C;C\ML\:W _<.m—-——‘) rh’_,___’\)[)l ><
(2 A C/;E) <~ QMAOM Walle on He

— gz
N2 - 2@ T e
Chapter 6: Branching Processes: & Md%@%ﬂ

The Theory of Reproduction T- g sheT

Although the early development of Probability Theory was motivated by prob-
lems in gambling, probabilists soon realised that, if they were to continue as a
breed, they must also study [~ blow Au\(/{—ﬁor\ .

Reproduction is a complicated business, but considerable in-
sights into population growth can be gained from simplified
models. The Branching Process is a simple but elegant
model of population growth. It is also called the Galton-
Watson Process, because some of the early theoretical re-
sults about the process derive from a correspondence between
Sir Francis Galton and the Reverend Henry William Watson
in 1873. Francis Galton was a cousin of Charles Darwin. In
latE?T'fe, he developed some less elegant ideas about repro-
duction — namely eugenics, or selective breeding of humans.
Luckily he is better remembered for branching processes.
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6.1 Branching Processes

Consider some sort of population consisting of reproducing individuals.

Examples: living things (animals, plants, bacteria, royal families);
diseases; computer viruses;
rumours, gossip, lies (one lie always leads to another!)

Start conditions: S}a/-}r Ny e n =0 , With o S)‘/tﬁl.g ey V:P{Mq_,[.

Bach individual Lives for oxackly L wnit of Fime. At tire ne)
it P/\oobAceJ A &w«b’& %Sfr“ﬁ endk ,,\,.Mw(,\c\),{\b Aoc

How many offspring? Cowld Le O, 1,2 ... This is He (gmb
STO T (Y s for #mtj\

Each offspring: |wes far 1 _:,(r Fime. Bt Firme n- 2 -
P""Mu& 'FS own d‘iww\jda, Oﬁ'(’” .MMA*@

Ao s

and so on... Tove O | 2~ L

Assumptions

1. H[& ndiu i danaly fo/\oaUuuz{ ’AA{quMib ,76, e, DHAU-

L\( fﬁ"'\ $H1zes 0’6’ O&Aﬁ—UM Ao Al s o0 !r\dl Z/\M
A allly A Abwred v (bmh\j Y}/yﬁ__ﬂ)

Family size distribution@
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Definition: A branching process is defined as follows.

e Single individual at time n = 0. Zo= 1.

——

e Every individual lives exactly one unit of time, then produces Y offspring,

and dies. — parnks & a’“’grﬁﬁ aoves Co sl st

e The number of offspring, Y, takes values 0, 1, 2, ..., and the probability
of producing k offspring is =
p g koffspring is P(Y-l) = p
e All individuals reproduce independently. Individuals 1,2, ...,n have family

sizes Y1, Y5, ...Y,, where ¢ad YL hes e Same AJ?S}/.L,WHM Al \f
e Let Z, be the numb oy Jaf Ak dmals born o Fime 0, éof‘
N = o) \ J—; S I/\‘hrrfek Zn [Ny HNQ. S"%.Q, f’a' 31/\&}"‘\4—:0/\ 4
e Then the branching process is iZ : Z} Jz } \)
e r . \ .
_ ) JAa{AuJ
Definition: The state of the branching process at time n is 2z~ Elpme N
Wt tada 2, can falee values ©,1,0 ..
Note Hk 2, =1 always “ :
2, = Hi~dius live @ Fre A = PU[OV\L‘-’""W\ S‘é( at- ’IL;/L'\L A
Note: When we want to say that two random variables X and Y have the same
o Z = distribution, we write: Xf\-/ Y.
) Z, For example: YL ~ Y, e Y; :ﬁ(“f\‘. Size J&. fhvlj frw{/;uia{ha.[ C.
Z. .~ Y use Kus o (oF! Recomse Zo=1\.
Note: The definition of the branching process is_g@gl_}_f_g_egralized to start with
more than one individual at time n = 0. Lenarakion

Size
) zo:‘

Branching Process
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6.2 Questions about the Branching Process

When we have a situation that can be modelled by a branching process, there
are several questions we might want to answer.

If the branching process is just beginning, what will happen in the future?

1. What can we find out about the distribution of Z, (the population siZe at
generation n)?

e can we find the mean and variance of Z,,?
— yes, using the probability generating function of familyest”;

e can we find the whole distribution of Z,,7
— for special cases of the family size distributiopwe can find the PGF of
Zy, explicitly; Yrv’ C\ Qornetmc S 0/\\lj Wd}\‘ ‘(f\ own NoA—1 v.’«/‘
caSe .
e can we find the probability that the population has become extinct by

generation n, P( Z, =0 2‘/ -
— for EWS whereAwve can find the PGE,pfas above).

