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:: Review ::

-State space (set of nodes), probability vectors v \in P (distribution on state space),
stochastic matrix A (entries are transition probabilities for an individual, become proportions
that transition when considering large ensembles by LLN).

-Markov property: transition probabilities only depend on current state, not on history of path
taken to get there. For ex., if fish model modified such that fish will not return to previous
lake right away, not Markov! Models with finite memory can be made Markov by enlarging the
state space.

:: Properties of A (Perron-Frobenius theorem) ::
(@) AAk is transition matrix. In particular, if x(@) \in P then x(k) = (AAk)x(@) \in P.
Pf.: AAk has all positive entries and r(ArAk) = r(AA{k-1}) = ... = r.

-Progressively draw spectrum with each step.

(1) A always has eigenvalue 1 (possibly with multiplicity greater than 1). Corresponding
eigenvectors can be normalized to be in P.

Pf.: rA = r => AAT has eigenvalue 1 => A has eigenvalue 1. *Eigenvector in P not shown.*

(2) All eigenvalues of A must lie in closed unit disc of C (i.e., A has no eigenvalues of
magnitude greater than 1, or A has spectral radius 1). Corresponding eigenvectors must have
entires sum to 0.

Pf.: First, A cannot have eigenvalue corresponding to unstable mode since otherwise x(k) -->
\infty, which contradicts (@). Second, (r - rA) =0 => @ = (r - rA)\xi = (1 - \lambda)r\xi =>
r\xi = 0.

(3) If A has all positive entries, then 1 is only eigenvalue on unit circle in C, and has
algebraic multiplicity 1.
Pf.: See Q3 for proof. *Algebraic multiplicity 1 not shown.*

:: Stationary distributions ::

-Def. Stationary distribution is \pi \in P such that A\pi = \pi.

-We are interested in stationary distributions because they are statistical equilibria of the
system (for example, temperature in a room settles down to a fixed profile that depends on
distance from floor--warmest air on top, coolest on bottom due to gravity). If system is in a
statistically stationary state note that the random state of any one individual is *not* fixed
in time, but the distribution of states is.

Questions:

*Q0: When does a stationary distribution \pi exist?
A: Always by (1). In fact, if x(k) \to v \in P, must be to a stationary distribution (v =

\pi).




*Q1l: Is \pi unique?

A: Not necessarily. As we have seen, eigenvalue 1 can have algebraic multiplicity greater
than 1. Counterexample: A = I means every probability vector is a stationary distribution.
Problem is that that two sets of states never communicate with each other (can't get from one
set of states to other). For example, A = [block 1; ... ; block N] also allows for
nonuniqueness. To overcome this, we impose *irreducibility* of A---for each fixed i,j, (AAk)_1ij
> @ for some k (i.e., can eventually get from every state to every other state).

*Q2: If \pi unique, does x(k) = (AAkDx(@) converges to \pi for every x(0)?

A: Not necessarily. Counterexample: A = [0 1; 1 @]. Then every x(@) \in P besides x(0) =
(172, 1/2)AT does not converge. Problem is periodicity. More generally, A = shift of identity
also allows for periodicity, or A transition matrix of periodic random walk on even number of
states. To overcome this, need *aperiodicity* of A---for each fixed i, there is a K such that
(AAK)_i1 > @ for all k \geq K (i.e., returns to state i do not form a rigid pattern).

-Picture: Venn diagram. Irreducibility (uniqueness of \pi) \cap aperiodicity (convergence) =
regularity (convergence to unique stationary distribution \pi). To deal with Q1, Q2, we impose
irreducibility and aperiodicity. Equivalently, this is the condition of *regularity* of
transition matrix.

-Def. A is regular if for some K \geq 1, AAK has all entries strictly positive (that is, all
states communicate in at most K steps). Then AAk has positive entries for all k \geq K. Can
show that A is regular iff it is irreducible and aperiodic (HW problem).

-Theorem. For regular A, we have a unique \pi to which every initial state converges. In
addition, AAk converges to (\pi ... \pi).

Pf.: Assuming A regular with K = 1 WLOG, uniqueness and convergence by (1)-(3). Consider x(0) =
e_1 for each i to get AAk --> (\pi ... \pi).

*Q3: If A regular, how to find \pi? How fast does algorithm converge?

