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—— Abstract

We explore fundamental geometric computations on point sets that are given to the algorithm
implicitly. In particular, we are given a database which is a collection of tables with numerical values,
and the geometric computation is to be performed on the join of the tables. Explicitly computing
this join takes time exponential in the size of the tables. We are therefore interested in geometric
problems that can be solved by algorithms whose running time is a polynomial in the size of the
tables. Such relational algorithms are typically not able to explicitly compute the join.

To avoid the NP-completeness bottleneck, researchers assume that the tables have a tractable
combinatorial structure, like being acyclic. Even with this assumption, simple geometric computations
turn out to be non-trivial and sometimes intractable. In this article, we study the problem
of computing the maximum distance of a point in the join to a given subspace, and develop
approximation algorithms for this NP-hard problem.
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1 Introduction

In this paper, we consider certain fundamental geometric computations that are trivially
solvable in linear or quadratic time in the size of the input point set. In our setting, the
input point set is not given explicitly, but rather in an implicit form as described below. An
explicit representation can be exponentially larger than the implicit one, and the question
we pursue is whether these geometric computations can be performed in time polynomial in
the size of the implicit representation.

We are given a set {Cy,C5,...,Cp} where each C; C Z* is a subset of the positive
integers. We interpret each element of C; as a coordinate axis or feature. Furthermore, for
each 1 < j < m, we are given a table (two-dimensional matrix) T; with at least one row
and exactly |C;| columns, where each column corresponds to a feature in C;. The values in
the table T are real numbers. Given a row r in Tj, we let r[i] € R (or r;) denote the value
corresponding to feature i € C;. We assume tables don’t have duplicate rows, and thus a
table specifies a set of row vectors.

We define the join T} <1 Ts - - - <1 T, of m > 1 such tables as a table J whose columns
correspond to the union C = U;"Zl C; of the individual feature sets. Thus each row in the
join is a vector with |C| real components. Such a vector ¢ belongs to the join J if in each
table T}, there is a row 77 such that ¢ and 77 agree on the features in C; — for each i € C},
qli] = r7i.
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Thus, a row ¢ in the join J is generated by picking rows ' € Ty, 72 € Ty,...,r™ € T},
that are pairwise compatible, that is, agreeing on the value on common features; and then
“concatenating” these rows. That is, for each feature i € C, we find an arbitrary C'; containing
feature i, and let g[i] := r7[i]. The join J consists of the set of all rows that can be generated
in this way. An example of a join with feature set {a,b,c} is shown below:

T T J=T xTs
a b b c a b c
1 1 1 2 1 1 2
1 2 2 3 2 1 2
2 1 5 6 1 2 3

A relational database stores its data in the form of multiple tables as above. However,
typical data analysis techniques such as clustering only work when the input data is in
explicit form, as in the join J. Standard practice is thus to compute the join, and then run
the data analysis algorithm on it. Let d = |C| denote the total number of features and n the
maximum number of rows in any given table. The space needed to store all the tables is
easily upper bounded by O(mnd), where we recall that m is the number of tables. However,
the number of rows in the join J = T1 >t Ty -+ 1 T,y is ©(n™) in the worst case, which
can be exponentially larger. This naturally raises the following question: what properties of
the join J can we compute using relational algorithms, defined as algorithms with running
time polynomial in n, m, and d? See [2, 1, 9, 12] and the references therein. Notice that a
relational algorithm typically is not able to explicitly construct the join.

Before describing prior work on relational algorithms, we point out the geometric nature
of the join. The rows of each table T} can be viewed as a set of points lying in the subspace
spanned by the features/coordinate axes in C;. The join J =T > Ty - - - > Ty, is the set of
all points p, in the subspace spanned by features in C', such that the projection of p onto the
subspace spanned by Cj is an element of T, for each j.

1.1 Prior Work

Perhaps the most basic algorithmic question to ask about the join J of the tables 11, T5, ..., T},
is whether it is non-empty — does it have at least one row/point in it? This turns out to be
NP-Complete [7, 10, 9]. Indeed, a simple reduction from 3CNF-SAT has the property that
the number of rows in the join is exactly the number of satisfying assignments to the input
formula. (This is a good spot to emphasize that in this paper, the number d of features and
the number m of tables are not viewed as constants.)

Given this state of affairs, the approach taken by papers in this area is to assume that
the join has some additional structure that makes such basic algorithmic tasks tractable.
The most common assumption is that the join is acyclic — this is a combinatorial assumption
about how the features are distributed across the tables, and we define it in the next section.
Assuming acyclic joins lets us use dynamic programming to solve certain algorithmic questions
in polynomial time [2, 1]:

1. Compute the number of rows in the join J
2. Compute the maximum of the squared I norm of rows in the join, that is, maxscs >, Q.

These algorithmic tasks are special cases of a sum-product query. This is a query Q(J)
over the join J of the form

Q) =P Fia),

qeJ ieC
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where (R, P, Q) is a commutative semiring over a set R. Corresponding to feature i € C,
F; : R — R is an easy to compute function with range R. For example, for the query asking
for the number of rows in the join, R is the set of integers, F; is the constant function that
takes on the value 1, () is multiplication over the integers, and € is addition over the
integers. For computing the maximum of the squared Il norm of the rows, R is the set of
real numbers, Fj(z) = 22, @ is addition over the reals, and € is the max function.

