A Simple Algorithm for Worst Case Optimal Join
and Sampling
Florent Capelli &

Université d’Artois, CNRS, UMR 8188 - CRIL, F-62300 Lens, France

Oliver Irwin &
Université de Lille, CNRS, Inria, UMR 9189 - CRIStAL, F-59000 Lille, France

Sylvain Salvati &
Université de Lille, CNRS, Inria, UMR 9189 - CRIStAL, F-59000 Lille, France

—— Abstract
We present an elementary branch and bound algorithm with a simple analysis of why it achieves
worstcase optimality for join queries on classes of databases defined respectively by cardinality
or acyclic degree constraints. We then show that if one is given a reasonable way for recursively
estimating upper bounds on the number of answers of the join queries, our algorithm can be turned
into algorithm for uniformly sampling answers with expected running time O(UP/OUT) where UP
is the upper bound, OUT is the actual number of answers and @() ignores polylogarithmic factors.
Our approach recovers recent results on worstcase optimal join algorithm and sampling in a modular,
clean and elementary way.
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1 Introduction

Join queries are expressions of the form @ = R;(x1),..., Rm(Xm), where every R; is a
relation symbol and the x; is a tuple of variables over a set X. Evaluating join queries is a
central task when answering database queries. Since the combined complexity of deciding
whether a given join query has at least one answer on a given database is NP-complete [2],
it is unlikely that one can list all its answer in time linear in the number of answers. An
interesting line of research has been the design of so called worst case optimal join (IWCOJ)
algorithm. In this setting, for a given query (), we consider the worst possible database
among a class of instances, that is, the one where the number of answers of @) is maximal.
Now, even if we cannot find the answers of () in time linear in the number of answers of @,
we can still aim at finding every answer in time linear in the number of answers of the worst
possible database in the class. Such an algorithm will be said to be a WCOJ algorithm.

Consider for example the triangle query Qa = R(x1,x3), S(x2,x3), T (x1,x3).

We assume that R, S, T are relations of size respectively Ng, Ng and Np. It is not hard
to see that Qa will have never more than Ng x Ng X Nt answers. Even better, one can
notice that the variables of R and S already cover all variables of Q. Therefore, QA can not
have more than Nr X Ng, and by symmetry, no more than min(NgNg, NsN, NgN7). The
work of Atserias, Grohe and Marx [1] extends this notion of covering all the variables to the
idea of a fractional cover, leading to an even better bound on the number of answers which is
(NrNgN7)'/? and this bound is actually optimal in the sense that there exists an instance
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of Qa where R, S and T have respectively size at most Nr, Ng, N7 and @((NRNSNT)1/2)
answers where @() hides polylogarithmic factors in the relation sizes and polynomial factor
in the query size, considered constant. Therefore, an algorithm able to compute the answers
of QA in time @((NRNSNT)1/2) is a WCQJ algorithm for the class of instances of QA where
R, S and T have size at most Ny, Ng, N7 respectively. It is optimal in the sense that it is
linear in the size of the worst possible instance of the class.

In this simplified example, the class is defined via cardinality constraints: we consider
instances where each relation has a size (or cardinality) that is bounded by a given integer.
Building on the understanding of the worst case for such classes given in [1], Ngo, Porat,
Ré and Rudra proposed the first WCOJ algorithm for instances defined by cardinality
constraints in [11]. A simplified branch and bound algorithm, Triejoin, has been proposed by
Veldhuizen in [16] and a more general version, known as GenericJoin has been introduced
by Ngo in [10], which is also worst case optimal on classes defined by so-called acyclic
degree constraints, which is a strict generalisation. Since then, a fruitful line of research
has focused in understanding worst case bounds for classes of instances defined via more
complex constraints (e.g., functional dependencies or non acyclic degree constraints). A
deep connection with information theory has been made in [8] by Khamis, Ngo and Suciu,
allowing the design of PANDA, which can perform join queries in time that is not far from
worst case optimality, see [15] for an enlighting survey by Suciu on this connection.

Another related line of research has focused on designing algorithms to uniformly sample
answers of join queries. One naive way of doing so is to first list ans(Q)) explicitly and then
uniformly sample an element of the list. Using a WCOJ algorithm, this gives a method
allowing constant time sampling after a preprocessing linear in the worst case. This complexity
however does not match the intuition one could have of the hardness of the problem. Indeed,
it is reasonable to expect a query to be easier to sample if it has many solutions, because,
intuitively, they are easier to find. It turns out that this intuition can be turned into a
formally proven algorithm which achieves the following: for a class C of queries defined
via cardinality constraints, Deng, Lu and Tao [5] simultaneously with Kim, Ha, Flechter
and Han [9] proved that one can achieve uniform sampling for a join query @ € C in time
of @(%) where we(C) is the worst case instance of class C and ans(Q) is the set
of answers of ). This result has recently been generalised to the case of acyclic degree
constraints by Wang and Tao [17].

Our contributions. In this paper, we propose a very simple join algorithm with a very
simple analysis which achieves worst case optimality (up to logarithmic factor) on classes
of instances defined by cardinality constraints and degree constraints. Our algorithm is a
simple branch and bound algorithm which assigns one variable to every possible value in
the domain and backtracks whenever an inconsistency is detected. As such, this can be
seen as an extremely simplified version of GenericJoin [10] or TrieJoin [16]. However, for
these algorithms, a clever data structure is needed to branch only on relevant values. This
is actually necessary since this naive branch and bound algorithm is not really worst case
optimal. Indeed, on a query on domain D, an extra factor of |D| appears in the complexity.
We turn it into a WCOJ algorithm with a simple trick: instead of branching directly on
domain values, we branch on the values bit by bit. An illustration of our algorithm is given
in Figure 1 for the triangle query Qa with tables given in Table 1. On the left, we show the
branch and bound algorithm where values of z1,...,z3 are iteratively set to values in the
domain {0, 1,2,3}. Whenever a relation is inconsistent with the current partial assignment,
we backtrack, which is represented with L in the tree. Observe on the example that after
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setting x; to 0, we explore many “useless” values for x5 that directly give an inconsistency.
In this simple example, we can directly read from R that only value x5 — 0 is relevant,
but in some more complex queries, we may need to compute more complex intersections
efficiently, which is exactly how GenericJoin and TrieJoin address the problem.

To avoid the need for such a data structure, we slightly modify the algorithm as shown
on the right part of Figure 1. We encode the domain {0, 1,2, 3} with two bits on {0,1}? and
now branch on the first bit #1 of z; and then on the second bit % of 21 and so on. We can
directly see on the example that when z; is set to 0, that is, when x{ ~ 0,22 — 0, then we
do not explore the values 1, 3 for x5 as we directly detect inconsistency when setting the first
bit of x5 to 1. This simple trick is enough to guarantee worst case optimality of a simple
branch and bound algorithm.

