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ABSTRACT 

In the 45 years since the dawn of the space age, there have only been two Mars 

lander camera designs to successfully operate on the Martian surface. Therefore 

information on Mars imager design and operation issues is limited. In addition, good 

e.xamples of Mars lander imager calibration work are almost non-e.\istent. This work 

presents instrument calibration results for a Mars lander camera originally designed to fly 

as an instrument onboard the 2001 Mars Surveyor lander as a robotic arm camera (RAC). 

Test procedures and results are described as well as techniques for improving the 

accuracy of the calibration data. In addition we describe camera algorithms and 

operations research results for optimizing imager operations on the Martian surface. 

Finally, the lessons learned from the 2001 RAC are applied to the preliminary 

design of a new Mars camera for the Artemis Mars Scout mission. The design utilizes a 

Bayer color mosaic filter, white light LED's and includes an optical system operating at 

f/XZ with a ma.ximum resolution of 0.11 mrad/pi.xel. It is capable of imaging in several 

modes including: stereo, microscopic and panoramic at a mass of 0.3 kg. It will provide 

planetary geologists with an unprecedented view of the Martian surface. 
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I.O Introduction 

On October 4, 1957. the Soviet Union launched the world's first artificial satellite 

into low-earth orbit and ushered in the space age. In the ensuing 45 years since that 

event, mankind has accomplished numerous technical achievements in its exploration of 

space. Unmanned spacecraft have been sent to every major planetary body in the Solar 

System. Twelve men walked on the surface of our moon in the 1960's and early 1970's. 

Several earth orbiting space stations have been established and manned on a continuous 

basis. 

Given the number of years since the space age began, then, it is surprising that 

there have only been 3 successful missions to land and return scientific data from the 

surface of .Vlars. Viking 1 landed on .Mars on July 20, 1976 and successfully operated on 

the surface for over 6 years. Viking 2 landed on September 3, 1976 and returned data 

from the Martian surface for over 3 Vz more years. Mars Pathfinder was the last 

successful Mars lander mission, it safely landed on July 4, 1997 and operated for 

approximately 3 months, returning 2.3 Gb of data. 

Mars Pathfinder was the initial lander in the National Aeronautics and Space 

Administration's (NASA) ambitious program to explore the planet Mars with an armada 

of robotic spacecraft in the 1990's. Pathfinder and the Mars Global Surveyor were the 

first of those probes to arrive at Mars in 1997. Follow-up missions were planned for 

1999, 2001, 2003, and 2005 to take advantage of the favorable Earth-Mars alignment. 

The 1999 program included the Mars Climate Orbiter, the Mars Polar Lander, and 

the Deep Space 2 microprobes - all of which ended in failure. The Mars Climate Orbiter 
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was lost due to the lack of English unit thrust data conversion into metric units. The 

Mars Polar Lander mission failure was most likely due to erroneous sensor signals from 

the Lander's footpads when the three landing legs were deployed. The craft's computer 

interpreted the signals to mean contact had been made with the Martian surface and it 

initiated a premature shut down of the descent engines 130 feet above the surface. The 

Deep Space 2 microprobes most likely failed due to inadequate design and test validation 

of the probes (Casani el al. 2000). 

Following those three high-profile failures, NASA re-evaluated its Mars program 

to ensure the success of future missions. In response, the 2001 lander mission was 

cancelled, the 2003 mission was re-scoped and the later missions were redefined. 

Currently, the ne.xt planned NASA mission to land on the Martian surface will be in 

2003, when dual Athena rovers will be deposited on the surface and will roam up to 500 

m. 2007 plans are to land an even more capable rover but current NASA budget 

concerns may lead to the cancellation of that mission. In addition, NASA awarded study 

contracts to 10 different proposals as part of the Mars Scout Program in 2001. This 

program is intended to create principal investigator (PI) led Mars missions to investigate 

the surface with highly-integrated and economical spacecraft for possible flight in 2007. 

Led by Peter H. Smith, the Mars Atmospheric and Geologic Imaging (MAGI) 

Team at the University of Arizona's Lunar and Planetary Laboratory was to play a major 

role in NASA's Mars exploration program. Smith led the team that designed and built 

the Imager for Mars Pathfinder (IMP) which performed flawlessly on the Martian surface 

in 1997. In addition, the MAGI team designed, built and tested two cameras onboard the 



Figure 1.0.1 Artist's rendition of the 2001 Vlars Surveyor Lander (courtesy Jet 
Propulsion Laboratory). 

ill-fated Mars Polar Lander: the Surface Stereo Imager (SSI) and the Robotic Arm 

Camera (RAC). The 200! lander was also to include two MAGI cameras, the "01 RAC 

and an optical microscope Figure 1.0 1 shows an artist's rendition of the 2001 lander 

When the 2001 lander mission was cancelled due to the 1999 mission failures, some of 

the science instruments were re-assigned to the 2003 twin-rover mission The "01 RAC 

and microscope were not. Current indications are that the "01 RAC instrument will not 

tly any earlier than 2007 since NASA is not planning a lander mission in 2005 
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Even though there have been 3 successful missions to the Martian surface, there 

have only been 2 successfiil Mars imager designs - the Viking camera and the Imager for 

Mars Pathfinder (the Viking 1 and 2 imagers were made from the same camera design). 

Both of those instruments performed well on Mars. The Pathfinder camera resulted from 

work completed by our group at the University of Arizona and the lessons learned from 

that mission have been used in all of our spacecraft imagers since. 

Since there have only been a limited number of Mars cameras built, the purpose 

of this work is to share the knowledge gained from our experience with two Mars camera 

designs: the 2001 RAC and the Artemis Mars Scout Proposal imager. Of particular 

importance to future Mars exploration are the analysis techniques and lessons learned 

from the 2001 RAC calibration activity. Mars imager calibration is challenging, as 

evidenced by the lack of quality literature on the subject. So we will present '01 RAC 

calibration, design and operations research data to enable efficient, high-fidelity data 

acquisition when the camera or a similar camera operates on the Martian surface. In 

addition, we will show how this body of knowledge has been applied to the preliminary 

design of the Artemis lander camera to produce a new, extremely capable spacecraft 

instrument design. This imager will treat planetary geologists to an unprecedented view 

of the Martian landscape with unsurpassed capability. 
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2.0 Viking Lander Camera 

The Viking 1 and 2 cameras were both constructed from the same optical design 

which was based on 1970's era facsimile machine operation. The specific camera design 

and instrument manufacturing were completed by the NASA Langley Research Center 

and Itek Corporation of Lexington, Massachusetts with electronics support provided by 

Martin Marietta Corporation. As assembled on the spacecraft the cameras were 556 mm 

tall and 256 mm in diameter with a mass of 7.26 kg. The nominal entrance pupil height 

above the Martian surface was 1.3 m. 

The sensor technology used in the camera seems primitive by today's standards. 

A single image was created by sampling the scene with a single photodiode. First a 512 

vertical column would be created by rotating an elevation mirror about a horizontal a.\is. 

Then the whole assembly would rotate to sample the adjacent column and repeat the 

process. In this way an entire image could be generated with up to a 342.5° horizontal 

field of view. The typical vertical field of view of 61.44° would be reduced to 20.48° in 

high resolution mode but the elevation mirror allowed camera pointing from 40° above 

the horizon to 60° below the horizon in 10° steps. 

The camera utilized 12 separate photodiodes located in the optical focal plane to 

image at various resolutions and wavelengths. Four were dedicated to black and white, 

high resolution imaging, 0.7 mrad/pixel, at object distances of 1.9, 2.7, 4.5 and 13.3 m. 

Three were set-up for 2.1 mrad/pixel color imaging at a best-focus object distance of 3.7 

m. Three more were included for 2.1 mrad/pixel infrared imaging in three different 
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infrared wavelengths. One photodiode was used for black and white imaging at 2.1 

mrad/pixel resolution with an in-focus object distance of 3.7 m. And the final photodiode 

was used for solar observations to determine atmospheric opacity. The varying amount 

of image resolution in the camera was not due to different focal length optics. The same 

three element,y/5.6, 53.7 mm lens was used to form images for each diode {Hiick ei al. 

1975). The difference in resolution was due to the size of the field stop placed o%'er each 

diode. Some channels required a larger aperture to compensate for lower photodiode 

response. 34 \V of power was required to operate the camera in low-resolution mode -

27 W in high-resolution mode. 

For over the last ten years, 8-bit camera resolution has been the standard 

minimum capability in commercially available solid-state cameras. So it is rather 

surprising that the Viking cameras only offered 6-bit pixel depth. Gray values ranged 

from 0-63 DN. This rather severe limitation was compensated for by the availability of 6 

different camera gain settings. In this way the 64 gray levels could be spread over the 

entire dynamic range of the camera or they could be concentrated on a small fraction of 

the camera's dynamic range for objects with low contrast. In addition, one of 32 

different zero offset settings could also be used to change the light level assigned to 0 

DN. This could be beneficial for high light level, low contrast object imaging. 

Originally the 6-bit images were to be transmitted to Earth as they were acquired 

on the Martian surface, either directly from the spacecraft or through a Viking orbiter 

relay. No image manipulation or form of data storage was planned to be available on the 

Viking landers. Two different transmission rates were available, 16,000 b/s for the 
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lander-orbiter-Earth relay and 250 b/s for the lander-Earth relay, and so the camera was 

designed to operate at those two rates. Eventually onboard data storage capability was 

added to the landers when it was deemed feasible. 

A single Viking camera was not capable of stereoscopic imaging by itself and so 

two identical cameras were included on each lander to obtain stereo views of the two 

landing sites to enable better understanding of the sites' geomorphology. The cameras 

were mounted on the same side of the spacecraft, at the same height and separated by a 

distance of 0.8 m. This geometry did not provide any stereo imaging for objects located 

on the vector connecting both cameras but could provide a ma.ximum stereo baseline of 

0.8 m for objects located an equal distance away from the two cameras. 

Given the mechanical complexity of the Viking cameras it is somewhat surprising 

that they passed the failure mode and effects analysis of a major space mission. 

Nevertheless, the Viking camera design proved itself on the Martian surface. To this day. 

the Viking lander high-resolution mode images still provide the most detailed views of 

the Martian surface. The lander cameras performed flawlessly for several years during 

the Vikinp mission, supporting both science and engineering operations. They returned 

to Earth the first ever images of a Martian landscape and shaped our understanding of 

that world. The first color image results, in fact, were so unexpected that the image color 

balance was adjusted by the imaging team before they were released to the general 

public. The original images revealed that the Martian sky was glowing with a reddish 

hue, which in fact it was, due to the soil suspended in the atmosphere (Mutch 1978). The 



team's initial error was soon corrected with a re-release of the color pictures with a more 

accurate color balance. 

No current spacecraft instrument designer should consider duplicating the Viking 

approach for a lander imager. Modem, solid-state detector arrays have so much to offer 

in terms of resolution and reliability that no current lander mission is considering flying a 

single element, whisk-broom type imaging system on a lander today. Even so. the 

Viking camera design still can provide some guidance to Mars camera designers today. 

Performance specifications like field of view, resolution and number of spectral channels 

provide us with a history of how adequate they were in understanding the Mars landing 

sites. They can be used as a guide to build on what we have done in the past and improve 

upon it. 



3.0 Imager for Mars Pathfinder 

The Imager for Mars Pathfinder (IMP) was the first successful Mars lander 

camera to take advantage of modem CCD technology. And it was the last camera to 

return images from the Martian surface. It was designed and built by a team from the 

University of Arizona led by Peter H. Smith. The IMP was a versatile instrument, 

capable of obtaining multi-spectral, stereoscopic images of the Martian surface as well as 

images of the sun through the Martian atmosphere at several wavelengths. 

The camera design was based around a 512.\512 pixel (512.\256 pi.xels e.xposed 

for imaging), front-side illuminated CCD detector. Stereo imaging was achieved by 

incorporating two sets of optics into the camera whose entrance pupils were separated 

laterally by 150 mm. The two disparate images from the two sets of optics were isolated 

from one another with a vertical, on-chip baffie. This baffle occupied 16 of the 23 }im 

17 |im sized pixels so that an image from each eye consisted of 256 x 248 pixels. The 

images from each eye were read out simultaneously from the common array and 

separated in software. 

Each camera eye had a 12 position filter wheel dedicated to its optical path and 

operated by a common motor. In total the camera had 8 solar filters, 15 geology filters 

and 1 diopter lens for imaging a magnetics experiment on the Pathfinder lander. Of the 

15 geology filters. 3 pair were identical in each eye to accommodate stereo imaging. 

This meant that the Martian surface could be imaged through 12 different spectral 

channels, from 440-1000 nm. The 8 solar filters provided coverage from 450-990 nm. 
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The camera's lens system was a 23 mm Cooke-triplet design with each eye operating at 

f/\ 8. Lenses were carefully matched during assembly so that each eye had the same 

amount of power. This provided approximately 1 mrad/pixel resolution and a 14.4° x 

14.0° field of view for each eye. 

The IMP was mounted on a 0.8 m high mast that was deployed after landing to 

bring the camera to a vantage point almost 2 m above the Martian surface. Panoramas 

were obtained by commanding the IMP's elevation and azimuth motors to rotate through 

a specified number of motor steps. Full 360° horizontal panorama's could be acquired in 

this manner. 

The Pathfinder imager was less power hungry than the Viking cameras. It took 

approximately 5 \V for the camera electronics to be on, an additional 20 W to rotate the 

camera in elevation or azimuth, an additional 13 W to rotate the filter wheel, an 

additional 1 W to run the CCD heater and an additional 2 W to image and read-out a 

frame. 

Even though the IMP used less power than the Viking cameras and was lighter 

(6.4 kg), perhaps the biggest improvement over the Viking design was the IMP's greater 

pixel depth. The IMP returned images with 12-bit resolution, 0-4095 DN, which allowed 

the generation of highly accurate photometric data. The images could not be transmitted 

back in real time like they were for Viking and so they were stored onboard the 

spacecraft's computer until image transmission could be completed. The typical data rate 

achieved during the Pathfinder mission was 2 kb/s with a maximum of 9kb/s. 
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The Imager for Mars Pathfinder performed flawlessly through the duration of the 

Pathfinder mission. Over 16,661 images of a variety of engineering and scientific objects 

were returned. Atmospheric, astronomical and geologic observations were made possible 

with the camera. The demonstration of its capabilities was so vvell-received by the 

community that an almost duplicate instrument, the Surface Stereo Imager (SSI), was 

included on the Mars lander that followed Pathfinder. And given Mars researchers' 

familiarity with the IMP data set, we believe that the ne.xt Mars lander camera's 

characteristics will be compared quite closely to the IMP. Therefore, instrument 

capabilities less than the IMP's will have to be justified in any future designs. 
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4.0 2001 Robotic Arm Camera (RAC) 

4.1 RAC Science and Performance Objectives 

The science and pertbrmance objectives for the '01 RAC are detailed in two 

documents: the Robotic Arm (RA) and Robotic Arm Camera (RAC) Functional 

Requirements Document (JPL 1999) and the Interface Control Document (ICD)— 

Robotic Arm/Robotic Arm Camera (JPL 1999). Some of the requirements were left open 

to revision in order that lessons learned from the performance of the Mars Polar Lander 

RAC in December of 1999 could be incorporated into the two documents. 

According to the Robotic Arm (RA) and Robotic Arm Camera (RAC) Functional 

Requirements Document (JPL 1999), the general objectives of the RAC mission are to: 

1) Support deployment of '01 Rover through imaging of rover deployment 

activities and rover deployment grapple. 

2) Support MECA science investigations by: 

-acquiring images of surface for selection of soil samples. 

-acquiring images for verification of soil delivery to MECA chambers. 

-acquiring close-up images of soil in scoop, patch plates on MECA housing and 

deck, scratch pad on the scoop, and floor and side walls of trench. 

-acquiring stereoscopic views of terrain surrounding the digging area to assess 

local geology; particularly RAC will image the ground under the lander and solar 

panels which are not visible to the PanCam yet may show bedrock e.xposed by the 

descent thrusters. 
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In addition to those general requirements over 20 other specific and 

quantitative RAC performance requirements are detailed in the Functional 

Requirements Document (JPL 1999). From an optical standpoint, we believe the 

following requirements to be the most challenging: 

1) The RAC shall obtain close-up images 50-200 mm away from the RAC. 

2) Illumination will be provided in three colors: red, green, and blue. 

3) The RAC must be able to image the tip of the scoop while in a digging 

position. 

4) The RAC will provide images of appro,ximately 75% of the material in the 

divot and surrounding area of the blade with a resolution of 0.023-0.050 

mm/pi.\el. 

5) The RAC will provide images of surface features at distances up to the horizon. 

Stereoscopic images of the RA digging area will be made by stepping the arm 

slightly less than 1 FOV azimuthally. 

6) The RAC will provide dynamic range for illumination levels ranging from full 

sun to dark shade. 

7) The RAC will achieve an effective resolution of 0.023 mnvpi.xel to 2 

mrad/pixel at infinity focus. 

8) A radiometric calibration with an absolute accuracy of ± 10% or better shall be 

performed for the RAC. 
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PERFORMANCE 

CATEGORY SPECIFICATION 

Spatial Resolution Close-up: 0.023-0.050 mm. pi.xel 

Infmity focus: 2 mrad>'pi.\el 

Depth of Field Close-up images need to be taken 50-200 mm 

distant. 

Tip of scoop must be imaged during digging. 

Provide images of surface features up to the horizon. 

Field of View Tip of scoop must be imaged during digging. 

75% of the material in the divot must be imaged. 

Surrounding area of the scoop blade must be 

imaged. 

Stereoscopic images made by stepping the arm 

slightly less than I FOV. 

Sensitivity Red, green, and blue light images need to be 

acquired. 

Images need to be acquired for illumination ranging 

from full sun to dark shade. 

Calibration Radiometric calibration with absolute accuracy of 

+/- 10%. 

Table 4.1.1. Summary of '01 RAC performance spcciflcations. 
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The eight parameters can be grouped into five main categories: spatial resolution, 

depth of field, field of view, sensitivity, and calibration. This is summarized in Table 

4.1.1. 

4.2 RAC Engineering Constraints 

The engineering constraints on the RAC were also defined in the Functional 

Requirements Document and ICD. The RAC envelope is defined to be 61 mm wide x 

75.2 mm high \ 114.8 mm long, excluding the connector cover. The lander will provide 

unregulated 28 V (22-36 V) power at 3 Amps but the daily amount of energy available to 

the RAC is still to be determined. The RAC mass without the connector cover and cables 

is to be 0.455 kg or less. 

The environmental specifications included vibration, temperature, and radiation 

requirements for the camera. The time allowed to design and build the camera was 16 

months. 

4.3 Instrument Description 

At the heart of the Robotic Arm Camera lies a 512-square pi.xel (512x256 pixels 

exposed for imaging), frame-transfer, charge-coupled-device (CCD) manufactured by 

Loral in Huntington Beach, California and provided by our German partners at MPAe 

(Max-Planck-Institut fur Aeronomie) led by Dr. H. Uwe Keller (ICatlenburg-Lindau, 

Germany). See Figure 4.3.1. For a detailed description see Kramm et al. (1998). The 

detector does not include a mechanical shutter but the transfer of image charge to the 



Figure 4.3.1 Image of the type of detector used in the RAC. 

storage section takes only 0.5 ms. The chip is read out with a 12-bit analog-to-digital 

converter (ADC) to provide an image data range of 0-4095 digital numbers (DN). The 

pixels' active area is 17 |im x 23 fim with a 23 )im pixel pitch. The pixels' active area is 

not square due to the presence of anti-blooming gates which run vertically along the array 

(see Figure 4.3.2). 

This particular detector packaging design was originally developed by MPAe for 

the Cassini Huygens Descent Imager and Spectral Radiometer currently enroute to 

Saturn. This same detector design was used in the Imager for Mars Pathfinder (IMP). 



Figure 4,3.2 Close-up image detail of RAC pixels. 

The same design was also used in the Surface Stereo Imager (SSI) and RAC onboard the 

ill-fated Mars Polar Lander (MPL). Due to the loss of the lander, no images were 

returned from the Martian surface but the cameras once again proved their ability to 

survive launch and cruise when they returned dark frames during the end of the MPL 

cruise phase. 

The RAC optical system consists of a 12.5 mm focal length, four-element double-

Gauss lens operating at f/\ 1.23-//23.0 with a window of BG40 filter glass from Schott 

Glass Technologies positioned between the lenses and the outside scene. The BG40 filter 

is included to block near-infrared radiation greater than 700 nm. In addition, a sapphire 

cover window can be rotated into place to protect the filter window from dust storms and 

flying debris kicked up by RA digging operations. This cover window is transparent so 

that in the case of a cover motor failure, the RAC can still obtain high-quality images. In 

order to provide images of objects as close as 11 mm to as far away as infinity, the 



Figure 4.3.3 2001 RAC flight model. 

double-Gauss lens cell is mounted on a small, motorized translation stage The stage can 

provide 313 ditTerent tbcus positions ranging from focus step 0 for I 1 conjugate ratio 

imaging, to focus step 312 for objects at infinity. The field of view at infinity focus is 

roughly 25° x 50° Figure 4 3.3 shows the 2001 RAC flight model 

Unlike the IMP and SSI, the RAC does not have discrete narrow band-pass filters 

to provide color images. Instead the RAC can provide its own light in red, green and 

blue. Two assemblies of light emitting diodes (LED) are mounted to the RAC front face, 

an upper assembly and a lower assembly The lower assembly consists of 8 red, 8 green 



33 

and 16 blue LED's. The upper assembly has 16 red, 16 green and 32 blue LED's aimed 

to illuminate the RA scoop and 4 red, 4 green and 8 blue LED's pointed down to 

illuminate the RA scoop blade and other close-up objects. Exposures can be captured in 

the three colors to provide color images of any object when the reflected radiance of 

ambient light is low relative to the LED light. This condition can occur when: objects 

are in the scoop, an object is in the lander's shadow, an RA trench is deep enough to 

provide shadow or the sun has set. 
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4.4 RAC Calibration 

In the fall of 1999. the Mars Atmospheric and Geologic Imaging (MAGI) team of 

the University of Arizona's Lunar and Planetary Laboratory (Tucson, Arizona) delivered 

the flight-ready Robotic Arm Camera (RAC) to the Jet Propulsion Laboratory (JPL) in 

Pasadena. California for the 2001 Mars Surveyor Lander. This instrument was designed 

to be mounted between the wrist and elbow joints of the Robotic Arm (RA) onboard the 

lander to provide operational support and scientific imaging on the Martian surface. In 

particular, the RAC was to provide images of trenches dug by the RA and document the 

contents of the RA scoop. And in the event of poor performance by the lander panoramic 

camera, the RAC was to serve as a back-up capable of stereoscopic, panoramic imaging 

with 2 mrad/pixel resolution. 

Calibration Overview 

In many ways, modem spacecraft imagers have much in common with the solid-

state cameras used today in consumer goods, manufacturing, transportation and the 

entertainment industry. But the mandatory reliability of spacecraft imagers in the harsh 

launch and space environment is certainly one area where they differ from typical 

cameras. Another, and arguably equally important way in which a spacecraft camera 

differs from other cameras is in how well the imager's performance is known. The 

process of accurately knowing the camera's performance is called calibration. 

Calibration is so important to spacecraft instrumentation because without it, an 

instrument's science user cannot be sure how to interpret the returned data. An obser\'ed 
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effect could be due to the object under observation; or it could simply be caused by the 

observing instrument. An instrument's calibration enables the scientist to be able to tell 

the difference. 

The importance and comple.xity of instrument calibration is often underestimated 

by those who have not designed and built a spacecraft instrument. Uninformed 

individuals have said it is analogous to cleaning test tubes, washing beakers and zeroing 

the mass balance in chemical research. The truth of the matter is that imager calibration 

is difficult to do with high precision. A review of the Viking camera calibration 

publications bears this out (PVolfei al. 1977 and Huck et al. 1975). Unbelievers need 

only to consider the poor performance of the Hubble Space Telescope's original Wide 

Field and Planetary Camera to see this truth in action. High-quality science only comes 

from high-quality calibration. 

The Robotic Arm Camera's performance was extensively studied and measured in 

the laboratory during a four-month period from July 1999 to October 1999. This activity 

was conducted in the University of Arizona Lunar Planetary Laboratory (LPL) clean 

room by MAGI team members which included Roger Tanner, Bob Marcialis, Robert 

Reynolds, Brent Bos, and Terry Friedman. This team came highly qualified to the task 

after having previously calibrated three flight cameras: the Imager for Mars Pathfinder, 

the MPL Surface Stereo Imager and the MPL RAC. In addition, most of the test fixtures, 

instruments, and set-ups were the same as used for those three instruments. Data files 

were stored in our custom image format on the local network for later analysis. Unless 

otherwise noted, the author performed all of the data analysis that follows. 
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Table 4.4.1. Summary of RAC calibration testing. 
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4.4.1 Modulation Transfer Function Measurement 

Modulation Transfer Function 

A multitude of image quality tests can be used to evaluate a camera system, 

including standard target imaging, bar chart imaging, point-source imaging, etc. But one 

of the most useful descriptors of an incoherent imaging system's performance is the 

modulation transfer function (MTF). 

Briefly, an imaging system's MTF describes image sharpness for each spatial 

frequency transmitted through the system (see Gaskill 1978 for a complete description). 

Any real image can be described by the coefficients of a Fourier series, an infinite series 

of weighted sine functions. Knowing how an imaging system modifies these coefficients 

allows us to determine how the system alters the image. One can think of the term 

"modulation" in modulation transfer function as being equivalent to contrast. So the one-

dimensional MTF can be expressed as 

= (4.4,1.i) 

where f= (x) = a sin(27iqx) -i- c=, .r„„„ and x„„„ are the locations of the maximum and 

minimum values of the positive function f=, respectively, q is the spatial frequency and 

a= andc= are simple constants. Inspection of Eq. (4.4.1.1) reveals that the maximum 

possible MTF value is 1. Ideally one would like to have MTF=1 for all spatial 
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frequencies, q, so that the resulting image is a perfect representation of the object. This is 

physically impossible, however, for an imaging system with a finite size aperture that 

diffracts incoming light and a finite number of pixels whose very size and spacing limit 

the resolution. These physical realities will be discussed in more detail in Section 4.5. 

•VITF E.Ypcrimentai Procedure 

The task of measuring an imaging system's MTF is not a trivial one. There are 

several methods to measure MTF: sine patterns can be imaged and measured, point 

sources can be imaged and the images Fourier transformed, an edge can be imaged and 

differentiated, and then Fourier transformed, or a line can be imaged and Fourier 

transformed. We decided to use the latter method by measuring the tlAC's line spread 

function (LSF) at 0°, 45°, and 90° relative to horizontal and Fourier transforming them to 

obtain MTF values. 

The theory of obtaining the MTF from an LSF is well presented by Gaskill (1978) 

but we summarize the results here for the reader's convenience 

iVfTF{^,0) =1 Z{LSF(x)\ I, (4.4.1.2) 

where 3 {} represents the one-dimensional Fourier transform operation. The line spread 

function is simply the response of the imaging system to an infinitely thin slit. In 

practice, an infinitely thin slit transmits no light. So we had to choose a test target slit 

width that was thin, about 1/10 the width of an array pixel, but still allowed adequate 
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light to pass. We used two different slit width sizes, 23 |im for testing at the 10:1 

conjugate ratio and 2.3 jim for testing at 1:1. 

A schematic of our e.xperimental set-up is shown in Figure 4.4.1.1. Taking only 

one image of the MTF target provides a measurement of the LSF but it is poorly sampled. 

Figure 4.4.1.2 shows what an actual test image looks like. To sample properly we take an 

image and then move the target slightly, then take another image, and so on. The 

distance moved between each image is kept constant and is controlled by a mechanical 

stepper motor. By measuring the response of a single pixel at each target position, the 

LSF at that pi.xel is known. 100-111 images were taken for each MTF profile. Three 

different profiles were taken because Eq. (4.4.1.2) shows that line spread function testing 

will only result in a one-dimensional profile of the MTF, which is a two-dimensional 

function in this case. We measured horizontally, vertically and at 45° relative to the array 

to help give us a picture of how the RAC's MTF looks in two-dimensions. The test was 

conducted for four different imaging scenarios: 10:1 RAC cover-up, 10:1 RAC cover-

down. 1:1 RAC cover-up and 1:1 RAC cover-down. For MTF testing, 10:1 occurred at 

RAC focus motor step 279 and an object distance of 99 mm. 1:1 imaging occurred at 

RAC focus motor step 0 and an object distance of 11.35 mm. 
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Figure 4.4.1.1. MTF experimental set-up schematic. 

Figure 4.4.1.2 MTF target image back illuminated. 



41 

Data Analysis 

Image Reduction 

MTF data analysis is performed using Research Systems' Interactive Data 

Language 5.2 (IDL) running on a Silicon Graphics Indigo' workstation. IDL is a higher 

level language with built in functions that lends itself to image processing and analysis. 

In addition, we use several custom pieces of IDL code in the reductions which are part of 

the MAGI team's custom IDL library, MAGISOFT. The code written by the author to 

perform the reductions is racOI jntf.pro. 

The first step in the data reduction is to change the series of images into line 

spread function data. Now the line spread function can just be thought of as the response 

history of an individual pixel to the slit image as the slits were scanned across. So the 

first step in the reduction is to examine the central image in each series of scans and 

choose the appropriate pixels to monitor. The pixels chosen were those that were as close 

to the center of the slits as possible and had the highest response. The chosen pixel 

positions are then entered into the racOI_mtfpro program. The program then examines 

each image in a scan and records the response at each pixel site to produce LSF 

measurements. 

Those raw LSF measurements are then further refined by subtracting an offset 

value from them. This is necessary because the LSF's fall to essentially constant, non

zero values far from the slit centers. This is not due to the RAC hardware offset of ~8 

DN or due to thermal noise. The effects seen are too large for that. Typical values at the 

edge of the LSF's are 25 DN for 10:1 imaging and 140 DN for 1:1 imaging. We believe 
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those kind of values could only be the result of stray light, multiple reflections of light 

bouncing off the camera face, from the dark areas of the MTF target. 

So to correct for this situation, we find offset values for each pi.xel that when 

subtracted from the LSF's do not produce negative values. We want to be careful 

because subtracting off too large a value would produce an error in the MTF results that 

would show the camera's performance to be better than it was. So we fmd offset values 

in one of three ways. The first is to choose the minimum value in each LSF as the correct 

offset value. The second is to look at the pixels' responses when the slits have been 

moved e.xtremely far away. The very e.xistence of this type of data is made possible by 

the experience gained from the three previous flight cameras calibrated by the MAGI 

team in which similar effects have been noticed. By moving the slits as far away as 

possible from the pixels, the response seen for that position can only be due to reflections 

and not to camera blurring of the slits. When this type of data is unavailable we fmd DN 

values from other pixel sites that are further away from the slits but still close enough to 

the pixels of interest to be applicable. Then the offset values from these techniques are 

compared and the smallest values selected as the best offsets to use. A unique DN offset 

value is assigned to each pixel for each test. We should note that typically the offset 

values found with the different techniques are within a few DN of each other. 

The final step in turning LSF's into MTF's essentially follows Eq. (4.4.1.2). The 

LSF's are Fourier transfonned, the Fourier transforms are multiplied by their complex 

conjugates and then their square roots are taken. 
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Step Size Determination 

The determination of the distance the slits move on the RAC's array between each 

image in an LSF scan is the final piece of work required for MTF data reduction. The 

step size in object space is known very accurately, on the order of tens of nanometers. 

But converting object space step size to image space requires using other variables as 

well that are not known nearly as accurately. 

Based on our experience with MTF testing we believe there are three reasonable 

ways of determining step sizes. Method 1 is to use the relationship 

m = —— , (4.4.1.3) 
S o - /  

where m is magnification. So is the principal plane to target distance, and/is the RAC 

lens effective focal length. The image space step size is then just the magnification times 

the well-known object space step size. The RAC lens effective focal length is known to 

reasonable accuracy since it was measured by the vendor but the principal plane to target 

distance is not known nearly as well. The reason for this is that the principal plane is not 

a physical plane that can be measured to. Its location is inside of the RAC lens. So 

calculating the distance to the MTF target requires: knowing the distance from the 

principal plane to the front lens surface (not measured by the vendor), knowing the 

distance from the front lens surface to the outside-front of the RAC, and knowing the 

distance from the RAC front to the MTF target. If one is extremely careful with the 
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measurement, considering those three error stack-ups, we estimate that So might be 

known to ±0.75 mm. The test situation that would result in the smallest error using this 

method is the one where So is largest. This corresponds to the 10:1 set-up where So is 

approximately 141.04 mm. So then using Eq. (4.4.1.3) and considering only the 

uncertainty in the target distance, the uncertainty would be ±0.59%. 

Method 2 for determining step size is to use only the image data itself. This can 

be done by measuring the locations of the slits on the array in the first and last images. 

Once that distance is known, dividing by the number of steps taken results in the image 

space step size. The relative distance between pixels is known very well because the 

array's pixel pitch is known and modem photolithography is extremely accurate. The 

inaccuracy in this method comes in with knowing where the centers of the slits are on the 

pi.xels. If a pixel has a high value, it doesn't necessarily mean that the slit image is 

centered right on it. So it is possible to have a ±0.5 pixel error in knowing the slit center 

on the first image and in the last image. This gives a total possible error of ±1.0 pixel. 

The total distance traveled by a slit in a data series is only about 10 pixels. So use of this 

method would result in an uncertainty of ±10%, not even in the same ballpark as method 

1 but at least it does not rely on the test technician being highly accurate with a difficult 

measurement. 

The third and final method for determining image space step size is similar to 

method 2. It uses the image data, the accurately known object space step size, and the 

accurately known distance beuveen slits on the MTF target to determine the 

magnification, m. Then, multiplication of the object space step size by m gives the image 



45 

space step size. In method 3 the distance between slits is measured in the central image 

of an MTF image series. Just like in method 2, the uncertainty in knowing the distance 

between slit centers is ±1.0 pixels. But to help reduce the effect of this uncertainty one 

can use slits that are far apart, about 385.5 pi.xels. Using slits that far apart can introduce 

other errors, however, for instance, there might be a slight tilt in the target. For the set

ups used for RAC testing, we estimate the maximum error from target tilt alone to be 

about ±0.06 pixels. Also, the nominal RAC lens design does show that distortion might 

be evident for a large slit separation; and more evident at 10:1 imaging then 1:1. The 

design shows this could introduce ±0.5 pixel uncertainty. Taking those three errors into 

account, the uncertainty in finding the image space step size would be ±0.47%. 

The preceding analysis showed that method 1 and method 3 would have about the 

same uncertainty in step size but we choose to use method 3 for three reasons: the 

estimated error with method 3 is marginally lower than with method 1, the third method's 

errors are better known, and we can probably know the total center to center distance 

between slits with even better than ±1.0 pixel accuracy. The slit images should be 

symmetrical so by using an equation similar to that used for finding the center of mass of 

objects, we can estimate the center of a slit to approximately ±0.25 pixel accuracy for a 

total center to center spacing error of ±0.5 pi.xel. We use the following calculation to 

better estimate the location of the slit centers 
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I D N j X i  

Xccnter=-YDN7" (4.4.1.4). 

i 

For each slit location we determine 8 different slit center location estimates, .\gcnicr- And to 

reduce the effect of any noise that might be present, we average those together to find the 

final slit location. The inputs into Eq. (4.4.1.4) consist of three DN values and three 

location values: the maximum response and location and those on either side of it. The 

final distance measurement used is an average of the distance between the two most 

distance slits right above target center and right below target center. So each final 

distance measurement is a combination of 32 different slit location measurements. This 

technique is used on each unique test set-up so that each set-up has its own step size 

assigned to it. To facilitate the taking of the measurement, the racOl jntf scale.pro 

program was created by the author and used. Once the step sizes are known they are used 

as input into the racOI jntfpro program. 

Results 

We present the final results of the RAC MTF testing for each test set-up in 

Figures 4.4.1.3-4.4.1.14, the plot in the upper left comer represents a superposition of all 

line spread fianctions at pixel locations scanned by the slit. The LSF's are over-plotted so 

that the scatter in the results can be easily seen. We find the LSF centers by using Eq. 

(4.4.1.4) and the central 21 values of each LSF. 



47 

The plot directly below the LSF plot is the MTF plot calculated using Eq. 

(4.4.1.2). Again the results for each pixel are over-plotted to accentuate any data spread. 

The MTF data is immune to any uncertainties in the LSF center location since the Fourier 

transform of a shift results in a phase change in frequency space; and since we take the 

absolute value of the transform we remove the phase information. The spread seen in the 

MTF results can only be caused by the data itself. 

The data spread seen in the MTF plots is something we have not seen before with 

the IMP, the MPL SSI, or the MPL RAC. So to help interpret what is happening with the 

RAC a second column of plots is included in Fig. 4.4.1.3-4.4.1.14. The plot in the upper 

right comers is a plot of image quality versus the distance from the theoretical center of 

the array (255.5 pi.xels, 127.5 pi.xels, pi.xel positions starting at 0,0). Image quality is 

defined to be the MTF at approximately 26 1/mm. Directly below that plot is a grayscale 

image of image quality corresponding to where it was measured on the array. A 

grayscale value ofO is assigned to the lowest MTF and a value of 255 assigned to the 

highest. Nearest neighbor interpolation is used to till in the grayscale values on pixel 

sites where the MTF was not measured. The image is orientated the same as it would be 

for a regular image so that the object scene looks the same as it would if one was looking 

at the object through the back of the RAC's head. 

We have already discussed one portion of the uncertainty in the MTF results in a 

previous section. We explained that the uncertainty in the LSF position and MTF 

frequencies is approximately ±0.5%. The uncertainty in the MTF values though, still 

needs to be discussed. There are two dominant sources of error that affect the MTF 



48 

Figure 4.4.1.3 Horizontal MTF measurements at 1:1 focus (focus motor step 0) with 
RAC cover up. 



Figure 4.4.1.4 45° MTF measurements at 1:1 focus (focus motor step 0) with RAC 
cover up. 
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Figure 4.4.1.5 Vertical MTF measurements at 1:1 focus (focus motor step 0) with 
RAC cover up. 
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Figure 4.4.1.6 Horizontal MTF measurements at 1:1 focus (focus motor step 0) with 
RAC cover down. 



Figure 4.4.1.7 45° MTF measurements at 1:1 focus (focus motor step 0) with RAC 
cover down. 



Figure 4.4.1.8 Vertical MTF measurements at 1:1 focus (focus motor step 0) with 
RAC cover down. 



Figure 4.4.1.9 Horizontal MTF measurements at 10:1 focus (focus motor step 279) 
with RAC cover up. 
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Figure 4.4.1.10 45° iVITF measurements at 10:1 focus (focus motor step 279) with 
RAC cover up. 



Figure 4.4.1.11 Vertical MTF measurements at 10:1 focus (focus motor step 279) 
with RAC cover up. 
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Figure 4.4.1.12 Horizontal MTF measurements at 10:1 focus (focus motor step 279) 
with RAC cover down. 



Figure 4.4.1.13 45° MTF measurements at 10:1 focus (focus motor step 279) with 
RAC cover down. 



Figure 4.4.1.14 Vertical MTF measurements at 10:1 focus (focus motor step 279) 
with RAC cover down. 
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values: the DN offset value subtracted from the raw LSF data and the use of finite size 

slits. For both imaging conditions, the width of the slit image was approximately 2.3 |j.m. 

The Fourier transform of a 2.3 |a.m wide slit fijnction reveals that a slit of this size 

decreases the measured MTF by 0.59% at 26 1/mm, 1.6% at 43.5 1/mm. and 2.2% at 50 

I/mm. 

The error introduced by the DN offset value is slightly more difficult to quantify. 

Unlike the error caused by a finite width slit, the wrong DN offset value can cause us to 

underestimate or overestimate the VITF. The Fourier transform of a DN offset is a delta 

function. So a DN offset error propagates into the MTF measurement by increasing the 

MTF only at q = 0. This results in a uniform percent error at all other frequencies when 

the MTF is normalized. 

To better understand the amount of error that might be present in the MTF results 

due to the choice of offset values, we first looked at how much more the MTF's could be 

improved if the smallest DN value in each LSF was used as the offset. For 1; 1 imaging 

the typical improvement was appro.ximately 2%, for 10:1 1%. Then to get an idea of how 

much worse the MTF's could be we: calculated the standard deviation of the potential 

DN offsets, multiplied the standard deviation by 2, and then added that value to the DN 

otTset originally used. This analysis revealed a typical MTF reduction of 3% for 1:1 

imaging and 2% for 10:1 imaging. Combining these results with the finite slit width 

analysis we believe the MTF uncertainty is -1.5 to 3.6% for 1:1 imaging and -0.5% to 

2.5% for 10:1 imaging. The 1:1 MTF results are less accurate than the 10:1 due to the 

presence of more stray light. 
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The MTF testing results are surprising based on what we have seen with the IMP 

and MPL SSI cameras. The spread in the data is unexpected and had not been predicted 

by the lens design; a drop in MTF of approximately 5-15% from the array center to the 

comers for 10:1 imaging was predicted. The testing shows decreases of 20-60%. In 

addition, image quality is not symmetric about the array center. A peculiar effect seen in 

all the test set-ups is that in the horizontal and vertical directions the upper left and lower 

right comers of the image have dramatically lower MTF values than the other two 

comers of the image. But the 45° MTF results show less spread and the upper left and 

lower right comers, they transition from the lowest image quality to having slightly 

higher image quality than the other two comers. We will explore the causes of these 

effects further. 

