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We study the problem of identifying the source of a stochastic diffusion process spreading
on a graph based on the arrival times of the diffusion at a few queried nodes. In a
graph G = (V, E), an unknown source node v* € V is drawn uniformly at random, and
unknown edge weights w(e) for e € E, representing the propagation delays along the
edges, are drawn independently from a Gaussian distribution of mean 1 and variance o2.
An algorithm then attempts to identify v* by querying nodes q € V and being told the
length of the shortest path between q and v* in graph G weighted by w. We consider two
settings: non-adaptive, in which all query nodes must be decided in advance, and adaptive,
in which each query can depend on the results of the previous ones. Both settings are
motivated by an application of the problem to epidemic processes (where the source is
called patient zero), which we discuss in detail.
We characterize the query complexity when G is an n-node path. In the non-adaptive
setting, ®(no2) queries are needed for o2 < 1, and ®(n) for o2 > 1. In the adaptive setting,
somewhat surprisingly, only ©(loglog; ,, n) are needed when 0% <1/2, and ©(loglogn) +
0, (1) when 0% > 1/2. This is the first mathematical study of source identification with
time queries in a non-deterministic diffusion process.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

When a diffusion process spreads in a network, identifying its source, i.e., the first node v* that started the diffusion,
is a difficult and intriguing task. Depending on the application, the diffusion process can model a variety of real-world
phenomena, including a worm in a computer network [54], a false-rumor in a social network [43], or an epidemic process
[37]. In epidemics, the identification of the source (also called patient zero) can be useful while planning our response as
a society, since any information on the disease is crucial in uncertain times [18] (e.g. source identification can aid contact
tracing efforts [6,40], or it can give information on how dangerous the outbreak is in the case of a new mutation [19,24]).
While often useful, we note that the identification of the source may be undesired in certain cases due to privacy concerns
[15,38]; we refer to [13,14] for theoretical work addressing this issue. Since the majority of the recent work in source
identification is focused on disease spreading, we adopt the language of epidemics in the introduction.
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If we could observe the entire process of the epidemic propagation and know the precise infection times, identifying
its source would be easy. Unfortunately, due to the costs of information collection and the overhead constraints, the data
available for source identification is usually very sparse. There are two popular frameworks for source identification that
mathematically formalize the data-sparsity constraint: in the setting with binary queries (also called snapshot-based setting),
proposed by [43], every node reveals whether they are infected or not at some time t, whereas in the setting with time
queries (also called sensor-based setting), proposed by [37], a small subset of nodes, which we call hereafter queries or
query nodes, reveal their infection time after the epidemic has spread to the entire network. The two frameworks are quite
different, and in this paper we consider only the formulation with time queries, which is driven by the following three
research questions of increasing complexity (as identified by [60]):

(i) given the answers to a fixed set of queries, how can we estimate the source?
(ii) given the maximum number of queries that we can ask, which queries should we choose so that we can solve the
estimation problem as accurately as possible?
(iii) if we want to correctly identify the source, what is the minimum number of queries that we need to ask?

We note that in theoretical papers, (ii) and (iii) are difficult to separate, however, in applied papers (ii) is often solved before
(iii).

The answers to these three research questions depend on the specific assumptions on the epidemic model. The original
paper [37] assumed that the epidemic spreads on a fixed (and known) network following the Susceptible-Infected dynamics
[29] (also known as first passage percolation [1]) with a known edge-delay distribution to model the randomness in the
spread of the epidemic. Additionally, it is assumed that the epidemic has already infected everyone in the network, and
therefore every query node can reveal their precise infection time. Finally, in [37] it is assumed that query nodes also reveal
the neighbor from whom they received the infection. This last assumption relies on information that is difficult to obtain in
the context of epidemics, and most follow-up works have dropped it. The resulting modified version of [37], which we call
S1, is the most popular model in source identification with time queries, and has been the subject of a long list of papers,
which address problem (i) [17,26,33,34,44,51,57,62] and problem (ii) (see [32], and the references therein) by algorithms of
heuristic nature. Our goal in this paper is to rigorously address problem (iii), albeit on a simpler network model, the path
network. The epidemic model in our paper, which we call S2, is exactly the same as S1 with one additional assumption: we
assume that the infection time of the source is known. We have several reasons to focus on the S2 model instead of the S1
model, including that S2 is easier to define and it is theoretically more appealing, as pointed out by several papers in the
field [58,30], and that there is little difference between the number of queries required in the two models [50]. We further
discuss the differences between the two models and how our results can be extended to S1 in Appendix B.

One of the main criticisms of source identification algorithms is that the number of queries required to find the source
is large. Although this has not been shown theoretically before our paper, it is widely accepted that source identification
is possible only if a constant fraction of the population are queried, which makes the developed algorithms unfit for real-
world scenarios. To remedy the situation, a recent research direction suggests to give up the exact identification of the
source and to replace it by the computation of confidence sets around it, which can be done with fewer queries (see
[4,21] for the binary query and [9] for the time query settings). However, if our goal is to find the source exactly without
querying a prohibitively large fraction of the population, the underlying model needs to be changed. A promising approach
is to allow the queries to be selected adaptively to previous answers [59,60], which we call the adaptive setting. Adaptive
strategies have been studied by Spinelli, Celis and Thiran [47,48] by simulations, and they show a large reduction in the
number of required queries in real networks. It is important to quantify the magnitude of the reduction, because it is safe
to assume that adaptive queries incur more expensive operational costs than the non-adaptive queries, and it is possible
that placing ®(4/n) queries adaptively still remains infeasible in practice. To be self-contained, we include simulations in
Fig. 1(a), which suggest that in the adaptive setting, the number of required queries grows slowly as a function of the
network size, especially on geometric networks. But whether the growth is logarithmic or even lower is difficult to estimate
from such plots. In this paper, we show that on the path network, we only need ®(loglogn) queries, which is practically
constant in most applications.

We are aware of only one other theoretical work that addresses the role of adaptivity in source identification [30],
however, they only consider the case when the propagation delays are deterministic. In this case, if the first infection time
is also known (model S2), problem (i) is trivial, problem (ii) is equivalent to finding a resolving set in a graph (a set of nodes
such that the distance to those nodes is enough to uniquely determine the identity of an unknown node) [58], and problem
(iii) is equivalent to the metric dimension problem [45]. If the time when the infection starts is unknown (model S1), the
corresponding combinatorial notion is the double metric dimension [7]. In the past few years, there has been a line of work
on the metric and the double metric dimensions in the context of source identification of both of simulation-based [47,49]
and of rigorous nature [50]. In fact, the adaptive setting in the context of source identification was also first proposed with
the deterministic propagation delay assumption [59]. The adaptive (sequential) version of the metric dimension also exists
in the combinatorial literature [41], and the result of Odor and Thiran [30] says that in Erdés-Rényi graphs, the difference
between the adaptive and non-adaptive settings is only a constant factor, which suggests that adaptivity plays little role
in this setting. On the other hand, Kim et al. [22] finds that the sequential metric dimension is O(Alog(n)) on graphs
with maximum degree A (Theorem 1.2), which is relatively low compared to the metric dimension of most random tree
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Fig. 1. The number of queries required by the adaptive source identification algorithm called Max-Gain [48] in the S1 source identification model as a
function of (a) the network size n, and (b) the standard deviation of the edge-delays o in the following network models: Barabasi-Albert network [2]
with average degree 2m, path graph, square grid, random geometric graphs [35] in the unit square with connection radius r, Erdds-Rényi graphs [11] with
connection probability p. The network parameters, controlling the number of edges in the random networks, were chosen slightly above the connectivity
threshold, so that all networks in the simulation were connected. Each datapoint is an average of 192 simulations and the confidence intervals are computed
using the Student’s t distribution-test. See Appendix C for more details about how the Max-Gain was run to produce these simulation results.

distributions, which tends to be ®(n) [28,23], suggesting a large role of adaptivity in these settings. Unfortunately, neither
Erdés-Rényi graphs, nor tree graphs are good models of real networks, which motivates the analysis of further network
models. A recent work by Lichev, Mitsche and Pratat [27] showed that the metric dimension of random geometric graphs
of n nodes in the unit square with connectivity range r is Q(max(1/r2, n%3r%3/1og'/3(n))) for 1//n < r < 1/4 (Theorem
5.2), which together with the upper bound on the sequential metric dimension by Kim et al. [22], and with the result that
the maximum degree of random geometric graphs is O (nr?) with high probability [35] suggests a large (polynomial in n)
role of adaptivity. Simpler geometric graph models without randomness, such as the path graph and the grid graph do not
exhibit such a big difference between the adaptive and non-adaptive settings (the metric dimension of the path and the
grid is 1 and 2, respectively). It is an interesting question to investigate whether adaptivity plays an important role in these
simple geometric graph models if randomness is introduced into the diffusion process (as in the S1 or S2 models) and not
in the graph model, especially since in most applications of the source identification problem, the diffusion process is in
fact stochastic. Fig. 1(b) suggests that in the adaptive setting, the number of queries required to find the source depend on
the stochasticity of the diffusion, as one would expect; the larger the stochasticity, the more queries are needed. Few works
study in more detail the role of stochasticity in source identification, even empirically and in the non-adaptive setting alone
(see e.g., [49]), and we are not aware of any previous work that has determined the exact dependence of the number of
required queries on the randomness of the epidemic, neither in the adaptive nor in the non-adaptive setting.

In this paper, we compute the query complexity of the stochastic version of the source identification problem in the S2
model, on an n-node path, in both the adaptive and the non-adaptive settings. We chose the path network for its simplicity
and for the insight that it may offer into the query complexity when the contact graph G has an underlying geometry (see
Fig. 1). The choice of the S2 model is motivated by its close resemblance to the S1 model (see Appendix B), which is one
of the standard models in the literature, but we mention that both the S1 and the S2 are abstract theoretical models, and
they may have several currently unidentified applications. The propagation delays, which we call edge weights, are chosen
to be i.i.d Gaussian variables with unit mean and variance o2, following the model proposed in [37]. One should note that
the weights can take negative values, especially when o is large, in contradiction with the non-negativity of propagation
delays. Letting weights take negative values further accounts for the randomness in the incubation and reporting times. It
makes source identification more challenging because of the absence of a deterministic, monotone dependence between the
time of infection of a query node and its distance to the source. We also discuss how to extend our results to different
propagation delay distributions, including ones that only take positive values, in Appendix A.

We find that for a wide range of o, there is a drastic decrease in the number of required queries in the adaptive setting
compared to the non-adaptive setting. For constant o, which might be the most relevant range for practical purposes, the
number of required queries is ®(n) in the non-adaptive setting and ®(loglogn) in the adaptive setting. For the more precise
dependence of our results on the standard deviation o, we refer to Section 3.

1.1. Related work in information theory

The role of adaptivity is a central question in several fields in computer science, including property testing [5], informa-
tion theory [8,25] and learning theory [42]. The most well-known example is perhaps binary search on a line, where being
adaptive reduces the number of queries from n to log,(n). Such a significant decrease in the query complexity of standard
binary search is possible because the queries are very constrained; we can only ask whether the target is to the left or to
the right of the queried vertex. If instead we are allowed to query any subset for containment of the target without any
noise, then there is no difference between the adaptive and the non-adaptive query complexities (this is the well-known
BarKochba or 20 Questions Game between two players, where the first player comes up with an item that the other player
must identify by asking (in principle up to 20) yes-no questions). Indeed, log,(n) questions are necessary because every an-
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swer carries only binary information, and the target can be found by log, (1) non-adaptive questions by querying each digit
of the binary representation of the index of the target vertex. One way to reintroduce a difference between the adaptive and
non-adaptive cases in the 20 Questions Game is to corrupt the answers by a query dependent noise, which was proposed
initially by Rényi [39], and has been studied by several follow-up works, including [8,25,61].

