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We provide a new approach, along with extensions, to results in two im-
portant papers of Worsley, Siegmund and coworkers closely tied to the sta-
tistical analysis of fMRI (functional magnetic resonance imaging) brain data.
These papers studied approximations for the exceedence probabilities of scale
and rotation space random fields, the latter playing an important role in the
statistical analysis of fMRI data. The techniques used there came either from
the Euler characteristic heuristic or via tube formulae, and to a large extent
were carefully attuned to the specific examples of the paper.

This paper treats the same problem, but via calculations based on the
so-called Gaussian kinematic formula. This allows for extensions of the
Worsley—Siegmund results to a wide class of non-Gaussian cases. In addi-
tion, it allows one to obtain results for rotation space random fields in any di-
mension via reasonably straightforward Riemannian geometric calculations.
Previously only the two-dimensional case could be covered, and then only
via computer algebra.

By adopting this more structured approach to this particular problem, a so-
lution path for other, related problems becomes clearer.

1. Introduction. In this paper we provide a new approach, along with ex-
tensions, to results in two important papers closely tied to the statistical analysis
of fMRI (functional magnetic resonance imaging) brain data. The first, by David
Siegmund and the late Keith Worsley [10], treated the problem of testing for a spa-
tial signal with unknown location and scale perturbed by a Gaussian random field
on RY. While their motivation came from fMRI, their results are also relevant to
areas such as astronomy and genetics, or indeed to many applications in which one
searches a large space of noisy data for a relatively small number of signals which
manifest as “bumps” in the random noise.
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In a second paper, together with Shafie and Sigal [9], they treated an extended
version of the same basic problem, allowing the asymmetric bumps to also have
a direction associated to them, in addition to scale changes that were direction
dependent. This added an additional “rotation parameter” to the model and com-
plicated it to the extent that they were unable to treat anything beyond the two-
dimensional (N = 2) case. Thus, for example, while their results could be used to
examine cortical surface images, they could not be applied to three-dimensional
fMRI analysis.

For etymological reasons, the first of these cases was called the scale space
case and the second the rotation space case. In both cases, the mathematics of
these papers concentrated on approximating the exceedence probabilities

(1.1) P{supf(z)zu]

teM
for large u, a smooth, Gaussian, real-valued, random field f, and some parameter
space M. For reasons that will become clearer soon, in the N-dimensional scale
space case, the effective dimension of M was N + 1, while in the rotation space
case it jumped to N + N (N +1)/2 (or 5, for the only case they could handle, when
N =2).

The aims of the current paper are twofold. First, we shall generalize the results
of the rotation space to any dimension, but by a very different method. Rather than
taking a “from first principles” approach, as was the case in [9], we shall compute
everything from a basic result known as the Gaussian kinematic formula [GKF,
cf. (2.14) below], using techniques of Riemannian geometry. In fact, we shall de-
rive the rotation space results from a more general setting, which is of interest in
itself. This is quite different from the analysis in [9], in which calculations were
so involved that they could only be handled by symbolic calculus using comput-
ers and, then, as already mentioned, only in two dimensions. According to the
“no free lunch” principle, there is a price to pay here, in that the specific N =2
approximations of [9] have a slightly higher level of precision.

Second, we shall recover the results of the scale space case, again using the
GKEF. We shall do this in two ways. First, we shall obtain it as an immediate corol-
lary to the “more general setting” mentioned above. This is quick, but once again
does not give the best results. However, we shall also derive the “best” results from
a more detailed calculation, something which seems too difficult to do for rotation
space fields.

At first this might seem as if we are attempting to kill the proverbial ant with a
sledge hammer, but it turns out that there are at least three advantages to this ap-
proach. First of all, the ant in question is a rather large one, and any way of dealing
with it requires considerable effort. The basic calculations in both [10] and here
take about 10 pages, and the essential difference is whether one prefers to work
with Riemannian topology or integral geometry, hard calculus and occasionally
symbolic (machine) calculus. This may be more a question of mathematical taste
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than anything else. The second advantage of using the GKF as the basic starting
point, which is significant and no longer merely an issue of taste, is that while the
results of [9] and [10] apply, as stated, only to Gaussian fields, the GKF allows
immediate extension to a much wider class of examples. Section 2.5 explains this.

Finally, both of these cases are instructive in terms of how to use the GKF in
more general settings, and our hope is that presenting them in detail will provide
examples which will make the GKF easier to use in the future for other, perhaps
quite different, examples.

We shall say no more in the way of motivation for this paper. Discussions and
examples can be found in both [9] and [10] as well as the papers cited there, and the
many more recent papers citing [9] and [10]. In particular, it is explained there why
(1.1) is an important quantity in statistical hypothesis testing. Rather, we shall, in
the following section, immediately turn to formal definitions of scale and rotation
random fields, a description of the GKF and its relation to [9] and [10], and a
statement of the main results of the paper in Section 2.6. Fuller results for scale
space fields, which go considerably beyond those of Section 2.6, are given at the
end of the paper, in Section 8.

Understanding or using the results of the paper does not require a deeper knowl-
edge of differential geometry beyond that which we describe along the way. This
is not true of the proofs, and in Section 4 we point to what else is needed. The
remainder of the paper is taken up with proofs.

2. Random fields, the GKF and our main results. The common element
behind all the random fields in this paper is Gaussian white noise.

2.1. Gaussian white noise. The simplest way to define Gaussian white noise
W on RV is as a random field indexed by the Borel sets B, finitely additive,
taking independent values on disjoint sets, and such that, for all A € BN with
finite Lebesgue measure Ay (A) = |A|, W(A) ~ N(0, |A]). It is standard fare to
define integrals [pn @ (1) W (dt), for deterministic ¢ € L>(RY), which are mean
zero, Gaussian random variable with covariances

ey B[ eowan [ vowan|=[ eovwnan,

2.2. Scale space fields. The Gaussian scale space random field is obtained by
smoothing white noise with a spatial filter over a range of filter widths or scales.
Formally, for a “filter” h € Lr(RV) it is defined as

(2.2) f(o, ;):a—N/szNh(t;”)dW(u).

Typically ¢ ranges over a nice subset T of R", and we take o € [0}, 0,], for finite
0<o; <oy
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The parameter space therefore includes both scale and location parameters
[10, 16]. From a statistical point of view, the scale space field is a continuous
wavelet transform of white noise that is designed to be powerful at detecting a
localized signal of unknown spatial scale and location.

This concludes the definition, and we now turn to some additional assumptions,
as well as setting up some notation and further definitions that we shall require to
state the main results and to carry out the proofs.

For convenience, and without loss of generality, we shall assume that the filter
h is normalized so that [y h?(u) du = 1, which will ensure that the variance of f
is also one. We shall also assume that / is twice continuously differentiable on RY
and that all partial derivatives are in Lr(RM).

With some loss of generality, that, in practice, is not generally too restrictive,
we shall assume that there exists a ¥ > 0 such that

(2.3) /RN Vh@)(Vhw)) du=ylIyxn,

where we write [ or Iy« to denote the N x N identity matrix. (Note: We take all
our vectors to be column vectors.) Equation (2.3) will follow, for example, if the
filter is spherically symmetric. Two common examples are given by the standard

2
—N/4p—1t2/2

Gaussian kernel h(1) =« and the Marr or “Mexican hat” wavelet

1/2 2

YOS L, L (P
(N +2)7N/2 N

It is easy to check that in the Gaussian case (2.3) holds with y = 1/2 and in the

Marr wavelet case with ¥ = (N + 4)/(2N). Furthermore, the covariance function

of the scale space field is easily calculated, via (2.1), to be

| o _
C((o1, 1), (02, 1)) = (0102)N/2 _/];Qwh<tlc§7?v)h<0—;> av

Note that, for fixed o, it follows from the previous line that f is stationary in ¢.
However, f is definitely not stationary as a process in the pair (o, t).

