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Abstract: Given a probability measure v and a positive integer n. How to choose n
knots and n weights such that the corresponding quadrature rule has the minimum
worst-case error when applied to approximate the v-integral of Lipschitz functions?
This question has been considered by several authors. We study this question whithin
the framework of Turing machine-based real computability and complexity theory as
put forward by [Ko 1991] and others. After having defined the notion of a polynomial-
time computable probability measure on the unit interval, we will show that there are
measures of this type for which there is no computable optimal rule with two knots. We
furthermore characterize — in terms of difficult open questions in discrete complexity
theory — the complexity of computing rules whose worst-case error is arbitrarily close
to optimal.
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1 Introduction

Let v be a probability measure on R. Fix an integer n > 1. In numerical mathe-
matics, the functional I, := [ dv is often approximated by means of a quadrature
formula

n
L = [ fav =y asf)
i=1
with certain (x,a) € D,,, where
D, :={(x,a) e R" xR" : 23 <...<uz,}.

Let us call a pair (x,a) € D,, an integration rule.

For every ¢ > 0, let £(c) be the class of all Lipschitz continuous functions
with Lipschitz constant < ¢. The worst-case error of the integration rule (x,a)
on £(1) is defined as

O (rmix,a) = sup |L() — 3 auf ().
=1

feg()

It is well-known (see e.g. [Rachev 1991, p. 73, eq. (4.3.11)]) that e"°" (v, n; x, a)
is equal to the Li-distance between the distribution function F, of v and the
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distribution function of the (signed) measure Y. ; a;0,,, where d, is the Dirac
measure at x;. This means that if (x,c) is in D,

n—1
Sx,c = Z CiX[zi,zi+1[ + ch[x,,“oo)a
i=1
a1 =c1, and a; = ¢; — ¢;—; for i = 2,...,n, then e (v,n;x,a) = E(v,n; X%, c),
where
E(v,n;x,c) := / |F, — Sx,c| dA. (1)
R

The problem of finding good quadrature rules is hence equivalent to minimizing
E(v,n;.,.) on D,

Using this equivalent formulation, the problem of finding good quadrature
rules for the weighted integration of Lipschitz functions has been studied by
[Curbera 1998] for v being Gaussian, and then by [Mathé 1998] for measures
that fulfill more general analytic properties.! Mathé gives formulas for knots and
weights that are asymptotically optimal for n — oco. [Behrends 1997] considers
the “problem to derive conditions under which optimal quadrature rules can
explicitly and easily be found”. He gives analytic conditions which assure that
the optimal rule is unique, as well as an algorithm to approximate the optimal
knots and weights in this case.

The present work classifies the problem of finding good quadrature rules in
terms of real computational complexity theory as put forward by [Ko 1991]: If
the measure v can be computed in polynomial time, can a minimum point of
(1) be computed in polynomial time? We refer to [Ko 1991] for the definition
of polynomial-time computability of real numbers and functions. We will call a
probability measure “polynomial-time computable” if it is supported on [0, 1]
and has a polynomial-time computable distribution function (see [Section 2] for
details); the class of all polynomial-time computable probability measures shall
be denoted by Paq. If v € Poq and n > 1, then E(v,n;.,.) always attains its
minimum

E°®"(y,n):= inf E(v,n;x,c),
(x,)€Dy,

as we will see below. We will, however, also see:

Theorem 1. There exists a measure v € Paq such that E(v,2;.,.) does not
attain its minimum at any computable point.

