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A. Some Basic Facts
A.1. Cramér-Rao Inequality

Let cov[Y] denote the covariance matrix of a multivariate
random variable Y, i.e., cov]Y] = E[(Y — E[Y])(Y —
E[Y])T].

Proposition 7 (Cramér-Rao inequality). Suppose that
X is a multivariate random variable with distribution
p(x;0), for parameter 8 € ©,, and let T(X) =
(Ty(X),...,T.(X))" be any unbiased estimator of
U(0) = (¥1(0),..., v (0))7, i, ¥(0) = B[T(X)].

Then, we have

_ 9(0) () '
- 00 00

where &g—g‘g) is the Jacobian matrix of 1 and F(0) is the
Fisher information matrix with (i, j) element defined by

cov[T(X)] F~10)

2
0,00,

Fi;(0) =E (—log(p(X;0)))| -

A.2. Azuma-Hoeffding’s Inequality for Vectors

The inequality is known as the Azuma-Hoeffding’s in-
equality for multivariate random Variables, which was es-
tablished in Theorem 1.8 (Hayes).

Proposition 8 (Azuma-Hoeffding’s inequality). Sup-
pose that S,, = >.7" X is a martingale where
X1,Xo,..., X, take values in R™ and are such that
E[X:] = 0 and || X¢||2 < D for all t, for D > 0. Then, for
everyx > 0,

.'172
P[||Simlly > 7] < 2e%e” 2mpe.

A.3. Chernoff’s Inequality for Matrices

The inequality is known as the Chernoftf’s inequalities for
random matrices; e.g. stated as Theorem 5.1.1 in (Tropp,
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2015).

Proposition 9 (Matrix Chernoff’s inequality). Let
X1,Xo,...,X,, be a finite sequence of independent,
random, Hermitian matrices with dimension d. Assume
that

0<M(X;) and || Xilla<a  forall .

Let
Bmin = A1 (Z E[XA)
=1

and

5max = )\d (iE[XJ) .

i=1

Then, for e > 0,

Ad (i X1> > (1 + 5)5max‘|

=1

P

e ﬂmaX/o‘
1

and, for € € [0,

A1 <i Xi) <(1- E)Bmin]

i=1

P

e—E Bmin/o"

We have the following corollary:

Corollary 10. Under the assumptions of Proposition 9, for
e €10,1),

M (Z Xi) <@- e)ﬁmm] < dem
i=1

P
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Proof. This follows from (17) and the following fact

e—E

62
m S 6_7, forall e € (O, 1]

A.4. A Chernoff’s Tail Bound

The following tail bound follows from the Chernoff’s
bound and is proved in Appendix L.3.

Proposition 11. Suppose that X is a sum of m independent
Bernoulli random variables each with mean p, then if ¢ <
p <2,

2
P[X < gm] < exp (—Mm) (18)
4q
and, if p < q,
Y
P[X > gm] <exp <(q4qp)m> . (19)

A.5. Properties of Laplacian Matrices

If A is a symmetric non-negative matrix and the diagonal of
A is zero, we have the following properties (Boyd, 2006):

0=XA(AA) < An(Aa)
and
Xir1(Aa) = Ni(Q{ AaQq) fori=1,2,...,

where Q; € R™*"~! denotes a matrix whose columns are
orthonormal to the all-one vector 1.

n—1 (20)

From (20), we have for all symmetric matrices A and B
with zero diagonals, it holds that

Apr = Ag when A > B, (21

where A > B means that A — B is a positive semi-definite
matrix.

B. 77 Log-likelihoods
Let H; ;(0,S) be defined for € ©,,, S € N andi € S,
j € S, as follows

H; (60, 8) =

Zpys

yeSs

89 26,09, 08 ®y.5(9))).

Lemma 12. For every comparison set S C N, we have
2
R 1) (22) i
2
k2 (3%1;(10)> if

1=

H;;(0,5) = (22)

i # j.

Proof of the last above lemma is provided in Appendix L.1.

Lemma 13. Let S C N and y € S and let k be the cardi-
nality of set S. Then, it holds

1. 17V2(—log(py,s(0))) = 0, and
2
2 1Y o5 V(- 108(py,5(0))) = Anay k2 (22

where Mg denotes a matrix that has all (i,j) elements
such that {i,5} C S equal to 1, and all other elements
equal to 0.

Proof of the last above lemma follows easily from that of
Lemma 12.

Lemma 14. If for a comparison set S C N of cardinality
k, V?(—log(py,s(0))) is a positive semi-definite matrix,
then it holds that

2

H2 T YFk

| V?(~log(py,s(0)))

Proof of the last above lemma is given in Appendix L.2.