2. What can we find out about eventual extinction?

e can we find the probability of eventual extinction, ]P( %,\,\ Z —0) 7
= Yo, alwang, wiing fle PGF o v 7T
e can we find general conditions for eventual extinction?
- \LjI_S L We can ?f-,,\)\ (KA&U\ aof\ok/.%w\_c H/\&\J( leé\fM
MHAC)T‘I on (o f/\O‘ofJalL\g 1 -H:_(Y é 1

e if eventual extinction is definite, can we find the distribution of the time to
extinction?

* aear _f(oeotd CAgLed 0"-(0 .

Example: Modelling cancerous growths. Will a colony of cancerous cells become
extinct before it is sufficiently large to overgrow the surrounding tissue?

(es Smh:@
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If the branching process is already in progress, what happened in the past?

1. How long has the process been running?

e how many generations do we have to go back to get to the sioghemon
ancestor?

2. What has been the distribution of family size over the generations?

3. What is the total number of individuals (over all generations) up to the present
day?

Example: 1t is believed that all humans are descended from a single female an-
cestor, who lived in Africa. How long ago? ~/ 7 ¢ 0,000 \‘j“‘d Adp

What has been the mean family size over that period?

Prolga\o l[_@@ close 1‘0 1 éfyv\ql{ C/l/\\\A pY ée/"\"-lt {
AWl : eshmake s |- 002

6.3 Analysing the Branching Process

1 O HE)
AP+ /“‘g{;_b

Key Observation: Ev&{D ]aal]\/'iab/m* ‘A N jMUQ\—iof\ S‘}‘J‘[:x N /L(yu)

I/\Mma\u&) Larfu\c}ﬂl\/\j o &S3, ~ 7 o ,,JlN,L{ Vo/@(,&_s_ﬂ NP NS

G’rﬁﬁé momlq émv\ e LDJQJ;M;,:% )

W\Ofe\‘ Lbe o Ao
D G ran da
process)
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Z, as a randomly stopped sun/

Most of the interesting properties of the branching process centre on the distri-
bution of Z,, (the population size at time n). Using the Key Observation from

overleaf, we can find an expression for the probability generating function of
L.

Consider the following.

o The fJOf)n size of FHme n-) s Z o (/oc\fe/\)rﬂ

o | abel fuese Pwe/\b ~ [z,

3 -

. = adn ]/\JU\/.\AMA‘ L ---_)Z,\_’ Sterks N L/‘w\%

f/‘o R8s .

Lek Yo, Y Ys  Le He $Fellden & prek 12,2

n—|

e Ten tabd Pof'\ $2e of H/\«-GL:/\_) z /S

)
z
Z =Y v
Yy, = Py
va ? = =)
#HQO{‘(% + Flerhs & # lg vy
Uit S L L
P 3 )0 et Zn-;
(Lax)rom{)_

SO 2,\ s o VMAOML,] &M: &\S{A/\’\Dar

ToYe, o) (rndomby Shopped Ly Mo v 2 = Hperenks.
Note: 1. [, (o Ybr\/\(

2. Yl )\(1, S \1/24_* Naa ?f\d‘xef\' J& ead., o< and

F 2.
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N = - 0 T:X“I-.;_XM N{‘M‘l_o/v\
’—'_\-._____________’__‘____‘_'_'__._‘ —
Probability Generating Function of Z,, 47(0 = CN (GX (Q) [N é, -
—

Let Gy(s) = E(s¥) be the probability generating function of Y.

(Recall that Y is the 4+ t{ow\«:) a’éf ) IAAvidaa) ¢ e éﬁm‘b Size .

Now Z, is a randomly stopped sum: it is the sum of Y7, Y5, ..., stopped by the
random variable Z,, ;. So we can use Theorem 4.6 (Chapter 4) to express the
PGF of Z,, directly in terms of the PGFs of Y and Z,,_;.

By Theorem 4.6, it Z,, =Y, + Yo+ ...+ Yz |, and Z,_; is itself random, then
. . . ) Z/\
the PGF of Z, is given by: G%,‘(Q : E(S )

© 6, 0-6, (60) o -5

For ease of notation, we can write:

qu () =G (), a,

_ (Q) ~ Gn-' (Sj ) ov\d Se on.

