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1. Introduction

Let K;, be the complete graph with vertices {1, 2, ..., n}. A tournament T of order n is a digraph obtained by orienting
the edges of K,,. Listing the vertices of T in an arbitrary order, we can form the adjacency matrix of T, which is then called a
tournament matrix. This is ann x n(0, 1)-matrix T = [t;] such that t; = O foralliand t; = 1—¢;; fori # j, equivalently, such
that T + T* = J, — I, where T' is the transpose of T and J, is the n x n matrix of all 1s. In general, we shall not distinguish
between a tournament and a corresponding tournament matrix. We refer to both as tournaments and label both as T as we
have done above.

We define ann x n(0, 1)-matrix A = [a;;] to be combinatorially skew-symmetric about the main diagonal provided that
aj = 1 — aj; for i # j. Thus a tournament matrix is combinatorially skew-symmetric about the main diagonal. Ann x n
tournament can be considered as the result of a round-robin tournament with players 1, 2, ..., n where each pair of players
compete in a game with player i winning (respectively, losing) the game with player j if and only if t; = 1 (respectively,
tj = 0). The score vector of T is R = (rq, 12, ..., ;) where r; is the number of wins of player i and so the ith row sum
of T. The score vector of T is also the vector of outdegrees of the vertices of T. The score vector R determines the losing
vector S = (s1, S2, ..., Sp) Wheres; = (n — 1) — r; is the number of losses of player i and so the ith column sum of T. This
is because each player plays n — 1 games and the sum of the outdegree and indegree of each vertex is n — 1. Changing the
order of the vertices replaces T with PTP! for some permutation matrix P whose score vector is RP'.

A tournament matrix has Os on its main diagonal. This is natural from the competition point of view above. Yet, from
the matrix point of view there is no reason to insist that only Os occur on the main diagonal. Thus we shall also consider
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n x n tournaments T = [¢;] where each t; may be 0 or 1. One possible interpretation of this is the following. Before the
round-robin competition begins, each player i flips a coin after calling heads or tails. If player i calls the coin correctly, the
player gets a point, and we set t; = 1; otherwise, we set t; = 0. A correct call adds 1 to a player’s score. The score vector
R = (rq, 12, ..., 1) is obtained, as above, by counting the number of 1s in each row of T. The losing vector is still defined in
terms of the score vector as S = (s, 2, ..., S,) Wheres; = n — r; for all i. But now S is not in general the vector of column
sums of T.If S" = (s}, s, ..., s,) is the column sum vector of T, then r; + s; = n — 1 or n + 1 depending on whether t; = 0
or t;; = 1. We call a tournament T obtained in this way a loopy tournament, since viewed as a digraph there may be loops at
the vertices. The trace of T counts the number of correct calls of the coin flips. Every tournament is also a loopy tournament.
The set of all tournaments with score vector R is usually denoted by 7 (R). We denote the set of all loopy tournaments with
score vector R by 7¢(R).

Example 1. The followingisa5 x 5 loopy tournament:

01100 01 1 1 1
01 1 0 1 12 1 1 1
T=|0 0 0 1 1|, whereT+T'={1 1 0 1 1
110 0 1 11 1 0 1
10 0 0 1 11 1 1 2

The score vector of T is (2, 3, 2, 3, 2); the losing vector is (3, 2, 3, 2, 3). The column sum vector of T is (2, 3, 2, 1, 4).

We shall also consider tournaments with additional structure. Tournaments and loopy tournaments are n x n(0, 1)-
matrices which are combinatorially skew-symmetric about the main diagonal. The anti-diagonal of an n x n matrix consists
of the positions {(i, n 4+ 1 —1i) : 1 <i < n}. In a Hankel matrix, the entries in these positions are constant, as are the entries
in each of the other 2(n — 1) diagonals parallel to the anti-diagonal. We use this association to refer to the anti-diagonal as
the Hankel diagonal. If A = [a;] is an n x n matrix, then we define its Hankel transpose to be the matrix Al = [agj] obtained

from A by transposing across the Hankel diagonal and thus for which alfj = Opy1—jnt1—i foralli and j.! It is straightforward

to check that, as for ordinary transpose, the Hankel transpose satisfies (XY)" = Y"X" for n x n matrices X and Y, and that
XH" = (XM, written as X" = XM,

A Hankel tournament is defined to be a tournament T for which T" = T. Thus a (0, 1)-matrix T = [t;] is a Hankel
tournament if and only if t; = 0fori =1,2,...,n,and

tp1—jmr1—i =tj =1 —ti=1—tyy1iny1— foralli##j.

The entries on the Hankel diagonal of a Hankel tournament can be 0 or 1 but, by the combinatorial skew-symmetry of a
tournament, there must be ng 1s on the Hankel diagonal; if n is odd, then the entry t(41)/2,(1+1)/2 on the Hankel diagonal
equals 0, since T is a tournament. Reordering the columns of a Hankel tournament from last to first (and leaving the rows
as is), we obtain a symmetric matrix T which has L%J 1s on the main diagonal, and thus T is the adjacency matrix of a loopy
graph of order n with L%J loops. We call this graph the Hankel loopy graph of a Hankel tournament T and denote it by H(T).
The set of all Hankel tournaments with score vector R is denoted by 7 (R).

Example 2. The following is a Hankel tournament T of order 5 and its associated symmetric matrix T:

0j0|0]1]|1 1/1/0(0(0
1({0(0]|0]1 N 1/0(0]|0]1
T=| 1/1]0]{0]|0 and T=) 0|00 |1]|1
0(1|11{0|0 0j0|1|{1|0
0j0|1|1|0 0Oj1|11(0|0

The graph H(T) isapath1 — 2 — 5 — 3 — 4 with a loop at vertex 1 and at vertex 4.

We also define a combinatorially skew-Hankel tournament to be an n x n(0, 1)-matrix which is combinatorially skew-
symmetric about both the main diagonal and the Hankel diagonal, and which has only Os on both its main diagonal and its
Hankel diagonal. Let D,, be the n x n(0, 1)-matrix with 1s on the main diagonal and on the Hankel diagonal and Os elsewhere.
Thus the n x n(0, 1)-matrix T = [t;] is a combinatorially skew-Hankel tournament if and only if T* = J, — D, — T and
Th = J, — D, — T. Thus, if T is a combinatorially skew-Hankel tournament, then T* = T" or, put another way, T = T. In
terms of its entries, T is a combinatorially skew-Hankel tournament if and only if

ti = tiny1—i = 0 foralli,
ti=1—t; forallj#in+1—i,
trpi—jnii—i = 1 —t; forallj#in+1—1i.

1 By analogy with Toeplitz matrices, it would be natural to call the main diagonal the Toeplitz diagonal and to call ordinary transpose the Toeplitz transpose.
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Thus if T is a combinatorially skew-Hankel tournament, then t; = tn41—; a1 for all i and j. Strictly speaking, a combina-
torially skew-Hankel tournament is not a tournament because skew-symmetry does not hold for symmetrically opposite
elements on the Hankel diagonal. Viewing T with respect to either its main diagonal or its Hankel diagonal, we have a round-
robin tournament in which for each i, players i and n + 1 — i do not play a game. The set of all combinatorially skew-Hankel
tournaments with a prescribed score vector is denoted by 75+ (R).

Example 3. The following matrix isa 5 x 5 combinatorially skew-Hankel matrix:

0/1/0[0]|0
0/0|1]0|1
1/]0(0|0]1
1/{0|1]0|0
0/0|{0|1|0

where the four shaded entries determine all the other entries off the main and Hankel diagonals. Note that, in general, a
combinatorially skew-Hankel matrix is invariant under a rotation by 180°.

In Section 2 we first extend Landau’s theorem for the existence of a tournament with a prescribed score vector by
weakening the usual monotonicity assumption. We then use this theorem to obtain necessary and sufficient conditions
for the existence of a loopy tournament with a prescribed score vector. We show that this result can also be obtained by
associating with an n x n loopy tournament an (n + 1) x (n + 1) ordinary tournament and then using Landau’s theorem
directly. In Section 3 we consider Hankel tournaments and obtain necessary and sufficient conditions for the existence of a
Hankel tournament with a prescribed score vector. In Section 4 we consider combinatorially skew-Hankel tournaments and
obtain necessary and sufficient conditions for their existence with a prescribed score vector. We also present algorithms for
construction of these three types of tournaments.

Let T; and T, be two tournaments in 7 (R) considered as digraphs. It is a basis fact (see e.g. [1,7]) that one may go from
T; to T, by a finite sequence of switches each of which reverses the directions of the edges of a 3-cycle (so resulting in
another tournament in 7 (R)). We identify elementary moves that enable one to go from T; to T, when (i) Ty, T» € TX(R),
(ii) Ty, T, € T4(R), and (iii) Ty, T, € Tx+(R). In each case, the elementary moves always produce another tournament in the
same class.

2. Loopy tournaments

One of the most well-known theorems on tournaments is Landau’s theorem [3] (see also [1,2,4,6-8]) which asserts that

avectorR = (rq, 13, ..., ;) of nonnegative integers is the score vector of an n x n tournament if and only if
er > (g') , (J<{1,2,...,n}), withequalityif] = {1, 2, ..., n}. (1)
i€/

If T is a tournament with score vector R, then for each permutation matrix P, PTP! is a tournament with score vector RP‘.
Thus without loss of generality, one can assume that R is monotone nondecreasing, thatis,ry < r, < --- < r,. With this
assumption, (1) is equivalent to

k
k
doniz (2) , (k=1,2,...,n), withequality if k = n. 2)
i=1

It is usually under the assumption that R is nondecreasing that Landau’s theorem is proved. But this monotone
assumption can be weakened to provide a somewhat stronger theorem. Let k be a nonnegative integer. The vector R is
k-nearly nondecreasing provided thereisa (0, 1, ..., k)-vector u = (uq, Uy, ..., U,) such that R — u is nondecreasing. Thus
R is k-nearly nondecreasing if and only if r; > r; —kfor1 < i < j < n.If k = 0, then R is nondecreasing. If k = 1,
then we use nearly nondecreasing (as used in [5]) instead of k-nearly nondecreasing. For example, (3, 2, 3, 4, 3, 4) is nearly
nondecreasing.

