Mars Science Laboratory (MSL)

Software Interface Specification

Interface Title: Mast Camera (Mastcam), Mars Hand Lens Imager
(MAHLI), and Mars Descent Imager (MARDI) Experiment
Data Record (EDR) and Reduced Data Record (RDR)
PDS Data Products

Mission: MSL Date: December 5, 2017

Module: SIS-SCI035-MSL

Signatures

Science Delivering Element:
MSL MARDI/Mastcam PI

Mike Malin

Principal Investigator Date
MSL MAHLI PI
Kenneth S. Edgett

Principal Investigator Date
MSL MARDI/Mastcam/MAHLI Operations
Elsa Jensen

Operations Manager Date
MMMGDS Development:
MSSS Software Group Leader
Sean McNair

Subsystem Lead Date
Science Receiving Elements:
MSL Deputy Project Scientist
Joy Crisp

Deputy Project Scientist Date
GDS Receiving Elements:
MSL GDS System Engineer
Tadas Sesplaukis

System Engineer Date
MSL GDS APSS System Engineer
James Kurien

Subsystem Lead Date
Concurrence:
PDS Discipline Node Manager
Sue Lavoie

Manager Date




Mars Science Laboratory Project
Software Interface Specification (SIS)

Mast Camera (Mastcam), Mars Hand Lens
Imager (MAHLI), and Mars Descent Imager
(MARDI)

Experiment Data Record (EDR) and
Reduced Data Record (RDR)

PDS Data Products

Version 1.4

Custodians:
Mike Malin, Kenneth Edgett, Elsa Jensen, Leslie Lipkaman

JPL D-75410
SIS-SCI1035-MSL

December 5, 2017

_ - Malin
Jet Propulsion Laboratory ] Space
California Institute of Technology Science

Systems



CHANGE LOG

DATE

SECTIONS CHANGED

REASON FOR CHANGE

REVISION

05/20/13

Initial Release, Version 1.0

07/30/13

1.3,3.4.1,4458.2,5.1,5.1.1,5.1.2.11,

Appendix A

1.3: updated dates, versions,
added document control info
3.4.1: added example
processing codes

4.4.5.8.2: unbolded
characters, added a space
5.1: added cross-reference
to Figure 5.1-1

5.1.1: removed superfulous
sentence

5.1.2.11: added period
Appendix A: updated valid
values, added “N/A”, “NULL”,
and “UNK” as possible
values for all keywords;
updated example .LBL files

1.1

10/29/13

1.3,3.4.1,4.4.3, Appendix A, D, Fand G

1.3: updated dates, version

3.4.1: added reference
sentence to added Appendix
Fand G

4.4.3: updated values in
table 4.4-3

Appendix A: added new
keywords; updated valid
values and definitions
Appendix D: added graphics
Appendix F and G: new
appendicies

1.2

05/20/15

1.3,4.4.5,5.1.2, Appendix A, Sample Label

Products

1.3: updated dates, version

4.4.5: updated Table 4.4-6
with new values

5.1.2: updated grammer and
spelling mistake

Appendix A: updates made
to SOURCE_PRODUCT_ID,
TELEMETRY_SOURCE_ID,
CONTACT_SENSOR _
STATE, and
CONTACT_SENSOR _

STATE_NAME

Sample Label Products:
updated products to account
for Appendix A changes

1.3




DATE

SECTIONS CHANGED

REASON FOR CHANGE

REVISION

12/5/17

13,21.1,21.2,2.1.3,5.1,5.1.2.9, 5.1.2.10,

5.3.1, Appendix A

1.3: updated versions and
dates; added in a MAHLI
calibration report and 2
Mastcam calibration reports
2.1.1: added in Mastcam
references to published
papers

2.1.2: added in MAHLI
reference to published paper
2.1.3: added in MARDI
reference to published paper
5.1: updated Figure 5.1-1
5.1.2.9: added a note that
flat fielding is no longer being
performed on MMM products
5.1.2.10: removed sentence
stating that flat fielding has
been deemed adequate
5.3.1: updated extension
from .TAR to a .ZIP
Appendix A: changed
formatting for “float” entries

