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Abstract

This thesis presents an approach to monocular depth estimation for Unmanned
Aerial Vehicles (UAVs). Monocular depth estimation is a critical perception
task for UAVs, enabling them to infer depth information from visual data
without relying on heavy or power-consuming sensors such as LiDAR or stereo
cameras. Given the operational constraints of UAVs, such as limited payload
and energy resources, robust and efficient depth estimation methods are re-
quired to facilitate safe navigation and environmental interaction.

The proposed methodology in this thesis integrates visual data from a
monocular camera with inertial measurements from an Inertial Measurement
Unit (IMU) sensor. This combination aims to address challenges such as scale
ambiguity in the depth estimates and inaccuracies in dynamic environments
that are common in aerial operations. The integration of IMU data with a
differentiable camera-centric Extended Kalman Filter (EKF) allows for better
ego-motion estimation, effectively calibrating the visual information with drone
dynamics.

The method further incorporates depth map frame prediction, leveraging
initial depth estimates along with temporal dynamics to predict future depth
maps. This predictive capability improves efficiency by reducing the need for
full depth estimation in every frame, allowing robotic agents to anticipate envi-
ronmental changes. The evaluation on simulated and real-world datasets shows
that while the algorithm performs well over short forecast horizons, accumulat-
ing errors from IMU data and the assumption of a static environment limit its
long-term accuracy. The future depth map prediction algorithm reduced the
need for DynaDepth from 10 runs per second to 2, and on the Mid-Air dataset,
from 25 to 5. Additionally, this study provides a foundation for future work,
including the integration of an object-oriented frame prediction algorithm.
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Abstract

This thesis presents an approach to monocular depth estimation for Unmanned Aerial Vehicles
(UAVs). Monocular depth estimation is a critical perception task for UAVs, enabling them to infer
depth information from visual data without relying on heavy or power-consuming sensors such as
LiDAR or stereo cameras. Given the operational constraints of UAVs, such as limited payload
and energy resources, robust and efficient depth estimation methods are required to facilitate safe
navigation and environmental interaction.

The proposed methodology in this thesis integrates visual data from a monocular camera with
inertial measurements from an Inertial Measurement Unit (IMU) sensor. This combination aims
to address challenges such as scale ambiguity in the depth estimates and inaccuracies in dynamic
environments that are common in aerial operations. The integration of IMU data with a differ-
entiable camera-centric Extended Kalman Filter (EKF) allows for better ego-motion estimation,
effectively calibrating the visual information with drone dynamics.

The method further incorporates depth map frame prediction, leveraging initial depth estimates
along with temporal dynamics to predict future depth maps. This predictive capability improves
efficiency by reducing the need for full depth estimation in every frame, allowing robotic agents
to anticipate environmental changes. The evaluation on simulated and real-world datasets shows
that while the algorithm performs well over short forecast horizons, accumulating errors from IMU
data and the assumption of a static environment limit its long-term accuracy. The future depth
map prediction algorithm reduced the need for DynaDepth from 10 runs per second to 2, and on
the Mid-Air dataset, from 25 to 5. Additionally, this study provides a foundation for future work,
including the integration of an object-oriented frame prediction algorithm.
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Introduction

1.1 Background: Unmanned Aerial Vehicles

Unmanned Aerial Vehicles (UAVSs), commonly referred to as drones, are versatile remotely oper-
ated aircrafts that have gained widespread popularity and utility in various fields in recent years
[8, 9, 10]. They range from small, consumer-grade quadcopters to large sized cargo drones. Drones
are used in a variety of industries, including cinematography, agriculture, surveillance, search and
rescue, and parcel delivery. Their adoption is increasing across different sectors. Notably, McKin-
sey has projected a record number of commercial drone delivery flights worldwide in 2023, following
an 80 percent increase from 2021 to 2022 [11]. Figure 1.1 shows an outlook for the number of drone
deliveries in the period 2024-2034, which will increase exponentially worldwide over the coming
10 years to a value of 65 billion dollars in delivered goods.

-!' With years of development and proven technical capabilities,

"- Cost of sing drones are reshaping industries through the transformation of
sty 2 traditional delivery methods.

size* delivery §
A It all started from swift aerial deliveries of medical supplies to remote
* Value of B2C goods $2 areas in Africa. Shortly after, it was evident that this model will also
delivered by drones [2034] . 4 elevate commercial applications, mainly for retail and logistics
where drone deliveries could bring the most value to customers.

$251m

[2024]

$4bn

[2029]

v
Average order
$65bn value (AOV) of
[2034] delivered goods

Number of B2C drone
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Figure 1.1: Outlook drone delivery 2024-2034 [1].

Enhanced with Artificial Intelligence (AI), drones can perform complex tasks, such as au-
tonomous navigation to predetermined destinations under adverse weather conditions with limited
visibility and conducting agricultural tasks like ripeness assessments and crop spraying. Drones
offer many advantages over human-centered alternative solutions. Their ability to reach remote,
hazardous, or otherwise inaccessible areas quickly makes them invaluable in scenarios where time



is of the essence. For instance, in search and rescue operations, drones can cover large areas
rapidly, providing real-time data and potentially saving lives. Additionally, deploying drones can
be more cost-effective and precise than using manned aircraft or ground personnel, especially for
routine tasks such as agricultural monitoring, infrastructure inspection, and environmental sur-
veying. Despite the availability of autonomous drones, significant technical challenges remain [12],
such as in autonomous navigation, which is a central theme in the above-mentioned applications.

The typical pipeline for a sensor-based autonomous flying drone is depicted in Figure 1.2.
These drones can be equipped with a range of sensors, including LIDAR, radar, cameras, Inertial
Measurement Units (IMUs), and GPS, to collect data. To leverage the complimentary benefits
of the different sensors, the data can be combined in a process known as sensor fusion. In the
perception stage, the goal is to analyze the measurements to understand and interpret the environ-
ment. Using various algorithms, relevant information about the surroundings is extracted through
typical perception tasks, such as object detection [13, 14, 15, 16, 17], depth estimation [6, 18, 19]
and semantic segmentation [20]. With the extracted information, the localization stage aims to
determine the drone’s position on the map. Based on the perceived environment and the drone’s
location, algorithms generate a path or trajectory for the drone to follow [21]. The corresponding
control signals are then transmitted to the control system to physically set the drone’s course.

Sensors >} Sensor Fusion ~ Perception N Localization N Path Planning N Control System

Figure 1.2: Pipeline autonomous drone operation.

1.2 Motivation

The focus of this thesis is depth estimation in the perception stage (see figure 1.2). Depth esti-
mation is a particularly challenging perception task essential not only for drones but for all types
of robotics. Many research papers on tasks following the perception module (e.g., path plan-
ning) often assume accurate depth estimates and build on that assumption. However, inaccurate
depth estimates can significantly impact the performance of these algorithms, as errors propagate
through the pipeline. Therefore, estimating accurate depth values and understanding how inaccu-
rate depth values affect downstream task performance is paramount for the successful deployment
of any robotic agent.

Depth estimation is the process of determining the distance of an object in a scene from a
sensor (e.g., camera, LiDAR, radar). When a camera is used, a depth map is predicted based on
the given image as shown in figure 1.3 where every pixel in the depth map stores the distance
towards that point in the scene typically expressed in meters.

This depth data is valuable for extracting information about the three-dimensional surround-
ings of robots and is crucial for functions such collision avoidance and 3D-scene reconstruction
[22]. It is often performed using a stereo camera system, which uses two cameras placed at a
specific distance apart to capture images of the same scene from slightly different perspectives
as illustrated in figure 1.4 . By comparing these images, the system can calculate the disparity
between corresponding points in the images. This disparity is then used to determine the depth
information for each point in the scene, based on the principles of triangulation.



Figure 1.3: Depth map predicted from a given image, where the color of each pixel is proportional to the
distance of a point in the scene from the camera, measured in meters [2].

Important note:
Because the camera shifts
glong x, v; = vy

Figure 1.4: Stereo camera setup, capturing scene from two different perspectives with two cameras [3].

However, robotic agents do not have unlimited resources. Small robotic agents, such as Micro
Air Vehicles (MAVs) [23], face energy and weight constraints. Therefore, ongoing efforts aim to
make robotic agents lighter and more power-efficient. One way for satisfy those constraints is by
reducing the number of sensors, thus performing depth estimation with just one camera. This
method, known as monocular depth estimation, is not straightforward as it is an ambiguous task;
many different 3D scenes can be projected into identical 2D coordinates [24].

Methods for monocular depth estimation often leverage machine learning and computer vision
techniques to infer depth information from single or multiple images. These techniques include



supervised learning approaches that use labeled datasets with depth information, as well as un-
supervised methods that exploit geometric and photometric consistency across multiple frames
or within a single frame. Recent advancements have demonstrated promising results, achieving
performance levels comparable to stereo systems. This progress opens up new possibilities for
lightweight and energy-efficient robotic applications [25, 26].

Monocular depth estimation is not only relevant for small, lightweight robotic agents but can
also be applied to various other robotic applications as a backup system for stereo depth estimation,
such as in moon rovers like Lunar Zebro [27]. Lunar Zebro, equipped with a stereo camera, is set
to be deployed on the moon. Considering the harsh conditions on the moon and the financial and
development time invested in the agent, it is crucial that the agent remains functional if any of its
sensors fail. For Lunar Zebro, for instance, this would mean that the agent should still be capable
of performing depth estimation even if one of the stereo cameras stops working.

1.3 Evaluation Datasets

The performance of the depth estimation models in this thesis are evaluated on two datasets:
the KITTTI dataset [7] and the Mid-Air dataset [28]. The KITTI dataset is a benchmark suite
widely used in autonomous driving research. It provides real-world data collected by a moving
vehicle equipped with high-resolution stereo cameras and laser scanners (see Figure 1.5) offering
ground truth depth information for urban and semi-urban environments. This dataset is essential
for assessing depth estimation models in automotive settings, where challenges include dynamic
objects, varying lighting conditions, and complex scenes. Conversely, the Mid-Air dataset is a
synthetic, photorealistic dataset specifically designed for aerial robotics applications. It simulates
diverse flight scenarios with precise ground truth depth maps, enabling the evaluation of depth
models in aerial contexts such as drone navigation.

3607 Velodyne Laserscanner

Figure 1.5: The vehicle used for capturing the KITTI dataset, equipped with high-resolution stereo
cameras, a laser scanner, and precise GPS/IMU navigation systems for data collection in autonomous
driving scenarios.

1.4 Research goal

In contrast to robotics operating on 2D-ground plane, drones operate in a three-dimensional
space involving complex dynamics due to aerodynamic forces, gravity, wind disturbances, and
the coupling between rotational and translational motions. Drone dynamics are captured by an



Inertial Measurement Unit (IMU) sensor, which measures both linear acceleration and angular
velocity. The IMU sensor provides data about the drone’s motion and orientation, enabling the
drone to adjust its position and stabilize itself in response to environmental disturbances. This
data reflects the drone’s velocity, changes in acceleration, and rotational movements, all of which
are vital for maintaining balance and achieving precise navigation.

