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Chapter 2
Data Modeling with a Single Subspace

“Principal component analysis is probably the oldest and best
known of the techniques of multivariate analysis.”
— 1. T. Jolliffe

In this chapter, we give a brief review of principal component analysis (PCA),
i.e., the method for finding an optimal (affine) subspace to fit a set of data points.
The solution to PCA has been well established in the literature and it has become
one of the most useful tools for data modeling, compression, and visualization.
We introduce both the statistical and geometric formulation of PCA and establish
their equivalence. Specifically, we show that the singular value decomposition
(SVD) provides an optimal solution to PCA. We also establish the similarities
and differences between PCA and two generative subspace models, namely Fac-
tor Analysis (FA) and Probabilistic PCA (PPCA). When the dimension of the
subspace is unknown, we introduce some conventional model selection methods
to determine the number of principal components. When the data points are in-
complete or contain outliers, we review some robust statistical techniques that
help resolve these difficulties. Finally, some nonlinear extensions to PCA such as
nonlinear PCA and kernel PCA are also reviewed.

2.1 Principal Component Analysis (PCA)

Principal component analysis (PCA) refers to the problem of fitting a low-
dimensional affine subspace S to a set of points {x1,@2,...,xy} in a
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6 Chapter 2. Data Modeling with a Single Subspace

high-dimensional space R”, the ambient space. Mathematically, this problem can
be formulated as either a statistical problem or a geometric one, and they both lead
to the same solution, as we will show in this section.

2.1.1 A Statistical View of PCA

Historically, PCA was first formulated in a statistical setting to estimate the prin-
cipal components of a multivariate random variable « [Pearson, 1901, Hotelling,
1933]. Specifically, given a multivariate random variable 2 € R” and any integer
d < D, the d “principal components” of « are defined as the d uncorrelated linear
components of x:

yi=ujx €R, u; eRP, i=1,2....4d, 2.1

such that the variance of y; is maximized subject to

u; u; =1 and Var(y;) > Var(ys) > - > Var(y,). (2.2)

i

For example, to find the first principal component, y;, we seek a vector u} € RP
such that

u! = argmax Var(u ), st u u; =1 (2.3)
uy ERP

Without loss of generality, in what follows, we will assume x has zero-mean.

Theorem 2.1 (Principal Components of a Random Variable). The first d principal
components of a multivariate random variable x are given by y; = u, x, where
{u;}&_, are the d leading eigenvectors of its covariance matrix ¥, = Elzx ).

Proof. Notice that for any u € RP,
Var(u'x) = E[(u' 2)?] = Eju zx "u] = v Zpu. 2.4

Therefore, the optimization in problem in (2.3) for finding the first principal
component is equivalent to

max ulTZwul, s.t. ulTul =1. 2.5)

uleRD

In order to solve the above constrained minimization problem, we use the
Lagrange multiplier method. The Lagrangian is given by

L =u] Spur + M1 —uj uy) (2.6)

for some Lagrange multiplier A € R. The necessary condition for u; to be an
extrema is

Ewul = )\ul, (27)

and the associated extremum value is ulTEmul = . It follows that the optimal
solution u] is exactly the eigenvector of X, associated with the largest eigenvalue.



2.1. Principal Component Analysis (PCA) 7
To find the remaining principal components, since u; @ and u, @ (i > 1) need
to be uncorrelated, we have

E[(u] )(u; )] = Elu] xx " u;] = uf Spu; = A\jui u; = 0. (2.8)

That is, us, ..., uq are all orthogonal to w;. More generally, uiTuj = 0 for all
1# j=1,...d. To find us we define the Lagrangian

L = uy Spug + Ao(1 — ug us) + yui us. (2.9)
The necessary condition for us to be an extrema is
Yplo + yu1 = Aauz, (2.10)

from which it follows that u] Ygzus + yu{ uy = Ajuj us + v = Aouj usg, and so
v = 0. Since the associated extremum value is ug Y,us = A2, uj is the leading
eigenvector of ¥, restricted to the orthogonal complement of u;.! Assuming that
Yz does not have repeated eigenvalues, u5 is the eigenvector of X, associated
with the second largest eigenvalue. Inductively, one can show that us, ug, . . ., uq
are the top third, fourth, ..., dth eigenvectors of 3, and that the corresponding
eigenvalues give the variance of the principal components, i.e., A\; = Var(y;). O

The solution to PCA provided by Theorem 2.1 suggests that we may find the
d principal components of  simultaneously, rather than one by one. Specifically,

we can define a matrix a random vector y = [y1,¥2, .. .,%4] € R and a matrix
Uad = [u1,uz, -+ ,uq) € RP*? Since y = U, , we have that
Yy, =E(yy") = U/ E(xx" Uy = U] 2Uy. (2.11)

Since were are looking for uncorrelated random variables, the matrix ¥, must be
diagonal and the matrix U, must be orthonormal, i.e., U, J Ug=1,.

Recall that any real, symmetric and positive semi-definite matrix A can be
transformed into a diagonal matrix A = V~1AV, where the columns of V are
the eigenvectors of A and the diagonal entries of A are the corresponding eigen-
values. Recall also that the eigenvalues are real and nonnegative, i.e., \; > 0,
and that the eigenvectors can be chosen to be orthonormal, so that V=1 = VT,
Since the matrix X, is real, symmetric and positive semi-definite, the equation
Yy = U;lr 32 Uq suggests that the columns of U, can be chosen as d eigenvectors
of ¥4 and that the diagonal entries of X, can be chosen as the corresponding d
eigenvalues. Moreover, since our goal is to maximize the variance of each y; and
A; = Var(y;), we conclude that the columns of Uy are the top d eigenvectors of
>z and the entries of X, are the corresponding top d eigenvalues.

This alternative derivation of PCA allows us to understand what happens when
> has repeated eigenvalues. When the eigenvalues are different, each eigenvec-
tor u; is unique (up to sign), thus the principal components are unique (up to sign).

IThe reason for this is that both «; and its orthogonal complement ulL are invariant subspaces of
Y.
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When an eigenvalue is repeated, >, still admits a basis of orthonormal eigenvec-
tors. However, the eigenvectors corresponding to the repeated eigenvalue form an
eigensubspace and any orthonormal basis for this eigensubspace gives valid prin-
cipal components. As a consequence, the principal components are not always
uniquely defined.

In practice, we may not know the population covariance matrix, >,. Instead,
we may be given N i.i.d. samples of x, {z;}}V,. Let X = [z1, 22, - ,ZN]
be the sample data matrix. It is well known from statistics that an asymptotically
unbiased estimate of >, is given by

N
- 1 1
)] N T = —— XX, 2.12
N Nflgmz N1 (2.12)

We define the d “sample principal components” of x as

gi=0x, i=1,....d, (2.13)

where {ii; }¢_, are the top d eigenvectors of 5 N, or equivalently those of X X T
Notice also that, even though the principal components of  and the sample prin-
cipal components of x are different notions, under certain assumptions on the
distribution of @ they can be related to each other. Specifically, one can show that,
if  is Gaussian, then every eigenvector u of ¥ is an asymptotically unbiased
estimate for the corresponding eigenvector u of X, [Jolliffe, 1986].

2.1.2 A Geometric View of PCA

An alternative geometric view of PCA, which is very much related to the SVD
[Beltrami, 1873, Jordan, 1874], seeks to find an (affine) subspace S that fits the
given data points {z;}¥ ;.

Let us assume for now that the dimension of the subspace d is known. Then
every point x; on a d-dimensional affine subspace in R” can be represented as

@, =xo+Ugy,, i=12,...,N (2.14)

where o € R is a(ny) fixed point in the subspace, Uy is a D X d matrix whose
columns form a basis for the subspace, and y; € R? is simply the vector of new
coordinates of «; in the subspace.

Notice that there is some redundancy in the above representation due to the
arbitrariness in the choice of zy and Uy. More precisely, for any y, € R, we
can re-represent x; as €, = (xo + Ugy,) + Ua(y; — yo)- We call this ambiguity
the translational ambiguity. Also, for any A € R?*¢ we can re-represent x; as
x; = xo+ (UgA) (A~ y,). We call this ambiguity the change of basis ambiguity.
Therefore, we need some additional constraints in order to end up with a unique
solution to the problem of finding an affine subspace to for the data.
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A common constraint used to resolve the translational ambiguity is to impose
that the mean of y, is zero:”

.1

while a common constraint used to resolve the change of basis ambiguity is to
impose that the columns of U, be orthonormal. This last constraint eliminates
the change of basis ambiguity only up to a rotation, because we can still re-
represent x; as x; = xg + (UsR)(R"y,) for some rotation R in R%. However,
this rotational ambiguity can be easily deal with during optimization, as we shall
see.

In general the given points are imperfect and have noise. We define the “opti-
mal” affine subspace to be the one that minimizes the sum of squared distances
between x; and its projection onto the subspace xo + Ugy;, i.€.,

N

min le — Ty — Udyin, s.t. U;Ud =Il;andy=0. (2.16)
3307Ud7{'y7;} i=1

In order to solve this optimization problem, we define the Lagrangian
N ) N
£=3" e~ 2o~ Uay|* 497 D wi + (AL~ UJUp).  @17)
i=1 i=1

where v € Réand A = AT € R4 gre, respectively, a vector and a matrix of
Lagrange multipliers.
The necessary condition for x( to be an extrema is

N N
—ZE(Q:,;*Q:O*Udyi):O = moa:}v;m (2.18)
The necessary condition for y; to be an extrema is
—2U] (x; — 2o — Ugy;) +7=0. (2.19)
Summing over ¢ yields v = 0, from which we obtain
¥, =Uj (z; — @). (2.20)

The vector 4; € R? is simply the coordinates of the projection of z; € R onto
the subspace S. We may call such ¢ the “geometric principal components” of x.’

2In the statistical setting, ; and y,; will be samples of two random variables « and y, respectively.
Then this constraint is equivalent to setting their means to be zero.

3 As we will soon see in the next section, the geometric principal components coincide with the
sample principal components defined in a statistical sense.
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Before optimizing over U,, we can replace the optimal values for o and y;,
into the objective function. This leads to the following optimization problem

N
r%nzl (2 — &) — UgU] (z; — )| st UJUs=Ia. (2.21)

Note that this is a restatement of the original problem with the mean & sub-
tracted from each of the sample points. Therefore, from now on, we will consider
only the case in which the data points have zero mean. If not, simply subtract the
mean from each point before computing Uj.

The following theorem gives a constructive solution for finding an optimal U,.

Theorem 2.2 (PCA via SVD). Let X = [z, T2, ..., xy] € RPXN be the matrix
formed by stacking the (zero-mean) data points as its column vectors. Let X =
UV be the SVD of the matrix X. Then for any given d < D, an optimal
solution for Uy is given by the first d columns of U, and an optimal solution for
y, is given by the ith column of the top d X N submatrix ZdVdT of V.

Proof. Recalling thatx " Ax = tr(Azxx "), we can rewrite the least-squares error

N N
S las — v || = 2] (Ip - UaU] )i (2.22)
i=1 i=1
as tr((Ip — UsUJ )X X T). The first term tr(X X ') does not depend on U,.
Therefore, we can transform the minimization of (2.22) to

max tr(UU] XX7T) st UjU; =1, (2.23)
d

Since tr(AB) = tr(BA), the Lagrangian for this problem can be written as
L=1tr(U] XX "Uy) + tr((Ig — U] UyA). (2.24)
The conditions for an extrema are given by
XX "U; = UyA. (2.25)

Therefore, A = U L;I’ XX TUd and the objective function reduces to tr(A). Now,
recall that Uy is defined only up to a rotation, i.e., U C’l = UyR is also a valid
solution, hence so is A’ = RART. Since A is symmetric, it has an orthogonal
matrix of eigenvectors. Thus, if we choose R to be the matrix of eigenvectors of
A, then A’ is a diagonal matrix. As a consequence, we can choose A to be diagonal
without loss of generality. It follows from (2.25) that the columns of U; must be
eigenvectors of X X T with the corresponding eigenvalues in the diagonal entries
of A. Since the goal is to maximize tr(A), an optimal solution is given by the top d
eigenvectors of X X T ie., the top d singular vectors of X = UXV T, which are
the first d columns of U. It then follows from (2.20) that Y = [y,,--- ,yn] =
U] X =UJUSVT = 5,V Finally, since A = U] UX?U U, = ¥2, the
optimal least-squares error is given by tr(£?) — tr(23) = 3277, | 07, where o;
is the 4th singular value of X. O
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According to the theorem, the SVD gives an optimal solution to the PCA
problem. The resulting matrix Uy (together with the mean & if the data is not zero-
mean) provides a geometric description of the dominant subspace structure for all
the points*; and the columns of the matrix X4V, = [91, Yo, ..., Yy] € RV,
i.e., the principal components, give a more compact representation for the points
X =[x, T2, ..., zx] € RP*N as d is typically much smaller than D.

Theorem 2.3 (Equivalence of Geometric and Sample Principal Components). Let
X = [x1,T2,...,2zN] € RPN be the data matrix (with & = 0). The vectors
Uy, s, . .., 10q € RP associated with the d sample principal components for X
are exactly the columns of the matrix Uy € RP*4 that minimizes the least-squares
error (2.22).

Proof. The proof is simple. Notice that if X has the singular value decomposition
X =UXV ' then XX ' = UX2U" is the eigenvalue decomposition of X X "
If ¥ is ordered, then the first d columns of U are exactly the leading d eigenvectors
of XX T, which give the d sample principal components. O

Therefore, both the geometric and statistical formulation of PCA lead to exactly
the same solutions/estimates of the principal components. The geometric formu-
lation allows us to apply PCA to data even if the statistical nature of the data is
unclear; the statistical formulation allows to quantitatively evaluate the quality of
the estimates. For instance, for Gaussian random variables, one can derive explicit
formulae for the mean and covariance of the estimated principal components. For
a more thorough analysis of the statistical properties of PCA, we refer the reader
to the classical book [Jolliffe, 1986].

2.1.3 Probabilistic PCA

The PCA model described so far allows us to find a low-dimensional representa-
tion {y; € R?} of a set of points {z; € R”}, with d < D. However, the PCA
model is not a proper generative model, because the low-dimensional representa-
tion y and the error ¢ are treated as parameters, rather than as random variables.
As a consequence, the PCA model cannot be used to generate new samples .

To address this issue, assume that the low-dimensional representation y and the
error € are independent random variables with pdfs p(y) and p(e), respectively.
This allows us to generate a new sample of  from samples of y and ¢ as

x=x0+Ugy +¢. (2.26)

Assume that mean and covariance of y are denoted as (i, and Y., respectively.
Assume also that ¢ is zero mean with covariance Y.. The mean and covariance of

“From a statistical standpoint, the column vectors of Uy give the directions in which the data X
has the largest variance, hence the name “principal components.” See the next section for detail.
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the observations are then given by
e = o+ Ugpty and Xp = UgS, U] + S, (2.27)

The remainder of the section discusses different methods for estimating the
parameters of this model, xg, Uy, (i, 2y and X, from the mean and covariance
of the population, i and Y, or from i.i.d. samples {x;}}¥ ;.

PPCA from Population Mean and Covariance

Observe that, in general, we cannot recover model parameters from p, and .
For instance, notice that x¢ and f,, cannot be uniquely recovered from fiz. Sim-
ilarly to what we did in the case of PCA, this issue can be easily resolved by
assuming that y,, = 0. This leads to the following estimate of x

Fo = s (2.28)

which is the same estimate as that of PCA.

Another ambiguity that cannot be resolved in a straightforward manner is that
Yy and X, cannot be uniquely recovered from X,. For instance, ¥, = 0 and
Y. = X is a valid solution. However, this solution is not meaningful, because it
assigns all the information in X, to the error, rather than to the low-dimensional
representation. Intuitively we would like 3, to capture as much information about
Yz as possible. Thus it makes sense for ¥, to be full rank and for ¥, to be as
close to zero as possible. Probabilistic PCA (PPCA) resolves the aforementioned
ambiguity by assuming that

1. the low-dimensional representation has unit covariance 3, = I; € R4*4
and

RPXP is isotropic, i.e., . = 01p.

2. the noise covariance matrix Y, €
These assumptions lead to the following relationship
Yo = UqU; +0%Ip. (2.29)
The following theorem allows us to compute the parameters Uy and o.

Theorem 2.4. The optimal solution for Uy and o with the smallest o is given by

D
~ 1
_ _~27\1/2 ~2 A
Uy = Uy (2 —02) and ° = 5— .Z i, (2.30)
i=d+1
where Uy is the matrix with the top d eigenvectors of Yo, 31 is the matrix with
the corresponding d top eigenvalues, and \; is the ith eigenvalue of 3.

Proof. Multiplying (2.29) on the right by Uy leads to
(B — 02Ip)Uy = UgA. (2.31)

Therefore, the columns of U must be eigenvectors of >, — 0?Ip, which are the
same as the eigenvectors of 3. Since we want o to be as small as possible, it
makes sense to choose the top d eigenvectors of ;. So see this, let Uy = UpT,
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where the columns of U; € RP*4 are any d orthonormal eigenvectors of 3, and
I' € R%*4 s a diagonal matrix, which scales these eigenvectors so that they satisfy
U] Uy = A. Since U' Uy = I, we obtain I'? = A = %1 — 021, where X1 is a
diagonal matrix with the d eigenvalues of ¥, corresponding to the d eigenvectors
in U;. Now, recalling that >, = UdUdT + 02Ip we have that

tr(X;) = tr(UaU,} ) + tr(o?Ip) = tr(U] Uy) + Do (2.32)
= tr(A) + Do? = tr(Zy) + (D — d)o?. (2.33)

Therefore, the smallest possible o is obtained when tr(X;) is maximized, which
happens if we choose the diagonal entries of ¥; to be the top d eigenvalues of
DI O

PPCA by Maximum Likelihood

In general, we may not know the true covariance matrix ;. Instead, we are given
samples {x;}¥ | from which we can estimate the sample covariance matrix ¥ .
The question is whether the model parameters can be estimated as in the previous
section after replacing X, by X . As it turns out, the maximum likelihood esti-
mates of the model parameters can be computed almost as before when y and ¢
are assumed to be Gaussian random variables.

More specifically, assume that both y and ¢ are Gaussian random variables
y ~ N(py,Ey) and e ~ N (0, X.). This implies that « is also Gaussian, because
it is a linear combination of Gaussians. Specifically, € ~ N (i, Xg), where jig
and X, are given in (2.27). Assume also that 3, = I; and that 3, = o21. The
maximum likelihood estimate for ug, is % vazl x;. The maximum likelihood
estimates for Uy and X, are obtained by maximizing

ND N N o
LUy, %) = —Tlog(%r) -5 log det(X,) — Etr(Zngw) (2.34)

subject to Xy = UgU; + 3.
After taking derivatives with respect to Uy, we obtain

% = - NYJ'WUs+ NS5, 5. Uy =0 = S,5.'Us=Us. (2.35)
One possible solution is U; = 0, which leads to a minimum of the log-likelihood
and violates our assumption that Uy should be full rank. Another possible solution
is Xz = Xz, where the covariance model is exact. This corresponds to the case
discussed in the previous section, after replacing >, by X,. Thus, the model
parameters can be computed as before. A third solution is obtained when Uy # 0
and X, # Y. In this case, we have,

YelUs = Ug(A + 0%Uy) = Uy = S Ug(A + 0°1) (2.36)
— S,Uqs = Ug(A + 021,) (2.37)
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Notice that the last equation is the same as that in (2.31) with 3, replaced by f)w
Therefore, the optimal solution is of the form Uy = Uy (X; — 021)'/2, where U,
is a matrix with d eigenvectors of f]w with the corresponding eigenvalues in >3;.
Before replacing this solution into (2.34), recall two well known identities,
the matrix determinant lemma det(A + UV ") = det(I + VT A71U)det(A)
and the matrix inversion lemma (A + UCV)~! = A7l — A-lU(C~! +
VA~U)"'V A~L. Applying the matrix determinant lemma to det(X,) leads to

\UU] + 6%Ip| = [Ig+ 072U, Uy)||o?Ip| = |(21/02)|0?P = |24]0?P~D,

(2.38)
while applying the matrix inversion lemma to X, leads to
_ 1 U 1 LUl
(UU] +0%Ip)~t = 73 - ?j(fd + gUdTUd) - (2.39)

1 _ 1
= —(Ip = UaAT'U]) = —(Ip ~ThUY)  (240)

Therefore, the log-likelihood can be rewritten as

L= —? log(27) — g((p —d)logo® + log det (1)) (2.41)
N ~ ~
— 5 tr(3, — U1U) £3) (2.42)
20

The condition for an extrema in o2 is given by

oL ND-d N, o e
2= 3 gz @(tr(zm) — tr(U, 5,U1)) = 0. (2.43)
Since tr(U;' S,U1) = tr(X;), we conclude that
1 -
o2 — m(tr(Ew) - tr(%y)). (2.44)

This expression is minimized when tr(X;) is maximized, which happens when
33 is chosen as the matrix with the top d eigenvalues of Y.
In summary, we have shown that the optimal solution to PPCA is given by

D
~ 1
- ~27\1/2 ~2 )
Us=U1 (351 —7°I) and 0° = D4 i:EdJrl i, (2.45)

where U; is the matrix with the top d eigenvectors of EA]:,:, Yy is the matrix with
the corresponding d top eigenvalues, and \; is the ith eigenvalue of 3.

2.2 Determining the Number of Principal Components

In the above discussions, we have assumed that the dimension of the subspace
S (the number of principal components) is given and that all the sample points
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can be fit with the same geometric or statistical model: a subspace. In this sec-
tion, we discuss various robustness issues for PCA, such as how to determine
the dimension of the subspace from noisy data and how to determine the principal
components when the data are contaminated by outliers or incomplete data points.

Notice that the SVD of the noisy data matrix X gives a solution to PCA not
only for a particular dimension of the subspace, d, butalso foralld = 1,2,..., D.
This has an important side-benefit: If the dimension of the subspace S is not
known or specified a priori, rather than optimizing for both d and S' simultane-
ously, we can easily look at the entire spectrum of solutions for different values
of d to decide on the “best” estimate d for the dimension of the subspace d given
the data X.

The problem of determining the optimal dimension d is in fact a “model selec-
tion” problem. As we discussed in the introduction of the book, the conventional
wisdom is to strike a good balance between the complexity of the chosen model
and the fidelity of the data to the model. The dimension d of the subspace S is a
natural measure of model complexity, while the least-squares error between the

given data X and its projection X = [&1, &2, ..., & ] onto the subspace S, i.e.,
N

X = X5 =D s — il (2.46)
i=1

is a natural measure of the data fidelity.
As shown in the proof of Theorem 2.2, the optimal least-squares error is given
by the sum of the squares of the remaining singular values of X, ZLD: dil o2,

Normally, the leading term o3 4y of Zi del o? is already a good index of
the magnitude of the remaining ones. Thus, one can simply seek for a balance
between d and ¢, ; by minimizing an objective function of the form:

Ji(d) = a-03,+3-d (2.47)

for some proper weights «, 3 > 0. A similar criterion that is often used to
determine the rank d of a noisy matrix X is:

.9 3+1
Jo(d) 2?21 = + rd, (2.48)
where « > 0 is a proper weight (see [Kanatani, 2002]).

In general, the ordered singular values of the data matrix X versus the dimen-
sion d of the subspace resemble a plot similar to that shown in Figure 2.1. In the
statistics literature, this is known as the “Scree graph.” We should see a signif-
icant drop in the singular values right after the “correct” dimension d, which is
sometimes called the “knee” or “elbow” point of the plot. Such a point is a stable
minimum as it optimizes the above objective function (2.47) for a range of values
for o and 3, or the objective function in (2.48) for a range of values of . One can
also select the optimal dimension d from the Scree graph by specifying a toler-
ance 7 for the fitting error and then using the plot to identify the model that has
the lowest dimension and satisfies the given tolerance, as indicated in the figure.
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Singular Values

Subspace Dimension

Figure 2.1. Singular value as a function of the dimension of the subspace.

A more principled approach to finding the optimal dimension of the subspace,
d, is to use some of the model selection criteria described in Appendix A. Such
criteria rely on a different choice of the model complexity term and provide an au-
tomatic way of choosing the parameters « and 3 or «. Specifically, the complexity
of the model is measured by the number of parameters needed to describe the sub-
space. Using the Grassmannian coordinates, the dimension of the parameter space
for a d-dimensional subspace in R” is Dd — d?.> With a model parameter space
of dimension Dd — d? and a Gaussian noise model with known variance o2, the
Bayesian information criterion (BIC) is equivalent to minimizing

1 - Dd — d?
BIC(d) = —|| X — X||2 + (log N)ga{ (2.49)
N N
while the Akaike information criterion (AIC) minimizes
1 . (Dd — d?)
AIC(d) = —|| X — X ||} +2——>0% 2.
Cld) = 31X - X[} +2°=0 250)

More recently, a geometric version of the Akaike information criterion has been
proposed by [Kanatani, 2003]. The Geometric AIC minimizes
(Dd — d? + Nd)

1 ~
G-AIC(d) = NHX - X%+ 22— (2.51)

where the extra term Nd accounts for the number of coordinates needed to
represent (the closest projection of) the given N data points in the estimated d-

5Dd — d? is the dimension of the Grassmannian manifold of d-dimensional subspaces in RP. To
specify a subspace, one can use the so-called Grassmannian coordinates which need exactly Dd — d?
entries: starting with a D X d matrix whose columns form a basis for the subspace, perform column-
reduction so that the first d X d block is the identity matrix. Then, one only needs to give the rest
(D — d) x d entries to specify the subspace.
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dimensional subspace. From an information-theoretic viewpoint, the additional
Nd coordinates are necessary if we are interested in encoding not only the model
but also the data themselves. This is often the case when we use PCA for purposes
such as data compression and dimension reduction. The quantity W is
closely related to the so-called “effective dimension” of the data set defined in
Chapter 6, which can be generalized to multiple subspaces.

In some sense, all the above criteria can be loosely referred to as information-
theoretic model selection criteria, in the sense that most of these criteria can
be interpreted as variations to minimizing the optimal code length for both the
model and the data with respect to certain class of distributions and coding
schemes [Hansen and Yu, 2001].° There are many other methods for determining
the number of principal componenrs. Interested readers may find more references
in [Jolliffe, 1986].

2.3 Robust PCA: Classical Approaches

In the above discussions, we have assumed that all the sample points can be fit
with the same statistical or geometric model: a subspace. In practical applications
it is often the case that the data points are contaminated not only by noise, but also
by outliers. Sometimes it is also the case that some entries of the of the data points
are missing. In this section, we discuss classical approaches from robust statistics
for dealing with outliers and incomplete data points in the context of PCA.

2.3.1 Dealing with Incomplete Data Points

In practice, it is often the case that some of the given data points are “incomplete.”
For an incomplete data point * = [z1,22,..., 2 D]T, we mean that some of its
entries are missing or unspecified. For instance, if the x;-entry of x is missing,
then 2 is known only up to a line in R”:

z € L={[x1,...,Ti-1,t,%i11,...,2p] ,t € R}. (2.52)

One should be aware that an incomplete data point is in nature rather different
from a noisy data point.” In general, such incomplete data points can contain use-
ful information about the model, and in the case of PCA, the principal subspace.
For instance, if the principal subspace happens to contain the line L, the princi-
pal subspace can be determined from a sufficiently large number of such lines.

%Even if one chooses to compare models by their algorithmic complexity, such as the minimum
message length (MML) criterion [Wallace and Boulton, 1968] (an extension of the Kolmogrov com-
plexity to model selection), a strong connection with the above information-theoretic criteria, such
as MDL, can be readily established via Shannon’s optimal coding theory (see [Wallace and Dowe,
1999)).

7One can view incomplete data points as a very special type of noisy data points which have infinite
uncertainty only in certain directions.
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In general, the line L may or may not lie in the principal subspace. We therefore
should handle incomplete data points with more care.

A useful observation here is that an incomplete data point @ is just as good
as any point on the line L. Hence it is natural to choose a representative & € L
that is the closest to the principal subspace. If we let the columns of Uy for a
basis form an orthonormal basis for the subspace, then the closest point x* =

[T1y ey X1, T Tty e e ey xD}T on L to the principal subspace can be found by
minimizing the following quadratic function in ¢:
t* = argmin (2 (Ip — UaUy )). (2.53)

This problem has a unique solution as long as the line L is not parallel to the
principal subspace, i.e., e; & span(Uy).

In essence, the above process of finding «* on the principal subspace is to
give a rank-d approximation of the entire data set containing both complete and
incomplete data points. Mathematically, under the assumption that the samples
{z;} | are zero-mean, PCA with incomplete data is equivalent to finding a rank-
d approximation/factorization of the data matrix X = [z1,@2,...,xy] with
incomplete data entries (in a least-squares sense). That is, the goal is to find ma-
trices Uy € RP*?and Y € R4 that minimize || X — U;Y||%. The main issue
is that some entries of X, {x;;}, are missing.

Obviously, we cannot expect to always be able to find a solution to this problem.
For instance, suppose the first entry is missing from each one of the data points.
Then we cannot hope to be able to recover such an entry. Likewise, suppose that
all the entries of one data point are missing. While in this case we can find the
subspace from all other data points, we cannot recover the low-dimensional rep-
resentation for that point. Nevertheless, if the missing entries do not follow a
specific pattern, we should be able to recover both Uy and Y as long as the num-
ber of measurements (known entries of X)) is sufficiently large relative to the
number of unknowns (D (D — d) 4+ dN entries in Uy and Y'). Intuitively, the
smallest the rank of the matrix d the larger the amount of missing information we
can tolerate.

In what follows, we discuss a few traditional approaches to PCA with incom-

plete data. Throughout the exposition, we will make use of a matrix W € RP*N
whose entries {w;; } encode the locations of the missing information, i.e.,
1 if z;; is known
wi; = L (2.54)
0 if x;; is missing

We will also make use of the Haddamart product of two matrices W © X, which
is defined as (W ® X)U = WijLij-

Incomplete Mean and Covariance

Since the optimal solution to PCA is obtained from the mean and covariance of
the data points, a straightforward method for dealing with missing entries is to
simply compute the mean and covariance over the missing entries. Specifically,
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the incomplete mean and incomplete covariance are given by

N
1 Wi T4
i = # — &y = diagW1)"'(W o X)1, (2.55)
Zj:l Wij
N
et wi (@ — )

6ij = - = &9 =diag(W1)"'(WoeX)1, (2.56)
Zj:l Wi

(2.57)
Power Factorization

Power Factorization (PF) is an iterative algorithm for finding a low-rank approx-
imation UyY of a matrix X with missing entries (see [Vidal and Hartley, 2004]
and references therein for further details). The main idea behind PF is to minimize
| X — U,Y ||% considering only the known entries of X . Given Y, the optimal
U, can be computed linearly. Likewise, given Uy, the optimal Y can be computed
linearly. The PF algorithm then iterates between these two steps till convergence.

More specifically, the PF algorithm tries to minimize a cost function of the form

D N
2 T, \2
W o (X =UsY)5=> > wij(wij —ul y,)*. (2.58)
i=1 j=1
Notice that this cost function is the same as that in (2.16), except that the errors
€ij = Tij— uzT y; associated with the missing entries (w;; = 0) are removed from
the cost function.

2.3.2  Dealing with Outliers

Another issue that we encounter in practice is that a small portion of the data
points does not fit well the same model as the rest of the data. Such points
are called outliers. Their presence can lead to a completely wrong estimate of
the underlying subspace. Therefore, it is very important to develop methods for
detecting and eliminating outliers from the given data.

The true nature of outliers can be very elusive. In fact, there is really no unan-
imous definition for what an outlier is.® Outliers could be atypical samples that
have an unusually large influence on the estimated model parameters. Outliers
could also be perfectly valid samples from the same distribution as the rest of the
data that happen to be small-probability instances. Alternatively, outliers could
be samples drawn from a different model, and therefore they will likely not be
consistent with the model derived from the rest of the data. In principle, however,
there is no way to tell which is the case for a particular “outlying” sample point.

In what follows, we discuss a few approaches to dealing with outliers that are
particularly related to PCA. We will distinguish between two types of outliers.

8For a more thorough exposition of outliers in statistics, we recommend the books of [Barnett and
Lewis, 1983, Huber, 1981].
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The first kind, which we call sample outliers, corresponds to the case where the
entire sample data point is an atypical sample. The second kind, which we call
intra-sample outliers, corresponds to the case where only a few entries of a data
point are atypical, while the remaining entries are not. The main distinction to be
made is that in the latter case we do not want to discard the entire data point, but
only the atypical entries.

Influence-Based Outlier Detection

This approach relies on the assumption that an outlier is an atypical sample which
has an unusually large influence on the estimated model parameters. This leads
to an outlier detection scheme where the influence of a sample is determined
by comparing the difference between the model estimated with and without this
sample. For instance, for PCA one may use a sample influence function to measure
the difference:

I(@;,Uq) = (Ua, Uagsy), (2.59)

where (-, -) is the largest subspace angle (see Exercise 2.2) between the subspace
span(U,) estimated with the ith sample and the subspace span(Ud(i)) without the
ith sample. The larger the difference, the larger the influence of ; on the estimate,
and the more likely that x; is an outlier. Thus, we may eliminate a sample x; as
an outlier if

Iz, Ug) > 7 (2.60)

for some threshold 7 > 0 or if I (x;, Uy) is relatively large among all the samples.

However, this method does not come without an extra cost. We need to com-
pute the principal components (and hence perform SVD) N times: one time with
all the samples together and another /N — 1 times with one sample eliminated from
each time. There have been many studies that aim to give a formula that can accu-
rately approximate the sample influence without performing SVD N times. Such
a formula is called a theoretical influence function. For more detailed discussion
of the sample influence for PCA, we refer the interested readers to [Jolliffe, 2002].

Probability-Based Outlier Detection

In this approach a model is fit to all the sample points, including potential out-
liers. Outliers are then detected as the points that correspond to small-probability
events or that have large fitting errors with respect to the identified model. A new
model is then estimated with the detected outliers removed or down-weighted.
This process is then repeated until the estimated model stabilizes.

In the case of PCA, the goal is to find a low-dimensional subspace that best fits
a given set of data points {x; € RP}¥ | by minimizing the least-squares errors

N
> i — @0 — Uay, I, 2.61)

i=1
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between a point x; and its projection onto the subspace xo + Uy,, where o €
RP is any point in the subspace, U; € RP* is a basis for the subspace, and
y, € R? are the coordinates of the point in the subspace. If there were no outliers,
an optimal solution to PCA could be obtained as described in Section 2.1.2, i.e.,

N
. 1 . ~ .
o = N ;wl and yz = U(;r (w — CB())7 (262)

where Uy is a D x d matrix whose columns are the top d eigenvectors of

N
a 1
ZN = m;(iﬂl —ﬁ?o)(iL‘i —ii‘())T. (263)
If we adopt the guideline that outliers are samples that do not fit the model well
or have a small probability with respect to the estimated model, then the outliers
are exactly those samples that have a relatively large residual
&2 = |l@; — o — Uiy | or &2 =x Sy'w;, i=1,2,...,N. (2.64)
The first error is simply the distance to the subspace, while the second error is the
Mahalanobis distance,” which is obtained when we approximate the probability
that a sample x; comes from this model by a multivariate Gaussian

1 1

T-1,..
(27)P/2 det(3 ) 1/2 exp (-~ 2%i BN ;). (2.65)

p(ﬂci; ilN) =

In principle, we could use p(x;, s ~) or either residual ¢; to determine if x;
is an outlier. However, the above estimate of the subspace is obtained using all
the samples, including the outliers themselves. Therefore, the estimated subspace
could be completely wrong and hence the outliers could be incorrectly detected.
In order to improve the estimate of the subspace, one can recompute the model
parameters after discarding or down-weighting samples that have large residuals.
More specifically, let w; € [0,1] be a weight assigned to the ith point such that
w; = 1if x; is an inlier and w; =~ 0 if x; is an outlier. Then, similarly to (2.16),
a new estimate of the subspace can be obtained by minimizing a weighted least-
squares error:

N N

> willa; — @ — Ugy,|* st UjUsg=1I; and > wiy, =0. (2.66)
i=1 i=1

9 In fact, it can be shown that [Ferguson, 19611, if the outliers have a Gaussian distribution of a dif-
ferent covariance matrix a3, then €; is a sufficient statistic for the test that maximizes the probability
of correct decision about the outlier (in the class of tests that are invariant under linear transforma-
tions). Interested reader may want to find out how this distance is equivalent (or related) to the sample

influence f]g\l,) - f)N or the approximate sample influence given in (A.50).
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If we follow the same steps as in Section 2.1.2, we can find that an optimal
solution to this problem is of the form:
SN wix
&g ===1""" and ¢, =U] (z— ), (2.67)
D Wi

where Uy is a D x d matrix whose columns are the top d eigenvectors of

N 5 5 \T
D1 WZ(:BEV Zo)(T; — Zo) ' (2.68)

dlimpwi—1

As a consequence, under the least-squares criterion, finding a robust solution to
PCA reduces to finding a robust estimate of the sample mean and the sample
covariance of the data by properly setting the weights. In what follows, we discuss
two main approaches approaches for estimating the weights.

