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ME ASUR ING: An Int r odu ction

Me asurements are made to answe r qu estio ns such as: How long is
this obj ect? How heavy is it? How much chl orine is the re in this
wa ter?

In order to make mea s urements we need suitable units of mea s ure.
When we ask the lengt h of an obj ect, we expect an answe r that wil l
tell us how many mil lim etres it is from one end of the obj ect to the
ot he r end . We need some way to find out how many tim e s a unit
qu antity, such as a  mil lim etre, is con taine d in the lengt h of a par tic-
ular obj ect. Rarely wil l a unit of lengt h go into the lengt h of the ob-
je ct a whole number of tim e s. Alm o st alw ays our answe r will be,
"s o ma ny units plu s so m e fr actio nal par t of a unit." If a quantit ative
mea s urement of lengt h is to be trust e d, we must take gre at care that
the unit we choos e is invariable and suitable for the task. We must
also hav e devi sed a met hod of mea s uring the obj ect wit h this unit.

Some measurements requi re only a sim p le procedure and lit tle
equipment. The app aratus may be no more than a scale marke d off
in the desired units. It is easy to mea s ure the widt h of a table by us-
ing a met re stick marke d off in centim etres and millim etres. The air
temperature of a room is fou nd by looking at a the rmo m eter and
re ading the posit ion of the mercury on the scale. The pre ssure in an
au tomobile tire is fou nd by apply ing a tire guage to the valve and
look ing at the scale to rea d the pou nds of air pre ssure per squ are
in c h of sur face of the tire.

When the pro per ins trument is availa ble and used caref ully, many
mea s urements requi re no more than a careful rea ding of a scale. On
the other hand, mos t scie n tific mea s urements inv olve ela borate
equipment and a complicated technique of usi ng it.

If a chemist wants to deter min e the amoun t of chl orine in a mat e-
rial, he may per for m a fair ly lengt hy seque n ce of operation s. He
mu s t first weigh out a sample of the mat e ria l and record the weight.
The sample must be tre ated with an aci d that wil l dissol ve out all of
the chl orine. Any insolu ble residue must be filt e red off to obtain a
cle ar solutio n, and the filt e r paper must be washe d carefully wit h ex-
cess aci d to make sure that non e of the chlo rin e is left beh i nd.

It may then be necessar y to adj ust the aci d conc ent r ation or the
volu me of the solutio n – or bot h – before adding a secon d re age n t to
precipit ate the chl orine. The usual reage n t is silve r nitrate. Enoug h
mu s t be added to pre cipit ate all the chlo rin e as insolu ble silve r chlo -
ride. This pre cipit ate of silve r chlo rid e is sep arated from the aci d by
filt e ring the suspensio n throug h a crucible wit h a porou s bott o m.

Befo re doi ng this , howeve r, it wil l be necessar y to weigh the cru -

cible, mak ing sure that it is dry. The pre cipit ate col lect e d in the cru -
cible shoul d be washe d with dis til led wat e r to rem ove all traces of
re age n t, and then dried . The weight of the emp ty crucible subtrac-
ted from the weight of the crucible and the pre cipit ate giv es the
weight of the silve r chlo rid e.

By usi ng the atomic weights of silve r and chlo rin e, the pro por tio n
of chl orine in the silve r chlo rid e mole cule can be det e rmine d. The
weight of silve r chlo rid e precipit ate mul t i p lie d by this pro por tio n
give s the weight of chl orine in the pre cipit ate. This , of cou rse, is
also the weight of the chlo rin e in the origi nal sample. The weight of
chlo rin e divi ded by the weight of the sample and mul t i p lie d by 100
give s the percent of chl orine in the sample, thu s co mpleting the de-
ter min ation of chl orine.

The Errors in Measurements
If we con sid er that each weighing (sample, emp ty crucible, and cru -

cible plu s precipit ate) is a mea s urement, we see that three mea s ure -
ments are necessar y to measure the amou nt of chl orine in the mat e-
rial. This sketch of the analytical procedure reve a ls that the re are
seve r al steps, all of whi c h mu s t be taken wit h great care. If the sil-
ve r chlo rid e precipit ate is not carefully washe d, the silve r chlo rid e
may be con taminated and appear too heavy. If the pre cipit ate is not
transfe rre d co mplet ely to the crucible, some may be los t. Non e of
thes e st eps can be car rie d ou t so that they are absolu t ely fre e of er-
ro r. For exa mple, sin ce silve r chlo rid e is ver y slig htly solub le, some
of the chlo rid e will not be pre cipit ated . This res ult s in error.

