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EXECUTIVE SUMMARY

This report describes the state of practices of design reviews at NASA and
research into what can be done to improve peer review practices. There are many types
of reviews at NASA: required and not, formalized and informal, programmatic and
technical. Standing project formal reviews such as the Preliminary Design Review and
Critical Design Review are a required part of every project and mission development.
However, the technical, engineering peer reviews that support teams’ work on such
projects are informal, some times ad hoc, and inconsistent across the organization. The
goal of this work is to identify best practices and lessons learned from NASA’s
experience, supported by academic research and methodologies to ultimately improve the
process. This research has determined that the organization, composition, scope, and
approach of the reviews impact their success. Failure Modes and Effects Analysis
(FMEA) can identify key areas of concern before or in the reviews. Product definition
tools like the Project Priority Matrix, engineering-focused Customer Value Chain
Analysis (CVCA), and project or system-based Quality Function Deployment (QFD)
help prioritize resources in reviews. The use of information technology and structured
design methodologies can strengthen the engineering peer review process to help NASA

work towards error-proofing the design process.
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1. INTRODUCTION

1.1. Background

Design reviews are a systematic way to manage the process of product
development to ensure product design quality reflects and meets customer
requirements within cost and time constraints. The Japanese Industrial standard

JIS Z 8115-1981 defines design reviews as:

Judgment and improvement of an item at the design phase, reviewing the
design in terms of function, reliability, and other characteristics, with cost
and delivery as constraints and with the participation of specialists in
design, inspection, and implementation.

There are two types of design reviews. Formal design reviews have standard
policies and procedures. Each review is a key event in the process of product
development and production planning. Informal design reviews are developed
and conducted by individual reviewers. These reviews are used only as needed
and their effectiveness can vary greatly.

In a survey by the Design Review Committee of the Union of Japanese Scientists
and Engineers (JUSE), few reported any actions to correct misunderstandings of
design reviews. Some of the most frequently cited concerns were time and
scheduling constraints, lack of staff experience, inadequate preparation, and
shortfalls in communication, cooperation, and commitment. (Ichida 1996)

1.2. Goal

This report describes the state of practices of design reviews at NASA and
research into what can be done to improve review practices. There are many
types of reviews at NASA: required and not, formalized and informal,
programmatic and technical. Standing project formal reviews such as the
Preliminary Design Review (PDR) and Critical Design Review (CDR) are a
required part of every project and mission development. However, the technical
engineering peer reviews that support teams’ work on such projects are informal,
ad hoc, and inconsistent across the organization. The goal of this work is to
capture the state of peer review practices currently at NASA and to go beyond
that and identify best practices and lessons learned from NASA’s experience,
supported by academic research and methodologies to ultimately improve the
process and work towards error-proofing the process.

1.3. Method
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Based out of NASA Ames Research Center in Moffett Field, CA, this design
review research first referred to official NASA documentation and NASA mission
webpages on formal design reviews as well as NASA interviews. Initial
conversations with engineers and managers at NASA Jet Propulsion Laboratory in
Pasadena, CA indicated that we should concentrate on the informal engineering
peer reviews.

In additional to interviews at Ames Research Center, two visits were made to
NASA Jet Propulsion Laboratory in Pasadena, CA on June 19-20, 2003 and July
15,2003. These conversations initiated dialogue with several officials at JPL,
Ames, Langley, and Goddard via phone, e-mail, and in person and are detailed in
the appendix. Observations were also made from the Kepler Ground Segment
(pre-SRR) peer review held at NASA Ames Research Center on June 26, 2003.
Finally, there were opportunities for discussion at the “Space Mission Challenges
in Information Technology” conference in Pasadena, CA on June 13-17, 2003; the
“NPI Roundtable on Reliability and Validation” at Stanford University on June 24,
2003; and the “International Research Roundtable” at the Swiss Federal Institute
of Technology in Lausanne (Ecole Polytechnique Federale de Lausanne) on

September 11, 2003.