Integrating dynamic data from the IMU with visual information from the onboard camera opens
the possibility of improving depth estimation models. Traditional monocular depth estimation
methods (e.g.,[29, 6, 18]) rely solely on visual data which lead to scale errors in depth estimates.
Since these methods do not account for robot motion or dynamics, they struggle to determine
the actual scale of objects in the environment accurately. This lack of absolute scale information
often results in depth predictions that are inconsistent or misaligned with the true distances in
the scene, which can be particularly problematic for UAVs navigating through complex three-
dimensional spaces. Therefore, the goal of this thesis is to investigate how incorporating drone
dynamics improves monocular depth estimation.

In addition, this thesis explores the prediction of future depth maps by leveraging initial depth
estimates and temporal dynamics. The approach involves using an initial depth map generated by
the depth estimation model together with IMU sensor data to predict how the depth structure of
the environment will evolve over subsequent time frames. This predictive capability serves multiple
crucial purposes. First, it enables robots to anticipate environmental changes before they occur,
allowing for more proactive and smooth navigation decisions. Second, it addresses computational
efficiency concerns by reducing the frequency of running the full depth estimation model on every
frame, as interpolated predictions can fill the gaps between full model inferences.

1.5 Thesis outline

In summary, this thesis answers the following research questions:

1. How can incorporating drone dynamics improve monocular depth estimation?

2. How can future depth maps be predicted using an initial depth map estimate and temporal
dynamics?

The structure of this thesis is as follows. Chapter 2 provides a review of the literature on depth
estimation, discussing different types of sensors robots can be equipped with, the standard pin-
hole camera model, existing depth estimation methods ranging from traditional methods to deep
learning-based methods and finally priors that can improve depth estimates. Chapter 3 discusses
the proposed depth estimation model in detail. The model consists of several subnetworks includ-
ing a depth network to regress depth and a camera-centric Extended Kalman Filter fusion block
to mitigate scale ambiguity. Chapter 4 provides an overview of the datasets used to evaluate the
depth estimation methods. Additionally, the chapter presents the conducted experiments and the
evaluation of the results. The experiments are divided into two sections: the first section discusses
the results of the proposed depth estimation model and the second part examines the proposed
future depth prediction algorithm along with its evaluation on the datasets. Finally, Chapter
5 presents the thesis conclusion, summarizing the efforts and results achieved in relation to the
proposed research objectives. It also explores possible future directions for the project, addressing
the limitations encountered during the study and providing recommendations and suggestions for
further research.






Literature review

This chapter reviews the key literature on monocular depth estimation, focusing on both theo-
retical foundations and practical methods. This literature review discusses sensor technologies,
the traditional pinhole camera model, and various depth estimation approaches, including those
enhanced with prior information.

2.1 Sensors

Robots can use various types of sensors, such as monocular cameras, stereo cameras, LiDAR, and
radar, to improve their situational awareness and response capabilities. However, each sensor has
limitations, and integrating them into robots imposes constraints related to their weight and size.
LiDAR and radar sensors, for example, provide sparse measurements, limiting their effectiveness in
achieving dense data recovery [22]. Additionally, LIDAR and radar sensors are energy-consuming
and costly compared to cameras, and their weights make them less attractive for lightweight
robotics like drones [24]. On the other hand, stereo cameras provide denser measurements but
are limited by the baseline distance between the two cameras [22], resulting in less accurate
measurements for objects farther from the cameras. In contrast, monocular RGB cameras are
cheap, provide high-density measurements, are lighter than the stereo camera, and consume less
energy compared to other sensors.

2.2 Camera Model

A commonly used theoretical framework for representing the camera model is the pinhole camera
model. This model describes the relationship between a point in the real world and its projection
onto an image plane. Figure 2.1 shows an overview of the pinhole camera model.

P=(X,Y,2)

z

optical axis’

w7

Figure 2.1: Pinhole camera model[4].

where the three-dimensional point P = [X,Y, Z] is mapped to an image with pixel coordinates
(u,v). The principal point (cg, ¢, ) is the point where the camera’s optical axis - the line passing



through the camera’s optical center and perpendicular to the image plane - intersects the image
plane. In an ideal pinhole camera model, the principal point would be at the center of the image
plane. However, due to various imperfections in the lens or sensor alignment, the actual principal
point may have an offset from the center. The focal length f is the distance from the optical
center to the image plane.

The camera model can be represented by the intrinsic matrix K defined as:

fz 5 ¢
K=10 fy Cy (2.1)
0O 0 1

where f, and f, denote the horizontal and vertical focal lengths of the camera in pixel units,
respectively, ¢; and ¢, represent the camera’s principal point in pixels, with its origin projected
onto the image plane, typically at the image center, and s denotes a scale factor [1]. Points in
3-dimensional space, represented as P,, in the world frame, are transformed into 3-dimensional
points P, in the camera frame using the following transformation:

P.=RP, +t (2.2)

where R is a 3x3 rotation matrix and t the translation vector. This operation, known as the
extrinsic transformation, can be efficiently represented using homogeneous coordinates. This is
achieved by augmenting the 3D world coordinate point with 1: P, = [X,Y, Z, 1], and forming
the extrinsic translation:

P.=TP, (2.3)

where T = [R|t]. Finally, transforming the points in the camera frame to image frame is
performed by multiplying the camera coordinates P. with intrinsic camera matrix K:

KP, (2.4)

Vo)
= e g
I

where s is a scaling factor, w and v are the coordinates on the image plane, expressed in pixels,
and 1 is a vector consisting entirely of ones.

In a stereo camera setup, depth (distance in the z-direction) is derived from geometry principles.
Figure 2.2 illustrates a stereo camera configuration with two cameras, L and R, spaced by baseline
b. Point P in the scene is projected onto point xj, on the image plane of the left camera and onto
xR on the image plane of the right camera. The difference in the projection positions of point P
between the left and right camera images is known as disparity.



image planes Coordinate system XYZ centered at camera L.
Y-axis perpendicular to the page.

camera L o L >/
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Figure 2.2: Depth coplanar stereo configuration [5]

Using geometry, the following relationships can be derived:

Z X Z X-b

[z [ xR

(2.5)

Rewriting equations 2.5 in terms of x;, and x i and substituting them into the disparity equation
in 2.6, the following expression for depth is obtained:

d:{EL—£ER (26)

fo
Ty, — TR

where d represents the disparity, Z is the depth, f is the focal length, and b is the baseline
distance between the two cameras.

Z= (2.7)

2.3 Depth Estimation

Depth estimation using monocular cameras can be defined as a non-linear mapping ¥: I — D,
where [ refers to a single RGB image of size w x h and D is the resulting depth map of the
same size [24]. Due to projection ambiguity, this problem is considered ill-posed. Many monocu-
lar depth estimation algorithms leverage image features such as texture, occlusion, lighting, and
other visual cues to address this challenge. Monocular depth estimation methods often rely on
deep learning models that learn depth cues from large datasets. Alternatively, depth estimation
can also be performed using multi-view techniques like Structure from Motion (SfM), which recon-
struct depth using multiple images from different viewpoints. These methods establish and utilize
feature correspondences across images to compute depth, either through handcrafted feature-based
techniques or deep learning-based models.

2.3.1 Structure from Motion

Structure from Motion (SfM) is based on finding correspondences between features detected in
multiple images of a scene. These correspondences can be established through direct methods,



which use pixel intensities, or indirect (feature-based) methods, which rely on identifiable features
within the image. In a feature-based approach, the features to match can be either handcrafted,
such as corners or edges, or learned using deep learning based models.

Once correspondences are identified, SfM triangulates the matched points across the images
to reconstruct the three-dimensional structure of the scene. The depth values are derived from
this triangulation, with the accuracy depending heavily on the precision of the correspondences.
Environmental factors such as lighting, texture, and contrast variations can significantly influence
the results. The computational cost of SfM increases with the number of images and features
used.

2.3.2 Handcrafted feature-based methods

Handcrafted feature-based methods build on the indirect approach to finding correspondences.
This method divides an image into smaller patches known as superpixels, which are groups of pixels
that share similar attributes [22]. Features selected by human experts- such as color, location,
texture, motion, and geometric context are then extracted from each superpixel to compute depth
cues. A Markov Random Field (MRF) is used to integrate the depth estimates of each superpixel
with information from its neighboring superpixels, resulting in the construction of a final depth
map. The main drawback of this method is its reliance on handcrafted features, which may fail
to capture certain scenarios if the features are not sufficiently relevant. Additionally, deploying
this method in real-time on UAVs is challenging due to the necessity of pre- and post-processing,
which increases computational resource requirements.

2.3.3 Deep learning-based methods

Deep learning-based methods have revolutionized depth estimation by learning to establish cor-
respondences directly from data. These methods utilize neural networks to automatically extract
and match features, bypassing the need for manual feature engineering. Depending on the avail-
ability of ground truth, they can be categorized into supervised, semi-supervised, and unsupervised
approaches [22].

Supervised Learning

In supervised learning, the input image I and its corresponding dense depth map ground truth D*
are known to the network. The network’s task is to learn the mapping I — D* by minimizing a loss
function L(D*, D). However, supervised learning methods require large amounts of ground-truth
depth data for training. Acquiring such data is challenging because it often involves expensive
LIDAR or RGB-D camera sensors, and calibration errors can result in incorrect depth estimates.

To address the shortage of labeled data, the MiDaS framework [30] provides robust Monocu-
lar Depth Estimation (MDE) by training models on a collection of mixed-label datasets. These
datasets contain varying depth representations, introducing scale and shift ambiguities. To over-
come these challenges, MiDaS applies various loss functions and mixing strategies to make the
datasets compatible for training. Leveraging mixed training data mitigates dataset bias and en-
ables zero-shot transfer capability, enhancing generalization without fine-tuning, addressing limi-
tations of single-dataset approaches. Over the years, several versions of MiDaS have been released,
featuring new models with more powerful backbones, such as MiDaS v3 [31].

MiDasS is designed for relative depth estimation and does not support metric depth estimation.

Some approaches, such as ZeroDepth [32], Metric3D [33], and ZoeDepth [34], have attempted to
estimate metric depths; however, they show poorer generalization ability compared to MiDaS v3,
as noted in [35]. Nevertheless, ZoeDepth [34], which is also based on the MiDaS framework, has
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demonstrated that, with refinement using metric depth data, the model can effectively perform in
broader metric depth estimation tasks.

Semi-supervised Learning

By leveraging semi-supervised learning methods, the reliance on a fully labeled dataset is reduced.
The dataset does not need to be fully labeled, as semi-supervised learning algorithms can effectively
use both labeled and unlabeled data to improve model performance. These methods begin by
training the model on the labeled data to learn the mapping from input to output I — D*.
The model then generates predictions for the unlabeled data, which are used as pseudo labels.
The pseudo-labeled data, combined with the original labeled data, forms a new dataset, and the
network is retrained in a supervised manner using this expanded dataset.