The problem setup of [25] has a close resemblance to our setup. In both cases, the search is done on a line, and the
answers are corrupted by Gaussian noise, the variance of which depends on how close the query was to finding the target.
The notable differences between [25] and our setup are that:

(i) we have more restrictive queries (one query in our setup is a single node (hence there are n possible queries), whereas
one query in the setup of [25] is a subset of the nodes (hence there are 2" possible queries))
(ii) we receive more information (we receive a noisy version of the distance between the queried vertex and the source,
whereas in [25] they receive a noisy binary answer for belonging to the query set)
(iii) in our case the noise that corrupts the answers is not independent between queries.

Because of these differences, our proof techniques and our results are also different from [25]. The main tool in [25] for
the adaptive upper bound is the posterior matching scheme. Roughly speaking, posterior matching produces queries that split
the line into two approximately equal-weight subsets weighed by the posterior. In particular, there is no restriction on the
queries produced by the posterior matching scheme, and therefore it is not applicable in our case (see (i) above). We also
note, that as opposed to our setup, in [25], the geometry of the search space does not play an important role; any subset
of the vertices of the line can be a query and the answers are insensitive to the distances between the queried vertices and
the target vertex. For this reason, the usual geometry-insensitive information-theoretic notions (such as the entropy of the
posterior) that work well in [25], cannot be used in our setup (see Section 6.2.2 for our notion of “progress”). In terms of
results, for constant o, both the non-adaptive and adaptive query complexities are found to be ®(log(n)) in [25], which is
in sharp contrast with our finding of ®(n) and ®(loglogn) in the non-adaptive and adaptive settings, respectively. Finally,
we note that the paper [25] features results about the expected query complexity of the search algorithms, whereas we give
query complexity bounds that hold with any constant failure (or success) probability.

1.2. Related work in theoretical computer science

Extensions of binary search to graphs have been proposed on numerous occasions [10,16,20,31]. Of these, perhaps [10]
has the closest connections with source identification with time queries. In this extension, a target vertex at an unknown
position in a general graph is to be identified by adaptively querying vertices. A queried vertex can only respond whether it
is the target or not, and if not, it indicates the edge on a shortest path between itself and the target. In the noiseless setting,
queries always report the correct answer, whereas in the noisy setting, queries report a correct answer independently
with probability 1/2 < p < 1. In a sense, noisy binary search is an adaptive version of the source identification model
proposed by [37] where we would keep the “who infected me” information and drop the time information instead, with
the notable difference that in noisy binary search the noise that corrupts the answers is independent between queries.
Since the information that a queried node can provide is its distance and/or its direction towards the source, adaptive
source identification and noisy binary search on a line can be seen as “duals” of each other, in the sense that the former
collects a noisy estimate of the distance whereas the latter collects a noisy estimate of the direction to the source. In the
latter case, the adaptive query complexity is found to be ®(logn) for constant p in [10,25]. Comparing this result with our
result of ®(loglogn) for the number of required queries in the adaptive case indicates that the distance to the target is far
more informative than the direction, at least on the path graph. On different graphs, notably on star graphs, the distance is
expected to be less informative than the direction. We limit the study of stochastic source identification in this paper to the
path topology because of the complexity of the computations, and we leave the study in other graph topologies for further
work.

2. The model

A known graph G = (V, E) is fixed in advance. First, a node v* € V is picked uniformly at random, which is called the
source. Then for each edge e € E, a weight w(e) is drawn independently from some distribution V. Both v* and the weights
w(e) are hidden from the identification algorithm. Once they are drawn, the algorithm will start making queries to identify
v*. To perform a query, the algorithm chooses a query node q € V, and receives an answer with value ans,, (v*,q): the
shortest distance between v* and q in graph G with edges weighted by w (Fig. 2).

We distinguish between two settings. In the non-adaptive setting, the algorithm has to submit all of its queries in one
batch, then receives all answers, and has to make a prediction. In the adaptive setting, the algorithm can make queries one
by one, and adapt the choice of the next query based on previous answers. In both settings, the weights w(e) are only
drawn once, at the very beginning, and will not change between queries. As we will see, the difference between these two
settings will have a huge impact on the number of queries that the algorithm needs, because in the adaptive setting the
algorithm will be able to quickly zero in on the source v* and receive progressively more refined information.
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Non-adaptive setting Adaptive setting
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Fig. 2. An illustration of the model. Query nodes are marked blue and the source is marked red. (For interpretation of the colors in the figure(s), the reader
is referred to the web version of this article.)

In this paper, we treat the case where G is an n-node path, with nodes numbered from 1 to n (so V ={1,...,n}). We
will assume n > 3 for convenience. We will often say that a node u is to the “left” (respectively, “right”) of a node v if
u < v (resp., u > v). For the weight distribution, we choose W = N(1,5%): a normal of mean 1 and variance o2 > 0, where
o is a parameter of the model. We choose a normal distribution because (i) by the Central Limit Theorem, the distances
between faraway nodes converge to a normal distribution for most edge-delay distributions W, while close-by nodes can
be searched via exhaustive search (we discuss how to extend our results to these other distributions in Appendix A), (ii)
there are several properties (e.g. additivity, tight concentration) of the normal distribution that simplify our calculations.

3. Results and discussion
3.1. Non-adaptive setting

We present matching upper and lower bounds for the non-adaptive setting.

Theorem 1. For any failure probability 0 < § < 1/2, there is a deterministic algorithm for non-adaptive source identification on the
n-node path which asks min(0 (1 + no2 log(1/8)), n) queries and identifies v* correctly with probability at least 1 — 8, even if v* is
chosen adversarially instead of drawn uniformly at random.

Theorem 2. For any success probability p > 1/n, any (potentially randomized" ) algorithm for non-adaptive source identification on
the n-node path must ask $2(1 + min(p3no 2, p%n)) = Qp(1+ min(no 2, n)) queries to identify v* correctly with probability at least
p when v* is drawn uniformly at random.

We can interpret the results in the following way. Intuitively, answers are “accurate” up to distance roughly 1/02:
indeed, for a query node at distance d from the source, the mean of the received answer is d and the variance is do2, so if
d = w(1/0?), the variance becomes w(1) and it becomes impossible to deduce the real distance with constant probability.
Therefore, instead of thinking of receiving stochastic answers, we can imagine that we receive the exact distance, but only
if this distance is < 1/0? (and otherwise they would give no answer at all). That is, we think of the queries as effective
within a “limited range” 1/0°2. In that model, it is clear that ®(1 4+ min(no 2, n)) queries are necessary and sufficient, which
is exactly what we find in Theorems 1 and 2.

Our proofs also build on the intuition of query nodes with limited range. In the proof of Theorem 1, we show that if the
query nodes are spaced equally (and deterministically), every v* is in the “range” of the closest two query nodes, meaning
that once rounded to the closest integer, they give the correct answer with high probability. This probability is based only
on the randomness of the edge weights w(-), and is high no matter where v* ends up, hence we can identify v* even
without assuming any prior on its distribution. This extra guarantee was not required by the model, but it comes naturally
without any additional cost.

In contrast, in Theorem 2 we show that any algorithm that succeeds with constant probability must use (1 +
min(no?, n)) queries even if the algorithm is allowed to take advantage of the assumption that v* is uniformly distributed
over the nodes V. The proof works by showing that if one uses fewer queries, then most of the nodes are so far away from
the closest query node that they are indistinguishable from other close-by nodes.

While in this paper we only consider the path graph, these results indicate that limited range query nodes might be a
good proxy for non-adaptive source identification in other graphs as well, which has not been thoroughly explored in the
source identification literature.

3.2. Adaptive setting
The adaptive setting is more complex and more interesting than the non-adaptive case. For instance, it is not obvious

anymore how the queries should be selected. We may consider an algorithm that, at each decision, selects a query node
based on the posterior probabilities that the source is at some node: we call posterior at a node v the probability that the

1 Since the distribution for the identity of the source is fixed, rather than adversarial, randomness in the algorithm is not useful (as long as we are not
considering running time): the algorithm should simply choose the set of queries that maximizes the probability of finding the source, and output the
likeliest source given the answers it receives.
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Fig. 3. A sketch of a linear-log plot of the optimal number of queries in the non-adaptive and adaptive cases as a function of o.

source is v, conditioned on the answers made so far. However, those posteriors might be hard to compute, and might not
be well-behaved as a function of v (for example, they might not be unimodal). Fortunately, as long as the variance of the
edge-delays is relatively low, the answers that we see are concentrated around their expected value and we can form a
fairly good idea about what the posteriors might look like. This inspires the following algorithm, which (for intuition) can
be seen as a procedure that computes at each step the posteriors approximately, and selects the next query node close to
the node with the highest posterior (the node that is most likely to be the source).

Theorem 3. For any failure probability 0 < § < 1/2, there is a deterministic algorithm for adaptive source identification on the n-node
path which uses

0 (log(1 + logy /, 1) + polylog(1/4)) queries ifo2<1/2
0 (loglogn + o2 - polylog(c, 1/8)) queries if 6% > 1/2

and identifies v* correctly with probability at least 1 — 8, even if v* is chosen adversarially instead of drawn uniformly at random.

To show optimality, as we did in the non-adaptive case, we show that no algorithm can succeed without asking a large
number of queries, even under the assumption that v* is uniformly distributed over V.

Theorem 4. For any success probability p > 1/n and any n > ®, (max(c3, 1)), any (potentially randomized) algorithm for adaptive
source identification on the n-node path must use

Qp(1 +log(1 + logy , n)) queries if 6% < 1/2
Qp(loglogn) queriesif o2 > 1/2

to identify v* correctly with probability at least p when v* is drawn uniformly at random.

The proof of Theorem 4 is the most challenging proof we present. Since the algorithm is allowed to adapt each query
based on the results of the previous ones, we have to somehow quantify the progress it has made towards identifying v*.
However, this is made delicate by the fact that the edge weights w(e) are drawn only once at the onset, which means
that the algorithm does not only accumulate information about v*, but also about the edge weights w(e). In particular,
proof approaches that try to “fool” the algorithm by giving it answers from a modified distribution tend to fail because
the algorithm can test for consistency across queries. Instead, the proof that we present builds on a detailed understanding
what the posteriors can look like in each step.

The upper and lower bounds in Theorems 3 and 4 match for ¢ up to ©(loglogn) (Fig. 3). For o > loglog(n), our upper
and lower bounds are separated by a o2 - polylog(c) term, which comes from the final steps, when the algorithm has gotten
so close to the source that the variance of the edge-delays is about as big as the expected value of the answers, at which
point the algorithm simply queries every node.

This o > loglog(n) regime is a difficult regime to analyse, because for larger o we lose the concentration of the answers,
and cannot control the shape of the posteriors anymore. Moreover, we believe that in the high-o regime, any asymptotically
tight results for the Gaussian case would not carry over to other edge-delay distributions W, because the Oy s(1) term
becomes sensitive to the specific YW we pick. As an example, consider W to be a Gaussian distribution with a very large
o (say, larger than n), truncated at 0 (to prevent negative edge weights w). With this YV, we can always figure out which
direction the source is from node v by simply querying a neighbor of v, and checking which answer is larger. Hence we
can find the source with binary search in log,(n) rounds, however, if V¥V is a non-truncated Gaussian random variable and
o is large enough, we clearly have to query every node to find the source.

Finally, as an additional strength of our results, we note that the lower bounds (Theorems 2 and 4) continue to apply
even if the algorithm were to also receive direction information (i.e. whether the source is on the left or on the right of the
query node), whereas the upper bounds (Theorems 1 and 3) work well even without using this information.
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4. Preliminaries

We denote a normal distribution with mean p and variance o2 as N'(u, 52). We occasionally call variables distributed
according to this a normal distribution “Gaussians”. We will often use the following basic facts about the normal distribution.

