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Ct USTI RING :

I-~ ~~~ ~1 ’t Nt l ~
‘- ‘)F ~OMt: I- F~It~flI)I o

IN ~Y ~( St ~‘‘CU A CT IV I 1Y~

Jerzy Neyman
Stat i st ica l  Laborator y

Un iversit y of Californi a , Iterkt ’lev 94720

1 . Tntroduction . ft is a pleasure to he able to deliver

this Second Pfizer Annual Col l oquium. In st~lectinq its subject

I thought of work in our Berkeley Stat. Lab. relatin g to pharma-

colo gy . However , as of now , this work is not sufficiently ad-

vanced to be reported on this important occasion.

The subject I selected covers a l ong series of intercon-

nected stud ies in several substantive domains , all of them re-

flecting the inspir ation 1 rece i ved in the late 1930’s from

Dr . Geoffrey Bea ll , then of the Dominion Entomoloq ical Exper-

imental Station . Chathaiti , On tario. Regretful )- ~ . I have no

references to Dr . Bea ll 1 s p~d’licat ions .

It happened that , wh i le Dr . Ucal l ’s preoccupation was wit .h

a special kind of entomoloqical experiment, the idea for which

I feel ind~hted to him , that of the ~henonienon of clusterin g ,

proved to be very relevent in the following diverse domains :

(i) in the study of spatial distributions of galaxies , (ii ) in

*Ap proxjmatp text of the presentation at The Pfizer Col l onuium t t  the
Departmen t of’ Statistics . The University of Connecticut , April 30. ~fl7q •

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .~~~~~ --~~~~~~--~~~~~~~~~~---. - - —~~~~-
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population dynamics , (iii) in U’- theory of epidemics, and

(iv) in the study of radiation carcinogenesis.

While this presentation is intended to reflect my

personal experience s , it may also be considered as a contribution

to the history of a concept , the concept of “cluster i ng.” This

historical sketch covers four decades . The unavoidable conse-

quence is that most of the developments described are “symbolized”

rather than studied in depth. Still , my hope is that the evolution

of the original simple concept will be found intellig ible.

The plan of the present paper is as follows . Section 2

outlines the original problem of Dr. Beall , concerned with counts

of larvae in plots of an experimental field. The corresponding

stochastic process may be labeled that of a “single clustering. ”

Section 3 is also concerned with the “ sinc ile clustering ”

process. However , the substantive domain is very different:

distribution of galaxies in space .

The subjects of all the subseouent sections are concerned

with sequences of consecutive clusterings , that is , of the process

of clustering of clusters . The natura l phenomena studied include 
- -

population dynamics (Section 4), radiation carcinogenesis (Section

5), and theory of epidemics , fi rst “outdated” (Section 6) and - 
-

later “modernized” (Section 7). Section 8: Concludin q remarks.

2. Si e C1us teri:~~ Counts of Larvae in Plots of an

Experimental Field. Consider a large , reasonably uniform , ex-

- - 5 . -
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perimental field divided into a number of unit area plots .

Consider one of these plots , which it will be convenient to

describe as “target .” At a particular period durin g the

s un~ e r , moths art’ fl y i nq over the ~ i ci d and . from time I o t I ti ’ ’

deposit their eggs. These eggs are not depo sited sin gly hut

in “masses , “ each composed of a large number of eggs. In due

course , these eu~s produce larvae whic h begin to crawl in search

of food . After a certain period of time , when larvae are some-

what larger and convenient to count , a genera l census is per-

formed and our interest is concerned with the number , say X

of larvae counted in the target plot .

The concept of clust erinCl is connected with the faC t that

the larvae cannot travel fast. The p ossibilit y of one of them

bein g found in the target plot depends on the di Stà flC e of the

egg—mass ( ‘cluster center ”) from which the gi yen 1 ar~.t t’i’u’rqed.

Thus , the conceptual counterpart of the empirical phenomenon

relatin g to a sing le “target ” plot must involve a hiqoer area ,

the “area of accessibilit y ” surroundin g the target.