1.4




TABLE OF CONTENTS

INTRODUCTION 12
1.1 PURPOSE AND SCOPE 12
1.2 CONTENTS 12
1.3 CONSTRAINTS AND APPLICABLE DOCUMENTS 12
2. INSTRUMENT OVERVIEW 14
2.1 MMM CAMERA INSTRUMENT SUITE 15
2.1.1 MAST CAMERA (MASTCAM) 15
2.1.2 MARS HAND LENS IMAGER (MAHLI) 16
2.1.3 MARS DESCENT IMAGER (MARDI) 16
3. GENERAL DATA PRODUCT OVERVIEW 18
3.1 DATA PROCESSING LEVELS 18
3.2 PRODUCT LABEL AND HEADER DESCRIPTIONS 19
3.2.1 OVERVIEW OF LABELS 19
3.2.2 PDSAND ODL LABELS 19
3.2.2.1 Keyword Length Limits 19
3.2.2.2 Data Type Restrictions 19
3.2.2.3 Interpretation of N/A, UNK, and NULL 20
3.2.2.4 PDS Label Constructs “Class”, “Object” and “Group” 20
3.2.2.5 PDS Image Object 21
3.3 BINARY DATA STORAGE CONVENTIONS 22
3.3.1 BIT AND BYTE ORDERING 22
3.4 FILE NAMING CONVENTION 23
3.4.1 PICNO AND PRODUCT IDENTIFIER 26
3.5 SUMMARY OF DATA PRODUCTS 27
3.5.1 PDSEDR 27
3.5.2 PDSRDR 27
4. PRODUCT SPECIFICATION 28
4.1 PROCESSING FLOW 28
4.2 PRODUCT VALIDATION 29
4.3 PRODUCT STRUCTURE 29
4.3.1 MMM CAMERA SUITE PRODUCTS 30
4.3.2 DATA PACKING 30
4.4 MMM PRODUCT TYPES AND FORMAT 30
4.4.1 MMM CAMERA INSTRUMENT SUITE 31
4.4.2 DATARECORD CONTENT 31
443 MMM MINI-HEADER 34
4.4.4 COMPRESSION PARAMETER 37
4.4.5 IMAGE FORMAT DESCRIPTIONS 39
4.4.5.1 Raster 16 Bit Image 39
4.4.5.2 Raster 8 Bit Image 39
4.4.5.3 Losslessly Compressed 8 Bit Image 39
4.4.5.4 JPEG Images 40
4.4.5.4.1 JPEG Gray Image 41
44542 JPEG422Image 41



44543 ]JPEG 444 Image 41

4.4.5.,5 Image Thumbnail 41
4.4.5.5.1 Raster 8 Bit Thumbnail 42
4.4.5.5.2 JPEG Gray Thumbnail 42
4.45.5.3 JPEG 444 Thumbnail 42
4.45.6 Video 42
4.4.5.6.1 Raster 8 Bit Video Images 43
4.4.5.6.2 Losslessly Compressed 8 Bit Video Images 43
4.45.6.3 JPEG Gray Video 43
44564 JPEG422 Video 43
4.45.6.5 ]PEG 444 Video 43
4.4.5.7 Video Thumbnails 43
4.4.5.7.1 Raster 8 Bit Video Thumbnail 43
4.4.5.7.2 ]PEG Gray Video Thumbnail 43
4.45.7.3 ]PEG 444 Video Thumbnail 43
4458 ZStack 44
4.4.5.8.1 JPEG 444 Focus Merge Image 44
4.4.5.8.2 JPEG Gray Range Map Image 44
4.4.5.8.3 JPEG 444 Focus Merge Thumbnail 48
4.4.5.8.4 JPEG Gray Range Map Thumbnail 48
4.5 IMAGE FORMATTED PRODUCTS 48
45.1 PDSEDR 48
452 PDSRDR 49
5. RDR PROCESSING AND APPLICABLE SOFTWARE 50
5.1 RDRPROCESSING 50
5.1.1 CALIBRATION PROCESSING 52
5.1.2 RDR PROCESSING FLOW 52
5.1.2.1 Extraction 52
5.1.2.2 Decompression 52
5.1.2.3 Decompanding (8-to-12-bit expansion) 52
5.1.2.4 Dark Current Compensation 53
5.1.2.5 Dark Columns 53
5.1.2.6 Temperature 54
5.1.2.7 Manual Approach 54
5.1.2.8 Shutter Smear Mitigation 54
5.1.2.9 Flat Field Correction 55
5.1.2.10 Bad Pixel Mitigation 56
5.1.2.11 Radiometric Calibration 56
5.1.2.12 Color Correction 56
5.1.2.13 Geometrically Corrected Images (Linearization) 57
5.2 APPLICABLE PDS SOFTWARE TOOLS 61
5.3 SOFTWARE DISTRIBUTION 61
5.3.1 BUILDING DAT2IMG 61
5.3.2  RUNNING DAT2IMG 61
APPENDICES 63
APPENDIX A: MMM KEYWORDS, DEFINTIONS, VALID VALUES AND ENTRIES, AND SAMPLE LABEL PRODUCTS 63
APPENDIX B: MMM DECOMPANDING TABLES 213

