5TATI;TICAL POOLS IN RESOURCE AUPRAISAL AND UTILIZATION.
‘by P.C. Nahmlanobls

1 am glad@ to have the opportunity to speak at this Conference.
s time is slicrt, I shell orly try to put across briefly a few
leading ideas.

1 have come here to sell statistics to -resource e:;ginecers and
sconomists. I hope you will find me an honest broker. Two gsrounds
on +hich I plead tor statiatics, I may mention at the outzet. First,
we are bold enough to claim that the statisticul method supplies the
roal foundation of inductive logic or inductive inference ir all
gecientific reusoning. sSecondly, at a more coucrete level, the aim of
the atutistical method ias to secure the meximun economy of cost in
the appruisal, utiligation and eonservation of resources.

First, the nbstruct aspect. In deductive logic, one sturts with
certain precises from which the concluaions inevitably follow. The
countergart in modern tiought is pure m:them:tics which Zertrand
Russel, the mathematician and logicisn, defined as the class of all
.royonitions of the form ". implies G". That is, if P, then Q must
follow. There is com,lete formal certainty of the deductive conclu-
sions; but we must not enguire whut ° znd Q are, or whetler they
are real in any mundane sense st all. This is pure mathematics.

Classical physics was based on a deterministic logic. An
invariable sequence of cause and effeot is in many ways similar to
the formal-deductive process in pure mathematics. The classical
method is to isoluzte one factor at a time and write down the
equations of motion of a single particle. rrediction bveccmes, in
principle, absolutely certain. Following, step by step, by mathe-

matical reasoning what happens to the particle, it is possible to



predict the future. leston in his great trenti.e on the principles

of naturnl yhilosoyhy adopted this methematiczl form. The construction
of a rutional model o the whole universe was, no doubt, a great
triumph.

iiowsver, when one hus to deal with not one, or t.o, but three,
or more, particles, the equations of motion become unmanngeable,
and tue next steop in the history of the physico-chemical secicaces
was the study of not onc single but an eggregate of particles or
molecules. This led to the kinetic theory of gr:es and thermody-
namica. The object novw was not to ascertsin with complete oertaintj
the motion of each single particle separately, but to investigate
the collective yroperties of a large nuxber of articles taken
together. Again there were great triumphs of theoretical conclusions
corroborated by exyeriments. A parallel develoyment led to the
emergence of the concept oi entropy; and tre yrinciple of iuncrease
of entropy wae recognized aa nothing but the increasing degree of
randomness of tLe physical universe. The growing com,lexity within
the field of the physico-chemical sciences tlus led to the gredual
replaccment of the deterministic-mnuthematicel model by the
probabilistic-statistical view.

A further shiit to a statistical model occurred with the
development of stuatistiocsl and quantum mechanice culminating in ti.e
enuncietion of tiie uncertainty principle by iieisenberg which deuied
the possibility of absolutely certain knowledge of both the positicn
and the motion of a particle at any givei instant. This deliderately
sets a limit on the deterministic chain by openly sdmitting the
existence of residual uncertainty. in the physicel sciences, the

whole foundntion thus chungee and becomes fundem-ntally of a
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probabilietic or statistical nature.

At this staze, I ou it to mention the ecncept of the random
sam,le rhich supplius the theoretical found:tion of modern statistics.
The tossing of a coin supplies a simple example. It is quite
izpossible to predict anything about a single toss of a single coin,
that is, whether it will turn up head or tail. However, if tie coin
is tossed a large number of times, it is practicelly (but never
absolutely) certain that heeds and tails would turn up appyroximetely
in equal numbers. The expectaticn o such roughly equal freguercy
of heads und tails essen.tially refers to the whole set of throws,
that is, the predictiorn belonss not tc any single individual throw put
to a group or asserblace of throws taken together. 3econdly, the
relative proportion of hesds and taila will inevitably fluctuete
irom one throw to another so that it is never »ossible, even in
osrinciple, to make any absolutely certain prediction. And yet,
elthough prediction ia never absolutely certain, it 1s possidble to
estimate the limits of uncertainty.

