PROOF OF KIMBERLING’S “EVEN SECOND COLUMN” CONJECTURE

MICHAEL BEHREND

ABSTRACT. The quasi-Zeckendorf representations of a positive integer are introduced, and
are used to prove a conjecture of Kimberling about a certain Stolarsky interspersion (the
“even second column” array). In addition, alternative proofs of some known results about
Stolarsky interspersions are given.

1. INTRODUCTION

The “even second column” (ESC) array was introduced by Clark Kimberling in [1], as an
example of a Stolarsky interspersion. The following characterization of Stolarsky interspersions
is taken from [1] (with changed notation in particular, indexing here starts at 0 not 1). Let
(0;) (i > 0) be any sequence with 69 = 1 and d; = 0 or 1 (¢ > 1). The Stolarsky interspersion
corresponding to (d;) is an array a(i, j) (i, > 0) defined by induction on the rows, as follows.

For integer i > 0, let a(i,0) be the least positive integer that has not already occurred in rows
0,...,i—1 (so that a(0,0) = 1). Let a(i,1) = |®a(i,0)| +J;, where & = (v/5+1)/2 = 1.618.. ...
Continue the row by the Fibonacci-type recurrence a(i,j) = a(i,j — 1) + a(i,j — 2) (j > 2).
Thus row 0 consists of the Fibonacci sequence 1,2,3,5,8,...; and row 1 begins 4,6, 10, ... or
4,7,11,... according as 9; = 0 or 1.

The ESC array is obtained by taking 6; = 1 if ¢ is even, 0 if ¢ is odd. See Table 1 below for
the top left corner of the ESC array. The main object of this paper is to prove Kimberling’s
conjecture [1] that every number in the second column of the ESC array is even. It is also
shown how the techniques developed here lead to alternative proofs of some known results on
Stolarsky interspersions.

Given a row containing an integer n, say n = a(i, j), for integer p > —j let S,(n) denote
a(i,j + p), the pth successor of n in its row. If j > 0 then S_;(n) is the predecessor of n.

2. ZECKENDORF REPRESENTATION OF A POSITIVE INTEGER

Theorem 2.1. Every positive integer n can be represented uniquely as a sum of Fibonacci
numbers

n=F+Fe, +-+F, (2.1)
such that
(Z) C; —Ci—1 22 forizl,...,q,
(ZZ) 6022.

This is Zeckendorf’s Theorem [5] (see also [3]) and such a representation is called a Zeck-
endorf representation, here abbreviated to ZRep.

Lemma 2.2. For any integer r,
(i) ®F, = F,y1 — (—9)77,
(ii) @~ 1F. = F._y — (—®)7",
(iii) ®2F, = Fr_o+ (—®)7".
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Proof. These follow easily from Binet’s formula F, = (®&" — (—®)~")//5. O
Lemma 2.3. Let cg,c1,...,cq be integers with ¢; —ci—1 > 2 (i =1,...,q). If p is an integer
such that 0 < p < q then

(@)% o (@) 4 (—2) 7 = ()0, (22)

where ®~1 < 9 < P.

Proof. Regard (2.2) as the definition of #, and use backwards induction on p. If p = ¢ then
f = 1 and the result holds. Suppose 0 < p < ¢ and the result holds with p 4+ 1 in place of p.
For convenience, write ¢ = ¢,, d = c,11. By the inductive hypothesis,

=1+ (—®) %', where ® ! <¢ <.
Ifc=d (mod?2)then® ! <1<§<14+0720 <1+01=0.
IfcZd (mod?2)thend—c>3,50®>1>0>1-030>1-d2=0¢"L
In either case, the inductive step is proved. O
Proposition 2.4. Let n be a positive integer and let (2.1) be the ZRep of n. Then

d0l < {d72p) < o0 F! if ¢y is even

1—@ ot < {d72n} <1 —-d 1 if ¢ is odd,
where { } denotes the fractional part.
Proof. By Lemma 2.2(iii), ®2n = m + & where
m=Feg o+ Fo o+t Foa §=(=0)7C+(=®)"" 4 -+ (-0) .

Lemma 2.3 with p = 0 gives £ = (—®)~“f where ®~! < § < ®. By the definition of a ZRep,
co > 2,50 €] < ®~1. We have

©—2n — {m + [¢] if ¢y is even 23)

(m—1)+(1—[¢]) if ¢ is odd,
and the result follows. O

Since in Proposition 2.4 the intervals for different values of ¢y are disjoint, Proposition 2.4
can be applied in reverse to determine cg from {®~2n}. This is done at the start of Section 4.

3. QUASI-ZECKENDORF REPRESENTATIONS OF A POSITIVE INTEGER

Define a quasi-Zeckendorf representation (QZRep) to be a representation (2.1) where
(i) ¢ —ci—1 >2 fori=1,...,q (asin a ZRep),

(ii) co >0 (i.e. Fy and Fy are now allowed),

(iii) if co = 0, then ¢1 (necessarily present) is odd.

Clearly every ZRep is a QZRep. For example Fy + Fy and F5 + Fy are to be considered
distinct QZReps of 4, although F} = F5. A QZRep will be called odd or even if its least index
cp is odd or even.

