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1. PREVENTION OF OVERFITTING BY SEQUENTIAL TESTS
1-1.  Significance of small sphere fitting

The significance of small spheres against a great sphere is discussed. We propose a test proce-
dure consisting of two different tests for each level of subsphere fitting. Similar to the backward
regression procedure, sequentially testing small spheres at each layer may prevent overfitting.

There are two cases where a great sphere provides more a appropriate fit to the data, yet the
sum of squared residuals is minimized by a small sphere. The first case is where the true major
variation is along a great sphere, an example of which on S? is illustrated in Fig. 1a. The second
case is when the underlying distribution is rotationally symmetric with a single mode, so that
there is no major variation along any direction. An example of such a distribution is N (0, I}) in
a linear space, or the von Mises—Fisher distribution on S d (Fisher, 1953; Mardia & Jupp, 2000),
as illustrated in Fig. 1b. In the latter situation, small spheres centered at the point of isotropy are
frequently obtained, which do not give a useful decomposition.

We have developed two different tests to handle these cases. The first is a likelihood ratio test
for the detection of the first case as exemplified in Fig. 1a, which tests the significance of the
reduction of residual variances. The second is a parametric bootstrap test aimed at the second
case as depicted in Fig. 1b, which tests the isotropy of the underlying distribution. A detailed
description of the tests is given in the following subsections. A procedure to apply these tests
in principal nested spheres fitting is then discussed in Section 1-4. As a reviewer pointed out,
the hierarchical structure of test hypotheses makes the control of type I error difficult, which is
also discussed in Section 1-4. Attempts to avoid the dependent test structure are contained in
Section 1-5 to Section 1-7.

1-2.  Likelihood ratio test

We define a likelihood ratio statistic for each level to test sequentially the significance of the
small sphere fitting against the great sphere.
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Fig. 1. Simulated data examples on S? projected with
an equal area projection, and the fitted best small (solid)
and great (dashed) spheres, which are arcs in this two-
dimensional case. (a) The likelihood ratio test gives the
p-value 0.565, while the p-value of the bootstrap test is
0. The likelihood ratio test detects the overfitting. (b) The
likelihood ratio test leads to p-value ~ 0, and the bootstrap
p-value is 0.82. The bootstrap test detects the overfitting.
(c) When the fitted small sphere (circle) is not overfitted,
both tests give very small p-values. This ensures that the
small sphere is not overly fitted.

For the kth level of the procedure, where A4_j, is fitted to x4, ..., 2, € ST *+1 we assume
that the deviations &; = &; 4—j, of the samples z; from the subsphere Ag_j(v,r) are indepen-
dently distributed as N (0, o). It makes more sense when a truncated normal distribution on a
range [—m/2, /2] is assumed. However unless the data spread too widely, the distribution will
be approximately normal. Thus we use the approximate likelihood function of (v, r, 0?), given
by

1 1<
L(v,r,0%[a}) = WGXP 552 Z{P(%‘,U) -,
i=1

where p is the geodesic distance function on S?~*+1, The approximate maximum likelihood es-
timator of (v, ) coincides with (0, 7), the solution of (3) in the main article, and the approximate
maximum likelihood estimator of o2 is given by 62 = n=1 3" | &(©,#)?, which is obtained by
differentiating the log-likelihood function and setting the derivative equal to zero.

The null hypothesis Hy, is that the true model is a great sphere, while the alternative is that
the true model is a small sphere. In other words,

Ho, :r=m/2vs Hyg:1 < 7m/2,

which is tested by a likelihood ratio test. The maximum likelihood estimator of (v, r, o?) under
Hy, is given by (@0, /2, &8), where 0" minimizes the sum of squared residuals of (3) in the main
article with r = 7/2,and 63 = n~* 327, &(0°, /2)2. The log-likelihood ratio is (52/63) /2.
Then using Wilks’ theorem, for large samples n log(62/632) ~ x3 under Hy,, and the test rejects
Hy, in favor of Hj, for large values of nlog(5%/63).

1-3.  Parametric bootstrap test

For each level of principal nested spheres fitting, suppose X € S™ has a distribution function
Fx. We wish to test for the underlying distribution F'x,

Hyy, : Fx is an isotropic distribution with a single mode, vs Hi; @ not Hgy.
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Analysis of Principal Nested Spheres 3

We develop a parametric bootstrap test with an assumption of the von Mises—Fisher distribution.
The von Mises—Fisher distribution is an analogue of the normal distribution on the unit sphere
with concentration parameter x and directional parameter 4, denoted as VMF(u, k).

We build a test statistic that is large when F'y is neither isotropic nor having a single mode.
For this purpose we derive the following test statistic. Given x1, ..., z, € S™, estimate the best
fitting subsphere A(?,7) as done in (3) in the main article. Let {; = py(;,0) = cos™ (2] ) be
the radial distances from the axis of the subsphere. Then the test statistic is the coefficient of
variation of (,

%Z?ﬂ Gi '
(homc-o)”

The next step is to estimate the null distribution of this statistic. Under Hyp, F'x is VMF(u, k).
The unknown parameters are estimated from the data. The location parameter p is estimated by a
standard likelihood approach (Mardia & Jupp, 2000). For an estimate of x, Banerjee et al. (2005)
empirically derived an approximation of the maximum likelihood estimate of x. The estimates
are

Z=2Z(x1,...,0pn) =

o Stiwo . Fd+1) -7
=977 =7<=n R~ ——F=>=
Il 1305 il 1—72
where 7 = ||r||/n. We generate B > 100 random samples of size n from VMF(fi, ) and calcu-
late Z1, ..., Zp. The test rejects Hy, with a significance level « if

1 B
52 lzozy <o
1=1

1-4.  Application procedure

A sequence of sample principal nested spheres is obtained by iterative fitting of subspheres.
In each layer of subsphere fitting, both of the tests developed in the previous sections will be
used, due to the observation in Fig. 1. We first illustrate how these tests are applied to the exam-
ples in Fig. 1, then propose a procedure to apply the tests to the principal nested spheres fitting
procedure.

Some typical data examples on the 2-sphere and the results of the two tests are illustrated in
Fig. 1. When the true major variation is along a great circle, as in Fig. 1a, the likelihood ratio
test works well and accepts Hy,, but the bootstrap test rejects Hp,. On the other hand, when
the underlying distribution is von Mises—Fisher, the likelihood ratio test rejects Hy, in favor
of Hy,. However, the best fitting small sphere is frequently inappropriate, as shown in Fig. 1b.
The bootstrap test accepts Hyy, and thus can be used to detect such a case. Therefore, in order to
prevent overfitting, we proposed to apply sequentially both tests at each level of subsphere fitting.
In a case where a true variation is along a small sphere, both tests reject the null hypotheses, and
we ensure that the small subsphere is not overfitted.

