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1 Probability Basis

1.1 Statistics Introduction

Remark 1. Before we start anything, let’s recall the definition of all distributions (that would be used):

Distribution Sample Space Probability Density Function E[z] var(zx) Parameter
Bernoulli {0,1} 6*(1—@)t-= 0 0(1—9) 6 €10,1]

, x € {0,1}" N 0<6<1
Bernoulli(+) {Zf)j N i . Hfil 07 0; var[z;] = 0;(1 — 0;) {Zf)_l 6 — 1
Binomial [N] (J;]) 6*(1—g)l-= N6 NO(1 - 0) 6 €10,1]

NP N! : 0<6<1
Multinormal v % V] 71_[1-’;1 07 NO; NO;(1-6,) D
sz =N T1T2 Tk Y 0i=1
1 1 peR
i ()2 2
Gaussian R Wexp { 52 (x—p) } 1] o {a € Roy
1 1 eRP
Multinormal RP e (- )Tz - b -
%|27T2| XP{ 2( K) ( “)} I8 {2 GSEXD
r a ab a>0
Bet 0,1 a=1(1 —g)b~t
o [0,1] @ 49 atb (a+b2(atbtl) {b>o
0;(0 — 0;
z € RY r () varfai] = 700
Dirichlet 0<wz<l1 SV 6,/0 02(0+1) 6, >0
D I(01)---T(0p) __—69
Zi:l €xr; = COV[zin] = ==
62(60+1)
Gamma x>0 —b% Lexp(—bx) — — >0
I'(a) b b2 b>0
—D— 1 w SDXD
Wishart* At esPrP BW, ) A" P 2exp [ ——Te(W'A) | oW — € Sy
2 v>D-—-1
ATeA
Poisson Ny A A A>0

z!

Table 1: *1D Wishart is Gamma with ¢ = v/2 and 1/2W
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where is the set of positive definite matrix of size D x D, also we have the following addition definitions:

I'(z) = /000 z* lexp(—z) dz 6= 201'

i=1

D . —
B(W.,v) = |W|‘”/2 <2VD/27TD(D1)/4HF <1/+12>>

. 2
=1

Remark 2. (Basic Quantities) Now we will consider the following probability facts, which would be useful
in the future:

E[f ()] = /p(w)f(w) dz  cov(z,y) = Eoyl(z — Elz])(y — Ely))"]
= Eqyley”’] - Elz]E[y”]
var[f ()] = E[(f(x) — E[f(2)])?]
= E[f(z)’] - E[f(=)]?
Remark 3. (Additional Quantities) We have the following equality:

Eolf(2)] = Ez [Eqzlf(®)]]  Valz] = Ez [V[z[2] + V. [E[z|2]]

1.2 Linear Algebra
Proposition 1.1. (Woodbury Identity) This following identity can helps the computation as follows:
(A+BD'C)"'=A'-A'B(D+CA'B)"'cA™!

This identity is useful when A € R**% is large and diagonal (easy to invert), while B € R**" has many rows
but few columns (a > b) conversely for C € R**%, The RHS is simplier than LHS.

Proof. This can be proven easily as:

[A‘l —~A'B(D+CA'B)"'CA'|(A+BD™'C)
=AY A+BD'C)-A'B(D+CA'B)"'cA ' (A+BD'C)
=AT'A+A'BD'C-A'B(D+CA'B)"'CcA'A
~-A'B(D+CA'B)"'cA™'BD'C
=I+A'BD'C-A"'B(D+CA'B)"'DD'C
~-A'B(D+CA'B)"'cA'BD'C
—I+A'BD'C-A'B [(D +CA'B)"'D+(D+CA'B)"'cA'B|D'C
—I+A'BD'C-A'B [(D +CA'B)"Y(D+CA'B)|D"'C
=I+A'BD'C-A"'BD'C=1

Proposition 1.2. (Another Identity) Another useful identity can be stated as:

(P'+B"R'B)"'B"R' = PB"(BPB" + R)!



Proof. This can be proven easily as:
(P*+B"R'B)"'B"R"'(BPB” + R)
=P '+B"R'B)"'B"R'BPBT + (P"'+B"R'B)"'B"R'R

= (P '+B"R” 1B) 'B"R'BPB” + (P' + B"R'B)"'B”
— (P '+B"R'B)" {BTR*BP + P*lp} BT
(P '+B"R'B)™! {BTR_lB + P‘l}PBT = PB”
O
Remark 4. (More Matrix Identities) We have the following:
1
Tr(ABC) = Tr(CAB) = Tr(BCA) A7 = TA] |AB| = |A||B|
Remark 5. (Additional Identity)
‘IN +ABT‘ = ‘IM -‘rATB‘
This also implies that ‘IN + abT‘ =1+aTb
Remark 6. (Matrix Derivative - Basics) We still use the following facts:
0, r 0, r 0 0A 0B 0 2T T
—AB=—B+——A Ax=(A+ A
ox 92T @) = ox gzla T =a ox Ox * Ox gz T (A+ ATz
Proposition 1.3. The derivative of the inverse matrix is given by:
7] 0A
—(AH)=-Aa"""—4"
ax( = Ox
Proof. We consider differetiate the following eqation A™'A = I as we have:
0 0 0A™! oA oA~ oA
0=(—I)A"'=(-A'a)A= A+A! Al = Al —AT
(ax ) <8:c ) oz o or T o
With algebraic manipulation the proposition is proven. O

Remark 7. (Additional Matrix Derivative)

P P rg

Proposition 1.4. The matriz can be diagonalization as:
N
A=UAU" =) Nuu/

U to be the matrix constrcuted that has the column as the eigenvectors w;. The matrix A is the diagonal
matriz, whose diagonal element is the eigenvalue \;.

Proof. Recall that the square matrix A € RM*M’g eigenvalue and eigenvector, which are given by:

For i« = 1,..., M where u; is the eigenvector and \; is the corresponding eigenvalue. This means that
AU = UA; furthermore, UUT = U”U = I as we have |U| = 1. The identity follows by right multiplying
with U™ O



Proposition 1.5. We can show that the determinant and trace of the matriz to be:

M M
Al=T]x T =)\
i=1 i=1

This follows from the identity of determinant and the cyclic properties of trace.

Proposition 1.6. We now going to show very useful identity

P ,0A

Proof. We consider the LHS first, as we have:

0 0 M oY M1 oN

i=1

Now, consider the RHS, which we have:

M M M M
1 o\ 1 O\
T —wurl tusul - T —wul Huul
r( 2221 )\imul] [ o u;ul]) T g E )\Z_u u; 5 uju;

i=1j=1
M M
1 0\,
— Z - )\—Za—; Tr (wiu] wju) )
=1 j=1
M M M
1 0\ T T 1 o\
- Zg@ (i wjujw) :Zyi o
i=1 j=1 i=1
The equality is proven.
Corollary 1.1. The above proposition implies that:
0
——In|A|=A"HT
o nlA] = (A7)

Proof. Consider the following partial derivative, we have:

0 B L 0AY\
o, In|A| =Tr <A aa6d> =ay,

where we have a;jl be the (7, j)-th element of the matrix A~!. Thus we have proven the equality.

Proposition 1.7. We can show that:
0

oA Tr[A"BAC] = BAC + BT AC”

Proof. We will use the identity mapping F(-) and F5(-) to make the differetiation easier:

a% Tr[ATBAC] = a% Ti[F1(A)T BF,(A)C]
= 8iF1 Tr[FlTBFQC]% + ain Te[F] BFC] ?91;2
= o5 Tr[FlTBFQC]% + 511,2 Tr[CF{ BF>) ?91;2
- 8iF1 Tr[F{BFz(J]% + 8%2 Te[Fy BT F1C"] Z}X

= BF,C + B'"F,Cc" = BAC + BT AC™"
where we have F1(A) = F,(A)=F,=Fy;=A



Remark 8. (Notes on Symmetric Matrix) We can construct the symmetric matrix from any kind of
matrix A using the following formula:
A+ AT

2
One can show that its eigenvalue is real (given real symmetric matrix), as we consider the complex of,
assuning x is an eigenvector of M with its eigenvalue to be \:

M =

(Mz,Mx) = x*M*Mz = 2* MMz = ")z = \? ||z|®

Where M™* = MT, and so A2 is real a non-negative, thus being a real number.

Remark 9. (Notes on Square-Root of Matrix) Given positive semi-definite matrix A, one can show
that there a matrix B such that A = BB (or BT B as B is symmetric as we will shown later). Given the
eigendecomposition of A to be UAUT, matrix B is UVAUT, where /A is the matrix contains square root
of the diagonal of A:

BB = (UVAUT)(UVAUT) = UVAVAUT =UAUT = A

Please note that, since A is positive semi-definite, the eigenvalue is non-negative implies that B has real
value eigenvalue (and non-negative), and so B is symmetric. Finally, if A is positive define, then there is a
unique B.

Proposition 1.8. (Partition Matrixz) The block matriz can be inversed as:

A B\ M ~-MBD™!
Cc D) \-bD'cmM D'+D'cmMBD!

where M = (A — BD™*C)~!

1.3 Optimization

Definition 1.1. (Constraint Optimization) The constraint optimization is the optimization problem is
in the form of:

min  fo(x)

€T
st filx) <0 (ie€Z=[m]
hi(k)=0 €& =|p

Definition 1.2. (KKT Condition) The constraint optimization problem given above can be solved using
the KKT condition. Before that, we consider the Lagragian to be defined as:

Lz, A p) = fol@)+ Y Nifi(®)+ > pihi(x)
i€l ic€
The KKT condition is given by:
VL(z, A, p)=0
file) <0 for ieZ
hi(x)=0 for i€é&
N >0 for 1e€X
)\zfl(w) =0 for 1€l

1.4 What are we going to do 7

Theorem 1.1. (Bayes’ Theorem) One can show that:

p(B|A)p(A)

paB) = 2=



Remark 10. There are many ways to learn the parameter given the dataset D = {wi}fip as we have:

o Maximum Likelihood: Find the parameter @y, such that it maximizes the log-likelihood as we have:

O\, = argmax logp(D|6)
6

e Bayesian Inference: Find the distribution over the parameter 8 using Bayes’ Theorem:

p(9)p(D|6)

pem) = P2

o Maximum A Posteriori: Find the mode of the posterior distribution over parameter

Onap = argmax log P(0|D)
0

The main problems/solutions of this works is simply trying to get better estimate of p(6|D) as it maybe
intractable to calculate.

Definition 1.3. (Bayesian Model) The model is M = {P(:|6) : @ € T}, where they are the distribution
of a single random variable X ~ P(:|6). Given the prior, we also have a prior 7 on parameter space 7. The
data is generated by the following process:

O~ X1,..., X0|0 ~iiq p(+|O)
The tuple (M, ) is the Bayesian model.

Remark 11. (Model Selection) Given various kinds of model My, My, . ... The following set of likelihood
associated with M; is

{p(x|0;, M;) : 0, € T;}

We are interested in selecting the M,. Starting with the prior p(M;) and the prior probability of parameter,
given the model M, is p(6;|M;). Finally, the data probability is, where we assume the iid of the dataset:

N
p(D10:, M;) = [ ] p(ail6:, M)

i=1
Now, we can find the posterior of the parameter given the model M; together with dataset evidence:

p(D|6;, M;)P(6;|M;)

p(6,/D, M,) = p(DIM;) = / p(D6:, M)p(6:| M) d6;

p(DIM;)
We can perform Bayesian inference over the model M;
p(DIMi)p(M.)
M;|D) = ————=

Now, we have the distribution over possible models.

