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Chapter 1

The distances

1.1 Introduction

The main goal of this paper is to gather results in the literature, and make some enhancements,
on the null distributions of popular distance measures for ranking data. Diaconis (1988) has
a thorough discussion of rank distances. See also Marden (1996).

We present methods for calculating the exact distributions for small values of m, the num-
ber of objects ranked, and asymptotic or other approximations for larger m. Implementations
are found in the R package rankeeze. The null distributions are used for testing uniformity of
the rank vectors, as well as the basis for the Mallows” parametric models.

As noted, we have m objects to rank. A rank vector is an m-dimensional vector y =
(Y1, ..., Ym), where y; denotes the rank of object i. We do not allow ties or missing values, so
that each y € P, where Py, the set of permutations of the integers from 1 to m. By the null
distribution on the random vector Y, we mean that Y is uniformly distributed over the set of
permutations,

Y ~ Uniform(®Py,). (1.1)

Given a distance d(y, ) for y,x € P, we wish to find the distribution of d(Y, «) for Y as in
(1.1). All the distances we consider are label-invariant, meaning the order in which the objects
are numbered is irrelevant. Formally, if Q) is any m x m permutation matrix (there is exactly
one 1 in each row and each column), then d is label-invariant if d(yQ, xQ) = d(y, x) for all
y,x € Pry. This property can be shown to imply that the distribution of d(Y, ) under (1.1)
does not depend on x € Py,. In fact, the distribution is the same even if X has a distribution,
as long as it is independent of Y. Thus it is enough to consider the distribution of

D

d(Y,w), where w=1(1,2,...,m). (1.2)
By the uniformity, we have

PID = x] = "Y€ Pm ’n‘ify"") =X (1.3)

A couple of the distances are also rank-invariant, hence are bi-invariant. See Section 1.7.

1



2 CHAPTER 1. THE DISTANCES

1.2 The distances

We have results on the seven popular distances d(y, ) listed in (1.4). There are many others,
but these seem to cover the gamut quite well.

Name Definition

Spearman 3 (yi —xq)?

Footrule > lyi — x4

Kendall #H1l <i<j<ml(yi—yj)xi—x5) <0} (1.4)
Hamming #Hilyi # xi}

Cayley m — #Cycles

Ulam m — Length of longest increasing subsequence

Maximum max{[x; —yil}

The Spearman distance is also known as Spearman’s p distance, since it is related to that cor-
relation coefficient (see Section 1.5), and the footrule is known as Spearman’s footrule. See
Spearman (1904). Likewise, Kendall’s distance is related to Kendall’s T coefficient (M. G. Kendall,
1938). The maximum distance could also be called Chebyshev’s distance.

The Cayley and Ulam distances need a little more explanation. First, suppose = w. A
cycle is a set of distinct integers cy, ..., ck arranged in a cycle

Ci—C —>C3—>-+—=>Ck—Cq, (15)

where the beginning is arbitrary, i.e., (c; — c3 — -+ = cx — ¢; — c2) is the same cycle. The
permutation has the cycle (1.5) if for some 1,

Ye; =C€2,Ye, =C€3,---,Yex ; =€k and Ye, = c1. (1.6)

Soif y = (3,5,2,7,1,4,6), the cyclesare (3 -2 —+5—1—3)and (7 - 6 — 4 — 7). Each
y has a unique decomposition into cycles, and each y; appears in exactly one of the cycles.
Cayley’s distance subtracts the number of cycles from m, so that in this case dcayley(y, w) =
7—2 = 5. Note that w = (1,2,...,m) has m cycles of one, (1 — 1), (2 = 2), etc, so that
dcayley(w, w) = 0. This distance can also be defined as the minimum number of interchanges
to bring y to w. E.g.,

y=(35271,46)— (1,52,7,3,4,6) — (1,2,5,7,3,4,6) — (1.7)
(1,2,3,7,5,4,6) = (1,2,3,4,5,7,6) — (1,2,3,4,5,6,7), (1.8)

which is indeed 5 interchanges. Kendall’s distance is the minimum number of adjacent inter-
changes needed to bring y to w.

An increasing subsequence in y is a subsequence i; < i, < --- < ik such that y;, <y;, <
-+ < Yj. Ulam’s distance is dyjam(y, w) = m — L, where L, is defined to be the longest
such subsequence. For y = (3,5,2,7,1,4,6), the longest is L, = 3. In fact, there are four
subsequences of length three: (3,5,7), (3/4,6), (2,4,6), and (1,4,6). Thus dyjam(y, w) =7 -3 =4.

To define the Ulam and Cayley distances for arbitrary «, we first reorder y and x in concert
until ¢ - w and y — y*. Then d(y, x) = d(y*, w). Formally, we find the permutation matrix
Q for which zQ = w, and define y* = yQ.

As mentioned above, all these distances are label-invariant. The Hamming and Cayley
distances are also rank-invariant, hence bi-invariant.
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1.3 Summary of results

For any distance, it is possible to find the density (1.3) by directly summing over all y € Py,.
Since there are m! elements in P, this approach is practical only for fairly small m, say
m < 10 (depending on the speed of your computer and available time). Fortunately, there
are short-cuts that allow us to find the exact distributions for values of m < m* for m* >
10. When m > m*, approximate and asymptotic results are available. The m* for which
the rankeeze package has exact values is given in the table in (1.9), along with approximate
and/or asymptotic distributions used for larger m. (“Edgeworth” means using an Edgeworth
expansion of the normal.)

Name m* Approximating distribution Asymptotic distribution

Spearman 24 Edgeworth Normal

Footrule 350 Edgeworth Normal

Kendall 1,000 Edgeworth Normal (1.9)
Hamming 25 Poisson Poisson

Cayley 10,000 Edgeworth Normal

Ulam 150 Gamma Tracy-Widom

Maximum 24 See Section 10.4 \/Exponential

For the Spearman, footrule, Ulam, and maximum distances, the smallish m* are due to the
limits of computational power. For the others, we could push up m*, but the approximations
work well even for m ~ m*. In each case, the approximate or asymptotic distribution are
based on scaled and shifted versions of the distances. Table 1.10 gathers together the first two
moments of the distances, though we have only approximations for the Ulam and maximum
distances, which are not especially accurate for small m. We also include the maximum value
of the distances. For references and more details, see the specific chapters devoted to each
distance. Note that for any distance, the variance is zero if m = 1.

Maximum Mean Variance (if m > 1)
Spearman m(m?—1)/3 m(m?—1)/6 m2(m—1)(m+1)%/36
Footrule |m?2/2] (m?2—1)/3 (m+1)(2m2+7)/45
Kendall m(m—1)/2 m(m—1)/4 m(m—1)2m+5)/72
Hamming m m—1 1 (1.10)
Cayley m—1 m—Y " 1/i Y m(i—-1)/i2
Ulam m—1 m—2y/m —ml/eE[W]* m3Var[w)*
Maximum m—1 m—+/mm/2* m(1—m/4)*

* = Asymptotic approximation

Here W is a Tracy-Widom random variable (Tracy & Widom, 1994), which we discuss fur-
ther in Section 8.4. The first two moments are approximately E[W] ~ —1.7711 and Var[W] ~
0.8132. Higher moments, and cumulants, which are needed in the Edgeworth expansions, are
given in the individual chapters.
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1.4 Practical support

The decision of which distance(s) to use can depend on a number of factors. If the scientific
situation dictates a particular distance, then that is the one to use. In hypothesis testing, one
would choose a distance for which the test based on it has good power, which would also
depend on the particular situation. One feature that may be important based on just the null
distribution is the size of the support. The more values a distance can take on, the better one
can distinguish between rank vectors. Thus, e.g., we can find confidence percentages closer to
95%, or type I errors closer to 5% or 1%, or finer distinctions between p-values.

Table (1.10) indicates the maximum value each distance can take on. In each case, the
minimum is 0, and all distances are integers, but the two Spearman distances have support
on just the even integers, while the others have support on all integers from the minimum to
the maximum. From the table we can see that Spearman’s p distance has by far the largest
support, of order m3, at least for medium to large m. The footrule and Kendall’s distances
have fairly large support, too, but of order m?. The others’ support is just m or m — 1.

Perhaps more important is the practical support, i.e., the number of values the distance is
likely to take on. In table (1.11), we find the minimum number of support values for which
the total probability is at least 99.9%.

m — 10 25 50 100 Asymptotically

Spearman 147 1633 9485 54276 0.55 x m>/2
Footrule 200 85 243 690 © 0.69 x m%?

Kendall 34 137 388 1098  1.10 x m®? (1.11)
Hamming 6 6 6 6 6

Cayley 7 9 11 12 6.58 x y/log(m)

Ulam 6 8 9 12 596 x ml/®

Maximum 7 12 17 24 263 xy/m

Here we see that the Spearman,footrule and Kendall distances have practical support that
grows reasonably fast, especially Spearman’s. The Hamming distance’s practical support
does not grow at all, being stuck at 6. The others” grow quite slowly, the maximum distance’s
growing fastest of those three at a \/m rate.

1.5 Correlation-coefficient-like rescaling

Our main objective in studying distances is to aid in analyzing and modeling rank data. The
original impetus for many of the distances was to find non-parametric alternatives to the usual
product-moment correlation coefficient used for continuous data. See Spearman (1904) and
M. G. Kendall & Gibbons (1990) for historical context.

For 1 x N vectors w and z, their product moment correlation can be defined by

rw, 2) = 2% (1.12)

Al =l
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For continuous data vectors x and y, the sample correlation coefficient is r with w; = x; —X
and z; = y; — Y, the centered versions of the vectors. It ranges from —1 to +1, indicating the
degree to which the two variables are linearly related: +1 indicates they are perfectly posi-
tively linearly related (y; = a + bx; for some b > 1), —1 means they are perfectly negatively
linearly related (so b < 0), and zero indicates no linear relationship.

Spearman’s p and Kendall’s T coefficients are analogs, where the p coefficient is the same
as the regular correlation coefficient but with the raw data replaced by ranks. It then measures
the degree of linear relationship in the ranks, which translates to monotone relationship of the
original data. Kendall’s T uses pairs of indices, so that

wyj = Sign(x; —x;) and zj = Sign(yi —yj), 1<j<i<m, (1.13)

where Sign(a) = —1,0, or +1 as a < 0,= 0, or > 0. Now w and z are length N = (7). The
corresponding distances for rank vectors were named from these coefficients, since

dSpear(y/ ) dSpear(y/ x)
ply,x) =1— =1— and
E[dSpear(Z/ w)] MaX{dSpear(y*r w)}
dKen(y/ w) dKen(y/ 15)
Tyz)=1——7"-"7—"—"——=1-2 , 1.14
W2l =1 Fan(Z,w) Max{dspear(y", )] (114

where Z ~ Uniform(P,,) the maxima are taken over y* € P,,. Both of these distances are
symmetric, so that their means are half their maxima. Note that the coefficients” means are
Zero.

Because of the nice interpretation of these correlation-like coefficients, it might help to
rescale the other distances similarly. One problem is that none of the others in (1.4) are
symmetric, so that the two rescalings as in (1.14) are not the same. Then either the minimum
of the coefficient will not be —1, or the mean will not be zero. For example, using the footrule
we have that from (1.10),

min {1 . dFOOt(y/ CU) dFOOt(y/ .’B)
E[dFoot(Z/ w)] MaX{dFoot(y*/ w)}

I prefer the first choice, presented by Spearman (1904), since having uniformity associated
with “0” seems more important than being able to achieve a “—1" coefficient.

The calculations work out even worse for the other distances, so I don’t believe these rescal-
ings are appropriate. In fact, the distances have nice interpretations on their own, possibly
after subtracting from m. That is, m—dpam(y, ) is the number of matches between the x;’s
and y;i's; m—dyam(y, ) is the length of the longest increasing subsequence; Cayley’s distance
is the number of interchanges needed to bring y to «; and dyax(y, ) is the maximum differ-
ence between x; and y;. One may wish to divide these alternatives by m, to scale between 0
and 1.

} ~—05 and E|1—-2 ~ —0.33. (1.15)

1.6 Correlations among the distances

We also consider the correlations of the distances under the uniform distribution. Chapter 11
calculates the exact covariances among five of the distances (all but Ulam’s and the maximum
distances), and simulates the other correlations. Below are the main take-aways:
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* For small m, the correlations are fairly high, but as m increases, most correlations de-
crease.

¢ The triad of the Spearman, footrule, and Kendall distances have their inter-correlations
start high, and generally increase, with that between Spearman and Kendall tending to
1, and those between the footrule and the other two tending to 3/1/10 ~ 0.95.

* The correlations of the above triad with Ulam’s distance decrease slowly; it is not clear
whether they approach zero, though they appear to decline at a log(m) rate for m up
to 10,000. The correlations of the triad with the remaining (Hamming, Cayley, and
maximum) go to zero, at least seemingly for the maximum.

¢ The correlation of Hamming’s and Cayley’s distances approaches zero, but very slowly,

at a rate of 1/,/log(m).

* All other correlations approach zero, at least seemingly for those involving Ulam or the
maximum.

The exact covariances among five of the distances are given in (11.1). The asymptotic
correlations as m — oo of these distances are given next:

Footrule Kendall Hamming Cayley
Spearman J%(l —1/(4m?)) 1—1/(4m) 1/¥/m—-1 1/y/mlog(m)
Footrule %0(1 —1/(4m)) +/5/(2m) +/5/(2mlog(m)) (1.16)

Kendall 1/y/m 1/4/mlog(m)
Hamming 1/4/log(m)

See Section 11.2 for more calculations.

1.7 Bi-invariance

The distance d is label-invariant as defined in Section 1.1 if d(y, x) is not affected by permu-
tation of the indices of x and y, where the indices in the two vectors are permuted in concert.
E.g., using the permutation1 — 2, 2 =+ 4, 3 — 3, 4 — 1 on the indices, we have

d((ylr Y2,Y3, 94)/ (X1/X21 X3, X4)) = d((UZI Yy, 93191)/ (XZI X4,X3, Xl))' (117)

The distance is rank-invariant if permuting the actual rank values does not change the dis-
tance. Thus using the same permutation, but on the ranks, d is rank-invariant implies that

d((4,2,1,3),(1,2,3,4)) = d((1,4,2,3),(2,4,3,1)). (1.18)

Formally, let Q, be the set of m x m permutation matrices, and for = € P, define the
associated Q. € Qn, by

x=wQy, sothat x;=j if Q5 =1. (1.19)



1.7. BIFINVARIANCE 7

Writing d(Qy, Q=) = d(y, ), we have that

Label-invariance = d(Qy, Q) = d(QyQ*, QLQ*) for all Q* € Qp;
Rank-invariance = d(Qy, Qz) = d(QQy, QQ) forall Q € Qpy; (1.20)
Bi-invariance = d(Qy, Qz) =dQQ,Q", QQ.Q*) forall Q,Q* € Q.

The cycle distribution of y € P, is the 1 x m vector «(y), where
Yk (y) = #{Cycles of length k in y}. (1.21)

A distance d is bi-invariant if and only it is label-invariant, and for some function g,

dly, z) = d(y",w) = g(v(y")), where Qy«= QyQy. (1.22)

Label-invariance yields the first equality. For the second, note first that (1.20) for bi-invariance
with Q* = QLQ’ yields

d(y,z) = A(QQy-Q’, I) forall Q €0, (1.23)

The operation Q.+ — QQ,+Q’ is called a conjugation in algebra. Then (1.22) follows by a
result on conjugation of permutations. See Herstein (1964, pages 75 and 76). Intuitively, the
idea is that a cycle as in (1.5) and (1.6) will still be a cycle upon replacing the c¢;’s with another
set of distinct integers.

From the characterization (1.22), we see that the Hamming and Cayley distances are bi-
invariant. Hamming’s distance is m minus the number of matches, yx = k, each of which is a
cycle of length one, and Cayley’s distance is just m minus the total number of cycles:

m

dHamming(yz w)=m—=vy1(y) and dCayley(yz w)=m-— ZYk(y)- (1-24)
k=1






Chapter 2

Moments, cumulants, and Edgeworth
expansions

For some distances, or random variables in general, it is easier to find the moments, and for
some the cumulants, hence it is convenient to be able to calculate one type from the another. In
Section 2.2, we present some general formulas for such conversions, along with Mathematica
and R code.

The Edgeworth expansion is a series of modifications to the normal distribution that, un-
der suitable conditions, provide successively better approximations to the distribution of a
normalized sum of iid random variables. We use it for some of the distances. Even though
they are not sums of iid variables, the expansions do provide very good approximations. In
Section 2.3 we develop the expansion for the iid case when the variables have a density. Our
applications are require an extra adjustment because they are concentrated on a lattice, i.e, the
integers. See Section 2.3.1. Section 2.4 provides some Mathematica code that we use.

2.1 Moment and cumulant generating functions

For random variable X, we consider the following types of moments, where n is a positive
integer:

Raw: p) = EX“]
Central:
= ifn=1
Regular: p, = H1 H 1 n , and 1)
M oifn>1

Factorial: v, =

where u = E[X] = y; and (x)n = x(x — 1) e (x—n+ 1), which we see again in (4.18). (Set
Hy = o = Yo = 1.) We usually call the “regular moments” just “moments,” since they are
what the term typically evokes. The first regular moment is a raw moment, the mean, the
second is a central moment, the variance, and the rest are also central moments (skewness,
kurtosis, etc.).

The raw moments can be found using the moment generating function Mx(t) or the char-
acteristic function Cx(t) given by

Mx(t) = E[e¥] and Cx(t) = Cle'tN], (2.2)

9
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where 1 is the imaginary unit. The moment generating function is said to exist if it is finite for
t in a neighborhood of zero, in which case we have the expansion

o0 tk
t) = Z uﬁ o (2.3)
k=0 ’

The characteristic function always exists, and if the nt" moment is finite, then we have

= (it
ARACA n
=3 u ol 24)
k=
Thus under the appropriate conditions (Mx(t) exists, or u; is finite), we can obtain the Kkth
moment via differentiation: " w0
we = My (0) = —i*Cy”(0): (2.5)

We can generate the central moments by using either M(x_,(t) or C(x_,(t).

Cumulants are defied via the expansions of the logs of these two functions. That is, if the
moment generating function exists, or y,, is finite, then the cumulant generating function is
either

Kx(t) = log(Mx(t) ZKkk' or

Hx(t) = log(Cx(t Z S (e, (2.6)

In either case, the k" cumulant is the k in the expansion, and is given by K;k)(O) and
—ikHM(0). In particular, k; is the mean and k; is the variance. The normalized cumu-
lants are the cumulants of the normalized variable (X — u)/,/1y, if the first two moments are
finite. Thus

0 ifn=1
n'" normalized cumulant = { 1 ifn=2 : (2.7)
Kn/Kz/z if n > 3, & Ky, is finite

Similarly, the factorial generating function has a real and complex version, but we will
just deal with the former. If the moment generating function exists, so does the factorial
generating function, and equals

Fax(t) = E[(1 + t)X Zyk o (2.8)

2.2 Moment conversions

Any one of the sets of the first n (regular) moments, raw moments, cumulants, or factorial
moments can be calculated from any of the other sets. We could also include the set of central
moments if we add u to that set, which is then the set of regular moments.
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The easiest conversion is to go between raw moments and regular moments. We start by
relating the moments of W and W + ¢ for constant c. Using the binomial expansion, we have

E[(W+c)Y = E [Z GD wkc“—k]

k=0
i() E[WK]cnk, (2.9)
k=

If we know pj, ..., 1), (and they are finite), then we automatically have 13 = p{, and forn > 1,
by setting W = X and ¢ = —p in (2.9), we have

o = EIX =)™ = ) (D (D)™ Fpu*
k=0

— (—1" u“+Z< ) AT (2.10)

Reversing, we set W = X —p and ¢ =y, so that forn > 1,

M=) @) ik = (1) Z ( )uku“k. (2.11)

k=0

To go between raw moments and cumulants or raw moments and factorial moments, we
appeal to a formula of Faa di Bruno (di Bruno, 1855) that deals with Mclaurin expansions
of composite functions. Finding one generating function from another involves expanding a
composite function g(h(t)) in terms of the individual expansions of g and h. Our version is
from Appendix A of Blinnikov & Moessner (1998), proven in Section 2.2.1.

Lemma 2.1. Suppose g(u) can be written as a Maclaurin series. Then

(Z L€ > =g(0 Z Ane™, (2.12)
n=1

where
L1
_ (k) i
An—Zg (O)l_lklo(l
keAn 1=1
k>0
L1
(k") ( k . 0_
Z g H Tl —oy', (if wetake 0° =1), (2.13)
keAn 1=1
L
An =1{k = (kq,..., k)| Z lky =mn, Kk are nonnegative integers}, (2.14)
1=1
and
L
k=) k. (2.15)
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In the lemma, we can take L = oco. Each vector k has only a finite number of positive
entries, so the product in (2.13) has effectively a finite number of components.

To simplify a little, we assume the moment generating function exists, so that we can use
the real versions of the generators. Even if it doesn’t exist, the formulas will be valid for
moments which exist. Start with the raw moments, and consider finding the cumulants. We
write the cumulant generating function as in (2.12) with g(x) = log(1 + x) and the argument
of g being Mx(t) —1 with € =t, and L = co. Then (2.12) yields

Kx(t) = log <1+Zukk,> ~ (Zukk,>

1=1

=0+ Z Ant™. (2.16)

Thus by (2.6), the n'™ cumulant is n!A,. To use (2.13), we note that «; = /U, and g (0) =
(=111 —1)!. Thus

ki
kn=n! > (-D* 'k 'Hk ( ) . (2.17)
l

keAn

(The product goes only to n, rather than L = oo, since k; = 0 for | > n when k € A,.) This
formula is given in equation (30) of Blinnikov & Moessner (1998).

We can reverse this conversion using Mx(t) = exp(Kx(t)). Now g(x) = x, so the derivatives
at x = 0 are all equal to one, and & = k;/1!. Thus the lemma yields p/ = n!Ay, or

W = ”'ZHM< ) . (2.18)

keAn 1=1

Turn to finding the raw moments from the factorial moments. The moment generating
function can be written as a function of the factorial generating function as
Mx(t) = E[e¥X] = E[(1 + e' —1)X] = Fax(e' — 1) = Fax (Z ) (2.19)

1!
=1

In this case, g(x) = Fax(x), so gi)(0) = v;, and oq = 1/1!, hence

ki
— n! Vi H — (%) : (2.20)

Perhaps more familiar to combinatorists, an equivalent formula is

n

=Y S kv 221)
k=1
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where S(n, k)’s are Stirling numbers of the second kind. See Weisstein (2018a, equation 11).
The other way, we have

o0 1
Fax(t) = E[(1+4t)X] = E[!81TYX] = My (log(1 + t)) = Mx (Z(—n”%) . (2.22)
=1

Now ¢'¥(0) = w and oy = (=111, so that

to1 (=D
Yn = 1! Z u’/“*Hk_l'< . ) ) (2.23)
=1

keAn

Converting between the regular moments and factorial moments does not appear to have
a simple direct answer, so that it may be best to go through the raw moments (e.g., factorial
moments — raw moments — regular moments). Converting between regular moments and
cumulants is almost the same as with raw moments. The nt" cumulants for n > 2 are shift-
invariant, i.e., the nt* cumulant of X is the same as that of X +¢ for any c. Thus to find the
cumulants from the regular moments, we set k; = 1y, and for n > 2, use the set of central
moments (i.e., the first is 0, the rest are p,) in place of the ) in (2.17). To find the regular
moments from the cumulants, set p; = k1, and for n > 2 use (2.18) but setting k1 = 0.

2.2.1 Proof of Lemma 2.1

Start by writing out the Maclaurin series for g, then use the multinomial theorem to expand
out the powers of the sum:

L ) > g™ (0) L ' '
g Zoqe :g(O)+Z " Zoqe
=1 r=1 =1
— 9'"(0) T - Lk
—g0+ > S0 Y (T ) e 229
=1 7 s

T. Cee
keB, =1

where
By ={k = (ky,..., k1) |E* =7, kj are nonnegative integers}. (2.25)
(Recall from (2.15) that k* = ZjL:l k;j.) As in (2.13), in the final product, 0° = 1. Rearranging a

bit yields
L

L o0
* 1
g (Z oqel> =g(0) + Z Z g(k )(0) EZ%:l tey H o oc]f‘. (2.26)
1=1

r=1 keB, =1

Note that the double summation is over all 1 x L vectors k whose elements are nonnegative
integers, and at least one element is positive. We regroup the k depending on their value

n= Zlel lk;, the power of the €. Then using the A, from (2.14), we have

L 00 L
g (Z oqel> =g(0) + Z Z g*(0) €* H kil' oc]fl, (2.27)
1=1 =1

n=1kecAn
which verifies (2.12) and (2.13).
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2.3 The Edgeworth expansion

Suppose X1, Xy, ... are iid with distribution function Fx(x), and have mean 0 and variance 1.
Let Z be the normalized sum N
ASPEELLY (2.28)
VN
The central limit theorem shows that Z — N(0,1) as N — oco. The Edgeworth expansion of
the distribution function Fz(z) of Z to L terms has the form

Fz(z) = @(2) +\/LN‘1’1(Z) +%wz(z) +...+ﬁ

where @ is the standard normal distribution function, and the ¥ are functions depending on
Fx. If X has a density fx(x) with respect to Lebesgue measure, and the first L + 2 moments of
X are finite, then

Y (z), (2.29)

Falz) ~Falz) o (405 ) 2:30)

See Cramér (1946) and Esseen (1945) for details and proofs for this result and those below.
The error in the expansion is not correct when Fy is a lattice distribution, which is the case for
the distances we consider. Section 2.3.1 presents an adjustment for such cases.

Our presentation follows that in Blinnikov & Moessner (1998). The Edgeworth expansion
relies on the complex version of the cumulant generating function, Hx(t) from (2.6). Assume
that the (L +2)™® moment of X; is finite, and apply (2.6) to obtain

L+2 (it)l
Kx(t) =) i =g=+o(it] ). (2.31)
1=1 '

Since the X; are independent, the cumulant generating function of ) X; is NKx(t), hence that
for Z in (2.28) is

VN U

Thus the 1" cumulant of Z is k;/NY2-1,
The X;’s, hence Z, have first two cumulants being 0 and 1. We remove the little o term to
obtain our initial estimate of Kz:

t 2yt
Kz(t) = NKx (_> =y NT;_l— +o(|t/*). (2.32)
=1

L+2
+Z T /2 - U (2.33)

ot L K (i) B
=3 + 2 € W, where € = (2.34)

2~

The corresponding initial estimate of the characteristic function of Z is

Ay (1) = K21 = (1) Xt € ki) 2/ (142)1 (2.35)
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where H(t) = exp(—t?/2) is the characteristic function of the standard normal distribution.
We next find the expansion of the exponential term in (2.35) about e.

Apply Lemma 2.1 to (2.35) with g(u) = e", so that g (0) =1 for all i, and oG = Kjp2/(j +
2)!. Then our final estimate of Hz is found from (2.12) and (2.13) by truncating at n = L:

L k]-
Hz(t) = H(t (1+Z Yy a””ﬂ‘[ ! (0'1—%) ) (2.36)

=1 keA,

See (2.14) and (2.15) for A; and k*.
The characteristic function can be inverted to find the density, if the density exists. Thus if
X has characteristic function Hx(t), then

%{ J: e W Hy (t)dt = f(x), (2.37)

where f is the density. Also, by differentiating, we obtain

%T J:(—itx)le—me(t)dt = fU(x) (2.38)

if the 1" derivative of f exists. The estimate of the density of Z is then the inverse of the
estimated characteristic function:
-~ 1

fz(z) = o Jio e_itzl/‘\[z(t) dt. (2.39)

This function may not be a valid density, e.g., it may not integrate to 1, or always be non-
negative, though still will be useful. We now distribute the integral over the summation on
right-hand side of (2.36). Since H is the standard normal characteristic function, we can use
(2.37) and (2.38) to show that

L k;
Talz) = b(2)+ Y € Y (—1)H2 g2k H%( 42 ) , 2.40)
)*

=1 keA, j=1

—

where ¢ is the standard normal density, ¢(z) = e /2 /V2m. The corresponding estimate of
the distribution function is found by integrating:

L ks
-~ * * 1 K; )
H—Zk (12k*—1) L j+2
Fz( +Z > (- @]] . ((J'+2)!) : (2.41)
1= keA, j=1

Since € = 1/v/N, we have the form (2.29).
The derivatives of the standard normal density are related to Hermite polynomials via

" (z) = (-1)*d(z)Hex(2), (2.42)
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where Hey is the k'™ Hermite polynomial. (There are two sets of Hermite polynomials. The
ones denoted Hy are related to the Hey’s by Hy(z) = 2%/2Hey (v/22).) Differentiation shows
that

Heg(z) =1, Heq(z) =z, Hes(z) =2°>—1, Hes(z) =2° —3z. (2.43)

In fact,
Hey.1(z) = zHex(z) — Hey (2). (2.44)

Now we can write (2.40) and (2.41), respectively, as

L _ K;
%\ (z) (1 + Z Z Hey op(z H % ( S+ )) , and (2.45)

= keA, j=1 )
~ L 1 Kit2 kj
F2(z) = ©(2) — ¢(2) Z e ) Heuopa(z)]] Kl ( J ) : (2.46)
=1 ke j=1 :

To illustrate, take L = 3. For | = 1, A; contains just one vector, k = {(1,0,0)}. Thus k* =
The coefficient of € is then Hes(z)kx3/3!. For 1 = 2, A; = {(2,0,0),(0,1,0)}, so there are two
summands multiplying €2

1 K3 2 Kg Ky
Heo(z) o (5 )+ Hea(z) 37 = Heg(z) -2 + Hey(z) 2. (2.47)
Finally, 1 = 3 yields As ={(3,0,0), (1,1,0),(0,0,1)}, so the coefficient of e is
He()l(&>3+He()——+H 5(2) S_He() K3 ()K3K4+He()& (2.48)
ORETRNET AT 51 9% 1006 144 S 50

2.3.1 The lattice case

If the X; are concentrated on a lattice, the error term (2.30) is not correct. Esseen (1945) presents
an adjustment, consisting of extra terms in the summation. Suppose the X; are concentrated on
the points.a + di, i € {Integers} for some a and d. Kolassa & McCullagh (1990) prove that this
adjustment is asymptotically equivalent to using the Sheppard adjustment to the cumulants
in the original expansion. In place of the original cumulant kn, they use k}, = kn — d! K}f /N,
where k! is the n'* cumulant of the Uniform(—%, %). Note that the odd cumulants of this
uniform are zero. For n > 2, it is equivalent to find the cumulants of the Uniform(0, 1), for

whom the moments are y; = 1/(j +1). Thus by (2.17),

kj
Ky =n! Y (-1 (K 'Hkq'(, ) . (2.49)

These cumulants are also given by ki = B, /n, where By, is the n'" Bernoulli number. See
Wichura (2001, cumulants chapter). The even cumulants up through n = 20 are given in
(2.50).

n 2 4 6 8 10 12 14 16 18 20

(2.50)
Mo 11 1 1 691 1 3617 4387 _ 174611
n 12 T 120 252 240 13 32760 12 ~ 8160 14364 6600
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For the Spearman and footrule distances, the adjustments do not change the approxima-
tions appreciably, since for even moderate m, their cumulants are much larger than those of
the uniform. For these distances, the gap is d = 2, hence for N = 1, the Sheppard adjustment is
21|<%1. Table (2.49) displays the cumulants for 1 = 4,6, and 8, N =1, and m = 10, for Spearman
and the footrule, as well as the corresponding Sheppard corrections. The cumulants increase
as m and 1 increase, while the adjustments are independent of m. Thus the corrections are
basically negligible.

Cumulants 1=4 l=6 1=8

Spearman —4.25x10° 3.15x1010 —5.49x10™ (2.51)
Footrule —683  5.05x10* —8.21x10° '
Sheppard correction  —0.133 0.254 —1.07

2.4 Mathematica code

24.1 Moment/cumulant conversions

Here we present some Mathematica functions for obtaining some moment conversions. Math-
ematica has a built in function, MomentConvert, that will symbolically convert one type of mo-
ment to another, e.g., central moments to cumulants, but I haven’t figured out how to use it
for what we need. The inputs for our conversion functions are

* n: the degree of the moment/cumulant;

* mom or cum: a function mom[n,m] or cum[n,m] that calculates the n' moment or cumulant
to be converted from;

* m: the number of objects ranked.

The functions are not specifically tied to ranking distances, so the m can represent any pa-
rameter(s), not just the number of objects.

The first helper function is moment2momentc, which implements the function in (2.9). The
function mom finds the raw moments of W, and c is the constant ¢c. Then the function
raw2moment converts raw moments to regular moments, as in (2.10), and moment2raw does
the reverse, as in (2.10).

moment2momentc[n _,mom_,c_,m | := If[NumericQ[c]&&c==0,mom[n,m],
Factor[Sum[Binomial[n,k]xmom[k,m]*c”(n—k),{k,0,n}]]];

raw2moment[n _,mom _,m_] := If[n==1,mom[1,m],moment2momentc[n,mom,—mom[1,m],m]];

moment2raw[n _,mom _,m_] := If[n==1,mom[1,m],moment2momentc[n,mom,mom|[1,m],m]];

For the other conversions, we use the Faa di Bruno formula in Lemma 2.1. The key helper
functions are fs[n], which finds the set A, in (2.14) for given n, and faaLambda[g,alpha,n], which
calculates the A, in (2.13). Here, g[i] is the g(Y/(0) and alpha[j] is the ;. The km in the function
is the vector k.
fs[n_]:=If[n==1,{{1}},FrobeniusSolve[Range[n],n]]
faaLambdag ,alpha _,n ] :=(

If[n==0,Return[g[0]]];

Factor[Sum|[g[Total[km]]*Apply[Times,

Table[If[km([j]]==0,1,(alpha[j]) “km[[j]] /km[[i]]'], {i, 1. Lengthkm]}]].{km.fs[n]}]])
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Each conversion function is of the form typea2typeb, which takes as input the typea function
of moments or cumulants, and outputs the nth typeb value. In all cases, n should be a positive
integer (not just a symbol), while m can be a number or a symbol. By “moment” we mean
regular moment. Many of the conversions use faaLambda, the main task being to correctly
identify g and alpha.

raw2cumulant[n_,mom_,m_] := Module[{g,alpha},
If[n==0,Return[0]];
gli ]:=((—1)!%(=1)"(i—1);
alphalj ] := mom{j,m]/j!;
faaLambdal[g,alpha,n]*n!
]
cumulant2raw[n_,cum_,m_] := Module[{g,alpha},
gi =1
alphalj ] := cum[j,m]/j!;
faaLambda[g,alpha,n]*n!]
moment2cumulant[n _,mom_,m ] := Module[{},
If[n==1,Return[mom[1,m]]];
raw2cumulant[n,Function[{n0,m0},f[n0==1,0,mom[n0,mO0]]],m]]
cumulant2moment[n_,cum _,m_] := Module[{},
[f[n==1,Return[cum[1,m]]];
cumulant2raw[n,Function[{n0,m0},If[n0==1,0,cum{n0,m0]]],m]]
factorial2raw[n _,fmom ,m_]:= Module[{g,alpha},
gli ] := fmomli,m];
alphalj_]:=1/j}
faaLambda[g,alpha,n]*n!]
raw2factorial[n_,mom_,m ] := Module[{g,alpha},
gli ] := momli,m];
alphalj ] := (~1)*(~1)/;
faaLambda[g,alpha,n]*n!]
factorial2moment[n _,fmom_,m_ | := Module[{raw},
raw[n0_,m0_| := factorial2raw[n0,fmom,m0];
raw2moment|[n,raw,m]]
moment2factorialln_,mom _,m ] := Module[{raw},
raw[n0_,m0_] := moment2raw[n0,mom,mO0];
raw2factorial[n,raw,m]]
factorial2cumulant[n _,fmom ,m ] := Module[{raw},
raw[n0 - ,m0_ ] := factorial2raw[n0,fmom,m0];
raw2cumulant[n,raw,m]]
cumulant2factorial[n ,mom_,m_] := Module[{raw},
raw[n0_,m0 ] := cumulant2raw[n0,mom,m0];
raw2factorial[n,raw,m]]

2.4.2 Edgeworth expansions

Again, we assume the X; are iid with mean zero and variance one. The key input is cum, which
is the function cum[l,m] that yields the I'" cumulant, where m is the number of objects ranked
(although in non-ranking situations it could be any relevant parameter needed to find the
cumulant). The main functions are edgeworthf and edgeworthF, which calculate the correction
expansions for the density and distribution function, respectively. The inputs are

* L, the number of desired terms in the expansion;
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* cum, m, the cumulant function and parameter m;

¢ z, the variable representing the normalized sum in (2.28), which is the main argument
in the function;

* N, the sample size.

We again use the function faaLambda, but here the g is the Hermite polynomial in (2.45),
which is a function of s and z as well as k*:

g*7)(0) = Hegpon+ (2). (2.52)

The helper function edgeTerm implements this modification, calculating the summation over
k* for the density as in (2.45). The argument offset=0 in this case. For the distribution function
in (2.46), the offset=1, since the index of the Hermite polynomial is decreased by one. Mathe-
matica has the Hermite function HermiteH, which is the scaling favored by physicists. We need
the function He; in (2.42), which according to MathWorld (Weisstein, 2018b), “is sometimes
(but rarely)” defined as we do. Our function he[r,x] performs the required rescaling.

The function edgeworthf sums the edgeTerm’s, multiplying by the e¥ = (1/N)*/2?, and then
adding 1. The result is the correction term to the normal density in (2.45). The function
edgeworthF is analgous, but finds the term multiplying ¢(z) for the distribution function in
(2.46).

edgeTerm[s_,offset ,cum ,m_,z ] := Module[{g,alpha},
gli ] := he[s+2xi—offset,z];
alpha[j_] := cum[j+2,m]/(j+2)};

faaLambdal[g,alpha,s]
]

edgeworthf[L_,cum_,m_,z ,N_] := 1+4+Total[Table[edgeTerm[s,0,cum,m,z]/N"~(s/2),{s,1,L}]];
edgeworthF[L _,cum ,m ,z ;N _]:= 14Total[Table[edgeTerm(s,1,cum,m,z]/N"(s/2){s,1,L}]];

2.5 R code

Parallel to the Mathematica code in the previous section, here we present some R code for
the Edgeworth expansions. The main functions require a set of cumulants as input. We
also provide a function to calculate cumulants from moments. For our purposes, we use
Mathematica to obtain formulas for the cumulants (at least for Spearman’s p and footrule),
then copy and paste those functions into R to use in the Edgeworth function.

As above, the variable z represents the normalized sum (2.28) of the X;’s (which again
are iid with mean zero and variance one). The key functions are edgef(z,L,ncum,n) and
edgeF(z,L,ncum,n), which calculate the L-term Edgeworth expansion correction terms for the
density and distribution function, respectively, at the values z (a vector). Here, ncum is a vector
of length at least L + 2, where ncum[l] is the ™" cumulant of X;. That is, edgef is the multiplier
of ¢(z) in (2.45), and edgeF is the multiplier of ®(z) in (2.46).

The function hermite(x,k) takes a vector x and finds the Hermite polynomials of degree
0,...,k evaluated at the x. The output is a list with the ith component being the vector He;(x).
The function findA(L) finds the sets As from (2.14) for s = 1,...,L. The output is a list with
the s component being a matrix with each row a 1 x s vector k with } {_; ik; = s. Finally,
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pd(ku,mom,offset) finds the product as in (2.13). Here, ku is a 1 x L k, mom is a vector of
moments or cumulants, and offset shifts the index of mom:

I— X ku]'
pd(ku,mom,offset) = H kl ' (mom;TOffset> (2.53)
u;! !
j=1 "

For (2.45), mom is the set of cumulants, and offset=2.
At the end of the listing we have the function moments_to_cumulants(mom), which takes a
vector of the first L moments, and finds the first L cumulants.

hermite <— function(x,k) {
hh <— vector('list’,k+1)
names(hh) <— as.character(0:k)
hh[[1]] <— x—x+1
if(k>0) hh[[2]] <— x
if(k<2) return(hh)
for(n in 1:(k—1)) hh[[n+2]]<—xx*hh[[n41]]—nx*hh[[n]]
hh

}

findA <— function(L) {
A <— vector("list",L)
A[[1]] <— matrix(1,1,1)
if(L==1) return(A)
K <— rbind(c(rep(0,L—1),1),0)
r <—c(0,L)
for(l'in (L—1):1) {
for(i in 2:nrow(K)) {
mx <— floor(r[i]/1)
if(mx==0) {next}
for(k in 1:mx) {
newk <— Ki,]
newk[l] <—k
K <— rbind(K,newk)
r <— c(r,rfi]—kl)

}
}

s <— K%x%(1:L)
for(l'in 2:L) {
Alll] <— K[s==I,1:1]
rownames(A[[l]]) <— as.character(1:nrow(A[[l]]))

A
}

pd <— function(ku,mom,offset=0) {
i <— (1:length(ku))[ku>0]
ku <— ku[ku>0]
prod((momlii+offset] /factorial(ii+offset)) ~ ku/factorial(ku))
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edgef <— function(z,L,ncum,n=1) {
if(L==0) return(1)
A <— findA(L)
hh <— hermite(z,3xL)
ef <—0
for(sin 1:L) {
ef0 <—0
for(i in L:nrow(A[[s]])) {
ku <— A[S]J[]
ks <— sum(ku)
ef0 <— ef0 + hh[[s+2xks+1]]*pd(ku,ncum,2)

ef <— ef 4+ ef0/n"(s/2)
}
1+4ef

}

edgeF <— function(x,L,ncum,n=1) {
if(L==0) return(0)
A <— findA(L)
hh <— hermite(x,3%L—1)
ef <—0
for(sin 1:L) {
ef0 <— 0
for(i in L:nrow(A[[s]])) {
ku <— A[[s][i]
ks <— sum(ku)
ef0 <— ef0 + hh[[s+2xks]]*pd(ku,ncum,2)

ef <— ef + ef0/n"(s/2)
}
ef

}

moments_to cumulants <— function(mom) {
L <— length(mom)
ncum <— mom[1]
A <— findA(L)
for(s in 2:L) {
krt <—0
for(i in 1:nrow(A[[s]])) {
ku <— A[[s]]li.]
ks <— sum(ku)
krt <— krt 4+ (—1)" (ks—1)*factorial(ks—1)*pd(ku,mom)

}

ncum <— c(ncum, krtxfactorial(s))
}
ncum

21






Chapter 3

Hoeffding distances

A number of popular distances, including the two Spearman distances and Hamming dis-
tance, can be written as

dly,z) =) 8(yyx) (3.1)
i=1

for some function 6 with 8(i,j) > 0,6(i,i) = 0 for i,j € {1,...,m}. Such distances are called
Hoeffding distances, because their form is used in Hoeffding’s combinatorial central limit
theorem. See Section 3.2. (All the functions we consider are also symmetric, 5(i,j) = 6(j, 1),
though that restriction is not necessary.) The Spearman distances can be generalized to the L,
distances, where 6(i,j) = [i —j[? for some p > 0. The Hamming distance is the limit of the L,
distance as p — 0. The maximum distance is in a sense the limit as p — oo, but in that case
we take the limit of (3~ y; —i[P)V/P.

In Section 3.1, we present convenient formulas for the first two moments of a Hoeffding
distance. Section 3.2 gives Hoeffding’s condition for the central limit theorem to apply. Section
3.3 gives a general approach to finding the exact distribution of the distance which is practical
for m up to 25 or so, versus 10 to 15 for using exhaustive enumeration.

3.1 First two moments

For Hoeffding distances, some moment formulas are easier to derive using matrix representa-
tions. Let d be a Hoeffding distance based on ¢ as in (3.1). Let Q, be the permutation matrix
corresponding to y, i.e.,

and define Q, via x = wQ;,. Also, let A be the m x m matrix with A;; = 5(i,j). We then can
write

d(y, x) = trace(QyAQ.,). (3.3)

Since Q., = In, the m x m identity matrix, d(y, w) = trace(QyA). Also, if Y ~ Uniform(Pr,),
then Qy is uniformly distributed over Q,, the set of m x m permutation matrices. Thus we
are interested in the distribution of D, where

D =trace(QA), Q ~ Uniform(Q,). (3.4)

23
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Each element of Q is Bernoulli(%), hence

1
ElQ] = n_llTlnlm' where 1, = (1,...,1), (3.5)
the 1 x m vector of 1’s. For the covariance matrix, first note that Var[Qy] = (m —1) /m?
since it is Bernoulli. For elements within the same row, we have E[Q;;Qyj/] = 0 if j # j,

since at most one element can equal 1. Similarly for two elements in the same column. For
two elements in different rows and columns, the chance both equal 1 is 1/(m(m —1)). For
example, P[Q1; =1 & Qxn = 1] = P[Q1; = 1IP[Q» = 1|/Qi1 = 1]. The first probability is
1/m, but given Qi1 = 1, the second row must have a 1 in one of the slots 2, ..., m, hence the
conditional probability is 1/(m —1). Thus the covariances are

(m—1)/m? _ifi=1,j=§’

—1/m? if i=10j #j’
C TP il = ) 3.6
OV[QL] Q ]] —1/m2 ifi£1,j=j o0

1/(m*(m—1)) ifi#1,j#j’

The next lemma helps to neaten up the formula. Note that if m = 1, Q = 1, so that
Cov[Q] = 0.

Lemma 3.1. If Q ~ Uniform(Qy,) and m > 1,

1
COV[Q] = m H® H. (37)

We have to explain the notation. First, H is the m x m centering matrix,
1 /
H=I—-——11. (3.8)
m

If z=(z1,...,2m), then Hz' = (21 —Z,...,zm —Z)'. Also, H is symmetric and idempotent.
Thus in particular
H1' =(0,0,...,0)' and HH = H. (3.9)

We use the convention that the covariance matrix of a matrix is the covariance matrix of the
vector formed by stringing out its rows. Thus for an a x b matrix W,

COV[W] = COV[I‘OW(W)], where I'OW(W) = (W11/W12/ N /W1b1W21/ e /W2b/
v Wat, oy Wap). (3.10)

The “®” in (3.7) indicates a Kronecker product, where if Aisk x k' and Bislx 1/, then A® B
is the kl x k’l’ matrix
allB (llzB cee alk/B

a1 B a»pB - aw'B
AgB=| 20 BT TARE (3.11)

Clle Clsz Clkk/B
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Kronecker products have a number of useful properties. A couple we need here follow.
Suppose Cov[W] = X' ® A. The individual variances and covariances can be found using
Cov[Wjj, Wyssi] = 033/A;51. (3.12)
If A and B are matrices for which the multiplications make sense,
Cov[AWB'| = AXA'® BAB'. (3.13)

Proof of Lemma 3.1. To show (3.7), we note that the diagonals of H are all (m —1)/m, and the
off-diagonals are all —1/m. Thus using (3.12) on the right-hand side of (3.7),

> &

1 m-1 1 1 ., YA .
Cov[Qyj, Qs = Cov[Qyj, Qyy/l = pe— (_—) =g #1,9#5%

m
CovlQy, Qirir] = — R L2125 (314)
VR AT T T ) T e )m?’ 17#7 '
These equations conform to (3.6), proving (3.7). O

The main results of this section are expressions for the mean and variance of a Hoeffding
distance D. We use the analysis-of-variance-like notation on o:

8(+,j) = %Zé(m = %Z %ZZ&@,)'), (3.15)
i=1 j=1 i=1 j=1
and
6" (4,3) = o(1,5) —8(-,j) — 8(1, ) +8(-, ). (3.16)

Note that the 5*’s are the interaction terms if we consider A a two-way layout.

Proposition 3.2. If Y ~ Uniform(Py,), D = d(Y, w) for d in (3.1) satisfies
1
E[D] = —1A1" =ms(,,)
m

= —trace(HA) = —trace(HAH) = 5*(1,1), andifm > 1,

'I\’Ia

I
—_

1

I\’la

1 . bk
Var[D] = — 1t‘mce(HA HA) — Zl
i=1j

5*(i (3.17)

Il
—_

Ifm=1, Var[D] =0.

Proof. We use the representation (3.4), so that D = trace(QA) where Q ~ Uniform(Q,,). For
the mean, (3.5) and the linearity of trace show that
1

E[D] = trace(E[Q]A) = nlltrace(l'lA) — HlAl', (3.18)
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since trace(AB) = trace(BA). Also, 1A1’ is the sum of all the §(i,j)’s, hence the sec-
ond expression for the mean follows from (3.15). Next, since the diagonals of A are zero,
trace(IA) = 0, hence by (3.8) and (3.9) we can also write the mean as in the second line. Then
the final equality in that line holds since the elements of HAH are the 6*(i,j)’s.

For the variance, from (3.7) and (3.13),

Cov[QA] = %H ® A'HA. (3.19)

Now if W is m x m with covariance matrix X' ® §2, then

m m
Var[trace(W)] = Z Z Cov[Wii, Wl
i=1 j=1
m m
=Y ) oyw by (3.12)
i=1 j=1
= trace(X'A). (3.20)

Thus the first expression for Var[D] in (3.17) follows from (3.19), and we can write
trace(HA'HA) = trace(HA'HHAH) = trace(HAH) (HAH)), (3.21)

from which the last equality follows. O

3.2 Hoeffding's CLT

For the Hoeffding distances, we have the famous theorem by Hoeffding (1951). We can get
away with a weaker version of his Theorem 4, the condition given by his Equation (12).

Theorem 3.3 (Hoeffding). Suppose that for Hoeffding distance (3.4),

max{5*(1,§)2[1 < 1,j < m)
Var(D)

—0 (3.22)

as m — oo, where 6* is defined in (3.16). Then

D —E[D]

oo N(0,1). (3.23)

We can replace the 6* by 6 in the numerator of (3.22): By (3.16) and the triangle inequality,

17 (L) < [3(L )+ 18-, )+ 18 (1, )+ 18(-, )| < 4max{[d(i, j)I11 < 1,j < m}, (3.24)

since the absolute value of an average is no larger than the maximum absolute value. Thus
the maximum of the 5*%’s is less than or equal to 16 times the maximum of the 5%’s.
See Sections 4.1 and 5.1 for applications in Spearman’s p and footrule cases, respectively.
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3.3 Exact distribution: The splitting algorithm

In what follows, we will suppose that the range of 6 is in the nonnegative integers, and that
5(i,1) = 0. If not, some minor modifications would be needed.
To find the exact distribution of

m
=d(Y,w) =) 5(Y;,i), Y ~Uniform(Pp), (3.25)
i=1

(as in (1.1), Py, is the set of permutations of the integers {1,...,m}), we can use a splitting
algorithm as introduced in Franklin (1988) for Spearman’s p distance. Start with two subvec-
tors. Choose m; ~ m/2, and for y € Py, let ylI) = (Y1,.-.,Yym,) and y? = (Ymy+1, -+, Ym),
and similarly split up w: wl=(1,...,m1), w?® = (my+1,...,m). Then

d(y,w) = d(y", wM) +d(y?,w?). (3.26)

Now YV and Y'?) are not independent, but conditioning on the set of values each vector
chooses from, they are. That is, § = (R, Rp) is a splitting, where R; is a subset of m; distinct
elements from 1,...,m, and R; is its complement, {1,..., m} = R;. Also, let

P(R;) = {permutations of elements in R;}. (3.27)
Then under the assumption that Y ~ Uniform(Ps,),
D and Y? are independent given that Yy e P(Ry) (& Y@ ¢ P(R,)), (3.28)

| YW € P(R1) ~ Uniform(P(Ry)),
2| Y@ € P(Ry) ~ Uniform(P(Ry)), (3.29)
and
R1 ~ Uniform({All possible subsets of m; distinct elements from 1,..., m}). (3.30)
For splitting'§, let f;(x|8) be the following conditional density of d:
fi(x]8) = PlA(YW,w) =x| YV e P(R)], i=1,2. (3.31)

Then by (3.26) and the conditional independence in (3.28), we can use convolutions to find the
conditional density of d(Y, w):

f(x|8) =Pld (Y w) =x|YW e P(R),i=1,2]

PIA(YW, wM) +d(Y?,w?) =x| YV e P(R),1=1,2]
_ZP N=u&dY?,w?)=x—ulYW e P(R),i=1,2]
= Z Pld =ulYW e P(RIPA(Y?, w?) =x —u|Y? € P(R,)]
= Zfl(uIS)fz(x—u!S). (3.32)

u=0
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Then the unconditional density of d(Y,w) is found by taking the expectation of the condi-
tional density function over splittings § in (3.32):

f(x) = Pld(Y,w) = x| = E[f(x[8)]. (3.33)
The expression (3.33) leads us to our algorithm. For each splitting, we enumerate all the
values of d(yV,wW) for y € P(R;), i =1,2, and find their densities:

1

—#yY € PR 1d(y"Y, W) =, (3.34)
N

fi(x[8) =

where m; = m —my. The conditional density of d(Y,w) is then the convolution

f(x[8) =) fi(ul8)f2(x —ul8). (3.35)

u=0

Let S be the set of all splittings. The final answer takes the average over the splittings:

—1
f(x) = (n";) Y f(xI8). (3.36)

8eS

The actual algorithm accumulates the probabilities by first setting s(i) = 0 for i in the support
of D. It then iterates over all splittings 8, and over all wand v in the supports of d(Y'V),w1))
and d(Y@,w @), respectively, for (Y, y@) e (Ry,Ry), the following code:

s(u+v) <« s(u+v)+f1(u|8)f2(v|8). (3.37)
Then f(x) = s(x)/ ().

my
The basic algorithm as in (1.3) enumerates all m! rank vectors. The above algorithm is
somewhat better since for each of the (n“:l ) splittings, it enumerates over m;! + m,! subvectors.

