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The Multi-angle Imaging SpectroRadiometer Science
Data System, Its Products, Tools, and Performance

Graham W. Bothwell, Earl G. Hansen, Robert E. Vargo, and Kyle C. Miller

Abstract—Ground processing of data from the Multi-angle MISR Science team is responsible rather than the entire ground
Imaging SpectroRadiometer (MISR) instrument, part of NASA's  system of the Terra mission.
Earth Observing System (EOS), exploits new and unique science The paper begins with a description of the data products and
algorithms not previously used operationally. A range of data h . . L .
products from Level 1 through Level 3 is being produced. Because then discusses the operational enylronment within which th_e
of MISR’s unprecedented design, extensive prototyping was Products are generated. The remainder of the paper deals with
required from a relatively early stage. The data throughput implementation and design issues. It covers the software design
is large, necessitating an innovative software design approach and development process for the science algorithms, and the im-
that maximizes performance. The systematic science processings e mentation of the software and of the processing system. It

software was developed at the Jet Propulsion Laboratory (JPL), L
with data processing occurring at the NASA Langley Research then looks at the most significant software tools that were de-

Center using the EOS Core System (ECS), a collaborative ar- Veloped for use by both developers and scientists.

rangement that works well. With the availability of actual mission The multiangle nature of the MISR instrument means that
data following launch on the Terra spacecraft in December 1999, many of the algorithms and much of the production software
MISR's computational needs have become better known, and 46 characteristics not encountered in earlier systems, and this

many improvements have been made to both the science software h teristic i " d wh ith _ ¢ .
and the production system to achieve a successful overall data CNAracterisuc i1s mentioned where it has major impacts on im-

processing capability. This paper provides information about Plementation and operation.
MISR data for the science user, and describes the nature and
scope of implementation and operations activities.

) _ [I. DATA PRODUCTS
Index Terms—Algorithms, data processing, data products,

ground system. This section provides an overview of the standard MISR data
products, including an introduction to their content and the way

| INTRODUCTION they are constructed. Mor.e comple?e detail§ of .the MISR da’Fa

roducts at the depth required for science utilization are given in

HE Multi-angle Imaging SpectroRadiometer (MISR) [1khe MISR Data Product Specifications document, which is ac-

is one of the instruments aboard the Terra spacecrgfpssiple on the Internet [2]. The retrieval methodologies behind
which is part of NASA's Earth Observing System (EOS), anghe data products are documented in a series of Algorithm The-
was launched into earth orbit in December 1999. It providegetical Basis documents, corresponding to the various products

multiple-angle, continuous imagery in reflected sunlight usingnd supporting ancillary datasets. All of these are accessible on
nine separate pushbroom cameras observing the earth at gige|nternet [3].

discrete angles up to 70.5elative to the local vertical, in four
spectral bands. . . . A. Product Designations

The measurements of this instrument are designed to improve
our understanding of the earth’s ecology, environment, andThe MISR instrument delivers data in packets, which are
climate. To facilitate this, a range of standard data products'®corded by the spacecraft and subsequently transmitted to
available to the science community. These products range friftg ground along with other data from the spacecraft. On the
raw instrument data to calibrated and geolocated radianc@&und, the instrument packet stream is extracted from the
geophysical retrievals of atmospheric and surface produdgger mass of downlinked spacecraft and instrument data and
and global maps. This paper addresses those products and@genstituted as the same packet stream originating from the
system that produces them, both from the operational and tRgtrument. This is Level O, or raw data, and all of the MISR
developmental viewpoints. It concentrates on the software a#filence and engineering data products are derived from it.

systems associated with the science algorithms for which thével 0 is the fundamental archive backup for MISR data;
however, because of its complex, multiplexed format, it is not
made available as a standard data product.

Manusprlpt received September_ 21, 2001; revised _I\/Iay_l, 2092. This work Beginning from Level 0, the generation of the standard sci-
was carried out at the Jet Propulsion Laboratory, California Institute of Tech- d d be divided i fi il d
nology, under a contract with the National Aeronautics and Space Administﬁ":lnc_e ata products Ce_m e divided Into five steps, as Illustrate
tion. in Fig. 1. The numbering of these steps (1A, 1B1, 1B2, 2, and

The authors are with the Jet Propulsion Laboratory, Ca}lifornia Institu®) conforms to the nominal product levels adopted for NASA's
of Technology, Pasadena, CA 91109-8099 USA (e-mail: graham.both- . .
well@jpl.nasa.gov). OS missions [4]. Each step has at least one primary output
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convenient to think of these five steps as occurring in sequence,

Lava! [
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with the predecessor producing at least one complete product, a - * -
portion of which is the primary input for the successor. i e
The five steps and their products follow. arnataling el br st
. . . y retarmmati
1) Level 1A instrument data reformatting and annotation s Hadzrr:: 8
The raw data from the instrument are reformatted into scaling &
HDF-EOS computer files, and many quality checks car- pandianing
I’ied out Lawa! THT &
: . . . I GaimeTic
2) Level 1B1 radiometric scaling and conditionin&a- pectifirssion A
diance scaling converts each camera’s digital number FegiElrEtion
output to a measure of energy incident on the front Bt N ¥ *
optical surfaces of the MISR cameras. Conditioning Tap-cf- Asroanl
modifies the radiances to remove instrument-dependent Je— ——
p Ciousd retnieval reTieEval
effects, such as focal-plane scattering. Lol 2 - P
3) Level 1B2 geometric rectification and registration Gn:u -
Images from the nine cameras are registered to one gridding
another and to the ground. This product, together with Laww ¥

4)

5)

B. Product Structure

the Level 2 products, is mapped to the Space Oblique

Mercator (SOM) projection [5], which is designed forrig. 1. MISR standard data product hierarchy.
continuous mapping of satellite imagery and minimizes

spatial distortion. MISR’s use of spatial resampling at, . L .
Level 1 is unusual, but is necessary for coregistering t Q'Cal Data Formgt(HDF),. orlgmatlng from the National Ceqter
nine sets of images so that Level 2 retrievals can be do f Supercomputing Applications (NCSA) [7]. The extension
This product has four constituent sets of parameters: ows for data structures pertinent to EOS satellite data, such
radiances projected to the surface terrain, providing swaths and grids [8]. A special adaptation of HDF-EOS for

common surface boundary condition for certain LevéY”SR was necessary, and is discussed below in this section.