2. NASA REVIEW PROCESS

2.1. NASA Centers

The National Aeronautics and Space Administration (NASA) is an agency in the
U.S. federal government with the mission of conducting research and developing
operational programs in the areas of space exploration, artificial satellites, and
rocketry. The agency came into existence on October 1, 1958, and there are
currently 11 facilities in the agency [13]:

— NASA Headquarters - located in Washington, D.C., exercises
management over the space flight centers, research centers, and other
installations that constitute NASA.

~ Ames Research Center - specializes in research geared towards creating
new knowledge and new technologies that span the spectrum of NASA
interests.

— Dryden Flight Research Center - innovates in aeronautics and space
technology - the newest, fastest, the highest - as the lead for flight research.

— Glenn Research Center - develops and transfers critical technologies that
address national priorities through research, technology development, and
systems development for safe and reliable aeronautics, aerospace, and

space applications.
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— Goddard Space Flight Center — mission to expand knowiedge on the
Earth and its environment, the solar system, and the universe through
observations from space.

— Jet Propulsion Laboratory - managed by the California Institute of
Technology is NASA's lead center for robotic exploration of the Solar
System and mission design.

~ Johnson Space Center - continues to lead NASA's effort in Human Space
Exploration, from the early Gemini, Apollo, and Sky Lab projects to
today's Space Shuttle and International Space Station programs.

— Kennedy Space Center - America's “Gateway to the Universe,” leading
the world in preparing and launching missions around the Earth and
beyond.

— Langley Research Center — continues to forge new frontiers in aviation
and space research for aerospace, atmospheric sciences, and technology
commercialization to improve the way the world lives.

— Marshall Space Flight Center - is world leader in the access to space and
use of space for research and development to benefit humanity, bringing
people to space and space to people.

— Stennis Space Center - responsible for NASA's rocket propulsion testing
and for partnering with industry to develop and implement remote sensing
technology.

This project was based in Ames Research Center but worked very closely with the
Jet Propulsion Laboratory and supplemented by some conversations with
individuals at Goddard and Langley.

2.2. NASA Life Cycle

For decades, the National Aeronautics and Space Administration has applied
effective design principles with appropriate peer reviews and periodic systems
design reviews to result in high reliability aerospace design . NASA has a well-
defined life cycle which consists of the following areas, shown in Figure 1.

NASA - Defined Life Cycle
W mend Alizean nosss Zomee Degn 22 Fabecaton, Proaparntens | Operntens ond
seternnation ¢ and concephast defmiton develpment | irdogeeion tost dizzosal
stgdies 3red avnluation
Figure 1: NASA’s DEFINED LIFE CYCLE

Like many organizations, NASA uses these phases as a means to organize
decision points, illustrated in Table 1. Requirements definition begins in Phase A,
with refinements and baseline occurring in Phase B. Lower level requirements
are derived between Phases B and C, and major requirement definition is
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completed for all leveis by Phase C. Design reviews are at Key transition points
along this life cycle

Table 1: NASA LIFE CYCLE CHART SHOWING REQUIREMENTS AND REVIEWS
PHASE: A B C D E
Prelimmanry EYefinition Desicn [Bovelopment Chperaiions
Anafysts
Activities: Coneeptual Prelimenan Detanl desian Final design & Suppaort
steid e desien B developmen
= Saskem Prowiuct
Explorstion of Concegt developament Fabrication mprotenkent
abernatises selatien ;
Trest
Requirement Proyram Scrment
Related Plan Baseline S Namitan Maintain
Documents: System Specs Spevs
Dreadi Specification
SyRtem Element Spocs >
Specihicalion
Reviews: SRR PR CDR SAR FRR | ORR

All NASA missions and spacecraft are subject to a technical design review
process. The primary objective of this program is to enhance the probability of
success by identifying potential or actual design problems in a timely manner.
There are a number of system reviews which are performed throughout the

lifecycle, including:

—~  System Concept Review (SCR)

~ System Requirements Review (SRR)
— Preliminary Design Review (PDR)

~ Critical Design Review (CDR)

— Mission Operations Review (MOR)

— Pre-Environmental Review (PER)

— Pre-Shipment Review (PSR)

- Systems Acceptance Review (SAR)
— Flight Operations Review (FOR)

~ Flight Readiness Review (FRR)

— Launch Readiness Review (LRR)

~ QOperational Readiness Review (ORR)

The Technical Design Review Program consists of a subset of such system
reviews, depending on whether it is a spacecraft or an instrument, or new or

follow-up mission.