Thus the ratio

#enumerations with splitting algorithm} (nnfl) (ma!+my!) - oml+mp! 2

#{enumerations with basic algorithm} m! milmy!  my!

(3.38)

if m;y & m/2. For m = 10 we reduce the number of enumerations by a factor of 60, and for
m = 20, by a factor of about 1.8 million.

A further splitting helps even more. Given a splitting (R1, Ry), we split each R; into two
approximately equal-sized sets (Ri1, Riz), and similarly for the yW’s and wV’s. For each (i, j)
we enumerate over P(Ry;) as in (3.34):

fij (x| Ryj) = PPIA(YW, wW)) = x| YV € P(Ry)]

1w I
= —#yY € P(Ry)1d(yY, 0) =x], (3.39)
ij+

where my; = #Ry;. Similar to (3.36), for each i, we find

. -1 X
fix|®) = (™) S Y falulRa)falx—ulR) (3.40)

m. .
Y splittings (Riq,Rip) u=0
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Then use (3.36) again to find f(x). The ratio corresponding to that in (3.38) is

1 4
— (™ M) (gt ) (2 ) (o ma!) ) A ———, (3.41)
m! mq mi1 myq ml!mn!

if the my;’s are approximately equal. E.g., with m = 20, we reduce the number of enumerations
by a factor of 60 over the one-split algorithm, and by about 108 over the basic algorithm.

Even with this more efficient algorithm, for m = 20, we need 4 - 20!/(10!5!) ~ 2.23 x 1010
enumerations. Further splitting would not help much either. E.g., splitting each 5 into 2 and
3 only reduces the enumerations by a factor of 2!3!/(2! + 3!) = 2.25, and the more complicated
algorithm has more overhead, which we have not factored in.






Chapter 4

Spearman’s distance

4.1 First two moments

Spearman’s distance has a symmetric distribution about its mean, so that the odd moments
other than the first are zero. Pearson (1907) appears to be the first to find the variance, whose
proof he attributes to Student. Hotelling & Pabst (1936) find the fourth moment. David,
Kendall, & Stuart (1951) calculate the first eight moments. We find the first two moments in
this section, and the fourth through eighth moments in Section 4.2.

Spearman’s distance uses dspear(1,j) = (i = j)* = 12+ j? — 2ij, hence we can write

Agpear = 8'141's —2w'w, where s = (1,22,...,m?), (4.1)

and w = (1,...,m) as before. Using (3.9),

HAgsyeor H = —2Hw'wH, (4.2)

hence 1
0"(1,j) = -2(i—v)(j—v), where v= % 4.3)

Then using (3.17) for the mean we have
m 2

: m(m-—1)
E Y,w) =2 —v)PE = 4.4
[dSpear( ,w)] 2(1 V) 6 (4.4)

The final expression follows by noting that the variance of a discrete uniform random variable
on{l,...,m}is (m?—1)/12.
For the variance, assuming m > 1, (3.17) yields

4 m m
VaT[dSpear(Y/w)] = m—1 Z Z i—v ] _V

. 2
- . (4.5)
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4.2 The fourth (and higher) moments

Turn to higher moments. The distribution of Spearman’s p is symmetric about its mean, so
the odd central moments (other than the mean) are all 0. David et al. (1951) find the moments
up to the eighth by hand. We are lucky to have technology to do the heavy lifting. Here we
describe their method, and implement it in Mathematica®.

Note that similar to above, we can write 5(1,j) = (i—v)? 4 (j — v)? —2(i—v)(j — V), so that

m(m2—1) i
Dspear = dspear (Y, w) = —— —— —2W, where W = > W, W= (Yi—v)(i—v). (4.6)
i=1
We will work with W, then for n > 2 use
E[(DSpear - E[DSpear])n] = (_Z)n E[(W - E[W])n] (4-7)

We start by expanding the sum of W;’s into an n-fold summation of monomials of them,
then separate the overall sum into sums depending on equalities among the indices. Write

m

W“:(;Wi> :Z"'Zwil"'win' (4.8)

)

For a set of indices ¢ = (ij,...,1n), we consider all possible sets of equalities among them. For
given 2, let k(2) be the set partition of {1, ..., n} that describes the equalities, i.e.,

k(1) = (Xy,...,K;), where i =1, < a,b e Ky for some k. 4.9)

Here, r is the number of distinct values in z. Note that r < m, since there are only m W;’s. In
order to insure uniqueness of the set partitions, we require that

min(X;) < min(X,) < --- < min(X,). (4.10)

Then
wr= ) > W, W, (4.11)

{KeSPn mHilk(2)=X}

where 8P, is the set of set partitions of {1,...,n} with at most m components. The sum-
mands above are products of powers of the W;’s. For set partition X, let n be the vector of
cardinalities of the component sets:

n=n(X) = #X,...,#5K,). (4.12)

Then n is a composition of the integer n, i.e., a set of positive integers that sum to n. Now
we have for given set partition X with r < m,

Z Wil .. 'Win = Z Wﬁl .. \/\/JTlr =V, n=n(X). (4.13)

i | k(5) =X 1< e <m
distinct
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Using the definition of W; from (4.6), the expected value of V,, is

E[Vn] = Z E[Y;, =)™ - (Y5, =)™ ] (G =)™ - e — V)" (4.14)
1<, ejr<m
distinct

Since the distribution of Y is permutation invariant, the expected value in the summand does
not depend on the (j4,...,j:), as long as they are distinct. Thus

E[Vi] = E[(Y; = V)™ - (Y = v)™] t(n) where t(n) = Y -3 (jp=v)™ - (jr—v)™.
1<, jr<me
distinct

(4.15)

The expected value can be found by averaging over all sets (y,...,y:), where the entries are
distinct integers between 1 and m, just like the indices in T. That is,

E[(Yi =)™ (Ve =)™ = (4.16)
(m),
and ,
E[Vy] Eln) (4.17)
(m)y

The Pochhammer symbol (m), is the falling factorial defined for nonnegative integers r by

(Mmo=1(Mr=mm—-1)-(m—r+1) forr>0.1f 0<r<m, (M), = o (4.18)
(m—r)!

We can now find E[W"] from (4.11) by summing the E[V,,]’s over the set partitions X, but
first note that T(n) does not depend on the order of the n;’s in n. Thus we can restrict to
integer partitions of n, which are combinations with the elements in nonincreasing order,
ny =>ny > --->ny. Then

t(n)

EWN= Y (o) (4.19)

ne€IPn,m (TTL)

where JP,, i is the set of integer partitions of n with at most m components, and

2
T

(n = #{Set partitions K corresponding to n}

n JR— 1 . -
B (n1,...,nr)u1!---u1~!’ where u; =#n; =jli=1...,7). (4.20)

We illustrate with n = 4. The table below contains the integer partitions of n and the
corresponding set partitions K, where, e.g., (13,2,4) represents K = ({1, 3},{2}, {4}).

Integer partition n Set partitions K Cn
(4) (1234) 1

(3,1) (123,4),(124,3), (134,2), (1,234) 4 (4.21)
(2,2) (12,34),(13,24), (14,23) 3
(2,1,1) (12,3,4),(13,2,4),(14,2,3),(1,23,4),(1,24,3),(1,2,34) 6
(1,1,1,1) (1,2,3,4) 1
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The next task is to calculate the T. The complication is the requirement that the indices
be distinct. To simplify the calculations, we write each sum without that requirement, then
subtract the summands that violate it. Those summands are in fact also T’s for some partition
with smaller number of elements. Analogous to (4.11), for given n = (ny,...,n;), we write

Z - Z (i —v)™ - (i — Z Z (i — V)™M o (i — V)™, (4.22)

=1  i=1 KESPrm (3| k(3)=K}

The individual summations on the left-hand side of (4.22) can be distributed to obtain

m m
D ="M Y (=) =00 Ty (4.23)
i1=1 ir=1
where
m
M=) (i—v)*=mE[U—E[U)", U~ Uniform(l,..., m}, (4.24)
i=1

the k'"" central moment of the discrete uniform, times m. By symmetry, i = 0 if k is odd. On
the right-hand side of (4.22), t(n) is the summation for all the indices being distinct, so that

= ({1},{2},...,{m}). For the other summations, some of the indices are equal, hence some
of the powers are added together. That is, for n. and X, let

n*(n,X) =sort(nj,...,n;), where n;‘ > Z ny, (4.25)
iefK)-

where we put the elements of n* into nonincreasing order. Then

> =M (=) =1 (0, X)), (4.26)
i k(7)=X

Rearranging (4.22), we obtain

(1) =MNny T, — Z t(n*(n,X)). (4.27)
Ke8Prm
KA{A2),. A}

Each of the n*’s on the right-hand side has fewer than r components. Also, for the case all

indices are equal (r = 1),
m

T(n) = Z(i —v)" =nn. (4.28)
i=1
Thus we can find the 1’s sequentially, since for r > 1, the summation term in (4.27) is a
function of the ’s for n of length less than .
Turn to E[W#], taking m > 4. From (4.19) and (4.21), we have

4 T(4)? 1(3,1) 1(2,2)?
Ewi = m +4m(m—1) +3m(m—1)
2 2
np 7(2,1,1) 7(1,1,1,1) (4.29)

mm—-1)(m—-2) mm—-1)(m—-2)(m-3)
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By (4.28), we have t(4) = ng4. For partition (3,1), there is only one possible equality among
the two indices, hence

T(3,1) =mnam1 — T(4) = gy, (4.30)
since 11 =n3 = 0. Similarly, for (2,2),

1(2,2) =M — M4 (4.31)

The set partitions X for (2,1,1) are (12,3),(13,2),(1,23), and (123), so that the respective
n*((2,1,1),X)’s are (3,1),(3,1),(2,2), and (4). Then by (4.27),

1(2,1,1) = —27(3,1) — 7(2,2) =4 = —1j + 2104 (4.32)

For 7(1,1,1,1), we need the set partitions of {1,2,3,4}. These we have already exhibited in
(4.21). Thus we can write

1(1,1,1,1) =nf —67(2,1,1) —37(2,2) —41(3,1) — (4)
=315 — 614 (4.33)

By (4.24), we need the variance and fourth central moment of the discrete uniform, which

result in
m(m2—1) m(m?—1)(3m2—7)

12 240

We have the ingredients in (4.29) through (4.34) to find E[W?*]. Mathematica® will easily
calculate the following;:

M = and 14 = (4.34)

—1)m? 1) (25m3 — 38m?2 — 35 72
E[W]z(m Jm?(m +1)° (25m m m ). (4.35)
172800

Finally, by (4.7), we have

(m—1)m3(m+1)3 (25m> — 38m? — 35m + 72)
10800

Using the code in Section 4.2.1, we obtain the sixth central moment (if m > 6) as

E[(Dspear — E[Dspear])*] = 16 EW*] = . (4.36)

(m—1)m3(m+1)3
3810240
—22783m* — 50081m?> + 54280m? + 44160m — 28800), (4.37)

E[(Dspear — E[Dspear])®] = (1225m® — 4361m” — 178m° + 23818m°

and the eighth central moment (if m > 8) as
(m—1)m3(m+1)3
E[(D —E[D 8 —
[( Spear [ Spear]) ] 489888000
+1090534m !0 — 6275976m° + 2142858 m® + 30402746m” — 27330110m® — 79689881 m°
+ 71871632m* + 110888256m3 — 74721024m? — 51867648 m + 40642560). (4.38)

(30625m!3 — 218050m 2 + 451718 m !

These conform to the formulas in David et al. (1951), though they look at the correlation rather
than distance.
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4.2.1 Mathematica code

The key functions find the various n'" moments (see Section 2.1) when there are m objects

ranked: spearmanRawMoment[n,m], spearmanMoment[n,m], spearmanCumulant[n,m] and spearman-
NormalizedCumulant[n,m]. In each case, the n must be a nonnegative integer (not just a symbol),
while m can be either a positive integer, or a symbol (i.e., “m”). If it is a symbol, then the
output is a function of m that is correct if m > n. For m < n, the routines need to have both
n and m input as integers.

The code below shows the above functions plus the helper functions. Note that we need
to load the Combinatorica package. The functions setPartitions and integerPartitions find the
set and integer partitions of {1,...,n} and n, respectively, but limit the output to just those
with at most m components. The eta is the 1y from (4.24) and etaprod is the product in
(4.23); nstar is the function n* in (4.25); tauk (and taukN) and tau (and tauN ) denote the
summands and sum, respectively, of T in (4.20); zeta is (,, in (4.20); and denom is the product
m(m—1)---(m—r+1) as in the denominator of the summands in (4.19). The moments of
Dgpear are based on the moments of W in (4.6), which are calculated in spearman\WWMoment,
which uses the two other functions depending on whether m is an integer or symbol. We also
use the functions moment2momentc and raw2cumulant from Section 2.4.

Needs["Combinatorica‘]

setPartitions[n_,m_] := Select[Combinatorica‘SetPartitions[n],Function[Length[#1]<=m]];
integerPartitions[n _,m ] := Select[IntegerPartitions[n],Function[Length[#1]<=m]];
etalk_,m_] := If[EvenQ[k],Sum[(i — (m + 1)/2)"k, {i, 1, m}],0];
etaprod[nn__,m ] := Apply[Times, Table[eta[ni,m], {ni,nn}]];
nstar[nn_, s ] := Sort[Map[Total, Table[Part[nn, si], {si, s}]], Greater];
zeta[nn_| := Apply[Multinomial, nn]/Apply[Times, Map[Factorial, Values[Counts[nn]]]];
denom[l , m ] := Pochhammer[m — | + 1, I];
spearmanWMomentS[n _,m ] := Module[{tau,tauk},

tau[nn_,m0_] := tau[nn,m0] = Total[Table[tauk[nn, s,m0],

{s, Combinatorica'SetPartitions[Length[nn]]}]];

tauk[nn_, s _,mO0 ] := If[Length[s] == Length[nn], etaprod[nn,m0], —tau[nstar[nn, s],m0]];

Factor[Sum][zeta[nn]*tau[nn,m]*2/denom[Length[nn], m], {nn,IntegerPartitions[n]}]]];
spearmanWMomentN[n _,m ] := Module[{tauN,taukN},

tauN[nn_,m0_] := tauN[nn,m0] = Total[Table[taukN[nn, s,m0],

{s, setPartitions[Length[nn],m0]}]];

taukN[nn_, s ,mO0_] := If[Length[s] == Length[nn], etaprod[nn,m0], —tauN[nstar[nn, s],m0]];

Factor[Sum][zeta[nn]*tauN[nn,m]~2/denom[Length[nn], m], {nn,integerPartitions[n,m]}]]];
spearmanWMoment[n _,m ] := (

If[!IntegerQ[n],return[(Print["n must be a nonnegative integer"];Abort[])]];

If[OddQ[n],Return[0]];

If[IntegerQ[m],spearmanWMomentN[n,m],spearmanWMomentS[n,m]]);
spearmanRawMoment[n _,m ] := (—2)"nkxmoment2momentc[n,spearmanWMoment,—mx*(m~2—1)/12,m];
spearmanMoment[n _,m ] := If[n==1,m*(m"~2—1)/6,2" nxspearmanWMoment[n,m]];
spearmanCumulant[n _,m_] := lf[n==1,m*(m"2—1)/6,(—2) " n¥raw2cumulant[n,spearmanWMoment,m]];
spearmanNormalizedCumulant[n _,m_] := (

[f[n==1,Return[0]];

[f[n==2,Return[1]];

spearmanCumulant[n,m]/spearmanCumulant[2,m] "~ (n/2)
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4.3 Exact distribution

Maciak (2009) improves the Franklin (1988) splitting algorithm described in Section 3.3 for the
Spearman distance by taking advantage of some redundancies. Also, van de Wiel & Bucchi-
anico (2001) develop a different, but seemingly as effective, algorithm based on permanents.
Here we describe some of Maciak’s improvements.

It is easier to deal with the cross-product of the rankings, where

m m m
dspear(¥,®) = ) (Yi—x)>=2) ¥-2) ywy
i=1 i=1 i=1
mm+1)2m+1 '«
_ml ;( )5 >y (4.39)
i=1
The algorithm finds the distribution of
m m
CY,w)=) Yiwi=) iV (4.40)
i=1 i=1

The procedure runs along the same lines as that for D in (3.25), but with some shortcuts.
As in Section 3.3, we take m; ~ m/2, my; = m —my, and split C into CM 4+ @ where

mq m
Ci=C(YW,w)y=3% iy and C; =C(Y?, )= } iV, (4.41)

i=1 i=my+1

Condition on the splitting & = (Ry, Ra), so that the vectors YD and Y@ are independent,
y(® being uniformly distributed over permutations of R, i = 1,2, as in (3.28) and (3.29). Let
yV) and y@ be fixed members of P(R1) and P(R,), respectively. (E.g., if Ry = {ry,...,m,},
then y = (ry,..., Tm;).) Then we can equivalently represent the conditional distributions of
the Ci’s by

C,=Cy", w) and Cy = myop + C(y?@, W), (4.42)

where

W@ and W@ are independent, wl < Uniform(Pn,), and w@ Uniform(Pn,), (4.43)

and weset oy = 5 It M), (Note that o is the same for every y(! € R;.)
j=1 y) y

To calculate the distribution of C(yY), W), we enumerate the permutations of 1, ..., my:

filc]s) =

! #HwY e P | ClyY, wV) =c). (4.44)

i!
But note that for w(V e Pm, (M +1) — wt ¢ Pm; as well, and

Cly', (mi+1) —w) = (mi+1)0; — ClyV, w). (4.45)
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If we let P}, be the set of permutations that has exactly one of each pair {w, m; +1—w},
w € P, then we need enumerate over only half the permutations:

gi(c) + gi((my+1)o; —c)

filc]8) = o
;

, (4.46)

where . . .
gi(c) =#w" € Py 1ClyY, w) =c}. (4.47)

To find the conditional distribution of C(Y,w), i.e., of C; + C; in (4.42), we convolve the f;
and f, as in (3.35), and also shift by a constant:

flc+m0,]8) =h(c|8), where h(c|8) = Zfl(uIS)fQ(c—uIS). (4.48)

u=0

To find the unconditional density of C(Y,w), we average over the splittings as in (3.36):

1 -1
f(x):@ll) Zf(xlS):(nT) 3 hixs mioy]8). (4.49)

Ses SeS

If m is even and we take m; = my = M, another shortcut arises from noting that w
and W@ have the same distribution. Thus the distribution of (C(y™, W), C(y?, w2)))
conditioning on the splitting (R, R;) is the same as that of (C(y?, w), C(y, W) con-
ditioning on the splitting (R, R1). This symmetry implies that we have to find the convolution
over only half of the splittings. Let S* be splittings (R, Ry) for which 1 € R;. (Thuseach § € S
is either (Rq, Ry) or (Ry, R1) for some (Rq,R;) € §*.) The unconditional density of C is found
by using the same h in (4.48) for 8§ = (R1,Ry) and 8 = (R, Ry), but with different shifts for
the f:

~1
f(x) = (m) 3 (hlx =0z [8) + h(x — oy |8)). (4.50)
M/ ses

As in (3.39) through (3.41), we can further split R; and R, and use the extra symmetry as
in (4.50) if either or both of m; and m; are even. Maciak (2009) has even more symmetries
that can speed up the algorithm, but we stopped at the above.

Once we obtain the density for C(Y, w) in (4.40), we can obtain the density of dspear(Y,w)
in (4.39):

m(m+1)2m+1)

fSpear(Z) = P[dSpear(Yr w)=1z]=1((z—0)/2), 8= 3 . (4.51)

The support is {0,2,4,..., m(m2—1)/3}.

4.4 Normal and Edgeworth approximations

Hotelling & Pabst (1936) prove the asymptotic normality of Spearman’s distance. We will use
Hoeffding’s theorem, our Theorem 3.3. From (4.3), we have
(m—1)*

max{5*(1,j)?|1 <i,j < m}=4(m—v)* = I

(4.52)
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By (4.5), Var[Dspear] = m2(m —1)(m + 1)?/36. Thus the ratio in (3.22), the maximum over the
variance, is of order 1/m, which goes to zero. The theorem then shows that

D —E[D ]
Spear Spear .
\/GJ{[)SpeaJ

N(0,1). (4.53)

David, Kendall, & Stuart (1951) present the 6-term Edgeworth expansion for the density
of Spearman’s p, calculated the first eight moments and cumulants by hand. Best & Roberts
(1975) implement the approximation, simplified somewhat, in FORTRAN. Maciak (2009), who
found the exact distribution for m up to 25, compared a number of approximations to the exact
distribution for these m. See also Best & Roberts and Franklin (1988) for comparisons for
smaller m. Maciak recommends the Edgeworth expansion for common p-value calculations.

We compared L-term Edgeworth expansions of Spearman’s distance for L =0, 2,4, 6,8, and
10 (an odd one is the same as the previous even one), using both the density and distribution
function versions of the expansions, for m between 5 and 24. (The sample size is N = 1.
Larger sample size yield better approximations.) Summary statistics included the maxima of
the errors for the density and the distribution function, as well as the maximum error for the
relative p-values for p-values above 0.00001. That is, with fand F being the estimates of the
true density f and true distribution function F, respectively, we calculate

MEgens = max [f(x) — f(x)], MEpg =max [F(x) — F(x)|, (4.54)
xeX xeX

and with pv(x) = min{F(x), 1 =F(x) + f(x)} and pv(x) = min{F(x),1 —F(x) + f(x)} being the
p-value and its estimate,

[pv(x) — pv(x)|
x€X | pv(x)=.00001 pv(x) '

MRE,,, = (4.55)

The estimates based on the expansion for the distribution function were overall somewhat
better than those for the density, so we focus on the former. As expected, the estimates
generally improve as m and L increase. Figure 4.1 compares the maximum errors in the
density estimation. We see that there is substantial improvement going from the normal
approximation to the 2-term expansion to the 4-term expansion. These is less separation
among the 6-, 8-, and 10-term expansions. The main driver of the error appears to be the
center of the distribution, where the true density is very spiky. Figure 4.4 shows the true
density for x near the mean of 2300. We see the heights jump up and down for consecutive
values of x. The smooth curve is the 10-term Edgeworth estimate, though the 6- and 8-term
estimates are virtually indistinguishable from the 10-term estimate. Figure 4.5 plots the same
data but as the error in the estimate, over the entire range of x. Note that the largest errors are
indeed in the center, and they errors jump between positive and negative for nearby values
of x. The conclusion is that no smooth density is going to be able follow closely the ups-and-
downs, hence higher L will not improve by much the maximum error in the density.

Figure 4.2 shows the maximum errors in estimating the distribution function. Here the
picture is a bit clearer, with substantial gains as we increase L. The approximations are quite
good, with maximum errors between 107> and 10~* even for m = 10 and L = 4. For m = 24
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and L = 10, the error is about 107. The approximations are not very good for the p-values
according to the maximum relative errors (for p-values over 0.00001). See 4.3. For m < 15
and any of the L, the relative error is over 1, and sometimes beween 10 and 100. For M > 20,
L = 10 has relative error less than 10%, and for m = 24, about 1%. Equation (4.56) exhibits the
errors in the L = 10 expansion for select values of m.

Considering all three types of error comparisons, it appears that the extra calculation in
the 10-term expansion is worth it, and reasonably good for larger m. If the relative errors in
the tails is not as important, even L = 4 is reasonable for m > 15, say.

5 10 15 20 22 24
Density 0.0231 0.000344 3.54x107> 3.71x107% 9.94x1078 5.92x1077
Distribution function 0.0175 0.000349 2.59x10~° 3.37x10~° 9.96x10~7 8.20x10~7
Relative, p-value 2.11 32.9 1.65 0.0852 0.0226 0.00741

(4.56)

4,5 R code

Below are functions for finding moments, cumulants, and Edgeworth expansions for the
distribution of Spearman’s distance. The first twelve moments, cumulants, and normal-
ized cumulants based on m are produced by ‘the functions spearman_moments(m), spear-
man_ cumulants(m), and spearman_ normalized cumulants(m), respectively. The function spear-
man__edgeworthf(x,m,L,n) calculates the values of the Edgeworth approximation to the density
at the values x, where L is the number of terms in the expansion, and n is the sample size. If
n > 1, then the values of x represent the sum of the distances, > ', dspear (Yi, w), the y; being
the m-length rank vectors. The corresponding distribution-function-based Edgeworth esti-
mates are found by spearman__edgeworthF(x,m,L,n). The Edgeworth functions use the functions
edgef and edgeF from Section 2.5.

The functions for the moments and cumulants have many unnecessarily long integers.
Although I could have shortened them substantially, I decided to leave them as is since then
the formulas are exact (as calculated by Mathematica in Section 4.2.1), hence may be of interest
to some.

spearman_moments <— function(m) {
if(m==1) return(rep(0,12))
if(m==2) return(c(1,1,0,1,0,1,0,1,0,1,0,1))
mfactor <— (m—1)*m~3%(1 + m)"3
mu <— (m—1)*mx(1 + m)/6
s2 <— (m—1)*xm"2x(1 4+ m)"2/36
if(m==3) return(c(mu,s2,0,96, 0, 1408, 0, 22016, 0, 350208, 0, 5595136))
m4 <— mfactor*(72 + mx*(—35 + mx(—38 + 25«m)))/10800
if(m==4) return(c(mu,s2,0,m4, 0, 462400/3, 0, 38068480/3, 0, 3321472000/3, 0, 302100582400/3))
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Figure 4.1: The maximum error in estimating the density for Spearman’s p, as a function of
m. The values are log,, of the ME4ey; the lines depend on L, the number of terms in the

Edgeworth expansion.

o
|
o _|
/-LOL\ |
u
=3 .
< ‘\‘ ~
= ---L=2 NSl T
..... L:4 \\\\. i““-
'-‘I"’_ _____ L=6 >3 ‘~_§“‘
L=8 S .
-- L=10 T
©_| N
| -~
I I I I
5 10 15 20
m

Figure 4.2: The maximum error in estimating the distribution function for Spearman’s p, as a
function of m. The values are log,, of the MEpg; the lines depend on L, the number of terms
in the Edgeworth expansion.
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Figure 4.3: The maximum relative error in estimating the p-value (for p-values > 0.00001) for
Spearman’s p, as a function of m. The values are log,, of the MRE,y; the lines depend on L,
the number of terms in the Edgeworth expansion.
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Figure 4.4: The true density f(x) of Spearman’s p for m = 24 and x near the center of the
distribution. The smooth line is the estimate from the 10-term Edgeworth expansion.



4.5. R CODE 43

6e-07
I I

2e-07

F(x)—f(x)
|

—2e-07

I I I I I
0 1000 2000 3000 4000

—-6e-07

~

Figure 4.5: The error f(x) — f(x) of Spearman’s p for m = 24 as a function of x, where the
estimate is based on the 10-term Edgeworth expansion.

if(m==>5) return(c(mu,s2,0,m4, 0, 5400000, 0, 1585227520, 0, 500904320000, 0, 166277056327680))

m6 <— mfactorx(—28800 + m#(44160 + mx(54280 + mx(—50081 + mx*(—22783 +
m#*(23818 + mx*(—178 + 49xmx*(—89 + 25xm))))))))/3810240

if(m==6) return(c(mu,s2,0,m4, 0,m6, 0, 386558298581 /5, 0, 68673221950725, 0, 323462714247836541/5))

if(m==7) return(c(mu,s2,0,m4, 0,m6, 0, 30010131730432/15, 0, 12656746257956864/3, 0,
142711169198502510592/15))

M8 <— mfactor«(40642560 + m(—51867648 + m(—74721024 + m+(110888256 + m(71871632 +
m#(—79689881 -+ m#(—27330110 + mx(30402746 + mx(2142858 + m+(—6275976 +
mx*(1090534 + mx*(451718 + 1225xmx*(—178 + 25xm)))))))))))))/489888000

if(m==8) return(c(mu,s2,0,m4, 0,m6, 0, m8, 0, 145340586776641536, 0, 24283028012629343404032/35))

if(m==9) return(c(mu,s2,0,m4, 0,m6, 0, m8, 0, 3235097260221696000, 0, 208492707703894340198400/7))

m10 <— mfactorx(—188116992000 + m+(198866534400 + mx(414838609920 + m=*(—433387155456 +
mx(=404189047296 + mx (442652192448 + m« (251159442832 + mx(—237499131899 +
mx(—85964555005 + mx(78306584239 + mx*(12607819481 + mx(—16568926574 +
mx*(675454398 + mx*(1946453438 + mx*(—475483358 + 121xm*(—426751 +
m#*(368743 + 1225xmx*(—61 + 5xm)))))))))))))))))) /47421158400

if(m==10) return(c(mu,s2,0,m4, 0,m6, 0, m8, 0, m10, 0, 5914520439997407834095335/7))

if(m==11) return(c(mu,s2,0,m4, 0,m6, 0, m8, 0, m10, 0, 601466802137944564241260544/35))

m12 <— mfactor%(19321772487671808000 +m*(—16809105623907041280 + mx(—47949509758034903040 +
mx*(36488300660503068672 + m+(54419976845675882496 + mx(—36488654366312540160 +
mx*(—36118404438893610240 + m*(23517322130866345792 + mx*(16323753091762066456 +
mx*(—9960665856120429375 + mx(—4862551541725722430 + mx*(2911340308818055007 +
mx*(854178582308599116 + m*(—607856933067242975 + mx(—59540744251778210 +
mx*(85428878340287847 + mx(—7210452777013984 +
mx*(—6425184317282485 + m*(1832998897635870 + 169xmx*(77461248253 + 5929xmx(—100938884 +
25xm#*(980379 + 1225xmx*(—94 + 5xm)))))))))))))))))))))))/32129559221760000

¢(mu,s2,0,m4,0,m6,0,m8,0,m10,0,m12)
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spearman_cumulants <— function(m) {

}

if(m==1) return(rep(0,12))

if(m==2) return(c(1,1,0,—2, 0, 16, 0, —272, 0, 7936, 0, —353792))

mfactor <— (m—1)*m~3%(1 + m)"3

mu <— (m—1)*mx(1 + m)/6

s2 <— (m—1)*xm"2x(1 4+ m)"2/36

if(m==3) return(c(mu,s2, 0, —96, 0, 5248, 0, —615936, 0, 124028928, 0, —38150168576))

k4 <— —mfactor¥(—36 + mx(5 + 19xm))/5400

if(m==4) return(c(mu,s2,0,k4, 0, 2147200/9, 0, —884610560/9, 0, 210287872000/3, 0,
—220566520729600/3))

if(m==5) return(c(mu,s2,0,k4, 0, 4320000, 0, —4536916480, 0, 8338196480000, 0, —23573413833400320))

k6 <— mfactor¥(—1800 + 2760xm + 4054xm~2 — 2637+m"3 — 2603*m~4 + 723*m"~5 + 583xm"6)/238140

if(m==6) return(c(mu,s2,0,k4, 0,k6, 0, —501636997456/5, 0, 393383544180480, 0,
—11925767764861042176/5))

if(m==7) return(c(mu,s2,0,k4, 0,k6, 0, —6781406220288/5, 0, 30034763619352576/3, 0,
—5165787362075227783168/45))

k8 <— —mfactor«(—846720 + m*(1080576 + m+(1616688 4 m*(—2358048 + mx(—1800776 +
m*(1690125 + m#(1012323 + m(—578442 + m*(—304254 + mx(83709 + 41939xm))))))))))/10206000

if(m==8) return(c(mu,s2,0,k4, 0,6, 0, k8, 0, 163576921879461888, 0, —113479202433204782825472/35))

if(m==9) return(c(mu,s2,0,k4, 0,k6, 0, k8, 0, 1912729128097536000, 0, —61266217520498004172800))

k10 <— mfactor«(—244944000 + mx(258940800 + m*(546557760 -+ m+(—566728128 + mx(—553076496 +
mx*(587593488 + mx*(380118062 + mx*(—321580899 + mx(—166918373 4+ m=(105303339 +
m*(46553241 + m#(—20933373 + mx(—8319131 + m«(2008773 + 784937xm))))))))))))))/61746300

if(m==10) return(c(mu,s2,0,k4, 0,k6, 0, k8, 0, k10, 0, —5917889802167831516695040/7))

if(m==11) return(c(mu,s2,0,k4, 0,k6, 0, k8, 0, k10, 0,~45297198502217473065852928/5))

k12 <— —mfactorx(—12579278963328000 + m=x(10943428140564480 + m*(31369257343520640 +
mx(—23770376057843712 4+ mx*(—36082848357744768 + m+(23811613081956480 +
mx*(24713091021082648 + m*(—15433840924652480 + mx*(—11937616420633052 +
mx*(6594347489361289 + m#(4097150586509455 + mx(—1924083590730644 +
m#*(—978784350626932 + m%(396318210499022 + m=(164330326104746 + m*(—54702296967364 +
mx(—19347867651448 + m«(3883306078529 + 1316835592311+m))))))))))))))))))/20917681785000

c(mu,s2,0,k4,0,k6,0,k8,0,k10,0,k12)

spearman_normalized cumulants <— function(m) {

if(m<2) return(rep(0,12))

fc <— spearman_cumulants(m)
sigma <— sqrt(fc[2])
c(0,1,fc[3:12] /sigma~(3:12))

spearman_edgeworthf <— function(x,m,L,n=1) {

}

mu <— nx(m—1)*mx*(1 + m)/6

sigma <— mu/sqrt(n¥(m—1))

kum <— spearman_normalized cumulants(m)
z <— (x—mu)/sigma

dnorm(z)*edgef(z,L, kum,n)*2/sigma

spearman_edgeworthF <— function(x,m,L,n=1) {
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mu <— nx(m—1)xmx(1 + m)/6

sigma <— mu/sqrt(n¥(m—1))

kum <— spearman_normalized cumulants(m)
z <— (x—mu+1)/sigma

pnorm(z) — dnorm(z)*edgeF(z,L,kum,n)

45






Chapter 5

The footrule

In this section we consider the distribution of the footrule distance:
m
Droot = dFoot(Yr w) = Z |Yi — wi|- (51)
i=1

As before, we take w = (1,2,...,m), and suppose Y ~ Uniform(Py,). To find the exact null
distribution, we could use the splitting method as in Section 10.2 (see Franklin, 1988), but in
Section 5.3 we present a clever algorithm developed in Sen and Salama (1983) and Salama and
Quade (1990) that allows us to calculate the distribution quickly for m up to 350. Section 5.6
exhibits the Edgeworth expansion approximation to the distribution for larger m.

5.1 First two moments

The first two moments appear to be first presented in Spearman (1904), who attributed the
calculation of the variance to Professor Hausdorff. Ury & Kleinecke (1979) note that these
formulas were proved in Kleinecke, Ury, & Wagner (1962). Salama & Quade (1990) present
the third moment.

For the footrule, we note that dgyotrule(i,j) = [1 —j| = 2max{i, j} — i —j, hence we can write
the distance as in (3.3) with

AFootrule =2M —1'w — w’l, Mij = max{i, )} (52)

Next, let K be the m x m matrix with 1’s on the diagonal and above, and 0’s elsewhere:

111 -1
011 1

K=/001 1 (5.3)
000 1

47
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Then K K’ has ij'" element m 4+ 1 — max{i, j}, i.e.,

m m—1 m-2 1
m—1 m—1 m-2 1
KK =|m—2 m—-2 m-2 Il =(m+111— M. (5.4)
1 1 1 1
We obtain
Afootrule = 2(Mm+1)1'1 - 1T'w—w'1 —2KK'. (5.5)

The distance can then be written

dFoot(y, w) = trace(QyAFoot)
=2m(m+1) —2wl’ —2trace(Q, KK')
=m(m+1) —2trace(Q,KK'), (5.6)
sincewl’ =Y T i=m(m+1)/2.

Before launching into the calculations, we present for reference the sums of the first four
powersof 1,...,m:

01(1711) = Z{L i

n
1 m(m+1)/2

2 m(m+1)(2m+1)/6 (5.7)
3

4

m2(m+1)%/4
m(m+1)2m+1)(8m?+3m—1)/30

From (5.5),
HAp, o H = 2HKK'H. (5.8)
To find the mean, using the second line of (3.17), we have

Eldroot(Y,w)] = —trace(H AfoorH )
=2trace(HKK'H) =2trace(HKK'). (5.9)
Writing out the H yields
1
HKK'=KK'~ _11KK' (5.10)

From (5.4) we see that the diagonals of KK’ are m,m—1,...,1, and from (5.3) that 1K = w.
Thus

1
Eldpeot (Y, w)] = 2 trace(HKK') = 20\0) — 211_16%)

:m(m+1)—1(m+1)(2m+1)

3
m2—1
= . 5.11
3 (5.11)
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For the variance, we can similarly use (3.17) to show that

1
Var[dpeet(Y,w)] = m—1 trace((HAFootH)z)

4
= trace  HKK' HKK'). (5.12)

From (5.10),

1
HKK'HKK' = KK'KK'— —11KK'KK'
m

1 1
- —KK'1"1KK'+ 511KK1'1KK', (5.13)
m m

hence using 1K = w again, and with some more manipulations,
/ ! ! ! 2 ! ! 1 "2
trace HKK'HKK') =trace KK'KK') — —wK Kw' + —(ww')". (5.14)
m m

We need to find the terms in the final expression of (5.14). The first term is the sum of
squares of the elements in K K’ in (5.4). We can see that for each i, row i has i elements
equal to m —i+1, as does column 1i. Since we are counting element ii twice, there are 2i —1
elements equal to m — 1+ 1 in the matrix. Thus using (5.7) and some algebra

2i—1)(m—1i+1)?

N

-
Il
—_

trace( KK'KK')

(2m+ 1 —2i)i?

5 M-

Il
—_

= (2m+ 1)01(11) 201(131)

— e

mm+1(2m+1)?2=3m(m+1))

O\IP—‘O\IF—‘

m(m+1)(m?+m+1). (5.15)

For the second term, note that

(WK'); = Z) - (m—i+1)(i—1)+%(m—i+1)(m—i+2). (5.16)
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Thus

€
~
=
E\
I
M=

(m—i+1Di-1)+(m—i+1)(m—1+2)/2)?

o
I
[y

i(m—1)+i(i+1)/2)?

M-

o
I

(2m+1)i—1i%)?

I

SR

-
Il
—_

(2m+1)4%2—202m+ 1) +i%)

Il
| =
.Mg

-
I
[y

(em+1)202 —202m+1)o) + o)

N

m(m+1)2m+1)(2m% +2m + 1). (5.17)

Bl

For the third term, we have

(ww')? = (022 = —m2(m+1)22m+1)% (5.18)

Then from (5.12) and (5.14),

4 1 1
Varldpeot(Y,w)] = m(m+ 1) <gm(m2 +m-+1)— E(2m+ 1)(2m? +2m+1)

1 2
+%(m+1)(2m+1) )
4

1

_ %(mnt D@m2+7). (5.19)

5.2 The Sen-Salama decomposition

Sen & Salama (1983) developed a clever decomposition of the footrule that leads to a fast
algorithm for calculating the exact null distribution (see Section 5.3), and aids in finding
higher moments.

Fori=1,...,m, define

Ti=#y; <ilj=1,...,0=) Iy <i, (5.20)

and let S be their sum

S=) T (5.21)
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(Note that T,;, = m.) This statistic is equivalent to the footrule statistic Dgoot as shown in
Theorem 1 of Sen and Salama, which we show now:

Lemma 5.1. For Dgyy; in (5.1) and S in (5.21),
Drgot = m(m +1) —28. (5.22)

Proof. Consider the matrix K'Q,, for K in (5.3). Its ij'" element is I[y; < il. Multiplying on
the right by K finds the cumulative sums of the rows:

j
(K'QuK)y =) Iy (5.23)

a=1

In particular, the diagonals of K'Q, K are the T;. Thus
S = trace(K'Q, K) = trace(K K'Qy) = trace(Q, KK'), (5.24)
and (5.22) follows from (5.6). O

Sen & Salama (1983) show that marginally each T; is hypergeometric, since we are choosing
i of the rankings out of m, and counting how many are less than or equal to i. Thus

1 1 2

.2 .2(
E[Ty] = — and Var[li] =
m

—m;(?n_ ”1) (5.25)

They also find the pairwise joint distribution of the T;’s as well as their covariances, and third
moment of S. The latter we show in Section 5.4.1. The covariance matrix of T' = (T4, ..., Tin)
can be obtained by applying (3.7) and (3.13) to the matrix in (5.23),

1
COV[K’Q:{IK] =2 — 1K"HK' o K'HK. (5.26)
Writing out the H, we have

1
K'HK=K'K-—K'1'1K
m

1
=K'K—-—ww. (5.27)
m

Note that (K'K)i = min{i, j}. Thus since T' = diag(K'Q,,K), (3.12) shows that

ez - L (oo 1A\ (memin(i,j)— )
CovlTy, ;] = (K HK)ij =— (mm{l,J}— Hl}) = oo TP— (5.28)
Note that from (5.22), (5.11) and (5.19),
E[S] =%(m+1)(2m+1) and Var[S] = 1;0(m+1)(2m2+7). (5.29)
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5.3 Exact distribution

The task here is to find the exact distribution of S. Consider the joint distribution of (Ty, ..., Tr).
Theorem 2 and Lemma 3 of Sen and Salama (1983) show that the T;’s form a Markov chain,
and present the conditional distributions of T; given T;_;, which we present in Lemma 5.2.
Finally, we use convolutions to obtain the distribution of S, from which that for F is easily
found.

First, some preliminaries. Clearly 0 < T; < i, but we also need that

#Hy; <ilj=1,..., 4 +#Hy; <ilj=1i+1,...,m} =4, (5.30)
which implies that i — T; < m—1, ie,
max{0,m—2i} < T; <. (5.31)
Also, Ty = I[Y; = 1], hence is Bernoulli(nll).

Lemma 5.2. For each i = 1,...,m —1, if the vj’s and x are such that the conditioning event has
positive probability,

P[Ti+1 :T—Fk’Tl :Tl,...,Ti_l :ri—eri :T’] = P[Ti—i—l :T‘—l—k|Ti:T]

(m—=2i+r)(m—2i+r—1) . o

(m—i)2 if k=0
(m—2i+71)(2i—2r+1) . -

(m—1i)2 lf k=1

4 . (5.32)

(i-1)2 ; _

(m—1)2 if k=2

0 otherwise

Proof. Fixi=1,...,m—1,and foreach h =1,...,i,let Y} = Y, if ¥}, <1, and Y} =i+ 1if
Yh>1i+1. Thenforj <i+1,

TT=#yn <jlh=1,...,j}=#y, <jlh=1,...,j}, (5.33)

since in the definition the exact value of yy, is irrelevant if it is more than i. We consider the
conditional distribution
Tip1 —TlY] =yg,..., Y] =yi. (5.34)

The difference can be written
#Hy; <i+1lj=1,...,i+1}-#y; <ilj=1,...,i} =B+C, (5.35)
where B and C are the two 0/1 functions
B=1I[yi <i+1] and C=#y;=i+1|j=1,...,1} (5.36)

(The C is in {0, 1} since the y;’s are distinct.) Thus T;;; —T; can take on only the values 0, 1,
and 2. We will find the conditional distribution of C, and the conditional distribution of B
given C, conditioning on the Y;”’s. Let A be the conditioning event

A={Y{=yl,....Y{ =yik (5.37)
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Start with C, and condition as in (5.34). Let r = #{y; <1i|j=1,...,i}(=T;). Then there are
i—r1 of the y;’s equal to i + 1, which means i —r of the y;’s are greater than i. Then if C = 0,
we have to have all i —r of those greater than i+ 1. Thus (since there are m —1i values greater
than i and m —1i—1 greater than i+ 1),

m—i—1 .
plc—oja] = ¢ i ) _m=2itr (5.38)
(%) m—t
and, subtracting from 1,
PIC=1]A] = — (5.39)
Next look at B conditioning on C and A. To find
PB=0|C=0,A] =P[Yi .1 >1+1[C=0,A], (5.40)

note than with C = 0, i —r of the first i y;’s are greater than i + 1. Thus there are (m—i—1) —
(i—r7) choices for Yii; that exceed i+ 1, out of m — i remaining possibilities. Thus
m—2i4+r—1 i—1+4

PB=0[|C=0,A] = : = PB=1/C=0A] = —. (5.41)
m—1 m-—1

Similarly, if C = 1, one of the first y;’s has taken i1+ 1, hence Y;;; has one more value over
i+ 1 to choose from, and

PB=0|C=1Al= 222" L pp_qjco1,A]= " (5.42)
m—i m-—i
Assembling the probabilities, we have that
—2i —1 —2i
P[Tus —Ti = 0JA] — P[B = 0]C =0, AJP[C = 0] A] = ™ 1+(rm_)i(;1 T (543)
(i—1)?
PlTiy1 —Ti =2[A]=PB=1|C=1AIP[C=1|Al = —, (5.44)
(m—1)
and, subtracting those from 1,
Py — T = 1/A] = (m—2i4r)2i—2r+1) (5.45)

(i—1)2

Note that the conditional probabilities in (5.43) through (5.45) are functions of r alone,
hence they depend on (Y7,...,Y;) through only T;. Thus we have the same conditional prob-
abilities when conditioning on T;. The same can be said about (Ty, ..., T;). That is,

P[Ti+1 _Ti = k|A] = P[Ti+1 _Ti = k|T1 = T1,...,Ti_1 = Ti—eri = ]
=P[Ti1—Ti=k[Ty =1l (5.46)

Thus (5.43) through (5.46) prove (5.32). O
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To obtain the distribution of S = T; +--- 4+ T, we use convolutions, but need to carry
along both the T; and the partial sums S; = T; + - -- + T;’s because of the dependence of the
Ti’s. We sequentially find the joint distributions of (T;,S;),i = 1,...,m. Then S = S, and
since T, = m, the marginal distribution of S is essentially the same as the joint of (T, S).

Start with (T1,S71), where S; = Ty, hence P[T; =0,S1 =0] = mT_l and P[T; =1,5; =1] = nll
Suppose we have the joint distribution P[T; = r1,S; = s]. Then Tiy; may be k = 0, 1, or 2
larger than T;, in which case S;;1 will be T; + k larger than S;. Thus by the Markov property
in Lemma 5.2,

P[Ti+1 :T—Fk,SH_l =S—|—T+k|Ti =T',Si IS] :P[Ti—H =T+k|Ti :T'], (547)

which we know from (5.32). The it" convolution is then

M

PTiy1 =758y =5"1= ) Pl =715S1=s"Ti=1"—kS;=s"—1" K]

i
(e}

x P[T; =1v%—Xk,S; =s"—1* — K]

I
M

PTig =" |Ti=1r"—KP[Ti=1"—kSi=s"—1"—k]l. (5.48)

i
(e}

We find these values for i = 2,..., m. Then at the end we have from (5.22)

- 2
P[Dpoot = x] = P [sm — w,m - m} x=0,2,..., {%J : (5.49)

54 Higher moments

We follow an approach similar to that in Section 4.2 for Spearman’s p distance. First, note that
by (5.22), the central moments of the footrule are related to those of S via

E[(DFoot - E[DFoot])n] - (_Z)n F—[(S — E[S])n] (5.50)

We will first find E[S"], then calculate the central moment from that and the previous mo-
ments.

We have S™ = () _T;)™ as in (5.21), and expand the summation similar to that in (4.11),
except that because the distribution of the T’s is not permutation invariant, we decompose
the sum into sums over ordered indices. That is, we write

Bs= Y (m “ N )O‘(n). (5.51)

n€ICn,m

where JCp, 1, is the set of integer compositions of n with at most m components, and

on)=) ---) E[MMT2...TM]. (5.52)

. . j2
J1<jo<<jr
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(Recall that a composition of n is a vector n = (ny,...,n;) of positive integers than sum to n.)
Next, for each monomial in (5.52), write the T;’s as sums of indicator functions as in (5.20),
and expand into a multiple sum of products of the indicator functions:

1 n
T).Tlll T = Z Z IYq, < i)« 1Yq, < inl, (5.53)
a;=1 an=1

where on the right-hand side, there are equalities among the i’s determined by the jy’s.
Specifically, let j = (jy,...,jr), and define the function

in,3)=01,---,91,32,---,32,- -, Jrs- - -, Jr), Where there are n of the j;’s. (5.54)

Then in (5.53), (i1,...,in) = i(n, J).

Now split the overall sum into summations determined by the pattern of the equalities
among the indices a = (a4, ..., an). We again use the set partitions of {1,...,n} as.in (4.9) and
(4.10). Then

T T = ) Chin,X), (5.55)
KeSPrm
where
1 n
hin,X)= > - Y ¥ < i) I[Yq, <inl. (5.56)
a;=1 an=1
k(a)=X

Here, equalities among the iy’s are defined by the n, and equalities among the ay’s are defined
by the X. With X = (X, ...,%,), consider the component Xy, and the set of i’s in K. Their
associated j’s are then

ti(n, j)i| 1€ Ky, (5.57)

The upper limit of the index a; in its summation is #(n, j);. Then since #(n, 7); is nondecreas-
ing in i, the upper limit of all the indices with i € Xy must be that of the smallest such i. We
can then write

i(n/j)min(IKl) i(nrj)min(xu)
hin,X,j)= ) - Y Ve <ig)e--1Ye, <inl. (5.58)
amin(xl)zl amin(ﬂCu):l
distinct

The indices are now distinct because they are from different components of X. The same idea
shows that if we group the indicator functions in each summand according to the Xy, we find
the summand is

u

ITIT e <itng)id = [ [ 1o,y < 607 Fminiscy)- (5.59)

k=1 1%y k=1

To clean up the notation a bit, for given n and X, let j; = i(n, j)min(x,)- Then

)1 Ju
Elh(n, K, 7)) = > - ) E[Yp <jil--- IV, <jill. (5.60)
bi=1  bu=1

distinct
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By the exchangeability of the distribution of Y, the expectations of the summands are equal.
Because the ji’s are in nondecreasing order, the number of summands can be calculated as
3105 —1)---(ji, —u+1). Since the Yy, ’s are also distinct integers, that last value is also the
numerator of the expected value of the summand. That is,

GiG3—1) - (G —u+1)?

Eh(n, X, 5)] = . .
i X3 = =1 - (m—u+ 1) (.61)
Now we have
Els"] = ) Y Y Ehn, X 5)
nejenm 1< <r<m Ke8Pr m.
_ ) An (5.62)
neﬂ@nm KESPrm

where

-y .y 3112 --(J‘ﬁ—””)z. (5.63)

1<K1<<jr<m ' (m_u+1)

The interchanging of summations in (5.62) is valid because the partitions we sum over are
given by m, independently of n. The A’s are the computationally most complex part of the
calculations. There are a numerous redundancies among them. For example, with n = 4,
there are 15 possible ordered set partitions X, and 8 combinations, but only 33 different A’s.

5.4.1 Third central moment

Sen & Salama (1983) present the third central moment of the footrule, which they find using
their decomposition. Here we present a proof, and similarly find the fourth moment in Section
5.4.2.

Assume that m > n, where n = 3, so that the combinations n are (3),(2,1),(1,2), and
(1,1,1), and from (5.51),

ES%] = 0(3)+30(2,1) +30(1,2) +60(1,1,1). (5.64)

The set partitions X are (123), (12,3), (13,2), (1,23) and (1,2, 3). For each (n, X) pair, we need
to find the j*’s in terms of the j’s. In the next table, the entries are jj, ..., j}.

n (3) (2,1) (1,2) (1,1,1)
j (]1) (jl/jZ) (jl/jZ) (j11j21j3)
’I,(’I’L,]) (jl/jl/jl) (jl/jl/jZ) (jlljleZ) (jl/j21j3)
X
(123) j1 i1 j1 j1 (5.65)
(12,3) 1,1 i1,32 i1,J2 j1,73
(13,2)  j1,j1 i1 i1,J2 j1,32
(1,23)  j1,1 j1,1 j1/2 j1,32

(1,2,3) jiijuin dudvi2 dud2d2 i
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For example, take the n = (2,1) combination, which correspond to T T =T;, T;, T;,, so that
i(n,j) = 4((2,1),(j1,j2)) = (j1,j1,j2)- For each ordered set partition fK we con81der just the
minima for the component sets. Thus K = (123) gives just the index “1,” which applied to
i(n, g) yields “j;.” For KX = (12,3) we find the minima (1,3), which in turn picks out the first
and third components of ¢(n, j), i.e., “j1,j2.”

Now for each column, we sum each entry’s (5.61) over 1 < j; < --- < jr, < mto find the A
in (5.63), then add up over partitions. For the first column, the mlddle three entries are equal,
so we obtain

m m .2 Mmoo 12 Moo Ay A2
Y EM) :Z]_1+3 Y (j1(G1—1)) Ly (G101 1))(211n 2))” (5.66)

The (2,1) and (1,2) columns both sum over j; < jp, but have slightly different sets of sum-
mands:

.2 B
Sy emn- Yy by y Gle-in

1<1<Gosm 1<j1<josm 1< 1<Gosm
(11(J1—1) ]1 1—1) —2))?
+2 > ) TS ZZ —IE (5.67)
1<j1<josm 1<)1<J2<m
and
2] _ i )1 2—1 2—1 )2—2))2
D) EMTI= ) ) L+3) > - yy U oy e S TR
1<1<Ga<m 1<)1<)2<m 1<1<Gp<m 1<1<Ga<m
(5.68)
Finally,
i1 (G10Gs—1))? 13—1
ZZ E[T;, T3, Ti,) Zn—1 > - Z
1<1<Ga<js<m 1<G1<G2<jz<m 1<11<Jz<)3<m
Jl )2—1 11 Jz—l) 2))2
ey + ) ) 5y 669
1<j1<G2<jzsm 1<h<)z<)3<m

Note that although all columns sum over j% /m in the first row, the summation depends on r,
the number of indices summed over.

