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ABSTRACT

SADEGH NOURI GOOSHKI. A Scalable deep learning framework for autonomous
road asset classification. (Under the direction of DR. STUART SMITH and
DR. HAMED TABKHI)

The focus of this thesis is on automation in road asset inspection using deep neural
networks. Even though some progress has been made in automation of data collection
and condition assessment, the amount of manual operation and the cost of road in-
spection is still considerable. Although, adding automation to the inspection process
has been investigated by many studies, most of the works either are focused on tradi-
tional computer vision and classical machine learning methods with a low scalability
or they have explored novel deep learning methods, but they cover a few number of
road assets. Road assets are valuable components of the road infrastructure such as
guardrail and pavement. In this thesis a deep learning based framework for classifica-
tion of a wide range of road assets from guardrail to pavement and slope is introduced
as the primary step to design a scalable system for automated road asset inspection.
A Convolutional Neural Network (CNN) is used as the computational core of the
model for visual analytics. Since the available dataset is challenging due to limited
amount of data with high variety of visual scenes under each class, transfer learning
is used to obtain the knowledge of a large scale dataset with images including similar
basic features and improve the discriminative capability of the model. Accuracy is
measured as the rate of correct class prediction. Results are reported for training a
model with 2 to 14 classes showing the scalability of the model and 80% test accuracy
for the final model with 12 classes. A comprehensive confusion and misclassification
analysis is accomplished on the model outputs. Moreover, the proposed model is uti-
lized in a hierarchical structure for designing a multi-level classification model which
is able to generate two levels of class predictions to explore the possibility of road

asset classification and assessment both in one integrated model.
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CHAPTER 1: INTRODUCTION

Artificial neural networks are useful tools to approach many control engineering
challenges such as dealing with nonlinearities, adaptation, and multivariable systems.
One of the main reasons that a neural network is more capable of solving complex
problems comparing to the controllers with a fixed mathematical structure is the abil-
ity of learning complexity and nonlinearities from the input data [II, 2]. With recent
advances in the field of machine learning and the available computational capacity
of deep learning algorithms, and large amount of data that is being generated in
manufacturing, machine learning and deep learning can be utilized in manufacturing
to learn from the available data to increase the level of automation [3, 4]. Also, in
the field of robotics, the application of deep learning in vision tasks and autonomous
platforms for robotic systems has been explored in many studies [5 [6]. In a broad
context, progress in the field of machine learning facilitates expanding the scale of
automation [7]. Multiple studies have demonstrated the functionality of deep learning
models for automated visual inspection in different applications such as visual inspec-
tion in manufacturing facilities, tunnel condition assessment, power line inspection,
and concrete crack detection [8, 9, 10, [IT]. As a specific real world challenge, in this

thesis adding automation to road asset inspection is studied.
1.1  Problem statement

The US interstate system construction has been accomplished and maintenance is
now a primary concern for transportation programs [I12]. Repair and maintenance
of the U.S. infrastructure is a high cost process [I3]. It is critical to maintain the

highway assets and have a clear estimation of their condition [14] and road asset
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inspection is an essential task for achieving an accurate condition assessment. The
current inspection process involves a high volume of manual operation [I5]. A smart
solution to reduce the cost and manual operation is to use autonomous systems.
This is also important from a safety perspective for inspection technicians. Machine
learning and visual analytics have shown promising results for adding automation to
the inspection systems [16], (17, [18§].

Multiple studies in the literature have proved the potential efficiency of computer
vision and machine learning methods for road inspection applications [19, 20} 21].
However, the current methods either have a limited scope or they rely on traditional
computer vision or classical machine learning methods which are not scalable enough.
There exist some recent works that have used deep learning methods for road inspec-
tion applications. But they are focusing only on one or two assets such as pavement,
or traffic signs. A model that is focused on a few road asset items is not extensible
enough to build a comprehensive model for road inspection. An attention to a broader
range of road assets is essential for moving toward a fully automated platform.

There are many works that used one or multiple traditional methods such as mor-
phological descriptors, segmentation, and classical machine learning methods such as
Support Vector Machine[] (SVM) for approaching problems like road surface distress
and crack detection, and pavement defect detection and classification. [23, 24, 25]. A
broader scale method for road asset recognition based on segmentation was presented
in [26] which used semantic and geometric segmentation.

Even though the classical machine learning and traditional computer vision meth-
ods are able to provide a proof of concept showing that automation through visual
analytics is feasible, achieving robust models that results a high accuracy even while
inference on new unseen images is not possible without benefiting from state of the art

deep learning models. Deep learning models have the ability of learning complexities

LSupport vector machine is a machine learning model that uses hyperplanes in space for per-
forming a task such as classification [22].
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through the high computational capability of deep neural networks [27]. A category
of deep learning models is Convolutional Neural Network (CNN) that is capable of
learning visual information [28]. The structure of CNN is explained in section 3.1.
Recurrent Neural Network (RNN) is another type of deep learning models that is
able to learn the relations in data with sequential nature [29, 30]. A recent trend can
be observed on using deep learning methods for road inspection tasks. Most of the
presented methods have utilized convolutional neural networks for defect detection
and classification. A convolutional neural network was used in [3I] for road crack
detection and achieved better results comparing to SVM and Boosting method{?}
In another study, using CNNs for crack detection in pavements was explored [33].
Similar studies have been carried out for crack detection in concrete [II]. In spite of
the novelty in methodology of current deep learning based frameworks, the current

research does not cover a wide range of road assets.
1.2 Proposed research

The proposed research introduces Deep TRACEI (Deep transfer learning for road
asset classification), a deep learning based classification framework which leverages
transfer learning to transfer the information learned from abstractions of a large
standard image dataset to elevate the discriminative power of the classifier on a
challenging dataset including images of road assets with various defect types. Figure
shows how Deep TRAC framework works from data collection to inference and
classification results. The proposed research uses a convolutional neural network that
is pre-trained on ImageNet dataset [34]. The CNN network is retrained on an image
dataset collected from road asset items in the state of Virginia which in the remaining
of this work is called the road asset dataset. The Retraining is done in an optimized

way to benefit from the abstractions learned from ImageNet and road asset dataset

2Boosting is a method based on learning weak assumptions [32].
3The code is available at https://github.com/TeCSAR-UNCC/AutomatedHighwayCondition
Assessment.


https://github.com/TeCSAR-UNCC/AutomatedHighwayConditionAssessment
https://github.com/TeCSAR-UNCC/AutomatedHighwayConditionAssessment

4
at the same time. The proposed method is extensible to build an integrated model
for classification and assessment of road assets at the same time. To explore this
possibility, the proposed asset classification model is utilized in a hierarchical multi
CNN architecture for designing a multi-level classifier which is able to generate two
levels of class labels.