Multivariate trimming (MVT) is a popular robust method for estimating the
sample mean and covariance of a set of points. This method assumes discrete
weights

Sy =

(2.69)

1 if x; is an inlier
w; = . . . )
0 if «; is an outlier

and chooses the outliers as a certain percentage of the samples (say 10 percent)
that have relatively large residual. This can be done by simply sorting the residu-
als {g;} from the lowest to the highest and then choosing as outliers the desired
percentage of samples with the highest residuals. Once the outliers are trimmed
out, one can use the remaining samples to re-estimate the subspace as in (2.67)-
(2.68). Each time we have a new estimate of the subspace, we can recalculate the
residual of every sample and reselect samples that need to be trimmed. We can
repeat the above process until a stable estimate of the subspace is obtained. When
the percentage of outliers is somewhat known, it usually takes only a few itera-
tions for MTV to converge and the resulting estimate is in general more robust.
However, if the percentage is wrongfully specified, MVT may not converge or it
may converge to a wrong estimate of the subspace. In general, the “breakdown
point” of MTYV, i.e., the proportion of outliers that it can tolerate before giving a
completely wrong estimate, depends only on the chosen trimming percentage. In
Chapter ??, we will discuss how MVT can be modified in the context of GPCA
when the percentage of outliers is not known.

Maximum Likelihood Type Estimators (M-Estimators) uses continuous weights
w; = p(g;)/e? for some robust loss function p(-). The objective function then
becomes

N

> plei). (2.70)

i=1
Many loss functions p(-) have been proposed in the statistics literature [Huber,
1981, Barnett and Lewis, 1983]. When p(c) = £2, we obtain the standard least-
squares solution, which is not robust. Other robust loss functions include
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1. L, or total variation loss: p(¢) = |e|.
2. Cauchy loss: p(e) = 3 log(1 + &2 /e3)

g2 if || < eo

3. Huber loss [Huber, 1981]: p(e) = ) )
2e0le] —ef  otherwise

4. Geman-McClure loss [Geman and McClure, 1987]: p(c) = ﬁ
where € > 0 is a parameter.

One way of minimizing (2.70) with respect to the subspace parameters is to ini-
tialize all the weights to w; = 1,7 = 1,..., N. This will give an initial estimate
for the subspace which is the same as that given by PCA. Given this initial esti-
mate of the subspace, one may compute the weights as w; = p(¢)/e? using any
the aforementioned robust cost functions. Given these weights, one can reestimate
the subspace from (2.67)-(2.68). One can then iterate in between computing the
weights given the subspace and computing the subspace given the weights. This
iterative process, called iterative re-weighted least squares, converges to a local
minima of the cost function (2.70). An alternative method for minimizing (2.70)
is to simply do gradient descent. This method may be preferable for loss functions
p that are differentiable, e.g., the Geman-McClure loss function.

One drawback of the M-estimators is that its breakdown point is inversely pro-
portional to the dimension of the space. Thus, the M-estimators become much less
robust when the dimension is high. This makes M-estimators of limited use in the
context of GPCA since the dimension of the space is typically very high (> 70).

Consensus-Based Outlier Detection

This approach assumes that the outliers are not drawn from the same model as the
rest of the data. Hence it makes sense to try to avoid the outliers when we infer
the model in the first place. However, without knowing which points are outliers
beforehand, how can we avoid them? One idea is to fit a model, instead of to all
the data points at the same time, only to a subset of the data. This is possible when
the number of data points required for a unique solution for the estimate is much
smaller than that of the given data set. Of course, one should not expect that a
randomly chosen subset will have no outliers and always lead to a good estimate
of the model. Thus, one should try on many different subsets:

X, Xo,...,X, C X. 2.71)

The rationale is that if the number of subsets are large enough,'’ one of the trial
subsets, say X ;, likely contains few or no outliers and hence the resulting model
would be the most consistent with the rest of the data points.

In the case of PCA, the minimum number of data points needed to define the
model is d for linear subspaces and d + 1 for affine subspaces. Therefore, each

10See Appendix A.5 for details on how large this number needs to be.



24 Chapter 2. Data Modeling with a Single Subspace

subset X; is formed by randomly sampling d (or d + 1) data points and fitting
a subspace with basis Uy(X ;) to the subset. The subset X; gives a consistent
estimate ﬁd(X ;) of the subspace if the number of data points that fit the subspace
well is large enough. For instance, we may claim that the subset X; gives a con-
sistent estimate Uy (X ;) if the following criterion is maximized (among all the
chosen subsets):

max#{z € X : ||z — Uy(X,)|| < 7}, (2.72)

where # is the cardinality of the set and 7 > 0 is a chosen error threshold.
This scheme is typically called Random Sample Consensus (RANSAC) [Fischler
and Bolles, 1981], and it normally improves the robustness of the estimate. As a
word of caution, in practice, in order to design a successful RANSAC algorithm,
one needs to carefully choose a few key parameters: the size of every subset,
the number of subsets, and the consensus criterion.!' There is a vast amount of
literature on RANSAC-type algorithms, especially in computer vision. For more
details on RANSAC and other related random sampling techniques, the reader
is referred to Appendix A.5. In Chapter ??, we will discuss some limitations of
RANSAC in the context of estimating multiple subspaces simultaneously.

2.4 Robust PCA: A Sparse Representation Approach

In this section, we discuss a sparse representation-based approach to dealing with
intra-sample outliers in PCA. In this approach, it is assumed that the given data
matrix X is generated as the sum of two matrices

X = Ly + F,. (2.73)

The matrix Ly represents the ideal low-rank matrix, while the matrix Ey rep-
resents the intra-sample outliers. Since many entries of X are not corrupted
(otherwise the problem is not well posed), many entries of Fy should be zero.
As a consequence, we can pose the robust PCA problem as one of decomposing
a given matrix X as the sum of two matrices L + F, where L is of low-rank and
E is sparse. This problem can be formulated as

min - rank(L) +A[Eflo st X =L+ E, (2.74)

where || E||o is the number of non-zero entries in F and A > 0 is a user parameter.

At a first sight, one may think that solving the problem in (2.74) is really impos-
sible. First of all, we have D x N equations and 2D x N unknowns. Second, it is
not clear that we can always decompose a matrix as the sum of a low-rank matrix
and a sparse matrix. For instance, if X1, = 1 and X;; = O for all (¢, 5) # (1,1),

'I'That is, the criterion that verifies whether each sample is consistent with the model derived from
the subset.



2.4. Robust PCA: A Sparse Representation Approach 25

then the matrix X is both rank 1 and sparse. Thus, if A = 1, we can choose
L =Xand F =0or L =0and E = X as valid solutions. Last, but not least,
the cost function to be minimized is non-convex and non-differentiable. Moreover,
it is well known that this problem is in general NP hard [?].

In what follows, we will show that, under certain conditions on Ly and Ej,
the optimal solution to (2.74) can be found by solving the following convex
optimization problem

min IL|l« + A|E|l; st X =L+E, (2.75)

where ||L||« = >, 0;(L) is the nuclear norm of L, i.e., the sum of its singular
values, and ||E|l; = ), ; |Eyj| is the £1 norm of E considered as a vector. The
conditions rely on recent results from compressed sensing, which aim at finding
a sparse solution to a linear system Ax = b. Therefore, we will first review re-
cent results on sparsity and rank minimization before we return to the problem of
decomposing a matrix as the sum of a low rank plus a sparse matrix.

2.4.1 Basis Pursuit

Let us first consider the simpler problem of finding a solution to the linear system
Ax = b, where x € RY, b € R and A € RP*N with D < N. Since this
linear system is underdetermined, in general there could be many solutions x. A
classical approach to finding a unique solution (when a solution exists) is to look
for a vector & of minimum ¢5 norm, i.e., min ||x||2 such that Az = b.

An alternative approach is to look for a vector « that is sparse. Specifically,
assume that the vector b is generated as Axy = b, where x is a d-sparse vector,
i.e., [|[xollo = d < N. When the matrix A is such that dy4(A4) < 1, where §4(A)
is the smallest number such that for all « with ||x||o < d,

(1= da(A)) |3 < A3 < (1 + da(A)) 13, (2.76)
then the x is the only d-sparse vector such that Az = b.
In order to find ¢, we seek a solution to the problem

min ||x]lo st Az =hb. (2.77)

In general, this problem is NP hard. However, when the matrix A satisfies the so-
called restricted isometry property doq(A) < v/2 — 1, then the optimal solution to
(2.80) can be found by solving the following convex optimization problem

min ||zl st Az =0b. (2.78)

2.4.2  Rank Minimization and PCA with Missing Data

Consider now the problem of finding a solution to the matrix linear system
A(X) = b, where X € RP*N p ¢ RE, A : RPN — RE j5 a linear map,
and K < D x N. As before, there could be many matrices X that solve the linear
system A(X) = b. Assume that there is a matrix X of rank d > 1 that solves the
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linear system. When the matrix A is such that da4(A) < 1, where §4(A) is the
smallest number such that for all matrices X € RP*¥ of rank d

(1 = da(A)NIX]lF < A2 < (1 4 da(A) | X]|F, (2.79)

then X is the only matrix of rank at most d satisfying A(X) = b.
In order to find X, we seek a solution to the problem

min rank(X) st A(X)=0b. (2.80)

In general, this problem is NP hard. However, when the matrix .4 is such that
d54(A) < 1/10, the optimal solution to (2.80) can be found by solving the
following convex problem

min | X|, st AX)=b 2.81)

Observe that, when generalizing from the vector case to the matrix case, the
2-norm of  is replaced by the Frobenius norm of X. Observe also that the Frobe-
nius norm || X|| is the £5 norm of the singular values, while the nuclear norm || X ||,
is the ¢1 norm of the singular values.

Observe also that the above rank minimization problem provides a solution
to PCA with missing data. Specifically, let X be a given matrix of rank d with
missing entries, and recall the definition of the matrix W where w;; = 1 if the X;;
is known and w;; = 0 otherwise. Then, we can find X by solving the problem

min rank(X) st WoX=WoX (2.82)

In other words, we seek a matrix X of minimum rank, whose entries coincide with
the known entries of X . From the results above, we know that if the matrix Ay,
defined by the relationship Ay (X) = W © X is such that da4(Aw) < 1, then
the missing entries of X are uniquely defined. Moreover, if §54(Aw) < 1/10,
we can find the missing entries of X by solving the following convex problem

min | X[, st WoX=WaoX. (2.83)

An additional advantage of this formulation of PCA with missing data is that we
do not need to specify the number of principal components in advance: the number
of principal components is simply the rank of X and this method searches for the
matrix of minimum rank.

2.4.3  Principal Component Pursuit and Robust PCA

Let us now return to the original problem of decomposing a matrix X as the sum
of a low-rank matrix L¢ plus a sparse matrix E. Recall from (2.75) that we wish
to find Ly and F by solving the following optimization problem

I[I}lél IL|l« + AlE||n st. X =L+ E, (2.84)
The following theorem gives conditions on the rank of the matrix and the per-

centage of outliers under which the optimal solution is exactly Ly and Ey with
overwhelming probability.
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Theorem 2.5 (??). Let X = Lo+ Eq. Assume that there exists a ;v > 0 such that
the compact SVD of Lo = USV T satisfies

d d d
max||u; |2 < %, max vy |? < “ﬁ and UV || < %, (2.85)
where U = [ui,uz, -+ ,up]’ € RP*4and V. = [vy,vq,--- ,un]T € RV*,

Assume also that the support of Ey is uniformly distributed among all the sets of
cardinality D x N. If
pamin{D, N}

k(Lg) <
rank(Lo) < 1 log? (max{D, N})

and || Epllo < psND. (2.86)

Then there is a constant c such that with probability at least 1 —cmax{ N, D} ~1°,
. % * . - 1 . .
the solution (L*, E*) to (2.75) with A = NCT T is exact, i.e.,

L* =Ly and E* = Ep. (2.87)

Assuming that the conditions of the theorem are satisfied, the next question
is how do we actually optimize the cost function in order to find the global
minimum.

2.5 Extensions to PCA

Although PCA offers a rather useful tool to model the linear structure of a given
data set, it becomes less effective when the data lies in a nonlinear manifold.
In this section, we introduce some basic extensions to PCA which can, to some
extent, handle the difficulty with nonlinearity.

2.5.1 Nonlinear and Kernel PCA
Nonlinear PCA

The key idea behind nonlinear PCA is that, instead of applying PCA directly to
the given data, we can apply it to a transformed version of the data. The rationale
is that the structure of the data may become linear after embedding the data into a
higher-dimensional space. For example, imagine that the data point (z1,z2) lies
in a conic of the form

122 + com a0 + 323 + ¢4 = 0. (2.88)
If we define the map ¢ : R? — R3 as
(217'22;23) = (.’L‘%7\/§J]1$27$§), (289)

then the conic in R? transforms into the following affine subspace in R?

c
c1z1 + %zz + c3z3 + ¢4 = 0. (2.90)
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Therefore, instead of learning a nonlinear manifold in R?, we can simply learn an
affine manifold in R®.
More generally, we seek a nonlinear transformation (usually an embedding):

o(): RP — RM, 2.91)
x — ¢z, (2.92)

such that the structure of the resulting data {¢(x;)}}Y., becomes (significantly
more) linear. In machine learning, ¢(z) € RM is called the “feature” of the data
point € RP, and the space R is called the “feature space.”

Let ¢ = + Zf\il ¢(x;) be the sample mean in the feature space and define
the matrix ® = [¢(x1) — ¢, p(T2) — b, ..., d(xzN) — ¢] € RM*N_ The princi-
pal components in the feature space are given by the eigenvectors of the sample
covariance matrix'?

N
.1 N T NS T . pMxM
Bo(e) = 7T ;(qs(wz) 0)(o(i) = 9)" = @7 € R,
(2.93)
Letv; € RM i =1,..., M, bethe M eigenvectors, i.e.,
E¢(w)’l)l = )\{Ui, 1= 1, 2, “e ,M. (294)

Then the d “nonlinear principal components” of every data point « are given by
yi=v (p(x) —¢) €R, i=1,2,...,d. (2.95)
Unfortunately, the map ¢(-) is generally not known beforehand and searching
for the proper map is a difficult task. In such cases, the use of nonlinear PCA
becomes limited. However, in some practical applications, good candidates for
the map ¢(-) can be found from the nature of the problem. In such cases, the
map, together with PCA, can be very effective in extracting the overall geometric
structure of the data.

Example 2.6 (Veronese Map for an Arrangement of Subspaces). As we will see later in
this book, if the data points belong to a union of multiple subspaces, then a natural choice
of the transformation ¢(-) is the Veronese map:

m(): @ o (@),
(21, 0emp) = (@F,0f a0,

where the monomials are ordered in the degree-lexicographic order. Under such a mapping,

the multiple low-dimensional subspaces are mapped into a single subspace in the feature

space, which can then be identified via PCA for the features. n

21n principle, we should use the notation fl¢(m) to indicate that it is the estimate of the actual
covariance matrix. But for simplicity, we will drop the hat in the sequel and simply use ¥4 (4). The
same goes for the eigenvectors and the principal components.
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NLPCA in a High-dimensional Feature Space.

A potential difficulty associated with nonlinear PCA is that the dimension of the
feature space, M, can be very high. Thus computing the principal components
in the feature space may become computationally prohibitive. For instance, if
we use a Veronese map of degree n, the dimension of the feature space M grows
exponentially with the degree. When M exceeds N, the eigenvalue decomposition
of ®dT € RM*M becomes more costly than that of @7 ® € RY*N although
the two matrices have the same eigenvalues.

This motivates us to examine whether the computation of PCA in the feature
space can be reduced to a computation with the lower-dimensional matrix ® " ®.
The answer is actually yes. The key is to notice that, despite the dimension of
the feature space, every eigenvector v € R of ®® T associated with a non-zero
eigenvalue is always in the span of the matrix ®:'3

POTv=X v < v=0\'®"v) crange(®). (2.96)

We define the vector w = A~1®Tv € RY. Obviously ||w||? = A~1. It is straight-
forward to check that w is an eigenvector of ® ' ® for the same eigenvalue \.
Once such a w is computed from ® " ®, we can recover the corresponding v in the
feature space as:

v = dw. 2.97)

Therefore the d nonlinear principal component of @ under the map ¢(-) can be
computed as:

v =] ($@) —¢) = w] T (o(x) ~ §) €R, i=1....d, (298

where w; € RY is the ith leading eigenvector of ® ' ® € RV*V,

Kernel PCA

A very interesting property of the above NLPCA method is that the computation
of the nonlinear principal components involves only inner products of the features.
More specifically, in order to compute the nonlinear principal components, y;, we
simply need to compute the entries of the matrix " ® and the entries of the
vectors @ T () and @7 = & > T ¢(x;), all of which can be obtained from
inner products of the form ¢(z) " ¢(y), as we will show next.

Define the “kernel function” of two vectors x,y € RP to be the inner product
of their features

k(z,y) = ¢(x) o(y) €R. (2.99)

The so-defined function k(-,-) is a symmetric positive semi-definite function in
x and y,'* which can be used to compute the nonlinear principal components as

3The remaining M — N eigenvectors of ®® T are associated with the eigenvalue zero.
14A function k(w, y) is positive semi-definite if | [ b f(2)k(w, y) f(y) dedy > 0 for all square-
integrable functions f(-).
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follows. Define a kernel matrix K € RN*N as k;; = k(x;, x;). The entries of
the matrix = ® " ® can be computed as

Kij = (@' ®);; = (d(m:) — d) " (d(x;) — ) (2.100)

1 1 1
=k — N E kij — N E kij + Nz E E kij, (2.101)
J i i

or in matrix notation

1 1 1"TK1
=K-—K11" - —11"K 117 2.102
K N N TN (2.102)
1 1
=(I-=11"K{J - =117). 2.103
( N VK ( N ) ( )

The matrix I — %11T is called the centering matrix, since it makes the
The vectors w; are then eigenvectors of K associated with its top d eigenvalues.
Now, the entries of the vector ® ' (¢(x) — ¢) can be computed as

(@7 (d(x) — 9)i = (¢(m:) — 8) " (¢(x) — ¢) (2.104)
’ l z (5.105)

or in vector notation
_ 1 1 1K1
o — ) =ky— —K1— —11"Tk, + ——1 2.1
(6(x) — ) L 1 e+ L, (2.106)
where k, = [k(z1,2),k(x2,x), - ,k(zn,x)]" € RYN. The nonlinear
principal components are then given by
wl K1 w11 kg N 1"K1
N N N2
In the particular case where the data is zero-mean, i.e., q3 = 0, we simply have

K=K, 1Tky=0, K1=0 and y; =w,ky, i=1,...,d. (2.108)

w; 1. (2.107)

yi:w;rka:_

If follows from the analysis above that the nonlinear principal components can
be computed directly from the kernel function k(x,y) = ¢(x) " ¢(y). Therefore,
we may be able to avoid having to compute ¢(x) whenever an expression for the
kernel k is known. For instance, in the conic example in (2.89), we have

k(z,y) = [v2, V22120, 23][y7, V20192, 3] T = (2191 + T212)? = (z " y)?,
(2.109)

which can be computed directly in R? without need to resort to computing the
embedding into R3.

In general, we do not need to explicitly define and evaluate the map ¢(+). In fact,
given any (positive-definite) kernel function, according to a fundamental result in
functional analysis, one can in principle decompose the kernel and recover the
associated map ¢(-) if one wishes to.
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Theorem 2.7 (Mercer’s Theorem). Suppose k : RP x RP — R is a symmetric
real valued function such that for some C' > 0 and almost every (x,y)"> we have
|k(z,y)| < C. Suppose that the linear operator L : L*(RP) — L?(RP),

L) = | k= y)f(y)dy, (2.110)
R
is positive semi-definite. Let 1; be the normalized orthogonal eigenfunctions of L
associated with the eigenvalues \; > 0, sorted in non-increasing order, and let
M be the number of nonzero eigenvalues. Then

o The sequence of eigenvalues is absolutely convergent, i.e., Zf\il [Ai] < oc.

o The kernel k can be expanded as k(x,y) = Zf\il At (x); (y) for almost

all (x,y).

The interested readers may refer to [Mercer, 1909] for a proof of the theorem.
It follows from the theorem that, given a positive semi-definite kernel &k, we can
always associate with it an embedding function ¢ as

di(x) = VAi(x) i=1,...M. 2.111)

Notice that the dimension of the embedding, M, could be rather large, sometimes
even infinity. Nevertheless, an important reason for computing with the kernel
function is that we do not need to compute the embedding function or the features.
Instead, we simply evaluate the dot products k(z, y) in the original space R”.

Example 2.8 (Examples of Kernels). There are several popular choices for the nonlinear
kernel function, such as the polynomial kernel and the Gaussian kernel, respectively,

T
kp(z,y) = (z'y)" and ko(x,y) = exp (- M) (2.112)

Evaluation of such functions only involves the inner product or the difference between
two vectors in the original space R”. This is much more efficient than evaluating the
inner product in the associated feature space, whose dimension for the first kernel grows
exponentially with the degree n and for the second kernel is infinite. ]

We summarize our discussion in this section as Algorithm 2.1.

2.5.2 Locally Linear Embedding
2.6 Bibliographic Notes

As a matrix decomposition tool, SVD was initially developed independently from
PCA in the numerical linear algebra literature, also known as the Erkart and
Young decomposition [Eckart and Young, 1936, Hubert et al., 2000]. The re-
sult regarding the least-squares optimality of SVD given in Theorem 2.2 can

13«Almost every” means except for a set of measure zero.
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Algorithm 2.1 (Nonlinear Kernel PCA).

For a given set of zero-mean data points X = [z, To,...,zy] € RP*N and a
given map ¢(x) or a kernel function k(x, y) such that $(0) = 0 or £(0,0) = 0,

1. Compute the inner product matrix
TP = (¢(z;) d(z;)) or (k(zi,x;)) € RV, (2.113)
2. Compute the eigenvectors w; € RN of & T ®:
® " Ddw; = \w;, (2.114)
and normalize [Jw;[? = \; %
3. For any data point x, its sth nonlinear principal component is given by
yi = w, @ o(x) or w [k(xy,x),... k(zy,x)], (2.115)
fori =1,2,...,d.

be traced back to [Householder and Young, 1938, Gabriel, 1978]. While prin-
cipal components were initially defined exclusively in a statistical sense [Pearson,
1901, Hotelling, 1933], one can show that the algebraic solution given by SVD
gives asymptotically unbiased estimates of the true parameters in the case of
Gaussian distributions. A more detailed analysis of the statistical properties of
PCA can be found in [Jolliffe, 2002].

Note that PCA only infers the principal subspace (or components), but not
a probabilistic distribution of the data in the subspace. Probabilistic PCA was
developed to infer an explicit probabilistic distribution from the data [Tipping
and Bishop, 1999b]. The data is assumed to be independent samples drawn
from an unknown distribution, and the problem becomes one of identifying the
subspace and the parameters of the distribution in a maximum-likelihood or a
maximum-a-posteriori sense. When the underlying noise distribution is Gaussian,
the geometric and probabilistic interpretations of PCA coincide [Collins et al.,
2001]. However, when the underlying distribution is non Gaussian, the optimal
solution to PPCA may no longer be linear. For example, in [Collins et al., 2001]
PCA is generalized to arbitrary distributions in the exponential family.

PCA is obviously not applicable to data whose underlying structure is non-
linear. PCA was generalized to principal curves and surfaces by [Hastie, 1984]
and [Hastie and Stuetzle, 1989]. A more general approach however is to find a
nonlinear embedding map, or equivalently a kernel function, such that the embed-
ded data would lie on a linear subspace. Such methods are referred to as nonlinear
kernel PCA [Scholkopf et al., 1998]. Finding such nonlinear maps or kernels is
by no means a simple problem. Learning kernels is still an active research topic
in the statistical learning community.
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2.7 Exercises

Exercise 2.1 (Some Properties of PCA). Let x be a random vector with covariance matrix
Y 2. Consider a linear transformation of x:

y=wTx, (2.116)

where y € R% and W is a D x d orthogonal matrix. Let 2, = W ' X, W be the covariance
matrix for y. Show that

1. The trace of ¥, is maximized by W = Uy, where Uy consists of the first d
(normalized) eigenvectors of 3.

2. The trace of ¥, is minimized by W = Ud, where Ud consists of the last d
(normalized) eigenvectors of 3.

Exercise 2.2 (Subspace Angles). Given two d-dimensional subspaces S7 and Sz in RP,
define the largest subspace angle 6; between S1 and Sz to be the largest possible sharp
angle (< 90°) formed by any two vectors u1,us € (S1 N S2)* with u; € S; and
uaz € So respectively. Let U; € RP*< be an orthogonal matrix whose columns form a
basis for S1 and similarly Us for S2. Then show that if o is the smallest non-zero singular
value of the matrix W = U 1T U, then we have

cos(01) = o1. (2.117)

Similarly, one can define the rest of the subspace angles as cos(0;) = 0,i = 2,...,d
from the rest of the singular values of 1.

Exercise 2.3 (Fixed-Rank Approximation of a Matrix). Given an arbitrary full-rank ma-
trix A € R™>™, find the matrix B € R™*"™ with a fixed rank 7 < min{m,n} such that
the Frobenius norm || A — B|| r is minimized. The Frobenius norm of a matrix M is defined
to be || M||% = trace(M ™ M). (Hint: Use the SVD of A to guess the matrix B and then
prove its optimality.)

Exercise 2.4 (Identification of Auto-Regressive Exogeneous (ARX) Systems). A popu-
lar model that is often used to analyze a time series {y: }tcz is the linear auto-regressive
model:

Yt = a1Ye—1 + Q2Yi—2 + - + AnYt—n + &, Vi, yr ER, (2.118)

where €; € R models the modeling error or noise and it is often assumed to be a white-
noise random process. Now suppose that you are given the values of y; for a sufficiently
long period of time.

1. Show that in the noise free case, i.e. €; = 0, regardless of the initial conditions, the
vectors ¢ = [Y¢, Yt—1,-- -, yt_n]T for all ¢ lie on an n-dimensional hyperplane in
R+, What is the normal vector to this hyperplane?

2. Now consider the case with noise. Describe how you may use PCA to identify the

unknown model parameters (a1, az,. .., an)?

Exercise 2.5 (Basis for an Image). Given a gray-level image I, consider all of its
b x b blocks, denoted as {B; € RbXb}. We would like to approximate each block as a
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superposition of d base blocks, say {B; € R**39_ ) That s,
d
B; :Zaiij +Ei, (2.119)
j=1

where E; € R®*? is the possible residual from the approximation. Describe how you can
use PCA to identify an optimal set of d base blocks so that the residual is minimized?

In Section ??, we have seen an example in which a similar process can be applied to
an ensemble of face images, where the first d = 3 principal components are computed for
further classification. In the computer vision literature, the corresponding base images are
called “eigen faces.”

Exercise 2.6 (Probability of Selecting a Subset of Inliers). Imagine we have 80 samples
from a four-dimensional subspace in R®. However, the samples are contaminated with
another 20 samples that are far from the subspace. We want to estimate the subspace from
randomly drawn subsets of four samples. In order to draw a subset that only contains inliers
with probability 0.95, what is the smallest number of subsets that we need to draw?

Exercise 2.7 (Ranking of Webpages). PCA is actually used to rank webpages on the
Internet by many popular search engines. One way to see this is to view the Internet as
a directed graph G = (V, E'), where every webpage, denoted as p;, is a node in V, and
every hyperlink from p; to p;, denoted as e;;, are directed edges in . We can assign each
webpage p; an “authority” score x; that indicates how many other webpages point to it
and a “hub” score y; that indicates how many other webpages it points out to. Then, the
authority score x; depends on how many hubs point to p; and the hub score y; depends
on how many authorities p; points to. Let L be the adjacent matrix of the graph G (i.e.
L;; = 1ife;; = E), = the vector of the authority scores and y of the hub scores.

1. Justify that the following relationships hold:
y=Lx, =L"y; z=2/|2|, yv=1v/I1¥]. (2.120)

2. Show that « is the eigenvector of LT L and y is the eigenvector of LLT associ-
ated with the largest eigenvalue (why not the others). Explain how « and y can be
computed from the singular value decomposition of L.

In the literature, this is known as the Hybertext Induced Topic Selection (HITS) algorithm
[Kleinberg, 1999, Ding et al., 2004]. In fact, the same algorithm can also be used to rank
any competitive sports such as football teams and chess players.

Exercise 2.8 (Karhunen-Loéve Transform). The Karhunen-Loeve transform (KLT) can
be thought as a generalization of PCA from a (finite-dimensional) random vector & € R”
to an (infinite-dimensional) random process z(t),t € R. When z(t) is a (zero-mean)
second-order stationary random process, its auto correlation function is defined to be
K(t,7) = Elz(t)z)(7)] forall ¢, 7 € R.

1. Show that K (¢, 7) has a family of orthonormal eigen-functions {¢;(t)}$2; that are
defined as

/K(t,r)qﬁi(r) dr = Ndi(t), i=1,2,.... 2.121)

(Hint: First show that K (¢,7) is a positive definite function and then use Mercer’s
Theorem.)
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2. Show that with respect to the eigen-functions, we original random process can be
decomposed as

z(t) =Y midi(t), 2.122)
=1
where {z;}$2, are a set of uncorrelated random variables.

Exercise 2.9 (Full Rank of Gaussian RBF Gram Matrices) Suppose that you are given
N distinct points {z;}7_,. If & # 0, then the matrix K € RV *¥ given by

P . 2
Ki; = exp (77\@1 2| ) (2.123)

202

has full rank.



Chapter 3

Algebraic Methods for
Multiple-Subspace Segmentation

“The art of doing mathematics consists in finding that special case
which contains all the germs of generality.”
— David Hilbert

In this chapter, we consider a generalization of PCA in which the given
sample points are drawn from an unknown arrangement of subspaces of un-
known and possibly different dimensions. We first present a series of simple
examples that demonstrate that the subspace-segmentation problem can be
solved non-iteratively via certain algebraic methods. These solutions lead to
a general-purpose algebro-geometric algorithm for subspace segmentation. We
conveniently refer to the algorithm as Generalized Principal Component Analysis
(GPCA). To better isolate the difficulties in the general problem, we will develop
the algorithm in two steps. The first step is to develop a basic GPCA algorithm
by assuming a known number of subspaces; and in the second step, we deal with
an unknown number of subspaces and develop a recursive version of the GPCA
algorithm. The algorithms in this chapter will be derived under ideal noise-free
conditions and assume no probabilistic model. Nevertheless, the algebraic tech-
niques involved are numerically well-conditioned and the algorithms are designed
to tolerate moderate amounts of noise. Dealing with large amounts of noise or
even outliers will be the subject of Chapter ??.

In order to make the material accessible to a larger audience, in this chapter
we focus primarily on the development of a (conceptual) algorithm. We leave a
more formal study of subspace arrangements and rigorous justifications of all the
algebraic facts that support the algorithms of this chapter to Appendix C.

This is page 36
Printer: Opaque this
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3.1 Problem Formulation of Subspace Segmentation

In mathematics (especially in algebraic geometry), a collection of subspaces is
formally known as a subspace arrangement:

Definition 3.1 (Subspace Arrangement). A subspace arrangement is defined as a
finite collection of n linear subspaces in RP: A = {S1,...,S,}. The union of
the subspaces is denoted as Z 4 = S1 U So U ---U S,,.

For simplicity, we will use the term “subspace arrangement” to refer to both A
and Z 4.

Imagine that we are given a set of sample points drawn from an arrangement
of unknown number of subspaces which have unknown and possibly different
dimensions. Our goal is to simultaneously estimate these subspaces and seg-
ment the points into their corresponding subspaces. Versions of this problem are
known in the literature as subspace clustering, multiple eigenspaces [Leonardis
et al., 2002], or mixtures of principal component analyzers [Tipping and Bishop,
1999a], etc. To be precise, we will first state the problem that we will study in this
book, which we refer to as “multiple-subspace segmentation,” or simply as “sub-
space segmentation,” to be suggestive of the problem of fitting multiple (principal)
subspaces to the data.

Problem 3.1 (Multiple-Subspace Segmentation).

Given a set of sample points X = {z; € RP}Y | drawn from n > 1 distinct
linear subspaces S; C RP of dimensions d; < D,j=1,2,...,n,identify each
subspace S; without knowing which sample points belong to which subspace.
More specifically, by identifying the subspaces we mean the following:

1. Identifying the number of subspaces n and their dimensions d; = dim(.S;);

2. Identifying an orthonormal basis for each subspace S (or equivalently a
basis for its orthogonal complement SJ-L);

3. Clustering the [V points into the subspaces to which they belong.

Notice that in the foregoing problem statement, we have not yet specified the
objective for what is an “optimal” solution. We will leave the interpretation of
that open for now and will delay the definition until the context is more specific.
Although the problem seems to be stated in a purely geometric fashion, it is easy
to re-formulate it in a statistical fashion. For instance, we have assumed here that
the subspaces do not have to be orthogonal to each other. In a statistical setting,
this is essentially equivalent to assuming that these subspaces are not necessarily
uncorrelated. Within each subspace, one can also relate all the geometric and sta-
tistical notions associated with “principal components” in the classical PCA: The
orthonormal basis chosen for each subspace usually corresponds to a decompo-
sition of the random variable into uncorrelated principal components conditioned
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on the subspace. In Section 4.2, a detailed analysis and comparison will be given
for both points of view.

3.1.1 Projectivization of Affine Subspaces

Note that a linear subspace always passes through the origin but an affine subspace
does not. So, would the above problem statement lose any generality by restricting
it only to linear subspaces? The answer to this question is no. In fact every proper
affine subspace in R” can be converted to a proper linear subspace in RP+! by
lifting every point of it through the so-called homogeneous coordinates:

Definition 3.2 (Homogeneous Coordinates). The homogeneous coordinates of a
point & = [11,x3,...,2p|T € RP are defined as [v1, 22, ...,vp,1]T.
Given a set of points in an affine subspace, it is easy to prove that their

homogeneous coordinates span a linear subspace. More precisely:

Fact 3.3 (Homogeneous Representation of Affine Subspaces). The homogeneous
coordinates of points on a k-dimensional affine subspace in RP span a (d +
1)-dimensional linear subspace in RP+1. This representation is one-to-one.

Figure 3.1 shows an example of the homogeneous representation of three lines
in R%. The points on these lines span three linear subspaces in R? which pass

through the origin.

RS

Ll / N
R? Lo * L

Figure 3.1. Lifting of three (affine) lines in R? to three linear subspaces in R? via the
homogeneous representation.

Definition 3.4 (Central Subspace Arrangements). We say an arrangement of sub-
spaces is central if every subspace passes through the origin, i.e., every subspace
is a linear subspace.

According to this definition, the homogeneous representation of any (affine)
subspace arrangement in R” gives a central subspace arrangement in RP+1,
Therefore, Problem 3.1 does not loss any generality. From now on, we may as-
sume that our data set is drawn from a central subspace arrangement, in which all
subspaces are linear, not affine, subspaces, unless otherwise stated. In a statistical
setting, this is equivalent to assuming that each subset of samples has zero mean.
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3.1.2  Subspace Projection and Minimum Representation

The are many cases in which the given data points live in a very high dimen-
sional space. For instance, in many computer vision problems the dimension of
the ambient space D is the number of pixels in an image, which is normally in
the range 10°. In such cases, the complexity of any subspace segmentation so-
lution becomes computationally prohibitive. It is therefore important for us to
seek situations in which the dimension of the ambient space can be significantly
reduced.

Fortunately, in most practical applications, we are interested in modeling the
data by subspaces of relatively small dimensions (d < D), thus one can avoid
dealing with high-dimensional data sets by first projecting them onto a lower-
dimensional (sub)space. An example is shown in Figure 3.2, where two lines L,
and L in R? are projected onto a plane P. In this case, segmenting the two lines
in the three-dimensional space R? is equivalent to segmenting the two projected
lines in the two-dimensional plane P.

Figure 3.2. Samples on two 1-dimensional subspaces L1, Ly in R® projected onto a
2-dimensional plane P. The number and separation of the lines is preserved by the
projection.