Here we turn to the computer algebra system again. The various A’s are then easy to find,
and we assemble them as in (5.66) to (5.69), then use (5.62) to find that

(m+1)(m+2)(280m* 4 504m3 + 452m? + 315m + 153)

31 _
ElS1 = 7560

(5.70)
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Then the third central moment is by (5.11) and (5.19),

E[(S—E[S])3] = E[S®] —3E[S]Var[S] — E[S]3

gt gmAUem ) (m+ HEm?+7) ((m+1)(2m+1))3
N 6 180 6
_ (m+41)(m+2) (2m? +31)
- 3780 ' (5.71)
Thus by (5.65),
1 2431
E[(DFoot - E[(DFoot])3] = _2(m+ )(m+ 2) (2m \ ) . (5.72)

945

5.4.2 Fourth central moment

We turn to the fourth moment. For (5.51), we need the compositions of n =4, of which there
are 21 = 8. Now we assume that m > 4. We find that

E[SY = o(4) +40(3,1) +40(1,3) +60(2,2)+120(2,1,1)
+120(1,2,1) +120(1,1,2) + 24 0(1,1,1,1). (5.73)

Table 5.1 has the sets of j* for the pairs of (n,X). After assembling all the calculations
analogous to those in (5.66) through (5.69), we find with the computer algebra system that

E[SY] (m + 1)(2800m” + 15680m° + 34684m°

~ 226800
+ 45500m* 4 46315m3 + 37775m? + 22086m + 7920), (5.74)

and using previous moments,

1)(28m° + 180m?3 + 160m? 7 12
EL(S — E[S])4] = (m+1)(28m° + 80n175;roo60m +887m + 65). (5.75)

Finally, multiplying by 24 we find

E[(DFoot — E[(DFoot])*] = 16 E[(S — E[S])¥]

(m +1)(28m° + 180m3 4 160m? + 887m + 1265)
= 5 . (5.76)

5.5 Mathematica code

The key functions here parallel those for Spearman’s distance in Section 4.2.1, finding the nt"
raw and central moments, and the regular and normalized cumulants. Again, n must be a
nonnegative integer and m either a positive integer or symbol. Also, if m is a symbol, the
formula is valid for m > n.
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n (4) (3,1) (1,3) (2,2)
i(n,3)  G1ivivil) Guivivi2) Giudzded2) Gz dz)
(1234) j1 i1 i1 i1
(123,4) i1 i1,72 i1,)2 j1,32
(124,3) i1 i1 j1,32 i1,]2
(134,2) j1,91 j1,1 j1,32 j1,91
(1,234) j1,1 j1,1 j1/2 j1,91
(12,34) j1,1 j1,1 j1/)2 j1,32
(13,24) i1 i1, 1 j1,)2 j1,1
(14,23) i1 i1, 1 12 i1
(12,3,4)  j1 i1 i1,31,32 1,32, 32 j1,32,32
(13,2,4) 1,791,791 1,391,932 J1,32,32 j1,31/)2
(14,2,3) 191,01 1,911 1,92/ 2 j1,31,)2
(1,23,4) 1,01 1,31, 32 j1,92/92 j1,91,32
(1,24,3)  j1,j1u 01 1,131,791 j1,32/92 i1,31,92
(1,2,34) 111 11 i1,32/32 j1,91,32

(1/2/3/4) jl/jl/jl/jl jl/jl/jlljz j1/j2,j2,j2 jl/jl/jZ/jZ

n (2,1,1) (1,2,1) (1,1,2) (1,2,3,4)
i(n,J) = (1,31,32,93) (O1,32,32,38) (1,92,33,33) (31,32,33,)4)
(1234) i i1 i1 i1
(123,4) j1,33 j1,3 j1,3 j1, )4
(124,3) J1,)2 j1,32 i1,33 j1,3
(134,2) j1,)1 j1,32 j1,2 i1,J2
(1,234) j1,1 j1,32 i1,2 i1,2
(12,34) j1,732 j1,32 j1,3 j1,3
(13,24) j1,91 j1,32 j1,32 j1/2
(14,23) J1,J1 j1,32 j1,2 j1/2
(12,3,4) i1,32,33 j1,32/3 J1,73/)3 31,73/ )4
(13/214) jl/jl/j3 j11j21j3 jl/j21j3 jl/j21j4
(14,2,3)  j1,i1 2 i1,32,32 i1,)2,33 j1,32/33
(1,23,4) i1,31,33 i1,32,33 i1,32,73 j1,)2/ 74
(1,24,3) 1,791,732 j1,32/32 31,32/33 J1,32/33
(1,2,34) i1,31,32 j1,32/32 j1,32/33 J1,32/33

(1,2,3,4)  j1,91,92,33 192,293 12,0303 G1,92,73,74

Table 5.1: The indices for (5.63) to find the fourth moment of S.
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There are a number of helper function. The function integerCompositions[n,m] finds the list
of integer compositions of n with at most m components, J€p, . Mathematica doesn’t seem to
have a built-in such function, as they do have for integer partitions. The function indicesO[r,m]
constructs the indices for the multiple summation in (5.63). The (numerators of the) sum-
mands are found using smnd[hv], where hv is a vector that indicates which indices j appear,
so that hv = 1,1,3,5 represents the product ji(j1 —1)(jz —2)(j5 — 3). Function lambda[nn,sp,m]
calculates A(n,X) in (5.63), where nn is the integer combination n and sp is the set partition
XK. Function footruleSRawMoment[n,m] finds the n'" raw moment of S, calling upon the two
functions for m being an integer or symbol. The functions setPartitions and denom are the same
as for Spearman’s distance.

Needs["Combinatorica‘]

setPartitions[n _,m ] := Select[Combinatorica'SetPartitions[n],Function[Length[#1]<=m]];
integerCompositions[n ] := Table[Append[p,n]—Prepend[p,0],{p,Subsets[Range[n—1]]}];
integerCompositions[n _,m ] := Select[Table[Append[p, n] — Prepend]p, 0],

{p, Subsets[Range[n — 1]]}],Function[Length[#1]<=m]];
indicesO[r_, m ] := Module[{inds, inds2},

inds = Table[i[j], {j, Range[r]}];

inds2 = Prepend[Drop[inds, —1] + 1, 1];

Transpose[{inds, inds2, m + Range[—r + 1, O]}]];
smnd[hv_] := Module[{inds},

inds = Table[i[j], {j. hv}] — Range[0, Length[hv] — 1];

Apply[Times, inds]|;
lambda[nn_, sp_, m_] := Module[{ns, hv,lambda0},

lambdaO[hv_, r_, m0_] := lambda0O[hv,;r,m0] = Module[{si, sind},

si = smnd[hv];
sind = indicesO[r, m0];
Sum([si~2, Evaluate[Sequence @@ sind]]];

ns = Flatten[Table[ConstantArray]i, nn[[i]]], {i; 1, Length[nn]}]];

v = ns[[Apply[Min, sp, {1}]}

lambdaO[hv, Length[nn], m]];
denom[l , m ] := Pochhammer[m — | + 1, I];
footruleSRawMomentS[n_,m_| :=

Factor[Sum[Apply[Multinomial, nn]xlambda[nn, sp, m]/denom[Length[sp], m],

{nn, integerCompositions[n]}, {sp, Combinatorica‘SetPartitions[n]}]]
footruleSRawMomentN[n_, m | := Sum[Apply[Multinomial, nn]xlambda[nn, sp, m]/denom[Length[sp], m],

{nn, integerCompositions[n,m]}, {sp, setPartitions[n,m]}];
footruleSRawMoment[0, m ] := 1;
footruleSRawMoment[n _, m_]:= (

If[!IntegerQ[n],return[(Print["n must be a nonnegative integer"];Abort[])]];

If[IntegerQ[m] && m<=n,footruleSRawMomentN[n,m],footruleSRawMomentS[n,m]]);
footruleRawMoment[n _,m_] := Module[{mmp1},

mmpl = mx(m+1);

Factor[Sum[Binomial[n, k]J*mmpl~kx(—2)"(n—k)*footrulesSRawMoment[n—k,m], {k, 0, n}]]];
footruleCentralMoment[n _, m_] := Module[{mu},

mu = footruleSRawMoment[1, m];

(—2) " n*Factor[Sum[Binomial[n, k]*footruleSRawMoment[k, m]*(—mu)~(n — k), {k, 0, n}]]];
footruleCumulant[n_, m_| := cumulant[n, footruleRawMoment, m];
footruleNormalizedCumulant[n_,m | :=

If[n==1,0,footruleCumulant[n,m]/footruleCentralMoment[2,m] ~ (n/2)];
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5.6 Normal and Edgeworth approximations

For the asymptotic normality of the footrule, we use Theorem 3.3, Hoeffding’s theorem with
our note that we can use 8 in place of 8" in the numerator (3.22). Here

max{8*(,j)[1 < 1,j < m}=max{li—j*|1<ij<m}=(m—1)% (5.77)

From (5.19), the variance is of order 2m3/45 as m — oco. Thus the ratio (m — 1)?/Var[dreotrule]
approaches zero, proving that

DFoot - E[DFoot] %N (0, 1)_ (5.78)
Var[Dgoot)

We next tried the Edgeworth expansion approximations for L = 1,...,6. Generally, those
based on the density expansion and distribution function expansion were similar in accuracy,
except for L = 5 and 6, where the density-based approximations were better. From here on,
we will restrict to those estimates. Figures 5.1, 5.2, and 5.3 compare the approximations using
criteria in (4.54) and (4.55), i.e., the maximum error in estimating the density, in estimating the
distribution function, and the maximum relative error in estimating the p-value for p-values
over 0.00001, respectively.

Overall, the approximations are very good. Even for m =50 and L = 2, the errors for the
three criteria are, respectively, 3.3x1077, 4.5%x107%, and 0.04. Table 5.79 shows the values for
L = 6 and select values of m from 10 to 350. Except for the relative error in the p-value for
m < 50, all the errors are quite small.

10 25 50 100
Density 0.00145 1.44x107° 2.71x107% 7.28x1071°
Distribution function 0.000803 5.07x107¢ 3.44x10~7 2.64x1078
Relative, p-value 0.482 0.156 0.00354  0.000481
(5.79)

150 200 275 350
Density 9x1071  2.06x1071 4.06x10712 1.19x10712
Distribution function 6.02x1077 2.12x10~° 6.74x10710 2.84x10~1°
Relative, p-value 0.000124 4.47x107° 1.43x107° 6.05x107°

5.7 R code

Here we present R functions to calculate the first eight moments and cumulants of the dis-
tribution of the footrule, and the functions for the Edgeworth approximations up to L = 6.
See the parallel section for Spearman’s distance, Section 4.5, for more explanation of these
routines.
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Figure 5.1: The maximum error in estimating the density for the footrule, as a function of
m. The values are log,, of the ME4ey; the lines depend on L, the number of terms in the
Edgeworth expansion.
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Figure 5.2: The maximum error in estimating the distribution function for the footrule, as a
function of m. The values are log,, of the MEpg; the lines depend on L, the number of terms
in the Edgeworth expansion.
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Figure 5.3: The maximum relative error in estimating the p-value (for p-values > 0.00001) for
the footrule, as a function of m. The values are log,, of the MREy; the lines depend on L, the
number of terms in the Edgeworth expansion.

footrule__moments <— function(m) {
if(m==1) return(rep(0,8))
if(m==2) return(c(1,1,0,1,0,1,0,1))
mu <— (m~2—1)/3
s2 <— (m+1)%(2xm"~2+7)/45
m3 <— —2x(m+1)*(m+2)*(2xm"~2+31)/945
if(m==3) return(c(mu, s2, m3, 272/27, —(4960/243), 45760/729,—(113792/729), 2829056,/6561))
m4 <— (m+1)%(28xm"~5+180%m ~34+160xm ~2+887+m+1265)/4725
if(m==4) return(c(mu,s2, m3, m4, —120, 2593/3,—3164, 54571/3))
m5 <— =((4%(1 + m)*(2 + m)*(8555 + m*(3587 + 2xmx(43 + m*(394 + mx(—5 + 22xm))))))/93555)
if(m==5) return(c(mu,s2, m3, m4, m5, 24288/5,—(128576/5), 213376))
m6 <— (1 + m)*(368963105 -+ m+(385870348 + mx(112117257 + 2+m«(16273614 +
m*(9254001 + 2+m#(545223 + m#(450037 + 286+m*(—127 + 147+m))))))))/127702575
if(m==6) return(c(mu,s2, m3, m4, m5, m6,—(449092336/3645), 49981557493/32805))
m7 <— —2x(1 + m)*(2 + m)*(73541545 + mx(46078520 + m*(4890161 + 2xm=x(1494444 +
m#*(822501 4+ 2%mx(—22140 + 7*mx(6113 + 26+%m*(—16 + 11xm))))))))/18243225
if(m==7) return(c(mu,s2, m3, m4, m5, m6,m7, 23910656/3))
m8 <— (1 + m)*(1690532291725 + m#(2016696623115 + m#(758605059019 + m=(125630091477 +
8xmx(6671943200 + m*(2137251630 + m*(249602164 + mx*(168465567 +
2+m#(3955550 + 17xm#(408960 + 143+m+(—361 + 147xm)))))))))))/13956067125
c(mu,s2,m3,m4,m5,m6,m7,m8)

footrule _cumulants <— function(m) {
if(m==1) return(rep(0,8))
if(m==2) return(c(1, 1, 0, =2, 0, 16, 0, —272))
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kl <— (m~2-1)/3

k2 <— (1 + m)*(7 + 2xm~2)/45

k3 <— —2x%(1 4+ m)*(2 + m)*(31 + 2xm~2)/945

if(m==3) return(c(k1,k2,k3, —(128/27), 2080/81, 3200/243, —(151424/243), 1083904 /729))

kd <— —2x%(1 4+ m)*(—461 + 2xmx*(—136 + m*(9 + mx(4 + 7xm))))/4725

if(m==4) return(c(k1,k2,k3, k4, 160/3, —(1136/9), —(2912/3), 102736/9))

k5 <— 8%(1 4+ m)*(2 + m)*(—1028 + m*(—200 + m=(125 + m=(8 + 9xm))))/31185

if(m==5) return(c(k1,k2,k3, kd k5, 4512/25, —17248/25, —1229216/125))

k6 <— 16%(1 + m)x(5867107 + m*(4896338 + m*(411595 + 2xmx(—147077 + mx(5687 +
mx(4789 + 5673xm))))))/42567525

if(m==6) return(c(k1,k2,k3,k4,k5 k6, —67053056/6075,—13725231184/91125))

k7 <— —((1/6081075)(16%(1 + m)*(2 + m)*(2503157 + m*(1131328 + m(—122143 +
mx(—33296 + mx(21407 + 2xmx(1028 4 681xm))))))))

if(m==7) return(c(k1,k2,k3,k4,k5,k6,k7,—8488960/21))

k8 <— —(1/1550674125)(16%(1 + m)*(—10129376957 + 2+m+(—5353166424 + mx(~1413344332 +
m*(109175700 + m*(25532019 + mx(—15456588 + m#(—312530 4 mx(281688 + 350635+m)))))))))

c(k1,k2,k3,k4,k5,k6,k7,k8)

footrule normalized cumulants <— function(m) {

}

if(m<2) return(rep(0,8))

fc <— footrule cumulants(m)
sigma <— sqrt(fc[2])
c(0,1,fc[3:8] /sigma"(3:8))

footrule _edgeworthf <— function(x,m,L,n=1) {

}

mu <— nx(m~2—1)/3

sigma <— sqrt(n*(1 + m)*(7 + 2xm~2)/45)
kum <— footrule normalized _cumulants(m)
z <— (x—mu)/sigma
dnorm(z)*edgef(z,L,kum,n)*2/sigma

footrule edgeworthF <— function(x,m,L,n=1) {

mu <— nx(m?2—1)/3

sigma <— sqrt(n*(1 + m)*(7 + 2xm~2)/45)
kum <—footrule normalized _cumulants(m)
z <— (x—mu+1)/sigma

pnorm(z) — dnorm(z)*edgeF(z,L,kum,n)



Chapter 6

Kendall’s distance

A popular distance is Kendall’s distance, which is the distance upon which Kendall’s T mea-
sure of correlation is based. See M. G. Kendall & Gibbons (1990). For x,y € Py, Kendall’s
distance counts the number of discordant pairs in the two vectors, a discordant pair being an
(xi,yi) and (x;,y;) for which x; < x; but y; > yj, orvice versa. The distance is then given by

dken(y, T Z Z I[( y]) < 0]. (6.1)

1< <is<m

This distance is label-invariant, hence for the null distribution it is enough to take x = w =
(1,...,m) and consider the distribution of

Dyen = dgen (Y, w), Y ~ Uniform(P,). (6.2)

The dgen(y, w) can also be given as the number of adjacent interchanges in the y needed
to bring y tow. E.g., if m =4 and y = (3,1,4,2), we can proceed as

3,1,4,2) = (1,3,4,2) — (1,3,2,4) — (1,2,3,4). (6.3)

There are three interchanges, so dxen((3,1,4,2),(1,2,3,4)) = 3.

To find the exact and asymptotic distribution of Dxen, we present a convenient decompo-
sition into independent random variables in the next section, which we then apply in later
sections.

6.1 Decomposition

First, we organize the sum according to the y;’s. With x = w = (1,2,...,m), the x; —x; > 0 in
the summation (6.1). Then we can write

den(Y,w) = > ) Vi <Yj]

1<j<i<m
i—1
_ZV” where V; = ZIY <Yjl. (6.4)
i=2 j=1

65
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So, for example, Vj is the number of {Yi,Y>, Y3} that exceed Y;. Note that V; has space
{0,...,i—1}, for i = 2,...,m. Feller (1968, page 256-257) argues that the V; are independent
and uniformly distributed over their spaces. Let

Vin=1{0,1} x{0,1,2} x --- x{0,...,m—1} (6.5)
be the Cartesian product of these spaces. Then the map y — u = (vy,...,vin—1) is clearly from
P into Vin. Also, if y1) # y?), then the corresponding v(V)’s are not equal. (Find the largest
index 1 for which y El] #y Ez)‘ Then since the set of values {y gk), ey i(k)} is the same for both
vectors k = 1 and 2, but in different orders, the fact that they differ ygk) means they differ in

vgk).) Since #Pm, = #Vin = m!, the map must be onto. Since the distribution of Y is uniform,
so must be the induced distribution on V. From that fact, and the Cartesian nature of V,,,, we
have

Va, ...,V are independent, V; ~ Discrete Uniform({0,...,1—1}). (6.6)

6.2 Moments

The moments of Kendall’s distance can be found from the moments of the discrete uniforms.
The mean and variance of a discrete uniform on {0, ..., k} are k/2 and k(k +2) /12, respectively.
We present again for reference the sums of the first four powers of 1, ..., k, as in (5.7):

n cr](?) . Z]le in

1 k(k+1)/2

2 k(k+1)(2k+1)/6 (6.7)
3 K2 (k+1)%/4

4 k(k+1)(2k+1)(8k*+3k—1)/30

Then, withi’ =1—1,

m m—1 i
E[Dkenl = ZE[VJ =2 3
i=2 i=1
otV m(m—1)
=1 T (6.8)
and
m m—1.,.
1142
Var[Dgenl = ZVar[Vi] = Z ( R )
i=2 i=1
o 4200 mim—1)2m+5) 69)
- 12 - 72 ) '

Higher moments can be found similarly, from which we can find cumulants, but Moran
(1950) and Silverstone (1950) find the cumulants directly. We will show that the n'" cumulant
of V; is .

kP = U(in —1), (6.10)
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where kY is the nt" cumulant of U ~ Uniform(0, 1). See (2.49) and (2.50). To verify (6.10), note
that the cumulant generating function of the Uniform(0, a) is

cu(t; a) =log (eat — 1) , (6.11)

at

while that of V; is

_1 elt —1 1 et—1
— 08 it 8 t

=cyl(t; i) —cylt; 1). (6.12)
Thus the n'* cumulant of V; is the n'" cumulant of the Uniform(0,i) minus that of the
Uniform(0,1). Since the Uniform(0,i) = i-Uniform(0,1), its n'* cumulant is i"kY, hence
(6.10) follows from (6.12).

Let kn be the n'" cumulant of Kendall’s distance Dgen. Since Dgen is a sum of the inde-
pendent V;’s as in (6.4), and the cumulants of V; are given by (6.10), we have

m . m
Kn = ZK&) 3 KH Z(i“—l)

i=2 i=2
m
=Kk Q) _(i"—1)
i=1
= Y (o' —m). (6.13)

The odd cumulants of the uniform are zero except for the first, so the same is true for
Kendall’s distance. Using (6.7) and (2.50) in (6.13), we have that the fourth cumulant of Dy is

1 (1
=——WM - 1)(2m+1)(3m? —1)—
Ky 50 (30m(m+ )2m+1)(3m“+3m—1) m>
_ - m(m-1) (6m3 +21m? +31m+31). (6.14)
3600
Similarly, using Mathematica, we can find that
(m—1)m (6m° 4 27m* + 48m> + 48m? + 41m + 41)
Kg = , and
10584
(m—1)m (10m” +55m°® + 115m° + 115m* + 73m? + 73m? + 93m + 93)
Kg = — .
21600
(6.15)

The conversion formulas in Section 2.2 can be used to find various types of moments from the
cumulants.
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6.2.1 Mathematica code

Equation (6.13) is used in kendallCumulant[n,m] to find the n'" cumulant of Kendall’s distance.
We use the Mathematica function Cumulant to find the Uniform(0,1) cumulants. The regular
moments are found using kendallMoment[n,m], which call the function cumulant2moment from
Section 2.4.1.

kendallCumulant[n _,m ] := Factor[(Sum[k~n,{k,1,m}]—m)*Cumulant[UniformDistribution[{0,1}],n]];
kendallMoment[n _,m ]| := cumulant2moment[n,kendallCumulant,m];

6.3 Exact distribution

The exact distribution of Kendall’s distance can be found using convolutions of the V;’s. The
basic algorithm is to let Wy = Vo +--- + Vi, k = 2,...,m, so that W is the convolution of
W and V. Note that Wy has the distribution of Kendall’s distance with k objects ranked.
Thus the range of Wy is {0,...,k(k —1)/2}. Let fy(w) be the density of Wy, and g; be that of
V;, so that gi(u) =1/iforu=0,...,i—1. We start with

1
fa(w) = g2(w) = 5 W= 0,1, (6.16)
then fork =2,...,m—1, we have
min{w,k(k—1)/2} 1 min{w,k(k—1)/2}
fir(w) = Z fr(w) g1 (w—u) = kil Z fic(u). (6.17)
u=max{0,w—k} u=max{0,w—k}

The distribution of Wy is symmetric, fi (w) = fi(k(k—1)/2 —w), hence we need to calculate
(6.17) for only w = 0,..., k" = floor(k(k + 1)/4), then fill in the rest. The upper limit in the
sum will then be just w, so that this step is

1
fi1(w) = K1 Z fi(u), w=0,...,k%
u=max{0,w—k}
k(k+1) k(k+1)

(6.18)

— , =k*+1,...,
w) w + 5

i1 (w) = fig (

6.4 Normal and Edgeworth approximations

To prove the asymptotic normality of Kendall’s distance, we use the following corollary of the
Lindeberg—Feller theorem. See, e.g., Serfling (1980, page 30).

Theorem 6.1. Suppose Vi, i =1,2,... are independent, and let Dy, = Y "1 Vi. If for some v > 2,

> i EIlVi—EMWY
Var[Dy,]V/?

then (D — E[Dm])/+/VarDml — N(0,1).

—0 asm — oo, (6.19)
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For V; as in (6.6) (where V;=0), |V; — E[V;i]| <i—1, hence
m
D EVi—E[V{][Y = O(m™*). (6.20)
i=1

Now Dy, = Dgen, and by (6.9) has variance of order m?/36. Thus the ratio in (6.19) is
O(m!~/2), which goes to zero for any v > 2, proving by Theorem 6.1 that

DKen _E[DKen] N N(O 1)
Var[Dgen] ’

as m — 00. (6.21)

Figures 6.1 (density), 6.2 (distribution function), and 6.3 (p-values, relative) illustrate the
maximum errors of the normal approximation and Edgeworth approximations (up to L = 10
terms) for m from 10 to 500. See (4.54) and (4.55) for definitions of these errors. These graphs
are based on the Edgeworth expansion of the density, which overall, but especially for larger
m, showed smaller errors than those based on the distribution function’s expansion.

For m = 500, which can be found quickly using the exact algorithm of Section 6.3, the
simple normal approximation is very good for the density and distribution function, with
maximum errors of about 1x1077 and 1x 1074, respectively. The relative error for the p—values
has maximum error about 0.05, which may be a little high. With L = 2 terms in the Edgeworth
expansion, these three maximum errors are about 1.4 x 10719, 1.4x1077 and 7.5x10~%, which
are probably sufficient for the usual situations.

A moderate m = 100 may need the L = 4 term expansion, with maximum errors around
6.5x10719, 1x107% and 2x10~*. For small m = 10, we need to go to the L = 10 term expansion
for the relative error of the p-value to achieve a maximum under 0.1, in which case the density
and distribution function errors ate about 1x107% and 3x107%, respectively.

The bottom line is that for moderate to large m, L = 4 is fine. For small m the exact
algorithm is easy, anyway, so might as well use that.

6.5 R code

Below are the R functions for the moments (up to order 12), cumulants, and normalized cumu-
lants, as well as the Edgeworth expansions of the density and distribution. These expansions
take up to L = 10 terms. Note that the formulas for the cumulants are much nicer than those
for the moments.

kendall _moments <— function(m) {
if(m<?2) return(rep(0,12))
(1/4)%(—1 + m)*m = c(1,
(2¢+m+5)/18,
0,
(—372 + m*(—997 + m*(—127 + 4*m=(82 + 25%m))))/10800,
0,
(118080 + mx(391500 + m=(400733 + m*(—72460 + mx(—230695 +
2xmx*(—21005 + 98+mx*(167 + 50«m)))))))/7620480,
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Figure 6.1: The maximum error in estimating the density for Kendall’s distance, as a function
of m. The values are log;, of the MEg4ep; the lines depend on L, the number of terms in the

Edgeworth expansion.
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0,
—31/1800 + (m*(—113130288 + m*(—138803688 + mx*(—49258153 + m=(59298827 +
m(62414373 + m#(4246473 + 8xm+(—1994064 + m#(—549519 +
2450xmx(67 + 25xm))))))))))/1959552000,
0,
61/2178 + (m#(41672603520 + m+(65336937840 + m+(36134049576 + m+(—18039907415 +
m#(—30431836250 + m#(—9671655490 + m+(3953929208 + m+(4562897865 + 2+ms(553005465 +
484xm*(—664175 + 2xmx*(—167719 + 1225xm*(13 + 10«m)))))))))))))/379369267200,
0,
—2363911/22358700 + (m+*(—172335083530314240 + mx*(—197459676044536896 +
mx*(—150837210953698896 + m(—77972420124688716 + m=(88247642830732759 +
mx*(135417602903986777 + m#(11392020884057902 + m=x(—42894902437432958 +
mx*(—11183279701895213 + mx(3773773972549669 + 4xm*(418337303120486 +
169xm#*(849771419099 + 23716+m=(—1327741 +
25xm#(—373789 + 4900xm*(—4 +5xm))))))))))))))))/514072947548160000)}

kendall _cumulants <— function(m) {
if(m<2) return(rep(0,12))
(1/4)*%(—1 + m)*m = c(1,
(2+m+5)/18,

0,

(1/900)%(—31 — m*(31 + 3*xmx(7 + 2xm))),

0,

(41 + m*(41 + 3xmx(16 + m*(16 + mx(9 + 2xm)))))/2646,

0

(—93 — m*(93 + m*(73 + m*(73 + 5¥xm*(23 + m*(23 + m*(11 + 2xm)))))))/5400,

0,
0,

(61 + mx(61 + m*(94 + m*(94 + mx(28 + m*(2 + m)*(1 + 2xm)*(14 + 3xmx*(4 + m)))))))/2178,

—((1/22358700)%(691%(3421 + m*(3421 + m*(—1129 + m*(—1129 + 5xm*(1576 + mx(1576 + 7+xm=(—20 +
mx(—20 + 3*m*(41 + m*(41 + mx(15 + 2«m))))))))))))))}

kendall normalized cumulants <— function(m) {
kc <— kendall _cumulants(m)

c(0,1,ke[—(1:2)] /ke[2] ~ ((1:length(kc))[—(1:2)] /2))}

kendall _edgeworthf <— function(x,m,L,n=1) {
mu <— nx(m=1)xm/4
sigma <— sqrt(nkmx(m—1)x(2xm+5)/72)
kum <— kendall _normalized cumulants(m)
z <— (x—mu)/sigma
dnorm(z)*edgef(z,L,kum,n)/sigma}

kendall _edgeworthF <— function(x,m,L,n=1) {
mu <— nx(m—1)xm/4
sigma <— sqrt(nxm*(m—1)*(2xm+5)/72)
kum <— kendall normalized cumulants(m)
z <— (x—mu+.5)/sigma
pnorm(z)—dnorm(z)*edgeF(z,L,kum,n)}
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Figure 6.3: The maximum relative error in estimating the p-value (for p-values > 0.00001) for
Kendall’s distance, as a function of m. The values are log,;, of the MRE,y; the lines depend
on L, the number of terms in the Edgeworth expansion.



Chapter 7

Hamming distance

7.1 Exact distribution

It is not too hard to find the exact distribution of the Hamming distance, and from that
to derive the moments. As a Hoeffding distance, one can also use (3.17) for the first two
moments, which is also computationally easy. See Section 7.2. Here we sketch the argument
given by Feller (1968), pages 100-106.

For given y € P, and each i = 1,...,m, let A; be the event that y; = i, and B; be its
complement, y; # i. Then for k =0, ..., m,

Pldpam (Y, w) = k] = P#ilY; = i} = m —kI. (7.1)

There are (') ways to choose which of the y; =1, and each of those has the same probability.
Eg,PVi=1,Y2=2Y,#4i=3,.... m|=PYpg=m—-1Yn=mY i #ii=1,..., m—-2.
Letting the last m — k be the ones that match, we then have

m

PldHam (Y, w) = k| = (k

)P[Yl 751,...,Yk7£k,Yk+1 =k+1,...,Ym =m]

- (‘:) PIVi 41, Ye 2k Vs =k +1,..., Y = m]

XP[Yk_H =k+1,...,Ym = m]

1
WP[Yl#ll---/Yk%k’Ylﬂ»l:k+1/'--/Ym:m]/ (72)

the last equation following from

1 1 1 1 k!
PVt = k41,00, Y= ml = — ORI
Wit + m=m mm—1  k+1 (m)y m!

(7.3)

Consider the conditional probability given in (7.2). Conditionally, the Yj,..., Yy all must
take values in the range 1,...,k, and any arrangement is equally likely. Thus (Y7,...,Y) is
conditionally Uniform(®Py), so that is sufficient to find

PY] #1,...,Ys # kI where Y™ ~ Uniform(Py). (7.4)

73
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We take the complement of the intersection in the probability:
PIYT #1,...,Y, #kl=1—P[Yf=1orY; =2o0r ... or Y{ =K|. (7.5)

Now we use the union-intersection principle on the probability of the union (Feller, 1968,
theorem on page 99):

k
PlY;=1orY;=2o0r ... or Y =k] ZPY*—i Z PIV: =1,Y; =]
1<i<j<k
+ Z PY; :i,Y).* =i, Y =1
1<igji<i<k
4 (D)IPY =1,V =2,..., Y] =K. (7.6)

As above, each of the summations on the right-hand side is a sum of equal summands, on
which can use the formula (7.3), to obtain

K\ 1 1
> PIYV; =iy,..., Y =1 = (r) O (7.7)

I<i<ip<-<ir<k

Then inserting these values into (7.6) and subtracting from 1 we have from (7.5) that
k ( r+1 r

k
PV #1,..., Yp# K =1- Y Z

r=1 =0

(7.8)

We take Eg = 1. Note that Ey is the sum of the first k + 1 terms of the expansion of e 1. Also,
E; = 0, which makes sense since it is impossible to have exactly one Y; # i. Thus from (7.3),

1

Pldgam (Y, w) =kl = m

Ey, k=0,...,m (7.9)

7.2 Moments

If interest is mainly in the first two moments, the Hoeffding approach is quite simple. The
Hamming distance has 8(1,j) = I[i # j], so that we can write,

Afam = 1'1—1, (7.10)

and find from (3.9) that
HAy,nWH =—H. (7.11)

Then by (3.17),

Eldgyam (Y, w)] = trace(H) =m—1 and

trace(H) = 1. (7.12)

1
Var[dgam (Y, w)] =
m—1
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For higher moments, it is easiest to consider factorial moments of the number of matches.
That is, let C be the random variable

C=m—dygam(Y,w). (7.13)
The density of C is found from (7.9) by switching k and m — k:

1
PIC=K = Emi k=0,..,m (7.14)

The st" factorial moment (see (2.1)) of C for positive integer s is
¥s = El(C)s] =E[C(C—1)--- (C—s+ 1) (7.15)

Note that (c); =0 if ¢ < s, hence (c)s = 0 if m < s and c is in‘the range of C. Thus ys; = 0 for
s > m. For 0 < s < m, we have

i 1 Uk 1 U |
El(C)s] = Z(C)s ] Em—oc= Z(C)r - Em—c = Z TPUAY! Em ¢ (setk=c—s)
P c! p— c! - (c —s)!
m—s 1
k=0

the final equation following from the fact that the summation is over the density of C for m —s
objects. Thus

Y =10<s<ml. (7.17)
We can use (2.20) to find the raw moments from the factorial moments:
11\
— /- *
M =E[C)=s! > Ik*<m]]] o (ﬂ> . (7.18)
keAs 1=1

See Lemma 2.1 for the definitions of Ag and k*. Then use (2.10) (where E[C] = 1) to obtain the
central moments from the raw moments:

o =E(C-1" =) (T;) (=)™ *me. (7.19)

s=0

The central moments for the Hamming distance can then be easily obtained from those of C
via
= (— 1), (7.20)
We note that the Poisson(1) random variable has all factorial moments as well as cumulants
equal to 1. (For the Poisson(A), the factorial moments are y, = A™ and the cumulants are all
A.) Thus the n'" moment (cumulant) of C is the same as the n'™ moment (cumulant) of the
Poisson(1) as long as n < m. The central moments for n =2,...,8 for the Hamming distance
are given next, each assuming m > n:

n 2 3 4 5 6 7 8
e 1 -1 4 —11 41 -—-162 715

(7.21)



76 CHAPTER 7. HAMMING DISTANCE

7.3 Asymptotics

The fact that the k" factorial moments of C are the same as those for the Poisson(1) for k < m
suggests that as m — oo, the C approaches that Poisson. Indeed, it does. From (7.8) we have
that Ey is the sum of the first k terms in the expansion of e 1, hence for the density of C in
(7.14), for any fixed k, B,y — e~ as m — oo. That is,

1 1

PC=K — e, (7.22)

the Poisson(1) density. Thus for the footrule,
Diam — m — Poisson(1). (7.23)

Diaconis (1988, page 117) states that the total variation distance (the maximum absolute
difference between the two distributions of the probability of any set) between C and the
Poisson(1) is less than 2™ /m!. For m = 10 the value is 0.00028, and for m = 25 it is 2.1x10718.
Thus even though the exact distribution is fairly easy to compute for moderate m, the Poisson
approximation is essentially exact for m > 25.



Chapter 8

Ulam’s distance

8.1 Definition

For a rank vector y € Py, an increasing subsequence is a subsequence (y;i,, ..., y;, ) where
I<iyp<--- < <m and yi;, <Yi, < - < Yy, (8.1)

Then a longest increasing subsequence is a subsequence with the largest k. There may be
more than one subsequence with the largest k. Ulam suggested a distance between w =
(1,2,...,m) and y be m —k:

dulam (¥, w) = m — Length of longest increasing subsequence of y. (8.2)

Then if y = w, the distance is zero. The worst is if y = (m,m —1,...,1) where there are only
increasing subsequences of length 1, i.e., the distance is m — 1. Some examples for m = 6:

Y Longest increasing subsequence(s) Length dypm(y,w)

123456 123456 6 0
512463 1246 4 2 (8.3)
241635 246,245,135 3 3
654321 1,2,3,4,5,6 1 5

The distance between y and an arbitrary « € Py, is defined as m minus the length of the
longest increasing subsequence on which « and y are increasingly related, i.e., m — L for the
largest L for which there are indices 1y, ..., 1 such that

Xiy < X1, << Xip and Yiy < Yi, << Yi; - (84)

Equivalently, reorder the objects such that = w, then use (8.2) on the reordered y.

The analysis of this distance involves some deep and interesting mathematics, which we
review in this chapter. Section 8.2 we present an efficient way to find the longest increasing
subsequence. Section 8.3 uses fairly advanced combinatorics to find a way to calculate the
null distribution that is much faster than basic enumeration. The asymptotic distribution was
only recently discovered, being the Tracy-Widom distribution (Section 8.4), which arises in the
asymptotic distribution of eigenvalues in random matrices. The approximation based on this
distribution needs very large m to kick in, so in Section 8.4 uses beta approximations based
on simulations preformed by Wellner (2002).

77
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8.2 Calculating the distance

Schensted (1961) presents an algorithm that calculates the length of the longest increasing
subsequence in one pass through the elements of y. Aldous & Diaconis (1999) relate the
algorithm to card game they term patience sorting, where there are m cards with the numbers
1 to m in the order given by the y. (“Patience” is British for games called “solitaire” in the
us.)

The algorithm sequentially places each y; into one of a row of m potential cells. We start
by placing y; in the left-most cell. Suppose after placing y;, we have the left-most 1; of the
cells occupied. Let sjm be the y-valuein cell j,j =1,..., L. If yi 11 > s{? (the right-most cell),

then we place yi;1 in the next empty cell, so that we have one more occupied cell, l;11 =1 +1

il) = Yi+1. The other cells remain the same, sj(iﬂ) = sjm,j =1,..., L Ifyiq < s{?, then

we find the smallest value among the cells that exceeds y;4, say the value in cell h. Then we
place yi1 in cell h, and “bump” the previous value from the cell. The rest of the cells remain
the same, i.e., s}&wl) =Yi+1, and s sm,j # h.

When we finish, we have 1,,, cells filled. The claim is that the length of the longest increas-
ing subsequence is l,,. It is easier to see an illustration, after which we justify the claim. Let

y=(4,1,3,6,57,2). We proceed through the vector.

and s%

y1 =4, which we place in the first cell. =

[+]
—
—
_
I
—_
—

is less than sgl)

4 with the 1.

Yy =1 = 4, hence we replace the _.

=
—
—
N
I
—_
—

is larger than what is there, hence we

Yys =3 place it in the next-right cell.

4
=
[«
e

I
L/

is again larger than what is in the cells,

Y4 =6 Lence we place it in the third cell. = [1]8]6] (14 =3) 8.5)
; : (4)
—5 s smaller than just the s, = 6, hence we — 1375 L —3
95 bump the 6 and replace it with the 5 EREIE (15 =3)
is larger than anything, hence we place it
=6 is a new cell. = ---- (L )
gy =2 is smaller than 3, 5, and 7, so the 2 N (1 = 4)

bumps the smallest of those.

There are 1., =4 occupied cells. Inspecting y, we see that the longest increasing subsequences
are 1367 and 1357, which are indeed of length 4. Thus dyjam(y, w) = m — 1L,y = 2. Note that
the sequence of numbers in the cells at the end of the process in (8.5), 1257, is not the longest
increasing subsequence, being not an increasing subsequence within y.

By construction, the numbers in the cells increase as we go from left to right, and over

time, for each cell, the numbers do not increase, sjﬁﬂ) < s)m (if the cells are occupied).
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If we are interested in knowing the best sequence in addition to its length, we add some
notes to our above procedure. For each y;, we note the number directly to its left when first
placed in a cell, unless it is placed in the first cell. For the sequence in (8.5) we would have

4(0); 1(0); 3(1); 6(3); 5(3); 7(5); 2(1). (8.6)

Starting with the number in the right-most cell in (8.5), in this case 7, we see that 5 was directly
to its left, then 3 was directly to the left of 5, and 1 was directly to the left of 3. There is nothing
the left of 1, so we have the sequence from right to left, 7531, or from left to right, 1357. This
sequence is one of the longest increasing subsequences.

To show that the above algorithm in general finds the length of the longest increasing
subsequence, we argue the following two facts. Here, L is the number of occupied cells
resulting from the procedure.

1. There exists an increasing subsequence of length L. As above, for each y;, let y;;) be the value
in the cell just to the left of that into which y; is placed (at the time y; is placed). Then
j(i) < ibecause the values are placed sequentially by index, and y;;) < yi, since yj;) is
to the left of y; among the cells. Let a; be the index of the value in the Lth (right-most)
pile, so that s(Lm) =Yq. Forl=L—-1,...,1, set a; = j(aj41) as in (8.6). Note that y,, is
in cell L, hence y;_; was initially placed in cell L — 1, and yq, was initially placed in cell
l,l=L-2,...,1. That is, this sequence is of length L. Then we have that

ap <ap<---<ap and Yq, <Yg < - < Yaq;, (8.7)
which is an increasing subsequence of length L.

2. If an increasing subsequence has length K, then K’ < L. Suppose Y, ..., Vi, is an increasing
subsequence as in (8.1). During the procedure, y;, will be placed in a cell, say cell k,
sl(gl) = yi,- At yi,’s turn, the k'™ cell will be no more than y;, since 51(52) < s](g V. Thus
Yi, < Vi, implies that y;, will be placed in a cell to the right of k. Continuing, each Yy,
will be placed to the right of the previous. Since there are only L occupied cells in the
entire patience process, the K distinct cells the y;;’s are placed in must all be at or to the

leftof L, hence K < L.

Thus items 1 and 2 show that the maximum length of the set of increasing subsequences is L.

8.3 The exact distribution

Schensted used his algorithm from the previous section to show a correspondence between
permutations (rank vectors for us) and pairs of what are known as Young tableaux. The
numbers of such tableaux are easily counted using a remarkable formula by Frame, Robinson,
and Thrall (1954), which can then be used to efficiently determine the exact distribution of the
length of the longest subsequence, or Ulam’s distance, for m up to about 150. Here we present
the basic ideas in Schensted’s development.

Schensted continues his algorithm as in (8.5) by taking the bumped values, and using them
to fill further rows of cells. That is, if a value is bumped from the initial row, it is inserted into
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a second row using the same rules as for the first row. Any value bumped from the second
row is placed in a third row, etc. Consider again the example with y = (4,1,3,6,5,7,2). We
start as before, with y; = 4 in the first cell. But when y, = 1 bumps 4, we now place it in the
tirst cell of the second row, as in table (a) in (8.8). Then y3 = 3 and y4 = 6 go in the first row
as before, with no bumping, yielding table (b).

—_
(68)
—_
(O8]

1[2]5]7]
(@) g ) | SLe) o L2 1E) @ R o 36 59)
4

=
—_

Next, ys5 = 5 means the 6 gets bumped to the second row. Since it is larger than the 4, it
is placed in the second cell, as in table (c). The y¢ = 7 has no bumping, yielding table (d).
Finally, y7 = 2, which bumps the 3 from the first row. Now the 3 bumps the 4 in the second
row, which then must start a third row, hence we obtain table (e).

Consider the shapes of the tables in (8.8). In each case, the lengths of the rows are non-
increasing as we go down. Such tables, ignoring the numbers in the boxes, are called Young
diagrams. (If the boxes are replaced by dots, they are Ferrers diagrams.) Such diagrams are
graphical representations of partitions of integers. That is, in table (e), the row lengths are
(4,2,1), which is a partition of the integer m = 7. By construction, the values in each row
are increasing as we go from left to right. Notice also that in each column, the values are
increasing from top to bottom. We will call such arrangements monotone Young tableaux
(which is not standard terminology). If as for table (e), a monotone tableau with m cells
contains exactly the numbers 1, ..., m, then itis a standard Young tableaux. (A plain Young
tableau is a Young diagram with distinct numbers in the boxes, but in no particular order.)
We summarize the first key result due to Schensted. The example in (8.8) may be convincing
enough, but we provide a fairly detailed proof.

Lemma 8.1. For each y € P, Schensted's algorithm yields a standard Young tableau with m cells.

Proof. Let P be the table at stage 1 (so that, e.g., table (a) in (8.8) is P2 table (b) is P¥, and
table (e) is P17 = pP). P is just a single box with yj, hence is a monotone Young tableau.
Suppose P is a monotone Young tableau, and start the process of placing yi 1.

We first verify that the Schensted algorithm guarantees that P'"*1) is a Young diagram,
i.e., the lengths of the rows are nonincreasing as we go down. If two consecutive rows of PV
are such that the top one of the two is longer than the other, then any number bumped from
the top will increase the next row by at most one, hence will still satisfy the monotonicity. If
the two have the same length, and a number is bumped from the top one, that number will be
less than the number in the box directly below it by the assumption of increasingness down
the columns. Thus it will be placed in that box, or one to the left, which in either case will
leave the length of that row the same.

Now to make sure the monotonicity is preserved. Going from P to P*1 will involve
a series of placings and, possibly, bumpings. Each such placing will preserve the row mono-
tonicity, so for the rest of the proof we will focus on showing the column monotonicity. We
show that after each placing, the monotonicity holds. First, yi;1 is placed in row 1. If yi;q is
larger than anything in that row, it is added to the end of that row. Since it will be the only
value in its column, the column monotonicity is fine. Everything else stays the same, and we
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are finished. Otherwise yi;; bumps the lowest value in the first row that is larger than y;.,
say z = Pl(lc] By the monotonicity of the i'"* table,

Pl<. <PV <yu<z=PY< .. < Pr(—?l,cl (8.9)
and
Yy <z=P <Pl <... <P, (8.10)

where ¢ is the number of boxes in the first row, and r¢ is the number in the ¢t column. Thus
replacing Pl(lc) with yi;1 preserves the monotonicity of the table.

Next, z must be placed in the second row. It will go in column ¢’ where ¢’ < c. (Obvious
if box c in row 2 is empty; otherwise, z < Pz(lc) by (8.10).) Consider the two possibilities:

1. The zis larger than anything in row 2, so that we append it to the end of row. If ¢’ = ¢, z

is in the box directly under y;,1, which is less than z. If ¢/ < ¢, z is directly under Pl[ic),,
which is even smaller than yiy; by (8.9). Since there is nothing below z in either case,

the column monotonicity holds.

2. We have Pz(ic),_1 <z< Pz(ic),, so that z replaces w = P(ic),. By (8.9), Pl(ic), < Y1 < z,and

by the column monotonicity of PV, z < Pz(ic), < P;ic),. Thus column monotonicity holds.

If possibility 2 occurs, then w has been bumped, and must be place in row 3. By similar
reasoning, it will either be appended to the row (possibly a previously empty row), thus
finishing the process, or will bump another number. We continue until nothing is bumped.
The end result is P(*1), a monotone tableau. Thus by the induction hypothesis, all the tables
are monotone. The final one, P™), in addition contains all the values from vy, hence is a
standard Young tableau. O

To summarize, each y € P, is associated with a standard Young tableau, and the length
of the first row in the tableau is equal to the length of the longest increasing subsequence
in y. Schensted also shows that the length of the first column is the length of the longest
decreasing subsequence. (In fact, the tableau for the reversed y, (Ym, ..., Y1), is the transpose
of the tableau for y. See his Lemma 7.) However, there may be several y’s with the same
P. To use these tableaux to find the exact distribution of Ulam’s distance, we need to find a
one-to-one representation, which is achieved by noting when each new box is added to the
table during the Schensted algorithm. Specifically, we fill out a matrix @ as we go along,
which is also a standard Young tableau, of the same shape as P.

At each stage in the algorithm, a new box is added to the table. For the Q matrix, we add
a box at the same location, but fill it with the index i of the stage. There is no bumping for
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the Q matrices. We illustrate with y = (4,1,3,6,5,7,2) as in (8.5) and (8.8):

iy P QW
1 4
1] 1]
2 1 1 7
1[3] 1[3]
3 3 1] 7
1/3]6] 1)3]4]
4 6 1 7 (8.11)
1[3]5] 1/3[4]
> % 16 215
1/3]5]7] 3[4]6]
© 7 46 2[5
1[2[5]7| J1]3]4]6]
7 2.[3]6 2[5
4] 7]

It is not too hard to see that Q is a standard Young tableau, since each new added box
contains a number higher than anything else so far in the table. The interesting fact is that the
pair (P, Q) uniquely determines gy, which follows from the next lemma.

Lemma 8.2. Suppose P and Q are standard Young tableaux of the same shape with m cells. Then
there exists y € P, such that the Schensted algorithm applied to y yields (P, Q).

Proof. We reverse the steps in the Schensted algorithm, the bumpers and bumpees trading
places. Start with the cell in @ that contains m, say Q. Since m is the largest entry, it must
be at the end of one of the rows and the end of its column. If it is in the first row, set yn, to
be the value at the end of the first row in P, P;.. If it is in row r > 1, then we know that
the number right above it is smaller, P,_; . < P;.. Find the largest value in row r —1 that is
smaller than P, ¢, say P,_j ./, where ¢’ > c. If we bump the value in (r—1,¢’), replace it with
P, ., and remove the (1, c) box, then we still have a monotone Young tableau. Now if r—1 =1,
set ym = P,_1 s, the bumped value. If r —1 > 1, then we use the same procedure to bump a
value in row 1 — 2, replacing it with P,_; .. We continue bumping until we have bumped a
value from row 1, which we assign to yn,.

Call the resulting tableaux P™1 and let Q(m_l) be Q with the m-square removed. We
apply the same procedure to the m — 1 box in Q™Y, eventually finding y,,_1 as the value
bumped from row 1. Continue until we have (yy,...,Ym), which since P contained the inte-
gers 1 to m, is in Pp,. O
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Thus we have that P, and the set of pairs (P,Q) as in Lemma 8.2 are in one-to-one
correspondence. To determine the length of the longest increasing subsequence in y, we need
only the length of the corresponding tableau P (or @), which is a function of just the shape of
P. Recall that the shapes are in one-to-one correspondence with the possible partitions of the
integer m. Thus a key to finding the null distribution of the length of the longest increasing
subsequence of Y is to count the number of y associated with a particular shape. Fortunately,
there is an easily-applied formula, using the hook length formula, which counts the number
of standard Young tableau of a given shape.

First we define hooks. For a Young diagram, the hook for a particular cell is a set consisting
of the cell itself, plus the cells directly below and directly to the right of it. The hook length
for a cell is the number of cells in its hook. The table below shows a diagram with the hook
lengths in the cells. So, for example, cell (1,2) has hook = {(1,2), (1,3), (1,4), (1,5), (2,2), (3,2)},
hence its hook length is 6.

6[5[2]1]
32
21

(8.12)

’)—\b-léU‘lOO

The next lemma is due to Frame, de B. Robinson, & Thrall (1954).

Lemma 8.3. For a given Young diagram with m cells and shape X\, the number of standard Young
tableaux with entries 1, ..., m of shape X is given by

m!
Hcells (i) hi,j

The proof is in Section 8.3.1. The number of y € P, whose P or Q is of a given shape
is then simply the number of such P times the number of such Q, i.e., F(A)?. Dividing by
m! yields the probability of A. Then the distribution of the length of the longest increasing
subsequence is the marginal of A;.

F(A) where 'hy; = hook length of cell (i,j). (8.13)

Proposition 8.4. If Y ~ Uniform(Pr,), for shape A with m cells,

PIY has shape A] = % F(\)?, (8.14)

and if L = length of longest increasing subsequence of Y, then

PL=U= ) — F(A)2. (8.15)

A =1

Baer & Brock (1968) used this idea to generate the exact distribution up to m = 36, and
Odlyzko & Rains (2000) pushed it to m = 120.

To implement the proposition, we need an efficient method for running through all the
partitions of m. Stojmenovi¢ & Zoghbi (1998) give an overview of such algorithms. We will
use one of theirs called ZS1. It is based on an idea common to many proposed algorithms,
which they have determined first appeared in Stockmal (1962). The partitions are generated
in anti-lexicographical order, which is the numerical analog of reverse alphabetical order. If
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A and 4 are both partitions of m, then A < § in the anti-lexicographical ordering if for some
index j, A; = §; for i < j, and Aj > §j. For example, with m = 6, the partitions in this order are

6)<(51)<(42)<(41,1)<(33) <(321)
<(3,1,1,1) < (2,2,2) < (2,2,1,1) < (2,1,1,1,1) < (1,1,1,1,1,1). (8.16)

The basic algorithm starts with A = (m). Then for each i > 1, Ait1) is obtained from AV
by finding the right-most element greater than 1, decreasing it by 1, summing 1 plus the ele-
ments to its right (which are all 1’s); then distributing the sum in the most anti-lexicographical
way possible while respecting the monotonicity of the partition. For example, suppose m = 14
and AV = (6,4,1,1,1,1). For the next partition, we decrease the 4 by 1, then add that 1
to the other four 1’s. This 5 is then distributed to the left of the 3, hence must be 3, 2:
A = (6,3,3,2). The algorithm stops when the partition is (1,1,...,1). Symbohcally, at step

i, if we haven’t stopped, let k; be the length of A(¥), and h; be the mdex for which 7\ > 1 and
7\§L =1 for h > h;. Then

A =AY ifh <hg and ALY =l -1, (8.17)

1

Let ; = 1+ ki — hy, the part of m still to be allotted. The largest the elements to the right
of the hth can be is 7\(1“) hence we do integer division to find the integers d; and 7; €

{0,..., 7\(1+1 —1} such that
L= dap (8.18)

Then we set , )
Mol = =N =AY andif >0, A L = (8.19)
We now have ki1 = h; + d; + I[r; > 0].

