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Abstract

Using the geometry of the Kendall shape space, in this paper we study the shape, as
well as the size-and-shape, of the projection of a configuration after it has been rotated
and, when the given configuration lies in a Euclidean space of an arbitrary dimension,
we obtain expressions for the induced distributions of such shapes when the rotation is
uniformly distributed.
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1. Introduction

Since Kendall’s seminal paper [1] on shape spaces over twenty years ago, many advances
have been made in both theory and applications. A recent example is the study of the shape of
the projection onto a fixed hyperplane of a given configuration after it is randomly rotated in
[5] and [6] (see also [3]). As pointed out in the above papers, one motivation for this study is
its importance in the field of biophysics, where, using electron microscopes, one views images
of single particles in an aqueous environment in order to study the structure of biological
molecules. Thus, one is viewing a planar projection of the particle rather than the three-
dimensional particle itself. Moreover, the size of the particle, together with its movement,
makes it impossible to control the direction of the projection. Alternatively, one might be
viewing the planar projections of a group of isometric but randomly oriented particles. For the
practical motivation for, and discussion of, this point of view, see [7].

We first recall Kendall’s construction of the shape space as follows. A configuration of k
labelled, and not totally identical, points in Euclidean m-dimensional space R is represented
by an m x k matrix X*. Without loss of generality, the configuration is assumed to have its
centroid at the origin and then the matrix X* is multiplied on the right by a certain k x k special
orthogonal matrix which has the effect of producing a zero first column which is then discarded
to give the pre-size-and-shape matrix X. The pre-shape matrix X /|| X || represents a point in the
sphere S”*~D=1 and the shape 7 (X) of the original configuration is the image in the shape
space 2,17‘1, which is the quotient of the pre-shape sphere by the left action of SO(m) acting on
the representative matrices. (Cf. [2].)

Assuming that the dimension of the Euclidean space where the configuration lies is 2,
Panaretos [5] studied the diffusion, in the Kendall shape space, of the shape of the projected
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configuration when the rotation evolves as a Brownian motion in SO(2). This he termed a Radon
diffusion of shape. Panaretos also obtained, in the same paper, the equilibrium distribution of
such a resulting shape diffusion. In [6], he studied the diffusion of the unoriented size-and-
shape of the projected configuration under the assumption that the rotation evolves as a Brownian
motion in SO(n) when the given configuration lies in an n-dimensional Euclidean space.

In this paper we study the induced distribution of the random shape, as well as that of
the random size-and-shape, of the projected configuration when the rotation is uniformly
distributed. Since the argument for the results relating to size-and-shapes are similar to those
for shapes, we shall concentrate mainly on the results for shapes and give brief outlines for
size-and-shapes at the end of the paper. Furthermore, since our result reduces to one of the
results of [5] when the dimension of the Euclidean space in which the initial configuration lies
is 2, we shall focus mainly on the case where the dimension is at least 3.

The paper is organised as follows. In Section 2 we introduce the injective map ¢ sending
v € §"~! to the shape of the projection onto a fixed plane of the given configuration after it
has been rotated by R, where R is any rotation such that Rv is the normal of the fixed plane.
Our main technique is to reinterpret ¢ in terms of the map G sending v to the pre-shape of
the projection of the fixed configuration onto the inversely rotated plane, that with normal v.
We obtain a technical result involving the derivative of G that enables us, in Section 3, to use
the geometry of shape spaces to obtain an isometric copy of the derivative ¢,. This makes it
possible for us in Section 4 to derive the expression for the required induced distribution of
the shape of the projection of the given configuration after it has been randomly rotated, in
terms of the characteristic polynomial of a certain matrix. In Section 5 we further analyse this
expression to obtain closed expressions when the dimension of the Euclidean space in which the
original configuration lies is 3 or 4. The last section gives brief outlines on the corresponding
arguments and results for the size-and-shape of the projected configuration after it has been
randomly rotated.

2. The map ¢ to the shape of the projection

For a fixed unit length column vector vg, representing a point on the unit (m — 1)-sphere
S”~1, we are interested in the shape of the projection onto the orthogonal complement vOL of
vo of a given configuration comprising k (> m > 2) labelled vertices in general position in
R™ after it has been rotated by R € SO(m). Note that both the orthogonal projection and
rotated image of a centred configuration are also centred and that the operations of projection
and rotation commute with the standard mapping from the space of centred configurations to
the corresponding pre-size-and-shape space. It follows that the shape of the projection of the
rotated configuration is also the shape of the projection of the rotated pre-size-and-shape of the
given configuration. Thus, instead of specifying an m x k matrix representing the coordinates
of the given configuration, we start from a fixed m x (k — 1) matrix X of rank m representing, in
standard coordinates, the pre-size-and-shape of the configuration. Without loss of generality,
we also fix vg to be the mth standard basis element e,, = (0,...,0, 1)T. Then, the pre-size-
and-shape of the above projection of the rotated image of the given configuration is I1(e,;,) RX,
where I[T(v) = I,, — vv | is the matrix representing the projection onto v+ and I,, denotes the
m x m identity matrix, and in particular I[1(e;,) RX is anm x (k — 1) matrix with its final row 0.
From this we derive our primary mapping

¥ SO(m) — 84K R > TM(en)RX, (1)

m—1>

where 88’;1_1 is the space of pre-size-and-shapes of configurations with & labelled vertices in
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R”~! embedded in $4 ’;1 in terms of the standard embedding by adding a final zero row to all
its (matrix) elements.