In the following, (co, c1,...,¢q) denotes a QZRep

Foog+Fey +--+F,, (co<c1<---<c) (3.1)
and val(co, ¢1, ..., ¢,) denotes the integer that it represents.

Proposition 3.1. Fvery positive integer n has a unique odd QZRep and a unique even QZRep.
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1 2 3 5 8 (2) (3) (4) (5) (6)
4 6 10 16 26 1,4)  (2,5)  (3,6) {(4,7) (5,8)
7 12 19 31 50 (0,3,5) (1,4,6) (2,5,7) (3,6,8) (4,7,9)
9 14 23 37 60 (1,6)  (2,7)  (3,8)  (4,9)  (5,10)
11 18 29 47 76 4,6) (5,7 (6,8) (7,90  (8,10)

Table 1: Top left of the ESC array with (right) QZRep notation.

Proof. Existence. If the ZRep of n is odd, it is an odd QZRep, and an even QZRep is obtained
by prefixing Fy. If the ZRep of n is even, it is an even QZRep, and if the smallest index is 2t
then an odd QZRep is obtained from the (easily proved) relation

Fi+F3+ -+ Fy 1 = Fy (t:1,2,3,...). (32)

Uniqueness. Suppose n has two odd QZReps. If neither includes F; they are ZReps and
thus identical by Zeckendorf’s Theorem 2.1. If both include F; then either n = 1 (a trivial
case), or we can delete F} to obtain two ZReps of n — 1 and again apply Theorem 2.1. If
the first includes F3} and the second does not, suppose the first includes Fy, ..., Fy;_1 but not
F51 1, and replace these by Fb;; this gives both an even and an odd ZRep of n; a contradiction.
Suppose n has two even QZReps. If neither includes Fy they are identical by Theorem 2.1. If
both include Fp, we can delete Fy and again apply Theorem 2.1. If one includes Fy and the
other does not, delete Fy to obtain both an even and an odd ZRep of n; a contradiction. [

Proposition 3.2. Let n be a positive integer. If every Fibonacci index in the odd (resp. even)
QZRep of n is increased by 1, the result is a QZRep of |Pn] (resp. |Pn| +1).

Proof. Clearly the result is a QZRep. Let n = val(cp, c1,...,¢,) be a QZRep of n, and define
nt =val{co+1,e1+1,...,¢c0+ 1). (3.3)
By Lemma 2.2(i), nT — &n = (—=®)"% + ... + (=)~ hence by Lemma 2.3 with p = 0,
nt —®n=(—®)"°0, where d! << ®.
Case 1. If cg is odd then 0 < ®n — nt < &7 < 1, s0o nt = |®n|.
Case 2. If cg is even and ¢y > 0 then 0 < n™ — &n < ®1=% < 1, sont = |®n| + 1.

Case 3. If ¢y = 0 then F,, is present with ¢; odd, so by Case 1 we have n™ = F} + |®n] =
|Pn| + 1. O

Proposition 3.2 can be applied to generate the Stolarsky interspersion corresponding to a
given zero—one sequence (9;). Having found the first term of row 4, write down its odd QZRep
if §; = 0 or its even QZRep if §; = 1. By Proposition 3.2 the second term of the row is obtained
by incrementing the indices by 1, and then the Fibonacci-type rule implies that the rest of
the row is generated by further increments. This method of “shifting subscripts” was used
by Kimberling [2] to generate a particular Stolarsky interspersion (the Wythoff array). Our
Proposition 3.2 is similar to Lemma 2 in [2, p. 4].

Table 1 shows the top left corner of the ESC array, as generated by this method.

Given a QZRep (co, ..., ¢cq), define Tj(co,...,cq) (j = 0,1,2) to be the number of indices
co, - - ., Cq that are not congruent to j (mod 3).

Proposition 3.3. For any QZRep (co, ..., cq), we have
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(i) Tolco,...,cq) =V <co,...,cq> (mod 2).
(i1) Tolco,...,cq) =val(co+1,...,¢4+ 1) (mod 2).
(iit) Talco,...,cq) +Talco+1,...,¢4+1) +Tolco+2,...,¢4+2) =0 (mod 2).
() Tolco, ..., cq) + Tl(co,..., > + T2(co,...,¢q) =0 (mod 2).
Proof. (i) holds because F, is even if and only if r is divisible by 3. (ii) follows easily from (i).
(iii) and (iv) hold because the LHS counts each ¢, twice. O

4. BLOCKS OF INTEGERS: TYPES A, B, C

Partition the positive integers into blocks separated by multiples of ®? = 2.618..., and
label the blocks 0, 1, 2, .... Thus, n belongs to block i if and only if |®2n| = 1.

Proposition 4.1. Let QQ be a QZRep. Then T5Q is even if and only if Q) is either the even
QZRep of an integer in an even block or the odd QZRep of an integer in an odd block.