Notice that if ?\](111) = 2, then the algorithm can skip the adding and dividing steps. After

(8.17), we just add a 1 to the end, so that ki;; = ki +1 and ASHJ =1 for hy < h < kiy1.
Stojmenovi¢ & Zoghbi exploit this simplification, showing that having 2 be the target value
occurs very frequently: In 66% of partitions for m = 30 and 78% for m = 90, the percentage
asymptotically approaching 100%. They show empirically for m = 75 that this modification
speeds up the algorithm by a factor of four.

We use the SZ1 algorithm to run through the partitions, then find the hook lengths and
the product for each partition generated, to calculate (8.15). There may be further efficiencies
by modifying the hook length product along with updating the partitions.

8.3.1 Proof of hook length formula

There have been a number of proofs of the hook length formula since first discovered by
Frame, de B. Robinson, & Thrall (1954). Here we present a fun probabilistic one by Greene,
Nijenhuis, & Wilf (1979).

The proof uses induction on m. It is clear that the hook length formula is valid for the
m = 1 case. Assume it is valid for any tableau with m —1 cells. Consider the diagram
with m cells and shape A = (Aq,...,A;). Any standard Young tableau with values 1,...,m
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will have the largest value m in one of the corner cells, say at the end of row r*. If we
remove that cell, then we have a standard Young tableau containing the values 1,..., m —1
with shape A+ the same as the original, except for row r* being one cell shorter: A« =
(A1, -, A1, A — 1, Ape 41, ..., Ar). (For illustrations, consider any of the tables in (8.11), and
remove the cell with the largest value. What remains is a standard tableau.) Thus the number
of standard tableaux of shape A with m in the corner of row r* is the same as the number
of standard tableaux with shape A+, which by the induction hypothesis is F(A;+) in (8.13).
Then the number of standard tableau corresponding to the shape A is the sum of such values,
adding over the possible corners in which the m falls. The induction step is to show that this
number is F(A):

F(A) = > F(Aps). (8.20)

™ |row r* in X contains a corner cell
Greene, Nijenhuis, & Wilf approach the problem by defining a random walk over the cells
of the diagram which always ends in one of the corners, say (R, C). They show that

F}E()\;) if (r*,c") is a corner cell.

(8.21)

p(r*,¢*) = P[Random walk ends with (R, C) = (v*,¢")] =

Because the probabilities sum to 1, (8.21) implies (8.20).
The random walk proceeds as follows:

e Step 1: Start in cell (r1,c1) € D with probability nll If (r1,c1) is a corner cell, then stop
and set (R, C) = (rq,c1). Otherwise, go to the next step.

e Step i+ 1: Let Hy, ¢, be the hook for (r;,c;i). Since we have not stopped, (1, ci) must not
be a corner cell, hence there must be at least two cells in the hook. Randomly choose
a cell from H;, ¢, —{(ri,¢i)}, each with probability 1/(h; ¢, —1). Call it (riy1, ciy1). If it
is a corner cell, then stop and set (R, C) = (rit1,cit1). Otherwise, repeat this step with
1i—1+1.

Note that at each step, we increase either the row index or the column index by at least 1.
Thus there can be only a finite number of steps. We need to verify (8.21). Consider the ratio
F(Ar+)/F(A) for (r%,c*) a corner cell. Since it is a corner, the only hook lengths that will be
different in A+ than in A will be those in row r* or column c*, each of which will have their
hook lengths decrease by 1. In (8.22), we see removing the corner (r%,¢*) = (3,3) decreases
the hook lengths in column 3 and row 3 by 1.

8l6/5[2]1] 8l6l4[2]1]
5[3]2 5/3][1

b AR — A gty (8.22)
1 1

Note also that the hook lengths of the corners is always 1. Thus from (8.13),

FA-) 177 hee My e
Fo) m ]} H T (8.23)

Tc*_l
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To show (8.21) for given corner (r*,c*), we need to sum up the probabilities of all the
paths that lead to that corner. We will sort the paths into groups depending on the rows and
columns they visit. A path p starts at cell (1, c1), say, and proceeds through (possibly) several
cells until arriving at the corner:

b= (Tl,Cl) — (r2/C2) — (Tt/ Ct) = (T*, C*)' (824)

Since each step in the random walk is either to the right or down, r; < r* and ¢; < ¢*. Also,
one of the row index or column index stays the same, and the other increases, for consecutive
cells in the path:

Foreachi=1,...,t—1, either ri;1 =1 & ci11 > ¢y or 11> 13 & ¢yl = ¢4 (8.25)

For any such path p, let (row(p), col(p)) be the row and column projections, i.e., the sets of
indices of the rows and columns the path hits:

row(p) ={rq,..., 7t} & col(p) ={cqy,...,ct) (8.26)

The sets do not contain multiple elements of the same value, so that if the path is (1,3) —
(1,5) — (4,5) — (6,5), we would have (row(p), col(p)) = ({1,4,6},{3,5}).
Now let (R, C) be any pair of subsets such that

reRc{l,..., v} and c*€CC{l,...,c"} (8.27)

(There will be at least one path that has (R, C) as its projections for such pairs.) Denote
1 = min(R) and ¢; = min(C), so that (rq, c;) is the starting point of any of its paths. Lemma
3 in Greene, Nijenhuis, & Wilf (1979) shows thatif P = (P; — ... — P,) is a random path,

1 1
Plrow(P),col(P) = (R @) Pi=(yerll = [] —— [] ——
T,c* T*,c
reR—{r*} "’ ceC—{c*}

=q(R,©), (8.28)

where the product over the empty set is 1. (It is interesting that given the starting point, the
rows the ‘path hit are independent of the columns hit.) We again use induction, now on the
path length t. Note that for given projections (R, €), the corresponding paths have length
t =#R+#C—1. If t = 1, then the path must be (r*, ¢*) itself, hence the probability we start on
that corner is %, which checks.

Next, assume (8.28) holds for paths of length less than t. The second step in any such path
must be to either (r1,cy) where ¢, € min(€ —{c1}), or to (r,c1), where 1, = min(R — {r{}),
either of which has transition probability 1/(h;, ¢, —1). Subsequent steps would then have a
path with projection either (R, C —{c1}) or (R —{r1},C), which has length t — 1. Thus by the
Markov property of the random walk, and the induction hypothesis on ¢,

Pl(row(P),col(P)) = (R,C)| P; = (r1,¢1)] = P[Py = (11, ¢2) | Py = (r1,¢1)]q(R, € —{c1})
+ P[P, = (12,¢1) | P1 = (11, ¢1)Iq(R —{r1},€)

- @R el + AR (), ©). (829)
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By (8.28),
q(R,C—{c1}) = (hr+ ¢, —1)q(R,€) and q(R—{r1},C)) = (hy, e+ —1)q(R, €), (8.30)

hence

hr*,q -1+ hrl,c* -1

Pl(row(P),col (P)) = (R,€) | P = (ry,¢)] =~

q(R, C). (8.31)

It is not hard to see that h; ¢, = hy ¢, + hy c« — 1 by looking at an example. In (8.32) take
(r1,c1) = (2,1) and the corner (r*,c*) = (5,3).

a|alablablab|ab ‘

a b

a b (8.32)
ac| ¢ | bc

ac

ac

The cells in the hook for A = (r1,c1) arelabelled “a,” and those for cells B = (r,c*) and
C = (v, c1) are labelled “b” and “c,” respectively. Counting, we see that #a = #b +#c — 1, as
desired. The formal proof would proceed by noting the cells at (r1,c*) and to the left are in
the hooks for A and B; the cells at (1, ¢c1) and below are in the hooks for A and C; the number
of cells between columns ¢ + 1 and c* — 1 are the same for A and C; and the number of cells
between rows 11 4+ 1 and r* —1 are the same for A and B. Then only A has (11, ¢1) in its hook,
and both B and C have (r*,c*) in their hooks. Thus we count one extra cell in the sum of the
B and C hooks.

Since we now have that the factor in (8.31) is 1, (8.28) holds.

Back to (8.21). The total probability that the random walk ends up in corner (r*,c*) is then
found by summing over the possible starting points and projections. Letting (R, C) run over
all pairs of sets as in (8.27), and setting (r1,c1) = (min(R), min(C)), we have

‘p(‘r*l C*) - Z P[(I'OW(P),COI(P)) - (:R/ e) | Pl — (Tl,Cl)]P[Pl — (rll Cl)]
(R,€)

1
m
(R,€)

_Z( 11 hwj_l 11 L ) (by (8.28))

ce—1
reR—{r*} "’ ceC—{c*} T

__Z( H )XZ( H 1_1). (8.33)
reR—{r*} r, ceC—{c*} Rree

The first summation is the sum over all subsets of {1,...,7* — 1} (including the empty set) of
the product of the 1/(h; ¢+ —1)’s for r in each subset, which is the expansion of the product of
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all (1+1/(hyc+ —1))’s. Similarly for the second summation. Thus

1 1\ 1 F(Ar)
* * I = . 4
PO, ef) = E (Hhr,c*—l) g (1+hr*lc—1) F(A) 7 (&3

by (8.23), proving (8.21), hence the hook length formula, Lemma 8.3.

8.4 Approximations and asymptotics

The asymptotic distribution of Ulam’s distance, or actually of Ly, the length of the longest
increasing subsequence, has an interesting and surprisingly recent history. Baik, Deift, &
Johansson (1999) show that as m — oo,

—— (8.35)

where Z has the Tracy-Widom distribution (Tracy & Widom, 1994) with parameter 3 = 2. The
definition of this distribution is rather involved, so we refer the reader to the Tracy-Widom
article or, more briefly, to the Wikipedia article (Wikipedia contributors, 2018b). Figure 8.1
exhibits the density, calculated using the function dtw from the R package RMTstat (Johnstone,
Ma, Perry, & Shahram, 2014). It looks fairly symmetric, but is actually slightly skewed. The
first four summary statistics have been found by Bornemann (2010), Table 4:

Mean Variance Skewness Kurtosis
—1.7710868074 0.8131947928 0.2240842036 0.0934480876

(8.36)

The skewness is the normalized third central moment, and the kurtosis is the normalized
fourth central moment minus 3. The Tracy-Widom distributions arose originally from study-
ing the asymptotic distributions of the largest eigenvalue of certain random matrices. The
B =2 indicates the matrices are random complex normal hermitian matrices.

Rather than trying to present a proof of (8.35), we will present a brief history of the result.
For more discussion, insights, and references, see Aldous & Diaconis (1999), Wellner (2002),
and Romik (2015), this last being a thorough and comprehensive book on the mathematical
background and results surrounding the study of the distribution of L.

Stanislaw Ulam, the famous physicist and mathematician, among myriad other achieve-
ments, pioneered the idea of using Monte Carlo simulations to estimate intractable distribu-
tions of random variable. See Metropolis & Ulam (1949). Ulam (1961) noted a Monte Carlo
experiment (by an E. Neighbor) to study the distribution of the lengths of longest monotone
(increasing or decreasing) subsequences in permutations. Baer & Brock (1968) used Monte

Carlo to conjecture that

E[L
Elbwl _,, (8.37)
vm
Hammersley (1972) picked up on this problem, showing that as m — oo, there exists a constant
¢ such that
LI

Jm — ¢ in probability. (8.38)
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Figure 8.1: The Tracy-Widom density.

He also showed that /2 < ¢ < e, and, using Monte Carlo and other methods, suggested
strongly that ¢ = 2. Later, Logan & Shepp (1977) and Vershik & Kerov (1977) verified (8.37)
conclusively.

The next challenge was to find the asymptotic variance of L;,. Using analysis, Kim (1996)
conjectured that the variance would be of order n'/3, as did Odlyzko & Rains (2000) and
Wellner (2002) from extensive simulations, also proposing (8.35) for some Z. These conjectures
were soon confirmed by Baik, Deift, & Johansson (1999), who showed that the Z had the Tracy
-Widom distribution.

The simulations in Wellner (2002) suggest that the behavior of the empirical distribution
is close to that predicted by the theoretical results only when m is quite large, say over 10° or
10%. Figure 8.2 compares the actual or estimated density of Ly, to the approximation using the
Tracy-Widom distribution suggested by the asymptotic result (8.35). These plots show that
the Tracy-Widom density is slightly to the left of the empirical density, even for m = 107.

Chiani (2014) showed that a shifted gamma distribution can approximate the Tracy-Widom
distribution very well. We use the idea to approximate the distribution of the Ulam distance,
where the gamma parameters depend on m. Let Y ~ Gamma(c, 0), where « is the shape
parameter and 0 is the scale. Then we approximate the distribution of L, by k + Y for the
shift parameter k. We use the method of moments. Let the estimated mean, variance, and
skewness for Ly, be {i, 62, and ¥, respectively. Then solving for («, 8, k):

L=k+E[Y] =k+ ab, 2 = VarlY] = «0?, Y = Skewness(Y) =

Bk

K=n—ab. (8.39)

E\‘ a

4
:>(X:A_2’ 9:
Y
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Figure 8.2: The Tracy-Widom density compared to the observed density of L;,. The spikes
indicate the exact probabilities (P[L,, = x]) for m = 100, and the estimated probabilities from
simulations by Wellner (2002) for m > 1000. The smooth curves represent the Tracy-Widom
approximation to the density.
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Figure 8.3: The gamma density compared to the observed density of L,. The spikes indicate
the exact probabilities (P[L;, = x]) for m = 100, and the estimated probabilities from simula-
tions by Wellner (2002) for m > 1000. The smooth curves represent the gamma approximation
to the density.
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For m < 150, we can calculate the moments exactly. For larger m, we use the simulations
in Wellner (2002). To smooth out the estimated moments, and to interpolate, we use linear
regression to find models for the moments, so that upon finding the coefficients using least
squares, we have the models for the mean and variance suggested by (8.35):

fim = Bo+ Brvm+ Bom® and 62, = B§+ pim!/3. (8.40)

We used a simple average for the skewness. We ran separate regressions for batches of m
depending on the exponents in scientific notation, i.e., one batch used m = 102,2 x 102,...,103,
the next m = 103,2 x 103, ..., 10%, etc. Figure 8.3 has the analogous plots to those in Figure 8.2
for our gamma approximations. Visually, we see that the gamma does do better, especially
for m < 10° or 10°.

To summarize the graphs, we found the maximum and sum of absolute discrepancies of
the observed probabilities and the smooth densities. Figure 8.4 compares the results using
Tracy-Widom and gamma approximations for m between 10? and 10”. Table (8:42) summa-
rizes the graphs, averaging over groups of m’s. We see that the gamma approximation is better
for maximum discrepancy for m < 10°, and for the sum of discrepancies for m < 10°. For
the sum of discrepancies, we also included a benchmark based on the expected sum. That is,
for X ~ Multinomialg (n, p) (multinomial with K categories and n observations), we calculate
using the normal approximation

K K
> EXi/m—pid o > VPRl P (8.41)
k=1 k=1

We used the gamma density to approximate the p for each m, and here n = 10,000, the size
of the simulations. Note that the gamma approximation in Figure 8.4 tracks the benchmark
quite closely, meaning it'is about as accurate as we can obtain using the simulations.

Maximum discrepancy

Tracy-Widom

m Tracy-Widom Gamma —z_——
102 —10° 0.0314 0.0046 6.8013
10° —10* 0.0142 0.0051 2.7544
10* —10° 0.0078 0.0048 1.6239
10° —10° 0.0050 0.0042 1.1918
100 — 107 0.0043 0.0039 1.1135

(8.42)
Total discrepancy

Tracy-Widom Gamma

m Tracy-Widom Gamma Benchmark —=_—— Bonchmark
102 — 103 0.2045 0.0225 0.0253 9.0949 0.8884
103 —10* 0.1245 0.0326 0.0321 3.8164 1.0173
10* —10° 0.0893 0.0410 0.0398 2.1796 1.0292
10° —10° 0.0658 0.0478 0.0488 1.3774 0.9789

10° — 107 0.0709 0.0627 0.0595 1.1317 1.0535
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Figure 8.4: The discrepancy between the observed and approximate density of L;,. The top
graph compares the Tracy-Widom approximation to that of the gamma using the maximum
discrepancy. The bottom graph compares them on the sum of the discrepancies. The latter
also exhibits the estimated expected sum of discrepancies of the simulations from the true

probabilities.






Chapter 9

Cayley’s distance

There are two distinct (though equivalent) approaches to calculating Cayley’s distance: count-
ing the number of cycles subtracted from m, or counting the number of interchanges. The
latter is useful for finding exact and asymptotic distributions and moments, while the former
is faster for actually calculating the distance.

For a vector y € Py, a cycle is a vector of indices (i, ..., 1) such that

yij Zi]'_H ,j =1,...,k, and yik Zil. (91)
For example, if y = (4,1,6,2,5,3), then

y1=4ys=2,yp=1 = C;=(1,4,2)is acycle;
Ys=6,ys=3 = C,=(3,6)isacycle;
ys =5 = C3=(5)isacycle. (9.2)

Note that we can cycle the cycles, i.e., (4,2,1) and (2,1,4) are also cycles, but are considered
to be equivalent to (1,4,2). (Also equivalent are (3,6) and (6,3).) Any y can be uniquely (up
to equivalence) decomposed into a set of cycles. Cayley’s distance is then defined as

dcay(y, w) = m —#Cycles(y). (9.3)

For the above, dCay(4, 1,6,2,5,3)) =6—3 =3.

Recall as in (6.3) that Kendall’s distance between y and w = (1,...,m) is the minimum
number of adjacent interchanges of elements of y needed to obtain w. Cayley’s distance is the
minimum number of interchanges as well, but is not restricted to adjacent. For example, with
the above y:

Kendall: (4,1,6,2,5,3) —+ (1,4,6,2,5,3) — (1,4,2,6,5,3) — (1,2,4,6,5,3)
—(1,2,4,6,3,5) — (1,2,4,3,6,5) — (1,2,3,4,6,5) — (1,2,3,4,5,6) (9.4)
Cayley: (4,1,6,2,5,3) — (2,1,6,4,5,3) — (1,2,6,4,5,3) — (1,2,3,4,5,6)

So dken(y, w) =7, while dCay(y,w) = 3 as before.

The two methods for Cayley’s distance can be seen to yield the same distance. Note that
in order to arrange y in order, each of the cycles has to be arranged in order. The minimum

95
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number of interchanges to arrange a cycle Cy in order is #C;—1. Hence with L = #Cycles, the
total number of interchanges is

L
D> #C—1) =m—L = dcay(y,w), (9.5)
=1

since lengths of the cycles must sum to the number of objects.

In Section 9.1 we present a decomposition of Cayley’s distance based on interchanges
as in (9.4). This representation facilitates finding moments, the exact distribution, and the
asymptotic normality.

9.1 Decomposition

Feller (1968, page 257-258) and Diaconis (1988, page 118) show that Cayley’s distance can be
written as a sum of independent Bernoulli’s. Consider the interchange algorithm as in (9.4).
We start by making an interchange, if necessary, so that y; = 1. Next, we make the interchange
so that y, = 2. We continue until y,,_1 = m — 1, which necessitates that y,;, = m. Then v; is
the indicator function of having actually made a switch at stage i, and Cayley’s distance is

m—1
Dcay = deay (Y, w) = ) Vi (9.6)
i=1

More formally, let y =y . Fori=1,...,m—1, we obtain yV from y'i~ by switching (if
necessary) the i element with the element equallmg k:

. s i—1 .
y =y fork €l mh— {,j(1)) where 3" =i
y;
(1) (i=1)
Yo = Y% - (9.7)

A switch is made at stage i if yi(i_l) # 1 (i.e., j(i) # 1). Assume Y ~ Uniform(Py,). The
indicator function of a switch at stage i is

V= 1y Y £ 4. (9.8)

Since Y,V =ifori=1,...,i—1 (if i > 1), the chance that Y\" ") =iis 1/(m—i+1). The V4
can also be shown to be independent, since how Yi[l)

OfY1+1""'

came to equal i does not affect the order
YY), which implies that

. ) 1
Vi,...,Vm—1 are independent, V; ~ Bernoulli (1 — m——H—l) . (9.9)

Thus as for Kendall’s distance, it is easy to find the mean, variance, a convolution formula
for the exact distribution, and asymptotic approximations for Dcay-
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9.2 Moments and cumulants

Since the mean and variance of a Bernoulli(p) are p and p(1 —p), respectively, (9.9) gives us

m—1 m—1 1 m 1 (1)
E[DCay] = ZE[V1] = Z (1_m_—1+1) =m—1—Z{ =m-—Hy/, and

i=1 i=1 i=2
m—1 m—1 1 1 m i1 ) )
VaT[Dcay] = Z VCLT'[Vi] = Z m——l—l—]_ (1 — m) = Z 1—2 = Hm — Hm P (910)
i=1 i=1 i=2
where H{¥ is the generalized harmonic function
K =1
HiK Z X (9.11)

To find higher moments and cumulants, it appears easiest to start with the raw moments
of the Vj, find the cumulants of the V;, then sum over i to find the cumulants of Dcay. We can
then obtain the moments from the cumulants. None of these quantities seem to have a very
compact expression owing to the harmonic functions present. We do not present Mathematica

functions because they just express everything in terms of the Hgi) ’s.

Start with W ~ Bernoulli(p), so that u/ (p) = E[W"] = p for any n > 1. Using (2.17), we
have that the n'" cumulant of W is

n

nlp) =m0 37 EE e -0 T o (B)

keAn =1
o111\ @
_ k*r VK *—1(g.x I
=n! > PP (-1 (K 1)!Hk1! (u) . (9.12)
keAn =1

As in (2.14) and (2.15), A, is the set of vectors of nonnegative integers k for which } lk; =n,
and k* = ) k;. We will rewrite things a bit. First, add Vi, to the sum in (9.6), where by (9.9),
Vi = 0. Then consider

m m
1
Déay =m—Dcay = m— Z Vi = Z W;, where W; =1—V,, i1 ~ Bernoulli <I) . (9.13)
i=1 i=1

If kn and k7 are the n'" cumulants of D¢,y and D}.__, respectively, we have
n y Cay P Y,

WV

kn = (—1)"k;, n > 2. (9.14)

Since the V; are independent, so are the Wj, hence the nt" cumulant of D*Cay sums over the
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appropriate kn(p):

HHg

(5)

Kn | =

1 1

k* n K
nt ) G) (—1)’“*—1(1@*—1)!1_[% (%)
i keAn ) )
=nl Y Hy (—D)F Tk —1)!11[i (1)k1. (9.15)
! \ U

kecAn =1

i

~HH3

Il
—_

See (9.11).

9.3 Normal and Edgeworth approximations

To prove asymptotic normality, we again appeal to the Lindeberg-Feller theorem, Theorem
6.1. For the W; in (9.13),

m—1 m

D EIVi—EMVIIY =) E(W; —EWAIY. (9.16)

i=1 i=1
By the triangle inequality, and noting that the W;’s are nonnegative,
Wi—EWIl S W +EWA = EIW—EWIY <2EWY =2'Hy. (9.17)

Thus by (9.10),
Hiy
T —HT

S LRV, — BTV
Var[Deayl¥/?

<2

(9.18)

Since Hiy is asymptotically log(m) as m — oo, and H{Y is bounded in m for v > 1, the ratio
in (9.18) goes to zero for any v > 1. Thus the theorem shows that

DCay —E [DCay]
Var [DCay]

— N(0,1) as m — . (9.19)

We tested the Edgeworth approximations for L =0, ...,10 terms, for m up to 10,000. Even
for m = 10,000, the Edgeworth expansion is not much faster than the exact algorithm, so it is
reasonable to use the latter when available. The density version of the Edgeworth expansions
were better than those using the distribution-function-based version, especially for larger L,
so we will restrict discussion to the density-based ones. From (9.15), we can see that the

th cumulant is a linear combination of the harmonic functions HETII)

coefficient for HE}J is one (using k with “1” in the n'" slot and zeroes elsewhere). Thus all
the cumulants are asymptotic to log(m), and the n'" normalized cumulant is asymptotic to

log(m)!~™/2. This rate shows that the normalized cumulants decline very slowly in m, and

n fori=1,...,n, and the
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reasonably log-linearly in n, suggesting that the Edgeworth expansion errors behave similarly.
Figures 9.1 for the errors in the density, 9.2 for the error in the distribution function (see (4.54)),
and 9.3 for the relative errors (see (4.55)), seem to bear out this idea.

The maximal errors for L = 10 terms are given in (9.20) for various values of m. Even
for m = 25, the approximation is quite good. The three types of error go from about
1x107°,6x107%, and 0.01 for m = 50 to about 1.5x1077,7.5x10~%, and 0.0007 for m = 10, 000.

10 25 50 100 250
Density 0.000307 4.41x107° 1.08x107° 8.14x10° 1x107°
Distribution function 0.000255 2.72x10™° 6.07x107® 4.76x10°® 5.84x107
p-value (relative) 0.229 0.012 0.0103 0.00429 0.0013

(9.20)

500 1000 1250 5000 10000
Density 1.09x107® 6.97x1077 5.02x10~7 1.96x10~7 1.47x107
Distribution function 6.23x10~7 4.25x10~7 3.47x10~7 1.18x107 7.42x10°8
p-value (relative) 0.00308  0.000888  0.000813  0.000592  0.000742

94 R code

The function cayley cumulants(m,L) produces the first L cumulants of Cayley’s distance. It
uses the function pd from (2.53) to calculate the product term in (9.15) (with mom==1). We

use an approximation to the harmonic numbers in (9.11) that takes effect for larger values of n

and m. Forn > 1, Hgf ) ¢(n) as m — oo, where ( is the Riemann zeta function (Wikipedia

contributors, 2018a). If the difference between the zeta function and the harmonic number is
estimated to be less than 10729, then we use the zeta function. For the zeta function itself, we

use a numerical value accurate to twenty decimal places for 2 < n < 20, and for n > 20, just

(n)
use H10 .

The Edgeworth functions are cayley edgeworthf and cayley edgeworthF, which find the esti-
mated density and distribution function, respectively. The former is the preferable one. The
arguments are x,m,L,N, where x is the variable in f(x) or F(x), m is the number of objects, L is
the number of terms in the expansion, and N is the sample size. These functions rely on edgef
and edgeF from (2.5).

cayley cumulants <— function(m,L=12) {
if(m<?2) return(rep(0,L))
i <— 1im
mom <— rep(1,L)
kurt <— m—sum(1/ii)
A <— findA(L)
for(sin 2:L) {
krt <—0
for(i in L:nrow(A[[s]])) {
ku <— A[S]I[]
ks <— sum(ku)
krt <— krt 4+ harmonic_ number(m,ks)*(—1) " (ks—1)*factorial(ks—1)*pd(ku,mom)
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}
kurt <— c(kurt,krtxfactorial(s)*(—1)"s)
}

kurt

}

harmonic_number <— function(m,n) {
M <— min(m,10"~((20—logl0(n—1))/(n—1))+.5)
if(n>1&&m>M) return(zeta(n))
sum(1/(1:m)"n)

zeta <— function(n) {

if(n==1) {return(Inf)}

if(n>20) {return(sum(1/(1:10)~n))}

c(pi~2/6, 1.2020569031595942854,pi~4/90,1.0369277551433699263, pi~6,/945,
1.0083492773819228268,pi~8/9450,1.0020083928260822144, pi~10/93555, 1.0004941886041194646,
(691xpi~12)/638512875, 1.0001227133475784891,
(2%pi~14)/18243225, 1.0000305882363070205,(3617*pi~16)/325641566250, 1.0000076371976378998,
(43867pi~18)/38979295480125, 1.0000019082127165539,(174611*pi"20)/1531329465290625)[n—1]

}

cayley normalized cumulants <— function(m,L=12) {
if(m<?2) return(rep(0,L))
cc <— cayley cumulants(m,L)

, c(0,1,cc[—(1:2)]/cc[2]~((3:L)/2))

cayley edgeworthf <— function(x,m,L=10,N=1) {
cum <— cayley cumulants(m,L+2)
sigma <— sqrt(cum([2])
kum <— c(0,1,cum[—(1:2)]/sigma " (3:length(cum)))
z <— (x—cuml[1])/sigma
dnorm(z)*edgef(z,L,kum,N)/sigma

}

cayley edgeworthF <— function(x,m,L=10,N=1) {
cum <— cayley cumulants(m,L+2)
sigma <— sqrt(cum[2])
kum <— ¢(0,1,cum[—(1:2)]/sigma"(3:length(cum)))
z <— (x—cum[1]+.5)/sigma
pnorm(z) — dnorm(z)*edgeF(z,L,kum,N)
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Figure 9.1: The maximum error in estimating the density for Kendall’s distance, as a function
of log,,(m). The values are log;, of the MEgens; the lines depend on L, the number of terms
in the Edgeworth expansion.

N _]
I -=-<
| . T
| S T
W - - S T
Sgme—e—an T~ T Tmee L
- < _| N NIRRT e R
L 4 9N ~— T T T e
i CINAL s T e
\% n \\} ;;;; ¥ TTT—— T —-—
S 1 — vr=0 B e
o -- L=1 Tl ’
Q L=2 \\'\‘.\_ ..........
© - L=3 N Tme-ao .
I — L=4 S~ T \_ ...................
—- L=5 T T T e T
L=6 —— el
~_| L=7 T
| L=8 —=
- L=9
— = L=10
0|0_
I I I I I I I
1.0 15 2.0 2.5 3.0 35 4.0
logso(m)

Figure 9.2: The maximum error in estimating the distribution function for Kendall’s distance,
as a function of log;,(m). The values are log,, of the MEpg; the lines depend on L, the number
of terms in the Edgeworth expansion.
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Figure 9.3: The maximum relative error in estimating the p-value (for p-values > 0.00001) for
Kendall’s distance, as a function of log;,(m). The values are log,;, of the MRE,y; the lines
depend on L, the number of terms in the Edgeworth expansion.



Chapter 10

Maximum distance

10.1 Introduction

We again take Y ~ Uniform(P,), but now consider the exact and asymptotic distribution of
dmax (Y, w), where w is a fixed vector in P, and

dMax (Y, w) = Maxgi—y,_mi{lyi — will, (10.1)

the maximum elementwise difference of the two vectors. The distribution is the same for
any w € P, and in fact the same of as dy.x(Y, W) for W any random vector over P,
independent of Y. For convenience we can from now on take

w=1(1,2,...,m). (10.2)

If m is small (m < 10, say), the exact distribution of Dyax = dmax(Y,w) can be found
reasonably quickly by enumerating over P;,,. For m up to about 24, in Section 10.2 we present
a method based on one in the literature for finding the distribution of Spearman’s sum-of-
squares distance:

Section 10.3 has an expression for the distribution for values of dy.x over m/2. If m is
large, the probability M > m/2 is very close to 1. This expression can be used to find an
asymptotic expansion of the distribution that works well for moderate m. It also leads the
way to the interesting asymptotic distribution (Section 10.7)

P m— DMax
Jm

Equivalently, (Dyax — m)2/m — Exponential(1).

< x] s 1—e¥,x>0. (10.3)

10.2 The exact distribution

For small m (m < 10, say), the exact distribution can be found by calculating dyax(y, w) ex-
plicitly for each y € Pp,. For slightly large values (11 < m < 24, for us), we can use the
method of treating subvectors of y separately, then combining the results, similar to the pro-
cess in Section 3.3 for Hoeffding distances. (There we convolved densities; here we multiply

103
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distribution functions.) Start with two subvectors. Choose m; ~ m/2, and for y € Py, let
y = (Y1,.--,Ym,) and y? = (Ymy+1,---,Ym), and similarly split up w: w® =(1,...,my),
w? =(m;+1,...,m). Then

dMax(y, w) = max{dMax(y(l)z wtl) ), dMax(y(z)/ w!? )} (10.4)

Recall the dlscussmn around (3.27) to (3 30). We let RV be a subset of m; distinct elements
from 1,..., m, R@ be its complement, {1,..., m} — R and

P(RWY) = {permutations of elements in RV}, (10.5)

With Y ~ Uniform(P,) we again have that
U and Y? are independent given that Y ¢ P(RV) (& Y@ e P(R?)), (10.6)

V1YW e p(RM) < Uniform(P(RM)),
21 Y e p(RP) ~ Uniform(P(R?)), (10.7)
and
RM ~ Uniform({All possible subsets of m; distinct elements from 1,...,m}). (10.8)
Now let FU)(x | R) be the following conditional distribution function of dyjax:
FU (x| RY) = Pldpax (Y, w0y < x ¥V e p(@DY], 1=1,2. (10.9)
Then by (10.4) and the conditional independence in (10.6),
Fx|RY) = Pldmax (Y, @) <xI ¥ € P(RIV)]
(dmax(Y 1, 0) <x & dpax(Y,0?)) <x| Y € P(RD)]
[duiax (Y, 01)) < x| YY) € PRM)PlApan (Y, 02) < x| YT € P(RID)]
= FU(x | R F@ (x| R12)). (10.10)

Then the unconditional distribution function of dmax (Y, w) is found by taking the expectation
of the condition distribution function over RV in (10.8):

F(x) = P[dMax(Y w) < X
= E[FM (x| RWYF@) (x| R3] (10.11)
Now for each splitting (R, R(2)), we find the distributions of dypy(yt,w®) for y®
PRV, 1=1,2, by enumeration:

Pldpax (Y, 0y = x| Y ¢ p(Rr)] = (R | dyax (w1, ) =x),  (10.12)

where my = m — my. We take the relevant cumulative sums to find the conditional Fm’s, then
multiply the them as in (10.11). Then the final answer takes the average over the R(V)’s
-1
F(x) = (m > FOU (x | ROYFD (x| @), (10.13)

m
! splittings (R(1),R(2))

As in Section 3.3, we can proceed with further splitting each RV



10.3. AN EXPRESSION FOR THE DISTRIBUTION 105

10.3 An expression for the distribution

This section presents a useful expression for the distribution function of Dy,x for values larger
than m/2. The range of Dyjax i {0, ..., m — 1}. We look at the distribution function for values
of Dyax Near m, using integer k:

F(m—k) = P[Dyax < m—K], 1<k< {”ﬂ y (10.14)
Note that
DMax S m—k ifand only if jyi—il<m—-k, i=1,...,m. (10.15)

Then for each i, we can write out the values of y; that satisfy the inequality:

yr €{1,..., m—k+1}
Yy €{1,..., m—k+2}

Yk—1 € {1,..., m—1}
yx : all of them

Ym_ks1 . all of them
Ym—k+42 € {2/ sy m}

Ym—1 e{k—1,...,m}
Ym € {k,...,m}. (10.16)

Since the yi’s for k < i < m —k + 1 always satisfy the inequality, we can ignore them in our
calculations. Thus we have

PDpMax < m—k] =PlY; <m—-k+1ii=1,...,k—1, and Y;>i—m+k, i=m—k+1,...,ml.

(10.17)
Let Y; be the first set in the last probability, and Y, be the second:
Yo={ylyi=>2i—m+k, i=m—k+1,...,m}h (10.18)

For the rest of this section, we take k and m fixed. The marginal probabilities of these two
sets are fairly easy to find, and are equal. But they are not independent. So we will first find
P[Y1] explicitly, then an expression for P[Y, | Y1].

Lemma 10.1. In the above setup,

(m—k+1)<!
(M1

P[Yy] = (10.19)

Here,  m)i=m(m—-1)---(m—1+1) = m!/l.
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Proof. We proceed iteratively. P[Y; < m—k+1] = (m—k+1)/m, since Y; is Uniform
{1,...,m}). Given y; < m—k+1, Y, must be drawn from one of the m — 1 values left
that are less than or equal to m —k + 2. Since whatever yj is, it is less than m — k + 2, there
are only m —k + 1 left. Thus

m—k+1

PlY, <m—k+2|Y] =yi, wherey; <m—k+1] = —

(10.20)

Now for Y3, we choose from m — 2 values, and two of the values in {1,..., m — k + 3} have
been removed. Thus again we are left with m — k 41 values that satisfy the inequality:

—k+1

PlYs<m—k+3|Y; =y, Yo=ypwhereyy <m—k+1&y, < m—k+2] = mm—_;—
(10.21)
Continue if necessary for Y;, i = 4,...,k —1, each time obtaining a conditional probability of
(m—k+1)/(m—1i+1). Multiplying those probabilities yields (10.19). O

We can use the same approach on Yy, Yin—1, ..., Ym=k+2 (in that order) to show that P[Y,] =
P[Y1]. But P[Y2]Y1] is more problematic, since the conditional probability

PY21Y1 =vy1,..., Y1 = Yk—1, & Y1l (10.22)
depends on the specific values of yj, ..., yx—1. To whit, the next lemma:

Lemma 10.2. Fix yy, ..., Yk—1, distinct values from{1,..., m}. Then

szz(m—k+1—ca)
P Yi=y1,..., Y1 =yl = —2 , 10.23
[P21Y1 =y k-1 = Y-l Mm%t 1 (10.23)

where
Ca =Calyt,-- Y1) =Hy; 2 a,j=1,... . k—1} (10.24)

Proof. Start with P[Yy, > k| Y1 =y1,..., Yk—1 = Yx_1). There are conditionally m — k + 1 values
left for Yy, to choose from. Unconditionally, m — k + 1 values satisfy the inequality Yy, > k,
but conditionally ¢y have been taken from the set {k, ..., m}. Thus

m—k+1—ck
m—k+1

Further condition on Y, = ym for y,m > k. We want Y, _1 > k— 1. There is one fewer value

to choose from, i.e.,, m —k +1—1 = m — k. Initially there are m — k + 2 values satisfying the

inequality, but ym, has been taken by Y;,, so there are m —k + 1 left, then yy,...,yx_1 have
taken cy_ of them, yielding

PYm > kY1 =y1,..., Yic1 = Y1l = (10.25)

B m—k+1—cx 1

PVino1 2 k—=11Y1 =y1,..., Yie1 = Yk-1, Ym = Ym, Ym = kl = — (10.26)

We continue, noting that for Y; > i —m+k, the Yi;4,..., Yy, have removed m — i that satisfy
the inequality, and vy, ..., yx—1 have removed c; 1, hence there ate m — (i —m+k) +1—
(m—1) —c¢imex = m—k+1—ci_mnix left. Thus

M2 — k41— cimy)

(m —k+ 1)k—1
which by setting a = m —1+ 2 is the same as (10.23). O

PY2[ Y1 =y1,..., Y1 = Y1l = , (10.27)
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Now let Cy, ..., Cx be random variables whose distribution is that induced by Y via (10.24):
Ca=calYs,...,Yx1), a=2,...,k. (10.28)
The main result of this section follows.

Proposition 10.3. For k < [m/2]| +1,

_ETEp(m—k+1—Ca) [Y1] X (m—k 4 1)

PDpay < m—K] (10.29)
(M)ax—2
Proof. Let YW = (Yq,..., Y1), and define yV similarly. Then
P[Dmax < m—k] = P[Y1 NY7]
_ Z p[Y(l) _ y(l) & Yol
yMey,
_ Z p[g2|y(1) _ ym]P[Ym _ y(l)]
yMey,
[T slm—k+1—cq(y™)) 1
= ) == X , (10.30)
(Mm=k+1) 1 (M)x—1
yWMey;

where the last equation uses (10.23) and the fact that PlYW = yM] = 1/(m)_1. The condi-
tional distribution of Y1) given that it is in Y; is uniform over Y;. Since #4; = (m —k + 1)1
we can rewrite (10.29) as

Y ey, [ (m=Kk+1—cq(yM) (m—k+ 1)k

P[D <m-—k]= X }
Max #Y, (m—k+1)_1(m)y_g

(10.31)

The first term in that last expression is E[Hﬁzz(m —k+1—Cq) Y1), and (m)_1(m—k+
1)x—1 = (M), which proves (10.29). O

If we had the exact conditional distribution of (C,, ..., Cy), given Y;, then we could find
the exact probability in (10.29). In the next section we use the proposition to find an approx-
imation to the probabilities for moderate m. Section 10.7 uses the proposition to prove the
asymptotic result in (10.3).

10.4 Approximation
Successive approximations to the probability in (10.14) can be obtained by expanding in a
Taylor series in the C,’s around their E[Cq|Y1]’s, then taking the conditional expected value.

To that end, let

e = E[Cq|Y1), Wq=Cq—Hq, andset A=m—k+1. (10.32)
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Expanding, or just multiplying out, we have

k k

k
[IA—ta—wa) =] [A—1a) =D wePlHal+ Y  wqwpPl—{a, b}
a=2

a=2 a=2 2<a<bgk

k
— Z WwawpweP[—{a,b,c}] £+ (=1)¢T Hwi, (10.33)
i=2

2<a<b<e<gk

where we use the shorthand for a set of integers J,

| |]§:2(7\_ Ha)
p_j_l |)\_ Q) = . 10.34
- a%ﬁ( " ) Haej(?\ P«a) ( )

Take the conditional expected value over the W,’s on both sides of (10.33). Note that E[W, | Y] =
0. Then

k k
E{JIA 1o —wa) wl] =1 +s2—s3£ 4+ (1) si) [ JA — pa), (10.35)
a=2 a=2
where
= E ! Z_ ... L IH}. 10.36
' Z [A_Um}\_uaz )\_Hal ! ( )

2<ar<ap<--<ap<k

To make use of the expansion, we need to at least be able to find some of the mixed
moments. The next lemma gives explicit expressions for the first, second, and third mixed
moments. The proof is in Section 10.6.

Lemma 10.4. Suppose 0 < a<b <c <k < [ 5]+ 1. Then

1 k—1
we = ElCq Y1l =k—a+(a—1) (1_X> ; (10.37)

Wab = E[CqCp Y1l =(k—a)(k—D)

1 k—1 ) k—1
+(b—1+(b—2)(k—a)+a(k—b))(1—X> +(a—1)(b—2) (1_X) ; (10.38)

and

k—1
tabe = EICACoCe Y] = (k— @)k =)= )+ (- xa(k = 1) + sk~ 1) (1 3 )

2 3

k—1 k—1
+(yo+y1(k—1))(1—x> +(a—1)(b—2)(c—3)(1—x) , (10.39)
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where

xg = (a—1)(7 —4c+b(3c—5)),

x1 =4c—9—2a(b+c—3)—b(2c—5),

Xo=a+b+c—3,

yo=—(a—1)(12—5¢+b(3c—7)), and
yi1=(b—-2)(c—=3)+a(b+c—4). (10.40)

In Section 10.6.1 we present a roadmap for finding higher-order moments.

For fixed k, the W, ’s (2 < a < k) are bounded since 0 < C, < k=1, hence the term s; in
the expansion (10.35) is the sum of order k! terms, each of order 1/m'. Thus with k of order
/m we have that s; is of order 1/m"?, showing that the expansion is reasonable. In Section
10.7 we consider asymptotics where k is of order y/m as m — oo.

For very large m, the first-order approximation works well:

. k-1 77k _
P[DMax S m—K] = A Ha:Z()\ Hq)
(M)ax—2

. (10.41)

If k is very large as well, a quicker approximation is available. Stirling’s approximation to the
factorial is

n! = v2rntie ™ (1 +0 (%)) : (10.42)
Taking logs in (10.41), we have

k
lOg(ﬁ[DMax <m-—k]) =(k—1)log(A) + Z log(A— o) —log(m!) +log((m — 2k 4 2)!)
a=2

k
~ (k=1)log(A) + Z log(A — pa) — (Mm+ %) log(m)
a=2

+ (m—2k+21) log(m — 2k +2) + 2k — 2. (10.43)

The summation can be approximated using an integral. From (10.37) we see that p, is a linear
function of a, hence

k kg 1\ &1 1\ &1
Z log(A — pq) = J 1 log(co+cia)da; cop=k— (1 — X) , 1= <1 — X) —1. (10.44)
a=2 13

The indefinite integral of log(x) is xlog(x) —x, hence

1

k+§
Jl log(cp+cia)da = ()\—co—(k+%)cl)log(?\—co—(kJr%)cl)
l_
2

—(A—co—13cq)log(A—co—13cq) —k+1. (10.45)

Replacing the summation in (10.43) with (10.45), then exponentiating, yields the quick esti-
mate of the first-order estimate. It is accurate even for small m and k.
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10.5 Results of the approximations

For m < 24, we can find the exact null distribution of Dy« using the algorithm in Section
10.2. For larger m, we use the expansion in (10.35) up to the J*" term:

}\kfl k_ A— J )
PDyy < m— K~ & LlaaAba) [ > (s |, (10.46)
(Mm)ak—2 =

for k < [m/2| 4+ 1, where A = m —k + 1. The approximation is best for large m and small k,
and in fact exact if k < J + 1. The s;’s themselves become more time-consuming to calculate
as k and j increase. Our strategy is to use as large a | as is computationally quick, which we

take to be as follows:
J: 2 3 4 5 6

k: 13,000 680 165 75 50

That is, if k < 50 we take | = 6, if 50 < k < 75 we take ] =5, etc.

The approximations are reasonable for not-too-small probabilities of P[Dyax < m — k],
so are useful for testing hypotheses at the usual levels, but not accurate for large deviation
results. For moderate or larger m, the probabilities P[Dyax < m — k] for k > kg = |[m/2] +1
are very small. Here are some selected values for m between 25 and 100 and k = ko:

(10.47)

m 25 30 35 40
PDmax < m—kol 373x107% 373x10°% 141x10° 131x10°°
(10.48)
m 45 50 75 100
P[Dumax < M —kol 5.01 x 1077 4.04 x 1078 1.29 x 10711 4,05 x 10~/

To estimate the probabilities P[Dyax < m —Kk] for k > kg (for which the expansion is not
valid), we use a couple of approaches. For 25 < m < 50, we use simulations for some of the
smaller k’s. We could simulate directly the distribution of Dy.y, but since we are interested
only in the values Dy < m — ko, relatively few simulations are of use. We could improve the
efficiency hugely by simulating directly conditioning on these values of Dyax, but are unable
to find such an algorithm. We have found it easy to simulate from Y™ € Y; of (10.18) for k = ky.
For x < m— kg, dmax (¥, w) =x = y € Y4, hence

P[dMax(Y/ w) = x|

Pldvax (Y, w) =x|Y € Yq] = P[Yq]

(10.49)
Then with ﬁsm denoting the simulated conditional probability, we have the unconditional
approximation

(m— ko + 1)k071
(M)iy—1

Pldpmax (Y, @) = x] = Psimldyax (Y, w) = x| Y € Y] (10.50)

by Lemma 10.1. This approach is substantially more efficient than direct simulation. For
example, for m = 25 and 107 simulated y’s, direct simulation yields about 2,400 of them in the
target area (less than or equal to m — k), while the conditional approach expects about 4 x 10°.



10.5. RESULTS OF THE APPROXIMATIONS 111

Figure 10.1: The QQ plot.

For m = 50, the numbers are 22,700 and 0.26. We use this approximation for x < m — kg for
which the simulation yields at least 100 observations at x.

For m > 50, and for m < 50 when the above simulation s too sparse, we use the asymptotic
distribution in (10.3) to estimate the ratio of the probabilities at the two values:

ef(kf.S)z/m

/IS[DMaX < m_k] = /IS[DMax < m— kO] (1051)

e—(ko—5)2/m’

To test out our approximations, for each of several values of m we simulate 108 y’s. We
have two evaluations: testing the fit using x?’s, and estimating the absolute error using Bayes
analysis.

10.5.1 Testing goodness-of-fit

Here we compare the simulated distribution to the approximation using x> goodness-of-fit
tests. For given m, we looked at P[Dyax = x| for x € {my,..., my}, where my is the smallest
values such that the expected counts is at least 5, i.e., the smallest integer such that ﬁ[DMaX =
mp) > 5 x 1078, and m; = m — 8 (because the algorithm is exact forx =m—7,...,m—1).

The bottom line is that we did not see any systematic problems with the approximation.
Because we looked only at probabilities over 5 x 1078, we cannot claim anything about smaller
probabilities. Such large deviation results would need a different approach.

The m’s we use are 25, 26, ..., 50, 60, ..., 100, 150, 200, 300, 400, 500, 750, 1000, 2000,
5000, 10000. For each, we found the Pearson x? statistic. Summing those, we find a total
x> = 1101.34 on 1017 degrees of freedom, which yields a p-value of 0.0332. This value is fine,
maybe a little low. Using the Sellke-Bayarri-Berger calibration, this p-value yields a posterior
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probability of the null of 0.307 (= —e(p-value)log(p-value)), not small. Inspecting the 41
individual p-values, there are six below 0.01: 0.0024, 0.0106, 0.0286, 0.0498, 0.0756, and 0.0818.
The only worrisome one is the lowest, at least from a multiple-comparison’s viewpoint. Just
to check, we reran the simulations for the three m’s with lowest p-values (m = 28,44, 90).
The rerun yielded p-values of 0.22, 0.82, and 0.97. So there does not seem to be anything
particularly concerning with these three values.

Figure 10.1 contains a QQ plot based on the p-values, where we used —2log(p-value)’s,
which under the null they are approximately independent x5’s, and the smallest p-values are
the largest in the transform. We again see that there is some lack of fit, but it is not too bad.

10.5.2 Assessing the absolute error

To estimate the absolute error in the approximations, we use a Bayes procedure. For given
m and x, let p = P[Dymax = XJ, P = P[Dmax = x|, our approximation to the probability, and
S be the observed number of simulated dyax(y,w)’s that equal x (out of n = 108). Then

S ~ Binomial(n, p), hence with a Beta(%, %) prior on p, we have the posterior

p|S =s ~Beta(a,b) where a:s—l—%,b:n—s—k%. (10.52)

Then letting b(x; a, b) be the beta density and B(x; a, b) the distribution function, the poste-
rior expected error is

epost = EIF —plIS = :Jrﬁ—prb(p; o, b)dp

1

P
- JO (P—p)b(p; @, b)dp + ij —Pp)b(p; a,b)dp
19

5 1
=p <J b(p; a,b)dp—J b(p; a,b)dp>
0

P
3 1
([ powiavan—| poiaviap). o5
0 P
For the beta, a
xb(x; a,b) = b(x; a+1,b), (10.54)
a+b
hence a
€post = P(2B(p; a,b) —1) — a—|—b(28(ﬁ; a+1,b)-1). (10.55)

As n — 00, epost goes to the absolute error in our approximation, thus it combines this error
with the uncertainty arising from the finite number of simulations. We expect it to be an
overestimate of the actual error. (The smallest epos; can be over p is when p equals the median
of the beta, which in our examples this minimum is generally at least half the observed epgg;.)

We also look at the upper 95" percentile of the posterior of the absolute error. This value
is the point wy such that

1_B(§+Wou alb)—i_B(ﬁ_WOﬂ; a,b):oc, (1056)



10.5. RESULTS OF THE APPROXIMATIONS 113
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Figure 10.2: The observed, expected, and 95" percentile of the absolute error, by x, for m =
100.

for « = 0.05. There doesn’t seem to be an automatic function that will solve for wy, so we
need a root-finding procedure. Bisection works nicely, which requires initial bounds for wy.
For a lower bound, we find the two quantiles q« and q;_ of the Beta(a,b). Then we must
have that

P+Wa=(qiq and Pp—wag < g = Wy = max{qi_«—DP,P— qu} (10.57)
We have two extreme cases to consider. Note that by the final inequality above,
dqia=P>P = Wa 2P = B(p—wx;a,b)=0 = P+Wa= (1« (10.58)
Similarly,
P—qu=>1-P = we>21-9 = B(P+wa; a,b)=1 = p—wy=(a (10.59)

Both the implication strings can be reversed, hence we have that

—a—P if q1_a=2p
Wy = {ql x p 1 ql 24 p (1060)

]/:’\_qoc if Cloc<213—1.

If neither of the above cases hold, then we have w, < min{p, 1 —p}, and we use bisection with
this upper bound and the lower bound from (10.57).

For each m and x, we look at the observed absolute error between our approximation
of p = P[Dmax = xJ, P, and the estimate from the simulation (when np > 5). We also
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Figure 10.3: The maximum 95" percentile of the absolute error, by m.

find the mean and 95™ percentiles of the posterior distribution of the absolute error of our

approximation |[p — pl|. These three quantities track each other quite closely, with the observed
absolute error being less than the expected absolute error, which in turn is less than the 95"
percentile by a factor of about 2 or 3. See Figure 10.2 for the m = 100 case. We will hence
focus on the percentile.

For the most part, the 95" percentiles of the errors are under 10—, with improvement as
m increases, and as we get further into the lower tail of the distribution. Figure 10.3 plots
the maximum of these percentiles for our values of m. For 25 < m < 100, the maxima range
from 7.75 x 107 to 1.65 x 10~%; for 150 < m < 1000, from 6.36 x 107° to 8.67 x 10~°; and from
1000 < n < 10000, from 4.01 x 107 t0 6.36 x 10~.

~

Figure 10.4 plots the percentiles for each x against F(x) = P[Dpyax < x|, the lower-tail
probability (distribution function). The bulk of the values are between 10~ and 10>, with
the errors decreasing sharply for very small F(x). The next table summarizes these percentiles.
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Figure 10.4: The 95 percentile of the absolute error, versus the lower-tail probability.
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Figure 10.5: The 95 percentile of the relative error, versus the lower-tail probability.
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Absolute errors of the p
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(0,107°] 8.92 x 1078 2.64 %1077
(107%,1077] 2.30 x 1077 7.66 x 1077
(1075,1074 7.02 x 1077 4.02 x107° (10.61)
(107%,1077] 1.95 x 107 7.49 x 107
(1073,1072] 5.77 x 107° 2.38 x 107°
(1072,1071] 1.70 x 107> 8.59 x 107°
(1071,1] 3.85 x 107> 1.65 x 1074

Figure 10.5 looks at the relative errors, i.e., the posterior 95th percentiles of [p —p|/p. Now the
bulk are in the 0.001 to 0.01 range, but in the lower tail the relative errors become worse. Here

is the table:
Relative absolute errors of the p

Range of F(x) Median percentile Maximum percentile

(0,107°] 0.64194 2.51479
(107%,107°] 0.24823 0.79992
(107,104 0.08920 0.38993 (10.62)
(107%,1073] 0.03038 0.13229
(1073,1072 0.01021 0.04050
(1072,1071 0.00357 0.01589
(1071, 1] 0.00157 0.01386

Range of F(x) Median percentile Maximum percentile

Absolute errors of the F

The next two tables make the same comparisons as above, but on the lower-tail probabili-
ties, the F(x)’s, which are typical p-values for testing uniformity of the rank vectors.