Lemmad4. Let R = (rq, 15, ..., Iy) be a 2-nearly nondecreasing vector of nonnegative integers. Assume that R satisfies Landau’s
inequalities (2). Then the nondecreasing rearrangement of R also satisfies Landau’s inequalities (2).

Proof. We prove the lemma by induction on the number « of pairs (i, j) such thati < jandr;, —2 <1, <r,— L.Ifa =0,
then R is nondecreasing and there is nothing to prove. Assume that R is not nondecreasing, and suppose that i and j satisfy
i <jandr; <1 — 1.Then for each k withi < k < j, rx > r; — 2. Hence there exists p withi < p < jsuchthatr,, =1, — 1

where [ = 1 or 2. We switch r, and 1,4 thereby decreasing . Suppose that (Zf:]] 1)+ rpr1 < (5).Since Y0 1 > (5),
we conclude that Y7, r; = (}) + hwhere 0 < h < I — 1. Since R satisfies Landau’s inequalities (2), we calculate that

= (B) - (£0) = (51) - (@)= =0
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and

2 “ p p—1
I, = ri| — ri] < h)— =p—1 h.
o= ()~ (Zr) = () +n) - (7,1 ) =p -1+
Thusp—h+I1<r1+Il=r, <p—1+h,andsol < 2h—1.Since h <I— 1, we havel > 3, a contradiction. We conclude

that (Zf:]] 1) +Tp1 = (’2’) and thus that switching the order of r, and 1,41 produces a vector R’ that also satisfies Landau’s
inequalities. Since « is decreased, the lemma follows by induction. O

Theorem 5. Let R = (ry, 12, ..., I'y) be a 2-nearly nondecreasing vector of nonnegative integers. Then R is the score vector of a
tournament if and only if (2) holds.

Proof. If R is the score vector of a tournament, then (2) holds. Now assume that (2) holds. By Lemma 4 the nondecreasing
rearrangement R’ of R satisfies (2). Hence by Landau’s theorem, there is a tournament T with score vector R'. There is an
n x n permutation matrix P such that R* = RP*. Then PTP! is a tournament with score vectorR. 0O

Let T = [t;] be a loopy tournament with score vector R = (ry, 12, . .., ). Since simultaneously permuting the rows and
columns of T results in another loopy tournament (with the same number of loops), we assume without loss of generality
that R satisfiesr; < r, < ... < r,. The number of 1s on the main diagonal of T is some integer, denoted as n — t, where
0 < t < n.The sum of all the entries of T equals (g) + (n — t). Landau’s theorem for the existence of a tournament with a
prescribed score vector can be used to determine the existence of a loopy tournament with a prescribed score vector. If a is
an integer, then a* = max{0, a}.

Theorem 6. Let R = (r1, 13, ..., ;) be a vector of nonnegative integers withr; < r, < --- < r,. Then there exists a loopy
tournament with score vector R if and only if there is an integer t with 0 < t < n such that

k
k

Zri > (2) + k-0, (k=1,2,...,n), withequality when k = n. (3)

i=1

When these conditions are satisfied, the number of 1 s on the main diagonal of the loopy tournament is n — t and these can be
taken to be in the last (n — t) positions on the main diagonal.

Proof. The condition (3) is clearly necessary for the existence of a loopy tournament with score vector R and n — t loops.
Now suppose that (3) holds. We show that there is a loopy tournament with score vector R for which the (n — t) 1s on the
main diagonal occur in those positions corresponding to the (n — t) largest r;. Let R = (r{, 15, ..., r;) be obtained from R

by subtracting 1 from r¢ 1, ey, ..., ;. Then R’ is nearly nondecreasing and (3) implies that ZL] r > (’2‘) forit<k<n

with equality for k = n. Hence by Theorem 5 there exists a tournament T’ with score vector R'. Replacing the Os with 1s in
the last (n — t) positions on the main diagonal of T’ gives a loopy tournament with score vectorR. O

Let R be a nearly nondecreasing vector of nonnegative integers satisfying (2). By Theorem 5 there exists a tournament T
with score vector R. Simultaneously permuting the rows and columns of T gives a tournament with score vector R’ obtained
by applying the same permutation to R. Thus to find T we can first permute R to get a nondecreasing R’, apply a known
algorithm (for instance, the algorithm of Ryser [7,1]) to obtain a tournament T” with score vector R, and then simultaneously
permute the rows and columns of T’ to obtain T with score vector R.

To construct a loopy tournament with nondecreasing score vector R satisfying (3), we can first subtract 1 from the largest
n — t components of R, and this results in a nearly nondecreasing vector R’ which by Theorem 5 satisfies (2). Then we can
construct a tournament T’ with score vector R’ as just outlined above. Replacing the Os in the last (n — t) positions on the
main diagonal with 1s results in a loopy tournament with score vector R.

The proof of Theorem 6 uses the strengthened form of Landau’s theorem given in Theorem 5 in order to show existence
of a loopy tournament with a prescribed nondecreasing score vector. For a given nondecreasing vector R of nonnegative
integers, we now establish a bijection between 7¢(R) and 7 (R) for a certain vector R'. This enables us to identify basic
SV\l{itches, a sequence of which allows ustogo fromaT; € T¢R) toa T, € 7%R) with all intermediate matrices also in
T(R).

Theorem 7. Let R = (ry, 12, ..., 1) be a nondecreasing vector of nonnegative integers such that there is an integer t with
0 <t < nsuch that

u n
;ﬁz (2)+(n—t).

Let R = (t, 11, 1o, ..., Iy). Then thereis a bijection between 5% (R) and 7 (R'). In particular, T*(R) # @ifand only if T (R') # 0.
Moreover, these sets are nonempty if and only if (3) holds.
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Proof. Let T = [t;] be ann x n loopy tournament in 7%R),and letan (n + 1) x (n + 1) matrix T’ = [t{j] with rows and
columns indexed by 0, 1, 2, ..., n be defined by

tij, if1<i, j<nandi#j,
= tii, iff=0and1<i<n,
i—)1—-t; ifi=0and1<j<n,
0, if0o<i=j<n.

Thus T’ is obtained from T by horizontally moving the entries on the main diagonal to column 0, vertically moving 1 minus
the entries on the main diagonal to row 0, and putting Os everywhere on the main diagonal. Since T has (n — t) 1s on its
main diagonal, T’ is a tournament in 7 (R'). This mapping is reversible and hence there is a bijection between 7 ¢(R) and
T (R).

As remarked in the proof of Theorem 6, the inequalities (3) are necessary for 7!(R) and hence 7 (R') to be nonempty. Now

assume that (3) holds. LetR” = (r{, 1, ..., 1/, 1/ ;) be obtained from R’ by reordering its entries to be nondecreasing. Then
R'=(r,....1p, t, Tpt1, ..., Ty) Wherer, <t <rp.;. We have

k'>k kOt > k ifk <

) Zn_ L) tk=0T=(,) ifk=p,
" i=1

> -

k

i= k

- (Zn>+tz(2>+t+(k—t)+, ifpr1<k<ndtl.
i=1

Since t + (k — t)* > k, we have that

k (kY (k+1
<2>+t+(k—t) Z<2>+k—< 2 )

Thus by Landau’s theorem, 7 (R”) is nonempty, and hence 7 (R’) and 7 ¢(R) are nonempty. O

To construct a loopy tournament in 7¢(R), we can use any algorithm to construct a tournament in 7 (R'), and then use
the bijection in Theorem 7.

As remarked in the introduction, given any two tournaments T; and T, with the same score vector R’, then by reversing
3-cycles we can get from T to T, where all intermediate matrices are tournaments with score vector R'. The operation of
reversing a 3-cyclei — j — k — iin terms of matrices is that of switching the 3 x 3 matrix T'[i, j, k] determined by rows
and columns i, j, and k of T" as shown below:

Wililk Wililk
illx|11]0 iflx]|0|1
Floy 1T~ Jliylo @
kil1](0]|z kilo|1]|z

We call this a 3-cycle switch and denote it by A, ; . A 3-cycle switch is reversible and its inverse is Ay ; ;.

We now take R’ and R as given in the proof of Theorem 7, and using the bijection between 7 ¢(R) and 7 (R') given there,
we identify the switches in 7¢(R) corresponding to the 3-cycle switches in 7 (R). There are two possibilities: the switch in
7 (R is in rows and columns (a) {i, j, k} € {1, 2, ..., n}or(b) {0, i,j} where {i, j} C {1,2,...,n}.

If (a), then the switches for 7 (R') and 7 ¢(R) are the same and hence A; i is an operation that maintains the tournament
in the class 7¢(R).

If (b), then the switch A ; ; for 7 (R') is

| ofilj | o]ilj
0[o[1]0 0001

H k]
iffo[o]1 iff1]/0]0
Jli[o[o jlfo[1[0

which, by moving the 1in column 0 of the left matrix to columnj and moving the 1in column 0 of the right matrix to column
i, becomes

iff0|1 — i|f1]0.

In terms of the digraph, the operation (b) reverses the direction of an edge from a non-loop vertex i to a loop-vertex j and
moves the loop from j to i. We call this operation an edge-loop switch and denote it by — oj;. This operation is also reversible
and the inverse of — oj; is — oj;. Thus we have the following theorem.
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Theorem 8. Let T; and T, be two loopy tournaments in 5 ¢(R). Then T; can be brought to T, by a sequence of 3-cycle switches
and edge-loop switches where each switch produces a loopy tournament in 7 ¢(R).

To conclude this section, we remark that, any n x n tournament can always be collapsed to an (n — 1) x (n — 1) loopy
tournament using any row and column i with the 1s in column i moved horizontally to the positions on the main diagonal,
and then deleting row and column i.