Unsupervised Learning

Although semi-supervised learning reduces the reliance on labeled data, some labeled data is still
required. Unsupervised learning, on the other hand, completely eliminates the need for labeled
data. For depth estimation, unsupervised methods process video sequences with small changes
in camera positions between consecutive frames, allowing successive frames to be used for depth
estimation [22].

Unsupervised learning methods treat depth estimation as an image reconstruction task, where
depth maps are part of the image reconstruction process. Instead of directly reconstructing the
target view from the input view, these methods are forced to learn intermediate predictions of
geometry in the image, including depth estimation [6].

The depth estimation accuracy of unsupervised methods is generally lower compared to super-
vised methods. To address this gap, many different unsupervised approaches have been proposed
over the years. One of the most prominent research topics in depth estimation within the domain
of unsupervised learning is self-supervised learning. Monodepth, proposed by Godard et al. [29],
was one of the first works to incorporate self-supervised learning into monocular depth estimation.

Building on Monodepth, Zhou et al. [6] proposed a method that removes the reliance on stereo
camera pairs, instead utilizing monocular video sequences. Their approach infers depth from
unlabeled video sequences captured by a moving monocular camera and simultaneously estimates
the camera pose. The framework uses view synthesis as a supervisory signal: for a given input
view of the scene, a new image is synthesized from a different camera pose [6].

The framework consists of two networks: a depth network and a pose network. The pose
network takes three frames as input: a target frame [; and source frames I - { L1, ;41 } and
outputs the relative camera poses Tt_>t_1 and TAt_HgH . The depth network processes the target
frame [, and generates a depth map D,. The synthesized view is created by warping a source view
I, to the target frame’s coordinate system, based on the depth map and the estimated pose (i.e.,
reconstructing the target view). The model is then trained by minimizing the error between the
target view and the synthesized view. Figure 2.3 shows an overview of the model pipeline.
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Figure 2.3: Zhou et al. Model pipeline [6].

Monodepth2 [18] builds upon the framework of Zhou et al. [6] by refining the loss functions and
improving the handling of occlusions and static regions, resulting in more accurate and visually
consistent depth estimates. Over the years, significant advancements in Monocular Depth Esti-
mation (MDE) have been made by works such as MonoViT [36], PlaneDepth [37], and SQLdepth
[38].

2.3.4 Physics priors in monocular depth estimation

Drones can operate in various settings, often dynamic environments that involve both their own
motion (ego-motion) and the movement of other objects around them. In such conditions, relying
on static assumptions—that the environment is stationary—can severely degrade performance.
The accuracy of the depth estimates can be improved by injecting physics priors in the model
such as temporal priors, geometric priors, optical flow, optics and illumination physics.

Temporal physics

In general, single-frame self-supervised depth estimation models use adjacent source image frames
during training that are mapped onto the current image plane with depth map prediction [6].
However, during test time, only a single frame is used for inference, neglecting additional cues such
as temporal features. Several methods leverage multi-frame data during both training and test
time to improve depth estimates, such as SLAM [39, 40, 41]. Another approach involves test-time
refinement, where the training method is replicated during test-time inference using multi-frame
data, as seen in typical single-frame self-supervised methods [12, 43, 19]. However, these methods
are more computationally expensive, making them less attractive for drones. Another method is
incorporating recurrent layers in the monocular network, but this is also computationally expensive
and unable to reason about geometry during inference [19, 44].

Watson et al. [19], inspired by multi-view stereo (MVS), proposes a framework that incorpo-
rates self-supervised monocular depth estimation with cost-volumes from MVS to handle multi-
frames during inference. Cost volumes learn appearance features and measure the geometric
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correspondence of depth values of the pixels across the target frame and the source frames. This
allows reasoning about geometry through temporal sequences of images. If the prediction is pre-
cise, the re-projected images should match the actual current frame image. However, the cost
function of Watson et al. [19] assumes static environments, so this method does not work well
with dynamic environments as the mapping to the target frame will fail.

Feng et al. [141] proposes a method that disentangles object motion from depth estimation by
a Dynamic Object Motion Disentanglement (DOMD) module that uses depth priors to address
discrepancies in object motion and mapping. DOMD leverages masks to identify and separate
dynamic objects for the rest of the scene. Additionally, cost volume is redesigned to handle
occlusion and an occlusion-aware re-projection loss is introduced to mitigate problems related to
motion occlusion in training.

A drawback of cost volumes is that they are computationally and memory intensive. Works

that leverage other methods (e.g. [45]) do not jointly infer depth for consecutive frames and
cannot learn the underlying dynamic motions or trajectories of objects along with their spatial
information. Yasarla et al. [16] introduce the FutureDepth model that leverages future prediction

and adaptive masked reconstruction to improve depth estimation. FutureDepth employs a dual-
network approach involving a Future Prediction Network (F-Net) and a Reconstruction Network
(R~Net), which function collaboratively to optimize the use of multi-frame spatial and temporal
features while maintaining computational efficiency. F-Net predicts future frame features to en-
hance the understanding of motion and scene dynamics iteratively. In parallel, the R-Net employs
a masked auto-encoding technique on multi-frame features to refine the model’s perception of
structural elements within scenes over time.

Geometric physics

Recovering fine-grained details from depth estimation maps is a challenging problem. Many meth-
ods that estimate depth directly from immediate visual features fail to recover these fine-grained
scene details. Wang et al. [38] propose a self-supervised depth estimation method for single-image
inference that estimates depth from self-cost volumes, which store relative depth representations
instead of inferring directly from immediate visual features. The philosophy behind this approach
is that pixel depth is correlated with the depths of adjacent pixels and related objects within an
image. The fine-grained scene details are captured by the self-cost volume in a so-called Self Query
Layer (SQL).

MonoViT [36] is a self-supervised monocular depth estimation framework that integrates Vision
Transformers (ViTs) with convolutional networks. It addresses the limitations of conventional
convolutional neural networks (CNNs) by introducing global reasoning through ViTs. These
Transformers enhance depth estimation by modeling long-range geometric relationships between
objects in the scene, acting as a form of geometric prior. The global receptive field of ViTs
allows MonoViT to capture interactions between objects that are far apart, improving the model’s
ability to distinguish foreground and background objects, especially in complex environments.
This geometric reasoning enables MonoViT to recover more fine-grained depth details and better
handle scenes with occlusion and varying spatial scales.

Furthermore, the combination of local and global feature extraction allows MonoViT to ef-
fectively reason about both local geometry (object boundaries and textures) and global scene
structure (the relationships between objects at different depths). As a result, MonoViT achieves
state-of-the-art depth estimation performance, particularly in scenes where depth relationships are
difficult to infer from local features alone, thereby providing a more comprehensive understanding
of scene geometry.

Most depth estimation methods are developed for general depth estimation tasks in applications
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such as Augmented Reality, virtual reality, or autonomous driving. However, only a few methods
are specifically tailored for depth estimations from UAVs. Depth estimation for UAVs presents
its own unique challenges, such as the influence of non-uniform depth distributions in low-altitude
settings. In such settings, depth may be concentrated either on the background or foreground of a
frame, such as roofs and walls [17]. Additionally, scale variations significantly affect the accuracy
of depth estimates. Another challenge arises from the fact that photometric-consistency based
depth estimation models are not well-suited for UAVs due to scale variations and occlusion of
large areas.

To address these challenges, [47] proposes a self-supervised framework tailored for UAVs. This
framework includes a global and local mixed multi-scale feature enhancement network capable of
handling the dynamic environment of UAVs with large scale-variations. Furthermore, a Global
Scene Attention module is designed to establish semantic connections across distant parts of the
input feature map and integrate contextual details into the feature map’s channel representation.

Pose network

Physics can be infused into the pose network by injecting IMU sensor data along with the image
data to estimate ego-motion. The IMU sensor reads acceleration and rotational motion data from
the accelerometer and gyroscope, respectively. Unlike a monocular camera, which struggles to
extract quality data from low-texture images or due to motion blur at high speeds, the IMU is
scene-independent and does not suffer from these issues. However, IMU data is not accurate in
low-angular speed and low-acceleration scenarios. Moreover, the IMU suffers from sensor drift
which results in accumulation of positioning errors [48].

Various approaches have been proposed for estimating ego-motion and depth maps from images
and IMU data [19], with some employing optical flow ([50]. Aslan et al. [18] propose a method
in which camera frames and IMU data are fused to estimate the pose. This is accomplished
by processing the IMU data from consecutive frames through a Bidirectional Long Short Term
Memory (BiLSTM) network layer, which estimates the pose. Simultaneously, the visual data
is processed, also resulting in a pose estimation. These two estimates are then fused using a
BiLSTM network, producing the final pose estimates. The downside of this method is that it uses
a supervised learning scheme, which limits its applicability.

Liu et al. [51] propose an attention-guided deep framework for visual-inertial odometry
(ATVIO), diverging from traditional recurrent neural network (RNN)-based methods for IMU
data processing. Instead, [51] introduces an attention framework designed to effectively extract
features from IMU data, addressing the inefficiencies often associated with RNN methods. To
fuse the visual and inertial data, Liu et al. [51] develop an attention-guided visual-inertial fusion
framework. This approach aims to establish a correlation between visual and inertial data, effec-
tively bridging the gap in the distributions between the two, a gap not adequately explored in
previous works. However, scale information from the IMU data is lost due to scale ambiguity in
the framework [52].

Zhang et al. [53] proposes DynaDepth which integrates IMU sensor data with image data
to estimate depth. It solves the scale ambiguity problem that occurs in many method as the
warping process is equivalent up to an arbitrary scaling factor with respect to depth and trans-
lation. Obtaining median ratios between ground-truth depth and predictions, commonly used for
method evaluation by rescaling each prediction map, presents practical challenges. Nonetheless,
the absolute scale metric can be recovered through IMU motion dynamics. Similarly, Zhang et
al. [52] introduce a self-supervised method that enhances scale recovery in VIO. This framework
includes a self-attention-based IMU network (IMUSAtt) designed to denoise IMU data, thereby
facilitating more accurate pose estimation from these inputs. Additionally, the Decoupled PoseNet
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(D-PoseNet) is employed to process rotation and translation estimates separately, which signifi-
cantly enhances the accuracy of each.

2.4 Conclusion

The literature review in this chapter provides an overview of existing research in the field of
monocular depth estimation. The key insights drawn from this analysis are summarized below:

e Compared to the extensive work on monocular depth estimation in general image-based
contexts or automotive applications, research specifically targeting UAV applications remains
relatively limited.

e While some methods for automotive applications incorporate vehicle dynamics to improve
monocular depth estimates, even fewer approaches integrate UAV-specific dynamics into
their models. As a result, introducing scale information into depth estimates for drone-based
applications remains largely underexplored.

Building on the objectives outlined in Section 1.5 of Chapter 1—investigating how incorporating
drone dynamics can enhance monocular depth estimation and predicting future depth maps from
initial estimates—this literature review further refines and confirms the relevance of the thesis
goals. Specifically:

1. Quantify the impact of integrating unique drone dynamics to address scale ambiguity and
the effects on monocular depth estimation.