Fact1. If X ~ N (1, 012), Y ~N(uz, 022) are independent Gaussians, then X +Y ~ N (w1 + 2, 012 + 022).

a2
Fact 2. If X ~ N(,02), then Pr[X ¢ u+£a] <e” 2Z.
Proof. First, using the probability density function of the normal distribution and the change of variables z = X?T’“‘ we have

00 1 (v 5 > 00
PriX ¢ utal=2x / e7<7) dx = /_/e—ZZ/ZdZ.
o2 T

pn+a a/o

It only remains is to prove that for all b > 0, ,/ % I e~ /2dz <e=b’/2,
We separate into two cases.

e If b > 1, then we have

o0 o0
,/E/efzz/zdzf,lgfEe’zz/zdz (z>b)
T 7m /) b
b b

[271 _p2py d ,—22)2 272
= ;Be / (Ee 27/2 — 027/ )
<e P2, (b=1=/2)

e One can easily check that on interval [0, 1], \/Z [, e~#/2dz is convex while ./ Z [ e~?/2dz is concave (by computing
their second derivatives), and in addition we have

o0 00
|2 2
™ / e dz=1=¢"" and ||~ / e ?'/%dz <0318 < 0.606 <~ "/,
T
0 1

Therefore, \/gfboo e~7/2dz < e=?"/2 on the whole interval. 0O

5. Proofs for the non-adaptive setting

5.1. Upper bound

Proof of Theorem 1. First of all, observe that one can always find the source with probability 1 if one is willing to use n
queries: just query each node. The query at node v* will produce answer 0, while the other queries will almost surely
produce nonzero answers.

Now it suffices to show that the source can be identified with 0(1+no?log(1/5)) queries. The strategy is the one that is
naturally expected: query ~ n/d nodes along the path at fixed intervals of some length d, where d is small enough to ensure
that the query nodes nearest to the source v* return an answer that is very close to the real distance (and in particular,
that will be exactly equal to it once rounded to the nearest integer).

What makes things a bit more complex is that:

(a) even if all the weights are positive, it may not be easy to determine between which two query nodes v* is identified;

(b) since the weights may be negative, it is possible that a query node q; gives a smaller answer than a query node ¢,
even though g, lies between q; and v* (in particular, the answers do not necessarily form a unimodal sequence when
read from left to right).

Concretely, the algorithm will query nodes 1,d +1,2d+1,...,1+ L%Jd. It will then find the query node with the
smallest answer, which we call gsmaest, and the next query node to its left gieft ‘= Gsmaltest — d (let’s assume for now that

Gsmallest Z 1, SO that qiefe exists). Let dgmaltest := answ (V*, smallest) and djefe '= ansy, (v*, qiery) be the corresponding answers.
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Fig. 4. An illustration for the proof of Theorem 2 with d =6 and k = 4. At the top of the figure, the graph G is shown with the set Q (the query nodes)
and the set C(d) (the “covered” nodes) marked blue, and the set K(d, k) marked red. At the bottom of the figure, the probability density functions of
the answers recorded by gef; are shown for each candidate source in the highlighted segment. Intuitively, the union of the areas under the red curves
corresponds to the probability of success of the optimal source identification algorithm (this is made concrete in Equation (2), although we need to also
consider the answer from ¢ighe, S0 instead of a single integral we get a double integral). In the proof, we show that if too few nodes are queried, then the
red segments will be far from the closest query node, and therefore the red curves will have a large overlap, and their union will be small.

Then the algorithm just assumes that both of them are correct (equal to the real distance) once rounded to the nearest
integer (that is, |asmaliest] = |V* — Gsmaltest| and [aeft] = |[v* — quefc|), and computes v* as”

Qsmallest + L@smatlest | if [alere] > d
Qsmallest — Ldsmallest | Otherwise.

For this strategy to work, it is enough if the following statements hold simultaneously:

(a) among the query nodes located at or to the left of v*, the closest one is the one with the smallest answer;

(b) among the query nodes located at or to the right of v*, the closest one is the one with the smallest answer;

(c) the two closest query nodes to v* on its left side and the closest query node on its right side all give a correct answer
once rounded to the nearest integer.

Indeed, if this is true, then gsmarest Will be the closest query node to v* on either its left or right side, and thus both qsmajiest
and qiefe Will be among the three query nodes that are guaranteed by point (c) to give the correct result once rounded.
The following claim, which is purely technical and easily obtained from concentration bounds, is proved in Appendix D.

Claim 1. For some d = Q ( ,all of (a), (b), (c) hold simultaneously with probability > 1 — §.

1
ozlog(l/s))

This means that the number of queries used is | 25! | +1=0(1+n/d) = 0(1 + no?log(1/8)). O
5.2. Lower bound

Proof of Theorem 2. Since p > 1/n, it is clear that at least one query is necessary (otherwise one could not do better than
randomly guessing the source, which gives p = 1/n). In the rest of the proof, we show that one needs Q(min(p3no?, p%n))
queries to identify the source.

Let us introduce some notation. Let Q be the set of query nodes that the algorithm chooses, let ans,, (v*, Q) :=
{ansy (v*, q)}qeq be the answers it receives from each query node, and let f be the function that takes in these answers
and returns a prediction for v*. Since we are not bounding the running time of the algorithm, we can assume that both
Q and f are deterministic (the algorithm can simply choose the values of Q and f that give the best chance of finding
the source), while the answers ans,, (v*,q) are random variables depending on both v* and w (recall that v* is drawn
uniformly in V = [n]). The overall success probability of the algorithm is given by p = Pry« [ f(ansy (v*, Q)) = v*]. For a
fixed node v, let p(v) :=Pry[f(ansy (v, Q)) = v] be the probability that the algorithm will output v conditioned on v* =v.
Clearly, p=1%" ., p().

As discussed before in Section 3, our proofs in the non-adaptive case build on the intuition of query nodes with limited
range: roughly speaking, we will show that most nodes are further than a distance 1/02 away from the closest query node,
and therefore they will be hard to distinguish from their neighbors. Fig. 4 sketches some of the key points used in the proof.

2 If giefe does not exist, which happens only when ggmaiiest = 1, then the algorithm can simply compute v* as 1+ |Gsmaiest ], again assuming that dsmaiest
is correct once rounded to the nearest integer.
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Let d > 0 be an integer which we will fix later in equation (6), representing the “range” of the query nodes. Intuitively,
nodes outside the range d of any query node (the “uncovered” nodes) might be hard to distinguish, contrary to nodes within
the range of a query node (the “covered” nodes). Let C(d) C V be the set of nodes that are within distance d of some query
node in Q.

In addition, let us subdivide the first k [n/k] nodes of V into |n/k| segments of length k, where k > 0 is an integer
that we will fix later, and let K(d,k) C V \ C(d) be the set of nodes contained in the segments that are entirely included
in V \ C(d) (we will call such segments “uncovered”). Our goal in defining these segments is to show that there are few
“covered” segments, and that the source identification problem is hard to solve on “uncovered” segments.

More precisely, to demonstrate that Q needs to be large, we will split the probability of success p = %Zvev p(v) into
two parts:

e the part due to v € V \ K(d, k) (the “covered” segments), which will be small whenever Q, d and k are small (simply
because the set V \ K(d, k) will be small);
e the part due to v € K(d, k) (the “uncovered” segments), which will be small (< p/2) whenever d and k are large enough.

Concretely,
pn=Y_p)

veV

= Y. pm+ Y. pw)
veV\K(d,k) veK(d,k)

<|V\KW, K|+ Z p(v). (p(v) is a probability, so p(v) < 1)

veK(d,k)
<Qd+2k—DIQI+k-D+ Y pv) 1)
veK(d,k)

where the factor (2d + 2k — 1) is because each query node covers < 2d + 1 nodes directly, and can affect < 2(k — 1) more
nodes by touching their segment; also, the +(k — 1) comes from the < k nodes that were not within the first k [n/k| nodes
and therefore are not in a segment.

Let us now prove that the sum Zve,{(d!k) p(v) is small when d and k are large. This makes intuitive sense: the nodes in
K(d, k) are far from the closest query node, so they will be hard to distinguish from each other. To do this, we will use the
following lemma.

Claim 2. Let {v + 1,...v + k} be a set of k adjacent nodes. Let qi € Q be the closest query node at or to the left of v + 1, and let
Gright € Q be the closest query node at or to the right of v + k. Assume that there are no query nodes between qjef; and qyignr, and that
iefr < v — d and qyigne > v +k +d. Then

k2
k . 2(d + k)e 2@+ko?
Z pv+i)< ———.
4 d
i=1
Proof. Let us consider a scenario where the source is sampled uniformly from {v + 1,...,v + k}, and let f’ =

argmax ¢ Zi-‘:l Pry[f(ansy(v +1i,Q)) = v + i] be the algorithm that maximizes the success probability in this scenario.
Let p’(v +1) :==Pry[f’'(ansy (v +1i, Q)) = v +1i], then clearly Zi'{:l p(v+i) < Zi‘ﬂ p’(v +1i) by definition of f’. Also observe
that f’ will only depend on the answers at qjeft and qrignt, since the algorithm already knows that v* € [qieft, qrignt], and
the other query nodes outside [qeft, Gright] do not carry relevant information. Indeed, any answer outside of qieft and qrignt
is just the sum of the answer at qef; Or qright Plus some extra term that does not say anything about the identity of v*.
More formally, one could recreate the other answers from just the answers at qief and grigne in a way that exactly replicates
the original distribution, so we can transform any algorithm that uses all the answers into an algorithm that uses only the
answers at qeft and qrighy With the same performance.

For similar reasons, we can assume that qief; = v — d and qyighe = v + k + d. If the query nodes were any further, that
would be more difficult for the algorithm f’, because we can simulate that case using the answers at v —d and v +k +d.

Since f’ maximizes the success probability of estimating the hidden parameter v* with both the likelihood function and
the prior distribution being completely known, the optimal f’ computes the posterior distribution using Bayes rule, and
picks the v* that maximizes it (this is called Maximum A Posteriori or MAP estimation) [37]. In our case we have a uniform
prior, which implies that f’ is simply the Maximum Likelihood Estimator, i.e., for any answer (@jeft, Gright).
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/
(et aright) = arg max(gyi(Aleft, aright)),
ie{l,...k}

where gy4i(x,y) denotes the probability density function of Wy ; = (N (d +1i,(d +i)0?), N(d+k —i, (d + k — i)o?), the
distribution of the answers at qef; and gyigne (note that W, ; is a pair of independent normal distributions). Consequently,

k oo o0
Y P+ = / max, (Bvsi(x, y))dxdy. 2)
01 A ie{l,...,
Next, we provide the following upper bound to g,,; for every i € {1,...,k}:

1 exp(_(x—(d+i))2_(y—(d+l<—i))2>
2o Jd+ Dd+k—1) 2d+io?  2d+k—io?
(x—(d+D))?+ (y — (d+k—i))?
< exp| —
2mdo? 2(d +k)o?
Notice that if we consider a triangle ABC with A= (x,y), B=(d+1i,d+k—i) and C = (d,d), and we denote the side

lengths opposite of each point by a, b and c, then the numerator of the exponent in equation (3) equals c2. The following
lower bound holds for ¢2 based on the law of cosines and elementary algebra:

Svt+iX, y) =

(3)

2
a
2 =a?—2ab cos(£ACB) +b%>a?—2ab+b*> 5 b2
The last inequality can be confirmed if we move all terms to the left side and find the expression (a/+/2 — +/2b)? > 0.
After substituting back into a, b and c, since the maximum distance between points (d +i,d +k — i) and (d, d) is k for any

ie{l,..., k}, we get

= @+i)? + (Y= d+k—D)? = %((x—d)z +y—d?) -k, (@)

Substituting equation (4) back into equation (3) yields

*7) 1 ox x—d)? + (y —d)? —2k2
. - _
Evtitt Y) = 5 do? 4(d + ko2
k2
_2(d + kye (@+h20? 1 exn [ % d)? + (y — d)? (5)
- d 27 (d + k)202 2(d + k)202
Notice that the last line of equation (5) can be written as
k2
2(d + k)e 2d+ho?
— g ¢ *,¥),

where g(x, y) is the probability density function of two independent copies of A/ (d, (d +k)252), so its double integral must
sum to 1. Thus, plugging this upper bound into equation (2), we get

2(d + k)e 2(d+k)o 2(d +k)e 2(d+k)<72
Zp WV+i)< ———— / /g(x y)dxdy_f.

