Supplemental material for ‘“Learning Rich Rankings”
Arjun Seshadri, Stephen Ragain, Johan Ugander

The supplemental material is organized as follows. Appendix [A]gives further details of the datasets
studied in the empirical analysis of the paper. Appendix [B| provides instructions for reproducing
tables and plots in the paper. Appendix [C|provides additional simulation results. Appendix [D]gives
proofs of the three main theorems of the paper. Appendix |E| gives proofs of auxiliary lemmas used in
the proofs of the theorems.

A Dataset descriptions

In our evaluation we study four widely studied datasets. All the datasets we study can be found
in the Preflib repositor First, the sushi dataset, consisting of 5,000 complete rankings of 10
types of sushi. Next, three election datasets, which consists of ranked choice votes given for three
2002 elections in Irish cities: the dublin-north election (abbreviated dub-n in tables) had 12
candidates and 43,942 votes for lists of varying length, meath had 14 candidates and 64,081 votes,
and dublin-west (abbreviated dub-w) had 9 candidates and 29,988 votes. Third, the nascar dataset
representing competitions, which consists of the partial ordering given by finishing drivers in each
race of the 2002 Winston Cup. The data includes 74 drivers (alternatives) and 35 races (rankings).

The fourth collection we emphasize is the popular LETOR collection of datasets, which consists of
ranking data arising from search engines. Although the LETOR data arises from algorithmic rather
than human choices, it demonstrates the efficacy of our algorithms in large sparse data regimes. After
removing datasets with fewer than 10 rankings and more than 100 alternatives (arbitrary thresholds
that exclude small datasets with huge computational costs), the LETOR collection includes 727 datasets
with a total of 12,838 rankings of between 3 and 50 alternatives.

Beyond these four emphasized collections, we include analyses of all 51 other Preflib datasets (as of
May 2020) that contain partial or complete rankings of up to 10 items and at most 1000 rankings, a
total of 11,956 rankings (these thresholds were again decided arbitrarily for computational reasons).
We call this collection of datasets PREF-S0I, adopting the notation of [36]. We separately study
the subset of 10 datasets comprised of complete rankings, referred to here-in as PREF-S0C, which
contain a total of 5,116 rankings. The complete rankings in the PREF-SOC collection are suitable for
both repeated selection and repeated elimination. While the sushi (complete ranking) and election
(partial ranking) datasets are part of Preflib, they are comparatively quite large and are excluded from
these two collections (PREF-S0C and PREF-S01I, respectively) by the above thresholds.

B Reproducibility

Code that faithfully reproduces the Tables and Figures in both the main paper and the supplement
is available at https://github.com/arjunsesh/lrr-neurips. See the Reproducibility Section
of the README for details.

C Simulation results

In this brief supplement we provide simulations that serve to validate our theoretical results. Figure 3|
does so in two ways: first, showing that the error rate indeed decreases with 1// as suggested by
our risk bounds, and second that it does so with seemingly high probability, as shown by our tail
bounds. The figure highlights three special cases, a PL model fit on PL data, a CRS model fit on
PL data, and a CRS model fit on CRS data. All datasets consist of rankings of n = 6 items. For
the PL model the number of parameters is n = 6. For the CDM model the number of parameters is
d = n(n — 1) = 30. In both cases, the model parameters were sampled from a truncated standard
normal distribution within a B-ball with B = 1.5 (per the theorem statements). In all three panels, we
generate 20 datasets from the underlying model, and fit cumulative increments 20 times to generate
the result. The tight bundle that the 20 datasets form indicates how little the randomness of a given

*Preflib data is available at: http://www.preflib.org/
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Squared £; Error

Figure 3: Squared /5 error of an estimated models in 20 growing datasets for the () PL estimation
error on PL model data, (b) CRS estimation error on PL model data, and (¢) CRS estimation error on
CRS model data. The dashed black lines are a visual guide of the slope 1/¢, and the bundles represent
the 20 different datasets; the tightness of the bundle validate our tail bounds.

dataset causes the risk to deviate. As in our main empirics, all maximum likelihood estimates were
found using gradient-based optimization implemented in Pytorch.

In Figure [ panel (a), we demonstrate simulations that suggest that the full CRS model’s true
convergence rate appears to be O(n?/f), as opposed to the larger n-dependence, O(n”/f), that
we were able to guarantee theoretically in Theorem [3] We generate the plot in a manner similar to
Figure[3] by generating 20 datasets and fitting them incrementally, this time averaging the performance
of all 20 datasets to produce a single line per model. We repeat this process for four different model
sizes d = n(n — 1) corresponding to n € {6,9,12, 16}. We then plot the resulting risk multiplied
by ¢/n?. The apparently constant set of lines over the wide range of parameters and dataset sizes
indicates that the risk of the full CRS model is likely close to O(n?/f) in theory, suggesting room for
improvement in our analysis.

In Figure [4 panel (b), we demonstrate simulations that suggest that the true convergence rate of CRS
models of various rank r appears to be O(nr/{), still smaller than the simulated rate for the full
CRS model. The simulations are performed similarly to to those in panel (a), with the exception of
plotting the risk multiplied by ¢/nr. As before, the apparent constant set of lines over the wide range
of dataset sizes and parameters indicates that the risk of the CRS model is likely close to O(nr/¢)
when r < n (typical in practical settings), highlighting the practical value of the CRS for a small r.
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Figure 4: Visualizations of the rate of CRS convergence. (a) Full CRS error multiplied by ¢/n?. The
legend highlights the parameters d = n(n — 1) of the different models. (b) CRS error multiplied by
¢/nr. The legend highlights the parameters n and r of the different models. The figure demonstrates
that, over a wide range of parameters and rankings, the true rate of convergence for the full CRS is
likely O(n?/¢) while the rate for the CRS is likely O(nr/¢).

D Main proofs

D.1 Proof of Theorem[]

Theorem (1, Let 0* denote the true MNL model from which data is drawn. Let éMLE denote the
maximum likelihood solution. For any 6* € O = {0 € R" : ||0|| ., < B,170 =0}, t > 1, and
dataset D generated by the MNL model,

t —t

R 2
P[HG D fa*H > ' J<e,
mre(D) y = CBbma s TyE | S €
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where Ky is the maximum choice set size in D, cB,p,,. is a constant that depends on B and Ky,
and Ao (L) depends on the spectrum of a Laplacian L formed by D. For the expected risk,

|

where c'g . is again a constant that depends on B and k.

Proof.

1

N 2
D _A* H < / ,
eMLE( ) 6 2 :| — CB;kmax m)\2 (L)2

We are given some true MNL model with parameters 6* € O g, and for each datapoint j € [m] we
have the probability of choosing item x from set C; as

exp(60%)

P(y; = 2|0*,C;) = =———.
! T Y ec, exp(6y)

We will first introduction notation for analyzing the risk, and then proceed to first give a proof of the

expected risk bound. We then carry the technology of that proof forward to give a proof of the tail
bound statement.

Notation. We now introduce notation that will let us represent the above expression in a more
compact manner. Because our datasets involve choice sets of multiple sizes, we use k; € [kmin, Kmax]
to denote the choice set size for datapoint j, |C;|. Extending a similar concept in [49] to the
multiple set sizes, we then define matrices E; 5, € R"**, Vj € [m] as follows: E; ;,, has a column
for every item y € C; (and hence k; columns), and the column corresponding to item y € C}
simply has the n-dimensional unit vector e,,. This definition then renders the vector-matrix product
eTEj,kj = [6y170y27 9?;37 oo eykj] € RIxks,

Next, we define a collection of functions Fy, : R¥ ~ [0, 1], V& € [kmin, kmax] as

Fi(lr1,z9,... 2 :L(xl),
Hlon e ond) = S @

where the numerator always corresponds to the first entry of the input. These functions F} have
several properties that will become useful later in the proof. First, it is easy to verify that all F}, are
shift-invariant, that is, Fy,(x) = Fj(x + ¢1), for any scalar c.

Next, from Lemma we have that 1 € null(V?(— log(Fx(x)))) and that

1
V?(—log(Fi(z))) = Hy = Bi(I — EHT)’ @)
where
__ 1 4
o= B @

That is, Fj, are strongly log-concave with a null space only in the direction of 1, since
V2(—log(Fy(z))) = Hjy, for some Hy, € RF¥F Xy (Hy) > 0.

As a final notational addition, in the same manner as [49] but accounting for multiple set sizes, we
define k permutation matrices Ry , ..., Ry x € RF* VE € [kmin, Kmax|, representing k cyclic shifts
in a fixed direction. Specifically, given some vector x € R¥, y = 2T R, . is simply 27 cycled (say,
clockwise) so y1 = x1, ;i = T(1i—1)%k, Where % is the modulo operator. That is, these matrices
allow for the cycling of the entries of row vector v € R'*¥ so that any entry can become the first
entry of the vector, for any of the relevant k. This construction allows us to represent any choice
made from the choice set C; as the first element of the vector x that is input to F, thereby placing it
in the numerator.

First, an expected risk bound. Given the notation introduced above, we can now state the probability
of choosing the item x from set C'; compactly as:

P(y; = z|0*,C;) = Ply; = z|0*, kj, Ej1,) = Fr, (0" Ejy, Rug,)-
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‘We can then rewrite the MNL likelihood as
sup H ij(QTEj7ijwj7kj),

kj

1 m
(o) =~ > log(F, (07 Ej o, Ru, k) >3 1y; = illog(Fy, (6" Ejk, Ri,)).
(z5,k;,Ej.x;)€ED Jj=li=1

- arg Iélél; £(6).

The compact notation makes the remainder of the proof a straightforward application of results from
convex analysis: we first demonstrate that the scaled negative log-likelihood is strongly convex with
respect to a semi-norrrﬂ and we use this property to show the proximity of the MLE to the optimal
point as desired. The remainder of our expected risk bound proof mirrors that in [49] with a few extra
steps of accounting created by the multiple set sizes. Beyond the additional accounting, one technical
novelty in this expected risk proof, relative that in [49], is the development of Lemma|I]and its use
to give a more careful handling of the Hessian. This handling is built on our observation that the
Hessian is a rank-one modification of a symmetric matrix, whereby we can employ an argument due
to Bunch—Nielsen—Sorensen [10]] that relates the eigenvalues of such a matrix to the eigenvalues of
its symmetric part. The tail bound proof (that follows this expected risk bound) is based on technical
innovations that depart from previous strategies and will be surveyed there.

