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Abstract

In the localization game on a graph, the goal is to find a fixed but unknown target node v*
with the least number of distance queries possible. In the jth step of the game, the player
queries a single node v; and receives, as an answer to their query, the distance between
the nodes v; and v*. The sequential metric dimension (SMD) is the minimal number of
queries that the player needs to guess the target with absolute certainty, no matter where
the target is.

The term SMD originates from the related notion of metric dimension (MD), which
can be defined the same way as the SMD except that the player’s queries are non-
adaptive. In this work we extend the results of Bollobds, Mitsche, and Pratat [4] on the
MD of Erdés—Rényi graphs to the SMD. We find that, in connected Erd6s—Rényi graphs,
the MD and the SMD are a constant factor apart. For the lower bound we present a clean
analysis by combining tools developed for the MD and a novel coupling argument. For
the upper bound we show that a strategy that greedily minimizes the number of can-
didate targets in each step uses asymptotically optimal queries in Erd6s—Rényi graphs.
Connections with source localization, binary search on graphs, and the birthday problem
are discussed.

Keywords: Source detection; binary search on graphs; expansion properties of Erd6s—
Rényi graphs
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1. Introduction

With the appearance of new applications in network science, the theoretical analysis of
search problems in random graph models is increasingly important. One such application is the
source localization problem, where we assume that a stochastic diffusion process has spread
over a graph starting from a single node, and we seek to find the identity of this node from
limited observations of the diffusion process [21, 23]. If the diffusion models an epidemic
outbreak, then our goal is to find patient zero, which is an important piece of information for
both understanding and controlling the epidemic. The limited information about the diffusion
is often the infection time of a small subset of sensor nodes [21]. Recently, Zejnilovi¢, Gomes,
and Sinopoli [30] connected a deterministic version of the source localization problem with
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910 G. ODOR AND P. THIRAN

the metric dimension, a well-known notion in combinatorics introduced in 1975 by Slater [24]
and a year later by Harary and Melter [10].

Definition 1.1. (MD.) Let G = (V, E) be a simple connected graph, and let d(v, w) € N denote
the length of the shortest path between nodes v and w. For R={wi, ..., wg} <V, let
d(R, v) € NIRI be the vector whose entries are defined by d(R, v); =d(w;, v). A subset RC V is
a resolving set in G if d(R, v1) = d(R, v2) holds only when v| = v,. The minimal cardinality of
a resolving set is the metric dimension (MD) of G.

A resolving sensor set R enables us to detect any epidemic source v* when we assume that
the observations are the vectors d(R, v*), because every v* generates a different determinis-
tic observation vector. In many applications it is unrealistic to assume that d(R, v*) can be
observed, partially because we are not accounting for the noise in the disease propagation,
but also because we infer d(R, v*) from the time difference between the time the source gets
infected and the time the sensors get infected, and usually we do not have access to the former
information. We can define an analogous problem, where we do not assume that the time the
infection began is known, if we require that all vectors in the set {d(R,v*)+ C |v* €V, C € Z}
are different. The number of sensors needed in this scenario is called the double metric dimen-
sion (DMD) [5]. Although the MD and the DMD can be very different in certain deterministic
graph families, they seem to behave similarly in a large class of graphs, including Erd6s—Rényi
random graphs [26], which are the focus of this paper. In this work we consider only models
that assume that the time the infection began is known. However, we believe our results can be
extended to the DMD as well.

Previous work suggests that even with the assumption of deterministic distance observa-
tions, the number of sensors required to detect the source can be extremely large on real-world
networks [27]. One idea for mitigating this issue is to enable the sensors to be placed adap-
tively, using the information given by all previous sensors to place the subsequent ones [31]. A
substantial decrease in the number of required sensors in an adaptive version of the DMD com-
pared to the DMD was observed experimentally by Spinelli, Celis, and Thiran [27]. Intuitively,
reducing the number of candidate nodes that could still be the source and focusing only on these
candidate nodes can be very helpful, especially in real-world networks. However, it is not yet
clear what property of the graph determines whether reduction in the number of required sen-
sors is small or large. It is well known that in the BarKochba or twenty questions game (binary
search on a finite set) it does not matter whether the questions (queries) are non-adaptive or
can be based on previous answers: the number of questions needed is [log, (N)] in both cases.
Source localization with non-adaptive (respectively, adaptive) sensor placement can be seen as
a BarKochba game with non-adaptive (respectively, adaptive) questions, where the questions
are limited (to the nodes) and the answer does not have to be binary. It is the limitation on the
available ‘questions’ that creates a large gap between number of required ‘questions’ in the
adaptive and non-adaptive versions of the source localization problem. Our goal in this paper
is to rigorously quantify this gap in source localization on a random graph model.

For the rigorous analysis, we consider an adaptive version of the MD in connected Erd6s—
Rényi random graphs. In the combinatorics literature, this adaptive version of the MD was
introduced in [22] under the name sequential location number. The same notion was later
referred to as the sequential metric dimension (SMD) in [3]. We focus on the Erd6s—Rényi
random graph model, because of the previous results on the MD of Erd6s—Rényi graphs of
Bollobas, Mitsche, and Pratat [4]. The only other result on the MD of random graphs that we
are aware of is the MD of uniform random trees [18]. We do not consider this model in this
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TABLE 1. Overview of the main tools to prove Theorem 6.1. Each column corresponds to a different
range of parameter c. The ¢ = ®(1) columns are split into two sub-columns: in the first,e™¢ > 1 —e™¢,
and in the second, e™¢ < 1 —e™“. Only the leading terms of the size of the level sets S are shown. The
largest level set is colored red, and the second largest is colored pink. The last level set before one of
the two dominating level sets is colored gray. The bottom half of the table points to the proof of the

upper/lower bound (ub/lb) for each parameter range of Theorem 6.1, both in previous work and in this

paper.
1< log(§) <c  2log(N) K¢

c(N) c=0(1) c < log(%) c < 2log (N) )

D i+2 i+2 i+2 i+2 i+1

|SG(V, i— 1)| 8[—1 5!'—1 8[—1 8[—1 81’—1

|Sc(v, i) st 8 8 8 st

ISgv, i+ 1) (1—e N (1—e )N (1—e N (1-5)N (1-8)N

|Sg(v, i +2)| e ‘N e °N e °N e °N

MD ub [4] T3.1 case 1 T3.1 case 2.1 T3.1 case 2.2

MD 1b [4] T4.2 T4.2, T4 4case 1  T4.4case?2 T4.3

SMD ub Similar to the SQC ub Use MD ub

SMD Ib Coupling and an analysis similar to the DQC Ib

paper, but it is safe to expect that the SMD would be significantly lower in this model than the
MD.

Some of the techniques used in this paper build directly on the techniques of [4]. The most
important example is that of the expansion properties of connected Erd6s—Rényi graphs, the
main technique developed in [4]. According to this property, the observations d(w;, v) are
dominated by one or two values from the set {D, D — 1}, where D is the diameter of G (see
Figure 4 and Table 1). Hence the information acquired in each step is essentially binary. Kim
et al. [14] assumed a very similar model to ours, except that the queries are of the form (v,r),
and the answers are binary depending on whether the target is in the ball around node v with
radius r. Clearly, in Erd6s—Rényi graphs, where distance queries happen to have essentially
binary answers, the two models are very similar. Indeed, Kim et al. [14] independently recov-
ered many of the results of [4]. They also introduced the adaptive version of the problem,
which is very similar to the SMD, but they did not have any results on the adaptive version
of the problem in Erd6s—Rényi graphs. Since in the SMD we assume that we can use strictly
more information than the binary model, our lower bounds are readily applicable to the binary
model. The upper bounds are not readily applicable, but they could be extended with minimal
modifications to the proof.

The binary nature of the answers to distance queries in Erd6s—Rényi graphs suggests that
our setup has close connections with generalized binary search [19]. In a sense, our problem
setup can be seen as the dual version of graph binary search introduced by Emamjomeh-
Zadeh, Kempe, and Singhal [8], where the observations reveal the first edge in the shortest
path instead of its length. Although the two models share some similarities, we must point
out that while Emamjomeh-Zadeh et al. [8] focused on an algorithm for general graphs (with
noisy but adaptive observations), our work provides asymptotically almost sure results on the
sample complexity of an algorithm and a matching lower bound for all possible algorithms
on Erd6s—Rényi graphs (with noiseless observations); thus they were aiming for different
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goals. In terms of goals, the work most similar to ours is perhaps that of Dudek, Frieze, and
Pegden [7]. They considered a version of the Cop and Robber game on Erd6s—Rényi graphs of
diameter two: the target can ‘move’ between turns, and in order to locate this moving target,
it is not the number of turns but the number of sensors that the player selects in each turn that
we want to minimize. Recently, the results of [7] were extended by Dudek et al. [6] to Erdés—
Rényi graphs with diameter larger than two, and they found that in that range, the number of
sensors needed in the Cop and Robber game is strictly less than the SMD. Like our proofs, the
proofs in [6] make use of the expansion properties developed in [4]. Finally, we also mention
the recent work of Lecomte, Odor, and Thiran [16], who studied a noisy version of the SMD
in path graphs.

The methods in this paper connect several different ideas developed in different communi-
ties; these ideas have not been connected before. In Section 3 we abstract out one of the key
ideas of [4] and connect it with the birthday problem. In Section 4 we connect the SMD with
generalized binary search [19]. In Section 5 we introduce the expansion properties of G(NV, p)
random graphs. In Section 6 we combine the ideas of Sections 4 and 5 and present the main
result of this paper. Finally we conclude the paper with a discussion in Section 7, and we place
some of the proofs in Appendix A for better readability.

2. Problem statement and summary of results

2.1. Problem statement

Although we have explained our problem via the source localization problem, in the rest of
the paper we adopt the vocabulary of binary search. Let v* € V be the target node. The target
node is unknown to us, but for a set of queries R C V the distance d(R, v*) is known.

Definition 2.1. (Candidate targets.) Given a set of queries R, the set of candidate targets for
the graph G is
Tr(G)={veV|dR,v)=dR,v")}.

Our goal is to detect v*, which means we would like a set R with 7g(G) = {v*}, or equiva-
lently |Tr(G)| =1 (as v* € Tr(G) must always hold). Recall that for a resolving set R we have
|TR(G)| =1 for every v* € V. In contrast, in the adaptive case, a (potentially) different R is
constructed for every v*; in the jth step we select query w; based on the distance information

revealed by R;_1 = Uf(_:ll wg, and we still aim for |77gj(G)| =1.
Definition 2.2. (SMD.) Let ALG(G) be the set of functions

g {(G,R,dR,V*))|[RCV V' eV}—>V.

The sequential metric dimension (SMD) of G is the minimum » € N such that there is
a query selection algorithm g € ALG(G), for which, if we let Ry=¥ and R;1; =R;U
g(G, R;, d(R;, v¥)), then |Tg,(G)| =1 for any v* € V.

The set ALG(G) might contain functions that are not computable in polynomial time, hence
we define a slightly stricter notion of SMD where the next query has to be polynomial-time
computable (SMDP).

Definition 2.3. (SMDP.) Let PALG(G) be the subset of ALG(G) with polynomial-time com-
plexity. Then SMDP(G) is the minimum r € N such that there is a query selection algorithm
g € PALG(G), for which, if we let Ry =¥ and R 11 = R; U g(G, R}, d(R;, v*)), then | Tg,(G)| =
1 forany v* e V.
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FIGURE 1. An example of how the SMD can be interpreted as a two-player game. In the jth round, Player
1 creates the set R; by adding a sensor node w; (marked in red) to R;_1. The sensor w; partitions the
current candidate target set 7};/.71 (G) based on distances (marked in blue). In turn, Player 2 must provide
a distance from wj to a feasible but not necessarily predetermined source node, which is equivalent to
selecting one of the blue sets. Player 1 tries to reduce and Player 2 tries to increase the total number of
rounds until the end of the game, which happens when 7g;(G) shrinks to a single element. In this example
the game ends in three rounds if both players play optimally. Hence the SMD of this ‘comb graph’ of size
18 is also 3. In fact, the SMD of the ‘comb graph’ of any size n > 9 is still 3, in sharp contrast to the MD
of the same graph, which is n/3.

