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Chapter 1

Introduction to Probabilistic Learning

1.1 Introduction

Probabilistic learning means we model our data using probabilities. For example in classification, we aim to estimate
the posterior probability of an item z: p(c|x) for every possible class c. To develop complex probabilistic models, we
will use basic concepts in probabilities such as the Bayes rule:

_plzldp(e)

IEETK (.1

p(z,¢) = pzle)p(c) = plfr) =

But before that, we should quickly recall what do these "p" mean.
+ For discrete variables (i.e. measurable events are discrete), the p(c) is the probability that the random variable
takes the value ¢, and we write:
p(c) = P(C =¢). (1.2)

+ For continuous variables (i.e. measurable events are continuous), p(x) denotes the probability density function
fx atx:

p(z) = fx(x) (1.3)

and that probabilities can be computed over measurable sets, as the integral over the set:

p(X)=PlxeX)= /X fx(z)dz. (1.4)

As a consequence, the probability of a single value is always zero P({z}) = 0.

We will be discussing probabilistic models with hidden or latent random variables. This means that some variables
of the model will be observed, while other will not be observed (thus latent/hidden). This is useful for a wide variety
of applications.

Example 1: Clustering Given a set of data points (z;);=1,..» in R?, we aim to find (& predict) clusters (groups of
points). In a probabilistic model-based approach, we will have one latent variables assigned to each point, z;. The
realisation of the latent variable will index the cluster the associated observation belongs to. The model states that
two observations belonging to the same cluster should have the same conditional distribution. We will discuss this
model in detail in the Gaussian mixture model (GMM) chapter.
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Figure 1.1: Example of a clustering result in 2D with 3 clusters.



Example 2: Dimensionality Reduction It is difficult to work with high-dimensional data (visualisation, pattern iden-
tification, etc). Ideally we would like to use a lower-dimensional representation. One possibility is to project in the
subspace spanning the largest variance/energy. We will discuss more about this in the probabilistic principal compo-
nent analysis (PPCA) chapter.
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Figure 1.2: Example of dimensionality reduction result from 3 to 2 dimensions (spanned by the blue and red vectors.
The original points are projected in the sub-space with lower dimension (e.g. green arrow).

Example 3: Analysis of Sequential Data Temporal data segmentation can be seen as a special case of clustering,
where temporal dependencies are important. One can hypothesize that the observation/latent variables at time ¢
depend only on a few of the past variables. In that case we say that the model is Markovian. A very important
example are hidden Markov models (HMM), that will we widely discussed.
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Figure 1.3: Example of temporal segmentation of a time-series into three color-coded different segments.

In addition, we will also discuss approximate inference tools, mainly variational inference. In particular the family
of variational autoencoders. We will also discuss other non-linear models such as normalising flows and diffusion
models.

1.2 Multivariate Gaussians

1.2.1 Recalling the 1D Gaussian Distribution

Let's recall the definition of the probability density function of univariate Gaussian distribution:

N ) L (z — p)?
p(x) *N(l»% V) - mexp(*T)v (15)
with z € R, » € Rand v € R*. The parameters p and v are called respectively the mean and the variance, and satisfy:
= Ep(m){x} V= Ep(m){(x - M)2}- (1'6)

Remark 1.1: We will often use the expectation of a function f of a random variable z w.r.t. the probability density
function p(x«), and denote it by:

Epo){f(2)} = /X f(@)p(z)dz, (17)

where X is the domain of the random variable z.



One very common and useful concept is the maximum-likelihood estimators. To derive them, we assume the exis-
tence of N observations X = {x1,...,zx} following a univariate Gaussian distribution, and the aim is to find the

values of the parameters maximising the log-likelihood:

N
L(p,v|X) = Tog N (wn; 1, v) (1.8)

n=1

Exercise 1.1: Prove that the expressions for the maximum likelihood estimators p.* and v* are:

1 N 1 N
* * T _*\2

n=1

1.2.2 Constructing Multivariate Gaussian Distributions

As Product of Independent Gaussians But what happens now if we want to define a Gaussian on R”? One trivial
extension of the 1D Gaussian is to consider each dimension as an independent Gaussian, with a different mean and

variance: p1,...,up and vy, ..., vp.
In that case the density writes:

D
_ . _ 1 (za — pa)?
p(x) 7N(X’Hﬂy) - dgl \/mexp ( 2Vd )3 (110)
where we have defined x = (21,...,2p) € R”, u = (p1,...,up) €ERP andv = (vy,...,vp),vq € RT.
012
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Figure 1.4: Probability density function of a 2D Gaussian distribution.

Exercise 1.2: Derive the maximum likelihood estimators for . and v.

This is a special case of a multivariate Gaussian distribution. To present the more general case, we first remark that
the above expression can be rewritten using matrix notation. Indeed, by defining:

%% 0 PN 0
0 vy ... 0
3 =diag(v) = L . (1.1)
0 O Vp
the density rewrites as:
P = N 3) = ———exp ( — (= ) B (x — ). (1.12)
o VI[2rX| 2

Exercise 1.3: Prove it!



Generalisation to “any” Covariance Matrix Naturally, the question of the constraints/conditions on the matrix X
arises. In other words, one wonders whether or not a multivariate Gaussian distribution can be defined for any matrix
3. The answer is simply no. The so-called covariance matrix must be symmetric and positive definite matrices.

Remark 1.2: A D x D symmetric matrix X is positive definite if and only if v v > 0, Vv # 0.

For the Gaussian distribution, this is intuitive, since the variance should be strictly positive in any direction, see Fig-
ure[T.4] Let 3 be a symmetric and positive definite matrix, the  has the following properties:

+ All eigenvalues of X are real and strictly positive.
+ The inverse of X is symmetric and positive definite.

+ We can write ¥ = UAU' with A diagonal and U orthogonal, with A containing the eigenvalues and U the
eigenvectors (as columns).

- With this notation the inverse writes: ¥~ ! = UA"'U .

Exercise 1.4: Prove that the inverse of a (symmetric) positive definite matrix always exists.

If 3 is a covariance matrix we can define the Mahalanobis distance:
M, E) = (x— p) ' 7 (x — p) (1.13)

(which is the Euclidean distance for u = 0 and  =1).

Remark 1.3: Given a vector u € R” and symmetric and positive definite matrix ¥ € RP*?, we can define the
probability density function of a multivariate Gaussian distribution as:

N(x; 1, %) = lelﬁ exp (— gM0c,3)) = ¢|21Tz| exp (— 50— ) x— ) (1.14)

The vector i and the matrix X are usually referred to as the mean vector and the covariance matrix. The covariance
matrix corresponds to the variance (and not to the standard deviation) of a univariate Gaussian. Formally, the mean
vector and covariance matrix are defined as:

M= EN(X;H,E){X} Y= EN(X;H,E){(X - H)(X - M)T} (115)

Exercise 1.5: Prove that the normalisation constant of a multivariate Gaussian distribution with covariance matrix X

is /|27

As Linear Transformations of the Standard Gaussian Multivariate Gaussian distributions can be constructed from
the so-called standard Gaussian by using linear transformations.