First, we have the gradient of the negative log-likelihood as

m  kj

:_722 JkRkVIOg(Fk (9 EgkRzk))

Jj=11i=1
and the Hessian as
1 J
= _E 1y Ej g, Rig; V2 10g(Fy, (0T Ej i Rk, )) Ry i E -
Jj=11i=1
We then have, for any vector z € R”
m  kj
1 J
™V2(0) = —— 1y; = i]z" B}, Rik, V> 1og(Fy, (0" Ejx, Rix,)) Rl E
m j=11i=1
1
- EZ 1[y; = i]z" B}, Rik, V?(—log(Fr, (0" Ej i, Rik,))) Rl E
Jj=11:=1
1 L&
Z E Z l[yj = Z']ZTEJ'J% Ri,k’ijj RZ:kJ E}:ka
j=11i=1
1O By
- — 1y; = il2TE; 1. R; kil —117
mz_ ly; = i]2" ijkk( )R]k,
j=11:=1
1O B
> =SSN 1y = i B, (k 1 -11T)ET, -
m j=11i=1
1 & Bry 1 T\ T
= — L' E k:I—11")FE
m Z kj * gk ( )
Jj=1
_ P Z —2TE; g, (kI — 117)ET
m 4
j=1"]

3 A semi-norm is a norm that allows non-zero vectors to have zero norm.
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The first line follows from applying the definition of the Hessian. The second line follows from
pulling the negative sign into the V? term. The third and fourth line follow from Equation (3),
strong log-concavity of all Fj. The fifth line follows recognizing that H, is invariant to permutation
matrices. The sixth line follows from removing the inner sum since the terms are independent of <.
The seventh line follows from lower bounding ., by S

‘max *

Now, defining the matrix L as

m

1 T
= E Z Ejyk:j (kJI -11 )Ej kj»
Jj=1

we first note a few properties of L. First, it is easy to verify that L is the Laplacian of a weighted
graph on n vertices, with each vertex corresponding to an item. This conclusion follows because
each term in the average corresponds to the Laplacian of an unweighted clique on the subset of nodes
C}, and the average of unweighted Laplacians is a weighted graph Laplacian. Weighted edges of the
graph represented by L then denote when nonzero whether a pair of items has been compared in the
dataset—that is, whether the pair of items has appeared together in some set C; for some datapoint
7. The weights of the edges then denote the proportion of times the corresponding pairs have been
compared in the dataset.

It is now easy to verify that L1 = 0, and hence span(1) C null(L). Moreover, we can show that
A2(L) > 0, that is, null(L) C span(1), as long as the weighted graph represented by L is connected.
This result follows because the number of zero eigenvalues of a weighted graph Laplacian represents
the number of connected components of the graph. Hence, if the graph represented by L is connected,
then \y(L) > 0.

We also define the matrix

1
Z;? (kT —117)ET, .

Since ki is strictly positive, L has nonzero weighted edges exactly where the graph represented by L
does, but different weights. Hence, the two corresponding graphs’ number of connected components
are identical, and null(L) C span(1) if and only if null(L) C span(1). Moreover, since L al L
we also have that Ao (L) > ﬁ)\g (L). We work with L for the remainder of the proof, but state our
final results in terms of the eigenvalues of L. We use L in our results to maintain consistency of the
final result with that of [49], and use L in our proof to produce sharper results for the multiple set
size case.

With the matrix ﬁ, we can write,
2IV2(0)z > By 2Lz =B

‘max ‘max ‘

2117

which is equivalent to stating that £(6) is S, -strongly convex with respect to the L semi-norm at all
0 € Op. Since 0*, Oy g € Op, strong convexity implies that

Bt |0 — 9*||2ﬁ < (Vl(Ouie) — VE(©O*), Ouie — 0%).

Further, we have

(V0(Oyie) — VE(OF), Oyie — 6%)

—(VL(0*), Owie — 0F)
| (e — 6%) V(67|
= |(Owie — 01)TLE LTV (67|
< [IL% (Bye — )2l L=V £(6)] 2
= ||0me — 0% |V (O] 1
Here the third line follows from the fact that 1 (Owe — 0*) = 0, and so (0w — 6*) L null(L),

121

which also implies that (GMLE —6%) L null(L ), and so (GMLE — 0 )L 22 (HMLE — 0*). The
fourth line follows from Cauchy-Schwarz. Thus, we can conclude that

Billosie — 07112 < [[VE(6%)][3, = Ve(or)TLIve(e").

IN
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Now, all that remains is bounding the term on the right hand side. Recall the expression for the
gradient

m kj

1
EZZIZ/]—Z ]kR1kV10g(Fk (09 E]kRzk 7772E3kvjk17

j=1i=1
(&)

<

where in the equality we have defined Vj ., € Rki ag

k;
Vik, =Y _1[y; = i]Rix, Viog(Fy, (0" Ejk, Rik,))-
=1

Now, taking expectations over the dataset, we have,

kJ
[Zlyj = iR 1,V log(Fy, (9* Ej, Rik; ))}
=1
k;
- E[l[y] = Z]:| i,k VIOg(Fk (9* j,k: Rz k; ))
1

(2

o~

= (9* ]k le )le VlOg(Fk (9* 7,k Rzk ))
1

2

o

= R; , VFy, G Ejx; Rix;)
1

- Vz(i P, (" Rig,)) = V(1) = 0.
i=1

Here, the third equality follows from applying the expectation to the indicator and retrieving the true
probability. The fourth line follows from applying the definition of gradient of log, and the final line
from performing a change of variables z = 6*T Ej 1, pulling out the gradient and undoing the chain
rule, and finally, recognizing that the expression sums to 1 for any z, thus resulting in a 0 gradient.
We note that an immediate consequence of the above result is that E[V] = 0, since V' is simply a
concatenation of the individual Vj ..

Next, we have

E[VL(0*)TLIVE(0")] = —F [ Em: zm: Vi By L B Vi

2 J
m j=11=1
1 m
= W]E{Z‘/ﬁﬂfk LB, 1, Vi,
j=1
)‘n(i’T> - T T
< SSCE YV BT B, Vi |
j=1
1 1 &
= T E .. VT]; V]7kj
m)\2(L) [m; 2,4 i|
1
< ———E[ sup Vi
mAa(L) zam]” l2

where the second line follows from the mean zero and independence of the Vj,k]., the third from an
upper bound of the quadratic form, the fourth from observing that the £ ., do not change the norm
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of the Vj i, and the last from averages being upper bound by maxima. We then have that,
ki
‘sup] ||‘/j,kj ||§ = ‘Sup Z 1 [yj = Z]V IOg(ij (QTE]"]C]. Ri,kj ))TRZ:I@J Ri,kj V IOg(ij (QTE]"]@]. Ri,kj ))

j€lm jelm] 3=

k]
= s > 1fy; = ilViog(Fx, (0" Ejk, Rix,))" Vlog(Fi, (07 Ejx, Rix,))
JjEmMm i=1
kj
= Sl?p} Z 1[yj = Z] | ‘V IOg(ij (HTEj,kj RiJCj ))H%
JEM i=1
< sup 1V log(F,,, ())]]3 < 2,

VE[~ (kmun—1) B, (umax — 1) B kmax

where Rij R; k; in the first line is simply the identity matrix. For the final line, recalling the
expression for the log gradient of Fj,

(Vlog(Fr(x)) = 111 = 1] - %7

itis straightforward to show that Sup,e_ (.. —1)B, (ke —1) B]mex ||V 108(Fly,, (V)] |2 is always upper
bounded by 2.
Bringing this expression back to E[V/(6*)T LTV{(6*)], we have that

2

N\T 71 *
E[Ve(o*)TLive9r)] < ——ik

This expression in turn yields a bound on the expected risk in the L semi-norm, which is,
2
E [BQ %} < _.
Fmax L m)\2 (L)
By IlOtiIlg that | ‘éMLE — 0* ‘ |% = (éMLE — 9*)-Z/(éMLE — 9*) 2 )\2 (fx) | |éMLE — 0*| ‘%, SiIlCC éMLE — 9* J_

null(L), we can translate our finding into the /5 norm:

éMLE — 07

2 0 * 112 2
- G
E[ﬁkmxH@MLE ¢ ||2} = (D)2

Applying the fact that Ao (L) > o (L), we get:

‘max

Ef[ s — 0°[[3) < — b
MLE e WIALL

Now, setting
2
, 2k

CB ki "= B[zmax = zexp(4B)k;1nax7

‘max

we retrieve the expected risk bound in the theorem statement,

1
mAa(L)2

We close the expected risk portion of this proof with some remarks about cp 1. . The quantity 5y,
defined in equation (@), serves as the important term that approaches 0 as a function of B and kx,
requiring that the former be bounded. Finally, Ao(L) is a parallel to the requirements on the algebraic
connectivity of the comparison graph in [49] for the pairwise setting.

X 2
E[ ||0me(D) — 9*H2] < B

From expected risk to tail bound. Our proof of the tail bound is a continuation of the expected risk
bound proof. While the expected risk bound closely followed the expected risk proof of [49], our
tail bound proof contains significant novel machinery. Our presentation seem somewhat circular,
given that the tail bound itself integrates out to an expected risk bound with the same parametric rates
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(albeit worse constants), but we felt that to first state the expected risk bound was clearer, given that it
arises as a stepping stone to the tail bound.

Recall again the expression for the gradient in Equation (3). Useful in our analysis will be an alternate
expression:

* 1 = 1 T
VUOT) = ——> Bk, Vik, = ——E"V,
j=1

where we have defined V € R¥? as the concatenation of all Vi, ks and E € R9%P*"_the vertical
concatenation of all the E; ;.. Here, Qp = Zgl k;.

For the expected risk bound, we showed that ij] have expectation zero, are independent, and
[Vix, |13 < 2. Next, we have

exp(z1)

(Viog(Fi(x)i =1l =1] - ———— (6)
3ot exp(z)
and so (Vlog(Fy(x)),1) = Fkl(w) (VFy(x),1) = Ele(l[l =1] - %) = 0, and hence,

T —
Vi 1=0.

We now consider the matrix My, = (I — %llT). We note that M}, has rank k£ — 1, with its nullspace
corresponding to the span of the ones vector. We state the following identities:

1
Thus we have My, V; ., = M, 3 M ,fJ Vik, = MM ,1 Vi .k, = Vjk,;» where the last equality follows
since Vj , is orthogonal to the nullspace of My,. We may now again revisit the expression for the
gradient:

. RS 1 12 1
Vo) = m zEjka‘/jvkj T ZEJ}/@J Mkj/ Vik; = *EX(D)TVv
j=1

j=1

where we have defined X (D) € R?2*™ as the vertical concatenation of all the Ejr, M ,1 J/ > Asan
aside, X (D) is the design matrix in the terminology of generalized linear models (and is thus named
fancifully).

Now, consider that
VUO)TLIVU0*) = VT X(D)LIX(D)TV.
m

We apply Lemma [3] a modified Hanson-Wright-type tail bound for random quadratic forms. This
lemma follows from simpler technologies (largely Hoeffding’s inequality) given that the random
variables are bounded while also carefully handling the block structure of the problem.