2 geophysical retrievals; b) radiances projected to anAll Of the MISR Level 1 and 2 science data is processed
ellipsoidal surface defined by the World Geodetic SysteFH‘d archived as granules, each consisting of a single continuous
1984 (WGS84), where matching for Level 2 cloud steredvath. In this context, a swath consists of the entire two-dimen-

retrievals is done; c) a radiometric camera—by-came?épnal data acquired on the illuminated part of the earth during
cloud mask; and d) geometric parameters, includi e orbit. (MISR does not acquire science data on the night side

view zenith and azimuth angles, solar zenith and azim the earth.) The Level 1A and 1B1 products are based on the
angles, and scatter and glitter angles. instrument data samples, and therefore employ the HDF-EOS
Level 2 science retrieval¥hese products are geophys-S"Vath format. _Level 1B2 and all Level 2 proc_iucts are projected
ical measurements derived from the instrument data. &)the SOM grid, and use the HDF-EOS Grid format. Further-

The Level 2TC Top-of-Atmosphere/Cloud (TOA/CIoud)more* all of the SOM products are constructed as a series of
product contains measurements of top-of-atmosphé?lS’CkSv as shown in Fig. 2. These blocks provide a convenient

bidirectional reflectance factors, stereoscopically derive@ggmentation for processing as well for subsetting by the user.
cloud heights and winds, top-of-atmosphere aIbedd%',OCks must be wider than the swath width of any one of the nine

cloud fraction, and other parameters. b) The Level 2A&@Meras because the swaths do not exactly overlay. This arises

Aerosol/Surface product contains parameters such because of earth rotation, and the degree of overlap varies with

tropospheric aerosol optical depth: aerosol compositié"f’{it”de- Within each block, the area either side of the swath is
and size information: surface directional reflectanceopulated with fill values that can be readily distinguished from

factors; and other parameters. data values.

Level 3 global griddingThese products are maps of pa- The spacecraft trajectory is constantly monitored, and orbital
rameters from the lower-level products, aggregated @dljustments are made typically on a monthly basis so that the
monthly, seasonal, and other time scales, and using glop@minal orbit position is maintained to withi#t20 km. As a

grid cells of 0.8 x 0.5° or 1° x 1°[6]. There are two parts result, spacecraft orbits and paths, and the MISR blocks, can

to this product. Component products are simple statistid numbered and identified consistently with great precision.
summaries of Level 2 geophysical and Level 1B2 radithus, for each of the 233 paths in Terra’s sun-synchronous orbit,

ance parameters_ Joint products Summarize interpard}oﬂSR has defined 180 blocks in fixed geogl’aphic locations cov-
eter re|ati0nships across the Component parameters_ ering the full extent of the swaths. At any one time, 140 blocks
are illuminated by the sun, and the position of these within the
180 moves up and down according to the season.

Because of the blocked nature of MISR’'s SOM-projected

In contrast with the Level O raw data, the MISR standangroducts, the HDF-EOS Grid data type required custom mod-
products conform with EOS mission requirements in using thiecations by the EOS data system contractor to suit the MISR
HDF-EQOS format. This is an extension to the native Hieraneeds. HDF-EOS Grid is the implementation of HDF-EQOS orig-
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I | II|I II|' | a) Beta Minimally validated and may still contain signifi-
cant errors.
E“;‘%f;f" I|'I ,|| b) Provisional Partially validated.
{184 km] III I|' c¢) Validated Well-defined uncertainties.
L TR, f The MISF\_’ products will progress through thesg maturityllevels.
%71;‘; ’;m .:Tr'q-:';'. ,ﬁ"47/ o As of April 2002, the !_evel 1 products are Validated while the
H‘\‘ Level 2 products are in Beta form, and the Level 3 Component
II} firck struchune applies Fill aneas product is being implemented.
1 &l producls Trary :;ﬂ:_
A e B aiinsn D. Obtaining MISR Products
,'r Mr""+ Users can obtain MISR products from the Atmospheric Sci-
I|' KWM ences Data Center (ASDC) at NASA Langley Research Center,
| ] | inainaton where they are generated. The ASDC website [10] contains
{ ! a great deal of information of interest to the user. For new-
Blac wickin 2048 pixels comers, there is a Project Guide that describes top-level product
i {BETL W] ABCANE O AUl —— . .
Sexraied o O A structure, and a set of Frequently Asked Questions. Details of
the product formats can be found in the previously mentioned
Fig. 2. Block structure of MISR SOM products. Data Products Specifications document [2]. The ASDC Web site

also has a description of product versioning; a set of Product

. . . . ] .Quality Statements; and references to software tools for readin
inally intended for storing Level 3 and higher products; that The prgducts. Tools are addressed in Section VII. The Producgt]

products that have been “gridded” to a single earth-based z? ality Statements are of paramount importance to the users as
t

projection. The storage of map projection parameters is pa ey list all the known problems and limitations of the respective

the format, and routines to access the data in Grid format by ge- . ) . L :
olocation are supplied in the Grid API (Application Interface%mdums' They also include discussion of the remaining pieces

On the other hand, MISR is required to store daylight-side ortﬂ[ product content yet to be implemented.
(swath) products at Level 1B2 and Level 2 in a georeferenced
space-based map projection. In particular, as described above,
MISR breaks up the L1B2 and L2 swath into equal-sized blocks. For the Terra mission, ground data processing, including the
Changes were made to the Grid implementation, to handle thgemeration of MISR data products, is accomplished within the
blocks as an additional dimension to a Grid dataset. This is IEOS Data and Information System (EOSDIS), which is the
ferred to as the “stacked-block” Grid implementation. end-to-end data system for all of the current EOS missions [11].
In brief, the solution to meet MISR’s needs is to “stack” all Those parts of EOSDIS relating to MISR are summarized
of the blocks of a swath into a single dataset, where the “thirdi Fig. 3. This extensive system embraces mission operations,
dimension for the dataset becomes the block number. Grogpeund data processing, archiving, and data distribution. Space-
of parameters of a product can be stored in these stacked-blockft data received by ground stations is passed to the EOS Data
Grid data structures, but each parameter in the dataset marsd Operations System (EDOS) at NASA Goddard Space Flight
have the sameX andY dimensions (i.e., same resolution)Center (GSFC), where spacecraft telemetry is divided into its
Within a Grid dataset, parameters can also be grouped imtmmponent packet streams. High-rate science packets are for-
what HDF-EOS calls a “field,” but each parameter in the field/arded to the respective Distributed Active Archive Centers
must be of the same data type (e.g., two-byte integer). THRAACS), or equivalent processing locations. In MISR’s case,
problem of each block having a different projection origin ithe DAAC is part of the NASA Langley ASDC, where data are
handled by storing only the projection origin for Block 1, anghrocessed into standard products, archived, and distributed.
saving in a separate dataset the integer pixel offsets from thdJsers requiring MISR data are assisted by the User Services
upper left-hand corner of Block 1. facility at the ASDC DAAC, accessed through their Web site at
Several new data access tools were created by the MISR tdatip://eosweb.larc.nasa.gov. Actual product orders are currently
to enable access to MISR data parameters stored in the stackdgiced through the EOS Data Gateway (EDG), which is a web-
block Grid format. These tools included the multiangle, mubased facility centered at GSFC, with distributed functionality
tichannel viewer callednisr_view and the detailed file readerat the respective DAACs.
calledhdfscan which are described in Section VII. MISR science data processing operates within a system soft-
ware environment known as the EOS Core System (ECS), which
uses primarily Silicon Graphics, Inc., (SGI) Origin mini-super-
computers running the IRIX operating system. The function-
Standard practice for the Terra mission is that data produetgty of the ECS includes systemwide EOS application features
are classified by the maturity levels Beta, Provisional, and Vambracing data ingest, data archiving, data staging, job control,
idated. The definitions of these levels can be found on the EQ&ence processing, product distribution, and user services.
Terra data products Web page [9], and can be summarized aBerformance requirements of the system include that it keep
follows. up with the rate at which the instrument produces data, and that

