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Abstract

Many applications such as recommendation systems or sports tournaments involve pairwise
comparisons within a collection of n items, the goal being to aggregate the binary outcomes of
the comparisons in order to recover the latent strength and/or global ranking of the items. In
recent years, this problem has received significant interest from a theoretical perspective with
a number of methods being proposed, along with associated statistical guarantees under the
assumption of a suitable generative model.

While these results typically collect the pairwise comparisons as one comparison graph G,
however in many applications — such as the outcomes of soccer matches during a tournament —
the nature of pairwise outcomes can evolve with time. Theoretical results for such a dynamic
setting are relatively limited compared to the aforementioned static setting. We study in this
paper an extension of the classic BTL (Bradley-Terry-Luce) model for the static setting to our
dynamic setup under the assumption that the probabilities of the pairwise outcomes evolve
smoothly over the time domain [0,1]. Given a sequence of comparison graphs (Gy)yer on a
regular grid 7 C [0, 1], we aim at recovering the latent strengths of the items w; € R™ at any
time ¢t € [0, 1]. To this end, we adapt the Rank Centrality method — a popular spectral approach
for ranking in the static case — by locally averaging the available data on a suitable neighborhood
of t. When (Gy )ver is a sequence of Erdés-Renyi graphs, we provide non-asymptotic 5 and o,
error bounds for estimating w; which in particular establishes the consistency of this method in
terms of n, and the grid size |7|. We also complement our theoretical analysis with experiments
on real and synthetic data.

1 Introduction

Ranking problems arise in many domains such as sports tournaments [5l 2], recommendation sys-
tems [12] and even in the study of systems in biology [4, 2§]. Typically, the data associated with
these problems are binary outcomes of pairwise comparisons. For example in a sports tournament,
the data comprises of the result of each game played between two teams or players (team i beat
team j). The aim then is to recover a ranking of the items from the pairwise outcomes, often by
estimating a score for each item, that represents its latent strength/quality. We remark that com-
parison data are frequently prefered to the attribution of a score by the users due to the sensitivity
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to bias of the latter. Indeed, the evaluation of the items and the strategy of scoring usually varies
considerably between users and thus lead to rather inconsistent scores [12].

The collection of pairs of items which are compared can be naturally represented as an undi-
rected graph G = ([n],£) where the n vertices are the items to rank, and an edge {i,j} € &
represents a comparison between items ¢ and j. Note that in order to recover the underlying rank-
ing, the graph G needs necessarily needs to be connected. Indeed, if this is not the case, then there
will exist two connected components of GG such that there is no information available to rank items
in one component with respect to the other.

Classic BTL model. A classic statistical model for ranking problems was introduced by Bradley
and Terry [3] and completed by Luce [I7]; this is now referred to as the BTL (Bradley-Terry-Luce)
model. Denoting w; > 0 to be the strength of item ¢, it posits that the probability that item j
w*

Bernoulli random variables paramaterized by y;; for each {7, } € £. This model has been studied
extensively through many appplications, such as sports tournaments [5], measurements of pain [18]
or the estimation of the risk of car-crashes [14]. Moreover, numerous methods have been proposed
to analyse the model theoretically with the goal of estimating the latent strengths. Two methods
which have received particular attention are the maximum likelihood estimator (MLE) [3, 23], and
a spectral method called Rank Centrality introduced by Neghaban et al. [23]. Both these methods
have been analyzed in detail over the years for general graph topologies (eg., [23]) and also for the
special case of Erdos-Renyi graphs G ~ G(n,p) (eg., [7,[6]). For instance, let us denote 7* = ﬁ
to be the normalized vector of true scores, and 7 its estimate returned by Rank Centrality. Then
assuming that each comparison between two items has been performed L times (for L large enough)
and p > 1987 it holds with high probability (w.h.p) that [7, 6]

n

beats item ¢, namely y7;, is given by . The data is then available in the form of independent

|7 — 7|2 i logn
and <

72~ VnpL [m*lloo ™\ mpL”

Here <, 2 hide absolute constants, see notations in Section[2} Analogous bounds hold for the MLE
as well, and moreover, these bounds are optimal [7, [6]. The /-, bounds are particularly useful
as they readily lead to conditions for exact recovery of the true ranks of the items. A weaker
requirement is the identification of the set of top-K ranked items for some small K, see [7].

Dynamic ranking. The aformentioned setup considers the ‘static’ case where only one compar-
ison graph is available. However, in many applications, the latent strengths of the items evolves
over time. Indeed, a user preference changes with time in recommendation systems, as does the
level of a player or a team in sports tournaments. This dynamic setting has received significantly
less attention than its static counterpart and has mostly been studied with a focus on applications,
such as sports tournaments [5], [IT), 21]. It has rarely been analysed theoretically in the past however,
although some results exist for a state-space generalization of the BTL model [9, [10, 19] and for a
Bayesian framework [10] [16].

Dynamic BTL. The focus of this paper is to consider a dynamic version of the classical BTL
model for ranking. In this dynamic scenario, we are given pairwise comparisons on a discrete set of
time instants 7, hence leading to a sequence of comparison graphs (Gy)ye7. Moreover, denoting
wy; > 0 to be the strength of item ¢ at time ¢, the probability that item j beats item ¢ at time



/ . .
t' € T is now given by —

*
Wy g
* *
t’,i+wt’,j

. This model is described in detail in Section The goal is to

recover the underlying ranking at any given time instant ¢, where ¢ does not necessarily belong to
T. Furthermore, we make the following remarks.

Suppose t lies in T, then we could consider only using the pairwise comparison data cor-
responding to Gy, along with a suitable algorithm for the static case. However, G; is not
necessarily going to be connected; indeed, all the comparison graphs can now be disconnected
and be very sparse. Hence this approach will fail in such scenarios. This suggests that it is in
some sense crucial that we utilize the pairwise comparison information across different time
instants in 7 in order to get meaningful rank recovery at time ¢. This approach can of course
be relevant even if Gy was connected for all ¢/ € 7.

Very recently, a couple of theoretical results were obtained for the dynamic ranking problem.
Li and Wakin [I5] include in their model the observed difference of scores (for example the
score of a football game) which clearly contains richer information in comparison to simple
binary outcomes. Bong et al. [2] considered an adaptation of the BTL model to the dynamic
setting similar to what has been described above. They first combine pairwise comparison
information by applying kernel smoothing to the entire dataset, and then use the MLE for
the smoothed data to recover the ranks. We discuss these results in more detail in Section [7l

Our contributions. We provide in this paper the following contributions.

We consider a model adapted to the dynamic ranking setting which involves using the BTL
model at each time point, but assumes that the pairwise outcome probabilities are Lipschitz
functions of time. In this setting, we propose an adaptation of the Rank Centrality method,
namely Dynamic Rank Centrality (Algorithm (1)) to recover the ranks at any given time ¢ by
averaging the data belonging to a suitable neighborhood of .

We provide a detailed theoretical analysis of the previous algorithm by deriving #» and fo,
error bounds for estimating the latent strength vector wy = (wyy, .. .,w;:n)T at any given
time instant ¢ € [0, 1]. In particular, assuming 7 C [0, 1] is a uniform grid (|7] =T+ 1) and
the comparison graphs (Gy)yer are Erdés-Renyi, we show (see Corollaries for T large
enough that the error rates are of the order O(7~'/3) w.h.p. This result holds in very sparse
regimes where each Gy could be potentially disconnected. Moreover, this rate matches the
classical pointwise estimation error rate for Lipschitz functions.

Finally, we perform extensive experiments on synthetic data which validates our theoretical
findings. We also evaluate our method on a real data set and show that it performs well.

Outline of the paper. After presenting the dynamic BTL model and our algorithm in Section
we summarize our main theoretical results for the /9 and /., estimation errors in Section [3| We
then describe in detail the ¢y analysis in Section ] and the ¢, analysis in Section [pl Finally, we
conduct experiments on both synthetic and real data in Section [6] and discuss other closely related
work in Section [Tl

2 Problem setup and algorithm

Notation For any probability vector m € R™ with strictly positive entries, we define the vector

norm ||z||r = />, mx?. For a matrix A, the corresponding induced matrix norm is then defined



as || Allx = supjg, =1 |z T Al|. Note that some simple inequalities follow from these definitions.

Tmi s
Viminl[zle < [2llx < VAmaxlzlls - and [ =A< [Alle < /=]l (2.1)

max min

where || Al|2 denotes the spectral norm, i.e., largest singular value, of A. The Frobenius norm of A
is denoted by ||A||F. If A is a n x n matrix with real eigenvalues, we order them as A\, (A) < --- <
A1 (A). Positive (absolute) constants are denoted by ¢, C, C' etc. with suitable choice of indices. For
a,b > 0, we write a < b if there exists a constant C' > 0 such that a < Cb. Moreover, we write
a=<bifa<Sband b < a.

2.1 BTL model in a dynamic setting

Let us formally introduce our model for dynamic pairwise comparisons, inspired by the Bradley-
Terry-Luce (BTL) model. We consider a set of items [n] = {1,2,...,n}, with a certain quality at
each time t € [0, 1], represented by the weight vector wy = (wy, ... ,wi,)" € R™ with wy; > 0 for
each i € [n]. Let us denote

*
Wy 4

b(t) := max for all ¢ € [0, 1] (2.2)

1,j€[n] wt’j
where we will require that b(t) is finite for each ¢t € [0, 1].

Our data consists of pairwise comparisons on this set of items at timest € T = {%] 1=0,..., T}.
The outcomes at each time ¢ € T are gathered into an undirected comparison graph G; = ([n], &)
where & is the set of edges. While the set of items [n] is supposed to be the same throughout, the
compared items, i.e. the set of edges & can change with time.

To model such data, we use the BTL model at each time ¢t € 7. This model posits that the
probability that an item j wins over an item i is proportional to its strength. At each timet € T, for
each pair of compared items {7, j} € &, we perform L independent comparisons. Their outcomes

are independent Bernoulli variables, defined for [ € {1,..., L} by yz(jl)(t) where

wy
Py (t)=1)= .
“ Wy, +w

The proportion of times j won over i at time ¢ is given by y;;(t) = % Z yi(;-) (t) and the corresponding

~
[y

true proportion is denoted by

Smooth evolution of pairwise outcomes. Our goal is to recover w; at any time t € [0, 1].
Suppose for the moment that ¢ is on the grid, then if G; is connected, wy is identifiable up to
a positive scaling. However in our dynamic setting GG; can be very sparse, and is not necessarily
connected. Therefore for meaningful recovery of w;, we need to make additional assumptions on
the evolution of the pairwise outcomes over time. To this end, we make the following smoothness
assumption.

Assumption 1 (Lipschitz smoothness). There exists M > 0 such that

lyi () =y ()| < Mt —#'| v, ¢ €[0,1], i+ j€[n]. (2.3)

4



This assumption suggests that the pairwise outcomes at nearby time instants are similar, hence
it is plausible that w; (at any ¢ € [0,1]) could be estimated by utilizing the data lying in a
neighborhood of ¢. To formalize this intuition, let us define a neighborhood at any time t by

Ns(t) == {t’ eT | t-t|< ;} (2.4)

where 6 € [0,7]. Note that if § < %, then there exists some values of ¢ for which Ns(t) is empty;
hence we will consider ¢ € [1/2,T]. It is easy to verify that 6 < |[Ny(t)| < 46 for all ¢t € [0,1]. Tt
will also be useful to denote

bmax t) = bt, . 2.5
s(t) /5 (t') (2.5)

Neighborhood graph. For any time ¢ € [0, 1], the data contained in the neighborhood Nj(t)
can be gathered into a union graph, defined as G5(t) = ([n], &5(t)) where E(t) = Upepy) €. The
maximum and minimum degree of a vertex in G;(t) will be denoted by dsmax(t) and dsmin(t)
respectively. For each edge {i,5} € &5(t), it will also be useful to denote the the time instants in
N;s(t) where i and j are compared as

/\/—z],d(t) = {t, € N5(t)| {Zaj} € gt’} 5
along with the quantities

Nmax,§ (t) = |-/\/:ij,5 (t)| and Nmin,5 (t) = mi |-/\/:ij,5 (t)|

max = n
{i.7}e€s(t) {i.7}e&s(¢)

General recovery idea. Given the above setup, a general idea for recovering wj is to first form
the union graph Gs(t), and to then compute the statistics

1
yij(t) i= i (t) T i, g} € Es(t). 2.6
y]( ) |Mj,6(t)| tle/\%é(t)yj( ) or {Z ]} (5( ) ( )

In the limit L — oo, we have for each {i,j} € £s(t) that

— L o0 _x 1 *
Ui (t) Lo, Yij (t) = m Z Yij (t/)-
GO e (1)

Due to Assumption [T we know that
|75(8) — yis ()] < Mo/T,  for {i,j} € E(t),

hence if § = o(T), then for each {4, j} € &(t), we have that ;;(t) converges to y;;(t) as T — ooc.
Moreover, if the corresponding sequence of graphs G;(t) is connected, the identifiability of w; (up
to a positive scaling) is ensured. The connectivity requirement on Gg(t) is of course much weaker
than requiring the individual graph(s) to be connected, which is also a key difference between the
static and dynamic settings. Also note that the computed statistcs g;;(t) are nearest neighbor
estimators as they average the data over a suitable neighborhood of ¢. More generally, one could
also compute 3;;(t) via kernel smoothing as considered in [2].