APPENDIX C: HUFFMAN TABLES 228



APPENDIX D: COLOR INTERPOLATION KERNELS

APPENDIX E: JPEG COMPRESSION

APPENDIX F: IMAGE ID (PICNO) NAMING SCHEME FOR CRUISE DATA FOR MASTCAM, MAHLI, AND MARDI
APPENDIX G: IMAGE ID (PICNO) NAMING SCHEME FOR PRE_ATLO AND ATLO DATA FOR MAHLI ONLY

230
235
236
239



ADC
APID

APSS

ASCII

ATLO
Caltech

CCD
CCBU
CcCMU
CDPID
ChemCam
CHIMRA

CNES
CODMAC
DAN

DC

DCT

DEA
DN
DP

DPO
DRAM

DRT
DTE
DVT
EDL
EDR
EHA
EM
EMD
EPDU
ERT
FDD
FEI
FGICD
FM
FOV
FPGA

ACRONYMS AND ABBREVIATIONS

Analog-to-Digital Converters
Application Process ldentifier

Activity Planning and Sequencing Subsystem

American Standard Code for Information Interchange

Assembly, Test, and Launch Operations
California Institute of Technology

Charged Coupled Device

Chemistry Camera Body Unit

Chemistry Camera Mast Unit

Camera Data Product IDentifier (assigned aboard each MMM camera)
Chemistry Camera aboard MSL rover

Collection and Handling for Interior Martian Rock Analysis

Centre National d'Etudes spatiales (French Space Agency)
Committee on Data Management and Computation
Dynamic Albedo of Neutrons Experiment

Direct Current

Direct Cosine Transform

Digital Electronics Assembly, the compute element within each MMM camera
Data Number

Data Product (telemetry)

Data Product Object

Dynamic Random-Access Memory (type of volatile memory)
Dust Removal Tool

Direct To Earth

Data Validity Time

Entry, Descent and Landing

Experiment Data Record

Engineering, Housekeeping & Accountability (EH&A)
Engineering Model

Earth Metadata file (“.emd”)

End-of-Product PDU

Earth Received Time

Functional Design Document

File Exchange Interface

Flight-Ground ICD

Flight Model

Field of View

Field Programmable Gate Array

vi



FSW
GSFC

GDS
GOP

GSE
Hazcam

HGA
HWHM

IC
ICD
ICER
ID
IEEE
IFOV
IPE
IRAP
ISIS
IVP
JMS

JPEG

JPL
KSC

LANL
LIBS

LOCO
LSB

MAHLI
MARDI

MastCam
MCU

MER
MGS
MIPL
MMM
MOS
MPCS
MPDU
MPF
MRO
MS
MSB

Flight Software

Goddard Space Flight Center
Ground Data System

Group of Pictures

Ground Support Equipment
Hazard Avoidance Camera

High Gain Antenna

Half-Width Half-Maximum

Inlet Cover

Interface Control Document

Image compression algorithm (not an acronym)
Identification

Institute of Electrical and Electronics Engineers
Instantaneous Field of View

Integrated Planning and Execution (MS element)
Institut de Recherche en Astrophysique et Planétologie
Integrated Software for Imagers and Spectrometers
Inertial Vector Propagation

Java Message Server

Joint Photographic Experts Group

Jet Propulsion Laboratory
Kennedy Space Center

Los Alamos National Laboratory
Laser-Induced Breakdown Spectrometer (ChemCam)

LOw-COmplexity, LOssless Compression
Least Significant Byte

Mars Hand Lens Imager (MSSS)
Mars Descent Imager (MSSS)

Mast Camera (MSSS)
Minimum Compression Unit

Mars Exploration Rover

Mars Global Surveyor

Multimission Instrument Processing Laboratory
MastCam, MAHLI, MARDI (MSSS cameras)
Mission Operations System

Mission data Processing and Control Subsystem
Metadata Protocol Data Unit

Mars Pathfinder
Mars Reconnaissance Orbiter

Mission System
Most Significant Byte

Vii



MSL Mars Science Laboratory

MSLICE MSL InterfaCE

MSSS Malin Space Science Systems

NAIF Navigation and Ancillary Information Facility
NASA National Aeronautics and Space Administration
Navcam Navigation Camera

