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Abstract 

MAHLI (Mars Hand Lens Imager) is a 2-megapixel, Bayer pattern color CCD camera with a 
macro lens mounted on a rotatable turret at the end of the 2-meters-long robotic arm aboard the 
Mars Science Laboratory rover, Curiosity. The camera includes white and longwave ultraviolet 
LEDs to illuminate targets at night. Onboard data processing services include focus stack 
merging and data compression. Here we report on the results and status of MAHLI 
characterization and calibration, covering the pre-launch period from August 2008 through the 
early months of the extended surface mission through February 2015. Since landing in Gale 
crater in August 2012, MAHLI has been used for a wide range of science and engineering 
applications, including distinction among a variety of mafic, siliciclastic sedimentary rocks; 
investigation of grain-scale rock, regolith, and eolian sediment textures and structures; imaging 
of the landscape; inspection and monitoring of rover and science instrument hardware 
concerns; and supporting geologic sample selection, extraction, analysis, delivery, and 
documentation. The camera has a dust cover and focus mechanism actuated by a single 
stepper motor. The transparent cover was coated with a thin film of dust during landing, thus 
MAHLI is usually operated with the cover open. The camera focuses over a range from a 
working distance of 2.04 cm to infinity; the highest resolution images are at 13.9 µm per pixel; 
images acquired from 6.9 cm show features at the same scale as the Mars Exploration Rover 
Microscopic Imagers at 31 µm/pixel; and 100 µm/pixel is achieved at a working distance of 
~26.5 cm. The very highest resolution images returned from Mars permit distinction of high 
contrast silt grains in the 30–40 µm size range. MAHLI has performed well; the images need no 
calibration in order to achieve most of the investigation’s science and engineering goals. The 
positioning and repeatability of robotic arm placement of the MAHLI camera head have been 
excellent on Mars, often with the hardware arriving within millimeters of expectation. Stability 
while imaging is usually such that the images are sharply focused; some exceptions—thought to 
result from motion induced by wind—have occurred during longer exposure LED-illuminated 
night imaging. Image calibration includes relative radiometric correction by removal of dark 
current and application of a flat field. Dark current is negligible to minor for typical daytime 
exposure durations and temperatures at the Gale field site. A pre-launch flat field product is 
usually applied to the data but new products created from images acquired by MAHLI of the 
Martian sky are superior and can provide a relative radiometric accuracy of ~6%. The camera 
lens imparts negligible distortion to its images; camera models derived from pre-launch data, 
with CAHV and CAHVOR parameters captured in their archived labels, can be applied to the 
images for analysis. MAHLI data and derived products, including pre-launch images, are 
archived with the NASA Planetary Data System (PDS). This report includes supplementary 
calibration and characterization data that are not available in the PDS archive (see supplement 
file MAHLITechRept0001_Supplement.zip). 
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1 Introduction 

Curiosity—the Mars Science Laboratory (MSL) rover—landed in northern Gale crater in August 
2012. Mounted on the turret at the end of Curiosity’s robotic arm, the Mars Hand Lens Imager 
(MAHLI) is a 2-megapixel color camera with a macro lens that can image targets at scales as 
high as 13.9 µm per pixel. The MSL science and engineering teams have used MAHLI for a 
wide range of science and scientific support imaging efforts, including geologic investigation of 
grain-scale characteristics of rocks, regolith and eolian deposits; range-finding in support of 
robotic sample extraction; documentation of samples and sample extraction sites; 
documentation of in situ geochemical analysis sites; examination and monitoring of particulate 
accumulation on hardware and instrumentation; inspection and diagnosis of instrument and 
hardware problems (such as wheel damage); and examination of the landscape and suspended 
dust in the atmosphere (e.g., Blake et al., 2013; Minitti et al., 2013; Robinson et al., 2013a; 
Grotzinger et al., 2014; Stack et al., 2014; Campbell et al., 2014; Berger et al., 2014; Yingst et 
al., 2014). 

This is a status report that describes the results of MAHLI characterization and calibration 
studies we performed on data acquired before launch, during the primary surface mission, and 
in the early months of the extended mission on Mars, through February 2015. We provide 
insights into the data set and access to information about the instrument and data that are 
unavailable elsewhere. The information herein, including the accompanying Supplementary 
Materials (file MAHLITechRept0001_Supplement.zip), can be used by investigators who 
desire to improve upon our characterization or calibration, as needed, for specific scientific 
applications. Further, this report is a critical reference for data users who need to know how to 
determine the scale of features in MAHLI images and how to use the focus merge products 
produced by the instrument. 

2 Mission and MAHLI overview 

2.1 MSL mission 

The integrated MSL cruise stage, aeroshell, descent stage, and Curiosity rover were launched 
from the Cape Canaveral Air Force Station, Florida, USA, on 26 November 2011 (Grotzinger et 
al., 2012). The spacecraft reached Gale on 06 August 2012 and the rover landed at latitude 
4.5895°S, longitude 137.4417°E, in a valley between the crater’s north wall and Aeolis Mons 
(informally known as Mount Sharp) to the south (Vasavada et al., 2014). 

The MSL mission seeks evidence for habitable environments on Mars, particularly as recorded 
in the rock record (Grotzinger, 2009; Grotzinger et al., 2012; Grotzinger et al., 2015). The field 
site was selected for its abundant evidence of past interaction of water with rock and evidence 
for alluvial, fluvial, and possibly lacustrine, sedimentation (Cabrol et al., 1999; Malin and Edgett, 
2000; Anderson and Bell, 2010; Milliken et al., 2010; Thomson et al., 2011; Wray, 2012; 
Siebach and Grotzinger, 2014). The mission’s early geological results—to which investigation of 
MAHLI images contributed—include identification of fluvial conglomerates and sandstones 
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(Williams et al., 2013; Grotzinger et al., 2014; Kah et al., 2015); mudstones interpreted to 
contain organic molecules and a record of a past, habitable environment (Grotzinger et al., 
2014; Vaniman et al., 2014; Freissinet et al., 2015); and the first in situ (on Mars) absolute age-
dates for a sedimentary rock body and the timing of its re-exposure at the Martian surface 
(Farley et al., 2014). 

2.2 MAHLI instrument and investigation 

Edgett et al. (2012) described the MAHLI instrument and investigation; DiBiase and Laramee 
(2009) described the lens housing and mechanisms; and Ghaemi (2009) described the optics 
design. The investigation centers on grain-scale texture, structure, mineralogy, morphology, and 
stratigraphy of geologic material at the field site in Gale crater. The instrument consists of three 
hardware elements, a camera head on the rover’s robotic arm turret (Figure 1), a digital 
electronics assembly (DEA) housed inside the rover’s temperature-controlled body, and a 
calibration target mounted on the exterior of the robotic arm’s shoulder azimuth actuator 
housing. Jandura et al. (2010) and Anderson et al. (2012) described the position of the MAHLI 
camera head on the turret and the nature of other tools on the arm, including sample collection 
devices in the form of a scoop and a drill. 

MAHLI is a color camera with a focusable macro lens. It can focus on subjects at working 
distances of 2.04 cm to infinity with pixel scales ranging from as high as 13.9 µm/pixel at 
2.04 cm range to 100 µm/pixel at ~26.5 cm range to even lower resolution at infinity focus. The 
image sensor is an ON Semiconductor (formerly Truesense Imaging; formerly Kodak) KAI-
2020CM interline transfer charge-coupled device (CCD) without the standard cover glass. It has 
1600 by 1200, 7.4 µm square photoactive pixels and color is achieved using red, green, and 
blue filtered microlenses arranged in a Bayer pattern (Bayer, 1976). 

At the minimum working distance, the diagonal field of view (FOV) is 34°, the instantaneous field 
of view (IFOV) is 402 µrad, the focal ratio is f/9.8, and the effective focal length is 18.4 mm; at 
infinity focus, these values are 38.5°, 346 µrad, f/8.5, and 21.4 mm. Table 1 provides details. An 
operable dust cover protects the MAHLI front lens element, composed of sapphire, from 
contamination. The dust cover has a transparent LexanTM window so that images can be 
acquired and the LEDs can illuminate targets through the cover when it is closed. MAHLI has 
four white light and two longwave (365 nm) ultraviolet (UV) LEDs to illuminate targets for use, 
when desired, at night. Onboard the instrument data processing options include a focus merge 
capability, lossless and lossy data compression, and thumbnail (approximately 1/8th size) image 
production. 

Table 1. MAHLI focal ratio, effective focal length, and fields of view 
working 
distance  

(cm) 

focal ratio 
(f/number) 

effective 
focal length 

(mm) 

IFOV  
(µrad) 

diagonal 
FOV (°) 

horizontal 
FOV (°) 

vertical  
FOV (°) 

2.25 9.80 18.39 402.4 33.8 26.0 19.5 
2.81 9.52 18.69 395.9 34.8 26.8 20.1 
3.75 9.22 19.06 388.2 36.0 27.6 20.7 
5.63 8.91 19.55 378.5 37.1 28.5 21.4 

11.25 8.63 20.25 365.4 38.2 29.4 22.1 
infinity 8.47 21.41 345.6 38.5 31.1 23.3 
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Figure 1. Turret on the end of Curiosity’s robotic arm, as viewed by the rover’s 34 mm focal length Mastcam on Sol 
32 (08 September 2012). The turret carries two science instrument heads, that of the Mars Hand Lens Imager 
(MAHLI) and the Alpha Particle X-ray Spectrometer (APXS). In addition, attached to the turret are a drill, a brush, a 
scoop, and a sample handling and processing system (Jandura et al., 2010; Anderson et al., 2012). This is a sub-
frame of Mastcam image 0032ML0000710000100863E02. The yellow bar represents 10 cm at the location it occurs 
in the figure. 

The rover’s robotic arm and turret position the MAHLI camera head for imaging (Robinson et al., 
2013a) and the camera head is protected from collision with solid surfaces by two probes 
connected to switches that serve as contact sensors to stop robotic arm motion, if necessary  
(Figure 1). MAHLI image mosaics and stereopairs are obtained by robotic arm positioning. 

3 Approach and timeline 

3.1 Data availability 

Until the mission ends, new, validated MSL MAHLI images and attendant documentation are 
archived regularly with the NASA Planetary Data System (PDS) Imaging Node (http://pds-
imaging.jpl.nasa.gov/). Data in this repository include the images acquired by MAHLI in pre-
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launch and interplanetary cruise testing during 2008–2012, as well as data received from Mars. 
Because MAHLI can store data onboard for weeks, months, and even years, the images are 
archived on the basis of when they are received on Earth, not when they are acquired on Mars. 

Some data relevant to MAHLI characterization, calibration, and performance assessment are 
provided in the documents that accompany the PDS archive (Malin et al., 2013; Caplinger, 
2013); other key data are in the Supplementary Materials that accompany this article (indexed 
in Supplement S00). All MAHLI image data and all image data acquired by other MSL cameras 
that were specifically used for analysis in this report are archived with the NASA PDS. 

3.2 Conventions and definitions 

3.2.1 Time 

As noted, this report covers data acquired and analyses performed through February 2015. All 
calendar dates given herein are UTC. A sol is Martian day and has a duration of ~1.027 Earth 
days. Because it landed during local afternoon, the sol that Curiosity arrived on Mars was 
designated Sol 0 and the first full sol after landing was called Sol 1. The Primary Surface 
Mission was planned to last one Mars year, 669 sols, ending on 24 June 2014. However, the 
official Primary Mission end, based on NASA funding cycles, was Sol 763, 28 September 2014, 
as reflected in the MISSION_PHASE_NAME label in MAHLI archival products. Data acquired 
after Sol 763 were obtained during the MSL Extended Surface Mission. 

3.2.2 MSL science and engineering tools and instruments 

Grotzinger et al. (2012) summarized the suite of instruments and tools aboard Curiosity. Among 
these are the four cameras built by Malin Space Science Systems (MSSS) that share common 
electronics designs and onboard data processing capabilities: the 34 mm fixed focal length, 
focusable Mast Camera (Mastcam-34), the 100 mm fixed focal length, focusable Mast Camera 
(Mastcam-100), the Mars Descent Imager (MARDI), and MAHLI. In addition, we mention the 
following in this report: the robotic arm and turret, wheels (mobility system), drill, scoop, dust 
removal tool (brush; DRT), navigation cameras (Navcams), hazard cameras (Hazcams), Alpha 
Particle X-ray Spectrometer (APXS), x-ray diffractometer (CheMin), the rover’s environment and 
meteorology experiment (REMS), the chemistry camera (ChemCam) with its laser-induced 
breakdown spectrometer (LIBS), the Dynamic Albedo of Neutrons (DAN) instrument, and the 
CHIMRA (Collection and Handling for Interior Martian Rock Analysis) sample processing and 
handling subsystem. 

3.2.3 Distance and range 

Working distance is a photography term that refers to the range between the front lens element 
of a camera and the subject imaged. MSL engineers use the term toolframe distance; in MSL 
literature and discussions this is also sometimes called standoff distance or RP distance (in 
which RP stands for rover planner, the personnel who operate Curiosity’s robotic arm and 
mobility systems). MAHLI toolframe distance is the range between the subject photographed 
and the Y, Z plane defined by the two MAHLI contact sensor probe tips (Figure 1) when they 
are not in contact with a surface. In the MAHLI toolframe, the X-axis is equivalent to the 
instrument’s optic (z) axis; the distance between the Y, Z plane and the subject is +X; the –X-
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axis goes from the Y, Z plane into the camera. MAHLI working distance is 1.9 cm greater than 
the toolframe distance. 

Understanding toolframe distance, and the relation to working distance, is important because 
MAHLI archival data products commonly reference toolframe distance. This information is 
provided in the image label (.LBL file) RATIONALE_DESC (a description of image acquisition or 
onboard focus merge product rationale) to inform the data user of the intended range between 
the camera and a given target.  

The term, range, when used here in the context of describing a focus merge range map product, 
refers to the distance between the front lens element and in-focus elements of the imaged 
subject in a given MAHLI focus merge product. As each MAHLI focus stack is acquired at a 
fixed working distance, the range denotes the distance between the camera and the relief 
elements of the target (i.e., subject), as indicated by grayscale pixel values (data number, DN) 
values in the range map product.  

3.2.4 Terms relating to grain size 

Grains in the regolith, eolian deposits, sedimentary rocks, or accumulated on rover hardware 
are referred to here according to the standard Wentworth (1922) sediment classification scheme 
(i.e., granules are 2–4 mm in size, sand 62.5 µm – 2 mm, silt 3.9–62.5 µm, and clay-sized 
particles are < 3.9 µm across). Mudstones are rocks formed largely of clay- and silt-sized 
particles deposited in a liquid (e.g., water) medium. Dust refers to clay- and silt-sized particles 
that were or are being transported by suspension in air/atmosphere (Pye, 1987). Dust 
suspended in the Martian atmosphere, in long-term suspension, is typically of the order of 
< 10 µm and, in most cases, < 2 µm in size (Pollack et al., 1995; Tomasko et al., 1999). 

3.2.5 Image identification 

The images mentioned in this report are indicated by their NASA PDS archival identifiers (ID). 
Mention of a range of image IDs, such as CAL_MH0809500160000493B00 – 
CAL_MH0809500290000506B00, implies an all-inclusive series of consecutively acquired 
images starting with image CAL_MH0809500160000493B00 and ending with image 
CAL_MH0809500290000506B00; in this example, the PDS archives show that there are 14 
images in the series. Note that Supplement S01 describes the pre-launch and interplanetary 
cruise tests as a function of acquisition date and image ID. 

3.2.6 Parent and child images 

Every MAHLI image has a parent image, the picture originally commanded to be acquired. Upon 
command, the parent image can spawn children (each a child image) onboard the instrument. 
Examples of children include thumbnail images (reduced-size versions of the parent, 
approximately 1/8th in terms of pixel dimensions), focus merge products, and any version of the 
image that is compressed differently than the parent (Edgett et al., 2012). While a parent can be 
an image that was compressed during image acquisition, our best practice since landing on 
Mars has been to acquire and store (onboard the instrument) most MAHLI images in 
uncompressed 8-bit form. An uncompressed 8-bit parent image can be commanded for 
compression some time after acquisition and storage, whereas a parent that was compressed at 
the time of acquisition cannot be further compressed onboard the instrument. When a parent is 
stored onboard in uncompressed form, it can be used to create multiple versions of the image, 
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each time with a different compression scheme, for downlink to Earth. Thus, if the image 
received is over-compressed, we have the option to retrieve it again (as many times as 
necessary) in a less compressed form. Indeed, the majority of MAHLI images received from 
Mars have been losslessly compressed children of an uncompressed, 8-bit parent.  

3.2.7 Color interpolation 

The Bayer pattern color interpolation (also known as demosaicking) applied to MAHLI and 
Mastcam images discussed in this report was performed using the Malvar et al. (2004)-based 
algorithm included in the software onboard these instruments (Edgett et al., 2012). This is true 
whether the image was demosaicked onboard the instrument or on Earth. 

3.2.8 Compand and decompand 

Compand is a contraction of the terms, compress and expand. Upon acquisition, MAHLI images 
are in 12-bit form. They are nominally converted onboard the instrument to 8-bit products using 
a selected companding scheme. Decompanding, usually performed on Earth, restores the 
image to 12-bit form (typically stored as a 16-bit product). There are 33 MAHLI 
compand/decompand options; these are expressed as lookup tables that are permanently 
archived with the NASA PDS in Appendix B of the MSL Mastcam, MAHLI, and MARDI software 
interface specification document (Malin et al., 2013). 

3.3 Instrument characterization and calibration approach 

The MAHLI team pursued a prioritized approach to instrument characterization and calibration 
because performing these activities was and remains resource-limited. The resources include 
the interrelated parameters of time (schedule), availability of experienced personnel, and 
funding. The schedule for pre-launch calibration and characterization was largely dictated by the 
spacecraft launch date. Schedule after arrival on Mars is a function of resources available (e.g., 
power, mechanism and actuator temperatures, sun/illumination geometry, onboard data 
storage, data downlink) and the priority of activities planned (e.g., science data collection, rover 
driving) for any given sol. 

Table 2 captures our calibration and characterization priorities. The first thing to understand 
about the prioritization is that the instrument on Mars performs as intended and that, following 
Bayer Pattern color interpolation, the science content and utility of the data are rich without 
performing additional image processing or calibration. Figure 2 shows an example of an 
unprocessed (other than color interpolation) MAHLI image, acquired on Mars, for which the 
geological and surface operations information content is readily apparent. Our highest priority 
was to determine the scale of and range to in-focus features in MAHLI images. The next priority 
was to ensure that the images would not be blurred by motion of the robotic arm during image 
acquisition, and to understand the duration of motion damping after arm placement of the 
camera. With a focus on grain-scale geologic textures and structures, the investigation was not 
intended to provide quantitative measures of color (i.e., radiometry and spectroscopy) nor 
micro-relief (i.e., stereo photogrammetry). Thus, geometric and radiometric characterization, as 
well as LED performance characterization, were of a lower priority. 
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Figure 2. Example of an unprocessed MAHLI geologic image. This uncalibrated image is intended 
to show that much of the science and engineering content of MAHLI images are accessible without 
calibration or image processing or enhancement. The only alteration shown here, relative to the 
parent image, was to perform the same Bayer Pattern color interpolation that is available onboard 
the instrument. The scene shows Curiosity’s first shallow test drill hole (created on Sol 180, 07 
February 2013) and first full-depth (~6 cm) drill hole (center; created on Sol 182, 09 February 2013) 
at the John Klein sample extraction site. The holes have a diameter of 1.6 cm. The rock was 
interpreted to be a lacustrine mudstone (Grotzinger et al., 2014). Acquired on Sol 230 (30 March 
2013), the scene is illuminated from the left/upper left and it covers an area 11.8 by 15.8 cm. This is 
MAHLI image 0230MH0001970010102701C00. 
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Table 2. MAHLI characterization and calibration priorities 
Priority Characterization Justification Specific determinations 

1 Image range and 
scale 

The most important geologic quantities 
to be determined from MAHLI images 
center on knowledge of the size of 
features observed and resolved.  

Optomechanical system characteristics. 
Relation between focus, stepper motor 
count, working distance, and image 
scale. 
Image resolution and contrast (MTF). 
Depth of field. 
Onboard focus merge range map utility. 
Scale of features observed in MAHLI 
images. 

2 
Camera head 
positioning and 
stability 

Important that (1) Curiosity’s robotic 
arm can place the MAHLI camera head 
at desired locations and distances, 
(2) the images are not blurred by 
motion during image acquisition, 
(3) the duration of motion damping 
after arm placement of the camera 
head can be minimized so as to 
maximize time spent acquiring new 
data. 

Pre-launch tests regarding camera 
motion during image acquisition. 
Motion damping before image 
acquisition. 
Camera motion during image acquisition 
as observed on Mars. 
Camera head positioning and 
repeatability. 
Imaging with incremental turret rotation. 

3 Onboard image 
products  

Ensure that MAHLI’s onboard data 
acquisition, compression, product 
creation functions, and rover 
transmission of those products to 
Earth, are fully exercised. 

Data compression and color 
interpolation. 
Product type identification, creation, and 
receipt on Earth. 
Onboard focus merge product creation 
and assessment. 

4 Geometric  

Confirm image distortion is minimal, as 
designed; maximally, derive a camera 
model that can be applied to 
quantitative 3-dimensional product 
creation. 

System geometric calibration and 
camera model. 

5 Image detection  

Minimally, geologic image 
interpretability is enhanced when pixel-
to-pixel variations and blemishes can 
be removed from the images and 
seams between mosaicked are 
unnoticeable. Maximally, to relate 
image DN to radiance. 

Detector and system-level image 
detection. 
Bandpass and spectral throughput. 
System flat field. 
Color adjustment and white balance. 
Scattered and stray light. 

6 
Onboard 
illumination 
source  

Determine the spectral output and 
Mars surface utility of MAHLI’s white 
and ultraviolet LED illumination 
sources.  

White light LEDs. 
Longwave UV LEDs. 
LED illumination relative to detector. 
Operational characterization. 

3.4 Timeline 

Table 3 describes the period over which the MAHLI flight instrumentation was assembled, 
tested, and operated on Mars. We acquired the first MAHLI images in mid-August 2008. The 
camera head was then disassembled and reassembled to adjust the positioning of the lens and 
focal plane assembly for improved infinity focus on 19–20 August 2008. We accidentally 
deposited some particulates on the CCD during this reassembly (see Section 8.1.4), so we 
disassembled the camera head, cleaned the CCD, and reassembled it on 25–26 August 2008. 
This was the final camera head integration. Thus, only data acquired from 26 August 2008, 
onward, can be used to characterize and calibrate the instrument. 
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Table 3. MAHLI characterization and calibration tests timeline 
dates (UTC) Sol period key events and tests 

15–26 August 2008 — Camera 
development  

Camera head integration and performance testing at Malin Space 
Science Systems (MSSS), San Diego, California, USA. 

3 September 2008 — Camera head random vibration testing at Cubic Defense Systems, San 
Diego, California, USA. 

6–11 September 2008 — Thermal vacuum 
testing  

Camera head and DEA thermal vacuum testing at Cubic Defense 
Systems. 

15–25 September 2008 — Calibration and 
characterization  

Standalone camera calibration and characterization measurements at 
MSSS. 

9–16 October 2008 — Camera delivery 
Camera head delivery from MSSS to JPL-Caltech in Pasadena, 
California, USA. (The DEA and calibration target were delivered in 
March 2010). 

October 2008 –  
October 2010 — Storage Camera head in storage at JPL-Caltech. DEA and calibration target 

delivered to JPL-Caltech in March 2010. 

5–10 November 2010 

— 
ATLO, Assembly, 
Test, and Launch 

Operations  

First integration of MAHLI camera head, DEA, and calibration target 
with Curiosity rover; first functional testing. At JPL-Caltech. 

13 November 2010 First MAHLI functional testing onboard rover. 
17–18 November 2010 MAHLI imaging at robotic arm teach points. 
24–30 November 2010 MAHLI imaging during rover system testing. 

2 December 2010 MAHLI imaging at robotic arm teach points and robotic arm positioning 
and stability tests in support of MAHLI. 

3–7 December 2010 Rover camera geometric calibration, including MAHLI. 
3 February 2011 MAHLI imaging during rover system testing. 
February 2011 Rover vibration testing, including before and after MAHLI imaging. 

3–23 March 2011 Rover system thermal test (Novak et al., 2012), including MAHLI 
imaging and diagnostic tests. 

1 April 2011 Rover electromagnetic interference and compatibility (EMI/EMC) 
testing, including MAHLI imaging and diagnostic tests.  

17 and 27 May 2011 MAHLI flight software update and functional testing. 
25–26 May 2011 Rover testing with MAHLI support imaging. 
June 2011 Rover shipped to NASA Kennedy Space Center, Florida, USA. 

28–30 July 2011 MAHLI imaging in support of rover system test and robotic arm teach 
point testing. 

13 August 2011 Final instrument optics cleaning, at NASA Kennedy Space Center. 
26 November 2011 Launch from Cape Canaveral, Florida, USA. 
12 March 2012 

— Interplanetary 
cruise Three periods of instrument check-out during interplanetary cruise. 20 April 2012 

14 June 2012 
6 August 2012 0 

Primary surface 
mission 

Landing in Gale crater, Mars. 
7 August 2012 1 First MAHLI images acquired on Mars. 

