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Abstract

The study of a graph theory model of certain telecommunications net-
work problems lead to the concept of path-pairability, a variation of weak
linkedness of graphs. A graph G is k-path-pairable if for any set of 2k dis-
tinct vertices, s;,t;, 1 <1 < k, there exist pairwise edge-disjoint s;, t;-paths
in G, for 1 < i < k. The path-pairability number is the largest k such that G
is k-path-pairable. Cliques, stars, the Cartesian product of two cliques (of
order at least three) are ‘fully pairable’; that is |n/2]-pairable, where n is
the order of the graph. Here we determine the path-pairability number of
the Cartesian product of two stars.
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1. INTRODUCTION

A telecommunications network (such as a data- or telephone network) is a col-
lection of terminal nodes, links, and intermediate nodes which are assembled to
enable simultaneous communication between the terminals. In typical applica-
tions pairs of communicating terminals are connected through transmission links.
The basic characteristic of a given telecommunications network is, how many dis-
tinct communication lines can simultaneously function. In terms of graph theory
terminals and intermediate nodes of a network are the vertices of a graph, the
lines and the transmission links correspond to edges and paths in the graph. The
graph theory model of telecommunications networks and the various practical
connectedness requirements imposed on the real networks lead to the notion of
various linkage or pairing properties of a graph. Here we focus on the ‘k-path-
pairability’ of graphs, a concept introduced by Csaba et al. in [1] and has been
investigated since then by several authors in [3, 4, 6, 7, 9].

For k fixed, a simple graph G with at least 2k vertices is k-path-pairable if for
any list of 2k distinct vertices called terminals, s1,..., Sk, t1,...,t, there exist
pairwise edge-disjoint s;, t;-paths in G, for 1 < ¢ < k. The concept of k-path-
pairability is a variant of weak k-linkedness, a property close to edge connectivity,
where on the list sq,...,sg, t1,...,t; vertices may repeat. Indeed, a weakly k-
linked graph must be k-edge connected (think of the choice of s; = s, t; = t, for
1 <4 < k, where s # t); on the other hand, k-edge connectivity of a graph is
‘nearly’ sufficient for weak k-linkedness (for instance, Huck proved in [5] that, for
k odd, a (k+1)-edge-connected graph is weakly k-linked). In contrast, Faudree et
al. showed in [2] that not even high degree is necessary for k-path-pairability: for
every k, and sufficiently large n, there is a 3-regular and k-path-pairable graph
of order n.

We define the path-pairability number of a graph G as pp(G) = max{k | G is
k-path-pairable}. For instance, pp(Ka2) = 1, pp(K1) = [b/2], pp(Ky) = [n/2]
(where K, is the complete a x b bipartite graph and K, is the complete graph
of order n). A k-path-pairable graph of order 2k is simply called path-pairable.

The most obvious path-pairable graphs are K, for n even, and Ki,, for
odd a. It is not quite obvious, but an easy exercise to verify that K, is path-
pairable, for all a,b > 3 and ab even. The Petersen graph and the 3-cube Q®) are
path-pairable as well. A simple parity argument shows that the 2¢-dimensional
hypercube, Q@) is not path-pairable. Csaba et al. made the following appealing
conjecture in 1992 (see [1]) which is still open: the hypercube QZ*+1) is path-
pairable, for every integer ¢t > 1.

To find path-pairable graphs with small maximum degree it suffices to con-
sider the Cartesian product of two cliques (such that the product has even order
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at least 6), or the Cartesian product of two complete n x n bipartite graphs (for n
even) (see [7, 9]). It was proved recently by Gyéri et al. in [4] that the Cartesian
nth power of K, is path-pairable, for ¢ > 18.

Here we discuss the path-pairability number of the Cartesian product of stars,
the only path-pairable trees. It is straightforward to show that pp(K; 10K ) =
pp(K1,10K2) = 1 and pp(K; 20K 2) = pp(K71 20K, 3) = 2 (see Proposition 11
in the Appendix). Our main result (proved in Section 2) answers the conjecture
due to Mészéros in [8].

Theorem 1. pp(K; ,0K;) = [(a+ b)/2], for every a,b > 3.

