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ABSTRACT. This paper gives an introductory overview of the applications of
algorithmic complexity theory to classical geometric measure theory problems
using a recent point-to-set principle, which gives an algorithmic characteriza-
tion of Hausdorff dimension. We introduce the notions of Kolmogorov com-
plexity in Euclidean space and effective dimension, prove the point-to-set prin-
ciple, as well as a lower bound on the effective dimension of points on a line,
and use these results to provide alternate proofs of the Kakeya problem in the
plane and a special case of the Furstenberg set conjecture.
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1. INTRODUCTION

Hausdorff dimension is one of the most important tools in geometric measure
theory, especially for the study of fractal sets. However, it is often very difficult to
compute. This paper provides an introduction from a geometric perspective to the
concepts, proof, and some applications of a recent point-to-set principle due to J.
Lutz and N. Lutz in [1], which gives an alternate method for proving lower bounds
on Hausdorff dimension using the effective dimension of points in R™. Throughout
the paper, we assume basic knowledge of Hausdorff dimension, but no background
in complexity theory.

In Section 2, we give an intuitive introduction to the Kolmogorov complexity of
finite strings and how this idea can extend into Euclidean space, as well as defining
the effective dimension of a point z € R™. In Section 3, we introduce oracles and
prove the point-to-set principle, which characterizes the Hausdorff dimension of a
set £ C R™ as follows:

dimy(E) = glchl\ll igg dim? ().

Date: August 7, 2024.



2 JULIAN HOVANEC

In Section 4, we provide a geometric interpretation of a result due to N. Lutz and
D. M. Stull in [2], which proves a lower bound on the effective dimension of points
(z,az+b) € R? in terms of the dimensions of a, b, and z. Finally, we use this result
in Section 5, in conjunction with the point-to-set principle, to provide straightfor-
ward algorithmic proofs that Kakeya sets in R? are two-dimensional and that («, 3)
-Furstenberg sets in the plane have dimension greater than a4+ min{«, 8}, a result
first shown in [2] which contributed to the recent resolution of the Furstenberg set
conjecture in R? in [4]. Through these applications, we seek to demonstrate the
power of algorithmic methods in geometric measure theory.

2. KOLMOGOROV COMPLEXITY AND EFFECTIVE DIMENSION

Let {0,1}* denote the set of finite binary strings. Given a string o € {0, 1}*,
how “hard” is it to compute 0?7 Kolmogorov complexity quantifies the difficulty of
this computation using Turing machines.

Definition 2.1. Fix U to be a universal Turing machine (to avoid tedious details,
think of a computer equipped with any common coding language). Define the
Kolmogorov complezity of o as follows:

K (o) = inf{£(8) such that g € {0,1}* and U(5) = o},
where ¢(0) is the length of the string 5.

Intuitively, the Kolmogorov complexity of o is the shortest input one can give a
computer program such that it will return o. For a formal treatment of complexity
theory, see [8].

Example 2.1. Let ¢ = 1010...10, where 10 is repeated sixty-four times. For a
computer to output o, we only need to tell it to repeat the string “10” sixty-four
times, so a sufficient input would be the number 64 in binary, followed by the string
“10”. This input is just 8 bits long, so that K (o) = 8, which is much smaller than
the length of o.

However, if o is more or less “random”, then K (o) is going to be close to the
length of o, meaning that there is no shortcut to computing o, and the best one
can do is input o itself into the computer and tell it to simply output the input.

This brings us to the following definitions, which extend the ideas of Kolmogorov
complexity into Euclidean space.

Definition 2.2. Given z € R™ and r € N, the Kolmogorov complezity of x at
precision T is

K, (z) =inf{K(0) : 0 € Bo—r(z) NQ"}.
If x is a real number, one can think of K. (z) as the complexity of the finite string
obtained by cutting off the infinite binary expansion of = at r digits.

Definition 2.3. The effective dimension (also called the algorithmic dimension,
or simply dimension) of a point x € R™ is

dim(z) = lim inf Kr(z)'

r—00 r

Effective dimension measures the difficulty of computing an element of R™ in
an asymptotic way. It follows directly from the definition that, for any x € R™,
0 < dim(z) < n, but more is true:
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Lemma 2.4. For any real number « € [0,n], there are uncountably many x € R™
with dim(z) = a.

This statement was first proven in [7], and is very important for any proof involv-
ing effective dimension because it allows us to choose points with any dimension
we want, particularly “totally random” points, or those with effective dimension n.

Example 2.2. dim(0) = 0, since to compute r digits of 0 we only need to tell the
computer to repeat the digit 0 r times, which takes around log r bits of information
because we only need to tell it the number r in binary (note that all logarithms
in this paper are base 2). Therefore, dim(0) = liminf, ., logr _ Similarly,

dim(gq) = 0 if ¢ is rational, since the binary expansion of ¢ eventually repeats.