(0,107°] 1.19 x 10~ 3.56 x 10~7
(107%,1077] 417 x 1077 1.02 x 10°°
(107,104 1.29 x 10~° 474 x 107 (10.63)
(1074,1073] 427 x 107 1.18 x 107>
(1073,1072] 1.36 x 107> 4.03 x 1075
(1072,1071 440 x 1075 1.44 x 10*
(1071, 1] 9.66 x 1072 2.03x 1074
Relative absolute errors of the F
Range of F(x) Median percentile Maximum percentile
(0,107°] 0.49359 1.93113
(107°,107] 0.12521 0.46193
(107,104 0.04087 0.12025 (10.64)
(107%,1073] 0.01296 0.03773
(1073,1072] 0.00418 0.01026
(1072,10°Y 0.00124 0.00344
(1071,1] 0.00022 0.00118
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10.6 The mixed moments of the C/’s

For fixed m and k < [m/2] +1, we use an iterative approach to find an expression for the
distribution of the C4’s in (10.28). Recall C, is the number of the first k — 1 y;’s that are at
least a. Extend the definition to an arbitrary number of y;’s:

cW =#{y,...,ui > a), (10.65)

so that C, = Cg{_l). The joint distribution of Cg), ng), ey Cgk_l) conditional on Y € Y; (see
(10.18)) is a Markov chain:

clicd), . ey =P cdicd Ty (10.66)

That is, if one is at stage i — 1, for C W it matters only how many of the first j — 1 are greater
than or equal to a, not which ones. Next, note that if C (i-1) —‘¢, then Cg ) can either be c, if
yi < a,orc+1,ify; > a. By (10.18), y; € {1,..., m —k+i}. At the ith stage, i — 1 possible
values have been removed, with c of them greater than or equal to a, hence

a—1—(i—1—c) 45 o
_ , P | I x=cC
PlCY =x|ci Y =¢ Y] =
| miElelee i x =41
== if x=c
— . (10.67)
(1— 228 if x=c+1

This expression can be used to find the distribution of C,, but here we are concerned with
the mean. Now

ElCW | ci ) Zey = 2T e L) (1_ a—_1+0>

m—k+1 m—k+1
1 a—1i
= 1—= 1— , 10.68
where again A = m —k + 1. Thus
. . . 1 a_i
W = Bl yy] = Y (1—X> T (10.69)

and ug) = P[Y7 > a|Y1] =1—(a—1)/A. We can obtain an expression for these means as a
sum, but instead use induction. The claim is that

, 1 j
W= —a+1+(a-1) (1_X> . (10.70)
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It checks for j = 1. If it is true for j =i —1, then by (10.69),

) _ i—a+(a—1)(1—1)i_l (1—1)“—“_i
Ha ™= A A A

—(i—a) (1—%)+1—“T_i+(a—1) (1—)1\)

=i—a+1+(a—1) (1—%)1, (10.71)

as desired. Setting i = k — 1 proves Lemma 10.4.
For the second moments, we fix 1 < a < b < k—1. We again use the Markov approach,

but with pairs (C@,CS)). Note that since a < b, Cg) > CS). Iffor0<d<c<i—1, cﬁf‘” =c
and Cl(;_l) = d, then
. _ (c,d) if yp€{1,...,a—1}
e ey ={(c+1,a) if y; efa,...,b—1} . (10.72)
(c+1,d+1) if yie{b,..., m—k+1i}
At stage 1, there are again m — k + i values for y; left to choose from, and
#leftin{l,...,a—1}=a—-1—(i=-1—=¢)=a—1i+c,
#leftin{a,...,b—1}=b—1—(a—1)—(¢c—d)=b—a—c+d, and

#leftin{b,..., m—k+ij=m—k+i—(b=1)—d=m—k+1+i—b—d. (10.73)
Thus
Elcy’cy1ca™, ey M = (c, d), 4l
Ced® T e a? e @Azl
A A A
—cd (1—%) +d (1—“%”1) F(c+1) (1—b;i). (10.74)

We now have a recurrence relationship as in (10.69) but including the mixed moments
Hop = a Ly 11

(1) i i (i-1) —i

Heop 1-2 123 gt fu 1

Gl=1 o 1-1 0 T NS I = (10.75)
i 1 i— b—i

n 0 0 1—3 i 11—

We’ll use induction to show that

ecVel iy = i—a+1)i-b+1)+

((a+b—2)i—(a—1)(2b—3)) (1—%)l+(a—1)(b—2) (1—§)l, (10.76)
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It works for i = 0. Inserting the expressions (10.76) and (10.71) with i —1 into (10.75), we can

obtain HE;), = A + B+ C, where

AN b—1\ . a—it+1) . b—1)
A:(1—X)(1—a)(1—b)+(1—T)(1—a)+(1—T>(1—b)+(1— ) ),

B = <1—1)il {(1—%) ((a+b—2)(i—1)—(a—1)(2b—3))
B A A

b—1i a—i+1 )
+ (1— 0y )(a—l)—#(l—T) (b—l)}, and

C=(a—1)(b—2) (1—%)1. (10.77)

Part C is indeed the last term in (10.76). Part A is

A=({—a)i—-b)+(i—a)+(i—Db)+1
20—a)i—-b)+(b—i)i—a)+(a—1i+1)i—b)+b—1i
A

=(i—a+1)(i—b+1)+g, (10.78)

which is the first term in (10.76). Consider the term in the square brackets of B. Call it B*, and
write it factoring out the i and A, i.e.,

B*=—(a+b=2)—(a=1)2b—3)+(a—1)+ (b—1)+i(a+b—2)
L 2(a+b—-2)+2(a=1)@b-3) ~bla—1) —(a+1)(b—1)

A

.—2(a+b—2)+a—-1+b—-1
+1 X

=—(a—1)(2b—3) +i(a+b—-2)+

(a—1)(2b—3)—i(a+b—2)
A

=((a+b—2)i—(a—1)(2b—23)) (1-%). (10.79)

Maybe nonobvious:

2la+b—-2)—bla—1)—(a+1)(b—1)=2a+2b—4—ab+b—ab+a—b+1
=—-2ab+3a+2b—3=—(a—1)(2b—3). (10.80)

Thus

B:((a+b—2)i—(a—1)(2b—3))(1—%)1, (10.81)

the middle term of (10.76), completing the induction.
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10.6.1 Third-degree mixed moments

The approach we take for higher moments is to guess the form, then use Mathematica® to
find the coefficients. Consider the q'" mixed moment,

uff} = E[C( .- aq |y1] where a; < ay <--- < aq, (10.82)

where Y; was defined in (10.16) and (10.18). The equation analog to (10.76) is arranged ac-
cording to the factors (1 —j/A)":
Maaq = (i—ai+D(i—az+1)-(i—aq+1)
+ ) 3 i 2 (- 1)
+(xg) 3 i x,i2) (1 - 2/A)
1 1
+oo Y XY (12 (g — 1)/

+ (a1 =1)(a2=2) -+ (ag — q){1=g/N)". (10.83)
That is, the form is
. q .
Mg = 0PIV ar, . ag)(1—j/A), (10.84)
j=0
where P( )(i ai,...,aq) is a (¢ —j)M-degree polynomial in i, with coefficients depending on

just a,..., aq, ie., not on A: We happen to know the first and last terms.

The steps for finding the x;’ i)'s are

1. Find the recurrence as in (10.75), where p&)a a is a linear function of all the u(i_l] for
all the subsets of {aj, ..., aq}.

2. Use the representations in (10.83) to obtain an expression for u&fa q that collects terms

according to the (1 —j/A)"Vs.

3. Equate each the term multiplying the (1 —j/A)’s in (10.83) to (1 —j/A) times the terms

multiplying (1 —j/A)""! from step 2. From these equations, we can solve for the x{j)’s.

4. Check that the resulting formula yields uEﬂ{m,a 4 = 0. Then induction and step 1 will
verify the result.

We illustrate with q = 3, letting (a;, ap,a3) = (a,b,c), with a < b < c¢. To find the
recurrence, we first find the conditional distribution
(cy,C

O ey e, el el Yy = (v, w), Yy (10.85)
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(Recall the definition of Cg) in (10.65) and Y; in (10.16) and (10.18).) Denote the conditional
probabilities as

(w,v,w)
i) ~0) ~0)y_ ) (u+1,v,w) (1) A>i-1) ~(i-1)y
P (Ca /Cb /CC )_ (u+1,V+1,W) | (Ca /Cb ICC ) - (ulvlw)lyl
(u+1,v+1,w+1)
(10.86)
Po {0,...,a—1}
,...,b—1 - i -
- E; =P Yi < }E C—l}} | (Cgll 1)’Cl()1 1)1(:((:l 1)) = (U,V,W),yl
P3 {c,.... m—k+1}
(10.87)

The relevant conditional expectation is then

ecy’ ey e cd™, e, e ) = (w v, w), Bl
=uvwpg+ (u+ D)vwpr + (u+1)(v+Dwpa+ (u+1)(v+1)(w+1)p3
=uvw +vwQq + (uw +w)Qp + (W +u+v+1)Q,,

where Q; =P[Y; > ]| (Cg_l), Cg_l), C((;i_l)) = (u,v,w), Y1l (10.88)

To find Qg, note that by definition of Y; in (10.18), Y; must be choosing from the values
{1,...,m —k+1i}. Since we are at the i'" stage, already i — 1 have been chosen, leaving A =
m —k + 1 to choose from. Initially there are m —k -1 — (a — 1) that are greater than or equal
to @, but since C"1 = u, w of them have been chosen, leaving m —k+1i—a+1—u. Thus
Qa=(mM—k+1i—a+1—u)/A. Similarly for the others, or taking from 1:

at+tu—1i

b+v—i c+w—1
Qu=1-~—— Qu=l———~— =

N and Q. =1— 7\ (10.89)

Inserting these formulas into (10.88) and collecting products of the u, v, w, we find the condi-
tional probability to be

2—1 b+1-—i
uvw (1—;) +ww <1—¥) + (uw +w) (1—%)

c—1

+(w+u+v+1) (1— > (10.90)

To complete step 1, we take expectations in (10.88), obtaining the recurrence

i i1 3 i1 a+2—1 i1 i1 b+1—1
e =ud) (123) ) (1- 2 e el (12

- . - C—i
el Y (1— - ) (10.91)
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For step 2, we insert the expressions (10.83) into (10.91) for the various p’s, and collect
terms according to (1 —j /AL To start, we find the coefficients for those quantities. For
j = 3, the coefficient is 0 for all but the “abc” means, whose coefficient is

(a—1)(b—2)(c—3). (10.92)

The expression for sets of two is in (10.77), and for single values is in (10.71):

Constant (1—%)171 ( —}%)ifl
Hope | (i—a)(i—b)(i—c) xo+x1(i—1) +x(i—1)2 yo+yi(i—1)
U (i—a)i—-b) —(a—1)(2b—3)+(a+b—2)(i=1) (a—1)(b—2)
U o)) —(a—1)(2c—3)+(a+c—2)(i—1) (a=1)(c—2)
wo - b)ice) —(b-1)2c—3)+(b+c=2)i-1) (b-1)(c—2) (10.93)
EF” i—a (a—1) 0
T i—b (b—1) 0
i) i—c (c—1) 0
1 1 0 0

We then use the above to find the coefficients of the (1 —j/A)Vs on both sides of (10.91).
Step 3 is then to equate the coefficients from the two sides. For the j = 3 it is easy, since the abc
terms both have the coefficient (a —1)(b —2)(c —3), and the lower-order terms’ coefficients
are 0. For the constant term, we seem to have the answer already, but for completeness we
need to verify the value. The right-hand side’s constant is

(i—a)(i—b)(i—c) (1—%) +(i-b)(i-¢) (1—%2_1)

b+1-1
A

+((-a)lizel+i-c) (1— >+((i—a)(i—b)+i—a+i—b+1) (1—C_i).

A
(10.94)

Tediously writing things out, or, better, using Mathematica®, we find that the expression in
(10.94) reduces to (i—a+1)(i—b+1)(i—c+ 1), which is indeed the constant in (10.83).

Now consider the (1 =2/A)""! terms. The coefficient on the left-hand side of (10.91) is, by
(10.83),

(Yo +y11) (1 — ;) : (10.95)

On the right-hand side we have

(Yo +yai—1)) (1—2) L (b-D(c—2) (1—%24)

b+1-1
A

c

) +(a—=1)(b—2) (1 — ;1> . (10.96)

t(a—1)(c—2) (1— -
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Subtract (10.95) from (10.96), then find the yp and y; that sets the difference to zero. The
coefficient of i in the difference is

%((b—Z)(c—3)—i—a(b+c—4)—y1), (10.97)

which means that
Yy =(b—2)(c—3)+a(b+c—4). (10.98)

Now if we substitute that y; into the difference and set to zero, we can solve for yg, which
turns out to be

yo=—(a—1)(12—-5¢c+b(3c —7)). (10.99)
We do the same approach for (1 —1/A). The coefficient on the left-hand side of (10.91) is
(x0 + X711 + x212) (1 — %) . (10.100)
The right-hand side’s is
. . 2 3 . a+2—1
(xo+x1(i—=1)+%x(i—-1)7) (1— 3 +(—(b—1)(2c—=3)+(b+c—2)(i—1))(1— —

+(—(a—1)(2c—3)+ (a+c=2)(i=1)+c—1) (1_w)

A

F(—(a—12b-3)+(a+b-2)i<1)+a—1+b—1) (1— C;) . (10.101)
Equating (10.100) and (10.102), and solving for the x;’s, we find
xo= (a=1)(7—4c+b(3c—5)),
X1 =4c—9—2a(b+c—3)—b(2c—5),
xp) =a+b+c—3. (10.102)

Thus with the y;’s and x;’s in (10.98), (10.99), and (10.102), we have

. i
Hie = (i— a4 1) (i—b+1)(i—c+1) + (xo +x1i +x2i?) (1—X>

+ (Yo +y1i) (1—%) +(a—1)(b—2)(c—3) (1—;) . (10.103)

Step 4 is to verify that setting i = 0 in (10.103) yields zero, which it does, proving the
equation.

10.6.2 General q

Consider finding the x{j)’s in (10.83) for arbitrary ¢, assuming we have the results (10.82) for
values less than q. We condition on

ctl=(ci ) =, ug) =, (10.104)
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so that

cV|ici=y ¢ {(w, . ug), (g +1up,...,uq),
(w+Luw+lLus,...,ug),...,(m+Lup+1,--- ,uqg+1)}. (10.105)
Let

After multiplying out the (u; + 1) terms, the conditional expectation can be written as a sum
of all possible products of the elements {1,1y,...,uq}, times a sum of some of the py,’s:

q
E[C(l) | C(i_l) =1u, ‘Hl] - Z Z u,uy, - ulj Qr/ r= r({l’ll R 1)}) (10107)
j=0 1< <<l <q
Here
Qr=pr+- +Pq (10.108)
and the function r is the largest integer (0 < r < q) not in the subset {1y, ..., Lj}
r(J) =max{r €{0,...,q}|r €J} for JC{1,...,q} (10.109)

For example, if g = 5, then we have the following;:

l,..., )
11,2,3,4,5)
(1,2,4,5)
(3,4,5)
{4/ 5}
{1,3}

0

(10.110)

Q101 W N WOo|I=

Now

m_k+i_(ar_1)_ur ar+ur_‘i,
m—k+ti—(-1) A AT Mokt
(10.111)

By Y1 in (10.18), Yi < m —k+1, and after the (i —1)! stage, there have been i — 1 removed,
hence there are m — k + 1 left to choose from. There are m —k +1i— (a, — 1) values at least a,

Qr =PIYi = a,| C[iil) = u]

for the numerator, but since CE;‘ U _ Ur, there have been u, already taken. Thus we obtain
(10.111).

Place the Q,’s into (10.107). Since the w;’s appear in the Q,’s, we have to rework the
formula so that the products of w’s are all together. Studying (10.91), it appears that the
pattern is

q—1 .
. . aG+q—r—1
E[C(1)|C(1 1):u,y1]:ul...uq (1_%>+§ E wy, <1_L)’

, A
j=0 1< <<ly<q

(10.112)



10.6. THE MIXED MOMENTS OF THE C,’S 125

for r =7r({ly,...,;}) in (10.109).
Now taking expectations in (10.112), we have

q—1 .
i i— i—1 aG+q—7r—1
K = bt (1= )+ D uii e (1 - +) . (0113)

j=0 1< <-<l<q

To find the formulas in (10.83), we have to pick out the coefficients of each (1 —j/A)01
G=1,...,9—1) for each pi-1 multiply by the appropriate (1 — (ar + q—r1—1)/A), and sum
them. That is, using the polynomials Pj(q) in (10.84), we have for each j,

Pj(q)(i; ag, -+, aq)(1—j/A) ZPj(q)(i—l; ai, -+, aq)(1—q/A)
q-1 _
G)y 1. ar+q—r1—1
) 2 Pi-Lay.oay) (1—%) (10.114)
h=) 1<11<---<lh<q

)

Both sides of (10.114) are polynomials in i of degree q —j (since the PE ’s in the summation

are of degree h —j, h < q). Given we know the PE) for j < g, the only unknowns in (10.114)

(q) )

are the coefficients for P;". Thus we can solve for them, obtaining P).(q .

10.6.3 Central moments

Taking i = k — 1, the moments we have found are the raw mixed moments,

May,.,aq = E[Cq; 1o+ Ca, 1Y1], (10.115)

but in order to find the si’s in (10.36), we need the central mixed moments. E.g., for q = 2,
a < b, from (10.38) we obtain

Cov[Cq, Cp | Y1] = EIW W4 | Y1]
NE= N 1\ 2k-2
(10.116)

In general they can be found from the raw moments using

EWq, - Wq, 1d1] = El(Cay — Hay) -+ (Cag — Hag) [Y1]

q
Z ( Z Hall ""’alj H },Lai)

1<11<~~~<lj<q ié{ll,...,lj}

~—

—1)47
=0
q
Z(_l)q_j Z Hall,...,alj H Hai> + (_1)q_1(q —1) H Ha;
j=2 i=1

q
= 1§11<~"<lj§q ié{ll,...,lj}

~—

(10.117)
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10.7 Asymptotics

In this section we find the asymptotic distribution of Dyjax as in (10.3). It turns out not to be
a great approximation for even fairly large m, so we recommend the approximation given at
the end of Section 10.4, although the first-order approximation from (10.33) is almost as easy
to apply. The main result for this section is next.

Proposition 10.5. For Dy = dyax (Y, w), where Y ~ Uniform (P, ), as m — oo,

P m — Dy
Jm

Proof. Fix x > 0, and let k = k;,, be a sequence of positive integers such that k//m — x. Now
for large enough m, k < | 7| + 1, hence we obtain from Propesition 10.3, i.e., (10.29),

< x] s 1—e ¥, x>0. (10.118)

m — Dyax k
> =P|D <m-—k
\/T_TL \/FL} [Dpax <M ]
_ ETaa(m—k+1=Ca)|¥] x(m—k+1) "
(m)ok—2
Recall from (10.24) that Cq is the number of Yj, ..., Yy that are greater than or equal to a, so
that for 2 < a <k, Cx < Cq < k—1. Letting Vi =k —1 — Cy, we have

P

(10.119)

a=2

k
(m—2k+2)1<E [H(m—kﬂ—ca)!%l]

<SE(m—k+1-Co* Y]
=E[(m—2k+2+ V)% Y]

Vv k—1
= (m=—2k+2)TE|(1+ —F . 10.12
(m—2k+2) ( +m_2k+2) |H1] (10.120)
Hence by (10.119) and (10.120), we have the bounds
Pk,ka,m < P[DMax < m— k] g Pk,ka,mRk,m/ (10-121)
where, since (Mm)ox—o = (M) (M —k+1)x_1,
(m—2k +2)k1 (m—k+ 1)1
P — , - , 10.122
o m k4 1 Qe (Mm)k—1 ( )
and
Vi k—1

Below we show that as m — oo,
Pem — ¢ 2%, Qum — e 2%, and Rygm — 1. (10.124)

Thus by (10.121), P[Dpyax < m— k| — exp(—xz), proving (10.118).
For the first two components, use the following lemma, proven after this proof.
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Lemma 10.6. Suppose 1//n — x asn — oo. Then

(m—1t 12
e e (10.125)

Proof. Now apply the lemma to Py, and Qy , in (10.122), with (n,1) = (m—k+1,k—1) and
(n,1) = (m, k — 1), respectively. Since k/y/m — x, in both cases, 1/y/n — x. Thus the first two
results in (10.124) hold.

Turn to Ry 1, in (10.123). We will show that for any € > 0, there exists a finite T such that

P[Vx > T|Y1] < e for sufficiently large m. (10.126)

(That is, the sequence Vi is bounded in probability.) Fix such an €, and find the T as in
(10.126). Then since Vi, < k—1,

Vk k—1 vk k—1
_ k . L >
Rgm =E (1+m_2k+2> [[Vi <T]Y1| +E <1+m_2k+2) I[Vk/T]I%Jl]
T k—1 K1 k—1
<(1+—— 1+— 10.127
< +m—2k+2) +( +m—2k+2) € (10.127)

for large m. Let m — oo, with k/y/m — x. The first term in_the last line of (10.127) goes
to 1, since T is fixed and (k —1)/(m —2k +2) — 0, and the second goes to exp(x?)e since
(k—1)2/(m —2k +2) — x*. Thus

lim sup Ry m < 1+ e e. (10.128)

m—0o0

Since e is arbitrary, and Ry , > 1, we have completed (10.124).
All that is left is showing (10.126). Since V) > 0, we can use Markov’s inequality, P[Vy >
T1Y1] < E[W|Y1l/T. Then by Lemma 10.4 with a = k in (10.37), recalling Vi =k —1 — Cy, we

have
1 k—1

11—1)z2/2)(1 —z")"2, |z*| < |z|. With 1 = k—1 and

P[Vk > T1Y1] <

T oAl

Use the expansion (1 — 2t =1-1z
z=1/(m—k+1), (10.129) yields

. 1.. (k—1?  (k—1)*(k—2) £ k=3
= < = — _
imaup PI > 1) < plimsup (L = S i —2)
2
=T (10.130)
Then for given € > 0 in (10.126), we can take T = (x> + 1) /. ]

Proof of Lemma 10.6. Recall Stirling’s approximation,

n! =s(n) (1 +0 (l)) , where s(n) = v2rn" e ™ (10.131)

n
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Then

D' (Dbt (1+O (l)) (10.132)

(n)h n!

N\ 1=+ o —(n—1) n
tn) = m—D'n 11) 2e _ (1 _ l) R (10.133)
nn-i‘z e—TL n n

As n — oo, the term in the square root goes to 1. Consider the log of the rest, and use the
Taylor expansion log(1 —z) = —(z+ 22/2 4 (2*)3/3), 1z*] < |z

where

1 1 112 1
1—— ==+ 4+ (93
nlog( n>+l n(n+2n2+3(z))+l

112 n 3
= 4 (g n < —. 10.134
5 3(2), (%)’ ( )

Since 1/y/n — x by assumption, the final equality in (10.134) goes to —x2/2, proving (10.125).
O



Chapter 11

Covariances of some of the distances

In Section 1.6 we summarized results about the correlations among the distances. This chapter
provides the details. Section 11.1 finds the exact covariances among five of the distances.
Section 11.2 presents some simulations for the covariances we could not deal with analytically.

11.1 Exact covariances of five of the distances

In this section we find the exact covariances of the Spearman, footrule, Kendall, Hamming,
and Cayley distances. Ulam and Maximum have proven very difficult to deal with analytically.
David, Kendall, & Stuart (1951) find the first-order (in 1/m) correlation between Spearman’s
p and Kendall’s distance assuming normal samples with correlation r. We are restricting
to Y ~ Uniform(Py,), which is equivalent to their setting r = 0. Table (11.1) contains the
covariances.

Footrule Kendall Hamming Cayley
Spearman m(m+1)(m?+1)/30 m(m—1)(m+1)?/36 m(m+1)/6 (m?*—1)/6
Footrule (m+1)(m?*+1)/30 (m+1)/3 (m?*—1)/3m
Kendall (m+1)/6 (2m—1)/12
Hamming 1—1/m
(11.1)

All but the Kendall/Cayley covariance can be handled by at least one of the following
formulas, where Dp is a Hoeffding distance (Chapter 3) with 64(i,j) and Ax as in (3.1) and
(3.4):

Cov[Da, Dyl = —% wHA HW', (11.2a)
Cov[Da, Dxendanll = nl1 Cov[Da, Dyl, (11.2b)
Cov[D A, DHamming) = ﬁ E[DAl, and (11.2¢)
Cov[Da, Dcayleyl = nll E[Dal. (11.2d)

129
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Here, H is the m x m centering matrix from (3.8). The proofs are given in Section 11.3.
Start with the covariance between the Spearman and footrule distances. By (5.5), we have

H Agootrule H = _ZHKK,H/ (11.3)

where K is the m x m matrix with ones on and above the diagonal, and zeros below, as in
(5.3). Thus (11.2a) shows that

4
Cov[Droot, Dspear] = ——1 lwHK|[. (11.4)

Now wH = w — (m+1)1/2, hence, with help from (5.7),

(WHK), =Y (j_mTH> _ i(i;m)
j=1

» v (E-m) 1 2
= |wHK]|| _;( > ) = o M= 1 (m? 1), (11.5)

Thus (11.4) proves the Spearman/footrule entry in (11.1).
For convenience, we repeat the relevant means and covariances from (1.10):

Mean Variance (if m > 1)
Spearman m(m2—1)/6 m2(m—1)(m+1)%/36
Footrule (m?2—1)/3 (m+1)(2m2? +7)/45 (11.6)
Kendall m(m—-1)/4 m(m-—-1)2m+5)/72
Hamming m—1 1

Cayley m—y 1A S m(i—-1)/42

The covariance of Spearman or footrule with Hamming or Cayley, and Hamming with Cayley,
can all be found using (11.2c), (11.2d), and the means from (11.6). The covariance of Kendall’s
distance with the Spearman, footrule, or Hamming distances is then found using (11.2b) and
the previously found covariances (or variance, in the first case) with Spearman.

Finally, consider the Kendall/Cayley covariance. Using the expression for Kendall’s dis-
tance in (6.4), we have

Cov[Dken, Deayl = ) Y Cov[I[Y; < Yj], Degyl. (11.7)

1<<i<m

Recall the decomposition of Cayley’s distance from Section 9.1, where Vi was the indicator of
whether an interchange was needed to set yx = k, proceeding in the order k =1,2,...,m —1.
We could just as well take any other order. For fixed 1,j, j < i, consider any order that starts
with k =j, 1, so that Vj is the indicator of whether at the first step we need an interchange to
have y; = j, and V; is the indicator at the second step of whether an interchange is needed to
have y; = i. After these two steps, the further steps (V3, ..., Vi;—1) are independent of V; and
V,, and independent of Y; and Y; since after the first two interchanges, the remaining elements
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of Y are equally likely to be in any order. Also, as in (9.9), Vi ~ Bernoulli(1 —1/(m —k + 1))
for each k. The independence yields

m
Cov[I[Y; < Yj], Doyl = CovlIlY; < Yjl, 3 Vid = CovlIlY; < Vi, Vi + Val. (11.8)
k=1

Now Vi = I[Y;#j], and V; equals one if Y; # i unless the first interchange places an i into the
ith slot, that is, unless Y;=j and Y;j=i. Thus

V1+V2=I[Yj #j]—f—I[Yi#i]—I[Yi:j &Yj =1
=2 Yy =] —IY; = 1] — 11V, = & ¥ = il. (11.9)

To find the covariance in (11.8), since E[I[Y; < Y;]] = 1/2 we have the cross-product

E[I[Y; < Yjl(Vi+ Vo)l =1 —P[Y; < Yj|Y; = i]P[Y; =] — P[Y; < Y;]Y; =jIP[Yj = j]
—PlY;=j &Y =i
m—1i j—1 1

=1- mm—1 m(m—-1 m(m-1)

(11.10)

For the final term, note that since j<i, Y;i=j and Yj=i implies that Y;<Y;. Now E[V] + V,] =
2—1/m—1/(m—1), which yields

.. 1
’L JR— e =
CovlllY; < Vi, Vi + Vo] = — 22 (11.11)
m(m—1)
Using the expression in (11.7), the overall covariance simplifies to
m-1 m i—j— 1
_ 2
COV[DKen/DCay] = Z Z m
=1 i=j+1
m—1m—j
o eMPIPNISE
m(m—1) =1 k=1
1 m—1
B 2m(m—1) (m—j)°
j=1
2m—1
= . 11.12
B (11.12)

This equation completes the matrix in (11.1).

11.2 Simulations for Ulam and maximum vs. the others

We simulated 10,000 random vector Y’s of various lengths m to estimate the correlations of
the Ulam and maximum distances versus the other five, and each other. Figure 11.1 graphs
the correlations for a number of values of m from 10 to 10,000 for the correlations with Ulam’s
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Figure 11.1: The correlation of Ulam’s distance with the other distances as a function of
log,,(m), for m from 10 to 10000.

distance, and Figure 11.2 has similar graphs for the correlations with the maximum distance.
We used log;,(m) for the horizontal axis. Table (11.13) extracts these estimated correlations
for a few values of m.

For the Ulam distance, we see that as m increases, the correlations decline. The correla-
tions with the Spearman, footrule, and Kendall distances are much higher than those with
Hamming, Cayley, and the maximum distance. The latter do appear to be close to zero, while
the former seem to be declining fairly linearly with the log of m. For the maximum distance,
all the correlations are approaching very close to zero.
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Figure 11.2: The correlation of the maximum distance with the other distancesas a function of
log;,(m), for m from 10 to 10,000. The Spearman and Kendall distances” curves are almost on
top of each other.

Spearman Footrule Kendall ' Hamming Cayley Maximum

m=10

Ulam 0.6317 0.6593 0.7130 0.3126  0.1916 0.3336
Maximum 0.7025 0.5530 0.6871 0.1443 0.1644

m =100

Ulam 0.4797 0.5405 0.499 0.1030  0.0478 0.0670
Maximum 0.2630 0.1595 0.2617 —0.0046 —0.0058 (11.13)
m = 1,000

Ulam 0.3363 0.4161 0.3388 0.0301 0.0165 0.0236
Maximum 0.0831 0.0449 0.0833 —0.0046  0.0075

m = 10, 000

Ulam 0.2295 0.3036  0.2299 —0.0030  0.0006 0.0064
Maximum 0.0278 0.0173  0.0278 —0.0018  0.0063

We end this section with some thoughts about possible reasons why most of the correla-
tions with Ulam and the maximum distances approach zero. Formal mathematical analysis
so far has proven elusive.

Consider any bi-invariant distance. Its distribution depends on a given y; only based on
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whether y; = i or not. On the other hand, the Ulam and maximum distances are sensitive to
the distance y; is from 1, thus would tend to have little relationship to the bi-invariant one.

Think about Dyax. From the asymptotic distribution in (10.3), we see that for a moderate
value of the constant c, say ¢ = 10, P[Dpjax>m — c/m] &~ 1. Now

Dpmax = M —cvm = Dyax = max{|Y; —il|1 € O¢m}, (11.14)

where
Ocm={il1<i<cymorm—cym<i<my (11.15)

since if i & O¢,m, then |y; — il < m — cy/m. Thus for large m, Dyax depends almost exclusively
on only 2cy/m of the yi’s. For Spearman, footrule, and Kendall, and possibly for Ulam,
the asymptotics are not substantially affected by ignoring those indices, which suggests an
asymptotically low correlation with Dyax

11.3 Proofs

We first deal with cases where both distances are Hoeffding distances.

Lemma 11.1. Suppose D and Dy are Hoeffding distances (Chapter 3), with matrices A and Ag as
in (3.4), respectively. Then

Cov[Da,Dgl =

1
— trace (H A) H Ag), (11.16)

where H is the m x m centering matrix from (3.8).
Proof. Similar to (3.19) through (3.21), with W = Q(Ax Ag),

Cov[W] = 1 m® (

\ 1 Aj
m—1 !

A ) H,(Apr Ag) =320, (11.17)
B

where here §2 is (2m)x (2m). Now

Cov[Dg, Dg] = Covltrace(Q AL, ), trace(Q Ag)]

m m
= trace (Z Z Cov[Wy, Wj,j+m])
i=1 j=1
m m 1 J
= Z Z 0ijWij+m

i=1 j=1

1
= 7 trace (HALHAg). (11.18)

]
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First, let Dg = D,. From (4.1), we have
HA,H = —2Hw'wH. (11.19)

Thus

1
Cov[Da, Dyl = — trace(HA A HA,)

2
=— trace(Apa Hw'wH)
m—1

2
= wHA,HW, (11.20)
m—1

as in (11.2a).
Now take Dp = Dyam, for which Ay, = 1’1 — I, where I is the m x m identity matrix,
and 1 is the 1 x m vector of 1’s. Then H Ay, H = —H, so that

trace(HAp) = !

COV[DA, DHam] = — y—
m—1 m—1

E[Dal (11.21)

by (3.17), which is (11.2c)
The next result deals with one Hoeffding distance.

Lemma 11.2. Suppose Do = da(Y,w) is a Hoeffding distance with Da = ) 6a(Yi, 1) as in (3.1),
and D is any other distance. Then

Cov[Da, D] = ) Cov[5a(Yy, k), ED| Yill. (11.22)
k=1

Furthermore, if D is bi-invariant,

Cov[Da, D] = ﬁE[DA](E[D] _ED|Y =K. (11.23)

Proof. First,

Cov[Da, D] = ) Cov[da (Y, k), DI. (11.24)
k=1

For each summand, we use the conditional /unconditional formula for covariances,
COV[éA(Yk, k), D] = E[COV[éA(Yk, k), D | Yk]] + COV[E [6A(Yk/ k) | Yk], E[D | Yk]]- (11.25)

The conditional covariance in the first term on the right-hand side is zero since conditionally
da(Yy, k) is a constant. For the other term, E[0 (Y, k)| Y] = da(Yy, k), hence we have (11.22).

It can be shown that for any bi-invariant distance D, the conditional distribution D | Y) =1
depends only on whether 1 = k. Then for some a and b,

E[D|Yy=kl=a and E[D|Yy =1 =0 forany k,1 with k#L (11.26)
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Furthermore, the unconditional expectation can be written

1 1
E[D] = E[D| Yy = KIP[Yy = K] + E[D| Yy # KIP[Yy # K] —a——i—me
— b= m' (11.27)
m—1
Then we can write
ED|Yy] = (a—b) 1Yy = k] +b. (11.28)

Each summand in (11.22) here is

Cov[da (Y, k), EID|Yi]] = (a—1b) Cov[da (Y, k), I[Yy = Kl]
= (a—"1b) (E[BA(Yi, k) I[Yx = K] — E[5A (Yi, K)IE[I[Yy = KI])
b a

E[8A(Yi, k)], (11.29)
since 04 (Yx, k) = 0 if Yy = k. Then by (11.22), Cov[Da, D] is found by summing (11.29) over k,
which yields (b — a)E[Da]/m, and (11.23) follows by writing b — a as a function of E[D] and
E[D|Yyx =K]. O

Consider the covariance of Kendall’s distance with a Hoeffding distance, so that D = Dgen
in (11.22). Now

EDken Yk =U= ) Y PYi>Yj|Vi=1

1<igi<m
k—1
P[Y>llYk:l+ZPl>Y|Yk_1 > > PYi>Y
i=1 j=k+1 1<i<js<m,ij#k
m—1 -1 (m—1)(m—-2)1
= (ke— 1)m—l—’_( k)m—l—i_ 2 2
2 1
B S L O (11.30)
m—1 2 ’

where Cy , is a constant independent of 1. The parallel calculation for Spearman’s distance is

m

m m
E[DSpear|Yk =1 = ZE[Yiszk:u—FZiZ—ZZiE[YilYk:H
i=1 i=1 i=1

:m(m—|—1;)(2m+1)_2 kE[YkIYk=1]+ZiE[Yi|Yk:u . (11.31)
i#k
Note that
E[Yi Yy =1 l L 11.32
i =1U= +1<m(n;+1)_1) itk (11.32)
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since if i # k, Y; is conditionally equally likely to be anything but 1. Thus

E[DSpear|Yk:U:—2(kl—|— ! <m(m+1)—k> (M—l))JrCTn

m—1 2 2
2m m+1
== (k- —= L 11.
m—l(k 5 ) L+ Cn (11.33)
In (11.22), for Spearman’s or Kendall’s distance, we can ignore the constants, so that by
setting | = Yy in (11.30) and (11.33),
2 1
Cov[DA, Dienl =i (k—ﬁ> Cov[da (Vi k), Vi], and
=1
2m ( m+1

Cov[Da, Dspear) = T2 k— —> Covida (Y, k), Yil. (11.34)

They differ only by a factor of m, which gives us (11.2b)

Turn to Cayley’s distance, which is bi-invariant (see Section 1.7). Given Yy, = m, the
conditional distribution of (Y7,..., Yn_1) is Uniform(P,,_1). Thus the conditional distribution
of Cayley’s distance given Y, = m is the same as the unconditional distribution when there
are just m — 1 objects to rank. From (1.10) for the mean, then, we have

m

1 1

E[Dcayl = m — E - and E[Dcay | Yy =Kkl =m—1— E = (11.35)
i=1 i=

since by bi-invariance, conditioning on Yy = k is the same for any k. Thus (11.23) gives us

CoviDa, Doyl =~ E[D)(EIDCay) — EIDGay Vi = K)

Y g Y = ey (11.36)
m-—1 m m

Thus we have (11.2d).






Chapter 12

Tied Rankings

Often, rank data is incomplete, either by design or by random ties or judges leaving out infor-
mation. For example, people might rank only the top three of five choices, or an experiment
might be conducted where each judge is given only a subset of the objects to rank. In non-
parametrics, even nominally continuous variables will often have ties (from round-off error or
inherent discreteness, such as age in years).

There are a couple of general approaches to extending distances on full rankings to those
on partial rankings. Both are based on the notion of compatibility sets, as in Alvo & Cabilio
(1991) and Critchlow (1985), and earlier in M. G. Kendall & Gibbons (1990) (a recent update
to M. Kendall (1948)) for Spearman’s p. The idea is that for any incomplete ranking, there
is a well-defined set of complete rankings that is compatible with it. For example, suppose
m = 5, and a ranking with ties ranks object 1 first, has objects 2 and 3 tied in second place,
and objects 4 and 5 tied in last place. We will represent this tied ranking as = = (1,2,2, 3, 3).
Then the complete rankings which are compatible with x are those with object 1 first, objects
2 and 3 next in either order, and objects 4 and 5 taking the last two slots, in either order. If
the tied ranking is © = (1,2,3,3,3), then the compatible complete rankings are all those with
objects 1 and 2 ranked 1 and 2, respectively. That is,

Tied ranking Compatible complete rankings

(1,2,2,3,3) (1,2,3,4,5), (1,2,3,5,4), (1,3,2,4,5), (1,3,2,5,4).

(12.1)
(112/3/313) (1/21314/5)/ (11213/5/4)/ (1/2/4/3/5)/ (11214/513)1
(1/215/3/4)/ (112/5/4/3)'

If only the first three objects are ranked, and they are ranked 1, 2, and 3, then the compat-
ible complete rankings are those with the first three ranked in that order, but not necessarily
ranked 1, 2, 3:

Incomplete ranking Compatible complete rankings
(1/213/ */*) (1/2/3/4/5)/ (1/2/315/4)/ (1/214/3/5)/ (1/2/4/5/3)/
(1,2,5,3,4), (1,2,5,4,3), (1,3,4,2,5), (1,3,4,5,2), (12.2)
(1,3,5,2,4), (1,3,5,4,2), (1,4,5,2,3), (1,4,5,3,2),

(2,3,41,5), (2,3,4,5,1) (2,3,5,1,4), (2,3,5,4,1),
(214/ 5/ 113)/ (2/4/ 5/ 3/1)/ (314/ 5/ 1/ 2)/ (3/41 5/ 2/1)'

139
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Other schemes can be imagined. For example, suppose with m = 4 objects, a judge prefers
object 1 to object 2, and object 3 to object 4. Then the compatible complete rankings would be
(1,2,3,4), (1,324), (1,42.3),(2,3,1,4), (24,1,3), and (3,4,1,2).

Suppose we have two incomplete rankings, represented by their compatibility subsets
W,Z C Pm. We wish to define a distance between the two subsets based on the interpoint
distances d(x, y) for «, y € Pr,. The two main approaches in the literature are the use of Haus-
dorff distances proposed by Critchlow (1985), and the averaging of Alvo & Cabilio (1991). The
former looks at the Hausdorff distance between W and Z induced by d:

d (W, 2) = max{max d™(z, Z), max d™(W, y)}, (12.3)
xeW yeZ
where
d™(x,Z) =mind(xz,y) and d™(W,y) = mind(xz,y). (12.4)
yeZ xeW

There are various ways to interpret Hausdorff distance: E.g., d(W, Z) is the smallest K such
that for each * € ‘W, there exists a y € Z such that d(x,y) < K, and for each y € Z, there
exists an x € W such that d(x,y) < K.

The averaging approach just averages the distances d(x,y) for x € Wand y € Z:

A . ZwEW ZyeZ d(z, y)
A (W, 2) = e ) (12.5)

The idea here is the same as for hierarchical agglomerative clustering using average linkage.
As in clustering, we could also use the maximum of the interpoint distances (complete linkage)
or minimum of them (single linkage) in place of the average:

dM(W, 2) = d(z, y);
( ) me%?;ez (x,y)

d"(W,Z2)= min d(z,vy). (12.6)
xeW,yeZ

If the scientific context leading to the ties rankings dictates which method to use, then
certainly that is the one to use. For general purposes, the minimum and maximum seem too
extreme, while either the averaging or Hausodrff approach has its advantages. The Hausdorff
distance is an actual metric on the subsets of Py, (if d is metric on Py,), whereas the average
distance is typically not, i.e., it is likely that da(W, W) > 0, and there is no guarantee that
the triangle inequality holds. Any Hausdorff distance will take values in the support of
d(x,y). It is also easier than averaging to calculate for Ulam’s and the maximum distances.
The averaging approach is the usual one, especially for Hoeffding and Kendall distances. In
particular, for Spearman’s distance, it leads naturally to the popular midrank statistic for tied
ranks.

For situations with not too many ties, the two approaches yield similar results. There
can be interesting differences in other cases. For an extreme example, suppose m = 10 and
w = (1,1,1,1,1,2,2,2,2,2). We consider three z’s that conform maximally to w but with
increasing numbers of ties. Because of the ties (in one or both vectors), we might be reluctant
to declare their distances from w to be zero. We will look at Spearman’s p as in (1.14),
but with the distance extended to ties in the numerator. E.g., for the averaging approach,
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pAMw,z)=1— dgpear('w, z)/Eldspear(Z, V)], where in the denominator the Z and v are in Pr,.

Then for the four approaches we have

z Averaging Hausdorff Minimum Maximum
(1,2,3,4,5,6,7,8,9,10)  0.7576 0.5152 1 0.5152 (12.7)
(1,1,1,2,2,3,3,3,4,4) 0.7576 0.6364 1 0.5152
(1,1,1,1,1,2,2,2,2,2) 0.7576 1 1 0.5152

(Note that the minimum distance yields the maximum p, and vice versa.)

The values of Spearman’s p for the averaging approach are high (0.76), but not too close
to 1, as would seem reasonable. The maximum and minimum are going to be extreme (and
in fact average to the d*). What is interesting is that the Hausdorff ranges from being equal
to the maximum when z has no ties, to being equal to the minimum when z has the most
ties. At first it might seem unusual that the less-specific z achieves the smallest distance from
w, but in this case for the last z, the compatibility sets for w and z are the same, hence their
Hausdorff distance is zero. When z = (1, 2,...,10), we are comparing a large compatibility set
W with a singleton set {z}, hence the Hausdorff distance is the maximum between z and those
in W. Thus we may expect Hausdorff to tend to be larger the more discrepant the numbers of
ties in the vectors.

We redid the calculations after randomly shuffling the z. Now among the first five slots,
there are two low values and three high, and vice versa for the last five, hence intuitively we
might expect p to be slightly negative, as indeed it is for the averaging approach. Note that
the minimum and maximum are quite extreme, and differing in sign. Hausdorff again shows
the distance decreasing as the compatibility sets become closer in size, where the p increases
quite a bit from —0.62 to 4-0.03.

z Averaging Hausdorff Minimum Maximum
(6,9,4,10,1,8,5,3,2,7) —0.1515 —0.6242 0.3212 —0.6242 (12.8)
(3,4,2,4,1,3,2,1,1,3) —0.3030 —0.5879 0.3212 —0.8667
2,2,1,2,1,2,2,1,1,2) 0.0000 0.0303 0.8182 —0.8182

The above are just a few examples, but they do point out that the approaches are quite differ-
ent, and at least to me suggest that the averaging is most intuitive.

The main goal of this chapter is to calculate the averaging approach for the given distances.
See Section 12.1. Critchlow (1985) gives a thorough analysis of the Hausdorff approach, which
we summarize in Section 12.2. Chapters 13, 14, and 16 go into more detail on the distributional
aspects for the Spearman and Kendall distances.

12.1 Averaging

As above, we will define a tied ranking to be an m x 1 vector w with values from the set
{1,...,K} for some K, where each value in that set is represented in w. Thus w = (1,3,2,1,3)
is valid, while w = (1, 3,4, 1, 3) is not. The lower the value of wj, the more object i is preferred.
If wi = wj, then objects i and j are equally preferred. The compatibility set as in (12.1) is here

€(1,3,2,1,3) ={(1,4,3,2,5), (1,5,3,2,4), (2,4,3,1,5), (2,5,3,1,4)} C Pnm. (12.9)
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A formal general definition of the compatibility set uses Kendall’s distance:

Clw) ={x € Pl > Y Il(wi—wj)(xi—x) < 0] =0} (12.10)

1<<i<m

The averaging approach seems most reasonable for the Spearman and footrule (and more
generally, L,,) distances, and Kendall’s distance. It also makes sense for the Ulam and max-
imum distances, although for ease of calculation, one might prefer to use the Hausdorff,
maximum, or minimum in (12.5) rather than the average. Section 12.3 presents a modification
of the Hausdorff approach that may be more appealing for these distances. In Section 12.2.1,
we discuss whether this approach to tied rankings makes sense for bi-invariant distances.

We can represent the distribution of elements in the compatibility set as

X |W = w ~ Uniform(C(w)). (12.11)

Then if the marginal distribution of W is uniform over the permutations of w, the uncon-
ditional distribution of X is Uniform(P;,). If z is another tied ranking, and Y |Z = z ~
Uniform(C(z)), independent of (W, X ), then we can represent the distance in (12.5) as

d*w, z) = E[A(X,Y)|W =w, Z = 2]. (12.12)

We need to find the distributions (12.11). Let m be pattern of ties for w, i.e., the counts for
its elements:
m=(my,..., mg), mq=#i|w=al (12.13)

As x runs over the compatible set C(w), the individual x;’s run over ranks determined by
their values. That is, the x;’s with w; = 1 have the lowest ranks, then come those with w; = 2,
etc. Specifically, denoting the cumulative sums of the m by

.
Mg =4 fa=0- (12.14)
my+-.--+mgqg ifa=1,...,K

and let m-q = m¢,_1. Then we have

w;=1=x€{l,...,y};
wi=a=x € {meq+1,..., mca};
Wi = K= X € {TTI<K +1, m} (1215)

For example, suppose w = (1,3,4,4,2,2,3,3,2,3). Then there is one 1, three 2’s, etc. so
m = (1,3,4,2) and we have x; € {mgy,—1+1,..., Mg, }, where

i Wi My, +1 meu, My,
1 1 1 1 1
56,9 2 2 4 3 (12.16)
2,7,8,10 3 5 8 4
3,4 4 9 10 2
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E.g., wp, w7, wg and wqg all equal 3, so the corresponding xi’s go from m; + my +1 = 5 to
my+mp+mz =8.

The values of X; and X; are conditionally independent if they are from different groups,
that is, if w; # wj. The vector of X;’s from the same group are distributed uniformly over the
permutations of their range,

(Xi| Wi = a)| W = w ~ Uniform(Permutations(m<q + 1, ..., m«q)). (12.17)
Thus for the example in (12.16),

X1 | W = w ~ Point mass at 1,
(X5, X6, X9) | W = w ~ Uniform(Permutations(2,3,4)),
(X5, X7,Xg,X10) | W = w ~ Uniform(Permutations(5,6,7,8)),
(X3,X4) | W = w ~ Uniform(Permutations(9, 10)), (12.18)

and the four vectors are conditionally independent.

Consider two tied rankings, w and z, for the same set of objects, so that C(w) and C(z)
are their compatibility sets. Let n be the vector of counts for z, so that n, = #{i|z; = b},
and define n¢y, as in (12.14) for n. The remainder of this section considers specific distances.
The Hoeffding distances and Kendall’s distance have reasonably tractable extensions using
the averaging, and is the traditional approach for Spearman and Kendall. We have not found
simple formulas to apply the averaging to the other distances. We can always enumerate over
the [ [ mqa! [ [ np! values for X and Y in (12.5) if the counts are fairly small, or use simulations
if not.

In Section 12.2.1, we note that the above method for dealing with ties may not make sense
for the bi-invariant distances, and present alternatives.

12.1.1 Hoeffding distances
As in (3.1), a Hoetfding distance is of the form

m

d(z,y) = ) 8(xi,y1) (12.19)
i=1

for given function 6. The averaging (12.11) is now

d*w,z) = Y EBX, Y)W =w, Z = 2]. (12.20)
i=1

Thus we need just the marginal distributions of X;’s and Y;’s. By (12.17) we see that they are
conditionally independent and uniform over their conditional spaces spaces given in (12.15).
Then (12.20) can be reasonably easily applied to specific &’s. In fact, we can write the distance
in (12.20) as a Hoeffding distance with

Mgq M<p
5 5 5(x,y)
5*(a,b) = 2o+ Z‘J::@“ Y . (12.21)
Ma
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Then we have

z) =) 5 (wizi). (12.22)

Consider Spearman’s distance. We have from (4.39)

m(m+1)2m+1) _2ix'y'

dspear(T,Y) = 3 (12.23)
i=1
Then for fixed w and z, we have
mm-+1)2m+1 Uk
dbpear (W, 2) = ( ;( ) 5 D EX:| W = w]ELY; | Z = z]. (12.24)

i=1

The E[X;|W = w] and E[Y;| Z = z] are well-known as the midranks of the vectors w and z,
respectively. In R, the default output of the function rank(w) is the midrank vector, hence we

set
m<Wi*1 + mgwi + 1

rank(w); = E[X; | W =w] = > ’

(12.25)

and similarly for z. Then we can write

dépear(w’ z) = mim+ 1;,(21“ e 2 Z rank(w)irank(z);. (12.26)
i=1

By (1.4), for Hamming’s distance, 5(x,y) =1 —1I[x = yl, hence

Z:Snlaﬂ Z??Lbﬂ =y
MaNyp
#{mea+ 1o, megNney +1,...,ncp))
MgNyp
(min{mgq, ncp} —max{meq, nep)) ™

5" (a,b) =1—

—1—

1 (12.27)

MaNyp

Here, z+ = max{z, 0}.
For the footrule in (1.4), 5(x,y) = [x —yl, so that

Mga mgh
Zx:m<a+1 Zy m<b+1’ x—y|

manb

5*(a,b) = (12.28)

To find a formula for the numerator of (12.28), we need to figure out which parts of the ranges
of x’s and y’s overlap, and which are disjoint. It's useful to define the following summations:

o
Hi<ikels Mikl= Y 3 Koy (i—%)(j—im—k);

xX= 1+1y k+1

if i < Z Z x —y| = ) 1(]'—1). (12.29)

x=i+1y=i+l1
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The first case has y > x, so we are finding a multiple of the difference in average values of the
y’s and the x’s. The second case is m times the average value of the footrule in (1.10) when
there are no ties and m =j —1i.

