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A B S T R A C T

Mars l’a[hfindcr, launci]il~g  on lkcembcr  2 ,
1996 and landing on Mars on July 4, 1997,
will dcnmnstratc  a low-cost delivery system to
the surfidcc  of Mars. 1 historically, spacccraf[
thal o r b i t  m l a n d  cm a distant bocly carry
massive amounts of fuc] for braking at the
planet. l’athfindcr rcc]uircs fuc] only to navigalc
[o Mars; the spacecraft acmbrakcs into the Mars
at mosphcrc  directly from Iiarth-M ars transfer
trajectory, cicploys  a parachu(c  at 10 km above
the surface and, within 100 m of the surface,
fires solid rockc(s for final braking prior to
(icploymcnt  c)f airbags  tilat  cusi]ion touch (iown.
After landing, petals open to upright the ]andcr,
followcci  by dcploymc.nt  of a smal 1 rover and
several scicncc  instrun]c))ts.

A major objcctivc of Pati~fincicr---  acquisition
and return of cnginccring  data on entry,
cicsccn(, a n d  ]an[iing  (IH )1,) a n d  ]ancicr
performance--- will bc complctcd  withil) the
first few hours after safe landing. in addition,
ti]c ]an(icr will transmit images of the Mallian
surface (I]c firs( day. Next, a rover will bc
(icployc(i,  as car] y M t im first (iay, to pcrforn  1
mobility tests, image its surroundings,
including ti~c ]andcr, an(i l)lacc an Alpha Proton
X-1-?ay Si~cctromctcr (A1’XS)  against a rock or

..—

soil to make Clmcntal composition
mcasul cmcnts. ‘1’i]c  prinlary mission ciurations
for the rover an(i lan(icr  arc onc week anti onc
month, rcspcctivc]y.  1 ]owcvc],  there is nothing
to prcc]u(ic  longer operations up 10 a year.

Pathfil]dcr  will also accomplish a focusc(i,
cxcitinl:  set of scicncc investigations with a
s(crco, multi-colw  lamicr imagcr  on a pop-up
mast; atmospilcric i[]stlLl]llclltatioll for
mcasul illg a pressure, tcmi~craturc  and cicnsity
profile during cntly an(i cicsccnt a n d  f o r
mol~itoril]g  mar(ian wcatilcr  after landing; and
the rover with its forward an(i aft cameras an(i
ti]c AI’XS.  Tllc APXS and the visib]c to near
inflarcd  fiitcrs on the ]andcr in~aging  systcm
wii 1 dc(crmine  tim clcmcntal composition and
constrain the n~illclalogy  of rocks and other
surface materials, which can bc used to acidrcss
firs[ orcicr qllcstimls concerning tile
col]qmsition  of the crust, its differentiation and
the. CIcvciopmcnt of wcatilcring  pro[iucts.
Regular  tracki[}g  of tlic  Ian(icr will  allow
dctc.rlnination  of tllc  mar(ian po]c of rotation, its
precession since Viking cra mcasurcmcnts,  and
the moment of imxiia, which should allow
discril~  Iina(ion  bctwccn  intc[  iw modcis t h a t
inclwic  a mctall  ic (:oIc. an(i those that (io not.

Tl]c. l’atilfin(icr 1,anding  Site se.icctcci  is Arcs
Vallis  ( 19.5°N,  32,8’’W),  whictl is near the



subsolar  la(itudc  (15°N) for maximum solar
powc rat Iandingon July 4, 1997 ancl is at 2
km below (IIC datum for comet opcra[icm  of the
parachute .  ‘1’hc site is in C.t]rysc  Plmilia a
]owlanci  where a number of catastrophic floods
frol]ltl]c lligl]lallds  totllcl]ortt~  (lcl>oLicll.  It is a
“grab bag” site with the potential for sampling ii
wide variety of different marlian Clllstal
materials, such as ancient crL]stal materials,
intcrmcdiatc  agcriclgcct plains and a variety of
Icworkcd  ch:innc] materials. liven though the
exact provenance of the samples would riot bc
known, data fron) subsequent orbital remote
sensing missions could bc used to infer the
provcnat~cc  for the “ground truth” samples
studied by Pathfimlcr. Available data suggest
the site is about as rocky as the Viking sites,
but perhaps a bit less dusty, ‘1’his site has
strcamliw.xi  islancls (carved by the flood)
nearby an(l a very smooth dcpositional  sLlrfacc
at Viking  resolution, cxccpt for small hills and
secondary craters.

M AM  1’ATIIFVNDER  ]hl I’I,Ithl  I:NrJ’A’l’lC)N

S’I’RATEGY

Pathfinder is in a special “chcapcr,  better,
faster” project opcra(ing mode, accomplishing a
challenging mission at low cost and fixed price,
using a “Kelly Johnson’’-likc skLlnkworks
approach, focusing on a ]imitcd  set of
objectives, streamlining project approaches and
attempting to minimize bureaucratic
intcrfcrcncc. NASA’s C)fficc of Space Sciclm
is ctcvcloping  Pathfin(tcr.  T h e  A d v a n c e d
Concepts and “1’cclmology  office tcamccl with
the Space Science office is ctcvcloping  the
Pathfinder rover. 1’athfindcr  is bci]]g  pcrfmmcct
at J1’1.  ill its in-house, subsystcnl  moclc.

Currcnt]y l’athfindcr’s lilighl Sys[cm is being,
assembled and tcstcct for launch on I ~cccmbcr
2, 1996.

S o m e  of the m;ijor  clcmcnts  of 1’a[hfindcr’s
project illl]~lc]llc]lt:itioll  s(ratcgy which will bc
addressed in this pa])cr as to impmlancc and
impact, arc the following:

●

●

●

●

●

●

●

●

for] oation of a ]wojcct  team compriscct of
bril’,ht,  energetic  y o u t h  and scarrccl old-
timcrs, cxlractcd  f r o m  t h e  stariciarcl
institutional organ i~aticm,  formed into a
skL}nkworks

co- locatio]]  aroun(i  a ~’cst  Bc(i

ncccssary  up-frol]t planning and design,
but emphasis on early dclivcrics  to provide
fcw a long test pm ioct for intensive testing

earl y proof-of-concept testing

call y intcrracc and functional testing in the
Test Bed

stal t of I;light Systcm Assembly and Test
on June 1, 1995, 18 months prior to launch

co]lcurrcnt cngi]]ccring among m i s s i o n ,
sci{mcc, instl  amcnl,  rover, flight systcm,
ground  data systcm,  mission operations,
procurcmmt,  and p r o d u c t  a s s u r a n c e
clc.mcnts of h project

emphasis on Work Breakdown StrLlctLlrc,
P r o j e c t  lntcg[atccl  Schcdulcs,  ancl c o s t
estimating, monitoring and control.

M A R S  I’ATIIFINIWR  MI S S I O N  DIM: RIPTION

A single Mars ]’athfinctcr  flight systcm will be
]aunchcci to Ma]s in the  per iod  Ikccmbcr
2,1996 to lkccmlxr  25, 1996 from a IJclta  11,
lanctin{’, on July 4, 1997. The flight systcm is
spin s[abili~,cd  (iuling crLlisc,  spinning at 2
rpm, wit})  the spin axis and medium gain
antenna pointed 10 carlh  cxccpt for the first 20
days after launch, wl]cn the spin axis is pointed



closer to (1)c sun line. After the first 20 days,
t h e  sun line rmnains withil~ 40 clcgl ecs o f
llarlh, at]d [he earth point attiludc is nlaintaincd
un[il Mars atlnosphcrc  entry, inclu(iing  cruise
trajectory maneuvers which arcpcrformcd  in a
tlllll  [0 (]lC (hI”USt  VCC(O1 Wd bllll]  D1O(]C  0 1  ill

I1lC Vcclol’ I11O(IC: Ihrus[ing along o r

l)cl-j)cl](liclll~tl tc)tt~c s]>i~]axis.  Allc]L]isccli[ical
cvcllts arctclclllc[crc.d  illrcaltil]lctc)carlll.

‘1’wcnty  foul hours before Mars arrival, the
flig}lt systcltlwilltLl]ll  approximatcly7 ctcgrecs
to itscntry  atlitudcand, keeping in touch with
llarth, will jettison its cruise stage an[i enter
(lircctly it](otl]c Mars at]l]os~>l~crc,  t>rakil]g with
an acrosl]cll,  l)al-:icll~ltc,  s]llall solictrctro]ockcts
and landingon  airbags.

l’hccntly  vclocityis  7.6 km/scc  (17,10() mph)
compared with Viking at 4.6 km/see which
cntcrcd  fron] orbit. Mars Pathfinder’s entry
ang]c is 14.2 dcgrccs from the local hori?jon
(90dcgrccs  would bc straight down) andpcak
atmospheric shock of lCSS than 20 g’s is
cncountcrcd  at 30 km above the surface. lhc
parachute isdcploycd at Mach 1.8(900 mph)at
10 km, 100 seconds after atmospheric entry.
Next, thchcatshic]d isrclcascd  and the Iandcr
is separated from the backshc]l cm the bridle.
‘1’hcchu(c  slows the lander down to 60 m/see
(134 mph) and a fcw sccoJ)cts  from impact the
airbags arcinflatcd andthc  RAT) rockets fire to
slow thclandcr  at impact to less than 20 m/see
(45 mph), a  combinat ion  of vcrlical  ancl
horizontal velocities.