At each level of subsphere fitting, we use the following testing procedure to test the signifi-
cance of small subsphere fitting.

1. Test Hy, versus Hi, by the likelihood ratio test. If Hy, is accepted, then fit a great sphere
with = 7/2 and proceed to the next layer.

2. If Hy, is rejected, then test the isotropy of the distribution by the parametric bootstrap test.
If Hy, is accepted, then use great spheres for all further subsphere fittings.

3. If both tests reject the null hypotheses, then use the fitted small sphere for the decomposition.
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Note that in Step 2, when Hyy is accepted, we use great sphere fitting not only for the cor-
responding level, but also for all further levels with smaller dimensions. This is because once
Hyy, is accepted, the underlying distribution at the level is assumed to be von Mises—Fisher. An
analogy in Euclidean space is N (0, I}) where a non-linear mode of variation is meaningless.
Therefore, great spheres are used for all further nested spheres, without further application of
tests.

Note that for S%, we test at most 2(d — 1) hypotheses, and the hypotheses are hierarchically
structured. The hypotheses and test statistics of the (m + 1)th tests are dependent on the result
of the mth tests. Moreover, the first hypotheses are far more important than the subsequent ones
in a sense that when an error, of either type I or type II, is committed in the first hypothesis,
all subsequent hypotheses are false. A simple Bonferroni’s method controlling family-wise error
rate in a multiple testing problem is not applied to our tree-structured hypotheses problem. While
we do not attempt to properly analyze the tree-structured hypotheses problem, some literature
related to the problem is pointed out, as follows.

A Markov decision process (Puterman, 1994) can be used to analyze the errors in the tree-
structured hypotheses problem. A Markov decision process model, translated into our problem,
contains the state space S, which contains the data z; € S¢ (i = 1,...,n) or the data projected

on small or great spheres azz( K € Sa=k+1 a4 set of two actions A = {accept great sphere, reject

great sphere, i.e., accept small sphere}, and a real-valued reward function R : S x A — R that
accounts for the type I or type II error of the tests. The effect of the action, rejection or acceptance
of the null hypotheses, depends only on the current state a:j(k) € S9=*+1 and not on the prior
history of actions. Thus, the Markov assumption is sensible.

Another related testing procedure is the so-called gatekeeping testing procedure (Bauer et al.,
1998; Westfall & Krishen, 2001; Dmitrienko et al., 2007, 2008). The gatekeeping procedure pro-
vides a way to test multiple hypotheses in a hierarchical manner where the subsequent hypotheses
are only examined if all or some hypotheses in the primary set of hypotheses are rejected. In our
case, the families of hypotheses are summarized in Table 1, in the case of d = 3.

Table 1. Families of hy-
potheses in the sequen-
tial testing procedure for
the d = 3 case.
83— 8% HY, Hp
S? —S' Hi, Hp,

The secondary family of hypotheses, Hga and Hgb, in the second row is only examined if
the H02b in the first row is rejected. When considering only the second hypotheses Hy, in each
family, the procedure is similar to the serial gatekeeping procedure (Bauer et al., 1998; Westfall
& Krishen, 2001). However, the second family is examined regardless of the rejection of the first
hypothesis H&a. To the best of our knowledge, such structure has not been studied.

1-5.  Bayesian information criterion
Another approach is to utilize the Bayesian information criterion under Gaussian assumption.
This approach still assumes a distribution, but is convenient enough to use as a rule-or-thumb
method to indicate whether a small circle is overfitted. For the kth level of the small sphere fit-
ting, where Ay is fitted to x1,..., 2, € Sd=k+1 " we assume that the deviations &; from the
subsphere A4 (v, r) are independent N (0, o2). Then the appropriate Bayesian information cri-
terion would be —2log{L(v,7,02|2%)} + klog(n) and by removing constant terms we compare
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Analysis of Principal Nested Spheres 5

the Bayesian information criterion from small sphere fitting
BIC, = nlog(6%) + (d + 1)log(n)
with the Bayesian information criterion from great sphere fitting
BIC, = nlog(63) + dlog(n),

where 62 = n~1 Y| & (9, 7) is the maximum likelihood estimator of o under the small sphere
model and 63 =n~' > | &(0o,7/2) is the maximum likelihood estimator under the great
sphere model.

1-6. Data Example

The two proposed methods, the sequential tests and the Bayesian information criteria, are
compared in some data sets. In the sequential tests, we set bootstrap sample size B = 100 and
the significance level o = 0.05. Two datasets, the human movement data contained in Kume
et al. (2007) and the rat skull growth data in Bookstein (1991) are analyzed and the numerical
results are presented in Table 2.

In Table 2, when the human movement data are analyzed, the tests are applied to each of three
layers. Both tests result in p-values less than the significance level, therefore we chose to use
the small sphere. The Bayesian information criteria of the small sphere model BIC; are always
smaller than the Bayesian information criteria of the great sphere model BIC,, which leads to
the choice of small spheres. In the simple human movement data analysis, the two methods lead
to the same decision.

Table 2 also contains the results from rat skull data analysis. The dimension of the preshape
sphere is 13, and is higher than the dimension of the human movement data case where the
dimension is five, thus leading to a much more complicated result. Let us focus on the left
columns for the sequential tests. When fitting the 11-sphere from the 12-sphere, both tests reject
the null hypotheses in favor of the small sphere. Now when fitting the 10-sphere, the likelihood
ratio test results in a p-value greater than 0.05. As described in Section 1-4, a great sphere is
chosen and the parametric bootstrap test is skipped. Note that in the last three layers, the tests
choose small spheres. To compare this result with the decisions using the Bayesian information
criterion, note that when a 9-sphere is fitted, the Bayesian information criterion chooses the great
sphere but the test results are in favour of the small sphere fitting. Because the principal nested
spheres are nested, any further fitting will be different in these two decision rules. However,
we find a pattern in both of the decisions. In fact, the difference is only found when fitting the
9-sphere.

We inspected this difference by taking a closer look at Table 3. Table 3 shows the radii of
principal nested spheres when using the two different rules. Note that the radii of 2(;, 205, and 23
are similar, as seen in the last three rows. These three components contain more than 90% of the
variance, and we see that there is virtually no difference in scatter plots of the principal scores,
which we omit.

