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MAXIMUM LIKELIHOOD ESTIMATION
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Independent Component Analysis (ICA) models are very popular semi-
parametric models in which we observe independent copies of a random vec-
tor X = AS, where A is a non-singular matrix and S has independent compo-
nents. We propose a new way of estimating the unmixing matrix W = Al
and the marginal distributions of the components of S using nonparamet-
ric maximum likelihood. Specifically, we study the projection of the em-
pirical distribution onto the subset of ICA distributions having log-concave
marginals. We show that, from the point of view of estimating the unmixing
matrix, it makes no difference whether or not the log-concavity is correctly
specified. The approach is further justified by both theoretical results and a
simulation study.

1. Introduction. Inrecent years, Independent Component Analysis (ICA) has
seen an explosion in its popularity in diverse fields such as signal processing, ma-
chine learning and medical imaging, to name a few. For a wide-ranging list of
algorithms and applications of ICA, see the monograph by Hyvirinen, Karhunen
and Oja (2001). In the ICA paradigm, one observes a random vector X € R¢ that
can be expressed as a non-singular linear transformation of d mutually indepen-
dent latent factors S, ..., Sg; thus, X = AS, where S = (S;,...,S7)" and A is a
d x d full rank matrix often referred to as the mixing matrix. As such, ICA postu-
lates thg following model for the probability distribution P of X: for any Borel set
B in R4,

d
P(B) =[] Pj(w]B).
j=1

where W = (wy, ..., wg)" = A~ ! is the so-called unmixing matrix and Pp, ..., Py
are the univariate probability distributions of the latent factors Sy, ..., Sq4, respec-
tively.

The goal of ICA, as in other blind source separation problems, is to infer, from
a sample xi, ..., X, of independent observations of X, the independent factors
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s = Wxy,...,s, = Wx, or, equivalently, the unmixing matrix W. This task is
typically accomplished by first postulating a certain parametric family for the
marginal probability distributions Pj, ..., P4, and then optimising a contrast func-
tion involving (W, Py, ..., Py), for example, Karvanen and Koivunen (2002). The
contrast functions are often chosen to represent the mutual information as mea-
sured by Kullback-Leibler divergence or maximum entropy, or non-Gaussianity
as measured by kurtosis or negentropy. Alternatively, in recent years, methods
for ICA have also been developed which assume Pj, ..., P; have smooth (log)
densities, for example, Bach and Jordan (2002), Hastie and Tibshirani (2003b),
Samarov and Tsybakov (2004), Chen and Bickel (2006) and Ilmonen and Paindav-
eine (2011). Although more flexible than their aforementioned parametric peers,
there remain unsettling questions about what happens if the smoothness assump-
tions on the marginal densities are violated, which may occur, in particular, when
some of the marginal probability distributions P, ..., P; have atoms. Another is-
sue is that, in common with most other smoothing methods, a choice of tuning
parameters is required to balance the fidelity to the observed data and the smooth-
ness of the estimated marginal densities, and it is notoriously difficult to select
these tuning parameters appropriately in practice.

In this paper, we argue that these assumptions and tuning parameters are unnec-
essary, and propose a new paradigm for ICA, based on the notion of nonparametric
maximum likelihood, that is free of these burdens. In fact, we show that the usual
nonparametric (empirical) likelihood approach does not work in this context, and
instead we proceed under the working assumption that the marginal distributions
of Si,..., S, are log-concave. More specifically, we propose to estimate W by
maximising

1 n d
log|det W| + - > ) log fj (wJT-xi)
i=1j=1

over all d x d non-singular matrices W = (wy, ..., wy)' and univariate log-
concave densities f1, ..., fg. Remarkably, from the point of view of estimating
the unmixing matrix W, it turns out that it makes no difference whether or not this
hypothesis of log-concavity is correctly specified.

The key to understanding how our approach works is to study what we call the
log-concave ICA projection of a distribution on R¢ onto the set of densities that
satisfy the ICA model with log-concave marginals. In Section 2.1 below, we define
this projection carefully and give necessary and sufficient conditions for it to make
sense. In Section 2.2, we prove that the log-concave projection of a distribution
from the ICA model preserves both the ICA structure and the unmixing matrix.
Finally, in Section 2.3, we derive a continuity property of log-concave ICA projec-
tions, which turns out to be important for understanding the theoretical properties
of our ICA procedure.
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Our ICA estimating procedure uses the log-concave ICA projection of the em-
pirical distribution of the data, and is studied in Section 3. After explaining why
the usual empirical likelihood approach cannot be used, we prove the consistency
of our method. We also present an iterative algorithm for the computation of our
estimator. Our simulation studies in Section 4 confirm our theoretical results and
show that the proposed method compares favourably with existing methods. Proofs
are deferred to Section 5.

To conclude this section, we remark that in addition to the previous literature
already cited, further approaches to ICA have been proposed that use a choice of
two scatter (or shape) matrices [Nordhausen, Oja and Ollila (2011), Oja, Sirkia
and Eriksson (2006), Ollila, Oja and Koivunen (2008)]. To uniquely define the
unmixing matrix, one scatter matrix (often chosen based on fourth moments) must
take distinct values on its main diagonal, which rules out situations where two
of the marginal distributions Py, ..., P; are the same. Nevertheless, under further
(e.g., moment) assumptions, root-n consistency and asymptotic normality results
for estimates of the unmixing matrix under correct model specification have been
obtained [e.g., [Imonen, Nevalainen and Oja (2010)].

2. Log-concave ICA projections.

2.1. Notation and overview. Let Py be the set of probability distributions P
on R¥ satisfying [pi ||x[|d P(x) < oo and P(H) < 1 for all hyperplanes H, that
is, the probability measures in R¥ that have finite mean and are not supported in
a translate of a lower-dimensional linear subspace of R¥. Here and throughout,
| - | denotes the Euclidean norm on R¥, and we will be interested in the cases
k =1 and k = d. Further, let JV denote the set of non-singular d x d real matrices.
We use upper case letters to denote matrices in WV, and the corresponding lower
case letters with subscripts to denote rows: thus, w]T- is the jthrow of W € W. Let

By denote the class of Borel sets on R¥. Then the ICA model PéCA is defined to
be the set of P € P, of the form

d
(1) P(B)=[]Pj(w]B) VBeBy
j=1

for some W € W and Py, ..., P; € P;. As shown by Diimbgen, Samworth and
Schuhmacher [(2011), Theorem 2.2], the condition P € P; is necessary and suffi-
cient for the existence of a unique upper semi-continuous and log-concave density
that is the closest to P in the Kullback-Leibler sense. More precisely, let F de-
note the class of all upper semi-continuous, log-concave densities with respect to
the Lebesgue measure on R¥. Then the projection ¥*: P; — F, given by

Y*(P) = argmax/ log fdP
ferqs R
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is well defined and surjective. In what follows, we refer to ¥* as the log-concave
projection operator and f* := y*(P) as the log-concave projection of P. By a
slight abuse of notation, we also use ¥* to denote the log-concave projection from
P to Fi.