N

Note that Zl ~ Y (# "o[g’fr'”":) 5’6— 2 S;/\Ole ‘OWM)F/ A8 ZO: [3

so we can also write:

G () = G, (D = g (s) = Gls) for
Thus, f,rom @ : - S}mrt{olb-
>

G, (9 =g (G(g)) @Wr*:j?rom

CCinrgron grm\n[a\ .

Note:

1. Q,\(Q:E(s‘z"> rPQP!&&m’bs}}c ot Pre a
2. Qﬂ-". (33 - E(SEA”) -

n-|

s QO = BE(sTY = E(s)=(,(5) = PLF o single
6{:’&\/\45 3321(% Y
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We are trying to find the PGF of Z,,, the population size at time n.

So far, we have: Gn(s) = Gno1(G(s)). (%)

But by the same argument,

qn-n (\") - C;V\")_.(_ C(r)> @

Substituting in (%),

CM () = CM*I ( Q(Q)
= G., (\f) Whare ¢ = 4(()
él/vl( G (0) \ L\j @
- Qr\ (a - C\n_,)_ CG (C\(,ﬂ ) ) N‘fol“&‘\:j = Q(J)

-

By the same reasoning, we will obtain:

Cn (= Cos C(q(c(m)3>

e e TNe—————
N = (n_
n-3 2 Fres \( %
and so on, until we finally get: p) 1

s [ Gla(aC - 6©-H))
e ~ T ~—u—
-y -1 Hime
G ( G (ala( c;(s),_,\33>
=9 n-1 G’s

Ga() = Glc(a(ac . aC . 3I))
N times— | '
We have therefore proved the following Theorem.

Qn(—”") = C;
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FOF 4 Z., G, () = E( gz") e
PLF 4 Y = G( = ECsT)
Theorem 6.3: Let G(s) = E(s) = > 7 p,s’ be the PGF of the family size
distribution, Y. Let Zy; = 1 (start from a single individual at time 0), and let
Z, be the population size at time n (n =0,1,2,...). Let G,(s) be the PGF of
the random variable Z,,. Then

—> Guls) :G(G(G<...G(s)\....>>>. | O )

N

- « } ~ B .

n times

Note: Gn(s):G<G<G<...G(s)...>>> is called the I/I-(fg[,;{ ]{’Ué\l(e ,76,

A 7

n times

We have therefore found an expression for the PGF of the population size at
generation n, although there is no guarantee that it is possible to write it down
or manipulate it very easily for large n. For example, if Y has a Poisson(\) @

c o : _ A(s—1) i — 3 we have i
distribution, then ’C_{(Q_;e__’ , and already by generation n = 3 we have the
following fearsome expression for G5(s):

<6A(e)‘(51)—1)_1)
Gs(s) =e : (Or something like that!)

M
However, in some circumstances we can find quite reasonable closed-form ex-
pressions for G, (s), notably when Y has a Geometric distribution. In addition,
for any distribution of Y we can use the expression G, (s) = Gn_1<G(s)> to

derive properties such as the mean and variance of Z,,, and the probability of
eventual extinction (P(Z,, = 0) for some n).

6.4 What does the distribution of Z,, look like?

Before deriving the mean and the variance of Z,, it is helpful to get some
intuitive idea of how the branching process behaves. For example, it seems rea-
sonable to calculate the mean, E(Z,), to find out what we expect the population
size to be in n generations time, but why are we interested in Var(Z,)?

The answer is that Z,, usually has a “boom-or-bust” distribution: either the
population will take off (boom), and the population size grows quickly, or the
population will fail altogether (bust). In fact, if the population fails, it is likely
to do so very quickly, within the first few generations. This explains why we are

ABS vy pae
HiIv [—¢
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interested in Var(Z,). A huge variance will alert us to the fact that the process
does not cluster closely around its mean values. In fact, the mean might be
almost useless as a measure of what to expect from the process.

Simulation 1: Y ~ Geometric(p = 0.3)

The following table shows the results from 10 simulations of a H ess

where the family size distribution is Y ~ Geometric(p = 0.3). Ey- 2% > |
0-3
Simulation | Zy 4y Zy Zs Zy Zs Zg 73 Zy Z10
1 1 0 0 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 0 i
3 1 4 19 42 81 181 433 964 2276 5383 12428 \—
4 1 3 3 5 3 15 29 8 207 435 952 §
5 1 0O 0 O 0 0 0 0 0 0 0
6 1 1 0 0 0 0 0 0 0 0 0
7 1 2 8 26 68 162 360 845 2039 4746 10941 [|[—
8 1 1 0 0 0 0 0 0 0 0 0
o1 1 0 0 0 0 0 0O 0 0 0 J
10 1 1 4 13 18 39 104 294 690 1566 3534V~

Often, the population is extinct by generation 10. However, when it is not
extinct, it can take enormous values (12428, 10941, ... ).

