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Abstract

This thesis proposes an integrated solution for 3D object detection, recognition, and
presentation to increase accessibility for various user groups in indoor areas through a
mobile application. The system has three major components: a 3D object detection
module, an object tracking and update module, and a voice and AR-enhanced interface.
The 3D object detection module consists of pre-trained 2D object detectors and 3D
bounding box estimation methods to detect the 3D poses and sizes of the objects in each
camera frame. This module can easily adapt to various 2D object detectors (e.g., YOLO,
SSD, Mask RCNN) based on the requested task and requirements of the run time and
details for the 3D detection result. It can run on a cloud server or mobile application.
The object tracking and update module minimizes the computational power for long-
term environment scanning by converting 2D tracking results into 3D results. The voice
and AR-enhanced interface integrates ARKit and SiriKit to provide voice interaction
and AR visualization to improve information delivery for different user groups. The
system can be integrated with existing applications, especially assistive navigation, to
increase travel safety for people who are blind or have low vision (BLV) and improve
social interaction for individuals with autism spectrum disorder (ASD). In addition, it
can potentially be used for 3D reconstruction of the environment for other applications.
Our preliminary test results for the object detection evaluation and real-time system

performance are provided to validate the proposed system.

Keywords: 3D object detection, assistive technology, ARKit, blind or low vision, voice

assistance
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Chapter 1

Introduction

1.1 Background

Visual impairment is the loss of some or all vision perception and is not easily fixable
with treatments such as glasses, contact lenses, medication, or surgery. The blind and
low vision population has continuously grown over the past three decades and is expected
to increase significantly as the population ages [2]. According to the IAPB Vision Atlas
[29], in 2020, 43 million people were blind and 295 million people with moderate or severe

visual impairment (i.e., with visual acuity worse than 6/12 to 6/18) globally.

People who are legally blind or have low vision (BLV) face numerous challenges through-
out their daily lives, ranging from moving indoors to completing tasks. The difficulty
dramatically increases in unfamiliar environments, where they only have limited assis-
tance tools, such as long canes, guide dogs, hand touches, and potential assistance from
people. It is not only time-consuming for them to get comfortable with their surround-
ings but also raises safety concerns. The indoor environment is full of dynamic changes,
and individuals with BLV can easily bump into obstacles with limited space for move-

ment in the indoor area. Based on the survey results of 300 individuals who are legally
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blind[17], over 40% of them experienced head-level accidents at least once a month, even
with the help of a long cane or guide dog. Safety is the number one issue; recognizing
humans and other objects could enhance their understanding of their surroundings, thus

significantly improving their interaction with others and the quality of their lives.

Several studies have shown that people with autism spectrum disorder (ASD) have dif-
ficulty adjusting their visual attention, especially for dynamic moving objects or when
shifting their attention [12, 28]. Therefore, assistive object recognition is essential for
people with ASD, particularly for cognitive development and increased visual attention
in complex environments [12, 19]. Furthermore, object recognition with AR visualiza-
tion can assist people with ASD and low vision in completing tasks, such as providing
instructions or information for corresponding objects and even helping them with object

searching tasks.

Object detection is a fundamental topic in computer vision. Numerous techniques have
been developed and applied in real-life applications, particularly in autonomous vehicles
and robotics. Real-time 2D object detection techniques are very mature. However,
they do not provide sufficient information (e.g., location and size of an object) that
can be essential for people to obtain a more comprehensive understanding of the indoor
environment. Real-time 3D object detection and recognition often involves expensive
high-end devices (e.g., LIDAR sensors and depth cameras) and deep learning models that
would require enormous computational power to ensure real-time performance. These
methods are unsuitable for indoor environments and are not affordable for individuals
with BLV or ASD, who usually have relatively low incomes. For example, data show

that 89% of visually impaired people live in low- or middle-income countries [13].

With multiple obstacles and objects detected, selecting essential information to report
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to users is another challenge, especially with real-time detection, where information con-
stantly changes with time. People with BLV or ASD will be confused and distracted by

massive amounts of data and easily miss the necessary information.

1.2 Overview of the Solution

This thesis aims to develop a low-cost and efficient real-time 3D object detection, recog-
nition, and presentation system that works on mobile devices to increase accessibility
for people with BLV or ASD and others that need assistance in indoor areas. Objects
could be obstacles along a user’s walking path, particular items the user is looking for,
and humans that usually move around. This system is designed to adapt to different
data types (such as single images, RGB-D images, stereo images, and 3D point clouds)
collected by various mobile devices, apply customized models based on the desired run
time and level of 3D detection details, and request tasks (i.e., object search or obstacle
detection). Importantly, this system can be integrated with other systems, such as the
previously developed indoor navigation system [32], to improve travel safety for people

with travel challenges.

The main contributions of this thesis are as follows:

e A real-time 3D object detection, recognition, and presentation system works on
iOS-based mobile devices that integrate ARKit, SiriKit, object detection cloud

server, and object tracking.

e An object detection server with an adaptive 3D object detection and tracking

method for various data inputs and task requirements.
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e A voice and AR-enhanced interface improves information delivery to people with

BLV or other disabilities.

e A data collection and annotation toolkit for constructing the object detection
dataset based on iOS devices and can eventually be used for 3D reconstruction

when integrated with the previously developed modeling app [32].

1.3 Outline of the Thesis

The remainder of this thesis is organized as follows. Chapter 2 provides a brief overview
of the state-of-the-art 2D and 3D object detection methods. Chapter 3 describes the
proposed 3D object detection, recognition, and presentation system. The experimental
results of the proposed method are discussed in Chapter 4. Finally, the conclusion of the

proposed system and a discussion of future work are presented in Chapter 5.