With the above discussion in mind, a general scheme for recovering w; for any given ¢ € [0, 1]
would be to first form Gg(t) for a suitable choice of the parameter ¢, then compute the statistics
7;j(t) as in , and finally apply any existing method for the static case using the comparison
graph Gs(t) and the data (9i(t))fijieesr)- We will focus on the Rank Centrality algorithm of
Negahban et al. [23] — a popular spectral algorithm known to achieve state of the art performance
— and adapt it to our dynamic setting.



2.2 Spectral dynamic ranking

The Rank Centrality [23] method is based on the connection between pairwise comparisons and
a random walk on a directed graph. In the static case, a faithful estimation of the weight vector
is given by the stationary distribution of the Markov chain induced by a suitably constructed
transition matrix. In the dynamic setting, this method can be adapted for estimating w; by now
constructing the transition matrix using G;(t) and the data (3i;(t))(; j1eg,t)» as in (2.6).

More precisely, we define a transition matrix ﬁ(t) on this graph using (i;(t)) i j1ee;(r), With

gij(t) _ . ..
Zm—m>Mm;Umw it {i,j} € &)
. t'e ij,6 (T
P (t) = 1 (2.7)
1— 1 ) t/ i i—
ds(t) gé: |Mk,6(t)| tle]\; . yzk( ) 1 1 J
? ik,8
0 otherwise

where ds(t) > dsmax(t) is a suitably chosen normalization term. Then, one can easily verify that at
each time ¢, P(t) is a transition matrix (P(t) is stochastic) corresponding to a Markov chain on a
finite state space. Thus there always exists at least one stationary distribution associated to ﬁ(t)
Moreover, stochastic matrices admit 1 as leading eigenvalue and so a candidate as the stationary
distribution is its leading left eigenvector, i.e.

Besides, the vector of true weights w; we want to recover can be seen as the stationary distri-

bution of a transition matrix on the union graph. Specifically, denoting 7*(t) = %, one can
i=1 Wi i

easily show that 7*(¢) is the stationary distribution of the transition matrix

1 wy ; . .
T 0 it {i,j} € E(t)
Pyt)=9 1- % . L . if i=j (2.8)
ds (t) gé; wy; + wy
0 otherwise

since P(t) and 7*(t) verify the detailed balance equation of reversibility [13]

Py(t)n (t) = P()mi(t) Vi j € nl

One can reasonably expect 7(t) to be close to 7*(¢) as they are stationary distributions of P(t)
and P(t) respectively, the latter of which are expected to be close. Indeed, one has the following
bias-variance trade-off

P(t) — P(t) = P(t) — E[P(t)] + E[P(t)] — P(¢).

variance bias

where the variance term is typically expected to decrease with § (due to averaging over Nj(t)) while
the bias term will scale as O(d/T') (due to the smoothness assumption [). Hence for a suitably
chosen 0 = o(T") we will then have (for n,T large enough) P(t) ~ P(t), which implies 7(¢) =~ 7*(¢).



Remark 1. For meaningful recovery the vector w*(t) clearly has to be unique. This is the case
if the associated Markov chain is irreducible which in turn is ensured by the connectivity of the
underlying graph (here, the union graph Gg(t)) and the strict positivity of the weights on its edges
[13]. The condition on the weights is guaranteed in our setup since P;j(t) > 0 for each {i,j} € Es(t)
(indeed, w;; >0 for each t € [0,1] and i € [n]).

Based on the above discussion we can outline the steps of our method for ranking in the dynamic
setting in the form of Algorithm Our goal now is to establish conditions under which 7(¢) is

Algorithm 1 Spectral algorithm for dynamic ranking (Dynamic Rank Centrality)

1: Input: Grid 7 C [0,1], and a given time ¢ € [0,1]. For each ¢’ € T: comparison graph Gy,
results of comparisons as statistics (yi;(')) i jyee, -

2: Form the neighbourhood graph Gs(t) = ([n], &5(t)) where Es(t) = Upeny )€y, and Ns(t) is as
in .

3: Compute the transition matrix P(t) as in with ds(t) > dsmax(t)-

4: Compute the leading left eigenvector 7(t) of P(t).
5. Output: 7(t) € R™.

close to 7*(t) under the ¢2 and ¢+, norms. These results are summarized in the next section. In
particular, we will strive to establish consistency results (i.e., the error approaching zero) when the
grid size T' — oo.

Before proceeding, we need to define some additional quantities related to the union graph
Gs(t) which will appear in the following sections. Let L;(t) = D5 '(t)As(t) denote the random
walk Laplacian of Gs(t), where Ds(t) is the diagonal matrix of vertex degrees, and As(t) is its
adjacency matrix. We denote &5(t) = 1 — Amax(Ls(t)) where

Amax(£5(t)) := max {Aa2(L5(t)), —=An(Ls(t))}

is the second largest eigenvalue (in absolute value) of Ls(t). Note that L5(¢) has real eigenvalues
since it is similar to the symmetric Laplacian Dgl/Q(t)Ag(t)Dgl/z(t).

3 Main results

In Section we present bounds on the ¢y error ||7(¢t) — 7*(t)||2, while Section contains our
bounds on the o, error ||7(t) — 7 ()] co-

3.1 /5 error bound

For a given sequence of graphs (G(t'))y e, the following theorem provides an explicit £2 error bound
(holding w.h.p) which in particular highlights the dependence on parameters related to the union
graph Gy(t), the grid size T and the neighborhood size §.

Theorem 1. For any given t € [0, 1], suppose that § € [%,T] is such that n > c1logn and £5(t) > 0
for some constant ¢y > 0. Choosing ds(t) > dsmax(t), there exist constants Cy > 15,Cy > 1 such
that if

é \/Nmax,ﬁ(t)d(s,max(t) IOgn M6|g5(t)’ < 55(t)d5,min(t) (31)

LA (N2, 5(0) Tdsmax(t) ~ 8ds(t)b7/2(t)’



then it holds with probability at least 1 — O(n~19) that

7(t) = T (O)ll2 _ ., MOIEs(H)|b™(t)ds(2) 486 bY2(1) Ninax,5 () ds,max (t)
HT['*(t)HQ B T&é(t)d(g,min(t)d&max(t) 255(t)d5,min(t) LNI%Iin,(S(t)

(3.2)

Let us make the following observations.

1. The first term in the RHS of corresponds to the bias and arises from the regularity
assumption |1, while the second term therein is the variance term. Moreover, note that the
error depends on § — either explicitly, or through certain quantities such as dsmax(t), Nmin,s(t)
etc. In order to obtain a more explicit dependence in terms of §, we will need to make specific
assumptions on the graphs Gy, t' € T. Below, we will consider the setting where the graphs
are Erdos-Renyi graphs and derive explicit conditions on § that lead to consistency with
respect to T'.

2. In the static case, we have t = t/ for some t' € T and only the graph Gy is observed. Then
M =0 and § = 1/2, 50 Npyins(t), Nmax,s(t) = 1. Denoting dmin(t), dmax(t),£(t) to be the
corresponding quantities with the § suffix suppressed, condition (3.1)) is satisfied for L large

enough. Moreover, the error bound is then O( £ (f;f(,t)( 7\ dmai‘(t)) which matches the ¢ bound
of Negahban et al. |23 Theorem 1] with the y/logn factor therein removed, but with an extra

b2(t) factor.

Now we consider the important case where the comparison graphs are Erdos-Renyi graphs, i.e.,
Gy = G(n,p(t')) for each t' € T. It is easily seen that the union graph Gs(t) is also then Erdos-
Renyi denoted by G(n,ps(t)) where ps(t) is given by

pet)=1- [ (1-p(t). (3.3)

t'eNs(t)

In this setting, the bound in Theorem [I| can be simplfied using concentration results for parameters
related to G(t) (see Lemmal[l1)). Specifically, we have that if ps(t) > logn/n, then w.h.p

3nps(t)

2D, G2 55 16s(0)] < 20%s(0)

57

A

< dé,max(t)a dé,min(t) >

In particular, we will choose the normalization factor ds(t) = 3nps(t) which is a valid choice (w.h.p).
Lemma [11] also states that if ps sum (t) 2 logn, then Npax 5(t), Nmin,s(t) < Ps.sum(t) w.h.p. These
considerations lead to the following simplification of Theorem

Theorem 2. Suppose that Gy ~ G(n,p(t")) for allt' € T so that G5(t) ~ G(n,ps(t)) (for any given
t €10,1]) with ps(t) as in (3.3), and denote pssum(t) = D pep; ) P(t). Choosing ds(t) = 3nps(t),
let § € [%,T] be such that n > cylogn, nps(t) > cologn, and pssum(t) > calogn with constant

c1 >0 as Theorem and constants cg,co > 1. Then for constants Cy, ég as in Theorem if

~ logn Mén 1
2C 16 < 3.4
1\/an6(1€)]75,31“71<75) * T - 96b7/2(t) ( )
holds, we have with probability at least 1 — O(n~19) that
[7() — 7 ()2 Msnb™2(t) 5 19/2 3
< 1536 ——————2 + 64Cb"/%(t .
IO T POV Taps Opaean®



The following remarks are in order.

1. As can be seen, the bias term is O("T‘S) while the variance term scales as O(

1
\/an5 (t)pé,sum (t) )
Hence if ps sum (t) grows with J, then the variance error will reduce as § increases.

2. In the static case we observe a single comparison graph Gy (for ¢ € T) with ¢ = t/. Thus
Ds,sum(t) = 1 and the condition ps sum(t) 2 logn is not needed, while ps(t) = p(t). Hence, if

p(t) 2 10% and L is suitably large, the {5 error is bounded by O( Ll 5 ), which corresponds
np
to the bound obtained by Chen et al. [7, Theorem 9]. So our result is coherent with existing

results for the static case for Erdos-Renyi graphs.

3. The choice d;(t) = 3nps(t) ensures that dsmax(t) < ds(t) w.h.p. In fact, we could have chosen
ds(t) to be a constant (> 1) multiple of dsmax(t) as well. However for the {, analysis later
on, it will be crucial to choose ds(t) as a constant times nps(t) for technical reasons arising
in the analysis. Similar considerations for the choice of the normalization factor exist in the
static setting as well (see [7, [6]). Note that this choice of ds(t) requires us to know ps(t), but
in case we don’t know ps(t) in practice, we can instead use its empirical estimate which can
be easily computed.

We now derive an appropriate choice for § that leads to an £y error rate of O(T‘l/ 3). To this
end, we first need to explicitly show the dependence on ¢ for ps(t), pssum(t). Let us assume for
simplicity that

Pmin := minp(t') > 0. (3.5)
veT

Since § < |Ns(t)| < 40, we have for all ¢ € [0,1] that pssum(t) > dpmin. Besides, as shown in
Proposition |1} ps(¢) 2 min {1, dpmin}. Hence if 0pmin = logn then it implies

~

ps,sum(t) 2 logn and  ps(t) 2 1 (= logn/n)
meaning that the conditions on ps(t) and ps sum(t) in Theorem [2| are satisfied.

Remark 2. The condition pssum(t) 2 logn is only needed to ensure that Nuyins(t), Nmax.s(t)
concentrate around pssum(t). In fact, if we replace |Njjs(t)| with pssum(t) in , then this
condition would disappear and we would only be left with the requirement ps(t) 2 logn/n. This
would of course impose a less stringent lower bound on T as it would then suffice that dpmin 2 logn

~ n

Since our setup is not limited to Erdos-Renyi graphs, we prefer to keep |Nj;s(t)| in ([2.7).

Corollary 1. Under the same notations as in Theorem@ for all t € [0,1] suppose that n = logn
2
and pmin s as in (3.5). Choosing § = min {WTQ/E},T} and ds(t) = 3nps(t), if T is
(2A]\4)§77f(l/pmin)g
such that 6 2 ?ﬁ and

min

1/3,,1/2 _\1/6 2/3
logn s (2M)"°n*/*( Lpmin) ’i + Mnmin b*/>(t) a1l 1 7
Lnpmin b1/3(t)T1/3 VT (2M)2/3n(mein)1/3T1/3 b7/2(t)
then with probability at least 1 — O(n~19),
7)) =7 @Oll2 - 720, b*3(1)
Mnb'74(t 1
s~ QMR L T

9/2 1/3,,1/2 _\1/6
LGOI {(zM) 0!/ (Lpmin) /0 1 }

VI Pmin b1/3(t)T1/3 VT
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The following observations are useful to note.