In the language of Lemmawe have V; ;, playing the role of () and $p := -1 X (D)L X (D)
plays the role of A. The invocation of this lemma is possible because Vj ; is mean zero, ||V} i, ||z <
V2, and because Yp is positive semi-definite. We sweep K* = 4 from the lemma statement into the
constant c of the right hand side. Stating the result of LemmaE] we have, for all ¢ > 0,

- i ; ; t?
PVTEDV = 3 A (ERDEVOTVO] > 1) < 2exp ( _p

= .
i=1 Zm‘ JmaX(E(DJ)F)
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‘We note that
ij 11/ - 1/2
UmaX(E(DJ)) :JmaX(WMki/ Eg:kiLTijijkj/ )

1 .
M Bl LV, My 2

= Wymax
1

w2
1 ~

= — Aman (L) 1M Lo | M2 2

m2
1
< ——
’I’?’LZ)\Q(L)

for all ¢, j, where the second line follows because ym.x and zp.x are the maximum left and right
singular vectors of unit norm, the third line from an upper bound on quadratic forms, the fourth
because F; i, is a re-indexing that does not change Euclidean norm, and the final one because
centering matrices can only lower the norm of a vector. This result has two consequences:

IN

Amax(-i]t) | |Ei,k:1- M]i&@/max' |2 | ‘Ejtkj M]ij/2zmax||2

. y 1
)\max 2(7‘71) = Omax E(l,l) < )
557 = o) <
and
m? 1

(,9)\2
Omax (2 < = = - .
Zj: (Xp™) Ao(L)2m*  Ag(L)2m?

Now, noting that the norm of V; ;, is bounded (thus E[V )TV ()] < 2), and substituting in the
relevant values into Equation (7)), we have for all t > 0:

P(W(&*)TIZTW(G*) - m;(ﬁ) > t) < 2exp (—cm2A2(£)2t2) .

A variable substitution and simple algebra transforms this expression to

0O TLIVL0%) > ¢y b
IP’[V( ) LIVEOr) > ()

<et forallt > 1,

where c5 is an absolute constant. We may then make the same substitutions as before with expected
risk, to obtain,

2
ma.

t X
mMa(L)? 57

'max

IP’[H@MLE(D) —0*|]3 > o ] <e ! forallt > 1.

Making the appropriate substitution with cp ., we retrieve the second theorem statement, for
another absolute constant c.

) 2 ¢
P He D —e*H > ' <t forallt> 1.
l MLE (D) p = B o | =€ fora >

Integrating the above tail bound leads to a similar bound on the expected risk (same parametric rates),
albeit with a less sharp constants due to the added presence of c. O

D.2 Proof of Theorem 2]

Theorem Let R = 01,...,00 ~ PL(0*) be a dataset of full rankings generated from a Plackett-
Luce model with true parameter 0* € Op = {0 € R" : ||0|| . < B, 170 = 0} and let Oy denote

the maximum likelihood solution. Assume that { > 4log(\/agn)/a% where ag is a constant that
only depends on B. Then fort > 1 and any dataset R generated by the PL model,

2 n 1 —t 2 2 —t
> c t] <e "4 n®exp(—Llay)exp (7),

st o} 4
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where ¢, is a constant that depends on B. For the expected risk,
2 3 1
E| | <cb=E {} <en,

2 B\ (D)2
where ¢’y = 4exp(4B) and cp = 8exp(4B)/a%.
Proof.
As with the proof for the MNL model, we first give an expected risk bound, and then proceed to

carry that technology forward to give a tail bound. The tail bound will again integrate out to give an
expected risk bound with the same parametric rates as the direct proof, albeit with weaker constants.

Expected risk bound. We exploit the fact that the PL likelihood is the MNL likelihood with ¢(n — 1)
choices. We thus begin with the result of Theorem unpacking cp .. and applying kn.x = n and
m=(n—1)¢

(R) — 0*

. . 2 exp(4B )t

We remind the reader that since the choice sets are assumed fixed in the proof of [I] the expectation
above is taken only over the choices, conditioned on the choice sets, and not over the choice sets
themselves. Since we are now working with rankings, there is randomness over the choice sets
themselves. The randomness manifests itself as an expectation conditional on the choice sets on the
left hand side and in the randomness of A2(L) on the right hand side. We may rewrite the expression
to reflect this fact:

) - 2exp(4B)n*
Elllomee — 67[1 | S1, 52, --Sen-1)] < n— 1) (L)2

and make progress towards the theorem statement, by take expectations over the choice sets .S; on
both sides and apply the law of iterated expectations:

E[|l0me — 0*[3] = E[E[|0wie — 0*13 | S1, S2, ---Se(n—1)]]
2exp(4B)n? }

=F {an ML)
3

T8 )

where in the last line we have bounded n/(n — 1) by 2. We have reached the intermediate form of
the expected risk bound theorem statement.

= 4exp(4B)

What now remains is upper bounding E[1/)(L)?]. Recall that L is the Laplacian of a weighted
comparison graph. A crude bound for Ao &L comes from noting that choice set X" appears at least ¢
times, each time adding e(n 1) (nI — 11%) to the Laplacian so that we get

1
n—1

Ao (L) > Ao (nI —117)) = AQ( 1 (I — l11T)) —>1 (8)

n—1

as I — %llT is simply the centering matrix, and where the first inequality follows from properties of
sums of PSD matrices [11][See pg. 128, Corollary (4.2)].

We will use a more sophisticated bound that comes from a careful study of the graph that the random
Plackett-Luce Laplacian represents. We have packaged this analysis inside Lemma[d] which says that

apn < Ao(L) with probability at least 1 — n® exp (—a% (), )

where ap = 1/(4(1 + 2¢3B)).
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We can use Lemmald| to upper bound the expectation of 1/\2(L)? as follows:

E{ﬁ} :E{Ag(lw‘x;m = a;n}P{ A;L) = a;n}

JrE[/\g(lL)Q‘/\g%L) ~ a;n}P{ AQEL) ~ a;n}

< 1 n ]P’{ 1 < 1 }
~ain? Xo(L) = apn
= ain? +n?exp (—ajl),

where the first inequality follows from applying the bound of 1/(a%n?) to the first expectation and
a bound of 1 to the second expectation (which comes from Equation (8)). The second inequality
follows from applying the tail bound. Now, we need that ¢ > 4log(,/apn)/a% to ensure that

1 2
)\Q(L)2}

]E[ .
~ a%n?

We can now circle back to the start of the proof to apply this result:

A . n? 1 8exp(4B) n
Bl - 0°13] < dexp(4B) T B[] < S
B

so long as ¢ > 4log(,/apn)/a%. Defining cp as

8exp(4B)
Cp = D) )
B
we arrive at the expected risk bound in the theorem statement.

Tail bound. Our tail bound proof proceeds very similarly to that of the risk bound. To start, we again
exploit the fact that the PL likelihood is the MNL likelihood with ¢(n — 1) choices. We thus begin
with the result of Theorem unpacking cp .. and applying km.x = n and m = (n — 1)£:

'max

tn3 exp(4B)

<e7t forallt > 1
é)\g(L)2 <e ora > 1,

IP’[HéMLE(D) — 0I5 > e

where c¢; is some absolute constant (note we have lower bounded n/(n — 1) by 2). Like before, we
remind the reader that because the choice sets are assumed fixed in the proof of Theorem[I] the
probabilistic statement only accounts for the randomness in the choices. Since we now are working
with rankings, we must additionally account for the randomness over the choice sets, and the above
statement is more clearly stated as a conditional probability over the sets:

tn3 exp(4B)

2 *112
IP>l|‘9MLE(D) =03 > c2 Da(L)?

S1, 52, ...,Sg(n_l)‘| <e ! forallt > 1.

In order to obtain an unconditional statement, we now account for the choice sets S. Notice first that
the expression depends only on the choice sets via the matrix L (and more specifically its second
smallest eigenvalue), and so:

tn3 exp(4B)
Xo(L)?

tn3 exp(4B)

P[||éMLE(D)0*||§ > C2 OAo(L)2

Az(L)] =P [HéMLE(D)WH% > co

Sla [EES) S@(n—l)]

We may additionally perform a change of variables, and rewrite the tail bound as

dn3 exp(4B)

P[HéMLE(D) —0*3 > c2 7

/\Q(L)] <e @7 forall § > 1/Ao(L)2.  (10)
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We can now control A»(L) using the same steps taken in the expected risk bound. Using Lemmal
also stated above in (9), we can integrate Equatlonm over \o(L):

dn3 exp(4B)

~ 1
IP)l|9MLE(D) — 0|3 > ¢ 7

B )

Xa(L)| | < Ex {

We may use the same trick to upper bound the right hand side just as we did the expectation of
1/A2(L)? in the expected risk portion of our proof:
O e m | R Fowiag) brroaderr i b s Rt
A2(L) exp(6\a(L)2)) eXp((S)\g A2(L) — aBn /\2(L) - aBn
1 1
E| 5| AT 7 )
exp(dA2(L)?) 1 A2(L) aBn Ao(L) aBn

1 1 1
< IP{ }
~exp(dain?) + exp(d) aBn
<exp(—dain?) + exp(—0)n? exp(—an),
where the first inequality follows from applying the bound of 1/ exp(a%n?) to the first expectation

and a bound of 1/ exp(d) to the second expectation (which follows from Equation (8)). The second
inequality follows from applying the tail bounds. Returning to the tail expression we have:

dn3 exp(4B)

P [||9MLE(D) — 9*H§ > cy 7 < exp(—éa%nQ) + exp(—9) exp(—ﬁonB).

Setting ¢ = §(a%n?), we obtain,

. Y12 tn3 exp(4B)
P[||0MLE(D)_0 H2 > CQW

—t
< exp(—t)+exp (W)Tﬁ exp(—fa%) forallt > 1.
B

Canceling terms we have,

A 4B —t
P [|9MLE(D) —0*|]3 > ¢ m Et e !+ n?exp(—fa%) exp (ﬁ) forall £ > 1.
a% ain
Defining cp as
exp(4B)
cB = Cr——s5—,
B

we arrive at the tail bound in the theorem statement.

Integrating the above tail bound leads to a similar bound on the expected risk as the direct proof,
albeit with less sharp constants.

D.3 Proof of Theorem[3

Theorem (3| Let R = o1,...,00 ~ CRS(u*) be a dataset of full rankings generated from the
full CRS model with true parameter v* € Op = {u € R*™ Y . oy = [uf, . ul)T;u; €

R ||luil|, < B,Vi; 17w = 0} and let tyi denote the maximum likelihood solution. Assuming
that £ > 8ne?B log(8ne?P)?, and t > 1:

/.6

"7 .
P[|ﬁMLE(R) —u*]|3 > CBZL t] <e'+nexp ( - tmin{cBn ,1} )e%/(S"EZB),

14

where ¢, I'lj are constants that depend only on B. For the expected risk,

A 9 ] C/ 3 ) n7
E[HuMLE(R)_u ||2} gE[mln{w\( o 4B H < et

where g, cp are constants that depend only on B.
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Proof of Theorem 3

As with the proof for the PL. model, we first give an expected risk bound, and then proceed to carry
that technology forward to give a tail bound. The tail bound will again integrate out to give an
expected risk bound with the same parametric rates as the direct proof, albeit with weaker constants.