To apply the GKF and to state our results, we shall need information about the
derivatives of f, which exist due to our assumptions on 4. Either from first princi-
ples, by differentiating the covariance function or by using (5.5.5) of [3], we find
that all first-order partial derivatives of f with respect to the space variables are
uncorrelated with the first-order derivative in the scale variable. This lack of corre-
lation, which of course is equivalent to independence since all fields are Gaussian,
is crucial to the proofs, and without it, it is unlikely that we could complete the
detailed calculations that we shall carry out later. The same techniques also give

of (o,1)
I leg

(2.4) K252 Var( ) — /RN [(u, Vh(w)) 4+ Nh(u) /2] du,

2.5)  Ap 2 Var(V, f(0,1)) =02 /R Vh()(Vh@w) du,
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where V; f denotes the gradient of f with respect to the elements of ¢ only. In view
of (2.3), we have A, = 02)/ In«n. We should note that it is not obvious at this
point that the quantity o> Var(3f (o, t)/dc’) should be independent of o. However,
this is in fact a consequence of calculations in Section 6. For the Gaussian and
Marr wavelet kernels the values of k are 1/2 and N /2, respectively.

Excluding Section 8, from now on we shall assume that / is spherically sym-
metric, so that we can define k: R, — R by

(2.6) h(x) =k(|x]?).

In this case, y, x and other constants which will appear throughout can be ex-
pressed in terms of k. In particular, retaining consistency with (2.3) and (2.4) and
introducing three new terms, we have

y=4 [ Buwiddn o= [ R,
@2.7) " ®

K4:/RN I (u'u)ut du, pz/RNk(u/u)l%(u/u)u%du

and also define

~ K 1 ol
2.8 C? é—=N2<— £ ) 2Nk .
(2.8) kN =g 6 T3 Tre2)+2Nka
Note for later use that
(2.9) K4 — 3k = fR . Je? (') (u] = 3utu3) du = 0.

This can be easily proved for a general isotropic kernel [instead of &% (uu) above]
by using Fubini’s theorem to restrict to the two-dimensional case and then express-
ing the integral using spherical coordinates.

2.3. Rotation space fields. As already described, rotation space random fields
are based on the same underlying white noise model as scale space fields, but also
allow for rotations and scale changes that are direction dependent. More precisely,
write

S:S(a{z,afz)é{SeSym;:oz_zl§S§al_21},

where Sym; C Symy, is the set of N x N positive definite symmetric matrices,

O<or<op<o0, K éN(N +1)/2, D 2 N + K and for two matrices A and B
we write A < B if, and only if, B — A is nonnegative definite. Then the rotation

space random field, defined over the D-dimensional space M 27T x S, is given by

(2.10) f, S)=|s|"/* /RN h(SY2(t — u)) dW (u).
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Again, we shall assume that /(¢) is spherically symmetric, twice continuously
differentiable on RY | that all partial derivatives are in L>(RY) and normalized so
that [pn h%(u) du = 1. Note that the eigenvalues and eigenvectors of S determine
the scalings and the corresponding “principal directions” for the rotation space
field.

The constant analogous to ék, N 1n rotation space is

N
(2.11) Cen 2 @n)P/2-N r'(1/2)

. Ck,Nv
=1 TG/2)
where
2 A K (L e
(2.12) CkN = 2Kk22)" | 14+ N(2k2,2) T3 + 5 +K22) ).

Reassuringly, when N = 1, in which case scale space is equivalent to rotation
space, it is easy to check that Cy = Cy. Another constant which will appear later is

GE’N/N
G,f’N_l/(N — 1

As for scale space fields, we shall once again need information about variances
and covariances of the first-order derivatives of rotation space fields. This time,
however, the formulae are somewhat more complicated, and, since one of the pa-
rameters of f (¢, S) is a matrix, we shall have to explain what we mean by differ-
entiation with respect to this parameter. Details will be given below in Section 5.1.
At this point we note only that, as before, derivatives with respect to ¢ and S are
independent, and, again, this is crucial to our ability to carry out detailed compu-
tations. Furthermore, although once again f is neither stationary nor isotropic, it
does have zero mean and constant variance.

2.13) D}y £ 2625

2.4. Regularity conditions. Before we state the GKF, we need to say some-
thing about the regularity conditions needed for it to hold. These are of three kinds,
relating to the smoothness of the scale and rotation space fields, the structure of T
(and so of M) and the smoothness of a transformation F' that we shall meet only
in the next subsection. Full details are given in Chapters 11 and 12 of [3].

We start with 7', which we take to be a compact domain in RN with a C2
boundary (although [3] would allow us to assume less). For the remainder of this
paper we require no convexity conditions on 7', although in order to apply the
Euler characteristic heuristic of Section 3 it is necessary to assume that 7 is locally
convex in the sense of Definition 8.2.1 of [3].

The second set of conditions is required to ensure that f is, with probability
one, C?, as a function of each of the space and scale or rotation variables, and also
nondegenerate in a certain (Morse theoretic) sense. Sufficient conditions under
which this holds are given in Sections 11.3 and 12.1 of [3]. It is easy to check that
these conditions are satisfied for the Gaussian, Marr and other smooth kernels.
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2.5. The Gaussian kinematic formula. We shall state the GKF in more gener-
ality than needed for this paper, since to do so requires little more than an addi-
tional sentence or two. Suppose M is a C2, Whitney stratified manifold satisfying
mild side conditions and D a similarly nice stratified submanifold of R¥. For the
exact definitions of “mild” and “nice” see [3], but, for the purposes of this paper,
it suffices that M is either a scale or rotation space, with 7 satisfying the condi-
tions of the previous subsection. Also, if F': R*¥ — R is C2, then it will suffice that
D = F~([u, 00)) for some u.

Let f = (f', ..., f): M — R¥ be a vector valued random process, the compo-
nents of which are independent, identically distributed, real-valued, C 2 centered,
unit variance, Gaussian processes, satisfying the conditions of the previous sub-
section. The Gaussian kinematic formula (due originally to Taylor in [12, 13] and

extended in [3, 14]) states that, for certain additive set functionals Ly, ..., Ldim >
dim M —i Pt '
(2.14) E{ﬁ,-(Mﬂ f_l(D))} = Z [ jj} (Zn)_f/zﬁ,-ﬂ(M)./\/l/;(D).
j=0

There is a lot to explain here. The “flag” coefficients [;’] = (’;)a)n Jon—jwj, where
wy, is the volume of the unit ball in R”. The M’;(D), known as the Gaussian
Minkowski functionals of D, are determined via the tube expansion

i
(2.15) P{t {yeRk:dist(y,D)§p}}:Z%M'J‘-(D),
j=0""

where & ~ N (0, Iy x)) and dist is the usual Euclidean distance. In the case D =
F~([u, 00)) it typically involves no more than multivariate calculus to compute
the /\/l’j‘ (D), and many examples are given in [3] and [4]. We shall give one exam-
ple in a moment.

The most important elements of (2.14) are the £, known as Lipschitz—Killing
curvatures (LKCs). The first of these is rather simple, as it is always the Euler
characteristic y, that is, £o(A) = x (A) for all nice A. Thus, (2.14), with i =0,
provides us with an expression for E{x (M N f _I(D))}, which is what is needed
to approximate exceedance probabilities, as explained in the following section.

For a simple but extremely important example, suppose that k = 1 and F is the
identity. Then it is easy to compute the M }([u, 00)) to see that, with i = 0, and
f M — R satisfying the conditions above, (2.14) becomes

dim M
@216)  E{x(Au(£. M)} =2 3" @m)" UL (M) H (),
j=0
where A, (f, M) ={t € M : f(t) > u} is an excursion set, the H,, n > 0, are Her-

mite polynomials, and H_j(x) 2 [ga(x)]_1 fxoo ¢(u)du, where ¢ is the standard
Gaussian density. Since the structure of M affects only the LKCs, and neither the
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Minkowski functionals nor the flag coefficients, computing LKCs is an indepen-
dent problem. This is what this paper is about, for scale and rotation space fields.

(A word to the purely applied statistician who needs only a numerical, data
driven method for estimating LKCs from data and wishes to avoid theory. Two
different such methods [2, 15] are currently available.)

Throughout, we assume that M is a regular (in the sense of [3]) stratified man-
ifold. These are basically sets that can be partitioned into a disjoint union of C?
manifolds, so that we can write

dim M
(2.17) M= || aM,
j=0

where each nonempty stratum, 0;M, 0 < j < dim(M), is a j-dimensional mani-
fold whose closure contains d; M for all i < j. For a N-dimensional cube, dy M is
its interior, 0,1 M is the union of its (N — 1)-dimensional (open) faces and so on,
down to dg M, which is the collection of its vertices.