The whole mechanism of clusterin g involv es , then , the

followin g concepts: (i) the distribution of ~og- maccec : ‘ c lu st er

centers ”) over the field . (ii) the number of larvae from a sin gle

mass surviv ing up to the census ( number of cluster m embers , or

“Si ic ’ of the ci us ter) , iii) the mechan I so o t “d ispersal ‘‘ of

cluster members and the implied ‘ area of a c c e s s i b i l i t y . ”

— 5- - —— —-_ -—.—C ——— -——-—— .-———- ——— --— - -5.— — - — - 5 - — -—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Ndtur ally, the details of these three conceptua l elements

must vary from one empirical domain of study to the next.

Fiqures 1 ~~ .
‘
. both representing the details of the ori ginal

public ation of l93C~, are intended to “symbolize ’ the contem-

porary thinkin g . It will be seen that at the time when the

paper was written , in 1936 or 1937 , Dr. 8eall and I did not

dream that the mech anism of clusterin g could he relevent to

the understanding of phenomena of clustering of galaxies , etc.

The then contempl ated applications were ‘en t o:’iol ouv ’ and

“t- ’ac t en  ol oov

ON A NEW CLASS OF “CONTAGIOUS” DISTRIBUTIONS , APPLICABLE
IN ENTOMOLOGY AND BACTERIOLOGY

IFt’ J. ~~~~~
(‘ON TEN L’$

Pa’ .
). Introduc t ion - . -

~~. Th.$rIbut ion o( t& rv ~e in ex i)eritn t ’nt *I p It~Li - J-
3. P *rttcuI ~ r cl aaaes ~‘f the ) In , , L ing ,I is t r i t .ut iu n o -‘ - - 40

4. Certain ~ene ra~ pr opertica of the d i a t r i b u t ion i  detttw~tt -

5. Cont mgi,. ua t I ts tr ,but i t ,n of type .4 ,Iepen.hn g on t.5~’ paramet t - r~4 - - - 45
e. Cont~~ tous t1 ,att ,but ion ol t v pe .4 tIept’udin ~ on three ~..5ret ~it-t era  - 4$
7. Contagioua diatr ,t ,ut ,on i , of type a 4’~ ,t ,,,I ( ‘ - - 514
$ Il l uatrative e~*rn p lce *rid t’,~,t-Ii,a ,,ig rcn~arks 54
9- Rc fereneea - 57

Figure 1. A detail of the t i t le page of the original paoer of 193° .
Ann . Math . S ta t . .  Vol . 10 (1939 ’ , pp. 3~_ 5 !~

k
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TABLE I TABLE II
Distribution of European corn bor ers in Distr ibution of yeast cells in 400 squares

120 groups of 8 hill,~ each , (data pro- of haemacytonw er observed by “.Stu-
v’ided by I) r. Bea u) ,  f itted by Poi sson dent ” (1907), f itted by Poisson Law
Lau ’ and by type A Law with tu ’o and by type A Law with two p aram-
parameter s eters

Frequency Frequen cy
So ul - -- - - ——-~ -- - - - - - - -  No of - - - --- ~~~- - - — - -- - - - - - -

borer s ~~~ Ob Exp.  cells Exp. P. 1.. Ex~ T.A

0 5.0 24 226 0 202 I 213 214.8
1 : 16.0 16 16.7 1 138 128 - 1 2 1 . 3
2 25 .3 16 18.3 2 47 - 37 45.7
3 26.7 18 16.4 3 11 18 1 3 . 7
4 21 . 1  15 13 .4  3 . 6
5 134  9 10.3 5 - 1 .8
6 7 . 1 6 7 .5 Beyond 2 —- - 1
7 3.2 I 5 5.2 

~~~~~~~~~~~~~~~~~~~~~~8 1 . 3  3 3 . 5  in1 — —  
- 3.605

9 .4 4 2.3 ni2 -
~~~ -~ 

