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Revision: a branching process consists of reproducing individuals.

e All individuals are independent.
e Start with a single individual at time 0: Z; = 1.
e Each individual lives a single unit of time, then has Y offspring and dies.

e Let Z, be the siZe of generation n: the number of individuals born at
time n.

e The branching process is {Zy = 1, Z1, Zs, .. .}.

Branching Process Recursion Formula
This is the fundamental formula for branching processes. Let G, (s) = E(s7") '

be the PGF of Z,,, the population size at time n. Let G(s) = G1(s), the PGF
of the family size distribution Y, or equivalently, of Z;. Then:

hof I g
Gn(s) =G 1(G(s)) =G(G(G(...G(s)... =G| Gp(s)).
= glo) = elelel0--)) = el6n0)
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9.1 Extinction Probability

One of the most interesting applications of branching processes is calculating
the probability of eventual extinction. For example, what is the probability
that a colony of cancerous cells becomes extinct before it overgrows the sur-
rounding tissue? What is the probability that an infectious disease dies out
before reaching an epidemic? What is the probability that a family line (e.g.
for royal families) becomes extinct?

It is possible to find several results about the probability of eventual extinction.

Extinction by generation n

The population is extinct by generation n if Zn =0 .
(V\o TAlavidunal( af fime n >

If Zn == 0, then HAL PDFMLNF\O/\ 1S {)X'}‘?/\c,\” d{or—guu‘ : :
ZL’ = O cﬁor CKLL t >N . Extinction is Torever

—_ N ———
Definition: Define event F,, to be the event

Eﬂ: %Zn: 01 - gvent o-ar xtin chon b %ml’?oz\ N .

Note: E, = E, = E, € E.&= .. @%MLé”‘)
This is because event F; forces E; to be true for all j > 4, so F; is a ‘part’ or
subset of Ej; for j > 1.

Ultimate extinction

At the start of the branching process, we are interested in the probability of
ultimate extinction: Hao FmEﬁLQle Hoakd Hw Pﬂrh[wH on W\ ke oxRad

Ml*;f\/\f'\}f{\kj — ie. M HM XS Sonrg n G\Jr l/JL\;(,\,‘ {)?(’i%AQan ocluwg,

We can express this probability in different ways:

oo 2. AxPack LJ o
P(ultimate extinction) = “j ( U E, o =~
V\:o

IIL_//“’ E.r - L
o, _._ _
Or: P(ultimate extinction) = ) ‘ E ) '
R A
Lr j«’u\u-dh\f’n bo .

L]
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Ple) < Ple) < Pley<. .

Note: By the Continuity Theorem (Chapter 2), and because Ey C Ey C Ey C .. .,

: [RYSNLs < sequwn L - - .

we have: % :EH !: - Lk o & szqf;\ju g
P(ultimate extinction) = P (lim En) = lim P(E,). resk nu

et 1 el okt 7 ) "R s 04

Thus the probability of eventual extinction is the limit as n — oo of the prob-
ability of extinction by generation n.

M We will use the Greek letter Gamma () for the probability of extinction: think
of Gamma for ‘all Gone’!

)/v\ = P (gnw - F(E.Xf;/\ch\oa la\j jz/\mf—x 0N ./\) &
YOG /]P(V\(Hmf«ha M&Tnch@d o

By the Note above, we have established that we are looking for:

]
P ultimeke W)r"lfw’r‘mf\) =Y - Aim Y. y

N s

FExtinction is Forever

Theorem 9.1: Let v be the probability of ultimate extinction. Then
¥ 1S Ha smalled non—-/\eaakwc solukon of- He ,ULM\HM
LEmRN G(s)=35, wWhwe G s e PGF A e “Otc/\«b Size
0{/15’(“;1\0%":\0/\} Y

To find the probability of ultimate extinction, we therefore:
_ v
o Pkt POF of demily si2¢, Y o G =E(s")

o A valmes B8 Hlat SG»HJ@ C(s) =s.
° R,\A Ho Smﬁug\s} 067 flese Vel H/\&\‘ s 2 O . PJZ\;\S I
He Cogquired valne .

G(7v) =7, and = is the smallest value > 0 for which this holds.