Chapter 2

Related Work

2.1 2D Object Detection

2D object detection predicts the class labels and 2D bounding boxes of objects from
an input image. There are two main types of object detectors: one-stage detectors and
two-stage detectors. Two-stage object detectors first extract the region of interest (ROI)
of each object in the image using a regional proposal network (RPN), and then refine the
2D bounding boxes of the objects using regression and classify them into different classes.
R-CNN families are examples of two-stage object detectors, including Fast R-CNN [21]
and Mask R-CNN [10]. One-stage object detectors (e.g., YOLO families [8, 20, 30|, SSD
[16], and RetinaNet [15]) do not perform the ROI extraction and directly detect the
2D bounding boxes of objects from the image with dense sampling of areas. Two-stage
detectors usually require a longer process time than one-stage detectors, but have higher

accuracy.

2D object detection techniques are sufficiently mature to support real-time performance.

However, 2D bounding boxes with object labels do not provide sufficient information
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(e.g., location and size of each object in the 3D space), which is essential for people
with BLV to understand their surroundings, avoid obstacles along their path, and fur-
ther obtain a more comprehensive understanding of the indoor environment for them to
walk around with both confidence and interaction with other people. Nevertheless, 2D

detectors can be used as the basis for 3D object detection.

2.2 3D Object Detection

3D object detection usually estimates three-dimensional (3D) bounding boxes of objects
in a scene. Compared to 2D object detection methods that use only RGB images, 3D
object detection methods typically use depth images, stereo images, or point cloud data

to obtain 3D information.

2.2.1 Image based 3D Object Detection

Several studies have applied variations of region segmentation algorithms for obstacle
detection in depth images [4, 11]. Huang et al. [11] removed the noise of depth maps by
applying morphological closing (dilation and erosion) and then used the standard least-
squares method and V-disparity [25] method to estimate the ground curves and height
threshold for obstacles. The difference in the depth value used to determine the stair
edges and the connected component region growth method applied afterward to distin-
guish different objects. Cheng et al. [4] used a seeded region growth method with Sobel
edges to detect ground and obstacles with a refreshing frequency of 10 frames per second
(fps). In addition to the region growth method, the semantic segmentation method with
a deep learning model was also applied for obstacle detection in RGB-D images [26],

which can support real-time performance at 22Hz with an Nvidia GTX2080Ti GPU.
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These methods can work in many scenarios; however, different lighting conditions can
affect the estimated depth values and decrease the accuracy of the object locations. Fur-
thermore, it is difficult to detect smaller objects and is unsuitable for real-time systems
combined with navigation, because it requires a longer computation time for complex

scenes.

Stereo images have also been used in obstacle detection. Chen [3] proposed a deep stereo
geometry network (DSGN) that uses the extracted 2D image features at both the pixel
and semantic levels to construct the plane-sweep volume (PSV) with depth estimation.
The PSV is transformed into the 3D space to construct the 3D geometric volume, which
is used to detect objects using a 3D neural network. It detected the objects for an image
pair with NVIDIA Tesla V100 at an average process time of 0.682 seconds and an average

depth error of 0.55 meters.

2.2.2 Point Cloud based 3D Object Detection

Point cloud data are more popular for object detection because they contain more in-
formation than depth or stereo images and have been widely used to reconstruct scenes.
Pham et al. [18] used color-depth images with the accelerometer data to reconstruct
the point cloud of a scene and then applied voxelization and a pass-through filter to
remove noise. The random sample consensus (RANSAC) algorithm [6] was used to seg-
ment planes and detect the ground plane of the scene. Different algorithms were used
to detect doors, stairs, walls, and other loose obstacles with the ground plane removed.
Domenech et al. [5] used a voxel grid clustering approach to cluster the point cloud. They
then obtained and combined the fractal dimension for each cluster to form a voxelized
fractal descriptor, where the fractal dimension is the slope of the decrease in the box size

value over the number of iterations. The support vector machine was then used with the
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voxelized fractal descriptor to classify detected objects and reached 92.84% accuracy on

ModelNet10 [31].

LiDAR (light detection and ranging) uses near-infrared light to create a 3D map of the
environment. It has a low wavelength (nanometer range) of light signals that can detect
smaller objects and results in a more accurate and precise point cloud than most sensors.
Object detection using LiDAR has been increasingly used in recent years |7, 9]. He et
al.[9] used the American Velodyne-16 line LiDAR to generate 300K points per second.
The point will be sparse with the increase in the distance; therefore, a pass-through filter
and voxel mesh method are used to filter the noise data. Similar to [18], the RANSAC
method is used for plane segmentation, and then the K-D tree is utilized to cluster
the remaining points and groups based on thresholding. Garnett et al. [7] proposed a
unified deep convolutional network with LiDAR point cloud to achieve real-time (30 fps)
in both categorical-based and general obstacle detection in the outdoor environment.
They used a column-based approach for general obstacle detection with StixelNet [14]
as the base, where the ground truth was determined by the bottom contour of each
obstacle and the clear columns detected. Nevertheless, these solutions are primarily
workable for autonomous driving; unfortunately, they are not easily usable by users in

indoor environments.