3. Hankel tournaments

We first characterize the score vectors of Hankel tournaments. Let T be a Hankel tournament, and let i be an integer with
1 <i < n.Since T is a tournament, row i of T determines column i, and since T is a Hankel tournament, it also determines
row and column n + 1 — i. We illustrate this important property in the next example.

Example 9. Let T be an 8 x 8 Hankel tournament with row 3 given. Then the entries in column 3, and row and column
8 + 1 — 3 = 6 are determined as shown in

r 0 1—a g

1-b f
a [ b [ o [[ ¢ | d e[| f [ g
1-c¢ 0 d
1—-d 0 c ’
T—g|1—J[1-e][1-d[1—c][0][1-b]1—a

1-f b 0

L 1-g a 0

where the Os on the main diagonal have been inserted and the Hankel diagonal has been shaded.

Let R = (ry,12,...,1,) be the score vector of T, and let S = (s1,S3,...,S,) be the column sum vector of T. We
have Y r; = (}). Since T is symmetric about the Hankel diagonal, r; = sy41—;. Since T is a tournament, ry1_; =
(n—1) — sy11-; = (n — 1) — r; and thus the score vector R satisfies the Hankel property

ri+re—i=n—1 foralli=1,2,...,n. (5)
Thus, if n is odd,
n—1
Tt1)/2 = 2

We next show that there is no loss of generality in assuming that R is nondecreasing.

Lemma 10. Let R = (ry, 13, ..., ) be a vector of nonnegative integers, and let R = (r{, 15, ..., 1) be obtained from R by
rearranging its entries so that r; < r;, < ... < r,. Then there exists a Hankel tournament T with score vector R if and only if
there exists a Hankel tournament T’ with score vector R'. Moreover, T’ is obtained by simultaneously permuting the rows and
columns of T.

Proof. Let T be a Hankel tournament with score vector R. We first note that if for some i, we interchange rows i and (n+1—1)
and simultaneously interchange columns i and (n + 1 — i) of T, then the resulting matrix is a Hankel tournament with score
vector obtained from R by interchanging r; and r,,;1—;. Thus using a sequence of pairwise interchanges of this sort, we may

assume thatr; < rppq—; for 1 <i < [n/2]. Since r; + ry41-; = n — 1, we have
n—1 e n—1
N = 5 < I'ny1—i, Where,ifnisodd, rpg1y2 = 5
If for someiand jwith1 <i < j < [n/2], we have r; > rj, then we also have that [n/2] <n+1—-j<n+1—-i<n

and rn41—j > Tny1—i. Thus we may interchange rows i and j and columns i and j, and also interchange rows (n 4+ 1 — i) and
(n+ 1 —j) and columns (n + 1 — i) and (n + 1 — j), and obtain a Hankel tournament with row sum vector obtained from
R by interchanging r; and r; and by interchanging r,+1—; and r,+1—;. Thus by a sequence of double pairwise interchanges of
this sort, we are able to get a Hankel tournament whose row sum vector is a monotone rearrangement of R. The converse
follows in a similar way. O

Because of Lemma 10, for the existence of Hankel tournaments with score vector R, it suffices to assume that R is
nondecreasing. We show that the only condition needed in addition to Landau’s inequalities is that R satisfy the Hankel

property.
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Theorem 11. Let R = (11, 15, ..., I'y) be a vector of nonnegative integers withr; <r, < .-
tournament with score vector R if and only if

< 1, Then there exists a Hankel

i+r—i=n—1, (i=1,2,...,n) (6)
and
k k
doniz <2> (k=1,2,...,n), withequality if k = n. (7)
i=1

Proof. We know that (6) and (7) are necessary for the existence of a Hankel tournament with score vector R. Suppose, to
the contrary, that the converse is false. Then clearly n > 3. We then choose an R = (r{, 13, ..., 1) satisfying (6) and (7)
for which a Hankel tournament with score vector R does not exist, where n is minimum and for this n, r; is minimum. We
consider two cases.

Case 1: For each k with 1 < k < n — 1, we have strict inequality in (7).

In this case we have r; > 1 and we consider R = (r},15,...,17) = (r1 — 1,12,..., 11, + 1). Then with r/
replacing r;, R’ satisfies the corresponding conditions (6) and (7). Thus by the minimality condition on rq, there exists a
Hankel tournament T = [t;;] with score vector R. Since r;, —r; = (r, + 1) — (r; — 1) = (r, — 1) + 2 > 2, there exists an
integer pwith2 < p < n — 1, such that t;, = 0 and ty, = 1. Since T is a tournament, we have t,; = 1and t,, = 0. Since T
is a Hankel tournament, we also have t,y1—pn = 0, tay1—p1 = 1, tunt1—p = 1,and t1 y11—p = 0. Thuswithg=n+1—p,
we have the structure:

f1]---| p |---|a|---|n
1 0 0
,; T

where a, on the Hankel diagonal, is 0 or 1. If a = 1, then replacing as shown below:

1 p q n 1 p q n
1 0 0 1 0 1
pil1 0 1 0 pll1 0 0 1
. — .
g Il 0 0 0 g0 1 0 0
n 1 1 n 0 1

we obtain a Hankel tournament with score vector R. If a = 0, then replacing as shown below:

f1]---|p|---|q]--|n f1]---|p|---|a]---|n
1 0 0 1 1 0
P 1 0 0 0 . p 0 0 1 0
q 1 1 0 0 q 1 0 0 1
AT T T

we obtain a Hankel tournament with score vector R. Both possibilities give a contradiction. Note that if p = g, then their

common value is (n + 1)/2 and the number of replacements above is only four.
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Case 2: There is a k with 1 < k < n — 1 such that we have equality in (7), that is, Zf:] = (’2‘)
We calculate that

n—k

Sr=()- 3 n=(3)-Ya-1-n

i=n—k+1

- ()0 ()= (")

Hence we may assume that k < n/2, and we also have that Zf;lk N = (";k>.

We now calculate that

k+1 k k+1 k
Tkt1 = E i — E U E ri—

— — — 2

i=1 i=1 i=1

(1))

Thus by the monotonicity assumption, r; > kfork + 1 < i < n. Similarly, r, < k — 1.

It follows from Landau’s theorem that there exists a tournament T; with score vector Ry = (ry, 12, ..., ). Since
ri+rpy1—j =n—1foralliandry < k— 1, we haver,_j 1 > (n— 1) — (k — 1) = n — k. The monotonicity assumption on R
now implies that Ry = (r,_j41 — (N — k), r—g12 — (N — k), ..., r, — (n — k)) is a vector of nonnegative integers. Since for
1 <i <k, we have

it (i~ (M—k) =ri+mpi—M-k=0-1)—-0—-k =k—-1,

then s; = ry11—; — (n — k) is the ith column sum of T. Hence the row sum vector of Tf equals R,.
To summarize thus far, the matrix

Ty Orn—2k | Ok
T=| Jo-2kk X On—2k,k
Jik Jk,n—2k i
will be a Hankel tournament with score vector R, provided we can choose X as an (n — 2k) x (n — 2k) Hankel tournament
with score vector (rg4q1 — K, ka2 — Ky oo o, Tnei — k), Teey — k < 1302 — k < ... < 1 — k which we know is nonnegative.

We calculate that for 1 <[ < n — 2k,
I k+1 k k-+1 k
D gy — k) = ;ri — ;r,- —lk= ;ri - <2> — Ik

()

Since by assumption riij + 41—+ = n — 1, we have
(Mg — ) + (M=) — k) = (n —2k) — 1.

The minimality assumption now implies that the Hankel tournament X exists, and hence we have a Hankel tournament
with score vector R. This contradiction completes this case, and thus the proof of the theorem is complete. O

As a corollary we show that the nondecreasing assumption in Theorem 11 can be weakened to 2-nearly nondecreasing.

Corollary 12. Let R = (r1, 13, ..., ') be a 2-nearly nondecreasing vector of nonnegative integers. Then there exists a Hankel
tournament with score vector R if and only if
ri+rn+],i:n—1, (i:]727"-7n) (8)
and
k k
Zn > (2> , (k=1,2,...,n), withequality if k = n. 9
i=1

Proof. As before the conditions (8) and (9) are necessary for a Hankel tournament with score vector R. Now assume that
(8) and (9) hold. By Lemma 4 the nondecreasing arrangement of R also satisfies (9). Thus we need only check that the
nondecreasing rearrangement of R also satisfies (8). Then the corollary follows from Theorem 11.
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Let (x1, X, . . ., X,) be the nondecreasing rearrangement of R. Then for each k, x is the kth smallest of r{, 15, ..., r, and
Xnt1—k is the kth largest. Suppose that x, = r;. It follows from (8) that r,;_; is the kth largest of r1, 15, ..., r, and hence
Xny1—k = N+ 1 —rj. Therefore xy + X1k =1j +Tap1j=n—1. O

We now provide an algorithm to construct a Hankel tournament with score vector R. This algorithm is a variant of Ryser’s
algorithm [7] to determine a tournament with a prescribed score vector (see also pages 220-222 of [1]). The last column of
such a tournament determines the last row by the combinatorial skew symmetry property of a tournament and thus, by the
symmetry property of a Hankel tournament, determines the first row and first column.

Hankel Algorithm for a T = [t;] € 74(R) with R nondecreasing
LetR = (ry, 12, ..., I'y) be a nondecreasing vector of nonnegative integers satisfying the Hankel property r; + rp11-; =

n—1fori = 1,2,...,n and the inequalities Zle r > (’;) with equality for k = n of (7). We let S, = (s1,S2,...,Sn)
wheres;=n—1—r;fori=1,2,...,n.

Remarks: S, is the column sum vector of a Hankel tournament with score vector R. If n is odd, then we know that
Tt =M —1)/2,r, > (n—1)/2,ands, < (n—1)/2.1fniseven,r, > n/2ands, < (n—2)/2.