Table 1 An instance of Qa on domain {0, 1,2, 3}.

FAANSTARRNAARS

(a) Over 4-valued domain. (b) Binarised version.

Figure 1 Trace of an execution of our algorithm over the triangle query Qa defined in Table 1.
Satisfying assignments are labelled T and shown with a greenish node. On the right side, the same
algorithm branching on the bits of the values instead of the values themselves.

One strength of our result is that worst case optimality is proven without any knowledge
of the actual worst case of the class. This is in contrast with most existing WCOJ algorithms,
whose analysis often relies on how the worst case value is computed (with the exception of
leapfrog triejoin [16]). This knowledge is infused into the proof and, sometimes, even in the
algorithm itself, for example in the first NPPR algorithm [11]. Our analysis only exploits
one property that we call prefiz closed. A class of instances C is intuitively prefix closed if
for every @ € C, the number of answers of () where we have removed some variables never
exceeds the worst case wc(C). This property is straightforward to establish for classes defined
with cardinality constraints and with acyclic degree constraints resulting in an elementary
proof of worst case optimality.

23:3

ICDT 2025



23:4

A Simple Algorithm for WCO Join and Sampling

The second contribution of this paper is to show how uniformly sampling answers can
be achieved in expected runtime of @(m) for classes defined with cardinality con-
straints and with acyclic degree constraints, matching the complexity established in previous
work with more involved techniques [17, 5, 9]. Our approach is elementary. Intuitively, we
see the trace of our WCOJ algorithm as a tree whose leaves are either conflicts or solutions.
The sampling problem hence reduces to uniformly sampling “interesting” leaves in a tree,
without fully exploring it. It turns out that this is easy to do by adapting an algorithm from
Rosenbaum [14] as long as one has a way of overestimating the number of interesting leaves
in each subtree. We show that this can be done for join queries using the knowledge we have
on how to compute worst case bounds. The only technical blackbox we use to establish this
result is (a weak form of) Friedgut’s inequality [6]. We recover in particular the recent result
from [17] on sampling join queries under acyclic degree constraints with an elementary proof.

Organisation of the paper. We give some necessary notations and preliminaries in Section 2.
Section 3 contains the description of our branch and bound algorithm and a simple analysis of
its complexity. We then show that this is enough to establish worst case optimality for classes
defined with cardinality constraints and acyclic degree constraints in Section 4. Finally,
Section 5 shows that the branch and bound algorithm can easily be turned into a sampling
algorithm achieving the same complexity as previous work in a simpler and more modular
way. Due to space constraints, some (easy) proofs have been moved to the appendix. We
identify them by adding (*) in the statements.

2 Preliminaries

Notations. We assume the reader familiar with the basic vocabulary of database theory
and mostly introduce notations in this section. Given two sets X and D, we denote by DX
the set of tuples over variables X and domain D, that is, the set of mappings from X to D.
We denote by () the empty tuple, that is, the only element of D? and by (z « d) the tuple
on variable {z} that maps = to d. For 7 € DX and ¢ € DY with X NY = (), we denote by
T U o the tuple mapping z € X UY to 7(z) if z € X and o(z) otherwise.

A relation R is a subset of DX. Given 7 € DX and Y C X, we denote by Tly the
restriction of 7 to Y, that is, the tuple such that 7y (y) = 7(y) for every y € Y. For R C D~
we write R)y for {7y | 7 € R}. From now on when mentioning a relation, for example R,
we assume that Xp is the set of variables on which it is defined, i.e. R C DX%. Let 7 € DY,
we denote by R[7] the relation {o|x,_y | 0 € R, o)y = 7|x,}. That is R[7] is obtained by
filtering out every tuple of R that do not agree with 7 on the variables Y.

A join query Q) over variables X and domain D is a set of relations such that for every
R € Q, R C DX~ for some Xr C X. Observe that, as it is often done in the literature about
WCOJ algorithms, we slightly deviate from the usual database setting which separates the
data from the query. We can still see a join query as a usual full conjunctive query with
hypergraph (X, {Xgr | R € Q}) and the data, that is, the tuples of each R € Q.

The answer set of Q, denoted by ans(Q), is defined as the set of tuples 7 € DX such
that for every R € Q, 7)x,, € R. The join problem is the problem of outputing ans(Q)) given
@ as input. The data size of @, denoted as ||Q||, is defined as the number of tuples in its
relations, ||Q] = ZREQ |R|. Given Y C X, we denote by Q|y the join query defined as
{Ryynx, | R € Q}. Given 7 € DY, we define Q[r] = {R[7] | R € Q}. We say that 7 is
inconsistent with @ if Q[7] contains an empty relation; 7 is otherwise consistent with Q. We
make the following observation that will be crucial for the rest of this paper:
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» Lemma 1 (). For every 7 € DY, 7 € ans(Qy) iff T is consistent with Q.

In this paper, we will always make the assumption that the domain D of a join query is
its active domain, that is, the set of values that appear in at least one relation. Moreover,
we assume that every value in this active domain is encoded with O(log|D|) bits. While
this is a reasonable assumption, it may not be completely realistic in practice (for example
when using string values). We can still enforce this condition with linear preprocessing by
reencoding the domain using a perfect hash function [4].

Worst-case optimal join. In this section, we give an abstract definition of what we call
a worst-case optimal join algorithm. Let H = (X, E) be a hypergraph and C be a class
of join queries with hypergraph H. We define the worst case of C, denoted by wec(C) as
wc(C) = supgec |ans(Q)|. An algorithm is a worst-case optimal join for C if, on input
Q € C, it outputs ans(Q) in time O(wc(C) x p(n,m)), where O(-) hides polylog factors,
p is a polynomial independent on C and m = |E| and n = |X| are parameters that only
depend on the structure of the query and not on the content of the relations. Observe that
these parameters are constants with respect to C so it may be unecessary to add the p(n,m)
factor in the desired complexity. However, we want to stress out that the complexity of
our algorithm (and of the existing worst-case optimal join algorithms) behaves reasonably
with respect to n and m. Of course, for this definition to make sense, one needs wc(C) to be
finite. Many such classes have been studied in the literature and many worst-case optimal
join algorithms have been proposed. In this paper, we will focus on the two main classes
that have been considered: classes defined via cardinality constraints and classes defined via
degree constraints.