The experiments start with a dataset with 21890 images categorized in 14 classes
and continues with modifying the arrangement through calculating a confusion ma-
trix. The final model is a classifier trained on 12 classes followed by a binary classifier
for challenging classes. The list of all classes under the road asset dataset and the
process of coming up with the final 12 classes is explained in Chapter 5. After train-
ing, The model is tested on new unseen images to make sure about the generalization
capability of the model. The proposed model achieves 97% training accuracy and
80% test accuracy on 12 classes.

The remaining of this thesis is as follows: Chapter 2 is on a review of related
research on automation of road inspection. Chapter 3 explains the background of
deep learning, CNNs, and transfer learning and it’s benefits. Chapter 4 introduces
the proposed Deep TRAC approach and provides a detailed explanation of it. Chapter
5 describes the experimental results and configuration for different models as well as
misclassification analysis on classification results. Finally, Chapter 6 is the conclusion

of this thesis.
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CHAPTER 2: RELATED WORK

In this section the current works that relate to the topic of this thesis are introduced
with a main focus on road asset classification and defect detection. However, the pos-
sibility of using multi-level classification in road inspection is also explored. Therefore,
literature is reviewed in two main sections: inspection automation in infrastructure,
and multi-level classification. The related works are explained in categories and for
each category a table including example papers is provided. The purpose of providing
these tables is not to give an accurate evaluation of the available works. Instead, the
goal is to present a general picture of the current studies. Hence, for each paper in
the tables few of its presented techniques and numerical results are selected to be

mentioned.
2.1  Inspection automation in infrastructure

A considerable amount of effort has been put into addressing smaller parts of the
challenge of inspection automation. Since asset classification and defect detection
both can be considered a classification task from a technical perspective, The liter-
ature is reviewed for both deeply. There are four general areas of focus as follows:
1- Pavement and road surface crack detection, 2- Sign detection and classification,
3- 3D Light Detection And Ranging (LiDAR) modeling and aerial photography, 4-
Road asset recognition. In the remaining of section 2.1 the details of related works
for the four categories mentioned above are explained. At the end, recent works on

using transfer learning with CNNs for inspection applications are reviewed.



2.1.1 Pavement and road surface crack detection

In [35] a method formed by segmentation and entropy filtering and thresholding
implemented for road crack detection and classification. Authors in [23] proposed
a method based on segmentation and classical machine learning for road surface
crack detection and classification by focusing on detection using segmentation and
utilizing support vector machines (SVM) and multiple instance learning (MIL) for
classification. Semantic Texton Forest (STF) was used for Pavement defect detection
and classification in [36]. A platform for crack detection was designed composed of
conditional texture anisotropy and neural network in [25]. Authors of [24] investigated
the capability of morphological descriptors together with AdaBoost as a machine
learning method for road surface crack detection. An active learning method was
offered in [37] to enable training of a deep neural network with limited labeled data for
surface defect detection and classification. Authors of [38] have developed a dataset for
road surface damage detection and have applied a CNN-based approach for detection
and classification of road surface defects. An approach for detecting cracks on road
with training a deep neural network on patches of images was introduced in [39]. In
[40] using convolutional neural networks with transfer learning for the task of detecting
cracks in buildings was studied and capability of multiple state of the art convolutional
neural networks in accomplishing this task was compared. It was observed that
VGGNet and GoogleNet can achieve best scores in most cases. Many works have
used deep learning methods for crack detection for civil infrastructures. A CNN
based classifier for concrete crack detection was used in [I1]. A convolutional neural
network called DDLNet was introduced for detecting concrete defects with a specific
attention to the location of defects in [41]. Table shows samples of methods and

results for [25], [24], [36], and [41] respectively.
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Table 2.1: A summary of example researches on pavement and road surface crack
detection

Year and author Methodology examples Results examples

Conditional texture anisotropy,
neural network (MLPNN)

2009, Nguyen et al. Above 90% detection success

Morphological descriptors, A minimal error of 10.75%
2012, Cord et al. AdaBoost is gained at threshold of 0.585
2016, Radopoulou et al. Semantic texton forest Above 82% overall accuracy

Deep learning,

Convolutional neural network 86% localization recall

2018, Li et al.

2.1.2  Sign detection and classification

In [42] methods such as histogram of oriented gradients (HOG) and SVM were
implemented for detection and classification of traffic sign images. Novel convolu-
tional neural networks were employed and trained on street view images for the task
of sign detection and classification in [43]. A CNN named Multi-scale Deconvolu-
tion networks (MDN) was proposed, trained and evaluated in [44] for detecting and
classifying traffic signs. Another study utilized and improved a deep learning object
detection model for recognition and detection of traffic signs [45]. Table reports

the example methodologies and results for [42] and [43] respectively.

Table 2.2: A summary of example researches on sign detection and classification

Year and author Methodology examples Results examples
76.20%, 89.31%, and
94.83% accuracy for

three different methods

88% accuracy and 91% recall

for detection and classification

Histogram of oriented

2015, Balali et al. gradients and SVM

2016, Zhu et al. | Convolutional neural network

2.1.3 3D LiDAR modeling and aerial photography

Authors in [46] took the benefit of light detection and ranging (LiDAR) for 3D mod-
eling of the ground for inspection and evaluation applications in highway management.

A study Showed the possibility of using aerial photography for crack detection and
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bridge joint inspection [47]. In [48] adding automation to the process of inspection
based on LiDAR collected data is investigated. Table reports a summary of [40]

and [47] respectively.

Table 2.3: A summary of example researches on 3D LiDAR modeling and aerial
photography

Year and author Methodology examples Results examples

2006, Duffel et al. | LIDAR based 3D modeling | Qualitative results were discussed.

