Electronic Colloquium on Computational Complexity, Report No. 104 (2004)

Dimension is compression

Maria Lépez-Valdés* and Elvira Mayordomo*

Abstract

Effective fractal dimension was defined by Lutz (2003) in order to
quantitatively analyze the structure of complexity classes. Interesting
connections of effective dimension with information theory were also
found, in fact the cases of polynomial-space and constructive dimen-
sion can be precisely characterized in terms of Kolmogorov complexity,
while analogous results for polynomial-time dimension haven’t been
found.

In this paper we remedy the situation by using the natural concept
of reversible time-bounded compression for finite strings. We com-
pletely characterize polynomial-time dimension in terms of polynomial-
time compressors.

1 Introduction

Effective fractal dimension was defined in [10] in order to quantitatively
analyze the structure of complexity classes. See [9, 14] for a summary of the
main results.

In parallel, the connections of this effective dimension with algorithmic
information started being patent. The cases of constructive, recursive and
polynomial-space dimension were characterized precisely as the best case
asymptotic compression rate when using plain, recursive, and polynomial-
space-bounded Kolmogorov complexity, respectively [13, 11, 6].

But the case of polynomial-time bounds remained elusive [8]. This is
not strange since computing even approximately the value of time-bounded
Kolmogorov complexity seems to require an exponential search. The main
difference with space-bounded Kolmogorov complexity is reversibility, in this
later case the encoding phase can be performed within similar space-bounds.
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In this paper we look at the usual notion of compression algorithm for
finite strings. A polynomial-time compression scheme is just a pair of en-
coder and decoder algorithms, both working in polynomial-time. We con-
sider encoders that do not completely start from scratch when working on
an extension of a previous input. This last condition is formalized in section
3 with a conditional-entropy like inequality.

We exactly characterize p-dimension as the best case asymptotical (that
is, i.0.) compression ratio attained by these polynomial-time compression
schemes.

Several results on the polynomial-time dimension of complexity classes
can be now interpreted as compressibility results. For example, the (char-
acteristic sequences of ) languages in a class of p-dimension 1 cannot be i.o.
compressed by more that a sublinear amount. Here we obtain results on the
compressibility of complete and autoreducible languages.

Buhrman and Longpre have given a characterization of p-measure in
terms of compressibility in [4], but in that case the compressors are restricted
to extenders and the encoder is required to give several alternatives, one of
them being the correct output. In the light of our present results we can view
effective dimension as an information content measure for infinite strings,
whereas resource-bounded measure can only distinguish the extreme case of
measure 1 classes.

2 Preliminaries

The Cantor space C is the set of all infinite binary sequences. If w € {0,1}*

and z € {0,1}* UC, w C x means that w is a prefix of z. For 0 < i < j, we

write z[i. .. j] for the string consisting of the i-th through the j-th bits of x.
Let p be the set of polynomial-time computable functions. Let E=

DTIME(20().

Definition. Let s € [0, 00).

1. An s-gale is a function d : {0,1}* — [0, 00) satisfying
d(w) = 27%[d(w0) + d(w1)]
for all w € {0,1}*.
2. A martingale is a 0-gale, that is, a function d : {0,1}* — [0, 00)
satisfying

d(w0) + d(wl)

d(w) = 5



for all w € {0,1}*.

We will often use the following basic result.

Theorem 2.1 [10] Let s,s’ € [0,00). If d is an s-gale them d'(w) =
26" =9l d(w) is an s'-gale.

Definition. Let s € [0,+00) and d be an s-gale.

1. We say that d succeeds on a sequence S € C if

limsup d(S[0...n]) = o0

The success set of d is S®[d] = {S € C | dsucceeds on S}

2. We say that d succeeds strongly on a sequence S € C if

liminf d(S[0...n]) = oo

n—oo

The strong success set of d is Sgo[d] = {S € C | dsucceeds strongly on S}

str

O
Definition. Let X C C,

1. The p-dimension of X is

dim,(X) = inf{s € [0, +00) |d p-computable s-gale s.t. X C S*°[d]}

2. The strong p-dimension of X is

Dim;,(X) = inf{s € [0, +00) |3d p-computable s-gale s.t. X C S, [d]}
O
For a complete introduction and motivation of effective dimension and
effective strong dimension see [9)].



3 Compressors that do not start from scratch

In this section we develop the notion of compressors that “do not start from
scratch” in the sense that when encoding successively longer extensions of
an input, the outputs are restricted in the way we make precise below. The
extreme case of this behavior is when the compressor is a mere extender,
that is, C'(w) is always a prefix of C'(wu). We consider here a much weaker
restriction than extension.