—00 —00

Since Z{-‘Zl p’(v +1i) is an upper bound on 2?21 p(v +1), the proof is completed. O

Since each segment in K(d, k) contains k consecutive nodes that are all a distance d away from the closest query node,
we can apply Claim 2 to each of them, and get

K2
K, k)| 2(d+ k)e2d+ho?
D> )< | ;
k d
vekK(d,k)
2

- n Z(d + ]()e 2(d+k)o?
~k d '
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In order to make this < pn/2, let us set

k?
k:=[16e and d:=ma — |,k 6
hd i (Lozln(pk/&w ) ©
(this value of k is chosen so that the In(-) in the definition of d is positive®). Indeed, these choices give
k2
n 2(d +k)e2d+ho?
Y opwso e
k d
vekK(d,k)
4d 2
< n. e 2do? (k <dby(6))
k d
n In(pk/8) k2
SE'49 (dZmbY(G))
=pn/2. (7)

Combining (1) with (7), we finally get

pn < (2d +2k—-1)|Q|+ (k—1) + pn/2

which further implies

pn/2 —k
Q= i 2k
pn — 2k

> . k<d

- 8d (k=d)

Let us assume k < pn/4 (otherwise we have p?n < 4pk < 4p P%-‘ = 0(1), which means the Q(min(p3no2, p2n)) bound
we are trying to prove becomes a trivial €2(1)). Then we get

pn — 2k
>
Q> 3d
pn
> k< 4
~ 16d (k < pn/4)
© ””k2 (by definition of d)
16 max ({W-‘ N k)
© bn (by definition of k)

11
0 (max(55.3))

= Q(min(p3no?, p?n)). O
6. Proofs for the adaptive setting
6.1. Upper bound

Proof of Theorem 3. The algorithm crucially uses the following result on the concentration of the answers at large distances.
We prove it in Appendix E.

Lemma 1. For any probability 0 < § < 1/2, there is some constant C(§) = O <1/log(1/8)) such that for any n, o and any source
v* € V, we have

Pr[vge V, ansy (v*, q) € [v* — gl £ C(@) - oy/|[v* —qlIn(1 + |v* —gqD] = 1 -6. (8)

3 This value of k also makes sense intuitively: we are showing that no algorithm can solve the source identification problem with probability better than
p/2 in an uncovered interval, so we definitely need at least k >2/p to rule out random guessing.
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That is, the concentration bound |v* — q| £ C(8) - o/[v* —q|In(1 + |v* — q|) holds simultaneously for all nodes q with probability
at least 1 — § over the choice of the weights w.

With this concentration result in hand, the algorithm follows a natural “iterative refining” strategy: start by obtaining a
rough estimate of the identity of v*, then progressively refine it by querying nodes closer and closer to v*. After k steps
(where k is defined by Claim 3), only a few possible candidate sources will remain, and the algorithm will switch to testing
them one by one.

Concretely, let us assume that Lemma 1 holds with the desired probability of failure 8. Then the algorithm will maintain
a shrinking interval [l;, r;] which contains v*. Initially Iy =1 and ro = n. At each step, the algorithm will query node I;. Let
d; be equal to r; — ;. v* has to be to the right of l; and at distance at most d; from [;, so

ansy (v¥, i) € [v* =i £C(8) - o/ [v* = li| In(1 4 [v* = L;]), (by (8))
Cv* —1;£C) - o/diIn(1+d;) (v* >I; and |v* — ;| <d;)

and thus given answer ans,, (v*,[;) the algorithm knows that v* must be in interval

li + ans,, (v*, I) £ C(8) - o+/d; In(1 + d;). (9)

Therefore, it shrinks its interval as follows:

liz1 = max(l;, lj + [ansy (v¥,[j) — C(8) - 0 +/di In(1 + dj)7)
rit1 = min(ry, [ + [ans, (v¥, [j) + C(8) - o+/d;i In(1 + d) )

The resulting interval has length di, =ri;1 —liy1 <2C(8) - o+/d; In(1 +d;).

Now what remains to do is to figure out how fast this interval shrinks, and when we should switch to testing the
remaining candidates one by one. To get a rough initial intuition of the speed at which it shrinks, let us imagine that
di;1 = 0+/d;. Then, the sequence would decrease very fast at the onset, when d; is still large, then decrease slower and
slower. We would observe that log(di;1/02) =log(+/d;i /o) = %log(d,-/(rz): the logarithm of the ratio of d; to o2 is divided
by 2 at each step. So it would be reasonable to assume that d; will approach o2 in a doubly-logarithmic number of steps.
This is made rigorous in the following claim, which is proved in Appendix F.

Claim 3. Assume dg < n, and d; 11 < C - o+/d; In(1 + d;) for some value C > 0. Then
e ifo% <1/2, there exists k = O (loglog , n) such that di, = poly(C);
e if 02 >1/2, there exists k = 0 (loglogn) such that di, = o2 - poly(C, log(1 + o2)).

We instantiate Claim 3 with C :=2C(§). After the first k steps, we simply go through the dy + 1 remaining possible
positions for node v* in [li, ], and check them all with one query each.* With probability 1, v* will be the only one to
give 0 as an answer. Thus, overall, this algorithm will succeed with probability at least 1 — 8. The total number of queries
used is k 4 dj + 1, which by Claim 3 gives the desired bounds in both the 02 < 1/2 case and the 62 > 1/2 case. O

6.2. Lower bound

For your reading convenience, here is a quick reference of the notations that are used throughout the proof.

4 As we explain in Appendix A, this theorem can be extended to apply to many other edge weight distributions. If the distribution’s support is positive,
a binary search can be used instead.
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Notations cheatsheet (not exhaustive)

p: the desired probability of identifying the true source.

R: the internal randomness of the algorithm (see Definition 1).

qj: the j™ node queried by the algorithm.

aj: the j™ answer the algorithm receives (it will take the value ans,, (v*, q;)).

T: shorthand for Typical,,,(v*, w), i.e. the event that the concentration bounds from Definition 3 hold.

C: shorthand for C(p/2), a constant (in n and o) factor involved in the concentration bounds of Definition 3 (see

Definition 12 for its precise value).

e D: shorthand for D(o, p/2), the minimum distance at which the concentration bounds of Definition 3 hold (see
Definition 12 for its precise value).

e [;,r;: the step counters at which the closest query nodes to v* have been placed so far at step j; i.e. by the time
the j™ query has been asked, v* lies between query nodes qi; and qr;.

e (j: the minimum of the answers to query nodes q;; and gy;. Intuitively, it is a proxy for the smallest answer made
so far (after asking j queries).

e reduce »(x): a function R — R that models the fastest decrease of i ; an algorithm can hope for: most of the time
i1 = reduce, o (1) (see Definition 6).

e Ai: a lower bound on w; with high probability, and therefore a limit on the progress that the algorithm can make
(see Definition 7).

e Kj: a random variable representing all the information that the algorithm has at its disposal after asking the first j
queries (see Definition 8).

e Aj: the event that p; > Aj; intuitively, the event that at step j, the algorithm has not queried any nodes very close
to v*.

e Bj: informally, the event that even based on everything the algorithm knows at step j, no node is particularly likely
to be the source (see Definition 10).

o jstop (also, jmin): a lower bound on the number of steps that an algorithm needs to find the source with probability

p (see Definition 11).

Definition 1 (R). Let R be a random variable denoting the internal randomness of the algorithm. One can for example think
of R as drawn uniformly from interval [0, 1], as this puts no limitation on the amount of randomness the algorithm can
use.

Definition 2 (q;, a;). Let q; be the jt query node selected by the algorithm, and let a j be the answer that it gets to query
qj (i.e. aj :=ansy (v*,q;)). Both q; and a; are random variables that can depend on v*, w and the internal randomness of
the algorithm.

Note that under the hypotheses of Theorem 4, any algorithm needs to query at least one node: otherwise it would
succeed with probability at most 1/n < p.

To simplify the proof, we make the following adaptations to the model, which only give the algorithm more power to
identify the source, and therefore hold without loss of generality:

(a) Before the algorithm starts, two initial query nodes q_1 =1 and qo =n are already selected, resulting in answers a_1
and ap at no cost to the algorithm. The first query that is actually chosen by the algorithm is q;.

(b) When querying node q;, in addition to the answer a;, the algorithm is told on which side of q; the source v* is
identified.

(c) Once the algorithm is ready to guess the position of v*, it should query it.5 If at any point the algorithm queries v*, it
immediately terminates and the identification is considered successful. More precisely, the number of queries that the
algorithm uses is defined as the first positive integer j such that q; = v*.

The details of the proof are at times technically heavy, so we first give a general outline to provide the gist of the proof. It
proceeds in the following 8 steps. We will cover each of them in detail in the next 8 subsections (Section 6.2.x corresponds
to step x).

1. We define a random event T (over v* and w) which has probability > 1 — p/2, guarantees that v* is not too close

to the ends of the path, and gives some concentration bounds for the answers when the query node is at least some

5 Note that this gives the algorithm the ability to perform a binary search, which is not necessarily easy when the weight distribution is not positive.
6 This extra query does not affect the asymptotics because as noted in the previous paragraph the algorithm always needs to query at least one node
anyway.
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~

6.2.

lv*

distance D away from v* (D will be defined in Definition 4). T represents a “typical situation”: the role of this event is
to exclude some extreme cases (e.g. v* =1 or v* =n) that would derail the proof.

. We define a sequence of random variables p; that describe how close the algorithm is to find v* after it has asked j

queries. puj is (roughly) the distance between v* and the query node closest to v*, and tends to decrease as j increases.
We also define a corresponding deterministic sequence Ao > A1 > --- where for each j, u;j > A; with high probability.

. We define the following events which (basically) imply each other in alternation (i.e. Aj = Bj = Aj;1), and will help

us bound the progress of the algorithm:

e Aj is the event that ;> Aj; it intuitively means “none of the j first query nodes are too close to v*”;

e B will be defined later, and intuitively means “even after asking j queries, the algorithm has only a vague idea
where v* is”, or a bit more precisely, “even conditioned on all the answers gathered by the algorithm during the first
j steps, none of the nodes have a high probability of being the source”.

. We define jstop be the largest j such that A; > D (recall that D is the distance above which event T gives concentration

bounds on answers). Our goal will be to prove that with high probability, the algorithm needs to ask at least jstop
queries.

. We prove two key lemmas, which show that in most cases, Aj = B and Bj = Aj1. They state that for j < jstop,

e Aj implies Bj (Lemma 3);
e with probability 1 — @, T AAjABj implies Aj1 (Lemma 4).
This is the core technical part of the proof.

. We chain the above lemmas by induction and use the fact that Pr[—T] < p/2 to obtain Pr[Aj,,,1>1— p.
. We prove that jstop = 2(108108max(1/5,2) 1), the desired lower bound.
. We observe that event Aj,, implies that the algorithm has not found v* after asking jstop queries, which using 6 and

7 completes the proof.

1. Typical instances: event T
In our model, there are no hard guarantees on how far away the answer ans,, (v*, q) might be from the real distance
— q|. For example, ans,, (v*, v* + 1) ~ N(1, 0'2) might be as large as 1000, even if & =1 (though with very low proba-

bility). While such extreme events are intuitively disadvantageous for the algorithm, they also make it harder to prove lower
bounds. Therefore, we need to make basic assumptions on the range of ans,, (v*, q) at high distances.