2. Develop a methodology for leveraging initial depth estimates with temporal dynamics to
predict future depth maps enhancing accuracy and operational efficiency in depth estimation
tasks.
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Methodology

This chapter details the research methodology used in developing a monocular depth estimation
model for UAVs. The approach combines visual data from a monocular camera with inertial
data from an IMU to address common challenges such as scale ambiguity. By integrating IMU
data and leveraging an EKF framework, the model enhances the accuracy of depth estimation by
introducing scale-awareness. This chapter covers the model architecture, IMU motion dynamics,
and the loss functions employed to train the network.

3.1 Depth Estimation Model

The proposed depth estimation model, DynaDepth, is inspired by the work of Zhang et al. [53].
The architecture of DynaDepth is illustrated in Figure 3.1. During training, the model takes
as input a snippet consisting of two source images, a target image, and IMU data between the
consecutive frames, as shown in Figure 3.2. The two source images are taken at adjacent timesteps,
with one frame captured one timestep before the target frame, and the other source frame one
timestep after the target frame. The goal is to estimate the depth of the target image. By
leveraging these source images, the model is trained in a self-supervised manner, predicting depth
through reconstructing the target image from the perspective of the source images.

DynaDepth is composed of several subnetworks: a depth network M, which is a fully convo-
lutional U-Net used to estimate depth; a pose network M, which estimates the ego-motion using
an encoder-decoder structure with a ResNet backbone, outputting both rotation and translation;
and a gravity and velocity networks, M, and M, respectively, that estimates the camera-centric
gravity and velocity.

DynaDepth addresses the scale ambiguity problem that many previous vision-only models suffer
from by incorporating IMU motion dynamics, which enable the recovery of the absolute scale. To
fully leverage the complementary information provided by visual and IMU sensors, DynaDepth
employs a differentiable, camera-centric extended Kalman filter (EKF) framework. DynaDepth
recalibrates the preintegrated IMU terms when new ego-motion predictions are observed from
visual data, taking into account the propagated IMU error states and the covariances of the visual
predictions. In this way, the inherent noise in IMU data is corrected by more reliable visual data.
Furthermore, the EKF-framwork provides an uncertainty measure for the predicted ego-motion.
During inference, only the depth network My is used, while the other networks shown in Figure
3.1 are used during training to support My by refining depth estimates and learning the scale
specific to the deployment environment.
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Figure 3.1: The DynaDepth framework includes four networks: a depth-network M, pose-network M,,
velocity-network M., and gravity-network M,. The depth network M, takes the target image I; as input
and predicts a depth map Dt, with smoothness loss L, reducing the sharpness in the depth values. The
pose, velocity, and gravity networks take source frames I and target frame I; as input and provide ego-
motion, ego-motion uncertainty, velocity, and gravity, optimized through loss L,4. Using the estimated
pose, source frames I, are warped to the target frame using Dy, resulting in the reconstructed frame
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Figure 3.2: Input snippet for the model, consisting of two source images, a target image, and IMU data
between consecutive frames.

3.2 IMU Motion Dynamics
An IMU sensor measures angular velocity w,, and linear acceleration a,, in the sensor/body

frame b. The relationship between the true angular velocity and acceleration with their measured
counterparts is expressed as follows:

Wl = w’ 4+ b9 +n? (3.1)

m =
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afn = wa(a“’ —+ gw) —+ ba + Ila (32)

where Ry, denotes the rotation matrix from the world frame to the body frame and g"
represents the gravity factor in the world frame. Furthermore, {b?%,b?} and {n?, n®} refer to the
Gaussian biases and random walks of the gyroscope and accelerometer, respectively.

Let {Pub, Qup, } represent the translation and rotation (denoted in quaternion form) of the
body frame relative to the world frame at time ¢, respectively, and let v}’ denote the velocity in
the world frame. The IMU motion dynamics from timestep ¢ to j are as followed:

Puwb;, = Puwb; + Vi"At + / / (Rup,a™ —g") dt?, (3.3)
vy =v} +/ (watabt - g“’) dt, (3.4)
t€li,j
1 T
Qub; :/ Qub, & |:07 Wbt:| dt7 (35)
teli.jl 2

where At denotes the time difference between step 7 and j. The above equations use the fact
that the first derivatives of {p,v, q} are:

pwbt = V}gu (36)
vy = ay (3.7
. 1 4,
Qub; = Qub, ® 07 iw (38)

3.3 IMU preintegration

The IMU measurements are recorded at a much higher sampling rate compared to the camera
measurements. Using the raw IMU measurements directly and integrating the IMU data to extract
position or orientation is computationally expensive. Every time the optimizer adjusts a state (like
position or orientation), naively using the high frequency IMU measurements requires reintegration
of all IMU measurements between keyframes. This process is computationally expensive because
the integration must be performed repeatedly during each optimization iteration. For example,
if there are hundreds of IMU measurements between keyframes, and the optimizer runs multiple
iterations, the same integration calculations (involving rotation, velocity, and position updates)
must be recomputed thousands of times, since the integration result depends on the changing state
estimates.

IMU preintegration [54] solves this by performing the integration once, relative to a local
frame, independent of the changing state estimates. The key insight is that IMU measurements
can be combined into a single relative motion constraint between two keyframes, expressed in the
local frame of the first keyframe. This preintegrated measurement becomes a fixed quantity that
does not need to be recomputed during optimization. The IMU preintegration terms for velocity,
position, and rotation are the defined as follows:

Bow, = / (Ry,p,a") dt (3.9)
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Qpb; = / / (Ryp;p,a") dt® (3.10)
teli.g]

0
Qy, b = @y, @ dt 3.11
birbs /te[i,j] birbe [;“’bt] ( )

Equation 3.9 represents the preintegrated velocity change due to acceleration between
keyframes i and j, where Ry,;, denotes the rotation matrix and a® represents acceleration, both
expressed in the IMU body frame. Equation 3.10 integrates the velocity preintegration term in
equation 3.9 to estimate position change due to acceleration. Finally, the rotation preintegration
term in Equation 3.11 describes the preintegrated rotation change due to IMU angular velocity
measurements integrated from keyframes i to j. Here, g, ;, is a quaternion representing the
rotation from w;, at time t to the reference frame of b;. They are combined using quaternion
multiplication ® with the angular velocity wp,, as measured by the IMU at time ¢.

When state estimates change, only a small correction term needs to be applied to account for
changing gravity and bias estimates, rather than redoing the entire integration. This dramatically
reduces computational cost since the expensive numerical integration is performed only once, not at
every optimization iteration. The derivation of the preintegration terms is detailed in Appendix A.
Using the IMU preintegration terms, the camera-centric IMU preintegration ego-motion is defined
as:

Rckck_H = Rcb‘}—_l(qbkbk+1)RbC (312)

. - - 1.
p5k5k+l = RCbabkbk+1 + RCka+1Rcbpbc - Rcbpbc + Ve, Atk - igckAti (313)

where F is the transformation from rotation matrix to quaternion, {Rcp, Py} and {Ropc, Py}
denote the extrinsics between the IMU sensor and the camera frames. Lastly, v., and g, represent
the velocity and gravity components in the camera frame at time step k.

3.3.1 Camera-centric EKF framework

The EKF framework fuses measurements from the camera and IMU sensors to reduce noise in the
IMU measurements. Zhang et al. [53] introduce the following state transition model:

Ly = f(wt,l,ut) =+ wy (314)

where u; is the IMU data at time ¢, w; is the noise term and x; represents the state defined
as:

cT cpT b T b T T
k k bw ba ]

xe = [ol,, Py, v*T g (3.15)

All state variables, except for the IMU biases {b,,b,}, are expressed in the camera frame

¢ at time t;. The IMU biases are represented in the body frame, denoted by the superscript
{bs} The term ¢, ;, in the state vector represents the so(3) Lie algebra of the rotation matrix
R.,,, such that R, = exp([@,,;,]"), where []" denotes the mapping from a s0(3) vector to its
corresponding skew-symmetric matrix. The final state variables are position p,,;,, mapped from
body frame b, at time ¢ to camera frame at time tj, velocity v**7 and gravity gcﬁ.
The state variables can be split into two terms: nominal states denoted by (-) and error states

T
Sxp, = [5¢Z;bt,6chkbt,5vckT,6gckT,5b,bujT,6beT} . The nominal states are computed through

IMU preintegration, while the error states are estimated by the EKF. The use of an EKF is
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specifically required because the error states are nonlinear; it solves this by linearizing the state
transition model at each time ¢ using a first-order Taylor approximation.

Acceleration and rotation are continuous physical phenomena, and with the IMU’s high sam-
pling rate, the state is represented in continuous time. However, the data is processed in discrete
time steps, and since the EKF operates on discrete data, a continuous-discrete extended Kalman
filter (CD-EKF) is used to bridge the gap between continuous-time dynamics and discrete-time
updates.

The continuous-time propagation model for the error states is defined as:

5y, = Foxy, + Gn (3.16)

where n represents a noise vector, F' is the system matrix and G the process noise matrix,
which are defined as:

r _ [ﬁ]bt]/\ O 0 0 _I3 0 |
0 0 Ij 0 0 0
_ —T _ A ®
F = _RCkvbt [RCkbthk +abt:| 0 0 —Is 0 _Rckbt ) (317)
0 00 0 0 0
0 00 0 0 0
I 0 00 0 0 0 |
—I; O 0 0
o 0 0 0
_ O O 7Rckb1, 0
g-| 9 O “Ban O (3.18)
0 I3 0 0
0 0 0 I;

where wh = w? — b and a®* = a’ — Rz;btgck — b

Given the continuous error propagation model with the initial condition ®(¢,, tT.) = I3, the
discrete state transition matrix ®(¢,41,t;) can be obtained by solving the equation ®(t,41,t,) =
Ft7-+1 ¢(t7'+17 t‘f'):

try1 1
(PtTJrhtT = exp (/ F(t)dt) ~ 118 + Fit + §F25t27 ot = t7—+1 - tT. (319)
tr

With the discrete state-transition matrix, the regular EKF equations can be defined. The prior
covariance estimate is written as:

ptr+1 = QtT+lvtT'APtT¢t];+17t7— + Qt,) (320)

T+t

t7-+1
Q, = / ®,, GQG'®], dt~ ¥, ,, , GQG"®] , it (3.21)
t

-

where the process noise covariance Q is

Q =D([o213,0}%,13,0213,0%,13)) (3.22)

with D denoting the diagonalization function. The observation model is in general defined as
€ip1 = Mxry1) + np with n. ~ N(0,T;41) where &, ,; denotes the observation measurement
from the camera and I'y11 the corresponding covariance.

