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Abstract

It has been understood for sometime that the classical smoothness spaces, such as
the Sobolev and Besov classes, are not satisfactory for certain problems in image
processing and nonlinear PDEs. Their deficiency lies in their isotropy. Functions
in these smoothness spaces must be simultaneously smooth in all directions. The
anisotropic generalizations of these spaces also have the deficiency that they are
biased in coordinate directions. While they allow different smoothness in certain
directions, these directions must be aligned to the coordinate axes. In the appli-
cation areas mentioned above, it would be desirable to measure smoothness in
new ways which would allow one to have more local control over the smooth-
ness directions. We introduce one possible approach to this problem based on
defining smoothness via level sets. We present this approach in the case of func-
tions defined on RY. Our smoothness spaces depend on two smoothness indices
(s1,52). The first reflects the smoothness of the level sets of the function, while
the second index reflects how smoothly the level sets themselves are changing.
As a motivation, we start with d = 2 and investigate Besov smooth domains.
(© 2000 Wiley Periodicals, Inc.

1 Introduction

The classical smoothness spaces, such as Sobolev and Besov spaces, have been
an important staple in mathematical analysis for more than a half century. They
serve to classify the regularity of a function in a way that is useful in describing
when a function can be efficiently approximated, or computed, or compressed by
certain frequently used methods such as splines or wavelets. They are also used
to specify regularity of solutions to partial differential equations. However, it has
been recognized for some time that they are not satisfactory in classifying functions
in certain application areas. We mention two of these areas.
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In image compression, Candes and Donoho [1] have pointed out that certain
very simple functions, known as cartoon images, are wrongly classified by the
Sobolev-Besov classification. By this we mean that the index of smoothness of a
function in these spaces does not accurately reflect its compressibility. A cartoon
image is the characteristic function f = yq of a domain Q C R?. Suppose that
this domain is the interior of a simple closed C? curve. Then, the Sobolev-Besov
smoothness index of f is at most one. This smoothness index will determine the
approximation rate of f by classical linear and nonlinear methods using say splines
or piecewise polynomials. For example, if we approximate f in L, by such approx-
imation methods using n parameters (or # bits in the case of encoding) then we will
only achieve the distortion rate ¢(n~'/?), where the 2 reflects the curse of dimen-
sionality. On the other hand, we can approximate such a characteristic function by
simply approximating the domain Q by a second domain € with distortion mea-
sured by the area of the symmetric difference between € and Q. Then yq, is the
approximation to Yq. For example, taking Qg as an appropriate polygonal domain
with a piecewise linear boundary consisting of n pieces we will achieve L, distor-
tion between Yo and Yq, bounded by Cn~!'. In other words, the Besov-Sobolev
smoothness index predicts the wrong compressibility of such functions f. Stated
in another way, the classical approximation methods are not efficient in approxi-
mating such functions. This observation has led to the introduction of alternative
approximation methods using generalizations of wavelets known as curvelets.

Consider next the numerical approximation of the solution to certain nonlinear
evolution equations known as conservation laws. A scalar conservation law in RY
is given by the initial value problem

(1.1) u+Vy-f(u) =0, u(x,0)=uo(x),

for (x,¢) € RY xR, and flux f = (fi,...,fs). Even when the initial condition uo
is in C* and the flux f has arbitrarily prescribed differentiability, the solution u
will develop shock discontinuities in finite time. The question arises as to how ef-
ficiently one can compute an approximation to « in the sense of L at a later time
t > 0. This question is usually tackled by means of regularity theorems. A regu-
larity theorem guarantees that the solution u(-,¢) will have a certain smoothness at
a later time ¢ > 0, provided the initial condition is suitably smooth. The classical
result here is that u(-,7) is in BV whenever uy € BV. The BV regularity theorem
would only guarantee that the solution at later time ¢ > 0 could be approximated to
accuracy @(n~'/?) in L; by classical approximation methods using n parameters
such as piecewise polynomials on uniform partitions. However in the case d = 1, it
was shown in [7] that whenever up € C*, the solution has arbitrary high regularity
in a certain class of Besov spaces and more importantly that this implies that the
solution could be approximated to accuracy &'(n~*) for all s > 0 by piecewise poly-
nomials on adaptive partitions. In other words, in the case d = 1, shock formation
is not detrimental to numerical efficiency. However, no corresponding results are
known in higher space dimensions d > 1. Indeed, it is known that the solution has
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limited Besov regularity for the same essential reason as was the case in the image
processing example. The question arises whether there are higher smoothness re-
sults if smoothness is measured in other ways and perhaps more importantly, can
the solution be computed to higher order accuracy by new approximation methods.
One such method that is based on this philosophy is front tracking (see for example
Chapter 11 of [2]).

These two examples motivate our search for new ways to measure smoothness
which would treat cartoon images and shock discontinuities more favorably than
the Sobolev-Besov scales. We shall introduce a new family of smoothness spaces
based on level sets which measure smoothness in a new way. These spaces will
judge a function based on two criteria. The first is how smooth are its level sets.
The second criteria will be how smoothly the level sets evolve as the level changes.

The main results of this paper, given in Theorems 6.1 and 7.2, show that func-
tions in the spaces we introduce can be approximated by functions whose level sets
have a simple description in terms of piecewise algebraic polynomials.

The first part of this paper will provide motivation for the definitions and theo-
rems that follow. There, we introduce a new class of domains Q C R?, which we
call Besov domains because of their analogy to Lipschitz domains, that are geo-
metrically very natural, but may not be (as shown in Example 4.1 and Example 4.2)
level sets of functions in R?. We show that these Besov domains can be approxi-
mated with a certain accuracy by piecewise polynomial domains. This motivates
us to view the level sets of functions in R?, d > 2, as sets that can be approximated
well by piecewise polynomial domains (as described in §4).

2 Besov spaces and approximation

Our first goal is to define certain Besov domains whose boundary can be de-
scribed by Besov regularity. We begin by recalling properties of univariate Besov
classes and then proceed to defining the Besov domains and deriving some of their
properties.

Consider a function ¢ defined on an interval I := [a,b]. We define the Besov
space B3 (L.(I)) as in [6] (see §10 of Chapter 2). These Besov spaces can also be
defined by wavelet decompositions. The wavelet approach gives the same spaces
with an equivalent norm provided the Besov space is compactly embedded in L;
which we shall always assume. Analogues of the Sobolev embedding theorem say
that the Besov space Bj(L¢(I)) is compactly embedded in L, (/) provided 1/t <
s+ 1/p. We identify the Besov space B (L(I)) with the point (1/7,s) in the
upper right quadrant of the plane. The line segment in the upper right quadrant of
the plane which consists of all pairs (1/7,s) such that 1/t = s+ 1/p is called the
Sobolev embedding line or sometimes the critical line. Thus, we see that the Besov
space is compactly embedded in L, (/) if its parameter point (1/7,s) lies above the
critical line.
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We shall use some well-known embedding inequalities. To describe them, we
define P, as the class of all univariate algebraic polynomials of degree at most
r— 1 (order at most ). We are interested in how well we can approximate ¢ by
such polynomials which leads us to defining

@1 Er(9.Ly(1)) := jnf [19 = Pllr,):

which is the error in approximating ¢ in the L,(I) norm by polynomials of order
r. If ¢ € BS(L(I)) with parameters above the critical line and if s < r, then (see
Chapter 12 of [6])

(2.2) E(¢.Ly(I)) <GP |ps iy, O:=s+1/p—1/x,

where C, is a constant depending only on r. The parameter 6 measures how far
(1/7,s) is above the critical line. Actually the inequality (2.2) easily follows from
the embedding inequality

Er(,L,((0,1])) == inf (|0 =Pz, 0.1y < Crl@ 5 (ze(0.1))

by a change of variables.

The embedding inequalities (2.2) are the basis for proving theorems about non-
linear approximation. We recall one class of results related to approximation by
piecewise polynomials. We define X, := X to be the set of all functions S defined
on / which are a piecewise polynomial with at most n pieces and whose compo-
nents are polynomials of order at most . We define the error in approximating ¢
by the elements of X}, by

(2.3) 0n(9,Lp(1)) := Cnr(9,Lp(1)) := Slng, 1¢—Slle,m, n=1
Using (2.2), one has (a proof is given below) that whenever s < r,

24) 6 (9, Lp(1)) <C'(r,&)11°19]gyroiyns n>1.
Here it is important to note that the constant C'(r, §) depends only on r and J.
Next, notice that there is even a numerically friendly way to generate good
approximations from X/ to a given ¢ through adaptive refinement. For this one uses
the local error E(J) := E,(¢,L,(J)). We start with the interval / and a given error
tolerance € > 0. If E(I) > € then we divide I into its two children by halving I. At
a general step, given an interval J, we subdivide J into its two children whenever
E(J) > €; otherwise we leave J alone. We denote by &2, the final partition we
obtain in this way. We recall the following lemma which has been essentially
proved but not stated in [4]. For completeness, we sketch its proof.