To do this, we will need to use the notion of a “typical” instance: a choice of v* and w for which some reasonable

concentration results hold. Note that part (i) below is very similar to Lemma 1, which we used for the upper bound. Let
C(8) and D(o, 8) be two values (defined later in Definition 12) such that

max(az, ez) <D(o,8) = o(;(max(cr2 logo, 1)). (10)

Definition 3 (Typicals(v*, w)). For any probability § > 0, let Typicals(v*, w) be the event that the following holds:

(a) min(ans,, (v*, 1), ansy (v*, n)) > %;
(b) for all g with dgq :=|v* —q| > D(0,$),

(i) ansy (v*,q) e dq £ 0,/dgIndg
(ii) ansy (v*,q) € dg +dg/4=[3dq, 3dg].

Part (a) means that the two answers from the query nodes at either end of the path are not too much smaller than their
expectation (n), and part (b) means that above a certain distance threshold D(o, §), all answers are concentrated around
their mean.

As the name indicates, most instances are typical (the proof is given in Appendix G).

Lemma 2. For any probability § > 0 and any n > ©s5(max(c2Ino, 1)), Pry«  [Typicaly (v, w)] > 1 — 6.

We will apply Lemma 2 with § := p/2. We will use the following shorthands.

Definition 4 (T, C, D). Let T :=Typical,;,(v*, w), C:=C(p/2) and D := D(o, p/2).

Corollary 1. Pr[T]>1—p/2.

6.2.2. Measure of progress 4 ; and benchmark A

It turns out that the right metric of progress to look at is (roughly speaking) the smallest answer value seen so far. More

precisely, suppose that the algorithm has asked j queries so far (and hence is at step j). Then we define the quantity u; as
follows.
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Definition 5 (I;, 7}, f4j). Let I := argmax;<; 4. <y+(qi) and rj := argmin;; 4.5+ (qi), which means that qi; (resp. qr;) is the
closest query node at or to the left (resp. right) of v* placed so far. Then p; := min(ay;, ar;), the smaller of the corresponding
answers.

Note in passing that by simplifying assumption (b) in the beginning of Section 6.2, the algorithm knows [; and r;. Also,
if pj > 0, then the algorithm has not found v* yet (otherwise we would have q; =qr; = v* and thus a;; =ar; = 0).

We want to show that, with high probability, «; cannot decrease too fast with j. To make it formal, we define an
analogous deterministic sequence Aj, which we will show is a lower bound for w; with high probability. We call A; a
“benchmark” because it is a point of comparison to determine whether the algorithm is making fast progress or not. It
decreases with j according to the following function.

Definition 6. Let reduce; , (x) = m.

Definition 7. Let A :=n/C and A 41 := reduce, ¢ (A}).”

Observe that by point (a) in Definition 3, T implies o > n/C = Aq. Our goal will be to prove that w; > ; will likely
continue to hold as j increases.

6.2.3. Events Aj and B

Informally, at step j, A; is the event that the algorithm has not queried any nodes very close to v*, and Bj is the event
that the algorithm has only a vague idea of where v* is (or more precisely, that even conditioned on all the answers so far,
no node has a high probability of being the source). As we will see in Section 6.2.5), intuitively,

e A; implies B; because if the algorithm does not have any query nodes close to v*, then the answers it got are all very
noisy, and thus its confidence interval for v* is wide (Lemma 3);

e B; implies Aj 1 because if all nodes are very unlikely to be the source v*, then wherever it decides to query the next
node, it is unlikely to be very close to v* (Lemma 4).

As we will see, both events depend only on information that is available to the algorithm at step j. For convenience, we
define random variable K, which describes all the knowledge of the algorithm up to step j.

Definition 8 (K ;). Let {q;}<j :=(q-1,...,q;) and {a;}<j :=(a_1, ..., a;) be the query nodes and answers available at step j.
Then let K; = ({qi}<j, {ai}<j,1j, ). This encodes the locations of all query nodes, the answers received from them, as well
as the identity of the two query nodes between which v* lies.

Aj is the event that u; is greater than the benchmark 2 ;.
Definition 9. Let A; be the event that u; > ;.
B; is the event that the posterior of v* =v given K; is “diluted”.

Definition 10. Let B; be the event that for all nodes v e V,
1

PHT A (v =v) | Kj]< — .
(%MH +1)logn

Note that Pr[T A (v* =v) | K;] itself is a random variable since it depends on Kj, so B; is still a random event even
though it is a statement about a probability. An equivalent way to define B; is to first define random variable
P::=maxPr[T A (v =v)]| Ki],
j=ma [T A( ) K]

then to let B; be the event that Pj < ——L~——.
(§Aj+1+l)logn

7f Aj <0, we define Aj1 :=0. However, we will never use such values.
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6.2.4. Stopping step jstop
Our goal is to show that for a high value of j, we have p; > 0 with high probability, and therefore the algorithm has
failed to find v* using only j queries. We now define that value of j.

Definition 11 (jmin, jstop)- Let jmin be the smallest integer j > 0 such that A; < D. Then

. .. plogn
Jstop :==min | jmin — 1, ) .

This means that at step j < jstop, Aj > D is still big enough for the concentration bounds of event T to hold. The second
argument of the min(-, -) is just for convenience of the proof, and will not matter if n is large enough. We will also use the
following easily believable fact, proved in Appendix H.

Fact3. o> X1 >--- > )\'jstop > }‘jsr0p+1'

6.2.5. Key lemmas

We now state our two main lemmas, which constitute the core technical part of the proof. The proof of Lemma 3 is
very technical and not particularly enlightening, so it is deferred to Appendix I. The proof of Lemma 4, on the other hand,
is much more straightforward, and we include it here.

Lemma 3. If j < jstop, then Aj = Bj.
Lemma 4. If j < jscop, then Pr[=T vV =A; vV =BV Aj;1]1>1— @

Note that “=T v —=A; v =BV Aj 1" is logically equivalent to “(T A Aj A Bj) = Aji1". Intuitively, if B; holds, then the
probability of v* = v (conditioned on the answers so far) is low for any v, which means that whatever the algorithm picks
as its next query qjy1, the probability that q;;1 is within some distance d of v* is upper bounded by the sum of those
probabilities over v € [qj4+1 —d, qj41 + d]. Therefore, with high probability, a;1 will not be too small, and the same holds

for pjq1.

Proof of Lemma 4. We will show equivalently that Pr[T A Aj ABjA—Ajq] < @.
At step j, the algorithm queries node q;,1 based on the information Kj it has so far and its internal randomness R, then
receives answer aj1. The only way for both A; and —Aj; to hold is for the new answer a;; to be smaller than Aj+1.8
Let d == |v* —qjt1|. If we had d > %)‘Hl > D, then if T occurs, by concentration bound (ii) we would have ajq > %d >
Ajp1. Let I'=V N (Qqj1 £ %Aj+]) (I also depends on (Kj, R)). Then the only way to have aj 1 < Xj;q is for v* to be in I,
which implies

Pr[T AAjABjA=Aj1] <PI{T Av* €l ABjl. (11)
Now, for any assignment (kj, ) of random variables (Kj, R), we have

Pr[T Av*elAB;|Kj=kjAR=r]

=ZPr[T/\(v*=v)/\Bj|I<]~=kj/\R=r] (I'is fixed by (K;, R))
vel

= ZPr[T AW =V)ABj|Kj=kjl. (T, v* are independent from R, and Bj is fixed by K)
vel

If B; is false given K; =kj, then the above sum has probability 0. If on the other hand B; is true given K; = k;j, then by
definition of Bj,

Y OPHT A (v =v)ABj|Kj=kjl= Y PrT A =v)|K;=k]

vel vel(k;j,r)

U 1
<<
(%)‘Hl + 1) logn 1087

Therefore, in either case, Pr[T Av* eI ABj] < @, which, combined with (11), completes the proof. O

8 Formally, if Aj A —Aj41, then using Fact 3 we have pj41 <Ajp1 <Aj < ;. Therefore, jj11 =aji1, and thus ajy1 < Aji1.
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6.2.6. Induction on j
Lemmas 3 and 4 can now be chained to obtain the following result.

Lemma 5. Pr[Aj , 1>1—p.

Proof. First, as already noted at the end of Section 6.2.2, T implies wo > Ag, which means that T = Ag (by definition of
Ap). Also, by Lemma 3, Aj = B; for 0 < j < jstop. In addition, by Corollary 1, we have Pr[T]>1— p/2, and by Lemma 4, for
0 < j < jstop, we have Pr[=TV—=A;V—=B;VAj1]>1— @. Therefore by a union bound, both T and “—TVv—=A;V—B;VAji
for 0 < j < jstop” simultaneously hold with probability at least

plogn
2

Jstop oy o = 1-p. (by Definition 11)

logn —
If they do hold, then the following logical statements are all true: “T”, “T = Ag”, “Aj = B;” (Vj < jstop), and “(T A Aj A
Bj)= Ajt1" (¥ J < Jstop)- It is easy to see that, chained together, they imply Aj . O

1-p/2—

6.2.7. Asymptotics of jstop
The following lemma gives us an asymptotic lower bound on jsp. We prove it in Appendix J.

Lemma 6. For n > ©,(max(o3, 1)), we have

. Qp(1+log(1 +logy /5 n)) if 0% <1/2
Jstop +1= P
Qp(loglogn) ifo“ > 1/2.
6.2.8. Proof of Theorem 4
All that is left to do is to conclude.

Proof of Theorem 4. If Aj,, holds, then uj, . > 0, which means the algorithm has not found v* after asking jstop queries
(recall our assumption from the beginning of Section 6.2 that, without loss of generality, the algorithm must query the
source in order to make its guess). By Lemma 5, this happens with probability at least 1 — p. Therefore, any algorithm that
finds v* with probability at least p must use at least jsop + 1 queries. The theorem then follows from Lemma 6. O

7. Conclusion and future work

We presented the first mathematical study of source identification with time queries in a non-deterministic diffusion
process. We considered both the setting when the queries are selected adaptively and non-adaptively. We found that when
the edge-delay distribution has constant variance, the number of required queries is ®(loglogn) in the adaptive setting, and
®(n) in the non-adaptive setting. Our results are in sharp contrast with similar problems, such as measurement dependent
noisy search on a line [25], or probabilistic binary search in graphs [10], where the query complexities were found to be
®(logn) in both cases.

The main open question is of course what happens in other graphs. Extending our results to certain classes of trees might
be feasible with the methods presented in this paper, however, an extension to graphs with cycles seems very challenging.
Still, we hope that our results can inspire some, potentially more heuristic, ideas for treating graphs with cycles as well.

While we do not consider this scenario, given the sensitive nature of health information, it would be interesting to study
source identification with time queries in the context of privacy preserving learning. In a scenario where an adversary is
watching our queries, but not the responses, a recent line of work characterized the tradeoff between query complexity and
privacy in adaptive binary search on a line [52,56]. The model has been extended to the case when the answers we receive
are noisy in a follow-up work by [55]. It would be interesting to combine the methods presented in the current paper with
the methods of [52,56,55] for new results in privacy preserving source identification.
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Appendix A. Extending to other edge-delay distributions

Throughout the paper, we assumed that the edge-delay distribution was Gaussian, however due to the Central Limit
Theorem, it is natural to expect that our result generalizes to other distributions as well. However, there definitely are edge-
delay distributions for which our result cannot generalize. Consider an edge-delay distribution ¥V supported on two values:
1 and . Since s is irrational, a single query node at one end of the path can determine the identity of the source with
absolute certainty. Moreover, our results are not likely to generalize to heavy tailed W due to the lack of concentration in
the answers.

