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Abstract. The concept of Gromov hyperbolicity is a geometric concept that leads to a rich
general theory. Johnson and Kneser graphs are interesting combinatorial graphs defined from
systems of sets. In this work we compute the precise value of the hyperbolicity constant of
every Johnson graph. Also, we obtain good bounds on the hyperbolicity constant of every
Kneser graph, and in many cases, we even compute its precise value.
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1. Introduction

Johnson and Kneser graphs are classes of graphs defined from systems of sets.
In both classes of graphs the adjacency of their vertices depends on the inter-
section of their respective sets, however, these cases can be seen as opposites,
because, while in Johnson graphs the condition for two vertices to be adjacent
is that their respective sets differ in only one element, in Kneser graphs it is
that they differ completely.

The vertices of the Johnson graph J(n,k) are the k-element subsets of
an m-element set; two vertices are adjacent when the intersection of the two
vertices (subsets) contains (k — 1)-elements. Note that if & = 1 then J(n,1)
is the complete graph K,. The Johnson graph for n = 5 and k = 2 is the
complement of the Petersen graph, i.e., J(5,2) is the line graph of Kj5. In
general, J(n,2) is the line graph of the complete graph K.

The Kneser graph K(n,k) is the graph whose vertices correspond to the
k-element subsets of an n-element set A™; two vertices are adjacent when the
intersection of their corresponding sets is empty. The Kneser graph K(n,1)
is the complete graph with n vertices K,,. The Petersen graph is the Kneser
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graph for k = 2, n = 5, K(5,2). Also, the odd graph O,, a generalization of
the Petersen graph, is the Kneser graph O,, = K(2n — 1,n — 1).

Hyperbolicity in Gromov’s sense leads to a very rich general theory. This
term comes into use after the seminal work of Gromov [12]. This concept allows
to understand the properties of spaces such as classical hyperbolic spaces,
Riemannian manifolds of negative sectional curvature and discrete spaces such
as trees and Cayley graphs of many finitely generated groups. Hyperbolicity is
a very useful tool that allows us to understand the relationships between graphs
and varieties. It is known that graphs can model manifolds and many metric
spaces (this is an interesting fact, as it allows us to move from working with
a continuous structure that could be complicated to dealing with a discrete
structure, see, for example, [11,12]). In [19,22,27] the equivalence between
the hyperbolicity of many surfaces and the hyperbolicity of simpler graphs is
proved.

Today, the mathematical properties and applications of Gromov hyperbol-
icity are topics of growing interest in graph theory (see [1-7,9,10,13-16,19—
21,27,29] and the references therein).

Gromov hyperbolicity has also been applied to computer science in areas
such as automatic groups (see, for example, [18]), networks and algorithms
(see [17] and its references), random graphs (see, for example, [23-25]), etc.

There are several definitions of Gromov hyperbolicity which are equivalent.
We will work with the definition given by Rips’ condition (see the definition
in Sect. 2) for its geometrical meaning.

In Sect. 3 we compute the precise value of §(.J(n, k)) for every n and k.

In Sect.4 we obtain good bounds of §(K(n,k)) in relation of n and k,
and in many cases, we even compute its precise value. In order to do that we
obtain some results about Kneser graphs which are interesting by themselves,
as Propositions 4.7 and 4.15.

2. Background and previous results

We collect in this section some previous definitions and results which will be
useful later in the paper.

If X is a metric space, we say that a curve v : [a,b] — X is a geodesic if
we have L(7|y,s) = d(v(t),v(s)) = |t — s| for every s,t € [a,b], where |} 4
denotes the restriction of the curve v to the interval [¢, s], and L denotes the
length in X (then « is equipped with an arc-length parametrization). The
metric space X is said to be geodesic if for every pair of points in X there
exists a geodesic joining them; we denote by [zy] any geodesic joining 2 and
y; this notation is ambiguous, since in general we do not have uniqueness of
geodesics, but it is very convenient. Consequently, any geodesic metric space is



Vol. 98 (2024) Gromov hyperbolicity of Johnson and Kneser graphs 663

connected. If the metric space X is a graph, then the edge joining the vertices
u and v will be denoted by uv.

Throughout this paper, G = (V, E) = (V(G), E(G)) denotes an undirected
(finite or infinite) simple (without loops and multiple edges) graph (not nec-
essarily connected) such that V' # @ and every edge has length 1. In order
to consider a connected graph G as a geodesic metric space, identify (by an
isometry) any edge uv € E(G) with the interval [0, 1] in the real line; then the
edge uv (considered as a graph with just one edge) is isometric to the interval
[0, 1]. Thus, the points in G are the vertices and, also, the points in the interior
of any edge of G. In this way, any connected graph G has a natural distance
defined on its points, induced by taking shortest paths in G, and we can see
G as a metric graph. We denote by dg or d this distance. If z,y are in dif-
ferent connected components of G, we define dg(x,y) = co. These properties
guarantee that any connected component of any graph is a geodesic metric
space.

If X is a geodesic metric space and x1,x2,x3 € X, the union of three
geodesics [x122], [xoxs] and [x3z1] is a geodesic triangle that will be denoted
by T = {21,292, 23} and we will say that x1, 29 and x5 are the vertices of the
triangle T it is usual to write also T' = {[z122], [x223], [v321]}. We say that
T is d-thin if any side of T is contained in the §-neighborhood of the union
of the two other sides. We denote by §(7T') the sharp thin constant of T, i.e.,
O(T) :=1inf{d > 0| T isd — thin}.

Definition 2.1. A metric space X is Gromov d-hyperbolic or just d-hyperbolic
(or satisfies the Rips condition with constant ¢) if every geodesic triangle in
X is 6-thin. We denote by §(X) the sharp hyperbolicity constant of X, i.e.,

§(X) :=sup{d(T)| T is a geodesic triangle in X}.

We say that X is hyperbolic if X is §-hyperbolic for some > 0; then X is
hyperbolic if and only if 6(X) < co. If X has connected components {X; }ier,
then we define 6(X) := sup;<; 6(X;), and we say that X is hyperbolic if §(X) <
0.

If we have a triangle with two identical vertices, we call it a “bigon”. Obvi-
ously, every bigon in a é-hyperbolic space is d-thin.

It is clear by the definition that to compute the precise value of §(X) is
a difficult task. Hence, it is very useful to obtain bounds of the hyperbolicity
constant of X as those that appear in Lemmas 2.2 and 2.5.

In the classical references on this subject (see, e.g., [11]) appear several
different definitions of Gromov hyperbolicity, which are equivalent in the sense
that if X is d-hyperbolic with respect to one definition, then it is ¢’-hyperbolic
with respect to another definition (for some ¢’ related to §).