2.3. Types of Reviews
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To help understand the organizational aspects of the design review system at
NASA, we performed a Customer Value Chain Analysis (CVCA). CVCA isa

design tool taught in Stanford University’s dfM course me317
(hutp://me317 stanford.edu) that helps an organization to understand the value
proposition for each stakeholder. It lists the pertinent parties involved in the
product including stakeholders, customers, partners, and regulators and identifies
the relationship and flow of money, materials, resources, complaints, and

information among the parties.

The CVCA in Figure 2 (the appendix contains breakdowns of the chain by
category) shows the different stakeholders involved in typical projects from a
design review perspective. NASA is a matrix organization which brings members
from different functional line organizations together for projects. The different

types of review teams that may impact a project are shown in the dotted circles.
iews such as the PDR and CDR. Peer

IEWS Su

Formal review boards sit on system rev
reviewers are gathered from different organizations within NASA and even

outside. As the CVCA shows, the funding for both these reviews comes from
within the project and not from Headquarters or other NASA offices.
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Figure 2: CUSTOMER VALUE CHAIN ANALYSIS (REFER TO APPENDIX)
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In addition to the system reviews, there are also externally motivated project
reviews. The “Red Teams” are comprised of senior management representatives
that periodically review the process; they are charged with evaluating the
approaches used to manage and mitigate risks during the lifecycle and report to
the System Management Office. The Independent Program Assessment Office
(IPAO) conducts independent evaluations of NASA programs and projects to
ensure that the technical and programmatic commitments are being met.
Independent Review Teams (IRT) consist of highly knowledgeable specialists

both internal and external to NASA and conduct reviews as requirements mandate.

2.4. Formal Reviews

In the NASA life cycle, two key reviews are the PDR and CDR. Figure 3 shows a

representation of the JPL life cycle including major reviews.

NASA ; \P * RO\)“E/
Phases FORMULATION /./ IMPLEMENTATION
IPL Pre-Phase A: Phase Ar - | Phase B: Phase C: { Phase Dt Phase E:
Life Cyele Advareed  |Mission & Svsiems| Prelimbmny Deipn & 1 ATLO Operations
Phsces Siidies P finstenn Dhesieny Boigd i i
. HAN JAY & FAUJWAN i
Major JPL Cancept Prefirninary Project  Project  Assembly, Opemiicas  Post Critical
Reviews Review ! Mixsion & POR®  CDR  Tem& & lausch Events
Revaew Syvietms Review Latinch Mission  Azsoan Reacdimess)
Claesier PSR 1 Opention Readiness Review Review
Incindes o A Al A Readiness  Reviews  PLAR CERR
lzxrmr.'i;r ¥ STEP | STEP 2 | Pvisy Roview ORR &
GPCt T™C 2 TMC? ARR - MRR |
Major Concept: Initte) Confipmtion  Confimmatio Mission
NASA Prapoxal Review 1 Review Briefing
Emerprise Revhew iR CR i
Reviews i i i i
] A A F Y A
:" Yor Down Selext for STEP 1 Commitmen.  Centract Launch
Evems Seiect :‘ai- STFRP 2 E
11} Program difven projects (4} A PRISR s aguivalent 1 what Code S rxfers o as o combinad Mssion Dedniion Review and SRR
12} AQ driven peojects 50 For £arth Science Mssions. 3 PDR may be camtined with 3 klission Design Review
(2} Mot 3 GPMC revinw 1%y CERRS ane estabéshed at the discrelvdn of Pmgram QIcss
semmeemeve e —————

Figure 3:

JPL LIFE CYCLE INCLUDING MAJOR REVIEWS

The Preliminary Design Review (PDR) is the first major review of the detailed
design and is normally held prior to the preparation of formal design drawings.
PDR’s are conducted to confirm that the approach for the system's design is ready
to proceed into the detailed design phase. A PDR is held when the design is
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advanced sufficiently to begin some testing and fabricati design models.
Detail designs are not expected at this time, but system engineering, resource
allocations and design analyses are required to demonstrate compliance with

requirements.

