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Abstract

An m-cycle system C of λKn is said to be near resolvable if the m-
cycles in C can be partitioned into near parallel classes R1, R2, . . . , Rλn/2,
each one of which is a 2-factor of λKn − v for some vertex v in λKn.
If an NR(n,m, λ)-CS has a pair of orthogonal resolutions, it is said to
be doubly resolvable and is denoted by DNR(n,m, λ)-CS. For m = 2, 3,
DNR(n,m, 2)-CSs are known as Room frames of type 1n and
DNR(n, 3, 2)-BIBDs, respectively. The spectra for Room frames of type
1n and DNR(n, 3, 2)-BIBDs have been completed. To our knowledge, very
little is known about the existence of DNR(n,m, λ)-CSs with m ≥ 4. In
this paper, we use Weil’s theorem on character sum estimates to give
an implicit lower bound about the existence of DNR(mt + 1,m, λ)-CSs,
where mt+1 is a prime power. From this result, we also show that there
exists a DNR(n, 4, λ)-CS for any prime power n ≡ 1 (mod 4) and n ≥ 13.

1 Introduction

Let λKn be the graph on n vertices in which each pair of vertices is joined by exactly
λ edges. An m-cycle system of a graph G is a collection C of cycles of length m
whose edges partition the edges of G. A near (or almost) parallel class of a graph
G is a 2-factor of G − v for some vertex v in G. An m-cycle system C of λKn is
said to be near (or almost) resolvable if the m-cycles in C can be partitioned into
near parallel classes R1, R2, . . . , Rλn/2 and C is denoted by NR(n,m, λ)-CS. The near
parallel classes R1, R2, . . . , Rλn/2 form a resolution of C. It is well-known that there
exists an NR(n,m, λ)-CS if and only if λ ≡ 0 mod 2 and n ≡ 1 mod m [2, Table
9.18].

A near resolvable m-cycle system (V,C), where V is the set V (λKn) of vertices
of λKn, is said to be doubly resolvable if there exist two near resolutions R and
R′ of the m-cycles in C such that |Ri ∩ Rj | ≤ 1 for all Ri ∈ R and Rj ∈ R′. (It
should be noted that the m-cycles of the m-cycle system are considered as labelled
so that if a subset of the elements occurs as a cycle more than once the cycles are
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treated as distinct.) We refer to the m-cycle system (V,C) as a doubly near resolvable
m-cycle system, denoted by DNR(n,m, λ)-CS. It is easy to see that if there exists
a DNR(n,m, 2)-CS, then by repeating each cycle in this design λ/2 times, we can
obtain a DNR(n,m, λ)-CS. So, we only consider the λ = 2 case in the rest of this
paper.

We can use a pair of orthogonal resolutions of a DNR(n,m, 2)-CS to construct an
n× n array. For convenience, we often refer to this array as a DNR(n,m, 2)-CS. We
index the rows and columns of the array with the pair of orthogonal resolutions R
and R′. In the cell labelled (Ri, R

′
j), we place Ri ∩R′

j for all Ri ∈ R and R′
j ∈ R′. If

Ri ∩R′
j = ∅, the cell is left empty. The rows of the array will contain the resolution

classes of the resolution R and the columns will contain the resolution classes of the
orthogonal resolution R′. If the DNR(n,m, 2)-CS has the additional property that
under an appropriate ordering of the resolution classes R and R′, Ri ∪ R′

i contains
precisely n−1 distinct elements of the design and Ri∩R′

i = ∅ for all i, then the array
is called an (m, 2)-cycle frame of type 1n. The diagonal of an (m, 2)-cycle frame of
type 1n is empty and a unique element of the design can be associated with each
cell (i, i). The DNR(10, 3, 2)-CS in Figure 1 is a (3, 2)-cycle frame of type 110. The
element associated with cell (i, i) is i for i = 0, 1, . . . , 9.

Figure 1: A DNR(10, 3, 2)-CS is a (3, 2)-cycle frame of type 110 [4]

(8,3,4) (6,7,1) (9,5,2)
(9,4,0) (7,8,2) (5,6,3)

(8,9,3) ( 5,0,1) (6,7,4)
(6,1,2) ( 9,5,4) (7,8,0)

(7,2,3) ( 5,6,0) ( 8,9,1)
(7,9,1) (6,8,4) (3,2,0)

(8,5,2) (4,3,1) (7,9,0)
(9,6,3) (0,4,2) (8,5,1)

(5,7,4) (9,6,2) (1,0,3)
(6,8,0) ( 5,7,3) (2,1,4)

We also note that it is not always possible to permute the rows and columns
of a DNR(n,m, 2)-CS to form a (m, 2)-cycle frame of type 1n; we refer to [9] for
examples of DNR(n,m, 2)-CSs which are not (m, 2)-cycle frames of type 1n. (The
distinction between DNR(n,m, 2)-CS and (m, 2)-cycle frames of type 1n is important
in recursive constructions.) The DNR(13, 3, 2)-CS (where cycles are denoted in an
abbreviated form, omitting the braces and the commas of the contained cycles) in
Figure 2 is not a (3, 2)-cycle frame of type 113. It is not possible to permute the rows
and columns of the DNR(13, 3, 2)-CS to form a (3, 2)-cycle frame 113.

