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Abstract In extreme environment regions, unmanned rovers equipped with various sensors and devices
are being developed for long-term exploration on behalf of humans. On the other hand, due to the harsh
weather conditions and rough terrain, the rover camera has limited visible distance and field of view.
Therefore, the rover cameras should be located for safe navigation and efficient terrain mapping. In this
regard, to minimize the cost and time to manufacture the camera system on a rover, the simulation
method using the rover design is presented to optimize the camera locations on the rover efficiently.
In the simulation, a simulated terrain was taken from cameras with different locations and angles. The
visible distance and overlapped extent of camera images, and terrain data accuracy calculated from the
simulation were compared to determine the optimal locations of the rover's cameras. The simulated
results will be used to manufacture a rover and camera system. In addition, self and system calibrations

will be conducted to calculate the accurate position of the camera system on the rover.
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Table 1. Technical specification of a rover-based camera system

Camera System Mast Cam Nav Cam [ Nav Cam II
Pixel Size 3.69um(H) x 3.69um(V) 2.75um(H) x 2.75pm(V) 2.0um(H) x 2.0um(V)
Image Size 1984(H) x 1105(V) 1944(H) x 1092(V) 2592(H) x 1520(V)

Focal Length 60mm

5.1 mm 1.7 mm

Number/Location Two/Rover mast

Two/Rover front & rear sides

One/Rover left & right sides

200mm*-E 300mm7HA] 274 7FssHes skt
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(c) Front View

Fig. 1. Concept Design of Rover's Camera System
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where x,, yp: principal points of image, x, v:
Image Ax, AX

measurement noise, X, Y, Z: ground coordinates,

measurement, Image
Xo, Yo, Zo: exterior orientation parameters of
camera (camera locations on a rover), m11~m33:
components in rotation matrix (mi: cos®cosk.

mi2. —cos@sing. mi3: sin®, mp: coswsing+sinwsin
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Ocosk, ma: coswcosk-sinwsin@sing, mpz. -sinw
cos®, msi: sinwsink-coswsin®cosk, msz: sin®cos

ktcoswsin@sinkg, mz3. COSWCOSW.

Input Camera Specification and
Configuration

'

Generate Terrain Surface

'

Generate Image Measurement

'

Add Noise on the Image
Measurements

'

Apply Intersections to Derive 3D
Coordinates

'

Compare between the derived 3D
7| Coordinates and True Coordinates

Fig. 2. Overflow of Camera Configuration Simulation
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(a) Simulated terrain

(b) Simulated terrain image

Fig. 3. Examples of Simulated Terrain and Image
from Rover’s Fish-eye Camera
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Table 2. Camera Simulation Plan
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Camera

Description

Front and Rear Nav

* Image measurement error (1 standard deviation) = 1 pixel
* Baseline length changes from 200mm to 300mm with 10mm interval

Cam * Camera tilting degree changes from -20° to 0° with 5° interval
* Image measurement error (1 standard deviation) = 1 pixel

Mast *  Mast height changes from 300mm to 600mm with 10mm interval

Cam * Baseline length changes from 200mm to 300mm with 10mm interval

e Camera tilting degree changes from -20° to 0° with 5° interval

Table 3. Camera Location Setting Value for Simulation

Camera X0(mm) YO(mm) Z0(mm) w(deg) o(deg) k(deg)
Front | Left ~150 ~ -100 15 0 20 ~ 0 0 0
Nav
Cam Right 100 ~ 150 15 0 -20 ~ 0 0 0
Mast Left -150 ~ -100 300 ~ 600 110 -20~0 0 0
Cam Right 100 ~ 150 300 ~ 600 110 -20 ~ 0 0 0
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Table 4. Simulated Terrain Extent
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Fig. 4. Simulated Camera Imagery from Rover
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370mm,

HE 72k -10=2 ZAE U F g9 stz R
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Min X(mm) Max X(mm) Min Y(mm)

Max Y(mm) Min Z(mm) Max Z(mm)

-500 500 -270

-2000 0

-270

Table 5. Priority Criteria to Determine Camera Location

Camera Selection Criteria listed in Order
* 1) Minimum range from the camera is around 1m in the forward direction
Front e 2) Accuracy of spatial data (1 standard deviation), computed from the images, is less than 10mm
Nav Cam * 3) Width of the stereo-coverage is greater than other pairs of simulated camera images
* 4) Baseline between cameras is longer than other pairs of simulated camera locations
* 5) Length of the stereo-coverage is greater than other pairs of simulated camera images
* 1) Minimum range from the camera is around 3m in the forward direction
Mast * 2) Accuracy of spatial data (1 standard deviation), computed from the images, is less than 10mm
Cam * 3) Width of the stereo-coverage is greater than other pairs of simulated camera images
* 4) Baseline between cameras is longer than other pairs of simulated camera locations
* 5) Length of the stereo-coverage is greater than other pairs of simulated camera images
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Table 6. Simulation Result

Camera Simulation Result
c Confi i Camera Baseline @ 210mm
amera fontiguration Camera Tilt Angle: -10 deg.
Front c I Stereo region : 20cm (H) X 87cm (V)
ron amera image Effective Visible Range: 1.13-2.00 m
Nav Cam
1 Standard Deviation (H): less than Imm (along X-direction)
Spatial Data Accuracy 1 Standard Deviation (P): less than 2mm (along Y-direction)
1 Standard Deviation (V): less than 3mm (along Z-direction)
Camera Baseline: 250mm
Camera Configuration ¢ Pole Height: 370mm
¢ Camera Tilt Angle: -10 deg.
Mast c I ¢ Stereo Region : 30cm (H) X 145cm (V)
Cam amera image ¢ Effective Visible Range : 2.95-4.40m
¢ 1 Standard Deviation (H): less than 1mm (along X-direction)
Spatial Data Accuracy ¢ 1 Standard Deviation (P): less than 2mm (along Y-direction)
¢ 1 Standard Deviation (V) : less than 10mm (along Z-direction)
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