for circle detection also. The theory behind this
approach is that for an ellipse, there are five unknown parameters, (zg,yo) for the
center, (a,b) for the major and minor axes, and « for the orientation. In [49], the
author proposes a method using only a 1D accumulator array to accumulate the
length of the minor axis of the ellipse. Using this method, the four coordinates of the
major and minor axes of the ellipse were calculated.

The shapes that were the best fit as per the definition of an ellipse were taken. In
the case of more than one best fit, the mean of the best fits was taken to be the final
ellipse. Once the ellipse was identified, two rectangles were identified taking each of
the major and minor axes of the ellipse as diagonals. In order to make sure that no
part of the ellipse is cut out, the final rectangle was taken so that it bounds both
of the rectangles created. The coordinates of the rectangular bounding box drawn
around the manhole in the images are obtained. Multiple manholes in the same image
can be localized this way.

A mask was created such that the pixels in the area covered by the final bounding
rectangle all had a value of 1, and those not covered by the rectangle all had a value
of 0. The original image and the mask were combined, finally showing only the
manhole. There were some cases in which the model failed to identify a rectangle
showing only the desired part of the image. To ensure that this was not a problem,
we allowed the original preprocessed image itself to be taken as the final product in
such a case wherein the image was already cropped enough and the manhole was in
the region of interest. Fig. [5| shows examples of ellipses drawn around manholes in
each case: closed manhole, open manhole and broken manhole.

In our attempt to ensure that as much as possible of the manhole is retained while the
unnecessary information is deleted, we had chosen to take the mean of the best fits
(as many possible ellipses were found) as the final ellipse, and used these coordinates
to draw a bounding box. Using the mean of the best fits may have resulted in the
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Fig. 5. Samples of the ellipse drawn by the algorithm around each class: (a) closed, (b) broken, and
(¢) open manhole.

Fig. 6. Bounding box drawn around the manhole using the ellipse coordinates. (a) Original image;
(b) manhole detected (the bounding box is the region with white background).

inclusion of some extra pixels, as seen in Fig. [p; the ellipses drawn were not perfectly
accurate to the edge. However, this does ensure that none of the necessary information
for training the deep learning model was deleted, while a majority of the unwanted
material was effectively removed.
Instead of drawing an ellipse around the manhole as done in Fig. o] we can use the
coordinates of the ellipse directly to obtain the coordinates for the bounding box. In
the algorithm we used, the pixels inside the bounding box are left unchanged while
the values of the pixels outside the bounding box are all equated to zero.
The resulting image after the bounding box is defined is shown in Fig. [6] for another
manhole from our dataset. The left and right most x-coordinates and top and bottom
most y-coordinates were calculated from the major and minor axes coordinates of the
ellipse defined. As seen in the image, the pixels inside the box are left as they were
while all the other pixels in the image were made black. The time taken for localization
of all of the images was around 6 hours on a CPU.

3. Manhole Classification
The images obtained after localization were taken for the deep learning model. Since
it was for simple classification, we used a basic Convolutional Neural Network ar-
chitecture. We used 3 convolutional layers, 2 max pooling layers followed by a fully
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connected layer. ReLu was taken as the activation function for the convolutional layer
and softmax for the final classification. Batch Normalization is used after every Con-
volutional Layer as used in YOLOv3 [37]. The number of epochs was set to 100 and
the number of iterations per epoch was set to 6. The training time was 68 minutes.

Convolutional Neural Networks approach to manhole detection

In this method, we used YOLOv3 and YOLOv3-Tiny for manhole detection. As the
performance of the classical computer vision algorithm could be improved greatly, we
implemented a convolutional neural network based approach notwithstanding the com-
putational intensity. There are many other state-of-the-art object detection models,
however we chose to analyze the performance of YOLOv3 as it has a YOLOV3-Tiny
model in conjunction. We hypothesized that the YOLOv3-Tiny model would especially
prove useful for self-driving technology as it has a higher FPS (frames per second) rate
as per [35]. In addition, YOLOv3-Tiny was attempted as it is not computation intensive
and is a small model meant for constrained environments. The code for this method was
implemented in Python.