ND Neutral Density

NIST National Institute of Standards and Technology
NVM Non-Volatile Memory

ODL Object Description Language

oDS Operations Data Store

OPGS Operations Product Generation Subsystem
Pl Principal Investigator

PDS Planetary Data System

PDU Protocol Data Unit

PPDU Product Data Protocol Data Unit

PRT Platinum Resistance Thermometer

PSDD Planetary Science Data Dictionary

RA Robotic Arm

RCE Rover Compute Element

RDR Reduced Data Record

RGB Red Green Blue

RMI Remote Micro-Imager (ChemCam)

RSM Remote Sensing Mast

RSVP Rover Sequencing and Visualization Program
RTG Radioisotope Thermoelectric Generator

RTO Real Time Operations (MS element)

SAPP Surface Attitude, Positioning and Pointing
SCID Spacecraft ID

SCLK Spacecraft Clock

SCM Spacecraft Configuration Manager

SFDU Standard Format Data Unit

SIS Software Interface Specification

SOAS Science Operations Analysis Software

SNR Signal-to-Noise Ratio

SOH State of Health (ChemCam)

SOWG Science Operations Working Group

SPaH Sample Processing and Handling

SPICE Spacecraft, Planet, Instrument, C-matrix, Events kernels

SRAM Static Random Access Memory

viii



SwRI
TBD
TDS
UDR
USGS
VCID
VICAR

Southwest Research Institute

To Be Determined

Telemetry Delivery Subsystem
Unprocessed Data Record

United States Geological Survey

Virtual Channel Identifier

Video Image Communication and Retrieval



GLOSSARY

TERM DEFINITION
Bayer A color filter array pattern with a 4-element unit cell of 1 red, 2 green and 1
blue cells with the green cells occupying diagonally opposite corners,
invented by Bryce Bayer of Eastman Kodak.
Compand(ing) Contraction of terms "compress and expand," generally used to describe a

form of compression using look up tables. MMM decompanding tables
reduce the bit depth of images from 12 bits to 8 bits. The primary table
uses a modified square root encoding.

Focus Merge

Image source - data is a composite of up to 8 images of the same target,
acquired at different lens focus positions aligned along the camera’s
optical axis, designed to provide a “best focus” image that accommodates
changes in depth of field for a given target at a given working distance.
This is also known as a z-stack product.

Frame The MMM video command acquires individual, successive images for
which each image is a single frame
GOP Video storage - Group Of Pictures (GOP), a method of storing 1 to 16

compressed images as consecutive JPEGs in a single product

Huffman Compression

A form of data encoding where variable numbers of bits are used to
encode values based on their probability of occurrence originally described
by D.A. Huffman [Ref 8]. For image products, the differences between
adjacent pixel values are typically the values being encoded, since these
are exponentially distributed around zero for typical images.

Lossless Raster 8 bit image is losslessly encoded using first difference Huffman
compression

Luminance Non-linearly encoded light intensity

Metadata Structured data relevant or associated with contextually related data

Mini-header A 64 byte binary header prepended to the image data by the MMM camera
digital electronics assembly, that contains image parameter data

ND5 10 neutral density coating for solar imaging

PICNO "Picture Number" -- a relatively short unique identifier for each image,

intended to be used to refer to specific images in publications

Product Identifier

A numerical identifier assigned to images when they are commanded from
the ground.

Range Map

Image source - data is a composite of up to 8 images of the same target,
acquired at different lens focus positions aligned along the camera’s
optical axis, designed to provide information about linear range in
grayscale DN values which can be translated to motor count units and
distance. This is also known as a z-stack product.

Raster 8 bit

References pixel order and layout. Pixels are 8 bits in row major, column
minor order. The first byte is the first pixel that is the upper-left pixel for
the image. Pixels are aligned with the Bayer color filter pattern. Data are
companded from 12 bits to 8 bits.




TERM

DEFINITION

Raster 16 bit

References pixel order and layout. Pixels are 16 bits in row major, column
minor order. The first two bytes are the first pixel, which are the upper-left
pixel for the image. Bytes are arranged in the big-endian form where the
first byte is most significant. Pixels are aligned with the Bayer color filter
pattern.

Sensor Image source - data is acquired through the imaging sensor

Video A series of consecutive images taken at a uniform frame rate

YCbCr In general, one of a family of color spaces used to encode
R(ed)G(reen)B(lue) color information. Specifically, the color space used by
the MMM camera JPEG compressor. Y is the luminance and Cb and Cr
the blue-difference and red-difference chroma components.