There exists a larger class of elements of R™ with effective dimension 0 than just
the rationals, which are called computable [9]. However, we are not as concerned
with the dimension of individual points in R™, only that we can always find points
of any dimension.

3. THE POINT TO SET PRINCIPLE

In this section, we will introduce and prove the central theorem of [1], which
relates the Hausdorff dimension of a set £ C R™ (a global property) to the effective
dimensions of points in E (a pointwise property).

The key to the point to set principle involves slightly modified versions of the
definitions in the previous section, where our Turing machine now has access to an
oracle, which can be thought of as some arbitrary countable information that “costs
nothing” to compute. Without irrelevant details, an oracle is a subset A C N, where
at each computational step, our Turing machine can ask whether a number it has
computed is in the set A and receive a yes or no answer in only one computational
step. For us, an oracle can drastically shorten the necessary input to compute a
certain string by providing extra information that we then don’t need to include
in the input. Importantly, oracles can sometimes lower the dimension of points in
R™. We will use the following relativized definitions:

Definition 3.1. Let ¢ € {0,1}* and A C N be any oracle. The Kolmogorov
complexity of o relative to A is

K*(0) = inf{£(B) such that 8 € {0,1}* and U*(B) = o},

where the superscript U4 means that the Turing machine U has access to the oracle

A.

Definition 3.2. Similarly, given z € R™ and r € N, the Kolmogorov complexity of
x at precision r relative to the oracle A is

KM z) = inf{K*4(0) : 0 € Byr(z) NQ"}.

Definition 3.3. Finally, the dimension relative to the oracle A of a point x € R™
is
K ()

dim?(z) = lim inf ="~~~
r—00 r

If the oracle set A encodes the countable binary expansion of a real number b € R,
we may also write dim®(z) to denote the same thing as dim” (z).
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Example 3.1. To see how oracles can drastically lower the dimension of points,
let x € R be totally random, and let A encode the binary expansion of x. Then
dim?(z) = 0, while dim(z) = 1, since at each precision r, we only need to tell the
computer to read off r digits from A, requiring only logr bits.

Even though an oracle can lower the dimension of certain points, Lemma 2.4 still
holds relative to any oracle, so that no matter what the oracle A is, we can always
find uncountably many points that are totally random relative to A [1]. These
random points depend on A, but they always exist.

The point-to-set principle concerns the Hausdorff dimension of sets in R™, so let
us briefly state the relevant definitions, following Falconer’s text [3].

Definition 3.4. Let E C R™ and let {U;} be a countable (or finite) collection of
sets. We say {U;} is a d-cover of E if E C |J;2, U; and for each i € N, |U;| < 4,
where |U;| := sup{|z — y| : ,y € U;} is the diameter of U;.

Definition 3.5. Let £ C R", s > 0, and § > 0. Define

()= { i o}

where the infimum is taken over all countable §-covers of E. Letting § tend to 0,
define the s-dimensional Hausdorff measure of E to be

H*(E) = lim 45 (E)

In fact, ##°(F) is a measure on R"™ for any s, and J#"(FE) is equal to n-
dimensional Lebesgue measure up to a constant multiple depending only on n.

For a given E C R™, if for some s we have J#°(E) < oo, then for every t >
s, H(E) = 0, so that as soon as E has finite s-dimensional measure, it will
immediately have 0 t-dimensional measure for any ¢t > s. Thus, for each E there
exists a unique s where the Hausdorff measure of £ “jumps” from oo to 0. This
value of s is called the Hausdorff dimension of E.

Definition 3.6. Formally, the Hausdorff dimension of a set E C R" is
dimy (E) = inf{s : °(F) = 0} = sup{s : °(F) = oo}.
Now we can state the following theorem, due to J. Lutz and N. Lutz in [1].
Theorem 3.7 (Point-to-set Principle). For any E C R™,

3.8 dimp (F) = min sup dim”(z
(38) #(B) = min sup dim” (z)
Importantly, the right hand side of this equation is not an infimum, but a mini-
mum, which means that there exists some oracle A C N such that
dimpy (E) = sup dim* ().
reEE

If A is such a minimizing oracle, we call A the Hausdorff oracle for E. In fact, there
are infinitely many Hausdorff oracles for each set F, since any oracle B containing
a Hausdorfl oracle A also contains information of A, so it cannot increase the
complexity of points in E.
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Example 3.2. Suppose E = {z} is a singleton set. Then, letting A encode the
binary expansion of z, we find that dim* (z) =0, so that dimy (F) = 0, as expected.
Similarly, we can see that the dimension of a countable set is 0, since we can encode
the information of every point in a single oracle.

