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The except EM8911 gven below is reprintedfrom the Jounal of the Aneican Stdistical Asodation 84#408, pages
945-957 December, 1989 [DC Library call number. PER QA276.A599Y%; the ntrodudion of he aticle, by Sddartha R Dalal,
Edward B. Fowlkesand Buce Hbadey and entled Rik Anaysisof the $ae Stle: Pre-ChallergerPredction of Railure, is
the bags of the nformation kelow It is of inteest & an llustrdion of he ug of dterdiagams in the Anaysis sage of he
FDEAC cyde and d the psible oneqiene o assessg a rendfrom only part of a £t d bivariatedaa. [Author Bruce
Hoalley is inteviewed n Program16 d Agang All Odds Indde Satistics in the £gmenbn the Challerger disaser]

On the nght of Januay 27, 1986 the nght before the pace $utle
Challerge acddent thee was a hreehaur telemnferenceanong
pemle at Morton Thiokd (mandacturer of the ®lid rocke motol),
Marshall Sace Hight Center [NASA (Natonal Aeronautics and
Spae Administraion) centerfor mota desgn control], and Kemed/
Spae Center The dswsdon focusel on he breag of a A°F
temperdure for laurch ime the rext moming, and the &ed of low
temperaure an O-ring perormance A daa t, Figure B below at
the left, payed an mportant role in the dsasson Eac potted
pant repreents a Butle fight tha experiencedthermal distressin
the field-joint O-rings the x &is shavs te pint temperaure d
laurch and the y»as shavs the number d O-rings ha experienced
somethernal distess The O-rings sealhie feld joints of the ®lid
rocké motors, which boost the butle into abit. Basedon the
U-shaed configuraion of mints (identified by the fight number), it
was conduded that thee was no eidencefrom the histaical daa
abouta emperdure dfed.

Figure 1a. Fequency o O-Ring Distress \s. Temperature
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Nevertheless,thee was a @hateon this iswe, and ©me @rici-
pants ecmmmendedhat the burch ke posponeduntil the empera-
ture roseabove 53F — the bwesttemperdure experiencedin pre-
vious hurthes — kbaue the ®@rregponding fight had the Hghest
number d distresedO-rings Some m@ricipants kelieved basedon
the physcal evidence tha thee wasa emperdure dfed on O-ring
peformance for exanple, ;e d the mricipants, Roge Boigoly,
stded tenpeature was ndeeda dscriminator. In gite of tis, the
final recanmenddion of Morton Thiokd was b laurch te Challen-
ge on <hedle. The ecmmmendton ranamittedto NASA stated
that Tenpeature data [are] not wndusive am predcting pimay O-
ring dowby, The samediefax staed that Cdder O-ringswill hawe
an inaeasedefectve duroméer (harder), and Harde’ O -rings will
take lorger to ‘sed [Presdential Commisson Report, Vol. 1 (PC),
p. 97 (Presdential Cammisson on the $ace Swutle Challerger
Accident D86].

NOTE: It is inteesing to gpecuate, f (hypothdicall) the
right-most pant in Figure Ja dove had nvdved
one (ingead d two) distressed O-rings, whetter
the nodfied Figue €havn a the ight) would
hase keen intepretedto yield the carectAnswer
(asin Figure b at he fight abose abaut the em-
peature-O-ring dstres relatbnship
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After the acddent a ommsson wasapminted ty PresdentR.
Reaanto find he case The @mmsson washeadedoy former
Secetay of State William Ragers and induded ®me & the nost
repectednamesii the sienffic and pace @mnunties The @m-
misson determined the caiseof the addentto be the bllowing: A
conbudion gas kakthroudh the right Solid Rocke Motor aft fidd
joint initiated & or shartly after ignition evertually wealenedand/or
pendrated tre External Tark initiating \ehicle sructual breakup
and bssof the $ae Sutle Challerger during nisson 51-L (PCL,
p. 7). This is he tpe of faiure that was ahatedthe right before
the Challerge acadent

The Rogas Canmisson (PCL p 145 nated that a nistake in the
anaysis of the hemal distressdaa — Rgure & at he Eft — was ha
flights with zero inddentswere left off the pot becauseit was felt that
theseflights dd not mntibute ay information alutthe emperaure
effed (seeFigue b below). The Roges Canmisson conduded
that A careful andysis of the fight histay of O-ring performance
wauld have rereded the carelation of O-ring damage n low Empe
rature (PCL, p149.