I1l. OPERATIONAL ENVIRONMENT

C. Product Status
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SPACECRAFT of the science production code was developed by MISR staff
Ltagrs at the MISR SCF at JPL, based on algorithms devised by the
AT MISR Science team. As with other Terra instruments, MISR
f ACCEEZ T ¥ development began in the early 1990s, initially with a very
EQE Data & . ECGS Data small development team, and reaching a peak of more than 25
Ground Operations DATA GE'E'*&"-W software-related staff at launch.
pr— :_’fg; LEVEL e The software development effort was divided broadly into a
J’_' 0 DATA Iq.m_-.m prototyping stage followed by a more formal software imple-
L mentation phase, but with an ongoing iteration to accommo-
Ceatrbuted Actve Archive Camer (DAAC) date the evolving algorithms, an evolution that continues. Proto-
S U WD UM typing of algorithms for the initial products continued through
oo i Lt 1995. The initial functional versions of operational code ap-
T peared in 1996 for Level 1 and 1997 for Level 2 algorithms.
AT SO TR R (LA Tl PR TS . . .
L OFS SUPEDAT : g Prototyping was necessary in a}ll major product areas becguse
SR Boence Conpuing oy BCH| [Fgotirs. of the lack of herltag_e of the algorithms. Many of the_processmg
« nStrument ooemtons, algorthms valichatian concepts and algorithms were complex and some implementa-
gsiencs paftwars, (1A, valdation e tions were first-of-a-kind; for example, automated ground loca-
JET PROPLLETON LABORA TORY TEAM tion and coregistration of multiangle images to the extent and
T T accuracy required by MISR had never been done before.
S S AT Within JPL, the major prototyping was for the Level 1B2
i T mr'“l__: and for the Level 2 Aerosol/Surface products. In these areas,
o the one team of implementers was responsible for both pro-
-V T totyping and implementation; that is, there were not separate
sl groups dedicated to prototyping and implementation. The re-

. _ sponsible scientists worked directly with this team in defining
Fig- 3. MISR science data system components. the algorithms and confirming from the prototypes that the pro-
posed techniques would work.

there be additional capacity for reprocessing of earlier data withThe other major Level 2 product area, TOA/Cloud, was
revised algorithms. The first complete reprocessing of the MIgRototyped by the MISR Co-Investigator team at University
dataset is anticipated to begin in late 2002. of Arizona, incorporating codes supplied by other Co-Inves-
While routine processing activities are associated primariligators at the University College London and the University
with the DAAC and EOSDIS, there is also an important opegf lllinois [13]. Additional algorithm development support
ational role played by the MISR Instrument Team. The Instrgame from co-investigators at Los Alamos National Laboratory
ment Team, which is roughly analogous to the MISR Scienéelear-sky albedo retrievals), Boston University (surface prod-
Team plus MISR Project staff, is centered around the MISEELS), the Joint Research Center, Italy (bidirectional reflectance
Science Computing Facility (SCF) at the Jet Propulsion Lapodel used in surface retrievals), and the University of Miami
oratory (JPL). Science Team members are located not only(@¢ean products); in these cases, developers implemented new
JPL, but also at other facilities, such as universities, both Rfocessing codes based on specifications and prototypes by the
the U.S. and Europe. The Instrument Team’s data responsigiitside team members and their associates.
ities include instrument calibration (primarily radiometric and The formal development cycle used for the operational ver-
geometric); data processing algorithms; data processing sciedig@s of the software follows a waterfall pattern adapted for
software; data product validation; data processing operatidR§remental functionality occurring over a sequence of builds.
support and quality assessment; and instrument-related sciefegde development occurs in phases, each one corresponding to
The team is also responsible for an airborne MISR simulatdicomplete system-level loop in Fig. 4, and resulting in a specific
called AirMISR [12], together with field instrumentation, whichsoftware build. The top-level prelaunch builds required by EOS
are used to support MISR vicarious calibration and validatiomere called Beta, Version 1, and Version 2, and by having three
campaigns. Data from AirMISR are processed by the MISRajor deliveries prior to launch the operability of the software
team into georegistered and rectified radiances, and are avill-the start of the mission was significantly enhanced. Note that
able to general users through the ASDC DAAC. All of these InBeta” in this context is not the same as its usage in the product
strument Team activities, together with observational and engiaturity definitions discussed above in Section II-C.

neering support of MISR on-orbit activities, contribute directly Besides the production software, there are significant soft-
to the operational success of the MISR experiment. ware subsystems that reside within the MISR SCF but are not

delivered externally although they form a critical link in the de-
velopment and operational chain for the standard products. They
V. SCIENCE SOFTWARE DEVELOPMENT PROCESS are used to prepare ancillary tables and databases that are ref-

At the present time, the MISR Instrument Team'’s |arge_§[enced during standard product generation. Specifically, these
single activity and largest deliverable is the software used ig¢lude
the ASDC DAAC for generating MISR standard products. All a) for radiometric conversion, the coefficient files;
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Bysbam Bppori Product Generation Executables (PGEs), each of which consists
COrCER I, T paTET foop may | to DAAC of a core service process and subsidiary child processes. APGE
A procead prar Daltvar | A% has one or more compiled executables or scripts, and produces

I woass | "7 one or more standard or intermediate product files, or completes
— a processing step on a dataset. In most cases the PGE includes
Liem | PCC a script that links together the component executables to per-
Syalen L ) form the desired processing. There is only one instantiation of
e bl [ T T e—— a PGE for each granule that has been defined for the MISR in-
prooecd prar strument processing. A PGE cannot accept command-line argu-
W XERREN S ’;‘ETFE:::; ments. No assumptions were made about the physical location
o o J of the files or the directory from which the PGE is being run.
Hubinssni derspet VTR The files are accessed through logical file handles established
yal in a PGE Control File (PCF), using the ECS toolkit access calls.