If we review an undirected edge ab as a 2-cycle (a, b) (i.e., a loop ab) with a pair
of parallel edge ab’s, then a Room frame of type 1n (see, e.g., [5, 6]) is equivalent to
a DNR(n, 2, 2)-CS. We also know that a Room frame of type 1n is equivalent to a
well-known design called a Room square of order n [5, 6]. The spectrum of Room



DOUBLY NEAR RESOLVABLE M -CYCLE SYSTEMS 71

Figure 2: A DNR(13, 3, 2)-CS is not a (3, 2)-cycle frame of type 113

013 28C 49B 56A
67B 124 390 5AC

78C 235 4A1 6B0
890 346 5B2 7C1

9A1 457 6C3 802
AB2 568 704 913

A24 BC3 679 815
B35 C04 78A 926

C46 015 89B A37
057 126 9AC B48

C59 168 237 AB0
06A 279 348 BC1

17B 38A 459 C02

squares had been completed by Mullin and Wallis [11].

Theorem 1.1 (Mullin and Wallis [11]) A Room square of order n exists if and only
if n is odd and n 	= 3 or 5.

The existence of DNR(n, 2, 2)-CSs follows immediately from the existence of
Room squares.

Theorem 1.2 A DNR(n, 2, 2)-CSs exists if and only if n is odd and n 	= 3 or 5.

A DNR(n, 3, 2)-CS is well known as a DNR(n, 3, 2)-BIBD. The existence of
DNR(n, 3, 2)-BIBDs has been made extensive research by several authors [7, 9, 8, 1].
Recently, Abel, Lamken and Wang [1] have completed the spectrum of DNR(n, 3, 2)-
BIBDs.

Theorem 1.3 (Lamken [8], Abel, Lamken and Wang [1]) Let n be a positive integer,
n ≡ 1 mod 3 and n ≥ 10. Then there exists a DNR(n, 3, 2)-BIBD.

In this paper, we continue to investigate the existence of DNR(n,m, 2)-CSs for
m ≥ 4. In Section 2, we first introduce a cycle starter-adder construction for
DNR(n,m, 2)-CSs and an algebraic construction for cycle starters and adders. Then,
applying Weil’s theorem on character sum estimates, we give an implicit lower bound
for the existence of DNR(q,m, 2)-CSs, where q = mt + 1 is a prime power. In Sec-
tion 3, by using the result with m = 4 in Section 2, we also show that there exists a
DNR(n, 4, 2)-CS for any prime power n ≡ 1 mod 4 and n ≥ 13.
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2 DNR(q,m, 2)-CS for prime power q

In what follows, we will use the notation (x1, x2, . . . , xm) to denote a cycle with
undirected edges x1x2, x2x3, . . . , xm−1xm, xmx1. Our construction for DNR(n,m, 2)-
CSs is mainly a cycle starter-adder construction, which is similar to the standard
frame starter-adder construction [3, 4, 12].

Let G be an additive abelian group of order n. An m-cycle starter in G is a set
of t = (n − 1)/m m-cycles S = {Ci = (xi1, xi2, . . . , xim)|1 ≤ i ≤ t} which satisfies
the following two properties:

(1)
⋃t

i=1{xi1, xi2, . . . , xim} = G \ {0};

(2)
⋃t

i=1 
Ci = 2 · (G \ {0}).

where 
Ci is a set of differences in Ci, namely, 
Ci = {±(xi(j+1(modm)) − xij)|j =
1, 2, . . . ,m}.

An adder A(S) for m-cycle starter S is a set of elements (a1, a2, . . . , at) ⊆ G\{0}
such that

⋃t
i=1{xi1 + ai, xi2 + ai, . . . , xim + ai} = G \ {0}.

Construction 2.1 (Starter-Adder) If an abelian group G of order n admits an m-
cycle starter S and an adder A(S), then there exists a (m, 2)-cycle frame of type 1n,
and hence there exist a DNR(n,m, 2)-CS.

Proof: Let G = {g0 = 0, g1, . . . , gn−1}. We label the rows g0, g1, . . . , gn−1 and the
columns g0, gn−1, gn−2, . . . , g1. In row gj and column ai−gj place the m-cycle Ci + gj

for all i = 1, 2, . . . , (n − 1)/m. By the definition of S and A(S), it is easy to verify
that the resultant array is a (m, 2)-cycle frame of type 1n. �

For m-cycle starter S and adder A(S), we have the following algebraic con-
struction over finite field GF (q), which is similar to the algebraic construction for
DNR(q, 3, 2)-BIBDs in [12].

