Algebraic Discrete Tomography

L. Hajdu and R. Tijdeman

Summary. In this chapter we present an algebraic theory of patterns which can
be applied in discrete tomography for any dimension. We use that the difference
of two such patterns yields a configuration with vanishing line sums. We show by
introducing generating polynomials and applying elementary properties of polyno-
mials that such so-called switching configurations form a linear space. We give a
basis of this linear space in terms of the so-called switching atom, the smallest non-
trivial switching configuration. We do so both in case that the material does not
absorb light and absorbs light homogeneously. In the former case we also show that
a configuration can be constructed with the same line sums as the original and with
entries of about the same size, and we provide a formula for the number of linear
dependencies between the line sums. In the final section we deal with the case that
the transmitted light does not follow straight lines.

1 Introduction

One of the basic problems of discrete tomography is to reconstruct a function
f: A— {0,1} where A is a finite subset of Z" (n > 2), if the sums of the
function values (the so-called X-rays) along all the lines in a finite number of
directions are given. A related problem on emission tomography is to recon-
struct f if it represents (radio-active) material which is emitting radiation. If
f(@) =1 for some i € A, then there is a unit of radiating material at i, oth-
erwise f(i) = 0 and there is no such material at 7. The radiation is partially
absorbed by the medium, such that its intensity is reduced by a factor § for
each unit line segment in the given direction (with some real number § > 1).

As an illustration we include an example. In Figure 1 the row sums of
f (the number of particles in each row, from top to bottom) are given by
[4,4,2,5,1,2], while the column sums (the number of particles in each col-
umn, from left to right) are [2,3,2,1,2,3,2, 3]. Further, taking the line sums
of f in the direction (1,—1), i.e. the sums of elements lying on the same
lines of slope —1, we get (from the bottom-left corner to the top-right corner)
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Fig. 1. The symbols e denote particles on a grid which are represented in the table f
on the right by 1’s. In the classical case the light is going horizontally and vertically,
resulting in row and column sums. In the emission case the particles emit radiation
which is partially absorbed by the material surrounding the particles. The intensity
of the radiation is measured by detectors, denoted by [ signs.
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[0,0,1,1,2,3,1,3,3,2,0,2,0]. Finally, suppose that the particles emit radia-
tion in the directions (—1,0) and (0,1). If § is the absorption coefficient in
these directions, i.e. the absorption on a line segment of unit length is propor-
tional with 8, then the ”absorption row sums ” (measured at the detectors)
from top to bottom are

B +B 3 +B P +B B2+ + 87+ 875,372+ 376,
BT+ 2+ B+ B+ BT, 78,870 + 878,

and the ”absorption column sums ” from left to right are given by
B+ BB+ B B BT BT AT BT
B2+ 2+ B BB+ B+ 570

In the past decade considerable attention has been given to this type of
problems, see e.g. [6, 7, 15, 16], and especially [19] for a historical overview.
Many papers investigate the problem under which circumstances the line sums
determine the original set uniquely, see e.g. [1, 8, 9, 11, 25] for the non-
absorption and [20, 21] for the absorption case. However, in many cases there
are more than one configuration yielding the same line sums. Observe that the
" difference” of two configurations with equal line sums has zero line sums. Such
a difference is called a switching configuration. In the case of row and column
sums they were already studied by Ryser [23] in 1957. We refer to [17, 18]
for the case of two general directions and for the investigation of so-called
switching chains. Shliferstein and Chien [25] studied switching configurations
in situations with more than two directions. Switching configurations play a
role in solution methods of e.g. [1, 13, 17, 18, 20, 21, 25]. Already Ryser [23]
showed in the case of row and column sums that every switching configuration
can be composed of simple switching components
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An algebraic theory on their structure was developed by the authors [12, 14]
based on switching components of minimal size, so-called switching atoms. In
order to reconstruct the original itself, one can use additional known properties
of the original object to favour some inverse images above the others, such as
convexity (see e.g. [1]) or connectedness (see e.g. [3, 4, 13]). For an extensive
study on the computational complexity of discrete tomographical problems
see [10].

In this chapter we describe a general algebraic framework for switching
configurations. We collect and at certain points generalize some of our previous
results. We show that our method can be applied to more general problems
than only the classical ones in discrete tomography. We mention that, though
we focus on Z™ only, the results presented below can be generalized to any
integral domain R such that R[zi,...,z,] is a unique factorization domain.
We recommend the book of Lang [22] as a general reference for algebra.

To formulate the above problems in a precise way, we introduce some
definitions and notation which we use throughout this chapter without any
further reference. Let n be a positive integer. The j-th coordinate of a point
v € Z" will be denoted by v; (j =1,...,n), that is v = (v1,...,v,). Let m;
(j =1,...,n) denote positive integers, and put

A={iezZ™0<ij<mjforj=1,...,n}.

Let d be a positive integer, and suppose that L are equivalence relations on
Afor k=1,...,d. (For example, points are equivalent if they are on a line in

some direction characterized by k.) Let Hl(k), e ,Ht(f) denote the equivalence

classes of ~. Finally, let g : A — Rsg be so-called weight functions for

d
k=1,...,d, and set p = > gi. Now the above mentioned problems can be
k=1
formulated in the following more general way.

Problem 1. Let ¢; be given real numbers for k =1,....dand [ =1,... .
Construct a function g: A — {0,1} (if it exists) such that

S gonl) =cu  (h=1,...d I=1,...t). (1)
icH™

It is important to note that equation (1) is certainly underdetermined with
respect to functions g : A — Z. Moreover, the same may be true for solutions
g: A — {0,1}. For example, the function g given by
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has the same row and column sums as f from Figure 1. Consequently, h :=
f — g has zero row and column sums. Vice versa, having a function h : A — Z
with zero line sums, the line sums of g + h will coincide with those of g. It
turns out that the study of switching configurations over Z is much simpler
than that over {0,1}. It is therefore important to note that the solutions to
Problem 1 can be characterized as the solutions of the following optimization
problem over 7.

Problem 2. Construct a function g : A — Z (if it exists) such that (1) holds,

and
29(1)20(1) is minimal .
icA

Remark 1. If g is a solution to Problem 1, then g is a solution to Problem 2.
To show this, let f: A — Z be any other solution to (1). Then we have

Y 9@ el) =Y gl@eld) =Y fDe@) <Y f(@) (i) -

icA icA icA icA

The idea used here, that a binary solution has small ”length”, has been used
in several papers, see e.g. [3, 4, 13].

Remark 2. We also mention that when the equivalence relations X mean that
the corresponding points are on the same lines in given directions, and the
weight functions gj are defined as certain powers of some real numbers G > 1
then in view of Remark 1, our problems just reduce to the classical problem
of emission tomography with absorption. In particular, when 8y =1 (g =1
for every k) we get back the classical problem on discrete tomography.