- -  189
10 I i  3 1 .5 —

~~
— — —

~~~~~~~~~~~~~~~~~~~~~~~~~~

11 o P~2 > 0 2  > . 1
12 I 1 

-

Beyond - 2 .3

in’ ---- - 
- 2.I7~i

in2 - - - 1.454

- - 000.000 
- 

- 

--  

.95

Figure 2. Two tables published at the end of the original
paper of 1930 .

-_

~~ 
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_______________
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3. Cluste r ing of t~alaxies . As is uenerall y known , C,1l-

ifornia is the “lan d of bi g telescopes. ” Havin g live (1 in

Berkeley since August, 1 93~ , It was un~voi dat -’ le for me to be-

come expos ed to ‘-. t a t  1 .  t 1 a I prob lems of act  rononiv an~ . more

spec 1 fi cal  lv,  of ‘‘ e~ traqa lac t i c  as tronomy ’ or cosmol oqv . In

part icular , I must record the inspirin g influ ence of two “ red—

blooded ” astronomers , N .U . Màyjll and C.[). Sha rie , at the time

both at the Lick Observator y , of which Shane was the director.

The p r i n c i pal subject of our studies was the question whether ,

by and large , the distr ibut ion of ga lax ies  in space is c lus tered .

or , as was broadl y bel ieved , are the galaxies d istr ibuted in

space singl y, perhaps approaching a Poisson process. Begin-

n ing with 1952, there resulted a substantial sequence of pub-

licat ions , frequently co-authored by astronomers . These are

exemplified by the following references :

J. Neyman and [.L. Scott, “A theory of spatial dis-
tnibution of galaxies ,” Astrophysical Journ., Vol .
116 (l’-~s:’). pp . l~ 4—l6i . 

--

.1 . Neyman, C.[). Shane and E.L. Scott , ‘On the spatial
distribution of qa lax ies :  a specif ic mode l,”
As troph ysical Journ., Vol . 117 (1953) pp. 92-133.

[.L. Scott, “The bri ghtest galax y in a cluster as a
di stance indicator ,” Astronom ical J ourn  . . V o l  .
( l~~~’~ , ~p. : 7 ~ — ?9~ .

J. Neyman , “Sur là th~orie prohabi l iste des amas de
galaxies et la ve r i f icat ion de l ’hvpothèse de l’ ex-
ansion de 1 ‘ univers ,” Anna les de 1 ‘ Inst i tut Henri
roincar ~ , Vol . 14 (1955), pp. 2~)l-244 .

J .L. Lovasich , N.t 1 . Mayo l l ,  3. Neyman , and E.L.  Scott ,
‘ The e xpans ion of clusters of ala los ,“ Proc. b urt 11
1~erke 1 e l

~ 
Symp . on Math . Stat . 

- 
and Prob . . (J. Neym~i n ,

ed .)~~Pniv . ~a1 f. ress, ~erke1ey and os An ne~~’s .
Vol . 3 (1~)61), pp. 187-227.

_ _ _ _ _  ~~~~~~~~
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It ‘-. ‘ 1 1 ~‘e real i :ed that  • co’’’pa ,e,f t o  lu’ to r i  no of I a p~~ j~

in a f i  O ld , the coc i i~o log ica l  as pe c t  o ’ t he phenomenon ot c 1 u~. t o r—

ing is ir~neas ureahly ~ore c om plex . ~ne reason i~ the im p oss i ti lit v

of apnro at-hi nq the c i u~ t~ ,- ~ind . ount nu i t’. ‘ ‘i’iber’, -\l I the

. rc tronorner c U ~ do is  o look it iTho t oora phs of  t he ~. k v , ‘. oun