Theorem 2.2 Let q = mt + 1 be a prime power and F = GF (q). Let T be the
multiplicative subgroup of order t in F ∗ = F − {0} and ξ be a primitive element of
F . Let M be an m-cycle whose elements form a system of distinct representatives
for the cosets of T and whose differences are evenly distributed over the cosets of
T . Then, S = {M,Mξm,Mξ2m, · · · ,Mξ(t−1)m} is a starter. Furthermore, A(S) =
(ξn, ξm+n, · · · , ξm(t−1)+n) is an adder for S if and only if the elements of {a+ ξn|a ∈
M} lie in distinct cosets of T .

Proof: Suffice it to check that S and A(S) satisfy the conditions in the definition of
m-cycle starter and adder. Let M = (x1, x2, . . . , xm) and Hi = ξiT, 0 ≤ i ≤ m − 1.
Then ∪t−1

i=0{x1ξ
im, x2ξ

im, . . . , xmξ
im} = ∪m−1

i=0 Hi = F ∗, and ∪t−1
i=0
Mξim = 2 · ∪m−1

i=0 Hi

= 2 ·F ∗. So, S is an m-cycle starter. Since ∪t−1
i=0{(x1 +ξn)ξim, (x2 +ξn)ξim, . . . , (xm +

ξn)ξim} = ∪m−1
i=0 Hi = F ∗, hence A(S) is an adder for S. This completes the proof. �
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From Construction 2.1 and Theorem 2.2, in order to construct a DNR(q, m,
2)-CS, we need only to find a pair of m-cycle M and ξn in GF (q) satisfying the
conditions in Theorem 2.2. Next, we will apply Weil’s theorem on character sum
estimates to show that if q is sufficient large, then there exist a pair of m-cycle M
and ξn in GF (q) satisfying the conditions in Theorem 2.2.

Let q = mt + 1 be a prime power. Let F = GF (q) and T be the multiplication
subgroup of order t in F ∗ = F−{0} and ξ be a primitive element of F , Hi = ξiT, 0 ≤
i ≤ m− 1. We have the following result.

Lemma 2.3 Let M = (1, x, x2, . . . , xm−1) be an m-cycle on F .
(i) If x ∈ H1, h(x) = xm−2 +xm−3 + . . .+x+1 ∈ Hm−1, then S = {M,Mξm, . . . ,

Mξ(t−1)m} is an m-cycle starter. Furthermore
(ii) If the elements of {a + y : a ∈ M} lie in distinct cosets of T , then A(S) =

(y, yξm, . . . , yξ(t−1)m), y ∈ F ∗ is an adder for S.

Proof: The differences of M are as follows

±(x− 1){1, x, . . . , xm−2, h(x)}
If condition (i) is satisfied, then the differences of M appear in each coset of T twice.
Hence S is an m-cycle starter from Theorem 2.2. If condition (ii) is satisfied, then
it is clear that A(S) is an adder from Theorem 2.2 again. �

Let
f0(x) = ξ−1x, f1(x) = ξ1−mh(x)

Then condition (i) stated in Lemma 2.3 can be derived if there exists an element a
satisfying the following condition:

(C1) fi(a) ∈ H0, i = 0, 1.
In GF (q), let χ be an an nontrivial multiplicative character of order m, that is,

χ(x) = ωj if x ∈ Hj, 0 ≤ j ≤ m− 1, where ω = exp(2πi/m) is the mth root of unity.
Let Bi = χ(fi(a)), i = 0, 1.

Let
Di = 1 +Bi + · · · +Bm−1

i

for i = 0, 1. Then

Di =

⎧⎨
⎩

m, if fi(a) ∈ H0

1, if fi(a) = 0
0, if fi(a) /∈ H0 ∪ {0}

From these, form the sum

S1 =
∑

x∈GF (q)

1∏
i=0

(1 +Bi + · · · +Bm−1
i ) (1)

This sum is equal to n1m
2 + d1 where n1 is the number of elements a in GF (q),

satisfying the condition C1, and d1 is the contribution when one of fi(a) is 0, i = 0, 1.
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For each i, i = 0, 1, there is only 1 value of a = 0 for which f0(a) = 0 and there are
at most m − 2 values of a for which f1(a) = 0 (since f1(x) is a polynomial of
degree m − 2). Hence the contribution to S1 when f0(a) or f1(a) is zero is at most
(m−1)m = m2−m. Therefore, if we can show that |S1| > m2−m, then there exists
at least one element a in F ∗ satisfying the condition C1.