We want to remark that the main examples of hyperbolic graphs are the
trees. In fact, the hyperbolicity constant of a geodesic metric space can be
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viewed as a measure of how “tree-like” the space is, since those spaces X
with 6(X) = 0 are precisely the metric trees. This is an interesting subject
since, in many applications, one finds that the borderline between tractable
and intractable cases may be the tree-like degree of the structure to be dealt
with (see, e.g., [8]).

For any connected graph G, we define, as usual,

diam V(G) := sup {dg(v,w) | v,w € V(G)},
diam G := sup {dg(z,y) | z,y € G},

i.e., diam V(G) is the diameter of the set of vertices of G, and diam G is the
diameter of the whole graph G (recall that in order to have a geodesic metric

space, G must contain both the vertices and the points in the interior of any
edge of G).

Lemma 2.2. In any graph G the following inequality holds
1 1

As usual, by cycle we mean a simple closed curve, i.e., a path with different
vertices, unless the last one, which is equal to the first vertex.

Given a graph G, we denote by VM (G) the union of the set V(G) and the
midpoints of the edges of G. Consider the set T; of geodesic triangles 7' in
G that are cycles and such that the three vertices of the triangle 7" belong to
VM (G), and denote by 01(G) the infimum of the constants A such that every
triangle in Ty is A-thin.

The following result, which appears in [1, Theorems 2.5, 2.6 and 2.7], will
be used throughout the paper.

Theorem 2.3. For every graph G we have 61(G) = §(G). Furthermore, if G
is hyperbolic, then §(G) is an integer multiple of 1/4 and there exists T € Ty
with 6(T) = 6(G).

Hence, by Theorem 2.3, in order to compute the hyperbolicity constant of
a graph, we can consider just geodesic triangles such that the vertices of the
triangle are vertices of the graph or midpoints of edges of the graph.

Lemma 2.4. Let G and H be isomorphic graphs. Then, 6(G) = d(H).

A subgraph H of G is said isometric if dg(x,y) = dg(x,y) for every z,y €
H. Note that this condition is equivalent to dg(u,v) = dg(u,v) for every
vertices u,v € V(H).

The following results appear in [3, Lemma 9] and [21, Theorem 11].

Lemma 2.5. If H is an isometric subgraph of G, then 6(H) < §(G).
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(a) G = Ks. Note that diam V(G) =1 (b) G = P7 x Ps. Note that diam G =

and diam G = 2. T = {z,y,z} where diamV(G) = 7. T = {x,y,z} where

z, y and z are midpoints of the edges y is a vertex of the graph and x and

u'v', u'u and uv respectively. z are midpoints of the edges uu’ and
vv’, respectively.

FIGURE 1. Metric graphs: in figure a the complete graph K,
in figure b the Cartesian product P5 x P2. In both cases
p € [zz] and §(G) = §(T) = d(p, [xry] U [yz]). Note that in
figure a §(K5) = diam(K5)/2 while in figure b §(P; x Py) =
3/2 < 7 = diam(P; x P,). In general diam(P,, X P») = n while
0(Pp, x Py) = 3/2 for each n > 4 so the hyperbolicity constant
¢ is not necessarily close to the diameter of the graph

Theorem 2.6. The following graphs have these precise values of §.

e If P, is a path graph, then 6(P,) =0 for alln > 1.

e If Cy, is a cycle graph, then §(C,) =  L(Cy,) = % for alln >3, see Fig. la.
e If K,, is a complete graph, then §(K;) = 06(K2) = 0, §(K3) = 3/4 and
0(Ky,) =1 for alln > 4.

o If P is the Petersen graph, then 6(P) = 3/2.

Recall that [t| and [t] denote the lower integer part and upper integer
part, respectively, of the real number ¢, i.e., the greatest integer less than or
equal to ¢t and the least integer that is greater than or equal to ¢, respectively.

We denote by v; the vertex of J(n, k) associated to the set V;. We use the
same notation for the vertices of K (n, k) and their respective sets.

3. Johnson graphs

The distance between two vertices of the Johnson graph is given by the half
of the cardinal of the symmetric difference of their respective sets, so we have
that diam V' (J(n, k)) = min{k,n — k}.
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The following results are well known.

Lemma 3.1. If J(n,k) is a Johnson graph, then
diam V (J(n,k)) = min{k, n — k}.

Lemma 3.2. If J(n,k) is a Johnson graph, then J(n,k) is isomorphic to
J(n,n —k).

Remark 3.3. By Lemma 3.2, it suffices to consider the Johnson graph J(n, k)
with 2k < n.

We are going to compute the precise value of §(J(n, k)) for every n and k.

Theorem 3.4. Let J(n,k) be a Johnson graph. If n > 2k + 2, then

5(J(n, k) = %

Proof. Lemmas 2.2 and 3.1 give that

5(J(n.k)) < diam V (J(n,k)) + 1 _ min{k,n—k}+1 _ k+ 1'
2 2 2
So it suffices to prove that there exists a geodesic triangle T' such that §(7) =
k+1
’ Case A. We suppose that k < n/3.

We define the sets V; = {j + 1,5 +2,...,5+ k}, 0 < j < 2k and Varys =
{1,2,...,4,2k +4i+ 1,2k + i+ 2,...,3k}, 1 < i < k — 1. By construc-
tion voUsk—1, V041 € E(J(n7 k)), 0 < i < 3k —1. Let x, y be the mid-
points of vgvsgr—1 and vivi41 respectively and z = wvgr. We consider the
geodesics P = [zy], P’ = [yz] and P” = [zz] such that P NV (J(n,k)) =
{vo,v1,..., 08}, P’ﬂV(J(n, k)) = {Vk41, Vk+2, .-, U2k } and P”ﬁV(J(n7 k)) =
{vok, Vok+1,- -, V3k_1} We consider the geodesic triangle T'= P U P’ U P".

Let p be the midpoint of P, then

5(J (0, 8)) > dlp. [02] U ye]) = d(p. {,)) = o0

Case B. We suppose that n/3 < k < n/2, therefore min{k,n — k} = k.
Since k < n/2 there exists r > 1 such that 2k + r = n. We consider the sets
Vi={j+1j+2,...,5+k},0<j<k+rand Viyop; ={1,...,0,k + 7+
i+ Lk+r+i+2,...,n}, 1 <i<k-—1. By construction vov,_1,v;0;41 €
E(J(n, k)), 0 <i < n—1.Let x and y be the midpoints of vgv,_1 and viVE1
respectively. Consider a path P* joining = and y such that P* N V(J(n7 k)) =
{Vk+1,Vk+2,.-.,0n—1} and let z be the midpoint of P*.