Ames Research Center, supporting Mars
l’a(hfincicr’s  acroshc]l  design, has arc-jet tcstccl
the Viking S1,A 561 ablative material plannccl
for usc on Mars Pa[hfin(lcr,  to insure it can
withstal}d  the extra heat pulse duc to tl]c larger
entry velocity, 1.ockhccd Martin dcvc]opcd and
space quali ficd the acroshc]l.

1 .anglcy Research Center is pcrformit  lg the
acrcxiylmn~ic  stal)ili[y analysis for cnt~y and

clcsccnl.  I iarly proof of concept airbag tests
were accomp] ishcd at Sanclia in the spring of
1992 a]lcl follow up (MS were conducted in the
summer of 1994. ‘J’hc parachute, a Viking
derivative disk-gap. band, is being dcvc.lopcct
by the Pioncc.r  Ac1 ospacc  Company.  ‘1’hc
airbags arc bcii~g  dcvclopcd  by 11.C l)ovcr and
fitlal  cicvclopmcnt and s~)acc  q u a l i f i c a t i o n
testing is being acmnplishcd  at the NASA
1.cwis Research Ccmtc.I,,  Plum Brook facility.
‘1’hc RAll rockets arc being dcvclopcd  by
‘1’tliokol,  ancl J]’], is (icvc]opil]g the bricilc.

lil X. ellginccring  tcle.mctry  will bc transmitted
to Ilar[h in real time. to the extent possible.
Rcforc chute dcploylnc]]t,  earth remains near
the sl)in axis behind the craft and
communication to earth is through a low gain
antenna. Af t e r  chL]tc clcp]oymcnt, the Eallh
n )OVCS to appmximatc]  y 90 (icgrccs from the
s])ill  axis inc.tucling, c h u t e  swing,  making
col~~l~]tlllicatiol]s  mole (Iifficu]t.  At this time,
wc wi 1 I switch to carrier prcscncc clctcction  ]

only. 1 lDIJ, lasting for 5 minutes, will bc
suppor(cd with the 1 JSN 70 m antennas. (In the
surface, the vchiclc will right itself by
dcp]oying  petals which expose so]ar panels to
t hc Su] ] for powcri ng su]fidce opcrat ions.

After l:inding, the lander will transmit stored
El J]. data and real tilnc lander ancl rover
c~]gitlccring  tclcmctry first. Panoramic images
of the surface will bc also transmit tccl to Iiallh
the firs[ day. ‘1’hc rover will bc dcploycct  as
early, as the filst day, for start of i[s surface
o~~crati{ms. ‘J’hc rover conducts sLwfacc
mobility cxpcrimc.nls, ilnagcs rocks and soil
arid deploys the AI’XS on soil and against
I ocks, While 30 day and 7 day primary surfidcc
[t]issiolls arc plantlcd for the Iandcr and rover,
respect i VCI y, C1OSC  to 1()()% of all lander and
rover engine.cririg altd scicrlcc  objectives arc
achicvcd  nomirial]y  in (1IC first fcw days of

‘ ‘1’tlc cal lricr will t~c atll]~li(udc mo[lala[cd at this time M
wnlmul]icate  clilical cvc[)ts only sad] as acroshcll, ad
c}la[c dcI)loyInca[s,  I< Al) fII itlg ald airl)ag cleploymcat



Surface operations. 1 IOwcvcr, nothing
l>rCC]LldCS  opcra[ions  of the kmdcr 01 the Iovcl”
past their primaly  mission rcquircmcnts.

T h e  Ptithfinclcr  scientific ]My]oad  inclucics
itlstrlllllctl[atioll  for measuring atmospheric ancl
landing dccclcrtition; pressure ancl tcmpcra(Llrc
during  entry and while on the surface; a 12,
spectral channel, slcrco lander camera for
surface and atmospheric imaging, inducting
imaging magnclic  propcrlics  [argcts, a wind
sock and sL]pport of rover navigation; and the
rover-deployed APXS for clcmcntal
composition mcasurcmcnts  of rocks and soil.
The rover carries aft and forward cameras for
cIcmonstrating autonomous ha~,ard avoidance
and imaging its local surroundings, soil ancl
rocks. ancI the lander.

M A R S  I’ATIIVINDKR  MUMARY h41ssIoN

OIIJIICTIVES

IJcmons[ra(c  a low-cost delivery system to
k surface of Mars

‘rransporl a rover
onto the surface

to Mars, clcploying it

‘1’ransmit  to Earlh cruise, Ii]]]., 1 ,andcr and
rover cnginccring  performance data

l’ransmit to liarlh a panoramic image of the
landing silt

‘1’ransmit  101 iarth atmospheric and surface
scicncc  data

M AIM ]’A”I’llFIN1)llR  lKK’J’ItNI)ltI)  MISSION
OJ\Jl+:C”l’IVICS

‘1’ransmit  to 1 iarth long-term lander an(i
rover cllginccring  pcrforn]ancc  data

● ‘J’ral]smit to I la th ]ong-term scicncc data
inc]Llding  wca[hcl and seasonal atmospheric
and surface chang,es

‘] ’1]1; LJS ltNVIRONM}+:N’1”  IN }VIIICII

I’ATIIFINDER  wAs INITIA’IICI)  A N D

IM}DI,mIItNrIm  CONiRASrIWl)  WlrrlI \TIKING’s

l’hc conditions in this country were markcd]y
diffc.rcl  It the last and only time wc landed on
Mars in 1976 with two Viking lanrlcrs scrviccd
by two orbiters.

IJirst,  tllc ~old W:ir was still raging ancl while
Apollo landings on the Moon clid much to
quench the impact of early Soviet space feats
on our ]lationa]  pride,  and security, we rcmaincci
competitive with the Soviets in space, this
being a major driver to space program func]ing
up to the end of the (;oIcI War.

Second I y, whi IC the. space program was now
already into i[s second clccadc,  deep space
robotic missions were confined to fly-bys  and
orbiters. Previous to Viking, only Ranger,
Surveyor  and Apollo lander missions to the
Moon were attempted by the lJS in the 1960s.
“rhc Viking lander mission to a distant planet,
Mar s ,  rcprcscntc(i  a significant technology
chailcn~:e  and was an CX} doration largcl y of the
unknoum: the Mars atmosphere was not
understood an(i its surfidcc  was not mappmi  as
well as it is to(iay, flight c]cctronics, while
evolving rapidly at the time, were not as
colnpact,  reliable or lCSS costly as today ’s---
Viking’s compute], for inst ancc, rcprescntcd a
major (icvelopn]cnt,  almost costing as much as
the comp]ctc l’athfin~icr flight Systcm
cicvcloluncnt  at $ 130M. W c  g o t  o u r s ,  a
i>owcrf~ll  32-bit, ?0 MIPS radiation har~icneci
version of the IBM commercial RS6000,  for
i c s s  t h a n  $7.OM, dcvclopc(i  by I.oral.



111 addition, the Viking landers carried complex
life-seeking i[]strLlll]clltalioll requiring
significant dcvclopmcnt  and cost,

At k same time the ~old War was closing, the
IJS began  scrious]y to faccinto  thcrcalitiesof
its large deficit. “1’hc  large cxpcnclitL]rcs  for a
powerful military force that bctpcd end the
(;old  War and fora major space program that
brought this country cstccn~  and confidence
caught up with us, causcct the US to
over-extend its crcciit  cards - an cxpcricnce
many of its citi~jcns  arc only too famitiar with.

So Pathfincicr  was conccivcct  in 1992 at a time
when NASA is being scaled back and large
(iccp space robotic missions arc no longer
possible- the ~assini mission to Saturn being
the tast.

Wcs 1 lun(rcss, then manager of the Planetary
IJivision of NASA’s Officc of Space Scicncc.,
now nlallagcr  of this office, accurately scnscct
this need to scale back rclativcty early and
initiated a series of sma]] mission stLldics  for
what he tcrmcci the “I)iscovcry  Program”. 1 le
was rca(iy  when I>an Go]din bccamc  NASA’s
Administrator challenging NASA project
implementors with his “chcapcr,  better, faster”
slogan.