1-7.  Soft decision rule

The test procedure and the Bayesian Information Criterion approach we discussed before have
some caveats. Both are based on a specific parametric assumption, which may be seen as inappro-
priate. Moreover, simultaneous inference is complicated because the tests are not independent.
In this section, an interesting approach, which does not depend on any complicated assumptions,
is introduced.



6 S.JUNG, I. L. DRYDEN, AND J. S. MARRON

241 Table 2. Decisions by

242 sequential tests and the

243 Bayesian  information

244 criterion

245 Human movement

246 . .
247 PLRT pymp Decision BIC, BIC, Decision
248 4-sphere to 3-sphere 0.00 0 SMALL | -542.68 -536.18 SMALL
249 3-sphere to 2-sphere | 3.2x 1071 0  SMALL | -464.40 -428.78 SMALL
250 2-sphere to 1-sphere | 2.8 x 10°7 0  SMALL | -310.64 -288.17 SMALL
251

259 Rat skull growth

253 PLRT pymr  Decision BIC; BIC, Decision
254 12-sphere to 11-sphere 0.01 0 SMALL |-1762.39 -1759.71 SMALL
255 11-sphere to 10-sphere 0.10 GREAT | -1612.67 -1615.10 GREAT
256 10-sphere to 9-sphere 0.03 0  SMALL | -1587.57 -1587.96 GREAT
257 9-sphere to 8-sphere 0.01 0  SMALL | -1560.01 -1556.32 SMALL
258 8-sphere to 7-sphere 0.77 GREAT | -1400.23 -1405.22 GREAT
259 7-sphere to 6-sphere | 2.1x 1074 0  SMALL | -1374.63 -1365.39 SMALL
260 6-sphere to 5-sphere 0.06 GREAT | -1212.67 -1214.02 GREAT
261 5-sphere to 4-sphere 0.82 GREAT | -1190.21 -119524 GREAT
262 4-sphere to 3-sphere | 1.0x 107 0  SMALL | -1153.95 -1134.76 SMALL
263 3-sphere to 2-sphere 0.00 0 SMALL | 94729 -942.59 SMALL
;gg‘ 2-sphere to 1-sphere 0.00 0 SMALL | -824.96 -742.40 SMALL
266 The p-values from the likelihood ratio test and the parametric bootstrap test are denoted by prrr and pymr.
2

22; Table 3. Rat skull data:

difference between deci-

269 : .

270 sions by sequei?nal_ tests

271 and the_ Baye.szal_a infor-

272 mation criterion.

273 Tests BIC
274 decision radii radii  decision
275 13-sphere 1.000  1.000

276 12-sphere 1.000 1.000

271 11-sphere  SMALL 0.762 0.762 SMALL
278 10-sphere  GREAT 0.762 0.762 GREAT
279 9-sphere  SMALL 0.604 0.762 GREAT
280 8-sphere SMALL 0.474 0.499 SMALL
281 7-sphere  GREAT 0474 0499 GREAT
282 6-sphere  SMALL 0.322 0.324 SMALL
283 5-sphere  GREAT 0.322 0.324 GREAT
284 4-sphere GREAT 0.322 0.324 GREAT
285 3-sphere SMALL 0.187 0.188 SMALL
286 2-sphere  SMALL 0.179 0.179 SMALL
287 1-sphere  SMALL 0.129 0.129 SMALL

288
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Analysis of Principal Nested Spheres 7

A family of important variations of principal nested spheres can be developed by either adding
a penalty term or modifying the least squares term in (3) in the main article. In particular, we
write a general optimization problem for each subsphere fitting as

nilzL(xi,vm) + Mj(r), (D

=1

where L is loss function, j is a penalty function and A > 0 is a tuning parameter. The
original least squares problem (3) in the main article is a special case of (1) given by
L(zi,v,7) = {pa(z;,v) — r}? and j(r) = 0. One may replace the squared loss by the absolute
loss, L(z,v,7) = |pa(zi,v) — r|, for more robust fitting.

A soft decision rule between small and great spheres fitting can be developed by the penal-
ization approach. A reasonable choice of the penalty functions would be ja(r) = (7/2 — r)?
or j1(r) = |m/2 — r|. Note that indeed j1(r) = 7/2 — r because 0 < r < 7/2. These penalty
functions penalize the departure of r from 7v/2, i.e. the departure of the fitted sphere from a great
sphere. As a referee pointed out, this penalized approach will lead to a compromised fit of small
and great spheres, leading to a soft decision between small and great spheres.

The algorithm we proposed to solve the optimization problem, (3) in the main article, may be
adapted to solve (1), for a special case of L(z;,v,7) = {pg(x:,v) —r}?and j(r) = (7/2 — 1)
Starting with an initial value, one can alternate the update of v and r. In particular, given 7, the
objective function is numerically minimized with respect to v (by e.g. the Levenberg-Marquert
algorithm), then given 0, the minimization of the objective function with respect to r is simple,
since the objective function is quadratic in 7.

We believe a thorough investigation in this direction will lead to important and significant
findings.

2. ADDITIONAL DATA ANALYSIS EXAMPLES
2-1.  Migration path of an elephant seal

The use of the proposed method for spherical data is illustrated. Since the sample space is now
S?, we do not need to pre-align the data points as done in the shape data analysis in Section 5 of
the main article. The data analysis in this section utilizes the proposed test procedure.

As the simplest example, consider a dataset on the usual sphere S2. The dataset consists of
n = 73 daily location measurements of a migrating female elephant seal, presented in Brillinger
& Stewart (1998) and also discussed in Rivest (1999). The seal migrates from the southern Cali-
fornia coast to the eastern mid-north Pacific Ocean. Of interest is to investigate whether the seal
migrates along a great circle path, i.e. the shortest distance path. Note that Brillinger & Stewart
(1998) and Rivest (1999) have analyzed this dataset in greater detail. We briefly re-analyze this
data set with the proposed hypothesis test.

Fig. 2 shows the path of the migration, including both the forward journey and the return trip.
Since the dataset in latitude-longitude coordinates can be converted to points on the unit sphere,
it is viewed as a set of points on S? and we fitted principal nested spheres, with only one nested
circle. We fit the best fitting great circle and small circle with fitted distance 7 = 75.45°. The
likelihood ratio test developed in Section 1-2 results in p-value 0.0851 (with Hy, : 7 = 90°, the
great circle). Therefore, the migration is not significantly different at the level o = 0.05 from a
great circle path, which is consistent with the results from Brillinger & Stewart (1998) and Rivest
(1999).
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Migration of Elephant Seal

T T

60| + Rawdata [
u Great Circle fit North America
4 — — — Small Circle fit

latitude

North Pacific Ocean

%
30 %\‘

210 240
longitude

Fig. 2. Daily observations of migration path of an elephant
seal, in the latitude-longitude coordinates, and the great cir-
cle and small circle fit of the data.