9 September 2012 33 First MAHLI dust cover opening on Mars; dust cover open/closed 
imaging. 

10–13 September 2012 34–37 MAHLI Calibration Target imaging; robotic arm teach point tests. 

22–23 September 2012 46–47 MAHLI participation in robotic arm repeatability test at rock, Jake 
Matijevic. 

2 November 2012 86 MAHLI sky flat field imaging, including with dust cover closed. 
22 January 2013 165 MAHLI Calibration Target imaging (night with white, UV LEDs). 
4 February 2013 177 MAHLI wheel imaging focus characterization. 
6 February 2013 179 MAHLI Calibration Target imaging & focus performance testing. 
14 May 2013 274 MAHLI infinity focus test imaging. 
3 July 2013 322 MAHLI Calibration Target, sky flat field, turret rotation imaging. 
2 October 2013 411 MAHLI Calibration Target imaging. 
4 December 2013 472 MAHLI wheel imaging motion damping characterization. 
18 January 2014 516 MAHLI sky flat field imaging. 
16 February 2014 544 MAHLI imaging of Mastcam Calibration Target. 
5 April 2014 591 MAHLI Calibration Target imaging. 
8 June 2014 653 MAHLI sky flat field imaging. 
2 August 2014 707 MAHLI imaging of Mastcam Calibration Target. 
28 September 2014 763 End of Primary surface mission. 
29 September 2014 764 

Extended surface 
mission 

Start of Extended surface mission. 
14 November 2014 808 stereo imaging of REMS UV Sensor for MAHLI stereo characterization. 
1 December 2014 825 MAHLI Calibration Target imaging. 
5 December 2014 828 MAHLI sky flat field imaging. 
30 December 2014 853 Onboard focus merge options characterization. 
22 February 2015 905  Dust cover open/closed autofocus test. 
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We performed instrument standalone testing in September 2008. This work included random 
vibration testing (to simulate launch), thermal vacuum testing (thermal cycling and operation 
validation; dark current assessment), and calibration and characterization testing. During this 
time, the MAHLI flight calibration target was unavailable (it was still being designed), the 
instrument’s autofocus capability was not available until late in the calibration period, and the 
onboard focus merge capability was also not available. 

Following stand-alone testing, we delivered the MAHLI camera head from MSSS in San Diego, 
California, to the California Institute of Technology’s Jet Propulsion Laboratory (JPL-Caltech) in 
Pasadena, California, on 14 October 2008, to meet a schedule that assumed launch would 
occur in September–October 2009. In December 2008, NASA decided to delay the launch until 
the next opportunity, in October–December 2011. The camera head was then stored at JPL-
Caltech from October 2008 through October 2010. 

After the launch delay, we gave careful consideration as to whether to remove the camera from 
storage and acquire additional calibration and characterization data. We decided that doing so 
was not of sufficient value relative to the risk of transporting the instrument back to San Diego 
and then back, again, to Pasadena; the risk of further transporting the instrument while MSSS 
moved to a new location in November 2009; and the availability of personnel to perform testing 
on MAHLI hardware while our highest priority for that period centered on completing and 
delivering the MSL Mastcam instruments. 

Our next opportunity to work with MAHLI came in November 2010 when engineers first 
integrated the hardware with the rover. Assembly, Test, and Launch Operations (ATLO) 
occurred at JPL-Caltech during November 2010 through May 2011 and at NASA’s Kennedy 
Space Center in Florida in June through November 2011. ATLO activities that involved MAHLI 
included system tests under ambient conditions and inside a large environment chamber under 
Mars-like conditions (Novak et al., 2012). Activities also included MAHLI-centric robotic arm 
positioning, vibration, and motion damping tests; rover camera geometric calibrations; 
electromagnetic interference and electromagnetic compatibility (EMI/EMC) testing; and robotic 
arm teach point tests (Robinson et al., 2013b). Finally, before the Curiosity was mated with its 
descent stage and encapsulated in its aeroshell, co-author Ghaemi cleaned and inspected the 
MAHLI front lens element and dust cover window. 

Launch occurred on 26 November 2011. We powered MAHLI on three occasions during 
interplanetary cruise to confirm post-launch operability and end-to-end commanding and data 
downlink. The cruise phase testing did not require movement of MAHLI’s lens mechanism; we 
preferred to keep the mechanism in its launch restraint position throughout cruise to ensure that 
it would be ready for spacecraft entry, descent, and landing (EDL) on Mars. 

MAHLI’s first Mars data were acquired on Sol 1 (07 August 2012). MAHLI images of the MAHLI 
calibration target, the Mastcam calibration target, and the sky were acquired throughout the 
Primary Mission to provide performance and calibration data (Table 3). It was vital to acquire 
these data, even when our analyses lagged behind, to provide periodic monitoring that 
investigators could assess in the future. As noted above, the Primary Surface Mission ended on 
28 September 2014, and the Extended Surface Mission began on 29 September 2014. 
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3.5 Impact of dust coatings 

3.5.1 MAHLI dust cover 

We designed MAHLI such that the full range of focus is available whether the transparent dust 
cover is open or closed. However, the cover became coated with a thin film of dust during 
landing. MSL’s descent engines mobilized dust and sand (Schieber et al., 2013; Arvidson et al., 
2014), some of which was deposited on the LexanTM dust cover window. We realized that we 
could not open the dust cover for the first time on Mars without performing a visual inspection to 
ensure that no grains would obstruct its motion. Thus the first images we obtained—on Sols 1, 
10, and 32—were acquired without opening the cover. Before the cover could be opened, we 
inspected Mastcam images of the camera head taken on Sols 30 and 32 (e.g., Figure 1) during 
the robotic arm characterization activity phase described by Robinson et al. (2013a). Our 
inspection revealed no obstruction, so we opened the cover on Sol 33 (Figure 3). Nominal 
imaging, since then, has always been performed with the dust cover open. 

 
Figure 3. Impact of a thin coating of dust that adhered to the MAHLI dust cover transparent LexanTM window during 
terminal descent on 6 August 2012. The presence of this coating removed the option for scientific data acquisition 
with the cover closed. (a) MAHLI image 0033MH0000700000100006C00, acquired with the dust cover open. 
(b) MAHLI image 0033MH0000690000100005E02, showing the same surface with dust cover closed. These images 
were obtained on Sol 33 (9 September 2012) when the dust cover was opened for the first time. These views look 
straight down on an 81 by 61 cm surface in front of the rover. 

3.5.2 MAHLI calibration target 

The MAHLI calibration target (Figure 4), along with the subjacent APXS calibration target 
(Campbell et al., 2014), is mounted on the robotic arm shoulder azimuth actuator. Edgett et al. 
(2012) described the calibration target in detail. It includes a bar target and a U.S. cent to 
monitor resolution and focus motor count performance; red, green, blue, 40% and 60% gray 
targets—spare material from the Mars Exploration Rover Pancam calibration targets 
characterized by Bell et al. (2003, 2006)—to monitor color performance; a longwave UV 
fluorescent target to confirm UV LED function; and a series of machined steps, 1 mm wide by 
0.3 mm high, for micro-relief calibration. 
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Figure 4. MAHLI calibration target mounted on Curiosity’s robotic arm shoulder azimuth actuator, as seen on Sol 34 
(10 September 2012). This is a composite of MAHLI image 0034MH0000470010100043C00, focused on the 
calibration target, and 0034MH0000470040100046E01, focused at infinity for a view of the Martian surface on the 
right side of the scene. The left front and middle wheels are also in view. For scale, the U.S. cent diameter is 19 mm. 

The target is mounted vertically (Figure 4) to minimize accumulation of dust that can settle from 
aerial suspension. Unlike the Mastcam calibration target, which uses circular “sweep” magnets 
to reduce dust accumulation on color and gray swatch surfaces (Kinch et al., 2013), the MAHLI 
target contains no magnets because these could potentially interfere with Hall Effect sensors in 
the MAHLI camera head. 

Like the MAHLI camera head, the calibration target was coated with dust during the rover’s 
terminal descent on Sol 0 (see images 0034MH0000440010100031C00 and 
0034MH0000450010100035C00). Coating of the calibration target by sediment mobilized by the 
descent engines was not unexpected, based on modeling performed during spacecraft 
development (Sengupta et al., 2009), but the actual nature, volumes, and flight trajectories of 
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materials mobilized were dependent on where the landing occurred and how much loose sand, 
silt, and clay-sized particles would be available for transport at that location. 

Despite the vertical mounting, the calibration target also accumulated additional dust and sand-
sized aggregates of dust throughout the primary mission. Some of these were removed—
perhaps by wind or a change in electrostatic conditions—between Sol 591 and 825 (e.g., 
compare images 0591MH0003710010203133C00 and 0825MH0003710010301615C00). 

We designed the calibration target to take to Mars more capability than we might need. The 
accumulation of dust has not impeded its primary function to monitor drift (if it should occur) in 
the relationship between focus and working distance. The dust also has not to completely 
obscured nor rendered useless the color, gray, and fluorescent swatch targets, nor does it 
impede the option to use the stair step target to check 3-dimensional (3D) measurement 
performance. 

To ensure the data have been collected, both for real-time monitoring and future performance 
and calibration analysis, we endeavor to image the calibration target once every 180 sols. We 
prefer to image the target in sunlight, but, at times, it has not been possible to avoid shadowing. 
Table 4 shows that the interval between daytime observations has actually varied from as little 
as 89 sols to as much as 234 sols; the period between observations is a function of how the 
opportunities fit a busy schedule that includes many other strategically- and tactically-planned 
rover activities. 

 
Table 4. Repeat intervals for MAHLI calibration observations on Mars 

observation intended sols 
interval 

actual Sols data  
were acquired actual sols interval 

MAHLI Calibration Target 180 

34 – 
165 (night only) not applicable 

179 145 (since Sol 34) 
322 143 
411 89 
591 180 
825 234 

Sky flat field imaging 180 

86 – 
322 236 
516 194 
653 137 
828 175 

Mastcam Calibration Target no intended 
interval 

544 – 
707 163 

4 Image range and scale characterization 

Knowledge of the scale of features observed in a MAHLI close-up image is vital to scientific 
interpretation. A common practice on Earth is to place an object of known scale in the field of 
view and photograph it along with the geologic target. For MAHLI aboard Curiosity, this is not 
possible but hardware can and does sometimes leave markings of known scale that are 
captured in the images (Figures 2 and 5).  
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Figure 5. Examples of approximate image scale information provided by rover hardware interaction with geologic 
materials on Mars. (a) Drill hole in rock in a portion of MAHLI image 0180MH0001450010102513C00. (b) Scoop 
sample extraction site in a portion of MAHLI image 0084MH0001120010100946E01. (c) Imprints of rover wheel 
grousers pressed into eolian sediment in MAHLI image 0058MH0000230010100420C00. (d) Circular micro-mesa of 
relatively undisturbed, loose eolian fines surrounded by imprint of the APXS contact sensor plate in MAHLI focus 
merge product 0802MH0004400000300468R00. 

 

Knowledge of range is also important. MAHLI is sometimes used as a range finder to inform 
subsequent tool and instrument placement on Mars; Minitti et al. (2013) described examples 
from the Rocknest eolian sand scooping investigation. A combination of knowledge about both 
range and scale, and sometimes measurements in 3D from stereo, have also been used to 
inform placement of Curiosity’s drill, DRT, and APXS (e.g., Robinson et al., 2013a). 

Thus, our highest priority instrument characterization effort was to determine the relationship 
between focus mechanism stepper motor count and working distance. This, in turn, provides a 
method to determine the scale of features observed in MAHLI images. 
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4.1 Optomechanical system characteristics 

4.1.1 Stepper motor actions and motor count 

A single stepper motor actuates MAHLI dust cover motion and lens focus (DiBiase and 
Laramee, 2009; Edgett et al., 2012). Figure 6 illustrates the actions that occur over the range 
between 0 and 16100 steps. At motor count 0, a Hall Effect sensor detects that the mechanism 
is in its launch restraint position and MAHLI is in a mechanically safe state for rover motion 
(e.g., driving), Mars sample extraction (scooping, drilling) and processing, as well as (before 
arrival on Mars) launch and landing. 

 
Figure 6. MAHLI mechanism behavior as a function of stepper motor count (m). The mechanism launch restraint is at 
mclosed 0. The (H) symbols indicate the location of Hall Effect sensors that confirm mechanical configuration relative to 
reported motor count. 

When in the launch restraint position, the lens is in focus at its minimum working distance and 
imaging can be performed through the dust cover. When the stepper motor is activated, the 
motor counts increase or decrease, nominally one increment (one step) at a time. With the dust 
cover remaining closed, the lens focus group first moves from its minimum working distance 
focus position to its maximum (in focus at infinity). Then the cover begins to open. When fully 
open, the camera is again in focus at its minimum working distance. To focus on targets with the 
cover fully open, the motor steps backward toward the 12000 motor counts position. A Hall 
Effect sensor located in the middle of the dust cover open focus range confirms the physical 
position of the lens focus group relative to stepper motor count. 

The correspondence between motor count and focus position (which translates into working 
distance and image scale) is unique to a given MAHLI camera head and requires empirical 
determination. Section 4.2 does this for the MAHLI aboard the MSL rover Curiosity; these 
results are only valid for this MAHLI and only for data acquired after final instrument assembly 
on 26 August 2008. 

4.1.2 Stepper motor count reportage 

MAHLI reports the motor count position at which an image is acquired. In the PDS products, this 
position is called MSL:FOCUS_POSITION_COUNT. For example, a reported motor count (m) 
of 13996 is 13,996 steps from the m = 0 launch restraint position. From Figure 6, one can see 
that an image obtained at motor count 13996 is one in which the dust cover was open during 
acquisition. 

During pre-launch testing, we observed that the flight unit MAHLI mid-range Hall Effect sensor is 
located near m = 13320, the dust cover becomes fully open at m = 15204, and becomes fully 
closed at m = 1350. We monitor the performance of the stepper motor relative to the actual 
position of the movable lens focus group using the mid-range and launch restraint Hall Effect 
sensors. We observed “skipping” on some occasions at very cold temperatures (< –50°C) 
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during pre-launch testing; this refers to a case in which the focus group detected a Hall sensor 
at a motor count different from expectation. This problem is avoided at nominal operating 
temperatures; however, when this occurs, it is possible that the motor count position reported by 
the instrument does not actually indicate the lens focus position. If we were to detect a case of 
skipping, then we would report this as errata in the NASA PDS archives. Thus far, no such 
cases are known to have occurred on Mars. 

4.1.3 Dust cover motion 

To fully open or close the dust cover, regardless of camera head orientation, takes about 2.5 
minutes. We verified this by observation during pre-launch testing. Nominally, we only open the 
dust cover when the camera is commanded to acquire images in the cover-open state. The 
number of times the cover is actuated on a given sol depends upon whether MAHLI is being 
used to acquire cover-open images and the sequence of MAHLI imaging events specific to that 
sol. Commonly the cover is only opened once per MAHLI imaging sol, regardless of the number 
of targets imaged, but sometimes the cover is closed and re-opened if another activity occurs 
between MAHLI image acquisitions (e.g., APXS placement, drilling, scooping, arm configuration 
change). Through Sol 911 (28 February 2015), the cover performed 604 open/close cycles, 407 
of which were for contact science and engineering support, 197 of which were images of the 
landscape obtained when the robotic arm was stowed. 

4.1.4 Lens focus 

MAHLI can focus on targets at working distances ≥ ~2 cm with the dust cover open or closed. It 
can be autofocused or focused manually; it can also acquire focus stacks. Manual focus simply 
means that the stepper motor moves the lens focus group to a commanded motor count 
position. 

Autofocus is determined by acquiring a commanded number of images (usually 10–30) at 
different focus positions that bound (with margin) the focus position of the anticipated working 
distance. This acquisition is followed by quality 80/100 grayscale JPEG compression (Joint 
Photographic Experts Group; see CCITT (1993)) and rapid, onboard analysis of the resulting 
compressed file sizes (Edgett et al., 2012). The apex of the parabola fit to JPEG file size versus 
stepper motor count for the single least compressed image, the preceding image, and the 
succeeding image, determines the focus position (Figure 7). The motor then moves the lens 
focus group to that position and a focused image is acquired. The images obtained to determine 
focus via JPEG compression are not retained. 

In practice, because targets can have varied relief across the field of view, we usually perform 
autofocus on a sub-frame of the full 1600 x 1200 pixel scene. Often, although not exclusively, 
this is a sub-frame of 480 x 480 pixels located at the center of the CCD. This approach ensures 
that a portion of a full-frame scene is in focus. Following the autofocus sub-frame acquisition, 
we usually acquire a larger (e.g., full frame) image. This approach is not unlike that which 
occurs when the user of a consumer digital camera presses the shutter release half way and the 
photographer sees a box drawn in the scene in the viewfinder that indicates the portion of the 
field of view for which the camera has found focus. We usually do not downlink the MAHLI 
autofocus sub-frame, but we do receive their 1/8th-size thumbnail images to provide record that 
the operation occurred. 
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Figure 7. Example of MAHLI autofocus via parabola fit (green curve) to JPEG compressed file sizes as a function of 
focus position (motor counts). In this case, the 10 blue dots represent the compressed file sizes of MAHLI images 
CAL_MH0809570000000571B00 (mopen 14100) through CAL_MH0809570090000580B00 (mopen 13875). These were 
acquired at a working distance of 7.0 cm and the parabola fit indicates the best focus position is located at mopen 
13993 (red line and font). The image closest to best focus, CAL_MH0809570040000575B00, is shown for reference; 
no image was actually obtained at mopen 13993 during this 17 September 2008 test. 

4.1.5 Stepper motor and focus repeatability 

Before launch, we observed that the arrival of the MAHLI stepper motor/lens focus group at the 
position of the mid-range Hall Effect sensor is repeatable to within ± 6 motor counts. Autofocus 
was also seen to arrive at a repeatable focus position within ± 6 motor counts as shown, for 
example, in the Figure 24 of Edgett et al. (2012). 

4.2 Relation between focus, motor count, working distance and 
image scale 

4.2.1 Pixel scale and image scale 

MAHLI CCD pixels are squares of 7.4 µm by 7.4 µm size. Pixel scale is the size of the area on 
an imaged target that is covered by a single pixel; image scale is the full area of the image 
(whether 1600 by 1200 pixels or a sub-frame), as projected across the working distance onto a 
planar target oriented parallel to the CCD. Actual MAHLI targets on Mars are typically not 
planes, of course, but knowledge of scale as a function of working distance does permit 
measurement of the in-focus elements in an image. Note that scale is not necessarily equivalent 
to resolution; the resolution of in-focus elements of a scene is also a function of the camera 
system’s modulation transfer function (MTF; Section 4.3). 
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The MAHLI optics design (Ghaemi, 2009) predicts that the relationship between pixel scale (p in 
µm per pixel) and working distance (dw, in centimeters) is: 

p = 7.687 + 3.4622dw.                  (1) 

In this relationship, pixel scale is the camera instantaneous field of view (IFOV; CCD pixel size 
divided by effective focal length) times the working distance plus the object space focal plane 
position. We have provided example focal lengths, object space focal plane positions, and 
computed IFOV and pixel scale as a function of working distance in Supplement S02. 

Before launch, we acquired MAHLI images of targets of known scale (e.g., Figure 8) at known 
working distances of up to 287 cm to empirically determine the relationship between motor 
count and working distance (Section 4.2.4). We also used these images to verify the relation 
between pixel scale and working distance in Equation 1. In each case, we measured the bars 
and squares on the bar targets in MAHLI images to determine the pixel scale for the image most 
in focus at each working distance. Edgett et al. (2012) found that the following equation provides 
the best fit to the observations: 

p = 6.9001 + 3.4201dw.    p = 6.9001 + 3.5201dw. (corrected 5 October 2015)           (2) 

Thus, Equation 2 is the relationship the MAHLI team uses to determine pixel scale from 
working distance and vice versa. Supplement S03 lists the images and measurements from 
those images that were used to determine Equation 2. 

4.2.2 Minimum working distance 

MAHLI was designed to acquire in-focus images of targets at working distances from 2.25 cm to 
infinity (Ghaemi, 2009). To confirm the minimum working distance performance, we positioned a 
bar target (Figure 8) in front of MAHLI and moved it, in 0.03 cm increments, away from the front 
lens element while the camera was focused at the minimum working distance position (in this 
case at a dust cover open motor count position, mopen, of 16100). 

We performed this test three times. However, the second test (CAL_MH0809500160000493B00 
– CAL_MH0809500290000506B00) was incomplete and thus we ignored these data. In the first 
test we acquired 16 images between dw of 1.88 and 2.26 cm (CAL_MH0809500000000477B00 
– CAL_MH0809500150000492B00); in the third test we obtained 26 images between dw of 1.62 
and 2.26 cm (images CAL_MH0809610000000605B00 – CAL_MH0809610250000630B00). 

Using the same technique as MAHLI’s onboard autofocus software, we JPEG-compressed 
(quality 99/100) each image from the two successful tests and plotted their file sizes as a 
function of dw. Then we fit a parabola to the plotted position of the image with the largest file size 
and that of the two adjacent file sizes to determine dw using the parabola vertex. The dw at the 
vertex is interpreted this to be the position at which MAHLI would obtain the sharpest image 
(Figure 7). The target working distance was known to within ± 0.025 cm. We found that the 
minimum working distance at which MAHLI can obtain an in-focus image is at 
dw = 2.04 ± 0.025 cm. For simplicity and for margin in planning robotic arm placement of the 
camera, we operate as if the minimum dw is 2.1 cm, a value that we communicate to the robotic 
arm operators as a toolframe +X distance of 0.2 cm; this way, if the camera is slightly closer to 
the target (< 1 mm), it can still acquire an in-focus image. 
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Figure 8. Example MAHLI image of bar target (CAL_MH0809420040000416B00), based on the USAF-1951 target, 
used for determining range and scale during ground testing in September 2008. In this case, the target was at a 
working distance of 29.8 cm. Bars are labeled in cycles per millimeter. The target is composed of white opal glass 
with blue chrome printing. 

4.2.3 Dust cover open, infinity focus position 

To understand the relation between motor count, working distance, and image scale, it is 
important not only to understand the minimum image scale and working distance (above), but to 
also to determine the focus position at the other end of the range, infinity. In this case, we 
sought a mopen that indicates the camera is focused at infinity when the dust cover is open, per 
nominal Mars surface operations. 

We were challenged to determine the infinity mopen before launch because of limitations in the 
size of the clean room facilities in which the camera was tested. Before MAHLI was delivered to 
JPL-Caltech, the maximum measured distance between the camera and a target of dimensions 
designed for calibration was about 286 cm. On 18 September 2008, we acquired a total of 73 
images of a grid target (at 286 cm dw) with 2.54 cm spacing using mopen in 25 step increments 
between 12200 and 14000 (images CAL_MH0809660040000743B00 through 
CAL_MH0809660760000815B00). We cropped these to sub-frames of 1008 pixels (columns) 
by 688 pixels (rows) with the starting pixel at column 144, row 384 (relative to pixel 0, 0, at the 
upper left of the CCD), to ensure that only the grid target was in view. Then we JPEG-
compressed these images and fit a parabola to the file size, as a function of dw, based on the 
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largest file size. This yielded mopen = 12562 as the position at which the grid target would be in 
best focus. The images acquired nearest to mopen = 12562, indeed, exhibited the best focus as 
interpretable to our eyes; these are images CAL_MH0809660610000800B00 and 
CAL_MH0809660620000801B00, at mopen = 12575 and 12550, respectively. 

 
Figure 9. Comparison of colors in natural sunlight in unprocessed (except Bayer color interpolation) MAHLI images 
acquired on Earth and Mars. (a) View of blue sky, green palm fronds, and a vehicle (arrow) as imaged by MAHLI from 
a clean room through windows on Earth on 19 September 2008; this is a portion of MAHLI image 
CAL_MH0809780140001207B00. (b) View of landscape and sky southwest of the Curiosity rover on Sol 563 (07 
March 2014); this is a portion of MAHLI image 0563MH0003250050201792E01. 

However, we were unclear as to whether this grid target was a large enough dw to be 
considered a determination of the infinity focus position. Therefore, we acquired another group 
of data before MAHLI was delivered to JPL-Caltech. On 19 September 2008, we pointed the 
MAHLI camera head such that it had a view from a cleanroom environment through two 
windows to the outside sky, vegetation, paved surfaces, and a vehicle (Figure 9a). Like the grid 
target images, we obtained a suite of full size images, then we cropped them to cover the 
portion of the image at greatest distance (features outside the window). The sub-frames 
(starting column 544, starting row 528; 352 columns by 672 rows) were then JPEG-compressed 
and we fit a parabola based on the largest file sizes as a function of motor count. The data, 
images CAL_MH0809780060001199B00 – CAL_MH0809780260001219B00, were acquired 
between mopen = 12250 and 12750 in 25 step increments. We found the best focus position to 
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occur at mopen = 12554. Indeed, our human eye inspection of the features outside the window 
indicates they are in best focus between mopen = 12525 and 12575. 