We consider the geodesics P = [zy|, P’ = [yz] and P” = [xz] such that PN
V(J(n, k)) = {vg,v1,..., 0k}, P'N V(J(n, k)) = {Vk41,Vk12, .- ,kaanT_kJ}
and P" NV (J(n,k)) = {'Uk+[nT—k-| U241, - - -y Un—1}. We consider the geodesic
triangle T'= P U P’ U P”.
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Let p be the midpoint of P, then

E+1
8(J(n. k) = dp, 2] U y2]) = dip, ) = L.
O
Theorem 3.5. If J(n, k) is a Johnson graph and n = 2k + 1, then
2 1
5((n, k) = 22

Proof. Note that for every vertex v there exist k 4+ 1 vertices v’ such that
d(v,v") = k. If v} and v} are vertices such that d(v,v]) = d(v,v) = k and
p is the midpoint of vjv}, then d(v,p) = k + 1/2. On the other hand, for
every u € V(J(n,k)) such that wv € E(J(n,k)), we have that d(u, {v{,v}}) =
k — 1; therefore, if ¢ is the midpoint of uv, then d(p,q) = k. So we have that
diam J(n, k) = k+1/2 and §(J(n,k)) < (k+1/2)/2 = (2k + 1)/4.

Consider the sets V; = {i, i+ 1,...,i+k—1}, 1 < i < k+ 2 and
Virj ={1L,...,i —2,k+4,...,2k+1}, 3 < j < k+ 1. Let & be the ver-
tex v; and y the midpoint of vi41vk42. Let P and P* be the geodesics joining
x and y such that PNV (J(n,k)) = {v1,v2,...,vp41} and PNV (J(n, k)) =
{v1, Vk+2,Vk13, ..., V2k41}- Let z and p be the midpoints of P and P*, respec-
tively. If T' is the geodesic triangle T'= P* U [yz] U [z2], then

() 2 6(T) 2 dlp, [22] Uly=)) = d(p. ) = 512 = 20D

Theorem 3.6. If J(n,k) is a Johnson graph, n is even and n = 2k, then

o(J(n, k) = E
2

Proof. Note that for every vertex v there exists only one vertex u such that
d(u,v) = k, so if p is the midpoint of the edge ujus and v € V(J(n,k)) then
d(v,p) = max{d(v,ul),d(v,UQ)} —1/2 < k—1/2 and so, diam(J(n,k)) = k
and 6(J(n, k)) < k/2 by Lemma 2.2.

CnlderthesetsV—{zz+1 i+ k=11 <4< k+1 and
Vie; = {1,...,0 —Lk+4j,... 2k}2§j§k. Let z and y be the ver-
tices v; and Uk+1, respectively; let P* be the path joining = to y such that
PN V(J(n,k)) = {v1, Vk41,Vkt2, .., v2r} and let z be the midpoint of P*.
Consider the geodesics P = [zy], P’ = [yz] and P"” = [zz] such that PN
V(J(n7 k)) = {vo,v1,. ., Vpt1}, P’ N V(J(n7 k)) = {Ukt1,Vkt2y---» Ukﬂéj}
and P’ N V(J(n,k;)) = {vy, UkH%M""U?k}' Let T be the geodesic triangle
T=PUP UP".

Let p be the midpoint of P, then

(I (n,k)) = 8(T) = d(p, [22] U [yz]) = d(p, {=,y}) = 5
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4. Kneser graphs

Let K(n, k) be a Kneser graph. Note that if n < 2k, then the Kneser graph is
a set of isolated vertices. If n = 2k, then the Kneser graph is a set of isolated
edges, see Theorem 4.2. Therefore, we will consider n = 2k + m with m > 1.

The Kneser graph K(n,1) is the complete graph with n vertices K,,. The
Petersen graph is the Kneser graph for n = 2, m = 5, K(5,2). Also, the
odd graph Oy, a generalization of the Petersen graph, is the Kneser graph
Op=K(Q2k—-1k—1).

We can see from the definition of Kneser graphs, that they are interesting
combinatorial graphs.

In this section, we are going to compute good bounds of §(K (2k+m, k)) for
every m and k, and in many cases, we even compute its precise value. In order
to do that we obtain some results about Kneser graphs which are interesting
by themselves, as Propositions 4.7 and 4.15.

If u;,v; € V(K (2k +m, k)), we denote by U;, V; their corresponding sub-
sets of A™, respectively.

The following results on K(s,1) and K (2k, k), i.e. m = 0, are direct:

Theorem 4.1. Let K(s,1) be a Kneser graph with s > 2. The following state-
ments hold:

(1) If s =2, then 6 (K(2,1)) =
(2) If s =3, then 6 (K(3,1)) —3/4
(3) If s > 3, then 0 (K(s,1)) =

Theorem 4.2. If K(2k, k) is a Kneser graph with k > 2, then 6 (K (2k,k)) = 0.

Distances in the Kneser graphs were studied in [28]. The following results
in [28] will be useful:

Theorem 4.3. The diameter of vertices of the Kneser graph K (2k +m, k) is
given by

. k—1
diam V (K (2k +m, k)) = [TW 41
Theorem 4.4. If vy, vy € V (K (2k +m, k)) and s = |V; N Va|, then
. k—s s
d(vl,vg):mln{Z[ — -‘,Z[E-‘—&—l}.

The following results appear in [26] and [28].

Lemma 4.5. Let Vi, Vo be k-subsets of an (2k +m)-set A2+ If there exists
a path of length 2i joining v with ve in K (2k + m, k), then

VinVa| >k — im.
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Lemma 4.6. Let Vi, Vo be k-subsets of an (2k +m)-set A2k If there exists
a path of length 2i + 1 joining vy with vy in K (2k +m, k), then

Vi NVa| < im.
Lemmas 4.6 and 4.5 have the following consequences:

Proposition 4.7. Let K(2k+m, k) be a Kneser graph. Consider D = (%] +1,
r=1|D/2],i<r—1and vi,vs € V(K (2k + m,k)) with |V1 N Va| = s. The
following statements hold:

(1) If d(v1,v2) < D, then d(vi,v2) =2i+1if and only if i —1)m+1<s <

m.

(2) If d(vy1,v2) < D, then d(vi,ve) = 2i if and only if k —im < s <k — (i —
1)m — 1.

(38) If D = 2r + 1, then d(vi,v2) = D if and only if (r — 1) m+1 < s <
k—rm—1.

(4) If D = 2r, then d(v1,v2) = D if and only if (r — DNk+1<s<k—(r—
1)m —1.

Proof. Since D < 2r and ¢ < r — 1, we have
' k-1
2] 41 :2z'+1<2r—1<2r+2<4r—2¢<2<[1_i>
m m

k—1im

<o

1.
Let us prove now the four statements.

(1) Lemma 4.6 gives that if d(vy,v2) = 2i 4+ 1, then (i — 1)m+1 < s < im.
If s =im, then

d(v1,vs) = min {Q[k;;m],ﬂ’:n”} + 1} =2+ 1.

