MASTER THESIS

Prototype Design for a Lunar Lander
High Resolution Stereo Camera

Author: Supervisors:
Shreya Champakbhai Chauhan Prof. Dr. Ralf Jaumann
Matriculation Nr: 5574616 Dr. Doris Breuer

Research Facility:
German Aecrospace Center (DLR), Berlin
Planetary Sensor Systems, Institute of Space Research
Aduvisors: Dr. Matthias Grott, Christian Althaus

A thesis submitted in fulfilment of the requirements
for the degree of M.Sc. Planetary Sciences and Space Ezploration

m the

Planetary Sciences and Remote Sensing
Institute of Geological Sciences

FREIE UNIVERSITAT BERLIN

June 17, 2025



Declaration of Authorship

I, Shreya Champakbhai Chauhan, declare that this thesis titled, “Prototype Design
for a Lunar Lander High Resolution Stereo Camera” and the work presented in it are
my own. | confirm that | have written this thesis independently and have not used
any resources other than those indicated.

Signed:

Date:




Declaration of the Use of Al-tools

I hereby declare that in the drafting, and revision of the work attached, | have made
use of generative Al tools in the following ways:

« To assist with revising passages for concision and editing for spelling and gram-
mar

< To improve the language of my own phrases, sentences, paragraphs and revise
transitional phrasing

e To generate and/or troubleshooting programming code

I have use the Al-tools in an ethical manner, and verified it for any false contents
before including in my work. | have indicated the use of Al-tool in a transparent way,
similar to any other sources, wherever it was utilised.

Signed:

Date:




Abstract

Traditional stereo cameras used in terrestrial exploration, particularly on rovers, typi-
cally rely on binocular optical designs that are large, bulky, and often include moving
parts. This thesis presents a design concept for a breadboard prototype which is de-
veloped and built using commercial o [=the-shelf (COTS) components. This allows
for rapid prototyping, cost-e [edtive testing, and performance evaluation under simu-
lated mission conditions. By utilizing a single-detector stereo vision, the system can
e [edtively create 3D reconstructions of observed object with a spatial resolution of
54 m/px,and depth resolution of <1 mm/px, enabling precise depth mapping. The
optical performance and its scientific applications were validated with experiments
such as the resolution test, shape measurement, static angle of repose and relative
albedo measurements. The stereo camera developed in this project demonstrates
capabilities for high-resolution, in-situ lunar surface analysis based on regolith char-
acterization. Owverall, the camera’s design balances compactness with performance,
overcoming challenges related to baseline constraints, environmental exposure, and
computational e Lciehcy faced by conventional stereo cameras. This imaging system
o[erk a valuable tool for future lunar lander and rover missions, supporting in-depth
scientific investigations.

Keywords: lunar exploration, rover instrumentation, stereo vision, 3D reconstruction,
monocular stereo camera, photogrammetry, regolith characterisation
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Chapter 1

Introduction

1.1 Background

Lunar exploration has been crucial to better understand the formation of Earth and
our Solar System. The lunar surface and its composition provides evidence of historical
geological events since its formation. Hence, investigating it has been a target of
space exploration. Humanities rst step towards space exploration started with lunar
missions like NASA's Apollo program, allowing the development of state-of-the-art
technologies for in-situ resource utilization. These legacies are continued with future
missions such as NASA's Artemis program. Interacting and navigating with the lunar
surface and acquiring scienti ¢ data were some of the challenges highlighted during
these missions. The lunar lander plays a critical role in enabling in-situ exploration
of the Moon. One signi cant challenge it must address is the presence of ne dust
particles in the top layer of the lunar surface, known as regolith. These particles pose
serious risks to mission safety, rover mobility, and the optimal functioning of scienti ¢
instruments [2, 3].

1.2 Existing Camera Systems on Lunar Missions

Stereo imaging systems designed to support autonomous navigation, terrain analy-
sis, and scienti ¢ application, have been successfully utilised in various space mis-
sions, involving lander and robotic rovers operation [4]. The general principle of such
an imaging system is on the basis of binocular stereo vision, acquiring images with
slightly di erent viewpoints. The system can then reconstruct a three dimensional
representation of the terrain, allowing accurate depth estimation and spatial context
of the surrounding.

For example, the Chinese Chang'e-3 and Chang'e-4 lunar rovers are equipped with
stereo cameras for terrain mapping and obstacle detection [5,6]. These systems have
enabled the rovers to navigate the lunar surface with a high degree of autonomy, even
in low-visibility conditions [7, 8].

Across these missions, the common theme is the use of binocular stereo vision as a
core technique for 3D perception. The two-camera con guration allows for the trian-
gulation of depth information, which is critical for safe and e cient rover operation.