According to Theorem 1 the path-pairability number of the Cartesian prod-
uct of stars is not bounded. It is a natural question to ask whether the path-
pairability number of the product of two non-path-pairable trees can be arbi-
trarily high. For bounded path-paribility, consider the example of a grid graph
P,0OP,, where P, is a path on n vertices. (In [6] the bound pp(P,0P,) <5 is
obtained from a pairing where a cluster of six terminals in a 2 x 3 corner of the
grid P,0P,, n > 4, is cut off from their six terminal pairs by 3+2 = 5 edges.) In
Section 3 a somewhat unexpected answer is obtained by using a strategy similar
to the one in Theorem 1. If IA(Lm denote a star Ki ,, with a subdivided edge,
then pp(I?Lm) = 1; meanwhile, for a,b > 3, pp(I/(\'LaDI/(\'Lb) > |min{a,b}/2|
(Proposition 7). Determining the exact value of pp(f( LaDIA( 1,,) Temains open.

2. THE ProbpucT OF TWO STARS

It was conjectured in [8] that pp(K1 0K;p) = [(a+ b)/2]. We shall prove that
the conjecture is true except for particular parameter values discussed in the
Appendix. Let the vertices of G(a,b) = K1 ,,0K; ) be arranged in an (a + 1) x
(b+ 1) array, where the vertices are labeled with (7,7), 0 <i <a,0 < j < b, such
that vertex (0,0) has degree a + b, each vertex of the form (0, j) has degree a+1,
each vertex of the form (7,0) has degree b+ 1, and all other vertices have degree
2. Then each row A(i) = {(7,4) | 0 < j < b} induces a copy of K;; with center
(1,0), and each column B(j) = {(i,j) | 0 < i < a} induces a copy of K1, with
center (0, 7). The set I' = A(0) U B(0) induces a star K 44 with center at (0,0);
it is called the boundary star of G(a,b).

Proposition 2. For 2 <a <band a+b > 6, pp(K;,0K) < [(a+0b)/2].

Proof. For a + b even, let k = a+ b+ 2, and define the pairs sp,tp, 1 < ¥ < k/2
as follows:



912 A.S. JoBsoN, A.E. KEzpy, J. LEHEL AND G. MESZAROS

tq
51| s2 | 83| Sa | - || Sk | tkye | tkyo—1 | -0 | lay2
ts |t
2

la
7faJrl

For a 4+ b odd, let £ = a + b+ 3, and define the pairs similarly:
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Observe that k/2 < b+ 1; hence there is room for s,/5 in A(1). The collection of
k/2 pairwise edge disjoint s;, t;-paths, 1 <i < k/2, if it exists, called a solution.
In each case either sgs1 or soty is the first edge of the sg, to-path Ps of a solution.
Since all vertices of degree two in A(1) U B(1) are occupied by a terminal, P»
must proceed using either the edge s; — (0, 0) or the edge t; —(0,0). On the other
hand, for the same reason, the s1,t;-path P; must use both edges s; — (0,0) and
t1 — (0,0). Thus P; and P, cannot be edge-disjoint. [

2.1. Mating terminals

To verify that G(a,b) = K1 ,0K; is k-path-pairable we must show that given
any 2k distinct vertices si,...,Sk,t1,...,t, of G(a,b), we can find k pairwise
edge-disjoint sy, tp-paths, for 1 < ¢ < k. Our procedure to obtain these sy, t4-
paths will consist of two basic steps. First we assign distinct boundary vertices
o(sp), o(tg) € T, called the mates of sy and ty, such that they can be reached
from sy and from t, via pairwise edge-disjoint mating paths. Second, we join each
pair of mates using paths of length two through the center vertex in I'. The
concatenation of these three pieces, for each 1 < ¢ < k, yields a solution, the
required k pairwise edge-disjoint paths.

For a terminal v = (i,p) ¢ T, the vertices (7,0) and (0,p) are the possible 1-
step boundary mates of u reached by the mating path v — (¢,0) or u — (0,p).
Vertices (0,q) and (j,0) such that ¢ # p and j # i are the possible 3-step
boundary mates of u. A 3-step boundary mate of u is reached by the mating
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path u — (4,0) — (i,q) — (0,¢q) or w— (0,p) — (4,p) — (4,0) through transit vertex
(i,9) or (4,p)-

Lemma 3. Forn <a+b, and for any set X of n distinct terminals of G(a,b),
there is an injection ¢ : X —— T' such that ¢p(x) = z, for every x € X N T, and
o(x) is a 1- or 3-step boundary mate of z, for every x € X \ T', furthermore, the
mating paths determined by ¢ are pairwise edge-disjoint.