We sketch how our proofs could be generalized to continuous sub-gaussian random variables. In the proofs of our main
results, we exploit two types of properties of the edge-delay distribution; we are using the tight concentration of their sum
in the non-adaptive upper bound and the adaptive upper and lower bounds, and we are using an anti-concentration result
on their sum in the non-adaptive and adaptive lower bounds.

All of the concentration bounds are derived from Fact 2. This tail-bound result is easily extendable to sub-gaussian
random variables (see Proposition 5.10 of [53]). The only difference in the results would be that ¢ would be replaced by
the sub-gaussian norm

IWlly, = supp,=1p~/2EIWIP)P.

In the adaptive lower bound proof, when we make the anti-concentration arguments, our proof uses the density function
of the Gaussian distribution. Therefore, we need that the density function of }_ W, is pointwise close to the density function
of the corresponding Gaussian distribution. Such statements are called local limit theorems for sums of independent random
variables. In a sense, we are asking for much more than a tail-bound, but we can also be much looser than an exponential
decay. In Lemma 8 we need that the probability mass function of the posterior is bounded above by log(u )/ (o ,/Itj). We
prove this by wrltmg the probablllty mass function (as a function of potential source v") explicitly using Bayes rule and the

density of Z iy Wi and Zl 1 Wi, where d; =v' —1; and d, =rj — v’ are the distances between a node v’ and the closest
query nodes to the left and the right. We need these densmes to be pointwise o(log(w;)/ (o /1tj)) close to the densities in
the Gaussian case. Since in Claim 6 we prove that d; €1[1/2,2]ay, and d; € [1/2, 2]ay;, and by the deﬁnition Hj= min(alj, ar;),

it is enough to show that the density of Z;L W; is pointwise o(log(d;)/(oﬁ)) close to the density in the Gaussian case

(and we need the symmetric statement for d;). Such results are readily available for continuous distributions ¥V with finite
third moment (see Theorem 7.15 in [36]). We also point out, that similar results exist for discrete distributions WV satisfying
a certain lattice condition that can be used to rule out distributions like the one supported on 1 and 7 that we used as a
counterexample in the beginning of the section (see Theorem 7.6 in [36]).

For the anti-concentration result in the non-adaptive lower bound, we proved that the hypothesis testing problem cannot
be solved between k neighboring nodes at distance d or more away from the query nodes. For this we upper bounded the
union of the area under the probability density functions of the answers under each of the k hypotheses by another function,
which we could easily integrate. For general edge-delay distributions, again we aim to approximate the probability density
functions of the answers by the probability density function of Gaussian random variables. Since this time, instead of small
I, distance, we need small [; distance between the densities, a Berry-Esseen type theorem [3,12] suffices instead of a local
limit theorem.

We note that only the concentration arguments required the sub-gaussianity of the edge-delay distribution, the anti-
concentration results held for a much more general class of distributions (finite third moment and continuity or lattice
condition). We believe that with more advanced proof techniques the sub-gaussianity condition can also be relaxed.

Appendix B. The difference between S1 and S2

The only difference between two models S1 and S2 defined in Section 1 is that the starting time of the epidemics is
unknown in S1 and known in S2. We already mentioned that S2 is theoretically more appealing, and that there is little
difference between the number of queries required in the two models. The main consequence of the difference between the
source identification algorithms in the two models is that in S1, the answers that they can use are the relative differences
between time measurements at different pairs of query nodes, whereas in S2 the answers they can use are the absolute
differences between the (known) starting time of the epidemics and the time measurement at each query node. Since S1 is
more restrictive than S2, our lower bounds on the number of required queries in S2 clearly also hold in S1. We comment
on how the upper bounds can be extended in Remarks 1 and 2.

Additionally, we argue that while S2 has a simpler mathematical definition than S1, on the path network, proving lower
bounds for S2 raises important challenges that would not have appeared in S1. Indeed, in the path network, the pair of
query nodes that surround the source provide two independent answers about it in S2 (one from each direction between
each query node and the source), but only one in S1 (because only the time difference between the measurements is
meaningful). As a result, the analysis of the required number of queries is more challenging in S2 than in S1 because of
the richer set of independent answers. Incorporating several independent measurements will be the main difficulty for the
analysis of the number of queries needed to identify the source in more complex network models, such as bounded-degree
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trees. By focusing on S2 in the path network, our paper therefore paves the way towards the analysis of more complex
network models.

Remark 1. If the time of the first infection is not known (model S1), we can model the answers by adding an unknown
constant T to all of them. Then, Claim 1 (a) and (b) hold without modification and we can prove a version of (c) where
the differences of the distances equal the differences of the answers rounded to the nearest integer (we just need a slightly
tighter concentration result). Let us also define qright := qsmallest +d, and @yighe as the corresponding answer. Then, by Claim 1,
if [@smallest — Qlefc] = d then v* is between (smallest and grighe and we can find v* by computing

[@smallest — right | + Gsmallest + Jright . (V* — gsmallest) — (Gright — V*) + Gsmallest + Gright —
2 N 2 N

Otherwise, if |Gsmallest — Qleft] < d then v* is between qjefe and gsmajtest, and v* can be found analogously.

Remark 2. If the time of the first infection is not known (model S1), and we model the answers by adding an unknown
constant Tgq to all of them, then a version of Lemma 1 shifted by T still holds. In this case, a slightly modified version
of the algorithm finds the source. At each step the algorithm will query two nodes: one at I; and rj, with [y =1 and ro =n.
Then, we have a similar equation as (9) for the difference of the answers

ans,, (v*, I;) — ans,, (v, ;) € (v —1;) — (r; — v¥) £2C(8) - 0/d; In(1 + dj),
where d; :=r;j — l;, which means that we can keep track of a shrinking interval
i1 = max (lia IVansw(v*,l,-)fanzsw(v*,r,-)+l,-+ri —C(8) - o/di In(1 +di)—‘)
riy1 = min (r,-, \_answ(V*’li)_anst(v*'ri)+li+ri +C(8) - o/d;In(1 + di)J) .

The rest of the proof can be written similarly to the case when the time of the first infection is known, and the only change
in the final result is that we used twice as many queries to identify the source (which does not affect the asymptotic
results).

Appendix C. Simulation details for Fig. 1

The simulation results were generated in the S1 source identification model with the Python toolbox [46], which has
been published in [48]. The underlying diffusion process was a Susceptible-Infected process (also called First Passage per-
colation) with uniform edge-delay distribution supported on the interval [1 — v/30, 1 4+ +/30] (with mean 1 and standard
deviation o). Thereafter, a uniformly random query node was picked, and all further queries were selected by the Max-Gain
algorithm as implemented in [46]. The algorithm was stopped when the candidate set reduced to a single node, which al-
ways had to be the source, since the Max-Gain algorithm always finds the correct source if enough queries are provided and
the edge-delay distribution is bounded in some interval [1 — €, 1+ €] for € € (0, 1) (see Theorem 2 of [48]). The number of
queries plotted in Fig. 1 is the number of queries used by the Max-Gain until it was stopped, averaged over 192 simulations.

Appendix D. Proof of Claim 1

Claim 1. For some d = 2 ( ) all of the following hold simultaneously with probability > 1 — §:

1
o2log(1/8)

(a) among the query nodes located at or to the left of v*, the closest one is the one with the smallest answer;

(b) among the query nodes located at or to the right of v*, the closest one is the one with the smallest answer;

(c) the two closest query nodes to v* on its left side and the closest query node on its right side all give a correct answer once rounded
to the nearest integer.

Proof. In this proof, we will assume that

5 1 1
< < .
= 161n(6/8) ~ 21In(12/8)

(D.1)

If this is not the case, then o = Q(1/log(1/8)), so we can simply query every node, which gives d=1=Q (m)

We need to choose d such that wherever v* is identified, (a), (b), (c) simultaneously hold with probability > 1 — § over
the choice of the weights w(-). Let us first study point (b) (point (a) is analogous). Let g be the closest query node at or to
the right of v*. Then (b) is true iff
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the sum of the weights of the edges between q and q + d is positive;
the sum of the weights of the edges between q and q + 2d is positive;

the sum of the weights of the edges between q and 1+ L%J d is positive.

More formally, (b) is true iff for all integers i > 0 such that q + id <n, the sum of the weights of the edges between q and
q + id is positive.

A sufficient condition for this to hold is: for all positive integers x, the sum of the weights of the edges between nodes
q and q + x is positive. By Fact 1, each of these sums is distributed as a Gaussian N (x, xo-2), so it is positive except with
probability

Pr [X<0]< Pr [X ¢ xE£X]
X~N (x,x02) X~N (x,x02)

X2
<e 0?2 (Fact 2)

1
<3e 27 (because 02 <1=>e o2 <2/3)
which, assuming o2 < m (equation (D.1)), is at most /4.
Finally, we study the probability that (c) holds. Let d, d», d3 be the distances of those three query nodes to v*. They are
all at most 2d away from v*. For i =1, 2, 3, the corresponding answer is distributed as X ~ A/ (d;, d;c2), and is correct after
rounding iff X € (d; — 1/2,d; 4+ 1/2). Therefore, (c) holds except with probability

3 3. 1
Pr [Xé¢di+t1/2]<) e 8o’ (Fact 2)
; XNN(d,*,diG'Z) ¢ ! / ;

1 _
< 3e 16do2

which, assuming d < m, is at most §/2. Therefore, we set d := [mzf—n«;/{s)J. By (D.1), m >1,s0d>(1/2)-

1 — 1 .
16021n(6/8) — Q <0210g(1/8))' as required.
Finally, by one more union bound, for our chosen value of d, all of (a), (b), (c) hold except with probability at most
8/4+8/4+8/2=6. O

Appendix E. Proof of Lemma 1

Lemma 1. For any probability 0 < § < 1/2, there is some constant C(§) = O (,/log(]/(S)) such that for any n, o and any source
v* eV, we have

Privge V, ansy (v, q) € [v* —q| £ C(8) -o/[v* —q|In(1 + [v* —q)] =1 —-38. (E1)

Proof. We will use the quantity [v* —q| many times in this proof, so to simplify notation, let dg := [v* — q|. We will fix
C(8) later, but for the moment assume C(8) > 2 (this is clearly the case for the value we set it to in (E.3)).

First of all, for ¢ = v*, (E.1) holds trivially. For any other g, by Fact 1, ans,, (v*, q) is distributed according to Gaussian
N(dq, dqaz) (though not independently). Then, by Fact 2, for any q # v*,

Pr[ans,, (v*,q) ¢ dg + C(S)U\/iln(l +dg)]

_ (C)o /I In(1+dg))?
<e 2dq02

C(5)2(In(1+dg))?
=e 2
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€2 In(1+dq)
-z

1
(C($)%=1) In(1+dg)+In(1+dg)
1 2
(C($)%2—1)In(1+dg)
1 2
< 1+d, 1+d,
c$)? In(1+dq)
1 4 1 2
() (7a)
c)? In(1+dg)
4 1 2
) (=

In(1+dq)
2

By a union bound over all q # v*, this implies that

Pr(3g eV, ansy (v*,q) ¢dg £ C(S)U@ln(l +dy]

IA

:5(3)" (+44)

Setting

C(8) == y/4log,(114/5) = O (\/log(l/é)) ,

(E.2) becomes < §, and we are done. O

|
(112 5
(
§

In(14+d)
2

d=[e*+1]

(vha)

Appendix F. Proof of Claim 3

Claim 3. Assume dg < n, and d; 11 < C - 0+/d; In(1 + d;) for some value C > 0. Then

e if? <1/2, there exists k= 0 (loglogy , n) such that dj, = poly(C);
o if 02 >1/2, there exists k = 0 (loglogn) such that di, = o2 - poly(C, log(1 + o2)).