C. Proof of Theorem 1
Let A = 0 — 6*. By the Taylor expansion, we have
00) <0(6*) +vee*) A

1
+ = max ATVZ(0* +aA)A.  (23)
2 a€l0,1]

Note that A is orthogonal to the all-one vector, i.e.,
s Ai=0.
By the Cauchy-Schwartz inequality, we have

VO TA < V0|2 All2- (24)

Since 6 is a maximum likelihood estimator, we have

0(6) — £(6*) > 0. (25)

From (23), (24) and (25),

— max ATV20(0" +aA)A < 2| VO ||| All2. (26)
ae

Now, note that for every 6 € R™ and i,j € N,

2 2
pe) log(p2(0; — 0;)) = 902 log(p2(0i = 0;))
82
= 892 log(p2(6; — 0;))
2

0
= 89 a0, log(p2(6; — 6,)).
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Hence, for every 6 € ©,, and x € R", we have

x V2(0)x

n

=30 S ) loa(a(6: - 6)

i=1 j#i

- Z Zwi,jB(xi — J?j)Q

i=1 j#i

4m
<-B-—+ [Ix[|5 A2 (Ana), @7

where we deduce the last inequality from (20).
From (26) and (27), we obtain

2Bm N
AR (Anr) < [VEE) 2| All2- (28)

We bound ||V£(6*)|2 using the Azuma-Hoeffding’s in-
equality for multivariate random variables in Proposition 8.
Note that V£(6*) is a sum of m independent random vec-
tors having zero-mean, where each comparison of a pair of
items (i, j) results in a vector of value V log(pz (0 — 07))
with probability p2(0; — 07) and of value V log(pz (0} —
07)) with probability p2 (67 — ;). Note that for every pair

7). 1V 1og(pa (6 — )12 < AVE.

By the Azuma-Hoeffding’s inequality in Proposition 8, it
follows that

P [|VE(0")2 > 24\ /m(log(n) + 2)] < % (29)

Finally, from (28), (24) and (29), with probability 1 — 2/n,

of items (4,

it holds
1Al < An+/(log(n) +2)
= Bha(Am)vm
D. Proof of Theorem 2

This proof follows the main steps of the proof of Theo-
rem 1. Let A = 6§ — 6*. By the same arguments as in the
proof of Theorem 1, we have that equation (26) holds, i.e.,

— max ATV20(0F +aA)A < 2||VL(0%) ||2]|All2- (30)
ac

Since VZ(—£(f)) is a Laplacian matrix, from assumption
Al and (21), we have

V2(—€(0)) = Ap, V?(—£(0)) forall § € [=b,b]". (31)

From (30) and (31), we obtain

M (Q VA(—£(0))Qu) Apy 1Al
< 2[VL(67)]2, (32)

which follows by the fact that 6 is orthogonal to 1.

We state two lemmas whose proofs are given at the end of
this section, in Appendix D.1 and D.2.

Lemma 15. Suppose that

then, with probability at least 1 — 1/n,

M@V -0)Q1) > P\ (g ).

and

Lemma 16. With probability at least 1 — 2/n, it holds that

[VL(0%)|l2 < Cruyy/arx\/2m(log(n) + 2)

From (32) and the bounds in Lemma 15 and Lemma 16, it
follows that if

OF K

m > 32———————nlog(n),
BF,bAQ(AMF)

then, with probability at least 1 — 3/n,

)2 n(log(n) + 2)
OF K

Crp 1
)\2 (Aﬁp )2 m ’

1Al < 32 (
AppBry,

D.1. Proof of Lemma 15

From the definition of the log-likelihood function £(6),
Q/ V2(—£(0))Q; is a sum of a sequence of random ma-

trices {Q{ V*(—1log(py,,s,(0))) Q1 h<t<m, Le.,

Q; V3 (—£(0))Q1 = Z Q; V?(—1og(py,,5,(0)))Qu.-

From assumption A1 and (20), for every observation ¢,

A1 (Q{ V2 (—1og(py,.5,(0))Q1) >0

We can thus apply the matrix Chernoff’s inequality,
given in Proposition 9, once we find a lower bound
for A1 (E [Q{ V?(—£(0))Q1]) and an upper bound for
Q1 (V*1og(py,.s,(0))) Qu||, for every observation ¢.

We have the following sequence of relations
Eq- [V*(~log(¢(0)))]
ZEQ* _IOg(pyt,St (0))>]
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= 3 Y ns

(—log(py,s,(0)))

t=1y€eS;
= BpyY, Z —V2 (—log(py,s,(0)))
t= 1y€St
Ip|s,|(0)
— B.,Y Z A S0P ('ax) (33)
t= 1y€St !
= Bryhw, (34)

where (33) follows Lemma 13 and Mg denotes a matrix
that has all (¢, j) elements such that {i,j} C S equal to 1,
and all other elements equal to 0.

From (34), we have
M (E [Q] V2(—£(0)Qu])
EF,bg/\l ( IAMFQl)

m
m
= Bpy (A, (35)

Y

where the last equality holds by (20).