Lemma 2.1. Fixrandlets <r. If ¢ € B5(Lc(I)) with the parameter point (1/7,s)
above the critical line, then for any € > 0, the final partition &, given by the above
adaptive procedure satisfies

1

(2.5) #(Pe) <C(r,0) ‘I‘Ssilw‘B’;(Lr(l))} S
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Proof: For each £ > 0, we count the number N; of dyadic intervals J € &2, at
level k (this means J is dyadic with respect to / and |J| = 27¥|I[). We claim that

] _ _ T
(2.6) N, < min{Zk, [C,Z“+1/1’2 k5|1|58 1|(Z>|1_!3§(LT(1))} }

This inequality is obvious if the minimum is 2*. If the minimum is the second
term, then we note that the intervals J at dyadic level k are disjoint. Let J denote
the parent of J. Then for each J at level & in our final partition, we have from (2.2)
that

Q2.7) € <E(9,L, (1) < CFI%F (@5 1y

If we add these inequalities over all J € &, with |J| = 27¥|I| and use the fact that
]¢|;% (L) is set sub-additive and that each J is associated to at most two J, we
arrive at the inequality (2.6).

To finish the proof of the lemma, we have

oo K =)
238)  #(Pe) <Y N <Y 24 27TV ) € T Y 2,
k=0 k=0 k=K
where K is the largest integer where the minimum is taken by 2%. It follows that
2K 2 [2571/PC,|118|0| pe 1.17)2 %®€ ], Since the sums are geometric we obtain
#(P,) < C2K. Solving for K we arrive at (2.5). O
Let us note that if we are given an n > 1, then choosing € to satisfy the equation

1
_ i
n=C(r,d) [|I|58 ‘\¢|B%<LT(1)>] o

we get a partition with at most n elements. The L, (I) error in approximating ¢ by
the piecewise polynomial S which consists of the best polynomial approximation
to ¢ on each interval of this partition satisfies

(2.9) 16 — S|l < n'/Pe < C'(1,8)11°(9my(1. 1y~

In other words, we obtain the estimate (2.4) through adaptive approximation.

One final note about piecewise polynomial approximation. We can obtain the
same estimates as described above with continuous piecewise polynomials. For
example, suppose we have a partition and a piecewise polynomial S € X which
is generated by the adaptive procedure and achieves the error estimate (2.4) but S
is possibly discontinuous at some of its break points. By adding at most (n — 1)
additional break points and linear segments we can modify the partition and S and
obtain the same estimates with a continuous approximant.

3 Besov domains in R?

In order to motivate this section, we recall that our goal is to define smoothness
classes via level sets. If a function f is continuous on R?, then its level sets are open
subsets of R?. One of the ingredients we shall use in our definition of smoothness
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spaces is a quantitative measure of the smoothness of a set Q. Ultimately our
definition will be made by how well Q can be approximated by very simple sets
which are open and have piecewise polynomial boundaries. However, it is useful
to have an idea of which sets € have this property. Therefore, we begin this section
by defining a class of bounded open sets in R? which have a certain smoothness
for their boundary and end by showing that these domains can be approximated by
piecewise polynomial domains. Our definition is quite similar to that of Lipschitz
graph domain or minimally smooth domains in the sense of Stein [11, CH. VI.3.3]
except that the latter uses Lipschitz spaces in its definition and we want to use more
general Besov spaces.

By a coordinate system for R?> we mean a pair of unit vectors (u,v) which are
orthogonal. Given a point x € R?, its coordinates with respect to these vectors are
X' = (x,u) and y' = (x,v). We shall typically work in the following setting. We
have an open rectangle R whose sides are parallel to the given coordinate vectors u
and v. The rectangle can be written as R = I x J in the coordinate system (u,v). We
assume that there exist a measurable function ¢ defined on / and an € > 0 such that
for each x’ € I, the numbers ¢ (x') — € and ¢ (x') + € are in J. This means that each
point (x',¢(x)) is in the rectangle which we get from R by raising the bottom and
lowering the top by €. We call G(¢,R) := {(¥',y') e R:y' < ¢(x')} a fundamental
graph domain associated to R and ¢. In the case when ¢ is a polynomial of order
r, G(9,R) is called a fundamental r-polynomial graph domain. Figure 3.1 shows a
typical fundamental graph domain.

Figure 3.1: The typical fundamental graph domain.

Note that for continuous ¢’s, the set G(¢, R) is always an open subset of R? and
it has a simple geometrical interpretation (see Figure 3.1).
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It is the rectangle R with its top trimmed off by the graph of the function ¢. In
general, G(¢,R) is not an open set in R? but it is measurable. We abuse language
throughout this paper by referring to sets as domains even though they are not
necessarily open.

Let B:= B(I) := B(L:(I)) be a univariate Besov space which compactly em-
beds into L;. This means that 1/t < s+ 1. If the function ¢ in the definition of a
fundamental graph domain G(¢,R) belongs to the class B then we will call such
a domain a fundamental B (L.(I)) graph domain associated to R and ¢. We shall
use the shorter notation fundamental B graph domain where it is understood that
B =B} (L(I)). Note that the elements of a Besov space are equivalence classes and
each representative of this equivalence class gives its own fundamental B graph do-
main. However, the sets are equal almost everywhere. Note also that the boundary
of a fundamental B graph domain can be very pathological, in particular, it need
not be of finite length.

We say that a bounded open set Q € R? is a BS(L;) domain (or B-domain
for short) if there exists a positive integer N and a collection of N open rectan-
gles {Rj :=1; xJ j}j};l (each with respect to a coordinate system (u;,v;)), j =
1,2,...,N, which cover the boundary of Q, with the following properties (see Fig-
ure 3.2): For each of the rectangles R}, there is a function ¢; € B}(L(I;)) such that
Q;:= QNR; is a fundamental B}(L(I;)) graph domain associated to R; and ¢;,
more precisely Q; := QNR; = G(9;,R;).

Figure 3.2: A portion of a Besov domain.

Notice that a B-domain will have many coverings of the above form. These
coverings may have different values of N. Rather than try to choose a best N we
shall simply introduce a measure of the complexity of the best representation for
the given value of N. Namely, when B = B}(L;) and N > 0, we define

N 1 N 1/t
(3.1) |Qpy :=inf [Z |Ij|] [Z ¢j|f;sr(LT(1j))] , 0:=s5+1-1/1,

Jj=1 j=1
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where the infimum is taken over all covers {R j}l}l:l‘ Let us make some remarks
about this definition. First of all, this may be undefined for certain N since there
may be no such covers with N components. Then, we shall define |Q|py = oo.
Secondly, these quantities are non-increasing as N — oo. Notice also that § is the
discrepancy we introduced earlier which measures how far B is above the Sobolev
embedding line for L. Lastly, this is not a norm (or semi-norm) in spite the sug-
gestive notation; it simply measures in some way how nice Q is.
Next, we define the distance between two measurable sets Q1, Q5 in R2 as

(32) dl(.Q],Qz) = ’Q]\QZ’—F‘Qz\Ql‘,

where for a measurable set S C R?, |S| is its Lebesgue measure. Notice that chang-
ing a set S by a set of measure zero will not change its distance to any other set.
Our goal is to approximate a general B-domain by simpler domains in such a way,
that the distance between them is small. For us, these simpler domains will be ones
whose boundary can be described by a finite number of polynomials. The simplest
case here would be a polygonal domain.

To give a precise definition of what we mean by simpler domains, we shall
return to the fundamental r-polynomial graph domains we have introduced earlier.
Suppose that we have a finite collection of open rectangles R;, j = 1,...N, each
with respect to its own coordinate system (u;,v;). The set Q; := UI};IR j is open

and its complement Q is closed in R?. We shall need further information about
the structure of €. The following lemma is geometrically quite obvious.

Lemma 3.1. Let R;, j=1,...,N, be open rectangles (not necessarily parallel
to the coordinate axis) in R>. Then the set Qo := R*\ Uljv: 1R is equal almost
everywhere to QU Qy, where Qf is the unbounded component ' of Qo and if
96 # ®)

m
(3.3) Q6 = U Aj, almost everywhere,

j=1
where each Aj is an open finite triangular region and m < CN? with C an absolute
constant.

Proof: It is clear that Qf and Q] are equal almost everywhere to the union of
some of the pieces into which R? is divided by the 4N lines which determine the
boundaries of the R;’s, j=1,...,N.