Based on the analysis of the 19 September 2008 MAHLI window images, and because the 
Aeroflex 10 mm stepper motor count position is only commandable in increments of six counts 
(steps), the manual focus position we adopted for infinity focus is a mopen divisible by six, 12552. 
During ATLO, we had one more opportunity to explore whether mopen 12552 is appropriate for 
infinity focus. On 27 May 2011, the rover was > 3 m from some of the cleanroom facility features 
within the MAHLI field of view; we acquired an image (ATL_MH1105060040001333B00) 
manually focused at 12552, then, moments later, we autofocused on the same scene 
(ATL_MH1105060050001334B00). The autofocus case yielded a focus position within one 
motor count (mopen = 12551) of the presumed infinity position. 

We subsequently explored the infinity motor count position in a test performed on Mars on Sol 
274 (14 May 2013). Specifically, with the robotic arm stowed, the we performed three tests 
which imaged the same landscape at different focus positions: first, we acquired a focus stack 
of 16 images with mopen between 12444 and 12714 at 18 step increments between them 
(images 0274MH0002550000102936C00 – 0274MH0002550000102951C00); second, we 
obtained a single view using a full frame autofocus (0274MH0002550010102952C00); and, 
finally, we acquired a series of sub-frames and corresponding full-frames (images 
0274MH0002550020102953C00 – 0274MH0002550130102964C00), with each sub-frame 
autofocused at a different part of the scene with increasing distance from the rover (Figure 10). 
All three tests were conducted within a 5-minute period, thus reducing the impact of temporally 
variable illumination or atmospheric conditions. 

In all three Sol 274 tests, mopen = 12552 emerged as a reasonable position for commanding 
acquisition of an infinity-focused image. The first test showed best focus at 12552; features 
were mostly in focus in the image at mopen = 12534, as well, but distant features were out of 
focus in the image at mopen = 12570. The second test found focus at mopen = 12550, confirming 
the ATLO (image ATL_MH1105060050001334B00) result at 12551 as well as the general 
practice of focusing at 12552; indeed, the focus throughout the images obtained at mopen 12552 
(0274MH0002550000102942C00) and 12550 (0274MH0002550010102952C00) are 
indistinguishable. The third test (Figure 10) showed that surfaces nearest the rover were in 
better focus at mopen 12559 and surfaces farther from the rover were in focus at mopen 12545 and 
even at mopen 12526. This latter result suggests that there is range between the 12520s and 
12550s over which a landscape scene, such as this, can be in focus; this range likely 
corresponds with differences in near and far depths of field (Section 4.4) at infinity focus. 

4.2.4 Dust cover open, motor count relation to working distance 

We empirically determined the relation between motor count and working distance for ranges 
between infinity and the minimum before launch and supplemented this information, where 
needed, with observations acquired on Mars. We acquired most of the pre-launch data for dw 
between 2.1 and 62.3 cm by imaging the bar target shown in Figure 8, oriented such that the 
target surface and CCD surface were plane-parallel. For these data, we determined the motor 
count position at which the target would be in best focus for a given distance using the JPEG file 
size parabola fit technique. Targets differing from the one shown in Figure 8 were imaged at 
distances near 100, 200, 240, and 287 cm in the laboratory. Further, we supplemented these 
data with a few additional images obtained during ATLO testing. The images, sub-framing, and 
JPEG data compression quality used for this analysis are described in Supplement S04. 
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Figure 10. Example of infinity focus test performed on Mars. This illustrates the third of three tests performed within a 
5-minute period on Sol 274 in which the robotic arm, turret, and MAHLI were stowed. The MAHLI dust cover was 
opened and a series of 29 images of the landscape was acquired. In this figure, full frame image 
0274MH0002550000102942C00, focused at mopen 12552, covers the entire scene. The six insets are autofocus sub-
frames designed to focus at increasing distances from the rover. The sub-frame image IDs and mopen positions are 
indicated in blue. When these data were obtained, Curiosity was parked at its Yellowknife Bay field site near the John 
Klein and Cumberland drill holes; the view is toward the southeast and the northeastern slope of Aeolis Mons (Mt. 
Sharp) is visible in the background. 

 

The data we obtained before launch were sufficient to determine the relation between dw and 
working distance for the dust cover open case (mopen) for targets in the 2.04 to ~40 cm range. 
This is the range that matters most in terms of hand lens scale imaging of geologic materials. 
However, the pre-launch data in the dw 40 to 200 cm range were less adequate to 
understanding the relation to mopen; thus we acquired a suite of nested images on Mars on Sol 
179 (6 February 2013) to further explore the relationship over this range. Called the MAHLI 
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distance focus test, the robotic arm positioned the camera above a relatively flat rock surface 
(which the MSL science team named Fort Confidence) and we acquired a suite of autofocused 
images, each nested within the previous, from robotic arm standoff positions of 200, 170, 150, 
100, 70, 40, 5, and 2 cm (add 1.9 cm for dw). Because, by this time, the relationship between dw, 
mopen, and p was well understood for images acquired at dw < 40 cm, the 5 and 2 cm standoff 
images were obtained to serve as indicators of scale in the lower-resolution images. Effectively, 
this is like placing a target of known scale (e.g., a ruler or a coin) on the target viewed by the 
camera. Thus, we used the 5 cm standoff image (0179MH0001220010102490E01) as an 
indicator of scale to refine our knowledge of dw for the 200, 170, 150, 100, 70, and 40 cm 
standoff images (see Supplement S04). 

As shown in Figure 11, the result of combining our pre-launch observations regarding dw and 
mopen, and our results from the Sol 179 Fort Confidence test, is an equation that describes the 
empirical relationship between mopen and dw (in centimeters): 

dw
 = (amopen

–1 + b + cmopen + dmopen
2 + emopen

3)–1,               (3) 

in which a = 0.576786, b = –11.8479, c = 2.80153×10–3, d = –2.266488×10–7, and 
e = 6.26666×10–12. Equation 3 applies only to the MAHLI aboard Curiosity, only when the dust 
cover is open, and only when the mopen is between ~12600 and 15595. We recommend that the 
equation only be used only for cases in which dw is in the 2.04 to ~230 cm range. Targets closer 
or farther from this range cannot be so well determined from motor count; mopen from ~15595 to 
16100 indicate the minimum working distance of 2.04 cm; mopen of ~12600 to 12552 
asymptotically approach infinity and thus an uncertainty of 1 motor step yields a large 
uncertainty in the knowledge of dw. 

4.2.5 Dust cover closed, motor count relation to working distance 

We intended to operate MAHLI with its dust cover open. We did not have time to characterize 
the relationship between dw and motor count for the dust cover closed case (mclosed) before the 
October 2008 delivery of the camera head. Using the limited suite of dust cover closed images 
acquired before launch, and adding test cases we acquired on Mars on Sols 33 and 905, we 
found that mclosed for an in-focus image at a given dw is related to the corresponding mopen at the 
same dw in the following manner: 

mclosed = 17075 – mopen.                  (4) 

We determined this relationship by examining the images described in Supplement S05. The 
first of these are two sets of dust cover closed images, acquired before delivery to JPL-Caltech, 
showing rocks with features of known scale on them (images CAL_MH0809870080001423B00 
through CAL_MH0809870140001429B00 and CAL_MH0809890100001453B00 through 
CAL_MH0809890250001468B00). We also examined pairs of cover open/closed images of the 
same target, at the same distance, acquired in ATLO and on Mars (images 
ATL_MH1011020020000023B00 and ATL_MH1011020030000024B00; 
0033MH0000690000100005E01, 0033MH0000700000100006C00, and 
0033MH0000690000100007E01; 0905MH0004710010302819C00 and 
0905MH0001900010302821C00; 0905MH0004710010302855C00 and 
0905MH0004240010302857C00). For each, Equation 4 provides a result within 10 motor 
counts of the observed cover closed case. 
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Figure 11. Relationship (Equation 3) between working distance, motor count (mopen), and depth of 
field (Equation 6). The top plot shows the entire focus range, the one on the bottom shows details 
over the very highest resolution imaging range. The data acquired on Earth and Mars are listed in 
Supplement S04. 
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Regarding infinity focus when the dust cover is closed, MAHLI images of a grid target in focus at 
275 ± 5 cm working distance in images CAL_MH0809860130001414B00 and 
CAL_MH0809870070001422B00 indicate that infinity focus is near mclosed 4500 ± 30. Applying 
Equation 4 to the mopen infinity focus position, 12552, yields a mclosed of 4523. 

4.3 Image resolution and contrast 

Section 4.2 dealt with scale in terms of pixel size as related to the surface area of a target 
detected by that pixel in an image. Resolution, the smallest extent of an areal feature that can 
be identified and measured accurately and with certainty, is a related matter. Determination of a 
camera’s modulation transfer function (MTF) provides a measure of resolution and contrast 
capability. MTF, in turn, can be used to estimate depth of field (DOF; Section 4.4). That is, DOF 
can be referenced to the range, relative to best focus for a given distance, over which the MTF 
is ≥ 50% of its value at the instrument’s Nyquist frequency. Given its 7.4 µm by 7.4 µm square 
pixels, MAHLI’s Nyquist frequency is 68 cycles per millimeter. 

4.3.1 Lens MTF 

By design, MAHLI polychromatic MTF is optimized at the system Nyquist frequency. We 
investigated lens MTF during its acceptance testing before integration with the camera body. 
Ghaemi (2009) described the prescription and the as-built lens MTF performance; MTF at 
Nyquist was determined on-axis and off-axis via wavefront analysis with the lens focused past 
infinity. The performance at Nyquist was excellent, with an MTF of 0.5 on the optic axis, 0.4 at 
+7.42 mm off-axis, and 0.5 at –7.17 mm off-axis. 

4.3.2 System MTF 

System MTF refers to the contrast and resolution performance of the fully built camera head.  
We explored various options for determining system MTF using images of the white opal glass 
bar target in Figure 8 (MAHLI images DEV_MH0808130030000449B00, 
CAL_MH0809500000000477B00 through CAL_MH0809500290000506B00, 
CAL_MH0809790040001224B00 through CAL_MH0809790130001233B00, 
CAL_MH0809790140001234B00 through CAL_MH0809790220001242B00, 
CAL_MH0809790230001243B00 through CAL_MH0809790330001253B00, 
CAL_MH0809790340001254B00 through CAL_MH0809790460001266B00, and 
CAL_MH0809790470001267B00 through CAL_MH0809790620001282B00), duplicates of this 
target used in ATLO testing (MAHLI images ATL_MH1012010010000160J00, 
ATL_MH1012010040000170B00, and ATL_MH1012010070000181J00), and the similar bar 
target element on the flight MAHLI Calibration Target (Figures 4 and 12).  

However, these images of opal glass bar targets were less than ideal for MTF determination. 
The dark targets were printed with blue chrome and the edge of the printed matter is raised 
relative to the glass surface. Factors that might impact the quality of MTF measurements made 
using the opal glass bar targets include non-uniform illumination, specular reflection of an 
illumination source off the target surface, self-shadowing or reflection at the raised edges 
between blue chrome and white glass, and target orientation. For example, Figure 12 shows 
that MAHLI’s white light LEDs can highlight, via specular reflection, the miniscule raised relief of 
the printed blue chrome; this raised relief also impacts the apparent sharpness of the edges 
observed in MAHLI images.  
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Figure 12. Extreme example of the impact of non-uniform illumination on white opal glass bar targets used for some 
of the MAHLI calibration and characterization effort (also see Figure 8). We determined that this target was not ideal 
for MTF observations. This figure illustrates specular reflection of MAHLI’s white light LEDs (L) off of the opal glass 
and attendant reflections, including specular reflections at the raised edge between the blue chrome (appearing black 
in the figure) printing and the white opal glass (yellow arrows). This is a portion of MAHLI image 
ATL_MH0080050020000561B00, acquired on 14 March 2011, during rover system environment chamber testing. 
The image shows a portion of the flight MAHLI Calibration Target, mounted on the rover, Curiosity, which was in the 
darkened chamber at the time. 

Another concern regarding determination of system MTF centers on the impact of our use of a 
Bayer pattern filtered detector and the implementation of a specific color interpolation scheme 
(Section 6.1). Determination of MTF of a Bayer pattern filtered camera system can be 
described as a research project unto itself (e.g., Yotam et al., 2007). 

Our exploration of methods to determine system MTF finally settled upon use of a commercial 
software package, Imatest Master (version 4.1.6) to investigate slanted edges in a MAHLI 
image focused on a target near infinity (dw = ~2.54 m). The Imatest Master tools are based on 
the approach described by Reichenbach et al. (1991) with improvements by Imatest’s Peter 
Burns to implement the ISO 12233 standard. Shown in Figure 13, we selected three slanted 
edge regions of interest (ROIs) for analysis. We examined the image after nominal Bayer 
pattern color interpolation. The average output MTF for the three ROIs (Figure 13), at the 
camera’s Nyquist frequency, is 0.179. This is consistent with our expectation, based the system 
design and lens performance, that the system MTF performance would be near 0.200 at the 
Nyquist frequency. 
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Figure 13. MAHLI calibration image CAL_MH0809480070000463B00, acquired during instrument stand-alone 
testing at MSSS on 16 September 2008. Following Bayer pattern color interpolation, MTF performance was 
investigated at the slanted edge targets within the three regions of interest (ROI), illustrated here, using Imatest 
Master (version 4.1.6). The resulting MTF at the camera’s Nyquist frequency (68 cycles per millimeter) for each ROI 
is shown. Their average yields an estimated system MTF of 0.179 for the flight MAHLI instrument.  

4.3.3 Assessment of resolution from Mars data 

MAHLI was designed largely to image geologic materials at small working distances. Thus, we 
assessed that capability using data acquired on Mars. Fortunately, the majority of MAHLI close-
up images have been downlinked in lossless compressed form, eliminating the potential impacts 
of both the onboard Bayer pattern interpolation algorithm and JPEG compression on the ability 
to resolve fine details. 

A critical requirement on MAHLI design was for it to have the ability to resolve grains that 
distinguish very fine sand from silt. The boundary between these occurs at particles of 62.5 µm 
size. This boundary is not arbitrary but based on the nature of general fluvial and eolian 
sedimentary processes—in modest fluvial and eolian conditions on Earth and Mars, sand will 
largely travel by saltation and silt in suspension. The ability to distinguish bodies of rock formed 
of sand from those formed of particles smaller than sand (silt- and clay-sized grains) contributes 
to the ability to distinguish sandstones from loessites and mudstones. For Mars, finding 
examples of mudstone is of particular interest because of their potential for biosignature 
preservation (NASA, 1995; Schieber, 2001; Summons et al., 2011). 
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Thus, the ultimate test of MAHLI resolution centers on the ability to distinguish silt- from sand-
sized grains in images from Mars. Here we consider two examples: dark grains in a light gray 
rock brushed by Curiosity’s DRT and imaged in full shadow; and fine grains observed in sunlight 
in the very highest resolution MAHLI image returned during the Primary Mission. 

 
Figure 14. MAHLI view (image 0169MH0002090010102223C00) of an in-place rock surface brushed by Curiosity’s 
DRT on Sol 169 (26 January 2013), shortly after brushing occurred. Clumps of loose dust are present. The target 
was named Wernecke; the body of rock is the Sheepbed member of the Yellowknife Bay formation (Grotzinger et al., 
2014). Although acquired during the day, in sunlight, this 16.6 µm/pixel view was completely shadowed by the robotic 
arm turret. The inset shows an expanded view of a portion of the brushed rock surface. Three dark gray squares are 
evident (arrows), indicating grains no larger than ~34 µm in size.  

The first example comes from a 16.6 µm/pixel image (0169MH0002090010102223C00) of the 
surface of a rock. Shown in Figure 14, the rock was brushed by the rover’s DRT. When viewed 
in sunlight, we observed that the bare rock is light to medium gray (see image 
0169MH0002050010102201C00). The target was completely shadowed by the robotic arm and 
turret when the high resolution view was acquired (Figure 14). The inset in Figure 14 shows 
three of many examples of small, dark spots that are part of the rock. In this case, these are 2 
by 2 pixels in size. We interpret these and similar dark patches to be silt grains in the rock. 
Because they are dark gray or black, they stand out relative to the lighter-gray grains that make 
up the bulk of the rock at this location. Assuming each of these is a grain (a reasonable 
assumption, given the detection by Vaniman et al. (2014) of dark opaque minerals, such as 
magnetite, in the rock), we infer that each is no larger than ~34 µm. This detection far exceeds 
our requirement for MAHLI to be able to distinguish very fine sand from silt. 
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Figure 15. MAHLI 13.9 µm/pixel image of dust and dust aggregates on the U.S. cent on the MAHLI calibration target, 
as seen on Sol 411 (02 October 2013). Particles smaller than the coarse silt (grain labeled ~56 µm) are evident in 
this high contrast view. Insets 1 and 2 show individual silt grains of 28–42 µm size; their size was measured both 
from their 2D pixel coverage and from their shadow length. The solar incidence angle, here, was 71.3°. The cent 
diameter is 19 mm. This is image 0411MH0003240010200021C00, illuminated by the sun from the left.  

The second example comes from examination of the highest resolution image acquired during 
the Primary Mission, image 0411MH0003240010200021C00. There is less risk to the 
instrument in having the robotic arm place the camera at the minimum working distance in front 
of the MAHLI calibration target relative to doing so at geologic surfaces. Thus, on Sol 411, we 
acquired an image of the dust-coated cent target (Figure 15). The solar incidence angle was 
about 71.3°; this opportunity allowed us to compare our two-dimensional (2D) pixel 
measurement with a third dimension using shadows cast by the grains. Figure 15 shows that 
some grains or grain aggregates were sand-sized (> 62.5 µm), while others were silt-sized 
(< 62.5 µm). The magnified insets indicate two examples of the smallest grains detectable in 
Figure 15. These grains are no more than 2–3 pixels in size, corresponding to particles of no 
more than 28–42 µm size. Our shadow measurements yield similar results; the grains protrude 
no more than 28–38 µm above the cent surface. Like the observations shown in Figure 14, the 
observations in Figure 15 show that when the dw is small enough (< ~3.7 cm) and a grain is 
distinct from its surroundings, MAHLI can indeed provide information about silt-sized grains on 
Mars. Not only can MAHLI distinguish silt from very fine sand, it can, when positioned close 
enough to a target, provide constraints on silt particle size. 
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4.4 Depth of field 

Depth of field (DOF) is the distance between the nearest and farthest in-focus feature in a given 
image. DOF is somewhat subjective, as items that might appear to be in focus to one observer 
might seem somewhat blurry to another. MAHLI’s DOF increases with working distance 
(Ghaemi, 2009). Knowledge of MAHLI DOF is important for commanding the acquisition of 
focus stacks, so as to capture the target surface relief seamlessly, without blurred areas 
between focus-merged images. DOF is also important in accounting for uncertainty in 
estimating working distance from motor count, particularly when distance and, thus DOF, are 
large (e.g., 20 cm to infinity). Further, as a matter of MAHLI tactical operations planning, DOF is 
taken into account when the team has to consider the trade-space between acquisition of focus 
stack images of a limited number of targets versus imaging a larger number of targets sans 
focus stacks (i.e., for the latter, the camera might image the targets from a greater standoff 
distance to take advantage of the larger DOF). 

As illustrated by Ghaemi (2009), MAHLI depth of field at small working distances (< 12 cm) was 
defined as the range over which the lens MTF is at > 50% of its peak in-focus value. For targets 
at greater range (> 12 cm), we estimated DOF using the hyperfocal distance (dh) equation, 

dh = (fe2/ fn cc) + fe                   (5) 

in which fe is the lens effective focal length, cc is the circle of confusion, and fn is the focal ratio 
(f/number). For MAHLI, fe and fn change as a function of focus position (Ghaemi, 2009; Edgett et 
al., 2012). We assume cc is a diameter equivalent to two pixel dimensions, (i.e., 14.8 µm at the 
detector surface); this provides the best match to the 50% MTF fall-off method at 11.25 cm and 
is consistent with our observations of blurring of near and far objects in MAHLI portraits of the 
Curiosity rover (e.g., Minitti et al., 2013) acquired on Sols 84, 85, 177, 613, and 868—in those 
images, we observe two pixels of blur at 1.6 m and two pixels of blur at 14.6 m.  

Table 5 lists MAHLI depth of field estimates obtained by these methods. We also incorporated 
MAHLI DOF estimates into Figure 11. When the dust cover is open, the relationship between 
motor count (mopen) and the range, in centimeters, to the near (dnear) and far (dfar) depth of field, 
also in centimeters, can be expressed as: 

dnear or dfar = (amopen
–1 + b + cmopen + dmopen

2 + emopen
3)–1,               (6) 

in which, for dnear, a = 1.03565, b = –11.9083, c = 2.82403×10–3, d = –2.29003×10–7, and 
e = 6.34332×10–12; and, for dfar, a = 1.03438, b = –11.4118, c = 2.69297×10–3,  
d = –2.17752×10–7, and e = 6.02494×10–12. 

During ground testing in September 2008, we acquired 63 MAHLI images to verify knowledge of 
MAHLI DOF (images CAL_MH0809790000001220B00 – CAL_MH0809790620001282B00). 
This imaging consisted of five tests in which we incrementally moved a bar target (Figure 8), its 
surface a plane parallel to the MAHLI CCD, away from the camera. In each case, we manually 
focused MAHLI at a specific mopen and held it fixed while moving the target away from the lens 
such that passed it through the range at which the target would be in focus for that given motor 
count. Only the last two of these tests, with the camera at mopen of 13800 and 13200, acquired 
more than one image within the range of the depth of field for that focus setting. 

Indeed, the latter test had four images within the depth of field (images 
CAL_MH0809790470001267B00 through CAL_MH0809790620001282B00). At mopen 13200, 
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the camera should be in focus when the target is at a dw of 18.5 cm. This occurred in image 
CAL_MH0809790570001277B00; our measurement of features on the target verified that the 
image scale is 72 µm/pixel and the dw was 18.5 cm. Visual inspection shows that the next two 
nearest images (CAL_MH0809790550001275B00 and CAL_MH0809790560001276B00, at dw 
of 18.0 and 18.3 cm) were in focus. The next farther images, CAL_MH0809790540001274B00 
at 17.8 cm and CAL_MH0809790580001278B00 at 19.3 cm, are just slightly out of focus. 
Application of Equation 6 shows that the depth of field should be over the range 17.6–19.4 cm; 
the slight blurring suggests the DOF estimated from Equation 6, in this case, might be 
generous by about 1–2 mm (dnear and dfar). 

Table 5. MAHLI depth of field estimates over the 2 to 300 cm range 
working 
distance 

(cm) 

depth of field (cm) effective focal 
length (mm) 

focal ratio 
(f/number) near far 

2.250 –0.041 0.045 18.39 9.80 
2.813 –0.052 0.054 18.69 9.52 
3.750 –0.071 0.074 19.06 9.22 
5.625 –0.124 0.121 19.55 8.91 
11.25 –0.390 0.315 20.25 8.63 

20 –1.02 1.13 20.59 8.54 
40 –3.96 4.94 20.87 8.50 
50 –6.06 8.00 20.93 8.49 

100 –21.7 38.4 21.09 8.48 
150 –44.0 107 21.16 8.47 
200 –71.3 248 21.20 8.47 
250 –102 561 21.23 8.47 
300 –136 1460 21.25 8.47 

 

4.5 Scale of features observed in MAHLI images 

All of the preceding information regarding motor count, working distance, pixel scale and DOF 
inform the data user of options to determine or estimate the scale of features observed in 
MAHLI images. 

4.5.1 Scale from objects of known size or features at known distance 

One way to estimate the scale of features observed in a MAHLI image is to identify an object of 
known size or located at a known distance. The object can be rover hardware; a landmark at a 
known distance from the camera; or a rock, regolith surface, or eolian deposit with which rover 
hardware has interacted. Figures 5 and 16 and Figure 28 of Edgett et al. (2012) show 
examples. The scale information extractable from interaction of rover hardware with surfaces is 
approximate, as the interaction does not always form precisely cut or imprinted features. One 
can determine the distances to landmarks from knowledge of rover position, camera pointing, 
and identification of landforms observed in both the MAHLI image and in maps made from 
images and altimetry measurements acquired by orbiting instruments. 
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Figure 16. MAHLI view of the landscape east of Curiosity in northern Gale on Sol 644 (29 May 2014; image 
0644MH0003250050203801E01). The rover wheel tracks provide an indicator of scale out to 175 m from the rover, 
where they disappear over a hill crest; each rover wheel is 40 cm wide and the distance between their outside edges 
is 280 cm (Heverly et al., 2013). The ranges between the rover and landforms in the middle (18–21 km) and far (39–
58 km) distances are indicated to the nearest km. The distant slopes are the east wall and rim of Gale crater. Using 
Equation 2, the scale at 175 m is ~6 cm/pixel and the scale at 59 km is ~21 m/pixel.  