Proof. Let Ly = X NT and set ¢(z) = x, for each x € Ly. The definition of ¢
will be successively extended for the terminals in X \ Ly via an algorithm, which
repeatedly updates an increasing set L1 U L3 of terminals already associated with
1- or 3-step boundary mates. At any given stage of the algorithm, L; contains
all terminals ¢ associated with an i-step boundary mate ¢’ € L. An auxiliary set
T is also maintained and updated including the transit vertices belonging to the
mating paths of length 3 between a terminal ¢ € L3 and its actual mate ¢’ € Lf.
Set L =LoUL;UL3, L' = LoyU L} ULL. The algorithm terminates when L = X,
and then ¢(t) =t/, for all t € L.

If L # X, there is an unmated terminal ¢ € X \ L, and since |L| < | X| < a+b,
there is an unused boundary vertex y € I'\ L'. Let ¢t = (i,p) and y = (5,0) (or
y = (0,q)). Using the symmetry of the rows and columns in G(a,b) we assume
that y = (4,0) € I' \ L’. The mate of ¢ is assigned as follows.

0 p 0 p
0 0 ?
i s
\
VA ° -t j ® \.W
(1) (2)
0 p 0 q p
0 ?u’ 0 Tu’
It [t
J e eu ] ° eu X

(3) (4)

(1) If j = 4, then we include ¢t and ¢’ = y to L1 and L), respectively. At each
stage of the algorithm repeat this step as long as possible. If no such pair
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t,y exists, then for each unmated terminal ¢t = (i,p) € X \ L and for each
unused boundary vertex y = (,0) and y = (0, q), we have j # i and q # p.
(2) Ifw = (j,p) ¢ XUT, then the path t — (0, p) — w — y does not interfere with
the mating paths used between the terminals in L and their mate in L. Now
we redefine the sets Lg, L and T by including ¢ into Ls, w into T, and ¢’ =y
into Lf.
Assume now that ¢t = (i,p) € X \ L, y = (j,0) € I'\ L', and neither (1) nor (2)
applies, in particular, (j,p) € LUT.

(3) If u= (j,p) € L, and since y is unused, we have u € Ly and v’ = (0,p) € L.
Now we redefine the 1-step mate of u by letting v’ = y and reassigning (0, p)
as the 1-step mate of . The sets L and L) are updated according to the
changes made in the mapping ¢.

(4) If z = (j,p) € T, then zx is supposed to be used as a transit vertex in a 3-step
mating path between some u = (j,q) € L3 and v/ = (0,p) € Lf. Since y is
unused, it is not possible due to our assumption.

The algorithm terminates when L = X, and then ¢(t) = ¢/, for all t € X. |

2.2. Mating lemma extended

In case of a+b+1 terminals there is not enough room for the mates in I'\ {(0,0)}
and our procedure in Section 2.1 must be modified. The strategy is simple, before
we start injecting the terminals into I we ‘reserve’ an sy, ty-path of length at most
6, for some ¢, such that this reserved path does not use edges in I'. Reserving a
path will be done by ‘blocking’ the participating edges from being used later in
the mating procedure. Lemma 4 extends Lemma 3 just for this purpose.

Lemma 4. Let X be a set of a + b distinct terminals in G(a,b) and let Z be a
set of at most three vertices of V(G(a,b)) \ X. Assume that for a set Xo C X
there is an injective pre-map ¢g : Xo —> ' such that

- ¢o(x) =z, for every x € XoNT,

— ¢o(x) is a 1- or 3-step boundary mate of x, for every x € Xy \ T,

- (Oa])7 (170) € ¢0(X0)7 fOT’ every (27]) €7,

— the mating paths determined by ¢g are edge-disjoint and disjoint from Z.
Then ¢o has an extension to an injection ¢ : X —— I' such that ¢(x) = z, for

x € XNT, ¢(x) is a 1- or 3-step boundary mate of z, for every x € X \ T, and
the mating paths determined by ¢ are edge-disjoint and disjoint from Z.

Proof. We use the notation of Lemma 3. In particular, Ly = X NI". Observe
that the case Z = () with Xy = Ly and the identity map ¢¢ : Xg — X is the
claim we proved by using the algorithm in Lemma 3.
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For |Z| > 1, we repeat the algorithm in Lemma 3 by setting the initial values
implied by the partial injection ¢g as follows. Let L = Xy and L' = ¢(Xp)
partitioned into LoU Ly U L3 and Lo UL} U LY, respectively, where L} is the set of
all h-step mates assigned by ¢q to the terminals in Ly, for h = 1, 3. Furthermore,
let Ty be the set of all transit vertices used in the mating paths of length 3 between
x € Xy and its mate ¢g(z), and set T'= Ty U Z.