MOTES: [ = Phase Trassition Rerview ACC Normal processing operations are performed automatically, and

S T PGEs can be initiated manually. When all of the data needed
WER = Varificabon Complation Ridew for processing have been staged, and the computing resources
= Sysiem-evel review(s] needed for processing the PGE are available, the PGE is sched-

) . . uled for execution.
Fig. 4. Life cycle for software delivered to DAAC.

A. Key Factors Driving the Design
b) for georectification, the camera geometric model, projec-

tion parameters (for ground locating the MISR data), and
reference orbitimagery (forimage matching that provid

In an extensive data processing system such as that used for
ISR, the system design has many driving requirements. The
accurate ground location): CS environment that is the heart of the DAAC production

c) for aerosol retrievals, the simulated aerosol radiance da?g,sfm wats made ftor mult|ple(|jn?tru:|nefr::]s an?_mllssmn_s. Wh'lf
and aerosol climatology data: such a system must accommodate all of the critical requirements

d) for land surface retrievals, look-up tables used in the ge%i_ctated by individual instruments, it also must adopt standards
physical retrievals ’ and specifications to which the individual instrument software

Other SCF software subsystems that support Science te 5t conform._Here are the prime factors used i_n_design of the
operational activities include the In-Flight Radiometric Cal: ISR processing software,_m_cludmg factors arising from the
ibration and Characterization (IFRCC) subsystem [14]; t ISR instrument characteristics and the requirements of the
geometric calibration (Geocal) subsystem [15]; generation F’S'
threshold data for the cloud classifier algorithms; the validation 1) EOSDIS performance degraded more quickly in response
subsystem; QA processing; and AirMISR data processing. to increases in quantity of files staged than it did to the

Because the SCF-based software subsystems have direct in- Size of the files staged. For the same data volume, pro-
fluence on the data products, they were all implemented usinga  ¢essing fewer large files proved more efficient than man-
rigorous development cycle that is a subset of the one used for aging a large number of small files.
the production software, and are subject to similar review, con-2) The amount of dynamic memory available for each pro-

figuration management, and problem tracking practices. cessor would be limited to 512 MB, mostly due to cost
constraints.

3) Level 1A, Level 1B1, and Level 1B2 science processing
V. SOFTWARE AND SYSTEM DESIGN shared the following characteristics: a) very high 1/0

This section addresses the design of the MISR production _rates_, b) MISR—onIy generated ancillary data, C)_ nearly
identical locality of data access, and d) no data interde-

software and MISR-specific drivers of the system in which it
pendence between cameras.

operates. It includes the key factors driving the software design | librai board calib q
and an overview of the software architecture, and gives greater?) L€vel 1A CCD calibration, on-board calibrator, and motor
data occur infrequently.

detalil in areas that were especially unique or challenging. | ICloud and | Vsurf h
During the implementation years prior to launch, the MISR 5) Level 2 TQA Cloud an . L.eve 2 Aero;o Surface share
the following characteristics: a) require data from all

Project had the option of either using the ECS production ine MISR 4b . illary data f
system, or implementing its own production system in the nine cameras, and b) require ancillary data from
non-MISR sources.

form of an EOS Science Investigator-led Partner System6 Level 2 TOA/Cloud h | .
(SIPS). MISR chose to use the ECS because of the significant ) Leve oud has very large memory requirements.

investment already made in designing MISR processing within 7) HDF-EOS was the EOSDIS required data product format.

the ECS environment, and because that was regarded as thEhese drivers resulted in specific responses within the design
most cost effective route to take. of the production software, as follows.

Before proceeding with a description of the software, here is 1) The fundamentalgranule size adopted for MISR pro-
a very brief introduction to science software architecture within cessing was the amount of data collected in one orbit,
the ECS context. The software executable entities are called nominally one daylit swath for science data.
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2) Every PGE was designed to require no more than 350 ME L
of dynamic memory. SaopE i | MO ok
3) A maximum size of approximately 1 GB was adopted for sGE1 = P':'E’r Pﬁﬁ;j : Leval 14
all files, whether input, ancillary, or output, in order to fit il T ak et ] e
within the limitations of memory and the ECS toolkit. product
4) The PGEs were designed to take advantage of opportun =" | SRR W“wrw """"""""""
ties for coarse-grained parallelism, to minimize disk ac- Radisnce & aftiude. ;‘;J‘:L’:‘Jt
cesses, enable scaling up or down, and to efficiently use scaling Letaved Aoy product
system resources. A multiprocess PGE structure using et o i .
dynamic memory-based interprocess communication ser s . - Fend PEET Levai 182
vices was implemented to reduce intra-PGE 1/O. This gl ';::E:’ T&p”“;”m:'“ I —
resulted in intra-PGE chaining of Level 1A, and Level : praduet
1B processing. Level 1 processing was separated fron e e
Level 2 processing (not in the same chain). Level 1 pro-"‘“lt L] I‘ ity 1 -] Laval ITC
cessing used a serial approach within a PGE instance 1§:$a '3;:3?:-1' — rma ::.;!.r;nn'
Each camera is processed independently of every othe it
camera. It takes nine instances of the Level 1 PGE tc N ——
process all data from the nine MISR cameras. FGH "".""']'""""'"I""""' — | Lewlzaz
5) Calibration PGEs were created to allow for separate FT Bulsos awrascd and
scheduling based on their discrete acquisition scheduls retieval [ 7] revieve m‘:’t
rather than the continuous acquisition of sciencedata. ___ “—/|p—. . —p—=J) | =
6) Each Level 2 PGE would require staging of data from =
each of the nine instances of Level 1 processing. e = Lawal 3
7) The above constraints caused the decomposition of Leve arkiding crickiing el .
2 Top-of-Atmosphere/Cloud processing from one to three FEEs Tiat
PGEs to remain under the 512 MB per processor alloca: 12 13ah

tion.
8) MISR requires that radiance data be colocated and gé&#- 5. PGE breakdown and chaining.
rectified before geophysical parameter retrievals are per-

formed. As described above, the HDF-EOS Grid dafastrument. The Level 2 science algorithms allow for the input
type, suitably modified, was selected for this purpose. of environmental data from meteorological sources and from
MODIS, which would provide more accurate information than
B. PGE Design the climatology datasets assembled by the MISR Science Team.
) ) While the science data are processed in full swath granules,
Based on the factors described above, there are nine PGsin the PGES they are divided into segments to facilitate the
used for Level 1 and Level 2 processing, as follows. transition between multiple concurrent processes. That is, each
PGE1: Charge-Coupled Device (CCD) Science Data. “data segment” is the minimum input data to a processing func-

