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Abstract
In two earlier papers the authors studied pseudorandomness of
binary functions defined on uniform trees and rooted plane trees, i.e.,
of functions of the type f : V(T') — {—1,+1} where V(T') is the vertex
set of the tree. Here we extend the problem further by considering
Bratteli diagrams.

1 Introduction

Recently in a series of papers a new constructive and quantitative approach
has been developed to study pseudorandomness of binary sequences

EN = {617 .- '7€N} S {_17+1}N
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In particular, first in [16] the following measures of pseudorandomness were
introduced: the well-distribution measure of Ey is defined by

t—1
E €a+jb
Jj=0

where the maximum is taken over all a,b,t € Nwith 1 <a < a+(t—1)b < N,
the correlation measure of order k of Ey is defined as

M
E Cntdy - - - €n+dk
n=1

where the maximum is taken over all D = (d;,...,d;) and M such that
0<dy <---<dp <N — M, and the normality measure of order k of Ey is
defined as

W(EN) = max

Cr(En) = max

M
Ny(Ex)= max max ‘{n:O§n<M,(en+1,...,en+k):X}’—ﬁ )

Xe{—1,41}+ 0<KM<N+1-k

We note that the combination of the well-distribution measure and cor-
relation measure of order k, called combined pseudorandom measure of order
k, was also introduced in [16]:

t

E €a+jb+di €a+jb+ds - - - Catjb+dy
J=0

Qr(EN) = max

where the maximum is taken over all a,b,t,D = (dy,ds,...,d;) such that
0 < dy < dy < -+ < dj and all the subscripts a + jb + d; belong to
{1,2,...,N}. The advantage of using this measure is that clearly we have
max{W(Ey),Ck(Ex)} < Qr(Ey), thus it suffices to give an upper bound
for Q. On the other hand, restricting ourselves to the study of @J; has two
disadvantages: first, the formulas are much more complicated than in case
of W and C}, and secondly, it can be a useful information to know if, say,
W is small while C}, is large or vice versa, but studying only @ these facts
cannot be detected. Thus typically both the well-distribution and correla-
tion measures are studied instead of the combined measures; in this paper,
we will also use this approach.

Then the sequence Ey is considered to be a “good” pseudorandom se-
quence if both W(Ey) and Ci(Ey) (at least for “small” k) are “small” in
terms of N; in particular, both are o(N) as N — oo. (It was shown in
[16] that the normality measures can be estimated in terms of the correla-
tion measures.) Indeed, later Cassaigne, Mauduit and Sarkozy [5] proved
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that this terminology is justified since for almost all Ey € {—1,+1}" both
W(Ey) and Cy(Ey) are less than N'/2(log N)¢ (see also [2], [15]). It was
also shown in [16] that the Legendre symbol forms a “good” pseudorandom
sequence.

[16] was followed by numerous papers written on pseudorandomness of
binary sequences.

In particular, the problem of pseudorandomness of sequences of k symbols
was studied first by Mauduit and Sarkozy [17]. They introduced the following
definitions and notations (which we will need later):

Let k € N, k> 2, and let A = {ay,as,...,a,} be a finite set (“alphabet”)
of k symbols (“letters”), and consider a sequence Ex = (e, es,...,ex) € AV
of these symbols. They introduced the following new measures of pseudo-
randomness (motivated by the definition of the normality measure above,
we may formulate these definitions in terms of any fixed /-tuple, also called
as “word”, (ail, Qiyy - - - ,ail) € A’ occurring with the expected frequency in
certain positions in Ey). For a € A and positive integers M, u, v write

o(En,a, M,u,v) = ‘{j 0< <M -1, eyrjy :a}}

and for w = (ail,aiQ,...,aQ) € A’ positive integers M,u,v and D =
(dq,ds, ..., d;) with non-negative integers d; < ds < -+ - < d, write

T(Ey,w, M,D) = }{n 1 <n<M, (en+d1,en+d2,...,en+dz) = w}‘

Then the f-well-distribution (“f” for “frequency”) measure of Ey is defined

as
M
o(Enx,a, M,U, V) — -

where the maximum is taken over all @ € A and u, v, M with u+ (M —1)v <
N, while the f-correlation measure of order ¢ of Ey is defined as
M

T(EN,'UJ, M,D) — ﬁ

d(Eyn) = max

a, M u,v

Ye(Ey) = max
where the maximum is taken over all w € A, and D = (dy,...,d;) and M
such that M + d, < N. It was shown later by Bérczi [3] that for almost all
En € AN both these measures are small in terms of N.

Moreover, in [12] and [13] we studied pseudorandomness of binary func-
tions defined on almost uniform trees and on rooted plane trees, respectively.
In this paper our goal is to extend the problem further by studying binary
functions on Bratteli diagrams.

The notion of Bratteli diagram was introduced in 1972 by O. Bratteli [4].
They are used in the theory of algebras, dimension groups, substitutions,

3



transcendence, geometry and theoretical physics; the connection between
Bratteli diagrams and these fields is discussed in [8]. (See also [7] for further
applications.) The notion of Bratteli diagram is defined in [8] in the following
way:

“Definition 1. A Bratteli diagram is an infinite directed graph (V, E') such
that the vertex set V' and the edge set F can be partitioned into finite sets

with the following properties:

i) Vo = {vo} is a one-point set.

i) r(E,) CV,, s(E,) CV,_1,n=1,2,... where r is the associated range
map and s is the associated source map. Also, s71(v) # @ for all v € V and
r~t(v) # 0 for all v € V'\ 14,

There is an obvious notion of isomorphism between Bratteli diagrams
(V,E) and (V’, E'): namely, there exist a pair of bijections between V and V'
and between I and E’, respectively, preserving the gradings and intertwining
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Observe that clearly

Proposition 1. Every rooted plane tree (of the type studied in [13]) is a
Bratteli diagram.

