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The Decision to Launch the Space Shuttle Challenger

On January 28, 1986, the space shuttle Challenger exploded and seven
astronauts died because two rubber O-rings leaked.?? These rings had
lost their resiliency because the shuttle was launched on a very cold day.
Ambient temperatures were in the low 30s and the O-rings themselves
were much colder, less than 20°F.

One day before the flight, the predicted temperature for the launch
was 26° to 29°. Concerned that the rings would not seal at such a cold
temperature, the engineers who designed the rocket opposed launching
Challenger the next day. Their misgivings derived from several sources:
a history of O-ring damage during previous cool-weather launches of
the shuttle, the physics of resiliency (which declines exponentially with
cooling), and experimental data.?® Presented in 13 charts, this evidence
was faxed to Nasa, the government agency responsible for the flight.
A high-level nasa official responded that he was “appalled” by the
recommendation not to Jaunch and indicated that the rocket-maker,
Morton Thiokol, should reconsider, even though this was Thiokol’s
only no-launch recommendation in 12 years.2* Other Nasa officials
pointed out serious weaknesses in the charts. Reassessing the situation
after these skeptical responses, the Thiokol managers changed their
minds and decided that they now favored launching the next day.
They said the evidence presented by the engineers was inconclusive,
that cool temperatures were not linked to O-ring problems.?

Thus the exact cause of the accident was intensely debated during
the evening before the launch. That is, for hours, the rocket engineers
and managers considered the question: Will the rubber O-rings fail
castastrophically tomorrow because of the cold weather? These discussions
concluded at midnight with the decision to go ahead. That morning,
the Challenger blew up 73 seconds after its rockets were ignited.

Tur immediate cause of the accident—an O-ring failure—was quickly
obvious (see the photographs at left). But what are the general causes,
the lessons of the accident? And what is the meaning of Challenger?
Here we encounter diverse and divergent interpretations, as the facts
of the accident are reworked into moral narratives.?s These allegories
regularly advance claims for the special relevance of a distinct analytic
approach or school of thought: if only the engineers and managers had
the skills of field X, the argument implies, this terrible thing would not
have happened. Or, further, the insights of X identify the deep causes
of the failure. Thus, in management schools, the accident serves as a case
study for reflections about groupthink, technical decision-making in
the face of political pressure, and bureaucratic failures to communicate.
For the authors of engineering textbooks and for the physicist Richard
Feynman, the Challenger accident simply confirmed what they already

22 My sources are the five-volume Report
of the Presidential Commission on the Space
Shuttle Challenger Accident (Washington,
DC, 1986) hereafter cited as PCSSCA;
Committee on Science and Technology,
House of Representatives, Investigation of
the Challenger Accident (Washington, bc,
1986); Richard P. Feynman, “What Do
You Care What Other People Think?”
Further Adventures of a Curious Character
(New York, 1988); Richard S. Lewis,
Challenger: The Final Voyage (New York,
1988); Frederick Lighthall, “Launching
the Space Shuttle Challenger: Disci-
plinary Deficiencies in the Analysis of
Engineering Data,” IEEE Transactions

on Engineering Management, 38 (February
1991), pp. 63-74; and Diane Vaughan,
The Challenger Launch Decision: Risky
Technology, Culture, and Deviance at
NASA (Chicago, 1996). The text ac-
companying the images at left is based
on PCSSCA, volume 1, pp. 6-9, 19-32,
52, 60. Hlustrations of shuttle at upper
left by Weilin Wu and Edward Tufte.

23 pCSSCA, volume 1, pp. 82-113.
24 PCSSCA, volumerT, p. 107.

25 pCSSCA, volume T, p. 108.