Apple’s augmented reality (AR) platform, ARKit [1], uses the visual-inertial odometry
(VIO) technique to understand the iOS device’s relationship with the real-world environ-
ment and track real-world objects. With scene analysis across captured 2D video frames
and the camera’s motion that is determined by the motion sensors, it can detect and
track the visual feature points (i.e., distinctive markers) and estimate their 3D positions
in the world coordinate system. Moreover, with the availability of LiDAR sensors in

the recent version of iPhones, a more accurate point cloud can be obtained to improve
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the detection result. With the capabilities of ARKit, our proposed 3D object detection

system will be built on top of ARKit data.



Chapter 3

Method

3.1 System Overview

The 3D object detection, recognition, and presentation system detects and tracks the
objects and people in the user’s camera views and determines their 3D poses and sizes
in real time, and then provides voice interaction and AR visualization to enhance the

users’ understanding of the surroundings based on the requested task.

- Input Data . .
Object Detection

User Interface ——
-~ 3 camera Server
% parameters
RGB Image AR Depth Map / Point Cloud Object
Detection/Recognition

Task
Manager

Detected objects and 3D Boundary
its 3D boundaries Estimator

FIGURE 3.1: The system architecture of the 3D object detection, recognition, and
presentation system works on mobile devices.

The system consisted of the following three modules (Figure 3.1):

10
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3D Object Detection. This module processes the data (i.e., RGB image, AR depth
map or point cloud, camera intrinsic and extrinsic parameters) collected from mobile
devices. It utilizes an adaptive method based on the required task at hand and the
available data types of the sensors to determine the 2D /3D bounding boxes of the objects
and/or people in each camera frame. This module runs mainly on the cloud server;
however, it can also run on users’ mobile devices when they enter areas with poor network

connections.

Object Tracking and Update. This module tracks the 2D bounding boxes of the
detected objects in consecutive camera frames and obtains new estimated 3D bounding
boxes through communication with the 3D object detection module. Next, it updates

the 3D bounding boxes of objects based on the collected data types.

Voice and AR-enhanced User Interface. A mobile application was created to enable
users to search for an object or explore their surroundings through voice interaction. The
application delivers voice information and AR visualization to inform users based on the

search or filtered detection results.

3.2 3D Object Detection

The i0OS-based ARKit platform consists of a powerful method, called world tracking
I which tracks the device’s position and motion through scene analysis across camera
frames and comparing motion sensing data. As a result, it can detect the horizontal
and vertical planes in the scene and obtain the AR point cloud - a set of notable 2D /3D

feature points of the corresponding camera frames. Furthermore, LiDAR sensors in more

"https://developer.apple.com/documentation/arkit/arframe/2887449-rawfeaturepoints
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2

recent 10S devices® can capture 3D data of nearby scenes and generate a depth map of

each corresponding camera frame with a resolution of 256x192.

As ARKit can map the world, our 3D object detection module is built on top of the data
generated by ARKit. The proposed object detection method (Figure 3.2) integrates
2D bounding boxes and labels estimated by a pre-trained 2D object detector from each
input RGB image and a point cloud or depth map collected by ARKit. In addition,
the horizontal and vertical planes detected by ARKit were used to enhance the object

detection results.

ARKit Data

Pre-trained
2D Object Result
Detector
object labels World
RGB Image & 2D Coordinate —
bounding Transformation
boxes
k4 —_—
3D Bounding T
Box "
Estimation Sofjenc;i:;)hoxes in ) R
camera coordinate Object 3D Bounding
Boxes in World
AR Depth Map / Point Cloud Coordinate
_Detecte_d Planar Objects
Vertical/Horizontal A
Estimation
Planes

FIGURE 3.2: The general workflow of the 3D object detection and 3D bounding box
estimation.
In a typical situation of assistive navigation, a mobile phone will need to run a mobile
application in real time for the basic localization service. Processing 3D object detection
within the same mobile device limits the flexibility to customize object detection meth-
ods based on different situations or request tasks and causes battery draining owing to
the considerable computational power needed to support multiple functionalities simul-

taneously. Thus a cloud server was created to avoid these issues by processing the object

*https://www.cubi.casa/support/hardware/list-of - supported-lidar-and-tof-devices
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detection in the cloud. As communication with the cloud server would require a stable
network connection to ensure real-time performance, the object detection process is also

available in the mobile application as a backup for areas with poor network connections.

3.2.1 Planar Object Detection

ARKit can detect vertical and horizontal planes through 3D feature points collected over
time and can further classify these planes into different classes, such as floor, wall, ceiling,
and surface of rectangular objects such as a table. Our system considers each detected
horizontal plane higher than the floor plane as an obstacle, as well as the vertical planes,
which could be the wall or door. The 3D bounding boxes cannot be determined for the
detected vertical planes as we usually miss the length or width information; thus, the
system keeps track of the direction and distance between the user’s camera location and

the vertical plane.

Detected Floor Plane
(with y location - Fy)

FIGURE 3.3: Estimated 3D bounding box (white rectangular box) of an object with
the detected horizontal plane (blue) using the floor plane’s (green) y-location (Fy).
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The 3D bounding box for the object with a horizontal plane (e.g., the table with the
detected blue horizontal plane in Figure 3.3) is determined by the four endpoints (P1,
P2, P3, and P4) of its plane and the y location (Fy) (in the direction of gravity) of the
detected floor plane (the green plane in Figure 3.3). The width and length of the object
are the distances between P1 and P2, and P2 and P3, respectively, ignoring the y values.
The height of the object is the difference between the horizontal plane’s y location (Hy)
and the floor plane’s y location (Fy). The width and length of the object are updated
along with the updated horizontal plane size over time (i.e., updated P1, P2, P3, and

P4).