In particular, stereo vision is extensively used for:

~ Navigation and path planning: By generating 3D terrain models, stereo cameras
enable rovers to identify safe and feasible paths.

" Hazard detection: Stereo imaging helps in identifying obstacles such as rocks,
slopes, and craters that could impede the rover's movement.
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" Context imaging: Stereo cameras provide a broader, more immersive view of
the planetary surface, supporting scienti ¢ analysis and mission planning.

Detection of in-situ science target. Stereo imaging assists in identifying and
selecting geological features for closer examination.

In addition to lunar missions, stereo vision have also been employed in Mars ex-
ploration. One of the most notable examples is the Mars Exploration Rovers (MER),
Spirit and Opportunity, which were launched in 2003 and operated on the Martian
surface for several years. Each rover was equipped with a pair of navigation cameras
(Navcams) mounted on a mast, providing stereo imagery for terrain mapping and haz-
ard detection. These cameras were essential for path planning and obstacle avoidance,
allowing the rovers to traverse complex and uneven terrain autonomously [3, 9].

The Mars Science Laboratory (MSL) rover Curiosity, launched in 2011, further
advanced the use of stereo vision in planetary exploration. Curiosity features a stereo
pair of Navigation Cameras (Navcams) and a stereo pair of Mast Cameras (Mast-
cam), which provide high-resolution stereo imagery for both navigation and scienti c
analysis. The Mastcam is capable of capturing colour stereo images, enabling the
creation of detailed 3D models of the Martian surface and supporting geological in-
vestigations [3, 10].

More recently, the Perseverance rover, part of the Mars 2020 mission, includes an
enhanced stereo imaging system with multiple camera pairs, including the Navigation
Cameras (Navcams), the Mastcam-Z system, and the SuperCam remote imaging sys-
tem [3,11]. The Mastcam-Z, in particular, is a zoom-able stereo camera system that
allows for high-resolution, colour, and 3D imaging over a wide range of distances. This
system not only supports navigation and hazard detection, but also provides valuable
context for scienti c investigations, such as the study of rock formations and potential
signs of past life in the Jezero crater [12].

While binocular cameras remains the dominant approach, recent advancements
in computational imaging and sensor technology are opening the door to alternative
methods for stereo vision, such as monocular depth estimation and multi-camera sys-
tems. However, the reliability, simplicity, and well-established performance of binoc-
ular stereo vision continue to make it the preferred choice for planetary rovers.

Parameter Mars 2020 Mars 2020 ExoMars ExoMars Chang'e-4 Chang'e-3
MastCam- Navcam [11] | PanCam PanCam Pancam [14] | Navcam [8]
Z [12] WAC [13] HRC [13]

FOV 255° 0 96° O 73° 38.3° 0 4.88° O 46° O 46°
19.1° 38.3° 4.88°

iFOV 280 330 653 85 300 500 920

(prad/px)

Baseline 24.08 42.5 27 27

(cm)

Focal 26 10 14.67 38 100 50

Length

(mm)

Magnifica N/A N/A 0.5x 0.3x 1x 0.4x

tion

Detector CCD CMOS CMOS CMOS CCD CCD

Type

Table 1.1: Key speci cations summary of stereo cameras on Mars
and lunar lander missions for planetary exploration
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1.2.1 Limitations of Current Stereo Imaging Solutions

Upon reviewing existing stereo cameras used for lander application, several limita-
tions were evident. These limitations points towards further advanced stereo imaging
systems, designed for task-speci c applications. Key challenges and trade-o to be
taken into consideration for such designs are:

1. Resolution vs. power The limiting factor of using a high resolution sensor
lies in its power consumption. Even though a larger sensor format produces
higher spatial resolution, they demand a signi cant amount of power and com-
putational resources. This can be particularly challenging in power-constrained
environments.

2. Baseline length vs. sizeA key design element of a stereo camera is the distance
between the two cameras, also known as baseline length. The distance is directly
proportional to the working distance and space needed by the overall system.
While improved accuracy for close range observation can be achieved by shorter
baselines, a degradation of performance is observed with imaging objects in long
range distances. A careful trade-o must be balanced depending the operational
requirements for imaging tasks with near-range precision and far-range imaging
capabilities.

3. Environmental Challenges Imaging system performance is heavily a ected by
operational conditions, especially due to environmental factors. Variations in
operating temperatures, lower illumination conditions, dust accumulation, etc.
can all impact the resulting image quality of the camera and decrease its relia-
bility. This particularly makes it di cult to operate remotely in harsh working
scenarios.

4. Mechanical and computational constraints Computational intensive real-time
stereo matching poses another challenge in employing a high-precision imag-
ing system. Such processing demands resource intensive on-board hardware to
actively produces imaging products or transfer data to remote location. This
introduces further constraints corresponding to size, power and thermal man-
agement in compact and resource limited platforms [3].