Ev idently a mea s urement is sub ject to many sou rces of error, some
of whi c h may make the measurement too large, while others may
tend to make the measurement too sma l l. It is the aim of the exper i-
ment e r to keep thes e sour ces of error as sma l l as pos sib le. They
cannot be reduced to zero. Thu s in this or any mea s uring proce -
du r e, the task rem ain s to try to find out how large an error there
may be. For this rea son, infor mation abou t the sou rces of error in
mea s urements is indispensable.

In order to decid e which one of two mat e ria ls cont ains the large r
amou nt of chl orine, we need accur ate mea s urements. If the differ-
enc e in chl orine con tent bet ween the mat e ria ls is sma l l and the mea-
surement is sub ject to large error, the wrong mat e ria l may be se-
le cted as the one hav ing the large r amou nt of chl orine. The re als o
may be an alt e rnative procedure for det e rmining chl orine con tent.
How can we know whi c h procedure is the more accur ate unles s the
er rors in the measuring hav e been carefully studied?
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Yo uden descr ibes a procedure for mea s uring chl orine con tent. What are the sim ilarities and the differenc es between this
data -base d inve s tig a t i ng and the one des cribed in Statis ti c a l Highlig ht #78. SALMPLING and SURVEY SAMPLING:
How Pol ls are Con duct e d?

1

Wa s a measur ing instrumen t us ed in the inv estig a t ion s des cribed in Statis ti c a l Highlig ht #78.

• If Ye s, identify it and compare it brief ly wit h the types of mea s uring ins truments mentio ned by You den;

• if No, brief ly justify you r answe r.

2

Yo uden discus s es measurem ent error in the last three parag raphs above. Are the re situation s in whi c h mea s urement error
can be el imi nated? Exp lain briefly.

3

Yo uden says in his fifth parag raph: He must firs t weigh out a sample ....; is the re a cor responding popu lation?

• if Ye s, des cribe it brief ly;

• if No, justify you r answe r and exp lain whether the word sa m p le is bei ng us ed cor rectly in the statis ti c a l sens e.

4
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Sm a ll Diffe rence s in Measurements

The det e ctio n of sma l l differenc es with respect to some pro per ty
is a maj or problem in scie n ce and indust ry. Two or more companies
may submit samples of a mat e ria l to prospective pur c h ase rs. Natu-
rally the pur c h ase rs wil l wa n t first of all to make sure that the quali ty
of the mat e ria l they buy meets their requi rements. Secon dly, they wil l
wa n t to select the best mat e ria l, ot he r things, such as cos t, bei ng equal.

When we buy a gol d obje ct that is stated to be 14 carat s fine this
means that the gol d sh oul d cons titute 14/24 of the weight. We accep t
this cla im becau se we know that various officia l ag encie s occasio nally
take specim e ns for chemical analys is to ver ify the gol d cont ent.

An inaccur ate met hod of analys is may lead to an erron eou s con-
clusio n. Assuming that the error is in the technique and not some
cons tant error in the scales or chemicals use d, the chemical analys is
is equally likely to be too hig h as it is to be too low. If all the items
we re exactly 14 carat s , then chemical analys is wou ld show half of
them to be bel ow the speci fi ed gol d cont ent. Thu s an article that is
actually 14 carat s fin e might be unj ustly rej ect e d, or an article bel ow
the requi red con tent may be mis takenly accep ted . A lit tle thoug ht
will show that if the error in the analys is is large, the manufacture r
of the article must make the gol d cont ent consid erably more than
14/24 to ens ure accep tanc e of nearly all the items test e d.

There are two ways aroun d this dilem ma. The manufacture r may
purposely inc rea s e the gol d cont ent abov e the speci fi ed lev el. This is
an expensive solutio n and the manufacture r mu s t pass on this in-
crea s ed cos t. Alt e rnative ly, the par tie s conc e rne d may agree upon a
cer tain per mis sib le tolera nce or dep arture from the speci fi ed gol d
cont ent. Ina smu ch as the gol d cont ent cannot be det e rmine d with -
ou t so m e un cer tain ty, it appears rea son able to make allowa n ce for
this uncer tain ty. How large a tole r anc e sh oul d be set? This wil l de -
pend primarily on the accur acy of the chemical analys is. The poi nt
is that, besi des the problem of dev isi ng a met hod for the analys is of
gold article s , there is the equ ally impor tant problem of det e rmining
the sou rces of error and the size of the error of the method of analy-
si s . This is a recur rent problem of mea s urement, regardle ss of the
mater ial or phen omen on bei ng mea s ure d.