In view of this result, it does not make sense to ask for the complexity of op-
timal integration rules in general. But in practical situations, one is in fact
not interested in integration rules whose knots and weights are close to opti-
mal knots and weights, but merely in rules whose worst-case error is close to

1 Mathé also considers more classes of integrands than just Lipschitz functions.
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the optimal error. Denote by D the set of dyadic rationals. Elements (x,c) of
U,s1 (D 0 (D™ x D™)) can be encoded by words (x,c) € X* (where X :=
{0,1}) in a canonical way. Let FP be the class of all word functions X* — *
computable by a deterministic Turing machine in polynomial time.2 For any
function complexity class C, let C; denote the class {f|;o1- : f € C}. We con-
sider the following statements:

Statement 2 (i) For every v € Py there exists a function ¢ € FPy such that
for alln € N\ {0} and k € N one has that $((0™,0%)) is an (encoded dyadic)
element (x,c) of Dy, with

E(v,n;x,¢c) — E°P'(v,n) < 27F.

(it) For every v € Py there exists a function ¢ € FPy such that for all k € N
one has that ¢(0%) is an (encoded dyadic) element (x,c) of Doy with

E(v,2;x,¢) — E°P'(,2) < 27

We will prove that Statements 2(i), 2(ii) and the following statement in discrete
complexity theory are equivalent: For every predicate R on X* and every v € X*
consider the expression

countr(v) := card{w € X* : |w| = |[v], R({v,w))},
and for every m € N the expression
maxcountg(m) := max{countr(v) : |v| =m}.

Statement 3 For every predicate R € P there exists a polynomial-time com-
putable function ¢ : {0} — X* such that

(Vm € N) countr(4(0™)) = maxcountr(m).

In order to establish this equivalence, we will first consider an auxiliary problem:
For every g € C0,1], denote by g € C[0, 1] the function

)= [ a0 ae.

Statement 4 If g is in Pgo 1), then there exists a function v € FPy such that
for all k € N one has that v(0%) is an (encoded dyadic) element t of [0,1] with

max(g) —g(t) <27".

2 See [Ko 1991] for the exact definitions of the discrete complexity classes used in this
paper.



Bosserhoff V.: The Bit-Complexity of Finding Nearly Optimal Quadrature Rules ... 941

Our main result is:
Theorem 5. Statements 2(i), 2(ii), 3 and 4 are equivalent.

Our proof relies on methods from [Ko 1991] in combination with new con-
structions. In fact, the problem of finding the maximum value of f given f is a
“concatenation” of problems treated in [Ko 1991], where the following is shown:

[g S PC[O,l] =gc PC[O,l]] <— FP = #P,
P, =P = [g€ P = max(g) € Pg] = P; = NP,.
Here #P is the class of all functions that count the number of accepting paths
of a nondeterministic polynomial-time Turing machine.
How do the statements shown equivalent in Theorem 5 relate to better-known

open questions in discrete complexity theory? Unfortunately, the only result we
have in this direction is elementary and leaves a wide gap:

Proposition6. FP = #P — Statement 8 — P; = NP;.

Proof. First implication: Let R, countgy and maxcountg be as in Statement 3.
Assume FP = #P. Then countg is in FP. One also has P = NP, and hence
the predicate Ry with

Ri({0™,w)) = (Fv) [Jv| =m and countr(v) > bin(w)]

is in P (where bin(w) € N is usual binary interpretation of the word w). A binary
search algorithm using R; yields maxcounty € FP;. P = NP again yields that
the predicate Ry with

Ry ((0™,v)) & (FJw) [Jvw| =m and countr(vw) = maxcountr(m)]

is in P. A binary search algorithm using Ry yields that there is a function ¢ as
in Statement 3.

Second implication: Let A be a language in NP;. There is a predicate R’ in
P and a polynomial p (w.l.o.g. p(n) > 1) such that

0" e A < (Fw) [Jw| <p(m) A R((0™,w))].
Choose the following as the predicate R in Statement 3:
[v ¢ {0}* and there are m,n € N and ]
b7 Coy---5Cn—1 € {Oa 1}7
R({(v,w)) <= wv,w € {0}* or | such that n < p(m) and
w = boPOorMor(m=Dc o

L and R'((0™,co - cn_1))
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R is designed such that

p(m)—1

0meAd = \/ [comtp(11P©@ ... 1P(m=1qm) > 9]
n=0
p(m)—1

— \/ [¢(OO”(O) e Op(m—l)on) ¢ {0}7],
n=0
where ¢ is as in Statement 3. Hence, if ¢ € FPq, then A € P;. O

2 Polynomial-time computable probability measures

We assume that the reader is familiar with the basic definitions found in [Ko 1991]
concerning the computability and complexity of real numbers and functions. In
this section, we motivate and define a notion of polynomial-time computability
for probability measures on R.