4.5.2 Range and scale from motor count and nested imaging 

The alternative method to estimate the scale of features in MAHLI images, at least for in-focus 
elements in images of targets roughly 2.1 to 210 cm from the front lens element, is to use 
Equation 3 to determine working distance from motor count, then use Equation 2 to determine 
pixel scale from working distance. The range of uncertainty in these values is estimated by 
considering the depth of field (Equation 6). Some motor count positions cannot be used to 
determine scale, especially when the camera was focused at infinity or at the minimum dw. 
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Figure 17. Example use of a nested high resolution MAHLI image to determine the scale of a lower resolution MAHLI 
image of the same target. The lower resolution image (0179MH0002180010102478C00) was acquired at a standoff 
(MAHLI toolframe +X) distance of ~200 cm and the nested image at the center (0179MH0001220010102490E01) 
was acquired from a 5 cm standoff. The lower-resolution image was focused at mopen 12608 using a centered 480 x 
480 pixel autofocus sub-frame (0179MH0002180000102477E01). Using Equations 2 and 3 and mopen 12608 yields a 
scale of ~720 µm/pixel. The 5 cm standoff image, also acquired as a full-frame via a centered, autofocus sub-frame 
(0179MH0001220000102489E01), was focused at mopen 13969, indicating a 31.7 µm/pixel scale and an area of 5.1 
by 3.8 cm. Nesting the higher resolution in the lower resolution image yielded more accurate scale information, in this 
case indicating that the lower resolution image has a scale of ~690 µm/pixel and covers an area ~111 by ~83 cm.  

For targets at dw < 21 cm, the uncertainty of both distance and pixel scale is small and the 
uncertainty decreases with decreasing dw. For targets at greater dw, for example 21–210 cm, we 
usually nest a higher resolution image of the same target within the lower resolution image(s). 
This higher-resolution, nested image provides a semi-independent measure of scale for the 
lower resolution image. That is, the scale determined from the motor count of the higher 
resolution image, especially if acquired in the dw 2.1–10 cm range, is more accurate than that of 
an image acquired from a dw of, say, 50–210 cm. As Figure 17 illustrates, one can determine 
the scale of the higher resolution image, and hence the dimensions of the area it covers, then 
re-size that image to fit its location within the lower-resolution image; effectively, the higher-
resolution image provides scale information for the lower-resolution picture that is more 
accurate than determined from the lower-resolution image motor count. 

We use motor count routinely to determine working distance and pixel scale for the in-focus 
elements of high resolution MAHLI images. The approach has been confirmed, on Mars, by 



– MSL MAHLI Tech. Rept. 0001 – 

 
– 40 – 

comparing the results of using the motor count with measurements of objects of known scale. 
For example, MAHLI image 0034MH0000450010100035C00 shows the U.S. cent on the MAHLI 
calibration target. The machined hole into which the cent was inserted has a diameter of 
19558 µm. The diameter of this hole, as measured from the image, is 797±2 pixels. This 
measurement yields a scale of 24.5 ± 0.1 µm/pixel. The motor count, established via a centered, 
autofocus sub-frame, is 14376. Using Equations 3 and 6, this mopen corresponds to a dw of 
4.9 ± 0.1 cm. Using Equation 2, this yields an image scale of 24.1 ± 0.3 µm/pixel. 

We have put the capabilities to determine scale and working distance from motor count to good 
use during the MSL mission, not just to make geological interpretations but also to use the 
instrument as a range finder for subsequent instrument or tool placement. For example, Minitti 
et al. (2013) described how MAHLI was used as a range finder for scoop placement during the 
Rocknest sample extraction campaign in October–November 2012, and Robinson et al. (2013a) 
illustrated the utility of MAHLI images in positioning Curiosity’s drill for sample extraction. 

5 Camera head positioning and stability characterization 

MAHLI can acquire in-focus images of any illuminated scene for which dw exceeds 2.04 cm. The 
camera can also acquire images of the Martian landscape when the robotic arm is stowed or 
unstowed. Most MAHLI imaging, of course, requires the robotic arm and turret to position the 
camera at a desired distance relative to a given target. Once positioned, there is a period during 
which arm, turret, and camera head motion dampens before images are acquired. Then, to 
prevent image blur, the MAHLI camera head should not move while an image is being acquired. 
Further, camera head motion should be minimal while acquiring a focus stack. In addition, it is 
further desirable that the arm is able to position MAHLI at a given target more than once; for 
example, this permits “before and after” imaging of surfaces drilled, scooped or brushed by 
Curiosity’s tools. 

5.1 Pre-launch tests regarding camera motion during image 
acquisition 

Camera head motion is minimized during nominal MAHLI operations on Mars simply by not 
operating other instruments and rover mechanisms while imaging. However, the rover’s thermal 
management system includes a mechanically pumped fluid loop subsystem (Bhandari et al., 
2013) that can be operating when MAHLI is acquiring data. Curiosity has a redundant pair of 
these Rover Integrated Pump Assemblies— i.e., RIPA-A and RIPA-B. 

To determine whether RIPA operation would impact MAHLI image quality or cause the camera 
to move during focus stack acquisition, we conducted two tests during ATLO on 02 December 
2010. In the first test, the robotic arm positioned MAHLI at a dw of 4.9 cm from the bar target at 
the center of the flight MAHLI calibration target. Then, with the RIPA-B pump operating, we 
acquired an in-focus, 8-frame video (images ATL_MH1012010010000153J00 through 
ATL_MH1012010010000160J00) at a rate of 1 per ~3 seconds. Then we turned off the pump 
and repeated the 8-frame video sequence (images ATL_MH1012010020000161J00 through 
ATL_MH1012010020000168J00). We compared the images; quality (e.g., blur) was unaffected 



– MSL MAHLI Tech. Rept. 0001 – 

 
– 41 – 

although the position of the camera was offset very slightly (≤ 1 pixel) following the shut down of 
RIPA-B. 

In the second test, we placed a duplicate of the planar bar target shown in Figure 8 on a stand 
in front of the rover on the near side of the robotic arm workspace (Robinson et al., 2013b). 
Then the arm positioned MAHLI at a dw of 2.8 cm above the target. Again we acquired an in-
focus,  
8-frame video (images ATL_MH1012010060000172J00 – ATL_MH1012010060000179J00) at a 
rate of 1 per ~3 seconds with the RIPA-B pump on. The video was then repeated with the pump 
off (images ATL_MH1012010070000180J00 through ATL_MH1012010070000187J00). As with 
the preceding test, operation of MAHLI with the pump on had no impact on image quality nor 
motion; turning the pump off changed the camera position slightly, about 1–2 pixels, but again 
had no effect on quality (e.g., blur). 

We conducted an additional test on 02 December 2010 to examine whether the motion of 
MAHLI’s lens mechanism might induce motion in the robotic arm. Using a laser tracking system 
(Robinson et al., 2013b), the arm and turret were monitored while the MAHLI lens mechanism 
autofocused on a three-dimensional target, located ~31 cm below the camera in the arm work 
volume (image ATL_MH1012010080000188B00). We observed no motion. 

5.2 Motion damping before image acquisition 

Knowledge of the duration of motion damping, after the robotic arm positions MAHLI for 
imaging, is vital for scheduling the rover’s activities on Mars. If the motion damping duration is 
long, waiting for the camera head to stop moving can reduce the number of positions at which 
the arm can place MAHLI, APXS, or other tools on the turret on a given sol. 

5.2.1 Duration determined before launch and best practice for Mars operation 

We examined the duration of motion damping after robotic arm positioning of the MAHLI camera 
head before launch using a laser tracking system (Robinson et al., 2013b). No MAHLI images 
were acquired during the test, which repeatedly placed the camera head in the robotic arm work 
volume. We observed that motion damped to < ± 10 µm oscillations (toolframe Y and Z 
dimensions) and < ± 25 µm oscillations (toolframe X dimension) within 40 seconds; 
characterization at smaller oscillation values was not possible. 

Given the pre-launch knowledge, our best practice for acquisition of most high resolution MAHLI 
imaging on Mars is to wait 90 seconds for motion damping. However, we do desire to learn 
whether this period can be shortened, as 90-second wait periods can add up when the camera 
is positioned at multiple targets during a robotic arm contact science session. One case became 
particularly important in late 2013, when the rover team became concerned about damage to 
Curiosity’s wheels. 

5.2.2 Duration determined on Mars for wheel inspection imaging 

In November 2013, Curiosity’s engineering team began a regular program to monitor how the 
wheels were changing as the rover traversed across the rugged landscape of northern Gale 
crater. When the rover drives, its robotic arm, turret, and the MAHLI camera head are stowed. 
Part of the wheel monitoring effort involves unstowing the robotic arm and pointing MAHLI at the 
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wheels—from the same vantage point every time this is performed—to acquire an image of 
each wheel. Sometimes we would image only the portion of each wheel that was in view at the 
end of a given drive; and sometimes we would document the entire circumference of each 
wheel. The latter involves unstowing the arm, imaging the wheels, stowing the arm, driving the 
rover a small distance to reveal another portion of each wheel, unstow the arm, image the 
wheels with MAHLI, re-stow the arm, drive another small increment, and repeat until it has been 
performed 5–6 times to cover ≥  360° on each wheel. On a given sol, this process reduces the 
amount of time available to perform other activities (e.g., drive to a new location, acquire 
science data), in part because of the 90-second motion damping wait periods for each wheel. 

Thus, on Sol 472 (04 December 2013), we conducted a motion damping test specifically 
designed to determine the minimum wait time for imaging the wheels. The nearest wheel is 
viewed from a dw of ~137 cm; the farthest is ~320 cm away, thus the sensitivity to motion and 
blur is less than is the case for very high resolution images acquired over the dw 2.1–30 cm 
range. Furthermore, the wheel images were focused manually because their distance from the 
wheel inspection viewing positions was previously determined via autofocus sub-frames 
obtained on Sol 177 (04 February 2013). Thus, motion damping would not impact autofocus 
efforts should the duration be shortened. 

For the Sol 472 test, the arm and turret positioned MAHLI to view each wheel, as usual for 
these inspections. Then, with no imposed wait period, we acquired five full-frame images at the 
following intervals after the camera arrived in position for each wheel: 17, 27, 52, 77, and 102 
seconds. The images are listed in Supplement S06. For each wheel, we, and the rover mobility 
(wheel) engineers, compared the images and concluded that all were sufficiently in focus to 
meet wheel inspection objectives. The wait time for motion damping for wheel imaging was 
thereafter set at 15 seconds—in addition to the 17 seconds for camera preparation—for an 
effective 32 seconds between camera arrival and image acquisition. 

5.3 Camera motion during image acquisition as observed on Mars 

While wait periods can be and usually are inserted into MAHLI imaging plans to accommodate 
motion damping after the robotic arm moves the camera head into position, occasionally the 
images returned from Mars do show evidence for motion during image acquisition. The cases 
have been unusual enough that they have not received deep investigation as to the cause, but 
we suspect these motions are induced by wind. 

We observed one example by comparing images 0093MH0000860000101065C00 and 
0093MH0000860010101066C00, obtained on Sol 93 (09 November 2012). The first picture is 
an autofocus sub-frame used to determine focus for the second, full-frame image. Acquired ~12 
seconds apart, they show sand and silt on Curiosity’s observation tray. Where the two images 
overlap, a change in camera position of about one pixel toward the upper right (relative to pixel 
0, 0 at the upper left of the CCD) is observed; the inferred camera head motion is about the 
same as the pixel size, 7.4 µm. 

Additional examples of camera motion during image acquisition were observed on Sol 883 (30 
January 2015) during night imaging with LED illumination. In one case, an autofocus sub-frame 
(image 0883MH0004320040302613C00), focused 9.1 cm away on cuttings inside a drill hole 
created on Sol 882 (named Mojave_2), was in sharper focus than the subsequent full-frame 
image (0883MH0004320050302614C00) acquired ~10 seconds later. These observations 
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suggest that the camera was moving, ever so slightly, during the 5052.6 millisecond full-frame 
image exposure, such that it is blurred relative to the sub-frame. 

In the other Sol 883 case, a series of images of drill cuttings acquired from a ~3.6 cm working 
distance (outside Mojave_2 drill hole), were all somewhat blurred. The autofocus sub-frame, 
0883MH0004090000302627C00, was not as sharply focused as nominal autofocus sub-frames. 
Neither were the corresponding full frame images in sharp focus, such as image 
0883MH0004090020302629C00. Further, the area covered by both of these frames was offset 
by more than one pixel (but less than three pixels). In this case, camera head motion might 
have prevented a sharp autofocus solution and camera head motion continued throughout 
acquisition of the subsequent series of eight images (various permutations of white light LED, 
UV LED, and dark frame acquisitions). 

Night images of drill cuttings acquired on Sol 910 (27 February 2015), illuminated by MAHLI’s 
LEDs, again showed similar evidence for motion (e.g., images 0910MH0004730000303033C00 
and 0910MH0004730020303035C00). The observations from Sols 93, 883, and 910 show that 
we have indeed observed camera head motion during image acquisition on Mars but it has 
rarely occurred to a degree that it impacts the science or engineering utility of the data. During 
daylight imaging, the short exposure durations minimize the effect. In cases for which the 
science or engineering objective of a given image or image suite is not met because of camera 
head motion, the science team can consider re-imaging the target; thus far, no situation has 
occurred in which this was necessary. 

5.4 Camera head positioning and repeatability 

The ability of the MSL robotic arm to position the MAHLI camera head to within millimeters of a 
desired location in the robotic arm workspace was well understood from testbed activities such 
as the observation of a U.S. cent, placed on a rock, described by Edgett et al. (2012). Further, 
before launch, the robotic arm engineers established reference “teach” points at which the arm 
could return MAHLI to specific locations for rover hardware inspection (Robinson et al., 2013; 
Collins and Robinson, 2013) and the pre-launch repeated arm positioning and MAHLI imaging 
of these targets was superb (Edgett et al., 2012). The teach points were re-imaged on Mars by 
MAHLI on Sols 34, 36, and 37 (10, 12, 13 September 2012) and the slight differences between 
the locations as viewed on Earth and Mars were used to validate adjustments for arm operation 
under Martian conditions (Robinson et al., 2013b). 

The first opportunity to perform repeated positioning of MAHLI at a geologic target occurred on 
Sols 46 and 47 (22 and 23 September 2012) at a boulder—visible in images even acquired from 
orbit (e.g., HiRISE ESP_028612_1755)—that the MSL science team named Jake Matijevic 
(Collins and Robinson, 2013). Figure 18 shows that the MAHLI camera head was placed at the 
same surface on this boulder on Sol 46 and again on Sol 47. Each time, MAHLI was placed at 
standoff distances near 25, 5, and 2.5 cm. The 25 cm standoff distance images, 
0046MH0000090010100121C00 on the first sol and 0047MH0000130010100174C00 on the 
second, found focus, via autofocus, at mopen of 13018 and 13016, respectively. This difference 
of only 2 motor counts is negligible and indicates ≤ 1 mm of difference in the working distance 
from one sol to the next. The placement at 5 cm standoff and 2.5 cm standoff yield a similar 
result; ≤ 1 mm difference in working distance. As for the difference relative to planes parallel to 
the CCD, Figure 18 illustrates the offset between the two images acquired from 2.5 cm 
standoff; the offset was < 1 mm in both directions (pixel rows and columns). 
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Figure 18. Illustration of Sol 46 and 47 robotic arm and MAHLI positioning repeatability test results. (a) Mastcam-34 
image 0046ML0002120000102098E01 showing the boulder named Jake Matijevic. The inset shows the locations of 
MAHLI Sol 46 25 cm standoff (toolframe +X) context image 0046MH0000090010100121C00 and 2.5 cm standoff 
image 0046MH0000110010100153C00. (b) MAHLI 2.5 cm standoff images acquired on Sols 46 
(0046MH0000110010100153C00) and 47 (0047MH0000150010100180C00), illustrating their excellent overlap. The 
offsets were 30 pixels (0.66 mm) toward the upper right and 6 pixels (0.15 mm) toward the upper left; mopen of 14528 
and 14513, respectively, show that the difference in the optic axis direction (working distance) was ≤ 1 mm. The rock 
surface appears to be brownish-orange in the images on the right in part because of the presence of Martian dust but 
also because they were shadowed at the time of acquisition.  

5.5 Imaging with incremental turret rotation 

We usually obtain MAHLI image mosaics by having the entire robotic arm move the camera 
head from one position to the next, with suitable overlap between images for each case. Stereo 
pairs are usually acquired by translating MAHLI in the same plane (parallel to the CCD) from a 
stereo-1 position (with optic axis normal to the target) to a stereo-2 position; sometimes pairs 
are acquired by rotating the camera, relative to the plane of the stereo-1 image, such that the 
target is viewed off-normal and the stereo-2 image more completely overlaps the stereo-1 
image. 

Turret rotation provides another option for acquisition of stereo pairs and mosaics without full 
motion of Curiosity’s robotic arm. This option has not often been exercised. We performed a test 
on Sol 322 (02 July 2013) by imaging the U.S. cent on the MAHLI calibration target. The cent 
was fully shadowed, causing a brownish-orange cast, but this did not impact the results.  
Figure 19 shows a mosaic of the six MAHLI frames acquired during the test; the data can also 
be used to make stereo products (e.g., anaglyphs; quantitative relief models). 

The cent was first imaged, with the camera centered on the coin and the optic axis normal to the 
target, at a dw of 4.9 ± 0.1 cm. Then, the turret rotated the smallest possible increment, ~5 mrad, 
and we obtained a second image. This was followed by two more 5 mrad turret rotations, then a 
16 mrad rotation and a 25 mrad rotation. As shown in Table 6, the first rotation did not move the 
camera head as far as expected; we attribute this to backlash in the turret movement. 
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Thereafter, each movement of the turret was as expected and the motion, as registered by the 
MAHLI images, was about 13.2 pixels per mrad of turret rotation. 

 
Figure 19. MAHLI turret rotation image mosaic test conducted on Sol 322 (02 July 2013) while viewing the 19-mm-
diameter U.S. cent on the MAHLI calibration target. The commanded turret rotations are indicated in milliradians 
(mrad); the first increment, from 0 to 5 mrad, did not move as far as expected; this is thought to indicate backlash 
motion after the rotation occurred. Subsequent rotations of 5, 5, 16, and 25 mrad are also indicated. The 5 mrad 
rotation is the smallest increment possible. Turret rotation over small increments offers an additional method to 
acquire MAHLI mosaics and stereo pairs. These images are 0322MH0002150010103933C00 through 
0322MH0003010000103938C00 and were acquired at a time that the calibration target was fully shadowed, hence 
the brownish-orange cast.  
 

Table 6. Sol 322 test of MAHLI imaging via incremental rotation of Curiosity’s robotic 
arm turret; cent target at 4.9 ± 0.1 cm working distance; see Figure 19 

Image ID 

Com-
manded 
rotation 
(mrad) 

Tracked pixel location 
Linear delta 

(change; pixels) 

Measured 
Rotation (pixels 

per mrad) 
Column 

(x) Row    (y) 
Distance 
Moved 
(pixels) 

0322MH0002150010103933C00 0 1127 35 0 0 0 
0322MH0003010000103934C00 5 1112 45 18.03 18.03 3.61 
0322MH0003010000103935C00 5 1054 79 85.23 67.21 13.44 
0322MH0003010000103936C00 5 998 113 150.75 65.51 13.10 
0322MH0003010000103937C00 16 816 222 362.89 212.14 13.26 
0322MH0003010000103938C00 25 534 389 690.63 327.74 13.11 
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6 Onboard image products characterization 

6.1 Data compression and color interpolation 

MAHLI and the three other MSL cameras that share its electronics design—Mastcam-34, 
Mastcam-100, and MARDI—can each produce a range of compressed and uncompressed data 
products (Edgett et al., 2012) which are transferred to the rover’s computers for transmission to 
Earth. Transmission is relayed from the rover to Earth through one or more Mars-orbiting 
spacecraft (Edwards et al., 2013). 

Table 7 lists the MAHLI data product types that can be produced by the instrument. These 
include uncompressed, losslessly compressed, and lossy compressed images; video frames 
and groups of pictures (GOPs); and thumbnail images. The products also include best focus, 
range map, and corresponding thumbnail images produced by onboard focus merges. The 
lossy compressed products are in JPEG form; the products of an onboard focus merge can only 
be JPEGs (Edgett et al., 2012). 

Table 7. MAHLI, Mastcam, MARDI image type product characterization 

type product format earliest acquired example received from Mars 
Sol camera image ID 

A raster 16-bit image 270 MAHLI 0270MH0002490050200001A00 
B raster 8-bit image 17 Mastcam-34 0017ML0000500100100223B00 
C lossless compressed image 0 MARDI 0000MD0000000000100027C00 
D JPEG grayscale image 3 Mastcam-34 0003ML0000001410100003D01 
E JPEG 4:2:2 color image 0 MARDI 0000MD0000000000100001E01 
F JPEG 4:4:4 color image 20 Mastcam-100 0020MR0000110020100256F01 
G raster thumbnail of parent image 159 MAHLI 0159MH0000720050101726G01 
H JPEG gray thumbnail of parent image 147 Mastcam-34 0147ML0008350030104420H01 
I JPEG 4:4:4  thumbnail of parent image 0 MARDI 0000MD0000000000100001I01 
J raster 8-bit video frame 165 MAHLI 0165MH0001880180102010J00 
K lossless compressed video frame 37 Mastcam-34 0037ML0000990110101095K00 
L JPEG grayscale video frame 37 Mastcam-34 0037ML0000990110100922L01 
M JPEG 4:2:2 color video frame 61 Mastcam-34 0061ML0003150000102377M00 
N JPEG 4:4:4 color video frame 165 MAHLI 0165MH0001880210102042N01 
O raster 8-bit thumbnail of video frame 165 MAHLI 0165MH0001880180102010O01 
P JPEG gray thumbnail of video frame 165 MAHLI 0165MH0001880200102026P01 
Q JPEG 4:4:4 thumbnail of video frame 35 Mastcam-34 0035ML0001440120100885Q01 
R focus merge best focus image product 36 MAHLI 0036MH0000550000100066R00 
S focus merge range map product 36 MAHLI 0036MH0000550000100067S00 
T focus merge best focus thumbnail 36 MAHLI 0036MH0000550000100066T01 
U focus merge range map thumbnail 36 MAHLI 0036MH0000550000100067U01 

Types R and T are JPEG 4:4:4; S and U are JPEG grayscale products. 

Also as described by Edgett et al. (2012), the Bayer pattern color interpolation implemented 
onboard MAHLI is based on the method described by Malvar et al. (2004). The onboard lossy 
(JPEG) capability includes Y:CR:CB subsampling (in which Y is luminance and CR and CB are 
red and blue chrominance components). The options for JPEG color compression (Table 7) are 
4:4:4 (no color subsampling) or 4:2:2 (chrominance subsampling by a factor of 2); grayscale 
(colorless) JPEGs can also be produced. 
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Data returned from MAHLI in uncompressed or losslessly compressed form are not 
demosaicked; that is, no color interpolation is performed onboard the instrument. Receipt of 
these images provides the data user with the option to apply alternative Bayer demosaicking 
algorithms (e.g., reviews by Li et al. (2008) and Getreuer (2011)). 

6.2 Product type identification, creation, and receipt on Earth 

The product types produced onboard the instrument are indicated by an alphabetical letter from 
A through U (Table 7). This letter is the 23rd character in the image ID for every MAHLI, 
Mastcam, and MARDI product archived with the NASA PDS. Many of these A–U product types 
were not produced by the instrument before launch. Thus, Table 7 indicates the earliest 
acquired example of each product type received from Mars. This documentation is important 
because it constitutes part of the MAHLI instrument characterization effort; their onboard 
production, on Mars, was required by the PDS so that the archivists had an example of each 
type for review and documentation purposes. 

Because of the NASA PDS requirement, MAHLI was specifically commanded on Sols 159, 165 
and 270 to produce and return examples of product types A, G, J, N, O, and P (Table 7). The 
majority of MAHLI images returned from Mars have been of types C (losslessly compressed 
images), E (JPEG 4:2:2 color images), I (JPEG 4:4:4 color thumbnail products), and the four 
focus merge product types R, S, T, and U. Most of the pre-launch MAHLI data were of types B 
(uncompressed 8-bit images) and A (uncompressed 16-bit images). 

6.3 Onboard focus merge product creation and assessment 

6.3.1 Capability and options 

A macro lens focused on a target at a small working distance has a limited depth of field. Thus, 
some parts of a subject photographed will be in focus while other parts, if the relief exceeds the 
depth of field, will not. This effect can be used to a photographer’s artistic advantage, but 
sometimes an image will have a more technical purpose for which there is value in seeing all or 
most parts of the scene in focus. One can acquire a focus stack (also known as a z-stack, in 
reference to the common practice of denoting the camera’s optic axis as z) to resolve the latter 
concern. 

To obtain images for a focus stack, a series of pictures is acquired by changing focus between 
each image so as to capture in-focus views of different elements at different distances in the 
scene. Ideally, the change in focus position between images does not exceed the depth of field. 
Preferably, as is the case for MAHLI, the camera is not moved so that dw remains constant; an 
alternative, for a fixed-focus system, is to move the camera toward or away from the subject 
(this is, for example, how the Mars Exploration Rover (MER) Microscopic Imager (MI) acquires 
focus stacks (Herkenhoff et al., 2006)). 