Beyond the simple cases of singletons and countable sets, one might wonder how
the point-to-set principle can hold if dimg (F) is invariant under rotation, transla-
tion, and rescaling, while the right hand side of (3.8) seems intimately connected
with the particular points that make up F. For example, what happens if we trans-
late E by a “random” point, that is, x € R™ with dim(z) = n? Since one point
is just countable information, we can simply add the information of this point to
the minimizing oracle, so that our computer can calculate points in the translated
version of E just as well as in the original, since it has access to arbitrarily good
approximations of the translation for free. Part of the power of using oracles is that
we can always add more countable information to them. Rotation and rescaling
can be dealt with in a similar way, so that the minimum in (3.8) is in fact invariant
under all these transformations.

Proof of Point-to-Set Principle. The proof proceeds in two parts. First, we will
show that for all oracles A C N, sup,cp dim?(z) > dimy(E). Then, we will
construct the Hausdorff oracle for E, showing that there exists some oracle A for
which this inequality is, in fact, an equality.
For the first part, let E C R"™, let d = dimg(E), and let A C N be any oracle.
Then, let d’ = sup, . dim*(z). We would like to show that d’ > d.
Our definition of d’ tells us that for all z € E, dim”(z) < d, or in other words
A
lim inf M
r—00 r
that is, for all z € E there are infinitely many r such that K2 (x) < d'r. By the
definition of Kolmogorov complexity, this means that for each x and r there is a
finite binary string o, , such that ¢(o,,) < d'r and

2 € Byr (U0 ).

<d,

Now, let
B, ={By-+(q) : ¢ € Qand K(q) <d'r}.

How many balls are in the collection B,.7 Well, #B, should be the same as the
number of rationals ¢ such that K(q) < d’'r, which cannot exceed the number of
binary strings of length less than or equal to d'r. This is because each input to a
universal Turing machine uniquely determines an output, so no two ¢ can have the
same minimal input. Therefore, #8, < 2dlr+1, which is the number of strings of
length less than d'r.

Now, since U4 (0, ) is a rational point with complexity less than d'r,

BQ*" (UA(UI,T) € Bra

so that each x is in a ball contained in the collection B, for infinitely many r.
Letting

Wi = GBT7
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we obtain a sequence of countable covers of E, and for any ¢ > 0, if 7 is large enough
such that 27% < §, then W; will be a é-cover of E.

Now, suppose for contradiction that d’ < d, and let s € (d’,d). For a sufficiently
large i,

AZ(E)< Y |BI

Bew;

= 2 1B
r=1i BeB,

’
o) 2d 41

< Z Z (2—r)s
r=i 1
_ i or(d=s)+1.

which converges because d’ — s < 0. Because this sum converges, as 6 — 0, that is,
as i — 0o, the sum goes to 0, so that s#°(E) = 0. But this contradicts the fact
that d = dimpy (F), since s < d. Therefore, d’ > d, so for all A C N,

sup dim? () > dimp (E).

zeEFR
For the second part of the proof, we want to construct the Hausdorff oracle, or the
oracle that realizes the above inequality. Again, let d = dimy(FE), and let s € Q
and s > d. This means #°(E) = 0, so for a small enough J, we have J*(E) < 1.

Now, pick ¢ € N such that 27¢ < 6. Then there exists a cover {U;}** of E with

(3.9) DU <,
=1

and |Uzt ¥l < 27" for all 4 € N. This gives a countable sequence of covers which we
will encode in the minimizing oracle, A.

Specifically, A will encode, for each Uf **the information of i,t, s, one rational
point ¢ € U}®, and a rational approximation r of |U!*|. Now, suppose z € E,
meaning x € Uf ** for some 7. To compute = up to precision r relative to A, we only
need to specify which U it is in, and ensure that |U}®| is around 277"

Supposing 2~ 1) < |UP*| < 277, (3.9) tells us that there are at most 2("+1s
such |U"*|, so that to specify one of them requires at most (r+ 1)s bits. Therefore,

K,A(x) <(r+1)s+O(logr),

where the error term comes from technical details about Turing machines which we
have omitted. Therefore, for every = € E,
K ()

dim®(z) = lim inf =~ < lim inf
r—oo r r—00 r r

(r+1)s n Ologr <

— i

so that for each rational s > d,

sup dim?(z) < s,
zck

implying that sup, . dim® (z) = d. O
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The following corollary demonstrates an important application of the point-to-
set principle, which allows us to prove lower bounds for dimg (E), typically a much
more difficult task than proving upper bounds.