The 10:1 imaging, vertical slice LSF plots show a feature of interest. The LSF 

data dips in the center. This phenomenon is also seen in the IMP and SSI MTF data 

reductions. We believe it is caused by a strip of material laid down horizontally on the 

array pixels which reduces transmission slightly. This is not seen in the 1:1 imaging data 

because the blur caused by the lens point spread function is large enough to hide the 

effect. This is consistent with the MTF testing results which shows the 1:1 imaging 

resolution is not quite as high as the 10:1. These effects can be seen by comparing Figs. 

4.4.1.5 and 4.4.1.11. 

The final item we would like to highlight is that the MTF testing reveals that 

during use, the RAC will provide maximum, and nearly constant resolution in a 256 pixel 

diameter area centered on the array center. So the robot arm should position the RAC 
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such that objects of interest fall on the center of the RAC detector array to achieve 

maximum resolution. 

Cause of Camera Resolution Variability 

As described in the previous section, the variability in image quality across the 

RAC's field of view is une.xpected and not the design intent. The non-symmetry seen in 

the array comers is troubling. Possible causes are; errors in experimental set-up, 

problems with the RAC design, or misalignments in this particular RAC. 

The first step in our analysis was to revisit the Mars Polar Lander RAC MTF test 

data. The MPL RAC resolution should be comparable to the new RAC's because their 

optical designs were identical. The MPL RAC MTF data had been superficially analyzed 

previously but large variability in image quality was not noticed. To see if our original 

analysis had missed anything we decided to re-reduce the MPL RAC data with the 

current code racOI jntfpro. 
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Figure 4.4.1.15 Mars Polar Lander RAC Vertical MTF measurements at 1:1 focus 
(focus motor step 0) with RAC cover up. 
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The new MPL RAC MTF analysis does not show the same resolution variability 

as the current RACs. Figure 4.4.1.15 shows an example of the analysis for one 

configuration: 1:1 imaging, cover up, vertical .MTF. The non-symmetric array comer 

effect is not seen in the MPL RAC data and neither is the large variability. The image 

quality variation is also in better agreement with the nominal design. 

This analysis leads us to believe that the current RAC MTF effects are not 

inherent to the RAC design nor are they caused by the MTF test set-up or test personnel -

they were essentially the same for each camera. Given these considerations, we decided 

to research the RAC lens optical design and see what variations in its parameters might 

cause the measured effects. 

The nominal RAC lens design used in our investigation is shown in Table 4.4.1.1. 

We chose to model the 10:1 imaging condition since the effects of interest were most 

apparent for that condition. We input this design into the lens design program Zemax EE 

(9.0) from Focus Software Inc (2000). This program is an easy to use but powerful 

optical design and analysis tool. It was essential to our research of the RAC MTF 

behavior. 

Surfacc Comment Radius of Curvature Thickness Glass Diameter 
1 ihicct Obictt Intlnitv ^ 5: 
! HCi4() Wmdnw [nllnitv : o<> 1 <'00.62 :.s '):)i42 

[ntinitv : 14M()h :7h|'#45 
\ I" Lcn.\ ricmcnt : 5X641 SK4 : "4ft3<X 
4 10 047735 : 404462 
< 2"^ Lcits FIcmcnt 4M>tlT73 4XX675 F4 : 13ft474 
f) : :4X()f>: 5X41555 1 547554 

Sluo Inlmitv 4f>ft23H5 0NX4 
* Lcn* F-Jcmcni 4XX675 F4 1 

-5 047715 1 4<iX404 
•i" LLTN Element •25 370.^1 5XMI SK4 : lhl44K 

10 I.ens to CCD • 1 4M573 1203741 : 447242 
Inuuc Inlinitv 

Tabic 4.4.1.1 .Nominal 10:1 imaging, RAC lens design (all dimensions in mm). 
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The MTF testing results show that RAC resolution is not symmetrical about the 

center of the detector array. Since the RAC lens is designed to be rotationally symmetric, 

we considered the most likely scenarios that would destroy the optics' rotational 

symmetry. One potential cause is that it is feasible for there to be a small relative tilt 

between the RAC lens and detector array. We also feel it is possible that the RAC lens 

elements may be tilted relative to each other. These two situations are deemed the most 

likely. We also considered the possibility that individual lens surface tilts and decenters 

could be causing the RAC's MTF behavior. This effect is not deemed as probable, 

however, given the manufacturing tolerances that are standard in the industry. 

We examine the effects of a tilt between the RAC lens and array by inputting the 

design in Table 4.4.1.1 into Zemax and inserting coordinate break surfaces into the 

design. The coordinate break surfaces allow the lens to be tilted in any orientation 

relative to the array. The diagonal between the two array comers which exhibit high 

horizontal and vertical MTF values makes a 26.52° angle with horizontal. So we 

orientate our axis of rotation to be parallel to that. Then we input various rotation angles 

and calculate lens MTF's to see if the effects we are looking for are there. We find that 

the design is quite resilient to this type of error. A tilt greater than 3° is required to cause 

any noticeable change in MTF. Tilts of 4-6° do cause greater degradation in resolution 

but the effects do not mimic the MTF testing; the point spread functions in the array 

comers remain quite symmetrical, the MTF values at the poor performing comers are not 

dramatically lower than those found in the good comers, and the reversal of effect at 45° 

does not occur. In general, the tilts between the lens cell and the array that we 
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investigated appeared to primarily have the effect of simply defocusing the image in the 

poor comers. In addition, we are quite confident that a relative tilt between the lens cell 

and detector array greater than 3° could not have gone unnoticed during the camera 

assembly. This leads us to believe that relative tilt between the RAC lens cell and the 

array is not the cause of the MTF performance measured. 

The tilting of lens elements relative to each other is the other likely scenario that 

we decided to investigate with the Zemcix lens model. Again, coordinate breaks are 

inserted into the lens prescription of Table 4.4.1.1. This enables each of the four lenses to 

tilt about an axis located at their first surfaces. The rotation axis at each element is 

allowed to rotate about the optical axis. By inputting different tilt angles into this model 

we discovered that it is possible to mimic most of the MTF testing results. 

Given the preliminary encouraging results of this model we proceeded with a full 

search of the solution space. We do this by making the rotation axis angle and tilt angle 

of each element an independent variable in the model. Then we create a custom merit 

function where the optimization parameters are the ratios of various MTF values that we 

had measured. We are forced to optimize on MTF ratios because Zemax cannot currently 

include the effects of the pixel width and other factors that when multiplied with the lens 

MTF produce the final system MTF. By using MTF ratios we eliminate the need for this 

multiplication factor. Also included in the merit function is a weighting of the tilt angles 

to make them be as small as possible while still reproducing the MTF results. And 

finally we force Zemax to adjust the object space heights so that the light rays fall on the 

same location on the array independent of the tilt parameters. 
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We optimize the Zemax lens simulation using 9, equally weighted MTF ratios at a 

spatial frequency of 26 l/mm. The target MTF ratios are computed from the MTF 

measurements. The MTF calculations are made at the array center (0.0), at the low MTF 

array comer (4.6268 mm. -2.6028 mm), and at the high MTF array comer 

(-4.2052 mm, -2.6872 mm). These comer locations are chosen to represent the average 

locations of the comers measured since the actual MTF tests do not always sample the 

same pi.xel. The polychromatic MTF calculations are computed using 7 wavelengths 

equally spaced from 400 to 700 nm, weighted with the theoretical response of the R.A.C 

camera to a tungsten-halogen lamp. 

Optimizing the Zemax model to find the target MTF ratios takes a considerable 

amount of computing time. Running on a Pentium III PC, it takes Zemax's standard 

optimization routine over 19 hours to find the tilts that best reproduce the measured MTF 

ratios. In addition to this we mn Zemax's various global optimization routines for over 48 

more total hours. The best solution we find is presented in Table 4.4.1..2. 

Lens Element Rotation .Axis Orientation Tilt Angle 
Relative to Horizontal 

1 4< 1) 
2 4T 

4' 40^<"'h' •0 
4 .. . Jtjjysiji' . . - _ . . u.:s::5y-

Tabic 4.4.1.2 Element tilt angles for the Zemax, RAC lens model 
which best fit the experimental MTF results. 

The first result from the modeling we notice is that the orientation of the rotation 

a.\es are the same for each element. This leads us to consider the possibility that similar 
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results might be obtained if only one element was allowed to tilt in the model. Modelling 

that scenario does prove this out. although tilts on the order of 0.7-2.0° are required when 

only one element is allowed to tilt. So, the orientation listed in Table 4.4.1.2 certainly is 

not the only model configuration that well-matches the measured MTF results. But this 

model is the one that best reproduces the MTF measurements with the smallest amount of 

individual element tilt. Figure 4.4.1.16 presents the same type of image quality plots as 

shown in Fig. 4.4.1.3-4.4.1.14. Comparison of the image quality pictures in Fig. 4.4.1.16 

to those in Fig. 4.4.1.9 and Fig. 4.4.1.11 demonstrates that the tilted lens model is a good 

fit. The actual MTF numbers do not agree with the measurements because Zeiuax can 

only model the lens effect but the relative behavior matches very well. 

.e"'. uoce' -o'' 

Figure 4.4.1.16 Image quality results from the Zemax tilted 
elements lens model. 
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To help better visualize what kind of point spread function (PSF) would 

cause the rather peculiar MTF behavior, we calculate the lens PSF's using the 

tilted elements Zemax lens model. These PSF's are shown in Figure 4.4.1.17. 

% 

iStWJ'tU 

Figure 4.4.1.17 Lens PSF's calculated with the Zemax tilted elements lens 
model. The upper left plot was the calculation at the low MTF corner, the 
upper right the high MTF corner and on bottom the on-axis PSF. 

E.xamination of the PSF images reveals what is causing the measured MTF 

behavior. The PSF in the low horizontal and vertical MTF comer is strongly asymmetric 

whereas the PSF in the other comer is symmetrical. When a slit is scanned in the 

horizontal or vertical direction across the asymmetric PSF, the long diagonal extent of the 

PSF causes the MTF to be low in that comer. But a slit scanned at 45°, lower left to 

upper right, in the same comer will encounter an effective PSF width that is slightly less 

than the width at the other comer. This causes the MTF in the asymmetric PSF comer to 
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be better than the MTF in the other comer. It is interesting to note that if the MTF test 

had scanned the slits at 45° in the other orientation (lower right to upper left), then the 

45° test results would have shown the MTF in the asymmetric PSF comer to be 

substantially lower than the MTF at the other comer. We should note that even though 

we only show the PSF's for two of the comers, the PSF's are similarly shaped in the other 

two comers. 

.Another item to notice from the Zemax lens model is that even with all of the 

element tilt in the system, the on-axis PSF still has a Strehl ratio of 0.991. So the on-axis 

resolution is essentially diffraction limited which is rather surprising. So even if the lens 

vendor would have measured the lens performance on-axis using an interferometer or 

similar instrument, no problems would have been detected. 

So based on our lens simulation activities we conclude that the unusual MTF 

performance measured is physically possible and due to the presence of one or more lens 

element tilts within the four-element RAC lens. Although the element tilts used in the 

final Zemax lens model are an order of magnitude larger than the typical industry 

standard {Shannon 1997), we believe that due to the small size of the RAC lenses, that 

larger than typical element tilts are feasible. In fact, the lens manufacturer .Applied Image 

Group/Optics (Tucson, Arizona) believes they can only hold an element tilt tolerance of 

±0.2° on their miniature lenses {personal communication 2000). Its easy to see why it 

might be difficult to hold such small lens element tilts tighter. Lens element 4 has the 

largest lens clear aperture diameter of 2.746 mm according to Table 4.4.1.1. Rounding 

this up to 3.0 mm and using the lens model's element 1 tilt angle of 0.3906° we find that a 
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bump, a speck of dust, or some other foreign object on the lens spacer only 20.5 jim thick 

could cause the amount of tilt required! 

Recommendations for Future Work 

Based upon our results and analysis of the RAC MTF, we believe that it would be 

benetlcial to return the robotic arm camera to the MAGI team at the University of 

Arizona so that the MTF performance in the comers of the field can be further critiqued. 

Before performing any disassembly we would measure the MTF at 45° in the other 

orientation to test the lens model prediction. The extra data could be used to further 

refine the lens model. 

The RAC MTF data allows the instrument's users to know what the resolving 

capabilities of the camera are and how it will image various scenes. But correcting RAC 

images using the MTF information directly is not possible. To correct images with the 

highest accuracy, the RAC's two-dimensional point spread function (PSF) must be 

known. There are several methods the MAGI team is currently considering to convert 

the measured MTF profiles into a useful RAC PSF model for deconvolution. Given the 

high number of variables in the problem, a simple model similar to the one we currently 

use for IMP images will only be applicable in the central portion of the array {Reid et 

fl/..1999). The RAC's 313 focus motor positions will require the PSF model to change 

with focus. The RAC lens element tilts will require the PSF model to also be a function 

of horizontal and vertical position on the array. And since the PSF is not isoplanatic, a 

specialized deconvolution technique will be required. Our current best thought is to 
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invoke the central limit theorem (Frieden, 1983) and eventually model the lens PSF 

separately as a Gaussian function that is dependent on position and then convolve it with 

a 17 X 23 |im rectangle function. But as a starting point we will use the approach we 

have taken with our other spacecraft instruments. 

4.4.2 Rcsponsivity 

The RAC camera's raw output has an intensity resolution of 12 bits. 0-4095 DN 

range. The raw DN values in a RAC image, though, need to be corrected because they 

not only depend on an object's radiance but are also sensitive to temperature, image 

location, dark current, focus position and image readout. In order to convert RAC image 

DN values into radiometric units, all aspects of the RAC's responsivity were studied by 

the MAGI calibration team. 

The final DN value in a RAC image is affected by many variables. The 

components of a pi.xel's DN value located at (ij) are 

Overview 

+ /„p + / ^ ^ ^ ̂ DarkR^ , (4.4.2.1) 
i=«-5II 
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where DN,„t^., is the hardware offset value which is temperature dependant. .Js the 

pixel responsivity which is temperature dependant, L ,j is the radiance of the object. 

Dark,J is the signal contributed by the image pixels' dark current, t^,p is the exposure time. 

L, is the total time to shift the image to the storage array (-0.5 ms). t,\D is the time to read 

out one row of pi.xels (-8.2 ms). DarkST ls the signal contributed by the storage array's 

dark current and DarkR is the signal contributed by the horizontal shift register's dark 

current. All the dark current terms are temperature dependent. For scientific analysis the 

term of interest is L,,. Converting RAC output to L,.j is the subject of this section of the 

report. 

Based on our experience with the IMP, SSI and other cameras, we have found that 

"shutter correcting" images immediately is the first, most important step in correcting 

RAC images. We do this by taking a "shutter image", a normal image with a 0 s 

exposure time, immediately after an image is exposed and subtracting the shutter image 

from the actual image. Thus, the DN values of a shutter image consist of 

k = \  

+ t,„ 2 DarkSTi,k + IDarkR^ , (4.4.2.2) 
k=0 " k=i-511 

and subtracting this from Eq. (4.4.2.1) results in 

DN,j = 9\ L,j t,,p + Dark,J t,,p , (4.4.2.3) 
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for the shutter corrected image. Eq. (4.4.2.2) illustrates why it is so important to shutter 

correct an image immediately. A shutter image is scene dependent. It depends on L, j. 

The ne.\t step in correcting an image is to subtract a shutter corrected dark frame. 

•A dark frame is a normal image taken when no light is falling on the detector. Its pi.xels' 

values depend on 

dni.j = dnoffset 2-darki.k-i + darkfj t, ,^ 
k = l 

J .  0 

+ t„,D X DarkSTjj, ^^DarkR;, , (4.4.2.4) 
k=0 " k=i-511 

and if the dark image is shutter corrected the dark image values are 

DN.j = Dark,, t„p (4.4.2.5). 

And so, finally, if we subtract a shutter corrected dark frame, Eq. (4.4.2.5), from a shutter 

corrected image, Eq. (4.4.2.3), we get 

DN,,= 9i ,,,L,,t,,p (4.4.2.6). 

The exposure time, t^^p, is known and so the final step in determining the object's L,j is 

dividing DN,, by ,,j. Notice that the shutter corrected dark does not need to be taken at 

the same time as the image. It does not depend on the scene. In fact, on the Martian 
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surface RAC dark frames will not be able to be acquired for most situations and so 

laboratory dark measurements will be required to perform data correction. 

Relative Spectral Response 

As previously stated, the RAC is a broadband instrument. The RAC can only 

create a color image if the ambient light is low and the RAC's red, green and blue LED's 

illuminate the object of interest. Since RAC responsivity at various narrow wavelength 

bands was not measured as it was for the IMP and SSI. we calculate the spectral response 

based on the detector array's quantum efficiency measured at MPAe (Harnvig 1998) and 

the theoretical relative transmission of the BG40 filter glass. The results of this 

1.1 
Relative Quantum Efficiency vs. Wavelength 
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Figure 4.4.2.1 RAC calculated normalized responsivity. 

calculation are shown in Figure 4.4.2.1. 

The responsivity curves in Fig. 4.4.2.1 demonstrate that the RAC responsivity is a 
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function of both wavelength and temperature. The camera's responsivity is higher at low-

temperatures than at high temperatures. And the RAC is only sensitive to light from 400-

700 nm due to the BG40 filter glass cut-off. 

Absolute Responsivity 

Experimental Set-Up 

Absolute responsivity calibration is the determination of how the robotic arm 

camera responds to a known amount of light - the determination of To perform this 

measurement we use the experimental arrangement shown in Figure 4.4.2.2. 

The RAC is placed inside a vacuum chamber and the chamber pressure is vacuum 

pumped down to appro.x.imately IxlO"* Torr or less. Camera temperature is controlled 

through contact with a cold plate whose temperature is varied from -115° C to 30° C. 

The camera is positioned so that the reflectance panel can be seen through the 

anti-retlection coated chamber window. The reflectance panel is located inside a light 

box that has been painted flat black. It is illuminated by a spectral irradiance standard 

lamp (Oriel Instruments #63355. serial number 5-139) located 0.500 m away. The panel 

and lamp are mounted on a common machined fixture so that the distance is known 

accurately. The test proceeds by bringing the RAC to the desired equilibrium temperature 

and taking shutter corrected images of the illuminated reflectance panel at focus motor 

step 306. Then a removable light baffle is put into position that just shadows the 

reflectance panel from the standard lamp and more images are taken. This step is 
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Figure 4.4.2.2 RAC absolute responsivity experimental set-up schematic. 

required so that during data reduction, the signal caused by the multiple reflections that 

occur inside the light box can be removed from the data. 

Temperature monitoring 

The RAC has three temperature sensors incorporated into it. One is located on 

the CCD chip and the other two are bonded to the rear body of the driver motors. During 

the absolute radiometry calibration testing, the RAC CCD temperature in DN was read 

out to the the image headers. The conversion of these counts into Kelvins is 0.083 K/DN. 

All three temperature sensors were AD590 two-terminal integrated circuit 

temperature transducers from Analog Devices (Norwood, Massachusetts). Each of these 

sensors was laser trimmed to achieve a ±0.5° C calibration accuracy over the range -55° 
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C to 150° C. Since the absolute responsivity testing went below -55° C. we decided to 

investigate their linearity throughout our tlill test range. 

During the absolute responsivity testing, not only was the RAC CCD temperature 

being read-out trom the AD590. but the output from RTD's located at various positions 

on the RAC and vacuum chamber were being recorded in a lab book as well. So to check 

the accuracy of the integrated CCD temperature sensor over the extended temperature 

range, we compared its readings to the measurements recorded with the sensor at the 

RAC rear bulkhead. Typically only one rear bulkhead temperature was recorded per test 

but when more than one was available their values were averaged. 

Figure 4.4.2.3 summarizes the results of the evaluation. As one would e.xpect, no 

differences are seen between the cover up and cover down conditions. The linear fit 

including all 60 data points represents the data well as does the fit that only includes 

temperatures within the -55° C to 150° C range. The fits consistently show that a 

temperature offset of 0.71° C exists between the RAC rear bulkhead temperature and the 

CCD temperature. The slopes for the two fits also agree with each other to better than 

0.5%. So we see no reason to suspect that the recorded CCD temperatures below -55° C 

contain any gross error. 
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Figure 4.4.2.3 Comparison of the CCD temperature sensor measurement 
and the temperature recorded at the RAC rear bulkhead. 

Data Reduction 

Turning the images acquired using the set-up shown in Fig. 4.4.2.2 into absolute 

responsivity results requires several steps. The first step is to e.xamine each image using 

IDL and determine where the brightest points in the image are located by utilizing IDL's 

profiles function. The intent of the experimental set-up is to center the reflectance panel 

in the RAC's field of view. This is difficult to do so some variation from the RAC's 

center should be expected and requires checking. Our analysis determined that the panel 

was centered at pixel location (265.5, 188.5) instead of (255.5, 127.5). 

The next step in the analysis is to remove the multiple reflection effects for each 
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R-^C CCD temperature measured. So the DN at each pixel in a 10x10 pixel square 

centered at (265.5. 188.5) is averaged over the number of e.xposures taken when the 

reflectance panel is in shadow. Then these average DN values are subtracted from the 

same 10x10 pixel square DN image values when the reflectance panel is fully 

illuminated. Since both image types were immediately shutter corrected, the subtraction 

of the blocked values from the unblocked values produces DN values that only depend on 

L,.j and t^.^pas shown in Eq. (4.4.2.6). 

The next step in the reduction is to divide the reflection corrected, mean DN 

values of the I Ox 10 pixel blocks by the proper exposure time, te,p. The exposure time in 

seconds at each temperature was read out to the RAC image headers during the test so 

those values are read directly from the image header. 

Next we need to determine the correction factor to account for the light loss due 

to the RAC looking through the chamber window and then multiply the DN/s values by 

it. The correction factor is determined by: dividing the mean DN/s found at room 

temperature with the chamber open, by the mean DN/s found at room temperature with 

the chamber closed for the group of 10x10 pi.xels centered at (265.5, 188.5). We 

calculate the correction factor to be 1.025036 when the RAC cover is up and 1.025033 

when the cover is down. These values indicate that the vacuum chamber window had a 

transmittance of 0.976. A transmittance of this value is consistent with a window 

containing an anti-reflection coating on both sides. 

The final step in determining ,j is to calculate L,j, the spectral radiance of the 

reflectance panel image. We calculate this value with the use of Equation (4.4.2.7) 
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L = ^ ,  ( 4 . 4 . 2 . 7 )  
K 

where p is the reflectance panel hemispherical reflectivity and E is the standard lamp's 

spectral irradiance. At 600 nm. E = 31.51 W/mV|im and p = 0.991 which results in 

L = 9.948 \V/m-/ster/|im. This spectral radiance value is actually the spectral radiance at 

the brightest point on the panel, so ? = 9.948 W/m-/ster/|im. And so the 

responsivity is defined to be 

= (4.4.2.8). 

Notice that the responsivity units are in DN/s/W/rnVster/iim which is a different type of 

responsivity than most engineers are familiar with, typically the per |im term would be 

integrated out. We report responsivity in this way for two reasons: first, it allows RAC 

data users to easily calculate object spectral radiances by using the simple scale factor. 

. no knowledge of the RAC system's spectral response is required and no integrations 

are necessary; and second, only values that can be known directly from laboratory 

measurements are required to go in to the calculation. 
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Results 

Figure 4.4.2.4 shows the absolute responsivity final test results. The test results 

Figure 4.4.2.4 Responsivity of the RAC camera at 600 nm as a 
function of temperature. 

clearly show that the RAC responsivity is a function of temperature. The amount of 

change in responsivity with temperature is primarily due to two effects: the temperature 

dependence of the photoelectron to voltage conversion efficiency and the change in 

quantum efficiency with temperature as shown in Fig. 4.4.2.1. According to data 

provided by the Ma.\-Planck-Institut fur Aeronomie, the biggest cause of the effect is the 

change in photoelectron to voltage conversion. It goes down 7% from 183 to 283 K. 

While over the same temperature interval the array responsivity only goes down 4.5% 
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(Max-Planck-Institut fur Aeronomie 1999). Taking these two effects into account 

together results in an expected responsivity drop of 11.7% from 183 to 193 K. This is 

consistent with the 12.0% drop measured for the cover-up condition and the 12.5% drop 

for the cover-down condition. 

Following the method used for the IMP and SSI calibrations we fit a second order 

polynomial to the responsivity versus temperature data as shown in Fig. 4.4.2.4. The 

cover-up fit is 

>5 5. IS»5(T) = 9331.0 - 0.03 1107 T - 0.00016447 T-. (4.4.2.9) 

and the cover-down fit is 

:.5 5,is«5 (T) = 8043.7 - 0.099472 T - 0.00013100 T-, (4.4.2.10) 

where T is in RAC CCD temperature sensor counts (0-4095) and Sv s. iss 5 is the 

responsivity in DN/s/\V/mVster/|im at 600 nm, at RAC focus step 306 and at pixel 

position (265.5. 188.5) on the array. This array location refers to the position in the 

image after it is manipulated so that the image is upright and right-handed. In this 

configuration, position (0, 0) is in the lower left comer of the image and the image runs to 

(511, 255). For T = 3290.96 counts, which corresponds to 0° C, 5 5 = 7,447.3 

DN/s/W/mVster/|im. This is 12.6 times larger than the IMP {Reid et ciL, 1999) 

responsivity at the same temperature and wavelength. The dramatic difference in 
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sensitivity is due to the RAC's much larger bandpass and its faster optical system at tbcus 

motor step 306. 

Another useful application of the responsivity versus temperature data is 

independent verification of the RAC's sapphire cover window transmission. The vendor 

reported a constant transmission value in the RAC's bandpass of 0.845. To check this 

Cover Down/Cover Up Responsivity vs. Temperature 
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Figure 4.4.2.5 Transmission of tlie RAC's sappliire window cover 
versus temperature. 

result we take the responsivity versus temperature data and calculate the mean 

responsivity at each temperature for the cover-up and cover-down conditions. There are 

typically 3 responsivity values at each temperature. Then the cover-down responsivities 

are divided by the cover-up responsivities found at the same temperatures to determine 

the window transmission. Finally, those 6 transmittance values are averaged together to 
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find a window transmission of 0.8467, which agrees with the reported value to better than 

0.25%. The results of this calculation are shown in Figure 4.4.2.5. As e.xpected for a 

sapphire window, the results do not show a correlation between RAC cover transmittance 

and temperature. 

Uncertainty 

The major sources of error in the absolute responsivity results are the standard 

lamp irradiance calibration accuracy, the uncertainty in the distance between the standard 

lamp and the reflectance panel and the stray light due to multiple reflections within the 

light bo.x. According to the Oriel calibration report for our lamp, the 2-sigma uncertainty 

in the lamp's irradiance calibration in the RAC's waveband is no worse than 1.85%. The 

uncertainty in the distance between the lamp and the reflectance panel is estimated to be 

±1 mm. Assuming a l/r fall-off in irradiance with distance the uncertainty then in the 

irradiance at the panel 0.5 m away would be 1%. 

The most difficult source of error to estimate is the e.xtra light that falls on the 

refiectance panel due to multiple reflections within the light bo.K. As mentioned earlier, 

this effect is partially removed by subtracting from the data an image that was e.xposed 

while the direct light that falls on the reflectance panel was blocked. This should account 

for most of the error but the method introduces a small error from the light that bounces 

off of the light blocker, reflects off the RAC and light box walls and falls back on to the 

reflectance panel. It also does not account for the light that reflects off the reflectance 

panel, bounces around and again hits the reflectance panel during the unblocked imaging. 
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The light blocker and the light box walls are painted flat black. We estimate that the 

reflectivity of the flat-black surfaces is no greater than 8%. The most direct route for 

light from the lamp to the reflectance panel when the light blocker is in place involves 

two reflections. So the maximum amount of light that could possibly make it to the 

reflectance panel after hitting the light blocker is only 0.49% of the light that can fall on it 

directly. 

Taking all three of these sources of error into account and assuming the worst 

possible error stack-up we estimate the radiance at the reflectance panel can be known to 

±3.5%. The second order polynomial responsivity versus temperature model agrees with 

all of the measured responsivities to better than ±1.5%. So if this value is used to 

estimate the uncertainty introduced by the model, we find that the absolute responsivity 

of the RAC at (265.5, 188.5) is known to ±5.0%. If one is only interested in relative 

accuracy, such as the ratio of two RAC measurements, than the RAC has an accuracy of 

better than ±0.5% due to detector noise. This conclusion is drawn from the results of the 

sapphire window transmission analysis. 

An absolute radiometric accuracy of 5.0% is typical for an instrument like the 

RAC [Palmer 1996). However, this level of accuracy is only true when the RAC images 

objects with certain types of spectra. Due to the RAC's large system bandpass, 

approximately 171.9 nm at full-width half-maximum, the RAC's output can potentially be 

the same for a range of spectra with different radiances at 600 nm. To estimate how this 

affects potential Mars observations, we investigated the response of the RAC to a typical 

Mars scene. We conducted this study using a mathematical model of the RAC's 
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response. 

The RAC's response to an object was modeled with Equation (4.4.2.11) 

R =cJ?.QET Ln d>L (4.4.2.11) 

where R is the camera response in DN/s. c is a constant, X is wavelength. QE is the RAC 

detector quantum efficiency, T is the RAC filter window's relative transmission and L„ is 

the spectral radiance in terms of energy of the object, normalized to 1 at 600 nm. We 

input two different types of relative object spectra, U, into the model; the laboratory 

object spectrum and a typical Martian spectrum based on the reflectance of the rock Flat 

Top measured by the IMP at the Mars Pathfinder landing site. The laboratory spectra is 

easy to generate. It is simply the product of the standard lamp calibration curve and the 

panel reflectance. The Martian spectra is generated by multiplying Flat Top's reflectance 

by a standard solar spectrum (Neckel and Labs 1983). The two spectra are shown 

normalized to 1 at 600 nm in Figure 4.4.2.6. 

In Figure 4.4.2.7 the integrands of Eq. (4.4.2.11) are shown at an array 

temperature of 183 K. and 283 K. The difference in RAC response to the two types of 

spectra is due to the different areas below the curves. By numerically integrating the 

curves using five-point Newton-Cotes integration we find that the ElAC's response at 183 

K to a Martian spectrum will be 11.1% lower than the response to the laboratory 

spectrum with the same spectral radiance at 600 nm. The drop in response at 283 K 
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Figure 4.4.2.6 Comparison of laboratory and Martian spcctra 
normalized to 1 at 600 nm. 

Figure 4.4.2.7 Plots of the integrands in Eq. (4.4.2.11) at 183 Kelvin and 283 Kelvin. 
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would be 11.3%. 

This result indicates that the ±5.0% uncertainty in the RAC's absolute 

responsivity may be several times greater than that when imaging on the Martian surface, 

unless the relative spectra of the objects being imaged are known. If the relative spectra 

of the Martian objects are known, then a correction factor can be applied to the RAC 

observations to keep the uncertainty on the order of 5%. 

In order to further explore this source of potential radiometric error, we created 

several simulated Martian spectra and calculated the change in response relative to the 

laboratory spectra using Eq. (4.4.2.11). The simulated Martian spectra were based on 

deviations made to the laboratory spectrum. The simulated spectrum was made equal to 

1.0 for wavelengths >600 nm. Below 600 nm the spectrum was simply the laboratory 

spectrum plus a 1/400 1/nm frequency sinusoid of varying amplitude which extended 

from 400 to 600 nm. Various spectra were input into Eq. (4.4.2.11) and their responses 

calculated. The slopes of the spectra at 550 nm were also monitored and recorded. The 

results of this study are shown in Figure 4.4.2.8. The simulation shows that the RAC 

response is sensitive to the slope at 550 nm of the simulated Martian spectra. The true 

Martian spectra derived from the reflectance of Flat Top has a slope at 550 nm of 

approximately 0.0069 1/nm. Using the plot in Fig. 4.4.2.8 we fmd a simulated Martian 

spectrum with that slope would result in a RAC response that is -17% lower than the 

laboratory response. This agrees approximately with the -11% error found using an 

actual Martian spectrum. Most of the 6% difference comes from making the simulated 

spectra equal to 1.0 for all wavelengths >600 nm. Changing the flat response to 
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Difference in RAC Response vs. Martian Model Spectra 
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Figure 4.4.2.8 Sensitivity of the RAC response to simulated 
Martian spectra at a camera temperature of 283 K. 

something else will move the line in Fig. 4.4.2.8 up or down, but will not change the 

slope of the line. And it is the slope of the line which indicates the RAC's sensitivity to a 

spectrum's slope at 550 nm. We believe this can be a useful tool for estimating the added 

uncertainty in RAC radiometric measurements caused by the RAC's large bandpass. 

Responsivity with Focus Position 

Experimental Set-Up 

In the previous section of this report, we discussed how the absolute responsivity 
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of the RAC is determined. That procedure only allows us to determine the responsivity 

of the RAC at one focus position, focus motor step 306. During an acnjal RAC mission, 

though, the RAC could be at any one of 313 different focus positions. This section 

covers the calibration work completed to allow the determination of the R.A.C's 

responsivity at any focus position. 

The e.xperimental set-up for measuring the RAC's response with focus position is 

shown in Figure 4.4.2.9. The arrangement is similar to the one used in the absolute 

Figure 4.4.2.9. Experimental set-up for measuring R-AC response versus focus step. 

responsivity with temperature testing. The primary difference is that the chamber 

window was not in place for this testing and the RAC temperature was not controlled. 

The test proceeds by taking images with the RAC cover up at a range of focus 

motor steps from 0 to 312 with the light baffle in front of the lamp and with it removed. 
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Typically 5 images are taken at each step with the baffle in and out of place. This 

procedure is then repeated with the RAC cover down. Note that the position of the 

reflectance panel is not required to be changed during the testing because it overfills the 

RAC's field of view at each focus motor step. 

Data Reduction 

Turning the images acquired using the set-up shown in Fig. 4.4.2.10 into 

responsivity versus focus position data requires several steps. The first step is to e.xamine 

each image using IDL and determine where the brightest points in the image are located 

by utilizing IDL's profiles function. The intent of the e.xperimental set-up is to center the 

reflectance panel in the RAC's field of view. This is difficult to do so some variation 

from the RAC's center should be expected and requires checking. Our analysis 

determined that the panel was centered at pixel location (272.5. 125.5), instead of at the 

nominal position (255.5, 127.5), for the cover-up condition and (265.5, 130.5) for the 

cover down. 

The next step in the analysis is to remove the multiple reflection effects for each 

RAC lens position measured. So the DN at each pixel in a 10x10 pi.xel square centered 

on the panel center is averaged over the number of exposures taken when the reflectance 

panel is in shadow. Then these average DN values are subtracted from the same 10x10 

pixel square DN image values when the reflectance panel is fully illuminated. Since both 

image types were immediately shutter corrected, the subtraction of the blocked values 

from the unblocked values produces DN values that only depend on 9v ,j, L,,j and t„pas 
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shown in Eq. (4.4.2.6). 

The ne.xt step in the reduction is to divide the stray light corrected, mean DN 

values of the 10x10 pixel blocks by the proper exposure time, t^,p. The exposure time in 

seconds at each temperature was read out to the RAC image headers during the test so 

those values are read directly from the image header. The mean DN/s values of the 

10x10 pi.xel blocks are then ready to be plotted as a function of focus motor step. 

Results 

The final reduced data from the response versus focus motor step testing is 

presented in Figure 4.4.2.10. Due to the change in the RAC's working/^, the response 

of the RAC is a function of focus position. It is lowest at focus motor step 0 and highest 

at step 312. 

In order for the relative response to be accurately known at focus motor positions 

other than those tested, we have created a model for the RAC's response which is also 

shown in Fig. 4.4.2.10. The model is based on the theoretical on-axis response an 

imaging system has for a given workingy/rr. As is well-known, an imaging system's on-

axis response is proportional to The workingy/# is equal to the diameter of the 

system's exit pupil divided by the distance of the exit pupil to the array. So the model 

used to fit the data was 

R = ^ , (4.4.2.12) 
{ h - M S y  
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where R is the RAC response in DN/s, a is a free variable used in the model fit, A is a free 

variable used in the model fit and MS is the focus motor step position. Variable a 

encompasses the RAC response and the image radiance. Variable b corresponds to the 

distance of the RAC's array from the exit pupil. Notice that only values measured 

directly during the testing need to go into the model. No other auxiliary numbers are 

required to perform the fit. 
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Figure 4.4.2.10 RAC response versus focus motor step. 
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The best fit to the cover-up data using the Eq. (4.4.2.12) model normalized to the 

response at focus motor step 306 is 

R = 87689.88 (4.4.2.13) 
(602.125-A/S)-

and the best fit to the cover-down data is 

R = ^ . (4.4.2.14) 
(601.140-A/5)-

where MS is in focus motor steps. The b parameters from the two different fits, the RAC 

array to exit pupil distances at focus step 0, both agree with the nominal design value to 

better than 0.75% 

A useful result from the response testing is another check on the RAC's sapphire 

window transmission. As described in the previous section, the vendor reported the 

nominal transmission value in the RACs passband is 0.845. By taking the average DN/s 

at each focus motor step for the cover-down condition and dividing by the average DN/s 

for the cover-up condition at the same focus motor step, we calculate 14 different 

estimates of the window's transmission. The mean value of those estimates is 0.8474. 

This agrees with the value found in the previous section to better than 0.1% and agrees 

with the nominal value to better than 0.3%. The results of this calculation are shown in 

Figure 4.4.2.11. 
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Figure 4.4.2.11 Transmission of the RAC's sapphire window cover 
versus focus motor step. 

Uncertainty 

As Fig. 4.4.2.10 shows, our model for the RAC's response as a function of motor 

step agrees very well with the measured data. To better understand how accurate the 

model is we have plotted the relative differences between the model and the measured 

response values versus focus motor step in Figure 4.4.2.12. 

The plot reveals that the accuracy of the model is e.\tremely good, better than 

0.5%, for focus motor steps 87 and greater. At focus step 0 the disagreement is 

appro.\imately -1.75% for the cover-up condition and -2.4% for the cover-down 

condition. 

The cause of the larger error at motor step 0 is not completely understood. If the 

reflectance panel's central bright spot was not close to the RAC's optical axis then it is 
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possible that a cosine effect could be important. But that would cause a larger error when 

the lens is closest to the array at step 312 - not step 0. And given that the errors are 

roughly the same for both cover positions it is unlikely that the source of the error is due 

to a change in experimental set-up. The only variables that change during this t\'pe of 

testing is the position of the lens and the cover's position. The cover cannot cause the 

effect seen in the data so the source of the error must come in the movement of the lens. 

Focus motor step 0 is the hard stop and initialization position for the RAC focus motor. 

It is possible that a small amount of focus motor backlash could be responsible for the 

larger error at motor step 0 

If there is any backlash present in the focus motor, the distance between focus 

step 0 and focus step 87 would be less than the 3.62529 mm that we expect for the 

nominal condition. Using the measured response values at focus motor step 0 and the 

model from Eq. (4.4.2.13) we can estimate how much backlash would need to be present 

in order to reproduce the results. The mean response at motor step 0 for the cover-up 

condition is 19681.400 DN/s and 16727.134 with the cover down. Plugging these values 

into the model parameters shown in Fig. 4.4.2.10 indicates that there could be 5.51461 

motor steps (0.22979 mm) of backlash present for the cover-up testing and 7.07045 

motor steps (0.29463 mm) of backlash with the cover down (0.29463 mm). 

This appears to be a reasonable explanation for the discrepancy except that it does 

not agree with the array to exit pupil distance values in Eqs. (4.4.2.13) and (4.4.2.14) and 

the nominal design exit pupil to array distance. If approximately 0.25 mm of backlash 

was present in the motor, then we would expect the exit pupil distance measured to be 
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0.25 mm greater than the nominal distance of 12.234 mm at motor step 312. But in fact 

the data shows it to be approximately 0.15 mm less than the nominal condition. It is 

certainly possible, considering the tolerances in the lens cell, that the actual lens e.\it 

pupil position is closer to the array than the nominal design by appro.ximately 0.4 mm. If 

this is not the case, then the parameters derived from the model are inconsistent with each 

other. 
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characterization of the RAC's responsivity changes with temperature and focus motor 

step. The final piece in the puzzle necessary to completely characterize the RAC's 

response is to determine how it is affected by image position on the RAC's CCD. The 

process of removing this effect is referred to as flat-fielding (Reidei al. 1999). Ideally 

one would like the camera response to be uniform across the entire array but this is never 

achieved in practice with systems that have any appreciable field of view. Anti-reflection 

coatings have different amounts of transmission with different angles of incidence. 