As we indicated, we will study the structure of the set of integral solutions
of equation (1). It turns out that in case of line sums there exists a minimal
configuration (the so-called switching atom) such that every integral solution
of the homogenized equation (1) (i.e. with ¢x; = 0) can be expressed as a
linear combination of shifts of one of the switching atoms. For the case of row
and column sums the switching atom is

(54)

In this chapter we characterize and derive properties of switching configura-
tions.
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The structure of this chapter is as follows. In the next section we briefly
outline the main principles of our method. In Section 3 we give a complete
description of the set of integral solutions of (1) in case of the classical problem
of discrete tomography, for arbitrary dimension (see Theorem 1). Theorem 2
shows that if Problem 2 admits a solution, then a relatively small solution can
be found in polynomial time. In Section 4 we derive similar results for the case
of emission tomography with absorption, also for any dimension n. Finally, in
Section 5 we consider a new type of tomographical problems. Instead of lines,
the X-rays (in Z?2) are assumed to be parallel shifts of the graph of a function
G : Z — 7.1t turns out that our machinery is applicable in this case, as well.

2 The main principles of the method

In this section we summarize the main principles of our approach. Our method
relies on the following four fundamental observations.

1) If both functions f,g: A — Z are solutions to equation (1), then the
difference h := f — g is a solution to (1) with ¢y, = 0 for all k,[, that is to

> her(d) =0 (k=1,...d; I=1,...t). (2)

icH™

So to characterize the set of integral solutions of (1), it is sufficient to know
one particular solution g together with all the solutions of (2).
2) Suppose that Hy,..., H; is a partition of A. Let f : A — Z and

3 3

fi: H = Z(l=1,...,t) be given functions and write x;(z) = Y. f(i)a! for
icA

the generating polynomial of f. Suppose that xs,(z) = . fi(i)zt vanishes

t
for Il =1,...,¢, and that xs(z) = > xy,(z). Then x(z) vanishes.
I=1

3) If xs(z) is divisible by polynomials Pi(z),.. ., Ps(z) € Z[z], then x(z)
is divisible by lem(P; (), ..., Ps(z)) in Z[z].

4) Let f be a solution to equation (2). Then in the cases investigated in
this chapter we have x¢(z) = P(z)Q(z), where P corresponds to a ”minimal”
solution M to (2), and @ indicates which combination of the translates of M
yields f.

To illustrate how these principles work, we exhibit some examples.

Ezample 1 (row sums). Let n = 2, A = {(i,7) : 0 < i <my, 0 < j < mo}
and Hy = {(i,1) : 0<i<my}forl=0,....my—1.Let f: A— Zbea
given function. Define f; : H; — Z for 1 = 0,...,ma — 1 by fi(i,1) = f(i,1)
(i=0,...,m; —1). Then

mzfl mgfl

Xf(way) = Z X1 (Qﬁ,y) and Xfi (way) = yl Z fl(lvl)aZZ :

1=0 =0
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mlfl

(i) Suppose Y. f(i,I) =0forl =0,...,my — 1, so we have vanishing
i=0
row sums. Then

mlfl mlfl

Xn(Ly) =y > fli,0)=y" > f(i,1)=0 forl=0,...,my—1.
i=0 i=0

Hence
mi1—1

X5 (2,) Zfzzywy—y’Zﬁzl

(i,5)€H,

mo—1

is divisible by  — 1 for Il = 0,...,my — 1. Thus xs(z,y) = 22 Xp(z,y) is
=0

divisible by = — 1.

mi1—1
(ii) Let 8 € C, and suppose that i fi,)Bt=0forl=0,...,ma — 1.
i=0
Then
mi—1 my—1
X5(B,y) =y Zflll =y Zle =0 forl=0,...,my—1.

i=0

Hence xy, (z,y) is divisible by  — 3 over Cfor { = 0,...,ma—1. Then xs(2,y)
is divisible by « — 8 over C. Since xs(z,y) € Z[z,y], this implies that x; =0
if § is a transcendental number and that xy(z,y) is divisible by the minimal
defining polynomial of 3 if it is an algebraic number. The above argument can
be given for columns, as well.

Barucci, Frosini and Rinaldi [2] treated the binary case (i.e. only coeffi-
cients 0 or 1) where the row sums are measured into both directions for the
absorption coefficient 3 = (1 ++/5)/2. They proved that in that case the row
sums determine the configuration uniquely. Since it is a good illustration of our
approach we show how this conclusion follows from the above considerations.
Suppose there are two distinct binary solutions. Then the polynomial f, de-
fined as the difference of both characteristic polynomials, has only coefficients
1, 0 and —1 and vanishing row sums into both directions. The polynomial
m—1

> f(i, 1)z is therefore divisible by both the minimal polynomial 2% — x — 1
i=0
of B and the minimal polynomial 22 + 2 — 1 of B! for all I. Hence both

Z f(i,1)3" = 0 and Z f(i,1)(=B)! = 0. By addition and subtraction we

ﬁnd that both ) f(z Z)B =0and Y. f(i,1)3" = 0. Since the non-zero
i even ; odd
coefficients have modulus 1 and 3% > 2, the first non-zero term of each ex-

pression exceeds the sum of the remaining terms. We conclude that all the
coefficients of f are 0 so that the solution is unique.
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Ezample 2 (row and column sums). On combining Example 1 with §; to the
mp—1
row sums and with £ to the column sums we obtain that if Z fG,DBi=0

mo—1

forl=0,...,my—1and z f,5)B =0fori=0,. .,m1—1then xy = 0if
j=0

B1 or 3o is transcendental and that otherwise x is divisible by the product of

the minimal defining polynomials P; (x,1) of 81 and P>(1,y) of 3> (as Pi(xz, 1)

and P5(1,y) are coprime).

Kuba and Nivat [20] studied the special case of row and column sums for
B1 = P2 = (1++/5)/2 (cf. Example 4 in Section 4.1). The situation of having
different absorption coefficients in different directions was studied by Zopf and
Kuba [26] in another context.