Edgett et al. (2012) described the MAHLI focus stack capability. After acquisition, onboard 
software identifies the parts of each image in the focus stack that are in best focus and merges 
them into a single best-focus image product. A by-product of this processing is creation of a 
range (also known as depth) map that provides an approximate view of the target’s relief. 
MAHLI can perform focus merges of up to eight consecutively acquired focus stack images. 
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Doing so inside the instrument provides a form of data compression, turning as many as eight 
uncompressed images into two, a color JPEG best focus image and a grayscale JPEG range 
map, for downlink to Earth. An example from Mars is shown in Figure 20. 

 
Figure 20. Example MAHLI focus merge products and estimation of micro-relief used by robotic arm engineers to 
determine placement for another instrument, the APXS, on a subsequent sol. (a) Best focus image product 
0869MH0004610000302276R00, created by a basic merge onboard MAHLI conducted on Sol 869. Sunlight 
illuminates the scene from the left/lower left. (b) Range map product 0869MH0004610000302277S00 with scale 
indicating distance from MAHLI’s front lens element to the surface indicated. This product determined the range to 
within ± 0.1 cm. It has been altered from the original downlinked product by inverting DN values (0 changed to 255, 
255 to 0) so that nearer surfaces are lighter in tone. The merge was performed on the focus stack of eight parent 
images, acquired on Sol 869 (16 January 2015), that are listed in Table 10.  

The onboard focus merge capability includes options for merge-only, merge + registration, 
merge + blending, or merge + registration + blending (Edgett et al., 2012). Registration and 
blending are more computationally intensive capabilities that can be employed in cases in which 
the camera might have moved, slightly, during acquisition of the focus stack. Operation on Mars 
during Curiosity’s first 911 sols usually exercised the computationally faster merge-only option; 
the alternative options were only exercised once during this period—as a characterization test—
on Sol 853, as reported in Section 6.3.5. 

Table 8 summarizes the default onboard focus merge parameters. The Kanade-Lucas-Tomasi 
(KLT) feature tracking capability is based on the work of Lucas and Kanade (1981) and Shi and 
Tomasi (1994). Harris corner detection identifies feature points and tracks them between image 
pairs in the focus stack; this is based on the work of Harris and Stephens (1988). The blending 
option combines the images using multi-resolution spline-based image blending based on the 
work of Burt and Adelson (1983). 

6.3.2 Focus stack acquisition and reporting 

MAHLI focus stacks are acquired while the rover’s robotic arm holds the camera in a fixed 
position. The lens mechanism moves the lens focus group according to a commanded number 
of motor count steps to perform a commanded number of image acquisitions. As the instrument 
can only merge up to 8 consecutive focus stack images onboard, we acquire most focus stacks 
with just 8 images, each with an equal number of motor counts separating them. On some 
occasions, the target might have considerable surface relief relative to the depth of field and 
thus we will obtain a 16-image stack (it is possible to acquire even more than this). In such a 
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case, we select the best candidate 8 consecutive images, of the 16, to merge onboard. 
Alternatively, we might downlink some or all of the 16 images and perform a merge using 
software available on Earth; an example of this occurred on Sol 828, 05 December 2014, to 
acquire five 16-image focus stacks covering an outcrop informally named Chinle. 

 

Table 8. MAHLI default onboard focus merge parameters 

Focus measure parameters 
find translations between images 1 
blend the focus image 0 
focus measure step size 5 
focus measure window size 101 x 101 
focus measure threshold 0.01 

Harris corner detection parameters 
threshold (factor of maximum threshold value) 0.01 
Harris criterion constant (Kappa) 0.04 
pixel quality window size 3 
tile size 64 x 64 
maximum number of corners for each tile 200 
minimum separation of corners inside of a tile 10 
excluded border pixels 16 

Kanade-Lucas-Tomasi (KLT) tracker parameters 
search window size  9 x 9 
maximum iterations for search 10 
number of resolution levels (pyramids) for search 3 
regenerate points for each frame 1 
minimum distance for search iteration 0.1 
maximum residue (average intensity difference) 5.0 

 

The maximum focus stack image size that can be processed onboard the instrument is 1600 by 
1200 pixels and the output focus merge products have the same number of pixels (rows and 
columns) as the individual input frames. We usually acquire focus stack images of dimensions 
1584 pixel columns by 1184 pixel rows, with the starting pixel at column 32, row 16, so as to 
trim the dark pixel columns from left and right sides of each image. We also usually obtain a 
1632 by 1200 image with dark column pixels on the left side of the frame just before the focus 
stack acquisition; this image is usually focused via a preceding, centered autofocus sub-frame. 
Its purpose is to show the entire target as best as can be obtained simply by autofocus, so that 
the data user can evaluate the manner in which a focus merge product represents the scene; 
and to obtain the dark pixel columns that can be used to document dark current in a focus 
merge product or in the individual focus stack frames. 

Focus stack acquisitions can be based on a relative or an absolute starting focus position. A 
relative stack is one in which a previously determined focus position (i.e., motor count) is 
assumed to be one of the positions in the focus stack and the other focus stack image are 
acquired at focus positions relative to that one. The most typical manner in which MAHLI focus 
stacks are acquired on Mars is to use this relative mode via following steps:  
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1 Acquire an autofocus sub-frame view of part of the target (usually at the CCD center) to 
establish focus.  

2 Obtain a 1632 by 1200 pixels image of the target using the focus position determined by 
the preceding autofocus sub-frame.  

3 Acquire a relative focus stack with images consisting of 1584 by 1184 pixels.  

For an 8-image stack, the fifth image in a relative stack has the same motor count as was 
determined by the previous autofocus; for a 16-image stack, it is the ninth image. 

An absolute focus stack is one in which we manually command the focus motor count positions. 
We employ this approach when dw is known well enough prior to commanding, and the surface 
relief (range from lens to various elements near and far from the lens in the same field of view) 
can be captured sufficiently using a priori knowledge gleaned from MAHLI, Navcam, Hazcam, 
and/or Mastcam images acquired on a preceding sol. 

We record, manually, whether a given focus stack was acquired by relative or absolute 
commanding in the PDS archived image RATIONALE_DESC field in the label (.LBL) of the 
focus stack parent images (and their thumbnails). The RATIONALE_DESC also notes the 
position of each image in the stack, such as, “image 5 in 8-image relative focus stack.” 
Individual focus stack images are not all nor always returned to Earth, but their 1/8th-size 
thumbnail images are returned. 

6.3.3 Focus merge product reportage and traceability 

All MAHLI focus merge products created onboard the instrument are readily recognized in the 
NASA PDS archives by their file names (Table 7). Best focus images are product type R (e.g., 
the capital R in the following file name: 0036MH0000550000100066R00), range map products 
are type S (e.g., S in 0036MH0000550000100067S00); their thumbnail image filenames contain 
T and U, respectively. The motor count position reported in the label (.LBL file) for each 
archived focus merge product, the MSL:FOCUS_POSITION_COUNT, is equal to the motor 
count of the first parent image in the merged focus stack. 

We manually track and report the individual focus stack images that were combined onboard to 
create a merged product; this information is captured in the .LBL file parameter, 
RATIONALE_DESC. The focus merge RATIONALE_DESC states the sol that the focus stack 
parent images were acquired and MSL:CAMERA_PRODUCT_ID identifiers of the images that 
were merged. The combination of sol and MSL:CAMERA_PRODUCT_ID uniquely trace the 
focus merge product back to the parent data. 

Note that an onboard focus merge can be performed at any time after the focus stack is 
acquired until the parent images are deleted from the instrument’s onboard storage. This means 
that a focus merge can occur on the same or a later sol than acquisition. An extreme example of 
this occurred on Sol 192 (19 February 2013), when onboard focus merges of four 8-image focus 
stacks acquired on Sol 60 (06 October 2012) were performed. 

We also report the type of focus merge (merge only, merge + registration, merge + blending, or 
merge + registration + blending) and the number of images merged in the PDS archive .LBL file. 
This information is in the items listed under ZSTACK_REQUEST_PARMS. Parameter 
MSL:ZSTACK_IMAGE_DEPTH states the number of images commanded to be merged (which 
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should be 2–8 and should equal the number of MSL:CAMERA_PRODUCT_IDs in the range 
stated in the RATIONALE_DESC). The MSL:IMAGE_BLENDING_FLAG states whether the 
blending algorithm was applied (true or false), and the MSL:IMAGE_REGISTRATION_FLAG 
states whether the registration algorithm was applied (true or false). 

6.3.4 Range information in range map products 

Focus merge range map products produced by MAHLI are returned as grayscale JPEG 
compressed images. The pixel values (DN) range from 0 to 255. These are assigned by the 
onboard software on the basis of commanded focus stack depth (.LBL parameter 
MSL:ZSTACK_IMAGE_DEPTH). Table 9 shows the relationship between each image 
commanded to participate in a focus merge and its corresponding grayscale DN value in a 
MAHLI range map product. In other words, if the instrument is commanded to merge eight 
images, DN values are assigned according to the second column in Table 9; if commanded to 
merge only four images, the corresponding DN values are those in the sixth column. DN values 
between those within a given column in Table 9 are derived by linear interpolation during the 
focus merge process. 

Table 9. Relation between commanded image participant in an onboard MAHLI focus 
merge and range map grayscale data value (DN) 

image 
commanded 

to be 
merged 

DN for 
8-image 
merge 

DN for 
7-image 
merge 

DN for 
6-image 
merge 

DN for 
5-image 
merge 

DN for 
4-image 
merge 

DN for 
3-image 
merge 

DN for 
2-image 
merge 

1st 255 255 255 255 255 255 255 
2nd 223 218 212 204 191 170 127 
3rd 191 182 170 153 127 84 — 
4th 159 145 127 102 63 — — 
5th 127 109 84 51 — — — 
6th 95 72 42 — — — — 
7th 63 36 — — — — — 
8th 31 — — — — — — 

Each image we command to participate in an onboard focus merge is acquired with the lens 
focus group at a specific position, reported by as a motor count. The motor count position for 
each image is, in turn, related to range by Equation 3 (note that one substitutes the term range 
for working distance; when a MAHLI focus stack is acquired, working distance does not change, 
but the range to each in-focus element of the target’s relief does). Thus, the DN for each pixel in 
a MAHLI range map product is related to range through motor count. 

Table 10 and Figure 20 show an example for a focus stack of eight MAHLI images we acquired 
on Sol 869 (16 January 2015). To acquire the stack, the MAHLI camera head was positioned at 
a dw of ~6.9 cm above the target; the camera acquired an autofocus sub-frame, followed by a 
full-frame image at that focus position, then a focus stack of 8 images relative to that autofocus 
position. The range map product, 0869MH0004610000302277S00, consists of pixels with DN 
values of 107 to 172. Consulting Table 9, for a commanded 8-image focus stack, these pixel 
values indicate that the first, second, seventh and eighth images had no in-focus pixels and 
were not participants in the final merge product. In other words, only portions of the middle four 
of the eight images were merged. 
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The utility of an onboard focus merge range map as a measure of surface relief is only as good 
as the input. This input is a function of the number of images planned to be acquired and 
merged, the range (distance) to in-focus elements in the scene captured by each image, 
whether the depth of field exceeds the distance between in-focus features in each image, and 
whether the images capture the full range to relief elements within the camera field of view. If 
the camera is commanded such that only one or two images in a given focus stack has in-focus 
features, then the range map will provide very limited information about surface relief; good 
examples of this occur in the Sol 58 (04 October 2012) range maps 
0058MH0000320000100508S00 and 0058MH0000320000100510S00 (i.e., the lower left 
quarter of the latter). In other words, range map products can serve as a rudimentary, 
quantitative map of micro-relief, but the vertical measurements are limited by the nature of the 
input focus stack. 

Table 10. Example MAHLI onboard focus merge range map relation between pixel DN 
and range (see also Figure 20) 

the images were acquired:   Sol 869 16 January 2015 UTC 
the images were merged onboard: Sol 869 16 January 2015 UTC 

best focus image product ID: 0869MH0004610000302276R00 
range map product ID: 0869MH0004610000302277S00 

thumbnail image ID merge 
participant? motor count range (cm) DN in range 

map 
0869MH0002770020302256I01 no 13659 9.8 ± 0.2 255 
0869MH0002770020302257I01 no 13719 9.1 ± 0.2 223 
0869MH0002770020302258I01 yes 13779 8.6 ± 0.2 191 
0869MH0002770020302259I01 yes 13839 8.0 ± 0.1 159 
0869MH0002770020302260I01 yes 13899 7.6 ± 0.1 127 
0869MH0002770020302261I01 yes 13959 7.1 ± 0.1 85 
0869MH0002770020302262I01 no 14019 6.7 ± 0.1 63 
0869MH0002770020302263I01 no 14079 6.4 ± 0.1 31 
In this case, the relationship between range (dr) and DN (DNr) is: dr = (5.8106 + 0.015135DNr) ± 0.1 cm. 

The merge products in Figure 20 provide an example for which we actually used a focus merge 
product to estimate surface relief in service of the Curiosity’s science objectives. That is, we 
used the range map to determine the distance between MAHLI and the top of the largest stone 
in the scene because this stone was to be a target for placement of the APXS instrument on a 
subsequent sol. Thus we used the range map to determine the position and shape of the stone 
so that the robotic arm operators could position the APXS. 

6.3.5 Merge options characterization 

As noted by Edgett et al. (2012), operations using the full-fidelity MAHLI aboard the testbed 
MSL rover at JPL-Caltech suggested that it is almost never necessary to exercise the options 
for focus merges that use the blending, registration, or blending + registration options. These 
operations take longer to perform onboard the instrument (Table 11). We required and 
implemented these options early in the MAHLI design period because there was considerable 
uncertainty as to whether the camera head might move during focus stack acquisition.  

Thus our nominal approach on Mars has been to perform only the basic (merge only) option. 
Thus far, these basic focus merges have been as expected and they have satisfied the MSL 
science team’s needs and requirements regarding the science and/or engineering content and 
utility of the products. However, to confirm this view, and to perform the blending, registration, 
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and blending + registration options for the very first time on the flight unit MAHLI, we exercised 
these on Mars on Sol 853 (30 December 2014). 

Table 11. Summary of MAHLI onboard focus merge test of Sol 853 
focus merge option time to perform operation  
basic (merge only) 5–6 minutes  
merge + blending 12–13 minutes  
merge + registration 8–9 minutes  
merge + blending + registration 15–16 minutes  
     
low surface relief example — Sol 819 rock target named Mescal — working distance ~ 6.6 cm 

focus stack 
thumbnail images 

focus merge 
option 

focus merge image 
product range map product 

result 
relative to 

basic merge 
product 

0819MH0003080020301504I01 
basic (merge only) 0819MH0002270000301562R00 0819MH0002270000301563S00 baseline 

0819MH0003080020301505I01 

0819MH0003080020301506I01 
merge + blending 0853MH0004570000301966R00 0853MH0004570000301967S00 fewer seams 

0819MH0003080020301507I01 

0819MH0003080020301508I01 merge + 
registration 

0853MH0004570000301968R00 0853MH0004570000301969S00 no difference 
0819MH0003080020301509I01 

0819MH0003080020301510I01 merge + blending 
+ registration 

0853MH0004570000301970R00 0853MH0004570000301971S00 fewer seams 
0819MH0003080020301511I01 

     
high surface relief example — Sol 815 rock target named Jail Canyon — working distance ~ 7.1 cm 

focus stack 
thumbnail images 

focus merge 
option 

focus merge image 
product range map product 

result 
relative to 

basic merge 
product 

0815MH0002970020301387I01 
basic (merge only) 0815MH0003690000301493R00 0815MH0003690000301494S00 baseline 

0815MH0002970020301388I01 

0815MH0002970020301389I01 
merge + blending 0853MH0004570000301972R00 0853MH0004570000301973S00 fewer seams 

0815MH0002970020301390I01 

0815MH0002970020301391I01 merge + 
registration 

0853MH0004570000301974R00 0853MH0004570000301975S00 no difference 
0815MH0002970020301392I01 

0815MH0002970020301393I01 merge + blending 
+ registration 

0853MH0004570000301976R00 0853MH0004570000301977S00 fewer seams 
0815MH0002970020301394I01 

For this test, we selected two previously-acquired focus stacks that capture the range of typical 
Mars geologic cases: a target of low surface relief and a target of high surface relief relative to 
the depth of field at a given working distance. The low surface relief example was an 8-image 
focus stack acquired on Sol 819 (25 November 2014) of a rock target named Mescal (Table 
11). When the basic (merge only) focus merge was performed on Sol 819, the range map 
product had a narrow DN range (123–155), reflecting its low surface relief. That is, only 3 of the 
8 images in the stack were actually merged. The high surface relief example was an 8-image 
stack acquired on Sol 815 (21 November 2014) of a rock target named Jail Canyon (Table 11). 
When the basic (merge only) focus merge was performed on Sol 815, the range map had a 
wide DN range (26–255), as all 8 of the focus stack images were merged. 

In both cases, our Sol 853 test performed three additional merges on the same two sets of eight 
images (Table 11): merge + blending, merge + registration, and merge + registration + 
blending. The result, for both the low and high surface relief cases, was that performing image 
registration had no effect on the outcome relative to the basic (merge only) option, and blending 
resulted in products that were somewhat more seamless (Figure 21). While blending produces 
a slightly, aesthetically better product than the basic (merge only) case, the operation takes 
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twice the time (and power) of the basic merge. The trade between doubling the onboard 
computation time and the scientific return of the blended relative to basic product is one that the 
MSL Science Team will consider for future onboard focus merges, but, generally, the basic 
(merge only) option will continue to be favored because the difference in scientific utility of the 
merged products are negligible. 

 

 
Figure 21. Example results from Sol 853 focus merge test for the high surface relief target, Jail Canyon, for which the 
focus stack was acquired on Sol 815. (a) Basic (merge only) focus merge product 0815MH0003690000301493R00; 
(b) merge + blending image product 0853MH0004570000301972R00; (c) dark spots indicate locations in which the 
basic and blended products differ. The black rectangle indicates the location of the sub-frame magnified 4x in the 
bottom row; (d) basic (merge only) focus merge image product; (e) merge + blending image product; (f) dark spots 
indicate locations in which the basic and blended products differ.  

 

6.3.6 Individual focus stack images received on Earth 

Downlink of the individual images of a given focus stack acquired by MAHLI provide the data 
user with options to calibrate each individual image before performing a focus merge and apply 
any desired focus merge algorithm available now or in the future. If the individual frames are 
returned in uncompressed or lossless compressed form, then the user also has the option to 
apply any desired Bayer color interpolation software. 

In most cases for which individual focus stack images have been received on Earth, we 
carefully selected them using the information contained in the range map as to which images 
were actually merged. Owing to previously unanticipated downlink data volume availability, for 
the period from Sol 46 to 487, we were able to downlink all of the individual images, in lossless 
or uncompressed form, that participated in each focus merge. After that time, since January 
2014, receipt of individual focus stack images has been extremely limited, owing to competition 
for downlink data volume with other mission science goals and priorities. 
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7 Geometric characterization 

We required and designed the MAHLI lens such that the images exhibit almost no distortion 
(Ghaemi, 2009). One can observe the undistorted nature by examining MAHLI images of grid 
targets like those acquired on 17 September 2008 (images CAL_MH0809620000000631B00 – 
CAL_MH0809620050000636B00). These data show that the grid spacing and shape does not 
change anywhere in the field of view. A more sophisticated approach to geometric 
characterization involves determination of the instrument’s camera model.  

A geometric camera model is a set of equations that transform a 3D point in space to a 2D 
position in an image (pixel location). The model can also be inverted to transform a pixel in the 
image to a set of points in space that would map to that pixel. The model contains the camera 
position and pointing vector, it also models lens distortion and the interior geometry of the 
instrument. A camera model facilitates accurate monoscopic and stereoscopic measurement of 
points in an image or images, precise mosaicking of images, and creation of linearized (i.e., 
geometrically corrected) products for which lens distortion has been removed (Section 10.5). 

Our team developed two camera models for MAHLI. We describe the first in detail, the second 
briefly. The first is a four vector photogrammetric model produced at MSSS that we routinely 
apply to create MAHLI geometrically corrected archival data products (Section 10.5.2). The 
second is a six-vector CAHVOR model produced at JPL-Caltech to support rover operations; 
the CAHVOR parameters are reported with all of the MAHLI images archived with the PDS 
except the geometrically corrected products (Section 10.5.1). Mathematically, the two models 
are equivalent. The CAHVOR acronym refers to the vectors which permit transformation from 
object to image coordinates: the C is the camera center vector, A the axis, H the horizontal, V 
the vertical, O the optical, and R the radial distortion vector (Yakimovsky and Cunningham, 
1978; Gennery, 2001; Di and Li, 2004). 

7.1 MSSS-produced camera model 

7.1.1 Data 

To fit a photogrammetric camera model to the MSL MAHLI, we acquired a suite of images that 
have known object space (3D) coordinates for a set of points captured in the images. The 2D 
image space coordinates corresponding to the points were measured as accurately as possible 
and we used a nonlinear weighted least squares algorithm to determine the set of parameters 
that minimize the difference between the 3D points projected into the image using the camera 
model and the points measured from the image. 

The data we examined were acquired during ATLO testing on 7 December 2010. For this 
activity, we had Curiosity’s robotic arm point MAHLI downward at a stand on which were placed 
a succession of planar dot targets located at increasing working distances between 2.5 and 
100 cm. The images, distances, and target details are in Table 12. We found that images 
acquired at five of the six positions over the 2.5–100 cm range were useful for geometric 
calibration; the sixth had too few dots in the image. 
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7.1.2 Analysis and outputs 

We determined and correlated the center pixel location for each dot in the five dot target images 
(Table 12) with the position of that point in the rover reference frame (determined by JPL-
Caltech engineers who surveyed the location of the four corners of each target). Following the 
procedure described by Mikhail et al. (2001), we imported these data into a universal nonlinear 
least squares (NLS) algorithm to determine, by NLS fit, the exterior parameters (target positions 
and orientations), interior parameters (focal length and detector geometry), and lens distortion 
coefficients. As part of the NLS calibration, we added additional parameters to adjust the 
position and orientation for each of the targets. The position for the farthest target was not 
adjusted so as to fix the scale of the system. We ran a single optimization that used data from 
all five calibration images (Table 12) to model the effect of focus motor count where needed. 
Further description and the outputs of the NLS program are in Supplement S07. 

Table 12. MAHLI geometric calibration images and targets 
images used for the MSSS 

camera model analysis  
(image ID) 

intended 
working 
distance 

(cm) 

dot target properties image 
motor 
count 

working 
distance 

via1 target 
(cm) 

notes2 
dot 

back-
groun

d 
diameter 

(cm) 
pitch 
(cm) 

ATL_MH1012030020000215B00 ~2.5 black white 0.01 0.10 15347 2.4 position 
inferred 

ATL_MH1012030040000217B00 ~5.0 black white 0.01 0.10 14407 4.9 position 
measured 

ATL_MH1012030060000219B00 ~10 white black 1.27 2.54 13673 10.1 
insufficient 
dots, not 
analyzed 

ATL_MH1012030090000222B00 ~25 white black 1.27 2.54 13054 25.2 position 
measured 

ATL_MH1012030110000224B00 ~50 white black 1.27 2.54 12846 48.0 position 
inferred 

ATL_MH1012030130000226B00 ~100 white black 2.54 5.08 12643 98.0 position 
measured 

Images used for JPL-Caltech CAHVOR analysis, in addition to the six above 
ATL_MH1012020060000195B00 ATL_MH1012020150000204B00 

ATL_MH1012020090000198B00 ATL_MH1012020200000209B00 

ATL_MH1012020120000201B00 ATL_MH1012020230000212B00 
1Working distance computed from pixel scale measured from image of the dot target.  
2Target position was known (measured) or inferred by interpolation between measurements; one target had too few dots in the 

field of view. 

7.1.3 Results 

In this section, we use the term focal length to refer to the value of a theoretical, ideal camera 
without distortion; this differs from the physical, effective focal length (fe) determined by lens 
design. Focal length, here, is modeled as a linear function dependent on the focus motor count 
(fm). The linear effect of motor count on focal length is referred to as the focus factor (ff) and has 
units of millimeters of focal length per focus motor count. The function is: 

fm = f13000 + ff (mopen – 13000),                 (7) 

in which f13000 is the focal length at mopen = 13000. The value of 13000 is arbitrary; we selected it 
because it is between the minimum and maximum mopen. The values we derived from the NLS 
procedure for f13000 and ff are 20.0174 and –0.0019263, respectively. 
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As there are no intentional fiducial markers in MAHLI images, we define the image focal plane 
coordinate system (x, y) as having its origin at the principal point; that is, the location at which 
the optical axis intersects the focal plane. This is defined in terms of millimeters with the x 
direction to the right (increasing columns) and the y direction up (decreasing rows). The 
boresight is the same point as defined in pixels (i, j). Relative to the upper left MAHLI CCD pixel, 
defined as pixel 0, 0, the MAHLI boresight is located at pixel i0 = 835.9687 (column), 
j0 = 611.7417 (row). 

Radial distortion is measured in the focal plane relative to a point in the focal plane called the 
center of distortion. Here we assumed that the center of distortion is equal to the principal point. 
Given r, the distance in millimeters of a point (x, y) in the focal plane from the principal point (x0, 
y0) for an ideal camera with no distortion, 

r = ((x–x0)2 + (y–y0)2)0.5,                  (8) 

then the radius for the actual camera with distortion is: 

r' = r (1 + k1r2 + k2r4 + k3r6).                    (9) 

We found the following values for the distortion coefficients: k1 = 8.72826e–5, k2 = –1.021e–6, and 
k3   0 (the value of k3 is not statistically significant and thus is taken to be 0). 