Remark 1.4: The standard multivariate Gaussian is defined as the zero-mean and unit-variance Gaussian distribution,
or equivalently, as the cartesian product of D univariate standard Gaussian distributions. The associated probability
density function writes:

N(z:0,T) = %;D/Qexp (- %||z||2). (1.16)

Exercise 1.6: Let us consider the case where z follows a standard multivariate Gaussian distribution, and we define
x = Az + p with A € RP*P being an invertible matrix (|A| # 0). Prove that:

p(x) = N(xp, %), with S =AAT. (1.17)

Implicitly, we are saying that for any invertible matrix A, AAT is symmetric (obvious) and positive definite. We will
use this construction using linear transformations to better understand multivariate Gaussians. We will take several
particular cases, and plot the level curves and associated probability density functions. For plotting purposes we will
restrict to D = 2. For simplicity and without loss of generality, we will ignore the mean vector. We will consider four

cases:
_ (V2 0 _( cos(f) —sin(6) _
X=2z X = ( 0 1/V3 v/ X = sin(8)  cos(6) z x = AxA;z. (1.18)
—_———
A, A5(0), 6=30°



The first case corresponds to plot the standard Gaussian:
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Figure 1.5: Plots corresponding to the standard multivariate Gaussian. (left) Level curves and sample data points in
green. (right) 3D plot of the probability density function, and associated level curves.

The second case corresponds to scaling the points with different values on the first and second dimension.
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Figure 1.6: Plots corresponding to the standard multivariate Gaussian scaled using A;.

The third case will have the same plot as the first one, except that the samples will be rotated. The fourth case
corresponds to composing scaling the rotation.
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Figure 1.7: Plots corresponding to the standard multivariate Gaussian scaled using A, A ;.



It is clear now that for every invertible matrix we can obtain a different Gaussian distribution. Because of the de-
composition of positive definite matrices into 3 = UAU discussed before, we can also see that every Gaussian
distribution corresponds to a linear transformation of the standard Gaussian distribution. Indeed, we can simply con-
sider the entry-wise squared-root of A, L = A'/? and define A = UL, then ¥ = AAT, and A is the linear (invertible)
transformation applied to the standard normal.

We can state further properties of the multivariate Gaussian distribution regarding its level curves, defined as:

Cx = {xIN(x;p, X) = A} (1.19)
These level curves are:
« ForA <0,Cy\ =0.
* ForA=0,Co = {u}.

« For A > 0,C,? is an ellipsoid with center w, axis given by the columns of U and axis length given by the elements
in A, where ¥ = UAU . See the figures above.

1.2.3 Properties of Multivariate Gaussians

Deriving Maximum Likelihood Estimators for Multivariate Gaussians In order to derive maximum likelihood esti-
mators for the parameters of the multivariate Gaussian distribution, we need to know how to take derivatives w.r.t.
vectors and matrices. We will use some results from the matrix cookbook [1]. Useful formulae:

OTr(MA) + 0Tr(B"M'CMB)

_ _ T T T
o = A M =C'MBB' + CMBB (1.20)
alggil\l[M' =M HT  [Tr(ABC) = Tr(BCA) = Tr(CAB)] (1.21)

Exercise 1.7: Prove that the ML estimators of the multivariate Gaussian are:

1 1
* _ * _ _ * _ *
u= N g Xy, X = Nng 1(xn w)(x, —p*) . (1.22)

n=1

The shape is all you need

Remark 1.5: By developing the expression of the multivariate Gaussian distribution:

N p,X) = - 1(x —p) = (x - ,u)) & exp ( - 1XTZflx + XTZTIH), (1.23)

okl

——€X

ey P\ 2 2

we observe that only two terms depend on x. Both are in the exponential: one is quadratic and the other is linear.

The notation & means that is proportional up to a constant that does NOT depend on x. This notation will be very
useful along these notes. In other words, as long as the shape of the distribution is exponential with a quadratic and
a linear term on the random variable, then the distribution is Gaussian. The only constraint is that the quadratic term
must have negative signe and the matrix should be symmetric and positive definite.

Exercise 1.8: Prove that given a symmetric and positive definite matrix © and a vector m, a probability distribution of
the form:

x 1
p(x) X exp ( - §XTQX + me> (1.24)
corresponds to a multivariate Gaussian distribution with the following covariance matrix and mean vector:

=0 p=Ym=9Q 'm. (1.25)

More on multivariate Gaussians in Chapter[4]



1.3 Latent Variables and Conditional Independence

1.3.1 Introduction

We will be using models between variables. In our case this model describes the relationships between two or more
variables, see Figure[1.8] In practice this means that we choose:

+ the nature of z & x: cont./discrete, bounded, ...
+ the ,i.e.p(x,z) = p(x|z)p(z).

+ the prior distribution p(z).

+ the likelihood distribution p(x|z).

@
X

Figure 1.8: Simple model with two variables.

Remark 1.6: For the rest of the courses, we will make the difference between observed and latent or hidden variables.
Observed variables are the samples obtained via measuring a system, and latent variables are quantities that cannot
be measured directly.

For instance, in the clustering task, the observations are the positions of the data points in the R” space (measured),
and the latent variables are the class index of each of the samples (not observed). Usually, x will denote the observa-
tion variable and z the hidden or latent variable.

Remark 1.7: The two classical questions in probabilistic models with latent variables, once the prior and likelihood
distributions are defined are the marginal distribution of x (left) and the posterior distribution of z given x (right):

p(o0) = /Z sl plz) = p“j(jj;” (1.26)

Formally, both p(z) and p(x) are marginal distributions. Because of the sense of the dependency, the former is referred
to as the marginal, while the latter as the prior. The same happens with p(z|x) and p(x|z): both are conditional or
posterior distributions, but their name is different because of the sense of the dependency.

Example: Gaussian Mixture Model The one-dimensional Gaussian mixture model (GMM) can be defined as follows:

* The nature: z is discrete & bounded, x is 1D & continuous.
*+ The dependencies are: p(z, z) = p(z|z)p(2).

* The prior distribution p(z), z € {1,..., K} is categorical:

K
p(z = k) = m, T > 0, Zﬂ'k =1. (1.27)
k=1
* The likelihood distribution p(z|z) is Gaussian:
e 1Y — Ao _ 1 ( — pu)?
p(alz = k) = N(@; e, vi) = WGXP(*T> (1.28)

with pup € Rand v, > 0, Vk.

Exercise 1.9: Prove that given the prior and likelihood distributions of the GMM, the marginal writes:

p(zr) = iﬂ' ! exp ( - M) (1.29)
£ oy, vy ) '



Exercise 1.10: Prove that given the prior and likelihood distribution of the GMM, the posterior writes:

1 (z—px)?
Tk V2TV S ( - 9325: )

K —lim)2 .
Zm:lﬂ-mi\/}}?mexp<— (I25m) )

p(z = k|x) = (1.30)

More on this on the Chapter[2]

1.3.2 Conditional Independence

We will start study conditional independence with the smallest model that can be used: 3 variables. There are four
types of 3-variable models, as depicted in Figure[1.9

Full all dependencies are set:

p(x,y, 2) = p(z|lz, y)p(y|z)p(z) (1.31)
Two-kids y — z dependency missing:

p(x,y, 2) = p(zlz. )p(yle)p(z) (1.32)
Two-parents = — y dependency missing:

p(x,y, 2) = p(zlz, y)p(y )p(z) (1.33)
Cascaded = — z dependency missing:

p(x,y,2) = p(z| - y)p(yle)p(z) (1.34)

Y e ¥ 8

Figure 1.9: Three-variable models, from left to right: Full (all dependencies are used), Two-kids (y — = dependency
missing), Two-parents (z — y dependency missing) and Cascaded (z — z~ dependency missing).

We will let aside the Full model, since we are interested in understanding the imapct of the missing dependencies.
Let's analyse the Two-kids model in depth.

Exercise 1.11: Prove that in the Two-kids model:

p(ylz) #p(y)  and  p(ylz, =) = p(y|z) (1.35)

The first statement is equivalent to say that y and z are not independent. The second statement, however, says that
y and z are conditionally independent w.r.t. z. Let us repeat a similar analysis with the Two-parents model.

