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We study the problem of learning a node-labeled tree given indepen-
dent traces from an appropriately defined deletion channel. This problem,
tree trace reconstruction, generalizes string trace reconstruction, which corre-
sponds to the tree being a path. For many classes of trees, including complete
trees and spiders, we provide algorithms that reconstruct the labels using only
a polynomial number of traces. This exhibits a stark contrast to known results
on string trace reconstruction, which require exponentially many traces, and
where a central open problem is to determine whether a polynomial number
of traces suffice. Our techniques combine novel combinatorial and complex
analytic methods.

1. Introduction. Statistical reconstruction problems aim to recover unknown objects
given only noisy samples of the data. In the string trace reconstruction problem, there is an
unknown binary string, and we observe noisy samples of this string after it has gone through
a deletion channel. This deletion channel independently deletes each bit with constant prob-
ability g and concatenates the remaining bits. The channel preserves bit order, so we observe
a sampled subsequence known as a frace. The goal is to learn the original string with high
probability using as few traces as possible.

The string trace reconstruction problem (with insertions, substitutions, and deletions) di-
rectly appears in the problem of DNA data storage [9, 12, 17, 19, 35, 38, 39]. It is crucial
to minimize the sample complexity, as this directly impacts the cost of retrieving data stored
in synthetic DNA. Since there is an exponential gap between upper and lower bounds for
the string trace reconstruction problem, it is motivating to study variants. We introduce a
generalization of string trace reconstruction called tree trace reconstruction, where the goal
is to learn a node-labelled tree given traces from a deletion channel. From a technical point
of view, tree trace reconstruction may aid in understanding the interplay of combinatorial
and analytic approaches to reconstruction problems and can be a springboard for new ideas.
From an applications point of view, current research on DNA nanotechnology has demon-
strated that structures of DNA molecules can be constructed into trees and lattices. In fact,
recent research has shown how to distinguish different molecular topologies, such as spiders
with three arms, from line DNA using nanopores [24]. These results may open the door for
other tree structures and be useful for applications like DNA data storage.

Let X be a rooted tree with unknown binary labels on its n nonroot nodes. The goal of
tree trace reconstruction is to learn the labels of X with high probability, using the minimum
number of traces, knowing only ¢, the deletion model, and the structure of X.

We consider two deletion models. In both models, each nonroot node v in X is deleted
independently with constant probability g—the root is never deleted—and deletions are as-
sociative. The resulting tree is called a trace. We assume that X has a canonical ordering of
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FI1G. 1. Deletion models. Gray nodes deleted from original tree (a). Resulting trace in the TED Model (b) and
the Left-Propagation Model (c).

its nodes, and the children of a node have a left-to-right ordering. For the left-propagation
model, we define the left-only path starting at v as the path that recursively goes from parent
to left-most child.

o Tree edit distance (TED) model: When v is deleted, all children of v become children of
v’s parent. Equivalently, contract the edge between v and its parent, retaining the parent’s
label. The children of v take v’s place as a continuous subsequence in the left-to-right
order.

e Left-propagation model: When v is deleted, recursively replace every node (together with
its label) in the left-only path starting at v with its child in the path. This results in the
deletion of the last node of the left-only path, with the remaining tree structure unchanged.

Figure 1 depicts traces in both deletion models for a given original tree and set of deleted
nodes. When X is a path or a star, then both models coincide with the string deletion channel.
After posting this paper to arXiv, subsequent work has shown that these are the most difficult
trees to reconstruct in terms of sample complexity [30]. In other words, the sample complexity
to reconstruct an arbitrarily labelled tree on n nodes is no more than the sample complexity
to reconstruct an arbitrarily labelled string on »n bits.

A key motivation for the tree edit distance model is that deletions in the TED model
correspond exactly to the deletion operation in tree edit distance, which is a well-studied
metric for pairs of labeled trees used in applications [7, 40]. Our main motivation for the
left-propagation model is more theoretical: it preserves different structural properties—for
instance, a node’s number of children does not increase (see Figure 1)—and poses different
challenges than the TED model.

1.1. Related work.

Previous results on string trace reconstruction. Introduced by Batu, Kannan, Khanna,
and McGregor [6], string trace reconstruction has received a lot of attention, especially re-
cently [10, 14, 15, 20-23, 31, 34, 37]. Yet there is still an exponential gap between the known
upper and lower bounds for the number of traces needed to reconstruct an arbitrary string
with high probability and constant deletion probability: it is known that exp(O (n'/3)) traces
are sufficient [14, 15, 34] and fZ(n3/ 2) traces are necessary [10, 21]. Determining whether a
polynomial number of traces suffice is a challenging open problem in the area. A well-studied
variant is reconstructing a string with random, average-case labels, instead of arbitrary, worst-
case labels [6, 22]. This is relevant for applications to DNA data storage [35].

I'Since the BFS order on X is arbitrary (but fixed), the choice of using the left-only path (as opposed to, say, the
right-only one) does not a priori bias certain nodes.
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In a few of our algorithms, we will reduce various subproblems to the string trace recon-
struction problem, and hence, we will use existing results as a black box. For future reference,
we precisely state the previous results now. Let 7' (n, §) and T(n, 8) denote the minimum
number of traces needed to reconstruct an n-bit worst-case and average-case string, respec-
tively, with probability at least 1 — &, where the dependence on the deletion probability g is
left implicit.

THEOREM 1.1 ([14, 15, 34]). The number of traces T (n,§) needed to reconstruct a
worst-case n-bit string with probability 1 — § satisfies T (n, §) < ln(%) -eC"1/3,f0r C depend-
ingongq.

THEOREM 1.2 ([22]). The number of traces T(n, 8) needed to reconstruct a random n-
bit string with probability 1 — § satisfies f(n, 8) < ln(%) . eC10g1/3(”),f0r C depending on q.

In terms of lower bounds, it is known that 7' (n, §) = Q(nl'S) and f(n, 6) = S~2(10g5/2(n)),
for any 6 bounded away from one [10, 21]. The proofs of Theorem 1.1 rely on a mean-based
algorithm, one only using the mean of single bits from traces, and the bound is optimal for
mean-based algorithms [14, 15, 34].

Other variants of trace reconstruction. Due to the exponential gap between upper and
lower bounds in the string trace reconstruction problem, an array of variants have been stud-
ied recently. Cheraghchi, Gabrys, Milenkovic, and Ribeiro introduce the study of coded trace
reconstruction, where the goal is to design efficiently encodable codes whose codewords can
be efficiently reconstructed with high probability [11]. Krishnamurthy, Mazumdar, McGre-
gor, and Pal study trace reconstruction on matrices, where rows and columns of a matrix
are deleted and a trace is the resulting submatrix. They also study string trace reconstruction
on sparse strings [27]. Ancestral state reconstruction is a generalization of string trace re-
construction, where traces are no longer independent, but instead evolve based on a Markov
chain [4].

There is also a deterministic version of string trace reconstruction [29]. Let the k-deck of
a string be the multiset of its length k subsequences. The question is to establish how large k
must be to uniquely determine an arbitrary string of n bits. Currently, the best known bounds
stand at k = O (4/n) and k = exp(2(+/Togn)), due respectively to Krasikov and Roditty [26]
and Dudik and Schulman [16]. This result has also been used to study population recovery,
the problem of learning an unknown distribution of bit strings given noisy samples from the
distribution [5].

The term trace complexity has appeared in a network inference context, but the models and
definition of a trace are incomparable to ours [1]. Other results on deletion channels appear
in the survey by Mitzenmacher [32].

Other graph reconstruction models. While we are unaware of previous work on recon-
structing trees using traces (besides strings), a large variety of other graph-centric reconstruc-
tion problems have been considered.

The famous reconstruction conjecture, due to Kelly [25] and Ulam [36], posits that every
graph G is uniquely determined by its deck, where the deck of G is the multiset of subgraphs
obtained by deleting a single vertex from G. Here, the (sub)graphs are unlabeled, and the goal
is to determine G up to isomorphism. The reconstruction conjecture remains open, although
it is known for special cases, such as trees and regular graphs [25, 28].

Mossel and Ross introduced and studied the shotgun assembly problem on graphs, where
they use small vertex-neighborhoods to uniquely identify an unknown graph [33].
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1.2. Our results. We provide algorithms for two main classes of trees: complete k-ary
trees and spiders. In a complete k-ary tree, every nonleaf node has exactly k children, and
all leaves have the same depth. An (n, d)-spider consists of n/d paths of d + 1 nodes, all
starting from the same root. Figure 11 depicts an example spider, and it demonstrates that both
deletion models lead to the same trace for spiders. We focus on these two classes because of
their varying amount of structure. Spiders behave like a union of disjoint paths, except when
some paths have all of their nodes deleted. This allows us to extend methods from string trace
reconstruction, with a slightly more complicated analysis. On the other hand, complete k-ary
trees are so structured that we can use more combinatorial algorithms, which have proven
less successful for string trace reconstruction so far. We believe our methods could be used
to prove results for larger classes of trees, as well.

In what follows, we use with high probability to mean with probability at least 1 — O (1/n).
Also, we let [¢] for ¢ € N denote the set {1, 2, ...,1t}.

1.2.1. TED model for complete k-ary trees. Let X be a rooted complete k-ary tree along
with unknown binary labels on its n nonroot nodes. Since k = 1 and k = n are identical to
string trace reconstruction, we focus on 1 < k < n. We provide two algorithms to recon-
struct X, depending on whether the degree k is large or small.

We state our theorems in terms of 7 (k, §), since our reductions use algorithms for string
trace reconstruction as a black box and the current bounds on 7 (k, §) may improve in the
future.

THEOREM 1.3. In the TED model, there exist ¢, ¢’ > 0 depending only on g such that
if k> clogz(n), then it is possible to reconstruct a complete k-ary tree on n nodes with
exp(c’ - loggn) - T (k, 1/n?) traces with high probability.

Theorem 1.1 implies that T'(k, 1/n2) = exp(O (k'/3)) if k > clog?(n), so the trace com-
plexity in Theorem 1.3 is currently exp(O (log,(n) + k'/3)). This is poly(n) as long as
k = O(log*n).

THEOREM 1.4. In the TED model, there exists C > 0 depending only on q such that
exp(Cklogy n) traces suffice to reconstruct a complete k-ary tree on n nodes with high prob-

ability.

In particular, when k is a constant, then the trace complexity of Theorem 1.4 is poly(n).
Theorem 1.4 makes no restrictions on k, but uses more traces than Theorem 1.3 for k£ >
clog? n. It would be desirable to smooth out the dependence on k between our two theorems.
In particular, we leave it as an intriguing open question to determine whether poly(n) traces
suffice for all k < log>(n).

1.2.2. Left-propagation model for complete k-ary trees. We provide two reconstruction
algorithms for k-ary trees in the left-propagation model, leading to the following two theo-
rems.

THEOREM 1.5. In the left-propagation model, there exists ¢ > 0 depending only on g
such that if k > clogn, then T (d + k, 1/n?) traces suffice to reconstruct a complete k-ary
tree of depth d = O (log, n) with high probability.

When k > clogn, then d + k = O (k), and we can reconstruct an n-node complete k-ary
tree with exp(O(kl/ 3)) traces by using Theorem 1.1.
We also provide an alternate algorithm that makes no assumptions on k.



2776 S. DAVIES, M. Z. RACZ AND C. RASHTCHIAN

THEOREM 1.6. In the left-propagation model, O (n” logn) traces suffice to reconstruct
an n-node complete k-ary tree with high probability, where y = ln(ﬁ)(% + ﬁ),for a
constant ¢’ > 1.

Theorem 1.6 implies that poly(n) traces suffice to reconstruct a k-ary tree whenever k =
O (logn) and g is a constant. Moreover, for small enough ¢ and &, the algorithm needs only a
sublinear number of traces (e.g., binary trees with ¢ < 1/2 —¢). From Theorem 1.1, the bound
in Theorem 1.6 can be more simply thought of as exp(C’ - (d + k)); and, in Theorem 1.5 as
exp(C - (d + k)'/3).

1.2.3. Spiders. Recall that the TED and left-propagation deletion models are the same
for spiders. We provide two reconstruction algorithms, depending on whether the depth d is
large or small.

THEOREM 1.7.  Assume that d <logy,,n. For g < 0.7, there exists C > 0 depending

only on q such that exp(C - d(ng?)'/3) traces suffice to reconstruct an (n, d)-spider with

high probability.

To understand the statement of this theorem, consider d = clog, ,, n with ¢ < 1. A black-

box reduction to the string case results in using exp(ﬁ(nl_")) traces for reconstruction (see
Section 5.4), whereas Theorem 1.7 improves this to exp(a(n(l_")/ ).

Theorem 1.7 actually extends to any deletion probability g < 1/+/2 2 0.707, but this re-
quires taking d to be larger than some constant depending on g. We discuss further in Re-
mark 3 why the regime of ¢ > 1/+/2 is difficult to handle. Our approach extends previous
results based on complex analysis [14, 15, 34]. As the main technical ingredient, we prove
new bounds on certain polynomials whose coefficients are small in modulus. In particular,
we analyze a generating function that might be of independent interest, related to Littlewood
polynomials.

For large depth d > log, ,, n, full paths of the spider are unlikely to be completely deleted,
and we derive the following result via a reduction to string trace reconstruction.