The same simulation was repeated 5000 times to find the empirical distribu-
tion of the population size at generation 10 (Z9). The figures below show
the distribution of family size, Y, and the distribution of Z;y from the 5000

simulations.
Family Size, Y AT
<000 cimulabiong.

e ’ o
—
o
8

N A

o o
<

- S

© 8

h. . ||
o | II,C\ \ o | Hilma__
0 5 @/zo 25 30 0 20000 60000

///__family size VAT
=



THE UNIVERSITY
OF AUCKLAND

NEW ZEALAND
Te Whare Wananga o Tamaki Makaurau ]_ 1 6

In this example, the family size is rather variable, but the variability in Z is
enormous (note the range on the histogram from 0 to 60,000). Some statistics
are:

Proportion of samples extinct by generation 10: 0.436

000 S\MS
Summary of Zn: - 6
Min 1st Qu Median Mean | 3rd Qu Max
0 0 1003 4617 6656 _ 82486

Mean of Zn: 4617.2 =
Variance of Zn: 53937785.7

So the empirical variance is Var(Zyg) = 559 x | O? . This perhaps contains
more useful information than the mean value of 4617. The distribution of 7,
has 43.6% of zeros, but (when it is non-zero) takes values up to%2  ¢§(. Is it
really useful to summarize such a distribution by the single mean value 46177

For interest, out of the 5000 simulations, there were only 35 (0.7%) that had a
value for Zyy greater than 0 but less than 100. This emphasizes the “boom-or-
bust” nature of the distribution of Z,,.

()2 <1

Simulation 2: Y ~ Geometric(p = 0.5) ¢

We repeat the simulation above with a different value for p in the Geometric
family size distribution: this time, p = 0.5. The family size distribution is

therefore
Simulation Z() Zl ZQ Zg Z4 Z5 Z@ Z7 Zg Zg Zl()
1 1 0 0 0 0 0 0 0 0 0 0
2 1 0 0 0 0 0 0 0 0 0 0
3 1 0 0 0 0 0 0 0 0 0 0
4 1 0 0 0 0 0 0 0 0 0 0
5) 1 1 0 0 0 0 0 0 0 0 0
6 1 7 9 17 15 20 19 8 7 13 35 ~—— -
7 1 2 5 2 5 8 8 3 3 0 0
8 1 2 0 0 0 0 0 0 0 0 0
9 1 0 0 0 0 0 0 0 0 0 0
10 1 0 0 0 0 0 0 0 0 0 0
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This time, almost all the populations become extinct. We will see later that
this value of p (just) guarantees eventual extinction with probability 1.

The family size distribution, ¥ ~ Geometric(p = 0.5), and the results for
Z1 from 5000 simulations, are shown below. Family sizes are often zero, but
families of size 2 and 3 are not uncommon. It seems that this is not enough
to save the process from extinction. This time, the maximum population size
observed for Z; from 5000 simulations was only 56/ and the mean and variance
of Z1y are much smaller than before.

Family Size, Y \ Zy T indiw i1 Ma« |0

v
S S o001 =) (i
: s
S 8 Lt
© Not
o II-__ o | ! Cutnia

10 15 0 10 20 30 40 50(

family size 10

Proportion of samples extinct by generation 10: 0.9108
it

Summary of Zn:

Min 1st Qu Median Mear~, 3rd Qu Max
0 0 0 0 56

Mean of Zn: 0.965
Variance of Zn: _19.497

What happens for larger values of p?

It was mentioned above that Y ~ Geometric(p = 0.5) just guarantees eventual
extinction with probability 1. For p > 0.5, extinction is also guaranteed, and
tends to happen quickly. For example, when p = 0.55, over 97% of simulated
populations are already extinct by generation 10.
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6.5 Mean and variance of Z,,

The previous section has given us a good idea of the significance and interpre-
tation of E(Z,,) and Var(Z,). We now proceed to calculate them. Both E(Z,)
and Var(Z,) can be expressed in terms of He MO gl Ve T ?6( e

?&Mrib SHe 6’{3\5 r'f‘JbV\/HD/\ ) Y
Thus, let E (Y1) = m oA et Ve (Y) = o,
Tlese are mean C varimne %’ :H‘d({’{(sfo/ﬁf\\s 96» o S_‘\/%}_{ indivi dinal