Thus, indeed, the study of Bratteli diagrams is a natural continuation
and extension of the papers [12] and [13].

On the other hand, the reverse of this statement is not true; the Bratteli
diagrams are much more general than the rooted plane trees. The most
significant differences are that, unlike in rooted plane trees, it may occur in
Bratteli diagrams that two vertices are joined by two different edges:

(1.1) there are e,€¢’ € F, e # ¢ with s(e) = s(€'), r(e) = r(€),
and two different vertices have the same “child”:

(1.2) there are e, e’ € F, e # ¢’ with s(e) # s(€'), r(e) = r(€').

A survey of the papers written on Bratteli diagrams is presented in [7]. How-
ever, in order to adjust the definition of Bratteli diagrams to our goals we
will modify it slightly. First, note that finite Bratteli diagrams also occur
in the applications (the first papers of this type are [20] and [9]), besides
the study of pseudorandomness of infinite Bratteli diagrams can be reduced
to the study of finite ones by truncating them; thus we will consider here
only finite Bratteli diagrams. Next, the situation described in (1.1) might
make the study of pseudorandomness quite complicated, besides in many
applications this case cannot occur, thus we will exclude this situation in the
definition. So that throughout the rest of this paper we will use the following
modified definition:

Definition 1°. A Bratteli diagram is a finite directed graph (V, E') such that
the vertex set V' and the edge set E can be partitioned into (finitely many)
finite sets

(1.3) V=WuWhu...uV, and E=EUEU...UE),
so that both properties i) and ii) in Definition 1 hold, moreover,

iii) if e, ¢’ € F and they join the same vertices, then we have e = ¢’.

The binary functions on Bratteli diagrams can be defined by extending
the definition of binary functions on trees presented in [12] and [13]:

Definition 2. If B = (V| E) is a Bratteli diagram, then a function f of the
type f: V — {—1,+1} is called a binary function on B.



First in Section 2 we will present further notations and definitions related
to Bratteli diagrams. Next in Section 3 we will introduce the measures
of pseudorandomness of binary functions on Bratteli diagrams. Then in
Section 4 we will present the construction of a binary function with strong
pseudorandom properties on “smooth” Bratteli diagrams. In Section 5 we
will study the connection between the different types of measures introduced
in Section 3. In Section 6 we will study the measures of pseudorandomness
of binary functions on general Bratteli diagrams. Section 7 will contain a
few further remarks.

2 Notations and definitions related to Brat-
teli diagrams

We will use the words vertex (=node), root, successor (= child), leaf, path,
distance, height in the same sense as we did for trees in [12] and [13] (see also
[6], [19] for the same terminology). If the vertex P’ is a successor (or child) of
the vertex P, then P is said to be a parent of P’. The number of successors of
the vertex P is called the outdegree of P and it is denoted by d*(P), while the
number of parents of P is called the indegree of P and it is denoted by d~ (P).
If B = (V,E) is a Bratteli diagram where V is of form (1.3), then we say that
the vertices P € V,, are at level n, and we also say that these vertices form the
n+ 1-st row of B. Now consider again this Bratteli diagram B = (V, E') with
V, E of form (1.3), and for any integers m,n with 0 < m <n < h, let B,,,,
denote the diagram formed by the vertices belonging to V,,, Vi1, ..., Va,
and the edges belonging to E,,.1, Fiia, - . ., E, (in other words, we keep the
vertices in the m + 1-st, m + 2-nd, ..., n + 1-st row and the edges running
between these vertices). Such a diagram B,,, will be called a subdiagram
of B. (Note that in general B,,, is not a Bratteli diagram since for m > 0
it is not rooted.)

We will also use the following notations:

The number of the vertices of the Bratteli diagram B = (V, E) will be
denoted by N = N(B): N = N(B) = |V|. The height of the Bratteli diagram
B will be denoted by h = h(B). We will denote the number of vertices in
the i-th row V;_; (i.e., at level i — 1) by y; = y;(B) (= t;_1 according to the
notation quoted in Definition 1), and we will denote these vertices (moving
from left to right) by Pg(i,1), Pg(i,2),..., Pg(i,y;); if B is fixed, then we
will drop the subscript B. Clearly we have

N=NB)=yp+y2+ -+ Yn+1-



We will also use the following alternative notation for the vertices. The
root is denoted by Ry: R; = P(1,1), the vertices in the second row Vi by
RQ, Rg, ey Ry2+11 Rg = P(2, 1), Rg = P(2, 2), ceey Ry2+1 = P(Q,yg), the
vertices in the third row Vo by Ry,40, Ryts, .-, Ryytyst1 @ Rypa = P(3,1),
Ry, 13 =P(3,2),...,Ryysys+1 = P(3,y3) and so on, finally Ry denotes the
last vertex in the last row V}, : Ry = P(h+1,yni1).

To the binary function f : V' — {—1, 41} defined on the Bratteli diagram
B we will assign the binary sequence

(21) EN = EN(f, B) = (61,62, .. .,€N) c {—1,+1}N
defined by
(2.2) en = f(R,) for n=1,2,...,N.