If such a space is locally convex, then a simple way to define a Euclidean version
Ef of the LKCs is via a tube formula, which states that, for small enough p, and

M cC RV,

N
(2.18) Hf,({t eRY :inf = sl < p}) = j;wN_ij—fﬁf(M),

where (for reasons that will become clearer later) we write Hf, for the Lebesgue
(Hausdorff) measure on RY. It follows that, for rectangles, E}E(]—[lNzl[O, T;]) =
> Tj, -+~ T;;, where the sum is taken over all distinct choices of subscripts.

Note that it will always be true that Ef, (M) is the volume of M, while ,Cf,_l (M)
is half the surface measure of M. Furthermore, 55 (M) = x(M).

In what follows, however, we shall need to work in a non-Euclidean setting,
as the Lipschitz—Killing curvatures in the GKF, and thus in (2.16), are computed
relative to a Riemannian metric induced by a Gaussian field. This metric g on M
is defined by

(2.19) g (Xy, Yo 2 E{(X, f1)(Ye £))

for any i and for X, Y, € T, M, the tangent space to M at x € M. This can also
be written in terms of the covariance function as

(2.20) &x (X, Yy) = X ch(xv y)lx:y-

Both of the Gaussian fields of interest to us—viz. the scale and rotation space
fields—which we defined on compact sets, can easily be extended, to RV x Rt
and RV x Sym;, respectively, and so (2.19) defines metrics on these spaces. In all
that follows, unless stated otherwise, these metrics, or their restrictions, are what
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we shall work with, and it will be in relation to them that Hausdorff measures H ;
and Lipschitz—Killing curvatures £ ; are defined. When we consider a submanifold
L of either of these spaces the notation HE, EJL- will be used. When the standard

Euclidean metric is used these will be replaced by Hf and EJE .

A Riemannian metric defines a volume form, a Riemannian curvature and a sec-
ond fundamental form on M (and, indeed, on each the d; M). Then Lgim p (M) is
its Riemannian volume and so is an integral of the volume form. Lgim pr—1(M)
is closely related to the (Riemannian) area of dgimp—1(M), the (dimM — 1)-
dimensional boundary of M. The remaining Lipschitz—Killing curvatures involve
integrals of both curvatures and second fundamental forms, and are more compli-
cated. Rather than give the general form (for which you can see Chapter 10 of [3]),
we shall give specific definitions for each of the cases we treat, in the following
sections. Now, however, we shall give (relatively) simple expressions for the cases
of interest to us. These are the main results of this paper.

2.6. Main results. We shall present the results of this section in stages. In
the first we shall represent the Lipschitz—Killing curvatures as an integral for a
situation more general than that needed to handle rotation space fields. This is
Theorem 2.1, and it shows how to write these integrals as products of Lebesgue
measures of subsets of RV and integrals over submanifolds of Symﬁ. In Theo-
rem 2.2 we shall compute these integrals for certain situations, which will lead to
Corollaries 2.3 and 2.4. These give relatively simple, quite explicit, expressions for
the highest-order Lipschitz—Killing curvatures for rotation and scale space fields,
respectively. More detailed information for scale space fields is given in Section 8.

We say that a manifold L C Symj(, is orthogonally invariantif S € L = QSQ’ €
L forevery Q € O(N), the set of orthogonal matrices. For such L of dimension m,
we define

221) Fo (L) = /L R (S)dHL(S),

where R ;(S) = [o ) |(QSQ/)ij|1/2 dw(Q), w is the Haar probability measure
on O(N), and for a matrix A, A, ; denotes the upper left submatrix of size j x j.
The measure . is the Haar measure induced by the restriction of the metric
induced by the field g to a fiber ¢ x Sym;, which, as we shall see, is independent
of the choice of . With these definitions, we can now state the following:

THEOREM 2.1. Let f:A; x By C RN x Sym; — R be the restriction of
the rotation space random field defined in Section 2.3, to the product of an -
dimensional regular stratified manifold A; C RN and a k-dimensional regular
stratified manifold By C Sym;. Furthermore, suppose that each stratum 9; By,
0 < j <k, is orthogonally invariant and that the regularity conditions of Sec-
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tion 2.4 vis-a-vis f all hold. Then,
Ly (A1 x By) = y"*Hf (3/A) Fi1 (3 By,
Liri—1(Ar x BY) = 5[y "V PHE [ (91-1AD) -1 (9 Bi)
+ y!PHE (31A1) Fe1.1(3c—1B1)],
where y is given by (2.3) or (2.7).

It is not hard to see that R ;(S) is a symmetric function of the eigenvalues
of S. Furthermore, as we shall see, as each stratum of B,, is orthogonally in-
variant, its Hausdorff measure is in fact invariant under S +— QSQ’, for any or-
thogonal Q. Hence, the F), ; are expressible as integrals over certain functions of

the eigenvalues of S € 9, B;,. In particular, for rotation space, with search region
T xS(o, 2, 01_2), we arrive at the following explicit expressions.

THEOREM 2.2. With the notation defined above, under the conditions of The-
orem 2.1, and for a spherically symmetric kernel,

Fi n(9xS(05 2, 077%))

-N/2 4
= AL k
ck,N/ o HINOS] | |

Fi.n-1(3kS(03 %, 077%))

= Con / am)] ]‘[x (N+D/25 1 (diag(h)) d
0, <)\.]< <}\.N<O‘l j=1

Fr—1.8(0k-1S(05 %, 072))

C
Ck.N / |A(A)|
DkN <)\]< <AN_— 1<o'l

N—1 N—1
x [14; N/Z[UZN I
j=1 j=1

+o;" 21_“01 - }

where Cy n and Dy n are given in (2.11) and (2.13).

Theorem 2.1 implies the following corollary, with all F;, ;’s as above.
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COROLLARY 2.3. Under the conditions of Theorem 2.2 and the regularity
conditions of Section 2.4, the top two Lipschitz—Killing curvatures for the rotation
random field on T x S(oz_z, 0_2) are

Lp(T x S(oy %, 0772))
= yNPHE (ONT) Fk v (0xS(05 2, 0772),
Lp-1(T xS(o5 %, 07%))
=Sy NIPHE _ (On—1T)Fk n—1(3kS(05 %, 07 %))
+ ¥V PHEONT) Fr—1n (0k—1S(05 2, 07°2))).

To obtain a parallel result for scale space fields, we use the fact that the scale
space random field on T x [o7, 03], with a spherically symmetric kernel, has the
same distribution as the restriction of the rotation space random field defined in
Section 2.3 to T x ]D>(02_2, 01_2), where

]D)(crz_z, 01_2) ={vI :(72_2 <p< (71_2} C 8(02_2,01_2).
Once we study the metric induced by the rotation field, Theorem 2.1 will effort-

lessly yield the following result.

COROLLARY 2.4. Under the conditions of Theorem 2.2 and the regularity
conditions of Section 2.4, the top two Lipschitz—Killing curvatures for the scale
space random field on T x [o1, 02] are

L1 (T x D(oy 2, 072) = yNPHE Oy T) Fy n (01D(05 2, 077%))

(2.22) = CenyNPHE ONT) /:22 wN2=1 gy
= Civy MR Oy T)N/Z( V=)
and
Ly (T x Doy 07 ?))
— %(VW—”/ZH}@_I(aN,IT)FI,N,I(alm(az—Z, )
(2.23) +yNPHE 0y T) Fo.n (80D (05 2, 077))

I~ o
= E(Ck,NV(N DRHE (On-1T)

(o7 V=D _ g V=D
(N—=1/2
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where ék,N is as in (2.8).

In Section 8 we analyze scale space fields independently of the rotation space
case for a manifold with a boundary and without assuming spherical symmetry.
The formulae for all Lipschitz—Killing curvatures are given via (8.2), the terms of
which are all computed in Section 8.7.

2.7. Comparison with existing results. While the formulae of Theorem 2.2
may look rather forbidding, one should note two facts. The first is that, for dimen-
sion N > 2, they are the first of their kind. The second is that although for dimen-
sion N = 2 they are implicit in [9], one computation relied on computer algebra
and gave a large, unstructured formula, while the second, based on tube formulae,
does not precisely give the LKCs. (This is not unreasonable, since that compu-
tation was directed explicitly at approximating exceedance probabilities, and not
computing LKCs.) To recoup the results of [9], we treat, as an example, the case
N =2 (so that D = 5). In that case, it is possible to carry out the integrations
needed to compute L5 and L4. A page or so of calculus shows that, for the Gaus-
sian kernel,

(2.24) Ls(T x S)=2"*rmo 2| T|[r* =1 — (r* 4 1)Inr],

where |T| is the simple Euclidean area of T and r = 01 /07.