The Critical Design Review (CDR) is held near the completion of an engineering
model, if applicable, or the end of the breadboard development stage. This should
be prior to any design freeze and before any significant fabrication activity begins.
The CDR should represent a complete and comprehensive presentation of the
entire design. CDR’s are conducted to demonstrate that the detailed design is
complete and ready to proceed with coding, fabrication, assembly and integration

efforts.

2.4.1. Guides

For formal reviews, there are a number of guides and documents to help projects
through the review process. The JPL documentation PD-ED-1215 [C] outlines the
practice of conducting technical reviews. Figure 4 outlines the generic process
for implementing project reviews from the review board’s standpoint.

GENERATE
PROJECT
AEVREW PLAN

T

BOC MM NT p

COMNVENE BOARD

GHARTER SCOPE, | HELECT LANNOUNCEMENT
OBJECTIVES. | roviEw moarn b =l N e B A sz
e e ' AHD SCHEDULE) .;
PREBREGQUENTES ] 1 - !

CONDLKCY
R EW

Figure 4: PROJECT REVIEW PROCESS OVERVIEW

Figure 5 illustrates the preparation for project reviews from the design
presentation side.

10
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PREPABATION
SOHEDUIE,

ASSIGHMENTS

|

Figure 5:
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AND DISTRIBUTE EEVIEW
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PROJECT REVIEW PROCESS: REVIEW PREPARATION

Some groups have design review forms with detailed activities. Below, Table 2
lists review forms used for the PDR and CDR for software verification and
validation. These contents are to be verified and remarks are to be noted. [1]

Table 2: PDR AND CDR DESIGN REVIEW FORMS FOR SOFTWARE V&V
CONTENTR ] ] CIONTENTS
Al aciion tems from the PDR hawe been resohed.

The pralinsingsy varsion of the Acceptance/Softwars

Tert Plan and vesfication matrix has bees vodated, Spttware strpcturas 3nd intadaces have besen
Scitware design consisient with he sofbware dagnrme ‘_ﬁ:ﬂ
The 300 iz consistent and tracesble to the 100

raguirsmiEnts,

- Doviations from the requiremasts docurmeanted and
Apgrereed,

Al aszumpiions documented,

Mator design dacisient been dacumeniad.

| Decign consistant wik the majer design decisions,

The design adeguataly addresses rexklime
requirgments; perfanmsnce igswes (memory ang
 timang); 2pace capacity {OFU and memany:
maritamabilty; understandabiidy; loaging snd

: indlizizzatian; error handling snd secovery, user
nferface iwsues; and soibwars usarades.

Process Spec for each piocess accumte and
comnlete.

" Depandencies an ather functions, operating system
kemel, hardware, sto. | identiSed and documented.

Human factor considerstinns progerdy addressad
thuse functions that provide 3 user intadface.

Uecign consiraints, sech 3 memary and timing
hugnets, specified where approprste.

Requrrements fr armse chiacking, suos handbing, and
reeavery specified whara nesded.

Imardaces congistent with module usage (missing
intedaces or exira interfgres],

Imerfaces specied in 3 sufficient level of detail that
dllows them o be veniied.

11

Fach af ihe alements n the [D0 match (ke datasls in
the SO

The Input, preoesging, ang output of each softwars
ynil wa data and contead low hawve been suoplied,

Perforrmance requirements, insluding liming, storage,
and simitar sonsiraints hawe Bean decumenied.

Purformad independant design varfteation
apglicable.

Scftware test plan and venlicztion malnz are

complated

Any special secudty requiztments have besn met.

Facifities incleding suppar and gysien: suftware,
campiler(s}, ceding and tast feols, ufilities, fibanes,
dafabases, sio. are ready and availabie for yse.

All ratated documentation (g, user's, speratod’s,
maintenaace and disqnestic manuals) is up-to-date,

Discrste guslity and sdequscy checks hawe been
performed.
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Table 3 below demonstrates a standard review checklist which is used as an aid to
review planning. The activities are to be performed in the order listed by the
people indicated. This checklist is very high-level and does not describe how to

handle technical aspects.