1.5 Exponential Family and Friends

Definition 1.4. (Exponential Family) The set of probability distribution {p(:|0) : 8 € T}, where T is
the parameter space, is exponential family if we have the distribution of the form:

p(al0) = f(@)9(6) exp (6(6)" T(x))

where each components are given (and named) as:



e Sufficient Statistics: T : X — R™
e Natural Parameter: ¢ : 7 — R™

e Auxilliary Functions f : X — R>g and g : T — Ry (normalizing factor)

Please note that the function g has the following properties:

96) [ f(@)exp (4(6)T(@)) do =1

Remark 12. Let’s consider the example of exponential families as:

Distribution ¢(0) T(x)
0

Bernoulli/Binomial In 19 x
Bernoulli(+)/Multinormal nf;,Inbs,...,Inbp] [x1,22,...,2D]
Gaussian (n/o? —1/20?] [z, 2?]

1
Multinormal —iVec(E_l), > u [Vec(zaT), x|
Beta [a—1,b—1] [lnz,In(1 — 2)]
Dirichlet [ay —1l,as —1,...,ap — 1] [lnzy,lnzs,...,lnzp]
Gamma [a—1,-b] [lnz, z]
Poisson In A x

where we have the following opeartion Vec : R"*™ — R™™*!1 is defined as:
Vec(X) = [X117 “e ,an, ST ,le, . ,Xnm}T

Proposition 1.9. The normal distribution can be written as:

T

1 1 1
- exp{—2,uTElu} exp{{—2\/ec (=, 5w

VI[2r X

Please note that Tr(AB) = vec(A)T vec(B), which is proven by the expanding the equation.

e o) 5] |

Proof. Now, we expand the normal distribution:

J|21T2| exp {—;w )T (@ - u)}




Now, we consider the quadratic 7 X'z, as we have:
Tr(zTE'2) = Tr(Z 'zaT) = Vee(Z™HT Vec(zxT)

And, so we have the following:

1 1 1
————€exp {—HTZlu} exp {—2mT21:c + ,uTEla:}

V2 x| 2

! €
= ——=€X
NI T

and so we have proven the proposition. O

{;HTEl;L} exp {; Vee(2™HT Vec(xxT) + uTElw}

Remark 13. Now, we can consider the iid observations {wi}é\il of exponential family and we have:

N N
[1[/@)9(6) exp (6(0)" (@) | = 9(6)" (H f(am) exp ( ¢(9>TT<xi>)

=1 i=1

<

Definition 1.5. (Conjugate Prior) The conjugate prior of the exponential family is the probability
distribution of the form of:

p(6I7,v) = f(7,0)9(8)" exp ($(6)"7)

where v > 0 and 7 € R™. It is designed so that the posterior given this prior will have the same distribution
as the conjugate prior.

Remark 14. The conjugate prior allow use to find the posterior with ease as we don’t have to find the
normalization of the Bayes’ theorem:

N
p(8|D) o p(D|0)p(B]7,v) o g(6)N T exp <¢(0)T (T + Z T(m)))

N N
_F <T +3 T(w:), N+ ) g(0)N " exp <¢><0>T (T + T<wi>>>
=1

i=1

And so we have T quantify the pseudo-observations via the sufficient statistics. Furthermore, v is the
pseudo-count of the pseudo-observation (can also be seen as the weight of prior belief).

Remark 15. Now, we have the following list of conjugate prior, where it is shown in the table below:

Distribution Conjugate Distribution (2) Conjugate (2)
Bernoulli Beta Multinormal (unknown ) Multinormal
Poisson Gamma Multinormal (unknown A = ¥7')  Wishart
Multinormal Dirichlet Multinormal (unknown A) Normal-Wishart
Normal (unknown p) Normal

Normal (unknown 7 = ¢~1) Gamma

Normal (unknown pu, 7) Normal-Gamma

Definition 1.6. (Normal-Gamma Distribution) The Normal-Gamma is defined as:

BoVA La—1/2 AT (2 — ﬂ)2>

T, T\, N\, o =
p(@, 7, A, a, B) o)V

exp(—pT) exp ( )



similarly the Normal-Wishart distribution is given by N (u|pg, (AA) "V )YW(A|W,v), where W is the Wishart
distribution, where we consider (u, X) ~ NW (g, A, W, 1), given as:

N (plpo, M) "HW(AIW,v)
A

1 T
exp{ — 2 — o) A —
AT p{ 5K — ko) Al Ho)}
B(‘Ir, V) |A|(V7D71)/2

B RN <_; T [wia] - %(“ ~ po) A(n — uo)T>

1
= B(W,v) |A|(V7D71)/2 exp (—QTr(W_lA)>

1.6 Everything You Always Wanted to Know About Gaussian But Were Afraid
to Ask..

Proposition 1.10. (Gaussian Integration) We can show that:

/OO exp(—2?) dz = /7

—00

Remark 16. (Shape of Gaussian) Recalling the definition of multivariate Gaussian distribution:

¢|21Tz|exp {—i(a: —WTE (e —m}

where we will define the Mahalanobis distance of relating to the Gaussian to be A% = (& — pu)"E " (z — p).
Now, it is clear that the shape of the Gaussian depends on this value. Now, using the eigendecomposition
on the covariance function, we have:

where (\;, u;) is the eigenvalue/eigenvector pair of 3, and y; = u’

to U(x — ). Therefore, the shape of Gaussian is charaterized as:

(x — p). Now for the full vector y is equal

e Ellipsoids with the center at p
e Axis is in the direction of eigenvector u;.
e Scaling of each direction is the eigenvector \; associated with wu;

Remark 17. (Normalizing Factor of Gaussian) To show that the multivariate Gaussian indeed is normal-
ized, we consider a change of coordinate to the eigen-basis consider above. To do this, we consider Jacobina
matrix J as:
81'7;
Ay

Since U is orthonormal, we have: |J|? = |[UT|? = [U”||U| = [UTU| = |I| = 1. Now, using the definition of
determinant: |2|1/2 = Hi’;l |)\j|1/2. And, so one can perform the integration over as:

[ vt de= [ sl dy/f[ﬂ%xp{ } dyf[/\/%xp{;} dy; = 1

The final equality integration follows from the Gaussian integration.

Jij = = Uy

y?
2,



Proposition 1.11. Consider the following multivariate Gaussian distribution:
Lq 127 2:aa ZJab
~N al,
(wb) (<Nb> <Eba Ebb))

where A= = 3, then we can show that:
p(ma|mb) = N(:B“*La\b) A;al) where Hajp = Hg — At;alAab(mb - Hb)
One can simply the equaltion by consider the value K = EabE&)l and since Xqp = Xpg, then we have:

Hajp = Hq + K(wb - /J’b)
Ea|b =Xaa — bibKT
=X — z:abz:};;lz:ba

The above equation follows from the block-matriz inverse.

Proof. We will consider only the quadratic term inside Gaussian, as we have:

@) S @ ) =

2

1 T 1 T

- i(ma = ) Naa(®a — pg) — §($a = pa) Aap(Tp — )
1 1

— 5@ - 1)" Apa (@0 — 1,) — 5 (@s — )" A () — 113)

Now, we are interested to find the condition distribution as it will have the form of:
1 _ 1 _ _
_Q(w“ - Ha|b)TEa\ll7($a = M) = —imgﬁa‘})aza —I—:BZ;ECL'})MWJ + const
—_———

@ @

Now, let’s consider the term for full Gaussian that have the form that matches the condition distribution:

1. The first one is simple as we have: —%ngmwa, and so, one can conclude that E;l}) = Ay

2. For the second term, we consider equation with 1 (---), as we have (from term 2 and 3):
1

1
9 NgAbawa - §wl?Aba$a

1 1
J:Z:Aaaua - ingAabwb + iszabub +
= mg Agatry + Ay (T — ﬂb)]

For the second equality, we use the fact that AZ; = Ag. Now we simply apply the inverse of A,, to
get the mean, which means:

ngaaHalb = l’aT [AaaUa, + Aap(Tp — 1)
= Hajp = Hq + A;;Aab(wb - p’b)
as required.
Please note that one can use the block inverse above to calculate A,, and A,y in terms of 3. O

Proposition 1.12. Consider the following multivariate Gaussian distribution:

Lq © Yoo Bab
~ N a s
(mb} ((“’b> (25(1 25b>)
where A~ = 3, then we can show that: p(xa) = N (x|, Zaa)

10



Proof. We will use the full expansion of Gaussian like above proof. However, we will consider the term with

xp, first as we have (similar to the conditional case):

1 1 1 1 1
_ingbbwb + @i Apppry — §€EbTAbafBa + ingbaHa - inAabmb + illZAabwb

1
_gngbbwb +xf Apppty, — Tf ApaTa + T Apaft,

1
=3 [CL{Abbwb + 2] A Ay, (Apppty, — Apa(@a — 1)) }

1 _ _ _ 1 _
=3 [:n'bTAbbwb - 293bTAbbAbb1m + (Abblm)TAbb(Abblm)} + §mTAbblm
1

_ _ 1 _
_i(mb — Abblm)TAbb(mb — Abblm) + §mTAbb1m

Now, we can integrate out the quantities (that depends on xy) i.e:

1 - _
/exp {_2(£Bb - Abblm)TAbb(wb — Abblm)} dax,

Since it is a Gaussian integration, we didn’t have to perform any thing further as this would yields similar
value for normalization factor. Now, consider the vales related to x, (without ;) and the leftout value from

above:

1 _ 1
imTAbblm - §a:aTAaaa:a + :caTAaa/,La +

1
2

= % [Abbﬂb — Apa(Ta — /‘l'a):| TAz?bl [Abb“’b = Apa(®a — Na)}

1
x Aappy, + §ubTAbawa

1
- iwaaawa + ‘EzAaaua + 3UZAablub

= % [ubTAbbub — (@0 — o) Ajatty
— i Na(@a = 12,) + (@0 = 1) AL A Ava(@a — 1,)]
- %%TAM% + @)L Agalby + T Aty
= % [ Moty — T AL by + 1 ALy~ ] Avaa + ] Avatty
+ 2l AL A Apaa — nE AL A Apaa — 2T AL AL Apapn, + nE AL A Aoty
— %:cZAM:ca + :chaaua + manb,ub
= 20T AL+ 2T AL AG A, — 22T AL A v,

1
— EmSAMma + :cZA,mua + a:?;Aab,ub + const

1
2

1
= —imaT [Aaa — A&A&)lAba} x, + wg [Aaa — AZ;Ab_blAba] K, + const

Now, we can compare this to the form:
1

1
_i(ma — ) (@ —py) = —590522% g B

*
a

p, + const

_ _ 1
= fwaTAZ:lAbblAbaa:a — a;aTAZ:lAbblAbaua — inAaawa + acZAaaua + const

and we have ¥ (marginalized) is equal to (Auq — Ay Ay, Ape) ™!, and so we have p¥ = p,. Furthermore,

from the partition inverse of (Ayq — AbTaA;blAba)’1 = X,4. Thus, we completed the proof.

11
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Proposition 1.13. (Linear Gaussian Model) Consider the following distributions:
plx) = N(zlp,A™")  plyle) = N(y|Az +b,L7)

Now, we can show that the marginal distribution and the conditional distribution of x given y is given by:
p(y) =N(ylAp+b, L'+ AAT'AT)  plaly) =N (w ‘2 {ATL(y —b) + Au} , 2)

where & = (A + ATLA)~!