YOLO is a deep Convolutional Neural Network based one-stage object detector.
YOLO only looks at an image once to predict whether the object is present and where
it is located in the image. YOLO implicitly encodes contextual and visual information
about classes as it views the entire image during training and test. Object detection
in YOLOv3 is framed as a logistic regression problem to separate the bounding boxes
in the image and associate class probabilities with each bounding box [35]. A single
neural network predicts the coordinates of the bounding box using dimension clusters as
anchor boxes. YOLOv3 uses K-means clustering on the dataset to determine bounding
box priors automatically rather than manually. The probability of the object class and
the confidence of the object in the bounding box is captured in one evaluation itself. The
probabilities for each class are calculated using independent logistic classifiers rather than
the softmax function; thus, each bounding box can belong to several classes. Thus, as
the detection pipeline is a single network and end-to-end optimizations is performed
to improve detection, the unified architecture of YOLOvV3 is extremely fast and robust
running at 100 FPS (frames per second). YOLO v3 uses upsample, downsample, and
fusion methods to independently detect objects on multiple scales of fusion feature maps.
This method is especially effective in detecting small and near-distance target objects;
thus, it’s suitable for manhole detection.

We adopted the DarkNet-53 (53 convolutional layers) neural network framework as
the backbone for YOLOv3. We adopted transfer learning, so our models’ weights were
initialized with weights from the network trained on the MS COCO dataset [37]. We
adopted this approach in our project as transfer learning enables training of neural
networks with lesser data, the accuracy is high, and the training time is reduced. We
used the source code available in [2] for our implementation. The model was trained and
tested on Google Colaboratory with an NVIDIA Tesla T4 Graphics Card (2560 Compute
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Unified Device Architecture (CUDA) cores and 16 GB graphics memory). The number
of iterations was set to 6,000 (as specified in [2]) for both YOLOv3 and YOLOv3-Tiny.
The classes, number of filters, steps, jitter, etc., were also customized to our requirements
in the config file. As it’s an open-source framework, we tuned a few hyperparameters
to customize the network to our task as documented in |2]. However, we adopted early-
stopping to prevent overfitting. Also, due to the time it takes to run the program, and
because of the desirable mAP value obtained, we stopped training the model at 3000
iterations for both networks. The only difference in training between the two models
YOLOv3 and YOLOv3-Tiny was the configuration file used. The YOLOv3 model ran
for 3035 iterations. YOLOvV3 took 5 hours and 15 mins for it to train, even with a GPU
that supports fast computation. Thus, it’s a very time-consuming process to train.
YOLOv3-Tiny ran for 3020 iterations.

Vision Transformer based approach to manhole detection

In this method, we used YOLOS [12], a Vision Transformer based model for object de-
tection. Vision Transformers have recently gained a lot of popularity in object detection
tasks, according to |7]. Out of all of the Transformer based object detection models, we
chose YOLOS as it uses a Transformer as the backbone. Also since it is a single sequence
based architecture, we wanted to compare it to the YOLO which is also a one-shot object
detector. The code for this method was implemented in Python.

YOLOS uses a plain vanilla Vision Transformer (ViT) as its backbone [12]. The dif-
ference between ViT and the backbone for YOLOS is that YOLOS drops the CLS token
used for image classification and adds 100 randomly initialized detection tokens [DET]
to the input patch embedding sequence. The CLS token indicates that the training task
is classification. The [DET] token is a learnable embedding for object binding. Posi-
tion embeddings are added to all of these input tokens to retain positional information.
Another difference between ViT and YOLOS’ backbone is that the image classification
loss used in ViT is replaced with a bipartite matching loss to perform object detection
similar to DETR [7]. During training, YOLOS produces an optimal bipartite matching
between predictions from the one hundred [DET] tokens and the ground truth objects.
During inference, YOLOS directly outputs the final set of predictions in parallel.