For the general case, for fixed a and b, set i = m.q, j = mcq, k = mop and | = mgp. We
consider some cases based on the ordering of 1,j, k, |, with i < k, where we automatically have
i<jand k < 1. Then

j 1 (1,5, %1 ifi<j<k<l
SN k—yl =Sl kkD+glki) +Fkjj ) ifi<k<j<l. (12.30)
x=ily=kl fi, k0 + gk V) +f(kLLj) ifi<k<l<]

If k < 1, then we switch the roles of (1,j) and (k, 1), i.e.,

(i,j,k 1) = (M<a, M<a, Neb, N<h) 1f Meg S Nop . (12.31)
(n<b/n<b/m<a/ mg(l) if Ncp < Meq
12.1.2 Kendall’s distance
Turn to Kendall’s distance. Using (12.5) and (6.1), we have
dgen(w, 2)= Y Y PIXi—X;))(a=Y)) <O|W =w, Z = 2. (12.32)

1<j<i<m
If w; # wj, then the ranges of X; and X; do not overlap, and are in the same direction as w;
and wj. That is
Wi >wj = Xi > Xj and w; < wj = Xi < Xj. (12.33)
If wi = wj, then (Xj, X;) are equally likely to be any distinct pair of values from 1,, (i) to u, (i),

so that P[X; —X; > 0|W =w] =P[X;—X; <0|W =w] = 1 Similarly for the z and Y. Since
X and Y are independent, we have that

1 if (wy—wj)(zi—2z) <0
PIXi—X)(Yi—Y) <O|W =w, Z =2zl =< 1 if (wi—wj)(zi—z) =0. (12.34)
0 if (wi—wj)(zi—2z) >0
Thus
ARen(w, 2) = > Y (Hlwi—wy)(zi —z) <01+ 1wy —wy)(zi— ) =0]).  (12.35)

1<<i<m
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This distance can be written as the sum of the usual Kendall distance, dken(w, z), plus an
adjustment for ties, which is

23S i)l —z) = 0] = S(#i < i = wi) 4 #i <12 = )

1<j<i<m

—#i <jlwi =wj & z; = z;})

SEEEE) L)

a=1 a=1b
1 /X K L
:Z<Zmﬁ+Znﬁ—ZZtib—m). (12.36)
a=1 b=1 a=1b=1
where
tab = Tab('w,z) = #{1|W1 =a& Zi = b} (1237)

12.1.3 Other distances

We have not been able to discover simpler methods for applying the averaging to ties for the
Ulam, Cayley, or maximum distances. Section 12.2.1 suggests alternatives for Cayley (and
Hamming) that better conform to bi-invariance, and the Hausdorff approach is convenient for
Ulam and maximum as seen in Section 12.2. In any case, if the compatibility sets W and Z
are not too large (say, #C(w) x #C(z) < 20 million), then the averaging (12.5) can be calculated
directly. For larger sizes, randomly sampling pairs (2™, y)) € C(w) x C(2) as in (12.17),
then averaging the d(z™, y¥Y’s, will at least yield an unbiased estimate of the true d?(w, z).

12.2 Hausdorff distances

Critchlow (1985) develops expressions for the Hausdorff distance (12.3, 12.4) based on the
Spearman, footrule, Kendall, Hamming, and Ulam distances. He also treats Cayley’s distance
for tied rankings with patterns m = (1,1,...,1, m — q), where there are q 1’s. (So people rank
their top q choices, the rest being tied at the bottom.) See his theorem in section D. We present
the results for all but Cayley’s distance here, as well as that for the maximum distance.

We can think of finding the Hausdorff distance as a two-person game, the two people
being W and Z, with tied rankings w and z. Each has a set of compatible rankings to choose
from, W and Z, respectively. Fix a distance d on the rankings. There are two rounds. In the
tirst round, W first chooses a ranking « from W, then Z chooses y from Z knowing what W’s
choice is. W’s score is then d(x,y). In round two, the roles are switched, so that Z chooses a
y’ € Z first, then W chooses an ¢’ € W, and Z’s score is d(z’,y’). Whoever has the highest
score wins, so W’s goal in the first round is to choose = to maximize, and Z’s to choose y
to minimize, d(x,y). In round two it’s the reverse. As a game it is not very exciting, since
the outcome is predetermined unless someone makes a mistake. But we do have that the
Hausdorff distance is the winning score, i.e.,

dY(w, z) = max{d(z,y), d(z’, y")}. (12.38)
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The strategy for Spearman, footrule, Kendall, Ulam, and maximum is the same. We con-
sider an illustrative example. Let w = (1,1,1,2,2,3,3,3) and z = (2,4,3,3,1,3,2,3). We start
with round one. Since the distances are label-invariant, we can rearrange the objects so that
w is nondecreasing (it already is), and for objects with w; equal given value 1, the rankings in
z are nondecreasing. Thus we have

33
3 3 (12.39)

W wants to maximize the distance, so chooses an x that as much as possible goes in the
reverse order of z. That is, for w; = 1, the z;’s are 2, 3,4, so W chooses the corresponding x;’s
to be 3, 2, 1. For x; = 2, the x;’s are 5, 4. For x; = 3, the x;’s are 8, 7, 6, though 8, 6, 7 works
just as well. Thus we have
r— 3 215 487 6
z— 234132 3 3”7

i.e., within each grouping of wj’s we put the compatible ranks in reverse order. Now rear-
range again so that the z is in nondecreasing order, and within each value of z;’s, the z is in
increasing order

(12.40)

r— 53824671
z— 1 2 23 3 3 3 4°

Now Z chooses y to minimize the distance, which entails for each value of z; choosing the
yj’s in the same order as the x;’s. Since the latter are increasing within each group, we take
y=(1,2,...,m):

(12.41)

x— 53824671
y— 123 4567 8" (12.42)
Now W's score is d(x, y).
Round two switches the roles of W and Z, the steps beginning and ending as
z— 12233 33 4 y—- 37816245
w— 21312331 25 12345678" (12:43)

Then Z’s score is d(x',y’), and the Hausdorff distance is as in (12.38). The results for the four
distances are next, along with the averaging distance:

Spearman Footrule Kendall Ulam Max

d(z,y) 96 20 15 4 7

d(z’,y’) 98 26 15 4 5 (12.44)
dH(w, 2) 98 26 15 4 7
dA(w, z) 96.5 22.92 155  4.63 6.09

We formalize this process. We will say that a pair of possibly tied m rankings (w,z) is in
lexicographical order if for any i < j, wy < wj, and if w; = wj, then z; < z;. See, e.g., (12.39).
Given w, z, and a distance d among the distances Spearman, footrule, Kendall, Ulam, and
maximum, d"(w, z) can be calculated using the following steps.

1. Relabel the objects so that (w, z) is in lexicographical order.
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2. Defining 1) and ul®) as in (12.15) and (12.16) for w (with values from 1 to K), set

o= ), (12.45)

See (12.40).
3. Relabel the objects so that now (z, ) is in lexicographical order. See (12.41).
4. Relabel the objects so that (z,w) is in lexicographical order.

5. Define 1*) and u(®) for 2 (with values from 1 to L), and set
y' = P, P, ), (12.46)

6. Relabel the objects so that (w,y’) is in lexicographical order.

7. Withv = (1,...,m), x from step 3, and y’ from step 6, we have

dY(w, z) = max{d(z, v),d(v,y")}. (12.47)

The result for the first four distances are given by the theorem in Section D of Critchlow
(1985). We can show that the method also holds for the maximum distance by using Lemma
2 in that section. Consider the partial ordering on Py, proposed by Henery (1981) that states
that @ is less than y if they agree on all but two objects, and only for x, they are in increasing
order:

x <py if forsome i <j xx =yx for kK#4,j, xi <x;, and y; > vy;. (12.48)

Critchlow’s lemma shows that if * <y y implies that d(v,z) < d(v,y) for v as in step 7,
then the Hausdorff measure can be calculated as in (12.47) using the steps 1 to 7. To see
that the lemma can be applied to the maximum distance, take = and y as in (12.48). Then
(xi,%j) = (yj,y1), and we will show that
max{[i —yil, [j —y;l} = max{[i — x|, [j — xil} = max{[i —xil, [j —x;1}. (12.49)
Consider the cases defined by the relative ordering of x;, x;, 1, j:
i <1Lx <) = [-xl>i—x| & —x;
X <1<j < Xj = h—xil >i—xi & |i—X]'| > |j—Xj|,'
i<xi<x <) = [—xl>—x5 & L—x>[1—xil;
igj,xing = !i—x)~!>!i—xi|&!j—xj\. (1250)

Any of those possibilities implies (12.49), which in turn implies

dMax (v, y) = max{rg;filx Ik —xil, L=, [ —xil}

/)

> max{g;éax Ik —xxl, L —xil, [f — x5} = dmax (v, ). (12.51)
i
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The above does not work for Hamming’s distance, nor I imagine for any bi-invariant
distance. We again refer to the theorem of Critchlow (1985). We need two K x L matrices, A
and B, where

ay = #Hk|we =1 & zx =j} and by =#lw({i),...,..., uw(@DFN{LG),...,..., u(G)) (12.52)
Then with A, and A, being the patterns of ties (12.13) we have

dHam w, z) max{Z Z aij + by — Aw Z Z aij + — A6k (12.53)

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

For Cayley’s distance, we can find the Hausdorff extension by explicitly enumerating the
compatible rankings, which is practical only if the sizes of W and Z are not too large. We refer
to Critchlow (1985) for the extension in the special case mentioned in the first paragraph.

12.2.1 Bi-invariant distances

If d is bi-invariant, any of the formulas in (12.3), (12.5), and (12.6) can certainly be used, but
whether the compatibility approach to ties makes sense when the situation is inherently rank-
invariant is questionable. For example, take m = 3, and let w = (2,1,2) be a tied ranking.
Then the compatible set is C(w) = {(2,1,3),(3,1,2)}. Consider the permutation of the ranks
where 1 and 2 are switched. What is the new tied ranking w*? The compatibility set becomes
C(w*) ={(1,2,3),(3,2,1)}. But there is no w* that yields this compatibility set. The problem
is that two objects can be tied only if their rankings are consecutive, and consecutivity is not
invariant under rank permutations. There may be an alternate definition of compatibility sets
that will preserve rank-invariance when there are ties. Instead, it is probably advisable to take
a different tack.

Hamming’s distance was originally, and still primarily, used to measure the distance of any
two finite sequences, not just permutations of integers. Thus it has an immediate extension to
rankings with non-distinct elements. Matching is key, so it may be easier to think of the ranks
as a set of m colors, say. A ranking is a vector of m colors. Ties would be repetitions of the
same color. Then for two such vectors, Hamming’s distance would be as before,

dgam(w, 2) = m —#{i|w; = z;}. (12.54)

So if m = 4 and the colors are {red, blue, green, yellow}, we could have w = (red, green, red, blue)
and z = (blue, green, yellow, blue), so that dyam(w, ) = 2. The setup is invariant under per-
muting the colors. E.g., the permutation red — green, green — yellow, and yellow — red
yields

w” = (green, yellow, green, blue) and z* = (blue, yellow, red, blue), (12.55)

which again has dy,m (w*, 2*) = 2. Using integers, we’d have a tied ranking be a vector with
components drawn from {1,..., m}, so that now, e.g.,, w = (1,3,4,1,3) would be a valid tied
ranking.

Cayley’s distance can be similarly extended, at least for tied rankings with the same
patterns. That is, suppose  and y are tied ranks with the values from 1 to K, where
#i|w; = k} = #{i|z; = k} for each k. Then dcay(w, 2) is the minimum number of trans-
positions to bring z to . Diaconis (1988, page 127) has another suggested distance using
adjacent transpositions.
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12.3 Alternatives for Ulam and maximum

As mentioned at the start of this Section 12.1, the calculations for the averaging applied to the
Ulam or maximum distance can be challenging if the m, and n, are not small. Tractable alter-
natives include the Hausdorff distance in Section 12.2, as well as the minimum and maximum
approaches in (12.6).

For the maximum distance, the latter two methods are easily applied since we can calculate
them on the ranges of (X, Y;) for each i individually. That is,

M (w) (z)) 1, (=) (w)
dyfax (W, 2) zlrgnizgimax{!ui — L7, ™ =1} and

Max (W, 2) = 1r<né>1<nmax{l£z) -u; L —ugz),O}. (12.56)

Turn to Ulam’s distance. With no ties, Ulam’s distance is based on the length of the
longest increasing subsequence of the yi’s, once the components are rearranged so that x =
w = (1,...,m). Then we can define Ulam’s distance as in (8.4) to be m — S, where S is the
longest set of distinct indices 1i;,...,1is such that x; ,...,xj; and yy,,...,yis are both strictly
increasing sequences. With tied rankings w and z, we could consider either or both of these
sequences to be nondecreasing. The most conservative approach, which yields dY,_(w, z), is
to demand strict increasingness. That is, we find longest sequence such that

wi, < wi, <o <wig and zy <z, < < zgg. (12.57)

The most generous is to find the longest sequence of nondecreasing components, which yields
A am (W, 2):
Wil < Wiz < y | < Wis and Z’il g Ziz g Tt < Z'is- (1258)

We could also contemplate using strict inequality for just one vector, i.e., consider m — S
or m — T, where S is the longest sequence such that

wi <wi, < -o-<wig and zy <z, <o < zg, (12.59)
while T is the longest such that
wy <wi, <o <wyp and zy <z, << zgyp (12.60)

It may be that the particular context of the ranking situation dictates one of the above to
be the most appropriate. If not, the maximum (12.57) or minimum (12.58) approaches are
generally too extreme. Also, the alternative in (12.59) is generally conservative, since S is
bounded by K, the number of distinct values in w, and similarly for (12.60).



Chapter 13

Tied Ranks: Spearman

If w and z are rank vectors with ties, then Spearman’s distance can be given by expressions
analogous to (4.39) and (4.6), replacing the rank vectors by their midrank vectors. That is,

2m(m+1)2m + 1 =
dg‘pear(w, z) = ( ) ) 2 Z Tis;, and
i=1
m
= USpear(m) _ZZ(ri_V)(Si_V)/ (13.1)
i=1
where
r = rank(w) and s = rank(z) (13.2)
are the corresponding vectors of midranks (12.25),
A m(m2—1)
Hspear (M) = E[dspear(W,Z)] = ¢ and v=(m+1)/2. (13.3)

Consider the range of dépear. Let 7(°) and s©) be the midrank vectors with the elements in

order from lowest to highest, e.g.,

- m<a+m<a+1

) = (ty,.. tty, .ty b k), ta = 5 , (13.4)

and there are mq of the to’s, a = 1,..., K. The s(® is defined similarly in terms of ny’s. Then
we have the rearrangement inequalities

m m m
v = Z rgo)sgi)_iﬂ < Z Tis; < ngo)sgo) = v,. (13.5)
i=1 i=1 i=1
Thus with ¢, =2m(m+1)2m+1)/3,
U] =Cm —2vy < dSApear(w, z) < cm—2vi = up. (13.6)
Since the midranks are either integers or half integers, so are the values of dépear. Thus we
have .
1.
Qpear(w, 2) € (w1 + 511 =0,...,2(u —u1)} = Ulm, n), (13.7)

151
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though depending on the actual values in the r and s, it may be that not all values in the set
are achievable.

In Chapter 4, we treat the case with no ties. A splitting algorithm is used to find the
exact distribution of Spearman’s distance for m < 25, and Edgeworth expansions are used
to find approximations for larger m. Fortunately, the approximations work well for m near
25, so one of these two techniques will always be useful. In the ties case, we again have
an exact splitting algorithm and Edgeworth expansions, but they do not appear to cover
all possibilities adequately. That is, the splitting algorithm works quickly for m < 13, and
generally Edgeworth expansions are good for large m and most patterns of ties, but depending
on m and the patterns of ties, it may be that neither approach works well. For some patterns,
especially those with few distinct values in the rankings, we can use a contingency table
approach to find the exact distribution. In case none of these approaches is useful, we use
randomizations. An extra difficulty is that it is not always easy to determine which approach
is best.

The next section briefly covers two methods for finding the exact distribution, the split-
ting algorithm and one based on contingency tables. Section 13.2 presents formulas for the
moments, and Section 13.3 gives conditions for asymptotic normality to hold. Section ?? com-
pares the approaches and makes some recommendations about when to use which approach.

13.1 Exact distribution

We have two algorithms for finding the exact distribution of Spearman’s distribution with
ties. The first is the splitting algorithm from Section 4.3 for the case with no ties. Though
when there are ties, some of the symmetries that speed up the algorithm are unavailable. This
procedure is reasonably fast for m <13 or so.

The other algorithm is based on writing a pair of tied rankings as a contingency table, then
writing Spearman’s distance as a simple function of the table. The exact distribution is found
by enumerating all the possible contingency tables given the rankings, and finding each one’s
probability. This procedure is reasonable if there are not too many possible tables, e.g., under
about three million, which generally needs m < 50, possibly much less. Unfortunately, it is
not easy to determine the number of tables apriori, i.e., without enumerating. See the end of
Section 13.1.2.

If K =2 and Z has no ties (so L = m), we have the Mann-Whitney/Wilcoxon statistic, in
which case the Spearman and Kendall distances adjusted for ties are equivalent. Thus we can
use the exact algorithm in Section 14.3.

13.1.1 Splitting algorithm

We start by considering the distribution of the random part of Spearman’s distance (13.1), Sr’
where S = rank(Z). Take m; ~ m/2 and m; = m — m4. As in Section 3.3, we consider all
splittings 8§ = (R, Rp), where R; is a subset of m; distinct elements from {1,..., m}, and R; is
its complement. For given splitting, let

st = (Siy,---/Si,,) where RO ={i1,...,im}, 1 <+ <im;j=12. (13.8)



13.1. EXACT DISTRIBUTION 153

Then conditional on the splitting,

SW = (sy,..., Sm;) |8 ~ Uniform(Permutations of sy,
S@ = (Sp,41,---Sm) |8 ~ Uniform(Permutations of s'%)}, (13.9)

where S and S®? are conditionally independent, as in (3.28) and (3.29). We write
Sr’ = §Wp1)' 4 52052 (13.10)

Then as in (3.31), we can enumerate over the permutations of each s%) to find the conditional
probabilities

f;(ul8) = P[SUr0) =uls], j=1,2,ueq, (13.11)

where r1) = (1, ... ,Tmy ) r2 = (Tmy+1,---,Tm). The C is a set large enough to accomodate all

the spaces we need, which at most is
C={1+k/4|k=0,...,4(m—1)}. (13.12)
Then the distribution of ST’ given the splitting is, as in (3.32),

f(x[8) = > Fi(ul8)f2(x —u|8); (13.13)
uel
and the unconditional distribution is, as in (3.36),

-1
f(x) = P[ST’ =x] = (m) Y fixIs), xee. (13.14)

mp A
Splittings &

The distribution of the distance is

Cm_u

Pldgpear(w, 2) = W= ( ) , ueUm,n), (13.15)

where U is given in (13.7).

13.1.2 Contingency tables

If K and L are small, and m not too large, a more efficient approach to finding the exact
distribution is based on representing the tied rankings in a contingency table. Thus for tied
rankings w and z, set

Top(w,2) =#ilw; =a,zi=b}, 1<a<K 1<b<l, (13.16)

as in (12.37). Then the matrix T'(w, z) of the Ty, (w, 2)’s is a K x L contingency table with row
totals m = (my, ..., mg) and column totals n = (nq,...,ny), the vectors of counts as in (12.13).
Then for a general Hoeffding distance, if T'(w, z) = t, we have

K L
Aloer(w,2) = ) D tapd*(a,b) (13.17)
b=1

a=1
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for 5" in (12.21). This formula applied to Spearman is

K L
t m<a+m<a+1n<b+n<b+1
ab

—=A
dlSApear(wl z) = dSpear(t) =cm—2 Z Z 5 5 . (13.18)
a=1 b=1

The exact distribution can be found by iterating over all possible such contingency tables,
and multiplying by the tables” probabilties, which are given by

— R HE:l mg! H%:l My!
g(t)=PIT(W,Z)=t] = T TTE  too! (13.19)
Thus
f(1) = Pldgpenr (W, Z) =ul= ) g(t), welUlm,n). (13.20)

—=A
| dgpear (t)=u

Verbeek & Kroonenberg (1985) and Mehta & Patel (1983) describe some iterative proce-
dures, and provide references to others. We next sketch a fairly simple approach. We wish
to find all the K x L contingency tables ¢ with row marginals m = (m,..., mg) and column
marginals n = (ny,...,n). Since the last row and column are determined by the other cells,
it is enough to consider the upper-left (K —1) x (L — 1) part of the table. We next string out
the rows, defining the (K —1)(L — 1)-length vector

v=(t11,..., tii-1,t,. ot 1,0 k11,04 tK—l,L—l)- (13.21)

We fill the v in from left to right. For each element i, we need the minimum and maximum
values it could take on, given the first i — 1 elements (and the marginal constraints). Denote
these minima and maxima, respectively, by

i (vy,...,vi—1) and w;i(vy,...,vi1). (13.22)

For i =1, these are the minimum and maximum the first cell could possibly be.
The algorithm has two basic steps. We start with f(u) =0 for allu,i =1, and v = 1;.

1. Given the values of vy,...,v;, fill in the rest of the table from left to right with the
minimum possible at that stage:

Vj <= o(vy,...,vi1), i =i+1,..., (K=1)(L-1). (13.23)

The final result is a valid table, which we record. Letting ¢ be its K x L version, we
update the f:

f(u) ¢ f(uw) + P[T = t], where u = dgpeq(t)- (13.24)

2. Start at the end of the table from step 1, and backtrack until you find an element that
can be increased by one. That is,

14 max{j |Vj < wj (Vl, ce ,Vj_l)}. (1325)
If 1 does not exist (i.e., all cells are at their maxima), then we are done. Otherwise, set
vi v+ 1. (13.26)

Go back to step 1, where vy, ..., v; are now determined.
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To find the bounds in (13.22), we use the K x L version of the table. Suppose the i*" element
in v corresponds to cell (a,b), so that vi = t4p. It is enough to consider the part of the table
extending from cell (a, b) to the lower right, and collapse it into a 2 x 2 table with tg, as the
upper-left cell. Extend the definition in (12.14) to the t4p, so that

b a b
ta<v =) tal tcacn=) ) tu, (13.27)
1=1 k=1 1=1
and similarly for other inequalities. Then the collapsed table looks like
tab * mq —tg,<b
* * * (13.28)
Ny —teqp * ‘ Mm—Mcqg —Nep+tog<p

Here the asterisked cells can be found by subtraction. Note that the marginals are given in
terms of the known quantities m,n and vy, ..., vi_1. Now we are in the familiar hypergeomet-
ric situation, where we have that t,;, is bounded from above by its row total and its column
total, and bounded from below by zero and the sum of the row and column totals minus the
overall total. Thus the quantities in (13.22) are

o = max{0, Mga + Ny =M —tog<b —ta,<p) and w; = min{mg —tq <p, Mo —togpt (13.29)

Estimating the number of tables

To decide whether enumerating all the possible contingency tables is viable for a particular
pair of tied rankings, we would like to efficiently approximate the total number of such tables.
There are several approaches. See Diaconis & Gangolli (1995) for an overview. Most of these
demand larger m than we can accommodate, or other conditions such as sparseness. The best
simple approach we have found for our purposes is in Good (1976). For fixed w and z, let #T
be the number of possible t’s. Then Good suggests that

_ AL(m)A(n)
R PICVRE (13.30)

where

K
ArL(m) = H (ma ;L B 1) and,

a=1

B(m,n) = (“”:LL - 1). (13.31)

Note that Ay (m) is the number of K x L tables with row marginals given by m (and no restric-
tions on column marginals); Ax(n) is the number with column marginals n; and Bk (m) is
the number with no restrictions other than having a total of m. The intuition given is based on
imagining randomly picking a K x L table with a total of m. The chance it has row marginals
m is A (m)/Bkr(m), and the chance that it has column marginals n is Ax(n)/Bki(m). If the
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row and column marginals are independent (which they are generally not), then the chance
of any single table having those marginals is the product of those two probabilities, and the
number of such tables is A| (m)Ak(n)/Bki(m). He also proposes the extension

Ar(m)Ax(n)Cr(m)Cx(n) ~1.3m?
By (m) o where CLimI =R e

The C factors in (13.32) are given as adjustments for roughness. We have found this adjustment
does not improve the estimates, so we will focus on (13.30).

A slightly slower approach uses simulations to estimate #7J. In (13.19) we have g(t), the
probability of any particular table ¢. Consider the random variable 1/g(T'(W, Z)) for random
(X,Y). Then

4T ~ (13.32)

1 1
E [m} = % o) PIT (W, Z) =t] = #7. (13.33)

To estimate #J we randomly sample n observations («,y), for each find their tables ¢, and
average their 1/g(t). Even for n = 1000, this estimate improves on that in (13.30). The
variance of 1/g is

_ 1 T ik
Var[l/g(T(W,Z))] =E {g(T(X,Y))Z} #72 = teZT o) #72, (13.34)

which can be quite high if some of the individual probabilities are very low, though in our
simulations it hasn’t seemed to be too bad. The estimated standard errors tend to be of the
order of 10% of the mean.

13.2 Moments

The moments for Spearman’s distance with ties are found much as they are when there are
no ties in Sections 4.1 and 4.2. Let w and z be fixed values for the vectors with ties, so
that the distributions of the vectors can be represented as W = wQ and Z = zQ where,
as in (3.4), Q is distributed uniformly over the m x m permutations matrices. Thus since
rank(wQ@) = rank(w)Q, setting r = rank(w) and s = rank(z),

Var[rank(W)rank(Z)'] = Var[rQs']

_rH :1/)£81H s, (13.35)

The covariance of @ is given in (3.7), and H is the centering matrix in (3.8). Then by (13.1),
because of the factor 2,

Y (i —v)? Y (si—v)?

m—1

Var(dge, (W, Z)] = 4 (13.36)

For higher moments, we can follow the development in Section 4.2, but need to adjust the
T’s to take into account the midrank values. The main modification involves the expression in
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(4.14), where here we have

EVal= ) El(rank(Wj,) —v)™ - (rank(Wj,) —v)™](r5, = v)™ - (15, —v)"™4. (13.37)
1<]1 ..... )dgm
distinct

Then we can derive, as from (4.7) and (4.19), the formula

El(dbpear (W, Z) = Eldépen, (W, Z))M = (—2)" ) Ca M, (13.38)

ne€IPn,m (m) d

where JPy, i, is the set of integer partitions of n with at most m components, ¢y, is the number
of set partitions corresponding to n, d is the number of elements in the vector n, and

Te(n) =) ) (15, =)™ fry, — V)™ (13.39)
1<Jl ///// )dgm
distinct

The iterative formula in (4.27) also holds here for T,, but with 1 also depending on r, i.e.,
instead of (4.24) we have

m

M= (r=v)" (13.40)
i=1

13.3 Asymptotic distributions

The asymptotics for Spearman’s distance with ties depend on the most common tied value.
Specifically, denote m, = max{mg} and n; = max{n,}. If these two are small relative to m,
then asymptotic normality holds. If ¢ = m —m, is fixed, then we do not have normality, but
may be asymptotically approaching a sum of q iid variables. The main theorem is next. The
proof of this and the other results in this section are found in Section 13.5.

Theorem 13.1. If
(m—my)(m—n,)
m

— 0, (13.41)

then
dSpear(W Z) - lJ'SpeaT(m)

—PN(0,1). (13.42)
JVarldd,, (W, 2)]

Theorem 3.5 of Alvo & Yu (2014) has a more general result that allows missing data as well
as ties. Note that condition (13.41) is weaker than, but implied by,

lim sup % <1 and limsup % <1, (13.43)

which means as long as we do not have that almost all elements are equal in the vectors, the
asymptotic normality holds.
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The condition is violated if m — m, (or m —n,) is bounded, so consider with the case that
m — my is fixed. Let R = rank(W) and S = rank(Z) be the midrank vectors. In order to
describe the asymptotic distribution of Spearman’s distance, we need the asymptotic distri-
bution of the S;/m’s. Let F, be their distribution function (the S; are identically distributed),
so that s
Fm(x) =P L—; < x} , x €[0,1]. (13.44)
Theorem 13.2. Suppose that for large enough m, mex = q1 and msyx = qp are fixed, with q =
q1 + qp, and that there exists a distribution function F on [0,1] such that Fy(x) — F(x) on points of
continuity. Then

1
ﬁ (dépear(W/ Z) - USpear(m)> + % —>D Vl +... +Vq1 + (1 —Vq1+1) T+t (1 _Vq)/ (13-45)

where V4, ..., Vq are iid with distribution .
If there are no, or few, ties in the Z, then the V; are uniform, as in the next result.

Corollary 13.3. Suppose that for large enough m, m —my = q is fixed, and n,/m — 0. Then

1
— (W, 2) — ugpiapli)) + 3 —? Un i Uy, (13.46)

where Uy, ..., Uq are iid Uniform(0,1).

Thus the asymptotic distribution in (13.67) is called the Irwin-Hall distribution with pa-
rameter q. See Wikipedia contributors (2019a) and Marengo, Farnsworth, & Stefanic (2017)
for overviews. The latter give a nice geometric proof of the density, which is

|t)
fiu(t; q) = q i 1)! Z(—l)k@) (t—K)9 ! 0<t<aq. (13.47)
" k=0

The density is symmetric about q/2, and if t > q/2, it is more efficient and more stable
numerically to calculate fi(q—t; q).

If n,/m /4 0, it is unlikely one would know what the limiting distribution function is. If
m is large and q is small, then a reasonable approach is to use (13.45) but approximate the
distribution of the sum by a convolution of the empirical Fy,. If the Z has most values tied at
one value, so that n,/m = 1, then (13.45) holds, but the V; are identically 1/2. In fact,

(m mxzi(m N g p [% (d{épear(W,Z) — pspear(m)) = cm} — 1 (13.48)
for some constant c;; — 0. See the end of Section 13.5.2. Thus the statistic is not likely to be
very useful with just one observation (w, z).

The above cover most situations likely to arise, but do not address cases where m —m, —
00, m—n; — 00, and (m—my)(m—n;)/mis bounded away from 0 and infinity. It is also open
whether the condition in (13.41) is necessary as well as sufficient for the asymptotic normality
in (13.42). It is in the case that n,/m — 0, or if K = L =2, as a consequence of Theorem 2.2 of
Kou & Ying (1996). Thus I suspect the condition is indeed necessary for normality.
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Figure 13.1: Comparing the exact density for Spearman’s distance with ties to the Edgeworth
approximation with L = 4 for two examples with m = 20. The top graph hasn = (§,3,3,3,2,1)
and m = (7,4, 3,3,3), where the dots represent the heights of the density, and the solid line is
the Edgeworth approximation. The bottom graph has n = (5,5,5,5,5,5) and n = (6,6,6,6,6),
where now the exact density is represented by the vertical bars.

13.4 Edgeworth and simulation approximations

The previous section guarantees asymptotic normality for most situations, but for small to
medium m, the actual fidelity of the normal (or Edgeworth modifications) to the true distri-
butions is often not very good. It appears that the larger the number of possible tables, #7,
the better the approximation. If that number is not too large (order of 1.5 x 10°, say), the exact
distribution can be found in under a second or so. Larger numbers of tables may still not lead
to very good normal approximations, in which case simulation is preferable. Here we try to
present some guidelines of which approach to use when.

Generally, the more unequal the entries in the patterns of ties are, the less normal the
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Figure 13.2: Comparing the median log,,(errors) of the Edgeworth approximation to the dis-
tribution of the Spearman distance with ties for L=0, 2, 4, 6, 8, and 10. The horizontal axis
is the log,,(#7). The panel graphs the maximum error in the density, the middle graphs the
maximum error in the distribution functions, and the bottom graphs the maximum relative
error in the p-values. See (4.54) and (4.54).
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density looks. Figure 13.1 shows the density and Edgeworth approximation for two examples
with m = 20. In the first, the patterns of ties are somewhat uneven, n = (§,3,3,3,2,1) and
m = (7,4,3,3,3). We see that the approximation follows the general shape well, but the
density is very spiky, and in fact looks somewhat like a mixture of many normalish curves.
This approximation tends to be good for the distribution function and p-value, but has trouble
with the density because of that spikiness. We saw this behavior to a lesser extent in Figure
4.4 for the case with no ties. The second example has equal values in the patterns, with
n = (5,5,5,5,5,5) and n = (6,6,6,6,6). Now the density is very regular, and the Edgeworth
approximation matches it almost exactly.

Another consideration arises in using the Edgeworth expansion. For the case with no
ties, we could pre-calculate the moments and cumulants based on polynomials m, as seen
in Section 4.5, hence the calculations are very fast. Here, since each set of tied rankings has
a different set of moments, we have to calculate the quantities as in (13.38) and (13.39) each
time. In particular, the t.(n) can be onerous to find for larger n and m. Thus in some cases
calculation time could be an issue.

For m < 13, the splitting algorithm is reasonably quick. For each m between 13 and 50, we
randomly chose at about 1000 pairs (m, n), then found the exact number of corresponding
tables and exact distribution, up to 2 x 10%; the time the algorithm expended; the Edgeworth
approximation to the distribution for L = 0,...,10; an estimate of the distribution using
500,000 simulations; and the errors of the two approximations.

First, we compare the Edgeworth approximations for the different values of L, using the
maximum error in the density, the maximum error in the distribution functions, and the
maximum relative error in the p-values. See (4.54) and (4.54). In general, the improvement
going from an even L to L +1 is negligible, so in Figure 13.2 we show just the even L, though
even in that case many of the lines are indistiguishable. For each graph, the data was grouped
into 25 categories depending on log,,(#7), and we then found the median log,,(error)’s for
each type of error by group. Table 13.1 summarizes the results by finding the median error
for 7 < log,,(#7J) < 8 for each L, as well as the jump (usually down) for the errors from L —1
to L.

If we look at the error in the density, then there is a small improvement from L = 0 to 2,
then little improvement for larger L. For the distribution function, there is a large improvement
from L = 0 to 2, then substantial improvement from 2 to 4. After that, there is little change.
For the relative error in the p-value, there is substantial improvement from 0 to 2 to 4 to 6,
then small improvements to 8 and 10. Thus L = 4 or 6 seem to be reasonable choices, or 8 if
the relative p-value is of most importance.

Figure 13.3 compares the errors using either the Edgeworth or simulated estimates, on
their 5%, 50% , and 95% quantiles. Overall, for the density and distribution function, the
errors are mostly in the 1073 to 10~ area. In each case, the simulations are fairly constant as
the number of tables increases, while Edgeworth improves. Simulations tend to give better
approximations for the density, until we get to 10® tables, when Edgeworth is about the same.
For the distribution function, Edgeworth is better, especially if the number of tables is over 10°
(and under that we can find the exact distribution). For the relative p-value, they are similar
for smaller numbers of tables, but Edgeworth becomes much better after 107 tables. It would
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Figure 13.3: Comparing the log,,(errors) of the Edgeworth approximation with L = 10 to esti-
mation with 500,000 simulations. The horizontal axis is the log,,(#7). The three panels graph
the errors in the density, distribution function, and relative p-values, respectively. In each plot,
the solid lines represent the 5, 50", and 95" percentiles for the Edgeworth approximations;
the dotted lines represent the same percentiles for the simulations.
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Density Distribution function P-value
L log,,(error) Jump log,,(error) Jump log,,(error) Jump
0 —3.8351 —2.5103 0.5268
1 —3.8354 —0.0003 —2.5414 —0.0311 0.4867 —0.0400
2 —3.8507 —0.0153 —3.5932 —1.0518 0.0058 —0.4809
3 —3.8507  0.0000 —3.6033 —0.0101 —0.0797 —0.0855
4 —3.8507  0.0000 —3.7956 —0.1923 —0.8327 —0.7530
5 —3.8507  0.0000 —3.7978 —0.0023 —0.8510 —0.0183
6 —3.8507  0.0000 —3.8018 —0.0040 —1.2980 —0.4470
7 —3.8507  0.0000 —3.8019 —0.0001 —1.2867  0.0113
8 —3.8507  0.0000 —3.8022 —0.0003 —1.3713 —0.0846
9 —3.8507  0.0000 —3.8023 —0.0001 —1.3715 —0.0002
10 —3.8507  0.0000 —3.8023 - 0.0000 —1.3909 —0.0193
Simulations —4.0463 —2.9373 —0.2222

Table 13.1: The median log,,(errors) when 107 < #7 < 10 for the Edgeworth approximation
(L=0,...,10), and for simulations with 500,000 replications. The “Jump” columns show the
difference log errors between L and L + 1.

be reasonable to use simulations if #T < 107, and Edgeworth otherwise. See also the last line
in Table 13.1. Of course, the simulations can be improved by increasing their number.

13.5 Proofs of asymptotic results

13.5.1 Asymptotic normality

To prove Theorem 13.1, we use Theorem 4 of Hoeffding (1951). Let » = rank(w) and s =
rank(z) be the midrank vectors. Then Hoeffding shows that the asymptotic normality in
(13.42) holds if

h(r:_(s) oo, (13.49)
where
Y (ri—v)? ~m+1
h(’f‘) = max{(ri —V)Z}, V= T (1350)

We will show that h(r) and m —m, are asymptotically equivalent, so that (13.41) is equivalent
to (13.49).

Consider the maximum term. Without loss of generality, we can take r = (°) of (13.4), so
that the elements are in nondecreasing order. Since v is the mean of the elements of r, the
maximum of (r; — v)? must occur at one of the extremes, i = 1 or m. Now r; = (my +1)/2
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and r, = (m—mg) + (mg + 1)/2, so that

1 1
max{(r; — v)?} = 1 max{(m —my)?, (m —mg)?} = Z(m — min{my, mg})>. (13.51)
The smallest m, can be is 1, and the largest the minimum of m; and my can be is when they
are both m/2 ((m +1)/2 if m is odd), hence

2 2
m 2 m
— < L — —. :
6 S max{(r; —v)} < 1 (13.52)
Using the conditional expectation representation in (12.25) for rj, we have

(ri —v)?

Var[E[X; | W]] = L (13.53)

Also, since the variance of a discrete uniform on {c +1,...,c+n}is (n? —1)/12, from (12.17),

21 2, —1
Var[X;] = m and Var[(X;|W =w] = T (13.54)
12 12
since mqy = uflw) — 1£1w) + 1. Using the decomposition of variance by conditioning, write
Var[Xi]l = Var[E[X; | W]] + E[Var[X; | W]], (13.55)
so that
K
Y (ri—v)?? m?2-1 mgm2 —1
= -y — , 13.
m 12 é m 12 (13.56)
hence
m 3_ 3
Y v = T 2 Mg (13.57)
, 12
i=1
Now
mi < Z mi < Z mami = mmi, (13.58)
so that
m3— Z mi <md— mi = (m — my)(m? + mmy +m§) <3m?(m—m,), and
m3— Z m%l >md— mm,% = m(m—my)(m+my) = m?(m—my). (13.59)

Together with (13.52) and (13.57), by (13.50), we have
(m —my)
3

and a similar formula for s. Thus condition (13.41) holds if (and only if) (13.49) does, which
verifies the theorem.

< h(r) <4(m—my), (13.60)
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13.5.2 Asymptotics with m, ~ m

Here we have W with pattern of ties such that ¢ = m —m, is fixed. The Y may or may
not have ties, but if Z has pattern (ny,...,ny). Let R = rank(W) and S = rank(Z) be the
midrank vectors. As in (13.44), let F,, be the distribution function of the S;/m, which are
identically distributed. The next lemma shows that if F;;, has a limit, any finite set of S;/m’s
are asymptotically independent as well.

Lemma 13.4. Suppose there exists a distribution function F on [0,1] such that Fy(x) — F(x) on points
of continuity of F. Then if q is fixed, as m — oo,

1
—(S1,--,Sq) —P(Vy,..., V), (13.61)

where V1, ..., Vq are iid with distribution function F.

Proof. Similar to (13.4), let u; < up < --- < up be the possible values of the S;, so that the
ordered values of any realization of S is

Tll—f—l
2 7

o)

S( = (ul,...,ul,up_,...,uz,...,uL,...,uL), U =N+ (1362)

where there are ny of the u;’s in the s(©). See (12.14). The distribution function F,, can be
thought of as the empirical distribution function of the sgo) /m’s. Thus we have
n(mx)

Frl(x) = #(i] s\ < mx} = =, where n(w) = > o (13.63)

klug<w

This distribution is a discrete one, where the pmf is fi,(u;/m) = ny/m. Take 0 < x; < xp <
-+ <xq < 1. Then

< . . (13.64)

m m-—1 m—q-+1

To see (13.64), note that there are n(mx;) ways to choose one of the sgo)’s such that msgo) < x1.

Since x; < Xy, there are only n(mx;) —1 of the sgo)’s left such that msgo) < xp,outof m—1
total. We continue until the q'"* choice. Thus from (13.63), since q is fixed,

< xq} = Lqu(xl) - Fmlxq) +O <l> . (13.65)
(m)q m

3

S
Pl ! <X11"'1
m

Now let m — oo. If the x;’s are continuity points of F, since we have assumed that Fp,(x;) —

F(xi), we have

S
P [igxl,---,—quq} — F(xq) - - Flxq). (13.66)
m m

Finally, since the distribution of S is permutation-invariant, (13.66) holds for any order of the
x;’s, hence (13.61) follows from (13.66). O
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We apply the lemma to prove the main asymptotic result for q fixed.

Proof of Theorem 13.2. Fix W = w with the wj’s nondecreasing, and set rank(w) = r =
(t1,...,t1,..., tx, ..., tx). Thus there are my elements equal to ty, and tx = myx + (M +
1)/2,k=1,...,K. Also, let S = rank(Z). From (13.1) and (13.3), we can obtain

m

dSApear(w/ z)— P'Spear(m) =-2 Z(ri —V)si. (13.67)
i=1

Writing the 1; in terms of ty, and singling out the k = x term, the crossproduct term can be
written

m K mgk
D ri—Visi=) (t—v) D> s
i=1 k=1 i=m_o+1
s mm+1) & P
:Z(tk_\’)' > st (=) T_Zsi_' > s
k#x i=m_oy+1 i=1 i=mgy+1
Mgk
— mm-+1
ke£x i=m_+1
Now —
te — ty = Moy — My + % (13.69)

If k < x, all the terms in (13.69) are bounded except for my, which has coefficient —1/2. If
k > x, then m_y equals my plus some bounded terms, hence my has coefficent 1/2 in the
difference. Thus as m — oo, m,/m — 1, and

— _1 1Y gf
BTt _ )2 +01(m) s (13.70)
m 4)if k>«

Also, tx = q1+ (m—q-+1)/2,s0 thatty, —v = (q1 —q2)/2. (Recall that my = q; and m-y = qp
are fixed.) Thus

1 (& 1as 1 & S qi—qo 1
— (Z(”_V)Si> __E,ZH+E, > At +0 (H) (13.71)
i=1 i=1 i=m—qgr+1

Now let m — oco. Then by (13.61),
1
n—l(sl,...,sql,sm_qlﬂ,...,sm) —P(Vy,..., V), (13.72)
where the Vi,...,Vq are iid F. Rewinding through (13.71) and(13.67), we have

1 —
5 (Bear(w, 2) — bispear(m)) —7 Va4 -+ Vg = (Vg1 -+ Va) + LA a3

Now add q/2 to both sides to obtain (13.45). O]
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Next we specialize to the case where there are not many ties in the Z.

Proof of Corollary 13.3. Now we have that n,/m — 0 holds as well as q being fixed. For given
x € [0,1], let 1 be the index such that t; < mx < ty,1, where tg = 0 and t; ;1 = m+ 1. Then
n(mx) = ng. From (13.63), we can write

_ 1 1
ng + n12+ <mx < ng + n1+12+ p (13.74)
(where ny 41 = 0), hence since Fry(x) = ngi/m,
_ 1 1
Mt (k) < (13.75)
2m 2m

That is, [Fn(x) — x| < (n,+1)/(2m) — 0, so that F(x) = x, the Uniform(0,1) distribution
function. Thus in Theorem 13.2, the V; are Uniform(0,1), which means so are the 1 —V;, and
no matter what q; and qy are, as long as they sum to q, the asymptotic distribution in (13.45)
is the sum of q iid Uniform(0,1)’s. Thus the corollary follows. O]

Finally, suppose both ¢ = m —m, and p = m —n, are small relative to m, in that pq/m —
0. We wish to show (13.48), that the distribution of Spearman’s distance approaches placing
all its mass at one point. Let r and s be the midrank vectors, so that 7 has my elements equal
to ti, and s has ny values of u;. Thus t, and u, are the most common values in r and s,
respectively. The most common value of the crossproduct ) ris; occurs if the pair of vectors
is in the following set:

Am ={(r, 8)|for each i, r; = ty or s; = u, (or both)}. (13.76)
Then if (v, s8) € Am,

(r,s) e Amq = Z(ri—v)(si—v)

i=1
= (tx — V) Z (si —v)+ (uz—v) Z (i —v) + (tx — V) (uy — V) #{i[ 1y = tx & s; = Uy}
ilsiFuz ri#tx
= —(tx = v){uz —v)n; — (uz — v)(tx — v)my + (tx — V) (uz — v)(my +n; —m)
=-—m(ty —v)(uy—v). (13.77)

The third line follows from the second by noting that } ;(ri —v) =0 = >, my(tx —v) (and
similarly for s), and the final set has m — (m — my) — (m —n;) values.

Now fix 7. Then if p + q < m, which happens for large enough m since pq/m — 0 implies
(p+q)/m—0,
(Mx)m-n, (Mm—p)(m—q)!
(M)m—n, (m—p—q)im! '
To see (13.78), note that we need to match each r; # u, with z; = t. Thus we have to count
the number of ways to choose m —n; items, without replacement, from a pool of my. Using
Stirling’s approximation,

Pl(r,Z) € Aml = (13.78)

log(k!) = (k+ 1) log(k) —k + O (%) ) (13.79)
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we can show that

(m—p)!(m—q)! P q
log( (m—p—qm! > :(m—p)log<1—n—1>+(m—q)log<1—n—1>

1 — — 1
—(m—p—q)log (1 — %) + 5 log <(:11(mpi(:_ q?)) +0 <n_1> . (13.80)

The big O term holds since (p + q)/m — 0 implies that m —p,m —q, and m —p — q are
asymptotically equivalent to m. Those convergences also show that the second to last term in
(13.81) approaches 0. We expand log(1 — x) for the other three terms, so that their sum equals

00 00 00 k
L) e E L) o5 )

k=1
:il(p_'—q)k_pk_qk Z (p+q)k+l k+1_qk+1
k—1 K
el m K m
- i 1 (]9 + q)k+1 N pk-i—l qk+1 (13 81)
. .
= k(k+1) m
Using the binomial theorem, we have
k
(p+ q)H — Z(k+1) 1k+11_pqz<) 11 gkt

1=1

<pq(p+q)Fi2v, (13.82)

where in the last step, we bound p and q by p+ q, and add the l =0 and | = k+ 1 terms to
the sum of the binomial coefficients. Thus

i (P + q)k+1 k+1
k
= k(k+1) m

k+1
—q

P — 2(p+ )\
_Hg k+1( - ) . (13.83)

For any 0 < x < 1, eventually 2(p + q)/m < x, in which case the final summation in (13.83)
converges. Now the assumption that pq/m — 0 implies that the expression in (13.81) goes to
zero, hence by (13.81) and (13.78), P[(r, Z) € Al — 1, hence via (13.77),

1
P |:F (dSpear('w/ Z)— uSpear(m)) = Cm} — 1, (13.84)
where
. (tx —v)(uz —v) 1 P q
Cm =2 - == (m<x _ E> (n<z _ E) . (13.85)
Since 0 < m«x < pand 0 < n.; < q, lcm| < pq/(4m), which also goes to zero by our

assumption. Thus (13.48) follows.
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13.5.3 Proof of Irwin-Hall density

Here we use the approach given in Marengo et al. (2017) to verify the Irwin-Hall density in
(14.24). Let T = Uq +- - - + Ug, where the Uj are iid Uniform(0,1). The space of T is (0, q). Since
(Uy,...,Uq) is distributed over the unit g-dimensional hypercube, the distribution function
can be expressed as

Fin(t) = Volume{(uy, ..., uq) [0 <uy<1,i=1,...,q, and u; +--- +uq < th (13.86)

If we remove the constraint that the u; < 1 in the set in (13.86), the resulting set has volume
t9/q!. To find the distribution function Fyy, we start with the volume of this expanded set,
then subtract off the volume of the parts where one or more u; > 1. That is,

Fri(t) = Volume(A(t)) — Volume(B1(s) U Bo(t) U--- UBgy(t)), (13.87)
where
At) ={(ug,...,ug) [0 <uy,i=1,...,q,and u; +---+uq <t} and
Bj(t) = {(w,...,ug) € A(t) [y > 1}, j=1,...,q. (13.88)

We find the volume of the union in (13.87) using the union-intersection principle. By symme-
try, the volume of an intersection of j of the B;(t)’s depends just on the number j, and since
there are ({) possible sets of j of them, we have

q
Volume(B1(t) UB,(t) U+ UBg(t)) = Y (1) (‘;) Volume(B1(t) N---NBj(t)). (13.89)
j=1

Now take t € (0, q) and let k be the integer such that k <t < k+ 1. Note that at most k of
the u;’s can exceed 1 in order that the sum doesn’t exceed t. For 1 < j < k, we can write

Bl(t)ﬂ---ﬂgj(t) :{(ul,...,uq)ll <u,i=1,...,5; 0<u,i=j+1,...,q;
and ug +--- +uq <t} (13.90)

In the final set, let vi =w; —1fori=1,...,j,and vi =u; fori=j+1,...,q. Then all v; > 0,
and

W+ tug St <= vi+--+vg<t—j. (13.91)
Thus the right-hand side of (13.90) is the same as A(t —j) with the u;’s replaced by v;’s. Hence
t—j)a
Volume(B1(t) N - - N'B;(t)) = Volume(A(t —j)) = ( qﬂ) ) (13.92)
and by (13.87) and (13.89), for k =0,...,q—1,
k . (t—j)
Fiu(t) = Z(—l)] (?) q'J for k<t<k+1. (13.93)

j=0

The density in (14.24) is found by differentiating, at least for t not equalling an integer, and
using the floor function (k = [t]).






Chapter 14

Tied rankings in just one variable: Kendall

In this chapter we treat Kendall’s distance when there are ties in just one of the variables.
We assume the second variable Y has no ties, and treat the first variable W as fixed at w.
In this case, the Kendall distance adjusted for ties is equal, modulo an additive constant,
to the Mann-Whitney/Wilcoxon (MWW) statistic if w has just two distinct values, and the
Jonckheere-Terpstra (JT) statistic for arbitrary w. See Wilcoxon (1945) and Mann & Whitney
(1947) for the former, and Terpstra (1952) and Jonckheere (1954) for the latter. Most books on
nonparametric methods cover these procedures. Because the analysis in this case is so much
easier to deal with than the case with ties in both variables, and the MWW and JT statistics
are of interest in their own rights, we split the analysis into two chapters. Chapter 16 handles
the more general case.

A special case of the JT statistic is what Silverberg (1980) calls a g-permutation, which is a
tied ranking in which the top q items are ranked from 1 to q, but all other items are tied at
q + 1. This type of ranking arises quite frequently, e.g., when people are asked to rank their
top ten movies out of possibly hundreds. The exact distribution is easier to find than that for
the general JT statisistic.

In Section 14.1, we present the above statistics, and their relationship to Kendall’s distance
with ties. In Section 14.2 we give fairly simple formulas for the cumulants. An algorithm for
the exact distribution for medium mis given in Section 14.3. Section 14.4 contains results for
asymptotic normality, and another approximation based on the sum of independent uniforms
for special cases. Proofs are in Section ??. We apply the asymptotic approximations in Section
14.5.

14.1 The Mann-Whitney/Wilcoxon and Jonckheere-Terpstra
statistics

The Mann-Whitney statistic (Mann & Whitney, 1947) is a nonparametric statistic used to test
the equality of two populations based on independent random samples of a single variable
from each population. The statistic counts the number of times a value in the first sample ex-
ceeds one from the second, at least if there are no ties. Let y be the vector of ranks for the com-
bined samples, where the first m; components are the ranks for the first sample, and the re-
maining my components are the ranks of the second sample. If wesetw = (1,1,...,1,2,...,2),

171



172 CHAPTER 14. TIED RANKINGS IN JUST ONE VARIABLE: KENDALL

where there are m; 1’s and m; 2’s, then the Mann-Whitney statistic is exactly the Kendall dis-
tance (without adjustment for ties) given in (1.4) between w and y:

m; mp+mp

dken(w,y) = Y Tl(wi—wy)(yi — => > Iyi>yl

1<i<j<m i=1 j=my+1

= dvmww(Y1,%2); Y5 ={yilwi=j}.  (14.1)

The Wilcoxon (1945) statistic is based on the sum of the ranks in the first sample, y; +- - - +Ym,.
It is well-known to be equivalent to the Mann-Whitney statistic, since it can be written

dken(w,y) = Z Z [yi >yl

i=1 j=mi+1
m; m mp My
=) D Iyi>yl—) ) Iy >yj
i=1 j=1 i=1 j=1
mq ml
= (yi—1)- ( 2)
i 1

B my(my +1)
= Zyl \ (14.2)

We will refer to this statistic as the Mann-Whitney/Wilcoxon (MWW) statistic. It is also
equivalent to Spearman’s distance adjusted for ties in the first variable as in (13.1), so that
with the 1i’s being the midranks for the w;’s,

2m(m+1)2m+1) i
d?pear(wl y) - _ZZriyi
i=1
+TTL2
2m(m+1)(2m +1) m + 1 & my+1\ "
= 3 -2 5 Zymt my + 5 Z Yi
i—1 i=my+1
1 1
= %(1 +5m—3my) +m Y vy (14.3)
i=1

The Jonckheere-Terpstra (JT) statistic is a similar statistic that compares K > 2 populations,
looking to see if there is a trend in the variable over the population indices. Here we have
w=(1,...,1,2,...,2,...,K,...,K), and define the JT statistic by

dken(w, y) = djr(Y1, ..., Yk ZZ Z Iyi > yj

a= 116%(1] ma+1
K-1

= ZWa/ where W, = dyww(Ya, Yar1U---UYk).  (14.4)
a=1
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In (14.1) and (14.4), we have not adjusted the distance for ties as in (12.35). Since there are
no ties in the y, the adjustment as in (12.36) reduces to

Zmg—m (14.5)

dKen(w y) — d]T(%l/- . -/HK) + 4

14.2 Moments and cumulants

The results here were originally obtained by Jonckheere (1954). We start by showing the
independence of the MWW statistic and the ranks of the Y;’s within each group, which is
Theorem 1 of Terpstra (1952).