The corresponding EKF update equations are as follows:
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. . 1
Ky =Py Hi (Hk+1Pk+1HZ+1 + Fk+1) ; (3.23)
Pii1 = (g — K1 Hyp) Pryy, (3.24)

0&p11 = Ky (Epgr — h(Ers1)) - (3.25)

where K41 is the Kalman gain and Pk+1 denotes the posterior covariance. d&gy1 is the
estimated error states and h(&g41) denotes the IMU states predicted by preintegration. Hpiq

follows by taking the derivative of h(xp41) with respect to the error states: Hpyq = %]’:i).
They are defined as follows.
M) = g, S ] (326)
Rcbbk+lpbc + pckbk+1
Ji(—¢ YRy 0 0 0 0O o]
Hj = = ChCht1 3.27
w |: _Rcbbk+1[pbc]/\ I; 0 0 00 ( )

The observation measurement is obtained through the prediction of the ego-motion by the pose

~T T

T
network in the model as &, , | = [qﬁcm“ , pcwkﬂ} and the corresponding covariance I'y; is also

derived from the pose network.

The corrected ego-motion estimates can be obtained by adding the error states to the nominal
states as follows:

= A _
Rckbt = Rckbt exp ([6¢ckbt] ) ’ pckbt = pckbt + 6pckbt7 (328)
v =P 4 Jvk, g% = g + g, (3.29)
bl = b+ bl bl =B+ 5bY. (3.30)

The working principle of the camera-centric EKF framework can be summarized in the following
pseudocode:
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Algorithm 1 Camera-Centric EKF Pseudocode
Initialization: begin
Tnominal < [¢>; by? pzk by Y

C’CT,gckT,bng,bth]T // Nominal State Vector in Camera Frame

oz < 018x1 // Initial Error State
P« Ig // Initial Covariance Matrix
Q + Diagonal([aﬁ,[:g,crgwfg,crg]g,oga]g}) // Process Noise Covariance
teurrent < to // Set Initial Time
end
Main Loop: while data is available do
if IMU measurement received at time tr41 then
‘ EKF _Propagation(zyominal, P, Ur+1, 0t) // EKF Propagation Step
end
if Camera measurement & received at time tj41 then
| EKF_Update(znominal, P, Eet15 Tht1) // EKF Update Step
end
end

EKF _Propagation Function: Function EKF_Propagation(Z,ominal; P, u, 0t):
// Propagate Nominal State using IMU Data

F, G + Compute_F_G(Znominal, Ur+1) // Compute F and G matrices
® « I1g + Fot + 0.5F25t2 // Discretize the State Transition Matrix
Quiscrete — PGQGT®T 6t // Compute Process Noise Covariance for Discrete Time
Porior PPPT + Qdiscrete // Propagate Covariance
P« Pprior // Update the global covariance
return Z,ominal, P
EKF _Update Function: = Function EKF_Update(Z,ominal; Pprior; §, I'):

haz < h(Znominal) // Compute Observation Model based on Nominal State
Yy &—hy // Compute Observation Residual
H <+ Compute-H(Znominal) // Compute Observation Jacobian
S+ HPpriorHT +T // Compute Kalman Gain
K < PpriocHTS™1

Ppost < (It — KH)Pprior // Update Covariance
0z + Ky // Update Error State Correction
x  Apply_Correction(Znominal, 02) // Apply Error Correction to Nominal State
0z < O18%1 // Reset Error State
P <+ Ppost // Update the global covariance

return z, P

3.4 Loss-functions

The final output of the depth estimation model is an estimated depth map D; based on a target
image I, a pose estimate derived from only IMU data Ti™", a pose estimate T} _, velocity vy,
and gravity g, based on visual data only .

The self-supervised model learns by view synthesis, where the target image I; is reconstructed
from the view of the source images I, constrained by an intermediate depth variable D; to
learn depth. However, this problem is ill-posed [18] as many incorrect depth pixel values can still
reconstruct a correct target view.

View synthesis begins by generating a depth map D, from the target image. The depth map
provides the distance of each pixel in the target frame from the camera. With the depth map
D; and the intrinsic camera parameters K, the 2D pixel coordinates (u, v) of target frame I; are
projected into 3D space as:

X u
Y | = Di(u,v) K™ | v (3.31)
Z 1

Relative pose T';_,; represents the rotation R and translation T" between the source and the
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target image. Using this relative pose T';_,, the 3D point clouds of the target image are projected
into the coordinate frame of the source image I, as:

X' u
Y'| =R Di(u,0) K ' v | | +t (3.32)
z' 1
which is equivalent to
X’ u
Y'| =T, eDy(u,0) K~ | v (3.33)
Z! 1

The 3D points clouds in the coordinate frame of source image I, are subsequently reprojected
onto a 2D image plane using camera intrinsic matrix K as:

!

u u
v' | = KTy D,(u,v) K~ v (3.34)
1 1

which can also be written as:

ps ~ KT .Dyi(p) K 'y (3.35)

It is not guaranteed that the reprojected points in the 2D plane will fall exactly on the integer
pixel grid of the source frame, so differentiable bilinear interpolation is used to address that.
Using this relationship between the source and target image pixels (equation 3.35), the pixels
of the source image are warped towards the pixels of the target frame I,. The resulting image
is the synthesized target image, or the reconstructed target, frame from the perspective of the
source image. The model is then trained to minimize the error between the reconstructed image
frame and the actual target image by photometric reprojection loss similar to [6, 18]. The visual
photometric reprojection loss is defined as

N
V18 _ 1 . - —1 Kp5
photo = N;5€g31}£(1<yi>,15(w<f<RaK vit =) (3.36)

where £(I,I5) is denoted as

L(I;,Is) =~ (1—=SSIM(Iy,15)) + (1 —a) I — Ls| (3.37)

| R

where I; denotes the target frame, Is is the reconstructed source image, K refers to the
camera intrinsics, N denotes the number of pixels used - due to masking - y, and Z; are the pixel
coordinates in target frame I; and the corresponding depth map. I(y,) is the pixel intensity
at coordinate y, and v is the depth normalization function. Finally, {R(s,ﬁ(;} is the ego-motion
predicted by the visual pose network.

SSIM in equation 3.37 refers to the Structural Similarity Index (SSIM) [55], which considers
changes in structural information, luminance, and contrast to measure the similarity between two
images. Luminance is defined as the mean intensity value p. The luminance function, which
measures the similarity in brightness between x and y, is defined as:

2ty C
I(x,y) = ety £ 01

_ 3.38
pz +py +Cr (3.38)
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where p, and p, are the means of x and y, which represent two nonnegative image spatial
patches from both images that are spatially aligned. C7 denotes a constant that ensures robustness
in case the denominator becomes small and is defined as:

Cy = (K,L)? (3.39)

where L is the dynamic range of the pixel values, typically 255 for 8-bit grayscale images, and
K7 < 1. The contrast function measures the similarity of contrast between the compared images,
focusing on the differences in pixel intensity values. The contrast function is defined as

20,0y + Co

3.40
O'g +U§+CQ ( )

c(x,y) =

where o, and o, are the standard deviations of pixel intensities in images x and y, respectively.
Cs is a stabilization factor, similarly defined as in equation 3.41, and is given as:

Cy = (KoL)? (3.41)

Finally, the structure comparison function assesses the correlation of structural information
between two images. Structural information is defined by correcting an image by the luminance,
i.e., x — u,, and normalized by the standard deviation o,,.

s(x) = % (3.42)

The structural similarity between images x and y is defined by the inner product of the struc-
tural information of each image.

X—flg Y —
s(x,y) = <0 o Y Iy - “y> (3.43)
z y

which is similar to

Oy + 03
= — 3.44
(oy) = T (3.44)
where C3 is again a stabilization term and o,y is denoted as
1 N
Oy = st S 1) — ) (3.45)
i=1

Combining the luminance, contrast and structural simililarity terms, the SSIM index can be
defined as:

SSIM(x,y) = [I(x,y)]*[e(x, ¥)]"[s(x, )] (3.46)
where «, 8, and v are weights. Setting these values to 1 and C5 = Cy/2 leads to the final form:

(2papy + C1) (204 + C2)

SSIM(x,y) =
() (u2 +p2 + Cr)(0F + o7+ Ca)

(3.47)

The final term in the photometric reprojection loss in equation 3.37, «, adjusts the weight
between the two losses and is set to 0.85.
Similarly, an IMU photometric reprojection loss can be defined as:
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photo = N 256{ 1 1} )715(1/}(KR5K y; + 27))) (348)
1
where {Rg, Ps} is the IMU-camera sensor fusion based ego-motion estimates.
In addition to the IMU and visual photometric losses, Zhang et al. [53] introduce a cross-sensor
photometric consistency loss, aimed at synchronizing the ego-motion from IMU preintegration and
the vision-based pose network, which is defined as:

1 N ~ ~

. = Kp N Kp
cons __ 1. [ 1., [
photo = 7 2 66?1_1{1,1}ﬁ(15(1/)(KR6K Yy, + % ), Is(V(KRsK™ "y, + % ) (3.49)

Additionally, a smooth loss is defined in equation 3.50 to reduce the sharpness of depth values.

Ly = |0, D e 191l 1|, Dy | e~ 1901l (3.50)

The gravity network is trained using the gravity loss function, denoted by equation 3.51, to
estimate g, as the gravity vector varies for each snippet. This is because gravity estimates from
previous frames are unknown to the unsupervised network. In the gravity loss equation, g<™*
represents the known gravity vector in the East-North-Up (ENU) frame.

Lo =llg™ Il - llg= 1, (3.51)
Finally, the velocity loss is defined as
L, = [[v" - v"’“‘”l (3.52)

where v is the estimated camera-centric velocity from the velocity network and v*™* denotes
the velocity measured by the IMU sensor.

Combining the photometric reprojection, smoothness, gravity, and velocity losses leads to the
final loss equation, denoted as:

Liotar = L8310 + ML + MLy, + As Lo + Ay Lug (3.53)

where the A\ terms are used to adjust the weights of the losses and are determined empirically.

3.5 Implementation Details

As previously mentioned, the DynaDepth model consists of a fully convolutional U-Net depth
network, a pose network and velocity and gravity networks. Following [18], the minimum depth
is set to 0.001 meters and the maximum depth is set to 80 meters. The depth network, My, is
the same network as in MonoDepth2 [18] with a ResNet-50 backbone configuration pretrained on
ImageNet [56]. The visual pose estimation model M, is adopted from [18], but the output dimen-
sion is expanded from 6 to 12 to accommodate uncertainty predictions. The gravity and velocity
networks, M, and M,, share the same architecture as M, though their output dimensions are
configured to 3.

The model was trained under three distinct settings: (1) depth estimation using only a monoc-
ular camera, (2) depth estimation using both a monocular camera and IMU measurements, and (3)
depth estimation using a monocular camera combined with IMU measurements filtered through an
EKF. Minimal preprocessing was applied to the datasets, consisting mainly of adding noise and
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distortions to simulate real-world conditions. The images were normalized, and augmentations
like random brightness, contrast adjustments, and flips were applied to improve generalization.

The weighting factors in the total loss function, equation 3.53, are set to A; = 0.001 , Ay =
0.5, A3 = 0.01 , Ay = 0.001. The model was trained for 30 epochs with a learning rate of le-4,
which was reduced to le-5 after completing the first 15 epochs using the Adam optimizer [57].
The entire model is trained end-to-end with the same learning rate for all components to ensure
consistency.