Following a trade-o study based on required performance and available resources,
the proposal of a new stereo imaging system design aims to address these limitations
while optimizing performance.

1.3 Problem Statement

The purpose of this project is to develop a prototype design of a stereo camera that
addresses the limitations discussed above by introducing novel design elements. A
practical and cost-e ective approach is necessary which involves commercially avail-
able o -the-shelf (COTS) components, for easy and rapid prototyping of the camera
system, while still ensuring the system compactness, and consistent quality of the
stereo images captured. Table 1.2 outlines a set of prede ned design requirements
based on a potential rover mission scenario. In this scenario, the camera is mounted
on top of the rover at a height of 250 mm above the ground and tilted at a 2Dangle
relative to the surface. The table outlines target spatial and depth resolution values,
with a particular emphasis on achieving high resolution in the near range to inform
the expected performance of the camera system.
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Characteristics Description
Depth of Field 200mm
Spatial Resolution 150um/px
iFOV 500purad/px
Depth Resolution 1 mm/px
Cant Angle 20° (orthogonal)
Height above Surface 250mm
Size 1U (10 10cm)
Mass 4009
Power 2W

Table 1.2: Design requirements for the proposed camera

1.4 Objectives

The main objective of this project is to demonstrate the capability of a compact stereo
camera to perform in-situ surface observations, allowing in-depth analysis without
the need for sample return, thereby supporting real-time scienti ¢ investigations and
operational decision-making during a mission. To achieve this, the design focuses
on addressing the limitations of existing stereo imaging systems by introducing a
novel monocular stereo approach. The system is built using a single detector and
COTS components, ensuring compactness, reliability, and cost e ciency. The design
is tailored to meet the speci ¢ operational requirements of a lunar rover, including a
mounting height of 250 mm above ground and a ZUtilt angle relative to the surface,
as outlined in the table 1.2.

The term "Lunar Lander" in the report title refers broadly to both stationary
lander and mobile rover systems. For this project, the focus is on the rover application.
The prototype design therefore addresses the speci ¢ challenges and operational needs
of a lunar rover, ensuring it is well suited for dynamic movement and exploration on
the Moon's surface [3].

1.5 Signi cance

The primary scienti ¢ application of the camera is the in-situ characterization of lu-
nar regolith. Understanding the composition, texture, and physical properties of the
regolith is crucial for a wide range of scienti c and operational purposes, including
resource utilization, mission planning, and geological studies. Traditional methods of-
ten rely on sample return missions, which are costly and time-consuming. By enabling
high-quality stereo imaging, this compact camera system allows for remote, real-time
analysis of surface features and material properties directly on the Moon. This ca-
pability supports more e cient scienti ¢ investigations and lays the groundwork for
future autonomous exploration and in-situ resource utilization (ISRU) activities [3].
Monocular stereo cameras have not yet been deployed in lunar lander missions, mak-
ing the development of such a system a signi cant step toward creating a versatile,
compact scienti ¢ instrument tailored for photogrammetric-based in-situ experiments.
Previously own stereo cameras for terrestrial exploration, especially on rovers,
employed a binocular optic designs, having larger and bulkier sizes. With no moving
component in the prototype design, this camera is able to capture the scene closer to
the surface, and minimise power consumption, and is easier to operate. The scala-
bility of the prototype design is of greater signi cance for task speci ¢ applications.
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Adaptability of the size and viewing cone of the camera can be bene cial for lunar
explorers, and can follow mission speci c design requirements. By swapping all the
components to state-of-the-art speci cations, the camera can be utilised for various
applications, apart from the ones mentioned in this report.

1.6 High-Resolution Stereo Imaging

In the eld of computer vision, stereo vision is one of the direct ways to simulate how
human eyes perceive real world objects in a 3D scene. It is achieved by imaging an
object from multiple point of view, by either rotating or moving two cameras to satisfy
the requirement. The reconstruction of a 3D object is carried out by extracting the
2D information from both images using the principle of triangulation. The disparity

in the position of two image points x; and x,, for a corresponding real object point

x in gure 1.1 is calculated from the stereo images as input. Resulting disparity can
be converted to depth information of the target object with respect to the position of
the camera [15].

1.6.1 Epipolar Geometry

The geometric relationship between the two cameras imaging the same object is de-
ned by epipolar geometry. A pinhole camera captures an object on a 2D projected
plane, hence the 3D positional information is not retained.