We first bound the maximal number n(K) of pieces into which K lines in general
position divide R?. Clearly n(1) =2 =1+1,n(2) =4 =1+ 1+2, and it can be
easily seen that n(K) < n(K — 1)+ K. Thus, inductively we get n(K) < 1+1+
24+ +K=1+ @, and so 4N lines in general position divide the plane into
n(4N) = SN2+ 2N +1 regions (see also [12]). This estimate was further refined

1 By a component of y we mean a maximal open connected subset of Q
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(see [13] and the references therein), when it was taken into account that some of
the lines may be parallel to each other or that more than two lines may pass through
one point.

Let us denote by a the number of pieces (bounded and unbounded) in which
the 4N lines which determine the boundaries of the R;’s, j = 1,...,N, divide R?
and let g be the total number of distinct intersection points of these lines . For our
purposes, it is enough to observe that a < n(4N) < CN?. Note that the set Q) can
be written as Q) = Uﬁ-:l U, where U; are bounded convex regions and £ < a. If v;
is the number of vertices of Uj, then each U; is a union of (v; —2) triangles A, j,
and thus Q) = ﬁ‘:l U A, j, which gives a triangulation for Q) with m < Z§:1 V;
triangular regions.

We say that the i-th intersection point is a point with multiplicity A;, if exactly
A; lines pass through this point. We follow the sweep-line argument from [13],
(originally introduced in [9]) and take a line (called a sweep line) that initially
intersects each of the given lines, and all given intersection points are on one side
of this line. It identifies 4N + 1 regions, containing the two rays and 4N — 1 line
segments, obtained from the intersection of this line with the original 4N lines.
Then, we sweep this line through the plane, keeping it always parallel to its initial
position. New regions are encountered at the intersection points of the given lines:
(A — 1) new regions at each point of multiplicity A. This way the line sweeps
through Z‘J].: (A; — 1) new regions, and therefore the total number of regions is
a=4N+1+Y% (4 —1). Now, Y9 Aj =a—4N —1+4q < CN?, since g <
2N(4N — 1) and @ < CN?. On the other hand, m < Z§:1 Vi <XYiovi= 22;1.:] Aj,
since if we sum the number of vertices of all regions (bounded and unbounded),
then we end up counting every intersection point j, 2A4; times. This, together with
the above estimate proves the lemma. O

We shall also use the next remark which is easy to prove.

Remark 3.2. If the open rectangles R;, j =1,...,N, are a cover of the boundary
of a bounded open set €2, then any triangular region A; from Lemma 3.1 is either
completely contained in the interior of Q or in the interior of the complement of Q.

We are now prepared to give our definition of simple domains. Given the posi-
tive integers n, r, we are now going to define a collection D(n, r) of certain sets Q
which have a very simple description. To begin with, we suppose that we have m,
rectangles R; = I; x J;, with respect to coordinate vectors (u;,v;) and correspond-
ing polynomials P;, each with respect to the coordinate system (u;,v;) such that
G(Pj,R;) is a fundamental 7-polynomial graph domain (recall that this requires that
the graph of P; on /; is contained in R), j = 1,...,m>. We define

(3.4) Q= UAj]U JGPR))|,
j=1 j=1
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where each A; is an open triangular region. We say that such a set Qisin D(n,r)
if my +my < n. Notice that if m; or my is equal to 0, then Q consists of only
fundamental r-polynomial graph domains or triangle regions, respectively. In the
case n =0, we set D(0,r) = 0.

Remark 3.3. We could define our simple domains as the set of Qs such that,
)

3.5 Q:zb(Rz\URJ)U
j=1

where b <R2 \UZ R j> is the bounded component of R*\ J}2, R;. Instead, we

chose the definition given in (3.4), which has at least two advantages. First, it is
more general (see Lemma 3.1). Second, if we use definition (3.5) then when encod-

ing the portion b <R2 \ U’;El R j) of Q (see Section 6.2), it would not be enough to

my
UG(PjaRj)] ) ngl’l,
=1

only quantize the vertices of the rectangles {R; }’;.21, since a small error in the quan-
tization may lead to a significant error in the domain description. We circumvent
this difficulty by using our more general definition of simple domains involving

triangles. Namely, we can now simply quantize the vertices of the triangles A;,
constituting b <R2 \ U’;Zl R j) . This allows us to prove a bit rate theorem (Theorem
6.2) on encoding our function classes in Section 6.2.

Note that in definition (3.4) we allow the regions to possibly overlap. However,
in most constructions, such as in the following theorem, the triangular regions are
disjoint.

Theorem 3.4. Let Q C R? be a B := B(L;) domain, where s >0and 1/t < s+ 1.
Then, for any N > 0, there is an Qe D(Cin,r), r > s, such that
(3.6) di(Q,Q) <G (r8)n*|Qlpn, n> N2,

where the constant C| depends only on the order of the polynomials r, while the
constant Cy(r, 8) depends only on r and the offset § :=s+1— ]; of the point (1/7,s)
above the critical line for Sobolev embedding into L.

Proof: We can assume without loss of generality that |Q|p y < . From the defi-
nition of B}(L¢) domain, for each & > 0, there is a collection {R;}_ |, j=1,...N,
of open rectangles and corresponding coordinate systems (u;,v;), where R; =
I; x Jj in these coordinate systems, and a collection of functions ¢; € B;(L:(I;)),
such that Q; := QNR; = G((Pj,Rj) and

N sr N /7
3.7) [Zlujy} [X;“”f’g%@r(m)} <|Qlgy+e=:M.
J= J=

Let us now define

L;
(3.8) nji=|n<y |
J
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where

s 1/(s+1
G9) L= 1105l -

According to (2.4), for each j, there is a piecewise polynomial S; defined on /;
(with respect to the coordinate system for R;) of order r with n; pieces that approx-
imates ¢; in L;(/;) to accuracy

(3.10) 16— Sillyay) < C' (5 8)L1°105 gy 2o

The total number of pieces in these piecewise polynomials does not exceed

N N ny
(3.11) Zn,gZ(lJr T >§N+n§2n.
j=1 j=1 i=11i
We may assume that the graphs of the piecewise polynomial approximations
S are within the rectangles R;. This follows from the fact (see the definition of
a fundamental graph domain) that there is an €;, such that the graph of ¢; lies
between the lines y) = c¢;+ & and y = dj — € in R}, where R; = I; x J;, J; =
[cj,dj] (with respect to the coordinate system (u;,v;)). Therefore, if the graph of
the piecewise polynomial §; goes above or below these two lines, we trim it by
substituting the pieces outside the strip [c; + €;,d; — €;] by the corresponding line
segments. This way, instead of §;, we construct a new piecewise polynomial S i
with at most (2r — 1)n; polynomial pieces of order r, for which the error is even
better since we have ||¢; — §jHL1(1_/) <[19; —S;llL,1))- In going further, we will use
S; to denote these new approximations. The above arguments show that each of

the sets Q; := G(Sj,R;), j=1,...,N, is almost everywhere equal to a union of
(2r — 1)n; fundamental r-polynomial graph domains.

Next, we denote by Qg := Q\UIJVZI Q;=0Q\ Uljy:le. From Lemma 3.1 and
Remark 3.2 we know that the interior of Qg := Q\ Uljy: 1 R is almost everywhere
the union of at most CN2, triangular regions, i.e. Qg = UT:IAJ with m < CN2.

Now we define
R N _ m N _
Q:=QyU (U Qj) = (UA,) U (U Q,) :
j=1 j=1 j=1

Thus, Q is up to a set of measure zero equal to a domain in the set D(2(2r — 1)n +
CN?,r) C D(Cyn,r) with C; =2(2r—1) +C.

It remains to only show that Q approximates Q sufficiently well, so we need
a bound for d;(Q,Q). We first note that Q\ Q C U’)’ZI(QJ- \ Q;) and similarly
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Q\Qc Uljy:l(Qj\ﬁj). Hence, we have from (3.10) that

N _ N
(3.12) di(Q,Q) < Y di(2;,Q) < Y 19; = SjllL.y
j=1

j=1
N

< C'(18) Y 1% 195lmswayn; ™

j=1
Using (3.8) we can bound the sum on the right side of (3.12) by

L

N . —S
Y 1512195153 2.(1,) <” VT ) ’
j=1 j=1%]

which, using (3.9) equals

N s+1
s 18/(s+ 1) 4 1/ )T
n (;VJ’ DAty

Since (s+1)/6 > 1, by Holder’s inequality this is bounded by n~*M. Since € > 0
is arbitrary, this completes the proof of Theorem 3.4. O

4 Domains in R?

In this section, we shall extend our smoothness classification of domains to sets
in R?. Rather than generalize the notion of Besov domain directly, we shall begin
with the fact, proved in the previous section, that each such domain can be well
approximated by polynomial domains from D(n,r). Thus, our approach is to first
generalize the classes D(n,7) to RY and then classify sets according to how well
they can be approximated by sets from D(n,r).