The LKC L4 is a little harder to calculate, since while the first term inside the
brackets is again amenable to simple calculus, the second term leads us to special
functions. However, a simple answer is attainable, and

L4(T xS)=2""g672|T|(r* — 1) Inr

+27927 10T _2()»2—M)(Mkz)_mRO\l’M)dk’

62_25)»1 <Ay=0

where |07'| is the length of 97, and, with E the elliptic integral E(y) =
T2 1= y2sin?6 d6, we have R(h1, A2) = mh1 E((A2 — 22)/22) /2.

Note also that, as stated, Theorem 2.2 is weaker than the result for the scale
case in Section 8 in that it gives only the highest two LKCs, rather than all of
them. However, while more would be desirable, it is the higher ones that are most
important for the Euler characteristic heuristic discussed in the following section.
We shall explain there why this is the case.

3. The Euler characteristic heuristic: ECH. As intimated in the Introduc-
tion, signal plus noise problems often boil down to being able to compute the
exceedance probabilities (1.1). For smooth Gaussian processes, there is typically
no way to directly compute these probabilities, and they must be approximated,
using approximations that are accurate for the tail 5% or so of the distribution.
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There are a number of ways to carry out such approximations, and two of these
are at the center of the papers [9] and [10], discussed in the Introduction. One
relies on tube formulae and moves the problem from one about Gaussian processes
on Euclidean sets M to one involving computation of volumes of tubes around
embeddings of M in high-dimensional spheres.

The other is the Euler characteristic heuristic [1, 3] which provides a generally
easier route, along with the advantage that it also provides information on sample
paths at all levels. The ECH states that for smooth random fields f, on nice, locally
convex, compact sets M (which will be the case in our scenarios if T is locally
convex, since D and S are convex) and large u,

3.1) Psup £(1) > u} ~ E{x (Au(f. M))}.
teM
In the case of smooth, Gaussian, f, with zero mean and constant unit variance
(but with no stationarity assumptions) the approximation in (3.1) can be quantified
(cf. [3, 11]), and it is known that

1 1
(3.2) lim inf —u 2log|D1fff,1V1(u)| > 5(1 + %)
where we write Diffs p(u) for the difference of the two terms in (3.1), and
crcz( f) > 0is an f-dependent constant, that is, in many cases, computable.

The importance of (3.2) is that it shows that the two terms in (3.1), both of
which are known from the general theory of Gaussian processes to be of order
udimM=1exn(—u?/2), differ by a term of exponentially smaller order, viz. of order
exp(—u?/2(1 + 062( f)). This fact is what justifies the use of the ECH for Gaussian
fields (in which case it is no longer heuristic) and in large part motivates the com-
putations of this paper, and also explains the claim of the previous section, that the
leading Lipschitz—Killing curvatures are the important ones in applying the ECH.

4. Before we start the proofs. As we wrote earlier, it should have been possi-
ble to read the paper up to this point without a knowledge of differential geometry.
This will not be true for the proofs.

The derivations of the leading Lipschitz—Killing curvatures for the rotation
space case, which is what we have concentrated on so far, and all LKCs for the
scale space case, which will be treated in Section 8, begin in the same fashion.
Each starts by taking the parameter space M, writing it as a stratified manifold,
and carefully identifying the strata 9; M of (2.17). The next step will be to take
the generic formulae for LKCs, given in (necessary, but sometimes painful) detail
in [3], and rewrite them for the current setting, that is, for the specific stratification,
and for the induced Riemannian metric (2.19). We shall not explain in detail how
this is done other than to say, at each stage, which generic formula we are using.
Then, the Riemannian metric induced by the field is computed.
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At this point the proofs diverge. For scale space we compute all LKCs, and so
geometric objects such as curvature and second fundamental forms arise. For rota-
tion space, with only the two leading LKCs, we can avoid them. The problem lies
not in the the higher dimension of rotation space, but in its more complicated Rie-
mannian metric. Nevertheless, in Section 6 we shall see that once the geometry of
rotation space is understood, the two leading LKCs of scale space are effortlessly
computed.

Throughout, we have tried to carry out computations as carefully as possible,
so that not only can the interested reader follow the calculations, but also can see
how they need to be adjusted for other cases.

5. Proof of Theorem 2.1. We shall break the proof of Theorem 2.1 into
stages, the first of which relates to the crucial orthogonality properties mentioned
in the Introduction.

5.1. Orthogonality and the Riemannian metric on RY x {S}. Our aim in this
subsection is to establish the orthogonality of the two subspaces

Tt]RN, TSSym;(, C T;RN ) TSSymE o~ T(t’S)RN X Sym;,

under the inner product defined by the Riemannian metric induced by the process.
Another factor that comes into play is a structured dependence of the restrictions
of the Riemannian metric on RV x Sym; to fibers of the form RY x {S}. This will
turn out to be the key that allows us to carry out further detailed computations.

To establish this independence, let (¢, S) be a point in RN x Symj\', andlet X, Y
be two derivations in 7;R" TSSym; C T, S)]RN X Sym;, respectively. Using the
connection to the covariance function given in (2.20), and writing Xt and Y S to
denote the elementwise derivatives of the identity functions on R" and Sym;,
respectively, we have

g(X,Y)= X(I,S)Y(?,S")C((t’ S), (?’ S))}(,’S):(fj)

:2|S|1/4(Y|S|1/4)/((Xt)’Su)ié(u/Su)k(u/Su)du

+2|S|1/2/((Xt)/Su)(u/(YS)u)[k(u’Su)]zdu
= 0’

where the last equality follows since both integrands are odd functions. This shows
that the subspaces 7;R" and TSSym; are orthogonal at each point.

We now compute the restriction of the Riemannian metric g to a fiber RN x {S},
again based on (2.20). Writing, again, V; f for the spatial derivative of f with re-
spect to the elements of ¢, the Gram matrix of the Riemannian metric on RN x {8},
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relative to the standard Euclidean basis, is
Var{V, f(t, )}

=152 [ Vik(@ = w0)'S@ =) (Vek (¢ =)' S =) d
=4/8|'/2 /RN ke(w'Sw) Sw (k(w'Sw)Sw)' dw
:4|S|1/2S|:/RN(I%(w/Sw))2ww/dw]S

=451/ [/ N(l%(v/v))zvv/dv}sl/2
R
=yS.

5.2. The Riemannian metric on {t} x Sym;. Relying on (2.20) to express the
Riemannian metric and using a simple change of variables, it can easily be seen
that the restriction of g to {t} x Sym?\', is independent of 7. Denote this metric

on Sym; ~{r} x Sym; by gsymx. Using the identity Vg|S| = |S]S~!, valid on
Sym};, we have

Vs(I1S|V4k((t — u)' St — u)))
= 2SIV T R ((r — w)' S (1 — w))
+ 1S4 ((r — w)' S(t — w))(r — u)(t —u)'.
Therefore, for tangent vectors A, B € Sym,, =~ TSSym;,
2"V (A, B) = /RN(VS(|S|1/4I<((I —u)'S(t —u))), A)
X (Vs(ISI"*k((t — u)' S(t — w))), B)du

1512 /R N[%k(u/Su)(Sl, A+ k(' Su) A)}

X [%k(z/Su)(Sl, B) + k(' Su){uu, B)] du.

After some slightly tedious calculus, and based on the fact that k4 — 3k22 =0
[see (2.9)], all of the terms above can be expressed in terms of moments of the
kernel k and its derivative k as follows:

+ 1
g™V (A, B) = (E + g + Kz,z) Tr(S~'A) Tr(S™'B) + 22, Tr(S ' AST! B).
When £ is the Gaussian kernel 2 (u) = e_”””%/z/nN/‘l, and therefore k(x) =

e /2 /aN/4 simple calculations show that % + 5 4 k2,2 =0, leaving only the
term 2k 2 Tr(S~'AS~1B) above.



ROTATION AND SCALE SPACE RANDOM FIELDS 2925

5.3. Putting everything together. Let Hf"x{S} denote the Riemannian mea-
sures on A; X {S§} >~ A; induced by g and let HZE denote the Hausdorff measure,
that is, Riemannian measure under the standard Euclidean metric on 7. A standard
calculation gives

dHlAl x{S}
dHF

1/2
0 =711 3,

where |S|7,5,4, is defined to be the determinant of PSP’ for some / x N matrix P,
the rows of which form an orthonormal basis of 7;9; A; (under the Euclidean inner
product). The determinant, of course, is independent of the choice of basis.