The authors in [9] study sum-product queries under constraints on the rows of the join.
They allow constraints of the form ), gi(¢;) < 3, where g; : R — R is an easy-to-compute
function, and f is a constant. They consider the problem of evaluating a sum-product query
over those rows in the join that satisfy the given set of constraints. They show that with two
constraints, such problems are not only NP-hard but also hard to approximate to within
any multiplicative factor. Concretely, they show it is NP-hard to determine if there is a row
q in the join J that satisfies the linear constraint ), ¢; = 0. This is via a reduction from
the Partition problem, where we want to determine if a given set of positive integers can be
partitioned into two sets whose sums are equal. Thus, it is a weak NP-hardness result [6].
The linear constraint ), ¢; = 0 is equivalent to the two linear inequality constraints » . ¢; > 0
and >, ¢; <0.

On the other hand, the authors in [9] show that with just one inequality constraint,
and some additional technical assumptions, there is a randomized approximation scheme
for sum-product queries that guarantees a multiplicative (1 + €)-approximation, for any
given parameter € > (. For instance, they use this general result to get a polynomial-time
(1 + €)-approximation for the following counting problems:

1. Count the number of rows in the join that lie in a given half space ), a;q; < f.
2. Count the number of rows in the join that lie within a given ball > (¢; — y;)* < 72

(centered at point y and having radius r > 0).

The authors in [12] study the k-means problem, and show how the k-means++ al-
gorithm [3] for constructing a coreset can be implemented in the relational setting, thus
deriving an O(1)-approximation for the k-means problem. Their core technical result is a
polynomial-time sampling algorithm that, given a set c1, c2,. .., c; of centers in RICI, outputs
a row g € J with probability proportional to the square of the Euclidean distance of g to
the nearest center. This sampling result is surprising given the hardness of closely related
problems. In particular, the problem of counting the number of rows in the join whose closest
center is ¢; is NP-hard even for j = 2, and hard to approximate to within any multiplicative
factor for j = 3. The technique of rejection sampling plays a key role in their sampling result.

Very recently, the authors in [5] present fast deterministic and randomized relational
approximation algorithms for the k-median and k-means clustering problems assuming the
dimension d is a constant. The authors in [4] present a method for constructing a coreset for
certain optimization problems in machine learning. The work that we have reviewed builds
on a body of theoretical and experimental research on relational algorithms. We refer the
reader to [9, 12, 5, 4] for surveys of this prior work.

1.2 Our Contribution

From prior work, it is evident that in the relational setting, the study of the complexity of
very fundamental geometric problems yields surprising answers. More of the terrain needs to
be explored to form a better picture of the computational complexity. Motivated by this, we
consider the following Distance to k-Subspace problem: Given a set S = {s1, $2,...,8,} of
orthogonal unit vectors, compute the maximum Euclidean distance of a row in the join to

12:3

APPROX/RANDOM 2025



12:4

Relational Approximations for Subspace Primitives

span(S), the subspace spanned by S. As a reminder, we are assuming an acyclic database.
The Distance to Subspace problem is a basic primitive for other tasks including the subspace
approximation problem [8]. We obtain the following results.

1. We show, in Section 4, that the Distance to k-Subspace problem is NP-hard even for
k=1.

2. We present a polynomial-time v/d-approximation for the Distance to k-Subspace problem.
To do so, we introduce a generalization of the join and compute measures on that
generalization. This is likely to be an algorithmic tool of independent interest. As a
consequence of our technique, we show that the row rank of the join J can be computed
exactly in polynomial time. These results are presented in Section 3.

3. Next, we ask if for constant k, we can get a multiplicative (1 4 ¢)-approximation for
the Distance to k-Subspace problem, for any ¢ > 0. The distance of a row ¢ in the join
from the given k-subspace can be written as A(q) — B(q), where A(q) and B(q) are both
non-negative polynomials. A(g) and B(g) can individually be maximized/minimized
using prior work on sum-product queries, but obviously this does not, by itself, give us a
way of maximizing the difference A(q) — B(q).

Instead, we keep track of all possible values of the pair (A(q), B(g)) in our dynamic
program. However, there can be an exponential number of such pairs, as is to be expected
for an NP-hard problem. We can keep track of suitably discretized values of (A(q), B(q)),
but to get a polynomial-time algorithm using this approach, we need the instance to be
well-conditioned in the following sense: the maximum 2-norm of rows in the join (that
is, Distance to the 0-Subspace) is at most polynomially larger than the Distance to the
given k-subspace.

Our main technical contribution here is to show that the Distance to k-Subspace problem
can be reduced to polynomially many instances of the same problem that are well-
conditioned. To obtain such a reduction, one tool we develop is a proof that there exists
a k-subspace spanned by k of the standard basis vectors that is “close” to any given
k-subspace. Overall, our reduction gives us a (1 + €)-approximation (Section 4) for the
Distance to k-Subspace problem.

4. We observe, in Section 4, that our (1 + €)-approximation to Distance to k-Subspace can
be used as a primitive to obtain a (2(1 + €))*-approximation for finding a k-subspace
that minimizes the maximum Euclidean distance to the join. When the point set is given
explicitly (as opposed to implicitly via the join), this is well known as the [,-subspace
approximation problem [14]. The running time of our algorithm is polynomial for constant
k. Our approximation factor for subspace approximation is large, and this result serves
to illustrate the usefulness of the Distance to Subspace approximation primitive, which is
the main focus of this work.