Table 3: STANDARD REVIEW CHECKLIST

Review Activity

Lead Person

Generate project review plan

Project manager

Establish and document charter

Convening authority

Establish and document scope, objectives, success criteria,
and prerequisites

Responsibie individual

Select review board

Convening authority,
responsible individual

Announce schedule and agenda

Responsible individual

Prepare for review:
e  Schedule conference room
* Arrange for audiovisual equipment and support,

refreshments

Identify presentation team

Develop presentation guidelines

Hold presenters’ meeting

Assemble material to be reviewed, and distribute material to

board ‘

Generate presentation and backup material

* Dry run or story board presentation

e Update, produce, and print presentation material, and
distribute it to the board

e Prepare slide and transparencies, and distribute them io the
presenters

Responsible individual

Study material prior to review

Board members

Conduct review

Board chair

Conduct post-review meeting:
e Identify key findings and recommendations
e Develop board consensus
e Draft board report

Board chair

Consolidate and filter recommendations for actions (RFAs)

Board chair, respensible
individual

Accept RFAs as action items, advisories, or rejected items
e |dentify critica! action items

Responsible individual

Complete and issue final board report

Board chair

Submit metrics to the Office of Engineering and Mission
Assurance

Responsible individual

Prepare and issue RFA disposition pian

Responsible individual

Approve disposition plan

Convening authority

Approve action item closures

Responsible individual

Review action item closures; provide feedback to responsible
individual and convening authority

Board chair, selected board
members

12
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2.5. Review Examples

2.5.1. ASIC Program

In the ASIC program at NASA, the review process and other assessments are an
important part of the program. The user and designer participate together in
review early in the process. Review board members include individuals from
design, product architecture, customer engineering, CAE/CAT, ASIC center
personnel, resident ASIC experts, parts reliability, quality assurance, procurement,
and ASIC vendors. General activities include verifying requirements, identifying
problems, locating causes of problems, addressing concerns, making
recommendations, and developing communication channels.

These include reviews for specifications and requirements, implementation
(schematics), preliminary design, critical design, and chip sign-off (build-
readiness/flight build). The specification review includes checks the
completeness of specifications and the compatibility of existing design work and
future applications. The implementation review looks at the specification
implementation. The PDR reviews parts specification, verification of reports, test
summary, package information, and schematics and directory structure. The CDR
reviews part specification and includes a design verification check.

2.5.2. International Space Station Fluids and Combustion Facility

The Fluids and Combustion Facility (FCF) is a permanent, modular, multi-user
facility to accommodate microgravity space experiments. Even with the cost of
FCF development included, experimentation using FCF on the space station will
cost only half of what it did on the space shuttles.

The Preliminary Design Review for the FCF took five days, including sessions on:

— Day 1: FCF System Preliminary Design Review

— Day 2: FCF Software, Common Subsystems, and System Summary; CIR
Delta-PDR

— Day 3: FIR Preliminary Design Review

— Day 4: SAR Conceptual Design Review

— Day 5: FCF PDR Executive Session

The review teams included members from systems, structures, thermal, avionics,
software, 101, S&MA, combustion, fluids, management. The design review
teams presented requirements, overviews, parts and features, and hardware lists.
Other documents included flight drawing tree, FMEA, test plan, software
requirements documents, reliability reports, compliance matrices, risk
management plan, standards list, acceptance plan, and mechanical drawings and
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schematics. Table 4 lists the documentation preparation plan for the FCF’s PDR,
including identifying the authors, responsibles, and key dates.

Table 4:
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From this, the review board produced memorandums like checklists, minutes of
attendees, summary of issues discussed, action items, as well as other

recommendations and conclusions. Table 5 lists a design review checklist for the
CIR Gas Chromatograph which includes the areas and items reviewed as well

comments.
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Table &: DESIGN REVIEW CHECKLIST
Design Review Checklist - CIR Gas Chromatograph
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2.5.3. Other Missions

New Horizons is the first mission to Pluto, its moon, Charon, and the Kuiper Belt
of rocky, icy objects beyond. Its Preliminary Design Review lasted 3-days at
Applied Physics Library in Laurel, MD. The 10-member review panel of
spacecraft and system engineering experts from APL, NASA JPL, Goddard, and
Southwest Research Institute examined New Horizons' mission plans and
spacecraft design, with APL Space Department's chief engineer chairing.