The definition of SMD and SMDP is intrinsically algorithmic. It is useful to think of them
as two-player games. In each step, Player 1 selects a query and tries to reduce the candidate
set to a single element as fast as possible. Player 2 must then provide an observation that is
consistent with at least one of the target nodes. If there are multiple such observations, Player
2 can choose one to try to make the game as long as possible. In this setting Player 2 does
not decide on the source v* in advance, but must always be consistent with the observations
that have been revealed so far (i.e. Tg;(G) can never be empty). Since every predetermined
source v* can be found in this way by Player 1, and since for every set of answers provided by
Player 2 there is a node that could have been the source, the SMD can be seen as the number
of steps the game takes if both players play optimally, and SMDP is the same if Player 1 must
compute their next move in polynomial time in each step. See Figure 1 for an example of how
the two-player game corresponding to the SMD is played.

Clearly 1 < SMD < SMDP <MD <N, as being able to adaptively select the queries only
gives Player 1 more power. Before we proceed to compute the difference between Erd6s—Rényi
graphs, we first introduce two easier problems defined on matrices as warmups and we address
the problem on graphs in Section 6.

2.2 Summary of results

To ease notation in this short summary, we express our main results on the SMD in terms
of the MD. The precise formulation and the proof of our main theorem is in Section 6. In its
crudest form, our main result says that the ratio of the SMD and the MD is between 1 and %
a.a.s. From this statement and the results of [4], it is already possible to infer the asymptotic
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FIGURE 2. The red and blue dots show the approximated value of the MD and the SMD of simulated
Erd6s—Rényi graphs computed by the toolbox [20] averaged over 100 iterations (confidence intervals are
too small to be plotted). The slope of the red and blue lines is computed by Theorem 6.1 and the intercept
is chosen to fit the last few data points. On (semi-log) plots (a) and (c) we have (Np)i = O(N) for i =0
and i =1 respectively. For such parameters the MD and the SMD are both logarithmic and there is a
constant factor difference between them. In contrast, on (log-log) plot (b) we have (Np)i # O(N) for all
i € N. For such parameters the MD and the SMD grow as a power of N, and there is a gap between the
theoretical upper and lower bounds, which are shown by dashed curves.

behavior of the SMD. In [4] it was found that MD(G(N, N*~ 1)) = N1=U/xbx+o(D) '\which means
that the MD is a (non-monotonically changing, ‘zig-zag’ shaped) power of N, unless 1/x is an
integer, in which case the MD is a constant times log (N). In this paper we prove that the
same is true for the SMD, hence the crude asymptotic behavior of the SMD is completely
characterized.

Our results enable us to make a more precise statement on the ratio of the SMD and the
MD. For the values of p where the MD is logarithmic, we are able to determine the leading
constant of the ratio exactly. Since the dependence of this leading constant on p and N is
rather complicated, we simply denote it by F, (p, N) in Theorem 2.1, and we defer the precise
definition of F),(p, N) to Remark 6.3. It is shown in Remark 6.3 that F', (p, N) can take any
value in the interval (%, 1), which implies that there are values of p for which the SMD is
strictly smaller than the MD.

For the values of p where the MD is a power of N, we have a lower bound on the ratio
of the SMD and the MD, which in general does not match the trivial upper bound given by
the observation SMD < MD. In Theorem 2.1 we denote our lower bound by F(p, N), the
definition of which we again defer to Remark 6.3, but we mention that F;)(p, N) takes values in
the interval (%, 1), which means that there is a non-zero 1 — F;,(p, N) gap between our upper
and lower bounds for these values of p. We conjecture that this gap is due to the use of the
first moment method in our proofs, and that the lower bound can be improved to 1 with more
sophisticated techniques.

Theorem 2.1. Let N € N and p € [0, 1] such that log> (N)/N < p and 1//N < 1 —p. Let G
be a realization of a G(N, p) random graph. Then

12 MO M o= L do(l) i (Np) = OV for i€ N
= Mbg L r® ~2 : ’
>M>F(p N)+0(1)>1+0(1) otherwise
= MDG) — " T2 ’

hold a.a.s., where F), and Fy, are functions of p, N that are explicitly expressed in Remark 6.3.

See Figure 2 for simulation results confirming Theorem 2.1, and its more precise version,
Theorem 6.1.
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In Theorem 2.1 we were able to state our main results succinctly in terms of the MD, but
in our proofs we cannot take such shortcuts. Instead of directly using the results of [4] on the
MD, we use some of their techniques, and we complement them with new techniques of our
own. For instance, in the SMD upper bound we need to analyze an interactive game of possibly
N steps instead of selecting the queries in a single round. In particular, the order in which we
reveal the edges of the random graph is completely different in our analysis compared to [4].
For the SMD lower bound we could have split our proof into several cases, and for some of
them we could have used the results of [4] directly. Instead we introduce a coupling argument,
which succeeds without considering several cases, and gives a clean alternative proof of the
MD lower bound as well.

3. Warmupl: Random Bernoulli matrices with pairwise different columns

In this section we consider an M x N random matrix A, with entries drawn independently
from a Bernoulli distribution, and we are interested in the minimal M for which A still has pair-
wise different columns with high probability. This M can be viewed as the query complexity
of binary search with random Bernoulli queries, where the ith query can distinguish between
targets j and k if A;; # Ay

For notation, let us consider the binary matrix A with row indices R = [M] and column
indices C = [N]. For RC R and W C C, let Ag w be the submatrix of A restricted to rows R and
columns W.

Theorem 3.1. Let N € N, let 0 < g(N) < % and M(N) € N be functions possibly depending on
N, and let us define the random matrix A € Ber (¢)M*N. Let A be the property that A has
pairwise different columns. Then

log (N)

log(1/v/¢* + (1 —¢)?)

is the threshold function for A. That is, for any 0 < g(N) < % and 1> e(N)> 1/log (N),

M(N) =

() if M > (1+e(N)M, then limy_,oo PA € A) =1,
(i) if M < (1 — e(N))M, then limy_ o P(A € A) =0.

We could not find this particular theorem stated in this way in the literature, but there exist
many related results. Computing the probability that an N x N random Bernoulli matrix is
singular is a famous problem first proposed by Komlés in 1967 [15]. Clearly, if the matrix has
two identical columns then it is also singular, and hence we obtain the lower bound

P(A ¢ A) <P(A is singular).

Most of the research on the singularity of random Bernoulli matrices has been on the upper
bound [12, 29], with the exception of Arratia and DeSalvo [1], who lower-bounded P(A & A)
by using an inclusion—exclusion-type argument. However, this bound is too loose in our case,
as we are interested in P(A € A) of an M x N matrix, where M is close to the threshold. Our
analysis in this paper could potentially be applied to tighten some of the bounds in [1], although
the improvement would appear only in a high (fifth) order term of the bound.

Another well-studied problem related to P(A € A) is the birthday problem (BP). Indeed,
when g = % we obtain the standard formulation of the BP with N people and 2™ days. For
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O<g< %, the columns (birthdays) are no longer equiprobable, so we obtain BP with hetero-
geneous birthday probabilities. The non-coincidence probability of two birthdays in this case
has been computed exactly using a recursive formula by Mase [17]. Rigorous closed-form
approximations for constant ¢ were given by Arratia, Goldstein, and Gordon [2]. Intuitively,
the events that two birthdays coincide are rare and almost independent, so the number of coin-
cidences can be approximated by a Poisson random variable. However, Poisson approximation
can work only as long as the number of pairwise collisions dominates the number of multi-
collisions (i.e. collisions of >3 columns), which happens only for ¢ that do not decrease
too fast with N. For fast-decaying ¢, we need to use a different technique: we upper-bound
P(A € A) by the probability that A does not contain two identically zero columns. Indeed, the
event that all columns are different implies that no two identically zero columns can exist,
hence it must have a smaller probability.

Theorem 3.1 can also be viewed as a simplified version of [4], which will become clear
in Section 6. Our proofs also follow [4]: we choose to use a combination of the first moment
method and Suen’s inequality [11, 28], instead of Poisson approximation.

3.1. Proof of Theorem 3.1 (i)
Proof. Let
(I +eN))log (N)
log(1/V@® +(1—gq?)
with €(N) >> 1/log (N), and let X be the number of pairs of columns in C which are identical

(i.e. colliding). Let Xy, be the indicator of A , = AR , forx #y € C, and let P be the marginal
that k fixed columns all collide. By the identity

log (N
og (V) 2 log ()

ol = g (I P40-07) _ N ige-am (3.1
for all « € R, by taking o = (¢ + (1 — ¢)*) we have

E[X] = ﬂ«:[ Z Xxy]

x#yeC

ZZPZ

x#yeC

_ (N> (¢ + (1 — g Lreanit
2

_NMN-D 1) “2(1+€(N))
2

< lN*2€(N)
—0
as N — oo. By the first moment method, as N — oo, it follows that
PA¢A)=PX=>0)<E[X]—0

completing the proof. O
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3.2. Proof of Theorem 3.1 (ii)

The lower bound will be more involved. We are going to split our argument into two cases:
case 1, g > €; case 2, g <e€. In case 1 we will use Suen’s inequality, and in case 2 we will
bound the probability that A does not contain two identically zero columns.

Proof of Theorem 3.1 (ii): case 1, g > €. To be able to apply Suen’s inequality we will need
to show that pairwise collisions dominate three-way collisions. For this we must estimate P,

and P3. Using (3.1), with & = (¢> + (1 — ¢)?)"' 7,

P 1—€)i a1
h = (q2 (1 q)2)( M N 21 6), (32)
and with o = (¢° 4+ (1 — ¢)*)179),

" 1 3 (1-g)3
(1—e)i1 B —2(1—e) og (¢ +(1—¢)”)

Py= (¢ +(1 -9 N g 1= < N~(1-C+30), (3.3)

1

because one can check that for 0 < g < 5

log(¢*+(1 -9 3 3q

log(>+(1 -9 "2 4

Now we apply Suen’s inequality [11, 28] to our setting. Let us define the index set [/ =
{{x, ¥} | x #y € C}, which allows us to index Xy, as X,, for « € I. For each o € I we define the
‘neighborhood of dependence’ By = {8 €1 | B Na # ). Indeed, X, is independent of Xz if
B & B,. Then Suen’s inequality implies

PA e A)=P(X=0)<exp(— A+ Ae?), (3.4)
where, using |I| = (g’), |By| = (2N — 3), and (3.2) and (3.3),

N 1
A= Z E[Xy] = <2>P2 > ZN2€,

ael
1 N 1 3—(1—€)(3+3¢q)
A=Y ) SEXaXgl =) JON = 4)-Ps <N 29,
ael a#BeBy
— _ _ —1+42¢
8 =max Z E[Xg]l = (N — 4Py <2N .
a#BEBqy

— 142
We note that as N — oo we have 1 <e?d <V

have

— 1. Hence, for N large enough, we

A A < A4 2A < — LN L opE(-0GH9 _ e (—1 + 2N€3‘1<‘€>) — —00
4 4 ’

3.5)
because when g > € and 3(1 —€)/2 > 1 we have Ne—3901-€) _, 0, By equation (3.4) we can
conclude that P(A € A) — 0.

We see that for smaller g such a Suen’s inequality type analysis cannot work because the
number of colliding triples (A) starts dominating the number of colliding pairs (A). (|

Proof of Theorem 3.1 (ii): case 2, g < e. We would like to upper-bound the probability that
all columns are distinct by the probability that at most one column is identically 0. If we denote
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the number of identically O columns by Z, we want to show that P(Z < 2) — 0. We start by
proving E[Z] — oo.
One can check that for 0 < g < % (which we may assume as g < e — 0),

log (1 —¢q) <1

9
og(V@+(_qp) 10"

Then, first using (3.1) with M = (1 — OManda=1— g, and next applying inequality (3.6)
and the assumptions g < € and € > 1/log (), we have

(3.6)

E[Z] =N — g)¥

1+(1—€) log(1—¢)
-N log (1/ q2+<1—q>2)
> N1-(=a+159)
=N67%q(176)
> N~ T0¢
— OQ.

We are going to use a standard concentration bound to finish this proof.

Lemma 3.1. (Chernoff bound.) Let X be a binomial random variable. Then for 0 <t <1 we
have

( ‘L'ZE[X])
P(IX —E[X]| > TE[X]) <2 exp| — .