Exercise 1.12: Prove that in the Two-parents model:

p(ylr) =p(z)  and  p(zly, z) # p(z|2). (1.36)

We are in the opposite case. The first statement says that y and x are independent, while the second statement says
that y and x are conditionally dependent w.r.t. z. We will repeat this analysis for the Cascaded model.

Exercise 1.13: Prove that in the Cascaded model:

p(z,2) #p(x)p(z)  and  p(z,zly) = p(z|y)p(z|y). (1.37)

In this case, we obtain similar results than with the Two-kids model.



Remark 1.8: At this point it should be clear that independence and conditional independence are two very different
properties of random variables.

Remark 1.9: Let z, y, and z be random variables, we say that = and y are conditionally independent given z, and write
x 1l y | 2, iff one of the following equivalent expressions holds:

* p(@,ylz) = p(z|2)p(y|2)
* p(xly, 2) = p(z|z)
* p(ylz, 2) = p(yl2)

1.3.3 D-separation

Let’s consider the following variables and dependencies.

IsP 1LV |T?How would you do it ? Is the previous strategy scalable ? Let us recall the 3-variable models:

Figure 1.10: Recalling the 3-variable models with new variable names. From left to right: two-kids, cascaded and

two-parents.

Two-kids The path from a to b is called “tail-to-tail.”

p(a,blc) = p(alc)p(blc) (1.38)
Cascaded The path from a to b is called “head-to-tail.”

p(a,blc) = plalc)p(blc) (1.39)
Two-parents The path from a to b is called “head-to-head.”

p(a,blc) # p(alc)p(blc) (1.40)

= If A Il B|C, nodes within tail-to-tail or head-to-tail can be in C' and nodes within head-to-head or any of their
descendents must not be in C.

Remark 1.10: Let A, B and C be three non-intersecting sets of nodes of a directed acyclic graph. A path from A to B
is said to be blocked by C if it includes a node that either:

+ the path meets tail-to-tail or head-to-tail at the node and the node is in C;

« the path meets head-to-head at the node and neither the node nor any of its descendants are in C.

10



Exercise 1.14: Regarding the graphical model in Figure[1.11] please answer the following questions:
1. Is the path from {z} to {v} blocked by {u}?
2. Is the path from {z} to {v} blocked by {y}?
3. Is the path from {z} to {v} blocked by {z}?
4. |s the path from {y} to {v} blocked by {u}?

X (V)
Y @

2

Figure 1.11: Example of graphical model to discuss path blocking.

Remark 1.11: Let A4, B and C be three non-intersecting sets of nodes of a directed acyclic graph. A and B are D-
separated by C, if all paths from any node from A to B are blocked by C.

Exercise 1.15: Regarding the graphical model in Figure[1.11] please answer the following questions:
* Is {z} D-separated from {v} by {u}?
* Is {z} D-separated from {v} by {y}?
* Is {z} D-separated from {v} by {y, u}?

Remark 1.12: A and B are D-separated by C'if and only if A 1l B|C.

*@-*@—*@**:-@*+ ()
@ © @ W)
@ @ €

Figure 1.12: Examples of models with Markovian dependencies, from left to right: Markov chain, hidden Markov model,
double hidden Markov model.

1



Exercise 1.16: For each of the three Markov models shown below, is {z;_,} D-separated from {y;+1} by:
1. {z}?
2. {y:}?
3. {xe,y}?

550 bbb 56E

Remark 1.13: Given a directed acyclic graph representing a probabilitic model, with random variable set , for any
given random variable = € Q, its Markov blanket (or boundary) is defined as the smallest subset B, of Q such that:

p(z|Q/z) = p(z|Bz) (1.41)

Exercise 1.17: Given the probabilistic graphical model shown below, identify By, B;, B., B..

Remark 1.14: Construction of the Markov blanket. Given a directed acyclic graph, and a node x on that graph, the
Markov blanket of z, B, is the set of all parents, children and co-parents of z.

Solutions to the Exercises

Solution to Exercise[1.1} In order to find the optimal value of the parameters in the maximum likelihood, we first
develop the expression of L:

al ol 1 (rn — p)? N 1 I 5
L(p,v|X)= log N (xn; p,v) = 1 - == = ——log(2nv) — — n— 1.42
(b, v|X) n; og N (2n; 1, v) n§:1 08— o 5 log(2mv) — o n§:1(w 1) (1.42)
And then compute 9L and —aﬁz
ou ov
oL 1Y oL N 1 & )
% ;(xn B =5 t53 ;(L — 1) (1.43)
By setting the derivatives to zero:
1 N 1 N
* * ., *)\2
w= Ng:l T v ~ nE:1(xn w2, (1.44)

12



Solution to Exercise[1.2} By developping the log-likelihood, we can easily observe that the total log-likelihood is the
sum of D terms, one corresponding to each dimension of the observations. Therefore the ML values of mu and v
can be computed per-dimension, and the univariate ML estimator formulae can be used.

Solution to Exercise[1.3} Just write things down.

Solution to Exercise As explained, all eigenvalues of a symmetric and positive definite matrix are positive.
Therefore, the determinant is strictly positive, since it is the product of the eigenvalues. Since the determinant is not
zero, the matrix is invertible.

In addition, the eigenvalues of the inverse matrix correspond to the inverse of the eigenvalues of 3, and they will all
be positive. Since the inverse will also be symmetric, then the inverse of a symmetric and positive definite matrix is
also symmetric and positive definite.

Solution to Exercise@ The trick is to start by using the decomposition ¥ = UAU ", where A is diagonal with strictly
positive entries, and U is orthogonal. We then consider L = A'/2, meaning the entry-wise squared root, and realise
that: ¥ = ULL"U'. With this notation we can rewrite the inside of the exponential to compute the normalisation
constant:

C(%) :/RD exp(— %(x—u)TE_l(x—uDdx (1.45)
= /}RD exp ( - %(x —p) ' UL7'L7'U T (x - u))dx (1.46)
= |L| /RD exp ( - %yTy>dy (1.47)
= |%|/2(2m)P/? (1.48)
= [2n3|'/2, (1.49)

where we used the change of variables y = L='UT (x — ), leading to dy = |L|~'dx (where we used that U is
orthogonal).

Solution to Exercise By definition, we have that z = A~!(x — u). By taking the definition of the standard normal
distribution, we write:

exp(—52"z) =exp (— S(x— W) A TA - ) =exp (— (x—w)T(AAT) Mx—p)). (150)

By setting ¥ = AA T we conclude the proof (notice that the normalisation coefficient must be adapted following the
variable change, as in Exercise[1.5

13



Solution to Exercise By considering a set of i.i.d. observations X = {xi,...,xy}, we can develop the log-
likelihood:

M=

L(p, B[X) = ) logN(xn;p, X) (1.51)
n=1
Y D 1 1
= Z == log(2m) — > log |X| — i(xn — ) 2 (%, — ) (1.52)
n=1
1 N
S (DN log(27) + N log | 2| + Z(X" — )2 (x, - u)) (1.53)

n=1

We now focus on the last term, and redevelop it as follows:
(Xn — N)Tz_l(xn — )= Tr((xn - N)TE_l(Xn - N)) = Tr(z_l(xn — p)(xn — N)T>> (1.54)

where we used the circular property of the trace. Regarding the optimal value of u, we can use the other derivative
formulae shown in the main text and write:

%—i2_1<x —,u)—O(:)u*—izN:x (1.55)
a“ ! Nn:l "

n=1
We are now ready to take the derivative w.r.t. ¥. We will actually take the derivative w.r.t. 7'

N
(xn — ") (xn — N*)T- (1.56)

n=1

oL
ax=™h

2=

N
=NZ - (xn— p)(xn — ) =06 T =
n=1

Solution to Exercise[1.8} In order to prove this, we will first notice that the quadratic term has to be associated to the
covariance distribution, hence: ¥ = Q7 leading to:

p(x) & exp ( - %XTE_lx + me). (1.57)

We can now multiply the linear term by 7' 3::

p(x) & exp ( — %XTE_IX + XTE_lﬁm) (1.58)
By setting 4 = Xm we obtain:
p(x) & exp (— %XT271X+XT271N). (1.59)

By multiplying the right-hand side of the above expression by [27%|'/2 exp(—u " X' 1/2), which is a constant that
does not depend on x we end up with:
p(x) = N(x; p, B). (1.60)

Solution to Exercise[1.9} The definition of the marginal distribution writes:

K
p(x) = /Zp(l‘IZ)p(Z)dZ = ;p(xlz = k)p(z = k). (1.61)
And then we replace:
5= 3 e oy (- E520) (162
plx) = 2 Tk T exp S . .

Solution to Exercise[1.10} Use the Bayes rule, and write down the definitions and the previously computed marginal
distribution.

14



Solution to Exercise[1.11} Let us write what the equality would imply:

pylz) = p}(i’z')z) _ Jx p(;(’j)’ e _ p(z|x)§((g)|x)p(w)dz < /X p(ylz)p(x)dz = p(y). (1.63)

In other words, it would imply that p(z|z) = p(z), Vx, meaning that z is independent of z, which is against the model
definition. Regarding the second statement:

Py, z,x) _ plyle)p(zle)p(z)

z,x) = = x). 1.64
p(ylz, x) (2. 2) (e 2)p(@) p(ylz) (1.64)
Solution to Exercise[1.172} Regarding the first statement:

p(ylz)p(z) = p(y, =) = /Zp(z, z,y)dz = p(z)p(y) /Zp(zlsm y)dz = p(z)p(y) = p(ylz) = p(y). (1.65)
Regarding the second statement, we impose the equality:

plely, =) = p(y,2)  p) [y p(zly, z)p(x)ds =plal2),

which implies that p(z|y, =) does not depend on y and is contrary to the model.

Solution to Exercise[1.13} Regarding the first statement:
pa2) = [ ooy 2y = [ pelppllope)ds =pla) [ pElplod L o). (167)
y y y

which implies that p(y|z) does not depend on z. Regarding the second statement:

oz, z,y)  plzly)plyle)p(x)
Po) =00 0 o)

= p(zly)p(2ly). (1.68)

Solution to Exercise[1.74} 1. Yes, 2. No, 3. No, 4. Yes.
Solution to Exercise[1.15} 1. Yes, 2. No, 3. Yes.

Solution to Exercise[1.76} With the left model: 1.Yes, 2. No, 3. Yes. With the center model: 1. No, 2. Yes, 3. Yes. With
the right model: 1. No, 2. No, 3. Yes.

Solution to Exercise[1.77} The isolated variables are shown and their associated Markov blanket in purple.
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Chapter 2

Gaussian Mixture Models

2.1 Motivation: Clustering

Suppose you are given the set of points in the left hand side of Figure 2.7} and you are asked to devise an algorithm
to automatically find K clusters. One option is the following:

1. Initialise randomly K centroids.
2. Assign each data point to the closes centroid.
3. Recompute centroids from the assignments.

4. lterate the past two steps.

This is called the K-means algorithm, and it results on the color-coded assignment shown in the center of Figure[2.1]

e e g,

Figure 2.1: Clustering example.

Important properties of the K-means algorithm:

+ Automatic inference of latent variables. The point-to-cluster assignment variable is unknown/latent/hidden,
and must be infered together with the parameters.

+ Limited to spherical and equally populated clusters. Because the assignment criterion is the Euclidean dis-
tances, see the right hand side of Figure[2.7]

Remark 2.1: Gaussian mixture model (GMM):
+ For each data point x,, there is a hidden variable z,, taking discrete values from 1to K: z,, € {1,...,K}.
« Its prior probability is defined as: p(z, = k) = m, Zszl mp = 1.
+ Given z,, the data point is modeled as a multivariate Gaussian:

p(Xn|2zn = k) = N(XM K k) (21)

Advantages:
1. Having 71, ..., 7 means that groups can be differently populated.

2. The shape of the groups is modeled by X;..

16



2.2 Maximum Likelihood for GMM: the Expectation-Maximisation algorithm

Let's compute p(x,,):

K K
P(xn) =Y p(Xny 20 = k) = Y 7N (X5 g, Sie). (2.2)

k=1 k=1

The log-likelihood writes:
L(O|X) = ZlomeN X5 Mgy Bk (2.3)
n=1
with © = {m, uy, Tk} . One can easily check by computlng oL ;E or % that direct optimisation is very
1233 k

complicated.

Notice that log p(x) is not a nice function to take the derivative of, but that log p(x, z) is. However, z is not observed
and we need to take some sort of expectation. We will do that w.r.t. the posterior distribution, and this choice will be
justified later on.

Remark 2.2: The expected complete-data log-likelihood writes:

0(0,0"% = B,z 1x,00) log p(x, 2; ©) (2.4)

Remark 2.3: We can now propose the EM algorithnm for GMM, with some notation first: observations X = {x,,}_,,

latent variables Z = {z,})_, and parameters ® = {r}, i, 1 }<_,. Given ®°, we use the expected complete-data
log-likelihood Q:

1. Expectation:
Q(Qa 60) = Ep(Z\X;GU) lng(Z, X7 6) (25)

2. Maximisation:
0! =arg max 0(0,08") (2.6)

We can look back to K-means:
1. Infer latent variables (assignment) given the parameters (centroids).

2. Estimate the parameters (centroids) given the assignments.

Algorithm K-means EM for GMM

Criterion Sum Euclidean distance to assigned cluster center Expected complete-data log-likelihood
Inference Optimal hard-assignment Posterior distribution of z,

Param. Est.  Cluster centroids Optimise for ®

To derive the expectation (E) and maximisation (M) steps, of the EM algorithm, we recall: p(z, = k) = = and
p(Xn|2n = k) = N(Xn; 12378 Ek)

2.2.1 The Expectation Step

Compute Q(©,0°) =E,zx.00)logp(Z, X; O).

« Start with p(z,, = k|xy; @0). And name it n,, = p(zn = k|xn; @0). Nnk IS the posterior probability that x,, belongs
to group k.

* Then p(Xm Zn|®) = WkN(XrH Mg Ek)
* AlSOE,(.. |z,.00) log p(2n, X,; ©) = S Mk 1og TN (X s Sie).-
Remark 2.4: In the case of Gaussian mixture models, the expected complete-data log-likelihood writes:

N
Q(e,0") = Z i log kN (%0 g, Zi)- (2.7)

17



2.2.2 The Maximisation Step

The exected complete-data log-likelihood splits:

N K
9(©,0°% = Z > "tk log T + Nk 1og N (X gy, ). (2.8)
n=1k=1
We consider now the Lagrangian for 7y, ..., mx:
N K K
@ @0 ZZ nklogﬂk—l—ﬂ(l—Zﬂ'k). (29)
1=1k=1 k=1
Exercise 2.1: By computing the derivatives of the previous function, prove that:
1 N
T = Nslm Sy = nz::l??nm (2.10)
and
1 N 1 N
NZ =3 Z TnkXn EZ = o Z nnk(xn - “Z)(Xn - NZ)T- (2-11)
Sk n=1 Sk n=1

2.3 The EM algorithm in general

Let us assume a probabilistic graphical model, with observed variables X, hidden variables z and parameters ©.