Definition. A pair of functions (C,D) (C the encoder, D the decoder)
C,D :{0,1}* — {0,1}* is a polynomial-time compressor if:

(i) C and D can be computed in polynomial-time on their corresponding
input length.

(ii) For all w € {0,1}*, D(C(w), |w|) = w.

(]

In this paper, we could make all codes prefix-free, that is, C'({0,1}") is
a prefix set for each n. For the asymptotic compression rates the difference
is not significant.

Notice that in the previous definition there is no restriction whatsoever
on the behavior of C, the encoder, when working on two inputs that are one
an extension of the other. For instance, we can have |C(wu)| < |C'(w)| and
C(wu) can have no common prefix with C'(w).

We introduce a restriction on the compressor that has an effect on the
variety of C'(wu) for different u, that will be controlled by |C'(w)|. Compres-
sors under this condition are still far more general that extenders or length
increasing compressors.

Definition. A polynomial-time compressor (C, D) does not start from
scratch if for all but finitely many k£ € N and w € {0,1}*

Z 2~ 1Cwu)| < gk/logkg—|C(w)| (1)
lul=k
O
We will consider only compressors that do not start from scratch.
Notice that when >, _; 2-ICwu)l < 2=ICWI * condition (1) is trivial,

while in general Z\u|:k 2~ 1€l can be as large as 1.

Remark 3.1 Polynomial-time compressors (C, D) that satisfy the following
two conditions don’t start from scratch.



i) For all w,u € {0,1}*, |C(wu)| > |C(w)]

it) For all but finitely many k € N, w € {0,1}*, and Vi > 0

N; = Niw, k) = # {u € {0,1}* | |C(ww)| = [C(w)] +i } < 2" ez 08"
Example 3.2 For the following polynomial-time compressors condition (1)
holds

e C is an extender, that is, Vw,w’ € {0,1}*
wCw = C(w) CCOW).
e Compressors with common prefives: Yw,u € {0,1}* C(wu) and C(w)
have a common prefiz of length at least

i
log(lul)

[Cw)] - + log(Jul).

In fact, we have a weaker restriction on compressors that still implies
our main result of equivalence with p-dimension:

For all € > 0, for all but finitely many w € {0,1}*, there exist k =
k(w) = O(log(|w|)) that verifies

Z 9~ ICwu)l < gekg—|C(w)]
lu|=k
This weaker condition also restricts the behavior of C' in the sense of not
starting from scratch, but in this case in a much less local way. For instance
we admit a compressor C' in which for all w,u with |u| = log(Jw|), C(wu)
and C(w) have a common prefix of length |C(w)| — elog(|w|) + log log(|w]).
In this paper we have preferred to stick to simpler condition (1).

4 Main theorem

We first define the notion of a.e.(almost everywhere) and i.o.(infinitely often)
compressibility for sets of infinite sequences as the asymptotic best (respec-
tively worse) compression ratio.

Definition. For a € [0,1] and X C C,



1. X is a-i.0. polynomial-time compressible if there is a polynomial-time
compressor (C, D) that does not start from scratch and such that for
every A€ X

|C(A[0...n —1])]

n

<«

lim inf <
n

2. X is a-a.e. polynomial-time compressible if there is a polynomial-time
compressor (C, D) that does not start from scratch and such that for
every A e X

Jimn sup |C(A[0...n—1])] <a
n n

Definition. Let X C C,

1. X isi.0. polynomial-time incompressible if for every (C, D) polynomial-
time compressor that does not start from scratch, there exist A € X
such that

o 1O(AD 0 — 1)

n n

=1

2. X is a.e. polynomial-time incompressible if for every (C, D) polynomial-
time compressor that does not start from scratch, there exist A € X
such that

i sup [CA0- . n = 1)

n n

=1

|
Our main theorem characterizes p-dimension in terms of polynomial-time
compression.

Theorem 4.1 Let X C C,

dimp(X) = inf{a|X is a-i.o. polynomial-time compressible}

Dimy(X) = inf{a|X is a-a.e. polynomial-time compressible}

We include a detailed proof of this result in section 6.

Hitchcock showd in [7] that p-dimension can be characterized in terms of
on-line prediction algorithms, using the well-studied log-loss prediction ratio.
Our result can thus be interpreted as a joining bridge between the perfor-
mance of polynomial-time prediction and compression algorithms, both in
the best and the worse case.



5 Applications of the main result

In this section we obtain interesting consequences of our characterization
for the polynomial-time compressibility of complete and autoreducible sets
from previously known p-dimension results.