Ezample 3 (line sums). Let n and A be as in Example 1 and a, b € Z. Without
loss of generality we may assume that @ > 0. Suppose first that we have b < 0.
Put H = {(i,j) :aj = bi+i} for I =0,...,m withm = (my —1)b+ (m2—1)a.
Hence A is the disjoint union of the H;. Define the functions f; : H; — Z for
the above values of | by fi(i,j) = f(i,j) ((i,4) € H;), where f: A—>Zisa
given function. Then

Xs (e, ZXﬁwy) where s, (z,9) = Y fili,j)z

=0 (i,j)€H

Let 3 € C, and suppose that Y f(i,5)3" =0 for I =0,...,m. Then
(i,j)€H,

Xn(e,y) = > [, )atyPe =yl N g ) (wy? ) =0

(i,j)€H, (i,4)€H;

for z = By~ % and I = 0,...,m. It follows that Xf(ﬁy’b/“,y) = 0. Equiv-
alently, x;(By~°,y*) = 0. We conclude that y; = 0 if 3 is transcenden-
tal and that otherwise x is divisible by the minimal defining polynomial of
x4 — go/dy=b/d where d = ged(a,b) if B is algebraic. Similarly we find in
case b > 0 that y; is divisible by the minimal polynomial of z%/dyb/¢ — go/d.

Combine Example 1 with f = 8 and Example 3 witha=1,b= -1, § =

mi—1

B\/_ Suppose Z fG,D)Bi=0forl=0,...,ma—1and Y f(i,5)5; 2 —
j=—i+l
Oforl=0,..., m1 +my — 2. Then x; is divisible by both polynomials  — 3,

and z — Bf/ﬁy over C. By the theorem of Gelfond-Schneider we know that if
B1 # 0,1, then 6}5 is transcendental if §; is algebraic. Hence either 5; = 0
and xy is divisible by z, or 81 = 1 and xy is divisible by (z — 1)(z —y), or
Xf = 0.

Combine Example 3 with a = 1, b = —1, § # 0 arbitrary and Example

3 with a = b = 1, and 87! in place of 3. Suppose . f(i,j)B" = 0 for
j=—i+l
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[=0,...,mi+ma—2and Y, f(i,j)8~"=0forl=—-mi+1,...,ms— 1.
j=i+l

Then x is divisible by both polynomials z— 8y and zy— 3! over C. Hence x ¢

is identically zero if 3 is transcendental. If 3 is algebraic, then xy is divisible

by the product of the minimal polynomials of z — Sy and zy — 5.

Finally, combine Example 3 with a = 1, b = —1, 8 # 0 arbitrary and
Example 3 with a = 1, b = —1, 87! in place of 8. (The latter condi-
tion is equivalent with a = —1, b = 1, absorption coefficient .) Suppose

S fE,)8 = Y. f(i,5)87t =0 for I = 0,...,m; + ma — 2. Then
j=—i+l j=—i+l
xy = 0 if 8 is transcendental. If § is algebraic then xs(z,y) is divisible by
the minimal polynomial of zy — 3, and, if the minimal polynomial of /3 is
non-reciprocal, even by the product of the minimal polynomials of z — Sy and

z— 71y

3 Discrete tomography in nD

In [12] we developed a theory on switching configurations in case n = 2. In
this section we generalize it to arbitrary n.

3.1 Some notation

Let @ € Z™ with ged(aq,...,a,) = 1, such that a # 0, and for the smallest
J with a; # 0 we have a; > 0. We call g a direction. By lines with direction
a we mean lines of the form b+ ta (b € R*, ¢t € R) in R”. Let A be as in
the Introduction. By the help of a direction ¢ we can define an equivalence
relation on A as follows. We call two elements of A equivalent if they are on
the same line with direction a. If ¢ : A — Q is a function, then the line

sum of g along the line T' = b + ta is defined as )  g¢(i). Note that the
i€ANT

line sums are in fact the ”class sums” from (1), corresponding to the above
defined equivalence.

We will work with polynomlals F € Q[zy,...,z,]. For brevity we write
z = (x1,...,2,) and zt = H a: ' (i € Z™). The generating polynomial of a

j=1
function g: A — Q is deﬁned as

2 =Y gl

i€A

A set S = {a;}4_, of directions is called valid for A, if Z lak;| < m; for

any j = 1,...,n. Suppose that S is a valid set of d1rect10ns for A.Forae S
put fo(z) = (22 —1) [] a:j_a’ and set Fg(z) = H fak( x). Let

aj<0
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d

U={g:0§uj<mj—2\akj\ (G=1,....,n)}.
k=1

For u € U put Fy;s)(z) = 2%Fs(z) and define the functions M) : A = 7Z
by
My;5)(i) = coeff(z!) in Flus)(z) forie A,

The My,s)’s are called the switching atoms corresponding to the direction
set S. By the minimal corner of the switching atom M(,s) we mean the
element i* € A for which Mg,5)(i*) # 0, but My, (i) = 0, whenever i € A
lexicographically precedes ¢*. That is, i* is lexicographically the first element
of A for which the function value of My,s) is non-zero. It follows from the
definitions of f, and Fs that

M5 (") = 1.

Since it corresponds with the minimal corner of My,s), for every u € U we
define the minimal corner of M(y,s) as i* + u. Again, the minimal corner of
M y;s) is lexicographically the first element of A for which the function value
of M(y;s) is non-zero, and we also have

My;s)(i" +u) = £1.

It is clear that a function g defined on A can be considered as a vector (a

n

[1 mj-tuple). If we want to emphasize this, we write g instead of g. We always
j=1
assume that the entries of these vectors are arranged according to elements of

A in lexicographical order. The length of g (or g) is |g| = |g| = . /> g(i)>.
i€A

3.2 The structure of the switching configurations

Our main result shows that every switching configuration is a linear combi-
nation of translates of the switching atom M g;s).

Theorem 1. Let A be as before, S = {a;, }d_, a valid set of directions for A,
and let R be one of Z or Q. Then any function g : A — R with zero line
sums along the lines corresponding to S can be uniquely written in the form

9= Z CEM(%S)
e

with some ¢, € R (u € U). Moreover, every such function g has zero line
sums along the lines corresponding to S.

Remark 3. As one can easily see from the proofs, if S is not valid for A, then

the only function having all its line sums zero is the identically zero function
on A.
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To prove the theorem, we need the following lemma.

Lemma 1. Assume that a is a valid direction for A, and let R be one of Z
or Q. Then a function g : A — R has zero line sums along the lines with
direction a if and only if f.(z) divides x,(z) in R[z].

Proof. We give the proof only when a; >0 (j =1,...,n), the proof is similar
in all the other cases. Put B = {b: : b€ A, b—a ¢ A}, and for b € B set
Iy = max{t € Z: b+ ta € A}. Observe that we can write

Iy Iy
Xo(@) =Y glb+ta)a™ ™ =">"2"Y " g(b+ta)z'™ =

beB t=0 beB  t=0
Iy t—1 Iy

=@ -1 22 gb+ta)d 2+ 22D gb+ta).
beB  t=0 s=0 beB  t=0

As fo(z) = 2% — 1 and the line sums of g in the direction a are given by

Iy
> g(b+ ta), the lemma follows. O
=0

Proof (of Theorem 1). By definition, for every u € U the function F{,,s) is
divisible by f,, for any k with 1 < k < d. Hence by Lemma 1, M(,s) has
zero line sums along all the lines corresponding to S. This proves the second
statement of Theorem 1.