Ifs=im—7,0<j<m-—1, then

dlon,v2) = min {27 =T or 2

- min{z{kﬂ1 —2i,2i + 1} — 24 1.
m

(2) Lemma 4.5 gives that if d(vy,ve) = 2i, then k—im < s < k—(i—1)m—1.
If s = k — im, then

: kg
d(v1, vs) = min{2[m1, o= =My 1} — 2i.
m
Ifs=k—im+j,0<j<m-—1, then
o ki .
d(vhvg):min{ﬂzm j1,2f 2m+]]+1}—2z
m
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(3) If s < (r— 1)m, then Item (1) gives d(vi,v2) < 2r—1.If s =k —rm—1,

21 +1<y

then

d(vy, ve) = min{Q[rmm—i— Ly ork _:ZL_ Ly 1}

k—1
:min{Q(r—i—l),ﬂl —2r+ 1}
m
=min{2r+2,2r+1}=2r+1=D.
On the other hand, note that if s = k — rm, then

rm kE—rm
d =min< 2| —|, 2 1
(o1,00) = min {27247, 275 1
. k
:mln{?r,?[W—2r+1}:2r:D—1.
m

Therefore, if d(vy,v2) = D = 2r + 1, then (r — 1)m < s < min{rm, k —
rm — 1}. Note that k —rm — 1 < rm (the equality is obtained if k — 1 is
an even multiple of m). If s = (r—1)m+j with1 < j < k—(2r—1)m-—1,
then

C)m 41 k-1
T=bmtly g Coritcoryo<ot =l Jop o1
m

m
k—(r—1m-—1 k—s

]1<2f 1;

m

and since 1 < j <k — (2r — 1)m — 1 < m, we conclude

—1 1
d(v1,v2) :2[7(T ;mH} +1=2r+1.

(4) Since D = 2r, if s < (r — 1)m, then Item (1) gives d(vy,ve) < 2r — 1. If

2f

k—(r—1)m < s, then Item (2) gives d(v1,v2) < 2r—2.If s = (r—1)m+j
with 1 <j <k —2(r—1)m — 1, then

k_ﬁ Sg[k_(T_l)m_l]§2T<27«+1§2[(T_1)7m+1]+1
m m m
s
=2[— 1
121+
and
k—s E—(r—1m-—j
2r > 2 =2
A i P T e A
k

=2 _j172(7«71)22[%1*2@71):%.

m
Therefore, d(vy,vq) < 2r = D.
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Let A= {a1,az,...,a,} be a non-empty set. We define for 0 <i < n:
At ={a1,...,a;}, Al = A\AY A° =0, An = .

4.1. The odd graphs

In this subsection we study the hyperbolicity of K(n, k) with n = 2k 4+ 1 and
k> 3.
In this case, we have that:

diam V (K(2k + 1,k)) = [k— 1] + 1 = k.

4.1.1. kis odd. If v1,ve € V(K (2k + 1,k)) with d(vy,v2) = k and [V1NVa| =
s, taking into account that k is odd and m = 1, then

k=d(vi,vg) = min{2[k —s],2[s] + 1} =2s+1,

and we have
k—1

Thus, for the case k odd and m = 1, we can write A2**1 = A, U A, U A3 U
AsU{ar, a2, a3}, with |A;| = s and A;NA; =0 if i # j. We have the following
results:

Theorem 4.8. If k is odd, then
diam (K (2k + 1,k)) < diamV (K (2k + 1,k)) + 1 =k + 1.

Proof. Note that diam K (2k +m, k) < diamV (K (2k + m,k)) + 1. Seeking
for a contradiction assume that there exist x,y € K (2k + 1,k) such that
d(z,y) = diam V(K (2k + 1,k)) +1 = k+ 1. Therefore, x and y are midpoints
of edges of K (2k + 1, k). Suppose that z is the midpoint of ujv; and y is the
midpoint of ugve. Thus, d(uy,us) = d(u1,v2) = k = d(vy,v2) = d(vy,u2) and
Uy NV =|ViNVs| =s.

Without loss of generality we can assume that:

U1:A1UA2U{G1}, ‘/1:143UA4U{0,2}, %:AluAQU{ag}.
Since d(u1,uz) = d(v1,us) = k and d(uz,v2) = 1, we have that |Uy N Us| =
[ViNUs| =s and Vo N Uz = . So, we can suppose that Uy = A; U A3 U {w},
but note that if w € Ay U {a;} (respectively, Ay U {az}), then |U; N Us| =
s+ 1 (respectively, [V NUsz| = s + 1) and so, w # az. Thus, does not exist
ug € V(K (2k + 1,k)) satisfying these conditions and we obtain the desired
contradiction. O

Corollary 4.9. If k is odd, then
diam (K (2k + 1,k)) = diam V (K(2k + 1,k))) + 1/2 =k + 1/2.
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Proof. If we consider the sets Uy, V7, Vo and the point x as in the previous

theorem, we have d(z,v2) =k + 1/2. O
Theorem 4.10. If k is odd, then
2k +1
I(KQ2k+1,k)) = .
(K(2k+1,k) = =

Proof. Lemma 2.2 and Corollary 4.9 give J(K(ka +1, k)) < %TH.
We can write AZ**! = A UA;UA3U AU a1, az,a3}, with [4;| = s = %
and AiﬂAj :(2)le7£]
For 1 < r < s, consider the following sets:
Vo=A1UA U {al},
Vor, = A3 UAsU {ag},
Vi = Ay U A3 U {as},
‘/QT_l = A3 U {a3} ] Az_l U AI_l,
Vo = Ag U {al,ag} UT{U Azil,
Vk+2r =AU {ag} UIEU A;,
Vk_;,_gr_l =AU {al,aQ} U Ag_l UIS.
Recall that we denote by v; the corresponding vertex to the subset V;.
Note that vovag, v;v;11 € E(K(2k+ 1, k)) for 0 < i <2k —1. Let C be the
subgraph induced by {v;}¥_,. We are going to prove that C is an isometric
subgraph of K(2k+1, k). In order to do that, it suffices to prove that if v;, v; €
V(C) with ¢ < j, then d(v;,v;) = dc(vi,v;) = min{j — 4, (2k +1) — (j —9)}.
Since v;v41 € E(K(2k + 1,k)), we can assume that i +1 < j.
We consider the following cases:
Case 1. 1 <i<j<k.

Case 1-A. i =2r — 1,5 =21 —-1,1 <r <1 <s. Since |Vor_1 N Vo 1| =
Az U{as} UAPuAT =25+ 1 —14+r=k—(—7),s0
d(var_1,v2;-1) = min{2[k — (k+r = 0),2[k —( —r)] +1} =
20—-r)y=7—1.

Case 1-B. i =2r, j = 2. It is similar to Case A.

Case 1-C. i=2r — 1, j =21, 7 < I. Thus, [Va,_1 N Vay| = [(A; ' n AU
(AT1 N Aﬁ)| =1—r and d(var_1,v2;) = min{2(k — (I —r)),2(l —
ry+1}=2(l—-r)+1=j—1.