Notice that in this section we identify each language A with its char-
acteristic sequence x 4, therefore compressibility of a class always means
compressibility of the corresponding characteristic sequences.

We start by showing that no polynomial-time compressor works on all
many-one complete sets.

Theorem 5.1 The class of polynomial-time many-one complete sets for E
1§ 1.0. polynomial-time incompressible.

Proof. Ambos-Spies et al. prove in [1] that the class has p-dimension 1.
a
Next we consider degP (A), the class of sets that are equivalent to A by
<P _reductions. The compression ratio of deg? (4) and deg’, (B), for A<F B,
is related by the following theorem.

Theorem 5.2 Let A, B be sets in E such that A<P B, then

1. thei.o. p-compression ratio of degt (A) is at most the i.0. p-compression
ratio of degh (B).

2. The a.e. p-compression ratio of degﬁl(A) is at most the a.e. p-
compression ratio of degl (B).

Proof. Ambos-Spies et al. prove 1. in [1] for p-dimension. Athreya et al.
prove in [2] the strong dimension result for 2. O

We next consider the property of autoreducibility. A set A is autore-
ducible if A can be decided by using A as an oracle but without asking
query x on input x. We obtain incompressibility results both in the case
of polynomial-time many-one autoreducibility and for the complement of
i.0. p-Turing autoreducible sets. Therefore for each polynomial-time bound
there are i.0. incompressible sets that are <P -autoreducible and other that
are not even i.o. S?—autoreducible.

Theorem 5.3 The class of polynomial-time many-one autoreducible sets
are i.0. polynomial-time incompressible.

Proof. Ambos-Spies et al. prove in [1] that the class has p-dimension 1.
(]



Theorem 5.4 The class of sets that are NOT i.0. polynomial-time Turing
autoreducible are i.0. polynomial-time incompressible.

Proof. Beigel et al. prove in [3] that the class has p-dimension 1. O
We next show that there exist polynomial-time many-one degrees with
every possible value for both a.e. and i.o. compressibility.

Theorem 5.5 Let x,y be computable reals such that 0 <z <y < 1. Then
there is a set A in E such that the i.0. p-compression ratio of degt (A) is x
and the a.e. p-compression ratio of degt (A) is y.

Proof. Athreya et al. prove in [2] the result for p-dimension and strong
p-dimension. O
This last theorem includes the extreme case for which the i.o. compres-
sion ratio is 1 whereas the a.e. ratio is 0.
Finally, the hypothesis “NP has positive p-dimension” can be interpreted
in terms of incompressibility. This hypothesis has interesting consequences
on the approximation algorithms for MAX3SAT.

Theorem 5.6 If for some o > 0 NP is not a-i.0-compressible in polynomial-
time then any approximation algorithm A for MAX3SAT must satisfy at
least one of the following

1. For some § > 0, A uses time at least on’

2. For all e > 0, A has performance ratio less than 7/8 + € on an expo-
nentially dense set of satisfiable instances.

Proof. Hitchcock proves in [5] that the consequence follows from NP having
positive p-dimension. O

6 Proof of theorem 4.1

We first proof that a dimension upper bound gives a compression upper
bound.

Theorem 6.1 Let X C {0,1}*,
dimp(X) <s = X is s —i.0. polynomial-time compressible.

Dimp(X) <s = X is s — a.e. polynomial-time compressible.



To prove theorem 6.1 we need to make sure simple gales are sufficient in
the definition of p-dimension.

Lemma 6.2 [12] Let di be a martingale. Let ¢ : {0,1}* — [0,+00) be a
polynomial-time computable function such that for each w € {0,1}*, |c(w) —
dy(w)| < 2711, Let dy be recursively defined as follows

d2(>\) = C()\)‘FQ B

c(wb) — c(wb)

dz(’u}b) = dg(w)-f— 9

Then dy is a martingale in p such that |di(w) — da(w)| < 4.

Lemma 6.3 Let X C C. If dim,(X) = « then Vs > « there exists an s-
gale d with X C S*®°[d] such that for all w € {0,1}*, there exists My, ny, € N
with ny < |w| + 1 and

d(w)2- 018 = 2~ ()

Proof. If dim,(X) = « then Vs > « there exists an s-gale d’, with d'(\) = 1,
that succeeds on X.

Let d; be the martingale d; (w) = 20-91%|¢’ (w) and let ¢ : {0,1}* — [0, +00)
be such that ¢(w) = m/ 2~ where

nl,=min{n e N|Im st. |m2™" —dy(w)| < 27"}

m!, = min{m e N | |[m2™™ —dy(w)| < 27"}

w

Notice that n/, < |w| 4+ 1 because within an interval of length 21! there
exists at at least least one dyadic number m2~" with n = |w| + 1.