1. When M > 0, Corollary || states that for § = ©(T%/3), if n, T are large enough, then w.h.p
|7(#) — 7*(t)|]2 = O(T~/3). This matches the rate for the pointwise risk for estimating
univariate Lipschitz functions (see for e.g. [24, Theorem 1.3.1]).

2. If M = 0 then § = T which makes sense since y;;(t) is a constant function for each i # j.
Indeed, the problem is then the same as the setting where the comparison graph is Upye7Gy,
and we observe (a potentially different number of) i.i.d pairwise outcomes for each given edge
in this graph. In this case, the corollary states that provided T is large enough, the fo error
. 9/2 .. . . .
is < ETSLT' This is logically faster than the T/3 nonparametric rate, and is analogous

to the optimal fo bound for Erdés Renyi graphs in the static setting (see [7, Theorem 9]).

3.2 [{ error bound

We now discuss our results for bounding the /o, error ||7(t) — 7*(t)||c at any given time ¢. Such
bounds are particularly desirable in the context of ranking as they lead to guarantees for recovering
the ranks of the items. We will assume that all the comparison graphs (at each t' € T) are Erdos-
Renyi graphs. The following theorem is the £, counterpart of Theorem [2| its proof is outlined in
Section [Bl

Theorem 3. Under the notation and assumptions of Theorem@ there exists a constant Cs > 1
such that if additionally

ams - 1 1
96b3 (1) (T +Cy n;f (7;) <= (3.6)

— 27
then there exist constants Cy,Cs, Cs > 1 such that with probability at least 1 — O(n™9),

7
T(t) — 7 (t 12bpax s(t ~ logn ~ Mndbz (t
I70) ~ r@)lee 0 <057n75(t>\/an6( Bn___ | g Mndvi() >>,

* - 5 ogn
HW (t)Hoo 1— C4bmax,5(t) nlpf(t) t>p5,sum(t) T

5
— b2(t) 204y _logn ‘ :
where vy, 5(t) == (1 Togn max{b*(t), np,;(t)}) and bmax,5(t) is as in (2.5)).

As before for Theorem [2], let us interpret Theorem [3| for the static setting where ¢t = ¢’ for some
t' € T, and only Gy is observed. Then Theorem [3| states that if np(t) > b°(t)logn, and n, L are
large enough, then w.h.p, the ¢, error is

I7(t) = 7 (1)l bi1) o logn logn
Ol ~"Y (”Wgn 1. np5<t>}) \ Znp®

Hence if b(t) = O(1) then the bound is O(y/+%8%) which matches the corresponding bound of

Lnp(t)
Chen et al. [7, Theorem 3].
Let us now denote
5
b2 (t) logn
biax i= bt 21 =1 b2 (t .
max b(t'),  n(t) ( T Togr et (),\/ﬁ}> (3.7)

0 that bmax,s(t) < bmax and v, 5(t) S vn(t). Then as for the 45 case, we can derive a value for §
that leads to a £, error rate of T3,

10



Corollary 2. Under the same notations as in Theorem@ for all t € [0,1] suppose that n 2 logn,

Pmin 15 as in ([B.5) and bmax, 1 (t) are as as in (3.7). Choosing § = min { (2]\5[;’;:2);(3)‘3 Zr)nm) T2/3. T }

and dg(t) = 3nps(t), if T is such that 6 2 Lom% and

()5 (Mlogn)s | 1 ogn 1
mm{(?:&nb;(t)(mem) >T1/37M}+ n SJb5/2(t)7

then with probability at least 1 — O(n™?),

7 () = 7 ()l - Brmax [ (1), ] 108" max{(2M)1/3n1/2b7/6(t)(mein)l/G 1}

(Ol ™\ q_ Bonax 1/ 1057 Lnpmin /3 (1) (log n)V/6T1/3 T
2/3 1/3
7/2(4) mi ' ”(t)(logn)
+ Mnb"/=(t) min { (2M)2/3nb7/3() ( Lpmin ) V/3T/3’ 1eo]-

Let us make the following useful observations.

1. If b(¢') = O(1) for some t' € T then it is not difficult to verify that this implies b(t') = O(1)
for each t' € T (and hence bpax = O(1)), due to Assumption [1] Additionally, this implies
that v,(t) = O(1).

2. When M > 0 and by, = O(1), Corollary [2] asserts that for 6 = ©(T?/3), if n, T are large
enough, then w.h.p ||7(t) — 7*(t)||ec = O(T~/3). This matches the rate for the pointwise
risk for estimating univariate Lipschitz functions (see for e.g. [24, Theorem 1.3.1]).

4 [(y-analysis of the spectral estimator

We now describe the main ideas that lead to the ¢ bound in Theorem[I] We will essentially proceed
in three steps following the ideas in [7].

N . () 1 R .
[7(t) =7 (@2 < mllﬂ(t) = ()l e

(@) 8ds(t)b7/2(t) ~
< a7 O (PW = PO (1)

(i) 8d5( OV72(t) [ MO|EsH)] 5 | Nmaxs(t)dsmax(H)02() \ |
= &5 (t)ds min(t) <4Td§’max(t) +02\/ Ld2( )Ngnn(i( ) ) l7* () |l2-  (4.2)

(i) The first step is easy to verify, due to the definition of the norm ||.|| 7+

n

() = ()13 0) = D m (O (1) = 7o(1))? = w7 (8) =73

i=1

(ii) This is given by the combination of Lemmas , and [3| which in turn are derived using [7,
Theorem 8] and [23, Lemma 6].

(ili) For this step, we can decompose P(t) — P(t) = A(t) + Aq(t) as in (L.F). Then one has to
bound ||7*(t) TA(t)|l2 and ||7*(t) T A1(t)]|2. The second term is completely deterministic and
can be bounded using Assumption [1} A bound on ||7*(¢) T A(t)||2 is found following the same
steps as in the proof of [6, Theorem 9.

11



4.1 Proof of Theorem [1]

A bound on [|7*(t) — 7(t) ||+ (+) is given by [7, Theorem 8], which is recalled in AppendiX Denoting
Amax(P(t)) to be the second largest eigenvalue of P(t) in absolute value, i.e.,

Amax (P(t)) = max {X2(P(t)), =An(P(t)) } ,

this theorem gives the bound

~ x I (1) T (P(t) — P(1))l2
(t) — 7w (t 7 (t S 4.3
0= Ol = T30 P ) = 1P - POl -
provided that the following condition holds.
1P(£) = P(t)[lrry < 1= Amax(P (1)) (4.4)

First let us note that these eigenvalues are real, and so is well defined. Indeed, denoting
IT*(t) = diag(7*(t)) and S = II*(t)'/2P(t)[1*(t)~ /2, S is similar to P(t), and S is symmetric due
to the reversibility of P(t).

To prove , we will use results similar to [23, Lemma’s 3,4]. The main idea is to write the
following decomposition

P(t) = P(t) + P(t) — P*(t) + P*(t) — P(t) (4.5)

A(t) Ax(t)

where ]3*(t) = Eﬁ(t) whose entries are given by

;

1 1 wy ; . .
Y it {i,j} € &(t)
da(t) [Nij.s(1)] t’e/\;a(t) Wy
o~ 7,
' — Bk if i=j
s(t) Z \Nik 5( ) t’E/\%}a(t} Wy 5+ Wy g,
0 otherwise.

We now provide bounds on ||A1(¢)]|2 and ||A(¢)||2 in Lemma’s [1] and [2| respectively. The proofs of
all results in this section are outlined in Appendix [C]

Lemma 1 (Bound on [|Ay(t)[2). It holds that | A (t)]> < 47220k

Lemma 2 (Bound on ||A(t)||2). There exists a constant C1 > 15 such that

“A(t)HQ < él\/Nmazéé()?émax(;()tl)ogn

with probability at least 1 — O(n=10).

The proof of Lemma [I] follows from the smoothness condition in Assumption [I} while the proof
of Lemma [2] follows the proof steps of [23, Lemma 3]. Next, we show that if () > 0 (which implies
that Gj(t) is connected) and if the perturbation ||P(t) — P(t)|)2 is sufficiently small, then we can
ensure ((4.4)).

12



Lemma 3. Denoting p(t) = Amax(P(t)) + ||]3(t) — P)|l2 %, recall that &5(t) = Amaz(L5(t))
(where L5(t) is the Laplacian of G5(t)) and b(t) := max; ; ngz = Tnax(l) - pf &(t) > 0 and ds(t) >
t.d

ﬂ—:nin(t)
dsmax(t), then we have that 1 — Apax(P(t)) > %. Moreover, if
’Sé(t)dé,min(t)
8d;(t)07/%(t)

|P(t) — P(t)]2 < (4.6)

then it holds that
o &) dsmin(t)

1—p(t)_W>0.

The statement is analogous to that of [23] Lemma 4]. The bound on 1 — A\yax(P(t)) is clearly
the crucial statement, and requires using [23, Lemma 6]. We remark in passing that the dependence
on b(t) is b*(¢) in Lemma [3| we could not verify the dependence stated in [23, Lemma 6] (which is
b%(t)). For completeness, we outline the proof of Lemma [3|in Appendix

Condition is ensured via Lemma’s [1] and [2| (with high probability) whenever holds.
Then, readily implies that

- &s (t)dé,min (t)

1 - max p - ﬁ - p T 2 1 - = s 4'
Amax (P (1)) = | P(t) = P() |7+ p(t) RN 0 (4.7)
thus ensuring (4.4). Using (4.3 and (4.7) we finally obtain (4.1)) as follows.
8d;(1)b°(t) 8ds(t)b7/2(t)

()" (P(t) — P(t))]2
(4.8)

I (t) T (P(t) = P(E)llarey <

17(t) = T Ol < ¢ = &(t)dsmin(t)

) (t)dé,min (t)

where the last inequality uses (2.1). B
Finally, we can bound ||7*(¢)" (P(t) — P(t))||2 using the decomposition in (4.5 along with the
triangular inequality, leading to

I (6) T (P(t) = P)2 < 7 (6)TA@) |2 + [7*(2) " A1 (1) o
Bounds on ||7*(t) T A(t)||2 and ||7*(t) T A1(t)||2 are provided in the following lemma’s.

Lemma 4.

M6|Es(t)

70 M1(Oll2 < 7 Oll2lda (B2 < 4555

[ (#)]]2- (4.9)

The statement follows directly from Lemma

Lemma 5. There exist constants c¢; > 0, C’g > 1 such that if n > c1logn then with probability at
least 1 — O(n=19), we have that

Nmax,5 (t)dé,max (t)bZ (t)
LB(ONZ,, 5()

lm* (&) TA@)]2 < 02\/ [l (®)1l2-

The proof of Lemma [5| follows the ideas in the proof of [7, Theorem 9]. Applying these bounds
in (4.8) finally leads to the stated bound in Theorem

13



4.2 Proof of Theorem [2

This theorem follows directly from Theorem [I] and from the propreties of Erdos-Renyi graphs
gathered in Lemma Using (3.4) and Lemma 11| along with the choice ds(t) = 3nps(t), it holds
with probability at least 1 — O(n~!°) that

CN’I \/Nmax,d(t)dé,max(t) logn 44 M6’55(t)| <90 \/ logn Moén < 1 < &s (t)d57min (t)

<20, +16 < < _
L5 () Vo (1) Tdsmax () Lops()pssum(t) T 7 96b3(t) ~ 8ds(t)b2 (1)

Hence, condition ([3.1) is satisfied with high probability and Theorem [1| implies that

I7(#) —m*@)ll2 _ 4, M6|E5(t)|ds(£)b™*(t) G b2 (1) Ninax,s () ds,max(t)
(7@l —  TE&(t)dsmin(t)dsmax(t) 2 &5(t)dsmin(1) LNgin5()

Again, using Lemma we can simplify the above bound so that with probability at least 1 —
O(n™1),

T —* Mén? /2 - b9/2 3Ps,sum (T 3
IR0 =7 Ol _ 3556 MOPBOV O | g5, 0°%0) [30s00m ()
(|7 ()2 Tnps(t) nps(t) Lp§ um (1)
Ménb™/2(t) - 3
<1536 — 2 + 64C,bY/%(t .

T 2 ( ) an5(t)p5,sum(t)

4.3 Proof of Corollary

Since ps,sum(t) > Pmind, therefore the condition § 2 logn implies ps sum(t) 2 logn, as well as

ps(t) 2 1 (due to Proposition [1]), thus satisfying the requirements of Theorem 2] Additionally, § is
required to satisfy § < T, and also condition (3.4)), i.e.,

logn M5n< 1
Lndpmin -~ T ™~ p3(t)

(4.10)

If § satisfies the three aforementioned conditions, and if n 2 log n, we have with probability at least
1 — O(n™1%) the ¢3 bound

~ N 7 9
T(t) — m*@)ll2 o Monbz(t)  _ b2(H)
||7T* (t) ||2 ~ T Vv Lnépmin

The optimal choice of 4 € (0,7 that minimizes the RHS of (4.11)) is easily verified to be

0 = min{ (b(t)T)% ,T} .
( )

(4.11)

Now it remains to ensure that §* satisfies the previously stated conditions on 4. Clearly 6* < T,
and condition are equivalent to the stated conditions on T in the corollary. Hence provided
0 =< 0%, T satisfies the stated conditions, and n 2 logn, we arrive at the stated ¢ bound in the
corollary.