Proof. Let Q = (co, ..., cq) and n = valQ). Let n be in block 4; then by the way the blocks are
defined, i = |®72n]. Since ®2=1-®"! and ® =1+ &, we have

=2 %) =n—[®'n| —1%n+|® 'n] = [®n] (mod 2). (4.1)
Let n™ =val(co + 1,...,¢4 + 1). By Proposition 3.3(ii), Ta(co,...,¢q) =n' (mod 2). There

are four cases if ¢ and ¢y are independently even or odd. If for example both are even, then
by (4.1) |®n] is odd, and by Proposition 3.2 n™ = |®n] + 1, so n" is even. The other three

cases are similar. O
n  0Odd QZRep of n Even QZRep of n
Block 0 * 1 (1) (2)
Type A 2 (3) (0,3)
Block 1 3 (1,3) (4)
TypeB * 4 (1,4) (2,4)
5 (5 (0,5)
Block 2 6 (1,5) (2,5)
Type A * 7 (3,5) (0,3,5)
Block 3 8 (1,3,5) (6)
Type C * 9 (1,6) (2,6)
10 (3,6) (0,3,6)
Block 4 * 11 (1,3,6) (4,6)
Type B 12 (1,4,6) (2,4,6)
13 (7) (0,7)
Block 5 14 (1,7) (2,7)
Type A * 15 (3,7) (0,3,7)
Block 6 16 (1,3,7) (4,7)
Type B * 17 (1,4,7) (2,4,7)
18 (5,7 (0,5,7)
Block 7 19 (1,5,7) (2,5,7)
Type A * 20 (3,5,7) (0,3,5,7)
Table 2: QZReps of integers and partitioning into blocks.
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Table 2 shows the first 8 blocks, with the QZReps of each n. To illustrate Proposition 4.1,
indices congruent to 0 or 1 (mod 3) are shown in bold. Integers that start a row in the ESC
array are marked with an asterisk. We see empirically that there is exactly one such integer
in each block; this is true for all Stolarsky interspersions, as will be proved in Proposition 4.4.

The block types A, B, C will now be defined. Let b be the first integer in a block, and let
¢ = {®72b}. Since b starts a block, ¢ < &2, with equality if and (since ®~2 is irrational) only
if b = 1. Proposition 2.4 shows that & # ®~" for odd r. The block type is defined in terms of
¢ as follows.

Type A. 73 < £ < &2, Since £ + 2072 > &3 + 202 = 1, the block has only 2 terms.
Block 0, consisting of 1 and 2, is of this type. Now assume b > 2. By Proposition 2.4, the
ZRep of b begins (2,...). To get the next index, note that

(020 -FR))=14+£(-02>14+07 -0 2=1-0"1 (4.2)

so by Proposition 2.4 the ZRep of b begins (2,d,...) with odd d > 5. The ZRep of b+ 1
therefore begins (3,d,...).

Type B. ®7° < ¢ < ®73. Since £ + 2072 < 1, the block has 3 terms. By Proposition 2.4
the ZRep of b begins (4, f,...), where any f > 6 can occur. Hence the ZRep of b + 1 begins
(2,4, f,...) and the ZRep of b+ 2 begins (5, f,...) if f > 6, or (d,...) with odd d > 7 if f = 6.

Type C. ¢ < ®75. The block has 3 terms. By Proposition 2.4 the ZRep of b begins (e, . ..)
with even e > 6. Hence the ZRep of b+ 1 begins (2,e,...), and the ZRep of b + 2 begins
(3,€,...).

The QZReps of the integers in each type of block are shown in Table 3.

In the rest of this paper, b; denotes the first term in block 7. All Stolarsky interspersions
below are assumed to be generated in terms of QZReps by the method of increasing indices,
as explained after Proposition 3.2. It is important to consider not only the value of an element
a(i, j), but also the QZRep by which a(i,7) is generated. For this purpose it will often be
necessary to refer to Table 3.

Lemma 4.2. In a Stolarsky interspersion generated by QZReps:

(i) A QZRep {(co,c1,-..) with co = ¢1 (mod 2) can occur only in columns 0,1,...,¢co — 1.
(i) For alli >0, b; + 1 can occur only in columns 0, 1, 2.
(iii) In row 0, each QZRep consists of a single indez.
(iv) In row 0, apart from the first 3 terms by, by + 1, by, each term is either b; + 2 for some
block i of type B, or b; for some block i of type C.

Proof. (i) Clearly any QZRep (cg,c1,...) can occur only in columns 0,1,...,¢y. If it occurs
in column ¢y then the row starts with (0,c; — cg,...), so by (iii) in the definition of a QZRep
co Z ¢1 (mod 2). (ii) follows from (i) and inspection of Table 3.

(iii) We always have a(0,0) = 1 and dy = 1, so row 0 begins with (2), the even QZRep of 1,
and continues (3), (4),.... (iv) follows from (iii) and the inspection of Table 3. O

The next lemma (4.3) summarizes results about the successors and predecessors of an element
in a Stolarsky interspersion. For block number i > 1 let d, e, f be as in Table 3. Depending
on the type of block 4, define u;, v;, w; as follows (v; and w; are undefined when block i is of
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Type A Block i has 2 terms, with QZReps (odd d > 5):
b; =val(l,d,...) = val(2,d,...)
b; +1=val(3,d,...) =val(0,3,d,...),

except that if ¢ = 0 then the terms d, ... are absent.