on then t he 1!~~i~~0’ . ot ga l ax i  e’ • ct udv i inago’. of ci ni’l t ’ ~a 1 a ~ e c

i r id ~1so the sp t ’ t r i  ot the liqht t he~- enil t. lht inoenni t v  t i e

,rst ronor ’e , -c  e \ h rh i t  is rea l 1~- remarkab le .  \ ls o , the re here

a - o c t  oco uraq i no eac t wes t  I ntel  le~ t na l ~oope rat  ion. Thi s

I h a d  th e ~ileasur ’e of dt -’scr i  hi nq in iv 1 a t ’ s  t p u b l i c a t i o n  de~ i i  r io

with c o sno lou v .  The re f eren c & ’ is :  “~ei”ini scent es of a ~evo-

lutionary Period in Cos mo logy ,“ Problems of Ph~’s i cs  and E \‘O-

of th e  Cni~ t-’rc~ (V~ s~ s~hri ~t f or \ .  -\ . ~nt ’art su!’~i ari~

L .4 . “Ii r:ovan , e l . , Pub 1 . Ho use of the -\r ” Ori  an rcad . of

~c i ences , ~ erevan ( I ’ )  ‘
~~) , op. .‘.2 3- .‘.1~~.

.1. 1’~ ’mi 1 a t ion flv nai i c :  sequence of Cl us t e r - i  no of

Clus ters , of i’ lus te rs  , e t c .  Hero the nos t n i  ~v ’~’it pub 1 i c a t  on ,

c o -a u thor ed  with . t . ‘ cot t ,  has the title: “Po a ‘ a t  h1’!’ . t i c~u1

theory of poou 1 at ions con k 0 ~
- ‘d as cong 1 omera t ion of c l u s t e r s .

It arni’ rre~t in l’)5’ in V o l  . \ \  I I ot 1’ ’ o c .  Col ‘ ~,‘ir r no

a c’ Qua ‘ i t  a t r ye Blo 1 o~ v , pp. 1 O~ — 1 ~

Th~ prob lem studied ca n be sumi’iari :eJ as t o il owc . i~o n —

cider . r r ’ l i t  i ni to plant ’ h represent r i o  the ‘h ab itat ” and 1et 

P5 be any arh i t rar i  iv c~~le c t e d  r ion— ev e r la pp i  no
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regions in H . Also, le t m1 , m2, ..., m~ be s arbitar y non-

negative integer numbers . The characterization of the dis —

tribution of a population inhabiting H is understood to mean

a rule for determini ng the probab ility tha t , simultaneousl y,

the numbers of the population members in will be exactl y

that the number of them located i n P2 will be exactl y m2,

etc.

In other words , if X~ stands for the number of population

members in R~ , the problem was to deduce the formula for the

probability generating function of the random variables

x 2, ..., x 5 .
The mathematical assumptions used in the work are reduc ible

to a repetition of the process of single clustering . A litter ,

hav ing one or more members , is born at a point (~ cluster center)
in H. The members of the litter (cluster) disperse and gradually

die out. Before dyin g, some of the lit ter members produce their

own litters of proneny , etc. The particular object of study is

the joint distribution of two successive generations of the

population , the oaternal and the fili a l. 1lso, some a s y ’ l f l t c i t i c

results are obta i ned .

While the distribution of a species over the habitat

appears as a domain very different from that of the distribution

of galaxies in space , there are some important analoqies. In

either case no defini tive empirical verification of the hypo—