A: Power method. Start with any initial condition x(@), and evolve. Converges at rate given
by second eigenvalue \lambda_2. For a regular matrix A with K = 1, this can be estimated by
\lambda_2| \leq (1 - n*minCA)) (in general, one has [\lambda_2I1AK \leq (1 - n*minCA))).

Pf.: Eigenvector v corresponding to \lambda is also eigenvector of A - min(A)*B = (1 -
n*min(A))\tilde{A} for B = [r ; ... ; r] and \tilde{A} a stochastic matrix. But since \tilde{A}
has all eigenvalues with magnitude less than 1, must have [\lambdal \leq (1 - n*minCA)) < 1. In
particular, this implies that convergence must be at least as fast at (1 - n*min(A))Ak.

*Q4: What do these distributional properties about the ensemble imply about any particular
random path?

A: Ergodicity--long-run time average of any chosen path equals \pi, which is the long-run
ensemble average at a fixed time. In other words, for a regular Markov chain each path is
representative of the entire ensemble. True even for periodic transition matrices (still need
irreducibility in order get a unique \pi).

-Theorem. \lim_{T --> \infty} (1/T)*\sum_1AT x(k) = \pi.




Pf.: [?7]

*Q5: What if we drop irreducibility? Can we still get unique \pi?

A: Sometimes. For example, A = [1 1; @ @] is transition matrix for an absorbing Markov chain.
But if we had more than one absorbing state, this wouldn't be true (why?). In fact,
nonuniqueness for stochastic matrices of form A = [I B; @ C] (absorbing Markov chains with
absorbing states in I), where I has dimension greater than 1.




Lecwe 2.2
0309 /1

——

————

[

Moucarond M perpme  Stuver ¢

L TT—
n

NM@u . SeT S oe & peveg Cowvive cago *Y EO<A .

/ =

N

Umviecrep Puzcerebd

(e, Facesonc ) (E-b./ TmTTER , WW)

We W fowys o DMECTED  NETnovsy

PLE AD gReevey A A\ OF  Mirwerw e Y

A" _ \ IF  qHeee 8 A DREUED Epe FHana C']’ "WE
(3 -
O fwe (e_/'\}.,,
a, [
Ex. (From)
— 2 t2 3
\ = t 0 \
A: (\ (V| > R (TO)
3 o\ o 3

— (’() A‘?fj ZO ol AUl ;/é
GO) e vepwnu UVILCED ;AW tominen Gt

Boee A1 A o of  pmecep  epoty , SO

A s SYmmeraqc .



fwe Perennes oo MAVOAC L BE  Dmecorws

oB{WMMD  FHem . For  Ex qwie -
- . vn "y
() womse o« oo ST 2 E py (s )
(.
(34
(EE) OVT —ptvaee

*  aves ¢ o Z.A (o ‘(M}
\\

(i(ﬂ#wemwmzl R

’0' { o
N(fo) .oon _ N )
7Y g lhy - @ s
0 faom :{i 2 a:‘ehe%[
O ews

% 0 ey e

\
(r) (A ~)

(i V) Boue e w2 IS AW PetH
F vty v THAT REON Ao EVOS AT
e Savie AOE .

4
#WQ’"‘"‘WWW rZl v nereen f,

C/(r) N(r) T\Z_-(Ar)’([ - TF(APB ‘

(‘




e

e ———

-
-
pump—

Whigor

Wiiew
Daota

X'/"‘/xn ML THE  Reviynweds oF ,4

Coomvnavy, (chtéd ] we DN g H TiHE w

oF Ebesa Thavensep , THAT s,

2
t@%}_u/wopmz
3

(123, 253 (=2,
po J—>)|—> 2—33> .

v

Paceront /F/IO&NVDOWL (£ENBAAT o

(\vev

B

A Dmecrey Mool 5 Wav o lvvoemewr (“Cemi’)

(wivw)

¢ (MPEs  Ane  WEZPALES

"—7\\\,/\ T
N N

Y, PieorEd EBopkd  pe Ualy .




Y
Weat  Ler oty vewe  THe  \weorTRece (%WN) L

v ————

= weateE L . bevore A :(m\;--)XM)T.

e (N4 X{ CYop Derenp ON

©

(‘().\JEW_?WM Ume To

THemd € vgg ( Impoaaml  Beger lMWmM&’/) .