14



5 [ -analysis of the spectral estimator

The main goal of this section is to present the steps of the proof of Theorem |3 We will follow the
steps of the analysis carried out by Chen et al. [7], and adapt it to our setting. The proofs of all
results from this section are provided in Appendix D] R

As 7(t) and 7*(t) are stationary distributions of the transition matrices P(t) and P(t), then
denoting P,, to be the m* column of a matrix P, it holds for all m € [n] that,

= 1*(t) " (Pin(t) — Pin(t)) +

= 1) (Pan(t) = P () + 7 (1) (Pl (t) = Pan(t)) + (Fon(£) — 7, () P (1)
=Ip ::71" =Ip

+ Y (@(t) — 75 (1) P ()

Let us first focus on bounding |I§*|, |I7"| and |I5*|. The last term will be treated carefully due to
the occurrence of some statistical dependencies therein. Since P*(t) = E[P(t)], hence |Ij*| can be
bounded using Hoeffding’s inequality.

Lemma 6. Suppose that nps(t) > cologn and pseum(t) > calogn for constants co,co > 1 from
Lemma . Then there exists a constant C1 > 1 such that with probability at least 1 — O(n™Y),

umsa¢mm$;MNW@M‘mew. (5.1)

The second term I{" can be bounded easily using Assumption

Lemma 7. With probability at least 1 — O(n='0), we have

o 2MS,
171 < S Ol ¥ € [ (52)

The next lemma shows that with high probability, |I5'| < ||7(f) — 7*(t)]|eo for all m € [n].

Lemma 8. Recall that byax 5(t) = max,e ;) b(t) and suppose that nps(t) > cologn and ps sum(t) >
cologn for constants co,co > 1 from Lemma . Then there exists a constant Cy > 1 such that it
holds with probability at least 1 — O(n~?) that

. B 1 logn ~04) _ ot m e n
’IQ | = (1 12bmax,5(t) +C2\/an5(t)p5,sum(t)> H (t) (t)HOO m e [ ] (53)

The last term to bound is more difficult to handle due to the statistical dependency between
7(t) and P(t). The idea is then to use the same “leave-one-out” trick as in [7] and introduce a new
matrix P(™(t) with entries given by (for all i # j)

. Pi(t) ifi#£m,j#m
Pi(j )(t) —{ ps(t) _ Wi

ds (t) wyi ;j+wi;

ifi=morj=m.
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To ensure that P(™) (t) is a transition matrix, its diagonal entries are defined as

Pty =13 Pi"(t

k#i

Here, the m" line and column of ﬁ( t) have been replaced by their expectation, unconditionally of
the union graph Gs(t). Let us denote 7(™)(t) to be the leading left eigenvector of P(™)(¢). This
vector is now statistically independent of the connectivity and the pairwise comparison outputs
involving the m" item, and one can reasonably expect that it is close to 7*(¢). Hence, we can
decompose the last term as

> FHO-m0) P = > (70 -7 0) P+ Y (R0 = 75(0)) Pn(0).

jij#m jij#m Ja#m

=130 ="

To bound |I5*|, note that the Cauchy-Schwarz inequality implies

I < YT P27 () — 7 ()]
Jig#Em

1| < Ym0 (1) — 70m) (1)

Since for all j # m, ij( )< & (t hence T The important step

now is to bound ||7(t) — 7™ (t)||2 since dsmax(t) < dg( ) w.h.p (when Gy ~ G(n,p(t')) for all
t" € N5(t)) due to Lemma This is shown in the following lemma.

Lemma 9. Suppose that nps(t) > cologn and pssum(t) > calogn for constants co,co > 1 from
Lemma (11 Then there exist constants Cs,Cg > 1 such that if

4M 1
9%%w<1f+ag %n>§

1
() ) =2 54)

then it holds with probability at least 1 — O(n=°) that for all m € [n],

Consequently, we have with probability at least 1 — O(n=%) that for all m € [n],

. b3(t) [ 4M6 log n N 1 R
157] < 192 3nps(t) ( T +C3\/ana(t)pa,sum(t)> I @lloe + 3np5(t)H7r(t> ®)lloo-
(5.5)

Finally, we can bound |I7"| using the statistical independence between ™) (£) and Py, (), P (£).

Lemma 10. Suppose that nps(t) > cologn and pssum(t) > calogn for constants 60,62 > 1 from
Lemma ' n > c1logn for the constant ¢c; > 0 in Theoreml and that condition (3.4]) of Theorem
@ holds. Then there exist constants C7,Cg,Co > 1 such that with probability at least 1—0(n™?),
we have for all m € [n],

Mnébs (t)
T

log n

ps(t)

nps (t)

b3 (t) max {bQ(t), T }
[[7*(¢)
\/ané (t)pé,sum (t)

|11 < | Cr

+Cs

”oo+ 9 || () (t)Hoo
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5.1 Proof of Theorem [3

As seen in Section [5, the bound in Theorem [3| follows from the combination of the bounds on
Iy, I, I3, 130, and If*. Note that we can identify two types of terms in these bounds — those
depending on ||7*(t)||cc and the ones which depend on ||7(t) — 7*(¢)||cc. Then, our bound can be
written as

I7(t) = 7 (D)oo < al[7* (@)oo + BIT(E) = 7 (#)lloo

where 8 < 1, which in turn implies %

We can lower bound the term 1 — 3 as

1 logn 1 logn
1-8=1—|1- "~ +C + + C,
’ ( 1205 (1) 2\/ Lops(Opssum(t)  \/npst) npa(ﬂ)

| /\

«
1-8-

B 1 _C logn B 1 _C logn
2bmans() 2\ LopsOpssum(®)  Jups@) -\ 705 (D)
1 ~ [ logn .
> - _C cum (1) >1 5.6
~ 12bmaxs (1) np(t) 1S Proum (1) = g >0

for some constant C > 1.
Concerning the terms in «, one can divide them in two groups depending on whether they
depend on T or not. The sum of the terms depending on T is

IMS M6b3 (t Mndbs (£)  ~ Mnéb3(t
MO eg MObR(E) o Mnoba(t) _ s Mndb:(t)
T T+/3nps(t) T T

for some constant Cg > 1. Furthermore, the sum of the terms which are independent of T is

an6 p5 sum 3Lp(5,sum (t)TLng (t) \/an(S (t)pé,sum(t)

5
b2 (t) max {bz(t), logn }
1 1 Vn
\/ Ogn (t) + 19203(7% (t)\/ osn + Cg P

b (1) b2 ) o d s, 1087 log n
Ci+ 19203\/m + 8\/@ {b (1), nps (t) }) \/an(;(t)p(gysum(t)

) b? (t) 2(p), L0871 logn since n ogn
S 05 < \/@ ax {b (t)’ np(;(t) }) \/ané(t)p5,sum(t) ( pé(t) 2 l & )

::Vé,n(t)

for some constant é5 > 1. Thus we arrive at the bound

7
~ logn ~ Mndbz(t)
< . .
“= O57n76(t)\/ané(t)p&sum(t) TGy 5-7)

Combining (5.6) and (5.7, we readily arrive at the stated bound in Theorem
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5.2 Proof of Corollary

As in the proof of Corollary , since ps sum(t) > Pmind, the condition 5 > logn iihlies Ds,sum(t) 2

~ pIIllIl

logn and ps(t) = 1. Moreover, ¢ has to statisfy § < T and condition , ie.

%5_’_ logng 51 '
T n bz (t)

If § satisfies these assumptions and if n > logn, we have with probability at least 1 — O(n~?),

7
||%(t) B 7T*(t)HOO < bmax logn Mndbz (t)
n(t . 5.8
”7‘(’*(t)Hoo ~ 1— bmax logn L ( ) Lnépmin + T ( )

n

The optimal choice of ¢ € (0,7] minimizing the RHS of (5.8) is given by

0 = min{ (O gt T)g(logn)% ,T}.
(2M)3nb3 (t)(Lpmin)

ol

It now remains to check that 0* satisfies the aforementioned conditions on §. Clearly ¢* < T while
0 = ;;’i: and condition are ensured for the stated conditions on T. Hence, for § < §*, if T
satlsﬁes the stated condltlons and n 2 logn, we arrive at the stated expression for the ¢, error
bound in the corollary.

6 Experiments

We now empirically evaluate the performance of our method via numerical experiments{ﬂ on syn-
thetic data, and on a real dataset. We will in particular compare our method with the MLE
approach of Bong et al. [2], as it is for now the only other method we are aware of that theoreti-
cally analyzes a ‘smoothly evolving’ dynamic BTL model as us.

6.1 Synthetic data

The synthetic data is generated as follows.

1. For i € [n], we simulate the strength of item 4 across the grid w} € RI7! using the same
gaussian process GP(ui, 2;) as in [2].

o ;= (pi(0), ..., 1 (T)) with u;(t) ~ N(0,0.1) for all t € T, and

e 3; is a Toeplitz symmetric matrix, with its coeflicients in the first row defined as ¥; 1; =
t
=7
We then define w} = exp (GP(u;, %)) € RI7! for each i € [n].

2. For all t € T, we simulate an Erdés-Renyi comparison graph G(n,p(t)) with p(t) chosen
randomly from the interval [1,°2"]. We check that the union graph of all the data on the
grid T is connected. Indeed, it is a sufficient condition for the existence at all times ¢ € [0, 1] of
a 0 such that the union graph Gy(t) is connected (which is required for the ranking recovery).

!Code available at : https://github.com/karle-eglantine/Dynamic_Rank_Centrality
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3. Forallt € T, forall 1 < i < j < n and for all [ € [L], we draw the outcomes of the
comparisons as yg-)(t) ~ B (w*w#) and define yj(i) (t)y=1-— yl(jl) (t).
ti T Wt 5

Starting with an initial value of § as in Corollary (0 ~ Tg), we increase its value till the union
graph Gy(t) is connected. We then recover the weight vectors w; for all t € T using Algorithm
This process is repeated over 30 Monte Carlo runs.

Apart from the MLE approach [2], we also evaluate against an adaptation of the simple Borda
Count method from the static setting to the dynamic setup.

Borda Count. This method, analysed by Ammar and Shah [I] in the static case, gives a score
to each item based on its win rate. To estimate the scores at time ¢ in our dynamic setup, we
compute the win rate of each item i using the neighborhood Nj(t) as

dove Ni(t) Number of times ¢ has won at time ¢’

s(t,1) = .
(t:9) dove N(t) Number of times ¢ has been compared at time t/

The scores (s(t,7));c|n then yield a ranking of the items at time ¢ (the higher the winrate for an
item, the better its rank).

Ranking error. In order to compare the rankings produced by these three methods, we compute
for all them an estimation error with the error metric defined by Negahban [23]. Let 7* = ﬁ
denote the normalized true weight vector and o denote an estimated ranking, with o; < 0; < i is

better than j. The error metric is then deﬁnedﬂ as follows.

]' * *
Dz (o) = \/%HF*HQ Z(Wi - Wj)gl(ﬂ;‘fﬂ}‘)(o'ifaj)>0'

It has been shown in [23] Lemma 1] that this error criterion is related to the ¢o error that we have
bounded in Theorem (1} If the ranking o comes from a weight vector 7, then

7" =72

Dz (0) < (6.1)

[l [|2

Although (6.1)) doesn’t necessarily require 7 to satisfy ||7||; = 1, we will impose this in what follows
since 7 will be the strength estimates returned by the methods being compared.