Let us first explain why this approach seems better than to generalize the def-
inition of B-domains. B-domains have a very appealing geometric structure, but
they are not closed under approximation in the metric d; (-,-). Moreover, even C*
functions may have level sets that are not B-domains. There are many examples
we could give to illustrate this. Here is one.

Example 4.1. Let f be a C* function on R? such that f(x) >0 and f(x) > 0 <=
x € (0,1)2. We choose an infinite collection of disjoint open squares Q, C [0, 1]?
whose boundaries do not intersect and |Q,,| = 272". We denote by f; the function
f dilated and shifted so that it is supported precisely on Q,. One easily checks that
the function F(x) = ¥r_; 3 f,(x) is a well defined C* function on R?. Clearly the
level set Q := {x: F(x) > 0} equals {J,_; Qn, and Q is not a B-domain. On the
other hand it can be very well approximated by triangular domains. For each N,
the set Qy := Uﬁlvzl Q) is a union of 2N triangles and obviously

di(Q.Qy)= ) 27<c2
n=N+1
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One could argue that the above example is not that convincing. Namely later in
our considerations, we use the averages over z of the level set norms and thus the
fact that some of the level sets are bad does not really matter. In fact, from the Sard
theorem (see [8] Theorem 3.4.3) and the implicit function theorem it follows that
for C? functions f in R, the set of all z € R for which the boundary of the level
set {x: f(x) > z} is not locally a graph of a function has measure zero. However,
as illustrated in the next example, we may have less smooth functions for which
all level sets are not B-domains. Thus, a classification of domains in R?, suitable
for treating level sets, requires an approximation process. This leads us to take the
approach given in this section.

Example 4.2. Let us fix a sequence of points {a, }>_, in R?, such that a, = (x,,y,)
with x,% + y,zl =1, x, >0, y, \\, 0, and a sequence of numbers A, \, 1. Let A, be
the triangle with vertices a,, Anan,a,+1. We define the set Q :=(J,_; A, U{(x,y) :
x?+y? < 1} and the function g on R?, p(x,y) :=inf{A~': A >0and 1(x,y) € Q}.
Note, that in the neighbourhood of the point (1,0), the boundary of Q is not a
graph of any function in any coordinate system. Then, for any C* function ¢ on R,
decreasing on R with ¢(0) = 1 and ¢ (x) = 0 for x > 1, all nontrivial level sets of
the function F(x,y) = ¢(u(x,y)) are homotetic images of Q, so none of them is a
B-domain.

Next, we continue with our definition. We fix a positive integer r and consider
polynomials in R? or order r (degree r — 1). We define a fundamental r-polynomial
graph domain G(¢, R), where the d-dimensional parallelepiped R = x J, with [ a
(d — 1) dimensional parallelepiped, is with respect to some orthogonal coordinate
system, and ¢ is a polynomial in (d — 1) variables of order r in that coordinate
system. As in the case d = 2, we require that the graph of ¢ on [ is completely
contained in R.

We define D(n,r), n > 0, as the collection of all sets Q in R? which can be
written as

@.1) Q= (GA])U(GG(PJ-,RJ-)),
j=1 j=1

where A; is a d-dimensional open simplex in RY, G(P;,R;) is a fundamental r-
polynomial graph domain, and m; +m; < n. In the case n =0, we set D(0,r) := 0.
If m; or my is equal to 0, then  is a union of only fundamental r-polynomial graph
domains or simplexes, respectively.

For any measurable set Q C R, we define the error in approximating Q by sets
from D(n,r) by

4.2) 6,,(Q):= inf di(Q,Q), n>0,
QeD(n,r)

where as in the two dimensional case, d;(Q,Q) := |Q\ Q|+ [Q\ Q|. It is clear
that oy ,(Q) = |Q|. We gather these domains into approximation classes. For any
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s > 0, let o/° be the class of all domains € such that
(4.3) 0, (Q)<M(n+1)"*°, foralln>0.

The smallest M for which (4.3) holds is defined to be |Q|.s. We consider the pa-
rameter s as a measure of smoothness of sets. Namely, sets in .<7* have smoothness
of order s.

It is clear that any piecewise polynomial domain in D(m,r) belongs to <7* for
all s > 0. Note that in the case d =2 any B3 (L;) domain withs >0and 1/7 <s+1,
is in «7* by virtue of Theorem 3.4.

5 Level sets

We have mentioned in the introduction, that there are two main ingredients
for how we measure the smoothness of a function. One is the smoothness of its
level sets and the second is how smoothly these level sets change with a change in
height. We have already discussed our way of measuring the smoothness of level
sets. We now turn to the question of quantifying how the level sets are changing.
We begin in this section by recalling how an L,-norm of a function f defined on
R? is computed from these level sets.

We shall consider functions defined on R¢ with finite support. We first consider
nonnegative functions f defined on R¢. We denote the level set of f at level z > 0
by Q(z) := Q(f,z) :={x: f(x) > z}. We fix a value of p € [1,) and recall that
forevery f €L,

(5.1) 715, =p [ A2

where A(f,z) := |Q(f,z)| is the measure of this level set. Here and later in this
paper, || ||, means the L, norm on R?; all other L, norms will indicate the domain
of integration. As seen from this formula, the measure dpt,(z) := pzP~!dz plays
an important role when using level sets.

Intuitively, if two functions f, g € L, have level sets that are close then the norm
|lf — gl|z, should be small. Our next goal will be to give a quantitative version of
this observation. We can work in more generality than just level sets of functions
and this will be useful for us later. We suppose that for each z > 0, we have a
Lebesgue measurable set Q(z). From this family of sets we construct the function

(5.2) F(x):= /0oo o) (x)dz, x€ RY,

where Y, is the characteristic function of Q(z). We assume that for almost all
x € R4, the function Xa(z) () is measurable as a function of z. If f is a nonnegative
function and Q(z) = Q(f,z) are the level sets of f, then F = f. However, we shall
frequently work in cases where the ©(z) are not nested and in this case the sets
Q(z) are generally not the level sets of F'.
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Now suppose we have two families of sets Q(z) and Q(z). We define
(5.3) Az) = (Q(2) \ Q(2)) U (2(2) \ Q(2)),
which is the symmetric difference of these sets. We also let
(5.4) 5(2) == |A()] = di(Q(2),Q(2)),
which is the Lebesgue measure of this symmetric difference.

Lemma 5.1. Given two families of sets Q(z) and Q(z), let F and F be defined by
(5.2) and let & be defined as in (5.4). Then, for any 1 < p < oo, we have

53 IF=FIE, < [ 6(duyc)
Proof: From the definitions of F and F, we have
56 P =FWI < [ a0z

Fix x and let A(x) := {z: Xa(;)(x) = 1} and L(x) := [A(x)|. Our main observation
is that for each x we have

p

on [ aewad] = [ [ = [
S/ duy(z) / XAz) x)duy(z).

Indeed, the inequality follows because the two sets, namely [0, L(x)] and A(x) on
which we are integrating d1,(z) have the same Lebesgue measure and the function
pzP~! is increasing. We now integrate both sides of (5.7) with respect to x and use
Fubini’s theorem to interchange the integrals on the right side to arrive at (5.5). O

Let us single out the special case of this lemma when we are dealing with func-
tions f and g. In this case, we use the notation

(5.8) 6(f,8:2) = 8(2),
where & is defined by using the level sets of f for Q(z) and those of g for Q(z).

Theorem 5.2. Given Q C R? and any two nonnegative functions f,g € L,(Q), we
have

(5.9) 17 =8l o) < [ 8(F-gi2dun(o).

Proof: This is an immediate consequence of Lemma 5.1. O
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5.1 Evolution of level sets

In this section, we introduce ways to measure how smoothly the level sets of
a given function f evolve with the level z. This will be the second ingredient in
our definition of smoothness spaces in RY. We will introduce a crude measure
of smoothness which is the analogue of first order smoothness (or one order of
differentiability) for classical smoothness spaces. In Section 7, we shall discuss
possible higher order measures of smoothness.

We begin by considering nonnegative functions f on R?. Recall that we denote
the level set of f at level z > 0 by Q(z) := Q(f,z) := {x: f(x) >z}, and its
Lebesgue measure by A(z) := A(f,z) := |Q(f,z)|. We will measure the regularity
of the evolution of the level sets of f by the smoothness of the function A(z) as
measured by its approximability by piecewise constant functions. Notice that A(z)
is a decreasing function on R .

We fix a value of p € [1,0) which corresponds to the L, norm in which we want
to measure the approximation of f. We continue to use the measure du,(z) :=
pzP~1dz as introduced in the previous section. We will consider approximation
of A(z) in the L;(du,) norm. We first consider the approximation of a general
monotone function g by constants. We fix an interval I = [a,b] and define

o _ P
(5.10) E(g.0)p:= inf llg = cll 1.4y,

We will need the following technical lemma.