Z-Stack A series of images of the same target taken at different focus positions, so

that subsequent post-processing can merge them into a single image in
optimal focus regardless of the varying distance of the target from the
camera
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INTRODUCTION

1.1 Purpose and Scope

The purpose of this Data Product Software Interface Specification (SIS) is to provide consumers of
MSL instrument Experiment Data Record (EDR) and Reduced Data Record (RDR) data products with a
description of the products and how they are generated, including data sources and destinations.
Content in this document supports EDR and/or RDR data products generated by Malin Space Science
Systems (MSSS) for the following instruments aboard the Mars Science Laboratory rover, Curiosity:

a. Mast Camera (Mastcam) (two cameras)
b. Mars Hand Lens Imager (MAHLI)
c. Mars Descent Imager (MARDI)

Note: For convenience, the above instruments are hereinafter referred to as “MMM”.

This SIS is addressed to the NASA Planetary Data System (PDS) and its community of users. This is
the primary science authority for archiving planetary spacecraft data.

The EDR product delivered to the PDS and described in this document is raw but validated,
uncalibrated, and uncorrected data acquired by the MMM instruments, some of which are in
compressed format.

The RDR products delivered to the PDS and described in this document are validated, decompressed,
and calibrated image-formatted data. Four processed versions of each image are created for the PDS
delivery: 1) image-formatted, decompressed, and photometrically calibrated (16-bit/channel); 2) image-
formatted, decompressed, photometrically calibrated, and color corrected (8-bit/channel); 3) image-
formatted, decompressed, photometrically calibrated, and geometrically linearized (optical distortion
corrected) (16-bit/channel); and 4) image-formatted, decompressed, photometrically calibrated, white-
balanced, and geometrically linearized (optical distortion corrected) (8-bit/channel).

1.2 Contents

This Data Product SIS describes how the EDR data product is acquired by each MMM instrument
aboard the MSL rover and how it is processed, formatted, labeled, and uniquely identified. It similarly
describes how the image RDR data products are produced. The document describes and discusses
software used to generate the products. The EDR and RDR data product structure and organization is
described so as to enable a user to read the product. Finally, examples of EDR and RDR labels are
provided, along with the definitions of the keywords in the label.

1.3 Constraints and Applicable Documents

This SIS is meant to be consistent with the contract negotiated between the MSL Project and the MSL
Principal Investigator (Pl)-led MMM cameras. By agreement with the MMM instrument Pls, any
products generated by JPL-Caltech’s OPGS from its processing of MMM data are deliverable to the
Project only in a backup capacity and will not be archived with the Planetary Data System (PDS). This
SIS governs the specification of data products used during MSL mission operations and provided solely
by MSSS. Changes to this SIS are not subject to "impact analysis" by other software subsystems who
may be using this SIS in their efforts to support operations (e.g., APSS, OPGS, SOAS). However, this
SIS is under change control and changes must be approved by both the Pls and the Project.
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Based on the on-going changes in the nature of OPGS processing of the original MMM data and
associated spacecraft generated metadata, it is possible that label information in the form of Keywords
and Keyvalues may change during the mission. As the MMM software is very sensitive to the existence
of an ancillary, but attending, metadata file, future revisions of this SIS may be needed to accommodate
these changes. Users of MMM data should anticipate such changes in their future use.

This SIS is consistent with the following Planetary Data System documents:

roON -~

o

Planetary Science Data Dictionary Document, Version 1.81, November 24, 2010.

Planetary Science Data MSL Local Data Dictionary, Version 1.0, October 15, 2013.

Planetary Data System Archive Preparation Guide, Version 1.4, JPL D-31224, April 1, 2010.
Planetary Data System Data Standards Reference, JPL D-7669, Version 3.8, Part 2, February 27,
2009.

Mars Science Laboratory (MSL) MAHLI, MARDI, Mastcam (MMM) Science Team and NASA PDS
Imaging Node Science Data Archiving Interface Control Document (ICD), E. Jensen, Version 1.5,
December 5, 2017.

Mars Science Laboratory (MSL) Mast Camera (Mastcam), Mars Hand Lens Imager (MAHLI), and
Mars Descent Imager (MARDI) Experiment Data Record (EDR) and Reduced Data Record (RDR)
Archive Volume Software Interface Specification (SIS), M. Malin and K. Edgett, JPL D-75411, SIS-
SCI036-MSL, Version 1.4, December 5, 2017.

Mars Science Laboratory (MSL) Camera & LIBS Experiment Data Record (EDR) and Reduced
Data Record (RDR) Data Products, D. Alexander and R. Deen, JPL D-38107, Version 3.5, April 15,
2015.