PROPOSITION 1.8.  For g < 1 and all n large enough, an (n, d)-spider with d > 1og; , n
Ly traces with high probability.

can be reconstructed with 2 - T (d, 2

Using Theorem 1.1, the current bound for Proposition 1.8 is 2- T'(d, 2;11_2) <exp(O(d 173y).
Comparing Theorem 1.7 and Proposition 1.8, we see that the bounds in the exponent are
d(ng®)'/3 and d'/3, for d < log, ,, n and d > log , n, respectively. We leave it as an open
question to unify these bounds, and in particular, to determine whether the jump is necessary
as d crosses log; /. n.

1.2.4. Average-case labels for trees. Our results have focused on trees with worst-
case, arbitrary labels. Assuming the binary labels are uniformly distributed independent
bits leads to significantly improved bounds. For the string case, Theorem 1.2 implies that
T(k, 1/ n?) = exp(0 (logl/ Sk+ loglogn)) traces suffice to reconstruct a random binary string
with high probability. For three of our results, we can use this as a black box and replace
the dependence on T (k, 1/n%) with T(k, 1 /n?) for average-case labeled trees. The average-
case trace complexity for k-ary trees under the TED model—analogously to Theorem 1.3—
becomes exp(O (log; (n) + logl/ 3 k)) when k > clogz(n). For the left-propagation model—
analogously to Theorem 1.5—the average-case trace complexity becomes exp(O (log'/3 k +
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loglogn)) when k > clogn. For (n, d)-spiders with depth d > log; ,, n—analogously to
Proposition 1.8—the average-case trace complexity becomes exp(O (log!/? d + loglogn)).
Since it is straightforward to use the average-case string result instead of the worst-case re-
sult to obtain the results just described, we restrict our exposition to worst-case labeled k-ary
trees and spiders.

1.3. Overview of TED deletion algorithms. Previous work on string trace reconstruction
mostly utilizes two classes of algorithms: mean-based methods, which use single-bit statistics
for each position in the trace, and alignment-based methods, which attempt to reposition
subsequences in the traces to their true positions.

Although mean-based algorithms are currently quantitatively better for string reconstruc-
tion, they seem difficult to extend to k-ary trees under the TED deletion model. Specifically,
mean-based methods require a precise understanding of how the bit in position j’ of the orig-
inal tree affects the bit in position j of the trace. For strings, there is a global ordering of
the nodes which enables this. Unfortunately, for k-ary trees with k ¢ {1, n} under the TED
model, nodes may shift to a variety of locations, making it unclear how to characterize bit-
wise statistics. To circumvent this challenge, we provide two new algorithms, depending on
whether or not the degree k is large (k > clog?(n)). The main idea is to partition the orig-
inal tree into small subtrees and learn their labels using a number of traces parameterized
primarily by k and log; n, which can be much smaller than 7.

When £ is large enough, we will be able to localize root-to-leaf paths, in the sense that we
can identify the location of their nonleaf nodes in the original tree with high probability. By
covering the internal nodes of the tree by such paths, we will directly learn the labels for all
nonleaf nodes. Then, we observe that the leaves can be naturally partitioned into stars of size
k, and we can learn their labels by reducing to string trace reconstruction (for strings on &
bits). Any improvement to string trace reconstruction will lead to a direct improvement for
k-ary trees with large degree.

When k is small, our localization method fails, and we resort to looking at traces which
contain even more structure (which requires more traces). We decompose the entire tree into
certain subtrees and recover their labels separately. We define a property which is easily
detectable among traces and show that when this property holds, we can extract labels for the
subtrees that are correct with probability at least 2/3. Then, we take a majority vote to get the
correct labels with high probability.

1.4. Overview of left-propagation algorithms. As with the TED model, we combine
mean-based and alignment-based strategies, and we provide different algorithms depending
on whether the degree is large or small. The two algorithms differ in how they align certain
subtrees of traces to positions in the tree.

When £ is large enough (k > clogn for a constant ¢ > 0), our first algorithm will use
results from string trace reconstruction as a black box. The key idea is that certain subtrees
will behave as if they were strings on O (k) bits in the string deletion model. Although this
does not happen in all traces, we show that it occurs with high probability. Overall, we parti-
tion X into such subtrees, and we reduce to string reconstruction results to recover the labels
separately.

On the other hand, when £ is small (such as binary trees with k = 2), we do not know how
to reduce to string reconstruction. Instead, our second algorithm waits until a larger subtree
survives in a trace. We show that this makes the alignment essentially trivial, and we can
directly recover the labels for certain subtrees. Quantitatively, the trace complexity of the
first algorithm is better, but the reconstruction only succeeds for large enough k.
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1.5. Overview of spider techniques. When the paths of a spider are sufficiently long—
specifically, if they have depth d > log; ,, n—then with probability close to 1, no path is fully
deleted in a given trace. This allows us to trivially match paths of the trace spider to paths of
the original spider and then use string trace reconstruction algorithms on the individual paths,
leading to Proposition 1.8.

When the paths of a spider are shorter (d < log, , n), many traces have paths fully deleted.
As illustrated in Figure 11, when paths are fully deleted from a spider, it is unclear which
paths were deleted, which forces us to align paths from different traces. We bypass direct
alignment-based methods and instead use a mean-based algorithm that generalizes the meth-
ods introduced in the proof of Theorem 1.1 by [14, 15, 34]. The main difficulty we address is
that, in contrast to strings which are one-dimensional, spiders are two-dimensional: one di-
mension representing which path in the spider a node is in, and the other representing where
in a path a node is.

1.6. Outline. The rest of the paper is organized as follows. Preliminaries are in Section 2.
The proofs of Theorem 1.3 and Theorem 1.4 for k-ary trees under the TED model appear
in Section 3. The proofs of Theorem 1.5 and Theorem 1.6 for the Left-Propagation model
appear in Section 4. The spider reconstruction preliminaries and algorithms for Theorem 1.7
and Proposition 1.8 are in Section 5. The three main sections can be read independently, after
their preliminaries. We conclude in Section 6.

2. Preliminaries. In what follows, X denotes the (known) underlying tree, along with
the (unknown) binary labels on its n nonroot nodes.

Standard tree definitions. We say that X is rooted if it has a fixed root node. We assume
the root is never deleted (for further explanation see Remark 4). An ancestor (resp. descen-
dant) of a node v is a node reachable from v by proceeding repeatedly from child to parent
(resp. parent to child). We say v is a leaf if it has no children, and otherwise v is an internal
node. The length of a path equals the number of nodes in it. The depth of v is the number of
edges in the path from the root to v. The height of v is the number of edges in the longest
path between v and a leaf. The depth of a rooted tree is the height of the root. We say that X
is a complete k-ary tree of depth d if every internal node has k children and all leaves have
depth d.

2.1. k-ary tree algorithm preliminaries. Let X be arooted complete k-ary tree with depth
d. We index the nonroot nodes according to the BFS order on X (the root is not indexed; the
children of the root are {0, 1, ...,k — 1}, etc.). We identify nodes of X with their index. For
t € [d], let J; be the nodes at depth ¢. Define Z; := 71 ={0,1, ...,k — 1}, and for t > 2,

I, :={i € J; |i mod k # 0}.

In words, for r > 2, 7, is the set of nodes at depth ¢ which are not left-most among their
siblings. Define also 7 := Uflz_ll 7.

We define three unlabeled subtrees of X. Let Px (i) be the path from the root to i in X.
Define Hx (i) as the union of the left-only path starting at i, descending to a leaf ¢, and the
k — 1 siblings of £. Finally, define Gx (i) := Px (i) U Hx(i). See Figure 2 for an example of
these subtrees. For clarity, we note that if i has depth ¢ in X (i.e.,i € J;), then |Px ()| =t+1
and |Hx(i)|=d —t+kand |Gx(i)|=d + k.
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FI1G. 2. Canonical subtrees for k-ary trees, in the original tree (left) and trace (right).

Canonical subtrees of traces. 'We also consider certain subtrees of a trace Y. They will be
analogous to Px (i), Hx (i), and G x (i), and they only depend on the position of i in X. We
will denote them as Py (i), Hy (i), and Gy (i). Intuitively, they are subtrees in ¥ obtained by
looking at nodes that should be in the same position as the corresponding ones in X. However,
the node i does not necessarily belong to these subtrees (e.g., it may have been deleted in Y,
or another node may be in its place). In what follows, we refer to subtrees as sequences of
nodes in the BFS order, since the edge structure will be clear from context (i.e., the subtree is
the induced subgraph on the relevant nodes).

We now formally define Py (i), Hy (i), and Gy (i), which are also depicted in Figure 2.
Fix i, and let ug,uy,...,ug—1 be the internal nodes in Gx (i), where u; has depth ¢,
and let ug,...,uq4+r—1 be the leaf nodes, ordered left-to-right in the BFS order. Define
mi:{0,1,...,d — 1} — {0, 1, ...,k — 1} so that m;(¢) is the position of u;1| in X among
its siblings (the children of its parent u,). Note that 7r; is independent of the labels of X. Let
t; be the depth of i in X. We define Py (i) as the path vp, vy, ..., v, in Y obtained from the
following process. Set vg to be the root. Then, for ¢ € [t;], let v; be the node at depth # in ¥
that is in position 77; (t — 1) among the k children of v;_, where we abort and set Py (i) =L if
vy—1 does not have exactly k children. Similarly, let Gy (i) be the subtree v, vy, ..., Vg+k—1,
where v; is defined as follows. Set vg to be the root in Y. Then, for ¢ € [d — 1], let v; be the
node at depth ¢ in Y that is in position 7; ( — 1) among the k children of v;_, where we abort

and set Gy (i) =L if v, does not have exactly k children. Finally, set vg, ..., Vg4+x—1 to be
the k children of v;_1, and again we set Gy (i) =L if vy does not have precisely k children.
If Gy (i) #1L, then set Hy (i) = vy, ..., Va+k—1, and otherwise, set Hy (i) =L. Observe that

if Gy (i) #.L, then we have Gy (i) = Py (i) U Hy(i).

We remark that Gy (i), Hy (i), and Py (i) depend only on m; and the tree structure of Y,
and therefore they do not use any label information from X. We also note that whether these
subtrees are set to L will be significant, since this implies certain structural properties of
traces. If all nodes in G x (i) survive in a trace Y, then we say that Y contains Gx(i). We
write Gy (i) = G x (i) if the nodes in these subtrees are exactly the same (by construction, the
edges will also be the same). We conclude this section with two remarks that are useful for
reconstruction of X.

REMARK 1. If Gy (i) = Gx (i), then we can reconstruct the labels of G x (i) bit by bit by
copying the label to be that from the corresponding bit in Gy (i). The same applies for Hx (i)
and Px(i).

REMARK 2. To reconstruct labels of X, one can reconstruct labels of subtrees of X,
where the subtrees cover all nodes of X.

3. Reconstructing trees, TED deletion model. In this section we prove our two results
for k-ary trees in the TED model.
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3.1. Proof of Theorem 1.3 concerning large degree trees. Our algorithm utilizes a struc-
ture that occurs when k > ¢ log2 (n). Recall that for a node i in X, we think of i’s children as
being ordered consecutively, left-to-right, based on the BFS ordering of X.

DEFINITION 3.1. Let Y be a trace of a tree X. We say that Y is b-balanced if, for every
internal node i in X, at most b consecutive children of i have been deleted in Y.

CLAIM 1. If X has n nodes, then a trace Y is b-balanced with probability at least 1 —

ng®.

PROOF. Any set of b consecutive nodes is deleted with probability ¢®. Since there are at
most n starting nodes for a run of b nodes, a union bound proves the claim. [J

Since T'(k, 1 /nz) = exp(O(kl/ ) by Theorem 1.1, the number of traces used in The-
orem 1.3 is exp(O (log; (n) + k'/3)). Therefore, setting b := lO«/E/ log(1/q) = Q2ogn),
Claim 1 and a union bound show that with high probability all traces will be b-balanced. As
we shall see, the benefit of this balanced structure manifests itself in the proof of correctness
of the reconstruction algorithm used for Theorem 1.3.

Our reconstruction algorithm that proves Theorem 1.3 consists of two main steps:

1. (Finding paths and grouping traces). First, we process all the traces and group them into
different sets (which may overlap). This grouping of traces is based on finding root-to-leaf
paths that are preserved in a trace and estimating where these paths came from in X. We term
this latter algorithm the FINDPATHS algorithm; see Algorithm 1 below for its pseudocode.

2. (Reconstruction). We then analyze each subset of traces. Each of these leads to recon-
structing the labels for a particular subset of X, consisting of a path from the root to a node
at depth d — 1, together with the k children of this node. Finally, we output the union of all
such labels as the estimated labels of X. In other words, we cover X with the collection of
subtrees {Gx(j) : j € Js—1} and estimate the labels of each Gx(j) separately. Algorithm 2
below states, in pseudocode, the full reconstruction algorithm, which calls Algorithm 1 as a
subroutine.

The FINDPATHS algorithm. We start by describing the FINDPATHS algorithm (see Algo-
rithm 1). The input to this algorithm is a trace Y, while the output of the algorithm will be a
subset of 7;_1, the nodes of X at depth d — 1; the conceptual meaning of this subset will be
clear once the algorithm is described. We recall that we index the nonroot nodes according to
the BFS order on X, and we will interchangeably refer to nodes and their BFS index.