If L # X, there is an unmated terminal ¢ = (i,7) € X \ L, and there is an
unused boundary vertex y = (p,0) € T'\ L' (or y = (0,q) € I'\ L’). Observe
that (p,j) ¢ Z (or (i,q) ¢ Z), since otherwise, (p,0) € L' (or (0,q) € L'), by our
assumption on Z. As a consequence, a terminal in Z is never considered in steps
(1)—(4) of the algorithm in Lemma 3; in fact, ¢,u,x,z ¢ Z in the corresponding
steps (1)—(4). Thus Lemma 3 yields the required extension ¢. |

When we apply the mating lemma an sy, t-path will be reserved by specifying
a set Z of at most 3 vertices containing ty, together with Xy and ¢¢(Xp) such
that the assumptions of Lemma 4 are satisfied. We will say that the mates in
¢0(Xo) are ‘blocking’ the terminals and the transit vertices in Z.

2.3. The row-column bipartite graph

Let H be the a x b bipartite graph of the rows and columns of G(a, b) with vertex
set V(H) = {A(1),...,A(a)} U{B(1),...,B(b)}, and there is an edge between
A(i) and B(j), 1 <i<a,1 <j <b, if and only if (i,j) € X. (Here we assume
that A(0) U B(0) contains no terminal; this restriction will be reconsidered later.)
We will need an elementary lemma in Section 2.4.

A S b))

Figure 1. The base graphs in Lemma 5.

Lemma 5. Let H be the family of all connected bipartite graphs such that each
H € H has |V(H)|+ 1 edges and the degree of each vertex in one of the partition
classes of H is equal to 2. Then every member of H can be obtained starting
with one of the base graphs A, ©,% in Figure 1 and by repeating even extensions:
subdividing an edge with an even number of vertices or suspending a path of even
length at any vertex of the smaller partition class.
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Proof. Let H € H be a bipartite graph, with partition classes A and B, |A| = a,
|B| = b, and assume that the vertices in B have degree 2. Because H has 2b =
a + b+ 1 vertices we obtain b = a + 1. First observe that starting with H any
of the described even extensions produce members in H. Assume that H € H is
minimal with respect to the (inverse of the) two even extensions; in particular,

(i) dg(z) > 2, for every z € A, and
(ii) for a 4-path (zo,y,,v0), if z0 € A and dy(x) = 2, then zoyo € E(H).

We show that H is one of the graphs A, ©,3. Since H has 2a + 2 edges incident

with a vertices of degree at least 2, by (i), the possible degree sequence of the
a—1 a—2

vertices in A are (4,2,...,2) and (3,3,2,...,2).

If © € A has degree 4, then by (ii), H — z is the union of two paths of
length 2, and H = A follows. If x1, x5 € A are the two vertices of degree 3, then
connectivity of H and (ii) imply that z1,x2 have a common neighbor y. Then
H — {z1,z2,y} induces two paths of length 0 or 2. Using property (ii) again, we
obtain H 20 or H = 3. [

Observe that with the only exception of O, every graph in H has a path of
length 4 with end vertices lying in the smaller partition class. Lemma 5 has no
natural extension for non-connected graphs, we will use the following observation,
instead.

Proposition 6. If a non-connected bipartite graph H contains |V (H)| 4+ 1 edges
and the degree of each vertex in one of the partition classes is equal to 2, then
H has a connected component which is either a cycle or an even path with end
vertices in the smaller partition class.

Proof. Let H be an a x b bipartite graph, and let A and B be the partition
classes with |A| = a, |B| = b. Let H;, 1 < i < ¢, with ¢ > 2, be the connected
components of H, where each H; is an a; x b; bipartite graph and > a; = a and
> b; = b. If the vertices in B have degree 2, then H has 2b = a + b+ 1 edges.
By the connectivity of the components, we have 2b; > a; + b; — 1, for every
i = 1,...,¢, with equality if H; is an even path with end vertices in A. If
it does not happen, then 2b; > a; + b;, for every i = 1,...,¢, with equality
provided H; is an even cycle. Assuming that this is not the case either, we have
2b; > a; +b; + 1, for every i = 1,...,c. Adding up these inequalities results in
a+b+1=2b>a+ b+ c. Thus we obtain ¢ = 1, a contradiction. [

2.4. Proof of the main theorem

We prove that for every a,b > 2, except the case {a,b} = {2,3},

pp(K1,.0K13) = [(a+0)/2].
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Proof. Let a < b and k = [(a +b)/2]. By Proposition 2, it is enough to show
that G(a,b) is k-path-pairable. Let X = {s1,t1,..., sk, tx} be a set of 2k distinct
terminals.