Figure 1.1: Schematic of epipolar geometry for stereo imaging

The epipolar geometry is de ned by the epipolar plane, which passes through the
3D point being observed and the optical centre€),, O, of both virtual cameras. The
intersection of this plane with the image planes of each camera forms the epipolar
lines, shown as scanline in gure 1.1. Additionally, the epipoles_;er in gure 1.1,
the points where the baseline (the lineO,O, connecting the two camera centres) in-
tersects the image planes, serve as the convergence points for all epipolar lines in
their respective images. In certain con gurations, the epipoles may lie outside the
boundaries of the images, depending on the relative positions and orientations of the
cameras. The epipolar constraint is advantageous as it ensures that the corresponding
image point in stereo pairs lie on the same epilines. To mathematically describe epipo-
lar geometry, two matrices are commonly employed: the Essential Matrix (E) and the
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Fundamental Matrix (F). The Essential Matrix encapsulates the relative rotation and
translation between the two cameras in a calibrated stereo system, relating the nor-
malized coordinates of corresponding points. On the other hand, the Fundamental
Matrix extends this relationship to pixel coordinates, incorporating the intrinsic pa-
rameters of both cameras [16].The Fundamental Matrix allows the mapping of a point
in one image to its corresponding epipolar line in the other image, facilitating accurate
feature matching and depth estimation [3].



Chapter 2

Methodology

2.1 State of the Art in Single-Detector Stereo Cameras

Photogrammetric imaging systems have mainly employed a set of cameras that image
a scene in two di erent point of views at the same time or a single camera displayed
by a small distance [17]. The main objective of using a single lens stereo imaging
system is to reduce the complexity of the camera, and making it more suitable for
deployment in dynamic surface environments, such as those encountered by rovers.
These cameras often create di erence in geometric and pixel intensities between the
stereo images, making the process of stereo correspondence less accurate [17]. There
have been many optical designs proposed for a single lens stereo cameras. Nishimoto
and Shirai's system [18] has a rotating glass plate in front of the camera. The rotation
of the plate simulates the parallel axes of two cameras by slightly shifting the optical
axis at two di erent rotational positions. The resulting stereo images have easier point
correspondence, although the depth map achieved is coarser. The camera structure
developed by Teoh and Zhang [19] has geometry of two xed mirrors in front of the
camera at an angle of 45with the optical axis of the camera. An additional rotating
mirror is placed in between the xed mirrors, such that it can rotate to position
itself parallel with one of the xed mirrors. Each position captures one of the stereo
images at a time. Both of the above mentioned camera design successfully reduce
the geometric and intensity di erence in stereo images that are unwanted in a stereo
camera system. However, the rotating element of the design poses a challenge in
accurate movement of the parts. This creates a major design issue, especially when
the stereo camera needs to be deployed in a non-static application.

Eliminating the moving part in such camera systems is essential to improve the
opto-mechanical design of the stereo camera for rover application. Goshtasby and
Gruver's study [17] solved this issue by proposing a design that obtains stereo images
using a set of mirrors at an angle to the optical axis of the camera. The images
are captured in a single shot by re ecting it along the axis of the mirror. Similar
e orts were made by Nene and Nayar [20], by replacing the planar mirrors with non-
planar re ecting surfaces such as ellipsoidal, hyperboloid and paraboloid mirrors. A
wider eld of view was achieved with the camera design, although the complex mirror
mechanism made it di cult to replicate the design.

Another novel and practical stereo camera system was proposed by Lee and Kweon
[21], wherein a biprism is placed in front of the camera to obtain a stereo image on a
single detector. The biprism was designed in a way that the left and right stereo image
were projected on two halves of a single detector. Unlike prior mentioned designs, they
not only removed any moving element, but also made it easier to calibrate and cheaper
to build. Taking advantage of the geometric setup, the point correspondence between
the two stereo images was simpli ed, as they automatically lie on a single scan-line.
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Figure 2.1: Optical con guration of various stereo cameras using a
single detector [1]

Some limitations of this design include a smaller eld of view and availability of the
desired biprism in the commercial market.

As described in Goshtasby and Gruver's study [17], an ideal stereo camera system
employing a single detector, must possess certain properties to create reliable and
accurate stereo images for 3D reconstruction. These include:

1. The object must be imaged using only one lens in single shot and without any
time delay between two images' acquisition.

2. The stereo camera must have the ability to adapt its eld of view as needed for
di erent applications.

3. Stereo image pair must contain no geometric and intensity di erences between
images, that could introduce discrepancies and errors during stereo processing.

4. Stereo images are produced in a way that the corresponding object point occurs
on the same scanline for e ective stereo matching.