The randomly initialized detection [DET] tokens are used as substitutes for object
representation. This is done to avoid inductive bias and any prior knowledge of the task
that can be introduced during label assignment. When YOLOS models are fine-tuned
on the COCO dataset, an optimal bipartite matching between predictions generated by
[DET] tokens and the ground truth is established for each forward pass. This serves the
same purpose as label assignment but is completely unaware of the input 2D structure,
or even that it is 2D in nature. These steps to reduce the inductive bias are imperative as
some of the YOLO algorithms’ (CNN based YOLO family) performance reduces when
the dimensions of the testing images vary when compared to the training images, as
stated in [1].
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We trained YOLOS for 150 epochs for batches of 8 and monitored the validation loss
when training. The images were tested for a box confidence score of 0.2. The model was
trained and tested on Google Colaboratory with an NVIDIA Tesla T4 Graphics Card
and it took around 9 hours to train. The accuracy of YOLOS is not very accurate, as
stated in [12], and we noticed this too. Thus, we attempted plain Vision Transformer
ViT with no hierarchical backbone as the authors of [24] pointed out that vanilla ViT
could be used as a backbone for classification in object detection networks with good
accuracy. We tried ViT on our dataset to check if Visual Transformers were promising
for manhole classification as YOLOS uses this as its transformer backbone. We trained
the ViT model for 30 epochs in a batch size of 20. The total time taken for training was
around 15 minutes with a Tesla T4 GPU.

3.3.2. Size Detection

The manholes which were detected as improperly closed through the object detection

model were run through a size detection algorithm. The algorithm detects the size of

the hole in a broken manhole with respect to the size of the manhole itself in an image.

We used classical computer vision using python and OpenCV for size detection.

1. Preprocessing
The manually annotated images from the dataset were first converted from the YOLO
to the COCO annotation format. Using those coordinates, we automated the process
of cropping the manholes identified as improperly closed around their bounding box
to avoid unnecessary visual information.
The cropped images were then Gaussian blurred. This step was done to reduce
the extraneous visual information in the image. The image was then converted to
grayscale to apply Canny edge detection which enabled us to outline the manhole and
the broken hole. After this, the image was opened (dilation+erosion).

2. Algorithm
Canny edge detector detects all of the edges in an image, but we need only the
manhole and the broken hole. Hence, we applied contour detection methods. This
method was preferred over ellipse detection methods like the Hough Transform as
a broken manhole is not elliptical in shape anymore. Additionally, the broken part
of the manhole is also not necessarily elliptical in shape. The manhole was identified
by detecting the maximum contour in the image. We draw a bounding box around
the contour of the manhole. Using the coordinates of the ordered bounding box, we
compute the midpoint of the top left and top right coordinates and the midpoint of
the bottom left and bottom right coordinates. We calculate the Euclidean distance
between the midpoints using the distance formula in terms of pixels. We follow the
same steps for all of the contours found in the image except the max contour. If any
of the contours found in the image are greater than 50% of the max contour (i.e. the
entire manhole), we classify that manhole as a High Importance manhole in need of
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Tab. 2. Summary and comparison of the object detection methods used in this paper.

Approach Automated | Localization | Classification Pros of the Cons of the
Method Method Method Approach Approach
Classical Automatic Classical Custom — Localization is — Not very
Ccv Annotation Ccv Neural done in the accurate.
(just Network shape of the
classified manhole before — Localization
images into drawing the works for
classes) conventional multiple
bounding box. manholes
in the
— The images are same image.
pre-classified into Cannot classify
the classes. each of the
Automated manholes in the
annotation localized
of the dataset. image with
the deep
— Time taken Neural
was around Network
7 hours however.
for all of
the images.
YOLOv3 Manual Simultaneous Simultaneous — Accurate. — Requires
and Annotation localization localization specialized
YOLOvV3- and and Can localize hardware
Tiny classification classification and classify (GPU).
(CNN) (CNN) (CNN) multiple
instances of — Annotation
manholes in is manual.
the same image.
YOLOS Manual Simultaneous Simultaneous — Gives the
Annotation localization localization probability of the
and and object class
classification classification in the box.
(Vision (Vision
Transformer) Transformer) — Time taken to

train was 3, 6, 9
hours respectively
to train the
3 models.

immediate attention by the concerned authorities. The rest of the improperly closed
manholes are classified as low importance. Thus the method of ranking according to

safety is:

Open manholes > Improperly closed manholes whose broken parts are greater than

50% of the entire manholes > Rest of the Improperly closed manholes.