From Lemma 14, for every observation ¢,

< 20F K. (36)

HVQ IOg(pyt,St (0)) H2 S

YE,|S:|

Using the matrix Chernoff’s inequality in Corollary 10 with
€ =1/2, Bin > Bpp " Aa2(Agz,.) by (35) and a < op ¢
by (36), we obtain the assertion of the lemma.

D.2. Proof of Lemma 16

For every comparison set S C N and i € S, we have

00 pis(0) ves\{i}

i

and, forall j € S\ {7},

601 pj7s(9) 861 '
From (37) and (38), we have
E[Vliogp, s(0*)] =0 (39)
and
9p(0)\* 1
1 2ok -1)( 222 ) = —.
T e e

By assumption A3, every S C N such that |S| € K,

—2
IV1ogpys(0*)lI5 < CryllVlogpy,s(0)l3

—2
< CF,bUF,K' (40)

Using (39) and (40) with the Azuma-Hoeffding inequality
for multivariate random variables in Proposition 8, we ob-
tain that with probability at least 1 — 2/n,

[V£(6*)||2 < Cruy/Trry/2m(log(n) + 2)

E. Remark for Theorem 2

For the special case of noise according to the double-
exponential distribution with parameter 3, we have

1
1+ Zi':f e—wi/B

Pr(x) =

For every 6 € 0,, and every S C N of cardinality k£ and
1,7,y € S, we can easily check that

05 080 50) =~ (0D (6).

Furthermore, the following two relations hold

k

2 2
m *(1*Py,s(9)) :

(1= py.5(0)* < IVpys(9)ll, < 5

Since
1

L W P 7

y€eS,0e[—b,b]"

> py,S(O)eizb/B
and
ma (0) L
X
y€S,0€[—b,b]" Py.5 1+ (k—1)e-20/8
< py,S(O)egb/B
we have that
OF K < @
and
e B < Apy < Apy < P, (41)
e /P < B, < Bpy < /7, (42)
e P < Cpy < Cpp <A (43)
F. Proof of Theorem 3

The proof of the theorem follows from the well-known
Cramér-Rao inequality, which is given in Proposition 7.

Since Y1, 6; = 0, we define ¢;(0) = 6; — L Y1, 6,
Note that Y_" | ¢;() = 0. Then,

o) - 17
g =1--1l. (44)
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Let F'(0) be the Fisher information matrix of the random

vector X = (S,y) where S = (51, S52,...,S5n) are the
comparison sets and y = (y1,¥2, ..., Ym) are the choices
of comparisons.

Then, we have that the (4,5) element of matrix F(6) is
given by

NE

F(0) =) E[V*(—log(py,s(0)]. 45

t

1

From the assumptions A1, A2, and Lemma 13, we have

[VQ(—log(pyhst (9)) ‘St = S}

= py.s(0)V3(—log(py,s(0)))
yeSs
yES ‘§|b lOg(py,S(a)))

< 1; Al”ﬁfﬁ”vz(— log(py,s(0)))

< B Ip|s|(0) ?
= Ap,Bry (|5| 151 Anmig (46)
T1
where we use (21) for the two inequalities and M g that has
each element (7, j) such that {7, j} C S equal to 1 and all
other elements equal to 0.

From (45) and (46),

— = m
F(H) = AF,bBF,b;AMF' (47)

For an x n matrix A = [a; ;], let tr(A) denote its trace,
ie. tr(A) =3"" | a;,. Note that

Bl - 03] = tr(covT(X))
= ) Ni(cov[T(X)]).
i=1
By the Cramér-Rao bound and (47), we have
. n b 0 T
R Y ( o) 240 )
= *ZM(QIF (0)Q1)
- n Z z 0 Ql)
1= 1
> =
= AppBrpm ; )\i(QIAMFQl)
_ 1 n 1
= AruBrom 2 My,

where the last equality is obtained from (20).

G. Proof of Theorem 4

Let p© denote the probability that the point score ranking
method incorrectly classifies at least one item:

U{ZENl}U U{ZGNQ}

lENy lEN2

Let R; denote the point score of item ¢ € N. If the point
scores are such that Ry > m/n for every [ € N; and
R; < m/n for every I € N, then this implies a correct
classification. Hence, it must be that in the event of a mis-
classification of an item, R; < m/n for some [ € Nj or
R; > m/n for some | € N,. Combining this with the
union bound, we have

SRR VECEE R R )
leEN: lEN>
< lgvij [Ri< 2] +Z§2P (7= 2] @)

Let ¢ and j be arbitrarily fixed items such that ¢+ € Ny and
j € Na. We will show that for every observation ¢,

1 bk? Opr(0)
= > _—
Ply, =] > n T Ton (49)
and bk Oy (0)
1 Pk 0
= < - — — .
Ply: I=< n  4n  Oxry (50)

From the Chernoff’s bound in Lemma 11, we have the fol-
lowing bounds.