Corollary 3.10. Let E C R™ and o € R. If for every oracle A C N and every
e > 0, there is a point x € E such that diim™(z) > a — ¢, then dimy (E) > a. In
particular, we only need to find such an x when A is a Hausdorff oracle for E.

Proof. Our assumption that there is always an z € E with dim” (z) > a— ¢ implies
that sup,.p dim®(z) > a — ¢ for all oracles A C N, so that

dimg(F) = Amci% blelg dim?(z) > o —e.
x

Since € was arbitrary, dimy (E) > a. O

This corollary will allow us to easily derive meaningful statements about Haus-
dorff dimension from the examination of the effective dimension of points relative
to an arbitrary oracle.

4. THE EFFECTIVE DIMENSION OF POINTS ON A LINE

The rest of this paper will be dedicated to applying the point-to-set principle
through an exposition of [2], which proves a bound for the effective dimension of
points on lines in R?. Using the point-to-set principle, this bound immediately
leads to bounds on the Hausdorff dimension of Kakeya sets in R? and generalized
Furstenberg sets in R?, demonstrating how algorithmic methods can be useful for
classical geometric measure theory problems. However, this line result is just one
among many, and the point-to-set principle has also extended Marstrand’s projec-
tion theorem to a much wider class of sets and led to other results involving packing
dimension. For a more thorough summary of the applications of algorithmic meth-
ods in geometric measure theory, see [5].

The bound in [2] uses a concept developed in [1] called conditional Kolmogorov
complexity, which will be summarized in the following definitions.

Definition 4.1. Let 0,7 € {0,1}*. The conditional Kolmogorov complexity of o
given T is
K(o|r) = min{¢(B8) : U(B,7) = 0}.
This definition is identical to the definition of Kolmogorov complexity, except
that 7 is now allowed as input, so that K (o) = K(o|7), where 7 is the empty string.
Basically, we are asking how easy it is to calculate o once we already know 7.

We can now extend this definition into Euclidean space the same way we did for
Kolmogorov complexity.

Definition 4.2. For z € R™ and ¢ € Q", let
Ky (z|q) = min{K(plq) : p € Bo--(x) NQ"}

Now, if x € R™, y € R™, the conditional Kolmogorov complezity of x at precision r
given y at precision s is

K, s(zly) = max{K,(z|q) : ¢ € Ba-:(y) NQ™},
and for shorthand, we write K, (z|y) to mean K, ,(x|y).
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These definitions may all be extended to include an oracle in the same way as
in Section 2, where anytime the superscript A appears, it means we are working
relative to the oracle set A.

Definition 4.3. Finally, the conditional dimension of x given y is

K
dim(z|y) = lim inf M,
r—00 T

and the conditional dimension of x given y relative to an oracle A C N is
A( KA(x|y)

z|y) = lim inf ———==.
T—00 T

dim

Note that K, (z[y) < K/ (z) +O(1), and therefore dim? (z|y) < dim™(z), since
the additional information of y can only decrease the length of input needed to
calculate z.

One important tool in the study of complexity and effective dimension is called
symmetry of information, and quantifies the intuitive result that computing two
things at the same time is more or less the same as computing the first one, then the
second one given the first one. We present the version of symmetry of information
in Euclidean space from [2].

Lemma 4.4 (Symmetry of Information in Euclidean Space). For all z € R,
y€R™, and r;s € N with r > s,
(1) | K (x]y) + K (y) — Kr(z,y)| < O(logr) 4 O(loglog [|y||)
(i) |Krs(z]z) + Ks(z) — K (2)| < O(logr) 4 O(loglog ||z])),
and in particular, if A C N is any oracle set,
dim?(z, y) = dim® (z|y) + dim” (y).

Symmetry of information, as well as the following lemma from [1], which speci-
fies the relationship between conditional complexity and complexity relative to an
oracle, will be useful to us later when working with conditional dimension.

Lemma 4.5. Given x € R" and y € R™, there is a constant c, depending only on
m and n, such that

KY(x) < Kri(ly) + K(t) + ¢,
and in particular, dim?(z) < dim(x|y).

With these definitions, we can present the main result of [2], which makes
progress on the following question: Given a line L, ; := {(z,az +b) : € R} C R?,
what can we say about the dimension of points on this line? In particular, is there
a line whose points all have the same dimension? The following theorem, due to N.
Lutz and D. M. Stull, gives a bound for the dimension of points on a line in terms
of the complexity of its slope, y-intercept, and the first coordinate x.