3.2.2 2D Object Detection

Plane detection can only detect objects with large and flat surfaces. Therefore, a pre-
trained image object detection model was applied to detect other objects that would be
further classified as obstacles, humans or targets, and then use our proposed method
to determine the 3D bounding boxes of these objects. This thesis tested several object
detection models, including YOLOv3 [20] and YOLOvV5 [8]. However, the system can

adapt to any pre-trained 2D object detector based on demand.

3.2.3 3D Bounding Box Estimation

The proposed 3D bounding box estimation method used the point cloud or depth map
collected by ARKit with the 2D bounding boxes and labels estimated by a pre-trained
2D object detector to detect the 3D bounding box of objects in the corresponding image

frame.
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3.2.3.1 Point Cloud based 3D Bounding Box Estimation

For mobile devices that do not contain LiDAR sensors, the AR point cloud of the corre-
sponding frame is used to estimate the 3D bounding boxes of the objects. The typical
range of the number of 3D feature points detected by each camera frame is between 0
and 200. Due to the limited number of feature points, we only processed the frame if it
contained the number of feature points above a threshold (i.e., 30) after removing the

points belonging to the already detected planar objects.

Detected
Planar Objects

Filtered & ¢
projected  * e . *e
to 20 M A
ooy * . -
o 3
0%
. -.p-_-‘:& K -
-, e
:’ Y Ld - « Vali
. %lee % ¥ | Groups
e rl.
= b =
e
L
2D Object Detection Result
(a) (b) () (d)

FIGURE 3.4: 3D bounding box estimation using the AR point cloud and 2D bounding
boxes from 2D object detectors.

To convert the 2D bounding boxes of the detected objects into 3D bounding boxes, we
first project the 3D raw feature points into the 2D image coordinate system (Figure 3.4).
Second, we grouped the projected feature points based on the 2D bounding boxes of the
detected objects (Figure 3.4 (a) to (b)). If the object group with the number of feature
points is less than a certain threshold, its 3D bounding box is not computed for the
current frame. For example, one of the bowls is ignored from the step in Figure 3.4 (b)
to (c) because of the insufficient number of feature points. The 3D bounding box of the
object is calculated using its feature point group’s mean and standard deviation of the

x, y, and z values (Figure 3.4 (c) to (d)). The resulting object’s 3D bounding box and
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its label are then processed by the tracking and matching method to either update its

3D bounding box or consider it a new object, which will be detailed in Section 3.3.1.

3.2.3.2 Depth Map based 3D Bounding Box Estimation

Center
Estimation

Refinement | World Coordinate

(SUN-RGBD dataset) ransformation

Size
Estimation
(1.5 standard deviations)

RGB Image Depth Map Projected
& & 3D Point Cloud Object 30 Pose
2D Object Boundary Enlarged Boundary

F1GURE 3.5: 3D bounding box estimation using the AR depth map and 2D bounding
boxes from 2D object detectors.

The general pipeline for object detection using a depth map is shown in Figure 3.5. It
first starts with the 2D object bounding box detected by the 2D object detector from
the RGB image, and then converts the 2D bounding box into a depth map scale and
enlarges by 10% of the detected 2D bounding box, as the 2D bounding box might not
fully cover the object. Next, the depth map is projected onto the 3D point cloud using
the camera’s intrinsic parameters, where the points of the detected object are denoted
in red (Figure 3.5). Subsequently, we estimate the object’s 3D size and center location
based on the object’s point cloud. A 5x5 mask was applied to the center of its 2D
bounding box in the depth map to determine the depth of the object center, where the
object’s center x and y values are the average values in the object’s point cloud. The
object’s 3D size was 1.5 standard deviations of the x, y, and z value of its 3D point
cloud. The 3D size of the resulting object was refined with the average object’s 3D size
computed from the SUN RGB-D dataset [24] (the object category comes from the 2D
object detector). The estimated 3D size is sorted by the average size of the precomputed

object, and the length of the object side is updated if it is within a certain deviation
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of the corresponding average length. Finally, we converted the object’s pose from the

camera coordinates into world coordinates using the camera’s extrinsic parameters.

3.3 3D Object Tracking

Tracking an object’s 2D bounding box across frames requires less computational power
and is more effective than detecting the objects in each frame. By utilizing Swift’s
vision framework 2, we can track the 2D bounding box of the detected object across
frames. Each tracking result provided an updated 2D bounding box and confidence
score. We considered the object lost track in the new frame if the confidence score was
below a threshold (i.e., 70%). If the confidence score is above the threshold, the new 3D
bounding box of the object is determined using the 3D bounding box estimation method,
as discussed in Section 3.2.3, with updated 2D bounding boxes, which can be either run
on the mobile device or through the API call. The detection mode is reactivated when

any of the following requirements are satisfied:

e All tracked objects with their tracking confidence score below the threshold.
e The device moved more than a meter away from its latest detection location.

e The device orientation changed by more than 45 degrees from the latest detection

location.

3.3.1 Point Cloud based Tracking

The ARKit point cloud is sparse and contains considerable noise owing to various circum-

stances in the context, such as colors, shadows, and lighting conditions. The sparsity

3ht‘cps ://developer.apple.com/documentation/vision/vntrackobjectrequest
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Registered . Restart Object
X — Tracking — .
Object Tracker Threshold? Detection
Current Frame
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. 3D Boundaries Estimation Update Objects’

S (Cloud Server) 3D Boundaries
—

Current Frame - Depth Map,/Point Claud

FIGURE 3.6: General workflow of the tracking process.

within the ARKit point cloud increases the error in estimating the 3D bounding box
of the object from a single camera frame. Hence, we used the non-maximum suppres-
sion (NMS) method [22] for objects that contain five or more estimated 3D bounding
boxes across multiple frames to obtain a more stable and accurate 3D bounding box
(i.e., the validated bounding box). The object with the validated bounding box is passed
through the information filtering process to consider for the voice notification and AR

visualization.