26 Various interpretations of the accident
include PCSSCA, which argues several
views; James L. Adams, Flying Buttresses,
Entropy, and O-Rings: The World of an
Engineer (Cambridge, Massachusetts,
1991); Michael McConnell, Challenger:
A Magjor Malfunction (New York, 1987);
Committee on Shuttle Criticality Re-
view and Hazard Analysis Audit, Post-
Challenger Evaluation of Space Shuttle Risk
Assessment and Management (Washington,
DC, 1988); Siddhartha R. Dalal, Edward
B. Fowlkes, and Bruce Hoadley, “Risk
Analysis of the Space Shuttle: Pre-Chal-
lenger Prediction of Failure,” Journal

of the American Statistical Association, 84
(December 1989), pp. 945-957; Claus
Jensen, No Downlink (New York, 1996);
and, cited above in note 22, the House
Committee Report, the thorough
account of Vaughan, Feynman’s book,
and Lighthall’s insightful article.
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knew: awful consequences result when heroic engineers are ignored by
villainous administrators. In the field of statistics, the accident is evoked
to demonstrate the importance of risk assessment, data graphs, fitting
models to data, and requiring students of engineering to attend classes
in statistics. For sociologists, the accident is a symptom of structural
history, bureaucracy, and conformity to organizational norms. Taken
in small doses, the assorted interpretations of the launch decision are
plausible and rarely mutually exclusive. But when all these accounts are
considered together, the accident appears thoroughly overdetermined.
It is hard to reconcile the sense of inevitable disaster embodied in the
cumulated literature of post-accident hindsight with the experiences

of the first 24 shuttle launches, which were distinctly successful.

REecarDLrESS of the indirect cultural causes of the accident, there was
a clear proximate cause: an inability to assess the link between cool
temperature and O-ring damage on earlier flights. Such a pre-launch
analysis would have revealed that this flight was at considerable risk.??

On the day before the launch of Challenger, the rocket engineers
and managers needed a quick, smart analysis of evidence about the
threat of cold to the O-rings, as well as an effective presentation of
evidence in order to convince Nasa officials not to launch. Engineers
at Thiokol prepared 13 charts to make the case that the Challenger
should not be launched the next day, given the forecast of very chilly
weather.?® Drawn up in a few hours, the charts were faxed to Nasa
and discussed in two long telephone conferences between Thiokol and
NaAsa on the night before the launch. The charts were unconvincing;
the arguments against the launch failed; the Challenger blew up.

These charts have weaknesses. First, the title-chart (at right, where
“srM’” means Solid Rocket Motor), like the other displays, does not
provide the names of the people who prepared the material. All too
often, such documentation is absent from corporate and government
reports. Public, named authorship indicates responsibility, both to the
immediate audience and for the long-term record. Readers can follow
up and communicate with a named source. Readers can also recall
what they know about the author’s reputation and credibility. And
so even a title-chart, if it lacks appropriate documentation, might
well provoke some doubts about the evidence to come.

The second chart (top right) goes directly to the immediate threat
to the shuttle by showing the history of eroded O-rings on launches
prior to the Challenger. This varying damage, some serious but none
catastrophic, was found by examining the O-rings from rocket casings
retrieved for re-use. Describing the historical distribution of the effect
endangering the Challenger, the chart does not provide data about the
possible cause, temperature. Another impediment to understanding is
that the same rocket has three different names: a NAsa number (614 LH),

#7 The commission investigating the acci-
dent concluded: “A careful analysis of
the flight history of O-ring performance
would have revealed the correlation of
O-ring damage and low temperature.
Neither Nasa nor Thiokol carried out
such an analysis; consequently, they were
unprepared to properly evaluate the

risks of launching the 51-L [Challenger]
mission in conditions more extreme than
they had encountered before.” PCSSCA,
volume 1, p. 148. Similarly, “the decision
to launch sTs §1-1 was based on a faulty
engineering analysis of the srm field joint
seal behavior,” House Committee on
Science and Technology, Investigation of
the Challenger Accident, p. 10. Lighthall,
“Launching the Space Shuttle,” reaches

a similar conclusion.