The first part of the FINDPATHS algorithm is to identify root-to-leaf paths that have been
preserved (i.e., no vertex in the path has been deleted) in the trace Y. This is straightforward,
since if a root-to-leaf path in X is preserved, then the corresponding leaf has depth d in Y;
and vice versa, every leaf in Y that has depth d corresponds to a root-to-leaf path in X that
was preserved. Once all surviving root-to-leaf paths have been identified, we collect in the
set S all the nodes of Y that are on a surviving root-to-leaf path and have depth d — 1 (see
lines 1-6 of Algorithm 1).

We know that each node v € S must have come from a node w € J;_; (i.e., anode in X of
depth d — 1). The second and final part of the FINDPATHS algorithm consists of estimating,
for each node v € S, which original node w € J;—1 it came from; this estimate is denoted by
w. Note that the left-to-right ordering of the nodes in S and the original nodes in J;_; which
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Algorithm 1 FINDPATHS in k-ary trees, TED deletion model
Input: a trace Y sampled from the TED deletion channel.

1: Initialize S = @.

2: for v aleafin Y do

3: if v has depth d in Y then

4: Add the parent of vto S.

5: end if

6: end for

7: Initialize S = @.

8: forveSdo

9: for t=0tod —2do

10 Compute a; based on node-to-leaf anchor paths and combining plug-in estimators
(see equation (3) for the final formula, the text for further details, and Figure 3 for an
illustration).

11: end for

12: Set W :=ay—pay —3 - - - dp (written in base-k expansion).

133 AdddtoS.

14: end for

15: Output: S.

they come from are the same, so the algorithm needs only to output the set S:={w:veS}
(since the mapping between S and S follows the left-to-right ordering).?

Given v € S, to compute the estimate w, we first observe that any node w € J;—1 can be
written in its base-k expansion,

W =aq—2a4-3 - - 4o,

where ap € {0,1,...,k — 1} for £ € {0, 1,...,d — 2}. Thus in order to compute an estimate
w, it suffices to compute an estimate ay of a, for every £ € {0, 1, ...,d — 2} and then set

W= a\d_za\d_g, . -ao.

The following is an equivalent and more pictorial way of thinking about this observation. Let
up, U, ..., uq—1 denote the nodes in X on the path from the root to w € J;_1, with u; having
depth ¢ (in particular, ug is the root and uy_1 = w). Then, for £ € {0, 1, ..., d — 2}, the quan-
tity ay is the position (from the left, with indexing starting at 0) of us_;_, among the k chil-
dren of ug_»—¢. Now suppose that v € S came from node w € J;—1, and let uy, uy, ..., u;_,
denote the nodes in Y on the path from the root to v, with u; having depth ¢ (in particular,
u() is the root and u;_ | = v). Thus estimating ao, ai, .. ., ag—2 corresponds to estimating, for
each node u;, where its pre-image in X ranks in the left-to-right ordering of itself and its
k — 1 siblings.

We now explain how to compute the estimate ap given v € S; computing a; for general
£ is similar but involves slightly more notation, so we defer this for now. Let zg, z1, ..., Zm
denote v and its siblings in Y, ordered from left to right, and let Z := {zg, 21, ..., Zm}. Let
b4 4 F z}';, denote the nodes among Z that have a child in Y, ordered from left to right,
and let Z* :={z{), 2}, ..., z;;}. Note that v € Z* by definition; define k* to be the index such
that v = zj.. Also, by construction, the pre-images of all nodes in Z* were siblings in X, so
we must have that k' < k — 1. Note that there are two ways that a node can be in Z \ Z*:

2Regarding notation: note that S is not an estimate of S, but rather an estimate of the pre-image of S before
X is passed through the deletion channel to obtain Y. We hope that the reader accepts this abuse of notational
convention.



2782 S. DAVIES, M. Z. RACZ AND C. RASHTCHIAN

e A sibling w’ of w in X is not deleted in Y, but all of the children of w’ are deleted in Y.
Then the image of w’ in Y is in Z \ Z*. Note that this is a highly unlikely event, since k is
large.

e A sibling w’ of w in X is deleted in Y, but not all of the children of w’ are deleted in Y.
Then the images of the nondeleted children of w’ in Y are in Z \ Z*. Note that if such a
vertex w’ is deleted, then in expectation there will be (1 — ¢)k nondeleted children.

Since the first bullet point above is highly unlikely and the second bullet point describes the
typical behavior of a trace, this motivates the following estimation procedure. For i € [k], let
o; denote the number of nodes in Z that are between z;-“_ | and z;k; furthermore, let o denote
the number of nodes in Z that are before zij. Now forevery i € {0, 1, ..., k’} let &; denote the
unique integer satisfying

&—12<—2_ a1/

(=g
Finally, we set
k*
(1) do:=k"+) a.
i=0
(If this results in an estimate that is greater than k — 1, then instead set dp :=k — 1.)

Now we turn to estimating a, for general £ € {0, 1,...,d — 2}, given v € S. Recall that
ug, uy, ..., u,_, denote the nodes in Y on the path from the root to v, with u; having depth
t. Let zo, 21, ..., 2, denote ui,_ |_¢ and its siblings in Y, ordered from left to right, and
let Z :={z0,21,...,2m} (We reuse notation from above). Let z, 2], . . ., z;, denote the nodes

among Z that have height £+ 1 in Y, ordered from left to right, and let Z* := {zg, 2}, ..., z}}.
Note that u),_,_, € Z* by definition; define k* to be the index such that u),_,_, = z}.. Also,
by construction, the pre-images of all nodes in Z* were siblings in X, so we must have
that ¥’ < k — 1. For i € [k'], let o; denote the number of nodes in Y that are either (a) in
Z between z7_; and z7, or (b) are descendants in Y of such a node; see Figure 3 for an
illustration. Furthermore, let o denote the number of nodes in Y that are either (a) in 2
before z§, or (b) are descendants in Y of such a node. Now for every i € {0, 1,...,k'} let @;
denote the unique integer satisfying

2) o —1/2<

o ~
<o +1/2.
+1 !
(1—q) Xk

Finally, we again set
k*

3) Zig::k*+2&,-.
i=0

The estimate in equation (3) is thus a generalization of the special case of @y in equation (1).
(If this results in an estimate that is greater than k — 1, then instead set @, :=k — 1.)

This fully completes the description of the FINDPATHS algorithm. In the following lemma
we analyze the performance of the FINDPATHS algorithm and show that its output is correct
with high probability.

LEMMA 3.2. There exist constants ¢ and ¢', that depend only on gq, such that the fol-
lowing holds. Let k > clog2 (n), let X be a k-ary tree with arbitrary binary labels, and let
Y be a trace sampled from the TED deletion channel. The FINDPATHS algorithm is fully
successful—that is, for all nodes v € S, the estimate W is correct—with probability at least

1 —exp(—c'Vk).
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F1G. 3. Path estimation in k-ary trees. We estimate, level by level, the pre-image of each root-to-leaf path in
a trace. At each level, we estimate the number of nodes deleted at that level using the number of nodes in the
(light blue) trapezoids in the figure (this uses that k is large enough to apply concentration bounds). This then
allows us to determine the positions of the surviving (dark blue) nodes, which have paths to a leaf (e.g., positions
0_2__5_ above).

PROOF. Throughout this proof we denote the complement of an event £ by £¢. Set b :=
10vk /log(1/q) = Q(logn) and let B, denote the event that Y is b-balanced. By Claim 1 we
have that

4) P(Bj) < exp(—C'Vk)

for some constant C’.

Let u be an internal node of X and let &, be the height of u. Since u is an internal node,
we have that 1 < h, < d. The number of descendants of u in X is Z?“: 1 kt. Let R, denote
the number of descendants of # in X that survive in Y.

Now fix m < b and let uy, ..., u,, denote m consecutive siblings in X with height 4 € [d].
Let &, ...4, denote the event that

m h
Y Ry —m(1—q)) k'

i=1 (=1

.....

1 h
<=(1— kE.
=3¢ q);1
By a standard Chernoff bound we have that there exist constants ¢”, ¢’ > 0 such that

h
&) PE..) = eXp(—c”(l —q) )k /m) < exp(—c"(1 — g)k/m) < exp(—c"'Vk),

=1

where in the last inequality we used that m < b = 10v/k/log(1/q).
Finally, define the event

b
&= Bb N ﬂ m 5141 ..... Up s
m=1U1,....Um
where the intersection is over all possible m consecutive siblings u1, ..., u, in X. Putting

together equation (4), equation (5), and a union bound, we have that
P(£€) < exp(—c'Vk)

for some constant ¢’. On the other hand, on the event £, the estimates @; in equation (2)
are correct forall ve S,all £ € {0,1,...,d —2},and all i € {0, 1, ..., k’}. This implies that
for every v € S and every £ € {0, 1, ...,d — 2}, the estimate a; in equation (3) is correct.
Therefore for every v € S the estimate  is also correct. [
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Algorithm 2 Reconstructing k-ary trees, k > clog?(n), TED deletion model

Set T =exp(c’log, (n)) - T (k, l/nz) (for a large enough constant ¢’).
Input: traces Y7, ..., Yr sampled independently from the TED deletion channel.
for j € J;_1 do
Initialize A; = @.
end for
fort=1to T do
Run Algorithm 1 with input Y;; let S, denote the output.
for j S, do
Add Y, to A i
end for
end for
for j € J;_1 do estimate the labels of Gx(j) as follows:
if A; = @ then > This happens with vanishing probability.
Terminate the algorithm and produce no output.
end if
To estimate the labels of Px(j):
14: Choose an arbitrary trace Y € A;;
15: Let v denote the node in Y which caused Y to be included in A;;
16: Estimate labels of Py (j) by copying bits from the path in Y that goes from the root
to v.
To estimate the labels of the children of j:
17: Initialize T = &.
18: forY ¢ A j do

D A AN i o

_ =
wy e

19: Let v denote the node in Y which caused Y to be included in A s

20: Form a string Z by reading, from left to right, the bits of the children of v in Y;

21: AddZtoT.

22: end for

23: Use a string trace reconstruction algorithm to estimate the labels of the children of j
from 7.

24: end for

25: QOutput: Take a union, over all j € J;_1, of the estimated labels of G x(j), to estimate
the labels of X (as in Remark 2).

The reconstruction algorithm: Estimating the labels of Gx(j) for each j € J;—1. Now
that we have described and analyzed the FINDPATHS algorithm (Algorithm 1), we turn our
attention to the full reconstruction algorithm (see Algorithm 2).

Lines 1-9 of Algorithm 2 describe the first step of the reconstruction algorithm, where we
process all the traces and group them into different sets. Formally, we define a set A; for
every j € Jg—1, which we initialize with A; = &. Then for every trace Y; in our input, we
run Algorithm 1 with input ¥;, and we let S; denote the output. We then add Y; to A; for
every j € S;.

We now turn to the main step of the reconstruction algorithm, which is described in lines
10-25 of Algorithm 2. For every j € Js—1, we use the traces in \A; to estimate the labels
of Gx(j), and finally we take a union of these estimates to estimate the labels of X. The
estimation of the labels of Gx(j) is done in two parts: (1) the estimation of the labels of
Px (j), and (2) the estimation of the labels of the children of j; see Figure 4 for an illustration.

To estimate the labels of Px(j), we take an arbitrary trace Y € A jrif A j = 9, then the al-
gorithm terminates without output. Let v denote the node in ¥ which caused Y to be included



RECONSTRUCTING TREES FROM TRACES 2785

Aj
A
PX(i)/ / / /
(0] (0] (0] (0
J /0/ /0/ / /

AN IN f&\ B \

\1‘\0/\1/\0/ (0 \\}/\
X

\

FIG. 4. An example set of traces A;j appearing in Algorithm 2. The two salient points are that, with high
probability: (1) the bits on the hlghllghted paths are all the same as the original bits in Px(j), and (2) the
restriction to leaves corresponds to string trace reconstruction.

in A;. Assuming that Y was included in .A; for the correct reason, that is, the pre-image of v
is indeed j, then the labels of Px(j) are identical to the bits on the path in Y that goes from
the root to v; see Figure 4 for an illustration. Therefore we estimate the labels of Px(j) by
copying the bits from the path in Y that goes from the root to v.

Finally, we estimate the labels of the children of j; it turns out that this reduces to string
trace reconstruction. Given a trace Y € A;, let v denote the node in Y which caused Y to be
included in A;. Assuming that ¥ was included in A; for the correct reason, that is, the pre-
image of v is indeed j, then the children of v in ¥ are a random subset of the children of j in
X; see Figure 4 for an illustration. Thus if we restrict our attention to the bits on the children
of j in X, the children of v in the trace Y are as if the original bits were passed through
the string deletion channel; see Figure 4 again for an illustration. This motivates collecting a
string trace from each Y € A, by looking at the children of the appropriate vertex v; we let 7
denote this collection of string traces. Finally, we use a string trace reconstruction algorithm
to reconstruct the bits on the children of j in X from 7.

Now that we have fully described the reconstruction algorithm, we are ready to prove that
it correctly reconstructs the labels of X with high probability. The following lemma is an
important step towards this.

