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Let G C R™ be a connected domain in the n—dimensional space. It is well known
that in fact G is a space-filling curve. At this juncture it is not astonishing that one
can represent the multiple integral over GG as a single one. Moreover, every metrizable
compactum X is the image of the glassical Cantor set C' under a continuous map
k:C — X. Then we can put f= fox.

X c

1. Basic concepts and definitions. Teaching multiple integrals in the technical
universities is not appropriate for many reasons. Perhaps, the most important one is the
limited teaching time. Another reason is, probably, that different kinds of integrals are
usually taught by (formally) different ways.

More precisely, the integrals are limits of Riemmann sums, and while for a double
integral one requires one kind of sum, the triple integral is a limit of another type.
Computing line and surface integrals also requires a special kind of Riemmann sums.
This makes difficult teaching multiple integrals in technical universities. Here we offer an
attempt to avoid the pointed obstacles by considering a space filling curves.

1.1. Spacefilling curves or Peano curves are firstly described by Giuseppe Peano
(1858—1932). Their ranges contain the entire 2-dimensional unit square (or the 3-dimen-
sional unit cube). Intuitively, a “continuous curve” in the 2-dimensional plane or in the
3-dimensional space can be thought of as the “path of a continuously moving point”. To
eliminate the inherent vagueness of this notion, Jordan in 1887 introduced the following
rigorous definition which since has been adopted as the precise description of the notion
of a “continuous curve”.

A curve (with endpoints) is a continuous function whose domain is the unit interval
[0,1]. In the most general form, the range of such a function may lie in an arbitrary
topological space, but in most common cases, the range will lie in an Euclidean space
such as the 2-dimensional plane (a “plane curve”) or the 3-dimensional space (a “space
curve”). Sometimes, the curve is identified with the range or image of the function (the
set of all possible values of the function), instead of the function itself. It is also possible
to define curves without endpoints as continuous function on the real line (or on the open
unit interval (0,1)).

Most of the well-known space-filling curves are constructed iteratively as the limit of
a sequence of piecewise linear continuous curves. Approximation curves remain within a
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bounded portion of the n—dimensional space, but their lengths increase without bound.
The space-filling curve is always self-intersecting, although the approximation curves in
the sequence can be self-avoiding. Peano’s original construction is self-contacting at all
finite approximations.

1.2. Peano definition [1]. The original Peano curve maps the unit interval [0, 1]
onto the unit square [0, 1] x [0, 1]. The mapping is based on the ternary system, so that
all digits ¢ below may only take values 0, 1 or 2. First define the digit transformation k
by k(t) = 2 —t and denote by k?, as usual, the v** iterate of k. Peano’s function f(p)
maps a ternary fraction p = 0.t1¢ats... into a point (z(p)(0.z12223...), y(p)(0.y1y2y3...))
in the unit square, where z(p) and y(p) are defined as

l‘(p)(o.tltgtg ce ) = 0.t1k‘t2 (tg)k’t2+t4 (t5) ce

y(p)(o.tltgtg [P ) = O.k‘tl (tg)/{it1+t3 (t4) “eey
hence, x, = k2T Tt2n-2(t5, 1) (in particular z; = t1) and y,, = kf1Tln-1(¢y,) for
n=12,....

1.3. Perhaps a constriction like the above one should appear out of the ordinary to
the students but it helps to avoid the descriptions of different kinds of Riemmann sums.
In this section we describe a way to apply the above considerations for double integrals
on the unit square K. The most convenient way to teach the plane-filling curve is, in
our opinion the Hilbert curve. The endpoints of the Hilbert curve are (0,0) and (1,0)
respectively. One can describe the Hilbert curve [2] as the range of the unit interval [0, 1]
under the function K which is a limit of a sequence of the piece-wise linear functions
Kpn. There exist multitude descriptions of &, including combinatorial ones. The most
common way to teach them is to explain several steps of construction by picturing range
of i, for the first several values of n.

The image of the interval [0, 1] under Ky, K2 and R3 is pictured on Figures 1, 2 and 3.
figures.

The functions £,, are well defined and it is not difficult to write an explicit description
of K,. Instead, we give two more steps in forming the Peano curve &.

1.4. For every integer n we divide the unit square in 4™ squares by dividing the sides
1
of K in 2" segments with length o As it is shown at the figures, each K, : [0,1] — K

is a piece-wise linear vector function which walks through the points

2%k —1 20—1
: =1,2,... 21
{( 2n b 271 ) k7l »“~H b }

in the above pointed way.