Remark 2.5: Initialise the parameters ®°. For iterationr = 1, ..., R:
E-step Compute p(z|X; 0" ') and Q(©,0" ).

M-step Compute ®" = arg maxg Q(©,0"1).

Comments
+ EM is sensible to initialisation.
+ It may converge to a local maxima or saddle point.
- We still need to compute and optimise Q(@, 0" ).

Why does the EM work? The main mathematical object in EM is Q (the expected complete-data log-likelihood). In
order to study the relationship with the log-likelihood, we consider any distribution of z: ¢(z) and ignore © for the time
being.

log p(x) = Ey(y) [logp(x)} (2.12)
= Eqy(z) [logp(x)m} (2.13)
(x)p(z|

p(zix)) (214)
We therefore obtain:

log p(xc: ©) = B, o[ log ] 4 (g(a)

p(zlx)), (2.15)

E-step

where Dy, stands for the Kullback-Leibler divergence, and is always positive. In these terms, the EM can be interpreted
as follows, for a given @°:

1. Set ¢(z) = p(z|x; ©°).

2. Optimise E,(,) [log "<"(z )@)} w.rt. ©.

18



By running the E-step (step 1), we make Dy, = 0, and therefore the expected complete-data log-likelihood becomes a
tight lower bound of the log-likelihood. The M-step (step 2), thus optimises directly the log-likelihood. In other words:

E-step reduce the distance between log-likelihood and Q.
M-step push O and therefore push the log-likelihood.

A graphical representation of this phenomenon can be found in the following figure with the following notations:

logp(x; @) = Ey(y) [log W} + D (q(Z) Hp(ZIX))

£(q,©) KL(qllp)

KL(q||p)

L(g,8) Inp(X|0)

Solutions to the Exercises

Solution to Exercise[2.1} For ;. and X, re-use the same strategy used for the ML estimators of a multivariate Gaus-
sian distribution in Chapter[l] see Exercise[1.7} Regarding the 7, we need to compute the derivative:

oQ 1
= = nk— — 3. 2.16
ot Z::l Tk B (2.16)
By setting the derivative to zero, we obtain:
N
1
Tk = B Z Tink, (217)
n=1
and we recall that ), 7, = 1, thus:
K K,N N
1 ¢ N ., 1
1:27@:5 Znnkzﬁéﬂ'k:NZnnk. (2.18)
k=1 k,n=1 k=1
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Chapter 3

Hidden Markov Models

(Empty)
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Chapter 4

Probabilistic Principal Component Analysis

4.1 From Discrete to Continuous Latent Variables

So far we have studied probabilistic models with discrete latent variables, thatis z € {1,..., K'}. In particular we have
discussed the Gaussian mixture model and the hidden Markov model, depicted in F|gure-

oo

Figure 4.1: Graphical representation of a GMM (left) and an HMM (right).

In the following courses we will discuss models with continuous z. This means that z € R. The continuous equivalent
of GMM is called probabilistic principal component analysis (PPCA), and the one corresponding to HMM is called
Linear Dynamical System (LDS) and will be discussed in Chapter|[5

4.2 The PPCA Model

The PPCA model uses some of the concepts and intuitions around the multivariate Gaussian distribution discussed
in Chapter[1] From a graphical perspective it is the same as GMM (left of Figure[4.1), but the nature of the random
variables and their interdependencies change.

Remark 4.1: The PPCA model is characterised by:

- Two continuous variables, one hidden one observed. Traditionally, z € R% and x € R% denote the hidden and
observed dimensions, and d; < dy.

+ The prior on the latent variable is a standard Gaussian:

p(z) = N(z;0,1). (4.7)

« The conditional likelihood is a multivariate Gaussian:

p(x|z) = N(x; Az + b, vI). (4.2)
Exercise 4.1: What is the number of free parameters of the PPCA model?

Alternatively, one can write x = Az + b + € with e ~ N (e;0,v1), being € and z independent. An example of the
generative process of PPCA can be found in Figure[4.2]
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Figure 4.2: Example of the generative process of PPCA. From left to right. We first generate the low-dimensional latent
variable z, which gets multiplied by the linear operator A, and added the bias b, before adding the high-dimensional
noise ¢, to obtain the observations x.

Exercise 4.2: Prove that, given the PPCA model, the marginal of x has mean vector b and covariance matrix AAT I

Exercise 4.3: Prove that the shape of the marginal distribution p(x) corresponds to the one of a multivariate Gaussian.
To do so, first prove that the joint distribution in x and z can be expressed as:

% — bl
p(x,2) & exp <; [”Vl)' - mTﬂlm} ) N(z;m,Q), (4.3)
with )
T - T
Q= (AVA +I> m=Q <A(’;_b)>. (4.4)

While it is clear from the previous equation that the mean of the marginal distribution is b, understanding that the
corresponding covariance matrix is what was found in Exercise[4.2]is not trvial. You might use the Woodbury matrix
inversion lemma:

Remark 4.2: For matrices D € R"*"™, U € R™*™, C € R™*™ and V € R™*", the following identity holds:

(b+Uucv)!'=D'-D'UC'+VvD 'U)'vD ' (4.5)

Exercise 4.4: Prove the Woodbury matrix inversion lemma.

4.3 Expectation-Maximisation for PCCA

We will now derive the EM algorithm for PPCA. The parameters of the model are ® = {A, b, v}. As usual, the EM will
provide a way to estimate these parameters provided a set of data X = {x;,...,xy}. For each of these data points,
we assume the existence of a low-dimensional hidden random variable z,,, and write Z = {z,...,zx}.

Given an initialisation of the parameter set, ® = {A b, 7}, the EM algorithm considers the expecteded complete-data
log-likelihood:

N
Q(©,0) =E,zx.6)1080(X, Z;0) = Y Ey5, 1x,.:6) 108 (%, 2n; ©). (4.6)
We already know that the posterior distribution is a Gaussian gi:s}tribution that writes:
_ _ —1 _ _
N(zy: 0, ), with €= (AZA +I> and 1, = O (AT("S"O)> . (4.7)
In order to compute the expecation in Q, we need the following result.
Exercise 4.5: The following two formulae hold:
Ex(ps) {Az} = Ap and Epn(,s) {z'Az} = p" Ap + Tr(AX). (4.8)
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4.3.1 E-step
We are now ready to derive the E-step of the EM algorithm for PPCA:

Exercise 4.6: Show that the n-th term of the sum of the O function for PPCA writes:

e I <dx logv + l||xn — Am, —b|]? + 1Tr(ATAQ)> , (4.9
v v

En (2, 5m,,0) 1108 N (%Xn; Az, + b, VI)N (2,,;0,1)} 5

where the notation 2 means equality up to an additive constant that does not depend on ©.