Theorem 6.5: Let {Z,, Z1, Z5,...} be a branching process with Zy = 1 (start with
a single individual). Let Y denote the family size distribution, and suppose that

E(Y) = <y /«A:L Zo =|
W \.GLKN\“ 2 . 2_
U&‘Ol’\d}&/ l‘ 2
Proof: ’ He B.F. Zo 7 2,
23:24*2

=23,

@\j P [

'ij W\)\of\«t }’0 2 S .
o. \V) S [of Azn_l/l\t\/f

Z, - 2 V.

lo\j Secbon 2 “ (page 6oy

E(z2) - E(z, )~ E(r) Welds eq
NN SN

/I/\
m E(Z,)
/N ?//‘E(Za-—?}\g L\Ij Sorme. WYt
‘T/U;L E(z,\_g
= /A"\-\ HZ(ZA_(“-'))
:/Vl/‘—' E(%D
’/A s v‘e:;mmd D

0 M

1"

(

\)
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FExamples: Consider the simulations of Section 6.4.
i ——

1. Family sizeYNGeOW). S /A:E(Y): % :% = 223,

e

Expected population size by generation n = 10 is:

E(Zo) = p°" = (233)° = 478
The theoretical value, 47}3% COMEM‘@J el WK, He SO\M'OLL ML an

From G000 sims, L7 (polL)
2. Family size Y ~ Geometric(p = 0.5). So M= E(7)= % - i'}; -1
S E(z2,) =p" =17 =1
Compres welk Wita Sanple tmean o 0-965 (p-1(3).

Variance of Z,,

E) £ss L.oT7€,
VM(Z'\\ R SS L.o.T.V.
Theorem 6.5: Let {Z,, Z1, Z5,...} be a branching process with Zy; = 1 (start with

a single individual). Let Y denote the family size distribution, and suppose that
E(Y) = p and Var(Y) = 0?. Then

a’n if u=1,
RvA U\‘gh Var(Z,) = i
m%oq o?un1 ( F ) ifu#1 (>1lor <1).
\ D 9 L=
prove \o\\ju\&m RN

Proof:

Write V,, = Var(Z,,). The proof works by finding a recursive formula for V.
VAV Ve Vi Vr\ }‘ f‘, . V

N=\

ﬁ\> Vl :D'L
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Using the Law of Total Variance for randomly stopped sums from Section 3.4
(page 60),

Lp—1
Ty = ;Y R.S.S dor 2

= Var(Z,) = {E(Y)}* x Var(Z,_) + Var(V;) x E(Z,_)
= V, = Vi1 +*E(Z, )

L. a,T V.
For Rsg

= Vi, = Vi a+otu"t, 4—
o T H i TOR

using E(Z,_1) = pu" ! as above.

Also,
Vi = Var(Z;) = Var(Y) = o°.

Find V,, by repeated substitution:
‘/1 _ 0_2 4—

Vo = p*Vi+0%n = po’ + po? = po*(l+ p)

Vs = Vot oy = pPo? (1+p+ )

—_— —_—————

Vi = ?Va+ o2y’ = pPo? (14 p+p? + 1)
etc.

Completing the pattern,
Vn — ,Un_10'2(1+/~5+/~52+-'-+/~5n_1)

n—1 L ,(’
_ u"_lch Zlur o wﬁ\t)‘i N -
r=0

)

1 — "
= u"lo? ( a ) : Valid for pu # 1.
(sum of first n terms of Geometric series)
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When p=1: [
V, = 1" 60?(1°4+ 1" +...+1"Y) = o’n.
n t;;nes
Hence the result:
a’n if u=1,
Var(Z,) = .
( ) 2, n—1 1 - H :
ool — ) ifu# 1. O]
L —p

Examples: Again consider the simulations of Section 6.4.

1. Family size Y ~ Geometric(p = 0.3). So p=E(Y) = ]% = % = 2.33.
z _ Vg 3 Q4 0
o Vcr(j), Fz }L B q}g
(o2
oy 1 _ . lo
Var(2) = o7 [/2°\ J e 32 2007 He
|- ) |
/V\ Vevienw
Smﬁvh Voo dﬁwam 5000 sims wal 537 (07
2. Family size Y ~ Geometric(p = 0.5). So u=E(Y) = % = % o
O‘FLIVCJ'(Y\:_Q_/:O'g :l.
Fo oSt

Ase SFKC?L\ (F"PMVLLP\ &{or‘ /l/\:(;

VV(Z{O = st = 2%10 = 20.

Semple v = 9.5 (5. 117)