3

By Lemma 3.1, and since for N large enough we have E[Z] > 2,

PAecA) <P(Z<2)
=P(Z - E[Z] <2 — E[Z])

< 1P><|Z— EiZ1 > (1 - %)Em)
<2 : 1 2 2E V4
< exp<—§< —m) [ ])
<2exp —l 1—i E[Z]

3 E[Z]

= Ze% exp(—@)

-0, (3.7
thus completing the proof. (|

4. Warmup?2: Identifying codes or binary search with randomly restricted queries

In the previous section we treated binary search with completely random entries. In this
section the queries will be selected by us, but we may only choose from a random subset of all
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queries (of size N). We start by adapting the definitions in Section 2 to the matrix setup used
in Section 3.

Definition 4.1. (QC.) Let A € {0, 1}V* be a binary matrix. Let the query complexity (QC) of
A be the minimum |R| such that Ag ¢ has pairwise different columns.

If the submatrix Ag ¢ has pairwise different columns, the set R is also called an identifying
code [13] of the graph which has adjacency matrix A (we must also allow self-edges to have
equivalence, which is usually not part of the definition). Identifying codes are closely related
to resolving sets. If the graph has diameter two, the only difference between the two notions
is that in the case of resolving sets we may receive three kinds of measurements (0, 1, and 2),
not just two. However, we receive the 0 measurement only if we accidentally query the target,
which can be ignored in many cases, hence the information we get is essentially binary for
resolving sets as well.

Identifying codes of Erd6s—Rényi graphs were studied by Frieze et al. [9]. In fact [9] already
featured some of the ideas that led to characterizing the MD of Erd6s—Rényi graphs in [4].
Part of the main theorem in this section (on the QC of Bernoulli random matrices, Theorem
4.1) has also appeared in [9] for a limited range of parameters, which we extend using the
tools of [4]. Our proof of the QC of Bernoulli random matrices does not feature any new
ideas; we only include it for the sake of completeness. We also define the adaptive version
of the problem, the sequential query complexity (SQC), which will be similar to the SMD.
The upper bound on the SQC will be algorithmic and will be quite different from the tools
in [9] and [4].

Definition 4.2. (Candidate targets.) Given a set of queries R and target v*, the set of candidate
targets for the matrix A is

Tr(A) ={v € [N]| AR, {v} = AR, (4} }-
Definition 4.3. (SQC and SQCP.) Let ALG(G) (respectively, ALGP(G)) be the set of functions
(respectively, polynomial-time computable functions)

g {(A,R,Agp) IRCR, V' €C} = R.

The sequential query complexity SQC(G) (respectively, SQCP(G)) is the minimum r € N such
that there is a query selection algorithm g € ALG(G) (respectively, g € ALGP(G)), for which,
if welet Ro =¥ and Ry =R; U g(G, R;, AR;_y,(+))), then |'Tr,(A)| =1 for any v* € C.

We show the difference between the QC and SQC on an example in Figure 3. The advantage
of studying the QC and SQC before the MD and SMD is that we have simpler results without
the small dependences that always arise in the graph setting.

Theorem 4.1. Let N € N, let 0 < g < 1, and let A € Ber(q)V*N and ysqc = max (¢, 1 — q). Then
a.a.s. we have the following.

1) If1 =1~ ysgc > 1og (N)/N, then with n =1 +logy (log (1/ysq4c)) we have

log (N)
SQCM) = (7~ o),
'sqc
1 N
SQCP(A) < (1 + 0(1))$~
SqC
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Non-adaptive binary search Adaptive binary search
Step |Game board P1 move P2 move Game board P1 move P2 move
111/1]0 1 1/1/1|0
T OO Rt 2,41 | Argn=| 1] LU O Ri=2) | agy =111
11/1]0 o//L1][1]1]0
0/1/0/0 0/1/0/0
111/1]0 171/1|0
2 0/1/1]|0 V=3 0/1]1]0 Ry=(2.4} ARZ.{V*):F}
1/1/1/0 11/1/0 0
0/1/0|0 0/1/0/0
1/1/1|0
3 0/1/1/0 V=3
111/1]0
o0/1/0/0

FIGURE 3. The process of non-adaptive and adaptive binary search with restricted queries with target
v* = 3. The queries are marked in green and the observations are marked in blue.

(i) Iflog (N)/N > 1 — ysqc, then SQC(A) is undefined.
The results for QC(A) are of the same form, except that instead of ysqc we have yye =
V@ + (1 =g
Remark 4.1. If 1 — y;4c = o(1) (which is equivalent to 1 — y,c = o(1)), we have
1
———— = +o))————=U+0(l)) )
log (1/y4¢) log (1/ysqc) 1 — Yisqe

In this case SQC(A) = (1 4 0o(1))QC(A) = w(log (N)), so the SQC and the QC have the same
asymptotic behavior.

“.1)

Remark 4.2. If 1 — yy4c = ©O(1), then n — 1, so the upper and lower bounds match in part (i)
up to a multiplicative factor tending to one. In this case SQC(A) = O(log (N)) and QC(A) =
®(log (N)).

4.1. Connection between Theorems 3.1 and 4.1

The main difference between the two theorems is that in Theorem 3.1 we sample M queries
and use all of them, whereas in Theorem 4.1 we sample N queries and select (adaptively or
non-adaptively) only a subset of them. The subset we select is of size SQC(A) or QC(A). Of
course, if ys4c 1s s0 close to one that even all of the N queries are not sufficient to locate the
target, then it is impossible to find the target in the adaptive and the non-adaptive case as well.
This intuition is made more precise in the following remark.

Remark 4.3. If log (N)/N > 1 — ysqc, the lower bound in part (i) would give SQC > N, which
is a contradiction, hence part (ii) can also be viewed as a special case of part (i). Moreover, part
(ii) is also implied by Theorem 3.1. Indeed, suppose log (N)/N > 1 — yy,c. After reordering,
log (V) log ()

=(1+o(1))

N <K PR —
1- Vsqc log (l/ch)

because of (4.1). Then, by Theorem 3.1 with ¢’ =1 — yg € (0, %], we know that A’ =
Ber(q’ YW*N has two identical columns a.a.s. This implies that A = Ber(q)N *N has two identical
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columns, and thus SQC(A) and QC(A) are undefined a.a.s. Similarly, if log (N)/N < 1 — yyqe,
then A does not have two identical columns, which implies that SQC(A) and QC(A) are
well-defined.

The proofs of Theorems 3.1 and 4.1 are quite similar, except for the SQC upper bound.
However, while in Theorem 3.1 we have matching upper and lower bounds, in Theorem 4.1
there is a 1 — 1 gap between them. It is an open question whether this gap can be closed, and
we conjecture that the constant in front of the lower bound can be improved from 7 to 1.

Let us also give intuition about the new notation. On the range ¢ € (0, %], the variable 1 —
Vsqe 18 just g, and it serves essentially the same purpose. The reason for introducing a new
variable is that we can highlight the symmetry of the adaptive and non-adaptive cases here
and later in the text. The other new variable is 7, which is monotonically decreasing in ysqc.
We note that since ysgc > % we always have 1 < 1, hence the upper and lower bounds never
contradict one another. However, 1 can be an arbitrarily small negative number, in which case
the lower bound becomes meaningless. For such cases we can impose the trivial lower bound
log, (N).

In the remainder of this section we sketch the proof of Theorem 4.1. The main focus of
this paper is on the adaptive setting, but for the sake of completeness we also include the
non-adaptive version.

4.2. Proof of the QC upper bound of Theorem 4.1
Proof. This is a direct application of Theorem 3.1. O

4.3. Proof of the QC lower bound of Theorem 4.1

Proof. Here we only consider the 1 — y;. = ©(1) case when n=1. By Remark 4.1, the
1 — y4e = 0o(1) case will follow from the SQC lower bound. Let

log (N) and e loglog (N)
log (1/v4c) log (N)

with € — 0. Let Y be the number of subsets W C 'R with [W| <r for which Ay ¢ has no
repeated columns. For the lower bound to hold we must show that ¥ =0 a.a.s.

Let us now select a set R C R of r rows in advance, and when A is revealed, let Ag be the
event that A ¢ has no repeated columns. Then

r<(l—e

P(Y > 0) <E[Y] <N'P(A € Ap). 4.2)

Using our result in (3.4) and (3.5) and because 1 — y;c = O(1) implies € < g(1 — ¢€), for N
large enough

1 : 1
P(A € Ag) <exp (— A+ Ae*®) < exp<N2€ <_Z + zN€%q<1€>)) < exp(—gNk).

Then )
1 1 N 1
E[Y] <N’ exp(——Nk) < exp<(1 _o o @™ —N2€> 0, (4.3)
8 log(1/vge) 8
since by assumption
1—e¢
——— =0(l),
log (l/ch)
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and since
loglog (N)
log (V)
implies 10g2 (N) < N?¢. Finally, by (4.2) and (4.3), we have ¥ =0 a.a.s. O

4.4. Proof of the SQC upper bound of Theorem 4.1

In order to prove this upper bound we analyze the performance of a greedy query selection
algorithm called MAX-GAIN.

Definition 4.4. (k-reducer.) For a query w € R and an observation [ € {0, 1}, let the targets
agreeing with the pair (w, [) be denoted as

Saw, h={veClAy, =1}

Given an integer k and the triple (A, R;, AR].,{V*}), arow w is called a k-reducer if, after adding
w to R;, the worst-case cardinality of R is upper-bounded by £, that is,

max |Tg; N Sa(w, D] <k.
1€{0,1}

Definition 4.5. (MAX-GAIN.) The MAX-GAIN algorithm finds the target by iteratively select-
ing as a query the k-reducer with the smallest k. That is,

MAXGAIN(A, Rj, Ag; (+}) = argmin max |Tg, N Sa(w, DI.
weV\R; [€{0.1}

Note that if log (N)/N < 1 — ysq4c, there are a.a.s. no two identical columns in A by Remark
4.3, in which case the MAX-GAIN algorithm always finds the target in at most N steps.
Moreover, if we can always find better reducers, the number of steps decreases dramatically.
Since each node is connected to a yyqc > % fraction of the nodes, it is reasonable to expect that
we can find k-reducers with k & | Tg,| ysqc- The existence of such reducers would already imply
the result we need.

Lemma 4.1. If MAX-GAIN can select a (|'Tg;|ysqe +f(|Tg;1))-reducer in the (j+ 1)th step of
the algorithm with f(n) = o(n/log (n)) for any j € N for which the candidate set size is

log (N)
=a 0 )
log (1/vs4c)
then the algorithm finds the source in

log (N)

« +O(1))10g(1/ysqc)

steps.

The proof of Lemma 4.1 is included in Section A.l. For the SQC upper bound we will
be able to prove the existence of a (|7g;|ysqc +.f(|'Tg;1))-reducer for any candidate size, hence
this condition of Lemma 4.1 may be ignored for the moment. The condition on the minimum
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candidate set size for which there exists a (|’77gj|ysqc + f(|7;gj|))-reducer will be important in
Section 6.2.

Now we need to show the existence of such reducers. This will be a structural result on the
matrix A which holds independently of the state of our algorithm, so we find it useful to define
another notion quite similar to k-reducers.

Definition 4.6. (f-separator) Let f(n)e N— RT be a function, and Ysqe as defined in
Theorem 4.1. A set of columns W C C, |W|=n has an f-separator if there is a row w e R
such that

max_ |[WNSa(w, D| < nysge +f(n).

1€{0,1}

Remark 4.4. An f-separator w for Tg, is an (|Tg;|vsqc +f(|Tx;|))-reducer for the triple
(A, Rj, AR; (v+)). The difference between the two terms is that the term f-separator refers to
a property of A and W, whereas the term k-reducer refers to a property of the state of an algo-
rithm. The role of these two terms is also quite different. A k-reducer with a small k makes
MAX-GAIN more efficient, whereas an f-separator with a small f is a typical separator, and
its existence makes the analysis of this upper bound easier.