Let dy be as in lemma 6.2. There exists my,,n, € N such that do(w) =
M2~ " with n, < |w| + 1. We prove this by induction, if |w| = 0 then
dg()\) =3=3- 270,

c(wbd) — c(wb)
2
m! 2 b — mquQ_n;“B
2

dg(wb) = d2(’(l))—|—

= M2 "+
- 27nwbmwb

where 1y, = max{n,,n,,+1,n,,; + 1} < |w| + 2.
Let d(w) = 26~ DI*ldy (w) be an s-gale, then



i w)2~ = 27 (W) = my,2~ "t is a dyadic number an
(i) d(w)2-ls vl dy (w) (uwtwl) s a dyadi b d
Ny < |w|+ 1.

(i) |d'(w) — d(w)| = 26=DIldy (w) — day(w)| < 267 DIWI4 50 §%[d] =
Se[d].

d
Lemma 6.4 Let a,b be dyadic numbers. and let I = [a,b) be an interval

of length r € [0,1), then there exists a string z of length —|log(r)| + 1 such
that a < 0.z < b and z can be computed in time polynomial in |z|.

Proof. If we make a partition of the interval [0,1) in intervals of length
2Mer1=1 then the strings z with length |z| = —|log(r)| + 1 are just the
endpoints of those intervals and it is clear that there exists one of these
endpoints inside our interval. We can compute z bit by bit by using the
condition a < 0.z < b and choosing bit 0 if both alternatives are valid. O

Proof Theorem 6.1. We prove the first inequality; the proof for strong
dimension is analogous. Let X be such that dim,(X) < s, then there exists
d a p-computable s-gale such that d'(A\) = 1, X C S*®°[d'], and for all
w € {0,1}*, there exists My, ny € N with n,, < |w| + 1 and

d (w)27 10l = 2~ (e tlwl),
Then, if d(w) = 20-9%ld’(w), d is a p-computable martingale such that,
i. Forall Ac X, d(A[0...n—1]) > 209" jo.n
ii. For all w € {0,1}*, there exists my,,n, € N with n,, < |w|+1
d(w) = my,2~ "
Let h: {0,1}* — R be defined as follows.
)= 3 dgz
ly|=lwly<w

where y < w means that y precedes x in lexicographic order. Denote by
succ(w) the successor of w in lexicographic order. Notice that h(w) is a
dyadic number m2™" with n < 2|w| + 1, therefore there is a z € {0,1}*
such that |z| < 2|w| 4 2 and h(w) < 0.z < h(succ(w)). Let z, be the first

10



shortest string such that h(w) < 0.z < h(succ(w)). We define the encoder
as C(w) = zy.

To define our decoder D, let z € {0,1}* and n € N, then to generate
a string of length n from (z,n), simulate the martingale starting at A on
successively longer strings. Suppose we have generated the string w so far.
If h(wl) < 0.z, then append 0 to w, if h(wl) > 0.z, then append 1 to x.
Continue until |w| = n. At the end of this process, we have the string w of
length n such that A(w) < 0.z < h(succ(w)).

We next show that the polynomial-time compressor (C, D) does not start
from scratch.

Notice that for each w the interval [h(w), h(succ(w))) has length exactly
d(w)2~1"!. Then by lemma 6.4, there is a string z of length —|log(2~*ld(w)) |+
1 < |Jw| — |log(d(w))] + 1 such that h(w) < 0.z < h(succ(w)). So,

|2w| < fw] — [log(d(w))] + 1.

To see that C' verifies condition (1), we will prove that C verifies the two
conditions of remark 3.1.

i) It is clear that for all w,u € {0,1}*, |C(wu)| > |C(w)| because the
interval [h(wu), h(succ(wu))) is included in [h(w), h(suce(w))).

ii) Fix k e N, w € {0,1}* and i € N,
N; = # {u e {0,1}*
We have that

lu| = k and |2uu| = |20] +¢}

(N; — 1)27 (el < q(p)2- v
N; < 1+ d(w)2~ Wizl
but since |z,,| < |w] — [logd(w)]| + 1,
N; < 1 4 2los(dw)—llogd(w)|gi+1 < 1 4 9i+2 < oithk/logh—logh

for all but finitely many k.
Finally, let us see that (C, D) compresses X. For all A € X

IC(A[0...n — 1|

‘zA[O...n—l]‘

n — [log(d(A[0...n—1])] +1
n —log(2079") + 1

sn+1

VANVAN

O
Next we show that compressibility is an upper bound on dimension.