Following a definition by [Weihrauch 1999] (which has been generalization
by [Schroder 2007]) one calls a probability measure v on R computable if the set

{(r,s,t) €Q® : v <5, v(Jr,s]) >t}

is computably enumerable. This definition is motivated by topological considera-
tions on the space of probability measures (see [Weihrauch 1999, Schroder 2007]),
but it does not induce a notion of a measure’s computational complexity. A mea-
sure v is diffuse if v({s}) = 0 for every s € R. It is easy to see that a diffuse
probability measure is computable in the above sense if, and only if, the function

{(r,s) eRxR : r<s} =R, (rys) — v(r, s])

is computable. This is again equivalent to the computability of the measure’s
distribution function F, : R — [0, 1], defined by

F,(s) = v(] - oo, ).

In [Ko 1991], polynomial-time computability is only defined for functions with
compact domains. We will hence restrict ourselves to diffuse probability mea-
sures with v([0,1]) = 1. These measures correspond one-to-one to continuous
distribution functions F, with F,(0) =0 and F,(1) = 1.

Definition 7. A probability measure v on the Borel subsets of R is polynomial-
time computable if it has a distribution function F, such that F,(0) = 0,
F,(1) = 1 and F,|o1] € P¢o,1)- Denote by Paq the class of all polynomial-
time computable probability measures.
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3 An auxiliary problem

We define the following condition on a function g:

g€ PeoyNE1),  g(0) = g(1) =0, / g(s)ds=0.  (2)

The following proposition is merely a variation of Ko’s generalization of a
well-known example going back to Specker (see [Ko 1991, Corollary 3.3]). It will
be needed in the proof of Theorem 1 below.

Proposition 8. There is a function g such that (2) is fulfilled and the mazimum
of g is not attained at any computable point.

Proof. For all 0 < s <t <3, let hs; : [0,3] — R be the polygon function that is
zero outside [s, t], A-shaped with height (¢ —s)/48 on [s, (s+t)/2], and V-shaped
with height —(t—s)/48 on [(s+1)/2,t]. Clearly, all functions h,; are in £(1/12).
It is well-known (see e.g. the proof of [Ko 1991, Corollary 3.3]) that there is a
computable function ¢ : N — D such that S = [J;cn]¢(27), ¢(2i+1)[ is contained
in [0.5,2.5], and [1,2] \ S # 0, and S contains all computable points of [1,2].
Define
(Vn € N) gn = h¢(2n),¢(2n+1)-

Let M be a TM computing ¢, and let ¢(n) be the total number of moves for M
to run on inputs 0,1,...,2n+1; w.lo.g. t(n) > n. Define f := 3" 2=t g, Tt
can be shown (similarly as in the proof of [Ko 1991, Theorem 3.1, “(a)—(c)”])
that f € Pgpo,3). It is furthermore easy to see that f is in £(1/6), f(0) = f(3) =
0, the minimum of f is 0, and T_l{O} N [1,2] is nonempty and contains only
uncomputable points. Let u : [0,3] — R be the polygon function that is A-
shaped with height 1/12 on [0, 1], constantly zero on [1,2], and V-shaped with
height —1/12 on [2, 3]. Consider v := u — f. v clearly is in P¢o 3 N £(1/3), and
we have v(0) = v(3) = 0. Note that @ attains its maximum 1/24 exactly on [1, 2],
and hence T = T — f attains this same maximum exactly at the minimum points
of f that lie in [1,2]; recall that these are all uncomputable. Finally, define g by
g(x) :=v(3z) for all z € [0,1]. Then g has the asserted properties. O

It will be technically convenient to consider the following weaker version of
Statement 4:

Statement 9 If g fulfills (2), then there exists a function v € FPy such that
for all k € N one has that v(0F) is an (encoded dyadic) element t of [0, 1] with

max(g) — g(t) < 27F. (3)

The proof of the next proposition is similar to parts of the proofs of Theorems
3.11 and 5.32 in [Ko 1991].
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Proposition 10. Statement 9 implies Statement 3.