For a + b even, 2k = a + b, and by Lemma 3, it follows that the terminals
have an injection into 1- or 3-step mates on the boundary I' of G(a, b) along with
edge-disjoint paths. Then for every pair sy, ty, 1 < ¢ < k, the mates ¢(s¢) and
¢(tg) can be joined in I'. The concatenation of these three pieces produces the
required sy, ty-paths.

From now on we assume that a + b is odd, in particular, b > a 4+ 1 and
2k = a+ b+ 1. In this case I' — (0,0) cannot receive the mates of all terminals,
one pair sy, t; must be joined with a path P, not using edges of I'. To make
sure that the remaining pairs have an injection into I' we need to ‘reserve’ Py
by ‘blocking’ the edges of P, from being used in the mating procedure. In a
case-by-case analysis we apply Lemma 4 that sets up a blocking by specifying an
appropriate pre-map ¢g. The first two types of blocking are used when members
of some pair of terminals lie in the same row or column.

0 P

S
<
3

<
=
&
71\5'

(@) (8)

(o) Let sg = (i,p),te = (j,p), where 0 < i,j < a, 1 < p <b. We reserve the
path s, — (0,p) —ty (or sy —t7). Let u € X \ B(p) be a terminal closest to (j,0),
and apply Lemma 4 with X \ {t/}, Z = {t/}, ¢o(s¢) = (0,p), and ¢o(u) = (4,0).

(8) Let sy = (i,q),t¢ = (i,p), where 0 < p,qg < b, 1 < i < a. We reserve
the path sy — (4,0) — t; (or s; — tg). Let u € X \ A(i) be a terminal closest to
(0,p). Now we apply Lemma 4 with X \ {t/}, Z = {t/}, ¢o(s¢) = (¢,0), and
¢o(u) = (0,p).

Concerning the choice of a ‘closest’ terminal u in the blockings above Figure («)
illustrates the case (X N A(j)) \ {t¢/} # 0 when v is a 1-step mate of u; Figure
(B) illustrates the case (X N B(p)) \ {t¢} = 0 when v’ is a 3-step mate of w.

Due to («) and (), we may assume for every pair of terminals s; = (i,p),ty =
(4,q), that i # j and p # ¢q. We also assume (0,0) ¢ X, since otherwise, I' can
be filled with mates of the remaining a + b terminals using Lemma 3, and we are
done.
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First we are dealing with the terminals in X NI". For each = = (0,¢q) € X,
if (1,q) ¢ X, for some 1 < ¢ < a, then we replace z with z* = (i,q). Suppose
now that there is a pairing with the modified set X* of terminals. Let P be the
path connecting s; and ;. Then P either contains a subpath from s, to t, or
one (or both) of the edges sj — s, and t; —t; are not used in the pairing, in which
case they can be added to P forming a path from s; to t;,. From a pairing for
the pairs in X™* thus we derive a pairing for the original set X of terminals. The
same reasoning can be repeated for the terminals lying in B(0). Thus we may
assume that

(0,q) € X implies (i,q) € X, for every 1<i<a,
(p,0) € X implies (p,j) € X, for every 1 < j <b.

Since 2(b+1) > a+b+1, we have |[ X N B(0)| < 1, and in the case of equality,
we also have m = |X N A(0)| < 1. Observe that for X N B(0) = (), the average
number of terminals per column is (a 4+ b+ 1)/b < 2 with equality for b = a + 1.

Case 1. Every column B(j), 1 < j < b, contains exactly two terminals. Since
a>2,we have XNI' =0 and a = b— 1. Let H be the a X b raw-column bipartite
graph of G(a, b) where each edge (i, j) € H corresponds to the terminal (7, j) € X
located at A(i) N B(j).

Assume that H is not connected. Then, by Proposition 6, H has a component
H, which is a cycle or an even path. Let Hy = H — H;. If there is a pair sy, t,
separated by Hy and Hi, say sy € Hy, ty € Hip, then blocking a path between
them will be done as follows.