We emphasize that our work addresses the regime where the number d of features and
the number m of tables are part of the input, and are not treated as constants. We are
primarily focussed on the approximation guarantee that we can get with polynomial running
time; we do not explore further optimizations of the running time.

2 Preliminaries

In this section, we present essential preliminaries. The database that is input to each of the
problems considered here consists of a collection of tables T3, 75, ..., T;,. The columns of
table T; correspond to a subset C; C Z* of features, and thus each row in Tj is a vector
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with |C}| real-valued components. We use n to denote the maximum number of rows in any
table. Let C = U;nzl C; denote the set of all features. We will assume that C' = {1,2,...,d},
where d denotes |C|. We assume that the columns in any table are ordered according to the
natural ordering (1,2, ...,d) of the features in C. Thus, we can represent a row r in Table
T; unambiguously as a point in RI% |, Given such a row r and feature i € C;, we will use r;
or r[i] to denote the component of r corresponding to feature i.

Given two row vectors 7' and 7" over feature sets C’ and C”, we say that r’ and r” are
compatible if for each feature i € C'NC", r'[i] = r"[i]. We use the notation r’ ~ r” to denote
that v’ and " are compatible. The concatenation of compatible rows 7’ and r” is the row
vector over C’ U C” formed by combining the components of ' and 7" in the obvious way.

2.1 Acyclic Databases

We say that our database of m tables is acyclic if there is a tree 7 with O(m) nodes, each
associated with one of our input tables, that has the following properties:

1. Each table in the database is associated with at least one node.

2. For each feature ¢ € C, the set of nodes whose tables contain ¢ induces a connected
subgraph of the tree.

Note that for technical reasons, we allow a table to be associated with more than one
node of the tree 7. Given an acyclic database, such a tree 7 can be computed in polynomial
time; see for example [9].

Note that each row of the join J = T} T3 --- 1 T}, is formed by picking one row
from each table associated with each node of 7, such that the chosen rows are pairwise
compatible, and then concatenating the chosen rows. For an acyclic database, it suffices
to check compatibility between pairs of rows chosen from nodes that are neighbors in the
tree 7. This follows from the properties of an acyclic database. This is the crucial property
of acyclic databases that allows one to evaluate certain queries on the join efficiently via
dynamic programming.

For the purpose of dynamic programming, it will be convenient to view the tree 7 as

rooted. Furthermore, we can assume that each internal node of 7 has exactly two children.

This is without loss of generality: If there is a node a with exactly one child o/, we can make
o' the left child of o and add a right child whose table is a copy of a’s. If a node « has
7 > 2 children, then replace o with a complete binary tree with j — 1 internal nodes and j
leaves, which will now correspond to the original j children of a. The table at each of the
4 — 1 internal nodes will be a copy of the table at «.

After applying these two operations, we have that each internal node of T has exactly
two children. The total number of nodes in 7 is O(m). The join is unchanged: we have
merely added copies of some of the original tables. Finally, 7 still witnesses the fact that the

database is acyclic, as is readily checked. We will refer to 7 as the join tree of the database.

For a node « in the tree 7, we use T, to denote the table at node «, and J, to denote
the join of all the tables in the subtree rooted at a. We “assign” each feature ¢ € C' to the
highest node in tree 7 whose table contains feature 7 as a column. By highest, we mean the
node closest to the root of 7. Let 5a denote the set of features assigned to node «, and
C,, denote the set of features assigned to nodes in the subtree rooted at a. For a row r in

table T,, we denote the set of rows in the join J, that are compatible with r by J, > r.

The notation is reasonable as this set of rows is indeed the result of a join of J, and a table
containing the single row 7.
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3 Computing the Distance to a given k-Subspace

Assume we are given an acyclic database consisting of tables Ty, T, ..., T,, and a set of k
orthogonal unit vectors S = {s; | 1 <i < k} C RY, where (as we recall) the set of features in
the database is C = {1,2,...,d}. The Distance to k-Subspace problem is that of computing
the maximum distance of a row in the join J = T} > T3 < --- 1 T}, from the subspace
spanned by S. That is, we want to compute

k

max ||r — > (- si)sill2

J
re P

The main result of this section is a v/d-approximation to this problem. We begin with a
scheme for implicitly representing functions V' : J — R*, and posing algorithmic problems
concerning this representation.

3.1 An Implicit Representation

Suppose that for each feature i € C', we are given a function V; : R — R* where p > 1 is
identical across all features. We assume that these functions are easily computed. In fact, for
the application here, we assume that V;(z) is given explicitly for each value x of feature i that
occurs in any of the input tables. For any any row r in the join J, let V(r) = 7, Vi(r;).
Finally, let V(J) ={V(r) | r € J}.

One illustrative example is to let V;(z) = (0,0, ..., N 0) € R?, where we recall

i—th entry
that the feature set C' is {1,2,...,d}. Then for any row r in the join J of the tables,

V(r) =2 ;cc Vilri) = r. Thus, V(J) = J. We will see more interesting examples shortly.

We are interested in computing measures of the point set V(J). But this seems generally
harder for V' (J) than for J. For example, there is a polynomial-time algorithm for computing
max,c; ||r||3 using sum-product queries. However, computing max,cy () ||g||3 seems harder.
Fortunately, we can show a positive result for the || - ||o norm.