LEMMA 3.3. There exist finite positive constants ¢’ and ¢” such that the following holds.
Let T =exp(c'log; (n)) - T (k, 1/n2) andlet Yy, ..., YT bei.i.d. traces from the TED deletion
channel. With probability at least 1 — exp(—c”~/k) the following hold:

1. The FINDPATHS algorithm is fully correct for all traces Y1, ..., Y.
2. Forevery j € Jy—1 we have that |A;| > T (k, l/nz).

PROOF. The first claim follows from Lemma 3.2 and a union bound, using the fact
that T = exp(O (log; (n) + k'/3)). For each j € Jy_1, the path Px(j) consists of d — 1
nonroot nodes and hence it survives in a trace with probability (1 — ¢)?~!. Since T >
2(1 —g)~“=DT(k, 1/n?), the second claim follows from a standard Chernoff bound. [

Finishing the proof of Theorem 1.3.

PROOF OF THEOREM 1.3. The reconstruction algorithm is described in Algorithm 2,
with a subroutine described in Algorithm 1. Let £ be the event that (1) the FINDPATHS
algorithm is fully correct for all traces Y, ..., Yr, and (2) for every j € Jy—1 we have that
|A;| > Tk, 1/n?%). By Lemma 3.3 we have that P(€) > 1 — exp(—c”vk).
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FIG. 5. An example of a trace that is s-stable for i (where here s = 3).

Conditioned on the event &, the reconstruction algorithm correctly reconstructs the labels
of Px(j) for every j € Jy—1 (see lines 14-17 of Algorithm 2); in other words, the recon-
struction algorithm correctly reconstructs the labels of all internal nodes of X.

We next turn to the leaves of X. Conditioned on the event £ we have that |A;| >
T (k,1/n?), so using string trace reconstruction we can correctly reconstruct the labels of
all children of j with probability at least 1 — 1/n>. Since there are at most n nodes in J;_1,
a union bound shows that, conditioned on the event £, we can correctly reconstruct the labels
of all leaves of X with probability at least 1 — 1/n.

Overall, the error probability in reconstructing the labels of X is at most exp(—c”v/k) +
2/n. O

3.2. Proof of Theorem 1.4 concerning arbitrary degree trees. Recall the definition for 7
defined in the first paragraph of Section 2.1: 7 := U;’:_II Ii,where Z) .= 71 =1{0,1, ..., k—1}
and for t > 2,7, :={i € J; | i mod k # 0}, and J; is the set of the nodes at depth . We use
traces that have a strong underlying structure, which we call s-stable; see Figure 5 for an
illustration.

DEFINITION 3.4. A trace Y is s-stable for i € 1 if Gy (i) #.L, and for every internal
node v in Gy (i) with height 4 <s in Y, each of the k children of v has height exactly & — 1
inY.

Algorithm 3 below states, in pseudocode, our reconstruction algorithm for proving Theo-
rem 1.4. At a high level, we will recover the labels for G x (i) separately for each i € Z, which
is sufficient because these subtrees cover all of the nonroot nodes in X.

The challenge is that, in the TED deletion model, G x (i) may shift to an incorrect position,
even when Gy (i) #.L. This happens, for example, when the parent of i has children deleted
in such a way that i moves to the left or right, but i still has kK — 1 siblings (some of which
are new); see Figures 6 and 7 for an illustration. The intuition for overcoming this issue is as
follows. Let u be a node in G x (i) with child «’ that is not a leaf (so u and u’ both originally
have k children). If u and all of its k children survive in a trace, then we will be in good
shape. However, consider the situation when u survives and u’ is deleted. In the TED model,
we expect (1 — ¢)k children of u’ to move up to become children of u. Since this occurs for
every deleted child of u, we expect u to now have many more than k children.

The bad case is when u has exactly k children in a trace after some of its original chil-
dren are deleted; see Figure 7 for an illustration. This only happens when subtrees rooted
at children of u# are completely deleted. If such a subtree is large (i.e., u is higher up in the
tree), then this is extremely unlikely. To deal with the nodes u closer to the leaves, we use the
s-stable property to force the relevant subtrees to survive.
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Algorithm 3 Reconstructing k-ary trees, arbitrary k£, TED deletion model
Set s = [log; log, ,,(3dk)] and T = Clog(n) - (1 — q)~@+5*0) (for a large enough C).

Input: traces Y1, ..., Y7 sampled independently from the TED deletion channel.

1. Set A={Yy,..., Y7}

2: fori eZ do

3: Initialize A; = &.

4: forr=1to T do

5: if Y; is s-stable for i then add Y; to A;.

6: end if

7: end for

8: for node b in Gx (i) do

9: Let the learned label of b be the majority vote over all Y € A; of the labels on
node b in Gy (i), as in Lemma 3.6.

10: end for

11: end for

12: Output: Union the learned labels of Gx (i) over all i € Z to reconstruct labels of X, as
described in Remark 2.

An obvious way for Y to be s-stable is for it to contain Gx (i) and enough relevant de-
scendants of nodes in Gx (7). Let G}'(i ) be the union of Gx (i) and the k children of every
internal node in G x (i); see Figure 6 for an illustration. Then Y will be s-stable if it contains
G}(i) and at least one path to a leaf (in X) from every node in G};(i) with height at most s.
In Lemma 3.5, we even argue that this happens with high enough probability to achieve the
bound in the theorem.

Unfortunately, we cannot directly check whether Y contains the exact nodes in G; (7). We
can check if Y is s-stable for i by examining the nodes of Gy (i) and their descendants in
Y. Butif Y is s-stable, then it is still not necessarily the case that Gy (i) = Gx (i), since the
nodes in G x (i) may have shifted in Y or been deleted.

To get around this complication, we rely on the s-stable property of a trace. We argue in
Lemma 3.6 that if s is large enough and a trace Y is s-stable for i, then with probability at
least 2/3, we have Gy (i) = Gx(i). We take a majority vote of Gy (i) over O (logn) traces Y
to recover G x (i) with high probability. Since the subtrees G x (i) for i € Z cover X, we will
be done.

Analyzing and using stable traces. In what follows, we fix s = [log; log; ,, (3dk)]. We
first show that a trace is s-stable with good enough probability.

LEMMA 3.5. Fori €T, a trace is s-stable for i with probability at least (1 — q)dk+s2k.

G (1)

&
550 &/J' J\u dé

FI1G. 6. Example of G;(r (i), where the node i is orange, and the full subtree is bold.

{5% o c 5%
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Gx (i)

Gy (i) Gy (i)

FI1G. 7. Two traces, one “bad” and one “good”. In the top two trees, gray nodes in X are deleted to produce the
corresponding traces below. The trace on the left has the subtree rooted at i in the incorrect location (it moved
over to the left). The trace on the right has the subtree in the correct location.

PROOF. Being s-stable has two conditions. First, we need Gy (i) #.L. Let G;(i) be the
union of G x (i) and the k children of every internal node in G x (i), where |G}(i)| =dk+1.
We will prove that if Y contains G;(i ), then Gy (i) #£.1, because in fact, Gy (i) = Gx(i).
Since the root is never deleted, all nodes in G; (i) survive in a trace with probability (1 — q)dk ,
and so Gy (i) = G x (i) with at least this probability.

Assume that Y contains G;(i). Let Gx(i) = uo,...,uq+k—1, and consider building
Gy(i) =vo,...,Vq+k—1 using ;. We argue recursively: For t € [d — 1], we assume that
vy = uy forall ' < t, and we prove that v, = u; as well. The base case ' = 0 holds because
the root vg = ug is never deleted. Then, since Y contains G;(i ), we know that v, = uy has
exactly k children in Y, which are the children of u#, in X. Moreover, the left-to-right order
of these k children is preserved in the deletion model. Therefore, the child of v,/ in position
7;(t") must indeed be u,/y for all ¥/ < ¢. This establishes v, = u, forallt € {0, 1,...,d — 1}.
For the leaves of G x (i), when vgy_1 = u4_1, and vy has k children in Y, then we must also
have vg, ..., Vgq4k—1 =Ug, .., Ug+k—1-

For the second condition of s-stability, consider an internal node u; in G x (i) with height
h =d —t satisfying 1 <h <s. Let ug, ..., u;_, be the children of u; in X. Because u’j has
height # — 1 in X, there is some path with # nodes from u/j to a leaf in X. Consider one such
path for each j =0, ...,k — 1 such that j = 7; (). Since there are k — 1 choices for j, let
P; be the union of these k — 1 paths, where |P;| = h(k — 1) < s(k — 1). The survival of P;
guarantees that u/j has the correct height for Y to be s-stable. Since | Ufl;dl_s P <s*(k—1),
and each node survives independently with probability (1 — g), we have that Py_g, ..., Pj_|
survive with probability at least (1 — q)sz(k_l).

Combining these two conditions, Y is s-stable with probability at least (1 — q)dk“zk. O

We now formalize the intuition that if all nodes in Gy (i) have k children, and the parents
are high enough in the tree, then the children are probably correct. The reason is that subtrees
rooted at their children are unlikely to be completely deleted. This is the only bad case, since
otherwise, we expect deleted nodes to cause their parents to have many more than & children.
Finally, since the trace is s-stable, the nodes near the leaves will be correct as well.

LEMMA 3.6. Fori €Z,ifY is a random s-stable trace for i, then Gy (i) = G x (i) with
probability at least 2 /3.

PROOF. Since Y is s-stable, Gy (i) #.L. Let Gy(i) = vy, ..., vg4+k—1 and Gx(i) =
ug, ..., Uqg+k—1, where v; and u; have depth t € {0, 1,...,d — 1}, and vy_; and uz_; have
children vy, ..., vg4x—1 and ugq, ..., ug+ix—1, respectively. Our strategy is to define an event
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£ that happens with probability at least 2/3 and implies that v; = u; fort <d 4+ k — 1. Con-
sider ¢ € [d], and let uy,, ..., u)_, be the children of u;_; in X. Define & to be the event that,
for every j € {0,1,...,k — 1}, at least one node in the subtree rooted at u/] survives in Y.
Then, define <, =(;L, & and set £ = E<4.

We first argue that when €<, holds, then v, = u; for all # < m. Because the root has not
been deleted, we have vg = ug. Then, for ¢ € [m], we assume that vy = u, for t' < ¢, and we
prove that v, = u;.

Because Y is s-stable, v, has k children in Y. Denote them vy, ..., v;_,. We need to
show that u, is in position 77; (r — 1) among them, so that v; = v/ Ti—1) = Ui Since &; holds,
there is some surviving node in Y from the subtree rooted at each orlgmal child of u#;_1 in X.
Moreover, since u,_1 = v;_1, this accounts for at least k£ children of v,_; in Y. Because there
are exactly k children of v;_p, it must be the case that v/, 1) is originally from the subtree
rooted at u, in X. In particular, v’ Ti—1) = Ui if and only 1f u; survives in Y.

We claim that if u; were deleted then it would contradict Y belng s-stable, since we would
have Gy (i) =L instead. Indeed, the deletion of u, would cause vm (-1 1O have height less
than d — ¢ in Y. This would imply that at some depth d’ with t < d’ < d, the node v, in
Gy (i) would be a leaf, leading to Gy (i) =_L. We conclude that u; survives in Y, and so that
v = vylr,-(t—l) = u;, as desired.

We have shown that £ guarantees that v; = u, for all t <d — 1. In particular, vg_; = ug—_1,
and the k children of vz_1 in ¥ must be the children of u;_1 in X. This finishes the argument
that £ implies that v; = u, forall t <d + k — 1, thatis, Gy (i) = Gx(i).

Now we prove that £ happens with probability at least 2/3 in an s-stable trace. We prove
this in two steps. First, we argue that £<;_s occurs with probability at least 2/3. Then,
we show that £<4_ implies £. Consider the node u;—1 in Gx(i) for ¢t € [d — 5], and let
Uy, ..., Up_; be the k children of u,_; in X. Since the height of u’J is at least s, the subtree

rooted at u/ in X contains atleast ) )_ k* > k* nodes. The probability that all of these nodes

are deleted is at most g¥*. Because s = [logy log, ,, (3dk)1, this is at most 1/(3dk). Taking a
union bound over the k children implies that & occurs with probability at least 1 — 1/(3d),
and taking a union bound over ¢ € [d — s] implies that £<;_ holds with probability at least
2/3.

The final step is to prove that £ happens with probability one, in an s-stable trace, as-
suming that £<;_¢ holds. More precisely, we will show that <44, implies Eg_g4¢41 for
¢€=0,1...,5 — 1. We have already argued that <44, guarantees that vy_s4¢ = Ug—s¢.
We claim that the k children v, ..., v;_, of vy, are the original children of ug_s4¢ in X
(and this clearly implies £4_s4¢+1). Since Y is s-stable, there is a path with s — £ 4+ 1 nodes
from v} toaleafin Y. If v;. were not an original child of ug_g4¢, then all such paths would
have at most s — £ nodes. This implies no children of uy_s4¢ = v47—s+¢ have been deleted in
Y, and their existence witnesses the survival of the subtrees needed for £;_;4¢1. Since this
holds for £ =0, 1...,s, we conclude that £ = <4 follows from £<,4_; in an s-stable trace,
and Pr(Gy (i) =Gx ()] > Pr[€] =Pr[€<4—s]>2/3. O

Completing the proof of Theorem 1.4.