28 The 13 charts appear in PCSSCA,

volume Iv, pp. 664-673; also in Vaughan,
Challenger Launch Decision, pp. 293-299.
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HISTORY OF O-RING DAMAGE ON SRM FIELD JOINTS

~
L Cross Sectional View Top View
k3 Erosion Perimeter Nominal Length Of Total Heat Clocking
) f\‘?f SRM Depth Affected Dia. Max Erosion  Affected Length Location
of Ho. _{in.) {deg) (in.) (in.} {in.} {deg)
A
Y | 61A LH Center!Field"" None Non . No Non 6° --B6°
9 {61A LH FIELD®® %?A NONE NONE (Hg?) NOI;‘IeE NSNE 3%8‘—18“
& 51C LH Forvard Fielg 15A  0.010 154.0 0.280 4.25 5.25 163
. (21C BH Center Field (prim)*>+ 158  0.038 130.0 0.280 12.50 58.75 354
¥ \S5IC RH Center Field (sec)™> 158  None 45.0 0.280 None 29,50 354
410 RH Forward Field 138 0.028 110.0 0.280 3.00 None 275
41C LH Aft Field® 1A None None 0.280 None None -
418 LH Forward Field 1A 0.040 217.0 0.280 3.00 14.50 351
y)y  STS-2 RH Aft Field 28 0.053 116.0 0.280 - - 90
*Hot gas path detected in putty. Indication of heat on O-ring, but no damage.
*:*Soot behind primary O-ring. s i
*Soot behind primary O-ring, heat affected secondary 0-ring.
Clocking location of leak check port - 0 deg.
OTHER SRM-15 F1ELD JOINTS HAD NO BLOWHOLES IN PUTTY AND O sooT
NEAR OR BEYOND THE PRIMARY O-RING.
SRM-22 FORWARD FIELD JOINT HAD PUTTY PATH TO PRIMARY 0-RING, BUT NO O-RING EROSION
AHD NO SOOT BLOWBY, OTHER SRM-22 FIELD JOINTS HAD NO BLOWHOLES IN PUTTY.
Thiokol’s number (sM no. 224), and launch date (handwritten in the 29 This chart does not report an inci-
: : : o : dent of field-joint erosion on sTS 61~C
margin above). For O-ring damage, six types of description (erosion J s
g ) ) g ; &% typ ) p ; ( ’ launched two weeks before the Chal-
soot, depth, location, extent, view) break the evidence up into stupefy- lenger, data which appear to have been
ing fragments. An overall index summarizing the damage is needed. ?Vaﬂa}‘;le prior t<(> the Challenger pre-

. . . . aunch meeting (see PCSSCA, volume 1,
This chart quietly begins to define the scope of the analysis: a handful p. 1-3). The damage chart is typewritten,
of previous flights that experienced O-ring problems.? indicating that it was prepared for an

The next chart (below left) describes how erosion in the primary carlier presentation before being included

. . o A in the final 13 ; handwritten charts were
O-ring interacts with its back-up, the secondary O-ring. Then two prepared the night before the Challenger
drawings (below right) make an effective visual comparison to show was launched.

how rotation of the field joint degrades the O-ring seal. This vital
effect, however, is not linked to the potential cause; indeed, neither
chart appraises the phenomena described in relation to temperature.

PRIMARY CONCERNS -
PRIMARY CONCERNS - CONT

FIELD JOINT - HIGHEST CONCERN -

— SEGMENT CEHTERLINE

P

o EROSION PENETRATION OF PRIMARY SEAL REQUIRES RELIABLE SECONDARY SEAL , nr = 0 psic
FOR PRESSURE. INTEGRITY (oo
o IGRITION TRANSIERT - (0-600 1S) $ D) <
o (0-170 MSYHIGH PROBABILITY OF RELIABLE SECONDARY SEAL L }
o (170-330 1) REDUCED PROBABTLITY O RELISBLE SECONDARY SEAL
o (330-600 HS) HIGH PROBABILITY OF NO SECONDARY SEAL CAPABILITY IRPRESSURIZED JOINT O ROTATION
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HITH METAL PARTS GAP OPENING RATE TG MEOP

o BENCH TESTING SHOWED CAPABILITY TO MAINTAIN O-RING CONTACT DURING
INITIAL PHASE (0-170 MS) OF TRANSIENT

PRESSURIZED JOLKT - ROTATION EFFECT (EXAGGERATED)




42 VISUAL EXPLANATIONS

HISTORY ©F ©-rING TEMPERATURES

Brow By Heszvey e S
EGREES - £

SEM 15 woesy ij_pw_/gy

© 2 Chse Tomr (?o’)) (102 dec 20 TOR, meT Sme O -rNG WD

O MUCH WIOKSE Visvairy 7ign) S”mr-22 D7 - - 6% 26 47 1o mew
Dt - 2. 7é 45 sz 10 mPst

