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Remote tele-operation represents a feasible and human-saf e solution for the next gen-
eration of lunar exploration missions. In this work, an e�ec tive vision-supported tele-
operation system for exploring the Moon is presented. The pr oposed idea is to couple the
tele-operation phase with an arti�cial vision system, whic h provides the necessary visual
feedback for supporting the human-operator in making criti cal navigation decisions. The
developed visual system is based on a pair of cameras, which p rovides stereovision capa-
bility. By constantly processing sequences of acquired ste reo images, the movement of the
vehicle is estimated. In particular, the motion of the vehic le is obtained by solving the
perspective projection equation with a discrete optical 
o w-based technique. This out-
put allows the human-operator to plan a navigation strategy for safely tele-operating the
vehicle through the environment.

I. Introduction

After having sent autonomous vehicles to Mars (MER missions, 2003), space programs have recently
changed their objectives and refocused their e�orts on exploring the Moon. For example, India expects

to launch Chandrayaan-2 in 2011,2 as well as China (with the lunar probe Chang'e� 2, by 2011) and Russia
(Luna-Glob mission, by 2011). Aside from these missions, many manned missions are also in the evaluation
phase: NASA is planning on sending humans back to the Moon, like JAXA (Japanese Aerospace Exploration
Agency), with the LUNAR-A mission, along with ESA (European Space Agency), as part of the Aurora
program.

With these current plans of returning man to the Moon, great interest is being taken into developing new
technologies for guaranteeing a safe human lunar exploration. Even when considering astronauts, human in-
teraction is unfeasible or impracticable in many planetaryexploration scenarios, making robotic exploration
systems preferable to send. While the bene�ts of a fully autonomous robotic system are plentiful, such a
system is di�cult to develop and maintain. On the contrary, c onsidering that communication to the Moon
has only, at most, a three second delay, a tele-operated system could represent an easier, as well innovative,
solution for lunar exploration.

The primary goal of this project is to develop a vision-basedtele-operation system for a lunar exploration
vehicle. Tele-operating a vehicle by using visual feedbackis an approach towards enclosing a human operator
in the actions of the vehicle; in addition, it has been also used for giving the operator the capability of feeling
the reality of the vehicle world.7 In our setup, the tele-operation phase is coupled with an arti�cial vision
system, which manages the estimation of the vehicle's motion (ego-motion estimation). In particular, the
arti�cial vision system aids the support of the tele-operation phase by interacting with the human operator
responsible for controlling and maneuvering the vehicle. In addition, this system provides him/her with
the necessary feedback throughout the navigation phase to make critical decisions regarding the vehicle's
path-planning.

� Student Researcher, Student Member of AIAA.
y Post Doctoral Research Associate, Department of Aerospace Engineering.

1 of 8

American Institute of Aeronautics and Astronautics



Visual-based navigation systems have already been developed,1, 4 and great interest has been demon-
strated both in visual odometry technology and in the capability to map environments without the aid of
satellites.6

The ego-motion estimation (or visual odometry) was originally developed by Matthies8 and is based on
processing sequences of images acquired by a stereo camera system. This system can be mounted onboard
an exploration vehicle to carry out the ego-motion estimation of the vehicle. In our approach, we estimate
the position of the vehicle and its attitude by using only a discretevisual odometry system. Particularly, the
implemented method does not rely on wheel odometry (which can rapidly accumulate error over distances)
but rather optical 
ow data:5 the motion of the vehicle is estimated by deriving theobservedrelative motion
of the environment with respect to the cameras mounted onboard the vehicle.

Our primary focus is to implement an arti�cial vision system that supports the tele-operation phase of
a lunar exploration vehicle. This work is subdivided into two components: the description and the solution
of the arti�cial vision system problem (see SectionII ), and the description and implementation of the tele-
operation system and the experimental setup (see SectionIII ). To test the overall system, we utilize a
physical vehicle that is remote controlled by the ground station. Preliminary results and conclusions are
reported in SectionsIV and V, respectively.

II. Arti�cial Vision System

In this section, the basic theory of the implemented arti�ci al vision system is presented.

A. Camera Con�guration

The proposed arti�cial vision system is based on two camerasin a stereo con�guration. Each camera can be
modeled as apinhole camera, which is a camera without a lens and with only a small hole (the pinhole) at
one end.3 In this model, the camera can be seen as a `closed box' where the light passes through the pinhole
and impresses the opposite plane, called theretinal plane (see �gure 1).
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Figure 1. Pinhole camera model.