Proof. Let’s consider the joint distribution first, where we denote z = (Z), and consider the inside of

exponential as we have:

1 1
—5(:10 —w)IA(x—p) - §(y — Az — b)TL(y — Az — b) + const

1
=5 [mTAa: — 2z Ap + MTAM}
1
—-3 [yTLy — 2T ALy —b"Ly —y"LAx + 2" ATLAz + b LAx

—yTLb+ 2T ATLb + bTLb} + const
= —% [a:TAa: — 22T Ap+y Ly —2TATLy — b" Ly

—y'LAx + 2T ATLAx + b" LAz — y"Lb+ 27 ATLb| + const
= —% [EIZT (A + ATLA):B +yTLy —2TATLy — y"LAx

— 22T Ap — 26" Ly + 2bTLA:c} + const

1 1 1 1 1
= —za” (A f §ATLA)9c — 5y Ly + ;2" A Ly + Sy LAz

+ 2T Ap+b Ly — b" LAz + const

{2\  (A+ATLA -ATL)\ [z a\" (Ap— ATLb
__2(y> ( “LA L y + Y Lb + const

Now, using the same pattern matching, we can see that the covariance of z is equal to:
A+ATLA —ATL\ (A A1AT
-LA L T \AATD LT ANTTAT
Similarly, the mean is equal to:
A! AtAT Ap— ATLb\ w
AA"Y L7l AATTAT Lb “\Ap+b
Now, we can use results above (conditional and marginalized) to get the result. O

Remark 18. (Conjugate Prior of Multinormal) The proof follows from here. We are now consider the
likelihood of Multinormal distribution given the dataset:

11 1} exp {—;m R m}

=14/ [2r AT

1 1Y .
= m exp _EZ(% — ) Az — p)
i=1

N/2 N T Al
o [A[T  exp 22(:& p) Az — p)

i=1

12


https://stats.stackexchange.com/questions/153241/derivation-of-normal-wishart-posterior

Now, we will consider the Normal-Wishart distribution in the similar form as:

BW.v A" (

1 _ A
e S5 WA < S ) A )" )

. 1 ) A
o [A|YTP 2 exp (—2 Tr (W 1AD exp (—Z(M — o)A — uo)T)

Now, we simply have to multiply the conjugate prior and the normal distribution, which gives us:
1N
|A[Y2 exp {—22(% — )" A — u)}

=1
- - A
IA|“~P)2 exp (- Tr [W 1AD exp (—2(u — o) A — uo)T>

M| —

_ 1
= |A\(V DENI/2 exp (— Tr [W_lA})
2
[
exp {—2 Z (w?A:c,) + NuTAp —2NzTAp }
i=1
A
exp {—Z{uTAu —2p5 Ap+ uoTAuo} }
1 N
= |A\(”_D+N)/2 exp (— 3 Tr [WﬁlA} + Z (mlTAmz) + (N+MpfAp
i=1

—2(NzT + M) Ap + Al Apg

)

Let’s consider exclusively for the expression in the square bracket:

N
Tr [W‘lA] +y (:viTAa:i) P AT Apg + (N + NpTAp — 2(NZT + A\l Ap
=1

N ,
_ v L T o
=Tr [W 1A} + ;:l (m,TAm,> + Al Apy — m(/\u[, + Nz2)TA(\py + NZ)

1
+ (N +NpuTAp —2uTANZ + M)+ ———

T N()\No +Nz)"A(Apy + Nz)

Please note that the blue part, whichis equal to:

Ao+ Nz \ " Ao + N
N+ (p-280"2) Afp-—2R0 T2
(W + )(“ AT N ) (“ AT N

Now for the red part, we consider adding and substracting 2Nz7 AZ, which we have:

i=1

N N N
> (:ciTA:ci) —2) alAz+) zAz+ Nz"Az
=1 =1

N
=N "(z;—2)" A(x; —3) + Nz"Az

i=1

13



For the brown equation (together with NzT AZ), we have:

1
Al Apg — )\+N()\u0+Nx) A(Apo + Nz) + Nz¥ Az
=l AuO+AM:Aw——X:f—LV Au0+2NAzTAuO+Aﬂ@TAz]
A+ N A+ N
>\+NA O+WN TAi—m[AQ AH0+2NA:iTAILO+N2$iTA$i

NP%&mNHm%A%+NMHm+N%Mﬂ
1

"Xiiﬁ{Az Au04—2NAiTAuO+aN2iTAi]

[NApd Apg + NazTAz + 2N 2" Ay

TALN
N\ _
= A+ N n N(w - HO)TA(fB — ko)

Combining the first part (black, red, and brown), and together with the trace trick:

1 Y _ _\T NA _ T
(W A+Z(wz‘—w)(ﬂ%—fc) A+)\+N(9B—Ho)(ﬂ?—uo) A

N

Now, the distribution becomes:
1

|AW4”Mﬂwp<—2H<IV1+Z}m—mﬂw—mf+

i=1

 N+2) _M%+NiTA Ao+ Nz
o \FT AN Ho7NFN

Which is simply a Normal-Wishart Distribution as required.

N
A+ N

(& — po) (@ — po)

)

Proposition 1.14. (Mazimum Likelihood of Mean) We can show that for Gaussian distribution, the
mazimum likelihood of p, given the dataset {x;},_ | is

1 N

Proof. Starting with the log-likelihood to be:

N N
N 1 -
(p,X) = logHJ\/'(a:i\u, )= —?1og|27r2| —5 E (x, — )=, — p)

i=1 i=1

And, so we can consider the derivative over u as:

a-) o [N 1Y S
— = — | = log|27X| + = n— b n—
o aﬂlg 081203+ 5 3 (en — )2 0~ )
N
== - - _
3 2 0~ 17 @ = )
1 0 al
_ 1+ _o 9 [, Ts-1,.1)\ _ -1, -1 ‘
221( 28u[ ) :m}> NS ly-% Zlml
Setting the derivative to zero and we yields the result. O
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Proposition 1.15. (Mazimum Likelihood of Covariance) We can show that for Gaussian distribution,
the mazimum likelihood of X2, given the dataset {ml}fil 18

N
R 1 .
Yur = ;(ﬂci —p)(xi — p)

Proof. We consider the derivative over £ 7! as (please note that we have to constraint of the covariance to
be positive definite but it turn out we don’t have to as the result already satisfies the constriant):

N

ao-1) o [N 1 Cren,
o [N 1N 9
_ —1 - _ Twe—1 _
= o5 [2 log | % !} + 21282‘1 [(@n — )" S () — )]
N 1

— 75271 + 5 Z(mn — /1/)(-7371, - H)T

i=1
Setting the derivative to zero and we yields the result. O

Definition 1.7. (Linear Regression) Now, given the data: D = {(z;, y)}f\[:1 We have y, is conditionally
independent given x;. Now, we consider the supervised learning as we have a linear function « together with
Gaussian noise:

p(yle, W, E,) = exp {—;(y -Wa)'s, (y - va)}

1
VI2rE,|

Proposition 1.16. (Maxzimum Likelihood of Linear Regression) The mazimum likelihood is given by
the following:

W = Zyz ! (wa )1

Proof. Consider the log-likelihood of the linear regression:

logH [ s o] 5 WS - W |

1 1
= Z —5 log|27%y| — S (y; = W) 3, (y, - Way)
i=1
N 1
_ Ty —1
== log 208, | = >y, — W) 5 (y, - W)

i=1
We consider the derivative, as we have:

N 1<
-5 log 273, [ + 5 Z(?h - Wwi)szjl(yi - sz)]
=1

o= _ 9

0

QJ

| —

{ - Waci)TE;l(yi - Wa,)

l\JM—A

Ly
oW
9
oW

{ Sy, +af WS IWmimeiTWTE;lyi}

N}M—A

w
"%
"%
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N
1 o _ ) _
=3 S [aw Trlzf WIS, ' Wa;] — 250 Tr[z] WT'S, 1:%-]]
=1
= 1§N 0 TW'S, 'Wa]] -2 0 Tr[WTs, Ly, xT]
T2 ow Titi oW v it

o
Il
A

I
DN | =
=

2% ' Wz — 23, 'y |

=1

Please noted that we use the derivative of the trace above, and setting the derivative to zero and we have
the answer as we wanted. O

Proposition 1.17. The MAP estimate given prior over the weight p(w) = N (0, A™1) is

N T -1 -1 N
MAP D1 Ti; Zz 1yz i
w =|A+ = AU + ZT; 33 YiZ;

Y

P

We will denote the a Please note that we consider the prediction in one-dimensional, as we have

1 1
p(DH{zi}il,  w,0,) = exp {—22 > (i - wTwi)Q}
\/@ Ty =

Proof. We start with the log-posterior on w is given as:

log p(w|D, A, 0,)) = log p(D| {z};_, ,w,0,) + log p(w|A) + const
N

1 1
- —§wTA'w 207 ;(yz —w’x;)* + const
1 1 &
= ——wlAw — ) [yl 2w’ z; + (w!x;)? ] + const
20y =
N N
= —inA'w — ﬁ Z 2uw! @ — §wT <0y_2 Z :cle> w + const
i=1 i—1

1
= —inE;lw wi's, ', Z(yzwl) + const
i=1
N
=log N (Ew Z(yimi)ay_z, Ew>
i=1
As the Gaussian gives the maximum probability at its mean; therefore, we have completed the prove. O
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2 Latent Variable Model

Definition 2.1. (Latent Variable Model) The latent variable model can be seen as:

z~p(0,)
x|z ~ p(h,)
p(waz;ezvez) = p(x|z30m)p<z;ez)

p(@:0,.6.) = / p(@|z:0,)p(=:6.) dz

Note that p(z), p(x|z) and p(x, z) are exponential family but p(x) doesn’t have to be an exponential family.

2.1 PCA Formulation

Remark 19. We will consider the family of PCA formulation. We will start with PCA definition, which can
be formulated in 2 ways: Maximal Variance and Average Projection Cost. Then, we will consider the PPCA
a probabilistic version of PCA.

Definition 2.2. (Maximal Variance) Consider the dataset {x; } _, where z; € RP. We want to project
the data onto space with dimension M < D. To do this, we want to find a subspace orthonormal basis u;
fort=1,---, M, such that uiTuj = ;5. So that the empirical projected variance, given as:

N
Zu x; —ul'z)?

is maximized for ¢ = 1,..., M where u; gives the highest variance, where & = 1/N Z 1

Proposition 2.1. The mazimum projected variance direction wy,...,uy is the M eigenvectors of the data-

covariance matrix:
LN
= > - @) w)
i=1
associated with the following eigenvalues Ay > Ao > -+ > Ay > -+ > Ap.

Proof. Let’s start with the first direction u; as we can show that the empirical projected variance:

| X
~ 2wz —ui2)? = ui Suy
j=1

We will consider the following contraint optimization problem as we have the following Lagrange multiplier
and set the derivative to be 0:

0

(97 [U{S’u,l + )\1(1 — ulTul)} =2Su; — 2 \u; =0
u

Please note that the matrix S is symmetric. This leads us to the following, equation, which is:

Su1 = )\1’11,1

Furthermore, if we multiply «? on the LHS together with the contraint u?u; = 1, then we have uf Su; = \;.
This means that first maximal variance projection direction is the eigenvector w; that has the highest
assocated eigenvalue. Furthermore, the orthogonal comes from the properties of eigenvectors. O
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Definition 2.3. (Minimum-Error Formulation) We get the formulation PCA where we have orthonor-
mal set D-dimensional basis vector {u;} where ¢ = 1,...,D and uiTuj = 0;;. This means that the data
point can be represented by the basis:

D

_ 2T
E QijU;j = E , T; uj)u;

j=1

The value of a;; can be found by the inner product a;; = a:iTuj as above (by the orthogonal properties).
Now, we will consider the approximation using the projection over linear subspace M < D:

Zzwuj—i— Z bju;
j=M+1

where the {b;} are component that is same for all data points. Now, we are free to find the {b;},{z;;} and
{u;} given the following objective:

1N

~ 112

N Z |z: — &
i=1

Proposition 2.2. The solution to the minimum error formulation is the same as the maximal variance
formulation. This gives us the difference interpretation of the PCA.