9011, Chen et al. Aerial photography and Quahtat.lve and qugntltatlve
feature matching evaluations were discussed

2.1.4  Road asset recognition

In a more comprehensive scale, a tool for road asset recognition was provided with
applying semantic and geometric segmentation on road assets in video frames in [26].
Authors in [13] have done the road asset recognition task through 3D point cloud re-
construction and multiple SVMs for classification. D4AR technique, a reconstruction
method based on structure from motion,along with semantic texton forest were ap-
plied in [49] to present a system for highway asset recognition. With benefiting from
structure from motion to generate 3D point cloud and randomized decision forests
in the process of pixel categorization, a method was introduced in [50] for highway
assets recognition. Table [2.4] shows a few techniques and numerical results for [50]

and [26] respectively.

Table 2.4: A summary of example researches on road asset recognition

Year and author Methodology examples Results examples
Structure from motion, 76.50% accuracy on segmentation
randomized decision forests | and 86.75% accuracy for recognition
88.24 % classification rate
and 82.02% segmentation
accuracy on one dataset

2012, Golparvar-Fard et al.

Semantic and geometric

2015, Golparvar-Fard et al. )
segmentation
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2.1.5  Transfer learning with CNN for inspection

Recently some researches showed the advantage of using pre-trained networks and
transfer learning on CNN-based deep learning models for inspection tasks. Pavement
distress detection challenge has been approached in [5I] benefiting from pre-trained
VGG-16 network. Authors in [52] Utilized a pre-trained deep residual network com-
bined with Fully Convolutional Network (FCN) for road crack detection and proposed
transfer learning to overcome the data limitation. In [53] transfer learning was used
on a CNN model for damage detection and classification in beam and wall. Also
transfer learning was utilized in [54] for parameter initialization on an FCN-based
concrete damage detection model. Table provides example results and methods

for [52] and [54] respectively.

Table 2.5: A summary of example researches on transfer learning with CNN for
inspection

Year and author | Methodology examples Results examples
Deep residual network 84.90% recall
2018, Bang et al. with transfer learning and 93.57% precision
. FCN with 98.61% pixel accuracy and
2019, Li et al. transfer learning 84.53% mean intersection over union

2.2 Multi-level classification

The problem of multi-level classification can be approached in different ways. In
this work when multi-level classification is mentioned, it is mainly about providing
label prediction in a hierarchical fashion for categories and subcategories. However, a
broader range of works in literature are reviewed to have a comprehensive understand-
ing of the research in this area. Since classification is a general task, the methodology
can vary based on application. First, some works that relate to multi-level classifica-
tion in a more general scale are reviewed. Then works that are specifically related to

image classification are explored.
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Many of the primary works on classification of objects in a hierarchical way has
been done with considering the general problem of hierarchical classification with
more focus on non-visual data. To provide an easier way of searching words under
different topics, authors in [55] investigated hierarchical classification of text data
based on relation of words to topics. A hierarchical architecture including multiple
binary classifiers is presented in [56] to explore grouping of the classes in a dataset.
Considering a class taxonomy for a hierarchical multi-label structure in a dataset
is studied in [57]. Multiple studies have been done on the problem of hierarchical
multi-label classification and have proposed a wide range of methods to approach the
problem by using techniques and tools such as kernel-based methods, decision trees,
Bayesian decision theory, multi-layer perceptron (MLP), RNN, and CNN [58, 59, [60,
61, 62 ©63]. In the field of fault diagnosis there are some works that presented deep
learning based frameworks that include multiple deep neural networks in a hierarchical
arrangement for mechanical fault diagnosis using vibration signal data [64], [65]. In
[65] deep neural networks are trained separately and then all tested together in the
hierarchical structure. A similar method is used in this thesis in which CNNs are

trained separately but are tested altogether in a hierarchical arrangement.
2.2.1  Multi-level classification for visual tasks

In case of visual data, hierarchical structure of the datasets have been approached in
few different ways. Extracting visual semantic relations and generating and learning
hierarchies by using SVMs to build a hierarchical classification structure is studied in
[66] and [67]. In [68], multiple SVMs are used to learn a hierarchy in data for visual
tasks. Another work in this area is [69] that its focus is on utilizing the semantic
information of hierarchical structure in dataset for image categorization. A hierar-
chical Bayesian model to learn hierarchical structure of parameter vector and visual
appearance of object classes is proposed in [70] to improve the detection of objects

with less examples. A study on categorizing classes in a hierarchy based on mutual
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features for multi-class object detection is presented in [71]. In [72] authors have
focused on learning similarity metrics in a given class taxonomy with an introduced
approach based on nearest neighbors. In [73] a study on sharing the knowledge be-
tween classes by utilizing tree structure of the data is studied. The learning tasks are
done with deep neural networks such as CNN and Deep Boltzmann Machine (DBM).
Learning relations between labels using a hierarchical graph is studied in [74] and it
is implemented as a layer on top of a CNN. Authors in [75] introduced a method to
improve a trained neural network by using the knowledge that is already acquired
by the network to group sets of labels based on visual similarity and learn more in-
formation with adding a new arrangement of fully connected layers to the network.
Based on nearest class mean classifiers, a hierarchical approach is used in [76] to
utilize available labeled data of coarse classes for improving classification accuracy
of subcategories. Authors in [77] have introduced hierarchical deep CNN (HD-CNN)
which is benefiting from separating the classification task for easy and challenging
classes through a hierarchical CNN model to increase the focus on the classification
of challenging classes in an image classification task. Instead of considering a fixed
architecture, a method for learning a hierarchical model structure is presented in [7§].
A model that is able to produce both superclass and subclass labels using a combina-
tion of CNN and RNNs is proposed in [79]. Applying multiple CNNs to superclasses
and subclasses in a hierarchical way for designing incremental learning is studied in
[80] and [81]. To provide a general view of studies on multi-level classification, table

reports the sample results for [56], [68], [77], and [79] respectively.