PGE2: Engineering Data. tion, and must be understood in the context of MISR’s concur-
PGE3: Motor Current Data (for the deployable calibratiorent processing. To optimize production, the MISR processing
panels and the instrument cover). design allows for the concurrent execution of PGE processes
PGE4: CCD Calibration Data. using the same input data. As the first process runs, a portion
PGES5: On-Board Calibrator (OBC) Data (for on-boaraf the input data becomes available and may be handed off to
photodiode measurements). the next process before the first process is entirely finished.
PGEG6: Local Mode (high resolution) Geometric ProThus, the second process need not wait for availability of the
cessing. entire granule dataset. Serial processing steps may thus occur
PGE7: Geometric Parameters. between PGE processes in a pipeline fashion, i.e., process steps
PGES: Top-of-Atmosphere (TOA)/Cloud. are chained. Segments are chosen to be at least as large as the
PGE9: Aerosol/Surface. minimum segment size for the along-track dimension, and equal
Level 3 processing uses an array of PGESs, known as PGE{d the swath width for the cross-track dimension. For Levels 1A
PGE16. and 1B1 processing, each segment is a 512-line portion of the

This breakdown of the PGEs, and the way they are chaingdath. For Level 1B2 and Level 2, the segment consists of one or
together operationally are illustrated in Fig. 5. Not shown hereore blocks in the SOM projection. (Blocks are defined above
are the various ancillary data flows used in the processing. TineSection Il and Fig. 2.)

MISR Level 1 PGEs do not use any ancillary data other thanThe heavily computational nature of the production software
that supplied by MISR, with the exception of navigation andias recognized early, and steps taken to mitigate it. Besides
attitude data, and the Detailed Activity Schedule (DAS), a fileareful coding and the use of concurrent processing, algorithms
provided by the EOS Operations Center that contains the termiere structured where feasible to use look-up tables prepared at
nator crossing and corresponding camera-on times for the MI8R SCF rather than rigorous real-time analytical techniques. In
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TABLE | VI. SYSTEM IMPLEMENTATION
MISR LINES-OF-CODE COUNT

The experience of implementing the MISR science data

Category Operational code Unit tests system and its science software, and of using the system to
Executable | Comment | Executable | Comment support an operational mission, spans a period of over ten years.

Product This section presents the chronology of the implementation

generation 610K 434K 330K 206K and operation, and examines the production issues and other

software challenges that arose.

Specialized

E‘éf}w‘"e a) K 21K 197k 7K A. Implementation and Operations Timeline

Implementation of the MISR science software by the MISR
effect, this transferred heavy computation from the productidgeam began officially in 1991, with the inauguration of the
system to the MISR SCF, where calculation of the look-uplISR Project at JPL. System-level planning and algorithm pro-
databases, while highly time consuming, does not need to théyping characterized the period through approximately 1995,
repeated for every granule of production. Thistechnique was usdtkr which the formal software development was predominant.
inthe Level 1B2 georectification and the Level 2 Aerosol/Surface The Beta version of prelaunch production software (not to be
and TOA/Cloud processing. Level 1B2 development requiresnfused with the release of “Beta” data products discussed in
several workyears of effort to prepare a global Digital ElevaticBection II) to the DAAC in early 1996 was intended by EOS
Model (DEM) based primarily on datafromthe National Imagerio exercise the system environment. It did this only to a lim-
and Mapping Agency (NIMA); a Projection Parameter (PRjed extent because the MISR software at the time was largely
dataset used in translating navigation and pointing informatigtand-alone, i.e., it did not use the ECS system toolkit exten-
to ground location; and Reference Orbit Imagery (ROI) that wilively, and did not use the HDF-EOS file format. However, it
allow improved ground location through image matching. Theas a major milestone because it demonstrated that the MISR
preparation of these datasets was computationally so intengivecessing concepts were viable. Subsequent deliveries to the
that care was needed to ensure the work needed to be done @®AC prior to launch included the Version 1 in mid 1997, Ver-
only. One production run for Projection Parameters requiragibn 2 in early 1998, and Version 2.1 a few months prior to
approximately four months of continuous processing using l&unch. Each of these included gradually greater levels of func-
CPUs of a Silicon Graphics Origin-2000 computer. tionality and operability.

The design of MISR processing required careful coordina- At the time of launch, MISR science processing capability
tion with the development of the EOSDIS ECS production eimtegrated into the ASDC DAAC consisted of only the Level
vironment to account for unique characteristics of the MISR functional string. For the first few months of operations, all
data stream. The most fundamental difference from other institSR Level 0 data was transmitted immediately to the SCF
ments is that MISR data are downlinked and front-end handled that data quality could be examined with quick turnaround,
in the traditional fashion of time-aggregation, viz., processedivith special SCF versions of the Level 1 PGEs set up to run
two-hour chunks, but must transition into an orbit-by-orbit harautomatically upon receipt of data. On a typical day, between 30
dling because this is the way that the MISR ground processingisd 50 GB of data arrived at JPL via a dedicated ATM network
done. This unusual method of working is functioning very wellink. This processing began about three months before the MISR

The need for MISR software to conform with the EC®over was opened on February 24, 2000.
operational environment includes a prescribed data model, oDuring the weeks prior to opening of the cover, it was neces-
metadata definition. Dedicated staff were necessary to cosary for MISR’s photogrammetry staff to prepare special navi-
plete this. The HDF-EOS metadata was designed to captagedion files because Terra had not yet reached its final orbit, and
descriptive information for a granule, and be a common formtite standard day-night cycling of MISR had not started. During
used for all EOS instrument data. This generalized data modik time, with the cover closed, a global map of proton radia-
was insufficient to meet specific MISR needs, especially thosien was produced from this processing [16].
regarding storage of detailed quality assessment parametergfter the MISR cover was opened, normal processing opera-
MISR adapted by developing software to create separate quations began immediately, and the first public release of data files
assessment data files containing detailed measures of gramalesisted of Level 1 products, on 28 June 2000. (A small number
quality, there being one QA file per each product file. Witlof selected images was released earlier at a press conference in
these changes, MISR could record metadata at swath leweid-April 2000.) The availability of real instrument data her-
block level, line level, and pixel level as appropriate. alded a major development push to complete the initial Level 2