Proof of the SQC upper bound of Theorem 4.1. To use Lemma 4.1 we have to show that
for every W C C we have an f-separator with f(n) = o(n/log (n)). Let X, = |[W N Ss(w, 1)| and
note that E[X,,] =ng. It is clear that if X,, is close to its expected value then v must be an
f-separator. Indeed, |X,, — ng| <f(n) implies

Xy —ng < f(n) = Xy < nq+f(n) < nysge +f(n) (4.4)

and
—Xy —ng)—n+n=<fn)=n—X, <n(l —q)+f(n) <nysy +f(n), 4.5)

hence w is an f-separator. We first show that for any v € R we have |X,, — ng| <f(n) with
constant probability. Using Lemma 3.1 and substituting f(n) = +/3n, we get

P(|X,y — ng| > f(n)) = IP<|XW —E[X,]| > %m)

2 fm?
<2 exp(— gnq g )
=2 exp(—?)
q
<e (4.6)

because ¢ < 1. Since the random variables X,, are mutually independent, the probability that
none of the rows are f-separators for W is upper-bounded by e ". Let ¥ be the number of
subsets W that do not have a +/3n-separator. Then

E[Y] < Z e N <2VNe N 0.
wcc

By the first moment method we can conclude that every W C C has a +/3n-separator a.a.s.
By Lemma 4.1 this concludes the proof. (]
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4.5. Proof of the SQC lower bound of Theorem 4.1

For this lower bound, we look for columns with identical elements similarly to case 2 of
the proof of Theorem 3.1 (ii). We have seen in Remark 4.3 that if log (N)/N < 1 — yy4c then
A a.a.s. does not have two identical columns. However, any r x N of its submatrices will have
two rows with identically O or 1 elements if

log (N log log (N
VS(’?_G)L() With 6>> M’
log (I/Vsqc) log (N)

no matter how we select the rows (queries). Of course, two columns that are identical based
on our query selection can change. Recall that at the end of Section 2 we modeled the SMD as
the number of steps in a two-player game if both players play optimally. In this proof we are
essentially analyzing a strategy for Player 2, who does not decide the target in advance, and
always provides observation 0 if ¢ < 5 and lifg> 5 By showing that with high probability
any r x N submatrix of A has at least two columns w1th identically O or 1 elements, we ensure
that Player 2 can follow this simple strategy, and the size of the candidate set will be at least
two after r queries, independently of the strategy of Player 1.

Proof of the SQC lower bound of Theorem 4.1. Similarly to Section 4.3, let Y be the number
of subsets W C R with [W| < r for which Ay ¢ has at most one column with identically O (if

q< %) or 1 (if g > %) elements. For the lower bound to hold we must show Y =0 a.a.s. Let us
now select an R C R of size r in advance, and when A is revealed let Ag be the event that A R.C
has at most one column with identical elements. Then

P(Y > 0) <E[Y] <N'P(A € Ag). 4.7)
Let Zr be the number of identically O (or 1 if g > %) columns in Ag ¢. By equation (3.7),

E[ZR]>
> )

PA e Ag) < 2e3 exp(—

Then, using the equation E[Zgr] =N ysrqc and the definitions of r and 7,

E[Y] < N’ZC%1 exp(—E[ZR])

3

4 |
=2e3 exp| rlog (N) — gNysqc

1 =€) Tog (yso0)
<263 exp| rlog (N) — 3N sqc lg(l/yq))

(
et e

1
rlog (N) — 3N1 = 6>)

<..)I-J>

<(’7 —Olog V) 11410, 1og<1/ysqc>>+e>
log (1/ysqc) 3
<10g (N) — IN¢ )

log (1/vsqc)

exp

u

(4.8)
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(a) c =0(1) (b) C— o
1=0,1 ... j ... i+1,i+2 1=0,1. jooo i1, (1+2)
v «" v <"
0(3)...0(8)...0(N), B(N) [Stv.)] =1, ©(3)..0(d)... O(Ne®)

FIGURE 4. The arcs in the figures represent the level sets Sg(v, /) of G(N, p) for different ranges of c.

The layers containing a constant fraction of the nodes marked red. In the ¢ = ®(1) case (a) there are two

such layers, whereas in the ¢ — oo case (b) there is only one. In this latter case the (i 4 2)th layer is in
parenthesis because that layer may or may not exist depending on c.

since 1/log (1/¥sqc) > 1 and log® (N) — %NG — —oo as long as

loglog (N)
log(N)

Finally, by (4.7) and (4.8) we have Y =0 a.a.s. O

5. Expansion properties of G(N, p)

Before we proceed to our main results, we must establish some properties about the expo-
nential growth of Erd6s—Rényi graphs in the sizes of the level sets Sg(v, /) defined below.
This exponential growth is depicted in Figure 4. Most statements in this section have already
appeared in [4] with a different notation, or can be easily derived from the results therein.

Definition 5.1. (Level sets.) For a graph G = (V, E) and a node v € V, let the level set of v be
defined as Sg(v, ) ={we V| d(v,w)=1[} forevery [ € {0, ..., |V|}. The level sets from a set
of nodes V' C V is defined as Sg(V’/, ) = Uvev’ Scv, D).

We also define three functions §, i, and ¢ (all depending on the parameters of an Erdés—
Rényi graph G(N, p)), which will be useful throughout the rest of this paper.

Definition 5.2. (Parameters 8, i, and ¢ of the expansion properties.) Let § = Np, let i > 0 be
the largest integer such that 8’ = o(V), and finally let ¢ = §™+1 /N = §ip.

In this paper we only consider connected Erd6s—Rényi graphs with § = Np > log (N). We
defer the interpretation of these definitions and introduce the main technical lemma that estab-
lishes the exponential growth of the level sets. This lemma also appeared in Lemma 2.1 of [4]
(we replaced their O(1//w) + O(d'/n) term with O(¢) for simplicity), with an extra condition
which we removed (proof in Appendix A).

Lemma 5.1. (Expansion property.) With parameters i,c and §>>1log(N) as defined in
Definition 5.1, let £ = ¢ (N) be a function tending slowly to zero with N such that

{zmax( llog(s(N)7 %’) 5.0)

https://doi.org/10.1017/jpr.2021.16 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2021.16

926 G. ODOR AND P. THIRAN

Foranodev eV, let E(v, j) be the event that for every [ <j
S6(v, D = (1+0(¢ )8, (5.2)
and for two nodes v #u €V, let E2(u, v, j) be the event that for every [ <j
[Sc({u. v}, DI =2(1 + 08" (5.3)

For a subset V' CV, let E(V',j)= () ., E(v.)) be the event that expansion properties
hold for all nodes in V', and let £(j) be a shorthand for E(V,j). Similarly, let £ (j) =
ﬂu?&vev Ex(u, v, j). Then, for G sampled from G(N, p), the event £(i) N E2(i) holds a.a.s.

Corollary 5.1. For every v € V we have Zle |Scv, D| =1 + O({))Si =o(N) a.a.s.
Proof. By Lemma 5.1, by taking [ <i since { > 1/§ and

D 186, Dl =) (1+0(2)8' = (1 +0(£))8 = o(N). O

=1 =1

Parameter § is essentially the expected degree of each node in G ~ G(N, p). We require
8 >1log (N)/¢% > log (N), so the graph is a.a.s. connected. The function ¢ serves as the error
term. Note that (5.1) implies that ¢ > p for i > 0. Parameters i and ¢ are both derived from
1/logy (8); parameter c¢ is § raised to one minus the fractional part of §, and parameter i
is the integer part of 1/logy (), or more precisely the ceiling minus one. Qualitatively, the
level set structure of G(N, p) has periodic behavior as we tune p. As p decreases, in each
such ‘period’ the outermost layer gains ever more nodes until it is fully saturated and another
layer appears. Roughly speaking, parameter i indicates the ‘period’, and parameter ¢ pro-
vides a fine-grain tuning of p within a ‘period’. However, the ‘periods’ and the appearance
of new level sets are not exactly aligned. The next lemma tells us how the diameter depends on
6 and N.

Lemma 5.2. ([4, Lemma 4.1].) Suppose that § =pN > log (N), and that for some integer
D>1
D—1 sD
N —2log (N) > —oo0 and N —2log (N) — oo.

Then the diameter of G sampled from G(N, p) is equal to D a.a.s.

Corollary 5.2. Let D be the event that the diameter of G sampled from G(N, p) is either i + 1
or i+ 2 with all parameters, including i, given by Definition 5.2, and as always § > log (N).
Then D holds a.a.s.

Proof. We distinguish three cases.
1. If §'/N —2log(N)— —oo and §"!/N —21log(N)— oo, then taking D=i+1 in
Lemma 5.2 implies that the diameter is i + 1 a.a.s.

2. If 81 /N — 2log (N) — —o0 and §i+2/N — 2log (N) — oo, then taking D =i+ 2 in
Lemma 5.2 implies that the diameter is i + 2 a.a.s.

3. If 81 /N — 2log (N) = O(1), then let us consider G| = G(N, pw) and G> = G(N, p/w)
with @ — oo very slowly. Using Lemma 5.2, for w growing slowly enough, the graphs
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G1 and G, have diameter i+ 1 and i+ 2 respectively a.a.s. Since having diame-
ter at least D is a monotone graph property, G must also have diameter i+ 1 or
i+2aa.s.

There are no other cases than the three outlined above because the equations
i

)
— —2log (N) > —
N og (N) 00

and
5i+2

—2log (N) = ¢§ — 2 log (N) > (% —2> log (N) = 00

must always hold by Definition 5.2 and the assumption § > log (N). (|

The previous results show that most of the nodes are either distance i+ 1 or i + 2 away
from any arbitrary node v € V. We now extend Lemma 5.1 to these level sets too.

Lemma 5.3. Foreveryv eV, let E(v, i + 1) be the intersection of E(v, i) and of the event

(1+0< log]\gN)>)Np ifi=0,
(1-( C+8—i>+o( <“+8—i)+ logz(N)))N ifi>0
e N Zle N N if i >0.

For a subset V' CV, let EV', i+ 1)= ﬂvev/ EW, i+ 1) be the event that expansion prop-
erties hold for all nodes in V', and let £(i + 1) be a shorthand for E(V,i+ 1). Then event
E(+ 1) holds a.a.s.

[Sgv, i+ 1)|= (5.4)

Proof. For a fixed node v eV, let us expose all of its edges (i.e. sample the edges of
G(N, p) adjacent to v in any order and reveal them), and do the same for each of its neigh-
bors recursively until depth i. This way of exposing edges also exposes all nodes in W =

UlSi SG(V, l)
After exposing these edges, we have for both i =0 and i > 0 that

|G (v, i+ 1| =Binom(|V \ W], 1 — (1 — p)%eDl),
because Sg(v,i+ 1)={weV\W | €Sc(v, i) s.t.d(', w)=1}.

Inthei>0 case, let us condition on the event £({v}, i). By Corollary 5.1, the set V \ W has
N — (14 0O(¢))8" nodes. Then we have

E[ISc(v, i+ D] [ £V}, ) =N — (1 + 0 )sH(1 — (1 — p)/SaDly
W - (14 0( )81 — e ¢ HOCII0E)

=(N =81 —e“(1+0()) +0'¢)

N(1-2)a—eorofceet
(1) e ol )

=N<1—(1+O(§))(ec+%)). (5.5)
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Letus denote u = E[|Sg(v, i + 1)| | E{v}, i)]. Then, by Lemma 3.1 with 7 = \/6 log (N)/ i,

we have
6log (N 1
#) _ 5.6)

IP’(IISG(VJ'Jrl)I—MI>TM|5({V},i))<e><p<— =Nz

Since (5.5) implies N/ log (N) < 1, we have T <./6 log2 (N)/N. This together with (5.6)
implies that for any v € V, with probability at least 1 — 1/N2, we have

o [log® (V) I
|Sc(v,z+1)|—(1+o( i ))N(l—(1+0(§))<e +N>>
_ —c 5_l —c 8_1 10g2 (N)
—(1—(6 +N)+O<§(e +N)+ N >>N

The desired result is implied by a union bound.
For i=0 we have E[Sg(v, i+ 1)]=( — 1)p. In this case, by Lemma 3.1 with 7 =
V61og (N)/N, with probability at least 1 — 1/N? we have

ISc(v, 1)| = (1 +o( log (N)>>Np.

N
The desired result is again implied by a union bound. O

In Lemma 5.3 we were quite precise about the error terms. A much weaker formulation of
the same idea can be useful for interpreting Theorem 6.1.

Corollary 5.3. In the same setting as in Lemma 5.1, the expected fraction of nodes in the level
set with the largest expected size (conditioning on the expansion properties E({v}, i)) is

(1+o(1)p ifi=0and (1+o(1))p=1-—p,
1 —({4o()p ifi=0andp<1—p, ‘
(1+4o(1))e™¢ ifi>0ande™“>1— <e_c+ %),
1—(1+o(1))(e“+%) ifi>0ande"<1—(e"+%).