2-2.  River and sea sand grains

We consider sand grain outlines that can be parameterized as a set of points in a hypersphere.
The dataset was originally analyzed in Kent et al. (2000), and consists of outlines of sand grains
from two-dimensional views. There are n1 = 25 river and no = 24 sea sand grains. We illustrate
an application of principal nested spheres, and use of the Euclidean-type representation to test
for group mean difference.

The outline of each sand grain is represented in polar coordinates (71, ..., 1) at each equally
spaced angle (601, ..., 60), with kK = 20. The scale is removed so that Zle 72 = 1. The origin

for each sand grain is its center of gravity, and we keep the grains fixed in the orientation that
they were recorded, rather than removing rotation as in the shape analysis of Kent et al. (2000).
With 6; fixed throughout the samples as 0; = (i — 1)2x/k, r = (r1,..., 7)) on the unit (k — 1)-
sphere represents the scale invariant profile of a registered sand grain. Note that the size of river
sand grains are typically larger than that of sea sand (Kent et al., 2000), but this analysis focuses
on the variability in the scale invariant profiles of sand grains.

To the 49 (= n; + n2) data points on the 19-sphere, we fitted sample principal nested spheres,
with significance level a = 0.05 for every test applied. The small sphere fitting is significant
for only three layers of the procedure, when fitting A1g, A17 and A1q, with both p-values less
than 0.05. The one-dimensional principal nested sphere 2(; has radius 0.8738, suggesting that
the captured principal variation is not much more curved than geodesics. The principal nested
sphere leads to the Euclidean-type representation Xpns of the dataset, in a way that the curved
principal arcs are flattened. The first three coordinates in Xpns are used for visualization of
major variation as in Fig. 3.

To test the group mean difference between river and sea sand grains, we can use any Euclidean
space based test procedure applied to Xpns. Since we do not have any prior information on the
underlying distribution, it makes sense to use a nonparametric permutation test. In particular, we
use the Direction-Projection-Permutation test, described in Wichers et al. (2007), that is used to
test the group mean difference for multivariate data. The test finds a direction vector pointing
from one group to the other, and computes a t-statistic of the projected values onto the direction.
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Fig. 3. Scatterplot matrix of sand grain data set, by the dis-
tance weighted discrimination direction, labeled as DWD,
and the first three coordinates of Xpns. (+: river sand
grains, o: sea sand grains) Diagonal entries are jitter plots
of one-dimensional projections with kernel density esti-
mates for each group. The distance weighted discrimina-
tion direction separating the two groups is found in the Eu-
clidean space, Xpns.

The null distribution of the t-statistic is found by permutation of group labels. We have used the
test with the direction vector u as the distance weighted discrimination direction (Marron et al.,
2007). The distance weighted discrimination is a classification tool that separates two groups
with more generalizability than, e.g., the support vector machine (Vapnik, 1995). The subspace
formed by u and first three coordinates of Xpys is illustrated as a scatterplot matrix in Fig. 3.
Although the first three coordinates of Xpns do not give a visual separation between the groups,
Xpns turns out to be a useful Euclidean space for linear classification methods such as distance
weighted discrimination.

In our analysis, the test with 1000 permutations rejects the null hypothesis of equal group
means with p-value 0.0292. The difference of shapes in the overlay of the outlines of sand grains,
illustrated in Fig. 4, is statistically significant.

3. GEOMETRY OF NESTED SPHERES

3-1. Rotation matrices
For a,b € S™~! C R™ such that |a”b| < 1, the rotation matrix that rotates b to the direction
of a with angle 6 is denoted by Q(b — a, 6), and the rotation matrix that rotates v to the north
pole e, = (0,...,0,1)T is denoted by R(v) as defined in the Appendix.
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Group means of River and Sea sand grain

-02 -0.1 0 0.1 0.2

Fig. 4. Overlaid outlines of 25 river sand grains (+) and

24 sea sand grains (o) with the group means (thick out-

lines) identified with the geodesic mean of each group. The

DiProPerm test rejects a null hypothesis of equal group
means with p-value 0.0292

The following lemma is useful in developing further the geometry of nested spheres.

LEMMA 1. Assume that a,b € R™ are unit vectors such that |a’b| < 1, and let § € (0, 27].

(a) Let R be an m x m rotation matrix. Then, Q(Rb — Ra, ) = RQ(b — a,0)R’. Equiva-
lently, Q(RTb — R%a,0) = RTQ(b — a,0)R.

(b) Let a' = (a™,0)T, v/ = (bT,0)T. Then the (m + 1) x (m + 1) rotation matrix that moves
b to d is given by

b — CL, 9) Omx]_

QU — d,0) = Q( Ot 1 ,

where Oy, xn, is the m X n matrix of zeros.

3-2.  Geometry of Subspheres

The nested spheres of S? are lower dimensional submanifolds of S?, each of which is isomor-
phic to the unit spheres in different dimensions. The subsphere A,,_; of S™ (m > 2) induces
the nested spheres.

DEFINITION 1. A subsphere A,,—1 of S™ is defined by an axis v € S™ and a distance r €
(0,7/2], as follows:

Ap1(v,r) ={z € S": pp(v,z) =1}

The A,,—1(v,r) is the boundary of the geodesic ball in S”* with center v and radius r. The v
is said to be orthogonal to A,,_1 in a sense of the following lemma.

LEMMA 2. (a) Forany x,y € Ap_1, (x —y)Tv = 0.
(b) x € Ap_1 if and only if vT {x — cos(r)v} = 0 and ||z|| = 1.

A subsphere A,,,_1 is essentially an (m — 1)-dimensional sphere. The following properties of
subspheres give the mathematical background to treat A,,_; as S™ 1.

PROPOSITION 1. Let A,,—1(v, 1) be a subsphere in S™. Then
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(@) (Am_1,pm) is isomorphic to (S™ Y, py_1) with an isomorphism f : Ap_1 — S™ ! de-
fined by
1

flx) = Sn () R (v)x, x € A1

with inverse

i ot
“1/ 1y _ pT sin(r) - x + 1

et =R [Tt e s

where R(v) is the (m + 1) X (m + 1) rotation matrix that moves v to the north pole, R~ (v)

is the m x (m + 1) matrix consisting of the first m rows of R(v).
() Let gy (,5) = Sn(r)pm1 1 (2), F(5)}. Then pf_y is @ metric on Ap_1.
(c) (Am—1,pk,_1) is isometric to (S™ 1 sin(r) ppm—1).
(d) The two metrics py, and py,_, are equivalent, in a sense that the following inequalities

. 7 sin(r)
pm(@,Y) < P (2,Y) < = pm(2,y)

hold for all x,y € A,,—1 and both equalities hold if and only if r = w/2 or x = y.
(e) pr_1(z,y) — pm(x,y) < wsin(r) — 2r forall x,y € Ap—1.