2.1.1 Proposed Design of Single-Detector Stereo Camera

To ful | the design requirements of the stereo camera for a lunar lander, an adapted
optical design must be implemented. This design is best suited due to its cost-
e ectiveness, system compactness and availability of components from the commer-
cially available o -the-shelf market. The most popular single-camera stereo systems,
amongst various other pseudo-stereo imaging systems, is the one using a four-mirror
adaptor [22]. Signi cant development have been made to design such stereo sys-
tems, as it o ered diverse applicability, reduced image distortion and variable eld

of view. The rst attempt was made by Pankow and Besnard [23, 24], to combine
a four-mirror assisted single-camera stereo system with the method of digital image
correlation (DIC) for application in experimental mechanics.
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Component Description Quantity
Detector 1.6 MP CMOS (monochrome) 1
Lens focal length: 16 mm, f/#: 1.8 - 22 1
Inner mirrors | right-angle re ective prism, 25mm  25mm re ective legs 1
Outer mirrors 50.8 mm square protected silver mirror, 3.2 mm thick 2
Mirror Adaptor 3D printed 1

Table 2.1: List of commercially available components used for the
camera setup

In this study, a single detector, four-mirror assisted stereo camera is constructed
based on Luo's study [22] for the optical design and comprehensive calculation of
geometric parameters are discussed in the next section.

2.2 Opto-mechanical Design and Development

A robust and e cient stereo camera system which meets the previously outlined re-

guirements is needed for the practical application. To achieve this, the methodology of
determining vital input parameters involves several key steps: analytically determin-

ing the appropriate camera speci cations, geometrically designing the mirror adaptor,

selecting optimal components, and nally breadboarding and assembling the resulting
camera setup.

2.2.1 Input parameters

The design process is initiated with the identi cation of essential input parameters,
mainly derived from pre-de ned design requirements and optical components based on
availability. These parameters includes sensor sizeH(), viewing angle of the camera
( ), required spatial resolution ( image), and depth resolution ( ), establishing the
precision needed for accurate depth measurement. Utilising a monochrome CMOS
detector from Thorlabs, a 1/2.9" format, 1440 1080 pixel (1.6 MP) sensor with
3.45um square pixels, de nes the dimension of the imaging sensor. Additionally, the
height of the stereo camera ;) above ground is prede ned to be at 250 mm, as it
designed to be mounted on top of a lunar rover. The orthogonal viewing (cant) angle
() of the camera located in front of the rover is set to be 20 These parameters will
highly in uence the eld of view ( FOV) and working distance (Wy,) of the camera
setup.

The working distance (Wy) is the range of space in front of the camera, over which
the lens can focus and get sharp images. With the help of simple trigonometry, the
working distance for the nearest object in focus is given by:

Wd = (21)

cos()

where is the orthogonal viewing angle in degrees, andl; is the height above ground
in cm.
The size of a camera sensor's active area is referred to as sensor size. The sensor
size Hs); horizontal or vertical, can be directly calculated from the pixel size Ps)
and number of active pixels on the sensorR;) as:
Pc

He= =° 2.2
Sl (2.2)
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The FOV is de ned as the viewable area in the object space that can be imaged by
a camera system. Best described as horizontal or vertical FOV in mm, or an angular
eld of view (AFOV) in degrees, the relationship 2.3 is calculated from the input
parameter already known:

2.2.2 Camera Parameters

With the help of input parameters, the critical camera speci c parameters can be
derived. One of the key camera speci cations is system magni cationrl). To deter-
mine the absolute minimum resolvable spot viewable on the object, the ratio of the
eld of view (FOV) to the sensor size Hs) can be calculated as:
Hs
m = FOV (2.4)
System magni cation scales the image space resolution up to the object space resolu-

tion ( object)-

object = image M (2.5)

Another fundamental camera parameter is focal length f) of the system as it
describes how strongly it can diverge or focus light onto the imaging plane. The
objective of this camera system is to achieve high resolution images, hence a wider
FOV is compromised. To achieve the desired FOV, the focal lengthf() is calculated
as:

_ Hs Wy
- FOV

For a xed focal length lens, the angular eld of view (AFOV) is also nite. The
camera can be focused on objects at di erent working distances, with varying FOV,
while maintaining a constant viewing angle. A typical full angle associated with the
width of sensor Hs) used, is speci ed asAFOV . From this de nition, ( AFOV ) can
be calculated as:

f (2.6)

H
AFOQOV =2 arctan 2TS (2.7)
Similarly, the instantaneous eld of view (iFOV ), which is the eld of view of a single
pixel can be calculated in rad as:

Ps 1e6

iFOV =
! f

(2.8)

The ability of a lens to maintain a desired image quality without refocusing is
known as depth of focus DOF,) of the camera. It ultimately measures the tolerance
in positioning of the image plane in relation to the lens, and maintaining the acceptable
sharpness of the acquired images. To measure and capture objects with ner details,
a small depth of focus is required to obtain high image resolution, which can be
calculated as:

DOF,= , m? (2.9)

The e ective spatial resolution produced by the camera system is heavily in uenced by
parameters like depth of eld, f number (f # ), and sensor sizefls). When imaging a
point source object, the objective lens used in this camera setup does not focus all the
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light rays perfectly, as an ideal lens would. This creates a blurry spot instead of a point
on the image plane, and the diameter of this disk is included in the design process,
namely circle of confusion CoC). Here it is assumed to be equal to actual pixel size.
The required f number (f # ) can be derived for selected depth of eld. This parameter
determines how much light enters the lens and ends up on the imaging plane:

_ DOFy
= 5 Coc (2.10)
The aperture diameter ( a) is given by:
- r (2.11)
A~ Fn .