Let now

H={f: A— R| f has zero line sums corresponding to S} .

We first prove that the switching atoms generate H. Suppose that g € H.
Lemma 3 (from Section 4) implies that the polynomials f,, (z) are pairwise
non-associated irreducible elements of the unique factorization domain R[z].
Hence by Lemma 1 we obtain

Fs(z) | xy(z) in Rlz].
Hence there exists a polynomial h(z) = cu2® in R[z] such that x,(z) =

uelU
h(z)Fs(z). We rewrite this equation as

Xg(z) = Z Cully;s) (z) .

uelU

Now by the definitions of x,(2) and the switching atoms M,;5) we immedi-

ately obtain
9= Z cu(y;s)
uelU
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which proves that the functions M(,,s) generate H.
Suppose now that for some coefficients I, € R (u € U) we have

> 1 Mys)(i) =0forallic A.
ueU

By the definitions of the switching atoms, at the minimal corner of Mg, all
the other switching atoms vanish. This immediately implies I = 0. Running
through the switching atoms M(y,s) with u € U in increasing lexicographical
order, we conclude that all the coefficients [, are zero. This shows that the
switching atoms are linearly independent, which completes the proof of the
theorem. O

The following result is a consequence of Theorem 1.

Corollary 1. Let A, S and R be as in Theorem 1. Let C be the set of those
elements of A which are the minimal corners of the switching atoms. Then for
any f: A — R and for any prescribed values from R for the elements of C,
there exists a unique g : A — R having the prescribed values at the elements
of C' and having the same line sums as f along the lines corresponding to S.

Proof. As every switching atom takes value £1 at its minimal corner, we
obtain that there are unique coefficients ¢, € R (u € U) such that

g:=f+ Z cuMy;s)
uelU

has the prescribed values at the element of C'. By the second statement of
Theorem 1 the line sums of f and g corresponding to S coincide. O

3.3 Existence of ”small” solutions

We provide a polynomial-time algorithm for finding an approximation to f
having the required line sums. We first compute a function ¢ : A — Q having
the same line sums as f in the given directions by solving a system of linear
equations. Subsequently we use the structure of switching configurations to
find a function g : A — Z which is not far from ¢ and f. The general result
is given in Theorem 2. It follows that in case when f has {0,1} values the
algorithm provides a solution g : A — Z satisfying (1) with |g(i)| < 297141 0on
average, where d is the number of directions involved. The function obtained
by replacing all function values of ¢ which are greater than 1/2 by 1 and all
others by 0 provides a good first approximation to f in practice. In [13] an
algorithm is given, relying on this principle.

Theorem 2. Let A, d and S be as in Theorem 1. Let all the line sums in the
directions of S of some unknown function f: A — 7Z be given. Then there
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exists an algorithm which is polynomial in HllaX {m;}, providing a function
]_
g: A — 7 such that f and g have the same line sums corresponding to S,

moreover

gl < |f1+27" | TTms - (3)
j=1

Proof. Put N; = Z lax;| for j = 1,...,n. First, compute some function

qg: A—-Q havmg the same line sums as f. It can be done by solving the

system of linear equations provided by the line sums. This step is known to

be polynomial in max {m;} (see e.g. [5], p. 48). We construct a function
j

=1,...,

s : A — Z with the same line sums as f. We follow the procedure used in

the second part of the proof of Theorem 1 and start with the minimal corner

i* of My,s). With an appropriate rational coefficient ro with |rg| < 1/2, the

value (g + roM(g;s))(i") will be an integer. We now continue in increasing

lexicographical order in i and choose coefficients r; subject to |r;| < 1/2 such

that the value of (¢+ > ry M(;.5))(i) is an integer. (Here < under the ) refers
i'<i

to the lexicographicz;lI)irdering.) Observe that the values at i’ (i’ < i) are not
changed in the i-th step. After executing this procedure for the whole set C
of the minimal corners of the switching atoms, we obtain a function s having
integer values on C. By a similar process (taking the switching atoms one-
by-one, in increasing lexicographical order) we get that there exist integers ¢,
(u € U) such that the values of f4 » t,M(,,s) and s coincide on C. As these
uelU
functions have the same line sums corresponding to S, applying Corollary 1
with R = @, we conclude that they are equal, hence s takes integer values
on the whole set A. Clearly, this construction of s needs only a polynomial
number of steps in _max {m;}.
j=1,....n
n
Consider now all the functions as vectors ( [] m; -tuples), and solve over
i=1
Q the following system of linear equations

(saM(g;S)) = Z C;(M(Q;S)aM(g;S))
uelU

in cj,, where (.,.) denotes the inner product of vectors and v runs through
the elements of U. As the switching atoms are linearly independent according
to Theorem 1, this system of equations has a unique solution. This can be
computed again in time which is polynomial in jjrllaxn{mj}. Put g = s —

> llca/M(y;s), where [|af| denotes the nearest integer to a. Observe that

s — Y. My is just the projection of f (but also of q and s) onto the
wel =~
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orthogonal complement of the linear subspace generated by the switching
atoms. This implies

gl < [£]+ Y (ch = [l DM (uss)
uelU

There are at most 2¢ switching atoms which contribute to the value of any
fixed point, each with a contribution at most 1/2 in absolute value in the

n
above equation. Thus we may conclude |g| < |f| + 241, | [T m;.
Jj=1

Finally, notice that all the steps of the above algorithm are polynomial in
_max {m;}. Thus the proof of Theorem 2 is complete. O
j=1,...n
Remark 4. We mention that if we know that Problem 1 admits a solution,

tr
i.e. f has {0,1} values in the above theorem, then |f| = /> ¢ (for any

k=1,...,d), whence we get |g| < (297! + 1), [ [] m,. Moreover, as noted in
Jj=1

the proof of Theorem 2 we can replace |f| with |q| (or with |s|) in the upper

bound (3). Therefore an upper bound for |g| can be given which only depends

on the line sums and the directions.