The DynaDepth network is implemented using PyTorch [58]. The three model configurations
trained on different datasets are conducted on NVIDIA Tesla V100 and NVIDIA Geforce RTX
2080 GPUs. Training time took up till 36 hours for 30 epochs. All code and configuration files for
training and evaluation can be found in this repository.

3.6 Conclusion

In this chapter, the DynaDepth model is introduced as a monocular depth estimation method for
UAVs, addressing the key challenge of scale ambiguity that many monocular depth estimation
methods suffer from. The following summarizes the main points discussed.

e The DynaDepth model was developed to perform monocular depth estimation and addresses
the limitations of traditional visual data-based methods, particularly scale ambiguity and
robustness, by incorporating IMU data alongside visual data to achieve improved depth
estimation accuracy and introduce scale-awareness, crucial for UAV applications.

e The Extended Kalman Filter (EKF) framework is used to fuse IMU and visual data, enhanc-
ing depth estimation reliability, further refining scale estimation. In chapter 4, DynaDepth
is extended with a future depth prediction algorithm.

e The implementation details of the DynaDepth model and the loss functions used for training
which include photometric reprojection loss, smoothness loss, gravity loss, and velocity loss.
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Results

This chapter provides an overview of the dataset used for training, testing, and validating the
depth estimation model, along with a discussion of the model’s performance on these datasets.
Additionally, a future depth prediction algorithm is introduced and evaluated. The section is
organized into three parts: the first part describes the datasets, the second part discusses the
model’s performance, and the third part examines the future depth map prediction algorithm and
presents the evaluation results.

4.1 Datasets

Two datasets are used to evaluate the depth estimates generated by the depth estimation model:
the KITTI [7] and Mid-Air [59] datasets. KITTI is a widely used real-world driving dataset that
serves as a benchmark for many robotic perception algorithms. It is well known for its extensive
collection of sensor data from real-world urban and highway driving scenarios, making it the
standard tool for testing perception and localization algorithms. The dataset was collected using
camera, LiDAR scanners, GPS and IMU sensors. The LiDAR measurements provide ground truth
for depth estimation tasks using other sensors. Figure 4.1 shows an overview of the various scene
scenarios included in the KITTT dataset.

Residential Person

Figure 4.1: Examples from the KITTI dataset captured by the left color camera image [7].
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The Mid-Air dataset is a simulated dataset designed for training and evaluating models in
drone-related applications, particularly for depth estimation and visual perception tasks in out-
door environments. It simulates low-altitude drone flights in unstructured, real-world settings,
addressing gaps left by traditional datasets, which are predominantly focused on autonomous ve-
hicle scenarios. The Mid-Air dataset provides synchronized data from multiple sensors, capturing
diverse environmental conditions across a range of flight trajectories.

The dataset simulates the perspective of a quadcopter drone equipped with various sensors,
including front-facing cameras, a downward-facing camera, an IMU, and a GPS receiver. The
cameras capture a range of outputs such as RGB images, depth maps, normal maps, stereo dis-
parity maps, occlusion masks, and semantic segmentation maps. All images are rendered using
Unreal Engine [60]. For this research, only data from one front-facing camera and IMU measure-
ments are utilized. Additionally, the Mid-Air dataset includes sensor data recorded under four
different weather conditions: sunny, cloudy, foggy, and sunset. The sunny and sunset conditions
are particularly challenging due to the complex lighting and shadows.

4.2 Evaluation Metrics

Depth estimation models are typically evaluated using a set of quantitative metrics that measure
the discrepancy between the predicted depth a, and the ground-truth depth d. These metrics
include the absolute relative error (Abs,.;), squared relative error (Sq,.;), regular and logarithmic
root mean squared errors (RMSE and RMSE,,4, respectively), and three threshold metrics. This
section elaborates on these evaluation metrics and how they relate to the performance of the depth
estimation models.

4.2.1 Relative Error Metrics

The absolute relative error (Abs,..;) computes the average absolute difference between the predicted
and ground-truth depths, normalized by the ground truth values as shown in equation 4.1.

N ~
1 |d; — d;]
Absrel = N ‘_E - T (41)

Abs,..; provides a relative measure of the error, indicating the significance of the prediction
error in proportion to the actual depth. The metric is scale-invariant due to the normalization,
which gives equal importance to errors in both near- and far-depth.

The squared relative error is given by:

N S
1 (d; — d;)?
SQTel = N Z dz (42)
=1

Sqre; calculates the squared difference between the predicted and ground-truth depths, nor-
malized by the ground truth. This metric is particularly sensitive to prediction errors for nearby
objects due to both the squaring of the difference and normalization by the true depth value. In
depth estimation tasks, this means that regions where the model’s predictions are significantly
off for close-range measurements - such as nearby obstacles, pedestrians, or surfaces with abrupt
depth changes - will contribute more heavily to the overall Sq,.; metric. This sensitivity to near-
field errors aligns well with real-world applications where accurate depth estimation of nearby
objects is crucial for safety and navigation.
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4.2.2 Absolute Error Metrics

The root mean squared error (RMSE) measures the absolute deviation of predicted depths from
ground truth as

N
1 -
RMSE = | 5 > (di — d;)? (4.3)

i=1

RMSE provides an overall measure of the model’s predictive performance across all depth
values. A lower RMSE indicates that the predicted depth maps are generally close to the ground
truth, which is crucial for tasks like 3D reconstruction and obstacle avoidance, where absolute
depth accuracy is important.

The logarithmic root mean squared error (RMSE,, ) computes the RMSE of the logarithm of
the depth values and is defined as follows:

N 2
RMSEjpy = %Z <log(di) - log(ai)) (4.4)

This metric emphasizes the relative error between the predicted and ground-truth depths,
which is important when the depth values span several orders of magnitude. In depth estimation,
RMSE;,, is particularly useful for evaluating the model’s performance across varying depth ranges,
ensuring that both near and far objects are accurately estimated.

4.2.3 Threshold Accuracy Metrics (o1, 02, 03)

The threshold metrics evaluate the proportion of predicted depths that fall within a specified
factor of the ground truth, defined as:

on =E (T(d,d) < T”) . n=1,23 (4.5)

where 7 is 1.25 and threshold 7(d, d) is defined as

T(d,d) = max <§’ 3) (4.6)

These metrics quantify the accuracy of depth predictions by measuring the percentage of pixels
where the predicted depth is within a specified threshold of the ground truth. For instance, o
indicates the proportion of predictions within a factor of 1.25 of the actual depth. Higher values
for ¢ metrics suggest that the model reliably predicts depths within acceptable error margins,
which is essential for applications like navigation and collision avoidance, where safety relies on
accurate depth perception.

4.3 Monocular Depth Estimation KITTI Dataset

In this section, the performance of the DynaDepth framework on the KITTI dataset is evaluated
using the Eigen split [61]. The KITTI dataset includes a variety of driving scenarios, providing
complex urban and highway environments with dynamic objects like cars, pedestrians, and cyclists.
Accurate depth estimation in such settings is crucial, especially for vehicles, as it directly impacts
tasks such as collision avoidance, path planning, and autonomous navigation.
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Table 4.1 presents the quantitative results of the DynaDepth framework evaluation on the
KITTT data set. Static frames are removed from the dataset and frames without corresponding
IMU measurements are also disregarded. The scale is calculated by taking the ratio between the
median depth from LiDAR-based ground truth and the predicted depth.

Models Methods Seale Error] Accuracy?

Visual IMU EKF Abs,e; Sqret RMSE RMSE o4 [01 < 1.25 02 < 1.25% 03 < 1.25%
DynaDepth v 30.675+0.81 | 0.114 0.844 4.725 0.191 0.878 0.961 0.981
DynaDepth v v 5.515+0.076| 0.113 0.860 4.814 0.193 0.876 0.959 0.981
DynaDepth (full) v v v’ |5.538+0.073| 0.110 0.800 4.714 0.190 0.879 0.960 0.982

Table 4.1: Comparison of DynaDepth configurations and their performance metrics on KITTI dataset.

Table 4.1 shows that incorporating IMU measurements significantly improves scale accuracy,
reducing it from approximately 30.6 in the monocular camera-only setup to 5.5 when combining the
monocular camera with IMU sensors. The inclusion of the EKF further refines scale estimation, as
evidenced by the lowest standard deviation in scale, indicating more consistent depth predictions,
although the scale is slightly larger compared to the camera-IMU-only setup.

Analyzing the error metrics, the model configuration with visual input, IMU, and EKF achieves
the lowest absolute relative error and squared relative error. The lower absolute relative error
indicates that the predicted depths are closer to the ground-truth in proportion to the actual
depth values, which is critical for accurately estimating the depth of cars at varying distances. The
relative squared error which is sensitive to errors in nearby objects, indicates improved performance
in estimating depths of close-range vehicles—an essential factor for collision avoidance systems.
Examining the RMSE and RMSE,;,, metrics demonstrates improved model performance with
the Visual+IMU+EKF configuration. A lower RMSE reflects the overall predictive accuracy in
meters, while a lower RMSE,, indicates better performance when considering the logarithmic
scale of depth values.

The threshold accuracy metrics (o1, 02, 03) assess the proportion of depth predictions within
specific error margins relative to the ground-truth. The Visual+IMU+EKF configuration shows
the best performance for o1 and o3, indicating a higher percentage of predictions within acceptable
error thresholds. Specifically, a o1 of 0.879 means that approximately 87.9% of the predicted depths
are within a factor of 1.25 of the ground truth. However, for o5, the visual only configuration
marginally outperforms the other setups.

Figure 4.3 shows a depth map estimated by DynaDepth on the target frame in figure 4.2. The
depth map represents the distances to various objects, including multiple cars on the street. The
figure shows that the model can accurately differentiate between the cars at different distances,
which is essential for tasks like obstacle detection and maintaining safe following distances.

Figure 4.2: Target frame of street with multiple objects in KITTI.
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Figure 4.3: Depth map for target frame in KITTIL.

4.4 Impact of KITTI Environmental Context on DynaDepth

This section examines how different environmental settings in the KITTI dataset influence the
performance of the DynaDepth model. Specifically, it examines how varying environments—City,
Residential, and Road as shown in Figure 4.1—affect the algorithm’s ability to accurately esti-
mate depth. Each environment presents unique challenges due to differences in object density,
dynamic elements, and scene complexity, which can influence the effectiveness of monocular depth
estimation. The three environments were selected by categorizing the Eigen split [61] into the
aforementioned categories, resulting in 13 trajectories for the City environment, 9 trajectories for
the Residential environment, and 6 trajectories for the Road environment.

The City environment is characterized by densely populated urban areas with numerous dy-
namic objects such as vehicles, pedestrians, and complex infrastructures. These conditions present
challenges for monocular depth estimation due to the high density of objects in close proxim-
ity to the car and rapid depth changes. Evaluation results in Table 4.2 indicate that the Vi-
sual+IMU+EKF configuration achieves the best performance in this setting. Similarly, the Resi-
dential environment, which typically features narrower roads, fewer dynamic objects, and closely
spaced static obstacles like parked cars, trees, and buildings, poses challenges due to object prox-
imity and potential occlusions. As shown in Table 4.3, the Visual+IMU+EKF setup continues to
outperform other configurations in this environment. In contrast, the Road environment generally
consists of open highways or rural roads with minimal surrounding objects and fewer dynamic
elements, where the primary challenge is the lack of nearby visual cues necessary for determining
scale and distance. Nonetheless, as illustrated in Table 4.4, the Visual+IMU+EKF configura-
tion again provides the most accurate and consistent depth estimations. Overall, across all three
environments—City, Residential, and Road—the Visual+IMU+EKF setup consistently delivers
superior performance, demonstrating its robustness and adaptability in varying conditions.

