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Many K & [ projects base their conclusions
o quanlitative cxporimental data taken as pant of the
projecl. However, few roporta show any concern for
m'l-:inE a fd of doto at ssch data peant they present,
henee make their cooclugions shaky al besl, Suppose a
project s2ts our o determine whether black mekets go
higher than white rockets of (he same design. IT the
gxpermenter builds the models, lounches esch one, and
reporis that the black rocket was iracked to 330 maters,
and Lhe while ene to 320 meters, most of us would fesl
thut a conclusion that black model: do indeed fiv
higher would be unjustified. The baziz for thiz intuitive
feeling is pur cxperience that engine thrust is not
constant frem one enging o the next, and thal racking
really 180t wery precise. We'd have been much more
confident of the results if he had launched the model
bundreds of time: and reporied that the difference in
the overags altivdes was greater thap could be
savounted Tor by racking grrpes,

This cxampls illusteatcs two of the many bypes
of aneontrollable exicrmal vanables whosze fluctuanons
can cansc 3 ®ingle picce of dzta to be fer from an
overage obtained by making a large numbers of
AL mosnlal rpns. I these uciuations as as hhddy o
e Tl:lg_u.l:i'\'u = 'p-::u;;:i{i".-'tn_ 1.11.&:.' ara called rowecdos
Muctuations, gince thewv ntroduce a random emvor io any
single piece of data thar canrot be predicted. For
example, the variation in engine threst discussed
previously mirmduces a randomn error o altitade. O, if
vou perform a Gregorek-lype strobs B/G analysis
(Aocle! Rockedry, November, 1971 and NARTSE TER
43, the spocd at which you throw the ghider can also be
considerad as fairly random. It should be clear that for
this typz of fluctuation-where the cror from  the
averace 18 as likely to be positive as necative-that the
mors data you take, the closer your average value 15
likely to be to the true result.

If voo are I¢ corvince anvone Lhal the
conclusion yvou draw from yvour deta 1s valid. it 15 very
impontent that vou make some estimale ol the ercor
duz v thess random [uwcloaiiens. For even i vou
lawnch your model in an altitude experiment 20 bmes,
vou can't be sure thai you have averaged out the
enging and tracking Muectvations. What we wanl 1o be
able to do s report data with an error eshimale-330 £

40 meters for example-which savs thal we are
reazonably confideng that the average alitude we
would got il we lawached the meodel a hosdrcd
thouweand tisne: would be gom ewhere batweaan 220 and
AT maters.

Suppoge {hal the day belore we do owr
experiment, the ghost of Dr. Geddard sneaks out to the
lavoch beld and does launch our model 2 bundred
thowsatd fimes, with clozed tracks each flight IF he
nses, sav, a B engine with a rated total impulse of 5.00
newton-soconde, he may gol fome epgines with vesy
little thrust, and some with a2 much as 10 or 15 nt-gec,
all because the engine-making machines aren't perfect,
50 hell have some flights that barsly pet off the pod,
while others will make him swear that our model will
win design effciency al the next contesl. A graph of
hiz altitudes would then be like that shown in Figure
. (This bell-shaped curve 15 lfemiliar becouss many
lypes ol Ouetwabivns follow (he same ponsiply as
chgine varialions: the likelibeod al any anc piccc of
data varving from the average a small amount is high,
and although it docsn't hsppen wvery aften, data
sumetmes vares a large amouns from e average. )

When we go vl Wy the Deld the nexl day, we
can'l fake nearly as moany doty poiets s Dr, Goddand
did, g0 our data might look like that shown in Figure
2 In general, the average of onr dala won't he the
sama s his, since we probably haven't averaged oul all
the fluciuations in engines, irecking. otc. What muost
oow do 15 mathematically analyze cur data fo maks an
estimate of how far ofl the true average our average
om the 20 flighis is; that 15 , compube probable emror
limits.