‘1’hc l~iscovcry  Program has a number of
radically innovative features, but the most
significal~t  in terms of signaling tile (icpartLlrc
from NASA’s old way of doing business and

its trcaci  to laI gcr ancl m o r e  cxpcnsi vc

missio]ls, many cxpcricncing significant
ovcrrutls,  was [hc stipulation that Discovery
project~  were to bc accompli  shc(i at a fixc(i
price, (icvclopmcnt  complctc  in 3 years, with
dcvclo]mlcnt  cappc(i a[ $ 150M in I:Y92 ciollars,
N A S A  [ircw :i l i n e  in the  san(i: projc.ct
termination Review ]Ioards will be initiated if
cxpcctc(i  projcc[ cost-10- complctc  cicvclopmcnt
estimates cxccc(i ti]c cap plus 20%.

in Malch  1992, when Pathfincier stLl(iy was
initiatc{i,  cvcryllling  cxccpt  the $ 150M cap was
up for grabs.

“l”hc n]ission ha(i to b e  worth (ioing, b u t
mission objectives were cost (irivcn. l’hc
Pathfinder stLICiy [cam was then Chd]Cl)gCCi to
dctermi nc in its 18 month prc-project phase,
prior to schcciu]c  s(art in octobcr 1993, if a
worth~~’llilc  lamicr ]nission coulci  bc in f a c t
accony )Iishc(i un(icr  the cost cap. in ad~iition,
Wcs askc(i  that wc (icfinc  a ncw way of doing
business at JJ’I.: a c]uick-reaction, low-cost,
fixed price project implcmcntat ion approach.

So in a nLltshcll, that’s the conditions uncicr
which Pathfinder was conccivcci, contrasted
with Viking’s cra 20 years ago.

A bo(lom Ii] IC statement on the scope of
Pathfir](ier’s lancicr Inission relative to Viking’s
is dralnatically illustrated in Figure 1, a
comparison of workforcc  used as a function of
time for each Project.
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Figure 1. Viking vs. Mars Pathfinder Work fol-cc



#W 1-111  VI K I N G  COSTING OWCK  $3.011 IN

TOI)AY’S 1)01. I.ARs,  IIOW ON ICARTII  C A N

I’ATIIIUNI)KR  I,ANI)  ON MAIM CAWED  AT

$lSOM (10’92  DO1,I,ARS)  OR $171M  RICA],

YEAR DO1,l,  ARS?

‘1’hat w:is the million dollar question wc faccci at
the starl of Pathfinclcr>s  prc-projcc( study and
here’s what WC dicl to define a mission that was
sufficiently salable to justify its project start:

l;irst wc asscn]blc(i an excellent, motivated
(cam. Now that may soun(i  like “Motherhood
and Apple Pie”, but fw anti  away this is the
most important ingrc(iicnt to l’athfincicr>s
successful approach (o date. Pulling high-
spiritc(i in(iivi(iuals together, insicic  and outsi(ic

J]’],, 10 make up tile }’athfin(ier team was not a
trivial task. With J1’I. institutional suppor[,  key
tcanl  members were cxtractc(i  from their home
[iivisions and co-located with the Project in
what is cailc(i  a “soft projectiz,ation  mode”
where team members remain administratively
tic(i  to their home clivisions. q’hc team is a mix
of bright, ambitious youth anti scarred old-

timcrs,  all sensitized not only to the technical
chai lcngc  but very inq>ollantl  y to the need to cio
this job at a fixcci price. Al I were cmpowcl  cd to
pro(iucc their product according to ~l]h~~  plan.

Not fully apprcciatccl at the stall was the (icgrec
to which wc woulci need to cxpanct the
Pathfincicr team outside of JPI. in orcicr to
bring in tile necessary cxj)crtisc for
(icvclopnwnt  of our entry, dcsccnt  anti landing
approach.

We knew wc haci to go outsi(ic of JPI. for this,
but never apprcciatcci  how much. You could
not go to the J]’], phone book and look up the
names for the planetary clltry, (icsccnt and
ian(iing ciivision. Wc have not i]a(i this
(icvclopmcnt  cxpcrtisc  at J1’1. in p]acc  since the
Surveyor Moon mission in the 1960s-  -as a
matter of fact, no complete pianctary landing

dcvclo]  nncnt  tc.chnolop,y  base was available
anywhere in the lJS.

At Patllfin(ier  start, just bits an[i picccs of
related cxpcrtisc were scattered about. We
scoured the count I ysi(ic  anti found very
import:lntly this sup~mrt:

1.

2.

3.

4.

‘5-.

6.

7.

8,

Major test fi~cilitics  anti test expertise for
earl y ]>roof-c)f-~’()]lccl>t  airba~ testing at
Sa]lciia  National I laboratories

Key agc(i, but contributing Viking
cn~, inccrs an(i nlanagcrs  an(i their lessons
lea] occi

Exccllcnt,  cosl-effective atmospheric entry
SU] )port from NASA’s Ames and l>angley
Research (-lmte]s

Acloshcli  (icsi~n, fi~brication  and test
CX] mrt ise at 1.ockhc.c(i  Mallin a(iapt  ing the
Viking cicsign  inclu(iing usc of the Viking
hcatshic]d  ablative material

Pal achute cxpcricncc at Pioneer Aerospace
adapting mainly their llarth parachute
cx])crtisc,  but starting with the Viking ciisk-
ga] l-banci paracl]utc cicsign and importantly
relying on Vikinp,’s extensive parachute test
ex])criencc, especially at high aititu(ies

E x t e n s i v e  cxpcrtisc at II,~ IJovcr
Pathfinde]’s  major dcvclopmcnt  o f
airt )ags

Major test fi~cilitics  and test expertise at
Clina  1.akc  Naval Weapons ~cnter

for
the

the
for

rocket drop tests, altimeter tests and cruise
stage-backshc] 1- lancicr  separations tests

M:ijor  test fi~cilitics  and test expertise at
NASA’s 1.cwis Research ~cnter Plum
Brook Station chamber for ai]bag (irop tests
at simul atcci Mars at mosphcrc



9.

10.

Very importantly, the infusion into the
l’athfindcr team of a clcsigt~-test-dcsigll
some more-lcs[ --- cultL]rc  for i(cms like the
paracl~utc,  lhc bridle, solid rocket systcm
and lhc airbags by San(iia, Pioneer, Clina
1 .akc ancl 11.~ 1 hvcr

Ilcsigti and tcsl consulting and critique
from within J]’]>, Sandia National
l.aboratcwics,  Space lndustrics, NASA’s
A m e s  and 1.anglcy  Research Gntcrs,
1.ockhccd M a r t i n  and f rom nulycrous
consultants (WC also interacted with the
Russians anti the lluropcan  Space Agency
[}iSA])

Syslcm ——
I&l Hat ‘1’can12
Analvsis. Gnsullinc.  Review
}htry ])ynanlics Sin)
kiCkS]lC]l  S(l”LIC[lll”C

Dackshcll  lntcrfacc  Plalc (111 l’)
Acmshcll  and 1 ]catshicld Analysis
Ilcatshicld Analysis Suppcrr[

IIackshcl] ‘1’1’S

1111’ Insulation
Mul(i-Ilody  I)csccnt Sim
Paraclmlc
Bridle Ihop  ‘1’CSIS ——
hidlc
RAD  SVSICIII

RAD  kdCk

Airhag  lnlpac[ Analysis
Airl)aes
Airhae Gas Cicncra(ors
Scparalions
Scqucncc .—
Omlmunica;Ons
RAD l)rop I’CSIS ——
lni(ial Airbag  l>mp ‘1’cs[
lilll-Scale Airhag IXmp  ‘l$CSIS —.—
Parachulc 1 )Im ‘1’csls

JPI. is putting the wrholc Jill. systcm together:
pcrfonl~ing the systcln design, orchcs(ra[ing  the
Ii])]. Icsts and simulations, assessing mission
risk nlitigaticm, and building the backshcl],
bridle :ind lander including its uprighting  pcta]s
(as well as the cruise stage which is jct(isoncct
prior to entry). ‘1’lIc full IiI)]. (cam is listcci  in
17igure  2. All contractors arc listcct in l;igurc  3.
To a c{mtractor, smal 1 10 large, each got with
the spirit of })athfindc.r, (ioing  more for ICSS.
Most contracts were fixc.cl  price.

—— —— . . ..—.
JP1,

=

——. — . - .  —.
J}’ I., [JS(’, Space IIldustrics, UCI ,A, C1’1’,  O[hcr consul [an(s—
Space lndastrics — .—.——
1.arlglc.y Research (’enter—— —.-
1 mckhccd Martin-—— ———— .
JPI/
1.ockt ~cccl Martin ———

=

Ames Research Ccr,tcr/Applied Research Associatcsfl .an.glcy
Rcscarcll  (lr.-—. — ——.—. — . ..—
1.ockhcccl Martin —— .——
Ames Research ~crltcr.——. —
J] ’I. —— . .
Pioneer Acrcrspacc

–==~china  1,akc Naval Air Weapons Ccn[c.r

Thiokol — — —  .-.
Sandia National I at), Rockwc]l—  .—
II .C Dover.—— — — — —  ..—
Thiokol

.:=:=:;:;1J]’].
J] ’I.
JPI .