Additionally, this SIS makes reference to the following documents for technical background information:

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

A Method for the Construction of Minimum-Redundancy Codes, D. A. Huffman, Proceedings of the
I.R.E., pp 1098-1102, September 1952.

Mastcam Multispectral Imaging On The Mars Science Laboratory Rover: Wavelength Coverage
And Imaging Strategies At The Gale Crater Field Site, J. F. Bell lll et al., 43th Lunar and Planetary
Science Conference, abstract 2541, 2012.

The Mars Science Laboratory Curiosity rover Mast Camera (Mastcam) instruments: Pre-flight and
in-flight calibration, validation, and data archiving, J.F. Bell lll et al., Earth and Space Science, July
20, 2017. doi: 10.1002/2016EA000219

The Mars Science Laboratory (MSL) Mast Cameras and Descent Imager: |. Investigation and
Instrument Descriptions, M. Malin et al., Earth and Space Science, July 5, 2017. doi:
10.1002/2016EA000252

Curiosity's Mars Hand Lens Imager (MAHLI) Investigation, K. S. Edgett et al., Space Science
Reviews, d0i:10.1007/s11214-012-9910-4, Volume 170, Issue 1-4, pp 259-317, September 2012.
Curiosity’s Robotic Arm-Mounted Mars Hand Lens Imager (MAHLI): Characterization and
Calibration Status, MSL MAHLI Technical Report 0001, K.S. Edgett et al., Version 2, October 5,
2015. doi:10.13140/RG.2.1.3798.5447

Information Technology — Digital Compression and Coding of Continuous-Tone Still Images —
Requirements and Guidelines, Recommendation T.81, ITU-CCITT, September 1992.

Introduction to Modern Photogrammetry, E. M. Mikhail, J. S. Bethel, and J. D. McGlone, John Wiley
& Sons Inc., New York, 2001.

CAHVOR Camera Model and Its Photogrammetric Conversion for Planetary Applications, K. Di and
R. Li, J. Geophys. Res.,109, E04004, doi:10.1029/2003JE002199, 2004.

High-Quality Linear Interpolation For Demosaicing Of Bayer-Patterned Color Images, H. S. Malvar,
L. He, and R. Cutler, Proceedings of the IEEE International Conference on Acoustics, Speech, and
Signal Processing, May 2004.
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2. INSTRUMENT OVERVIEW

The MMM cameras represent 4 cameras out of a payload complement of 17 cameras. The MMM
instruments are color cameras, including integral Bayer RGB color filter arrays on the photo-sensitive
1608 columns (samples) by 1200 rows (lines) Kodak interline-transfer Charge Coupled Device (CCD)
detectors. The MMM cameras consist of identical camera head electronics with different optics, and 4
identical Digital Electronics Assemblies (DEA) that control the camera image acquisitions and
processing. The Mastcam camera heads are attached to the Remote Sensing Mast (RSM), the MAHLI
is located on the Turret at the end of the Robotic Arm (RA), and the MARDI is fix-body-mounted to the
forward port (front left) side of the body of the rover (see Figure 2.1-1).

Figure 2.1-1 Mastcam, MAHLI, and MARDI camera mounting locations on the Mars Science
Laboratory
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2.1 MMM Camera Instrument Suite

211 Mast Camera (Mastcam)

The Mast Camera (Mastcam) consists of two focusable, color cameras mounted on the rover’'s Remote
Sensing Mast (RSM). The two cameras have different focal lengths and science filters. The instrument
acquires images of up to 1200 lines by 1648 samples (1200 by 1608 photoactive pixels), and are
capable of consecutive images taken at a uniform frame rate (termed video). The cameras acquire
color via Bayer-pattern filters on the CCD, but also have selectable science filters that image through
the Bayer-pattern filters. Characteristics of the Mastcam optics useful in the analysis of EDR and RDR
products are described in Table 2.1-1 below:

Table 2.1-1 Mastcam Operational Characteristics

Characteristic M-34 (Left) M-100 (Right)
Field of View (FOV)
Note detectors have 4:3 aspect ratio, 15 x 20 deg 5.1x6.8 deg
that permits slightly wider frames
Baseline Stereo Separation 24.5cm
Spatial Scale 450 ym/pixel at 2 m, 150 ym/pixel at 2 m,
22 cm/pixel at 1 km 7.4 cm/pixel at 1 km
distance distance
Angular Instantaneous FOV 0.22 mrad/pixel 0.074 mrad/pixel
Focal Length 34 mm 100 mm
fi/number 8 10
Focus Range .5 m - infinity 1.6 m - infinity
Number of Spectral Filters 7 plus Bayer pattern 7 plus Bayer pattern