To derive the e ective depth of eld of the camera system, the range of distance to
the object from the camera is to be determined where the image have an acceptable
sharpness. Hyperfocal distance, near distance of acceptable sharpness, and far dis-
tance of acceptable sharpness are calculated using the following equations [25]. The
hyper-focal distance ) is calculated as:

f2

Hi= —+
"= F, CoC

f (2.12)

The nearest distance of acceptable sharpnesb () is given by:

Wy (Hf f)

D, = Wat H, 2f (2.13)
The farthest distance of acceptable sharpnesdy ) is:
_ Wy (He f)
The obtained depth of eld (DOF) is:
DOF.= D¢ Dy (2.15)
The stereo baseline length (B) for the farthest object in focus is:
B — E Wd2 (Wdz + Z) (216)

f z

where ; is the desired depth resolution.

Although the camera is initially designed based on the requirement for lunar rover
mounting, it is also adaptable for lander platforms, enabling high-resolution stereo
imaging for descent, hazard detection, observing lander-surface interaction. In this
report, the focus is placed on the rover application of the camera, as it presents
a broader range of operational scenarios and mobility-based imaging requirements.
However, it is important to note that the design remains exible and can be tailored
to meet the speci c needs of particular mission pro les, depending on the scientic
objectives and mission constraints [3].
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2.2.3 Stereo convergence

Conventional stereo cameras employing a binocular lens system typically feature op-
tical axes that are either parallel, converging, or diverging. The con guration of the
optical axes is determined based on the required FOV and depth of eld that the sys-
tem must achieve, with the design carefully tailored to include the appropriate rotation

of the optical axes. In parallel-axis stereo cameras, corresponding object points in the
stereo images generally lie on the same scanline, which simpli es stereo processing.
However, in systems where the optical axes converge or diverge, the corresponding
object points do not naturally align along the same scanline. To address this issue,
mathematical relationships are formulated and applied to transform the stereo image
points, ensuring alignment along an identical scanline. This transformation mimics
the behaviour of parallel-axis con gurations for e cient stereo processing [3,17].

To achieve the desired FOV with the calculated convergence of the optical axes, the
baseline length of the stereo camera system is determined. It is essential, however,
that the optical axes of both cameras are maintained within the same horizontal
plane. This helps in eliminating any misalignment, which would otherwise result in
discrepancies between the stereo images and complicate feature matching processes.
For single-detector stereo cameras, the optimal convergence of the optical axes is a
critical aspect of design and is carefully determined based on a trade-o between
depth of eld and FOV requirements [3]. The design must account for how the optical
components are con gured to replicate the convergence angle accurately as per the
calculated speci cations in section 2.2.2.

Proper alignment depends signi cantly on the precise placement of the mirror pair
and the internal prism re ector. Any misalignment of these components can introduce
distortions in the stereo images, which negatively a ect the quality and reliability of
stereo matching. Such distortions undermine the ability of the system to produce
accurate depth and spatial measurements, highlighting the importance of meticulous
optical alignment in the design and implementation of stereo camera systems [3].

2.2.4 Optical Simulation

To simulate the optical system, optical simulation software Ansy® Zemax Optic-
Studio was used to replicate the physical con guration and analyse the system's per-
formance, as illustrated in gure 2.2 [26]. The object space, corresponding to the
calculated FQOV, is positioned in front of the optical components at a distance that
approximates the estimated working distance of the system. The arrangement of mir-
rors and the re ective surfaces of the prism are modelled to closely match the geometry
of the actual camera setup, ensuring accurate representation of the optical path and
alignment.

The lens objective in the simulation is modelled as a paraxial lens, which assumes
ideal optical properties with no aberrations. This simpli cation allows for a clearer
analysis of the system's fundamental performance by eliminating the complexities
introduced by real-world optical imperfections such as spherical aberration, chromatic
aberration, and di raction e ects [27]. The focal length and aperture of the paraxial
lens are chosen to match the speci cations of the actual objective used in the physical
system, ensuring that the simulated results remain representative of the real-world
optical behaviour [3].