3.4 Dependencies among the line sums

Obviously, the sum of all row sums of a function f : A — Z coincides with
the sum of all column sums of f. In this subsection we give a simple formula
for the number of dependencies among the line sums corresponding to S.
Let A, S and Fs(z) be as above, and write N; for the degree of Fs in
zj (j = 1,...,n). Then by Theorem 1 the switching atoms form a basis
n

of a module of dimension [] (m; — N;) over Z. Suppose that Lg denotes
j=1

the number of line sums for A corresponding to the directions in S, and let

Dg denote the number of dependencies among these line sums. Then as the

n
number of unknowns is [] m;, elementary linear algebra tells us that
=1

Ds=Ls+ H(mj - Nj) - Hmj -
j=1 j=1

In particular, if n = 2 then there are agma+|bg|m1 —ag|bg| line sums belonging
to a direction (ag,bx) € S. Hence in this case as a; > 0 we have
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d d d
Ds =may Zak +my Z |br| — Zak|bk|+
k=1 k=1 k=1

d d d d
+ (ml — Zak> (mg — Z|bk> —mimy = Zak2|bk| — Zak|bk\ .
k=1

k=1 k=1 k=1 k=1

4 Emission tomography with absorption

In this chapter we generalize the results from [14] which were presented for
dimension 2 to the case of general dimension.

To model the physical background of emission tomography with absorp-
tion, consider a ray (such as light or X-ray) transmitting through homogeneous
material. Let Iy and I denote the initial and the detected intensities of the
ray. Then

I= IO ce MY s

where 1 > 0 denotes the absorption coefficient of the material, and z is the
length of the path of the ray in the material. We put g = e#, and we call 3 the
exponential absorption coefficient. We mention that as u > 0, we have § > 1.
Note that by the absorption we have to work with directed line sums which do
not only depend on the line, but also on the direction of the radiation through
that line.

We further assume that g represents (radio-active) material which is emit-
ting radiation. If g(i) = 1, then there is a unit of radiating material at g,
otherwise ¢g(i) = 0 and there is no such material at i.

As we have absorption, we attach some absorption coefficient to each di-
rection. Hence we slightly adjust our previous notation. Let d be a positive
integer, and let S = {(a;,Br) : k=1,...,d} be a set, where g; € Z™ with
ged(agr, .-, akn) = 1 for k =1,...,d, and for the real numbers 8 we have
Br>1.Fork=1,...,dput By={b€ A:b+aqa, ¢ A}, and for any i € A let
5(i,k) denote the integer for which i = b — (s(; 5) — 1)a; with some b € By. By
the directed absorption line sum of g along the line T' = b—ta, (b € By,t € Z)

we mean
N H—S(
Y 9B

i€ETNA

(Here there is a hidden assumption on the shape of the absorbing material,
but this is irrelevant for the switching configurations.) In Figure 1 in the
Introduction we illustrated how directed absorption line sums are interpreted.

Let i, ~ i, for i,,i, € A and k = 1,...,d if and only if i, — i, = ta, for

some t € Z, and write Hl(k), PN Ht(f) for the equivalence classes of k. Taking
arbitrary real numbers ¢y (k= 1,...,d; 1 = 1,... t), equation (1) is just

given by
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Yo o9 = (k=1,..d L=1,.. 1) . (4)

Thus in this case Problem 1 is the standard problem in emission tomography
with absorption. (See also the DA2D(/3) reconstruction problem in [20] for the
two dimensional case.)

If the absorption is independent of the direction, then 3, = e#l¢l, since |a|
is the distance between consecutive lattice points on the line b — ta. However,
we prefer to leave the possibility open that the absorption coefficient depends
on the direction in which the medium is passed. Our definition of s(; ) makes
it possible to distinguish between two opposite directions. Thus b — ta and
b — t(—a) represent the same line, but opposite directions.

Finally, we mention that in case when 8 =1 (k =1,...,d) the problem
reduces to the classical problem of discrete tomography.

4.1 The structure of the switching configurations

In this section we give a full description of the set of solutions g : A — Z
to (4). First we consider the case when ¢, = 0 for all k = 1,...,d and
l=1,...,t, that is when all the directed absorption line sums of g are zero.
For this purpose we need some further notation.

First we note that if any of the Si-s is transcendental, then f is uniquely
determined by its directed absorption line sums in the corresponding direction
a;,. Hence from this point on we assume that all the exponential absorption
coefficients are algebraic.

Let ¢ € Z" be a direction (i.e. gcd(as,...,a,) = 1). Let 8 be a non-zero
algebraic number of degree r, and let Pz(z) be the defining polynomial of /3
having coprime integral coefficients. Put

fap (@) = Paa®) T =7 .

a; <0

Hence f(q,)(z) € Z[z].

In the proof we shall make use of a fundamental correspondence between
functions g : A — Z and polynomials in n variables. Namely, to such a function
g we attach the polynomial

Xg(z) =) gDz’

i€A

Then into direction g the line sums of g are the coefficients of x,(z) ”modulo”
f(a,3)- The polynomials are pairwise coprime except for some well-described
special cases, when they are conjugate. Therefore the polynomial Fs defined
below represents the least common multiple of the polynomials f,, s,)- Let
S ={(ay,Bk) : k=1,...,d} be a set, where for each k, g, is a direction and
By is a real algebraic number with §j, > 1 of degree r. Two elements (g, Bk)
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and (a,, ;) of S are equivalent, if @, = a. and f;, and S, are algebraically
conjugated elements, or a;, = —a, and Sy and 1/4, are algebraically conju-
gated elements. Let S* be a subset of S containing exactly one element of S
from each class of this equivalence relation. Put

Fs@) = [ fa.so@ -

(Qk7Bk)ES*

We say that S is valid for A, if N; := deg, (Fs(z)) < m; (j = 1,...,n).
Put U ={u€Z":0<wu <mj—N; (j=1,...,n)} Foru € U set

Fly;s)(z) = 2%Fs(z), and define the functions M,,s) : A — 7Z by
My;5)(i) = coeff(z!) in Flys)(z) forie A,

The functions M(,,s) are called the switching atoms corresponding to the set
S. By the minimal corner of the switching atom My, 5) we mean the element
i* which is lexicographically the first element of A for which the function value
of M(y.s) is non-zero. The minimal corner of My, is i* + u.

Our main result in this section shows that switching configurations can be
obtained as combinations of shifts of the switching atom M,s) also in the
case of emission tomography.

Theorem 3. Let A, S and My,s) be as above, with the assumption that S is
valid for A. Then any function g : A — 7Z with zero directed absorption line
sums corresponding to the pairs (ay, Bk) of S can be uniquely written in the

form
9= Z cuMu;s)
uelU

with ¢, € Z (u € U). Moreover, every such function g has zero directed

absorption line sums corresponding to the elements of S.

Remark 5. Note that if S is not valid for A, then there is no non-trivial f
having zero directed absorption line sums in the directions given by S. This
fact simply follows from the proof of Theorem 3.

As an illustration, we give two examples (partly from [14]).

Ezample 4. First we consider a similar situation as Kuba and Nivat do in
[20], however, in Z2. et § = {((~1,0,0), 8), (0, 1,0), 8), ((0,0,1), 8)}, where
B = (1++/5)/2. Then we have P3(z) = 2> — z — 1 and

f((71,0,0),ﬁ)(331,$2,$3) = —33% -z +1, f((0,1,0),6)(331,$2,$3) = 173 —z9—1

and
fo01),8) (@1, 22,23) =25 — 25— 1.