To complete this brief synopsis of the MISR software desigproducts. For example, during the latter half of 2000, much work
the size of the implemented software is given in Table I. Than the Aerosol/Surface algorithm was necessary to improve spa-
count of lines-of-code was made in April 2002. The total of oveial coverage, and the cloud stereo algorithm required major re-
1.5 million lines of executable code is divided between operinements such as improving the accuracy of wind retrievals.
tional code and unit tests, and between the product generatiBwth of these products were demonstrated to the MISR Science
code, and the specialized subsystems at the MISR SCF. The figam at their meeting in December 2000, which permitted their
ures in the table include only code written by the MISR implepublic release in March 2001. Improvement has been and is on-
menters, and exclude third party software used in the systengoing. The Provisional status of Level 2 products is planned to
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TABLE I dicted earlier. The most notable example of this was that the
EVOLUTION OF MISR PROCESSINGESTIMATES initial measurements of Aerosol/Surface processing speed using
- Processing Capacity Product Volume for actual codein mid-1_999 s_uggested a_dev?ation py approximately
Processing (MFLOPS) Ix two orders of magnitude in computation time with respect to the
Level Throughput (GB/day) estimates that were used to specify the installed processing hard-
1995 2000 1995 2000 . : . .

n T ) 207 5 ware. This being an obvious threat to the success of MISR, it
2TC 784 2896 3 ) was decided to completely rework the software. Over 50 work-
2AS 1039 4656 3 3 months were expended in this effort, and the results were dra-

3 12 300 0.05 2 matic, reducing the 100-fold increase to within the overall en-
Total 3199 10374 221 169 velope defined in Table 1.

Although performance improvements to the MISR software

ill continue to be made, it is believed that all of the major
efficiency areas have already been addressed. Thus, the future
evolution of the software will be driven primarily by evolution

B. Challenges and Performance Issues of the algorithms. o
One of the larger lessons emerging from MISR’s experiencez) Simulated Data: A necessary part of premission develop-

is that the development of the MISR/EOS kind of science soﬂ%em was the preparation of simulated datasets for testing both
. X - . e algorithms and the software. Although the need for test data
ware is unavoidably difficult, encompassing far more than a

. . o . as recognized early, there were no prelaunch multiangle test
straightforward “bullet-proofing” of science prototype code an . )
: L atasets at comparable spatial resolution that could be used to
the use of a standard system environment. Instead, itis a major .~ . .
) ; . . rovide input for algorithm testing or for performance measure-
design and implementation challenge. Some of the issues 'in- : . :
] S - . ment studies. Thus, the construction of simulated MISR data
clude: error handling; unit testing; working through the data; . .
. . S . Wwas a complex exercise. Approximately two workyears of effort
using the system environment dependencies; automatic mass . . ; .
. . . ; . was putinto this, and the result was the equivalent of a single day
production; continually changing requirements; broad depen- ) . .
S X . of processing. This limited dataset restricted the range of oper-
dencies; pressure to write code before requirements are caom* ) .
. . ational stress testing that could be accomplished before launch
plete; lack of prototypes for some of the algorithms. although it is doubtful that it resulted in any serious implications
These challenges and related operational and performancc? '?_theg ostlaunch release of products y P
sues are best illustrated by looking at the specific major issues P P '

characterizing the MISR experience. Although prelaunch data from the MISR instrument was
1) Algorithm Efficiency and EvolutionThe initial pro- In the correct Level 0 packet format, the content for software

cessing hardware capacity at the DAAC was based on estimd&ing purposes was minimal. Therefore, some level of realistic
of algorithm requirements made by the MISR team in 199#nage content was needed to confirm the basic software and
when many of the more demanding algorithms were still at tisdgorithm functions prior to receiving MISR data from orbit.
prototype stage, or only partly implemented. Table Il shows Software was developed to produce this image data using
those estimates (for a one-time processing of the dataset) aaddsat scenes as a base and creating MISR-like data in the
compares them with figures derived in mid-2000, after the reappropriate form. This software read Landsat nadir-view radi-
mission requirements became clear. The 2000 estimates renzaine images and produced the nine angle MISR-like radiance
essentially valid, and are currently used as a constraint withinages using rendering and projection techniques. MISR swath
which the implementation must fit. structures were then generated in two ways. Initially this was ac-
Having no heritage, there were no operational codes upoomplished by mirroring the Landsat scene-based data in both
which to base reliable system capacity estimates until eadsoss-track and down-track foldings to achieve the desired spa-
versions of production software became available in mid-199%al extent. To improve the overall content of the test data an
Early estimates of processing needs, such as the 1995 figuresxtended mosaic of Landsat scenes was later used as input to
Table II, were based mainly on hand calculations, and includ#dte rendering step. This radiance form of test data was used as
an application environment overhead of 100% to allow fahe input stream to the geometric processing steps.
metadata generation, product structure constructions related tédditional software was developed to generate Level 0 packet
the Hierarchical Data Formal (HDF) and HDF-EOS formatsles from these radiance files to support the testing of the com-
used for the EOS products, input staging, job control, and aplete Level 1 processing chain.
other production environment requirements. Experience with3) Impact of Instrument Issue®rior to the public release of
the system since Terra launch has shown that because of sydterrel 1 products in June 2000, many problems were resolved.
downtime for maintenance, Level O data delays, inefficienci®ome of these arose from non-MISR sources, such as “bit flips”
in data staging, limitations on maximal CPU utilization, anéh the packet headers. The primary MISR-related issue to fa-
general system instability, a more realistic overhead allowanciéitate the public release was the delivery of software patches
would be 175% to 200% with respect to science softwate mask out regions of data acquired while the MISR instru-
execution times. ment was experiencing an out-of-sync condition [16]. Prior to
In some instances, initialimplementation of MISR algorithmthis patch, the software often halted because of discontinuities
performed in ways that were very different from what was préa the data when out-of-sync packets were encountered.

coincide with the start of the first complete reprocessing of t
entire MISR dataset from the start of mission onward.