PROOF OF THEOREM 1.4. Let A be a set of T = Clog(n)/(1 — q)%+5° traces with C
a large enough constant. By Lemma 3.5, each trace in A is s-stable for i with probability
1- q)dk+s2k. Therefore, by setting C large enough and taking a union bound over i € Z, we
can ensure that with probability at least 1 — 1/n2, for every i € 7 there is a subset A; € A of
s-stable traces for i with |.A;| > C'logn, for a constant C’ to be set later.

By Lemma 3.6, each trace Y € A; has the property that Gy (i) = G x (i) with probability at
least2/3. Let f;(Y) € {0, 1}‘”"_l be the labels of Gy (i) in Y. In expectation over Y € A;, we
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FI1G. 8. The partition of the tree X into the subtrees {Hx (i) : i € I} is illustrated in gray. The bijection
¥ 1 Jg—1 — L maps, for each gray subtree, a single green node to a single orange node in that subtree. Nodes
that are both green and orange map to themselves.

have that at least a 2/3 fraction of Y satisfy f;(Y) = f;(X). Therefore, since |A;| > C'logn
for a large enough constant C’, we have by a standard Chernoff bound that the majority value
of f;(Y) over Y € A; is equal to f;(X), with probability at least 1 — 1/ n?. For each i € Z,
our reconstruction algorithm uses this majority vote to deduce the labels for G x (i). Taking a
union bound over i € Z, where |Z| < n, we correctly label all nodes with probability at least
1—-1/n.

It remains to show that 7 = exp(O(dk)), where d = O(log; n). Recall that we have set
s = [logylog;,,(3dk)]. If k > d, then s < cloglogk/logk for a constant c, since ¢ is a
constant, and so s = O(1). If k <d, then s < cloglogd, and in particular, s2 < ¢”d for some
constant ¢”. Therefore, for any k, we have T < Clogn - exp(c’dk) for some constant ¢’ > 1
depending only on ¢, and since loglogn < dk, we conclude that that 7 = exp(O (dk)). U

4. Reconstructing trees, left-propagation model. In this section we present our two
algorithms for k-ary trees in the left-propagation deletion model.

4.1. Proof of Theorem 1.5 concerning large degree trees. Recall the definitions from
the first paragraph in Section 2.1, in particular that of Z. Recall also that the sets Hy (i)
for i € 7 partition the nonroot nodes of X, and each Hx (i) contains exactly one node from
Ja—1; see Figure 8 for an illustration. Define the bijection ¢ : 731 — Z as {(j) =i for the
distinct i such that j € Hy (i); see Figure 8 again for an illustration. For each fixed j € J;_1
and each trace Y, we will extract a bit-string sy (j) and use it to reconstruct the labels for
Hx (¥ (j)). We only define sy (j) whenever Py (j) #.L, but this suffices for our purposes (as
discussed later). To define sy (j), we need some notation. Let vg, vy, ..., vz—1 be the nodes
in Py(j), where v, has depth ¢ in Y. Then, let vy, ..., vg4r be the children of vy—; in Y,
where kK’ <k — 1. Let i = ¥ (j) and let ¢; be the depth of i in X. Finally, define sy (j) as a
bit-string of length d + k' — #; + 1 consisting of the labels in ¥ of the nodes vy, ..., vg4x';
see Figure 9 for an illustration.

Algorithm 4 below states, in pseudocode, our reconstruction algorithm for proving Theo-
rem 1.5. We note that this reconstruction algorithm is tailored to the left-propagation deletion
model.

For complete k-ary trees with sufficiently large k > clogn, a trace Y has Py(j) #.L for
all nodes j € Jy—1 with high probability. When Py(j) #.L1 and j € Hx (i), we can extract
a subset of Hy (i) that behaves as if it went through the string deletion channel (i.e., as if it
were a path on | Hx (7)| nodes). Therefore, using traces with Py (j) #.L for all j € J;_1, we
reduce to string trace reconstruction (see Figure 9 for an illustration), and we reconstruct the
labels for each Hx (i) separately. This suffices because the subtrees Hx (i) for i € Z partition
the nonroot nodes of X (see Figure 8 for an illustration).
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F1G. 9. Extracting the strings sy (j) from the subtrees that contain the path Py (j).

We first argue that Py (j) %L with high probability when k& > clogn.

LEMMA 4.1. Let k > clogn. In the Left-Propagation model, a random trace Y has
Py (j) #L for every j € Jy—1 with probability at least 1 — exp(—c’k).

PROOF. The property that Y has Py(j) #.L for every j € J;—1 is equivalent to ¥ con-
taining a complete k-ary subtree of depth d — 1 with the same root as X. Consider any node
J € Ja—1, and recall that the subtree G x (j) has d + k — 1 nonroot nodes. Each nonroot node
in G x(j) survives independently in ¥ with probability (1 —q). Let £ be the event that at least
d nodes from Gx(j) survive in Y for every j € Jy—1. Because k > clogn and d <log; n
and | 7y—1| < n, a standard Chernoff and union bound implies that £ holds with probability
1 — exp(—c’k) for a constant ¢’ > 0 depending on ¢g. When &’ holds, for all j € J;_1, every
node in Py (j) has exactly k children in ¥ and Py (j) #L1. O

PROOF OF THEOREM 1.5. Let T = T(d + k, 1/n?) be the number of traces needed to
learn d + k bits with probability 1 — 1/1? in the string model with deletion probability g.
We will reconstruct X with probability 1 — O(1/n) using T traces from the left-propagation
model.

By Lemma 4.1, a trace Y has Py(j) #L for every j € J;—1 with probability 1 —
exp(—c’k). By Theorem 1.1 we have that T = exp(O((d + k)'/3)) = exp(O (k'/3)), where
the second inequality is due to d < k. Thus by a union bound it follows that, with probability

Algorithm 4 Reconstructing k-ary trees, k > clog(n), left-propagation deletion model
Set T =T(d+k,1/n?).
Input: traces Y7, ..., Yr sampled independently from the TED deletion channel.
1: Set A={Yy,..., Y7}
2: if there exists a trace Y € A and anode j € J;—; such that Py(j) =L  This happens
with vanishing probability.

3: then Terminate the algorithm and produce no output.

4: else > This happens with high probability.

5: for j € J;_1 do

6: Reconstruct labels of Hy (¥ (j)) from {sy(j)}ye., via string trace reconstruction
(Theorem 1.1).

7: end for

8: Output: Union the learned labels of Hx (i) over all i € Z to reconstruct labels of X,

as described in Remark 2.
9: end if
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at least 1 — exp(—c”k) for some constant ¢” > 0, we have Py(j) #_L for all traces Y and
nodes j € Jj—1. So from now on we assume that Py(j) #_L for every trace Y and every
jeJa-1.

Decompose X into subtrees Hy (¥ (j)) for j € J;_1; see Figure 8 for an illustration. For
each of the T traces Y, extract the bit-string sy (j); see Figure 9 for an illustration. Consider
these as T traces from the string deletion model on |Hx (¥ (j))| < d + k bits. More precisely,
let sx(j) be the labels in X for the nodes in Hx (¥ (j)). We claim that sy (j) is a valid trace
for the string deletion model with unknown string sx (7). In the left-propagation model, when
Py (j) #L, the nodes considered in Y for sy(j) form a subsequence of the corresponding
nodes in X. Therefore, since each node is deleted with probability ¢, the bits in sy (j) will
be a trace of the string sx (j). Though we only consider traces with at least d bits remaining,
the probability that at least one trace of T has less than d bits occurs with probability at most
exp(— O (k)). So by slightly increasing the factor C’ in T, we can use Theorem 1.1 to see T
traces suffice to reconstruct sy (j) with probability 1 — 1/n2. Moreover, sx(j) are the labels
for Hx (1 (j)). Taking a union bound over |Z| < n, we can reconstruct Hy (i) for all i € Z
with probability at least 1 — 1/n. [J

4.2. Proof of Theorem 1.6 concerning arbitrary degree trees. Algorithm 5 below states,
in pseudocode, our reconstruction algorithm for proving Theorem 1.6.

As in the proof of Theorem 1.5, we reconstruct X by reconstructing the subtrees H (i) for
i € Z, which partition the nonroot nodes of X. Instead of reducing to string reconstruction, we
use traces with Gy (i) #.L to directly obtain labels for Hx(i). We only need to take enough
traces to balance out the fact that a trace with Gy (i) #.L for i € Z occurs with probability
exp(—O(d + k).

Recovering the labels for subtrees. We first show that if a trace satisfies Gy (i) #.L, then
we can reconstruct the labels of Hx (i); see Figure 10 for an illustration.

Algorithm 5 Reconstructing k-ary trees, arbitrary k, Left Propagation deletion model

Set T =C(1 — q)_(d“/k) log(n) (for large enough ¢’ and C).
Input: traces Y7, ..., Yr sampled independently from the TED deletion channel.

for everyi € 7 do

l:

2: Initialize A; = @.

3: fortr=1to T do

4: if Y; has Gy, (i) #.L then add Y, to A;.

5: end if

6: end for

7: end for

8: if there exists i € Z such that A; = & > This happens with vanishing probability.
9: then Terminate the algorithm and produce no output.
10: else > This happens with high probability.
11: for everyi € 7 do
12: Choose an arbitrary Y € A;.
13: Reconstruct labels in Hx (i) bit by bit as those of Hy (i), using Remark 1.
14: end for
15: Output: Union the learned labels of Hx (i) over all i € Z to reconstruct labels of X,

as described in Remark 2.
end if

—_
=)
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FIG. 10. Extracting correct labels for sx (j) from a single trace containing a caterpillar, Gy (i) #L.

LEMMA 4.2. In the left-propagation model, if Gy (i) #.L, then Hy (i) = Hx (i) and the
labels for these subtrees are identical in Y and X .

PROOF. Letsy(i) = vy, ..., vp be the labels on the left only path from i to the leaf plus
its siblings in trace Y. These are the labels on Hy (i). Similarly, let sx (i) = ug, ..., uy be
the labels on the left-only path from i to the leaf plus its siblings in X. These are the labels
on Hy (i). Due to the behavior of the left-propagation model, the string sy (i) is a trace of the
string sx (i). When Gy (i) #-L, no nodes of Hx (i) could have been deleted to obtain the trace
Hy (i), otherwise the number of leaves in Gy (i) would be too small and Gy (i) would not be
defined. As sy (i) is a trace of sx (i) and |Hy (i)| = | Hx (i)|, this implies that Hy (i) = Hx (i).

O

LEMMA 4.3. Fixi € Z and let Y be a trace from the left-propagation deletion model.
There exists an absolute constant ¢’ > 1 such that with probability at least (1 — q)4+¢* we
have that Gy (i) #1.

PROOF. There are d + k nodes in Gx (i) and they all survive in Y with probability
(1— q)d+k. From now on, we assume this holds. Let Gx (i) = uo, ..., Ug+k—1, where u;
has depth r € {0,1,...,d}, and ug_1 has children ugy, ..., ug4+r—1. Consider ¢ € [d], and
let ué, cee, u}c_l be the k children of u;_; in X. Define & to be the event that, for every
j€{0,1,...,k— 1}, at least one node in the subtree rooted at u/j survives in Y. We observe

that, in the left-propagation model, if both ﬂle &; holds and G x (i) survives, then we have
Gy(@) #1.

Because G x (i) surviving implies that the k children of uz_ survive, we already know
that £; holds. For ¢t € [d — 1], each child u’j of u;—1 has height h =d —¢r+ 1 in X. In
particular, the subtree rooted at u’j in X contains at least k?~'*! nodes. If u’j € Gx(i), then
we have assumed it survives, otherwise there are k — 1 other subtrees. Since the subtrees
considered are independent, at least one node survives from each of them (for all ¢ € [d — 1])
with probability at least

d
[T0-¢"y"'=a—-g*
h=2

for some constant c. Putting everything together, Gx (i) survives and ﬂle &: holds, and
therefore Gy (i) #.L, with probability at least (1 — g)4t% . (1 — g)* = (1 — g)d*c+Dk O
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FI1G. 11. DFS indexing and example trace (in both deletion models) for a (12, 3)-spider.

Completing the proof of Theorem 1.6.

PROOF OF THEOREM 1.6. By Lemma 4.3, the probability that none of T traces satisfy
Gy (i) #L for some i € 7 is at most

|I|(1 - (1 — q)d+c/k)T < neXp(—T(l _ q)d+c/k).

To ensure that at least one trace has Gy (i) #.L for every i € Z with high probability, we take
T’ = O(T logn) traces, where T satisfies

T=(- q)—(d+c/k) <(1— q)—ln(n)/ln(k)—c/k — pIn(1/(1=g)(ck/ In(m)+1/ In(k))

By Lemma 4.2, any trace with Gy (i) #.L induces the correct labeling of Hx (i) by using the
labels for the nodes in Hy (i). In other words, with high probability, a set of 7" = O (T logn)
traces yields a correct labeling of Hy (i) for all i € Z. Since the subtrees Hx (i) for i € Z form
a partition of X, we can recover all labels in X. [J

5. Reconstructing spiders. In this section, we describe how to reconstruct spiders and
prove Theorem 1.7 and Proposition 1.8. We start with preliminaries in Section 5.1. An outline
of the proof for Theorem 1.7 is followed by the full proof in Section 5.2. The proof assumes a
lemma requiring complex analysis that is deferred to Section 5.3. Proposition 1.8 is proven in
Section 5.4. The remaining proofs of lemmas stated in this section are detailed in Section 5.5.