( 1S & l,“{"h\,j FNL anL&:) i flP 1% reccha sbnh’. ) (UKH’WI"'") lﬁ'\iﬂr\j

ar \ Share 4
So I[’J‘/\S'HJ p-lo) G\f’o[lu, See Bonws Q 1o &fbr Gl LJ‘I«/LM
M M o MNn~1n24 Solr tn TM G ok mMin NON-0 84 90l 7t Gl = ¢
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Note: Recall that, for any (non-defective) random variable Y with PGF G(s), § ( ’) |

1 - N - J V< . 2 Y- = 1.
GIDH=E (17 ’JZilP(j) = Pl <1

So G(1) = 1 always, and therefore e o\l,ng: oxis\s o Solwhoa f""‘
G =5 n EO,IT)‘

The required value 7 is the smallest such solution > 0.

Before proving Theorem 9.1 we prove the following Lemma.
Lemma: Let v, =P(Z, =0). Then Y, © q ( bfnr‘ \ ,

Proof: i({; q/\ (Sj 7o Ho PC.Fg)&/ ZA) Hon P(Zn:o):qn(o>
(_Ct\af)rd'jr)J

S(J \0,n = G,\ (O> . L‘il&wr\_ﬂ&) b/nq = Cln_; (o) )
Now G ()= (6 (a6 0) = 6(6, ()Y

n Hrs g

So Yh = C ( ?fn- |} & =
Proof of Theorem 9.1: We need to prove:
(i) G(v) =;

(ii) v is the smallest non-negative value for which G(vy) = 7.
That is, if s > 0 and G(s) = s, then v < s. _"th;)rlucb,

L orpma = X‘n - C;(K,qq)
s nses, >y g, 0
So W =0Gly)

Proof of (i):

From %ovuuw&, Y = gﬁ«ng

NS00

13 q (}/.4\ L\j L epama

n—=o0

A &\“auu{ LQ_CM-$£
Q ( LM rﬂ-l C'

A 6o s Conhnunowns

G(%). by definibon. O

0

il

1
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Proof of (ii): Aon't e o learn .

First note that G(s) is an increasing function on [0, 1]:

(0.9]

G(s) =E(s") = Y s'P(Y =y)

y=0

= G'(s) = Zysy_IIP’(Y:y)
y=0

= G'(s) > 0 for0<s<1, so( isincreasing on [0, 1].
N T -

L/Mb Fums >0 in Lot

((s) is increasing on [0, 1] means that:

s1<s3 = G(s1) < G(s9) forany sy, s € [0, 1]. & CL@

The branching process begins with Zy = 1, so
P(extinct by generation 0) = vy = 0. < S
1

At any later generation, v, = G(7,-1) by Lemma.

\

. -
Now suppose that s > 0 and G(s) = s. Then we have: ’ ""\f’a-"}'v Solukio

0<s = Y < s (because vy = 0)
| — 4
= G(y) < G(s) (by &) & s ordu- fresoviss
. \o N [IA(J LA_]‘)@_
ie. Lq?nmn% <5 Lecamse 5=((0) Qj L‘JFOMU
= G(n) <G(s) (by &)
1.e. Yo < S
Thus Vn < S for all n.
So if s > 0 and G(s) = s, then v = lim ~,, <s. O]

n—oo
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Example 1: Let {Zy = 1,71, Z5,...} be a branching process with family size
distribution Y ~ Binomial(2, 4) Find the probability that the process will
eventually die out.

Solution: Le¥ G(\D: E(SY\ - We need bf) He smallest sola
> 0 to C](S)‘: S .

For Y ~Bin (a0, e PAF s Glo)s (pst9) . (§72)
So i Y~ Bin (2,1), #e G()= (L +3;,)°‘-
We need to solve G(s) = < . -1 ling

G (s) = (—LS + E\ = S - &/

(s+2Y) = 16s

N

15

1.0

“ A t=G(s)

0.5
.,

e Snjdkm} poinr
yd Wlez S=aG(s)
S= | S

s" 4 bs + 9 —lbs= O
st ~ 10s + "{ = O ' | | '
Teide | UWe LMOQ fuk G (1)=), So 00 05 10 15
S:..\ ML\\S]' L—:JL o SO[\A"]O/\ Nee HAA_S ?r a ‘Lhid.c _ée\b"‘or’.s“}%

@-Nsw) = O
So =1, or s =9

0.0

M  Smallest solubon >0 iIs s=1.
QO (IP({A(’f‘lmo\,l‘c WH"C’HO") = \6 = ] .