:;+=:!-China I.akc Naval Air Weapons (~cI,tcI-
Sandia National I,al,
1 ,cwis Plum Brook Rcscarctl (~cnlcr-
Yuma and Roisc Of chard TraininQ<a~

l’igurc 2. liI)I. SupporI l’cam

2 RC(I 11:]1 = l)cvil’s advoc:tlcs  wl]ich cha]lcngc and q~lc.slion }11)1, design ancl tcsl alpl(mcllcs



I

Gntractor

–L1-ml.:;ll::: Il)cscriplion (i[cn)) Gmtracl  #  Gmlraclor Contrac( Contract
‘Iypc Value $K—- —— —...—— .-  .——-.

\aron-l<oss  Clwp

Mcolc ml-p
\l; Machine
~llicd Signal
(Ilicd Signal
\llicci Signal
Imf.xican
;icckonics, lnc
AI;l)
Imcrican
I’cchnoiogy
knsorlium
fmctican
i’ccilnr)iogy
l~nsor[ium
\mcs  Research
c~cntcr
‘lmcs Research
::cntcl-
ipi)iicci Research
issocialcs
ipi>iic(i Soiar
incrgy  Gri~
krimna  State
.Jnivcrsily
4rlccon
kstro Acrosilacc
hi)
kvantck
tlali Acrospacc
Systcn)s  cJI”oup
Baii Corp-I  iiccto-
3ptics/Cyrogcnics
Ilali ‘1’ccilnology
\crviccs  ~ori>
Ilarr Associates
Iliack Box
11s1’ Syslcms,  lnc
Ccntrai  State [Jniv
Ci]iaa 1.akc Naval
Air Warfare Center
Cohcrcnl Optics,
inc
Comimtcrvision
i) Oli/Sanciia
Nationai
i .almratory
IX)] YSan(iia
Na[ionai
I .aima[ory

mg[n’( in fomalion  sys.
suppoll
ciigitai sun sensors
mctai fab
acccicmmclcrs, cng units
acccicmmctcls, f-light units
acccicromc[crs,  I{i)l, (CS( units
iwlai ]llolor/gcal-ilca[l”

airi)ag retraction actuators

1 Mi’ Gcarimx

AS I SA’1’ n]cmbcr-}lahel  ic

win(i sock/ASI win[i tunnel
lcsts
ilcatsilici(i  anaiysis

soiar arrays

educational out] cacil

GIX workstations
Rover [icploymcnt ~-amps

R}: powcI” mociulcs
i]igh gain antenna

star scanncI- study

star trackcl- ciata list

Rover bancipass filtcls
cables & junction box- A’11.0
siivcl--zinc batlcrics
cducalionai  mrtrcach
RAD testing

Rove]- canlc]a  optics wirxiow

CA1 )/CAM training sui~port
ai rhag proof-of conccil[

airbag, an(i ioa(i anaiysis

,. . . . . . . . . . . . ..rc... <. . ,., ,Y> YY(JF

959905
66991 ?
668914
674500
6849”/4
(X5i-1’s?

960i 86

960418

959983

9599”13

960i i?

6455i6
960156

664724
959988

959561

958942

673723
691935
960161
9601 i3

WO-8997

673091

683154
WO-8964

W[)-8995

i .rl

1.11

1.13
G

G

\.fi, t;lcno ora

MA, Maritmough
(:A, Sat,i:i Monica
\~A, ]< C(illK)lKi
WA, ]< C(illK)lKi
WA, ]<c(imon(i
CA, ]: LlliCItOl)

(~A, (~al~la]iilo

(’A, (~an)aliiic)

(~A,  Moflc(( I;ici(i

(;A, h40fi’ct( l;icici

Nh4, Alimqucrquc

(;A, (~ity of
]ndus(ry
AZ, ~’CIIIpC

CA, (~allstmi
CA, [:ati)cn(cria

C~A, Van NLIys
(10, }Iroomfle.tci

CO, IIoukicr

CA, Sal) ])icgo

MA, Wcstfolci
1’A, I awl cncc
(:’1’, }’iainficld
0}1, Wlilmforcc
CA, China 1.akc

CA. AuiNll n

h4A, Ik<l fol d
NM, Al tNl(lUCl(lUC

Nh4, Albuqumpm

(;~)};l:

1’1’
1’0
1’0
P()
1’0
1’0

],})

~;l)

506

506

C}ll;l,

1:1’

SI’RC

Iix
~,p

PO
~,])

1:1’

Cwo

Po
PO
}:1’

SI’RC
G-RCCJ

PO

1’0
(mcq

GRcq

20

423
4
23
66
27
72

i47

51

10

96

49

i 777

io

495
242

188
504

24

22

7
i]

329
io

200

13

100
45i

50



X31 YSandia
~ational
,abol’at O[y
)ow-Kcy
Wicmvavc  Col-p
)yna[c~tt
L4icrowavc
I’cclmology
iaglc Pichcr
laglc l’ichcr
laglc PiCbCI-
laton Ckwp
llnlwood Sensors
‘alcon I)csign
‘alcon Design
~alccm I)csign
‘alcon l)csign
;alcon I)csign
‘alcon l)csign
;alcon I)csign
‘alcon I)csign
~alcon  I)csign
ialcrm Design
Gccwgia ‘1’cch
3W Spcnccr
SW Spcnccr
lli-Stlcar
l’cchnOlogy COrp
}li-Sllcar
l’cchncrlr)gy coI”p
lIi-Sllcar
l’cchnology cot-p
Ilcwlct(-1’ackatd
1 Iolonlctl-ix
I Iomywcll lnc
[Ioncywc]l  Space
!2 Slralcgic
systcm
tlowdcn l:luid

1 IAC airbag  impac( [CS(
pl o~lalll

Rl; swi(cll cj,a]ua(  ion

Rl; switch cvalua(ion

thcrrnal bat(cry
AgXn ICS[ CCIIS
thcr-rnal  bat[cric.s
latch \’:ilvcs
Ihcr’mosla[s
dlawing design
dlawing design
drawing design
(lI-awing design
(II awing design
dr:iwing design
(It-awing clcsign
dra\ving  design
dl:iwing design
drawing design
educational oukcach
tile Inachining
tile n~acllining-IH)LJ & ldt
NSI booster modules

5/8” cable cutters

scparatirm nuts

GI)S workstations
[csling,  insulation rna(cr-ial
ra(iar allimckrs
star scanner study

inlcgratcci  pLImp assembly

WO-9(K)4

6419?1

64 12’/9

668578
642173
675147
960008
685902
662041
664736
667726
667915
668013
668121
668403
66869X
6691 ?8
6715X?
959910
690553
695272
960171

960192

9602??

645527
643283
664996
959552

960165

l]cmclic  packages
prototype airbag
uncoated kcvlar fabric

959963
959839

na

-. 1

airbag pr oof-of-conccpl  sturiics 959927-
airbags
gas generators

airbag analysis

Statcl)latc analyzer & S/W sp[

G

SB

SD

SB

1 B
1 s]

Nh4, Albuquerque

N40,  Jo[)lia
MO, JoI,  }in
MO, Jolllin
CA, }i] sc~llnh
1{1,  Nan aganse(t
CA, ]) Ll:il(C
CA, l)ua[(c
CA, l)ual(c
CA, I)uartc
CA, ]) Ll:il@
CA, l)uatm
CA, ])uartc.
CA, ]) L1:II (C.
CA, l)uarte
CA, ])uartc
GA, Atlan(a
CA, Sall(a Ana
CA, Satl(a Ana
CA, “] ’01 I :{IICC

CA,”1 ‘br I ancc

CA, “I’m I ancc

CA, ];ullel”lrm
MA, ]Icdford

[;-Rcq

i’o

1’0

Po
1’0
1’0
1:~)

PO
1’0
1’0
1’0
1’0
P o
1’0
1’0
PO
1’0
11X

S1”RC
P o
PO
[ip

I;p

}:])

11X
1’0

1.11 hIN, S[ i .ouis Park 1’0
1.11 l;l,, Clcarwatcr I:P

i .B CA, Santa Barbara ~,})

S1)11 Ca, Santa Aria
1 .B I)Ii, l:rcdcrica

SDB
‘ 1

1’A, Walminislcr

-..1

Systems — — —  — — .  .-
IJ Research ~,p 27
iI.C Dover , lnc
11.C Dover
sub: Fabric
Dcvclopnlcnt
11.C Dover, Inc
i [ .C I)ovcr, lnc
II .C Dover sub:
‘Illiokol
ilJC Dover sub :
Rockwell
Acrospacc.
[I,og,ix, lnc