In general, we will distinguish between two different kinds of “projections.”
The first kind corresponds to the case in which the span of all the subspaces is
a proper subspace of the ambient space, i.e., span(U}L:1 S;) € RP. In this case,
one may simply apply PCA (Chapter 2) to eliminate the redundant dimensions.
The second kind corresponds to the case in which the largest dimension of the
subspaces, denoted by dyy.y, is strictly less than D — 1. When dy,ax is known,'
one may choose a (dp,ax+1)-dimensional subspace P such that, by projecting R”
onto this subspace:

ap: x € RP?  — ' =np(x) e P, 3.1

For example, in 3-D motion segmentation from affine cameras, it is known that the subspaces
have dimension at most four [Costeira and Kanade, 1998, Kanatani, 2001, Vidal and Hartley, 2004].
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the dimension of each original subspace S; is preserved,” and there is a one-to-
one correspondence between S; and its projection — no reduction in the number
of subspaces n,> as stated in the following theorem.

Theorem 3.5 (Segementation-Preserving Projections). If a set of vectors {x;}
all lie in n linear subspaces of dimensions {d; };‘l=1 inRP, and if wp represents a
linear projection onto a subspace P of dimension D', then the points {mp(x;)} lie
in at most n linear subspaces of P of dimensions {d; < d;}}_,. Furthermore, if
D > D' > dpax, then there is an open and dense set of projections that preserve
the separation and dimensions of the subspaces.

Thanks to Theorem 3.5, if we are given a data set X drawn from an arrange-
ment of low-dimensional subspaces in a high-dimensional space, we can first
project X onto a generic subspace of dimension D’ = dy,ax + 1 and then model
the data with a subspace arrangement in the projected subspace, as illustrated by
the following sequence of steps:

-1

XCRP " X' CP—Ulmp(8)) —2— UiyS;. (D)

However, even though the set of (dyayx + 1)-dimensional subspaces P C RP
that preserve the separation and dimension of the subspaces is an open and dense
set, it remains unclear as to what a “good” choice for P is, especially when there
is noise in the data. For simplicity, one may randomly select a few projections
and choose the one that results in the smallest fitting error. Another alternative
is to apply PCA regardless and project the data onto the (d,ax + 1)-dimensional
principal subspace.

One solution for choosing P is attributed to [Broomhead and Kirby, 2000]. The
technique was originally designed for dimension reduction of differential mani-
folds.* We here adopt it for subspace arrangements. Instead of directly using the
original data matrix X, we gather the vectors (also called “secants”) defined by
every pair of points x;, £; € X

. D
Yy, =z, —x; €RY, 3.3)
and construct a matrix consisting of y,; as columns:

c RDXM

Y = [Y19, Y13 Yv—1)N] ) 34

This requires that P be transversal to each Sj—, i.e., span{P, S]J-} = RP for every j =
1,2,...,n. Since n is finite, this transversality condition can be easily satisfied. Furthermore, the set
of positions for P which violate the transversality condition is only a zero-measure closed set [Hirsch,
1976].

3This requires that all 7 p (.S;) be transversal to each other in P, which is guaranteed if we require
P to be transversal to Sjl n Sj% for 5,5/ = 1,2,...,n. All P’s which violate this condition form
again only a zero-measure set.

4That is essentially based on Whitney’s classic proof of the fact any differential manifold can be
embedded in a Euclidean space.
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where M = (N —1)N/2. Then the principal components of Y span the subspace
in which the distance (and hence the separateness) between the projected points
is preserved the most. Therefore, the optimal subspace that maximizes the sepa-
rateness of the projected points is given by the dp,.x+1 principal components of
Y . More precisely, if Y = UX V7T is the SVD of Y, then the optimal subspace
P is given by the first d;,5x+1 columns of U.

3.2 Introductory Cases of Subspace Segmentation

Notice that, to apply the K-subspaces and EM algorithms, we need to know three
things in advance: the number of subspaces, their dimensions, and initial estimates
of the bases of the subspaces. In practice, this may not be the situation and many
difficulties may arise. The optimizing process in both algorithms is essentially
a local iterative descent scheme. If the initial estimates of the bases of the sub-
spaces are far off from the global optimum, the process is likely to converge to a
local minimum. More seriously, if the number of subspaces and their dimensions
were wrong, the process might never converge or might converge to meaningless
solutions. Furthermore, when the number and dimensions of the subspaces are
unknown and the samples are noisy (or contaminated by outliers), model selec-
tion becomes a much more elusive problem as we have alluded to earlier in the
introduction chapter.

In this and next few chapters, we will systematically address these difficulties
and aim to arrive at global non-iterative solutions to subspace segmentation that
require less or none of the above initial information. Before we delve into the most
general case, we first examine, in this section, a few important special cases. The
reason is two-fold: Firstly, many practical problems fall into these cases already
and the simplified solutions can be directly applied; and secondly, the analysis of
these special cases offers some insights into a solution to the general case.

3.2.1 Segmenting Points on a Line

Let us begin with an extremely simple clustering problem: clustering a collection
of points {1, 2,..., 2N} on the real line R around a collection of cluster cen-
ters { g1, ti2, - - - , fin }- In spite of its simplicity, this problem shows up in various
segmentation problems. For instance, in intensity-based image segmentation, one
wants to separate the pixels of an image into different regions, with each region
corresponding to a significantly different level of intensity (a one-dimensional
quantity). More generally, the point clustering problem is very much at the heart
of spectral clustering, a popular technique for clustering data in spaces of any
dimension. Furthermore, as we will see throughout this book, the same basic
ideas introduced through this simple example can also be applied to clustering
points from arrangements of more complex structures such as lines, hyperplanes,
subspaces, and even surfaces.
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In the sequel, we introduce a not so conventional solution to the point clustering
problem. The new formulation that the solution is based on is neither geomet-
ric (like K-subspaces) nor statistical (like EM). Instead, the solution is purely
algebraic.

Let € R be any of the data points. In an ideal situation in which each data
point perfectly matches one of the cluster centers, we know that there exists a
constant p; such that z = p;. This means that

(x=pm)V(@=p2) V- V(T =pn). (3.5)

The “V” in the preceding equation stands for the logical connective “or.” This is
equivalent to that z satisfies the following polynomial equation of degree n in x:

pa(r) = (z = m)(@ = p2) - (& = pn) = Y _epa™ ¥ =0 (3.6)

Since the polynomial equation p,,(z) = 0 must be satisfied by every data point,
we have that

Lt S | 1
1 1 1
xy xg_l eeoxe 1] |
n n—1 1
TN TN Cn,

where V,, € RV*("+1) j5 a matrix of embedded data points, and ¢, € R**+ is
the vector of coefficients of p,, (z).

In order to determine the number of groups n and then the vector of coefficients
¢, from (3.7), notice that for n groups there is a unique polynomial of degree n
whose roots are the n cluster centers. Since the coefficients of this polynomial
must satisfy equation (3.7), in order to have a unique solution we must have that
rank(V,,) = n. This rank constraint on V,, € RN *(n+1) epables us to determine
the number of groups n as’

n = min{j : rank(V ;) = j}. (3.8)

Example 3.6 (Two Clusters of Points). The intuition behind this formula is as follows.
Consider, for simplicity, the case of n = 2 groups, so that p, (z) = p2(z) = (x — 1) (z —
u2), with 11 # po. Then, it is clear that there is no polynomial equation of degree one,
p1(z) = = — p, that is satisfied by all the points. Similarly, there are infinitely many
polynomial equations of degree 3 or more that are satisfied by all the points, namely any
multiple of p2(z). Thus the degree n = 2 is the only one for which there is a unique
polynomial that fits all the points. ]

SNotice that the minimum number of points needed is N > n, which is linear in the number of
groups. We will see in future chapters that this is no longer the case for more general segmentation
problems.
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Once the minimum polynomial p,,(x) that fits all the data points is found, we
can solve the equation p,,(x) = 0 for its n roots. These roots, by definition, are
the centers of the clusters. We summarize the overall solution as Algorithm 3.1.

Algorithm 3.1 (Algebraic Point Clustering Algorithm).

Let {x1,22,...,2ny} C R be a given collection of N > n points clustering
around an unknown number n of cluster centers {1, pia, . . ., fin }. The number
of groups, the cluster centers and the segmentation of the data can be determined
as follows:

1. Number of Groups. Let V; € RV*U+1 be a matrix containing the last
7 + 1 columns of V. Determine the number of groups as

n = min{j : rank(V;) = j}.

2. Cluster Centers. Solve for ¢, from V,c, = 0. Set p,(z) =
> h—o ckx™ ", Find the cluster centers j; as the n roots of p,(x).

3. Segmentation. Assign point z; to cluster j = argmin—1___,(z; — w)>

Notice that the above algorithm is described in a purely algebraic fashion and is
more of a conceptual than practical algorithm. It does not minimize any geometric
errors or maximize any probabilistic likelihood functions. In the presence of noise
in the data, one has to implement each step of the algorithm in a numerically more
stable and statistically more robust way. For example, with noisy data, the matrix
V., will most likely be of full rank. In this case, the vector of coefficients ¢,
should be solved in a least-squares sense as the singular-vector of V', associated
with the smallest singular value. It is also possible that the p,, () obtained from ¢,
may have some complex roots, because the constraint that the polynomial must
have real roots is never enforced when solving for the coefficients in the least-
squares sense.® In practice, for well-separated clusters with moderate noise, the
roots normally give decent estimates of the cluster centers.

Although clustering points on a line may seem a rather simple problem, it can
be easily generalized to the problem of clustering points on a plane (see Exercise
3.1). Furthermore, it is also a key step of a very popular data clustering algorithm:
spectral clustering. See Exercise 3.2.

3.2.2 Segmenting Lines on a Plane

Let us now consider the case of clustering data points to a collection of n lines in
R? passing through the origin, as illustrated in Figure 3.3. Each one of the lines

SHowever, in some special cases, one can show that this would never occur. For example, when
n = 2, the least-squares solution for ¢, is c2 = Var[z], c; = E[z?]E[z] — E[2®] and ¢ =
E[23]E[z]— E[z2]? < 0, hence ¢2 —4cgcz > 0 and the two roots of the polynomial coz?+-c12+c2
are always real.
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can be represented as:

Li ={z=[zv,y]" :bjiz +bjoy=0}, j=12,...,n (3.9)
Given a point = [z, y]” in one of the lines we must have that
(bnx + b12y = 0) V.-V (bnliE + bngy = 0) (3.10)

Therefore, even though each individual line is described with one polynomial
equation of degree one (a linear equation), an arrangement of n lines can be
described with a polynomial of degree n, namely

Po(®@) = (b112 + bioy) -+ (b + bnoy) = Y _exz™ FyF =0, (3.11)
k=0

An example is shown in Figure 3.3.

i
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Figure 3.3. A polynomial in two variables whose zero set is three lines in R?.

The polynomial p,, (x) allows us to algebraically eliminate the segmentation of
the data at the beginning of the model estimation, because the equation p,,(x) = 0
is satisfied by every data point regardless of whether it belongs to L1, Lo, ..., or
L,,. Furthermore, even though p,, () is nonlinear in each data point = [z, y|7,
pn () is actually linear in the vector of coefficients ¢ = [cg, c1, . . ., ¢,]T. There-
fore, given enough data points {z; = [z;,9;]T }X,, one can linearly fit this
polynomial to the data. Indeed, if n is known, we can obtain the coefficients of
pr () from solving the equation:

n n—1 n—1 n
ry Iy 191 R KA ] ) U Co
n— n—
Ty Ty Y2 o T2y Yy c1

Vaen = =0. (3.12)

n n—1 n—1 n
Ty Iy YN - TNYy Ynd LCn
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Similar to the case of points in a line, the above linear system has a unique solution
if and only if rank(V',,) = n, hence the number of lines is given by

n = min{j : rank(V;) = j}. (3.13)

Given the vector of coefficients ¢,,, we are now interested in estimating the
equations of each line from the associated polynomial p,, (). We know each line
is determined by its normal vector b; = [by;,b2;]7, j = 1,2, ..., n. For the sake
of simplicity, let us consider the case n = 2. A simple calculation shows that the
derivative of p,(x) is given by

Vpa(x) = (b212 + baay)by + (b11x + bi2y)ba. (3.14)

Therefore, if the point x belongs to Ly, then (b11z + b12y) = 0 and hence
Vps(x) ~ by. Similarly, if « belongs to Lo, then Vps(x) ~ bo. This means
that given any point &, without knowing which line contains the point, we can
obtain the equation of the line passing through the point by simply evaluating the
derivative of po(x) at . This fact should come at no surprise and is valid for any
number of lines n. Therefore, if we are given one point in each line’ {y; € L;},
we can determine the normal vectors as b; ~ Vp,,(y,). We summarize the overall
solution for clustering points to multiple lines as Algorithm 3.2.

Algorithm 3.2 (Algebraic Line Segmentation Algorithm).

Let {1, x2,..., TN} be a collection of N > n points in R? clustering around
an unknown number n of lines whose normal vectors are {b;, b, ..., by}. The
number of lines, the normal vectors, and the segmentation of the data can be
determined as follows:

1. Number of Lines. Let V'; be defined as in (3.12). Determine the number
of groups as

n = min{j : rank(V;) = j}.

2. Normal Vectors. Solve for ¢, from V,¢, = 0 and set p,(z,y) =
n n—k,k :
> k—o Ckx™ "y". Determine the normal vectors as

o an(yj)
T IVpa(y;))ll

where y; is a point in the jth line.

€ R?, j=1,2,...,n,

3. Segmentation. Assign point x; to line j = arg mingzlﬁ___yn(bfm,;)?

The reader may have realized that the problem of clustering points on a line is
very much related to the problem of segmenting lines in the plane. In point clus-

7We will discuss how to automatically obtain one point per subspace from the data in the next
subsection when we generalize this problem to clustering points on hyperplanes.
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0,0

M1 M2 0 M3

Figure 3.4. Using homogeneous coordinates to convert the point clustering problem into
the line segmentation problem.

tering, for each data point x there exists a cluster center y; such that x — p1; = 0.
By working in homogeneous coordinates, one can convert it into a line clustering
problem: for each data point * = [z, 1] there is a line b; = [1, —pu;] passing
through the point. Figure 3.4 shows an example of how three cluster centers are
converted into three lines via homogeneous coordinates. Indeed, notice that if we
let y = 1 in the matrix V', in (3.12), we obtain exactly the matrix V', in (3.7).
Therefore, the vector of coefficients c,, is the same for both algorithms and the
two polynomials are related as p,, (z,y) = y"pn(z/y). Therefore, the point clus-
tering problem can be solved either by polynomial factorization (Algorithm 3.1)
or by polynomial differentiation (Algorithm 3.2).

3.2.3 Segmenting Hyperplanes

In this section, we consider another particular case of Problem 3.1 in which all the
subspaces are hyperplanes of equal dimensiond; = --- =d, =d = D — 1. This
case shows up in a wide variety of segmentation problems in computer vision,
including vanishing point detection and motion segmentation. We will discuss
these applications in greater detail in later chapters.

We start by noticing that every (D —1)-dimensional subspace S; C RP can be
defined in terms of a nonzero normal vector b; € R as follows:®

Sj={@xeR” bl @ =0bja1+bjrs+ - +bjprp =0} (3.15)

Therefore, a point £ € RP lying in one of the hyperplanes S; must satisfy the
formula:

(bfz=0) V (bix=0) V---V (blz =0), (3.16)

8Since the subspaces Sj are all different from each other, we assume that the normal vectors
{b;}}_, are pairwise linearly independent.
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which is equivalent to the following homogeneous polynomial of degree n in @
with real coefficients:

pn(x)= H(b;f:c) :Z Cryno,onp @1 o2 - TP :yn(m)Tcn =0, (3.17)
j=1

where ¢,,, . n, € R represents the coefficient of monomial 7" z5% - - - 27, ¢,

is the vector of all coefficients, and v, (x) is the stack of all possible monomials.
The number of linearly independent monomials is M,, = (P+7=1), hence c,
and v, (x) are vectors in RM».

After applying (3.17) to the given collection of N sample points {z;}¥ |, we
obtain the following system of linear equations on the vector of coefficients ¢,

vn(z1)?

Vn<w2)T
V,ec, = . ¢, =0 €eRV. (3.18)

vn(zn)T

We now study under what conditions we can solve for n and ¢,, from equa-
tion (3.18). To this end, notice that if the number of hyperplanes n was known,
we could immediately recover c,, as the eigenvector of VSV,L associated with its
smallest eigenvalue. However, since the above linear system (3.18) depends ex-
plicitly on the number of hyperplanes n, we cannot estimate c,, directly without
knowing n in advance. Recall from Example C.14, the vanishing ideal I of a hy-
perplane arrangement is always principal, i.e., generated by a single polynomial
of degree n. The number of hyperplanes n then coincides with the degree of the
first non-trivial homogeneous component /,, of the vanishing ideal. This leads to
the following theorem.

Theorem 3.7 (Number of Hyperplanes). Assume that a collection of N > M,,—1
sample points {z;}X | on n different (D — 1)-dimensional subspaces of R is
given. Let V; € RN*Mi pe the matrix defined in (3.18), but computed with
polynomials of degree j. If the sample points are in general position and at least
D — 1 points correspond to each hyperplane, then:

= Mj ] <n,
rank(V;) =M;-1 j=n, (3.19)
< M] -1 j >n.

Therefore, the number n of hyperplanes is given by:
n = min{j : rank(V;) = M; — 1}. (3.20)

In the presence of noise, one cannot directly estimate n from (3.20), because
the matrix V'; is always full rank. In this case, one can use the criterion (2.48)
given in Chapter 2 to determine the rank.

Theorem 3.7 and the linear system in equation (3.18) allow us to determine
the number of hyperplanes n and the vector of coefficients c,, respectively, from
sample points {x;}¥ . The rest of the problem now becomes how to recover
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the normal vectors {b;}”_, from c,. Imagine, for the time being, that we were
given a set of n points {yj 1 =1, each one lying in only one of the n hyperplanes,
thatis y; € S; for j = 1,2,...,n. Now let us consider the derivative of p,(x)
evaluated at each y ;. We have:

V() = 222 _ 83 H =Y () [[®F ). (3.21)

oz -
Jj=1 £

Because [], 7,gm(b{yj) = 0 for j # m, one can obtain each one of the normal
vectors as

Von(y;
b= vPn) oy, (3.22)

IVn(y )l
Therefore, if we know one point in each one of the hyperplanes, the hyperplane
segmentation problem can be solved analytically by simply evaluating the partial
derivatives of p,, (x) at each one of the points with known labels.

Consider now the case in which we do not know the membership of any of
the data points. We now show that one can obtain one point per hyperplane by
intersecting a random line with each one of the hyperplanes. To this end, consider
arandom line L = {tv 4+ xp, ¢t € R} with direction v and base point x,. We
can obtain one point in each hyperplane by intersecting L with the union of all
the hyperplanes.” Since at the intersection points we must have p,, (tv + xg) = 0,
the n points {y;}"_; can be obtained as

Yy, =tjv+xo, j=12,...,n, (3.23)

where {t;}"_, are the roots of the univariate polynomial of degree n
Gn(t) = pn(tv + o) H tb?v + bfwo) =0. (3.24)

We summarize our discussion so far as Algorithm 3.3 for segmenting
hyperplanes.

3.3 Subspace Segmentation Knowing the Number of
Subspaces

In this section, we derive a general solution to the subspace-segmentation problem
(Problem 3.1) in the case in which the number of subspaces n is known. However,
unlike the special cases we saw in the previous section, the dimensions of the
subspaces can be different. In Section 3.3.1, we illustrate the basic ideas of dealing
with subspaces of different dimensions via a simple example. Through Sections

9Except when the chosen line is parallel to one of the hyperplanes, which corresponds to a zero-
measure set of lines.
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Algorithm 3.3 (Algebraic Hyperplane Segmentation Algorithm).

Let {x1,x2,...,xn} C RP be a given collection of points clustered around an
unknown number n of planes {by, bs, . .., b, }. The number of planes, the normal
vectors, and the segmentation of the data can be determined as follows:

1. Number of Hyperplanes. Let V'; be defined as in (3.18). Determine the
number of groups as

n = min{j : rank(V;) = M; — 1}

2. Normal Vectors. Solve for ¢,, from V ,¢,, = 0 and set p,, () = cL v, (z).

Choose xy and v at random and compute the n roots t1,to,...,t, € R
of the univariate polynomial ¢, (t) = p,(tv 4+ x). Determine the normal
vectors as
\V4 .
s vPnlyy) s
van(yj)n

where y; = xo + ¢;v is a point in the jth hyperplane.

3. Segmentation. Assign point x; to hyperplane j = arg minlzlw,n(blT:vi)?

bir = Vpai(y,) 9 R3

bi2 = Vpaa(y,)

° o '.. . "O.ow:o .
SQ ° .o . [ ¢ °
S

Figure 3.5. Data samples drawn from a union of one plane and one line (through the
origin o) in R®. The derivatives of the two vanishing polynomials pa1(x) = z122 and
p22(x) = x123 evaluated at a point y, in the line give two normal vectors to the line.
Similarly, the derivatives at a point y,, in the plane give the normal vector to the plane.

3.3.2-3.3.4, we give detailed derivation and proof for the general case. The final
algorithm is summarized in Section 3.3.5.

3.3.1 An Introductory Example

To motivate and highlight the key ideas, in this section we study a simple example
of clustering data points lying in subspaces of different dimensions in R?: a line
S1 ={x:xy =22 =0} and aplane Sy = {x : 3 = 0}, as shown in Figure 3.5.



50 Chapter 3. Algebraic Methods for Multiple-Subspace Segmentation

We can describe the union of these two subspaces as
S1USy={z: (21 =22=0)V (23 =0)} = {z: (x123 = 0) A (225 = 0)}.

Therefore, even though each individual subspace is described with polynomials
of degree one (linear equations), the union of two subspaces is described with
two polynomials of degree two, namely po; () = x123 and pas(x) = xox3. In
general, we can represent any two subspaces of R? as the set of points satisfying
a set of homogeneous polynomials of the form

2 2 2
c1zy + caw1 T2 + c3x1T3 + a7y + csT2x3 + cewyz = 0. (3.25)

Although these polynomials are nonlinear in each data point [z, 2, x3]7, they
are actually linear in the vector of coefficients ¢ = [cy, ¢z, . .. ,cg]T. Therefore,
given enough data points, one can linearly fit these polynomials to the data.
Given the collection of polynomials that vanish on the data points, we are now
interested in estimating a basis for each subspace. In our example, let Py(x) =
[p21(x), p22(x)] and consider the derivatives of P»(x) at two representative
points of the two subspaces y; = [0,0,1]7 € S; and y, = [1,1,0]T € Sa:

x3 0 10 00
VP (x)=|0 23| = VPa(y;)= |01]| and VPy(y,) = |00]| . (3.26)
T1 T2 00 11

Then the columns of V P,(y;) span the orthogonal complement to the first sub-
space Si- and the columns of V P (y,) span the orthogonal complement to the
second subspace S5 (see Figure 3.5). Thus the dimension of the line is given
by di = 3 —rank(VP5(y,)) = 1 and the dimension of the plane is given by
dy = 3 — rank(V Py (y5)) = 2. Therefore, if we are given one point in each sub-
space, we can obtain the subspace bases and their dimensions from the derivatives
of the polynomials at the given points.

The final question is how to choose one representative point per subspace. With
perfect data, we may choose a first point as any of the points in the data set. With
noisy data, we may first define a distance from any point in R? to the union of the
subspaces,'” and then choose a point in the data set that minimizes this distance.
Say we pick y, € S5 as such point. We can then compute the normal vector
by = [0,0,1]T to Sy from VP(y,) as above. How do we now pick a second
point in S7 but not in S3? As it turns out, this can be done by polynomial division.
We can divide the original polynomials by bQT:c to obtain new polynomials of
degreen — 1 = 1:

pa2(x)
bl x

T
p1i(z) = png( ) =z and piz(z) =
by x

= T9.

10For example, the squared algebraic distance to S1 U S3 is p21 (:c)2 +paa(x)? = (x% + x%)x%
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Since these new polynomials vanish on S; but not on S, we can use them to
define a new distance to S; only,!! and then find a point ¢, in S; but not in S5 as
the point in the data set that minimizes this distance.

The next sections shows how this simple example can be systematically gener-
alized to multiple subspaces of unknown and possibly different dimensions by
polynomial fitting (Section 3.3.2), differentiation (Section 3.3.3), and division
(Section 3.3.4).

3.3.2 Fitting Polynomials to Subspaces

Now consider a subspace arrangement A = {S1,S5>,...,5,} with dim(S;) =
dj,j =1,2,...,n. Let X = {x1,x2,...,zn} be a sufficiently large number
of sample points in general position drawn from Z4 = S; U So U --- U S,,. As
we may know from Appendix C, the vanishing ideal I(Z 4), i.e., the set of all
polynomials that vanish on Z 4, is much more complicated than the special cases
we studied earlier in this chapter.

Nevertheless, since we assume to know the number of subspaces n, we only
have to consider the set of polynomials of degree n that vanish on Z 4, i.e., the
homogeneous component I,, of I(Z4). As we know from Appendix C, these
polynomials uniquely determine Z 4. Furthermore, as the result of Corollary C.22,
we know that if the subspace arrangement is transversal, [,, is generated by the
products of n linear forms that vanish on the n subspaces, respectively. More
precisely, suppose the subspace S; is of dimension d; and let k; = D — d;. Let

Bj = [bi,by,....by,] € RP*XK)

be a set of base vectors for the orthogonal complement S j‘ of §;. The vanishing
ideal I(S;) of S; is generated by the set of linear forms

{l(x) = b"z, bec B;}.

Then any polynomial p,,(x) € I,, can be written as a summation of products of
the linear forms

pu() = h(@)h(@) (@),

where [; € I(S;).
Using the Veronese map, each polynomial in 7,, can also be written as:

pn(w) = cgyn(w) = chl,nz,..‘,npx?lx§2 T f%D =0, (3.27)

where ¢, n,,...np, € R represents the coefficient of the monomial ™ =

xtx? - - - 2P Although the polynomial equation is nonlinear in each data point
x, it is linear in the vector of coefficients c¢,. Indeed, since each polynomial

pn(x) = clv,(x) must be satisfied by every data point, we have ¢ v, (z;) = 0

"For example, the squared algebraic distance to Sy is p11(z)? + p12(z)? = 22 + 2.
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forall i = 1,2,..., N. Therefore, the vector of coefficients ¢,, must satisfy the
system of linear equations
vn(z1)T
. Vn (wZ)T N
V.(D)e, = . c, =0 eRY, (3.28)
vn(zn)T

where V,,(D) € RN*Mn(DP) is called the embedded data matrix.

Clearly, the coefficient vector of every polynomial in I, is in the null space of
the data matrix V' ,,(D). For every polynomial obtained from the null space of
V(D) to be in I,,, we need to have

dim(Null(V ,(D))) = dim(I,,) = hr(n),

where hj(n) is the Hilbert function of the ideal I(Z4) (see Appendix C). Or
equivalently, the rank of the data matrix V', (D) needs to satisfy

rank(V (D)) = M,,(D) — hy(n) (3.29)

in order that I,, can be exactly recovered from the null space of V,,(D). As a
result of the Algebraic Sampling Theory in Appendix B, the above rank condition
is typically satisfied with N > (M,,(D) — 1) data points in general position.'” A
basis of 1,,,

I, = span{ppe(x), £ =1,2,...,hr(n)}, (3.30)

can be computed from the set of hr(n) singular vectors of V(D) associated
with its h;(n) zero singular values. In the presence of moderate noise, we can
still estimate the coefficients of the polynomials in a least-squares sense from the
singular vectors associated with the h;(n) smallest singular values.

As discussed in Sections 2.5.1 and 2.5.1, the basic modeling assumption in
NLPCA and KPCA is that there exists an embedding of the data into a higher-
dimensional feature space F' such that the features live in a linear subspace of F'.
However, there is no general methodology for finding the correct embedding for
an arbitrary problem. Equation (3.28) shows that the commonly used polynomial
embedding v, is the right one to use when the data lives in an arrangement of sub-
spaces, because the embedded data points {v,,(z;)} ; indeed live in a subspace
of RM»(P) Notice that each vector ¢, is simply a normal vector to the embedded
subspace, as illustrated in Figure 3.6.

3.3.3 Subspaces from Polynomial Differentiation

Given a basis for the set of polynomials representing an arrangement of sub-
spaces, we are now interested in determining a basis and the dimension of each

12In particular, it requires at least d; points from each subspace S;.
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‘ RD c = Sym(b1®bo®b3)
‘ . S Veronese map RMa(D)
Sf N €T

R Tl M (D _
=—bs b vn : RP o RMH(D) Mn(D)=<n+5 1)

Figure 3.6. The polynomial embedding maps a union of subspaces of R” into a single sub-
space of RM"(P) whose normal vectors {c, } are the coefficients of the polynomials {p, }
defining the subspaces. The normal vectors to the embedded subspace {c,, } are related to
the normal vectors to the original subspaces {b; } via the symmetric tensor product.

subspace. In this section, we show that one can estimate the bases and the dimen-
sions by differentiating all the polynomials {p,,¢} obtained from the null space of
the embedded data matrix V ,,(D).

Let p,,(x) be any polynomial in I,,. Since p, € I(Z4) C I(S;), where I(S;)
is generated by linear forms [(x) = b x withb € S j‘, Dy, is of the form

pn:llgl+l292+"'+lkjgkj (3.31)
forly,ly, ..., I, € I(S;) and some polynomials g1, g2, . . ., gk,."” The derivative
of p, is

kj k;

Vpn =Y (9:Vli+1:Vg:) =Y (9:bi +1:iVgi). (3.32)
i=1 i=1

Let y, be a point in the subspace S; but not in any other subspaces in the arrange-
ment Z 4. Then [;(y,;) = 0,i = 1,2,...,k;. Thus, the derivative of p,, evaluated
at y,; is a superposition of the vectors b;:

k;j
Vpn(y;) =Y ai(y)bi €S (3.33)
=1

This fact should come at no surprise. The zero set of each polynomial p,, is just
a surface in RD, therefore its derivative at a regular point y ;€ S5, Vpy (y j ), gives
a vector orthogonal to the surface. Since an arrangement of subspaces is locally
flat, i.e., in a neighborhood of y; the surface is merely the subspace Sj, then the
derivative at y; lives in the orthogonal complement S ]l of S;. By evaluating the
derivatives of all the polynomials in I,, at the same point y; we obtain a set of
normal vectors that span the orthogonal complement of .S;. We summarize the
above facts as Theorem 3.8. Figure 3.5 illustrates the theorem for the case of a
plane and a line described in Section 3.3.1.

131n fact, from discussions in the preceding subsection, we know the polynomials g; are products
of linear forms that vanish on the remaining n — 1 subspaces.
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Theorem 3.8 (Subspace Bases and Dimensions by Polynomial Differentiation).
If the data set X is such that diim(Null(V ,(D))) = dim(I,,) = hy(n) and one
generic point y ; is given for each subspace Sj, then we have

Sk = span{icgun(m) Ve, € Null(Vn(D))}. (3.34)

ox

Therefore, the dimensions of the subspaces are given by

dj =D — rank(VPn(yj)) for j=1,2,...,n, (3.35)

T=y;

where Pp(x) = [pn1(x), ..., Do, n)(®)] € RY>*M1() s a row of linearly in-

dependent polynomials in I,,, and VP, (x) = [Vpu1(2),..., Vun, ) ()] €
RDX}”(").

Proof. (Sketch only). The fact that the derivatives span the entire normal space is
the consequence of the general dimension theory for algebraic varieties [Bochnak
et al., 1998, Harris, 1992, Eisenbud, 1996]. For a (transversal) subspace arrange-
ment, one can also prove the theorem by using the fact that polynomials in I,
are generated by the products of n linear forms that vanish on the n subspaces,
respectively. 0

Given c,, the computation of the derivative of p,, () = ¢Xv, () can be done

algebraically:
Vpn(x) = IV, (x) = L Eyvn_ 1 (),

where E,, € RMn(P)xMn-1(D) s a constant matrix containing only the expo-
nents of the Veronese map v, (x). Thus, the computation does not involve taking
derivatives of the (possibly noisy) data.

3.3.4 Point Selection via Polynomial Division

Theorem 3.8 suggests that one can obtain a basis for each SjL directly from the
derivatives of the polynomials representing the union of the subspaces. However,
in order to proceed we need to have one point per subspace, i.e., we need to know
the vectors {yy, Yo, - - -, Y,, }- In this section, we show how to select these n points
in the unsupervised learning scenario in which we do not know the label for any
of the data points.

In Section 3.2.3, we showed that in the case of hyperplanes, one can obtain one
point per hyperplanes by intersecting a random line L with the union of all hy-
perplanes.'* This solution, however, does not generalize to subspaces of arbitrary
dimensions. For instance, in the case of data lying in a line and a plane shown
in Figure 3.5, a randomly chosen line L may not intersect the line. Furthermore,
because polynomials in the null space of V,,(D) are no longer factorizable, their

14This can always be done, except when the chosen line is parallel to one of the subspaces, which
corresponds to a zero-measure set of lines.
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zero set is no longer a union of hyperplanes, hence the points of intersection with
L may not lie in any of the subspaces.

In this section we propose an alternative algorithm for choosing one point per
subspace. The idea is that we can always choose a point y,, lying in one of the
subspaces, say S,,, by checking that P, (y,,) = 0. Since we are given a set of data
points X = {x1, @9, ...,z } lying in the subspaces, in principle we can choose
y,, to be any of the data points. However, in the presence of noise and outliers,
a random choice of y,, may be far from the true subspaces. One may be tempted
to choose a point in the data set X that minimizes ||P,(x)||, as we did in our
introductory example in Section 3.3.1. However, such a choice has the following
problems:

1. The value ||P,(x)|| is merely an algebraic error, i.e., it does not really
represent the geometric distance from « to its closest subspace. In princi-
ple, finding the geometric distance from  to its closest subspace is a hard
problem, because we do not know the normal bases {B1, Ba, ..., B, }.

2. Points x lying close to the intersection of two or more subspaces are
more likely to be chosen, because two or more factors in p,(x) =
(bl x)(blx)--- (bl x) are approximately zero, which yields a smaller
value for |p, (x)|. In fact, we can see from (3.33) that for an arbitrary x
in the intersection, the vector Vp,, () needs to be a common normal vector
to the two or more subspaces. If the subspaces have no common normal
vector, then ||Vp,, (x)| = 0. Thus, one should avoid choosing points close
to the intersection, because they typically give very noisy estimates of the
normal vectors.

We could avoid these two problems if we could compute the distance from
each point to the subspace passing through it. However, we cannot compute such
a distance yet because we do not know the subspace bases. The following lemma
shows that we can compute a first order approximation to such a distance from
P,, and its derivatives.

Lemma 3.9. Let & be the projection of € € RP onto its closest subspace. The
Euclidean distance from x to x is given by

& — &l = ny/ Pu(@) (VP (@) TV P (@) Pa(@)T + O (2 — 3]2),

where Pp(x) = [pn1(®), .., Prn,n)(®)] € RYP1(0) s g row vector with all
the polynomials, V P, (x) = [Vpnl(ac), e Vpnhl(n)(w)] e RPxhi(n) and At
is the Moore-Penrose inverse of A.

Proof. The projection & of a point x onto the zero set of the polynomi-
als {png}2; 1") can be obtained as the solution to the following constrained

optimization problem

min || — 2%, st pu(®) =0, £=1,2,...,h(n). (3.36)
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By using Lagrange multipliers A € R ("), we can convert this problem into the
unconstrained optimization problem

min [|2 — x||? + P (Z)\. (3.37)

From the first order conditions with respect to & we have
2(& —x)+ VP, (x)\=0. (3.38)

After multiplying on the left by (V P, (z))? and (Z—x)7, respectively, we obtain
1
A= 2(VPn(5;)TVPn(5B))TVPn(:*c)Ta;, & —x|? = imTVPn(:E))\7 (3.39)

where we have used the fact that (VP,(£))T& = 0. After substituting the first
equation into the second, we obtain that the squared distance from  to its closest
subspace can be expressed as

& —z|* = mTVP,L(i)(VP,L(@)TVP”(@))*VPn(ﬁc)Tm. (3.40)

After expanding in Taylor series about = «, and noticing that VP, (z)Tx =
nP,(x)T we obtain

|1& — 2|® ~ n2P, (@) (VP,(x) VP, () P (2)", (3.41)
which completes the proof. O

Thanks to Lemma 3.9, we can immediately choose a candidate y,, lying in
(close to) one of the subspaces and not in the intersection as

: T 1 T
Yo =_ agmin  Pu(e) (VP (x)" VP, () Py(z)". (3.42)
and compute a basis B,, € RP*(P=dn) for S-- by applying PCA to VP, (y,,).
In order to find a point y,,_; lying in (close to) one of the remaining (n — 1)
subspaces but not in (far from) .S,,, we could in principle choose y,,_; as in (3.42)
after removing the points in S,, from the data set X . With noisy data, however,
this depends on a threshold and is not very robust. Alternatively, we can find a
new set of polynomials {p(,_1)¢(x)} defining the algebraic set U?;ll S;. In the
case of hyperplanes, there is only one such polynomial, namely

poa(®) = Br) b)) = P4 = Ty, s(0).