Case 1-D. i =2r, j=21—1,7 <l [Vaop N Va1 = [(ATN AT U (A7 n
Afflﬂ = (I-1)—r and d(vey,v2;—1) = min{2(k—(I—1—71)),2(I—
1—r)+1} =min{2(k—(—7r)+1,20-r) -1} =2(1—-r)— 1=
J—i=dc(va,v21-1).

Case 2. k <i<j <2k+1.1It is similar to Case 1.
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Case 3. 1 <i <k <j<2k+ 1. We have the following cases:

Case 3-A. i=2r —1,j=k+2l— 1 |[Var_1 N Vigor_1| = ‘Ag—l uAg—l( -
(I-1)+(s=(r—=1)) = s+l—r and d(vap—_1,Vp12;-1) = min{2(k—
(s+1—7)),2(s+l—7r)+1} =min{k—2(l—r)+ 1, k+21—-2r} =
min{(2k + 1) — (j — ), 5 — i}.

Case 3-B. i=2r,j=k+21—1.|Var N Viya;-1] = ‘Af[l uAbu {ahag}‘ =
s+1+r—1and

d(var, Vpqo—1) =min{2 (k— (s +1+7r—1)),2(s+1+r—=1)}
=min{k —1—-2r — 2,k + 2+ 2r — 21}
= mm{] — i,2k + 1-— (] — Z)} = dc(vgr,vk+21_1).
i=2r—1,j = k+ 2L [Vor1 NVigat| = [A7UAL U {az}| =
(r—=1)4+(s=1)+1=s—1+rand
d(var—1,Vp421) =min{2 (k — (s =14+ 7r)),2(s—1+7r)+ 1}
=min{2(k+1+20—2r),2(k—20+2r)}
=min{j —4,(2k+1) — (j — )} = de(var—1, Vkt21)-

Case 3-C.

Case 3-D. i =2r,j =k+21. [Var N Viyot| = |AY UAT| = (s—r)+1 = s—r+I
and d(ver, Vgyo;) = min{2(k—(s—r+1)),2(s—r+1)+ 1} =
min{k+1+2r +20,k—2r+21} = min{(2k+1) — (j —i),j —i} =
dc (var, Vk421)-

Since C'is an isometric subgraph of K (2k+ 1, k), Theorem 2.6 and Lemma

2.5 give §(C) = 25 < § (K (2k + 1, k)). O

4.1.2. k is even. In this case we have that if v;,v; € V(K(Zk + 1,k)) and
d(vi,v;) = diam V (K (2k + 1,k)) = k, then |[V; N V;| = s = k/2 and A?**! =
A1UA2UA3UA4U{a}.

Theorem 4.11. If k is even, then

k+1
5 (K (2k +1,k)) = %
Proof. Lemma 2.2 gives 6 (K(2k + 1,k)) < "L Let us prove the converse

inequality. Consider the following sets:

AU AL U AL if j =2i,0<i<k/2,
Wj: i—1 71- . . . . (1)
AT TUALUA U{v} it j=2i—1,1 <i<k/2,
—— ATy ARG A, if j=2i,0<i<k/2 @
Tl uAlPT U AT o i =2 - 1,1 <0 < k/2.
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Let xz and y be the midpoints of wow) and wxwj, respectively. Let P and P’
two geodesics joining « to y such that PNV (K (2k + 1,k)) = {wo, w1, ..., wi}
and PPNV (K (2k +1,k)) = {wy, wi,...,w;}. Let z and p be the midpoints
of P’ and P respectively, i.e., 2 = w;/z and p = wy, /2. Consider the geodesic
triangle T = P U [yz] U [z2] in K (2k 4 1,k), and let us prove that §(T) > &L,

If k/2 is even, we have Wy, ;o = Wy, 4y = A1 U A§/4 U A§/4.

For 0 < i < k/2 we have |Wj, o N W;| = ’A§/4 ﬁAg/Z_i +‘A§/4 ﬂAg/Q_i

For 1 < i < k/2 we have |[Wy o NW§,_,| = |A1] + ’A§/4QA§/2_i +
‘Alg/4 ﬂAlg/Z—H—l"
Therefore, we have
k/A+i  ifj=2i,0<i<k/4,
k)2 if j =2i,i = k/4,
g ) BkjA—i i =2ik/A<i<k/2
[Wij2 NW5| = 3k/4—i ifj=2i—1,1<i<k/4, (3)
k/2 ifj=2i—1,k/4<i<k/A+]1,
kjA—14iifj=2—1k/4+1<i<k/2
Corollary 4.9 gives
2(k/4+1i) +1 if j =2i,0<i<k/4,

k if § = 2i,i=k/4,
)26k —i) +1 if j =26 k/4<i<k/2
dwi2w5) = 104 — 4 ifj=2i—1,1<i<k/4, (4)

k ifj=2—1,k/4<i<k/4+1,

k—2k/A—1+i—k/2)ifj =2 —1,k/4+1<i<k/2.

If k/2 is odd, then we have Wy, /o = Wa(rr/a1)-1 = Agkﬂq*l UA?[]C/Aﬂ UAsU
{v}.

For 0 <14 < k/2 we have

|Wk/2 n Wzll‘ _ ’A:[k/zﬂ—l mA§/2—i + 1A

 [ATTT

For 1 <i < k/2 we have

(Wia N Wy | = ‘Agk/zlkl Ak ’Agkm ﬂA§/2’”1‘ 1

k— ([k/4] +14) if j = 20,0 <i < |k/4],

k/2 if j =21, |[k/4] < i< [k/4],
o) kA i if § =24, [k/4] <i<k/2,
Wiz N W| = |k/4] + i if§:2i—1,1§i<[k:/4], (5)
k/2 if j=2i—1,i=[k/4],

k/2+ [k/A] —iif j =2 —1,[k/4] <i < k/2.
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2([k/4] + 1) if j=2i,0<i<|k/4],
k if j = 2i, [k/4] <i < [k/4],
Ao, 10') = k—2(i — [k/4]) if j =2i,[k/4] <i<k/2, ©)
k)2 2(|k/4] +4)+1 if j=2i—1,1<i<[k/4],
k if j=2i—1,i=[k/4],

2 (k)2 + [k/4] — i)+ 1if j = 2 — 1, [k/4] < i < k/2.
In both cases we have d(wk/Q,wg») >k/2+1for 0<j<kand

§ (K (2k +1,k)) = 6(T) > d(p, [x2] U [yz]) = min{d(p, {w;}i_o), d(p, {z,y}}
— min{k/2 + 1,k/2 4+ 1/2} — %
0

4.2. Diameters 2 and 3

In this subsection we compute the precise value of § (K (2k + m,k)) when
m >k —1 (ie., diamV (K (2k + m, k)) = 2), and we obtain good bounds of
0 (K (2k +m,k)) when (k—1)/2 <m < k—1 (ie, diamV (K (2k + m, k)) =
3).
Theorem 4.12. If K(2k + m, k) is the Kneser graph with m > k — 1 (i.e.,
diam V (K (2k +m, k)) = 2), then