Expected risk bound. Our proof leverages the fact that the CRS likelihood is the CDM likelihood
with £(n — 1) choices, just as our analysis of the PL model leveraged the relationship between the PL
and MNL likelihoods. We thus begin with the result of Lemma([7] our adaptation of an existing CDM
risk bound. Unpacking cg ., and applying kyax = nand m = (n — 1)¢:
. 2n(n —1) n3(n —1)2exp(4B) n®2exp(4B)
E D) —u*||3] < < =
e (®) = wlle] < S e = = ) (L)

max

Working with rankings, we must handle the randomness over the choice sets themselves. The
randomness manifests itself as an expectation conditional on the choice sets on the left hand side and
in the randomness of \2(L) on the right hand side. We may rewrite the expression in Lemma|7|to
reflect this fact:

n32exp(4B

E (lire(D) ~ 0 [B1S1, Sa. o Suun] < g

In Theorem 2{ we proceeded to use a law of iterated expectations and then bound A (L). For the
PL model, \y(L) was always at least 1, and with high probability much larger. For the CRS model,
however, A2(L) can sometimes be 0. This result holds because non-trivial conditions on the choice
set structure are required for the CDM model’s identifiability. We refer the reader to [48]] for more
details. In our ranking setting, these conditions are never met with one ranking’s worth of choices,
and hence results in the CRS model parameters being underdetermined. As an aside, this claim
should not be confused with the CRS model being unidentifiable. In fact, the CRS model with true
parameter u* € ©p is always identifiable That is, it is always determined with sufficiently many
rankings, as we will later see.

Nevertheless, 1/A2(L) is difficult to meaningfully upper bound directly since A2 (L) can sometimes
be 0. However, when the model is not identifiable the risk under our assumptions is not infinity.
Because the true parameters live in a © g, a norm bounded space, we may bound the error of any
guess ¢ in that space:

o —all3 =Y [luf —dills <D llug —a@illf < D (luflh + [ldilh)? < 4B°n.
‘We may thus bound the expected risk as

. " - (2exp(4B)n?
E[|[anrpe — w*|[2]S1, S2, ---So(n_1y] < min {p(),w?n} .

CA2(L)

and use a bound of 4B%n whenever A2(L) = 0. Now, we work towards the theorem statement by
take expectations over the choice sets .S; on both sides and apply the law of iterated expectations:

Elllarmre — u*||3] = EE[||amre — u*|[3 | S1,S2, -Sen-1)]]

<E {min {W,w%” )

The above bound is the intermediate bound of the theorem statement, where ¢z = 2exp(4B).

We now use Lemma 5} which says that

1

4
W S )\2 (L) with probablllty atleast 1 — n exp <—> . (11)
n°(n—1)e

Sne?B
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We can use Lemma [5]to upper bound the expectation of the risk as follows:

E [min {WAB%H - E[min {W, 432n}

WEA) < 4n3(n — 1)€2B}

{)\ (L) <dn'(n 1)623}
{26}21;243 4an} ’/\2211) > 4n3(n — 1)€2B}
{AQ(L) > dn’(n 1)623}
<2 40— 1)) 4 4 s > (- 1)

8exp(6B)n” 9 9 14
R

where the first inequality follows from selecting the first value in the min and applying the bound on
A2(L) to the first expectation; and a bound of 4B%n to the second expectation. The second inequality
follows from applying the tail bound. Now, as long as ¢ > 8ne?” log(8ne??)2, we may upper bound
the second term as follows

l > < 4B%n?

8ne2B ¢’

4B?n? exp (—
and so

E[|[irre—u*|3) <E [min{

26Xp(4B)n3,4BQn < 8exp(6B)n7+432n2 < 12exp(6B)n7’
(L) ] ] ]

so long as ¢ > 8ne?B log(8ne?P)?2, where the final inequality follows because exp(6B)/B% > 1.
Define cp := 12 exp(6B) and ¢z := 2 exp(4B) to arrive at the theorem statement.

Tail bound. Our tail bound proof proceeds very similarly to that of the risk bound. To start, we again
exploit the fact that the CRS likelihood is the CDM likelihood with ¢(n — 1) choices. We thus begin
again with the result of Lemma unpacking ¢p ... and applying kmax = n and m = (n — 1)

tn3 exp(4B)

<e ! forallt > 1.
Do(D) <e orall t >

P[WMLE(D) —u*||3 > ca

where cs is some absolute constant. Like before, we remind the reader that because the choice sets are
assumed fixed in the proof of Lemma(7] the probabilistic statement only accounts for the randomness
in the choices. Since we now are working with rankings, we must additionally account for the
randomness over the choice sets, and the above statement is more clearly stated as a conditional
probability over the sets:

tn3 exp(4B)

P [||ﬁMLE(D) — u*H% > C2 £A2(L)

S1, 59, ---7S€(7z—1)] < et forallt > 1.

In order to obtain an unconditional statement, we now account for the choice sets S. Notice first that
the expression depends only on the choice sets via the matrix L (and more specifically its second
smallest eigenvalue), and so:

tn3 exp(4B)
CA(L)

tn3 exp(4B)

P [| |t (D) —u*|[5 > e

=P lWMLE(D)U*@ > e

Sla ) Sﬁ(n—l)‘|

Now, note additionally that

P [HﬁMLE(D) —u*||2 > t4B%n

)\Q(L)] =0<e ! forallt>1.
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and so

Xo(L)| < et forallt > 0.

3 4B 1 4B%¢
P [HQMLE(D)—u*H% > ticﬂl exp/ )min { 3 }
2

1 (L)’ can? exp(4B)

We may additionally perform a change of variables, and rewrite the tail bound as

on® exp(4B —omax{ Ap(L), 202 xpUB)
P[WMLE(D)“*”g”Qan AQ(L)] <e mas { (1), 0 | (12)
1 4B%
for all § > mi _
ora >mm{)\2(L)762n2exp(4B)}

We can now control As(L) using the same steps taken in the expected risk bound. Using Lemma
also stated above in (TI)), we can integrate Equation (12)) over Ao(L):

on3 exp(4B)
1

1
exp(dmax {)\Q(L)7 c2n® exp(4B) })

Ex,(r) [IP’ [WMLE(D) —u*[|3 > e

AQ(L)H <Ex )
1527

We may use the same trick to upper bound the right hand side just as we did the expectation in the
expected risk portion of our proof:

1 1 1
Ex.) > =E 5 ‘ < 4n3(n —1)e?8
[exp(émax {)\Q(L), W})] [exp(émax {)\Q(L), %’W}) A2(L) ]
1
x{ < 4n¥(n - )P}
Aao(L) —
1 1
+E 5 ’ > 4n®(n — 1)e?8
[exp(&nax {)\2 (L), %’W}) Az (L) }
1
P 4 3 -1 2B
X {)\2(L)> n°(n—1)e }
1
<

> on2 exp(4B
exp(§max { 4n3(nil)ezB 3 c2n 4eBZI’:)Z(4 ) })

1 ]P’{
exp(d%) A2(L)

1 can? exp(4B) )
4dn3(n — 1)e2B’ 4B%¢

+ > 4n3(n — 1)623}

< exp(—émax{

2
con® exp(4B) I4
+exp(—57432£ )n exp ~Sne2B |

where the first inequality follows from applying the bound on 1/A2(L) to the first expectation and a
bound of the second term in the max to the second expectation. The second inequality follows from
applying the tail bound probability from Lemma[5] Returning to the tail expression we have:

on3 exp(4B) 1 can? exp(4B)
. 2
P|||ave(D) — u*||5 > o < exp(—dmax I (n — 1)e25” 1520 )
2
_ .con”exp(4B) ¢

+ exp( 574326 )n exp SeB |-

Setting
1 can? exp(4B)
t= (5 - ) )
ax { 4dnd(n — 1)e?B 4B%¢
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we obtain

P [WMLE(D) — u*||2 > tmin { <

. [caexp(6B)n’(n — 1) 14
exp(—t) + exp ( tmm{ 527 1 )nexp Seib forall t > 1.

) exp(GB)glnG(n -1) 7 4BQn}

Canceling terms we have, for all £ > 1,

X B)4n" X B)n®
P [HQMLE(D) - u*||§ > t—cze p(? Jan <el+ n exp ( — tmin {62 ¢ p5(26£ Jn ,1} )efﬁ/(gnew).
Defining 5, ¢ as
X B
= 0276 p(gi ),C/B// := 4co exp(6B),

we arrive at the tail bound in the theorem statement:

1",,7 1/

6
]P’[HQMLE(D) —u*|)3 > CB; t] <e '+ mnexp ( — tmin{cBén ,1} )e_é/(snew).

Integrating the above tail bound leads to a similar bound on the expected risk as the direct proof,
albeit with less sharp constants. O
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E Proofs of auxiliary lemmas

Lemma 1. For the collection of functions Fy, : R¥ v [0,1], Yk > 2 defined as

explax
Ful(on,am,. oy ) = —SRE)_
> i—1 exp(zy)
where x € [_B,B]k’ we have that
V2 (—log(Fy(z)))1 = 0,
and
1 1

I—-117).

V2(—log(Fi(z))) = W(QB)( %

Proof. We first compute the Hessian as:

V(= 108(F(0))) = o (exp(a). ding(exp()) — exp(e) exp(a)”),

where exp(z) = [e®1,.. ., e**]. Note that
v V(= log(F(x)))v = mv:ﬁ(@@(ﬂf)v 1)diag(exp(z)) — exp(z) exp(z)")v
1

(o () 1)) (@), D{exp(r), v7) — {exp(x), v)%)

(
>0,
where v? refers to the element-wise square operation on vector v. While the final inequality is an
expected consequence of the positive semidefiniteness of the Hessian, we note that it also follows from
an application of Cauchy-Schwarz to the vectors y/exp(z) and \/exp(z) ® v, and is thus an equality
ifand only if v € span(1). Thus, we have that the smallest eigenvalue \; (V2(— log(Fx(x)))) = 0O is
associated with the vector 1, a property we expect from shift invariance, and that the second smallest
eigenvalue Ao (V?(—log(Fx(z)))) > 0. Thus, we can state that

1
V?(—log(Fi(x))) = Hy = Br(I — %HT)v (13)
where
B _min Aa(V2 (= log(Fi(x) (14)

and it’s clear that B, > 0. The minimization is taken over z € [~ B, B]" since each x; is simply an
entry of the € vector, each entry of which is in [— B, B]. We next show that

B> —
"= kexp(2B)’
to complete the result.