~~~~~~
— 

~~~~~ - , . _ _ _ _ _

—— _—_ ~~~— .~~—— -— —— .__. __._.~~~~ A.a _ L
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thetical details is possible. All  one can do is to perform a

Monte Carlo simulation and to compare the results with such

fragmentary observa tions as may be poss ib le to accumul ate.

5. Radiation Carcino~enes is. Out of the problems we stud-

ied in our Berkeley Stat. Lab. , the chance mechanisms grovern—

i gn carcino genes i s , particularly the radiation carcinogenesis ,

may wel l  be the most d iff i cul t and , perhaps ,the most importan t.

I try to describe it ahead of epidemics for the reason that , at

the present moment there is something like a “lull” in our 
p

efforts .

Obvious ly, in order to achieve some significan t results

lea ding to the understandin g of the chance mech anism . or mechan-

i sms . in living cells or tissues , a statistician must denend upon

interested cooperation of an experimentinq biologist , it happens

• that , at this moment , we lack the necessa ry contacts. On the

other hand , as will be described in Sections 6 and 7, our studi es

of the mechanisms of epidemics develop at a reasonable rate .

Because the phenomenon of radiation carcinoaenesis

appears very distant from that of the distribution of larvae and ,

certainly, from cosmology, one is likely to believe that the un-

derl ying chance mechanisms could have nothing in common. Yet ,

closer examination ind icates the contrary . Such differences as

exist are differences of complexity.

The prob lems studied and the results obtained are summarized

in a relatively recent paper written jointly with Prern S. Purl .

--  - -~~~~~~~~ 
-.- — — -~~~

_
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This paper being just a summary report , the best way to “symbolize ”

briefly the essence of our efforts seems to be through extensive

quotes from our paper, including pictorial illustration .

Figure 3 reproduces the title pace of our article. The

article is concerned with the chance mechanism of damage to livin g

cells caused by i rradiation . One asoect of the “damage” may be

the cell becoming cancerous . In parallel with the “damage” we I 
-

consider the mechanism of possible “repair .” Fi gures 4 and 6

illustrate the observable phenomena that our “structural model ”

is intended to explain. These phenomena include the difference

between the so-called “high” and “low” linear energy transfers (LET.)

The reader will notice that the role of “egg-masses” in Pr.

Beau ’s studies is now played by “primary” particles of i rradiation .

Experiments are possible to estimate their tempora l distribution .

This contrasts wi th the practical impossibilit y of counting the

egg-masses . On the other hand , while in Dr. BeaU ’s situation

basic observables are counts of larvae In the test plots , in the

problem of carcinoqenesis the corresponding entities , namely the

“secondary particles ” and their “hits ” in the targets , are im-

possible to count. The exception is the possibility of concludin g

that the number of “unrenaired” hits is zero, etc.

One easily illustrated common element is the “area” (or

“volume ”) of accessibility .

- - - - --~~
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Figure 4. Incidence of myeloid leukemia in relation to dose and
dose rate of’ qaitmta radi ation. One rad 0.01 si/kg .
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FIgure 5. Life shortening in female mice as influenced by
dose rate of gamma rays and neutrons . Open symbols
represent gamma rays~ filled symbols, neutrons.
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Figure 6. Schematic representation of ion i zation distribution
in small volumes within a cell , irradiated with equal
doses of x-rays (A) or i’*-radiation (B).

/

FIgure 7. Photograph of a cloud chamber.

- _
~ - ~~~~~~~~~~~ - - - - - . _ _ .~~_ -  — - .=- __:;_____ __s_._ _ _ _ ___ - -s.~



~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~

-14-

6. Theory of Epidemics (Outdated). Our Stat. Lab ’ s effort

at a theory of epidemi cs was oub lished in 1~)64 i n  a caper co-

au thored by F.L. Scott and myself. The reference is “A Stoch ,isti

Model of Ipid emics ” (Stochast ic Models in Medicine and ~3io1ogy, J.

Gurland , ed. , The Un iversity of Wisconsi n Press , l9M). The paper

was ins pired by the book by Normari 1.3. Ba ilv The Mathematical

Theo,y of Eo i deiuics that summarized ouite a few earl ier  investi-

qations , beciinninq with that of McKpndr ic of 192~~. One of the

basic assumptions of many of these works was that , oiven a nopu-

la tion Inc ludin q so many susceptiblc’s the appearance of a sinol e