Expanding S1, we obtain

S1 =
∑

a∈GF (q)

1 +
1∑

i=0

m−1∑
k=1

∑
a∈GF (q)

Bk
i +

∑
0≤k0,k1≤m−1

∑
a∈GF (q)

Bk0
0 B

k1
1 (2)

In order to estimate the inner sum in (2), we may use Weil’s theorem on multi-
plication character sums, which can be found in [10]

Theorem 2.4 ([10]) Let ψ be a multiplicative character of GF (q) of order m > 1
and let f ∈ GF (q)[x] be a monic polynomial of positive degree that is not an mth
power of a polynomial. Let d be the number of distinct roots of f in its splitting field
over GF (q), then for every α ∈ GF (q), we have

∣∣∣∣∣∣
∑

c∈GF (q)

ψ(αf(c))

∣∣∣∣∣∣ ≤ (d− 1)
√
q.

It is clear that f0(x), f1(x) are coprime. In fact, suppose fk0
0 (x)fk1

1 (x) = pm(x)
for some p(x) ∈ GF (q)[x], then k0 ≡ k1 ≡ 0 (mod m), 1 ≤ k0, k1 ≤ m − 1,
a contradiction. Note that each of the inner product in (2) can be represented
as ψ(cf(a)) for some c, where f(x) is a monic polynomial. It is easy to see that
degf0(x) = 1, degf ′

1(x) = m− 2. So from Theorem 2.4, we have

∣∣∣∣∣∣
1∑

i=0

m−1∑
k=1

∑
a∈GF (q)

Bk
i

∣∣∣∣∣∣ ≤ (m − 1)(m− 3)
√
q

∣∣∣∣∣∣
∑

1≤k0,k1≤m−1

∑
a∈GF (q)

Bk0
0 B

k1
1

∣∣∣∣∣∣ ≤ (m − 1)2(m − 2)
√
q

Then we have

|S1| ≥ q − (m − 1)(m2 − 2m− 1)
√
q

Let A1 = (m − 1)(m2 − 2m − 1),B1 = m2 −m, and E1 = A1+
√

A2
1+4B1

2
�. From

the above we see there will be at least one value of a satisfying condition C1 if
q − A1 · √q > B1 or equivalently, if (

√
q)2 − A1 · (

√
q) − B1 > 0. Solving for the

bigger root of this quadratic in
√
q, we see that condition C1 holds if q ≥ E2

1 . Thus
this gives the following result.
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Lemma 2.5 Let q = mt + 1 be a prime power. If q ≥ E2
1 , then there is an element

a ∈ GF (q) \ {0} satisfying condition C1.

Next, we will find a bound on q such that there is an element b ∈ GF (q) \ {0}
satisfying condition (ii) stated in Lemma 2.3, where a satisfying condition C1.

For a ∈ F ∗, let ri(x) = ξ−i(ai + x), 0 ≤ i ≤ m − 1. Then condition (ii) stated
in Lemma 2.3 can be derived if there is an element b 	= 0 satisfying the following
condition:

(C2) ri(b) ∈ H0, 0 ≤ i ≤ m− 1.
Let Fi = χ(ri(b)), 0 ≤ i ≤ m− 1

Gi = 1 + Fi + · · · + Fm−1
i , 0 ≤ i ≤ m− 1

Then

Gi =

⎧⎨
⎩

m, if ri(b) ∈ H0

1, if ri(b) = 0
0, if ri(b) /∈ H0 ∪ {0}

From these, form the sum

S2 =
∑

x∈GF (q)

m−1∏
i=0

(1 + Fi + · · · + Fm−1
i ) (3)

This sum is equal to n2m
m + d2 where n2 is the number of elements b in GF (q),

satisfying the condition C2, and d2 is the contribution when one of ri(b) is 0, 0 ≤ i ≤
m − 1. For each i, 0 ≤ i ≤ m − 1, if ri(b) = 0 then the contribution to S2 at x = b
is at most mm−1. There are at most m values of b in GF(q) for which ri(b) = 0 for
any i; hence there is a 2nd value of b (in addition to b = 0) satisfying the condition
C2 if we can show that |S2| > mm +mm = 2mm.

Expanding S2, we obtain

S2 =
∑

b∈GF (q)

1 +
m−1∑
i=0

m−1∑
k=1

∑
b∈GF (q)

F k
i +

∑
0≤i1<i2≤m−1

∑
1≤k1,k2≤m−1

∑
b∈GF (q)

F k1
i1
F k2

i2

+ · · · +
∑

0≤i1<i2<···<iu≤m−1

∑
1≤k1,k2,...,ku≤m−1

∑
b∈GF (q)

F k1
i1
F k2

i2
· · ·F ku

iu

+ · · · +
∑

1≤k1,k2,...,km−1≤m−1

∑
b∈GF (q)

F k1
0 F k2

1 · · ·F km−1

m−1 (4)

It is clear that r0(x), r1(x), . . . , rm−2(x) are pairwise coprime. Suppose that