» Lemma 1. There is a polynomial-time algorithm for computing maxqcv (. |q/|oo-
Proof. For 1 < j < pu, let

\Ijgn(ll’ = max q] = max ‘/Z(Ti)[-]L

qeV (J) reJ co
and
PU™n" — min ¢; = min Vi(ri)l7].
j in g 2 i(ra) 7]

That is, U*** (resp. W7"") is the maximum (minimum) value of the j-th coordinate over
points in V/(J). As W7 = max,c > ;o Vi(r:)[j], it is a sum-product query over the join .J
where the commutative semiring is the set of real numbers, the ) operator is max, and the
Q) is addition over the reals. It follows that et and \I/;m" can be computed in polynomial
time. Let ¥; = max{|W}]**|, |\I';7’””|}.

Finally, we note that max,cv () [|q[oo is maxi_; ¥;. <
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3.2 A +/d-approximation

We begin by showing that using the above implicit representation, we can efficiently maximize
the I, norm of the projection onto the orthogonal complement of the given k-subspace.

» Lemma 2. Suppose that for 1 < k < d we are given a set of unit vectors S =
{s1,82,...,51} C R? that are pairwise orthogonal. We can compute

k

ma [ = 3551l

i=1
in polynomial time.

Proof. For y € R?, let 3' denote the projection onto the orthogonal complement of the
subspace spanned by S. Thus, yf =y — Zle(y -54)s;. Viewing y' as a function of y, we see

that ¢y = Z?Zl y;b;, where each b; € R? is a constant vector — it depends on S but not .

(In other words, y' = By, where the projection matrix B depends only on S.)
For each 1 < i < d, define the function V; : R — R? by Vj(x) = zb;. It follows that for
any row r in the join J,

d
V(r)= Z‘/;(Ti) = Zﬁbi =
; i=1

Thus, V(J) = {r' | r € J}. From Lemma 1, there is a polynomial-time algorithm to
compute

max |lg||ee = max||rf]| <
qeV (J) reJ

For any y € R?, we have ||y||oo < ||yll2 < V/d||y||so. Thus we obtain the main result of this
Section:

» Theorem 3. Suppose that for 1 < k < d we are given a set of unit vectors S =
{s1,52,...,51} C R that are pairwise orthogonal. There is a polynomial-time algorithm
to compute a \/g—approximation to

k

max ||r — Z(r - 81)8i|2

reJ c
=1

Next, we consider the algorithmic task of computing the row rank of the join J = T3 <
Ty > - -+ x4 Ty, of the input acyclic database consisting of tables T1,T5, ..., T,,. That is, we
want to compute the size of a maximal linearly independent set [13] of row vectors in J. An
algorithm for this follows from Lemma 2.

» Theorem 4. There is a polynomial time algorithms that, given an acyclic database as
input, can compute the row rank of the join J.

Proof. We build an orthonormal basis one vector at a time. Using prior work on sum-product
queries, we compute a vector | € J that maximizes the square of the Euclidean norm. If s}
is the zero vector, the rank of J is 0. Otherwise, let s; be the unit vector corresponding to
s}, and we initialize S = {s1}.

12:7
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Suppose that we have computed a set S = {s1, 52, ..., s;} of unit vectors in the row space
of J that are pairwise orthogonal. Using Lemma 2, we compute s; 11 € J that achieves
J
max ||r — Z(r - 81)8il|oo

reJ ‘
=1

If this maximum is 0, then the rank of J is 7 and S is a basis for the row space of J.
Otherwise, we add the unit vector s;4; corresponding to s;» 41 to S and continue. |

4 Maximum Distance to a k-Subspace: A PTAS

Assume we are given an acyclic database consisting of tables T, 75, ..., T;, and an orthonor-
mal set of k vectors S = {s; | 1 <i <k} C R, where (as we recall) the set of features in the
database is C' = {1,2,...,d}. We would like to compute the maximum distance of a row in

the join J =11 < Ty < - - - 1 Ty, from the subspace spanned by S. The distance of a point
q € R? from the subspace spanned by S, is dist(q, span(9)) = ||q — Zle(q - 87)8i||2. Thus,
our goal is to compute max,e s dist(q, span(S)). Let d(q, span(S)) == ||q||3 — Sr_, (g - s:)2.
As d(q, span(S)) = dist2(g, span(S)), we reformulate this as computing D(J, span(S)) :=
maxgeJ cf(q, span(S)). The main result of this section a polynomial-time approximation
scheme (PTAS) for the problem for constant k.

We begin by showing that the Distance to k-Subspace problem is NP-hard even for k = 1.

» Theorem 5. If there is a polynomial-time algorithm for computing D(J, span({p})) given
the input acyclic database and vector p € R%, then P = NP.

Proof. The proof is by reduction from the Partition problem. Given a set of positive integers
F ={f1, fo, ..., fa}, the goal here is determine if F' can be partitioned into two parts F’ and
F" such that dif f(F', F") := ZfeF, - ZfeF,, f = 0. Given such an input, we compute
an acyclic database with tables T7,T5,...,Tog and a vector p as follows. The sequence of
features is {(c1,v1, 2, V2, ..., ¢4, V4, Cat1). For 1 < i < d, the columns of table T5;_1 are ¢;
and v;, and the columns of table T5; are v; and ¢;11. Each table has two rows, whose values
are determined as follows.