Individual array pixels do not all respond the same way to light. Projection effects reduce 

system response at the edge of the field of view. This section of the report covers how 

we measure all of these effects and how they can be removed from the data. 

Experimental Set-Up 

The experimental arrangement for determining the change in RAC response with 

array position is shown in Figure 4.4.2.13. The RAC is placed facing a 20 cm diameter 

exit port of a 50 cm integrating sphere manufactured by Labsphere (North Sutton, New 

Hampshire). The sphere is illuminated by a baffled light source. The areas of the exit 

port not covered by the RAC are blocked and a black cloth is placed over the entire test 

set-up. Then typically 5 shutter corrected exposures are taken at several focus motor 

steps: 0, 87, 125, 153, 177, 198, 217, 234, 250, 265, 279, 292, 300, 306 and 312. This 

procedure is followed for both the RAC cover-up and cover-down conditions. Then 

without disturbing the arrangement, the sphere's lamp is turned off and 10 shutter-

corrected dark frames are taken at each exposure time used during the test. 
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Figure 4.4.2.13 Experimental set-up Tor flat-fieid images. 

Data Reduction 

Reduction of the flat-field images is carried out using custom IDL programs 

written by the author. These programs read in the images and dark frames from the test 

and create a mean flat field image at each focus motor step and a mean dark frame for 

each e.xposure time. Then the mean dark frames are subtracted from the images taken at 

the focus steps with the same exposure times. The reduced data are saved as IDL 

variables. There are two sets of flat fields stored as 512x256x 15 image cubes, one for 

each RAC cover condition. 
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The data acquired using the flat-field set-up in Fig. 4.4.2.14 cannot only be used 

for obtaining flat-fields, they can also be used to estimate the location of the optical a.xis 

relative to the CCD array. Given the high uniformity of the object and the symmetry of 

the RAC lens, we can estimate the location of the optical a.xis using two methods. The 

tlrst method is to find the brightest pixel in the cover-up flat-field at focus motor step 

312. Focus motor step 312 is chosen because the flat field at that motor position has the 

sharpest peak and is the least sensitive to multiple reflections off of the filter glass. 

Boxcar averages of different sizes are used to reduce the impact of any noise. Using this 

method we find the horizontal location of the optical axis to be located anywhere from 

pixel 261-264 (the nominal design location is 255.5) and the vertical location to be 

located at pixel 115-119 (the nominal design location is 127.5). 

The second method and arguably the more accurate way of calculating the optical 

axis is to use a moments calculation similar to Eq. (4.4.1.4) where the pixel location, x. is 

now a two-dimensional vector. All 131,072 pixel values are used in the calculation. This 

method indicates the optical axis is centered on pixel (259.32. 126.84). Which is within a 

few pixels of the nominal design. Based on these two analysis methods we believe the 

optical axis is located at pixel (259 ± 5 . 127 ± 10 ). 

Uncertainty 

We believe the two major sources of error in the flat fields to be the uniformity of 

the integrating sphere radiance and noise in the flat field images. According to 

Labsphere, the radiance uniformity of their spheres is 1-2% {Labsphere 2000). 
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Fortunately the radiance homogeneity of the actual integrating sphere we used has been 

studied quite extensively (Rizk 2001). The area of the sphere imaged by the RAC flat 

fields has been measured to be uniform to better than 2%. 

The flat field at each motor step is the mean of five or more images taken. To 

estimate the image to image variation we calculate the standard deviation of the images. 

This reveals that the mean individual pi.xel response varied from 0.2-0.4% during the flat 

field testing (to the 2-sigma level). This effect taken together with the integrating sphere 

uncertainty results in a total flat field, pi.xel to pixel, relative uncertainty of approximately 

3%. 

The 3% uncertainty in the RAC flat fields is appropriate for imaging with the 

RAC cover in the up position. For the cover down condition the uncertainty could be 

significantly greater due to multiple reflections off the sapphire cover window. As 

previously stated, the sapphire window is known to be 85% transmissive. Almost all of 

the light loss is due to Fresnel reflections since the glass is not anti-reflection coated. 

Careful analysis of the cover-down flat-fields reveals significant structure in the images 

due to reflections off the RAC lens cell, particularly at the lower number focus motor 

steps (0-125) but visible throughout the entire range of focus. At focus motor step 0 the 

additional inhomogeneity is on the order of 6%. That particular flat field is shown with a 

linear stretch in Figure 4.4.2.14. 
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Figure 4.4.2.14 Stretchcd image of the focus motor step 0 flat-neld. 

Due to this effect, the cover-down flat-field images acquired in the laboratory 

may not be appropriate for use on the Martian surface. The flat fields were generated 

using a source that was uniformly radiant throughout a full hemisphere. If this situation 

is not closely matched for a particular image, different reflections will occur which will 

cause significant error when the laboratory flat-field is applied. We recommend 

obtaining Martian sky images to replace the laboratory flat fields if imaging with the 

cover down is required. 

Full Radiometric Correction 

The previous portions of Section 4.4.2 each covered a different aspect of the 

RAC's radiometric response. If one is only interested in correcting the relative response 
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within individual images, then the flat-field result from the previous portion of this work 

is the only necessary component in the analysis. A full radiometric calibration, however, 

requires several steps and the results of each of the three previous portions. We outline 

the steps below for images taken with the RAC's cover up. 

The first step in fully correcting a RAC image is to subtract from it a shutter-

corrected dark frame (all images should be shutter corrected themselves) of the same 

e.xposure time. This puts the image DN values into the terms of Eq. (4.4.2.6). Next, the 

image DN values are divided by the exposure time t„p to put the data in terms of DN/s. 

The next step is to read out the RAC CCD temperature from the image header and 

determine the proper responsivity value, Sv :(,5 5. iss 5, from Eq. (4.4.2.9). This determines 

the camera's response at one focus position, 306, and one point on the array (265.5, 

188.5). The data in DN/s is then multiplied by the inverse of 2h5 5. is* 5 to put the data in 

radiometric units, W/mVster/|im. 

At this point it is appropriate to use the result in Eq. (4.4.2.13) and correct for the 

focus motor step. The focus motor position of the image is read from the image header 

and input into the equation to determine the correction factor to divide each pixel in the 

image. For instance, the response of the RAC is higher at focus step 312 then at 306. 

This means the radiance of an object has to be lower at 312 then at 306 to produce the 

same DN/s. 

The final step in radiometric calibration is to multiply the image by the inverse of 

a flat-field image that has been normalized to 1 at pixel (265, 188) and taken at the same 

focus motor step. If one is not available, then a linear interpolation between the two 



105 

closest focus steps should be used. At this point the RAC image is completely calibrated 

in W/m-/ster/|i.m at 600 nm. 

Total Radiometric Uncertainty 

As discussed earlier, the absolute radiometric measurements made with the RAC 

on the surface of Mars could be in error by greater than 10% for certain types of Martian 

spectra. And for those cases, the error due to the RAC's wide bandpass will dominate the 

total error. For more favorable types of spectra the total error will be due to the 

combination of errors previously described. We discuss the accumulative effect of those 

errors for the RAC cover-up condition below. 

The absolute radiometric uncertainty as a function of temperature was found to be 

5%. This uncertainty is only valid at focus motor step 306 and at locations on the array 

close to pi.xel position (265.5, 188.5). For image pixel locations near (265.5, 188.5) but 

at different focus motor positions, the results from the responsivity versus motor step 

testing must be used to determine absolute radiometric responsivity. The total 

uncertainty for this scenario is 5.5% for focus steps >87. For focus steps less than that 

the total uncertainty is 7%. If absolute response needs to be known at some other place 

on the array, then the flat field results must be employed. The inclusion of this correction 

results in a total uncertainty of 9% for pixels far away from the center of the array and 

focus motor steps >87. For motor steps <87 the total uncertainty is 10%. 
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4.4.3 Focusing 

Overview 

As previously discussed, the RAC has 313 different focus motor positions. 0-312. 

which allow the camera to image objects which are very close to the camera and those 

located at infinity. The focus motor moves the RAC lens cell while the detector and front 

window remain stationary. Focus motor step 0 is the position for imaging objects close 

to the RAC camera, objects approximately 11 mm away. Motor step 0 is also the 

initialization point for the focus motor. 

In order to correctly interpret RAC images, knowledge of the camera's optical 

performance with focus motor position is very important. Such information allows us to 

determine the size of objects and the distance to objects in the scene. It also allows us to 

pre-determine the optimum focus motor position for imaging items a known distance 

away, such as pieces of the spacecraft. 

Experimental Set-Up 

The RAC focus data are acquired by moving the RAC focus relative to a back-

illuminated knife edge. This is achieved either by moving the focus motor to scan the 

focus point past the knife edge or by physically moving the knife edge through a fixed 

focus. The back-illumination produces a dark to bright step transition. An image is taken 

at each step. Several different focus step positions are characterized; focus step 0, 87, 

100. 110, 125, 153, 177, 198,217, 234,250, 265, 279,295 (approximately), 305, 309 and 

310 (approximately). The distance from the RAC BG40 filter glass to the knife edge is 
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measured and recorded. The BG40 filter glass and the RAC's front bulkhead are 

nominally at the same location. Since the CCD pixels are wider than the effective width 

of the lens point spread function, image contrast depends on exactly where the knife-edge 

image falls relative to the pixel edges. If the image of the edge falls exactly at the border 

of a pixel, then the contrast between the two adjacent pixels will be a maximum. Should 

the image fall in the middle of a pixel, the contrast will be roughly of the maximum. 

To accommodate this effect, the knife edge is tilted at a slight angle to cause the image of 

the knife edge to fall at various positions relative to the edge of the pixels. The "beating" 

between a row of pixels and the knife edge is used to determine the position of optimum 

focus. Ideally, the tilt of the knife edge is about 3 to 10 pi.xels across the field of view of 

the camera. Somewhere along the edge one pixel will line up with the edge of the image 

and produce the maximum contrast possible. The magnitude of the peak contrast 

corresponds to the sharpness of focus for each image in a focus run. 

Data Reduction 

Images of the knife edge positioned at different distances away from the RAC are 

analyzed using custom IDL programs written by Bob Marcialis entitled rfoc.pro and 

snagfiles.pro. The main analysis program, rfoc.pro, reads in each image from a set and 

then spatially differentiates in a direction nearly perpendicular to the knife edge image 

(along a CCD array row or column, depending on the orientation of the knife edge) and 

the contrast is calculated. For each set of knife edge images at a given distance, one 

position of the focus motor or knife edge produces the highest overall contrast of all the 
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images in the set. These contrast values are then curve-tit with a 4''' order polynomial 

and the peak of the resulting curve is defined as the exact focus position at the measured 

object distance. 

Focus -Vlodel 

Determining the in-focus object distance for a given motor step position is an 

important piece of RAC calibration. But given the finite time available for camera 

calibration, only a small fraction of the 313 focus motor step positions can be tested. And 

the positions that are tested need to be further studied so that important camera optical 

properties can be calculated; properties such as magnification, effective f/U and depth of 

field. To address these issues we have developed a RAC camera focus model which 

incorporates the RAC nominal optical design model and the knowledge gained from the 

focus testing. 

We use the optical design program, Zemcux, to create the RAC focus model (Focus 

Software 2000). The initial model entered into the program is the nominal RAC lens 

prescription listed in Table 4.4.1.1. Then three dummy surfaces are inserted into the 

design. The first dummy surface is inserted in front of the BG40 filter glass window. 

This dummy surface is used to represent the position from which the object distances are 

calculated in the laboratory. Care is taken to measure directly from the BG40 window 

during testing but this is a difficult position to measure from in the laboratory. So the 

dummy surface is included to represent the RAC front bulkhead and account for any 

offset in the measurement. The second dummy surface is inserted after the BG40 filter 
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Figure 4.4.3.1 Zf^mox optical model layout 

glass window to allow the introduction of additional spacing which is created by focus 

motor movement. The final dummy surface is inserted in front of the image plane. Its 

thickness is always the negative of the second dummy surface's thickness. A thickness 

pick-up solve from the second dummy service is used to guarantee this. The third 

dummy surface's presence is required to keep the distance between the BG40 filter glass 

and the CCD constant. 
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The next step in the RAC focus model development is to incorporate the object 

distance and focus step measurements. This is done by opening Zeniax's configuration 

control window and creating 17 different lens configurations, the same procedure used in 

designing a zoom lens. Then the object distance and corresponding focus position 

measurements are entered into each configuration. 

The final step in the development of the model is to identify three optimization 

variables and create a merit function. The first optimization variable is the thickness of 

the first dummy surface, since the e.xact position from which the object distance 

measurements are made is unknown. The second optimization variable is the distance 

from the BG40 filter glass to the second dummy surface. This distance has quite a bit of 

uncertainty associated with it since it cannot be measured once the camera is assembled. 

And the final optimization variable is the distance from the last lens surface to the third 

dummy surface. 

Creating the merit function to optimize the three variables is straightforward. The 

merit function is set-up to calculate the lens MTF at a spatial frequency of 30 1/mm. The 

resulting MTF value is then weighted to force Zemax's optimization algorithms to find 

the values of the three variables that cause the MTF to be the largest. This is done across 

all configurations so that the final values for the three variables represent the best 

compromise for all of the measured data. To best determine these values we use both the 

standard Zemax optimization routine and the "hammer" optimization routine which is a 

genetic algorithm form of global optimization. 

Evaluation of the initial results reveals that the data entered for focus motor steps 
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294.83 and 305 cause considerable error. The lens model cannot be reconciled with the 

laboratory data at those two points and still agree with the data at the 15 other motor 

steps. So those two positions are left out for the final model optimization. We assume 

those laboratory measurements contain gross error. After standard optimization and 20.5 

hours of global optimization, we find that the value which best fits the first optimization 

variable is 0.05061825 mm. This is the distance from the RAC front bulkhead to the 

filter glass. The reference point for the distance measurements is quite close to the filter 

window's front face. And the best fit value for the second variable (the distance from the 

back surface of the filter glass to the lens at motor step 0) is 10.01221 mm. The third 

variable's value is 23.71527 mm. This implies a total distance from the outside face of 

the filter glass to the CCD of39.188514 mm which agrees well with the nominal design 

value of 39.0 mm. 

We can also check the accuracy of the model by comparing the model's optical 

parameters to measurements made in other calibration testing. According to the Zemax 

model, the distance from the CCD to the exit pupil at focus step 0 is 25.2867 mm. The 

RAC response versus focus step testing (Section 4.4.2) found this distance to be 

25.090539 mm. So the model agrees with this to 0.78%. And as part of the MTF testing, 

image magnification was measured to determine the proper image scale. The mean 

magnification at focus step 0 was measured to be 1.0411765. The Zema.x model found a 

value of 1.060276, in agreement with the measurement to 1.8%. And at focus step 279, 

the mean magnification was measured as 0.1178109 whereas the model finds a value of 

0.1177811, an agreement of 0.025%! We believe the final RAC Zema.\ model is quite 
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accurate for most applications. 
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Figure 4.4.3.2 RAC focus results. 

Using the results from the Zemax focus model optimization, we generate a 

complete table of optical parameters with the Zemax focus model. Since there are 3 13 

different focus positions, we use Zemax's macro programming language to create the 

RAC focus table, Table 4.4.3.1. 

Zemax's macro programming language is similar to the well-known programming 

language BASIC {Focus Sojhvare 2000). It allows the user to command Zemax to run 

through a set of instructions autonomously. For this situation, we create a program which 

moves the RAC lens to the desired focus motor position, optimizes the RAC bulkhead to 

object distance to maximize the MTF at 30 1/mm, then reads out the lens position. 
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working f/# and magnification to a text file. Then the near and far depth of 

field distances are found and read-out to the same text file. This process is repeated for all 

313 focus motor positions until all table entries are completed. 

We should note that the near and far depth of field distances are determined by 

varying the Zenuvc model object distance until the geometric point spread function RMS 

radius grows to 11.5 |am, half the size of the CCD array's pixel pitch. Choosing such a 

focus criterion does result in a loss of image contrast for any object distance beyond 

nominal, as would any criterion. The Zemax model predicts, for focus step 0, a near 

depth of field drop in image contrast of 39% at 25 1/mm and a far depth of field drop of 

17%. At focus step 279 the drop in contrast at 25 I/mm is predicted to be 51% at the 

near depth of field and 38% at the far depth of field. And at focus step 312 image 

contrast is expected to drop 53% at the near depth of field and 0.54% at the far depth of 

field. This amount of image contrast reduction is similar to the drop in contrast we 

measured in a single image in Section 4.3.3 of this report. This choice of focus criterion 

also causes the model to predict that the hyperfocal position occurs at focus motor step 

305. very close to our initial nominal design estimate of 306. 

A review of Table 4.4.3.1 shows that only 13 different focus motor steps are 

required to image an entire scene with acceptable image quality from an object distance 

of 10.603 mm to infinity. For the RAC user's convenience, recommended focus motor 

positions are highlighted in Table 4.4.3.1. In addition, we have illustrated for the 
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standard focus motor positions, based on the focus model results, where the various RAC 

object planes are located relative to the 2001 robot arm and scoop in Figure 4.4.3.3. One 

final item of interest, the distances recorded in Table 4.4.3.1 are the object distances from 

71IU3' 

CCD 

Object planes shown arc tor focus motor steps: 

0. 87. 125. 153, 177. 198. 217. 234. 250, 265, 279 and 292. 

Figure 4.4.3.3 The location of object planes for standard focus motor steps 
relative to the 2001 robot arm and scoop. 

the RAC front bulkhead. The object distance to the RAC filter glass is an additional 

0.0506 mm. 

For investigators who prefer not to use the focus table, we also have derived an 

equation which accurately reproduces the Zemax model generated object distances to 

better than 0.05% for most focus steps and never disagrees more than 0.22% for any 

focus position. The equation is derived from the well-known Gaussian lens equation 
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So Si / 
(4.4.3.1) 

wherey'is the lens effective focal length. So is the distance from the object to the lens 

front principal plane and Si is the distance from the rear principal plane to the image 

plane. For the RAC lens modeling we use the following relationships 

where: Do is the object distance from the RAC front bulkhead. Xo is the distance from 

the RAC front bulkhead to the front principal plane at focus step 0, MS is the motor step. 

A is the distance moved per motor step and Xi is the distance from the rear principal plane 

to the CCD at focus step 0. Inserting Eqs. (6.4.2) and (6.4.3) into Eq. (6.4.1) and solving 

for Do produces 

So = Do + Xo + MS • A , (4.4.3.2) 

and 

S i  =  X i - M S A  .  (4.4.3.3) 

^  / ( X i - M S - A )  
Do = - X o - M S A  (4.4.3.4). 

X i - M S - A - /  

We plug in the nominal values for each variable as a starting point and then allow the 

variables to change to best fit the Zemax model object distances. We find the best fit 
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when: f= 12.462 mm, A = 0.041733 mm, Xi = 25.517 mm and Xo = 12.985 mm. 

Uncertainty' 

The two primary sources of error in the RAC focus results come from the 

measurement of the object distance and the insufficient knowledge concerning the final 

state of the RAC lens. Based on the agreement between the RAC Zemax model and the 

various laboratory measurements, we estimate that object distances from the front 

bulkhead of the RAC camera can be known to better than 1.5% for most focus step 

positions. An error of 1.5% is a reasonable estimate for the magnification uncertainty as 

well. 

4.4.4 Lamps 

Overview 

The LED lamps on the RAC serve two purposes: to illuminate objects close to 

the camera when the ambient illuminance is low and to enable the acquisition of color 

images. As described earlier, the RAC has an upper and lower assembly of LED lamps. 

The lower assembly consists of 8 red, 8 green and 16 blue LED's. The upper assembly 

has 16 red, 16 green and 32 blue LED's aimed to illuminate the RA scoop and 4 red, 4 

green and 8 blue LED's pointed down to illuminate the RA scoop blade and other close-

up objects. In order to completely understand the images acquired with the RAC lamps 

on we have characterized the uniformity of their radiation pattern and their change in 

output with temperature. 
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Lamp Fiat-Fields and Response 

Experimental Set-Up 

Unlike the flat-field work of Section 4.4.2. the RAC lamp flat-field target needs to 

be in-focus when the measurement is made. But since the RAC functions as a medium 

power microscope when imaging nearby objects, a special technique for obtaining RAC 

lamp flat-fields is required. This is necessary because commercially available reflectance 

panels are not highly uniform when imaged under magnification. Te.xture can be seen. 

The procedure to get around this problem is to take images of a reflectance panel 

while the RAC lamps are on with the reflectance panel in different locations, up and 

down, left and right, with respect to the camera. Then when these images are added 

Rellectance 
Panel 

RAC w, 
Umps on 

Figure 4.4.4,1 RAC Lamp Flat-Field Set-Up 

together and averaged the structure in the image is reduced, yielding a higher quality 

lamp flat-field. 

So the laboratory procedure is to set-up a reflectance panel a known distance from 

the RAC so that it is in focus. Then take 3 shutter corrected images. Next, move the 



120 

panel to the left and take another 3 shutter corrected images. Move the panel up and take 

3 more shutter corrected images. And finally, move the panel to the right and take 

another 3 shutter corrected images. This process is completed individually for the red. 

green and blue lamps and at various focus motor steps. In addition, testing is carried-out 

when both the upper and lower assembly lamps are on and when just the upper lamps are 

on. Since it is impossible to control the upper and lower lamp assemblies separately, 

opaque tape is placed over the lower assembly lamps during the upper lamps only test. 

This type of test is required because it is possible during operations on the Manian 

surface that the RA scoop might keep the lower lamp light from illuminating an object. 

For our testing we use focus motor steps: 0.87, 125, 153, 177, 198,217.234,250.265. 

279. 292 and 300 for testing with both lamp assemblies on. And we use focus motor 

steps: 0,87, 125, 153, 177, 198,217,234.250,265,279 and 292 for testing using only 

the upper lamp assembly light. Figure 4.4.4.2 shows a schematic for the test set-up. 

Data Reduction 

The RAC lamp flat field data reduction is conducted using the custom IDL codes 

racOlJamp Jlat.pro, racOI Jump Jlat_eval2.pro and racO I Jump Jlat_eval3.pro written 

by the author. These codes read in the image data for each focus motor step, each lamp 

color and each lamp assembly. Then the data for each configuration are averaged and a 

shutter corrected dark frame is subtracted to produce the final lamp flat fields. 

Figure 4.4.4.2 shows a plot of the lamp flat fields' DN/s versus motor step for 3 

different pixel locations when both lamp assemblies illuminate the target. Figure 4.4.4.3 
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shows the same plot for when only the upper lamp assembly illuminates the reflectance 

panel. The shape of each individual curv e as a function of the focus motor step is affected 

by: the reduction in workingy/# with increasing motor step, the fall-off in lamp 

illumination with increasing focus motor step, the RAC field of view, the RAC lamps 

area of illumination and off-axis cosine effects. Figure 4.4.4.4 presents the same data as 

Figs. 4.4.4.2 and 4.4.4.3 except object distance is on the horizontal axis in place of focus 

motor step. 

Generally the response curves show that the RAC's response to a white object is 

highest using the blue LED lamps, almost 2 times higher than when using the green 

lamps and 2.5 to 3 times higher than when using the red lamps. The plots also 

demonstrate that illumination uniformity is best for lower focus motor steps. We must 

note here that lamp flat fields do not exist for the two upper comers of the RAC's field of 

view for motor steps 154-249. This is due to the use of a circular reflectance panel 

during the lamp flat field testing at motor steps 0-234. At focus steps 177, 198, 217 and 

234 the field of view of the RA.C was larger than the target could accommodate and so 

there is not any flat field information for the comer pixels. The lamp flat field that is 

missing the most information is the one obtained for focus motor step 217 which 

corresponds to an object distance of 29.265 mm. That flat tleld for when both the upper 

and lower red lamp assemblies are on is shown in Figure 4.4.4.5. If possible, we 

recommend the return of the RAC to the Lunar and Planetary Laboratory before flight so 

that lamp flat fields can be obtained for motor steps 177, 198, 217 and 234 using a small, 

rectangular target. 
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Figure 4.4.4.2 The RAC response to a white object (0.99 reflective) at three 
positions on the array with illumination from the upper and lower lamp 
assemblies, compared with the on-axis response to a Mars rock under 
ambient illumination. 
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Figure 4.4.4.3 The RAC response to a white object (0.99 reflective) at three positions 
on the array with illumination from the upper lamp assembly alone, compared with 
the on-axis response to a Mars rock under ambient illumination. 
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Figure 4.4.4.4 A second presentation of the data shown in Figures 7.2.2.1 and 7.2.2.2 
showing the camera to object distance on the horizontal axis in place of focus motor 
step. 



The peak response of the RAC. when only its own lamps provide illumination, 

occurs for pixels near the center of the array in the focus motor step range of 250-265 

which, according to the focus table. Table 4.4.3.1, corresponds to object distances of 

48.288-66.241 mm. Beyond that range the increasingly large illumination distance 

causes the RAC's response to its lamps to fall-off quickly. 

Some more interesting information can be gleaned from the lamp flat field data 

which pertains directly to the operation of the camera on the Martian surface. Figures 

4.4.4.2-4.4.4.4 include the predicted response of the RAC to a typical Martian rock under 

Mars ambient light. This was calculated by using the published typical Martian rock 

Figure 4.4.4.5 Upper and lower red lamp flat field at focus motor step 217 
(object distance of 29.265 mm) which demonstrates the worst case of 
missing flat field data. 

spectral radiance that was measured during the Mars Pathfinder mission (Maki el al. 

1999). The value was 16 W/mVster/|im at 600 nm. Then we used the results from 
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Section 4.4.2 for the absolute responsivity of the RAC (Eq. 4.4.2.9) and the response with 

focus motor step (Eq. 4.4.2.13) to calculate the curve at a CCD temperature of 0° C. The 

resulting Mars rock. RAC response curve is: the response the RAC would have on a.\is if 

the rock was illuminated by direct sunlight and able to be illuminated by roughly the 

entire hemisphere of the Martian daylight sky if the RAC was at a temperature of 0° C. 

.-Xnd so the Mars rock response curve can be thought of as an absolute maximum 

response. 

To get an estimate of how effective the RAC lamps will be on the Martian 

surface, we can use the Mars rock response curve and the lamp flat field results to predict 

how the RAC will respond to the Martian landscape. We will look at the situation for 

when we use the RAC to image rocks on the Martian surface where we want to dig a 

trench. To be in-focus. the focus motor step would have to be somewhere between 265 

and 300. We will choose 265 for this calculation. And for this scenario the Martian 

rocks would be in almost full view of the sun and sky. According to the information 

shown in Figures 4.4.4.2-4.4.4.4, the RAC response to the rock would be 9.1936 x 10"* 

DN/s and the response to a white target with all the red lamps on would be 6.5396 x lO"* 

DN/s. Two further calculations are required here. In Section 4.4.2 we described how the 

response of the RAC to a Martian spectra could be 11.3% lower than the calibration 

showed. If we include this, then the rock response would be 8.15 x lO"* DN/s. The 

laboratory response was for a 0.990 reflective object in the red. But based on our Mars 

Pathfinder results for a typical Martian rock we would expect it to be approximately 0.33 

reflective in the red. So, the RAC response to a rock illuminated by only the upper and 
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lower red lamp assemblies would be 2.18 x 10"* DN/s. 

As previously discussed, the maximum DN possible for a RAC image is 4095. So 

the maximum RAC exposure time for an image of the Martian rock with all the red lamps 

on would be 39.6 ms. Such an image could contain no more than 864 DN of information 

on the spectral response of the rock. This is better resolution than a standard 8-bit image 

offers but not as good as a 10-bit. This is based on the response of the RAC to the red 

lamps at room temperature. We did not take into account the change in RAC response 

with temperature and the LED output change in temperature for the lamp data since it 

was unavailable at the time this calculation was completed. 

If we follow the same calculation through as the previous one, at a focus motor 

step of 300, we find there would only be 88 DN of information able to be obtained 

concerning the red response of the rock. Therefore we conclude that obtaining 12-bit 

color images of the .Martian surface will be impossible during the day. In addition, 

beyond motor step 265 the RAC response to the lamps falls off dramatically as the 

response to the ambient light illuminated Martian rock goes up, making good color 

images very difficult to obtain of objects further than 66.241 mm away. So for the best 

color resolution of the surface we recommend taking exposures during nighttime. 

Of course it is not hard to imagine situations where rock or soil of interest might 

be in a substantial shadow. This would be particularly true of objects deep in a trench 

dug by the robot arm. In that situation we would expect to be able to resolve color 

information with 10-bit resolution. In particular, we should be able to do quite well 

imaging objects in the RAC scoop which are shadowed by the robot arm, the side baffles 
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and the RAC itself. We can use Figure 4.4.4.3 to develop a rough worst case scenario for 

how much color information could be obtained using the same calculation method as 

described above. Doing such a calculation at focus motor step 0 reveals that we would be 

able to retrieve 92 DN of red color information using only the upper lamp assembly even 

if the object was in complete view of the sun and sky. which we know it would not be. 

And if we make a conservative estimate for the blocking effect of the RAC. the robot arm 

structures and the scoop, say that they would block 65% of the light reported from the 

Pathfinder results, then we would be able to obtain almost 8-bits of information (254 

DN). These are rough, first order calculations. For a more accurate analysis we would 

need to account for the change in RAC response and LED output with temperature and 

separate the direct sunlight and skylight effects on the Mars rock and integrate over the 

amount of sky visible to the rock. But that would go beyond the scope of this work. And 

so, based on our approximate calculations, we recommend scoop imaging with R.\C, 

robot arm and scoop geometries that shade the robot arm scoop from as much of the sun 

and sky as possible. We caution, however, that even when imaging in these scenarios. 

that it is still possible that stray light could make it into the scene and make it difficult to 

interpret the images due to uncontrolled changes in the ambient light. 
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Error and Uncertainty 

The primary source of error in the RAC lamp flat fields at low to intermediate 

focus motor steps is the structure visible in the reflectance panel under magnification, as 

described previously. To estimate how much error is associated with the lamp flat fields 

we calculate the standard deviation of the mean for each pixel in the flat fields using all 

the image samples acquired during calibration, there are typically 12 samples. To 

understand the level of uncertainty for each fiat field we calculate the median percent 

error In a pixel value based on a 2am (2 standard deviations of the mean) level. The 

results for when both lamp assemblies provide illumination are listed in Table 4.4.4.1. 

And Table 4.4.4.2 contains the results for when only the upper lamp assembly provides 

illumination. 

The most troubling result from the uncertainty calculations is the 3.42% 

uncertainty for a single pixel when illuminating with all the red lamp assemblies at focus 

motor step 198. This large amount of error is caused by an unknown source and is not 

consistent with the trends seen in the data nor is it consistent with the camera's behavior 

when using the green and blue lamps. Individual inspection of the images for that data 

point does not reveal any glaring errors that would make the source of the large error 

obvious. The camera was at the proper focus motor step for all the images at that point 

and all the images were taken with the same exposure time. The order of the data 

acquisition at focus motor step 198 is: take 3 images with red lamps on, take 3 images 

with green lamps on, take 3 images with blue lamps on, then move the target and repeat 

the procedure until 12 images are obtained for each color. If something in the 
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Focus .^Io(o^ S(CD 
n 

Red Error 
1.01 

. Green 2a.^% F.rrnr 
1.15 

BlueZa- % F.rrnr _ . 
0.957 

S7 0.S77 0.901 0.746 
125 0.S6O 0.710 0.605 
153 . 
!77 

0.635 . 
0.739 

0.605. 
0.540 

0.537 .. . .. 
0498 

19S 3.42 0.534 0.515 
217 n..S69 0.671 0 540 
2U 0.612 0.440 0.419 
250 0.714 0.570 0.550 
^65 0.694 0.498 0493 
279 
^92 

. .... 0,714.. 
0.494 

. _0,406 . 
0.325 

.. . 0,417 .. 
0.330 

300. 0.563 0.304 0.315 

Table 4.4.4.1 Typical uncertainty at one pixel in lamp flat 
fields when all lamp assemblies provide illumination. 

__E0CUS-M0tQiLStCP ! RaUrLc^ii-EltrDi: ]_jGrEiuL2(l-^i»_ErroL^—Bluc.2a__°/a-Etxnn . 

87 2.06 2.17 2.21 
125 1.53 1.6! 1.64 
153 1.18 1.22 1.25 
177 0.974 0.962 0976 

2!" 
0.873 
0,775 

_ 0,816 
0.650 

0.830 . 
0.654 

2.14 0.S6.3 0.713 0 696 
250 0.990 0,951 0.914 
265 0.766 0.673 0(,73 
279 0.587 0.424 0432 
292 0.571 0.525 0.329 

Table 4.4.4.2 Typical uncertainty at one pixel in lamp flat fields 
when only the upper lamp assembly provides illumination. 

experimental set-up had changed during the course of this test, then the data taken after 

the red lamp data for the other 2 lamp colors should also exhibit larger uncertainties. Our 

best thought at the moment for the larger uncertainty is that one set of 3 images was 

obtained using illumination from the blue lamps instead of the red lamps but this cannot 

be verified from the information read out to the image headers during the calibration 

testing. 

Another aspect one should notice of the lamp flat tleld uncertainty results is that 

the error goes down with increasing focus motor step. This is due, as previously 

mentioned, to the disappearance of the panel structure as it is moves further away from 
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the RAC. At larger focus motor steps the single pixel uncertainty of the lamp flat fields 

approaches the 0.4% level, comparable to the standard flat field single pixel uncertainty 

of Section 4.4.2. 

The data also show for lower focus motor steps that the uncertainty in the upper 

lamp assembly flat fields is substantially larger than the uncertainty when both lamp 

assemblies provide illumination. This is most likely due to the longer exposure times 

used when acquiring the upper lamp assembly data. The exposure times were 

approximately 5 times longer with only the upper lamps on at low to moderate focus 

motor steps. 

One final issue concerning this data is that if possible, it would be advantageous 

to return the RAC to LPL to re-calibrate the RAC lamp flat fields to try and achieve 

higher accuracy at the lower focus motor steps. We believe this could be achieved vvith a 

slight modification to the original test set-up in which the reflectance panel is 

continuously moved during the duration of an exposure. Reflectance panel movement 

could be achieved through rotation or vibration of the panel. In any case, such a re-test 

would also allow the acquisition of a higher quality, all red lamp assemblies on, flat field 

at focus motor step 198 which has more uncertainty associated with it than expected. 

Lamp Rcsponsivity with Temperature 

The RAC was tested in the thermal vacuum chamber for lamp responsivity 

changes with temperature by imaging a Spectralon target located outside of the chamber. 

It is well-known that LED lamps change their amount of light output with changes in 



132 

temperature. The reduction of the data was carried out by Roger Tanner of the Lunar and 

Planetary Laboratory and has been previously described by Bos et al. (2001). We 

summarize the results here with Figures 4.4.4.6 and 4.4.4.7 and Table 4.4.4.3 for 

completeness. 

Figure 4.4.4.6 Sample image from the RAC lamp responsivity with 
temperature testing. 

Color C l O l  cm C [ 2 |  C | 3 |  Sigma from 
nt 

Cover down i 
/ cover up 
ratio 1 

Blue 135051 -514.128 1.21592 .0357287 1094 .8695 

Green 76477.5 -220.509 .455685 .0210156 615 .8554 

Red 54104.9 -502.654 2.96976 .0324108 1194 .8677 

i 

Table 4.4.4.3 RAC lamp responsivity vs. temperature results, equation is DN/sec=C |0| + C [1|*T + C 
|2|*T'^2 + C |3|*T'^3, where T is temperature in degrees C. This is for cover up imaging. Multiply 
result by cover down ratio to gel DNVsec for cover down images. 
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Figure 4.4.4.7a Change in Responsivity 
of the Blue LEDs with temperature. 
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Figure 4.4.4.7b Change in Responsivity 
of Green LEDs with temperature. 
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Figure 4.4.4.7c Change in Responsivity 
of the Red LEDs with temperature. 
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Lamp Spcctrai Shape with Temperature 

In addition to changing the amount of light output with temperature, the RAC 

LED lamps also change their output color with temperature. The analysis of this data 

was also completed by Roger Tanner (^Bos et al. 2001). The results of that work are 

presented with Table 4.4.4.4 and Figures 4.4.4.8-4.4.4.16 for completeness. 

Temperature 
(degrees C) 

-50% 
Wavelength 

(nm) 

Peak 
Wavelength 

(nm) 

+50% 
Wavelength 

(nm) 

Bandwidth 
(nm) 

Position of Peak 
(%ofB\Vfrom 

lower 50%) 

Red Lamos 
-95 ; 619.2 626.6 633.5 14.3 51.7 
-75 1 621.2 629.3 636.4 15.3 53.1 
-55 1 623.1 631.9 639.3 16.2 54.2 
-35 i 625.2 634.6 642.3 17.1 55.1 
-15 627.2 637.3 645.2 18.0 55.9 
5 629.3 640.0 648.2 18.9 56.5 

25 631.5 642.7 651.2 19.7 57.0 
Green Lamos 

-95 i 509.1 522.9 541.4 i 32.2 42.6 
-75 ! 508.8 522.9 541.6 32.7 42.9 
-55 1 508.6 523.0 541.9 33.3 43.1 
-35 ! 508.4 523.2 542.4 33.9 43.4 
-15 ! 508.3 523.5 543.0 34.7 43.S 

5 1 508.2 523.9 543.7 35.5 44.1 
25 1 508.2 524.3 544.5 36.4 44.5 

Blue Lamos 
-95 454.2 463.5 474.4 20.2 45.7 
-75 454.2 463.8 475.2 21.0 45.7 
-55 454.1 464.1 476.0 21.8 45.7 
-35 454.1 464.5 476.8 22.6 45.8 
-15 454.2 464.9 477.5 23.4 45.9 
5 454.2 465.3 478.4 24.1 46.0 

25 1 454.4 465.8 479.2 24.8 46.1 

Table 4.4.4.4 RAC lamp peak and 50% points (from polynomial fits). 
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Figure 4.4.4.9 Spectral Profile of Red 
LED's at 15.5° C. 

Spectral profile of Red LEDs ot -94.0 degress C 
—I— 1 \  , — 

o o 

^ ^ 1^ I 1 
600 620 64-0 660 

Wavelength -  nm 

Figure 4.4.4.8 Spectral Profile of Red 
LED's at -94.0° C. 
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Spectral profile of Green LEDs at -1QQ.3 degress C 
1 21 1 1 1 ' r 

0 6  

500 520 540 
Wavelength -  nm 

560 

Figure 4.4.4.10 Spectral Profile of Green 
LED's at-100.3° C. 
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Figure 4.4.4.11 Spectral Profile of Green 
LED's at 10.9° C. 
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Spectral profile of Blue LEDs at -91.9 degress C 
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Figure 4.4.4.12 Spectral Profile of Blue 
LED's at-91.9° C. 
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Figure 4.4.4.13 Spectral Profile of Blue 
LED's at 16.7° C. 



138 

S^'ft in oeot one S0> »cvgiefi^tn< witn temp - Reo 

Figure 4.4.4.14 Shift in peak wavelength 
and 50% points with temperature for 
the red LEDs. 
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Figure 4.4.4.15 Shift in peak wavelength 
and 50% points with temperature for 
the green LEDs. 
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Figure 4.4.4.16 Shift in peak wavelength 
and 50% points with temperature for 
the blue LEDs. 
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4.4.5 Distortion 

Experimental Set-Up 

Due to the inherent symmetry of a double-Gauss lens, and its use in the RAC. the 

distortion present in a RAC image is expected to be very small. At 1:1 imaging with a 

perfectly symmetric lens no distortion should be apparent. A review of the optical 

prescription in Table 4.4.1.1 shows that the RAC lens is roughly symmetric about the 

aperture stop. However, the RAC is to be used for more than just 1:1 imaging scenarios 

so it is possible that a small amount of measurable distortion could be present in RAC 

images. 

Figure 4.4.5.1 RAC image of distortion target. 

To test for distortion in RAC images we use a target of equally spaced holes 

manufactured out of photo-etched chrome on glass using the same method used to make 

masks for coarse pitch integrated circuits. This target is shown in Figure 4.4.5.1. The 
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target is back-lit and mounted on a translation stage 94 mm away from the tlAC. Then a 

shutter corrected image is taken with the target centered and the RAC lens at focus motor 

step 279. Next the target is moved 10 mm to the side and imaged again. After that the 

target is moved 1 mm back toward the center, an image exposed and the target moved 

another 1 mm. This procedure is repeated until the target is 10 mm off center on the 

other side of the camera. This scan is conducted in order to have a method of 

determining image scale. 