First, a definition:
exp(z)
p(z) = ———F—.
' o). 1)
Evidently, p(x) € Ay, and since = € [~ B, B]*, p(x) = 0. We may also write the Hessian as

V?(— log(Fr(x))) = diag(p(x)) — p(z)p(z)".

In this format, we may now directly apply Theorem 1 from [[10], which lower bounds the second
eigenvalue of the Hessian by the minimum probability in p(z). Thus,

A2 (V?(=log(Fi(x)))) > min p(a);
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A simple calculation reveals then that
Br=_ min_ . A2 (V?(—log(Fi(2)))) > pein min p(z);
1
1+ (k—1)exp(2B)
> b
~ kexp(2B)’

which completes the proof.
O

Lemma 2. For ¥p := #X(’D)IAJTX(D)T, where the constituent quantities are defined in the proof
of Lemmal7] we have,

d—1 d—1
tr(Xp) = —— Ypllz = .
r(Ep) = ——, [Zo|[F
Proof. Consider first that
1 1/2 ¢ 1/2 T TN 2T 7
%X(D E E; L JM o Jk = E NS —11 )E =TL.

Since L is symmetric and positive semidefinite, it has an eigenvalue decomposition of UAU?. By
definition, the Moore-Penrose inverse is LT = UATUT. We must have that X (D) = /mVAzUT
for some orthogonal matrix V' in order for L to equal -1 X (D)7 X (D). With these facts, we have

- 1
— X(D)L'Xx(D)T = ﬁ\ﬁmVA%UTUATUTUA%VT\ﬁm
— Lyaatvr,
m

That is, Xp is a positive semi-definite matrix with spectra corresponding to d — 1 values equaling
%, and the last equaling 0. The result about the trace immediately follows. The equality about the
Frobenius norm comes from the observation that the Frobenius norm of a positive semi-definite
matrix is the squared sum of its eigenvalues. O

Lemma 3. Suppose we have a collection of mean zero independent random vectors XV e R¥i,
i = 1,...,m, of bounded Euclidean norm || X ||y < K stacked together into a single vector
X € RY, where d = Yoit . ki. Additionally suppose we have a real positive semidefinite matrix
A € R and denote by A7) € R¥ ki the submatrix of A whose rows align with the index

position of X©) in X and whose columns align with the index position of X9) in X. Then, for every
t >0,

m y o t2
TAX - (i.4) OT x 0] > ¢) < -
POXTAX =3 M ACEIXOTX 120) < 2exp CK4zi,jo—max<A“’”>2)’

where Apax(*)s Omax(+) |rand || -||op
respectively refer to the Frobenius and operator norm of a matrix, and ¢ > 0 is an absolute positive
constant.

Proof. We heavily reference preliminary concepts about sub-Gaussian random variables as they are
described in [52]]. We assume without loss of generality that & = 1 (||X?||y < 1), since we may
substitute X /K in place of any X to satisfy the assumption, and rearrange terms to produce the result
for any K.
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First, note that

XTAX = Apan(ACDE[XOT X O ZX )T AG9) maX(A(“)) [XOT x ()]

i=1

3 nMs

_ ZX TA i z)X ZAmax (i z) X(z)TX(z)]

+ 3 x¢ )TAu,;)X(y)
i,j7#1

< Z Amax (A (i 2) X(Z)TX( i) _ E[X(i)TX(i)])

+ 3 XOT 4G x ),

©,5,7%
Thus,
P(XTAX = Anax(ACE[XDT X O] > ) < IP’( D Anax(ACN)(XOTXO — E[xOT X 0))
i=1 i=1
+ 30 XOTACHX) > t)7
i,j71

and we may upper bound the right hand side to obtain an upper bound on the left hand side. We will
in fact individually bound from above an expression corresponding to the block diagonal entries

(ka JXOTXO - EXOTXO) > 1),

and an expression corresponding to the off block diagonal entries
, o , t
— DT A65) x(G) > =
- _]P’(ZX AGD X 6) > 2),
i#]
and use the union bound to obtain the desired result.

Before we proceed, we remind the reader that a random Z is sub-Gaussian if and only if
(E|Z|P)Y? < Ka\/p, Vp > 1,

where K is a positive constant. We define the sub-Gaussian norm of a random variable, || Z||,, as
the smallest K that satisfies the above expression, i.e.,

| Z||y, = supp~'/*(B|Z|P)"/7.
p>1

The sub-Gaussian norm recovers the familiar bound on the moment generating function for centered
Z:
Elexp(tZ)] < exp(Ct?||Z]|y,), Vt

where C' is an absolute positive constant. Similarly, we have that a random variable W is sub-
exponential if and only if

(E[W[?)'/P < Kap, Vp > 1,
and similarly sub-exponential norm ||W||,, is defined as

[W 1|y, =supp™ " (E|Z|P)"/7.
p>1

Part 1: The Block Diagonal Entries. Define y; := ||X()||2 and a; = Apax (A®?), and let the
vector a € R™ consist of elements a;. Recall that the norms of all X(*) are bounded by K by
assumption and K = 1, WLOG. Thus all y; are sub-Gaussian where ||y;||, < K? < 1. Using this
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notation we may then write the expression corresponding to the block diagonal entries in a more
compact manner:

Z/\ Ay (xOT x (0 _ g xOT x () Za’
i=1

Note that centering does not change subgaussianity, and that y? — E[y?] is a centered sub-gaussian
random variable where

1yi = Elyillly < 2lyilly, < 2.
These inequalities follow from Remark 5.18 in [52]]. Hence, we may apply a one-sided Hoeffding-type
inequality (Proposition 5.10 in [52]) to state that

#($atu 52 ) <o (7))

where c; is some absolute positive constant.

Now, examining ||a||3 we see that

= 3 4 = 3 (A < 3 44 s
=1

Thus assembling all the pieces together and lumplng together absolute positive constants, we can
conclude,

= B3 A (A0 (CTXO —BXOTX0) 2 L) < ep [ - eo(£)].
i=1

where cs is another absolute positive constant.

Part 2: The Off Block Diagonal Entries. In this section, we are attempting to bound:

Note that ) o ) o ) )
| X T A x0)| < dex(A(” XDl X D5

Thus, since || X || < K = 1, X"T A3 XU) is a mean zero sub-Gaussian random variable for all
1 # j with sub-Gaussian norm:

||X(i)TA(iJ)X(j)Hw2 < Omax (AP K2 < gy (A1)
We may then again apply a one sided Hoeffding-type inequality to state that

(ZX@ T A9) x () > t) < exp [_ cl(zi# Umi(A(i’j))Qﬂ.

i#]

Now, we have

> Omn(AGD)2 <37 0 (AGD)2 = g, (16)
i#] 0]
Thus assembling all the pieces together and lumping together absolute positive constants, we can

conclude, )
(S XOTA30 2 ) <[]

This bound on ps is the same, up to the constant, as the bound on p; from Part 1.

To finish the proof, we can just use the union bound over the block diagonal and block off-diagonal
results and lump together constants:

(ZA (AG)(XOTXH _EXOTXO)) 4 37 XOT 460 x0) >t> < p1+ po
i,j#i

2
< 2exp [—C(m)}’

where c is an absolute positive constant. Since the left hand side upper bounds the left hand side of
the expression in the lemma statement, we can conclude the proof. O
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Lemma 4. Let 01 02 . .0®) be drawn iid PL(0*), for some parameter 6* € O = {f € R? :
0]l < B,176 = 0}. Let \y(L) be the second smallest eigenvalue of the (random) Plackett-Luce
Laplacian obtained from { samples of PL(6*). Then

apn < (L),

with probability at least 1 — n* exp (—a}(), where ag = 1/(4(1 + 2¢3P)).

Proof. The edge weights of the comparison graph, denoted by w;;, Vi # j, for a collection of ¢
rankings can be described as:

[t
~

min{o (i), ok (j)}-

Wij

€

Where L;; = —w;;, Vi # j. The implication of considering the edge weights of the graph represented
by L is that we can lower bound Ay (L) in a simple way:

¢
A2(L) > Ao(Kp) minw;; = nminw;; = Lmi_n F E min{og(7),0(4)}- (17
ij ij n—1j L&~

For the inequality, we use the fact that the algebraic connectivity of a graph on n vertices G must be
lower bounded the algebraic connectivity of a complete graph on n vertices K,, whose edge weights
are the smallest edge weight of G. The equality follows from the algebraic connectivity of a complete
graph K.

‘We now need to unpack the right hand side of this bound. For each alternative pair ¢, j € X and a
ranking o ~ PL(6*), define the random variables X” = min{o(i),o(j)}. Extend this notation so

thatfork =1,...,7, let Xi(j) = min{o(i)®, o(5)*} and additionally,

V4
1
MVZX““’ ZZ min{o (i), o(j)}.

We are thus aiming to show that

1 n
(" 2) < X,
1 (1 T 2038 T oin, X

Intuitively, )_(ij is the mean of £ iid variables X, for each pair 7, j. We have that P(Xij > k) is the
probability that neither ¢ nor j were chosen in the first K — 1 MNL choices of repeated selection. Of
course, P(X;; > 1) =1and P(X;; >n)=0.Fork =2,...,n — 1, we have,

k—2 0. 9. 0.
e’im e’t + e’
P(Xi; 2 k) = Z H S e (17 S eeu)’
(i10enin—2)€X\{i,j} m=1 —€X\UFS {ig} e€X\{i1,...ix—2}

Neither ¢ nor j are choice 1, ...,k — 2 Neither 4 nor j are choice k — 1

where we define the terms so that the first underbrace term just becomes 1 when k& = 2.

We will now lower bounded the probability of not choosing item 7 or j in steps 1, ...,k — 1 as the
probability of not choosing two items each with utility B when all other items have utility —B. We
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proceed as follows:

k—2 .
elim

P(X;j > k)=

>

k—2

efi 4 el )

1—
(i1, ik _2)€EX\{i,j} m=1 ZweX\U;’;Zl{iq} ¢ ZwEX\{ihm,ik—ﬂ ¢

0.
e’tm
> Il & (1
m—15. 1 €%
(i1,00sin—2)€X\{i,j} m=1 “=z€X\UF " {iq}
k=3 ee'im

el + ef )

eV el 4 (n—k)e B

e + efi
(- )
efi +e% + (n —k)e B

efim

el + efi )

1 —
= X
i e\ (1) M= 2oEX\UT S (i) € 2 ae X\ fironin—s} ©

k—3
DS

(i1,.sik—3)€X\{i,j} m=1 erX\U;’;l{
X (1
k—1 0; 0j
> H (1 B e’t +e )
eVi +ef% +(n—m—1)e B

m=1
k—1 B
2e
M- )
_ml__[l( 2eB+(n—m—1)e B

(1
it €

el + el )
e¥i +eb% + (n —k)e B

efi 4+ e )

Celit el +(n—k—1)e B

The first line restates the equation, the second lower bounds the final term by decreasing the logits of
all variables but §; and 6; to — B, their smallest possible value. The lower bound is then restated in
the third line, where an explicit specification of the probability of choice k — 2 is stated implicitly as
the probability of any choice in the available universe but ¢ and 5. We may perform this step after the
lower bound, but not before, because the probability of choice & — 1 in the lower bound is unaffected
by the choice made in & — 2, whereas it would be affected in the original bound. In the fourth line,
we lower bound the & — 2 choice probability in a similar manner to the second line, and repeat the
restate-bound procedure over and over until we arrive at the final inequality, stated in the second to
last line. This expression is again lower bounded in the last line by raising the utility of items ¢ and j

to make the lower bound independent of ¢ and j.