Each Mastcam camera has an 8-position filter wheel for a total of 16 filter positions. One of the
positions in each camera is a broadband infrared cutoff filter for use with the Bayer color capability of
the CCD. Twelve of the sixteen filter positions provide color-imaging capability at wavelengths from 400
to 1100 nm, including 3 filters shared by each camera. Additionally, 2 filters (one on each camera that
differ in wavelength from each other) with neutral density coatings provide direct solar imaging
capability in two colors. Table 2.1-2 provides a summary of the as-built system-level (CCD + optics +
filter) effective wavelengths (Aex) and half-width at half-maximum bandwidths (HWHM) of the Mastcam
filters [Ref 9, 10, and 11]; the spectral bandwidths do not represent the sensitivity of the detector or
solar spectrum.
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Table 2.1-2 Mastcam Filter Wavelengths and Bandpasses

M-34 (Left) M-100 (Right)
Filter et £ HWHM (nm) Filter Aeit £ HWHM (nm)
Lo 590 + 88 RO 575+ 90
LOR 640 + 44 ROR 638 + 44
LOG 554 + 38 ROG 551 + 39
LOB 495 + 37 ROB 493 + 38
L1 527 +7 R1 527 +7
L2 445+ 10 R2 447 £ 10
L3 751 £10 R3 805 + 10
L4 676 £ 10 R4 908 + 11
L5 867 £ 10 R5 937 £ 11
L6 1012 + 21 R6 1013 + 21
L7 880 + 10, ND5 R7 440 + 20, ND5

Note: ND5 = 10° Neutral Density coating for solar imaging

21.2 Mars Hand Lens Imager (MAHLI)

The Mars Hand Lens Imager (MAHLI) is a focusable color camera located on the Turret at the end of
the MSL robotic arm. The instrument acquires images of up to 1200 lines by 1648 samples (1200 by
1608 photoactive pixels), with color quality equivalent to that of consumer digital cameras using a Bayer
pattern filter array integrated with the CCD detector. It is also capable of very low frame-rate video
compared to Mastcam. Characteristics of the MAHLI optics useful in the analysis of EDR and RDR
products are described in Table 2.1-3 below. The MAHLI investigation was further described in two
Open Access papers by Edgett et al. 2012 [Ref 12] and Edgett et al. 2015 [Ref 13].

Table 2.1-3 MAHLI Operational Characteristics

Characteristic Value
Field of View (FOV) 34.0 — 38.5 deg diagonal
Spatial Scale 15 um/pixel at 23 mm distance
Spectral Bandpass 395 -670 nm
Focal Length 18.3-21.3 mm
fi/number 9.8-8.5
Depth of Field 1 mm
Focus Range 21 mm - infinity
Number of Spectral Filters Bayer pattern on CCD

21.3 Mars Descent Imager (MARDI)

The Mars Descent Imager (MARDI) is a fixed-focus color camera fixed-body-mounted to the fore-port-

side of the MSL rover, with the optics level with the bottom of the rover chassis (a height of about 66 cm

above ground). The optical axis points in the +Z direction (toward the ground in the Rover Nav

coordinate system). Operating during Curiosity’s descent to the martian surface, the camera acquired
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1200 by 1648 pixel images (1200 by 1608 photoactive pixels) at ~4 frames per second throughout the
period between heatshield separation and touchdown plus a few minutes. It has also been operated on
the surface. Characteristics of the MARDI optics useful in the analysis of EDR and RDR products are

described in Table 2.1-4 below [Ref 11]:

Table 2.1-4 MARDI Operational Characteristics

Characteristic Value
Field of View (FOV) 70 by 55 deg
Spatial Scale 1.5 m at 2 km distance -
1.5 mm at 2m distance
Angular Instantaneous FOV 0.76 mrad/pixel
Spectral Bandpass FWHM 395 to 670 nm
Focal Length 9.6 mm
Depth of Field 2 m - infinity
Number of Spectral Filters Bayer RGB pattern on CCD

17



3. GENERAL DATA PRODUCT OVERVIEW

3.1 Data Processing Levels

This documentation recognizes both the National Aeronautics and Space Administration
(NASA) data processing scheme and the “Committee on Data Management and Computation”
(CODMAC) data level numbering system. The MMM instrument PDS EDRs described in this
document are “NASA Level 0" (CODMAC — Edited Level 2).