To keep the simulation clear and simple, the model includes only one of the two
symmetrical optical paths for the virtual cameras. This camera is con gured to image
onto half the width of the detector, e ectively representing one side of the full imaging
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system. This approach reduces complexity while still providing e ective performance
of the optical system.

Figure 2.2: Optical path and components in a simulated camera
system

Figure 2.3 presents the di raction-limited Modulation Transfer Function (MTF)
computed using the Fast Fourier Transform (FFT) method. The MTF is a critical
metric for evaluating the resolution and contrast performance of an optical system,
representing the system's ability to transfer spatial frequency information from the
object to the image plane [28].

In this simulation, the optical setup is con gured to model a square wave ob-
ject with a speci ed spatial frequency. The FFT-based MTF calculation involves
propagating the wavefront through the optical system and computing the intensity
distribution at the image plane using Fourier optics principles [28].

The MTF curves are generated for two key eld points: the centre and the corner of
the image plane. This allows for an assessment of the system's performance across the
FOV, which is particularly important for applications requiring uniform resolution.
The analysis is conducted over a wavelength range of 400 nm to 700 nm, simulating
broadband visible light conditions. Additionally, e ective aperture of the lens is con-
sidered to be F16.0 in the simulated setup for the purpose of ease. The resulting
MTF plots illustrate the modulation response as a function of spatial frequency in
image space, depicting the optical system's imaging capabilities under di erent eld
and spectral conditions [3]. The spatial frequency where MTF value is about 3 is
realised at 52Ip/mm at image corner and 56 Ip/mm at image centre. Such analysis
showcases the uniformity of the image space resolution throughout the imaging plane,
and helps evaluate the performance of the camera system in a simulated environ-
ment. Translating the spatial frequency in line pair per millimetre into object space
resolution results in a range of 142m to 153 m per pixel.

2.3 Measurement Principle and Procedure

After a successfully established optical design of the stereo camera, the next steps
involves the implementation of the stereo image processing pipeline to extract the
depth information from the acquired stereo images. This section outlines the measur-
ing principle and procedure used to accurately derive depth maps. A lunar regolith



Chapter 2. Methodology 14

Figure 2.3:  Polychromatic diraction MTF curve for square wave
response from simulated optical system. The curve illustrates the sys-
tem's contrast transfer performance across spatial frequencies.

simulant EAC-1A sample was selected as the target object image acquisition and sub-
sequent stereo processing [29]. The practical stereo vision system consists of mainly
six modules for successful extraction of depth information of the target object:

2.3.1 Image acquisition and Pre-processing

The rst step of the image processing pipeline is capturing the target scene with the
stereo camera. An image acquisition application ThorCam-Software for Scienti c
and Compact USB Cameras is used [30]. Single images and image sequence can be
captured by communicating with the camera via the graphical user interface. The
application provides a direct control over the camera con guration, image acquisition
and reviewing. The object is placed in the eld of view of the camera and resulting
stereo images are acquired.

The camera is designed in a way that images from the virtual camera are received
by a single detector. Hence the resulting images acquired need to be dissected into
two separate images in order to further process it as stereo image pair. An automated
pre-processing sequence was generated in Python, to load the raw images, and extract
the stereo image pair.

Additional steps were carried out to improve image quality and enhanced to e ec-
tively highlight the features that might be easier for the algorithm to detect for stereo
matching. To enhance the contrast of the regions in image, with limited illumination
in shadowed objects, Contrast Limited Adaptive Histogram Equalization (CLAHE)
algorithm is implemented to make the feature extraction more accurate. This algo-
rithm can operate on a small dataset and works e ectively on smaller regions, making
it a suitable choice for this application [31].

Figure 2.4a is the raw image with both left and right view as seen by the sensor.
After enhancement, the features are more prominent with increased contrast of the
object in the shadowed region of the lunar regolith simulant pile shown in gure 2.4b.
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(@) Unprocessed stereo image pair captured at (b) Stereo image pair after contrast enhancement

the detector, showing the original scene without using the CLAHE (contrast-limited adaptive his-

any image enhancement or preprocessing applied. togram equalization) algorithm for improved con-
trast.

Figure 2.4: Comparison between the original and contrast-enhanced
stereo image pairs.

2.3.2 Geometric Camera Calibration

To ensure precise measurements and reliable analysis of the 3D information of the
object, it is necessary to carry out an accurate calibration of the camera [15]. Every
stereo vision algorithm works on the principle of nding the depth of pixel from image
coordinates into 3D world coordinates. This process is known as backward projection
of a camera. The mathematical relationship between object point in three-dimensional
space and its corresponding image point, projected on the image plane is described
by Maamir and Haghi [32], also known as forward projection model. Following the
pinhole camera model, this model assumes that the camera aperture is point and light
is focused without any lens for simpli cation.