Lemma 5.3. Let g € Li(I,du,) be a decreasing (possibly unbounded) positive
function defined on an interval I = (a,b) C Ry. We put g(a) =lim,_,, g(x) (where
we allow this limit to be infinity). Then, there is an interval J = (a',b") C I, u,(J) =
Up(I)/2, such that for each n € (a',b'), we have

1
(5.11) g = &m0y ) <3"PE(2 D),

Proof: First note that the constant ¢* of best approximation to g on / obviously
satisfies ¢* € (g(b),g(a)). LetJ = (d',b") C I be an interval with measure 1,(J) =
Up(I)/2 such that ¢* € (g(b'),g(a’)). We choose this interval J so that v = |(g(a’) —
c*) = (c* —g(b"))| is as small as possible given the other constraints on J. Either v
will be zero or one of the endpoints of / will be an endpoint of J . In either case,
since g is decreasing, it follows that for every z ¢ J and n € J we have |g(z) —c¢*| >
|g(n) — c*|. We integrate this inequality over J¢ = I\ J and obtain

Epi:E(gJ)ﬁz/ﬂ 8(z) = c*lduy(2) = up(I9)lg(n) =, m e,

which gives

E? 2EP
(5.12) gm)—c"|<——=——, forevery n€elJ.
=S 0 T w0
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Now we use the triangle inequality and (5.12) to derive

g — &MLy auy,) < 18— <MLy r.ap,) + 1" — &ML, (r.ap,) < EP +2EP = 3E?,
and the proof is completed. O
We now turn to approximation of A by piecewise constants. Let X} be the set of
univariate piecewise constant functions on R with n pieces, n > 0, i.e. taking at
most n non-zero values, and let Z(l) consist of the zero function. For any univariate
function g € L1 (R,du,) and any 1 < p < oo we define the error

(5.13) 01 (¢)y = inf g~ SI/le gy 120,

of approximating g by the elements in £ using the L (tp) norm. Clearly we have
00(g)p = || g|| Ly (R, du,)* FOT any s > 0, we define the approximation class %), that
consists of all functions g, such that

(5.14) 0x(8)p <M(n+1)"°, forall n>0.

As usual, we define |g]| ; to be the smallest M for which (5.14) hold.

It follows from results on nonlinear approximation that we have already men-
tioned that any function g in B}(L([)) is in %] for s € (0,1) and 1/7 < s+ 1.
There is a way to characterize %,,. By a simple change of variables, g € %), if and
only if the function g(z”) can be approximated by piecewise constant functions
with n pieces in the L; norm to accuracy O(n~*7). The latter class of functions
contains the Besov space By (L;) for T > (sp+1)~!. Also, any piecewise constant
function with finite number of pieces clearly belongs to %), for all s > 0 and all p.

Note that if f is a finite linear combination of characteristic functions of sets
B of finite measure, f =} ¢;Xs;, then A(f,z) is a piecewise constant function
with a finite number of pieces and therefore A(f,z) will belong to %), forall s > 0
and all p.

6 The smoothness spaces for R?

We are now in position to give the definition of our new smoothness spaces.
Given a function f defined on R, we can decompose f = f. — f_, where f; are
its positive and negative parts. We fix any p € [1,0) and any s1,5, > 0. We say a

function f defined on R? is in .Z"*) if

oo 1/p
6.1) (= | \Q<f+,z>|wdup<z>}
1/p
{/ |Q(f- |Q{Y1Pd.up( )} < oo,
and

6.2) Ma(f) = |A(fe )| o + A=) o < oo



18 DEVORE, PETROVA, WOJTASZCZYK

Here «/* and 28), are the approximation classes defined in the previous sections.
We define

(6.3) f] g0 1= M1 (f) + Ma(f)-

The role of M;(f) is to measure the smoothness of the level sets of f. It measures
it in an averaged sense. The role of M;(f) is to measure how smoothly these level
sets evolve with changing height.

Notice that these smoothness spaces depend on the choice of r, a dependence
we shall usually not indicate. Clearly every finite linear combination of character-
istic functions {¥a;} of domains A; € D(n;,r), f = Y7L cjXa;, is an element of
F ,§“‘ 2) for all s1>0, 55 >0, and p. Also, the characteristic function yq of an open
bounded BS(L;) domain Q C R? with s > 0 and 1/7 < s+ 1 belongs to ﬁ,ﬁ“/ ps2)
for all s, > 0 and all p (see Theorem 3.4). Note also that M;(f) < o implies that
feL,(RY).

6.1 Approximation of functions in f/‘lgs 1,52)

Our next goal will be to show that the functions in the smoothness space .%, ,SSI 2)

can be approximated well by linear combinations of characteristic functions yx for
which the set A is particularly simple. Given (n,r), we define ), as the collection

(6.4) G ={S: S=Y cjxn, Aj€D(nj,r), Y n;j<n},
Jj=1 j=1

of all functions that are linear combinations of characteristic functions of piecewise
polynomial domains. The following theorem holds.

Theorem 6.1. If f € 9,5”2), with 1 < p < oo, 0 < 1,52, then there is an S € €,
such that

(6.5) 1f =Sllz, <3"PLf] oo™,
where

1 1 1
(6.6) —=—+—.

S 51 52

If f >0 then we have S € €4, and S = Y7 cjxa; with c; > 0 and c; < || f||L.. if
f € Loo(RY).
Proof: We will prove (6.5) for f nonnegative and with S € 44, , . The theorem

follows from this by decomposing f into its positive and negative parts. Given any
integer n =1,2,..., we define
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The assumption that f € %, IES"SZ), guarantees that there is a decreasing piecewise
constant function S, (z) defined on R, with at most n, pieces and breakpoints z; <
-++ < Zn,, such that for A(z) :== A(f,z), we have

©7) o)y =[A=S/ly 4 SMa(f)(ma+ 1) < Mo(f)n,

We define I; := (zj,zj+1), j =0,...,n2, where by definition zo := 0 and z,,, 1 1= oo.
Since by assumption f € L,(R?), it follows that S, is zero on (z,,, ).

We shall now invoke Lemma 5.3. It follows from the lemma that for each
interval ;, there is a subinterval J; with p,(J;) = u,(1;)/2 such that for any points
¢ielj, j=0,...,np—1, we have

HA _A<§]) HL](IJyd[Jp) < 3E(A7]J)g7 .] = 07 <oy N — L.
Summing the above inequalities over j and denoting by S, the piecewise constant

function S, := Z;zzf)lA(é j)1;» we arrive at

ny—1

1A = 82|y (0,20, ).ty <3 Y E(A L)
=0

Now we add to both sides f;; A(z)du,(z) and since S»(z) = 0 for z > z,,,, we have

ny—1

(6.8) 1A= Sall1y(Rean,) <3 Y, E(AL)h+ ANL) (2 o). ity)
=0

< 3[|A =S|z, . ap)-

We now choose the §; € J; so that for each j =0,...,n, — 1, we have

1
6.9) 07 Elerr < s /J 19479 r1r it (2)

2
<D / 1Q(f2)ororr ity (2)-

In going further, we define Q; := Q(f,&;), j =0,...,np — 1. According to the
definition of .@7*!'”, for each integer n; > O there is a domain Q ;i € D(ny, r) such
that

6100 di(Q,Q)) <[Qj]mrn " < Q| e, =0, im0~ 1.

We will take as our approximant to f the function

ny—1

(6.11) Si= Z(Zj+1—Zj)XQI_.
=0

Note that S € €, ,,r, Where njny = [I’lq—‘ [ngw < dn.
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We shall now estimate || f — S|z, We let f. := ¥, Nz — zj) X, From the
triangle inequality, we have

(6.12) I1f =Sz, < If = fell, +[1fe = Sllz,-

To complete the proof of the theorem, we shall estimate each of the two terms
appearing on the right side of (6.12).