Rotating X by R is equivalent to rotating e,, by R~! = R and, indeed, writing vg = R " e,
and noting that RTTI(Rv)R = T(v) for any vector v and rotation R, we obtain the identity

IM(en)RX = RIT(vR)X. 2)

The assumption that m > 2 implies that the map ¢: SO(m) — S”~!, given by R > vg,
is not injective: vg = vj if and only if RTe,, = R'e,. This is however if and only if
RRT is in the stabiliser stab(e,,) of e, which we identify with SO(m — 1). This gives the
usual identification of S”~! with the symmetric space SO(m)/SO@m — 1), the unit vector v
corresponding to the coset of rotations R such that v = vg.

Then, for any § € SO(m — 1), since vsg = vg, we have SRIT(vgp)X = SRII(vg)X.
However, RIT(vg)X is the pre-size-and-shape of a configuration that lies in e,Jn- and SRIT(vg) X
is that of that configuration rotated by S within e,Jn-, so that RIT(vg)X and SRIT(vsg)X have
the same shape, which is a point in the Kendall shape space E,’;_l of configurations with &
labelled vertices in R”~! that may be denoted by 7 (IT(e,,) RX) in view of (2). It follows that
the map in (1) induces a well-defined map

p: "=k v a(Tl(en)RX), 3)
where R is any choice such that Rv = e,.

In order to study how the shape of the projected configuration changes as v does, we shall
require the derivative ¢, of the map ¢ defined by (3). A natural way to compute this is to take
a curve y(¢) in S"~! whose derivative y (0) is a given vector u tangent to S"™=1 at v and then

d
Px(u) = (¢ 0 ¥) D=0

is tangent to an_l at the shape ¢ (v). Since the image of ¢ given by (3) involves R € SO(m)
which determines v and since the quotient map ¢ is a Riemannian submersion, it is more
convenient to represent the vector u by its horizontal lift in the tangent space to SO(m) and
replace y by a horizontal lift y in SO(m). For this, we recall that the tangent space to SO(m) at
the identity I = I, is its Lie algebra so(m) comprising the skew-symmetric m x m matrices,
when SO(m) is regarded as a subgroup of the general linear group of all invertible matrices
with its standard Riemannian metric. Then, in the tangent space to SO(m) at the identity ,,,,
the vertical subspace for the quotient map ¢, namely the tangent space to SO(m — 1), comprises
the matrices A = diag(Ao, 0), where Ag € so(m — 1), and so the horizontal subspace, the
orthogonal complement to the vertical subspace, is

RI:{(%],Z_'IJ g) ‘hGle},

where 0,,— denotes the (m — 1) x (m — 1) zero matrix (cf. [4, p. 318]). Since stab(vg) =
R Tstab(e,)R, it follows that the horizontal subspace at R € SO(m) is Hg = RT#[R.
Then, the corresponding tangent spaces at e,, and vg in S"~! are {He,, | H € #;} and
(HRvg | H € #;}, respectively, where HX = RTHR (loc. cit.).

We now consider the curve v(t) = e’HRvR in S"~!, where H € #;, with v(0) = vg
and 0(0) = HRvg = R"He,, # 0in Top (S™1), the tangent space at vg to S™=1. Then,
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R(t) = Re~"H" is the corresponding horizontal lift into SO(m): v(t) = R(t)"e,, and R(1)
rotates the projection of X onto v(¢)* back into e;- so that, in particular, all vertices of the
configuration corresponding to R(¢)IT(v(¢))X lie in the same, standard, hyperplane e,Jn-. The
projection ¢: /3”;_1 — Z”;_ | from the standard pre-shape sphere to the shape space is a
Riemannian submersion when restricted to the nonsingular part, the points represented by
matrices of rank at least m — 1, where indeed the image of ¢ lies. Then

L WeR)
) = g"(nw 5 R><z>||>

by (1) and so
. d /(¥ oR))
¢+ (0(0)) = ¢ (—(— : “)
) N\l o YOI 1=
Denoting TT(v)X by P(v) and P(v)/||P(v)|| by G(v), the pre-size-and-shape and pre-
shape, respectively, of the projected configuration onto v, the following result reinterprets the

derivative
d < (W o R)(1) )
de \|(¥ o RYDII /|0
in terms of the tangent vector
dG(v())
dr t:O’

which is independent of the choice of R € [R].