Th T
C1 U1 (% C2
0 fi fi 0
0 —fi —fi 0
Ts Ty
Cc2 V2 V2 C3
0 f2 f 0
0 —fa —fa 0
Toq—1 Toq
Cq Vd Vd Cd+1
0 fa fa 0
0 —fa —fa 0
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It is clear that the database is acyclic, and in fact, a tree that witnesses this is a path.

We set p = (1,1,...,1) € R?*1 Let £(p) = span({p}) denote the line through p. Let .J
denote the join of the tables. If D(J,£(p)) =3 ;cp f?, we declare that the input Partition
instance has a solution; otherwise, we declare that it doesn’t.

The reduction runs in polynomial time, and we now argue that it is correct. For any
partition (F', F"') of F, we define x(F’, F") to be the vector (¢1,v1,...,Cq, V4, C4+1) Where

ci=0for1<i<d+1,and foreach1<i<d, v;=f;if fy € F/ andv; = —f; if f; € F".
Note that y is a bijection from the set of partitions of F' to the set of rows of the join J.

Furthermore, dif f(F', F") = x(F', F") - p. Note that |[p||3 = 2d + 1, and for any row q € J,
we have ||q||3 = EfeF f?; all rows in J have the same 2-norm. Thus, for any ¢ € J,

da.t) = al3 — LB _ 5

2
|2 feF

We conclude that for any partition (F’, F") of F,

dif f(F',F") =0 < x(F',F")-p=0 <= d(x(F',F"),p) =Y _ f* <
feEF

Our PTAS for Distance to a k-Subspace has three major steps. Let F = {e; | 1 <
i <d} C R? denote the unit vectors in the standard basis. We want to find a k-subset
Ej, C E such that span(Ey) is “close to” span(S). This first step, along with the properties
of span(Ey), is described in Section 4.1. In the second step (Section 4.2), we use Ej to
reduce the Distance to k-Subspace instance to polynomially many well-conditioned instances
of the same problem. In the third step (Section 4.3), we use discretization and dynamic
programming to solve a well-conditioned instance approximately in polynomial time. We
conclude in Section 4.4 with an application of the PTAS to subspace approximation.

For a set X C R?% we denote the orthogonal complement of X by X*. That is,

t={yeRi|y-x=0foralzec X}

4.1 Finding a Close k-Subspace

Our algorithm for computing Ej, is as follows. Let proj(a, span(S)) be the projection of a
vector a on the subspace spanned by S.

Algorithm 1 Compute Ff.

Initialize £}, = @,5' = @&

e} 1= argmaxe,cp |51 - ¢j]. Add €] to Ej

p1 := a unit vector in the direction of proj(e}, span(S))

S S"U{p}

fori=2,3,...,k do
Compute a unit vector p; such that p; € span(S) N span(S’)*+
€
p; = a unit vector in the direction of proj(e}, span(S) N [span(S’)*])
S' < S"U{p:}

end for

= argmax.;cp [P} - €j|. Add e} to Ey.

We state some useful properties of this algorithm:

» Lemma 6. (a) The set {pl,pg,. Dk} 18 an orthonormal basis for span(S); (b) For any
1 <j <i<k, we have ¢ -p; = 0; (c) We have |Ey| = k, that is, our algorithm never

attempts to add a duplzcate element to Ey; (d) For each 1 <1i <k, we have €} - p; > \}E'
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Proof. Part (a) is evident. As for (b), fix 1 < j < ¢ < k. We have p; - p; = 0. We have
pj = proj(e}, span(S)N[span(p1, pa, .-, pj—1)*1), and p; € span(S)N[span(p, pa, -, pj—1)"].
Given p; - p; = 0, we have p; - e = 0.

For (c), We pick e} € E such that |e}-p}| is maximum. So |e}-p}| > ﬁ. Given that p}, p; €
span(S) N [span(pi, p2, ..., pi—1)*], and p; = proj(e}, span(S) N [span(pi, p2, ..., pi—1)*]), we
have e} - p; > |e} - p}| > %. From part (b), for all 1 < j <i—1, we have ¢} - p; = 0, so
e; ¢ {e} |1 <j <i—1}. Thus |Ex| = k. We have already shown part (d) in the process. <

The key property of the set Ej computed above is that the k-subspaces span(E}y) and
span(S) are close in the sense of the following theorem. For other measures of closeness of
subspaces, see [11].

» Theorem 7. For any unit vector v € span(S), there exists a unit vector u € span(E},)
such that |v - u| > m. (We assume that the dimension d > 36 to get this simplified

bound.)

Proof. A high-level overview of the proof is that we construct a “best-response” unit vector
u € span(Ey) for each unit vector v € span(S), depending on the relative magnitudes of
components of v. Now we proceed to the formal proof.

We represent the unit vectors as v = z1p1+xape+...+ Ty and u = yr1e] +yoesH+...+yrey,
where Zle z? = Zle y? = 1. Let # = (z1,72,...,2%) and y = (y1, Y2, ..., yx) denote the
corresponding unit vectors.

Let P=[p1 p2 ... p] ERP* U=1[e} e .. €] eR™F and A=PTU. We
have v - u = 2T Ay. We have the following claim for A.