The projection in the retinal plane of a point in three-dimensional space is given by the intersection
between the retinal plane and the straight line passing through the point and the pinhole. However, as
shown in �gure 1, objects projected in the retinal plane appear overturned.For convenience another plane,
the image plane, is considered (note that in this plane the projected objects are only scaled). The distance
between the pinhole and the retinal plane is called thefocal length, denoted by f , and is equal to the distance
between the pinhole and the image plane.

The image plane is characterized by a two-dimensional reference system, the Image Coordinate System
(ICS), of coordinates (u; v) and origin in the top-left corner of the image plane. Points in a three-dimensional
environment can be referred to by both the environment-�xed Universal Coordinate System (UCS) and the
camera-�xed Camera Coordinate System (CCS), whose origin is in the pinhole of the camera. Considering
the CCS, its Z -axis is called optical axis and its intersection with the image plane is called theprincipal
point. Figure 2(a) shows the adopted reference systems.
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Figure 2. Adopted reference systems and point projection. I n (a) the Camera, Universal and Image Coordinate
Systems are shown together with the basic introduced notati on. In (b) the projection geometry is shown: a
point in the Camera Coordinate System is projected in the Ima ge Coordinate System in the intersection
between the image plane and the line passing through the poin t and the camera pinhole.

Let PCCS = ( X C ; YC ; ZC ) be a point in the CCS. Its projection in the ICS, denoted by P ICS = ( u; v),
is given by the intersection of the image plane with the straight line passing through PCCS and the pinhole
(see �gure 2(b)). From simple geometry relations, we have:

u = f
X C

ZC
+ u0; v = f

YC

ZC
+ v0; (1)

where (u0; v0) are the coordinates of the principal point in the considered image (point PP P in �gure 2(b)).
These relations can be used to compute the projection coordinatesP ICS = ( u; v) once the point coordinates
PCCS = ( X C ; YC ; ZC ) are known, but do not allow the opposite approach: given thepoint projections, the
location of the point in the CCS cannot be obtained (only two equations for three unknown variables).

In order to reconstruct the three-dimensional point coordinates from a projected point, a stereo system
is necessary; consequently, two cameras are required. Figure 3(a) shows the con�guration of the adopted
stereo system where the above-described camera con�guration is duplicated. The optical axes of the cameras
are aligned while the two CCSs have all axes parallel. The distance between the optical axes is called the
baseline, denoted by L . For convenience, the two image planes (and the corresponding images) are denoted
by left and right.

(a) Stereo projection and camera con�guration.
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(b) Disparity: u lef t � uright .

Figure 3. Stereo geometry and disparity. In (a) the con�gura tion of the adopted stereo system is shown, while
in (b) the disparity is introduced.

In a stereo system, a pointPCCS = ( X C ; YC ; ZC ) in the CCS is projected in both the right and the left
image planes by two di�erent points, denoted by (ur ; vr ) and (ul ; vl ), respectively. Because of the adopted
con�guration, the two projections di�er only in the u coordinate, that is vr = vl and ur 6= ul (see �gure
3(b)). The di�erence in the u coordinate, which is called thedisparity, is denoted byd = ul � ur .
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By knowing the disparity d between the two projections ((ur ; vr ) and (ul ; vl )) of PCCS = ( X C ; YC ; ZC ),
it is possible, through geometric relations, to compute their coordinates:

X C = L
ul + ur

2d
; YC = L

vl

d
; ZC = L

f
d

: (2)

Consequently, through the use of a stereo system, it is possible to reconstruct the three-dimensionality of a
point from only its projections in the pair of stereo images.

B. Visual Odometry

The described stereo vision system reconstructs the motionof the vehicle{assuming the cameras are �xed
to the vehicle. This is done by processing sequences of images acquired during the movement of the vehicle.
These calculations are important for identifying the vehicles location and assisting the human operator
throughout the tele-operation phase.