Lemma 1. Forany R € SO(m) such that v = vg and the curves v(t) and R(t) defined above,
d R(t dG(v(t
_( Y (R(1)) ) — RM(vp) (v(1)) _
dr \ 1Yy (R |,=0 L P

Proof. Since v(t) = vg(), we have, by (2), ¥ (R(t)) = R(t)P(v(¢)). Then

NV
=0 At \[[P@)l

which, recalling that R(0) = R, so that v(0) = vg, and using the facts that ||P(v(¢))| =
¥ (R())|l and P(v) = IT(v) P(v), gives

dG(v(?))
dt

1 dP)
=0 PO df

P(v(0)),
1=0

dG(v(@)) RIT(vg)dP(v(t))/dt|;=0  d ( 1 )
RII _— = — R(0)).
(Vr) de |, I (RO)) || * de \ |l (Rl ,:ol/f( O
So, we only need to show that
dy (R(1)) _ RH(UR)dP(v(t)) '
dr =0 dt =0

To see this, recall that R(O) = —RHR_ that v(0) = H Ryg, and that HR is skew-symmetric.
Then,

d
3 (ROT@O)}i=0 = —RHRTI(vg) — RIOO)W(O0) T +v(0)0(0) T}
= —RHR{I —vgvp} — RHRvgv} + Rugug HE

= —R{I —vgrvg}HER,
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However, for H € #;, we have H = eme;,er + Heme; and so, conjugating by R,.HR =
vrvg HR+ HRvpu . Also, since 1(0) is orthogonal to v(0) and [[v(0)]| = 1, IT(v(0))IT(v(0))
reduces to —0(0)v(0) . The required result then follows from

dIT(v(r))

d R T . T
—{RMOIT(w(@)}Hi=0 = —RH vgvp = —Rv(0)v(0) = RII(vg) .
dr dr =0

If m = 2, writing u(¢t) = Jv(t), where J is clockwise rotation by 7 /2, we have P(v) =
uu' X and so, since RJRT = J,
RP(vg) = RugupX = RIR "equp X = equp X.

On the other hand, in this case, the map ¢: SO(2) — S' is injective and the pre-shape sphere
5{‘ is the shape space 2{‘. Hence, ¢ is the identity map and ¢ (vy) = ¥ (R)/ || (R)]], so that

Yo R)(D) )

d
* 0(0)) = —
P+ (0 O) dr(u(w o RO

t=0

However, T1(v)P(v) = ua'X. Thus, it follows from Lemma 1 and the equality Ru =

RJRTey = Jey = e that
d/ u@®'X d/ un)TXx
=0 dt \lu@®) ' X1 ) |,—o dt \ Ju@)TX|

which recovers the result of [5] in the sense thatu " X and u " X /|lu " X || are precisely the objects
used there in studying the shape of the projection of a randomly rotated configuration for the
case m = 2.

It is worth noting that the approach we take in this paper is not quite the same as that of [6].
We concentrate on the evolution of the shape of the projection of a given configuration onto a
fixed hyperplane after being randomly rotated, whereas Panaretos [6] studied the shape of the
projection of a given configuration onto a randomly rotated hyperplane. In terms of our current
notation, IT(vg) X is the object considered in [6]. Although these two approaches result in the
same shape, it is actually represented by points in different shape spaces. For our approach,
although IT(e,)RX is an m x (k — 1) matrix for any R € SO(m), its final row is always O
and so, by ignoring it, the shape of I1(e,,) RX is in effect considered in the shape space Efn_ 1
of configurations in R”~! with k labelled points. While, for the approach of [6], TT(vg)X
is treated as a pre-size-and-shape of a degenerate configuration in R” and so its shape will
lie in the subspace of degenerate shapes in Z,’;. Of course, these two spaces, anfl and the

dG(v(1)

$+(0(0)) = RH(U)( ”

=0

subspace of degenerate shapes in Efn, are locally isometric, the former being a Riemannian
double covering of the latter. The difference between these two approaches is also reflected
in the result of the lemma, as the corresponding result for the approach of [6] would require
neither the projection, nor the rotation by R.

3. The derivative of ¢

Since, as already noted, ¢ is a Riemannian submersion where it concerns us, ¢, maps the
horizontal subspace of the tangent space to /311;1_1 at RG (v) isometrically onto the tangent space
to E,];_l at ¢ (v). Moreover, as R is an isometry, taking advantage of Lemma 1, we may work
directly with the derivative of G to compute that of ¢p. That is, using (4), we find the horizontal
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component of the projection onto v+ of the derivative of G to obtain an isometric copy of
the image of the derivative of ¢, instead of that image itself. For the chosen v € S"~!, let
Ui, uz, ..., um—1 € S"! be such that {ug, ..., uy_1, v} forms an orthonormal basis of R™.
Then, the projection IT(v) onto the hyperplane v with orthonormal basis {u1, . . ., 1,1} canbe
expressed as [T(v) = Z?;l u,u;r Moreover, the vectors uq, ..., u,;—1 form an orthonormal
frame for the tangent space at v to ! and the linearity of ¢, implies that it is sufficient to
find the images of these vectors to determine ¢,. However, these images form a sub-frame in
the tangent space to Efnf] at ¢ (v) isometric with the sub-frame in the tangent space at G (v)
formed by the horizontal components of the projection onto v of the images of the «; under
the derivative of G. These latter projected images are the tangent vectors W; (v) at G (v) to the
pre-shape sphere of configurations in v given by
Wiw) = M) WO
dr (=0

where v; (¢) is a curve in S”~1 with v;(0) = v and ¥;(0) = u;. The vector W;(v) has the
expression

Pi())  Pi@)
PNl 1P i)

which, since TT(v) P(v; (1))]r=0 = —u;v' X and (P (v;i (1)), P(vi (1)) ]r=0 = —(X "u;, X "v),
gives

’

t=0

Wi(v) = H(v){ (P(vi (1), P(v; (t)))}

Wi(v) =

1 { G(v)
[P LIP @

We now calculate the required horizontal components of these tangent vectors.