1.11
1.11. .960076

I I-B

1)1 ~, I ‘rcdcl ica
1)1 i, I ‘r-ccicr ica
Ml>, FHkton

CA, 1 )ovmey

.1

667701 1.11 CA, Santa Clara

208

1

i

5
21
74
130
36
4
4
17
2
2
2
2
2
2
35
10
14
35
59

119

224

35
20
69

23

619

1;1’ 109

- 1 - -

29

25
4746
1458

73

67



Irvin lnduslrics
Kc(cma
Pmgr’ammcd
Gmposi(cs
Kc[cm
l’rogl-ammcd
~omposilcs
Kcvlin rhrp
l.andscapc Rock
Sales
I oral
1 oral 10S
I ml-al 1{0S

[<oral  EOS
sub: Norstan
Mcctronics
1 oral I 10S
1 oral 110S
I oral 1{0S
I oral 1 {0S
Marlin  Marict(a
Askonau(ics
Cirollp
MMC
sub:l’crformancc
Plastics

IMMC sub: Kanlp
systcnys

airbag l~rc)c)f-of-cor~ccl)t”  s{udics
laadcl- solar  an ay subs([-atc

cruise solar amry subslralc

rotary joint asscn~b]y
111)1, a]-(ificial  rocks

flight computer
power sys(clt) study

power Subsyslcll)
relays

AIM SUp}X)I”l  cqLlipn)cnl
AIM l};M vibra~ion
SS1’A  vibration
‘1’MU  vibratioa
acroshcll

layup tools

tools for aeroshc]l

tape & H)U prc-prcg clot}]

tape & Flt unit pre-preg  clothI
MMC sub:llrytc
~cchnologics
MMC sub: Drytc
Ikcbnologics
Mc[al Craftcrs mc.(al fab
Metal Craftcrs metal fab
Metal Craftcrs metal fab
Metal Craftcr-s metal fab
Metal CYaftcrs metal fab
Metal Craf(cI-s mclal fab
Metal Gaf(crs metal fab
Metal Craf(crs metal fab
Microwave diplcxcrAVG adap[cr
CollllllLlr~icaliol~s
Corp
Modulal- Dcviccs, I)C-I)C convcltcrs
lnc
Modular I)cviccs,  XSSPA  power- convcl tcr
[nc
Modular I)cviccs, AX’1’ powcl- convcl-lcr
[nc
Mo(oro]a, I)ccp Space ‘1’1 ;mspondcr
Govcr-nmcnt
Sys[cms C@
Na(ional ‘J’cchnical ccn(rifugc test for ldr 1~1’M

95992S
9601 m

960181

959953
688437

9597&3

958484
9584x4

958484
959890
959890
959890
959950

667331
669362
669373
670234
670235
671747
672737
673356
959857

671498

959912

960246

559891

960282

CA. IIrca

MA, Wilmington
[!A, YOI  ba 1,inda

VA, Mat~assas
CA, l’awdcna
CA, J’awdcna
CA, Santa Ana

(1A, l’awdcna
CA, l’awdcna
CA, l’awdcna
CA, Pawdcna
(X)$ l)c[lvcr

CA, San Ysidro

CA, Onlario

CA, Milpitas

C~A, Milpi(as

CA, Si[lli Valley
CA, Silrli Valley
CA, Sillli Valley
CA, Siltli Valley
CA, Sillti Valley
CA, Sillli Valley
CA, Sill~i Valley
CA, Sill~i Valley
CA. Valcncia

NY, Stlirlcy

NY, Stlillcy

NY, Stlillcy

AZ, sco[~sdalc

1’1’  R&I)
I:p

1:})

~,p

1’0

~:])

Cwo
C w o

Cwo
c W()
Cwo
Cwo

l,])

Iip

FP

1’0

PO

PO
1’0
1’0
P o
1’0
P o
PO
1’0
];p

1’0

lip

;1’

‘P

‘I’

25
143

85

47
12

2209
50

3310

28

1094
25
10
10

7018

144

42

52

31

2
1
1
1
1
4
1“
3
58

84

431

28

2300

7s



:[ \’ices
)Iin Acmspace Ihl”ustm,  I .0 lb
:Ompany
)1’cgon Stale AS] SA’1’ member- Darncs
]nivclsily

‘acific Scientific 1/8” cable cutkm
‘ionccr Acrospam  pal-aclmtc
hl”p
‘ionccr sub-Nat’l parachu[c testing
‘ecbnical Systems
‘ioncer sub:lciaho aircraft for paracbulc  tcsls
lclicoptq CO _____ __ –.
‘ionccr  sulJ-Olin mortar ass’y & ks[ing

960106 1.11 WA, Rdmmld ],p 550

OR, Col vallis Cl<lil 70

AZ, (Y)andler ~ip 44
(:’1’, Sclulll ];}) 2846
Windsor
MA, Boxborough 65

1[), Boise 263

WA, Seattle 500

959819 LJ

960179 1.11
9600’?8 I .11

1 s]

1.11

Is]
Lcrospacc --.1 ------ ------
-
‘rcssulc Sys(cms,  propulsion tanks
nc
{C Kavaya Ih]g. drawing design
tCKavaya  Iing.  ctrawingcicsign
~CKavayalhlg.  drawing design
tC Kavaya l{l~g. cirawing  cicsign
(C Kavayaling. (ir-awing design
khcrls Rcscarctl kcvlarcutkrs
<Osclnount lc.mpcratulc  sensors
icmspacc
<Oscmount lcmpcraturc  sensors
krospacc
;af[ Amcl-ica Rover battcl-y
;agc 1 ,abora(orics, coax swilchcs
nc

667015 Sll

664735 S1)11
664737 S1)lI
668197 SI)J3
671278 s])}]
671604 SI)l)
696543 SB
6S0853 1.11

682732 1 .1;

960154 1.13
692295 SII

—— . . . . —

CA, City of 1’0 241
[:011)1  I)cl cc
CA, AIM 1.oma PO 2
CA, Al [a 1.oma 1’0 2
CA, Al[a 1.oma 1’0 2
CA, AIM 1,cm~a PO 2
CA, Al[a 1.mna Il)c 40
CA, “1’cm ancc Po 25
MN, I;a~an, PO no

MN, Iia~an PC) 6

MI), Cockcysvillc }ip 120
MA, Nantick 1’0 31

--————  -—
;cctor hiicrrrwavc
ndL)strics
. .>Ict-ra Micl owavc
;illcl- Brothers

;MT1iK, ]nC
;OLlthWCSt
‘Iodllc(s
iystcm  l)csign
;cl-\)iccs
I’alley 1 lcfcnsc
systcm
I’avis Corp
I’ayco
l’cxas ll)StI”Llll}CI)tS
“’hiokol ~or]),
Hklon I)iv
‘hiokol ~orp,
llkton  I)iv
‘Rw

1.S. Geological
;111 Vcy

wavcguidc  transfer switches 959896 SB NY, I)ccrficki ~ip

SII ‘1’x, GCO1 gclown IJP
SD CA, Nc.\’ada City 11X

s}) CA, Nc.wbury  Park CP}I’li

92

18
2s

71
3

22

25

10
7
95

1293

123

318

30

isolators
hclicoplcr scrvicc for 1 H )1.
tests
clcchmic  assembly
spherical bearings for bridle

959987
960347

●

960203
687353 m CA, lrwindalc 1’0

11X

1’1’ R&r)

1’0
PO
1’0
]:p

l:p

f’])~:]:

GRcq

628377 SWOB CA, I’amdcnaAIJP plan support

airbag proof-of-concept s(u~iics 9S9929 A7,, Mesa

pI-cssLmc transd Llccr
tank beaters
MMICS  and }ll~li’1’s
soli(i propellant motors

672987
658842
665445
959906

CA, Mariposa
CA, (k] I i(os
‘l’X, IMllas
hfll), l.lkt(m

solid propellant motcm 671498 I m Ml), I.lkton

hybri(i  assembly 960042 I m CA, k(iOl)(]O
1 ICacl )
CA hfcnlo Parkmvcr scientist- Mrmrc WO-8998 G



LJ. S. Geological
survey
Llnitcd ‘1’cch.
Mictoclcc(mnic
(:cnm”
LJnivcrsity of
A1-imna
U Of AZ S11[):

Mal-tin Mal-ict(a
Vacco lnduslrics
VHCCO Indus(lics
Univcrsi(y of
Alaska
Llnivcrsi(y  of
Chicago
LJnivcr-sity  of
I lawaii
University of So.
Cololado”
LJnivcmi(y  of
Washington
Wt~ccling Jcsui[
Wind River
Syslcms
Wylc 1.abs