Although the log-concave projection operator does play a role in this paper, our
main interest is in a different projection, onto the subset of F; consisting of those
densities that belong to the ICA model. This class is given by

d
FICA = {f € Fa: f(x) = [detW| [ £ (wjx)
j=1

(2)
WithWEW,fl,...,defl}.

Note that, in this representation, if X has density f € FLIiCA, then w]T-X has den-
sity f;. The corresponding log-concave ICA projection operator v/ **(-) is defined
for any distribution P on R? by

Y(P) :argmafod log fdP.

ICA
fer,

We also write L**(P) = SUD f ¢ ica [ralog fdP.

PROPOSITION 1. (1) If [pallx||dP(x) = oo, then L**(P) = —oo and
1‘”**(f)) — fLIJCA'

(2) If [pallx|dP(x) < oo, but P(H) =1 for some hyperplane H, then
L**(P) =00 and y**(P) = @.

(3) If P € Py, then L**(P) € R and **(P) defines a non-empty, proper subset
of Fif A

In view of Proposition 1, and to avoid lengthy discussion of trivial exceptional
cases, we henceforth consider v/ **(-) as being defined on Py. In contrast to ¢ *(P),
which defines a unique element of F,, the log-concave ICA projection operator
¥**(P) may not define a unique element of Fi,CA, even for P € P,;. For instance,
consider the situation where P is the uniform distribution on the closed unit disk
in R? equipped with the Euclidean norm. Here, the spherical symmetry means
that the choice of W € W is not uniquely defined. In fact, after a straightforward
calculation, it can be shown that ¥ **(P) includes all f € FéCA, where, in the
representation (2), W is an orthogonal matrix and fi, f> € F] are given by f](x) =
Hx)= %(1 —xHl le{xe[_l,l]}. It is certainly possible to make different choices
of W that yield different elements of F%CA. This example shows that, in general,
we must think of ¢**(P) as defining a subset of F CIICA.



ICA VIA NONPARAMETRIC MAXIMUM LIKELIHOOD 2977

The relationship between the spaces introduced above and the projection oper-
ators is illustrated in the diagram below:

Our next subsection studies the restriction of {** to 73511CA’ denoted y** |7>111CA; Sec-

tion 2.2 examines ¥ ** more generally as a map on P;.

2.2. Log-concave projections of the ICA model. Our first result in this subsec-
tion characterises ¥ ** |rPL11CA .

THEOREM 2. If P € PCI,CA, then **(P) defines a unique element of fEJCA.
The map i//**IP:ICA is surjective, and coincides with W*LP‘liCA. Moreover, suppose

that P € PX°A, so that

d
P(B)=]]Pj(w]B) VBebBy
j=1

for some W e W and Py, ..., Py € P1. Then f** = y**(P) can be written as

d
@) =Idet Wl [T £F (w]x),

j=1

where f;‘ =y*(P)).

It is interesting to observe that the log-concave projection operator 1 * preserves
the ICA structure. But perhaps the most important aspect of this result is the fact
that the same unmixing matrix W can be used to represent both the original ICA
model and its log-concave projection. This observation lies at the heart of the ra-
tionale for our approach to ICA.

A remaining concern is that the unmixing matrix may not be identifiable. For in-
stance, applying the same permutation to the rows of W and the vector of marginal
distributions (P, ..., Py) leaves the distribution unchanged; similarly, the same
effect occurs if we multiply any of the rows of W by a scaling factor and apply
the corresponding scaling factor to the relevant marginal distribution. The ques-
tion of identifiability for ICA models was first addressed by Comon (1994), who
assumed that W is orthogonal, and was settled in the general case by Eriksson
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and Koivunen (2004). One way to state their result is as follows: suppose that a
probability measure P on R has two representations as

d d
3) P(B)=[]Pj(w]B)=[] Pj(wjB)  VBeBy,

j=l1

where W, W € W and Py, ..., Py, 151, R I5d are probability measures on R. Then
the pair of conditions that P, ..., P; are not Dirac point masses and not more
than one of Py,..., P; is Gaussian is necessary and sufficient for the existence
of a permutation 7 of {1, ..., d} and scaling vector ¢ = (g1, ..., &) € (R\ {O})d
such that ISj(Bj) = Pp(jy(ejBj) forall Bj € By,and w; = sj_lwn(j). When such a
permutation and scaling factor exist for any two ICA representations of P, we say
that the ICA representation of P is identifiable, or simply that P is identifiable. By
analogy, we define f € fKIJCA to be identifiable if not more than one of fi,..., fs
in the representation (2) is Gaussian.

Our next result shows that ** preserves the identifiability of the ICA model.
Together with Theorem 2, we see that if P € PICA is identifiable, then the un-
mixing matrices of P and y**(P) are identical up to the permutation and scaling
transformations described above.

THEOREM 3. Let P € PICA Then y**(P) is identifiable if and only if P is
identifiable.

2.3. General log-concave ICA projections. We now consider the general log-
concave ICA projection ¢** defined on P;. Define the Mallows distance d (also
known as the Wasserstein distance) between probability measures P and P on R¢
with finite mean by

d(P,P)= inf E[X-X]|,
(X,X)~(P,P)

where the infimum is taken over all pairs (X, X ) of random vectors X ~ P and

X~ P on a common probability space. Recall that d(P", P) — 0 if and only

if both P" 4 P and [pa ||x||dP"(x) = [pa llx||dP(x). We are interested in the
continuity of **,

PROPOSITION 4. Let P, P!, P2, ... be probability measures in Py with
d(P", P) — 0asn— oco. Then L*(P"™) — L**(P). Moreover,

f"—fl—0
fnG‘/,*E(Pn)fEI//**(P) ]Rd| |

as n — Q.
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The second part of this proposition says that any element of ¢ **(P") is ar-
bitrarily close in total variation distance to some element of **(P) once n is
sufficiently large. In the special case where {**(P) consists of only a single ele-

ment, we can say more. It is convenient to let I1; denote the set of permutations

of {1,...,d), and write (W, fi, ..., fa) <" fit WeWand fi,..., fs € Fi can

be used to give an ICA representation of f € ]-";CA in (2). Similarly, we write
(W, Py, .. Pd) P if WeWand Py,..., P; € P represent P € P ICA in (1).