In the hypothesis of a stationary environment (i.e. space mission), the motion of the vehicle is derived
from the analysis of how the environment moves relative to the cameras. Since the vehicle is in motion, the
projection of a generic point PCCS = ( X C ; YC ; ZC ) in the image plane moves from the point (u(t i ); v(t i ))
(projection at time t i ) to the point ( u(t i +1 ); v(t i +1 )) (projection at time t i +1 where t i +1 > t i ). The two-
dimensional vector (� u; � v) = ( u(t i +1 ) � u(t i ); v(t i +1 ) � v(t i )), called optical 
ow , is the projection of the
three-dimensional relative motion of PCCS `seen' by the camera and can be related to the camera/vehicle
motion through the following perspective projection equation:
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where (u(t i ); v(t i )) is the projection of PCCS = ( X C ; YC ; ZC ) in the image acquired at time t i (before the
vehicle movement), wheref is the camera focal length, andT = ( Tx ; Ty ; Tz) and 
 = (
 x ; 
 y ; 
 z ) are the
unknown translation and rotation of the vehicle, respectively.

1. Solution Method

To solve the perspective projection equation (Eq. (3)), we need to considerat least three projections in order
to have a solvable system of six equations and six variables.This means that we need to compute the optical

ow for a set of n � 3 projected points, as well as their distances from the cameras (their correspondingZC

coordinates). To accomplish this, the following method hasbeen implemented:

� At time t i , a pair of stereo left-right images is acquired.

� In the left image acquired at time t i , by using the KLT algorithm, 9, 12 a set of n particular points
(called features) is detected. These points are the projections ofn three-dimensional points observed
by the left camera. For the success of the approach, these features correspond to easily-detectable
image points (such as corners, high-contrasted regions, etc.).11

� By using the KLT algorithm, the n detected features are thentracked to the right image acquired
at time t i . This tracking phasesearches the right image for the same projections detected in the left
image. During this phase, some features may not be found in the newer image, i.e. lost in transition
from the left to the right image.

� For only the successfully tracked features (not lost), the disparity is computed. Once the disparity is
known for each considered feature, theZC coordinate of its corresponding three-dimensional point is
derived (see Eq. (2)).

� At time t i +1 a pair of stereo left/right images are acquired.
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� The features are now tracked from the left/right image acquired at time t i to the left/right image
acquired at time t i +1 . This way, the displacements of the detected features are computed, and the
optical 
ow is derived. Since only one set of features is used, the computed optical 
ow is called
discrete.

At the end of this process, the ensemble of the displacementsof the n projections, (� ui ; � vi ) = ( ui (t i +1 ) �
ui (t i ); vi (t i +1 ) � vi (t i )), is known and Eq. (3) can be rewritten as:
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where (ui ; vi ) is the projection of the point PCCS i = ( X C i ; YC i ; ZC i ) (for clarity, as opposite to Eq. (3), we
do not specify the instant of time t i ). Solving the system of equations (4) will allow the movement of the
vehicle to be computed at a given time step, corresponding tothe time between the acquisition of two pairs
of left-right images.

III. Experimental Setup and Tele-Operation phase

For testing the vision system, a remotely tele-operated mobile platform carrying a stereo camera system
connected to an on-board computer has been utilized. A tele-operation phase is reproduced with a wireless
network that links the remote controlled vehicle with the `ground station' (a network of PCs set up for
controlling the vehicle and processing the received data).In this set-up, the vehicle hardware and software
are two well-separated layers. In particular, the vehicle software manages the image acquisition, the image
�ltering, the ego-motion estimation and the communication of results. All of these operations are carried
out on the onboard computer that does not communicate directly with the vehicle motors. On a separate
wireless connection, the vehicle hardware receives the input commands for moving the vehicle directly from
the ground station. This separate connection di�ers from the onboard computer. The used vehicle serves the
role of a simple `mobile platform'. The vehicle is only tasked with carrying a payload for general purposes.
Here, the payload is represented by the stereo-cameras and the onboard computer which has all the necessary
software and equipment for processing the images and communicating with the ground station. Because of
this logical separation, the adopted tele-operation 
owchart is as such in �gure 4.

The tele-operation system is responsible for communicating with and controlling the vehicle, as well
as transmitting the acquired images or vehicle data for ground processing. Looking at �gure 4, the three
considered subsystems are: the ground station, the vehiclehardware, and the onboard software.

The ground station is responsible for receiving data and images sent by the vehicle. In addition, it is
also responsible for the environment reconstruction, which is used by the operator for deciding the proper
commands to send to the vehicle. The vehicle hardware receives the commands from the ground station and
accomplishes them; this is a pure hardware layer, and the commands are the input for the vehicle motors.
The software onboard the vehicle is in charge of the visual odometry system. The acquired images are
elaborated onboard the vehicle, and the results of the ego-motion estimation are sent to the ground station.