Type B Block i has 3 terms with QZReps (any f > 6):
b =val(1,3, f,...) =val{4, f,...)
b +1=val(1,4, f,...) =val(2,4, f,...)

except that if ¢ = 1 then the terms f,... are absent.
If f = 6 then d is the greatest odd integer such that 4,6,...,d—1
occur in the even QZRep of b;.

Type C Block i has 3 terms with QZReps (even e > 6):
b =val(1,3,...,e—1,...) = valle,...)
bi +1=val(l,e,...) =val(2e,...)
b; +2 =val(3,e,...) =val{0,3,e,...).

b b9 — val(, f,...) =val{(0,5, f,...) if f>6
T valld,...) =val(0,d,...) (odd d >7) if f =6,

Table 3: Odd and even QZReps of integers in block 1.

type A):

val(l,d — 1,...) =val(2,d — 1,...) (Type A)

u; = val<3f—1 >:V<03f—1 ) (Type B)

val{e — 1,...) = val(0,e — 1,...) (Type C).
val(1, 3, f —1,...) = val{4, f —1,...) (Type B, f > 6)
v; = ¢ val(1,3,5,. d 2,...) = Val<d —-1,...) (Type B, f =06)

val(l,e — > val(2,e —1,...) (Type C).

val(l,f —3,...) =val(2, f — 3,...) (Type B, f > 6)
w; = val(1,3,,...,d—4,...) =val{d —3,...) (Type B, f =06)

val{e — 3,...) = val(0,e — 3,...) (Type C).

Lemma 4.3. For i > 1 let u;,v;,w; be defined as above.

(4.5)

(i) Successors: If u; occurs in a Stolarsky interspersion then Sy(u;) = b; or b;+1 if u; occurs
in its odd or even QZRep. Similarly, when block i is of type B or C, S1(v;) = b; +1 or

b; +2 and Sg(wi) =b; or b; + 2.

(ii) Predecessors: If b; occurs in a Stolarsky interspersion, and not in column 0, then S

w;. Similarly, S_1(b; + 1) = u; or v; and S_1(b; + 2) = v;.
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Proof. The proof follows by routine checking of cases from Table 3. For example, take the two
elements of block 7 when block 7 is of type A. If b; is not in column 0 then it occurs in the
QZRep (2,d,...) not (1,d,...) by Lemma 4.2(i), and hence S_1(b;) = val(l,d — 1,...) = u,.
Similarly if ;41 is not in column 0 then it occurs as (3,d, ...) not (0, 3,d,...) and S_1(b;+1) =
val(2,d —1,...) = u; also. O

The following proposition shows that not only does column 0 of a Stolarsky interspersion
contain exactly one representative of each block, but so does the union of columns 1 and 2.

Proposition 4.4. Suppose a Stolarsky interspersion is generated in terms of QZReps as de-
scribed above. For integer ¢ > 0:

(i) Each integer 1,...,bit1 — 1 occurs exactly once in rows 0, ... ,i.
(i1) a(i,0) belongs to block i.
(14i) Block i contains exactly one integer in column 1 or 2.

Proof. By induction on i. The result is easily checked for ¢ = 0,1. Suppose that ¢ > 1 and
(i)—(iii) hold with ¢ — 1 in place of i. The inductive step depends on the type of block i. In
the following, d, e, f are as in Table 3.

Type A. Define u; as in equation (4.3). Then u < b;, so by (i) u; occurs exactly once in
rows 0,...,7 — 1, and by Proposition 4.3(1) Sy(u;) = b; or b; + 1. Hence, at least one of b;,
b; + 1 occurs in rows 0, ...,7— 1. Suppose, for a contradiction, that both occur. By (ii) neither
starts a row, and by Proposition 4.3(ii) the predecessor of each is u;. Thus, u occurs twice in
rows 0,...,7 — 1, contrary to (i). Hence, exactly one of b;, b; + 1 occurs in rows 0,...,i — 1,
and the other is chosen as a(i, 0).

For (iii), there are two cases.

Case a(i,0) = b;. Then b; + 1 occurs in rows 0,...,7 — 1, and not in column 0 by inductive
hypothesis (ii) applied to those rows; hence, b; + 1 is in column 1 or 2 by Lemma 4.2(ii).

Case a(i,0) = b; + 1. By a similar argument b; is not in column 0; hence b; is in column 1
or 2 (Table 3).

This proves the inductive step for type A.

Types B and C. The reasoning is like that for Type A, but more complicated. Define
U, Vi, w; as in equations (4.3)—(4.5). Then wu;,v;, w; < b; so by (i) each of u;,v;, w; occurs
exactly once in rows 0,...,7 — 1. By 4.3(i) Sy(u;) = b; or b; + 1, S1(v;) = b; + 1 or b; + 2, and
S3(wi) =b; or b; + 2.

Hence, at least two of b;, b;+1, b;+2 occur in rows 0, ...,i—1. Suppose, for a contradiction,
that all three occur. By (ii) none is in column 0. Hence by Proposition 4.3(ii) either u; or v;
occurs twice in rows 0,...,i — 1, contrary to (i). Thus exactly two of b;, b; + 1, b; + 2 occur
in rows 0,...,7 — 1, and the third is chosen as a(i,0).

For (iii), there are three cases.