By comparing the tables for the three different environments, it can be concluded that Dy-
naDepth performs best in crowded settings where many objects are static and closely spaced
around the vehicle, as evidenced by the superior overall metrics and better scale estimations. In
scenarios where the environment is more densely populated with various dynamic objects, the
model’s performance declines, as shown in Table 4.2. The performance further deteriorates on
open highways and rural roads with minimal surrounding objects and fewer dynamic elements, as
illustrated in Table 4.4.
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Models Methods Scale Error] Accuracy?t
Visual IMU EKF ADSyel Sdrel RMSE RMSEjy |01 < 1.25 03 < 1.25% 03 < 1.25°
DynaDepth v 30.6384+0.068 | 0.120 1.001 5.050 0.205 0.873 0.954 0.977
DynaDepth v v 5.502+0.070 | 0.119 0.979 5.140 0.206 0.871 0.952 0.977
DynaDepth (full) v v v 5.523+£0.070 | 0.116 0.933 5.036 0.204 0.874 0.954 0.977
Table 4.2: Comparison of DynaDepth configurations and their performance metrics on City scenario.
Methods Error] Accuracy?
Models Visual IMU ERF|  O°®  [ATs,.; Saqye; RMSE RMSEp, (01 <125 02 < 1252 03 <105
DynaDepth v 30.241+0.078| 0.119 0.698 4.109 0.191 0.867 0.958 0.982
DynaDepth v v 5.507+£0.083 | 0.117 0.671 4.072 0.191 0.867 0.959 0.982
DynaDepth (full) v v v 5.488+0.083 | 0.114 0.650 4.052 0.190 0.869 0.957 0.982

Table 4.3: Comparison of DynaDepth configurations and their performance metrics on Residential sce-

nario.

Methods Error] Accuracy?t
Models Visual IMU EKF Scale AbS;ei Sdrer RMSE RMSE;,, |01 < 1.25 0 < 1.252 o3 < 1.25°
DynaDepth v 32.618+0.088 | 0.136 1.242 5.708 0.217 0.843 0.955 0.979
DynaDepth v v 5.7324+0.077 | 0.138 1.404 5.910 0.219 0.841 0.953 0.978
DynaDepth (full) v v v’ |5.703£0.073|0.134 1.282 5.706 0.214 0.844 0.953 0.979

Table 4.4: Comparison of DynaDepth configurations and their performance metrics on Road scenario.

4.5 Monocular Depth Estimation Mid-Air Dataset

Table 4.5 presents the results of DynaDepth evaluated on the Mid-Air dataset. The results demon-
strate that incorporating IMU data significantly improves scale estimation. However, this improve-
ment comes at the cost of increased error metrics (e.g., RMSE increaes to 14.181 and Abs,..; rises
t0 0.275) and decreased accuracy (o1 drops to 69.9%), suggesting that the raw fusion of visual data
and IMU data may introduce inconsistencies. The full DynaDepth configuration, which integrates
visual data, IMU, and EKF, achieves the best performance across all metrics. It further refines
the scale to 4.96440.400 and significantly improves error metrics (e.g., Abs,.; reduces to 0.149,
RMSE from 14.181 to 8.531 m) and accuracy (o7 increases to 81.2%). This indicates that the
EKF effectively integrates the visual and IMU inputs by accurately estimating error states and
reducing the inherent noise in IMU measurements, which is more prominent in drone dynamics
due to their higher degrees of freedom compared to car dynamics in the KITTI dataset. Figure
4.4 shows a target frame with its corresponding ground-truth depth map and the prediction made

by DynaDepth.

Models Methods Seale Error] Accuracy?

Visual IMU EKF Abs,e; Sqret RMSE RMSE o4 [01 < 1.25 02 < 1.25% 03 < 1.257
DynaDepth v 25.918+0.700 | 0.243 5.896 11.391  0.341 0.784 0.869 0.902
DynaDepth v v 5.176+0.684 | 0.275 6.425 14.181  0.372 0.699 0.812 0.876
DynaDepth (full) v v v’ |4.964+0.400| 0.149 2.252 8.531 0.233 0.812 0.920 0.960

Table 4.5: Comparison of DynaDepth configurations and their performance metrics on Mid-Air dataset.
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Figure 4.4: Comparison of the target frame, ground-truth depth map, and estimated depth map using
DynaDepth: (a) Target frame, (b) Ground-truth depth map of the target frame, (c¢) Estimated depth map
produced by DynaDepth.

4.6 IMU Depth Map Generation

The camera frequencies for the KITTI and Mid-Air datasets are 10 Hz and 25 Hz, respectively.
This means that KITTI captures 10 frames per second, while the Mid-Air dataset captures 25
frames per second. Since the depth estimation model generates a depth map for each image,
it produces 10 depth maps per second for KITTI and 25 per second for Mid-Air. For energy-
constrained applications, however, more energy-efficient solutions are necessary. One approach is
to predict future depth maps based on IMU movement and an initial depth map. By integrating
IMU measurements as described in section 3.2, a new pose can be estimated. Using an initial depth
map generated by the model and the estimated pose, future depth maps can then be predicted.

Assuming a trajectory with constant velocity, the future depth map generation process consists
of 4 main steps as illustrated in figure 4.5: First, the depth map is transformed into 3D depth
point clouds. Second, the inverse pose is applied to these 3D depth point clouds to extract new
depth values of the environment relative to the car from the point clouds. Third, as the robot
moves in the z-direction, new pixel coordinates are computed by transforming the point clouds
with the pose. Finally, the new depth map is warped with the new depth values to the new pixel
grid.

The future depth prediction algorithm is evaluated on the KITTI dataset using ten trajectories,
with the car driving at a constant velocity with only static objects present in the scene. Figure 4.6
presents the evaluation results, expressed as the RMSE relative to the forecast horizon in frames.
The trajectories were recorded at an average speed between 8 and 11 meters per second (m/s). The
results show that as the forecast horizon increases, the corresponding RMSE generally increases
linearly. The initial error at frame 0 is derived from the evaluated depth map generated directly by
the DynaDepth model. In most cases, the error increases marginally for the first five frames before
increasing with a higher rate. Considering that the car’s speed ranges from 8 to 11 m/s, in a span
of five frames (or half a second), it travels approximately 4 to 6 meters. This distance is significant,
allowing for objects or elements in the scene that were not visible in the initial frame to become
apparent. Figure 4.7 illustrates the depth predictions over a 20-frame prediction horizon. The plot
shows the depth maps at 5-frame intervals along with their corresponding target frames. It can
be observed that the DynaDepth model accurately predicts the depth map initially, with clearly
distinguishable objects in the frames. By prediction frame 5, the objects remain distinguishable;
however, as the prediction horizon extends further, the frame prediction algorithm struggles to
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Figure 4.5: Future depth map prediction algorithm.

preserve the shapes of the objects.

Figure 4.8 shows the results of the future depth prediction algorithm on the Mid-Air dataset
for a 2 second trajectory (camera-frequency: 25 frames per second). A total of 22 trajectories are
analyzed after removing outliers using the depth map prediction algorithm. Unlike the evaluation
on KITTI, no specific trajectories with constraints were selected other than the agent is not allowed
to rotate completely around the yaw axis for the Mid-Air dataset. This is because the Mid-Air
dataset represents an open environment with minimal objects other than stones and trees and
does not face the same challenges as KITTI, such as limited visibility of distant surroundings
(e.g., at 20 meters, a house lawn, playground, or corner may appear) and occasional interactions
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Figure 4.6: Forecast Horizon IMU Depth Map Generation on KITTI.

with other road users like cyclists and pedestrians. The initial depth map is predicted with the
Visual+ IMU+EKF configuration of DynaDepth. The dynamics of the drone (e.g., yaw, pitch,
and roll) make these trajectories challenging to predict. The blue line in Figure 4.8 indicates the
average RMSE computed over the prediction horizon that increases at a linear rate. In other
words, as the prediction horizon increases, the error tends to increase proportionally. Given that
the Mid-Air dataset has a camera frequency of 25 frames per second, predicting the depth for a
prediction horizon of 5 frames—thereby would reduce the usage of the model from 25 times per
second to 5 times per second. The IMU deviates from the true trajectory as the prediction horizon
increases. Figure 4.9 shows a sequence along with a predicted depth map in the second row for
a prediction horizon of 20 frames. In this setting, the drone is relatively stable and moves in the
positive z-direction. As the prediction horizon increases the estimated depth gets more distored,
this is shown in figure 4.10, which demonstrates that the IMU-based predictions accumulate errors
over time, leading to significant deviations in depth estimation.
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(a) Frame 0 (b) Frame 0

(c¢) Frame 5 (d) Frame 5

(e) Frame 10 (f) Frame 10

(g) Frame 15 (h) Frame 15

(i) Frame 20 (j) Frame 20

Figure 4.7: Depth map prediction with prediction horizon of 20 frames.

oA

(a) Frame 0 (b) Frame 5 (c) Frame 10 (d) Frame 15 (e) Frame 20

(f) Frame 0 (g) Frame 5 (h) Frame 10 (i) Frame 15 (j) Frame 20

Figure 4.9: Depth map prediction frames 0-20.
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Figure 4.8: Forecast Horizon IMU Depth Map Generation on Mid-Air.

(a) Frame 45 (b) Frame 50 (c¢) Frame 55 (d) Frame 60 ) Frame 65

(f) Frame 45 (g) Frame 50 (h) Frame 55 ) Frame 60 ) Frame 65

Figure 4.10: Depth map prediction frames 45-65.

The future frame prediction algorithm has a few limitations. Firstly, it assumes a static en-
vironment, and tests show that unexpected behavior occurs when a moving object is present in
the frame. Secondly, as the agent moves, new areas may come into view while others become
occluded, and this method cannot incorporate new information not present in the original depth
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map. Finally, IMU data is susceptible to noise and drift over time, which can lead to inaccuracies
in pose estimation and, consequently, in the depth map transformation.