Data Reduction 

The reduction of the distortion target images into distortion data is carried out 

using the custom IDL code racOl jdisiori.pro written by the author. The first program 

function is to read in the image data and correct it for the presence of stray light. This is 

done by creating a binary threshold image from the data such that where the data DN 

values are less than 50, the threshold image is given a DN of 0. Everywhere else a value 

of 1 DN is assigned. This threshold image is then used as a multiplying filter on the 

original image data to remove the DN values that are not due to the target hole images. 

Next the program displays the distortion data image to the user using 2x 

magnification. Then using the computer mouse, the user clicks near the center of one of 

the circular dots in the image. The program accepts the user defined position and uses a 

31x31 pixel square (less if the image falls too close to the edges of the array) sample 

about that point to calculate the center position of the dot using a moments calculation 
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similar to Eq. (4.4.1.4). This center position is then read out to a te.xt file and the user 

continues selecting positions until all the center points in the distortion target have been 

calculated. The user needs to be careful to select only symmetric circles which are 

uniformly illuminated, otherwise the center determination using the moments calculation 

will be in error. 

We have found this method to produce very repeatable results as long as the user 

clicks somewhere on the dot image. Even if one does not select a position directly in the 

center, the position measurement result is exactly the same due to the size of the square 

sample and the fall-off to 0 DN outside the circle images, which are about 14 pi.xels in 

diameter. 

Once the target locations are found for all the distortion target images, the 

analysis proceeds by computing the distances of the various spot images to the center 

spot image when the target is centered. These distances are then compared to what they 

would be if no distortion was present in the image using the standard definition of 

distortion as found in Smith (1990). 

Percent Distortion = 100, (4.4.5.1) 

where tT is the actual image height and /;' is the paraxial image height. We determine the 

/;' value for each hole position by using the average distance of the four holes closest to 

the center hole multiplied by the scale factor for each hole. For instance, the scale factor 

for the four outermost holes is 17' v tf is the actual target center to hole distance 
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measured in tiie data as described above. 

Results 

Initially our measurements of the amount of distortion present in RAC images at 

focus motor step 279 appeared inconclusive. According to the nominal RAC lens design, 

including updated thicknesses from the focus model results of Section 4.4.3, the RAC 

should e.vhibit -0.059% distortion at the image position of the target hole furthest from 

the center for the distortion testing arrangement. Unfortunately this small amount of 

distortion was unable to be seen above the scatter in the initial results. 

Figure 4.4.5.2 shows the design intent of the RAC distortion target. Each hole is 

an equal distance away from every other hole in the target except for the center hole. 

This distance we denote as D. To understand how image scale changes with detector 

position we plot the various D values measured for each hole as a function of distance 

from the center hole in Figure 4.4.5.3. The value D is not calculated using the distance 

from the nearest hole but by using the total distance from the center hole divided by the 

proper scale factor for that hole. For instance, to tlnd D for any one of the four innermost 

holes, the distance from that hole to the center hole would be divided by 2 ' - to obtain D. 
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Figure 4.4.5.3 Initial distortion testing results. 
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Figure 4.4.5.3 shows a tremendous amount of spread in the measurements, 

beyond that e.xpected from random error. The spread, in fact, is almost exactly 

repeatable. Image 90 was acquired several minutes after image 77 and after the target 

had moved completely across the RAC's field of view and then returned to the center 

position. The results for the two separate images are almost identical. An analysis of the 

measurements reveals that the measurements made from the upper left comer of the 

target are consistently larger than those made from the lower right. Apparently a 

systematic error was present in the distortion test set-up. To verify this even further a 

plot similar to Figure 4.4.5.3 was made using data from image 88. The image 88 data 

showed the same data spread even though this image was taken with the target offset 10 

pixels (in image space) from the RAC's optical axis. We knew the effect could not be 

due to any kind of distortion caused by the RAC lens. 

Initially we believed that the data spread was most likely due to some error in 

target fabrication. An increase in target hole spacing with position, while moving from 

the lower right to the upper left target comer, would explain the measured spread. 

Fortunately the actual target used in the testing was still available for inspection. In 

addition, we also had access to a measuring microscope with approximately 0.75 micron 

lateral resolution. So we used the measuring microscope to check the spacing between 

adjacent target holes. Due to the size of the target and the microscope supporting 

structure we were only able to measure 9 hole spacings but they were spread out over the 

entire target. The measurement results are shown in Table 4.4.5.1. 
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.Measurement Hole Spacing 
(mm) 

! I 15.1790 
j 2 15.1835 
! 3 15.1721 
1 4 15.1682 
i 5 15.1768 
! 6 15.1854 
i 7 15.1765 
i 8 15.1872 
! 9 15.1898 

Table 4.4.5.1 Distortion Target Hole Spacing Measurements 

The target measurements indicate that the hole spacings are not consistently small 

or consistently large for any particular portion of the target. The distances are randomly 

spread about the nominal design value of 15.180 mm. It appears that distortion target 

fabrication error is not responsible for the data spread. 

The only other possible issue with the test arrangement could be target tilt. Figure 

4.4.5.4 shows a simplified schematic of a tilted distortion target. The height. ;-', of the 

image follows the equation 

. (4.4.5.2) 
5'o + /;sin(0) 

where h is negative for the positions below the optical axis. If the rotation, 6, of the 

target is small then the following approximation can be made 

v'=Si . (4.4.5.3) 
So + hd 
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Figure 4.4.5.4 Illustration of distortion target tilt. 

For the purposes of this discussion, only the absolute value of the distance from 

the optical axis is of interest. So for the target position that gets rotated towards the lens 

shown in Figure 4.4.5.4 the image distance to the optical axis, v- is 

v ' = S i - 1^1 
So-\h\-d ' 

(4.4.5.4a) 

and when the target position is rotated away from the lens 

y = si-
5o + |/;|-0 

(4.4.5.46) 
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A comparison of Equations 4.4.5.4a and 4.4.5.4b reveals that the image of the 

target point rotated toward the lens and detector will always be ftirther away from the 

optical axis than for the image of the point rotated away. And both distances are different 

from the nominal value 

.V' -Si-^ . (4.4.5.5) 
So 

So for any small target rotation, the effect on the image will be an increase in image scale 

for positions on the target rotated closer to the camera and a reduction in scale for points 

rotated further away. This type of effect explains the spread observed in the distortion 

test data. 

Since target rotation could explain the spread in the initial analysis, we decided to 

attempt a correction of the data based on a paraxial model of the RAC lens and a tilted 

target plane. The correction applied was a simple shift to the target hole image position 

based on an assumed amount of tilt. The paraxial model input parameters were; the 

distance of the target from the entrance pupil, the distance from the exit pupil to the 

detector plane (not necessarily the image plane) and the ratio of the object space and 

image space chief ray angles. A small amount of variation was allowed in these 

"constant" parameters to allow for experimental uncertainty. The unicnown, variable 

parameters were: horizontal target offset, vertical target offset, the target's angle of 

rotation and the inclination of the target's axis of rotation. 

The unknowns were determined by tracing a chief ray through the paraxial lens 

system to the detector plane at a given target rotation, for each of the distortion target 
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hole positions. The image heights were then compared to what the image heights would 

be if no rotation were present. From this an image height correction was calculated for 

each laboratory measurement. Then the target orientation variables were changed to 

reduce the standard deviation of the corrected laboratory measurements for each type of 

center to hole distance. The optimizer utilized the Generalized Reduced Gradient 

(GRG2) nonlinear optimization code developed at the University of Texas at Austin and 

Cleveland State University, made commercially available by Frontline Systems (2000). 

The paraxial model results indicate that the distortion target's upper left comer, as 

viewed from the camera side, was rotated toward the camera by 0.55°. The axis of 

rotation was determined to be at an angle of approximately 18° relative to the horizontal 

(or long) axis of the RAC CCD. The corrected results based on those target angles are 

shown in Figure 4.4.5.5 plotted on the same scale as Fig. 4.4.5.3. The remaining spread 

in the data can be attributed to random error in target fabrication and image center 

determination. 

The data trend of increasing image scale with distance from the target center 

shown in Fig. 8.3.4 could be seen in the original, uncorrected results but the reduction in 

data spread allows the confirmation of that effect. Based on the equation for distortion as 

given in Eq. 4.4.5.1, this result is surprising since for negative distortion the data would 

have a negative slope. As stated earlier, the nominal RAC optical design predicted a 

small amount of negative distortion would be present, -0.059%, at the position of the 

target hole farthest from the center. The actual percent distortion measured based on the 

corrected results are presented in Figure 4.4.5.6. 
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Figure 4.4.5.5 Corrected distortion testing results. 

The positive distortion result was relatively surprising but could not be ignored. 

Following this result we explored variations on the RAC nominal lens design using 

Zemax (Focus Software 2000). With this lens design code we utilized its standard 

optimization algorithm to search for new lens to lens spacings that produced the largest 

amount of positive distortion, while at the same time forcing the prescription to maintain 

the nominal focal length and image quality. The results were rather startling. For lens to 

lens distance changes of less than 0.0493 mm from nominal, the I?AC lens could have as 

much as 0.1531% distortion at the position of the target hole comer image. This is 
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Figure 4.4.5.6 The amount of distortion present In a RAC image at 
focus motor step 279. 

similar to the amount of distortion we measured. 

According to Shannon (1997), lens to lens spacing accuracy of 0.05 mm is 

appro.ximately the capability of a commercial to precision level optical fabricator. To get 

down to 0.001 mm accuracy one needs to use a high precision shop. Similar 

manufacturing information has been provided by Applied Image Group/Optics of 

Tucson, Arizona. Their best lens to lens spacing accuracy is ±0.05 mm (Applied Image 

Group/Optics 2000). So the level of lens spacing error needed to achieve the amount of 

positive distortion measured is consistent with known optical shop practices. In addition. 
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the RAC lens certainly has other fabrication errors which also could change the amount 

of distortion measured. 

So the sign and amount of distortion we measured in the laboratory is not 

inconsistent with the RAC lens design and its associated tolerances. The amount of 

distortion present in the nominal design was so small that variations within fabrication 

tolerance could result in distortion of either sign being present. One tlnal point 

concerning the Zemca investigation; we found that at focus step 3 12 the amount of 

distortion present in the comer of the CCD chip could be as large as 0.29%. 

The error bars shown in Figure 4.4.5.6 are 1 sigma values based on the target hole 

to hole vertical and horizontal spacing tolerance of ±10 microns and the uncertainty in 

measuring target hole image centers on the CCD, ±0.005 pixels. The errors were 

assumed to be uncorrected and were propagated per Bevington and Robinson (1992). 

The error bars were not calculated using the remaining spread in the corrected distortion 

data. This would have produced error bars of noticeably smaller e.xtent. Our error 

propagation analysis reveals that our laboratory set-up, data reduction technique and data 

correction model allows us to measure distortion of roughly magnitude 0.04% or greater. 

So. even if the RAC lens had more closely followed the nominal design, our test would 

have been able to just detect the -0.055% distortion. 

The final characteristic of note concerning the distortion results is that they agree 

with a purely 3^'' order or Seidel distortion fit (Born and lVolf\980). Higher order terms 

might be important for higher focus motor steps but they are not required for a reasonable 

fit at motor step 279. The fit is the following 



152 

ILiC % Distortion = 3.3786x 10"^ (Dist. from Center)'. (4.4.5.6) 

where the distance from the center is measured in pi.xels. 

Based on the distortion testing and analysis, we recommend that the RAC be 

returned to the University of Arizona for further distortion testing. It would be useful to 

verify the amount of distortion observed in the current data set by conducting more 

distortion testing. These new tests would be carried out with a larger distortion target, 

located further away from the RAC so that the effect of target tilt would not be important. 

This would require testing with the RAC set at a larger focus motor step to bring the 

target into focus. Such testing at a larger focus motor step would also be useful in order 

that we might gain a better appreciation of just how much distortion is present for objects 

located further away. Extrapolating Eq. 4.4.5.6 beyond the measurements it is fitted to is 

not recommended. 

4.4.6 Dark Current Characterization 

Introduction 

In Section 4.4.2 we discussed the responsivity of the RAC and described in detail 

how it was determined. Part of that discussion included how the thermal excitation of 

electrons can lead to measurable pixel signal values even when there are no photons 

impending on the active section of the CCD. This portion of the report discusses how we 

measure the dark current of the RAC and develop an accurate model to predict it. 



153 

Experimental Set-Up and Procedure 

The experimental set-up to measure thermal dark current is similar to that 

described and shown in the absolute radiometry portion of Section 4.4.2. In fact, the dark 

current and absolute radiometry data were all taken as part of the same set of experiments 

due to their dependence on temperature. The RAC and flight electronics boards were 

placed inside a thermal vacuum chamber where the temperature was varied from 

approximately -115-30° C and the pressure was held to around 10'^ Terr. Data were 

acquired at 6 different temperatures in the stated temperature range. 

The experimental procedure is to start the test with the RAC at a temperature of 

approximately -115° C by controlling the temperature of the cold plate in the thermal 

vacuum chamber. Our testing began after the RAC and flight boards had already been 

through their flight qualification hot and cold soaks. The soaks ended at -115° C and so 

it was possible to proceed directly into the dark current testing without having to take the 

time to bring the chamber temperature down. 

With the chamber temperature at -115° C the testing proceeds by placing a cover 

over the thermal vacuum chamber window the RAC looks through and turning the room 

lights off. Then take 5 images at the maximum allowable exposure time (32.7675 s), 

without shutter corrections on, but with the dark strip and null frame options selected. 

Then take another 5 images with a 0 s exposure, again, without shutter corrections on. but 

with the dark strip and null frame options selected. Then change the chamber cold plate 

temperature to approximately -70° C following a rate of 1.25° C/minute. Take the same 

exposures as before and set the chamber cold plate temperature to -30° C with a warm-up 
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of 1.25° C/minute. 

At -30° C increase the number of exposures to 10 to compensate for the 

increasing variance but otherwise take the same types of images as before. Then repeat 

this procedure at 0° C. 30° C and room temperature. One issue to be aware of at the 2 

warmer temperatures is to make sure there are not any saturated pi.xels (pi.xels with a DN 

of 4095) in the image. If there are. reduce the exposure time until the saturated pixels 

disappear. 

Data Reduction and Modeling 

Data reduction on the RAC dark current data was carried out using the custom 

IDL routines written by the author: racO I jdarkjnodel.pro, racOI_ciark_shuUer.pro, 

racOl jJarkjmll.pro, dark_model2.pro, dark_model4.pro and 

racOl _darkjnodel_sat.pro. 

Our modeling approach was slightly different than that used by the MAGI team in 

the past. According to Reid et al. (1999) and Smith et al. (2001), the theoretical dark 

current model used for the Imager for Mars Pathfinder, the Mars Polar Lander Surface 

Stereo Imager and the Mars Polar Lander Robotic Arm Camera followed this form. 

D .'V(r ./..r, V) = AD T D{ x , y )  + As S{ x , y )  

+ + OJfset, (4.4.6.1) 

where t is exposure time, T is temperature, (.v,,v) is the pixel location and the other factors 
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represent measured coetTicients. A review of the best current CCD literature reveals that 

this dark current model is incomplete. And so we derive the following RAC dark current 

model from Buil (1991) and Janesick (2001) 

D N i T . t . x . y )  =  A D  /  t' '  D ( x . y )  +  A s  t'  S ( x . y )  

+ .-JA't' + OJfsct, (4.4.6.2) 

where t is exposure time in seconds, T is temperature in Kelvin, (x. v) is the pixel location. 

Eg is the silicon bandgap energy, k is Boltzmann's constant in eV/K and Offset is the CCD 

hardware offset in DN. The Ad, As and A\ parameters are still determined from the 

experimental data as before but their values are proportional to pixel area and the dark 

current figure of merit. Notice that we have eliminated 3 unknowns from the previous 

dark current model. Bp. Bs and Bs, and replaced them with the well-known silicon 

bandgap energy. Eg. The silicon bandgap energy is a known function of temperature and 

is given by Pankove (1971) 

7.02Lvl0-^r-
I108 + r ' (4.4.6.3) 

where T is again temperature in Kelvin. 

Equation (4.4.6.2) encompasses the same effects as described in Section 4.4.2 and 

specified in Equation (4.4.2.1). The form of Eq. (4.4.6.2), however, allows easier 

analysis for the type of dark current experimentation we performed. The equation 



156 

includes all the effects that go into a dark current image frame: the hardware offset, the 

thermal noise generated during the readout process, and the dark current accumulated 

during an exposure. 

In Eq. (4.4.6.2) there are three unknown coefficients to be determined. Ad , As  and 

A\: two unknown 512x256 normalized arrays, D(x,yj and Sf'.rjv; and an unknown 

hardware offset value. Offset. The determination of each unknown involves analyzing 

different types of images so that the various effects can be separated out. 

The first unknowns to be calculated are Ax and Offset. These are found by taking 

the null frames saved at the various temperatures during the experiment and fitting the 

last two terms of Eq (4.4.6.2) to the null frame data while forcing the first two terms to be 

zero. We believe that the null data should only be affected by the thermal noise in the 

readout pixels and the hardware offset. The null data is read-out as a 256x4 array but 

physically it is only comprised of 4 electron wells. And so each null frame is averaged to 

create a mean value for each frame at each temperature. We perform the model fit using 

IDL's {Research Systems 1999) built-in gradient expansion algorithm to compute a non

linear, least squares fit to the data. Notice, that although the hardware offset is slightly 

temperature dependent, we ignore this in the fit following the approach used in the past. 

We also should note that we investigated including a constant temperature offset factor in 

the model of Eq. (4.4.6.2). It is conceivable for the CCD silicon temperature to be at a 

slightly different temperature than the temperature recorded by the CCD temperature 

sensor. Following the approach of Frieden (1983), we found to a confidence level 

between 10 and 25% that an added temperature offset variable was statistically 
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Figure 4.4.6.1 Null frame response as a function of temperature. 

insignificant. This is not a high confidence level but it is not low enough to warrant 

including the temperature offset term according to Frieden. Figure 4.4.6.1 shows a plot 

of the theoretical model and the null frame response versus temperature data. The best-fit 

model parameters are: A\ = 4.6973x 10^ DN/K^'" and Offset = 8.7247 DN. 

Once the As and Offset variables are known, one can proceed to determine the .-is 

and SCv.yJ variables. The As variable is simply a coefficient like the one found for the 

null data with units of DN/K^". The Sfx.yJ variable is a normalized, two-dimensional 

array which represents the shutter response of each individual pixel as a fraction of the .-Js 

variable. The effect we are trying to quantify here is the amount of dark current that 

accumulates in the imaging and storage sections of the CCD during read-out alone. So to 
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calculate these two variables we use the dark frame data with 0 second exposure times 

acquired at the various temperatures and then subtract the appropriate model null 

response and offset. Then we tit this data to the second term in Eq. (4.4.6.2), again using 

IDL's {Research Systems 1999) built-in gradient expansion algorithm to find a least-

squares fit at each pixel location, a total of 131,072 locations. We find As = 7.0863x10 

DN/K"". Its location on the array is at pixel (1,0) so that SCI.O) = 1. We expected the 

maximum value to occur at (0,0) but that pixel appeared to be unresponsive during this 

test and only had a value of 0 DN. The resulting S^x.y) array looks like an average 

shutter image. It is shown in Figure 4.4.6.2. The differences in the column responses are 

visible in the image. 

Figure 4.4.6.2 S(x,y) from Eq. (4.4.6.2) which shows how a topical shutter 
image (an image with 0 s exposure and no light incident on the detcctor) 
appears. 

The final portion of the model fitting is to detemiine Ao and D(x.y). We do this 
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by reading the DN values from the images that were acquired at the maximum exposure 

time possible without saturation (normally 32.7675 s). And then DN values calculated 

from the known terms of the model are subtracted from the image DN values. Finally, 

the resulting numbers are divided by the exposure time of the image and fit to the first 

term of Eq. (4.4.6.2) as a function of temperature using IDL's {Research Systems 1999) 

non-linear, least-squares fit routine. Our analysis found/Id = 9.4871x10^ DN/K'"'/s. The 

results for the D{x,y) array are shown in Figure 4.4.6.3. Again we note that the raw 

image data showed DN(0,0) = 0. 

Figure 4.4.6.3 D(x,y) from Eq. (4.4.6.2) which shows how a typical dark 
image appears after it has been shutter corrected. 

Summary and Error Estimates 

The final parameters for the RAC dark current model are summarized in Table 

4.4.6.1. The S(x,y) and D(x,y) arrays are stored as IDL variables along with the values for 



160 

.-l5 and Ad -

Using the model parameters we can predict the amount of dark current signal to 

expect for any pixel of the RAC at any given temperature. For instance, for a 1 s 

exposure at a typical RAC temperature on Mars of 0°C, the dark current model predicts 

the amount of signal due to thermal noise at a typical pixel would be approximately 46 

DN. About 20% of that signal would be due to the 8.7247 DN hardware offset, roughly 

2% would be due to the read-out noise, 34%) would come from the shutter effect and the 

last 56% would come from the 1 s integration time for the exposure. If the frame were 

shutter corrected, we would expect 21 DN. So we can safely assert that with RAC 

imaging on Mars, for most exposure times we do not expect the dark current to exceed 

100 DN. 

The uncertainties in the model parameter fits are given in Table 4.4.6.1 and 

Figure 4.4.6.4. The values plotted in Figure 4.4.6.4 were calculated first by dividing the 

Table 4.4.6.1 Dark Model Parameters 

PARAMETER VALUE 1 a U.N'CERTAINTY 

Offset 8.7247 DN O.I 175 DN 

As 4.6973x10" DN/K' = 7.030x10' DN/K' -

As 7.0863x10' DN/K^- See Fig. 4.4.6.4 

S(.x.y) Array of values 1.0-0.00015* See Fig. 4.4.6.4 

Ad 9.4871x10' DN/K''-/s See Fig. 4.4.6.4 

D(x,y) Array of values 1.0-0.06167* See Fig. 4.4.6.4 

* Excluding the value of 0 at unresponsive pixel location (0,0). 
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Figure 4.4.6.4 A plot of the typical 1 a percent errors for the dark model 
parameters AsS(x,y) and Ad D(x,y) versus row location on a RAC image. 

1 a uncertainty of each parameter at each pi.xel location by the parameter value at that 

pixel location. Those values were then multiplied by 100 and the median error of each 

CCD row (the median error of the 512 pixels in each row) was calculated in order to find 

the typical error for that row. 

The model parameters are known to quite high accuracy except for some parts of 

the .'Is Si'x.yj parameters. Figure 4.4.6.4 clearly shows that towards the top of a RAC 

image, the values forW^Sf'.v.iV are not known with high accuracy. At row position 229 

the typical percent error goes over 1%. And at the very top of the image, at row 255, the 
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median error is 64.0%. This high amount of relative error is due to the small amount of 

shutter dark current at the top of a RAC image. The top portion of the image is the first 

row to be shifted to the horizontal readout register and so it accumulates very little 

thermal charge before it is read out. So the signal to noise ratio is quite small, the signal 

in this case being the dark current. To improve the accuracy of the model parameters in 

that part of the array we would need to take a lot more shutter frames during testing since 

increasing the e.xposure time is not an option. In order to increase the signal to noise ratio 

by 1 order of magnitude it would take 1000 shutter dark exposures. That is impractical. 

Fortunately, >1% uncertainty in the shutter dark parameters applies only to the 

upper 11% of the array. For the rest of the array positions, all 6 model parameters are 

known with high accuracy. The two array parameters tend to have the same relative 

uncertainty for most positions at the 0.001% level. 

It is important to keep in mind the proper interpretation of the model parameter 

uncertainties. The uncertainties tell us how repeatable the model results would be if a 

new set of data were used to determine the fit. and not necessarily the accuracy of the fit 

itself relative to a new set of real data. 

To get an idea of how well the model fits real data, we have compared a real dark 

current image with one produced by the model. The dark frame was obtained at a 

recorded CCD temperature of 29.2 K, an exposure time of 15.0 s and no shutter 

correction was applied. Those same values were input into the model of Eq. (4.4.6.2) to 

generate a 2-dimensional image. The actual dark frame was then subtracted from the 

model results to determine the absolute error. Then the error was divided by the dark 
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Figure 4.4.6.5 A histogram of the pixel response error bet^veen the final dark 
model and an actual dark frame. 

frame DN values and multiplied by 100 to obtain the percent difference error. The results 

for most of the pixels are plotted as a histogram in Figure 4.4.6.5. 

The histogram of the percent errors shows that the model and data agree quite 

well with one another. Of the total 131,072 RAC image pixels, 131,040 or 99.98% of 

them are plotted within the bounds of Fig. 4.4.6.5. The most extreme errors were at 

pixels (383.134) and (59,94) and their occurrence is not represented in the plot. At pi.xel 

(383,134) there was a maximum error of 16.8% and at pixel (59,94) there was a 

minimum error of-19.8%. The overall distribution of the error across the image was 
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uniform, however, and there were not any trends evident. 

The absolute accuracy of the dark model DN values were low by about 2%. The 

model slightly underestimated the signal due to the thermal noise. Error at the 2% level 

though is quite good in this case, given that the data was taken in a very steep part of the 

curve of Eq. (4.4.6.2). A review of Figure 4.4.6.1 shows that at 29.2 K, the temperature 

dependence of the dark current is very steep. And so the resulting DN values of the 

model are very sensitive to the temperature uncertainties. 

4.4.7 Summary and Recommendations 

The 2001 Robotic Arm Camera's imaging performance has been well 

characterized with the laboratory e.xperiments and data analysis that we have described. 

Our analysis of the calibration data for this camera is at a level that we were not able to 

achieve with the Mars Polar Lander RAC due to the time constraints and loss of the 

mission. The RAC parameters reported in the past {Keller et ai 2001) have lacked 

sufficient detail for full calibration of images. The numbers provided in this report will 

allow RAC images from Mars to be analyzed with high accuracy. Using the information 

we have produced, instrument effects will be able to be identified and removed from the 

images to allow proper interpretation of the Martian soil and surface. 

There are a few remaining camera characteristics, for which we already have data, 

that will need to be reported in more detail when the RAC begins its mission on the 

surface of Mars. We have completed an initial analysis of the laboratory stray light data 

that shows that stray light and ghost imaging are well-controlled. We also have data, yet 
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to be utilized, on the effectiveness of the robot arm baffles and the RAC response to 

imaging of standard color chips. Those areas will be studied in more detail after the RAC 

has initiated its mission on the surface of Mars. 

Before the '01 RAC is integrated into the Mars spacecraft and launched to Mars, 

we believe it would be beneficial to return the RAC to the Lunar and Planetary 

Laboratory for some further testing. Our calibration analysis has revealed that 1-2 weeks 

of further testing could increase our understanding of the RAC even further, and perhaps 

improve upon its performance. 

In Section 4.4.1 we discussed how the image quality of the RAC varies across its 

field of view significantly more than the nominal lens design suggests it should. We 

would like to do a few more MTF measurements on the camera to confirm that the point 

spread function in the upper left and lower right hand comers of the images are strongly 

asymmetric. And if such a test were to confirm that, we would seek to correct this 

performance by correcting the current lens or replacing it with one of the flight spares. 

We would also like the opportunity to be able to do a fijll test of the RAC's 

spectral response from 0.4-1.0 |im. For some of the results reported in Section 4.4.2, we 

had to rely on the manufacturers' reported spectral characteristics of various components 

to determine the camera's response in certain situations, components like the CCD and 

the IR-filter. We would be able to achieve lower uncertainties if we would be able to test 

the RAC's response to the known spectral output of a monochrometer. This is an 

instrument we already possess and if we just performed the test at ambient temperature, 

we could complete it in a day. 
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In Section 4.4.4 we highlighted how there were some serious issues with the RAC 

lamp flat field data. We were able to achieve quite good results with the data we have 

but we should be able to do better. In particular, we should really have full flat field data 

for focus motor steps 177. 198. 217 and 234 which would require testing with a 

rectangular reflectance target instead of a circular one. In addition, we should be able to 

achieve better accuracy at the lower focus motor steps if we conduct the lamp flat field 

testing while the target is rotating or vibrating. This would help blur out the structure in 

the Spectralon targets when they are viewed under high magnification. 

.A.nd the final test we would like to perform is to measure the amount of distortion 

present in a RAC image at 10:1 and infinity focusing. The test we already completed was 

for 10:1 imaging. But unfortunately the results at that focus motor position show that the 

RAC produces positive distortion instead of the expected negative distortion. Our 

theoretical modeling in Section 4.4.5 showed that this is not unexpected but it would be 

good to verify our results. And since our testing at 10:1 imaging gave results different 

from the nominal lens model, it is uncertain just how much distortion would be present in 

a RAC image taken at infinity focus. We can use the model we have to extrapolate how 

large the distortion should be, as we already have done. But it is risky to put a lot of 

confidence in those results since there are numerous combinations of model variables that 

can reproduce the results we saw at 10:1 imaging. 

As with any flight instrument, the RAG could benefit from more laboratory 

characterization. More test and verification are always useful. But if it proves 

impractical to return the 2001 RAC to our laboratory, we still feel very comfortable with 
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the performance of the camera and our knowledge of its characteristics. 

The calibration laboratory procedures, analysis techniques and lessons learned 

from the 2001 RAC calibration activity are important even if the instrument never flies 

because that knowledge can be used to guide future Mars imager calibration. Our tests 

and procedures are widely applicable to other camera designs. Using this work, we can 

accurately predict how well their performance will be able to be measured and also 

estimate how much effort the endeavor will require. This work also demonstrated how 

optical system design knowledge can be used to improve the accuracy of calibration 

results and interpret them, creating confidence by the community in the results. As we 

have shown, good calibration work can be quite involved. But the effort needs to be 

exerted to enable a scientific instrument to function properly. 
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4.5 Point Spread Function and Deconvoiution 

Deconvolution is one of the most basic types of algorithms used to process 

scientific images. The purpose of deconvolution is to remove the blur the instrument's 

point spread function (PSF) causes in the acquired data. Theoretically an un-blurred 

image can be calculated if one knows the system PSF and the final data, by dividing the 

Fourier transform of the data by the Fourier transform of the PSF and taking the inverse 

Fourier transform of the result. In practice though, this approach produces unsatisfactory 

results due to the presence of noise in the image. 

To remove the PSF blur from images even in the presence of noise, various 

deconvolution algorithms have been developed over the years. Two of the most popular 

work on the principle of maximum likelihood (Richardson 1972 and Lucy 1974) and the 

maximum entropy estimate (Mollis et al. 1992) for the noise. The author has 

experimented with IDL implementation of both types of algorithms and found the 

approach of Richardson and Lucy to work best with the images returned from the Mars 

Pathfinder mission. And irregardless of which deconvolution approach is used, every 

technique requires knowledge of the system PSF - the better the PSF is known, the better 

the results (Biggs and Andrews 1997). 

In Section 4.4.1 we presented the results from the modulation transfer function 

calibration tests. The MTF curves resulting from that work are useful for understanding 

the resolution of the RAC and the fidelity of its images. But the MTF curves by 

themselves are not enough to allow the deconvolution of RAC images. A two-

dimensional RAC system PSF is required. 
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4.5.1 PSF Model 

In order to generate a RAC system PSF, a model is required. As described in 

4.4.1 the data acquired during the MTF testing was one-dimensional. And so our goal is 

to generate a two-dimensional PSF that is consistent with the MTF results. 

The approach is similar to what we have used previously for the Imager for Mars 

Pathfinder (Reid et al. 1999). The RAC's system PSF consists of the optical point spread 

function of the RAC lens and the detector point spread function of the CCD. This is 

represented mathematically as 

PSF,„=PSF,,^^** PSF,,,, (4.5.1.1) 

where PSF^s is the system point spread function and ** represents a two-dimensional 

convolution following Gaskill (1978). 

We assume that the lens PSF, PSFicns, is isoplanatic and diffraction limited. Now 

we know from the MTF analysis work carried out with Zemax that the '01 RAC lens 

performance is only diffraction limited in the central area of the image. So our model 

underestimates the size of the PSF in the comers of the RAC CCD. Nevertheless, we 

believe this model will be usefiil in most situations and is a good starting point for more 

elaborate models to come. 

The RAC CCD point spread function, PSFCCD, model is similar to what we have 

used for the Mars Pathfinder camera. It is not simply a rectangle function {Gaskill 1978) 

that matches the size of an individual pixel on the CCD. Such a model would be 
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incomplete. For we found during our analysis of the IMP and SSI MTF data that 

measurable pixel cross talk exists with this type of CCD, particularly at long wavelengths 

{Reid el al. 1999 and Smith et al. 2001). This behavior is not surprising since it has been 

observed in CCD's for quite some time and reported soon after its invention {Seib 1974). 

Several investigators have developed models to help quantify this behavior (Stevens and 

Lavine 1994, Stevens 1992, Levy et al. 1987 and Lavine et al. 1985). The two major 

causes of the cross talk have been reported to be the diffusion of minority carriers into 

neighboring pixel sites and the creation of minority carriers in neighboring pixel sites due 

to the photoelectric effect {Seib 1974 and Biichtemann 1980). Both of these effects 

become more pronounced with light of longer wavelengths. 

Our model to account for cross talk is to use a 3x3-pixel PSF consisting of 9 

rectangle functions. The central rectangle is normalized to have a height of 1 and the 

surrounding rectangle functions are allowed to be a small fraction of the central ftinction's 

height. 

Both the RAC lens PSF and CCD PSF models need to be different from the IMP 

and SSI camera PSF models because the RAC is a broadband instrument, covering the 

visible spectrum. The IMP and SSI were narrow-band instruments. So the RAC's PSF 

model needs to be representative of the camera's performance across the visible spectrum. 

Equation (4.5.1.1) represents the polychromatic responses of the RAC lens and CCD. So 

our approach needs to be slightly different than the monochromatic approach we used for 

the IMP and SSI. 
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Model Fitting 

The polychromatic lens point spread function is defined by 

=jc(A)P5F_(A)ca. (4.5.1.2) 

where PSFmon(^) is the wavelength dependent, monochromatic lens point spread function 

and c(>i.) is the spectral response of the RAC. In order to make the calculation of the lens 

point spread function computationally tractable, we approximate Eq. (4.5.1.2) with the 

summation 

where C, is the relative weighted response of the RAC to wavelengths Xi-s whose values 

are known from the calibration section of this work. They are provided in Table 4.5.1.1. 

To calculate PSF,,,,,,, at each wavelength we follow the approach of Gaskill (1978) 

by taking the Fourier transform of the lens's unaberrated pupil function - the cylinder 

function. This approach is not necessarily the most direct since the first order Bessel 

function form of a diffraction-limited lens PSF is well-known {Klein and Furtak 1986). 

However, lens aberrations can very easily be added to the pupil function and so we use 

the Fourier transform approach in anticipation of more elaborate modeling in the future. 

PSF,.,,^ = XC, P5F_(A,) , (4.5.1.3) 
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Table 4.5.1.1 PSF Coefficients used in the Lens PSF Model Fit 

COEFFICIE.NT WAVELENGTH (nm) COEFFICIE.NT VALUE 
1 

c, 400 i 0.0094851 
t 

C: 450 0.1I003716I 

500 0.354734526 

C4 550 0.569397244 

600 I 1.0 

C6 650 0.651053974 

C7 700 0.197096113 

Cs 750 0.046525967 

Computer implementation of the lens model proceeds by creating a large two-

dimensional array (>500x500) in IDL of the cylinder function as defined by Gaskill 

(1978) 

1, 0 < /• < 4 

I, r = 4 

0, /- > 4 

(4.5.1.4) 

where d is the diameter of the exit pupil and r is the distance from the center of the pupil. 

In order to end up with the proper scale factor in the lens image plane, the scale between 

samples in the exit pupil plane must be followed as defined by 
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A Z ( M S )  

imu^^e I 

where AXp„p,i is the horizontal distance between samples in the exit pupil plane, the 

wavelength of the light is A. Z,tp(MS) is the distance from the exit pupil to the image plane 

which is a function of the RAC motor step MS. is the horizontal distance between 

samples in the image plane (the PSF plane) and N x  is the number of samples in the array 

in the horizontal direction. The scale factor for the vertical dimension follows the same 

formula. The distance from the exit pupil to the image plane in mm is given by 

= 25.2867 - M S  •  0.04167 . (4.5.1.6) 

And the diameter of the exit pupil, d. is 1.103134025 mm. 

After the lens exit pupil function is created with the proper scale factor, the 

discrete Fourier transform of the exit pupil array is calculated using IDL's built in Fast 

Fourier Transform (FFT) algorithm {Research Systems 1999). The result is then 

multiplied by its comple.x-conjugate, normalized and multiplied by the appropriate value 

of C|. This process is repeated for all eight wavelengths chosen and each result is added 

to the other following Eq. (4.5.1.3). The array that results is PSFu-ns-

The creation of the CCD point spread function is straightforward. A two-

dimensional array, the same size as the PSFicm array is created in IDL. The array is filled 

with 9 rectangle functions where the rectangle function, following Gaskill (1978), is 
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defined by 
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(4.5.1.6) 

where x„ defines the rectangle function center and b is the function's width. The two-

dimensional PSFCCD function then follows 

(.r, y )  = ^ R .  r e c l ( ^ ) r e c t ( ^ ) ,  (4.5.1.7) 
i = I 

where /?, is the normalized pixel response, At is the pixel width in the horizontal direction. 

by is the pixel width in the vertical direction and .r, and i', represent the pixel center 

position. The array representing PSFCCD is then convolved with the PSF/cls array by 

multiplying in the Fourier domain using IDL's FFT and taking the inverse Fourier 

transform of the product. Then the square root of the result multiplied by its complex-

conjugate is taken and the resulting PSF is normalized to a value of 1. This final array 

represents PSFsys-

Initially we believed the only unknown parameter in the system's point spread 

function model would be the pixel response, /?,. The presence of this term allows the 
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pixel cross talk to be modeled. To determine its values we use the 10:1, cover-open MTF 

results from Section 4.4.1 of this work. There are two strong reasons for only using the 

10:1 data in the fit. The first is that the lens PSF at 10:1 imaging is smaller than it is at 

1:1 due to the largerf/ir. This means that the CCD's PSF will dominate the system PSF in 

that scenario. And the cross talk effect we are trying to quantify will not be washed out 

by the lens's PSF. The second reason is that the depth of field is much larger for 10:1 

imaging, 65.5 mm instead of 1.4 mm. so the effect of defocus on the MTF results is less 

important. 

As reported, the nominal pixel size is 17 |im horizontal and 23 |im vertical. A 

review of the MTF results, though, shows that this is not likely to be the case. The first 

zero in the measured horizontal MTF's occurs at a frequency around 65 1/mm. This is 

not consistent with a horizontal pi.xel width of 17 |a.m. A 17 |im wide pixel would have 

its first zero occur at 58.8 1/mm. 

This discrepancy could come from an error in the test set-up or analysis. But that 

error would need to be present in each MTF experiment and analysis since all the 

horizontal MTF's show the same behavior. This is unlikely, given that the vertical MTF's 

first zeros occur at a frequency consistent with a 23 |im pixel, 43.5 1/mm. Our best 

explanation, then, is that the horizontal pixel width is actually a bit smaller than 17 }am. 

An analysis of all the cover-up, horizontal MTF results leads us to believe that the actual 

horizontal pixel width is 15.380 ± 0.2 fim. And so this is the value that goes into the PSF 

model in place of 17 |J.m. 

The model fitting proceeds by calculating the RAC system PSF for given values 
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of R„ convolving the PSF with horizontal, vertical and 45° slits and then calculating the 

one-dimensional Fourier transforms of slices through the result to obtain model MTF's. 

This prediction is then compared with the MTF measurements found near the center of 

the RAC's array and the error calculated. The process is repeated with different values 

for R, until the error is minimized. Notice that we choose to do the model fit in MTF or 

spatial frequency space because the MTF results are not sensitive to lateral offsets in the 

measured line spread functions (LSF). The Fourier transform of a shifted function results 

in a centered function with a phase term that gets removed with the comple.x conjugate 

multiplication. If we tried to do the model fit using LSF's, some error would be 

introduced in matching centers. 

Our results show that the RAC CCD does suffer from a small amount of pi.xel 

cross talk, much smaller than the IMP and SSI due to the RAC's IR filter which 

effectively blocks light beyond 800 nm. The IMP and SSI were sensitive out to 1 |i.m 

where the cross talk effects are much greater. Even though the amount of cross talk 

present in the RAC is small, by allowing pixel cross talk in the model, the PSF model 

error is reduced by over 25%. 