BOTHWELL et al: MISR SCIENCE DATA SYSTEM 1475

The out-of-sync issue has been one of the main Level 1 p@sailable to the science user community through a no-cost soft-
cessing issues, and continues to receive attention. Without ceare license agreement with JPL/California Institute of Tech-
rections, the geolocation of the product could not be correctplogy (http://www-misr.jpl.nasa.gov/software).
determined when lines of data were no longer in their correct lo-
cation subsequent to an out-of-sync event. Gradually, the Leyel G| Extension
1 software has been made increasingly resilient with respect ) ) _
to out-of-sync packets. In May 2001, a major patch increasedT00lkit extensions to the ERDAS Imagine GIS software
robustness to the point where Level 1 processing proceed¥tfkage were implemented for viewing and analyzing MISR
uninterrupted in more that 95% of cases. A concerted eff¢l@ta. These were used by the MISR team as a means for specific
is planned in mid-2002 to provide a definitive solution to thif?anipulations of MISR data content and structure necessary to
problem and achieve a 98% or better success rate. This is rfe2firm the rectification of the images from the nine cameras
essary to attain a satisfactory global coverage with Level 2 prgd2d four bands per camera. They also provided the ability to
ucts because Level 2 processing as currently structured requifgdly the geolocation of the images. This step was aided by
input data from all nine cameras. (A 100% success rate may H&terting measuring crosses into the data so that these tools
be practicable because of the many variants of the problem.Fomd be used to examine the relative locations of these crosses

4) DAAC Issues:The MISR production system at the@Mong the camera views.

ASDC DAAC was based on a new design that needed many

adjustments to achieve the necessary performance, and ti&sadfscan

adjustments.are continqing. The early months OT the missionTWO tools were built to specifically view MISR data prod-
revealed serious operational ISSUes, many of which have b . The first is calledhdfscan This software consists of two
;uccessfully addre;sed or are being addr'essed, e.g., the nee<(§jof;r)1rponents, a core program used to read and process MISR
improved data staging between the archive and the processgys;

inad i ducti lanni ity tﬂr F files, and a graphical user interface (GUI) built as an in-
inadequate production pianning capacity, rearrangement Qi .o 5 display wrapper around the core progtaifscan

archive files to optimize access times; susceptibility to operat&gn be initiated in two modes, command line driven using the

EITors, gaps ip attitude and navigatioq da'Fa; internal syste_m_ S@?Fe program only or using the GUI with X-windows. The core
uranor;, poor |tnterprocessor communication; and an mefﬂmeB ogram is written in Fortran 90 and the GUI consists of routines
opgral ”,:g %glem'h. h ¢ fter | h written with Tcl/Tk, C and C++. This program permits examina-
th y ?]e b t\'NW 'Clc\)’g)as (\;V(igg(;lrs ?de'rl a_un:: » an ?vertaggn of both the metadata and product parameters in MISR data
roughput between an o of daily mstrument outp Foducts. Many data selection and display options are available
was being reahzeq, ‘f"!th"“gh not con§|st.e.ntly. Since then, p hich allow viewing parameters from any HDF structure. Data
formance:- and reliability have been_ significantly enhanced %\én be displayed as image, gray scale or color, tabular, or text
augmenting the computer processing hardware and by m ere appropriate. Also both raw and interpreted representa-

revisions to the ECS software. At _the time of writing, Aprlltions of the data are available, e.g., conversion of numeric flag
2002, the augmented system was in a test phase, and app, ARes to text descriptors

capable of supporting the reprocessing planned for later in the
year, when there must be at least as much capacity available for i
that purpose as for the processing of new instrument data. %t MIST_view
that point, the system will be based on SGI Origin 3800 ma- The other data analysis tool is callesisr_view This pro-
chines with the equivalent of 96 CPUs running at 400 MHz. gram was developed to provide advanced viewing and analysis
An additional round of capacity augmentation is expecteshpabilities applicable to those MISR products written in the
later in 2002, which should at least double the reprocessing ¢#DF-EOS grid format, including the georectified Level 1 radi-
pability, and this should for the first time realize the kind ofnce data, the Level 2 retrieved geophysical parameter data, and
system capability originally intended by EOS for full missiomjrMISR georectified radiance data. The software for this tool
support. is based on IDL, a COTS product from Research Systems, Inc.
misr_viewis a feature-rich analysis tool allowing comprehen-
sive data viewing and investigation. It is controlled through a
GUI that permits the selection of data products to be examined
The implementation of support tools was an important paaihd analysis options. Some of these options include the ability
of the MISR software development task. In general these toddsextract and stitch together a range of blocks for display and
filled the typical roles in support of software testing, data gete load parameters having different spatial and bit-depth resolu-
eration, and data analysis and visualization. Several specialitiets into the display planes of a viewing window. Several util-
tools were built to reflect the MISR needs. Some were developitigs exist providing data transforms to perform tasks such as
as extensions to commercial off-the-shelf (COTS) products, @data scaling and unpacking, histogram viewing, and stretch ma-
used COTS products as a base. Others were written in their aipulation. It is possible to link multiple viewing windows via
tirety. geolocation information and to use alternative map projections.
The ASDC DAAC Web site [10] lists MISR data access tool®ther capabilities include vector overlays, tools for constructing
available from various sources. The following paragraphs danaglyphs, automatic scrolling through a large range of blocks,
scribe tools developed by the MISR Instrument Team that amad emulation of 24-bit color on eight-bit display hardware.

VII. SOFTWARE TOOLS
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VIII. CONCLUSION [13]

Putting a complex data production system in place at the same
time as research and development on the algorithms proceeddi4l
a daunting task. Many factors must be managed for this to work,
and in the MISR case the outcome was successful.

The first generation of MISR Level 1 data products becamé15]
availabletothe science communityin July 2000, and Level 2 prod-
ucts became available in March 2001. Validated Level 1 products
are now available, and Provisional Level 2 products are expectdif]
later in 2002. This is a major accomplishment for such a new in-
strument concept launched little more than two years ago.

Although the MISR data products will be subject to ongoina
revision and improvement during the Terra mission, the found
tions of the design, implementation, and operation are well ¢
tablished, and highly successful. Many innovations and speci
ized approaches were necessary because of the newness ¢
MISR multiangle observing concept. These are groundbreaki
achievements that will no doubt be the foundation of data pr
cessing for future on-orbit, multiangle instruments.

ACKNOWLEDGMENT

1985,

ONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 7, JULY 2002

C. Moroney, R. Davies, and J.-P. Muller, “Operational retrieval of
cloud-top heights using MISR dataJEEE Trans. Geosci. Remote
Sensingvol. 40, pp. 1532-1540, July 2002.

C. J. Bruegge, N. L. Chrien, R. A. Ando, D. J. Diner, M. C. Helmlinger,
W. A. Abdou, and K. Thome, “Early validation of Multi-angle Imaging
SpectroRadiometer (MISR) radiometric scal&EE Trans. Geosci. Re-
mote Sensingrol. 40, pp. 1477-1492, July 2002.