Proof. We track the value of d;/o? as i increases. First, as long as

d; > 0%(CIn(1 +d;))®
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(C(8) 2250 (C($)2 — 1) In(2) = C($)%/2)

(d > e* — 1 implies In(1 + d)/2 > 2)

(E1)
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we have
. : . ) N2/3
dz_+215 Ca«/d—llnz(lerl) _c /d—'zln(l+d,')(2)<d—‘2>
o o2 (o2 o2

(the last inequality can be deduced by dividing both sides by d—"z then raising both sides to the sixth power). Thus, by
[ea
induction, as long as (F.1) holds, we have

. @/3) @/3)
se(i) e ()
o2 ~\o? - o2

Let dpin be the smallest value greater than max(202,1) that we can assign to d; such that (F1) holds. Let k be the
smallest integer for which dj < dpi,. Then we have
log (%)

log(max(1/02,2))

o)
=

e If 02 <1/2, then it is easy to verify that dpi, = O ((ClogC)®) = poly(C). Therefore, for k = 0 (1 + log(1 + logy o 1)), we
have di < dpin = poly(C).

e If 02 >1/2, then it is easy to verify that dpi, = 0(c2C%log(1 + 02C%)8) = 52 - poly(C, log(1 + 02)). Therefore, for
k = 0 (loglogn), we have di < dmin =2 - poly(C,log(1 +062)). O

5 [ N\
o (;) zdmin©k§1+10g3/2 §1+10g3/2

Appendix G. Proof of Lemma 2

Lemma 2. For any probability § > 0 and any n > ©s(max(c?Ino, 1)), Pry+ w([Typicals(v*, w)] > 1 —34.
Before proving Lemma 2, we first prove two claims.

Claim 4. For any probability 81 > 0, there exists D1(81) > 0 such that for any n, o and any source v* € V,

I;Vr [forallq such that dq == [v* — q| > D1(81), ansy (v*, q) € dgq ia@lndq] >1-—6.

Proof. At first, let us consider only the case g > v*. That is, consider node q = v* +d for some distance d > e2. Then
ans,, (v, q) ~ N, do?), so

(odind)?
Pr[ans, (v¥,q) edﬂ:ax/alnd] >1—e 202 (from Fact 2)
w
(Ind)?
=1—e "2
1
T gnd)/2”
Now, for any integer D1 > e, by a union bound, this will hold for all ¢ > v* + D with probability at least
[e.¢]
1
1- Z d(nd)/2”
d=D

Note that this sum converges, because (Ind)/2 > 1 for large enough d. Thus the sequence of sums (352, 1/d"9/2), 5
converges to 0 and we can define D1(81) == min{k >3 | Y32, 1/d1"9/2 < §;/2}.
Therefore, by going through the same reasoning for ¢ < v* and taking a union bound, we get that

ansy, (v*, q) € dq :I:a\/alndq
will hold for all q at distance dq := |v* —q| > D1(81), except with probability at most §;/2+681/2=681. O

Claim 5. For any probability 8, > 0 and any € € (0, 1), there exists D2(82, €, 0) > 0 such that for any n, o and any source v* € V,
I;Vr[forallqsuch thatdg == |v* — q| > D2(82,€,0), ansy (v*,q) € (1 £ €)dg] > 153,
and D2(8, €,0) = 05, (max(c?logao, 1)).
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Proof. At first, let us consider only the case g > v*. That is, consider node ¢ = v* + d for some distance d. Then
ans,, (v, q) ~ N, do?), so

(ed?
l;/r[answ(v*, @ e(1+e)d]>1—e20? (from Fact 2)
62
=1—(e 22)%

Now, for any integer D, by a union bound, this will hold for all ¢ > v* + D, except with probability at most

00 2\d 2 00 2\d
_ e —< p, _ e
) (e ) e Z(E )
d=D, d=0
2
e_zéa_ZD2
= (c1)
1—6 202

where the last step uses the fact that this is a geometric series.

2 —D
o If 55 > 1, then (G.1) < ;-’_Je,

o If 2;—22 <1, then we can use e * <1 —x/2 on [0, 1] to obtain that

so if we set Dy(82,€,0) == ln( ) then (G.1) < §,/2.

2
-1/

so if we set Dy (8, €,0) := 2;%2 ln<%>, then (G.1) < §,/2.

It is easy to check that both these values are O(gzye(max(a2 Ino, 1)).
Finally, by going through the same reasoning for ¢ < v* and taking a union bound, we get that

ansy (v*, q) € (1 £ €)dy

will hold for all g at distance dq := |v* —q| > D2(83, €, 0), except with probability at most §,/2+68,/2=26;. O
Definition 12. Let C(8) := 8/8 and D(c, ) := max(D1(8/3), D2(8/3,1/4,0), 02, e).

Let us verify that this definition of D (o, §) satisfies the bounds claimed in equation (10). The lower bound of max(c 2, e?)
is trivial. The upper bound of Os(max(c2logo, 1)) comes from the fact that D2 (82, €,0) = O(gz’g(max(a2 logo, 1)).
We can now prove Lemma 2.

Proof of Lemma 2. Apply Claim 4 with §; :=§/3, and Claim 5 with §; :=§/3 and € := 1/4. Assume n > 12/§, and let
C':=6/6. Since v* is uniformly distributed over V = [n], we have

2+n/C" 2 1
Pr{min(|v* — 1|, |v* —n|) <n/C'] < :7/ < - + I <468/3.

By a union bound, the concentration bounds of both Claim 4 and Claim 5 as well as inequality min(|v* — 1|, |[v* —n|) > n/C’
will all hold with probability at least 1 —§/3 —§/3 —6/3=1-4.
Furthermore, by the concentration bound of Claim 5, if min(jv* — 1], [v* —n|) >n/C’ > D3(8/3,1/4), then

. 3n n
min(ansy (v*, 1), ansy, (v¥,n)) > n/CHY(1 - 1/4) = — =

20 =6 (G.2)

Then for n > max(12/8, C'D2(8/3,1/4,0)) = 0s(max(c?Ino, 1)), with probability at least 1 — §, we have

e min(ans,, (v*, 1), ansy (v*,n)) > % (from (G.2));
o for all ¢ with dg :=|v* —q| > D(0, ),

- ansy (v*,q) edg £ a\/(qundq (from Claim 4)

- ansy (v*,q) edg(1 £1/4) (from Claim 4). O
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Appendix H. Proof of Fact 3
Fact 3. For 0 < j < jstop, Aj+1 < Aj.

Proof of Fact 3. Since j < jstop, by definition of jstop, Aj > D. Also, by equation (10), D > max (o2, e2). Therefore,

Aj+1 =reducey 5 (A)) (Definition 7)
o /A
= # (Definition 6)
400InAjlogn
<o /% (n=3, 1j>e?)
<irj. O (rj=0?)

Appendix I. Proof of Lemma 3
Lemma 3. If j < jstop, then Aj = Bj.

The first step in proving Lemma 3 is to prove that only a small part of the information contained in K; will actually
influence the posterior of v* given Kj: only the closest query nodes to the source qi;,qr; and the corresponding answers
a;, ar; will have an influence (they are introduced in Definition 5).

Definition 13 (E; ; x ). For any [, 1, x, y, let E;; » , be the event that v* € [I,r], ansy (v*,]) =x, and ans,, (v*,r) = y.
Note that event Ej, x , depends purely on v* and w, not on the actions of the algorithm.

Lemma 7. Recall that R is the internal randomness of the algorithm (see Definition 1). For any node v € V,

Pr [vi=v|Kij]= Pr[v*=vVv|E .
v*,w,R[ | J] V*A’W[ | QIj»fIrjwaljyarj]

Before proving this lemma, we need to show a simple property of independence and conditional probability.

Fact 4. Let X,Y be independent random variables. Let E(X), F(X) be Boolean functions depending only on X, and let
G(F(X),Y) be a Boolean function depending only on F(X) and Y. For simplicity, let us use E(X) to denote the event
E(X) =1 (and similarly for F, G). Then we have

Pr{E(X) | F(X) A G(F(X), Y)]=Pr[E(X) | F(X)].

Proof. Intuitively, the reason this is true is that as G depends only on F (which is already provided in the conditioning)
and Y (which is independent from X), adding G to the conditioning does not bring more information towards figuring out
whether E will happen or not. Formally, let G'(Y) = G(1, Y) (1 represents “true”). Then

Pr[E(X) | F(X) A G(F(X), Y)] =Pr{E(X) | F(X) A G'(Y)]

Pr{E(X) A F(X) A G'(Y)]

T PHFX) A G(Y)]
Pr[E(X) A F(X)] - Pr[G'(Y)]

T PIFOO]- PG (V)]
Pr{E(X) A F(X)]

T PIF(X)]

=Pr[E(X) | F(X)] O

(independence of X and Y)

We will notation 1[---] to denote the indicator Boolean function corresponding to some expression.

Proof of Lemma 7. Fix any possible assignment k; for K;. We observe that event “K; =k;” is entirely determined by

(a) R (the internal randomness of the algorithm);
(b) the values of ansy, (v*, q;) for each i < j (the answers to the first j queries);
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(c) whether v* € lai;. qr; 1.

Conversely, (b) and (c) are entirely determined by K;. In addition, (b) and (c) depend only on v* and w, which are inde-
pendent from R.

By the above, we can use Fact 4, plugging in E((v*, w)) = 1[v* =v], F(v*,w)) = 1[v* € (qi;.ar, 1 A ansy, (v*,qi) =
a; Vi > jl and G(F((v*, w)), R) := 1[K; =k;]. This gives

Pr [vi=v|K;=k;
V*’W’R[ | Kj =kj]

= Pr [v'=v|v*elq, qr]ransw(v*,qi) =a;Vi> jAKj=kj]
v¥, wW,R e
(c)

WPV =V |V e [y, gy ] Aansw (v g) =i Viz jAK; = ;] (1)

F G
= Privi=vivielq, gyl Aansy(v".q) =a;Viz ]

F

Now, let us conceptually split w into two parts: wj,, which contains the weights of only the edges between nodes qai; and
Grj» and woy, Which contains all the other weights. Since weights are distributed independently, (v*, wj,) is independent
from wqyt.

Let E((v*,wip) = 1[v* = v], F((v*,wi)) = L[v* € [q;,.qr;] A ansy(v*.q) = @ A ansy (v*.qr,) = ar], and
G(F((v*, Win)), Wout) := 1[ansy (v*,q;) = a;Vi > j]. It is easy to see why E and F depend only on v* and wj,. For G,
we note that all other answers can be deduced just from the fact that v* € lai;. qr; 1, the values of answ(v*,q,j) and
ansy, (v, arp), and wgyt. Therefore, G depends only on F and wqy:. Thus we can again apply Fact 4, to obtain

Pr [v*=v|v* elqy,qr] Aansw(v*, qi) = a; Vi > j]
vEw

= V}zrw[V* =V |v*elqy. qr] Aansw (v, qi,) = ai; Aansw (V¥ qr;) = ar; Aansw (V*, qi) = a; ¥i > ]

F G
(12)
= vl*j,l;v[v* =v|v*elqy;. qr;] Aansyw (v¥, qi,) = ai; Aansy (V¥ qr;) = ar;]
E
F

_ *
= Vl,zf/v[v =VIEq.q;a.a;l
The result follows from combining (I.1) with (1.2). O

For the remainder of this section, to make the notation lighter, we will use the following shorthands.

l'=q; r=q; aq=a; a:=a; p:=pj=min(a,da,)
Definition 14 (/). Let y/ == —430{&-

Definition 15 (1). Let I be the interval of all sources v* that are consistent with event T and E,, g q,: more precisely,

I'={v|Pr[T A(v*=V)|Ei;q.,q]>0}.

Lemma 8. Assume (., i’ > D. Then for any node v € I,
1001n
oJi

Lemma 8 has long and complicated proof, but its meaning is intuitive: it states is that when w is large, the posteriors
of v* are not very concentrated at any point of segment I. The expression of this posterior is too complex to work with
directly, so we will need the help of some facts and claims to prove what we want.