Therefore, we can obtain p,,_1(x) by polynomial division. Notice that dividing
pn(x) by bl is a linear problem of the form

R, (bn)en—1 = ¢p, (3.43)

where R, (b,) € RMn(P)xMn-1(D) This is because solving for the coefficients
of p,_1 () is equivalent to solving the equations (b. x)(cX_ v, (x)) = cL v, ()



3.3. Subspace Segmentation Knowing the Number of Subspaces 57

for all z € RP. These equations are obtained by equating the coefficients, and
they are linear in c,,_1, because b,, and ¢,, are already known.

Example 3.10 If n = 2 and by = [b1, ba, b3]T, then the matrix R2(b2) is given by

by b2 b3 0 0 O r

Ro(b2)=1| 0 b1 0 b b3 O e RO%3,
0 0 b 0 by by

In the case of subspaces of arbitrary dimensions we cannot directly divide the
entries of the polynomial vector P, () by b for any column b,, of B,,, be-
cause the polynomials {p,¢(x)} may not be factorizable. Furthermore, they do
not necessarily have the common factor bg:c. The following theorem resolves
this difficulty by showing how to compute the polynomials associated with the
remaining subspaces U?;ll S;.

Theorem 3.11 (Choosing one Point per Subspace by Polynomial Division). If the
data set X is such that dim(null(V ,,(D))) = dim(1,,), then the set of homoge-
neous polynomials of degree (n — 1) associated with the algebraic set U?;ll S

is given by {cI_ v, _1(x)} where the vectors of coefficients c,_, € RMn-1(P)
must satisfy

V.(D)R,(b,)c,1 =0, Vb, cSit (3.44)
Proof. We first show the necessity. That is, any polynomial of degree n — 1,
cg;_lz/n_1(:c), that vanishes on U;-‘;ll S; satisfies the above equation. Since a
point z in the original algebraic set U7_,.S; belongs to either U?:_ll S; or Sy,

we have ¢! v,_1(x) = 0 or blx = 0 for all b, € S;-. Hence p,(x) =
(e vp_1(x))(bE2) = 0, and p, (x) must be a linear combination of polyno-
T

mials in P, (x). If we denote p,,(x) as c;, v, (), then the vector of coefficients
¢,, must be in the null space of V,,(D). From ¢% v, (x) = (c!_ v _1(x))(bl ),
the relationship between c¢,, and ¢,,_; can be written as R,,(b,,)c,,—1 = ¢,. Since
V,.(D)e, = 0, ¢,—1 needs to satisfy the following linear system of equations
V. (D)R,,(by)c,—1 = 0.

We now show the sufficiency. That is, if ¢,—1 is a solution to (3.44), then
¢l v, 1(x) is a homogeneous polynomial of degree (n — 1) that vanishes on
U?;ll S;. Since ¢, is a solution to (3.44), then for all b,, € S,f we have that
¢, = R, (by)c,—1 is in the null space of V(D). Now, from the construction of
R, (b,), we also have that ¢ v, (x) = (¢X_,v,_1(x))(b]x). Hence, for every
T € U?;ll S; but not in S,,, we have ¢Z_,v,,_1(x) = 0, because there is a b,
such that bfcc # 0. Therefore, ¢Z_,v,_(x) is a homogeneous polynomial of
degree (n — 1) that vanishes on U?;ll S;. O

Thanks to Theorem 3.11, we can obtain a basis {p(,—1ye(), £ = 1,2,..., hr(n—
1)} for the polynomials vanishing on U?;ll S; from the intersection of the null
spaces of V(D) Ry, (b,) € RN*Ma-1(P) for all b, € S;-. By evaluating the
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derivatives of the polynomials p(,,_1), we can obtain normal vectors to S, 1 and
so on. By repeating these process, we can find a basis for each one of the re-
maining subspaces. The overall subspaces estimation and segmentation process
involves polynomial fitting, differentiation, and division.

3.3.5 The Basic Generalized PCA Algorithm

We summarize the results of this section with the following Generalized Princi-
pal Component Analysis (GPCA) algorithm for segmenting a known number of
subspaces of unknown and possibly different dimensions from sample data points
X = {mlamQa"'amN}'

Algorithm 3.4 (GPCA: Generalized Principal Component Analysis).

Given a set of samples X = {x1,x2,..., &y} in RP, fit n linear subspaces with
dimensions dy,ds, ..., d,:
1: Set V(D) = [vn(1), vn(22), ..., vp(zn)]T € RVNXMn(D),

2: forall ) =n:1do

3. Solve Vj(D)c = 0 to obtain a basis {ng}?;(lj) of null(V;(D)), where
the number of polynomials /() is obtained as in Appendix B.

4 Set Pj(z) = [pji(x),pj2(x),...,pjn, ()] € R¥>¥MU) where
pje(®) = clyj(x) for £ =1,2,..., hy(j).

5. Compute

i T
y; =, agmin  Pi(@)(VE;(@)" V(@) Pi(z)",

Bj = [bj1,bj2,...,bjip—a,] = PCA(ij(yj))7
Vi 1(D) = V(D) [R] (bj1), R} (bja), ..., R} (bjp—a,))]

end for
:foralli=1: N do

Assign point x; to subspace S if j = argming—i2 . n HBZT;I;l-HQ.
end for

T

0 3D

Avoiding Polynomial Division.

In practice, we may avoid computing P; for j < n by using a heuristic dis-
tance function to choose the points {y;,ys,..., ¥y, } as follows. Since a point
in Uj_; S, must satisfy |BY ||| B, || - - | Bf || = 0, we can choose a point

y;_q onUj_; Sy as:

: \/Pn(w)(vpn(w)TVPn(m))TPn(x)T +9
Yj1= ar{g min T = 7 ,
eeX: VP (@)20 | Bjz|||Bj x| || Bzl +4

(3.45)

where § > 0 is a small number chosen to avoid cases in which both the numerator
and the denominator are zero (e.g., with perfect data).
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3.4 Subspace Segmentation not Knowing the Number
of Subspaces

The solution to the subspace-segmentation problem proposed in Section 3.3.5
assumes prior knowledge of the number of subspaces n. In practice, however, the
number of subspaces n may not be known beforehand, hence we cannot estimate
the polynomials representing the subspaces directly, because the linear system
in (3.28) depends explicitly on n.

Earlier in Section 3.2, we have presented some special cases (e.g., arrangements
of hyperplanes) for which one can recover the number of subspaces from data. In
this section, we show that by exploiting the algebraic structure of the vanishing
ideals of subspace arrangements it is possible to simultaneously recover the num-
ber of subspaces, together with their dimensions and their bases. As usual, we first
examine some subtlety with determining the number of subspaces via two simple
examples in Section 3.4.1 and illustrate the key ideas. Section 3.4.2 considers the
case of perfect subspace arrangements in which all subspaces are of equal dimen-
siond = dy = --- = d,. We derive a set of rank constraints on the data from
which one can estimate the n and d. Section 3.4.3 considers the most general case
of subspaces of different dimensions and shows that n and can be computed in a
recursive fashion by first fitting subspaces of larger dimensions and then further
segmenting these subspaces into subspaces of smaller dimensions.

3.4.1 Introductory Examples

Imagine we are given a set of points X = {x1,xa,...,xy} lying in two lines in
R3, say

51:{82:.%'2:.’173:0} and 522{821111:.’1?3:0}. (346)

If we form the matrix of embedded data points V,,(D) forn = 1 and n = 2,
respectively:

Vi(3)= |z1 z2 z3| and Vo(3) = |2? z120 miz3 23 w0m3 23|,

we obtain rank(V'1(3)) = 2 < 3 and rank(V2(3)) = 2 < 6.!° Therefore, we
cannot determine the number of subspaces as the degree n such that the ma-
trix V,,(D) drops rank (as we did in Section 3.2.3 for the case of hyperplanes),
because we would obtain n = 1 which is not the correct number of subspaces.
How do we determine the correct number of subspaces in this case? As dis-
cussed in Section 3.1.2, a linear projection onto a low-dimensional subspace

15The reader is encouraged to verify these facts numerically and do the same for the examples in
the rest of this section.
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preserves the number and dimensions of the subspaces. In our example, if we
project the data onto the plane P = {x : 21 + x2 + 23 = 0} and then embed the
projected data we obtain

Vi(2) = |21 22| and Vo(2)= |22 zy70 23

In this case rank(V'1(2)) = 2 £ 2, but rank(V'3(2)) = 2 < 3. Therefore, the first
time the matrix V,,(d + 1) drops rank is when n = 2 and d = 1. This suggests
that, as we will formally show in Section 3.4.2, when the subspaces are of equal
dimension one can determine d and n as the minimum values for which there are
a projection onto a d + 1-dimensional subspace such that the matrix V,,(d + 1)
drops rank.

Unfortunately, the situation is not so simple for subspaces of different dimen-
sions. Imagine now that in addition to the two lines S; and S; we are also given
data points on a plane S3 = {@ : x1 + x2 = 0} (so that the overall configuration
is similar to that shown in Figure 2?). In this case we have rank(V'1(3)) =3 £ 3,
rank(V3(3)) = 5 < 6, and rank(V'3(3)) = 6 < 10. Therefore, if we try to de-
termine the number of subspaces as the degree of the embedding for which the
embedded data matrix drops rank we would obtain n = 2, which is incorrect
again. The reason for this is clear: we can either fit the data with one polynomial
of degree n = 2, which corresponds to the plane S3 and the plane P spanned by
the two lines, or we can fit the data with four polynomials of degree n = 3, which
vanish precisely on the two lines 57, S, and the plane Ss.

In cases like this, one needs to resort to a more sophisticated algebraic process
to identify the correct number of subspaces. As in the previous example, we can
first search for the minimum degree n and dimension d such that V', (d+ 1) drops
rank. In our example, we obtain n = 2 and d = 2. By applying the GPCA algo-
rithm to this data set we will partition it into two planes P and S3. Once the two
planes have been estimated, we can reapply the same process to each plane. The
plane P will be separated into two lines S and S, as described in the previous
example, while the plane S5 will remain unchanged. This recursive process stops
when every subspace obtained can no longer be separated into lower-dimensional
subspaces. We will a more detailed description of this Section 3.4.3.

3.4.2  Segmenting Subspaces of Equal Dimension

In this section, we derive explicit formulae for the number of subspaces n and
their dimensions {d, } in the case of subspaces of equal dimensiond = dy = ds =
.-+ = d,. Notice that this is a generalized version to the two-lines example that we
discussed in the previous section. In the literature, arrangements of subspaces of
equal dimensions are called pure arrangements. This type of arrangements are im-
portant for a wide range of applications in computer vision [Costeira and Kanade,
1998, Kanatani, 2002, Vidal and Ma, 2004], pattern recognition [Belhumeur et al.,
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1997, Vasilescu and Terzopoulos, 2002], as well as identification of hybrid linear
systems [Overschee and Moor, 1993, Ma and Vidal, 2005].

Theorem 3.12 (Subspaces of Equal Dimension). Let {z;} | be a given collec-
tion of N > M, (d + 1) — 1 sample points lying in n different d-dimensional
subspaces of RP. Let V ;(0+1) € RN*M;("+1) pe the embedded data matrix de-
fined in (3.28), but computed with the Veronese map v; of degree j applied to the
data projected onto a generic (¢ + 1)-dimensional subspace of RP. If the sample
points are in general position and at least d points are drawn from each subspace,
then the dimension of the subspaces is given by:

d=min{¢: 3j > 1 such that rank(V j({ + 1)) < M;(¢ + 1)}, (3.47)
and the number of subspaces can be obtained as:
n =min{j : rank(Vj(d+1)) = M;(d+ 1) — 1}. (3.48)

Proof. For simplicity, we divide the proof into the following three cases:

Case 1: d known

Imagine for a moment that d was known, and that we wanted to compute n only.
Since d is known, following our analysis in Section 3.1.2, we can first project
the data onto a (d + 1)-dimensional space P C RP so that they become n
d-dimensional hyperplanes in P (see Theorem 3.5). Now compute the matrix
Vi(d + 1) as in (3.28) by applying the Veronese map of degree j = 1,2,...
to the projected data. From our analysis in Section 3.2.3, there is a unique poly-
nomial of degree n representing the union of the projected subspaces and the
coefficients of this polynomial must lie in the null space of V,,(d + 1). Thus,
given N > M, (d + 1) — 1 points in general position, with at least d points in
each subspace, we have that rank(V,,(d + 1)) = M,,(d + 1) — 1. Furthermore,
there cannot be a polynomial of degree less than n that is satisfied by all the data,'*
hence rank(V'j(d + 1)) = M;(d + 1) for j < n. Consequently, if d is known, we
can compute n by first projecting the data onto a (d + 1)-dimensional space and
then obtain

n =min{j : rank(V;(d+ 1)) = M;(d + 1) — 1}. (3.49)

Case 2: n known

Consider now the opposite case in which n is known, but d is unknown. Let
V,.(£ + 1) be defined as in (3.28), but computed from the data projected onto a
generic (¢ + 1)-dimensional subspace of R”. When ¢ < d, we have a collection
of (¢ + 1)-dimensional subspaces in an (¢ + 1)-dimensional space, which implies
that V,,(¢ + 1) must be full rank. If / = d, then from equation (3.49) we have
that rank(V,,(¢ + 1)) = M, (¢ + 1) — 1. When ¢ > d, then equation (3.28) has

16This is guaranteed by the algebraic sampling theorem in Appendix B.
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more than one solution, thus rank(V',,(¢ 4+ 1)) < M,,(¢ 4 1) — 1. Therefore, if n
is known, we can compute d as

d=min{¢ : rank(V,,(¢{ + 1)) = M, (¢ + 1) — 1}. (3.50)
Case 3: n and d unknown

We are left with the case in which both n and d are unknown. As before, if / < d
then V' ;(£+1) is full rank for all j. When ¢ = d, V' ;(£+1) is full rank for j < n,
drops rank by one if j = n and drops rank by more than one if j > n. Thus one
can set d to be the smallest integer £ for which there exist an j such that V';(£+41)
drops rank, that is

d = min{¢ : 3j > 1 such that rank(V; (¢ + 1)) < M;(¢{+1)}.

Given d one can compute n as in equation (3.49).
O

Therefore, in principle, both n and d can be retrieved if sufficient data points
are drawn from the subspaces. The subspace-segmentation problem can be subse-
quently solved by first projecting the data onto a (d+1)-dimensional subspace and
then applying the GPCA algorithm (Algorithm 3.4) to the projected data points.

In the presence of noise, one may not be able to estimate d and n from from
equations (3.47) and (3.48), respectively, because the matrix V' ;(¢ + 1) may be
full rank for all j and ¢. As before, we can use the criterion (2.48) of Chapter 2
to determine the rank of V(£ + 1). However, in practice this requires to search
for up to possibly (D — 1) values for d and [N/(D — 1)] values for n. In our
experience, the rank conditions work well when either d or n are known. There
are still many open issues in the problem of finding a good search strategy and
model selection criterion for n and k£ when both of them are unknown. Some of
these issues will be discussed in more detail in Chapter ??

3.4.3  Segmenting Subspaces of Different Dimensions

In this section, we consider the problem of segmenting an unknown number of
subspaces of unknown and possibly different dimensions from sample points.

First of all, we notice that the simultaneous recovery of the number and dimen-
sions of the subspaces may be an ill-conditioned problem if we are not clear about
what we are looking for. For example, in the extreme cases, one may interpret the
sample set X as IV 1-dimensional subspaces, with each subspace spanned by each
one of the sample points £ € X; or one may view the whole X as belonging to
one D-dimensional subspace, i.e., RP itself.

Although the above two trivial solutions can be easily rejected by imposing
some conditions on the solutions,'” other more difficult ambiguities may also arise

17To reject the N-lines solution, one can put a cap on the maximum number of groups 7,4 ; and
to reject RP as the solution, one can simply require that the maximum dimension of every subspace
is strictly less than D.
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in cases such as that of Figure ?? in which two lines and a plane can also be
interpreted as two planes. More generally, when the subspaces are of different
dimensions one may not be able to determine the number of subspaces directly
from the degree of the polynomials fitting the data, because the degree of the
polynomial of minimum degree that fits a collection of subspaces is always less
than or equal to the number of subspaces.

To resolve the difficulty in determining the number and dimension of sub-
spaces, notice that the algebraic set Z4 = Uj_;S; can be decomposed into
irreducible subsets .S;’s — an irreducible algebraic set is also called a variety. The
decomposition of Z into {S1,S2,...,S,} is always unique. Therefore, as long
as we are able to correctly determine from the given sample points the underlying
algebraic set Z 4 or the associated (radical) ideal I(Z4), in principle the num-
ber of subspaces n and their dimensions {d1, da, . . ., d, } can always be uniquely
determined in a purely algebraic fashion. In Figure ??, for instance, the first in-
terpretation (2 lines and 1 plane) would be the right one and the second one (2
planes) would be incorrect, because the two lines, which span one of the planes,
is not an irreducible algebraic set.

Having established that the problem of subspace segmentation is equivalent to
decomposing the algebraic ideal associated with the subspaces, we are left with
deriving a computable scheme to achieve the goal.

From every homogeneous component I; of

I(Z.A): m@[m+1@@fn@’

we may compute a subspace arrangement Z; such that Z 4 C Z; is a subspace
embedding (see Section C.2). For each ¢ > m, we can evaluate the derivatives of
polynomials in I; on subspace S; and denote the collection of derivatives as

Dij = Uzes{Vf e, Vfeli}, j=1,2,...,n. (3.51)
Obviously, we have the following relationship:
D;; C Dip1; €85, Vi>m. (3.52)
Then for each I;, we can define a new subspace arrangement as

Z; =D} UDH U---UDE,. (3.53)

1’7

Notice that it is possible that D; ; = D ;. for different j and j’ and Z; con-
tains less than n subspaces. We summarize the above derivation as the following
theorem.

Theorem 3.13 (A Filtration of Subspace Arrangements). Let [(Z4) = I, ®
L1 ®---®1,® - be the ideal of a subspace arrangement Z 5. Let Z; be the
subspace arrangement defined by the derivatives of I;,© > m as above. Then we
obtain a filtration of subspace arrangements:

Zm:_)Zm+1;)"';)Zn:ZA7

and each subspace of Z 4 is embedded in one of the subspaces of Z;.



64 Chapter 3. Algebraic Methods for Multiple-Subspace Segmentation

The above theorem naturally leads to a recursive scheme that allows us to de-
termine the correct number and dimensions of the subspaces in Z 4. Specifically,
we start with n = 1 and increase n until there is at least one polynomial of degree
n fitting all the data, i.e., until the matrix V,,(D) drops rank for the first time.
For such an n, we can use Algorithm 3.4 to separate the data into n subspaces.
Then we can further separate each one of these n groups of points using the same
procedure. The stopping criterion for the recursion is when all the groups cannot
be further separated or the number of groups n reaches some 7,,,q0. '

3.5 Model Selection for Multiple Subspaces

However, if the data points in the sample set X are corrupted by random noise,
the above recursive scheme may fail to return a meaningful solution. In fact, up till
now, we have been purposely avoiding a fundamental difficulty in our problem:
it is inherently ambiguous in fitting multiple subspaces for any given data set,
especially if the number of subspaces and their dimensions are not given a priori.
When the sample points in X are noisy or are in fact drawn from a nonlinear
manifold, any multi-subspace model unlikely will fit the data perfectly except for
the pathological cases: 1. All points are viewed as in one D-dimensional subspace
— the ambient space; 2. Every point is viewed as in an individual one-dimensional
subspace. In general, the more the number of planes we use, the higher accuracy
may we achieve in fitting any given data set. Thus, a fundamental question we
like to address in this section is:

Among a class of subspace arrangements, what is the “optimal”
model that fits a given data set?

From a practical viewpoint, we also need to know under what conditions the
optimal model exists and is unique, and more importantly, how to compute it
efficiently.

In Appendix C, we have seen that in general, any model selection criterion
aims to strike a balance between the complexity of the resulting model and the
fidelity of the model to the given data. However, its exact form often depends on
the class of models of interest as well as how much information is given about the
model in advance. If we were to apply any of the model-selection criteria (or their
concepts) to subspace arrangements, at least two issues need to be addressed:

1. We need to know how to measure the model complexity of arrangements
of subspaces (possibly of different dimensions).

2. As the choice of a subspace arrangement involves both continuous parame-
ters (the subspace bases) and discrete parameters (the number of subspaces

18For example, the inequality My, (D) < N imposes a constraint on the maximum possible number
of groups nmaz-
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and their dimensions), we need to know how to properly balance the model
complexity and the modeling error for subspace arrangements.

In the rest of this section, we provide a specific model selection criterion for sub-
space arrangements. The most fundamental idea behind the proposed criterion is
that the optimal model should lead to the most compact or sparse representation
for the data set.

3.5.1 Effective Dimension of Samples of Multiple Subspaces

Definition 3.14 (Effective Dimension). Given an arrangement of n subspaces
Za = Uj_S;in RP of dimension d; < D, and N; sample points X ; drawn
from each subspace S;, the effective dimension of the entire set of N = Z?Zl N;
sample points, X = U7_, X j, is defined to be:

ED(X, Z4) = %(Zdj(D—dj)jLZdej). (3.54)
j=1 j=1

We contend that ED(X, Z4) is the “average” number of (unquantized) real
numbers that one needs to assign to X per sample point in order to specify the
configurations of the n subspaces and the relative locations of the sample points in
the subspaces. In the first term of equation (3.54), d; (D — d;) is the total number
of real numbers (known as the Grassmannian coordinates'’) needed to specify a
d;-dimensional subspace S; in R”; in the second term of (3.54), N;d; is the total
number of real numbers needed to specify the d; coordinates of the N; sample
points in the subspace ;. In general, if there are more than one subspace in Z 4,
ED(X, Z 4) can be a rational number, instead of an integer for the conventional
dimension.

Notice that we here choose real numbers as the basic “units” for measuring
complexity of the model in a similar fashion in the theory of sparse representation.
Indeed, if the set of basis vectors of the subspaces are given, the second term
of the effective dimension is essentially the sum of £° norm of the data points
each represented as a linear combination of the bases. In general, the existence
of sparse linear representation always relies on the fact that the underlying model
is an arrangement of a large number of subspaces. Of course, the compactness
of the model can potentially be measured by more accurate units other than real
numbers. Binary numbers, or “bits,” have traditionally been used in information
theory for measuring the complexity of a data set. We will thoroughly examine
that direction in the next chapter and will subsequently reveal the relationships
among different measures such as ¢° norm, £ norm, and (binary) coding length.

19Notice that to represent a d-dimensional subspace in a D-dimensional space, we only need to
specify a basis of d linearly independent vectors for the subspace. We may stack these vectors as rows
of a d x D matrix. Any nonsingular linear transformation of these vectors span the same subspace.
Thus, without loss of generality, we may assume that the matrix is of the normal form [Ix 4, G|
where G is a d X (D — d) matrix consisting of the so-called Grassmannian coordinates.
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In the above definition, the effective dimension of X depends on the subspace
arrangement Z 4. This is because in general, there could be many subspace struc-
tures that can fit X . For example, we could interpret the whole data set as lying in
one D-dimensional subspace and we would obtain an effective dimension D. On
the other hand, we could interpret every point in X as lying in a one-dimensional
subspace spanned by itself. Then there will be N such one-dimensional subspaces
in total and the effective dimension, according to the above formula, will also be
D. In general, such interpretations are obviously somewhat redundant. Therefore,
we define the effective dimension of a given sample set X to be the minimum one
among all possible models that can fit the data set:*"

ED(X) = ZA:H)I{IICIZA ED(X, Z4). (3.55)

Example 3.15 (Effective Dimension of One Plane and Two Lines). Figure ?? shows data
points drawn from one plane and two lines in R®. Obviously, the points in the two lines
can also be viewed as lying in the plane that is spanned by the two lines. However, that
interpretation would result in an increase of the effective dimension since one would need
two coordinates to specify a point in a plane, as opposed to one in a line. For instance,
suppose there are fifteen points in each line; and thirty points in the plane. When we use
two planes to represent the data, the effective dimension is: % (2x2x3—-2x2%+60x
2) = 2.07; when we use one plane and two lines, the effective dimension is reduced to:
a5(2%x2x3-2%-2x1430x 1430 x 2) = 1.6. In general, if the number of points
N is arbitrarily large (say approaching to infinity), depending on the distributions of points
on the lines or the plane, the effective dimension can be anything between 1 and 2, the true
dimensions of the subspaces. n

As suggested by the above example, the arrangement of subspaces that lead
to the minimum effective dimension normally corresponds to a “natural” and
hence compact representation of the data in the sense that it achieves the best
compression (or dimension reduction) among all possible multiple-subspace
models.

3.5.2  Minimum Effective Dimension of Noisy Samples

In practice, real data are corrupted with noise, hence we do not expect that the
optimal model fits the data perfectly. The conventional wisdom is to strike a good
balance between the complexity of the chosen model and the data fidelity (to the
model). See Appendix A.4 for a more detailed discussion about numerous model
selection criteria. To measure the data fidelity, let us denote the projection of each
data point &; € X to the closest subspace as &; and let X = {&;}. Then, the

20The space of subspace arrangements is topologically compact and closed, hence the minimum
effective dimension is always achievable and hence well-defined.



3.5. Model Selection for Multiple Subspaces 67

total error residual can be measured by:
N
IX = X2 = s — > (3.56)
i=1

As all model-selection criteria exercise the same rationale as above, we here
adopt the geometric-AIC (GAIC) criterion (2.51)?' and it leads to the following
objective for selecting the optimal multiple-subspace model:

7% = argmin i||X — X||? +20%ED(X, Z4), (3.57)
Za:Xcza N
where o2 is the noise variance of the data. However, this optimization problem
can be very difficult to solve: The variance o> might not be known a priori
and we need to search for the global minimum in the configuration space of all
subspace arrangements, which is not a smooth manifold and has very compli-
cated topological and geometric structures. The resulting computation is typically
prohibitive.

To alleviate some of the difficulty, in practice, we may instead minimize the ef-
fective dimension subject to a maximum allowable error tolerance. That is, among
all the multiple-subspace models that fit the data within a given error bound, we
choose the one with the smallest effective dimension. To this end, we define the
minimum effective dimension subject to an error tolerance T as:

MED(X,7) = minBD(X,Za) st [ X - X[ <7 (358)
A

where X is the projection of X onto the subspaces in Z_4 and the error norm |- || o
indicates the maximum norm: || X — X |0, = max; <;<x ||&; —;|. Based on the
above definition, the effective dimension of a data set is then a notion that depends
on the error tolerance. In the extreme, if the error tolerance is arbitrarily large, the
“optimal” subspace-model for any data set can simply be the (zero-dimensional)
origin; if the error tolerance is zero instead, for data with random noise, each
sample point needs to be treated as a one-dimensional subspace in R” of its own
and that brings the effective dimension up close to D.

In many applications, the notion of maximum allowable error tolerance is par-
ticularly relevant. For instance, in image representation and compression, the task
is often to find a linear or hybrid linear model to fit the imagery data subject to
a given peak signal to noise ratio (PSNR).>” The resulting effective dimension
directly corresponds to the number of coefficients needed to store the resulting
representation. The smaller the effective dimension is, the more compact or com-
pressed is the final representation. In Chapter ??, we will see exactly how the
minimum effective dimension principle is applied to image representation. The

21'We here adopt the GAIC criterion only to illustrate the basic ideas. In practice, depending on the
problem and application, it is possible that other model selection criteria may be more appropriate.

22In this context, the noise is the different between the original image and the approximate image
(the signal).
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same principle can be applied to any situation in which one tries to fit a piecewise
linear model to a data set whose structure is nonlinear or unknown.

3.5.3 The Recursive GPCA Algorithm

Unlike the geometric AIC (3.57), the MED objective (3.58) is relatively easy to
achieve. For instance, the recursive GPCA scheme that we have discussed earlier
at the end of Section 3.4.3 can be easily modified to minimize the effective di-
mension subject to an error tolerance: we allow the recursion to proceeds only if
the effective dimension would decrease while the resulting subspaces still fit the
data with the given error bound.

To summarize the above discussions, in principle we can use the following
algorithm to recursively identify subspaces in an arrangement Z 4 from a set of
noisy samples X = {1, x3,..., &N}

Algorithm 3.5 (Recursive GPCA).

Given a set of samples X = {x1,xs,...,xy} in the ambient space R, find a
set of subspaces that fit X subject to an error 7 > 0:

1: forallk =1:n,,,; do

2: Set Vk(D) = [Vk($1)7 l/k(wg)7 ey l/k(iEN)]T € RMk(D)xN

3. ifrank(V (D)) < My(D) then

4: Use the GPCA Algorithm 3.4 to partition X into k subsets X1, ..., Xk.
5: Apply PCA and fit each X ; with a subspace S of dimension d;, subject

totheerror 7. Let Z = S; U --- U Sk.

6: if ED(X, Z) < D then
7: forj=1:k%kdo
8: Apply Recursive GPCA for X ; (with S; as the ambient space).
9: end for

10: else

11: Break.

12: end if

13:  else

14: k—Fk+1.

15:  end if

16: end for

Figure 3.7 demonstrates the result of the Recursive GPCA algorithm segment-
ing synthetic data drawn from two lines (100 points each) and one plane (400
points) in R3 corrupted with 5% uniform noise (Figure 3.7 top-left). Given a rea-
sonable error tolerance, the algorithm stops after two levels of recursion (Figure
3.7 top-right). Note that the pink line (top-right) or group 4 (bottom-left) is a
“ghost” line at the intersection of the original plane and the plane spanned by
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the two lines.”? Figure 3.7 bottom-right is the plot of MED of the same data set

subject to different levels of error tolerance. As we see, the effective dimension
decreases monotonically with the increase of error tolerance.
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Figure 3.7. Simulation results. Top-left: sample points drawn from two lines and a plane
in R*® with 5% uniform noise; Top-right: the process of recursive segmentation by the
Recursive GPCA algorithm 3.5 with the error tolerance 7 = 0.05; Bottom-left: group
assignment for the points; Bottom-right: plot of MED versus error tolerance.

Be aware that when the data is noisy, it sometimes can be very difficult to
determine the correct dimension of the null space of the matrix V,,(D) from
its singular-value spectrum. If the dimension is wrongfully determined, it may
result in either under-estimating or over-estimating the number of fitting poly-
nomials. In general, if the number of polynomials were under-estimated, the
resulting subspaces would over-fit the data;>* and if the number of polynomials
were over-estimated, the resulting subspaces would under-fit the data.

23This is exactly what we would have expected since the recursive GPCA first segments the data
into two planes. Points on the intersection of the two planes get assigned to either plane depending on
the random noise. If needed, the points on the ghost line can be merged with the plane by some simple
post-processing.

24That is, the dimensions of some of the subspaces estimated could be larger than the true ones.
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Obviously, both over-fitting and under-fitting result in incorrect estimates of
the subspaces. However, do they necessarily result in equally bad segmentation
of the data? The answer is no. Between over-fitting and under-fitting, we actu-
ally would favor over-fitting. The reason is that, though over-fitting results in
subspaces that are larger than the original subspaces, but it is a zero-measure
event that any over-estimated subspace contains simultaneously more than one
original subspace. Thus, the grouping of the data points may still be correct. For
instance, consider the extreme case that we choose only one polynomial that fits
the data, then the derivatives of the polynomial, evaluated at one point per sub-
space, lead to n hyperplanes. Nevertheless, these over-fitting hyperplanes will in
general result in a correct grouping of the data points. One can verify this with the
introductory example we discussed in Section 3.3.1. Either of the two polynomi-
als po1 () = x5 and pao () = x223 leads to two hyperplanes that segment the
line and the plane correctly.

3.6 Bibliographic Notes

GPCA Algorithms and Extensions

The difficulty with initialization for the iterative clustering algorithms that we
have presented in the previous chapter has motivated the recent development of
algebro-geometric approaches to subspace segmentation that do not require ini-
tialization. [Kanatani, 2001, Boult and Brown, 1991, Costeira and Kanade, 1998]
demonstrated that when the subspaces are orthogonal, of equal dimensions, and
with trivial intersection, one can use the SVD of the data to define a similarity
matrix from which the segmentation of the data can be obtained using spectral
clustering techniques. Unfortunately, this method is sensitive to noise in the data,
as pointed out in [Kanatani, 2001, Wu et al., 2001], where various improvements
are proposed. When the intersection of the subspaces is nontrivial, the segmen-
tation of the data is usually obtained in an ad-hoc fashion again using clustering
algorithms such as K-means. A basis for each subspace is then obtained by ap-
plying PCA to each group. For the special case of two planes in R3, a geometric
solution was developed by [Shizawa and Mase, 1991] in the context of segmenta-
tion of 2-D transparent motions. In the case of subspaces of co-dimension one, i.e.,
hyperplanes, an algebraic solution was developed by [Vidal et al., 2003], where
the hyperplane clustering problem is shown to be equivalent to homogeneous
polynomial factorization.

The GPCA algorithm for the most general case> was later developed in [Vidal
et al., 2004]; and the decomposition of the polynomial(s) was based on differ-
entiation, a numerically better-conditioned operation. The GPCA algorithm was
successfully applied to solve the motion segmentation problem in computer vi-

25That is, an arbitrary number of subspaces of arbitrary dimensions.
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sion [Vidal and Ma, 2004]. The generalization to arrangements of both linear and
quadratic surfaces was first studied by [Rao et al., 2005].

Algebraic Properties of Subspace Arrangements

The importance of using subspace arrangements to model real-world high-
dimensional data and the early success of the basic GPCA algorithms had
motivated mathematicians to provide a more thorough characterization of sub-
space arrangements in terms of their vanishing ideals. A complete characterization
of the Hilbert functions of the ideals for subspace arrangements was given by
[Derksen, 2005], which serves as the theoretical foundation for this chapter. In
Appendices B and C, we have sketched the basic algebraic concepts, results, and
additional references about subspace arrangements. One may also refer to [Ma
et al., 2008] for a comprehensive review on recent developments of this topic.

Effective Dimension and Sparsity

The notion of minimum Effective Dimension was first introduced in the context
of recursive GPCA in [Huang et al., 2004]. We now understand that Effective Di-
mension is essentially a parsity measure in terms of /°-norm. Incidentally, that is
the same year David Donoho published his landmark paper on sparse representa-
tion, revealing the remarkable equivalence between ¢° and ¢! minimization. We
will have a more detailed discussion about this connection in Section ??, after we
have examined yet another measure, coding length, for the compactness of a data
set for a model.

Robustness and Outlier Rejection

There have been many work on the estimation of polynomials that best fit a given
set of noisy samples. In Exercise 3.7, we will study one such approach that works
well in the context of GPCA. The approach essentially follows that of [Taubin,
1991].

If there are also outliers in the given sample set, the problem becomes a more
difficult robust model estimation problem. There is vast body of literature on ro-
bust statistics, see Appendix A.5 for a brief review. Sample influence is always
believed to be an important index for detecting outliers. Certain first order ap-
proximations of the influence value were developed at roughly the same period
as the sample influence function was proposed [Campbell, 1978, Critchley, 1985],
when the computational resource was scarcer than it is today. In the literature,
formulae that approximate an influence function are referred to as theoretical in-
fluence functions. Usually, the percentage of outliers can be determined by the
influence of the candidate outliers on the model estimated [Hampel et al., 1986].

In the basic GPCA algorithm 3.4, we see that the key is to be able to ro-
bustly estimate the covariance of the samples in the lifted space, i.e. the matrix
V .(D)TV (D). Among the class of robust covariance estimators (see Appendix
A.S5), the multivariate trimming (MVT) method [Gnanadesikan and Kettenring,
1972] has always been one of the most popular for practitioners, probably because
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of its computational efficiency for high-dimensional data as well as its tolerance
of large percentage of outliers. It application to GPCA is posed as Exercise 3.9.