-

L

Extinckion H:m\—e wWhen Hea &wv\\j Size

Arnbuwon 1w Y~ R, (2, 3
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Example 2: lLet {Zy = 1,71, 7Z5,...} be a branching process with family size
distribution ¥ ~ Geometric(3). Find the probability that the process will
eventually die out.

—tn

Solution: L.t G (s) = IE(SY)  Tlhen
¥ = ’(P(V\H“mv&c, Q/xHACHM\: G»W»Uu} Lluhon >0 to G(s) :g)_

For ¥~ GQeomebAc (‘oj) He PGF s 4(\?\ = B (C("p"fhf ?3
l——zs
Se %t VwGometic (£), tha G =%  _ )

l‘(3/¢)$ 4_-35‘ .
LJ(L need to Solue C((JB = S
= ——l— = t
NEY — s ‘
=) [(-S ~ 35t = i o
Bs" —4s+H = © 0
(3_1)(35- 1) = O Lecamse we brow o

Q1Y ey e 2 P
( ﬁ?ofv\ch:r 0.0 0.4 0.8 1.2

=S LﬁS\D d‘kd’br?ZﬂJ‘;M .

-~ S-= -4
= S=1 or £= 3

%' TLW_ spdlsy Selubon > 0 & S= _:J(‘_
So P(M(ﬁmmf‘g faJ)(f"\Ac/Hm) = Z{ = 1
)

Exbachon (s fossiLLaJ bt Not o{EﬁAIR , when e
af’qm.b size s [ ~ G eometAc ( _é\



T % = P wlhrake oxtinelion)

Swppese & =I5 [0 Hure are 1S indius alive o
’ jwwf':'&?/\ |O >
IN) ¥ S P ([A[ﬁ/\«qk’t. oxfinddion | 2 = {53 7
[ -] [ e - . - }g CL\MW
< 3/ g 3 ')Lo SJ_@ GLL.\./(_
Y |
exbrad axhad exhad . it
LA 5 ¥

P (albnabe oxtindin | 2, 205) = 3~

| Ctﬁ/\lfﬁl . P(‘*H’\VHM ZV\: k\ _ EI(

—

" ccessef ~
n i aks (/9(_ th’(_qp\cu-@“‘ O,

Seppse Z, - /_ Lol ,ml.al;,l;b ek 3 of e b i
alive o wHon 2L J’W\Vt’?’ SLWvivi MWOLM}:F é’\r WU7
Varl A,\S;?-_ R nomnal mLﬁL:l;b.

L ] @W("@z
-y

bl

\
[ Yy  ly ky
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9.2 Conditions fier ultimate extinction - s K—-( , or m#/?,

It turns out that the probability of extinction depends crucially on the value of
Myt mean of e ganlly size distalubon, T

Some values of u guarantee that the branching process will die out with prob-
ability 1. Other values guarantee that the probability of extinction will be
strictly less than 1. We will see below that the threshold value is /Vl = .

If the mean number of offspring per individual p is more than 1 (so on average,
\64\ individuals replace themselves plus a bit extra), then the branching process is

not guaranteed to die out — although it might do. However, if the mean number
of offspring per individual g is 1 or less, the process is guaranteed to become
extinct (unless Y = 1 with probability 1). The result is not too surprising
for y > 1 or p < 1, but it is a little surprising that extinction is generally
guaranteed if pu = 1.

Theorem 9.2: Let {Zy = 1,71, Z,,...} be a branching process with family size
distribution Y. Let p = E(Y) be the mean family size distribution, and let ~y
be the probability of ultimate extinction. Then

- % —p—o—o—5

() TF pm>1, tan y< | @ exdinchion s NOT cutain i m>].
(ii) I(f' m< |, Haa Y=1 2x Bachon TS cutaa T( Mm<.
(iii) I& M= |, tHan ‘((’I nnless M{»\m\j S S /\(u constont

A‘{" Y_.|
(?rrfﬂ—ﬂ L;.V."I\/\ﬁ Lmd,\:j [ONO?JS i )S

Lemma: Let be the PGF of family size Y. The 1@) an are strictly
increasing for 0 < s < 1, as long as Y can take valu 2.
1 .

o0

)
Proof: G(s) = (sy) = Zsy]P’(Y =9). oHwwise |

0
So G'(s ZysyllP’ =y)>0for0<s<l, %

S

|
|
because all terms are > 0 and at least 1 term is > 0 (if P(Y > 2) > 0). ?