The mapping of points from the focal plane coordinate system (x, y), in millimeters, to the image 
coordinate system (i, j), in pixels, is defined as an affine transformation in which: 

i = i0 + a11x + a12y, and                  (10) 

j = j0 – a12x – a22y,                  (11) 

for which (i0, j0) is the boresight pixel. The affine coefficients (in pixels per millimeter) determined 
by our analysis are: a11 = 135.1351, a12 = –0.03292, a21 = –0.03288, and a22 = 135.15268. As 
the focal length is confounded with pixel pitch, the value of a11 is set to the number of pixels on 
the array per millimeter and was not adjusted during the analysis. Note that this indicates that 
the pixels may be slightly non-square or that there may be a slight misalignment with the focal 
plane. This is something to be expected with any camera. 

7.1.4 Summary and limitations 

Table 13 summarizes the calibrated coefficients for MAHLI lens distortion and interior 
orientation. Section 10.5.2 describes how this model is applied to geometrically corrected 
MAHLI archival products. This camera model currently has the following limitations: 

1 The movement of the principal point and the camera center due to focus motor count 
have not been modeled. 

2 The center of distortion might be offset from the principal point. 

3 The change in lens distortion parameters due to motor count/working distance has not 
been investigated nor modeled. 



– MSL MAHLI Tech. Rept. 0001 – 

 
– 58 – 

4 The effect of Martian environment temperatures on camera model parameters has not 
been investigated. 

5 How well the linear model applies to focal length at minimum working distance and at 
infinity has not been investigated. 

Table 13. MAHLI MSSS-produced camera model coefficients 
lens distortion coefficients 

k1 k2 k3 
8.72826e–5 –1.021e–6 0 

interior orientation coefficients 
boresight (pixel location) affine coefficients (pixels per mm) 

i0 (column) j0 (row) a11 a12 a21 a22 
835.9687 611.7417 135.1351 –0.03292 –0.03288 135.15268 

7.2 JPL-produced camera model 

As with the MSL Navcam and Hazcam instruments (Maki et al., 2012), a CAHVOR camera 
model was produced for MAHLI at JPL-Caltech to support Curiosity rover operations. The 
calibration effort followed the procedure described by Yakimovsky and Cunningham (1978) as 
modified by Gennery (2001, 2006) and used the same targets that were set up in December 
2010 for the MSL Navcam and Hazcam calibration effort (Maki et al., 2012). The data analyzed 
include the five MAHLI images acquired on 7 December 2010 examined for the MSSS-
produced model, above, as well as six additional images of other targets listed in Table 12. The 
derived model coefficients were not made available to us, however the CAHVOR parameters for 
each image accompany each of the archived MAHLI data products, except for the geometrically 
corrected product, as described in Section 10.5. 

8 Image detection characterization 

8.1 Detector and system-level image detection 

8.1.1 Detector selection 

MAHLI was one of several camera systems MSSS developed in 2004–2011 for the MSL 
project. In addition to the aforementioned MAHLI, MARDI, and fixed focal length Mastcam-34 
and Mastcam-100, MSSS built a pair of zoom lens Mast Cameras (which are not aboard MSL), 
a MAHLI mechanism life test unit (later refurbished to become the testbed-MAHLI used by 
Curiosity’s testbed rover at JPL-Caltech), and attendant engineering model cameras (Malin et 
al., 2009; Ghaemi, 2009; Malin et al., 2010; Edgett et al., 2012). 

We selected 16 KAI-2020CM CCDs from a lot purchased for the MSL effort to be candidates for 
integration with the flight unit cameras. Our selection was based on manufacturer-provided data 
describing the voltage requirements and the fact that each had minimal defective pixels. We 
subjected these 16 detectors to bench-level, ambient and 160 hours at 125°C testing to qualify 



– MSL MAHLI Tech. Rept. 0001 – 

 
– 59 – 

them for spaceflight and rank them, in a relative sense, with regard to their performance. 
Ultimately, the detector we selected for the flight MAHLI was one called k7026. It exhibited only 
three poorly performing pixels (see Supplement S08). 

8.1.2 System gain, full well, read noise, linearity, and signal processing 

We characterized the gain (electrons, e–, per DN), read noise (e–), and full well capacity (e–) of 
the MAHLI signal chain by imaging a diffuse illuminated integrating sphere target, with the 
instrument dust cover open, and by subsequent analysis of photon transfer curves using the 
technique described by Janesick et al. (1987). The uncompressed (16-bit) image data were 
acquired at room temperature in a cleanroom laboratory setting on 19 September 2008. We 
obtained pairs of images at exposure durations of 0, 5, 10, 20, and 50 milliseconds at each lamp 
current of 0.5 amp increments between 0.0 (dark) and 8.0 amps. The photon transfer curve is 
shown in Figure 22a. Note that these results (gain 16.18 e– per DN, read noise 17.91 e–, full 
well 27948 e–, linearity r2 goodness of fit 0.9996) are revised relative to the reporting by Edgett 
et al. (2012). Figure 22b demonstrates the linear response of the MAHLI detector; these are 
from MAHLI images (dust cover open) of a diffuse illuminated integrating sphere target acquired 
at room temperature in a cleanroom laboratory setting on 15 September 2008. 

 
Figure 22. (a) MAHLI photon transfer curve and derived gain, read noise, and full well parameters from analysis of 
images CAL_MH0809740140000944A00 through CAL_MH0809741940001124A00. (b) Demonstration of MAHLI 
detector linearity, r2 goodness of fit 0.9996, derived from 8-bit companded raw images, of exposure durations 0–20 
milliseconds from images CAL_MH0809180010000002B00 through CAL_MH0809180150000016B00. The plotted 
data are in Supplement S09.  

8.1.3 Dark current and bias 

Dark current is the accumulation of charge within the detector from non-photoelectric 
phenomena, mostly thermally generated electrons. We planned that typical MAHLI camera 
head operations on Mars would occur at temperatures in the –40°C to +40°C range (Edgett et 
al., 2012). Indeed, between Sols 1 and 842 (> 1 Mars year), the camera head operated at 
temperatures between –34°C and +31°C. Under these conditions, MAHLI exhibits negligible 
dark current for < 100 millisecond exposures (Figure 23). Note that the dark bias is a noiseless 
DC offset in the signal level; based on the plot in Figure 23a it was taken to be a 12-bit DN 
value of ~120. We remove this bias onboard the instrument during companding; the value 
(commonly 120) is reported in the image header. 
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Figure 23a was derived from data collected during instrument thermal vacuum testing, starting 
with image TVC_MH0809170050000237B00 (10 September 2008, 17:17:51 UTC) and ending 
with TVC_MH0809170060001122B00 (11 September 2008, 15:44:00 UTC). During this period, 
the camera acquired 1-second exposure dark images over a temperature range between –60° 
and +60°C (see Supplement S09).  

 
Figure 23. (a) 1000 millisecond exposure MAHLI dark current expressed as normalized signal level as a function of 
temperature. Note that this has a noiseless DC offset component and a dark current component, with the latter much 
more significant. The signal level was measured in a 500 by 500 pixel window with upper left corner at column 100, 
row 100 using the September 2008 thermal vacuum test 1-second exposure dark images between 
TVC_MH0809170050000237B00 and TVC_MH0809170060001122B00. (b) MAHLI dark current of 0–1000 
millisecond exposures expressed as averages of dark pixels in columns 9–16 for September 2008 thermal vacuum 
test images TVC_MH0809150000000073A00 through TVC_MH0809150040000227B00. The temperatures and 
plotted data are available in Supplements S10 and S11.  

Figure 23b shows the basis of our dark current mitigation approach described in Section 
10.3.3. We developed a method that uses the masked dark pixels in columns 9–16 of the CCD 
(in which the pixel at the upper left of the CCD is at row 0, column 0) to estimate and remove 
dark current effects from the images. These pixels accumulate the same dark current as the 
photoactive pixels in a given image and thus provide a measure of dark current, as translated to 
image DN, for any full-frame or sub-framed MAHLI image that includes them. To determine the 
relationships in Figure 23b, we examined 155 consecutive images obtained on 09 September 
2008 during thermal vacuum testing (images TVC_MH0809150000000073A00 – 
TVC_MH0809150040000227B00). The first images were acquired at a temperature of +60° and 
the last were obtained at –53°C (see Supplement S09). Between these extremes, the 
temperature fell as the camera acquired 31 sets of five images: 16-bit dark frames at 0, 50, and 
1000 millisecond exposure, one 8-bit image at 100 millisecond exposure with the white LEDs 
on, followed by a 100 millisecond 8-bit dark frame. Because we only examined the dark column 
pixels, the fact that the LEDs were on for 31 of the images is irrelevant. The 8-bit images were 
decompanded to 16-bit. For each of the 155 images, the dark pixels in columns 9–16 were 
averaged to yield a single 16-bit image DN. 

From the above analyses, Figure 24 shows the average change in 16-bit DN per second 
exposure duration (DNexp) versus temperature, T (in °C). For T between –60°C and +60°C, this 
relationship can be expressed as:  

DNexp = a + bT + cT 2 + dT 3 + eT 4 + fT 5 + gT 6,             (12) 
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in which a = 3.0968×10–3, b = 1.6438×10–4, c = 2.6854×10–6, d = 2.2087×10–7, e = 7.8154×10–9, 
f = 5.5034×10–11, and g = –2.6914×10–13. 

 

Figure 24. Dark current expressed 
as 16-bit DN per second of image 
exposure, as a function of 
temperature, derived from the data 
examined in Figure 23. The 
plotted data are available in 
Supplement S12. 

8.1.4 Particulates on the detector 

MAHLI images exhibit dark spots that result from the presence of tiny particles on the CCD 
(Figure 25a). They were accidentally introduced during camera head assembly. Initially, a few 
relatively large, opaque flakes appeared in images acquired on 20 August 2008 during camera 
development (e.g., image DEV_MH0808050000000336B00). This occurred after we opened the 
camera head to adjust the lens to improve focus at infinity. We opened the camera head again 
on 25 August 2008 and painstakingly removed these particles. However, a few small flakes 
remained (e.g., image DEV_MH0808120000000444B00).   

Images acquired on 03 September 2008, after the camera head underwent random vibration 
testing, showed that many more, very small, opaque to transparent particles were deposited on 
the CCD (e.g., image DEV_MH0809010150000506B00). A few additional particles appeared 
after delivery to JPL-Caltech (e.g., image DEL_MH0810040000000007B00), but no new 
particles appeared, nor did any previous particles move, after more than two years of storage, 
installation on the rover (e.g., see image ATL_MH1011020010000022B00), rover ATLO 
activities which included vibration and environment chamber testing (e.g., see 
ATL_MH0080040010000737B00), transport from California to Florida (e.g., see 
ATL_MH0090060010001367E01), drill and CHIMRA testing, launch, interplanetary cruise, 
landing on Mars (e.g., image 0001MH0000000020100002C00), and hundreds of sols of surface 
operations, including driving, drilling, and CHIMRA operations (e.g., see 
0828MH0004530000301722C00). 

The locations of the dark spots can be seen in NASA PDS archived flat field products (e.g., 
FLAT_MH_0.IMG). We also show their generalized (albeit imperfect) locations in Supplement 
S13. Since early 2014, we have been using the Supplement S13 product as a reference for 
quick, manual removal of the spots from MAHLI images. 

The particles on the CCD do not negatively impact the scientific utility and interpretability of the 
images and they are readily removed by image processing. We actually have found the larger 
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dark spots to be useful as unintended fiducial or reseau marks. That is, for repeated images of 
the same target observed from the same working distance on different occasions, we have used 
them to measure the offset, relative to planes parallel to that of the CCD, of the repeatedly 
imaged target. An example of this is the robotic arm repeatability test conducted at the rock 
named Jake Matijevic on Sols 46 and 47 described in Section 5.4. 

 
Figure 25. Example blemishes in MAHLI images received from Mars. (a) Dark spots (arrows) occur in all MAHLI 
images acquired since 20 August 2008 and are the result of tiny particles present on the CCD. These were 
introduced during camera head assembly; the image is a sub-frame of 0356MH0003050000104168E02 acquired on 
Sol 356 (06 August 2013). (b) Stuck, hot, or abnormally sensitive pixels (arrows) are brighter than the majority of 
pixels and are especially evident at > 0°C temperatures and/or as exposure duration increases; this is a sub-frame of 
image 0628MH0004080020203617C00 acquired at night to show drill hole cuttings with the group 2 white LEDs on. 
(c) Abnormally bright pixels in MAHLI images can lighten the pixels in the same column (bright spot at arrow and 
bright line below it) at rows greater than the row in which the bright pixel occurs; this is a CCD read-out effect. The 
example is a sub-frame of 0529MH0002630000201146E01 (Sol 529, 31 January 2014); it shows a portion of the 
rover’s left center wheel.  

8.1.5 Defective or damaged pixels 

In addition to the particulates on the detector, the MAHLI CCD exhibits other defects that are 
manifest as a function of temperature and/or exposure duration. In particular, and using the 
definitions of Ghosh et al. (2008), stuck, hot, and abnormally sensitive pixels can be observed in 
MAHLI images (Figure 25b). Some of these can brighten the pixel column with increasing 
row—this is an artifact of CCD read-out of the hot pixel (Figure 25c). At installation, the MAHLI 
CCD had only 3 off-nominal pixels (Section 8.1.1); the pixels rendered defective since 
installation might result from radiation damage, including the effects of the radiation environment 
during spacecraft cruise to Mars, radiation that reaches the surface of Mars, plus there are two 
onboard energetic particle sources, the Multi-Mission Radioisotope Thermoelectric Generator 
(MMRTG) and the DAN instrument. The MMRTG is a constant source of low flux neutrons (Carr 
et al., 2012), and the DAN includes an active, pulsed neutron generator (Mitrofanov et al., 
2012). Some of the problem pixels can self-heal, while others can persist indefinitely. 
Depending on the severity of problem pixels, investigators can perform adjustments during 
image processing on Earth. One way to be certain that a given pixel is damaged is to compare 
multiple MAHLI images of different targets acquired on the same or neighboring sols; those 
pixels which are persistently abnormal are those that are stuck, hot, abnormally sensitive, or 
obscured (or partially obscured) by particulate debris. 
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8.1.6 Imaging the sun 

As a matter of conservative best practice, we do not intentionally image the sun with MAHLI. 
The KAI-2020CM interline transfer CCD can be vulnerable to damage when imaging a bright 
source such as the sun (Truesense, 2013). Owing to MAHLI’s relatively slow focal ratio (f/8.5 at 
infinity focus), the likelihood of damage is low. Our testing showed no damage to KAI-2020CM 
detectors at f/4, detectable damage (visible in dark current frames but no affect on image 
quality) at f/2.8, and significant damage (visible artifacts in images) at f/1.4. Conservatively, 
considering f/4 to be the threshold at which damage begins to occur, MAHLI at infinity focus has 
at least a 4.5x margin against damage when imaging the sun from Mars. 

 
Figure 26. Example of vertical striping effect that occurs in some MAHLI images, particularly in portions of an image 
near saturation. Note that the image has been rotated 202° clockwise relative to the as-received product. This is 
MAHLI image 0327MH0003050000104151C00, a view looking southeastward at the north slope of Aeolis Mons (Mt. 
Sharp) on 08 July 2013.  
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8.1.7 Vertical striping effect 

Figure 26 shows an example of an artifact that occurs in some MAHLI images in cases for 
which a portion of the image is at or near saturation. The CCD manufacturer described the 
problem, called vertical striping, as a matter of alignment of vertical clock pulses (ON 
Semiconductor, 2014). The effect is particularly pronounced in MAHLI images relative to data 
from the electronically identical MSL Mastcam and MARDI instruments, owing to MAHLI’s lower 
data rate (5 megabits per second) between the camera head and DEA through the 12.7 meters-
long cabling that connects them (see Edgett et al., 2012). We usually avoid introduction of these 
artifacts by acquiring images that are not at or near saturation. 

8.2 Bandpass and spectral throughput 

8.2.1 Lens and dust cover transmission 

MAHLI lens transmission as a function of wavelength is the composite of light passing through 
the lens element glasses, antireflective coatings, and an infrared cutoff filter. Transmission is 
nearly flat and occurs between 394 and 670 nm (Figure 27). The LexanTM dust cover window 
transmission is also flat (Figure 27); before it became coated with dust, it was transparent over 
the MAHLI spectral bandpass. The transparency of the clean dust cover is apparent in the 
photograph on the right side of Figure 28. 

 
Figure 27. MAHLI lens transmission, dust cover LexanTM transmission, and system-level red, 
green, and blue response (quantum efficiency, QE, times transmittance, T) as a function of 
wavelength. Dust cover transmission is from a witness sample. The data are in Supplements 
S14–S16.  
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Figure 28. MAHLI image TVC_MH0809080020000032B00, left, shows the violet and white reflections of the UV and 
Group 1 and Group 2 white light LEDs, indicating their location in relation to the CCD’s pixel at column 0, row 0. The 
photograph on the right shows the camera head with its dust cover open and LEDs labeled.  

8.2.2 System spectral throughput 

System spectral throughput, here, regards observation of the relative spectral response of the 
entire instrument. We only obtained measurements for the case in which the dust cover was 
open. The results, as a function of the CCD’s four groups of micro-filters (red, green-1, green-2, 
and blue), are shown in Figure 27. To obtain the RGB measurements, we placed MAHLI before 
a monochromator output port, set focus at mopen 16000, and acquired 16-bit sub-frames 
(CAL_MH0809650140000659A00 – CAL_MH0809650930000738A00) that captured the 
monochromator output over the spectral range between 380 and 1000 nm. Each image covers 
a 5 nm step over the range 380–715 nm; between 750 and 1000 nm, the increments were 
50 nm. We had to vary image exposure time as a function of wavelength to maintain good 
signal level and avoid saturation. We recorded the monochromator optical power meter (OPM) 
reading (in watts) at each setting (both the wavelength and power are recorded in the 
RATIONALE_DESC in each image .LBL (label file) in the NASA PDS archive). 

From these data, we measured the average signal level in 12-bit DN for each Bayer channel 
(red, green-1, green-2, blue) and then computed the normalized response in DN per second per 
watt. However, we later found—too late to collect additional data—that the OPM values were 
not radiometrically relatable in an absolute sense to input flux at the camera. Thus we re-
normalized the values to detector quantum efficiency (QE) from the manufacturer’s data sheet 
(Supplement S17) and transmission from lens optics parts (Supplement S14), at the peaks of 
the Bayer filter bandpasses. The resulting plot (Figure 27) is useful to show the shape of the 
instrument spectral response, but it cannot be directly used for image calibration. 

8.2.3 System performance 

We confirmed that actual MAHLI performance meets the expectation based on lens 
transmission and CCD QE by imaging an integrating sphere and a calibrated Quartz Tungsten 
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Halogen (QTH) lamp traceable to National Institute of Standards and Technology (NIST) 
standards (Supplement S18). Using MAHLI image CAL_MH0809180170000018A00 of the 
integrating sphere and CAL_MH0809180180000019A00 for dark current subtraction, the 
observed signal level of the integrating sphere output is within 10% of prediction for all three 
Bayer filter bandpasses, with the actual levels slightly higher than predicted (Table 14). 

Table 14. MAHLI signal (electrons, e–) performance as a function of Bayer 
red, green and blue relative to prediction (assumes lens at ~f/8.5) 

band predicted (e–) measured (e–) difference 
red 18023 19430 -7.2% 

green 13681 14181 -3.5% 
blue 8431 8590 -1.8% 

 

8.3 System flat field 

Flat field products are used to account for the effects of the camera system on the image 
detected, including: (1) pixel-to-pixel variations in response; (2) the impact on image detection 
induced by the nature of the optics, focal plane assembly, and their housings; and 
(3) particulates in the optical path. For a spacecraft camera, it is ideal to create an initial flat field 
product from observations acquired before launch. In some cases, this might be the only flat 
field product that can ever be produced if it is difficult or impossible to obtain post-launch flat 
field observations. In other cases, there are methods for obtaining flat field observations in an 
in-flight or on the surface of a planetary body. For a camera on Mars, the latter can be 
performed through dedicated observations of the sky. 

8.3.1 Pre-launch flat field product 

The MAHLI system-level flat field product created from pre-launch data, archived with the NASA 
PDS as file FLAT_MH_0.IMG, was made using a single MAHLI image, 
CAL_MH0809770000001186B00. We acquired it on 19 September 2008 with a 50 ms 
exposure. Figure 29a provides a representation of this product. We derived it from an image of 
a SpectralonTM target acquired with mopen at 12750. Owing to the manner in which the target was 
illuminated by a halogen lamp, the product exhibits a horizontal gradient that is offset from the 
image center. In other words, the illumination was not uniform across the target but it was the 
best we could achieve at the time. We did not acquire additional flat field images of the 
SpectralonTM target at other focus (motor count) positions. 

To create the product from CAL_MH0809770000001186B00, we decompanded the raw, 
uncompressed 8-bit parent image to 12 bits and removed dark current using the mean value for 
the dark columns on the left side of the image. Then we normalized the image—that is, the 
multiplicative array (the flat field) generated from the image was derived from the final flat field 
calibration image divided by the median. The CCD’s red, green 1, green 2, and blue micro-
filtered pixel arrays were treated independently. We applied no smoothing operators, filters, or 
spatial or local operators and we made no corrections to bad pixels or optical obstructions in the 
source image. 
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Figure 29. Example pre-launch MAHLI flat field products. (a) The best pre-launch product, although somewhat 
flawed by non-uniform illumination, was created from a single 8-bit image of a SpectralonTM target (image 
CAL_MH0809770000001186B00). In the NASA PDS archives, this is flat field product FLAT_MH_0.IMG. (b) Our 
attempt to create a flat field product from 16-bit sub-framed images of a uniform illumination source from an 
integrating sphere did not produce a viable product; the arrows indicate seams between the composited sub-frames 
from the data set acquired on 16 September 2008 (images CAL_MH0809220000000118B00 – 
CAL_MH0809220430000161A00). For illustration purposes, only, both of these figures have been contrast enhanced 
to show subtle details in flat field response.  

Using an image of the SpectralonTM target was not our first choice for a pre-launch flat field 
product. Indeed, it was our backup plan. On 15 and 16 September 2008, we obtained two sets 
of MAHLI images of a uniform light source (emitted from an integrating sphere), images 
CAL_MH0809190000000033B00 through CAL_MH0809190440000077A00 and 
CAL_MH0809220000000118B00 through CAL_MH0809220430000161A00. The integrating 
sphere could not uniformly illuminate the entire MAHLI CCD, so we acquired 16-bit and 8-bit 
sub-frames in which we moved the camera field of view across the source until the entire 
detector had been illuminated, sub-frame by sub-frame, one section of pixels at time. Figure 
29b shows the composite of the 16-bit data obtained on the second day. The results were not 
seamless. Compiling the 16-bit data from both days, 15 and 16 September 2008, did not 
improve the product and thus we abandoned the effort to produce a flat field from these data. 
Owing to schedule priorities, and the envisioned nominal operation of MAHLI on Mars in the 
dust cover open state, we did not acquire data before launch with which to create of a flat field 
product for the dust cover closed case. 

8.3.2 Acquisition of flat field data on Mars 

Given the dusty environment in which MAHLI would operate and the imperfection of the pre-
launch flat field product, we were motivated to acquire data on Mars that could be used to 
create flat field products. Such data would improve our ability to apply flat fields to MAHLI 
images as a function of focus position and permit us to monitor the system for changes in the 
flat field, such as those that would result from accumulation of dust particles on the lens. If 
changes were observed, flat field products appropriate for a given period before and after the 
changes occurred could be applied to image calibration. 

To these ends, we acquire images of the Martian sky approximately every 180 sols (Table 4). 
Applying the approach used for MER MI sky flat field observing (Herkenhoff et al., 2006), we 
work with the robotic arm operators to point the camera skyward at least 90° away from the sun 
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to avoid scattered/stray light in the images. Based on the model of Markiewicz et al. (1999), the 
sky brightness gradient is minimized at an azimuth 180° from the sun and about 30° above the 
horizon; this is the best portion of the sky to image for flat field calibration. To satisfy these 
requirements, sky flat images are acquired during daylight, either before 09:00 or after 15:00 
local solar time. The images are obtained by pointing MAHLI in the appropriate direction, 
acquiring the images at each desired focus position, and then having the robotic arm move the 
camera to provide an effective 180° rotation about the camera optic axis (the arm cannot 
actually rotate MAHLI about its optic axis but the resulting camera position is as if it had been 
rotated). After the 180° positioning, the sky is imaged again at the same focus positions. The 
first set of images, then, is the 0° suite and the second set is the 180° suite; averaging the two 
images, 0° and 180° per focus position, effectively removes the gradient in sky brightness. The 
sky observations are downlinked in losslessly compressed format. In addition to the MAHLI 
images, we also acquire Mastcam-34 and Navcam left camera images of the same portion of 
the sky to confirm that no clouds are present. 