The p},_;(x,y) can be interpreted as the length of a minimal arc in A,,_; that joins z,y.
Precisely, the minimal arc is the image by f~! of the minimal geodesic segment joining f(z)
and f(y). Let 2’ = f(2), y" = f(y). Then the geodesic segment is given by

L= {y(6) = Q" = y',0)at: 6 € [0,cos™" =Ty "]}
By Lemma 1, we have for any 6 € [0, cos™! (2Ty1)],

(zt — yt, 0)zt }
cos(r)

£ = R [0

= r(o)” [ 9 V0 O] gyt | S

= Q(xp — Yp, 9)1‘,
where

oo [5] -S

and y, is defined similarly. One can check that p,, (2, yp) = pm—1(zf,y") and Q(z, — y,)z =
y. Thus the arc {Q(z, — yp, 0)z : 0 € [0,cos™ (z]y,)]} joins 2 to y and is minimal in A,
because it is isomorphic to the minimal geodesic I.

The difference between p,, and p;,_; is due to the fact that the minimal arc for p}, _; is not
a geodesic in S™. If r < /2, then the geodesic segment joining x,y is always shorter than
the minimal arc in A,,_;. Since the difference is relatively small for close points as seen in
Proposition 1(d-e) later, the difference does not obscure much of the underlying structure in the
data points in S™.

3-3.  Geometry of Nested Spheres

We now define a sequence of nested spheres {q_1,...,21} of S¢ (d > 2) with decreasing
intrinsic dimensions. We first introduce a sequence of subspheres Ag4_1, ..., A of S¢, which are
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Isomorphic Sqeuence of
space of Nested Nested
Spheres Subspheres Spheres
53 S3
\ U
S2<A2(v1,r1) > Ay
U

Sl Al (Vl, 7‘1) = 2[1

Fig. 5. Hierarchical structure of the sequence of nested
spheres of the 3-sphere.

in different spaces. The (d — 1)-dimensional subsphere A;_; of S%, defined in Definition 1, is
in S% € R%*1. The second subsphere A,4_5 is defined from the isomorphic space S~ ! of A4_;.
Similarly, the lower dimensional subspheres are defined recursively.

DEFINITION 2. A sequence {Aq_1, ..., A1} of subspheres is defined recursively as follows:

(i) Aq_1 is defined as the subsphere with vy € R4TY, r € (0, /2] by Definition 1.
(ii) Foreachk =2,...,d—1, Aq_}, is the subsphere defined with vy, € R4%+2 r; € (0,7/2]
from SR which is isomorphic to Ag_j1.

A nested sphere is defined by the subsphere located in the original space S¢. For a general
subsphere Ag_j, of §4—F+1 (k=1,...,d—1), we also use the isomorphic transformation f}, :
Ag_r — S%F and its inverse fk,_l. Let m = d — k 4 1, so that the subsphere Ay  C S™ C
R™*!, The transformations are defined by vj, € S™ and 7, € (0,7/2] as

1 _
fk(x) = mR ‘(vk)x, .%'TG Ad—k’7 (2)
et = R Gw) [T ot e sk

where R(vi)isa (m + 1) x (m + 1) rotation matrix that moves vy, to the north pole, and R~ (vy,)
is the m x (m + 1) matrix consisting of the first m rows of R(vy).

DEFINITION 3. A (d — k)-dimensional nested sphere A4_y, of S is defined as

[ fitoo i (Agy) (k=2,...,d—1),
Bk = {Ald_l o (k=1).

The geometric interpretation and hierarchical structure of the nested spheres are illustrated in Fig.
5. The nested sphere 2(;_; can be understood as a shifted (d — k)-sphere, which is orthogonal
to k orthogonal directions in the sense of Lemma 3. The following properties summarize some
geometric facts of the nested spheres.

LEMMA 3. Let Aq_1,...,2; be nested spheres of S¢ from a sequence of subspheres
Aq—i(vi, k). Then, there exists an orthogonal basis v§,...,v}_| € R such that for each
k=1,...,d—1,

(a) (x—y)Tvf=0foralli=1,...,kandx,y € Aqy_y,



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624

Analysis of Principal Nested Spheres 13

(b) x € Aq_y if and only ifxgzkv; =0forallj=1,....k and ||z, | = Hle sin(r;) where

k—1
Zpk =& — cos(ry)vy — sin(ry) cos(ra)vg — -+ - — H sin(r;) cos(rg)vg.
i=1
Moreover, an explicit expression for v;‘ can be obtained from vy, . .., v; as
T—f_lo o _1(‘)€Ql i 3
Vi =1J1 © 01\ d—j+1>
Jj—1 Jj—2
.1 .
v; = H sin™ "~ (r) {v; —cos(ry)vy — -+ — H sin(r;) cos(rjl)v;_l} 4)
i=1 i=1
Note that ), ;, in the lemma can be understood as the projection of x onto the subspace that is
orthogonal to v7, ..., v}_,. A direct consequence of Lemma 3 is that for any nested sphere 4,
of S? can be understood as the intersection of a hyperplane #;, and S¢. The hyperplane #y, is a
(d — k)-dimensional affine subspace that is orthogonal to v}, ..., v}_,.
PROPOSITION 2. Let Ay 1, ..., be nested spheres of Sd from subspheres Ag_i(vg,rr).
Then,

(a) Ay CAs € --- CAg_1 C S, where A C B means that A is a proper subset of B,

(b) Let ply_,(x,y) = 15, sin(ri) pa_r (2, '), where &’ = fy0--- o fi(x). Then ph_j Is a met-
ric on A g_p.

(¢) (Ag—k,p_,) is isometric to (SF, Hle sin(7) pa—x)-

The pq and p;_,. are indeed equivalent metrics. Moreover, one can show that p}_, (x,y) is the
length of a minimal arc in 2;_j that joins x and y.