Consider a path with endpoints R;, R; with ¢ < j (so that @); is the
endpoint closer to the root). This path will be denoted by P(R;, R;). A path
P(Qi,Q;) consists of edges joining vertices R; = P(z, k), P(x + 1, ky41),
P(x +2,ky42),...,Rj = P(y, k,) taken from consecutive rows, the distance
between these vertices R; = P(z,k,;) and R; = P(y,k,) is y — z, and the
height of a subdiagram with first row at level x and last row at level y is
Yy — .

If we want to introduce measures of pseudorandomness for binary func-
tions on Bratteli diagrams, then clearly we need some restrictions on the
structure of the diagram since it seems to be hopeless to give a definition
which can be used for any Bratteli diagram. Thus we will define certain
special types of Bratteli diagrams which occur most frequently in the appli-
cations, and here we will focus on Bratteli diagrams of this type.

Definition 3. If K € N, B = (V, E) is a Bratteli diagram with V, £ of form
(1.3), and we have

Vi| < K forall i€{0,1,...,h},
then we say that B is K-bounded.

Definition 4. If k € N, B = (V| E) is a Bratteli diagram with V| E' of form
(1.3), and we have

|Vi| = K forall ie€{1,2,...,h},

then we say that B is K-uniform.



The stationary Bratteli diagrams form an important special class of the
K-uniform Bratteli diagrams. We adapt the definition presented in [8] to our
notation:

Definition 5. “A Bratteli diagram B = (V| E) (with V, E of form (1.3))
is stationary it K = |Vi| = |Vo| = -+ = |V,| and if (by an appropriate
labelling of the vertices) the incidence matrix between levels n and n + 1 is
the same K x K matrix C for alln =1,2,...,h—1. In other words, beyond
level 1 the diagram repeats. (Clearly we may label the vertices P(n + 1, 1),
Pn+1,2),...,P(n+ 1,K) in V,, as V(n,a1),...,V(n,ax), where A =
{ai,...,ax} is a set of K distinct symbols.)”

(Roughly, a K-uniform Bratteli diagram is stationary if by changing the
order of the vertices in every row it can be achieved that beyond level 1 the
diagram repeats.)

An even more special class of K-uniform Bratteli diagrams is formed by
the K -reqular Bratteli diagrams:

Definition 6. A K-uniform Bratteli diagram is said to be K -regular if every
element of the incidence matrices between level n and n + 1 is 1 for all
n=1,2,...,h—1. (In other words, every vertex in the n+ 1-st row is joined
with every vertex in the n + 2-nd row.)

Definition 7. The Bratteli diagram B = (V, E) (with V| E of form (1.3)) is
said to be (a, q)-periodic if a, q are positive integers such that a = h(mod q),
for a < n < h—q we have |V,| (= Ynt1) = |Vatql (= Ynigr1), and for
a<n<h—q1<u<y,, 1 <v <y, the vertices P(n+1,u), P(n+2,v)
are joined if and only if the vertices P(n+q+1,u), P(n+q+2,v) are joined
(so that the incidence matrix between levels n and n + 1 is the same as the
incidence matrix between levels n + ¢ and n + ¢+ 1, moreover, for m,n € N,
X eNU{0},a<m<n<h—x, m=n (mod q) the subdiagrams By, m+.
and B, ,4+, are isomorphic). A (1, g)-periodic Bratteli diagram is said to be
purely periodic with period q.

Note that a K-regular Bratteli diagram is purely periodic with period 1.

If a Bratteli diagram B is (z, y)-periodic for some pair z,y, then there is
a unique pair (a, q) such that B is (a, ¢)-periodic but it is not (d’, ¢')-periodic
for any pair o', ¢ with ¢’ < ¢, or ¢ = ¢’ and d’ < a; we will say that B is
a primitive (a,q)-periodic Bratteli diagram. From now on we will restrict
ourselves to periodic Bratteli diagrams which are primitive (a, q)-periodic;
clearly this can be done without the loss of generality.

Throughout the rest of this paper we will consider K-bounded (a,q)-
periodic Bratteli diagrams with K, a,q fixed and h — +o00 (apart from the
last two sections).



3 The measures of pseudorandomness for bi-
nary functions on “smooth” Bratteli dia-
grams

If we want to introduce the measures of pseudorandomness for binary func-
tions on Bratteli diagrams, then we may consider the following basic require-
ments:

R1) For a fixed Bratteli diagram we have to be able to give a good upper
bound M for the mazximum of the value of the measure to be introduced over
all binary functions on the given Bratteli diagram.

R2) For a fixed Bratteli diagram we have to be able to show that for
almost all binary functions defined on the given Bratteli diagram the value
of the measure to be introduced is “much smaller” than M defined in R1);
in particular, it must be o(M). (If this requirement holds and the value
of the measure is small on a certain binary function, then this fact can be
considered as a good pseudorandom property of the given binary function.)

R3) We have to be able to show that the value of the measure to be
introduced is small in terms of M (defined in R1)) for at least on certain
special binary functions defined on any given Bratteli diagram. (We will

usually apply the Legendre symbol (%) to present constructions of this type.
Note that we do not define the value of (%) for p | n.)

R4) The measures to be introduced must be pairwise independent, i.e.,
for any pair of them either one of them can be large while the other one is
small.