MMM instrument RDRs are considered to be no less than "NASA Level 1B" (CODMAC
Resampled Level 4%) (irreversibly transformed and/or calibrated). The RDRs are reconstructed
from the PDS EDR product, and may include frequency-domain processing prior to assembly
into spatial-domain images that will then experience radiometric and/or geometric corrections.

Table 3.1-1 presents a breakdown of the CODMAC and NASA data processing levels.

Table 3.1-1 Processing Levels for Science Data Sets

NASA CODMAC Description

Packet data Raw - Level 1 Telemetry data stream as received at the ground station, with
science and engineering data embedded.

Level O Edited - Level 2 Instrument science data (e.g., raw voltages, counts) at full
resolution, time ordered, with duplicates and transmission errors
removed.

Level 1A Calibrated - Level 3 Level 0 data that have been located in space and may have been

transformed (e.g., calibrated, rearranged) in a reversible manner
and packaged with needed ancillary and auxiliary data (e.g.,
radiances with the calibration equations applied).

Level 1B Resampled - Level 4 Irreversibly transformed (e.g., resampled, remapped, calibrated)
values of the instrument measurements (e.g., radiances, magnetic
field strength).

Level 1C Derived - Level 5 Level 1A or 1B data that have been resampled and mapped onto
uniform space-time grids. The data are calibrated (i.e.,
radiometrically corrected) and may have additional corrections
applied (e.g., terrain correction).

Level 2 Derived - Level 5 Geophysical parameters, generally derived from Level 1 data, and
located in space and time commensurate with instrument location,
pointing, and sampling.

Level 3 Derived - Level 5 Geophysical parameters mapped onto uniform space-time grids.
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3.2 Product Label and Header Descriptions

3.2.1 Overview of Labels
Labels are in ODL (Object Description Language) label format for EDR and RDR files.

The primary label in the NASA PDS archive is the PDS version 3 detached label. This is a
separate file with the same base name as the image file, with an “.LBL” extension. Per PDS
standards, the detached label file references the image with a pointer statement (described
below). This label is fully compliant with PDS archive standards.

3.2.2 PDS and ODL Labels

MMM image PDS EDRs and RDRs have detached labels. Per PDS standards, the PDS label
starts with the entry:

PDS_VERSION_ID = PDS3

A PDS label is object-oriented and describes the objects in the data file. The PDS label contains
keywords for product identification. The label also contains descriptive information needed to
interpret or process the data in the file.

PDS labels are written in Object Description Language (ODL) [Ref 4]. PDS label statements
have the form of "keyword = value". Each label statement is terminated with a return character
(ASCII 13) and a line feed character (ASCII 10) sequence to allow the label to be read by many
operating systems. Pointer statements with the following format are used to indicate the location
of data objects in the file:

Aobject = location

where the carat character (#, also called a pointer) is followed by the name of the specific data
object. The location is the 1-based starting record number for the data object within the file.
Alternatively, it could be the 1-based byte location within the file if it includes a <bytes> unit tag.
The PDS detached label includes the filename as part of the pointer:

Mobject = (filename, location)

Pointers are used to define the locations of the image itself ("IMAGE).

3.2.2.1 Keyword Length Limits

All PDS keywords are limited to 30 characters in length [section 12.7.3 in Ref 4]. Therefore,
software that reads MSL PDS labels must be able to ingest keywords up to 30 characters in
length.

3.2.2.2 Data Type Restrictions
12-bit unsigned data from the cameras are stored in a 16-bit unsigned value. 8-bit data are
unsigned.
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3.2.2.3 Interpretation of N/A, UNK, and NULL

During the compilation of data product labels or catalog files, one or more values may not be
available for some set of required data elements. In this case PDS provides the symbolic literals
“N/A”, “UNK”, and “NULL", each of which is appropriate under different circumstances.

As a note, if any one of these three symbolic annotations are used in place of a keyword value
that is normally followed by a Unit Tag (e.g., “<value>"), the Unit Tag is removed from the label.

*  “N/A” (“Not Applicable”) indicates that the values within the domain of this data element
are not applicable in this instance. For example, a data set catalog file describing NAIF
SPK kernels would contain the line:

INSTRUMENT_ID = "N/A"
because this data set is not associated with a particular instrument.

“N/A” may be used as needed for data elements of any type (e.g., text, date, numeric,
etc.).

*  “UNK” (“Unknown”) indicates that the value for the data element is not known and never
will be. For example, in a data set comprising a series of images, each taken with a
different filter