Cardinality Constraints. Let H = (X, E) be a hypergraph verifying | JE = X (every
node is covered by a hyperedge) and let N € N¥. We let Cx(< N) be the class of join
queries () on hypergraph H such that for every e € E, there is R, in ) s.t. Xr, = e and
|R.] < N(e). We say that Cy(< N) is a class defined via cardinality constraints because
it puts a bound on the cardinality of (the intersection of) the involved relations. Clearly,
wc(Ca (< N)) < J].cxN(e) < co. Actually, one can get a sharper almost optimal upper
bound on we(Cy (< N)) using a result by Grohe and Marx [7] (optimality was proven by
Atserias, Grohe and Marx in [1]) and which has later been known as the AGM bound. For
example, one can show that for the triangle hypergraph Ha = {ej, €2, e3} where e; = {1,2},
ez = {2,3} and ez = {1,3}, we(Cp, (< N)) < \/N(e1)N(e2)N(e3). We delay the precise
presentation of such bounds to Section 5 where we are interested in sampling answer from
conjunctive queries. One strength of our worst case optimal join approach compared to
previous work is that we do not need to have an understanding of the worst case bound to
prove its worst case optimality.

Degree constraints. Another class of join queries which received attention in the literature
on worst-case optimal joins is the class of queries defined with degree constraints. Given
two sets A C B, a degree constraint is a triplet of the form (A, B, Npj4) with Ngj4 > 0. A
relation R. on variables e O B respects the degree constraint (A, B, Ng|4) if and only if
max,epa|R[7] || < Npja. It is a generalisation of cardinality constraints since a cardinality
constraint can be seen as a degree constraint of the form (), B, Ng). It can also be seen as
a generalisation of functional dependencies since a functional dependency X — y can be
seen as the (X, {y},1) degree constraint. Let H = (X, E) be a hypergraph and DC be a set
of degree constraints of the form (A, B, Npj4) with A C B C X. Each degree constraint
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d € DC is associated with an hyperedge e; € F with es O B which guards it. We let Cy (DC)
be the class of queries Q) on hypergraph H such that for every § = (A, B, Ngja) € DC, there
is an atom R in @ such that Xz = es and R respects J.

Observe that it may happen that wc(Cy(DC)) = 4o0o. In this paper, we are only
interested in classes where this does not happen. This is often enforced by assuming that
UE = X and that for every e € H, at least one constraint in DC' is a cardinality constraint
of the form (0, e, N.) with guard e that has hence to be respected by a relation R with
Xr = e. In this case, as before, we(Cy(DC')) < [, Ne < +00. Here again, more precise
upper bounds are known on we(Cy (DC)) but they will not be necessary for our worst case
optimal join algorithm and we delay this discussion to Section 5 where we will need them.

3 Branch and bound algorithm for join queries

In this section, we propose a simple branch and bound algorithm to compute join queries
and provide an easy upper bound on its complexity. The algorithm can be seen as an
instance of GenericJoin from [13] but it is given in an extremely simple form and its analysis
is elementary. Written in this way, the algorithm is not worst case optimal but a simple
algorithmic trick will allow us to recover known results, presented in Section 4.

The algorithm, whose pseudo code is given in Algorithm 1, is a simple recursive search:
assume a fixed order (z1,...,2,) is given on variables X. We find the answers of @ by
setting variables sequentially according to this order, trying each possible value in the domain.
Whenever the current partial assignment is inconsistent with @), it is not further expanded.
If every variable is assigned and the assignment is consistent with @, then it is output.

Algorithm 1 An algorithm to compute join queries.

: procedure WCJ(Q,T)
: if Q[7] contains an empty relation then return

1 < last variable assigned by 7

for d € D do WCJ(Q,T @] <Ii+1 — d>)

1
2
3
4: if = n then output 7. return
5:
6: end procedure

Correction of the algorithm. Starting with a call WCJ(Q, ()), every recursive call is of
the form WCJ(Q, ) where 7 is a tuple in DX where X; := {x1,...,7;}. We claim that
for every 7 which assigns variables X;, then WCJ(Q, ) outputs 7 U o for every answer o
of Q[r]. The proof is by induction on i. If ¢ = n, then 7 is output if and only if Q[r] does
not contain the empty relation, which by Lemma 1 means that 7 is an answer of (). Now
assume ¢ < n. If 7 is inconsistent with @ then nothing is output, this is coherent with our
induction hypothesis since Q[7] contains an empty relation, meaning that any tuple o so
that o|x, = 7 is not in ans(Q). Otherwise, by induction, WCJ(Q, T U (x;11 < d)) outputs
TU (@41 < dy Uo for every o € ans(Q[7 U (z;41 < d)]), that is, for every o € ans(Q][7]). It
completes the induction and it directly follows that WCJ(Q, ()) outputs ans(Q).

Number of recursive calls. We claim that Algorithm 1 does at most (1 + |D|) -
> i<n |2ns(Q|x,)| recursive calls. Indeed, as stated before, every recursive call is of the
form WC.J(Q, T) where 7 is a tuple of DX:. In the first case, assume that Q is consistent
with 7, which means in particular that 7 is in ans(Q|x,) by Lemma 1. Hence, there are
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at most Zign lans(Q|x, )| recursive calls of this type. In the second case, assume that 7 is
inconsistent with ). Then the recursive call with parameters (@, 7) has been issued from a
call of the form (Q,7') where 7 = 7/ U (z; < d) for some d € D. In particular, 7’ is consistent
with @, otherwise, such a recursive call would not have happened. Hence, 7' € ans(Q|x,_,)
and there are at most |D| possible 7 for a given 7/ € ans(Q|x,_, ). Therefore, there are at most
|D| - > i< [ans(Q)x, )| recursive calls of this form, this in total, (|D|+ 1), ans(Q|x,)
recursive calls.

Efficient implementation. Now we explain how, using a very simple data structure, one
can assume that each recursive call is executed in O(m) where m is the number of atoms in
Q. The only non trivial thing is to check whether Q[7] contains an empty relation. To do
that, we simply assume that every relation is given sorted in lexicographical order, for the
attribute order x1,...,x,. This could be obtained via a preprocessing that is quasi linear in
the data (or linear in the RAM model, but since we ignore polylogarithmic factors, it does not
matter much). Now observe that if R is a relation of @ and 7 a tuple in DX¢, then all tuples
from R][7] are consecutively stored in the table. Hence we can represent R[7] by keeping two
pointers pi1, p2 on the tuples of R: one towards the first tuple and one towards the last tuple
in R[r]. To check whether R[] is consistent, it is enough to check that p; < ps. To go from
the representation of R[7] to the representation of R[7 U (x;41 < d)], we simply need to find
the first and last tuple between p; and py where x;,1 = d. This can be done via a binary
search in time O(log|R|). Hence, each recursive join can be executed in time O(mlog||Q||),
that is, @(m) A slightly more involved data structure would allow us to compute in time
O(m) by representing R as a trie as in [16]. We just proved:

» Theorem 2. Given a join query Q on domain D with m atoms and (x1,...,2,) an order
on the variables of Q, WCJ(Q,()) computes ans(Q) in time O(m|D|- >, |ans(Q|x;)I).
where X; = {x1,...,z;}.