5.1. Spider algorithm preliminaries. When a labeled (n, d)-spider, X, goes through the
deletion channel, we assume that its trace, Y, is an (n, d)-spider by inserting length d paths
of 0 s after the remaining paths and nodes labeled O to the end of paths. After this, traces have
n/d paths of length d (excluding the root).

We define a left-to-right ordered DFS index for (n, d)-spiders, illustrated in Figure 11. The
labels increase along the length of the paths from the root and increase left to right among
the paths. Specifically, if node v is in the ith path from the left and has depth j, then its label
is (i — 1)d + j — 1. These labels will be used to define appropriate generating functions. As
discussed in Remark 4, we need not consider the root as part of the generating function.

5.2. Proof of Theorem 1.7 concerning (n, d)-spiders with small d. 1In the regime where
spiders have short paths (d < log;,, n), we use mean-based algorithms that generalize the
methods of [14, 15, 34]. Using the DFS indexing of nodes, let X be an (n, d)-spider with
labels {a; ’};(1) and let Y be a trace of X, with the labels of Y denoted by {b j};?;(l). Consider
now the random generating function

n—1 )
> bjw!
j=0
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for w € C. Due to the special structure of spiders, the expected value of this random generat-
ing function can be computed (see Lemma 5.1 below), and while it is more complicated than
the corresponding formula for strings, it is still tractable. This is useful since by averaging
samples we can approximate this expected value.

We then show that for every pair of labeled (n, d)-spiders, X! and X2, with different binary
labels, we can carefully choose w € C so that the corresponding values of the respective
generating functions differ in expectation at some index j = j (X', X?). In choosing between
candidate spiders X' and X2, the algorithm deems the better match of the pair to be the spider
for which the expected value of the generating function at w € C is closer to the mean of the
traces at j. If any spider is a better match compared to every other spider, it is said to be the
best match, and the algorithm outputs that spider.

For the quantitative estimates, the key technical challenge is to lower bound the modulus
of the (expected) generating function on a carefully chosen arc of the unit disc in the complex
plane. Our analysis, based on harmonic measure, is inspired by [8], as well as the recent work
of [20].

When d is constant, the reconstruction problem on (n, d)-spiders can be reduced to string
trace reconstruction (see Proposition 5.8). Hence, we will assume that d is greater than a spe-
cific constant (d > 20 suffices). We begin by computing the expected value of the generating
function for an (n, d)-spider which has gone through a deletion channel with parameter g.
We denote this expected generating function by A(w), where w € C.

LEMMA 5.1. Leta= {a,} be the labels of an (n, d)-spider with labels a; € R and let

=1{b j};f;(l) be the labels of its trace from the deletion channel with deletion probability q.
Then

n—1 n—1 ¢
Aw) = E(Z ”fw]) = (1 —q) Y ar(q+ 1 =) ™ V(g + (1 - g*)w),

where the expectation is over the random labels b.

While A(w) is written as only a function of w, it implicitly depends on the labels a of
the original spider. The proof of Lemma 5.1 is in Section 5.5, as it follows from a standard
manipulation of equations. We use this generating functlon to dlstlngu1sh between two can-
didate (n, d)-spiders X I"and X2, which have labels a' {al} and a? {az}” ! which

are different (i.e., there exists j € {0, 1,...,n — 1} such that aj ;é ajz). Let Y! and Y2 denote
random traces with labels b' = {b}}’};(l) and b% = {b?}’};(l) that arise from passing X and X?
through the deletion channel with deletion probability ¢.
Define a :=a! — a? and let A(w) be the expected generating function with input a. From
Lemma 5.1 we have that
n—1
(6) Y (E[b}] - E[p3])w! = A(w).
J=0
Let £* :=arg min,{a¢ # 0} (note that £* < n — 1 by construction) and define
n—1
~ d d L&
A(w) :=(1—gq) Z aZ(q +(1 - Q)U))e (mo )(qd + (1 _ qd)wd)LdJ L7 J
{=0*
Observe that A(w) = (qd +(1— q”l)w”l)L%J . g(w); accordingly, we call /T(w) the factored
generating function. Taking absolute values in equation (6) we obtain that

7) Z|E E[p2]lwl = |Aw)| = (1 —g)|(1 = ¢*)w? +¢*|' 7| Aw)|.
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Ultimately, we aim to bound from below max ; |E[b}] — E[b?]l by choosing w € C appropri-
ately. To do this, we balance |w| on the left hand side of equation (7) with |(1 — qd ywd 4+ qdl
on the right; it would be best if |w| were small while |(1 — gHw? + g?| were large,
and so a compromise is to let w vary along an arc of the unit disc D. In particular, let
yL = {elg :—m/L <6 < m/L}, where we assume that L > 20, a choice which will become
clear later. The following lemma bounds |(1 — qd)wd + qd| from below while w € yy. The
proof is a standard calculation, deferred to Section 5.5.
LEMMA 5.2. For w € y1, we have that
(1= gD w” +¢| = exp(—27 - ¢/ (1 — ¢*)d*/L?).

Additionally, we bound sup,, |A(w)| from below using Lemma 5.3, whose proof is in
Section 5.3.

LEMMA 5.3. Let 0 < g < 0.7 be a constant. There exists § € yr, as well as a constant
C > 0 depending only on q, such that |A(¢)| > exp(—C - dL).

We are now ready to prove Theorem 1.7.

PROOF OF THEOREM 1.7. Let ¢ € y;, be the point guaranteed by Lemma 5.3. Substitut-
ing ¢ into equation (7), we use Lemma 5.3 and the fact that |{| =1 to see that

ZIE E[52]| = |A@)| = (1 - @)|(1 — ¢%)¢? + ¢ 7| A0

> (1= (1 — "¢ +¢?|L7 exp(~C - dL),

for a constant C > 0 depending only on ¢. Using the bound £* < n, as well as Lemma 5.2
(where we drop the factor of 1 — ¢ in the exponent), we have that

Z|E bz]}>(1—q)exp( 272 q¥nd/L*) exp(—C - dL).

Setting L = max{(47t2nqd /C)'/3,20} and plugging into the display above, we find that there
exists an index j such that

® E[b}] ~ E[53]] = » exp(~C" - dlng®)"")

for some constant C’ > 0 depending only on g. Therefore, we have shown that there is some
index j = j(X!, X?) where we expect the traces corresponding to X! and X? to differ sig-

nificantly.
Suppose spider X! goes through the deletion channel and we observe 7 samples,
St, ..., ST where sample S’ has labels {u’j}’};(l). Let n denote the right hand side of equa-

tion (8). We say that a spider X? is a better match than X! for traces {S’ }rerr if at the index
j= j(X1 , Xz), X2 looks closer to the traces than X!; that is, if

1< 5 1<
t
‘?EIM;'_EZ)]S?E]“]_
t= 1=

As before, the expectation is over the random labels b! and b?. A Chernoff bound implies
that if the traces {S’};¢[7] came from spider X I then the probability that X? is a better match
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than X! is at most exp(—T'n?/2). Repeating this for all pairs of binary labeled (1, d)-spiders,
the algorithm outputs X*, the (n, d)-spider which is a better match than all others (the best
match), if such a spider exists. Otherwise, the algorithm outputs a random binary labeled
(n, d)-spider.

Last, we show that the algorithm correctly reconstructs an (n, d)-spider with high proba-
bility when d < log; ,, n. We bound from above the probability that the algorithm does not
find that X! is the best match by a combination of a union bound and a Chernoff bound (as
discussed above). The probabilities below are taken over the random traces {S’};¢[r]:

Pr[X*# X'] < Z Pr[X? is a better match than X'] < 2" - exp(—~Tn?/2)
X2:X2£X!1

T 3
=2" exp(—ﬁ exp(—C - d(ng?)" ))

for a constant C > 0 depending only on g. This latter expression is at most 1/ if and only if
T > 2n%(nIn(2) + In(n)) exp(Cd (ng?)""?).

This holds if 7 > exp(cd(ng?)'/?) for a large enough constant ¢ depending only on ¢g. [J

5.3. Proof of Lemma 5.3. We assume basic knowledge of subharmonic functions and
harmonic measure. For background, we refer readers to any introductory complex analysis
book (e.g., [2, 18]). For a more elementary (but slightly weaker) bound, see Lemma 5.9 in
Section 5.5.

Let 2 C C be a bounded, open region, and let 32 denote its boundary. The harmonic
measure of a subset y C 02 with respect to a point wq € 2, denoted ;Lgo(y), is the proba-
bility that a Brownian motion starting at wq exits €2 through y. Let f(w) denote an analytic
function; we will choose f = A, which is a polynomial and hence analytic. Given | f (wg)]
at a point wg € €2 and a condition on the growth of | f| in €2, we utilize harmonic measure to
bound | f| on 9€2. Specifically, we use that log | f| satisfies the sub-mean value property: for
all wo €  we have that

©) log| f (wo)| < fa _ log|f )| du ().

As in equation (9), we will define a region of integration where the value of log |A(w)] is
controlled along the boundary, and the boundary will contain y;, = {ei9 c—nw/L <0 <m/L}.
We need to separate this boundary into a few different pieces and use different techniques
to upper bound log |A(w)| on each curve. In fact, the methods of [20] show a lower bound
for sup,, | f (w)| for an analytic function f(w) satisfying the growth condition in Lemma 5.5
(see below), by using equation (9) and a particular choice of wg. We show that A satisfies the
growth condition specified in Lemma 5.5, then borrow techniques from [20] to upper bound
the right hand side of equation (9). However, we have to work more to find an appropriate
point wg € D in order to find a lower bound for the left hand side of equation (9), so that we
can also show a lower bound for sup,, IK (w)|. We discuss this difficulty in Remark 3.

In what follows, open discs of radius r centered at a point z are denoted as D, (z). The unit
disc, D1(0), is an exception, denoted as ID. Recall that L > 20, and let upper and lower case
¢’s with tick marks denote constants depending only on g.

PROOF OF LEMMA 5.3. First, we choose an appropriate point wog where we can lower
bound |A(wg)], as stated in Lemma 5.4.
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FIG. 12.  The region Qp, = (DN D) U R with boundary 82, =yy Uy; Uy].

LEMMA 5.4. Let g < 0.7 and for fixed integer d > 0, let wog := —q if d is odd and
wo ::~qe’ md=0/d jf 4 is even. Then there exists a constant ¢ > 0 depending only on q such
that |A(wg)| > e 4.

The calculation justifying the bound is standard and deferred to Section 5.5, but the choices
of wo are quite careful. The choices depend on the parity of d so as to control the sign of
w0 With these choices we can relate |¢g 4+ (1 — g)wg]| to Iq + (1 — d)wol a motive which
becomes clear in the proof of Lemma 5.4. Note that our inability to handle constant ¢ > 1/+/2
comes from Lemma 5.4, as detailed in Remark 3.

In the following we fix wg according to the specifications of Lemma 5.4. Next, we define
a region 2y that contains wg, and whose boundary we integrate over; see Figure 12 for an
illustration. For a translate h; € R™, let Dy = Dy 2(1/2) + hp, where hy is chosen so that
Dy N 0D = yr. Observe that L > 20 implies ~y < 1/10. We also define a rectangle R C D
that has the following properties: R contains wp, R has nonempty intersection with Dy, and
dR has bounded distance from wg and dID. As we only consider g bounded away from 1
and d > 20, we may (and will) choose R to be centered about the real axis, with height 1/5
and with length extending from —0.8 to 1/2. Our region of integration is then defined as

=(ODNDr)UR.

We partition the boundary of €2, into three parts by defining

1 1
V£3={WE39L\)/L |w|>5+hL} yi’::{we&QL |w|<2+hL}

We thus have that 927, =y Uy; Uy;’; see Figure 12, where the different parts of the contour
are colored differently. Using the sub-mean value property, we see that

tog| A(wo)| < [ log|A(w)] diuf) (w)
L

= log\A(w)]d,u O(w)—i-f log\A(w)\d,u 0(w)—l—/ log\A(w)]d,u ¢ (w).

Next, we upper bound each of the integrals. Our upper bounds for y; and y;’ are simple
modulus length bounds. We start with the integral over y;. We know that the boundary 02y
has constant length, the curve y has length bounded by ¢/L for some constant ¢, and wy is
bounded away from yr . Therefore the probability that a Brownian motion starting at wy exits
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Q1 through the arc y is at most C/L for some constant C. That is, ug‘i (yr) <C/L, where
we can choose C to hold for all wg as g and d vary. Therefore we have that

(10) / log| A(w)| dpg (w) < g (i) - log sup!A(w>\<— log sup\A(w)|
YL weyr

Somewhat more work is needed to show that
(11) f log|A(w)|dpg (w) <¢'  and / log|A(w)|dpg (w) <c”.
L VL
To prove these bounds, we use Lemma 5.5, a growth condition for the generating function.