Similarly, G”(s Zy —1)s¥~ 2IP’(Y y) >0 for 0 < s < 1.

Y= 27, 2 i g° >O lj..l
So G(s) and G'(s) are strictly increasing for 0 < s < 1. O
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Note: When G”(s) > 0 for 0 < s < 1, the function G is said to be convex on that

interval. o Convex
o~
GO = | vy /
:Adb‘\\“’:ﬁ SM /
JorX
ol G708 = j‘:d"’“ﬁlﬁ

indws?:j

S

G ContaVe

cavL

=
/ -

Convex: G”(s) >0

S

Concave: G”(s) <0

G"(s) > 0 means that e 3;1&)%&’0‘67 G Cpqs}M(’\Lj fn(fﬂdf@

gpr O<S < |.

Proof of Theorem 9.2: This is usually done graphically. 2fp~~ ofren on p st

exers L nok an 2o

The graph of G(s) satisfies the following conditions: oHwwire pilire + t"’""“’j,“ s
1. Q) i }ndm\a\j rA s)rr%ch worvex (os {o,\\_.) s f can L >2

2. G(0) = P(Y=0) =O

VLLAM’

(fome o oy PGF)

C;(D = l (a/\\j AOA-AL&’QC/{"}VQ - u‘>

3
4. G/(:D _ E(\():/a So flu Slore, GE{» GG ot s=| Jiuu Hee

w\m//\-

5. TLLMﬁAc}("ﬂarra&mLier) ¥, s He smallesy value > o for

Ce. Hae smellet Inbureckion point Lot (o)

OLI\A ﬂ,\,{_ Q}fﬂi\jh‘r
p=gradientatl [ o

t=s (gradient=1,

whada () =
t
t=G(s) ,
1 --------------- 1
P(Y=0) ! !
0 y 1
(extinction

probability)
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Case (i): p>1 |Jlua Mm>1, He cwve
G(s) is farcz& L erneata He line f:_c t
ab 521 (gadick o G i Shepo Hn 1]
6/7'\4;\{/\,\’ ‘1’ He lLine &:55_
Tle cwrue C\(J) \as Yo woss He |ine
L= again o meek Hie t-axis o P(Y=0)
G(0)=1P (Y=0Y.
Thoass Hwe pnt be a Solubhon Y < | 4o 0 g/ 1 S
He 2quaboa Q& =<

Case (ii): @ ﬁﬁﬂdb <l

p>1

/ t=s (gradient=1

/éfG(J)

When p < 1, the curve G(s) is t
forced above the line t = s for s < 1. 1 & u<i
There is no possibility for the curve \ T
G(s) to cross the line t = s again P(Y=0)
before meeting the t-axis. timl Lru“ﬁ Convex
Thus there can be no solution < 1 t=s (gradignt=1)
to the equation G(s) = s, so v = 1.
The exception is where Y can take only 0 ) s
values 0 and 1, so G(s) is not strictly Y= DAb Sl
convex (see Lemma). However, in that case Yo Gld-r in
G(s) = po + p1s is a straight line, giving O< < |
the same result v = 1.
Case (iii): p =1
When p = 1, the situation is the same t
as for pu < 1. . 7/ u=1
The exception is where Y takes only the P(Y=0) ¢ oxack
<o —value 1. Then G(s) =sforall 0 < s <1, %(-Otj Tfrt
- ion > 0 i — E=35 Line
= so the smallest solution > 0 is v = 0. s (gradient=1)
Thus extinction is guaranteed for p = 1,

unless Y = 1 with probability 1.
He PGF 4 Y w E(s")=60)
so G()=E(s) =5 T Yo it cobi by,
(L.,J\' Mo procass Z‘Z£ :t),ojg :SM}“*: Ze: ) por sl D

T S
1
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Example 1: Let {Zy = 1,721, Z5,...} be a branching process with family size

distribution Y ~ Binomial(2, %), as in Section 9.1. Find the probability of
eventual extinction.

L]

7 * t E—or Y’\/ 8;!\ (2, ﬁ)
oMt
m < 1
Y = [P(LXH"‘C/FJ'O’\) = j_ 3

(’ILL L"’;’j“f calenlehon in 3 9.0 Las 1ot Mmﬂ“{j}.