Even though there are many works in the literature on road inspection, and transfer
learning on CNNs is explored in some recent works, to the best of my knowledge
there is not still an available comprehensive work covering a wide range of road
assets proposing scalable and extensible platform which can be used for automated

classification of road assets. In the following chapters it is explained how the proposed
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Table 2.6: A summary of example researches on Multi-level classification

Year and author | Methodology examples Results examples
9002, Kumar et al. Multiple. binary 94.7% and 96.8% accuracy
classifiers for two configurations
Multiple experiments show that
2011, Gao et al. Multiple SVMs presented method can reduce the
complexity without losing performance.
CNN based network The model improves the
2015, Yan et al. (HD-CNN) VGG-16 accuracy on ImageNet
82% and 90.69% accuracy
2018, Guo et al. CNN and RNN on ImageNet without
and with providing coarse label

method, Deep TRAC, benefits from computational power of CNNs and optimum
knowledge transfer with transfer learning to enable classifying a variety of road assets
and design an expandable model for future development. Furthermore, the feasibility
of using CNNs in a hierarchical structure in road asset inspection in order to generate
two levels of class prediction is investigated by training Deep TRAC in a multi-level
structure and comparing the results with the single level Deep TRAC classification
results. Generating two levels of class prediction can enable road asset classification

and assessment both in one model.



CHAPTER 3: BACKGROUND AND MOTIVATION

This chapter starts with demonstrating the advantages of deep learning compar-
ing to traditional methods. Then the basics of CNNs and specifically VGG-16 and
MobileNetV2 as the CNN models that are used is explained. Then, the basics of
transfer learning will be described. Lastly, it is argued that multi-level classification
is a suitable platform for road asset inspection.

Machine learning techniques have been used for a long time [82]. However, deep
neural networks have not emerged until recently that computational resources for
training large scale models have become available [83]. Deep learning models include
a high number of parameters and are able to learn complex patterns if provided with
enough data. Due to the high learning capacity of deep learning models, they are
able to generalize well if provided with the right distribution of data for training and
testing [84]. Two common varieties of deep neural networks are CNNs and RNNs [85].
CNNSs have shown a high capability in visual tasks while RNNs are more useful for
the applications with a sequential nature [86] 29, [30]. CNNs have been successful in

many visual tasks such as classification, detection, and semantic segmentation [87].
3.1 Convolutional Neural Network (CNN)

Convolutional neural networks are a powerful tool for learning from visual data
[88]. CNNs typically are composed of multiple convolution layers, pooling layers,
and can include fully connected layers based on the application [89]. The specific
layerwise structure of CNNs is designed based on animals’ visual cortex computational
structure [90]. Convolution layer extracts the important information from the input in

a hierarchical fashion by applying specific kernel types for any target feature. Pooling
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layers simply compress the information based on a mathematical operation such as
averaging or maximization to provide abstractions in a more brief representation [91].
It is a challenging work to design a CNN with an optimum order of layers and optimize

hyperparameters of the network.
3.2  VGGNet

VGG-16 is utilized as a powerful deep convolutional neural network for processing
the visual complexity of the road asset image dataset used in this research. VGGNet
is a powerful CNN architecture and the 2nd place winner of ILSVRC-2014 challenge.
VGG-16 is a variation of VGGNet including 16 weight layers. In VGG-16, five convo-
lution blocks made of convolution and pooling layers are followed by fully connected
and softmax layers at the end [92]. The main design criterion of VGGNet is to use
smaller kernels with ReLU activation and not using intermediate pooling layers [93].
VGGNet is flexible to use for different datasets and classification tasks by changing
the fully connected and softmax configuration based on the nature of a new appli-
cation. Figure shows the blockwise architecture of VGG-16 till the last pooling

layer. It can be seen that the last layers are deeper comparing to the first layers.
3.3  MobileNetV2

MobileNetV2 is a neural network which is specifically designed for mobile appli-
cations with a requirement of low power consumption. Generally, the criterion for
designing neural networks for mobile applications is to reduce the number of param-
eters of the network without significant drop in accuracy. This way, the network can
achieve the same range of accuracy (Or a satisfactory level of accuracy) while it is
able to do the task with a lower power consumption which is the desirable case for
mobile applications. The architecture design of MobileNetV2 has been done through
optimizations and module designs such as reducing non-linearities, using inverted

residuals, etc. to achieve a high accuracy while reducing the computation load. Mo-
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Figure 3.1: Schematic of VGG-16 convolutional blocks. Each covolutional block
includes convolution and pooling layers.

bileNetV2 network is generated by designing an optimized building block and using

the optimized building block multiple times with different configurations. [94] 05|
3.4  Transfer learning

In the same way that learning from previous experiences helps human to generalize
new similar situations [96], deep learning models can obtain the information that has
been learned in previous experiences for doing new tasks. This idea of transferring

the obtained information to a new model or task is called transfer learning. Transfer
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Figure 3.2: Transfer learning on CNNs. The network learns the basic knowledge of
visual features from a source dataset by pre-training and will be fine-tuned on more
detailed information on a target dataset.

learning has been practiced in many different ways such as weight transfer for super-
vised learning and policy transfer for reinforcement learning [97, [98]. One way that
transfer learning can be used for CNNs is to first train a CNN on a large dataset
with similar basic visual features to the target dataset for that includes data for the
new task. Then retrain the network on the new dataset for the targeted application.
Utilizing pre-trained networks not only reduces the training time significantly, but
also enables the CNN to learn from small datasets with high sparsity [99] 100, [T0T].

Figure 3.2 shows how transfer learning works on CNNs.
3.5 Multi-level classification

Road asset assessment can be considered a classification task if the goal is to dis-
tinguish between different types of defects or to differentiate defected road assets
from non-defected road assets. Therefore, by designing a multi-level network which
is able to do two levels of classification at the same time, it is possible to provide an
integrated model for classification and assessment of road assets. Figure [3.3] shows

how data can be classified in multiple levels. In the first level of network all the data
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is classified into a number of main classes. Then in the level two every main class is

classified into subclasses.

Level 1 Level 2

Class 1 Subclass 1

Image

dataset Class 2

Subclass 2

Class 3 Subclass 3

Figure 3.3: Multi-level classification of data in two levels

In chapter 2 many works are introduced that pay attention to the hierarchy among
data. There are some works that specifically use CNNs in multiple levels in respect
to the hierarchy of task or data structure. Arranging CNNs in multiple levels based
on task hierarchy was done in [64] with vibration signal data. Also, using hierarchical
structure of CNNs in a framework for incremental learning on image data is presented
in [80] and [8T]. A similar structure is employed to put Deep TRAC in a hierarchical
CNN structure and generate two levels of labels in a way that a two level hierarchical
structure of CNNs is shaped and CNNs will be trained separately, but they will be
tested all at the same time as a whole system. This way, at the time of testing, data
will be fed to the second level according to the prediction of the first level. Therefore,
if system be trained with a proper dataset including labelled images of defected and
non-defected road assets, it can be used for the inference as an integrated road asset

classification and assessment system considering that it can generate two levels of

labels.