3.3.1.1 3D Matching

When the app switches from tracking mode to detection mode with the point cloud
data, previously detected /tracked objects might be detected again; therefore, we need to
match the objects to avoid creating multiple instances for the same object. This object
matching process compares the estimated 3D bounding box of a newly detected object
with the 3D bounding boxes of previously detected/tracked objects with the same label.
If the 3D bounding boxes overlap, they are considered the same object, and the object’s

3D bounding box is updated.

As discussed previously, the estimated 3D bounding box of an object from a single frame
with point cloud data has low accuracy; therefore, there may not always be overlap

for the bounding boxes of the same object. More importantly, the object may move.
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Therefore, we must also compare closely located objects with the same label. Suppose
that the distance between the previous and newly estimated 3D bounding boxes is under a
distance threshold percentage, it will be considered the same object, and its 3D distance
will be updated. Otherwise, it is considered a new object and created a new object

instance.

3.3.2 Depth Map based Tracking

Unlike the point cloud data, depth map data provide much higher accuracy in estimating
the 3D bounding boxes of objects. Therefore, it is not necessary to track all objects across
frames. For the depth map data, only the dynamic moving objects were tracked. In this
case, we assume that only people or objects with their 3D bounding box overlapping a
person’s bounding box are dynamic objects. The 2D bounding boxes of these objects are
tracked using the vision framework and passed to the object detection module to obtain

its updated 3D bounding box if its tracking confidence score is over the threshold.

3.4 Voice and AR-enhanced User Interface

Our system is designed to serve different users, including people with BLV or ASD
and others who have traveling challenges. The application utilizes ARKit and SiriKit
to provide a voice and AR-enhanced user interface to adapt to each user’s needs and
preferences. Furthermore, to minimize the computer power required for our user interface
application, the frame rate was set at 30 frames per second (fps) as it is difficult for the
human eye to see differences above 30fps. Note that the maximum speed of updating
objects’” 3D bounding boxes is 10fps in our current implementation, depending on the

object detection and tracking run time.
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3.4.1 AR Visualization

The AR mobile application uses ARKit to place AR assets based on the 3D bounding
boxes of the detected object to provide a visual aid for people with low vision or ASD
and as digital signage for different situations, such as task guidance and emergency

evacuation.

F1cURE 3.7: Examples of AR visualization of 3D object detection results. Blue repre-
sents the chair; red represents the person; purple represents the cup, bottle, and bowl;
and gray represents the unknown object.

The current design uses a 3D rectangular box to show the object’s 3D pose and size,
along with a sphere whose radius depends on the shortest side of the rectangular box.
The color and transparency of display AR assets are determined by the object label and
its confidence score based on the detection or tracking results. Figure 3.7 shows some
examples of AR visualization. The detected person is represented in red, as we feel a

person is essential to show, especially for users with the challenge of social interaction.

AR visualization can be further improved, where the application also assists users in
completing the assigned task. In combination with the object search feature, the appli-
cation can display task instructions in the correct location based on the 3D pose of the
target object. As shown in Figure 3.8, the AR instruction can be placed in the correct

location with the detected 3D location of the tripod. With object detection available,
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F1GURrRE 3.8: AR instruction example. The AR frame displays a video showing the
user how to attach the camera to a tripod.

there is no need to pre-define the object’s location or worry about the object changing
its position over time. Additional use cases can be derived based on the capability of the

AR visualization, which can be further discovered based on user studies.

3.4.2 Voice Interaction

Unlike the GUI interface provided for sighted users, touch-based interaction is challenging
for users who are blind or have low vision; therefore, voice interaction is essential for
making the application user-friendly to individuals with BLV. Voice interaction includes
two major components: one receives the action command from the user, and the other

presents the necessary information based on the action command.

Continuous listening to the user’s voice command not only consumes extra computational
power of the mobile device, but this might also not be correctly reflected in the user
command as environmental noise can also be recorded. Therefore, instead of creating a
new voice interaction system, we utilized the well-developed SiriKit 4 library to allow the

user to open and give the in-app command for our application through Siri. It can also

“https://developer.apple.com/documentation/sirikit
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reduce the requirement for the user to learn a new way of dealing with the app and save

power to create another instance of continuing to listen to the user’s voice command.

In addition to using SiriKit for initializing app activities, we also created our voice
interaction within the app to handle specific commands to minimize the requirement for
users to say 'Hi Siri” whenever they want to communicate with our app. It provides us
the flexibility to create in-app actions. Our voice interaction can confirm the user action,
determine the target object users are looking for, and provide users with information
about detected objects. A video demonstration of the voice interaction is provided in

Section 4.4.

3.4.2.1 Information Filtering

-
-
- 0
¢ |
— _ - a
C
S~ o 0
2 ~ o/2
A r
~
o~

FIGURE 3.9: Information filtering process. Filter the objects within the angular
range(a) with respect to the camera orientation (Cp).

With massive objects detected over time, information filtering is necessary to extract
essential information for alerting individuals with BLV or ASD users based on their
settings. First, we filter out objects that do not interfere with the camera facing the
direction of the user device for all validated objects detected. Second, the remaining

objects are sorted by alert priority using Equation (3.1), which is calculated based on



Method 23

the distance between the user’s camera (C) and an object (O), as well as the object size.
The distance has more weight than the object size (o > ). Third, the voice notification

is provided if the alert priority value exceeds a threshold.