K(b) = r0(b)
β0r1(b)

β1 · · · rm−2(b)
βm−1
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with positive degree, we can show that if βj ≤ m − 1, 0 ≤ j ≤ m − 2, then K(b)
is not an mth power of a polynomial in GF (q)[x]. In fact, if K(b) = p(b)m, since
r0(x), r1(x), . . . , rm−1(x) are pairwise coprime, then β0 ≡ β1 ≡ · · · ≡ βm−1 ≡ 0
(mod m) and βj ≤ m − 1, 0 ≤ j ≤ m − 1, we have β0 = β1 = · · · = βm−1 = 0,
a contradiction. Note that each of the inner product in (4) can be represented
as ψ(cr(b)) for some c, where r(x) is a monic polynomial. It is easy to see that
deg(ri(x)) = 1, 0 ≤ i ≤ m− 1. So, from Theorem 2.4, we have

∣∣∣∣∣∣
m−1∑
i=0

m−1∑
k=1

∑
b∈GF (q)

F k
i

∣∣∣∣∣∣ ≤
(
m

1

)
(m− 1)(1 − 1)

√
q

∣∣∣∣∣∣
∑

0≤i1<i2≤m−1

∑
1≤k1,k2≤m−1

∑
b∈GF (q)

F k1
i1
F k2

i2

∣∣∣∣∣∣ ≤
(
m

2

)
(m− 1)2(2 − 1)

√
q

· · · · · ·

∣∣∣∣∣∣
∑

0≤i1<i2<···<iu≤m−1

∑
1≤k1,k2,...,ku≤m−1

∑
b∈GF (q)

F k1
i1
F k2

i2
· · ·F ku

iu

∣∣∣∣∣∣ ≤
(
m

u

)
(m− 1)u(u− 1)

√
q

· · · · · ·

∣∣∣∣∣∣
∑

1≤k1,k2,...,km−1≤m−1

∑
b∈GF (q)

F k1
0 F k2

1 · · ·F km−1

m−1

∣∣∣∣∣∣ ≤ (m− 1)m−1(m − 1)
√
q.

Then we have

|S2| ≥ q − [

m∑
u=2

(
m

u

)
(m − 1)u(u− 1)]

√
q.

Let A2 =
∑m

u=2(u − 1)
(

m
u

)
(m − 1)u, B2 = 2mm, E2 = A2+

√
A2

2+4B2

2
�. From the

above we see there will be at least one value of b 	= 0 satisfying condition C2 if
q − A2 · √q > B2 or equivalently, if (

√
q)2 − A2 · (

√
q) − B2 > 0. Solving for the

bigger root of this quadratic in
√
q, we see that condition C2 holds if q ≥ E2

2 . Thus
this gives the following result.

Lemma 2.6 Let q = mt + 1 be a prime power. If q ≥ E2
2 , then there is an element

b ∈ GF (q) \ {0} satisfying condition C2.

In Lemmas 2.5 and 2.6, E2 > E1 for all positive m. Hence from Lemmas 2.3, 2.5
and 2.6 we obtain our first main result.
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Theorem 2.7 Let q = mt + 1 be a prime power. If q ≥ E2
2 , then there exists a

(m, 2)-cycle frame of type 1q, and hence there exists a DNR(q,m, 2)-CS.

Corollary 2.8 Let q = mt + 1 be a prime power and λ ≡ 0 (mod 2). Then there
exists a DNR(q,m, λ)-CS for q ≥ E2

2 .

3 DNR(q, 4, 2)-CS for prime power q ≡ 1 (mod 4)

In this section, we investigate the existence of DNR(q, 4, 2)-CSs for prime power
q ≡ 1 (mod 4). Applying Theorem 2.7 with m = 4, the following result is obtained.

Lemma 3.1 Let q ≡ 1 (mod 4) be a prime power and q ≥ 264221. Then there exists
a (4, 2)-cycle frame of type 1q, and hence there exists a DNR(q, 4, 2)-CS.

By Lemma 3.1, we need only to handle with the remaining prime powers q <
264221. We first apply Theorem 2.2 to treat the primes.

Lemma 3.2 Let p ≡ 1 (mod 4) be a prime and 13 ≤ p < 264221. Then there exists
a (4, 2)-cycle frame of type 1p, and hence there is a DNR(p, 4, 2)-CS.

Proof: With the aid of computer search, we give a list of the information we need
to apply Theorem 2.2 for prime p ≡ 1 (mod 4) and 13 ≤ p ≤ 1009 in Table 1 of
the Appendix. In order to save space, we omit the information for other values of p.
The interested reader may contact the authors to have a copy. �

We still apply Theorem 2.2 to treat the prime power q = p2, where p ≡ 3 (mod 4).