Even thomgh we bhave laken only a Lew daia
podnls, they should all or the same shaped curve as
Dr. Goddard's, since any collschion of data 15 jusi a
samiple of the data thal would be recorded il the
gxperiment were repeatad forever. 5o we can use this
bell-shaped curve as a model for our data, and use the
mathem atical analvsis of this type of curve that was
developed long ago. Whal we are miberested o 1 Lhe
best possible estimate of how far the averags of oor
dotn 13 from the overoge of the doto from the
cxporiment repeated forever, In mathematical torma,
thiz hest estimate is called tha standard deviation of



the mean ("'mean” iz just another word for average).
Thiz "standard deviation™ iz a standardized ‘best
cstimate” of the difference of our average from the true
avzrage, It 15 stendardized 1o suck s way that of vou
rcport an altitude of 330 metens with a standard
doviation of the mean of =40 meters vou are sEving
that vou ars ¢8% confident that the true averngs lizs
within onc standard deviation (240 meters) of 3340, and
05% confident that the truc average lies somewhere
wilhin £80, or two standard deviations, of 330,

We calcalale the average of our data mm the
normal way, by adding wpr all ihe altitwdes and dividimg
by tha number of flighls, TN siamds for the num ber of
Mights X(1),_X(2), X(3), ete. are the altitude: of the
Mighis, and X iz the average, the formls is*

x= %Ji; XiT

Having once calculsted this average, we can
get the standard deviation of the mean From the
[ollowing formula where o _ stands for the standard
deviation of the mean;

1 o for
a,= - X 11-¥]%
)] Tﬂ—lﬁ*\g

Thiz formula telle us to find the difference betwean
cach of the dsta vahies and their everags, then square
that differcnce. We do this for all of our datz values,
add all the squared resulis, and take the squars oot of
that sum, We OGnally divide this result by the square
raal al B, {the sumber of data points) tisies M-1 to get
the standard dewvistion of our mean. The standard
deviation of the meoan of M) daia values shown in
Figare 2 is worked out in Table 1,

It is this standard deviation of the mean that
we should guote as the error attached [0 our average
allitude {hzre il weuld be 329 24 meters). And the
formula for o, Lells us several interesling things. First,
we see thal we can reduce the standard deviation of the
mcan simply by taking mare data, since it will get
smaller a8 N increases, second, of oor deta 15 widely
scattered, the quantity [X[1-X] will be lorge Sor moat
of the data values, se &, will alzo be large, 50 we
koow that o most of the altifudes in an altiiude
experiment, [or example, are oot abouwt the same, we
should nol expect their avemge o give very preciss
information. For exampls, it would be wrong to draw
any conslusion nbout whether the black rocket goes
higher than the white rockel based on data of 330 220
meatess for the black rockel and 320 £20 meters for the
white rockzt, no matter how many flights are incloded

in the data. Anabyzing vou-data in this way in the tield
isn't very difficulr, and can often tell vou whether vou
need to take morc data to be able to draw a vahd
conclagion,

The formulzs wo have just discesscd give an
estimate for thc uncorainty in you data only for
rondom emrors of the tvpe previously illustrated. Keep
in mind that things like difference w fin Gnich, launch
lugz, calibration of any measuring apparatus, linearity
of dafa sensors used, and perzonal errors on the part of
the experimenter con put the average of the data aken
musch farther from the toe averaee than 1s indicated by
thase formulas. Thot's why 1t's imporomt o Fully
deserbe the sxpermental procedores weed m youw
raparl

Finally, mote that although we have used an
allilude experiment a5 our example in this article, the
same proociples of takinge a lot of daia al each data
point and reporting the avaraped results with standard
deviations of the mean attached apply to ol R & D
prnjects where guanlitalive dala is taken

*For those unfamiliar with it, the nolation

N
Z;H[I]I

i5 o shodhand that tells us 1o add X(1) + X2 + X3}
+ .. — XN},

Jay Apl g o former MAR SBecrelory, ard Teosloes and is
currently a Shuttle astronant.

REepringed from the December 1471 Made! Kockeleer.
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