Proof. For every word w € X*, denote by I,, C [0, 1] the closed interval of all real

numbers that have a binary expansion of the form 0.w. ... For every m € N\ {0}
define
Vin {(v17~'~7vm)€(2*)m : |Ui|:i}a
W, = {((v1, -+, vm),w) € Vp, x ¥ ¢ Jw| =m}.
With each v = (v1,...,vm) € V,,, we associate the interval
Iy = Loy 7 (0y)r (vs) .7 (vm)

where 7 : 2%\ {e} — X* is defined by

01a1 ceQp—1 if ag = 0,

10ay...a,—1 e€lse.

T(a0a1 ce an_l) — {

For all (v,w) € W,,, define

I(J\r/,w) = ImT(vz)T(v3)~~.T(vm)00w and I(\’,w) = IvlT(vz)T(v3)~~~T(Um)11w'
Note that
|I(J:',w)| = |I(;,w)| = 2~ (@mAm(m+1)/24+1) _. Om.- (4)

For + € {+,—}, let h{, : [0,1] — R be the polygon function that is 0 outside
I(iw), and A-shaped with height 6,,/2 on I(j;w). Note that for all (v,w) € W,,
and & € {4, —} we have
1 52
| m =2, 6
0 ’ 4

Now let R be a predicate as in Statement 3 and define for every n € N

n
gni=, > (hi.—hy.) and  g:= lim g,
m=1 (v,w)eW,n,
R(vm,w)
(see Figure 1).

It is not hard to verify that g fulfills (2). (To see that g € P¢jo,1), note
that it is sufficient to construct a polynomial-time computable mapping 1 :
(DN [0,1]) x N — D such that |¢(d, k) — g(d)| < 27F for all d,k; cf. [Ko 1991,
Corollary 2.21]. |g — gk| < 0k+1/2 < 27F for all k > 1, so it is sufficient to choose
¥(d, k) := gr(d), which is easily seen to be computable in polynomial time.)

Under the assumption that Statement 9 holds true, we now construct a func-
tion ¢ as in Statement 3. It follows from (5) and the construction of g that

o0
Z maxcount g (m) - 62,

m=1

] =

max(g) =
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Figure 1: The first two steps in the assembly of the graph of g as constructed in the
proof of Proposition 10. In this example R fulfills (0,1), (1,0), (1,1) € R, (1,0) ¢ R,
and (00,00), (00,01), (00,11), (01,00), (01,11), (10,01), (10,10), (10,11), (11,00),
(11,01), (11,10), (11,11) € R, (00, 10), (01,01), (01,10), (10,00) ¢ R.

and for every n > 1, v € V,, one has

supg(ly) = i( Z count g (vy,) - 62, + Z maxcount g (m) - 2, )

m=1 m=n-+1

1 n
supg( U Iy w) = 1 Z count g (v, )92,
m=1

lw|=m
If Statement 9 is applied to the function g, this yields that there is a function
v such that (3) holds. It is then clear from the above formulas that for every
m > 1 with maxcountg(m) > 0 one has that there is a v € V,, such that
'y(O*UOg(‘sfn/‘l)J) € I, and countr(v;) = maxcountpr(i) for i = 1,...,m. A suit-
able ¢ can hence be computed as follows: On input ¢, put out &; on input 0™,
m > 1, compute 'y(O_UOg(‘szn/‘l”) =: x,, and search for a v € X* such that z,,
is in an interval of the form I, € V,,, v, = v. If such a v is found, put it out;
the above considerations show that this output is valid. If no such v exists, then
maxcountg(m) must be zero, i.e. any output of length m is valid. a