Size detection did not take a lot of time. Contour detection methods are fast and
have already proved useful in developing computer vision algorithms for real-time

autonomous vehicles [34].
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4. Results

4.1. Object Detection

Classical Computer Vision approach to manhole detection

The metrics used to evaluate the classification accuracy of the neural network were Test-
ing/Validation Accuracy and Loss. An image of the graph at the end of 100 epochs and
6 interactions per epoch is shown in Fig. m According to the graph, Testing/Validation
Accuracy is 63.23%. The images chosen for evaluating the accuracy were randomly se-
lected 150 images from the validation and test datasets. As there was no hyperparameter
tuning and the the images from the validation dataset were not shown to the model more
than one time, this served as the Testing Accuracy though the images from the validation
dataset were used. The model was trained as the accuracy percentage increased and the
loss percentage decreased. Training accuracy finally reached 100%.

Convolutional Neural Networks and Vision Transformer approach to Man-
hole Detection

The performance of DarkNet YOLOv3, YOLOv3-Tiny, YOLOS (for object detection),
and ViT (for just classification) were assessed by precision-recall curves and the average
precision (AP). The Intersection over Union (IoU) was calculated in order to evaluate the
precision and recall. According to well-known competitions in object detection, a true
positive (TP) is for IoU > 0.5 and a false positive (FP) for IoU < 0.5. Based on the
above metrics, precision (P) and recall (R) are estimated. The average precision (AP)
is estimated by the area under the precision-—recall curve. The Mean Average Precision
(mAP) was used as the primary indicator to analyze the accuracy of the models as
seen in Fig. The AP is calculated for each of the classes and it is averaged over all
of the categories to get the mAP. We trained the models while the mAP percentage
increased and the validation loss decreased. The mAP percentage value was calculated
during training. The loss curves also indicate accuracy, however, mAP is considered to
be a better indicator [37].

The weights files were generated for every 1000 iterations. The best weights obtained
were saved and can be used for further testing and manhole classification of all 3 object
detection models. At some points in the graph even though the mAP percentage reduces,
we still continued training as the recall values were still increasing [35]. The average
precision (AP [%]) and its mean values (mAP [%]) obtained from the area under the
curve for both of the models are illustrated in the above figure. Table 4 displays the
results at an IoU cutoff at 0.5 (AP50). The FPS rate was calculated as given in [40] with
a batch size of 1. The size of the images in the image stream was taken as 256 x 256 for
testing purposes.

Thus we realized that the YOLOv3 model had the best accuracy but YOLOv3-Tiny
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Fig. 7. (a) Training and validation accuracy and loss curves for the classification network of the classical
CV approach. (b) Key for (a) and other information.

seems like the best model for manhole detection from the autonomous vehicles stand-
point. Though the accuracy of the YOLOS model is not large, the ViT classification
network gives good results. This indicates that further research into object detection
models using transformers could prove promising. In terms of the computational re-
quirement and speed too, CNNs and classical computer vision could be used.

Fig. [11] and Fig. [12| show examples of detected and classified manholes.

Since the accuracy of YOLOS was not high, we trained ViT on the same dataset just
to evaluate the classification accuracy. The results in the form of the confusion matrix

are shown in Fig.
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4.2. Size Detection

We tested the size detection model on 26 improperly closed manholes which contained
partially open manholes and broken manholes. We also included 2 open manholes and 2
closed manholes for testing purposes. The evaluation of this system model was done by
manual classification as in, we cross verified if what we determined as high importance
matched the size detection model’s output. We determined that out of the 26 improperly

Machine GRAPHICS & VISION| 32(1) 53] 2023. DOI:10.22630/MGV.2023.32.1.2].


https://mgv.sggw.edu.pl
https://doi.org/10.22630/MGV.2023.32.1.2

S. Rao, N. Mitnala

Tab. 3. Results of object detection models tested.