Proof. The case i =0 is obvious. The case i > 0 is a corollary of (5.5). Indeed, the level
set with the largest expected size as N tends to infinity is Sg(v, i + 2) if and only if e™¢ >
1 — (e7“+ 8'/N), in which case it contains a fraction

i

1- <1 -+ 0(1))<e_C + %)) —o(l)=(1+o(l))e*

of all nodes by Lemma 5.2 and (5.5). Otherwise, the level set with the largest expected size as
N tends to infinity is Sg(v, i 4+ 1), and its expected size is computed in (5.5). 0

The results in this section are summarized in the first five rows of Table 1.
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6. Main results
We are ready to state our main theorem.

Theorem 6.1. Let N € N and p € [0, 1] such that log> (N)/N < p and 1//N < 1 — p. With
the parameters given in Definition 5.2, let

max (p, 1 — p) ifi=0 (ie.p=0(1)),

i

smd = 1) 6.1
Vomd max(e_c,l—e_c—ﬁ> ifi>0 (i.e.p=0(1)), ©.1)

and let

n=1+logy (1og (1/ysma))- 6.2)
Finally, let G=(V,E) be a realization of a G(N, p) random graph. Then the following
assertion holds a.a.s.:

log (N)

log (1/¥sma) '
log (N)

10g (1/ysmd) )

SMD(G) = (n +o(1))

SMDP(G) < (1 +o(1))
Remark 6.1. In the case of ¢ — oo we have

1 e 8i —1
m=<1+o(1))—1_ysmd=(1+o<1))(e +ﬁ) : (6.3)

Remark 6.2. The results for the MD of G(N, p) are of the same form (see Theorem 1.1 of [4]),
but for the MD, instead of yg,,q, we have

Vp2+ (1 —p)? ifi=0,
Ymd = sN? (6.4)
e )24+ (1—e<c— N ifi > 0.

Again, in the case of ¢ — oo we have

s\ !
—_ =1 1 4 — =(1 1)——.
oz (1/ymn) L ”(e +N> o (v

Remark 6.3. The terms F), and F; from Theorem 2.1 can now be expressed based on
Theorem 6.1 and Remark 6.2. With the definitions in (6.1), (6.2), and (6.4), taking the ratio
of the appropriate lower and upper bounds, we can write

SMD(G 1 1
( ):(1+0(1)) og (1/yma) iFiz0.
MD(G) log (1/¥sma)
SMD(G)>( +o(l) Fis0
—_— 0 if i >
MDG) — e
hence we have
F = log (Yima)
Y — 31/
log (Vsma)
Fp=n.
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Finally, we note that since p € (0, 1) and e € (0, 1), elementary analysis can show that F, is
a continuous function in p taking every value in the interval (%, 1). A discussion of the value
of n is included in Section 6.1.

6.1. Connection between Theorems 4.1 and 6.1

Clearly there is a great deal of similarity between the MD/SMD in G(N, p) and the QC/SQC
in Ber(q)"V>*N. The final expression can always be written in the form

log (n)
log (1/y,)’

where y, is a root mean square in the non-adaptive case and a maximum in the adaptive case.
The main difference is that in binary search with randomly restricted queries, y, depends on
parameter ¢ via a simple direct relation, whereas in random graph binary search the dependence
of y, on p is more complicated (see (6.1)).

We can understand the mapping from p to y, if we understand how we can map p to the
parameter g in Theorem 4.1, which we can do based on our results in Section 5. When p =
®(1), the mapping is just p = ¢. Indeed, since the diameter is 2 a.a.s., the vector d(R,v) for
v € R is essentially Ber(p) + 1. When p = o(1), the size of either one or two level sets dominates
the size of the others (see Figure 4), hence the information we get is still basically a random
Bernoulli vector, although here we must be more careful in the analysis. The mapping from p
to g uses exactly the fraction of nodes in the largest level set established in Corollary 5.3.

The n term used in Theorem 6.1 serves the same purpose as in Theorem 4.1, the only differ-
ence being that in this case n cannot be arbitrarily small (similarly to Remark 1.2 in [4]). Note
that i > 1 implies 8//N > (log (N)v/N)~!, because otherwise 8% = o(N), which would imply
that i was not the largest integer for which 8’ = o(N), a contradiction to Definition 5.2. Since
—log (1 — x) > x and for N large enough 1 — yg,g > e~ +8'/N > 8/ /N > (log (N)v/N) ™!, we
have

(14 0(1))

n=1+ 1OgN (—log (1 =1 = Ysma)))
>14 1OgN (Vsmd))
> 1 —logy (log (N)v/N)
1 loglog(N)
2 log (N)
1
— —.
2
Since ygng > % implies logy (log (1/¥sma)) < 0, we have the bounds 1 > n > % Similarly to
Section 4.1, we conjecture that the 1 — 7 gap between the upper and lower bounds can be
closed by improving the constant in front of the lower bound from 7 to 1.
Since different ranges of parameters require different proof techniques both in this paper
and in [4], an overview of the proofs is presented in Table 1 for better clarity.

6.2. Proof of Theorem 6.1 for p = ®(1), upper bound

Proof. The p = ®(1) case of Theorem 6.1 seems very similar to Theorem 4.1 because entries
of the distance matrix of G ~ G(N, p) are essentially Ber(p) 4+ 1 random variables. However,
the matrix is always symmetric, which causes some complications in the proof.

We start by providing an analogous definition of an f-separator for graphs.
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Definition 6.1. (f-separator.) Let f(n) € N — R* be a function. A set of nodes W C V, |[W|=n
has an f-separator if there is a node w € V such that

max |[WN Scw, D| < nysma+f(n).
€

For the upper bound, the statement that, for any set W C V, any node w € V can indepen-
dently be an f-separator is no longer true, in contrast to the proof of Theorem 4.1, since the
neighborhoods of the nodes in W are slightly correlated. However, the statement is still true
for nodes w € V'\ W. Hence the proof will be given in two steps. In step 1 we prove that V
has a 2,/n-separator a.a.s., and next in step 2 we prove that any set W of cardinality at most
YsmalN + 2+/N has an f-separator with f(n) = o(n/log (n)).

For step 1, let us pull aside from V a random subset F' C V of cardinality |F| = log log (N).
By equation (4.6) with ¢ = p and X,, = |V' U Sg(w, 1)|, each w € F is not a ~/3n-separator of
V' =V \ F with probability at most e~!. Since these events are independent, the probability
that no node w € F is a v/3n-separator of V' is then e~ 12102 ™) — Jog (N)~! — 0. On the other
hand, a v/3n-separator of V' is also a 2./n-separator of V, since /3N + log log (N) < 2+/N for
N large enough.

For step 2 we repeat the calculation in (4.6) with f(n) = +/6/(1 — ysma). Let X, = |WN
Sg(w, 1)|. Then

P(|X,y — np| = f(n)) = IP<|XW —E[X,]| > %’?w)

2 f(n)?
<2 exp(— gnpfnzp2 )

(“5=7)
=2exp| ————
3p(1 = Ysma)

2
<exp| ——— ),
P 1 — Yoma

because p < 1. Note that by (4.4) and (4.5) with ¢ =p and Y,y = Ysma, the event |X,, — np| >
f(n) implies that w is an f-separator for W.
Let Y be the number of subsets W of cardinality at most YN + 24/N that do not have a

/6/(1 — Ysma)-separator. Then
P(Y > 0) <E[Y]

2
< Z exp(—i1 — J/smd(N_ |W|)>

|W|§VsmdN+2«/N

<2V exp(— ——— (N — (YsmaN + NN)))
1 — yoma
4N
< exp(—N + 7)
1 — yoma
— 0,

as long as 1 — ygug> 1/+/N. The existence of a 2./n-separator for V (step 1) and a
6/(1 — ysma)-separator for all W C V of cardinality at most yg,aN + 24/N (step 2) holds
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together a.a.s. by the union bound. Note that for yg,q — 1

6 (6.3) 6(1 4+ o(1))

1 — Ysmd B m
< !
1
< log (N)
log (1/¥sma) log log (N)(og log (N) — log log log (N) + 10g(m))
— log (N)
IOg (n) forn lc'g log (N)log (1/yma) "
Hence

6 < n > < log (N) >
=0 forn=Q ——— |,
1 — Ysma log (n) log (1/¥sma)

which is the necessary condition on f(n) to apply Lemma 4.1.
Since we were able to prove the existence of (|77gj|)/sqc + f(|’7;3j |))-reducers for j =1 (step 1
of the analysis), and for any j > 1 with candidate set size

log (N) )
Tp|l=Q —=— -~
| le <10g(1/ysmd)

(step 2 of the analysis), Lemma 4.1 concludes the proof. 0

6.3. Proof of Theorem 6.1 for p = ©(1), lower bound

Proof. The lower bound will be more straightforward given the SQC lower bound. We prove
that Player 2 can follow the strategy of providing observation 0 if p < 5 and Lifp > 5, because
every r X N submatrix of the distance matrix of G has two columns, none of which has the same
index as the indices of the rows, with entries identically equal to 1 or 2. We essentially sacrifice
the entries that appear twice in the matrix (due to symmetry), for ease of analysis. The entire
derivation in the SQC lower bound follows except that now E[Zgr] = (N —r)y,, ;. as there are
only N — r columns to choose from. Then the rest of the computation is almost identical to
(4.8), that is,

P(Y > 0) < E[Y] < N"2¢3 exp<— MZR])

3

1
—2e3 exp(r log (N) — E(N_ V)Vsrmd>

A
e3

1 1= o3 yons
<2e3 exp rlog(N)—g(N Y emd

1
p( rlog W)+ N~ =€)y _ N‘ —n= €>)

L»I-b

—¢€)log (N )(og (V) + 1) _ Li-aiogy logu/ysmd»ﬂ)
log (1/¥sma) 3
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s (log3 (N) — %Ne)
<2e3exp| ———
10g (1/Vsmd)

-0

since 1/1og (1/ysma) > 1 and log® (N) — %NG — —oo as long as

loglog (N)
log (N)

In the rest of this section we prove Theorem 6.1 for p =o(1). Both the upper and lower
bounds will share some similarities with the p = ®(1) case, but they will be much more
involved. The reason we still include the p = ®(1) case is to study how far we can push the
upper bound on p. Finally, our results on the SMD hold up to the bound 1 — p > 1/+/N. This
is a slightly better bound than
- 3loglog (N)

— log(N)

which arose in [4] on the MD. ]

6.4. Proof of Theorem 6.1 for p = o(1), lower bound

Proof. This proof is based on a coupling between the graph case and a simple stochastic
process, which we can analyze similarly to the SQC lower bound. We start by upper-bounding
the probability that a random set is a resolving set by the probability that a certain survival
process leaves at least two of the nodes alive. Since this survival process is still too complicated
to analyze, we are going to introduce a second survival process later in the proof, which will
give us the desired bound.

As usual, we first select queries R = {wy, ..., w,} at random, with
log (N)
RI<r=m—-€)————
log (1/vs4c)

and € slowly decaying to zero. In the proof of the SQC lower bound, we had an explicit lower
bound on how slowly € must tend to zero, but this time we do not provide such guarantees, for
the sake of simplicity.
Let /* be the index of the largest level set in expectation. Using the results of Corollary 5.3,
Si
i+1 ife“<l—e“——,
= é\{ (6.5)
[ +2 ife”“>1—e"“——.
l = N

Let Rg be the event that the randomly sampled set R of size |R| is a resolving set in G, and
let R be the event that there exists at least one resolving set. Similarly to Section 4.5, we want
to upper-bound P(R) by N"P(Rg), and P(Rg) by the probability of the event that there are at
least two distinct nodes u # v € V with d(R, u) = d(R, v) = [*1.

Since R is uniformly random, we may sample it before any of the edges in G are exposed.
Let us now expose the edges of G similarly to the proof of Lemma 5.3, except this time starting
from the set R instead of a single node. Notice that before any of the graph is exposed, any of
the nodes v € V' \ R could possibly have d(R, v) = [*1. Then, as ever more edges are exposed,
many of the nodes lose this property. For instance, the neighbors of the nodes in R cannot have
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d(R,v)=1"1, because [* > i > 1. Hence, focusing on the event Rg, this exploration process of
the graph can be seen as a survival process, where at least two nodes must survive.