Table 15. MAHLI sky flat field image focus positions 
motor 
count 

dust 
cover 
state 

matching 
working 
distance 

sols notes 

15996 open 2.04 cm 
86, 322, 

516, 653, 
828 

routine; matches minimum possible working 
distance 

14664 open 3.9 cm 322, 516, 
653, 828 

routine; matches routine imaging at 2 cm standoff 
(MAHLI toolframe +X) distance 

13998 open 6.9 cm 322, 516, 
653, 828 

routine; matches routine imaging at 5 cm standoff 
(MAHLI toolframe +X) distance 

13320 open 15.2 cm 828 discontinued; should have been 12750  

13014 open 26.9 cm 322, 516, 
653, 828 

routine; matches routine imaging at 25 cm standoff 
(MAHLI toolframe +X) distance 

12972 open 29.5 cm 86 discontinued; 13014 is more representative of on-
Mars camera use 

12750 open 63.3 cm future future; to match pre-launch flat field product focus 
position, image CAL_MH0809770000001186B00 

12600 open 230 cm 86 discontinued; 12552 is more representative of on-
Mars camera use 

12552 open infinity 322, 516, 
653, 828 

routine; matches infinity-focused images of 
landscape 

4488 closed 300 cm 86 indefinitely discontinued  
0 closed 2.04 cm 86 indefinitely discontinued  

We acquired sky flat images on Sols 86, 322, 516, 653, and 828. Table 15 summarizes their 
focus positions and justification. The complete list of sky flat images and attendant camera and 
sun positions are listed in Supplement S19. Our nominal sky flat images are obtained with the 
dust cover open; we also acquired some with the dust cover closed on Sol 86. After our initial 
effort on Sol 86, we decided to change our mopen focus positions to match them more closely 
with the standard suite of geologic images we have been acquiring on Mars (Table 15). Most 
importantly, our analysis of the Sol 86 images showed us that we needed more flat field 
products at focus positions between the minimum working distance focus position (we use mopen 
15996), and the mid-range position, mopen 12972, that we used on that Sol 86. Thus we decided 
to acquire sky flat images at mopen positions that correspond with our typical imaging at 2, 5, and 
25 cm standoff (MAHLI toolframe) distances (Table 15). On Sol 828 we also acquired data at 
mopen of 13320, erroneously thinking that this was the focus position at which we acquired the 
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pre-launch SpectralonTM flat field image (it was at mopen 12750 and future sky flat images will use 
this position). 

8.3.3 Mars sky flat field processing and evaluation 

For a given sol’s worth of sky flat images, our data processing began by confirming that there 
were no clouds visible in Navcam or Mastcam images, followed by decompanding the MAHLI 
images to 16-bit products, removal of dark current, and Bayer interpolation of the images. We 
then separated the interpolated, color products into red, green, and blue (RGB) images (i.e., 
three images, one per band). Then we averaged each pair of 0° and 180° (Supplement S19) 
images to remove the sky brightness gradient. This approach assumes that the gradient is the 
same across the entire image; variations in sky brightness gradient (here called curvature) will 
introduce errors in the resulting flat field response measurements. 

Figure 30 shows an example of our evaluation of variation across the detector as a function of 
RGB color band. We examined this profile for each averaged product from the Sols 86–828 
data. In each case, and in the pre-launch flat field product, the shape of the red band profile is 
different than the other color bands, thus color dependence of sky brightness curvature is not 
the cause. Rather, the differences likely result from properties of the MAHLI optics and/or the 
CCD (e.g., greater penetration of red light into the silicon).  

 

Figure 30. Example pixel value (DN) profiles 
across row 599 of the Sol 86 sky flat field 
product acquired at mopen 12600 (from 
images 0086MH0000920020101031C00 and 
0086MH0000920020101036C00). Colors 
correspond to red, green, and blue color 
channels of Bayer interpolated products. 
These data are in Supplement S20. 

We then evaluated flat field variation as a function of focus position for each sky flat field 
product. These were first normalized by dividing each by the average of the central 100 by 100 
pixels in the product to allow comparison of flat field results with variable signal levels. We 
computed the ratios of the normalized Sol 86 dust cover open average flat fields at distant focus 
to the normalized averages at the other dust cover open focus positions. The flat field 
responses at intermediate and distant focus positions are very similar, and can therefore be 
easily interpolated. Similar processing of the data acquired on Sols 322, 516, and 653 yielded 
similar results, except near the lower left corner of each product around a circular feature (see 
Section 8.3.5). An example, from the Sol 653 sky flat data, is shown in Figure 31. 
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To seek potential changes in flat field response over the course of the mission (Sols 86–828), 
we compared the normalized average of sky flat products acquired on each of the sols (Table 
15). However, differences in sky brightness curvature can also cause differences in these 
processed images. Thus, we estimated the magnitude of errors introduced by curvature in sky 
brightness by analyzing the differences between averaged sky flat products acquired on Sols 
86–828 at the minimum focus position (mopen 15996). Figure 32 shows that differences of a few 
percent are evident, and the spatial patterns in the difference images vary between sols.  

 
Figure 31. Example ratios of processed sky flat field products acquired at various focus positions, interpolated green 
band, from the Sol 653 data. Colors in the plot correspond to the colors of profiles (diagonal lines) across the ratio 
products. Spot at lower left is interpreted to be evidence of a grain or aggregate of dust grains on MAHLI’s front lens 
element. The plotted data are in Supplement S21.  

The apparent temporal variations in Figure 32 might have been caused by changes in dust 
contamination on the MAHLI lens and/or changes in the curvature in sky brightness across the 
fields of view. From the low frequency pattern of the variations in the difference images, it 
seems likely that these result mainly from changes in sky brightness curvature, but we cannot 
completely eliminate the possibility of some dust contamination. We note that the sky flat 
images were not acquired in a precisely anti-sun direction (see delta azimuths in Supplement 
S19), at which the curvature in sky brightness is minimized, so some variation is expected. 
Indeed, differences of up to 6% are seen between sky flats acquired during the Sol 86 to 828 
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period (Figure 32), consistent with a sky brightness curvature of no more than 6% across the 
MAHLI field of view. Moreover, the variations in the spatial patterns in the difference images at 
the top of Figure 32 are broadly consistent with the variations in pointing relative to the sun. For 
example, to acquire the Sol 322 and 828 sky images, MAHLI was pointed just south of the anti-
sun azimuth, while for the Sol 516 and 653 sky images, the camera was pointed just north of the 
anti-sun azimuth. It is very unlikely that changes in dust contamination would counteract the 
effects of sky brightness curvature changes between these products; thus 6% is a reasonable 
estimate of the accuracy of this technique in measuring low-spatial-frequency flat field response 
variations. The effects of changes in dust contamination are not evident at this level of accuracy. 

 
Figure 32. Example of differences between normalized MAHLI sky flat field products from images acquired on 
Sols 322, 516, 653 and 828 and the normalized products from Sol 86. This figure compares green band results 
for focus position (mopen) of 15996. The diffuse spot in the lower left of each image product probably results from 
the presence of a grain or dust grain aggregate in the optical path. The plot shows the differences along the lines 
drawn across each of the image products. The plotted data are in Supplement S22.  

8.3.4 Mission (Sols 86–828) averaged sky flat field products 

The sky flat products are similar from sol to sol, indicating that they can be averaged over the 
sols to yield higher precision ratios of flat field response at each focus position. The Sol 322, 
516, 653, and 828 sky flat images were acquired at five common focus positions, mopen 15996, 
14664, 13998, 13014, and 12552 (Table 15); sky flat field images were also obtained at mopen 
15996 on Sol 86. Therefore, we averaged these flat field products across these sols to improve 
precision. Figure 33 shows examples that bracket the mopen range between minimum working 
distance (mopen 15996) and infinity (mopen 12552).  
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Figure 33. Averages of sky flat field red, green, and blue products acquired; the colors of the 
diagonal lines indicate RGB color band. (left) Averaged Sols 86, 322, 516, 653, and 828 products at 
mopen 15996, corresponding to a minimum working distance focus position. (right) Averaged Sols 
322, 516, 653, and 828 products at mopen 12552; corresponding to an infinity focus position. The 
plotted data are in Supplement S23.  
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8.3.5 Persistent particulate on MAHLI lens 

The sky flat field products exhibit a nearly circular feature near the lower left corner of each 
(Figures 31–33). The effect or apparent presence of this feature changes with focus position; it 
is more pronounced at focus positions corresponding to small working distances, and less 
obvious at positions corresponding to larger working distances (Figure 33). The feature was not 
present in the pre-launch flat field (Figure 29) and the front lens element was cleaned in August 
2011, just before the rover was mated with its descent stage and placed inside the spacecraft 
aeroshell. The dust cover was not opened after that cleaning until Sol 33 (09 September 2012). 
Further, the feature is less visible in red band images and more obvious in blue and green 
(Figure 33).  

All of these observations suggest that the feature observed is an object in the optical path. It 
absorbs more strongly at wavelengths shorter than red. The most likely explanation is that this 
feature results from a grain or aggregate of reddish dust grains clinging to the front lens 
element. The feature has been present throughout most of the mission, at least through the sky 
flat image acquisitions on Sol 828. It has remained on the lens despite hundreds of dust cover 
actuations, arm positioning of the camera and other tools, and vibration caused by drilling and 
sample processing and storage. 

We strongly suspect that the feature is indeed a grain or aggregate of fine dust particles 
(examples of both are seen on the U.S. cent in Figure 15) and that it has been observed by 
Mastcam-100. Only once has the Mastcam-100 imaged the front end of the MAHLI lens when 
the dust cover was open; this occurred on Sol 617 (02 May 2014) during an effort to inspect the 
instrument after a fault left MAHLI with its dust cover open for several sols. The green arrow in 
Figure 34 points to a feature observed on the MAHLI lens and its corresponding location—the 
circular spot—in MAHLI flat field products.  

8.3.6 Pre-launch and sky flat field product assessment 

The image used to create the pre-launch flat field product, CAL_MH0809770000001186B00, 
was obtained with MAHLI focused at mopen 12750. Through February 2015, we have not 
acquired sky flat field data at this focus position (Table 15). The best comparison available 
between the pre-launch and Mars sky flat field products, at present, is to consider the Sol 86 
data obtained at mopen 12600 and 12972. As shown in Figure 35, the differences between the 
pre-launch and Sol 86 flat field products range up to 15% in all color bands. The differences 
exceed those between the two Sol 86 focus positions; similar behavior is seen when more 
recent sky flat field products are compared with the pre-launch flat field, as well. As the pre-flight 
image was of a non-uniformly illuminated Spectralon™ target, it is likely that this fact contributes 
to the differences observed in Figure 35.  

The ultimate assessment of flat field products comes in the form of mosaicking images of a 
given target. Figure 36 compares a mosaic of MAHLI images made using the pre-launch flat 
field product and the appropriate (in terms of focus motor count position) mission-averaged sky 
flat field product. The best performance is the most seamless mosaic; in this case, application of 
the sky flat field created the more seamless product, consistent with the 6% relative radiometric 
accuracy described above.  
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Figure 34. Green arrow at left points to a material (e.g., grain or dust grain aggregate) on the outside surface of the 
MAHLI front lens element, as seen by the Mastcam-100 camera on Sol 617 (2 May 2014). Green arrow at right points 
to the dark spot seen in all MAHLI sky flat field products throughout the Sol 86–828 period; the location of the dark 
spot (right) matches the location of the feature on the lens (left). The blue arrow points to a bright spot seen in the 
image on the left for which there is no corresponding feature in the flat field products; its nature is unknown (one 
speculation is that it could be a grain that was on the lens for a short period of time, between sky flat acquisitions). 
The Mastcam-100 image is a sub-frame of 0617MR0026380030401081E01; received as a color JPEG of 
compression quality 85, it was rendered into grayscale for easier viewing, here, of the spot(s) on the lens. The flat 
field product, at the right, is enhanced from an average of green channel sky flat products acquired Sols 322–828 at 
mopen 13014.  

 

 

Figure 35. Comparison of pre-flight flat field 
(blue) and averages of Sol 86 sky flat field 
products acquired at nearby focus positions 
mopen 12600 (green) and 12972 (red). These are 
plots of green band flat field product normalized 
pixel values along row 599. Similar differences 
are observed in interpolated red and blue data 
(not shown). The data are in Supplement S24. 
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Figure 36. Comparison of MAHLI image mosaic made using (a) pre-flight flat field 
product with (b) an averaged (Sols 322, 516, 653, and 828) sky flat field product (at 
mopen 13014). Illuminated from the left, the four images of an erosion-resistant vein-
filling material were acquired on Sol 400 (21 September 2013); they are images 
0400MH0001900010104767C00, 0400MH0001900010104769C00, 
0400MH0001900010104771C00, and 0400MH0001900010104773C00.  
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8.4 Color adjustment and white balance 

White balance or color adjustments are generally a matter of individual preference or objective. 
Targets can look quite different, independent of calibration or other image processing, whether 
the scene is entirely in shadow, partially in shadow, or in full sun. In MAHLI images from Mars, 
fully shadowed targets always appear to be more brownish-orange than they are when viewed 
in sunlight; this is true even for dark gray rocks like the example in Figure 37. 

 
Figure 37. Gray Martian sandstone as viewed in (a) full sunlight (from the right) and (b) full 
shadow. In shadow, the rock appears to have a brownish-orange cast; this is typical for 
geologic material imaged by MAHLI in full shadow on Mars. The sunlit image is a portion of 
focus merge product 0586MH0003680000202977R00, acquired on Sol 585 (30 March 
2014); the shadowed image is part of focus merge product 0583MH0003610000202079R00, 
acquired on Sol 583 (28 March 2014).  
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The main reason one might perform a color or white balance adjustment to an image is to 
accommodate illumination source “temperatures” (i.e., the light source hue as compared with 
the temperature of a blackbody radiator matching that hue). Consumer digital cameras, for 
example, commonly have built-in capabilities that allow the user to adjust for differences in 
illumination conditions, such as a bright, sunny day, an overcast day, or indoor illumination by 
different types of artificial lamps. The solar illumination reaching the Martian surface, through its 
atmosphere and with a given opacity at a given moment in time, would differ from the terrestrial 
experience. One motivator for performing a color adjustment on a MAHLI image, then, is to 
ensure that the geologic features observed appear as they would to a human eye working with 
the materials if they were in a laboratory or field setting on Earth. 

Figure 9 shows portions of two MAHLI images, neither of which have been calibrated. Their 
colors are unaltered following Bayer pattern interpolation (in one case performed onboard the 
instrument, in the other performed outside the instrument using the same method). One image 
shows a view from a cleanroom through two windows to an outside scene on Earth. The other 
shows a landscape and a portion of the sky as viewed from Aeolis Palus, the valley between 
Aeolis Mons (Mt. Sharp) and the north wall of Gale crater on Mars. The blue sky and green 
vegetation in the image acquired on Earth demonstrate that MAHLI produces a relatively faithful 
representation of color in a scene without white balance. 

 
Figure 38. Color correction example. (a) Unprocessed image received from Mars as a JPEG 422 Bayer interpolated 
product; NASA PDS archive EDR product 0044MH0000060010100081E01_XXXX. (b) Same image with color 
correction as applied to NASA PDS archive RDR products (this is 0044MH0000060010100081E01_DRCX). The 
color-corrected view removes some of the blue tint observed on white rover surface (top center), and in the white 
stripes on the US flag emblem, but introduces a somewhat reddish cast. These are both from MAHLI image 
0044MH0000060010100081E01 and show the middle left rover wheel (lower left), a portion of the rover body (top 
center), and the Martian surface (center right) in sunlight on Sol 44 (20 September 2012). Dark spots on the rover 
(top center) are sand grains and pebbles deposited during the terminal descent phase of the rover’s landing on Mars.  

MAHLI data archived with the NASA PDS include a product for which we have applied a color 
correction (Malin et al., 2013; Caplinger, 2013). Figure 38 shows an example of the results (we 
recommend that the reader examine the actual archive products, not the figure, to be certain of 
the colors represented). The color-corrected PDS archived MAHLI products make use of a 
simple, empirical analysis—independent of bandpass data—of an image acquired by the full 
fidelity life test/testbed MAHLI (currently onboard the testbed rover at JPL-Caltech; Edgett et al. 
(2012)). The image (see Supplement S25) shows a medium-fidelity prototype of the MAHLI 
calibration target aboard Curiosity. We took the target and testbed-MAHLI outside so that the 
target was illuminated by sunlight. From the resulting image, we derived color correction factors 
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(1.16 for red, 1.00 for green, and 1.05 for blue) based on examination of the 40% gray swatch 
on the target (see annotated Supplement S25 product). The 40% gray swatch was cut from the 
same sheet of room temperature volcanized (RTV) silicone as the corresponding swatch on the 
flight MAHLI Calibration Target. 

 
Figure 39. MAHLI images from the pre-launch stray light test, with illuminator azimuth and image ID indicated, left, 
and an example of lens flare observed in a MAHLI image of the Martian landscape acquired on Sol 671 (26 June 
2014), right. Arrows indicate similar lens flare in an image acquired on Earth (left) and Mars (right).  

8.5 Scattered and stray light 

Given the MAHLI lens design and our plans to mainly use it for close-up imaging of geologic 
material, we had no concern regarding stray light from the sun or internally scattered sources. 
Indeed, we have observed no such concerns with respect to the quality and utility of geologic 
images that we have actually acquired on Mars. A few images of the landscape or wheels 
exhibit lens flare resulting from solar illumination (e.g., right arrow in Figure 39), but the effects 
have not inhibited the science nor engineering value of the data. Nevertheless, we acquired 
stray light observations during pre-launch testing. Images CAL_MH0809760040001173B00 – 
CAL_MH0809760120001181B00 show a bright fiber optic illuminator that we used to simulate 
the sun. We obtained images of the illuminator positioned from near the optic axis to 
perpendicular to the optic axis in 5° increments (Figure 39). The illuminator was also placed at 
a HEPA filter on the MAHLI lens body (image CAL_MH0809760150001184B00), for which no 
stray light or scattering effect was observed. 

9 Onboard illumination source characterization 

When we proposed the MAHLI investigation to NASA in 2004, the MSL mission design included 
the possibility of landing at a latitude as high as ± 60° (Golombek et al., 2012). For a one-Mars-
year primary mission, this could mean that the rover would spend substantial time in autumn 
and winter darkness. Thus we proposed to include white light LEDs to permit observation of 
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geologic materials and seasonal frost at night (Edgett et al., 2005). We also included UV LEDs 
on a best efforts basis to seek fluorescent minerals (Edgett et al., 2012).  

9.1 White light LEDs 

The MAHLI camera head has two groups of two white light Avago Technologies HSMW-100 
LEDs (Edgett et al., 2012). Each pair (Figure 28), called Group 1 and Group 2, can operate 
independently or together. Avago Technologies describes these LEDs as having a color 
temperature of 6800 K; they emit light with a cool white or somewhat bluish cast (Figure 40) 
with a spectrum between 400 and 750 nm. Edgett et al. (2012) provided a plot of irradiance as a 
function of wavelength for the flight MAHLI white light LEDs. The full suite of irradiance 
measurements for Group 1, Group 2, and both groups operating together, with the dust cover 
open and closed, are provided in Supplement S26. 

9.2 Longwave UV LEDs 

The emission of MAHLI’s Nichia NSHU550B LEDs UV LEDs is centered at 365 nm. Edgett et al. 
(2012) provided a plot of the flight MAHLI UV LED irradiance spectrum (the data are provided in 
Supplement S26). The LEDs induce fluorescence in responsive materials, including the 
fluorescent swatch on the MAHLI calibration target (Figure 14 of Edgett et al., 2012) and some 
minerals (e.g., Figure 31 of Edgett et al., 2012). The LEDs also emit sufficient visible-
wavelength radiation that the images have a violet cast (Figure 40).  

9.3 LED illumination relative to the detector 

Figure 28 shows the location of the LEDs on the MAHLI camera head and how they map to the 
CCD, relative to the upper left pixel at column 0, row 0. Figure 41 shows the reflections of the 
white light LEDs off of planar targets at different working distances. The purpose of this figure is 
to identify MAHLI images that one can use to estimate the position and per-pixel incidence 
angles of the LED illumination for images acquired on Mars. For example, we used this figure to 
plan how to position the camera head such that a single group of white LEDs can be pointed 
straight down a drill hole (e.g., image 0628MH0004120010203605C00). 

9.4 Operational characterization 

9.4.1 LED operational check-outs 

As shown by Edgett et al. (2012), interplanetary cruise instrument check-outs included imaging 
with the MAHLI white LEDs illuminated to confirm their functionality following launch. After 
landing, robotic arm commissioning activities on Sol 32 (08 September 2012) provided the first 
opportunity to confirm LED operation on Mars. Illumination of the white LEDs is seen in Sol 32 
Mastcam images 0032MR0000690020100777E01 and 0032ML0000690000100862E01. 
Comparison between Sol 32 Mastcam-100 image 0032MR0000760020100776E01 (LEDs off) 
and 0032MR0000690020100777E01 (LEDs on) also shows (in daylight) the violet emission 
from the UV LEDs, indicating that they, too, were functional after arrival on Mars. The ultimate 
confirmation of MAHLI LED operation on Mars came on Sol 165 (22–23 January 2013), when 
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we operated them at night for the first time. This first night campaign included imaging of the 
MAHLI calibration target with white light LEDs (e.g., image 0165MH0001890010101967C00) 
and UV LEDs (image 0165MH0001890020101968C00) illuminated. 

 
Figure 40. Examples of MAHLI images acquired at night with LEDs on. (a) Image 
0292MH0002830030103529C00, acquired with both groups of white light LEDs on. 
(b) Image 0292MH0002830050103531C00 via 2-minute exposure with MAHLI’s UV LEDs 
on. Acquired at night on Sol 292 (02 June 2013), the images show a portion of the 1.6 cm 
diameter Cumberland sample extraction drill hole and its cuttings. The rover’s ChemCam 
LIBS formed the aligned pits on the right side of the figure.  
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Figure 41. MAHLI white light LED zero-phase angle positions as a function of working distance. Shown are 
reflections of the white light LEDs off of planar targets imaged before launch. The working distance and image ID are 
indicated; the CCD column 0, row 0 pixel is at the upper left in each case.  

9.4.2 Daytime characterization 

Our instrument commissioning activities on Sol 34 (10 September 2012) included imaging of the 
white and UV LED reflections off of the opal glass bar target on the MAHLI calibration target. 
The target was in full sunlight and the camera was at a working distance of 5 cm. The white 
LED reflections were visible (image 0034MH0000440020100032E01) but the UV LED violet 
reflections were not (image 0034MH0000440030100033E01). 

One notion we considered early in the MAHLI instrument development period was that the white 
light LEDs might be useful for illuminating targets in full shadow (Edgett et al., 2005). We tested 
this idea during the Sol 46 and 47 imaging of the first contact science target, the boulder named 
Jake Matijevic (Figure 18). The value of operating the white light LEDs was minimal; the main 
effect was to reduce exposure duration by 0–10 milliseconds. On Sol 47, most of the exposure 
durations did not change, regardless of whether the LEDs were on or off. We have rarely 
pursued daytime operation of the LEDs since then. 
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Figure 42. Examples of MAHLI nighttime white light LED operations. (a) Examination of sample extraction hole 
walls with minimized shadowing; this is the Windjana drill hole, 1.6 cm wide, imaged on Sol 628; sub-frame of 
focus merge product 0629MH0004130000203717R00). (b) Use of MAHLI camera head as a flashlight for night 
imaging by other cameras; this is Mastcam-100 image 0292MR0012330000203546E01, showing the 
Cumberland drill hole, 1.6 cm wide, on Sol 292. (c) MAHLI inspection of fines clinging to 1 mm mesh inside the 
3.5 cm diameter ChemMin sample inlet, as seen on Sol 411. These are sub-frames of MAHLI images 
0411MH0002280000200031C00 and 0411MH0003120020200029C00.  

9.4.3 Night characterization and utility 

Before landing, it was unclear to us whether night operation of the robotic arm would be 
permitted. Thus it was unclear whether night imaging would involve positioning MAHLI at night 
or during the preceding daylight period. If the latter, then MAHLI would only be able to image 
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one target from one position; further, it was unclear whether the dust cover would have to be left 
open all night if the target was too close to the cover to permit its motion. 

After landing, and given the thermal environment in Gale, it became clearer that the robotic arm 
could be used to move the camera head at night, particularly as long as it retained sufficient 
heat (warmed by sunlight during the day) so as to minimize use of power to heat its actuators. 
Thus, for some time after sunset (the duration dependent on season), the robotic arm and 
MAHLI can be operated the same as if during the day. 

The most important lesson we learned from the first night operations, on Sol 165, was to 
operate only one group of white light LEDs when performing an autofocus. With one group 
operational, the micro-relief on the target exhibits some shadowing and this enhances autofocus 
capability relative to the case in which both groups of LEDs are operated. This approach was 
implemented for nominal night operations thereafter. 