THEOREM 5. Suppose that P € PICA, and write ** = **(P). If P!,
P2,...e€ P, are such that d(P", P) — 0, then

sup |f" = ] —o.
freypm) SR

Suppose further that P is identifiable and that (W, Py, ..., Pg) ~ 1eh P. Then

sup sup inf 1nf {”( ) Wit (jy — wj
freyrE(pPm) W fi... f;)IgAf’l n"ely ef ...l eR\{0}

[ ) = 770 x|
—0

for each j =1,...,d, where f ¥ = Y*(Pj). As a consequence, for sufficiently
large n, every f” e Y™ (P") is ldentlﬁable

The convergence statement in Theorem 5 is quite complicated, partly because
of the need to deal with possible reordering and/or scaling of the rows of the un-
mixing matrices. An alternative approach, as adopted in Ilmonen and Paindaveine
(2011), for instance, would be to study a particular representative of the equiva-
lence class of unmixing matrices that can be used to represent a given distribution
in F CIICA. Our main reason for choosing this presentation was to make clear that the
same permutation and scaling yields simultaneous convergence of the log-concave
projections of the marginal densities.

The first part of Theorem 5 shows that if P € PICA and P € Py are close in
Mallows distance, then every f € ¥**(P) is close to the corresponding (unique)
log-concave ICA projection f = ¥**(P) in total variation distance. The second
part shows further that if P is identifiable, then up to permutation and scaling,
every f € y**(P) and every choice of unmixing matrix W and marginal densities
fl1s ..., fa in the ICA representation of f is close to the unmixing matrix W and
margmal densities f1, ..., fz in the ICA representation of f.
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To conclude this subsection, we remark that, by analogy with the situation when
P e PLIiCA described in Theorem 2, if P € Py and X ~ P, any f** € ¢**(P) can
be written as

d
F) = det W[ [ ] 7 (wjx)

j=1
for some W € W, where f ;‘ = Y*(P;) and P; is the marginal distribution of

ij-X . This observation reduces the maximisation problem involved in computing
Y**(P) to a finite-dimensional one (over W € W), and follows because

sup log fdP
feFica R4

d
= sup  sup {logldeth + Z/ log fj(w}x)dP(x)}
Wew fi,..., fa€F j=l R4

d
= sup {log|detW| + Z/ logfjf"(ijx)dP(x)}.
Wew =1 Rd

3. Nonparametric maximum likelihood estimation for ICA models. We
are now in position to study the proposed nonparametric maximum likelihood es-
timator.

3.1. Estimating procedure and theoretical properties. Assume Xi, X3, ... are
independent copies of a random vector X € R satisfying the ICA model. Thus,
X =AS,where A=W 'eWand S = (S1,...,S2)" has independent compo-
nents. In this section, we study a nonparametric maximum likelihood estimator of
W and the marginal distributions Py, ..., P; of Si,..., Sz based on xq,...,X,,
where n >d + 1.

We start by noting that the usual nonparametric maximum likelihood estimate
does not work. Indeed, in the spirit of empirical likelihood [Owen (1990)], it
would suffice to consider, for a given W = (wy, ..., wg)' € W, estimates 15j of
the marginal distribution P;, supported on w]T.xl, e, w}xn. This leads to the non-
parametric likelihood

n d
(4) LW, Pi,....P)=]]T1 pij.

i=1j=1

where p;; = Isj(wJT-x,-). Let J denote a subset of (d + 1) distinct indices in
{1,...,n}, and let X; denote the d x (d + 1) matrix obtained by extracting the
columns of X = (x1,...,X,) with indices in J. Now let X(_ ;) denote the d x d
matrix obtained by removing the jth column of X;. Let W; € W have jth row



ICA VIA NONPARAMETRIC MAXIMUM LIKELIHOOD 2981

wj = (X(__lj))Tld, for j =1,...,d, where 1; is a d-vector of ones. We say that
X1, ..., X, are in general position if, whenever we take a n x r matrix M of full
rank, where every column of M contains exactly two non-zero entries, namely, a 1
and a —1, and define Y = (yy, ..., yr) by Y = XM, then Y has full rank. Our next
result shows that if x1, ..., X, are in general position, then every W; corresponds
to a maximiser of the nonparametric likelihood (4).

PROPOSITION 6. Suppose that X, ..., X, are in general position. Then for
any choice J ofA(d + l)Adistinct indices in {1, ..., n}, there exist Py, ..., Pj € P
such that (Wy, Py, ..., Py) maximises L(-).

If X has a density with respect to the Lebesgue measure on R?, then xy, ..., X,
are in general position with probability 1. On the other hand, there is no reason for
different choices of J to yield similar estimates W, so we cannot hope for such
an empirical likelihood-based procedure to be consistent.

As aremedy, we propose to estimate P° e PcliCA by Y**(P™), where P" denotes
the empirical distribution of xi,...,x, ~ PY. More explicitly, we estimate the
unmixing matrix and the marginals by maximising the log-likelihood

W, flyeoo, f) ="V, f1, .o, fai X1, .o Xp)

5
1 n d -
=log|detW|+ — Z Zlogfj(wjx,-)
2=
over W € W and fi,..., fg € F1. Note from Proposition 1 that Y (P exists
as a proper subset of féCA once the convex hull of x1, ..., X, is d-dimensional,

which happens with probability 1 for sufficiently large n. As a direct consequence

of Theorem 5 and the fact that d(P", P°) 23 0, we have the following consistency
result.

COROLLARY 7. Suppose that PO ¢ P;CA is identifiable and is represented
by WO eW and PO, ..., PC? € P1. Then for any maximiser (W”, f{‘ e, f;) of
"W, fi,..., fa) over W eWand f1, ..., fq € F1, there exist a permutation "
of {1,...,d} and scaling factors &7, ..., €}, € R\ {0} such that

o0 o A R Y
E) iy S and [ {[E F (€)= £ 0] dx 0

forj=1,....d, where f} =y*(P)).

3.2. Pre-whitening. Pre-whitening is a standard pre-processing technique in
the ICA literature; see Hyvirinen, Karhunen and Oja [(2001), pages 140 and 141]
or Chen and Bickel (2005). In this subsection, we explain the rationale for pre-
whitening and the simplifications it provides.
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Assume for now that P € PICA and Jpa ||x I2d P(x) < 0o, and let T denote the
(positive-definite) covariance matrix corresponding to P. Consider the ICA model
X = AS, where X ~ P, the mixing matrix A is non-singular and § = (S, ..., Sq)
has independent components with S; ~ P;. Assuming without loss of generahty
that each component of S has unit variance, we can write ¥~ 12x =2-1248 =
AS , say, where A belongs to the set O (d) of orthogonal d x d matrices. Thus, the
unmixing matrix W belongs to the set O (d)~1/? ={0=~1?:0 € 0(d)).