3-4.  Proofs and Additional Lemmas
Proof of Lemma 1. (a) Let ag = Ra, by = Rb and ¢y = {by — ap(al bo)}/ Hbo — ao(aOTbg)H.
Then ¢y = Re, where ¢ = {b — a(a’b)}/ Hb —a(a”b)||, since RRT = RTR = I,,,. Then,
Q(Rb — Ra, ) = R[I + sin(0)(act — ca’) + {cos(h) — 1}(aa” + cc!)|RT = RQ(b — a,0)RT.
(b) Let ¢’ be defined similarly for a’, b’. We have

T
r T | @ T | aa Omx1

and ¢/¢T,a/dT and a’" can be expressed in a similar fashion. Then the expression of @ in

Lemma 1(b) gives the desired result. O

Proof of Lemma 2. For x € R™ such that ||z|| =1, x € Ay,—1 if and only if p,,(v,z) =
cos~(vTx) = r. This is equivalent to v7 2 — cos(r)vTv = 0 since v”v = 1. This proves (b).
Write z — y = {x — cos(r)v} — {y — cos(r)v}, then the result (a) follows from (b). O

Proof of Proposition 1. We first show that f is a well-defined bijective function. Proofs for
(b-e) will follow. (a) is then given by (c) and (d).

First note that since sin(r) > 0, f is well defined. For any = € A,,,_1, let ' = f(x). Then
zt € R™, and since R~ (v)TR™(v) = Ijny1 — vv”, we get

1 _ 2 1
sin?(r) HR (U){L‘H  sin?(r)

P = (70— @0} = o1 - cost(r)) =1
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Thus, 2z € S™~1. Conversely, for any 7 € S™~! letz = f~!(2T). Then ||z| = 1 and

i t
vl = {R(v)v}T [Sg(l)(s?zag; } = cos(r).
By Lemma 2(b), 2 € A,,_1. One can easily show that fo f~(z') = 2f, f~1o f(z) = =
Therefore, f is a well defined bijective function.

Since py,—1 is a metric and sin(r) > 0, the metric p},_; is nonnegative and symmetric, and
the triangle inequality holds. In addition, since f is bijective, we have p _;(z,y) = 0 if and
only if x = y. This proves (b). With the metric p,_;, f is an isometry and (c) follows.

To prove (d) and (e), the difference between two metrics for a fixed r € (0, 7/2] is given by

_1 [cos{pm(z, y)} — cos®(r)
sin?(r)

Pm—1(T,y) — pm(x,y) = sin(r) cos = pm(2,y) == he{pm(2,9)}

for z,y € Ay,—1. Note that max, , pp,(z,y) = 2r. Then h, is a strictly increasing function on
[0, 2r] with minimum %, (0) = 0 and the maximum A, (2r) = 7sin(r) — 2r. This proves (e) and
leads to the first inequality of (d). The second inequality is obtained from observing that
msin(r)
2r

is nonnegative and is zero if and only if p,,(z,y) = 0 or 2r. O

pm(z,y) — pr_1(z,y)

The following lemmas are useful to prove Lemma 3 and also could be of independent interest.

LEMMA 4. Let v;- and v; be as defined in (3-4). For any x € Stand k=1,...,d—1, the
following are equivalent:

(i) € Ag_g.

(i) v} {fxo o fi(z)} = cos(ry).
(iii) Forallj=1,... k,

Jj—1 j—2
;CTUJT. = H sin?(r;) cos(r;) + H sin?(ry) cos2(rj_1) + - - - + cos?(ry).
=1 i=1

(iv) Forallj=1,...,k,

j—1
xTv;f = H sin(r;) cos(r;).
i=1
Proof of Lemma 4. [(i) < (ii)] By Definition 3 and since each f; is bijective, x € 4_j is
equivalent to fi o --- o fi(z) € Ag_k. By Lemma 2(b), this is also equivalent to (ii).
[(i) < (iii)] First note that forany k = 1,...,d — 1, fory € Sd=k,

oo gt ) = R (o | OV o W)
[Tiy sin(rs)y

*Lsin(r;) cos(rp—
:{R(U1,...,Uk)}T l_lz‘:lS (2) (k: 1)

)

cos.(rl)
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where R(vy, ..., vy) is a rotation matrix defined as

RT(v3) 04 1] [ RT(vr)  Oggsa-t
R . T:RT X (+2 )><1
{R(vy vg)} (v1) [ O1xg 1 O1x(d+2—k) 1

Then

T
ol = [fil oo S S0 o i@ filo o £ ()
j—1 j—2
= H sin?(r){fj_10---o fi(z)} v + H sin?(r;) cos?(rj—1) + - - - + cos?(ry)

1=1

and the result follows from (ii).

[(i) = (iv)] Since = € Ay_j, we have 27

v} = cos(r1) by definition. Suppose xTv;‘ =

Hf;i sin(r;) cos(r,) forall y=1,...,j — 1, then (iii) and cancelling terms give

j—2 Jj—1
:):TU;f =4 {v; —cos(ry)vy — -+ — H sin(ry) cos(rj_l)v;_l} H sin™! (r;)
i=1 =1
j—1

= H sin(ry) cos(r;).

=1

Thus by induction, (iv) holds.
[(iv) = (iii)] Suppose (iv) holds, then for j = 1,..., k,

:L’Tv;‘ - H sin(r;) cos(r;)

Jj—2
x UT—COSZ(Tl) cee— sin? (r:) cos? (rj—1) sin? (i) cos(r)
J

=1

which equals to zero if and only if (iii) holds. O

Proof of Lemma 3. We first show that {v/;i=1,...,d — 1} is an orthonormal basis. Note
that v} = vy, and v3 = sin_l(rl){v; — cos(rq)v] }. Since v; € A4—1, by Lemma 4, we have

vilv, = sin_l(rl){v;Tvl —cos(r1)} =0,
and
vilvl = sin_l(rl)UQTU; = sin 1(71){1)?11% - cos(rl)vgvf} =1.
Suppose v;“Tv; =0 and |[vf| = ||v}|| =1 for 1 <i< j <k —1. Since vli € Ag_g+1, by

Lemma 4, we have

k—1 j—1
v;fTvZ = H sin_l(ri)v;T {U}; — | | sin(r;) cos(rj)v;} =0,
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and

k—1
loill = [T sin ™ (ri)oi"of
i=1
k—1 k—2
= H sin_2(ri)v};T {v,]; —cos(ry)vy — -+ — H sin(r;) cos(rk_l)vl’;_l} =1

i=1 i=1

Thus, by induction, v} (i = 1,...,d — 1) are orthonormal.