Next, we have,

. 2¢8
P(x; =k = [T (1-
(X = )_nl;I1 2eB 4+ (n—m—1)e~
2eB k-1
> (1- )
- 2B+ (n—k)e B
B 2(k —1)eP
- 2eB + (n—k)e B
2keB

>1-—
- 2eB + (n — k)e=B’
and so for ¢ € [0, 1],

2e2B6n
> >1_
P(Xij 2 0n) 21 2¢2B + (1 —d)ne=B
on
= 4= —3B
1 + (1 — 6)”67
1 2e3B§
(1-29)
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Now, setting
1 —
§=—— ¢
2e3B +1—¢

we have that
1—-c¢

r (Xw‘ = 233+1—”> =

This expression claims that X; is at least linear in n with however large a probability we desire. We
can use these expressions to also lower bound the expectation:

n—1
E[X;] =1+ ) P(Xi; > k)
k=2
>1+ i ( 263Bk)
- Pt n—=k
1+2r;35
_ n _ 3B k
1+(1—|—263B 1) 2e n—=~k
k=2
1+2T;3B
n k
_1+( : —1) 2638
1+ 238 P 173555
1+27;3B k
n )
—1 ( _ 1) 2638 (1 + 2638
+ 1+ 2¢3B e (1+2e77) Pt (14+2e38)yn —n
1 9 3B 1+2e3B
_1+(1 233_1)_ = g
+ 2e n i
n 142381 n n
=1+ (fge 1) - 2 (2o ( 1)+
+ 1+ 2e3B n 2\1 + 2e38/\1 4 2e3B T

1 ( n n 1)

2\1+ 2e3B ’

where the first expression follows from the substitution of the tail bound only for the regime where it
is non-zero (ignoring, for simplicity, the matter of the ceiling operators), and using zero otherwise,
the next follows from lower bounding the second expression with the lowest value achieved in the
sum. The remaining steps perform the necessary algebra to arrive at the final expression, which is
clearly affine in n.

Now, recall that X i; 1s the mean of £ independent variables X;;. Certainly, the expectation of Xij is
the same as that of X;;. Since X;; is always bounded between 1 and n — 1, we may use the one-sided
Hoeffding’s inequality to make the following claim, for any ¢, j:

0%5°n?

P(E[X”] — Xij Z (571) S exp ( - m

) < exp(—£6?).
That is, for any i, j, with probability at least 1 — exp(—£52) we have that E[X;;] — X;; < dn. Using
our lower bound from before, we have that

1 n -

2 (T +1) s X

A strong upper bound on the failure probability of X;; attaining the left-hand-side value allows us

to easily union bound the failure probability of min;; X;; attaining the same left-hand-side value.
Namely,

. o n

min Xy < 3 (g5 + 1) ~n
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if any )_(Z-j is less than the right hand side. Thus,
o 1 n = 1 n 2 2

where the first inequality is the union bound, and the second inequality applies the preceding bound
on the failure probability of any X;; and additionally upper bounds as (Z) by n?.

Now, Setting § to  {55-5%, we may conclude the following: with probability at least
1 1
1—n? ( —{— 7) 18
PN T 6 (1 2038)2 ) (18)
we have that 1
ij

4\1+ 238
Returning all the way to Equation (I7)), we have that:

n n 1 n

Ao(L) > X > ( 2).
2(b) = g min Xy 2 5 g (e
Defining ap as
1
BT U1+ 263B)
which simplifies to:
1
Xo(L) 2 1 (aBn + 5) > apn, (19)

Rewriting the probablhty of this inequality (from @)) in terms of o, we have that Equation (T9)
occurs with probability

1 —n?exp(—Lag), (20)
completing the proof. O
Lemma 5. Let 01, ...,04 be drawn iid CRS(u*), the full CRS model with true parameter u* €

Op ={u e RV = [u], .. ul|T;u; € R" Y ||luil|, < B,Vi; 17 u = 0}. Let \o(XT X) be
the second smallest eigenvalue of the scaled (random) design matrix X obtained from ¢ samples of
CRS(u*). Then

KB T
—— < (XX
n3(n—1) < el )

with probability at least 1 — n exp(—g- EQB ), where up = 1/(4e2B).

Proof. Define L = X7 X, denote by D the collection of £(n — 1) choices constructed from the
¢ rankings by repeated selection, and let Cp be the set of choice sets in D. We also use X (D) to
refer to X. The CDM is identifiable (and so A2(L) > 0) the moment Cp contains the set X’ and
X \ i, Vi. We can see this observation because when we have all X'\ 4, we have all sets of size n
and n — 1, and thus can invoke Theorem 4 of [48]] to say that rank(X (D)) = n(n — 1) — 1 and thus
rank(L) < rank(X (D)7 X (D)) = rank(X (D)) = n(n — 1) — 1,50 Ao(L) > 0.

The universe set X" always appears with every ranking, so we could aim to lower bound the probability
that each set of size n — 1 appears in C'p at least once in order to get identifiability. We can however,
do more if each set of size n — 1 appears in Cp at least r times.

Suppose, for instance, that all X' \ ¢ are in Cp. Consider just the choices corresponding to the n
unique sets of size n — 1, as well as the n universe sets that came along with the sets of n — 1
in the same ranking, and refer to this collection of choices by the dataset D. For this dataset, the
corresponding L matrix (which we will label Lﬁ) is, using the notation of [48]],

Lp= ElL( I——llT)E

HM”

1
2n
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where the matrices E; i, € {0, 1}n(r=1)xk: depend only on the sets (not the hoices). We now apply
Lemma@, noting that the L in the statement of the Lemma is identical to the one here:

1
4n, An3

Now, look back at D, which has ¢ rankings, and the n — 1 choices that come from each. L is thus:

6n = < )‘2( ) (21)

£(n—1)
1
L=—— B, (I — Lyr E],
On—1) 2 a k; )
Since D contains the choices in 25, and since each term in the sum of L is PSD,
2n
— 6 < A2(L),
n—1)" = 2(L)
as a result of properties of sums of PSD matrices [L1][See pg. 128, Corollary (4.2)]. In fact, if D
contains the choices D in r copies, then we can say
2nr

ma < o(L).

With this understanding, we may now proceed to study the probability that each set of size n — 1
appears in Cp at least r times. Let 0 ~ C'RS(u*). The subsets X"\ ¢ appear in the repeated selection
decomposition of a ranking if o~ (i) = 1, that is, if 7 is ranked first, which happens with probability

P(i|X;u*) ocexp( > ulj).

JeX\i
Noting that |[u}[[1 < B, itfollows that 3, »\; ui; > —B and that for every i # 1, > v\ uj; <
B. It follows that
Pl X;u") > e” > _ 1
T e B4 (n—1)eB T ne?B
Consider now D, which are ¢ rankings from the model, o1, ..., 04, ~ CRS(u*). The probability

that X \ ¢ € Cp at most r; times given ¢ trials is the CDF of a Binomial distribution with success
probability P(i|X;u*). We may use a Chernoff bound to upper bound the CDF [2]:
P(X \ i € Cp at most r; times) < exp (—KD <%||P(1|X, u*)))

< exp (—€D (0.5P(i ;™) || P(i] &5 u™)))
< exp (—00.125P(i|X; u*))

l
< exp (—8n€23) )

where the second inequality follows by setting r; = .5P(i|X’; u*)¢, the third from the fact that
D(.5p||p) > .125p, and the last from lower bounding P(i|X; u*). For each i € X, let A; be the
event that X' \ ¢ € C'p at most r; times. Then all X'\ 4 are in Cp at least r = min; r; times whenever
we are not in U;e v AS. With a union bound and the previous bound we have

(Uiex AY) < ZP A9)

Y4
< nexp (_871623) .

With this result, we can see that with probability at least 1 — n exp(—ﬁ),

2nr 2n ¢ On !
> > > =
220 2 3= 2 = 1) 2080 2 (n = 1)e2B — dn(n— 1)etB”

where we substitute the value of §,, from in the last equality, which completes the proof. O
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Lemma 6. Consider the matrix

1 T 1 T 1 T 1 T

reX -

where 1 is the all ones vector and the matrices E¢ € {0, 1}”("’1)X|C‘, for any subset C C X is
defined equivalently to E; i, in Lemma[?] We have,
1

m < )\Q(Lﬁ).

Proof. The matrix E¢ selects specific elements of the CDM parameter vector u correspond-
ing to ordered pairs within the set C. FE¢ has a column for every item y € C' (and hence
|C| columns), and the column corresponding to item y € C has a one at the position of
each uy, for z € C \ v, and zero otherwise. Thus, the vector-matrix product u'Eq =

1x|C :
D cecny: Wiz 2ozechy, Uyazs - - - ZzeC\y‘c‘ uyka] € R™ICl. Throughout the proof we will
operate on the matrix L = 2n L5, and then carry our results over to L at the end.

Denote by g, the column of Ex corresponding to item y. Additionally, define h, € {0, 1}”("_1) as
the vector that has a one at the position of each u,, for z € X'\ y and u.,, for z € X\ y, and zero
otherwise. With these new definitions, we may perform some manipulations to rewrite L as,

_ (on — T _ L“l) oo b T
L=(2n 3)nggl. <1+n 111 +1 n_Ithhw.

zeX reX

Now, consider the subspace V' spanned by the columns g, and h,, V& € X as well as the all ones
vector 1. Evidently, for any vector w € Null(V), the kernel of the subspace V, we have,

4 1
_ _ T, T _ T, _ _
Lw=(2n-3) E 9z gy W (1+n 1)11 w+ Tw —] E hyh,w=ITw=w,

zeX zeX

n —

where the second equality follows because w is orthogonal to all the vectors it is is dotting, by
definition of w being orthogonal to the subspace V. Thus, every vector w € Null(V) is an eigenvector
with eigenvalue 1. Moreover, any eigenvector v with eigenvalue not equaling 1 must belong in V. If
we can find a collection of eigenvectors that span the subspace V, then the second smallest eigenvalue
must either be an eigenvalue corresponding to one of those eigenvectors, or be 1, corresponding
to any vector in Null(V'). We now proceed to construct a collection of eigenvectors that span the
subspace V.