The position is aiudilar in the caase of physical observitions
and mer urements. !ovever careful the observer msy be, even the
simplest measurements, for example, of the length of e rod, when
repeated, have been always found to vary. The aversge of a number
of repeated measurements usually dbecomes more and more steady as
the number of mersurcwents is incremsed. The deviation from the
average, i.e., the “error" of each individual measureczent is
sonmetimes positive and somrtimes negntive snd dbehaves like heads
and tails in the tosaing of a coin. iluctuaticns or veriations are
thus essentisl features of all measuremernts. This is true not only
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in the physical but also in the biolo ical and social sciences.

This is the crucial point. All krovwledge in physical, biolo;ical
and social sciences 13 ultimntely bdased on measurements and
otservations. Zvery set of messurements is oi:sracterized by variation.
In fact each aset of measuresenta constitutes only one out of many
possible similar sets. Also, the totality of all possible sets
constitutes the "population™ or "universe” under study. Each set
of meagurements is thus essentiaily a sample of the "universe”.

In order to reach velid conclusions about the jo;ul=tion or the
universe, it is necessary that the sample should be representutive
of the universe. In statisticnl language, the cordition for such
representativeress is supplied by the fundamental concept of
reudomness.

The aim of strtistical theory is thus to resch gernersl
conclusions about the population or the universe on the basis of
the sample. And, as all scientific knowledge is based on "samples”
of observutions ard measurerents, statistical theory supplies the
only valid method of muking inductive inferences.

30 much for the statistical method in the abstract. 1 may now
noke @ rayid survey of the scope of the statistical method in the
concrete. Y@ mey try to conastruct a mentsl map, =nd start by
representing pure methematics by e geometricsl point at the centre.
A smell oirele round the centre cun represent olassical physics in
which the focrm is mnthem:ticel but knowledge is, in fact, dased on
measurements and subject to errors of observation, and hence amenable
to statistical treatment.

A second larger cirole may reprezent ti.e wider field of kinetiec
theory of gases, thermodynamics, and statistical mechanics. In this
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region of physico-chemical sciences, the factors of variation are
often arenable to a larze degree of control ai.d the classical method
of isolating and studyirg one eingle factor at a time is usually
available.

e pext come to the field of biologieal (and social) sciences
which can be represented by a third larger cirele. In 1900, Karl
’earsor. coined the word "bliometry" for the methoda appro riate
to this regio:r. It is no longer possible to ieolate and study ore
single factor &t a time. For examgle, in agricultural exyeriments
to compare the yield of different varieties of a crop, there are
innumerable factors which caunnot possibly be isolated such as the
Tluctuation of soil fertility fror o:ie plot to another, root
conpetition, the influence of seather conditions, etc. An altogether
new apyrcach became necessrnry, and «:.8 made by R./. Fisher, Jjust
rbout a qurrter ol a century ugo, in the development of the design
of exgeriments and the analysis of varisnce. He explained quite
clearly.

"No aphorisa is more Irequently rege:ted in connexion with
field trials thrnn thmt we must ask Nature few questions, or, ideaily,
one question at @ time. The writer is convinced that this view is
wholly misteken. Kature, he suggests, will best respond to a logical
end carefully thought out questionnaire; indeed, if we ask her a
single cuestion, she will often refuse to answer a single question,
ahe will often refuse to answer until some other topic has been
dilcnlned."(1)1

Fluctuations and variations ere known to be large and com.lex.
The object now ia not to eliminate them, but to allow them scoye to

come into play in a balanced fashion so that valid inferences may be

TNumbers within parentheses refer to items in the bibliography
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drawn from the experimental observ:tions (2). Variations ure themselves
of grent importance, vnd cen be used a~ yardsticka. In fact, once we
succeed in measuring the chance variations, it is possible to reach
valid corclusions with statiatical and probabilistic rigour (but not
+ith mrthematical certainty).