IMP co-invcsti~ator-
Sodcl’t)lom
‘1’MU ASICS

Ianclcr  imagcr

lmagcr  for Mars Pathfinder

propulsion fil(crs
propulsion scrvicc val vcs
educational oulrcach

APXS instrument

cduca(ional outreach

cducat ional outreach

ASI SAI’  lllc]l~t~cr-’l’illl~~al~

educational outreach
vxwol’ks

w[).~999

959974

959647

681662
679880
960206

959825

959907

960205

959986

95996  ]

960075

centrifuge test for ldr shelf clcc 960372
lY~l-(l,]cyrlcc})[,ical AgZn b;ttcry  CC1lS 673673

G

111

(J

1 ,R

1 ,tJ
1 s]

OMI

u

OMI

1111(:11

LJ

lJ
Sr)

1 .1)
SD

A7i, I;laps(aff

(.X), (k] CJrado
Springs

A7., ‘1’UCSOII

Cc), 1 )cnvcI”

CA, S. ];] Monte
CA, S. lil Monte
AK, I~ailbanks

I I., Chicago

)11, 11 OIIOILIILI

[:(),  ]’LIC’t)]()

WA, Scal[lc

WV, R’t)cc.ling
(;A, Alal~lcda

CA. 1;1 ScgLindo
C’1’,  l’awcatuck

GRC4]

~“p

~Rl;I

P o
P()

SI’RC

CR1iI

S1;RC

SI’RC

CR}iI

S1’RC
J,p

~:p

P o

11

209

5278

2462

34
49
10

1499

11

10

92

10
408

29

6

ciisadvantagcd  bL1sincss
rcsc.arch  contract
women owned business
univcrsit  y/collcgc

8% goal:: S1)11+  S WOB+}ll]CXJ+  OMl

}’10dUC(S ]l)C -—-— _. —. —.-.  ———-

~l’};};=-  COSt  PILIS

fixed fcc
CRI1l=  cost rcilnbursat)lc  cdLlcational  inslitLltion
I U’= fi xcd price
Greq=  government
rc.quisi lion
G= govcl”nmcnt
agency
}IIICIJ=  IIis[orically  IIlack Co]lcgc or tJnivcrsity
II)C= inclcfinitc
dc.livct-y contract
1 .11= large business
OMl= C)tltcr
Minol-ity
I n s t i t u t i ons

1’0= pLlrchasc

micr

S11== small
business
S1)11=  small
SI;RC=SIKM[  form
SWOII==  small
~Ju



WIIA’I’  hlAKICS  A (;()()1) 1’l{OJIW’l°  T’lCAM

A good project team relics on fundamentals:
achieving a thorough understanding of the
work scope, breaking this work scope into its
indivic{ual  picccs, assigning individual team
]llclllhcrs rcsl>ollsit~ility  fortllcsc  picccs,  giving
thcm a C]car undcrstancting o f their
responsibility and constraints, doing the systcm
cnginccring  up front to ensure compatibility of
the picccs.

Agoociprojcct tcan~isdynamic anctflcxiblc.  It
carries an up-to-date, thorough cost anti
scl]cdLllc plan in flolit of it at all times,
changing the plan as ncccssary, w]) e~l
[~cccssziry, torcflccl  t~cttcr tl~~(lcrstalldillg  of the
job as it unfolds, work-arounds  to problems
and changes in scope or dircctioll----wllicll  in
this day of fixcct plicc projects can’t bc
to]cratcd to any significant dcgrcc. Key to
SLICCCSS is achieving and maintaining a clearly
understood project objcctivc up front with the
Cus[omcr.

O n  Pathfinctcr, for Project performance
tracking amt control, w c  a(taptcd  the hair-
raising, at times frL1strating,  two-minute drill
“bend but don’t break” ctcfcnsivc tactic NFI.
tcamsusctoprotcct  ale.act:givc up yarclagc  but
don’tlctthcm  score. YOLI start theprojcct,  this
ctcfcnsivc drill, with sufficient dollars and
schcdu]c  rcscrvcs: OLII’ available yardage. On
Pathfinder, wc started with $5(IM of the
$150M as rcscrvcs  and laid out a schedule
which  had  ctclivcrics  of the major flight
subsystems stalling  as early as 21 months after
Project start to proviclc  ample time, 18 months
for Night Systcm Asscmbl y, Test and launch
Operations (AT] .0).

Proccc(iing  throughout Project development,
monthly technical Schcclll]c and cost
performance mcasulclncnts  arc made--- actLlals
compared against plan. P]ans arc updatcc] with
both schcdutc  and cost rcsclvcs  passed out if

ncccssary for rccovcry  against problems-
bcndin~. but not breaking each month as wc
procccd  to launch, using wiscty our rcscrvcs
but not cxccccling  tlw caps. Impor(ant  to this is
a thorcmgh job of prc-project planning in
definin{:  project scope and achieving a
ihorou~h  Work IIrcakdown  Structure (WBS)
ancl cos( estimates.

Emphasis is placed on looking forward
towards completion of ctcvclopmcnt,  keeping a
thorou[’,h cost-to-colnplctc  estimate for all
dcvclo]mlcnt items:

Cost-rl’o-coll)  l)lct(! = Actuais $
Expended to l)atc  +
I{cscr\es  Rcquirul  t o  F i n i s h  l)clayecl
Work (if any) +
I{eser\es  for l’roblcnns,  “l~orgots”,
lttc.  •t
An ICstimate of the ltxpectecl Reserves
Required for Future Prob]ems (“Things
‘1’hat Could Go Wrong”).

This is in contrast to nlanagcmcnt’s  tendency to
look t)ackwarci  in measuring a project’s
pcrfornlancc: measuring act ual
accoml  )Iishnlcnts  against the original base] inc
plan, but this too is important. ‘J’his is where
comput  cr aided project metrics arc handy:
producing quickly, mociificd  plans and forward
100kin!, cost- to-com]ktc  estimates for the
Project, at the same. time comparing Project
pcrforo~ance against the original baseline plan
for its lnanagcmcnt.

But colnputcr  aictcct Inctrics, schcdulcs,  tables
of cost in every forlnat arc only as good as the
input, Ilcvcr ever will they bc a substitute for a
good tcan---which  if ncccssary  can still Cio a
project on the back of an cnvclopc.

O n  l’athfindcr  we h a v e  a n  e x c e l l e n t
team!



~]OW  W]; l)ltl~lNIH)  MISSION S(X)]’]; IX)R ‘1’111

1)01/l,ARS  IN ‘1’lllt 1’R1+I’I{C)JFXH’ 1’}lASlt
● l,aIIdcI  anti rover command ancl telemetry

●  ~1-11 lSC a[ti[ll(k CO])(1O]  and  ]Ilancuvcrs

‘J’hc following technical trades were made:
● EIJI. sequcnci~lg  control

● CrLlisc-lil>12-I  .all(~cl system architecture

● Relay link vs. direct  link col~ll~ltll]ica(io]~s

● IIattcry only vs. solar power and battery for
the lanctcx  power source

● Tcthcrcd vs. untethered rover

We quickly a(ioptccl  the NASA An~cs  Research
Center’s direct entry approach to avoid the need
of carrying a large supply of fLlcl to the planet
for braking, acrobraking  in the atmosphere
instead. Our entry vc]oci(y  is 7.6 kndsee,
compared with 4.6 kn~/scc  for Viking 1 andcrs,
significantly higher, but within design  limits.
Ames has conctuctcd  arcjct testing of the Viking
S1.A-561 ablator material to show that a Viking
clcrivativc  acroshc]l using this ablator material
can be used for Pathfinder’ s direct entry
approach.

The next step dealt  with designing a cost
cffcctivc  flight system architcctLwc  to carry the.
lander to Mars. One approach studied was the
design of a separate crLlisc  spacecraft to carry
the lander  to Mars. ‘1’hc lander, housed inside
the 11111. capsule, would be attached to the
cruise spacecraft anti release.cl for 1 HII. at the
proper time. To rcducc equipment and cost, Ihe
decision was made instead to build an
integrated flight sys[cm aroun(i a central
computer which conducted cruise, ] D. and

surface operations fLlnctions.