An important observation here is that for every ¢ € [0, 1] we have
o . 1
1Rnt1(t) = Ra @) < 5
and hence the sequence {<,} is uniformly convergent to the continuous vector function
R. Tt is not a problem to show that R([0,1]) = K, since for an arbitrary (z,y) € K we

have dist ((z,y), ([0,1])) < o

1.5 Let, furthermore, f : K — R be a continuous function and put g(t) = f(K(t)).
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Obviously g is a continuous function, hence it is integrable. Thus, we have

n

-1

1 1 4 »
dt = lim — (&)
/0 g(tydt = lim = > " g (4
p=1
Note that from the choice of the Hilbert function it follows now that for each p one can

ko1
find a pair (k,1) such that § (ﬁ) = <2n 2n> Therefore,

(2= (e(2) -1 (2 25)

for some unique pair (2k — 1,21 — 1). Thus, we obtain that

/Olg(t)dt:/Olf(z(t)))dt:nlggo—niz_:zilf<2n 2n> / f(z,y)dzdy,

because f is a continuous function and, hence, integrable over K. Speaking more generally,
the above considerations holds for every integrable in the sense of Riemmann function,
defined on K.

1.6. In the same way one can define a triple integral by using space-filling curves. We
give here the initial steps of the construction of the Peano 3-dimensional filling curve.
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Fig. 4

2. A piece of research. We can use the Hahn-Mazurkiewicz theorem which gives
the characterization of general continuous curves as formulated below:

A Hausdorff topological space is a continuous image of the unit interval if and only if
it is a compact, connected, locally connected second-countable space.

Note. In many formulations of the Hahn-Mazurkiewicz theorem, “second-countable”
is replaced by “metrizable”. These two formulations are equivalent. In one direction a
compact Hausdorff space is a normal space and, by the Uryson metrization theorem,
second-countable then implies metrizable. Conversely, a compact metric space is second-
countable.

It follows from the above, that we can compute any type of integrals on a compact
metric space X in following way. First, we take some Peano curve  : [0,1] — X and a
measure u on the interval [0, 1]. In the second step we may consider the image of u in

1
X [3, p. 328] to obtain a measure v in X. Clearly, one should have [ f = [ fo k.
X 0

2.1. If in the compact space X some measure p is defined, then we may consider the
pro-image of y in [0,1] and this also reduces the integral [ f to a definite integral over
X

the interval [0, 1]. One may continue by considering integrals on the Cantor set, but this
matter is not a subject of discussion in the present note.

2.2. According to the theorem of Hurewicz [4], for every dimension-raising function
f: C — X the set of the points € X, for which card(f~!(y)) > 1 is non-empty. One
may prove that the pro-image of the measure p in X is “good” if card(f~*(y)) < dim X +1
for every z € X.

Finally one can prove the following assertion.

2.3. If f: 1 — I% (i = [0,1]) is an arbitrary plane (or space)-filling curve then the
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pro-image of the Jordan (or Lebesgue) measure pu on I? is a measure of the same type
if and only if pur(f~1(M)) = 0 for every M C I? (or M C I*®) with up; (M) = 0 for
7 =23
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ITIOBUIITABAIIINI PASMEPHOCTTA N30BPA2KEHN A 1 KPATHNA
NHTETI'PAJIN

Baagumup T. Tomopos, Ilersp B. Croes,
Muxauna M. Koucrantuno, Cumeon T. Ctedanosn

Heka G C R"™ e cBbp3ana obsact B n-MepuoTo EBKin0oBo npocrpanctso. Jlobpe us-
BecreH dakT e, e B To3u ciaydail G e kpusa, T.e. HEIIPEK'bCHAT 00pa3 Ha MHTepBaJ. B
Ta3u Gesle’KKa [T0Ka3BaMe, Ye OT TOBA CJIe/[Ba, Y€ KPATHUTE HHTErPAJIN BbPXY CBbpP3a-
HI MHOYKECTBa MOTaT Jia O'bJIAT CBE/IEHN K'bM €NHUIHN WHTETPAJIN BbPXY UHTEPBAJIA
[0, 1].

ITo-061110, Bcekn MeTpu3yeM KOMIIAKT X € HEIPeK'bCcHAT 00pa3 Ha Kyacudeckoro Kan-
TOPOBO MHO2KeCTBO C' TTOCPEICTBOM HSAKAKBQ HENPYEKbCHATO u3obpaxkenne k : C' — X.
fcHo e, ye Torasa MmoxkeM n1a gepunupame f = fok. B Tasu Gesexkka o0ChKIaMe

X

[
BBH3MOXKHOCTTaA 3a IIPpeloJaBaHe Ha KPpaTHU MHTErPaJJid B TEXHUYIECKUTE YHUBEPCUTETU
II0 TO3U MaJIKO €K30TUY€H HaYUH.
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