Evidently, 1 is an eigenvector with eigenvalue 0, since L1 = 0. Next, define
Ug; = [_b - (TL - 2)]9»L + b(h’l - gw) + (1 - h@)

for every x € X and for any scalar b. We note that each of the three component vectors in the
definition of vi (9> hoe — ga» and (1 — h,)) all have non-zero entries in only the coordinates for
which the other two vectors have zeros. Consider vf; for two unique b values, by # by, and for all
x € X. We can show that the v%* and v?? collection of vectors, along with the 1 vector, span the
subspace V.

We start by noticing that v2* — 1 = [~2b; — (n — 2)]gx + (b1 — 1)hy and v%2 — 1 = [~2by — (n —
2)]g: + (b2 — 1)h,. And so we can perform linear manipulations to find g, and h,, Vz € X. Thus,
the vgl and vfﬁ collection of vectors, along with the 1 vector, span the subspace V, since all the
constituent vectors of V' are within the range of those vectors.

Now, we proceed to show that v? is an eigenvector for two unique b values for all x € X'. We have,

LUZ = [— n(n — 1)b —n(n— 1)(n —2) — (n _ 2)2b —(n— 2)3 4 (72121)2}%0_1_
n3 — 8n2 4+ 9n —
[(on— 24 TSI 2, g,
n3 — n2 n —
(20— 3)b+ 2 9n _*112 3} (1= hy).
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In order for % to be an eigenvector for some value b, it must by definition satisfy Lv® = \yv?, where
Ap is the corresponding eigenvalue. Since the vector components g, h, — g, and (1 — h,) have
non-zero values in unique coordinates, Lv®? = A\yv® can be stated as equalities on the respective
coefficients of v and Lv?:

[f nin—1)b—n(n—-1)(n—-2)—(n—2)72%—(n—-2)>+ %} = X[~ — (n —2)],
(20— 20p+ ”&_ifj9”_2]=Aw,
[(Qn— 30+ on? —922_—#11271—3} o

A simple calculation reveals that satisfying the latter two constraints satisfies the former. We can then
solve for b by substituting the latter two constraints into one equation,

2n3 —8n%2 +9n — 2
n—1

2n3—9n2+12n—3}b

[(an2)b+ o

} = [(Qn —3)b+
and can then substitute solutions for b into the expression for )\ (Ug) to find the corresponding
eigenvalue (eigenvector). Rearranging terms, we find that solving for b amounts to finding the root of
a quadratic:

(2n? — 5n + 3)b% + (2n® — 11n? + 16n — 5)b — (2n® — 8n* +9n — 2) = 0.
Applying the quadratic formula yields two solutions for b:

—2n3 + 11n2 — 16n + 5 £ V4nb — 28n5 + 81nt — 11613 + 74n2 — 12n + 1
In2 —10n+6

A root finding algorithm demonstrates that the discriminant is strictly positive for all n > 2, and so
there are always two unique solutions, b; and bs. Two unique solutions then means we have two sets
of eigenvectors v2! and v%2, Vo € X. As shown previously, two sets of vectors v%! and v%2 along
with 1 spans the subspace of V. Thus, we have eigenvectors that span the subspace V', and know that
all vectors in Null(V) are eigenvectors with eigenvalue 1.

b=

Now, substituting the solutions for b into the expression for ), yields the corresponding pair of
eigenvalues:

2n3 — Tn? + 8n — 1+ /4nS — 28n° + 81n* — 11613 + 7T4n? — 12n + 1

2(n—1) '
Ostensibly, the “minus” solution above corresponds to the smaller of the two eigenvalues. Denote the
smaller by just A. Should this smaller eigenvalue be less than 1 and greater than 0, it is the second

smallest eigenvalue. If it fails to We now show this is the case. Set a := (2n3 — Tn? + 8n — 1)? and
B :=4n5 — 28n° + 81n* — 116n3 + T4n? — 12n + 1. We then have that

5= Va—+va—4n? +4n \/47\/4112 an _\/4n2a—4n_1

2(n—1) 2(n—1)

. Using the well known inequality

A =

1
m<\/§—\/$—1, VLL'ZI,
we have a lower bound,

1 n n n 1
A>\dn?2 —4 = —== > —=—>0.
" n4(n_1> o Va 2n3—-Tn248n—-1" 2n3 2n?

4n2—4n

For the upper bound, we have that

\ = \/64’477,2 471*\/7 \/F\/nz 4n+1 \/n2 471'

2(n—1) 2(n—1)
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Using the well known inequality

1
m>\/x+ —\/.E, Vach,

we have,

1 n n
A< V4n? —4n =— < —.
4(71-1)1/% \/B (n_l)S

This upper bound is less than 1 so long as n > 3. Because A is less than 1, we know that 1 is not
the second smallest eigenvalue (corresponding to any vector in the subspace Null(V')). Because A
is greater than 0, and the smaller of the two values Ay, and ), , it is indeed the second smallest
eigenvalue of L. Furthermore, we have the lower bound from above, A > 1/ 2n2.

1

Since, L = 5-L, we can conclude that A\y(Lp) = 5=\ > 13,

which proves the theorem statement.
O

Lemma 7. Let u* denote the true CDM model from which choice data D with m choices is drawn.
Let Uy denote the maximum likelihood solution. For any u* € Ug = {u € R (=D . g =

[l ul )T u; € R |Jugl|, < B,Vi; 17w =0}, and t > 1,

<et

— )

ctn(n — 1)}

Pl (D) — w3 =
ltmLe(D) = u*[l5 = €B ky mMo (L)

where Ky is the maximum choice set size in D, cp,y,,. is a constant that depends on B and k.,
and \o(L) the spectrum of L = X (D) X (D) with scaled design matrix X (D). For the expected
risk,
n(n—1)
E| || D) —ut|2] < ¢ —_,

[|| MLE( ) ||2] = “B,kmnax mAQ(L)
where the expectation is taken over the dataset D generated by the choice model and cj& ko US A8AIN
a constant that depends on B and k..

Proof. Our proof is very similar to the proof of Theorem [I] Much like that proof, we will first
introduction notation for analyzing the risk, and then proceed to first give a proof of the expected risk
bound. We then carry the technology of that proof forward to give a proof of the tail bound statement.
The great similarity to the proof of Theorem [I|demands that we repeat some of the same arguments
here — in lieu of doing that, we jump to conclusions and refer the reader to the respective sections
of Theorem|[I} The resulting risk bound portion is a nearly exact replica of the risk bound in [48]]
(see Theorem 1), with the main difference being that our statement here employs a more restrictive
assumption on U/ than its counterpart in [48]], based on an infinity-norm vs. the 1-norm above. We
constrain U/ so we may apply LemmalI]to efficiently bound a 3y, term that arises in the proof.
Unpacking the proof for the risk bound additionally yields the right tools to prove the tail bound
result above, an entirely novel contribution of our work. For both the tail and risk bound sections, the
notation we use for the CDM model often overloads the notation used in the MNL model’s proof.
This overloading is intentional, and is meant to convey the high degree of similarity between the two
models, and the proof techniques used ot provide guarantees for them.

We are given some true CDM model with parameters u* € U, and for each datapoint j € [m] we
have the probability of choosing item x from set C; as

eXp(ZzECj\x u;z)
Zyecj eXp(ZzECj\y u;z)) .

P(y; = zu*,C;) =

Notation. We now introduce notation that will let us represent the above expression in a more compact
manner. In this proof, we will use d = n(n — 1) to refer to the CDM parameter space. Because
our datasets involve choice sets of multiple sizes, we use k; € [Kmin, kmax] to denote the choice set
size for datapoint j, |C;|. Extending a similar concept in [49]] to the multiple set sizes, and the more
complex structure of the CDM, we then define matrices E ;, € R™*i, Vj € [m] as follows: Ej
has a column for every item y € C; (and hence k; columns), and the column corresponding to item
y € C; has a one at the position of each u,,, for z € C; \ y, and zero otherwise. This construction
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allows us to write the familiar expressions Ci\y Yyz> for each y, simply as a single vector-matrix

product uTEj’kj = [ZZECJ'\Z/I Uyr2> ZzGC_j\yz Uyszs - - - ZZGC;‘ \Wk; Uyka] € RV,
Next, we define a collection of functions Fy, : R* 5 [0, 1], Yk € [kmin, kmax] as

_ exp(z1)
Zf=1 exp(xl)’

where the numerator always corresponds to the first entry of the input. These functions F} have
several properties that will become useful later in the proof. First, it is easy to verify that all F}, are
shift-invariant, that is, Fj(x) = Fj(z + c1), for any scalar c. The purpose of introducing F, is to
write CDM probabilities compactly. Since the inputs x; are sums of £ — 1 values of the u vector, the
inputs « € [-B, B]".

We may thus apply Lemma([l] and obtain that that 1 € null(V?(— log(F(z)))) and that

Fk([ml,aﬁg, e ,.’Ek])

1
V?(—log(Fy(x))) = Hy, = Br(I — %HT)’ (22)
where
P 23
" kexp(2B) 23)

That is, Fj, are strongly log-concave with a null space only in the direction of 1, since
V2(—log(Fy(z))) = Hy, for some Hy, € RF¥F Xy (Hy) > 0.

As a final notational addition, in the same manner as [49]] but accounting for multiple set sizes, we
define k permutation matrices Ry j, ..., Ry x € Rk”“, Vk € [Kmin, Kmax), Tepresenting k cyclic shifts

in a fixed direction. Specifically, given some vector z € R¥, y = J?TRZ, % is simply z” cycled (say,
clockwise) so y1 = x;, ¥; = T(14i—1)%k, Where % is the modulo operator. That is, these matrices

allow for the cycling of the entries of row vector v € R**¥ so that any entry can become the first
entry of the vector, for any of the relevant k. This construction allows us to represent any choice
made from the choice set C; as the first element of the vector x that is input to F, thereby placing it
in the numerator.

First, an expected risk bound. Given the notation introduced above, we can now state the probability
of choosing the item « from set C; compactly as:

P(y; = z|u*, C;) = P(y; = x|u*, kj, Bjx,) = Fi,(u*" Ej g, Rog;)-
We can then rewrite the CDM likelihood as

T
SULI{) H Fie, (u” Ej g, Ra 1)),
UEUE (4 ,k;, B k) €D

and the scaled negative log-likelihood as

t(u) = T Z log(Fi; (u" Ejje; Ry 1y)) = —— Z Z 1[y; = i]log(Fy,(u" Ej k, Rik,)).