4.7 Conclusion

This chapter presented an evaluation of the DynaDepth framework for monocular depth estimation
using the KITTI and Mid-Air datasets. The evaluation focused on the effectiveness of integrating
visual data with inertial measurements and an EKF to improve depth estimation accuracy and
scale consistency. The following summarizes the key points discussed.

e On the KITTI dataset, which features complex urban driving scenarios with dynamic ele-
ments, the full DynaDepth setup (using visual data, IMU, and EKF) outperformed other
configurations. It achieved lower absolute and squared relative errors, enhancing both near
and far-depth estimations. The scale error was notably reduced from about 30.6 in the visual-
only model to around 5.5 with the full configuration. Threshold accuracy metrics indicated
that the model with the Visual+IMU+EKF configuration was more reliable than other con-
figurations in predicting depths within acceptable error margins. This suggests that the
combined use of visual data, inertial measurements, and the EKF enhances the robustness
of depth estimation, reducing errors more effectively compared to alternative setups.

e The impact of different environmental contexts within the KITTI dataset—City, Residential,
and Road—was also analyzed. The DynaDepth framework performed best in environments
with many static objects, such as residential areas, where accurate depth estimation is critical
due to the proximity of obstacles. In open road scenarios with fewer visual cues, performance
slightly declined, suggesting areas for potential improvement in less structured settings.

e For the Mid-Air dataset, which simulates drone flights in outdoor environments, integrating
visual and inertial data with EKF once again led to the best results. The full configuration
reduced error rates and improved accuracy across all metrics. The EKF effectively mitigated
the noise inherent in IMU measurements, which is more present in drone dynamics due to
higher degrees of freedom compared to ground vehicles. These results confirm the observed
performance decrease in the KITTI dataset when operating in less structured environments,
as the Mid-Air dataset represents an unstructured setting. This emphasizes that unstructured
environments pose greater challenges for depth estimation models.

e Although integrating IMU measurements substantially reduced the scale error—by a factor
of approximately 5.5 on the KITTI dataset and about 5.2 on the Mid-Air dataset—the final
scale error remained in the range of 5 to 5.5. Moreover, improvements in other error metrics
were relatively minor. Therefore, these enhancements can be regarded as an incremental
improvement.

e The chapter also introduced a future depth map prediction algorithm that leverages IMU data
and an initial depth map to predict depth maps without relying on continuous visual input.
This approach is especially beneficial for energy-constrained applications where reducing the
frequency of computationally intensive depth estimations is desirable. The evaluation showed
that while the algorithm performs well over short forecast horizons, accumulating errors from
IMU data and the assumption of a static environment limit its long-term accuracy. On the
KITTI dataset, with a camera frequency of 10 frames per second, the future depth map
prediction algorithm can predict up to 5 frames ahead, effectively reducing the need for
DynaDepth from 10 runs per second to 2. Similarly, for the Mid-Air dataset, this reduces
the usage of DynaDepth from 25 times per second to just 5.

40



Conclusion & Future work

This chapter presents the final reflections on the outcomes of this thesis and outlines potential
avenues for further research. The first section provides a summary of the key findings and contribu-
tions, examining the research questions and the conclusions drawn from them. The second section
explores future research directions, suggesting opportunities to expand on the present work, and
improve methodologies.

5.1 Conclusion

This thesis proposes an extension of DynaDepth through a future frame prediction algorithm to
enhance monocular depth estimation for UAVs. By integrating visual data with drone dynam-
ics, this thesis addresses limitations of traditional depth estimation methods. Unlike existing
approaches that rely solely on visual inputs and struggle with scale inconsistencies, this study
leverages IMU data to generate more precise depth estimates. This approach is critical for nav-
igating UAVs through complex 3D environments. Additionally, this thesis explores predicting
future depth maps using initial estimates and temporal dynamic data, which enables proactive
navigation and improved computational efficiency by reducing the frequency of depth estimation
in real-time applications

The monocular depth estimation model, DynaDepth, proposed by [53] is introduced in Chapter
3 to perform depth estimation while addressing the scale limitations faced by state-of-the-art
methods. This is achieved by incorporating an IMU sensor alongside the camera, providing scale
awareness. The scale is further refined using an EKF to correct the inherent noise in the IMU
measurements.

DynaDepth is evaluated on the automotive driving dataset KITTI [7] and on the simulated
drone flight Mid-Air dataset [59]. The DynaDepth setup, which combines visual data, IMU, and
EKF, outperformed other configurations on the KITTI dataset by reducing depth estimation errors
and improving threshold accuracy metrics. It performed particularly well in residential areas with
more static objects, but its performance declined slightly in less structured open road scenarios.
On the Mid-Air dataset, integrating visual, inertial data, and EKF also yielded the best results,
with EKF mitigating IMU noise in drone dynamics. However, the challenges of unstructured
environments for depth estimation were noted.

The integration of IMU measurements significantly reduced scale error by approximately 5.5
on the KITTI dataset and 5.2 on the Mid-Air dataset, though the final scale error still remained
in the 5 to 5.5 range. Despite the reduction in scale error, other performance metrics showed only
marginal improvements, indicating that in this setup it is an incremental improvement.

The depth map prediction algorithm introduced in Chapter 4 aims to predict future depth maps
using IMU data and an initial depth map, rather than relying on continuous visual input. The
evaluation demonstrated that the algorithm performs well in short forecast horizons, which makes
it effective in energy-constrained scenarios. However, the future frame prediction algorithm is
limited by its assumption of a static environment, leading to inaccuracies when dynamic elements
are present or when new areas come into view. Additionally, IMU data is prone to noise and
drift, causing errors in pose estimation and depth map transformation over time. Despite these
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limitations, the algorithm’s capability to maintain reasonably accurate depth estimations in the
short term demonstrates its potential to complement existing depth estimation techniques. On the
KITTT dataset, with a camera frequency of 10 frames per second, the future depth map prediction
algorithm can predict up to 5 frames ahead, effectively reducing the need for DynaDepth from 10
runs per second to 2. Similarly, for the Mid-Air dataset, this reduces the usage of DynaDepth
from 25 times per second to 5.

5.2 Future work

The results of this thesis contribute to monocular depth estimation for UAVs, yet there are several
opportunities for improving and expanding upon the current work. First, to conclusively validate
the benefits of the IMU-sensor integration with a camera, more rigorous evaluations under the same
conditions should be conducted against other visual-based monocular depth estimation models on
the Mid-Air dataset. However, only a few models have been publicly evaluated on the Mid-Air
dataset, as seen on resources like ”Papers with Code” [62]. Some effort may be required to
reproduce monocular depth estimation models and evaluate them on the Mid-Air dataset.
Second, since the performance of the visual-IMU-based model is evaluated on simulated low-
altitude UAV trajectories, an interesting research question would be how well the current setup
translates to real-world operating drones and whether the same performance on the metrics can
be achieved in those conditions.
Third, due to the current configuration of the DynaDepth model, a depth network M, trained
on dataset X cannot be directly applied to another dataset for zero-shot applications. This limi-
tation arises because the IMU sensor provides the model with scale-awareness, which is inherently
tied to the scale of the training dataset. As a result, when the model is applied to a different
dataset, it lacks the necessary scale information and, under the current setup, cannot adapt to
new scales in real-time. This presents an interesting research opportunity to develop methods that
enable the model to learn scale online, allowing it to generalize effectively across diverse datasets.
Fourth, the current depth map generation algorithm cannot preserve the shape of objects in
the scene. An interesting research question, therefore, would be how to predict future depth
maps based on IMU measurements while maintaining object structure within the scene. One
possible approach could involve adapting the method by [63], which focuses on object-oriented
frame prediction. This paper employs a transformer model to learn consecutive perspective and
affine transformations based on previous frames. A significant part of the paper discusses building
the dataset for training the transformer network, and this code can also be found in the repository.
To apply this approach for future depth map prediction, the instance segmentation model
would need to be fine-tuned on depth map data. However, to generate a complete future depth
map, an additional model should be used to predict the remainder of the frame. For this purpose,
the future depth map prediction algorithm proposed in this thesis could be integrated.
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Deriviation preintegration terms

Prerequisites

Forster et al. [54] define preintegration terms for IMU measurements to combine multiple IMU
readings into a single, more manageable representation for visual-inertial odometry (VIO). The
following equations show IMU measurements incorporating the effect of gravity, noise and biases.

PDup(t) = "wun(t) + bI(t) + 0 (t)
"a(t) = Ry, (t)(Va(t) — “g) + b*(t) + n°(1)

where superscripts {b,w} refer to the body and world frames, Rgb denotes the rotation matrix
from the world frame to the body frame and W'g represents the gravity factor in the world frame.
Furthermore, ®w.y, refers to angular velocity of the body frame relative to world frame, “a is
acceleration expressed in the world frame and {b?%,b*} and {n9, n®} refer to the Gaussian biases
and random walks of the gyroscope and accelerometer, respectively.

By transforming the IMU measurements into changes in rotation R , velocity v, and position
p between frames ¢ and j, the following preintegration terms are derived:

(A1)

j—1
R;; = R]R; = [[ exp (@x — by, —n]) At (A-2)
k=i
Jj—1
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where R;;. = RZ-TRk and v;, = v — ;.
Additionally, the time derivatives of rotation, velocity, and position are defined as:
wa = wa bw;\)b, Yv="a= wabé + Wga Wp = WVa (A5)

The skew-symmetric angular velocity matrix, w, is represented as a vector using the hat oper-
ator:

w1 0 —ws w
wh = w2 = w3 0 —w1 S 50(3). (A6)
Wws —Ww2 w1 0



Velocity preintegration term

Differentiating the velocity preintegration term in equation A.3 with respect to time results into:

Vij = Rgbi (vj —v; — gAtL;;) (A7)

. d d
’Uij = @ |:R711:b1 (’Uj —V; — gAt”)} = Rz;bl (dt[’l}] — V; — gAt”]> (AS)

where the rotation term Rgbi and v; are constants as they are with respect to the initial
frame and do not change over time. Substituting the velocity derivative from A.5 for v; into A.8,
removing the subscripts for readability, leads to

vij = RL, (Ru, (t)a(t) + g — g) = RL, Ry, (t)a’(t) (A.9)

using the rotation property:

Ry R, = RowRub, = R, (A.10)

gives the final velocity preintegration terms as denoted in equation A.11.

Bub, = Vij = / (Ry,p,2") dt (A.11)
telig)

Position preintegration term

The position preintegration term is derived by taking the integral of the velocity preintegration
expression as:

Qb = Pij = / / (Ry,p,a") dt? (A.12)
t€[i.g]

Rotation preintegration term

Differentiating the rotation term in equation A.2 is :

d d
o (Bis) = = (sziwaj)
d (A.13)
=RL, — (R,
Substituting the rotation derivative defined in equation A.5 leads to
d
S (Ryy) = BE, R, (0" (1) (A.14)
Using the rotation property in equation A.10 simplifies equation A.14 to
d b, A A
7 (Bij) = Ry, w" (2) (A.15)
The derivative of quaternion is given as
d 1 0
—(q) = = A.16
FORETEIN (A1
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where q is the rotation denoted in quaternion form and ® refers to the quaternion multiplication

operator.
Using equation A.16 and the tranformation of angular velocity to the body frame in equation

A.17, equation A.18 is derived.

wp, = Rgbiww(t) (A.17)
d [0 ]
— (9. p,) = Qp. ., A.18
a (@bip,) = Db, p, @ _%wb,,_ ( )
Integrating over interval [i, j] gives the final expression for the rotation preintegration term as
v, b; = / v, b, @ _1 0] dt (A.19)
7'7 telii] [2Wh, |
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