Lemma 3.3 Let prime p ≡ 3 (mod 4) and 7 ≤ p ≤ 503. Then there exists a
(4, 2)-cycle frame of type 1p2

, and hence there exists a DNR(p2, 4, 2)-CS.

Proof: We list the information we need to apply Theorem 2.2 for prime p ≡ 3
(mod 4) and 7 ≤ p ≤ 503 in Table 2 of the Appendix. �

To treat the remaining prime power cases, we need the following working lemma.

Lemma 3.4 Let q be a prime power and s, t positive integers. If there exist (m, 2)-

cycle frames of type 1qs
and 1qt

, then there exists a (m, 2)-cycle frame of type 1q(s+t)
,

and hence there exists a DNR(q(s+t),m, 2)-CS.

Proof: Without loss of generality, it can be assumed that s ≤ t. Then there exists a
transversal design TD(qs, qt) (which is equivalent to qs−2 mutually orthogonal latin
square of order qt)(see, e.g.,[2]). Replacing each block B of the TD by a (m, 2)-cycle
frame of type 1qs

over B gives a (m, 2)-cycle frame of type (qt)qs
. Further filling in

holes of the resultant frame with a (m, 2)-cycle frame of type 1qt
gives a (m, 2)-cycle

frame of type 1qs+t
. This completes the proof. �
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Lemma 3.5 Let s be an even integer ≥ 4. Then there exists a (4, 2)-cycle frame of
type 13s

, and hence there exists a DNR(3s, 4, 2)-CS.

Proof: For q = 34, 36, applying Theorem 2.2 gives the desired designs, where the
required information is listed below.

q ξ satisfies M ξn

34 ξ4 + ξ3 + 2 = 0 (ξ0, ξ1, ξ38, ξ35) ξ0

36 ξ6 + ξ5 + 2 = 0 (ξ0, ξ1, ξ2, ξ15) ξ24

For q = 3s, s ≥ 4, we can write s = 4k + 6l, k, l ≥ 0. By Lemma 3.4 and induction
on k, l, we get (4, 2)-cycle frames of type 134k

and 136l
. Applying Lemma 3.4 again

gives a (4, 2)-cycle frame of type 13s
. �

Lemma 3.6 Let s ≥ 2. then there exists a (4, 2)-cycle frame of type 15s
, and hence

there exists a DNR(5s, 4, 2)-CS.

Proof: For q = 52, 53, applying Theorem 2.2 gives the desired designs, where the
required information is listed below.

q ξ satisfies M ξn

52 ξ2 + ξ + 2 = 0 (ξ0, ξ1, ξ10, ξ23) ξ12

53 ξ3 + ξ2 + 2 = 0 (ξ0, ξ17, ξ2, ξ63) ξ0

For q = 5s, s ≥ 2, we can write s = 2k + 3l, k, l ≥ 0. By Lemma 3.4 and induction
on k, l, we get (4, 2)-cycle frames of type 152k

and 153l
. Applying Lemma 3.4 again

gives a (4, 2)-cycle frame of type 15s
. �

Lemma 3.7 Let q ≡ 1 (mod 4) be a prime power and 13 ≤ q < 264221. Then there
exists a (4, 2)-cycle frame of type 1q, and hence there exists a DNR(q, 4, 2)-CS.

Proof: For q = ps, p ≡ 1 (mod 4) and s ≥ 1, the desired designs follow from
Lemmas 3.6, 3.2 and 3.4. For q = ps, p ≡ 3 (mod 4) and s ≥ 2, the desired designs
follow from Lemmas 3.5, 3.3 and 3.4. �

Combing Lemmas 3.1 and 3.7, we obtain our second main result.

Theorem 3.8 Let q ≡ 1 (mod 4) be a prime power and q ≥ 13. Then there exists
a (4, 2)-cycle frame of type 1q, and hence there exists a DNR(q, 4, 2)-CS.

Corollary 3.9 Let q ≡ 1 (mod 4) be a prime power and q ≥ 13. Then there exists
a DNR(q, 4, λ)-CS for any positive even λ.
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Appendix