CHAPTER 4: APPROACH

In this section the proposed approach, Deep TRAC, a comprehensive deep learning
based model for road asset classification is introduced. The details of Deep TRAC
structure and implementation, and the work flow of the whole system for training
and testing is described. Furthermore, the details of using multi-level classification

on Deep TRAC is discussed.
4.1  System structure

The proposed solution is established based on deep neural networks which include
convolutional layers. A VGG-16 network (A variation of VGGNet) that is pre-trained
on ImageNet as a large scale image dataset is used. The pre-trained VGG-16 is re-
trained on the target dataset including images of road assets using transfer learning.
Ideally, it is desirable to have enough number of standard images with enough similar-
ity in the pattern of objects under each class. But there are some challenges regarding
the available road asset dataset that is used for training the proposed model including
but not limited to: high sparsity of the data under every class due to complexity and
variety of features and defect scenarios along each class, similarity between images
of different classes, partial or full occlusion of many asset items, and lack of data
especially for non-defective asset items. Since the images in road asset dataset are
originally taken for manual inspection purposes, all of the images are from defected
road assets and it makes the classification task more challenging comparing to when
all images are from non-defective road assets.

The challenges mentioned above makes the model design a more complex task.

Considering these challenges, a clear representation of similar and dissimilar features
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among images under each class and between different classes is needed. This way the
model can mainly overcome the sparsity and data limitation challenges. An approach
to achieve this aim is transfer learning. ImageNet as a base knowledge source provides
valuable information regarding general features of the objects that exist in the scenes
of the target dataset. This helps the model to recognize intra-class similarity and
inter-class differences. The experiments with VGG-16 are performed in two different
configurations. First VGG-16 is used until the last pooling layer with frozen weights
for all layers as a feature extractor for the images of road assets and a fully connected
classifier is trained on top of VGG-16. This architecture is called "Model 1". Multiple
experiments and analysis are done with model 1 and for the final experiment with
VGG-16, the VGG-16 is retrained in an optimum way on the road asset dataset.
Since primary layers of VGG-16 are responsible for extracting low level features, it is
preferred to keep the ImageNet weights for the primary layers of VGG-16 and retrain
the last layers. Hence, during the retraining process last two convolutional blocks of
VGG-16 are retrained and first three blocks are frozen since last layers are responsible
for learning more high level features. The latter approach is addressed as "Model 2"
in the rest of paper. Figure 4.1| shows a diagram for the training and test process of
model 2 in three stages. First stage (Top) shows the pre-training process of all VGG-
16 convolutional blocks on ImageNet as the source dataset.The pre-trained VGG-16
model in Keras library is used to save time and computational resources. Having
the pre-trained model available, second stage (Middle) demonstrates the retraining
process of last two convolutional blocks of VGG-16 on road asset images (Training
set) along with training the fully connected classifier on top of VGG-16 while the
weights of first three convolutional blocks are kept as ImageNet weights. After the
second stage the fine-tuned model is ready to use for inference using new unseen
images of road asset (Test set) which is shown in the third stage (Bottom).

A fully connected classifier is designed on top of VGG-16 convolutional blocks and
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Figure 4.1: Retraining VGG-16 using transfer learning in model 2. The pre-trained
VGG-16 network is retrained on road asset dataset. Last two convolutional blocks
of VGG-16 are retrained while the weights of first three blocks are kept as ImageNet
weights. In model 1 the weights of all convolutional blocks of VGG-16 are kept as
ImageNet weights and only fully connected classifier is trained.

the output of the last pooling layer is fed to the fully connected classifier. The fully
connected classifier includes a fully connected layer followed by a softmax output
layer. A customized design is considered based on the current classification task. For
improving the accuracy of the model on classes that have a high level of similar-
ity, the proposed research takes the benefit of binary networks as an extra level of

classification.
4.2  Binary classifier

To reduce the negative effect of classes with high inter-class confusion, using a

separate classifier as the second stage of network is proposed. The process of choosing
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challenging classes for the second stage of network is shown in figure [£.2] First the
main classifier is used to classify all road assets. The results of main classifier is
analyzed by generating a confusion matrix. Based on confusion analysis, challenging
classes are picked to be classified by a binary classifier. The dataset for main classifier
is modified and the challenging classes are combined under the input dataset of main
classifier. In the case of this study, since unpaved ditch has a low accuracy and high
confusion rate with paved ditch, these two classes are combined as ditch in the main
classifier and a binary classifier is used to classify them. It can improve the accuracy
for unpaved ditch and reduce the negative effect of unpaved ditch on paved ditch and
as a result an increase in paved ditch class accuracy will be gained. This happens due
to the fact that binary classifier will be specialized in distinguishing between paved

ditch and unpaved ditch by optimizing the network’s weights only on ditch images.
4.2.1  Over sampling

Imbalanced datasets are hard to learn since the amount of available knowledge

from all classes is not equal. One way to tackle the problem of imbalanced datasets is
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oversampling [102]. Oversampling is used for training the binary classifier due to the
imbalanced data distribution between paved ditch and unpaved ditch. Oversampling

is used for the class with less data which is unpaved ditch in this case.
4.3  Real-time road asset classification

In order to assure that the proposed approach is applicable for real-time asset
classification, a MobileNetV2 network that is pre-trained on ImageNet is used and
retrained on the road asset dataset using transfer learning. Since MobileNetV2 is a
lightweight network, it is useful for embedded platforms. As in real world applications,
the final model may needs to run on an embedded system with low power supply, being
able to use such a small network is essential. MobileNetV2 has much less parameters
comparing to VGGNet, hence is more robust to overfitting[103]. Therefore, the whole
MobileNetV2 network is retrained and no layer is frozen. Similar to the approach
considered for training VGGNet, only MobileNetV2 convolutional blocks are used
and the output of last pooling layer is utilized as the input of a fully connected
classifier which consists of a fully connected layer followed by a softmax output layer.