4  Worstcase optimality

4.1 Prefix closed classes

To show that Algorithm 1 is worst case optimal on a class C of instances, we need to bound
Theorem 2 by O(wc(C)). Of course, this will not be true for any class of instances but it
turns out that we can easily do so on classes defined by cardinality constraints or by acyclic
degree constaints. Theorem 2 motivates the following definition: a class C is prefix closed

for the order ™ = (x1,...,x,) if and only if for every i <n and Q € C, |ans(Q|x,)| < wc(C).

Indeed, if C is prefix closed for order 7, then computing ans(Q) for @ € C using Algorithm 1
with order 7 will take O(mn - |D| - we(C)), where D is the domain of Q.

» Theorem 3. For every class C that is prefix closed for order (x1,...,2,) and join query
Q € C with n variables and m relations, WCJ(Q, () returns ans(Q) in time O(nm - |D| -
we(C)).

While m and n are considered constant in our setting, we cannot assume so for |D|. Hence,
Theorem 2 and prefix closedness will not be enough to establish worst case optimality of
Algorithm 1. That said, we present a simple trick in Section 4.2 which allows us to circumvent
this issue easily. The main classes for which worst case optimal algorithms are known are
prefix closed, at least for one order. Even if cardinality constraints are less general than
degree constraints, we start by showing it for the former as a warmup, even if the proof is
essentially the same for the latter:
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» Theorem 4. Let Cy(< N) be a class of join queries defined for hypergraph H = (X, F)
and cardinality constraints N C NE. Then Cp (< N) is prefiz closed for every order.

Proof. Let Q € Cy(< N), (z1,...,2,) be an order on X and i < n. We need to show that
ans(Q|x,) < we(Cr (< N)). To do so, we construct Q* € Cy (< N) such that |ans(Q)x,)| =
lans(Q*)]. Since Q* € Cy (< N), we have by definition that ans(Q*) < we(Cg (< N)), hence
ans(Qx,) < we(Cu(< N)).

Assume that @ is on domain D # () and let d € D be some fixed element of D. We
denote by d¥ € DY the tuple defined as d¥ (y) = d for every y € Y. Let R € Q|x,- By
definition, R = R.|x, for some e € E. Hence, |R| < |R.| < N(e). We define R} C D¢
as R x {de\Xi}, that is, we extend every tuple from R to variables e by setting every
missing variable to d. Clearly, |R*| = |R| < |R.| < N(e). Hence the query Q* defined as
{R* | R € Qx,} is in Cy(< N). Moreover, we clearly have ans(Q*) = ans(Q|x,) x {d*\X},
therefore [ans(Q*)| = |ans(Q)x,)| as needed to complete the proof. <

We now generalise the previous result to classes defined via degree constraints. Observe
however that such classes may not always be prefix closed, or sometimes only for some
particular order. For example, consider the query Q = R(x3,x1) A S(x3,z2) and consider the
class C respecting functional dependencies x3 — =1 and x3 — x2 and cardinality constraints
|R| < N and |S| < N. Clearly, we(Cq) < N since once x3 is fixed, so are z; and x2. Now,
consider an instance Q* where R* = S* = {(4,7) | 0 <i < N}. It is easy to see that Q* € C
and that Q,, .., has N 2 > we(Cq) answers. The previous example is not prefix closed for
(21,22, 23) because we chose an order that goes in the wrong direction with regard to the
functional dependencies. One can check that Cq is prefix closed for the order (zs, z2,z1).

This motivates the following definition: for H = (X, E') a hypergraph and DC to be a
set of degree constraints. We define the dependency graph Gpc as the graph whose vertex
set is X and there is an edge u — v if and only if there is a degree constraint (A, B, Np|4)
in DC with u € A and v € B\ A. We say that DC is acyclic if Gp¢ is acyclic. In this case,
an order (z1,...,2,) is said to be compatible with DC' if this is a topological sort of Gp¢.
Unsurprisingly, this allows to prove the following generalisation of Theorem 4:

» Theorem 5. Let Cy(DC) be a class of join queries defined for hypergraph H = (X, E)
and acyclic degree constraints DC. Then Cy(DC) is prefix closed for every order compatible
with DC'.

Proof. The proof is very similar to the proof of Theorem 4. Let Q € Cy(DC) and i < n.
We construct @Q* as in Theorem 4. We still have |ans(Q|x,)| = [ans(Q*)|. We only have to
check that Q* € Cy(DC). Let (A, B, Ngja) € DC be a cardinality constraint. By definition,
it is respected by an atom R of () on variable e O B. We claim that R* € Q* also respects 6.
Indeed X;Ne C A, then for every 7 € D4, there is at most one tuple in R*[7] which is 7 x de\Xi
hence |R*[7]||p] < 1 < Npja. Otherwise, since the order is compatible with DC, A C X;.
Hence R*[t] = R|x,[r] x d°\Xi. In particular |R*[7]| = |R|x,[]| < |R[r]|. Hence projecting
out on B, |R|x,[7]|s| < |R[7]|5| < Np|a since R respects the degree constraint (A, B, Ng|4).
Hence, R* also respects this degree constraint. Since this reasoning works for every R* € Q*,
we conclude that Q* € Cy(DC). Hence |ans(Q)x,)| = |ans(Q*)| < we(Cy (DC')), which is
what we needed to prove. |

A direct corollary of Theorems 3 and 5 is that Algorithm 1 is almost worst case optimal
on classes defined by acyclic degree constraints.
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» Corollary 6. Let Cy(DC) be a class of join queries defined for hypergraph H = (X, F),

= |E|,n = |X| and acyclic degree constraints DC. Assume x1,...,%, 8 an order
compatible with DC. Then for every Q € Cy(DC) WCJ(Q,()) returns ans(Q) in time
O(mn|D| - we(Cy (DC))).

Observe that in order to prove worst case optimality of Algorithm 1 in Corollary 6, we
have not used any knowledge on the actual value of we(Cg (DC)), which makes our approach
simpler than existing analysis of worst case optimal join algorithms. While such knowledge
is also not necessary in the analysis of Leapfrog Trie Join [16], the complexity analysis given
in this paper is more complicated.

4.2 Binarisation

We have seen that Algorithm 1 achieves O(mn|D|-wc(C)) complexity when C is prefix closed,
which does not qualify as a worst case optimal join yet. The extra |D| factor comes from the
fact that we are testing every possible value of d € D for each variable, even if many of them
will directly lead to inconsistencies. We could overcome this issue by exploring only relevant
values, using for example the trie join algorithm from [16] which allows to enumerate values

present in the intersection of every relation in time O(log|D|) or Hash indices as in [12].