Proof. Let’s start with finding the value {z;;}, first. As we want to find derivative of z;; to be zero:

2

1N M

Jj=M+1
T
1 N M D M D
N E r; — E Zz‘j’U,j — E bjuj r; — E zijuj — E bju]‘
i=1 j=1 j=M+1 j=1 j=M+1
1 N T M
— T _ oyl b
N T; T; ZijWj &; u x; — zljw Uu;
=1 L j=1 j=M+1
M M D M
zijuj Zij’u]‘ + bjuj Ziju]'
=1 j=1 j=M+1 j=1
D M D D D
T T T
E bj.’I}i Uu; —+ E ZijU; E bj’ll,j + E bj’ll,j E bjuj
j=M+1 j=1 j=M+1 j=M+1 j=M+1
1 N M D
_ T .. o T Loy
=5 E T; T; — E Ziju; T E b; u xr; — E zljw u; — E bjx; u;
i=1 j=1 j=M+1 j=M+1

() (fon) () (o)
() (5] 5 ) (£,

L N M M
:NZl —QZz”u x; —2 Z bju; :BZ—&—ZZzwzlbu uy,
i=1 j=M+1 a=1b=1
42 Z Z bazibuaTub + Z Z babbugub]
a=M+1 b=1 a=M+1b=M+1
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1 D D M
= 72 l:c mlfQZzUu x; — 2 Z bju; mz+z Z b?+2 azibuZub]
N i=1 j=M+1 J=M+1 a=M+1 b=1
N D
;}Z[m wl—Qszu x; — 2 Z bju; $Z+ZZ”+ Z b?
i=1 j=M+1 j=M+1

Now, let’s consider the derivative with respected to z,; as we now have:

D
0 NZ[Q} xr; — QZzwu x;— 2 Z bju; .’I)l+zzlj+ Z b?]

azab

j=M+1 j=M+1
- 8zab NZZZ”U i+ Zab NZZZU
=1 j=1 =1 j=1
2 2
= —Nugxa + N ab = 0
And so, we have the z;; = :I:ZTuj for j=1,..., M. Now, we consider the derivative of the with respected to

b, as we have:

D
ai ]1[2[33;33122«%” x; — 2 Z bju; ml+z Z b?
a i=1 j=M+1 J=M+1
N

0
:7819(1 ZZbuwl 6b NZsz

=M+1 i= 1] M+1

d ; N a
S b2
a N M
=5 2 Z bjul ( g > >

j=M+1 J=M+1

a
= —2ul'z 4 20,

And so, we have b; = #Tu; for j = M +1,...,D. To find the u;, we have the following:

M D
L, —L; = T; — E Zij’UJj — E bjuj
j=1

J=M+1
M D M D
= Z(wz uj)u; + Z ($?uj)uj - Z(w?uj)u] Z (wTuJ)uJ
Jj=1 J=M+1 Jj=1 J=M+1
D D
= > @luju;— > (@ uy)u,
j=M+1 j=M+1
D
= Z {(wl—w) uj}uj

1 D D
v || 2 @ e ) | 3 {@i-a)
i=1 J=M+1 j=M+1
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> e o)) (2 (- aww))

b=M+1

D D
z Z {uaT(a:Z —x)(x; — E:)Tub} ugub>]
D

1N 2
:NZ Z ug (zi — &) (@ — &) u, = Z ul'Su,

i=1 a=M+1 a=M+1

Now, we have the same objective to the maximal variance formulation. And the proposition is proven. [J

2.2 Probabilistic PCA

Definition 2.4. (PPCA) We counsider the following system of probabilities:
p(z) =N(z]0,I)  p(z|z) =N(x|Wz+ p,T)

which we can consider p(z) to be the PCA projection, while p(x|z) is the reconstruction of the PCA. This
means that we can perform PPCA of it.

Proposition 2.3. We consider the marginalization of Gaussian to be:

p(x) = N(z|p, C) where C=v+ww’
Proof. We consider the linear Gaussian model in this case, where we use the marginalization (see above) to
get the value of p(x) O

Proposition 2.4. We consider the inference of the latent and we have:
p(z|z) = N(E_le\Il_l(a: — ), 2_1)

where we have ¥ =1 + WU 1w,
Remark 20. We have the projection to be:
—WE'WIe (z; — )

As we have the PCA projection that also take noise into consideration. Furthermore, if ¥ = I and @) — 0,
then it leads to the PCA estimation (given the correct W, which we will explore later).

Remark 21. (Likelihood of PPCA) Now, we are left to find the actual value of W and we will assume
that we are aware of g (which is usually 0), while the covariance matrix is assumed to be ¥ = 2I. The
log-likelihood of this PPCA is (using the marginalized):

1
! = logp({a )Y, 1. C logH { L i — )T (i m}
= ,/|2 cl°
N 1
=5 log |C| — 3 Z(:cl —wrC (x; — p) + const.
=1

N 1 &
zf—log\C|f—Tr <NZ (af;lu)> + const.

N
N N 1 -
:—glog\C|—§Tr (C Nigzl(wi—u)(:ci—u) ) + const.

Now C = WW7 4 42T is given above.
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Proposition 2.5. Non-Trivial Solution of Maximum Likelihood estimate of W is equal to:
WL = U(A —?D)Y2v T

where U € RP*M s the first M eigenvector of S the empirical variance matriz and A € RM*M pe the
matriz, which is the eigenvalues of S. Finally, V.€ RM>*M s an arbitrary orthogonal matriz.

Proof. Let’s consider the derivative of the log-likelihood with respect to W as we now have:

o 0 [];flog IC| - gTr (cls)]

oW~ oW
=-N[-CT'W+C~'SC™'W]

Setting this to 0, and we can see that, we have the following equation: SC™'W = W, there are 2 outcome
to the solution: W = 0, which can be shown to be minimum. Or, Consider W in the SVD form i.e
W =ULVT for orthogonal matrix U and V', while L is diagonal matrix. This would entail:

S(ULVTVLTUT n WI) “uLvT —uLv?®
— s(ULPuT + wQI)_lU -U
— SU(L2 n w2I>_1 -U
— SU = U(L2 + wQI)
For the second implication, we have:
U(L?+0°1) = (ULPUT + 1)U — (ULU” + 421 U= U(L?+01) B

We can see that the U is the eigenvector of S, where the corresponding eigenvalues are \; = [ + 2, and so
we can rewrite the weight to be:
W =U(A —¢*1)Y/?vT

where A be the matrix, which is the eigenvalues of S. O

2.3 Other Related Models

Definition 2.5. (Factor Analysis) The factor analysis is PPCA:
p(z) =N(2[0,I)  p(x|z) = N(x|Wz+ p, )

but we consider the matrix ¥ to be D x D diagonal matrix. This means that the inferences still holds.
However, the training is much harder now as we may not find the W from the data in closed form.

Definition 2.6. (Canonical Correlation Analysis) The data vector D = {(u1,v1), (u2,v2),...} where
u; € U and v; € V. We want to find the correlation:

e We find te unti vector @ € & and b € V such that the correlation u! a and v7b is the maximum the
covariance between them.

e This also requires some in the orthogonal subspace.
Now, the probabilistic CCA is the generative model with latent z; € R¥ such that:
z~N(0,I) u~N(Yz,¥,) v~ N(Pz,,)
where we have ¥, = 0 and ¥, = 0. This is block diagonal noise. There are certain restriction of Gaussian

FA and PCA as it is modelled the distribution that is too restrictive.
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Definition 2.7. (Mixture Distribution) The mixture distribution has simple discrete latent variable:

s; ~ Discrete[r] x;|s; ~ Py, [0s,]

i

The mixture can be seen as a mixture of multiple sources of data. The probability density of the single data

point is given as:
k
p(w;) = Z (ils; =m)p Zﬂ'mp
i=1

The most notable mixture distribution is the mixture of Gaussian distribution.

Remark 22. Please note that once can perform a Baysian inference to infer the probability that particular
point x belongs to the cluster m of the mixture distribution:

pm(m)ﬂ-m

S pilE)m

Remark 23. (Mixture of Gaussian) Let’s consider the mixture of Gaussian, where we have the following
mixture distribution:

p(si =mlx) =

n k 1 .
p({wl}fil | {/'Li}?:l 7{21'}?:1 ) T ];[mZ: \/W exp {—2(1}1 - /J’)Em (wl - ll’)}

Again it is hard to find the solution to the problem, and so we will consider the method to solve such the
problem, which is called Expectation-Maximization (EM).

Remark 24. (Mixture of Factor Analyzers) Now, we consider the clustering and dimensionality reduction:

p(@10) = 3" N W W < )

m=1

where 7 is the mixing proportion, while the parameter are 6 = {{wm, T Wm}fn=1 , \Il} Please note that

this model has 2 kinds of latent variables, which are:

e Cluster indicator variable 7, for m € {1,--- , k}

e Continuous factor z;, € R™

Together giving us the following data generating distribution:

k
p(x|0) = Z p(m / p(xm|2,0) dz
m=1

We can use EM to perform an optimization over it.

3 Expectation-Maximization

3.1 Methods
Remark 25. (General Form of The Objective) Now, we shall consider the latent variable model to be:

fo(@) exp(@(8z, 2)" T ()
Z((0:,2))

f:(z) exp(61 T+ (2))
Z,(0,)

p(z|z,6;) = p(210z) =
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and so the marginalization of the latent variable model is equal to:

fo(z eXp $(0:,2)"Tu(x)) [(2)exp(8.T.(2))
p(x]0;,6.) / 5(0..2)) 7.0.) dz

And so, the log-likelihood over the dataset {wl} _, is equal to:

Ful() exp $(02,2) Ta(ws))  fo(2) exp(67T.(2))
(8s,6:) Zl"/ (60, 2)) 7.0,

Theorem 3.1. (Jensen’s Inequality) Getting the set of weights {ai}ﬁvzl where > o; =1 and {x; > 0}?,:1,

then we can show that:
N N
i=1 i=1

for the concave f (and «; is the probability measure). This also implies that: f(E,[z]) > E.[f(x)] with the
equality iff f(x) is almost surely constant or linear support of «.

Definition 3.1. (Free Energy) Consider the latent variable model again: Given the observed data X =
{x;} and the set of latent variables Z = {z;} with the parameter 8 = {6,.,0.}:

1(0) =logp(X|0) = log/p(Z,X\B) dz

We will consider the Jensen’s inequality for arbitrary distribution ¢(Z). We can find the lower bound:

1) = 1o [ a2 "2 20 az > [ 205" 20 4z~ r(g.0)

We denote F(q,0) to be a free energy.
Remark 26. (Other Form of Free Energy) We can consider the free energy to be:

/q(Z) logp(jége) dz = /q(Z) logp(Z,X10) dZ — /q(Z) logq(2) dZ

~ [ a(@)10ep(2. X16) 42 + Hig
and so the free-energy is equal to F'(¢,8) = (logp(Z, X|0)),, 7 + H|q]
Definition 3.2. (Expectation Maximization) The EM-Step follows the following step to be:
e [-Step: Optimize F(q,0) with respected to ¢(Z) as

q(k)(Z) = argmax F(q(2), B(kfl))
q(2)

e M-Step: Optimize F(q, ) with respected to 0 as:

6" = argmax F(¢*)(Z),0) = argmax (log P(Z, X10)) ) (z)
0 0

Remark 27. (Simplification of E-Step) To consider the E-step, we have the following free-energy principle:

ra.0)~ | q<2>p("j(’§)"’) 4z

/q Z|X 9) (X10) -
K

(2)
q(Z)logp(X|0) dZ+/ (2)log

1(9) — KL[g(Z2)[p(2]X, 0)]

p(Z|X7 9)

q(2) 12
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where [(0) is the log-likelihood and to minimize the ¢(Z) by making KL-divergence equal to 0, when setting:
¢ (2) = p(Z|x,0"7Y)
Furthermore, we can see that after E-step the free energy is equal to likelihood.

Theorem 3.2. (Improvement of EM) The results 6 given by EM step never decrease in the likelihood.

Proof. We have the following chain of inequalities:
l(g(kfl)) = F(q(k)ﬁ(k*l)) <5 F(q(k),a(k)) <3 l(g(k))
Let’s consider each step of the EM as we have:
1. The E-step gives free energy to the likelihood.