It follows that, if X were known, we could maximise £" with the restriction
that W € O(d)X /2. In practice, ¥ is typically unknown, but we can estimate it
using the sample covariance matrix X. For n large enough that the convex hull of
X1, ..., Xy 1s d-dimensional, we can therefore consider maximising

W, fro.ee, fas X1, s Xn)
over W € O(a')E_l/2 and fi, ..., fs € F1. Denote such a maximiser by (W” ”
f d) The corollary below shows that, under a second moment condition, W”
and f t, f » have the same asymptotic properties as the original estimators wn
and fl”, e f;
COROLLARY 8. Suppose that P° 73£IICA is identifiable, is represented by
WO eWand P?, ..., Pc(l) € P1 and that [ga lxI2d P%(x) < co. Then with proba-

bility 1 for sufficiently large n, a maximiser (W", Aﬁ’, e, fAZ) of "W, f1,..., fa)
over W € O(d)f]_l/2 and fi,..., fa € F1 exists. Moreover, for any such max-

imiser, there exist a permutation " of {1, ..., d} and scaling factors &7, ..., €/} €
R\ {0} such that
o0 N
Anm—1 Ap as. NI an * a.s.
' « = f n ' . : — f =
(&) W, T wjoa d /;00||8J|fﬁn(j)(81x) fi)]dx =0,

where f* Y (PO)

An alternative, equivalent way of computing (wn, A’f, ey f ") is to pre-whiten
the data by replacing xi, ..., X, with z; = > 12x,, ..., 2, = > 1/2x, and then
maximise

Zn(ovglv'-"gd;zly"'vzﬂ)
over 0 € O(d) and g1, ..., gq € F1. 1f (O", g%, ..., &} is such a maximiser, we
can then set W = 0"£ /2 and f ’]l =g" ;- Note that pre-whitening breaks down

the estimation of the d? parameters in W into two stages: first, we use T to esti-
mate the d(d + 1)/2 free parameters of the symmetric, positive definite matrix X,
leaving only the maximisation over the d(d — 1)/2 free parameters of O € O (d)
at the second stage. The advantage of this approach is that it facilitates more stable
maximisation algorithms, such as the one described in the next subsection.
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3.3. Computational algorithm. In this subsection, we address the challenge of
maximising

W, fr, oo fasXi, ..., Xp)

over W € O(d) and fi,..., fg € F1; thus, we are assuming that our data have
already been pre-whitened. As a starting point, we choose W to be randomly dis-
tributed according to the Haar measure on the set O (d) of d x d orthogonal ma-
trices. A simple way of generating W with this distribution is to generate a d x d
matrix Z whose entries are independent N (0, 1) random variables, compute the
O R-factorisation Z = QR,and let W = Q.

Our proposed algorithm then alternates between maximising the log-likelihood
over fi,..., fq for fixed W, and then over W for fixed fi,..., f4. The first of
these steps is straightforward given Theorem 2 and the recent work on log-concave
density estimation: we set f; to be the log-concave maximum likelihood estimator
of the data w}—x1, e w}—xn. This can be computed using the Active Set algorithm
implemented in the R package logcondens [Diimbgen and Rufibach (2011),
Rufibach and Diimbgen (2006)]. This fast algorithm exploits two basic facts: first,
the logarithm of the log-concave maximum likelihood estimator is piecewise linear
and continuous between the smallest and largest order statistics, with “knots” at
the observations; and second, that the likelihood maximiser for a given (typically
small) set of knots can be computed very efficiently. The algorithm therefore varies
the set of knots appropriately until, after finitely many steps, the global optimum
is attained.

This leaves the challenge of updating W € O(d). In common with other ICA
algorithms [e.g., Plumbley (2005)], we treat O (d) as a Riemannian manifold, and
use standard techniques from differential geometry, as well as some features par-
ticular to our problem, to construct our proposal. Recall that the set O(d) is a

d(d — 1)/2-dimensional submanifold of R% . The tangent space at W € O(d) is
TwO(d) :={WY:Y = —YT}. In fact, if we define the natural inner product (-, -)
on TwO(d) x TwO(d) by (U, V) =tr(U VT), then O(d) becomes a Riemannian
manifold. (Note that if we think of U and V as vectors in ]Rdz, then this inner
product is simply the Euclidean inner product.)

There is no loss of generality in assuming W belongs to the Riemannian man-
ifold SO(d), the set of special orthogonal matrices having determinant 1. We can
now define geodesics on SO(d), recalling that the matrix exponential is given by

o yr
exp(¥) =1+ —.
r=1
The unique geodesic passing through W € SO(d) with tangent vector WY (where
Y =—YT")is the map « : [0, 1] — SO(d) given by a(t) = Wexp(tY).

We update W by moving along a geodesic in SO(d), but need to choose an

appropriate skew-symmetric matrix Y, which ideally should (at least locally)
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give a large increase in the log-likelihood. The key to finding such a direc-
tion is Proposition 9 below. To set the scene for this result, observe that for
X € [min(wJT.xl, cee, wJT.xn), max(w]T.xl, cee, wJT.xn)], we can write

(6) log fix)= mm (b]k-x — Bjk)

for some b i, Bjr € R [e.g., Cule, Samworth and Stewart (2010)]. Since we may
assume that b1, ..., b jm; are strictly decreasing, the minimum in (6) is attained
in either one or two indices. It is convenient to let

. T
Kij = argmin (bjkwjxi — Bijk).
k=1,...,m;

PROPOSITION 9.  Consider the map g :SO(d) — R given by

n d

1
g(W) = ; Z Z . minmi(bjkw}-x,- — ,Bjk).

Let Y be a skew-symmetric matrix and let c; denote the jth row of WY. If
[KCijl =1, let k;j denote the unique element of KC;j. If |KC;j| = 2, write K;; =
; ifc}-xi <0, let

{kijl, kijz}- IfC}—X,' >0, let k,’j = k,‘jl, where | = argmin,:m bk,-jp
kij = kiji, where | = argmax;_ , by,;,. Then the one-sided directional derivative

of g at W in the direction WY is

1
Vwyg(W) = nZZkaljch’

i=1j=l1

Note that while the one-sided directional derivatives of g exist, the function
is not differentiable, so we cannot apply a basic gradient descent algorithm. In-
stead, for 1 <s <r <d, let Y, ; denote the d x d matrix with Y, ;(r,s) =1/ V2,
Y s(s,r) = —l/ﬁ and all other entries equal to zero. Then Y+ = {(Yrs:l<s<
r < d} forms an orthonormal basis for the set of skew-symmetric matrices. Let
Y~ ={-Y:Y € Y*}. We choose Y™ ¢ Y+ U Y~ to maximise Viyyyg(W).