4 Reduction from the auxiliary problem

4.1 Optimal integration rules

This subsection is based on ideas already used in [Curbera 1998, Behrends 1997,
Mathé 1998]. We fix a probability measure v supported on [0, 1] whose distri-
bution function F' is continuous and strictly increasing on [0, 1]; we also fix a
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positive integer n. We can hence omit v and n in our notation and simply write
E(x,c), E°P'. A pair (x,c) € D,, shall be called optimal if E(x,c) = E°P.

4.1.1 Characterization and existence of optimal rules

For every (x,c) € D,, one can write E(x,c) as

/]_W“] F(t) A(dt)+§/[x7

FO-clx@)+ [ |PE)-cl M) ©
it [#n,00]
We first make the following observation:
E(x,c) <0 <= ¢, =1. (7)
Let us hence define D, := {(x,¢) € D,, : ¢, =1}.
Lemma 11. There exists an optimal (x,c) in D, N ([0,1]" x [0,1]™).
Proof. For any x € R™, put
7(x) := (max(min(z1,1),0)), ..., max(min(zy, 1),0))).
For (x,c) € D, one clearly has from (6) and F'(0) =0 and F(1) =1
B(x¢) > B(r(x), 7(c)). ®)
The claim now follows from the continuity of E (which is apparent from (6))

and the compactness of [0, 1]™ x [0,1]™.

4.1.2 The partial derivatives of F

For ¢ =1,...,n — 1, the partial derivative (0/0¢;)E exists on D).

o Bx,e) = Mo il N [F < ) = Mzl 0 > el ©)

and so

%E(x, c) =0 <= MN[zi,zit1) N [F < ¢]) = Mz, zis1) N [F > ¢]). (10)

Taking into account that F' is strictly increasing on [0, 1], this can be written as

iE(x,c) =0 < |z;=x4410r¢=F Tipd + Ti (11)
861' 2
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For i =1,...,n, the partial derivative (0/0z;)E exists on the interior of D/ ;
taking into account that F' is continuous, one has

F —|F — ifi=1
0 E(x,c) = (1) = |F(z1) — 1] if ¢ , (12)
Ox; |F(x;) — cic1| — |F(zi) — | if2<i<n.
This yields
0 co=0o0r F(z1) =% ifi=1,
3 "E(x,¢) =0 < 2 ey . . (13)
Ti ci=ciq or Fz;) = 5= if2<i<n.

4.1.3 Properties of optimal and relatively optimal rules

In the following, we will also be interested in relative optima for fixed (maybe
subobtimal) x,-knots. For t € R, put

B (e = inf B((n 1,0, (et 1),
i en1

Let us call a pair (x,¢) € D,,_1 relatively optimal for t if
E((z1,...,2n_1,t),(c1, ..., cn_1,1)) = E*PY(¢),

For any step function with less than n steps, one can always construct a step
function with n steps whose Li-distance to F' is strictly smaller; this is easy to
see. Hence, if (x,c) is an optimal pair, then it cannot be possible to write Sx,c
as a step function with less than n steps, i.e. (x,c¢) must fulfill

1 < ... < Ty, (14)
c1#0and ¢; #¢;_q1 for 2<i < mn, (15)

It is also obvious that an optimal pair (x,c) must fulfill
Cly. ..y Cp €[0,1]. (16)
If ¢ > 0, then any pair (x,c) € D,,_1 which is relatively optimal for ¢ must fulfill

1 < ... <Tpog <1, (17)
c1#0and ¢; £ ¢ for 2<i<n-—1, (18)

which can be seen similarly as (14) and (15).
It follows from (14) that any optimal pair (x, ¢) must fulfill (9/0x1)E(x,c) =
(0/0x,)E(x,¢) = 0. (7), (15) and (13) then yield

1+4¢,
F(zq1) = %1 and F(z,) = %
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This in combination with (15) and (16) implies