2. The M-step maximizes the free energy with respected to 6

3. F < comes from the lower-bound property of the free energy.

Thus the theorem is proved O

Theorem 3.3. (Convergence of EM to Optimum) The fized point of the EM algorithm is the stationary
point of log-likelihood 1(0) and it is mazima.

Proof. Please note that the fixed point of the EM is when (M-step with complete E-step):

0
20 (logp(X, Z219)) p(Z|X,0%) 0

=0

Consider the log-likelihood, which we have:
1(8) =1log p(X|6) = (log p(X|0)), 2 x 6+

_ <10g p(Z7X|9)>
(Z1X,0) / iz 1x.07)

= (p(2,X10))(z1x,6) — (P(Z]X,0)) 211 6+
Consider the derivative with respected to 6 of the log-likelihood evaluated at € and we have:

0 9 9

0
=0- 75 (p(2]X,0)) 2110 .

-51(0) P(Z2,X10)) 2, o),

=0

The second term is equal to 0 as the KL-divergence is zero. Now, we are left to show that the second
derivative is “negative”, where we have:

0? 02

82
5776'®)| = 72 P(Z X100 |

820< p(Z2|X,0)) 2 x, o),

o=

The first term is negative due to the improvement of EM7 now the second term is positive because it is the
minimum of KL-divergence. And, the point 8* is minima. O

Definition 3.3. (Partial M-Step and E-Step) Let’s start with the M-Step first, as long as we increase
the F(q,0) in the M-step, the theorem above still holds. And so, for partial M-step, after E-step, we have
the following gradient update:

0

— logp(Z, X0
00 9(k—1)< g p( \ )> (Z]x,0) —

0
log p(X|6
6 gp(X|6)

For E-Step, we can use the typical gradient based scheme on ¢(Z) but the theorem above may not hold.
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3.2 Practical

Remark 28. (Useful Derivative Results) Now, we are going to consider EM applied to the mixture of
Gaussian that we have described above. There are some derivatives that would be useful in the future.
Starting wthe the log-likelihood:

N

k
Ity AD m) =) log Y mm \/271Tm| exp {—;(wi — ), (@i — u)}

i=1 m=1

P (:;0m)

N

m:l

where we denote 0,, = {{ ui}le , {Ei}le } Now consider the derivatives of the log-likelihood with respected

to both p,,, and 3,,: Starting with outer derivatives, we have:

an TmPm\Li;Um) =
G s S S T (% 0 90,
o al TmPm (wﬁ em) 0 Ingm(gji; em)
i=1 Zl:rLzl '/Tmpm<$i§ em) 90,

Yim

Please remeber 7;,, as it is going to be useful later on. We are left to find the derivatives on the RHS,
starting with the mean p,,, which we can use the results from before:

0 log Pm (mw 0'm)

= 271 r; —
a“m m ( l'l’m)

Similarly for £~ we have:

Ologpm (i 6,m) 1 . . r
8D (230 _ 2[5 — (a1 = )i — )]

We can plug both into get the full derivative.

Proposition 3.1. (E-Step for mizture of Gaussian) The E-step for mizture of Gaussian is done by
setting:
t) mem(mi; em)

Tim = Sk
o Zm:l T'mPm ($i§ Gm)

This follows directly from the Bayes’ rule.

Proposition 3.2. (M-Step for mixture of Gaussian) The M-step for mizture of Gaussian is done by
setting:

N
0 _ 1 (t)
u‘m N nnw1
=1
N
=0 - LS 0, T
m= N2 — ) (X — yy,)
=1
20 = _ Na
N

where N,,, = EZV 1 %(2
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Proof. Setting the derivative of log-likelihood to zero for p,, and X,,, which are:

ol a -1 ol 1Y -
om, Z%‘mzm (Ti — 1yy,) >R Z%m [Em — (@i — ) (T — ) }
m i—1 m P

with simple rearrangement, we have the required update. We are left with m(q? as we required the constriant
so that anzl 7Y = 1. We have the following Lagragian:

9 N k k
W <Zlog Z mem(mi;am) - >\ [Z Tm — 1] )
™\ i=1 m=1

N
_ pm(:l:uem) + )\

- k
21 2m=1 TmPm(Ti; 0

Setting this to zero, and we have:

N

Z - pm(mi; em) +A=0
i=1 Zm=1 mem(miE em)

£ & Pm (wﬁ Hm)ﬂ-m b
= Z Z k +A Z T =0
m=1 i=1 m=1 ’/Tmpm(m“ 0m) m=1
= N+A=0
and so, we have A = —N. Now we simply times 7, on both side of the original derivative and we get the
result. 0

Remark 29. (Connection between K-Mean and Gaussian Mixture Model) If we consider ¢,, = 1/k
and X,, = 021 where 02 — 0, the leads us to the responsibility:

. 2
P = 6 (m.argmin [, — o)

We find the data in which it is closest to the mean, which we allocate the weight to be 1 and 0 for all others.
Now, we simply have to update the mean (M-step), which is given by:

m Zi x;

This is exactly the K-mean algorithm.

Remark 30. (EM for Factor Analysis) Now, we are interested in training the factor analysis using the
EM algorithm. Recall that factor analysis consists of the following model:

p(z) =N(2[0.I)  p(z|z) =N(z|Wz V)

RDXD

Furthermore, we are going to assume that ¥ € where it is a diagonal matrix with values {wii}il.

And so recall that the marginal distribution, which is:
p(z|0) = N(z[0, ¥ + WWT)

We can see that the model parameter is @ = {W,¥}. Now let’s recall the EM algorithm, and see what we
have to do:

e E-Step: We have to find the posterior distribution of each latent variable that corresponds to each
data point in dataset {wz}iil

0" (2;) = p(zi|z;, 007Y)
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e M-Step: We have to find 0™ as we have:
ar F(g",0) = ;
gmax (g;7,0) =arg max Z 1ogp (2i|0) + log p(x;|z;,0)| dz;

Proposition 3.3. (E-Step for Factor Analysis) Finding the posterior of z; for the dataset {wi}fvzl, 18:
p(zilxi) = N(z S~ We H(z;, 27)

where ¥ = I + WO ™YW . This is the old result from PPCA that we have derived eariler. We denote the
mean to be p; = LW ().

Proposition 3.4. (M-Step for Factor Analysis) The M-Step update of the factor analysis is given by:
N N -1 R
_ T T _ T, L o L T
= (Z:l Til; ) (; [ "‘NE) ¥ =WIw" + N Z;(wl W) (x; — W)
Proof. M-step of the Factor analysis, we are interested into find the variables @ such that

argmax F(g.6) Z (log p(=:16) + log p(@i|z:. 0)) ..,
=1

Now let’s consoder the sum of the log, and so we have:
1 1
log p(z;|0) + log p(z;|z;,0) = ~5 log |®| — 5(9131- —Wz)T® ! (x; — Wz;) + const.

1 1
=~ log [ @] - [@f 0 — 20T W Wz + 2T WTW T Wz, | + const.

2 2
1 1
=3 log |®| — 3 {aziT\Iflmi 22T O Wz, + TH[W O W2, 2] ]} + const.

Now, we consider the expectation over q@

;' (zi) as we now have:

(log p(2i|0) + log p(:|2i,0)) o,

1 1
_ <—2 log | %[ — 5 [mZ\p—lmi 22T O Wz, + Tr[WT\II_1WzZ-zZ-T]]>
a{” (z:)

1 1 oo B .
:—7log|\Il\—§[mZT\Il Yo = 2T OTIW (2) o)+ TAWTRTIW (2i2T) o]

2 z;)

1 1
=~ log |¥| - 5 [mf@*lmi — 2T O W, + Te[WT O W (p,u? + 2)}]

Using the expectation over the Gaussian distribution to be (z;) = p,

and <z > w;pl + 3. Now, let’s
consider the derivative with respected to W and ¥~

N
;iwz 227 @ W, — W W (il + D)
L B d
2— Tr zlew - —Twle! TN S
> |25 TW sl W S O W (3

1

.
Il

1
T2
1
2

Mz

29 ] — 2 (O W (] +3))]
1

N
! [Z zip, — W (Z Bty + NE)
=1

i=1

3
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Setting the derivative to zero and we yields:

N N -1
= (ZmuT> (Zum?+N2>
=1

i=1

Let’s consider the case for ¥ ! which we have:

r Z (- ytoul] = 5[ @ e, 207w W4 W T Wl + )] )

1 N
33 e

0 0
T el o e, 4 28\1171 el O ' W,

0 _
T T WO W (p,ul + 2)])

N
1
=3 Z ( — CL’ZSClT + 2z TwT — W, p,TWT WEWT>

=1

Setting the derivative to zero, and we have:

1
5 Z ( —xxl + 22 W - Wpufw? — WEWT> =0

N

— NU - NWEW -} [mw 2w T W+ W, WT} —0
i=1
N

_ r, 1 T
=¥ =WIW" + i z:(acZ —Wu,)(x; — Wp,)

(2

Which is the result as required. O

3.3 Additional EM Methods

Remark 31. This is going to be more generalized version of EM as we may dealing with the exponential
family, which occures for both latent variable and the observable.

Proposition 3.5. Given the exponential family of the form:

f (@) exp(6” T (x))
Z(0)

p(z|6) =

We can show that the

9
59 108 2(0) = (T () aj0)

Proof.
1 0

Z(¢) 06
= Z(ib@?b /f(w,z) exp{GTT(:c)} de dz

//Z(¢ d)exp{OT (x )}dwdz

// Z(1¢ T,z exp{BTT( )}T(m) de dz
= (T(®)) p(|0)

S 10g Z(¢) = Z()
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O

Definition 3.4. (EM For Exponential Family) We now consider the joint probability distribution over
x and z to be an exponential family, now we have:

f(@.2)exp (#(6,,6.) T(@, 2))
Z(9)

Let’s consider the free-energy (consider only terms that depends on ¢), using the previous result:

p(z, z|¢p) =

F@@:/«@mpma@w+Hm

= /q(z) [q&(@x, 0.)"T(x,z) —log Z(d))} dz + const.
= $(0.,0.)" (T(x, z)>q(z) —log Z(¢)

For the EM algorithm, we have the following:

e For E-Step, we only need to compute the sufficient statistics under the distribution ¢(z).

e For M-step, we solve for the following equation, where we use the derivative from above:

or

op
Remark 32. (EM For Exponential Family Mixture) We consider a short-hand version where we consider
the 1-hot vector i.e for the mixture component m, we have:

(T(m,z)>q(z) - <T($7Z)>p(w’ZI¢) =0

T
s;=m <= s, =[0,0,..., 1 yeees 0]
m-th position

To compute the components, we consider the “list” of parameters, which is a matrix @ = [0,,,] (has the size
of RP*M) " The log-likelihood is the given by:

logp <{xi}£\/:1’{3i}£v:1) = ilog Tis, f(ﬂfi)eX;(gfs;T(mi))

i

<
=

[
M=

[log Tis; + 03T1T(:cz) —log Z(Osi)} + const
1

<.
Il

|
.MZ

[(logm)"s; + (©s;)"T(z;) — s] log Z(©)] + const

i=1

where Z(©) is the normalizing factor of each component, so it has the size of M. If we were to consider the
EM-algorithm for this, we have:
e E-step, we calculate the expectation over the latent variable, which gives us:

N

N
Yim = Z<8i>p ZT(@%‘) <31‘T>p

e M-step, maximizing the log-joint probability, we have the following solutions (to the derivative):

N
657116+1) > _ Ezgf(ﬂjé j[sz]wﬁp

N
7 o 37 (s, <T(:ci)
i=1
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Thinking of this as the Gaussian mixture model, where we also have similar form.