SEM L2 Frow -y Qm-13 72.5 40 248 ey
© dcepsE omrs (?o—gto’) @m -4 7 = s/ 10 /M P
SARM-15 52 649 53 /0 mpH

-S'zéﬂ?-—/.?/?) /5, /64, 15 334 234y ERM-22 77 78 s 10 mpH
O NMozzre [Srow-&y SRmM-2Z5 55 26 29 1o mpi

27 25 o4

Two charts further narrowed the evidence. Above left, “Blow-By
History”” mentions the two previous launches, srm 15 and srm 22,
in which soot (blow-by) was detected in the field joints upon post-
launch examination. This information, however, was already reported

in the more detailed damage table that followed the title chart.3 30 On the blow-by chart, the numbers
The bottom two lines refer to nozzle blow-by, an issue not relevant 80°, 110, 30, and 40° refer to the arc

. . covered by blow-by on the 360° of the
to launching the Challenger in cold weather.3! field (called here the “case™) joint.

Although not shown in the blow-by chart, temperature is part of N

.. . . Following the blow-by chart were
the analysis: srm 15 had substantial O-ring damage and also was the four displays, omitted here, that showed
coldest launch to date (at 53° on January 24, 1985, almost one year experimental and subscale test data on

the O-rings. See PCSSCA, volume 1v,

before the Chall . Thi by anal
efore the Challenger) s argument by analogy, made by those o, 664673,

opposed to launching the Challenger the next morning, is reasonable,
relevant, and weak. With only one case as evidence, it is usually quite
difficult to make a credible statement about cause and effect.

If one case isn’t enough, why not look at two? And so the parade
of anecdotes continued. By linking the blow-by chart (above left) to
the temperature chart (above right), those who favored launching the
Challenger spotted a weakness in the argument. While it was true that
the blow-by on srM 15 was on a cool day, the blow-by on srm 22
was on a warm day at a temperature of 75° (temperature chart, second
column from the right). One engineer said, “We had blow-by on the
hottest motor [rocket] and on the coldest motor.”’32 The superlative 32 Quoted in Vaughan, Challenger Launch
“~est” is an extreme characterization of these thin data, since the total Decision, pp. 206-297.
number of launches under consideration here is exactly fwo.

‘With its focus on blow-by rather than the more common erosion,
the chart of blow-by history invited the rhetorically devastating—for
those opposed to the launch—comparison of srm 15 and srm 22. In
fact, as the blow-by chart suggests, the two flights profoundly differed:
the 53° launch probably barely survived with significant erosion of the
primary and secondary O-rings on both rockets as well as blow-by;
whereas the 75° launch had no erosion and only blow-by.
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These charts defined the database for the decision: blow-by (not erosion)
and temperature for two launches, srm 15 and srm 22. Limited measure
of effect, wrong number of cases. Left out were the other 22 previous
shuttle flights and their temperature variation and O-ring performance.
A careful look at such evidence would have made the dangers of a cold
launch clear. Displays of evidence implicitly but powerfully define the
scope of the relevant, as presented data are selected from a larger pool
of material. Like magicians, chartmakers reveal what they choose to
reveal. That selection of data—whether partisan, hurried, haphazard,
uninformed, thoughtful, wise—can make all the difference, determining
the scope of the evidence and thereby setting the analytic agenda that
leads to a particular decision.

For example, the temperature chart reports data for two develop-
mental rocket motors (DM), two qualifying motors (Qm), two actual
launches with blow-by, and the Challenger (srm 25) forecast.* These
data are shown again at right. What a strange collation: the first 4
rockets were test motors that never left the ground. Missing are 92%
of the temperature data, for s of the launches with erosion and 17
launches without erosion.