Case a(i,0) = b;. As in type A, b; + 1 is in column 1 or 2. Since Sg(w;) # b;, we have
Ss(w;) = b; + 2, so b; + 2 is not in column 1 or 2.

Case a(i,0) = b; + 1. Since Sg(w;) = b; or b; + 2, one of these is not is column 1 or 2.
Suppose, for a contradiction, that neither is. Then b; occurs as (4, f,...) (Type B), resp.
(e,...) (Type C), and b; + 2 occurs as (5, f,...) or (d,...) (Type B), resp. (3,e,...) (Type C).
Then w; = S_3(b;) = S_3(b; + 2), so that w; occurs twice in rows 0, ...,i — 1, contrary to (i).

Case a(i,0) = b; + 2. As in block Type A, b; + 1 is in column 1 or 2. Since Sg(w;) # b; + 2,
we have Sz(w;) = b;, so b; is not in column 1 or 2.

This proves the inductive step for Types B and C. O
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The following is an alternative proof of a known result.

Proposition 4.5. Suppose a Stolarsky interspersion is generated in terms of QZReps, as
described above. Then it contains every positive integer exactly once.

Proof. Let n be a positive integer, and let n belong to block i. By Proposition 4.4(i) n occurs
exactly once in rows 0, ..., 4, and by Proposition 4.4(ii) all terms in succeeding rows are greater
than n. 0

5. THE “EVEN SECOND COLUMN” ARRAY

Proposition 5.1. Suppose the ESC array is generated in terms of QZReps, as described above.
For integer i > 0:

(i) The QZRep used for a(i,0) has even Ts.

(ii) (a) If block i is of type B then a(i,0) = b; or b; + 1, and (b) if also i is odd then

(iii) (a) If block i is of type C then a(i,0) = b; + 1 or b; + 2, and (b) if also i is even then

(iv) The QZRep used for a(i,0) does not begin (1,3,...).
(v) The QZRep used for a(i,0) does not begin (0,d,...) with d > 3.

Proof. By construction, a(i,0) is written with its odd or even QZRep according as i is odd or
even, so (i) follows from Proposition 4.1.

For the rest, use induction on i. The result is easily checked for ¢ = 0, 1. Suppose that ¢ > 1
and (ii)—(v) hold with ¢ — 1 in place of i. The inductive step depends on the type of block 4
(refer to Table 3).

Type A. Here (ii) and (iii) are vacuously true, and all four QZReps for b;, b; + 1 satisfy (iv)

and (v).
Type B. For (ii)(a) we must show that b; + 2 occurs in rows 0,...,7 — 1. Define v; as in
equation (4.4). Then v; < b;, so by Proposition 4.4(i) v; occurs in rows 0, ...,7 — 1, and not in

its odd QZRep (1, 3,...) since by Lemma 4.2(i) that would be the first term of a row, contrary
to (iv). Hence, v; occurs in its even QZRep and b; + 2 = S1(v;).

For (ii)(b) we assume that i is odd and show that b; occurs in rows 0,...,7 — 1. Define
s=val(l,f—2,...)=val(2,f—2,...), t=val(3,f—1,...) =val{0,3,f —1,...).
By Proposition 4.4(i) s and ¢ occur in rows 0,...,i — 1. If s occurs as (2, f — 2,...) then

b; = Sa(s) and we are done. Suppose then that s occurs as (1, f —2,...).

Clearly s is in column 0 or 1. If s is in column 1 then S_;(s) = (0, f —3,...), so by (i)
T2(0, f — 3,...) is even. But T9(0, f —3,...) = T2(4, f,...), which is odd by Proposition 4.1
since val(4, f,...) = b; is in an odd block by hypothesis. Hence s is in column 0, and by (i)
To(l, f —2,...) is even. By Proposition 3.3(iii),

To(0,3,f —1,...) =2+ To(2, f —1,..) =To(0, f —3,...) + To(1, f — 2,...) (mod 2).

The RHS terms are respectively odd and even as just shown; hence by (i) (0,3,f —1,...)
cannot start a row and so cannot occur at all. Hence, ¢ occurs as (3, f —1,...), and b; = S;(¢).
For type B, (iii) is vacuously true, all four QZReps for b;, b; + 1 satisfy (v), and (iv) holds
because (ii)(b) ensures that the QZRep (1,3, f,...) is never chosen.
Type C. For (iii)(a) we must show that b; occurs in rows 0,...,7 — 1. Define u; as in
equation (4.3). Then u; < b;, so by Proposition 4.4(i) u; occurs in rows 0, ..., — 1, and not
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in its even QZRep (0,e —1,...) since that would be the first term of a row and contradict (v).
Hence, u; occurs in its odd QZRep, and b; = Sy (u;).
For (iii)(b) we assume that i is even and show that b; + 2 occurs in rows 0,...,7— 1. Define

s=val(l,e—2,...) =val(2,e — 2,...), t=val(l,e—1,...) =val(2,e —1,...).

By Proposition 4.4(i) s and t occur in rows 0,...,7 — 1. If s occurs as (l,e — 2,...) then
b; +2 = Sa(s) and we are done. Suppose then that s occurs as (2,e —2,...).