While these techniques are interesting for practical implementation, our goal in this paper is
to use as little technical tools as possible. Hence, we present here a new simple technique
to remove the extra |D| factor. The main idea is that instead of testing every value in the
domain for each variable, we fix its value bit by bit. This could be implemented directly
by modifying Algorithm 1 or, as we chose to present it, by transforming any join query @
on domain D with n variables into a join query Q° with n - b variables where b = [log|D|]
variables on domain {0,1} such that the answers of @b are in one-to-one correspondence
with the answers of ). We do this by reencoding each element of the domain D in binary.
More formally, let @ be a join query on variables X and domain D. Without loss of
generality, we assume that D = {1,...,d} for some d and we let b = [log d] to be the number
of bits needed to encode every element of D. We represent each element k in D by the binary
number k? representing k and written with b bits. For 1 < i < b, let k°[i] be the i*" bit of a
binary representation of k € D. The function = is a leeCthIl between D and its image.
We now lift the functions = to pairs of bijections over tuples, relations and then over
join queries. For a set of variables Y, we denote by Y? the set {y' |y eY,1<i<b}, that
is, the set containing b distinct copies of each variable of Y. For 7 € DY, we deﬁne 70 as

follows: for every y € Y and i € [b], 7°(¢") = @b[z] Given a relation R C DY we let
RV = {Tb | 7 € R}. Finally, given a join query @ over variables X and domain D, we let
Qb = {Rb | R € Q}. Obviously, the answers of Q" are in one to one correspondence with the
answers of ). Moreover, we have that the cardinalities of relations are invariant under this
transformation, i.e. |]§b| = |R|. Applying Theorem 2 on @b directly yields the following;:

» Theorem 7. Given a join query Q on domain D C [2°] with m atoms, (z1,...,2,) an
order on the variables of Q, WC’J(Qb () with order (x1,... 28, ... xL ... 2b) computes

ans(Q) in time O(m MY icn 2 jcn 1aNS(Q |X])|) where X! = {z1,..., 28, ... 2}, ... 2l }.

)| by we(C). We

do this by showing that in the case of acyclic degree constraint, @b belongs to a class cb
defined by acyclic degree constraints where wc(C®) < wc(C) and such that if C is prefix
closed for w1, ...,, then C’ is prefix closed for z1,...,2%,... ,2L,... 2%, The idea is to

To show worst case optimality, it remains to bound maxi’j|ans( X7

23:9

ICDT 2025



23:10

A Simple Algorithm for WCO Join and Sampling

binarise the degree constraints as follows: for b € N and degree constraint § = (4, B, N), w
denote by 5t the degree constraint (Ab Bb N) and for a set DC of degree constraints, let

DC .= {6" | § € DC'}. We show:

» Lemma 8. Let DC be a set of degree constraints, H a hypergraph and b € N. For every
~ —p —b

Q € Cy(DC) on domain D C [2°], we have Q° € C,(DC"). Moreover, we(C,(DC ) <

we(Cy (DC)). Finally, if DC is acyclic and x4, ..., T, is an order compatible with DC, then

b

—b
2 is an order compatible with DC' .

DC' is acyclic and x1,... 2%, ... xl

SN

Proof. The first part of the statement follows from the following observation: let 6 = (A, B, N)
l~)e a degree constraint and R a relation on variable e D B which respects ¢, then R respects
6%, Indeed, let 7 be an assignment of A® and let 7/ be the corresponding assignment of
A on domain 2° defined as 7/(z) = Z;‘):l 2i=17(2%). Then it is easy to see that R[7']|y
is in one to one correspondence with R’[7] v» Dy using the same encoding. In particular,
|R[7]lg,] = R[]Iy < N.
—b
Now let Q' € C,(DC") be a query on domain D. We let @ to be the query on hypergraph
H on domain D? where each relation R’ of Q' on variables Y is transformed into a relation
R on variables Y as follows: for a tuple 7/ € R', we build the tuple 7 € R by taking for
eachy €Y, 7(y) = Xi<h 7/(37). It is easy to see that if R’ respects degree constraint §°,
then R respects § and that ans(Q) and ans(Q’) are in one-to-one correspondence. Hence
Q € Cy(DC) and then we(Cy (DC’ )) < we(Cy (DQ)).
Finally, by definition, it is clear that there is an edge in Gpc between x and y if and
only if there is an edge between z* and yJ for every 4,5 < bin G 5et Assume towards a

contradiction that there is a path from xi to xk for some i > k in GNb. Then there is
necessarely a path from x; to xx in Gp¢c from what precedes, which contradicts the fact that
z1,...,Ty, is a topological sort of Gpc. |

A direct consequence of Lemma 8 is that Cﬁb(b\éb) is prefix closed when DC' is acyclic
and its worst case is not greater than the worst case of Cy(DC). Since for any @ € Cy(DC),
the domain of @b is two and has bn = (7)(71) variables, we have a worst case optimal join (up
to logarithmic factors) algorithm for Cy (DC):

» Corollary 9. Let C(DC) be a class of join queries defined for hypergraph H = (X, E),
m = |E|,n = |X| and acyclic degree constraints DC. Assume x1,...,z, is an order
compatible with DC. Then for every Q € Cx(DC) on domain D C [2°], WCJ(QY, () on

order x},...,2%, ... xL ... 2% returns ans(Q) in time O(mn - we(Cy (DC))).

There is a slight abuse in the statement of Corollary 9 as the algorithm does not
directly return ans(Q)) but a binary representation of each tuple in ans(Q). However, it is
straightforward to turn each answer of Qb back to the corresponding answer of @) in (9( ).

Comparison with Generic Join and Leapfrog Triejoin. Our algorithm is quite similar to
Generic Join[13, Algoritm 3] and Leapfrog Trie Join [16], which can already be seen as a
particular case of Generic Join. Similarly, Algorithm 1 can be seen as a degenerated form of
Generic Join. The main difference in the approach is that both Generic Join and Trie Join
use a specific algorithm (trie join algorithm and m-way sort merge respectively) to ensure
that a variable = is branched only on values that would not introduce any inconsistency.
We circumvent this need by using binarisation instead, which can be seen, from a higher
perspective, as simply branching on the bits of each value instead. In turn, this approach
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could be emulated directly on the query (without binarizing the query explicitly) which would
result in an algorithm that is very close to Generic Join, that is, a branching algorithm which
efficiently branch only on the values of x that do not contradict the query right away. That
said, this approach would then blur the simple complexity analysis we provide in this paper
where we can plainly see that the complexity of the algorithm depends on the prefix closed
property of the class and the size of the domain (which can be reduced via binarization).
The main novelty in our work is the complexity analysis. The analysis for Generic Join
from [13] relies on the knowledge of the value of the worst case, known as the AGM bound for
cardinality constraints and polymatroid bound for acyclic degree constraints. While proofs
of these bounds can be found in numerous references (see [15] for a survey), they add a layer
of complexity in the understanding of why these simple branch and bound strategies achieve
worst case optimality. Our analysis instead relies on a very easy to check property of the
classes considered, namely the prefix closedness property: “forgetting” variables in the tables
will not allow to create an instance having more answers than the worst case. Proving that
classes defined by cardinality constraints or acyclic degree constraints are prefix closed is
elementary and very natural. Our approach is closer in spirit with the one taken in [16] where
the concept of renumbering is introduced, and the analysis of the runtime is bounded by the

runtime of the algorithm on a normalised instance where some values have been changed.