11



Theorem 6.5 Let X C C.

X is s-i.0. polynomial-time compressible = dimp(X) < s.
X is s-a.e. polynomial-time compressible = Dim,(X) < s.

Proof. We prove the first inequality; the proof for strong dimension is anal-
ogous. Let s’ > s and let k € N be such that s’ — s > 1/log(k), we define

2lw|=|C(w)|
w) = ————, if |w| = mk for some m € N,
2\w|/logk
d
d(w) = E 277520_ui| if (m — 1)k < |w| < mk for some m € N

[ul=mk—|w|

Notice that d is a martingale because of condition (1). d is also com-
putable in polynomial-time. Let d'(w) = 2¢~DI*ld(w) be an s’-gale in p.
For all A € X,

|C(AJ0...n —1])]

lim inf <s
n n

so there exists (by,)nen a sequence of natural numbers such that

i [CCAD b= 1]

Let (an)nen a sequence of natural numbers such that a,k < b, < (a, + 1)k.
Then we have that

9ank—|C(A[0...ank—1])|

, _ s'—1ank
d(A0...ank —1]) = 2~ Dank. gank/logk

2s’ank
27Uk
9ank/ log

By condition (1), 271C(A0--bn=1D| < gk/logkg—|C(A{0-.ank=1)I ' et ¢ = o —
s—1/logk.
d'(A[0. .. ank — 1]) > 20nks"—k/logh

and d' succeeds on X. O

12



References

1]

[2]

[10]

[11]

K. Ambos-Spies, W. Merkle, J. Reimann, and F. Stephan. Hausdorff
dimension in exponential time. In Proceedings of the 16th IEEE Con-
ference on Computational Complexity, pages 210-217, 2001.

K. B. Athreya, J. M. Hitchcock, J. H. Lutz, and E. Mayordomo. Ef-
fective strong dimension in algorithmic information and computational
complexity. In Proceedings of the Twenty—First Symposium on Theo-
retical Aspects of Computer Science, volume 2996 of Lecture Notes in
Computer Science, pages 632—643. Springer-Verlag, 2004.

R. Beigel, L. Fortnow, and F. Stephan. Infinitely-often autoreducible
sets. In Proceedings of the 14th Annual International Symposium on Al-
gorithms and Computation, volume 2906 of Lecture Notes in Computer
Science, pages 98-107. Springer-Verlag, 2003.

H. Buhrman and L. Longpré. Compressibility and resource bounded
measure. SIAM Journal on Computing, 31(3):876-886, 2002.

J. M. Hitchcock. MAX3SAT is exponentially hard to approximate if NP
has positive dimension. Theoretical Computer Science, 289(1):861-869,
2002.

J. M. Hitchcock. Effective Fractal Dimension: Foundations and Appli-
cations. PhD thesis, lowa State University, 2003.

J. M. Hitchcock. Fractal dimension and logarithmic loss unpredictabil-
ity. Theoretical Computer Science, 304(1-3):431-441, 2003.

J. M. Hitchcock and N. V. Vinodchandran. Dimension, entropy rates,
and compression. In Proceedings of the 19th IEEE Conference on Com-
putational Complezity, pages 174-183, 2004.

J. H. Lutz. Effective fractal dimensions. Mathematical Logic Quarterly.
To appear. Preliminary version appeared in Computability and Com-
plexity in Analysis, volume 302 of Informatik Berichte, pages 81-97.
FernUniversitt in Hagen, August 2003.

J. H. Lutz. Dimension in complexity classes. SIAM Journal on Com-
puting, 32:1236-1259, 2003.

J. H. Lutz. The dimensions of individual strings and sequences. Infor-
mation and Computation, 187:49-79, 2003.

13



[12] E. Mayordomo. Contributions to the study of resource-bounded measure.
PhD thesis, Universitat Politecnica de Catalunya, 1994.

[13] E. Mayordomo. A Kolmogorov complexity characterization of construc-
tive Hausdorff dimension. Information Processing Letters, 84(1):1-3,
2002.

[14] E. Mayordomo. Effective Hausdorff dimension. In Classical and New
Paradigms of Computation and their Complexity Hierarchies, Papers
of the conference “Foundations of the Formal Sciences I1I”, volume 23
of Trends in Logic, pages 171-186. Kluwer Academic Press, 2004.

14

ECCC ISSN 1433-8092
http://www.eccc.uni-trier.de/eccc
ftp://ftp.eccc.uni-trier.de/publ/eccc
ftpmail @ftp.eccc.uni-trier.de, subject "help eccc’