Thus we obtain
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Fs(z1,2,73) = (2223 — 2300 — 23 + 2125 — 2120 — 21 — 25+ 22+ 1) (1 + 23 — 23)

and Ny = Ny = N3 = 2. Soif A is of type my X ms X mg with my, ms, mg > 3,
then S is a valid set for A. Now Mq.s) is given by

0 0 00...0 0 0 00...0 0 0 00...0
0 0 00...0 0 0 00...0 0 0 00...0
-1 1 10...0 -1 1 10...0 1-1-10...0
1-1-10...0 1-1-10...0 -1 1 10...0
1-1-10...0 1-1-10...0 -1 1 10...0

where these tables represent the values of M(g,5) on the ”slices” corresponding
to the coefficients of 1,z3,73 in Fgs, respectively. (All the other values are
zero.) The switching atoms M) (v € U) form a basis of the set of functions
g: A — Z having zero line sums corresponding to the three elements of S.

Example 5. Now we consider an example for n = 2 where both opposite di-
rections and different exponential absorption coefficients occur. Let

S = {((_17 0), B), ((17 0), B), ((07 _1)7’7)7 ((07 1), 5)}
with 8 = (14++/5)/2,7 =2+ V2 and § = /2. We obtain Ps(z) = 22—z — 1,
P,(z) = 2* — 4z + 2 and Ps(z) = 22% — 42+ 1. We have
ficro(@,22) = —2f —z1 + 1, fuo.s (@, 22) =27 —21 — 1
and
F0—1) ) (@1, 22) = fi(0,1),6) (1, 22) = 225 —da + 1,
as v and 1/ are associated elements. We get

Fs(x1,m0) = —2x175 + 4alzs — 2] + 62723 — 122720 + 325 — 223 + 425 — 1

and Ny =4, N, = 2. So if A is of type m; X my with m; > 5 and msy > 3,
then S is a valid set for A. Now Mqs) is given by

0 0 0 0 0 0 0
0 0 0 0 0 0 0
-2 0 6 0 -2 0 0
4 0 —12 0 4 0 0
-1 0 3 0 -1 0 0

and the switching atoms M,,s) (u € U) form a basis of the set of functions
g: A — Z having zero line sums corresponding to the four elements of S.
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To prove Theorem 3, we need several lemmas. To keep this exposition
self-contained, we include their proofs. Lemma 2 shows the correspondence
between zero line sums and division by polynomials. Note that line sums of
functions A — L are defined in the obvious way.

Lemma 2. Let A be as before, a a direction, and 8 a non-zero algebraic num-
ber. Let L be some field containing the splitting field of Ps(z). Put

fam(@ =@ = 8) [[ =7 .

Then a function g : A — L has zero line sums corresponding to the pair (a, )
if and only sz (a,8) () divides x,(z) in L[z].

Proof. We prove the lemma only with a; > 0 (j = 1,...,n), as the other cases
can be treated similarly.

Put B={be A:b+a¢ A} and let I be the number of the points of A
on the line b — ta (b € B,t € Z). Observe that we may write

Ib 1 Ib 1
E E (b — sa)x”** E E (b —sa)x .
beB s=0 beB s=0

n
If 22— 3 divides x, (z) in L[z], then after substituting z; « '/ 1—[2 a:?j/al
]:

Ib 1
the polynomial x4(z) becomes identically zero. This yields that Y g(b —
5=0
sa)f~* vanishes for every b € B, hence g has zero absorption line sums cor-
responding to (a, 3). This proves the ‘if’ part of the statement.

To prove the ‘only if’ part, suppose that all the line sums

Iéfl kal
Y glb—sa)f Tt =Y g(b— (I —s—1)a)f® (b€ B)
s=0 5=0

of g corresponding to (a, ) vanish. This means that § is a root of the polyno-
Ib 1
mial Qp(2) := Z g(b— (Iy —s —1)a)z® for each b € B. Thus for every b € B

the polynomlal Qb( 22) is divisible by z¢ — 8 over L. Hence z% — (3 divides

Xg(z) = 3 2tt(1-1)eQ, (22) in L[z], and the lemma follows. O
beB

Lemma 3. Using the notation of Lemma 2, write r for the degree and B
(1 < ¢ <r) for the conjugates of 3. Then the polynomials f, g (z) (1 <
¢ < r) defined in Lemma 2 are pairwise non-associated irreducible elements
in L]z].
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Proof. As ged(aq,...,ay) = 1, the irreducibility of these polynomials is a
simple consequence of Corollary 2 of [24] p. 103. The statement that the
polynomials are pairwise non-associated, is trivial. O
a;

Corollary 2. The polynomials Ps(z2) [] z;r are irreducible in Z[x].

a; <0

Proof. We prove the statement only for a; > 0 (j = 1,...,n), the other cases
are similar.

Let 3(9) (1 < ¢ < r) be the conjugates of 3, and let L be the splitting field
of Pg over Q. Then, in view of

Ps(z®) = co [J (@~ 5
c=1

where ¢g is the leading coefficient of P3, the statement immediately follows
from Lemma 3. O

In the next lemma we show that the divisibility property of x4 over L in
Lemma 2 implies a stronger property over Z.

Lemma 4. Let a and 8 be as in Lemma 2. Using the previous notation, a
function g : A — Z has zero line sums corresponding to the pair (a, ) if and

only if Ps(z®) T] ;" divides x,(z) in Z[z].
aj<0

Proof. The ‘if’ part of the statement easily follows from Lemma 2. We prove
the ‘only if” part only for a; > 0 (j = 1,...,n), the other cases can be handled
similarly. In this case observe that by Lemma 2, 22— divides x4(2) over any
field L which contains the splitting field of Pz(z). However, by conjugation,
for every conjugate 5(¢) of 8, 2% — (%) also divides Xg(2) in L{z]. By Lemma
3 this assertion immediately implies the statement. O

It follows from Corollary 2 and the following Lemma 5 that the division
polynomials in non-parallel directions are coprime, and in parallel directions
are coprime or associated.

Lemma 5. Let a,a* be directions, and (3,8 be non-zero algebraic numbers
of degrees r and r*, respectively. Then the polynomials P(z2) [] z;mj and

a; <0
Ps- (%) I a:;T 7 are associated in Z[z] if and only if either a = a* and 8
a3 <0
and 5* are conjugated, or a = —a* and 8 and 1/3* are conjugated.