Using (18) for the random variable R;, we obtain

P [RZ- < %} < exp (—in (:L —E[y = i])2m>
(e
< exp(—log(n/d))

_ 9

Using (19) and using the same arguments, we obtain

Plo=2] <

Combining with (48), it follows that

p° < 4.
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In the remainder of the proof we show that inequalities (49)
and (50) hold.

Let A be the set of all A C N such that |A] = k& — 1 and
AnN{i,j} = 0 and B be the set of all B C N such that
|B| =k —2and BN {%,j} = (. Then, we have

Ply; = i]

> PIS,

AcA

+>_ PlS,

BeB

— Ply; = j]
= AU{i}|D; ;(A)

= BU{i,j}Di;(B)  (51)

where

P[l/t = Z|St
—Ply: = j|S:

— AU (i)]
— AU ()]

D;;(A) =

and

P[yt = i\St =
_P[yt :j|5t

BU{i,j}]
= BU{i,j}].

D;;(B) =

Let b be a k£ — 1-dimensional vector with all elements equal
to b. Then, note that
D; j(A) = pr(b —04) — pr(=b — 04).

By limited Taylor series development, we have

1
pe(x) > pk(0)+vpk(0)TX*§5HXH§ (52)
1
pr(x) < pk(0)+Vpk(0)TX+§6HXH§ (53)
where
B=max [[V’pg(x)[2. (54)

x€[—2b,2b]F—1

Hence, it follows that for every 64 € {—b, b}~ 1,

9pi(0) _

_ 2
9 A(k = 1)B*B.  (55)

Dij(A) > 2(k — 1)b

Under the condition of the theorem, we have

ﬁ<i3pk( )
—4b Oxq '

Hence, combining with (55), for every 04 € {—b, b}kfl,

9P (0)
8.1‘1
kb 9py,(0)

- 2 axl ’

D; j(A)

s

v

(k=1)b

(56)

By the same arguments, we can show that

Dij(B) = pr(b—05") —pp(—b—6%)
kb Op(0)
Z 3 om 7

where Gg’) € {-b,b}F~1and 91(9_@ € {—b,b}*Lare (k-
1)-dimensional with the first elements equal to b and —b,
respectively, and other elements equal to the parameters of
items B.

Since the comparison sets are sampled uniformly at random
without replacement, note that

(21)
(v

P[S; = AU {i}] = , forallAe A (58)

and

(i)
()

From (51), (56), (57), (58) and (59), we have

. k?b0pi(0)
Ply, = 5] > — .
[yt ]] - 2n (9131

P[S, = BU{i,j}] =

, forall B € B. (59)

Ply; = i] -

Using this inequality together with the following facts (i)
Ply, = 1] = Ply, = i] forevery [ € Ny, (i) Ply, = 1] =
Ply; = j] forevery [ € No, (iii) ),y Ply: =] = 1, and
(iv) |N1| = | N2| = n/2, it can be readily shown that

1 k% 9pi(0
_ > Ly Fbom(0)

n  4n  Ox
which establishes (49). By the same arguments one can
establish (50).

P [yt

H. Proof of Theorem 5

Suppose that n is a positive even integer and 6 is the pa-
rameter vector such that ; = bfori € Ny and 6; = —b
for i € Ny, where Ny = {1,2,...,n/2} and N, =
{n/2 +1,...,n}. Let @ be the parameter vector that is
identical to 6 except for swapping the first and the last item,
ie. 0, =bfori € N and 0, = —b for i € N}, where
N ={n,2,...,n/2}and N, ={n/2+1,...,n— 1,1}

We denote with Py[A] and Py [A] the probabilities of an
event A under hypothesis that the generalized Thurstone
model is according to parameter 6 and #’, respectively. We
denote with Ey and Ey/ the expectations under the two re-
spective distributions.

Given observed data (S,y) = (S1,y1)s-- - (Sm,Ym), Wwe
denote the log-likelihood ratio statistic L(S, y) as follows

DPy.,S: )pt(st)
Zl"g (py,,s, ©)p:(57) ) (€0
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where p;(S) is the probability that S is drawn at time ¢.