Lemma 14.1. Suppose Y ~ Uniform(Pm), m = myq +my, andlet Y1 = {Yq,...,Ym,} and Yo =
{(Ymy+1,- -+, Ym}. Then the three quantities

Yy = mnk(Yl,...,le),Y(z) = rank(Ym,+1,-- -, Ym), and dypww(Y1,Y2) (14.6)

are independent, where y @ < Uniform(Pm,) and Y@ ~ Uniform(Pr,).

The proof is based on the observation that the order of the elements within the two subsets
Y1 and Y, are independent since the subsets are disjoint, and also independent of the MWW
statistic since the latter only compares the values between the two subsets.

The lemma can be easily extended to several groups, where for the situation in (14.4), we
have the 2L — 1 quantities

Wi, W, ..., Wk_1, and rank(Y“)), rank(Y(Z)),..., rank(Y(K)) are independent.  (14.7)

This result follows by first using the lemma to show that Wy, rank(Y ), and rank(Y'?, ...,
Y (%)) are independent. Then apply the lemma to that last vector to show that W,, rank(Y (%)),
and rank(Y'®),. .., Y %)) are independent, and still independent of W; and rank(Y V). Con-
tinuing, we have (14.7).

Equation (14.7) can be used to find the cumulants for the JT statistic. Letting e, = (1,...,k),
write

dken(em, Y) = Z IY; > Yj]

1< '<j<m
—1 mq
ZZ Z Iy >yl+ > 1V >
=1 i=1 j=mq+1 1<i<j<my
+ > I > Yil+-- + > 1Y; > Yj]
m+1<i<j<m;+my my+--+mg 1 +H1<i<gm
= d]T(le oo 9k) F dKen(emlf Y(l)) + dKen(emzr Y(Z)) + dKen(esz Y(K))-

(14.8)

By Lemma 14.1, the K+1 terms in the final expression are independent. Since cumulants
are linear, the n'" cumulant of the (first) left-hand side of (14.8) equals the sum of the n'
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cumulants of the independent terms. Let kKen(k) be the n'" cumulant for Kendall’s distance
based on Y of length k. This cumulant is given in (6.13). Then we have that the nt" cumulant
of the JT statistic, with group sizes my,..., my, is

K
]T(ml, coo,Mmy) = Kﬁen(m) — Z Kﬁen(ma). (14.9)

a=1

In particular, from (1.10),

K
m+1 Zma (mq+1) mz—ZEzlm%l

Eldyr(Y1,..., Y] = 2 , (14.10)
a=1
and
K
m(m 2m+5 m 2m +5
Varldrr (Y, .., g = "™ = ol 4
a=1
Za ymy  m? Z _1mg
T " . (14.11)
For the MWW statistic, we simplify to
mymy mymp(m+1)
Eldvww (Y1, Y2)] = > and Var[dmww(91,Y92)] = 15 : (14.12)

14.3 Exact distribution

We start with the recursive algorithm from Gibbons & Chakraborti (2010, page 265) for finding
the exact distribution of the MWW statistic. It is based on the algorithm in Terpstra (1953) for
the JT statistic. Fixing my and m,, the MWW statistic in (14.1) can be written

dien(w, y) = dmww (Y1, Y2) = #Hyi > yjlyi € Y1, 92 € Yo} (14.13)

The possible values range from 0 to m;m,. There are (n“fl ) ways to allocate m; of the y;’s to
Y1, and the rest to Y, hence the distribution of the MWW statistic is

c(u; my, my)

Pldmww (91, Y2) = ul = O u=0,...,mmy, (14.14)

where

c(u; my, my) = #{Ways to allocate m; of the yi's to Y1 |#{yi > yjlyi € Y1,yj € Yo} = ul.
(14.15)
For each such allocation, the yy that equals m is either in Y; or Y,. Removing that element
will be an allocation of 1,...,m — 1, for which we can find the statistic as follows, where
dvww (91, 92) = w:
meY = duww(Yi —{m}Y2) =u—my;

meY = duwwY,Y2—{m})=u (14.16)
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The first line holds because m is larger than anything in Y,, hence contributes m, to the
statistic. (Note that if u < myp, then m cannot be in Y;.) For the second line, it contributes
nothing since everything in Y; is smaller than m. Now any configuration of m y;’s that has
statistic value u is associated with (possibly) two configurations of m —1 y;’s, as in (14.16).
Thus

cluyy;my, my) =clu—my;m; —1, my) +c(w; my, mp —1). (14.17)

Then the function c for any my, m; can be found iteratively from those with smaller m;’s. We
can start the process with one of the m;’s being one, where

c(i;,1,my)=1,u=0,...,my and c(wymy,1)=1u=0,...,my. (14.18)

Also, c(u;my, mp) =0if u < 0.

For the JT statistic (14.4), we first find the exact distribution of all the component W,’s,
which by Lemma 14.1 are independent. Now the convolution of those L —1 distributions
yields the exact distribution of the JT statistic.

Turn to the q-permutations. Using (14.6), we can write

q m
dgen(w,Y) =) Vj where Vj= > I[Y; < Y. (14.19)
j=1 i=j+1

This decomposition is equivalent to that in (6.4), but with the summations on i and j switched.
Then the Vj, ...,V are independent, with

Vj ~ Uniform{0, ..., m —j}. (14.20)

Thus we can perform a straightforward convolution of the q discrete uniforms, just as we did
for Kendall’s distance without ties in Section 6.3, though we need fewer terms.

14.4 Asymptotic distributions

Here we find conditions for the JT statistic to have a limit, either normal or a sum of uniforms.
Section 14.5 evaluates the resulting approximations.
We start with conditions for asymptotic normality. Let

DT = dpr(Yy,..., Y- (14.21)

The components m, in m, and K, depend on m, though the notation won't reflect the depen-
dence. Next is the main result. It is a bit more general than the results in Terpstra (1952) and
Jonckheere (1954), in that these authors seem to assume K is bounded and lim sup m,/m < 1,
where m, = max{mg}. The result follows from the more general Theorem 15.1.

Theorem 14.2. If as m — oo we have m — my — oo, then

(m) (m)
D™ _gplm)
T T~ 3P N(0,1). (14.22)

Var[D}?L)]



176 CHAPTER 14. TIED RANKINGS IN JUST ONE VARIABLE: KENDALL

If the condition m — my, — oo fails, we have the following alternative result, which is
shown to be a consequence of Theorem 15.1 at the end of Section 15.2.

Theorem 14.3. Suppose that for some finite , m — my — q as m — oo. Then

f—nTL —P U+ Uy, (14.23)

where Uy, ..., Uq are independent Uniform(0,1) random variables.

If m—m, 4 oo, then there must exist a finite q such that m — my — ¢, at least on a
subsequence. Theorem 14.3 shows (14.23) on that subsequence, hence either that limit holds
for the entire sequence, or the sequence does not have a limit. Thus the condition in Theorem
14.2 is also necessary for asymptotic normality.

The distribution of a sum of q independent Uniform(0,1)’s is called the Irwin-Hall distri-
bution, with parameter q. See Wikipedia contributors (2019a) and Marengo et al. (2017) for
overviews. The latter give a nice geometric proof of the density, which is

[t]
fiu(t; q) = (q_ll), Z(—l)k(ﬂ) (t-K)9 0<t<q. (14.24)
" k=0

We sketch their proof in Section 13.5.3. The density is symmetric about q/2, and if t > q/2, it
is more efficient and more stable numerically to calculate fr1(q —t; q).

14.5 Edgeworth and Irwin-Hall approximations

The exact algorithm for Kendall’s distance with no ties given in Section 6.3 is reasonably fast
for m up to about 1325. The related algorithm for g-permutations in Section 14.3 is also fast
for m up to 1200, or if g < 950000/m + 150. The algorithm for more general patterns of ties
seems to be slower. In the MWW case, so that K = 2, it appears that it is fine if m;m, < 25000,
or for the general JT case if m*(m —m*) < 25000, where m* = max{m;, ..., mg, m/2}.

If the m,’s are too large for the exact algorithms to be feasible, either the Edgeworth or
Irwin-Hall approximations are usually very accurate. The latter are good when the m, =
max{my,..., mg} is close to m. Figure 14.1 graphs the log of the errors for the Edgeworth
approximation with [ =10 and the Irwin-Hall approximation for the MWW statistic, where
my = 2,...,10 and my = 100,200, ...,500. (If m; = 1, then the distribution is exactly discrete
uniform from 0 to my.) For Edgeworth, the approximations generally improve as m; and my
increase, and are excellent if m; = 10, being about 1078,10~7, and 103 for the maximum
error in density, distribution function, and relative p-value, respectively, as given in (4.54) and
(4.54). For larger m; and my, the approximation is even better. The errors in the Irwin-Hall
approximation tends to be relatively flat, and are better than Edgeworth only if m; < 3 or 4,
or maybe 6 if the relative p-value is of most import. Note that for the situations in these plots,
the exact distribution is easy to find.

The table in (14.25) gives the cutoff points for m; when the better approximation for the
MWW statistic switches from Irwin-Hall to Edgeworth, and my > 500. Values of m; less than
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Figure 14.1: Comparing the log,,(errors) of the Edgeworth with L = 10 and Irwin-Hall ap-
proximations for MWW statistics with m = (my, my), where m; is small. The horizontal axis
is my, and the vertical is the log of the errors. The different lines represent different m,. In
each graph, the relatively horizontal lines denote the errors for the Irwin-Hall approxima-
tion, and the lines decreasing substantially denote those for the Edgeworth approximation.
The three panels graph the errors in the density, distribution function, and relative p-values,

respectively.
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or equal to the entry favor the former, and those greater than favor the latter. A reasonable
guideline is to use Irwin-Hall if m; < [(4/3)log;,(m2)], and Edgeworth otherwise.

my — 500 1000 2000 3000 4000 5000 7500 10000

Density 3 4 4 4 4 4 5 5 (14.25)
Distribution function 3 3 3 4 4 4 4 4
Relative p-value 5 6 6 6 7 7 7 7

The MWW statistic is generally a worst-case, in that these approximations improve as the
groups in the m are further subdivided, so that the JT statistic with m = (10,100, 100,100)
has better approximations than the MW statistic with m = (10, 300).



Chapter 15

Tied rankings in both variables: Kendall

This chapter treats Kendall’s distance when there are ties in both variables, where as in (12.35),

dRen(w,2) =) ) (Il —zj) < O+ (Wi —wy)(zi —2) =0)). (151

1< <i<m

The results proceed similar to those in Chapter 13 for Spearman’s distance. Section 15.1
relates the distance to the contingency tables in Section 13.1.2, so that we can iterate over
all the tables (if there are not too many) to find the exact distribution. Section 15.2 describes
conditions under which the distance is asymptotically normal, which are verified in Section ??.
We apply the normal and Edgeworth approximations to the distribution in Section 15.3, and
compare them to using simulations. The Edgeworth approximations need higher moments,
but so far we have only been able to find analytic expressions for the moments up to order
four, hence we can use Edgeworth expansions up to L = 2. Their (tedious) derivations are in
Section 15.4.

15.1 Exact distribution: Contingency tables

Here we use contingency tables as for Spearman’s distance in Section 13.1.2, as in Brown
(1988). For tied rankings wand z, let T'(w, z) be the K x L contingency table as in (13.16), so
that tq, = Tap(w, z2) = #{i|w; = a,z; = b}. We can then find the number of concordances and
discordances from the table:

C=D Y Twi—w)lzi—z)>0= Y Y  taptan,

1< <i<m 1<a1<ar <K, 1<b <by<L
D= Z Z I[(wy —Wj)(Zi — Zj) < 0] = Z e Z ta,b,ta,n,- (15.2)
1< <i<m 1<a1<ar <K, 1<b <by<L
Since
m
C+D+ZZI[(wi—wj)(zi—z)-)ZO]: (2) (15.3)
1<j<i<m

179
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from (12.35) we have

_ % (D —Cc+ (?)) . (15.4)

To find the exact distribution for Kendall’s distance, we can run through all the possible tables
and sum up their probabilities, as for Spearman in (13.20).

15.2 Asymptotic distributions

Alvo & Yu (2014) prove the asymptotic normality of Kendall’s distance with ties and missing
values by showing it is close enough to Spearman’s distance to borrow its asymptotics. We
again have m and n being the pattern of ties for W and Z, respectively, and set m, =
max{mg} and n, = max{ng}. As in (13.44), let F,, be the distribution function for S;/m, where
S = rank(Z), Let pugen(m) and GzKen(m,n) denote the mean and variance of dﬁen(W,Z ).
Then we have the following.

Theorem 15.1. Suppose that m — oo. Then

(m-—my(m-mn,) a2, (W, Z) — ugen(m)

D
_ — P N(0,1). (15.5)

On the other hand, if q1 = My and qp = M~ are fixed, with ¢ = q1 + qp, and Fn(x) — F(x) on
points of continuity, then

% <déen(w/ Z)— FLKen(m)) + ﬂ

> P Vit Vg + (1= Vg )+ 4+ (1=Vg),  (15.6)

where the Vi are iid with distribution given by F.

If there are no ties in Y, then we have the Jonckheere-Terpstra statistic as in (14.4). In this
case, n, = 1, hence the condition in (15.5) for asymptotic normality is that m — m, — oo,
proving Theorem 14.2.

Next, suppose q; = m—x and q; = m- are fixed. Using (14.5), and (1.10) for the mean,

Ym2—-m m(m-—1)

dKen(w Y) — Uken(m) = d]T(ylw Yk +

4 4
m?2—3% m?
= d]T(Hl/- . -/HK) - % (157)
Now
m? — Zmz—m m Zm (m+my)q— Zm (15.8)
a#x a#x

With q being fixed, m,/m — 1 and Za# m?2 is bounded. Thus (15.6) and (15.8) show that

1
Hdﬂ"(%l,. .., Y9x) 7P Vi+...+ Vg + (1 —Vq1+1) +- 4 (1 —Vq). (15.9)
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Since the ny =1, the second part of Lemma 13.4 shows that the V; are Uniform(0,1), hence so
are the 1 — V;. Note also that the asymptotic distribution depends on q; and ¢, only through
their sum ¢, hence need not be fixed as long as q is. Thus we have Theorem 14.3.

To prove Theorem 15.1, we follow Alvo and Yu’s Theorem 3.4, we starting with the fol-
lowing lemma, then apply it to show that the results for Spearman imply the results in the
theorem.

Lemma 15.2. Let ¢,y = m+1—+m+ 1. Then

£ [(dépear( ,Z) — PLSpeur(m)

m(m-—my)
12 '

2
— (den(w, Z) — uKen(m))> < (15.10)

Cm

Proof of Lemma 15.2. We first find the covariance of the two distances in the Jonckheere-Terpstra
case, i.e., W has ties given by m, and Y is without ties. We fix W = w, and set

1
rank(w) = = (1, ...t tk, ..., tc), where tq = meq + ma; , (15.11)
and there are m, elements equal to t, in r. Then from (13.67),
m
Cov[d&pear(w, V), den (w, Y1 = =2Cov[) 1Y, diten (w, Y. (15.12)
1
Using the decomposition in (14.8) for Kendall, we have
m
Cov[) 7Yy, digen(w, Y)J'= Cov| Z 1:Yy, dken(em; Y Z Cov| Z 1:Yy, dken(€my, Y V)],
i=1 i=1
(15.13)
where e; = (1,2,...,1),;and Y@ = (Ym<a+1,...,Ym<a). Note that since the r; are constant

within each group defmed by the tq’s, the ) 1;iY; depends on Y only through the sums of
the component Y(%)’s, hence only on the comparisons of the Y;’s between groups. Also, the
dien(€m,, Y'9)’s depend only on the comparisons within groups. Thus Lemma 14.1 implies
that the summation is independent of the Kendall distances, hence the covariances in the final
sum of (15.14) are all zero.

Turning to the first covariance on the right-hand side, consider

Cov[Yy, dgen(em, Y1 = Y Y CovlY;, IV, > Yl (15.14)

1<h<gm
If i#handi#j,Y;is independent of I[Yy, > Y;]. With i =h < j, we have

CovlY;, I[Y; > Yjl] = CovlE[Y; | Yil, E[I[Y; > Yj1 | Yill + E[Cov[Yy, I[Y; > Yj]| Yil]
= CovlY;, ENITY; > Y] | Vil +0
= Cov[Y;, (Vi —1)/(m —1)]
1 1 m*—1 m+1

“moveM =TT T (1515)
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(In the last term on the first line, the conditional covariance is zero since conditionally the Y;
is a constant.) Then if i = j > h, Cov[Y;, I[Yy > Yi] = —(m+1)/12. Thus on the right-hand side
of (15.14), there are m — i positive terms and 1 — 1 negative ones, and the rest are zero, hence

CovlY,, dgen(em, Y] = (m—2i —:21)(m+ 1) _ _(m+ 1;(1 v)/ v mTH
Thus from (15.14) and (15.16), noting that replacing r; with r; — v does not change the covari-
ance since the sum of the Y;’s is constant, we can write

(m+1) Y ri—v)i=vV)
6
DY M (ri=v)?
__(m+1) Zé—l(“ v (15.17)
since the average of the i for which 1; = tq is tq. We multiply that value by —2 to find the
covariance in (15.12). Using the expression for the variance Spearman’s distance from (13.36)
when there are no ties in Y, we have that

m )2
(m+1)Z;_1(1‘1 v)© L %Var[dsApear(er)]f (15.18)

the variance for Spearman being found in (13.36), where here the s; = 1.
The variance for Kendall is found in (14.11):

K K
TTL3 — Zazl mi m2 a8 Zazl mtzl

(15.16)

m
Cov[) 11V, dken(em, Y] = —
i=1

Cov[dGpen(w, Y), dien(w, Y)] =

Ken

Var[d®,, (w,Y)] = & + 1
K
- Zgl(’; o %fl mza, (15.19)

where we use (13.57) to go from the second to third equality. The two previous equations
yield

Cm

d& YY) — ear ’
E ( Spear(’w ) HSp (m) B (d?en(’w,Y) B uKen(m))>

L XLy (mm4l)  omAl +m2—Z'§:1m%1
3 c2, Cm 24
2 K 2
me—) ;ymg _ m(m—my)
= < , (15.2
24 12 (15.20)

since the given ¢, = m + 1 —+/m+1 renders the first term in the second line zero, and the
inequality follows from (15.8).
Now for ties in the Y, i.e., in Z, we have for any distance that d®(w, z) = E[d?(w,Y)| Z =
z]. Following Alvo and Yu, we use Jensen’s inequality to show that for a given function h,
Elh(w, Y)?] = E[Elh(w, Y )?| Z]
> E[Eh(w,Y) ]| Z)7. (15.21)

Letting h be the quantity that is squared in the expectation in the first expression in (15.20),
(15.10) then follows. O]
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Proof of Theorem 15.1. Consider (15.5), and assume that

(m—my)(m—n;)
m

Using (13.36), (13.57), and (15.19), we can show that

(m®— 3 m3)(m®— 3 n3)

— 0. (15.22)

Gépear(m, n) = Var[d‘épear(W, Z)] = 36(m —1) , and
3_ 3V(m3 _ 3
n(m, n) = Varlddo (W, 2)) = =2l (M7 =2 My o)
36(m);
2
O—Spear(”n’fn’) 2
W + O(TTL ) (15.23)
Let
S — dépear(w’ Z) - },Lspear(m) and K. — déen(wz Z) - HKen(m) (15 24)
" OSpear (M2, 1) " OKen(m, ) . .
Multiply both sides of (15.10) by c2, / G%pear(m, n) to obtain
CmOKen (M, 1) 2 c2 m(m—m,) (m+1)2m?
E [(Sm_ OSpear (1M, 1) Km> ] h 1;02 (m, n) S 1202 . (m,n) (1525)
peart it Spear ‘""" Spear """/
By (13.59), we have m® — 3" m3 > m?(m — my), so that
0%pear(r’n' n) (m—mx)(m—nz) (15 26)
mé - 36(m—1) ’ '
hence
(m+1)?m? _ 3(m+1)? m—1 0 (15.27)

12 Gépear(m,n) S m?2 (m—my)(m—n,)

by assumption (15.22). That is, the right-hand side of (15.25) goes to zero. By (15.23), the
constant multiplying Ky, squared, is

2 2 2 4

, 1— 1
cszKen(m n) _ (m+ vm+1) P O(m*) L (15.28)
Gspear(m,n) m(m—2) O'Spear(m,n)

the last term going to zero by (15.22) and (15.26). Theorem 13.1 shows that S, — N(0, 1), thus
we have that K;;, = N(0,1) as well, proving (15.5).

Next turn to the case that my, = q; and m-, = q are fixed. We have from Theorem 13.2
that

1
m2

(@ear (W, 2) = tspear(m)) 43— Vit Vg + (1= Vpa) -+ 4+ (1= V), (15.29)
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where Vy,..., V% are iid with distribution F. Consider the inequality (15.10) again. Dividing
both sides by m~, since g = m —m,, we have

q
< . 15.
12m (15.30)

2
m dépear('wr Z)— IVLSpear(m) B dﬁen('w, Z) — Uken(m)
Cm m2 m

Letting m — oo, we have the bound in (15.30) goes to zero, and m/cq —+ 1. Thus by (15.29)
we have (15.6). O

15.3 Edgeworth and simulation approximations

In Section 13.4, we compared the Edgeworth and simulation approximations of the distri-
bution of Spearman’s distance with ties. Here we do the same for Kendall’s distance with
ties in both variables. The results are fairly similar. Those here are based on randomly take
100 examples for each m from 13 to 50, restricting then to situations where the number of
contingency tables (#7J) corresponding to the particular (m,n) pair is between 10* and 10°.
In general, finding the exact distribution using the contingency table approach is slower for
Kendall than Spearman, owing to the extra time it takes to calculate the distance from the
table. The algorithm for Kendall is reasonably quick if #7 < 5 x 10°.

As for Spearman, the differences between the Edgeworth approximations with even L
versus that with the corresponding L + 1 is negligible, hence Figure 15.1 compares the even
cases for L = 0 to 10. Here we see that comparing the maximum errors in the density, there is
a slight jump from L = 0to 2, but little benefit to higher L. For the distribution function, there
is a large jump from L = 0 to 2, a slight jump to L = 4, but then little more improvement. For
the relative p-value, there is substantial improvement from L = 0 to 2, then to 4, then to 6, and
a little jump to 8. Thus one would probably choose L = 4 or 6, but that choice is a bit academic
at this point, since we have analytical expressions (Section 15.4) only for cumulants up to the
fourth degree, so that we can use Edgeworth for just L up to 2. The higher cumulants for the
graphs were found using the exact distribution.

Figure 15.2 compares the Edgeworth approximation with L = 2 to the sumulations, where
for each group of numbers of tables, we have the median as well as the 5" and 95" percentiles
of the errors. It looks like Edgeworth is better than the the simulations for the error in the
density #J > 107; in the distribution #J > 10°; and in the relative p-value if #T > 108, though
they are failry simlar for 107 < #7 < 108. Note that if could use larger L, then Edgeworth
would be relative better for the p-value. Thus a reasonable rule of thumb is to use the exact
algorithm if #T < 5 x 10°; use simulations if 5 x 10° < #7J < 107; and Edgeworth otherwise.

15.4 Moments and cumulants

In the definition (12.35) of Kendall’s distance in the presence of ties, we sum over pairs of
indices with j < i. Here, it is more convenient to first subtract the mean (L = m(m —1)/4),
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Figure 15.1: Comparing the median log,,(errors) of the Edgeworth approximation to the dis-
tribution of the Kendall distance with ties for L=0, 2, 4, 6, 8, and 10. The horizontal axis is
the log,,(#7J). The panel graphs the maximum error in the density, the middle graphs the
maximum error in the distribution functions, and the bottom graphs the maximum relative
error in the p-values. See (4.54) and (4.54).
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Figure 15.2: Comparing the log,,(errors) of the Edgeworth approximation with L = 2 to esti-
mation with 500,000 simulations. The horizontal axis is the log,,(#7). The three panels graph
the errors in the density, distribution function, and relative p-values, respectively. In each plot,
the solid lines represent the 5, 50", and 95" percentiles for the Edgeworth approximations;
the dotted lines represent the same percentiles for the simulations.
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then multiply by —4, which we can then write as a function of signs:

U=uw(W,2) =—4(dgen(W, Z) — 1)

=Y ) SyTy, (15.31)

1<i#j<m
where
Sy = Sign(W; —W;) and Ty = Sign(Z; — Z;), (15.32)
and Sign(a) = —1,0, or +1 as a < 0,= 0, or > 0, as below (1.13). The factor “4” arises since

for each term in the summation of dgen, we have
2(I[(wi —wj)(zi — ;) > 0] — 1) = —Sign(w; — wj)Sign(z; — z;), (15.33)

and in (15.32) we are summing over i # j, which is double the sum over j < i. Thus for the
Nt central moment we have

El(dgen(W, Z) — )N] = (—4)NEUM). (15.34)

Ken

To find the N*™ moment of U, we write it out as a 2N-degree sum:

EUNM =) > - > > uwliajn .. inin)ez (i o ingn), (15.35)

I<hiAism IKinAnsSm

where
ww (i1, .- NN = B[Sy, - - Siggnd and pz(i1j1, ... injn) = ElTy, - Tiggad- - (15.36)

The expectations in the summands depend on the equalities among the indices. We parti-
tion the summation according to the pattern of equalities, which will be defined in such a way
that all sets of indices with a given pattern yield the same expected value for their summand.
Note that the means py and pz are invariant under permutation of the pairs (i, ji), i.e., the
action (i1,j1,...,iN,JN) = (g Jmy, -« - ing s Jmy ) fOr 7 a permutation of 1,..., N. Also, making
the switch (iy, jx) = (jk, ik) just changes the sign for both means, hence their product remains
invariant. Thus any pattern is defined to be invariant under those actions. For example,
suppose N = 4 and consider the pattern P, = (12,13,24,34), which means i; = 1y, j; = i3,
jo =13, and j3 = j4, and iy, j1,j2, and j3 are distinct. This pattern could also be represented as
(24,13,12,34), or (21,13,24,34), or (12,14,26,46), etc.

Suppose Py, ..., Py are the patterns. Then by the independence of W and Z,

T

EUN] = > n(Pouw(Puz(Py), (15.37)
t=1

where n(Py) is the number of sets of indices with pattern Py, and pz(P¢) and pw (Py) are as in
(15.36) for any set of indices with pattern Py , as long as it is the same representative for both
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W and Z. Let d(P;) be the number of distinct indices in pattern P;. Then with d = d(P), we
can write

ow/(Pt)
P:) = where
1w (Py) (m)q
ow(P) =Y - > Sp (Wi, ..., Wiy, (15.38)
1<k1,...,kd<m,
distinct

and Sp,(ay,...,aq) is the value of the summand for the indices with equalities given by P;.
For example, consider Py = (12,13, 24,34), so that d(12,13,24,34) = 4. Then we have

Saz132434) (a1, ..., as) = S(a; — az)S(a; — a3)S(ax— a4)S(az — ag). (15.39)

See (4.18) for Pochhammer’s symbol (m)y. An equivalent expression to (15.37) that we find
useful is then

;
Ny n(Py) ow(Pt)oz(Py)
E[U ]_; 9 CIN (15.40)

If d(P¢) > m, then n(Py) = 0, in which case we use the convention that n(Py)/(m)q = 0.

The main steps for finding the N*" moment are to first find each pattern P; of equalities
and their n(P;)’s, then to calculate the ow/(P¢) and oz(P¢). Some preliminaries, and details for
the Nt" moments, N = 2, 3, and 4, are in the following sections.

15.4.1 Some useful formulas

A pattern specifies equalities among the indices; we also deal with equalities among the values
of the W;’s. Let the pattern of ties for the variable W be m = (my,..., my), where each m; > 0
and my + - - - +my = m. For given P;, we write the summand Sp, as

Sp.(Wa,...,Wq) = Sp,(W1,..., Wq) H (I + L), (15.41)
1<i<j<d
where we let -
Lj = I[Wi =Wj] and I = I[W; # Wjl. (15.42)

By multiplying out the indicator functions, the right-hand side of (15.41) can be written as
a sum of 2¢ terms. Many of these are zero, either because the equalities in the W;’s yield
Sp,(W1,...,Wq) =0, or the combination of indicator functions is impossible, e.g., 113113 = 0.
Let C(W4,...,W4) be a set of conditions on the W;’s, and for function g define

oa{lgWi, ..., Wa) [IC(Wy,..., W)= Y > glwi, ..., wi,). (15.43)

1<i1,...,id<m
i1,...,iq distinct
Clwiy Wiy ) holds

Then (15.41) is a sum of such o4’s with g = Sp,. These conditions end up equating certain of
the W;’s, and otherwise specifying their values are distinct. For each such term, we further
decompose the sum into parts based on the order of the distinct values of W;.
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For example, suppose d = 6 and the equality/inequality conditions yield the conditions
Wi =W, =Wy, W3 = W, and Wy, W3, W5 are distinct. Then we can write

0'6{Spt (Wl, e ,W6) |W1 = W2 = W4, W3 = W6, & W1,W3,W5 distinct}
= D 06(Sp (Wi,..., We) W = Wy = Wy, W3 = We, & rank(Wi, W3, Ws) = )
wePs
= Z SPt (7-(1/7-(1/7-[2/ 7, 73, 7-[2)0-6{1 | W1 - W2 = W4/ W3 = W6/ & rank(W1/W3/ W5) = ﬂ-}/

wePs

(15.44)

the final equality following since the functions Sp, are invariant under strict monotone func-

tions of the W;’s. This last representation is useful because the final o4 function depends only
on the multiplicities of the W;’s and their order. We will use the shorthand ”Wi(zll], L, Wi(zq)”
to mean that W, is equal to n;—1 other W;’s, W;, is equal to n,—1 other W;’s, etc. Thus

the condition in the final summation of (15.44) would be written {rank(WP),Wéz), Wél)) =}
More generally, we have

O-d{SPt (Wl, . /Wd) |W1(nl)/' . '/W((]nq)/ d}
= Y Sp(m,..., Mg ol [rank(Wi™, . W) = 7}, (15.45)

where d = ny +--- +ng, and the second “...” in the argument for Sp, consists of replacing
the W;, i > q, with the 7; such that W; = W;, 1 <j < g.
Now define
Py ngemg = o4{l | Winl) < WSIZ) << Wénq)}. (15.46)

Note that the value is invariant under permutation of the W;’s, so that it doesn’t matter which
of them are equal to each other, just the resulting n;’s. Summing over permutations of the n;,
we obtain the number of ways for the W1, ..., W, to be distinct, which we denote by e:

€nymy,..nqg = 0all |W{nl),W£n2),...,Wénq) d.} (“d.” means “distinct”)

= ) [ Pry iy g (15.47)

mePy

Note in particular that if there are q subscripts, all equal to r, since the p’s are then all the
same, we have

€~r~r...r — q!prr...r. (15.48)
Thus from (15.45),

0alSp, (Wi, ..., W) IWY",..., Wy, distinet} = Y Sp,(my,..., g, ..) prrecsr

mwePq

1
= ey > Splm,...,mg,..). (1549)
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If g —1 of the multiplicities are equal, e.g., (11,...,7q) = (1,5,...,s), with g —1 s’s, then we
can collect terms depending on the value of 71:

q
0a{Sp, (Wi, ..., W) IW)", WY, Wy, distinet) = Y pogrses D Sp (..., g, ),
k=1 mwePq
=k
(15.50)
where in the subscript of p, the 7 is in the k" slot.
A special case that is easy to deal with is exemplified by the summand S1S13545. If the W}y
and W5 are equal to the same number of other W;’s, then by symmetry the sum will be zero
since Sqp = —Spq. Note that the key is that Wy and W5 appear only in that one S;;. That is,

Gd{Sim RN |C(W1,,Wd)) =0 (1551)

iNIN

if for some k
{ik/ )k} N ({ill 1-'2/ ey i'N/ )N} T {ikl )k}) 2 ®/ (1552)

and only requirement the condition C(W4, ..., Wy) places on W;, and W;, is that they have
the same multiplicity.

Another formula we find useful is for summands of the form S1,S131[W, # W3] with
multiplicities r1, 12, 3, basing it on (15.45). The terms in the sum are based on the permutations
7 € P3, where the condition translates the ranking as an ordering:

3 S(m; — my)S(m1 — 713) Condition
(1,2,3) 1 WA < wi) Wil
(1,3,2) +1 wit) < wl < wi
(2,1,3) -1 wi < win) < win) (15.53)
(2,3,1) 1 wis < Wi < wi)
(3,1,2) +1 wi? < Wl < wim
(3,2,1) +1 wis < W < wim

Thus by (15.45) and (15.46),

0-d{512313 |W1m)/ WSZ)rWém)/ d.}= Prirors - Privary + Provgry + Prarory — Prarymy — Promyrs- (15-54)

A special case is when two of the multiplicities are equal, in which case the sum depends on
whether the single multiplicity is in the first slot or not. That is,

04{S12513 ’Wm/ WZ(S)/ W§S)/ d.} = 2(prss — Psrs + Pssr);
oafS1S1sI Wi, Wy, Wi, d} = 205 (15.55)

Consider the extension to four distinct variable, where the fourth is uninvolved in the
S12S13 part. Then if we fix the rank of the fourth variable at k, the summation is the same as in
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(15.54), but with the fourth multiplicity inserted between the (k—1)%* and (k + 1)* subscript.
Thus

04{S12513 |W1(r1)’ WérZ)/ W§r3)r W4(r4)/ d.} = (pr4r1rzr3 + Pryryrory T Pryrprgrs + pT11‘2T3T4)
+ (pT‘4T‘1T‘3T2 + Pryrarary T Privgrary pr1r3rzr4) + (pr4r2r3r1 + Prorgrary T Prorgrary T+ p‘rzr3r1r4)
+ (pr4r3r2r1 + Prararory T Pravorgry + pr3r2r1r4) - (pr4r3r1r2 + Pryryriry T Praryrgry + pr3r1r2r4)
- (pr4r2T1T3 + pT2T4T‘1T3 + pr2T1T4r3 + pT2T1T3T4)' (1556)

Paralleling (15.55), we have the case with three multiplicities equal, which has three possibili-
ties:

0a{S12513 | W(T)/ WES)r W§S)IWA£S)1 d.} = 6prsss — 2Psrss — 2Pssrs + OPssst
0a{S12513 | W(S)/WS)IWS)IWAES)/ d.} = 4(psrss + Pssrs);
0a{S12513 | W(S)/ WES)/ W§S); Wp, d.} = 6(prsss + Psrss + Pssrs + Psssr) = Ersss. (15.57)

Most of the 04{Sp,}'s are functions just of a number of such e’s, though a few need specific
p’s as well. We now derive some specific formulas we’ll need for p and e. We first define
some basic functions we need. Starting with m = (my, ..., mg), the pattern of ties for W, we
define for positive integer T,

M = (Mg, (my)y). (15.58)

We need the sum and sum of products of these, leading us to define
K K
= Z(ma)r and, more generally, %, ..., = Z(ma)Tl < (Mg, (15.59)
a=1 a=1

Note that X1 =) mg(=m), L1 =) mﬁ, etc. Partial sums we denote as follows:

a—1 a—1 m m
Meq = Zmi, Moqfr) = Z(mi)r, Moq = Z my, and m_ () = Z (my);. (15.60)
i=1 i=1 i—a+1 i—a+1

Consider prs = 07451 |W1m < Wés)}. Thus we have r+s W;’s, r of which are equal to W;
and s of which are equal to W,. Fix a < b with W = a and W, = b. We need to choose,
without replacement, r of the w; = a’s, of which there are mg, to assign to the W;’s equalling
W;. Thus there are (mg)s possibilities. Likewise, there are (my)s ways to choose the w; that
equal b. Multiplying those counts, and summing over a < b, we have that

= (ma)rm>a[s). (1561)
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Note that p;s = Z';:Z M_q(r) (Ma)s would work, too. With three subscripts, we set b < a < c:

K-1a-1 K

Prst = Z Z Z (Mp)r(Mma)s(me)t

a=2 b=1 c=a+1

K—1
= Z m<am (ma)sm>a(t). (1562)
a=2
For the general case, we have
pT‘lmrd - Z e Z (m(ll )T‘l (maz)T‘2 e (m(ld)T'd' (1563)

1<(11<(12<~~<(1d<K

In the special case that the r;’s are equal to 7, the value is an elementary symmetric poly-
nomial of degree d in the elements of m ;). See Wikipedia contributors (2019b) for Newton's
identities, which find the pyr.., in terms of the Z,....(where there are d “r” in the subscript).

Turn to €’s in (15.47). For the general case, we build up from d = 2 subscripts, finding the
€’s as functions of the Z; ..., of (15.59). The formula for es is like that for p;s in (15.61), but
with an inequality. Using (15.59), we find

K
€rs = Z(ma)r Z(mb)s

a=1 b#a

a=1
K K
= Z(ma)rzr - Z(ma)r(ma)s
a=1 a=1
=32 — X (15.64)
Now
K
Erst = Z(ma)r Z(mb)s Z (me)t. (15.65)
a=1 b#a c#a,b

For fixed a, the final two summations equal eg, but using m without the ath component,
which is as in (15.64) with the ¥’s leaving out mq. Thus,

K
€Erst = Z(ma)r ((Zs — (Ma)s) (Zt — (Ma)t) — (Zst — (Ma)s(ma)t))

a=1

K
= Z(ma)r (ZsZt — (Ma)sZt — Ls(Ma)t + (Ma)s(Ma)t — Zst + (Ma)s(Ma)t)
a=1

- ZrZsZt - erzt - Zrtzs - Zstzr + ZZTst- (15-66)
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A similar approach will show that

Erstu = >-_-r>-_-sztzu - Zrzsztu - Zr>-_-t>-_-su - >-_-rzuzst - Zsztzru - Zs>-_-uzrt - thuzrs
+ ZZTZStu + ZZszrtu + 2thrsu + 2>:uzrst + er Ztu. + Zrtzsu + ZTUZS’C - 6ertu- (15-67)

For an arbitrary number d of subscripts, we wish to find er,..r;. Note that in the above
formulas, there is a term for each partition of the set of subscripts for the €. The sign in
front of the term depends on the number of subsets in the partition, and the magnitude of its
coefficient depends on the numbers of elements in the subsets. Specifically, letting (A1, ..., Ay)
be a partition of the subscripts, and for set A = {sy, ..., sy}, defining Zx = L;,..5,, we have

€rpry = > (DT HAL 1)L BA = 1)IZp, - L, (15.68)
Partitions (Aq,...,Ay)

For d =5, we need only €11112 and €11111, which are, respectively,

€11112 = m422 — 4m3212 — 6m2211£2 + 12m22112 +12mX12qs + 32%122 +8mXq11Xo
—24mXq11p — 125115910 — 8L 111 X120 — 621111 22 + 24% 41112,  (15.69)

and

€11111 = m® — 10m3211 + 20m22111 + 15m)2%1 — 20112911 — 30mZqq11 + 24X11111- (15.70)

(Recall m = Z;.) The only representative we need for d =6 is that with all ones:

€111111 = mé — 15TTL4>:11 + 4Om3£111 + 45m22%1 - 90m2Z1111 —120mX 1 X111
— 1553 4+ 144mX 13111 +90Z11Zq111 + 4022, —120% 131111 (15.71)

15.4.2 The variance

For the variance, we deal with pairs of pairs of indices: ij,kl, where i # j and k # 1. There
are three patterns, depending on the number of distinct indices in the two pairs. The patterns
and their n(P¢)/(m)q and ow’s are given next:

d = #distinct indices Py  n(P:)/(m)q ow
2 12, 12 2 €11 (15.72)
3 12,13 4 12+ 3€111
4 12,34 1 0

The pattern for two distinct indices is (12,12), which includes both (ij, ij) and (ij,ji). There
are (m); ways to choose the i and j, hence n(12,12) = 2(m),. The summand is S%z = I[W; #

W], hence we need the sum o,{1 |W1m # WS)}, which by (15.47) is €q;.

Three distinct indices yields the pattern (12,13). There are four ways to arrange three
indices, depending on where the two equal ones are: (ij,ik), (ij, ki), (ji, k), (ji, ki). Then there
are (m)3 ways to choose the 1,j,k. To find the summation, we use (15.41). The summand is
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S12513 = S(W1 — WL)S(W; — Wj3), hence is zero if Wi = W, or W3. Thus we need only deal
with whether or not W, = Wj:
S12513(Io3 + In3) = ST, + S12513123
= T12 4 S12S13123. (15.73)
Since W, = Wj, the first term yields the sum
os(1IW;" £ W) = enp, (15.74)
again by (15.47). For the second term, we can use (15.49) because the three multiplicities (for
W1, W5, W3) are one. It is not hard to see that
> S(m —m)S(m —m3) =2, (15.75)
71'6?3

because the summand is +1 if the rank of W; is 1 or 3, and —1 otherwise. Thus, since d! = 6,
1
03{S12513 | W1, W, W3 d.} = e (15.76)

With no equalities, i.e., d = 4, we have the pattern (12,34), and all multiplicities of one, so
that by (15.38), ow(12,34) = 0.

Thus from (15.40)
ow(12,13)07(12,13) 4o ow(12,12)07(12,12)

21
B =4 (m)s ()

) (15.77)

and by (15.37),

1
Varldg. (W, Z)] = i E[U?]. (15.78)
There are many equivalent ways to express this variance. Using (15.64) and (15.66), for W,

since £; = m, we have

e =m"— ) mi=(m)—) (mgy,
ep=m) (Ma)a—) ma(mg)y, and

€111 = md— 3mii1+Xi1 = md— 3mZ 111(21 +2 Z m?l. (15.79)
Then some further manipulation shows that
1 1
ow(12,13) = ez + ze1nn = z((m)s — D (Ma)a). (15.80)
Thus
A 71 — (m)3— 2 (Mmq)3)((M)3— 3 (N4a)3)
Varldge, (W, Z)] 36(m)3
4 (= T (mah)(m) =¥ (Ma)a) 15 )
8(m)s
It’s convenient to have the formulas for the MWW statistic, i.e., K = 2. Then
(m)2— ) (Ma)2=2mmy and (m)s— ) (ma)* =3mimy(m—2). (15.82)

The higher moments are found similarly, but the formulas become more complicated.
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15.4.3 The third moment

Here we deal with triples of indices, (ij, kl,pq). Table (15.83) displays the patterns P, their
counts n(Py), and their oy,’s:

d Py n(P)/(m)q ow

12,12,12 4 0
3 12,12,13 24 021 — P12
12,13,23 8 0
4 12,1234 6 0 (15.83)
12,13, 14 8 031 — P13
12,14, 34 24 0
5 12,13,45 12 0
6 12,34,56 1 0

Since the n(P¢)/(m)4q does not depend on m, as long as m > d, we found the values here
for m = 6 by using an algorithm to run over all (ij,kl,pq)’s, and counting the number which
conformed to each pattern. One check of these counts is to note that the total number of
triples is (m(m — 1))3, to which the third column times (m)4 should (and does) sum.

We give the details for (15.83). First, since S;; is either 0 or £1, S%. = Sy, hence ow(12,12,12)
is zero by (15.51). That equation also shows the sum is zero for patterns (12,12, 34), (12,13, 45),
and (12,34,56).

For (12,12,13), the summand is I1,S13. We proceed similar to (15.73), finding

053{I12S13} = 03{S12| Wm,W;)Ez)} + 03{S13 | W1, Wp, W5 d.}. (15.84)

The second term is zero, again by (15.51). We use (15.45) for the first term, where there are
just the two permutations (1,2) and (2,1). Sypis —1 if W < W, and +1 if W} > W), thus with
multiplicities 1 and 2 for W; and W), respectively, we obtain

o3{S12 1WA, W) = —p15 + po1. (15.85)

For the pattern (12,13,23), we need to sum over just the indices with W, W,, and W3
distinct. For each of the six permutations, it is easy to find $1,5135,3, of which there are three
permutations that yield +1 and three that yield —1. Since the multiplicities are all one, by
(15.49) the summation is zero.

The pattern (12,13,14) has summand zero if W is equal to any of the other three variables.
Thus to utilize (15.41) we need to consider the three equalities among W,, W3, W,. If the three
are distinct, then we can use (15.49) again. The sum over the permutations turns out to
be zero, and the multiplicities are all equal to one, hence the sum is zero. Next suppose
W, = W3 # Wjy. Then we have

oSt W Wi, Wil d) =0 (15.86)

by (15.51). By symmetry, the value is also zero for W, = Wy # W3 and W3 = Wy # W,. The
other possibility is W, = W3 = Wy, in which case we have

oi{S12 WD, WY = o3y — 013, (15.87)
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d Pattern Py n(Py)/(m)q ow

2 12,12,12,12 8 €11

3 12,12,12,13 64 e+ Fem
12,12,13,13 48 €12 + €111
12,13,23,23 9% Tem

4 12,12,13,14 96 €13 +4p121 + €112 + %€1111
12,13,23,34 192 0
12,12,12,34 16 0
12,12,13,24 96 —€ —2(p112 — P121 + P211)
12,12,13,34 192 —e — €112 — 2(p112 + P211) — 3€1111
12,12,34,34 12 2€7 +4€112+ €1111
12,13,24,34 48 2e112 + €2 + 2€1111

5 12,13,14,15 16 €14 +8p131 + 3€120 + 2€1112 + 2€11111
12,12,13,45 96 0
12,13,23,45 32 0
12,13,24,25 192 €23 + €122 + 2(p311 4 P113) + €112 + T €11111
12,12,34,35 48 2€93 +2€113 +4€120 + 3€01112 + %611111
12,13,24, 35 192 €23+ €113 + 2€122 + F€1112 + E €111

6 12,12,34,56 12 0
12,13,24,56 96 0
12,13,14,56 32 0
12,13,45,46 48 €24 + €114 + €33+ 6€123 + %ezzz +2€1113

+5€1122 + %611112 + %6111111
7 12,13,45,67 24 0
8 12,34,56,78 1 0

Table 15.1: The patterns for the fourth moment, and their corresponding sums.

using the same reasoning as for (15.85).

Finally, turn to the pattern (12,14, 34). If we make the switches 1 <+ 4 and 2 <+ 3, we have
S43541S21 = —S$12514S34. Since the W;’s are interchangeable, both summands S43541S21 and
$12514S34 have the same sum, which thus must be zero.

As in (15.40) we have we have

ow(12,12,13)07(12,12,13) | o ow(12,13,14)07(12,13, 14)

31 _
Bl =24 (s (s

, (15.88)

and by (15.37),

El(@fun(W, Z) — ) = — EIP) (15.89)
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15.4.4 The fourth moment

For the fourth moment, we have to deal with four pairs of indices. Table (15.1) contains the
results. The patterns (12,12,12,12) and (12,12,12,13) have the same oy/'s as the patterns
(12,12) and (12,13) in (15.72), respectively, since S% = §i;. The patterns with ow(Py) = 0,
except for (12,13,23,34), have at least one of their pairs of indices with neither index in
common with any of the other pairs, hence have summation zero by (15.51).

We treat the other patterns individually.

e (12,12,13,13). Here we consider whether W, = Wj or not. If so, then the summand is

I17, and if not, it is that all three W;’s are distinct. Thus we can write

ow(12,12,13,13) = o3{1 W' # W} + o3{1 | W4, Wa, W3, distinct}
= €12 + €111, (15.90)
by the definition in (15.47).

e (12,13,23,23). Here the summand is zero unless the three W; are distinct. Thus we have
the same sum as in (15.76), i.e., €111/3.

* (12,12,13,14). We deal with equalities/inequalities among W5, W3, Wy. If W, = W3 =

W,, the summand is Ijp, and since the multiplicities are 1 and 3, the sum is €y3. If

W, = W3 # Wy, we have the summand S1,S14 with condition Wm,Wf),WE), distinct.

Thus by (15.54) we have
04{512514 | Wm,Wéz),Wf) d.} = 2p121. (15.91)
The summand for W, = W, # W4 is also 2p1p1. For W3 = Wy £ W,, the sum is
0‘3{1 |W11),W£1),W§2)} = €112. (15.92)

Finally, consider the case W,, W3, W; are distinct. Using (15.49), we have d! = 24 and the
sum over the w € P4 turns out to be 8, hence

1
04{S13514 | W1, Wp, W3, Wy d.} = 3 € (15.93)

Summing the various components yields the result in Table 15.1.

* (12,13,23,34). If we switch W; and W, in the summand, we go from S12513523534 to
521523513534, which is its opposite. Thus the summation is zero.

* (12,12,13,24). The equalities we deal with here are W; = Wy, W, = W3, and W3 = W,.
If all hold, the summand is zero. Looking at sets of two of the equalities, the only one
not zero is W1 = Wy, W, = Wj3, but W3 # Wy, which has summand 5%2521 = —Iyp. The
multiplicities are both two, hence

oi{~Ti | Wy~ Wi} = —ens. (15.94)



198

CHAPTER 15. TIED RANKINGS IN BOTH VARIABLES: KENDALL

The sums for the single equalities are next.

o 2 1 1

Ty To3 Tag: ou{—S1Si3| Wi ),Wz( ),Wé "d)

Ty Ty Tag: ogf=SuSoul WA, W Wil d) (15.95)
i 1 1 2

Iy T3 Iag: 04{S3S3: W/ ),Wé ],Wg[; Jd}

In each case, the variable with multiplicity of two is the one appearing in both Sj;’s, so
that the three summations are the same except for sign. The sum of the three is thus the
same as the first one, which by (15.54) is

2) \ (1) 1ol
04{—S12S13| W} ),Wé ),W3( "} = 20011 — 20112 #2011 (15.96)

The case that all W; are distinct yields zero, since the sum over the w € P4 of the
summand is zero. Thus the total is the sum of (15.94) and (15.96).

(12,12,13,34). We look at the equalities (among Wy = Wy, W, = W3, W, = Wj) that do
not lead to a summand of zero:

(In)equalities Summand Condition Sum

Iy Lz Ing ~Tp Wl(z)lwéz) d. —€2)

Iy Iz Ly —Iiolgs W{Z),WSJ,W;(;D d. —€112 (15.97)
Ty Is T —S21S; Wil), Wéz), Wf) d. —2p211 —2p112 + 2p121

Ty Is Ia  —SzSm: W{”,Wﬁz),wé” d. —2p121

Tia Tz Ty =S;Szalin Wi, Wo, W3, W, d. —lenmn

The first two sums follow directly from (15.47). The third is the same as (15.96), and the
fourth is the negative of (15.91). The final one is the negative of (15.93). Summing the
final column yields the result in Table 15.1

(12,12,34,34). The extra equalities are Wj = W3, W) = Wy, W, = W3, W, = W, If three
or more of these hold, the summand is zero. The only pairs of these equalities that yield
nonzero summands are Wi = W3, W, = W, and W = Wy, W, = W;3. Both pairs yield

a sum oy{1| W(z),Wéz)} = ep. All four single equalities yield the same sum, which is

equivalent to oy4{1 |W[2), Wél), WE)} = €112. Finally, if the four variables are distinct, the

sum is €1111. Thus the total sum is 2ep, +4€112 + €1111-

* (12,13,24,34). We consider case depending on whether W; = W, and/or W, = Ws.

(In)equalities Summand Condition Sum
= 2 2
14 I3 L2 W{ ),Wz( ) d. €22
= = = 2 1 1
[14 In3 [12133 W{ ),Wé ),Wé 'd. e (15.98)
= = = 1 2 1
[14 I3 I12124 W{ ),Wé ),Wi Yd. e

[14 I S12513524S34 W1, Wo, W3, Wy d.  Zeqin
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The first three sums follow directly from (15.47). The final one uses (15.49), where the
sum of the summand over the w € P4 is 8, hence with d! = 24, we obtain €1111/3. Thus
the total sums up the last column.

* (12,13,14,15). We need to consider all possible equalities/inequalities among W,, W3, Wy, W,
of which there are six. We work according to how many of the six are equalities. In each
case, there are zero, one, or several equivalent sets of equalities that have nonzero sum-
mands. We give one archtype example for each (if there are any).

Equalities Archtype # Summand Condition Sum
0 All distinct 1 S$12513514S15 Wy, ..., Ws d. %€11111
————— 1 2 1 1
1 23104125134 135145 6 S14S815 W{ ),\1/V£ ),\Z/VAE ),\Z/V_r(, ) d. Tenn
2 Ip3124125134 135145 3 L2114 W} ),Wé ),Wi ) d. €122
3 [[Wr=W3=W,#Ws| 4 S12S15 W{U,Wf),Wél) d. 2p131
4 0
5 0
6 I[Wz—Wg =W4 —W5] 1 le Wl(l), Wgﬂ €14
(15.99)

If none of the equalities hold, then all five variables are distinct, so we can use (15.49).
The sum over the 7t of the summand is 24, and the q! = 120, hence the sum is e11111/5.
There are six ways exactly on equality can hold, and by symmetry they all have the same
sum. Taking W, = W3, the summand is 8%2314515. Since otherwise all the variables are
distinct, we can use the summand S14S15. We use (15.45). Since the multiplicity of W, is
two, while the others” is one, we arrange the sum depending on the rank of W, (setting
(W1, Wp, Wy, Ws) = (11, T, 13, T14)):

4
oalS1aS15 WY, Wi wit, wild) = > > S(m—m3)S(m—my)pr.2.1, (15.100)

=1 mePy,m=]

where the “2” in the “1...2...1” is in the j'" slot. But the summand does not depend on
7, so by (15.75) the inner sum of summand is 2 for each fixed m,. Thus,

1 2 1 1
0a{S14S15| W, ),Wé ),Wi ),Wé " d.) = 2(p111 + p1211 + p1121 + P1112) (15.101)
1
There are (S) = 15 pairs of equalities to consider. If the indices in the two equali-

ties intersect, e.g., W, = W3 and W3 = W5, then since the inequalities would include
W, # W5, we have an impossibility. There are twelve such pairs. The remaining three
are Ip3lys, 114135, and Ipsl34, which all yields the same sum. Taking the first pair, the

summand is I1»174, which with the condition W{l),Wéz),Wf) distinct yields a sum of
€122 by (15.47).
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Every triple of equalities has at least one pair for which the indices overlap. Thus as
in the previous paragraph, for the case to be possible, the other equality has to overlap
the others. For example, 123125135T24T34T45 = I[Wz = W3 = W5 75 W4] is nonzero, and
the other nonzero cases have three W;’s equal to each other, but not equal to the fourth.
Thus there are four possibilities. Each is equal to

05{S12515 1WA, W WD d.} = 2043, (15.103)

using the same idea as in (15.91).