Definition 6.2. (ESP.) In the exploration survival process (ESP), all nodes v € V \ R start out
alive. In step / < I* we expose all unexposed edges incident to the nodes in Sg(wj, [) to expose
Sg(wj, I+ 1) for all je{l, ..., r}. Every node exposed in this way dies. Then if * =i+ 1
we play an extra round, in which we expose all unexposed edges incident to the nodes in
Sc(wj, i + 1), and a node that was still alive at the end of round /* — 1 survives this round if it
connects to Sg(wj, i) forall je {1, ..., r}. If [* =i+ 2, there is no extra round.

Note that the ESP always takes i + 1 steps: it is only the nature of the final step that depends
on [*. The event that v survives the ESP is equivalent to d(R, v) =[*1, unless [* =i+ 2 and
event D in Corollary 5.2 does not hold (in this case node v surviving the ESP could have
d(wj, v) > I*). Since D holds a.a.s., we can assume it holds (formally, we may intersect all of
our events with D and apply a union bound in the end).

In the first [ < [* rounds the probability of survival is ,ol(o) =(1- p)‘SG(R’l_m, and this prob-
ability is itself a random variable. When / =[* =i+ 1, we need each node to connect to each
Sc(wj, [ — 1), but these sets might have an intersection, so the exact value of the probabil-

ity of survival (which we call ,0[(? )) is complicated to write down. Fortunately, ,ol(*l) can be
lower-bounded by

,
l_[ (1 —(1 _p)|$G(Wjal'*1)‘)’
Jj=1
since the events of connecting to Sg(wj, [ — 1) foreach j € {1, ..., r} are positively correlated.
This motivates an alternative but still complicated survival process, which will serve as a bridge
to the simple process we will finally analyze.

Definition 6.3. (CSP.) In the complex survival process (CSP) all nodes v € V' \ R start out alive.

In each of the i 4 1 rounds, each node survives with probability ,01(1), where

(6.6)

m _ | = p)Se®eh itl<r,
LTz (= (1 = p)!Sett=Dly if [= 1 and I* =i+ 1,

where the sets Sg(R, [ — 1) are the same as in the ESP.

Let Yy (respectively, Y1) be the indicator variable that at least two nodes survive the ESP

(respectively, CSP). Then Yy =0 is the same event as Rg and ,ol(l) < ,0[(0), which implies

P(Rgr) =P(Yyp =0) <P(Y1 =0). However, the CSP is still too difficult to analyze even with
the lower bound in (6.6), because each term is itself a random variable depending on earlier
levels. Instead, we study a ‘simple’ survival process.

Corollary 6.1. Let us denote the event E(R, I* — 1) by Er. Then, if Eg holds, there exists a
constant C such that

ISG(R, I — 1| < r8~ 11+ C?) (6.7)
forall R and | < I*, and when I* =i+ 1

ISc(wj, " — 1) = 8" 11 — C¢) (6.8)

Sor all w;.
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Proof. The existence of such a constant C is implied by (5.2) in Lemma 5.1 (for (6.7), since
we need an upper bound, the intersection of the sets Sg(v, [ — 1) can be ignored). O

Definition 6.4. (SSP.) In the simple survival process (SSP) all nodes v € V \ R start out alive.

In each of the i 4+ 1 rounds, each node survives with probability ,o( ), where

o a=prareo e 69)
oro= (1—=1=p)I=COy ifi=randI*=i+1, '

and C is the constant in Corollary 6.1.

Let Y be the indicator variable that at least two nodes survive the SSP. Equations (6.7) and
(6.8) imply ,0(1) > ,ol , so it is in fact easier for nodes to survive the CSP than the SSP (the
words ‘simple’ and ‘complex’ in the names of the terms SSP and CSP refer to the difficulty
of analysis, not the difficulty of survival). Hence we should be able to prove P(Y; =0, £g) <
P(Y>» =0, &g), and we will prove it rigorously by coupling (Y1, Er) and (Y2, ER). Recall that a
coupling is a joint distribution ((Y], ER) (Yz, ER)) on {0, 1} x {0, 1} with the property that its
first marginal is (Y7, £g) and the second margmal is (Y2, ER).

We define the joint distribution (Y1, 1, ER) by specifying how to sample from it. We will
simultaneously play the ESP, CSP, and SSP, and since all three processes can be simulated
using Bernoulli trials with parameter p, we will use the same outcomes of these trials whenever
possible. More precisely, the probability space of (Y1, ¥s, éR) is the probability space of N(N —
r)(I* — 1 + r) coin flips where the probability of heads is p. The first N(N — r)(I* — 1 + r) coin
flips are first organized into N — r buckets of size N(I* — 1 + r) indexed by nodes v € V \ R.
Then each of the N — r buckets are further divided into [* — 1 blue and r red sub-buckets, all
of size N. The kth coin flip in the /th blue and respectively the jth red sub-bucket of the bucket
corresponding to node v is called flip(v, ‘b’, [, k) and respectively flip(v, ‘7, j, k). Figure 5
explains the structure and function of these buckets via an example.

To define f’l, we must explain how to simulate the CSP in Definition 6.3 using the coin
flips in the blue and red sub-buckets. To simulate the CSP we must know the level set sizes
SG(R, I — 1) for I < I*, which requires simulating the ESP at least up to round /* — 1. Note that
in the ESP we only expose edges between one dead and one alive node (if we consider the set
R dead at the start). For each such exposure of an edge between dead node u and alive node v
in round [ < I*, we use flip(v, ‘b’, [, k), where k is the lowest index for which flip(v, ‘b’, [, k)
has not been used so far in the ESP. In this way, the exact mapping between edges and coin
flips can change depending on the order in which we sample the edges in each round, but
this will not affect the coupling. Until round /* — 1, we are able to perfectly simulate the ESP,
and fortunately we already have enough information to simulate the CSP. In round [ =[*, we
already know enough to finish simulating the CSP and we may ignore the ESP. We simply
define ¥ 1 to be the indicator of the event that there exists Vesp C V with |Vsp| > 2, such that
for any v € Vcsp we have no head in the set

{flip(v, ‘b’, 1, k) | 1 <k < CSPdepth(‘b’, 1)}

for each positive integer [ < [*, where

CSPdepth(‘b’, [) =

USG(W,, - 1)‘

j=1
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FIGURE 5. Part (a) of the figure shows a (partial) example sample of the elementary events of the coupled
joint distribution. Here we set N =11, r=3, and [* =i+ 1 =3. These parameters might not actually
correspond to any pair of parameters (N,p); we only use them for the example. The colors signify which
survival processes use which coin flips: light blue is for the SSP, yellow is for the CSP, and green is for the
coin flips used by both of them. We should show N — r = 8 buckets in total — one for each node v; € V \ R
— but we only show the bucket for two nodes vy, v, in the interest of space. Node vy survives the first
I* — 1 rounds in both processes, but survives the last round only in the CSP. In the SSP it does not survive
because the first red sub-bucket contains no head for this process (the CSP is saved by flip(vy, ‘7, 1, 3)).
Node v; dies in the first round of the SSP (because of flip(va, ‘b’, 1, 4)) and in the second round of
the CSP (because of flip(vy, b, 2, 2)). Part (b) of the figure shows (a possible realization of) the ESP
corresponding to the coin flips in part (a). The edges incident to nodes v; and v, correspond to the green
coin flips in the blue sub-buckets in part (a) of the figure. Only one such edge is present in this realization
of the ESP: the edge between v, and vg. This edge corresponds to flip(va, ‘b°, 2, 2), which is indeed the
only green head in the blue sub-buckets in part (a). Part (b) also explains the values of CSPdepth(‘r’, j)
in part (a). Indeed, we can check that |Sg(wy, I* — 1)| =3 and |Sg(wa, I* — 1)| = |Sg(wsz, I* — 1)| =2.
Similarly, we can check that | Uf: Sc(wj, D] =|{ve, v7, v8}| =3, which corresponds to the value of
CSPdepth(‘d’, 2) in part (a). Note that only coin flips in the blue sub-buckets can correspond to edges in
the ESP, as in the coupling we only simulate the ESP until round /* — 1.

This set is exactly the ‘used’ nodes of the ESP, since the ESP and the CSP are identical in
rounds [ < [*. In addition, if /* =i+ 1, we also need there to be at least one head in the set

{flip(v, ‘r’, j, k)| 1 <k <CSPdepth(‘r’, j)}
for each positive integer j < r, where
CSPdepth(‘r’, j) = [Sg(wj, I* — 1)|.

It is clear that each bucket has at least as many coin flips as we need in each step, and that
)% 1 and Y7 have the same distribution. Note that since we know the cardinality of the level sets
SG(R, [ — 1) forall [ < I*, we can also determine éR.

The random variable ¥ can simply be defined as the indicator of the event that there exists
Vssp C V with |Vssp| > 2, such that for any v € Vgsp we have no head in the set

{flip(v, ‘b’, I, k) | 1 <k < SSPdepth(‘’, 1)}
for each positive integer [ < [*, where

SSPdepth(‘b’, Iy = r8'~'(1 + C¢).

https://doi.org/10.1017/jpr.2021.16 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2021.16

Sequential metric dimension for random graphs 937

In addition, if I* =i + 1, we also need there to be at least one head in the set
{flip(v, ‘r’,j, k) | 1 <k <SSPdepth(‘r’)}
for each positive integer j < r, where
SSPdepth(‘r’) = (1 — C¢)s" !

(this depth does not depend on j, but it still needs to hold for » sub-buckets). Clearly ¥> and Y,
have the same distribution.

By (6.7), if the event éR holds, each coin flip used by the CSP in rounds {1, ...,i+4 1} is
also used by the SSP. Hence, if a node survives in SSP, it must also survive in the CSP. When
I* =i+ 1, the situation is reversed in the (/*)th round. By (6.8), each coin flip used by the SSP
is used by the CSP. However, this time we need heads to survive, so again if a node survives
in SSP it must also survive in CSP. Hence IP’(Y], ER) < IP’(Yz, ER) We are now ready to use our
coupling to bound the probability that there exists a resolving set:

P(R) <P(R, &) + P€)
<Y P(Rr|E)+PE)

IR|<r

<Y P =0|8)+PE)
[R|<r
P(Y1 =0, &r)

<N W_HP(E)

P =0, ER)

PV, =0, &)
< - s @ 7
B P(&)
P(=0)
<N 719(5) +PE)
P(Y, =0)

=N e P(E). (6.10)

+P(E)

Now we proceed to upper-bounding P(Y> = 0). Let Z, be the indicator of the event that node
v e V\ R survives in the SSP. We need to distinguish the two cases e ¢ > 1 —e~¢ — §//N and
e “<1l—e“—§/N.
In the case e ¢ < 1 —e~¢ — 87/N, since by (6.5) we have I* =i + 1,
rr—1

PZ,=1)=> (]_[ (1 —p)’5““+‘3¢>>(1 — (1 = py1=CO8" Dyr

=1
> efp<1+o<1>>r8"*'(1 _ efp<1+o<1>>a")r

gi\ r+o(1)
> (1 _ N) (11— e*C(lJrO(l)))r

i\ r(1+o(1))
(6%2)<1 B %’) (1 — e=¢yrti+o()
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5 r(1-+o(1))
-5 )
N

6.1)
( )J/ (1+0(1)) (611)

smd

We used the fact that when /1(N) — 0, we have
1 — e—c(+h1 (V)
Tier  F
which implies that there exists h(N) — 0 with

_ (1R ()

hao(N) < e~  ~ 1.
Then, taking

h3(N) = mi_hi(j))) — 0,
we have

,
(1— e—C)—h3(N)>

1+ @)1 =) M)

(1 _ efc(1+h1(N)) 1— e—c(l+h|(N))
(1— e—c)r(1+h3(N)) <
1.