We should also note that we investigated using different R, values for the pixels in 

the comer of the 3x3 array. There is reason to suspect that since those 4 pixels are a 

larger distance away from the center pixel than the other 4 pixels that there would be less 

cross talk to those pixels. The analysis showed that the best fit occurs when the cross talk 

pixels are all given the same value of /?,. So we present our best-fit model parameters for 

the RAC pixel PSF in Table 4.5.1.2. The resulting fits are shown in Figure 4.5.1.1. 
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Table 4.5.1.2 PSF Best-Fit Model Parameters for the RAC CCD PSF 

INDEX i 1 Xi (|im) Vi (|im) bx (nm) by (|im) Ri 

1 ; 0 0 15.380 23.0 10 

1 -23.0 23.0 15.380 23.0 0.003560 

3 0 23.0 15.380 23.0 0.003560 

4 23.0 23.0 15.380 23.0 0.003560 

5 23.0 
; 

0 15.380 23.0 0.003560 

6 i 23.0 
1 

-23.0 15.380 23.0 0.003560 

7 0 -23.0 15.380 23.0 0.003560 

8 -23.0 -23.0 15.380 23.0 0.003560 i 

9 -23.0 0 15.380 i 23.0 0.003560 

Model slit widths: Horizontal MTF slit width = 2.686748 IS I 
Vertical MTF slit width = 2.668291594 nm 

45° MTF slit width = 2.672452018 ^m. 

In Figure 4.5.1.2 we show the fit for 1:1 imaging. Notice that even though the 

1:1 MTF data were not used in the model fitting process, the agreement between the 

model and the measurements is very good. 

In order to help visualize the PSF results, we present images of the lens PSF, the 

CCD PSF and the system PSF for three imaging scenarios in Figure 4.5.1.3. Notice that 

the CCD PSF image has been stretched in order to make the cross talk pixels visible. The 

images illustrate how the lens PSF becomes narrower when imaging at larger and 
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Figure 4.5.1.3 RAC PSF's for 1:1,10:1 and Infinity imaging (motor steps 0, 279 and 
312 respectively). The CCD PSF image has been stretched to make the 8 
surrounding cross talk pixels visible. 
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larger focus motor steps. At infinity focus the system PSF looks most similar to the RAC 

CCD PSF alone due to the narrow lens PSF. 

In Section 4.4.1 we discussed how the use of a slit of finite width in the MTF 

testing lowers the measured MTF values by 1-2% in the spatial frequency area of interest. 

Now that we have an accurate model for the system PSF we can use it to create MTF 

profiles at any orientation and any imaging scenario without slit effects being present. So 

we present system PSF's and MTF's in Figures 4.5.1.4 and Figures 4.5.1.5 calculated 

from the RAC PSF model. 

Future Research 

The PSF model presented accurately represents the imaging performance for most 

areas of a RAC image. But in the upper left and lower right comers of a RAC image, the 

current PSF model under-represents the size of the system blur. And the discrepancy gets 

larger with increasing motor step due to the increase of the field angle. As discussed in 

Section 4.4.1, we believe the increased blur spot size in those two comers of RAC images 

is due to a tilt in one element or more of the RAC's 4-element, double-Gauss lens. If the 

RAC is not returned to the Lunar and Planetary Laboratory to correct this problem, we 

propose creating a more elaborate PSF model to encompass this effect. 

Our plan is to use an aberrated exit pupil function that represents the aberration 

present. Following Goodman (1996) the exit pupil function would then be 
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/ 

P{x,y) = cyl 
d 

exp( j kW(.r. v)), (4.5.1.8) 

v / 

where .v and y are the normalized horizontal and vertical locations, respectively, in the 

exit pupil, k is the wavenumber and is the vvavefront path-length error. Then the 

lens PSF is calculated from this aberrated pupil function following the procedure 

described in the previous section. 

We have used this approach with success for previous Mars lander cameras. The 

IMP and SSI were designed as fixed focus cameras for imaging the Martian surface. This 

means that objects could be in best-focus at only one object distance. To account for this, 

we used a defocus term for ff^fx.y) in Eq. (4.5.1.8) of the following form 

where is the actual exit pupil to image plane distance and Z, is the ideal, paraxial exit 

pupil to image plane distance. 

As a starting point to model the RAC's far off-axis PSF in the upper left and lower 

right image comers, we suggest the use of an aberration term which is a modified version 

of Williams and Becklunds' (1989) 3'^'' order astigmatism term. Although the astigmatism 

present in the RAC lens is not 3'^'' order, we infer from the MTF calibration that the PSF's 

in the two poor-performing comers resemble a PSF that suffers from astigmatism. And 

(4.5.1.9) 
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so a reasonable wavefront error term would be 

fF(p. (p) = C;,„(/z) p' cos"((p-(p,J, (4.5.1.10) 

where the rectangular coordinates, x and y, have been converted to polar coordinates, p 

and 0. h is the real image height. 0o is an offset term that orientates the PSF and C:::(h) is 

the field dependent aberration magnitude term. The C222 dependence on field angle will 

have to be determined from the MTF data. 

One might suspect that even flirther PSF model development will be required if 

the RAC's 2 mm thick, sapphire cover window becomes locked in the cover down 

position during the landed portion of the mission. For most cases this is not so. The 

aberrations introduced into the optical system by the parallel plate would be negligible. 

We investigated the 3'^'' order aberrations of a sapphire window in the RAC's 

optical system using the Zemax (Focus Software 2000) lens model derived from the RAC 

lens focus testing. We found that even for close-up imaging that the spherical aberration 

and coma introduced by the window could be ignored. This is due to the small marginal 

ray angle in object space. At focus motor step 0 it is less than 2°. 

We did find that a small amount of astigmatism and field curvature would be 

introduced into the system by the sapphire window. The effect on image quality would 

not be measurable, however, and would not require correction. In fact, the astigmatism 

and field curvature aberration coefficients for the sapphire window are opposite in sign to 

the RAC lens aberrations and so actually it would cause a small improvement in image 
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quality. A theoretical lens MTF analysis revealed that the cover would increase the 

sagittal MTF at 25 1/mm by 0.001%. The tangential MTF would be unaffected. 

One final note on this topic, at focus motor steps larger than 217 the theoretical 

RAC lens prescription, without the sapphire cover window, does e.xhibit enough field 

curvature and astigmatism to just be noticeable in RAC images. There is an 

appro.ximately 10% difference between the infinity focus tangential and sagittal, lens-

only, MTF values at 25 1/mm. Therefore, if the RAC lens tilted element effect on the 

PSF can be very accurately modeled or the RAC lens is repaired, then it makes sense to 

put forth the effort to include more aberrations in the pupil function of Eq. (4.5.1.8) and 

model the system PSF even more accurately. 

4.5.2 PSF Model Applications 

The RAC system PSF model developed in the previous section has several 

applications. It can be used to generate MTF profiles that were not measured in the 

laboratory but would be of interest researchers. It can be used to specify camera 

resolution beyond the standard geometrical optics specifications. In fact, the PSF model 

can be convolved with an ideal Mars scene to produce a simulated captured frame. Such 

a calculation allows researchers to make accurate predictions concerning what types of 

Martian surface detail the RAC is be capable of discriminating. This can be useful in 

planning image sequences during the mission. 

Of equal and perhaps greater utility, is the usefulness of the RAC's system PSF in 

deconvolution algorithms. As previously stated, Biggs and Andrews (1997) found that 
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the more accurately the system PSF is know, the better deconvolution algorithms 

perform. 

Our experience using a model point spread function to deconvolve images 

returned from the Martian surface has been quite good. Using the Imager for Mars 

Pathfinder (IMP) PSF model we have deconvolved every losslessly compressed image 

that was returned during the Pathfinder mission. During this activity we found using the 

principle of maximum likelihood approach of Richardson (1972) and Lucy (1974) with 

the Poisson noise assumption to be the most effective. We also discovered that the 

deconvolution algorithms do not work well on any images that have been lossy 

compressed, typically those beyond a 3:1 ratio. The so-called "ringing" around high 

contrast edges in images resulting from lossy compression wreak havoc with the 

algorithm's ability to remove blur. For most lossy compressed images, the resulting 

deconvolved images look significantly worse than the originals. 

The approach we used for the Pathfinder images is also recommended for RAC 

images. All of the image processing is performed in IDL. First the raw image is 

converted into a double precision floating point array. Then the image is flat fielded to 

remove illumination artifacts. Next, the image "hot pixels" are corrected. Hot pixels are 

those that have an unusually high value compared to its neighbors, typically caused by 

radiation damage. They are usually the same from image to image. If they are not 

corrected, deconvolution will increase the brightness at that pixel and create a dark ring 

of pixels around it comparable in width to that of the system PSF used. If there are more 

than a handflil of these erroneous pixels in an image, the resulting deconvolved image 
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can be confusing to view. 

After the images have been read into IDL and corrected, the ne.\t step is to create 

the system PSF using the approach described in the previous section. For RAC images, 

the focus motor step must be read in from the image header for the lens PSF creation. 

For the IMP we read in the filter number from the image header to determine the 

wavelength of the light that created the image. 

Once the image corrections and the system PSF creation are completed, 

deconvolution can begin. We use an IDL implementation of the Richardson and Lucy 

maximum likelihood approach that accepts as input the original image and system PSF. 

iterates a specified number of times and then returns the deconvolved image. For IMP 

images we found 25 iterations to produce good results. 

Figure 4.5.2.1 shows the results of the previously described procedure. This 

image was taken as part of the IMP Super Pan. It is a nice picture of the South Twin 

Peak from the Pathfinder landing site. It was acquired in the right eye using filter 11 (965 

nm) and then losslessly compressed for transmission back to Earth. The deconvolution 

product is a considerably sharper image than the original. More detail can be seen on the 

foreground rocks and on South Twin Peak than was initially visible. A review of this 

deconvolved image and one of the North Twin Peak has led our team geologists to be 

certain that the Twin Peaks show evidence of layering due to sedimentation {Rice 1998). 

These types of results illustrate the usefiilness of performing deconvolution with an 

accurate system PSF and we e.xpect similar results with the RAC. 
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Figure 4.5.2.1 The top image has its blur removed through 
deconvolution resulting in the sharper image on the bottom. 

Obviously deconvolution effectively removes the blur from spacecraft imagery. 

Some IMP data users have used the standard high boost image filters available with most 

commercial image processing programs to produce results somewhat similar ours. High 

boost filtering certainly is less time consuming and requires less expertise. We believe, 

however, that it can be dangerous to draw scientific conclusions from images that have 
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been manipulated in an unknown fashion. By using the camera's known system PSF to 

sharpen images we can ensure that the resulting image is the most accurate representation 

of the original object possible. This is very important when Martian geomorphologic 

conclusions are drawn from images where the structures of interest can be only 5-10 

pixels in e.xtent. 

Deconvolution is not the only image processing procedure that can extract more 

information from images. Inspection of the complete linear system equation of imaging 

for a discrete imaging system shows that the captured image, Image(x,y), is affected by 

the following factors 

Imflge(.v..v)= [P5F,,,(.v,> 0 * *  0 6 Y£?c/(.v, V ' ) ] -  (4.5.2.1) 

where Objeci(x,y) is the geometrical optics ideal image, P is the pixel pitch, comb(x,y) is 

the comb function described by Gaskill (1978) and and Wy are the horizontal and 

vertical extents of the CCD array. For the RAC, P = 22 |im, 11.776 mm and IK = 

5.888 mm. 

During the Mars Pathfinder mission, special imaging sequences were run in an 

attempt to improve the sampling of the Martian scene, an attempt to operationally 

decrease the effective size of P. The procedure was to take many images, up to 25, of the 

same scene with a small and random difference in camera pointing to try and oversample 

the scene {Stoker el al. 1999). For Pathfinder, primarily two groups of individuals took 
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advantage of the multiple images acquired of the same scene, a group led by Carol Stoker 

at the NASA Ames Research Center {Stoker et al. 1999) and Tim Parker of the Jet 

Propulsion Laboratory (Ward et al. 1999). The two efforts use different methods to take 

advantage of the multiple images but the general procedures are similar. Both methods 

are called superresolution imaging. Stoker's approach uniformly e,\pands the input 

images and then co-registers them. The average of all the images is then taken and an 

approximate PSF is used to deconvolve the image {Kane/sky 1999). Then the original 

images are realigned with the sharpened image and the process is repeated several times 

to converge to a solution. This is all done automatically with a computer algorithm and it 

is claimed that theoretically, image resolution can be improved by a factor of/?'' where n 

is the number of independent images acquired (Stoker et al. 1999). 

The Parker approach is a semi-manual one using a commercially available image 

processing package {Parker 1998). Parker first sharpens the input images and then 

expands them. Then the images are co-registered manually and the average taken. 

Parker has achieved good results with this approach and his images have been used in 

several publications on the geology of the Mars Pathfinder site {Golombek et al. 1999 and 

Warcletal. 1999). 

Given the tlexibility of Parker's manual approach, we decided to collaborate with 

him to see if deconvolution using an accurate PSF could yield better results. We 

deconvolved a series of images acquired of South Twin Peak using our IMP model PSF 

and provided them to the Jet Propulsion Laboratory to be used with the manual 

superresolution approach. The only difference in the standard manual superresolution 
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procedure was to bypass the image high boost filtering. The results were excellent and 

the resulting image is shown in Figure 4.5.2.2. 

Figure 4.5.2.2 Superresolution scene of the South Twin Peak using as input, images 
that were deconvolved using the IMP PSF model. 

After having studied Eq. (4.5.2.1) using idealized e.\amples in IDL, we have come 

to understand that the best possible results can be obtained if deconvolution is applied to 
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a larger input image, similar to the Stoker et al. approach. So we recommend for the '01 

RAC and future Mars lander cameras that the superresolution algorithm from NASA 

Ames make use of the known camera PSF's to sharpen images during the superresolution 

process. This algorithm modification was started in 2000 by Bob Kanefsky but has not 

been completed. 

4.5 Stereo Imaging 

Both Viking landers and the Mars Pathfinder camera demonstrated how valuable 

it is to have stereo imaging capability on the Martian surface. The ability to perceive 

depth in the Martian scenes proved invaluable to team geologists and mission planners 

alike. 

As previously described, the Viking landers utilized two scanning cameras 

mounted on the lander deck and separated by 0.8 m to achieve stereo imaging. The Mars 

Pathfinder camera used one CCD array with two sets of input optics separated by 15 cm 

to obtain stereo images. The '01 RAC camera consists of only one camera with one set of 

input optics. 

To achieve stereoscopic imaging with the RAC, two image frames of the same 

object must be obtained from two different perspectives using the single camera. Since 

the '01 RAC is intended to be mounted on a robotic arm, several approaches can be used 

to create stereo images. During field testing of the 2001 Mars Surveyor lander science 

instruments, we demonstrated the ability of the '01 RAC to create stereo panoramas by 

rotating the robot arm with its shoulder joint through a vertical axis and imaging targets 
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at different perspectives (Y'mgst et al. 2001). It has also been suggested that it would be 

beneficial for geologic analysis to be able to image the robotic arm's scoop contents in 

stereo as well. This can theoretically be achieved by leaving the camera in a fixed 

position, rotating the robot arm scoop relative to it and capturing images at different 

scoop positions. To calculate ranging information using a computer algorithm, any scoop 

rotation between images is acceptable as long as enough common object points are 

visible in both images. 

For human stereo pair viewing, however, things could be difficult due to 

psychophysical effects. An individual might not be able to fuse together stereo images 

that have been acquired in such a manner. Certainly only a finite range of scoop rotations 

is acceptable. Valyus (1962) recommends for stereo viewing that the convergence angle 

not exceed 1.5°. For RAC scoop, stereo imaging the angle of scoop rotation between the 

two acquired images is the convergence angle. So that recommendation would indicate 

scoop rotations of < 1.5° should be used. Scoop rotation, however, might not be the most 

important issue for stereo imaging; the varying angle of illumination provided by the 

RAC's illumination system could also present problems. And since the ability for 

humans to be able to view stereo images during a mission are so important, we 

investigated the feasibility of RAC scoop, stereo imaging in the laboratory. 

4.6.1 Laboratory Testing 

To investigate the feasibility of scoop content stereo imaging we conducted 

laboratory experiments using replicas of the 2001 Mars Surveyor flight hardware. For 
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imaging we used the prototype model of the RAC. the PM-RAC, and an un-motorized 

copy of the robotic arm forearm and scoop. The PM-RAC has been updated to include 

the LED illumination lamps in place of the original Polar Lander incandescent lamps. 

Our procedure is to mount the robot arm forearm to an optical table such that the 

forearm is horizontal to the laboratory tloor. The scoop orientation is controlled via an 

adjustment bolt so that the full range of camera-to-scoop geometries can be investigated. 

The laboratory set-up is shown in Figure 4.6.1.1. 

Figure 4.6.1.1. PM-RAC laboratory set-up for robotic arm scoop stereo imaging. 

We investigated stereo imaging using various test materials. Most of them were 

rock and soil samples but manmade objects such as screws and alligator clips were 

included as well. Our soil samples included Martian regolith simulant JSC .Mars-1 {Allen 

el al. 1998) and material from the University of California at Los Angeles Mars Polar 
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Lander testbed and the Lunar and Planetary Laboratory's Mars Garden. Scoop 

orientations and rotations were measured with a gravity operated angle finder that could 

be positioned on the robotic arm forearm and the floor of the scoop. The angles 

measured in this way were known to approximately 0.25°. When imaging close-up 

objects where fine precision is required, a micrometer mounted vertically, in contact with 

the scoop blade was used to move the scoop and measure the movement. 

Test stereo pairs were generated by acquiring images at various scoop 

orientations. Various object planes were investigated corresponding to focus motor steps 

0-279. Since the lamp illumination was a concern, all stereo pair images were acquired 

with one color of RAC lamps on. 

4.6.2 Image Processing and Results 

Once the laboratory testing was completed, the individual image frames were 

turned into stereo pairs. Based on our e.xperience with Mars Pathfinder and Mars Polar 

Lander, we have found that the most reliable and economic approach to presenting stereo 

pairs to mission team members is to use anaglyphs and red-blue glasses. So the same 

approach is used for this study. 

For the purposes of this research, the preferred method to create stereo images 

follows these steps: 

1) First the RAC image frames are read into IDL and the 12-bit images are 

converted to 8-bit. 
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2) Next the image format is changed from into TIFF (Tagged Image File Format) 

and the images are saved to a file. 

3) Commercially available image processing software, Adobe Photoshop (Adobe 

Systems 1998), is then used to open, read and display the TIFF image stereo pairs. 

4) The stereo pair images are rotated 90° counterclockwise. 

5) Then the right eye image is converted from a grayscale to an RGB image. 

6) Next the red channel of the right eye RGB image is replaced with the grayscale 

left eye image. 

7) The horizontal and vertical position of the left eye image (red channel) is then 

adjusted for the most comfortable stereo viewing, if possible, when viewed 

through red-blue glasses. 

During mission operations this procedure can be automated using custom IDL routines or 

similar image processing software, but the flexibility and interactive capability of 

Photoshop is very useful for this work. In addition, we have found that even with 

automatic stereo image generation, manual, interactive adjustment of the stereo pair 

images is required for the most comfortably viewed image. Lipton (1993) suggests 

adjusting the two images such that foreground objects are aligned or provide a small 

amount of negative parallax. Negative parallax occurs when a left eye image point lies to 

the right of the same image point in the right eye image. Viewing such an image causes 

the eyes to cross slightly. Through experience we have found Lipton's approach to 

produce the most easily viewed stereo images. 

The literature is somewhat conflicted on the subject of how right and left eye 
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image registration affects the perception of depth. Layer (1979) and Lipton (1993) 

contend that accommodation and convergence do not provide depth information when 

viewing stereo pairs. Others report that accommodation and convergence play a 

secondary role in depth perception (Jules: 1971 and Ccivanagh 1987). Nevertheless, all 

researchers do agree that image disparity is the overriding image characteristic that 

controls the perception of depth in stereo images. And so it is completely justifiable to 

use whatever image registration is required to produce a viewable stereo image without 

destroying the depth information in the images. 

Our investigation found that for soil and rock located near the middle to the back 

of the scoop (focus motor steps 217-279), viewable stereo pairs can be created with 

robotic arm scoop rotations of 3° or less. Beyond this amount of rotation, stereo images 

can still be merged if the rotation is 5° or less but eyestrain and headache may result. The 

minimum amount of scoop rotation that can provide depth perception to the average 

person is 3 arc seconds (Toulin and Vester 2001). 

For rock and soil that lie closer to the front of the scoop, particularly those on the 

scoop blade, we have found that smaller scoop rotations are required to produce 

comfortably viewed stereo pairs. Rotations up to 0.5° work well with a rotation of 0.2° 

providing a good compromise between depth perception and common object coverage. 

Figures 4.6.2.1 and 4.6.2.2 show two anaglyphs created from this work. They 

should be viewed with red-blue glasses such that the red filter covers the left 
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Figure 4.6.2.1 Stereo anaglyphs of a rock in the robotic arm scoop acquired at focus 
motor step 257. The stereo pair on the left was created with a 0.3° scoop rotation 
between images, the pair on the right with a 2.9° rotation. 

eye and the blue covers the right. Even though both rock images appear identical without 

red-blue glasses, when viewed in stereo the perception of depth is significantly enhanced 

by the additional 2 .6° of scoop rotation in the image on the right. Figure 4.6 2 2 

demonstrates the feasibility of producing stereo images of objects located toward the 

front of the scoop and on the scoop blade. 



200 

Figure 4.6.2.2 Stereo anaglyph of Martian regolith simulant JSC Vlars-I (Allen etal. 
1998) acquired at focus motor step 0. The scoop rotation between the right and left 
eye Images was 0.2°. 

Based on the results of this study, we have a few recommendations for RAC and 

robotic arm mission operations when attempting scoop content stereo imaging. The first 

is that scoop stereo imaging is best attempted with the robotic arm forearm orientated 

vertical relative to the Martian surface. The purpose behind this being that gravity will 

assist keeping scoop samples in place between scoop rotations. Several times during 
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laboratory testing we found stereo pairs to be degraded due to the movement or shifting 

of scoop contents during scoop rotation. If the movement or shift is not too large, then 

further image manipulation can be used to turn portions of the frames into usable pairs. 

But the effect on depth perception can sometimes be misleading. 

Another operational consideration is that stereo images can best be acquired at 

RAC focus motor steps 217-279 due to the large depth of field at those steps. Scoop 

rotation can cause objects to become out of focus in one of the stereo frames, particularly 

at small focus motor steps. At the larger focus motor steps the amount of scoop rotation 

used to produce stereo should not cause this. So the recommendation is to again, obtain 

RAC e.xposures with the robotic arm forearm in a vertical orientation to force the scoop 

contents as far back into the scoop as possible. 

Scoop orientation is also an important consideration when attempting scoop stereo 

imaging. Figure 4.6.2.3 shows a diagram of the RAC-robotic arm system with the scoop 

at the nominal hard stop location, Gscoop = 113.78°. A scoop orientation close to this 

value is required for close-up, 1:1 stereo imaging and obviously the best approach is to 

keep the robotic arm forearm parallel to the Martian surface or slightly inclined during 

digging and imaging to help keep soil and rock near the scoop opening. But when 

obtaining stereo images of objects located further back in the scoop, it is recommended 

that the scoop be orientated differently so that the maximum amount of scoop content is 

visible to the RAC. During the stereo investigation we found that when imaging at focus 

motor steps 217-279, scoop positions of 95-110° produced good stereo images. 
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Figure 4.6.2.3 Diagram of the RAC and robotic arm system with the scoop rotated 
to its hard stop. 

II 

Figure 4.6.2.4 Image acquired at focus motor step 0 with the scoop rotated close to 
the hard stop as shown above (05coop = 112®). 



Figure 4.6.2.5 Image acquired at focus motor step 217 and 6scoop = 107°. The scoop 
contents are the same as in Fig. 4.6.2.4. 

So to summarize, we find that the '01 RAC and robotic arm system is capable of 

obtaining stereo images that are viewable by human observers. For close-up stereo 

imaging we recommend the following: keep the robotic arm forearm roughly parallel to 

the Martian surface, obtain images with the scoop rotated close to its hard stop position, 

use focus motor steps 0-198 and keep the scoop rotation down to around 0.2-0.3° 

between stereo frames. 

And for objects further back in the scoop we recommend this: rotate the robotic 

arm forearm so that it is perpendicular to the Martian surface, obtain scoop images with 

the scoop at position Gscoop = 95-110°, use focus motor steps 217-279 and keep the scoop 

rotation between stereo frames to 2-3°. 

If it is completely unknown what type and how much material the robotic arm 

scoop is going to acquire in one pass, then the two procedures can be combined into the 
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following one: 

1) Rotate the robotic arm forearm such that the blade and bottom of the robotic 

arm scoop is parallel to the Martian surface after a digging pass has been 

completed. This would mean a forearm inclination of roughly 15° if the scoop is 

rotated all the way to its hard stop. 

2) Rotate the scoop to its hard stop. 

3) Obtain RAC images at focus motor steps 0, 87, 125, 153, 177 and 198. 

4) Rotate the scoop 0.2-0.3° and repeat step 2. 

5) Rotate the robotic arm forearm such that the forearm is perpendicular to the 

Martian surface. 

6) Rotate the scoop so that Gsccwp = 95-110°. 

7) Obtain RAC images at focus motor steps 0, 87, 125, 153, 177, 198,217,234, 

250, 265 and 279. 

8) Rotate the scoop 2-3° and repeat step 7. 

This approach is economical and could be integrated with the arm's digging procedure 

since these same arm movements are followed to excavate and dump trench material. 

The recommended amount of scoop rotation is also feasible. According to the builders of 

the '01 robotic arm {Fradet 2001), the scoop is capable of rotating with approximately 

0.1-0.25° resolution. 
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4.7 Image Compression 

4.7.1 Compression Overview 

The '01 RAG software package includes several varieties of image compression 

techniques to maximize the information content returned to the ground during its mission. 

There are two types of lossless image compression available. The first is the lossless 

Rice algorithm developed at the Jet Propulsion Laboratory (JPL). It can losslessly 

compress full-frame images at approximately 1.2:1 to 1.3:1 compression ratios, 

depending on the scene entropy. 

The other form of lossless compression is image subframing. This allows images 

smaller than 512x256 to be transmitted to reduce the data load. For instance, a returned 

RAG image subframed down to a 100x100 pixel image would be less than 8% the size of 

a full frame. Subframing should be utilized when it is known a priori that there is only a 

small portion of the scene that is of interest and its location in the image is known. Sky 

images as well as engineering images of the lander fall into this category. 

Ideally one would only need to take advantage of the lossless RAG image 

compression schemes. Unfortunately, though, mission constraints often require higher 

compression ratios than lossless compression can provide. This is usually particularly 

true early on in a mission. When this occurs, one must turn to lossy image compression. 

Lossy image compression implies that some image fidelity is lost when it is used. 

And when high compression ratios are used this is clearly the case. One form of RAG 

lossy image compression uses a modified JPEG compressor using arithmetic coding 

created at the Technical University of Braunschweig in Germany. It has been enhanced 
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by the introduction of a Local Cosine Transform prior to the application of the JPEG-

specific Discrete Cosine Transform and also has been optimized to be less sensitive to 

data dropouts {Rueffer et al. 1995). There are several variations of the core JPEG 

compression algorithm available for use in the flight sofuvare. They are: Huffman, LCT 

Huffman, Arithmetic and LCT Arithmetic. In addition these algorithms can be run in 

either compression ratio or compression quality mode. In compression ratio mode the 

user specifies the image compression ratio the algorithm must achieve. In compression 

quality mode, the user specifies the image quality required using a 99-1 qualitative scale. 

99 being the highest image quality available and 1 the least. 

Another form of lossy compression available with the '01 RAC is simple pi.xel 

block averaging. Pixel blocks of any size up to 512x256 can be chosen and then the 

mean value of all the pixels within the block is returned in place of the original values. 

Pixel block averaging can be used along with lossless Rice compression and any of the 

lossy compression algorithms. 

4.7.2 Compression Study and Flight Rccommcndations 

Since image quality is so important to the interpretation of the images that will be 

returned from Mars, an investigation was required to see how well the various RAC 

compression schemes perform on realistic Martian scenes. During the Mars Pathfinder 

mission, the IMP losslessly returned many images of the Pathfinder landing site. We 

decided to take advantage of the existence of these 12-bit images and use two of them as 
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Figure 4.7.2.1 Raw Pathflnder images used 
in the compression study. 

test images for the RAC compression algorithms. 

The images chosen were acquired on the Martian surface on July 6, 2001. They 

were left uncorrected for the purposes of this study and so contain hot pixels, dead pixels 

and evidence of scattering from camera window dust - all effects we expect to see in 
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RAC imaging after time on the Martian surface. 

The study was conducted using flight software running on a Heurikon PC-board 

with a PACI-sim card to emulate the spacecraft computer. Images 1 and 2 were input 

into flight software, compressed, downloaded, uncompressed and then the root-mean-

square (RMS) error calculated for each image by comparison to the original, 

uncompressed images. We investigated the entire range of compression ratios. 2-99, with 

each of the four lossy compression algorithms and lossless Rice compression. The 

effectiveness of a 2x2 pixel block average used in tandem with the compression 

algorithms was also investigated. Figure 4.7.2.2 shows the results. 

The compression investigation results reveal that, for lossy compression, the 

standard Arithmetic compression algorithm produces the least amount of image error at 

all compression ratios for Mars surface images. So we recommend the exclusive use of 

the Arithmetic compression algorithm when lossy compression must be used. 

The results also show that pixel block averaging is not an effective means of 

image compression. The error associated with using a 2x2 pixel block average is always 

greater than the error produced by the Arithmetic or LCT Arithmetic compression 

algorithms. So the use of pixel block averaging is discouraged for general-purpose image 

compression. There are a few specific situations when pixel block averaging might be 

the preferred compression technique over the other lossy compression methods. Optical 

depth measurements of the sky or soil and rock spectral reflectance images, where the 

data will be averaged over several pixels during analysis, are two examples where it 

makes sense. 
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Figure 4.7.2.2 Image error resulting from compression. 
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Figure 4.7.2.3 Compression effects on Image 1. 
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Figure 4.7.2.4 Compression effects on Image 2. 
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To help one correlate how various amounts of RMS error affect subjective image 

quality, images compressed at various ratios using the Arithmetic algorithm are shown in 

Figures 4.7.2.3 and 4.7.2.4. Visually the 6:1 compressed images are indistinguishable 

from the uncompressed images. At 15:1 compression, compression artifacts just start to 

enter the image. And by the time 30:1 compression is used, the images start to e.xhibit 

ringing near scene edge objects, as is characteristic of lossy compression. At 60:1 

compression and beyond the images become significantly degraded and unusable for 

most purposes. 

An interesting effect is apparent in the highly compressed images that 

demonstrates the strategy of the compression algorithms. At high compression ratios, 

portions of the images become severely pixilated. These pixilated areas are where there 

was the least amount of contrast in the original images. The algorithms attempt to 

compress the areas of low contrast as much as possible before altering the high entropy 

portions of the scene. Notice, for instance, how at 30:1 compression the sky becomes 

severely pixilated while most of the rest of the scene appears unaltered. 

We must note that the RMS error values associated with a particular compression 

ratio are variable and dependent on the scene entropy. For the images in this study, 

approximately 1/3 of the image area was taken up by the Martian sky. So we would 

classify these images as containing a moderate amount of entropy when considering what 

other types of images might be acquired on Mars. So for a Martian scene devoid of sky 

and sand but heavily populated with rocks, we expect the amount of error associated with 

a particular compression ratio to be greater than what is reported here. And for an image 
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which contains a lot of sky or a great deal of fine material below the pass band of the 

optical system, then lower error values should be expected for a given compression ratio. 

For RAC scoop images, we expect results similar to what we have found for these two 

Mars Pathfinder images. Typical RAC scoop images have 1/2 to 2/3 of their image area 

dark when imaging scoop contents. 

In addition to the compression ratio testing, we also investigated the use of the 

lossy compression quality option. It is not clear exactly when in a mission a quality 

option for lossy compression would be of use. Typically if lossy compression is required, 

then a particular compression ratio is also required regardless of the image quality. 

Nevertheless we tested the compression quality option as well. 

We fmd that the RMS error produced by the compression quality option is the 

same as would be expected for an image that had been compressed by an equal amount 

using the ratio option. In other words, there is no image fidelity to be gained from using 

the compression quality option. The resulting image has the same amount of error as an 

image produced by specifying the compression ratio and compressing it to the same 

amount. In case a situation does present itself where the compression quality option is 

usefiil, we present tabulated information in Table 4.7.2.1 for the performance of the 

Arithmetic compression algorithm when applied to images 1 and 2. This information 

provides an estimate of how much error and compression to expect for a requested image 

quality factor. 
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Table 4.7.2.1 Flight software, quality option. Arithmetic 
compression results averages for Image 1 and 2. 

Oualitv Factor ComDression Ratio RMS Error RMS Error (%) 
99 1.66 1.56 0.123 
95 2.73 7.53 0.604 
90 3.66 13.54 1.14 
85 4.44 18.62 1.63 
80 5.12 22.92 2.04 
70 6.37 29.98 2.72 
60 7.51 35.27 3.27 
50 8.54 39.43 3.68 
30 11.48 49.43 4.67 
20 14.71 57.62 5.49 
10 23.20 74.49 7.17 
1 234.90 206.79 20.8 

The final portion of the flight software, compression algorithm investigation was 

to compare the effectiveness of the RAC-flight algorithms to another recommended 

compression scheme. In the late 1990's, wavelet-based compression algorithms began to 

show promise as a superior alternative to standard JPEG compression {Wilson 2000). 

During this time, a group at the Jet Propulsion Laboratory (JPL) was investigating 

wavelet-based compression schemes for spacecraft software. This group recommended 

that their wavelet lossy compression algorithm, called ICER, should be used in place of 

the current algorithms. 

To investigate the usefulness of the JPL algorithms we provided the two raw 

Pathfinder images to Adina Matache who ran them through the January 1999 ICER 

compression algorithm using 3 decompositions and filter D. The images were then 

returned to the Lunar and Planetary Laboratory for analysis. The results are shown in 

Figure 4.7.2.5. 

Our analysis revealed that the ICER algorithm's performance was comparable to 
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Figure 4.7.2.5 Comparison of compression algorithms. 
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the RAC's best compression option except for the very low compression ratio of 2:1. At 

2:1 compression the wavelet-based algorithm had roughly 46% less error than the RAC's 

Arithmetic algorithm. This is a nice improvement but the error at low compression ratios 

is already very low. And the ICER algorithm did not perform any better than the RAC's 

.A.rithmetic algorithm at medium to high compression ratios. So the JPL compression 

algorithm was deemed to be not beneficial enough to merit a change to the RAC's flight 

software. If more time passes before flight, however, it makes sense to revisit this subject 

since improvements have likely been made in wavelet-based compression and lossless 

compression as well. 

In summary, the RAC compression algorithm study revealed that the best overall 

lossy compression algorithm to use during flight is the Arithmetic JPEG algorithm. Its 

use results in the least amount of pixel intensity error and its performance is comparable 

to wavelet-based approaches. The use of pixel averaging for compression is not 

recommended for flight-use if image fidelity is important. It might be appropriate to use 

pixel averaging when the DN average of several pixels is what is wanted in the end 

anyway, such as when making sky optical depth measurements or obtaining soil spectra. 

This decision will have to be made by the imaging team but pi.xel averaging should be 

used with caution. We generally recommend that when the data transfer budget requires 

more compression than lossless compression can provide, that 6:1 Arithmetic 

compression be used for geologic detail images. In that way, the typical pixel error 

expected will only be a few percent. Engineering images can probably tolerate 15:1 to 

30:1 compression ratios depending on how much detail needs to be resolved. 
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4.8 Depth of Focus Algorithms 

As clearly shown in Fig. 4.4.3.2, it can take as many as 12 focus positions to 

image robotic arm scoop contents in focus. This requires transmitting 12 different 

images back to the ground to document scoop contents. In 1997, in preparation for Mars 

Polar Lander operations, we began investigating approaches to reduce this RAC load on 

the data transmission budget. 

There is no way of knowing a priori if an e.xposure made at a certain focus motor 

position will be in focus. If no portions of an image are in focus, then the amount of 

information in that image is relatively small when compared to an in-focus frame. 

Ideally, in fact, one would only like to return to Earth portions of an image that are in-

focus. In essence we require a lossy image compression scheme whereby only out of 

focus information is lost, [n Sections 4.8.1 and 4.8.2 we will discuss the various 

approaches the author has researched to make this ideal goal a reality. 

4.8.1 Mars Polar Lander RAC Algorithm 

One technique studied for the Mars Polar Lander RAC is an approach 

recommended by Roland Shack in 1996. The technique is to take 2, 3, 4 or up to 12 

images, store them on the spacecraft, magnify the images relative to the image with the 

largest image scale, place the images on top of each other and sum the pixels to create 

one image and then transmit the image. After being received on the ground, the image is 

high-boost filtered to reduce the blur introduced by the image summation process. 

We found this approach to work marginally well when summing 2 or 3 images 
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Figure 4.8.1.1 Result of scaling, summing and high boost filtering 4 RAC 
scoop images. 

together but beyond that the summation image was found to be too blurry to be 

satisfactorily recovered. In addition, there were complications in trying to maintain 

image dynamic range with the 12-bit pixel depth the images were intended to have. 

Figure 4.8.1.1 shows one result using this approach. 

The algorithm that was settled on for Mars Polar Lander (MPL) flight software 

called the depth of focus algorithm was significantly different from Shack's approach, 

however. The depth of focus algorithm is based on the idea of transmitting back to Earth 

only the portions of scoop images that are in-focus. One image is returned that contains 

the in-focus image portions from any image acquired in a scoop focus series of images. 

In addition, an image depth map can be returned which describes the focus position for 

each pixel in the in-focus image. This algorithm has been described to some degree by 

Reynolds (1998) and Keller et al. (2001). 
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The Mars Polar Lander depth of focus algorithm creates one in-focus image by 

studying the pixel responses in each RAC image that is acquired during a focus scan. An 

image cube i(x,y,z) is created where the third dimension is RAC focus motor position and 

the algorithm searches for minimum or maximum pixel values along r at each pixel .r, y. 

Each two-dimensional image in the cube is scaled-up relative to the image with the 

largest image scale in the cube. The correct relative scaling factor to use is not the ratio 

of the two paraxial magnifications. The proper scaling factor for a particular image is 

determined by tracing a chief ray from the object plane to the detector plane with the lens 

in a position such that the object is in focus. The intersection of the chief ray and the 

detector plane is height v/'. A second chief ray is traced from the same object plane to 

the detector plane with the lens in the position of the largest scale image. This chief ray 

height we denote as v:'. Then the magnification factor applied to the smaller scale image 

is simply; V'/'. The optimal re-sampling by parametric cubic convolution of Park and 

Schowengerdt (1983) is used to enlarge the images. 

The reasoning behind the MPL depth of focus algorithm is illustrated in Figure 

4.8.1.2. Here we have plotted typical pixel responses for 3 pixel positions as a function 

of focus motor position. The pixel responses have been adjusted for exposure time and 

the working/,^ of the lens position at which each image was acquired to correct the 

radiometry. The algorithm chooses in-focus pixels to be those where the derivative of the 

DN versus focus motor step curve changes sign. To accommodate objects that are in 

focus at the beginning or end of a focus series, the algorithm synthetically blurs the first 



220 

Pixel Response vs. Focus Motor Step 

0) 
(A 
C 
o 
a 
(A 09 cr 
fl) K 
E 
•o 0) 
u « 
w 
o 
u 

3500 

(256. 128) 
(100. 128) 
(256. 28) 

500 -

100 150 200 

Focus Motor Step 

300 

Figure 4.8.1.2 Illustration of the MPL depth of focus algorithm logic, 
arrows indicate which focus motor position contains the pixel in focus. 

and last images in the series through convolution with a 4x4 kernel. This is how pixel 

(256, 28) in Fig. 4.8.1.2 is selected to be in focus at motor step 0. In instances where two 

or more derivative sign changes are found for a pixel, the position with the largest 

amount of change is chosen as in-focus. 

Algorithm results for a particularly challenging sequence of images is shown in 

Figure 4.8.1.3. This composite image is a better result than was able to be obtained with 

other methods - but there are still problems with it. Although somewhat sharper than the 



Figure 4.8.1.3 Mars Polar Lander depth of focus algorithm results: 
the bottom image is the composite created from the 4 top images. 



result using the Shack approach, this composite image appears to be suffering from noise. 

The noise is actually out-of-focus pixels selected by the algorithm as being in-focus. The 

screw on the right suffers quite dramatically from this. Another issue with this composite 

image is the presence of halos surrounding edges of objects. The best example of this 

can be seen in Fig. 4.8.1.3 by examining the screw on the left. On the right side of the 

screw threads a low contrast image patch is very visible. 

Some of the non-optimal performance seen in the depth of focus algorithm was 

deemed to be due to inadequate knowledge of the prototype RAC performance 

characteristics. Relative image and radiometric scaling needs to be known accurately for 

the algorithm to function well. Other negative aspects of the algorithm's performance 

were deemed to be inherent to the algorithm's approach. Large outcroppings that cover 

objects fiirther back in the scoop will always cause problems for the algorithm. 