AlertPrority(C,0) = WG(CO) + 8 % volumeyg (3.1)

A O en,
DiStance(C’ O) = \/(CX - (Ocentem - Ow;dth))2 + (CZ - (Ocenterz - 29th))2

(3.2)
The distance and direction of the alert object were provided in the voice notification.
The distance between the object and camera is computed using Equation (3.2), where

the differences in the y-axis are not considered when calculating the distance.

The orientation of the objects was calculated based on the difference between the y-
direction of the current camera and the device to the object. The object direction (i.e.,
front, left, or right) was determined based on the orientation angle difference. Information
filtering is performed whenever a new voice alert whenever a new object is detected or

any object is within the dangerous range of the user’s location.
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Experiments

We conducted several experiments to evaluate the proposed system’s object detection
accuracy and real-time performance. The experiments were conducted in open public
areas and private residential areas, with consent from subjects who will be recorded in
our video. We have also planned a series of usability experiments, but due to the limited

time and other constraints such as pandemics, it will be conducted in the future.

4.1 Object Detection Evaluation

To evaluate our object detection accuracy, we explored several datasets of indoor scenes
containing 3D object annotation, particularly SUN RGB-D [24] and NYUDv2 [23]. The
typical depth map resolution collected by these datasets is 640x480, which is approx-
imately six times the size of the depth map collected by the mobile device we used
(256x192) and much larger than the AR point cloud data (approximately 200 points
per frame). Due to this significant difference, the existing datasets cannot be used to

evaluate the performance of our object detection method. Therefore, we developed a

24
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data collection and annotation toolkit to construct our dataset using the mobile device

SEensors.

4.1.1 Data Collection and Annotation Toolkit

The data collection and annotation toolkit includes an iOS app for data collection and
a data annotation interface for annotating the 3D bounding boxes of objects. The iOS
app collects data, including the RGB image, AR point cloud, depth map, and intrinsic

and extrinsic parameters of the camera for each dedicated frame.

4 bottle -- score 0.95692378282547

Original Location: X | -0.41463113 Y | -0.369316<7 Z | 0.9502472:3
Object Size (m): X | 0.2511583: Y | 0.10028641% Z | 0.1216475:3
Object Orientation: X 0 2 Y 0 = Z 0 =
Update Boundary Previous Object Next Object Invalidate Object Finish
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FIGURE 4.1: The data annotation interface. The 3D location, size, and orientation
of the current annotated object are shown at the top. The bottom shows the corre-
sponding image frame’s point cloud and RGB image, where the green line segments
and rectangular box represent the 2D and 3D positions of the annotated object, respec-
tively.
The annotation interface was created using Python. It preprocesses the data to estimate
a set of 3D object bounding boxes and allows the annotator to make corrections. The

system first processes the RGB image with the Mask R-CNN model to obtain the object

segmentation mask and then aligns it with the depth map to obtain the object’s 3D point
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<3m 3m~bdm bdm~T7Tm > Tm

chair 34 4 0 0
bottle 21 4 0 0
laptop 11 0 0 0
bags 8 0 0 0
cup 5 1 0 0
person 4 0 0 0
plant 3 0 0 0
bowl 2 1 0 0
vase 2 1 0 0
phone 2 0 0 0
tv 2 0 0 0
table 0 2 0 0
car 0 0 0 8

TABLE 4.1: Number of objects collected based on the distance range. The distance is
calculated based on the camera location and the object center.

cloud. Next, we use our proposed method to pre-label the 3D bounding boxes of objects
based on object point cloud data. Then, the interface displays a 3D point cloud and
RGB image of the corresponding frame along with the pre-labeled 2D and 3D bounding
boxes of the object. At this point, the annotator looked at the object one after another
to correct the bounding boxes and invalidate the object if needed. We used this hybrid

approach to reduce the burden of the data labeling process.

This annotation tool allows us to construct an object dataset based on mobile devices
that can be used to train a deep learning model for more accurate predictions based on

different purposes in the future.

4.1.2 Object Detection Accuracy Analysis

For the experiments, we collected data from a residential house, a number of public stores,
and a street, using our data collection application. We obtained the ground truth 3D
bounding boxes of the objects using our annotation interface. The objects we collected

are shown in Table 4.1.



Experiments 27

The accuracy of the depth map is closely related to the performance of 3D object detec-
tion because the depth values are critical in estimating the 3D pose of an object from its
2D detection result. Inaccurate depth values can result in incorrect 3D bounding boxes
for the objects. Therefore, we evaluated the confidence level of the accuracy of depth

data based on the collected experimental data.

AR Depth Map Confidence Level based on Distance
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FI1GURE 4.2: Distributions of the three confidence levels for accuracy of the AR depth
values versus distances. At each distance, the three percentage numbers add up to
100%.