Working in a chart and relying on the orthogonality established above, it is easy
to see that

Li41(A; X Br) = Hiq1(A; X By)

(5.1) = f dH S (1) dHPr ()
ok Br JO1A;

_ 1/2/ / SIY2  arBsy dHE o).
Y - 3kBk| |T,61Al k (S) 7 (1)

The equality above relies on the expression for the Radon—Nikodym derivative
above and a Fubini theorem.

We recall now our assumption that By is orthogonally invariant, that is, S €
Bir = QSQ’ € By for any Q € O(N). Thus, the mapping S +— QSQ’ is a diffeo-
morphism from By to itself. Moreover, for the covariance function of the rotation
field, we have

C(,9), . 9))=C((r,05Q). (1, 05Q')).

Therefore, S+ QSQ’ is also a Riemannian isometry. Thus, the measure Hf",
induced by the Riemannian metric, is also invariant under S +— QSQ’. This im-
plies that we can drop the dependence of the integral in (5.1) on the tangent space
T;0;A;. That is, we can replace it, for all ¢, with a fixed j-dimensional subspace of
our choice or a random one. Therefore,

Hii(Ar x B = y'/2H, (3,A) fa | RiS)dH(S)
'k Dk

(5.2) '
=y "2 H; (3 A1) Fr 1 (9 By).

To complete the proof of the theorem, one must repeat essentially the same
calculation for the codimension part of A; x By.
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6. Proof of Corollary 2.4. In this section we perform the computations nec-
essary to evaluate the expression in Corollary 2.4. These calculations are much
simpler than those for rotation space. The set D(o, 2, o 2) can be stratified as

81D(0{2, ofz) ={vI :0{2 <v< afz},
80D(0; %, 01 %) = {o; 21} U {0y 21}

Clearly, each stratum is orthogonally invariant. Consequently, Theorem 2.1 implies
we need only compute the following three terms, each of which is straightforward:

Fon(80D(03 % 07 )) = o ¥ + 057",

)
_ _ %
Fi, n(01D(o, 2,01 2)) = /72 vN/zf(v)dv,

2

-2
2 - % -
Fl,N_l(aﬂD)(Gz 2,0'1 2)) = /_2 V(N 1)/2f(v) dl),
92
where f(v) is the appropriate density with respect to the Lebesgue measure.
Above, we expressed the necessary integrals in terms of the parametrization of
81[D>(02_2, 01_2) by the curve v — v - I. Hence,

+
Symy,

fW)y=yg,;; " I)

L p
N+ —+ = 2N
v (16+2+K2,2)+ K22

-1

™\

k,NV

Therefore,

oy ~ 1 _ _
FI,N(al]D)(Uz 2’ 0 2)) = Ck,NN—/z(Ul N— ) N)»

oy ~ 1 o o
Fin-1(9:1D(o; 2’01 2)) = Ck,Nm(Ol W=D _ 0, W 1)).

7. Proof of Theorem 2.2. We start the proof of Theorem 2.2 by describing
a stratification of S(o, 2, o, 2), which is one of the regularity conditions required
for applying the GKF. In fact, we shall actually only use the strata of codimension
O and 1.

7.1. Stratification of the space. Our first step is to express the manifold M =
T x S(o, 2 o, 2) as a Whitney stratified manifold. Note that a stratification for

S(o, 2, o, 2) yields a stratification for M as the product stratification, given that
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a Whitney stratification of 7 is assumed given. Thus, our first goal is to stratify
S(ty, 12) for arbitrary 0 < 11 < 75 < 0.

Semialgebraic orbits of the Lie group action GLy(R) x Symy — Symy,
(P,S)— PSP/,

(7.1) {S € Symy | rank(S) =k, S > 0}, 0<k<N,

constitute a Whitney stratification of {S € Symy|S > 0} (cf. [7], page 21).
Since

AX(r)) 2 {S e Symy|rank(S — t; ) =N —k, t;1 < S},
B*(1y) 2 [S € Symy|rank(S — o l) =N — k, S < a1}

are obtained by applying affine transformations to the strata of (7.1), they form
Whitney stratifications of

(7.2) {SeSymy|riI <S8} and {SeSymy|S <nl}.

The final step in stratifying S(zq, 72) is to verify that these stratifications in-
tersect transversely. For this, it suffices to show that for any j, k > O such that
j+k<N,amatrix S € Al (t)N Bk(tz) and nonzero matrix C € Sym,,, there ex-
ist smooth paths A(?) : (—§,8) — Al (1)), B(t): (—8,8) — Bk(rz) with A(0) =
B(0) = S such that for any ¢ € (-4, §),

(1.3) At) — B(t) = (A(t) — ) — (B(t) — §) =1C.

Based on the fact that the group action above preserves rank, the problem of
finding the paths A(¢), B(t) is equivalent to defining them by

(74) AW =X —uD(X®) +ul,
(7.5) B()=Y0)(S — ) (Y1) + 1l

and finding appropriate invertible matrices X (¢), Y (¢).
Even under the restriction X () = Y (¢) a solution exists. Substitution in (7.3)
gives

XS -t (X@0) +1l —X@)(S — ) (X)) — 1l =tC,

which is equivalent to

X(0)(X () = C+1.

T —T1

For small ¢, deﬁne X(t) to be the unique positive definite square root of

paths A1), B(t) and proves transversahty
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The transversality of the intersections, together with the stratifications in (7.2),
yield the Whitney stratification

St = Y S/ (11, 1),
0<j.k
J+k<N
where S/K(zy, 12) = A/ (11) N B¥(12). That is, we have found that the partition
of S(t1, 1) according to the geometrical multiplicity of t; and 7, is a Whitney
stratification.

Note for later use that the submanifold of Sym,, of matrices of rank N — k, and
thus A¥(t;) and B¥(1), are of codimension k(k + 1)/2. Since, for j, k > 0 with
j+k<N,Al(r)) and B k(1) intersect tranversely, the codimension of STk (1, 1)
is[jG+ 1D +k(k+1)]/2.

7.2. Volume density on Sym;. Having computed the Riemannian metric on
Sym;, in order to apply Theorem 2.1 to the rotation space random field on 7' x

S(oz_ Lo %), we first explicitly compute dH S(o3 %01 JdHE, that is, the density
with respect to the Lebesgue measure on Sym?, ~ When viewed as RX via the choice
of a basis for the Hilbert—Schmidt inner product on Symy,.

Before turning to the calculation we need some notation. Denote the standard
basis of Symy by e = (¢; J) im 1 it . Normalizing the elements ¢;; with i # j by a
factor of 1/+/2 yields an orthonormal basis relative to the Hilbert—Schmidt inner
product which we denote by & = (¢; j)l 1 =i’

Worklng with the chart defined by mapping a matrix to its coordinates relative
to e, we see that the density is given by

S(a ,o )
dH 2 1 K
(7.6) T(S) \/det N(em,en)} =1
where (€)X _| = (€ (m), jom))X_, is obtained by vectorizing (¢; j)l 1 i

As already stated in Section 5.3, for any Q € O (N), the mapping S — QS Q'

+ )

is a Riemannian isometry of gg Y™ and thus preserves the measure H S(o3 %01 ).
Clearly, it also preserves the Euchdean Hausdorff measure HE . Therefore, the
density in (7.6) is invariant under S — QSQ’ as well. Since any real symmetric
matrix is orthogonally diagonalizable, it follows that the density only depends on
the eigenvalues of S. It is therefore sufficient to compute it for diagonal matrices.

Let A =diag(Ay, ..., Ay). For any two basis elements of ¢,

Symf .~ _l~ Zl~
YN (Gij, en) = (% +r20+ %,o)Tr(A 1e,-_,-)Tr(A )
+2K22T1’( ele_IEkl)

= (E + K22+ 50)){ )»;:151'151(1 + 2K2,2Xi_1?w;15ik5j1-
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Suppose we order the basis in such a way that its first N elements are
€1.1,...,en.N- Then, the corresponding K x K matrix has the form

Symj, ~  ~ (K.K . 1 -1 K
{8 N(em’e”)}mzl,nzl = 2K2a2dlag({)‘i(;))‘j(in)}mzl)

+(fs +h22+ 30)VV/,

where V = ({2, '}Y,,0,...,0) e RX.