A. Mobile Vehicle

The tele-operate vehicle is an ATR (All Terrain Robot) mobil e platform produced by SuperDroid Robots
that has been modi�ed to be a more dexterous mobile test platform by the Computer Science Department
at Texas A&M University (see �gure 5).10 The vehicle is a 30cm wide x 45cm long skid-steered four-wheel
independent drive platform capable of o�-road maneuvering and climbing stairs. These traits make the
vehicle an optimal mobile platform for testing obstacle-recognition vision systems in a rough, obstacle-�lled
terrain.
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Figure 4. Logical connections between the ground station, t he hardware and the software layers of the mobile
platform.

(a) (b)

Figure 5. All Terrain Robot: mobile platform used for the tel e-operation experiments.

Having wheel encoders on the vehicle allows a check system tobe developed to test the vision system
in position and attitude estimation. With speed feedback and real-time speed control from three on-board
AVR 8 bit microprocessors, each at a sampling frequency of 1kHz, the tele-operator has the ability to test
the vision system on many levels. The vehicle has an embeddedGumstix computer that supports many
wireless control interfaces that allows the vehicle to be directly tele-operated from an o�-board computer
(without the need of having an onboard control computer).

IV. Results

Tests have been conducted to evaluate the accuracy of the visual odometry system.
In the �rst test, cameras are moved along a ruler, following astraight line (pure forward movement), and

images are taken at four well de�ned positions. The movementbetween one location and the next is 5cm.
At each of these positions, 5 stereo images are acquired; therefore, a total of 20 stereo images are considered.
The experiment setup is shown in �gure 6.

Once the images are acquired, each pair of left and right images is compared with every other pair
of images, regardless of position. This way, each pair of images can be matched (for the optical 
ow
computation) with images acquired at the same position (no motion), or with images acquired at backward
or forward locations (motions of 5cm, 10cm or 15cm). With this approach, each movement (backward or
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Figure 6. Experiment setup: the two cameras are moved along a straight line, and a set of �ve images are
acquired at well-de�ned locations (a ruler is used). The obj ect (belonging to the observed world) is not moving.

forward) can be statistically evaluated by comparing it wit h identical movements between di�erent locations
(for example, a forward movement of 5cm can be statisticallyevaluated by usingall of the results obtained
by computing the motion between 0cm and 5cm, 5cm and 10cm, and10cm and 15cm). This way we evaluate
the accuracy of the visual odometry system regardless the starting and �nal positions.

In doing so, we have obtained 400 unique sets of ego-motion estimation data. Moreover, the same
described experiment has been completed with di�erent number of features: 50, 100, 200 and 300 features.
Table 1 shows the obtained results.

Table 1. Visual odometry results. For each movement, result s are averaged over the number of tests
done for the particular case.

Motion
Number of 50 features 100 features 200 features 300 features

Tests Average Error Average Error Average Error Average Error

5 cm 150 11:1 123% 7:1 43% 7:1 43% 7:6 52%
10 cm 100 22:2 122% 14:6 46% 12:9 29% 14:2 42%
15 cm 50 29:5 97% 18:4 23% 19:8 32% 22:2 48%

Table 2. Visual odometry results (with no image preprocessi ng). For each move-
ment, results are averaged over the number of tests done for t he particular case.

Motion
Number of 100 features 200 features 300 features

Tests Average Error Average Error Average Error

5 cm 150 5:59 11:8% 5:03 0:6% 3:94 21:2%
10 cm 100 10:07 0:7% 9:96 0:4% 8:19 18:1%
15 cm 50 16:68 11:2% 15:21 1:4% 12:75 15:0%

This data suggests that with 100 or 200 features the visual odometry system returns precise (with a
standard deviation of 2 or 3 cm) solutions. Although the calculations are precise, there is a signi�cant
amount of error associated with the data. This lack of accuracy coupled with acceptable precision leads us
to believe that the system is working.

V. Conclusions

Tele-operating a lunar vehicle presents a feasible new frontier in space exploration. In this work, a vision-
based navigation system for a tele-operated vehicle has been proposed. The implemented visual ego-motion
estimation can be used for supporting the human operator in charge of remote controlling an exploration
vehicle. The fundamental ideas behind this concept have been demonstrated and tested by using a stereo
camera system built over a mobile platform. The tele-operation phase has been reproduced through a
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wireless network linking the `ground station' to both the hardware and the software layers of the vehicle.
Experimental tests have been conducted, and a �rst set of results have been obtained. However, these results
show that the system must go through extensive testing and calibration in order to ensure accuracy.
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