‘1’his approach is made possible with the
selected flight computer which accomplishes
the fotlowing fLlnctions:

. l;ault detection and safins

. Scicncc (ia(a p r o c e s s i n g

.  I.alldcr image colnprcssion

l:or Ii] II., wc studied both active vs. passive
approa(:hes, i.e. a Viking like, 3 axis control,
rocket CICCCICI at ion vs. a Russian 1 ikc, semi
harct il npact using air bags and uprighting
pctais. And, as mentioned earlier, wc interacted
with all available areas of expertise in this
technology and aftcl much dclibcmtion  in an
Augusl 1992 peer review, wc sclcctccl  the
following ED1. approach:

. Viking dcl ivativc acroshc]l

. Viking derivative clisk-gap-band parachute

● Russian/auto inclustry/military  like air bags

● Russian like uprighting  petals

‘IWO i m p o r t a n t  1 ill. design rcfincmcnts
occurred ovc.r tl IC next year which were
thoroui$l  y peer rc.viwcd:

● addition of a surfidcc height detector, first a
plumb b o b ,  l a t e r  rcplacccl by a IXIIl
dcl ivcd altimeter

● addition of 1X31) clcrivativc  small solicj
rockets for a short burst of deceleration just
before impact

Surface detection bccamc necessary to delay air
bag opening until tl)c last second to prevent air
bag gas cooling and cicpressurization.  ‘1’hc
addition of the small solid rockets rcducccl  the
parachLltc  si ~c, sol vc.d the parachute cirapc
abatcnlcnt  p]oblcm  and simplified air bag
dcsigll.



in the l’athfindcr  traclc  stLldy,  no IHII, approach
was, singled out as the ultimate. liach has its
sc( o f  a d v a n t a g e s  ancl ctisadvanlagcs.  ‘1’hc
I’athfindcr  appro:ich, robust,  prmnising  low
recurring cost and adap[ab]c to a large set of
missions, is a unique compilation of
subsystems with significant design heri(agc,
cxccpt [hat the space qualification of air bags
rcprcscnts  a significant dcvclopmcnt.  It is
affordab]c uncicr  (hc cost cap and rcprcscnts the
culmination of a thorough, but J]OI cxhauslivc

trade stLlcty  that had to cnct quickly to maintain
the f~st track schcdu]c.

1.anding  site accuracy is on the orcicr  of 200 km
x 100 km 3 sigma worst case - good for
ctcploymcnt  of gcoscicncc,  meteorology and
seismic stations, and  actcquatc  for a first
regional reconnaissance mission. l;or future
missions, additional accuracy will bc achicvcd
througtl  improved navigation, rcduccd ballistic
coefficient, active propu]sivc  control for
acromancuvcring and terminal descent
trajectory control. l~or instance, Mars sample
rc(urn ]anctcrs may adjust their final approach,
not only to avoid hazards, but to actively seek
out a more dcsirab]c  landing site to accomplish
its mission.

[Jndcr the cost caps, an orbiter in support of
the Mars Pathfinder lander was clearly not
affordab]c.  The decision was made 10 build into
Pathfinclcr  a significant direct link capability so
that it could stand alone, not rc]iant  on orbiters
that may bc at Mars for relay communications.

The expense and time associated with the
implement at ion of a Radioisotope
l’hcrmoclcctric Generator (RTG) was judged
not compatib]c  with Mars Pathfinder’s low
cost, 3 year dcvclopmcnt  approach. lnstcad,
battery only and sol ar panclsfl~attcry
approaches were s tudied  as  lan(icr  power
options. ‘1’hc solar pane] with battery approach
was sclcctcd primarily for the following two
reasons:

●

s

a b:ittcry  only option COUICI not guarantee
sufl icicnt lander surracc ops lifetime for
support of the rover

in lhc spirit of l’athfindcr’s  cnginccring
mission, dcmonstratin.g solar pane]
pcrl’ormancc  on the surface of Mars was
dccmcci  an impor~ant c[lginccring objcctivc

NASA’s I.cwis Research Center provides
support on solar panel performance in the
Martial I surface environment.

Wc studiccl  both tcthcrcd and untcthcrcd  rover
approaches. ‘1 cthcrccl,  t] )C rover would remain
conncclccl  to the lamlcr through a wire ant]
woLIld rc]y on t h e  ]ancicr f o r  power  and
computer proccssin~j,  and (11c ncccl for a landcr-
rovcr RI; link is clilninatcd.  1 lowcvcr, a tether
restricts rovcl mobility ancl would require a
more it ltcractivc ro~’cr-lander dcvclopmcnt. in
[}]c spirit to push to do more for ICSS, a
decision was rcachcd  to implement a fully
aL]tonomous, non-tcthmcd  rover. The rover is
self-powered using a solar panel and a primary
battery, has its own computer for data
processing and surface navigation and
colnmunicates  with the ]andcr over a UJ IF link,
adapting a commercial modem for space USC. It
cmplo~s a 6 whcc]  “rocker- bogic” mobility
approach which provides for a steady platform
while I lavigat ing a lock y surface If the rover
was the size of an automobile, then the rover
would bc ab]c to move,  over objects the of a
dining room table.

OLJR  COS’1’ ItS’J’IMA’J’IN(;  PROCESS

It was a combination of JPI. and SAIC cost
modeling and support ing analysis anti
“grass] oots” estimates.

Since the I’rojcct was cost-capped, wc in tLlrn
cost-capped all kcy clcmcnts  of our WBS. Wc
rail ou] cost modeling program at JPI. to derive



the first estimate for these cost caps for all key
elements of our WI]S and then asked each
responsible WIIS clement manager to see what
c o u l d  be (ione for th is  amount . Project
management took control of cost at the outset:
taking the initiative to set the individual WBS
clement costs first instead of waiting for the
cicmcnl managers to come in with their
estimate.

A rather emotional cost cap negotiation cnsLIcd

where some cost caps, pretty much out of line,
were incrcascct.  Some WBS elements were
dcscopcct  to fit the caps and in many places
very innovative methods surfaced in order to
stay within the caps--– rarely was a cap too large
and dollars given back.

With this modificcl  “c~ppcci/grassroots”  process
wc c]cvclopcd the original cost estimate of
$ 10OM for project dcvclopmcnt,  leaving $SOM
for reserves.

To dctcrminc  if $50M was enough reserves,
wc had SAIC interview each WBS clement
manager as to what could go wrong in
development and added up all these reserves
needs to generate somewhat of a worst case
nLlnlbcr which happened to fit within the
$50M.

Cost estimation, tracking and control never
stoppcci from this original estimate. Monthly
updates occurred using our aforcmcnt  ioncd
“bend but not break” approach an(i at least
twice a year major grassroots update cxcrciscs
were conducted, again with emphasis OJI
clcscoping and replanning if ncccssary,  always
looking forward to cost-to-complete.

A N D  FINAIJ,Y,  AS ‘Ix) WIIY  I’ATIIFINDKR  C A N

IIIC I)ILVKI,OIW])  FOR  $1 SOM

w]] Ii/It SUIUIK:’1’  ‘1’() A I*OW 03S’1’  CAP,

]’A’1’lIFINI)EI{  ENJOYS MAJOR  T1lCIINICAI.
AI) VAN’I’A(;  KS OV1;K  VI KIN(;  WI1lC1l  MAKES

1’A’I}IIvNIJI:l{ }DOSS]lllzl::

1. “1’hc  Viking database augmented with
grotlnd radar and 1 lubblc  observation
provides P a t  hfin(icr a  m u c h  better
uncicrstanci  ing, of” Mars atmosphere an(i its
selected lan(iing site

2. A significant (iccp space ground
infl astructurc coupled with the availability
o f  iligh-]~clforll~a~~cc, rcl iablc flight
electronics has lnatc.rializcd  since Viking
proviciing for a low-cost but powerful
ground ciata  and tracking system matched to
an cclually  powerful fiigi)t electron ic
system.  Normally big ticket items such as
ra(iios,  flight computers, an(i the lander
can Icra have been acquired cilcapl  y by
Pathfincicr.

3. Pathfinder’s powcrfLll  surface direct link
raclio  couple(i with its cruise stage and its
(iircct  acro-braki  1 lg entry obviates the need
for an orbiter to carry the lander to Mars
and support it with relay link
collllll~lrlicatiol]-  ti]is has a ripple effect in
re(iucing overall mission by reducing the
size of the launci~  vehicle rcquirc(i for
Pa[hfindc].

4. I’alhfindcl’s  direct acre-braking entry also
cli I ninate(i  the ncc(i  for an expensive, ilcavy
propulsion systcln.

Icok iMISSJON  RISK hlITIGArl’lON

]’A’1’11  IUNI)ER’S  AI’1’R[)AC}I  IS SYNONYMOUS
\*’Jrl’~] ‘1’Jcs’J’,  ‘J’]; s’]’, ‘J’]ls’]’

A major clement of Pathfin(ier’s  new way of
doing business was acilicving necessary up-
frot]t  plannin~,  analysis an(i design, but placing
emphasis on early fright subsystem (iclivcrics
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to allow for thorough  tcs(ing prior to launch. in
parallel with planning, analysis and design, wc
Conduclcd early l>loof-of-c[)]~ccl>t  t e s t i n g ,
starting in the prc-jmjccl  stucly  phase for our
m:~jor  (icvclopmcnts:  airbags, rover mobility on
simulated martian surfaces, X-band solid state
amplifier.