Table 1

p ξ M ξn p ξ M ξn

13 2 (1, 2, 4, 8) 10 17 3 (1, 3, 15, 11) 5
29 2 (1, 2, 4, 27) 12 37 2 (1, 2, 4, 17) 17
41 6 (1, 6, 29, 36) 25 53 2 (1, 2, 4, 12) 8
61 2 (1, 2, 4, 8) 10 73 5 (1, 5, 25, 52) 1
89 3 (1, 3, 9, 27) 81 97 5 (1, 5, 25, 71) 53
101 2 (1, 2, 4, 8) 8 109 6 (1, 6, 36, 24) 4
113 3 (1, 3, 9, 40) 9 137 3 (1, 3, 9, 75) 2
149 2 (1, 2, 4, 137) 146 157 5 (1, 5, 25, 96) 45
173 2 (1, 2, 4, 8) 9 181 2 (1, 2, 4, 8) 4
193 5 (1, 5, 25, 153) 90 197 2 (1, 2, 4, 128) 4
229 6 (1, 6, 36, 145) 1 233 3 (1, 3, 9, 180) 68
241 7 (1, 7, 49, 102) 199 257 3 (1, 3, 9, 179) 23
269 2 (1, 2, 4, 8) 8 277 5 (1, 5, 25, 125) 4
281 3 (1, 3, 9, 216) 98 293 2 (1, 2, 4, 8) 145
313 10 (1, 10, 100, 61) 10 317 2 (1, 2, 4, 128) 64
337 10 (1, 10, 100, 195) 199 349 2 (1, 2, 4, 8) 176
353 3 (1, 3, 9, 206) 81 373 2 (1, 2, 4, 128) 16
389 2 (1, 2, 4, 128) 2 397 5 (1, 5, 25, 313) 30
401 3 (1, 3, 9, 27) 119 409 21 (1, 21, 32, 195) 223
421 2 (1, 2, 4, 128) 8 433 5 (1, 5, 25, 238) 17
449 3 (1, 3, 9, 27) 27 457 13 (1, 13, 169, 369) 209
461 2 (1, 2, 4, 8) 1 509 2 (1, 2, 4, 8) 64
521 3 (1, 3, 9, 147) 9 541 2 (1, 2, 4, 128) 16
557 2 (1, 2, 4, 128) 4 569 3 (1, 3, 9, 198) 81
577 5 (1, 5, 25, 78) 378 593 3 (1, 3, 9, 27) 136
601 7 (1, 7, 49, 280) 441 613 2 (1, 2, 4, 316) 128
617 3 (1, 3, 9, 75) 243 641 3 (1, 3, 9, 122) 3
653 2 (1, 2, 4, 89) 178 661 2 (1, 2, 4, 8) 260
673 5 (1, 5, 25, 125) 357 677 2 (1, 2, 4, 8) 544
701 2 (1, 2, 4, 128) 64 709 2 (1, 2, 4, 128) 4
733 6 (1, 6, 36, 216) 80 757 2 (1, 2, 4, 128) 407
761 6 (1, 6, 36, 216) 166 769 11 (1, 11, 121, 562) 1
773 2 (1, 2, 4, 8) 32 797 2 (1, 2, 4, 8) 364
809 3 (1, 3, 9, 291) 729 821 2 (1, 2, 4, 490) 258
829 2 (1, 2, 4, 8) 4 853 2 (1, 2, 4, 8) 1
857 3 (1, 3, 9, 764) 9 877 2 (1, 2, 4, 294) 64
881 3 (1, 3, 9, 425) 729 929 3 (1, 3, 9, 329) 3
937 5 (1, 5, 25, 664) 470 941 2 (1, 2, 4, 8) 1
953 3 (1, 3, 9, 873) 729 977 3 (1, 3, 9, 27) 9
997 7 (1, 7, 49, 189) 224 1009 11 (1, 11, 121, 902) 121
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Table 2