Now for (b), suppose first that x € 2[;_x. Then by Lemma 4, we getfor j = 1,..., k
j—1
xlzkv; = JZT’U; - H sin(r;) cos(rj) =0
i=1
and
k—1
Hacp7k||2 =aTa,, =27 {z — cos(r)vf — - — H sin(r;) cos(rk)vg }
i=1
k—1
=1—cos?(r)) — - — H sin?(r;) cos® ().
i=1
tpl| =TTy sin(rs).
Conversely, suppose that xikv; =0forall j=1,...,k and ||z, x| = Hle sin(r;). Then
since x,, 1., V7, . . ., v}, are orthogonal to each other,

Thus by rearranging terms,

k—1 2

Tpk + cos(ri)vy + - + H sin(r;) cos(rg) vy,
i=1
k—1
- xzzkmp,k + C052(7"1) + -+ H sin2(ri) Cos2(rk) =1.
i=1

2
l]]* =

One can check that forall j =1,...,k
i1 T j—1
xTv;‘ = {aznk + H sin(r;) cos(rj)v;‘} vj = H sin(r;) cos(r;j),
i=1 i=1
and again by Lemma 4, the result follows. (a) is directly obtained from (b). O

Proof of Proposition 2. (a) is readily derived by either Lemma 3 or the fact that 4,,_; C S™
forallm =2,...,d.

For (b) and (c), it can be easily checked that fro---0o f1 : A4 — S9=F is a well defined
bijective function. Since py_ is a metric and sin(r;) > 0, the metric py_j is nonnegative and
symmetric, and the triangle inequality holds. In addition, since f is a bijection, p};_, (z,y) =0
if and only if 2 = y. This proves (b). Then by the definition of pj;_,, fx o --- o fi is an isometry
and (c) follows. O

Proof of Theorem 1 (Main article). Note that w’w* = w” Mw =0, and for all z ¢ S¢
such that w’z >0 and w' Mz =0, 2Tw* = 2" Mw =w" Mz =0. Thus pg(w,w*) =
cos HwTw*) = 7/2 and pg(z,w*) = 7/2. Moreover, since w’z >0, we have w,z €
hAg_1. O
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4. TRANSFORMATIONS BETWEEN SPHERICAL VARIABLE AND THE SPACE OF PRINCIPAL
SCORES
The material in this section supports Section 2.4 and 2.5 of the main article.
Suppose we have a sequence of nested spheres defined by the sequence of subspheres

{Ad—l(vl) Tl)) cee 7A1 (/Ud—l) Td—l)a Ud}7

where v, € S¥F*L (b =1,...,d —1)and r € (0,7/2].

A point 2 € S¢ R is transformed into the subset E of a vector space that are coordinates
of the principal scores matrix. A detailed description of the transformation is as follows.

The point x of interest is projected to the first subsphere A;_1(v1,71), where the projection is

xsin(ry) 4+ vy sin(&;)
sin(&§y + r)

where ¢; is the signed deviance measured by the geodesic distance from x to Ag—1(v1,71) and

is given by & = arccos(v! z) — r1. Define a transformation function g; : S¢ — S9-1,

1
gi(z) = {1 = (v{ )’} 2R (v1)z,

where R(v) is the (d+ 1) x (d + 1) rotation matrix that moves v to the north pole e;;1 =
(0,...,0,1)T and R~ (v) is the d x (d + 1) matrix consisting of the first d rows of R(v). It is
easy to see that g1(x) = fi(z), for f; defined in (2), which means that g; is the transformed
version of the projection.

The second signed deviance is obtained with gi(z) € S9! in a recursive fashion. De-
fine gy : STF*1 — S9=F foreach k = 1,...,d as gp(z) = {1 — (UF{:C)Q}*%R_(U;C)Q:. Let gV :
S — 89k be gF(x) = gr,o---0gi(x). Then & = arccos{vggf_l(x)} —rg(k=1,...,d—

1). The last signed deviance is the signed deviation of gf_l(:c) € S from vy and is

€1 = atan2{(vy) ! (), vl g{ (@)},

0-1
UdL = <1 0 > Vd
is the orthogonal axis of v, and atan2(y, x) = 2 arctan{(\/2? + y? — z)/y} if y # 0 and is O if

y = 0. These residuals are scaled by multiplying by Hf;ll sin(r;) which makes the magnitude
of the residuals commensurate. We then have

&aT1{=] sin(r;)

€a1 [1027 sin(r;)

o = P{x; Ag_1(v1,r1)} = , )

where

z = e F,

fg sin(n)
&1
where E = [—m,7) x [-7/2,7/2)* . Leth: S = ECR%be h: z+s 2.
The inverse operation is recovering the original S¢ from the deviances &;. We begin with
recovering S, then S2, and recursively up to S¢. For z = (21,...,24)T € E, let

-1

j—1
fj = Zd+1—j {H sin(ri)} (] = 1, .o ,d) (6)
i=1
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Recall that &; is the signed deviation from the jth nested sphere with dimension d — j and a
zero-dimensional sphere is understood as a point. Also note that a sequence of nested spheres
defined by {(v1,71),. .., (vqg_1,7r—1),va} is still used to recover S,

We begin with £; and vy to recover S as follows.

€4 = cos(&q)vg + sin(&g)vg € S' € R?

The second step is to recover S2 from &; € S* and £4_; € [—7/2,7/2]. In general, all sub-
sequent steps recursively recover S* from some ¢ € S*~1 and &, € [—7/2,7/2]. It is useful to
define a transformation function gy, : S4=% x [-7/2,7/2] — S4Ft (k=1,...,d — 1) as

e = [ G5 e

Also define that g% | = g o--- o gq_1, aggregating recoveries from S to ST*+1 for some
k =1,...d — 1. The composition is understood as in the following example.

f]g:%({fla s 7£d}) = gd—2© gd—l({glv s ’gd})
= Jd—2 {ﬁd—1(gd, §a—1)s §d—2} .

For a given z € E, a corresponding point z in S? is found by

z=gg_1({&1,-...&})

with the deviations {&1, ..., &,} obtained by (6). Let h: E — S%be h : z — x.

Finally we check that h is the inverse function h. This ensures that / can be used to transform
a spherical variable on S¢ into the vector space E of principal scores and that h is the inverse
operation.

5. CONVERGENCE OF THE PROPOSED ALGORITHM

In this section, we show the convergence of the proposed solution to a local minimum empir-
ically by showing the values of objective function at each iteration. Recall that the algorithm to
minimize the objective function

F(v,r) =) {pa(wi,v) —r}? )
i=1

consists of two layers: the inner and outer layers. The outer layer finds a tangential point for the
inner layer. The inner layer fits the least squares sphere to the data projected onto the tangent
space, which is solved by the well-known Levenberg—Marquardt algorithm (Scales, 1985, Ch.
4). In the outer iteration, the convergence to a local minimum is empirically shown by checking
values of the objective function (7) at each iteration, until the difference becomes small enough
to be ignored.