Figure 1b. Fequency d O-Ring Distress \s. Tenperature
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This aticle ams to gve moresibstinceto this quate and $how
how ddtisticalsdene muld haveprovidedvalugble input to the hurch
dedsion proess Clealy, the ley qieston was What would have
conditutedproof that it was wnsafe to burch? Since aur madd of the
phenomen is sochast, our answeris necessarily probabilistic. As
in the elemnference a good g$art would havebeen an ramnaion

#HL311

of the hemal distressdaa — Rgure b — for the preenceof a empera-

ture dfed. Nevathdess, the nostimportant queston was What is
the probability of atagrophic fieldjoint failure if we hurch nor-
row maning at 3F? Both thesessus ae aldresedin the aticle.
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The Heat of the Matter

I n its final eport, the pesdentialconmis-
sion charged with éamhing the explosian
of the pace $wutle Challerge identifiesthe
dedgn flaw tha caugd the acddent and
descibes in cetdl the eentsleading up b

the tragedy It does rot desribe he uinder

lying auses, wthin the aganization of he
Natonal Aeronautics and $Hace Administra

tion, tha mack it posdble for sriousdargers
to be ignaed One d the @mmesoners,
Richad P Feyrmanof the Cafornia Inst-

tute d Technology, has aldressedthis ques

tion in a spaae caument in which he
treds the erors in judgement and xeaition

discovaed by the ommeson as ymptons
by which to diagrose larger poblens
within the gace geng. He mndudes ha

NASAs effediveressin sliing its pojeds
to Congress hanterfered with ts dfedive-
ness as adkene and emgineerng @eng.

It is well known by now tha the mmed-
atecauseof the addentwasfound to ke a
faulty seal n one d the pints ketween ¢
tionsof the dwtles right-hand slid-rocket
bocster Hot gases eodeda rubbe O-ring
in the seal antblew by'it, aeding a kak
that erenudly adloweda dume of flame to
escpe hrouch the pint and perce thre
stuttles exemal fud tark.

The finding ame & no sirprise Tesimony
beore the Foges @mmison (namel for
its chairman Wiliam P. Roges, a ormer
secetay of stat§ revaled that O-rings n
the olid-rodket bocstes had keen a natter
of conernfor neatly a cecagd. Sak ae a
essetil part of the ostey becaue like dl
large olid rockes, hey are huilt in sedions.
There ae ®vad reasnsfor sud a desgn.
Ore is ha the 1d is firg cag as a iguid,
and t might not d'y and cue caredly if it
were cepogtedin a sngle mntaineras hge
as he $wutle booster Anaher reasn is
that an intact boosterrockd would be o
large © be tangorted ly rail from the
mantacturerto the aurch ste; beaus the
boostes were mack in landocked Utah, o
othermears d trangortation was aailale.
The paricular mettod d joining the
setions that was poposal Ly the
mandacturer Morton Thiokd, Inc, had
been aiticized ty NASA, howeer Tha
wasin 1977 when tests firstndicaed that
Thiokols mettbd d sealng the pints
beween sdionsmight leadto erosin and
leaks

During the ®mndflight of the pace $utle,
in November, 1981, cne O-ring in the iight-
hand slid-rodet bocster was eroded, d-
though no gase Hew by it. O-rings vere
eroded diring 1L subequent flights — dten
in more than me pint — and in nine flights

hot cases Hew by the 'primary” O-ring in &
lesst ane pint but dd not pass onpletdy
throughthe rest d the ®al

Engineess at Thiokd were darmed ly the
unepeded failty of the ®ak. In uly, 1985,
RogerM. Boigoly, a Thiokd engineerwrote
a memoandum © RobertK. Lund, the \ice-
presdentof engineeing, 'to insurethat man-
agenent & fully avare d the ®riousiess ¢
the aurrent O-ring erosian problem ... It is
my honest and ery realfear tha if we do
na take immedateadion © dedcae a tam
to lve the poblem .. we dand in jeqoardy
of losing a fight dong with all the burch
padfacilities A later mremaandum, written
in Octoler 1985, by the hed of the Bk
force @enudly creded b lve the pob-
lem, begnswith the word "HELP!" and end
with "This is a ed fhg" The emgineess' con-
cerncame to a hehthe nght before the
Challerge laurch,when in a elemnference

Officials tried t under-
stand the eosion by mak-
ing a mathematica model,
basedon data from flights

on which the O-rings
eroded, to predict the
amourt of damage to ke
expected under various
condtions.

they tied b ocorvince koth the NASA and
Thiokol manayements not todurch keaue
of the etremdy cold temperaures at the
laurch pad.