By inspection, this is a rank-one perturbation of a diagonal matrix. Now, for
a diagonal matrix D and vector u, det(D + uu’) = det(D)(1 + u'D~'u), which,
when applied in this setting, yields

8(0_727072)
dH 2 1 Sym+~ - — )
I;Hg (A):\/det{gA N(em,en)}m’zl’n:1=ck’N|A| (N+D)/2,

where ¢ n is defined in (2.12). By the argument above, for general S € S(o, 2,
-2
Gl )7

S(oy %,07%)

dH,

K (§)=cpnlS|TNTD2,
JHE (8) = ck,NIS|

7.3. The push-forward to eigenvalues. Rewriting the integral defining

2 2
FK,N(S(UZ_Z, 01_2)), (2.21), in terms of the density d?‘(i((72 1 )/dHE, gives a

relatively complicated integral. Fortunately, there is a simple way to convert it to
an integral against a simpler density and, more importantly, over a much simpler
domain. To do this, we need first to recall a classical result from the theory of
random matrices.

The starting point of the computation of the joint density of the eigenvalues in
the Gaussian orthogonal ensemble (GOE) model (cf. [5]) is similar to our situation.
We begin with a measure 1 on Symj, with density (relative to Hg) that depends
strictly on the eigenvalues. The goal is to compute the density of the push-forward
of 1, denoted by v, under the mapping « : Symy — RY which maps a matrix to
the vector composed of its ordered eigenvalues.

In the case of the GOE, the density of w is simply the product of the densities
of the independent entries of the (real symmetric) random matrix. The entries of
the matrix are zero-mean Gaussian variables with variance 2 on the diagonal and
variance 1 off the diagonal. That is,

N
d/LE (§) = 2N =PI =N/2(07)=NN+D/4 g 1 Y8 - 1

2 S

1<i<j<N

= 2N=D)/2 (a7 )= NWN+D/4 exp{—;1 Tr($?) },
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where the factor of 2V ~2/2 comes from the fact that H,b; was defined via identi-
fication with the Hilbert—Schmidt basis and not the standard basis of symmetric
matrices.

The classical result is that

dv I'(1/2)
E(A) )~ N/2o— N(N+1)/4H F(J/2)1 < <AN|A()\)|exp{——Z)\2}

i=1

where [ is the Lebesgue measure on RY and A(L) £ [li<j(A; —A;) is the Vander-
monde determinant.

The specific Gaussian nature of w has only a limited role to play in this re-
sult, and all that is relevant for our needs is that the density is determined by
a(S) at each point. In fact, for any measure ;& with such a density, we can write
du /dHE(S) = ¢ (a(S)) and rely on the GOE argument to conclude that, for the
corresponding push-forward measure v,

dv N
)= ( )(@)( )

= amP" Nn T2

1 TG/2)

Ly <<ay | A [Ea (),

where 1 and v are the measures corresponding to the GOE model.

S0y %075

In particular, denoting the push-forward of H by « by p gives

dp .\ _ 5 \D/2-N x (F(l/z) —(N+1>/2)
=) ck,le‘[1 TG/ Ly <esan[AQ)]

N
=Ci v <<y | O] H )\;(N+1)/2.
Jj=1

7.4. The two leading LKCs. In view of Theorem 2.1, having computed the
density ‘é—"l)()»), the computation of £Lp (M) simply becomes a matter of rewriting
the integral of Fg y(0xS(o, 2, 01_2)) in terms of eigenvalues. Doing so leads to

Fx n(0kS(03 %, 07%))
_ S12 apS )

& S(o5 2,072)

—N/2
:Ck,N‘/ |A(A){nk 2 dx.
0y t<h<-<iy <oy =1
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We now turn to Fg ny—1(3gS(o, 2, 01_2)), for which an identical argument
yields

Fi,n-1(3kS(0; 2, 07%))

:Ck,N/ 1A ]‘[x D23 o (diag(h)) dA
0, <)\.1< <)\.N<(Tl =1

It remains to evaluate Fg_| n(S(o, 2,0’1_ 2)). Although this depends on

dx _1S(oy 2072 . . .
He | @271 ), we shall not have to study this measure directly in order to com-

pute the integral. Rather, an application of Federer’s coarea formula [3, 6] with a
carefully chosen map w111 suffice.

Forany 0 <1 <o, 2 define Syt o 2) to be the set of real, symmetric matri-

ces with unique minimal elgenvalue and with all eigenvalues in (7, 0 2). Consider
the smooth mapping Amin: Sy . (0,0, ) — R which maps a matrix to its minimal
eigenvalue. To apply the coarea formula, we need a Riemannian structure on the

T
domain and range of Ap;,. For the domain we take g?ymN as the Riemannian met-
ric, and on R consider the Euchdean metric.

Now, fix some 0 < 7 <o 2 LletSe St (T, 01_2) and write S = QA Q' with
Q0 € O(N), A =diag(r) diagonaland A = (A1, ..., Ay) ordered sothat A| <--- <
AN.

Defining Eg = Qe;; 0/, el = (EQ)
the orthogonal projection onto

V—span({ 5}1]\] f/] l\{N?I})

i=1, ji forms a basis of SymN Let Projy, be

+
Let (b; J)l 1 =i be an orthonormal basis of TsS[ . (7,0, 2) relative to giymN , such
that for all b;; with (i, j) # (1, 1), b;; € V, and such that, denoting by & ZlQl —
Projy, (¢2),
bt =bu/llbill = Gt/ De.n)b1t,

with Dy n given in (2.13). The last equality follows from a page or two of calculus,
using the projection formula of [3], page 173, and the Sherman-Morrison formula
(see [8], Section 2.7.1).

Since the basis is orthonormal, the Jacobian can be expressed by

N,N

12
kain(S)z[ Z <V)\min(5)»bij>2:| .

i=1, j=i

Note that if we can show that (VAnyin (), 'é’g} is zero for any (7, j) # (1, 1), then
it will follow that

JAmin(S) = (11/Die.w)|(VAmin(8), 23)].
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In order to show this, and also cornpute this value, we examine the eigenvalues
of S+ teg, for small . Write S + te; Q(A +tejj) Q’, and note that therefore
we can work with the eigenvalues of U 2 A +18; j instead. When i = j, U, is
diagonal with eigenvalues {A1, ..., Ai—1,A; + 1, Ait1,...,An}. When i #£ j, U;

also takes a very simple form, with eigenvalues
Al Aic At e A At e AN

UL 04 425 £/ —1))2 +212)).

Therefore,

~0 . Amin (S + teQ) Amin(S) Lo
(VAmin(S), &) = lim =8a,n0, J),
t—0 t

which implies JApyin(S) = Amm(s) . Finally, Federer’s coarea formula gives

L TSI arin )
(t,0; 2)

SH. , -2
_ / dx f 1S112 dHmn ) (s,
2 _
(t,o1 %) lmm(X)

Since the integral on A_ ! (x) is continuous in x, differentiating by t yields

min

Sthin(T.07%)
/ ! (o5 )|S|1/2dHK—1wl (S)
min \~ 2

—52 ,/
T=0,

CkN/
= aszkN o, 2 <o <)LN<g

_d

St (r.o2

-2
min (z, S )

d
dr

VeSS HA_N/sz
j=1

CkN N2 / R N2 -2
= A A di
Dk,NO.2 2 < <Ay 1<01 | ( )| jll( | e |)

where the second equality is implied by the fact that any point of
{)‘:t SM=--SAN=op }\O[( mm(f’al_z))

is a boundary point or has zero density and the last equality follows by writing the
integral as an iterated integral and differentiating.

Obviously, we can also consider the maximal eigenvalue, define Apax and

max(cr2 , T) accordingly, and carry out a similar computation Combined with

the last result and the fact that 8K_1S(02_ ) =A_ (o ) U )‘max(al ) we

min
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can compute the final term needed to complete the proof:

Fx-1,8(9k-15(05 %, 077%))

S(o7 2,072
— ) |S|1/2dHK(i21 o )(S)

Ok —1S(05 %072

Ck.N
= LA
Dy, N Jo;?<hi<--<iy-1=0,

N-—1 N-—1
T3 o 2 Ty - o7
j=1 j=1
N—-1
+o 2 [ oy ? —)\jq dh.
j=1

8. Scale space fields. In this section we shall compute all the Lipschitz—
Killing curvatures for the scale space random field, under the assumptions of Sec-
tion 2.2 on the kernel 4 and of Section 2.4 on the parameter space 7. Also, we
require only that & satisfy (2.3), and not full rotational symmetry.