Random sampling techniques such as the least median estimate (LME)
[Hampel, 1974, Rousseeuw, 1984] and random sampling consensus (RANSAC)
[Fischler and Bolles, 1981] have been widely used in many engineering areas, es-
pecially in pattern recognition and computer vision [Stewart, 1999]. They are very
effective when the model is relatively simple. For instance, RANSAC is known
to be very effective in making the classic PCA robust, i.e. estimating a single
subspace in the presence of outliers. However, if there are multiple subspaces,
RANSAC is known to work well in the case when the dimension of all the sub-
spaces are the same [?]. If the subspace dimensions have different dimensions, a
Monte Carlo scheme can be used to estimate one subspace at a time [Torr and
Davidson, 2003, Schindler and Suter, 2005]. However, the performance degrades
very quickly with the increase of the number of subspaces and the percentage
of outliers. This has been observed in the careful experimental comparison done
by [?]. GPCA combined with MVT was shown to perform generally better on
most of the simulated data sets.

In the next chapter, we are going to see an entirely new approach to clus-
tering data from multiple subspaces. Rather than fitting a global model to the
arrangement or one model for each subspace, the new method forms subspace-
like clusters by merging one sample point at a time. As we will see, one distinctive
feature of such an agglomerative approach is its striking ability to handle high
percentage of outliers, far more robust than the methods we have discussed or
exercised so far.

3.7 Exercises

Exercise 3.1 (Clustering Points in a Plane). Describe how Algorithm 3.1 can also be
applied to a set of points in the plane {z; € R?}7; that are distributed around a collection
of cluster centers {uj € RQ};Lzl by interpreting the data points as complex numbers:
{z = & +yv/—1 € C}. In particular, discuss what happens to the coefficients and roots of
the fitting polynomial p,(2).

Exercise 3.2 (Connection of Algebraic Clustering with Spectral Clustering). Spectral
clustering is a very popular data clustering method. In spectral clustering, one is given a set
of N data points (usually in a multi-dimensional space) and an N x N pairwise similarity
matrix S = (s;;). The entries s;; of S measure the likelihood of two points belonging to
the same cluster: s;; — 1 when points ¢ and j likely belong to the same group and s;; — 0
when points ¢ and j likely belong to different groups.

1. First examine the special case in which the /N data points have two clusters and the
similarity matrix S is ideal: That is, s;; = 1 if and only if points ¢ and j belong
to the same cluster and s;; = O otherwise. What do the eigenvectors of S look
like, especially the one(s) that correspond to nonzero eigenvalue(s)? Argue how the
entries of the eigenvectors encode information about the membership of the points.

2. Generalize your analysis and conclusions to the case of n clusters.
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3. Show how Algorithm 3.1 can be used to cluster the points based on the eigenvector
of the similarity matrix. Based on Exercise 3.1, show how to cluster the points by
using two eigenvectors simultaneously.

Since many popular image segmentation algorithms are based on spectral clustering (on
certain similarity measure between pixels), you may use the above algorithm to improve
the segmentation results.

Exercise 3.3 (Level Sets and Normal Vectors). Let f(x) : R — R be a smooth func-
tion. For any constant ¢ € R, the set Sc = {x € RP|f(x) = c} is called a level set of
the function f. S is in general a D — 1 dimensional submanifold. Show that if |V f()||
is nonzero at a point o € S., then the gradient V f(x0) € R” at a0 is orthogonal to any
tangent vectors of the level set S..

Exercise 3.4 (Hyperplane Embedding from a Single Polynomial). Consider a subspace
arrangement Z4 = S; US> U---US,, C RP. f(z) is a polynomial that vanishes on Z.4.
Show that if we differentiate f(x) at points on Z 4, we always obtain an arrangement of
hyperplanes that contain Z 4.

Exercise 3.5 (Multiple GPCA). For each f = 1,2,...,F, let {zy; € RP}Y, bea
collection of N points lying in n hyperplanes with normal vectors {by;}7_;. Assume
that @14, 24, ...,xr; correspond to each other, i.e., for each ¢ = 1,2, ... N there is
aj = 1,2,...,n such that for all f = 1,2,..., F, we have b}-rja:u = 0. Propose an
extension of the GPCA algorithm that computes the normal vectors in such a way that
bij,b2j,...br; correspond to each other.

Hint: If pyn(z) = cjvn(z) = (bjy2)(bjyx)- - (b, x) and the ith set of points
T1i, T2, - . ., LR corresponds to the jth group of hyperplanes, then by; ~ Vpysn(x ;).

Exercise 3.6 Implement the basic GPCA Algorithm 3.4 and test the algorithm for different
subspace arrangements with different levels of noise.

Exercise 3.7 (Estimating Vanishing Polynomials). In the next two exercises, we study
two ways of estimating the vanishing polynomials of a subspace arrangement from noisy
samples. Since the data are noisy, a sample point x is only close to the zero set of the fitting
polynomials P(x) = [p1(x),p2(),...,pm(x)]”. Let & be the closest point to z on the
zero set of P(x).

1. Show that the approximate square distance from « to & is given by
& — &% ~ P(z)” (DP(z)DP(x)") " P(x). (3.59)

This distance is known as the Sampson distance. From this to conclude that, given a
set of sample points X = {x1,..., &N}, in order to minimize the mean square
fitting error, & S| |lz; — #;|3, we can approximately minimize the average
Sampson distance

%Z P(z:)" (DP(x:)DP(x:)") " P(x,) (3.60)

2. However, since for any non-singular matrix M € R™*™, P(x) = M P(x) define
the same zero set. Show that, in order to reduce this redundancy, we can normalize



74

Chapter 3. Algebraic Methods for Multiple-Subspace Segmentation
the following matrix to an identity:

N
1
v > DP(xi)DP(x:)" = Lnxm. (3.61)
i=1
Thus, the problem of minimizing the average Sampson distance now becomes a
constrained optimization problem:

P* = argming & SN P(x)" (DP(:)DP(a:)7) P(a:),

3.62
subjectto S DP(2:)DP(x:)" = Lnxm. .62

. Since the average of DP(x;)DP(z;) is an identity, we can approximate each by

an identity too. Then, the above problem becomes:

P* = argminp § 3L, | P(@)|?,

subjectto  + SN DP(x;) DP(:)T = Lnxm. (3.63)

Now show that the vector of coefficients of each polynomial in P* is a generalized
eigenvector for a properly defined pair of matrices W and B. That is, they are
solutions ¢; to the following equation:

Wece; = \iBe;, i=1,2,...,m. (3.64)

Exercise 3.8 (Fisher Discriminant Analysis for Subspaces). We now illustrate how con-
cepts from discriminant analysis can be adopted to estimate better fitting polynomials. We
use an arrangement of hyperplanes to demonstrate the basic ideas. In this case, the fitting
polynomial as the form:

p(x) = H (bJTar:) =c"vp(x) =0 (3.65)

with n the number of (different) hyperplanes and b; the normal vector to the jth plane.
In this case, it is very easy to find the coefficient vector ¢ as the kernel of the data matrix
V(D) is only one-dimensional.

1. In the presence of noise, it is likely that p(x) # 0, but we would like to find the

coefficient vector ¢ that minimizes the following average least-square fitting error
= SN [p(z4)|?. Show that the solution c* is the eigenvector associated with the
smallest eigenvalue of the matrix:

- 1 T
W= (NV,L(D) Vn(D)). (3.66)
In the spirit of discriminant analysis, the matrix W will be called the within-

subspace scatter matrix.

. Let us examine the derivative of the polynomial at each of the data samples. Let

1 € S1. Show that the norm of the derivative Vp(x1) is

[Vp(a)|” = ((ﬁbf:cl)f (3.67)
j=2

Thus, the average of the quantity || Vp(z1)||* over all 21 in Sy gives a good mea-

sure of “distance” from S to U;l 5 S, the union of the other subspaces. For the



3.7. Exercises 75

segmentation purpose, we would like to find the coefficient vector ¢ that maximizes
the following quantity:

N N
max % S V()| = " (% 3 Vl/n(:ti)VI/n(:E,‘)T)c = " Be. (3.68)
i=1 =1

In the spirit of discriminant analysis, we will call B the between-subspace scatter
matrix.

3. Therefore, we would like to seek a fitting polynomial that simultaneously minimizes
the polynomial evaluated at each of the samples while maximizing the norm of the
derivative at each point. This can be achieve by minimizing the ratio of these two
metrics:

c"We

cT’Be’

Show that the solution to this problem is given by the generalized eigenvector c that

is associated with the smallest generalized eigenvalue \ of (W, B):

We = ABe. (3.70)

¢’ = argmin (3.69)

In the case when B is non-singular, ¢ is simply the eigenvector of B~V associated
with the smallest eigenvalue.

Exercise 3.9 (Robust Estimation of Fitting Polynomials). We know that samples from
an arrangement of n subspaces, their Veronese lifting all lie on a single subspace
span(V »(D)). The coefficients of the fitting polynomials are simply the null space of
V(D). If there is noise, the lifted samples approximately span a subspace and the coef-
ficients of the fitting polynomials are eigenvectors associated with the small eigenvalues
of V,,(D)TV (D). However, if there are outliers, the lifted samples together no longer
span a subspace. Notice that this is the same situation that robust statistical techniques
such as multivariate trimming (MVT) are designed to deal with. See Appendix A.5 for
more details. In this exercise, show how to combine MVT with GPCA so that the result-
ing algorithm will be robust to outliers. Implement your scheme and find out the highest
percentage of outliers that the algorithm can handle (for various subspace arrangements).
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Chapter 4

Iterative Methods for
Multiple-Subspace Segmentation

“Statistics in the hands of an engineer are like a lamppost to a drunk
— they’re used more for support than illumination.”
— A.E. Housman

We will first review some basic concepts and existing iterative algorithms for
clustering multivariate data, i.e. the K-means algorithm and the Expectation Max-
imization (EM) algorithm. We then give a clear formulation of the problem in
which the clusters are subspaces and introduce the basic notation for representing
both linear and affine subspaces. We then customize the two algorithms so as to
segment a known number of subspaces with known dimensions. We point out the
advantages and disadvantages of these algorithms, particularly their sensitivity to
initialization.

4.1 Statistical Methods for Data Clustering

In clustering analysis, the basic assumption is that the given data points X =
{z;}}¥., C RP are grouped into a number of clusters n < N such that the
“distance” (or “dissimilarity”’) among points in the same group is significantly
smaller than those between clusters. Thus the outcome of clustering analysis is a
map:

c():ie{l,2,...,N} — j=c(i)e{1,2,...,n} “.1)

that assigns each point x; to one of the n clusters. Obviously, the outcome of
the clustering very much depends on what the chosen measure of distance is.
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If the notion of distance is not clearly specified, the clustering problem can be
ill-defined. The following example shows some of the reasons.

Example 4.1 (No Invariant Clustering by the Euclidean Distance). If we always choose
the Euclidean distance, then the clustering result cannot be invariant under an arbitrary
linear transformation of the data points — usually representing a change of coordinates.
That is, if we replace x; with z; = Ax; for some non-singular matrix A € RP*P, then
the clustering of {x;} and {z;} will in general be different. This is easy to see with a
simple example. Suppose we need to cluster the N = 4 points in R? as follows

x = [1,10]", @2 =[-1,10]", @3 =[1,-10]", x4 =[-1,-10]"

into n = 2 clusters. The two clusters are obviously {x1, x2} and {x3, x4 }. Now consider
two linear transformations A and A, € R?*2:

100 0 10 0]fo -1 0 -10
Al_{o 1]’ A2_{0 10“1 0}_[10 0}'

Applying the two maps to the original set of points, we obtain two new sets of points
{z; = A1z;} and {x] = Asx;}, respectively:

x| = [100,10]", a5 = [-100,10]", x4 = [100, —10]", x} = [~100, —10]";
x| =[-100,10]", x5 = [-100, —10]", x4 = [100,10]", x} = [100,—10]".

As a set {x} is the same as {z }. However, the two clusters are {7, 5} and {x5, =} }
for the first set; and {x7, x5 } and {x3, x} } for the latter. In fact, regardless of the choice
of objective or method, it is always the case that the clustering result for one of the two
new sets will be different from that for the original set. n

From the above example, we see that in order for the clustering result to be
invariant under a linear transformation, instead of always using the Euclidean
distance, one should properly adjust the distance measure after each linear trans-
formation of the data. To be more precise, let the length of a vector € R” be
measured by

|z = 2T e 4.2)

for some positive-definite symmetric matrix 3 € RP*P_ Notice that ¥ = Ipyp
corresponds to the Euclidean length. Then after a linear transformation, ' = Ax
for some D x D matrix A, the “induced” length of «’ is defined to be

2|3 = ()T (X)) e’ = (/)T (AZAT) 1’ = 278 . 4.3)

Thus, the induced length remains the same after the transformation.

Notice that the relationship between ¥ and ¥’ = AXAT is just like that
between the covariance matrices of two random vectors related by a linear trans-
formation A. Thus, the change of distance measure is equivalent to the assumption
that the original data {a;} are drawn from some probabilistic distribution. In the
context of data clustering, it is natural to further assume that the distribution itself
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is a mixture of n (Gaussian) distributions with different means and covariances:'
pj(®) ~ N(p;, %), j=12...n (4.4)

Thus, the clustering problem becomes a statistical model estimation problem and
can be solved via statistical methods. We introduce below two such methods that
are based on two different estimation (and optimization) paradigms: 1. Minimax
estimate; 2. Maximum-likelihood estimate. In this section, we illustrate the basic
ideas using mixtures of Gaussians; but a discussion on more general cases can be
found in Appendix C.

4.1.1 K-Means

With respect to the above statistical model, a natural measure of the distance
between a sample point and the mean of a cluster is the Mahanalobis distance:

d(ws, 1) = i — 3, 4.5)
which is proportional to the (negative) log-likelihood of the sample. The map c¢*(-)

that represents an optimal clustering of the data {x;} minimizes the following
“within-cluster scatter’”:

1 n
min w(c) = P Z s = 1yl (4.6)
J=1e()=j

That is, w(c) is a measure of the average distance of all the sample points to their
respective cluster means. Notice that the minimum value of w(c) decreases with
the increase of the number n of clusters. In the extreme case n = N, i.e., each
point is a cluster itself, we have w(c) = 0. Therefore, before conducting clustering
analysis, it is very important to know the correct value of n. We will discuss
methods to determine n in later chapters; in this chapter, we always assume the
correct cluster number n is known.

In the above objective w(c) (4.6), c(-), {p,}, and {¥;} are all unknown. The
problem is how to find the optimal c¢*(-), pu} and X% so that w(c) is minimized.
Unfortunately, there is no closed-form solution to the optimal estimates. The main
difficulty is that the objective (4.6) is hybrid — it is a combination of minimization
on the continuous variables { g, 3;} and the discrete variable c(i). Conventional
nonlinear optimization techniques, such as gradient descent, do not directly apply
to this case. Hence special optimization schemes have to be developed.

Notice that for w(c) to be minimum, it is necessary that each point x; is as-
signed to the cluster whose mean is the closest to ;. That is, given {g;,>; }, we
have

c(i) = arg mjin le; — uj||22j. 4.7

!From the viewpoint of subspaces, here we try to fit the data with multiple zero-dimensional affine
spaces (or points) — one point (the mean) for each cluster. Later in this Chapter, we will see how to
generalize the cluster means from points to arbitrary (affine) subspaces.
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Also, from the samples that belong to each cluster, we can obtain unbiased
estimates of the mean and covariance of the cluster:

.1 . 1 N N
T e(i)=j J e(i)=j

4.8)
where NN is the number of points that are assigned to cluster j by the map ¢(-).

The above discussions have suggested the following two-step iterative process
for minimizing w(c).

Suppose that some initial estimates { ﬂ§0), f]§0)} of the means are available.
Then we can easily minimize the objective (4.6) for ¢(). That is, for each cluster
with the mean ﬂg-o) and covariance flg-o), we obtain the subset of points X 5-0) that
are closer to p; than to any other means. The data set X is therefore segmented

into n clusters
x=x2uxPu...uxO, (4.9)

and we further require X ;0) NnxX §?) = () for j # j'.? In this way we obtain an

estimate of the map ¢(©)(-).
Knowing the membership of each point ; from the above segmentation, the
objective (4.6) can be rewritten as:

Z ( min Z le; — p,j%j>. (4.10)
1 \ %5 ~
i=1 e (i)=j

Notice that the solution to the minimization inside the bracket is an new set of
estimates of the mean and covariance:

R 1 - 1 . . T
ey 2w Bl=pg 3 @ m) @)

e ()= T e )=5

These new means and covariances give a new value of the objective no larger than
that given by the initial estimates { ﬂ;o), XAIEO) }

We can further reduce the objective by re-classifying each data point x; to
its closest mean according to the new estimates { ﬂ;l), i;l)}. In this way, we

obtain a new segmentation X = X gl) . ¢ 51) U---uX Sbl). If we keep iterating
between the above two steps, the objective will keep decreasing until its value
stabilizes to a (local) equilibrium and the segmentation no longer changes. This
minimization process is referred to as the K-means algorithm in the statistical-
learning literature. We summarize the algorithm as Algorithm 4.1.

Notice that Algorithm 4.1 can be significantly simplified if the Gaussian dis-
tributions are all isotropic, i.e., ¥; = O'JQ»I for some sz € R, or all covariance

2If a point & € X has the same minimal distance to more than one cluster, then we assign it
arbitrarily to one of them.
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Algorithm 4.1 (K-Means).

Given a set of sample points X = {ml}f\il the number of clusters n, ini-
tir%li)ze the rne(al)ls and covariances of the clusters with a set of initial values
NG (0 .

Iy ERD,ZJ- eERPXP j =12 ... n

Letm = 0.

1. Segmentation: For each point ¢; € X, assign it to X S-m) if

. N . o a (m),2
j=c()= argmin |l — fry ||22m). 4.11)

)

If the above cost function is minimized by more than one mean, assign the
point arbitrarily to one of them.

2. Estimation: Obtain new estimates for the n cluster means and covariances:

ﬁl;m-ﬁ-l) _ i z;,
7 etm (i)=j
S(m 1 ~(m ~(m T
I N < T e
T T em)=j

Let m < m+ 1, and repeat Steps 1 and 2 until the segmentation does not change.

matrices are equal to the identity matrix >; = I. In the latter case, one essen-
tially adopts the Euclidean distance between the sample points and the cluster
means. This special case is often referred to also as the “K-means” algorithm in
the literature.

4.1.2 Expectation Maximization (EM)

The K-means algorithm essentially relies on the minimax estimation paradigm
in statistics (see Appendix C) and it does not need to assume how exactly the
n component distributions are mixed. The Expectation Maximization (EM) al-
gorithm [Dempster et al., 1977] to be introduced below, however, relies on the
maximum-likelihood estimation paradigm (see Appendix C) and it does need an
explicit model for the mixed distribution. Instead of minimizing the modeling er-
ror in a least-distance sense, the EM algorithm estimates the model parameters
and the segmentation of the data in a maximum-likelihood (ML) sense. As we
shall soon see, the EM algorithm, though derived from a different set of assump-
tions, principles, and objectives, has an overall structure that resembles very much
that of the K-means algorithm.?

3This resemblance however should not be mistaken as excuses to confuse these two algorithms.
The solutions given by these two algorithms will be close but different in general.
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A Probabilistic Model for a Mixed Distribution

The EM algorithm is based on the assumption that the given data points {z;}¥
are independent samples from a (mixed) probabilistic distribution. In the context
of clustering analysis, it is reasonable to assume that x; are samples drawn from
multiple “component” distributions and each component distribution is centered
around a mean. To model from which component distribution a sample « is actu-
ally drawn, we can associate a latent discrete random variable z € R to each data
point x, such that each discrete random variable z; = j if the point x; is drawn
from the jth component, : = 1,2, ..., N. Then the random vector

(,z) €RP x7Z, (4.13)

completely describes the random event that the point x is drawn from a
component distribution indicated by the value of z.

Typically, one assumes that the random variable z is subject to a multinomial
(marginal) distribution, i.e.,

p(z:j):ﬂ'jzo, st. mp +m+---+m, = 1. (4.14)

Each component distribution is then modeled as a conditional distribution
p(x|z) of x given z. A popular choice for the component distribution is a mul-
tivariate Gaussian distribution: p(x|z = j) ~ N(m;,¥;), in which p; is the
mean and X; is the covariance of the jth cluster.

The Maximum-Likelihood Estimation

In the model, the parameters 6 = {p;,>;, 7;}7_; are unknown and they need
to be inferred from the samples of x. The marginal distribution of x given the
parameters is called the likelihood function, and is given by

p(@|0) = > plx|z,0)p(z(0) =D mp(@lz=5,60).  (415)
z=1 j=1

Notice that p(x|6) is a “mixture” of n distributions p(x|z = 5,6),7 =1,2,...,n
that is exactly of the form (??) introduced in Chapter 1.

Given N iid. samples X = {z;}X, from the distribution, the optimal
estimates of the parameters Opr1 are given by maximizing the log-likelihood
function

N
IX;0) = ) logp(xilf). (4.16)
1=1

In the statistical learning literature, this objective is often referred to as the
incomplete log-likelihood function — “incomplete” compared to the complete log-
likelihood function to be introduced later. However, maximizing the incomplete
log-likelihood with respect to the parameters 6 is typically very difficult, because
this is a very high-dimensional nonlinear optimization problem. This is the moti-
vation for the expectation maximization (EM) process which utilizes the latent
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random variable z introduced earlier to attempt to simplify the maximization
process.

Derivation of the Expectation and Maximization

First notice p(z|0) = p(z,2|0)/p(z|x,0) and 3_, p(z = jlx,0) = 1. We can
rewrite the (incomplete) log-likelihood function as

N n .
(X:0) = S0 plei = gl 0)log PE0Z =00y 4

i=1j=1 p(zl :j|w139)
N n

= ZZP(%‘ = jlz:,0) log p(zi, 2; = j[0) (4.18)
i=1 j=1
N n

= DY plzi = jlai,0)logp(zi = jlai, ). (4.19)
i=1j=1

The first term (4.18) is called the expected complete log-likelihood function
in the statistical learning literature;* and the second term (4.19) is the condi-
tional entropy’ of z; given x; and . Hence, the maximum-likelihood estimation
is equivalent to maximizing the expected log-likelihood and at the same time
minimizing the conditional entropy of z;.

Given each x;, we can define a new function w;;(0) = p(z; = j|x;,6). By
replacing w(f) = {w;;(#)} into the incomplete log-likelihood, we can view
[(X;0) as a new function

(X;0) =g(w(0),0). (4.20)

Instead of directly maximizing the {(X; 6) with respect to 6, we may maximize
g(w(0), 0) in a “hill-climbing” style by iterating between the following two steps:

Step 1. partially maximizing g(w(6), #) with respect to w(¢) with 6 (the second
argument) fixed;

Step 2. partially maximizing g(w(6), 6) with respect to the second 6 with w(0)
fixed (to the value obtained from Step 1.)

Notice that at each step the value of g(w(#), 8) does not decrease, so neither does
that of I(X; 8). When the iteration converges to a stationary point 6*, it must be
a (local) extremum for the function I(X; #). To see this, examine the equation

di(X;0) _ dg(w, 0) dw(0) n dg(w, 0)

do ow 00 20 *-21)

“That is, it is the expected value of the complete log-likelihood log p(, z|6) of the “complete”
random vector (z, z) with respect to the distribution of (z|x, 6).

5The entropy of a (discrete) random variable z is defined to be H(z) = >, p(z =j)logp(z =
P
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Since #* must be a stationary point for each step, we have W = 0 and
0*

og(w.0) |  _ aX:0 | _

I P 0. Therefore, =5 ‘0* =0

As we have alluded to earlier, the main reason for choosing this alternative max-
imization is that, for the log-likelihood function of a mixture of distributions, each
of these two steps of maximizing g are much easier to compute than directly maxi-
mizing the original log-likelihood function. In fact, for Gaussian distributions, one
can often find closed-form solutions to each step.

E-Step: Expected Membership of Samples. To find the optimal @ = {1;; } that
maximize g(w, 0), we need to maximize the function

N n
maxg w,0) ZZU}” log p(x;, z; = j|0) — ZZwU logw;; (4.22)
i=1 j=1

=1 j=1

with respect to w subject to the constraints jwij = 1 for every i. For this
purpose, we have the following statement.

Proposition 4.2 (Expected Membership). The optimal W that partially maximizes

g(w, 0) is given by:

__ mp(@ilzi = 4,0)
Sovq mep(xi|zi = £,0)

Proof. Using the Lagrange multipliers method, we differentiate the objective
function

(4.23)

Wi

n

ZZ (w” log p(x;, 2; = §10) —w;j logw”) +i)\i(2w” —1) (4.24)

i=1 j=1 i=1 j=1

with respect to w;; and set the derivatives to zero. We obtain the necessary
conditions for extrema:

log p(xi, z; = j|0) —logw;; —1+X; =0 (4.25)

for every 7 and j. Solving for w;; from this equation, we obtain:

wij = e p(xy, 2z = j10). (4.26)

Since Y-, wij = 1, we have Xt = (32, p(ai, 2 = 6\9))_1. In addition,
p(xi,zi = jl0) = p(xilzi = j,0)p(z; = j|0) = mip(zilzi = j,0).
We hence have the claim of the proposition. 0

M-Step: Maximize the Expected Complete Log-Likelihood. Now we consider
the second step in which we fix w and maximize g(w, #) with respect to . This
means we fix w;; = p(z = j|x;,0) in the expression of {(X; ). The second
term (4.19) of [(X; 0) is therefore fixed as far as this step is concerned. Hence it
is equivalent to maximizing the first term (4.18), the so-called expected complete
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log-likelihood:

N n
- ZZ wijlog (mip(@;]zi = j,0)). 4.27)

For many common choices of the distributions p(x|z = j, 6), we can find closed-
form solutions to maximize L(X;0).

For simplicity, in the clustering analysis, we may assume that each cluster is
an isotropic normal distribution, i.e., p(z|z = j,6) = N'(p;,07I). Maximizing
L(X;0) is then equivalent to maximizing the function

N n

r; — s 2
Z Zwij <log m; — Dlogo; — (ﬂ), (4.28)
J

i=1j=1

where we have omitted terms that depend on only the fixed w;; and constants.
The goal of maximization is to find the parameters § = (B, 65, 75) =1
that maximize the above expression. Since Z;;l m; = 1, this is a constrained
optimization problem, which can be solved in closed-form using the Lagrange-
multiplier method. We here give below the formulae but leave the derivation to
the reader as an exercise (see Exercise 4.2):

N ~
- Ei]ilwijxi o iz Wijll®i — £y - Zfil Wij 409
j T N . (4.29)

BTN Ty DY Liwy
We summarize the above results as Algorithm 4.2.

Instead of using a deterministic map to assign each point x; to a cluster (as
in the K-means algorithm 4.1, where j = c¢()), the EM algorithm assigns the
point x; “softly” to each cluster according to a set of probabilities {w;;} (that
are subject to E _; w;j = 1). Subsequently, the number of points N; in the jth

cluster is expected to be vazl w;; the ratio NW is expected as % and the
means p; in (4.12) are replaced by an expected version in (4.31). In general, if
the variances o; are significantly smaller than the distances between the means
t;, the K-means and EM algorithms give similar clustering results.

From the above derivation, each step of the EM algorithm increases the log-
likelihood function I(X; #). However, beware that a stationary value * that the
algorithm converges to is not necessarily the global maximum (if the global
maximum exists at all). Furthermore, for distributions as simple as a mixture of
Gaussian distributions, the global maximum may not even exist! We illustrate this
via the following example.

Example 4.3 (ML Estimate of Two Mixed Gaussians [Vapnik, 1995]). Consider a
distribution p(z), z € R that is a mixture of two Gaussian (normal) distributions:
(z — u)Q} 1 { wQ}
T, W, ex + exps —— ¢, 4.32
o) = o {-C by o {8 “32)

where 6 = (u, o) are unknown.
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Algorithm 4.2 (Expectation Maximization).

Given a set of sample points X = {z;}¥, C RP drawn from n (isotropic)
Gaussian clusters N (uj,ajzf ),j = 1,2,...,n, initialize the parameters 6§ =

{m;,04,7;} with a set of vectors ﬂ;o) € RP and scalars &§0)7 frﬁo) € R.
Letm = 0.

1. Expectation: Using the current estimate for the parameters 6(m)
o (m) < (m)
{15,

, ﬁ;m) }, compute the estimate of w;; as

’\(m) . s "(m)

m . Alm T p(q;l|zz_379 )
ng):p(ZiZ,ﬂiBi,G( )): n] - i ’
Yooy (| z = €,00M)

where p(x|z = j,0) is given in (4.39).

(4.30)

2. Maximization: Using the estimated wg")

parameters fi;, G as:

, update the estimates for the

(m)

N N (m) ~ (m+1)(12
S (m+1) 2z Wi "Ly (5_(m+1))2 . Dz Wi, sz Ky H
J N m) J - N m ’
Dici wz(j ) D37, wz(j )
(4.31)
N p(m)
and update 7; as ﬁ;mﬂ) = Z:#
Let m < m + 1, and repeat Steps 1 and 2 until the update in the parameters is
small enough.

Then for any data X = {z1,z2,...,zn} and for any given constant A > 0, there
exists a small o such that for © = z1 the log-likelihood will exceed A (regardless of the
true p, 0):

N
l(X;G)’ = Zlnp(aji\u:xl,azao)

n=x1,0=00
i=1

> () 2 (7w {-5)

N 2
Ti
= —lnoy 7217 — NIn2v2r > A.
Therefore, the maximum of the log-likelihood does not exist, and the ML objective does
not provide a solution to estimating the unknown parameters. In fact, in this case, the true
parameter corresponds to the largest (finite) local maximum of the log-likelihood. [}

From the simple example, we can conclude that the ML method only applies to
very restrictive set of densities.® If we insist using it for mixtures of Gaussians, we
have to rule out the situations that the variance can be arbitrarily small, i.e., 59 —

SFor instance, a class of density functions that are bounded by a common finite value from above.
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0. Fortunately, in practice, the EM algorithm typically tends to avoid such singular
directions and is able to converge to a local maximum that represents the true
parameters if a reasonable initialization is given. However, this leads to another
potential problem: What if the distributions to be estimated are indeed close to
being singular? This is unfortunately the case with subspace-like distributions.”
Thus, singular distributions like subspaces require special treatment.

Also notice that the above K-means and EM algorithms are derived mainly
for isotropic Gaussian distributions. In practice, a cluster is rarely isotropic. For
instance, as we have seen in PCA, a cluster can be a set of points sampled from a
principal subspace. For the above reasons, in the next two sections of this chapter
(Section 3.1 and 4.2), we will extend the basic ideas of K-means and EM to the
case in which clusters are subspaces.

4.2  Subspace-Segmentation Algorithms

In this section, we generalize the K-means and EM algorithms to estimate ar-
rangements of principal subspaces and cluster points into subspaces. They can
both be viewed as certain extension of PCA to multiple principal subspaces.
Both algorithms assume that the number of subspaces n and their dimensions
dj,j = 1,2,...,n are known. They estimate a basis for each subspace and the
segmentation of the data by optimizing certain objective functions, namely the
least-squares error in the geometric setting or the log-likelihood in the statistical
setting. Since the optimal solution is normally not available in closed-form, the
optimization problem is solved by iterating between the segmentation of the data
points and the estimation of the subspace bases, starting from an initial guess for
the subspace bases.

The following sections give a detailed description of both algorithms tailored
to Problem 3.1. The goal is to reveal the similarity and difference between these
two algorithms as well as their advantages and disadvantages.

4.2.1 K-Subspaces

If the number of subspaces n and their dimensions d;,j = 1,2, ..., n are known,
then the problem of fitting multiple subspaces to the data is to find orthogonal
matrices Uj;,j = 1,2,...,n of dimension D X d; such that

Vi 3j such that x; = Ujy;, (4.33)

where i € {1,2,..., N} and j € {1,2,...,n}. Once the assignment map c(i) =
7 is found for each point x;, y, is simply given by y, = ggl)azl When x; is

7A subspace-like distribution is one that has large variance inside the subspace but very small
(close to singular) variance in directions orthogonal to the subspace.
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at the intersection of two subspaces, the solution for ¢(7) and therefore y, is not
unique. In this case, we arbitrarily choose one of the possible solutions.

In case the given points are corrupted by noise, we expect that the model param-
eters be found in a least-squares sense by minimizing the modeling error between
x; and its closest projection onto the subspaces:

N
{I{ljl]r}% ;mjin le — UjUjTEBi‘

2 (4.34)

where U is a D x d; orthogonal matrix that represents a basis for the jth subspace
S;,3 = 1,2,...,n. Unfortunately, unlike PCA, there is no constructive solution
to the above minimization problem. The main difficulty is that the foregoing ob-
jective of (4.34) is hybrid — it is a combination of minimization on the continuous
variables {U; } and the discrete variable j. Conventional nonlinear optimization
techniques, such as gradient descent, do not directly apply to this case. Hence
special optimization schemes have to be developed. For that purpose, we need
to examine more closely the relationships between the two minimizations in the
above objective function.

Suppose that some initial estimates U1(0)7 UQ(O), ceey A,(lo) of the subspaces are
available. Then we can easily minimize the objective (4.34) for j. That is, for each
subspace 5; defined by U ;O), we obtain the subset of points X ;0) that are closer
to S; than to any other subspace. The data set X is therefore segmented into n
groups

X=xPuxPu...ux®, (4.35)

and we further require X EO) nx g_o) = (fori# ;.8
Knowing the membership of each point ; from the above segmentation, the
objective (4.34) can be rewritten as:
- . T 2
(r%in > i - U a). (4.36)
=1 2ieX (")

J

Notice that the minimization inside the bracket is exactly the same as the mini-
mization in (2.22). Consequently, we have solved this problem in Theorem 2.2 for

PCA. We can therefore apply PCA to each group of points {X ;0) } to obtain new
estimates for the bases {U ](1) } Such estimates give a modeling error no larger
than the error given by the initial estimates {U ;0) }.

We can further reduce the modeling error by re-assigning each data point x;
to its closest subspace according to the new estimates {U ](1) } In this way, we

obtain a new segmentation X = X §” . ¢ él) U---uUX 511). If we keep iterating

81f a point & € X has the same minimal distance to more than one subspace, then we assign it to
an arbitrary subspace.
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between the above two steps, the modeling error will keep decreasing until its
value stabilizes to a (local) equilibrium and the segmentation no longer changes.
This minimization process is in essence an extension of the K-means algorithm to
subspaces. We summarize the algorithm as Algorithm 4.3.

Algorithm 4.3 (K-Subspaces: K-Means for Subspace Segmentation).

Given a set of noisy sample points X = {z;}}¥, drawn from n subspaces with

the dimensions d;, j = 1,2, ..., n, initialize the bases of the subspaces with a set
of orthogonal matrices U ;O) € RPxd;,
Letm = 0.

1. Segmentation: For each point ¢; € X, assign it to X §m) if
. . ~ - T 2
j=arg min |z; - Uém)( é(m)) ;|
{=1,....,n
If the above cost function is minimized by more than one subspace, assign
the point arbitrarily to one of them.

2. Estimation: Apply PCA to each subset X ;m) using Theorem 2.2 and
obtain new estimates for the subspace bases

ot =pea(x(™), j=12,....n

J

Let m < m+ 1, and repeat Steps 1 and 2 until the segmentation does not change.

4.2.2  Expectation Maximization for Subspaces

To apply the EM method in Section 4.1.2 to subspaces, we need to assume a
statistical model for the data. Following the general setting in Section 4.1.2, it
is reasonable to assume that the data points X = {z;}~ , are samples drawn
from multiple component distributions and each component distribution is cen-
tered around a subspace. To model from which component distribution a sample
x is actually drawn, we again associate a latent discrete random variable z € R
to every data point &, where each discrete random variable z; = j if the point x;
is drawn from the jth component,7 = 1,2,...  N.

To model the fact that each component distribution has a principal subspace,
say spanned by the columns of an orthogonal matrix U; € RP Xd; we may
assume that the jth component distribution is a special Gaussian distribution
determined by the following equation:

x = Uy + Bys, 4.37)

where the orthogonal matrix B; € RP> (P=d;) is the orthogonal complement to
the orthogonal matrix U; € RP*%, and y ~ N'(0,051) and s ~ N'(0,0%1). If
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we further assume that y and s are independent random variables, then we have
-1 - T -2 T
¥t =0,°U;U] +0;°B;Bj . (4.38)

The term B;s models the projection error of @ onto the subspace spanned by
U;. For x to be close to the subspace, one may assume 0‘724 < 032/. Therefore,
when O’Z — 00, we have Ej_l — a;2BjBJ»T. In the limiting case, one essentially
assumes a uniform distribution for y inside the subspace. The uniform assumption
suggests that we do not care much about the distribution of the data inside the
subspace — it is the subspace itself in which we are interested. Technically, this
assumption also helps eliminate additional parameters so that the ML method
may better avoid the difficulty shown in Example 4.3. In practice, this assumption
is approximately valid as long as the variance of the data inside the subspace is
significantly larger than that outside the subspace.