To estimate the first term, we apply Lemma 5.1. Notice that the level sets of f
are Q(f,z) and those of f, are Q; when z € (z,2j+1), 30 8 (f, fe:2) = |A(z) — S2(2)].
Thus using (5.9), we obtain from (6.7) and (6.8)

(6.13) 1 = fele, < 1A =$2111fg, gy, < 3'/"M(H)n

To estimate the second term in (6.12), we again apply Lemma 5.1. The level
sets of f. are Q; = Q(f,&;) for z € (zj,zj41). Note that the level sets of S are not
necessarily the Q ;’s because these sets may not be nested. However, we do have

ny—1 Zj+1
(6.14) Sx) =Y Xo, (%) dz,
j=0 72
and therefore, we are in the setting of Lemma 5.1. By (6.10) we have
(615) S(Z):dl(ﬂ~’§2')§|Q'|ﬂs1pn_‘vp, ZE(Zj’Zj+l)v j:O7"-an2_1-

Note that §(z) = 0 for z > z,,. It follows from this and (6.9) that

(6.16) / (2)dy(z) < 2n sp/ Q)| rditp(z), j=0,...,m2—1.
Zj

If we sum these estimates over j =0,...,ny — 1 and use them in Lemma 5.1, we

arrive at

e8I, < [ 8dup(a) <207 [ 71001, iy (2) < 20 M (1),

and therefore

(6.17) 1fe = Sllz, <2YPMy(f)n~* < 3YPMy(f)n~*
Inequalities (6.12), (6.13) and (6.17) and the fact that S € €4, give the proof of
the theorem. O

Let us define now the error

0, (f)p _Slr}f Hf SHLp7 n=1,

of approximating f € L, 1 < p < oo, by elements from %, , and set @y(f), :=
| f|z,- Further, for any s > 0, we define the approximation class &) as the set of
all functions f for which

O,(f)p <M(n+1)"*, foralln>0.
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The class &) is clearly a linear function space, and by Theorem 6.1, we have

%\,Ssl’sz) C & for 1/s = 1/s1 +1/s2. However, at the moment we do not know

whether the class .7, ,5“ *2) i linear or not.

6.2 Encoding of functions in .7, ,§~‘ 152)

We have shown in the previous section (see Theorem 6.1) that functions in
the space fi,ﬁ“*”) can be approximated by functions from 43, , to L, accuracy
O(n~*), where s = (1/s;+1/s2)~!. In this section, we want to discuss a theoretical
encoder of functions from this class, i.e. how to assign to f a bitstream (a sequence
of 0,1’s) from which f can be approximately recovered. The encoder is based
on quantization of the piecewise polynomial domains that approximate the level
sets of f and thereby gives an upper bound for the Kolmogorov entropy of the
spaces 7, ,ES' *2) 'We shall carry out the details only in the case of functions defined
on the unit square Q := [0,1]? in R? which is a setting commonly used in image

processing and compression of digital terrain maps.
Note that the unit ball U(ﬁf"sz)) ={f € Lp(Q) : [f] j15» < 1} is not a
P

compact subset of L,(Q). For example, in the case r > 1 and p = 1 any func-
tion Bygr, with R C Q a square and 2f3|R| = 1, is in this space. By making R
small, we can take an arbitrarily large number of these functions so that their
supports are disjoint and hence they are an L;(Q) distance one apart. There-
fore, we need to add some condition to get a compact set. We consider the class
K=K = {fecU(F"): 1fl@) < 1}. There are various less restrictive
possibilities to assuming that the functions f are bounded but the above condition
meshes well with typical application areas such as image and surface compression.

To encode f € K, we shall approximate it by a function S € %3, and then
encode S. We fix the value of n which corresponds to the accuracy we will want
in the final approximation of f by the encoded function. We define k := [sp] as
the smallest integer larger than sp and choose o := 27!, where m is the smallest
positive integer such that & < n~*~!. The value of & and m are now fixed for the
remainder of this section. We denote by aZ? the lattice consisting of all points in
R? of the form a(iy,ir) with iy, i) € Z.

We begin by describing an encoding of domains in D(7z,7) whenever 71 < n. We
assume for the moment that the order r of the polynomials is known and fixed.
(Later we shall actually encode the value of r.) Given A € D(71,r) , there are in-
tegers my, mp > 0, with m; + my < a1, such that A is the union of /; triangular
domains A;, j = 1,...,m, together with 77, fundamental r-polynomial graph do-
mains G(Pj,R;), j=1,...,/my (see (4.1)) . Each of the polynomials P; has order
< r and each rectangle R; = I; x J; is with respect to a coordinate system with
basis vectors (u;,v;).

In order to make our arguments simpler, we shall without loss of generality
assume that Q = [1/4,3/4]?. Under this assumption, we can also require that all of
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the rectangles and triangular domains are contained in [0, 1]?. Otherwise we could
replace G(P;,R;) and A; with r-polynomial graph domains and triangles with this
property, without worsening the approximation, and whose total number is C(r)i,
where C(r) is a constant depending only on r.

We shall associate to each of the components A; and G(P;,R;) at most < CoL(n)
bits where L(n) := [logn| and Cy is an integer which will depend only on r,s, and
p.

Encoding triangular domains A: Given a triangular domain A C [0,1]2, we
denote its vertices by a,b,c € R2. We define ﬁ,ﬁ,é, as points in aZ? which are
each respectively the closest points from oZ? to a,b,c. Here in the case of ties
we use the convention of picking the point with smallest coordinates to break the
tie. This is easily seen to be unique. We denote by A the triangular domain with
vertices &,b,¢&. Each of the points 4,b,¢ is of the form o(iy,iy) where ij,ip are
integers. Since the vertices a,b, ¢ are in [0, 1]2, the integers i1,i, are non-negative
and < 1/ = 2"~ We can represent any integer 0 < i < 2" ! asi= Z;.":_Ol B;2/,
with ; € {0,1}, j=0,...,m— 1. We define B(A) as the bitstream consisting of
the 6m entries 0, 1 with the first m consisting of the bits of the first coordinate of a,
the second m consisting of the bits of the second coordinate of 4 and so on. Upon
receiving the bits B(A) and the knowledge of m, the receiver can construct A. We
claim that

(6.18) di(AA) < 1200 < 1207571,

To prove this, we first observe that
o
7
Since any point on the line segment [a, b] connecting a and b is a convex combina-

tion of a and b (similarly for [4,b]), it follows that any point on [a, b] is at distance
at most \% from a point on [4,b] and vice versa. Now, suppose we wish to bound

(6.19) |a—a,[b—bl,[c—¢ <

a
V2
from A. Similarly, consider the set of points A_ which are in the interior of A and

distance > % from the boundary of A. This set of points is contained in A. Hence,

dy(A,A). Every point in A is in the set of points A, whose distance is at most

(6.20) di(AA) < [AL\A_| <6(1+a)a.

Here for the last inequality, we argue as follows. We claim that A, \A, is contained
in a union of three rectangles associated to each of the sides of A. For example,
for the side [a,b] we symmetrically enlarge its length by /2« resulting in a line
segment L. The length of L is < v/2+ v/2a.. We take the rectangle whose median
is L and whose width is v/2a. This rectangle has area < 2a/(1+ «). We repeat this
procedure for the other two sides of A. Then the three rectangles cover A, \A_
and so we arrive at (6.20). From (6.20), using the value of «, we derive (6.18).
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Encoding fundamental r-polynomial graph domains G(P,R): This encoding
will be a little more difficult to analyze. Any rectangle R C [0,1]? has sides of
length at most /2, so it is the rotation (about the origin) and then translation of a
rectangle Ry of the form Ry = [0,a] x [0,5], 0 < a,b < \/2, where this representation
of Ry is with respect to the standard coordinate system e; = (0, 1),e3 = (1,0). The
rotation is given by describing the unit vector u which is the image of (0,1). The
translation is given by a vector t = (71,1;) with 0 <1#;,1, < 1. We shall encode
R by giving in order the first m binary bits of a, the first m binary bits of b, the
first m binary bits of the first coordinate of u, the first m binary bits of the second
coordinate of u, the first m binary bits of the first coordinate of t and lastly the first
m binary bits of the second coordinate of t. This will utilize exactly 6m bits. We
denote by R and R the open rectangles that will be recovered from these bits (for
Ry we need just the first 2m bits). Notice that if either a or b is smaller than 27"
then these rectangles will be empty.

The domain G := G(P,R) is likewise the rotation and then translation of a fun-
damental r-polynomial graph domain Gy := G(Py,Ry) with R as above and the
rotation and translation are the same as in the transformation from Ry to R . We
need to describe how we encode the polynomial Py with respect to the standard co-
ordinate system. We assume that a, b > 27" since otherwise R is empty. We know
that Py takes values in (0,/2) on the interval [0,a]. We represent Py(x) = Z;;(l) X!

We know that 9y = P(0) is in (0,+/2). From Markov’s inequality for polynomials,
we get that

2j |
(6.21) 7] < %(a/2)_f\ﬁ < B2, Bi=2/27.

We encode the polynomial Py by sending the first 2mr bits for each of the numbers
B~127mr|y;| which are in (0,1) and one bit for the sign of y;. Knowing the values
of m and r, these bits will allow the receiver to determine B and to construct a J;
such that

(6.22) lyi—fl <B2™, j=0,1,....r—1.

This means that the polynomial £ := Z;_l 7,x/ satisfies
(6.23) [Py (x) — Bo(x)| < Br(v2)27™ x€0,d].