Therefore the Q function for PPCA writes:

e N

N
i 1 _ 1
Q(©.0)= -7 (dx logv + ;Tr(ATAQ) + > llxn — Am,, — b2) , (4.10)
n=1

4.3.2 M-step

By taking the derivative of Q w.r.t. the parameters in ©, obtain the following results.
Exercise 4.7: The optimal value for v writes:

w1

X

14

N
TAG 1 _ 2
<Tr(A AQ) + — n}fl |x, — Am, —b|? | . (4.11)

Regarding the other two parameters, nulling out their respective derivatives yields:
A = (Syw —bS,)S;' and b =S, - AS,, (4.12)

N N — N — N . A
Where SX = % anl Xn € Rdx' SM = % En:l m, € Rdz' SXM = % Zn:l Xnml S RdXXdZ, SQ = % EnZI mnmz +Q €

R%*4 This means that the optimal values of A and b must be found by solving a linear system of equations, yielding:

A" = (Sym — SxSy)S; 1 (I—S,,8,.8;1)7 !, and b* =S, — A*S,. (4.13)

4.4 More on Multivariate Gaussian Distributions

We perform a deeper analysis on the multivariate Gaussians. Indeed, in Exercise |4.3| we have shown that for the
PPCA model, the marginal distribution on x is also a multivariate Gaussian. Another immendiate consequence of this
exercise is that the posterior distribution p(z|x) is also Gaussian.

Remark 4.3: Under the notations and assumptions of the PPCA model, the posterior distribution writes:

p(z]x) & p(z,x) & N(z;m, Q). (4.14)

While we have proven this for the PPCA model, the formulae can be easily extended to the more general case.
Remark 4.4: The so-called linear Gaussian model, which is actually afine, is defined as:
p(z) =N(zpn,2)  p(x|z) = N(x;Az+b,L), (4.15)

peR%, ¥ e RE2xd% A c RXx*X%, b c R and L € R&x*d,

Exercise 4.8: What are the number of free parameters of this model?

Under these assumptions, p(x, z), p(x) and p(z|x) are all multivariate Gaussian distributions.
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Exercise 4.9: Using the Gaussian completion, prove the following results. For the posterior distribution:
p(z[x) =N(z;m, Q) with Q'=S"T"+A'L'A and m=QE 'u+ AL (x—b)). (4.16)

For the marginal distribution:
p(x) = N(x;Ap+b,AZA" 4 L). (4.17)

For the joint distribution:

- (( )z( )) :N<( : )( zlﬂli_;bTle >( AI;;” »! f:TAL*IA )) Gt

Solutions to Exercises

Solution to Exercise[4.1} The model has d,dx free parameters for A, dy free parameters for b and one for v, so a total
of (dz + 1)dx + 1.

Solution to Exercise[4.2} By direct computation:
E{x} =E{Az+ b+ €} =b, (4.19)
since the two Gaussians are independent with null mean vector. Regarding the covariance matrix:
E{(x —b)(x—b)"} =E{(Az+€)(Az+¢€)"} = AAT + 1, (4.20)

where we have used the independence properties and the covariances of z and e.

Solution to Exercise[4.3} In order to do that we write:

p() = [ plxiz)pla)ia (4.2)
By writing the joint, we observe:
x 1 ) 1,
p(x,2) ocexp(— gHX—AZ—bH )exp(— §||z|| ) (4.22)
2 2 TA T (v
% exp (_1 lx bl , Az 22TAT(x-b) |D (4.29)
2 v v v
x 1 1 ATA A'(x—b
o<exp(—5||x—b||2) exp (—2 l T ( > +I> z—2zT()Z)1> (4.24)
The Gaussian on z can be completed with:
T =1 T
Q= (A A+1> mQ(A(Xb)> (4.25)
v 14

thus obtaining:
|x —b|?
14

p(x,2z) & exp <; [

which concludes the proof (why?).

mTQIm} ) N(z;m, Q), (4.26)

Solution to Exercise [4.4} Just multipy the right hand side expression by the left hand side expression (without the
inverse) and simplify to obtain the identity.

24



Solution to Exercise[4.5} The key property is that expectations commute with linear operators such as matrix multi-
plication and the trace:

]EN(Z;;L,E) {AZ} = AEN(Z;M,Z) {Z} = A[l, (427)
and:
En(ops) {2 Az} = Exus) {Tr(z' Az)} (4.28)
= En(zpn,3) {Tr(AzzT)} (4.29)
= Tr(AEN (z;u,3) {ZZT}) (4.30)
=Tr(A(pp' + X)) (4.31)
=p' Ap+ Tr(AZ). (4.32)
Solution to Exercise[4.6} Use the formulae before, and get rid of all terms that do not depend on ©.
Solution to Exercise[4.7] The optimal value for v can be obtained by taking the derivative:
9Q 1 (Ndy 1 l
vz _ _= x = TAO o = 2
o 2< o <NTr<A AR)+ 3 . — A, ] )) (433)
from what it follows that:
o) 1 1 =
Y= * T M - _ = 2
5 =0 @ U=7 <Tr(A AQ) + n; |x, — Am,, — b ) . (4.34)

Regarding the other two parameters, you need to use the derivatives w.r.t. matrices. Nulling out these derivatives
yields:

A = (Syw —bS,)S;' and b =S, — AS,, (4.35)

where Sy = L SN x, e R%, Sy =L 30 m, € RE, Suu = £+ 2N x,m] e RH¥%, 8, = LN mom! +Qe
R% >4 This means that the optimal values of A and b must be found by solving a linear system of equations, yielding:

A" = (Sym — SxSy)S; ' (I—8S,,8,.8;1)7 !, and b* =S, — A*S,. (4.36)
Solution to Exercise It's d; for p, dx for b, d; x dy for A. For the covariance matrices we have d;(d; + 1)/2 for &

and dx(dy + 1)/2 for L, since they are symmetric.

Solution to Exercise[4.9} It's somewhat long to write, but it only needs to be written.
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Chapter 5

Linear dynamical systems

Linear dynamical systems are composed of a hidden variable with a temporal structure, and an observation. They are
very similar to hidden Markov models, with the very important difference that the hidden variable is continuous. LDS
are to PPCA what HMM are to GMM.

| Discrete | Continuous
No Temporal || GMM p(z = k) = mp, | PPCA p(z) = N(z;0,1)
Temporal || HMM p(z; = klze—1 = j) = 7 | LDS p(2¢|z¢—1) = N (2¢; Az 1, T)

In more detail the equations defining the model are:
p(z1) = N(z1:d,Q), p(2z¢|ze—1) = N(z¢; Azy_1,T), p(x¢|ze) = N(x¢; Czy, ), (5.1
where ©, I’ and X are covariance matrices.

Exercise 5.1: What is the dimension of the free parameters of the model?

5.1 Structured Multivariate Gaussians

Before going through the EM, we will be discussing properties of the multivariate Gaussian distribution. We forget
for a while about the sequences and consider now the concatenationof xandz: y = [x",z']",y € R%*d-_ We
have seen that if p(z) is a Gaussian, and p(x|z) is a linear-Gaussian, then the joint distributionony = [x",z"]" is a
Gaussian as well. But is the opposite true?

If we write p(y) = N (y; p,, 2y ) then we can write:

— IJ’w _ EIJ? EZEZ
We would like to derive properties of p(z) and p(x|z) from p(y). In order to evaluate N (y; p,,, 3, ), we need to compute:
-1 -1 -1
B = .l »]
Eyy - ( EZ.’L‘ EZZ ) 7& ( E;Tl 2;21 > (5’3)

You cannot invert a matrix block-by-block. Think about how do you invert a 2 x 2 matrix, or what if X, is not square.
We have the help of the following results.

Remark 5.1: There are two version of the block-wise inversion lemma. The first:

A B\ M ~MBD™! (5.4)
C D ~\-D'cM D !'+D'cMBD! '

withM = (A - BD 'C)~ L.
And the second:
A B\ ' [(A'+A'BNCA' —A'CN
(c D> ( ~NBA™! N )

withN = (D - CA™'B)~ ..
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Exercise 5.2: Prove that both are indeed inverses of the original matrix. As a consequence they have to be equal. You
will need the Woodbory lemma.