Interpreting the results. In Figure|[ll we consider T ranging from 10 to 150, and fix n = 100,
L = 5. Figure |la] shows the evolution of the mean ranking error D,- (o) as a function of T, where
for each T the mean is taken across all time instants in 7, and all Monte Carlo runs. This is shown
for our Algorithm [l| (dubbed DRC for Dynamic Rank Centrality), as well as the MLE and Borda
Count methods, with o, 7 denoting the estimated ranks and weights by these algorithms. In Figure
we plot the mean fy error ”]:;@”2 versus T for only DRC and the MLE since Borda Count is
not designed for recovering the latent weight vector w*. One can observe that fs error decreases
with T for both DRC and MLE, which is consistent with the theoretical results for these methods
developed in the present paper, and in [2]. Using , this implies that D,«(o) should decrease
with 7" which is what we observe in Figure[ITal One can note that both MLE and DRC have similar

2The quantities 7*, o and 7 are obviously defined at the time instant ¢ where the estimation is being carried out,
however we suppress the dependence on t for ease of exposition.
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performance for both error criteria. The Borda Count method performs well for rank recovery,
as its error is only slightly worse than the other methods for n = 100. The error bars in Figure
illustrate that the variance of the errors typically decreases with T. In Figure [2| we show the
evolution of the errors for n = 400 with the other parameters chosen as in Figure [Il We note that
the observations made for the case n = 100 still hold and the error curves are lower than those for
n = 100. Moreover, the variance of the errors in Figure [2b] are slightly smaller than in Figure

—=— DRC —=— DRC
—e— MLE 014 —e— MLE
0.0014 —— Borda
01
0.0012 £ 010
— |
2 3
=) 5 008
0.0010 v
5 006 M
0.0008 0.04 r
0.02 i
10 20 30 40 50 €0 70 80 90 100 110 120 130 140 150 10 20 30 40 50 60 70 €0 90 100 110 120 130 140 150
T T
(a) Evolution of the error metric D, (o) with T’ (b) Evolution of the {5 error with T'
Figure 1: Evolution of estimation errors with T for Dynamic Rank Centrality, the MLE
and Borda Count method for n = 100. The results are averaged over the grid T as well as
30 Monte Carlo runs.
354 = DRC 0.07 =~ DRC
—e— MLE —e— MLE
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= 2504 =3
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(a) Evolution of the error metric Dy (o) with T (b) Evolution of the ¢2 error with T

Figure 2: Evolution of estimation errors with T' for Dynamic Rank Centrality, the MLE
and Borda Count method for n = 400. The results are averaged over the grid 7 as well as
30 Monte Carlo runs.
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6.2 Real dataset: NFL data

We now evaluate our method on a real dataset which consists of the results of National Football
League (NFL) games for each season between 2009 and 2015, that are available in the nf1WAR
package [30]. The aim is to recover the ranking of the n = 32 teams at the end of each season,
which contains 7" = 16 rounds. The dataset is hence composed of 16 comparison graphs with 32
nodes each, and comparison outcomes (y;;(t)) ¢, where y;;(t) = 1 if team j beat team ¢ during
in round ¢t. We fit our model to this data by estimating the underlying strengths (and therefore
the ranks) of the teams, at the end of a season. To do so, we tune the parameter ¢ using a
Leave-One-Out Cross-Validation (LOOCYV) procedure, described below.

1. Fix a list of potential values of 4 and compute for each of them the associated estimates of
the strength 7 at the end of the season.

2. For every possible values of §, repeat the following steps several times.

e Select randomly a game during the season, identified by a time ¢ and the pair of compared
teams {i,7}.

e Consider the dataset obtained by removing the outcome y;;(t) of this game. Use this
dataset to compute the estimated strength 7(¢) at this time ¢.

75 ()

e Compute the prediction error ||y;;(t) — m\\g
J 7

We then compute the mean of these prediction errors for each value of 6.

3. Finally, we select 6* which has the smallest mean prediction error, and take as our estimate
of the strengths at the end of the season the associated vector 7.

An analogous LOOCV procedure is performed in the MLE approach [2]. We then compare our
estimated ranking with the ones obtained by the MLE method, the Borda Count method and also
with the ELO ratings. The latter are reputed to be relevant estimations of the teams qualities and
are also openly available [22]. Figure [3| contains the estimation of the top 10 teams by all these
methods, for the seasons 2011 to 2015. Considering the ELO ranks as the true ranks, one can
observe that the DRC and MLE methods perform similarly, as a majority of the top 10 teams are
recovered for each season. The Borda Count does not perform as well as it did on synthetic data;
We can observe that it recovers the same ranks for several teams. This is explained by the fact
that in this dataset, each team plays a small number of games, and thus the win rates take a finite
(and small) number of values. However, it still recovers a large fraction of the top 10 teams.

7 Discussion

We now provide a detailed discussion with closely related work for dynamic ranking, and conclude
with future directions for research.

7.1 Related work

As mentioned in Section [T existing theoretical results for the dynamic ranking setup are limited,
and the only works we are aware of are the recent results of Bong et al. [2] and of Li and Wakin
[15]. We now discuss these two results in more detail.
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2011 2012
Ranks || ELO | DRC | MLE Borda ELO | DRC MLE Borda
1 GB GB GB GB NE NE HOU DEN
2 NE BAL | DET SF,NE,NO DEN SF ATL NE
3 NO SF NO GB DEN SF IND,ATL,GB
4 PIT NE NE SF SEA CHI
5 BAL NO BUF BAL,PIT ATL GB GB
6 SF PIT SF SEA | ATL NE | SEA,HOU,WAS,SF
7 ATL KC CHI | DET,ATL,HOU || NYG IND DEN
8 PHI | NYG| TB CIN | NYG SEA
9 SD HOU | OAK BAL STL BAL
10 HOU DET | DAL | TEN,NYG,CIN || HOU | WAS IND BAL,CHI,MIN,CIN

2013 2014 2015
Ranks || ELO | DRC | MLE Borda ELO | DRC | MLE Borda ELO | DRC | MLE Borda
1 SEA | CAR | SEA CAR SEA | SEA | DEN | SEA,NE,DEN,GB,DAL | SEA | CAR | DAR CAR
2 SF | SEA | DEN SEA,SF NE | DEN | ARI CAR | ARl | DEN ARI
3 NE [ NO | NO DEN | NE | NE ARl | DEN | NE NE,DEN,CIN
4 DEN [ SF | KC [ ARI,PIT,CIN,PHI,DEN,NE,IND| GB | ARI | SEA KC | CIN | CIN
5 CAR | ARI | SF DAL | DAL | DAL DEN | PIT | ARI
6 CIN | NYJ | NE PIT| GB | GB ARI,PIT,DET,IND NE | NE | GB MIN,KC
7 NO | PHI | IND BAL | KC | PHI PIT | SEA | MIN
8 ARI | CIN | CAR IND| PIT | SD CIN | MIN | KC | GB,NYJ,SEA,PIT
9 IND | NE | ARI ARI | CIN | DET GB | KC |[PIT
10 SD [ STL | CIN CIN | SD | KC BAL,PHI,CIN MIN | ATL | SEA

Figure 3: The top 10 teams for seasons 2011 to 2015, using ELO ranks, DRC, the MLE,
and Borda Count. Teams highlighted in yellow for a particular recovery method are teams
appearing in the top 10 list for ELO rankings. Teams highlighted in green are recovered at
the same rank as in the ELO rankings.

Comparison to Bong et al.[2]. The dynamic BTL model proposed by Bong et al. [2] is closely
related to the one we presented in Section [2] They consider the logit version of the BTL model

logit (P(i beats j at time t)) = 8 (t) — 85 (t)

where 3*(t) represents the vector of scores at time ¢ with w*(t) = exp(8*(¢)). The main differences
with our model are that (a) the grid 7 can be non-uniform, and (b) the number of comparisons
L;;(t) made for each pair {7,j} at each time ¢ € [0,1] can vary. We assumed the grid 7 to be
uniform only for simplicity, our analysis can be easily extended to handle the non-uniform setting
as long as T is “sufficiently regular”. Similarly, one can easily extend our analysis to handle varying
number of comparisons L;;(t); the assumption L;;(t) = L in our setup was only made for simplicity
in the proofs as is typically done for the static setting (see for eg., [6, Remark 3]).

The pairwise comparison data at each time ¢ € T are gathered into a matrix X (¢') where
X;;(t') is the number of times ¢ beat j at time ¢’. In order to use the temporal aspect of the data,
they smooth the data using a kernel function; this is analogous to (weighted) averaging the data
in a suitable neighborhood. More precisely, to estimate the ranks at time ¢, they first compute the
smoothed data as

T
X(t)=>_ Wit )X (t)
t'=0

where W}, is a kernel function with bandwidth h. Then, £* is estimated by minimizing the negative
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log-likelihood, i.e.,

> Xij(t)log (1 + exp(B;(t) — Bi(1))) (7.1)

argmin E(B, t) = argmin
6:2?:1 Bi=0 512?:1 Bi=0 i,j:i#] Zz,jz;é] XZJ (t)

using a proximal gradient descent algorithm. If the matrix ‘X (t)’ is considered to be the adjacency
matrix of a weighted directed graph, then the strong connectivity of this graph is sufficient for
the unique existence of the solution of . The main assumptions needed for their theoretical
analysis are the following.

e The probabilities P(i beats j at time t) are Lispchitz functions of time ¢ € [0, 1] for all ¢ #
j € [n] (same as Assumption [1)).

e Each pair of teams {i,j} has been compared at least at one time point ¢ € 7. Translated to
our notation, this means that the union graph Uy c7Gy is complete.

We remark that this last assumption is a stronger assumption than the connectivity assumption

on the union graph Gs(t) that we required in our analysis.
1

Bong et al. derive bounds in the /o, norm for estimating *. For a bandwidth h 2 <l°%> °

denoting B(t) to be the MLE estimator (i.e., the solution of (7.1)), it is shown [2, Theorem 5.2]
that with high probability,

1
~ logn\ 3
t) — B*(t < ot
1B - 70l S 0000+ (251)
where 0y, (t) is denoted to be a discrepancy parameter in [2], and is small when all the teams play the
same number of games at all times. However, the dependence of d;, on h is not made explicit. Note

that they also recover the T—1/3 rate for pointwise estimation of Lipschitz functions. Additionally,

1
they also derive a rate for the uniform error. For h 2 (M) ® it is shown [2, Theorem 5.3]
that with high probability,

sup [|B(t) = B | < sup Su(t) + <log(nT)>3

t€[0,1] t€[0,1] T

While we provide pointwise estimation error bounds for any given ¢ € [0, 1], it is also possible to
extend our results to obtain error bounds holding uniformly over all ¢ € [0, 1]. The first main idea
here would be to observe that there are O(T) different number of neighborhoods in the construction
of P(t) in (2-7), which implies that there are O(T) different possible values of 7(t) over all ¢ € [0, 1].
Secondly, one can verify that 7*(¢) is a Lipschitz function of ¢. These two facts together with a
union bound argument can be used to establish /5 and ¢+, bounds holding uniformly over ¢ € [0, 1],
with probability at least 1 — O(Tn™¢) where ¢ is a suitably large constant. In our analysis, we had
taken ¢ to be 10 (resp. 9) for the ¢y (resp. o) analysis, but it can be any suitably large value, at
the expense of worsening the other constants in the accompanying theorems in Section

Comparison to Li and Wakin [15]. The model introduced by Li and Wakin [I5] aims at

recovering a pairwise comparison matrix X (7") at a time 7" from noisy linear measurements of the
matrices X (t) for t € [T]. For each pair of items {7, j}, X;;(t) quantifies the preference of item j
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over item 7 at time ¢ with Xj;(¢) > 0 if item j is preferred to item i. One can for example consider
Xij(t) to be the goal difference during a football game between the teams j and 4 at time ¢. Note
that these data contain more information than the simple binary outcomes we use in the dynamic
BTL model. A specificity of this model is that the preferences over the collection of items are
supposed to depend on 2r latent factors, captured in the matrices Sy € R™*" and @Q € R™*". The
model considered in [15] assumes that

X(t)=8Q" —Q8; Vvtel[T).

The matrix ¢ contains information on factors that do not depend on time. The time-dependent
data are contained in the matrix S; and evolve under the following generative model.

S =8S_1+E Vte [T]

where E; is an innovation matrix with i.i.d. centered Gaussian entries. The intuition behind this
model comes from the case of a single factor (r = 1) with ) € R™ being the all ones vector. In this
case, for each pair of items {3, j},

X; (t) = St — Stj Vit € [T]

The outcomes of the comparisons then, as in the BTL, only depend on the strength of each item
at time ¢t. Then by recovering the matrix X (7), one can subsequently also derive a ranking of the
items (see for eg., [§]).

Denoting M to be the number of measurements available at each time ¢, they show a bound
on the estimation error | X(T) — X (T)||r that holds with high probability and decreases with M,
where X (T') is computed as the solution of an optimization problem. It is however unclear how
one can then derive a ranking of the items from this estimated comparison matrix X (T) for r > 1.

7.2 Future work

For future work it would be interesting to extend our study to other models. Indeed, the BTL
model is classic for the ranking problem but suffers from some limitations.

1. Independence. One of the main assumptions of the dynamic BTL model we consider is the
independence of the outcomes for all comparisons at a given time ¢, and the independence
across different time points. The latter assumption can in particular be questioned, as the
choices of one user across time are typically not going to be independent. It would be
interesting to model these dependencies across time, for instance, by modelling them as a
Markov process.

2. Home effect. Another model, used in the study of sports tournaments by Cattelan et al. [5]
adapts the BTL to include a home effect, which is beneficial to the hosting team. Indeed,
because of the familiar environment and the supporting public, a team is more likely to win
if they play in their stadium. It would be interesting to theoretically analyze such a model.