> Claim 8. A is an upper triangular matrix. Each diagonal element a;; > %. For other

non-diagonal elements a;;/, where ¢ < j', we have |a;;/| < 1.

Proof. For 1 < j < i <k, we have a;; = p; - e; = 0 by part (b) of Lemma 6. For 1 < <k,
we have a;; = p; - e} > % by part (d). For other non-diagonal elements a;j, where i < j':

given p; is a unit vector, |a;;| = |p; - €| < 1. 4

Let z=2TA. Sov-u=z-yand
7 = (a11%1, A12%1 + A22T2, ..., ATy + A2pT2 + .. + AkpTr) |
We want to pick a good vector y such that |z -y| is large enough. Let ¢ be a small positive
constant. We discuss different cases for x:
. [&]
Case 1: z; > WaFT

. c 2c
Case 2: 71 < a1 T2 > (V)2

29— 1¢

' ;. _c _ 2 ) 2/ % .
Case j: x1 < Va1 %2 < VR o Ti-1 < Vit L > D

' . c 2c 2k—2¢ k—1

Case k: 1 < Va1 , Ty < Wak—27 Trp—1 < W , T > 2 [

In case 1, we pick y; = 1 and leave all other components 0. Then |z - y| = |a1121| >
1 c — c
Vd (VAT (V)R

In case 2, we pick yo = 1 and leave all other components 0. Then |z y| = |a1221 +agexa| >

1 2c c _ c
a22x9 — |a12x1| Z ﬁ : (\/a)k_Q - (\/E)k_l - (\/E)k—l'
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Similarly, in the case j, we pick y; = 1 and leave all other components 0. Then
— J—1 2i—1 j—1 gi-1
2yl = largey + agjwe + . 4 agjog| 2 agiey = 30500 el 2 i — Xin1 g 2
21 t¢ 21 72¢ 1 2772c  d—4

(Vayk—itt — (Va)yk—it1 1_% (Vd)k—i+1 /d—2"
In case k, we pick y, = 1 and leave all other components 0. Then |z-y| = |a1;21 +agjz2+

k—1 o . .2k 20 V/d—4
o+ appxk| > apprr — Y, |aike;|. Similar to the case j, the lower bound is (\/E)C %_2.

Therefore, given that d > 36, the smallest lower bound for |z - y| occurs in Case 1, where
|z -y > ﬁ. We now argue that at least one of the cases must hold. It suffices that

k

2i-lc k )
;(W) SE%‘Zl

The inequality holds if ¢ = 5. Thus, |v - u| > ﬁ = W. <

For each 1 < ¢ <k, let j3; denote the coordinate corresponding to e}, i.e., e; = eg,. Let

I ={p1,P2,..., 8k} C [d] be the set of indices corresponding to the standard basis vectors in
Ej.. The following claim is shown by using observations made in the proof of Theorem 7.

» Lemma 9. For any k-dimensional vector a = (ay,as, ...,ar) € R¥, we can efficiently
compute a point g € span(S) such that qg, = a;, for all1 < i < k.

Proof. For any 1 < i < k, let w; € R* be p; restricted to the indices in I. Similarly, let
el € R¥ be €] restricted to indices in I.

Let M = [wl Wy ... W ... wk} € RF¥F We want to show that there exists an
vector z € R¥ such that Mz = a. We have the following claim for M.

> Claim 10. rank(M) = k.

~
<

Proof. Let N = [ef e5 .. e .. e}] € R¥¥* We can observe that p; - e = w; e

holds for 1 < 4,7 < k. Thus, M'N = PTU = A. From claim 8, we know rank(A) =
Thus rank(M) = k.

.

A

Given M is a full rank square matrix, there exists an vector 2 € R* such that Mz = a.
Then we can compute ¢ = Px. |

We conclude with the following implication of the closeness in Theorem 7 of span(S) and
span(FEy).

» Lemma 11. Let w be an arbitrary unit vector in the (d — k)-subspace span(E \ Ey). Let

w' be a unit vector along the projection of w on span(S). Then |w-w'| < /1 — %, where

R’
R = dk2%k,

Proof. Let v be the projection of w’ on the subspace spanned by Ey. Let u = v’ — v.

According to Theorem 2, |[v||2 > —=—, then [[ul|s < /1 — Zhs.

(Vd)k2k?
Then

1 1
|w.w/|—|w.(u+v)—|w.u§||w||2|u||2§\/1dkz%—\/lR <
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4.2 Reduction to Well-Conditioned Instances

We will use the new orthonormal basis P = {p1,pa, ..., pr} for span(S). Therefore we will
use the notation span(P) for the subspace span(S) in the following sections.

Recall that I C [d] is the set of indices corresponding to the standard basis vectors in F.
For each i € I, let o be the node in the join tree such that i € éa, See Section 2 for a
reminder of these concepts. Let A = {a; | i € I}; we use A = {a1,a2,...,q4} to denote
the elements of the set. We can write the join J as

J = U J AT BT DAL BTy

1 GTal ,T2€Ta2,...,T‘A|ETa‘A‘
We therefore compute D(J >4 1y b4 1o B4 ... >4 74), span(P)) for each row combination
{r1,r2,...,74/}, and return the maximum of these quantities. The number of row combina-
tions is O(n*), which is polynomial as k is a constant. In the remainder of Section 4, we fix a
single row combination {71, 72, ...,7| 4|}, and explain our approximation scheme for calculating
D(J a7y b7 4 ... DI 7 4], span(P)). We will continue to use J to denote the new join. For
each 1 < i < |A|, we delete all rows in the table Ti,, except r;. Let r* =171 X 72 X ... X 7| 4.