By Lemma 4.2(i), s is in column 0 or 1. If s is in column 1 then S_;(s) = (1,e—3,...), so by
(i) To(l,e—3,...) is even. But Ty(1l,e—3,...) = T2(3,e,...), which is odd by Proposition 4.1
since val(3,e) = b; + 2 is in an even block by hypothesis. Hence, s is in column 0, and by (i)
T9(2,e —2,...) is even. By Proposition 3.3(iii),

To(l,e—1,...) =TaB,e—1,...) =To(l,e —3,...) + T2(2,e —2,...) (mod 2).

The RHS terms are respectively odd and even, as just shown; hence by (i) (1,e— 1, .) cannot
start a row and so cannot occur at all (Lemma 4.2(i)). Hence, ¢ occurs as (2,e —1,...), and
b, +2 = Sl(t).

For type C, (ii) is vacuously true, and all four QZReps for b; + 1, b; + 2 satisty (iv) and
(v). O

Theorem 5.2. The second term in every row of the ESC array is even.

Proof. The result follows from the construction of the array in terms of QZReps, and Propo-
sitions 5.1(1), 3.3(ii). O

6. THE “EVEN FIRST COLUMN” ARRAY

The “even first column” (EFC) array is defined by taking §; = 0 for even i > 0, 1 for odd
i. Kimberling [1] proved that column 0 of this array is all even apart from the initial 1. The
techniques above can be applied to give an alternative proof, as follows.

Proposition 6.1. Suppose the EFC array is generated in terms of QZReps, as described above.
For integer 1 > 0:
(i) If i > 0 then the QZRep used for a(i,0) has odd Ts.
(ii) If block i is of type B or C, and i is even, then a(i,0) = b; or b; + 1.
(i5i) If block i is of type B or C, and i is odd, then a(i,0) =b; + 1 or b; + 2.
(iv) If i > 0 then a(,0) is even.

Proof. By construction, we choose the even QZRep of a(i,0) for odd 7, and vice versa; so (i)
follows from Proposition 4.1.

For the rest, use induction on i. The result is easily checked for ¢ = 0,1. Suppose that ¢ > 1
and (ii)—(iv) hold with ¢ — 1 in place of i. Then by (i) and Proposition 3.3(ii) a(k, 1) is odd
for 1 <k <i—1,s0inrows 1,...,7 — 1 the parity follows the pattern EOOEQOO.... In row
0 the pattern is OEOOEO....

For the inductive step in (i) and (iii) refer to equations (4.3)—(4.4). Let @ be the odd
QZRep of v; if © is even, resp., the even QZRep of u; if 7 is odd. There are 5 possibilities for
Q:

(1,3, f—1,...), (1,3,5,....d—2,...), (Le—1,...), (0,3, f—1,...), (0,e—1,...).

Increment each term in @ by 1 to give a QZRep Q™; then clearly T;Q = T2Q™ and Q™ has
opposite parity to Q); hence by Proposition 4.1, T1Q is even.
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Define ¢t = val@). Then ¢t < b; and hence, t occurs in rows 0, ...,7— 1. Suppose, for a contra-
diction, that ¢ occurs in the QZRep Q. In each of the 5 cases, ¢ starts a row (Lemma 4.2(i), or
obvious), and not row 0 by Lemma 4.2(iii); hence by (iv) ¢ is even, and by Proposition 3.3(i)
To@ is even. Since T1Q is even (as shown), Proposition 3.3(iii) implies T2@ is even, contrary
to (i). Hence, t occurs in its other QZRep in (4.3)—(4.4), i.e. the even QZRep of v; if i is even,
resp., the odd QZRep of w; if i is odd. Proposition 4.3(i) then implies Sq(t) = b; + 2 or b;.
Thus, if i is even (resp. odd) then b; +2 (resp. b;) occurs before row i, leaving the possibilities
for a(7,0) stated in (ii) (resp. (iii)).

For (iv) the inductive step depends on the type of block i (refer to Table 3).

Type A. If a(i,0) = b; then b; + 1 occurs in rows 1,...,i — 1, and in column 1 or 2
(Lemma 4.2(iv),(ii)). Hence, b; + 1 is odd. Hence, a(i,0) is even. If a(i,0) = b; + 1 then b;
occurs in rows 1,...,4 — 1 (Lemma 4.2(iv)) and in column 1 or 2 (Table 3) and again a(i,0)
is even.

Types B and C. If a(i,0) # b; + 1 then as in type A b; + 1 is odd, hence, a(i,0) is even.

If a(i,0) = b; + 1 then neither b; nor b; + 2 can start a row. Hence for type B, b; occurs
as (4, f,...), and b; + 2 occurs as (5, f,...) or (d,...); for type C, b; occurs as (e,...) and
b; + 2 occurs as (3,e,...). For even (resp. odd) i the QZRep of b; (resp. b; +2) has even Ts by
Proposition 4.1. Hence by Proposition 3.3(ii), S1(b;) resp., S1(b; + 2) is even. Hence, b; resp.
b; + 2 is odd, and so a(i,0) = b; + 1 is even. O

7. WYTHOFF, DUAL WYTHOFF, AND ORIGINAL STOLARSKY ARRAYS

This section discusses the class of Stolarsky interspersions defined by
a(i,1) = |Pa(i,0) + A] (1 > 1), (7.1)

where 0 < A < 1 and A is constant for a particular array. Here d; (i > 1) is determined
implicitly by (7.1). In general there seems to be no simple formula giving J; in terms of i.