Experience has shown the gre:t ndvantages of the statistical
design of ex,erimei.ts in economy of effort and time, and in ada.t-
ability not only in sgricultural field tricles but in techinolosical
exseriments and resource appraisal of all kinds. For example, supjose
ve wish to study difrerent nethods of trenting wood for its better
preservation. There are many fectora of variation, temperature,
humidity, gressure, the use of differe¢nt ol.emioal agents, etc. The
strategy of the ntatisticel method here is to design the ex;er:i:.ent
ir such a way th:t we may measure the effect of the déiffercnt factors
o,ervting st the sie tise. large develoyments have occurred during
the lunst t.o decades, and biocetics ure finding‘inereaaingly fruitful
applicetions in biolo y and genetics; agriculture and foreatry;
education mnd psychclogy; and the medical and socisl sclences.

Variations al.ays occur in the  roces: of mamufacture. You can
not turn out two screvs or tio rods absolutely indenti.el in size or
other specificatiorn. The yroblem is to meintairn the quality (or
output) of the manufactured articles within pernissidle liuitc of
variation. My friend, Ir. V.A. Shewhart, who has spoken on the subjec
tackled this problem in the #ell Telephone System. 5o long as the
fluctuations remain stable, production is under statisticnl control.
This wes used by Shexhart to develop tte mcthod of control cherts (3}
“hen fluctuations go beyorid the contrcvl limits, there is clear



- -
indication of change in the couditions of production shich is usually
of great diagnostic value (4). "Statistical Cuelity Control" and
allied mothods oreated a kind of revolution in the efflciency of
production in the UJA during the war. In fact, I have been asasured,
and the evidence is there, tust the large-scale war efiort of this
country could not have been possible without the help of such
statistical methods.

76 industriel systern does ot consint euntirely of mzcnines.

The humanu factor is also there, unu is & source of large varinticns.
lere also logic indicates, anrd experience hes shiown, that statistical
pethods cnn be uved most effectively in operztional resesreh angd
investigetivno dealing with the physical, psychologic:i, and social
cornditions of work.

I may no. come to znother region, thnt of sampling surveyc,
:nich we may demarcate by drawing a fourth circle iu our diagrom.
rFactors of veriation are no. ever more comglex, aad are not subject
to experimental control. This ia the field vhere traditionally thc
wethoc of the exhaustive cc..sus hns been used for a long time. In
recent ycars, during the l:.agt 10 or 12 yesrs, there have becn
important developnents ir the use of the sampling method.

The driving motive in the rirst i.steunce «ra economy. The
United :tates of imerica ecun afford to conduct an agricultural ceunsus
which vould aim 2t enumerating every single faru. But in a couutry
like India this ie simply unthinkable. In Iindig, it was the over-
whelming nced of economy which led to the ure of sampling methods.

In crop production, for exaryle, the experience in India has shown
beyond disyute that one caun get results with a margin of e:ror not
exceeding 2 per cent at a cost or one~tcuth or even one-twenticth

of the cost of an attempted completc enumeration. Dr. Hurrison has
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referraed to the efforts now being mrde by the FAO to or;anize g
world-wide agricultural census in 1950 or 1951. In many countries,
the only possible line of advance will be by the use of the sunpling
method.

5peed is another important factor. In a sample survey, both
the field work and the tabulntion of the dsta onn be fiuished very
quickly. In a cocplete count, the results are usually eveilcblc when
they have alrendy become out of dete or when the interest or the
poseidility of practical a, plicetions is mostly gone.

The advantagre is not merely in lower costs or greater speed,
but ahat is ®o.'t remarknble, a sample survey wher properly oonaucted
hrs been usually found to be more accurate then an attempted complete
count. The renson is very simple. In a sample survey, only two or
three hundred workers ere often quite enough againet perhaps fifteen
or tsenty thousand required for a complete count. It is naturelly
possible to Lave batter treined and rore experienced investigntors,
better inspection, and all-round better quality of work in sample
surveye oo th:t we csn get much better results. This has been the
experience in Irdia, in the USA., end elso in the USSR, as far as
I could gather from my colleagues or the UN Statistical Commission.