(’7) Let sp = (i,p),t@ = (.77 Q)v with ¢ 7é J:D 7£ q; then (i7Q) ¢ X (Since s, te
are in distinct components). We reserve the path s; — (4,0) — (i, 9) — (0,q) — ty.
Let u € (XNB(p))\{s¢} and let v € (X N B(q)) \ {tr}. We apply Lemma 4 with
X \ {t(}, Z = {téa (i7Q)}> ¢0(u) = (]7 O)a ¢O(U) = (qu)a and (Z)(Sf) = (170)

Notice that () can be used under the weaker condition that (i,q) ¢ X and
each of B(p) and B(q) contains at least two terminals (if | X N B(p)| > 2, then u
is selected to be the closest terminal to (7,0)).

Now we assume that there is no pair of terminals separated by distinct con-
nected components of H. Let sy, t; belong to Hy. Assuming that () does not
apply, and since H is either an even path or a cycle, we obtain that H; = Kj»
containing another pair, simply denote them u,v. Reserving a path for (s, %)
will be done as follows.

(5) Let s = (iap)vtﬁ = (j7Q)7u = (i7Q)7v = (jvp) (Wlth i 7& J:D 7& Q), and let
w=(h,r) € X, for h ¢ {i,5}, r ¢ {p,q}. To reserve the path s, — (i,0) — (i,r) —
(0,7) — (4,7) — (J,0) — t; we apply Lemma 4 with X \ {¢/}, Z = {ts, (i,7), (j,7)},
do(se) = (4,0), ¢o(u) = (0,9), o(w) = (0,7), and ¢o(v) = (4, 0).
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P q rpgq
i v [gw
s J; vl >(
Z N Q/J
Vi —t ~>fiu
j Ut J | =l eV sty
v e —
(7) (9)

i
p q

Figure 2. (7) and (J) in terms of H.

Next let H be connected. By Lemma 5, H is either isomorphic to a base graph
Hy € {A,X,0} or obtained from a base graph by even extensions. Observe that
H 2 0, since otherwise we have the case a = 2,b = 3 excluded in the theorem.

A fairly straightforward case analysis shows that H always contains an appro-
priate pair sy, ty, such that s, = (4, p) is an edge of H belonging to an (eventually
subdivided) copy of a K22 C Hy, together with t; = (j,¢), u,v and w, as shown
in Figure 2 (dashed lines indicate non-edges of H). In the first two cases (7)
works, in the third case () applies.

Case I1. There is a column not in I which contains exactly one terminal. Let
X NB(b) = {s¢}, se = (i,b) and t; = (j,q). Observe that i # 0 and assume i # j.
We reserve the path s, — (0,0) — (j,b) — (5,0) —ts. Let u e X \ ({s¢,te} U B(q))
be a terminal closest to (4,0). Let v € X \ ({s¢,t¢} UA(j)) be a terminal different
from u and closest to (0,¢). (Such u and v exist, because |X| > b+ 3.) Now
we apply Lemma 4 with X \ {t,}, Z = {ts, (4,b)}, do(se) = (0,b), ¢po(u) = (7,0),
Bo(0) = (0,q).

Case I11. There is a column containing no terminal. Let X N B(b) = 0, and
assume that Case II does not apply, thus each column has 0 or at least 2 terminals.
Recall that | X N B(0)| < 1 and either | X NA(0)] <2or |[XNT'|=|XNA(0)| > 3.

Case IIL.1. First we assume that X’ = X \ T is not contained in the union
of two rows. Let sy = (i,p) € X', ty = (j,q) € X' (with i # j, p # ¢q). We shall
reserve the path s, — (4,0) — (4,0) — (0,b) — (4,b) — (4, 0) — to.
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By assumption, there is a terminal v € X'\ (A(7) U A(j)); assume without
loss of generality that u ¢ B(q). Next we select a terminal v; € (X N B(q)) \ {t¢}
closest to (0,q). There still remain terminals not in B(q) U {u, s¢}, let vo €
X\ (B(q) U{u,s¢}) be a terminal closest to (j,0). Now we apply Lemma 4 with
X \ {t@}, Z = {tfv (i7b)v <j7 b)}a ¢0(5€) = (1,0), ¢0(u) = (O,b), ¢0(Ul> = (0,q), and
¢o(v2) = (4,0) (see Figure Case IIL.1).