This model is called "Real-time asset classifier".
4.4  Multi-level road asset classification

In previous sections all the focus has been on designing the Deep TRAC framework
for road asset classification and optimizing the model. In this section utilizing Deep
TRAC to design a multi-level classifier framework is investigated. Figure shows
the details of the multi-level classifier. Two levels of CNNs is considered for this
purpose. The first level CNN architecture is the same as road asset classifier and is
responsible for receiving all of the images in a dataset and predicting the label for
some defined main class labels . The second level includes multiple CNNs and each
CNN is responsible for receiving the images of a specific main class based on the

prediction of the CNN in first layer and extract the label for a group of subclasses.
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For all of CNNs the same CNN architecture and configuration as model 2 is used
except for the fully connected classifier which is modified based on number of classes
for each CNN. For each CNN a VGGNet which is adapted for road asset classification
in Deep TRAC with transfer learning is used in which first three convolutional blocks
are frozen and last two blocks are being retrained along with the fully connected
classifier. Each CNN is trained separately. The first level CNN is trained on the
whole dataset and each of the second level CNNs are trained on the images of the
specific main class which is supposed to be categorized into corresponding subclasses.
Then all of the CNNs are put together to form the multi-level classifier for inference.
During the inference phase, First an image is fed to the CNN in the first level and
the main class prediction is done. Then based on the prediction of main class, the
image is fed to a CNN to the second level to predict the subclass.

It is observable that if a suitable dataset of multiple road assets including labelled
images of defected and non-defected road asset for each class is available, the multi-
level classifier can be trained in such a way that the first level does the road asset
classification and by feeding the images of each asset to a specific CNN in second level
based on the prediction of first level, the asset assessment and generating label for
defected versus non-defected asset or different types of defects can be done in second
level. Even though such a dataset is not accessible for this research, the progress
on design and evaluation is not stopped. The same dataset that is used for training
and testing the proposed single-level road asset classifier is utilized in a hierarchical
arrangement by grouping the classes to do a primary evaluation of the multi-level

classifier. The details of the experiment is explained in Chapter 5.
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Figure 4.3: Multi-level classifier architecture includes one CNN in the first level of
the network and multiple CNNs in the second level. Training is done separately and
all the CNNs are tested together.



CHAPTER 5: EXPERIMENTAL RESULTS AND DISCUSSION

The proposed model is trained and tested for different number of classes to grad-
ually build up a more inclusive network and show the scalability of the model. After
coming up with the number of classes, two models with different configurations are
trained on 12 classes. Then a lightweight network (MobileNetV2) is trained to evalu-
ate the accuracy of Deep TRAC for real-time applications. To evaluate the real-time
performance of Deep TRAC, the model is tested on embedded GPUs as well. Finally,
the multi-level classifier is trained and tested. This section starts with explaining
the experimental setup. Then the dataset and results for model 1 are explained, fol-
lowed by results for confusion and misclassification analysis, model 2, real-time asset
classifier, and performance analysis. At the end, the results for training and testing

multi-level classifier are described.
5.1  Experimental setup

The model is implemented in Keras library with Tensorflow backend. The classifier
learning rate for experiments with model 1 is 2e-4. For the experiments with Model
2, first three blocks of VGGNet are frozen (No backpropagation occures on the first
three blocks) and the learning rate for last two blocks of VGG-16 and classifier is
2e-7. This number is acquired by starting with 2e-4 and decreasing the learning
rate gradually. Training VGGNet layers with a learning rate of 2e-4 caused non
convergence and that is because of the fact that ImageNet weights are good enough
that changing them quickly causes ruining those optimal values. But a low learning
rate such as 2e-7 changes the pre-trained weights gently to fine-tune the weights on

the road asset dataset and adapt them based on the nature of road asset visual data
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to help the model to accumulate the knowledge of new domain. For 12 classes, using
the configuration of model 2 results a 5% increase in accuracy comparing to the
experiment for 12 classes with model 1 (Freezing all VGGNet layers). The only point
on this manner of training is a higher training time. The same learning rate as model
2 is used for real-time asset classifier and multi-level classification experiments.

All the training experiments are done on a server using an NVIDIA TITAN V
GPU. Dataset is prepared by resizing the input images to the size of 224*224 and
putting them under separate folders for each class since the model is implemented in
a way that loads the data in a categorical way to generate the class labels. Data is
fed in a batch size of 20. A categorical cross entropy loss and RMSprop optimizer
are considered to train all of the models. The activation for convolutional and fully
connected layer is ReLLU and for the output layer is softmax. A dropout of 0.5 is
applied on the fully connected layer to help it on having a generalized learning and
prevent over-fitting.

The results are reported regarding the flow of work. The process of this work
starts with training model 1 on 2 to 14 classes to make sure about the scalability
of the platform for further developing. Then, the inter-class confusion for 14 classes
is demonstrated using a confusion matrix. Based on the results of confusion matrix
some modifications are done to increase the accuracy and design a more robust plat-
form. Finally this research ends up with 12 classes and train model 2 on 12 classes as
the final model. A misclassification analysis for classes with lower accuracy per class
values is performed for both model 1 and model 2. Then the accuracy of Deep TRAC
for real-time applications is evaluated by training MobileNetV2 as a lightweight net-
work. Next, A performance analysis is done both on an NVIDIA TITAN V GPU and
embedded GPUs. At the end, results for training and testing the multi-level classifier

is reported.
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5.2  Dataset

Road asset dataset includes images of road assets collected in the state of Virginia.
Since the images are taken primarily for the inspection purposes, images are from
defected assets. The dataset includes total number of 21890 images in 14 classes of
road asset items. The proposed approach starts with experimenting on 14 classes
and reducing the number of classes to 12 to optimize the model. Final model is
trained on 20425 images in 12 classes that are splitted with an 80/20 ratio for training
and testing. The classes under the dataset are in a wide range from slope to rigid
pavement and ditch. Table represents the details of road assets under the dataset.
It is noteworthy that some road assets such as guardrail and Object markers and
delineators are combined into one class due to high visual similarity of the image

data for these classes.