After the flight MPL RAC was assembled and calibrated, depth of focus testing 

with it revealed performance which was similar to the prototype RAC. The improved 

knowledge of the camera's radiometry and image scaling did little to improve the basic 

performance. Nonetheless, the depth of focus algorithm was deemed to be the best 

available solution to the problem and was included as an option in Mars Polar Lander 

flight software. 

4.8.2 Improved Algorithms 

Further analysis of the Mars Polar Lander depth of focus algorithm logic reveals 

the optical causes of the algorithm's less than ideal performance. Figure 4.8.2.1 
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Figure 4.8.2.1 Illustration of two depth of focus algorithm imaging conditions. 

illustrates the situation. Condition AB is representative of the RAC imaging condition. 

The objects /// and h: are imaged onto the detector plane at heights Ua and /ja in lens 

position a. They may or may not be in focus. Then the lens is moved to position b so 

that the image heights are now in, and Again, the objects may or may not be in-focus. 

The heights of the images are given by 
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• ^ (4.8.2.1) 
la c/, 

. (4.8.2.2) 
2a 

And the image height relative to each other is given by 

h^=fhJL (4.8.2.3) 
/,. lu d. 

Notice the ratio of image heights is independent of the lens to detector plane distance. 

Now if the lens is moved by to a different position, position b in Fig. 4.8.2.1, the 

image heights are given by 

/;, (c/,,,, A,J (4.8.2.4) 

. ^ (4.8.2.5) 
2^ 

Now the relative image height is given by 
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/„ (J,+A,J 

'2/) ^2 (^1 ) 
(4.8.2.6) 

Again tlie ratio of image heights is independent of the lens to detector distance but it is a 

function of Aah- So the relative magnifications in a RAC image depend on the lens 

position. A single scale factor is only appropriate for objects located in the same object 

plane. Objects at other distances require different scale factors. This behavior causes 

miss registration between images taken at different focus motor steps even if the scaling 

is known perfectly at each lens position. Miss registration destroys the ideal relationship 

between pi.xels as shown in Fig. 4.8.1.2. This effect degrades the MPL depth of focus 

algorithm's performance at places in the scene where there is high spatial frequency 

content. It also causes problems near high contrast edges in the scene. The consequence 

of this optical reality is that the algorithm selects out-of-focus pi.xels as being in-focus -

the cause of the noisy appearance of the composite image in Fig. 4.8.1.3. 

This unfortunate consequence of the RAC's focus mechanism could have been 

avoided if a different focusing approach had been used. Condition AC in Fig. 4.8.2.1 

illustrates an alternative method of camera focusing. If instead of moving the camera 

lens, the lens remains stationary and the detector is moved to provide focus adjustment, 

then the variable image scale factor is eliminated. This is proven by following the 

derivation as above. The resulting relationship is 



Inspection of Eqs. (4.8.2.3) and (4.8.2.7) reveals that the relative image scales are 

in fact equal for two different focus positions when detector movement instead of lens 

translation is used to focus. Due to the electrical connections that need to be made to a 

detector it is understandable why the RAC design incorporated a variable position lens 

instead of a movable detector. One could argue, however, that for a scientific instrument 

that is intended to be used for measuring the shape and sizes of rocks and soil, it is 

important to maintain constant image scale throughout focus. 

A system with a variable position detector is not the only design that would 

provide a constant relative image scale. A telecentric lens system would provide the 

same service. In fact, the absolute image scale would be constant through focus. 

Unfortunately the maximum size object that can be imaged by a telecentric lens is limited 

by the diameter of the lens. So the field of view is quite small. We speculate that it 

might be possible in future camera designs to incorporate a lens that is capable of being 

telecentric for microscopic imaging but ceases to be telecentric when either the lens or 

detector is moved to focus in panoramic mode. 

Nevertheless, given the consequences of first order imaging theory it is clear that 

for the '01 RAC the MPL depth of focus algorithm will always provide less than ideal 

performance even if camera characteristics are known with absolute precision. Based on 

this realization several other approaches to the problem have been investigated. We will 

describe the most promising. 
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The MPL JIAC and '01 RAC designs are not the only Mars camera designs that 

suffer from an inadequate depth of field. The optical microscope designed for the British 

Mars lander, Beagle 2. also suffers from a small depth of field. On the lander the imager 

is mounted to a small translation stage that will move the entire camera to acquire in-

focus images of microscopic objects. Due to the extremely small tleld of view of the 

microscope (the camera has approximately 8 times more resolution than the RAC in 

microscope mode), very little movement is required to image the various object planes in 

focus. For most objects the change in scale is less than 1 pixel with a change in camera 

position. 

Given this fact, the MPL depth of focus algorithm logic could be applied to the 

Beagle 2 camera with more success since no relative image scaling would be required. 

Given the importance of accurate radiometry to the success of that algorithm, however, 

the author took the opportunity to try a different approach to the problem. 

As far as RAC imaging is concerned, the only way to know what the proper scale 

factor is for a particular object in an image is to know the object's distance from the 

camera. Based on the information available in RAC images, only the distances to objects 

that are in-focus can be known. Out-of-focus objects may be located in front of or behind 

the in-focus object plane. So a new depth of focus algorithm should be able to function 

by simply locating the portions of an image that are in focus, scaling them to the proper 

size and assembling them into one frame. For such an algorithm to fiinction, a quality of 

focus metric is required. 

We reviewed the literature to study which focus measures had been used in the 
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past and how well they performed. The most useful work for our application was 

completed by Price and Gough (1994) and Groen et al. (1985). Their research 

summarized the advances that have been made in focus metrics in the field of scanning 

microscopy and qualitatively ranked them. According to their work, the flinctions F/ and 

F: output the most disparate signals between in-focus and out-of-focus images 

- 1  - 2  - 1  

- 2  1 2  - 2  

- 1  - 2  - 1  

* * (4.8.2.8rt) 
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-  « ( « - ! )  -

\ 
J 

/ 

(4.8.2.8ZJ) 

where g,j represents the image, n is the number of pi.xels and ** signifies two-

dimensional convolution. Inspection of Eqs. (4.8.2.8a,b) reveals that f/ is the summation 

of a high pass filter operation and F: is simply the statistical image variance. Based on 

this, we decided to utilize an approach similar to F/ and create a new depth of focus 

algorithm for the Beagle 2 optical microscope. 

Fi as defined by Price and Gough (1994) is intended to generate a single number 

indicative of the image's quality of focus. For the depth of focus algorithm we 

eliminated the summation process in the fijnction so it would output focus numbers for 

each pixel in each individual image. 

The first step in the Beagle 2 algorithm is to normalize to 1.0 the gray scale values 
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in each image of the focus series. Then each image is convolved with the high pass 

kernel shown in Eq. (4.8.2.8a) and squared. At this point a high pass image of each 

image e.xists. 

The ne.xt algorithm step is to calculate a boxcar average at each pixel in each high 

pass filtered image. The operation of the boxcar average filter calculates the strength of 

focus at each pixel in the image even if the pixel itself is not at an edge feature. This 

operation is included to account for those pixels that are in-focus but located in an area of 

low contrast. As long as the area of low contrast is not too large, a boxcar average 

increases the signal in image areas that contain low contrast but are near features with 

detail. The performance of this depth of focus algorithm depends strongly on the size of 

the averaging window. And the ideal window width depends on the type of objects being 

imaged. For everything from soil and pebbles all the way up to rocks, we have found a 

31x31 pixel averaging window to be optimum for the optical microscope. 

As previously described, the nature of Beagle 2 microscope imaging means that 

image scale does not measurably change with focus adjustment for most objects. So in 

this instance the depth of focus algorithm does not need to scale images relative to each 

other. Instead, after the images have been normalized, high pass filtered and boxcar 

averaged the images are assembled into an image cube i(x,y,z) where as before r 

represents the focus position. Then at each pixel position (x.y), the focus position with 

the highest value is selected as being in focus. This pixel is then assembled into the 

composite image and the focus position saved to the depth map. Figure 4.8.2.2 shows 
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Figure 4.8.2.2 Output of the Beagie 2 depth of focus algorithm with Martian 
regolith simulant JSC Mars-1. 
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typical depth of focus algorithm results using the Martian regolith simulant JSC-1 (Allen 

etal. 1998). 

This algorithm performs very well for a variety of objects. Scenes that give the 

algorithm some trouble are those which contain portions of low contrast larger than the 

31x31 pixel boxcar average window. Increasing the size of the window makes the 

algorithm function optimally but this is obviously a form of supervised classification. 

Microscopic scenes on the Martian surface contain high contrast, so user adjustment 

should not be required in the flight software version of this algorithm. 

The fine performance of the Beagle 2 depth of focus algorithm led us to believe 

that a similar approach might hold promise for RAC operations. Since the algorithm 

operation does not depend upon accurate image radiometric calibration, it should perform 

better than the MPL depth of focus algorithm. A RAC algorithm following this approach 

would require image scaling but it would not have to be accurate to within a few pixels. 

The new RAC deoth of focus algorithm logic is shown in Figure 4.8.2.3. Review 

of the approach shows that the decision process is almost identical to the Beagle 2 

algorithm except for the increase in image scale through cubic convolution and the use of 

a circular averaging window. The circular averaging window replaces the boxcar 

average operation in the Beagle 2 code. We have found this to offer better performance. 

In addition, we have found a slightly smaller averaging window to provide better 

performance on RAC images. Circular windows 13 to 21 pixels in diameter work best. 

A 19 pixel diameter window setting is the best overall choice for a variety of scenes. 
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Improved RAC 
Depth of Focus Algorithm 
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.\ssemble strength of focus map into 
cube m(x.y-) where r is the lens position. 

Create 5l2.x256 in-focus image ifx.y) 

and in-focus map mi(x.y). 

Fill i(x.y) and nii(x.y) based 
on which position r in m(x.y.z/ 

has the largest value. 

Figure 4.8.2.3 Improved RAC depth of focus algorithm logic. 
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Figure 4.8.2.4 Improved RAC depth of focus result for \IPL focus series. 

This new {lAC algorithm was applied to the old, difficult MPL focus series images and 

found to be a significant improvement. The result is shown in Figure 4.8.2.4. 

Figure 4.8.2.4 demonstrates the new algorithm is a significant improvement over 

the MPL version. More pixels are correctly classified which results in a less noisy 

appearing image. In addition, accurate radiometric image calibration is not required for 

the algorithm to function. The algorithm does still have some issues with foreground 

objects that block the view of items further back in the scoop. The first few screw 

threads on the right side, of the screw located on the left side of the image, create a small 

blur patch due to the strong edge present and the algorithm's averaging window. 

Nevertheless, the new approach has been shown to work very well for a variety of more 

realistic RAC scoop images. 

Figure 4.8.2.5 shows the improved algorithm results for a focus series acquired as 

part of the Yingst et al. (2001) field exercises. The image just above the classification 
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Figure 4.8.2.5 Improved RAC depth of focus result for Yingst et al. (2001) data. 
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map is the composite image created by the algorithm. Even though the composite image 

looks good, there are two minor algorithm performance issues that can be critiqued. 

The most apparent issue is evident in the upper right portion of the composite image. A 

small blur patch can be seen which came from focus motor step 153. In the motor step 

153 image there is an out of focus object that has enough contrast against the black 

background that it is has a larger strength of focus value than the black background that 

should be there instead. 

The second issue apparent with this set of images is the incorrect classification of 

portions of the scene. For instance, the upper portion of the composite image should only 

contain pixels from focus motor step 191. Instead, portions of that part of the scene are 

incorrectly classified as belonging to every motor step in the series. This does not affect 

the quality of the composite image because the pixel values are so similar in that part of 

the scene. The cause of this problem is the low signal to noise ratio in that part of the 

scene. The black, empty area of the scoop does not provide enough contrast at any focus 

motor step to allow proper pixel classification there. The algorithm simply chooses the 

pixel with the highest strength of focus score, even if that score is quite low and not very 

different from those acquired at other focus motor steps. 

This problem is not unique to the data shown in Fig. 4.8.2.5. It has been seen in 

other focus series as well. Typically it does not degrade the appearance of the composite 

image to any degree. But it is a less than ideal aspect of the algorithm's performance. 

A slight modification to the algorithm's logic eliminates the remaining 

undesirable performance aspects of the RAC's depth of focus algorithm. Initially, 
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with Threshold and Region Growing 

IncrcaM: image scalc by cubic cunvolutiun 

tor cach image m the focus scncs. relative 

lo the image acquired at the lowest focus 

motor step. 

Nonruhze cach image to 1. 

High pass niter cach image 

and square resuU. 

Average each high pass tiltercd image 

with circular window to crcate strength 

of focus map. 

A-sscmblc strength of focus map into 

cube mix.y.z) where z is the tens position. 

Determine strength of focus threshold by binning all strength of focu.s values 

(5l2x256x» focus steps), threshold is set so that 512.\256xl .25 pi.xels arc above threshold. 

Create 512x256 m-l'ocus image tix.yf 

and in-focus map mtix.yt 

.Assign values to i(x.\t 

' and mUx.yt based on which ^ 

position z in m(i.y.z) has the 

strongest focus, is above the 

threshold and has at least 

41 pixels from the same z 
in a 9x9 window. 

Unassigned 

pixels in tix.yt and 
miix.yi are choscn through 

recursive region growing, 

initially X connectedness is 

required but is reduced to till 

mi(x.yi, multiple 

clas-sillcaliun is resolved 

based on strongest 

focus. 

Figure 4.8.2.6 Improved RAC depth of focus algorithm with modifications. 
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in-focus pixels are chosen in the same way as they were originally but the strength of 

focus value must be above a threshold. The threshold is calculated by binning 

all of the strength of focus values and finding the threshold at which 163,840 pixels are 

above it. This allows enough pixels to be placed into consideration for classification to 

fill one RAC frame, 131,072 pixels, with an additional quarter of that allowed to overlap. 

After those pixels are assigned, the remaining pixels are classified with a 

recursive region growing routine that requires varying amounts of pixel connectedness. 

Initially 8 connectedness is required, meaning the pixel is completely surrounded by 8 

identically classified pixels. The requirement is then reduced to 7 when no pixels satisfy 

the 8 connectedness level. This is then reduced to 6 when necessary and so on. Toward 

the end of the algorithm's operation, 3 connectedness is typically required to assign all 

the remaining pixels. Pixels that satisfy the connectedness criteria for more than one 

focus motor position are chosen by assigning the pixel with the highest strength of focus 

value. 

The recursive region growing scheme is only advantageous to implement when 

most of the composite image's pi.xels have been assigned. With the 163,840 pixel 

threshold, there are usually 12-18% of the pixels left unclassified which the region 

growing process needs to fill in. This has proven to be the right amount to allow region 

growing to properly fill in the missing pixels. 

Figure 4.8.2.7 shows the results for the same focus series shown in Fig. 4.8.2.5. 

The threshold and region growing improve the performance of the algorithm. Visually 

the composite image is very similar to the previous result. There is still a blur patch that 
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is incorrectly assigned to the composite image but the rest of the false hits in the dark 

area of the scoop have been eliminated for this particular focus series. Inspection of the 

classification map reveals this. 
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Figure 4.8.2.7 Results for the improved RAC depth of focus algorithm with 
threshold and region growing. 

The algorithm now successfiilly ignores most of the low signal to noise areas of 

the scene and uses region growing to classify them instead. The current approach is a 
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major improvement over the original MPL algorithm which had its start in 1997. It has 

not yet been implemented into flight software but we recommend that it should be added 

when the RAC is assigned a mission. 

There is still research that could be done to improve the algorithm's performance. 

An image variance criteria, such as Fj in Eq. (4.8.2.8b), might be a better quality of focus 

measure for RAC images. A large enough variance window could be used so that an 

averaging window is not required - this would increase the algorithm's speed slightly. 

The literature reports that F/ is the best function to use when applied to an entire image 

but F: also has attractive properties. Our initial research into using a variance criterion 

shows that algorithm performance is similar to that when using the high pass filter 

approach. 

Another refinement that might prove beneficial is to introduce a different criterion 

for determining the strength of focus threshold. For proper operation of the algorithm, 

enough pixels need to be classified in the initial classification process so that the region 

growing operation only fills in the holes. Perhaps a more robust criterion would be to set 

the threshold such that 85% of the composite image pixels are initially classified. This 

would require more processing time, however, since the algorithm would need to iterate 

through the selection process a few times to come up with the appropriate threshold. 

The most promising improvement to be made to the depth of focus algorithm 

introduces logic so that out-of-focus image sections in and around dark areas of the scoop 

are completely ignored. The introduction of an edge detection scheme might provide the 

information to make this possible. An important part of edge detection, though, is the 
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selection of the proper threshold. For unsupervised classification on the Martian surface, 

the selection of a robust edge threshold could require extensive processing. The increase 

in the algorithm's capabilities might be enough to merit the extra cost. 

The current RAC depth of focus algorithm is significantly more capable than the 

Mars Polar Lander version of the code. It depends less on accurate image scaling than 

the original algorithm did and does not depend on accurate radiometric calibration at all. 

Algorithm settings could benefit from more testing with Mars scenes but this 

algorithm has already gone through several more tests than the MPL algorithm did before 

it was implemented into flight software. If the data transmission rate for the RAC's 

mission is large enough, mission science operations may opt to return full RAC image 

frames and not use the depth of focus algorithm to compress the data. In this situation the 

algorithm will still be of value. The assembly of one in-focus image from several images 

along with the classification map will aid in image interpretation. In addition to that, 

RAC scoop images will need to be flat fielded using the calibration data from Section 

4.4.4. As measured in the laboratory, the lamp flat fields are only applicable to objects 

that are in-focus. The RAC depth of focus algorithm will allow us to pick the proper 

portions of the scene to be multiplied by the flat field data. 

Such "on-the-ground" analysis of RAC images has been considered by other 

groups as well. Gulick et al. (1999) presented an algorithm with results similar to ours 

that uses segmentation to create a synthesized image from several RAC images by 

ground processing. Once more is published on the details of that algorithm, it might be 

beneficial to incorporate some of its logic to improve the depth of focus algorithm. 
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4.9 Camera Operations Research 

The fine details of how a Mars lander imager is to be operated once it is on the 

Martian surface are usually not worked out until after the camera has been designed and 

built. Mars analogue fieldwork is normally one of the last activities a camera team 

tackles and often the details are not completely ironed out until the instrument 

successfully lands on the Martian surface. This was true for the MAGI team imagers 

onboard the Mars Pathfinder and the Mars Polar Lander as it was for the first Viking 

lander cameras {Mulch 1978). This certainly is not the best approach to create the 

optimal mission science instrumentation. As lander spacecraft and science 

instrumentation becomes even more integrated the drawbacks of this approach become 

even clearer. Fieldwork encompassing the mission objectives should be commenced as 

soon in the design and proposal process as possible. If fieldwork occurs close to the time 

of the instrument-spacecraft integration, only very minor instrument design changes can 

be made based on what is learned. And obviously before landing, the science instrument 

operations should be optimized so that the surface lifetime is not squandered. 

Fortunately for '01 RAC operations, there has been ample time to work with the 

instrument in the field. Since the camera has already been delivered, it is too late for this 

work to impact the camera design. But the work can be used to minimize mistakes and 

improve efficiency when the camera operates on the surface of Mars. 

There have been primarily three exercises that have provided us with valuable '01 

RAC camera operations experience. The first occurred in February of 1999 outside of 

Baker, California in the Mojave Desert and the results were published by Yingst et al. 
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(2001). The second took place over a two month period in October and November of 

1999 during Mission Operations and Readiness Testing (MORT) of the Mars Polar 

Lander (MPL). And the most recent occurred during late July of 2001 at the Mars 

analogue site on Devon Island in the Canadian high Arctic. We will describe these last 

two tests and the lessons learned in the following sections. 

4.9.1 MPL Mission Operations and Readiness Tests 

In preparation of Mars Polar Lander surface operations, the Mars Polar Lander 

science and engineering teams conducted a series of tests to simulate surface operations. 

A testbed was constructed inside the University of California at Los Angeles's (UCLA) 

Science and Technology Research Building where the Mars Polar Lander science 

operations team was located. 

The testbed consisted of a full-scale mock-up of the Mars Polar Lander resting in 

a box tilled with sand. The lander included functional, flight-spare versions of the 

lander's four major science instruments: the Surface Stereo Imager (SSI), the Thermal 

Evolved Gas Analyzer (TEGA), the Robotic Arm (RA) and the Robotic Arm Camera 

(RAC). Figure 4.9.1.1 shows the setup. For the most rigorous test, several unknown 

objects were placed in the testbed and a box of layered soil deposits was prepared by a 



Figure 4.9.1.1 Mars Polar Lander mock-up in the UCLA Testbed. 

team geologist and buried in the sandbox so the lander could dig a scientifically 

interesting trench. The contents of the box were unknown to the rest of the team and a 

curtain surrounded the testbed for the duration of the test. 

Science operations were conducted as though the lander was on the Martian 

surface. Science team meetings were held to communicate system power and data 

transfer budgets and discuss science instrument objectives. For MPL surface operations. 

2 Sol's worth of science instrument commands were to be sent every other day. 

During a very ambitious five day MORT, one of the science team's primary 
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objectives was to dig a trench, document the trench contents and select an interesting soil 

sample to be deposited by the robotic arm into the TEGA. The digging and 

documentation activity lasted four days. The fifth day was used to execute and view the 

instrument sequences from the previous day that would deliver a soil sample to the 

TEGA. Science operations planning generally went quite smoothly. The biggest 

problem we encountered as an imaging team was the interaction between the robotic arm 

camera and the robotic arm. Each instrument had its own team, led by its own leader, 

from two different institutions. Coordinating the efforts of the two groups proved 

challenging. 

Typically the work would proceed with the robotic arm team first generating their 

digging commands to which the RAG team would add its commands based on what the 

robotic arm would do. Robotic arm command sequences consisted of numerous lines of 

code controlling every aspect of the arm's operations about its 4-axes of rotation. Trying 

to understand exactly how the robotic arm would execute a general task just from reading 

through command sequences was extremely difficult. We found the Web Interface for 

Telescience (WITS) tool created by a team from the Jet Propulsion Laboratory to be an 

indispensable tool in understanding the robotic arm's sequences. 

WITS allowed us to load in robotic arm commands and run them. A 3-

dimensional model of the Mars Polar Lander would be displayed on a computer screen 

and the model would play out the command sequences. This could be done for the RAC 

and the SSI as well. In addition, the field of view of both cameras could be overlaid on 

the lander model, making it easy to see what images could be acquired. Eventually this 
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Figure 4.9.1.2 SSI panorama of the UCLA Testbed with the robotic arm trench 
visible in the center. 

tool was to be used not just for evaluating sequences but for generating instrument 

command sequences as well. Unfortunately during the MORT's, this capability was not 

available. 

Invariably, after running the robotic arm sequences in WITS we would find 

robotic arm conditions that would not allow us to obtain all of the desired images. This 

would require further interaction with the robotic arm team and more work on their part 

to add, delete or modify certain sequences. Typically time would run out on this process 

and less than ideal imaging conditions would sometimes have to be tolerated. Good 

examples of this are shown in the RAC trench images of Figures 4.9.1.3 and 4.9.1.4. 

Ideally the images of the two trench layers would have been acquired with the robotic 

arm in the same geometry to facilitate comparisons between the two conditions. 

Obviously the field of view and image scales ended up being different. In addition, the 

robotic arm scoop was not in the same position either, causing a difference in 

illumination. This is easily identified in the images because different amounts of the soil 
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Figure 4.9.1.3 RAC images of a trench upper layer. 



247 

Figure 4.9.1.4 RAC images of tlie trench's lower layer. 

temperature probe (STP) are visible in the images. The differences are minor. But based 

on our Pathfinder experience we have found it can be very difficult to differentiate 

between subtle effects on the Martian surface. Changing instrumentation viewing angles 

and illumination can introduce variation in the data that is difficult to correct. 
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The experience gained imaging scoop contents also proved valuable. Obviously 

the imaging of scoop contents has to be completed before the scoop is emptied. So again, 

coordination with the robotic arm sequences is required. More subtle considerations also 

help in acquiring good scoop images. When data rate budgets were a concern we found 

that usually 2 or 3 scoop images taken at focus motor steps 265, 279 and 292 provided in-

focus images if certain arm geometries were followed. If the robotic arm forearm were 

rotated so that it was aligned with the local gravity vector and the scoop was rotated close 

to its hard stop, then scoop contents would be pulled down by gravity as far into the 

scoop as possible. This would locate objects far enough away from the camera so that 

they could be imaged at focus positions with a large depth of field, thereby eliminating 

the need to image at all 13 motor steps. Figure 4.9.1.5 shows an image acquired in this 

manner during the MORT's. 

Naturally the procedure described in the preceding paragraph is totally 

inappropriate for obtaining high resolution microscopic images of scoop contents. The 

best robotic arm procedure for that scenario was never able to be executed during the 

MORT's. 

The approach to use for 1:1 imaging is to keep the bottom of the scoop as close as 

possible to being parallel with the ground after the scoop is done with a digging pass. 

This can be done by rotating either the robotic arm shoulder or elbow joints. If anything 

of interest is in the divot area of the robotic arm scoop blade, this is the best way to keep 

it there for RAC imaging. We attempted such finesse maneuvers during testing but were 

not able to acquire satisfactory 1:1 images. Even though there wasn't any wind involved. 
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Figure 4.9.1.5 RAC Image of scoop contents acquired with a gravity assist. 

like during the Yingst et al. field work (2001), microscopic imaging again proved 

difficult. 

The Mission Operations and Readiness Tests taught the science team a great deal 

about how to operate efficiently on Mars. Even though a large amount of the team's time 

and effort went into these simulations, the time was well spent. And the team would have 

benefited from one or two more such tests. 

4.9.2 Mars Analog Testing 

Through a competitive selection process, the author was funded by the Mars 

Society to participate in 3 weeks of manned and unmanned Mars simulation activities on 

Devon Island in the Canadian high arctic during the summer of 2001. See Figure 4.9.2.1. 

Since 1997, NASA has supported the exploration of Devon Island as a prime Mars 
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Figure 4.9.2.1 Vlars mission simulation on Devon Island. 

analog site The highlight ofDevon Island as a Mars analog is the presence of Haughton 

Crater, a 20 km diameter. 23 million year old impact crater - the only known crater on 

Earth located in a polar desert (Lee 1997). In addition, the area surrounding the crater 

contains glacial trough valleys and melt water channel networks with features similar to 

those seen in Viking and Mars Global Surveyor orbital images. The area is also almost 

completely devoid of vegetation, adding to its value as a Mars analog site The Mars 

research conducted at Devon Island falls under the auspices of the NASA Haughton-Mars 

Project (HMP) 

RAC operations on Devon Island were conducted within view of the HMP 

basecamp located near the northwestern rim of Haughton Crater at 75° 22" N latitude and 

89° 41" W longitude. This allowed operations in several interesting sites without 

exposing the operators to Devon Island's only known natural hazard - polar bears. 450 
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Figure 4.9.2.2 RAC equipment block diagram. 

lbs. of equipment were transported to the arctic for this exercise. The equipment was 

similar to that used during the Yingst et al. fieldwork of 1999 (2001). An equipment 

block diagram is shown in Figure 4.9.2.2. Power was provided to the set-up with a small 

electric generator. 

Simulated digging and imaging operations were conducted with the operator in 

sight of the test set-up. These were not blind operations. The goal of this work was not 

to try and understand the geology of the area through imaging and digging, but to identify 

and fijrther explore RAC limitations. By immediately being able to view what the RAC 



Figure 4.9.2.3 RAC equipment operation on Devon Island. 
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could image and what it could not, RAC shortcomings were easily understood. 

Similar to the Yingst et al. (2001) and Mars Polar Lander MORT's, imaging soil 

and rocks at the high resolution, 1:1 imaging ratio proved almost impossible, particularly 

in any type of breeze. We were able to successfully position items in the scoop divot area 

using scoop and robotic arm motion alone. But this was possible only under the 

interactive control of the operator. Doing this blind was not feasible. In addition we 

found that achieving color imaging at high resolution was difficult because items would 

move in between red, green and blue lamp exposures if a breeze was present. 

A new RAC performance limitation discovered during the Devon Island exercises 

was the camera's inability to image interesting surface features right below the robotic 

arm. at high resolution. Much of the area northwest of Haughton Crater contains 

interesting polygon-patterned surfaces where sharp rocks and pebbles congregate in 

cracks due to the frost cycle. Imaging those pebbles with anything higher than 10:1 

resolution was impossible due to the presence of the robotic arm scoop. The camera 

could not be positioned close enough. This is not a fault of the camera, per se, but a 

consequence of the camera's immobile mount. 

Another performance consideration brought to our attention on Devon Island is 

the issue of imaging scoop contents in color. We found that when imaging specularly 

reflective objects close-up in the scoop that color rendition can be compromised. This is 

due to the physical separation of the lamps of different colors and the different angles at 

which they illuminate an object. Specularly reflective soil grains act as little mirrors 

which redirect light into the RAC's field of view for only certain angles of incidence. 
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Figure 4.9.2.4 ILAC color scoop content image showing specular reflection issue, the 
material in the lower left is saturated in green, while the pebble in the center is 
saturated in blue. 

These angles are sometimes only satisfied by one color of light causing the tlnal color 

image to be saturated in that color at that point. Since the angles of incidence are similar 

for pebbles located toward the back of the scoop or in the trench this problem is not 

present in those imaging situations The phenomena only occurs for grains close to the 

RAC A subsequent review of the Yingst et al field data revealed that this occurred 

when imaging objects close-up there as well In addition we saw similar behavior in field 

testing of a difterent spacecraft microscope designed for the British Mars lander Beagle 2 

which utilized an illumination scheme similar to the RAC's. 

Most of the work at Devon [sland just confirmed what we had already discovered 

about the RAC We had hoped that true Mars analog geology might be a more 

interesting imaging target and provide us even more insight as to how the camera will 
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function on Mars. Certainly from a panoramic imaging perspective, Devon Island is a 

superb site for camera testing. Also, when weather conditions are good, the 24 hours of 

summer sunlight facilitate endless hours of experimentation. But for an instrument like 

the RAC which is primarily intended to image trenches and soil, the Haughton Crater 

area is not as valuable as a Mars analog. Except for some areas inside the crater covered 

with breccia, the majority of the surface consists of carbonates such as dolomite and 

limestone - no iron-oxides like we see in abundance on Mars. In addition to that, the 

permafrost layer, which could make for some interesting trench imaging, lies almost a 

meter below the surface. No digging operations are planning to go that deep into the 

Martian surface in the near future. So it is our recommendation that Haughton Crater not 

be used for future camera tests with imaging objectives similar to the RAC's. The 

relative ease of access and weather stability of desert southwest Mars analog sites make 

them more attractive locations for future Mars imaging field work. 

4.9.3 Research Summary 

Through the operations research of the last two and a half years, we have 

developed a very good understanding of how best to operate the RAC on the surface of 

Mars. The RAC has proven itself to be a versatile instrument, capable of supporting 

surface science observations. In order to assist fijture RAC and similar instrument 

observations, we will summarize what has been learned during the RAC operations 

research. 

Certainly the RAC's dependence on the robotic arm to which it is mounted is an 
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important consideration that any operations team needs to consider. The robotic arm is 

the camera's imaging platform. For each imaging scenario there are preferred scoop and 

robotic arm geometries that should be used. If they are not, the science results may 

suffer. 

To avoid compromising RAC data fidelity, it is recommended that the robotic arm 

and RAC operations teams be merged into one team with one leader per shift. Ideally 

team members would be cross-functional, proficient in writing command sequences for 

both instruments. In fact, the preferred approach would be for a single team member per 

shift be responsible for generating the robotic arm/robotic arm camera commands. This 

eliminates the time consuming task of properly merging sequences created by two 

different authors. In addition, it aids in tracking down the source of instrument errors and 

speeds the correction process. 

The RAC and robotic arm coordination issue should not be underestimated by 

mission leaders. The two instruments' surface operations need to be well coordinated to 

extract the most amount of information possible. We recommend the merging of the two 

instrument operations teams early on in the mission planning. 

The RAC's 313 different focus positions provide instrument users with a broad 

selection of focus positions. And certainly the camera's autofocus algorithm benefits 

from this capability. However, we have found that investigators generally ignore the 

camera's autofocus capability and tend to use the 15 standard focus motor positions for 

which explicit calibration data exists. Some image contrast can be lost using this 

approach but the availability of calibration data can be the overriding factor in some 
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situations. For instance, to image objects in color the RAC acquires monochromatic 

frames under red, green and blue LED lamp illumination. To provide the most accurate 

color reproduction a lamp flat field in each color must be used to process the data. Such 

flat fields only exist for the 15 standard focus motor positions. Images acquired at other 

positions require approximating a flat field through interpolation or system modeling. 

So we suggest that for most scoop content imaging scenarios that it is best to use 

gravity to ones advantage. Rotate the robotic arm and scoop so that Mars's gravity 

(which is 40% as strong as Earth's) forces scoop material towards the back and only 

expose images at focus motor steps 265, 279 and 292. This eliminates the need to run the 

autofocus algorithm which takes extra time and power and may return an image at a 

focus motor position for which calibration data does not exist. And for objects located 

funher away than the end of the scoop, the hyperfocal motor position of 306 images 

nearby objects with adequate resolution. 

The color imaging of the RAC system works well for most object scenes 

contained in the robotic arm scoop. In fact, any time an object can be shaded from direct 

sunlight usually results in a good resolution color image of an object whether it is inside 

or outside of the scoop. The two primary problems associated with color imaging are 

caused by object movement, particularly at 1:1, microscopic imaging and color saturation 

resulting from specularly reflecting grains located close to the RAC. Direct sunlight 

illumination also renders the RAC's color imaging inoperative but it was not intended to 

produce color images of distant objects. On Earth, obtaining color images in direct 

sunlight has proven impossible. 
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Another RAC issue to consider is its fixed mount on the robotic arm forearm. 

The 4 degrees of freedom platform to which the RAC is mounted does provide a lot of 

imaging opportunities that Mars cameras have never had before. However, we have 

discovered situations where it would be beneficial to have the RAC mounted on a 

rotateable platform. This would allow close-up imaging of surface features and a higher 

vantage point from which to acquire a RAC panorama. With a rotateable platform, 

panoramas could be acquired using almost the entire length of the robotic arm, instead of 

a little more than half the length as is the case now. 

Perhaps the most serious RAC design issue our operations research has uncovered 

is the camera's ability to image soil microscopically at 1:1 (23 |im/pixel) resolution. 

Optically the camera performs well in the field. The problem is due to the viewing angle 

Table 4.9.3.1 Summary of important RAC operations results. 

Design Parameter Rcsulls/Rccommcndations 
Robotic arm as camera platform Difilcult to coordinate robotic arm and RAC operations, combine 

instrument operations teams into one. 

Microscopic Imaging Very difficult to obtain due to scoop characteristics and imaging 
geometry. 

Color Imaging Good when shaded, specular and moving objects degrade capability. 

Panoramic Imaging Possible with rotation of robotic arm elbow and shoulder joints. 

Stereo Imaging Possible with variable baselines provided by robotic arm rotation. 

Stationary .Arm Mount Acceptable for most situations, limits panorama capability and high 
resolution imaging of the surface. 

Focus Capability Users typically use 15 out of the 313 focus positions, use gravity to 
assist image acquisition. 

between the RAC and the robotic arm and the interaction of the scoop with soil samples. 

Grains that are to be imaged must remain toward the front of the scoop - in fact, right on 

the scoop blade in order for the RAC to acquire an image at highest resolution. The best 
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opportunity for obtaining such images is to keep the robotic arm scoop's bottom as 

parallel to the ground as possible after a digging operation and keep the wind from 

disturbing the items resting on the scoop blade. 

The RAC operations research has created a useful knowledgebase for planning 

and executing mission operations on the Martian surface. A summary of the results is 

provided in Table 4.9.3.1. Our findings are not only applicable to this specific robotic 

arm camera but to other Mars lander cameras as well. It is hoped that the lessons learned 

will facilitate the transfer of as much information as possible from the surface of Mars. 

4.10 Design Critique 

The robotic arm camera calibration and operations research activities provide 

sufficient information to evaluate the 2001 RAC design. Technically the camera fulfilled 

all the requirements required by the Robotic Arm (RA) and Robotic Arm Camera (RAC) 

Functional Requirements Document (JPL 1999) and summarized in Section 4.1. But 

there are finer points to the camera's performance that should be discussed. 

The RAC's lens system is indeed a versatile one. It was designed by Roland 

Shack of the University of Arizona Optical Sciences Center. The symmetry of the 

Double-Gauss design offers diffraction limited imaging, across the field of view at the 

1:1 imaging conjugate ratio as one might expect but is also able to image at the 

diffraction limit for distant objects as well. Based on the final calibration work, the lens 

operates at a speed of jlTh-JlX 1 which is completely adequate for the RAC's CCD. After 

all, the IMP operated aty/18 using the same CCD with bandpass filters typically 20-30 
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r.:n wide. The RAC's monochromatic bandpass is several times larger and the LED 

lamps provide ample illumination for nearby imaging. 

The only negative issue associated with the lens is the strong variation in image 

quality, or MTF. across the field of view as described in Section 4.4.1. This is not due to 

the lens design. The design model and the Mars Polar Lander RAC calibration both show 

that the design can provide stable imaging throughout the field of view. A lens assembly 

problem most likely caused the variation in image quality across the field. 

Lens assembly could potentially have been simplified if the lens was a triplet 

design instead of one based on four elements. According to Smith (1992) the logical 

starting point for the RAC lens design, based on field and aperture requirements, would 

have been a triplet. The rather short 12.5 mm focal length and 50° horizontal field of 

view is most likely what required the use of an additional element in the lens. For future 

designs we recommend fiilly exploring the triplet design space before introducing a 

fourth element. 

In Section 4.4.2 we described how the absolute radiometric accuracy of the RAC 

camera was calibrated to better than 10% in the laboratory as required. Unfortunately, 

due to the large effective bandpass of the RAC system, we also determined that typical 

Mars spectra could cause an additional 10% error depending on how different the actual 

spectra are from the laboratory calibration source. This effect could be reduced 

significantly if the Martian spectra were known to some degree. However, the ability to 

use the RAC as a radiometer is seriously compromised by its large bandpass. 

The RAC's approach to color imaging is a novel one. The use of LED lamps in 
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this design is a large improvement over the incandescent lamps used in the MPL RAC. in 

terms of output, power draw and ruggedness. The illumination system is more than 

adequate to enable good scoop and shadowed trench imaging. In addition, our calibration 

testing shows that the lamps provide ample illumination to image nearby surface objects 

(275 mm away from RAC front) in color during twilight and evening operations. 

Reasonably good color images will also be able to be obtained in direct daylight for 

objects approximately 65 mm away using the LED illumination system. 

The only problems with the RAC's approach to color imaging is the specular 

reflections issue described in Section 4.9 and the need for objects to remain motionless 

while images are obtained under red, green and blue illumination. One way to decrease 

specular reflection issues with a small modification would be to dither the position of the 

three LED colors. The upper and lower lamp housings contain LED's of the same color 

aligned in columns. A better approach would be to place the LED's in a checkerboard-

type arrangement. One row would contain red, blue, red and the next would have blue, 

green, blue and so on. 

The specular reflection problem really is a secondary issue compared to the 

necessity of stable objects. The amount of movement relates to how much a color image 

is degraded. If the object moves slightly within the field of view, then with image 

processing some useful color information will be available. If the object moves 

completely outside the field of view, then a 3-coIor image will not be able to be 

generated. Nevertheless, if required we would recommend using similar illumination 

systems on future camera designs. 
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Although the RAC in theory satisfies the 0.023-0.050 mrad/pi.\el resolution 

requirement as specified in the Robotic Arm (RA) and Robotic Arm Camera (RAC) 

Functional Requirements Document (JPL 1999), the operations research demonstrated 

that in practice the robotic arm scoop and RAC have a difficult time making this type of 

imaging possible. This is not the fault of the RAC's optical design but rather the imaging 

geometry that was chosen. The imaging geometry is inadequate for microscopic 

imaging. A better approach would have been to treat the scoop like a microscope 

platform with the camera's optical axis roughly aligned with the gravity vector to aid in 

keeping microscopic objects in place. This would not have been possible with the current 

scoop design, but with scoop modifications it could have been. 

So we recommend that future designs not copy the microscopic imaging approach 

taken with the 2001 RAC and robotic arm system. A more reliable approach should be 

used if research is going to be conducted at high resolution. 