Theorem 4.6. For any a,b,z € R, and any oracle A C N,
dim? (z, az + b) > dim” (z|a, b) + min{dim* (a, b), diim™®(z)}.
To clarify notation, dim” (z, az + b) is the same thing as dim”(z) where z € R2

is the point with coordinates (z, ax + b), whereas dim” (z|(a, b)) means for each r,
the first r digits of both a and b are given as input. Finally, when the real numbers
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a and b appear in the superscript, it means the oracle set encodes the countable
binary expansions of a and b.

We will attempt to provide a geometric interpretation of the proof of Theo-
rem 4.6, due to Lutz and Stull. Much of the literature regarding effective dimension
is written from an information-theoretic perspective, but geometric interpretations
of many of the proofs are possible, and are often more digestible for those coming
from an analysis perspective, rather than a computer science one.

This proof requires several lemmas, the first of which, roughly speaking, provides
sufficient conditions for a point (z,axz + b) to have complexity close to K, (x,a,b),
which by symmetry of information is roughly equivalent to K..(x|a,b) + K,(a,b).

Lemma 4.7 (Lemma 6 in [2]). Let a,b,z € R, § >0, e,n € Q, and r sufficiently
large. Suppose that the following hold:

(1) Ki(a,b) < (n+e)r

(ii) For all pairs (u,v) such that ux +v = ax + b,

K. (u,v) > (n—e)r+46(r—t),

where t is such that ||(a,b) — (u,v)|| = 27" (and r > t).
If conditions (i) and (i) hold, then for all oracles A C N,

4
Kz, az +b) > K*(a,b,z) — KET — O(logr).

As an informal explanation, the conclusion of this lemma essentially guarantees
that K (x, az+b) is close to the maximum possible, since K (a, b, z) > KA(z, ax+
b) + O(log r) because the information of a, b, and x is enough to calculate (x, az+b)
to a similar precision. Condition (i) says that K, (a,b) is small, while condition (ii)
says that if uz +v = ax + b, the only way for K, (u,v) to be small is for (u,v) to
be close to (a,b), meaning they determine very similar lines.

Proof. To show
4
(4.8) KXz, az +b) > KX a,b,x) — Kgr — O(logr),

we need to show that the information of (z, ax+b) up to precision r, along with %Er
more bits of information is enough to know (a, b, z) up to precision r. However, we
really only need to calculate (a, b), since we already know x from the pair (z, ax+b).

Finding (a,b) up to precision r is the same thing as finding out, among all
possible (u,v) such that ux + v = ax + b (of which there are only finitely many
that are unique up to precision r), which one is (a,b). Geometrically, this means
we need (u,v) € By(a,b). Conditions (i) and (ii) provide the following restrictions
on the possible pairs (u,v):

Because (u,v) € By(a,b), their first r digits are identical, so

K;(u,v) = Ky (a,b) < (n+¢)r,
by condition (i). Since ux +v = ax + b, by condition (ii),

K.(u,v) > (m—e)r+0o(r—t).
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Therefore,
m—er+dr—t)<m+e)r
2¢e
= r— —r<t
0
— 27t <27 2%

This means that at most 25" balls of size 27" can fit inside a 2 ball (up to a
constant multiple). These balls of radius 27" are precisely the candidates for (u,v)
we are seeking, since by definition of ¢, all our candidates are within 27¢ of (a, b).
Now, to find out (a,b) up to precision r, we just need to specify which of these
257 balls is the one containing (a,b). This takes at most %r bits, because we simply
enumerate the balls, and then tell the computer the number that corresponds to
the ball we want. Therefore, (4.8) holds. O

With this next lemma, we seek to bound the complexity of any (u,v) such that
ur +v = ax + b in terms of the complexity of a,b, and x. We will later use this
bound to show that condition (ii) from the previous lemma is satisfied for any a, b,
and z.

Lemma 4.9 (Lemma 7 in [2]). Let a,b,z € R. Suppose ux +v =ax +b, and let t
be such that ||(a,b) — (u,v)|| = 27¢. Then for all v > t,

K (u,v) > K(a,b) + K,_; r(x]a,b) — O(log )

This lemma is presented in a rearranged form which is useful for the final proof,
but it can be summarized geometrically. The equation ux + v = ax + b tells us
that the points (u,v) and (a,b) are on a line with slope . This means if (u,v) and
(a,b) are very far apart, so that ¢ is small relative to r, knowing (u,v) and (a,b) up
to precision r means we know = to a much higher precision, while if they are very
close, we know much less about x, but knowing (u,v) gives much more information
of (a,b), since t is closer to 7.