If we apply this to p(y), the precision matrix A, (the inverse of X,,) is:

-1 _ _ Aww sz _ A:vm _Amzza:zzz_zl
Eyy N Ayy N < Azx Azz N _E;zlzzwAww 2;21 + E;zlzzwawzsz;zl (56)

with Ay, = (Zpe — 2,230 3,,) L
Exercise 5.3: Use the previous expression to prove that the conditional distribution writes:

p(X|Z) = N(X; K|z Ex\z) with Eac\z - A;mla and Kz = By — A;mlAiEZ(z - ”’z) (57)

Exercise 5.4: Use the previous result to prove that the marginal distribution writes:

p(z) =N(z;p,,3.,). (5.8)

The linear-Gaussian model showed that two independent random variables with both marginal and conditional distri-
butions being Gaussian, then the joint is Gaussian. We now showed that if the joint is Gaussian, then both the marginal
and the conditional are Gaussians. This completes our discussion on multivariate Gaussian distributions that we will
use for deriving the EM algorithm.

5.2 Expectation Maximization for LDS

As usual we have:
« Observations: x;.7 = (x1,...,x7), With x; € R%,
+ Latent variables: z,.7 = (z1, ... ,z7), With z; € R%.
* Model parameters: © = {p,, 2, A, T',C, X}.

Given an estimate of the parameters ©, the expectation-maximisation algorithm has two steps:
+ Expectation: compute the auxiliar function:

Q(®7 é) = Ep(zl:T\xl:T;(:D){logp(xliTa Z1:T, @)} (59)
+ Maximisation: of the auxiliary function Q w.r.t. ©:

e = argm(gx@(@,(:)), (5.10)

then set ® = ®* and go back to the E-step.

5.2.1 Estep

The E-step starts by deriving further the Q function. To this aim we first get the logarithm of the joint distribution (see Figure
as well):

log p(x1.7, z1:7; ©) = log p(x1.7|21.7; ©) + log p(z1:7; O) (5.11)
T T

= Z log p(x¢|z:; ©) + Z + logp(z1; ©) (5.12)
t=1 t=2

&
SENORRS

Figure 5.1: Graphical model of afirst order hidden Markov chain (common to HMM and LDS models), with the transition
and observation models highlighted in blue and green respectively.
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If we develop O:

T T
Q=E . 1ix1.0:0) {Z log p(x:|z:;©) + Y p(ze|zi—1;©) + log p(z1; 9)} (5.13)
t=1 t=2
T
=D Eyluy e {log p(xe|2e; ©)) (5.14)
t=1
T
+ ZEP(Zt—l,Zt x1.7;0) {Ing(Zt‘zt—l; 6)} + Ep(zl\xlzT;@) {Ing(Zh e)} (515)
t=2
In order to compute Q, we need to first compute:
p(z¢|x1.7;0) and  p(zi—1,z|x1.7;©), V. (5.16)
If we start from scratch, we write:
p(ze|x1:7) = / . -/p(ZI:T|X1:T)dzl:t—1dzt+1:T (5.17)
1
= m / e /p(X1:T7zl:T)dZI:tfletqtl:T (5.18)
1 T T
= o) /..,/Hp(xf\zr) Hp(zr|ZT71)p(21)dz1;t71dzt+1:T (5.19)
pixuT T=1 T=2

This requires 7' — 1 integrals for every z;, so T'(T — 1) integrals. We need a smarter strategy!
As in the case of HMM, we will use the forward-backward algorithm.

Main idea: decompose as a product of a forward and backward distributions that can be computed recursively and re-used at every
t:

p(zt|x1.7) (éé) p(2z¢,x1:7) = p(Z¢, X1:0)p(Xe41:7|2¢) (5.20)

Exercise 5.5: Prove that the past dependencies drop from the backward term, or equivalently that x;.; and x;.1.7 are D-separated
by Zt.

We refer to p(z:, x1:¢) and p(x:+1.7|2¢) as the forward and backward distributions, but this is a language abuse. They are denoted

respectively by v (z:) = p(z:, x1.1) and B¢(z:) = p(xe+1.7|2z: ). We recall that p(z:|x1.7) (Z&T) p(ze, x1:4)p(Xe1:7|2¢ ), but also:

1 . .t t . . T T
p(ze|x1.7) = 1:T)>/M»/H])<XT‘ZT)£[2P(ZT‘ZT 1)p(z1)dz1 1// H p(x-|z) H (2|2, —1)dzer1.r.  (5.21)

p(X T=t+1 T=t+1
Exercise 5.6: Prove the general forward-backward recursions:
e (ze) £ p(ze, x1:0) = p(xe|2e) /P(Zt|zt71)p(zfﬂ=Xl:tfl)dztfl = p(xt|2:) /P(Zt|Zt71)uffl(thl)dztfly (5.22)
Bi(2) = p(xerir|ze) = /p(xt+1\Zt+1)P(Zt+1\Zt)p(xt+2:T|Zt+l)dZt+1 = /P(Xt+1|Zt+1)p(zt+1|zt)ﬂz+1(Zz+1)dzt+1- (5.23)

So we have:
+ Forward Start with o (z,) = p(z1]|x1) and compute:

a(ze) :p(xt|zt)/p(zt|zt_1)m 1(zi—1)dze—1, VL. (5.24)
+ Backward Start with 57_1(z7—1) = p(xr|zr—1) and compute:

Bi(ze) = /p(Xt+1|Zt+1)p(Zt+1|Zt)5t+](Zt+])dZt+1,vt. (5.25)
+ Posterior Compute p(z;|x1.7) o< v (z¢)Be(ze), VE.

This is the exact same formulation as for HMM (we did not use the distributions of z; and x;), so this is general. With this strategy,
we need 2(T — 1) integrals, instead of T'(T — 1). Differently from HMM, we need to see how these recursions look like for LDS.
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Forward & backward recursions In order to compute the forward recursion we assume that the forward distribution at the
previous time step is Gaussian (see below for initialisation).

Exercise 5.7: Let us now assume that: a;,—1(z¢—1) = N (z¢—1; 1, _, Vi—1), prove that the recursion inleads to a Gaussian as
follows: i
V, = (CT2—10+(P+AV, lAT)—l) :

(5.26)
B, = Vi ((r FAV, AT A, + CE_lxt).

ai(ze) = N(ze; 1y, Vi),  With

Exercise 5.8: Using similar tools than in the forward pass, and when necessary completing the quadratic form, prove that if
Bi+1(zt+1) = N(Zt41; Vi1, Wit1), then:

Bi(ze) = N(ze; v, W) with W '=AT(T+ (W, L +C'='C)™) A (5.27)

and
ve=WA T (C'Z'C+W, L +T7 ) (CTEZ %41 + Wi wi) (5.28)

Marginal a posteriori All the previous computations were targetted to obtain the marginal a posteriori distribution:

p(zlxir) & plae, x10)p(xerer|ze) 5 Nz sy, VON (2000, W) (5.29)
z4 1 _ _ _ _

2 exp (75 [z:(Vt YW Dz — 22 (Vi + W, 1w)]) (5.30)

0 N (20; mu, As) (5.31)

with A, =(Vi'+W; )™ my = AV + Wity (5.32)

But how to initialise the recursions?