3. Non-parametric dynamic models. Considering a parametric model as the BTL model has
limitations as it assumes that the preference outcomes depend only on one parameter w*,
which can be seen as a strong transitivity constraint [27]. That is why one can instead
use non-parametric models as described in [27, 28, 25], where only a certain transitivity
assumption is made on the comparison matrix. In particular, the BTL model belongs to this
class of models. It has been shown by Shah et al. [27] that in the static case, the matrix of
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probabilities can be estimated at the same rate as in a parametric model. As such extensions
can be considered in the static setting, it would be interesting to adapt these models to the
dynamic case and study their performance.
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A Technical tools

We collect here some technical results that are used for proving our main results. We begin by
recalling the following result from [7].

Theorem 4 ([7, Theorem 8)). Suppose that P, ﬁ, P* are probability transition matrices with sta-
tionary distributions w, 7, ™* respectively. We assume that P* represents a reversible Markov chain.

When ||P — P|lp < 1 —max{Aa(P*), =An(P*)} holds, then we have

|77 (P = P |
1 — max{\o(P*), —=An(P*)} — || P* — P||x+

|7 — Tl < (A.1)

Next, we recall some useful concentration results from probability starting with the classical
Chernoff bound.

Theorem 5 (Chernoff bound, [20, Corollary 4.6]). Let Xi,...,X, be independent Bernoulli
variables with P(X; =1) =p;. Let X =5 " | X; and p =E[X]. Fore € (0,1),

2
P(IX — | > ep) < 2exp (";) .

Theorem 6 (Hoeffding’s inequality). Let Xi,..., X, be a sequence of independent random
variables where X; € [a;, b;] for each i € [n], and Sy, = > | X;. Then

2
P Sy —E[Sh]| > t) < 2exp <‘zll(217t—<z)2> '

Theorem 7 (Matrix Bernstein, [29]). Let Z1,...,Z, € R1X% be independent, zero-mean ran-
dom matrices, each satisfying (almost surely) || Z;||2 < B. Then for any s > 0,

IP’( 3 225> < (dy + dy) exp (_352>

n
7.
Z ! 6v + 2Bs
=1

where v = max {|E[, Z;" Zi]|l2, [E[C, ZiZ 2}

B Properties of Erdos-Renyi graphs

Recall that in our setup, we have T + 1 Erdos-Renyi graphs Gy ~ G(n,p(t')) for ¢ € T. Moreover,
for any given ¢ € [0, 1], we have the union graph Gs(t) ~ G(n,ps(t))) with ps(t) as in (3.3). Also
recall that ps sum(t) 1= 2y en; @) P(E)-

Lemma 11. Consider the events

1. Al = {np%(t) < dﬁ,min(t) S d6,max<t) < 3np25(t) };
2. Ay = {fJ(t) > %},
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3. Ay = {|&(t)] < 2n?ps(t)},

4- A4 - {%m(t) S Nmin,§<t) < Nmax,zS(t) S 2p6,sum<t)}-

Then the following is true.

1. There exists a constant co > 1 such that if ps(t) > cologn, then P(A;) > 1 — O(n=10) for
i=1,2,3.

2. There exists a constant cy > 1 such that if ps sum(t) > calogn, then P(A4) > 1 — O(n™10).

Proof. 1. This follows for A; from the Chernoff bound (see Appendix |A]) with ¢ = 1/2, and the
union bound. For Aj, the statement follows directly by applying [23, Lemma 7] to Gs(t). For
Aj, this is again a standard use of the Chernoff bound with p = (})ps(t) and e = 1/2.

2. Note that for any ¢ # j € [n], |NV;js(t)| is a sum of independent Bernoulli random variables
and E[|N;;s5(t)]] = Zt’eNg(t)p(t,) = D5,s5um(t). Then if ps sym (t) > c2logn for a suitably large
constant cy > 0, it holds with probability at least 1 — O(n~'2) that

P sum
5“2’”() < Wijs (0] < 25 sum(1)-

Now the union bound implies that

P (w # g Bl o) < 2p5,5um<t>> >1-0(m1).

Since Nin,s(t) > min;.; [Nijs(t)| and Npaxs(t) < max;; |[Nijs(t)] is always true, hence the
statement follows.
0

Proposition 1. With pyi, as in (3.5)), we have for all t € [0,1] that ps(t) = min {1, pmind}.
Therefore ps(t) = 1957 if pind > 1087

n ~ n

Proof. Starting with the definition of ps(¢) in (3.3)), we have

ps(t) =1— H (1—pt)>1-(1 _pmin)Wa(t)\ >1— e~ Pmin| N5 (t)] > 1 — ¢ Pmind (B.1)
t'eNs(t)

where the last inequality follows uses the fact |[Ns(t)] > § for all . Now there are two cases to
distinguish.

® If prind < 1, then 1—¢ Pmin® > 2220 using the standard inequality 1—e ™" > /2 for z € [0, 1].
o If ppyind > 1, then 1 — e~ Pmind >1-— e~ 1.

This concludes the proof. O
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C Proofs of results in Section (4

C.1 Proof of Lemma [1]
Recall that the entries of Aj(t) are given by

1
ds(6)[Nigs(8)] S —ys@) it {i ) € &),
d(s(t)’./\/’ij,g(tﬂ t’ej\%:(s(t) (yj( ) y]( )) it {i,j} 5(1)
Al,ij(t) = — ZAl,Zk(t) if = j,
kA

0 otherwise.

Let us denote D1 (t) to be the diagonal matrix containing the elements Ay ;;(t) and Aq(t) = Ay (t) —
D (t). As D(t) is diagonal, we then have

1A1®)ll2 < [[Dr(B)ll2 + [A1(B)]l2 < max |Ap(t)] + [Ar(E)]] -

Let us first bound ||A1(t)||r. Assumption |I|implies that for any {i,j} € &(t),

1 1 Mé
A< T B A ] [ p——— M —t] < o
Bl = g, 2= 0 0= G, 2 M S T

MIEs(t)|o
Tds(t)

which in turn implies ||A1(t)|F < 2 . In order to bound ||D1(t)||2, we simply note that

Mo M6
< 77
ng(t) - T

|D1i(t)] = |— Z A1 (t)] < dsmax(t) max |A1(t)] < dsmax(t)
J#i

since ds(t) > dgmax(t). Hence || Dy ()] < 22, and so

Mo 1€s(1)] Mo 1€s(1)] Mo|Es(1)] : €5(1)]
|AL(E)]]2 < - (1 +2 a5 ) < - (1 + 2d§,max(t)> < 47Td§,max(t) ( since 1 < 25,max(t)> .

O

C.2 Proof of Lemma 2]
Our goal is to bound [|A(t)||2 for the random matrix A(t) = P(t) — P(t), whose entries are

! / * (4 . ..
NG, o, ) W) I (i <l
Ayj(t) = B Z N .
ki
0 otherwise.

Once again A(t) can be decomposed as A(t) = D(t) + A(t) where D(t) is a diagonal matrix and
A(t) contains its off-diagonal coefficients. Since

IA® 2 < [ID@)]l2 + [[A®)]l2,

we will bound ||D(t)||2 and ||A(#)]]2 using ideas from the proof of [23, Lemma 3].
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C.2.1 Bound on ||D(t)|2

The matrix D(t) is diagonal, hence || D(t)||2 = max;cp,) |Dii(t)| where the diagonal entries are given
by

=2 2 Z EIN 0 st ) — 9

ki t'ENp 5() =1

This is a sum of at most Ldsmax(t) Nmax,s(t) independent and centered variables, which almost

surely lie in the interval Thus, by applying Hoeffding’s inequality

1 1
" Lds(t) Nmin,s (t)? Ld&(t)Nmm,a(t)} )
(see Theorem |§| in Appendix [A) we obtain for any s > 0

282L2d§(t)N§11n6( ) 9 Ld2( )Ngllné( ) 2
=2exp | —
4Ld5,max(t)Nmax,5 (t) 2NmaX,5( )d&max( )

P (|Dii(t)] > s) < 2exp <_

which implies via a union bound that

Ld%(t)N2 2
P(ID@)[l2 > s) < 2nexp <_ 2Nmix)5(n)1§5i1(la))<( )> '

. N 5 (0)ds ma () 1 .
Choosing s = ¢y, [ =2 L’;g( ) L B)logn o here c1 > 2 is a constant, we have that
5(t)Nmin,§(t)

HD(t) ||2 <c \/Nmazgé();lé max(;()tl)og n

with probability at least 1 — 2n'~ % .

C.2.2 Bound on [|[A(t)|l2 when dsmax(t) Nmax,s(t) < logn

In order to bound ||[A(#)]|2, we first recall the standard inequality || M|l < \/||M||1|| M|, and also
|M||1 = ||M T |lso. Since A(t) is skew-symmetric, it follows that

IB®ls < VIBOIIEG T < 1BE1-

Our aim now is to bound ||A(t)||;. Recall that for every i # j,

1
B I yii(t) —ys(t)) if {i, 5} € Es(t)
Rij(t) = { daOWNas()] t'egm )
0 otherwise.

Now denoting for all 4,

ZZ

J?él t/eMy 5(t

w LW )~ vt

clearly ||Allz < max;ep, > i1 | A ()] < max;epn) Ri(t) (since Ay(t) = 0). In order to bound R(t)
for any given ¢ € [n], let us first denote

Si = {(éj(;?){i,j}egt“t’a\fi]—,g(t)‘ & € {1 1}}
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()
. . & ) . . . 1 1
Since the random variables m (yij () — y;‘j(t/)> lie almost surely in the interval [— Nons @ Moot t)},

we obtain via a simple union bound argument, along with Hoeffding’s inequality, that

PR >9< 3PS Y ¢ W@?m g (1)) > s

cWes; J#i ' ENG 5(t) =1

DRI X ¢ Zwm (v (¢) = w5 (1)) > Lds(t)s

ees; J#1 V' eN;; 5(t)

L2d2( ) min é(t)82
< Z eXp ( 2Ld57max( )Nmax,5(t)>

ees;
Z exp (_ Ldé( )Nr%nnd( ) 2 )
(s, 2d6,max( )Nmax,6(t)

Since |S;| < 2¢smax(Q)Nmax.s(t) for each i € [n], we obtain

Ldz( )NI%HH(5< ) 2
2d5,max( )Nmax,6(t

Ld(s( )Nr%lm(s( )s?
2d6,max( )Nmax,5(t) '

]P)(Rz<t) > S) S 2d6,max(t)Nmax,6(t) exp (— )) = exp (d(s(t)NmaX’é(t) 1n2 —

Applying a union bound over [n] now leads to

Ldz() m1n5(t)82
205 max (t) Nmaxs(t) |

P(|A(t) |2 > s) < nexp <d57max(t)NmaX75(t) In2—

Finally, since dsmax(t)Nmax,s(t) < logn by assumption we obtain for any constant cp > 2 that

P <||A<t>u2 > CQ\/ NmaZ(?g()?‘s maxf()tiogn) S

C.2.3 Bound on [|[A(t)|l2 when dsmax(t) Nmax,s(t) > logn

In this case, we will use Bernstein’s inequality for random matrices (see Theorem (7| in Appendix
. For each i < j € [n], let ZU4(t') be a n x n matrix with all entries equal to zero except for
Zzg’l(t’) and Z]Z-Ji’l(t’) defined as follows.

Z2Nt) = _ G @ and  Z2(1') = G
’ Lds ()N 5()] ! Lds(£)|Nij5()]

where Ci(;) ) = yl(]l)( ") —y5;(#) if {i,j} € &s(t), which is a centered Bernoulli variable, and
CZ-(Jl-) (t') = 0 otherwise. Hence, E[Z¥:(t')] = 0. Now we can write

B~ Y Yy

i< t'eN;;
O O
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To apply Bernstein’s inequality, we first note that || Z%!(¢')||s is uniformly bounded for all ¢4, j.

Lds (O WNiza®)] ~ Lds (D) Noums (0)

Since Zij’l(t' ) are skew-symmmetric and independent matrices, we also have that

127 (@) |2 < 1274l = =B

v=ERGOAD Tl2={| > > Z ~E[Z7(

7’<J t/ENZ] 5( )
{i7YeEs () )

The matrix (Z%(¢'))? only has two non-zero entries, which are at the locations (i,4) and (j, j), and
C.(l.)(t/)Q
ij

RO, SO Then its expectation (which also has only two non zero entries)

they are equal to

satisfies
) ) E[C)#)?] Var(CY () 1
—E[Z”’l(t,)Q]i,z‘ = _E[Z”’l<t/)2]j,j 7272 N 2 S 727 2 S 1p 2 :
L dé(t)|'/\/z]:5(t)’ L2d ( )Nm1n5( ) 4L4d ( )lené( )

since Var(C’Z-(Jl-) () = yi;(#)(1 — y5;(#)) < 1/4. Furthermore, E[A(t)A(t)"] is a diagonal matrix
with positive entries, hence

N 4L2d2() mmé(t) a 4Ld2<) mmé(t).