We therefore update W with Wexp(¢Y™®), and it remains to select ¢. This
we propose to choose by means of a backtracking line search. Specifically, we fix
ae€(0,1)and e =1, and if

7 g(Wexp(eY™)) > g(W) + aeVyymxg(W),

we accept a move from W to W exp(eY™#*). Otherwise, we successively reduce ¢
by a factor of y € (0, 1) until (7) is satisfied, and then move to W exp(eY™#*). In
our implementation, we used « = 0.3 and y = 1/2.
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. 1 1 2
Our algorithm produces a sequence (W(l), fl( ), e, f; )), (W(Z), fl( ), e,
f 52)), .... We terminate the algorithm once

_ -1 -1
Zn(ﬂl(l),fl(t)’ “"fd(t)) En(nz(t 1)7f1(t )’ o fét )) 3
- 1
|€"(W(’_1),f1(t ),...,fd(t ))|

n’

where, in our implementation, we chose n = 10~7. As with other ICA algorithms,
global convergence is not guaranteed, so we used 10 random starting points and
took the solution with the highest log-likelihood.

4. Numerical experiments. To illustrate the practical merits of our proposed
nonparametric maximum likelihood estimation method for ICA models, we con-
ducted several sets of numerical experiments. To fix ideas, we focus on two-
dimensional signals, that is, d = 2. The components of the signal were generated
independently, and then rotated by 7 /3, so the mixing matrix is

1=(5e 127

Our goal is to reconstruct the signal and estimate A or, equivalently, W = A~!,
based on n = 200 observations of the rotated input.

We first consider a typical example in the ICA literature where the density of
each component of the true signal is uniform on the interval [—0.5, 0.5]. The top
left panel of Figure 1 plots the 200 simulated signal pairs, while the top right panel
gives the rotated observations. The bottom left panel plots the recovered signal
using the proposed nonparametric maximum likelihood method. Also included in
the bottom right panel of the figure are the estimated marginal densities of the two
sources of signal.

Figure 2 gives corresponding plots when the marginals have an Exp(1) — 1
distribution. We note that both uniform and exponential distributions have log-
concave densities and, therefore, our method not only recovers the mixing matrix
but also accurately estimates the marginal densities, as can be seen in Figures 1
and 2.

To investigate the robustness of the proposed method when the marginal com-
ponents do not have log-concave densities, we repeated the simulation in two other
cases, with the true signal simulated first from a ¢-distribution with two degrees of
freedom scaled by a factor of 1/+4/2 and second from a mixture of normals dis-
tribution 0.7N (—0.9,1) + 0.3N (2.1, 1). Figures 3 and 4 show that, in both cases,
the misspecification of the marginals does not affect the recovery of the signal.
Also, the estimated marginals represent estimates of the log-concave projection of
the true marginals (a standard Laplace density in the case Figure 3), as correctly
predicted by our theoretical results.

As discussed before, one of the unique advantages of the proposed method over
existing ones is its general applicability. For example, the method can be used even
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when the marginal distributions of the true signal do not have densities. To demon-
strate this property, we now consider simulating signals from a Bin(3, 1/2) — 1.5
distribution. To the best of our knowledge, none of the existing ICA methods are
applicable for these types of problems. The simulation results presented in Figure 5
suggest that the method works very well in this case.

To further conduct a comparative study, we repeated each of the previous
simulations 200 times and computed our estimate along with those produced
by FastICA and ProDenICA methods. FastICA algorithms [e.g., Hyvirinen and
Oja (2000), Nordhausen et al. (2011), Ollila (2010)] are popular ICA methods
that traditionally proceed by maximising an approximation to the negentropy;
ProDenlICA is a nonparametric ICA method proposed by Hastie and Tibshirani
(2003b), and has been shown to enjoy the best performance among a large col-
lection of existing ICA methods [Hastie, Tibshirani and Friedman (2009)]. Both
the FastICA and ProDenlCA methods were implemented using the R package
ProDenICA [Hastie and Tibshirani (2003a)]. In the former case, we used the
Gfunc=G1 option to the ProDenICA function, corresponding to cosh negen-
tropy [Hyvérinen and Oja (2000)]; in the latter case, we used the Gfunc=GPois
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option, which fits a tilted Gaussian density using a Poisson generalised addi-
tive model. To compare the performance of these methods, we follow convention
[Hyvirinen, Karhunen and Oja (2001)] and compute the Amari metric between the
true unmixing matrix W and its estimates. The Amari metric between two d x d
matrices is defined as

d

14 Z?=1 |Cijl 1 >4 1G]
8 p(A,B)= ﬁz<— 1) 54 Z(— - 1)’

o \maxi<j<q |Cijl iD1\maXi<i<q |Cijl

where C = (Cij)1<i,j<d = AB~ L. Boxplots of the Amari metric for all three meth-
ods are given in Figure 6.

It is clear that both our proposed method (LogConlCA) and ProDenICA out-
perform the FastICA method. For both uniform and exponential marginals, Log-
ConICA improves upon ProDenICA, which might be expected since both distri-
butions have log-concave densities. It is, however, interesting to note the robust-
ness of LogConICA to misspecification of log-concavity, as it still outperforms
ProDenlICA for #, marginals, and remains competitive for the mixture of normal
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marginals. The most significant advantage of the proposed method, however, is
displayed when the marginals are binomial. Recall that ProDenICA, in common
with other nonparametric methods, assumes that the log density is smooth. This as-
sumption is not satisfied with the binomial distribution and, as a result, ProDenlCA
performs rather poorly. In contrast, LogConlCA works fairly well in this setting
even though the true marginal does not have a log-concave density with respect
to the Lebesgue measure. All these observations confirm our earlier theoretical
development.

5. Proofs.

PROOF OF PROPOSITION 1. (1) Suppose that [pa [lx||dP(x) = oo. Fix an
arbitrary f € FI°A, and find @ > 0 and B € R such that f(x) < e~¥I*I+8 Then

[ logap <—a [ IxldP@)+p=—co.