6.12)

Inthecasee ™ “>1—e ¢ — Si/N, since by (6.5) we have [* =i+ 2,

rr—1
P(Z, =1 =[] (1—py* 0+
=1
> g—P(I+o()rd’

> (e~ 1+o(1)
1
(6. )yr(l+0(1)) (613)

— Ysmd
Combining (6.11) and (6.13), we can deduce that

P(Z, = 1) > y/ o), (6.14)

LetZ = ZveV\R Z, be the number of survivors in the SSP. By (6.14) we have

E[Z] > (N — )y, (6.15)

S

We finish with a computation similar to (4.8) in Section 4.5. The o(1) term will be swallowed
by the € term in 7. In particular, we will need the inequality

(I +o(1)(n —€) <(n—€/2), (6.16)
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which holds because 71 is upper-bounded by one and we can choose an ¢ that tends to zero
slower than the function hidden in the o(1) term. Then, putting it all together,

(P(R) — P(E))]P(g)(6i°’NrP(y2 —0)

6.15
( )263 exp(r log (N) — —(N )ysr(1+0(1))>

(1+0(1)(1-) g
—2¢3 exp(rlog (N) — —(N "Ysmd I ga/de))

6.1 =€/t
( < % 9el exp(r log (N) — —(N r)VS,Zd ] g“/ys"‘d))

= 2¢3 exp(r(log (N) + §N—(77—€/2)) _

2
S 2@% ex <M — lNl_(l"l‘lOgN IOg(l/Vsmd))'i‘G/Z)
log (1/¥sma) 3
log® (N) — tN¢/?
523% exp(M) _)0,
log (1/¥sma)

L yt-o—e/2)
3

since 1/1og (1/ysma) > 1 and log? (N) — %NS — —o0 as long as

loglog (N)
log(N)

Finally, since P(£) — 1, we conclude that there exists no resolving set a.a.s. 0

6.5. Proof of Theorem 6.1 for p = o(1), upper bound

If ¢ — oo, the theorem follows directly by SMD <MD and the results of [4]. For the
remainder of this proof, we assume ¢ = O(1).

It would be ideal to reduce this proof to the SQC proof, similarly to the lower bound.
However, in the case p = @(N~"/(+D) with i > 0, the same approach as in Section 4.4 does not
work. The events that two nodes v and w separate a set W are no longer independent and we
cannot show that every set W has an f-separator. Fortunately, we do not need such a powerful
result for Theorem 6.1: it is enough to prove the existence of f-separators for the subsets that
can be candidate sets in MAX-GAIN. In order to know which subsets can be candidate sets,
we expose most of the graph G, except that we reserve a small set F of ¢, log? (N) nodes with
¢y =2/1og (1/¥sma), which we keep completely unexposed. The advantage of this is twofold.
Now we can have a very good idea about which sets we need to separate, and we still have a
large enough set of unexposed nodes that can independently separate the potential candidate
sets (conditioned on the expansion properties of the exposed graph).

We have to make the claim that we have ‘a very good idea about which sets we need to
separate’ rigorous. Also, we must develop tools that allow us to reason about distances in the
graph even when a small subset of the nodes are kept unexposed. We start by showing that the
unexposed nodes are a.a.s. far from each other.

Lemma 6.1. In G~ G(N, p), for a randomly selected F C V with size |F|=c, log2 (N) with
¢y =2/log (1/¥Ysma), and for any two nodes v, w € F, we have d(v,w) € {i+1,i+2} a.a.s.,
with i given in Definition 5.2.
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Proof of Lemma 6.1. We can sample the ¢, log? (N) nodes one by one. Each time we sample
one, let us also expose its i-neighborhood, as done in the proof of Lemma 5.3. When we have
already sampled the first j < log? (N) nodes, there are at most cy log? (N)8'(1 4+ O(¢)) nodes
exposed (by Corollary 5.1), so the probability that we select an unexposed node is at least

¢ylog? (NS'(140(2))
N :

The probability that we always select an unexposed node is at least

(1 oy log? (W1 + o(g)))w log” (V) »
N :

1

because § > log> (N) and cN = §'t! implies

log” (N)8'  clog?® (N) _

N B ~ log® (N)
for N large enough. Since unexposed nodes are always at least i + 1 distance away from all
previous nodes and not more than i 4+ 2 by Corollary 5.2, this completes the proof. 0

We now introduce the definitions necessary to discuss distances in G with a small subset of
the nodes F unexposed.

Definition 6.5. (Exposed graph.) Let V' =V \ F, and let G’ be the subgraph of G restricted to
nodes V. Let N’ = |V'|, 82, ¢, ', ¥’ma, ¢’ be the parameters defined in Definition 5.2 and (6.1)
for graph G'. Let d'(u, v) be the length of shortest path between nodes v € F and u € V’. For
veV, SG/(v, 1) is defined in Definition 5.1 for graph G’. For v € F let us extend the definition
of SG/(v, 1) using the distance function d’ instead of d.

In the rest of the section we will mainly use parameters N, 82, ¢/, i, Y 5ma, '. We must keep
in mind that to prove Theorem 6.1 we must show

SMDP < (1 + o(1)) log (N)/ log (1/¥sma)-

Fortunately we can show that %,y = yslr;tjo(l), which means that proving

SMDP = (1 + o(1)) log (N")/ log (1/¥"sma)

is enough for the theorem to hold. The following lemma will also show that i’ = i (consequently
we will not use the notation 7’ after the following lemma).

Lemma 6.2. With the definitions given in Definition 6.5, we have
I4o(1)

=i and Yima=voy - (6.17)
Proof of Lemma 6.2. First we show that for any constant k > 1 we have
ke, log? (N
5k = (Np)k > (N — ¢, log? (N))¥pk = 8k > 5"(1 - %(» (6.18)
Only the last inequality is not trivial. For the last inequality we note that since x* is a convex

function for k > 1,

ke, log? (N)

08 = 8= () = (N — ¢, log” (V)P = (¢ log? KNl = 8 ——
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Equation (6.18) implies that (Si/N=®(1) if and only if 85/N’=®(1), hence ' =1i.

Moreover,
N st syt st ic,, log? (N log® (N
—c=— > = 2/ > 1_M >c 1_M ; (6.19)
N N N N N N

since i < log (N). Equations (6.19) and (6.1) imply (6.17). 0

Definition 6.5 also introduces the distance function d’(v,u) on G’ (and one extra node from
F). This function will be useful for us, first because it does not use any edge incident to F' \ {v},
and therefore can be evaluated even if none of the edges incident to F'\ {v} are exposed, and
second because we can prove that with high probability it is the same as the true distance. For
the rest of this section, all expectations and probabilities are conditioned on the event that the
expansion properties hold in the exposed graph G'.

Lemma 6.3. In G(N, p), for a randomly selected F C V with size |F|=c, log® (N) with cy =
2/log (1/ysma) for any two nodesv € F and u € V', we have d'(v, u) = d(v, u) a.a.s.

Proof of Lemma 6.3. Since both d(v,u) and d’(u, v) represent distances, and the only differ-
ence is that the former is the distance in G and latter is the distance in a subgraph of G, we must
have d(v, u) < d'(v, u). Suppose that for some v € F, u € V' we have d(v, u) < d'(v, u). This can
happen only if there exists w € F'\ {v} for which d(v, w) +d(w, u) < d'(v, u). By Lemma 6.1
we have that d(v, w) > i+ 1 a.a.s., and we also know that d(u, w) > 1 since w # u. If we could
also show d'(v, u) <i+ 2 a.a.s., the contradiction given by the inequality

1+@G+D<dv,w)+dw,u)y<d@,u)<i+2

would prove that no such w can exist a.a.s. Unfortunately we cannot simply apply Corollary
5.2 to show d'(v, u) <i+ 2 a.a.s., since d’(u, v) could be larger than d(v,u). However, a simple
analysis conditioning on the expansion properties on the set V’ suffices. Indeed,

PEveF,ucV withd(v,u)>i+2)< ZP(E!VEFWithd/(v, u)>i+?2))

/
ueV

—Z( <VV€F veleS/(u l)))

; IF|
=2 (1 - (1 -V Gf<usl>|> )
V/
oD IV’|< - (1 —e*p(lfe*f#oa))si“)w log? (N>>
By 1 —x=e %0 for x = o(1), and p&5*" = ¢85, we proceed to

—s l—ef‘-/ﬂ)(l)
PEveF,ueV withd (v,u)>i+2)< N(l —e ¢ 2( )(1+0(1))CV log? (N))

’ _/
< Ne ¢ 52(1—6 +O(1))(1 + 0(1))CV 1Og2 (N)

/
< Nl—C/ IOg3 (N)(l—e_‘ +0(l))(1 + 0(1))Cy 10g2 (N)

— 0,

where in the last inequality we used 8, = N'p >> N’ log® (N)/N > log* (N). O
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(a)

d(v,v*)=2  dlv,v9)=1

FIGURE 6. (a) A small example graph with V’, Fy, and F,. (b) The ‘game plan’ corresponding to the
graph in (a). The jth blue layer (j > 0) shows the potential pseudo-candidate sets we might encounter in
step j. Arrows exiting blue nodes point to the potential of queries F; (green nodes on the jth level). The red
arrow marks the query we picked. Arrows exiting green nodes correspond to the potential observations
provided by Player 2 in the actual game. Each scenario ends when the potential candidate set has exactly
one element. Tables 2 and 3 show which sets 7”; ; and R; ; correspond to each step of this ‘game plan’.

We have proved that we may use d'(u, v) instead of d(v,u), but we still do not know which
sets need to be separated. To determine which sets we need to separate, we will simulate the
game on the exposed graph. In the jth step we assume that we have a candidate set, we expose
a subset of the reserved nodes F; C F' of size log (NV), and we select the best reducer v from
only the nodes F; (unless the candidate set is small enough to query the whole set). Then we
consider all possible answers we could get if we selected v as a query, and we continue our
simulation for each possible scenario (Figure 6(b)). This analysis is different from the proof in
Section 4.4, where we first proved a structural result for every subset and then proved that the
MAX-GAIN algorithm finds the target. This time the structural argument and the simulation
of the algorithm will be intertwined. We simulate all possible scenarios of MAX-GAIN before
actually taking observations from Player 2, and we construct function g from Definition 2.2 to
form a ‘game plan’ that we can follow later in real time. To implement this analysis we need
to extend our definitions slightly.

From now on we will index our set of queries as R; 5, since we must prepare for observations
for any target v. We now have the property |R; ;| =j and R; 5 C Rj 15, for all v € V. We will
also define a new version of candidate targets that are indexed by v, and which in addition
uses the new distance function that we defined above. In this new notion of candidate targets
we assume that the target is in the exposed graph V' (the case when the target is in F will be
handled at the end of the proof).

Definition 6.6. Given a graph G = (V, E) with unexposed nodes F" and queries R; ;, the set of
pseudo-candidate targets

Tis={veV |dwv)=dw,") forallweR;;}.
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TABLE 2. The pseudo-candidate sets corresponding to each v and j from the example in Figure 6.

J " Tjv2 Tjvs Tjvs
0 \%4 \%4 \%4 \%

1 {vi, v} {vi, v} {v3, v4} {v3, v4}
2 v} {v2} {v3} {va)

TABLE 3. The query sets corresponding to each ¥ and j from the example in Figure 6.

J Rjy, Rjv, Rj s Rjy,
0 0 ? ? ?

1 {vs} {vs} {vs} {vs}
2 {vs, v7} {vs, v7} {vs, vg} {vs, v}

Remark 6.4. Notice that v € 7”; ; always holds. Also, the sets 7”; ; define a partition on V',
that is, for any v € V':

e weT i5=Ti5=Tw
o w¢ 7-/.,',\”; = T/j,‘”} n T/j,w ={.

This can be seen by an inductive argument. For j = 0, all sets 7 ; coincide with V" as Ry ; = 0.
For step j + 1, each equivalence class at step j is partitioned further by the new query.

We must also define an analogous notion to extend Definition 6.1 of f-separators.
Definition 6.7. (f-pseudo-separator.) Let f(n) € N — R be a function. A set of nodes W C V/,

|W| = n has an f-pseudo-separator if there is a node w € F such that

max |[WNS.(w, Dl <nysma+f(n).
leN

Algorithm 1 Simulating all scenarios of MAX-GAIN.

1. We arbitrarily select log (V) disjoint sets F; C V of size log (N) and we let F = UF;. We
expose all edges of V' =V \ F.

2. Instep j > 0 we expose the edges of nodes of F;. For each 77; ; we pick the best reducer
sj 7 € Fj (possibly a different reducer for each 77; ;) and add s; 7 as a query to R; ;. In the
analysis we prove that there always exists an f-separator (we define f later), so the new

query will also be a (|77} 5|y sma +f(ITj 5)-reducer for 77} ;. Selecting it produces the
new sets 7”41 5.

3. When a set 7’ ;v reaches size o(log (N)/ log (1/ysma)), we query the entire set (see the
proof of Lemma 4.1 for the base case).