Any four or more of the equalities will imply that W, = W3 = Wy = W5, hence any
left-over inequalities will produce an impossibility. Thus there are no nonzero sums
for four or five equalities. For six, we have the four all equal, and the summand of I,
with multiplicities (1,4), hence the sum is e14. The total for this pattern is found by
multiplying the “#” and “Sum’ columns in (15.99), then adding.

(12,13,24,25). We proceed much as we did for the previous pattern, though the lack of
as much symmetry requires more cases. The extra possible (in)equalities to consider are
14,15,23,34, 35, and 45. If all of these are inequalities, then we use (15.49) to find

1

05{512513524525 | W1, ..., W5 d.} = 51 (15.104)

since the sum over the 7 is 8, and q! = 120. For just one inequality, we note that by
symmetry Wi = Wy and W) = W yield the same sum, as do W3 = Wy and W3 = Ws.
In each case, we have multiplicities with three 1’s and one 2. We use the idea in (15.100),
where the inner sum fixes the rank of the variable with multiplicity 2. We obtain the
following;:

Equalities Summand Condition Sum
[14 or Iy5 S13S525 Wiz)lwz, W3, W5 d. 0
2
In3 S24525 W1,W2( LWy, W d. 602111 — 2p1211 — 2P1121 + 6P1112
2
[3g0or I35  $12513523525 W1, W5, Wé ), Ws d. —2p2111 + 2P1211 + 2P1121 — 2P1112
2
Iys S12513 W1, Wo, W3, Wi Jd. 2p2111 + 2p1211 + 2P1121 + 2P1112
Total 4(p2111 + P1211 + P1121 + P1112) = Z€1112

(15.105)
For the cases with two possible equalities, we indicate the summand and condition for
the first mentioned. All other relevant pairs are inequalities. The final row in (15.105)
sums the sums, multiplying the third sum by two. Using (15.47), we see that €111 is the
sum of those four p’s times six, hence we obtain 2€e1112/3.

Consider the pairs of equalities. Again if a pair’s subscripts intersect, then either the
summand becomes zero, or with the inequalities the situation is impossible. That leaves
tive pairs of equalities. The pairs (I14,Ip3) and (Ij5, Io3) yield the same sum, as do the
pairs (I14, I35) and (Iys, Is4). These sums are

(T4, I23) : 05{S21525 !W(Z),Wéz),ws d.} & (Iq4,135) : 05{—S31S832 !W{Z),sz Wéz) d.}
(15.106)
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If in the latter expression we change 3—2 and 2—5, we see that the two expressions in
(15.106) are opposites, hence the sum of the sums for these four pairs is zero.The other
nonzero pair is (I3, I45), which renders the summand T151p4 with condition W4, Wéz) , Wf)

distinct. Thus by (15.47) its sum is e12;.

There are only two triples of equalities that have nonzero sums, given next:

3
l14, 15, Iys : 05{S12513 |W£ ), Wa, Wi} = 20311 — 20131 + 20311
3
Lo, Iss, Lus : 05{S12513 | W1, Wa, WS} = 20131, (15.107)

See (15.54), or (15.96) (multiplied by —1, with multiplicity “2” replaced with “3”) and
(15.103).

The single nonzero quadruple of equalities is (I14, 15,145, I>3), which has summand Iy,
and multiplicities 3,2, hence sum ep3. All sets of five equalities, and the set of six, has
zero sum. Thus we find the overall sum for this pattern by summing the results in
(15.104), (15.105), (15.107), and the €1y, for the pairs, and €3 for the quadruples.

* (12,12,34,35). The extra equalities we have here are Iy3, I141;5, I3, Ins, Ins, 1s45. If none of
those equalities hold, then using (15.49) we find the sum is €11111/3. For single equalities,
we have three different sums, as follows, where the summand and condition is for the
first mentioned possibility:

Equalities Summand Condition Sum

2
13 or Ip3 $13515 W{ | Wo, Wy, Ws d. 602111 — 201211 — 201121 + 601112

2
[14 or I15 S31835 W1,W£ ), W, W d. 4p1211 +4p1121
or 124 or 125
= = 2
Iys Liplzs — Wi, Wo, W3, Wi ) d. €1112
Total 3€1112

(15.108)
The first two lines use (15.57), and the final one uses (15.47). The sum of the sums for
the first six equalities is

2(6p2111 — 2p1211 — 2p1121 + 6P1112) + 16(p1121 + P1211) = 12(P2111 + P1211 + P1121 + P1112)
= 2€1112. (15109)

Most pairs of equalities yield a sum of zero. The next table summarizes the nonzero

pairs.
Equalities Summand Condition Sum
- - 2 2
(I3, I45), (I3, Iys) [12114 W{;,Wzéwi Jd. €122
(Lis, Ioa), (I3, Ios)  SpaSis Wi2, Wi, wis d. 20212 (15.110)
(L4, In3), (I15, In3)
( ) )

2) (A2
S31532 W{ ),W§ L Wad. 2(p12n — 212+ p221)

Total 3€122

L4, Ins), (I15, Ing
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The second and third sums add to 8p>12 +4(p122 — P212 + P221) = 2€122, hence the total is
3€122.

There are two nonzero triples of equalities (with the same sum), and two nonzero
quadruples (also with the same sum), as below:

- 3
(L4, I1s, Iy5) or (Ip4, Ins, Iss) @ 05{l12113 |W§ ), W, Wi} = enn;

- 3) 142
(14, T1s, To3, Ias) or (T3, Tog, Ins, Lys) : 05{T10 | W4 ),W£ N} = e (15.111)

For the total we add the €71111/3 from the first paragraph to the totals in (15.108), (15.110),
and (15.111).

(12,13,24,35). Now the extra equalities are Iy4, I35, In3, Ios, I34, I15. Using (15.49) for the
case that none of those qualities hold, we find the sum over m to be 16, hence with
q! =120, the overall sum is 2€11111/15. The next table has the results for single equalities
holding:

Equalities Summand Condition Sum
[14 or Iys S31S35 W{Z)zwzl W3, Ws d. 401011 + 4p1121
In3 S24525 W1,W2(2),W4, W5 d. 6p2111 —2p1211 — 2P1121 + 6P1112
Isor Iy S1251352453 Wi, W2, W3, Wy d. 0
Iss S12513524834 W1, Wo, W3, Wf) d. Tenn
Total %€1112

(15.112)
The first two lines use (15.57), and the last two need the more general (15.45). For the
third, fixing the 7y = k, the sum of the summand over the other m;’s is zero for each k.
For the fourth, the sum is 2 for each k.

The pairs of equalities where the equality’s subscripts intersect have sums of zero. The
others are next:

Equalities Summand Condition Sum

2) 1\, 2
(I1a, In3), (115, In3) -~ S21S25 Wl(z),Wz(z),W5 d. 20212
(La os), (Iis, Taa)  S3iS2 WA, W2, Wad. 2(p1o — poia + pooi) (15.113)

= = 2] 42
(I3, Is5) [121p4 W1,W£ ),Wi 'd. €122
2) (42
(Is, I34) —S12813 W1,W2( ),Wé, "d. —2(p122 — p212 + p221)
Total 2€e122

The only set of three equalities that has a nonzero sum is (Ij4, I15,145), which has the
sum o5{I12113 |W{3),W2, W3} = €113. The only quadruple adds an equality to that triple:
(I14, I15, ss,23 ), which has sum e33. No set of more than four equalities has a nonzero
sum. Hence with (15.112), (15.113), and the 2e11111/15 in the first paragraph, we obtain
the answer in Table 15.1.
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* (12,13,45,46). This pattern is the only one we need to handle that has six variables,
which does make it more complicated. There is a good deal of symmetry. There are now
eleven extra equalities to consider: 114, 115, 1161 123, 124, 125, 126/ 134, 135, 136/ and 156- With
none of them holding, we use (15.49) to find

1
06{512513545546 | W1, W2, W3, Wy, Ws} = 80p11n111 = genn, (15.114)
since q! = 720. The results for the single equalities follow, where the coefficients

(a,b,c,d, e) mean the sum for that equality is

ap21111 + b P12111 + € P11211 + d P11121 +€P11112 (15.115)
Equality Summand Condition Coefficients
Ty $12513815516 W2, Wo, W3, Wa, W d. 24 —24 24 —24 24

115 or 116 812313341546 Wiz),WZ, W3, W4, W6 d. 0 12 —16 12 0
or 124 or 134

T3 or Ise SisSse WAL,W, W Ws,Wed. 8 8 8 8 8
125 or 126 512813842546 Wl,Wéz),Wg,, W4, W6 d. 0 0 16 0 0
or I35 or Izq

Total 40 40 40 40 40
(15.116)
The total is 40 times the sum of the five p’s. Since €11112 is 24 times the sum, the total is
5e11112/3.

Again the pairs of equalities whose subscripts intersect have zero sums. There are 25 re-
maining pairs, which can be grouped by equivalence into six groups. The next table has
the results for one representative from each group. The coefficients are for, respectively,

P2211, P2121, P2112, P1221, P1212, P1122-

Equalities # Summand Condition Coefficients

(i, T3) 6 S15516 WA W Wwewed 4 0 4 —4 0 4
(Iis,T3) 4 - SuSie WP WHw,w,d 0 2 0 4 2 0
(s, Ts) 4  —S13506 W2 WHw,W,d. —4 0 4 4 0 —4
(I15,126) 8 $12513541542 W§2)1W£2)1W3/W4 d 0 2 -4 0 2 0
(Ing, Is¢) 1 1 w, W2 w,w?d 4 4 4 4 4 4

22 A 5
(Ios, I36) 2 $12513542S43 W1,W§ J,WQE, Wyd 4 —4 4 4 —4 4
Total 20 20 20 20 20 20
(15.117)

Since 4 times the sum of the six p’s is €1127, the total from this table is 5€112».

The nonzero triples of equalities sort into two types: Those with no intersections in
their subscripts, e.g., (I14,I23,1I56), and those which imply the equality of three W;’s,
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such as (Iy5, I16, I5¢). Below we have summarized the results, where again we have one
representative from each equivalent type of sum:

Equalities # Summand Condition Sum
(I, T3, Isg) 3 1 w2 wiP, wi a. o
(I15, 124, I36) 4 —S31532 W§2)/W£2)/W:g2) d. —Lem
(It15, Iie, Is6) 2 S12S13 W§3),W2, W3 d.  6p3111 —2p1311 — 201131 + 61113
(I3, I25,135) 4 S12513 W1,W£3),W4 d. 4p1311 +4p1131
Total g€222 +2€1113

(15.118)
The sum of the last two sums is 12(p3111 + P1311 + P1131 + P1113) = 2€1113-

There are 14 quadruples of equalities with nonzero sums. They are of four types, one
representative of each being presented below. The coefficients for the p’s in the order

(P123, P132, P213, P231, P312, P321)-

Equalities Summand Condition Coefficients

1 wi, Wi, wy d. 1 1 1 1 1
SpS1is Wi, WA, W d. 1 1 1 1 -1

I15, I16, I3, Ise 1
1

SpSiz W wP wsdo 1 101 1 11
1
6

(LR Y~ \O T =

( )
(T14, I23, Ing, I36)
(I15, 16, I56, I24)
(I24, I35, I36, I56)
Total

SpSiz Wi, wWAY, wia. 1 -1 1 -1 1

6 6 6 6 6
(15.119)

The sum of the six p’s'is €173, hence the total is 6€173.

There are three higher-order sets of equalities yielding nonzero sums, two sextets and
one septet, as below:

Equalities Summand Condition Sum
3) 14,03
(L5, L6, 123, Ip4, I34, I5g) 1 W{ ),Wé Td. e (15.120)
. .
(Ins, Ios, 126,135, I36, Ise) 1 W1,W2( LWid e
2) o 4
(T4, 123,125, In6, I35, I36, I56) 1 W{ ),Wé Td. ey

Collecting the various terms, we have the result given in Table 15.1.



Chapter 16

Incomplete rankings

Here we allow that only a subset of the objects are ranked. If | of the m objects are ranked,
then the ranked ones will have values in z of 1,...,], while the non-ranked objects values
will be “x”. E.g., if there are m = 5 objects, a possible ranking of just objects 2,3, and 5 is
z = (%,3,1,%,2). Let O be the indices for the ranked objects, and for any vector z, let z¢ be
the subvector of x; with i € O. In our example, O ={2,3,5} and z9 = (3,1,2). For given O, the
space of z is

Zog ={zis1xml|zg € Py and z; = * fori ¢ O}. (16.1)

Then for given z € Z, the set of compatible full rankings is
C(z) ={y € Pmlrank(yop) = zp} (16.2)

We start by finding the conditional distributions of Y; given the Z = z, so that we can find
the averaged versions of Spearman’s, other Hoeffding, and Kendall distances. The result is
due to Alvo & Cabilio (1995).

Lemma 16.1 (Alvo and Cabilio). Given O C {1,..., m}, let | = #0O, and suppose z € Zo. Then we
have the following:

(a) For1 <t<mand1 < r <], wehave

t fzi=r,
PIY: = t | rank(Ye) = zo] = {?( IT) fm=r (16.3)
m if1¢0,
where
(t—l) (m—t)
=1/ \J—r . o . .
gj(tlr) = T if t=r,...,m—J+71, and gj(t[r) =0 otherwise. (16.4)
J
Furthermore,
1
ElYy |rank(Yy) = zp] = 71]1—:—11 z9 and E[Yi|rank(Yy) = z¢] = % ifig 0. (16.5)

205
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(b)
I[Zi > Z]'] 1f i,j €0,
1 foe e
2 lf L) %O,
PLY; > Y, | rank(Yy) = zo] = { 2. 7 , (16.6)
i j ]ill ) Z?EO,).QO,
1-77 ifigojeo.

Proof. (a) Consider the first condition in (16.3). Since z; = 1, the y; has to be the " largest
among the observed rankings, that is, among {y; |j € O}. Thus t must be at least r. Also, there
have to be at least ] —r of the y; larger than y;, to match with the z; larger than z;. Thus
t <m—]J+r. For t in the valid range, we argue that

#y € O s =t rank(yo) =20k = (1) (1) mpy (167)

We need y; = t to be the r'"* largest value in yp, hence r — 1 of them need to be chosen from
the t — 1 values less than t, and the other ] — r must be chosen from the m —t values greater
than t. Hence the two binomial coefficients in (16.7). The remaining y; for j ¢ O have the m —]
values left unchosen, and can be in any order, hence the (m — J)! term. For the denominator,
we need #{y € Y|rank(yy) = z¢}. By symmetry, the number of compatible y for each z € Z
is the same, being equal to #P,,/#P; = m!/]J!, hence dividing (16.7) by m!/]J! yields the gj(t|T)
in (16.4). If t <t or ] =t > m —t, there are no compatible y, yielding gj(t|r) = 0.

Next, if i € O, then there is no constraint on y;, hence it is equally likely to be anything
between 1 and m.

We could calculate the mean directly via (16.4), but instead we will use a representation
described by Feller (1968), in exercise 15 of chapter IX. Let Gy, ..., Gj;1 be iid Geometric(p)
random variables, with density P[G = u] = (1 =p)p*, u =10,1,2,.... Then G; +...+ Gx ~
Negative Binomial(K, p), with density

K+u—1

P =u] =
(G1+...+ Gk =] <K_1

)(1—p)Kpu, u=0,1,2,.... (16.8)

Then we can express (16.3) as the conditional distribution
g](th‘) =P[G1+...+ G, :t—T|G1+...+G]+1 =m-—]Jl. (16.9)

Conditionally, the (Gj,...,G J+1) are exchangeable given their sum, hence each element has
the same conditional expectation. Thus

1
E[G1|G1+...—|—G]+1:m—ﬂ:J_’_—lE[Gl+...+G]+1|G1+...+G]+1:m—ﬂ

m—]

=T (16.10)

The mean of gj(t|r) is found by multiplying (16.10) by 7, then adding r, yielding (m +1)r/(] +
1) as in the first case of (16.5). If i ¢ O, then since Y; is equally likely to be anything from 1 to
m, the mean is (m + 1)/2, completing (16.5).
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(b) If i and j are both observed, since rank(yo) = z¢, lly; > yj] = I[zy > zj]. If neither are
observed, since the non-observed y;’s can be in any order, P[Y; > Yj] = % Now suppose i € O
and j ¢ O. Conditioning on y; = t and z9, we know that of the t — 1 values smaller than
yi, T — 1 must be assigned to observed indices, where r = z;. Thus the other t —r are not
observed, i.e.,
E[) IY; > V]| V; = t,rank(Y) = zo] =t —. (16.11)
k£0

Then by symmetry, for any given j ¢ O,

t—
ELY; > ;] |V; = t, rank(Yp) = zo] = m_r]. (16.12)
Taking a further conditional expected value over Y;, we have
E[Y; k(Yy) = zg] —
PIY; > Y | rank(Yp) = 2zo] = Yilrank(¥o) = zo] =7 _ T (16.13)

m-—] 41

using the conditional mean from (16.5). The last case in (16.6) then follows from the third. [

16.1 Ties, too

Here we consider ties as well as incomplete rankings, so that the observed rankings may have
ties. Thus in addition to O, the set of the indices of the ] observed rankings, we have a pattern
of ties J = (J1,...,Ji), where }_J; =] and each J; > 1. Thus there are J; values of | among
the observed ranking, as in Chapter 12. Similarly, the pattern of ties for the observed ranks in
W is given by I = (Iy, ..., Ix). The space of vectors is then

Zy ={zis 1 x m|zp has pattern of ties J, z; = xif i ¢ O}. (16.14)

For z € Z, we wish to find the corresponding set of compatible complete rankings. We can
do this in two steps: First find the 1 x ] rank vectors compatible with the observed part, zp,
then find the 1 X m complete rankings compatible with each of those. That is, let

C*(20) = {up € Pjlup is compatible with zp}, (16.15)
so that the complete rankings compatible with z is
C(2) = Uypecr(z0)C (uo), where C'(ug) ={y € P |rank(yo) = uph (16.16)

Note that the sets C’(u¢) in the union are disjoint, since each has a distinct rank(yg), and
by symmetry they all have the same number of elements. Thus finding the average of any
function over all elements in C(z) is the same as finding the average of the individual averages
of the elements of the C'(uy). For Y itself, we have

ElY Y € C(z)] = #C*l(zo) Y E[Y|rank(Yp) = ul. (16.17)

uo GC*(Zo)
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As in (16.5), the inner expected value is given by

1 1
le ug and E[Y;|rank(Yy) = up] = mT

As in (12.24), averaging the uy over the C(zp) yields the midranks of z¢. Also, for i € O, the
further average is still (m +1)/2. Thus

E[Yp |rank(Yp) = upl =

if ig0. (16.18)

_m+1 _m—|-1

ElYy|Y € C(z)] = 71 rank(zy) and E[Y;|Y € C(z2)] = 5 if i¢0. (16.19)
A similar approach can be used for I[Y; > Yj], so that
1
PIY; > Yj|Y € C(2)] = #C (2] > PIY; > Y rank(Yp) = uol. (16.20)
uoeC*(zo)

Here, the inner probability is as in (16.6) with u¢ instead of z. If i,j € O, then taking further
expected value over C*(zp) is I[z; > z] if z; and z; are not tied, and % otherwise. If i,j &€ O,

then the mean will stay 3. If i € O and j ¢ O, the further expected value of U; is the midrank,
divided by ] + 1. Likewise for the final case. Thus

;

Iz > z;] if 1,j €0, zi # z,
: if ,j €0, zi =gz,
PIY; > Y;|Y € C(2)] =4 3 if i,j¢0, (16.21)
et ific0,j¢o0,
1- 255 ifigojeo,
where
rank(z)g = rank(zg) and rank(z); = if 1 & 0. (16.22)

16.2 Null distribution

There are several possible null distributions that are reasonable to consider for cases in which
one or both rank vectors W and Z have missing values. Suppose the numbers of observed
rankings in W is I, and in Z is J]. Some choices to make include whether to consider one of
the vectors fixed, or both random; and if random, whether the observed indices are fixed or
random. A further choice would be to have the I and ] random, but we will not deal with that
possibility. Also, the overall assumption is that whether a ranking is missing is independent
of the rank it would have been assigned if not missing.

Suppose Z is not fixed, and let O C {1,..., m} be the observed indices, with #0 = ]. Then
two possible distributions for Z depending on whether we condition on the observed indices
are

Conditionally : Z ~ Uniform(Zp);

Unconditionally : Z ~ Uniform(U{Ze/| 0" C {1,..., m},#0' =]}
& Z ~ Uniform(Permutations(z)), (16.23)
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where z is any member of Zy. We define the two distributions similarly for W, where A is
the set of observed indices, and I = #A. Alvo & Cabilio (1995) define the null hypothesis J;
tobewhenI > J, W = w is fixed, and Z has the conditional distribution (although one could
remove the I > | condition); and H{, when one or both W and Z have the unconditional
distribution. Another possibility is that both W and Z have a conditional distribution, which
we will call Hs.

We next treat the Spearman and Kendall distances separately.

16.3 Spearman

Recall from (13.1) that we can write Spearman’s distance adjusting for ties in terms of the
midranks. Similarly, we have here

m

b ear (W, 2) = Pspear(M) =2 D (1] — V) (5§ —v), (16.24)
i=1

where v = (m +1)/2 again, and the analogs of the midranks are as in (16.19):

+1 - om+1

* _ m *
r*=EX|X € Clw)] = 1 r and s*=E[Y|Y € C(2)] = 71 s. (16.25)
We chose the factors so that
r, =rank(wy) and sg = rank(zg), (16.26)

the midranks of the respective vector of observed ranks. For the unobserved ranks, we have

ri:vlzlgl,igﬂ and si:vlz¥,i§z(‘). (16.27)
Thus the summation part of (16.24) is
m m
" ‘ (m+1)?
é(m =) =) DG+ ;(Ti—vl)(si — 7). (16.28)

Note that for any index i, the summand is zero unless at both of the vectors’ ranks are ob-
served, i.e., unlessi € ANO.

Turn to the mean. If either vector has the unconditional distribution, the mean of (16.24) is
Hspear (M), by definition of averaging. If Z has the conditional distribution, then the observed
vector

S ~ Uniform(Permutations(sg)), (16.29)

which has mean vjlj, hence E[S;] = vj for all i. Thus again the adjusted distance has the
usual mean. That is, if either vector has either the conditional or unconditional distribution,
the mean is of the distance is pgpear(m).
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The variance, and higher moments, depend on the specific assumed distribution. Consider
hypothesis J{;, where W = w, and Z has the conditional distribution. Then the set of
observed indices for Z is fixed at O. Now

Var Z(Ti—\/l)(si—\/]) = Var Z(T‘i—VI)(Si_VI)]
i1 ico
— Zieo(ri_fol)z_zlieo(si—VI)Z, where Ty = Zlelo L (16.30)

the final step following as in (13.35), but with the 1 x J vector Sy in (16.29). Note that the
Ti and s; are not treated the same, since we are dealing with the indices observed by the z,
which in general do not coincide with those observed by the w.

For JH,, we assume that W = w again, but Z has the unconditional distribution as in
(16.23). Then the entire 1 x m vector S ~ Uniform(Permutations(s)), hence

Var Z(n —vi)(Si— VI)] = RS Vin le wlsi—v))”
i=1
_ ZieA(Ti_VI)Z Zieo(si_vl)z. (16.31)
m-—1

Finally, turn to 3(3, where R4 and S are independent, with distribution (16.29) for the
latter, and Uniform(Permutations(rq)) for the former. Then

Var Z(Ri—\/l)(si—\/]) =E Z R —VI S —V])|R]]
i=1 L i=
_ g | ZicolR ])i%eo( —v) ] (16.32)

where the first equality follows since the conditional expected value is identically zero, and the
second equality is from (16.30). Consider Ry, which has (potentially) some elements which
are observed, and some which are not, hence equal v;. We can rearrange the indices so that
the observed come first in the vector. That is, with H =#(A N O),

Ry =(Ry,...,Ry,Vvy,...,v1), with]—H of the v{s. (16.33)
Then
> (Ri—v)? =) (Ri—Rg)*+](Ro — v)* (16.34)
€0 ieO
Since
H 5 o _ _ . H o
Rp = LRt U=Hve _H Ry + J—H vy, where Ry = =E=2 Rl, (16.35)
J J J H
(16.34) implies that
_ H2 _
D (Ri—Rp)? =Z(Ri—vl)2—T(RH—vI)2. (16.36)

ie0 i€
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Taking expectations, note that the final term involves Var[Ry], which is the sample variance
of a mean of H observations taken without replacement from the I observed R;’s, hence with
the finite sample correction,

_ I-HVar[Ry]

Thus
_ H21—H Var[R{]
2| _ 1
E [Z(Ri—Ro) —HVar[Rl]—TI_l m
i€
I-H
=H(1-— Var[Rq]. 16.38
( = 1)> ' (1639
With (16.32), and some manipulations, we obtain
m
I-H \ Yiealri—vi)2 Y icolsi
N A —H _ ieAl 'l ic0
Var ;(R1 vi)(Si—vy) (1 ](I—l)) i =1
H H-1
=— ([1+ —rr— — v;)? — Vi)~ 16.39
U( (I—l)(}—l))iezﬂ 2 % o e)
Let 5
B (m4+1)?
Const—4((l+1)(]+1) . (16.40)
Then
Hypothesis Var[dspear(W, Z)]
Ha ConSt ZIEO ?0)2 Zieo(sl VI)Z
f}f{ ConSt ZlE.A VI)Z Zieﬂ(sl gﬂ)z (16.41)
3o ConSt Y iealri—vi)? Xico(si —vy)?
s const }} (1 + oD ) Yiea(mi—v)? Xicolsi— 1)2

Note that for {; and 3, the variance depends on values of the observed ranks in the
tixed vector corresponding to the observed ranks in the random vector (those with indices
in AN O), while for H3 the variance depends on just the number of ranks observed in both
vectors simultaneously, #(A N O). For H(;, the variance does not depend on the overlap at all.

Turn to asymptotic normality. Yu, Lam, & Alvo (2016) prove asymptotic normality under
conditions for hypotheses J{; and J(;. We present these results here, with slightly modified
conditions, starting with J{;. We do not have an asymptotic result for 3.

Theorem 16.2. Suppose W = w fixed and Z ~ Uniform(Zgy), and let I, = max{Iy} and J, =
max{Ji}. If
Yico(ri—T0)* ] -]
I2 ]

1
— 0o, where T = TZ T (16.42)

i€
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then A
dSpear(w Z)— FLSpear( m)

VVarld,,, (w, 2)]

where the variance is given in the 3y line of (16.41).
If there are no ties in the w, then condition (16.42) is implied by

—PN(0,1), (16.43)

H -],
2 ]

(16.44)

Alternatively, if the r; for i € O are asymptotically “similar” to the entire set of vi’s, in the sense that

Z‘LEO i —To) /J

> Z(ri—vi)2/m

lim inf >0, (16.45)
then condition (16.42) is implied by

(I_ IX)U _]z)

m

— o0 (16.46)

We further note that a sufficient condition for (16.44) to hold is that H — oo, liminf H/I > 0,
and limsup J,/] < 1.

Now to H,. The result is the same whether W is fixed and Z has the unconditional
distribution, Z is fixed and W has the unconditional distribution, or they are independent
and both have the unconditional distributions.

Theorem 16.3. Suppose W =w is fixed and Z ~ Uniform(Permutations(z)). Then
(1=L)U-JJ

m

(16.47)

implies (16.43), where now the variance is given in the Hy line of (16.41).

Proof of Theorem 16.2. By (16.24) and (16.28), the asymptotic normality of Spearman’s distance
is equivalent to the asymptotic distribution of ) (r; —v1)(S; —vy). By (16.27), many of the
summands are zero, hence we just need to prove the asymptotic normality of

Z(ri —=Vv1)(Si—v;), So ~ Uniform(Permutations(sp)). (16.48)
€0
Now the Hoeffding (1951) permutation central limit theorem shows that (16.48) is asymptoti-

cally normal if
2icolTi —Tg)? 2 icolsi—vy)

max{(r; —Tp)? |1 € O} max{(s; —vy)?|i € O}

1
z 16.49

See (16.30) for 7.
As in (13.60), but for J, the ratio based on the s is asymptotically equivalent to ] —J,. Since
all the r; are between 1 and I,

max{(r; —T9)?|i € O} < I~ (16.50)
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Thus the term based on the r is bounded from below by } ;¢ (1i — T0)%/12, implying (16.43).

For the special case that there are no ties in the w, the } ; (i — To)? is smallest if the H
observed values of r; for i € O are bunched around v; = (I + 1)/2, in which case the sum of
squares is asymptotically H?/12. More precisely, if we let a = |H/2], b = [H/2], « = [v1],
and 3 = [vy], we have

a—1 B+b—-1
> (ri—v)?z (i—a)+ ) (i—p)
1eANO i=a—a+1 i=p+1
a—1 b—1
-y 2+V¥ 2
j=1 =1
_ (a—1)a(2a—1)+ (b =1)b(2b—1)
B 6
H3
SETE (16.51)
Thus (16.42) turns into (16.44).
Finally, suppose (16.45) holds, so that (16.42) holds if
m )2 T
sV J e (16.52)

12 m

But m; —vi = 0 if i € A, and using (13.60) again shows that > ;_, (ri —v)?/I? is asymptotically
equivalent to I — I;. Thus (16.46) implies (16.42). [

Proof of Theorem 16.3. Using Hoeffding’s theorem again, but on the entire vector, since S ~
Uniform(Permutations(s)), asymptotical normality follows from

1 Y (r—vi)? > ty(si—vy)?
m max{(r; —vy)2[i=1,..., m} max{(s; —vj)?[i=1,...,m}

— o0, (16.53)

SInce r; —vi =0ifi ¢ A and s; — vy = 0 if i € O, the two ratios in (16.53) are asymptotically
equivalent to I — I and ] — J,, respectively, yielding the theorem. O

16.4 Kendall

We start with the result for hypothesis 31, so that W = w is fixed, and Z has the conditional
distribution (16.23). This hypothesis fixes the observed indices for Z, hence we can reorder
the indices so that the observed ones for Z are the first |, i.e, O = {1,...,]}. Then Kendall’s
distance, minus its mean, adjusted for the incomplete data and possible ties, can be written

dRen(W, 2) —Hien(M) = =2 > Y aydy, (16.54)

1<i<j<m



214 CHAPTER 16. INCOMPLETE RANKINGS

where for i # j, using (16.6),

ay = ElIX; > X)) | X & Clu)] 5,

, I[zl>z]]+%1[zi: ]—% if 1<i<j<]
0 if J<i<j<<m

(16.55)

and we set a;; = di; = 0. As in (16.25) and (16.26), we let sy denote rank(zy), the midranks of
the observed elements of z.
Thus we can write

] m
1
dKen(w Z) — HKen(m) = =2 Z Z al] ij + —1 Z _VI Z aij
1<i<jg] i=1 j=J+1
=2 (ard + - @ 1)’ 16.56
= — a —|—]+1uo (So—\/] ]) . ( . )

Here, a* and d* are the 1 x (é) vectors with elements 1 < i < j < J, arranged as

a* = ((112, ..., Q17,023,000 Q2Jy e . -, a]_l,]) (1657)

and d* similarly; and we define ug ) and ug tobe 1 x ] vectors, uék) = (ugk), ... ,u}k)), with

] m
U Z ai;j and u&z) = Z aij. (16.58)
j=1

j=J+1

Theorem 16.4. Suppose hypothesis I{1 holds, so that W = w is fixed, and Z has the conditional
distribution (16.23), Zo ~ Uniform(Permutations(zo)). Then

1
(M) 2 Var(df, (w, Z)] = © ( s — 7511 + la” (L = 3y2 + 2ya)

J+1

13 Y20 - ) w1, 659)
where ) ] N
=2 ((Jlb))cf o = lel S :—Zi‘}ui , (16.60)
b=1 ¢
and
wy = ](]Z_blilb 3(1—v2) +(J—2)(1—v3)- (16.61)

If there are no ties in the zo, then

2 1

_ * 2 —(2
alm) = 5 (I —To11 12+ 0"~ - )~ 812 16.62)
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The result for asymptotic normality is the same as for Spearman’s distance in Theorem
16.2.

Theorem 16.5. Consider the same conditions as in Theorem 16.4. If furthermore

T )2 T —
Zieo(; To)7) ]JZ oo, (16.63)

then 4
dKen(’w, Z) — Ugen(m)

\/v P 2] —P N(0,1). (16.64)
aridg,,\w,

The conditions (16.44) through (16.46) for Spearman are thus also relevant for Kendall.
The formulas for the variance for hypotheses H; and I3 are too unwieldy to present in a few
lines, so we give them Sections 16.4.3 and 16.4.2, respectively. The asymptotic normality for
H, is the same as for Spearman in Theorem 16.3.

Theorem 16.6. Suppose W = w is fixed and Z ~ Uniform(Permutations(z)). Then
I-1)J—Jx

m

o (16.65)

implies (16.64), where now the variance is given in Section 16.4.3.

16.4.1 Proofs

Proof of Theorem 16.4. Recall that we are taking O = {1, ..., ]}, and note that Kendall’s distance
in (16.56) depends on just the first ] values, zg9. Thus d* and sy can be found using J-
dimensional vectors. Let Y5 ~ Uniform(Py), and C(zp) be the vectors in Pj compatible with
z9. Then

N

dy = E[IY; > V1| Yy € Clz0)] —3,1'<1,j <J, and sg =E[Yy|Yy € Clzo)l.  (16.66)

We first find the variances and covariances for D* and Sy.
Suppose the indices 1 < 1i,j, k, |, < ] are distinct. Now

Var[Dy] = Var[E[I[Y] > Yj*] 'Yy € C(=z)]]
— VarlllYy > V{1l — E[Var(IlY; > ;1| Y5 € C(2)]). (16.67)

For fixed z, if z; # z;, then I[Y] > Y).*] is fixed at I[z; > zj] for any compatible Y. If z; = z;,
then Y{" and Y;" are equally likely to be in either order. Thus

Var(llY; > Y;]|Yg € C(2)] = le Ilz; = zj). (16.68)

Now v, = E[I[Z; = Zj]] in (16.60) is the chance both Z; and Z; are chosen from one of the
groups defined by the ties, so that

Var[Dyl = 411 (1—"2). (16.69)
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Similarly for Cov[Dij, Dyil, where now at least one of I[Y;" > Yj*] and I[Y; > Y] is conditionally
fixed unless Z; = Z; = Zy, hence

1
Cov[Dyj, Dyd = 0 (1—v3). (16.70)

For Cov [Dij, Dyyl, at least one of I[Y; > Y).*] and I[Y; > Y{] is conditionally fixed unless Z; = Z;

and Zy = Z;, in which case the conditional covariance is zero anyway. Let I} be the (%) x ],
with rows indexed by (ij),1 < i < j < J, ordered as in (16.57), and with elements

1 ifi=k
(Mgpe=4 -1 ifj=k . (16.71)
0 otherwise

A little manipulation then shows that

1
CovD*] = = (I (1 =32 +2ys) + I (1—-73)) (16.72)

For Sy, write

J
—1
j=1 1<j<T i

<RV 1Y e Clap)l - 1o

— 5 — vy, (16.73)
which, because d;; =—djj, lets us write
So —vjly = D*Ij. (16.74)
Thus
Cov[D*, Syl = Cov[D*] I} = o (I3(1 =3y 4 2y3) + LTI (1 —v3))
— % T, (16.75)

since I‘]’ It = JHj and I'THj = I, and we can show that

1_3 Pl
—3v2+2y3+]J(1—v3) = W = Wy (16.76)
in (16.61). We now can express the covariance of S as
CovlSe] = I Cov[D*] I} =
ol = 1y O\)[ ]F}— 12 H]. (16.77)
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Then using (16.56), we have

0% (M) =4 (a*Cov[D*]a*’ + H—Ll a*Cov[D*, Splu®’ + (]—F;l)z u[z)COV[So]U(Z)/>
%(HG*H (1—3v2+2y3) +a"I1I}a" "(1—7v3)
by T é)lﬂllﬂ)zug)ﬂlug)/)
% (||a 12(1— 3y, +2v3) +Huo I7(1—v3)
g (Jm)z “’g)H]“g)/) Hem

since by (16.58), ug) = a*Iy. We also have, for 1 <i<]J,

m—1
Z%—E DX > X1 1 X € Clw)| — T—
jA
-1
—EX;—1] X € C(w)]— mT
=T{ — Vm. (16.79)
Since I'1Hj = I, the sample mean of the ugl) is zero, hence
1 1) (2) 2 2)! 1 2 1 2 v
lub |2+ 2ug uy) +ug Hyug = (uy) +ug ) Hyluy +ug’) = |ry —Toll%  (16.80)

Now we add and subtract wj/(] + 1) to the coefficients of |2 and 'u,O H]uo in (16.78),
and use (16.76) to obtain (16.59).

If there are no ties in Zy, then vy, = y3 = 0, and since J, = 1, wj = ] +1, yielding
(16.62). O

Proof of Theorem 16.5. We proceed as we did for complete rankings, obtaining the asymptotic
result for Kendall from that for Spearman, where we used Lemma 15.2. Thus we first find the
covariance of Kendall and Spearman. Using (16.24), and noting that s{ = (m +1)s;/(J + 1),
we can write

m+1
J+1

dSApear(wr z)— P"Spear(m) =2 ( To— Vl])(S(‘) - V]1]) (16.81)
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Thus with Kendall’s distance as in (16.56), we have that the covariance is

CoVldhear(w, Z), dfen (w, Z)] = 4 T—Jrll (Covla"D, (ry —v1))So)
—I—]L1 Cov[uO So, (1§ le)SO]>
— %TT—F; <a*1“](r(“5 —v1y) + HLlUg)H](ré —v1])>
— %% <u8)(r6 Tolp) + ] Ilué)H]( —vll))
_ %TTT (HT;g [ H%ué)H](rg —le)) . (16.82)
From (16.41), we have
Bpeaem) = ((’}*jfl I =T P50 =112
_ %”{}‘l—ig I — 75112 (16.83)

For constant kj, the above with (16.59) gives

2
An=E {(K](dSApear(wr Z)— p—Spear( m)) — (dKen( ,Z) — p—Ken(m))> 1

ywyJ(m+1)? =72 wym+1/ . 1 @
=K oly||© =2 —T51 H —v1
K] 3 (J+1)2 || IH KI—x~ 3 ] 1 HTO To ]H ] 1“@ ]( v ])
1 Y273
(1—3y2+2 2
(IIa 21— 3ya +2v3) +3 |lu g ) SIS

- 1 (2)/
I+1 (H""o o1yl — Hlug)H]uo))). (16.84)

We collect the coefficients of [|rg — 51|

wJm+1)2 - wym+1 w1 wy 1 »J(m+1)2
b RASI SRS b R -2 1+1
3 0+ 341 T3 41 3741\ g4 K(m+1)+
(16.85)
We can set the coefficient to zero by taking
1 J+1 1
=——1——=). 16.86
T mr1 ) ( fI) (16:56
With that choice,
2 LY @ @ ‘
An==(1—— 1)+ = (1—-3y,+2
n=3 (1= 5 ) Fgel tro—ron) + 3 o' P =3va+ 22)

jeY2—vs 1wy @) (2)
+ g TT1 a0t Hivo - (1687)
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Let
Bm = KjOspear(m) and o = GKE“—(m), (16.88)
so that by (16.84), we obtain
Am dSApear( Z) — PLSpear(m) d}é (w, Z) — pKen(m) i
=E — O, — 2 . .
BZ [( O—Spear(Tn) OKen (M) (16 %)
Then using (16.86) and (16.83),
2 1 (J+17 < _i)zﬂl(erl) e
Bm_ (m+1)2 12 1 \/T 3 (]+1) ” T‘Ol]”
— 1 1 2 * F* 2]3 Zb 1 I3
G L (1690
As in (13.59),
PO—J) <P - Z Jo <310 —J2). (16.91)
By assumption (16.66), since 1 = (m + 1)1‘1/(1 + 1),
* o= 21
I 201]” M, . (16.92)
m J
Then
BZ
F’; — 00. (16.93)

We wish to show that A, in (16.87) is of order m2. By (16.69), we have 0 < v, < 1, hence
by (16.76), wy = 3(1 —v2) +(J —2)(1 —y3) < J+ 1. By (16.55), we have that each |a;j| < 3.

Now a* has (%) of the ay’s, and uim, ug ), and 1} are sums of, respectively, ], m — J, and m of

them, and the uék) and r have ] elements, hence

2 < J(J—1)
|a™ || ST g
2 J3
||uo |© < ST
2) I( —J)?
ug H]uO < 1 , and
w2 (ry —Tp1)) < Im(“; 1 (16.94)
Thus
2 @ s . 1 2)!
A < 55l 5= 71)' +2 " P+ g P 3 el Hyul)
mm-J) JJ-1)  J* (m—J)?
< B -
= 6 + 4 + 2 + 12

< m?. (16.95)
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Hence by (16.93), An/B2%, — 0. Theorem 16.2 states that (16.92) implies normality for
Spearman’s distance, hence (16.89) shows that

dIA<en('w/ Z) — Uken(m)
m

OKen (m)

P'N(0,1). (16.96)

Now using the inequalities in (16.94) and above, and (16.83), we can write

+1
O—ZKen(m) = ]-(111—_'_1)2 G%pear(m) + 5TTL/ (1697)
where
10 24 J2Y2=Ys L Wp @) (o)
s = 3 (10201 =32+ 2v0) 3 ) P22 = O
JO-1) J*  (m=J)?
< o 77
ST T2
<m? (16.98)
Thus
2 0-zKen(n]') I—I_ 1 l 4+ 6_111
mTUBL JmE12 2B
S00)
—(1-——= — 1. 16.99
1\ V) TR (16:59)
The conclusion (16.64) then follows from (16.97). O]

Proof of Theorem 16.6. Consider (15.20), but with w replaced by X, so that X and Y are in-
dependent and Uniform(P,,). Then the bound on the right-hand side is m(m —1)/12. Using
Jensen’s inequality as in (15.21), we can replace the distances with those in the theorem, thus
achieving the same bound. As we did for the J{; case in (16.88), we set

GKen(m) h _ 1
, wWhere ky,, =

= Km0 m) and oy = ——— .
Bm m Spear( ) m Bom m+1+\/m

Then to show that the asymptotic normality of Spearman’s distance under assumption (16.47)
given in Theorem 16.3 implies the same for Kendall, we need to show that

BZ

mZ

(16.100)

—> 00 and oy — 1. (16.101)

From (16.41) for H,, we have

2 4 (m+1)2 )2 1 e it
Pm. = (Mm+1++vm (I+1 )(J+1) m_1EZA vi)? ) _(si (16.102)

ie0

]
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16.4.2 The variance for Kendall under H;

Suppose both W and Z have the conditional distribution, so that A and O are fixed, W, ~
Uniform(Permutations(wy)), Zy ~ Uniform(Permutations(zg)), and W, and Zy are inde-
pendent. We know the variance if W is fixed, and

Var[d2,.(W, Z)] = Var[E[d2,.(W, Z) |W = w]] + E[Var[dZ, (W, Z) | W = w]]
= E[Var[d2,,(w, Z)], (16.103)

since the conditional expected value is a constant. Thus by (16.59), we need the expected
value over Z of the quantities | R}, — Rp1j||?, A%, ||U([91) 1%, and HU((DZ) —Hg)llﬂz. We will take
O ={1,...,]}, and as in (16.33), the first H of the w;’s to be the observed rankings among the
first J.

Using (16.38), since 17 = (m +1)r;/(1+1),

- (m+1)2 I—H
E (IR, —Ro1|?] = -

(I+1)2 = 1)) Var[Rg]. (16.104)

Here, R, is any R; with i € A. As in (16.55), E[A depends on which of 1 and j are observed.
Using (16.69) for the first possibility, we have

1(1 72) if i,jed,
EASl =< e VarRd if i€AjgA or igAjeA
0 if 1,5 ¢ A.
where as in (16.60), Za 1(Iag)e/(1)c. Since in A* there are H observed ri’s and | — H
unobserved, and 1 < i < i<,
H(H-—1 _ H(]—H
E[]A%|3 = % (1—7v2) + (I(I+—1)2)VQT[RQ]- (16.105)

The u!V is defined in (16.58). Since the first H rankings are observed, and the next ] — H
are not,

Zau Timag+U-H (fr—3) i 1<i<H, (16.106)
Z)l(_Jl_%> if H<i<]J.

Since all the individual terms have mean zero, and the Ugl), .., U](} ) are identically distributed,

E [||U(g”||2] — HVar

a Ry 1
ZAU] +H(]—H)2Var |:I+11 —E}

j=2

T

+2H(J]—H) Cov

s (m—)] 6109

Ri 1
ZA”’ I+1 5] H)ver
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Let AT be the 1 x (;) vector with elements Ajj, i,j € A and i < j, arranged in a vector like
(16.57). Then as in (16.72),

Cov[Al] = % (I@ (1—3v, +2v5) + INI{(1 —73)) ) (16.108)

and

1 /
- T
Var ZAl] = 12 <1H*1’0(§)—H+1> COV[A]<1H*1’OG)—H+1>
1 _ _ _
= 5 ((H=1)(1 =37, +2) + H(H = 1) (1= 3). (16.109)
Using (16.37), we have
H
R 1 H? . H(I—H)
\% — —~ )| = ——= Var[Ryl = Var[Ry]. 16.11
ar ]§<”1 2)] 1y Yokl = @ gy Vol (16.110)
For the covariance, as in (16.75),
; Var[R] _ _ N _
COV[D ,RA] = EFI -1 FI/ wi = 1—3Y2+2Y3+I(1—Y3), (16111)
hence,
i Ry 1 H—1
C Ap, — — =~ Var[Ryl. 16.112
o ]_ZZ 111 2| T arya— Ve ( )

Using (16.109) through (16.112) in (16.107), and simplifying, we obtain

e[luf?] = M- Van oy cmeant )

12
H(J —H)(H(I+2)+(I—1)(J—1)—3)
n TriRa=T) Var[Ry]. (16.113)

Turn to Uéz), whose elements are given in (16.58). We will take the elements of w to be
arranged_so that ANO ={1,...,H} as before,and ANO¢ ={J +1,...,]+H}, where H = I — H.
Also, let ] = m —J. Then similar to (16.106), we have

S ay+ (- (Z—1) if 1<i<H,
Z i R (1 (16.114)
j=J+1 Z] I+1( _z) if H<i<]J.
Thus
@) I Rl 1
2 . _
E[|lUy || =HVar j;lAlj +HJ-H)?V {I+1 2}

B J+H R, 1
+2H(J —H) Cov )%1A1"I—|—1 5 +(J—H)Var

j=J+1



16.4. KENDALL 223

As in (16.109), but with H instead of H —1,

J+H

Z Agj

j=J+1

= H+2 3y, — (H—1)v3). (16.116)

Likewise for the covariance as in (16.112),

c HZHAﬁ—l _ M ey (16117)
MM T | T e '

The final variance on the right-hand side of (16.115) is the same as, but with H in place of H.
Thus we now have

ENUS ) 0
H (J-H? _(J-HH  (J-HH
+I+1( I+1 +2 ] +(I+1)(I—1) Var[Ry]. (16.118)
Finally,
0P —Tg' )17 = U P =jEg)> (16.119)

By (16.79), 7 — v = ul" +

and (16.37),

(1)

, and the mean over O of the u;"’ is zero, hence using (16.35)

(m+1)2
(I+1)2

(m+1)2 H? —
= Yotk

1)2HI-H
_ ((“11 f1))2 po Vel (16.120)

E[(US)?) = Var[Rj) = Var[Ry]

Eljul? —Ug)l]llz] _ HHEBA-Y )+12(H—1)(1—73))
11 ( B B v e T T (I+1)(I_1)J)Var[R1]. (16.121)

16.4.3 The variance for Kendall under H,

Now we take the expected value of the quantities in Section ?? over H, where H is can hyper-

geometric:
e O

SO

PH=h] = (16.122)
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From (16.104),

2
E[E[WRO lQﬂﬂFIH qijfz (E 1—1 ]) Var[Rg]
2 _
— T—:_ll)z ( _1)1)> Var[Rg]
C(m+1)21) 1
=Tl 112 Var[R]
(16.123)
Next, from (16.105),
e ar g = ERHEDE G gy Hg;fHmed. (16.124)
Note that
i = (el
(m)e
~ (Dalm—Dp(Jato
El(H)a(J —H)ul = CYAm , and
ST LS R
a+b
(16.125)
Then
el = (02 (20 -y + (g VarlRa ). (16.126)

Next, consider HU H2 in (16.113). We need another expected value:

E[H?(J — H)] = E[H(H — 1)(J — H)] + E[H(] — H)]
_ Ma()s(m=1) _ 1(J)a(m—1)
(m)s (m)2

(16.127)
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Then

(1) D22y =, M3z, =
E[E (0512 M]] = 5252 0-72) + 3502 (1-7a)

n ((1)2(1)3(I+2)(m—1) n [(J)2(I+2)(m—1) n (D2(1)2(] =1)(m —1) I(])z(m—l))
(m)3 (m)2 (m)2 (m)o
% Var[Rl]
I+ 12(—1)

:(Uﬂﬂz(%1_7ﬂ+(P—EU—2%1__ﬁ)
)

m-—2

(J—2)(I+2) (D2(J)2(m —1)
+( m—2) +]) () (I 12(1— 1) Var[Rq]. (16.128)

2
For |UY |2,

E[(H)a(I—-H)pl = (16.129)
(m)a—)—b
Next,
EH(I-H)(J=H)] = (J-1DEMH{I—H)] + E[(H)2(I—H)]
:(]_1)I(m—l)(1)z+(l)z(m— )(D)3
(m)2 (m)3
~ (D2()2(m=])(m —1T)
= T ; (16.130)
since ]—H = (m—1)—(J—H),
EMH(I—H)(J—H)] = (m—DEMH(I—H)] — EH(I—H)(] — H)]
o p)m =DMz (Da(latm —J)(m 1)
(m)2 (m)3
~ (D2J(m—=J)(m—1T) <1_ I—1>
B (m)2 m-—2
_ (I)zl(m—])z(m—l). (16.131)
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Also, using (16.125) and the idea in (16.127),

EH(J—H)? = (m—1?EM] —2(m— 1) E[H(] — H)] + E[H(J — H)%
(2, Im=1s(J)s  I(m=D)(J)
)

+

(m), (m)s (m)2

~ (m—DI] (m-0J-1) (m-I-1)(J-1)(J-2) J-1
T m <(m_1)_2 1 T m-Dm-2) +m—1)
_ (m-=DIJ —1 J-—10J-2) (J—1)(0J—-2) J—1
— Qm_UO_zm—1+W%Jﬂm—m>_m%ﬂﬂm—ﬂ+mf1
=D =D (0 ym—J 1)+ (- 1))

(m)s

2
_Jm-1Pm—J)_ 10him—Dim-]) 16132

(m)s3 (m)s

Then from (16.121),

e [e[lo1PiH]] = 5 R (s sy eSS 0y

12 (TTL 2 m—2
1 (Jm—D*m—])  I(J)2m—D)(m—])
+(1+1 (m)s * (m)s )
o (D2J(m—J)2(m —1) n (D2(J)2(m—J)(m=1) (m+1)2](m—1)(1)2> Var[Ry]
(I—-1)(m)s (I+1)(I—-1)(m)3 (I+1D(I—-1)J(m)2 [+1

_ 1 Jm—J)(T)2 oy, m—J-1)(I-2)  _
1 (m), (3(1—Y2)+ —— (1—-7v3)

(U(m—l)z(m—l)z [(J)2(m —T)(m—])

T Ums 2 I+ Dm)s

_ﬂUm%JMm—U_MHJHm—DUVmRﬂ
(m)s (I+1)(m), 1+1
hn—I—DH—th_Vﬁ)

A Jmd D,
12 (m)
(1D
T+ 1) (m)s
1 JmNMa (., L (mo]-DI-2)
-l (Mbwﬁ+ -1 u—mQ
m—) Vort) (Jim= (14 2m ] =1)+20 1)
T+ 12(m); o

m-—2

@u—%w—

(Mm+I+2)m—-]J—-1)+2(J—1)) —

(m+1)?(m— ])I) Var[Rq]
(I+1)(m), [+1

_I_

—m+nﬁ.amw)

For the variance of Kendall, we find the expected value of the variance in (16.59) over the
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Hy hypothesis.

Varldun(w, 2) = § (I‘j—ll E[E IRy —Roy |2 1H]| +E [E 472 H]| 13y +2v3)

+3E [E [||U(g”||2|HH Y;;f’ - (]-(:]1)2 E [E [“Ug) —Ug)huzmm . (16.134)
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