(I]’,k]’,E]"kj)GD Jj=11:i=1

UMLE = arg max £(u).
B

At this point, it should be clear to the reader that the problem formulation is almost exactly the
same as that of Theorem(I] the only difference being that u belongs in a higher dimensional space
than 6, and that the respective proofs’ Ej; ;. is defined differently. Due to Ug’s definition restricting
the /1 norm of certain entries of u, we see that the inputs uTEMj Ry, ; to the functions Fy, live
within [—B, B]*/, much like the restrictions on ©p also resulted in 07 E; x R, i, € [—B, B]".
The similarity of the problems allow us to port over certain steps used in the proof without additional
justification.
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To begin, we have the gradient of the negative log-likelihood as

m k7
1
5221 i Ej 1, Ri i, V1og(Fy, (uT Ej i, Riy,)), (24)
j=11i=1
and the Hessian as
m kj
1 T T
= 7%221 Y = Z jk Rzk V log(Fk (u E]k le ))Ri,kjEj,kj
j=1i=1

Proceeding identically as Theorem we have, for any vector z € R¢,

1 1
2TV (u)z > B, ~ > B, (I EHT)EJ‘% z
j=1
where we have followed the same steps taken in Theorem to bound 27’ V2((6)z. Now, defining the
matrix L as

ZEM —11T)Ejk ,

we first note a few properties of L. First, it is easy to verify that, like in Theorem([I} L1 = 0, and
hence span(1) C null(L). It is also straightforward to see that L is not a Laplacian, unlike the MNL
case, since every non pair edge creates positive entries in the off diagaonal. Moreover, we follow an
argument in [48]] to show that Ao (L) > 0, that is, null(L) C span(1). Consider the matrix G(D), the
design matrix of the CDM for the given dataset D described in detail in Theorem 4 of [48]]. Define a
matrix X (D) = C5'G(D), where C' € R??*9? is the diagonal matrix with values are k%-’ for

every datapoint j, for every item z € Cj}, and where Qp = Y ;" | k;. X (D) should therefore be
thought of as a scaled design matrix. Simple calculations show that,

L= %X(D)TX(D) = 0.

As a consequence of the properties of matrix rank, we then have that rank(L) = rank(X (D)) =
rank(G(D)). Thus, from Theorem 4 of [48], we have that if the dataset D identifies the CDM,
rank(L) = d — 1, and hence A2(L) > 0. We may then leverage conditions for identifiability from
[48] (Theorem 1 and 2) to determine when L is positive definite.

With this matrix, we can write,
ZTVQ[(U’)Z 2 /BkmmszLZ = /Bkmmx | |Z| |%7

which is equivalent to stating that £(u) is Sy, -strongly convex with respect to the L semi-norm at all
u € Up. Since u*, upLe € Up, we can now follow the implications of strong convexity with respect
to the L semi-norm used in Theorem [T} of course now with a different L, and conclude that:

(W T LIVe(ur).

|lane — u*]|7, <

»Bk

Now, all that remains is bounding the term on the right hand side. Recall the expression for the
gradient

‘max

m kj

. 1
Ve(u):—*zzlm—ﬂ Ejk, Rin, Vlog(Fy, (u*" Ej, Rix,) ——*ZEJijkﬁ

Jj=11i=1

where in the equality we have defined Vj , € R*/ as
Zl 1 zk VIOg(Fk ( j,iji,kj))~
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It is not difficult to see that V} i, is defined identically to the one in Theoremm We may thus borrow
three results directly from that proof:

Vi, 1=0 E[Vik,] =0 sup ||V, 3 < 2.

J€[m]

The remainder of the proof departs from the corresponding sections of[T] and we thus carefully detail
every step. Consider the matrix M, = (I — £117). We note that M, has rank k — 1, with its
nullspace corresponding to the span of the ones vector. We state the following identities:

1 1
My, =M} = M2 =M,".
1
Thus we have My, V; ., = M, %lej Vik, = MkM,IV]k] = Vj k,» where the last equality follows
since Vj i, is orthogonal to the nullspace of My, .
Next, we have

E[V/(u*)TLIVI(u*)] = —E ¢

3|~
.IMIE
NE

~
Il
A
I

V'?;Cj E}:kjLTElvlel’kl}

1

7

I
SM‘H
lﬁl

NIE

-
I
—
I

T spT 7t 3
V: ijk]‘ 2Ej,kjL El,klel 2Vik
1

I
3=
lﬁl

1 1
V%’L i Mkj 2 qu':kj LTEj,kj Mkj 2 Vﬂk;}

IR

j=1
I 11 & 1 1

< —E[ sup Vi3] S tr(My, 2 EL LB 4, M, )

m  Licim] im =

17 11 & 1 1
= —E| sup [|Vixll3 *Ztr<LTEj,ijkj2Mkj2EjT,kj)

m  Ligim] im j=1

1

=
h

= L] sup [V 18]t

m  Licim]

1
= —E| sup ||Vii 2 d—1),
B sup IVl (@ = 1)

where the second line follows from identities of the M matrix, the third from the independence of the
Vi k;» the fourth from an upper bound of the quadratic form, the fifth from the properties of trace, the
sixth from the definition of the matrix L, and the last from the value of the trace, which is simply the
identity matrix with one zero entry in the diagonal.

Bringing the final expression back to E[V/(u*)T LTV ¢(u*)], we have that

E[V(u*)TLTVe(u*)] < w.

This inequality immediately yields a bound on the expected risk in the L semi-norm, which is,
2(d—1)

mpE

‘max

E[l|amee — u*]|7] <

By noting that ||aMLE — U*H% = ('IAJ/MLE — u*)L(dMLE — u*) > Ao (L)”aMLE — u*| ‘%, since Upmig —
uw* | null(L), we can translate our above result into the ¢5 norm:

. 2(d—1)
E[| |t — uw*[[3] < (D)5
Kmax
Now, setting )
/ = =2 exp(4B)k:I2nax,

CB:kmax : /8’%

‘max
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we retrieve the expected risk bound in the theorem statement,

n(n —1)
7kmax m)\Q(L) N

We close the expected risk portion of this proof with some remarks about cp ... The quantity
Bna» defined in equation (23)), serves as the important term that approaches 0 as a function of B and
kmax» requiring that the former be bounded. Finally, A2 (L) is a parallel to the requirements on the
algebraic connectivity of the comparison graph in [49] for the pairwise setting. Though the object L
here appears similar to the graph Laplacian L in that work, there are major differences that are most
worthy of further study.

E[ame(D) — w*[|5] < cp

From expected risk to tail bound. Our proof of the tail bound is a continuation of the expected risk
bound proof. While the expected risk bound closely followed the expected risk proof of [48]] and [49],
our tail bound proof contains significant novel machinery. Our presentation seem somewhat circular,
given that the tail bound itself integrates out to an expected risk bound with the same parametric rates
(albeit worse constants), but we felt that to first state the expected risk bound was clearer, given that it
arises as a stepping stone to the tail bound.

Recall again the expression for the gradient in Equation (24). Useful in our analysis will be an
alternate expression:

1 — 1
Vi(u*) = T ZEj,kj Vj,kj = _EETVy
j=1

where we have defined V' € R? as the concatenation of all Vi, k;»and B € R?2X" the vertical

concatenation of all the E ;. Recall that Qp = Z;’;l k;.

For the expected risk bound, we showed that V; x, have expectation zero, are independent, and
Sy . . i, .1

|Vjk, |3 < 2. Considering again the matrix Mj, re call that we have My, Vik, = My,? M,fj Vik, =

M M, ,IVJ k; = Vjk,» where the last equality follows since V} x; is orthogonal to the nullspace of
My;. We may now again revisit the expression for the gradient:

1 — 1 1/2 1 T
VUO*) = —— ik Vig, =—— " k= ——
(07) = = > ik, Vi, = == D Big My Vg, 1= = X(D)TV,
Jj=1 Jj=1
where we have defined X (D) € R??*" as the vertical concatenation of all the E; j,, M, ,1 J/ ?, and the
scaled design matrix described before.

Now, consider that )
Ve(u)TLIVI(w) = —VIX(D)LTX(D)"V.
m

We apply Lemma[3] a modified Hanson-Wright-type tail bound for random quadratic forms. This
lemma follows from simpler technologies (largely Hoeffding’s inequality) given that the random
variables are bounded while also carefully handling the block structure of the problem.

In the language of Lemmawe have Vj ., playing the role of () and Lp := #X(D)IA/TX(D)T
plays the role of A. The invocation of this lemma is possible because Vj 1, is mean zero, ||V} 1, ||2 <

/2, and because Y.p is positive semi-definite. We sweep K 4 — 4 from the lemma statement into the
constant ¢ of the right hand side. Stating the result of Lemma 3| we have, for all ¢ > 0,

- 2,7 7 i t2
PVTE0V =3 A (SEDEVOTVO] > 1) < 2exp ( —c 7 2). (25)
Pt Zi,j Umax( D )

We note that

D omn(Z57) < 30D on(57)? = 3 IEEY Ik = IS0l %

i, ij k i
where the first inequality follows because the max is less than the sum of positive values, and the first
equality from the definition of Frobenius norm, and second from the Frobenius norm of blocks being

44



the Frobenius norm of the whole. This inequality allows us to conclude that, for the right hand side
of of Equation (23)):

12 ) t?
- SZexp(—ci).
S Tnax(E57))? IZpl%

2exp ( —c
Next, within the left hand side of Equation (23] we have,

3 A (B57) < " w(557) < w(Sp),

i=1 i=1

and so:

P(VTSpV — te(Sp) sup EVOTVO] > 1) <PVTEpV =) Amax (EENE[VOTY 0] > ¢),

1€[m] i—1

We may now combine these improvements for a much more compact version of Equation (25):

) ) 2
P(VTEpV — tr(Ep) sup E[VOTV O] > ¢) < 2exp ( - cﬁ). (26)
i€[m] HED”F

Now, some algebra (see Lemma@) reveals that:

d—1

d—1
tr(Xp) = ——, [Soll7 = d-1)

ECI 27

where we have used the fact that L = L X (D) X (D) and hence its pseudoinverse cancels out the

other terms in ¥p. Now, noting that the norm of V; ;, is bounded (thus E[V®O7TV(®)] < 2), and
substituting in the relevant values into Equation (26), we have for all ¢ > 0:

_ 242
P(W(u*)TLTW(u*) - % > t) < 2exp <—c;”_t1> .

A variable substitution and simple algebra transforms this expression to

t(d—1)

m

P|Ve(u*)TLIVL(u*) > ¢

1 <e7t forallt>1,

where c5 is an absolute constant. We may then make the same substitutions as before with expected
risk, to obtain,

t(d—1)

‘max

PlHaMLE(D) —u*[|3 > e 1 <e ! forallt > 1.

Setting d — 1 = n(n — 1) — 1, dropping the final minus one term, and making the appropriate
substitution with cp . , we retrieve the desired tail bound statement, for another absolute constant c.
tn(n —1)

<e ! forallt > 1.
(D) <e orall ¢t >

leMLE(D) — |5 > B

Integrating the above tail bound leads to a similar bound on the expected risk (same parametric rates),
albeit with a less sharp constants due to the added presence of c. [
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