In some cases, we found that night imaging was the most ideal option for specific science or 
engineering goals (Minitti et al., 2014). In other cases, we performed night imaging because 
rover hardware would cast shadows that prevent the target from being viewed in sunlight during 
the day (McBride et al., 2015). We also developed a preference for imaging sample extraction 
(drill) hole walls at night to minimize shadowing (Figure 42a); for example, compare images of 
the Cumberland drill hole acquired in the daytime on Sol 279 (19 May 2013; product 
0279MH0002710000103164R00) and nighttime on Sol 292 (02 June 2013; product 
0293MH0002850000103636R00). 

Also because of shadowing, we found that night illumination of the interior of the CheMin 
sample inlet provided a sharper inspection for fine particles clinging to the mesh above the inlet 
funnel (Figure 42c). Finally, we also found the LEDs to have utility as a flashlight to illuminate 
targets that can be viewed by other cameras aboard Curiosity, when desired (Figure 42b).  

Figure 43 shows the white LED auto-exposure durations for full-frame images, as a function of 
camera standoff distance, measured by MAHLI imaging for geologic materials encountered by 
the Curiosity rover during the first 869 sols of operations; these values are typical and can be 
used to make estimates for manual exposures of similar targets. 

10 Archival data product calibration 

A calibration pipeline is a series of steps—that can optionally be computer automated—which 
lead to the creation of calibrated data products. Here, we refer specifically to products we create 
from MAHLI Experiment Data Record (EDR) images archived with the NASA PDS to produce 
the calibrated PDS archival products called Reduced Data Records (RDR). In this section we 
describe the present implementation of the MAHLI calibration pipeline as applied to RDR 
products. Provided that the mission lasts several more years and resources are available to do 
so, we anticipate that we will improve this implementation. Data users who require a more 
sophisticated calibration are encouraged to use this report and the PDS archived data and 
documentation to produce their desired product. 
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Figure 43. Auto-exposure 
durations for white light LED 
illuminated geologic targets on 
Mars at night, as a function of 
standoff distance, for full-frame 
image targets observed between 
Sols 165 (23 January 2013) and 
869 (16 January 2015). The 
relations between distance and 
exposure expressed here are 
independent of target color and 
albedo and represent typical cases 
encountered during the sol range. 
The plotted data are listed in 
Supplement S27.  

10.1 NASA Planetary Data System (PDS) archival products 

The NASA PDS archives include documentation that describes the MAHLI image ID and file 
naming scheme and the nature of the EDR and RDR products (Malin et al., 2013). The RDR 
products, created via the calibration pipeline described below, are of the following nature: 

1 [Image ID]_DRXX – 16-bit depth (per band) relative radiometric calibrated color images, 

2 [Image ID]_DRLX – 16-bit depth (per band) relative radiometric calibrated and 
geometric calibrated color images, 

3 [Image ID]_DRCX – 8-bit relative radiometric calibrated images for which the color 
correction described in Section 8.4 has been applied, and 

4 [Image ID]_DRCL – 8-bit relative radiometric and geometric calibrated images for which 
the color correction described in Section 8.4 has been applied. 

For completeness, the MAHLI EDR products, the raw data product, have the following file name 
scheme: [Image ID]_XXXX. Table 7 describes the variety of image types (raw, lossless, JPEG, 
focus merge, thumbnail, etc.); the EDR files are always 8-bit images except for the 16-bit 
products (type A) returned from MAHLI for calibration purposes. 

10.2 RDR calibration pipeline 

The MAHLI archival calibration pipeline is illustrated in Figure 5.1-1 of Malin et al. (2013). The 
process begins with the EDR image; we decompress and decompand it from 8 to 12 bits 
(forming a 16-bit image). Then we remove dark current, followed optionally by shutter smear 
mitigation, then flat field correction. If necessary, additional bad pixels can be identified and 
removed. This results in a relative radiometric calibration product (_DRXX) with attendant 
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information, in the image label (.LBL file), regarding an approach to expressing the 16-bit DN 
values in I/F (irradiance, I, as a function of solar flux, F) form. Thereafter, we apply color 
correction (_DRCX), geometric correction (_DRLX), and both (_DRCL), to produce the full suite 
of RDR products. MAHLI focus merge best focus image products receive only a dark current 
correction to produce the _DRXX product and a color correction to create the _DRCX product; 
they are not flat field nor geometrically corrected. Focus merge range map products receive no 
calibration (only EDR _XXXX products are available). 

10.3 Relative radiometric calibration 

10.3.1 Data from the instrument 

Onboard the instrument, an analog-to-digital converter digitizes the MAHLI CCD output and the 
resulting 12-bit image is sent from the camera head to the DEA. These 12-bit pixels have a 
nominal scale factor of 16.3 electrons per DN. Read noise is ~1 DN and the full well capacity is 
near 30,000 electrons. Most of the data returned from MAHLI are companded onboard from  
12-bit to 8-bit form using a lookup table with 4096 entries. A residual DC offset is subtracted 
prior to encoding; the value of the offset is commandable and is documented in the NASA PDS 
archive label for each data product. The default onboard companding table quantizes larger 
DNs more coarsely because larger values have a higher shot noise component. The full suite of 
compand/decompand tables is presented with the archived PDS products in Appendix B of 
Malin et al. (2013). 

10.3.2 Image decompression and decompanding 

For traceability to the original data, the archived RDR products begin with a corresponding 
parent EDR file. If the EDR image was compressed, then it is decompressed into spatial domain 
format. The Y:CR:CB coefficient 8 by 8 frequency domain JPEG minimum coded units (MCUs) 
are transformed back into 8 by 8 spatial MCUs and reordered into image arrays for each of the 
three output color bands (RGB). The output, at this stage, is an 8-bit grayscale image for some 
of the products (those for which the parent is not a color image) or a 24-bit (3 band sequential 
channels) color product. 

Decompanding returns the 8-bit images to their original 12-bit form, but there are potential 
losses owing to the nature of the encoding scheme. The most commonly used companding 
table is a square root encoding table, which maps several 12-bit values to the same 8-bit value. 
For example, original 12-bit values 31 and 32 are companded to 25, 338 through 344 are 
companded to 100, 773-785 are companded to 155, etc. Expanding these back to 12-bit 
products potentially leads to DN contouring, although noise tends to mitigate this effect (indeed, 
square root encoding is commonly used because it preserves noise). Functionally, 
decompanding applies the following: 

DN16(i, j) = LUTn[DN8(i, j)],                (13) 

in which i and j are the image array pixel columns and rows, DN8 are the 8-bit array values, DN16 

are the 16-bit decompanded values, and n is the decompanding look-up table (LUT) in 
Appendix B of Malin et al. (2013).  
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10.3.3 Dark current compensation 

We implemented three options for image dark current compensation (Malin et al., 2013). Our 
preferred option is to use dark current information captured in columns 9–16 of a given MAHLI 
image. When this is not possible (e.g., if columns 9–16 were not acquired), the next option is to 
relate the temperature of the focal plane with dark current values determined in pre-launch 
testing. When neither of these first two options is available, our third approach is to apply 
information from a different image acquired close to the same time. 

Our preferred approach uses the dark pixels in columns 9–16 of the CCD (in which the upper 
left corner pixel is column 0, row 0). As described in Section 8.1.3, these pixels provide dark 
current information and we can relate their DN values to temperature and exposure duration. 
The 16-bit DN value of dark current (DNdark) as a function of temperature (T) is computed from 
the following equation, which is a fit to the curve for the 1000 millisecond exposure case in 
Figure 23b: 

DNdark = a + bT + cT 2 + dT 3 + eT 4 + fT 5 + gT 6,             (14) 

in which a = 120.003, b = 3.32437×10–2, c = 1.42158×10–2, d = 2.32654×10–4,  
e = –5.62326×10–7, f = 6.48101×10–8, and g = 1.65756363432×10–9. A key limitation of the 
approach, as currently implemented, is that it is based only on the 1000 millisecond exposure 
case and does not yield dark current as a function of exposure time. 

We only use dark pixel data from columns 9–16 because some images are returned as JPEG-
compressed products and the MCU size for JPEG images is 8 by 8 pixels and columns 9–16 
are the only eight columns that are entirely composed of masked, dark pixels. Thumbnail 
images, which are ~1/8th the dimensions of the parent image, have columns 9–16 averaged to 
form column 2. For consistency, columns 9–16 are also utilized for uncompressed and lossless 
compressed image processing. Functionally, removal of dark current (DNdkrm) from these 
images is as follows: 

DNdkrm(i, j) = DN16(i, j) – cm                (15) 

in which cm is the estimate of dark current using the mean value from the dark pixel columns. 

When dark columns 9–16 have not been acquired for a given image, our first alternative is to 
use the downlinked temperature of the focal plane. Charge accumulation as a function of 
temperature and exposure duration can be expressed as DN per second. The DC offset is 
removed from DN values during image acquisition; the DC offset and exposure duration are 
provided in the headers for each archived MAHLI image: 

DNdkrm(i, j) = DN16(i, j) – bias                (16) 

in which bias is the exposure duration times DN/second minus the DC offset. 

Finally, in cases for which dark columns 9–16 are not present and a focal plane temperature is 
not available, we supply a user-determined value. This value is perhaps best determined, using 
Equation 16, using the bias from an image acquired close in time from the same instrument. 
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10.3.4 Shutter smear mitigation 

Cameras without physical shutters implement shuttering by shifting the accumulated 
photoelectrically generated charge to locations that are less but still somewhat light sensitive. 
As the charge is read out, a small amount of light falls on the detector and is added in a 
sequentially to the image. This is called shutter smear. Under appropriate conditions (a static 
scene without much pixel to pixel structure), shutter smear can be mitigated by taking a part of 
the scene (usually one line at a time) and computing its fractional contribution to the next line, 
repeatedly through the entire image. 

Our shutter smear mitigation approach is optional for MAHLI images. Indeed, shutter smear is 
negligible for images with exposures > 100 milliseconds. It is most pronounced when the 
readout time is large relative to the exposure time. Shutter smear mitigation was developed to 
accommodate the MSL MARDI, which is electronically equivalent to MAHLI. The short exposure 
time for MARDI’s descent images (0.9 ms) were considered likely to exhibit shutter smear. The 
nature of the imaged scene, itself, can be used to determine the accumulated effect of shutter 
smear, and to subtract that accumulation from the final image. A complication in mitigating 
shutter smear in cameras like MARDI and MAHLI is that the sensitivity of each pixel in each line 
varies because the Bayer micro-filtered array imposes an additional pattern on the image. 
Mitigation is thus only applied to images that were color interpolated onboard the instrument and 
does not include focus merge products. 

The shutter smear approach considers that photon-induced electrons are shifted off the CCD 
sensor, vertically, toward row 0. As electrons are shifted past pixels accumulating scene-
dependent charge, they accumulate a portion of that charge. This charge is based on the clock 
readout rate, and shutter smear is a fraction of the readout rate and the exposure time. Because 
the smear is scene-dependent, we assume that the scene does not vary during integration or 
readout time (as this assumption can not always be correct, shutter smear is only mitigated, not 
removed). A fraction of each line is added to an accumulator, which is subtracted from each line 
in the direction opposite the readout direction. The smear factor (sf) is dependent on exposure 
duration (etime) and line readout rate (tline_read): 

S(i,j) = (DN(i) (sf)tline_read ) etime
–1 

DNdesmeared(i,j) = DN(i,j) – S(i,j-1)                   (17) 

in which S(i,j) is the accumulated smear at image column i, row j. The accumulator is seeded with 
zero values for row j = 0. Note that a value for sf has not yet been established for MAHLI. 

10.3.5 Flat field application 

The pixel-to-pixel, non-uniform variation of the camera’s response is corrected through 
application of a flat field product. Our current implementation uses the pre-launch flat field 
product (PDS archived file FLAT_MH_0.IMG). As of this writing, we have not yet approved 
application of the Mars sky flat field products to archival product creation. 

The flat field product is a matrix of fractional values with the same dimensions as a full-frame 
MAHLI image. If the image received from the instrument is an image sub-frame, then the 
corresponding portion of the flat field product is referenced accordingly. For pixel i, j in the 
acquired image (sub-frames must be offset): 
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DNflat_corrected(i,j) = DN(i,j) / flat(i,j)                  (18) 

in which flat is the flat field product applied specific to that image. Flat fields can be applied to 
images received uncompressed and losslessly compressed with high resolution fields encoded 
specific to each Bayer filter array and pixel position. JPEG images have flat fields for either 
luminance, or red, green, and blue channels; these are derived via a Bayer pattern color 
interpolation of the reference file (e.g., FLAT_MH_0.IMG). Thumbnail images make use of a 
subsampled flat field product that is 1/8th of the original image dimensions. As in the case of 
JPEG-compressed full-size images, thumbnail flat field products are derived from a reference 
file (e.g., FLAT_MH_0.IMG) for luminance or red, green, and blue channels. 

10.3.6 Bad pixel mitigation 

As described in Sections 8.1.4 and 8.1.5, MAHLI images have three sources for localized pixel 
response variations: non-uniformities in the sensitivity of the individual pixels, particulates on the 
detector, and radiation damage. The calibration pipeline for RDR products currently archived 
with the PDS does not implement bad pixel mitigation but we might do so in the future. 
Application of a flat field removes most of the effects of particulates on the detector. 

10.3.7 I/F radiometry 

The output of the above steps, decompanding, dark current correction, flat field application, and 
optional shutter smear and bad pixel mitigation, result in a RDR product (_DRXX) for which the 
label file (.LBL) also includes a RADIANCE_SCALING_FACTOR. This consists of three values, 
one for each of the Bayer RGB filters. They provide the data user an option to convert the 
_DRXX image 16-bit DNs to I/F values, the ratio of reflected energy to incoming energy 
(irradiance/solar flux), for each RGB pixel. I/F, in this case, is the ratio between the observed 
signal level and that which would be produced by imaging a perfectly white surface illuminated 
by sunlight at 0° incidence at the perihelion distance of Mars with no atmospheric attenuation. 
Multiplying the RADIANCE_SCALING_FACTOR by the 16-bit DN of the _DRXX product provide 
the I/F values. 

The RADIANCE_SCALING_FACTOR thus provides the user with an option for computing I/F; 
the uncertainty is of the order of 10% for cases in which the target is illuminated by the sun. The 
RADIANCE_SCALING_FACTOR is not always applicable to a given image; for example, some 
images are acquired with the target in shadow or they are obtained at night with LED 
illumination. The RADIANCE_SCALING_FACTOR for red, green, and blue (three values, 
reported in that order, in the _DRXX image .LBL file) is determined relative to a reference case 
computed for a white target with Mars at the perihelion solar distance of 2.07 x 108 km, an 
exposure duration of 10 milliseconds, and a camera focal ratio of f/8. In this reference case, the 
number of electrons reaching each red, green, and blue (RGB) pixel is 152298, 164451, and 
176259, respectively. Dividing by the scale factor of 16.3 electrons per 16-bit DN, the reference 
case 16-bit signal levels per RGB band, rband, are 9343, 10088, and 10813, respectively. 

To determine the expected signal (sband, in 16-bit DN per RGB band) for a given MAHLI image 
of exposure duration etime (in milliseconds), solar distance of dsun (in kilometers), and focal ratio 
fn, relative to the reference case described above, we use:  

sband = rband (etime/10.0) ((2.07 x 108)2/dsun
2) (fn 2/8.02)             (19) 
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In the current implementation that produces the RADIANCE_SCALING_FACTOR reported in 
the _DRXX image labels (.LBL files), we assume a constant focal ratio of f/9.0. The 
RADIANCE_SCALING_FACTOR reported is the ratio of sband to rband for each RGB band. 

10.4 Color correction 

Following creation of the relative radiometric calibrated product, a color correction or white 
balance can optionally be applied. For the MAHLI RDRs, we apply the color correction factors 
described in Section 8.4 for the red, green, and blue channels: 1.16, 1.00, 1.05. 

10.5 Geometric correction (linearization) 

10.5.1 CAHVOR model reported in archived products 

For a given MAHLI image, the JPL-produced CAHVOR camera model (Section 7.2) parameters 
are determined by JPL-Caltech and archived with each EDR (_XXXX) image as well as each 
RDR product that has not been geometrically corrected (_DRXX, _DRCX). The CAHVOR 
vectors are reported in the image label files (.LBL). As currently implemented, these reports 
assume a fixed focus position of mopen = 12594, corresponding to a working distance 
> 250 cm—i.e., approaching infinity. 

10.5.2 CAHV model and creation of archived linearized products 

Our MSSS-produced camera model (Section 7.1) is directly applied to MAHLI images to 
produce the linearized RDR products (_DRLX, _DRCL). In the image label (.LBL) file, these 
results are reported as a four vector CAHV model. A linearized image is one from which the 
effects of lens distortion have been removed and slight deviations of each pixel from square 
have been adjusted. The processing involves warping the image pixels to show how the scene 
would appear if imaged by an ideal camera that has no distortion. The resulting image can be 
modeled using a simple pinhole camera model or, equivalently, a CAHV model. 

Radial lens distortion is modeled by adjusting the image point in the focal plane using a 
polynomial. Given the x, y focal plane coordinate system—without distortion, in millimeters, and 
for which the center of distortion is at x0, y0, which might be offset from the principal point at 0, 
0—and a radial distance, r, in millimeters from the center of distortion to the image point (see 
Equation 8), then the radial distortion of that point is: 

Δr = k1r3 + k2r5 + k3r7                 (20) 

and  

Δx = x(Δr/r) and Δy = x(Δr/r).                  (21) 

Distortion is removed by inverting the nonlinear equation using an iterative procedure such as 
Newton’s method. The interior orientation part of the camera model models the relationship 
between the focal plane and the actual detector (Equations 10 and 11). 
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Geometric correction of a MAHLI image begins with determination of the size of the linearized 
image by projecting points along the edge (this process uses the four corners and four 
midpoints) onto the focal plane. The limits of the projection are used to set the sub-frame for the 
new image. A detector in this case is defined as having square pixels with the nominal pixel 
pitch and principal point as the original image. The value for each pixel in the linearized image is 
calculated by projecting the center of each pixel onto the focal plane, application of the radial 
distortion model and then transfer of the position to a fractional pixel location in the original 
image. Bi-cubic interpolation is then used to calculate the actual value. Some pixels in the 
linearized image might project outside the original image and are given a missing data value. 
This value is defined by the MISSING_VALUE keyword in the PDS product label (.LBL) files. 

For the NASA PDS archival RDR products, the linearized camera model is stored a CAHV 
model in the PDS product label. The CAHV model can be losslessly constructed from the 
pinhole camera model. Via the CAHV model, if P is a point in the scene, then the corresponding 
image locations x, y (columns, rows) can be computed as follows: 

x = ((P – C) V) / ((P – C) A) and y = ((P – C) H) / ((P – C) A).           (22) 

11 Future refinement and monitoring 

11.1 New calibration and performance data acquisitions 

The current NASA plan funds the MSL mission through at least September 2016. As long as the 
mission continues and MAHLI is operational, we will continue to acquire images of the MAHLI 
calibration target and flat field sky data on a regular basis to monitor for changes in instrument 
performance, contribute to the refinement of MAHLI calibration, and ensure these images are 
collected for future data users to apply to their calibration needs. Most importantly, we will add 
sky flat field imaging at mopen 12750 to mimic that of the pre-launch flat field product. As shown 
in Table 4, the repeat interval for these MAHLI calibration observations is 180 sols, but the 
actual intervals vary depending on other, higher priority science and engineering activities that 
may take place. Of course, during the sols between the sky flat and calibration target imaging, 
we continually observe instrument health and imaging performance by inspection of all of the 
downlinked images and instrument engineering data. 

11.2 Potential for cross-calibration with MSL Mast Cameras 

On two occasions, Sols 544 (16 February 2014) and 707 (2 August 2014), we had the robotic 
arm position the MAHLI camera head at a location from which it can image the Mastcam 
calibration target (Kinch et al., 2013) with similar geometry and illumination as viewed by the 
Mastcams. We acquired these observations in conjunction with MAHLI photometric image 
suites described by Johnson et al. (2015). MAHLI images of the Mastcam calibration target are 
not regularly repeated (Table 4) but we plan to continue to acquire them whenever the Johnson 
et al. (2015) photometric sequence is re-run. These images form a data set that can be used by 
to consider not only MAHLI radiometric performance on Mars but also provide potential for 
cross-calibration with the Mastcams. 
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11.3 Refinement of geometric calibration and 3D product 
performance 

In 2015–2016 we are investigating the utility of MAHLI to provide quantitative 3D representation 
of objects, particularly in the context of Mars habitability assessment (Garvin et al., 2015). For 
example, on Sol 808 (14 November 2014), we acquired a stereo pair covering the REMS 
ultraviolet sensor (Gómez-Elvira et al., 2012) located on the rover deck. The purpose for this 
acquisition, images 0808MH0000950010300741C00 and 0808MH0000950010300743C00, was 
to provide an object of known dimensions to help characterize the accuracy of quantitative 3D 
models produced from MAHLI data. Garvin et al. (2015) reported initial results. We plan to 
conduct additional characterization of quantitative 3D products by imaging additional natural 
(e.g., Mars rocks) and artificial (e.g., MAHLI calibration target) subjects. 

11.4 Refinements to calibrated archived data products 

Provided that the MSL mission and MAHLI operations activities continue and resources are 
available to improve calibration, then we plan to improve the archived RDR data products over 
time. Improvements would include refinements to the removal of dark current, application of flat 
field products derived from Mars sky observations, and the camera model. 

12 Lessons learned 

We conclude with a brief description of lessons learned that might be applicable to future 
instrumentation similar to MSL MAHLI. MAHLI is an outstanding science instrument and 
engineering tool. It has performed spectacularly on Mars to address a wide range of science 
and science-enabling engineering objectives. The lessons learned are as follows: 

1 Prioritization: The prioritization of tasks for both the collection of instrument 
characterization and calibration data and for analysis of the data was excellent for the 
particular case of the MSL MAHLI. Priority was given to characterizing the specific 
relationship between focus position (motor count) and the scale of features observed in 
images; characterization of robotic arm positioning, repeatability and motion damping; and 
understanding of the information content and quality of onboard focus merge products. 

2 Data archiving: The fact that we organized, validated, and archived (with NASA PDS) the 
pre-launch MAHLI images was of high value to the effort of assembling and communicating 
this report. This archive also ensures that future investigators have access to these data. It 
is not always the case, with publicly funded planetary science investigations, that the pre-
launch data are deposited in a public archive. 

3 Pre-launch instrument characterization: Although there is no vital impact to the utility of 
MAHLI images for geoscience interpretation, we wish we had acquired better pre-launch 
data to address flat field response and MTF. In particular, these would have been acquired 
at multiple focus positions, including the minimum and maximum working distances and the 
distances between them that we anticipated to be used most frequently during the surface 
mission. The choice of MTF targets (and their illumination) could be improved and the 
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impact on MTF of the application of different Bayer color interpolation schemes could be 
more deeply considered. 

4 Characterization for 3D product generation: We did not intend that the MAHLI 
investigation would require quantitative relief modeling; that is, to make use of multiple 
images, such as stereo pairs, to provide 3D models that give measures of rock, regolith, and 
eolian deposit surface texture. However, interest in and use of such products in the 
geosciences has generally increased since we started our work in 2004. Given the interest, 
calibration plans for future instruments similar to MAHLI should consider acquiring sufficient 
data to characterize the instrument’s 3D visualization capabilities over the full range of 
focus, from minimum to maximum working distance focus positions. Quantitative relief 
models derived from such images could be validated before launch using independently 
characterized natural materials (e.g., rock surfaces). 

5 Autofocus and autofocus sub-frames in pre-launch testing: Autofocus was not available 
until late in the pre-delivery testing of MAHLI. Application of autofocus via sub-frames, as is 
routinely performed on Mars, was not often used in pre-launch tests. Future instruments 
similar to MAHLI should use this capability. For example, autofocus sub-frames centered on 
each calibration target imaged by MAHLI on 2–7 December 2010 would have permitted 
these data to be used to inform knowledge of the relationship between motor count, working 
distance and image scale, especially at distances > 1 m. 

6 Flight calibration target design: The flight MAHLI calibration target, described by Edgett et 
al. (2012), need not have been as large as it is. The width was essential to ensure the 
MAHLI contact sensor probes do not touch the target, but the length was more than 
necessary. In a revised target, the color, gray, and fluorescent swatches could be smaller; 
the bar target size is sufficient but the use of reflective opal glass and blue chrome printing 
should be reconsidered; the U.S. cent target is useful for estimates of scale and public 
demonstration of camera capabilities but it is not required; the utility of the stair-step target 
for 3D visualization characterization is perhaps not necessary if pre-launch characterization 
for stereo and 3D applications is adequate. The surfaces designed to be touched by the 
MAHLI contact sensor probes are recessed such that the target elements are closer to the 
lens than these contact surfaces; this was unnecessary (as built, the camera would be too 
close to the target to focus the lens when the contact probes are touching a target); a 
revised target would place these surfaces flush with the upper surface of the target. Finally, 
if the target is mounted such that it could become coated with dust during the landed 
payload terminal descent, then a one-time deployable dust cover should be considered; 
alternatively, perhaps use a dust cover that can be opened and closed regularly, to keep the 
target clean throughout the mission if it will be deployed in an eolian environment like the 
surface of Mars. 
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Supplementary material are in file 
MAHLITechRept0001_Supplement.zip 
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