Before we prove Lemma 8, we start with Fact 5, which gives us a couple of useful inequalities, and Fact 6, a simple
calculus result that we will use in this section and the next.

Pr [v*=v| Eira.ael =
v, w

Fact 5. Assume , ' > D. Then
W > 8007 - max(u’, D, 02, 1). (13)
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In particular, this implies

1> (5/4)D (14)
o/ =u/5 (15)
oI <0 \/(4/5)1 In((4/5)1) (16)

(3/5) = 6000. (1.7)

Proof. Recall from equation (10) that D > o2, e%. Since > D > e2, we have
4001n ¢ > 4001ne? = 800.
This implies

from which we get o < ,/1£/800 and ' < %. Combining those, we get

we IR o R
800 8002
which proves p > 8002u’. The other three parts then follow directly from @' > D > o2, e2.

Among (1.4)-(1.7), all are trivial from (1.3), except for (1.6) which can be rewritten as 5/4 < In((4/5)). This clearly holds
for w>10% 0O

Fact 6. Let f(d) = % and g(d) := %. On [e?, 00), f is decreasing and g is increasing.
At i« 2—Ind
Proof. The derivative of f is 2Vd O

Proof of Lemma 8. Since we have u, i’ > D, Fact 5 applies here.
Assume [ is not empty (otherwise, the lemma holds vacuously). Let I’ be I extended by o ,/f on both sides. Note that,
by definition, the length of I’ is at least 20 /7t

Claim 6. Forany v’ e I, let dj :=v' —land d; :=r — v'. Then

d e [1/2.2]q (1.8)
d e[1/2,2)a, (L9)
jay —d] < 30\/3;111(1; (110)
la, —d.| <30+/d}Ind. (111)

Proof. We will only prove (1.8) and (1.10); the proof of the other two is analogous.

Let us first take a look at the properties of source candidates in I. Take some candidate v € I and consider the (true)
distance between v and the left side of the interval, d; := v — . First, let us show that d; > D. Indeed, if d; < D, then point
v — D would be strictly to the left of I. Thus we would have

(1.4)
ansy (v,v—D) >ansy(v,)=aq>un > (5/4)D,

which contradicts part (ii) in Definition 3 for g :=v — D.
Now that we have d; > D, we can apply part (ii) in Definition 3 again to obtain that

a €[3/4,5/4]d; = d; €[4/5,4/3]q (112)
and

la; — dj| € o/d;Ind,. (113)

Let us now extend these results to I’. Any point v/ € I’ is at most o /it away from some point v € I. Therefore, if we
continue using notation d; := v — I, we have d; e dj £ o /1.
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From (1.12), we get
d; edto/ucl4/5 4/3la o /1L.
Besides, from (1.5), o \/it < /5 <a;/5, so we have

d; € [4/5,4/3]a) + a/5 = [3/5,23/15]ay,

which proves (1.8).
In addition, we note that

d=di—oJa=d—a/5 > d—d/a= G494, (114)
Therefore,

lay —dj| <la—dj| + o /I (definition of I’)

<o/dInd + 0./t (from (1.13))

<o/dInd; + o \/(4/5) 1 In((4/5) 1) (from (1.6))

<20+/dInd, (di = (4/5)a; = (4/5) 1)

< 20—@ In(4d}/3) (from (1.14))

<30, [d/Ind;,
(1.7)
where the last step holds because d; > (3/5)a; > (3/5) > 6000, which is big enough. This proves (1.10). O

Note that Claim 6 implies in particular that I’ C [I,r]. Let us study the ratios of the posterior probabilities of v* = v’
between different values of v’ € I’, conditioned on gy, a, (but regardless of whether T holds). We will use the shorthand

p(vV) =Pr[v* =v'|v* el Aans,, (V¥ ) =a A ans,, (v*, 1) =a,]. (115)
Given that v* is initially distributed uniformly, p(v’) is proportional to

Prlansw (V*,)) = a; A ansy (v, 1) =a, | v = V'] (116)
= Prlans,, (v*,]) = q; | v¥ = V/]Prlans, (v*, 1) =a, | vF = V], '

where the independence comes from the fact that ans,, (v*,l) and ans,, (v*,r) depend on completely separate weights.
Because we assumed that all weights are independently distributed from A (1, o2), both factors in (1.16) follow a normal
distribution. Those distributions are A/ (d/, ozd;) and N (d., 02d.), where we continue notations d=v —landd,:=r—V"

This means that p(v’) is proportional to

(@—d))?
1 e_ 2(7251[’

—_ X ————c
J2mo2d, V2mod;

Note that in the above expression, a;, a, are fixed by the conditioning, while d; and d; depend on v'. From now on, we will
denote them as d)(v') and d;(v') to make this clear.

Of course, the constant — does not matter. Besides, we know that d;(v/) €[1/2,2]a; and d;.(v') € [1/2, 2]a, with a;, ar

2702
fixed, so the factor ﬁ will vary only by a factor 4. Thus we can conclude that p(v’) is also proportional to
[(v)dr (v

_L((m—df(v/))z+(ar—d/r(v’))2>
V] 7T 7ol
F(V/) —e 20 d,vh dp(v')

1 _ Gar—dp?
202d;,

up to a factor 4 of error. More precisely, we know that there exists some k > 0 such that for all v € I,

p(v) € [1,4]kF (V). (117)
Let

w1 [@=d)? (@ —d(v))?
G(V)'_ZG—2( dj(v') + d.(v')
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so that F(v/) =e~%() and let v;eak be the value of v/ € I’ that maximizes the expression F(v’). We will show the existence

of a relatively large interval J C I’ centered around v{mk such that for all v/ € J, the value F(v’) is not much smaller than
F(v;)eak)'

Claim 7. There is some interval | C I’ of length at least Gf/i‘/lnﬁu, such that for all v’ € ],

F(V/) > F(v;eak)

Proof. The derivative of F(v') is G'(v/)e®) = G'(v/)F(v'), where

s a—do) (a—dW)\ g —d(v) (- (V)
G(”_ch_Z(_ dW) _( ) )+ di(v') +( d(v') ) ‘

First, note that by (I.8) and (I.9), we have
a —dj(v) ar —di(v')
d;(v) dr (v')

<1land

<1

Therefore,
ar—d.(v')
dr(v')

a —d;(v') )
dj(v") '

And then we can use equations (1.10) and (1.11) to bound this further:

30, /di(v)) Indj(v) | 30VE W) Indi(v)

v d; (v

I6'(v')] < l(

o2

IG'(v)] = o2

Ind;(v) N Ind,.(v")
_3 <1ﬂ(ﬂ/2) + 1fl(ll«/2)>
o\ Vu2 o Jur2
- Gﬁlnu.

N

3
< —
~ o

(d; > a;/2 > /2 > e? and Fact 6; same for d;)

We now have

IF'(v) <

6421
up(‘/),
o

for all v/ € I', which from F(v;eak) > 0 and Groénwall’s Lemma for ordinary differential inequalities can be seen to imply
that for all v/ € I,

, _|v/_v/ 6v2Inp ,
F(V ) >e peak] oI F(Vpeak)'
; ’ ! withi ; o/ ’
This means that for any v’ € I’ within distance at most 621 of Vpeak’
F(v )
/ -1 / peak
Fv)ze FVpead =2 —

We can then set

oL
=1I'n (v’ + 7) .
] peak Gﬁlnu

. . o/ /
Defined this way, | will clearly have length at least TR Indeed Vbeak
oIt

6v2Inp”

is in I’, and the length of I’ is at least 20 /[t >
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Now, recall from (I.17) that p(v") € [1, 4]kF(v’). Thus for any v’ € I’,

p(V)) <4kF(v') <4kF(V/_..).

peak

But in particular, by Claim 7, for any v’ € J,

kF (V'
pWQMMziﬁﬁ

Besides, being a probability distribution, p(v’) must sum up to 1, so we have

— l ’ (L19) kF(V;eak)
1= p(h= 3 pv) = 1JI—,

vel vie]

thus kF(v;eak) < ICT Therefore, for any v’ € I’,

(V) (1;8) KEW) < |4_e - 24e+/2Inp - 1001nu.

N [N N7

We are finally ready to prove the lemma. For v € I, we can observe that

Priv* =v | El,r,al,ar]
=Priv*=v |v*e[l,r]Aansy (V") =a Aans, (v, 1) =ar]
<Prlv*=v|v*el Aansy(v* ) =a Aans, (v*, 1) =a]

=p(v)
g 100In

N

With Lemma 8 in hand, we are finally ready to prove Lemma 3.
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(118)

(119)

(1.20)

(strengthen the condition)
(defined in (1.15))

(velcTl and(1.20))

Proof of Lemma 3. First, we show that j < jsop and Aj imply that u, u' > D. Indeed, j < jsiop implies Aj, 2j4q1 > D. If in

addition Aj holds, then = uj>x;>D, and

_oJE _ 0T o/

~400In/ ~ 400In; ~ 400InX;jlogn

== )\.j+] 2 D
Therefore, the assumptions of Lemma 8 hold.

We need to prove that for any v € V,

1

PI[TA(V* =V) |Kj]l< ———.
(%AIH +1>logn

If v ¢ I, then by definition of I, Pr[T A (v* =v) | K] =0, so the inequality holds trivially. On the other hand, if v € I,

PI[T A (v =v) | K]
<Prlv*=v|Kj]
=Prlv*=v| El,r,a,,ar]
_ 100inu

o/
10012
<

“oun
1

- 4ij;1logn

1
<-—. O
(%AJH +1)logn
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Appendix J. Proof of Lemma 6
Lemma 6. Forn > O, (max(a3, 1)), we have

Qp(1 +log(1 + logy ), m)) ifo? < 1/2

. 1—
Jstop + Qp(loglogn) ifo? > 1/2.

This proof is very similar in spirit to the proof of Claim 3 (Appendix F).

Proof of Lemma 6. We track the value of A ; /o? as j increases. First, as long as

Aj 2 6
M5 52(40010gn)°, 1
)8 > 0“(400logn) g
we have
Ajy1 reducen s (hjr1) o/rj _[Aun 1/3
o2 R ~ 40002Inijlogn Vo2 = \o2)

Let Amin be the smallest possible value for A; at least as large as D such that (J.1) holds. Then, by induction, as long as
Aj > Amin, We have

j .
)Lj ro 1/3 ) n 1/34
2= () =) 12

Recall that jpy, is the smallest integer j > 0 such that Aj < D. Let j* be the smallest integer j > 0 such that Aj < Apin.
Then j* < jmin, and applying (J.2) to j* we get
n
log (W)

o)

Since A9 =n/C, for n > CD = Op(ozln o), we have jnin > 1. We separate into cases to obtain more lower bounds of
jmin. First, if 02 < 1/2, it is easy to verify that Api, = max(D, (logn)°™M) = (logn)®»(M. Therefore, by (J.3), there exists
n1 = 0p(1) such that for n > nj, we have

A RNE , .
o (@) <D:>Jm1n2] >10g3

J:3)

Jmin > §2p(log(1 + logy /- 1)).

Second, if 02 > 1/2, it is easy to verify that Amin = max(D, o2(logn)° M) = o2 (logn)®»(. Therefore, by (J.3), there exists
ny = 0,(0®) such that for n > ny, we have

Jjmin = Qp(loglogn).

In summary, there exists n3 = max(ny, nz) = Op(max(o3, 1)) such that for n > n3,

. )ep(+1log(1 +1logy , m)ifo? <1/2
Jmin = Q,(loglogn) if 0% > 1/2,

which is exactly the bounds we want for jsop + 1. We can then conclude by observing that

. .. plogn
Jjstop +1=min (]min» 1+ L J)

2

and that 1+ L%J is larger than the claimed lower bounds for n large enough (which is covered in the ®p(max(a3, 1))
lower bound on n in the statement of the lemma). O
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