If A =1 we get the Wythoff array [2], with §; = 1 for all . If A = 0 we get the dual of the
Wythoff array [2], with §; = 0 for all @ > 0. If A = 1/2 we get Stolarsky’s original array [4],
with no known simple formula for ;.

It will be shown below that the value of A makes less difference than one might expect. In
particular, the Wythoff array is generated for all A € [®~! 1] and the Wythoff dual for all
A€ 0,72
Lemma 7.1. (after Stolarsky). Let x be a positive integer, 0 < X < 1, and y = [Pz + \].
Then

(i) z=|® 1y +1—A].

(i) x +y =Py +1—AJ.
Proof. Write

Qr+A=y+n, (7.2)
so that 0 <7 < 1. Since also 0 < A <1 we have
I>1-dHr+a1p>0. (7.3)

The equality holds in (7.3) if and only if A = n = 0, but in that case (7.2) implies ®z = y,
which is impossible since @ is irrational. Hence, > can be sharpened to >. Since from (7.2)
r=® 1 (y +n—\), subtracting (7.3) from z + 1 gives

r<®ly+l1-N<z+1,
and (i) follows. (ii) then follows from ®~! + 1 = ®. O
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Proposition 7.2. In the array generated by (7.1), we have for i,j > 1

M@ﬁ::{mm@j—1y+ﬂ if j is odd

7.4
|Pa(i,j—1)+1— )] if j is even. (7.4)

Proof. By induction on j. The case j = 1 is the definition (7.1). The inductive step follows
from Lemma 7.1(ii) and the Fibonacci-type relation that defines the row. O

Stolarsky (Lemma 2 of [4]) proved Lemma 7.1(ii) for A = 1/2. In this case we have
ali,j) = [®ali,j — 1) +1/2] (i, > 1). (7.5)

In fact Stolarsky used (7.5) to define his array, and derived the Fibonacci-type relation as a
consequence. If in (7.5) 1/2 is replaced by general A\, we get an alternative generalization of
Stolarsky’s array, in which the Fibonacci relation does not necessarily hold; this will not be
discussed here.

Lemma 7.3. Let z be a positive integer, 0 < XA <1, and y = |Px + \|. Let (co,c1,...,¢q) be
the ZRep of x.

(i) If co is even and \ > @17 then y = [dx| + 1.

(ii) If co = 2, c1 is even, and A < ®~2 then y = |Pz].

(i) If co is odd and A < 1 — ®170 then y = |Pz].

Proof. Since x = F¢, + Fey + -+ + Fe,, Lemma 2.2(i) implies ®2 = n — &, where
n=r o+ Foptot g, =)0+ (=) + - 4 (=P)7 .

Lemma 2.3 with p = 0 gives £ = (—®) 0, where &~ < § < ®.

For (i), ®z = n — |¢|, where |¢] < ®17% < \. Hence, y = [®x + \| = n = |®x] + 1.

For (ii), Lemma 2.3 with p = 1 gives |¢| = ®72 4+ &0 where ®~! < § < ®. Hence,
dx =n — [£] where (| > ®72 > \. Hence, y = [Pz + \| =n— 1= |Dz].

For (iii), ®z = n + |¢| with |¢| < ®17¢% <1 — X\. Hence, y = [®x + )| = n = [Px]. O

The Wythoff Array. The Wythoff array is generated by taking A = 1, or equivalently
9; = 1 for all 4. This array was studied by Kimberling [2], who showed that column j consists
of exactly those integers whose ZRep has lowest index j + 2. The following proposition proves
Kimberling’s result using the concepts of this paper.

Proposition 7.4. In the array generated by (7.1) with ®~! < X\ < 1:

(i) 0; =1 for all i.

(ii) a(i,0) = b; if block i is of Type A, and a(i,0) = b; + 1 otherwise.

(iii) The QZRep used for a(i,0) starts (2,...), and all such QZReps appear in column 0.
Proof. By induction over i. The result is clear for i = 0. For i = 1, note that a(1,0) = 4 and

6<4d <T<4d+d ' <4d+1<38.

Hence, a(1,1) = [4® + A] = 7, 1 = 1, and a(1,0) appears in the even QZRep (2,4). Now
suppose ¢ > 1 and the result holds for 0,...,7 — 1. The inductive step depends on the type of
block i. Again d, e, f are as in Table 3.

Type A. Let u = val(2,d—1). Then u occurs in rows 0, ...,7—1 in the QZRep (2,d—1,...),
hence, S;(u) = b; + 1. Hence, a(i,0) = b; and its ZRep is (2,d,...).
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Type B. Let u = val(2,f — 2,...). Then u occurs in rows 0,...,7 — 1 in the QZRep
(2,f —2,...), hence, b; = S1(u). Similarly,

o JSiv), v=val2,f-3,...) if f>6
s {Sd—2(?})7 v=val(2,...) if f=06.

Hence, a(i,0) = b; + 1 and its ZRep is (2,4, f,...).