Remark 33. (EM for MAP) Recall the probability distribution over the exponential model; however, we
also added the prior over the parameters:

f(@,2) exp (4(6.,6.)TT(x, 2))
Z(9)

To consider the free-energy over the dataset X' and set of latent variables Z, we have:

p(x, z|p) = p(@lv,7) =

Flg.¢) = / 4(=)log P(X, Z,¢) dz + H]q]

= /q(Z)
N

= ¢(0,,0.)" (T + Z (T(z;, zi)>q(z,-)> — (N 4+ v)log Z(¢) + const.

=1

N

#(0.,0.)" (T +)  T(w, zi)> — (N +v)log Z(¢)

=1

dZ + const.

Now, we carry on with the EM step as usual.

4 Latent Variable Models for Time Series

4.1 Problems

Definition 4.1. (Time Series with Latent Variable) The latent variable model for time series (with
first order markov model) is given by:

T

p(zr.r, 1) = p(21)p(T1]21) Hp(zt|zt,1)p(wt\zt)
i=2

Definition 4.2. (Discrete Model) The discrete model is described using the following set of parameters
as there are K number of latent discrete values:

e Initial State Probability p(z1): is given as m, = p(z1 = j)
e Transition Matrix p(z;41]|2¢) : is given as ®;; = p(zi11 = jlze = 9)
e Emission Distribution p(z:|z:):
— Continuous variable: A;(x) = p(z; = x|z, = j)
— Discrete variable: Ajx(x) = p(a; = k|lz: = j)
And we have the following process for a discrete model:
Z1~T Zir1|ze ~ Py, Ti|ze ~ Az,

Definition 4.3. (Continuous Variable) We consider the continuous variable model, which we model the
time series with Gaussian and Linear transformation, which we have the following process:

21~ Ny, Qo) 2zt|lzi-1 ~N(Az-1,Q) x|z ~ N(Cz, R)

We still use the same joint distribution as above. This has the other name called Linear Gaussian State
Space Model (LGSSM).
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Definition 4.4. (Inference Problems) We are interesting to find the following joint distributions:

p(2¢|T1t) p(z¢|TrT)
The first one is called filtering distribution, while the second one is called smoothing distribution.

Remark 34. (Problem for the Problem) It is clear that we can integrate out the posterior to get the
answer for filtering (and smoothing), but it is very hard:

p(z\ml,...,a}t):/.../p(zl,...,zt|a:1,...,;ct) dzy -+ dz

For the discrete variable, we can have sum instead of integration.

4.2 Solving Inference Problem

Lemma 4.1. (Baysian Filtering) One can compute the filtering recursively as:
p(ze|T1:4) /p(thZt)p(ZtIthl)p(zHle;H) dzi—1

We have the same treatment for discrete variable.

Proof. We have the following:

p(ze|xre) = /p(zuzt—l\wt,wl:t—l) dzi—1

_ / P(Zt, Zt—1 \331:&1)

dz;_
p(wt\&“l:t—l) e

S8 /P(ﬂ?t|zt,Zt—l,$1:t—1)p(zt\zt—1,-’Elzt—l)p(zt—ﬂwl:t—l) dzy—q

= /P(wt|Zt)P(Zt|Zt71)P(Zt71|931:t71) dz; 1
And we have the values as required. O

Definition 4.5. (Forward Message) We consider the quantity ay(¢) for which it is the joint probability
of observation and the current latent variable z; =i i.e:

ar(i) = pla, ..., 2z = 1|0)
We call this a forward message.

Proposition 4.1. The forward message can be calculated recursively as:

K
(i) = Zat(j)q’ij Ai(xi41)
j=1
where at the start: aq(i) = m;A;(x)

Proof. We consider the following:

K
a1 (t) = ZLD($1, e X, T 1, St = J|Se41 = 1)
1

.
I

M-

p(x1, ... xelse = §)p(st41 = i[5t = J)P(Teg1]se41 = 1)
1

BN
Il

a(§)Pij | Ai(xi41)

|
‘ .MN‘

j=1
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Remark 35. (Filtering For Discrete Model) One can solve the filtering problem, as we have:
Qg (Z)
K .

> j=1% (J)

Remark 36. (Usefulness of Filtering Method) Given the values of ap (i), we can calculate the likelihood
of the parameter 6 in O(TK?) time instead of exponential time via the marginalization:

p(sy =ilxy,...,2,0) =

K
p(x1, - zr|d) = ZOéT(k)
k=1

Proposition 4.2. (First Step Filter) We can show that the p(z1|®1.1) is equal to:

~ N ~ 0 ~ 0
p(Z1|1,‘1;1) :N(Z1’ Z(l) +K1($1 — CZ?),Vl — chvl)

1 1
Z1 \%8%

. . ~1
where we set K1 = V?CT [R + CV?CT} .

-0
Proof. For the state space model, we start with p(z1|x;). We denote 2(1) = po and V| = Q. Now, we apply
linear Gaussian model above to get the inference. Recall that

p(z1) = N(z120 V) plaa)z1) = N(@1|C21, R)

Now, we have the linear Gaussian model as
plziler) =N (2 [E[CTR 2+ (V)20 =)
where 3 is simplified using Woodbury identity:
¥ - [(f/‘f)*l + CTR’lc’] -
-V, -vicT [R + CV?CT] “ov’
—V, - K,CV)
Now, we consider the mean, as we now have:
Vi chf/ﬁ’] {CTR’lxl + (V?)*lzﬂ
—VICTR 2, + 3"~ K,CV,CTR 'z, - K,C%"
-3 K,C3'+ (ViCTR™' - K,CV,CTR )z,
Let’s consider the value, which we can show that it is indeed K, where we will consider B = CV?CT:
VICTR™' - K,BR' = K,
— V/C"TR'= K, + K;BR™
— VICTR™' = K,(I + BR™)
— VC"TR'I+BR) ' =K,
— VICTR VI +BR Y ' =v.CT [R n B} B
e R 'I+BR )= [R+ B} B
— [RUI+ BR‘l)} T [R + B] B
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And so equation the is proven. O

Proposition 4.3. (General Time Filtering) We want to find the value p(z¢|xy1.+), which we can show
- t—1
that it is equal to, given p(z;—1|®1—1) = N(z_1|2171,V,_1):

R R L t—1 L t—1
N(zt’zi_l YK (z, —C3_), V,  —K,CV, )
A t— at— Nt .t —1
where 3t = A2 and V, = Q+ AV, AT and K, =V, ' C7 [R—i— cv, 1CT]

Proof. Now, we want to find the probability p(z¢|®1..—1), first, which we can use the marginal distribution
from the linear Gaussian model between p(z¢|z;—1) and p(z;—1|®1.4—1), which we marginalize out z;_1, which
we have:

/ N (21|27 VDN (20| Az, Q) dzey
- N(Zt
= N(Zt

This follows directly from linear Gaussian model. Now, we follows the same method above (as we now need
to find distribution of z; given addiitonal information of x;), and so we have:

/\/(zt

~t—1
AZT], Q+ AVE,IAT)

.\ t—1
ot
zi1, Vy )

" " ~t—1 ~t—1
Zﬁfl + Kt(wt - CZ%?I), Vt — KtCVt )

e ot -1
where K; = Vz edd [R + CV; ICT] . Thus complete the prove. O

Remark 37. (Baysian Smoothing - For Discrete Model) To find the smoothing, we consider calculating
marginal posterior as:

_ (24, T p1.7|T1:4) _ p(xey1.7]20)p(2e|T1:4) _ p(xiy1.7|20)p(2t, T1:t)
p(zt‘xlzT) - - -
P(Tir1.7|T1:) P(Tiy1.7|T1:0) p(z1.7)
We can see that the probability distribution in blue are the forward passing, while the probability distribution
in red is the backward distribution.

Definition 4.6. (Backward Message) Consider the value

Bi(i) = p(®iy1.7| 20 = 9)
We call it a backward message.

Proposition 4.4. Backward message can be calculated in recursive manner:
K

Bi(i) = Z D Aj(x111)Bi+1(5)

j=1

where Br(i) = 1/ K, we consider a uniform distribution over the state.

Proof. We consider the following

M=

Be(i) = > p(St41 = J, Tig1, Teq2.7|5e = 1)

j=1

= ZP(StH = jlst = O)p(Tir1lse = )p(Tira:7|5t41 = J)
j=1
K

=> @i A;(wr41)B1())
j=1

And so it proposition is proven. O
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Definition 4.7. (Forward-Backward Algorithm) The smooth distribution can be calculated as:

. ) p(ss =i, x1.4)p(Xi1.7|5: = @ ) Be (4
'Yt(z):p(st:”wl:T): (t 125) ( t+1T‘t ): () t()

p(x1.7) Z] 1O‘t( )5t (4)
Remark 38. (Problem with Choosing State) We consider the value of ;(i) is computed using forward
and backward algorithm. Choosing the state i} with the largest v:(¢) is the best way since the path has the
maximum expected number of correct state. However, this may leads to the path, which is impossible.

Definition 4.8. (Viterbi Decoding) The best path algorithm is called Viterbi decoding as we can use
the Bellman’s dynamics programming. This is done by compute the most probable state sequence (instead
of expected state):
argmax p(zi.r|xi.7,0)
Z1:T
And so, we use the same recursion max instead of »_, just like the Bellman equation algorithm.

T
Proposition 4.5. (Smoothing for LGSSM) We receives the value p(zyi1|1.7) = N (2141]2441, Vt+1)

from the privious time step. Then we can show the following recursive calculation:

p(zi|x1r) = N <Zt

2ot iz — AZD, Vi + TV, — VﬁH)JtT)
where J;, =V AT(VH_l) , and the first time step can be calculated from result of filtering.
Proof. We consider the following steps:
p(zt|@1r) = /p(zt,zt+1|w1;T) dzi
= /p(zt\ztﬂ,wl;T)p(zt+1|w1;T) dzi g

= /p(zt‘ZtJrhml:t)p(zt+1|x1:T) dzi4q

p(Zt+17Zt|CC1:t)]
= ——————— | P\ Zt+1|T1:T dz 1
/{ P(Zt+1|$1:t) ( o | ) o

The third equality comes from the markov property. Let’s consider finding the value p(z¢|z¢+1,€1.¢) using

linear Gaussian model as we have proven above: Noted that the value p(z¢|21.;) = N(2¢|2}, V). We consider
the mean vector [z, ztﬂ]T, we will have to consider the covariance:

Cov(zi, zeal@re) = B[ (20— 2) (2001 — 240) " [@r4]
—E[(z - 2) (Az+ w - A20)" |21
—E [(zt ~21) (A2 - A2)" |w1a| + B [(20 - 21) |@10] Blw”]
=E|(z— ) (= - #)"

where p(w) = N(0, Q). Now, we have the following normal distirbution for the joint :

At ot
1] | B+l AV, V.,
Ny
Please note that the value V, , can be found in the intermediate value of the filtering. Now, we use
conditional Gaussian result from above, and we have:

p(ze|ze1, 1) = N (zt
:N<Zt

wu] AT =V, AT

~ N ~ 1 ~t
2o+ Ji(zep1 — 24), Vi - JtVt+1JtT)

A “ ~t ~ t
Z¢ + Jt(ZtJrl — AZD, Vt — JtVt+1J31)
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-t -t . TR . . .
where J, = V,AT(V, +1)"'. Now consider the marginalization using a normal Gaussian linear model

T
together with p(zt+1|2tT+1, V1), as we now have:
5 by ol ot T
p(zilerr) =N (Zt ‘Zt +Ji(zi1 — A2, V= IV I + JtVt+1Jt)

R R .t T .t
:N(Zt z + Ji(ze *AZ§)7 Vi+Ju(Vi *Vt+1)JtT>

Thus the prove is now complete. O

4.3 Learning Parameter

Definition 4.9. (EM-Algorithm for SSM) We have the following free-energy:
F(q,0) = /Q(ZI:T) [logp(wl;:mzl:ﬂ@) — log Q(zl:T)} dzyr
Now, we consider the following EM-step, as we have:

e E-Step: We find ¢*(z1.7) = p(z1.7|®1.7,0), which is already done in the Kalman smoothing.
e M-Step: We want to find 6 by maximizing the (logp(zl;;p,wl;T|6)>q(leT|wlzT), where we have:

T

p(z1.r, 1:7(0) = p(21)p(21|21) HP(Zt|Zt—1)P(th|Zt)

which are all Gaussian, this leads to least square problem as we will see. This also works with discrete
case.