The smmpli- gz method hes another great advantage. In a sample
survey, it is aluays possible to calculate velid estimetes of the
margin of uncertainty. “ith a proper design, it is also poszible to
estimate (and hence of ten eliminate) fluctuastions arising from
investigator bias and other causes. In fact, the survey csn almost
always be arranged in a way to supply a direct measure of its over-all
relinbility. For exemple, consider an aree, possibly & whole country,

over which a sample survey is being conductud to ascertain, say, crop
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acreage. It is possible to throw e set of randou points on the may
end make & physicul inspection of the croys at these points. Suppose
these points are markvd in green on the map, and supp 0se juut one
per cent of the land ia investigated in this way. ke then get a result
based on what we may cell the green suuple. e can ut the same time,
throw at rundom another eet of points wnich we may murk in red on the
wap and which cover just another one per cent of the land. The raen
and the red poicrts ure like two inter-pemetratiug clouds, and from
each we get an independent estimate, The two eatimutes are not
identical, but i{ ti.ey are irn good ag:eciient, we mey reasonnbly
conclude that .e have ot something whick is objective.

From each saxple, it 1s ulaso ogsivle to astiuate a valid measure
of the mergin of error, and comp: .re the difference between the t.o
somple results ~itu tue margine of error of tne differeunce. Cuch a
comparizon would show immedintely whether or not the sampling wes
done under conditions of statisticnl coatrol. In princijple, the
sumpyling method thus hos within itself tue pousibdbility of ascerteining
its own margin of error and hence asseseing its own reliability. In
a complete couct, on the otuer hend, i! any itexs are missed, or othe:
mistakes are mede, we can never knowy thet is, the msrgin of
uncertainty is completely unknown.

Agrin, in a sruple gurvey it is not only poasible to ascertain
the level of precision, but it is also possible to prepare the desigr
of the survey in such = wey that the desired _recision cun be attaine
at a miniruw. ocost (5).

I have briefly indicnted the advantnges of sgtatisticnl saupling.
I ohould also mention that the turee wmethods, the design of exgerime:
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statisticel quality countrol, and snnplin: surveys are inter-relstod
end supplementary, and used in conbinetlon, can lead to great sconowy
and efficiency in the survey of resourcea, not merely in the genge
of cartography, but in the appraisel of the qual_iw of the material,
and also how one carn control the utilization and hence the conserve-
tion of evailsble resources. Statisticel sampling (together viti.
sintisticnl experizerntation and statistical contiol) is in faet
firding incressirg use in such diverse fields as agrioculture,
derorrapky, commerce and industry, and econosic and social studica
of ull kinds (€).

1 may row turn to atill another field which wxe may demarcete
by drazirg a fifth cirole ir our diagram. This is the ares 0f free
observations in whici: factors of variatiou are neither ameénadle to
control, ror to experimentation, and are not even subject to aarle
surveys. .he only thing to do is to undertske a putient collectiocwn
of otaervetions, and a pauinstaking investigatioci. of yossicle
statistical connexions cet.een difierent factors of viriatlown.
Although experizentation is not possible, when sigrificant :elation-
ships are discovered, it is possible to make predictions and couzrre
such predictions with subsequent observations. TLis is the fleld in
which statistic: 1 correlrtions and t:@ enalysis of tize meries h:ve
been used aith gre-~t auocoﬁa. for example, in ecouomic and business
statistica, the study of weather and river records, or mortality data.

I may give one or two examples. Consider the eoutrol of floods.
In Indis, in the province of Orisea, there wao a catastrophic flood
in the Brshmani river in 1926, The question arose whether the bed
o0f the river had changed. A committee of expurt eugineers, after a
careful study, reached the oonclusion tuut the bed of the river had
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peen raiged by about 4 feet. In order to give the sane protection from
floods, the engineers recommeénded that flood embunkments should be
raised by at least 4 feet at a coat of many millions of rupees. This
vas the co:clusion reached by ordinery methods of apyruisal; dut a
fundamental difficulty was that you cannot directly measure the level
of the river bed as you connot have any bench marks.