(X Tui, XTv) — u,-vTX}. (5)

Proposition 1. Fori = 1,...,m — 1, the horizontal component Wl.h(v) of

Wi(v) = H(v)w

given by (5) may be expressed as

1 .
W)= ———6,UU X — (v’ —UvAYU X,
1Pl 1Pl

where0; = (XTui, XTv), Uisthemx(m—l)matrixwhoseithcolumnisu,-, i=1,...,m—1,
and the skew-symmetric matrix A® is determined by

¢80 —0e =AV0 —(AVe)T, (6)
inwhich® =UTXXTvand ® =UTXXTU.

Proof. We need first to identify the vertical and horizontal components, with respect to
@, of the relevant tangent spaces. For this, we note that, after the projection I1(v), we are
working with the spaces of shapes, pre-shapes, and pre-size-and-shapes of configurations in
the hyperplane v. The matrix of a configuration of k points in such a hyperplane will, in
general, be an m x k matrix of rank m — 1, which, assuming that Rv = ¢, the rotation R will
take to a matrix with final row 0. The operations taking these matrices to the corresponding
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matrices of pre-size-and-shapes and pre-shapes are all linear or affine and so multiplication by
R will take the matrix Y of a pre-shape in v to that, Z = RY, of a pre- shape in e which has
its final row 0. Since the projection ¢ from the standard pre-shape sphere 5m | to the shape
space Ek _ is the quotient by SO(m — 1), the vertical subspace of the tangent space to 5 1
at the pre-shape Z is

{AZ | A = diag(Ao, 0), Ag € so(m — 1)}

(cf. [2]). This implies that the vertical subspace, of the tangent space at Y to the pre-shape

sphere of configurations in v, is

(ARY | A = diag(Ag, 0), Ag € so(m — 1)},

as SO(m — 1)® stabilises v and, hence, also vt. The isometry R takes the latter space to the
former and, hence, also preserves the orthogonal, horizontal subspaces. Thus, since a tangent
vector W at G(v) is horizontal if and only if the image vector RW at RG (v) is horizontal and
that is if and only if RW(RG (v)) | is symmetric (cf. [2, p. 258]), it follows that W is horizontal
if and only if WG (v) T or, equivalently, W P(v) T, is symmetric.

Now, G(v)G(v)—r is already symmetric and so (5) leads to the conclusion that the vertical
component of W;(v) is proportional to that of u;v' X. This in turn implies that finding the
horizontal component of u;v " X is sufficient for deducing Wih (v). To achieve the former, we
note that UU T = I (v) and U U = I,,_;. Thus,

uiv' XP@)' =ujv " XX MI(v) = Uei6'UT, (7

where &; is the ith standard basis vector in R”~! and the (m — 1)-dimensional column vector
6 = UT XX "v has ith component §; = uTXXTv = (XTu;, X Tv). Decomposing u;v' X =
Th + T;” into its horizontal and vertical components the earlier argument then shows that
Th P(v)T must be a symmetric linear combination of the basic rank one matrices u; ul . which
we may write as

h T 7T
T"P(v)" =UBYUT, (8)
where the (m — 1) x (m — 1) matrix BY) is symmetric. Similarly, since so(m — 1) is spanned
by {es et ete |1 <s <t <m— 1}, where el, ..., en—1 are the standard basis vectors of
R™ that span the (m — 1)-dimensional subspace e;- of R™, the vertical component 7;” must be
of the form

UAPUTP) =0APUTUU " X =UAPUTX
where A® is a skew-symmetric (m — 1) x (m — 1) matrix. Thus,
T'P(v) =UAYUTXXTUUT =UuAYeUT, 9)

where the im — 1) x (m — 1) matrix ® = U'XX'U has entries 0ij = ulTXXTuj =
(X Tui, X uj). Then, (7) with (8) plus (9) gives

e0" =BD 4+ AV, (10)
and, since B®) is symmetric, (6) follows. This identity between (m — 1) x (m — 1) skew-

symmetric matrices provides (mz_ 1) = (m — 1)(m — 2)/2 independent equations for the same
number of independent, not necessarily zero entries of A Hence, we obtain the stated result.
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Itis possible to render (6) for the A®) more explicit. For any skew-symmetric (m—1)x (m—1)
matrix A = (A;;), write u(A) for the column vector,

(w(A) = (A1, A13, A2z, Atay oo A3dy oo At ooy Am—m—1)

comprising the (’"2_ 1) elements above the diagonal in A taken in the order running down

successive columns as indicated. Then, if o, is the ('"; ]) X (m — 1) matrix whose ith column
is w(AD), we have

Cimtty = L (0), (11

where C,, and L,, are respectively the (";"') x (') and (') x (m — 1) matrices defined
inductively as follows. For a j — 1 column vector x, j > 3, define

Ljti (x) - (Lf(x) 0<j—1><j—z>/zx1) 12

Xj lej;] —X
with L3((x1,x2)T) = (x2, —x1). Then,

o o Li((B1j,---,0;—1p)") .