LEMMA 5.5. For all w € D and all deletion probabilities g € (0, 1), we have Ig(w)l <
1
(I-g)(I=Jwl)"

The proof of Lemma 5.5 is a triangle inequality calculation that we defer to Section 5.5.
We can directly apply Lemma 5.5 to bound the integral over y;’. By our choice of R and
the fact that A7 < 1/10, we have for all w e y, that |w| < 0.83. Applying Lemma 5.5, we
see that |A(w)| < 10/(1 — g) for all w € y;'. Noting that harmonic measure is a probability
measure and thus MQO (y "y <1, we have that

10
log}A(w)|dMg° (w) < sup log|A(w)| < log -

wey/

We turn now to the integral over y; , where we cannot use modulus length bounds because
as |w| approaches 1, the factor 1/(1 — |w|) becomes arbitrarily large. However, we can still
use Lemma 5.5 to obtain that

~ 1 1
log|A(w)|dus? (w) <lo (—) / lo ( )du 0 (w).
/Vi g] ’ QL g 1—g¢ v g 1— [w| Qr

It remains to bound the integral on the right hand side of the display above. A Brownian
motion in 2 starting at wy must hit the segment s;, = {w € Qr : Re(w) = }1 + hp} before it
hits y; , so

1 1
lo ( ) 1ol (w) < su lo ( )duz (w).
/yi T T e A T A

Note that z and d€2; will not be arbitrarily close. Considering Brownian motions starting
at z, we will upper bound the probability that it exits Q7 through y; by the probability that
it exits Dy, through yi. As z is bounded away from 92y and 0D, the measures ,uf)L and
,LL§2L are equivalent, meaning they have the same null sets. Then by the Radon—-Nikodym
theorem, there exists a measurable function f =d ,uéL /d ,uZDL such that for any measurable
set S, u?h S)=[g f(w)d M%L (w). From the probabilistic definition of harmonic measure,
observe that there exists a constant ¢ > 0 such that for any measurable S C y;,

ng, (8) <c-up, (S).
Since g, /1p, is bounded on y;, sois f up to a set of measure 0.3 The upper bound on f

almost everywhere is sufficient. Then returning to our remaining integral over y; , we obtain

31t f is unbounded on a set of positive measure, A C yi, then for all C, f > C on A. Writing u,?zL (A) =
N fd,UszL > C,uZDL (A), we see that p,gzL (A)/MZDL (A) is unbounded.
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the upper bound
1 1
su log| ——— w) = su 10( )wdzw
s [, e 1= ) i, () = sup [ tos( =) vy, )
1
<c-su 10( )d 5, (w).
cess Jyy OB\ T =y ) HD

We move to harmonic measure with respect to a disc, instead of €27, so that we can switch
measures to integrate with respect to angles on the disc. Specifically, we have an explicit
form for the Radon—-Nikodym derivative. Letting s denote the arc length measure and D,
denote a disc of radius r containing the point z, d Mf) /ds at a point ¢ € D, is the Poisson

kernel P(z,¢) = W Note that P(z, ¢) is uniformly bounded above by a constant for

all { € y;, as all z € 57, are bounded away from y;, since w € y; has Re(w) > 1/2. This
is a useful observation, as now we can integrate with respect to the angle on D between
w=(1/24+hr)+¢9)2¢ y; and x = e/ =1/2 4+ hy + /%2, while only gaining a
constant factor depending on ¢ in the upper bound. Recall x is the intersection point of d D,
and 0D in the first quadrant. We use the following lemma to obtain a new bound. There are
several proofs for it using only elementary geometry, and we include one in Section 5.5.

LEMMA 5.6.  Fortranslate 0 < hy, < 1/10 satisfying e/t e D ND, consider the points
w=(1/24+hr)+e?/2with0<60 <n/2,and x =™/t =1/24+hy + % /2 with0 <6y <
0. Then 1 — |w| > & (6 — 6p)*.

As our region of integration is symmetric, it suffices to only show the inequality for y; in
the first quadrant. From the boundedness of the Poisson kernel and Lemma 5.6,

1 4
log 64 + 1o < ) )d@
b < g & 0 — 6o

p /2 1
<c / log do <c.
6o 0 — 0

Having proven the bounds on the integrals in equation (10) and equation (11), we are now
ready to conclude the proof of Lemma 5.3. Combining these bounds with Lemma 5.4 and the
sub-mean value property inequality, we see that

/2

)d%L(w) <C-

1
c-sup [ log(1
YL _|w|

ZESs,

C
—cd < —log sup |A(w)| + ¢ +¢”,

WEyL
where all constants are positive and depend only on g. Rearranging, we now have the lower
bound sup,,¢,, [A(w)| = exp(—C'dL) for some constant C’ depending only on g. As yy is
a closed arc, there exists ¢ € yz such that |Z(§)| =SUPyey, |Z(w)|, as desired. [

5.4. Bounds for spiders from string trace reconstruction. String reconstruction methods
can be used as a black box for spiders. For depth d > log ,, n, this achieves the best known
bound. However, for smaller depths, our algorithm is more efficient.

Large depth (n, d)-spiders.
PROOF OF PROPOSITION 1.8. With probability (1 — g¢)"/?, a trace contains at least

one non-root node from each of the n/d paths in the spider. When all paths are present, we
can match paths of the trace to paths of the original spider and learn paths separately. Using
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only such traces, we are faced, for each path, with a string trace reconstruction problem with
censoring (see the Appendix), where the string length is d, the deletion probability is ¢,
and the censoring probability is y =1 — (1 — ¢g?)"/?~!. Lemma A.1 in the Appendix (with
& =1/2) tells us that

1 3/2 1 1
ren(d s ) < i T(d 5 ) <2 7(d 55 ),
14 n2 (1 _ qd)n/d 22 212
where the second inequality holds (for all n large enough) because (1 — g¢)"/¢ — 1 asn —
oo when d > log; Jq - That is, if we observe 2 - T (d, #) traces of the spider, then the bits

along each specific path can be reconstructed with error probability at most 1/n2. Hence, by
a union bound the bits along all paths can be reconstructed with error probability at most
(n/d) x (1/n*) < 1/n. O

We can extend Proposition 1.8 to the following result. We omit the proof, which follows
the same outline and ideas as the proof of Proposition 1.8.

PROPOSITION 5.7. For n large enough, o > 0, and d > logl/q n— logl/q (logH'“ n), an

(n, d)-spider can be reconstructed with exp(C (log*n)) - T (d, 2111—2) traces with high proba-
bility, where C is a constant depending only on q.

Small depth (n, d)-spiders. When d = clog; ,, n with constant 0 < ¢ < 1, the same re-
construction strategy still applies, but it does worse than our mean-based algorithm (which
results in Theorem 1.7). In this regime of d, to ensure that with high probability we see even
a single trace containing all n/d paths, we must take exp(S2(n!=¢/logn)) traces. It suffices
to take exp(O(nl_c/ logn))-T(d, 1/n2) = exp(@(nl_c)) traces to ensure that enough traces
contain all n/d paths. However, our mean-based algorithm resulting in Theorem 1.7 does
better than this, requiring only exp(5 (n(1=9/3)) traces to reconstruct.

We observe that the previous results on string trace reconstruction can also be used to
derive the following proposition (in addition to Proposition 1.8 and Proposition 5.7). The
consequences are twofold: (i) when d = O (1), then the trace complexity of spiders is asymp-
totically the same as strings, and (ii) our result in Theorem 1.7 offers an improvement when
d=w(l).

PROPOSITION 5.8. For d < logl/qn, we can reconstruct an (n,d)-spider with high

probability by using at most exp(( Y3 traces, for C' > 0 depending on q.

d(l )Zd

We sketch the proof. A path in the spider of depth d retains all of its nodes with probability
(1 —¢)?. Equivalently, some node is deleted with probability ¢’ = 1 — (1 —¢)“. For any trace,
consider the modified channel that deletes any path entirely if it is missing at least one node.
With this modification, every row of the spider behaves as if it were a string on n/d bits in a
channel with deletion probability ¢’. Opening up the proof of Theorem 1.1, for nonconstant
deletion probability ¢’ = 1 — (1 — ¢)?, then gives the proposition.

5.5. Additional proofs and remarks for reconstructing spiders.

REMARK 3 (Remark for Theorem 1.7). In the proof of Lemma 5.3, which is needed
to prove Theorem 1.7, we are unable to handle general generating functions with deletion
probability 1/ V2 < g < 1. We require some anchor point, wg, for which we can lower bound
|A(wo)| and a simple curve surrounding wq for which we can upper bound |A(w)| along that
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curve. For any fixed |w| > 1, for d = (1) we see that |(1 —g%)w? +¢?| > 1 for sufficiently
large n. This results in terms on the order of ¢*/¢ in our generating function, for constant
¢ > 1. So our anchor point cannot lie outside of D, and more specifically the surrounding
curve cannot leave D.

Inside the unit disc, upper bounds on |A(w)| have a nice form due to Lemma 5.5. It seems
for any fixed point in wg € D, there is a factored generating function A(w) which is small at
wo, |A(wg)| = ®(qd ). However it is not clear whether for every factored generatlng function
A(w) there is some wg € D, not tending to the boundary, such that |A(w0)| > ¢ for some
constant ¢ depending only on g. Such arguments are common in complex analysis for families
of analytic functions which are sequentially compact, but our family of generating functions
does not satisfy this property.

PROOF OF LEMMA 5.1.  We index the nonroot nodes of the spider according to the DFS
ordering described in Section 5.1. We can uniquely write any j € {0,1,...,n — 1} as j =
d-sj+rjwith s; €{0,1,...,n/d — 1} corresponding to a particular path of the spider
and r; € {0, 1,...,d — 1} describing where along this path node j is. Consider two nodes,
Jj=d-sj+rjand £ =d-s¢+r¢, with j > £. After passing a through the deletion channel to
get the trace b, by comes from a; if and only if a; is retained, exactly r, of the first ; nodes
in the path of j are retained, and exactly s, of the first s; paths are retained. This leads o the
following generating function:

n—1
E|:Z bgw€:|
£=0
n—1 n—1
=(1-¢q) Z wt Zaj (”:2) (1—q)tq"i™" (iz) qd(sj-—sz)(l _qd)sel{refrj}
=0 j=t

L S o
— (1 _q) Za] Z < ) (l _q)r[qr] re (Sz)qd(sj S/g)(l _ qd)wwel{rgirj}

j=0 ¢=0
njd—1 d—1
= (1 —Q) Z Z As;d+r;
sj=0 r;=0
SJ' rj ) )
< XX (7)) am e ()t a—g
s¢=0rg=0

where we used linearity of expectation and interchanged the order of summation. Observing
that the sums are binomial expansions we have that

n—1
JE(Z bng)
=0

njd—1d—1

=(1—q) Y > aus;4r, (g + A —qw) (¢! + (1 — g%)w?)¥
sJ':0 rj:O
n—1 .

=(1—) Y aj(g+1—gu) ™ g4+ (1 gh)uh) e,
j=0

which proves the claim. [J



RECONSTRUCTING TREES FROM TRACES 2803

PROOF OF LEMMA 5.2. Writing w = cos(8) + i sin(f), we see that
(1= g)w! +q

=|(1 = g%)(cos(®) + i sin(0))* + q¢|* = |(1 — q¥)(cos(d6) + i sin(d6)) + ¢ |*

= (1 = g¥) cos(d0) + ¢%)* + ((1 — ¢%) sin(dh))?

=(1- q”{)2 cos(df) + qu(l - qd) cos(dd) +q*? + (1 — qd)2 sin®(d6)

=(1—g%)* +2¢%(1 — g¥) cos(dd) + ¢* =1 —2¢* +2¢° + 24 (1 — g%) cos(d0)

=1-2¢%(1 — q?)(1 — cos(d0)).

Now using the fact that 1 — cos(y) < y?/2, as well as the inequality 1 — y > exp(—4y)
which holds for all y € [0, 0.9] (in our case indeed g% (1 — ¢g%)d?6? € [0, 0.9] for all possible
parameter values), we obtain that

‘(1 - qd)wd —|—qd‘2 =1- 2qd(] — qd)(l _ COS(d@)) > exp(_4qd(1 —qd)d292).

Taking a square root of the last line shows |(1 — qd)wd + qdl > exp(—2qd(l — qd)d292).
Finally, the assumption that w € y; implies that 62 < 72/L? and the claim follows. [J

PROOF OF LEMMA 5.4.  We will consider the case of even and odd d separately, starting
with the cleaner case of when d is odd. Recall that we assume that d > 20 and we choose
wo = —q when d is odd and wy = ge' 7@~D/4 when d is even. Let a := |q + (1 — g)wo| and
Bi=1lq" + (1 —qhugl.

When d is odd, o = ¢, and also w(‘)l = —g%, hence B = g*?. When d is even, wy is
still chosen so that wg = —¢? and thus B = ¢?¢, as in the case when d is odd. It is clear
geometrically that o > ¢, but we include the calculation as well:

=V(Re(q + (1 = qyu0)’ + (Im(g + (1 — q)w0))’
= (g + (1 = @)gcos(z(d — 1)/d))* + (1 — q)g sin(w(d — 1)/d)))?
= /2¢2(1 = 9)(1 +cos(m(d — 1)/d)) + ¢* = |0+ ¢* = ¢,
where we use that cos((d — 1)/d) > —1. By our choice of 8, we also see that a? > ¢%¢ = .