Proof. Suppose we know (u,v) and (a,b) up to precision r. Since uz +v = ax + v,

b—wv

T = .
u—a

What error do we get in « from the error of 27" in w, v, a, and b7 Well, b — v has
error around 27", so that
1 2="

Ax <277 =~ =9~ (1)
= |lu—al  27¢

We claim |u — a| &~ 27, because if u and a were much closer together than 27¢,
then by the equation ux 4+ v = ax + b, the parameters v and b would also have
to be much closer together than 27!, but this contradicts our assumption that
2=t = |(a,b) — (u,v)|. Therefore, Az ~ 2-("=" which tells us that knowing (a, b)
and (u,v) up to precision r is enough to know x up to precision r — ¢. Since we
know (a, b) up to precision r already,

(4.10) K,_ir(z,(a,0) < Ky(a,b,u,v) < K(u,v) + K, ((a,b)|(a,b)).

The second inequality follows because knowing (u, v) up to precision r automatically
tells us (a,b) up to precision ¢, since (a,b) € Ba-:((u,v)), so we only need to
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calculate the rest of (a,b) given the first ¢ digits. Finally, by a direct application of
symmetry of information (Lemma 4.4),

(4.11) K, :((a,b)|(a,b)) = K.(a,b) — K¢(a,b) + O(logr)
and
(4.12) Kyt r(z,(a, b)) = Kot p(2](a, b)) + K, (a,b) + O(logr).

Rearranging and combining (4.10), (4.11), and (4.12), we get

Kr(u,v) 2 Kr—i r(2, (a,0)) = Krt((a, b)|(a, b))
> Kr—tr(zl(a, b)) + K, (a,b) — K. (a,b) + Ki(a,b) — O(logr)
> Ki(a,b) + K¢ (x|(a,b)) — O(log r),
as desired. 0O

The final lemma constructs a useful oracle set D,, which guarantees that con-
ditions (i) and (ii) of Lemma 4.7 are met relative to D,, while K" (a,b,z) is not
lowered too much. We will eventually use this oracle to prove Theorem 4.6 relative
to any oracle set, by the fact that it is constructed to be more useful than any other
oracle in certain key areas, while being less useful than any other oracle otherwise.

Lemma 4.13 (Lemma 8 in [2]). Let z € R™ and n € Q with 0 < n < dim(z). For
all v € N there is an oracle D,., (also depending on n,n, and z) such that
(1) For allt <r, KP(z) = min{nr, K;(z)} + O(logr)
(2) Forallt € N andy € R™, Kgf(y|z) = K, (y|2)+0(logr) and KF"P7 (y) =
Ki(y) + O(logr).
Basically, D, helps as much as possible in computing z up to any precision less
than 7, but doesn’t help compute any other y # z any more than z does.

Ks(z)

Proof. Since n < dim(z) = liminfs_, =, there exists at least one ¢ < r such
that K;—1(z) < nr. Let ¢y be the largest such ¢, and let D, encode the digits of z
from tg to r. Note that this makes D, a finite oracle.

To show that conclusion (1) holds, if ¢ > tg, then Ki(z) > K, (z) = nr (this
equality obscures some technical details which we skip for brevity; see the appendix
of [2]). In fact,

K7 (2) = Kty (2) + Ologr) = nr + O(log )

because we only need to compute the first ¢ digits, since the remaining t —t( digits
are encoded in D,., information we can access for free.
On the other hand, if ¢ < ¢y, then K;(z) < nr, and so

(4.14) KPr(2) > Ky(2) + O(log ),

meaning D, can’t help too much with the first ¢ digits of z. See the appendix of
[2] for the proof of (4.14).

Skipping over technical details, (2) is true because the information encoded in
D,. is redundant. If we are computing y conditioned on the first r digits of z, we
are already given all of the information of D, through these digits of z, so

K[ (yl2) = Kip(yl2) + Ologr),
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and equality follows because a priori oracles can only lower complexity. Finally,
K; "7 (y) = K (y) + O(log)
for the same reasons. All of z is already in the oracle set, so we don’t need D,.. [
In the main proof of Theorem 4.6, we will use this oracle, along with Lemma 4.9,
to show that the hypotheses of Lemma 4.7 hold for any a, b,z € R, relative to D,..
This requires that the complexity of (a,b) be low, while any other pair (u,v) such
that ux + v = ax + b has high complexity unless it is very close to (a,b). Once we

have the conclusion of Lemma 4.7, straightforward manipulations yield the desired
bound on dim” (z, az + b).