In summary, each fundamental polynomial domain G(P,R) is encoded by a
bitstream B(G(P,R)) consisting of the 6m bits B(R) followed by the (2mr+ 1)r bits
which encode the polynomial P. Hence this bitstream has length (2mr+ 1)r 4 6m.
Upon receiving this bitstream, the receiver can construct the rectangle Ry and the
polynomial cap By. Let us denote by Gy the domain formed from this rectangle
by using this polynomial cap. It is clear that this domain approximates Gy with
accuracy

(6.24)  di(Go,Go) < Br(vV2)"127" V227" < Br((V2)" +V2)n T,
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where the first term represents the error caused by having the wrong cap (see
(6.23)) and the second term represents the error in approximating a by a.

The receiver can now use the approximate rotation @ and the approximate trans-
lation £ to construct a domain G := G(P,R). We claim that

(6.25) d\(G,G)<c2™,

with C a constant depending only on r and s. Since we already know that Gy
approximates Gy to this accuracy, to establish this claim we need only consider the
effects of using quantized rotations and translations versus the true rotations and
translations. We shall confine ourselves to sketching how to treat the effect of the
quantized rotation which is the most difficult case. The difference between the true
rotation and the quantized rotation is a small rotation p whose angle is < C27".
Estimating the effect of this error is equivalent to estimating the distance between
pGo and Gy. This leads to bounding the measure of the two sets pGy \ Gy and
Gy \péo. We describe the argument only for the first of these. Here it is enough to
bound the measure of the set G| := pGy \ Gy since we already have a good bound
for GO \ G().

The key observation for estimating |G | is the fact that for any x € Q, |[px—x| <
Co2~™ with an absolute constant Cyy. This means that any point in pGo is at distance
at most Cy2 " from G. Therefore, similar to our argument for triangular domains,
we can cover G| by four sets. Each of these consists of the set of points which are
at distance < Cp2~"" respectively from the sides, bottom and the polynomial cap.
The same argument as for triangular domains shows that the first three of these
sets all have measure < C27"" with C an absolute constant. The set corresponding
to the cap has measure < C2™™, with C now depending on r, because the length
of the graph of Py on [0,4] is < C with C depending only on r. This proves that
|G1| < C27™ as desired.

Encoding a domain A € D(7i,r): We assume for this encoding that the receiver
knows n, k, r from which he can deduce m. (Later when discussing the encoding of
functions f this information will be sent to the receiver.) To encode a domain A €
D(7,r), we send the following bitstream B(A). The first bits are 772; ones followed
by a zero. This will enable the receiver to know ;. Next, we send i, ones
followed by a zero. This allows the receiver to know 7, and hence 71 = iy + mip.
We next send the 7721 bitstreams B(A;), j = 1,...,7m;. Since the receiver knows the
length of each of these bitstreams is 6m and the total number is 71, he will know
that he is receiving 6sit;m bits that describe the triangles A ;. Similarly, we next
send the bitstreams B(G(P},R;)). The receiver knows that there will be 771, of these
bitstreams and each will be of length (2mr+ 1)r + 6m. It follows that

(6.26) #(B(A)) < Ciim < Citlogn,
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with C a constant depending only r,s, and p. Upon obtaining these bits, the receiver
can construct A := [Uf’:‘l A j} U [UTil G(f’j,lé‘,-)] which satisfies

my my
(6.27) di(AA) < Y di(Aj,A)+ ) di(G(P;,R;),G(P},R)))
j=1 j=1
< Cn-n*1 < lek7

where we have used the estimates (6.18) and (6.25) together with the fact that 7 < n.

Encoding functions in KI(,SI'SZ): Now, suppose we are given a function f €

K,(,S' %) As before, we decompose f into its positive and negative parts and encode
each separately. Thus, it is sufficient to describe how we encode a nonnegative
function £ € K" From Theorem 6.1, we know that there is a function § =

Y icixa, € Guny with 0 < c; < 1, such that
(6.28) If =S|z, <Cn™*.

with C an absolute constant, A; € D(n;,r) and Z§:1 nj < 4n. To encode c;, we
shall take m binary bits (denoted by B(c;)) for each c;, j = 1,...,¢. Obtaining
these bits allows the receiver to construct the coefficients ¢;, j = 1,...,£, which
approximate c; to accuracy 2~

(6.29) lcj—é;l <27 <L

Our bitstream for f now takes the following form. We first send n ones followed
by a zero. The receiver will then know the value of n. We next send k ones followed
by a zero and then r ones followed by a zero. The receiver will now be able to
determine k,m,r. Next we send £ ones followed by a zero. Obtaining these bits
allows the receiver to determine ¢. Then we send the m bits B(c;) followed by
the bitstream B(A;) , followed by B(c2),B(Az) and so on. We denote the total
bitstream by B(f). Let us note that the length of this bitstream is

/
(6.30) #(B(f)) < (n+ 1)+ (k+ 1)+ (r+1)+({+1)+lm+C ) njlogn
j=1
< Cpnlogn,

where Cy depends only on 7,5, and p. Here we have used the estimate (6.26) to
bound B(A;) for each j and the facts that £ < 4n, Zﬁ':] nj < 4n, and m < Clogn.
Upon receiving these bits, the receiver can construct the function

4
(6.31) S=Y ¢ixa,
j=1

The following theorem gives the properties of the encoding/decoding.
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Theorem 6.2. If f is a nonnegative function in Kl(f“m and n is any integer, then
the bitstream B(f) consists of < Conlogn bits where the constant Cy depends only
onr,s, and p. The bitstream B(f) is decoded into a function S € 64y, such that

(6.32) If =8|, <Cn”*,
where

1 1 1
(6.33) =t

and C depends only on r,s, and p.

Proof: We can write
(6.34) f=8=f—8S+85-5+5,—35,

where S = 2‘5:1 ¢jXa; is the function from Theorem 6.1 and Sy := Zﬁ‘-: 1CjXa;- By
Theorem 6.1, ||f — S||z, is bounded by the right side of (6.32). From (6.29), we
have

l
L, < Z lcj—¢j| < I <dan K <4n~P < 4nS,

(6.35) IS = Sollz, <
j=1

where we have used the fact that £ < 4n. To estimate Sy — §, we use Lemma 5.1
which gives

. 1 1/p
(6.36) S0 — 8|z, < [/0 5(Z)dup(2)} :

where §(z) = di(A},A)), z€ (8j-1,3), j=1,...,L. It follows from (6.27) that
8(z) < Cn~* for all z, and therefore

(6.37) 1So =8|z, < CY/Puklr < CVrps,

We have therefore proved the error estimate (6.32). O

7 Generalizations of the smoothness spaces .7, ISS' 2)

In this section, we shall mention ways in which we can generalize the smooth-
ness spaces .7, [ES"SZ). There will be two ingredients to these generalizations. The
first is to incorporate other possibilities for measuring the smoothness of the evolu-
tion of level sets. The second is to indicate how the notion of fundamental domains
can be generalized by using alternatives to polynomial domains. Our development
will be given without proofs since the proofs of the results stated in this section

would be very similar to what we have already done in the previous sections of the
paper.
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7.1 Smoother evolution

The spaces that we have defined and analyzed in the previous sections were
based on the simplest ideas to quantify how smoothly level sets evolve with z.
Since we have used piecewise constant approximation (for A(f,z)), we measured
first order smoothness of the evolution. We have chosen to emphasize that approach
because when speaking of higher order evolution of level sets, there is no canonical
way to measure such an evolution. For example, given two level sets Q(f,z9) and
Q(f,z1) corresponding to levels zp and z;, there is no clearly preferred way to
describe a higher order interpolation between these sets. There are several possible
approaches such as constrained minimization, evolution equations, or interpolation
of sets. Each of these would lead to a notion of higher order smoothness which
could be used to define analogues of the spaces ﬂ}(,s"”). A good choice for such
a definition would depend on the potential application area and what interesting
theorems could be proved under such a definition. So rather than presuppose the
definition, we shall proceed entirely formally leaving open the particular option to
be chosen. What we want to point out in this section are sufficient conditions on
such an interpolation method in order that the analogue of Theorem 6.1 holds for
the corresponding new smoothness spaces.

Given 0 <1y < --- <1, and measurable sets Ay, A1, -+, A, C RY, we say that .
is a set interpolation operator (of order m) if it assigns to every z > 0 a set A(z) :=
F (2310, M0, - - -, tm, Am) With A(tj) = A;, j=0,1,...,m. As a minimal requirement,
we will assume that the sets {(z,x) : x € A(z)} C R; x R? are measurable, so in
particular the function @,(z) = xa(;)(x) is measurable for almost all x. We will
require the following stability property for the set interpolation operator. Suppose
that {A;} and {A;}, j=0,...,m, are two given families of sets (we think of A; as
an approximation of A ;). Then, we will require that

(7.1) d; (f(z;l‘o,/\o, . ,tm,/\m), f(z;l‘(),/\o, . ,tm,Am)) < C0r<nji<xmd1 (Aj,Aj),
where z > 0 and C depends only on .. Starting with such a method of set inter-
polation, we can define approximation spaces that describe how smoothly the level
sets of a function evolve.