O (K (2k +m,k)) = %

Proof. Let A, B and C be pairwise disjoint sets such that |A| = |B| = n,
|C| = n — 1. Consider the following sets:

Wo=A, Wy=B'UC, W,=A"UBT,

W,=B, W|=A"U0C, Wj;=DB'UAL
Let = and y be the midpoints of wow( and waw), respectively. Consider
the geodesics P and P’ joining x and y such that PNV (K (2k +m,k)) =
{wop, w1, we} and P'NV (K (2k + m, k)) = {w{,w},wh}. Let z = wy and T be
the geodesic triangle T' = {[zz], [yz], P'}. We have

2= d(wllﬁ {w07w17w2}) > d(wllr {x,y}) = 3/23

2 = duf, {r.y}) = d(wl, [ U [y2))
< (K (2k+m, k) < diamV(K(Ql;—l—m,k;)) +1 _ g

Therefore, we conclude

5 (K (2k +m, k) = g
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0

Theorem 4.13. If (k —1)/2 <m < k —1 (i.e., diamV (K (2k +m,k)) = 3),
then

< 6(K (2k +m, k) <2.

PN

Proof. Lemma 2.2 gives the upper bound. Let A, B, C, U, V be pairwise
disjoint sets such that |[A| = 1, |B| = k—m — 1, |C| = m, |U| = k -1,
|[V| = m + 1. Consider the following sets:
Wo=AUU, W,=BUC'UVT, Wo=V'UU, W;=AUBUC,
Wg=BuUV, W=Aucuu"  wy=uvtruv, Wy =Ws.

Let = be the midpoint of wow{, and y = ws. Consider the geodesics, P and
P’; joining x and y such that PNV (K (2k +m, k)) = {wp, w1, ws, w3} and
PNV (K (2k+m,k)) = {w, w], wh, ws}.

Note that d(wq, {w}, w], wh, ws}) = d(ws, {w), wi,wh}) = 2 and so, we
have d(w, P') = d(wy,wp) + 1/2 = 3/2 and d(ws, P’) = d(we, w}) = 1.

Let z and p be the midpoints of wjw} and P, respectively. Consider the
geodesic triangle T' = {[zz], [yz], P}. Note that p € [wiw2] and

2d(p, PI) = d(pa wl) + d(w17 P/) + d(p7 U}g) + d(w27 P/)
= diam V (K (2k +m, k)) + 1/2.
Therefore,
_ diam V (K (2k +m,k)) +1/2

5 (K (2K + m, k) > d(p, P') = . Z

4.3. 0dd diameter

In this subsection we study the hyperbolicity constant of Kneser graphs with
odd diameter D and 1 < m < (k—1)/2. Unless otherwise specified we assume
D = 2r + 1. Note that it suffices to consider the case 1 <m < (k—1)/2 (i.e.,
D > 5), since the case r = 1 was studied previously.

Theorem 4.14. If diamV (K (2k +m,k)) = D is odd and 1 <m < (k—1)/2,
then

D+1/2 D+1
D12 _ 5(K 2k +m k) < ; .
Proof. Lemma 2.2 gives the upper bound. Let us prove the lower bound.
Let D = 2r + 1. If w;,w; € V(K (2k+ m,k)) satisfy d(w;,w;) = D,
Proposition 4.7 gives (r —1)m +1 < |W,; N W;| <k —rm — L.
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Let A, B, C, U, V be pairwise disjoint sets such that |A| = (r — 1)m + 1,
IBl=k—rm—-1=(r—-1)m+,|Cl=m,|U=k—(r—1)m—-1=rm+1,
[Vi=rm+1, with1 <l <m.

If r is even, we consider the following sets:

Am gy yvim if j =2i,0<i<r/2,
W At=Um g ByCcuyvim ifj=2i—1,1<i<r/2, )
7 ) AG-Dm+1 gy Uy yE-Dmtl if j =2i,r/2<i<r,

A=2mAl g By CUVE-DmAlif j=2i —1,7/2 <i<r+1.

Bimyyu™uVv if j =2i,0<i<r/2,
— AU BU-UmycuyUim ifj=2i—1,1<i<r/2 @®)
I ) BG-mlgyt-Dmtl gy if j=2ir/2<i<r,
AUBE=2AmH gy UG-Dm+lif j =2j —1,r/2 <i<r41.
Note that for r/2 < i < r we have
Wy, = BG-Dm+l g gt-bm+l gy = WQI(T/2+h)
— BIBI-(r/2=h)ym (| yIUI=(r/2+1=h)m 1/
with 0 < h < r/2.
If r is odd, we consider the following sets:
Aim gy g yim if j=2i,0 <i<r/2
AG-UmypByCuyvim if j=2i — 1,1 <i < [r/2],
W= G ©)

AG—Dm+1 7y |y i—Dm+1 if j=2i,r/2 <i <,

AG=2m+1 By Oy VE—Dmtl if p < j=2i—1,[r/2] <i<r+l.

BmyUmyy if j=2i,0 <i<r/2,

- LB(H)m U(;UW if j=2i—1,1<1i< [r/2],
J Bli—V)m+l  yG=1m+l 1/ if j=2i,7/2 <i <,

AU B2t g oy UGE—Dm+Lif ¢ < j=2i — 1, [r/2] <i < r+1.

(10)

Let = be the midpoint of wow( and y = wp = wh. Let P and P’ be
geodesics joining x to y such that PNV (K (2k + m, k)) = {wo, w1, ..., wq}
and P'NV (K (2k +m, k)) = {wj, wi,...,w,}. Consider the geodesic triangle
T = {[zwl], [yw)], P}. Let p be the midpoint of P, we have p € wyw,.

We are going to prove that d(w,, P’ NV (K (2k+m,k))) > r+ 1 and
d(wys1,P’) =r1.

Assume that r is even. We have W, = A(r/2=D)m+1yyyV(/2=Dm+1 a4
Wr+1 _ A(r/2—1)m+l UBUCUV@/2)m+1,

For 0 < ¢ < r/2, we have

(W N W3] = ‘ (A<T/2*1>m+1 uUu V(T/z‘l)m“) N (BWU U™y V)‘
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— ‘V(7'/2—1)m+1‘ + |Uzm| — (7“/2 _ 1)m+ 1+4im
=(r/2—-14+i)m+ 1.
For r/2 < i <r:

W, N Wy

(m UU U V(r/2_1>m+1) n (W U gli-Dmt | V) ‘
_ ‘V(r/Zfl)m+1’ 4 ‘U(ifl)m+l’

=r/2-1m+1+@—-1)m+l=(r/2+i-2)m+1+L

If I = m, then |W, N W3,| = (r/2+i—1)m + 1. Note that (r — 1)m+1 <
rm+1<(r/24i—1m+1<(r+r/2—1)m+1=rm+1+ (/2)m. I
i=r/24+m with 1 <m' <r/2, then [W, NWJ,,|= (r+m'—1)m+ 1 and so,
d(wp,wh;) =D —2(m' — 1) — 1.