Why were swtles albwedto fly when citi-
cal pars were heingdanagel in inexpected
ways? Acoordng to Feyrman manaers &
NASA and & Thiokd came to egad O-
ring ecsion as an aceptle risk beaue
O-ringshaderoded o previous fights with-
out caugng the toostes to fil. Officials
nated that in he edlier flights the ings hal
been @éodedby no more than methird of
their radus. Experiments hd indicaed that
an Oring would haveto be eodedby me
full radus beore it would fal, and © the
officials asseted ttat hee was dsabty
factar of thre¢ Feyrmanobseves, This is
a drange useof the eigineek term'sakty
factar'.... Elodon wasa due that ©mehing
waswrorg. Erosion was nd somehing from
which saéty can ke inferred.

Officialstried b understandhe eosian by

making a matremdical modd, basedon data
from flights an whichthe O-rings @oded to

to predct the anourt of damageto be expec
ted undervariousconditions. Feynman ds-

cussesthe way he nodel wes devdoped

and the finaldrm it tock and ten alds:

"Thee is rothng much so wong with this

as lelieving the aswet Uncetanties gpea
evaywhee ... The engrical formula was
known to be wuncetan, for it did not g

through the \ery data pints by which it

was deermned: NASA used this matte-

maical modd to rationaize flying with eve

greder risks. Feynman dso disaussesthe

deggn, tesing and cerffication of he $ut

tles main liquid-fuel engine and @ndudes
that here o hee was dslow dift toward

deceasing sakty fador" In theseand ober
caseslbtly, and dten with ap@renty logi-

cal agumentsthe aiteria ae dtered ® tha

flights may dill be erified in time'

To estmate the chanceof a s sutles
failing, NASA manayess subgituted wtat they
termed 'ergineerig judgement” br the gan-
dard metlods of probability. They set he
probabiity of failure at atbut one chance
in 100,000 Working enginees thaugh the
chancesvere doser b one n 100 "If we
are to lefdace $andad rumeical probability
usa@e with ergineerng judgment Feyrman
aks, 'why do we fnd such an @omaous
dispaity beween the nangyament esiae
and theydgment éthe eiginees?"

Feynman hypothe&zes ha the undamen
td cau® of NASAs systamic orercanfidene
wasthat a najar role & NASA manaement
wasto et funding fom Cormgress To do
sq he sys,they mintedtoo rogy a fcture
of wha could be aoomplished with wrrent
technology. At a pres nferencehdd when
he eleasd his indegpendent emaks, Feyn
man spealated that "by exaggeating wha
they said they could do, they got in a pstion
whee they didrit want to heatoo nmuch
aboutthe truth .... The Challerge misson was
the final acddentof a ®quene d things n
which thee was wvarring dter warring
after warring tha somehing was wong ...
For10 yeas tey disaussd this problem
and ddrit do anything abaut it ... becauseit
washad for information © come . But
we know the nformation was hee at he
lowestlevels. Why the egineess ae a the
lowestlevels | have no idea but the quys
who know somehing ebaut what the wald
is really like ae d the bwestleveks of these
organizaionsand the nes who know how
to influene aher pegple by €lling them how
the world would be rice... the/'re d the tqd!

Althouch Feyrmanjudges NASA manaye-
ment nore hardly than the Bicial report,
the latterdoes siggestthat NASAs original
plars for the swtle were oreranbitious the
conmitment to povide rouine and €ono-

Repintedwith permisson. Copyright ©1986 by Sdentific Ameican Inc. All rights reseved.
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mical acessto pace bdked the ayeny
into a <hedile oo ight to be et with the
avalabe reources. For exanple, he nven-
tory of spare mars was no large enaughto
acomnodate the laurch <hedlle, aad ©
eaxh ahiter wasmack reag for laurch by
cannbdizing parts from ather orliters. The
conmisson swygests ha NASAs desie ©
male te wutle the mly majar U.S laurch
systen put oo much presue m the po-
gramto meet ight schediles and to & ale
to hande any @yload NASAs cano dti-
tude its willingnesgo undetake allerging
tasks at the Bg minute dso straned the
resoures ¢ the gourd cews and forced

REFERENCE: Sdentific Ameaican255#2): 62-64 (August 1986.

NASA officials to focus o the rear termat
the experse @ long-termsakty and economy.