Proof. The ‘if’ part of the statement is trivial. Suppose that Pz(z%) [] a:j_mj
a; <0

* ok

and Ps-(z2) ] a:j_r % are associated. Then the degrees of 8 and 8* must
a;<0



20 L. Hajdu and R. Tijdeman

be equal, i.e. # = r*. For 1 < ¢ < r let (¢ and B*(C) be the conjugates of 8
and §*, respectively. Let L be any field which contains the splitting fields of
both Pg and Pg-. Then we have the factorizations

Ps(t) I] ;" = I] fasen (@)
c=1

aj<0

and

Ps-(z*) [T 2,7 =TI fae ooy (@)
c=1

a3 <0

in L[z], where the polynomials on the right hand sides are defined in Lemma
2. By our assumption and Lemma 3 we obtain that for each ¢; with 1 <
c1 < r there exists a ¢y also with 1 < ¢y < r, such that f(ﬂﬁ(cl))(g) and
f(g*ﬁ*(cy)(g) are associated elements in L[z]. By comparing the exponents
of z; (j = 1,...,n) in these polynomials, we get that a = +a* holds, and
for the corresponding pairs (¢, cz), (1) = B*(¢2) or gler) g*(e2) = 1 ig valid,
respectively. This yields that {89 : 1 <c¢<r} = {B*(c) :1<c<r}or
{9 . 1<e<ry = {1/6*(6) : 1 < ¢ < r}, respectively, which establishes
the ‘only if” part of the statement. The proof of the lemma is now complete.

O

Proof (of Theorem 3). By definition, for every u € U the function F{,,s) is
divisible by f(4, s,) for any k with 1 < k < d. Hence by Lemma 2 My;s)
has zero line sums corresponding to the pairs in S. This proves the second
statement of the theorem.

Let

H={f: A— Z| f has zero absorption line sums for the elements of S} .

We first prove that the switching atoms M(,.s) (u € U) generate H. Combin-
ing Corollary 2 and Lemmas 4 and 5, for any g € H we obtain

Fs(z) | xq(z) in Z[z] .
Hence there exists a polynomial Q(z) = > ¢,z with ¢, € Z (u € U) such

uelU
that Q(z)Fs(z) = x4(z). We rewrite this equation as

Xg(z) = Z Cully;s) (z) .

uelU

Now by the definitions of x,(2) and the switching atoms M,;5) we immedi-

ately obtain
9= Z cu(y;s)
uelU
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which proves that the functions M(,,s) generate H.
Suppose now that for some coefficients I, € Z we have

> 1My (i) =0foric A, (5)
welU

By the definitions of the switching atoms, at the minimal corner of Mg, all
the other switching atoms vanish. This immediately implies I = 0. Consid-
ering now M(,,s) with u € U in increasing lexicographical order, we conclude
that all the coefficients [, are zero in (5). This shows that the switching atoms
are linearly independent, which completes the proof of the theorem. O

Remark 6. Similarly as in case of the classical problem of discrete tomography
in Section 3, it would be possible to provide an algorithm that produces a
”small” integral solution to (1) in case of emission tomography. We omit the
details.

5 Tomography on curves

In this section we illustrate that our method is rather flexible in the sense
that variations to other sums than line sums are possible. In this more gen-
eral case there do not exist translation invariant switching atoms. However,
our polynomial method allows us to construct non-trivial configurations with
vanishing sums and characterize such configurations in Theorems 4 and 5.
We shall illustrate the method in two dimensions by examples where sums
are taken over sets of the shape Hj = {(i,j) € A : axj = bpG(i) + t}
where G : Z — Z,t € Z and the (ax,b;) are distinct pairs of co-

prime integers for k£ = 1,...,d. The basic idea is that to the given function
g: A — Z we adjoin the ”generating” polynomial > g(i,7)z%yd (in-
(i.j)€A
stead of > g(i,j)x'y’). Since ayj = bpG(i) +t the exponent pairs (G(i), 5)
(i.j)eA

for (i,j) € Hy are on the lines ayy = brx + t. So the sums over Hj, turn into
line sums and we can apply the preceding theory. Doing so we find switch-
ing atoms. The problem is to return to the original situation, where there is
no linear structure. However, by constructing polynomials with exponents of
prescribed form which are multiples of the switching atom polynomial, we are
able to construct configurations with vanishing sums for all given Hy,. We give
two examples.

Ezample 6 (broken line sums). We consider the situation where light (or X-
ray) entering from the left along the halfline ay = bx + ¢ (z < 0) is broken
when reaching the y-axis and continues along the halfline ay = cbz+t (z > 0),
where ¢ is a given integer.

To describe this case, we slightly need to adjust our previous settings. Let
my,ms be positive integers and n; a negative integer. Put
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A={(G,7)€Z%: n <i<mi,0<j<ma},

and let a,br (k= 1,...,d) and ¢ be non-zero integers with ged(ag,br) = 1
and ap >0 (k=1,...,d). Set

Tee = {(3,7) EZ2:i§0, arj = bri+t}U{(i,j) EZ2:i>0, apj = cbpi+t}

for k=1,...,dand t € Z. Let (i1,71) L (i2,72) for (i1,71), (i2,72) € A and
k =1,...,d if and only if these points belong to the same set T}; for some
integer t. Write Hl(k), RPN Ht(f) for the equivalence classes of X on A. These
classes are in fact the intersections of the broken lines Ty; with A. By the
broken line sums corresponding to (ay, by) of a given function g : A — Z we
mean the expressions

Crl 1= Z g(i,j) fork=1,....d;1l=1,... . (6)
(i.j)eH™

Note that (6) is a special case of equation (1), with unit weights g = 1
(k=1,...,d).
With the above modifications we can apply our machinery to the broken

line case as well. First we introduce some further notation. .
Let S = {(ax,br)}¢_, with (ax,bs) as above, and write Ny = Y a;, and
k=1
d
Ny = 3" |bg|. We say that S is valid for A, if Ny < m; —n; and No < ma.

k=1
For k=1,...,d put

zybr — 1, if b, >0
a’“—y_b’“, if by <0,

and set Fs(z,y) = H fr(z.y).