Solution: E(Y} = //\

So

Example 2: Let {Zy = 1,7Z1,Z5,...} be a branching process with family size
distribution ¥ ~ Geometric(

1), as in Section 9.1. Find the probability of
eventual extinction.

Solution: _}E(Y) = M= % Whea Y ~ Gomdic (D

oM s Pl 3
l/(f

Lwd' We SJ—FM L\ave 1‘“0 Ao e So lnhe,
A 81 to aﬂ»‘m& ok What y s (;z. Solve q(\sj,_.‘g)

A!"\.SW{I - X: ‘{3—

> | .

So e t&@\,\) b/'( |

Note: The mean p of the offspring distribution Y is known as the
cC iH cal'\b farmuk o,

o If u < 1, extinction is definite (v = 1). The process is called subcritical.
Note that E(Z,) = " — 0 as n — oo,

@ If u =1, extinction is definite unless Y = 1. The process is called critical.

Note that E(Z,) = p" = 1 Vn, even though extinction is definite.

e If 1 > 1, extinction is not definite (7 < 1). The process is called supercritical.
Note that E(Z,) = " — oo as n — oc.

A m
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: bec -
rBAD Luck ! YOUL population IS ¢cHEDULED to “ome Extinct!

But how long have you got...?

9.3 Time to Extinction

Suppose the population is doomed to extinction — or maybe it isn’t. Either way,
it is useful to know how long it will take for the population to become extinct.
This is the distribution of 7', the number of generations before extinction. For
example, how long do we expect a disease epidemic like SARS to continue?
How long have we got to organize ourselves to save the kakapo or the tuatara
before they become extinct before our very eyes?

1. Extinction time n

The branching process is extinct by time n if Zn =0 .

Thus the probability that the process has become extinct by time n is:

P(z.<0) = G.(0) - v,

Note: Recall that G, (s) = E(s%") = G(G(G( .G(s).. ))) :

| 7
-~

n times

There is no guarantee that the PGF G,,(s) or the value G, (0) can be calculated
casily. However, we can build up G,,(0) in steps:

¢q. G, ()= G (G(od)
e Gy (o) = G (6,00))
oc even Gy (0) = ql(qz(o) >



|y ':. ™ =

‘ NE.W Z.EALASI;J. .

2. Extinction time n

Let T be the exact time of extinction. That is, 7" = n if generation n is the

first generation with no individuals:
W

Z >0.

[

T‘SV\ (———‘D 2/\:—

Now by the Partition Rule,
/F(Z,ATO N Z,\_i > O) = ’F(ZA:O)— P(Z,\:o (']Z’\—:g

But the event {Z,, =0 N Z,_; = 0} is the event that the process is extinct by

generation n — 1 AND it is extinct by generation n. However, we know it will
always be extinct by generation n if it is extinct by generation n — 1, so the

Z, = 0 part is redundant. So
Pl(z. -0 n 2..,>0) )

(] 1
v,
/\

DN
by
]

S o
~

([

5“’“‘“

’-_'\

\../

é@@ - b,” - Xq-j

s aeD
/@(nﬁ:ﬁ Co() =6, ()= y -

This gives the distribution of 7', the exact time at which extinction occurs.

Binary splitting. Suppose that the family size distribution is

v _ 0 with probability ¢ =1 — p,
~ | 1 with probability p.

Example:

Find the distribution of the time to extinction.
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Solution:
Consider

G(s) =E(s") = ¢qs" +ps' = q+ps.
Go(s) = G(G(S)) =q+plg+ps) = q(1+p)+p°s.

Gs(s) = G(GQ(S)) =q+plg+pg+p’s) = ql+p+p’)+p’s.

Gn(s) = ql+p+p*+...+p" ) +p"s.

Thus time to extinction, T', satisfies

P(T=n) = Gy(0) — Gy 1(0)

= q(l+p+p*+...+p" ) —ql+p+p*+...+p"?)

n—1

= qp formn=1,2,...

Thus
T — 1 ~ Geometric(q).

It follows that E(T' —1) = £, so

- 1
E(T):Hg:#:a

Note: The expected time to extinction, E(7), is:

e finiteif u < 1;
e infinite if . = 1 (despite extinction being definite),dt is finite;

e infinite if ;1 > 1 (because with positive probability, extinction never
happens).