It also assists in obtaining intrinsic and extrinsic parameters of the camera in
the form of the camera matrix (P) [33]. The correspondence between the image and
object coordinates can be accurately established with these matrices:

P=K Rt

1. Intrinsic matrix ( K): It facilitates mapping between pixel coordinates and cam-
era coordinates in the image frame resulting in internal parameters such as
optical centre, focal length, and radial distortion of the lens indicated by the
matrix elements. The intrinsic matrix is de ned as:

2 3
fy S o
K=40 f, ¢ 9
O 0 1

where, ¢ ¢, are optical centre in pixels, fx;fy) is the focal length in pixels,
and s is the skew coe cient constant, which accounts for non-perpendicular
image axes.

2. Extrinsic matrix R t : The extrinsic parameters describes the location and
orientation of the camera in a 3D world coordinates in the form of rotation (R),
and a translation (t).
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3. Distortion coe cients: As the camera con guration follows the pinhole camera
model, lens distortion does not play a signi cant role due to lack of the lens in
an ideal pinhole camera scenario.

Zhang [34] introduced a new calibration method in 2000, wherein a calibrated
pattern of a known geometric shape was used. lllustrated in gure 2.5, a chessboard
pattern with known dimensions is used to get multiple calibration images, with varying
distances and orientation with the imaging plane. These images acts as an input for
the camera calibration toolbox for MATLAB application [33].

Figure 2.5: Detected chessboard pattern in calibration images using
MATLAB stereo calibrator toolbox. Camera 1 and Camera 2 relates
to left and right camera respectively

Parameters Left camera Right camera
Focal length (pixels) [4521, 4535] [4577,4538]
Principal point (pixels) [646 348] [676 535]
Skew [14] [ 26]
Radial distortion [ 0:26;, 27,749]| [0:92, 131 363]
Tangential distortion [0:01;, 0:018] [0:003 0:002]

Table 2.2: Intrinsic matrix calculated with camera calibration tool-
box
Parameters Left camera Right camera

[0:01; 0:15; 1:54]
[ 712, 6:83;295]

[0:31; 0:08; 1:5]
[ 15 18;304]

Rotation vectors
Translation vectors (mm)

Table 2.3: Extrinsic matrix (position and orientation of right camera

relative to left camera)

The calibration parameters mentioned above were used to remove distortion from
the images and recti ed images can be calculated. However, for the actual stereo
processing pipeline, an uncalibrated recti cation approach is used. This eliminates
the need to perform the detailed geometric calibration steps discussed in this section.
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The geometric calibration process is carried out primarily as a validation step, to
compare the calculated camera parameters with the actual realised values.

2.3.3 Image recti cation and feature extraction

The next step of the image processing is to detect feature points and obtain accurate
correspondence between the stereo images. When the extrinsic parameters like focal
length and baseline length are known, an uncalibrated 3D reconstruction can be per-
formed with the help of various feature matching algorithms. This method helps to
rectify the stereo images, without needing to perform calibration with a calibration
pattern of known dimensions. A stable and robust feature extraction algorithm is
used, which also performs well in the variable environment of the lunar surface. Sev-
eral feature extraction algorithms have been developed for computer vision systems
for tasks like object recognition, image matching, and scene understanding [35]. The
simpli ed inverse lter tracking (SIFT) algorithm has been identi ed as the most ef-
fective algorithm for feature point extraction [36]. It is well suited for the application

of a lunar rover, due its invariance to change in illumination, image noise, scaling, ro-
tation, and minor viewpoint di erences [35]. The key steps of the algorithm in feature
extraction and stereo matching, as described by Lowe [37], are:

1. Keypoints are identi ed across stereo images by comparing each pixel with its
neighbouring pixels as shown in gure 2.7.

2. Then, it determines a precise location of the pixel point, re nes keypoints by
tting each keypoint to their model and rejects those with low contrast and
poorly localised feature edges.

3. To ensure its invariance to image rotation while detecting feature points, each
keypoint is assigned several orientations with reference to local image position.

4. Finally, a feature vector descriptor is de ned for each re ned keypoints, further
utilised for stereo matching between corresponding stereo images.

(a) Epipolar lines in the stereo image pair before (b) Epipolar lines after image recti cation. The

recti cation, with circular markers indicating fea- lines are approximately parallel, demonstrating
ture matches detected between the left and right successful alignment of the image planes for sim-
images. The non-parallel orientation of the lines pli ed stereo matching

re ects the un-recti ed geometry.

Figure 2.6: Feature matching based image recti cation results of
stereo images

Epipolar geometry represents a geometric relationship between observed images
with the 3D structure of the target. It combines the 3D points of the object and their
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