Proof of Theorem 4.6. Let a,b,x € R and € € Q4. Let A C N, and let
n € QN [0,dim*(a,b)] N [0,dim™"(z)),

with 6 := dim®®(z) — > 0 (we choose 77 and § this way to artificially achieve
the minimum term in the final inequality). For each r € N, let D, be the oracle
described in Lemma 4.13, with z = (a,b). By conclusion (1) of the lemma,

KTDT (a,b) = min{nr, K.(a,b)} + O(logr)
<(m+e)r

for every large enough r, so that condition (i) of Lemma 4.7 is satisfied relative to
D,.. To show that condition (ii) is also satisfied, let u, v € R such that uz+v = ax+b,
and let ¢ be such that 27¢ = ||(a,b) — (u,v)||. We want to show

(4.15) KPr(u,v) > (n—e)r+8(r —t).

Again, this statement geometrically means that if (u,v) is not close to (a,b), then
it has high complexity. Now, by Lemma 4.9, relativized to D,.,

K7 (u,0) 2 K77 (a,b) + K77 (](a, b)) — O(log ),
and by Lemma 4.5 and the properties of D, from Lemma 4.13,
KPr(u,v) > min{nr, Ki(a,b)} + K,_; . (2|(a,b)) — O(logr)
> min{nr, K;(a,b)} + K**,(z) — O(log )
= min{nr, dim(a,b) - t — o(t)} + dim™®(z)(r — t) — o(r).
Finally, by our choice of 1 and ¢,
KPr(u,v) > min{nr,nt —o(t)} + (n + 6)(r — t) — o(r)
=nt—o(t)+nr—nt+0(r—1t)—o(r)
= 7 = olr) +5(r — 1)
>Mm—er+d(r—t)

for every sufficiently large r. Since condition (ii) is now satisfied, the conclusion of
Lemma 4.7 holds for any oracle, so that

4
KAz, az +b) > KA (2,02 + b) > KAPr (a,b, x) — ?87“ — O(logr).
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By symmetry of information and Lemma 4.13,
KA (a,b,) = KMP (2] (a, ) + K" ((a,5)) — Ollog )
= K (z|(a,b)) +nr — O(logr),
so that
KA(z,az +b) < KA(z|(a,b)) L der O(logr).

r - r r or r
Now, taking liminfs yields
4e
5
and since ¢ was arbitrary and (4.16) is true for any n € Q N [0,dim"(a,b)] N
[0, dim™®(x)), we have

dim? (z, az + b) > dim” (z|(a, b)) + min{dim* (a, b), dim**(z)}.

(4.16) dim? (z, az + b) > dim?” (z|(a, b)) +n —

5. APPLICATIONS IN GEOMETRIC MEASURE THEORY

Theorem 4.6 provides a short proof of the Kakeya problem in R? via the point-to-
set principle. The Kakeya problem concerns the dimension of a Kakeya set, which
is a set in R™ containing a unit line segment in every direction. It has been known
since 1928 that Kakeya sets exist of arbitrarily small measure, and in fact, there
are multiple constructions of null sets that contain a line segment in every direction
[10]. In the plane, Kakeya sets were shown to have Hausdorff dimension 2 by Davies
in 1971, but for n > 3, the dimension of Kakeya sets in R™ is unknown [6]. The
following conjecture, however, is widely believed to be true, and has implications
across analysis.

Conjecture 5.1 (Kakeya Conjecture). If K C R™ contains a line segment in every
direction, then dimpg (K) = n.

For more details on the full conjecture and its implications, see [10]. In [1], J.
Lutz and N. Lutz provide a new information-theoretic proof of the Kakeya problem
in R? using conditional dimension. However, we will use Theorem 4.6 to show the
same result. The following lemma will be necessary.

Lemma 5.2. For any oracle ACN, z € R™ and y € R™,
dimA(:zz,y) > dimA(z).
Proof. By a relativized version of symmetry of information,
dim? (z,y) = dim” (z|y) + dim? (y).
Now, we claim that for any r» € N,
KMaly) + KA (y) > KM a).
This is true because the input length on the left hand side is sufficient to compute

x up to precision r. We simply first use K/ (y) bits of input to compute y, then
K4 (x|y) more bits to compute = given y. Now, taking liminfs yields

dim? (z|y) + dim? (y) > dim* (z),
so that dim® (z,y) > dim”(z). O
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As a corollary to Theorem 4.6, we now present the following proof that Kakeya
sets in R? have dimension 2.

Corollary 5.3 (Kakeya conjecture with n = 2 ). If K C R? contains a line segment
in every direction, then dimpy (K) = 2.