Proposition 4.6. (M-Step for C) The update for C is:

T T -1
C=R'Y (z),af (Z <ztth>q>
t=1 t=1

Proof. We have the following log-likelihood (with removed unnecessary terms):

T
%logp(zlzT;m1:T|0) -9 Z <P($t|zt)>q]

Z <(a:f —Cz)TR (z, - Czt)>q]

T
0 1
= |5 S (TR el 2] R Cx 4 2 CTRIC2) ]
q

Il
|
=

T
1
C’Z (21), :ctTR_ll ~5 ™ |CTR™'C <Z ztth>
t=1 q

Setting this to 0, and we have the update. O
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Proposition 4.7. (M-Step for A) The update for A is:

s (S0

t=1 t=1
Proof. We see that the we have the same situation as the C, and so the update is the same. Please note

that we replace x; with z, . O

Proposition 4.8. (M-Step for HMM) We can take the free-energy with respected to the parameter 6,
and we have:

e [nitial State Distribution m; = ~;(i), which is expected number of times in state i at the start.

e Define the expected transition from state i — j to be:

0 (1) P A (41) P11 ()
p(@1.T)

§(i — j) = p(zt =i, 2041 = jlorr) =

o We have the transition probability and output probability to be:

by= a0 ) S A= 3w/ S
t=1 t=1 t=1

tix=k

Proof. As we have computed the E-step, now we consider the free energy, as M-Step trying to maximize the
following quantity

<10gp(Z1:T7 wl:T)>q(zl;T|m1:T,9)
T T
=EyGrrlens) |logp(z|m) + > logp(zilzi_1, ®i) + > logp(ay|z, A, (wt»]
t=2 t=1
T T
= Eq(esjorr) 108(21|10)] + > gy iz jar) 108 P(zel 21, @i)l + D By, log p(mel 2, Az, (21))]
t=2 t=1

T L L T L
1(4) 7THFZZZ§Z:—Z z1 =7J)® ZZ%(Z')AW
=1 i=1

t=2 i=1 j=1

Il
i
-2

Recall that the number of state to be L. We will denote the emission matrix A € RE*© where O is the
number of possible observable. Furthermore, we recall that we have the following constraint to be:

Z‘I)ijl ZAl(w) Zﬂ-zzl

reX
for all = 1,..., L in the first and second constraint. Now, we have the following Lagrange multiplier:
T L
L= Zvl iy + ZZZ& =iz =0T+ Y > (i) A,
t=2 i=1 j=1 t=1 i=1

L L L L
_ZAZ Z(I)ij_l —Zl/i ZA”—l —7]<Z7Ti—1>
i=1 Jj=1 i=1 Jj=1 i=1

We have the following derivative for m,:

9 = 7i(a)
87ra Z% ) log i — Wan(X%m—1>— L Tn=0

<~ 71(a) = vm,

L L
= Z’yl(a) = Z/Z?Ta =v
a=1 a=1
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Solving algebra yields to solution for m,. Let’s consider the value of ®,;, as we have:
L

= L

L
t=2 i=1 j=1

E(zt =b,2¢-1=10) — X =0

ab

I
EM*

T
= Aa®@up = ZE(Zt = ba Zt—1 = a)

L L T
— Z/\a‘baj = ZZf(Z’t =J,2-1 = a)
=1

=1 t=1
L T T

= Ao = 225(% =j,z-1=a)= Z%—1(a)
=1 =1 t=1

And, so the equality is proven. Note that there are difference in time notation but they are equivalent. The
proof for A;; is the same, so we will not go into details. O

Remark 39. (Practical Numerical Method) The message passing algorithm can be implode i.e o (i) =
p(x1.4,2z¢ = 1) — 0 to fix this, we do the following rescale:

L L
= A;(x) Z & —1(7) Py Pt = Z@t(i) a(i) = a(i)/pe

Proposition 4.9. We can show that: p; = p(@i|1.4—1,0)

Proof. We will consider the quantity p(z;|x1.;) to be equal to:

(i)

p(ml:t)

Gt (2) = plzi|xy, ..., ) =

As, we will denote p; = p(@¢|®1.4—1), and from the product rule, we have p(x;.;) = szl pi, and so, we can

' o i)

Let’s consider the recursive property of the «, recall its formula:

o1 (3 Z ay(J Ai(Tiy1)

zg Ai(mt+1)

o e

L
= puprbea (i) = | Y 6(zn)®ij | Ai(@era)
Thus, we have proven the identity. For 3;(i). we can consider the fact that §;(i) is

Buli) = ( 1 ) Ao

i=t+1
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Remark 40. (Decoding/Derivation of Viterbi) We are interested in finding the best hidden state path
given the observations 01.;, together with the following quantity 0. (4):

{z],...,2]} = argmax p(z1,..., 2, 1+ = 01.4]0)
21552t
615(2) = p(zh cees Zt—1, Rt = i7m11t = Ol:t‘e)

We can see that we can use the induction step to find this value:
Op+1(7) = |max 5y (1) Pij | Ai(0r+1)

This recursion gives us the Viterbi algorithm.

Definition 4.10. (Viterbi Algorithm) The algorithm to find the best path is given by, where the sequence
of hidden state is stored in :

e Initialization:

51(2) = Wibi(ol) ¢1(2) =0
e Induction Step:

0:(4) = [maxétl(i)aij] b;(o) e(j) = arg max 0;—1(7)ai;
i€[L] i€[L)]

e Termination:

P* = max[d7(7)] ¢y = argmax [67(1)]
i€[L] i€[L]

Remark 41. (Multiple sequences) We now counsider the update for HMM but with multiple sequences
[ € [L], which we can show that the batch update is:

L L T 1 (1), . L 7 _1 l),. .
1 Z (l)(~) P, — Doim1 Dt t()(ZH]) A — PP I 5(3%:]“)%()(1%])
RN ij = I —TO (). ik = L TGO ().
=1 i1 2 Ve (8) i1 2 Ve (@)

5 Markov Chain (Monte Carlo)

5.1 Markov Chain

Definition 5.1. (Transition Matrix) We consider the probability of state ¢ € [d] will move to state j € [d]
i.e P;_,;, where d is the number of states. This information for the markov chain is stored in d x d transtion

matrix:
P -+ Piag

Pys1 - Pasa
Definition 5.2. (Initial Distribution) At the start, we consider the distribution over the states:
T
Puie = (p@o = 1), ,plwo = d))
Lemma 5.1. Given the state distribution p;, we can find the probability distribution over the next state after

transtion p, 4 1s:
Piy1 = Pp,

Note that p, € R for any t € N
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Proof. Consider the distribution of the first state:

d

d
Pt+1(5) =p(ri1 = 5) = ZP(%H = s|lwy = i)p(w; = 1) = Z Pyip,li]

And so it is proven. O

Definition 5.3. (Stationary) Stationary markov chain is when the transtion matrix P doesn’t depends
on time step.

Definition 5.4. (Equilibrium Distribution) Let P be transtion matrix, then a distribution p such that:
Pp = p is called equilibrium distribution.

Remark 42. Please note that if we consider applying transtion matrix to any starting distribution:
P = légl PPyt
assuming that it exists, then we can show that it gives rise to (somewhat) equilibrium distribution:
Pp,, = PEQ P"piiy = BI_I} P"pinis = Poo

Definition 5.5. (Aperiodic MC) A stationary MC is aperiodic if: P;; = 0 for ¢ € [d].

Definition 5.6. (Irreducible) MC is irreducible if there is a path from each state to every other state in
the transtion.

Theorem 5.1. If first-order (depends only last time step), stationary MC with finite state space is a periodic
and irreducible, then:

o Limit distribution p., exists.

o Limit distribution is also the equilibrium distribution.

o FEquilibrium distribution is unique.

o FEquilibrium distribution doesn’t depends on initial distribution.

Definition 5.7. (Aperiodic State) The state i is a aperiodic if there exits a time ¢ such that for all ¢t > ¢
with positive integer ¢y, the state comes back to itself with positive probability.

Definition 5.8. (Positive Recurrence State) The state ¢ is positive recurrence if the expected number
of times that it will return to itself is finite.

Definition 5.9. (Ergodicity) There exists a positive integer to, such that for all pair of states i,j, if
markov chain starts at time 0 at state 7, then for all ¢ > ¢y, the probability of being in state j at time ¢ is
more than 0. Note that this implies all states are positive recurrence and aperiodic.

Theorem 5.2. (Result of Ergodicity) The ergodicity implies the existence of unique stationary distribu-
tion p., given any initialized probability distribution.

Definition 5.10. (Detailed Balance wrt. p*) The markov chain is detailed balance with respect to a
stationary distribution p* if for all states 1, j:

p; Pij = pjPji
This also means that the markov chain is reversible under this stationary distribution.

Remark 43. (Solving Detailed Balance) Detailed balance implies that we have to solve |S|? equation,
which is more than the simple stationary equation, which require only |S| equations.
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Proposition 5.1. The stationary distribution of detailed balance markov chain with respect to stationary
distribution p* is p*

Proof. We consider the summation over the detailed balance equation, as we have:

S| S| S|

S piPy =Y _piPi=p;Y Pji=p]
i=1 i=1 i=1

This complete the proof. O

Remark 44. (Ergodicity and Detailed Balance) Eventhough the detailed balance with respect to sta-
tionary distribution p*, will have the stationary distribution to be p*, this doesn’t means that it is unique.
For the uniqueness to hold, ergodicity is required.

Remark 45. (Finding Equilibrium) There are 2 ways we can find the equilibrium: power method, and
eigenvalue. Both of them is based on finding the underlying eigenvalue and eigenvectors.

Definition 5.11. (Random Walk) Given a directed graph G with d vertices, a random walk generates a
sequence of nodes: xq,x1, - by first select the vertex zy at random and, at time ¢, we uniformly at random
select the children of x;_; to get to vertex x;.

Remark 46. Random walk can be defined as a markov chain, where:
1
1 1

mf{,m,) Py =  mumber of odges
p p 0 otherwise

if 7 links to j

Remark 47. PageRank algorithm applies random walk to a graph, in order to make the original markov
chain defined by a transtion matrix T' to be irreducible and aperiodic:

Pij = (1 — Oé)Tij + %

where a € (0,1)

5.2 Sampling Algorithm

Definition 5.12. (Sampling Algorithm) Given a distribution p, the sampling algorithm samples to get
the random point x4, ..., x, such that the marginal distribution is p. Ideally, the drawning are independent.

Remark 48. (Usefulness of Sampling Algorithm) There are many use-cases of sampling algorithm
notably:

e Compute expectation. Given the output x1,...,xy to be independent from distribution p, the expec-
tation is:

Elf(@)] ~ > fl@)

e We can approximate the distribution using the sample to perform a density estimation.

Definition 5.13. (Sampling in Baysian Model) Sometimes the posterior over parameter ¢(0|x;.,) can’t
be computed analytically, we can still sample from it to get 04, ...,0,, given the posterior §. We can now
use it for computing expectation like above or perform a prediction:

1 m
penialors) = [ Pl 0)ilas,) 48~ — > p(w,l6)

=1
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Definition 5.14. (Boxed Rejection Sampling) We perform the following procedure, as we want to
sample from distribution p:

e We generates the X; ~ Ula,b],Y; ~ U[0, ¢] uniformly to define the box.
o If'Y; < p(X;), then we keep the sample Xj.

e Otherwise, we reject the sample and repeat the process.