Thus, L**(P) = —oc0 and ¥**(P) = .FLI,CA.
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(2) Now suppose that [pa [|x||dP(x) < oo, but P(H) = 1 for some hyper-
plane H = {x € R4 :alTx = a}, where a; is a unit vector in R? and o € R. Find
a, ...,ag such that ay, ..., ay is an orthonormal basis for R?. Define the family
of density functions

—Ia x|

Jo(x) =

Then f, € F\°A, and

d
/Rd log £, (x)dP(x) = —log(c) — dlog2 — ZZfH|a}x|dP(x)
j:

d
> —log(a)—dlogZ—Z/ x|l dP(x) — oo
o /H

aso — 0.
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(3) Now suppose that P € P;. Notice that the density f(x) = 2—d ]_[?:1 eIl
belongs to ]:CIiCA and satisfies

d
/Rd log fdP = — ZI/Rd Ix;1dP(x) — dlog2 > —oo,
J:
Moreover,

sup / log fdP < sup log fdP < o0,
fFeFica JRI feFg IR?

where the second inequality follows from the proof of Theorem 2.2 of Diimbgen,
Samworth and Schuhmacher (2011). We may therefore take a sequence f!, f2,
... € .7:[11CA such that

/ log f*dP / sup log fdP.
R FeFIcA R4
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Let csupp(P) denote the convex support of P, that is, the intersection of all
closed, convex sets having P-measure 1. The hypothesis P € P; implies that
csupp(P) is d-dimensional [e.g., Diimbgen, Samworth and Schuhmacher (2011),
Lemma 2.1]. Following the arguments in the proof of Theorem 2.2 of Diimbgen,
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Samworth and Schuhmacher (2011), there exist « > 0 and 8 € R such that
sup, ey f"(x) < e @I¥I8 for all x € RY. Moreover, these arguments [see also
the proof of Theorem 4 of Cule and Samworth (2010)] yield the existence of
a closed, convex set C D int(csupp(P)), a log-concave density f** € F; with
{x e R?: f**(x) > 0} = C and a subsequence (f") such that

f**(x):klim f™(x)  forall x eint(C)U (RY\ C).

Since the boundary of C has zero Lebesgue measure, we deduce from Fatou’s
lemma applied to the non-negative functions x — —«||x|| + 8 — log f"(x) that

/ logf**szlimsupf log f"*dP = sup log fdP.
R4 k—oo JRE FeFIcA R4

ICA
F, d

It remains to show that f** . We can write

d
£ @) = |det WF| TT £4((wh)Tx).
j:]

where WX € W and f;‘ € FyforeachkeNand j=1,...,d. Let X* be a ran-
dom vector with density f"* fLIiCA, and let X be a random vector with density
f** € F4. We know that X¥ 4 Xask— 00, and that (w’l‘)TX", e (wZ)TXk are

independent for each k. Let w§ = wh/||w|| and £} (x) = [|w¥]| £} (w}|x). Then
we have

d
17k Fk((~k\T
©) S = [det W TT F7((@F) ),
j=1
where the matrix W¥ has jthrow ﬁ)lj‘.. Moreover, Wk e W and f]k, el fé‘ e Fi,so

(9) provides an alternative, equivalent representation of the density f"4, in which
each row of the unmixing matrix has unit Euclidean length. By reducing to a fur-
ther subsequence if necessary, we may assume that for each j =1,...,d, there
exists w; € R? such that zI)’j‘. — w; as k — oo. By Slutsky’s theorem, it then fol-
lows that

(@ Txk, L @5 TxH S @TX, . B)X).

Thus, for any ¢t = (¢4, ..., t)" e R,

QU

KNT yk
— lim l—[E ltj(w ) X 1—[ ztjw X
k—>oo
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We conclude that zIJITX e ﬁ)dTX are independent. Now, the fact that the support
of f** is a d-dimensional convex set means that none of ﬁ)lTX e w}x is almost
surely constant, and each of these random variables has a log-concave density, by
Theorem 6 of Prékopa (1973). Finally, since ||w || = 1 for all j, we deduce further

that W = (@1, ..., wg)" is non-singular. This shows that f** € fCI,CA, as required.
O

PROOF OF THEOREM 2. Suppose that P € P[I,CA satisfies

d
P(B) =[] Pj(w]B)
j=1

for some W € W and Py, ..., Py € P;. Consider maximising
/ log f(x)dP(x)
R4

over f € Fy. Letting s = Wx and f(s) = f(As), where A = W™, we can equiv-
alently maximise

d
/Rd 1ogf(s)d((gz Pj(sj)>
J:

over f € F,. But, by Theorem 4 of Chen and Samworth (2012), the unique so-
lution to this maximisation problem is to choose f(s) = [—[?:1 f Jf“(s i), where
f;“ = ¥*(P;). This shows that f* :=*(P) can be written as

d
R =detW| [ f(wjx).
j=1
Since f* € ]:LIiCA also, we deduce that f* is also the unique maximiser of
Jralog fdP over f e FIA, so y**(P) = y*(P). O

PROOF OF THEOREM 3. Suppose that P € P;CA. Let X ~ P, so there exists
W € W such that WX has independent components. Writing P; for the marginal
distribution of ij-X , note that Py, ..., P; € P;. By Theorem 2 and the identifi-
ability result of Eriksson and Koivunen (2004), it therefore suffices to show that
P; € Py has a Gaussian density if and only if ¢ *(P;) is a Gaussian density. If P;
has a Gaussian density f ]?“, then since f j?" is log-concave, we have f ;‘ = Y*(P)).
Conversely, suppose that P; does not have a Gaussian density. Since f ;“ =vy*(P;))
satisfies [°5, x d Pj(x) = [23, xf} (x) dx [Diimbgen, Samworth and Schuhmacher
(2011), Remark 2.3], we may assume without loss of generality that P; and f Jf“
have mean zero. We consider maximising

o0
/ log fdP;
o



2994 R.J. SAMWORTH AND M. YUAN

over all mean zero Gaussian densities f. Writing ¢,> for the mean zero Gaussian
density with variance o2, we have

/oologqbazde:—P/oox de(x)—Elog(Zna )-

This expression is maximised uniquely in o2 at Gf = /% x>d Pj(x). But Chen
and Samworth (2012) show that the only way a distribution P; and its log-concave
projection ¥*(P;) can have the same second moment is if P; has a log-concave
density, in which case P; has density 1/*(P;). We therefore conclude that the only
way ¥ *(P;) can be a Gaussian density is if P; has a Gaussian density, a contra-

diction. [

PROOF OF PROPOSITION 4. The proof of this proposition is very similar to
the proof of Theorem 4.5 of Diimbgen, Samworth and Schuhmacher (2011), so we
only sketch the argument here. For each n € N, let " € ¥**(P"), and consider an
arbitrary subsequence (f"**). By reducing to a further subsequence if necessary,
we may assume that L**(P"t) — A € [—00, 00]. Observe that

A> lim dlc>g(2—fﬂ«,a‘z‘f=1 i1y @ P (x)

k— 00 JR:
d
= —dlog2 — ZI/Rd |x;|dP(x) > —o0.
J=

Arguments from convex analysis can be used to show that the sequence (f"*)
is uniformly bounded above, and liminfzcy f™* (xp) > —oo for all xp €
int(csupp(P)). From this it follows that there exist a > 0 and » € R such that
SUPgen SUP,erd f /1 (x) < e~@I¥lI+b Thys, by reducing to a further subsequence if
necessary, we may assume there exists f** € F; such that

limsup f™(x) = f**(xo)  forall xo € R\ d{x e RY: f**(x) > 0},

k—00,x—>x(

limsup f™(x) < f**(xo)  forall xg € 3{x e RY: f**(x) > 0}.

k—00,x—x(

(10)

Note from this that
A= lim logf”de”kf—af lx||dP(x)+ b < 0.
Rd R‘l

In fact, we can use the argument from the proof of Proposition 1 to deduce that
f**eF LIiCA. Skorokhod’s representation theorem and Fatou’s lemma can then be
used to show that A < [palog f**dP < L**(P).