There may be some who feel that sma l l differenc es are unimpor-
tant becau se, for exa mple, the gol d ar ticle wil l give accep table ser-
vi ce eve n if it is slig hlty bel ow 14 carat s. Bu t sm all differenc es may
be impor tant for a number of rea son s. If one varie ty of wheat yields
ju s t on e perc ent mo re gr ain than anot he r variety, the differenc e may

be unimpor tant to a sma l l farmer. But adde d up for the whole of
the United States this sma l l differenc e woul d mean at lea st ten mil-
li on more bushels of wheat to feed a hungr y wo r ld.

Sometimes a sma l l differenc e ha s trem e n d ous scie n tific con seque n-
ces. Our atmosphere is about 80 percent nitrog en. Chemists can re-
move the oxyge n, carbon dioxi de and moi sture. At one tim e the
re sidu al gas was believe d to con sis t sole ly of nit rog en. The re is an
in teresting chemical, ammon ium nitr ite, NH4NO2. This chemical
can be prep are d in a ver y pure for m. When heated, ammon ium ni-
tr ite decomposes to giv e nitrog en (N2) and wat e r (H2O). Now pure
nitrog en, whether obtaine d fr om air or by the deco mposit ion of
NH4NO2, shoul d have identical chemical and phy sical pro per tie s. In
1890, a Britis h scie n tis t, Lord Ray leig h, unde rtook a study in whi c h
he compare d nitrog en obtaine d fr om the air wit h nitrog en relea s ed
by heating ammon ium nitr ite. He want e d to compare the densit ies
of the two gases; that is, their weights per unit volum e. He did this
by filling a bul b of caref ully det e rmine d volu me wit h each gas in
turn unde r st andard con d ition s: sea lev el pre ssure at 0o celsiu s. The
weight of the bul b when ful l minus its weight when the nitrog en was
ex hau s ted gav e the weight of the nitrog en. One mea s urement of the
weight of atmospher ic nit rog en gav e 2. 31001 grams. Another mea s-
urement of nit rog en from ammon ium nitr ite gav e 2. 29849 gr ams.
The differenc e, 0.011 52, is sma l l. Lord Ray leig h wa s faced with a
proble m: was the differenc e mea s urement error or was the re a  real
differenc e in the densit ies? On the basis of exi sting chemical know-
le dge the re shoul d have been no differenc e in densit ies. Sev eral addi-
tion a l mea s urements were made wit h each gas, and Lord Ray leig h
conclu ded that his dat a we re convi nci ng evi denc e that the obs erved
sm all differenc e in densit ies was in exc ess of the exper iment al er ror
of mea s urement and the refore actually exi sted .

There now arose the int rig uing scie n tific problem of finding a rea-
son for the obs erved differenc e in density. Fur the r study finally led
Lord Ray leig h to believe that the nitrog en from the air con taine d
so m e hither to unknow n ga s or gases that were heavie r than nitrog en,
and whi c h ha d not been rem ove d by the means use d to rem ove the
ot he r know n ga s es. Proceeding on this assump tion, he soon isola ted
the gaseou s elem e n t argo n. Then fol lowe d the dis cov ery of the whole
fa m ily of the rare gases, the exi stenc e of whi c h ha d not eve n been
suspected . The sma l l differenc e in densit ies, carefully evaluated as
not accid e n tal, led to a scie n tific dis cov ery of maj or impor tanc e.
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What step(s) did Lord Ray leig h take to assess the size of the error in his mea s uring process?

• How ge ner all y us eful are the matt e r(s) you hav e id e n tified in Lord Ray leig h’s wor k fo r dealing wit h mea s urement error?

1

What does You den say are the likely con seque n ce(s) of exc essiv e mea s urement error in dat a-base d inve s tig a t i ng?2

Identify a situation, inv olv ing mea s uring weigh t in a laborato ry, whe re an impor tant sma l l differenc e aris es? Exp lain briefly.

• What wou ld be the practical problem(s) associat e d with a sma l l differenc e li ke this?

3

What does You den indicate as the distin ction bet ween impre c isi on and inaccurac y in a mea s uring process? Indicate exp licit ly
where You den mentio ns this dis tin ction.

4

How did Lord Ray leig h de duce that argon is heavier than nitrog en?5

What facto r(s) wou ld make it con sid erably easie r fo r us, if we were to repeat Lord Ray leig h’s wor k now, than it was for him
la te in the nineteent h centur y?

6
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