The depth map generated by the built-in LIDAR scanner of the selected iOS devices
is usually accurate within 5 meters and can detect up to 15 meters, even though the
depth accuracy decreases with increasing distance. The ARKit framework uses three
confidence levels to indicate the accuracy of the collected depth data: low, medium, and
high. We separated the distances into four major ranges: less than 3 meters, between 3
and 5 meters, between 5 to 7 meters, and greater than 7 meters. Objects with 3 meters
are more important for people with BLV to know as they might bump into these objects
if they are not altered; it should also be noted that the Microsoft Kinect sensors used
in [18] have the limitation of inaccurate distance information beyond 3 meters. Based

on the primary search, the built-in LiDAR sensor of iOS devices is usually accurate
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Distance Range

Confidence Level <3m 3m~5m 3m~>dm >Tm

Low Confidence 7.66% 18.22% 93.17% 100%
Medium Confidence 12.14%  19.22% 4.79% 0%
High Confidence 80.20%  62.55% 2.02% 0%

TABLE 4.2: Distributions of the three confidence levels for accuracy of the AR depth
value based on distance ranges

Distance Range Number of Objects Our Method (mAP) Transferable3D (mAP)

< 3m 94 63.88% 38.13%
3m ~ 5m 13 50.00% 33.33%
5m ~ 7Tm 0 - -

> Tm 8 37.50% 0.00%

TABLE 4.3: Object detection performance based on the distance range.

within 5 meters; thus, we set 5 meters as another break for our distance range. From
the experiments, the farthest distance can be detected in the experimental residential
house is within 7 meters; thus, 7 meters is the break for object detection between the
indoor and outdoor environments. Figure 4.2 shows the distributions (in percentages)
of the three confidence levels of the depth value accuracy versus distances based on our
experiment data. Table 4.1 shows these breakdowns. Table 4.2 lists the percentages of
numbers of points in the three confidence levels for accuracy of the AR depth value based

on distance ranges. At each distance, the three percentage values add up to 100%.

We calculated the interest over union (IoU) of the predicted 3D object boundaries and
the ground truth to evaluate our object detection method. The prediction is considered
correct if the ToU is greater than 25%. We compared our results with one of the state-of-
the-art methods, the transferable semi-supervised 3D object detection model (hereafter
called Transferable3D) [27], which can predict other untrained objects. Because our

annotated data were relatively small and unable to train Transferable3D, we used the

SUN RGB-D dataset|24] to train Transferable3D.
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Object Perspective

Left Center Right

Object Class avg loU AP avg loU AP avg loU AP

Laptop 24.31% 33.33% 28.30% 50.00% 23.04%  50.00%
Chair 27.53% 50.00% 24.14% 44.44% 23.12%  37.50%

TABLE 4.4: Object detection performance for objects capture from different perspec-
tives.

The data in Table 4.1 were captured from random scenes in the experimental area since we
wanted to test how our system can perform in the real-world environment. Therefore, the
distribution of each object class is uneven in the annotated data, as shown in Table 4.1.
This causes some objects to have a more significant influence than others, such that a
bad prediction for a vase can dramatically decrease the mAP value. In addition, our data
are much sparser than the SUN RGB-D dataset, so it is reasonable that Transferable3D
does not perform as well as the SUN RGB-D dataset (41.8% mAP). Furthermore, the
SUN RGB-D dataset contains only indoor objects and does not have any data for cars;
thus, Transferable3D performed poorly with car prediction. However, with more data,
we can refine Transferable3D to achieve better performance. Nevertheless, our method
can achieve an mAP of 63.88% for objects within 3 meters, where the classes with low

accuracy are smaller objects, particularly vases with IoU less than 10%.

In addition to the object detection performance based on distance ranges, we also tested
the performance of objects captured from different perspectives. In particular, we tested
the laptop and chair, because both objects have different shapes when viewed from

different angles.

From Table 4.4, there is not much difference in the average IoU for laptops or chairs

when looking from different perspectives. The difference in average precision (AP) is
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also small because it is a relatively small data sample, where one sample can greatly
influence the AP value. However, the width and length of the laptop or chair are very
similar, so the resulting 3D bounding boxes could still cover the objects at a different

angle when they were placed in the nearby center.

4.2 Real Time System Performance Analysis

To evaluate the real-time performance of our system, we created an iOS app that can
process object detection either on a mobile device or through a cloud server. We tested
three different 2D object detectors (YOLOv3, YOLOv5 Nano, and YOLOv5 Medium)
under two image resolutions (640x480 and 256x192). All experiments were performed
using an iPhone 13 Pro Max. The object detection server ran at AWS Elastic Beanstalk
using a t3 large instance containing two virtual central processing units (vCPU) and

8GB of memory.

The experiments were conducted in a residential house, where the data collector walked
on a pre-defined path using the object detection app. The app and cloud server collected

the run-time data during the experiments.

Table 4.5 shows the run time based on a different combination of object detectors and
image resolutions using the depth map data, where the point cloud data has a similar
process time. The cloud server run time consists of an additional time for data transfer
computed based on the time when the API call was initiated in the mobile app and the
time when the cloud server received the API request and loaded the data. The "Mobile
Device Run Time" in Table 4.5 is the total process time of the object detection module
in the iPhone 13 Pro Max. The iPhone 13 Pro Max uses the Al5 Bionic processor

with a 6-core CPU and 5-core GPU, which in fact, has more computational power than
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YOLOv3 YOLOv5 Nano YOLOv5 Medium
(248.4MB) (7.9MB) (85.1MB)
Image
. 640x480 256x192  640x480 256x192 640x480 256x192
Resolution
Num of

Object Detected 7.4£3.8 5.3+2.1 3.6£19 3.1£1.9 5.8+3.4 4.44+2.4

Mobile Device

. 85+4 80+4 54+15 50£7 68+13 62+4
Run Time (ms)
Cloud Data 399+130 257480  390+88  262+128 394496 249491
Server Transfer
Run Computation = 2078+£48  2035+48 188+£26 171422 791426 773+23
Time(ms) Total 2478+138 2291497 578+£96 433£131 11854101 1022492

TABLE 4.5: Comparison of system run time based on the model type and image reso-
lution.

the cloud server host in the AWS, which has only two vCPU and 8GB of memory.
In real-world applications, the cloud server can have much more powerful hardware.
However, data transfer might be a bottleneck unless the mobile device lacks the power
and computational budget to process object detection/tracking while performing basic
localization services. Additionally, for the 2D object detector to run on the mobile device,

it needs 2 to 3 seconds to initialize the model.