While the approach is similar, we feel that prefix closedness is an easier notion.

5 Uniform Sampling

There has been significant work around extending WCOJ algorithms into sampling algorithms.

It is known that if @ € C for C a class of queries defined by cardinality constraints [5, 9]
or by acyclic degree constraints [17], one can uniformly sample 7 € ans(Q) in time of
@(%) We recover both results using an elementary algorithm, adaptated from [14]
to uniformly sample leaves from a tree without exploring it completely. This approach is
similar to the one used in [9] and in [3] but our approach is more modular, making it easier
to adapt to the more general case of acyclic degree constraints, the probabilities calculation

being much more elementary as the one presented in [5].

5.1 Efficiently sampling the leaves of a tree

Our core technique relies on the problem of sampling uniformly a leaf of a rooted tree. We
aim at designing an algorithm which avoids exploring the tree exhaustively. This question
has already been addressed by Rosenbaum in [14] where he proposes an algorithm exploring

the tree in a top-down manner, and whenever it encouters a leaf, either returns it or fails.

To remove bias toward subtrees having many leaves in the algorithm, he guides the search
with upper bounds on the number of leaves of each subtree, obtained from the depth and
the branching size of the tree.

We adapt Rosenbaum’s algorithm in a slightly more general setting. Indeed, in our
approach, the leaves of the tree will correspond to cases where the recursion of Algorithm 1
stops. In this case, either a solution is found and we are interested in the leaf, or a
inconsistency is found and we want to reject the leaf. We adapt the algorithm to be able
to work on a tree when we want to sample only a subset of its leaves. Moreover, the upper
bounds on the leaves used in [14] is too coarse for our purposes, we therefore describe the
algorithm by using oracle calls to a function (over-)estimating this number of leaves. This
motivates the following definition:
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» Definition 10. Let T be a rooted tree. A leaf estimator upb for T is a function mapping

nodes of T to positive values such that:

1. for every node t with children ty,... t,, upb(t) = > i upb(t;); we call functions with
this property tree-superadditive; and

2. if t is a leaf, then upb(t) € {0,1}.

We denote by upb(7') the value of upb(r) where r is the root of T. Now, given a tree
T and a leaf estimator upb for T, we say that a leaf ¢ of T is a 1-leaf of T if and only if
upb(¢) = 1 and denote by leaves; (T') the set of 1-leaves of T'. Our goal is to uniformly sample
¢ € leaves; (T"). Observe that since upb is a tree-superadditive function, for any node ¢, we
have that upb(t) is an upper bound on the number of 1-leaves below t. We define children(¢)
as the function that, given a node ¢, returns the list of its direct children.

We define our algorithm recursively as follows:

Algorithm 2 A variation of the Rosenbaum algorithm [14].

Sample a leaf in the subtree root in t as follows:

if ¢ is a leaf belonging to leaves; (T'), output the leaf with probability 1;

it ¢ is any other leaf, fail with probability 1; and

if ¢ has children t1,...,t,, recursively sample a 1-leaf in ¢; with probability ”u‘;bb((t;))
return it if the recursive call in ¢; succeeds and fail otherwifgt;(tl\gote that we may directly
i upb(2) *

and

fail without recursively sampling with probability 1 — 3

» Theorem 11. Let T be a tree rooted in r and upb a leaf estimator for T. Let out be the
output of Algorithm 2 on input r. Then, for any leaf ¢ € leavesy (T), we have that Algorithm 2
is a uniform Las Vegas sampler with guarantees:

1 |leaves; (T)]

Pr(out =1¢) = 5pb(T) and Pr(out = fail) = 1 — upb(T)

Algorithm 2 consists of O(B - depth(T)) calls to upb, where B is the branching size of the
tree, in O(depth(T")) calls to the children function.

Proof. We proceed by induction on the depth of the tree T. If the tree T is of depth 1,

then it can be one of two cases: either it belongs to leaves; (T') and then |leaves; (T')| = 1 and

therefore it is trivial to see that the algorithm samples this leaf with probability w%m =1,

or it does not belong to leaves; (T') and then there is nothing to sample, so the algorithm
fails inevitably.
Supposing that the property holds for a tree T’ of depth at most k, if we now have a

tree T of depth k + 1, then it has children (¢1,...,¢,) each of depth at most k. Then, by

induction, Algorithm 2 samples from a given t; with probability ”uﬁ((t t’i)). If the recursive

call has succeeded, then the algorithm has sampled a leaf from t¢; with probability ﬁ(ﬂ‘
Since the random choices are independent, the probability of outputing this leaf from ¢ is
upb(t;) 1 _ 1
upb(1) < Upb(;) _ upb(1)

The complexity statement is straightforward. We need to evaluate the number of selected

leaves in each subtree along a path from the root to a leaf, leading to O(B - depth(T)) calls
to upb and for each node we visit, we need to find the list of children, leading to O(depth(T"))
calls to children. |

We can extend Theorem 11 with the following corollary:
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» Corollary 12 (x). Given a tree T with branching size B and oracle access to a leaf estimator
function upb(-), we can sample the leaves in leaves) (T') with uniform probability m,
when |leavesy (T)| > 0 or answer that |leaves; (T')| = 0. This is done by repeating Algorithm 2

an expected O<$ﬂ@)\)> number of times and thus with an expected number of calls to
. upb(T . . upb(T
upb in O(Wm - B - depth(T)) and to children in O(W(ve;@)\) - depth(T)).

5.2 Applying Algorithm 2 to join queries

There is a strong link between the tree structure used in the aforementioned sampling method
and Algorithm 1. Assume that we want to sample uniformly the results of the query Q
with relations over variables X = {z1,...,2,} and domain D. For this, we can follow the
structure of the execution of Algorithm 1 when it uses the order (z1,...,z,) on variables.
The execution of Algorithm 1 naturally constructs a tree structure whose nodes are some
assignments of DX for some i € [0,n] corresponding to the input of recursive calls. We call
this tree the trace tree of Q) and denote it by Tq. In T, an assignment 7 € D™ is the parent
of another assignment 7/ when 7/ = 7 U (x;11 + d). Among all the possible assignments, the
ones that are nodes in T are those that are consistent with () or those that are inconsistent
with () but have a parent that is consistent with (). Figure 1 depicts such a tree: assignments
that are inconsistent with @ are labelled L, those that are elements of the answer set are
labelled T. Moreover, the assignment corresponding to a node in Figure 1 can simply be
read off the path from the root to that particular node.