0< 2y and xn < 1. (19)
We hence have
E°Pt = inf Erelopt(y), (20)
0<t<1

So fix some ¢ €]0,1[. It follows from (17) that any relatively optimal pair
(x, ¢) must fulfill

(0/0x1)E(x,¢) =...=(0/0xn_1)E(x,¢) = 0.
(18) and (13) then yield
Fla) =5 (21)
and o+ o
F(xi):ZTHforizl...,n—l. (22)

(21) in combination with (18) implies x; > 0. Any relatively optimal point must
also fulfill
(0/0c1)E(x,¢) =...=(0/Icn_1)E(x,c) = 0.

Taking z; > 0 and (17) into account, we have from (11):

t n— i i .
cnl—F(%) and ci—F(%> forl1 <i<n-—2. (23)

4.2 The reduction

We now consider a special vy € P which will serve as the substrate of the
further construction. Its distribution function Fy shall be zero on | — 00, 0], one
on [1,00[, and the polygon with nodes

(0,0), (1/4,1/2), (1/2,3/4), (2/3,5/6), (13/16,7/8), (1,1)

on [0,1]. v fulfills all the assumptions made in the previous subsection.

Let g be a function that fulfills (2). We define F; : R — R by “implanting” the
graph of g/7 onto the segment of the graph of Fy over J := [A, B] := [2/3,13/16]:
Put

- [J]-g((t = A)/J])/7 forteJ,
g(t) := {

0 else,
and Fy(t) := Fo(t) —g(t). As g is in £(1/7) and Fj has slope 2/7 on J, we have
that Fy is still strictly increasing. So Fy is the distribution function of a measure
vy € Paq. Also note that

t |J|2 (t—A)/|J|
/ g(s)ds = = / g(s)ds, t € J, (24)
A 0
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I

Figure 2: The black polygon is the graph of Fy; on [0,1]. The green line is comprised
of all points (z1,c1) with Fy(x1) = ¢1/2. The blue polygon is then comprised of all
points (z2,c1) with (3z1)[Fy(z1) = ¢1/2Ae1 = Fg((x2+1)/2)]. The relatively optimal
step functions for three different choices of x2 are depicted in yellow, turquoise and
magenta. The dashed red lines bound the stripe J x R.

so in particular .

/ g(s)ds = 0. (25)
A

In the following, we will be interested in optimal and relatively optimal rules
for n = 2. For abbreviation, we will omit n from our notation. Let us fix some
t €]0, 1] and look for relatively optimal x1, ¢1. 21 and ¢; must fulfill the conditions
(21) and (23). In fact, vy is constructed such that for every ¢ €]0,1[, these
equations have exactly one solution z1 = £(t), ¢; = ((¢) which does furthermore
not depend on g; this can be verified elementarily, but it is also apparent in
Figure 2. Taking (25) into account, it is not hard to verify that for every g and ¢

Erelopt(yo; t) —92 f; 'gv(s) for t € J,

(26)
Erelopt (1) else.

Erelopt(l/g;t) — {

How to choose ¢ such that E*°Pt(y, ;) = E°P'(1,)? We already know that
the optimal ¢ is in ]0, 1[, and that an optimal pair ((z1,%), (¢1,1)) must be rela-
tively optimal for ¢ and additionally fulfill F,(¢) = (1 + ¢1)/2. These conditions
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I

Figure 3: The black, blue, and green polygons are the same as in in Figure 2. The red
polygon is comprised of all points (z2, c2) such that (Fz1)(3c1)[Fy(z1) =c1/2Ne1 =
Fy((t+z1)/2AF4(x2) = (c2+c¢1)/2]. The remaining condition for optimality, i.e. c2 = 1,
is fulfilled by a point (z2,c2) on the red polygon if, and only if, 22 € J and g(z2) = 0.