We have used two different initial cadidates for v. The first choice of the initial values is the
last singular vector from the singular value decomposition of the original data matrix. Denote
this choice of the initial values as c¢;. The second choice (c2) is the last singular vector from the
singular value decomposition of the centreed data matrix.

We examined the convergence with four real data sets.

1. Elephant Seal data
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The elephant seal data set consists of n = 73 observations on S? (Brillinger & Stewart, 1998;
Rivest, 1999). The subsphere fitting occurs only once. Figure 6 shows the values of objective
functions in each iteration with two different initial values ¢; and co. With both choices of initial
values, the algorithm converges fast to the same v, and also 7, in 3 or 6 iterations respectively.

x10° x10™
7.444 17

7.442

|||||||||

Fig. 6. Elephant seal data: Values of the objective func-

tions with the initial value c; on the left, cz on the right

panel. The values of the minimized objective function

with different choices of initial values are the same as
7.4317e — 005.

2. Rat Skull Growth data

The rat skull growth data is a landmark shape data set with £ = 8 landmarks. We process this
data set as described in Section 5.2, then the algorithm is applied 11 times since the dimension
of the shape space is 12. Figures 7 and 8 show the values of the objective functions.

The top left panel of Fig. 7 illustrates the evaluated objective function values with c; as the
initial value when fitting A, from points x1, ..., z, € S'2. The algorithm converges to a local
minimum at the 6th iteration. Then we move on to the fitting of Ay from S shown in the
second panel on the top row. Again, the algorithm converges to a local minimum in less than 20
iterations. We examine the convergence until finally fitting A; from S2, shown at the rightmost
panel at the bottom row. Throughout 11 small sphere fittings, the algorithm requires less than 20
iterations.

Figure 8 shows the convergence results with a different choice of the initial value as co. In the
rat skull data application, different choices of initial values led to very similar results, which can
be examined, for example, by checking that the minimized value of the objective function at the
bottom left panel is about 8.75 x 10~% at Fig. 8, which is the same at Fig. 7.

3. Digit 3 data

The digit 3 data set contained in Dryden & Mardia (1998) is also analyzed. The data set
consists of £ = 13 landmarks on digitized hand written figure 3s. When aligned appropriately,
the preshapes are on S?2. We show the first 15 layers of the principal nested spheres fitting
results.

The top left panel of Fig. 9 shows the values of objective functions with c; as the initial value
when fitting Ao1 from points in $?2. The next, to the right, panel shows the values at the second
fitting, and so on. In all the 21 sphere fittings, where the last six are not shown in the figures, the
algorithm converges to a local minimum mostly within 20 iterations.

When choosing ¢y as the initial value, the convergence to a local minimum mostly within 20
iterations is also observed. See Fig. 10.

4. Human Movement data
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Fig. 8. Rat Skull data: values of the objective functions
with the initial value ca.
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Fig. 9. Digit 3 data: values of the objective functions with
the initial value c; .
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Fig. 10. Digit 3 data: values of the objective functions with
the initial value c».
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1009 Table 4. Human movement data: Minimized values of

1010 the objective function F.

1011 Initial value ‘ St 5 As S35 A, S? 5 Ay

1012 c1 1.3075 x 107°  1.4913 x 10°7  0.0660

1013 C2 1.3075 x 107°  6.7660 x 107°  0.0016

1014

1015 The human movement data, analyzed in greater detail in Section 5.1, are on S*, when aligned.
1016 The proposed algorithm does not guarantee a convergence to the global minimum. In an analysis
1017 of this data set, we have seen that different choices of initial values led to a convergence to a local,
1018 not global, minimum. While it can be checked that the algorithm finds a local minimum as in Fig.
1019 11, the algorithm does not guarantee a convergence to the global minimum. In Table 4, we see
1020 that when c; is used for the initial value of the algorithm, the solution is indeed a local minimum,
1021 since the minimized values of the objective function are larger than those from choosing c,.
1022 In practice, we examine the optimization results from both initial values, and take the one with
1023 smaller value of the objective function.

1024
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1027 1.2 08 0.066
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1039 g 25 g £17s
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1041 $1s g, g

1042 fgi 1 % % 1.65

o 7

1045 % 5 10 %% 2 4 s % 2 4 6
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1047 Fig. 11. Human data: values of the objective functions with

1048 the initial value ¢; in the top row and cz in the bottom row.

1049

1050

1051

1052 6. PRINCIPAL NESTED GREAT SPHERE MEAN AND MEAN OF HUCKEMANN & ZIEZOLD
1053 (2006)

1054 We show that the principal nested great spheres mean, defined in Definition 3, and the mean
1055 of Huckemann & Ziezold (2006) do not coincide even on S2, and also show an example where

1056 the two are the same.
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Suppose z1, . .., T, € S%. Geodesic principal component analysis of Huckemann & Ziezold
(2006) first finds a best fitting geodesic 1 = 71(a, b), where ~1(a,b) (a,b € S? such that
a’h = 0) can be parametrized as 71 (t) = cos(t)a + sin(¢)b for ¢t € R. The great circle 7; is
found by minimizing the sum of squared deviances to the data and thus coincides with the fit-
ted subsphere A; (v,7/2) of S? for v = a x b. The great circle ~y; is called the first geodesic
principal component. The second geodesic principal component 2 minimizes

Zpg{wi772(vvc)}7 (Cefyl)
=1

where po{x,v2(v,c)} is the minimal great circle distance between z and 7,. Huckemann &
Ziezold (2006) defined a mean as one of the intersections between ~; and 7. Denote the mean
by 7o.

Clearly, the first geodesic principal component +; is identical to the one dimensional principal
nested great sphere 2 for the special case of S2.

However, ¢ may not be the same as the principal nested great spheres mean 2/, because the
objective function of g given ; is

sz{xzmvc Z {(072) + (i)}, ®)

which is different from the objective function of principal nested spheres mean, written in terms
of 7o

> plP{ai Av(v,m/2)}, 0]

=1

= Z p%[{xz — (l';r’l))v}/Sin{p2(xiv 1})}, 70]
=1

=Y arccos’[yg /{1 — (] 0)*}]. ©
i=1

A case where g and 2(g are the same is when (8) and (9) are identical. A sufficient condition
for the identity is that UZ-TZC1 = 0 for all ¢, which is the case where all data points are exactly

contained in 2A; = 1.
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