Finally, the RAC's extensive focusing capability may be unnecessary. It is 

understood that no single, static optical configuration with a usefully sized aperture could 

provide the large depth of field set forth in the requirements so some accommodation had 

to made. The 313 position focus motor is a reasonable solution to the problem. It 

enables the lens to focus on objects at a 1:1 conjugate ratio all the way to infinity. But 

since fewer than 5% of the available positions are typically calibrated and used, 

something simpler might be appropriate. Especially in light of the fact that focus motor 

position is only known by counting the number of step commands sent to the RAC 

motors. There is a hard stop that can be used as a reference but it is possible when 
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moving 312 steps that one or two might be missed. Indeed there were instances in the 

field where the focus motor never moved and required re-initialization at the hard stop. 

A stationary lens with diopter lenses mounted in a filter wheel with an encoder, similar to 

what was used in the IMP, might be a more robust design solution. 

Overall the RAC sufficiently satisfies the 2001 Mars Surveyor Lander mission 

requirements. As discussed, some improvements could be made to improve its 

performance but the camera functions adequately. Its inability to operate as an accurate 

absolute radiometer by itself is disappointing. But this could only be changed by 

introducing filters into the camera's optical path. One has to wonder if a small four 

position filter wheel would not have been a better way to achieve color imaging. Three 

positions could have been used for red, green and blue filters and one could have been 

left open for monochromatic imaging when lighting is extremely poor. This may not 

have necessitated the use of an additional motor either. It might have been possible to 

couple a small filter wheel to the RAC's cover motor. Nevertheless, the current RAC 

design performs most of the tasks assigned to it very well and it rests on fiiture instrument 

designers to surpass it. 
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5.0 Mars Radiometry 

One of the key considerations in the design of any Mars lander camera is whether 

the imager will collect enough photons to image the Martian surface. The Viking camera 

team had to rely on telescopic and spacecraft flyby data to estimate the Martian scene 

radiance. The IMP design team had the advantage of access to the same data as well as 

actual measurements from the Martian surface. In this section we will discuss the 

necessary radiometric considerations for imaging on the Martian surface. 

The incident photon flux, O, on an imager's detector is described by 

0  =  1  J  J A )  .  ( 5 . 1 )  

where Aap is the area of the system aperture, is the area of the detector, A. is the 

wavelength of light, L;. is the Martian scene spectral radiance, r„p„„ is the transmission of 

the optical system, and are the angles between the aperture and detector normals 

and the distance vector between the two. and c/ is the distance between the aperture and 

detector. This equation can be cumbersome to work with when doing first order camera 

design. Fortunately the calculation can be simplified if we are only interested in the on-

axis tlux, the scene is lambertian, the detector and aperture areas are small when 

compared to the distance d and the optical transmission is constant with angle. Then the 

spectral photon flux can be calculated using 
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^ = AA . (5.2) 

Equation 5.2 is considerably more convenient to work with in design calculations. And if 

we make the following substitution 

(5.3) J- 4( /• «(• 

then Eq. 5.2 becomes 

= , (5.4) 

which contains the familiar f/U term. 

We can now use Equation 5.4 to gauge the light collecting efficiency of various 

Mars lander cameras. Table 5.1 contains radiometric data on Mars lander cameras taken 

from Davis (1977), Smith et al. (1997 and 2001). Keller et al. (2001), Malin et al. (2001) 

and this document. To calculate flu.x values, the optical transmission, is 

appro.ximated to be 1 with a width, AX, corresponding to the full-width-half-ma.\imum 

bandpass of the imager's optics. The ideal transmission value is used because it is an 

unknown for some of the imager's snjdied. Based on our experience, we expect these 

flight instruments have optical transmissions 0.75 or higher. 

Table 5.1 contains the results of the flux calculations. We can evaluate the 

accuracy of these approximate calculations by comparing the laboratory calibrated 
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responsivities of the SSI {Smith el al. 2001) and the 2001 RAC since they use similar 

detectors. At 600 nm, the SSI responsivity is 478.6 DN/s/VV/m"/ster/nm and the 2001 

RAC is 9331.0 DN/s/W/m"/ster/(im so the ratio of the two responsivities is 19.5. The SSI 

and 2001 RAC tlu.\ values from Table 5.1 have a ratio of 19.6 - good agreement. 

Table 5.1 Radiometric performance parameters of Mars lander cameras. 

Camera m Add (um") Aa (nm) <I» 

Vikinji 1 and 2 5.6 1452.2 100 3637 L 

IMP 18 391 25 23.70 L 

SSI 18 391 25 23.70 L 

MARDI 5.6 81 440 892.6 L 

MPL RAC 11.2 (cc) 391 190 465.1 L 

2001 RAC 11.2(00) 391 190 465.1 L 

Table 5.1 also shows that the Viking camera design captures the largest photon 

flu.x of any camera that has been designed for Mars - approximately 150 times more than 

the IMP. This result may seem surprising at first since the Viking cameras and the IMP 

returned high signal to noise ratio images from the Martian surface. But photon flux does 

not tell the whole story. It can be a useful optical design rule of thumb but 

more imager parameters need to be taken into account. Probably the most important of 

these is the imager's detector. 

As described in Section 2.0, the Viking camera design employs silicon 

photodiodes as detectors. The signal output from such detectors is directly proportional 

to the photon flux, <1). But the rest of the instruments listed in Table 5.1 use charge 

coupled devices (CCD) as detectors. For CCD's the output signal is proportional to 0 / 

where t is the CCD exposure time. The time integration capability of CCD's allows less 
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efficient optical systems to gather the same number of signal electrons as those with 

faster optics and non-integrating detectors. This consequence is used to full advantage in 

the Imager for Mars Pathfinder design. This design uses a relatively large f/n and small 

spectral bandpasses to achieve a large camera depth of field and fine spectral sampling. 

The other important detector characteristic to consider is its quantum efficiency -

the efficiency by which impinging photons are converted into signal electrons. Typical 

detector quantum efficiencies range from 0.3-0.5 but some can be lower than 0.2 (like for 

the MARDI detector) or almost unity. Quantum efficiencies are typically functions of 

temperature and wavelength as well. 

Ultimately, the quality of a Mars camera design, or any camera design, is 

determined by the instrument's signal to noise ratio, SNR. For Mars cameras which can 

be economically operated around -20° C and utilize low-noise electronics, the two 

predominate noise sources are the scene photon noise and the quantification noise, if 

e.xposure times are kept short enough. The scene photon noise is due to the corpuscular 

nature of light and follows a Poisson probability density function. Quantification noise 

comes from the analog to digital conversion that occurs when pixel voltages are 

converted to digital numbers (DN). It is essentially the round-off error due to the discrete 

number of DN used to represent a continuous number. 

Since the photon noise is Poisson, the scene noise in electrons follows 

a, , (5.5) 
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where Ne is the number of electrons in the signal. And following the derivation of 

Frieden (1983) for a uniform probability density, the quantification noise in terms of 

electrons is defined mathematically by 

where Nemux is the number of electrons represented at the ma.\imum digital range and n is 

the number of quantification bits. And these two terms can be added in quadrature to 

form the total noise term 

In addition to those noise terms for a general Mars camera that utilizes a photon 

detector, two other secondary noise terms can be important to a CCD system. Charge 

transfer noise and dark current noise can also reduce the system SNR. In fact, if exposure 

times become too long, then dark current is no longer negligible but becomes the 

dominant noise source. We discussed dark current in some detail in Section 4.4.6 and so 

it will not be covered here. 

The final portion of the calculation is to convert (D into signal electrons. As long 

as the bandpass is not too large, we can use the following approximate equation 

/ V 
(5.7) 
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.Ve = 0£(A)cI)/i . (5.8) 

where QE(/.) is the detector quantum efficiency. / is exposure time, h is Planck's 

constant, c is the speed of light and O is the flux in terms of power. If the tlux is instead 

photon flux, then the }Jhc term can be eliminated from Equation 5.8. But typically the 

radiance, L;, is known in terms of W/m'/ster/|.im and so the conversion into photons is 

required. 

Evaluation of Eq. 5.8 might lead one to believe an infinite number of signal 

electrons can be generated if long enough exposure times are used. This is not the case, 

however, since CCD's can only accumulate a finite amount of charge. This limit is 

termed full well capacity and is typically on the order of 10^ to 10^ electrons for scientific 

grade detectors. In addition to this, for exposure times on the order of seconds or longer, 

the dominating noise source becomes the dark noise. 

We can use Eqs. 5.4 and 5.8 to estimate signal levels and signal to noise ratios for 

a Mars imager. Using typical Imager for Mars Pathfinder numbers will help illustrate the 

point. The spectral radiance of Mars, L -,_, varies with wavelength, but for this simple 

calculation we will assume it is constant and evaluate the camera response at 600 nm. 

The value of Z.;, is best known from IMP data. According to Maki et al. (1999), the 

typical spectral radiance of Martian soil at 600 nm is 33 W/m"/ster/|im. Interestingly, this 

is in agreement with the radiance assumption used by the Viking camera design team 

{Hiick et al. 1975) as well. The IMP CCD design has a quantum efficiency of 
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approximately 0.5 at 600 nm. So the number of signal electrons from the Martian surface 

is 

.Ve=l 180928/ , (5.9) 

when exposure time t is given in seconds. The IMP CCD has a ftill well capacity of 

125.000 electrons (Smith et al. 1997) so a typical exposure time is 0.1 s producing 

118,093 electrons. The signal to noise ratio can be calculated using 

SNR=^ . (5.10) 

The IMP uses a 12-bit analog to digital (A/D) converter and so in this situation SNR = 

344. 

The consequence of all these equations is that the preferred imager design using 

CCD technology is the one with the largest fiill well detector and the most efficient 

optics. A large full well capacity is important so that a large amount of signal electrons 

can be collected. Efficient optics are important so that exposure times can be kept short. 

If exposure times get too long, dark noise dominate the image. For instance if the IMP 

optics were used with a newer detector, one with 900,000 electron full well capacity. An 

exposure time of 0.75 s while still using 12-bit A/D would produce an image with a SNR 

= 941. This is about the largest signal to noise ratio that could be achieved using the IMP 

camera optical design. To take advantage of a larger full well the camera would need to 
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use longer exposure times. This would cause dark noise to be the dominant noise source. 

As a final note we need to mention that for calculations involving large spectral 

bandpasses or extreme off-axis situations, the simplified Eqs. 5.2-5.4 and 5.8 may 

produce results without the desired precision. For those scenarios the full equation for 

the number of signal electrons generated should be used 

N e  =  t \ \  j . (5.11) 
, J 
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6.0 Artemis Multi-Scout Mission Imager 

6.1. Mission Background 

On March 14. 2001 the National Aeronautics and Space Administration requested 

the submission of Mars Scout mission concepts from the scientific community. A Mars 

Scout mission is a principal investigator (PI) led. innovative Mars science mission which 

complements the goals of NASA's core Mars missions and costs S325 million dollars or 

less. The Mars exploration program goals are prioritized into four objectives; determine 

if life e.xisted, e.xists or may e.vist in the future; characterize the past and current climate; 

determine the geologic processes that formed the Martian surface and understand the 

planet's interior; and prepare for human exploration {Greeley 2001). Mars Scout 

proposals are asked to address all or some of these program objectives. 

In early June of 2001, NASA announced the selection of ten Mars Scout 

proposals to receive funding for six month long investigations. One of these proposals 

was the Artemis Multi-Scout Mission led by David A. Paige of the University of 

California at Los Angeles. The scientific objectives specified in that proposal are: 

1) Characterize the surface environment, weather and geology. 

2) Search for near-surface ground ice by digging a trench. 

3) Determine the quantity of adsorbed carbon dioxide and water in Mars soil. 

4) Observe and quantify the behavior of subsurface, surface and atmospheric 

water. 

5) Determine the abundances of volatile-bearing minerals in Martian soil which 
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!Ocm 

Figure 6.1.1 Original Artemis spacecraft proposal 
(courtesy Alliance Spacesystems). 

may indicate the past presence of liquid water 

6) Search for chmate records in the form of fine-scale layering in near-surface 

materials. 

7) Search for organic compounds in Martian soil 

8) Characterize aspects ofthe elemental and mmeralogic composition of rocks 

and soils 

The mission proposal includes a lander camera mounted near the wrist joint ofthe 

lander's robotic arm. Figure 6 11 shows a solid model of the spacecraft proposal The 

camera is to be capable of obtaining 1024x1024, stereo color panoramic images ofthe 

Martian surface by using the robotic arm for pointing and positioning. The camera s 
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resolution is specified as I mrad/pixel for general panoramic imaging and 0.4 mrad/pi.xel 

for detailed e.xamination of interesting features. Close-up imaging capability is also 

required at 20 [im/pixel resolution with camera provided illumination. The camera has 

several stated scientific goals: study the geology of the landing site, measure atmospheric 

aerosals and column water vapor and determine landing site rock and soil characteristics. 

In addition, the camera is required to provide imaging support for lander and rover 

operations. All of this is to be achieved within the stringent camera mass budget of 0.3 

kg. This small amount of mass is all that is allocated to the imager due to the tight mass 

constraints on the landers themselves. Three separate landers are planned to be launched 

on a single delivery vehicle, requiring that their masses be kept to a minimum. 

6.2 Initial Design 

In late August of 2001 our camera team received funding to further study and 

define the Artemis camera concept. The author with guidance from Peter H. Smith 

proceeded by developing the details for a specific camera optical design to determine if 

the camera resolution and mass goals could be achieved. The mass requirement in 

particular was going to be challenging since it was significantly less than the previous 

two robotic arm cameras our group had built. Figure 6.2.1 shows the mass breakdown 

for the 2001 Mars Surveyor lander robotic arm camera (RAC). Obviously a different 

approach was required to meet the Artemis requirements. 
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2001 Robotic Arm Camera (RAC) 
Mass Breakdown 
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Figure 6.2.1 Mass distribution of the 2001 Mars Surveyor 
Robotic Arm Camera. 

Fig. 6.2.1 reveals that the camera bulkhead and the RGB LED lamp assembly 

accounted for a sizeable fraction of the 2001 RAC's mass. The camera bulkhead is the 

internal structure which holds and positions the camera's optical components. The RGB 

LED lamp assembly for the 2001 lander was required for that mission so that color 

images of the robotic arm's scoop contents and trench walls could be obtained. In order 

to meet the mass goals of the Artemis mission it was clear that the mass of the camera's 

bulkhead was going to have to be reduced and a new type of lamp assembly used. 

Given the good vibration and imaging performance of previous RAC instruments. 
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we opted to reduce the camera bulkhead size rather than change the bulkhead material to 

bring the mass down. We also decided to include a filter wheel and white light 

illumination in the new camera to obtain color images so that a dense RGB LED 

assembly would not be required. 

Further analysis showed that the camera dimensions would be driven by the size 

of the filter wheel. And the size of the filter wheel would depend on the number of filter 

positions and the filter diameters. This reality forced us to consider using tuneable filters 

in place of a filter wheel. The best known commercial source for tuneable filters is the 

Cambridge Research and Instrumentation Corporation. Their filters have an operation 

temperature range of 20-40° C and a storage temperature range of-15-55° C. These 

parameters were not compatible with the Artemis mission architecture so we concluded a 

filter wheel would be required. 

Accepting the presence of a filter wheel, we determined that we could achieve the 

mission's imaging goals with only 7 filter positions. 3 filters would provide RGB 

imaging with panoramic high-resolution, 1 neutral density filter would be for solar 

images, 2 red and blue filters coupled with lenses would be for close-up, microscopic 

imaging and the final filter position would be reserved for a near infrared filter centered 

at 940 nm. 

Using this approach we created a first order optical design to evaluate camera lens 

options and packaging. The chosen design includes a triplet lens, similar to our Imager 

for Mars Pathfinder lens, capable of 0.25 mrad/pixel imaging with 9 }am array pi.xels. For 

a 1024.\1024 array this provides a 14.6° x 14.6° field of view. Coupled with the triplet 
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lens, a single element meniscus lens was found to be adequate for close-up. microscopic 

imaging with 17 |im/pixel resolution - one lens for imaging in blue and the other for red. 

The design resulted in a 17.9 mm x 17.9 mm field of view for an object plane located 

48.75 mm from the front face of the camera. The lenses were located in the filter wheel 

so they could be rotated into place when microscopic imaging would be required. 

As part of the camera design process, we also developed a new mounting scheme 

for the camera. In the original proposal the camera was mounted in a fixed position 

relative to the robotic arm forearm so that the camera essentially stared into the robotic 

arm scoop along the bottom of the scoop. This was similar to the approach used on the 

Mars Polar Lander RAC and the 2001 RAC. As described in Section 4.9, during surface 

operation simulations for the Mars Polar Lander and the 2001 Mars Surveyor lander, this 

mounting approach was found to be inadequate for reliable microscopic imaging. Either 

no objects would remain positioned at the front end of the scoop where microscopic 

imaging could be achieved or objects were too close to be in focus. And during the rare 

instances when rock or soil could be imaged microscopically, much of the RAC's field of 

view was empty. 

To correct this situation for the Artemis mission we promoted mounting the 

camera so that its optical axis is perpendicular to the bottom of the scoop and aimed 

further back into the scoop. This approach increases the likelihood of imaging scoop 

contents at high resolution. And if there is an object of interest in the camera's field of 

view, it can be brought into focus by simply rotating the scoop, eliminating the need for a 

focus motor in the camera itself 
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In addition to the change in the camera mount geometry, we also decided to 

include a camera nest in the robotic arm and a motor for rotation of the camera on its arm 

mount in place of a protective camera cover motor. Figure 6.2.2 shows a sketch of the 

recommended system. The Artemis team's robotic arm engineers at Alliance 

Spacesystems believed that this would be feasible and agreed with its benefits. This 

mounting provides numerous enhancements to the mission capabilities including: longer 

baseline stereo imaging, a more compact launch configuration, better protection of the 

camera during digging operations and increased viewing geometries of interesting surface 

features. The introduction of this extra degree of freedom for the camera/robotic arm 

system allows the arm to fiinction as a very capable camera boom. 

The preferred Artemis camera design resulted in a package 36 mm wide, 42 mm 

high and 75 mm long with an estimated total mass of 295 g. The design includes only 

two motors, one for rotating the camera and one for turning the filter wheel. Figure 6.2.3 

shows a wireframe model of the design and Figure 6.2.4 shows an interior solid model. 

The 1 mrad/pi.xel panoramic imaging prescribed in the original proposal can be achieved 

with this camera by using flight software to create a 4 pixel average image of the 0.25 

mrad/pixel panoramic images. 
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Camera 

Arm /'• 

Side view of camera rotated ] / 
to inspect scoop contents i / 

' / Scoop 

, /• 

[ Camera 

Top view of camera rotated 
into storage position 

Figure 6.2.2 Camera mounting approach for Artemis. 

Side View Rear View 

Top View 

Figure 6.2.3 Wireframe mode! of the Artemis camera 
initial design proposal. 



Figure 6.2.4 Solid model of the Artemis camera interior 
initial design proposal. 

Artemis Camera Proposal 

Panoramic Imagine 

* 14 6'^ X 14 6^ field of view 
* 0 25 mrad/pixel resolution 

* 1024x 1024 array with 9 jim pixels 
* Red, green, blue, infrared (940 nm) and solar filters 

Close-rp Imaging 

* 17 851 mm x 17 851 mm t'leld of view 

* 17 nm/pixel resolution 
* Object plane 48 75 mm from camera face 
* Red and blue filters 

Package is 36 mm x 42 mm x 75 mm, 295 g 

Figure 6.2.5 Initial .Artemis camera proposal. 
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The camera design we developed meets or exceeds all the performance 

requirements specified in the original Artemis proposal. Its characteristics are 

summarized in Figure 6.2.5. This camera design was presented to the Artemis science 

and engineering team on September 12, 2001, during a one day teleconference. 

Comments from the team were favorable to the design. The team's only recommendation 

was to study having a 0.15 mrad/pixel or better resolution capability on the camera to 

meet or surpass the resolution of a human observer. 

6.3 Prototype Camera 

As discussed in Section 4.9, we have learned that the best method for critiquing 

an imaging system is to see how it functions in the field. So the next step in the study 

was to create a prototype imaging system that meets the performance parameters we 

specified and deploy it in the field. 

Given the fact that we were under a time constraint and that our equipment budget 

for this effort was only a few thousand dollars, custom optical components for camera 

prototype components would be out of the question. Off-the-shelf, commercially 

available optical components would need to be utilized. 

The starting point for any imaging system is to choose an appropriate detector. 

Since we were very interested in validating the geometry of the camera mounting and 

positioning, detector package size and detector resolution were the most important 

parameters in the detector selection process. Detectors with digital output were highly 

preferred but found to be out of budget and too large to fit in the camera envelope. The 
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geometry constraint, in fact, was hard to satisfy even for black and white analog cameras. 

We eventually chose the Sony XC-999, '/2",hyper-HAD (Hall Accumulator 

Diode), interline transfer, color CCD as our detector. The detector package's height and 

width were only 22.\22 mm, provided Y-C video out and was only 99 g in mass. The 

detector horizontal resolution was quite good, 627 lines across the entire detector width 

resulting in an effective pixel pitch of 10.2 fim. 

The lenses used in the camera for panoramic imaging were purchased from 

International Space Optics and Linos-Photonics. Since commercial grade, analog 

detectors follow a 4:3 aspect ratio, we had to choose which camera field of view we 

wanted to prototype. The Artemis camera's horizontal field of view was deemed more 

crucial to match since trench imaging, stereo imaging and panoramic imaging were going 

to be crucial issues we wanted to investigate. Our camera design called for a 9.216 mm 

wide detector but the Sony '/s" detector's width was only 6.4 mm. To accommodate this 

we chose a lens with a 25 mm focal length to give the camera a 14.6° horizontal field of 

view. The lens focal length was also variable so it could be fine-adjusted to provide the 

proper field of view once the lens and detector were mounted. 

The camera prototype required a second lens for meeting the 0.25 mrad/pixel 

resolution since the effective pixel pitch of the Sony detector was 10.2 |j.m instead of 9 

p.m and the detector's width was smaller than our proposal. Calculation revealed that an 

ideal 41 mm focal length lens would satisfy the requirement. Instead we chose a 50 mm 

focal length lens. There were two reasons for this: availability and the fact that 

commercially available lenses intended for general use would probably not be capable of 
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diffraction limited imaging. The choice of a 50 mm focal length lens opened up the 

tolerance envelope on the lens' image quality. 

Finding a lens suitable for microscopic imaging proved more difficult. We were 

able to find several lenses intended for video microscopy with the necessary resolution, 

but their minimum working distances were 2 to 3 times larger than specified by our 

design. Or the lenses themselves were larger than could be accommodated in our 

prototype camera and robotic arm set-up. Since adhering closely to the camera design's 

geometry was so important to the study, we decided to create a custom design based on 

two doublet lenses, lens mounts and a variable aperture readily available from Edmund 

Scientific Industrial Optics. 

Our intent was to create as symmetric of a lens system as possible that still met 

the microscopic imaging objectives because it is well known that a fully symmetrical 

system is free of distortion, lateral color and coma (Kingslake 1978). Using only the 

readily available components, we created a design with an acceptable working distance 

that would image with 8.5 |xm/pixel resolution when coupled with the Sony detector. We 

decided this was a reasonable compromise since 17 |im/pixel resolution could be easily 

simulated through pixel averaging with this lens and such a design would provide the 

opportunity to rate the effectiveness of higher microscopic resolution. The lens 

prescription is presented in Table 6.3.1. The corresponding theoretical lens MTF is 

shown in Figure 6.3.1. Notice the image quality is almost diffraction-limited and is 

constant across the CCD's field of view. The lens provides 17% modulation at 8.5 

|j.m/pixel. 



Surface Radius of Curvature Thickness Glass Diameter 

Objcct Infinity 68.897 

1 100.11 2.5 SF5 18 

2 34.73 5.0 BK7 18 

3 -49.67 11.1515 18 

Stop Infinity 6.52016 3.5 

5 49.67 5.0 BK7 18 

6 -34.73 2.5 SF5 18 

7 -100.11 85.430 18 

Image Infinity 8 

Table 6.3.1 Artemis camera prototype microscope lens design 
(all dimensions in mm). 
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Figure 6.3.1 Prototype microscope lens theoretical MTF curve. 
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Finding a suitable, white-light illumination system for the prototype camera 

proved to be a valuable exercise. In the Artemis design proposal we had placed a generic 

white light source at the focus of an aspheric reflector to represent a generic lighting 

system. After studying various commercially available systems, we determined that the 

best prototype approach would be to use a small array of white light LED's and mount 

them to the microscopic lens housing. We used 7, 5 mm diameter Nichia Corporation 

NSP-\V500BS LED's to provide illumination. They were mounted in a circle around the 

lens housing and aimed at the microscopic image plane. 

The image viewing and capture system chosen for the prototype camera was a 

Sony digital camcorder with a still frame capture mode and an optional Y-C input. The 

still frame capture mode offered 640 lines of horizontal resolution so that no resolution 

would be lost when still frames were saved. In addition the camcorder contained a color 

LCD screen and a high resolution black and white viewfmder display for image viewing 

in direct sunlight. This would eliminate the problem of ambient glare washing out 

computer CRT's that we had previously encountered on numerous field deployments of 

other instruments. 

Since the performance of the Artemis camera is intimately tied with the operation 

of the robotic arm, we built an Artemis arm mock-up for the camera prototype evaluation 

as well. A telescope mount served as the arm's base and the arms themselves were 

fashioned out of wood. A robotic arm scoop was constructed from a single sheet of 

galvanized sheet metal. The camera to robotic arm rotateable mount was custom 

machined out of aluminum. Petals to simulate the Artemis spacecraft were also 
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Figure 6.3.2 Artemis robotic arm mock-up geometry. 

constructed to examine any problems the spacecraft size might pose to surface imaging. 

The length of the robotic arm and the size of the scoop were settled upon through 

discussions with Alliance Spacesystems. The geometry of the arm mock-up is shown in 

Figure 6.3.2. 
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After the camera prototype was assembled, we spent a short time in the laboratory 

verifying the system's imaging capabilities. As described in Section 4.4. our typical 

spaceflight instruments go through several months of highly accurate calibration tests and 

analyses before they are released for use. Given the time constraints of this study, 

relatively quick laboratory tests to verify the camera and image capture system were 

required. 

The focal length of the panoramic field of view lens was tine-adjusted to provide 

a 14.6° horizontal field of view by imaging a high contrast target 1.1249 m wide at a 

distance of 4.3905 m. The resolution of the 50 mm lens was tested by imaging sine 

targets of various frequencies at a distance of 4.3905 m. We found that enough lens 

aberrations were present that only 0.23 mrad/pixel resolution could be achieved. This 

was slightly better than the proposed design but close enough for our purposes. 

The camera's microscopic imaging was checked two ways. The field of view was 

verified using a 2-axis micrometer. The measurements agreed with our design to within a 

few percent. Microscopic resolution was verified by imaging a CCD array with known 

pixel pitches. A pitch of 9.8 fim was resolvable, while a pitch of 8.4 ^m was not. 

Therefore we concluded that the microscopic resolution was close to the nominal 

prototype microscope design resolution of 8.5 |im/pixel. 

6.4 Field Deployment 

6.4.1 Site Location Overview 

Two sites were chosen for field testing of the Artemis camera prototype: the 
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Mars Garden at the Lunar and Planetary Laboratory and Willcox Playa near Willcox, 

Arizona. Both sites offer Mars-type scenery and are conveniently located close to the 

University of Arizona. The Lunar and Planetary Laboratory Mars Garden was created on 

the Laboratory's grounds with Mars-like rocks for testing of Mars Pathfinder instruments 

in November of 1994. Since then it has been used for Mars Polar Lander and Mars 

Surveyor 2001 instrument tests. 

VVillco.x Playa is in the Basin and Range Province of southern Arizona and is 

located approximately 80 miles east of Tucson. It is the desiccated remnant of Lake 

Cochise, a Pleistocene era lake located southeast of Willcox, Arizona {Schreiber et al. 

1970). The site offers little vegetation with views of the Dos Cabezas mountains and 

sand dunes in the background. The landing site was located at 32° 9' N latitude and 109° 

46' W longitude. 

The Artemis robotic arm mock-up and prototype camera were deployed at each 

field site and put through the operations we would expect to command on the surface of 

Mars. First, panoramas were acquired with the 14.6° horizontal field of view lens with 

both portions of the robotic arm perpendicular to the surface to provide the highest 

camera height. Rotation about a vertical axis was provided by the robot arm and the 

rotateable camera platform provided rotation about a horizontal axis. Figure 6.4.1.1 

demonstrates the camera's capability of acquiring panoramas at both field test sites. 

After panorama's were acquired, the robotic arm and camera mock-up was used 

to test other camera related mission operations: rock and soil observations, stereo 

imaging, trench digging and microscopic imaging. Figures 6.4.1.2a and 6.4.1.2b show 
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Figure 6.4.1.1 Portions of the panoramas acquired at the Lunar and 
Planetary Laboratory's Mars Garden and Willcox Playa. 



Figure 6.4.1.2a Mars Garden Artemis workspace. 

Figure 6.4.1.2b Willcox Playa Artemis workspace. 
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the robotic arm's trench and pilings workspace. 

6.4.2 Resolution Evaluation 

The 0.23 mrad/pixel resolution capability of the prototype camera was evaluated 

on interesting objects at both test sites. We were also able to evaluate approximately 1.5 

and 2 times higher resolution on the same objects by replacing the nominal resolution 

lens with compatible longer focal length lenses. 

Figure 6.4.2.1 shows a grouping of rocks located near one of the mock-up's solar 

array petals in the Mars Garden. Figure 6.4.2.2 shows the increase in object detail that 

can be obtained with higher resolution. This set of images is important because it 

demonstrates how camera resolution can be less than expected. Since the rocks are 

located near a high glare source, the highly-reflective solar array petal, the additional 

image detail visible at 2x nominal resolution is about the same as that visible with the 

1.5x nominal resolution setting due to the veiling glare. This is most likely due to the 

larger operating aperture of the longer focal length lens and inadequate stray light 

baffling in it. This situation encountered in the Field helps stress the point that stray light 

control will be an important design issue in the final Artemis camera design for imaging 

rocks near the periphery of the lander. And stray light control becomes even more 

critical as longer focal length lenses are used. 

Figure 6.4.2.3 shows a rock at nominal resolution, located on the Willcox playa 

approximately 7.9 m away from the base of the robot arm. This same rock can be seen in 

the panorama of Figure 6.4.1.1 and is the most distant rock visible in the picture. Figure 
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Figure 6.4.2.1 Rocks in the Mars Garden located near a solar array petal. 
The top image shows a 14.6° horizontal field of view while the bottom image 
demonstrates 0.23 mrad/pixel resolution. 



Figure 6.4.2.2 From top to bottom a close-up of the rock shown in Fig. 4.2.1 at: 
nominal 0.23 mrad/pixcl resolution, 1.5x higher resolution and 2x higher resolution. 
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Figure 6.4.2.3 Rock on Willcox Playa 7.9 m away from the robotic arm base 
at 0.23 mrad/pixei resolution. 

6.4.2.4 demonstrates the detail visible with various amounts of resolution. In this 

instance the highest resolution instrument configuration did in fact provide the most 

image detail. Glare was not a problem and the camera platform was stable enough to 

allow sharp imaging at the highest resolution possible. In the final Artemis camera 

design, the maximum feasible image resolution might be determined by the stiffness of 

the robotic arm. This portion of the field test demonstrated that at least an improvement 

in image detail would be possible on Artemis using 0.12 mrad/pixel resolution since the 

actual robotic arm should be stiffer than our wooden mock-up. 



Figure 6.4.2.4 From top to bottom a close-up of the rock shown in Fig. 4.2.3 at: 
nominal 0.23 mrad/pixel resolution, 1.5x higher resolution and 2x higher resolution. 
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Figure 6.4.2.5 Mountains at Willcox Playa -~8 km away from the landing 
site at the nominal 0.23 mrad/pixel resolution and 1.5x nominal resolution. 
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Figure 6.4.2.6 Detail of the mountain peal(s shown in Fig. 6.4.2.5 
at the same image scale with 0.23 mrad/pixel resolution (top) and 
I.5x higher resolution (bottom). 

Another interesting imaging target at the Willcox Playa site were the Dos Cabezas 

mountain peaks in the background, visible near the center of the Willcox Playa 

panorama. These mountain peaks were located approximately 8 km away from the 

landing site. Figure 6.4.2.5 shows them at nominal and 1.5x nominal resolution. Figure 

6.4.2.6 offers a close-up of the peaks at 0.23 mrad/pixel resolution and 1.5x higher 

resolution. The image scales were made equal so that a fair comparison could be made. 

Notice that even in the presence of significant atmospheric aerosals the higher 

resolution camera configuration still yielded more detail on the mountain peaks. And 



Figure 6.4.2.7 Mini-panorama of dunes at 0.23 mrad/pixei resolution located 
approximately 0.7 km from the Willcox Playa landing site. 
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Figure 6.4.2.8 Images acquired of a rock approximately 2.3 m away from the lander 
at Wilicox Playa at nominal resolution. The top image was acquired with the 
robotic arm pointed straight up and the camera platform rotated 114° from its 
stowed position (pointed down 24° relative to the horizon). The bottom image was 
acquired with the robotic arm still straight but rotated from vertical 76° toward the 
rock and the camera platform rotated 32° from its stowed position. 
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again the camera platform was stable enough so that higher than nominal imaging 

resolution could be achieved. 

Figure 6.4.2.7 shows a mini-panorama of sand dunes at 0.23 mrad/pixel resolution 

located appro.ximately 0.7 km away from the landing site. These dunes are visible in the 

upper right portion of the large Willcox Playa panorama in Fig. 6.4.1.1. 

Finally we would like to point out an Artemis operation that will provide the 

opportunity for multiple imaging scenarios on objects lying close to the lander. Figure 

6.4.2.8 shows an image of a rock located 2.3 m away from the robotic arm base. The 

rock is visible in the Willcox Playa panorama and is located in between the rock furthest 

away from the lander and the lander. With the degree of freedom on the camera platform 

and the movement of the robotic arm we were able to image objects at several different 

scales and viewing angles. This is a useful technique and similar to the approach 

geologists use in the field to identify rocks. In hand specimens they look for mineral 

luster, layering characteristics, texture and the presence of partings to classify samples. 

In addition, if a hand lens is available (approximately lOx magnification), measuring 

mineral size and proportions can aid the identification process. 

6.4.3 Trench and Piling Documentation 

One of the major advantages of the Artemis spacecraft is its close proximity to the 

Martian surface and its ability to interact with it. At both landing sites we dug trenches 

with the robotic arm and used the prototype imager to document the work. 
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Figure 6.4.3.1 shows the Mars Garden workspace before the robotic arm disturbed 

it and after the robotic arm scoop scratched the surface. The vertical mini-panoramas 

were acquired by rotating the camera platform while keeping the robotic arm straight and 

imaging at the nominal 14.6° horizontal field of view. Clearly the nominal horizontal 

field of view is adequate for imaging the trench digging area. 

Figure 6.4.3.1 Before and after vertical mini-panoramas of the Mars Garden 
workspace acquired with 14.6° horizontal field of view imaging. 
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Figure 6.4.3.2 Mars Garden trencli mini-panorama at 0.23 mrad/pixei resolution. 
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Figure 6.4.3.3 Mars Garden trench pile mini-panorama at 0.23 mrad/pixel 
resolution. 

Figure 6.4.3.4 Willcox Playa trench pile mini-panorama at 0.23 mrad/pixel 
resolution. 
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Figure 6.4.3.5 Willcox Playa workspace mini-panoramas before and after digging 
operations at 0.23 mrad/pixel resolution. 
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The final trench dug in the Mars Garden was 150 mm wide, 280 mm long and 110 

mm deep. The mini-panorama of the trench was created using vertical panning of the 

camera and is displayed in Figure 6.4.3.2. The Mars Garden trench contents were 

deposited to the left of the trench to create the pile shown in Figure 6.4.3.3 at 0.23 

mrad/pixel resolution. 

Figure 6.4.3.3 shows one of the design limits of the prototype camera and also 

emphasizes an important design consideration for the flight camera. The pile material in 

the foreground is imaged with blur. This is due to the finite depth of field of the 

prototype camera. The material is too close to the camera even though the images were 

acquired with the robotic arm completely vertical. For the flight instrument an adequate 

depth of field for imaging trench pile material will need to be a design requirement. The 

near depth of field distance will depend on the final robotic arm's length and where the 

camera is mounted on the arm. The blurry portions seen in Figure 6.4.3.2 are not due to 

camera depth of field limitations alone but are a consequence of the panorama assembly 

process as well. 

Figures 6.4.3.4 and 6.4.3.5 document the trench and pile created at the Willco.x 

Playa site. The final trench created there was 120 mm wide, 320 mm long and 102 mm 

deep. The pile was created to the right of the trench. Notice in this instance there is little 

blur visible. This is due to the small lens aperture setting and the short trench pile located 

0.68 m from pile center to robotic arm base. 

In addition to the depth of focus issue another important lesson was learned from 

the trench digging and documentation activity. An intermediate resolution setting in 
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between panoramic imaging and microscopic imaging, similar to the Mars Polar Lander 

and 2001 RAC's 10:1 imaging position, could document the complete contents of the 

scoop and image both the front and rear trench walls. The Artemis camera in panoramic 

mode focused to image at infinity will never be able to have a large enough depth of field 

to image the entire scoop. And in order to take advantage of all the degrees of freedom 

of the robotic arm in examining trenches, a third flavor of camera imaging will be 

required. This requirement should be that the camera have a setting with a large enough 

field of view to image the entire scoop and be focused for nearby imaging. The specific 

numbers for this requirement will be determined by the relative position of the imager to 

robotic arm scoop and the dimensions of the scoop. 

6.4.4 Microscopic Imaging 

Verifying our approach to microscopic imaging was a very important part of the 

field e.xercises since it was a significant departure from the close-up imaging we had done 

in the field before. There were four primary issues we wanted to investigate at both field 

sites to prove that the design decisions were sound. We wanted to: 

1. Demonstrate that the robotic arm scoop could be used to focus the camera. 

2. Validate the new scoop imaging geometry. 

3. Demonstrate the advantage of the rotateable camera platform. 

4. Test the white light LED illumination system. 

5. E.xamine the effectiveness of using only red and blue filters for color imaging. 
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Rotation of the robotic arm scoop proved to be an effective method of focusing 

objects in the robotic arm scoop. Figure 6.4.4.1 contains a focus series of scoop contents 

from the Willcox Playa trench created by rotating the scoop through small steps. It 

demonstrates the feasibility of the technique. 

The top image in Figure 6.4.4.2 is an example of how the new microscopic 

imaging geometry is an improvement over the original proposal. First of all there was 

material in the scoop to image and secondly, none of the camera's field of view was 

wasted. In addition, a sizeable fraction of the frame was in focus. The procedure 

followed to acquire this image was to rotate the robotic arm's forearm until it was 

roughly vertical and then the scoop was rotated until the scoop bottom was approximately 

parallel with the ground. This helped to keep the scoop contents in place while the scoop 

was rotated through focus. Figure 6.4.4.5 illustrates the correct geometry. 

The middle and bottom images in Fig. 6.4.4.2 were able to be captured due to the 

5 degrees of freedom of the robotic arm/camera system. Before the pile image was 

captured, the robotic arm scoop bottom was used to pat down the pile and create a 

relatively tlat surface so that most of the image would be in focus. 

The approximate color in Figures 6.4.4.2-6.4.4.4 was created by deleting the 

green channel from the color images and interpolating between the red and blue channels 

to create an approximate green channel. The 17 |a.m/pixel image resolution was created 

by averaging pixels. 



Figure 6.4.4.1 Focus scries of VVillcox Playa microscopic 
imaging acquired by rotating the robotic arm scoop. 



Figure 6.4.4.2 From top to bottom: Mars Garden scoop content, trench material 
and trench pile material in approximate color at 17 pjn /pixel. 



Figure 6.4.4.3 Images of the same rock in the Mars Garden, from top to bottom: 
0.23 mrad/pixel resolution, 17 ^m/pixel in approximate color and 8.5 p.m/pixel in 
true color. 
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Figure 6.4.4.4 Willcox Playa undisturbed surface in approximate color 
at 17 |im/pixcl resolution. 

Figures 6.4.4.3 and 6.4.4.4 illustrate that the extra degree of freedom of camera 

rotation facilitates close-up imaging of rocks near the lander and the landing site surface. 

We found almost any area within the robotic arm's reach can be imaged microscopically 

with the proposed Artemis robotic arm/camera system. 

The white light LED's chosen for the Artemis camera prototype performed very 

well. The 7 LED's operated at 3.5 V provided ample illumination for all objects of 

interest. Figures 6.4.4.5 and 6.4.4.6 show them in operation at the field test sites. 

The images acquired under the white light LED illumination exhibited very good 



Figure 6.4.4.5 Microscopic scoop imaging at VVillcox Playa. 
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Figure 6.4.4.6 Microscopic imaging of a rock in the Mars Garden. 

characteristics. Our previous RGB LED array illumination systems for spacecraft 

cameras have exhibited color rendering problems when imaging specularly reflecting 

objects as discussed in Section 4.9. The Artemis camera did not suffer from any similar 

problems. 