The 2D object detectors greatly influenced the run time, whereas the large model (i.e.,
YOLOV3) took nearly double the time to process in the mobile device and more than 10x
time to process in the cloud server as the small model (i.e., YOLOv5 Nano). However,

the larger model detected more objects than the smaller one in the same scenario.

The image resolution also affects the computation run time but is minor compared to the
model type. However, image resolution becomes an important factor when aiming for
real-time performance when using the object detection server. The 256x192 image reso-
lution is usually around 50KB, whereas the 640x480 image resolution is around 300KB.
With around 250KB difference in data size, it took more than 100ms to transfer the

data to the cloud server. The difference in the data transfer time for the same image
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resolution in Table 4.5 is due to the fluctuation of the internet speed. This data transfer
time can be reduced with faster internet and edge computing techniques. Furthermore, a
lower image resolution can also affect the performance of 2D object detectors, as shown

in Table 4.5, where fewer objects are detected in the same image frame.

Our system can easily adapt to different 2D object detectors, image solutions, and the
processing power of the object detector server to satisfy different user requirements in
terms of run time and details for the 3D detection result. In addition, multiple cloud

servers can be deployed to satisfy different user requirements.

4.3 System Usability Evaluation

Usability experiments were planned to collect user feedback and evaluate the user ex-
perience with our application. The main target user groups for the experiments were

individuals with BLV or ASD.

The first goal of the experiment was to collect user feedback for voice interaction and
the user interface with AR visualization. The baseline of the experiment was to let
participants to explore an unfamiliar environment with their current tools, such as a
white cane or guide dog for a blind user. Next, we let participants use our application
to explore another similar environment. A user survey will be conducted at the end of
each experiment to ask participants about their understanding of the environment, their

challenges during exploration, and their suggestions for our application.

We also want to experiment with voice notifications for the detected objects, including
alert frequency, content delivery, and voice speech. A set of metrics for different attributes

will be tested for all the participants in a similar environment. We will collect various
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data for each combination of the metrics, including the self-evaluated anxiety level, the
time needed to explore the scene, the number of times hitting an obstacle, and times to

reach the target object.

After conducting all the experiments, the experimental data and participants’ feedback

will be analyzed and used to improve the application.

4.4 Demo

A video demo can provide better visualization of our system performance in the mobile
applications; it can be viewed by clicking on this link. The demo is taken place in a

residential house that shows two primary use cases:

e Object Search. The user opens and activates the object search using the Siri
commands. The in-app voice interaction is initialized with an object search com-
mand that asks the user for the target object. In this demo, the user searches for
a laptop. The app starts searching for a laptop after confirming it with the user.

The application provides the location of the laptop as the user moves.

e Object Detection. The user activates the object detection through Siri com-
mands. The application continues to provide the detected object and people’s

locations while the user moves.


https://ccnymailcuny-my.sharepoint.com/:v:/g/personal/jchen025_citymail_cuny_edu/EV1EW5YtMglBg8lQqrfTDmABCA8hpWQlDaR-WY1ASXRbUw?e=VBnVgM

Chapter 5

Conclusions

In this thesis, we proposed a 3D object detection, recognition, and presentation system
that operates on a mobile device. This system does not require specialized high-end
sensors and works efficiently in real time while containing voice and AR visualization to

assist the delivery of information to individuals with BLV, ASD, or other challenges.

A 3D object detection server was introduced to increase the flexibility to adapt to different
data inputs and object detectors based on different requirements of run time and details
for the 3D detection result, as well as to release the computational requirements for the
mobile device and enable the system to be integrated with other applications, such as
navigation applications. Moreover, the object detection module is available in the mobile

app to handle areas with poor network connections.

Our data collection and annotation toolkit was created to construct an object dataset
based on mobile device sensors. This dataset can be used to train a deep learning model
to improve object detection accuracy. Additionally, the data collection application can
be integrated with the modeling application [32] that we developed previously for indoor

navigation to create a 3D reconstruction of the scanning environment by including the

34
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static object’s location and size on top of the 2D floorplan and AR model. The modeling
app will also collect data for object detection along with environment scanning, and our
object detection module processes the collected data to obtain the object’s 3D poses and
size for each frame. Subsequently, a merge module is created to match and refine the
3D bounding boxes of the same objects, using the detected object’s location in the AR
coordinate system. Finally, the 3D locations and sizes of the objects can be projected

onto the 2D floorplan using the transformation matrices obtained in [32].

5.1 Future work

There is much room for future improvement in the current system. The first and most
crucial step was to conduct the user experiments discussed in Section 4.3 to improve
the usability of the mobile application. This is a critical step in validating whether our
system can satisfy user needs and identifying the weaknesses of our system as a real-world

application.

Next, and is the initial motivation of this thesis, integrating this system with our indoor
navigation system, Nearabl, to improve the usability for users with BLV, ASD, or other
challenges in indoor area exploration and navigation. In addition, integrating the data
collection application with the modeling application would be ideal for constructing the
3D mapping of the scanned environment and expanding our dataset. This can eventually

be used to develop a deep learning model to improve object detection accuracy.

Finally, we would like to explore finger tracking to provide an alternative method for
user interaction, as it is sometimes challenging to deliver the spatial direction to a blind

user with audio.
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