The leaves of Ty that we want to sample in this tree are simply the elements of DX~
that are consistent with @), namely the solutions of Q). Algorithm 2 can then be applied to
Tq. Thus we call Q-estimator a function q_upb on the nodes of Ty that verifies:

when 7 is a node of Ty in DX that is consistent with Q, q_upb(7) > > dep d_upb(T U

(xi41 < d)) (i.e. q_upb is tree-superadditive),

q_upb(7) =1 when 7 € ans(Q)

q_upb(7) = 0 when 7 is inconsistent with Q.

» Theorem 13. Given a Q-estimator q__upb(7) that can be evaluated in time t for every T,
it is possible to uniformly sample ans(Q) with expected time (’)(%&:&%m | X|-|D]-t).

Proof. This is a consequence of Corollary 12. The depth of T is |X| and its branching size
is |D|. <

5.3 Tree-superadditive worst-case bounds

It now remains to define @-estimators when @ belongs to C (< N) or to Cy(DC'). This will
allow us to recover the sampling results from the literature [5, 9, 17] by using Theorem 13 and
the binarisation technique Section 4.2. As the class Cy(DC) generalises the class Cy (< N),
we could have only treated the first case. We think however that the Cx (< N) being simpler,
it conveys more intuitions. Our main tool is a simple consequence of an inequality by
Friedgut [6].

» Lemma 14 (x, Friedgut, [6, Lemma 3.3]). For every finite sets I and J, every family of
positive real numbers (w;);eg so that Zjerj > 1, and every family of positive real numbers
(@i j)ier,jes, we have:

ST < T (Son)

i€l jeJ jeJ \iel
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Cardinality constraints. Let Cy(< N) be a class of join queries defined for hypergraph
H = (X,F) (with X = {z1,...,2,} and E = {ej,...,en}) and cardinality constraints
N C N¥. In [1], Atserias, Grohe and Marx show that wc(Cg (< N)) can be computed from
the solutions of the following linear program:

min ijlog(N(ej)) st,Vi=1,...,n Z wj =1
7 ,

and prove we(Cy (< N)) is H;”’:l N(e;)¥ up to polylogarithmic factors. The vector w is
called a fractional cover of H.

Let us fix a fractional cover w of H, for a query @ in Cyx(< N). For every j € [1,m], we
let R; € @ be a relation such that |R;| < N(e;) (which exists by definition of Cx (< IN)).
We take as Q-estimator agm__upb(7) as follows:

N b(r) = 0 when 7 is inconsistent with @
gm_{IpoT) = [T}~ [R;[7]]*"  otherwise

When 7 is inconsistent with @, then, by definition, agm_upb(7) = 0. Furthermore,
when 7 is in ans(Q), for every j, |R;[7]| = 1 and therefore, agm_upb(7) = 1. To show that
agm__upb is a @-estimator, we finally need to show that for every 7 that is consistent with
Q, we have agm_upb(7) > >, pagm_upb(7 U (211 < d)).

For every j we have:

|R;[7]| = > uep |Ri[T U (zit1 < d)]| when 241 is in Xg, — X;

|R;[T]| = |R;[T U (xiy1 < d)]| for every d € D otherwise.

We let K = {k € [1,m] | ;41 € Xp, — X} and L = [1,m]\ K. Since JE = X, we must
have K # (). We thus have:

> agm upb(r U (wis1 = d) =Y ] [Belr U (@isr < )] x [ [ [Rulr U (wiss = d)]|!

deD deD keK leL
= [ IRlr 0 ins e @)= < [ [ 1Rilr]
deD ke K leL
= [J 1R x> T 1Belr U @i a1
leL deD keK

Then agm__upb(7) > >, agm_upb(7 U (z;41 ¢ d)) follows from:

Z H |Re[m U (@ig1 < d)Hwk < H (Z |Ri[7 U (i1 d>|>

deD ke K ke K \deD

By definition of K and since (w;) is a fractional cover of H, we have », -, wy > 1. Hence
we can directly get the bound using Lemma 14.

» Theorem 15. Given Cy(< N) a class of join queries defined for hypergraph H = (X, E)
and cardinality constraints N C NP for every query Q in Cr (< N), it is possible to uniformly

sample ans(Q) with expected time @(%% -1 X| - log(|D]) - | E]).

Proof. Given Q with active domain D, we let b = [log(|D|)] and we are going to sample Q°.
As we have seen in Section 4.2, ans(Q) and ans(QP) can be considered to be the same set.
Moreover Q° belongs to a class C® defined by cardinality constraints where we(C?) < we(Crr (<
N)). Therefore, there is a @b—estimator agm__upb(-). Using the data structure described
in Section 3 to represent R[7] or a trie structure annotated with cardinalities to represent
every relation of @, we can compute |R[7 U (z;41 < d)]| in O(log|R|). Therefore, computing
agm__upb(+) takes time O(|E|). Finally, by definition of agm__upb(-), we have agm__upb({()) <
wc(CP). This allows us to apply Theorem 13 and yields the claimed complexity. <
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Polymatroid. Let Cy(DC') be a class of join queries defined for hypergraph H = (X, F) (with
X =A{z1,...,z,} and E = {ey,...,en}) and acyclic degree constraints (As, Bs, Ns)sepc-
The polymatroid bound is a generalisation of the AGM bound that can be formulated on
acyclic degree constraints with the solutions of the following linear program:

min Z wslog(Ns) s.t.,Vx € X, Z ws =1 . (1)
éeDC s:x€Bs\As

For this program to have a solution, we need to assume that for every x € X, there is at
least one constraint ¢ such that x € Bs \ As. As stated in Section 2, to ensure that acyclic
degree constraints induce a finite worst case, we generally assume that | J E = X and that for
each e € E, we have at least one cardinality constraint (0, e, N.). We assume this condition
to be met here. Now for any solution ws of the previous program, it has been shown [10]
that we(Cy (DC)) is [[sepe N5 up to some polylogarithmic factors.

Let us fix a solution w of (1), and an order (x1,...,z,) on X compatible with DC. For
a query @ in Cy(DC) and 6 = (A4s, Bs, Ns) in DC, we let Rs to be a relation in @ that
respects 0 and such that Xp, = es (in other words, the relation guards this constraint). To
lighten notations, we denote by R§ = R;|p,, since the degree constraint is applied to this
projection of Rs and not Ry itself. Moreover, given 7 in DX, we let:

0 if 7 is inconsistent with @
N(;[T]Z N5 ifA(;\Xi#@
|R5[T]] otherwise

We now take as @Q-estimator pm__upb(7) as follows:

pm__upb(7) = H Ns[r]*e .
seDC

When 7 is inconsistent with @, by definition of Ns[r], pm_upb(r) = 0. If 7 is in ans(Q),
since for every d, As \ X, = 0, N;[7] = |R}[r]| = 1 and therefore, pm_upb(7) = 1. Proving
that pm__upb is a Q-estimator finally requires to show that for every 7 that is consistent
with @, we have pm__upb(7) = >, pm_upb(T U (11 < d)).