Cint = (Lj((Qlj»-~-’9j—1j)T)T Ej ) 7z W
where Ej = 0;1;_1 + ©j_1], ©j_1] is the submatrix of ® formed by the intersection of its
first j — 1 rows and columns, and the induction starts from C3 = E» = {611 + 622}11. Note
that, since E; is symmetric, so too, by induction, is each C;.

That (11) is equivalent to (6) holding for each i follows from the fact that the ith column of
Cnty is n(ADO — (AD®)T), while that of L,,(0) is .(¢;0 T — (¢;0T)T). This may be seen
by indexing the rows of C,, and L,,(#) and the columns of C,, by the same ordered pairs as
the elements of (A). Then,for1 < p <g<m—1land1 <r <s <m — 1, the element in
the pgth row and rsth column of C,,, the coefficient of A% in (A®© — (ADO)T) g, is

C(pq)(rs) = 5pr9qs + 5qs9pr - ‘Spseqr - 5qr9m~ (14)

The symmetry and the inductive structure of C,,,, as well as its independence of the matrix A®),
are now evident. The submatrix E,,_; comprises the entries C(pq)(s) Withs = g = m — 1 for
which expression (14) reduces to 6, + 8,0 —1m—1, as required, since p and r range from 1
to m — 2. The submatrix L,,_; comprises the entries withq < m — 1 and s = m — 1 for which
(14) becomes

8pr9qm—l - srqepm—l’ (15)

so that the entries only involve the 6;,,—1, 1 <i < m — 1, occurring in the last column of ®.
Writing # for this column we note that the pgth entry in the rth column is §,,#;, — 8,49, =
e’ — 0&;)1,(], confirming the right-hand side of (11). Setting g = m —2in (15) reduces it to
8prOm—2m—1—8rm—20pm—1, as required for the last m — 3 rows of L, (O1m—1, .. -, Om—2m—1)")
since here p ranges from 1 to m — 3 and r from 1 tom — 2. Finally, forr =m —2,s =m — 1,
and 1 < p < g < m — 2, (15) vanishes and so gives the zero column vector in the inductive
structure of L,,_1.

Returning to the remark that we made at the end of the previous section on the approach
of [6], the vector field in that approach, corresponding to W;(v) considered in this section,
would be dG (v; (¢))/dt|;—¢ itself. However, since the Riemannian submersion would then be
from 5,’; to Efn, rather than from 8,’;_ | to Efn_ 1» and since we can apply the results from
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standard shape theory directly in that situation, the vertical tangent space to 4 ,]1‘1 at the pre-shape
G (v) becomes {AP(v) | A € so(m)}. Hence, it follows that the difference

6@ _ Wi(v) = —vu X = —{vu; — u v}P(v)
dr =0

is a vertical tangent vector, which implies that the horizontal component of dG (v; (¢))/dt|;=0
is identical with W/ (v).

4. The induced distribution

We now assume that the normal v to the hyperplane onto which the given configuration
is projected is uniformly distributed on S”~! and, using the result of the previous section,
investigate the resulting induced distribution of the shape of such a projection. Note that this
induced distribution is also the equilibrium distribution of the diffusion on ¢ (S™1) induced
by Brownian motion on the sphere S”~!. Our main result, generalising that of [5] to the case
m > 2, is the following.

Theorem 1. If v is uniformly distributed on the sphere S™~! then, with respect to the volume
element on ¢(S™1), the Radon—Nikodym derivative at ¢ (v), defined by (3), of the shape of
the projection of the configuration with pre-size-and-shape X is given by

1

vol(§m=1) [det(W}', W) ’

where ||[P (v)||*"—D det((Wih, W;’)) is equal to the characteristic polynomial of

L@ {IPMIPCy" = Loty } L (8) (16)

evaluated at 91)||P(v)||2 — Z;":_ll 91.2. Here Wl.h = Wl.h (v) is given by Proposition 1, P(v) is
the projection of X onto the hyperplane v*, and L,, and C,, are defined by (12) and (13) with
Oij = (X Tui, X Tuj), 6; = (XTui, XTv), and 6, = |X T

Proof. The uniform distribution on a compact Riemannian manifold of dimension » is,
up to a normalisation constant, the volume element of the manifold that is given locally by
J/det(g) dx; - - - dx,, where g is the matrix of local coordinates of the Riemannian metric.
Since we have chosen an orthonormal basis {u1, ..., u;;,—1} of the tangent space to S at v,

the corresponding matrix g (v) will be the identity. The induced metric ® on ¢ (S" 1) C )3,’1‘17]
will then be such that

¢ (D) (i, uj) = 8ij = P(Puu;), pucu)).
However, writing W;; = (¢« (u;), ¢«(u;)) for the inner product of the image vectors with

respect to the (Kendall) Riemannian metric on ¢ (S"~!) C Eﬁl_l and noting that ¢, (u;) =
¢« (RW;(v)), we have
Wi = (W' ), W] (),

since both ¢, when restricted to the horizontal subspace, and the left action of R are isometries.
As the matrix ¥ = (W) u—1)x(m—1) is symmetric and positive definite, it has a unique positive
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definite square root with inverse, say M = (M;;)(m—1)x(m—1)» and then

m—1 m—1
< > MWl ), Y MejW£l<v>> = 8ij = D(Putti), Pu(u ).
=1 =1

On the other hand, if we write d§;, i = 1,...,m — 1, for the dual forms of the ¢, (u;),
the standard volume form dvol of the Riemannian metric on ¢(S”~!) is given by dvol =
Jdet(W)dé; - - - d&,—1. Thus, the corresponding volume form, induced from that of sm-1
will be {det(\IJ)}_l/ 2dvol and this, up to a normalisation constant, will also be the expression
for the induced distribution on ¢ (1) that we seek.