Wc co-located the Projccl around our I’cst Bcd
where cnci-to-cnd flight-ground functional and
intcrfacc tests were conciuctcci,  incrementally,
s t a r t i n g  w i t h  brcaciboards  and cnginccring
mocicls and partial I y developed software
packages and proceeding to finished flight-
gmunci  Subsystems and software packages
prior to clclivcry  to A7’1.O.

in AT] .0, wc will conduct systcm integration
and (cst over an 18 month pcrioci  before
launcl~----twicc as long as the primary mission
duration of 8 months. 1 lcrc wc will cxtcnsivcly
clual if y our three-in-onc spacecraft for its ED].
and surface operations environments as well as
for the standard launch and cruise
environments normally accomplished on ciccp
space cruiser, orbiter and rendezvous
spacecraft.

In parallel with A’i’1 .0, 1~1~1. subsystcm and
Systcnl simLllations  ancl t e s t s  a r c  b e i n g
conducted all over the map: airbag drop tests
outsiclc Clcvclanci  i n  O h i o ;  m u l t i - b o d y
parachute-backshcl l-bridle-lander scparat  ion
tests at China I.akc in the Mojavc  desert outside
of 1.OS Angc]cs;  altimeter and rocket drop tests,
again at C%ina 1 .akc, airbag retraction and
lander uprighting  tests in Pasadena, CA; and
computer and water tank (yes, water tank)
multi-body flow simulations in I’asadcna

Another important Pathfinder process is
concurrent cnginccring.  Wc l~a(i the w1101c team
up and rLlnning  together at the start: nlission
operations, flight systcm,  instrument, rover,
ground data systcm, mission opcrat  ions,
product assurance and procurement members.

The  f i r s t  tilnc 1 h e a r d  o f  concLtrrcnt
cnginccrin.g,  but with a cliffcrcnt  slant, was
When the Mariner-Venus-Mercury I’rojcct
Manager in the early 1970s would say often:
“WC need to get all the liars around the table” in
response to an issue.

Here’s the first payoff on our
coneu] rcmt cnginccring  approach:  at a
ret rcat wc conducted at Pathfincler’s  start, while
emphasis was on the then staggering flight
systcm challcngc  that lay before us, the ground
data system lnanagcr  pointccl  out that if the
flight systcm team could usc data protocols and
formats alrcacly rcsidcmt  in the Magcllan Venus
missiol  1 groull(i  (iata systcm, wc coulci  adapt
tha t  da ta  systcm quickly anti cheaply,
substantially rcciucins ground data systcm costs
from that nol-mally cxpericnccd  on past JPI-
missiol~s. The. flight  sys[cm in its early design
p h a s e  coulci accommociatc this---so a
substal ltial amount of (iol lars were frcc(i up to
app] y to the larg,el  chal lcngcs of the flight
system.

Another inlportal]t  concurt’cnt  engineering
impact has been (icvclopmcnt  of the surface
opcrat  i ons scenario after landing in parallel
with flight systcm cicsigtl—ensuring what wc
design will work once on ti~c surface.

OLw l’rojcct linginccring  ‘1’cam (PET),  with
n)embc.rship from al 1 Project clcmcnts,  is our
major concurrent engineering vchiclc.  PET
coordil lateci Project document dcvclopmcnt
inc]udi  ng the Project Plan and lower ICVCI
require mcnts stetnnling  from the Project Plan’s
IXVC1 1 rcquircmcnts.  1’1;1’ is rcsponsib]c  for
tracking compliance to rcquircmcnts, for
p]annillg inclcmcntal  barciwarc and software
dclivel ics to the J]’], ‘1’cst Bcd for early phased
test in:,  as capabili t ies CVOIVC,  and for
coordinating the 1 inginccring  Configuration
C o n t r o l  an(i l’roblclllfl;ailttrc  proccsscs. PEi’
also acts as the l’rojc.ct  rcfcrcc in working “PHI’
Pl+li\~l  N“: problems ti~at impact rccluircmcnts



or have an impact 10 other elements of the with application of critical redundancy
Projccl. and  ex tens ive  f l i gh t  system te s t ing

prior to launch,

[)UR CONII’1.11’1’E  RISK ASSII:SSMEN’1’  ANI)

h~I’1’l(;ATloN  A1’1’ROACII

Scaling back from billion dollar class missions
to mission costing a fcw hunctrc(t million
dollars is not an cxcusc  for taking undo risk or
mission fi~ilurc,  and significant cffor( is being
cxpcnclcd on Pathfinder to mitigate mission
risk.

Similar to our costing estimating process, we
broke down the flight sysicm into its kcy
fLlnctional  clcmcnts for each mission phase, a
functional Work Breakdown Structure, and, as
wc interacted with each clcmcnt team member
in our cost cxcrcisc to derive dollar reserves
tlccds,  wc did the same for determining an
estimate, primarily an engincc.ring  judgment on
the part of the cxpcrl,  for the functional
rcliabilit y on each clcmcnt in the mission. The
most impollant  procluct  of this exercise was
identification of the weak 1 inks in the system
which were then bccfcd up with application of
redundancy or an increased test program to
ensure its performance.

IIcrc’s  an cxarnplc: in our interaction with
the airbag cognizant cn,ginccr on functional
reliability of airbag inflation, impact and
rctmction  wc soon realized hat wc needed to
expend additional rcscrvcs for more testing
than originally planned to ensure the airbag
performance in flight. As with our cost
estimating process, wc arc continually updating
our mission r i s k  asscsslncnts, activating
ad(iitional risk mitigation steps as necessary.

T h e  b o t t o m  Iinc f o r  m i s s i o n risk
mitigation f o r  l’athfindcr  i s  a  s h o r t
mission lifetime of 8 months coupled

Tmw: IS NO hlA(;]c  IN ‘Ilm I) A’JWFINI)IIX
PR().lIIX:’1’ A1’1’I{OAC1l

It’s back to basics :iugmcntcd with modern,
comput cr a ided  ] )rojcct  track  inglcontro]  a n d

des i gn  me thods :  atlc.nti(m  to clctail,  pe r sona ]

commi~rncnt,  l o t s  o f  h a r d  w o r k ,  f o l l o w

througl), a  t i gh t l y conncc t cd  t eam tha t

communica t es  v e rba l l y  a round  the  t ab l e ,

cyct)all to cyc.bal  1, making thoroughly aired
decisions quickly, instead of communicating
througt  I the usc of interoffice memos, meeting
minutes and circulation of reports for review.
Documentation is limited to that which is
essential: mission and design rcquircmcnts;
strcaml  incd project p] ans, interface agreements,
compliance metrics; procurement, kcy item
delivery, an(i kcy test milestone metrics; cost
pcrforlnancc  metrics; integrated schcdulc;
probleIl~/failure disposition reports; as-built
docunwntatioll,  test results, etc. Wc eliminated
the usc of mechanical clrawings for the cruise
stage entry and lanclcr strLlctL1rcs,  moving
instead to a “cornputcr  art to part” process.

With rlspcct to tl)c external world around the
Projccl,  wc “gently” alc]l  N A S A  ancl JPI.
manag~mcnt  t o unnecessary bureaucratic
intcrfc] cncc-– a m:jor accomplishment here
was the combination of numerous JPI>
institutional and NASA reviews into onc formal
review occurring just once pcr year.

A N I) IIOW AIW w I)OING  so F A R?

A7’I .() was started o]] June 1, 1995 as planned
in the ] )rc-project phitsc a number of years ago.
Wc have complctcd  early integration tests, and
in January 1996, clcvcn months before launch,
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the full flight spacccmft  will bc asscmbld  ancl
fllllc(io[l:llly  tcstcdasafligtlt  systcm with more
than 90% of its flight software chcckcd out and
with RI; compatibility tests with the Deep
Space Network Test Bcd complctcd.

Also, in January 1996 more than 90% of the
planned 1;111. (CS( and simulations will have
been Completed.

What is remaining to accomplish before launch
is these final space flight environmental tests
and launch preparations: wcighticcnter  o f
gravi ty  (C(3), sp in  ba lance ,  acous t ic ,
tllcrtllal/vactlLllll, thermal/Mars atmosphere,
Elcc(ro-Magnetic Compatibility lRadio
l:rcqucncy lntcrfcrcncc (1 ~MCYRI’1),  pyro
shock, systcm tests in bctwccn,  ship to the
1 iastcrn ‘1’cst Range (NI’R) launch site, final
assembly and systcm test, launch preparations
an(i launch.

Wc start I:Y96, lhc final third year of
dcvclopmcnt,  with $9M of reserves remaining
for approximately $30M of work scope to go to
launcl)--- wc have no major problems at this
t ime, wc have an excel lent  chance  of

completing development and launching
successfully under the cost cap.