infectious creates a prob ability of contractin g the disease that

or suscepti bles . As Bailey points out ,

any assumption of this kind may he realistic for a dormitory of

a boardin g school h u t  not for a dtv and certainly not for a

country. The stochastic model we produced is exp licit in recog-

nizin g the lack of uniformit y of the habitat. For a time , the

model appeared reasonably realistic. However, during the winter

quarter of 1978, there came the awareness of an important lack

of realism. The ideas under lyirtq an effort at moderni zation

are describe d in the next section. The basic assumptions of the

“outdated ” theory are as follows .

(I) Number infected by a Sin~le Infectious . Consider an

infinite plane H described as the habitat. It is assumed that

to each point in H wit-h coordinate s u~(u1, u.5) there corresponds
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a random variab le v(u) reoresentlnq the number of susceptibles

who would be infected If at that point there was a single in-

fectious. While the actual distribut ion of v (U) Is left unspecified ,

it is assumed that the variables v (u) corresponding to different

points in the habitat are mutually independent , in fact, it is

assumed that the variables v(u) are independent of all other

random variables of the system and that p {v (u)=Okl .

(ii) Dersal of lnfe ed . It ~as assumed that durin o the

“latent period” I (the same for all infected ) the individuals in-

fected at u travel independently from each other . Fur thermore ,

it was assumed that to each point u in the habi tat there corres-

ponds a function f(x~u) renresentino the nrobahi )itv densit y of

the locat ion x=(x 1, x9) where an individual infected

at u becomes infectious . Except for certain conditions of reqular-

ity , the funct icin f (xlu) , the “dispersal function ” is left un-

sped fled .

(iii) Immigration. The term “immigrants ” is used to describe

real infectious immigrants and also local inhabitants who become

infectious “spontaneously ” perhaps due to mutations of bacteria

in their bodies . It is postulated that the appearance of an

infectious “imi arant” is governed by a density function A (u)

defi ned over the whole habi tat and subject to certain conditions

of regularity .

(iv) Discrete Generations . It was assu,~ied that the duration

-—-

~

-- - - - ——-5 - - 5 - - -.- -~~~~~~~- . - - 5- - — -  --5-
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of Infectious ness is zero and that occurrences of intt ’ct ion ,

all  over the habitat occur simultaneousl y .  In consequence , the

development of an epidemic is divided into discrete generations.

The re 1 evat~ t- ‘~a thel’Ia t i’. s i nvt ’ 1 yr’s the fo 11 oW j U t )  t (“ 0 ( 1I1& “Ut S

(i) The random variable v (u) , the number ,nfected by a sing le

infectious at a specified point ur (u1. u2) in the habitat , and

ii) the random variable , say \ ‘ ( x u ) , t 1~e nu’i’her in fo - t e d  s o” iewht ’rt ’ ir~

the habitat (X is a random variable) by a single individu a l of

the earl ier generation of the  epidemic who became infected ,f t

a specif ied point u in the habit at.

The specification of a narti -ular kind of epidemic , say of

polio , depended on two families of functions . v(u) (= the si .’es

of “clus ters ” centered at u) and the dispersal function t ( ~Ju) .

both subject to certain conditions of regularity.

The sub ,iects of study included the p ossibilit y that an

epidem i c started by a single infectious might get “out of han d ,”

as was once the case of a po lio ep idemic. Among the particular

cases considered there was the possibility that a region R , marked

by highl y hygienic conditions , will escape the outbreak of a

substantial epidemic, while in the rest of the habitat that same

ep idem i c w ill get “out of hand. ‘ Two particular theorems , which

in private conversations were called “democracy theorems” ind i ca ted

that efforts at the establishment of such especiall y “health ’5 ”

reqions would be futile.

—- - — ~~~~~~~~ -~~ ——  
—
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7. Theo~yof E~ i demics (ModernizedJ. During the winter

quarter of 1978. discussion of the theory of ep i demics iust

described benefited by the oart icioat ion of Mrs . Florence

Morrison of the Californ ia State Department of Health . Also.

we had severa l other rather interested and active members of

the group of whom I shall mention two visitors from abroad ,

Dr. S. Kwesi Odoom , a Fuibright Fellow from Uganda, and Dr.

Luis R. Perrichi from Venezuela.

Mrs . Morrison ’s most valuable contribution was the remark