The proof follows the following two steps:

Step 1: We show that for given § € [0, 1], for the exis-
tence of an algorithm that correctly classifies all the items
with probability at least 1 — 4, it is necessary that the fol-
lowing condition holds

Py [L(S,y) > log(n/6)] > (61)

N =

Step 2:  We show that

m (5 Opi(0) 2
Ey/ [L(SJ’)] < 36E (k b@éﬁ) (62)
9 m (o Opr(0) 2
oy [L(S,y)] < 1445 <k b 01 > (63)

where o7,[L(S,y)] denotes the variance of random vari-
able L(S,y) under a generalized Thurstone model with pa-
rameter ¢’

By Chebyshev’s inequality, for every g € R,

0.(3’ [L(Sa Y)]

Py [|L(S,y) — Eg[L(S,y)]| > |g] < 2

Using this for g = log(n/d) — E¢/[L(S,y)], it follows that
(61) implies the following condition:

log(n/6) — Eg/[L(S,y)] |log(n/d) — E¢ [L(S,y)]|
V200 [L(S,y)]-

<
<

Further combining with (62) and (63), we obtain

1 1
> R
"= 62 12k (9p(0) /92, )2

n(log(n) + log(1/4))
which is the condition asserted in the theorem.

Proof of Step 1. Let us define the following two events

A={IN\ M| =1} N {|No \ Ng| = 1}

and . .
B={N, = N{} N{Ny = NQ/}

Let B¢ denote the complement of the event B.

Note that

Py[B]

Py[B|A]Py[A]

I
A/~
Sl
~—
no
w
S
=

where the second equation holds because B C A and every
possible partition in A has the same probability under 6.

For every g € R, we have

Py[L(S,y) <g] = Py[L(S,y) <y, B]

+P9’ [L(S?Y) < ngc]'

Now, note

P@’ [L(Say) S gaB

=E¢ [1(L(S,y) < g, B)]
=Ey[e"SY1(L(S,y) < g, B)]
<Eg[e1(L(S,y) < g, B)]
=ePy[L(S,y) < g, B]
Seng[B]

<e9 % 0 (64)

where in the second equation we make use of the standard
change of measure argument.

Since the algorithm correctly classifies all the items with
probability at least 1 — §, we have

P9’ [L(Svy) S g, BC] S PQ’ [BC} S 0. (65)
For g = log(n/d), from (64) and (65), it follows that

Py [L(S,y) < log(n/d)] <6+~ <

S|~

1
2

where the last inequality is by the conditions of the theo-
rem.

Proof of Step 2. If the observed comparison sets
S1,82,...,8,, are such that Sy N {1,n} = 0, for every
observation ¢, then we obviously have

9/
log (pytst()> =0, forall ¢.
Py,,s, 0

We therefore consider the case when Sy N {1,n} # 0.
Using (52), (53), and (54), we have for every S and 7 € .5,

pi,s(0") — pi.s(0)]

<orp2Pe(0) | 4Bbk
axl

SgkbM7 (66)
61‘1

where the last inequality is obtained from the condition of
this theorem.
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From (66), for every comparison set S such that S N
{1,n} # 0, we have

Z (pi.s(0) — pis(0))”

i€S

S

i€{1,n}NS

(pi,s(0") — pis(8))” +

Y pis®) —pis0)

i€S\{1,n}

2
2 (Skbagk(o)) , (67)

ZT1

which is because for every comparison set .S such that 1 €
S,

From (66) and the assumption of the theorem, we have

msin Iiréiélpi7s(9) = Smin Pn,s(0)

1 Ipi(0
S
1
=T (68)
For simplicity of notation, let
D = 3 22:(0) (69)
6.2?1

Then, for all S such that S N {1,n} # (), we have

/ pi,5(9/)> 2
> pis(0)log (==L ) < 2kD 70
iesp,s( )Og(ms(a) (70)

which is obtained from
(i) pi,s(0) > 1/(2k) for all i € S that holds by (68),

(i) > ies(pis(6)

(a b)

— pi,s(0))* = 2D? from (67),

(iii) alog 3 < +a—>b.

Similarly to (70), from (i) and (i) and a (log ¢)” <

(aa—/\’f (1 + B‘&_AZ;')), we have

, 2
S () 2w
i€S &

Since

Po[{S: n{l,n} # 0} =1 -

n—2
() _
n

and according to the model, the input observations are in-
dependent, from (70) and (71), we have

sy
Py1,8:
= Eo |1 e
e |:Og (pyl,sl(a) >:|
= m >  PylS =05
S:SN{1,n}#0
py,S(al))]
1
yze;*py st {Og (py,sw)
< 4"p2p? (72)
n
and
o4/ [L(S,¥)]

= may |log

()]
< o[ (2205)

= m >  PylS =05
S:SN{1,n}#0
/ py,S(91)>>2
0 | (log [ =22
yZGA:S'pyns( ) [( Og (pz%s(e)
< 16%/{2D2. (73)

L. Characterizations of Op;(0)/0x,

In this section, we note several different representations of
the parameter Opy,(0)/0x;.

First, note that

opk(0) _ / F(2)dF(z)* 1. (74)
8$1

The integral corresponds to E[f(X )] where X is a random
variable whose distribution is equal to that of a maximum
of k — 1 independent and identically distributed random
variables with cumulative distribution F'.