The final microscopic performance issue we were interested in evaluating was 

color reproduction using only red and blue filters. Examination of the previous 

microscopic images shows that for most situations, color reproduction using interpolation 

for the green channel is adequate. Figure 6.4.4.7 displays Artemis microscopic images of 
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the Johnson Space Center Mars regolith simulant-1 in true and approximate color. The 

color match is quite good and we would expect to have acceptable results on the surface 

of Mars as well if only spectra similar to those previously seen at the Viking and 

Pathfinder sites were encountered. If something unexpected is to be discovered, life for 

instance, then only red and blue channels are not acceptable. 

A good example of this occurred at the Willcox Playa field site. Shown in Figure 

6.4.4.8 is a rock located at the site with green organic material clinging to the side of it. 

As displayed, the green material is clearly visible with the Artemis camera's panoramic 

setting. It is also visible in the microscopic image in true color. But clearly the material 

would be missed if only red and blue channels were available for microscopic imaging. 

In the approximate color image the green material appears brown. 

For the situation encountered at Willcox Playa, the green material was not missed 

due to the true-color capability of panoramic imaging. But if the interesting material had 

been somewhere in a location unviewable to the camera in panoramic mode or had been 

too small to be resolved, the microscope would have missed it. This issue was known 

before the problem was encountered in the field but served as a good reminder to our 

team. So we believe the philosophy behind the 2 channel microscopic imaging should be 

seriously considered before being committed to for the Artemis lander camera. 



Figure 6.4.4.7 Artemis microscope image of the Johnson Space Center Mars regoiith 
simuiant-1 in true-color (top) and approximated color (bottom). 
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Figure 6.4.4.8 Rock examined at Willcox Playa. The top image was captured 
with 0.23 mrad/pixel resolution, the middle image is a microscopic image of 
the rock in true-color and the bottom image is the same microscopic image in 
approximate color. 
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6.4.5 Stereo Imaging 

One characteristic of the Mars Pathfinder camera that proved popular with 

geologists and the general public alike was its ability to image in stereo. The original 

Artemis proposal called for the lander camera to be capable of stereo imaging as well, 

primarily to support trench digging and rover operations. Even though the proposed 

camera utilized a single optical path, the prototype camera demonstrated unprecedented 

stereo imaging capability at both field test locations. 

Our group had previously demonstrated the feasibility of obtaining stereo images 

with the RAC instruments through horizontal rotation of the robot arms on which they 

were mounted. Figures 6.4.5.1 and 6.4.5.2 show the capability again with the Artemis 

camera at various baselines. The stereo images are red-blue anaglyphs that must be 

viewed through glasses with the red filter over the left eye and the blue over the right. 

For horizontal Artemis camera stereo imaging, the camera's horizontal panoramic 

field of view limits the stereo baseline. The nominal 14.6° horizontal field of view was 

found to be large enough to achieve highly exagerated stereo effects when desired. The 

images of the dunes and the rocks in Figure 6.4.5.2 are good examples of this capability. 

We found the capability of variable baseline stereo imaging to be very useful in 

examining the landing sites and we would expect the same to be true on the Martian 

surface. 

In addition to horizontal panoramic stereo imaging, the Artemis camera is also 

capable of vertical stereo imaging. And the rotateable camera platform on Artemis 



Figure 6.4.5.1 Horizontal stereo image of the Mars Garden obtained with 
14.6° horizontal field of view panoramic imaging. 
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Figure 6.4.5.2 Horizontal stereo images of boulders, the trench and dunes in 
the Mars Garden acquired with 14.6° horizontal field of view imaging. 



Figure 6.4.5.3 Vertical stereo image of dunes in the Mars Garden acquired with 
14.6° horizontal field of view imaging. 



Figure 6.4.5.4 Vertical stereo image of the rock located 7.9 m away from the lander 
at Willcox Playa. 



increases the size of the vertical stereo baselines over that which would be feasible with a 

fixed camera. Figures 6.4.5.3 and 6.4.5.4 demonstrate this capability. 

Image processing algorithms will not have problems dealing with the vertical 

stereo images. But viewing the vertical stereo information in anaglyph form takes some 

getting used to. One has to imagine they are looking at a scene with their heads rotated 

90° clockwise to interpret the scene correctly. When equal stereo baselines can be 

achieved, horizontal stereo images would be preferred. One clear advantage to the 

vertical stereo imaging, however, is the opportunity for much larger stereo pictures -

even for long baseline images. This can be seen in Figures 6.4.5.3 and 6.4.5.4. 

Artemis camera stereo imaging is not limited to the panoramic mode. 

Microscopic stereo imaging is possible as well. Scoop rotation created the interesting 

stereo images of the robotic arm scoop contents in Figure 6.4.5.5. And robotic arm 

motion alone facilitated the interesting stereo image of a Willcox Playa surface crack in 

Figure 6.4.5.6. 

The operations at both field test sites demonstrated the numerous approaches for 

obtaining stereo information that the Artemis robotic arm/camera system offers. 

Panoramic and microscopic stereo images can both be acquired. The addition of the 

rotateable camera mount enables the camera to capture microscopic stereo images of the 

landing site surface and long baseline vertical stereo images. 



Figure 6.4.5.5 Microscopic stereo images of robotic arm scoop contents in the Vlars 
Garden (left) and at Wiilcox Playa (right) created through scoop rotation. 



Figure 6.4.5.6 Vlicroscopic stereo image of a crack in the Wiilcox Playa surface 
created by moving the robotic arm. 
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6,4.6 Summary of Field Test Results 

The field deployment of the Artemis camera prototype and robotic arm mock-up 

verified the capability of the proposed Artemis camera. The new geometry for 

microscopic imaging proved to be significantly more capable than the original RAC 

design. Scoop contents were always able to be imaged at microscopic resolution. In 

addition, the 7 white light LED's provided enough illumination for microscopic imaging 

that the 0.017 s ma.\imum prototype camera e.xposure time was not required in the field. 

The panoramic, 14.6° horizontal field of view of the camera was large enough to 

image the entire width of trenches dug by the robotic arm and the surrounding context 

area. It was also large enough to provide a useful range of baselines for horizontal stereo 

imaging. A standard human observer 63.5 mm baseline was possible with the prototype 

as well as a maximum 200 mm baseline for distant objects. Theoretically stereo 

discrimination up to 1 km would have been possible with the prototype but uncertainties 

in camera position limited it to less than that. Typically 75 mm baselines were used. For 

reference, the two bottom images presented in Fig. 6.4.5.2 had baselines slightly less than 

this. 

The 0.23 mrad/pixel, panoramic resolution was found to be capable of imaging 

rock textures within a few meters of the lander, although more resolution would have 

been useful for more distant objects as demonstrated by the Dos Cabezas mountain peak 

and distant rock images. If the Artemis landing site rock distribution follows what was 

measured at the Pathfinder site {Golombek et al. 1999), then 1-15 rocks larger than 0.5 m 
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in diameter could be imaged with enough resolution to see surface texture. If the camera 

resolution were to be doubled, then a better sample of 6-60 rocks could be studied. 

We found the 5 degrees of freedom of the robotic arm/camera system to be very 

important in providing several different views and image scales of objects under study. It 

also enabled several forms of stereo imaging that would not be able to be acquired 

otherwise. Currently this type of platform fits within the lander's mass budget and based 

on this field work it should be considered a priority. 

The field tests did reveal several camera issues that need more consideration. The 

first is the need for an intermediate type of imaging - something between panoramic and 

microscopic imaging. The camera should be able to image the entire robotic arm scoop 

and provide close-up images of the trench. The previous RAC instruments had this 

ability and we found its absence on the Artemis camera to be a concern. 

The lack of sufficient camera depth of field in panoramic imaging mode also 

caused some problems in a few instances. We had always expected that objects close to 

the lander would need to be imaged with the camera sitting as high above the surface as 

possible, 1.1 m in terms of the prototype. But on Mars there will most likely be objects 

significantly higher than the ground plane that we will want to be able to image in focus. 

The trench piles are one such object. We will want to ensure the final camera design has 

a larger depth of field than our prototype instrument did. A 0.65 m near depth of field 

distance will provide sufficient imaging based on the current Artemis spacecraft design. 

The importance of good stray light control in the camera was also evident at times 

with this spacecraft configuration. Given the close proximity of the solar arrays to the 
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camera, we will need to control stray light in the camera more than we ever have had to 

in the past. Specular reflections of the sun off of the solar arrays will be four to five 

orders of magniuide brighter than the surface which will be challenging to control. 

And finally, this field work has stressed the importance of true-color microscopy. 

The original design only provides microscopic imaging in red and blue channels. If color 

images are desired, then the green channel has to be created from the red and blue data 

through interpolation. A better overall solution would be to eliminate the panoramic, 

near-infrared channel and replace it with a microscopic green channel. This solution 

keeps the camera volume and mass within budget. 

The lessons learned from the field deployments are summarized in Table 6.4.6.1. 

The originally proposed instrument performed well in the field given the imager's mass 

budget. Nevertheless, design improvements could be made to enhance the camera's 

science return and so the camera design has been modified using the field work as a 

guide. 

Tabic 6.4.6.1 Summary of Artemis fieid deployment results. 

Design Parameter Results/Recommendations 
14.6" Panoramic Field of View Scoop trench and surroundings visible in one image, horizontal stereo 

baselines from 0-200 mm possible, panoramas can be assembled. 
0.25 mrad/pixcl resolution Texture on rocks visible within a few meters of the lander, higher 

resolution is required for distant objects. 
Pointini; Elevation Adjustment Allows inspection of virtually all objects within robotic arm's reach. 
Stereo Imaging Robotic arm and elevation motor enables horizontal (0-225 mm baseline), 

vertical and microscopic stereo imaging. 
White Light Illumination Provides true-color imaging with enough illumination for microscopic 

exposures <0.017 s. 
Scoop as Focus Mcchanism Allows scanning of objects through the in-focus plane to generate a focus 

scries but lateral movement is also a consequencc. 
Microscope 2-Channel Color Provides reasonable approximation to true-color images for most objects but 

is inadequate for objects with high or low reflectance in the green. 
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6.5 Final Design Recommendation 

Our experiences in the field and consideration of previous Mars imager 

performance has led us to modify the Artemis camera design proposal. In addition, our 

experiences with Imager for Mars Pathfinder data have led us to question the value of 

multispectral imaging for determining site geology. In the four and a half years since the 

Pathfinder mission, the community has been unable to positively identify a single rock at 

the landing site using the 12 spectral channel capability of the IMP. 

We now believe that it would be more advantageous to provide the Artemis team 

geologists with the same tools they would bring out into the field rather than coarse 

spectra of landing site material. The Artemis science package already includes a near 

infrared spectrometer with much higher spectral resolution than would be possible, given 

the mass budget, with a small imager. It would go against the philosophy of the Artemis 

mission to duplicate capabilities. In addition, a field geologist does not use a visible and 

near infrared spectrometer in the field to identify a specimen. A geologist uses normal 

color vision, context and various degrees of resolution to classify samples in the field. 

And so we want to bring those same capabilities to the Martian surface with the Artemis 

camera. Therefore, based on this consideration and our field experience with the Artemis 

camera prototype, we are recommending a slightly different instrument for the Artemis 

lander camera. 

Our final proposal is about the same size and weight as the camera described in 

Section 6.2 and is mounted in the same way but will include a different type of detector. 



Figure 6.5.1 Vlicroscopic image of a CCD with a Bayer filter. 

We are recommending that we tly a CCD that is capable of color imaging with the use of 

a Bayer or similar type of mosaic color filter on the chip itself (Bayer 1976) For objects 

saturated in color this will reduce color accuracy Full monochromatic resolution is 

possible in green. Techniques are available for obtaining the full array resolution 

{Ramanath 2000) In particular, cubic convolution interpolation {Lee el al 2000) and 

pixel correlation {Pei and Tarn 2000) approaches have yielded accurate results Pixel 

correlation between green and blue pixels and green and red pixels is very high due to the 

overlapping passbands of the filters By combining pixel correlation and cubic 

convolution interpolation approaches with knowledge of a Martian object s spectra, we 

will be able to achieve the resolution of the original design using the same number of 

pixels and pixel spacing. This design change allows us to replace the filter wheel with a 

lens turret to provide various amounts of image resolution. 

The biggest challenge in using an on-chip, color mosaic array will be space 

qualify ing it. To our knowledge, no one has fiown such a device before The vacuum, 

extreme cold and radiation of space could be problematic for filter stability These issues 
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will have to be answered through testing at the vendor or the Lunar and Planetary 

Laboratory. 

The revised design keeps the same panoramic imaging as described before but 

eliminates the infrared sensitivity. In fact, for accurate color reproduction an infrared 

blocking filter is included in the camera. In addition we are adding the capability of high 

resolution, <0.15 mradVpixel, panoramic imaging for distant objects that can benefit from 

more resolution. The ultimate limit on the camera's resolution will probably be 

determined by the stiffness of the robotic arm, but based on our field experience 0.15 

mrad/pixel resolution is feasible. 

We also are adding the capability of intermediate imaging at =50 |im/pixel so that 

the entire robotic arm scoop can be imaged. The final intermediate resolution will be 

dependent on the size of the robotic arm scoop and the relative distance between the 

scoop and the camera. Illumination is also provided so that intermediate imaging of a 

trench will also be possible. 

Another new component we are adding to the system is the UV microscopic 

capability. Our Beagle 2 optical microscope has this option but does not have the ability 

to image the UV fluorescence in color. Through the use of a CCD with a color mosaic 

filter the Artemis camera will be able to image fluorescence in color. There are several 

thousand types of minerals but only 200 or so are fluorescent. And the color at which a 

mineral fluoresces can help identify it. 

The most critical issue we considered in the camera's final design was its depth of 

field in panoramic imaging mode. The prototype camera's maximum height above the 
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Figure 6.5.2 Final Artemis spacecraft design (courtesy Alliance Spacesystems). 

surface was III m The final Artemis spacecraft design set the camera height at 0 7 m 

above the surface, almost 37% shorter than field tested (Levitt 2002) See Figure 6 5 2 

for the final Artemis spacecraft design. As discussed in Section 6 4 3. the prototype 

camera s depth of field proved to be inadequate for imaging nearby objects 

As described by geometrical optics, a camera's depth of tleld operating at a 

particular focal length is governed by the relative aperture of the camera lens and 

individual detector width This really is a myth, however, when one considers linear 

system imaging theory Any departure from nominal focus causes a reduction m image 

quality regardless of the pixel size. So to accurately specify a camera s depth of field, an 

acceptable amount of image blur must be quantified. 
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Surface Radius of Curvature Thickness Glass Diameter 

Objcct Infinity Infinity 

1 11.613 2.1605 L.-\SFN31 

2 67.787 2.9167 4.23 

3 -52.033 0.3601 SF57 2.134 

Stop 10.342 6.4456 1.986 

5 50.268 0.9002 LASFN31 5.537 

6 -31.688 27.164 5.695 

Image Infinity 8 

Table 6.5.1 Artemis camera, 36 mm, preliminary, triplet lens design 
(all dimensions in mm). 

TS DIFF. LIMIT 
TS 0.0000. 0.0000 MM 
TS H.6080. -H.6080 MM 
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100.20 Q . 00 
SPflTIRL FREQUENCY IN CTCLES PER MILLIMETER 

Figure 6.5.3 Triplet lens theoretical MTF curve. 
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The camera's nominal design resolution is 0.25 mrad/pixel which means that the 

camera is capable of resolving objects separated by 0.5 mrad - corresponding to a 

separation of 18 |im in image space. This implies that the camera optical system needs to 

pass an image frequency of 55.6 1/mm with enough contrast to be detected. "Enough 

contrast to be detected" is determined by the detector's signal to noise ratio and dynamic 

range. 

To study this issue with the required detail we use a preliminary design for the 

Artemis 0.25 mrad/pi.xel resolution triplet lens. This design is presented in Table 6.5.1 

and its performance is shown in Figure 6.5.3. This particular design offers diffraction 

limited performance at moderate apertures. 

Choosing the aperture stop diameter for a camera system is part art and part 

science. Sampling theory suggests that the cut-off frequency of the optical system should 

be half the sampling frequency of the detector to eliminate aliasing and allow accurate 

image interpolation {Gaskill 1978). This would require a cut-off frequency of 55.6 1/mm 

for the Artemis camera which would mean objects separated by 0.5 mrad/pixel would be 

imaged with no contrast. Theoretically one could restore resolution below the bandpass 

by scaling the image and deconvolving the result since the scene was properly sampled. 

The amount of restoration possible would only be limited by the amount of noise and the 

dynamic range of the detector. 

System apertures, though, are rarely set at a diameter to satisfy the sampling 

theorem, because blurry images would result. Rather, the optical system cut-off 

frequency is chosen as a compromise between allowing some aliasing to occur and 
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imaging the frequencies of interest with good contrast. Sending an imager to Mars to 

acquire blurry images would be a hard sell. 

Resolution is not the only consideration that forces one to increase the size of the 

system's aperture stop. The system aperture stop controls how much light illuminates the 

detector, thereby controlling the signal strength. A larger aperture provides more light to 

the detector and so radiometry considerations also force one to consider using larger 

diameter aperture stops. 

There are two other considerations, however, that make one want to decrease the 

aperture stop size - depth of field and aberration control. Smaller diameters allow larger 

depth of field. And aberrations are easier to control with smaller apertures thereby 

reducing the number of elements required to obtain diffraction limited performance. 

Based on these four considerations we set the Artemis relative aperture at a 

maximum ofy/13. This provides a nominal image contrast of 0.47 at 55.6 I/mm and a 

reasonable depth of field. Based on Mars radiometry,y7l3 provides enough light to the 

detector as well. This provides a photon fiu.\ as specified in Section 5.0 of ct) = 26.3 

which is appro.ximately 10% more than the IMF's optical system. The larger aperture 

and passband compensates for the Artemis camera's smaller pixel area. As mission 

parameters become more well-defined, we may opt to reduce the size of the camera's 

aperture stop (increase the f#) a little more to gain more depth of field and reduce 

aberrations. The_/713 setting depth of field requires, at a minimum, two lens settings in 

panoramic mode to image surface detail at a camera height of 0.7 m above the ground. 

We define the camera's depth of field to be the distances at which the camera's 
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nominal image contrast of 0.47 at 55.6 1/mm falls to 0.20. For distant observations this 

means the camera's hyperfocal object distance needs to be set at 4.6 m. This extends the 

camera's depth of field from 2.25 m to infinity. A near depth of field limit of 2.25 m is 

not short enough to allow good trench imaging and so a second lens setting is required. 

By setting the second hyperfocal distance at 0.77 m, the camera's depth of field e.xtends 

from 0.65 to 0.952 m. So to image the entire surface within the focus tolerance, the 

robotic arm must be rotated to increase the camera to ground distance when imaging with 

the distant setting. And it must be rotated to decrease the camera to ground distance 

when imaging with the near setting. This provides overlap between the two camera 

settings. 

To ensure this depth of field definition provides sufficient image contrast, we 

have simulated the performance of the Artemis camera system using a synthetic scene. 

We do this by importing into IDL from Zemax, the point spread functions (PSF) of the 

lens described in Table 6.1.1 at focus and at the near and far depths of field. The point 

spread functions are then convolved with the detector array's point spread function to 
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274 DN 

509 DN 

277 DN 

Figure 6.5.4a Depth of field simulation for far focus; upper left is ideal image, upper 
right is in-focus image at 4.6 m, lower left is image at 2.25 m, lower right is image at 
infinity. 

247 DN 

512 DN 

242 DN 

Figure 6.5.4a Depth of field simulation for near focus; upper left is ideal image, 
upper right is in-focus image at 0.77 m, lower left is image at 0.65 m, lower right is 
image at 0.952 m. 
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create a complete system PSF. Then a synthetic image is created to convolve with the 

system PSF. The synthetic image contains 3 sections. Starting from the left side of the 

image, the first section contains 4 vertical lines spaced at the limit of the Artemis 

camera's resolution (0.50 mrad or 0.25 mrad/pixel). The second section contains 7 

vertical lines spaced beyond the camera's resolution limit to demonstrate aliasing 

behavior. And the third section consists of 1 wide vertical strip to control the relative 

radiometry of the images. 

After the synthetic image is convolved with the camera system's PSF, the result is 

sampled every 9 jim to simulate the Artemis array sampling. Then DN values are 

assigned to the result assuming we use the full dynamic range of a detector with 12-bit 

resolution. And finally the image scale is increased using cubic convolution interpolation 

to make the images easier to view. Results are shown in Figures 6.5.4a and 6.5.4b. The 

DN values shown are the average differences between the maximum and minimum DN 

values in the just resolved section of the images. These values confirm that the depth of 

focus criterion chosen, does maintain the required system resolution of 0.25 mrad/pixel 

throughout the depth of field. The values are several times larger than the amount of 

noise we expect to see. 

Based on the simulation results, one might be tempted to allow an even more 

relaxed depth of field definition. A more relaxed one could be chosen and in reality, 

during the actual mission, a more relaxed one will probably be used. In fact, the Viking 

camera designers claim 3% modulation is commonly chosen as the limit {Davis 1977). 

We believe, though, that for now the one chosen is appropriate. It provides acceptable 
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Rear View 

Top View 

Figure 6.5.5 Wireframe model of the Artemis camera current design proposal. 

Figure 6.5.6 Solid model of the Artemis camera interior current design proposal. 
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performance in the presence of non-optimum exposure times, low contrast objects and 

detector noise. And perhaps even more important than that, even if a more relaxed 

criterion were used, 2 lens settings would still be required to image the Martian surface 

with sufficient resolution. 

The simulation results also demonstrated the aliasing problems we expect to 

encounter with the Artemis camera system. Objects exhibiting detail within the finite 

bandpass of the camera system but higher than the detector spacing can support are 

actually interpreted as being low contrast, low spatial frequency objects. Notice how the 

simulation shows this effect to be the worst for the best-focus condition at each lens 

setting (images in the upper right comers of each figure). So stereo imaging error due to 

aliasing will be decreased at larger object distances just as one would hope. 

Given all the considerations previously described, we present the current design 

for the Artemis lander camera in Figures 6.5.5 and 6.5.6. Comparison of these two 

figures with Figs. 6.2.3 and 6.2.4 reveals the evolutionary changes to the design. The 

white light source/reflector illumination system has been replaced with a combination of 

LED's, 8 white light Nichia NSPW-500BS and 24 UV light Nichia NSHU590E lamps. 

Notice the large number of UV LED's required. If mass or space constraints become an 

issue, they should be the first eliminated from the design. Overall though, the 

illumination system still requires less than 30% of the LED's used in the 2001 RAC 

design and most of those are due to the added UV capability. 

To make room for the LED illumination array and reduce package length, the 

filter wheel (now the lens turret) motor was moved to the middle of the package. Also 
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the filter wheel is now a lens turret with an increased thickness to accommodate the 

longer lenses that will occupy it. 

The other major change to the design is the inclusion of an indium gallium 

arsenide (InGaAs) photodiode for monitoring atmospheric water vapor content at 1.36 

|im. This addition is required since CCD true color imaging requires an infrared filter. 

Two small apertures (< 5 mm diameter) are introduced into the lens turret for 5 nm wide 

filters and single element lenses at 1.34 and 1.36 |im so that band depths can be 

calculated. An InGaAs detector is chosen over a silicon detector for two reasons: better 

water vapor measurements and stray light control. Water vapor has a stronger absorption 

at 1.36 |im than at 940 nm, thus smaller concentrations will be measurable in the Martian 

atmosphere. Typical InGaAs detectors have peak responsivity around 1.3 |am while 

silicon detectors cannot go beyond 1.1 |im. 

Stray light is controlled by the different spectral responses of the two types of 

detectors. Since both detectors are located behind the filter wheel where there is not a lot 

of space for complicated light baffles, using the two different detector types allows the 

use of simple baffling. Typical InGaAs response covers the range 0.85-1.7 |im whereas 

the CCD lens optics will have an IR filter with a cut-off wavelength of 0.7 ^m. This 

coupled with a simple baffle will reduce the photodiode stray light to negligible levels. 

The CCD will not suffer from any stray light due to the photodiode because the near 

infrared filters will only pass light at 1.34 and 1.36 |im - photons at this wavelength will 

not have enough energy to excite silicon electrons over the bandgap. 

To help illustrate the lens turret capability a diagram of its front face is presented 
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Lens Turret 
for f/13 optics 

mrad broadnana 

mrac. 

micra 

33 mm 

Figure 6.5.7 Lens turret diagram. 

in Figure 6.5.7. Starting at the 12 o'clock position and working clockwise we will 

describe in detail the 6, CCD turret positions and their purpose. 

The afocal lens, when coupled with the triplet panoramic lens increases the 

system resolution to 0.11 mrad/pixel. A first-order, thin lens analysis reveals that the 

space constraint limits the amount of resolution increase possible with this lens. The 

front element clear aperture diameter needs to get larger with increasing magnification to 

avoid vignetting at the edge of the field. 0.11 mrad/pixel resolution requires a 15.5 mm 

clear aperture diameter on the front element when the front element has a focal length of 

16.2 mm and the rear element a focal length of -7.2 mm. Aberrations could force us to 

reduce the resolution even more once we get into detailed lens design. Since it is an 
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afocal system, a minimum of two elements is required. 

The 0.25 mrad/pixel. far-focus setting is simply a clear aperture in the lens turret 

with a diameter of 9 mm so that no vignetting occurs. The 0.25 mrad/pi.xel near focus 

setting is a low power,/= 944.83 mm, lens to simply adjust the triplet lens focus to 

nearby objects. Due to the low power, a single, crown glass element will be appropriate 

in the final design. 

The 50 |im/pixel setting is for imaging objects close-up, 51.8 mm away from the 

camera front face. The resolution, though, is not the driving design consideration, its 

51.4 X 51.4 mm field of view is. It is intended to image the entire robotic arm scoop and 

to provide images with a larger field of view than the 17 (im/pixel microscopic setting. In 

order to accomplish this, this turret position requires the most complicated lens 

attachment of all. The current first order design includes a single element, 72 mm focal 

length lens as the front element coupled with a reverse afocal system comprised of -4.350 

mm and 12.189 mm focal length lenses. The field of view achievable with this approach 

is limited by the afocal system's lens focal lengths and lens spacing. A larger spacing 

allows the use of longer focal length lenses which reduces aberrations. But the Artemis 

camera package size constraints forces the use of the shortest focal length lenses possible. 

The 17 [im/pixel microscope setting is intended to image robotic arm scoop 

contents at the highest resolution possible. A doublet is required for satisfactory 

performance due to the lens power required to image objects in focus at the 51.8 mm 

camera face to scoop distance. If we decide to stop the camera system down to a smaller 

aperture in the future, a single element lens may be able to be used instead. 
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The final lens turret position contains a plane-parallel plate, neutral density filter 

for measuring the optical depth of the Martian atmosphere in the 3 broadband color filters 

of the detector's mosaic color filter. It is positioned closest to the afocal setting, as are all 

the simplest settings, to balance the weight in the lens turret. 

The current Artemis camera design proposal is summarized in Figure 6.5.8 with 

the operations implications summarized in Table 6.5.2. The operations image data 

volumes assume lossless image compression. This design encompasses the knowledge 

gained during the 5 month Artemis mission study as well as our experience with previous 

Mars imagers. More details will be included in the camera design as the Artemis 

spacecraft and robotic arm geometries become more well-defined. Some opportunity 

exists to reduce the size of the lens apertures thereby increasing the depth of field and 

creating more space in the package. The final lens apertures will need to be a 

compromise between aberration control, depth of field, radiometry and image contrast. 

From a depth of field stand point, our wish is for the camera to be mounted as 

close to the wrist joint as possible so that the camera can be as high above the surface as 

possible. This allows us to set the near focus panoramic lens at the longest distance 

possible, thereby reducing the amount of arm rotation required to image the entire ground 

in focus. 

For illumination purposes, we also prefer to have the camera mounted close to the 

wrist joint. If the final camera face, to scoop distance is less than 51.8 mm, then the 

camera would be capable of functioning with fewer LED's, UV LED's in particular. 

We also expect to be able to take advantage of technological advances over the 
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Current Artemis Camera Design Proposal 

Detector Panoramic Imaging 

* 1024x 1024 array 

* 9 Jim pixels 
* 12-bit A/D 

* Bayer color filter 
* CCD heated 

Microscopic Imaging 

• 17.851 X 17.851 mm FOV 

• 17 jim/pixel 
* Object plane 51.8 mm away 

*1713 
* 370 nm UV ilium, available 

• 14.6° X 14.6= FOV 

• 0.25 mrad/pixel 
• Two settings: 0.77 m best focus. 0.65-0.952 m in-focus 

4.6 m best focus, 2.25 m - * in-focus 
« f/13 

• 1 mrad/pixel available through software 

SCOOP Imaging 

• 51.4 X 51.4 mm FOV 

• 50 |im/pi.\el 

• Object plane 51.8 mm away 
*f/13 

High-Resolution Imaging 

* 6.47° X 6.47° FOV 

* 0.11 mrad/pixel 
* =c focus 

* f/13 

Atmospheric 

* Broadband red, green and blue 
optical depth measurements 

* 1.34 and 1.36 nm with InGaAs photodiode 

Package 

* 37 mm x 42 mm x 72 mm 
* 300 g with 14 g margin 
* 1 W for camera On 

* Additional 1.5 W to image 
and read-out 

* Additional 5 \V to rotate 
camera or turret 

* Additional I \V for CCD heater 
* .Additional 0.9 \V for 

white LED's 

* Additional 2.8 W for 
UV LED's. 

Daca Volume 

* 17 Mb for 6:1 lossy. 1 mrad/pi.xel, panorama 
* 64 Mb for lossless. 1 mrad/pixel, panorama 

* 972 Mb for lossless, 0.25 mrad/pixel, panorama 
* 9.7 Mb for lossless, 0.25 mrad/pixel, single image 

Figure 6.5.8 Summary of current Artemis camera design proposal. 
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Table 6.5.2 Summary of Artemis camera mission operations. 

Scicncc and Operations Requirements .Measurement Data Volume * 

Color Panoramic Imaging 0.25 mrad/pi.xel full pan 972 Mb 

Single Color Frame 0.25 mrad/pi.xel 9.72 Mb 

Horizontal Stereo Panoramic Imaging 0.25 mrad/pixel, 100 mm baseline, full pan 2800 Mb 

Vertical Color Panorama Trench Imaging 0.25 mrad/pixel. 3 images 29.16 Mb 

Color High Resolution Imaging 0.11 mrad/pixel 9.72 Mb 

Complete Scoop Imaging 50 nm/pi.\el. 2 images 19.44 Mb 

Microscopic Color Focus Series 17 nm/pi.xel. white light. 6 images 58.3 Mb 

Microscopic UV Flourescence Imaging 17 |im/pixel, 370 nm, 6 images 58.3 Mb 

Spacecraft Deck Imaging 0.25 mrad/pixel, 0.77 m best focus position 9.72 Mb 

Micro-Rover Imaging 0.25 mrad/pixel. 4 images 38.9 Mb 

.Atmospheric Optical Depth Measurement 480 nm (90 nm wide), 530 nm (70 nm 
wide) and 600 nm (50 nm wide) at one 

solar zenith angle, image subframed 

5 kb 

Column Water Vapor Measurement 1.34 nm and 1.36 nm, I observation 30 b 
* Images losslcssly comprcsscd to ~9 b/pixcl. 

next 6-12 months to further improve our camera design. UV LED's, in particular, 

continue to be improved upon in terms of output and so we expect to be able to use fewer 

in the fmal design to save on camera mass and space. CCD detector technology also 

continues to evolve rapidly and so the fmal CCD make and model will not be determined 

until the camera design schedule requires it. 

Based on the current detail in the Artemis camera design, performance 

specifications can be derived for various spacecraft components. The 12 bit, 1024x1024 

images provided by the imager will be of little utility to the science teams if they cannot 

be returned to Earth. During the Mars Polar Lander mission, only 30 Mb per day were 

planned to be available for lander camera data transfer {Smith et al. 2001). If a similar 

budget is provided for the Artemis mission, then only 3 losslessly compressed images at 

the full 0.25 mrad/pixel resolution will be able to be returned per day. A 6:1 losslessly 
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compressed panorama will only require 2 days of downlink if onboard software is used to 

reduce the resolution to 1 mrad/pixel as previously discussed. But a full-resolution, 

losslessly compressed panorama would require 32 complete days! The data requirements 

for a 0.1 m stereo baseline panorama at 0.25 mrad/pixel resolution are so severe that a 

complete stereo panorama at that resolution may not be possible. Stereo images at 0.25 

mrad/pixel may only be able to be returned that document the trench and rover operations 

areas. This large amount of data will require a substantially higher data transfer rate from 

the Artemis lander than provided by either Mars Pathfinder or Mars Polar Lander. We 

recommend an image transfer budget of at least 90 Mb to allow the science team to take 

advantage of the camera's capabilities. If this data rate cannot be provided, then it makes 

sense for the design to be re-scoped. 

Another important spacecraft component as far as the camera is concerned, is the 

robotic arm and scoop. As previously discussed, the 0.11 mrad/pixel high-resolution 

imaging mode magnification is limited by the amount of space available to the camera 

envelope. But it may also be limited by the amount of stability offered by the robotic 

arm. An analysis of the camera's optical design reveals that during an image exposure, 

the robotic arm and camera platform must be stable to better than 0.011" or the high-

resolution setting will provide no higher resolution than provided at 0.25 mrad/pixel. 

This value was derived by modeling the effect of blur on 0.11 mrad/pixel, high-resolution 

imaging at a spatial frequency of 24.4 1/mm. This corresponds to the same image detail 

acquired at 55.6 1/mm with 0.25 mrad/pixel imaging. Movement of 0.011° reduces the 

contrast at 0.11 mrad/pixel imaging so that it is equal to the same achievable using only 
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0.25 mrad/pi.xel resolution. Frequencies higher than 24.4 1/mm pass with marginal 

modulation but at 55.6 1/mm it is down to 4%. 

Typical exposure times on Mars with the designedy/13 optics will be ~0.1 s. So 

either the robotic arm must be stable to within 0.011" at all times or robotic arm 

oscillations must be slower than 0.1 l"/s. Given the performance we obtained during the 

field deployment of a wooden robotic arm, this stability requirement should be feasible 

with a flight arm operating in Mars' lower gravity field. 

The other performance specification for the robotic arm we can derive based on 

the camera design is the amount of rotational resolution the robotic arm scoop needs to 

provide in order to obtain microscopic focus series. The depth of focus criterion for 

microscopic imaging is the same as previously described for panoramic imaging. Greater 

than 20% modulation is required at 55.6 1/mm. Using this criterion, the camera in 

microscopic mode has a total depth of field of 2.40 mm. The prototype scoop used 

during the field e.xercises had a rotation axis to scoop floor distance of 66.3 mm. The 

distance from the rotation axis to the front tip of the scoop was 70 mm. With this scoop 

geometry the rotation resolution needs to be at least 1.9" with a preferred resolution of 

0.9". As previously described, the 2001 robotic arm scoop rotation accuracy was better 

than 0.25" so the Artemis arm should be capable of performing within the requirement. 

A few more camera design revisions are expected over the next 6-12 months as 

more mission details develop. To truly optimize the space available in the Artemis 

camera package, more mechanical engineering design effort will need to go into the 

packaging design, as well as the lens turret and camera motors. In addition, the mass and 
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power implications of including the InGaAs detector need to be more fully studied. If 

required to stay within the mass budget, the UV LED's would be taken out of the design 

in favor of keeping the photodiode. But at this time we believe that the Artemis lander 

camera will be capable of meeting all the engineering and science requirements specified 

in the original proposal fiinded by NASA. It is interesting to note that with the inclusion 

of a photodiode into the Artemis camera, the imager contains design approaches from the 

Viking camera, the Imager for Mars Pathfinder and the Robotic Arm Camera. If the 

Artemis mission is eventually selected to fly, the lander camera will be the most flexible 

imager to function on the Martian surface to date. It will offer unprecedented resolution 

of the Martian terrain and give our team geologists the sharpest eyes they have ever had 

on the surface of Mars. 
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7.0 Conclusion and Summary 

Even after 45 years of space exploration, designing, calibrating and operating 

scientific imagers on the Martian surface is still largely a new and challenging activity. 

And we e.xpect it to remain that way for the next several years as specialized mission 

architectures require ever more specialized imaging instruments. Thankfully there are 

two successful camera designs that an investigator can look to for guidance in designing 

new Mars imagers. The rather primitive technology of the Viking camera design and its 

single detector scanning approach performed nominally on the Martian surface for 

several years. And the Imager for Mars Pathfinder design proved the advantages of using 

a CCD array as a detector and successflilly returned high-quality data throughout the 

duration of the Pathfinder mission. 

Fortunately we also now have a thorough description and analysis of Mars camera 

calibration for the 2001 Robotic Arm Camera to guide future activity. This work has 

demonstrated the necessity of well thought out laboratory procedures as well as the 

importance of accurate system modeling. Interpretation of the RAC's MTF results 

required the use of Zemax to understand and validate the complicated nature of the flight 

lens which the data showed to not provide uniform image quality across the field. 

Reduction of the camera's focus data also required Zemax modeling of the RAC lens and 

allowed adjustment of lens parameters. We demonstrated that Mars imager calibration is 

not a trivial task and requires detailed knowledge of how an instrument ftinctions. It is 

arguably one of the most important activities a camera team can participate in since it 

ultimately limits the quality and quantity of data extracted from the landing site. Without 
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good calibration, the images a camera returns from the Martian surface are little more 

than exotic tourist photographs. 

The algorithm and operations research associated with the 2001 RAC have also 

produced valuable results for future Mars operations - both for the RAC and for related 

instruments. We have demonstrated the interrelation between calibration data and the 

proper design of imaging algorithms. We have also demonstrated and quantified the 

capabilities the RAC has in obtaining stereo images and returning compressed data from 

the Martian surface. In addition, the field and mission simulation operations research has 

yielded useful insight into the performance limitations of the RAC instrument. We found 

imaging scoop objects with 23 |im/pixel resolution will be difficult due to the orientation 

of the RAC and robotic arm scoop. We also found color imaging with the RGB LED 

array may produce errors when imaging certain objects. 

Probably the most important lesson we learned from the operations research is the 

importance of integrating the RAC and robotic arm teams. For most scenarios the robotic 

arm can function optimally without concem for the RAC. But the robotic arm is the 

RAC's imaging platform and so it is extremely important for the RAC team to be fully 

functional members of both the RAC and robotic arm teams. In fact, it would be most 

advantageous for the same person to create both the digging and the imaging command 

sequences. 

The operations and algorithm research we completed will enable the design of 

optimum command sequences for Mars surface operations for the RAC and for other 

related instruments. We have demonstrated how important it is to get to know the details 
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and idiosyncrasies of an instrument before it arrives on the Martian surface. Ideally, field 

work needs to be initiated as soon in the design process as possible to reap the most 

benefit. 

Even if the 2001 ElAC never lands on Mars, the lessons learned from its 

development, testing and operations has already benefited other Mars missions in the 

planning. Lessons learned from RAC research as well as those from the Viking and 

Pathfinder missions have been incorporated into the design of an imager for the Artemis 

Multi-Scout mission which has a very good chance of being selected for flight in 2007. 

The Artemis camera has 4 times more resolution than any other camera that has 

successftilly operated on Mars with the capability of imaging at distance with 9 times 

more resolution. Due to its improved mounting configuration, the camera will also be 

capable of reliably obtaining microscopic images with better resolution than the RAC. 

Close-up color imaging will also be possible thanks to recent advances in white light 

LED technology. And the added UV illumination capability may allow us to better 

identify Martian minerals. But probably the most e.xciting capability of the Artemis 

camera is its ability to obtain several types of stereo image pairs with largely variable 

stereo baselines: horizontal stereo, vertical stereo, scoop stereo and microscopic stereo. 

Most of the Artemis camera's design properties have been evaluated through field 

deployments of a prototype imager. Those field deployments proved valuable to the 

imager's current design. Our ultimate goal is for the Artemis camera to be the ultimate 

geologist's eyeball that has ever been deposited on the Martian surface. Our design 

philosophy to make this possible requires providing the highest resolution feasible within 



the space and mass constraints of the mission, along with true-color capability. Rough 

spectral measurements of surface and atmospheric properties are still possible but it is not 

the primary goal of the Artemis imager. 

The future of unmanned Mars exploration remains bright. Even in the light of 

recent difficulties, it remains one of the primary targets of investigation in NASA's 

planetary science budget. Currently two artificial satellites orbit the planet, scanning the 

surface to unlock its past and another mission is being planned. In a few more years, 

another lander onslaught of the planet will begin, initiated by both the United States and 

Europe, which will bring about new understanding of Earth's closest relative. The 

knowledge presented will help make this goal a reality. 
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