are fulfilled if, and only if, (see Figure 3)
xy =&(t), er = (), teJ, g(t) =0.
Now consider the case g = 0. First note that the gradient
(0/021,0/0x2,0/0c1) E(vo; (21, 22), (1,1))

is continuous on {(x1,x2,¢1) : 0 < 21 < zo < 1}. (This is obvious for 9/0x;
and 0/0xg by (12); for 9/0c; it follows from (9) taking into account that Fp
is strictly increasing on [0,1].) We hence have that E(vo; (.,.), (., 1)) is totally
differentiable. Tt is elementary to verify (and becomes apparent when looking at
Figure 2) that ¢ and £ depend linearly and hence in particular differentiably on
t € J. Furthermore, recall that £ and ¢ were chosen such that the above gradient
vanishes whenever z1 = £(t), 2 =t, c1 = ((t), t € J. The chain rule now yields

(d/dt) E™°Pt (vo; 1) = (d/dt)E(vos (§(t), 1), (C(t),1)) = 0
for all t € J. So E™°Pt(1y,.) is constant on J, which means

E(vo;x,c) = B () <= (3t € J)(x,¢) = ((§(1),1), (¢(1), 1)) (27)



Bosserhoff V.: The Bit-Complexity of Finding Nearly Optimal Quadrature Rules ... o51

For arbitrary g, we can now deduce from (26) and (27):

= E° (1) — 2 f; g(s) forteJ,

(28)
> E°PY(1g) else.

Erelopt (Vg; t) {

Proof of Theorem 1. Choose g to be the function from Proposition 8. By (28)
and (24), any optimal integration rule (x,a) for v, fulfills

9((z2 — A)/|J]) = max(g).
Hence x5 is not computable. O
Proposition 12. Statement 2(ii) implies Statement 9

Proof. Let g be a function that fulfills (2). If max(g) = 0, then Statement 9 of
course holds true for g. Hence assume that max(g) > 0. Assume that Statement
2(ii) holds true for v = vy, and let ¢ be a function as therein. Then for all k € N

B(0%) = (x,¢) = E™'P"(yy;m5) — EP(v,) <275,

By (28) and (24), we have E°P'(v,) < E°P'(1p), i.e. there is a ko such that
E°PY(yy) — E°PY(v,) > 27 %0, (28) yields that

k>ko A Embpt(ug;xg) — EOpt(l/g) <27k — gy J,

and hence again by (28)

t T2
b2 ko A 0(0%) = (xa) — max [ ()= [ gl <270
— max(g) ~ 9((rz — A)/1J]) < 27 7/,

It is now obvious that a function v as in Statement 9 exists. ad

5 Proof of Theorem 5

The following implications are obvious:

Statement 2(1) = Statement 2(ii),
Statement 4 = Statement 9,

And we have already shown

Statement 2(ii) = Statement 9,
Statement 9 = Statement 3.
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In order to prove Theorem 5, it is hence sufficient to prove

Statement 3 = Statement 2(i), (29)
Statement 3 —> Statement 4. (30)

The proofs of (29) and (30) use standard techniques from [Ko 1991]. As they
are quite similar, we only give the proof of (29). The following lemma (whose
prove is an easy exercise) is preparatory:

Lemma13. Let f :[0,1] — [0,1] be measurable and non-decreasing. For given
k € N let x1,...,29x € [0,1] be numbers with |f(i27%) — ;| < 27% for i =
1,...,2%. Then
2k
1f = zixg—y2-riz-+(ll ooy < 27*7Y.
i=1

O

Proof of (29). Let v be a measure as in Statement 2(i) and let F' € P¢jo 1) be
its distribution function. It is clear that for every n € N\ {0} and every (x,c) in

T, :={(x,c) € [0,1]" x [0,1]" : @1 <...<Zp, ¢, =1}

one has
E(v,n;x,¢) = ||F — Sx.cll£,[0,1;

we furthermore know from Section 4.1 that E(v,n;.,.) attains its minimum on
T,. For every k € N put

Dy = {i27% : ie{1,...,2"}}

and
Ty =T, N (D x D).