R5) Since by Proposition 1 the Bratteli diagrams include the rooted plane
trees, thus the measures of pseudorandomness of binary functions defined on
Bratteli diagrams must be extensions (or at least variants) of the measures
defined on rooted plane trees in [13].

Starting out from requirement R5) here we will introduce two groups of
pseudorandom measures in the same way as in [13]: horizontal measures
and vertical measures. In order to avoid lengthy repetitions, here we will
not recall the definitions given in [13] for trees, we will present only their
adaptations to the case of Bratteli diagrams. However, these measures to be
introduced will function well only under the same assumption that we also
had in [13]: we have to assume that every vertex not in the last row has
non-zero outdegree.

Definition 8. If every vertex not in the last row has non-zero outdegree (i.e.,
all the leafs are in the last row), then the Bratteli diagram is called complete.



Adding the assumption of completeness to our earlier assumptions on the
Bratteli diagrams to consider we may say that we will restrict ourselves to
studying Bratteli diagrams of the following type:

Definition 9. If a Bratteli diagram is K-bounded, primitive (a, ¢)-periodic
and complete, then it is said to be a smooth (a,q) Bratteli diagram.

The family of the smooth (a,q) Bratteli diagrams with K, a,q, h given
will be denoted by B(K, a,q, h). We will study B(K, a,q, h) for K, a, q fixed
and h — +o0.

First we will define the horizontal measures. As in case of trees, we may
define the horizontal well-distribution, correlation and normality measures of
a binary function f defined on a Bratteli diagram B considering the corre-
sponding measures of the binary sequence Ey = En(f, B) assigned to f and
B by (2.1) and (2.2):

Definition 10. The horizontal well-distribution measure, the correlation
measure of order k£ and normality measure of order k of the binary function
f defined on the Bratteli diagram B are defined as

WH(f7'B> = W(EN(f7 B))v

and

respectively.

The case of the vertical measures is more difficult. In order to introduce
the vertical well-distribution and correlation measures for trees, in [13] we
considered all the path P starting from the root and ending in the last (h+1-
st) row:

(31) ?(P(171)>P(2722)77P(h+1>zH+l))>
and to each of these paths we assigned the binary sequence

(3.2) G(P) = (91(?)792(?% S ,9h+1(fp))
Then we used the well-distribution measures and correlation measures of
these sequences to define the corresponding vertical measures. However, here

we ran into a serious difficulty: there are “too many” paths P of the form
(3.1). Indeed, the number of these paths is equal to the number of vertices
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in the last row which is usually of order of magnitude N (in case of trees). A
further difficulty is that the length of the paths of this form is h which is very
small, much smaller than N. In order to get around these difficulties, we had
to introduce “weak” and “strong” measures, and even so these measures are
not quite satisfactory, we have to combine them with other measures.

Here the situation is very much different. Namely, the length of the paths
of form (3.1) is much longer: h + 1 which is > & for a K-bounded Bratteli
diagram but, on the other hand, their number is even greater: e.g., for the
especially important K-regular Bratteli diagrams the number of paths of
form (3.1) is

Kh _ K(N—l)/K

which, since K is fixed, is exponentially large in terms of N, and thus one
would need to control the measures of so many sequences which would be a
hopeless task. Thus we have to restrict the number of sequences considered
significantly. In case of smooth Bratteli diagrams the most natural way of
doing this is to switch to the study of k-symbol sequences as described below.

Let B be a smooth Bratteli diagram with B = (V, F) € B(K, a,q, h) and
V, E of form (1.3). Let ao denote the smallest integer with

(3.3) ap>a and ag—1=h(q);

then we have

(3.4) a<ag<a+q.
Write
h — 1
(3.5) Mot Z@t
q

(note that M € N by (3.3), (3.4) and h — o0) so that for fixed K, a,q and
h — +00 we have

h
(3.6) M = 7 +0(1) > — +0O(1).
Consider the subdiagrams
B = By (i-1)qaorig1  for i=1,2,..., M
(by (3.4) and (3.5) here we have 0 < ag+(i—1)q < ap+ig—1 < ap+Mg—1 <
h). Then

B =~ B for 1<4,i’ < M.
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It follows that the total number of vertices belonging to B® is the same for
every 7; denote this number of vertices by Y. For every i € {1,2,..., M}, let
Ry, be the first vertex in the first row of B® so that the last vertex in the
last row is Ry, y—1. Assign the Y-tuple

(3.7) &i(f(Rx.), f(Rx,1) -5 f(Rxipy 1)) € {=1,+1}"

toeach 7 € {1,2,..., M}, and define the sequence E', by

(3.8) Bl = (&1, 8., Enr).

Write A = {—1,+1}¥ and k = |A| = 2¥. Then clearly we have
B, € AM,

and the elements of the sequence E}, belong to the “k-letter alphabet” A.
Thus we may reduce the study of the pseudorandomness of the function
f: B — {—1,+1} to the study of the “k-symbol sequence” Ej;:

Definition 11. Using the notations above, we define the wvertical frequency
measures of the binary function f defined on the Bratteli diagram B C
B(K,a,q,h) in the following way: the vertical F-well-distribution (“F” for
“frequency”, “V” for vertical) measure of f is defined as

WEV(f,B) = 6(Ey),
while the vertical F'-correlation measure of order ¢ of f is defined as
CrV(f,B) = ve(Ely)-

(We remark that the values of f assumed at the vertices belonging to
the first a rows are not included in these definitions. These values can be
omitted since the number of these vertices is bounded.)