With these definitions, the simulation of MAX-GAIN is defined in Algorithm 1. We must
show that while constructing our ‘game plan’, it is in fact possible with probability tending to
one to select an f-pseudo-separator s; ; in each step of the algorithm only from the F; (we define
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f later). Then Lemma 6.3 implies that these f-pseudo-separators for the pseudo-candidate sets
are in fact f-separators for the true candidate sets. This will allow us to use Lemma 4.1.

Lemma 6.4. Let n=|T"; 5| be the cardinality of the pseudo-candidate target set in step j of
the game plan for target v. Let v € F}, let X,,, be the indicator of the event v € SG/ w, i+ 2) for
weT iy andlet X, =7 Xow =S5, i+2)NT';5]. Then

WET/I"{,
E[X,] = n<ec/ + O({’)).

Proof of Lemma 6.4. This is an analogous result to (5.5) in Lemma 5.3, except that now
most of the graph is exposed. Consider w € 7”; ;. Then

u;;.sc/(w,j)‘

PXyw=1=0-p)
— o(=PHOPHEL(14+0E )
=~ (1+0()
—e +0(Z").
The result on the expectation follows immediately. (]

The previous lemma only covered the expectation. Now we will establish a result on
concentration.

Lemma 6.5. Let v, X, Xy, n be defined as in Lemma 6.4, and let w be a function tending
slowly to infinity. Then
7

as N — oo independently of n.

/
X, —ne™¢

. 7) =0
wlog (n)

Proof of Lemma 6.5. By Lemma 6.4 and Chebyshev’s inequality,

- _n — = ! L
P( Xymme > wlog (n)) = P( X n(e +0¢ )>‘ ~ 2wlog (n)>
= ]P’<|Xv - E[X,]| > #>
2w log (n)
212
- 4w” log ,(;) Var [Xv]. (6.20)

To compute Var [X,] we will need

E[XyXsx] = P(d(v, w) = i + 2 and d(v, x) = i + 2)

=(1-p) G059
O3 (p+oEAN@si+0E )
_ —2¢ 4
=e 2 (1+0()

— 6—26‘/ + O(é./)
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Then
Var [X,] = E[X;] — E*[X,]
> EIX,] - B X)) + ) ELXw X — EX0 E[X,])

WET/jj
<EX]+n2e 2 e e 10"
—ne= 4 n20(¢"). 6.21)

Recall that we assumed ¢ = ©(1) at the beginning of the section, and that in equation (6.19)
we proved that ¢/ = ©(1) must hold as well. Consequently we have

51’ /
2_0 i -0 log (V) .
N %) )

which implies that we can choose ¢’ = {/log (N')/é; in the version of equation (5.1) where
we replace the parameters ¢, §, N with the parameters ¢’, 8>, N'. Then, by the assumption
pN > 1og’ (N) in the statement of Theorem 6.1, we have

, log (N') Nlog (N') 1
= = = . 22
‘ / 5 ({Jng%m> OQ%%N) (022

Finally, substituting equation (6.21) into (6.20) yields

il

/
—C

X, —ne

n ) 4w?1og? (n) Var [X, ]
2

>
w log (n) n

(6.21) 40? log? (n)ne"‘/ n 4w? log? (mn20(")

n? n?
21002
lo
©2)0(1) + 0 (wzig(”)) (6.23)
log™ (N)
which proves the desired result since N > n and w tends to infinity very slowly. O

Lemma 6.6. Let Z be the indicator variable that we cannot select an f-pseudo-separator in
some step of the simulation with f(n) = 2n/(w log (n)). Then P(Z) — 0.

Proof of Lemma 6.6. Let Z; be the indicator variable that we cannot select an f-pseudo-
separator in the jth step of the simulation. Let us fix j. Let ¥; ; be the indicator variable that we
cannot find an f-pseudo-separator for the pseudo-candidate set 77; ;. Since by Remark 6.4 the
pseudo-candidate sets partition V’, some (for j = 1 all) of the ¥; ; can be identical, but this will
not matter as in the end we will apply a union bound. Similarly to the proof of the SQC upper
bound, finding an f-pseudo-separator is equivalent to finding an X, close to its expectation.

Indeed, | X, — n e*"/| < f(n)/2 implies
fn) ( ) J(n)

X, < ne*" <NY§md +—— ) <nYsma +f(n)

and

n—X, <n(l- _C)+f(2)<nysmd+ N, +f(—2)<nysmd+f(n)
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because, as we saw in (6.22), we can choose f(n) so that 8£/N’ < <1/ log2 (N) <f(n)/(2n).
Thus v is an f-pseudo-separator. The non-existence of an f-pseudo-separator implies the non-
existence of an X, close to its expectation, which means

/
X, —ne” ¢

P(Yj5) SP(

>@ foral]veFj).
2

Let us choose N large enough such that, for v € Fj,

IP’( : >]@)<e2
2

(which can be done for any constant by Lemma 6.5 since f(n)/2 = n/(wlog (n)). Then

c

X, —ne”

P(Y;5) <e il =N"2

By the union bound, since in every step we have at most N’ < N pseudo-candidate sets 7} ; to
separate,

P(Z)) = IP( U Y/,a) <NP(Y;;) < N7\
velV'|
Finally, since we have
2log N
log (1/ysma)

sets £}, another union bound shows that

2log N
log (1/¥sma)
2log N
ro=P| (J z <8N o).
N log (1/Ysma) [l

Jj=1
Now we just need to put the pieces together to prove Theorem 6.1.

Proof of Theorem 6.1, upper bound. We perform Algorithm 6.5, with the modification that,
besides F, we also reserve another set F’ with ¢, log? log? (N) nodes. The modified algorithm
runs in three steps.

1. We run Algorithm 1 on V' =V \ (FU F’).

The additional set F” slightly increases the size of the reserved nodes, but this log? log> (N)
term does not affect the analysis. Lemma 6.6 ensures that the algorithm can find an f-pseudo-
separator for all F; with probability tending to 1. Lemma 6.3 shows that the only candidate
sets we might encounter in the MAX-GAIN algorithm are pseudo-candidate target sets in our
game plan, and the f-pseudo-separators we found for the pseudo-candidate target sets are f-
separators for the corresponding candidate target sets, unless the source was in the reserved
nodes.

Since the f we used in Lemma 6.6 was o(n/ log (n)) we can apply Lemma 4.1, which shows
that in each possible scenario we simulate, we find the source in

log (N)

“ +0(1))10g(1/ysm(/)
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steps. Therefore the number of steps we require is always less than

2log (N)
10g (1/ysmd) '

the number of sets F; we can use to find f-separators in Lemma 6.6. Thus, if the target was in
V', the algorithm will find it. By Lemma 6.2, Y5 = yslmtlo(l), hence the number of steps taken

is upper-bounded by the desired

log (N)

1 1)————
(ol ))log(l/ysmd)

steps.
2. We repeat the argument with candidate set F' and reserved nodes F’.
3. Finally we query the entire F’.

In these last two steps, we selected only o(log (N)) extra queries, which does not change
the leading term of our upper bound. We have ensured that no matter whether the source is
in V\(FUF'), F, or F', we will be able to find it in the desired number of steps with prob-
ability tending to 1. Recall that in all of our calculations in Lemmas 6.3—-6.6 we conditioned
on the event that the expansion properties hold in the exposed graph. Since the expansion
properties also hold with high probability, the upper bound in Theorem 6.1 also holds without
conditioning. O

7. Discussion

In this paper we have proved tight asymptotic results for the SMD in G(N, p). We found
that a.a.s. the ratio between the SMD and the MD is a constant as N tends to infinity, and we
conjecture that this constant is 1 except for (pN)' = ®@(N) for i € N, where the constant term is
found explicitly and is smaller than 1. On the one hand, considering the equivalence of binary
search with adaptive and non-adaptive queries, it is interesting that there is any difference at
all between the SMD and the MD. On the other hand, experimental results suggest that on
other graph models (and especially real-world networks), the SMD is orders of magnitude
smaller than the MD [27]. Hence the Erd6s—Rényi graphs are an intermediate regime, where
the restriction on the queries does favor adaptive algorithms, but not by too much.

Several open questions remain. The lower and upper bounds in Theorem 6.1 are a fac-
tor of n apart — the same factor that appeared in the earlier work of [4]. We believe that a
further study of the new notions introduced in this paper, the QC (which is essentially equiv-
alent to the minimum cardinality of an identifying code) and the SQC, may help in removing
this gap.

It would be interesting to study random graph models other than the G(N, p) model, where
we expect the difference between the MD and the SMD to be significantly larger. Adding noise
to the measurements would be another step towards more realistic scenarios, and in this case
too, we expect a larger difference between the MD and the SMD. The noise can come from
faulty observers similarly to [8], or the noise can be proportional to the distances observed,
which would model stochastic disease propagation in source localization [16, 25].
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Appendix A. Additional proofs

A.1. Proof of Lemma 4.1

Let T(n) denote the number of steps in which MAX-GAIN reduces the number of candidates
from n to 1, and let Cy be the value (not depending on n) such that for all n > Cy > 0 the
condition

T(n) < T(ng + f(n)) + 1 with f(n) = 0( " )
log (n)

holds. Then we prove
T(n) <log;,, (n) +loglog (n) + Cy s + Cn,

where C, s is a positive constant (it depends only on ¢ and f but not n) computed implicitly at
the end of the proof.

We use proof by induction. Base case: If n < Cy s + Cy then T(n) < C, s + Cy clearly holds
as we can query each candidate. Induction step: Now let n > C, r + Cy and we assume that for
M < n the induction hypothesis holds, that is,

T(M) <log, ;, (M) +loglog (M) 4+ Cy s + Cn. (A.1)
Then

T(n) < Ttng +f() + 1= log, ,, (ng +f(m)) + og (log (nq +f(m)) + Co + Cy + 1.
(A2)

For the induction hypothesis to hold we would like the last expression to be upper-bounded by

logl/q (n) +log (log (n)) + Cyr + Ch.

To compare these two quantities, we would like to transform log, /, (ng + f(n)). Using the fact
that log is a concave function and by linearly approximating it at n,

f(n)

f(n)
logy, (ng +f(n))=logy,,\ n+ ) 1 <logy,, (n) +

glog(1/qm
Plugging this into (A.2), we get

f(n)

Zlog (Ligm  l0g dog (ng +f(0) + Gy + Cy.

T(n) <log,, (n) +

For the induction hypothesis to hold we need to show that

_ S
qlog(1/g)n
<logy 4 (n) +log (log (m) + Cyp + Cw,

logy/y (m) + +log (log (nq + f(n))) + Cyy + Cy

which is equivalent to

f(n)

————— +log (log (ng + f(n))) < log (log (n)).
glog (1/g)n
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Again, by the concavity of log (log (n)) we can use a linear approximation

n—(ng+f(n)

log (log (ng + f(n))) < log (log (n)) +
nlog (n)

So it is enough to show that

fo) _n—(g+fmy)
glog(1/gyn = nlog(n)

@( 1 N 1 )<1—q’

n \log(1/q)q log(n)/) ~ log(n)

f(n)log(n)<< 1-q +l—q)‘
n ~ \log(l/q)g log(m))

Since the right-hand side is bounded from below (for n > 0) and f(n) = o(n/log (n)), this
last inequality must hold for n > C, ¢, for some constant Cy s (depending only on g and f but
not n).

To conclude the proof, we show that for all n € N

T(n) < logl/q (n) +loglog (n) + Cyr + Cy.
This in particular implies
T(N) <log;,, (N) +loglog (N) + Cy s + Cy = (1 + o(1)) log; ,, (N)

for Cy = o(log, /, (N)). O

A.2 Proof of Lemma 5.1

The proof follows the proof of Lemma 2 (i) in [4] until the very last step, the evaluation of
the multiplicative error term. There i = O(log (n)/ log log (n)) and /w < log? (N) log log (N)
are used to get the asymptotic upper bound

ORI CRORIES)

— (1+0(Z) o

-(i +o(%) +o(
<

|
w

(1+0(log™* (N)))
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However, the second upper bound on +/w is not necessary. Instead, we can write

ORI CLORE)
-(1o(5)+o(55) (10 (3))
(o) +o(72)) (<))
~(r+o(3) ()

i—2

where the second-to-last inequality holds because i < § and (1 + 0(1/52))'S =(14+0(/%))
and the last inequality holds because 1/8 = O(8!/N).
The condition /o < log? (N) log log (N) is not used anywhere else in the proof of Lemma

2 (i) of [4], so we may remove this condition, which gives Lemma 5.1 of this paper.

O
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