Remark 49. (Invariance to Scale) Please note that rejection sampling still works if we have Y; ~ U[0, kc]
given the distribution kp(-) for £ > 0. This means that rejection sampling only require us to know the shape
of the distribution, as long as kc is big enough to cover the whole distribution p. This also means that, in
Baysian inference, we doesn’t have to know the evidence in order to sample from the posterior:

p(0|X) = w where Z = /p(X|0)p(0) de

We only need p = p(X|0)p(0) to do rejection sampling.
Definition 5.15. (Rejection Sampling) One doesn’t have to use the uniform distribution to sample
proposed point. We simply have to find the distribution r such that p < r everywhere:

e Sample X; ~r

e Sample Y;| X; ~ U[0,7(X;)]

o If Y; < p(X;), then we keep the sample Xj;.

e Otherwise, we reject the sample and repeat the process.
The scaling properties still holds. It will generates iid sample 61, . .., 6,,, where the samples 1/m >_1" | f(x;)
is an unbiased estimate of E,[f(z)].

Remark 50. Given the hight of r, | A] is too high, and the hight of p, |B|. The rejection sampling will accepts
sample with probability |B|/|A|, so if |A| is too high, the algorithm may be inefficient.

Definition 5.16. (Improtance Sampling) Importance sampling is given distribution p = 1/Z,p that we
want to sample to and arbitary proposal distribution ¢ = 1/Z,¢ (that we can sample), then:

e Draw x1,xs,...,x,, iild from proposal q.

e Expectation E,[f(x)] is approximated as:

%Zm: p(xi)/q(x:)]

1p (xj)/q(z;)

Proposition 5.2. The importance sampling gives unbiased estimate of Ey[f(x)].

i=1

Proof. We have the following sampling:

:/f(:c) d:c—/f )de =E {f(w)p(x)} xlzw

a@) " m gl
where x4,...,x,, ~ q. Now, consider the ratio of normalized factor:
~ (m) ~ mo o~
Z, _ (@) de _ JP@) ) T _ i@ A0 e, B~y B
Zg Zyg Z, Zgq(x) T1d(x) m = q(x;)

Now, the estimator of f can be found as

m m (

Zf wmz _ Zf

1 =1

N
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5.3 More Probabilistic Models

Definition 5.17. (Random Field) Given a weighted undirected graph N' = (var,war) where vy is the
vertex set, and wy is the set of edge weights. The edge weights are scalar w;; € R. An edge weight w;;
means to edge between i and j. Each vertex v; is associated with random variable ©;. The neighbourhood
of vertex v; is the set:

0(i) = {Jj - wij # 0}
The set {©; : j € 0(¢)} of random variable associated with neighbourhood is called Markov blanket of ©;
Definition 5.18. (Markov Property) The Markov properties is when:
p(0il0;,5 # i) = p(6:10;,5 € 9(2))

Each © is conditionally independent of remaining field given its Markov blanket. A Markov random field is
a random field that is Markov.

Definition 5.19. (Energy Function) Any (strictly positive) probability or density can be rewritten as:

p(z) = %exp(—H(w)) where H:X—>Ryand Z = /exp(—H(as)) dz

where H is called potential.

Remark 51. The Markov random field (MRF) density for random variable O, can be written as:

1
p(01,...,0,) = Eexp(—H(ﬁl,...,On))

Definition 5.20. (Potts Model) Let N be a neighbourhood of graph with weight w;; and 8 > 0. The
MRF, where we have:

p(@l,...76‘n) =

1
Z(B)

Note that the energy is additive over pairs. Positive weight encorate smoothness:

exp BZU)”]I{QZ = GJ}
j

e w;; > 0, this means that §; = ; increases probability.
e w;; < 0, this means that 6; = §; decreases probability.
e w;; = 0, this means that no interaction between ¢; and 0;.

Definition 5.21. (Ising Model) We have the following distribution:

p(alzn) - exXp Z B]I[GZ = 9;]
(i,7)€edge

b
Z(B)

Given rejection sampling, we can sample the distribution without the normalizing factor Z(8), where 0; €
{-1,41} and w;; € {0,1}. This model is on the d-dimensional grid.

Remark 52. (Usage of Markov Random Field) Given the problem with observation z; for each ¢ location
on a grid. If we want to model the observation with a distribution p(z;|©;) for each location, with its
own parameter ©;. We can use MRF as a prior distribution, while we represent p(z;|©;) as the emission
probability:

e Define a joint (©1,...,0,) as an MRF on the grid graph.

e Given a positive weight, the MRF will encorate the model to explain a neighbourhood of z; by similar
paramter value. This leads to smoothing in the result.
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Definition 5.22. (Baysian Mixture Model) The model of the form:

K
w(@) = 3 cup(]O4)
k=1

is called Baysian model if p(x|@) is an exponetial model and:

e O,...,0k ~ q where q is a prior over ©
e (c1,...,cx) is sampled from K-dimensional dirichlet distribution.

Definition 5.23. (Posterior Baysian Mixture Model) Another intractable model that may need sam-

pling is:
n K K
qAn(Clzkv e‘mlzn) X H (Z Ckp(mz|0n)) (H q(ek)> qdir(clzK)
i=1 \k=1 k=1

individual evaluate of non-normalized ¢ is numerically unstable but given specific value of ¢, or 6, this
collapse to Zszl cip(x;|0)) making it tractable. Furthermore, please note that: we can multiple the Baysian

Mixture model Hszl q(0) with MRF prior to get smoothing effect.

Remark 53. (Problems and Solution) If MRF is used as prior, we have to compute or approximate the
posterior distribution. The solution of MRF distribution on grids are not analytically tractable, so we have
to perform sampling and inference using Markov chain sampling algorithm.

5.4 Markov Chain Monte Carlo

Definition 5.24. (MCMC) We want to sample from distribution with density p. Suppose, we can define
Markov chain with invariance distribution i.e P, = P. If we sample @1, s, ... from the chain, then once
it has converged and we obtain the sample.

Definition 5.25. (Continuous MC) A continuous Markov chain is defined by an initial pin;y and condi-
tional probability ¢(y|z) is transtion probability or transtion kernel. For example, markov chain on R? we
can define Markov chain by:

Tiy1|r; = x5 ~ 9('|xiv‘71‘2)
where g is the spherical Gaussian with fixed variance. Suppose the state A" is uncountable, so the transtion
matrix is substuited by conditional probability ¢. The distribution p;,, with density piny is invariance if:

/X tH(y|2)pinv () AT = Dinv(y)

Remark 54. (Several Problems) There are several problems that we have to solve. We have to construct
MC with invariance distribution p. We can’t actually start sampling with z; ~ p as if we know how to
sample, our method would be pointless. Furthermore, each point x; is marginally distribution as x; ~ p but
the points are not iid.

Definition 5.26. (Metropolis-Hasting) We define the conditional probability ¢(y|z) on X. We then
define a rejection kernel A as we have:

1) = min q(xi|Tip1)p(xiq1)
A(ziq1|x:) = {1, @ (@) }

Knowing p (unnormalized) is enough for the rejection kernel A(:|-) as the normalizing factor is cancelled.
We define the trasntion probability of the chain as:

tHxit1|xi) = q(@ipa1|z) A(@ita|x:) + 0p(xi1)e(zi)  where (i) = /q(y\wi)(l — A(ylzi)) dy

To sample from the MH algorithm, at each step i + 1, generate a proposal «* ~ ¢(-|x;) and u; ~ U[0, 1]:
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o If u; > A(x*|x;) reject a proposal, and we set x; 41 = x;
o If u; < A(x*|x;), accept proposal, and we set x; 11 = *

Remark 55. (Derivation of Metropolis-Hasting) Now, we will consider how Metropolis-Hasting can to
be. Starting with the detailed balance equation, as we have:

paialzip(e) = plalepen) e I o

Now, we will separate the transition step to be:

e Proposal Distribution q(@;y1|®;)
e Acceptance Distribution A(x;q1|x;)
Now, we have:
A@ipa|e) _ p(®iva) q(wi|@iia)
Almilzir)  p(@i) q(@iga|e)

Now, if we use the Metropolis-Hasting rejection kernel, we now have:

A(@ip|zi)p(xi)q(wita|Ti) = A(®|@is1)p(®i)q(i]@isa)
<= min {P(ﬂcz‘)fJ(fBiH|wi),P($i+1)Q($i|wi+1)} = min {q<$i+1|xi)p($i);p(wi+l)Q(wi|$i+1)}

Thus the detailed balance is satisfied.

Remark 56. There are several observations on the Metropolis-Hasting as we have:

e We accept if the second term is larger than 1: q(@;|@;r1)p(2ir1) > g(xit1|2i)p(2;). We accept if the
proposal increases the probability under p.

e If it decreases the probability, we still accept with a probability which depends on the difference to the
current probability.

e We can see this as noisy hill-climbing as it tends to move to the probability under p.

e However, there are some probability that the sampling can move down-hill with certain probability.
Finally, we can show that it won’t stuck at the local maxima.

Definition 5.27. (Burn-in and Mixing-Time) The first m samples are called burn-in phase. The first
m samples are discarded. And, we have:

L1y sy m—1Tms Tm41y - - -
We don’t know the m but we can use a certain heuristic called convergence dianostic.

Definition 5.28. (Sequential Dependence) Even after burn-in MC are not iid, we can use the following
strategy as we have to consider the when the sample can be used:
e Estimate empirically how many steps L are needed for x; and x; 1, to be independent. We keep every
L-th sample and discard in the between.

e The most common method uses is called auto-correlation function as we have:

El(®; — p)(2; — p;)]

Auto(z;, z;) =

where p; is the mean and o; is the standard deviation of ;. We can use this auto-correlation to
calculate the value L.
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Definition 5.29. (Gelman-Rubin Criterion) We can also start several chain at random for chain k the
sample ¥ has the marginal of pi:

e The distribution has to converge to all p; = piny, which are all idetical.
e We can use hypothesis testing to compare p¥ for difference k.
e Once the test doesn’t reject anymore, assume that the chain has passed the burn-in phase

Remark 57. (Rules for Selecting a Proposal Distribution) Selecting a proposal distribution, we have
to be aware of the tradeoff, where if var(q) is too large will overstep p and leads to rejection. If var(q) is too
small as many steps will be needed to achives a good converge of the domain.

e If p is unimodal and can be roughly approximate by Gaussian, var(q) should be choosen to be smaller
than the covariance of p.

e With complex posterior, choosing ¢ is difficult but it is important to convergence speed. If we know
some information about the posterior, this might help choosing q.

There are mnay other ways to sample for example mixture of proposal.

Definition 5.30. (Gibbs Sampling) Suppose p(z) is a distribution on R? and so = (z1,...,xp). The
full conditional probability of the entry x4 is given by the other entries to be:

p(md|m1,...,wd_1,md+1,...,J:D)

The Gibbs sampler is the special case of MH-algorithm where the proposal of x4 is the full conditional over
T4

Remark 58. (Connection to HM) Suppose p is a distribution on R” so each sampler is of the form
x; = (x;1,...,%;p). We generate a proposal ;1 as:

xiy1,1 ~ p(|xi2, ..., T D)
Lit1,d ™~ P(’|$i+1,1, vy L 1,d—15 L d+1s - - - 7mi,D)
Tit1,p0 ~p(|Ti, ... Tip-1)

This is like Metropolis-Hasting as we use the proposal distribution and accepting probability to be 1.
Remark 59. (MRF with Gibbs Sampling) Consider D nodes, each dimension d and markov property:

P(0al01,...,00-1,0441)
= exp (ﬁ(]I {04 = Oerc} + 1{0a = Origne }), [{0a = Oup} , 1{0a = Hdown}))

And so we can sample it.
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