47

mAPQ@O0.5 FPS FPS
Network Confidence Precisio Recall F1 o rate rate
wor Threshold recision score Acculr"acy with with
GPU CPU
Classical
cv - - - - 0.63 - 30
YOLOv3 0.25 0.98 0.98 0.98 0.994 33 -
YOI.'OV3 0.25 0.82 0.82 0.82 0.92 62 7
-Tiny
YOLOS 0.2 0.59 0.77 0.6 0.67 5 -
ViT* 0.2 0.84 0.81 0.83 0.91 - -

* Not an object detection network, just tested for classification accuracy, thus does not have an FPS rate.

closed manhole images, 20 of them could be classified as high importance. Out of the 30
images the accuracy percentage of the method is as follows in Table [

Figs. and [I6] depict the various predictions of the open manhole. If even one of
the predictions was > 50% of the area, then it’s a high importance manhole that needs
to be fixed.

CPU Utilization (%) GPU Power Usage (%)

GPU Utilzation (%)

Fig. 11. Test result of YOLOv3.
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closed manhole: 0.99,

open_manhole  improperly_closed_manhole  dosed_manhole

desed_manhole improperly_closed_manhole open_manhole

Fig. 12. Test result of YOLOS. Fig. 13. Confusion matrix for ViT model.

Tab. 4. Results of size detection algorithm tested.

Class Size Detection FPS Rate
Algorithm Accuracy tested with CPU
Open manholes 100% 30 fps
Closed manholes 100% 30 fps
Improperly closed manholes 90% * 30 fps

* There were 20 high importance manhole images from the 26 images of the improperly closed manhole
class. 22/26 were classified as high importance.

5. Conclusion and Future Work

Including manhole detection models in obstacle avoidance and lane changing algorithms
could improve the suitability of autonomous vehicles for use on the roads of developing
countries. This research presented three different ways that autonomous vehicles may
use for detecting manholes. We tested a classical computer vision approach involving
image processing algorithms like Canny edge detection and ellipse detection. We also
tested YOLOv3 and YOLOv3-Tiny to try Convolutional Neural Networks, and tested
YOLOS and ViT to attempt vision transformer based approaches. The results of our
research point to the conclusion that YOLOv3-Tiny would be the most suitable model
for deploying on autonomous vehicles. Since self-driving vehicles have a drive-by-wire
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Fig. 15. Sample of a partially open manhole.

system and are equipped with cameras for computer vision, then the speed, computa-
tional complexity, and accuracy are the metrics that are taken into consideration when
evaluating the three approaches to manhole detection. The GPU power consumption is
low and FPS (frames per second) rate is very high for YOLOv3-Tiny, further reinforcing
our conclusion. Vision Transformers also seem promising for this purpose with future
research advancements.

In addition to manhole detection, our research presents a pipeline for size detec-
tion using filters and a contour detection method. The size of the hole in the bro-
ken/improperly closed manhole with respect to the manhole itself is determined and

Fig. 16. Sample of a broken manhole that looks closed.
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classified as high or low importance to determine a priority order for fixing them. Tech-
nology is designed to meet the requirements of different locations and the aim of science
and development is to improve the standard of living in the places where they are used.
This size detection model provides a method to not only detect manholes to avoid pave-
ment distress and improve the standard of driving, but also enables the vehicle to aid
in solving the problem of fixing an open, broken, or improperly closed manhole. With
this in mind, we propose a future course of action. Autonomous vehicles are equipped
with GPS and this system can be used to record the coordinates of the open or broken
manhole along with its priority order from the size detection model. This information
can then be used to alert the authorities for damage control.

In the future, we intend to work on aspects of research on autonomous vehicles that
bring us one step closer to making self-driving vehicles a reality even in developing
countries.
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