(Results not proved here.)
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HO\UL a @WLJL [po{,e_ — Cutb AES?MF
9.4 Case Study: Geometric Branching Processes Xy Lyb&U’ ’ofﬁﬁowv%04 :

Recall that G (s) = E(s%) = G(G(G( LG(s).. ))) .

| 7
-~

n times

In general, it is not possible to find a closed-form expression for G,(s). We
achieved a closed-form G, (s) in the Binary Splitting example (page 190), but
binary splitting only allows family size Y to be 0 or 1, which is a very restrictive
model.

The only non-trivial family size distribution that allows us to find a closed-form
expression for G,,(s) is the Geometric distribution.

When family size Y ~ Geometric(p), we can do the following:

e Derive a closed-form expression for G, (s), the PGF of Z,.

e Find the probability distribution of the exact time of extinction, 7'
not just the probability that extinction will occur at some unspecified time

()

e Find the full probability distribution of Z,: probabilities P(Z, = 0),
P(Z,=1),P(Z,=2),....

With Y ~ Geometric(p), we can therefore calculate just about every quantity
we might be interested in for the branching process.

1. Closed form expression for G,(s)

Theorem 9.4: Let {Zy = 1,71, Z,,...} be a branching process with family size
distribution Y ~ Geometric(p). The PGF of Z, is given by:

(

—(n—1
n—(n=1)s if p=gq=05,

n+1—ns

(0" = 1) —p(p" = 1)s

q
(Wt =1) = p(pt = 1)s

if p+#q, Whereuzﬁ
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Proof (sketch):

The proof for both p = ¢ and p # ¢ proceed by mathematical induction. We
will give a sketch of the proof when p = ¢ = 0.5. The proof for p # ¢ works in
the same way but is trickier.

Consider p = q = % Then

p 3 1
G pu— pum— 2 pum— .
() l—qgs 1-— 2—35

N[V

Using the Branching Process Recursion Formula (Chapter 8),

1 1 2—s 2—s
Gols) — G(G ) _ _ _ _ ,
2(s) ) =5=Gm "= L 22— —1 3-2s
. . . n—(n—1)s .
The inductive hypothesis is that G, (s) = , and it holds for n =1

n+1—ns
and n = 2. Suppose it holds for n. Then

n—(n-1Gs) _ n—(n=1) ()
G (s) = G (G(s)) = n+1-nG(s) — n+l-n(5)

2—s

(2—s)n—(n—1)
(2—=s)(n+1)—n

n+1—ns
n+2—(n+1)s

Therefore, if the hypothesis holds for n, it also holds for n + 1. Thus the
hypothesis is proved for all n. ]

2. Exact time of extinction, T

Let Y ~ Geometric(p), and let T' be the exact generation of extinction.
From Section 9.3,
P(T=n)=P(Z,=0)—-P(Z,.1=0)=G,0) -G, 1(0).

By using the closed-form expressions overleaf for GG,,(0) and G,,_1(0), we can find
P(T = n) for any n.
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3. Whole distribution of Z,,
1
From Chapter 7, P(Z, = r) = =G(0).
7!

Now our closed-form expression for G, (s) has the same format regardless of
whether =1 (p=0.5), or p# 1 (p # 0.5):

A — Bs
Gn(s) = :
(5) C — Ds
(For example, when g =1, we have A= D =n, B=n—1,C =n+1.) Thus:
A
P(Z,=0)=G,(0)=—
(Z,=0) = G,(0) = 5

(C—Ds)(—B)+ (A—-Bs)D AD — BC

Guls) = (C = Ds)? ~ (C=Ds)?
= B(Z=1) = 1G4(0) = ADC;QBC
o (—2)(~=D)(AD — BC)  2D(AD — BC)

n(8) = (C— Ds)? ~ T (C—Ds)y

- wz-n- oo - (A2529)(2)

= P(Z,=r)=-=G"(0) = (M> (D

— =1,2,...
D C) for r , 2,

(Exercise)

This is very simple and powerful: we can substitute the values of A, B, C, and
D to find P(Z,, = r) or P(Z,, <r) for any r and n.

Note: A Java applet that simulates branching processes can be found at:
http://www.dartmouth.edu/"chance/teaching_aids/books_articles/
probability_book/bookapplets/chapter10/Branch/Branch.html