For any ¢ € J, we have d(q, span(P)) = ||q||2 — 32, (¢ - p;)®. However, the individual
terms ||g||3 and Zle(q -p;)? can be much larger than d(q, span(P)). We therefore apply a
translation that preserves ci(, span(P)) but makes these two terms small.

Let r* be the vector formed from r* by restricting to the indices in I. Using Lemma, 9,
we compute a vector h € span(P) such that h; = r*. We apply the translation ¢’ = q — h.

As we translate by a vector in span(P), the distance to span(P) is preserved:
» Lemma 12. For any q € J, d(q, span(P)) = d(¢, span(P))

Also, we can observe that for any ¢ € J, ¢y = q; — hy =rF —rF = 0.

To effect the translation, we have to modify the tables. Thus, for each node « in the join
tree, and for each row r € T,, and each feature i of T,,, we set r°* = r; — h;. We henceforth
refer to the r** as just r; and ¢’ as gq.

» Lemma 13. After the modification of tables, for any q € J, q € span(E\E}y) as qr = 0.
Therefore by Lemma 11, ||q|)2 < R - d(q, span(P)).

This bound on ||g||3 is what we mean by saying that the join J is well-conditioned.

4.3 Algorithm for a Well-Conditioned Instance

We can use dynamic programming over the join tree to explicitly compute the set
{d(q, span(P)) | g € J}. However, this set can have exponential size. Our approximation
algorithm will therefore work with a rounded version of d(g, span(P)). We observe that

2
k k d

d
d(a,span(P)) = llallz = 3 _(a-p)* = >_af = 3 | D_pisas (1)

i=1 i=1 \j=

Where p;; is the j-th element of p;. By Lemma 13, we know that ||q||3 < R-d(q, span(P))
for any ¢ € J; the join is well-conditioned.
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Let 8 = maxye ||g||3. Consider a node « of the join tree such that its table T, contains

a row r with an entry whose absolute value exceeds /3. Clearly, such a row r does

4R(k+1)d?
€

not contribute to the eventual join J, so we delete such rows. Let n = , where

€ > 0 is the error parameter for the approximation scheme, and v = @ Notice from

Equation 1 that ci(q7 span(P)) is built up from terms of the form p;;q; and ¢;. For z € R,
let [z] = sign(x)||z|/v]. We will use v * [p;;q;] and ~ * [¢;] as our rounded version of p;;q;
and g¢; accordingly — essentially we round to the nearest integer multiple of v that makes the
absolute value smaller. The rounded version we use for d(g, span(P)) will then be

2

d
apxdist(q, span(P)) := +* Z q; —7? Z Z Pij ;] (2)
j=1 Jj=1

=1

We now describe our dynamic programming algorithm to use the [p;;q;]’s to compute an
approximation to D(.J, span(P)).

4.3.1 Data Structures for the DP

For node « in the join tree, and row ¢q € J,, let A,(q) = Zjeca [¢;]?, and
Ba(q) = (Ba(q)[1], Ba(q)[2], -, Balq)[k]), where Ba(q)li] = }_;cc, [Pijqs], for 1 < i <
k. Note that if a is the root of the join tree, then v2A,(q) — +* 2:1.":1(B<l(q)[z'})2 is
apxdist(g, span(P)) (Equation 2).

For each node « in the join tree 7, our algorithm stores an array «.M|[] indexed by the
rows in table T,,. For a row r € T,, the entry «.M|[r] will eventually store the set

{(Aa(q), Ba(q)) | g € Ja b}

That is, a signature (Ay(q), Ba(q)) is stored in a.M|r| for each row ¢ in the join J, pxr.
Using the fact that the join is well-conditioned, we show later that the size of this set of
signatures is bounded by a polynomial, even though the join itself can have an exponential
number of rows.

4.3.2 The DP

To fill in the a. M| arrays, the algorithm does a post-order traversal of the join tree 7, and
solves for each node « of 7 in that order.

If o is a leaf node, then for each row r in T,, we set a.M[r] to {(Aa(r), Bua(r))}.
Note that Ay (r) = Zjeéa [r;]?, and Bu(r) = (Ba(r)[1], Ba(r)[2], ..., Ba(r)[k]), where

B, (r)[i] = Zg‘eﬁ [pijrs]. If C, = 0, then the above summations evaluate to 0, and
M[r] ={(0,]0,0,...,0])}.

If « is an internal node, let A\ and p denote its left and right child. For each row r € Ty,

we initialize a.M[r] = () and compute o.M [r] as follows:

12:13
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Algorithm 2 Compute a. M[r].