Therefore, in the sequel, we will adopt the limiting case as our probabilistic
model for the derivation of the EM algorithm and derive closed-form formulae for
the two steps of the EM algorithm. More precisely, we assume the distributions

are
N ]_ SCTBJ‘B;I:I)
J

In the model, the parameters § = {B;,0;,7; }?:1 are unknowns and they need
to be inferred from the samples of . The likelihood function (which is given by
the marginal distribution of @ given the parameters) is

p@l0) = > plx|z0)p(|0)
z=1
n T T
T xr Bsz T
]_

Then given the N samples X = {x;}, estimates of the parameters Opr1, are given
by maximizing the log-likelihood function

N
IX;0) = > logp(ailo) (4.41)

N n T T
Z; Bij r;
— ;log{z 37 (D 7 exp(QO? >}(4.4z)

Again, this is in general a difficult high-dimensional optimization problem. Thus,
we can apply the Expectation Maximization method introduced in Section 4.1.2.
All the analysis in Section 4.1.2 directly applies to this new log-likelihood func-
tion except that in the M-Step, under the new probabilistic model, the new
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expected complete log-likelihood L(X; #) becomes

N n
185 i®
> wij( logm; — (D —dj)logo; — —2—— |, (4.43)
— £ 207
i=1 j=1 J
where, as before, we have omitted terms that depend on only the fixed w;; and
constants. The goal now is to find the parameters 0 = {(B;,d;,7;)}}_; that
maximize the above expected complete log-likelihood. Since BjTBj = [ and
Z?Zl m; = 1, this is again a constrained optimization problem, whose solutions
are given by the following proposition.

Proposition 4.4 (Maximum of the Expected Complete Log-Likelihood). The
parameters 6 = {B],O'],ﬂ'] }j 1 that maximize the expected complete log-

likelihood function (4.43) are: B are exactly the eigenvectors associated with
the smallest D — d; eigenvalues of the weighted sample covariance matrix

Y= va L wijxixl, and ; anda are
N N AT i
PO Zizl Wi 5 2 _ Z 1wij||BT ZH2
J - ’ 7 .
N (D —dj) XL, wi

Proof. The part of objective function associated with the bases {B;} can be
rewritten as

o

(4.44)

- IIB wz||2 - BY

Z > —w = —trace (;:QBJ> , (4.45)
j=1 J

1=1j5=1
where f]j = Zfil wij:cia:ZT. Differentiating the Lagrangian associated with B;
and setting the derivatives to zero, we obtain the necessary conditions for extrema:
i BTZ B; T . 9

Z —trace 72 +trace(A;(Bj B; — 1)) = Y;B; = 20;BjA;,

j=1 7
where A; is a matrix of Lagrangian multipliers. Since BjTBj = I, the objec-
tive function for B; becomes — 2?21 trace(A;). Thus B; can be obtained as the

matrix whose columns are the eigenvectors of 2]‘ associated with the (D — d;)
smallest eigenvalues.
From the Lagrangian associated with the mixing proportions {r;}, we have

N n n ZN .
min 30> wiilog(m,) + A(1- Y m) = TEES )

i=1 j=1 =1

Finally, after taking the derivative of the expected log-likelihood with respect to
o; and setting it to zero, we obtain

N o
2 Q= L wij|| B '||?

g (D— d)z1 1ww.

(4.47)
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O

We summarize the above results as Algorithm 4.4.

Algorithm 4.4 (EM for Subspace Segmentation).

Given a set of sample points X = {z;}¥.; C RP, the number of subspaces n and
the dimensions d;, initialize the parameters 0 = {B;, 0;,m;} with a set of initial
orthogonal matrices B;O) € RP*(P=d;) and scalars &lgo), frlgo),j =1,2,...,n.
Let m = 0.
1. Expectation: Using the current estimate for the parameters 6m) =
{B;m), &}m), ﬁ;m) }, compute the estimate of w;; as

ﬁj('m)]?(fﬂﬂzi =Js é(m))

(m) _ il M)y
wy " = p(z; = jla;, ™) = - ——, (448)
! 1 1 S A plai]z = £,00m)
where p(x|z = j,0) is given in (4.39).
2. Maximization: Using the estimated wgn), compute B](-mﬂ) as the eigen-

vectors associated with the smallest D — d; eigenvalues of the matrix

fj;m) =N wl(;n):czwf, and update 7; and 6 as:

N m N m A(m+1N\T 2
~(m41) Dic1 ng : (A(m+l))2 . Zi:lwz(j )H(B;( )) "EZH
T - N ’ g; - N (m)

(D —dj) > i wij

(4.49)

Let m «— m + 1, and repeat Steps 1 and 2 until the update in the parameters is
small enough.

4.2.3 Relationships between K-Subspaces and EM

As we have seen in the above, both K-subspaces and EM are algorithms that can
be used to analyze arrangements of principal subspaces and fit multiple subspaces
to a given set of data points. Both algorithms optimize their objectives via an
iterative scheme. The overall structure of the two algorithms is also very much
similar: the “Segmentation” step in K-subspaces is replaced by the “Expectation”
step in EM; and “Estimation” by “Maximization”.

In addition to the structural similarity, there are also subtle technical relation-
ships between the two steps of K-subspaces and EM. To see this, let us further
assume that in the EM algorithm, the noise has the same variance for all the sub-
spaces (i.e.,0 = 01 = - - - = 0,). According to equation (4.45), the EM algorithm
updates the estimates for the subspaces in the “Maximization” step by minimizing
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the objective function:

> (4.50)

N n N n
min ZZ’LUUHBJT:BZH2 = min ZZwinmi — UJUJTLEZ|
{Bi} {U;}

i=1 j=1 i=1 j=1

where the equality is due to the identity B; B] = I —U;U] . For EM, the weights
w;; are computed from the “Expectation” step as the expected membership of
x; in the subspaces j according to the equation (4.23), and w;; in general take
continuous values between 0 and 1. For K-subspaces, however, w;; is a discrete
variable and it is computed in the “Segmentation” step as (see Algorithm 4.3):

wiy — 1 ifj= z}rg ming—1, . n ||Bfmi|\2, @51)
0 otherwise.
Then the objective function (4.50) can be rewritten as:
N n 5 N )
min wiille; — U; U 2;]|” = min min ||z; — U;U x;||”, (4.52
i 303w o~ U0 = i S min 00T 452

i=1 j=1 i=1
which is exactly the same objective function (4.34) for K-subspaces. This is also
the reason why both K-subspaces and EM rely on the eigenvalue decomposition
(or singular value decomposition) of the sample covariance matrix to estimate the
basis for each subspace.

Based on the above analysis, the only conceptual difference between the K-
subspaces and EM algorithm is: At each iteration, the K-subspaces algorithm
gives a “definite” assignment of every data point into one of the subspaces; but the
EM algorithm views the membership as a random variable and uses its expected
value to give a “probabilistic” assignment of the data point. Because of this differ-
ence, for the same set of data points, the “subspaces” found by using K-subspaces
and EM will in general be different, although normally the difference is expected
to be small. A precise quantitative characterization of the difference between the
solutions by K-subspaces and EM remains an open question. Also because of this
difference, the K-subspaces algorithm is less dependent on the correct knowledge
of the dimension of each subspace: As long as the initial subspaces may segment
the data well enough, both the basis and the dimension of each subspace can be
updated at the Estimation step. However, the EM algorithm, at least for the ver-
sion we presented above, depends explicitly on correct knowledge in both the
number of subspaces and their dimensions. In addition, both algorithms require a
good initialization so that they are more likely to converge to the optimal solution
(e.g., the global maximum of the log likelihood) when the iteration stabilizes. In
the next chapter, we will show how these difficulties can be resolved by a new
algebraic method for identifying arrangements of principal subspaces.
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4.3 Relationships between GPCA, K-Subspaces, and
EM

In Section 4.2.3, we have discussed the relationships between K-subspaces and
EM. In this section, we reveal their relationships with GPCA through the special
case of hyperplane arrangements. Let b; be the normal vectors to an arrangement
of hyperplanes S;, j = 1,2, ..., n, respectively.

We know from Chapter 4 that, under reasonable assumptions, both the
K-subspaces and the EM methods minimize an objective of the form

I{Iélr}} Z Z w”| bT:clH (4.53)

i=1 j=1

In the case of K-subspaces, w;; is a “hard” assignment of x; to the subspaces:
w;; = 1 only if ; € S; and 0 otherwise. The above objective function becomes
exactly the geometric modeling error. In the case of EM, w;; € [0, 1] is the prob-
ability of the latent random variable z; = j given x;. Then w;; plays the role as a
“soft” assignment of x; to group j.

Following the same line of reasoning, we can replace w;; with an even “softer”
assignment of membership:

1
wy = = |6/ e (4.54)
4

Notice that, in general, the value of w;; is large when x; belongs to (or is close to)
S, and the value is small when x; belongs to (or is close to) any other subspace.
With this choice of w;;, the objective function becomes

1 N n
tin S (; TL el =) o7 aif* = S_TT Iof]* @59

i=1j=1 I#] i=1j=1

This is exactly the objective function that all the algebraic methods are based
upon. To see this, notice that

N n N
b | Rt an 2)? =Y (cTva(@)’.  (456)
=1

i=1 j=1

Not so surprisingly, we end up with a “least-squares like” formulation in terms
of the embedded data v, (x) and the coefficient vector ¢,,. Notice that the above
objective function can be rewritten as

N
Z (vn(@:)” = |Va(D)en|”. (4.57)

The least-squares solution of ¢, is exactly given by the eigenvector associated
with the smallest eigenvalue of the matrix V',,(D).
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The K-subspaces or EM methods minimizes its objective iteratively using b;
computed in the previous iteration. However, one key observation in the GPCA
algorithm is that the derivative of the vanishing polynomial p,(x) = ¢l v, (z)
at the sample points provide information about the normal vectors b;. Therefore,
the GPCA algorithm does not require initialization and iteration but still achieves
a goal similar to that of K-subspaces or EM.

4.4 Bibliographic Notes

When the data points lie on an arrangement of subspaces, the modeling problem
was initially treated as “chicken-and-egg” and tackled with iterative methods,
such as the K-means and EM algorithms. The basic ideas of K-means cluster-
ing goes back to [Lloyd, 1957, Forgy, 1965, Jancey, 1966, MacQueen, 1967]. Its
probabilistic counterpart, the Expectation Maximization (EM) algorithm is due
to [Dempster et al., 1977]. See Appendix A for a more general review. For a more
thorough and complete exposition of EM, one may refer to [Neal and Hinton,
1998] or the book of [McLanchlan and Krishnan, 1997].

In [Tipping and Bishop, 1999a], the classical PCA has been extended to the
mixtures of probabilistic PCA, and the maximum-likelihood solution was recom-
mended to be found by the EM algorithm too. The classical K-means algorithm
was also extended to the case of subspaces, called K-subspace [Ho et al., 2003].
Some other algorithms such as the subspace growing and the subspace selec-
tion algorithm [Leonardis et al., 2002] were also proposed in different contexts.
Unfortunately, as we have alluded to above, iterative methods are sensitive to ini-
tialization, hence they may not converge to the global optimum. This has severely
limited the performance and generality of such methods in solving practical prob-
lems in computer vision or image processing [Shi and Malik, 1998, Torr et al.,
2001]. Thus, in the next chapter, we will change the tools a little bit and seek for
alternative solutions to the subspace segmentation problem.

4.5 Exercises

Exercise 4.1 (K-Means for Image Segmentation). K-means is a very useful and simple
algorithm for many practical problems that require clustering multivariate data. In this
exercise, implement the K-means algorithm 4.1 and apply it to the segmentation of color
(RGB) images. Play with the number of segments and the choice of the window size (i.e.,
instead of using only the RGB values at the pixel, use also the RGB values of a window of
surrounding pixels).

Exercise 4.2 (Maximizing the Expected Log-Likelihood of Gaussians). Show that
the formulae given in equation (4.29) are the solutions for maximizing the expected
log-likelihood L(X;6) (4.27) for isotropic Gaussian distributions p(xz|z = j,0) =
N(p o).
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Exercise 4.3 (Two Subspaces in General Position). Consider two linear subspaces of
dimension d; and d respectively in RP. We say they are in general position if an arbitrary
(small) perturbation of the position of the subspaces does not change the dimension of their
intersection. Show that two subspaces are in general position if and only if

dim(S; N S») = min{d; + d» — D, ; 0}. (4.58)

Exercise 4.4 (Segmenting Three Planes in R*). Customize and implement (in MATLAB)
the K-subspaces algorithm 4.3 and the EM-algorithm 4.4 for the purpose of segmenting
three planes in R®. Randomly generate three subspaces and draw a number of (say uni-
formly distributed) sample points on the planes. Use the algorithms to segment the samples.
Play with the level of noise (added to the samples) and the number of random initializations
of the algorithm.
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Appendix A

Basic Facts from Mathematical
Statistics

“A knowledge of statistics is like a knowledge of foreign languages or
of algebra; it may prove of use at any time under any circumstances.”
—A. L. Bowley

In the practice of science and engineering, data are often modeled as samples
of a random variable (or vector) drawn from a certain probability distribution.
Mathematical statistics then deals with the problem how to infer the underlying
distribution from the given samples. To render the problem tractable, we typi-
cally assume that the unknown distribution belongs to certain parametric family
(e.g., Gaussian), and the problem becomes how to estimate the parameters of the
distribution from the samples.

In this appendix, we provide a brief review of some of the relevant concepts and
results from mathematical statistics used in this book. The review is not meant to
be exhaustive, but rather to make the book self-contained for readers who already
have basic knowledge in probability theory and statistics. If one is looking for a
more formal and thorough introduction to mathematical statistics, we recommend
the classic books of [Wilks, 1962] or [Bickel and Doksum, 2000].

A.1 Estimation of Parametric Models

Let « be a random variable or vector. For simplicity, we assume the distribution
of x has a density p(x, §), where the parameter (vector) § = [01,0s,...,04]" €
R, once known, uniquely determines the density function p(-, #). Now suppose
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X ={xy,xs,...,xy} are a set of samples of  independently drawn according
to the density p(x, ). That is, X has the density

N
p(X,0) =[] p(x:, 6). (A1)
=1

We call any real or vector-valued function of the samples X a statistic and
denote it by T'(X). The goal here is to properly choose the function 7'(-) so that
it gives a “good” estimate for the true parameter 6.

Definition A.1 (Sufficient Statistic). A statistic T(X) is said to be sufficient for
0 if, and only if, the conditional distribution of X given T(X) does not depend
on 6.

That is, p(X, 0]T'(X)) no longer depends on 6. Thus, the original samples X
do not contain any more information about ¢ than 7'(X).

Theorem A.2 (Factorization Theorem). A statistic T'(X) is sufficient for 0 if, and
only if; there exists a function g(t,0) and a function h(X) such that

p(X,0) = g(T(X), 0)h(X). (A2)

A popular measure of “goodness” of a statistic 7(X) € R? as an estimate of
6 € R? is the mean squared error between 7'( X ) and 6:

R(0,T) = E[|T(X) - 6]]%]. (A3)

The choice of this measure is not just for convenience: When the sample size N is

large, the distribution of many estimates converges to a normal distribution with

0 as the mean. Then R is the variance of the estimates. In some literature, such a

function is also referred to as the “risk function,” hence the capital letter “R.”
We may rewrite the expression R(6,T") as follows:

R(0,T) = E[|T(X) — E[T(X)] + E[T(X)] — 0||°]
= E[|T(X) - E[T(X)]|I*] + |[E[T(X)] - 9] (A4
= Var(T(X)) + b*(0,7),

where b(0,T) = E[T(X)] — 6 is called the bias of the estimate 7'(X ), and
Var(T' (X)) € R is the trace of the covariance matrix

Cov(T(X)) =E[T(X)T(X)"] € R4, (A.5)

We refer to Var(7' (X)) as the “variance” of 7'(X). Thus, a good estimate is one
that has both small bias and small variance.

Unfortunately, there is no such thing as a universally optimal estimate that gives
a smaller error R than any other estimates for all 6. For instance, if the true pa-
rameter is 6, for the estimate S(X) = 6y, it achieves the smallest possible error
R(6,S) = 0. Thus, the universally optimal estimate, say 7, would have to have
R(6p,T) = 0 too. As 0 can be arbitrary, then 7" has to estimate every potential
parameter 6 perfectly, which is impossible except for trivial cases. One can view
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this as a manifestation of the so-called No Free Lunch Theorem known in learn-
ing theory: Without any prior knowledge in 6, we can only expect a statistical
estimate to be better than others most of the time, but we can never expect it to
be the best all the time. Thus, in the future, whenever we claim some estimate is
“optimal,” it will be in the restricted sense that it is optimal within a special class
of estimates considered (e.g., unbiased estimates).

Define the Fisher information matrix to be

1(0) = 1E[(2 log p(X, 0)) (2 log p(X, a)ﬂ ceR™ (A6)

00 00
Let ¢(0) = E[T(X)] = [¢1(0), 20, ...,1v4(0)] T and define:
91 (0)  9Y1(0) Y1 (6)
00 20 00
ou(0) oual0)  usle)  9ulo)
> o e Pa | ¢ Rixd, (A7)
0va(8)  OYal0)  Opa(6)
001 00> 004

Theorem A.3 (Information Inequality). Under reasonable conditions, we have
that for all 0, ¥(0) is differentiable and

oY(B) o 1 (OP(ONT
Cov(T(X)) > = =1(6) (W) : (A.8)

where the inequality is between semi-positive definite symmetric matrices.

For unbiased estimate v(6) = 6, we have ¢’ (8) = I. The information inequal-
ity can be thought of as giving a lower bound for the variance of any unbiased
estimate: Cov(T'(X)) > I(A)", which is often referred to as the Cramér-Rao
lower bound.

As X = {x1,xo,...,xy} are i.i.d. samples from the distribution p(x, 9), we
define I (6) = E[% log p(z1, 0)(% log p(x1,6))”] € R™? Then, we have
1(6) = NI,(6). (A.9)

The Cramér-Rao lower bound can be rewritten as Cov(7'(X)) > &1, (6) 1.

A.l1.1  Uniformly Minimum Variance Unbiased Estimates

As we have mentioned earlier, to make the model estimation problem well-
conditioned, one must restrict the class of estimates. For instance, we may require
the estimate 7'(X) needs to be unbiased, i.e., b(6,T") = 0. Then the problem of
finding the best unbiased estimate becomes

1%1(1181 R(0,T) = Var(T(X)) st E[T(X)]=0. (A.10)
The optimal T is then called the uniformly minimum variance unbiased (UMVU)

estimate. Such a T often exists and in the absence of knowledge about 6, it seems
to be the best estimate one can hope to obtain.
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Definition A.4 (Complete Statistic). A statistic T is said to be complete if the only
real function g(-) which satisfies E[g(T)] = 0 for all 0 is the function g(T) = 0.

Starting with a sufficient and complete statistic 7'(X ), the following theorem
simplifies the computation of the UMVU estimate:

Theorem A.5 (Lehmann-Scheffé). If T(X) is a complete sufficient statistic and
S(X) is any unbiased estimate of 0, then T*(X ) = E[S(X)|T(X)] is an UMVU
estimate of 0. If further Var(T*(X)) < oo for all §, T*(X) is the unique UMVU
estimate.

Even so, the UMVU estimate is often too difficult to compute in practice.
Furthermore, the property of unbiasedness is not invariant under functional trans-
formation: if 7'(X) is an unbiased estimate for 6, g(7'(X)) is in general not an
unbiased estimate for g(). To have the functional invariant property, we often
resort to the so-called Maximum Likelihood estimate.

A.1.2 Maximum Likelihood Estimates

If the N samples X = {x;} , are independently drawn from the same distribu-
tion p(x, ), their joint distribution has the density p(X, 6) = vazl p(x;,0).
Consider p(X, 0) as a function of 6 with X fixed. We call this function the
likelihood function, denoted as L(0, X) = p(X,0). The maximum likelihood
(ML) estimate of 0 is given by the solution to the following optimization problem:

N
Oy = arg max <L(97X) =p(X,0) = Hp(wi,9)> . (A.11)
i=1

As Oy maximizes the likelihood function L(6, X), a necessary condition for
optimality is that

8L(9,X)’ _o. (A.12)

00

It is easy to see that the ML estimate is invariant under functional transformations.
That is, if 6 is an ML estimate of 6, then (A ) is an ML estimate of g(f).

Since the logarithmic function is monotonic, we may choose to maximize the
log likelihood function instead:

N
Oy = arg max <10g(L(9,X)) = zlogp(mi,9)> , (A.13)

which often turns out to be more convenient to use in practice. The ML estimate is
a more popular choice than the UMVU estimate because its existence is easier to
establish and is usually easier to compute than the UMVU estimate. Furthermore,
when the sample size is large, the ML estimate is asymptotically optimal for a
wide variety of parametric models. Thus, both UMVU and ML estimates give
essentially the same answer in a way that we explain in more detail.



A.1. Estimation of Parametric Models 103

A.1.3 Estimates from a Large Number of Samples

Definition A.6 (Consistency). An estimate On of 0 is said to be consistent if, and
only if,

Plllon =0l =¢] — 0 (A.14)
foralle >0as N — oc.

In other words, f is consistent if it converges in probability to 6.

Definition A.7 (Asymptotic Unbiasedness). Let uy = E[é ~N] € RTand Yy =
Cov(On) € R4, We say that 0 is asymptotically unbiased if as N — oo

VN(uy —0) -0, and NEy — % >0 (A.15)
for some positive-definite symmetric matrix ¥ € R¥4,

It is easy to see that asymptotic unbiasedness is a stronger property than consis-
tency. That is, an estimate can be consistent but asymptotically biased. In addition,
most “reasonable” estimates 6y (e. g., the ML estimate) are often asymptotically
normally distributed with mean p and covariance matrix >y due to the law
of large numbers. Therefore, the asymptotical distribution of an asymptotically
unbiased estimate is uniquely characterized by the parameters 6 and 3.

Between any two asymptotically unbiased estimates, say é](\}) and ég\?), their

relative asymptotic efficiency of ég\}) to HAE\?) is defined to be the ratio

. det(2?)

4(1) 5(2)
e(eN ’9N ) - det(z(l))’

(A.16)
where () = limy_,o NCov (HAJ(\’,)), for i = 1,2. The larger the efficiency ratio
e, the smaller the asymptotic variance of §(1), relative to that of #(2). Thus, 6*)
gives a more accurate or “sharper” estimate for 6, although both 6™ and 6 are
asymptotically unbiased.

Nevertheless, according to Theorem A.3, an estimate cannot be arbitrarily more
efficient than others. That is, for any asymptotically unbiased estimate Oy, using
(A.9) and (A.15), its covariance matrix is bounded asymptotically from below by
the Cramér-Rao bound:

lim NSy =%>L(6)" (A.17)
N—oco

Definition A.8 (Asymptotic Efficiency). An estimate O is said to be asymp-
totically efficient if it is asymptotically normal and it achieves equality in the
Cramér-Rao bound (A.17).

Obviously, an asymptotically efficient estimate has efficiency e > 1 with
respect to any other asymptotically unbiased estimates that satisfy (A.17).

Asymptotic efficiency is a desirable property for an estimate and it is sometimes
referred to as asymptotic optimality. It often can be shown that UMVU estimates
are asymptotically efficient. We also have that:
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Proposition A.9. In general, the maximum likelihood estimate is asymptotically
efficient.

Proof. We here outline the basic ideas for a “proof,” which can also be used to es-
tablish for other estimates their asymptotic unbiasedness or efficiency with respect
to the ML estimate. Define the function

U(x,0) = aaelogp(ac 0) € R%. (A.18)

Assume that the maximum likelihood estimate 6y exists. It satisfies the equation
OL( 6’ X)
’ Zw xi,0n) = 0. (A.19)

By the mean value theorem,

iw(mi,éz\r) B iw(%ﬂ) - [i W} (éN a 6)’ (A-20)

where 0}, is a point between ¢ and On. Using (A.19),

VN (b — 0) = [% ZN: %Z%)} 71( N3 ﬁ;w(wi,e)). (A21)

i=1

Under suitable conditions éN is consistent, and by the law of large numbers,
~ ZN O m“ 9@:9%) pehaves like - ~ ZN M which converges to

=757 = =l

-E {% log p(x1,0) (% log p(x1, 9))T} = —1(0).

It is easy to show that ¢)(, 0) is zero-mean and thus, by the central limit theorem,
the right-hand side of (A.21) converges to a normal distribution with zero mean
and variance I; (6) 1. That is, the asymptotic variance of the ML estimate reaches
the Carmér-Rao lower bound. O

log p(@:,0)]

When the sample size is large, one can appeal to the law of large numbers to
derive an information-theoretic justification for the ML estimate, which can be
somewhat more revealing. Notice that maximizing the log likelihood function is
equivalent to minimizing the following objective function:

N
. 1
meH(G, N) = ~ ; —log p(x,0). (A.22)
In information theory, the quantity — log p(x, 0) is associated with the number of
bits required to represent a random event x that has the probability p(x, 8) [Cover
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and Thomas, 1991]. When the sample size NV is large, due to the law of large
numbers, the quantity H (6, N) converges to

1\}211100 H(O,N)=H(0) = E[-logp(x,0)] = / (—log p(x, 6))p(x, bo) de,

(A.23)
where p(x, 6) is the true distribution. Notice that the above quantity is a measure
similar to the notion of “entropy”: H(#) is asymptotically the average code length
of the sample set {x;} when we assume that it is of the distribution p(x, §) while
x is actually drawn according to p(x, ). Thus, the goal of ML estimate is to
find the 6 that minimizes the empirical entropy of the given sample set. This is
obviously a smart thing to do as such estimate 6 gives the most compact repre-
sentation of the given sample data if an optimal coding scheme is adopted [Cover
and Thomas, 1991]. We refer to this as the “minimum entropy principle.”

Notice also that the § that minimizes [ (—log p(x, 0))p(x, bo) dx is the same
as that minimizing the so-called Kullback-Leibler (KL) divergence between the
two distributions p(x, 6y) and p(x, 6), i.e.,

. p (:I:, 90)
D(pla.to)lp(e.0)) = [ (108220
One may show that under general conditions, the KL divergence is always non-
negative and becomes zero if and only if § = 6. In essence, when the sample size
is large, the ML objective is equivalent to minimizing the KL divergence.

However, the ML estimate is known to have very bad performance in some
models even with a large number of samples. This is particularly the case when
the models have many redundant parameters or the distributions are degenerate.
Furthermore, both UMVU and ML estimates are not the optimal estimates in a
Bayesianl or minimax? sense. For instance, the ML estimate can be viewed as a
special Bayesian estimate only when the parameter 6 is uniformly distributed.

In this book, the concepts introduced in this section can help us understand
under what assumptions on the distribution of the data, the estimates given
by the GPCA algorithms can be asymptotically unbiased (hence consistent), or
asymptotically efficient.

) p(x,00) da, (A.24)

A.2 Expectation Maximization

In many practical situations, one is required to estimate a statistical model with
only part of the random states being observable and the rest being “missing,” or

I'A bayesian estimate 7 is the solution to the following problem mint [ R(6, T)(6) do for a
given prior distribution 7 (6) of 6. That is, T* is the best estimate in terms of its average risk.

2A minimax estimate T* is the solution to the problem miny maxg R(6, T'). That is, T* is the
best estimate according to its worst performance. Of course, such a T* does not have to always exist
or be easier to compute than the ML estimate.
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“hidden,” or “latent,” or “unobserved.” For instance, suppose that two random
vectors (i, z) have a joint distribution (density) p(x, z, 6) but only samples of x
are observable and z is not available. Our goal is, as before, to find an optimal
estimate @ for 6 from the observations.

As samples of z are not available, there is no way one can find the maximum
likelihood estimate of @ from the complete log likelihood function:

mguxL 0,X,72) Zlogp (x4, 24, 0). (A.25)

Thus, it makes sense to use only the marginal distribution of x: p(x,6) =
J p(x,z,0) dz and find the maximum likelihood estimate from

maXL 0, X) Zlogp x;,0), (A.26)

which, in this context, is often referred to as the incomplete log likelihood func-
tion in the statistical literature. The problem is now reduced to a standard ML
estimation problem and one can adopt any appropriate optimization method (say
conjugate gradient) to find the maximum. It seems that there is no need of
involving z at all.

An alternative approach to maximize L(6, X)) is to use the available data of « to
estimate the values Z of the latent variables, and then search for the ML estimate 0
from the complete log likelihood L. (6, X, Z ). There are several reasons why this
often turns out to be a better idea. First, for some models p(x, z, #), marginalizing
z out can be difficult to do or that could destroy good structures in the models.
The alternative approach may better harness these structures. Second, directly
maximizing L(#, X) may turn out to be a very difficult optimization problem
(e.g., high-dimension, many local minima), the introduction of intermediate latent
variables z actually makes the optimization easier (as we will see later). Third, in
some applications, it is desired to obtain an estimate of the unobservables z from
the observables x. The alternative approach can simultaneously estimate both 6
and z. Be aware that regardless of the introduction of the latent variables z or not,
as far as the parameter 6 is concerned, the ultimate objective has always been to
maximize the objective function maxy L(0, X).

Using the following identities

Vz p(z,0) = Im and /p(z\a:,@) dz =1, (A.27)

we have
al al p(xi, z,0)
X) = Zlogp(wiﬁ) = Z/P(Zmi» )logﬁ dz
i=1 i=1 Zi,

N
= Z/ I:p(z‘wwe) logp($i7z?9) —p(2|$i,0) logp(z\:lzue)] dz. (A28)
i=1
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Although the last expression seems more complicated than the original log like-
lihood L(6, X), it reveals that the likelihood is a function of the a posterior
probability w;(2z) = p(z|x;,8). The a posterior distribution of z gives us the
best estimate of z given x; and 6. In turn, we can update the parameter 6 based
on the estimate of z. This leads to the well-known Expectation and Maximization
(EM) algorithm for optimizing the log likelihood L(6, X):

Step 1 (Expectation): For fixed % and every i = 1,2,..., N,

k1

w;

(z) = arg max [w;(z) log p(;, z,0%) — w;(z)log w;(z)].

k+1

1 ’

Step 2 (Maximization): For fixed w

N
E+1 _ k+1 4
0Tt = argmgxx;/wi (2)logp(x;, 2,0) d=.

The Maximization step does not involve the second term in (A.28) because it is
constant with w; fixed. The Expectation step is decomposed to every ¢ because
the a posterior w;(z) depends only on x;. It is important to know that each step
of the EM algorithm is in general a much simpler optimization problem than
directly maximizing the log likelihood L(6, X) as the sum 37 | log p(;, 6).
For many popular models (e.g., mixtures of Gaussians), one might even be able
to find closed-form formulae for both steps (see Chapter 3).

Notice that the EM algorithm is an iterative algorithm. Like gradient ascent, it
is essentially a hill-climbing algorithm that each iteration increases the value of
the log likelihood.

Proposition A.10. The Expectation Maximization process converges to one of the
stationary points (extrema) of the (log) likelihood function L(0, X).

Proof. We here give a sketch of the basic ideas of the proof. Notice that the a
posterior w; defined above depend on both z and the parameter 6. By substituting
w = {w;} into the incomplete log-likelihood, we can view L(#, X)) as

L(0,X) = g(w,0) (A.29)

for some function g(-). Instead of directly maximizing the L(6, X) with respect
to 6, the EM algorithm maximizes the functional g(w(#), ) in a “hill-climbing”
style by iterating between the following two steps:

E Step: partially maximizing g(w, 8) with respect to w with the second variable
0 fixed;

M Step: partially maximizing g(w, 8) with respect to the second variable 6 with
w fixed.

Notice that at each step the value of g(w, 8) does not decrease, so does L(0, X).
When both steps become stationary and no longer increase the value, the process
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reaches a (local) extremum 6* of the function L(#, X). To see this, examine the
equation’
dL(0, X) _ 9g(w,0) ow  Og(w,6)
do - Jw 00 o0

Since at 6%, each step is stationary, we have W = 0 and w = 0.

Therefore, % =0.
6*

. (A.30)

For a more thorough exposition and complete proof of the convergence of the
EM algorithm, one may refer to the book of [McLanchlan and Krishnan, 1997].
However, for the EM algorithm to converge to the maximum-likelihood estimate
(usually the global maximum) of L(6, X), a good initialization is crucial.

A.3 Estimation of Mixture Models

A.3.1 Maximum-Likelihood Estimates

The EM algorithm is often used for estimating a mixture model. By that, we mean
the data « is sampled from a distribution which is a superposition of multiple
distributions:

p(fl?, 9) = mTpP1 (:B, 9) + 7T2p2(w7 0) +- 4+ Wnpn(wv 0) (A.31)

Such a distribution can be easily interpreted as the marginal distribution of a
model with a latent random variable z that takes discrete values in {1,2,...,n}:

pa.0) = > p@ 20)=> p|z0)pz,0)

= p($|Z = 179)]9(2 = 179) + - —|—p(m|z = nae)p(z = nae)

with p(z = 4,0) = m; > 0,5 = 1,2,...,n. Obviously, one can use the EM
algorithm to estimate the mixture model, with the mixing weights 7; as part of
the unknown model parameters.

Once the model parameters are estimated from the EM algorithm, for a given
sample point x;, its “membership” ¢(i) € {1,2,...,n}, i.e., the component dis-
tribution from which x; is most likely drawn, can be determined by the Bayesian
rule from its a posterior probability:

. . pj(xi)
c(i) = arg mjaxp(z Jlxi) Py PN BRI P (A.32)

3Here the “derivative” with respect to w is formal as w is in general a function if z is a continuous
random variable. To make the proof here rigorous, one needs to resort to the calculus of variation. For
a more careful proof of the convergence of the EM algorithm, one should refer to [McLanchlan and
Krishnan, 1997].
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A.3.2 Minimax Estimates

Obviously, for the mixture model (A.31), we need to estimate both the distribution
parameters ¢ and the unknown mixing weights ;. This increases the dimension
of the optimization problem that needs to be solved. In practice, we often seek
for alternative estimates of the mixture model which do not depend on the mix-
ing weights. Such estimates may no longer be optimal with respect to the above
mixture model (A.31) but can be much easier to compute than the ML estimate.

If the mixing weights are not known or not of any interest, the membership of
a given sample x; can be directly determined by the component distribution that
returns the highest likelihood: ¢(i) = arg max; p;(x;) = argmin; — log p; (x;).

Therefore, the parameters of the distributions p; can be estimated by solving
the following optimization problem:

N
meln; (mjln—logp](wl,e)). (A.33)
One may interpret the above objective as the follows: For each sample, we find
the component distribution for which x; achieves the highest likelihood; once we
have decided to “assign” «; to the distribution p;(x, 6), it takes —log p;(x;,0)
bits to encode x;. Thus, the above objective function is equivalent to minimize
the sum of coding length given the membership of all the samples.
A straightforward way to solve the above optimization problem is to iterate
between the following two steps:

Step 1: For fixed 6% and every i = 1,2,..., N,
(i) = arg maxlog p;(x, ). (A.34)
J

Step 2: With all ¢*+1(4) known,

N
0"+ — arg meinz (= log per+1(iy (3, 0)). (A.35)

i=1

Notice that the two steps resemble the two steps of the EM algorithm introduced
earlier. The difference is that here each sample x; is assigned to only one of the
n groups while in the EM algorithm the hidden variable z; gives a probabilistic
assignment of x; to the n groups. In fact, the well-known K-means algorithm for
clustering (see Chapter 2) is essentially based upon the above iteration.

A.4 Model Selection Criteria

So far, we have studied how to solve the following problem: Given N independent
samples X = {z;}}¥, drawn from a distribution p(z, §), where p(x, §) belongs
to a family of distributions indexed by the parameter #, how to obtain the (approx-



110 Appendix A. Basic Facts from Mathematical Statistics

imate) optimal estimate 6* of the model parameter. In doing so, we have assumed
that the function p(a, 6) depends smoothly on the parameter 6.

In practice, however, we may not know exactly to which family of distribu-
tions the model belongs to. We might only know it belongs to several possible
families, p(x, 8(m)), where m is a (discrete) index for the model families. For
instance, in the context of GPCA, we try to fit multiple subspaces to a given set
of data. However, the number of subspaces and their exact dimensions are some-
times not known or given a priori. Thus, determining the number of subspaces
and their dimensions is now part of the model estimation problem. Notice that the
number of subspaces and their dimensions are discrete variables as opposed to the
continuous parameters (e.g., the subspace bases) needed to specify each subspace.