It remains to show that the horizontal and vertical measures introduced
by us satisfy requirements R1)-R5) formulated above. This is trivial in case
of requirement R1): clearly, the value of each of the measures introduced
is at most N (=the number of vertices of the Bratteli diagram). It also
follows easily from the analogous results on binary sequences [5], [2], [15] and
k symbol sequences [3] that for any fixed smooth (a, ¢) Bratteli diagram and
for a random binary function defined on it the measures above are small. It
is more difficult to show that the requirements R3) and R4) also hold; this we
will show in the next two sections. Finally, we have seen that the horizontal
measures are the extensions of the analogous measures introduced for trees in
[13] but this can not be achieved in case of the vertical measures. However, in
the last Section 6 we will also introduce further vertical measures which are
closer to the ones used for trees, besides they also can be used in the aperiodic
case but, on the other hand, they have some significant disadvantages.
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4 A “good” construction on smooth Bratteli
diagrams

We will show that by using the Legendre symbol one can define a binary func-
tion with strong pseudorandom properties on any smooth Bratteli diagram.
We will use the same notation as in Section 3.

Theorem 1. If B = (V,E) C B(K,a,q,h), p is the smallest prime with
p > N (=|V]) and the binary function f: B — {—1,+1} is defined by

(4.1) F(Ry) = (g) for n=1,2,....N,

and ¢ € N, { < N, then we have

4.2 WH(f,B) < 26N%log N
(4.2) , g N,
(4.3) CH(f,B) < 26(N'?log N,
(4.4) NI (f,B) < 26¢(N'?log N,
(4.5) WEV(f,B) < 26KgN"*log N
and

(4.6) CEV(f,B) < 260K qN"*1log N.

Proof. We apply Definition 10 with the sequence

wum=(() G ()

and we use N < p < 2N, and the upper bound

ait=a((2).() - (51)) <

given in Theorem 1 in [16]. Then we get
WH(f,B) = W(EN(f,B))=Q1(Ex) <Qi(E,—1) <9p"*log p<26N"*log N
and

< Qu(E,—q) < 90p*?logp < 26(N'/?log N
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which proves (4.2) and (4.3), while (4.4) follows from (4.7) and the inequality

Ng(EN) S max CE(EN)
1<t<e

presented as Proposition 1 in [16].
Next we will prove (4.5). By the definitions of x;,Y, &; in (3.7) and f in
(4.1) we have

b e (@) () ()

with

(4.9) ri=x1+ (@ —1)Y fori=1,2,... M.

In order to prove the upper bound (4.5) for W¥V(f B) = 6(E},) (see Defi-
nition 11) we have to estimate o(E),, a, Z, u, v) for the sequence EY}, in (3.8)
with the &!s defined by (4.8), and for a = (rg,71,...,ry_1) € {—1,+1}¥ and
positive integers Z, u, v such that

(4.10) u+(Z -1 < M.
If
(4.11) 1<i<M,

then clearly we have

(4.12) %ﬁ (rt (xi”) +1)

t=0 p
_ {1 if &, = ((%) ey (%@)) = (ro,...,Ty_1) = a,
0 if & # a;
note that it follows from (4.11) and 0 < ¢ < Y that
(4.13) O<z+t<N<p.
Thus for every a = (1o, r1,...,7:) and u, v, Z satisfying (4.10) we have
o(Ey,a, Zu,v)={j:0<j<Z—1,84,=a}|
Y

-1 -1
1 Tytiv + 1
=2 o ( <7) " 1)
7=0 t=0 p
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J
1Z_ uv_'_t
e 8 Ie()

TC{0,1,....,Y —1} teT

AT (H”) er
teT

Tc{0,1,....Y -1}

whence

A
(4.14) |o(EYy,a, Z,u,v) — o

S% Z Z teT

Tc{0,1,...Y =1} | j=0

By (4.9) the absolute value of the last sum can be rewritten in the following
way:

(4.15)
721 (T (@usjo +1) 71 [ T1((z1 + (u+ jo—1)Y) + )
teT _ teT
=0 P =0 P
71 [ T1((z1 + (u = 1)Y +¢) + joY)
_ teT
=0 p
If
(4.16) 7 > 1,

then it follows from (4.10), u > 0 and M < N < p that (0 <)v < M < p,
thus

(4.17) (v,p) = 1.

Moreover, for any ag < n < h+ 1 — q clearly we have

(418) 0<Y =|Vo|+|Voua|l+ -+ |Vagg-1| < Kg=0(1) <h<N<p
(for h large enough) so that we also have

(4.19) (Yip) = 1.
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By (4.17) and (4.19) the modulo p multiplicative inverse of vY" exists, thus
it follows from (4.15) that

Z—-1 H (xuﬂv + t)
(4.20) S

J=0

I (SL’l(UY)_ + (u— Dot + (YY) + )

teT

- (gﬁj))‘

where gy(x) € F,[z] is a polynomial of degree

N
L

I
i

p

N
L

<
Il
=)

(4.21) 1 <deg gy(x) =T <Y

such that it has no multiple zero (since the elements of T C {0, 1,...
are incongruent modulo p). Moreover, by (4.10) we have

>Y_1}

(422) O<£L’1<£L’u+jv—|—t<£(}u+(21 —|—Y—1<SL’M—|—Y—1<N<]9,
thus
(4.23) gr(j) #0 for 0<j<Z—1.