Welet K = {6 € DC | ;41 € Bs\ As} and L = DC'\ K. As stated before, for the linear
program to have a solution, we assumed K # (). We make two observations:

1. For § € K, Ns[r] = |Rs[7]| and for any d € D, N5[TU (41 < d)] = |Rs[T U (z:41 < d)]|,
2. For d € D, N5[T U (zi11 < d)] < Ns[7].
The first observation follows directly from the facts that z;11 € Bs \ As by definition of

K and that x1,...,x, is compatible with DC which implies that for any § € K, As C X;.
For the second inequality, first assume As \ X;11 # 0. Then both sides are equal to Nj.

Now assume As \ X;41 = 0. Then Ns[T U (x;41 < d)] = |R§[T U (x;41 < d)]| and either
N;s[t] = |Rj[7]|, then the equality is clear, or Ns[7] = N; and the inequality follows from the
fact that Rs respects § by definition. Then we obtain:

> pm upb(r U (i1 = d) = Y [ IR U (wisr = )] x [] Nslr U (i = d)]*?

deD deD 6eK seL

<Y 1RSI U mars < )] x [ ] Mol

deD éeK éeL

= [T slr1ee 5 Y7 T 1RSI U (is = @)

seL deD éeK
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We hence get >, pm_upb(7 U (2541 < d)) < pm_upb(7) by showing that:

ST RSt < ol < I (Z |[RS[r U (@i d>!> =[] #itrr = [T wotr1

deD éeK SeK

deD SeK deK

The above inequality is a consequence of Lemma 14. Indeed, ) 5., ws > 1 by definition of
K and because of the constraints ws verifies in the linear program. We then conclude with
this result, obtained exactly in the same way as Theorem 15.

» Theorem 16. Given Cy(DC) a class of join queries defined for hypergraph H = (X, E)
and acyclic degree constraints DC, for every query Q in Cy(DC), it is possible to uniformly
sample ans(Q) with expected time O(—<CL) x| . log(|D|) - |E|).
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A Proof of Lemma 1

» Lemma 1 (). For every 7 € DY, 7 € ans(Qy) iff T is consistent with Q.

Proof. It is simply a reformulation: if 7 € ans(Q)y) then it means that for every R € Q,
Tixzny € R)y. In particular, R[7] is not empty. Hence 7 is consistent with ¢). Conversely, if
T is consistent with @, then for every R € Q, R[] is not empty. That is, there exists some
tuple o € R such that o)y = 7)x,ny. In other words, 7|x,~y € R}y for every R € @, hence,

T € ans(Q)y ). <

B Proof of Corollary 12

» Corollary 12 (x). Given a tree T with branching size B and oracle access to a leaf estimator
function upb(-), we can sample the leaves in leaves; (T') with uniform probability m,
when |leavesy (T)| > 0 or answer that |leaves; (T')| = 0. This is done by repeating Algorithm 2

an expected O(max(l?lﬁ’:;\zgl(ip)‘)) number of times and thus with an expected number of calls to

upb in O(—P2T) ____ . B . depth(T)) and to children in O(—-P2TL)____ danth(T)).
p ( p p

max(1,|leaves; (T)]) max(1,|leaves; (T)])

Proof. We first treat the case where |leaves;(T)| = n > 0. Algorithm 2 can either fail or
produce a leaf that has been sampled with uniform probability. It is a Las Vegas algorithm.
It samples leaves; (T') of T with uniform probability w%m. When |leaves; (T')| =n > 0, it
thus outputs some data with probability upr(T) or fails with probability 1 — UPTTET). Now if
we repeat the algorithm until it succeeds, as each leaves; (T') has the same probability to
be outputted in one repetition, they all have the same probability to be outputted at the
end of this process. In a nutshell, this procedure uniformly chooses amongst the leaves; (T')
of T which all have probability % to be outputted. Moreover, the number of repetitions of
%&&(}gi‘chm 2 until it succeeds follows a geometric distribution and its expected value is thus

n
The case where |leaves; (T)| = 0 is a little trickier. Since Algorithm 2 can only fail,
repeating it would result in an infinite loop. We can circumvent this in one of two ways.
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Either we start a full exploration of T in parallel and if it does not find any leaves; (T) in
T, we stop running Algorithm 2 (if Algorithm 2 returns a 1-leaf, we stop the exploration). A
second method would be to improve Algorithm 2 by maintaining the parts of T that have
already been explored and by updating the values of upb(¢) for each subtree that is explored
by using the information from its children. Eventually, the algorithm explores T entirely.
Indeed parts of T' that have been explored are known not to contain data and have thus
probability 0 to be explored again. In the end, updating the upb(t) value of each node will
result in having upb(7T") = 0, meaning that leaves; (T) is empty. We then stop the search.
Both methods would cost a time of O(upb(T)). <

» Remark 17. Notice that the second method presented in the proof may also be useful
when |leaves; (T')] is small compared to upb(7'). Indeed, updating upb(-) at each failure of the
algorithm increases the probability of success of the next iteration of the algorithm resulting
in an overall improvement in the speed of convergence.

C Proof of Friedgut’s Lemma

In this section, we prove the lemma that we use in Section 5.3, that we restate below for
convenience.

» Lemma 14 (%, Friedgut, [6, Lemma 3.3]). For every finite sets I and J, every family of
positive real numbers (w;);jes so that ZjeJ wj = 1, and every family of positive real numbers

(@i,)ier,jes, we have:

ST < T (So)

i€l jeJ jeJ \iel

Proof. This is a consequence of the Generalised Weighted Entropy Lemma in [6, Lemma 3.3].
The statement of this lemma is depends on the following objects:

A hypergraph H = (X, E).

A finite set L.

A family of subsets of X (F});er. Let e, = eNF forevery e € E. Andlet E; = {e; | e € E}.

A family of weights W = (w;);er: w; associates a positive real number to the elements

of El.

A family of positive real numbers A = (o) so that for every z € X, Z”meﬂ a; > 1.
Then it states that:

S [Twien <] ( > wz(ez)l/o‘l>

ecElel leL \e €E;

The statement of the lemma we want to prove is obtained by setting:
X=I1,E={{i}|iel},

L = J and for every j € J, F; = I, as a consequence for every e € F'and j € J, e; = e,
and thus F; = E.

For each j € J, we let w;({i}) = a;%.
Finally, we let A = (w;) es. As for every ¢ € I and j € J, we have that ¢ € Fj, the
hypothesis that A must satisfy is a consequence of the hypothesis > jeqwi = L
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In this setting, the Generalised Weighted Entropy Lemma gives us:

iel jeJ JjeJ \iel jeJ \iel

Which is the expected inequality.
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