Table 5.1: Road asset dataset statistics

Indicator Asset item Number of images
Guardrail and Object markers

A and delineators 3418
B Pavement markers 3091
C1 Paved ditch 2837
D Paved shoulder 2138
E Flexible pavements 1709
F Brush and Tree 1700
G Slope 1538
H Debris and road kill 1465
I Under-edge drains 922
J Small pipes and box culverts 897
K Signs(static) 636
L Storm drains and drop inlets 525
C2 Unpaved ditch 523
M Rigid pavements 491
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5.3 Accuracy of Modell asset classifier

The idea of transfer learning on VGG-16 is started to be explored to find out what
is a configuration that satisfies a high accuracy on the road asset dataset and enables
designing an extensible model. Since model 1 has a lower training time, model 1 is
used for the primary exploration and experiments. Figure [5.1] shows the results of
training model 1 on 2 to 14 classes. By increasing the number of classes the accuracy
slightly decreases, but keeping with low number of classes would not be favorable since
a key point is to be able to include a broad range of classes. The bar graph shows
that by increasing the number of classes the accuracy does not decrease significantly,
thus the proposed approach is scalable for further expansion. Classes are sorted based
on number of images under each class in a descending way to make sure that there
is no bias due to having less number of images for the model with less classes. One
contributing factor to accuracy decrease by increasing the number of classes under the
model can be the fact that classes with less number of images are more challenging

to learn and they are added latter.
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Figure 5.1: Accuracy for different number of classes. Model 1 is trained on different
number of classes to show the scalability of the proposed approach.
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5.4  Confusion and misclassification

To have a deep understanding of the inter-class negative effects and confusion, a
confusion matrix is calculated for 14 classes. Figure shows the confusion matrix
for all 14 classes of road assets. By looking at each row it can be understood that how
much a specific class is affected by other classes. Looking at a column determines how
much is the negative effect of a class on the accuracy of other classes. The proposed
research relies on analyzing the confusion matrix to modify the structure of model

and the dataset.
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Figure 5.2: Confusion matrix for 14 classes. The confusion rate between different
classes is demonstrated.

Two major conclusions can be drawn from the confusion matrix. Firstly, it is



31
demonstrable that the class of "debris and road kill" has a negative effect on the
majority of other classes. The second clear point is the high false prediction of
unpaved ditch as paved ditch. These two cases are understandable from a visual
perspective. Debris and road kill can be everywhere around the road area, so the
visual scenes under this class may include other road assets. In case of paved and
unpaved ditch, considering that images are for defected or occluded items, these
two asset can have a high visual similarity in many cases. Based on the above two
arguments, two modifications are applied: 1- Debris and road kills class is taken out
of the dataset to prevent decreasing the accuracy of other classes. 2- Paved ditch and
unpaved ditch classes are combined as a larger class as "Ditch" and a binary classifier
is used to classify these two classes separately. After applying these two modifications,
the final number of classes under the main classifier would be 12. Figure shows
the training and testing accuracy diagram for model 1 on the modified dataset with
12 classes. According to final results on the modified dataset with 12 classes, training
the classifier on 12 classes achieves satisfactory results. Therefore, this research does
not go further with reducing the number of classes for achieving a better accuracy
since the purpose is to include maximum number of road assets without significant

drop in accuracy.
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Figure 5.3: Training and testing accuracy for model 1
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To train a binary classifier for distinguishing between paved ditch and unpaved
ditch, this research starts with using the same VGG-16 network as the main classi-
fier. Figure |5.4shows the training results for the binary classifier. First a pre-trained
VGG-16 on ImageNet is used with the configuration of model 1. But due to the
imbalance data distribution between the two classes, model does not converge. Over-
sampling technique is used to overcome the imbalanced dataset challenge and caused
convergence as well as an increase in paved ditch class accuracy. A binary classifier
based on model 2 is trained with oversampling and it even achieves a higher accuracy
for the unpaved ditch class comparing to model 1. The main reasons for low accuracy
of unpaved ditch class can be the visual nature of collected data for this class and
low amount of training data for unpaved ditch. Table shows the statistics for the

dataset and training results of the binary classifier.

Table 5.2: Results for binary classifier

Parameter Class name
Paved ditch | Unpaved ditch
Number of images 2837 523
Model 1 without oversampling 0.75 0.23
Model 1 with oversampling 0.91 0.23
Model 2 with oversampling 0.89 0.37

Even though overall test accuracy of a classification model shows the general ability
of the model on the assigned task, but it is not enough for an in depth analysis of
the model performance on every specific class. To be able to analyze the model
performance in details, Figure [5.5| provides the test accuracy per class values for
model 1 as well as overall test accuracy which is 75%.

Based on accuracy per class results for model 1 in figure a misclassification
analysis is done for the 4 classes with lowest accuracy to find out what are the other
classes that have a negative effect on the accuracy of these 4 classes. Figure [5.6|shows

the misclassification bar graphs for Under-edge drains, Slope, Storm drains and drop
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Figure 5.5: Accuracy per class for model 1. It shows how model performs on each class
and provides the accuracy for each specific class which is useful for misclassification
analysis.

inlets, and Small pipes and box culverts. For example, in the case of Slope as it is
demonstrated in Figure[5.6b] Slope and Ditch have a high misclassification rate. High
visual similarity of Slope and Ditch can be correlated with high misclassification rate

of Slope images as Ditch.
5.5 Accuracy of Model 2 classifier

The experiments show that retraining last two blocks of VGG-16 can improve the
accuracy of the model. Figure shows training and testing accuracy graph for
model 2. Model 2 is trained on 12 classes with a comparatively lower learning rate
than model 1 (2e-7) and retraining last two blocks of VGG-16 and resulted 5% increase
in accuracy comparing to model 1. Hence, model 2 is able to achieve 80% accuracy
on 12 classes.

Figure 5.8 compares accuracy per class and overall accuracy for model 1 and model
2. It can be seen that accuracy per class for all road assets is higher for model 2. In
the same way as was done for model 1, a misclassification analysis for 4 classes with

lowest accuracy is accomplished for model 2. In case of model 2, classes with lowest
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Figure 5.6: Misclassification analysis for model 1. The graph shows the misclassifica-
tion analysis results for classes with lower accuracy with model 1.
accuracy are rigid pavements, slope, storm drains and drop inlets, and small pipes
and box culverts. Figure [5.9 shows the bar graphs for misclassification analysis of
the above classes. As an instance, the high misclassification rate of Ditch, and Paved
shoulder as Slope shows how challenging is the classification of these road assets.