We can obtain the other bound A > L**(P) by taking any element of y**(P),
approximating it from above using Lipschitz continuous functions, as in the proof
of Theorem 4.5 of Diimbgen, Samworth and Schuhmacher (2011), and using
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monotone convergence. From these arguments, we conclude that L**(P") —
L**(P) and f** € y**(P).

We can see from (10) that f"* % f**, 80 Jga | f™ — f**| — 0, by Scheffé’s
theorem. Thus, given any f" € ¥**(P") and any subsequence ( f"*), we can find
f** € ¢¥**(P) and a further subsequence of ( f"*) which converges to f** in total
variation distance. This yields the second part of the proposition. [

PROOF OF THEOREM 5. The first part of the theorem is a special case of
Proposition 4. Now suppose P € PICA is identifiable and is represented by W € W
and Py,..., P; € P1. Suppose w1th0ut loss of generality that [[w;|| =1 for all
j=1,...,d and let f** = **(P). Recall from Theorem 2 that if X has density
f**, then wJT.X has density fJ’." =y (Pj).

Suppose for a contradiction that we can find ¢ > 0, integers 1 <n; <np < ---,

FEey Py and (WK, fE, ..., £ £k such that

finf inf =1, / k| ok }
ié‘wgféﬁ\{ow‘znd{”(%) wer iy = Wil | Nlef] fegy (E52) = @) dxp = e.

We can find a subsequence 1 < k; < kp < --- such that w];l/||w ! — w;, say, as
[ — oo, forall j=1,...,d. The argument toward the end of the proof of case
(3) of Proposition 1 shows that W can be used to represent the unmixing matrix
of f**, so by the identifiability result of Eriksson and Koivunen (2004) and the fact
that ||w;|| = 1, there exist &1,...,&4 € {—1,1} and a permutation mof{l,...,d}

such that & ;W (j) = w;. Setting 7" = 7 and 8 = e ||wnn(])|| we deduce that
ki

k=1 K -~ Wa@p
(ej) Wiy ;) =&

||wn(j)”

for j =1,...,d. Now observe that if X¥ has density f¥, then by Slutsky’s the-
orem, (sl;-[ y~1 (wilkl _))TX ki —d> wJT-X . It therefore follows from Proposition 2(c) of
Cule and Samworth (2010) that

%) X ‘
_/_w|’5jl|f;kl(j)(8jlx) — f;‘(x)|dx —0

for j =1,...,d. This contradiction establishes that

sup sup inf inf { Whniy — W,
Frev P yn g fn)ICNAfn” "ellgey,....e5€R\{0} Ite ) “r il
o n n n %
(I + /mng | fnijy (%) = (X)|dx}

—-0
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foreach j=1,...,d.

It remains to prove that for sufficiently large n, every f" € ¥**(P™) is identi-
fiable. Recall from the identifiability result of Eriksson and Koivunen (2004) and
Theorem 3 that not more than one of f}*,..., f; is Gaussian. Let ¢.52() de-
note the univariate normal density with mean p and variance 2. Let J denote
the index set of the non-Gaussian densities among f}*, ..., f7, so the cardinality
of J is at least d — 1, and consider, for each j € J, the problem of minimising
g(p, o) = [, |Pu.02 — f;‘| over u € R and o > 0. Observe that g is continu-
ous with g(u, o) <2 for all 4 and o, that inf,cr g(, 0) — 2 as 0 — 0, 00 and
infyo0g(u,0) = 2 as |u| — oo. It follows that g attains its infimum, and there
exists 7 > 0 such that

[e.e]
12 inf inf inf — [l =n.
12 inf Inf b ) JPuor = il 2

Comparing (11) and (12), we see that, for sufficiently large n, whenever f" e

Y**(P") and (W™, f1', ..., f]) 1 f", at most one of the densities f{',..., fJ
can be Gaussian. It follows that when n is large, every f" € ¥**(P") is identifi-
able. [

PROOF OF PROPOSITION 6. It is well known that for fixed W € W, the non-
parametric likelihood L(-) defined in (4) is maximised by choosing

A 1 & .
PV ==%"68,1.. Jj=1Ll...4d
izt

Fori=1,....,n,WeWand j=1,...,d,let

nw, (i) ={i e{l,....n}:wjx; =wjx;}.

The binary relation i ~ i if Ny, (i) = ny i (17) defines an equivalence relation on
{1,...,n}, so we can let IV denote a set of indices obtained by choosing one
element from each equivalence class. Then

9 gy, (D1, )] - 1 ()]

L(w, PV, ... P _
n

1

~.
Il

n—l’l 1_[ ‘nwj (l)|‘nw] (l)l

Il
=~

Jj=1 iel ]W
Note that |n, i ()| <d, because otherwise there would exist a subset of x1, ..., X,
of cardinality at least d + 1 lying on a (d — 1)-dimensional hyperplane of the form
{x € R4 wJT-x = B}, for some B € R, contradicting the hypothesis that x1, ..., X,

are in general position. In fact, we claim that -, _;w (|ny; (i)| — 1) < d — 1. Indeed,
J
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suppose for a contradiction that this were not the case. Then, by reordering the

observations if necessary, we could find K < |/ jW|, integers ni,...,ng > 2 with
ni+---+ng>d+Kandpy,..., Bk E]Rsuchthatij-Xi =pfifori=ni+---+
ng-1+1,...,n+---+nrandk=1,..., K. Now set y;x =X; — Xy, 1...4n; foOr

i=ni+---+n_1+1,....,n1+---+nr—1land k=1, ..., K. Note that there
at least d vectors {y;x}, all of which are non-zero, and any subset of cardinality
d is linearly independent because X1, ..., X, are in general position. On the other
hand, wJT-y,-k = 0 for all i, k, which establishes our contradiction. Thus, the best
we can hope for in aiming to maximise the likelihood is to be able to choose
|nw; (i0)| = d for some ig € 1}, and |ny,;(i)| =1 fori € IjW \ {io}. It follows that
LW, PY, ..., Py < (@/n"e.