Second, suppose that F' is a cumulative distribution func-
tion with its support contained in [—a, a], and that has a
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differentiable density function f. Then, we have

Opr(0
Z(;k( ) =Apr+ Bri (75)
1
where
1
Apk = kjf(a)
and

1 @ ,
T | e

The identity (75) is shown to hold as follows. Note that

Bry =

@F(ff)

d -1
= S (F@) (@)

= k(b= 1D)F(2)"2f(2)* + kF(2)* 1 f'(2).

By integrating over [—a, a], we obtain

d @ )
—F@)k*, = k(k-1) f(x)?F(z)f2dx
dz —a

+k f'(x)F(z)ftda.

Combining with the fact

d

CF@P, = k@) P @)

o = kf(a),

we obtain (75).

Note that Br, = E[—f/(X)]/(k(k — 1)) where X is a
random variable with distribution that corresponds to that
of a maximum of k independent samples from the cumula-
tive distribution function F'. Note also that if, in addition,
f is an even function, then (i) Br; > 0 and (ii) Bp, is
increasing in k.

Third, for any cumulative distribution function F' with an
even density function f, we have F(—x) = 1 — F(x) for
all x € R. In this case, we have the identity

Opi(0
1 / flx 24 (1—

F(2))*?)dx.
(76)

J. Proof of Proposition 6

The upper bound follows by noting that that Br ;, in (75) is
such that Brj, = Q(1/k?). Hence, it follows that

vrr = O(1).

The lower bound follows by noting that for every cumula-
tive distribution function F such that there exists a constant
C > Osuch that f(z) < Cforallz € R,

Opx(0)

_ 2)F?
. = / f(z dx
< C/ f(@)F ()" ?dx
- ﬁ'
Hence, ypx > (1/C)(k — 1)/k% = Q(1/k?).

K. Derivations of parameter v

We derive explicit expressions for parameter vz for our
example generalized Thurstone choice models introduced
in Section 2

Recall from (7) that we have that

1 1
T = 1R (0p(0) /0 )?

where

k de

Opi.(0
0z, / f

Gaussian distribution A cumulative distribution func-
tion F' is said to have a type-3 domain of maximum at-
traction if the maximum of r independent and identically
distributed random variables with cumulative distribution
function F' has as a limit a double-exponential cumulative
distribution function:

where

and
1 1
b, =F! (1-) —F! (1-).
er T

It is a well known fact that any Gaussian cumulative dis-
tribution function has a type-3 domain of maximum attrac-
tion. Let ® denote the cumulative distribution function of
a standard normal random variable, and let ¢ denotes its
density.
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Note that
| sty
g e
_ V% OOO o~ Hartb, 1og(1/2))? 2
= \/12?6*%&? /Ooozarl»e 362 10g(1/2)% ,—2 4,
< \/12?67%“72“ /OOO 200 ey
= \/127_6 39T (b, + 1).

Now, note that

2log(r) and b, = ©(1), for large r.

It is readily checked that e=97/2 ~ 1/r and I'(a,b, 4+ 1) =
O(r¢) for every constant ¢ > 0. Hence, we have that

/R o) dD(a)

and thus, 9py(0)/0z1 =

=0(1/r'7)
O(1/k>~¢). Hence,
YF.k = Q(]./k2€)

Double-exponential distribution Note that f(z) =
ze~ =5 F(x). Hence, we have

3pk / Fa

= —/ e 2QEHMF(x)kd:c

1 o0
= f/ ze F4dz
B Jo
1

W.

k le,

Laplace distribution Let 3 = o/+/2. Note that

F(z)=1- —e*/8 and flx) = —e /P forx e R..

2

= OOxQ xk_Qx
A = / f(@)2F(a)*2d

and

F(x))*2dz

o2e/p_1

J, s
=/()

0
1

B2k

e~ (k=2)z/B 1.

Combining with (76), we obtain

Opr(0) _ _ 1 _ L
oo AT T ma— D (1 2’“)'

Uniform distribution Note that
Opi, (0)

01 - /f
a k—2
x4+ a
o (2a)? /_a(2a> du
1! k—2
= %/02 dz

1
2a(k — 1)

k: 2dl’

L. Some Remaining Proofs
L.1. Proof of Lemma 12

Consider a set S C N such that |S| = k, for an arbitrary
integer 2 < k < n. Without loss of generality, consider
S={1,2,...,k}. Letx;(0) = 0; — O\ 13, for [ € S. For
simplicity, with a slight abuse of notation, we write x; in
lie of x;(0), for | € S. We first consider the case i # j. By
straightforward derivation, we have
82
90,0, (—log(pr(x1)))

1 82pk (Xl) + 1
(Xl) 6918&

Ipk(x1) Opk(x1)
Pk (Xl)2 891 89J ’
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We separately consider three different cases.