We are now ready to prove a lower bound on |A(w0)| which holds for both d even and d

odd. First, recalling the definition of A and the fact that wg = —q“, we have that

n—1
- e
Awo)=(1=q) Y ae(q+ (1 — wo)* ™ V(g + (1 — g*yw) 417+
o=¢x
n—1
—(1—¢q) Z ag(g + (1 — @wo )e (modd)qu(Ldj Ldj)
o=t
Now recall that |ag+| = 1 and thus the first term in the sum above (corresponding to index
£ = {*) is, in absolute value, equal to ot (modd) gince ap € {—1,0, 1} for all ¢, the rest of
the sum above (adding terms corresponding to indices £* + 1 < £ <n — 1) is, in absolute
value, at most

n—1 —1 n—1
3 o (mod d) ,2d(1 ]~ )) < Z ot mod &) d(L51-15 D) _ [, —dl5) Y o
{=t*+1 =041 {=t*+1
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<ol G Y e Y e meda)
- l -« l -«

Putting these two bounds together we obtain that
A wo)| = (1 — q)<az* (mod d) _ _ % % (mod d)) a q) — 2« " (mod d).
- l—« —o

When « is less than and bounded away from 1/2, then this bound is at least a positive constant
times o¢* (mod d) Here, our choice of d and g becomes clear, as when d > 20 and ¢ < .7 then
o < .49. Since £* (mod d) < d, we have that ot (modd) > qzd and the claim follows. O

PROOF OF LEMMA 5.5.  First, we show that ¢¢ + (1 — ¢ |w|? < (g + (1 — ¢)|w|)¢ for
all w e D and g € (0, 1). This is because

d

d
(q+ 1 —quwl)’= (1 =w)™ =q¢¢ + (1= gq)|w))*™
2 (5)s > ()
d—1 d ‘ .
Zq”+mﬁ§:<)q%1—m””=q”HwW0—qﬂ,
j=0

where we used the inequality |w|™/ > 1 which holds when |w| < 1 and j > 0. Combining
this inequality with the triangle inequality, we can show the desired upper bound for |A(w)|:

n—1

A Y
|A(w)| < Z lael|lqg + (1 —q)w|z (mod d)|qd +(1 _qd)wd|LdJ L5 )
(=0
(S ¢ (modd)  d d d LﬁJ_LEJ
<D (g+1=g)lw]) (g7 + (1 — ¢%) w411
(=t

n—1

0 d d)+d
< Z q+(1_q)|w|) (mod d)+ (|_ 1= |_ J)
=L*

« n—1
=g+ =)™ T Y (g + (1 = hw))’
L=0*
—alt) g+ —glwh”
I—(q+1—q)w)
- 1 . 1
“T—@+d—wh  d—g0—lw)’

where we used that ¢ + (1 — ¢)|w| < 1 and £* —d|€*/d] > 0. Note that the same upper
bound holds for |A(w)]| as well, since |A(w)| < |[A(w)| forallw e D. [

<(g+Ud-glw|)

PROOF OF LEMMA 5.6. For the setup of this proof, it may be helpful to refer to Fig-
ure 12. x = ¢'™/L lies on the disc D;, and so we can also write x as x = 1/24+hp + ei90/2.
On the other hand, letting ¢ = 1 — |w| we see that [1/2 4+ hy + (1/2 4+ )e'?| = 1. We will
assume that 6 and 0 are in the first quadrant, and we could obtain the same result when they
are both in the fourth quadrant by symmetry. Set the two moduli equal to each other:

(12) 1124 hp + 172602 = [1/2+ hy + (1/2 4 €)™ |2
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Computing the left hand side of equation (12):
11/24 hp +1/2¢/%* = (1/2 4 hy, + 1/2cos(60))* + (1/2sin(6p))*
= (1/2+hp)*+ 1/4cos?(8p) + 1/4sin® 6y + (1/2 + h1) cos(6p)
=(1/24hp)>+1/4+ (1/24 hr) cos(bp).
Computing the right hand side of equation (12):
11/24 hy + (1724 &) [P = (1/2 4 hy + (1/2 + €) cos(©))” + ((1/2 + ) sin(®))*
= (1/2+h1)* +(1/2 48> +2(1/2+ hp)(1/2 + £) cos(6).
Setting the simplified terms equal we obtain that
1/44 (1/2+ hp)cos(6g) =1/4+ g2 +¢e+ 2(1/24+hp)(1/2 4+ &) cos(d)
and so
(1/2+ hr)(cos(6y) — cos(9)) = 2 +e+2(1/2+hyp)-ecos(d) < 4de.
Recall that 0 < h;, < 1/10 and 0 < 8y < € < /2. Then using standard identities,
(1/2 4 hp)(cos(bp) — cos(0)) < 4e,
2(1/2+ hy) - sin((6 — 6p)/2) sin((Bp + 0)/2)) < 4e.
Using the fact that x2/4 <sin(x/2) for 0 < x <mw/2 and 6 > 6y, we see that

©—60)° (60+6)° _
4 4 -

de

and so
(0 — 6p)* < 64e = 64(1 — |wl),

which proves the claim. [J
The following lemma and its proof are analogous to Lemma 3.1 in [34].

LEMMA 5.9. Let 0 < g < 1/2 be a constant. We have that

sup |A(w)| > exp(—c -dL) -n~ L,

weyy,

where c is a constant depending only on q.

PROOF. Let A := sup,,c,, |A(w)| to simplify notation. Define the following analytic
function on D:
L—1
Fw):= [] A(w-/h).
j=0

Note that F(w) is entire, as it is the product of polynomials. We bound sup,,c;p | F(w)]
from above and below. For the upper bound, we use A for one of the factors, and for the other
L — 1 factors, we use the following trivial bound. For |w| < 1, the moduli of both terms in the
factored generating function are at most 1, since |[w? (1 —g%) +¢¢| < g%+ (1 —gH|w|? <1,
and so for w € 0D we have that |g (w)| < n. Putting these together, we obtain that | F (w)| <
nL=1I) for all w € aD.



2806 S. DAVIES, M. Z. RACZ AND C. RASHTCHIAN

To obtain a lower bound for SUPy oD | F(w)| we use the maximum principle. Observe
that |F(0)| = |A(0)|%. Since F is analytic in D, by the maximum modulus principle it
must achieve modulus at least |A(0)|L on dD. Combining the upper and lower bounds on
sup,,cap | F (w)], we see that |A(O)|L <nL=1) and hence A > |A(0)|Ln—L.

It remains to lower bound |A(O)| From the definition of A we have that

n—1

l
Z aq
=C*

Recall from the definition of £* that |a¢«| = 1 and that a; € {—1, 0, 1} for all £. This implies
that

1A0)] = (1 — q)g LT

n—1
> awq"

n—1 n—{*
x * q—q 1—-2qg
>q" - > q€=q8<1— >z q".
P 1— 1—¢

(=t+1 q

Our assumption that g < 1/2 implies that this lower bound is positive. Putting the previous
two displays together and noting that £* — d|£*/d | < d, we have that

~ w0
|A0)| > (1 —2¢)q" L) > (1 —29)¢".

Thus we have that A > (I — 2¢)“q?n=L, which proves the claim with constant ¢ =
—log(qg —2¢*. O

6. Conclusion. We introduced the problem of tree trace reconstruction and demon-
strated, for multiple classes of trees, that we can utilize the structure of trees to develop
more efficient algorithms than the current state-of-the-art for string trace reconstruction. We
provided new algorithms for reconstructing complete k-ary trees and spiders in two different
deletion models. For sufficiently small degree or large depth, we showed that a polynomial
number of traces suffice to reconstruct worst-case trees.

6.1. Future directions.

1. Improved bounds. Can our existing sample complexity bounds be improved? Our re-
sults leave open several questions for complete k-ary trees and spiders. Of particular interest
are (1) the TED model for complete k-ary trees with (1) < k < clog®n and (2) spiders with
depth d = clog; ,, n, ¢ < I; can we reconstruct with poly(n) traces in these cases?

2. General trees. We believe our results can extended to more general trees. In general,
we do not know if the trace complexity can be bounded simply in terms of the number of
nodes, the depth, and the min/max degree of the tree. What other tree structure must we take
into account for tight bounds?

3. Lower bounds. Lower bounds have recently been proven for string trace reconstruction
[10, 21]. When can analogous bounds be proven for trees? For example, is it possible to
reconstruct worst-case or average-case complete binary trees with polylog(n) traces?

4. Insertions and substitutions. We have focused on deletion channels, but insertions and
substitutions are well defined and relevant for tree edit distance applications. Similarly to
previous work, it would be worthwhile to understand the trace complexity for these edits.

5. Applications. Can insights from tree trace reconstruction be helpful in applications, for
instance in computational biology? In particular, DNA sequencing and synthesis techniques
are rapidly evolving, and the future statistical error correction techniques will likely be differ-
ent from the ones used currently. For instance, Anavy et al. [3] recently demonstrated a new
DNA storage method using composite DNA letters. Similarly, future DNA synthesis tech-
niques may use physical constraints to enforce structure on the written bases; this could take
the form of a two-dimensional array or a tree as we study.
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APPENDIX

REMARK 4 (Root node is fixed). Our models implicitly enforce the property that the tree
traces are connected (not forests). This is consistent with the string case, because traces are
never disjoint subsequences. Moreover, in the TED model, having connected traces justifies
the assumption that the root is never deleted. If the root were deleted with probability ¢, then
the preservation of the root could be achieved by sampling O(1/g) times more traces and
only keeping those that are connected. In the left-propagation model, our algorithms either
already reconstruct the root node as written, or could be easily altered to learn the root. This
may be least obvious for spiders, but here we consider the root to be in the first path and claim
that since the paths have monotonically decreasing length, our proof still holds.

It is easy to imagine other models where this assumption would not work, such as (i) allow-
ing disconnected traces, (ii) deleting edges or subtrees, or (iii) sampling random subgraphs
or graph minors. We leave such investigations as future work.

Trace reconstruction with censoring. We analyze here a variant of string trace recon-
struction where each trace is independently “censored” with some probability and instead of
the actual trace we receive an empty string. In other words, we have to reconstruct the orig-
inal string from a random sample of the traces. Here we reduce this problem to the original
string trace reconstruction problem.

Let x € {0, 1} denote the original string that we aim to reconstruct. Let & denote the
empty string, let S>1 := [U;~1{0, 1} denote the set of binary sequences of finite positive
length, and let S := @ U SZI denote the union of this set with the empty string. Let Py 4
denote the probability measure on S that we obtain by passing x through the deletion channel
with deletion probability g. That is, if Y is a random (potentially empty) string that is obtained
by passing x through the deletion channel, then Py ,(y) = Pr(Y =y) for every y € S. Now,
conditionally on Y, define Z as follows: with probability y, let Z = &, and with probability
1—y,letZ=Y. Thatis, Pr(Z=9|Y=y)=y=1—-Pr(Z=y|Y=y). Wecall Z a
censored trace and y the censoring probability. Let Py 4 ,, denote the distribution of Z on S.

While in the string trace reconstruction problem we aim to reconstruct x from i.i.d. traces
Yq,..., Y, from Py g4, in the trace reconstruction problem with censoring we aim to recon-
struct X from i.i.d. censored traces Zj, ..., Z; from P, ,. Recall that T'(n, §) denotes the
minimum number of traces needed to reconstruct a worst-case string on n bits with probabil-
ity at least 1 — §, where the dependence on the deletion probability ¢ is left implicit.

LEMMA A.1. Let T;"(n,d) denote the minimum number of traces needed to re-
construct a worst-case string on n bits with probability at least 1 — § from i.i.d. cen-
sored traces from the deletion channel with deletion probability q and censoring prob-
ability y. If liminf,_, o %logS > —00, then for every ¢ > 0 we have that T;*"(n, ) <

%T(ﬂ, (1 —&)d) for large enough n.

PROOF. First, note that empty strings contain no information, so reconstruction only
uses nonempty traces. Next, observe that conditionally on outputting a nonempty trace, the
deletion channel and the deletion channel with censoring have the same distribution. That is,
if x is the original string, Y is a trace obtained by passing x through the deletion channel, and
Z is a censored trace, then Pr(Y =y|Y # @) =Pr(Z =y|Z # Q) forevery y € 5>1.

Suppose that we have

1+¢

T i =———T(n,(1—¢)é
T—gna =y 1=93)
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censored traces and let 7’ denote the number of these censored traces that are not empty.
By our first two observations we have that if 7/ > T'(n, (1 — ¢)§), then we can re-
construct the original string (no matter what it was) with probability at least 1 — (1 —
€)38. By construction we have that 7’ ~ Bin(T, (1 — ¢")(1 — y)) and thus ET" = (1 +
e)T (n, (1 — ¢)8). Hence by a Chernoff bound we have that Pr(7T’ < T'(n, (1 — €)§)) <

exp(—ﬁET/) = exp(— 3 T (., (1-£)8)). Since T (n, (1 —)8) = &(n' ) (see [21])

and liminf, . o %log 8 > —o0, it follows that

2

€

——T(n,(1—¢€)d) ) <&
e"p( A IO )) =°

for large enough n. The probability that we cannot reconstruct the original string is at most §.

g

Note that this result is essentially optimal up to constant factors (depending on ¢, y, and §).
Note also that the range of § for which the statement holds can be relaxed (this sufficient
condition was chosen for its simplicity).
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