RecallingthatUTU =1,_1andUUT = IT(v),so that UU Tu; = u;, and using the standard
properties of the trace together with (10), the expression for (Wl.h, WJ’.’) = tr(Wl.h(W?)T) arising
from Proposition 1 simplifies substantially to

(whowhy = —2{61-190 - ;2
J 1Pl 1P

0:0; + tr(A<">®A<-/>)},
where 0, = || X Tv||>. Then, the identity
—tr(AYOAY) = (@, Cotn)ij = ((AD) T Cppr(AV)
may be established using (14) for the components of C,, and, noting that
Ln(0)"Cp ' Lin(8) = &) Cruaty,
it follows that the matrix W has the expression

1

U= —{9 In_1 — LYY ) @'c 'L (0)}. (17)
P2 "" LOIE " me

However, by (15) we see that
m—1
Ln(0) L) =—-00" + {Z 9,?}1,,11,
i=1

and so we can rewrite (17) to obtain

m—1

S — 2 2 T 21
W= ”P(v)”4{<evllp(v)ll — Zei)lm—l — Ln(6) <||P(v)|| c, —l(mzl))Lm(o)},

i=1
(18)
The required result then follows from

I1P)I*™ D det(¥) = det{nlu—1 — Lu(@®)  (I1PI*C,," — Im-1y)Lin(8)},
m ™)

where 5 = 6,]| P(v) |2 — Y15 62,

It can be checked that the matrix in (16) is never of full rank, so that 6, || P (v)||?> — Z:":_ll 91.2
is always a factor of det((Wl.h, Wj.’)).
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Since || P(v)||?> = tr(®), Theorem 1 expresses the induced distribution in terms of the inner
products and squared norms of the vectors X "u; and X "v, which we have arranged in the
matrix ®, the vector 0, and the scalar 6,. Alternatively, we may express this result in terms of
the eigenvalues Al.z, 1 <i<m,of XX and those Ai (v)z, 1<i<m-—1,o0f P(U)P(U)T that
are nonzero: since we have assumed that rank(X) = m, rank(P (v)) will be m — 1 and there
will indeed be m — 1 nonzero eigenvalues of PW)P(v)T. Since the determinant of W that we
require is invariant under an orthogonal transformation of the basis {u1, ..., u,—1}, we assume
without loss of generality that {u1, ..., u;,—1} may be chosen so that ® is a diagonal matrix.
Under this assumption, by (14), C;, becomes the diagonal matrix with C(pq)(pg) = Opp + b4q-
The 6;; are then the nonzero eigenvalues of P)P(v)T and, if V is the orthogonal matrix
comprising U with the column v appended,

® 0
TyyTy —
V XX'V = (07 9U> (19)
has the same characteristic polynomial as X X . Expanding these two polynomials and equating
coefficients, we obtain identities that allow us to express 6, 1 < j < m—1, and 6, as functions
of symmetric polynomials in the )\iz and those in various subsets of the A;(v)2. For example,
equating the coefficients in degree m — 2, we obtain

m—1 m—1
D=0, 0+ Y. b — Y 67,
i=1 i=l

1<i<j<m I<i<j<m—1
which allows us to rewrite the parameter 1 in Theorem 1 as

m—1

OIPWIP =Y 67=n= 3 Wr— 3 H@50"
i=l1

1<i<j<m 1I<i<j<m—1

Thus, the coefficients in the characteristic polynomial (16) and 7, and, hence, also the Radon—
Nikodym derivative of Theorem 1, are all functions solely of the eigenvalues of X X T and those
of PW)P()T.

It follows from the expressions for C,,, and L, (#) given in the previous section that replacing
X by a X multiplies these, and also || P (v) || 2 by a? and, hence, that the Radon—-Nikodym deriva-
tive of Theorem 1 is independent of the size of the initial given configuration. Furthermore,
that expression is universal in the following sense. If we have two configurations whose pre-
size-and-shape are related by X1 = XS, where § € SO(k — 1), then XX Tand X; X ;'— have
the same eigenvalues, and the corresponding P (v) P(v) " and P;(v) P;(v) " also have the same
eigenvalues. Hence, the discussion of the previous paragraph implies that the expressions for
the Radon—-Nikodym derivatives corresponding to X and X given by Theorem 1 are identical
and so its dependence on the given configuration is only via the eigenvalues of XX | and of
P(v)P(v)". However, the domain ¢ (S~ !) in an_l on which the expression of Theorem 1
lies does depend on the choice of S. Nevertheless, since the right action of S induces an
isometry on the shape space, the subspace ¢ (S”~!) corresponding to X is isometric with that
corresponding to X.