that the real habitats represented by entire countries are

much more heterogeneous that the older theory presupposed.

With reference to an epidemic of a communicable disease , Mrs .

Morrison contended (and everyone agreed ) that real hab itats,

such as the state of Californ ia , are stratified according to

socio-economic status of the population . This stratification

influences the deve lopment of an epidemic. At. the very least

three categories of locations have to he considered , dependin g

on the income of the inhabitants: “hi gh ,” “m iddle , ” and “low ”

(say slums , which is the term I used). There was the concensus

of opinion that the number infected by a sina le infectious

depends not only on the region , cay R
~. 

in wh i ch the in fect i on

takes place. but also on the region , say where the infectin g

Indivi dua l lives . For example, if an inhabitant of slums suddenly

becomes Infectious in the locality he inhabi ts , he is likel y

to infect many more people around him , than woul d the v i s i tin g

_ _ _  ~~lIj
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inhabi tant of a high income region , et~,

The discussion that followe d rosulted in a somewhat unusu al

“take home exam ” I formula ted la s t  year , coo nex t  paiu ’ .

The result of the exam t ’ reved ‘u i  to i r~tt ’r, ’~ t i ri~ to seve ra l

par ticipants in the d iscuss ion . inc ludiru iv s e l f . W hi l e  the sub-

division of California into only three d ifferent soc io -e cono ” i~.

regions represented an obvious over -simplifi cation , the results

obtained appear instructiv e and there are plans a foot to t’~-o 3u~ o

a pape r for publication .

8. conciudi
~LRern~ -ks. As men tioned at the outset , in

selecting the subject of this ~o 1 l oq u i u m  presentation , I had in

mind to illustrate the phenomenon of evolution of an idea . The

i dea of the mechanism of “clus tering ” doec not represent any-

thing unique . Many other fruitful ideas also evolve . Otherwise.

they would hardly be considered “fruitf ul .” Orriinarilv. the uria —

cess of suhst3nt ial evolution of a sii”ole id e a takes q u i t e  so;~ ’
t ime , much longer than the time we ordinari ly spend i n  learninc

our contemporary state of that evolving idea . Thus , the phe-

nomenon of the evolution escanes our atte ntio n . Yet, it see:’~s

interest m g .

I
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~;t at is t i c s 258 Mr. Neyrnan
W i n t e r  1978 -19-

TAKE HOME FINAL E XAM

!)ue f o r  t ic  ii yen j s j ~~~~~~ T h u r s d a y  , M a r c h  23 , ± 2 3 0 -3  3Op ~~
in RoOm 7 2  E v a n s .

Yourj~~esence at  the d i s c u s s i on  IS NECESSARY.

Instructions: Write clearly and tidily. Use ink or an intense
black pencil.

* * * * * * *

Problem 1. State the basic assumptions of the theory presented in
lectures and describe the princi pal results (e.g. What
are the “democracy ” theorems?). Use your own words .
Do not copy from the published paper.

Problem 2. Criticize the basic assumptions of the theory even with
re ference to communicable diseases spread through personal
contacts between infectious and susceptibles , like cough-
ing . How should the basic assumptions be modified to
make the theory more realistic?

Prob lem 3. Usc computer facilit ies to simulate the development of an
ep idemic in conditions sli ghtly mere realistic than de-
scribed in the early part of the course. -

Consider a habitat composed of three regions R1, R2 andR3 :

R1 : hi gh income reg ion~ w ith sparce population and
facilities for travel.

R2 : middle income reg ion (typ ified by Berkeley), with
substan tially denser population and with reasonable
facilities for travel.

R3 : low income region , with very dense population and
very l imi ted trave l oppor tuni ti es .

Assum e tha t each of the three re gions is uniform in all
respects and assign to them numerical values of the various
relevant parameters (e.g. of probabilities that an indi-
v idual inhabiting R

~ 
will become infectious in R ., etc.).

The valu es ass igned should be consis ten t with yo~ir intui-
tion , but different from those of your colleagues (consult
with them!). Next , consider an epidemic initiated by a
single individual who becam e infectious in one of the
three reg ions. Then , use the Monte Carlo simulat ion tech-
n i cpu’ to generate  1 00 ep idemics and c a l  cu 1 ate the mean
niii nhe r of cases in the success lye generations of t he (‘p ‘
demic and the mea n total size of the epidemic. W h a t  ab o u t
t h e  “ d e m o c r a t i c ” t heo rems?

Good Luck!

—- ‘~~ -A —---
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