(720 Yuv'  Mam Optea PAtey  THEE  UMinvG P46

Ume 1o
()
n / )
— x - LAlL /
t 763
it 47
\

(£T)= ZT = | time

S0, Urreonty X Samseies

e Mom@m{ DU T SV o) o~ MYy Cotth wegranpep

%y T\



-
Ve AT suek A AT A pur. X < P L‘
oty raueys tww vy MR Be omgue

- ot
J okt -
\/—\L/ bt
é: < *F(M./M “
ODM;.;M: Fromn ©
D



R
= Tg + (=) % rilex)

_ [ocm (L) ke | &

o
n
v _‘>
\ ’\
e Tp - «Tx (k)
paTe |X
AT
Qe ™ LamnesT £ M .
AT gl L Al (\"Kij—\ \‘
T L, ge Thovewr oF AP (TERLAAT.
fe

(\_5 A MADKW) of- THE AN TR 0N RTTAK

Lo
T AT twe  TReaihan  wmemux P )
e K< Pergamean, T Um0 AT
Proc Bav.  0F LB Ti o wee TEP

5 que  umgue  Sen:  OF Z';Crﬂzﬁ

T s e OfRA L1 AL Aot T EMbroyed BY  Goesik
WWL%&PW/MM&TWNV’O@&OOM‘



uJM-fMA/‘,
V) staenne wre ww X(0) EP g p pema
Gruess )

-
xlly = 7;2‘ xl) —> T

'2,) T?fb ls TRAM oy~ MATPAK N Lawom. wvAUL

W WEB PALRS CW/ pros. oL oF  folow)aG  onE
ce THe Ung UM Poremy RT  RAMDOA K., PR,
\—x ¢ g T 4 Zéppomf  cHhEEN
AT A !W)_ TWeer 1S KU«,)

WEBPA-G4 y

/
"
[
1S THe  feeBepuny  TMT A RemoM  SuRPER

S AT A Guen  wESPRE  mEER o svwen

Ao T s Uumr A l.— 20 .

a—

3)  Coms teame  Tea O wy Sews
ConwTEKT L\.& . fgavon Cvtpa Juapt T
_\-

TAGE  wATH  peTRapmoew  (wvew  BY 6@ v remo

0F U Formbey BT w)

We  Compve T U THe  Pamee  METyod

(S(rvus, A K T Ficeuny \ P e To v

THe  Sloevvetnd o A b Mk uwﬁm



¢

e C\ol%}) Pace-tN . S22 mumaon e

D et W XS



uuu
03/
Q_

VP W e, W U ot s cep Ceowerry  of

Coaveg (WD‘M o om, Awvnr  Strmes Ve BT )

Reax Usgdn OPEL AW 7&

AL M cmpel wwie o  (PAeed lé}«\"‘rl\

% ( Stavd Aae [LM;_L Suiiivoean IPM')

> \] = “Lk Wl mwwies  lwvea. froover <?,(l¥\7 T Y Rae
"l (P&‘T ?T"Qwor’) (:: X‘X) = zTi
Stnee .
Wrleng K= k'?(\ '?(,,\\
LS 1) i,y €l .
l: (YU 1 m‘T g ' R
S e PSR S 11
) L Nll\
Leat it o X
o X Mok pepneeny X/ Y

B (smmmvo Commin  Eavgaw  SoRee )

c \1’ (LK wATH STAMDAY (e P ROPVOT <Wl¥7' Wig Yt Wy 2y,
: - T/'T%
Stres J T .
iteat W= (w” / Mﬁ\ ] W;%?é@ ‘ ) W*:@_
T - -
2> {a,.,3,) (v vem  A¥-(R)

Tt
o AeM, . (@) )

el = V<l = \T v,



W CemaL .

bek. P peAc  vionm  spec \/} <'['7:\/)(V*>rk

IS Av (evEL PROBRC e P A i,_{é\//

() crmmerny = <xlyD = <y x>,

[?'() Numaen . ey X A& ¢,y \ T > = ¢ <7_§\g;_7+ e, <Y \%7
<I"(Lli+ %37 = C\ <?_(—l1‘> , c—7,<1(.\3_‘>¢

(i) Pos (Y - <x\2% =0 S x=0.
Mo CE\EY PO ovwenss

o Lt o K&\ “1\\; W—

o bt Tomeww XN EV. s O = <zxly>
llv,(ﬂlii\\

VA B comaex VBRI SOce \// <\ LUy = ¢

L AW \vvee. PRV ie g AL 'l(,;ié\/,

| (1) comvone Smmesry . <2<_\1> = <X\‘£> .

i\ u
WEL MM

(1) suguumseny e x v ey ley = 7\ <\ v e <yl
Szlag *axs = ¢ <xly>r g <x 2>

(NI) Porimwy Qx\z7 >O e A XiO .