Depicting bits and pieces of data on blow-by and erosion, along
with some peculiarly chosen temperatures, these charts set the stage for
the unconvincing conclusions shown in two charts below. The major
recommendation, “O-ring temp must be = 53°F at launch,” which
was rejected, rightly implies that the Challenger could not be safely
launched the next morning at 29°. Drawing a line at 53°, however, is
a crudely empirical result based on a sample of size one. That anecdote
was certainly not an auspicious case, because the 53° launch itself had
considerable erosion. As Richard Feynman later wrote, ‘“The O-rings
of the solid rocket boosters were not designed to erode. Erosion was
a clue that something was wrong. Erosion was not something from

which safety could be inferred.”*

CoNCLUSIONS ¢

° TEMPERATURE OF O-RING IS NoT oMLY PARAMETER

CONTROLLING~ Brow -8y

°

HAD AN DO-RING TEMP AT S3°F
SEa 22w Blow-B8y Hxo Ao O~ TEMP QAT TTE
FouR DEVELOPMENT MoTorRs WITH Ne Blow- BY
WERE TESTEDP AT O-RING TEMP oF 47° Te 52 °F

SRM 15 WITH BlLow- BY

PDEVELOFPMENT MoTORS HAD PutTTY PACKING WHICH
RESULTEDP IN BETTER PeRFORMANCE

RECOMMENDATIONS

33 The table of temperature data, shown
in full at left, is described as a “History

of O-ring Temperatures.” It is a highly
selective history, leaving out nearly all the
actual flight experience of the shuttle:

MOTOR.  O-RNG
D7 - - 47 Test rockets ignited
on fixed horizontal
pm - 2. sz platforms in Utah,
m -3
@ 48 The only 2 shuttle
Qm - 4 5/ launches (of 24) for
which temperatures
SeRmM-i§ 53 were shown in the
Sam-22  os 13 Challenger charts.
SRM-25 29 Forecasted O-ring
29 temperatures for the

Challenger.

34 Richard P. Feynman, “What Do You
Care What Other People Think?” Further
Adventures of a Curious Character (New
York, 1988), p. 224; also in Feynman,
“Appendix F: Personal Observations on
the Reliability of the Shuttle,” PCSSCA,
volume T, p. F2. On the many problems
with the proposed 53° temperature line,
see Vaughan, Challenger Launch Decision,

PP 309-310.

0-RING T EMP MusT BE = SI °F AT LAuNcH
DEVELOPMENT MOTORS AT 47°To S2°F wWritrH

PUTTY PALKING HAD Neo BLow-BY
SRM 15 (THE BEST SIMULATION) WoRkED AT B3 °F

© PROJECT AMBIENT CONDITIONS (TEMP & WIND)

To DETERMINE LAUNCH "TimeE

© AT ABouT 50°F BlLow-BY cCouLD BE
EXPERIENCED IN CASE JoinTs

© TEMP FoR SRM 25 oN 1-28-8& 1.AUNGH WILL
BE 29°F gam
3B°F 2 FPm

o HAVE No DATA THAT WoutD INDICATE SRM 2% IS
DIFFERENT THAM SRM IS OTHER THAN “TEMP
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The 13 charts failed to stop the launch. Yet, as it turned out, the
chartmakers had reached the right conclusion. They had the correct
theory and they were thinking causally, but they were not displaying
causally. Unable to get a correlation between O-ring distress and
temperature, those involved in the debate concluded that they didn’t
have enough data to quantify the effect of the cold.?* The displayed
data were very thin; no wonder Nasa officials were so skeptical about
the no-launch argument advanced by the 13 charts. For it was as if
John Snow had ignored some areas with cholera and all the cholera-
free areas and their water pumps as well. The flights without damage
provide the statistical leverage necessary to understand the effects of
temperature. Numbers become evidence by being in relation to.

This data matrix shows the complete history of temperature and
O-ring condition for all previous launches. Entries are ordered by the
possible cause, temperature, from coolest to warmest launch. Data in
red were exhibited at some point in the 13 pre-launch charts; and the
data shown in black were not included. I have calculated an overall
O-ring damage score for each launch.?s The table reveals the link
between O-ring distress and cool weather, with a concentration of
problems on cool days compared with warm days:

35 PCSSCA, volume 1v, pp. 290, 791.

36 For each launch, the score on the
damage index is the severity-weighted
total number of incidents of O-ring
erosion, heating, and blow-by. Data
sources for the entire table: PCSSCA,
volume m, pp. H1-H3, and volume 1v,
P. 664; and Post-Challenger Evaluation
of Space Shuttle Risk Assessment and
Management, pp. 135-136.