(1) If nis even:
(a) Let v = (vq, vz, ..., v,) be the vector (0,...,0,1,...,1,0),and letR,_, = (r},r},...,1,_,) be the 2-nearly
— N —
n—ri—1 r
nondecreasing vector with the Hankel property defined by
r{:rl-_H — Vit —(1—1),«,_1') for 1 <i<n-2.
(b) Let Q,— be the permutation matrix of the type used in the proof of Lemma 10 such that R}, _,Q;_, is a nondecreasing
sequence R,_, with the Hankel property.
(c) Let T,,_; be the (n — 2) x (n — 2) Hankel tournament obtained by this algorithm applied to the score vector R,_,.

(d) Let T, be the Hankel tournament with score vector R defined by

0 VUp—1-°*'V2 L%
1-— Un—1 %)
Tn = Qnt,zTn72Qn72
1—v, Un—1
1—U1 l—vz"'l—vn_1 0

(2) If nis odd:
(a) LetR,_, = (r{, 15, ..., 1;_;) be the nearly nondecreasing vector defined by

) . n
ri, if1<i<-——

1 )
figr — 1, if <i<n-—1.

(b) Let Qq_1 be the permutation matrix of the type used in Lemma 10 such that R/, _,Q!_, is a nondecreasing vector R,_.

(c) Let T,_1 be the (n — 1) x (n — 1) Hankel tournament obtained by this algorithm applied to the score vector R,_1,
and let T, _, be the Hankel tournament with score vector R, obtained by applying the permutation matrix Q,_1:

A B
Té—l = Qnt—lTﬂ—1Qn—] = |: _’(n—l)/Z —_ B } Ah ] .

(d) Let T, be the Hankel tournament with score vector R defined by

— 0 -
A : B
0
T,=| 1 1[00 0
1
Ja—12 — B : A"
L 1 i

(3) Output T,,.
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Example 13. Letn = 7 and let R = (1, 2, 2, 3, 4, 4, 5). Applying the Hankel algorithm, we obtain the following Hankel
tournament in 7 (R):

-o|1]00]/o]0]0 A
0j0[1([0]/0[1]0
1[0[0]/0[[1]0]0
t[1]1][of[oJo]oO
T[1[0][1][0[1]0
1T[0[1][1[[0]0][1
(T[T iftjood

In carrying out the algorithm, the resulting score vectors are illustrated below where — ,; means a permutation is used and
—, means the resulting score vector after a step of the algorithm:

(]7 27 25 35 43 47 5) _)ﬂ (15 2’ 27 37 3»4) _>a (27 17 25 1) _)7'[ (15 17 27 2) _>ﬂ (15 O) _>7T (O’ 1)'

Theorem 14. The Hankel algorithm constructs a Hankel tournament in 7 (R) when R satisfies the given conditions.
Proof. We first assume that n is even. The entries of R’ satisfy:
Tit1, if1<i<r,
ri=qrip1—1, ifn+1<i<n-—r -2,

fig1 —2, ifn—r—1<i<n-2.

Since R satisfies the Hankel property, so does R'. Thus to verify that the algorithm gives a Hankel tournament with score

vector R, by Corollary 12 we need only verify that R),_, is 2-nearly nondecreasing and satisfies the corresponding inequalities

of (7). Since r{ < ri41 and rj’ >r—2,wehaver! <ry, <r1; < rj’ + 2fori < j, and hence R),_, is 2-nearly nondecreasing.
We now verify that R/ _, satisfies the corresponding inequalities of (7). Again we consider three cases,

Case 1 <k < r;: We have

k k k

, k
E",-ZETMZET;'E N
i1 i=1 i=1

Caser; +1 <k <n—ry — 2: We calculate that

D= Zml + Z (i1 — 1)

i=1 i=r1+1

() o)

Casen —r; — 1 < k < n — 2: We first observe that forn — r; < < n — 1, we have the stronger inequality

1
Z ,_< )+(1—n+rl+1)

|
N
=
N+
(=1
N———"
I
o
Il
N
N =
N——

by considering the minimum number of 1s in the [ x (I + 1) submatrix determined by rows 1, 2, ..., [ and columns
1,2, ..., 1, n. Using this inequality we calculate that
n—ry—2

ZT’ = ZrH'l + Z (rH—l - 1) + Z (rl+l - 2)

i=r1+1 i=n—r;—1

(Zrhq) n—2r—2)—2(k—n+nr+2)
k+1
= <Zr,-> —2k+2+4+1r—n)
i=1
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(1))

Now we assume that n is odd.
The entries of the vector R),_, are given by

k+1
+k—n+r+2)—Q2k+2+r—n)

. o _n—1
ri, ifl<i< ——,
/
= n+1
rigr — 1, if <i<n-1
It follows by inspection that the vector R, is nearly nondecreasing, and we have r/ +r,_; = (n — 1) — 1 for each i. Now

we verify that Landau’s inequalities ZL rf > (12‘) hold for 1 < k < n— 1withequalityifk=n—1.1f1 <k < (n—1)/2,
then this is clear. Suppose that (n — 1)/2 < k < n — 1. Then

(n—1)/2 k+1
n+3
E ri/ ( E ri) + ( E Ti) — <k+ 1— - + 1)
i=1 i=1 i=(n+3)/2

k+1 n—1
Zri —k+ 5 T

i=1

k+1
Z k+1 k
< ri>_k2< >_k=<>7
‘ 2 2
i=1
with equality if k = n — 1. Since R’ is nearly nondecreasing, after rearranging its terms to form a nondecreasing vector, we

can apply the algorithm for the even case of n — 1 and as indicated in the algorithm construct a Hankel tournament with
scorevectorR. O

Let T* be the Hankel tournament in 7 (R) constructed by the Hankel algorithm. We next identify certain switches and
pairs of switches that allow one to move from any Hankel tournament T € 74 (R) to T* where each switch and pairs
of switches produces another Hankel tournament in 74 (R). Since these switches are reversible, this allows one to move
from any T; € 74 (R) to any other T, € 73 (R) where each switch produces a Hankel tournament in 73 (R). We collect all
these switches, including the switches used for loopy tournament and a switch to be used for combinatorially skew-Hankel
tournaments, in Table 1.

Let i, j, k, | be four distinct indices and consider the 4 x 4 submatrix T[i, j, k, I] of T whose row and column indices are
{i,j, k, I}. If we have a directed cyclei — j — k — | — iin a tournament T, then T[i, j, k, [] has the form on the leftin (10),
and we define 0J; j x| to be the switch that replaces T[i, j, k, I] with the matrix on the right:

i | [k[I L@ | [k[!
i 1 al|O0 i 0 al|l
j 0 1(b — j 1 0O|b . (10)
kil1—a 0 1 kil1—a 1 0
l 1 1-b |0 l 0 1-b |1

The switch O; j x| reverses a 4-cycle of T:
i—-j—ok>l->i)—> (i<j<—k<«1<i

and we call it a 4-cycle switch. It is easy to see that this reversal of a 4-cycle can also be accomplished by the reversal of
two 3-cycles: if, for instance, we have a = b = 0, we reverse two 3-cycles using the 3-cycle switches A, ; , and then A; .
We define Af‘j.k to be the switch A, 41 ni1—jny1-k and we refer to it as the complementary switch of A;; (the indices
are complementary to i, j, k). In the same way, we define D{j‘kyl to be the switch Ont1—i nt-1—j,n+1—k,n+1—1 and call it the
complementary switch of O j x ;.

For Hankel tournaments, we have that

Tli,j,k,1=Tln+1—-Ln+1—kn+1—jn+1—i"

We will consider two possibilities for the indices i, j, k, I:
(i)j#n+1—i,n+1—kand!l # n+1—1i,n+ 1— kwith at most one of the equalitiesk =n+1—iandl=n+1—j;
(ii)k=n+1—jandl=n+1-—1i.
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Table 1
Summary of switches.
[ils il
edge-loop switch —0;; iffof1 — 4|1
J |0 J| 1
[i]s]#* i|j]k
3-cycle switch VAVEYS | R S 0|1
710yl J1]ly|l0O
k|Il1]0]z EIO|1]z
3-cycle switch VAVEY no loops: z =y = 2z = 0 above
3-cycle Hankel
e th }ane AVEES S j=(m+1)/2and k =n+1—1i above
switch
[ i [ (e[t [ i [ J [k
i 0 1 |al0 i 0 0 |all
4-cycle switch Ui gk j 0 0 116 = j 1 0 0l|b
k{l—a| 0 |01 k{l—a| 1 0|0
l 1 1-5(0(0 l 0 1-b|110
4-cycle Hankel
e C't lan ¢ Ui jnt1—jint1—i k=n+1—j,l=n+1—14, and a = b above
switch
[ L
4-cycle skew-Hankel 0 l g [1) (1J 3 R Z (1) 3 g (1 k=n+1-—1
switch R J ) l=n+1-j
E{0]0]0|1 k1|0 010
[]110(0}f0 L{ojoj1(0

In case (i), for n even, there is no overlap on the entries of T[i, j, k,[]and T[n+1—-ILn+1—k,n+1—j,n+1—1i]in
the positions we are changing when applying 0J; j x; and [ kj.i- We say that 0; j s is a pure 4-cycle switch. Applying the pure
4-cycle switch O; j i ; and the complementary switch in the reverse order lek’j,i = Onti—tnti—knti—jnt1—i toaT € Ty(R)
results in another Hankel tournament in 74 (R).

In case (ii), the matrix T[i,j, n + 1 — j, n + 1 — i] has the form

| i | j [n+1—j[n+1-i
i 0 1 a 0
j 0 0 1 a
n+1—j|| 1—a 0 0 1
n+1—i 1 1—a 0 0

If we apply O; j nt1—jnt+1—i to a T € Ty (R) we obtain another Hankel tournament in 74 (R). In this case O;j ny1—jnr1—i =
Oht1-int1-j;. and we just need to apply one 4-cycle switch.

Ifnisoddandj = ““ ,thenTl[i,j,n+1—j,n+ 1—i] collapses to the 3 x 3 matrix T[i, "“ ,n+ 1—1i],and if there is
a 3-cycle we can apply the 3-cycle switch A, RS I which reverses the orientation of the 3- cycle We call such a switch
a 3-cycle Hankel switch, when we have these spec1a1 indices. Applying a 3-cycle Hankel switch A, g1 toaT € T4(R)
results in another Hankel tournament in 7 (R).