Yet the report does not emmmendary
mgor chargesin the arerd structure d the
spae pogram,nor does t hold the Hghest
levels of manaement eponsble for the
acddent; it reseves its gongest aiticism
for mangement & Thiokd and & NASAs
Marshall $ace Hight Center the dvision
of NASA reponsble for the boostes. The
report condudes by wging the Administra
tion ad the ourtry to mntinuesypporting
NASA.

Feynman's report goes o to draw the on-
nedion between the aeroptimisic atitude

of top mangyement and theaident He on-
cludes by @manishing NASA to be ealstic
in esimating costsand &ting schediles "If in
this way the Government wauld nat support
them, then ® be t. NASA owesit to the
citizers from whom t asks support to be
frank, honest and omnunicatve so ha
thesecitizers @an nake the wisest desisiors
for the wse d ther limited eurces. His
final remak is tha of a physcist who is
galed b e what te alls 'fanag" enter
the ream of stien@ and emineerng: "For
a accasdul technology, realty must ke
prece@nceove pubic relatons for rature
cama be bded'

[DC Library call number. PER TLSH

In the mragiaph begiming & the tottom d the midde columnof the aticle EM860QL reprintedon the fadng pageHL31 2,
there is dsaus$on of mathenatical modelling, a bpic tha shauld bring immedatdy to mind a mexim of the hteDr. Geage
E.PBox, a repectedU. S datistician: All model ae wong, ®meare usefil.
o Desaibe briefly the reasor(s) why this nmodelling was undetaken
® Explain briefly why matremadical modeling might seem preferale in this stution to expaimental work on the Oring

eroson probem

- Desaibe biefly the potenial dangeras®datedwith mattemadical modeling in this stuetion.

o Explain briefly wha you infer in the oniext of the aticle from the satement: The emgrical formula was knovn b be
unertain, for it did not go throudh the \ery data points by which it was cetemined
- Explain briefly whether ths gatamentnecessarily mears tha the nmathemaical modd would be of litle o no wse

In the mdde paraglaph of the ight-hand olumnon the fidng pageHL3L 2, the aticle EM860QL dates that NASA manaers
sd the pobability of failure at albut onechancen 100,000 ly ‘ergineerng judgementw heeasWoiking enginesrs thaught
the chanaes vere clogr o ane h 100. What rasn is siggeséd n the aticle for the dfferenceof atout threeorders o
magnitude ketween thesetwo (persna) probabiltie®

The Sdney Mor ning Herald, Felruary 14, 2A.2

Spae axgneeb warnngs brushel
asde bdore Challerge exgoded

ROGER BOISJOLY
US ROCKET ENGINEER
25-41938 - 612012

ROGER Boigoly, an engineerwhosewarn-
ings d catastiophy were ignaedon the ee
of the D86 Challerge’ spae $wtle dsastey
which killed ®ven cew menbeas ad
plunged the US @ace pograminto crisis
hasdied ged73.

Boisjdy worked @ Morton Thioool, the
conpany tha mace sutle boosterrockds.
In his time he hd wathedseverd success-
ful shutle laurches, mduding Discargy on
Janary 24, 1985.

Examining Discovays disardedboastes,
he was lorrified that ®ak in the ket had
been hurred through Only a mnday seal
hadpreventedDiscavay becoming a frebdl.

By the midde o tha yea, Boigoly thaught
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he hal identfied the faut, and wrote a eport
to akrtthe cmpany and NASA.

The problem was ha in cold tempera-
tures,the seak' rubbe diffenel and became
morelikely to fail. Morton Thiocol formed
a gudy goup kut, by Jnuay 27, 1986 as
temperauresdropped to zero on he ee d
Challerge’s blag-off, little progresshadbeen
mack. In a pedaurch onference he ad
four other engnees demanded the laurch
be pstponed

But their tesimony was lushel aside.
The rext day, inable to watc, Hs worries
seened unfourded He had epeded tre
sals to fil on the burch pad. As Chal-
lerge cleaedthe laurch tover acdleage
whispered b him: "We just dalgeda kullet!
Seonds laterthe pacecrdt exploded

Roger Mark Boigoly was hornin Lowell,
Massichusets, and sided mechanicaérgin-
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eerng d the dty's wiversity. He then waked
for agospae ompanies n Caiforna on
projeds induding NASAs lunar nodule and
the moon vehicle

After the Challerge disaser Boigoly ex-
peiencednterse &dings d guilt and depres-
sion not hdped ty the fad tha mary in the
busiresshe bved rejectedhim as a unwel
comewhistiebwer

Boisjdy is arvived by hs wife, he br-
merRotertaMalcdm, and two dagtters.
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