In the final analysis, the formulae that we shall obtain are quite simple. They
involve no more than the Euclidean Lipschitz—Killing curvatures of T, the pa-
rameters y and « of (2.3) and (2.4), and combinatorial coefficients. On the other
hand, there are many elements to each formula, so that any explicit computation
of them will involve a computer. Thus, we shall proceed by setting out two gen-
eral formulae—(8.1) and (8.2)—and then in Section 8.7 list explicit expressions
for each of the summands in these formulae. Putting it all together to get actual
numbers is a simple computing exercise.

As for the two leading Lipschitz—Killing curvatures, simple algebra shows that
the results of this section coincide with those of Corollary 2.4.

For notational convenience in what follows, we make the simple scale trans-
formation s = —Ino, so that our random field is now denoted by f (s, f) and has
covariance function

C((s1,11), (52, 1)) = eN1H52)/2 f . h((t1 — w)e' )h((t2 — u)e™) du.
R

The parameter space of f, which we shall denote by M, is now of the form T x
[s1, 2] C RVt for some —oo < 51 < 53 < 00.

8.1. Stratifying the parameter space. We start by stratifying the parameter
space M into manifolds of common dimension. In particular, we write the (N +1)-
dimensional parameter space M = T X [s1, s2] as the disjoint union of four types
of pieces, arranged in three strata, according to their dimension (recall that 7" has
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a smooth boundary o7):
INtIM = M° = (s1,52) x T°,

ONM = (s1,52) x 0T U{so} x T° U {s1} x T°
e “side” U “top” U “bottom”,

ON_1M ={s1} x dT U{sp} x oT.

8.2. What we need to compute. Ultimately, we need to compute the Lipschitz—
Killing curvatures £; (M) of M under the Riemannian metric induced by the ran-
dom field f. Rather than doing this directly, we shall compute certain other cur-
vatures, denoted by L% (M), specifically designed to be simpler to handle on sets
of constant curvature. (We shall soon see that M has constant curvature, given
by —« 1)

There are simple relationships between the £;(M) and L7 (M), including the
following one, which is (10.5.12) of [3]:

L(N+1-0)/2]

(8.1) L=y

n=0

o' (i +2n)!

"yt G M-

To compute the L7 (M) themselves, we first write

N+1
(8.2) LEM)= )" LEM;9;M)
j=N-1
and then restrict ourselves to the case o = —« ~!. Applying (10.7.10)° of [3] along
with the (yet to be proven) fact that M has constant curvature —« ~! gives that, for
I1<7,
L7 (M ;M)
B 1
—@m) R —i)!

(8.3)

/ BT M (S v (Z,0) YH, (do).
oM ’

Here, foreacht € ; M, Z; ; is a normally distributed random vector of dimension
N + 1 — j in the space T;9; M L, the orthogonal complement of 7} M in RN+1,
S is the Riemannian shape operator of M, N;M is the normal cone to M at ¢,
and H; is the volume measure on d; M corresponding to the Riemannian metric
induced by the random field f.

The next step is to compute each element in (8.3).

S5There is a small, but, for us, rather significant typo in (10.7.10) of [3], in that there is a minus sign
missing before the « in K12/2.
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8.3. The induced Riemannian metric. 'The next step is to identify the Rieman-
nian metric g that the random field induces on M. In order to describe this, how-
ever, we need first to choose a family of vector fields generating the tangent bundle
of M.

We do this sequentially, starting with the set 7', ignoring for the moment the
scale component of the parameter space. For T, let n be the (Euclidean) outward
unit normal vector field on 97, and extend this to a full (Euclidean) C2, orthonor-
mal tangent vector bundle X1, ..., Xy,on T, with Xy = . Enlarge this to a vector
bundle on all of M by adding the vector field v = d/3s, the field of tangent vectors
in the scale direction.

The Riemannian metric g at points (s, ) € M can now be calculated on pairs
of vectors from the above vector field using the variances (2.4) and (2.5) and the
independence discussed there. These yield

(8.4) 8.0 X0y X)) = v €™ 8ij,
(8.5) 8,0 Xi (5,0 Vis,n) = 0,
(8.6) 8,y (Vis,0)5 Vis,) =K,

where §;; is the Kronecker delta. We note, once again, that (8.5) implies that the
metric g is actually of product form is essential to all that follows.

Note that the above three equations also imply that the structure of the normal
cones to M is well described by the initial, Euclidean, choice of vector fields.
There is, of course, no normal cone at points ¢ € dy+1 M, the interior of M. For
the sets in dy M, one of the vector fields n and v describes the normal geometry. In
particular, along the side the normal is an s-dependent multiple of 1 and along the
top and bottom the normals are constant multiples of v. Along dy_1 all normals
are linear combinations of elements in the vector fields n and v.

8.4. The Levi-Civita connection. The next step involves computing the second
fundamental forms in (8.3) and so requires identifying the Levi-Civita connections.
If we think of M as embedded in a smooth open subset of RV*! with the same
induced metric, then we shall write V for the Levi-Civita connection on M and \Y
for the Levi-Civita connection on the ambient set.

For our purposes, we need only to know how v operates on vectors normal
to M. Furthermore, since the Lie bracket

(8.7) [X;,v]=0 foralll <i <N,

we need only compute %X,- X, %v X; and %vv.

To start, note that a straightforward application of Koszul’s formula [which
in the current situation simplifies to 2g(VxY,Z) = Xg(Y,Z) + Yg(X,Z) —
Zg(X,Y)] and (8.4) and (8.5) imply, for i, j,k=1,..., N, that

g(Vx, X, Xp) = ye® (Vx, X, Xi) = e(Vx, X, X1),
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where V is the standard Euclidean connection, and

& vy 9, 2
(8.8) g(VXin,l))=—§ ae S(Sij:—ye scS,-j.
Now note that for any tangent vectors X, Y to T, %xY is a vector in R¥*! and so
can be written as Z?’Zl a;jX j + bv for appropriate coefficients. This fact, together
with the last two equalities and (8.6), implies that for any two vector fields X, Y
onT,

(8.9) VxY =VyxY —k lye® (X, Y)v,

giving us the first computation.
As far as V,,v is concerned, note first that another easy consequence of Koszul’s
formula is that

(8.10) g(Vyv,v) = %v(g(v, v)) =0,

giving us Vyu=0.

All that remains is to compute V,X;. An application of the Weingarten equation
[i.e., the scalar second fundamental form is given by S,(X,Y) = g(%x Y,v) =
—g(¥, Vxv)] and (8.9) yield

~ y 0
gV Xi, X)) = 7 —-e®byy = ye¥'by; = g (X, X))
and g(V,X;,v) = 0. Applying now the torsion freeness of connections (i.e.,
VxY — Vy X — [X, Y] =0), along with (8.7) to the above, gives

8.11) VoX; =Vxv=X;,

and we have the last of the three cases we were seeking.

8.5. The second fundamental forms and the curvature matrix. With the rele-
vant connections determined, we can now turn to computing second fundamental
forms and curvature matrices along the three stratifications of M.

1. dy4+1 M, the interior (s1, s2) x T°: Since the normal space in the interior is
empty, there are no normals, no second fundamental form and no curvature matrix
here.

2.0y M: The side (s1, s2) x 0T : A convenient choice for an orthonormal (in the
metric g) basis for the tangent space at any point on the side is given by

X1 Xy_1 v
Y12’ 12 (12

with outward unit normal vector n/y '/%e*.
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The scalar second fundamental forms of interest are therefore
Xi X Xi v
Sn/1/2e5) y12es” y1/2s ) Sn/y1/2e5) y1/2es” (172 )

V V
Sn/y12e5) 120 12 )

all of which can be computed directly using Weingarten’s equation and (8.9)—
(8.11). We summarize them in a curvature matrix, writing

C=y 2¢O
0 0)’

where C; is the (N — 1) x (N — 1) Euclidean curvature matrix of a7 in the basis
{X1,..., Xny_1,n}. Recall for later use that, from Section 7.2 of [3], in the current
scenario, the trace in (8.3) can be replaced by

(8.12) (j —i)ldetr;_; C,

where detr; is our usual sum of determinants of j x j principal minors.