Case I11.2. Next we assume that m = | X NA(0)| < 2, and X’ = X \T belongs
to the union of two rows, X’ C A{))UA(j) 1 <i<j<a).

For sy = (i,p), te = (J,q) (with p # ¢q), we reserve the vertices of the path
s¢ — (4,0) — (2,b) — (0,b) — (j,b) — (4,0) — ty not in B(b). Then we remove the
pair sg, ty from X, and apply Lemma 4 on G(a,b— 1) = G(a,b) — B(b) with the
remaining (a+b—1)/2 pairs. For r ¢ {p, ¢}, let B(r) be a column containing (two)
terminals. Let Z = {Sfatf}v ¢0(j7p) = (0,2?), ¢0(iaQ) = (07Q)' Set ¢0(i7r) = (170)
and ¢o(7,7) = (4,0), unless one of (,0) or (4,0) is a terminal, in which case we
set ¢o(i,0) = (4,0) or ¢o(j,0) = (j,0), respectively (see Figure Case I11.2).

Case 111.3. Finally we consider the case when m = |X N A(0)] > 3. Since
m(a+1) <a+b+1and a > 2, we obtain m < (a + b+ 1)/2. Hence there
is a pair of terminals not in A(0), let sy = (i,p),t¢ = (4,q), where 1 < i,j5 < a
and 1 < p,q < b (with i # j,p # q). Since m > 3, there are distinct terminals
ug, ug € A(i) \ {s¢}, and there are distinct terminals vy, v2 € A(j) \ {t¢} such that
ug is closest to (0, ¢) and ve is closest to (0, p).

We reserve the path s, —(4,0)— (¢, ) — (0,b) — (4,b) — (j, 0) —t¢ as in Case II1.2
and remove an appropriate pair of terminals from X. Then we apply Lemma 4 on
G(a,b—1) = G(a,b) — B(b) with the set of terminals X \ {ss,/}, and by setting
Z ={se;te}, do(u1) = (4,0), ¢o(v1) = (4,0), ¢o(u2) = (0,9), ¢o(v2) = (0,p). =

3. THE Propuct OF Two TREES DIFFERENT FROM A STAR

A k-path-pairable graph G obviously satisfies the condition that for any subset
A C V(G), |A| < k, the number of edges from A to V(G) \ A is at least k.
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Based on this ‘cut condition’ it follows easily that the Cartesian product of a
non-star tree T has pp(T') = 1. One would expect that for non-star trees 17,75
pp(T10OT,) < ¢, with some constant c. Our next result shows that this is not
always the case.

Proposition 7. If IA(Lm denote a star Ki,, with a subdivided edge, then for
a,b >3, pp(K1,0K1) > [min{a/2,b/2}] .

Proof. Let xg € K 1, and yo € K 1,5 be the leaf incident to the subdivided edge,
and let z1 and y; be their neighbors of degree two, respectively. We use the
notationsAA(:ro) = {mo}DKl,b,AA(xl)A: {z1}0K, 5, and B(yo) = K1, {yo},
B(yl) = KLaD{yl}. Let G = Kl,aDKl,ba set zg = {mo}D{yo}, 21 = {xl}D{yl}
and let ) be the square induced by 21, zg and their two common neighbors z9, z3.
For a vertex v € (A(xo) U B(yo)) \ {20}, let v/ be the unique neighbor of v in the
subgraph G’ = G — (A(zo) U B(yo)) = K1,,0K, (see Figure 3).

Sy tj‘
,Ul
VUV o 0.
Azy) 224 s ¢
Awg) S s
B(yo) B(y1)

Figure 3. Mating into K; 300K 4.

Given a pairing of min{a, b} (or min{a, b} — 1) terminals, our goal is to mate
all terminals in A(zo) U B(yp) into the subgraph G’ = G — (A(xo) U B(yp)) =
K, 0K using pairwise edge disjoint mating paths and not using edges of G'.

If zp is a terminal, then mate it into a free (non-terminal) vertex of @ by
using a mating path of length 1 or 2. If every vertex of @) is a terminal, then
mate zg with z; along the mating path (zo, 22, 21).

For s; € (A(zo) UB(yo)) \ {20}, if s is free (it is not a terminal or a mate),
then let s, be the mate of s;. Let «a be the number of pairs w,w’ such that
w € (A(zo) UB(yo)) \ {20} and precisely one of w and w' is a terminal (or mate).