Moreover, for any choice J of distinct indices in {1, ..., n}, if we construct the
matrix W; € W as described just before the statement of Proposition 6, then for
each j=1,...,dandi e J\{j}, we have ijx,- = 1}X(—_‘J.)x,- =1,50 |ny; ()| =d
for such i, and L(W,, "7, ..., B}y = (@9 /n™)d. O

As a preliminary to the proof of Corollary 8, it is convenient to define some

more notation. Let F (Ilc(f denote the set of f € ]—'CIICA that can be represented using

fICA

an orthogonal unmixing matrix. Let 5" : P; — F,;* denote the log-concave ICA

projection operator onto fcllc(?, so that

V™ (P) =argmax/Rd log fdP.

ICA
feFas

The projection operator v/;* has many properties in common with v**. Indeed,
the analogue of Proposition 1 is immediate (in fact, the proof is slightly simpler

because all rows of unmixing matrices have unit length). Let PCIIC(;A denote the set

of P e PCIICA such that any X ~ PCIICA has identity covariance matrix. Then the ana-
logue of Theorem 2 states that the restriction *lpécé* coincides with lﬂ**|73[ric6\.

This follows because if the distribution of X belongs to PLILC(?, so that X = AS,
where S has independent components, then there is no loss of generality in assum-
ing each component of § has unit variance, and then I = Cov(X) = AA". Thus,
the unmixing matrix of P may be assumed to be orthogonal, and the result fol-
lows from Theorem 2. Analogues of Theorem 3 and Proposition 4 for ;* are
immediate.

The proof of Corollary 8 is based on an analogue of part of Theorem 5 for P[IJ%A,
which is stated below. Its proof is virtually identical to that of Theorem 5, and is

omitted.
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PROPOSITION 10. Suppose that P € PICA is identifiable and that (W, Py, ...,

Py) 'S P with W € O(d). If P, P2, ... € Py are such that d(P", P) = 0, then

. . =1 n
sup sup inf inf { M)Wl —w;
PP g gy pn ™S S ) gy = vl
[ U d
o n n n k
+/;oo||8j|fnn(j)(8jx) — f; (x)|dx}
—0
for each j =1,...,d, where f;“ = Y*(Pj). As a consequence, for sufficiently
large n, every f" € y5*(P") is identifiable.

Notice that the scaling factors here may be assumed to belong to {—1, 1}, again
because the rows of W" and W have unit length.

PROOF OF COROLLARY 8. Let z; = f]_]/le,...,zn = f]_l/zxn, and let

P™% denote their empirical distribution. Writing Z = n~! Y7 1z and X =
n~! Y% X;, note that the covariance matrix corresponding to P"* is

1 & i I B ) Ctal
- Y @i -0 -2 = - Y52 —0)(x —0TET2 =1,
i=1 i=1

Now P"% ¢ ‘Ps provided the convex hull of zy, ..., z, is d-dimensional, which
occurs with probability 1 for sufficiently large n. It follows by the analogue of
Proposition 1 for v;* that there then exists a maximiser (0", g,...,gy) of

"0, g1,...,84;21,...,2y)over O € O(d) and gy, ..., gq € F.
Now let ¥ = Cov(X), and note that the distribution POz of 1 1/2x, belongs to

PICA. Suppose that 09, PO*, . P9%) ' POz with 0° € 0(d). To show that
d(P” z por % 0, note ﬁrst that

[ itaEn = Py

1 n

< |- 2] = =7} ‘ ’ = V2x | — B[ V2x
i=1 i=1

<M= B+ 3]z - B

< man (572 — £71/2) = Z“ ||+‘ Zyz V2% | —E|=712x ],
i=1
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where |A |max(ﬁ -2_y-v 2) denotes the largest absolute value of the eigenvalues
of 2712 — £-1/2 Now |)\.|max(§:_1/2 —-x-1/2 o, by the strong law of large
numbers and the continuous mapping theorem, while n! LR R Elx1],
also by the strong law. Another application of the strong law shows that the second
term in the sum converges almost surely to zero. Moreover, if 4 : R? — [—1, 1] has
Lipschitz constant at most 1, then

‘ / Jhd(P"*— P07
R

EY ) - h(z )

=3 h(=7V2x;) —En(=?xy)

< Mmax (E7Y2 = 2712 = an,n

Zh ~12%) —Er(z7x))

a.s.
= 0.

This shows that d(ﬁ”*z, POz 2% 0, so by Proposition 10, there exist 7" € I1; and
gf,..., &5 e{—1,1} such that

A 1A
1) oty =1+ [ 11

8"x) — g(x)|dx 230

foreach j =1,...,d, where gj = w*(Pj(.)’Z). Now set W" = 0" /2 and f;’ =

g;?, and observe that (W", A’]‘, ...,f;‘) maximises £"(W, fi,..., fa;X1,...,Xp)
over W e O(d)SY2 and fi, ..., fs € Fi. Since (095 ~1/2, PIO’Z, ) Pf? HR 1A
PO, there exist 7 € [1; and scaling factors €,...,e4 € R\ {0} such that

_ — 0,
0?2 172 = £; lwg(j) and PJ- Z(BJ-) = PJ?(j)(sij) for all Bj € B;. It follows that,

: “n _ an -1 an_ =1 an
setting 7" =" o™ and € =€ m1(j)En-1(j)> We have

any—1an &—1/2
= (&" . >

( j) Oj%n(.l)
_ L -1/2
= en1(pErm(p) 0 "or'(mz

as. 0 —12_ .0
= Eal(pOg-1(j = =W
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for j=1,...,d. Now,
0 —1 —1
FaH @) =¥ (Pr) () = e |g5 (e x).

where the second equality follows by the affine equivariance of log-concave pro-
jections [Diimbgen, Samworth and Schuhmacher (2011), Remark 2.4]. Thus,

| 817, @) = £ ol d

:/_ooH -1 7T_1(])
_/ E2-10)

as required. [

&n 1y Er1(jyEn-1()%)

ST N Cattpe) | 2

a.s.
8inir1(in Er-1(9Y) ~ 8r-1(y N[ dy =0

PROOF OF PROPOSITION 9. For ¢ > 0, let W, = Wexp(eY), and let w;
denote the jth row of W,. Notice that

T

Wi Xi = wJTxi + sc]Tx,- +0(s?)

as € \( 0. It follows that for sufficiently small ¢ > 0,

M — ZZ{ l’nll’l kaj eXi — ﬂJk)

&
: T
— rlnln ‘(bjkwjx,- —,Bjk)}
d

= —ZZb]ku wJ Xi — wa,)

€21 =1

%ZZka ¢jX

i=1j=1
as e (0. O
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