When R is nondecreasing, we now show how to use these switches to move from any tournament T € 74 (R) to
T* € 74 (R) never leaving the class 73 (R). We consider two cases according to whether n is even or odd.

n+1—i

Case n even: If the first column of T equals the first column of T*, then their last columns, first rows, and last rows are equal,
respectively. Thus the borders of T and T* agree; deleting their borders, we proceed by induction on n. Now suppose that
the borders of T and T* are not equal. The first column of T* consists of n — s; = r; + 1 0s followed by s; 1s. Since t;; = 0,
thereis afirsti # 1such that t;; = 1and tj; = 0 for somej > i.

First suppose that we may take j = n, that is, t;; = 0. Since ry is the smallest score, and r; + s; = n — 1, we have that
s1 > (n/2). Since t,; = O, it follows that there exists an 1 < i < (n/2) such that t;; = t,41-i1 = 1. Since T is a Hankel
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tournament, we have

0 0 01

. . 1 0 al0
T[1,i,n+1—i,n]= TTi=aloTo |

0 1 110

that is,

(a=0)

—_ = Ol O
k=l ==
k=l ==

0
1
0
1

[=] N ] Ne]

0
or (a=1) }
0

1
0
0
0

Ol = = O

In the case that a = 0, we apply the 4-cycle Hankel switch Oy ; n+1—i; and the result is a tournament in 7 (R) in which
t;1 has been replaced with 0 and t,; has been replaced with 1. In the case that a = 1, we apply the 4-cycle Hankel switch
O1.n.in+1—i and the result is a tournament in 75 (R) in which t,1,_;; has been replaced with 0 and t,;; has been replaced
with 1.

Now assume that t,; = 1 so that there exists a j withi < j < n such that t; = 0. First suppose that we may take
j=n+1—1iSincer; < ryyi_; there exists a k with k # 1, n + 1 — i, such that t; = 0 and t,41_;x = 1. Since t;; = 1and
T is a Hankel tournament, t, n4+1—; = 1 and hence t,+1_;, = 0. Therefore k # n. In addition, because r; < r,;11—_;, we may
choose k # i. We now have

0 0 1| a
T[1,i,n+1—1ik] = (]) 18b g (1)
1—a 1 00

The switch Oj pt+1-i ki is @ pure 4-cycle switch, and 0 ;41— k,; followed by Df‘kqn +1_i1 broduces a tournament in 7 (R) in
which t;; has been replaced with 0 and t,41_; 1 has been replaced with 1.

The remaining possibility in the n even case is that t;; = 1 implies that t,;-;1 = 1, so we cannot takej =n+ 1 —i.If
ti = 1, then
001
T[1,i,j]=| 1|0]O0
0[1]0

The switch A, ;; is a pure 3-cycle switch, and A ;; followed by AS i1 produces a tournament in 7 (R) in which t;; has been
replaced with 0 and t;; has been replaced with 1. Now suppose that t; = 0 so that t; = 1. Since r; < rj, there exists at least
two values of k such that k # 1,1, j, and tj = O and ty = 1.1f tj ,..1—; = O, then there existssuchak #n+1—i,n+1—}j.
If ; n41—i = 1, then since T is a Hankel tournament, t; ,+1—j = 1 and hence k # n 4 1 — j, and since there are two possible
values of k, we may choose k £ n + 1 — i. Thus we have

0 |0[1]a
o 1 JofJ1]o0
T—a|1]0]0

The switch O, j x ; is a pure 4-cycle switch, and O, j x ; followed by EIE kji produces a tournament in 7 (R) in which t;; has
been replaced with 0 and tj; has been replaced with 1.

Hence by induction, if n is even, we can move from T to T* by a sequence of 4-cycle Hankel switches, pairs of switches
consisting of a pure 4-cycle switch 0J; j x ; and its complementary switch in the reverse order D,C’,(’j’,-, and pairs of switches
consisting of a pure 3-cycle switch and its complementary switch in the reverse order.

Case n odd: Then row (n+ 1) /2 of the matrix T* constructed by the Hankel algorithm contains (n — 1) /2 1s and they occur
in its first (n — 1) /2 columns, thus determining both row and column (n + 1) /2. We show that by 3-cycle Hankel switches
and pairs of switches consisting of a pure 4-cycle switch and the complementary switch in the reverse order, we can bring
any tournament T € 74 (R) into a tournament T’ € T4 (R) which agrees with T* on row (n 4+ 1)/2, that is, has all its 1s in
columns 1,2, ..., (n—1)/2. We may then delete row and column (n+ 1) /2 of T’ and T* leaving two (n— 1) x (n— 1) Hankel
tournaments T” and T** with the same score vector R'. By what we have proved, T” can be brought to T** by a sequence of
4-cycle Hankel switches, pairs of switches consisting of a pure 4-cycle switch and its complementary switch in the reverse
order, and pairs of switches consisting of a pure 3-cycle switch and its complementary switch in the reverse order. It then
follows that T can be brought to T* by a sequence of 3-cycle Hankel switches, 4-cycle Hankel switches, and pairs of switches
consisting of a pure 4-cycle switch and its complementary switch in the reverse order.
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Fig. 1. Part of the digraph D.

So suppose that t(;,11)2,; = 0 for some i < (n — 1)/2. We consider the digraph D with vertex set {1, 2, ..., n} with an
edge fromitojifandonlyift; = 1and tl-;f = 0. Since T and T* have the same score vector, the outdegree of a vertex equals
its indegree and hence the edges of D can be partitioned into cycles. One of these cycles C uses the vertex (n + 1)/2:

n+1 ) . ) n+1
T N .
2 2

Since we are dealing with Hankel tournaments, D also contains the edge (n + 1 — i;) — ”zi If T also contains the edge
iy, > (n+ 1 —iy), then we can apply the 3-cycle Hankel switch Anﬂfhynzﬁyh and move T closer to T*. If T contains the
edge (n + 1 —i;) — i; (and so does not contain the edge i; — (n + 1 — iy)), then we consider the edge i; — i,. Then
n+1—i, - n+1—ijisalsoanedge of D.Ifi, — (n+ 1— i) inT, then the 4-cycle Hankel switch Oyy1—i, iy iy,n+-1—iy
reverses (n+ 1—1i;) — iy, and then we can apply An+lfi1,%,i1 as above. If, on the other hand, (n + 1—1i;) — i, is an edge
of T, we consider the pair of vertices (n + 1 — i;) and i, (see Fig. 1), and proceed as follows.

Ifi, = (n+1—i;) is an edge of T, then we apply the 4-cycle Hankel switch O;, nt1—i, iy, n+1—i, toTEverse (n+1—i;) — i
and then Byaiy g1, S above.

If (n4+1—1i;) — iy is an edge of T, then we consider the edge i, — i3 wherenowiz # (n+ 1 —1iy), (n 4+ 1 —iy).

We continue like this until we are able to find ani; # n+1—1iy,...,n4+1—ij_; such thatij; — (n+1—iy) forsome h <j.
There are two possibilities to consider. If we also have the edge (n 4 1 — i) — i; (only if h < j), then we apply the 4-cycle
Hankel switch i, n+1—ij,ij,n+1—i, L0 TEVErse (n+1—1iy) — i, followed by the 4-cycle Hankel switches O, , i, nt1—ij,n+-1—if_;
withl = h, h—1, ..., 2tofinally reverse (n+1—i;) — iy, and then Anﬂfh_nzj’il.Ifforalljwith 2<j<kij— (n+1—ip)
isnot an edge of T for a h with 1 < h < j, then since iy, — (n+ 1)/2 is an edge of cycle C, the cycle C does not contain both
avertex p and a vertex n + 1 — p. Thus using a sequence of pairs of pure 3-cycle switches and their complementary 3-cycle
switches in the reverse order, we can reverse C and its complementary cycle of opposite orientation. By these operations
we have obtained from T a Hankel tournament in 73 (R) which agrees with T* in row and column (n + 1) /2.

Putting the preceding arguments together and having in mind that a pure 4-cycle switch can be accomplished by two
3-cycle switches, we have proved the following theorem.

Theorem 15. Let T; and T, be two tournaments in 7 (R). Then there exists a sequence of moves consisting of 4-cycle Hankel
switches, pairs consisting of a pure 3-cycle switch and its complementary 3-cycle switch in the reverse order, and 3-cycle Hankel
switches, which brings T, to T, with all intermediary tournaments in 7y (R).

Example 16. Letn =7 and R = (1, 2, 2, 3, 4, 4, 5), and consider the two Hankel tournaments T; and T, in 74 (R) given by

0j0j0|0|O0|0O]1 0/1|0]0|0|0]0O
1/0(0|0j0|1]O0 0j{0|1]1/0|0]0
1/1/0[{0]0|0]|O0 1/0(0|0]1|0]|O0
Ty=| 1(1]1]0]|0|0]0 and T,=| 101|000 |10
1/{1(1|{1]0(|0]|O0 1/1/0|1]0|1]0
1({0(1|1|1({0]0 1{1]1{0|0]0]1
oj1|1}]111|1]0 1/1(1]1}1(0]|0

We can move from Ty to T, by the 4-cycle Hankel switch O 5 3 1, followed by the pair of pure 3-cycle switches A; , ; and
Af ;3 = A7 45, followed by the 3-cycle Hankel switch Ag 4 5.

For completeness we mention the following. It is natural as well to consider n x n Hankel loopy tournaments T = [t;],
that is, Hankel tournaments with possible 1s on the main diagonal. By the Hankel property, we now have that for all i,
tii = tpt1—int+1—i Wwhere the common value is either O or 1. The score vectorR = (rq, 12, . . ., 1y) of a Hankel loopy tournament
satisfies r; + rpy1—; = n 4+ 1 or n — 1 depending on whether or not t; = t;11_in+1—i = 1. Thus the score vector of a Hankel
loopy tournament determines which elements on the main diagonal equal 1 and which equal 0. Thus if R’ is obtained from
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R by subtracting 1 from those i and n + 1 — i for which r; + r,,;1_; = n + 1, then there is a Hankel loopy tournament with
score vector R if and only if there is a Hankel tournament with score vector R'.