In order to provide a detailed numerical understanding of the negative effect of
each class on other classes, confusion matrix for model 2 is calculated. Figure [5.10]
shows the confusion matrix for model 2. It helps to demonstrate the confusion and

misclassification patterns along different asset items.
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5.6  Accuracy of real-time asset classifier

MobileNetV2 is retrained on 12 classes. The goal is to show that the proposed ap-
proach is practicable for real-time usage. All the layers of MobileNetV2 are retrained
on road asset dataset. A learning rate of 2e-7 is used to train the real-time asset
classifier. The network width multiplier (alpha) and depth multiplier parameters in

Keras are considered as one. The results for retraining MobileNetV2 on road asset
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Figure 5.9: Misclassification analysis for model 2. The analysis is done for classes
with lower accuracy with model 2.

dataset images show an 81% accuracy which is in the same range of the accuracy
achieved by Model 2. This proves that Deep TRAC can be applied in practice with
small size networks with low computation. Moreover, Deep TRAC can be imple-

mented with different neural networks. Figure [5.11] shows the training and testing

accuracy diagram for real-time asset classifier.

5.7  Performance analysis of road asset classification

A performance analysis is done for measuring the training and testing time and
power consumption. These values help to understand computation cost of the model

as well as performance of the model in real-time applications. Table [5.3| shows the
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overall training and testing time for model 1 and model 2 on an NVIDIA TITAN V

GPU. The training time for model 2 is higher than model 1 since on model 2 last two
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blocks of VGG16 were being retrained while in model 1 VGG16 is used as a feature
extractor and the backpropagation process was performed only on the fully connected

classifier.

Table 5.3: Performance analysis on NVIDIA TITAN V GPU

Measurement Model

Model 1 | Model 2

Overall training and testing time | 0:10:26 9:12:29
Inference time(fps) 121 125

5.7.1  Real-time performance on mobile devices

NVIDIA Jetson TX2 and AGX Xavier embedded GPUs were used to measure
the real time performance of the model. Model 2 is used as the final model for
these experiments. Inference time and power consumption metrics are considered to

measure the real-time performance. The results are presented in table [5.4]

Table 5.4: Inference time and power consumption on embedded GPUs
VGG-16 MobileNetV2
TX2 | Xavier | TX2 | Xavier
Inference time (fps) | 10.29 | 30.29 | 23.77 | 65.02
Power (W) 9.50 | 19.12 | 4.73 | 6.83

Model

It is noteworthy that to be able to run VGG-16 on Jetson TX2 the GPU mem-
ory usage is limited to 50%. The same memory usage is considered for running

MobileNetV2 on TX2 to have a fair comparison.
5.8  Accuracy of multi-level classification

The configuration for all CNNs in multi-level classifier is similar to model 2. Since
a suitable dataset including labelled images for defected and non-defected road asset
items is not accessible for this research, the road asset dataset that is used for training
Deep TRAC is adapted by grouping the 12 road assets into three main classes based

on visual similarity of road assets. Figure [5.12]shows the structure of the rearranged
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road asset dataset which is used for training and testing the multi-level classifier.

Each main class includes four subclasses.

- Flexible pavements
- Rigid pavements
- Paved shoulders

First level:
Based on visual - Pavement markers
similarity
A
- - Small pipes & box culverts
- Ditch
Dfatajs;t = ™7 - Under-edge drains
or - Storm drains & drop inlets
classes

- Slope

- Object markers & delineators
- Signs

- Brush & tree

Figure 5.12: dataset arrangement for training and testing the multi-level classifier

The first level CNN is trained on the whole dataset which is categorized into three
main classes A, B, and C. Three CNNs are used in second level. Each CNN is trained
on the corresponding data for one of the three classes including four subclasses. Once
the training is done separately for all four CNNs, all are put together to generate
the multi-level structure for inference. The main goal is to evaluate the accuracy of
system while generating two levels of labels without providing any intermediate label.
During the inference phase, the first level CNN receives an image and predicts a main
class label A, B, or C for the image. Once the first level prediction is done, based
on the predicted label, the image is fed to the responsible CNN in the second layer
for that specific main class and a subclass label is predicted for the image. Table [5.5
shows the results for first and second level test accuracy compared to the single level

classifier (model 2) test accuracy.

The criterion that is considered to evaluate multi-level classifier is to achieve the
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Table 5.5: Results of multi-level classifier

Model Accuracy (%)
First level 91
Overall accuracy (Second level) 79
Single level (Model 2) 80

same level of accuracy as the single level classifier while predicting the same class
labels. This way a multi-level classifier provides two levels of labels while keeping
the same range of accuracy for the final subclass label prediction. Comparing the
accuracy of second level with the accuracy of single level Deep TRAC (model 2) for
predicting the label of 12 classes under the road asset dataset shows that multi-level
classifier is able to achieve the same range of accuracy and predict the class labels
for both first level and second level at the same time. In addition, the accuracy of

predicting main class labels in the first level is 91%.



CHAPTER 6: CONCLUSIONS

A deep learning based approach for road asset classification is introduced in this the-
sis. Transfer learning has been applied on pre-trained CNNs to utilize the knowledge
of a large dataset including general objects for learning from a challenging dataset.
The results show 80% accuracy for training VGG-16 on 12 classes with transfer learn-
ing (Model 2). It is shown that the model is scalable by training the model on subsets
of road asset dataset with different number of classes from 2 to 14. A detailed mis-
classification analysis has been done to explore inter-class confusion between different
road assets. It demonstrates how important is the effect of visual similarity of different
road assets on making the classification task challenging.

To ensure that Deep TRAC is applicable for using on embedded GPUs, Mo-
bileNetV2, a state of the art neural network that is designed for mobile applications,
trained on road asset dataset using transfer learning and resulted 81% accuracy that
is in the same range as model 2 accuracy showing that the proposed approach can
be applied for real-time asset classification. Real-time performance analysis is ac-
complished on Deep TRAC with both CNN networks (VGGNet and MobileNetV2)
by running the models for inference on embedded GPUs. According to the reported
results for the extensive experiments, Deep TRAC is a major step in using deep
learning for adding automation to the road inspection process by providing a scal-
able model for classification of a broad range of road assets. In addition, the results
of implementing Deep TRAC in a multi-level classification structure shows that the
proposed framework can be used for designing an integrated road asset classification

and assessment system.
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