Fix m > 0, which is the order of the set interpolation operator. Given a non-
negative function f and any points fy < t; < --- < t,,, we shall use the notation
Q(z300,- -y tm) = I (2310, 2(f,10), - - -, tm, Q(f 1) ), where z > 0. Given any finite
interval I C R, we can measure the average performance of such interpolation by

(72)  E(f.0)

f7 I Z t()u"'JWl))dnup(Z)va(t)’

Ar

where v, is the m + 1 dimensional product of p, and A; := A;(0,1,...,m) is the
(m+ 1)-dimensional simplex consisting of all t = (to,...,t,) with to < --- < t,,
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tjel, j=0,...,m. Clearly we have that
1

(7.3) Vo(8) = oy e (D"
Now, given any n > 1, we consider any sequence 0 =: z9 < z1 < -+ < Zy—1 < Zps
and the intervals [; := (z;_1,zj), j=1,...,n+ 1, where 2,41 := . Given any
nonnegative function f and any n > 1, we define o,,(f)} as

n+1
(7.4) ou(f)h = mmfz’l Z E(f.1))

where for an unbounded interval I, E(f,1)} := [, |Q(f,2)|du,(z), with [Q(f,z)]
the Lebesgue measure of Q(f,z). We set op(f)h := [5" |Q(f,2)|du,(z) = || fI|5
(see (5.1)). We can use this o, as a replacement for (5.13) and define the approxi-
mation spaces ), as spaces of nonnegative functions on R? such that

(1.5) 6u(f)p < M(n+1)", n>0.

We define |f] o as the smallest M for which (7.5) holds.

We refer the reader back to §4 where we introduced the approximation of level
sets by piecewise polynomial domains and the approximation classes .<7* for do-
mains.

We can now give our generalization of the spaces L%S“’”). Given p € [1,00)

and 51,5, > 0, we define .72 (.7) as the space of all functions on R satisfying

(6.1) and
(7.6) [felap + 1| gp = Ma(f) <o,
where the spaces %), are defined by (7.5). For the remainder of this section we will

assume that .# is fixed and we will abbreviate .%, IES‘ ()0 F 15““ *2) We have the
following lemma.

Lemma 7.1. Given any nonnegative function f, 1 < p < oo, s > 0, and any finite
interval I C R, there exist a constant C, depending only on m, and points ty <
t <--- <ty froml, such that

(1.7) /1 41 (Q(f,2), 210, - 1))ty (2) < CE(f, 1),
and
a9 0l <o /|szf, Vo ditp(z)s = 0,.,m.

Using this lemma, we can provide a method that uses the set interpolation op-
erator .# to approximate a given function f € .%, l(,S"SZ). The construction is analo-
gous to that given in Section 6.1, where we approximate f by linear combination

of characteristic functions.
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Given n>1, s; and sy, we denote by s := (1/s; +1/s,)~!, and define n; :=

s

[n g st ] and np = [n*2]. We first choose 0 =zp < z1 < -+ < z,, < °o, such that for

Ij:=(zj-1,2j), j=1,...,np+ 1, where z,;1 := oo, we have (see (7.4)),
ny+1
(7.9) Y E(f.1)h <20,(f)h.
j=1
On each of the intervals I;, j = 1,...,n2, we use Lemma 7.1 and choose points

o <ftrj<--<tmj, such that

@100 [ d(QUF.D). Qb)) Aty () < CE(LL)],
and
@1 Ul <€ /yg £l diy(z), i=0,....m.

For each of the level sets Q(f,#; J) we choose an approximation Q; ; € D(ny,r)
such that d; (Q (f,t,]) Qi) < nl_”p|Q(f,t”)\M1p and therefore from (7.11) we
have fori =0,...,m,and j=1,.

(7.12) d(Q(f i), Qi) < Cn ™'

)] dity(2).

We now define
(7.13) Qn(z) = j(z;t()7j,Q07j,...,l‘mJ,QmJ), ZGIJ', jZl,...,I’lQ.

From the sets €,(z), we construct the approximation

(7.14 5,0 = | a0z

Notice that S, is completely determined by the parameters {#; ;}, i =0,...,m, j =
1,...ny, and the domains Q,;/ j € D(n1,r). To describe a simplex in R we need
c1(d) parameters, to describe a parallelepiped no more than ¢;(d) parameters and
to describe a polynomial of order » no more than c3(r,d) parameters, where c3(r,d)
is a constant that depends on d and r. So for each ¢ ;, there are at most C(r,d)n;
parameters that determine Qi_, ;- Thus, S, is determined by at most C(r,d)mniny <
C(r,d,m)n parameters in all and the following theorem holds.

Theorem 7.2. If f € ﬁ,&“’”), 1 < p <o, then

(715) Hf*SnHLp S C|f|__@]§Sl'52)n_S7 n= 1’27” .

where % = i + é and the constant C depends on m, the interpolation process .9
and p.
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We omit the proof which is almost identical to that of Theorem 6.1.
Notice that if m = 0, the interpolation operator .#, defined as .¥ (z;t9, Ag) = Ao
for z > 0, satisfies condition (7 1). Now, using (7.2), we get

(7.16) E(f, A(f,2) = A(f, 1) dip (2)dp, (1)

So we have
1
a1 Bz [l - AU 6] du )
> 32@’1“(}[7') — ey ran,)-

Adding and subtracting an arbitrary constant ¢ under the absolute value in (7.16),
we get

(7.18) E(f,1), SzggugffA(fa‘)—CHLI(I,dup)-

Comparing (7.17) and (7.18) with (5.10), we see that for such interpolation process

. we obtain the spaces y}gf 1:52)

6.1.

defined in §6 and Theorem 7.2 becomes Theorem

7.2 General approximating sets

The second generalization of our approach to generating smoothness spaces
is to use other families D(n) for approximating level sets, instead of the families
D(n,r). Let D(n),n=0,1,2,...,D(0) := 0, be an increasing sequence of families
of measurable subsets of RY. For practical purposes, we assume that Q € D(n)
can be described by 1 parameters in an efficient way. For a set Q C R?, we define
0,(Q) = infypyp di (Q,Q). For each s > 0, we define the class «7* of subsets
Q C R4, such that 6,(Q) < M(n+1)~%, n > 0. The smallest M for which this
inequality holds for all z is defined to be |Q|./s. Next, we associate with these new
approximation families the following linear combinations of more general charac-
teristic functions,

(7.19) %' (n,D) = {S: S=Y cjxn, AjeD(n)) angn}.
j=1 j=1

Using these new approximation spaces </, we define for p € [1,0) and 51,57 > 0,
smoothness spaces .% ISS"SZ). We say that a function f = f, — f_, (f+ and f_ are its

positive and negative parts) on R? is in .7, (s1:82) i

1/p 1/p
()= { [0 ovan@ |} +{ 100 Dlvan <o

and Ma(f) = |JA(f4, -)|%;2 + JA(f-, -)|%;2 < oo, where ), are the spaces intro-
duced in Section 5.1.
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We can repeat the arguments from Section 6.1 and obtain the following gener-
alization of Theorem 6.1.

Theorem 7.3. If f € %SS‘*”), with 1 < p < oo, and s1,s2 > 0, then there exists an
S € €(8n,D), such that

||f_S||Lp < 31/p’f‘g,:lgfl~-‘2)n_sa

L1 1
where i + 5

Note that for each sequence of sets D(n) we get (possibly) different smoothness

spaces fésl ),

In previous sections, we have used fundamental r-polynomial graph domains
and simplexes as the basic building blocks in the definition of the spaces D(n,r).
We started with these building blocks because they are simple to encode. However
there are many other ways to generate interesting classes D(n), and we list a few.

e InR?, we define D(n) as unions of polygons whose total number of vertices
is n.

e In RY, we define D(n) as unions of n convex bodies. Those classes are
rather impossible to describe by n parameters.

e In the definition of r-polynomial graph domains, for example, we could
replace graphs of polynomials of order r, with graphs of rational functions
of order r, graphs of trigonometric polynomials of order r, or algebraic
curves of order r. Actually, we can replace polynomials of order r by any
set of functions. Note that the empty set of functions would result with
D(n) being a union of n simplexes.

e We could construct classes D(n) := D?(n) of subsets of RY by induction
on the dimension d. For example, if for d = 2 we set D?(n) = D(n,r),
we construct a set of functions €' (n,D?), as defined in (7.19) (see also
(6.4)). Using this class of functions we define D*(n) as fundamental graph
domains whose caps are functions from %'(n,D?). Continuing in this way
we define the classes D?(n) inductively.
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