Case 1: i, j, [ are all distinct. Note that
82
—1 _o=1 77
a0,08,~ 1osr(x0)lo=0 = L (77)

where

?p(0) o (dpr(0))°
I =— a .
! kaxlam tk ( 0x1 )

Case 2: i # [and j = [. In this case, we characterize the
following quantity for # = 0

2
o009, 108(Pr(x:)

_ 1 aQPk(Xj)+ 1 23Pk(xj)3pk(><@)8‘)

Pk (Xj) 80160] Pk (X]‘) 801 89]

For every u € S, pr(x,) does not change its value by
changing the parameter 6 to value 6 + A6, for every con-
stant Af € R. Hence, by the full differential, we have

Opg (Xu 0 u
el g
I ves\{j} v
Using (79), we have
Ppr(x;) _ Pprlxy) ) 9pr(x;) 80)
90,00, 002 96,00,
veS\{4,5}
Note that
g;ﬁ !/f witz) [ Fla+2)de.
veS\{4,5}
Hence, we can derive
?pi(x;)
“op7 =0
= [t I Fef e
R ves\{i.j}
R (CRAOL /f F(:)2)ds
= - [serere / e
apk(xj) o 9*pi(0
007 lo=o0 — (K )83318332
from which it follows that
82pk(xj)| _ k-2 0%py(0) @81
062 1°=° 2 Or10zy

From (80) and (81), we obtain

Opilxy), _ k=20%pi(0) o
90,00, "=° > Dri0ms’
Using (79), we have
Ipi(x5) — Opr(0)
agj ‘0:0 = (k 1) o, . (83)
Combining (78), (82) and (83), we have
92
m(_ log(pk(x;)))lo=0 = I2 (84)
where
b= =g 0n, FE=D( 5,

Case3:i=1[and j # [.
have

By symmetry, from Case 2, we

2

m(_log(pk(xi)))‘ezo =15 (85)

Final step Putting the pieces together, from (77), (84),
and (85), we have for = 0

2

> ) (~ loglpex0)
1es\{ij} B

Hm-(Q,S) -

+pk(xi)m(— log(pr(xi)))

2
+p1(0) 3 (080 ()
k —

5o 1. 1
Ttk

2
k2 (8“(0)) . (86)
6x1

Now, we consider the case ¢ = j. Using same argument as
in (79), we have

O*(lostpu(x)) _ g~ (= loslri(x))

02 0,00,
0 K veS\{i} 09:9
Hence,
B3z —log(pk(x1)))
H11 0 S Z Zpk X1 891891,

veS\{i} leS

Combining with H; ;(6,5) = — >, c g\ 4y Hiw(0,5) and
the result established in (86), we have for 6 = 0

(o)

H;(0,S) =K*(k
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L.2. Proof of Lemma 14
Without loss of generality, let y = 1 and S = {1,...,k}.

Then, we have
1W<mmmmm__%_ncmm»2
ox 1

k2 001004
k—2 82pk(0)
+ 2k 8,%185(52 (87)
and for i # 1 and j # 1,
1 9%(—log(p1,5(0))) _ 10°pk(0)
k2 89789J k 61181’2
apr(0)\?
+< il )> . (88)
[“)xl
From assumption A1 and (87),
2 _ 2
0°pr(0) < 2k(k —1) (Opk(0) (89)
8.1‘181}2 k—2 61'1
Note that it holds that
0?p(0)
> 0. 0
0x10xe — 0 ©0)

Combining (87), (88), (89), and (90), we have

0?(=log(py,5(0))) Ipi(0))* .
8026& Z_ks( afbl ) v Z#j-

From the above inequality and (21),

Ipr(0)) 2
e (20) Aty = V(- togtrs(0)
Tl
Therefore, we conclude
opr(0)\?
172 ogtr sOD)]l < 4 (22 )
1

which holds because ||[Amg |2 = k.

L.3. Proof of Proposition 11

We prove only (19) as the proof of (18) follows by similar
arguments.

By Chernoff’s bound, for every s > 0,
P[X >qgm] < e *IME[e*]
= e (1 —p+pe’ )™

67mh(5)

where
h(s) = gs —log(1 — p + pe®)

Now, using the elementary fact log(1 — z) < —z, we have
h(s) > qs +p — pe®.