Example 17. The Hankel loopy tournament
1)1

o

— = O O

1
0
0
0

o
A Olm = =o

—_ ===

with score vector 2, 3, 3, 3, 2) corresponds to the Hankel tournament

0 1
0 1
T'=| 1|1 0
1 0
0 0

—~ ==ooo

1
0
0
0
1
2,2,

with score vector R = 2,2,2).

4. Combinatorially skew-Hankel tournaments

Let T = [t;] be ann x n combinatorially skew-Hankel tournament, and let the score vector of T be R = (11, 12, ..., ).
Since T is invariant under a rotation by 180°, we have that for each i, row n + 1 — i is obtained by reversing row i, and thus
the score vector of T is palindromic, that is,

R=(rq,rp,13,...,13,12,17).

Since T is combinatorially skew with respect to the main diagonal, row i of T not only determines row n 4+ 1 — i but it also
determines columns i and n + 1 — i. We illustrate this important property in the next example.

Example 18. Let T be an 8 x 8 combinatorially skew-Hankel tournament with row 3 given. Then the entries in column 3,
and row and column 8 4+ 1 — 3 = 6 are as shown in

-0 1—a 1—f 0 -
0|l 1—0b 1—e || 0
alb][ 0 [celd][ 0 [[e[f
1—c 0|l 1—d

1—djf0]|0]1-c ’
flel[ 0 [[d]c][ 0 [[b]a
Ol 1—e 1-b 1|0
L0 1—f 1—a 0 -

where the Os on the main and Hankel diagonals have been inserted.

The score vector of a combinatorially skew-Hankel tournament is determined by n/2 integers if n is even, and by (n+1) /2
integers if n is odd. For n even, if we reorder the rows 1, 2, ..., n/2 and then the rows n/2 + 1,n/2 + 2, ..., nin the same
way, and similarly reorder columns 1, 2, ..., n/2 and columns n/2+1,n/242, ..., nin the corresponding way, the result
is another combinatorially skew-Hankel tournament. For n odd, if we do a reordering for the indices 1,2, ..., (n — 1)/2
and (n+ 1)/2,(n+ 1)/2 4+ 1, ..., n, the result is also another combinatorially skew-Hankel tournament. Hence there is
no loss of generality in assuming that the first half (ry, 5, ..., r[n/2)) 0of R is nondecreasing and thus that the second half
(Tf(n42)/21> - - - » T2, 1) is nonincreasing. If n is odd, R has a middle term r(,41)/2 which is even since t(;11)/2 (n+1),2 = 0, and
both row (n + 1)/2 and column (n + 1) /2 of T are palindromic.

Example 19. A7 x 7 combinatorially skew-Hankel tournament with palindromic score vector R = (1, 3,4,2,4,3,1) is
given by

o= m| || =
OO =O|=Olo
O OO0 o=
O =| ===
===l l=]le] o]
OO = O OO
O =| O ===
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We first treat the case where n is even. In this case a combinatorially skew-Hankel tournament is of the form

|:T1 T,
T Tht

where T; is an g X % tournament and T,, when its columns are taken from last to first, is an % X % tournament.

LetR = (r1,72, ..., w2, Tnj2, ..., T2, 17) satisfy r; < r, < --- < 1y/,. The nondecreasing rearrangement of R is
R* = (rf,r3,...,13) = (1,1, 12,12, ..., Tnj2, I'nj2) Where therefore 1, _, = rj, = rpfork = 1,2,...,n/2. Since in
an n x n combinatorially skew-Hankel tournament T = [;], tik = ti nr1—k = tni—kn+1—k = tnr1—kk = O, the sum of the |

smallest elements of R, that is, the first | elements of R*, must be at least the number (;) - L%J of games played amongst
themselves, and thus

I
I I
Zr{" > (2> — LEJ (I1=1,2,...,n), withequality if | = n. (11)

Lemma 20. Let h, with 1 < h < n/2, be such that equality holds in (11) for | = 2h — 1. Then equality also holds in (11) for
|=2handl=2h - 2.

Proof. We have Zfﬂ;l rf = (2";1) — (h—1).1fh = 1, thenr{ = 0 and hence r; = 0, and so equality holds for [ = 2.
Now let h > 2. Then

2h 2h—1
2h 2h—1
r;‘h:Zr?‘—erz(z)—h—(( 5 )—(h—l)):Zh—Z,
i=1 i=1

and

2h—1 2h—2
B B () ) () )
i=1 i=1

Thus 2h — 2 <13, =y =13,_4y < 2h — 2, and we conclude that r}, = 2h — 2. With this value for r3,, we get

2h 2h-1 _
S = (Zr{") 413, = <2h2 ]) =1+ 2h—2) = (22h) _h,
i=1 i=1

and thus equality holds in (11). Because we have obtained r5, _; = 3, = 2h — 2, we have equality in (12), which yields

2h—2* 2h—2
don =< 5 )—(h—l)

i=1
aswas claimed. O
By taking [ = 2k in (11), we see that the inequalities (11) for | even are equivalent to
k n n
dorizktk—=1), (k=1.2,..., 5), with equality fork = . (13)
i=1
In the next lemma we show that (11) is equivalent to (13) even if [ is odd.
Lemma 21. The vector R* satisfies (11) if and only if R satisfies (13).

Proof. The inequalities (11) for I even are equivalent to the inequalities (13) fork = 1, 2, ..., n/2. Thus we need only show
that if the inequalities (13) hold, then the inequalities (11) hold for odd L. Let | = 2k 4+ 1 and suppose to the contrary that

S e o (Zk“) — k. Then

i=1 i 2

2k+1 2k
2k+1 21
som =2 = (%)) - ((5) ) -
i=1 i=1

. . .
Since 3, , = 13, 4, We obtain

2k+2 2k+1

2k+1 2k + 2
Zri*: (Zﬁ) +r§‘k+2 < (( ) )—k)—{—zk:( 5 )—(I<+1),
i=1 i=1

and this contradicts (11)and (13). O
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We now verify that it is enough for us to assume that (r1, 12, . . ., I'a41)/2) is 3-nearly nondecreasing.

Lemma 22. Let R = (r, 13, . .., I'm) be a sequence of nonnegative integers that satisfies (13) such that R is 3-nearly nondecreas-

ing. Then its nondecreasing rearrangement also satisfies (13).

Proof. It is enough to show that if for some k, r, = aand ;1 = a — p where 1 < p < 3, then interchanging ry and ry4

results in a vector also satisfying (13). If this was false, then we have that Zle r; = k(k— 1) +hwhere0 < h < p—1.Then
k+1 k

Meer=» ri— Y 1> (k+ Dk—k(k—1) —h=2k—h.

i=1 i=1
But we also have
k k—1

ne=Y ri—y n<k(k—1+h—(k—1)(k—2)=2k—2+h.

i=1 i=1
Therefore

@k—h+p<ny1+p=rn<2k—2+h,
implying that h > (p/2) + 1, a contradiction sincep < 3. O

Theorem 23. Let n be an even integer, and let R = (ry, 12, ..., Tnj2, I'nj2, - . - , 2, I'1) be a vector of nonnegative integers such
that (rq, 12, ..., Iay2) is nondecreasing. Then there exists a combinatorially skew-Hankel tournament with score vector R if and
only if (13) holds.

Proof. We have already verified that (13) holds for a combinatorially skew-Hankel tournament with score vector R. For the
converse, assume that (13) holds but there does not exist a combinatorially skew-Hankel tournament with score vector R.
We let R be a counterexample with n minimum and for this n with ry minimum.

As above, we let R* be the nondecreasing vector (1, 1y, 2, T2, - . ., I'n/2, Tny2). By Lemma 21, R* satisfies (11). By Lemma 20
if equality holds in (11) for an odd integer, it also holds for the next even integer. We consider two cases depending on
whether or not equality holds in (11) for some even integer | = 2h < n.

Case 1: There exists an integer | = 2h < n such that equality holds in (11).
LetR = (ry,...,Th, I, ..., I1).Since rppq > 2h, the vector

R'=(],..., r(/;/z)_h, r(/;l/z)_h, co 1) = (a1 — 2R, . Tjp — 2R, 1o — 20, ..o, Ty — 2h)

is nonnegative. Then R’ satisfies the inequality in (13) for 1 < k < h with equality if k = h. Also

h+k h

k
Yo +2m)=>"1=Y rx=(+kh+k—1)—hh—1)=kk— 1)+ 2hk,
i=1

i=1 i=1

with equality when k = (n/2) — h. Thus
k
> 1/ = kk—1) withequality ifk = (n/2) — h,
i=1

and R” satisfies the corresponding condition (13). By our minimality assumption on n, there exist combinatorially skew-
Hankel tournaments T’ and T” with score vectors R’ and R”, respectively. We can write

b T,
T ‘[ @) | @)™ ]

where T] and T; are h x h. Then

T, | Opn-on | Ty
T=| Juonn T” Jn—2n.h
(T)™ | Oppan | (TH™

is a combinatorially skew-Hankel tournament with score vector R, a contradiction.