Now we need the following lemma:

Lemma 1. If p is a prime, g(x) € F,[z] is of degree k and such that it has
no multiple zero, and «, 5 are real numbers with 0 < a < < p and g(n) #0
for a < n < 3, then we have

= ()

a<n<p

< 9kp'/?log p.

Proof. This is a special case of Corollary 1 in [16] (which was derived there
from Weil’s theorem [21]). O

By using this lemma, we get from (4.18), (4.20), (4.21) and (4.23) that
for Z satistying (4.16) we have

Z— H ($u+]v + t)
(4.24) Z g =




< 9Yp?logp < 9K qp'/*logp < 26K gN'?log N,

and this inequality also holds trivially when Z = 1 since then the sum to be
estimated consists of a single term of absolute value 1.

By (4.14) and (4.24) we have

1
<o > 26KqN'log N
T7C{0,1,...,Y =1}

SKqN'"?logN Y~ 1< 26KqN"?logN
7c{0,1,...Y -1}

o(Ey,a, Z,u,v) — o

26

~ oy

for every a € {—1,+1}Y and u, Z, v satisfying (4.10), which proves
§(E,,) < 26K¢NY?1log N.

By Definition 11, (4.5) follows from this.

Finally, in order to prove (4.6) we have to estimate 7(E',, W, Z, D) (see
the definitions of 7 and v, in Section 1 and Definition 11) for the sequence
EY, in (3.8) with the &!s defined by (4.8), and for w = (a;, a4y, . . ., a;,) € A*

with a;; = (r((]j),ry),..., G) ) e {—1,+1}¥ (for j=1,2,...,¢), Z € N and
D = (dy,ds, ... ,d,;) with non-negative integers d; < dy < --- < d; such that

(4.25) Z +dy < M.
Again we use (4.12) to compute 7(E,, w, Z,D):

T(Ey,w, Z, D) ’{n 1<n<Z (Entdrs-- s Entd,) = (s, - .,aie)}‘

¢ Y—1

:ZHL p0) (Tntds TN

2Y ¢ P
=0
Z Y1
1 () $n+dj +
= 2 11 (Tt (T +1

so that writing 8 = {(j,¢) : j € {1,..., ¢}, t € {0,...,Y — 1}} we have

(B, w, Z,D) = szz 1+Y I - '(x"”JH)

8/CS (j,t)es!
[ (#nya; +1)

Z 1y ) | Goes
St 2 (IL ) |45

n=18'C8 Nj,1)es’

17



I[ (znta, +1)

Z
i (4,t)es’
)
8/

n=1

_Z+ 1 (
oy ooy
2 2 §'Cs N p

whence, using (4.9)

(4.26)

Z II (@nsa, +1)
7(Ey,w, Z,D) — o7 (G.)es

M~

1
<o D

3'C8

p

3
Il
—

I[I ;1 +(n+d;—1)Y +1)

(J,t)es’

M~

1
-

8'C8 p

3
Il
—_

Now we will prove that the factors in the last product are incongruent mod-
ulo p:

(4.27) 1+ n+dj—1)Y+tZz+n+dy—1)Y +t (mod p)
for (t,7),(t',j) €8, (t.7) # (.5

It suffices to show that
(4.28) ;Y +t#£dpY +t for (t,7),(t,5) €8, (t,5) # {#,7).

If 7 = 4/, then this is trivial since 0 < ¢, t' <Y < pandt #t. If, say, j < j/,
then by (4.25) we have

0<Y —t<(dy—dj))Y +t' —t=(dyY +1t') — (d;Y +1)
<dyY ¥ <Y +Y —1<(M-1)Y +Y -1 <MY <N<p

whence (4.28) follows, which proves (4.27). By (4.19) the modulo p multi-
plicative inverse of Y exists, thus in the last sum in (4.26) we have

z [ 1 (w14 (n+d;—1)Y +1)
(4.29) =
n=1

b

[T ((z1+t)Y ' +d;—1)+n)

Z (4,6)es’
L ,

n=1 p
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and denoting the polynomial in the numerator by Gg/(n):
(4.30) Gs(n)= ] (&1 + )Y " +d; —1) +n),
(4,1)es’

the factors in this product are also incongruent modulo p, thus it has no
multiple zero. Moreover, arguing as in (4.22), by using (4.25) one can show
that the factors of the product in (4.26) are nonzero, so that

(4.31) Gg(n)#0 for 1<n<Z
Thus the polynomial Gg (n) of degree

satisfies the assumptions in Lemma 1 with Gg/, 1 and Z in place of g, @ and
f respectively. By using Lemma 1 we get from (4.18), (4.26), (4.29), (4.30),
(4.31) and (4.32) that

A

T(Ey,w, Z,D) — o

Z
Gy (n) 1 1/2

n=1 p 8'C8

1
S%T

8'cs
= %Tp 10gp52,cgl < %Tp logp 2

< 90Y p?logp < 260K qNY?log N
for every w, Z, D satisfying (4.25) which proves
Y(E},) < 260KqNY?1og N.

By Definition 11, (4.6) follows from this which completes the proof of the
theorem. O

We remark that the vertical E normality measure could be defined (and
also handled for the construction presented in Theorem 1) analogously to the
horizontal normality measure, we leave the details to the reader.