In view of the broken lines, we define

0 mo—1 mi1—1ma—1
Xo(my) =27 [ Y > gli,j)a'y’ + > 9l
i=ni; j=0 i=1 j=0

as the ”generating” polynomial of g : A — Z. Note that the factor 7™ is
introduced only to keep the exposition inside Z[z, y].
For the solutions of (6) we have the following

Theorem 4. Let A and S be as above, with the assumption that S is valid
for A. Then a function g : A — 7 has zero broken line sums corresponding
to S if and only if x4(x,y) is divisible by Fs(z,y) in Z[z,y].
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Proof. Let g : A — Z be an arbitrary function and let (a, b) € S. For simplicity
we assume that b > 0, the case when b < 0 is similar. Observe that we can
write

. . ct ]
Xo(m,y) =27™ ) Z Mo gty + > Y gli,pay | =
teZ \ i=n1 aj=bi+t i=1 aj=cbi+t
0<j<mo 0<j<ma
0 mi— 1
SO VTS S PR AL
beZ i=n1 aj=bi+t i=1 aj=cbi+t
0<j<ma 0<j<me

Now just as previously (see e.g. the proof of Theorem 1) we obtain that g has
zero broken line sums corresponding to (a,b) € S if and only if 2%y®—1 divides
Xg(2,y) in Z[z,y]. Observing that the polynomials fi(z,y) (k=1,...,d) are
pairwise coprime (in fact prime) elements of Z[xz, y], the theorem follows. O

We illustrate the above theory by the example when S = {(1,1),(3,1)}
and ¢ = 2. In this case the broken line sums are calculated in accordance with
Figure 2. Moreover, we have

yFXAt

L 3yEx+t,

Fig. 2. Broken lines corresponding to S = {(1,1),(3,1)} and ¢ = 2.

Fs(z,y) = (zy — 1)@’y —1) =a'y’ -2y —ay+ 1.

Theorem 4 gives that g : A — Z has zero broken line sums corresponding to S
if and only if F's divides x, over Z. Hence to present a non-trivial example, we
should find a non-zero multiple of Fs in which all the exponents of x greater
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than some non-negative integer are even. For switching configurations entirely
contained in {(z,y) : x < 0} or in {(z,y) : > 0} the theory of Section 3
applies. Suppose we want a switching configuration with “minimal corner” at
(—3,0). Then all exponents of z in x, greater than 3 should be odd. We have

(zy + 1) Fs(z,y) = 2"y —a’y — 2y’ + 1 =2(@"y’ —y — 27 'y* —27%) .
Hence if n; < —3, m;y > 3 and my > 4 then the function g : A — Z

represented by
0...000 0 000...0

.000 0 000...

0.. 0

0...000 0 010...0

0...000-1 000...0

0...000 0-100...0

0...010 0 000...0
T

has zero broken line sums along the corresponding broken lines. Here 1 indi-
cates the y-axis.

Ezample 7 (parabola sums). We consider the situation when the X-rays (or
light) pass along parabolas ay = bz? +t (z > 0).

Let A be as before, and let ay, by, be coprime non-zero integers with a; > 0
(k=1,...,d) . Let (i1, 1) % (i, jo) for (i1, 1), (in,jo) € Aand k=1,...,d
if and only if by (i3 — i3) = ax(j1 — j2) (i.e. for some integer t; we have
bri? = axji — tx and bri3 = agjo — t1, that is, these points lay on the same
vertical translate of the graph of the function ayy = bgz?). Further, write
Hl(k), . Ht(f) for the equivalence classes of X on A. Let a function g: A7
be given. By the parabola sums of g corresponding to (ay,br) we mean the
expressions

Crl 1= Z g(i,j) fork=1,....d;1=1,... t. (7
(id)e ;"

Obviously, (7) is a special case of equation (1) with g, =1 (k=1,...,d).

As it will turn out, with the modifications indicated above we can apply
our previous results to this case. We need, however, some notation. Let S, Ny,
Ns, fr(z,y) and Fs(z,y) be defined as in case of broken lines.

We choose .
Xg(af,y) = Z g(l,])ﬂ?z yJ
(i,j)€EA

as the ”generating” polynomial of g: A — Z.
For the solutions of (7) we have the following
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Theorem 5. Let A and S be as above, with the assumption that S is valid
for A. Then a function g : A — Z has zero parabola sums corresponding to
S if and only if x4(x,y) is divisible by Fs(z,y) in Z[z,y].

Proof. Let g : A — Z be an arbitrary function and let (a, b) € S. For simplicity
we assume that b > 0, the case when b < 0 is similar. Observe that we can
write

o)=Y N gty =Sy ST g, @t/

tEZ aj=bi2+t te7Z aj=bi2+t
(i,j)€EA (i,5)€A

Now similarly as e.g. in the proof of Theorem 1, one can easily verify that g has
zero parabola sums corresponding to (a,b) € S if and only if z%® — 1 divides
Xg(z,y) in Z[z,y]. As the polynomials fx(z,y) (k = 1,...,d) are pairwise
coprime elements of Z[z,y], the theorem follows. O

We illustrate the example by analyzing two particular cases. We start with
S ={(1,1),(1,2)}, i.e. the parabolas are given by y = x>+, and y = 222 +1,
respectively. In this case we have

Fs(z,y) = (zy — )(zy® — 1) =2y’ —ay® —ay + 1.

Theorem 5 gives that g : A — 7 has zero parabola sums corresponding to
S if and only if Fs divides x, over Z. The problem, however, is to find some
non-zero multiple of Fg such that all the exponents of z are squares. Suppose
we want a switching configuration with ”minimal corner” at the origin. One
can readily verify that

(w2y4+xy3+wy2+y2+y+1)F5(x,y) =tyT—ayt —ay® —xyt —zy+yP+y+1.

Thus if m; > 2 and ms > 8 then the function g : A — Z represented by

0 000...0
0 000...0
0 010...0
0 000...0
0 000...0
0-100...0
0-100...0
1-100...0
1-100...0
1 000...0
T

provides a non-trivial configuration having zero parabola sums along the
parabolas y = 2> +t; and y = 22 + t; for any t;,ts € Z.
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Finally, we consider S = {(1,1),(1,2), (1,3)}, i.e. we have three parabolas
given by y = 22 +t1, y = 222 + t» and y = 322 + 3, respectively. Now we
have

Fs(z,y) = (vy — D(zy® = 1)(zy’ — 1) =
=2%y5 — 2?5 — x2y4 2y oy’ by —1.
By Theorem 5 we know that g : A — Z has zero parabola sums corresponding
to S if and only if Fis divides x, over Z. The problem is again to find some
non-zero multiple of Fs in which all the exponents of x are squares. One can
easily check that the polynomial

(y26 +y25+2y24+y23 +y22)$9_(y21 +y20+2y19+2y18+3y17+3y16+4y15+

+4y14 + 4y13 + 3y12 + 3y11 + 2y10 + 2y9 + y8 +y7)1174 + (y15 + 2y14 +4y13+
+6y12+8y11+9y10+10y9+10y8+10y7+9y6+8y5+6y4+4y3+2y2+y)$_(y12+
+2y" +4y' + 5y” + Ty® + TyT + 8yS + Ty® + Tyt +5y° +4y? + 2y + 1)

is a multiple of Fs in Z[z, y]. Hence we obtain a non-trivial g : A — Z having
zero parabola sums along the three parabolas by replacing z° with 2° and z*
with 22 and making the corresponding table.
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