Flight ~ Date Temperature Erosion Blow-by  Damage Comments
°F incidents  incidents  index
51-C  01.24.85 53° 3 2 1
41-B  02.03.84 57° 1
61-C  01.12.86 58° 1
41-C  04.06.84 63° 1
1 04.12.81 66°
6 04.04.83 67°
51-A  11.08.84 67°
51-D  04.12.85 67°
5 11.11.82 68°
3 03.22.82 69°
2 111281 70° 1
9 11.28.83 70°
41-D  08.30.84 70° 1

51-G  06.17.85 70°
7 06.18.83 72°
8 08.30.83 73°
51-B  04.29.85 75°
61-A  10.30.85 75° 2
51-1 08.27.85 76°
61-B  11.26.85 76°
41-G  10.05.84 78°
51-]  10.03.85 79°
4  06.27.82 80°
51-F 07.29.85 81°

O OO OO HLhOODOOHLPOPODODCOOOONPRKMHH M

Most erosion any flight; blow-by; back-up rings heated.
Deep, extensive erosion.

O-ring erosion on launch two weeks before Challenger.
O-rings showed signs of heating, but no damage.
Coolest (66°) launch without O-ring problems.

Extent of erosion not fully known.

No erosion. Soot found behind two primary O-rings.

O-ring condition unknown; rocket casing lost at sea.
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O-ring damage
index, each launch

12 :
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SRM 15 ‘
8 '8
SRM 22 1
4 e 4
26°-29° range of forecasted temperatures 1
(as of January 27, 1986) for the laurich ! ° i
of space shutdle Chaﬂe_hgcr on January 28 : | J
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o-¢ 2 °
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Temperature (F) of field joints at time of launch

When assessing evidence, it is helpful to see a full data matrix, all
observations for all variables, those private numbers from which the
public displays are constructed. No telling what will turn up.

Above, a scatterplot shows the experience of all 24 launches prior
to the Challenger. Like the table, the graph reveals the serious risks of
a launch at 29°. Over the years, the O-rings had persistent problems at
cooler temperatures: indeed, every launch below 66° resulted in damaged
O-rings; on warmer days, only a few flights had erosion. In this graph,
the temperature scale extends down to 29°, visually expressing the
stupendous extrapolation beyond all previous experience that must be
made in order to launch at 29°. The coolest flight without any O-ring
damage was at 66°, some 37° warmer than predicted for the Challenger;
the forecast of 29° is 5.7 standard deviations distant from the average
temperature for previous launches. This launch was completely outside
the engineering database accumulated in 24 previous flights.

I~ the 13 charts prepared for making the decision to launch, there is

a scandalous discrepancy between the intellectual tasks at hand and the
images created to serve those tasks. As analytical graphics, the displays
failed to reveal a risk that was in fact present. As presentation graphics,
the displays failed to persuade government officials that a cold-weather
launch might be dangerous. In designing those displays, the chartmakers
didn’t quite know what they were doing, and they were doing a lot

of it.*” We can be thankful that most data graphics are not inherently
misleading or uncommunicative or difficult to design correctly.

The graphics of the cholera epidemic and shuttle, and many other
examples,®® suggest this conclusion: there are right ways and wrong ways
to show data; there are displays that reveal the truth and displays that do not.
And, if the matter is an important one, then getting the displays of
evidence right or wrong can possibly have momentous consequences.

37 Lighthall concluded: “Of the 13 charts
circulated by Thiokol managers and engi-
neers to the scattered teleconferees, six
contained no tabled data about either
O-ring temperature, O-ring blow-by, or
O-ring damage (these were primarily
outlines of arguments being made by the
Thiokol engineers). Of the seven remain-
ing charts containing data either on
launch temperatures or O-ring anomaly,
six of thewm included data on either launch
temperatures or O-ring anomaly but not

both in relation to each other.” Lighthall,
“Launching the Space Shuttle Challen-
ger,” p. 65. See also note 29 above for
the conclusions of the shuttle commission
and the House Committee on Science
and Technology.

38 Edward R. Tufte, The Visual Display
of Quantitative Information (Cheshire,
Connecticut, 1983), pp. 13-77.