5 The connection between the horizontal mea-
sures and the vertical frequency measures

Ideally, one might like to show that requirement R4) (presented in Section 4)
holds, in other words:
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Rd4a) There exists a smooth Bratteli diagram and a binary function de-
fined on it such that its horizontal measures are small but one of the corre-
sponding vertical frequency measures is large;

R4b) There exists a smooth Bratteli diagram and a binary function de-
fined on it such that its vertical frequency measures are small but one of the
corresponding horizontal measures is large.

However, there are significant difficulties in trying to prove these facts.
First, as already the proofs in Section 4 show, it is rather difficult to esti-
mate the vertical frequency measures, and it is even more difficult to find
constructions where both the horizontal measures and the vertical frequency
measures can be handled. Secondly, it could be shown that the horizontal
and vertical frequency measures are not quite independent: there is a certain
weak connection between them. Due to these difficulties we have achieved
only a partial success in studying the requirements above. We can prove a
slightly weaker form of requirement R4a):

Theorem 2. For any fived k € N and infinitely many N € N there is a
k-reqular Bratteli diagram B = (V, E) with |V| = N and a binary function
f:V = {=1,+1} defined on it such that WH(f B), CHE(f B), CH(f, B),
.., CH(f, B) are small:

(5.1) max{WH(f,B),Cs(f,B),C{(f,B),....Ca(f, B)} < N'*log N,

but WEV(f,B) is large (it is “midway” between the optimal upper bound
N'Y2(log N)¢ (see [2]) and the trivial bound N ):

(5.2) WY(FB) > (N max OF(F, B))l/z.
2<i<2k

(Here > is Vinogradov’s notation: we write p(n) > 1(n) if there is a
¢ > 0 such that [¢(n)| < cp(n) for all n, and if ¢ may depend on a parameter
k, then we write p(n) > ¢¥(n).) Note that it was proved in [1] that

1
i Cy(E —= N2
el L) = SR
thus it follows from (5.2) that
(5.3) WEV(f, B) > N34

(while if % is fixed, then for a random & symbol sequence Ej; of length M ~ %
with large probability we have

5(Enr) < M'2(log M)'/* < N'/2(log N)'/?
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as it was shown in [3].
We remark that we think that (5.2) in Theorem 2 is sharp in the sense
that it follows from an assumption of type (5.1) that

WEV(f,B) < N¥*(log N)*

(compare this with (5.3)); certain heuristic arguments support this state-
ment. Moreover, we can show that requirement R4b) fails; and the hori-
zontal measures must be greater than the corresponding vertical frequency
measures multiplied by a constant small enough (in terms of ¢ in case of the
correlation of order /).

Although we prove only a weak form of requirement R4a), still we think
that the use of the vertical frequency measure is justified. Namely, Theorem 2
shows that it may occur that a binary function defined on a smooth Bratteli
diagram passes the tests based on the use of the horizontal measures, however,
it has certain atypical vertical structure which can be detected by using the
vertical frequency measures.

However, because of the difficulties described above, it would need a very
lengthy and complicate argument to give a rigorous and detailed proof of
Theorem 2 and to provide a detailed study of the facts stated in our two
remarks above. Thus here we will restrict ourselves to present only a sketch
of the proof of Theorem 2, and we omit the computations.

Sketch of the proof of Theorem 2. We will give a constructive proof based on
a combination of ideas used in [14] and [18] (but the principle adapted from
[18] could be replaced by some other principles appearing in papers surveyed
in [11]).

Let k be a fixed positive integer, p a large prime, and let B = (V, E) be
a k-regular Bratteli diagram with [V| = N = k [E] + 1 vertices. Now we
will define a binary function f : V — {—1,+1}. First we define a binary
sequence

Glopi) = (91,92, - -, Gpyw) € {—1, +1}P/H

by
L [H i) < 0o
‘ —1 ifrp(h(i)) > (1 —c)§
for i =1,2,...,[2] where h(z) € F,[z] is a polynomial of degree, say, d =

2k + 1 with no multiple zero in F, (= the algebraic closure of F,,), ¢ is defined
as ¢ = p~/*(logp)*/? and r,(s) denotes the integer of smallest absolute value
congruent to s modulo p. By using the incomplete version of Weil’s theorem
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[21], it can be shown by a little computation that

34

(5.4) W(Gpw) = c% + O(\/ﬁlogp) k: ~—(logp)¥? + O(flogp)
(5.5 CoGpm) = 02% +0(yplogp) = O(\/plogp)

and for 3 <1,
(5.6) Ci(Gyn) = O(vplogp).
Next we define a binary sequence (eq, e, ..., ex) by
. {+1 if rp(h(i)) < Z and i # 1 (mod k)
—1 if rp(R(i)) > £ and i # 1 (mod k)
and

€ = €_k+1€i—k12 ... 6i—lg(i—1)/k ifi=1 (I'IlOd k)
(for 1 <1i < N). Then define the binary function f: V — {—1,+1} by
f(RZ):eZ (fOI' 121,2,,]\[)

where Ry, Rs, ..., Ry are the vertices of B labelled as described in Section 3.
It can be shown by some computation that

(5.7) WEV(f,B) > W(Gppm) >k ™ (logp)'? = (140(1)) N**(log N)'/2,
max C(f, B) < max{ max, Ci(Gp/m)s \/_logp}

2<i<2k

and by (5.5) and (5.6),
max CA(f, B) < /plogp = (14 0o(1))N*(log N).