Dae Y o lrP
Initialize vector Ap := (Ap[l],Ag[2],..., AB[k])
for each 1 <i <k do
Aplil < 32,z [pijr]
end for
for each ry € T) and r, € T, do
if ry ~ 7 and r, ~ r then
for each (ay,by) € A\.M[ry] and (a,,b,) € p.M[r,] do
Add (ax+a, +Aa,by+b,+ Ap) to a. M]r]
end for
end if
end for

After the DP completes, we use the tables at the root a of the join tree to output this
estimate for D(.J, span(P)):

k

2 2 12
ma. ma. a— bli
TET)of (a,b)Ea.X]\/I[r] 7 7 ; [ ]

4.3.3 Correctness of the DP

Let « be any node of the join tree, and r a row in the table T,,. We argue that for any row ¢
in the join J, 7, (Aa(q), Ba(q)) € a. M[r] after the DP completes processing node a. If o
is a leaf, this is obvious. Assume that « is an internal node. Let A and p be the left and
right child of «, respectively. There is exactly one row 7\ € Ty (resp. r, € T,) such that
g~y (resp. ¢ ~1,). Clearly, r ~ ry and r ~ r,. Thus, ¢ is a concatenation of 3 rows: (a)
arow in gy € Jypary (b) arow in g, € J, >ar,; and (c) r itself.

Furthermore,

Aa(q) = Ax(ar) + Ap(gp) + Aa,

where Ay = [r;]%. And

j€Ca
Ba(@)[i] = Bx(ax)[i] + By(g,)[i] + Apli],

where Agli] = Zjeﬁa [pijrj]. Thus the pair (Aa(g), Ba(g)) is added to a.M[r] by the DP
when looking at rows ry € T and r, € T},.

Conversely, we can also argue that if the pair (a,b) is added by the DP to a.M|[r], then
a = Aq(q) and b = B,(q) for some g € J, 7.

4.3.4 Running Time

We now show that our algorithm runs in polynomial time. Consider the term p;;r; for some
1<i<k,1<j<dwhere r is some row of some table that contains j as a feature. Given
that p; is a unit vector, |p;;r;| < |rj| < maxqes||gll2 = VB. As |[pijr;]] = Lpijril/v], and
v = V/B/n, we have

\lpijrsll < Ipisrsl/y < V/B/v<n
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Note that [p;;7;] is an integer. Now fix a node « in the join tree and consider any row
q € Jo. It follows that Vi € [k], Ba(q)[i] = >_,cc, [Pijq;] is an integer whose absolute value
is at most dn. Similarly, Aa(q) = > ;cc, [¢;]? is an integer whose absolute value is at most
d?n?. Similarly, Vi € [k], Bo(q)[i] is an integer whose absolute value is at most dn. The
cardinality of the set {(A4(q), Ba(q)) | ¢ € Jo} is therefore O(d*+2n*+2). Thus, the space
used by the a.M[] array is O(nd**2n*+2). Given that n = 4R(k + 1)d?/e, it is now easy to
see that the overall running time is a polynomial.

4.3.5 Approximation Guarantee

Fix g € J,. We note that for all 1 < 4,5 < d, |pi;q; — v[pijq;]| < v by design. Now for
1<i<k,1<j,j5 <d, we have

|(Pija;)(Pijraj) — ’72 pija;llpij ai ]l < 1(pija;) iy ay0) — vIPijas)(pijrai )| +
VP a5)(Pigrair) — ¥ [pijaipij a]|
< Apiyray | +v1vIpiiasl]
< 29V/B=28/n

Here, the last inequality is because we only round down the p;;q;. Now, (i(q, span(P))
(Equation 1) and apxdist(q, span(P)) (Equation 2) each have (k+ 1)d* corresponding terms,
and the difference in absolute value between the corresponding terms is bounded by 23/n
above. Thus,

5 2(k + 1)d?

|d(q, span(P)) — apxdist(q, span(P)| < B < iﬁ < ED(J7 span(P)) (3)

" =5R7 =73
Here the last step is due to Lemma 13. Let ¢* € J satisfy d(¢*, span(P)) = D(J, span(P)).
The algorithm returns apxdist(q, span(P)) for a row ¢ € J such that

A

d(q, span(P)) > apxdist(q,span(P))—%D(J,span(?))

> apxdist(q*, span(P)) — %D(J, span(P))

~

> d(q*, span(P)) — eD(J, span(P)) = (1 — €)D(J, span(P))

» Theorem 14. There is a polynomial-time algorithm that, given an acyclic database
with tables Th,Ts, ..., T, over a total of d features, a set of orthogonal unit vectors P =
{p1,p2, .-, Dk} (where k is a constant), and a parameter 0 < € < 1, computes a (1 — €)-
approximation to the farthest distance of a row in the join from the subspace spanned by

P.

4.4 Subspace Approximation

Theorem 14 can be used as a primitive to compute a k-subspace that approximately minimizes
the maximum Euclidean distance of a row in the join to the k-subspace. This problem is
well known in the literature as lo-subspace approximation; see [14] for references. Consider
the following algorithm:

Let S be a set that consists of the origin in R,

For i € [k]:
Compute using Theorem 14 a row ¢ € J such that d(q, span(S)) > (1 — €)D(J, span(S))
S+ Su{q}
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It follows from (the proof of) Lemma 5.2 of [8] that for the set S computed by the

algorithm and sufficiently small 0 < € < 1, we have D(J, span(S)) < (2(1 + €))?*D(J, F), for
any k-subspace F. That is, for constant k, we get an algorithm that runs in time polynomial
in the size of the acyclic database and returns a (2(1+¢))*-approximation for the [,-subspace

approximation problem.
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