/n entirely different apyrouch wes, however, possible with the
hel,; of strtistical metlLods. i'¢triled analysis revealed s close
correlation beiween the rainfell in the cetchment and the Leight of
the river. The atatisticnl evidence showed that heavy rainfell in
the upper reaches of the river had csused the very high flood (.hich
nypeared to the enginesrs to be of a catsstrophic kind). Purely on
a stetintical besis, the advice could be given with confidence that
there was nothing wrong with the river, und it was not necessary to
sperd millions of rupeces to raise the haeight of the embasnkments. I
geve that advice in 193C. If a miutake hed becen mede, catastrophic
floods would have occurred and eswe.t away lnrge portions of the
country duriug the lest 20 years (7). This was a practical demunstra-
tion that statistics could save a lot of money; end in India, saving
40 or 50 million dollars was not a negligible affair.

I may give another example of a more abstract nature. The
motion of the moon gives rise to tides in the sea and the rivers. The
motion of the moon must, of course, nlso ocause a tidel effect on
the earth's etmosphere. That ie due to the motion of the moon, the
sreassure of the atmospyhere would undergo a oyclic change, and also
the temperature (4ue to adiabatic heating up). The effect is naturall
very small. Actusl calcul:tions show, for example, that the temperatu:
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would rise and fal: with en amplitude at certain pleces of .008°c,
that ie, less than one-hundredth of a degres, due to the lunar tide.
The amglitude of the cyclical change 0f barometric pressure in certain
places would be leus than one-thousandth part of an inch. Varietions
in tempersture and pressure from hour to hour or from dey to day ure
enormously larger in comparison. Yet if one has a long series of
records, these groas vorintions, although enormously large, would
cancel out and the effect of the luner tide should de ecapsble of
being ascertained by purely statistical methods. This is exactly what
I'rofessor Sydney Chupman, Fefte5e., 0f the Univeraity of Oxford and
uis associate vorkers have dons. They have shonn by the detailed
statistic:l analyeis of a lony series of records exte:ding over 50
or 60 years that the gross variatione ocancel out, and the observed
effects of the lunar tide on the earth's stmopphere ngree satisfrc-
torily wita the calculated values (8). This is a striking example

of the greut power of the method of correlation analysis.

In this brief review, my aim has been to indicate the wide 8co;¢
for the use of statiatical methods in science and technology. At the
abstract level, the aim of statisticsl theory is to reach  eneral
conclusions (about the "universe") from a knowledge of the partiocule:
(1.e. the "sample”). At the concrete level, the sim is to collect
relevant information (or extract such information from availeble dat’
with @ view to choose, on & probability besis, the "best" out of téo
or more jossible prograuxmes of action. The statietical method thus
supplies, both intheory and in jractice, the true logic for making
decisions on a scientific and objective basis.

At one end, in classicul physics, it ie otften possible to isols

and study one factor nt a tiue, and the stutistical method consists
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primarily in the edjustwent of observations «ith the help of the
classicrnl theory of errors. ¥ith more complex nystens, the degr:-e of
contrvl decreases, and the statisticas of assemblages becoues more
ip,ortunt as i: the kinetic theory of gases, theruodynawics, and
gtatistical mechanics. In the field of biometry, factors of veriation
become atill more important and are inextricably mi:ed up and cannot
possibly be studied in isuvlation. The strategy changes, and the

air beoomes to study more than one factor at the same tire with the
help of approprinte designs ol experiments, analysis of variance,

end statistical correlations A further extension is the use of
control charts, and the methods of statisticel quality control.
Beyond this lies another wide field in which the mout fruitiul line
of advence is by the use of sampling surveys (9). The degree of
control iz small, but predictions on the basis of statistlcal sempling
are still possible nnd crpuble of being corrobornted or refuted by
subsequent observations. Finally, there is the field of free observa-
tions where conclusions cun bve drawn (and predictions, subject to
verification, c:n be mnde), only or the basis of detailed statisticsl
correlation and aualysis.

Over the wholc tield, the ststistical method su,plies the basis
of uncertsin inference (as distinguished from the absolutely certain
deductions of formal logic and mcthematice). The murgin of uncertainty
in statistical inference, in principle, is escertainable; and its
magnitude dejpends orn the degree of control to which the factors
of variation are cmenable and on the avi:ilcble quantity of irnformation.
The use of statistical method can be, tuerefore, commended with
oconfidence to all _argons interested in resource appraisal, utilizatio:

and conservatione.
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