2<i<2k

Similarly, it can be deduced easily that
WH(f,B) <k /plogp = (1+0(1))VNlog N,

and this completes the proof of (5.1).
(5.2) follows trivially from (5.1) and (5.7). O

On the other hand, we think that Theorem 2 is sharp and the following
inequality always holds for k-smooth Bratteli diagrams:

1/2
FV H
WE(f,B) < (N max C(£,B))
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6 The measures of pseudorandomness for bi-
nary functions on general Bratteli diagrams

So far we have studied the most important special case when the Bratteli di-
agram considered is “smooth”, i.e.; it is K-bounded, complete and primitive,
(a, q)-periodic. The case when the Bratteli diagram is aperiodic occurs less
frequently, besides it is more difficult to handle, thus we will discuss this case
only briefly and we omit the details. We will still assume that the Bratteli
diagram is K-bounded and complete, but we will drop the assumption on
periodicity.

The horizontal measures introduced in Section 3 for smooth Bratteli dia-
grams can be defined and used in this general case in exactly the same way.
On the other hand, the vertical frequency measures also introduced in Sec-
tion 3 are defined by using the periodicity of the given diagram strongly, thus
we have to replace these measures by other measures of “vertical nature”.
These new measures will be the vertical analogues of the horizontal measures
introduced in Section 3. In order to define them first we have to introduce
some new notations.

First we define a reordering S7, Ss, ..., Sy of the vertices of the Bratteli
diagram B. Let us take the first vertex from each row starting with the first
row (consisting of the root) and ending with the last row; these vertices will
be S1,Ss,...,Sh1 so that (using the notations introduced in Section 2) we
have Sl = Rl = P(l,]_), SQ = R2 = P(2,1),...,Sh+1 —|—P(h—|— ]_,1) Now
consider every row containing at least 2 vertices; suppose the i;-st, io-nd, ...,

ix-th row (with iy < iy < -+ < i) are these rows. Then from each of these
rows we take the second vertex, and these vertices will be Sp19,..., Shiri1:
Shia = P(i1,2), Spas = P(i2,2), ..., Spirs1 = P(ix, 2). Next we take every
row, say, the ji-st, jo-nd, ..., j-th row (with j; < jo < --- < j,) which
contains at least 3 vertices, and taking the third vertex from each of these
TOWS We g€t Spikt2, Shak+3s - - -5 Shthttr1: Shaka2 = P(J1,3), .., Shakses1 =

P(js, 3). We continue the labelling of the vertices in this way, finally, Sy will
be the last vertex in the last of the rows containing the maximal number
of vertices. We present an example for this relabelling of the vertices in
Figure 2.

Let B = (V, E) be a Bratteli diagram and f : V — {—1,+1} a binary
function on it. Write

(61> E;V = E;V(f7'B> = (6/176/27 c ‘76/]\/) = (f(51>7f(52)7 s 7f(SN>)

Then the linear vertical measures of f can be defined as the corresponding
measures of this binary sequence F'y:
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Figure 2

Definition 12. The linear vertical well-distribution measure, correlation
measure of order k£ and normality measure of order k of the binary func-
tion f defined on the Bratteli diagram B are defined as

WE(f.B) = W(EN(f.B)),

and

respectively.

Clearly, these measures can be used in both the periodic and aperiodic
case. Unfortunately, comparing these new measures with the vertical fre-
quency measures they have two great disadvantages: first, for a general ape-
riodic Bratteli diagram it seems to be very difficult to construct a binary
function on it for which both the horizontal measures and these new lin-
ear vertical measures are small, and secondly, it could be shown with some
work that in the most important periodic case the horizontal measures and
the new measures are not quite independent. On the other hand, we can
prove that in general the horizontal measures and the new vertical measures
are independent in the sense that a binary function can be “good” for the
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horizontal measures and “bad” for the horizontal measures and vice versa.
Unfortunately, we have not been able to find relatively simple proofs for these
results. Our constructions (using again the Legendre symbol) and proofs (us-
ing Weil’s theorem) are quite complicated and lengthy, thus we do not include
them here. It might be an interesting (but not easy) task to look for simpler
proofs.

7 Remarks

In order to study pseudorandomness of binary functions defined on Brattel:
diagrams we have introduced certain measures. In Section 4 we illustrated the
applicability of our measures by presenting a construction which is “good”
in terms of our measures. For this purpose we used the Legendre symbol
construction described in (4.1). This construction is the adaptation of the
construction given in [16] for binary functions defined on binary sequences
with strong pseudorandom properties. In the applications it is usually not
enough to have just one “good” function, one may need large families of
them. In case of Bratteli diagrams the simplest way to construct such a

family is to adapt the construction given in [10], and to replace (%) in (4.1)

by (@) where f(x) € Fylz] is a polynomial satisfying certain conditions.
Since that many further constructions have been given for “good” binary
functions defined on binary sequences and also for large families of them (see
the survey paper [11]); most of these constructions can be adapted to binary
functions defined on Bratteli diagrams.

Observe that the values of the pseudorandom measures introduced by us
depend only on the configuration of the vertices and the values —1 or +1
assigned them, but they are independent of the position of the edges con-
necting them. Thus the values of these measures do not change if we delete
or add edges (so that the prescribed properties of the edge set should still
hold). One also might like to study the pseudorandomness of the distribution
of the values assigned to the endpoints of the edges. However, this problem
seems to be even more difficult than the one considered in this paper, thus
another paper should be devoted to it.
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