It is not hard to see that for every n € N\ {0} and (x,c) € T, there is an
(r,s) € T,k such that

”SX,C - Sr,S||L1([0,1]) < 7127(]671)- (31)

As F € P, there is a polynomial-time computable ¢ : (DN [0,1]) x N — D
such that

(VdeDN[0,1))(Vk € N) [p(d, k) € Dy and |1h(d, k) — F(d)| < 27F].
It follows directly from the previous lemma that for every k € N

IF = Hll g0,y <271, (32)



Bosserhoff V.: The Bit-Complexity of Finding Nearly Optimal Quadrature Rules ... 053

where Hy, : [0,1] — [0,1] is defined as

27c
Hy = Zw(ﬁ_k, B)X((i—1)2-5,i2-+]-
i=1

So, if £ : =k + [log(2 +n)] + 1 and (x,c) € T, ¢ is chosen such that

|He — Sx.cllz,0,1) = - SIEHT% ) | He — Srsllzijo,1) (33)

n

then

E(v,n;x,c) — E°®(v,n)

= ”F_SX,CHLl[O,l] — min ”F_Sr,SHLl[O,l]

(r,s)€Tn
<IF = Sxellzaoyy — min  ||F = Segllz, oy + 02~ [by (31)]

(r,8)€T, ¢
< |[[He = Sxellzyo) =, min  [[Hy — Sesllz,0,1)
(r,8)€Ty ¢ [by (32)]
4 9.9-U=1) 4 po-(t-1)
=2.97(=1) 4 po—(£=1) [by (33)]

<27k,

In order to prove that there is a function ¢ as in Statement 2(i), it is now
clearly sufficient to show that there is a function v € FP such that

(vn e N\ {0})(¥k € N) [7((0",0%)) = (x,¢) =

| Hi — Sx.cllLij0,1) = " 5161% . | Hy — Srsllzioa]

For every (r,s) € T, i, one has that both Hj and Sy s are step functions such
that the width and the height of each step are positive multiples of 27%. The L;-
distance of the two functions can hence by computed by partitioning [0, 1] x [0, 1]
into 27 x 27 *_rectangles and counting how many of these are covered by none
or both of the two graphs:

|Hi — Sesllpyj0,1) = 1 — 27 *FcardA(k, T, s),

where N
A(k,r,8) :={(x,y) € D} : R(k,r,s,2,y)}

and R is the predicate given by

E(k,r,s,x,y) <= [min(¢(z, k), Srs(z)) >y or max(y(x, k), Srs(z)) <y].
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Let 6 : N x N — N be a bijective function with 6(i, j) > 2ij and such that 6 and
6~ are polynomial-time computable.® Let [.] : {0,1}* — D be defined by the
condition

(VEk e N)(Vp e {0,1}%) [p] — 27" is the number represented by 0.p.
Now define the predicate R C {0,1}* by

R :={{v,w) :if n,k € N are such that 0(n, k) = |v|, then

V=p1..pagi - g0V,
for suitable p1,...,Pn,q1,. .., qn € X"

with (([pl]a ) [pn]); ([QI]; EER) [qn])) € Tn,k
and w = 1x0/"I=% for suitable ¢, x € {0,1}* and
R(kv ([p1]7 ) [ n])7 ([q1]7 ) [QTL])a [L]a [ﬁ])}

R is designed such that for all n € N\ {0}, k € N, (r,s) € T, &
countp([r1] 1. . [ra] Y s1] T L [s] T ROO (R 20RY — card(A(K, 1, 8)).
Furthermore, for all n € N\ {0}, ¥ € N and v € X0(k);

countg(v) = maxcountg(0(n, k))

<= the first 2nk bits of v encode an (x,c) € T, with

|He — Sxcll£oj0,1) = « Sﬂ% | | Hi — Sr.sllzi[0,1-

Under the assumption that Statement 3 is true and noting that R is in P, it is
now clear that a function v as above exists. O
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