Type C. Here b; = S¢_o(u) where u = val(2,...), and b; + 2 = Sq(v) where v = val(2,e —
1,...). Hence, a(i,0) = b; + 1 and its ZRep is (2,¢,...).

Thus for all block types the ZRep of a(i,0) begins (2,...), so Lemma 7.3(i) implies a(i, 1) =
|®a(i,0)] 4+ 1, i.e. ; = 1. Hence the even QZRep (2,...) is used for a(i,0).

Table 3 shows that each block contains exactly one QZRep starting with (2,...), and the
above shows that for each block this QZRep is always the one chosen for a(i,0). Hence all
such QZReps appear in column 0. O

The Dual of the Wythoff Array. The Wythoff dual is generated by taking A = 0, or
equivalently §; = 0 for all ¢ > 0.

Proposition 7.5. In the array generated by (7.1) with 0 < X < ®~2, we have for all i > 0:
(i) 6; = 0.
(ii) a(i,0) = b; + 1.
(iii) The QZRep used for a(i,0) starts either (1,e,...) (e even) or (3,d,...) (d odd), and all
such QZReps appear in column 0.
Proof. By induction over i. For i = 1, note that a(1,0) = 4 and
6<40 <4d+ P2 <7

Hence, a(1,1) = [4® + \| =6, 6; = 0, and a(1,0) appears in the odd QZRep (1,4).

Now suppose ¢ > 1 and the result holds for 1,...,7 — 1. The inductive step depends on the
type of block i. Again d,e, f are as in Table 3. Note that by (iii) rows 0,...,7 — 1 do not
contain a QZRep (0,...) or (2, h,...) where h is even.

Type A. Let u = val(l,d—1). Then u occurs in rows 0, ...,7i—1 in the QZRep (1,d—1,...)
not (2,d — 1,...), hence, S;(u) = b;. Hence, a(i,0) = b; + 1 and its ZRep is (3,d,...). Since
A < @72 we have a fortiori A <1 — &2, and Lemma 7.3(iii) implies a(i,1) = |®a(i,0)], i.e
9 = 0. Hence the odd QZRep (3,d,...) is used for a(i,0).

Type B. Here

1,...) if fis even
-3,...) if f is odd.
If f > 6 then

b 12— Si(v), wv=val(l,f—4,...) if fis even
1S2(v), v=val(3,f—2,...) if fis odd.

If f=61et b;+2=val{d,g,...) with odd d > 7. Then

Si—3(v), v=val(3,g—d+3,...) if ¢ is odd.

Hence, a(i,0) = b; + 1 and its ZRep is (2,4, f,...). Hence Lemma 7.3(ii) implies a(i,1) =
[®a(i,0)], i.e. § = 0. Hence the odd QZRep (1,4, f,...) is used for a(i,0).

b-—|—2—{ a-1(v), v=val(l,g—d+1,...) if g is even
N (
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Type C. Let b; = val{e, g,...) (even e > 6). Then

Se—1(u), w=val{l,g—e+1,...) if ¢ is odd.

Also b; + 2 = Sg(v) where v = val(l,e — 2,...).

Hence, a(i,0) = b; + 1 and its ZRep is (2,e,...). Lemma 7.3(ii) implies a(i, 1) = |®a(7,0)],
i.e. 0 = 0. Hence the odd QZRep (1,e,...) is used for a(i,0).

Table 3 shows that every block contains exactly one QZRep of the type stated, and the
above shows that for each block this QZRep is always the one chosen for a(i,0). Hence all
such QZReps appear in column O. O

b — {Se_g(u), u=val(3,g—e+3,...) if g is even

Proposition 7.6. In the array generated by (7.1) with 0 < X\ < 1, we have a(i,0) = b; + 1
whenever block i is of type B or C.

Proof. For A € [®71 1] (resp. [0, ®72]) the result is already proved in Proposition 7.4 (resp.
Proposition 7.5). So assume that ®=2 < A < ®~1. Let block i be of type B or C (hence i > 0)
and suppose, for a contradiction, that b; + 1 does not begin a row. Define y = b; + 1 and
x = S_1(y). By Proposition 7.2, y = |®x + X, where N = X or 1 — X\ and in either case
P2 < N < ® ! (since @' + @72 =1). By Lemma 7.1(i), z = [® 1y + 1 - \|.

Table 3 shows that the ZRep of y (= b; + 1) begins (2,e,...) with e even. Hence by
Lemma 2.2(ii)

dly+1-N=F+F._ 1+ - )4+p wherep=1-XN-32_-d¢+....
Lemma 2.3 with p=0gives py <1 - N —® 3 <land pg>1—- )N —® !> —1. Hence
= y+1-N|=(F +F 1+ ) —r
where Kk = 0if 4 >0 or k =1 if p < 0. By Lemma 2.2(i) and Lemma 2.3,
Pdr+N=(F+F+ )+ +d7% - dx4+ )N (where d ' <0< d)

—y+ NP+ L+ D%
If > 0 this gives

Pr4+N>y+ N+ 140 >y+d 24+ +0=y+1,
contradicting |®x + N | = y. If u < 0 then

Pr+N<y+ N -0+ 1437 <y4+ ! D+ O D2 =y,

again contradicting |®x + \'| = y. O
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