Case 2: There does not exists an integer | < n such that equality holds in (11).
We first claim that the difference between the left hand side of (11) and its right hand side is at least 2 for | < n.If [ is
even both sides are even so this holds. Now suppose that [ = 2k + 1 and, to the contrary, that

2k+1

2k+1
Zri*:(( <+ >_k>+].
i=1 2
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We calculate that

2k+1 2k
2k+1 2k
=== () k)1 ((F) -rr2) =2
i=1

i=1

and
2k+2 2k+1
2k 42 2k 4+ 1
* — * _ * _ _ _ —

Fers = ;ri ;r,. > << 5 ) (k+1)+2> (( 5 ) k+1> =2k+1.
Thus

2k+1 <15, =T =Ty, <2k—1,
a contradiction. This verifies our claim. Now we consider the palindromicR" = (1}, ..., 1} 5, Ty 5, - - -, T7) Wherer; =1 — 1,
r,Q/Z =ty + l,andr{ = rifor2 < i < (n/2) — 1. Then the first half of R’ is nondecreasing. Since equality does not
occur in (11) for I < n, we have r; > 1,and sor; > 0, and for | > 2, the conditions corresponding to (11) hold for R'.
By the minimality assumption on ry, there is a combinatorially skew-Hankel tournament T’ = [t,-’j] with score vector R'.

Sincery , —r; > 2, thereis a column p 7 1such thatt;, = Oandt,, , = 1.Since T" is a combinatorially skew-Hankel
tournament, we have p # n/2, (n/2) + 1.1f p # n, then without loss of generality we may assume that p < n/2. Then the
6 x 6 principal submatrix T'[1, p, n/2,n/2 + 1,n+ 1 — p, n] has the form

1|p|n/2|n2+1|n+1—p|n
1 0|0 0
p 1/0] O 0
n/2 1/ 0 0
n/2+41 0 0 1
n+1—p 0 0 0 1
n 0 0 0

If we now change Os to 1s and 1s to Os in the shaded cells in the positions of T/, we obtain a combinatorially skew-Hankel
tournament with score vector R, a contradiction.

If there is no such p strictly between 1 and n, and the only p # 1 with t{p = 0and ty/,, = 1is p = n, then we have the
4 x 4 principal submatrix

O|lalO] O
a|0|0]1
T[1,n/2,n/24+1,n] = TTololad
0[0|a|oO

whered’ = 1 —a.1fa = 1, thenr; > r; , which is impossible. Thus a = 0 and @’ = 1. Interchanging the 0’s and 1's given
by a and @’ gives a combinatorially skew-Hankel tournament with score vector R, a contradiction again. O

In case n is odd we have the following characterization of score vectors of n x n combinatorially skew-Hankel
tournaments.

Theorem 24. Let n be an odd integer, and let R = (11, ..., Tn—1)/2, Tn+1)/2: Fn—1)/2 - - - » I'1) be avector of nonnegative integers
such that (1, 12, ..., r'm—1),2) is nondecreasing. Then there exists a combinatorially skew-Hankel tournament with score vector
Rif and only if

Ttz <n—1 (14)
and

k
T + n—1 n—1
>z k(k— 1)+ (k— ”T”/z) , (k: L2, ) . with equality if k = ~——. (15)
i=1

Proof. The inequality (14) is certainly necessary for the existence of a T € 7+ (R). The inequalities (15) are also necessary
because in the 2k rows of T with the smallest row sums, the minimum number of 1s that could be in column (n 4 1)/2 is
(2k = ragn2) "

Now assume that (14) and (15) hold. If we take an n x n combinatorially skew-Hankel tournament T with score vector R
and delete the middle row and middle column, we are left with an (n— 1) x (n— 1) combinatorially skew-Hankel tournament
with a nearly nondecreasing score vector. The conditions (15) imply that if we choose the middle column to have its 1s in the
rows with the largest row sums (thereby determining the middle column) and delete the middle row and middle column,
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the row sum vector of the resulting matrix is a nearly nondecreasing vector R’ satisfying the conditions corresponding to
(13); by Lemma 22, the nondecreasing rearrangement R” of R’ also satisfies the same conditions. Hence by Theorem 23 there
exists a combinatorially skew-Hankel tournament with score vector R” and thus one with score vector R'. Hence there is a
combinatorially skew-Hankel tournament with score vectorR. O

We now describe an algorithm to produce a combinatorially skew-Hankel tournament with a prescribed score vector R
when the conditions of Theorems 23 and 24 hold.
Skew-Hankel Algorithm for a T = [t;] € 73+ (R)

LetR, = (r1, 12, ..., I'y) be a vector of nonnegative integers such thatr; = r,y_;foralliandr; <r, <--- < T Ifnis
even, assume that (13) holds. If n is odd, assume that (15) holds.
1. If nis odd: .
(a) Letv = (v, V2, ..., vy) be a (0, 1)-vector with v; = vpp1—; = 1if P2 + 1 <i < =1 and v; = V41— = 0
otherwise, and let the nearly nondecreasing vector R, _; = (r;, 15, ..., 1,_;) be defined by r] = r(’nleH. =71 — U

forit<i<(n-—1)/2.
(b) Let Q,_1 bean (n — 1) x (n — 1) permutation matrix of the form

p Om—1)/2,(0—1)/2
Ow—1)/2,-1)/2 P

such that the first half of R,_; = R;H Q,L] is nondecreasing.
(c) Let T,—1 be a combinatorially skew-Hankel tournament with score vector R,_; obtained by applying this algorithm,
and let T,_, be the combinatorially skew-Hankel tournament with score vector R;,_, written in the form

A B
Tr/l—l = Qrg—lT”_lQﬂ—1 = |: Bt A i| .

(d) Let the combinatorially skew-Hankel matrix T, be defined by

_ v _
A : B
Vn-1)/2
=] O=v) -+ (A=vu_1p) 0 (A =vm3y2) -+ (A=)
U(n+3)/2
Bth A[l’l
L Up .
2. If nis even:
(a) Letv = (v, vy, ..., vy) be a (0, 1)-vector with v; = 1ifand onlyif 2 + [2] <i < n—1— |Z], and let the
vector R,_, = (r1,15, ..., 1,_,), the first half of which is 2-nearly nondecreasing, be defined by r/ = r(/n72)+17i =

Tig1 — Vig1 — Up—ifor1 <i<n-—2.
(b) Let Q,_» be an (n — 2) x (n — 2) permutation matrix such that the first half of R,_, = R/n_ant_z is nondecreasing
and satisfies the skew-Hankel property.
(c) Let T,—, be a combinatorially skew-Hankel tournament with score vector R,_, obtained by applying this algorithm,
and let T, be the combinatorially skew-Hankel tournament with score vector R, defined by
0 |Q—=vpp)---(A=v) | O
Un—1 %)

T = Qf_,Th—2Qn—
U2 Un—1
0 | (I—=wv)--(IT—vy1)| O

(3) Output T,

Example 25. let n = 7 and let R = (2, 2, 4, 2,4, 2, 2). Applying the skew-Hankel algorithm, we obtain the following
combinatorially skew-Hankel tournament in 75 (R):

-o|1]0f[o|1]0]0 -
0/0[0[[T[[0]0]1
1[1]0|[1[[0]1]0
1[oJoJJof[oJo]T
O[1[0[[1[[o[T]1
1[0(0[1][0]0]0
L o(o[1[[0f[0[T1]0
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In carrying out the algorithm, the resulting score vectors are illustrated below where — ,; means a permutation is used and
—, means the result of a step of the algorithm:

(2,2,4,2,4,2,2) 54(2,1,3,3,1,2) >, (1,2,3,3,2,1) »4(1,1,1,1) —4(0,0).

Theorem 26. The skew-Hankel algorithm constructs a combinatorially skew-Hankel tournament when R satisfies the given
conditions.
Proof. First assume that n is even. It then suffices to verify that the first half of R|,_, is 2-nearly nondecreasing and that
Zle r{ > k(k — 1) for 1 < k < (n/2) — 1 (we have equality for k = (n/2) — 1 by construction). By construction
Tit1, if1 <i=<|[r/2],
H=To o =0 — 1, if /2] +1<i<[r/2],
r1+1—2, 1f|'r1/2'|+1§l§(n/2)—1

The entries of R),_, are nonnegative: If r; = 0, thent, ; = t, , = 1and sor, > 2 and therefore r; > 0.1fr; > 1,thenv, =0
and thus r; > 0.
We calculate that

Case1 <k <|r/2]:

k+1

k k
Zr{ = Zr,- > Zri > k(k—1).
i=1 i=2 i=1

Case k = (r; + 1)/2 and ry odd, implying thatry 1 > ry = 2k — 1:

k—1

k
Yo=Y rit e — D = (k= Dk —2)+ (2k— 1) — 1 =k(k—1).
i=1

i=1

Case [r1/2] +1 <k <n/2 — 1withry even:

r1/2+1 k+1
S = ( 3 r,) +< > r,-) —2(k+ 1) = (/D +D+ 1)

i=1 i=2 i=r1/24+2
k+1 k+1
= (Zn) —2k+r = (Zr,-) —2k > (k+ Dk — 2k =k(k—1).
i=2 i=1

Case [r1/2]1 + 1 <k <n/2 — 1withry odd:

k k+1
3= (Zn) —1=2(k+ D) = (1 + D2+ + 1)
1

i= i=2

k+1
- (Z”) —1—2k+1> (k+ Dk — 2k = k(k — 1).

i=1

Since the first half of R is nondecreasing, it follows that the first half of R),_, is 2-nearly nondecreasing. By Lemma 22 the
vector R,_, satisfies the corresponding inequalities. Therefore there is a combinatorially skew-Hankel tournament with
score vector R,_, and also one with score vector R/, _,.