If | < k, then

W, NWy|=r/2+i—1)m+1>r—1)m+1+1
=|Bl+1=k—rm—-1+1=k—rm.
Ifi=r/24m withl <m' <r/2 then W, NWi,|=(r+m -2)m+Ii+1=
(r=1)ym+l+(m —-1)m+l=k—rm—-1+(m' —1)m+1=k—(r—m'+1)m
and so, d(w,,wh;) =2(r —m’ +1).
For 1 <4 <r/2 we have

W W3y

(m uU U V(’”/r"*l)m“) n (A uB—Ymy U W) ’

= A0 | [T = |A] = ((r/2 = Dm o+ 1) + |U] = (im)
=k—(r/2—14+im— 1.

For j = 2i — 1 with /2 <i <r +1 (note that r < j), we have
(We N W34

= ‘ (m uU U V(T/Q‘”’"*l) n (A U B=AmH Yy ou W) ‘
_ ’A(r/zq)mﬂ’ 4 ‘U(iq)mH’

Al = ((r/2—=1)m+1) +|U| — ((i — 1)m +1)
kE—(r/24+i—2)m—-1-1.

Consider ¢ = /2 +m/, with 1 <m/ <r/2+4 1. We have
W N W3,

=k—(r/2+i-2m—-1—-1l=k—(r/24+7/24+m —2)m—1-1
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=k—(r+m' -2m—-1-Il=k—(r—1)m—-1—(m' —1)m—1
=|Ul—(m —=1)m—-l=rm+Il—(m —1)m—Il=(r—-—m'+1)m

We have
(r/2—1+i)ym+1 if j=2i,0<i<r/2,
k—(r/2—1+im—1 ifj=2—-11<i<r/2
W, NWi|=q (r=2)m+1+1 if j =1, (11)
(r/24+i—2)m+1+1 it j=2i,r/2<i<m,
k—(r/2+i—2m—1-1ifj=2i—1r/2<i<r+1,
2r/2—=1+14)+3if j=2i,0<i<7/2,
2(r/2+41) ifj=2i—1,1<i<r/2,
D ifj=randl=m
D-1 ifj=randl <m,
' D-2m'+1 ifj=2i,r/2<i<r
d(wrawj) = i — T/Q—l{m',l <m <r/2, (12)
D ifj=r+1l=m
D1 ifj=r+1,0<m,
D—2m' +2 ifj=2i—1,i=r/2+m,
l<m/ <r/241.

Note that d(wr,w;) > r+1for 0 < j < D, therefore d(w,,P’)
= min{d(wy, {z,y}),d(w,, PNV (K 2k + m,k)))} = d(wy,z) =7+ 1/2.

Similarly, we have W,1 = Wa(,j241)—1 = AU/2-UmHlyBuCUV (r/2)m+1,
Let us consider their intersections and the distances from w;- to wyy1 =

W2 (r/241)—1-
For 0 <i <r/2:

W1 N Wy,| = ‘ (A(’"/Q‘Um“ UBUCU V(T/2>m+1) N (Bim uU™ Uy V) ‘

_ ’Bim‘ + ‘vwz)mﬂ’ =|B| — (im) +|V| = ((r/2)m + 1)
=k—(r/24+i)m—1.

Then d(wy41,wh;) = 2(r/2+i+1), for 0 < i < r/2. Note that d(w,41, wh;) >
T+ 2.
For r/2 <i<r:

‘Wr—&-l N W2/z|
_ )(A(r/2—1)m+1 UBUC U V(r/2)m+1) A (B(i—l)m-l—l U E-Dm+t V) ‘

- jB(H)mH] + ‘V(’“/2>m+1‘ —|B| = ((i = Vm+ 1) + [V| - ((r/2)m + 1)

=@r—-1m+l—>G(i-1)m—-Il+rm+1-(r/2)m—-1= (gr—z)m.



680 J. MENDEZ ET AL. AEM

For r/2+1 < i < r we have (%r — z) m < (r —1)m and so, Proposition 4.7
gives d(wy41,wh;) = 2(3r—i)+1.1f i = r/2 and | = m, then d(w, 41, wh;) = D;
if i =r/2 and I < m, then d(w,4+1,wh;) = D — 1.

For 1 <i<r/2:

|WT'+1 mVV2/1'—1|
= ‘ (A“'/Q‘l)m“ UBUCU V(T/2>m+1) N (A uBIUmyCuU Uim) ‘
= ’A“‘/z*l)m“’ + ‘B(H)m‘ +1C0l=(r/2—1)m+1+(G—1)m+m
=(r/2—-14+i)m+1.

Since i < r/2, we have |[W, 1 NW3, | =(r/2=1+i)m+1<(r—1)m+1
and Proposition 4.7 gives d(w,+1,wh;) = 2(r/2 — 1 + i) + 3. In particular, if
i =1/2, then d(w,41,w);) = D; if i = 1, then d(w,41,wh;_,) =r+ 3.

Forr/2 <i<r+1:

(Wit 0 Wy, 4|
= ’ (A(T/Q*U’”HUBUCUW) n (A uBI=2mHycu W) ‘
- ‘A“/Q—l)m“) + ‘3“—2)”“‘ FIC) = (r/2—)m+1+(i—2m+1+m
=(r/241—-2)m+1+1
If i =r/2+i with 1 <i’ <7/2+ 1, then
(r/24i=2ym+1+1= (r/24+7/24+i —=2m+1+1=(r+i —2)m+1+1
=@r—-—1m+Il+1+G —1)m=|B|+1+ G —1)m
=k—-rm—-1+1+@G -1)m=k—(r+1—1i)m.

So, Proposition 4.7 gives d(wy41,w); ;) = 2(r+1—i') with 1 <¢' <r/2+1.
Note that if i' = 7/2+1 then d(wyy1, w5, )94 1y_1) = d(wrs1, w) = r. Hence,
d(wr+17pl) = d(w’r-‘rla wlD) =T

Thus,

2d(p, [aw,] U [zw,]) = d(wr, P') + d(p,wr) + d(p, wr11) + d(wyi1, P')

=r+1/2+d(w,,p) +dp,wry1) +7=D+1/2,

and therefore, § (K (2k + m, k)) > §(T) > 212,
The case with odd r is similar. O

4.4. Even diameter

In this subsection we compute the precise value of the hyperbolicity constant
of Kuneser graphs K (2k +m, k) with even diameter D and 1 <m < (k—1)/2.
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Unless otherwise specified we assume D = 2r. Note that it suffices to consider
the case 1 < m < (k —1)/2, since the case r = 1 was studied previously.
Proposition 4.7 gives the following result.