The problem of determining both the model type m and its parameter 6(m) is
conventionally referred to as a model selection problem (as opposed to parame-
ter estimation). Many important model-selection criteria have been developed in
the statistics community and the algorithmic complexity community for general
classes of models. These criteria include

o Akaike Information Criterion (AIC) [Akaike, 1977] (also known as the C),
statistics [Mallows, 1973]) and Geometric AIC (G-AIC) [Kanatani, 2003],

e Bayesian Information Criterion (BIC) (also known as the Schwartz
criterion),

e Minimum Description Length (MDL) [Rissanen, 1978] and Minimum
Message Length (MML) [Wallace and Boulton, 1968].

Although these criteria are originally motivated and derived from different view-
points (or in different contexts), they all share a common characteristic: The
optimal model should be the one that strikes a good balance between the model
complexity (typically depends on the dimension of the parameter space) and the
data fidelity to the chosen model (typically measured as the sum of squared er-
rors). In fact, some of the criteria are essentially equivalent to each other despite
their different origins: To a large extent, the BIC is equivalent to MDL; and the
AIC is equivalent to the C), statistics. Even so, it is impossible to give a detailed
review here of all the model selection criteria.

In what follows, we give a brief review of the AIC and the BIC to illustrate the
key ideas behind model selection. In Chapter 5, we will further discuss how to
modify the AIC in the context of GPCA.

AA4.1 Akaike Information Criterion

Given N independent sample points X = {;}, drawn from a distribution
p(z, 0p), recall that the maximum-likelihood estimate 0 of the parameter 6 is the
one that maximizes the log-likelihood function L(6, X) = Zszl log p(x;, 0).
The Akaike information criterion (AIC) for model selection is motivated from
an information-theoretic viewpoint. In this approach, the quality of the obtained
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model is measured by the average code length used by the optimal coding scheme
of p(a, O) for a random variable with actual distribution p(x, 6y), i.e.,

E[—logp(z, Oy)] = / (—logp(x, éN))p(ac, 0o) dx. (A.36)

The AIC relies on an approximation to the above expected log-likelihood loss that
holds asymptotically as N — oo:

2E[— log p(x, Oy)] ~ —%L(éN, X) + 2% = AIC, (A37)

where d is the number of free parameters for the class of models of interest.
For Gaussian noise models with variance o2, we have

N
~ 1 .
LAy, X) = ~53 Z | — a2,
i=1

where &; is the best estimate of x; given the model p(x, 91\7)- Thus, if o2 is
known (or approximated by the empirical sample variance), minimizing the AIC
is equivalent to minimizing the so-called C), statistic:

1 & ool s
C’p:NZHxi—xiH +25:0% (A.38)
=1

where the first term is obviously the mean squared error (a measure of data fi-
delity) and the second term depends linearly on the dimension of the parameter
space (a measure of the complexity of the model).

Now consider multiple classes of models whose parameter spaces are of differ-
ent dimensions. Let us denote the dimension of model class m as d(m). Then the
AIC selects the model class m* that minimizes the following objective function:

N
AIC _1 R 2M2 A.39
(m)—NZHmZ &il|? + 270 (A.39)
=1

A.4.2  Bayesian Information Criterion

The Bayesian information criterion (BIC) for model selection is motivated from
a Bayesian inference viewpoint. In this approach, we assume a prior distribution
of the model p(6|m) and wish to choose the model class m* that maximizes the
posterior probability p(m|X ). Using Bayes rule, this is equivalent to maximizing

p(m|X) o p(m) - p(X|m) = p(m) - / p(X|0,m)p(0lm) db.  (A.40)

If we assume that each model class is equally probable, this further reduces
to maximizing the likelihood p(X|m) among all the model classes. This is
equivalent to minimizing the negative log-likelihood —2log p(X|m). With cer-
tain approximations, one can show that for general distributions the following
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relationship holds asymptotically as N — oc:

BIC(m) = —2log p(X |m) = —2L(X,0x) + (log N)d(m) (A41)
Nl & d
= ;{NZH% —&l* + (10gN)$o2]. (A.42)
i=1

As before, éN is the maximum-likelihood estimate of 6 given m, d(m) is the
number of parameters for class m and o2 is the variance of a Gaussian noise
model.

Notice that when NV and ¢ are known, the BIC is very similar to the AIC except
that the factor 2 in front of the second term in the AIC is replaced by log NV in
the BIC. Because we normally have N >> €2, the BIC penalizes complex models
much more than the AIC does. Thus, the BIC tends to choose simpler models.
In general, no model selection criterion is always better than others under all
circumstances and the best criterion depends on the purpose of the model. From
our experience, the AIC tends to provide more satisfactory results for estimation
of subspaces. That makes it more favorable in the context of GPCA.

A.5 Robust Statistical Methods

For all the model estimation and selection techniques discussed above, we have
always assumed that the given data samples {z;}Y ; are independent samples
drawn from the same distribution p(x, f)y). By an appeal to the law of large num-
bers (or the central limit theorems), the asymptotic optimality of the estimate
normally does not depends the particular set of samples given.*

However, in many practical situations, the validity of the given data as inde-
pendent samples of the model becomes questionable. Sometimes, the given data
can be corrupted by or mixed with samples of different (probabilistic) nature; or
it can simply be the case that the given data are not a typical set of i.i.d. samples
from the distribution in question.

For the purpose of model estimation, these seemingly different interpretations
are actually equivalent: We need to somehow infer the correct model while accom-
modating an atypical set of samples of the distribution (or the model). Obviously,
this is an impossible task unless we impose some restrictions on how “atypical”
the samples are. It is customary to assume that only a portion of the samples are
somehow different from or inconsistent with the rest of the data. Those samples
are often referred to as “outliers” and they may have significant effect on the
model inferred from the data.

4The fact that almost all sets of i.i.d sample are “typical” or “representative” of the given
distribution has been at the heart of the development of Shannon’s information theory.
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Unfortunately, despite centuries of interest and study’, there is no univer-
sally agreed definition of what an outlier is, especially for multivariate data.
Roughly speaking, most definitions (or tests) for an outlier are based on one of
the following guidelines:

1. The outliers are a set of samples that have relatively large influence on
the estimated model parameters. A measure of influence is normally the
difference between the model estimated with or without the sample in
question.

2. The outliers are a set of small-probability samples with respect to the dis-
tribution in question. The given data set is therefore an atypical set if such
small-probability samples constitute a significant portion of the data.

3. The outliers are a set of samples that are not consistent with (the model
inferred from) the remainder of the data. A measure of inconsistency is
normally the error residual of the sample in question with respect to the
model.

Nevertheless, as we will soon see, for popular distributions such as Gaussian,
they all lead to more or less equivalent ways of detecting or accommodating out-
liers. However, under different conditions, different approaches that follow each
of the above guidelines may give rise to solutions that can be more convenient
and efficient than others.

A.5.1 Influence-Based Outlier Detection

When we try to estimate the parameter of the distribution p(x, ) from a set of
samples {x;}¥ |, every sample x; might have uneven effect on the estimated
parameter On. The samples that have relatively large effect are called influential
samples and they can be regarded as outliers.

To measure the influence of a particular sample x;, we may compare the dif-
ference between the parameter 6y estimated from all the N samples and the
parameter éﬁ@ estimated from all but the ith sample. Without loss of generality,
we here consider the maximum-likelihood estimate of the model:

N
On = arg max ; log p(x;, 0), (A.43)
5(1) _ ,
0N = arg max g log p(x;, 0), (A.44)
VE]

SEarliest documented discussions among astronomers about outliers or “erroneous observations”
date back to mid 18th century. See [Barnett and Lewis, 1983, Huber, 1981, Bickel, 1976] for a more
thorough exposition of the studies of outliers in statistics.
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and measure the influence of x; on the estimation of 6 by the difference
I(as;0) = Oy — 6. (A.45)

Assume that p(x, 6) is analytical in 6. Then we have

. N 1 Op(x;,0)
1) = J; p(z:i,0) 00 ’e):éN =0 (A.46)
(i) - _
HORESY ol od ’92953 =0. (A.47)

i

If we now evaluate the function f(6) at 0 = ég\z,) using the Taylor series of f(6)
0=10 N we obtain:

FOR) = F(On) + f(03)(0F) — On) + o(|lon —03))- (A.48)

Since we have f(fy) = 0 and f(i)(é%)) = 0, the difference in the estimate
caused by the 7th sample is

(A.49)

5(3)
) A A 1 1 3p(13179N)
On —On ~ (f'(0n)) [p(a:i,é%)) 90 }

Notice that in the expression on the right hand side, the factor (f’ (éN))T is
common for all samples.

Proposition A.11 (Approximate Sample Influence). The difference between the
ML estimate O from N samples and the ML estimate 9( ) ywithout the ith sample
x; depends approximately linearly on the quantity:

1 op(xi,07)

d(z;;0) = (A.50)

In the special case when p(z, 0) is the Gaussian distribution N (p1, 02) with o2
known, the above equation gives the influence of the ith sample on the estimate
of u:

A — iy~ (@ — ), (AS1)
where « is some constant depending on ¢. That is, the sample influence is very
much proportional to the distance between the sample and the mean estimated
without the sample; or equivalently, the smaller the probability of a sample is
with respect to the estimated (Gaussian) distribution, the larger is its influence on
the estimated mean. Therefore, the three guidelines for defining outliers become
very much equivalent for a Gaussian distribution.

In general, to evaluate the influence of all the samples, one needs to compute
the estimate of the model for NV + 1 times. That is reasonable to do only if each
estimate is not so costly to compute. In light of this drawback, some first order
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approximations of the influence values were developed at roughly the same pe-
riod as the sample influence function was proposed [Campbell, 1978, Critchley,
1985], when the computational resources were scarcer than they are today. In ro-
bust statistics, formulae that approximate an influence function are referred to as
theoretical influence functions. One such formula for the influence function of
PCA can be found in [Jolliffe, 2002].

A.5.2 Probability-Based Outlier Detection

In general, we assume that the data are drawn from a zero-mean® multivariate
Gaussian distribution NV (0, 3 ). Ideally, the principal d-dimensional subspace is
spanned by the first d eigenvectors of the covariance matrix X,. Thus, in order to
improve the robustness of PCA in the presence of outliers, we essentially seek for
a robust estimate of Y.

If thereAwere no outliers, the maximum likelihood estimate of >, would be
givenby Sy = £ SN @2 € RP*P. Therefore, we could approximate the
probability that a sample x; comes from this Gaussian model by

1
(2m)P/2 det(S )
If we adopt the guideline that outliers are samples that have a small probability

with respect to the estimated model, then the outliers are exactly those samples
that have a relatively large residual:

~ 1 v
p(xi; Xn) = 73 OXP (- -z Sy'x). (A.52)

2

gi=x Sytw;, i=1,2,...,N, (A.53)

also known as the Mahalanobis distance.” In terms of the principal components
y="U J x, the Mahalanobis distance can also be written as

d
_ y
gi=y Sy, = (A.54)
j=1

)
g~z

um‘gm

where ¥4 € R%*? is a diagonal matrix whose jth diagonal entry, O'JQ», is the jth
eigenvalue of f]m or equivalently o is the jth singular value of ﬁX .
In principle, we could use p(x;, S N) or g; to determine if x; is an outlier.

However, the above estimate of the covariance matrix 3, is obtained using all the
samples, including the outliers themselves. Therefore, if ¥ is very different from

OWe here are only interested in how to robustly estimate the covariance, or “scale,” of the distribu-
tion. In case the mean, or “location,” of the distribution is not known, a separate robust procedure can
be employed to determine the mean before the covariance, see [Barnett and Lewis, 1983].

7 In fact, it can be shown that [Ferguson, 19611, if the outliers have a Gaussian distribution of a dif-
ferent covariance matrix a3, then €; is a sufficient statistic for the test that maximizes the probability
of correct decision about the outlier (in the class of tests that are invariant under linear transforma-
tions). Interested reader may want to find out how this distance is equivalent (or related) to the sample

influence f]g\l,) - f)N or the approximate sample influence given in (A.50).
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Y.z, the outliers could be incorrectly detected. In order to improve the estimate
of X4, one can recompute X by discarding or down-weighting samples that
have low probability or large Mahalanobis distance. Let w; € [0,1] be a weight
assigned to the ¢th point such that w; ~ 1 if x; is an inlier and w; ~ 0 if x; is an
outlier. Then a new estimate of >, can be obtained as:

2 T 2 T 2 T
WI{T1L] + W3T2xy + -+ + WHENT

i =
N wi+ws 4 +wh—1

(A.55)

Maximum Likelihood Type Estimators (M-Estimators).

If w(e) = ¢, the above expression gives the original estimate (??) of the covari-
ance matrix. Or, if we want to simply discard all samples with a Mahalanobis
distance larger than certain threshold £y > 0, we can choose the following weight
function:

| &, fore < ey,

w(e) = { 0, fore > &o. (A.56)
Nevertheless, under the assumption that the distribution is elliptically symmetric
and is contaminated by an associated normal distribution, the following weight
function gives a more robust estimate of the covariance matrix [Hampel, 1974,
Campbell, 1980]:

. g, for e < gq,
w(e) = { €0 exp[fi(e —¢g0)?] fore > g, (A.57)

with eg = /p + b for some suitable choice of positive values for a and b and p
denotes the dimension of the space.

Notice that calculating the robust estimate Sy in term of (A.55) is not easy
because the weights w; also depend on the resulting S n. There is no surprise that
many known algorithms are based on Monte Carlo [Maronna, 1976, Campbell,
1980].

Many other weight functions have also been proposed in the statistics lit-
erature. They serve as the basis for a class of robust estimators, known as
M-estimators (maximum-likelihood type estimators) [Huber, 1981, Barnett and
Lewis, 1983]. Nevertheless, most M-estimators differ only in how the samples
are down-weighted but no one seems to dominate others in terms of performance
in all circumstances.

Multivariate Trimming (MVT).

One drawback of the M-estimators is that its “breakdown point” is inversely pro-
portional to the dimension of the space. The breakdown point is an important
measure of robustness of any estimator: Roughly speaking, it is the smallest
proportion of contamination that the estimator can tolerate (or does not di-
verge). Thus, the M-estimators become much less robust when the dimension
is high. This makes M-estimators of limited use in the context of GPCA since the
dimension of the space is typically very high (> 70).
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One way to resolve this problem is to modify the M-estimators by simply trim-
ming out a percentage of the samples with relatively large Mahalanobis distance
and then use the remaining samples to re-estimate the covariance matrix. Then
each time we have a new estimate of the covariance matrix, we can recalculate
the Mahalanobis distance of every sample and reselect samples that need to be
trimmed. We can repeat the above process until a stable estimate of the covari-
ance matrix is obtained. This iterative scheme is known as multivariate trimming
(MVT) — another popular robust estimator. By construction, the breakdown point
of MVT does not depend on the dimension of the problem and only depends on
the chosen trimming percentage.

When the percentage of outliers is somehow known, it is relatively easy to
determine how many samples need to be trimmed. It usually takes only a few
iterations for the iteration to converge. However, if the percentage is wrongfully
specified, the MVT is known to have trouble to converge or it may converge to
a wrong estimate of the covariance matrix. In Chapter ??, we will discuss in the
context of GPCA, how MVT can be modified when the percentage is not known.

A.5.3 Random Sampling-Based Outlier Detection

When the outliers constitute of a large portion (up to 50% or even more than 50%)
of the data set, the (ML) estimate 0 n obtained from all the samples can be so
severely corrupted that the sample influence and the Mahalanobis distance com-
puted based on it become useless in discriminating outliers from valid samples.®
This motivates estimating the model parameter 6 using only a (randomly sam-
pled) small subset of the samples to begin with. Least median of squares (LMS)
and random sample consensus (RANSAC) are two such methods and we now
give a brief discussion below.

Least Median Estimation

If we know that only less than half of the samples are potential outliers, it is then
reasonable to use only half of the samples to estimate the model parameter. But
which half of the samples? We know the maximum-likelihood estimate minimizes
the sum of negative log-likelihoods:

N
On = arg min Z —log p(x;, 6). (A.58)

i=1

As outliers are the ones of small probability hence large negative log-likelihood,
we can order the values of the negative log-likelihood and eliminate from the

8Thus, the iterative process is likely to converge to a local minimum other than the true model
parameter. Sometimes, it can even be the case that the role of inliers and outliers are exchanged with
respect to the converged estimate.
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above objective half of the samples that have relatively larger values:
Onj2 = arg memzj: —logp(x;,6), where

—logp(x;,0) < mediang,cx — logp(x;,H). (A.59)

A popular approximation to the above objective is to simply minimize the median
value of the negative log-likelihood:

Opr = arg mgin mediang,c x — log p(x;, 0). (A.60)

We call éM the least median estimate. In the case of Gaussian noise model,
— log p(x;, 0) is proportional to the squared error:

—logp(x;, 0) o ||@; — &>

For this reason, the estimate éM is more often known as the least median of
squares (LMS) estimate’.

However, without knowing 6, it is impossible to order the log-likelihoods or
the squared errors, let alone to compute the median. A typical method to resolve
this difficulty is to randomly sample a number of small subsets of the data:

X1, X9,...,.Xm C X, (A.61)

where each subset X ; is independently drawn and contains £ < N samples.
So, if p is the fraction of valid samples (the “inliers”), then with probability ¢ =
1 — (1 — p*)™, one of the above subsets will contain only valid samples. In other
words, if we want to be of probability ¢ that one of the selected subsets contains
only valid samples, we need to randomly sample at least

o log(1—q)

= w (A.62)

subsets of k samples.
Using each subset X ;, we can compute an estimate ; of the model and use
the estimate to compute the median for the remaining N — k samples in X \ X ;:

Mj = mediang, c x\ x, — log p(zi, 0;). (A.63)

Then the least median estimate 0, is approximated by the éj* that gives the
smallest median M- = min; M;.

In the case of Gaussian noise model, based on the order statistics of squared
errors, we can use the median statistic to obtain an (asymptotically unbiased)
estimate of the variance, or scale, of the error as follows:

. N+5 ; =
0= N¢_1(0.5 +p/2) \/medlanmieXHmi —x4|?, (A.64)

9The importance of median for robust estimation were pointed out first in the article of [Hampel,
1974].
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where p = 0.5 for the median statistic. One then can use ¢ to find “good” samples
in X whose squared errors are less than A\o? for some chosen constant \ (nor-
mally less than 5). Using such good samples, we can recompute a more efficient
(ML) estimate 6 of the model.

Random Sample Consensus (RANSAC)

In theory, the breakdown point of the least median estimate is up to 50% outliers.
In many practical situations however, there might be more than half outlying sam-
ples in the data. Random Sample Consensus (RANSAC) [Fischler and Bolles,
1981] is a method that is designed to work for such highly contaminated data.

In many aspects, RANSAC is actually very much similar to LMS. The main
difference is that instead of looking at the median statistic,'” RANSAC try to
find, among all the estimates {,} obtained from the subsets { X ;}, the one that
maximizes the number of samples that have error residual (measured either by
the negative log-likelihood or the squared error) smaller than a pre-specified error
tolerance:

éj* =argmax #{x, € X : flog(a:i,éj) <7} (A.65)

J

In other words, éj* achieves the highest “consensus” among all the sample esti-
mates {éj }, hence the name “random sample consensus” (RANSAC). To improve
the efficiency of the estimate, we can recompute an ML estimate 6 of the model
from all the samples that are consistent with éj*.

Notice that for RANSAC, one needs to specify the error tolerance 7 a priori.
In other words, RANSAC requires to know the variance o2 of the error a priori,
while LMS normally does not. There have been a few variations of RANSAC in
the literature that relax this requirement. We here do not elaborate on them and
interested readers may refer to [Steward, 1999] and references therein.

However, in the context of GPCA, the random sampling techniques have not
been so effective. The reason is largely because the number of subsets needed
grows prohibitively high when the dimension of the model is large or the model
is a mixture model such as an arrangement of subspaces. Other complications
may also arise when dealing with a mixture model. We will give a more detailed
account of these complications in Chapter 5.

10which becomes meaningless when the fraction of outliers is over 50%.



Appendix B

Basic Facts from Algebraic Geometry

“Algebra is but written geometry; geometry is but drawn algebra.”
— Sophie Germain

As a centuries-old practice in science and engineering, people often fit poly-
nomials to a given set of data points. In this book, we often use the set of zeros
of (multivariate) polynomials to model a given data set. In mathematics, poly-
nomials and their zero sets are studied in Algebraic Geometry, with Hilbert’s
Nullstellensatz establishing the basic link between Algebra (polynomials) and
Geometry (the zero set of polynomials, a geometric object). In order to make
this book self-contained, in this appendix, we review some of the basic notions
and facts that are frequently used in this book. For a more systematic introduction
to this topic, the reader may refer to the classic texts of Lang [Lang, 1993] and
Eisenbud [Eisenbud, 1996].

B.1 Polynomial Ring

Consider a D-dimensional vector space over a field R (of characteristic 0), de-
noted by R”, where R is usually the field of real numbers R or the field of
complex numbers C.

Let R[x] = [z1,Z2,...,2p] be the set of all polynomials of D variables
Z1,Z9,...,xp. Then R[x] is a commutative ring with two basic operations:
“summation” and “multiplication” of polynomials. The elements of R are called
scalars or constants. A monomial is a product of the variables; its degree is the

This is page 120
Printer: Opaque this
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number of the variables (counting repeats). A monomial of degree n is of the form

x™ =t xy? -2 with0 < n; <nandny +ny + --- + np = n. There are
a total of

My(D) = (Pt = (P577)
different degree-n monomials.

Definition B.1 (Veronese Map). For given n and D, the Veronese map of degree
n, denoted as vy, : RP — RM»(D) s defined as:

. T n T

Un: [21,...,2p]" — [...,2™, .. ], (B.1)

where x™ are degree-n monomials of the form x]'xz3?---x7P with n =
(n1,ne,...,np) chosen in the degree-lexicographic order.

Example B.2 (The Veronese Map of Degree 2 in 3 Variables). If x = [z1, 22, ZB3]T IS
R3, the Veronese map of degree 2 is given by:

va(x) = [a}, 2122, 2123, 23, 2223, 23] € R°.
|

In the context of Kernel methods (Chapter 2), the Veronese map is usually
referred to as the polynomial embedding and the ambient space RM~(P) is called
the feature space.

A term is a scalar multiplying a monomial. A polynomial p(x) is said to be
homogeneous if all its terms have the same degree. Sometimes, the word form is
used to mean a homogeneous polynomial. Every homogeneous polynomial p(x)
of degree n can be written as:

p(x) = clvn(®) = cnymprit 2P, (B.2)

where ¢y, ... n, € R are the coefficients associated with the monomials ™ =
it aP.

In this book, we are primarily interested in the algebra of homogeneous
polynomials with D variables.! Because of that, we view R” as a projective
space — the set of one-dimensional subspaces (meaning lines through the ori-
gin). Any one-dimensional subspace, say a line L, can be represented by a point
[a1,az,...,ap]T #[0,0,...,0]T on the line. The result is a projective (D —1)-
space over R which can be regarded as the D-tuples [a1, az, . ..,ap]T of elements
of R, modulo the equivalence relation [ay, as, . ..,ap]’ ~ [bai,bas, ..., bap]T
forall b # 0in R.

If p(z1, 22, ...,2p) is a homogeneous polynomial of degree n, then for b € R
we have

p(ba17ba27"'7baD) :bnp(alaa2a"'7aD)' (B3)

IFor algebra of polynomials defined on R” as an affine space, the reader may refer to [Lang,
1993].
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Therefore, whether p(a1, az,...,ap) = 0 or not on a line L does not depend on
the representative point chosen on the line L.
We may view R[x] as a graded ring which can be decomposed as

Rz]=@Ri=RieRi & &R, & -, (B.4)

=0

where R; consists of all polynomials of degree i. In particular, Ry = R is the
set of nonzero scalars (or constants). It is convention (and convenient) to define
the degree of the zero element, 0, in R to be infinite or —1. R; is the set of all
homogeneous polynomials of degree one, i.e., the set of 1-forms,

Ry = {b1$1 +bywy+ - +bprp: [by,ba,...,bp]" € RD}' (B.5)

Obviously, the dimension of R; as a vector space is also D. R; can also be viewed
as the dual space (R”)* of RP. For convenience, we also define the following
two sets

Rgm = @Ri:RO@Rl@"'@Rnu
=0

Rom = EPR=Rp®Rpi1®--,
i=m

which are the set of polynomials of degree up to degree m and those of degree
higher and equal to m, respectively.

B.2 Ideals and Algebraic Sets

Definition B.3 (Ideal). An ideal in the (commutative) polynomial ring R[x] is an
additive subgroup I (with respect to the summation of polynomials) such that if
p(x) € I and q(x) € R[x], then p(x)q(x) € I.

From the definition, it is easy to verify that if I, J are two ideals of R[z], their
intersection K = I N J is also an ideal. The previously defined set R>,, is an
ideal for every m. In particular, R>1 is the so-called irrelevant ideal, sometimes
denoted by R .

An ideal is said to be generated by a subset G C I if every element p(x) € T
can be written in the form

k
(@) = a(@)gi(@), with ¢,(2) € Rlz] and g,(@) €G. (B
i=1

We write (G) for the ideal generated by a subset G C R]x]|; if G contains only
a finite number of elements {gy, ..., gx}, we usually write (g1,...,gx) in place
of (G). An ideal I is principal if it can be generated by one element (i.e., I =
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p(x) R[x] for some polynomial p(x)). Given two ideals I and J, the ideal that is
generated by the product of elements in [ and J

{f(@)g(x), f(z) €1, g(x) € J}

is called the product ideal, denoted as 1.J.

Anideal I of the polynomial ring R[x] is prime if I # R[x] andif p(x), ¢(x) €
R|x] and p(x)q(x) € I implies that p(x) € I or g(x) € I.If I is prime, then for
any ideals J, K with JK C I wehave J C T or K C I.

A polynomial p(x) is said to be prime or irreducible if p(x) generates a prime
ideal. Equivalently, if p(x) is irreducible if p(x) is not a nonzero scalar and
whenever p(x) = f(x)g(x), then one of f(x) and g(x) is a nonzero scalar.

Definition B.4 (Homogeneous Ideal). A homogeneous ideal of R[x] is an ideal
that is generated by homogeneous polynomials.

Note that the sum of two homogeneous polynomials of different degrees
is no longer a homogeneous polynomial. Thus, a homogeneous ideal contains
nonhomogeneous polynomials too.

Definition B.5 (Algebraic Set). Given a set of homogeneous polynomials J C
R[x], we may define a corresponding (projective) algebraic set Z(J) as a subset
of RP to be

Z(J) = {[a1,az,...,ap]T € RP|f(a1,az,...,ap) =0,Yf € J}. (B.7)

If we view algebraic sets as the closed sets of R, this assigns a topology to
the space R”, which is called the Zariski topology.”

If X = Z(J) is an algebraic set, an algebraic subset Y C X is a set of the form
Y = Z(K) (where K is a set of homogeneous polynomials) that happens to be
contained in X. A nonempty algebraic set is said to be irreducible if it is not the
union of two nonempty smaller algebraic subsets. We call irreducible algebraic
sets as algebraic varieties. For instance, any subspace of R is an irreducible
algebraic variety.

There is an inverse construction of algebraic sets. Given any subset X C R,
we define the vanishing ideal of X to be the set of all polynomials that vanish on
X:

I(X) = {f(x) € R[z]|f(a1,az,...,a,) = 0,Y[a1,a,...,a,]T € X}. (B.8)

One can easily verify that 7(X) is an ideal. Treating two polynomials as equiva-
lent if they agree at all the points of X, we get the coordinate ring A(X) of X as
the quotient R[z]/I(X).

Now, consider a set of homogeneous polynomials J C R[x] (which is not
necessarily an ideal) and a subset X C R (which is not necessarily an algebraic
set.)

2This is because the intersection of any algebraic sets is an algebraic set; and the union of finitely
many algebraic sets is also an algebraic set.
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Proposition B.6. The following facts are true:
1. I(Z(J)) is an ideal that contains J;
2. Z(I(X)) is an algebraic set that contains X.

Proposition B.7. If X is an algebraic set and I(X) is the ideal of X, then X is
irreducible if and only if I is a prime ideal.

Proof. If X isirreducible and f(x)g(x) € I, since Z({I, f(x)})UZ({I,g(x)}) =
X, then either X = Z({I, f(x)}) or X = Z({I, g(x)}). That is, either f(x) or
g(x) vanishes on X and is in I. Conversely, suppose X = X; U Xs. If both X3
and X are algebraic sets strictly smaller than X, then there exist polynomials
fi(x) and fa(x) that vanish on X; and X5 respectively, but not on X. Since the
product fi(x)f2(x) vanishes on X, we have fi(x)f2(x) € I but neither f;(x)
or fao(x)isin I. So I is not prime. O

B.3 Algebra and Geometry: Hilbert’s Nullstellensatz

In practice, we often use an algebraic set to model a given set of data points
and the (ideal of) polynomials that vanish on the set provide a natural parametric
model for the data. One question that is of particular importance in this context is:
Is there an one-to-one correspondence between ideals and algebraic sets? This is
in general not true as the ideals I = (f?(x)) and J = (f(x)) both vanish on the
same algebraic set as the zero-set of the polynomial f(x). Fortunately, this turns
out to be essentially the only case that prevents the one-to-one correspondence
between ideals and algebraic sets.

Definition B.8 (Radical Ideal). Given a (homogeneous) ideal I of R[x], the
(homogeneous) radical ideal of I is defined to be

rad(I) = {f(x) € R[x]|f(x)™ € I for some integer m}. (B.9)

We leave it to the reader to verify that rad([) is indeed an ideal and furthermore,
if I is homogeneous, so is rad(I).

Hilbert proved in 1893 the following important theorem that establishes one of
the fundamental results in algebraic geometry:

Theorem B.9 (Nullstellensatz). Let R be an algebraically closed field (e.g., R =
C). If I C R[x] is an (homogeneous) ideal, then

1(Z(1)) = rad(I). (B.10)

Thus, the correspondences I — Z(I) and X — I(X) induce a one-to-one
correspondence between the collection of (projective) algebraic sets of RP and
(homogeneous) radical ideals of R[x].
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One may find up to five different proofs for this theorem in [Eisenbud, 1996].°
The importance of the Nullstellensatz cannot be exaggerated. It is a natural ex-
tension of Gauss’ fundamental theorem of algebra® to multivariate polynomials.
One of the remarkable consequences of the Nullstellensatz is that it identifies a
geometric object (algebraic sets) with an algebraic object (radical ideals).

In our context, we often assume our data points are drawn from an algebraic
set and use the set of vanishing polynomials as a parametric model for the data.
Hilbert’s Nullstellensatz guarantees such a model for the data is well-defined and
unique. To some extent, when we fit vanishing polynomials to the data, we are
essentially inferring the underlying algebraic set. In the next section, we will dis-
cuss how to extend Hilbert’s Nullstellensatz to the practical situation in which we
only have finitely many sample points from an algebraic set.

B.4 Algebraic Sampling Theory

We often face a common mathematical problem: How to identify a (projective)
algebraic set Z C RP from a finite, though maybe very large, number of sample
points in Z? In general, the algebraic set Z is not necessarily irreducible’ and the
ideal I(Z) is not necessarily prime.

From an algebraic viewpoint, it is impossible to recover a continuous algebraic
set Z from a finite number of discrete sample points. To see this, note that the set
of all polynomials that vanish on one (projective) point z is a submaximal ideal®
m in the (homogeneous) polynomial ring R[z]. The set of polynomials that vanish
on a set of sample points {21, 22, ...,2;} C Z is the intersection

G=mpNmgN---Nmy, (B.11)

which is a radical ideal that is typically much larger than I(Z).

Thus, some additional assumptions must be imposed on the algebraic set in
order to make the problem of inferring I(Z) from the samples well-defined. Typi-
cally, we assume that the ideal I(Z) of the algebraic set Z in question is generated
by a set of (homogeneous) polynomials whose degrees are bounded by a relatively
small n. That is,

I(Z) = (fi,fay---0 [s) st deg(f;) <n,
Z(I) = {z€RP|fi(z)=0,i=1.2,..., s}

3Strictly speaking, for homogeneous ideals, for the one-to-one correspondence to be exact, one
should only consider proper radical ideals.

4Every degree-n polynomial in one variable has exactly n roots in an algebraically closed field
such as C (counting repeats).

SFor instance, it is often the case that Z is the union of many subspaces or algebraic surfaces.

The ideal of a point in the affine space is a maximal ideal; and the ideal of a point in the projective
space is called a submaximal ideal. They both are “maximal” in the sense that they cannot be a subideal
of any other homogeneous ideal of the polynomial ring.
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We are interested in retrieving I(Z) uniquely from a set of sample points
{z1,22,...,2;} C Z.In general, I(Z) is always a proper subideal of a;, regard-
less of how large 4 is. However, the information about I(Z) can still be retrieved
from a; in the following sense.

Theorem B.10 (Sampling of an Algebraic Set). Consider a nonempty set Z C
RP whose vanishing ideal 1(Z) is generated by polynomials in R<y,. Then there
is a finite sequence Fry = {z1,...,zN} such that the subspace I(Fn) N R<y,
generates 1(Z).

Proof. Let I<,, = I(Z) N R<,. This vector space generates I(Z). Let ag =
R[x] = I(0). Let by = ap N R<,, and let Ay = (bp), the ideal generated by
polynomials in agy of degree less than or equal to n. Since 1 € R[x] N R<,, is
the generator of this ideal, we have Ay = R[x]. Since Z # 0, then Ay # I1(Z).
Set N = 1 and pick a point z; € Z. Then 1(z1) # 0 (1 is the function that
assigns 1 to every point of Z.). Let a; be the ideal that vanishes on {z;} and
define by = a3 N R<,,. Further let A; = (by).” Since I(Z) C ay, it follows that
I<, Cby. If Ay = I(Z), then we are done. Suppose then that I(Z) C A;.

Let us do the induction at this point. Suppose we have found a finite sequence
Fn={z1,29,...,25} C Z with

I(Fy) = ay (B.12)
by = anNR<, (B.13)

Ay = (bw) (B.14)

b Dby D -+ Dby DIy, (B.15)

It follows that I<,, C by and that I(Z) C Ap. If equality holds here, then we
are done. If not, then there is a function ¢ € by not in I(Z) and an element
ZN+1 € Z for which g(ZN+1) # 0. Set Fnil = {Zl, A ,ZN,,ZN+1}. Then
one gets an1, by41, An41 as before with

bonlD--'DbNDbN_HQISn. (B.16)

We obtain a descending chain of subspaces of the vector space IR<,,. This chain
must stabilize, since the vector space is finite dimensional. Hence there is an N
for which by = I<,, and we are done. O

We point out that in the above proof, no clear bound on the total number N of
points needed is given.® Nevertheless, from the proof of the theorem, the set of
finite sequences of samples that satisfy the theorem is an open set. This is of great

"Here we are using the convention that (.S) is the ideal generated by the set S. Recall also that
the ring R[x] is noetherian by the Hilbert basis theorem and so all ideals in the ring are finitely
generated [Lang, 1993].

8However, loose bounds can be easily obtained from the dimension of R<,, as a vector space. In
fact, in the algorithm, we implicitly used the dimension of R<,, as a bound for V.
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practical importance: With probability one, the vanishing ideal of an algebraic set
can be correctly determined from a randomly chosen sequence of samples.

Example B.11 (A Hyperplane in R®). Consider a plane P = {z € R® : f(z) = az1 +
bzs + czz = 0}. Given any two points in general position in the plane P, f(x) = az1 +
bxo + cx3 will be the only (homogeneous) polynomial of degree 1 that fits the two points.
In terms of the notation introduced earlier, we have I(P) = (ag n Rgl). [ ]

Example B.12 (Zero Polynomial). When Z = R, the only polynomial that vanishes on
Z is the zero polynomial, i.e., I(Z) = (0). Since the zero polynomial is regarded to be of
degree —1, we have (ay N R<,) = 0 for any given n (and large enough N). ]

The above theorem can be viewed as a first step towards an algebraic analogy
to the well-known Nyquist-Shannon sampling theory in signal processing, which
stipulates that a continuous signal with a limited frequency bandwidth €2 can be
uniquely determined from a sequence of discrete samples with a sampling rate
higher than 2). Here a signal is replaced by an algebraic set and the frequency
bandwidth is replaced by the bound on the degree of polynomials. It has been
widely practiced in engineering that a curve or surface described by polynomial
equations can be recovered from a sufficient number of sample points in general
configuration, a procedure often loosely referred to as “polynomial fitting.” How-
ever, the algebraic basis for this is often not clarified and the conditions for the
uniqueness of the solution are usually not well characterized or specified. This
problem certainly merits further investigation.