L

Ld max Nmax t Nmax d max t
v = max Z Z ZEZU < 2, (t) 5(1) 5(t)ds max(t)
keln] i<j  teNis(t) I=1
{i.7}€&s(t) kk

Finally applying Bernstein’s inequality, it holds for any s > 0 that

52
P(|A(t)]]2 > s) < 2nexp (_3>

6v + 2Bs
<2 35’
= an eXp - 6Nmax,5(t)d§,max(t) 25f
AL (DN 50 L& () Nomin s (0
6Ld§ (t)NI%nn 6( ) 2
<2nexp| — )
3Nmax,5(t)d5,max(t) + 4mein,6 (t)dé(t)s

Nmax,é (t)d6,rrlax (t) logn
Ld5(t)N,, 5(t)

assumption, it holds that

Nimass (£)ds max (t) log n I
(”A )”2”3\/ i >§2” e )
min,§

Choosing s = c3 for a constant c3 > 2 and since ds max(t) Nmax,s(t) > logn by

Finally, we observe that up to a multiplicative constant, the bounds for |D(t)||2 and |[A(t)||2 are
the same. Thus, for constants c1, co, c3 > 2, we have

Nmax 5( )d6 max(t) logn
Ld2() m1n6(t)

[A®)]l2 < (e1 + max {ca, c3}) \/
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2 2 6c
. .1 _4a _92 1-—3— . .
with probability at least 1 — 2n' > — max {n2 5 ,2n  3+4v2es } In simpler words, there exists a

constant C; > 15 such that with probability at least 1 — O(n~10),

INOIE él\/ N (©2)

C.3 Proof of Lemma 3

The steps below follow the proof of [23] Lemma 4] and are provided for completeness. We will

first show 1 — Apax(P(t)) > % using [23, Lemma 6]. To this end, let us denote Q;;(t) =

#(t)l{i’j}egé(t) where d;(t) denotes the degree of the ith vertex in Gs(t) and 1 is an indicator

variable. Clearly, Q(¢) has a unique stationary distribution as it is irreducible (since Gg(t) is
_ di(t)
d;(t)

wi(8)Qij (t) = i (£)Qji(1).

connected), defined as p;(t) = sS40 It satisfies the detailed balanced equations of reversibility

Using [23, Lemma 6], we obtain

1= A (P) _ @ ROP) ()
mz— with ¢ = min N0 (D) 8=

(i.gyees) mi(t)Qij (1) i(t)
Note that the transition matrix @ is equal to the Laplacian Ls(t) of the graph Gs(t) and so
1 — Amax(Q(t)) = &(t)(t). We now need to suitably bound « and §.
Denoting d;(t) to be the degree of node i in Gs(t), clearly Y%, d;(t) = 2|&(t)|. Hence we have

(C.3)

1 r L an dz(t> d§,min(t)
ST D) ) () €80 and () = g > SR

It is also easy to see that

i (1) Qis(t) =

for i € [n]

b for i € [n]

w0 Py (1) > for {i.j} € &(t), and () <=2

1
2ds(t)nb?(t)
thus leading to the bounds

N €5(1)] 2b(1)|E5(2)]
~ 2ds(t)nb3(t) '

Plugging this in (C.3]) leads to

5()|E5(1)[ndsmin(t) & (1)dsmin(t)

Ads(H)nb3(1)|E5(t)] = 4ds(t)b3(t) 5

1 - )\max(p(t)) Z §

which together with (4.6]) readily leads to the stated lower bound on 1 — p(t).
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C.4 Proof of Lemma [5]

We will bound |[7*(t) T A(t)||2, using the same ideas as in the proof of [7, Theorem 9]. Recall that
the entries of A(t) are given by

1
ds(t)Ni5(1)] yi(t) —y5() if {d, 5} € &(1),
da(t)|/\/’ij75(t)|t/€/\;j5(t)( i) —yi;(t)) {i, 5} € &(t)

Ay(t) = =Y Au(t) i i

ki
0 otherwise.

Let Al(t) denote the lower triangular part of A(¢) and A%(t) its upper triangular part, both having
zeros on the diagonal. Let us define the diagonal matrices

Al (1) = — diag [ Y Ay(t) and A% (t) = —diag | Y Ay(t) . (C4)

I i=1..n J> i=1..n

Note that both these matrices have independent entries. The matrix A(t) is now decomposed as
A(t) = Al(t) + A%(t) + A%l (1) + Ao ()
and the triangle inequality implies

l7* (&) TA@)]2 < IIW*(t)TVAl(t)Ilz + IIW*(t)TVA“(t)Hz + 7 () T AT @) [ + 7 () TANT (D) .

~~ ~~

=I =1, =Idiag, =ldiag,u
(C.5)
The goal is to bound each of these terms separately, using the same method for all of them. Let us
describe the steps for the first term I; = ||7*(t) T Al(t)|2. For all j € [n],

[w*(t)mz(t)]j =S wrnAL ) = S w0 A1),
i=1 i>j

For any pair {i,j} € &(t), Ay;(t) is a sum of at most LNy ax 5(t) independent centered random
variables, thus [W*(t)TAl(t)]j is a sum of at most LNmaXﬁ(t)dé(t) independent centered random

variables, where dé(t) is defined as
dj(t) :=|{i € [n] | {i,5} € E(t) and i > j}|.
By applying Hoeffding’s inequality we obtain for any s > 0,

202N, s(t)d5(t)s?
AL Nimax, 5 (£)d5 (1) 7 ()13

LNZ, s(t)d3(t)s?
<2exp| — ’ 7 - 2 .
2Nmmax,s(8)d; (1) |7 () 15

P(

=7 al)]

>s)§2exp<
j

Hence, [W*(t)TAl(t)L. can be seen as a sub-Gaussian random variable with sub-Gaussian norm

2d (£) Ninax,s (1) |7 (£) 113 :
J Ld%(t)lffrim;(t) . As dé- (t) < dsmax(t), it holds

Nmax,& (t) d5,max (t)
LB (0N, 5(0)

at most cio; with ¢y > 0 a constant, and 0]2- =
that
02 <2

Il ()13
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max, t d max
7 O Al LM%

independent, centered o- sub- gaussian entries. Then,

Denoting 02 = 2¢; then we see that 7* ()T Al(t) is a random vector with

Il2:H7T( TAl Z TAZ

is a quadratic form of a sub-gaussian vector, so its expectation satisfies IE[IZQ] < ¢yno? for some
constant cy > 0.
Using the Hanson-Wright inequality [26], Theorem 1.1], we have for any s > 0 that

2

P(|If —E[I}]| > s) < 2exp <—03 mln( S4n ;)) = 2exp (—03% min (ﬁ,l))

for 3 > 0 a constant. Choosing s = %O’QW with C1 > 1 a constant, note that —*5 =
\/g loen <1 if p > Clogn, and so,
3 e

n

P (]Ilz —E[I7]| > 1/2’102\/nlogn> < 2exp Closn — 9p=C1

Then, it holds with probability atleast 1 — O(n~¢1) that
I? <E[I}] + o*\/nlogn
/C
< cono? + —102\/n10gn
C3

< n0'2(02 + ﬁ logn)
V cs n

NN max 5( )d6 max(t) *
< oy e lhtbomell 2
Nmax 6( )d(S max(t)b2 (t)
=TT LRON2,, 50

as [ (1)[3 = ey (1) > iy T ()2 = gigllm ()12

Il ()13

The same analysis leads to the same bound for 12, Igm ol Igia o Thus for any constant C; > 1,
there exists a constant Co > 1 such that it holds with probability greater than 1 — O(nfcl) that

Nmax 6( )d6 max(t)
LdQ() m1n5(t)

l7* ()T A)]l2 < Czb(t)\/ 17 (0)]]2- (C.6)

D Proofs of results in Section [5]

The proofs are largely inspired from the proofs in [7, Section C], which are adapted to our problem
setup.
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D.1 Proof of Lemma

Consider any given collection of graphs (G )y ep(r)- Then following the same ideas as in [7, Lemma
2], we have for any given m € [n] that

I =" 75 () (Pm(t) — P (1))
j=1

~ ~ ~

= Z W;(t)(P]m( ) P* ( )) + W%(t)(Pmm(t) - P;mm(t))

Jii#m

= Y (75(t) + 75 () (Pjm () — P (1))
Jii#m

— 7T yjm ) - y]m(tl)
J%;m " ())tej\%;;()Z(Ld” Jmé(t)l)'

Applying Hoeffding’s inequality, it holds for any constant C; > 2,

m Niax 5( )démax(t) logn " _cf
M%b&¢ e O 1)) < 207
min,d

If Gy ~ G(n,p(t')) for all ¥ € Nj(t), then using Lemma it holds with probability at least
1—0(n~19) that '2;’(‘5( ﬁir;?;)(t) < Zopat t)ﬁ&sum - Hence after a union bound over [n], we conclude
that there exists a suitably large constant Cy > 1 such that

P (Vm €n]: |1y > C’g\/ana(lt(;]g?:sum(t) ||7r*(t)||oo> <0(n™).

D.2 Proof of Lemma

For any given collection of graphs (G )yep (1), recall that the entries of P*(t) — P(t) have already
been bounded in the proof of Lemma [I] as follows

#gt) if i # j, {i,7} € &(t)
ifi=j (D.1)

otherwise.

oq\i

This implies for all m € [n] that

Lm=2@w%wwwmwwm@m@

M6 M(5>
jij#m

Tdyt) T

Due to Lemma we know that 3nps(t) = ds(t) > dsmax(t) holds with probability at least
1 — O(n~10). This leads to the statement in Lemma

O
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D.3 Proof of Lemma

We will follow the steps in [7, Lemma 3]. Recalling that IJ" = (7, (t) — 75, (t)) P (t), let us bound
Py (t) using the decomposition

Pram(®) = (Pam(®) = P (0)) + P ().

For any given collection of graphs (G )yen;(r), note that

Prun(t) = By (t) = Ld(; DINDY me GE)

J JEMY ENjm 5 (t

is a sum of independent, centered random variables. Then Hoeffding’s inequality implies for each

m € [n],
Dx max 6( )dﬁmax(t) 10gn _Ci
(‘Pmm - P ()‘>0\/ RN, 1) )§2n :

for any constant C > 2.

If Gy ~ G(n,p(t')) for all ¢ € N5s(t), then once again combining this result with Lemma [11], we
see (after a union bound over [n]) that there exists a suitably large constant Co > 1 such that with
probability at least 1 — O(n~?),

~ ~ logn
Pmmt—P,;mt‘gC . Vm € [n].
Pron(t) = P8 2\/ Lnps (s sl &

Now we bound ‘ﬁr*nm(t)‘ Recalling that byax 5(t) = maxyeps ) b(t') and b(t') = max; jep, %, we
t! 5
have for any given collection of graphs (G’t/)t/e N () that all m € [n], ’

L D GO rMm5<>r 2 ()

J:igF#Em t'ENjm,s(t)

1 w;ﬁj
—1—
> T e )

J:j#m tleNym s(t

1 1
SRR VR D RO O] (i)
 dsmin(?) 1

- ds(t)  2bmaxs(t)’
If Gy ~ G(n,p(t')) for all t' € Nj(t), then we have using Lemma [11] that dsmin(t) > nps(t)/2 with
probability at least 1 — O(n~10), this in turn implies that ’ﬁ%m(t”< 1— m for all m € [n].