Proposition 4.15. Let K(2k+m, k) be a Kneser graph with 1 < m < (k—1)/2
and D = 2r, and let w;,w; € V(K (2k+m,k)) with s = |W; N W;|. The
following statements hold:

(1) If (r —1)m+1<s<k—(r—1)m—1, then d(w;,w;) = D.

(2) If —1)m+1<s<jm forl<j<r—1, then d(w;,w;) =25+ 1.

(8) fk—im<s<k—(j—1)m—1 for1 <j<r—1, then d(w;,w;) = 2j.

Theorem 4.16. If K (2k+m, k) is a Kneser graph with 1 <m < (k—1)/2 and
D is even, then

5 (K (2k +m. k) = 21,

2

Proof. Lemma 2.2 gives 6 (K (2k +m,k)) < ZFL. Let us prove the converse
inequality.

Let D = 2r. If w;, w; € V (K (2k + m, k)) with d(w;, w;) = D, then Propo-
sitions 4.7 and 4.15 give (r — 1)m+ 1 < |[W; N W;| <k —(r —1)m+ 1.

Let A, B, C, U, V be pairwise disjoint sets such that |A| = |B| = (r —
Im+1=s,|Cl=m, U =|V|=k—(r—1m—1=ss.

Consider the following sets:

Aimy Bm U U if j =2i,0<i<[r/2],
W, JAYmuBmUCUY if j=2i—1,1<i<[r/2], (13)
7Y AG=Dm+1 y gli=bm+l 7 if j =21, |r/2] <i<r,
A=2ml g BG-1m+1 O UV if j =2i —1,[r/2] <i<r.
Asi—im |y gsi—im if j=2i,0<i<[r/2],
_— WUCUU ifj=2i—1,1<i<|r/2],
i) Asi—G=hm—ly gsi=(-Um=lyy  if j =2 [r/2] <i<r,
Asr=G=lm=ly Bai==2m-ly CUU if j = 2i — 1, |[r/2] <i<r

(14)

Let x, y be the midpoints of wow(, and wpw), respectively. Let P and P’ be
geodesics joining x and y such that PNV (K (2k + m, k)) = {wo, w1, ..., wq}
and PNV (K (2k +m, k)) = {w(, wi,...,w,}. Consider the geodesic triangle
T = {[zw]], [yw.], P}. Let p be the midpoint of P, i.e., p = w,.

We are going to prove that d (w,, P’ NV (K (2k +m,k))) =r + 1.

Assume that r is even. Then W, = Wy, /o) = A/2m U Br/2™m y U, and
for 0 <i<[r/2],

(r2=1m+1<(@r/2m+1<s—im=@r—-1—iim+1<(r—1)m+1,
W, N W] = ‘(AW mU B U (AR B V)‘
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— ‘A(r/2)m N Asl—im‘ + ‘B(T/Q)'m n Bsi—im

- ‘ AC/2m A(r—l—i)mﬂ' + ‘ B/2m A B(r—l—i)mﬂ’
_ ‘A(r—l—i)m-‘rl‘ + ’B(r/2)m‘ =|Al - ((r—1—im+1)+ (r/2)m
=@r—1m+1—(r—-1m—-1+im+ (r/2)m=(r/2+i)m < s1.

Thus, we have d(w,,ws;) = 2(r/2+14)+1>r+1 and d(w,,wy) =7 + 1.
If [r/2] < i <r, then

|Wr N W2/1| — ‘ (A(T/Q)muB(’r‘/Q)muU> N (Aslf(ifl)mfluBﬁ*(ifl)mfluv) ’

— ‘A(r/2)m N Asl—(i—l)m—l‘ + ’B(T/Q)m N le—(i—l)m—l‘

— ‘A(T/?)m N A(r—i)m‘ + ‘B(7/2)m n B(7_1)m‘ .

If i = r/2, then W, N W5, = |A |f (r/2)m + (r/2)m = s; and so,
d(wy,we;) = D. If i > r/2, then (r —i)m < (r/2)m and so,
W, "W, = ‘A(T/2)m‘ v ‘B(’”_")’” = |A] - (r/2)m + (r —)m
=(r—-m+1-00/2m+(r—i)m=3r/2—-1—im+ 1.
We can write i = r/244' with 1 <4’ <r/2 and so, |W,NW},| = (r—1—i)m+1
and (r/2—1)m+1 < |[W,NnW35,| < (r—2)m+ 1< s. Therefore, d(w,,ws;) =

2r—1—-i)+3>r+1.
If 1 <i<|r/2], then

W, "W, 1|_’< Alr/2ym y Blr/2m UU) (AslfimuBSI*(i*UmuCuU)’

_ ’A(r/‘z)m A Asi—im

+ ‘B(T/2)m N Bﬁ—(i—l)m‘ +|U]

_ ‘T(T/z)m N A(r—l—i)m+1‘ + ‘B(r/2)m N B({._i)m+1‘ + |U|.

Since 1 < < g, we have (r—i)m—+1 > (2) m and ‘B( 3)m ) B(r— Z)m-irl‘ =

0. If i = r/2, then |A("/2)m A(T/%l)m“‘ =0and [W,NWJ,_,| =|U| = sa,

and so, d(w,,wa;—1) = D. If i < r/2, then ‘A(T/mm ﬁA(T/Q_l)m“‘ =(r/2 -
1—-9)m+1and |[W,NW3, | = [U|+(r/2—1—i)m+1 = |U|+14+(r/2—1—i)m =
—(r/24+14)m. Therefore, for 1 <14 < r/2, we have d(w,, ws;_1) = 2(r/2+1i) =
r+2i>r+2.
If [r/2] < i<, then

W 0 W3,
— ‘ (A(T/Q)m U B(T/Z)m U U) N (Asl—(i—l)m—l U Bs1—(i—2)m—1 ucu U) ’
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_ ‘A(r/2)m n Asl_(i—l)m—l‘ n ‘B(T/Z)m A le—(i—Z)m—l‘ ||

Since r/2 < ¢, we have s1 — (i — 1)m — 1 = (r —i)m < (r/2)m so
‘fr/z)m A Aslfufl)mfz’ _ 0 and ’sz)m m le,(i,g>m4‘ —(i—r/2—D)m
and |W,.NW3,_,| = k—((3/2)r — i) m — 1. Therefore, for r/2 < i < r, we have
d(wr, ’wzi_l) =2 ((3/2)7" — Z) +2>r4+2.

Consequently, d (w,, PNV (K (2k + m,k))) = r 4+ 1 and so,

0 (K (2k +m, k) = 6(T) = d(wy, [zw,] U [yw;])
= min{d(w,, {z,y}),d(w,, P’ NV (K (2k + m,k))}
D+1
=min{r+1/2,r+1} = T+
The argument with odd r is similar. 0
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