B.5 Decomposition of Ideals and Algebraic Sets

Modeling a data set as an algebraic set does not stop at obtaining its vanishing
ideal (and polynomials). The ultimate goal is to extract all the internal geometric
or algebraic structures of the algebraic set. For instance, if an algebraic set consists
of multiple subspaces, called a subspace arrangement, we need to know how to
derive from its vanishing ideal the number of subspaces, their dimensions, and a
basis of each subspace.

Thus, given an algebraic set X or equivalently its vanishing ideal I(X), we
want to decompose or segment it into a union of subsets each of which can no
longer be further decomposed. As we have mentioned earlier, an algebraic set
that cannot be decomposed into smaller algebraic sets is called irreducible. As
one of the fundamental finiteness theorem of algebraic geometry, we have:

Theorem B.13. An algebraic set can have only finitely many irreducible
components. That is, for some n,

X=X,UXoU---UX,, (B.17)

where X1, Xo, ..., X, are irreducible algebraic varieties.
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Proof. The proof is essentially based on the fact that the polynomial ring R[]
is Noetherian (i.e., finitely generated), and there are only finitely many prime
ideals containing I(X) that are minimal with respect to inclusion (See [Eisenbud,
1996]). O

The vanishing ideal I(X;) of each irreducible algebraic variety X; must be a
prime ideal that is minimal over the radical ideal I (X ') — there is no prime subideal
of I(X;) that includes I(X). The ideal I(X) is precisely the intersection of all
the minimal prime ideals:

I(X)=I(X))NI(X3) M-+ N I(X,). (B.18)

This intersection is called a minimal primary decomposition of the radical ideal
I(X). Thus the primary decomposition of a radical ideal is closely related to
the notion of “segmenting” or “decomposing” an algebraic set into multiple irre-
ducible algebraic varieties: If we know how to decompose the ideal, we can easily
find the irreducible algebraic variety corresponding to each primary component.

We are particularly interested in a special class of algebraic sets known as sub-
space arrangements. One of the goals of generalized principal component analysis
(GPCA) is to decompose a subspace arrangement into individual (irreducible)
subspaces (see Chapter 3). In Appendix C, we will further study the algebraic
properties of subspace arrangements.

B.6 Hilbert Function, Polynomial, and Series

Finally, we introduce an important invariant of algebraic sets, given by the Hilbert
function. Knowing the values of Hilbert function can be very useful in the identi-
fication of subspace arrangements, especially the number of subspaces and their
dimensions.

Given a (projective) algebraic set Z and its vanishing ideal (), We can grade
the ideal by degree as

I(Z)y=I)(Z)o L(Z)® - L(Z)®---. (B.19)
The Hilbert function of Z is defined to be
hi(i) = dim(1;(2)). (B.20)

Notice that k(i) is exactly the number of linearly independent polynomials of
degree 7 that vanish on Z. In this book, we also refer to i as the Hilbert function
of the algebraic set 2.

9In the literature, however, the Hilbert function of an algebraic set Z is sometimes defined to be
the dimension of the homogeneous components of the coordinate ring A(Z) = Rlz|/I(Z) of Z,
which is the codimension of ;(Z) as a subspace in R;.
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The Hilbert series, also known as the Poincaré series, of the ideal I is defined
to be the power series'’

Zhl =hr(0) + hr (1)t +hr(2)t% + - . (B.21)

Thus, given H(I,t), we know all the values of the Hilbert function h; from its
coefficients.

Example B.14 (Hilbert Series of the Polynomial Ring). The Hilbert series of the
polynomial ring R[z] = R[z1,z2,...,zp] is

- 1
t) di D ti- 1 —_— B.22
H(R[z], ; im( ; (1 ) ( )
One can easily verify the correctness of the formula with the special case D = 1. Obvi-
ously, the coefficients of the Hilbert series of any ideal (as a subset of R[x]) are bounded
by those of H(R[x], t) and hence the Hilbert series converges. n

Example B.15 (Hilbert Series of a Subspace). The above formula can be easily general-

ized to the vanishing ideal of a subspace S of dimension d in R”. Let the co-dimension of
the subspace be ¢ = D — d. We have

w0 = (g 1) (o) = oogr - @

The following theorem, also due to Hilbert, reveals that the values of the Hilbert
function of an ideal have some remarkable properties:

Theorem B.16 (Hilbert Polynomial). Let I(Z) be the vanishing ideal of an al-
gebraic set Z over R[x1,...,xp)|, then the values of its Hilbert function hy (i)
agree, for large i, with those of a polynomial of degree < D. This polynomial,
denoted as H (i), is called the Hilbert polynomial of I(Z).

Then in the above example, for the polynomial ring, the Hilbert function itself
is obviously a polynomial in ¢

HR(Z) = hR(Z) = (D+ii71> = 1

(D — 1)

However, for a general ideal I (of an algebraic set), it is not necessarily true
that all values of its Hilbert function hj agree with those of its Hilbert polynomial
H;. They might agree only when 1 is large enough. Thus, for a given algebraic set
(or ideal), it would be interesting to know how large ¢ needs to be in order for the
Hilbert function to coincide with a polynomial. As we will see in Appendix B, for
subspace arrangements, there is a very elegant answer to this question. One can

D+i-1)(D+i—-2)---(i+1).

10T general, the Hilbert series can be defined for any finitely-generated graded module E =
€32, E; using any Euler-Poincaré Z-valued function k() as H(E,t) = Y72 hg(i)t® [Lang,
1993]. Here, for E = I, we choose h1 (i) = dim(1;).
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even derive closed-form formulae for the Hilbert polynomials. These results are
very important and useful for Generalized Principal Component Analysis, both

conceptually and computationally.
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Appendix C

Algebraic Properties of Subspace
Arrangements

“He who seeks for methods without having a definite problem in mind
seeks in the most part in vain.”
— David Hilbert

In this book, the main problem that we study is how to segment a collection of
data points drawn from a subspace arrangement A = {S1, So, ..., S, }, formally
introduced in Chapter 4.1 Z 4 = 81US5U- - -US,, is the union of all the subspaces.
Z 4 can be naturally described as the zero set of a set of polynomials, which makes
it an algebraic set. The solution to the above problem typically relies on inferring
the subspace arrangement Z 4 from the data points. Thus, knowing the algebraic
properties of Z 4 may significantly facilitate this task.

Although subspace arrangements seem to be a very simple class of algebraic
sets, a full characterization of their algebraic properties is a surprisingly difficult,
if not impossible, task. Subspace arrangements have been a centuries-old subject
that still actively interweaves many mathematical fields: algebraic geometry and
topology, combinatorics and complexity theory, graph and lattice theory, etc. Al-
though the results are extremely rich and deep, in fact only a few special classes
of subspace arrangements have been well characterized.

In this appendix, we examine some important concepts and properties of
subspace arrangements that are closely related to the subspace-segmentation
problem. The purpose of this appendix is two-fold: 1. to provide a rigorous jus-

'Unless stated otherwise, the subspace arrangement considered will always be a central
arrangement, as in Definition 3.4.
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tification for the GPCA algorithms derived in the book, especially Chapter 3; 2.
to introduce important properties of subspace arrangements, which may suggest
potential improvements of the algorithms. For readers who are interested only in
the basic GPCA algorithms and their applications, this appendix can be skipped
at first read.

C.1 Ideals of Subspace Arrangements

Vanishing Ideal of a Subspace.

A d-dimensional subspace S can be defined by £k = D — d linearly independent
linear forms {l1,1a,...,lx}:

S={xecRP: lj(x)=0i=1,2,.... k=D —d}, (C.1)

where [; is of the form [;(x) = a;121 + ajaxe + - - - a;pxp With a;; € R. Let S*
denote the space of all linear forms that vanish on S, then dim(S*) = k = D —d.
The subspace S is also called the zero set of S*, i.e., points in the ambient space
that vanish on all polynomials in S*, which is denoted as Z(S™*). We define

I(S) ={p € R[] : p(x) = 0,Vx € S}. (C2)

Clearly, I(.S) is an ideal generated by linear forms in S*, and it contains poly-
nomials of all degrees that vanish on the subspace S. Every polynomial p(x) in
I(S) can be written as a superposition:

p=1Uhi +lho+ -+ lhg (C3)
for some polynomials hq,ha,...,hy € R[x]. Furthermore, I(S) is a prime
ideal.”
Vanishing Ideal of a Subspace Arrangement.
Given a subspace arrangement Z 4 = S1 U S U - - - U S, its vanishing ideal is
I(Z4)=1(S1)NI(S2)N---NI(Sy). (C4)
The ideal I(Z 4) can be graded by the degree of the polynomial
I(Za) =1n(Z4) ® Im41(Za) @ -+ @ Li(Za) ® - - . (C5)

Each I;(Z 4) is a vector space that consists of forms of degree i in I(Z4), and
m > 1 is the least degree of the polynomials in I(Z 4). Notice that forms that
vanish on Z 4 may have degrees strictly less than n. One example is an arrange-
ment of two lines and one plane in R3. Since any two lines lie on a plane, the
arrangement can be embedded into a hyperplane arrangement of two planes, and

2Tt is a prime ideal because for any product p1p2 € I1(.S), either p1 € I(S) or p2 € I(S).
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there exist forms of second degree that vanish on the union of the three subspaces.
The dimension of I;(Z 1) is known as the Hilbert function h; (i) of Z 4.

Example C.1 (Boolean Arrangement). The Boolean arrangement is the collection of co-
ordinate hyperplanes H; = {x : ; = 0},1 < j < D. The vanishing ideal of the Boolean
arrangement is generated by a single polynomial p(x) = z1x2 - - - xp of degree D. ]

Example C.2 (Braid Arrangement). The Braid arrangement is the collection of hyper-
planes Hj, = {x : ; — xx = 0},1 < j # k < D. Similarly, the vanishing ideal the
Braid arrangement is generated by a single polynomial p(z) =[], ; ,<p(2j — k). ®

Theorem C.3 (Regularity of Subspace Arrangements). The vanishing ideal
I(Z 4) of a subspace arrangement Z 4 = S1 U Sy U --- U S, is n-regular. This
implies that 1(Z) has a set of generators with degree < n.

Proof. For the concept of n-regularity and the proof of the above statement,
please refer to [Derksen, 2005] and references therein. O

Due to the above theorem, the subspace arrangement Z 4 is uniquely deter-
mined as the zero set of all polynomials of degree up to n in its vanishing ideal,
i.e., as the zero set of polynomials in

Za=2ZIwn),
where [,y = lo® 11 © - D I,.
Product Ideal of a Subspace Arrangement
Let J(Z 4) be the ideal generated by the products of linear forms
{li-la-ln, VI €87,5=1,...,n}

Or equivalently, we can define J(Z4) to be the product of the n ideals
I(Sl)aI(52)7aI(Sn)

J(Za) = 1(51) - 1(S52) -+ 1(Sn).

Then, the product ideal J(Z4) is a subideal of I(Z4). Nevertheless, the two
ideals share the same zero set:

Za=2Z(J)=Z(I). (C.6)

By definition I is the largest ideal that vanishes on Z 4. I is in fact the radical
ideal of the product ideal J, i.e., I = rad(.J). We may also grade the ideal J(Z 4)
by the degree

J(ZA) = In(ZA) D Jns1(Za) @ - DJ(Za)D--- . (C.7)

Notice that, unlike I, the lowest degree of polynomials in J always starts from
n, the number of subspaces. The Hilbert function of .J is denoted as h;(i) =
dim(J;(Z 4)). As we will soon see, the Hilbert functions (or polynomials, or se-
ries) of the product ideal J and the vanishing ideal I have very interesting and
important relationships.
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C.2 Subspace Embedding and PL-Generated Ideals

Let Z 4 be a central subspace arrangement Z4 = S; U So U---US,. Let Z4 =
ST US5U---US!, be another (central) subspace arrangement. If we have Z4 C
Z 4, then it is necessary that for all S; C Z 4 there exists S;, C Z 4 such that
S; C 8% If so, we call

ZAC Za

a subspace embedding. Beware that it is possible n’ < n for a subspace embed-
ding as more than one subspace S; of Z 4 may belong to the same subspace S;: of
Z 4. The subspace arrangements in Theorem 3.13 are examples of subspace em-
bedding. If Z 4, happens to be a hyperplane arrangement, we call the embedding
a hyperplane embedding.

Is the zero-set of each homogeneous component of I(Z4), in particular
1,,(Z 4), a subspace embedding of Z 4? Unfortunately, this is not true as counter
examples can be easily constructed.

Example C.4 (Five Lines in R®). Consider five points in P? (or equivalently, five lines
in R®) The Veronese embedding of order two of a point * = [z1,22,23] € R?
is [w%,xlxg, T1T3, 23, xga:g,xg] € RS. For five points in general position, the matrix
Vo = [va(1), v2(x2), . . . va(xs5)] is of rank 5. Let ¢” be the only vector in the left null
space of Va: ¢"Va = 0. Then p(z) = ¢’ vo(x) is in general an irreducible quadratic
polynomial. Thus, the zero-set of I2(Z.4) = p(x) is not a subspace arrangement but an
(irreducible) cone in R3. ™

Nevertheless, the following statement allows us to retrieve a subspace embed-
ding from any polynomials in the vanishing ideal I(Z 4).

Theorem C.5 (Hyperplane Embedding via Differentiation). For every polyno-
mial p in the vanishing ideal 1(Z 4) of a subspace arrangement Z 4 = S1 U Sy U
-+ U Sy and n points {z; € S;}]_; in general position, the union of the hy-
perplanes Uj_ 1 H; = {z : Dp(z;)Tx = 0} is a hyperplane embedding of the
subspace arrangement.

Proof. The proof is based on the simple fact that the derivative (gradient) V f ()
of any smooth function f(x) is orthogonal to (the tangent space of) its level set
fl®)=c O

In the above statement, if we replace p with a collection of polynomials in the
vanishing ideal, their derivatives give a subspace embedding in a similar fashion
as the hyperplane embedding. When the collection contains all the generators of
the vanishing ideal, the subspace embedding becomes tight — the resulting sub-
space arrangement coincides with the original one. This property has been used
in the development of GPCA algorithms in Chapter 3.

Another concept that is closely related to subspace embedding is a pl-generated
ideal.

Definition C.6 (pl-Generated Ideals). An ideal is said to be pl-generated if it is
generated by products of linear forms.
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If the ideal of a subspace arrangement Z 4 is pl-generated, then the zero-set of
every generator gives a hyperplane embedding of Z 4.

Example C.7 (Hyperplane Arrangements). If Z 4 is a hyperplane arrangement, [(Z.4)
is always pl-generated as it is generated by a single polynomial of the form:’

pla) = (biz)(bzz) - (bya), (C3)
where b; € RP are the normal vectors to the hyperplanes. |

Obviously, the vanishing ideal I(.S) of a single subspace S is always pl-
generated. The following example shows that this is also true for an arrangement
of two subspaces.

Example C.8 (Two Subspaces). Let us show that for an arrangement Z 4 of two subspaces,
I(Z 4) is always pl-generated. Let Z4 = S1 U S2 and define U* = ST NS5 and V* =
ST\U*,W* =585 \U".Let (u1,uz,...,ux) be abasis for U*, (v1,va, ..., v;) abasis
for V*, and (w1, w2, ..., wn) a basis for W*. Then obviously I(Z4) = I(S1) N I(S2)
is generated by (u1, ..., Uk, ViW1, ViWa, . .., ViWm). ™

Now consider an arrangement of n subspaces: Z4 = S;USaU---US,. By its
definition, the product ideal J(Z 4) is always pl-generated. Now, is the vanishing
ideal I(Z 4) always pl-generated? Unfortunately, this is not true. Below are some
counterexamples.

Example C.9 (Lines in R? [?]). For a central arrangement Z_4 of r lines in general position
in R3, I(Z.4) is not pl-generated when r = 5 or r > 6. Example C.4 gives a proof for the
case with r = 5. [ ]

Example C.10 (Planes in R* [?]). For a central arrangement Z_4 of r planes in general
position in R*, I(Z.4) is not pl-generated for all > 2. ™

However, can each homogeneous component I;(Z 4) be “pl-generated” when i
is large enough? For instance, can it be that I,, = J,, = S} - 55 --- S;:? This is in
general not true for an arbitrary arrangement and below is a counterexample.

Example C.11 (Three Subspaces in R® — due to R. Fossum). Consider R[x] =
R[z1,...,zs5] and an arrangement Z 4 of three three-dimensional subspaces in R® whose
vanishing ideals are given by, respectively:

I(S1) = (x1,22), I(S2) = (x3,%4), I(S3)= ((z1+3),(x2 + x4)).
Denote their intersection as I = I(S1) N I(S2) N I(S3). The intersection contains the
element

T1xa — T2x3 = (X1 + x3)Ta — (T2 + Ta)zs = z1(2 + x4) — x2(T1 + T3).

Then any element (z174 — x2ws)l(x1,...,xs) with [ a linear form is in I3(Z.4), the
homogeneous component of elements of degree three. In particular, (124 — T2x3)xs is
in I3(Z.4). However, it is easy to check that this element cannot be written in the form

Z(aiazl + bq',:rz)(ciliz + dil’4)(€i($1 + ZB3) + fz(il?Q + l’4))

i

3In algebra, an ideal which is generated by a single generator is called a principal ideal.
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for any a;, bs, ci, ds, €5, fi € R. Thus, I3(Z.4) is not spanned by ST - S5 - S3. ™

However, notice that the subspaces in the above example are not in “general
position” — their intersections are not of the minimum possible dimension. Could
I, = J, = 57555} be instead true for n subspaces if they are in general
position? The answer is yes. In fact, we can say more than that. As we will see in
the next section, from the Hilbert functions of I and J, we actually have

if 51, 59,...,5, are “transversal” (i.e., all intersections are of minimum possible
dimension). In other words, J; could differ from I; only for ¢ < n.

C.3 Hilbert Functions of Subspace Arrangements

In this section, we study the Hilbert functions of subspace arrangements defined
in Section B.6. We first discuss a few reasons why in the context of general-
ized principal component analysis, it is very important to know the values of the
Hilbert function for the vanishing ideal I or the product ideal J of a subspace
arrangement. We then examine the values of the Hilbert function for a few special
examples. Finally, we give a complete characterization of the Hilbert function,
the Hilbert polynomial, and the Hilbert series of a general subspace arrangement.
In particular, we give a closed-form formula for the Hilbert polynomial of the
vanishing ideal and the product ideal of the subspace arrangement.

C.3.1 Relationships between the Hilbert Function and GPCA

In general, for a subspace arrangement Z 4 = S1US2U- - -US), in general position,
the values of the Hilbert function k(%) of its vanishing ideal I(Z4) are invariant
under a continuous change of the positions of the subspaces. They depend only
on the dimensions of the subspaces di,ds, ..., d, or their co-dimensions ¢; =
D —d;,i = 1,2,...,n. Thus, the Hilbert function gives a rich set of invariants
of subspace arrangements. In the context of GPCA, such invariants can help to
determine the type of the subspace arrangement, such as the number of subspaces
and their individual dimensions from a given set of (possibly noisy) sample points.

To see this, consider a sufficiently large number of sample points in general

position are drawn from the subspaces X = {x1,x2,..., &N} C Z4, let the
embedded data matrix (via the Veronese map of degree 7) to be
Vi = [Vi($1)71/i(5132),..‘,l/i(iBN)]T. (C9)

According to the Algebraic Sampling Theorem of Appendix B, the dimension of
Null(V;) is exactly the number of linearly independent polynomials of degree i
that vanish on Z 4. That is, the following relation holds

dim(Null(V';)) = hy (i) (C.10)
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or equivalently,
rank(V;) = dim(R;) — hs(7). (C.11)

Thus, if we know the Hilbert function for different subspace arrangements in ad-
vance, we can determine from the rank of the data matrix from which subspace
arrangement the sample data points are drawn. The following example illustrates
the basic idea.

Example C.12 (Three Subspaces in R?). Suppose that we only know our data are drawn
from an arrangement of three subspaces in R®. There are in total four different types of such
arrangements, shown in Figure C.1. The values of their corresponding Hilbert function are
listed in Table C.1. Given a sufficiently large number IV of sample points from one of the

‘)"
11T \ A
(a) (1,1,1) (b) (1,1,2) (c) (1,2,2) (d) (2,27 2)

Figure C.l. Four configurations of three subspaces in R3. The numbers are the
co-dimensions (c1, ¢2, c3) of the subspaces.

La e e || hiz)()  hizg)?2)  hizoG) |

1 1 1 0 0 1
1 1 2 0 0 2
1 2 2 0 1 4
2 2 2 0 3 7

Table C.1. Values of the Hilbert function of the four arrangements (assuming the subspaces
are in general position).
above subspace arrangements, the rank of the embedded data matrix V'3 € RY>10 can be,
instead of any value between 1 and 10, only 10 — h;(3) = 9,8, 6, 3, which correspond
to the only four possible configurations of three subspaces in R3: three planes, two planes
and one line, one plane and two lines, or three lines, respectively, as shown in Figure C.1.
This suggests that, given the dimensions of individual subspaces, we may know the rank
of the embedded data matrix. Conversely, given the rank of the embedded data matrix,
we can determine to a large extent the possible dimensions of the individual subspaces.
Therefore, knowing the values of the Hilbert function will help us to at least rule out in
advance impossible rank values for the embedded data matrix or the impossible subspace
dimensions. This is particularly useful when the data is corrupted by noise so that there is
ambiguity in determining the rank of the embedded data matrix or the dimensions of the
subspaces. ]

The next example illustrates how the values of Hilbert function can help
determine the correct number of subspaces.
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Example C.13 (Over-Fit Hyperplane Arrangements in R®). Consider a dataset sampled
from a number of hyperplanes in general position in R®. Suppose we only know that the
number of the hyperplanes is at most 4, and we embed the data via the degree-4 Veronese
map anyway. Table C.2 gives the possible values of the Hilbert function for an arrangement
of 4,3, 2, 1 hyperplanes in R, respectively. Here we use the convention that an empty set
has co-dimension 5 in R®.

e e ez ey || hyzy(d) rank(Vy) |

1 1 1 1 1 69
1 1 1 5 5 65
1 1 5 5 15 55
1 5 5 5 35 35

Table C.2. Values of the Hilbert function of (codimension-1) hyperplane arrangements in
R®.

The first row shows that if the number of hyperplanes is exactly equal to the degree of
the Veronese map, then hy(4) = 1, i.e., the data matrix V4 has a rank-1 null space. The
following rows show the values of h;(4) when the number of hyperplanes is n = 3,2, 1,
respectively. If the rank of the matrix V4 matches any of these values, we know exactly
the number of hyperplanes in the arrangement. Figure C.2 shows a super-imposed plot of
the singular values of V4 for samples points drawn from n = 1,2, 3, 4 hyperplanes in R®,
respectively.

Figure C.2. A super-imposed semi-log plot of the singular values of the embedded data ma-
trix V4 forn = 1,2, 3, 4 hyperplanes in R®, respectively. The rank drops at 35, 55, 65, 69,
which confirm the theoretical values of the Hilbert function.

Thus, in general, knowing the values of h;(z) even for ¢ > n may significantly help
determine the correct number of subspaces in case the degree ¢ of the Veronese map used
for constructing the data matrix V/; is strictly higher than the number n of non-trivial
subspaces in the arrangement. u

The above examples show merely a few cases in which the values of Hilbert
function may facilitate solving the GPCA problem. In Chapter ??, we will see
how the Hilbert function can help to improve the performance of GPCA. It now
remains as a question how to compute the values of Hilbert function for arbitrary
subspace arrangements.

Mathematically, we are interested in finding closed-form formulae, if exist at
all, for the Hilbert function (or the Hilbert polynomial, or the Hilbert series) of
the subspace arrangements. As we will soon show, if the subspace arrangements
are transversal (i.e., any intersection of subset of the subspaces has the smallest



C.3. Hilbert Functions of Subspace Arrangements 139

possible dimension), we are able to show that the Hilbert function (of both I
and J) agrees with the Hilbert polynomial (of both I and J) with ¢ > n; and a
closed-form formula for the Hilbert polynomial is known (and will be given later).
However, no general formula is known for the Hilbert function (or series) of I,
especially for the values h (i) with ¢ < n. For those values, one can still compute
them in advance numerically based on the identity

hy(i) = dim(Null(V;)) (C.12)

from a sufficient set of samples on the subspace arrangements. The values for
each type of arrangements need to be computed only once, and the results can
be stored in a table such as Table C.1 for each ambient space dimension D and
number of subspaces n. We may later query these tables to retrieve information
about the subspace arrangements and exploit relations among these values for
different practical purposes.

However, computing the values of h; numerically can be very expensive, es-
pecially when the dimension of the space (or the subspaces) is high. In order to
densely sample the high-dimensional subspaces, the number of samples grows
exponentially with the number of subspaces and their dimensions. Actually the
MATLAB package that we are using runs out of the memory limit of 2GB for
computing the table for the case D = 12 and n = 6.

Fortunately, for most applications in image processing, or computer vision, or
systems identification, it is typically sufficient to know the values of h; () up to
n = 10 and D = 12. For instance, for most images, the first D = 12 principal
components already keep up to 99% of the total energy of the image, which is
more than sufficient for any subsequent representation or compression purposes.
Furthermore, if one chooses to use two by two blocks to represent a color image,
then each block becomes one data point of dimension 2 x 2 x 3 = 12. The number
of segments sought for an image is typically less than ten. In system identification,
the dimensions of the subspaces correspond to the orders of the systems and they
are typically less than 10.

C.3.2 Special Cases of the Hilbert Function

Before we study the Hilbert function for general subspace arrangements in the
next section, we here give a few special cases for which we have computed certain
values of the Hilbert function.

Example C.14 (Hyperplane Arrangements). Consider Z4 = S;1 US> U...US, C RP
with each S; a hyperplane. The subspaces S; are of co-dimension 1,i.e.,c1 =co =+ =
¢n = 1. Then we have h;(n) = 1, which is consistent with the fact there is exactly one
(factorable) polynomial of degree n that fits n hyperplanes. Furthermore, h(¢) = 0 for all
1 < mnand

hr(n+i) = (PH=1), Vi>1.

We can generalize the case of hyperplanes to the following example. ]
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Example C.15 (Subspaces Whose Duals Have No Intersection). Consider a subspace
arrangement Z4 = S;1 U S2 U ...US, C RP with S N S; = 0foralli # j. In
other words, if the co-dimensions of Si, S2, ..., S, are ci,ca,. .., Cn, respectively, we
have c¢1 + c2 + -+ + ¢ < D. Notice that hyperplane arrangements are a special case
here. Generalizing the result in Example B.15, one can easily show that the Hilbert series
of I(Z4) (and J(Z4)) is

I, (1= (1=

The values of the Hilbert function h; () can be easily computed from the coefficients of
the function f(t) associated with ¢°. n

However, if the dual subspaces S} do have non-trivial intersections, the com-
putation of Hilbert series and function becomes much more complicated. Below
we give some special examples and leave the general study to the next section.

Example C.16 (Hilbert Function of Two Subspaces). We here derive a closed-form
formula of h;(2) for an arrangement of n = 2 subspaces Z4 = S; U S in general
position (see also Example C.8). Suppose their co-dimensions are c¢; and c2, respectively.
In Ry ~ RP, the intersection of their dual subspaces ST and S5 has the dimension

¢ = max{c1 +c2 — D, 0}. (C.14)
Then we have
hi(2) = c-(c+1)/24c-(c1—¢c)+c-(ca—c)+(c1—¢) (c2—¢)
= c1-ca—c-(c—1)/2. (C.15)
u

Example C.17 (Three Subspaces in R°). Consider an arrangement of three subspaces
Za = S1US2US3 C R in general position. After a change of coordinates, we may
assume S7 = span{z1, x2,x3}, S5 = span{z1, x4, T5}, and S3 = span{za2,x3, T4, Ts5}.
The value of h;(3) in this case is equal to dim(S7 - S5 - S3). Firstly, we compute ST - S5
and obtain a basis for it:

S* S* _ 2
1+ S2 = span{x1, T1T4, T1T5, T2T1, T2T4, T2T5, T3T1, T3T4, T3T5 }.
From this, it is then easy to compute the basis for ST - S5 - S3:
S* S* S* _ 2 2 2 2
1 02 O3 = span{mlmg,:leg:m,wlxzxs,xle,x2m4,m2m5,x1m2x3,x2x3x4,
2 2 2 2 2 2
T2X3T5,L1T3,L1T3T4, L1X3L5, L1L3, L3T4, L3T5,L1T4,T1Ty,
2 2 2 2 2 2
T1L4T5, TaTY, T2TaTs, T3TY, T3T4T5, T1L5, T1T5, T2ls, L3T5 ).

Thus, we have h(3) = 26. [ |

Example C.18 (Five Subspaces in R®). Consider an arrangement of five subspaces
S1,S2,...,85 in R? of co-dimensions c¢1, ¢z, . . ., ¢s, respectively. We want to compute
the value of h(5), i.e., the dimension of homogeneous polynomials of degree five that
vanish on the five subspaces Z4 = S1 U Sz U --- U Ss. For all the possible values of
1 <c <c2 <--- <5 < 3, we have computed the values of Dg and listed them in
Table C.3. Notice that the values of h7(3) in the earlier Table C.1 is a subset of those of
h1(5) in Table C.3. In fact, many relationships like this one exist among the values of the
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| C1 Co C3 Cq Cs || h[(5) |

1 1 1 1 1 1
11 1 1 2 2
11 1 2 2 4
1 1 2 2 2 7
1 2 2 2 2 11
2 2 2 2 2 16

Table C.3. Values of the Hilbert function hz(5) for arrangements of five subspaces in R®.

Hilbert function. If properly harnessed, they can significantly reduce the amount of work
for computing the values of the Hilbert function. ]

Example C.19 (Five Subspaces in R*). Similar to the above example, we have computed
the values of i (5) for arrangements of five linear subspaces in R*. The results are given in
Table C.4. In fact, using the numerical method described earlier, we have computed using
computer the values of h;(5) up to five subspaces in R, [ ]
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Table C.4. Values of the Hilbert function hz(5) for arrangements of five subspaces in R*.
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C.3.3 Formulae for the Hilbert Function

In this section, we give a general formula for the Hilbert polynomial of the sub-
space arrangement Z 4 = S; U.S; U - -+ U S,,. However, due to the limit of space,
we will not be able to give a detailed proof for all the results given here. Interested
readers may refer to [Derksen, 2005].

Let U be any subset of the set of indexes n = {1,2,...,n}, we define the
following ideals

Iy = () I(Sw), Ju= ] 1(Su). (C.16)

uelU uelU

If U is empty, we use the convention I = Jy = R. We further define Viy =
ﬂueU Su, dU = dim(VU), and Cy = D — dU.
Let us define polynomials py (t) recursively as follows. First we define

po(t) = 1.

For U # () and pw (t) is already defined for all proper subsets W of U, then py (t)
is uniquely determined by the following equation

> (=t)"lpw(t) =0mod (1 - 1), deg(pu(t)) < cu. (C.17)
WCU

Here |W| is the number of indexes in the set TV.
With the above definitions, the Hilbert series of the product ideal J is given by

pu(t)t"

) = g

(C.18)
That is, the Hilbert series of the product ideal J depends only on the numbers
cu,U C n. Thus, the values of the Hilbert function h (i) are all combinatorial
invariants — invariants that depend only on the values {cy } but not the particular
position of the subspaces.

Definition C.20 (Transversal Subspaces). The subspaces Si,Ss,...,S, are
called transversal if c;y = min (D, ZueU cu) forall U C n. In other words, the
intersection of any subset of the subspaces has the smallest possible dimension.

Notice that the notion of “transversality” defined here is less strong than the
typical notion of “general position.” For instance, according to the above defini-
tion, three coplanar lines (through the origin) in R? are transversal. However, they
are not “in general position.”

Theorem C.21. Suppose that S1,Sa, ..., S, are transversal, then H(I,t) — f(t)
and H(J,t) — f(t) are polynomials in t, where f(t) = %

Thus, the difference between H(I,t) and H(J,t) is also a polynomial. As a
corollary to the above theorem, we have
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Corollary C.22. If S1,S9,...,S, are transversal, then hi(i) = H;(i) =
hj(i) = H;(i) for all i > n. That is, the Hilbert polynomials of both the vanish-
ing ideal I and the product ideal J are the same, and the values of their Hilbert
functions agree with the polynomial with i > n.

One of the consequences of this corollary is that for transversal subspace ar-
rangements, we must have I; = J; for all ¢ > n. This is a result that we have
mentioned earlier in Section C.2.

Example C.23 (Hilbert Series of Three Lines in R®). For example, suppose that Z 4 is
the union of three distinct lines (through the origin) in R3. Regardless whether the three
lines are coplanar or not, they are transversal. We have

T3 — 9tt + 3t°

H(J(ZA),t) = i = 72+ 126" + 1887 4 -+ - .
However, one has
H(I(Za),t) = % =t 437+ 7% + 12t + 185 4 -
if the lines are coplanar, and
H(I(ZA),t) = % =32+ 75 12t +18¢° + - -

if the three lines are not coplanar. Notice that the coefficients of these Hilbert series become
the same starting from the term ¢>. ]

Then, using the recursive formula (C.18) of the Hilbert series H(J, t), we can
derive a closed-form formula for the values of the Hilbert function h;(i) with
>N

Corollary C.24 (A Formula for the Hilbert Function). If Sy,59,...,S, are
transversal, then

hi(i) = hy(i) = (-1)V (Dgi_l_ﬂ, i>n, (C.19)

—1—c
o U

where cy = Y
cy < D.

mev Cm and the sum is over all index subsets U of n for which

Example C.25 (Three Subspaces in R*). Suppose that Z4 = S1 U Sz U S3 is a transver-
sal arrangement in R*. Let di,ds,ds (respectively ci1, c2,c3) be the dimensions (resp.
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codimensions) of S1, S2, S3. We make a table of h;(n) for n = 3,4, 5.

14 28 48
17 32 53

N
w
w

c1,c2,¢3 | di,de,ds3 hI(3) hr (4) h1(5)
1,1,1 3,3,3 1 4 10
1,1,2 3,3,2 2 7 16
1,1,3 3,3,1 3 9 19
1,2,2 3,3,2 4 12 25
1,2,3 3,2,1 6 15 29
1,3,3 3,1,1 8 18 33
2,2,2 2,2,2 8 20 38
2,2,3 2,2,1 11 24 43

2,1,1

1,1,1

w
w
w

Note that the codimensions c1, ¢z, cs are almost determined by h;(3). They are uniquely
determined by h;(3) and hr(4). n

Corollary below is a general result that explains why the codimensions of the
subspaces c¢q, ¢z, cg can be uniquely determined by h;(3),hr(4),hr(5) in the
above example. The corollary also reveals a strong theoretical connection between
the Hilbert function and the GPCA problem.

Corollary C.26 (Subspace Dimensions from the Hilbert Function). Consider a
transversal arrangements of n subspaces. The co-dimensions c1,co, ..., c, are
uniquely determined by the values of the Hilbert function h(i) for i = n,n +
1,....n+D -1

As we have alluded to earlier, in the context of GPCA, these values of the
Hilbert function are closely related to the ranks of the embedded data matrix V/;
fori = n,n+1,...,n+ D — 1. Thus, knowing these ranks, in principle, we
should be able to uniquely determine the (co)dimensions of all the individual
subspaces. These results suggest that knowing the values of the Hilbert function,
one can potentially develop better algorithms for determining the correct subspace
arrangement from a given set of data.

C.4 Bibliographic Notes

Subspace arrangements constitute of a very special but important class of alge-
braic sets that have been studied in mathematics for centuries [?, ?, Orlik, 1989].
The importance as well as the difficulty of studying subspace arrangements can
hardly be exaggerated. Different aspects of their properties have been and are
still being investigated and exploited in many mathematical fields, including al-
gebraic geometry & topology, combinatorics and complexity theory, and graph
and lattice theory, etc. See [?] for a general review. Although the results about
subspace arrangements are extremely rich and deep, only a few special classes
of subspace arrangements have been fully characterized. Nevertheless, thanks
to the work of [Derksen, 2005], the Hilbert function, Hilbert polynomial, and



C.4. Bibliographic Notes 145

Hilbert series of the vanishing ideal (and the product ideal) of transversal sub-
space arrangements have been well understood recently. This appendix gives a
brief summary of these theoretical developments. These results have provided a
sound theoretical foundation for many of the methods developed in this book for
GPCA.
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