A coeim (ke oOF Covireg  lwee  PROSUCT VM\:

i

N=RY, <2y owy reexg,
R 5 7
\——_V-\J \ .

X Y
Cxly” = -3+b+vo = 7

B \/:“L“ , <£l175 XY, *+ ?_x,_y,_\--ﬂf V\?Chy,\.

O Qe fwer THS 6 (MBED AW tvmt RonaX

e e ™
x Y

—

E o=, e (s, \/ )" ‘ (-1, b/a).T 77
e .

xlyy = 3+ 2 b+ 3. = Gl

B \/" ‘L’L[‘E(\ ) L agtacty afkl\ b+ biks LAY = byt abpral
Wit (K T {:" e < !
LA e
£ ¥
<plg?= 2+0 -3 =y
\

s /\/: Cllo,1]) , <FGol 3D = g 4 () &»(m) .

0
tvenm e - o

Some ‘_

Wit \S <Z*?{“‘}(l \ \++17 7
1 &
( \
<ty 7 - 5(2 TH-R M) U oe

Tt 2_2
= “ hd + - —
A 2 3 q 5 .




Levme 24
05 2| /1

\/ \owka  frower seace <‘\‘> P \[\A\/‘——b@" ¢

Chvun] -~ Smiaz | vEquinn \<7$\j7\ < x|l UJ,\\ .

LS G WP (o = 60 21 o e
Wat ) < “x ‘ty\l = % %1\76 -ty
ooy Leq .
() pgsumtng, f}L#Q (oneamce lveg - \s W"“’”’1’)/
s QY e e 4
Uy 1™
MM 25 lll—tl\\l :

aomy (it wea) v g || € Uiy =yl
~H
d’!
L \lz+1i\‘=<zu\z*~x> )

=Nl Nyl e <Ely> s <l
= 2 &xlyy
oy < “2_\(70\17\
e L2 el Wy \\
< (gl g™



= o \/;([_?' wAim™ grd . el @Rower <»_¢\:_b_‘>:"\_‘TTQ_

VLR Ave| — Chpa WM oo (f/ \*f)T, = («—I,ZT

1 ._\E(;,m* | (7, )

N G = Tl = 43
e\ =\ <e,007 Jl5,2)7 S

NG aT = (ig - F

| <w 122 = [<(o, w07 | (2T |
= ((—i,H) (-—z,zfr\ = |- 4 (z—z‘i)'\
= |-\ = v .

2 \ewrten) < Nulllie) . v

oy (63

w
Cpaise. \/, “L WAITH  STW0AY  (mugy  Propeor X \i>: x T

@_1 Mow T LAl <7_€\1>?
N——
N parener
,f.\_ Sy > = xTy €R
] o e veum Qi)é(%“

Vv veom

(Y\;—-,'xv\) ¢WJ\ \.

y



(v e oo <$\1‘> ¥ R S L

i

PO Vs AW NU'\} BT A M AU oF
A Unmesane WM evevviron (R/NWW,) LWV LED BY _')(_ éﬁlk

o e veam 16\%‘/\ ‘

Guan ’_)Sé\‘z,“ PEEIVE LI % m/“ — ‘R RY
L) = 2Ty e ae oy €RN
L

?wr: ﬁ_/vj Uman  Tavepeavanand A Brignt ﬂl,"‘«——%“?\
s (= ™Y Pom Poa_ fame _f)_(éi?,“‘

(W vPine - pim. Saces e AVRLet,w o

T o Wy B we  pace WMIWM\)
= L) - Llzwe)- i Lleo) '
- (L(L‘ - L " (
/Q.l—\(_&i\lv :
(\va;mu bl by T &
tav vewm )

-~ N N
N gascser”! Newa ! et
i \\

L, X

\yv> ¢N

<x\ Q\/’: Y Crace  oF \/ (stre o0 M Unte eumomomtd ow \]\