Proof. K containing a line segment in every direction means that for every a € R,
K contains a line segment with slope a. Given an oracle A C N, we want to find
a,b,z € R such that the point (z,az+b) € K and dim” (z, az 4 b) = 2. If we found
such a point for every oracle, then by Corollary 3.10 to the point-to-set principle,
we would have dimy (K) > 2, and therefore dimpy (K) = 2

Given an oracle A C N, let a € R be such that dim”(a) = 1. K contains a
line segment with slope a, so let b be the y-intercept of this line segment, and let
(zr,yr) and (xg,yr) be the left and right endpoints, respectively. We want to
choose = so that the following hold:

(i) dim*(z|(a,b)) =1
(i) dim®(z) =1
(i) dim”(a,b) > 1

By the fact that relative to any given oracle, almost every « € R is random, we can
choose € [z, zp] such that dim*™*®(x) = 1. With this choice of x,

dim®®(z) > dim™**(z) = 1,
and by Lemma 4.5,
dim? (2|a, b) > dim™***(z) = 1,
so that (i) and (ii) hold. Condition (iii) follows from Lemma 5.2, since
dim®(a,b) > dim®(a) = 1.
Finally, by Theorem 4.6 and our choices of a,b, and x,

dim?(z, az + b) > dim” (2|a, b) + min{dim* (a, b), dim®®(z)}
>141=2,

so by the point-to-set principle, dimg (K) = 2. O

This proof illustrates the power of the point-to-set principle and Theorem 4.6.
All we had to do was choose a random slope a and a random coordinate x, and the
fact that random points are so abundant and that K contains lines of every slope
guaranteed that we could choose these random points such that (z,ax +b) € K.

Theorem 4.6 gives insight into another closely related classical geometric mea-
sure theory problem: the Furstenberg set conjecture, which has recently been fully
resolved in the plane by K. Ren and H. Wang in [4]. The Furstenberg set conjecture
concerns the Hausdorff dimension of a generalization of a Kakeya set, where instead
of a line in every direction, our set contains an a-dimensional subset of a line in a
[-dimensional subset of directions.

Definition 5.4. E C R? is an (a, §)-Furstenberg set (and we write £ € F, g) if
there exists J C S* such that dimy(J) > 3 and for each e € J there is a line £, in
the direction e such that dimgy(F N4.) > a.
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Note that Kakeya sets are in F,, g for any «, 3 < 1, and in particular are a special
type of (1,1)-Furstenberg sets. Like the Kakeya conjecture, the Furstenberg set
conjecture asks about a lower bound on the Hausdorff dimension of sets in F,, g.

Theorem 5.5 (Furstenberg set conjecture). If E € F,, g, then

dimg (E) > min {oﬁ-ﬁ,ga;ﬂ,ﬁ—l— 1}.

This theorem was proven in [4] using classical methods, but following [2], we can
very straightforwardly prove the a+f term in the bound for thecase 0 < g < a <1
using a similar strategy as in our proof of the Kakeya problem in the plane.
Theorem 5.6 (Theorem 12 in [2]). Let o, 8 € (0,1]. If E € F,, g, then

dimg(FE) > a 4+ min{«, }.
In particular, if 0 < 8 < a <1, then dimg(E) > a+ 5.
Proof. By the definition of F,, g, there exists some J C S with dimy(J) > 8 and
dimg(EN¥{.) > « for every e € J. Let M = {tan(e) : e € J} be the set of slopes

of the lines in the directions in J. We claim that dimg(J) = dimg (M), since the
tangent map is locally bi-Lipschitz. Let A be the Hausdorff oracle for E, so that

dimp (E) = sup dim* ().
zeE

By the point-to-set principle for M,

dimg (M) < sup dim” (a),
a€eM

so that given £ > 0, there exists some a € M such that dimA(a) > [ —e. Now, let
b be such that dimy(E N Lgp) > . By Lemma 5.2,

dim?(a,b) > dim?(a) > 8 —e.

Now we will use the point-to-set principle for £'N L, ;. This tells us that there is
some z € R such that (z,az+b) € ENL,, and dim™*?(z) > a—e. By Lemma 4.5,
dim?(z]a, b) > dim™*?(z) > o — ¢,

and by basic properties of oracles,
dim™®(z) > dim™***(z) > a — ¢,
so that by Theorem 4.6,
dim?(z,az +b) > @ —e + min{f — e, — £}
= o + min{f, a} — 2.
Since € was arbitrary, we are done by Corollary 3.10. ]

In the above proof, we straightforwardly applied the point-to-set principle, il-
lustrating the fact that whenever you have a bound on Hausdorff dimension, the
point-to-set principle gives significant information about the effective dimension
of points, which, after some effort understanding the structure of effective dimen-
sion, as in the work of Theorem 4.6, can immediately be translated into bounds on
Hausdorff dimension via the point-to-set principle.

Continued study of the effective dimension of points on lines or other geomet-
ric structures, especially extended into higher dimensions, could give insight into
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important problems in geometric measure theory, such as the Kakeya problem and
Furstenberg conjecture, which remain unsolved in higher dimensions.
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