Recall that the pseudo-singular values decomposition of X is X = R(A, 0)S, where R €
SO(m), S € SO(k — 1), and A is a diagonal matrix whose diagonal entries are the positive
square roots of the eigenvalues of X X | except that, when k = m + 1, the sign of the smallest
one is the same as that of det(X). Recall also that, in terms of its pseudo-singular values
decomposition, the shape of X is determined by the pair (A/||A]], S). The above discussion
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implies that the expression for the Radon—Nikodym derivative gives us some information on A.
We shall see in the next section that, up to the sign of the smallest diagonal element when
k=m+1, A/||A| can be determined by the extreme values of the Radon—-Nikodym derivative
when m = 2 or 3.

5. Low-dimensional cases

In this section we compute explicit closed expressions for the Radon—-Nikodym derivative
in the cases m = 2, 3, and 4 in order to gain more insight into the induced distribution. First,
we note that, when m = 2, as pointed out in the discussion following the proof of Lemma 1,
P(v)/|| P (v)] is the shape of P(v) and so, in terms of our notation, ¢, () = RW (vg), where
we have denoted u; by u and Wy = wh by W. Thus, in this case, since both L,(#) and
C, are vacuous and since || P(v)|* = ||uer > = 611, the Radon-Nikodym derivative of the
distribution, induced by uniformly distributed v, of the shape of the projected configuration is
1/Q2x||W(v)|), where

011 6

9121||W||2=’7=9119v—912=det<91 ‘
v

) =det{XX "}
by (18) and (19). Since det{XXT} = A%AZ, we recover the result of [5] that, for the case m = 2,
the Radon—-Nikodym derivative is
1P
2w AMA2
where the A; are the positive square roots of A%. Note that, in this case, for a given configuration,
the Radon—Nikodym derivative depends only on the size of the projected configuration relative
to that of the given configuration.

If w; and w; are the unit eigenvectors of XX ' corresponding to the eigenvalues )»% and A%,
respectively, then v = cos sw +sin sw» for some s, and the nonzero eigenvalue A (v)2 =011 =
| P()||? of P(v)P(v)T is sin? s)»% + cos? sk% and so the above Radon—-Nikodym derivative
can be expressed as

3

L{ﬁ sin® s + )2 coszs},
2w | Ao A
which, assuming that A; > A, clearly has the maximum value 1 /), and the minimum value
A2/A1. With the further assumption that )\% + A% = 1, these two extreme values of the Radon—
Nikodym derivative determine the two eigenvalues of XX T. Hence, it is possible to recover
certain information on the shape of the initial given configuration by the nature of this Radon—
Nikodym derivative.

The following result shows that, in contrast to the case m = 2, when m = 3, the Radon—
Nikodym derivative depends, for a given configuration, on the eigenvalues of P(v)P(v) ', in
addition to the dependence on the relative size of the projected configuration.

Theorem 2. If v is uniformly distributed on the sphere S* then, with respect to the volume
element on ¢ (S?), the Radon—Nikodym derivative at ¢ (v) of the shape of the projection of the
configuration with pre-size-and-shape X is given by

1 1P

4 2303 4+ 2302 + 1322 — L (V)2 (v)?

where )L%, A%, and )% are the three eigenvalues of XX 7, and 1 (v)? and i (v)? are the two
nonzero eigenvalues of P(v)P(v)'.
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Proof. Whenm = 3, C3isjust Ey = tr(®) = ||P(v)||2 and so (18) becomes
Ou(O11 + 02) — 0} — 63 5
1P (v)[* ‘

However, on the one hand, tr{f(VTXXTV)™1} = af(Xx ")~} = )\1—2 + )\2—2 + A2, where
the Al.z are the three eigenvalues of X X T, and, on the other hand,

W= (W, W])axa =

r{(VIXXTV) ™ =det{(VTXXTV) r{adj(V XX TV))

= det{(XX ") "' HB,011 + 0,022 + 61162 — 67 — 63)

by (19), given our choice of #1 and u; such that 1, = 0. Since det(XXT) = )\%)\%Ag, we have
0,011 + 0u002 + 011622 — O — 03 = ATA3 + ATA3 + A3A3,
and then since, with 61> = 0, 611 and 6», are the nonzero eigenvalues )\1(1))2 and )»2(11)2 of
P)P)T,
1
IW! )7 = —— (4143 + A1A5 + A543 — A ()2 Ao (v)%),

1P

giving the stated closed form for the Radon—Nikodym derivative of Theorem 1 when m = 3.

By writing the eigenvalues of P(v)P(v)' as functions of v and the eigenvalues of XX T, it
can be checked that, if the three eigenvalues of XX are in decreasing order, A7 > A3 > A3,
then the maximum and minimum values of the Radon—Nikodym derivative are respectively
()L% + A%) / )% and (ﬁ + )%) / )»%. These two extreme values are sufficient to determine the three
eigenvalues of X X /11X 1%

As m increases, the expression for the Radon—Nikodym derivative becomes rapidly more

complex. For m = 4, we have the following result.

Theorem 3. If v is uniformly distributed on the sphere S® then, with respect to the volume
element on ¢(S%), the Radon—Nikodym derivative at ¢ (v) of the shape of the projection of the
configuration in R* with pre-size-and-shape X is given by

Micicjcs®i@? + 4% }1/2
Yicicjca ih = Yigizj<a M) (0)?