q : p2 ξ satisfies M ξn

72 ξ2 + ξ + 3 = 0 (ξ0, ξ1, ξ2, ξ7) ξ29

112 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ91) ξ3

192 ξ2 + ξ + 2 = 0 (ξ0, ξ1, ξ2, ξ59) ξ2

232 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ71) ξ1

312 ξ2 + ξ + 12 = 0 (ξ0, ξ1, ξ2, ξ83) ξ10

432 ξ2 + ξ + 3 = 0 (ξ0, ξ1, ξ2, ξ35) ξ0

472 ξ2 + ξ + 13 = 0 (ξ0, ξ1, ξ2, ξ11) ξ8

592 ξ2 + ξ + 2 = 0 (ξ0, ξ1, ξ2, ξ31) ξ1

672 ξ2 + ξ + 12 = 0 (ξ0, ξ1, ξ2, ξ23) ξ0

712 ξ2 + ξ + 11 = 0 (ξ0, ξ1, ξ2, ξ71) ξ18

792 ξ2 + ξ + 3 = 0 (ξ0, ξ1, ξ2, ξ63) ξ8

832 ξ2 + ξ + 2 = 0 (ξ0, ξ1, ξ2, ξ91) ξ14

1032 ξ2 + ξ + 5 = 0 (ξ0, ξ1, ξ2, ξ11) ξ1

1072 ξ2 + ξ + 5 = 0 (ξ0, ξ1, ξ2, ξ7) ξ10

1272 ξ2 + ξ + 3 = 0 (ξ0, ξ1, ξ2, ξ63) ξ0

1312 ξ2 + ξ + 14 = 0 (ξ0, ξ1, ξ2, ξ47) ξ1

1392 ξ2 + ξ + 2 = 0 (ξ0, ξ1, ξ2, ξ31) ξ2

1512 ξ2 + ξ + 12 = 0 (ξ0, ξ1, ξ2, ξ11) ξ0

1632 ξ2 + ξ + 11 = 0 (ξ0, ξ1, ξ2, ξ7) ξ1

1672 ξ2 + ξ + 5 = 0 (ξ0, ξ1, ξ2, ξ11) ξ2

1792 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ59) ξ1

1912 ξ2 + ξ + 19 = 0 (ξ0, ξ1, ξ2, ξ67) ξ4

1992 ξ2 + ξ + 6 = 0 (ξ0, ξ1, ξ2, ξ27) ξ17

2112 ξ2 + ξ + 3 = 0 (ξ0, ξ1, ξ2, ξ7) ξ3

2232 ξ2 + ξ + 5 = 0 (ξ0, ξ1, ξ2, ξ11) ξ0

2272 ξ2 + ξ + 5 = 0 (ξ0, ξ1, ξ2, ξ43) ξ2

2392 ξ2 + ξ + 13 = 0 (ξ0, ξ1, ξ2, ξ11) ξ14

2512 ξ2 + ξ + 19 = 0 (ξ0, ξ1, ξ2, ξ11) ξ5

2632 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ31) ξ5

2712 ξ2 + ξ + 21 = 0 (ξ0, ξ1, ξ2, ξ31) ξ1

2832 ξ2 + ξ + 3 = 0 (ξ0, ξ1, ξ2, ξ15) ξ2

3072 ξ2 + ξ + 5 = 0 (ξ0, ξ1, ξ2, ξ43) ξ22

3112 ξ2 + ξ + 17 = 0 (ξ0, ξ1, ξ2, ξ47) ξ2

3312 ξ2 + ξ + 11 = 0 (ξ0, ξ1, ξ2, ξ51) ξ3

3472 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ123) ξ1

3592 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ11) ξ1

3672 ξ2 + ξ + 6 = 0 (ξ0, ξ1, ξ2, ξ35) ξ7

3792 ξ2 + ξ + 10 = 0 (ξ0, ξ1, ξ2, ξ19) ξ4

3832 ξ2 + ξ + 5 = 0 (ξ0, ξ1, ξ2, ξ79) ξ24

4192 ξ2 + ξ + 2 = 0 (ξ0, ξ1, ξ2, ξ19) ξ1

4312 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ7) ξ5
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Table 2 (continued)

q : p2 ξ satisfies M ξn

4392 ξ2 + ξ + 23 = 0 (ξ0, ξ1, ξ2, ξ27) ξ2

4432 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ7) ξ22

4632 ξ2 + ξ + 11 = 0 (ξ0, ξ1, ξ2, ξ35) ξ1

4672 ξ2 + ξ + 6 = 0 (ξ0, ξ1, ξ2, ξ47) ξ34

4792 ξ2 + ξ + 34 = 0 (ξ0, ξ1, ξ2, ξ71) ξ8

4872 ξ2 + ξ + 10 = 0 (ξ0, ξ1, ξ2, ξ47) ξ8

4912 ξ2 + ξ + 8 = 0 (ξ0, ξ1, ξ2, ξ7) ξ22

4992 ξ2 + ξ + 10 = 0 (ξ0, ξ1, ξ2, ξ35) ξ5

5032 ξ2 + ξ + 19 = 0 (ξ0, ξ1, ξ2, ξ143) ξ18

3832 ξ2 + ξ + 5 = 0 (ξ0, ξ1, ξ2, ξ79) ξ24

4192 ξ2 + ξ + 2 = 0 (ξ0, ξ1, ξ2, ξ19) ξ1

4312 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ7) ξ5

4392 ξ2 + ξ + 23 = 0 (ξ0, ξ1, ξ2, ξ27) ξ2

4432 ξ2 + ξ + 7 = 0 (ξ0, ξ1, ξ2, ξ7) ξ22

4632 ξ2 + ξ + 11 = 0 (ξ0, ξ1, ξ2, ξ35) ξ1

4672 ξ2 + ξ + 6 = 0 (ξ0, ξ1, ξ2, ξ47) ξ34

4792 ξ2 + ξ + 34 = 0 (ξ0, ξ1, ξ2, ξ71) ξ8

4872 ξ2 + ξ + 10 = 0 (ξ0, ξ1, ξ2, ξ47) ξ8

4912 ξ2 + ξ + 8 = 0 (ξ0, ξ1, ξ2, ξ7) ξ22

4992 ξ2 + ξ + 10 = 0 (ξ0, ξ1, ξ2, ξ35) ξ5

5032 ξ2 + ξ + 19 = 0 (ξ0, ξ1, ξ2, ξ143) ξ18

(Received 16 July 2007; revised 16 Dec 2007)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENA ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