3. ONM, the bottom {s1} x T° and the top {s3} x T°: Starting with the bottom
{s1} x T°, the outward unit normal vector is —« ~!/?v, and a convenient orthonor-
mal basis is given by e *{X1, ..., Xn}. The curvature matrix is therefore N x N
with entries

Xi X ~ —-1/2 X —1/2
S_K—l/2v<m7 m) = g(in/(yl/Zex) (—K V), m) =K 5,j

by Weingarten’s equation and (8.8).

Thus, for the bottom, the outward curvature matrix is & ~ /21 NxN, While along
the top the same arguments give it as —k =12 Iy .

4. ON—1M: The edges {s1} x oT and {s} x oT: For the edges, we need to
consider the scalar second fundamental form itself and not just the curvature ma-
trix. As above, an orthonormal basis for the tangent space is {X1/ yl/ 2eS ...,
Xn_1/y'%e*,v/k/?}, but now an orthonormal basis for the normal space is
{y—l/Ze—sn’ K_l/zl)}.

Applying the Weingarten equation, we need to compute

8(Vy-12,sx, (y~V2e™5X;),ay V2 n + b /2)

for arbitrary a, b. Applying (8.9) gives that this is ay‘l/ze_SCij,; + bK‘l/zé,-j,
where, with a minor abuse of notation, we now use C; to denote the (N — 1) x
(N — 1) Euclidean curvature matrix of dM at ¢.
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8.6. The curvature tensor. We now have all the pieces we need to compute

the Lipschitz—Killing curvatures EJTK _1, and could actually proceed to the final
computation. However, in justifying the formula (8.3), we used the fact that M
has constant negative curvature —« ~!. Now we shall take a moment to prove this.
Let R(X,Y)= %X %y — %y %X — 6[ x,v) be the curvature operator. From previous
calculations of the connection

R(X;:,v) Xk = Vx, Vi Xi — V, Vx, X
= ﬁX,-Xk — ﬁv(vX,-Xk — SikK_l)/ezsv)

0
= Vx, Xk — Sikk 'y eXv — Vx, Xk + Sikke ! a—yezsv
s

= 8ixkk "y e,
R(X;,v)v= ﬁxlﬁvv — %U%X,‘v
=-V,X;

=—Xi,

R(X;, Xj)v= ﬁxlﬁxjv — %X]ﬁxiv — ﬁ[x,-,xj]v
=Vx, X; — Vx,Xi — [Xi, X;]
=Vx,X;—Vx, X; — [X;, Xj] — Kk Vye* (8 — ;i)
=0,
R(Xi, X)X = Vx, Vx, Xk — Vx, Vx, Xi — Vix, x,1 Xk
= Vyx, (Vx,; Xi — Sjkk_lyezsv) — %Xj (Vx, X — Sixic Ly e*v)
— Vix, x )Xk + kv e ([Xi, X1 X
= Vx,Vx,; Xy — Sjxk lyeP X — K_lyezs(VXij, Xi)v
— Vx, Vx, Xt + Sk 'y e X — iy e (Vx, Xi, X )y
— Vix,x ;1 Xk + 57y e (X, X1, Xy
= Vx, Vx,; Xk — Vx,;Vx; Xk — Vix; x ;1 Xk
+x e v(([Xi, X1, Xi) — (Vx, Xk, Xi) + (Vx, Xk, X))
— Sij_lyesti + (SikK_lyestj
= —5jk/<_1yest,- + 5ikK_1)/€2sz,

the last equality following from the flatness of RV *! and torsion freeness.
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Since the curvature tensor is given by R(X,Y,Z, W) =g(R(X,Y)Z, W), itis
now easy to use the above calculations to check cases and see that

RX,Y,Z,W)=—«""1*(X,Y,Z, W)/2,

where [ is the identity form given by 1 (X, Y) = g(X, Y), and with the usual tensor
product I1%(X, Y, Z, W) 2 I(X,Z2))IY, W)= 1(X,W)IY, Z).
From this follows our claim that M is a space of constant curvature —« .

8.7. The Lipschitz—Killing curvatures £~ ~'. With all the preparation done,

we can now begin the computation of the Lipschitz—Killing curvatures E;"il (M;
dr M), according to their definition in (8.3). As in the discussion of second funda-
mental forms, we divide the computation into separate sections, each correspond-
ing to a different stratum in the stratification of M.

Throughout the following computation we take Z; and Z, to be two indepen-
dent N (0, 1) random variables. We shall associate the Z; with the normal vector
fields to obtain normal vectors of the form Z v + Z» 7.

We also adopt the notation

e 2 E{Z517,20)

(8.13) 1
L if k=0,
2
2= 1n! if k =21 + 1 is odd
_ ’ if k=2n+11is odd,
21
2 _1 2 _3...
(2n )(2” ) , if k = 2n is even.

1. On 1M, the interior (s1, s2) x T°: Since the second fundamental form is zero
in dy4+1M, the only nonzero Lipschitz—Killing curvature occurs when N+1 = j =
i in (8.3). In this case

-1
Ly (M 3y M) =Hy1((s1,52) x T°)

52
(8.14) =K1/2)/N/2/ /eN“dtds
S1 ©°

N2 est _ eNs

1
=« 1/? Eﬁ(T;TO),

v

where Eg(T; T°) is computed in the standard Euclidean sense.
2. N M: The side (s1, s2) x 0T For this case, all the Lipschitz—Killing curva-
tures need to be computed, and we replace the trace in (8.3) by the determinants
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of the curvature matrix as in (8.12). Then
|
,CJ-K (M; (s1,582) X 3T)

_ —_3 N—j
= (2m)"WIPE(ZY 17,20}

e_sC; 0
X detry_; ( ) dHpy(s,t)
/(sl,sz>xaT A0 0

= )" N PE 2y 1 2,00))

5 .
X / /{;T ()/_l/ze_s)N_j (v 1/ze'S)N_1 detry—_;(Cy)dtds
51

(8.15)

(] 1)52 — (] 1)51
. e e
_K1/2y(j 1)/2

i LY (T:0T)

in a parallel notation to (8.14).
3. dn M, the bottom {s1} x T° and the top {s,} x T °: Beginning with the bottom,
{s1} x T°,for 0 < j < N we have

L7 (M {s1) x T°)

(8.16) = 2m)"VIPE{Z T 17,20))

X / detrN_j(/cl/lexN) dHy (1)
{s1}xT°

_ (27TK_1)_(N_j)/zl/«N—j (1;/) )/N/zeNSl,Cg(T; TO).

A similar result holds for the top, {s2} x T°, namely,
L7 (M {s2) x T°)
(8.17)
=(—D)N-/ (27rK_1)_(N_J)/2MN—j <];]) J/N/Zestﬁf,(T; T°).

4. On_1M: The edges {s1} x 0T and {s2} x 0T: We start with the top edge,
{s2} x 9T,

E;Kﬁl(M; {s2} x aT)
= 2m) " WN-1=7/2

X/ E{detrN_l_,-(Z1/<_1/21 — Zzy_l/ze_sct)
{s2}x0T |

X Liz,>01Liz,=0y dHN_1(s,1).
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Use now the easily checked expansion that, for 0 < k <n,

k
detrg(alyxn + Apxn) = Z akim (Z : ::Z > detr,, (A),

m=0

to expand the detr term in the expectation above and see that

el
CjK (M; {s2} x aT)
— (27.[)—(N—1—j)/2

N—1—j

x 3 K—(N—l—j—m)/z(N—l—m>

m=0 J
x E{Z) T T T 70} (0 2e?) VT B 20 2,0

X detr,, (y’l/Ze*szct) dHy-1(t)
(8.18) o

_ ity N2

J
X Y (y eV (N =1 —m> /2

J

< -1 jonE(Z8 L) [ detrn(CodHy 1)

N-1—j

=K(N—1—j)/2(y1/2€s2)N—1 Z (N — 1 —m) (y—l/Ze—szKI/Z)m
J

m=0
X UN—1—j-mL& (T 3T).
A similar argument also works for the bottom edge {s;} x 97, the only change
being that 1z, -0y becomes 1z, -0}, giving the final form
L’;"il (M; {s1} x dT)
_ K(N—l—j)/Z(yl/Zesl)N—l

(8.19)
N—1—j

-3 <N—1'—m)(y_1/2e—s1K1/2)m
m=0 J
$ (DN ey Ny (T 9T).

Collecting (8.14)—(8.19) now gives us all the Li_"_l (M; 0;M), from which, via
(8.1) and (8.2), we can compute the £; (M), as promised.
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