3
Az e 5 ) i )

1<i<j<4 1<i<j<3 1<i<j<t<4 i=1

4 —1/2
—<||X||2—||P<v)||2>1"[x,?} :

i=1

1 4
Fllp(v)ll {

where )»1»2, 1 < i < 4, are the four eigenvalues of XX" and Ai(v)z, 1 <i <3, are the three
nonzero eigenvalues of P(v)P(v) .

Proof. We denote the matrix in (16) with m = 4 by I and the three eigenvalues of I" by k1,
k2, and k3. Since

6, —6; 0
det{L4(01,6,,03)} =det | 03 0 —601 ] =0,
0 63 -6

https://doi.org/10.1239/aap/1275055231 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1275055231

344 ¢ SGSA H. LE AND D. BARDEN

we have det(I") = 0 and at least one eigenvalue, 3 say, is 0. Then

7 7 7 7
33 922 + 22 932 _ 33 9192 _ 22 9193
011 + 622 011 + 633 011 + 622 01 19+ 033
33 33 2 11 2 1
' = ——016, —————0103
011 + 622 O +60n L 00 +633 0 022 + 633
22 1 22 1
——0163 ————— 0103 12 022
011 + 033 022 + 633 011 + 633 02 + 033
and
det(nl3 — T') = n° — n*tr(T) + nici 2. (20)

Using the equalities
3
0 +0,1}6ii0,; = |1 P©)1°6::0;5 — [ ] bee
(=1

and
{6ii + 0,37 = [P0 + 0} + 6105 — Z Ocere, 02,0,
1<0<62<3

fori # j, we can check that

3
{ [T i +9,»,~>}tr(r> = {zr[eﬁ — 1P
i=1

1<i<j<3

3
S ot 0
i=1

1<i<j<3

+IPOI* D 0265 + 6t — 1P Y. 626560

i#j#L i#j#l
and that
2 3 3
{ I1 (0,»1-+9,-,-)}K1x2=Zeﬁ{nP(v)n2 > 9,-29]-]-9@@—]"[9”293}.
1<i<j<3 i=1 i L i=1 i=1

Thus, using the relationships of 6, and 6; with the eigenvalues of XX " and P(v)P(v)" given
in the previous section, detailed computation using (20) gives the stated result, since 272 is the
volume of S?.

6. The induced distribution of the size-and-shape

Rather than considering the distribution of the shape of the projection of a given configuration
induced by the uniform distribution on S”~!, one may be interested in that of the size-and-
shape of the projection of a given configuration after it has been randomly rotated. Our previous
arguments for the shape of such a projection can easily be adapted to the case of its size-and-
shape. In the following, we shall merely outline the main steps of the corresponding results,
rather than repeating them in full, since they are similar to those given in the previous sections.

Firstly, the map corresponding to (3) becomes

$:S" ! sxk v = 7 ([ (em)RX),

m—1>

where § an_l denotes the (Kendall) size-and-shape space of configurations in R”~! with k
labelled points and 77 (IT(e;,, ) RX) denotes the size-and-shape of [1(e,)RX. If

(ﬁz Rk—l — (Rmfl)kfl — Szk

m—1 = m—1
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is the projection from the standard pre-size-and-shape space to the size-and-shape space, which
is similarly a Riemannian submersion when it is restricted to the nonsingular part, then a similar
argument to that for (4) gives analogously that ¢(v(¢)) = ¢((¢ o R)(¢)) and so

d(y o R)(1) )
t=0 .

¢+ (0(0)) = @( i

The result corresponding to that of Lemma 1 is then

dy (R(t dP(v(t
VRO _ o PO
dr oo dr oo
and W;(v) = I(v)P(u;) = —u;v' X. This in turn implies that the horizontal component of

W; (v) is ) '
W) = —{uv" —UADUT)X,

where the matrix A®) is that determined by (6) as for the case of the corresponding shape of the
projection of the given configuration and, consequently, the matrix U = ((Wih, W]}.’)) simplifies
slightly to become

Ouln—1 — Ln(0) C,,' L (6),

where C,, and L, (@) are still those defined in Section 3. Thus, the lgadon—Nikodym derivative
of the size-and-shape of the projection of the given configuration at ¢»(v), induced by uniformly

distributed v € S™~! is given by 1/{vol(S’"_l)1/det((Wih, VT/]}.'))}, where det((Wih, VT/]}.')) is

equal to the characteristic polynomial of

Ln(©0)'Cy, ' Ln(0)
evaluated at 6,,.
In particular, when m = 3,
- - - 1 02  —616,
U = (W), wh -0 - — p) ‘
(Wi (v), Wi ())2x2 = 0u12 o1 1 62 (_9102 0

Hence, its determinant has the closed form given by

X 2 P 2
el LU ”” > (ﬂ) ”5”)” (033 + 2323 4333 = 122 (= 0,1 PO fdet(W), W)

and so we have the following result.

Theorem 4. The Radon—Nikodym derivative, with respect to the volume element on ¢(S%), of
the distribution of the size-and-shape of the projection of the given configuration, induced from
the uniform distribution on S?, is

Pl 1
2 _ 2 ’
ArVIXIE = IP@IP 3203 45343 + 4323 — A (0)2ha ()2

Note that, when m = 2, the expression for the corresponding Radon—Nikodym derivative
can be found similarly to be 1/ |[W(@))|) = 1/Q2r+/6y) = 1/ || X2 — | P(v)]]?).
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