Let s¢ € B(yo) \ {20} and assume that s} is a terminal (say s, = t;, j # £). If
there exists an auxiliary vertex v € B(yo)\{20, 23} such that v and v’ are both free,
then we use the mating path of length 3 from s, to v’ through v as indicated in
Figure 3. One finds a mating path of length 3 in the same way for sy € A(xo)\{z0}
using a free pair of auxiliary vertices v,v’, where v € A(zg) \ {20, 22}. Assume
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that there are 8 pairs w, w’ such that w € (A(zo) UB(yo)) \ {20} and both w and
w’ are terminals (or mates). For a < b, there are at most a terminals in G, hence
a+ 28 < a. This implies that

B <a—(a+p)<|B(y)\{20,2} = (@ + ) = [A(zo) \ {20, 22}| = (a + ).

Therefore, the number of the free pairs of auxiliary vertices in B(yo) \ {20 23}
and also in A(xo) \ {20, 22} is not smaller than /3, hence the mating procedure
succeeds.

Then we are done by induction, unless every vertex of @) is a terminal. If
this exceptional case happens, then all the min{a, b} mates and terminals are in
G = K, ,0K 1, in such a way that the mate of 29 and terminal z; coincide at a
vertex of degree two of G'. To handle this case we need a variation of Lemma 3.
Recall that I" is the set of vertices of the (a + b)-star subgraph of K ,[0Kj .

Lemma 8. For n < min{a,b}, let X be a set of n — 1 distinct terminals in
K UK plus one additional terminal located at a vertex of degree two occupied
by another terminal. Then there is a mapping ¢ : X —— T" such that |p(X)| = n,
o(x) =z, forz € X NT, ¢(x) is a 1- or 3-step boundary mate of x, for every
x € X\ T, and the mating paths determined by ¢ are pairwise edge-disjoint.

Proof. Let I' = I'y, UT, where I', induces a Kj, and I', induces a K. Let
si, s; be the terminals located at the same vertex. We follow the proof of Lemma
3. Observe that during the procedure when s; s; are to be mated into I', there is
a free vertex in both T', and I'y, since n — 2 < min{a, b}. Then we mate s; into a
free vertex in I'y, and for s;, we use a free vertex in I',. 0

After applying Lemma 8 the proof of the proposition concludes with the
solution of the pairing in the star induced by T ]

Note that if one of the graphs in Proposition 7 is replaced with a star by
subdividing one of its edges twice, then the path-pairability of their Cartesian
products drops below 6, due to the cut condition.
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A. APPENDIX

In the tables below the vertices of G(a,b) = K1 00K} are arranged in an array
such that each row A(i) = {(¢,7) | 0 < j < b} induces a copy of K with center
(4,0), and each column B(j) = {(i,j) | 0 < i < a} induces a copy of K1, with
center (0,j). Let I" be the star induced by A(0) U B(0).

Proposition 9. For b > 2, pp(K; 10K, ;) < [(1+b)/2].

Proof. For b even, we define the terminal pairs s, tg, 1 < ¢ < b/2+1, as follows.

S1 | 82 | " | Sp/2—1 | Sb/2 | Sb/2+1
tyoy1 | to2 | tpjo—1 | - | t3 | L2 | 11

There is no solution, since each of the paths joining the terminals sy /o, ¢/ and
joining the terminals sy /91 1,%/241 cannot use a 'vertical® edge different from the
edge (0,0) — (1,0). For b odd, take the pairs above for b — 1, then add a pair
S(b+1)/2: t(b41)/2 0 the last column B(b). [ |

Proposition 10. pp(K; 20K 3) < [(2+3)/2].

Proof. The terminals of each pair sy, tp, 1 < ¢ < 3, below are at distance 4:

51| 82 | s3
t3 | t1 | t2

Any path between the paired terminals must use at least two edges of the bound-
ary star I' which contains only 5 edges, hence there is no solution. [

Proposition 11. For b > 2, pp(K; 10K, ) = [(b+1)/2], furthermore,
pp(Kq1 20K 3) = 2.

Proof. By Lemma 3, any set of at most b+ 1 terminals of G(1, b) has an injection
into the path-pairable boundary star I'. Then the first equality follows by Propo-
sition 9. By Lemma 3, any set of at most 4 terminals of G(2,3) has an injection
into the path-pairable star I". The second equality follows by Proposition 10. m
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