Hence, we conclude that there exists a suitably large constant C > 1 such that with probability

at least 1 — O(n™?),

1 logn ~
m<li—-—— +0¢ 7(t) — 7 ()||oo, Vm € [n].
| 2 | ( 12bmax,5(t) 2¢an5(t)p5,sum(t)> ” ( ) ( )H [ ]
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D.4 Proof of Lemma

This proof follows the lines of the proof of [7, Lemma 4]. Consider any given collection of
graphs (G )penyp)- Using the properties of |||z« in (2.1) and Theorem {f with the matrices

P(t), Pt (t), P(t), it holds for all m € [n] that

7)) — 7M@), < ! ( _ L _ ) M@ T(PI () — P(O)]| e (s
|7 (¢) 2 0 \1 = e (P(0) — 1P(0) — PO [T (@) (P () = P(6) =)
W?nax( ) 8d5(t)b3(t) 200 (T (POm) () — P

where we used (4.7]).
In order to bound ||7(™) (¢) T (13(””‘) (t) — ﬁ(t)) |2, we need to get rid of the statistical dependency

between P(™(¢) and 7(™) (t). To do so, let us introduce PG (1), defined for i # j as
R P(t ifi£Em,5#m
B g _ { 50 #m.i #

1 wt e .
Gm wr,tar, Higyess) fi=morj=m

Its diagonal entries are defined as

P(m) g Z P (m), g
k:k#£i

to ensure that P(™)9(t) is a transition matrix. Note that the m' line and columns of P(™)(t) are
the expectations of those in PU™9(t). Moreover, P_SZL)’g(t) = P,,(t) and P,Sf_l)’g(t) = Pp,.(t). Now
starting with the decomposition

~ ~

R )T (P () — P(1) =7 (@) (P(1) = Pr9()) + 7 ()T (P9(e) — P

I J3"

we will separately bound |[J]"||2, |52

D.4.1 Bound on [|J}"|2

Consider any given collection of graphs (G )yeps(r)- Since ﬁ%)’g(t) = P, (t), we have the decom-
position

T =S 70 (Bn(t) = Pin(0))
j=1

jigEm

= > @)+ 7)) (Pint) = P (1))
Jij#Em

= >3 EM O+ 70) (Pt = Pra(®) + > G0 + 7 ®) (Prnlt) = Bim(®))
Jij#EmM Jij#Em
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Since 7™ (t) is independent of (]3] (t) — P* (1)) j#m, the first term can be bounded using Hoeffd-
ing’s inequality as

Nmax 5( )démax(t) logn < _(’i
Ld2( ) min, 6(t) N

LY G @) +750®) (P — Pr(t)) >01||%<m><t>||OO\/

J:#FEm

for any constant C; > 2. Moreover, due to (D.1)), we have for all m that

> @@+ 7E0) (Prnt) = Pin(t)) < 2 mas (1) (%) ERIO-

jiiAm
ot
Hence for any given m € [n], it holds with probability at least 1 — O(n™2") that

Let us now bound the other coefficients of J{*. For any j # m,

= AP (1) - PIOw) + 7 ) (Pt) - PE)
(25
—Hmw>(ﬁm@>—ﬁﬁ?g@0—+ﬂmkw(ﬁﬁ@>—ﬁ£”g@0

=R (1) + 7™ (1) (Pg (6) = Py(8) + Pr() = Prns(0))

~(m D Dx Mo
— 123] < A7 Ol [Pt = B0 +

where we used (D.1)) and the fact that the m!* rows of ﬁ(m)’g(t) and P(t) are identical. Using
Hoeffding’s inequality and a union bound, we have

D Nmax t)1 3
P (maX‘Pm] P;lj(t)‘ > C’Q\/ 5(1) ogn> <opl—7%

Ld2< ) mm é(t)

C.
for any constant Co > 2. Hence, for any j # m, we have with probability at least 1 — O(nl_%)
that

min,

/\ mdx(;( )IOgn : y

0 otherwise.

Finally combining (D 4)) along with Lemma m we see after taking a union bound over
[n] that when Gy ~ G(n, p( )) for all ' € Nj(t), then there exists a suitably large constant Cs > 1
such that with probability at least 1 — O(n™?),

uwmg(“”+%¢ o @)Wmmm vm € o] (D5)

T an5 (t)p5,sum
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D.4.2 Bound on | J|2

Consider again any given collection of graphs (Gy)yen; ) Note that the off-diagonal entries of

p(m) (t)— ﬁ(m)’g(t) are non zero if and only if they belong to the m'* row /column. Then for i # j
with 4 = m or j = m, we have

~

~ 1
(m) ¢4y — p(m),g - 1y *
(P @) = PME) = o5 (0s(0) = L gpeeso) w5 1)
Moreover, the diagonal entries are given as

1 " e
(ﬁ(m) (t) — ﬁ(m),g(t)> N 0] le:#m (ps(t) — 1{m,j}e&s(i)) Yy () 'lf.l =m
i —zm Ps(t) = Limyees ) Yim (1) if 7 # m.

Let us first show that 7*(¢) " (ﬁ(m) (t) — ﬁ(m)’g(t)) = 0 by considering the cases below.

1. For any j # m,

) (0a(0) sy Wi 0) — g 0508 = Lm0 (9

e (P - Ps)] 75

- Ps(t) = Lmjtegs () s (i 4 (g1, %
- d5(t) (7Tm<t)ymj (t) - 7Tj (t)yjm(t))

=0.
This equality comes from the definition of 7*(t) and yj,, ().

2. For j =m,

[Tr*(t)T (13<m> (t) — P9 (t))}

- 7;?((:)) kgm(m () = L kyees () Ymr(t) + dj(t) kgm () (Ps(t) — Likmyees ) Yiom (t)
:dél(t) > (ps(t) = Lpmyees®) ThOYE L) — Th (Y5 ()
k:k#m

=0.
Hence, 7 (t) (ﬁ(m) (t) — ﬁ(m)’g(t)) = 0 and it holds that

= (FD W - w) (P - P9

Now for j # m,
t_lmje(;t * ~(m « t_lj,me,;t N
55 = | (R0 = o) (PR ) ) — (70— o) (BP0 )
_ { 7@ — T O i {j,m) € E(1)
S 22207 (1) 7 (o i {5.m]} ¢ Es(2).
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Moreover, we can bound ‘Jéﬂm} as follows.

Tl == (B0 = 700) 3 75 050) = Limpesso) v 1)
jij#m
= 3 (770 = 70) 75 P50~ Lmpees0) 1m0
Ja#Fm
< 5"+ 1"
where 1
=y (7?7(72”) (t) - m*n(t)> &0 (Ps(t) = L jyees (1)) Yms ():
J:g#Fm
and

~(m * 1 *
=3 (770 -m0) 1 050~ Limern) vl
J:g#Fm

When Gy ~ G(n, p(t')) for all # € Nj(t), then denoting & = (701"(t) — 77,(t)) ful) a bound

on J3* can be given by Bernstein’s inequality, introducing the random variables Z J(-m) = fj(m) (ps(t)—
1{j,m}685(t))- Since for all j 75 m,

;r\(m) — 2
207 < 2 IR0 - w0, B2 < OOy

hence there exists a constant ¢ > 2 such that it holds with probability at least 1 — 2n~3¢/2 that

t)1 1
| < Y PaIo8n 08 niony )y (D.6)

ds(t)

The same bound holds for |J}*|. Using Lemma we then see that there exists a suitably large
constant Cy > 1 such that with probability at least 1 — O(n~10),

m nps(t)logn +logn  4y/ds(t)  2ps(t)v/n ~(m) (g ok
1 ug( IR L en | Syl | e )nw (1)~ 7 (1)l

Taking the union bound over [n] and performing a minor simplification of the previous bound, we
finally observe that with with probability at least 1 — O(n=?),

log n

ps(t)

1732 < Cs IF (@) = 7* ()l Vm € [n]. (D.7)

for some suitably large constant C5 > 1.

D.4.3 Putting it together
Using Lemma [11) we know that with probability at least 1 — O(n~19),

Thax(t) [ 8ds ()03 (1) :
Thin () <55( )da,min(t>> < 96b2(2). (D.8)
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Finally, combining (D.2)), (D.5)), (D.7)) and (D.§]), we have that with probability at least 1—O(n~?),
it holds for all m € [n],

~(m ~ 5 m m
[ () — 7 (1) |2 <96b2 (¢)(|| 712 + | J5"]|2)

5 AM6 IOgTL A(m)
< -
—96”2(”< T *C‘M an5<t>p5,sum<t>>"” (Dl

#9650 [ IR E) — 0
<9603 (1) (‘“‘1{5 + 03\/ o (i)ijm (t)> 17 (£)]]0

+ 9605 (1 <4Tm - cs\/ i+ Cs ;;%) 7)) = (1) oo
<9603 (1) (4]\1{5 + 03\/ Trmn (Sggo:m(t)> I (#)loo

+ 96b3 (1) <4]¥5 Cs %) 7 (t) = 7 (8) | oo

for some suitably large constant Cg > 1. Condition ([5.4)) further implies that for all m € [n],

~(m) 1y _ =l < oend () | MO logn N Loy _ o«
7(e) 7 (1) < 960 <t>< 7+ O\ ey | I @ 517070 =7 (0o

Finally, the triangular inequality
7 () = 7 (Ollos < 7 () = 7D 12 + 17(E) — 7 (¢)l|oo
implies that

7 () —7(8)l2

<963 (1) (“Tm + 03\/ anéji:m(tﬂ 7 (0)loe + 5 (IR () = FDlla + I17(D) — (1)

<192b3 (t) <41¥5 + 03\/ angé(;ifsum(t)) 17 () oo + 17 (t) — 7 (t) | oo-

D.5 Proof of Lemma [10]

Since we follow the same steps as in [6], let us introduce some new notations in our particular setup.
For all t € T, all i # j and all [ € [L], let us denote

L
00 ~ B 5) and gt = 7 5000). D9)
=1

so for all ¢’ € N5s(t), we have
Yii (") = 95 () i jyee, < 0ij(t) i jyees )
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Then |I}*| can be bounded as

L
=3 (7" g
; Mgm( ) LN >|t,6%5(t)§ j
A(m _ 1.
J%;m‘ ” ’ {Ld(; () Njm.s(t )yt/@%&()z | {jm}e&s(t)
Npmax.s(t) 1 | m
Sm Z dé(t)‘ﬂj )(t)—ﬂ ll{m}es&()

jiigm
When Gy ~ G(n,p(t')) for all ¢’ € Ns(t), then we know from Lemma [11] that

Nmax,é (t)
Nmin,5 (t)

holds with probability at least 1 — O(n~19). Hence, to bound |I§*|, it suffices to bound

m ]- ~(m *
1= Y = [0 - 70| Lgmees o
57 Ba(0)

<4 (D.10)

To this end, let us first denote Ggm) (t) to be the union graph Gs(t) where the item m has been
removed, and g(t) to be the variables computed in . Then we have by triangle inequality that

L < BIRGE (0),9] + |12~ BIEGE (0), ] (D.11)

The expectation can be bound using Cauchy-Schwarz inequality.

B[ |GS™ (), 5] = Zdj [77(6) — i (6)] po(2)
J#

0
\Fp(s() =~(m) _a*

< 1)~ 2 )

<5 = IR0 -7 O

<G IRO =70l + 3217 - 7 O

A bound on the first term is given by Lemma [ and by Theorem [2] for the second term. Hence there
exist constants C3,Cy > 1 so that with probability at least 1 —O(n~?), we have for all m € [n] that

E[I7|GS™ (1), 7]

5 4M§6 logn 1
< =7 * B — *
—64b2(t) <T\/ﬁ + 3 Ln2p5(t)Pé,sum(t)> ”ﬂ— (t)HOO + 3\/,5”7(@) ™ (t)HOO
7
1 Monbz (t) ~ 9 1
+ — | 521 —————= + 64CL 02 (t (¢
Vi < T 20 >\/ an5<t>p5,5um<t>> ol
4M§ logn
— +C ()]l + 5=
VTR Ln?m(t)pa,sum(t)) IOl + 505

<64b3 (1) (
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Monbz (t) - 1 .
+ (512T +640262(t)\/an5(t) ) [7*(t) [l o

p(s,sum(t)

z 9
. ( o Mnobi () o b3 (1)

« 1 .
T 4¢an5(t)p5,sum(t)> 7 () |loo + ﬁHTr(t) — (1)l oo (D.12)

for some constants C%, Cy > 1.
To bound the deviation term in (D.11)), we will use Bernstein’s inequality. Then, there exists a
constant ¢ > 1 such that for every m € [n],

My ~(m _ v/nps(t)logn +logn . _
g (\fé”—m G5 (0.5]| = ¢ ()d5<t> ||w<m><t>—7r*<t>|oo> <2n” .

Hence using a union bound over [n], we see that there exists a suitably large constant ¢ > 1 so
that with probability at least 1 — O(n™?),

, | logn

%(m) — m nl. .
BRI (0) ~ 7 Ol Vi € [0 (D.13)

B~ EIGE (),9]] < e

It remains to bound [|7(™) (t) — *(t)||s. Using Lemma |§| along with the triangular inequality
7 () = 7 () loo < 7 (1) =R ()2 + [7(E) = 7 (1) oo,

we have that with probability at least 1 — O(n™?),

A(m) % 5 4M(S IOgTL * e %

T t) — ()]0 < 192b2(t) | —— + C T(t)||oo + 2||7(t) — (1) ]|0o-
[ (E) — 7 (2] (t) ( T SR rr— |7 (@)l [7(t) (@)l
Upon plugging this in (D.13)), the latter simplifies to

B~ EIes 0), 4

logn | . 5 logn ([ 4M§ logn
o4 t) — 7 (t) || + CLb2 (¢ + *(t

(D.14)

for some constants CY,Cy > 1.
Finally, combining (D.10)), (D.11)), (D.12)) and (D.14]), we conclude that with probability at least
1 — O(n™?), it holds for all m € [n] that

logn
nps(t)

7 b3 (t) max {bz(t), lg"}
Mnébz (t nps (t) .
@, - I (¢)

)< | e ‘
T V/ Lnps(£)ps,sum (t)

loo + C 17 (t) = 7 (1)]]oo

for some constants C7,Cg, Cy > 1.
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