Now assume that n is odd. The entries of R;,_, are

R L if1<i<@wrnp)/2
P ri—1, if(ranp)/2+1<i<(—1)/2,

and thus the first half of R),_, is nearly nondecreasing. If 1 < k < (r(s41y,2)/2, then Zf‘zl rl > k(k— 1).1f (rpg1)2)/2+1 <
k < (n—1)/2,then

k k
Zr{ = Zri = (k= (r12)/2) = k(k — 1).
i=1 i=1

Therefore, there exists a combinatorially skew-Hankel tournament with score vector R,,_; and also one with score vector
R O

n—1°
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We next identify certain moves that allow one to move from any combinatorially skew-Hankel tournament T € 7+ (R)
to any other where each move produces another combinatorially skew-Hankel tournament in 7+ (R). The switches used
in the moves are the 4-cycle switches and 3-cycle switches used in the case of Hankel tournaments, but their types are
different. We consider 4-cycle switches O; j nt1—i n+1—j that reverse the 4-cyclei — j > n+1—-i = n+1—-j — i
called 4-cycle skew-Hankel switches, and pure 3-cycle switches A, that reverse i — j — k — i, that is, where
{i,jjkiNn{n+1—i,n+1—j,n+1—k} =0@or{n/2}. Ad-cycle skew Hankel switch O; j nt1—i n+1j is illustrated by

[i]j|n+1—i|n+1—j [i]j|n+1—i|n+1—j
i 0|1 0 i 0|0 1
j 0|0 1 — j 110 0

n+1—i 0 0 1 n+1—i 1 0 0

n+1—j| 1 0 0 n+1—j1 0 1 0
First assume that n is even. Let Ty, T, € Ty+(R) and consider T; and T, as digraphs. For an n x n combinatorially skew-
Hankel tournament, if there is an edge i — j, then there is also anedgen + 1 —i — n 4+ 1 — j. Consider the digraph
D with vertex set {1, 2, ..., n} whose edges are the edges of T; that are not edges of T, (corresponding to the 1s in the

difference matrix T; — T). If a vertex has positive outdegree then it has positive indegree, and vice versa. Starting at any
vertex, determine a longest path y:i — j — --- — k that does not contain both a vertex p and a vertex n 4+ 1 — p. There is
an arc leaving vertex k and it must then go either to an earlier vertex on y or else to a vertex n + 1 — p where p is a vertex
on y. Thus we either get a cycle

@ iy —iy— .-+ — ig— iy whereij # n+1—i forany ijand i,
or acycle

b)) 1—=h—> - —ig=>n+l1—-ij=>n+1-ih - - =>n+1—ig—ij.
In case (a) we also have the cycle

@) n+1—-i1->n+1—-ihb—> - -—>n+1—ig—>n+1—i.

Case (a): We show how to reverse the cycle of (a) and of (a’) by a sequence of 3-cycle switches and their complementary
switches. There is a sequence of pairs of switches, each consisting of a 3-cycle switch and its complementary switch, which
reverses the cycles (a) and (a’) resulting in a combinatorially skew-Hankel tournament in 7+ (R). We can find the first
3-cycle by considering all the edges of T; between i, and the other vertices of the cycle (a). Reversing this 3-cycle and its
complementary 3-cycle, we obtain one or two shorter cycles. Repeating on these shorter cycles we eventually will reverse
cycles (a) and (a’).

Case (b): Consider, for instance, the edges iy — i andn+1—i; — n+ 1 —i,.Iftheedgen+ 1 —i, — i; isin Ty, and thus
so is the edge iy — n + 1 — iy, then a 4-cycle skew-Hankel switch 0;, i, nt1-i;,n+1—i, yields a tournament in 75+ where our
cycle has become two cycles of the forms (a) and (a’), and we proceed inductively. If the edge iy — n + 1 — i, is in Ty, and
thus so is the edge n + 1 — i; — i, then we have two cycles of the forms (a) and (a’), which inductively by pairs of 3-cycle
switches we can reverse, resulting in the reversal of iy — n+1—i; andn+ 1—i; — i. Now a 4-cycle skew-Hankel switch
completes the reversal of the cycle of (b) and gives a tournament in 75+ (R) which is closer to T,.

For n odd, we have the following lemma.

Lemma 27. Let T, and T, be two combinatorially skew-Hankel tournament matrices with the same score vector R. Then there
exists a sequence of moves, where each move is a pair consisting of a pure 3-cycle switch A, ; , and its complementary switch
Afyj,k, which transforms row (respectively, column) (n + 1)/2 of T; into row (respectively, column) (n 4+ 1)/2 of T,.
Proof. As above we consider the digraph D. If row (n+ 1)/2 of T; agrees with row (n+ 1)/2 of Ty, there is nothing to prove.
Otherwise there is a cycle C containing vertex (n + 1)/2. We claim there is such a cycle for which if i is a vertex of the cycle,
then (n + 1 — i) is not a vertex of the cycle.

LetCbethecycle(n+1)/2 - i1 > i > -+ = x> (n+1)/2.LetV={j:ij, n+1—-1i) € C,1 <j<kLIfV #0,
let a be the minimum and ¢ be the maximum of the integers in V. Let b and d be the indices such thati, = n+ 1 — i; and
ig = n+ 1—i.. We consider two cases (see Fig. 2).

Case b < d: We consider the cycle C’ given by

n+1 ) ) : : : ) n+1
5 i =>ig—=>M+1—ipy) = - > M+ 1—igq) > ic— - = iy > T
It follows from the skew-Hankel property that the edges of C’ are in D, and for the corresponding V', we have |V'| < |V]|.

Case b > d: We then consider the cycle C’ given by

n+1 : . . ) n+1
=== > ig—> M+ 1—ig) > - —>(n+1—1k)—>T
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Fig. 2. Two possibilities in Lemma 27 (b < dand b > d).

(Ifd = aand thus ¢ = b,i; — --- — ig reduces to just the vertex is.) As in the above case, we have |V’| < |V|. Repeating
this process, we eventually produce a cycle C* such that V* = (. This verifies our claim.
Now if row and column (n + 1)/2 of T; do not agree with row and column (n + 1)/2 of T,, we have a cycle C

m+1D)2—-i1—ip—>--—>i—>0+1)/2

in D (and so its reverse is in T, ) such that for each vertex i of C, (n + 1 — i) is not a vertex of C. By the skew-Hankel property,
the cycle C* given by

M+1/2—> M+1—i) > O+1—h)—> - —> @+1—i) —> (n+1)/2

is also in D (and so its reverse is in T, ). Thus we can apply a sequence of moves, each of which is a pair consisting of a 3-cycle
switch A, ;  and its complementary switch Aﬁj.,<, to Ty and produce a T; € 7y« (R) such that row and column (n + 1)/2 of

T’ are closer to row and column (n + 1) /2 of T,. We continue like this until we get row and column (n + 1)/2 of T,. O
Thus we have proved the following theorem.
Theorem 28. Let T, and T, be two combinatorially skew-Hankel tournaments in 7+ (R). Then there exists a sequence of 4-cycle

skew-Hankel switches U j n11-in+1—; and pairs consisting of a pure 3-cycle switch A;; , and its complementary switch Aﬁj’k
which brings T, to Ty, such that each of the moves produces a combinatorially skew-Hankel tournament in 7+ (R).

Example 29. Letn = 5and R = (1, 2, 2, 2, 1), and consider the two combinatorially skew-Hankel tournaments T; and T,
in 7+ (R) given by

0/0(1]0]0 0/0(0]1]0
1/0(0]|0]1 1/0(1]0(0
T,=| 0[1]0|1]0 and T,=| 1|/0(0|0|1
1/]0(0]|0]1 0j0|1]0]|1
0/0(1]0]0 0/1(0]0]|0

We can move from T to T, by the pair of pure 3-cycle switches A; 5 4 and Ag 3 ,.

Again for completeness we mention the following. It is natural to also consider n x n combinatorially skew-Hankel loopy
tournaments T = [t;], thatis, combinatorially skew-Hankel tournaments with possible 1s on the main diagonal. By the skew-
Hankel property, we now have that t; = 1 — tj+1—in+1—i for all i. The score vector R = (r1, 13, . . ., 1) of a combinatorially
skew-Hankel loopy tournament satisfies ; = 11— + 1if t; = 1 and ty41-in+1-i = 0. Thus the score vector of a
combinatorially skew-Hankel loopy tournament determines which elements on the main diagonal equal 1 and which equal
0.If R is obtained from R by subtracting 1 from those i for which r; = r,,; 1_;+ 1, then there is a combinatorially skew-Hankel
loopy tournament with score vector R if and only if there is a combinatorially skew-Hankel tournament with score vector R'.

By taking the columns of a combinatorially skew-Hankel loopy tournament in the reverse order, we obtain a
combinatorially skew-Hankel H-loopy tournament, that is, a combinatorially skew-Hankel tournament with possible 1s on the
Hankel diagonal. Thus combinatorially skew-Hankel H-loopy tournaments are equivalent to combinatorially skew-Hankel
loopy tournaments. But we may also consider combinatorially skew-Hankel doubly-loopy tournaments, that is, combinatorially
skew-Hankel tournaments T = [t;] with possible 1s on both the main diagonal and the Hankel diagonal. Thus t; =
1 — thyi—int1—i for all i and t; n41—i = 1 — ty41—i; for all i. The score vector R = (ry, 12, ..., 1) of a combinatorially
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skew-Hankel doubly-loopy tournament satisfies

ro— T if (t; = 1and tj 41— = 0),0or (t; = 0 and tj 1 = 1)
Tnpi—i +2, ifty =tjp1—; = 1and s tyy1—ij = typ1—inr1-i = 0.

Let R’ be obtained from R by subtracting 1 from r; and r,;_; if ; = r,,1_; and subtracting 2 from r; if r; = 1 + 2.
Then R is the score vector of a combinatorially skew-Hankel doubly-loopy tournament if and only if R is the score vector
of a combinatorially skew-Hankel tournament. Notice that when r; = r,,1_; we can either put 1s in positions (i, i) and
(n+1—1i,i)orinpositions (i,n+1—i)and(n+1—i,n+ 1 —1).

5. Summary

In this paper we have obtained necessary and sufficient conditions for the existence of loopy tournaments, Hankel
tournaments, and combinatorially skew-Hankel tournaments with a prescribed score vector. We have also given algorithms
for their construction when these conditions are satisfied. In addition, we have shown how to move from one tournament
to another tournament in the same class by moves given by switches and pairs of switches. The moves used in each case
are:

(a) loopy tournaments: — oj; A
(b) Hankel tournaments: A, ; , followed by Ai,j,ii A nry/2n1-is Digint1—jint1-i
(c) combinatorially skew-Hankel tournaments: A, ; , followed by A{j’k; Oi jnt-1—i,n-1—j-
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