Initialisation of the recursions If we take a look to the forward at time ¢ = 1:

a1(z1) = p(z1,x1) = p(x1|z1)p(z1) = N (x1; Cz1, )N (21;d, Q). (5.33)
Therefore: . R
) _ ) . Vi=(Q ' 4+CE'C),
a1(z1) = N(z1; 11, V1) with { g = V(@A +CTE x) (5.34)
Regading the backward, let’s first reason with the following equation:
p(zrlxur) & plar, xur), (5.35)
——

ar(zr)

meaning that actually 8r(zr) (%?) 1, and thus Br should be constant. This would be achieved if we initialise 8 as a normal
with infinite covariance or zero precision W' — 0, but in that case it will not propertly a normal. However, we can compute the
parameters of Br_; that correspond to this choice:
1 Wl =AT(T+(C'='C)"H)'A
WT —-0= { vr_1 = WT,IATI"l(CTZ’lC + Fil)il(CTzilxtJrl).

This is equivalent to start from 871 (zr-1) = [ p(xr,zr|zr-1)dzr 1. We can now compute p(z:|x1.7; ©) (previous formulae):

+ Initialise and compute the parameters of the forward distribution.

« Initialise and compute the parameters of the backward distribution.

+ Compute the parameters of the posterior.

To finish the E-step, we need to compute the joint distribution p(z:, z;1|x1.7), and compute the Q function.

Joint a posteriori In order to compute the joint a posteriori distribution of two consecutive hidden variables, we start by
marginalising, as we did for the posterior of a single latent variable:

p(2Z¢, Zeg1|x1:7) = / . ~/p(zlzT|X1:T)dZ1:t—1dZt+2:T (5.36)
(zt,2¢41)
o ar(Ze)p(Xe41|Ze+1)P(Ze+1|2¢) Brv1(Ze41) (5.37)
(#0,2011)
! Oé+1 N(Zt; oy Vf )N(Xt+1; CZt+1, E)N(Zt+1; AZt, F)N(Zt+1; Vit1, Wt+1) (538)

(t,2041) 1 - _ _ _ _
" exp (75 [zI(v, " AT A)z 4201 (CTETICHT T W )z

— 2Zj+1r_1AZt — QZIV, lp,f - 2Z:+1(CTE_1Xt+1 + Wt+1l/t+1):|> . (539)
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This means that we will re-use the forward and backward distribution. Another consequence of the previous equation is that the
joint posterior distribution is also Gaussian.

Exercise 5.9: From the expression above, prove that p(z:, z;+1|x1.7) = N ([z¢; Ze+1]; e, Bt ) With:

V/fl#t

- V, '+ ATTA —ATT ! -
=t = =i Ty—1 -1 . (5.40)
> 'C C X "x¢t41+ Wip1™ Vg

‘= —r'A Wi 4D 47 and . ==, (

In the previous equations we droped the bar frgm_é_fo[ simplicity. For the E-step ALWAYS use the parameters of the previous
iteration! Thus, all equations above should use A, T, C, 3, d and €.

5.2.2 M-step

In order to derive the M-step we need some tools. We recall this important result.
Ex(oins) {AZ} = Ap and Exgs {2 Az} = u" Ap+ Tr(AD),

and certain properties:

(i) Tr(ABC) = Tr(BCA) (i) %Tr(ATB) =B (5.41)
(iid) %T&(ABATC) =CAB+C'AB'  (iv) % log|A| = (A™H)T (5.42)
Let's recall that the posterior distributions:
p(zs|x1.7) = N(2e;m4, Ar)  and  p(ze, 2o |x1:m) = N([26; 2e41]; €4, Ee) (5.43)
(m; € R%, A, € R¥*% and ¢, € R??%, B, ¢ R?4=*2d=)
M-step: C and X The expectation of the ¢-th term writes:
Ep ey s pi6) {108 p(3ce 205 ©) } 2 —% log |3] — %Tr {37 (xex! —20mix + Clmm] +A)CT) } (5.44)
Sum over ¢
T (Y R T T T
Qoz = —7 log[B| - 5Tr {2 ; (xtxt —2Cmyx; + C(mym; + A,)C )} (5.45)

By definining: S, = 3/, x:x! S.o =Y, ,mx' S..=3>. mm/ + Ay

Qo =~ log[] — 11 {87 (8., —208., + C8..C7)} (5.46)

By taking derivatives and nulling them out we obtain:

8Q * —1 aQ * 1 —1
a~ — = Ozz(PDzz - 3T =~ zx — PDrz\(PDzz zx |- A7
56 =0=C =8n(Se) and S5 =0= T(s S..(S..)"'s ) (5.47)
M-step: A andI" The t-th term of the sum writes:
1 1 _ T
—5 log \1"\ — §T‘I‘ {EP(21,+I 7Z/,‘x1:T§é) {F 1 (Zt+1Z:+1 — 2AZ7&Z;F+1 =+ AZfo AT) }} (548)
Remember p(z¢, z:+1|x1.7) = N ([2¢; 2e41]; &4, Ee):
¢, = ( ?* ) E, = ( St Sy ) , (5.49)
t+ Sip— Sty
We need to take the expectation, and the sum over ¢:
T T -~ T
Sit =) &bl +Biy, S._=) & & +B -, S_.=) & &L +Ei s, (5.50)
t=1 t=1 t=1
As aresult (very similar formula to the previous one):
Oar =L Liogr) - imy {r—l (s++ —2AS . + AS,,AT)} (5.51)
2
The optimal values can be derived as in the previous case.
M-step: d and 2 It is quite easy to see that:
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5.2.3 Summary

Start with initial parameters @. Iterate the following:
E-step Initialise and compute the forward recursion: p,, V, V.
Initialise and compute the backward recursion: v, W, Vt.
Compute the parameters of the posterior, m, A, , and joint posterior £,, E;, Vt.

M-step Compute the summary statistics S.., S.», and S.., and the optimal values C* and X*.
Compute the summary statistics S; 4+, S_, and S__ and the optimal values A* and I'*.
Compute the optimal initial values d* and Q*.

Until some convergence criterion is met.

Solutions to (some) Exercises

Solution to Exercise[5.3} To do so, we will consider z fixed in the joint distribution, and complete the Gaussian on x. Developing
the joint distribution with the blocks of the precision matrix of y:

log N (y; ), By) £ —%(y —1,) B (y — 1) (5.53)
i) —% ((x — ) A (x — ) +2(x — ) Aua(z — ) (5.54)
+(a— )T An(z— 1)), (5.55)

Now considering a fixed value of z we write:

() _1 T oy Ty—1 . _
log p(x|z) = 2()( Az x —2x Zz|z EMZ(AM;J,Z Ao (z [,I,Z)) ) (5.56)
z:—ll
=z M|z
Therefore, p(x|z) = N(x; ), X)) With:
Ex\z = A;Jcla “’z\z = Eac\z (Azzl»l'z - Azz(z - "‘Lz)) (557)

=p, — Ay Aua(z — 1) (5.58)

Solution to Exercise[5.4} We will start by considering the Bayes theorem in logarithm form:

log p(z) = log p(x, ) — log p(x2) (5.59)
P (00— 1) A — 1)+ 20x — p1,) As (5~ o) (5.60)

(2 ) Ana = 1)) 5 (0 = pigs) TS~ 1)) (5.61)

P2 (0= 1) A = 1)+ 20x = 11,) A (5~ o) (562)
+(z—p) Az — uz)) + %((x — ) Ava(x— p1,) (5.63)

+20x — 11,) Moo At Aus(z— 1) + (2 — 1) T ALAZ A (2 — ) (5.64)

2 o) (A~ ALAZIAL) (2 - o), (5.65)

=il
which leads to the desired result after applying the Woodbury lemma to see that .., = (Azz — ALA;D}AIZ) .
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