V. M. Jovanovic, M. M. Smyth, J. Zong, R. Ando, and G. W. Bothwell,
“MISR photogrammetric data reduction for geophysical retrievals,”
IEEE Trans. Geosci. Remote Sensingl. 36, pp. 1290-1301, July
1998.

D. J. Diner, J. Beckert, G. W. Bothwell, and J. I. Rodriguez, “Perfor-
mance of the MISR instrument during its first 20 months in earth orbit,”
|EEE Trans. Geosci. Remote Sensi. 40, pp. 1449-1466, July 2002.

Graham W. Bothwell received the B.Eng. degree in
electronics from the University of Queensland, Bris-
bane, Australia, in 1967.

He was with NASA's Deep Space Station,
Canberra, Australia, from 1967 to 1968. From 1969
to 1985, he was with the Anglo-Australian Obser-
vatory, Sydney, Australia, where he was involved in
computing and electronics development in support
of construction and subsequent operation of the 4-m
Anglo-Australian Telescope. He has been with the
Jet Propulsion Laboratory (JPL), Pasadena, since
initially as supervisor of a group developing image processing software

for JPL's planetary program. Since 1988, he has worked with various projects

P ssociated with NASA's Earth Observing System, and led a group involved in
The authors gratefully acknowledge the dedication and _' strument data processing, ground system development, mission operations,

spiration of the MISR science data system team; the untiriggd airbore remote sensing. He is currently Manager of the MISR Project.

efforts of the ASDC DAAC staff; the developers of EOSDIS;
and all others contributing to the success of the MISR science
data system. For further information, see the MISR Web site
http://www-misr.jpl.nasa.gov

REFERENCES

[1] D. J. Diner, J. Beckert, T. Reilly, C. Bruegge, J. Conel, R. Kahr
J. Martonchik, T. Ackerman, R. Davies, S. Gerstl, H. Gordon, J.-|
Muller, R. Myneni, P. Sellers, B. Pinty, and M. Verstraete, “Multi-angl
Imaging SpectroRadiometer (MISR) instrument description a
experiment overview,|IEEE Trans. Geosci. Remote Sensiugl. 36,
pp. 1072-1087, July 1998.

Earl G. Hansen received B.S. degrees in math-
ematics and physics from the University of
Washington, Seattle, in 1989

He has been involved with data system devel-
opment and operations since 1972 including roles
as software engineer, systems programmer, and
systems and operations manager with commercial
companies and the Jet Propulsion Laboratory (JPL),
Pasadena, CA. He has been at JPL since 1989,
initially as Systems Engineer for the science data
system of the AVIRIS project. Since 1992, he has

worked as a senior systems engineer and task manager for the science data

[2] S. A. Lewicki, B. G. Chafin, K. A. Crean, S. E. Gluck, K. C. system of the MISR Project.
Miller, and S. R. Paradise. (1999) MISR Data Products Speci-
fications. [Online]. Available: JPL Tech. Doc. D-13963, Rev. C.
http://feosweb.larc.nasa.gov/PRODOCS/misr. Robert E. Vargo received the B.A. degree in biology
[3] MISR Science Team. Algorithm Theoretical Basis Documents. [Or from the University of California, Los Angeles, in
line]. Available: http://eospso.gsfc.nasa.gov/atbd/misrtables.html. 1975, the B.S. degree in computer science from the
(4 Ee?rﬁ gg’ajggt [:Slicgiﬁtn(cleerigiczggezogol(?)eflegggce Handbook,” NASA Goc California State University at Los Angeles in 1984,
[5] J. P. Snyder, “Map Pr_ojeciions: A Wc;rking Manl_JaI,” U.S. Governmen Sr:]ciivél';;t;\//l.os;.Sdoej]t:]eeemlnczcl)irfgrr)xitaer I_Sc(;lsez\?\i;gg? itr?e
Printing Office, Washington, DC, USGS Professional Paper 1395, 19¢ 1987 ’ ’
[6] A. Braverman and L. DiGirolamo, “MISR global data products: A ' . .
new approach,"EEE Trans. Geosci. Remote Sensingl. 40, pp. 1 T He has been with the Jet Propulsion Laboratory
1626-1636, July 2002 || Il:'l ,1 i (JPL), Pasadena, CA, since 1984, initially devel-
[7] National Center for Supercomputing Applications at the University cl,-[ e ||. rll oping application subsystems for a large military
Illlinois. HDF Homepage. [Online]. Available: http://hdf.ncsa.uiuc.edu’. ) intelligence data system. He joined the MISR Project
[8] NASA. (2002). HDF-EOS Tools and Information Center Homepagée®S @ system engineer in 1994, later becoming the technical supervisor of_a
[Online]. Available: http:/hdfeos.gsfc.nasa.gov. group developing the science data systems for MISR and the Tropospheric
[9] NASA. (2002). EOS Terra Data Products Homepage. [Online =mission Spectrom_eter. He currently is Deputy Manager of the Space Science
Available: http://eosdatainfo.gsfc.nasa.gov/eosdata/terra/terra_dagta Systems Section at JPL.
aprod.html.
[10] NASA. (2Q02). NASA Langley Research Center's  Atmo-
ﬁit)tgl'a/;gosfvggrllgr?:snazgtgovcemer Homepage. [Online]. Availabl~ Kyle C. Miller received the B.S. degree in physics
: S IOV fi Principia College, Elsah, IL, and the M.S.
[11] NASA. (2002). Earth Observing Science Data and Information Syste drggr;?eerilgctlzzlripu?ef ggienczafrom thinUnivgrsity of
(EOSDIS) Homepage. [Online]. Available: http://feosdismain.gsfc Southern California, Los Angeles
nasa.gov/eosinfo/EOSDIS_Site/index.html. ) P ) .
[12] D.J. Diner, L. M. Barge, C. J. Bruegge, T. G. Chrien, J. E. Conel, v He is a systems engineer on the MISR Project at

L. Eastwood, J. D. Garcia, M. A. Hernandez, C. G. Kurzweil, W. C
Ledeboer, N. D. Pignatano, C. M. Sarture, and B. G. Smith, “The Ail
borne Multi-angle Imaging SpectroRadiometer (AirMISR): Instrumen
description and first results|EEE Trans. Geosci. Remote Sensivig.
36, pp. 1339-1349, July 1998.

the Jet Propulsion Laboratory (JPL), Pasadena, CA.
He has been involved with MISR ground software

development since 1995. Prior to that he worked on
large-scale simulation software at JPL.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