Take s = s* :=log(q/p), then,
* q
h(s*) > qlog (p) +p—q

Now, let € = ¢ — p, and note that

q
qlog <p> +p—q = g
where
B q
9(6)—qlog< )—e
q—¢€
Since
’ q € 1
= — 1= > —
g1 q—c¢ qfe_2q6
we have
¢ 1
90 = [ e = ¢
0 4q
Hence, it follows that
h(s") > —(p — q)°
s oy —
= 1q b—q

and, thus,

P[X > gm] < exp <41q(p - Q)2> :

M. Experimental Results: Fiedler Values of
Pair-weight Matrices

We found that Fiedler value of a pair-weight matrix is an
important factor that determines the mean square error in
Section 3.1 and Section 3.2. In the supplementary material,
we evaluate Fiedler value for different pair-weight matri-
ces of different schedules of comparisons. Throughout this
section, we use the definition of a pair-weight matrix in (5)
with the weight function w(k) = 1/k?. Our first two exam-
ples are representative of schedules in sport competitions,
which are typically carefully designed by sport associations
and exhibit a large degree of regularity. Our second two ex-
amples are representative of comparisons that are induced
by user choices in the context of online services, which ex-
hibit much more irregularity. Please refer to the supple-
mentary material for more details.
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Figure 1. Fiedler value of the pair-weight matrices for the game
fixtures of two sports in the season 2014-2015: (left) football Bar-
clays premier league, and (right) basketball NBA league.

Sport competitions We consider the fixtures of games
for the season 2014-2015 for (i) football Barclays premier
league and (ii) basketball NBA league. In the Barclays pre-
mier league, there are 20 teams, each team plays a home
and an away game with each other team; thus there are 380
games in total. In the NBA league, there are 30 teams,
1,230 regular games, and 81 playoff games.! We evalu-
ate Fiedler value of pair-weight matrices defined for first m
matches of each season; see Figure 1.

For the Barclays premier league dataset, at the end of the
season, the Fiedler value of the pair-weight matrix is of
value n/[2(n—1)] ~ 1/2. The schedule of matches is such
that at the middle of the season, each team played against
each other team exactly once, at which point the Fiedler
value is n/[4(n — 1)] = 1/4. The Fiedler value is of a
strictly positive value after the first round of matches. For
most part of the season, its value is near to 1/4 and it grows
to the highest value of approximately 1/2 in the last round
of the matches.

For the NBA league dataset, at the end of the season, the
Fiedler value of the pair-weight matrix is approximately
0.375. It grows more slowly with the number of games
played than for the Barclays premier league; this is intu-
itive as the schedule of games is more irregular, with each
team not playing against each other team the same number
of times.

Crowdsourcing contests We consider participation of
users in contests of two competition-based online labour
platforms: (i) online platform for software development
TopCoder and (ii) online platform for various kinds of
tasks Tackcn. We refer to coders in TopCoder and work-
ers in Taskcn as users. We consider contests of different
categories observed in year 2012; more information about
datasets is provided in Appendix. We present results only
for one category of tasks for each system, which are repre-
sentative. In both these systems, the participation in con-
tests is according to choices made by users.

'"The NBA league consists of two conferences, each with three
divisions, and the fixture of games has to obey constraints on the
number of games played between teams from different divisions.

05 05
0.4 0.4
~03 ~03
4 <
< =
o2 <02
01 01f™
- S,
0 e, 0 S,
0 20 40 60 80 100 0O 20 40 60 80 100
n n
200 200
150 150 ’
= i 2 .
< 100 : = 100 s
£ £
50 50
ol o L
0 20 40 60 80 100 0 20 40 60 80 100

n

n

Figure 2. (Left) Topcoder data restricted to top-n coders and
(Right) same as left but for Taskcn, for Design and Website task
categories, respectively. The top plots show the Fiedler value and
the bottom plots show the minimum number of contests to observe
a strictly positive Fiedler value.

For each set of tasks of given category, we conduct the fol-
lowing analysis. We consider a thinned dataset that consists
only of a set of top-n users with respect to the number of
contests they participated in given year, and of all contests
attended by at least two users from this set. We then evalu-
ate Fiedler value of the pair-weight matrix for parameter n
ranging from 2 to the smaller of 100 or the total number of
users. Our analysis reveals that the Fiedler value tends to
decrease with n. This indicates that the larger the number
of users included, the less connected the pair-weight matrix
is. See the top plots in Figure 2.

We also evaluated the smallest number of contests from
the beginning of the year that is needed for the Fiedler
value of the pair-weight matrix to assume a strictly posi-
tive value. See the bottom plots in Figure 2. We observe
that this threshold number of contests tends to increase with
the number of top users considered. There are instances for
which this threshold substantially increases for some num-
ber of the top users. This, again, indicates that the algebraic
connectivity of the pair-weight matrices tends to decrease
with the number of top users considered.
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Table 1. Summary statistics for TopCoder and Taskcn datasets.
The rightmost two columns contain, repectively, mean and me-
dian values of comparison sets’ cardinalities.

Category [ #contests # workers mean median

TopCoder
Design 209 62 1.99 2
Development 198 171 3.07 2
Specification 75 39 2.39 2
Architecture 238 55 1.75 2
Tasken
Website 131 636 9.87 6
Design 1,967 6,891 27.3 18
Coding 31 284 27.1 18
Writing 420 15,575 46.11 19
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Figure 3. Same as in Figure 3 but for different categories (Devel-
opment and Writing).
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