The Stratospheric Observatory for Infrared Astronomy (SOFIA) is a joint
effort between NASA and the German Aerospace Center, DLR. NASA’s prime
contractor was the Universities Space Research Association (USRA), which
provides a mechanism through which universities, the government, and other
organizations can further space science and technology. SOFIA’s 4-day Critical
Design Review took place in Waco, Texas, where USRA subcontractor Raytheon
is modifying the aircraft to house the telescope. The event bridged design and
manufacturing stages, where a successful review meant that the design is
validated and will meet its requirements, is backed up with solid analysis and
documentation, and has been proven to be safe. The industry team led by USRA
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presented the complete system design developed to make sure that technical
issues have been properly addressed. SOFIA's CDR completion granted USRA
permission (o begin manufacturing of hardware.

The critical design review for the Mars Surveyor Orbiter Color Imager
(MARCI) and Mars Surveyor Lander Descent Imager (MARDI) took place on
one day, lasting from 8:30am to 5pm. In it, the chairman of the review led the
discussion, prepares the official report of the results, and is in charge of
developing the system to operate future Mars missions. The lead engineer for the
new cameras presented most of the technical details. Members of the review
board were a JPL engineer in charge of science instruments for the Pathfinder, a
SDSU astronomer who built and uses cameras on telescopes, and the designer of
the Mars Observer and Mars Global Surveyor cameras.

The Stardust mission will gather samiples of dust as it flies by a comet and return
them to Earth. The PDR had an independent review board appointed by the space
agency, and marked the end of the mission's concept definition phase (Phase B)
and the start of design, development and fabrication (Phases C and D). The CDR
confirmed that the design is complete and subsystems are on schedule for

spacecraft integration.

The Lunar Orbiter missions were five missions that were launched with the

was made successfully and, in total, they were able to photograph 99% of the
moon. The PDR was conducted by Boeing and NASA. It checked any specific
technical area or major subsystem before a final decision was made to freeze the
design. The CDR concentrated on the components and subsystems to see if they
passed as acceptable for fabrication and testing; if approved, changes were held to
a minimum. Various other reviews took place during fabrication and a formal
acceptance review was conducted at the completion point

Cassini-Huygens was launched in 1997 to reach Saturn by 2004. The mission is
composed of two elements. The Cassini orbiter, built and managed by JPL, will
orbit Saturn and its moons for four years. The Huygens probe, built by the
European Space Agency, will dive into the murky atmosphere of Titan and land
on its surface. The reviews consisted of JPL and other NASA and independent
reviewers, supported by the European Space Agency and the Italian space agency

Agenzia Spatiale Italiana.

2.6. Lessons Learned
2.6.1. NASA Programs

The successes and failures of NASA missions have also provided lessons learned
for the organization’s design review practices, listed in Table 6.
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LESSONS LEARNED FROM SOME NASA MISSIONS

access to the designs for the
spacecraft by partners,
making resolution of
problems difficult or even
impossible

Table 6:
Mission Event Lesson Learned
Huygens NASA personnel were denied | Important to retain engineering rights to

all designs, analyses, procedures, and
test results

Skylab

Fell to earth in showering
debris over uninhabited parts
of Australia and the Indian
Ocean.

Specific design reviews which are based
upen an analysis of drawings can
inadvertently overlook important features
such as operational compatibilities

Mars Climate
Orbiter

Navigation errors

Inadequate reviews missed use of
different units, key personnel were
missing from critical design reviews

Mars Polar
Lander

Premature shutdown
scenario. The spacecraft was
not designed to send
telemetry during descent.

Investigation was hampered by lack of
data. The decision not to send telemetry
during descent was severely criticized by
review boards yet still not changed.

A number of studies ha