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Cyclic permutations and crossing numbers of join products
of two symmetric graphs of order six

STEFAN BEREZNY and MICHAL STAS

ABSTRACT. The main purpose of this article is broaden known results concerning crossing numbers for join
of graphs of order six. We give the crossing number of the join product G + D,,, where the graph G consists of
one 5-cycle and of one isolated vertex, and D, consists on n isolated vertices. The proof is done with the help
of software that generates all cyclic permutations for a given number k, and creates a new graph COG for
calculating the distances between all (k — 1)! vertices of the graph. Finally, by adding some edges to the graph
G, we are able to obtain the crossing numbers of the join product with the discrete graph D,, and with the path
P, on n vertices for other two graphs.

1. INTRODUCTION

It is well known that a computing of the crossing number of a given graph in general
case is NP-complete problem. Nevertheless, many researchers are trying to solve this
problem. Research of the problem of reducing the number of crossings in the graph was
studied in a lot of areas, and the most researched area is Very Large Scale Integration
technology. Further, the problem of reducing the number of crossings in the graph is
studied not only in the graph theory, but also by computer scientists. The exact values of
the crossing numbers are known only for some graphs or some families of graphs.

In this article are used notations and definitions of the crossing numbers of graphs like
in [7]. We will often use the Kleitman’s result [5] on crossing numbers of the complete
bipartite graphs. More precisely, he proved that

o = 2|75 3] 252 e e

Using Kleitman’s result [5], the crossing numbers for join of two paths, join of two cycles,
and for join of path and cycle were studied in [7]. Moreover, the exact values for crossing
numbers of G + D,, and of G + P, for all graphs G of order at most four are given in [12].
It is also important to note that, the crossing numbers of the graphs G + D,, are known
for few graphs G of order five and six in [2], [6], [10], [11], [14], [15], [16], [17], and [18].
In all these cases, the graph G is mostly connected and contains also mostly at least one
cycle. Further, the exact values for the crossing numbers G + P,,, and G + C,, have been
also investigated for some graphs G of order five and six in [6], [11], [13], and [19].

The methods presented in the paper are new, and they are based on multiple combi-
natorial properties of the cyclic permutations. The similar methods were partially used
first time in the papers [4], and [14]. In [2], [3], [15], and [17], the properties of cyclic per-
mutations are also verified by the help of software in [1]. According to our opinion the
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methods used in [6], [11], and [12], do not allow to establish the crossing number of the
join product G + D,,. The proofs will be done with the help of software that generates
all cyclic permutations in [1]. C++ version of the program is located also on the website
http://web.tuke.sk/fei-km/coga/. The list with the short names of 6!/6 = 120
cyclic permutations of six elements are collected in Table 1 of [15].

2. CYCLIC PERMUTATIONS AND CONFIGURATIONS

Let G be the disconnected graph of order six consisting of one 5-cycle and of one isola-
ted vertex. We will consider the join product of the graph G with the discrete graph on n
vertices denoted by D,,. The graph G + D,, consists of one copy of the graph G and of n
vertices t1,ts, ..., t,, where any vertex ¢;, i = 1,2,...,n, is adjacent to every vertex of G.
Let 7%, 1 < i < n, denote the subgraph induced by the six edges incident with the vertex
t;. Thus, T' U - - - UT™ is isomorphic with the complete bipartite graph Kg ,, and

(2.1) G+Dn:GuK6,n=Gu(UTi>.
i=1

In the paper, we will use the same notation and definitions for cyclic permutations
and the corresponding configurations for a good drawing D of the graph G + D, like in
[15]. Let D be a drawing of the graph G + D,,. The rotation rotp(t;) of a vertex ¢; in the
drawing D as the cyclic permutation that records the (cyclic) counter-clockwise order in
which the edges leave ¢; have been defined by Herndndez-Vélez, Medina, and Salazar [4].
We use the notation (123456) if the counter-clockwise order the edges incident with the
vertex t; is t;v1, tiva, tivs, tiva, tivs, and t;vg. We have to emphasize that a rotation is a
cyclic permutation. We will separate all subgraphs 7%, i = 1,...,n, of the graph G + D,
into three mutually-disjoint subsets depending on how many times the considered 7"
crosses the edges of G in D. Fori = 1,...,n, let Rp = {T% : crp(G,T") = 0} and
Sp ={T": crp(G,T") = 1}. Every other subgraph 7" crosses the edges of G at least twice
in D. Moreover, let F* denote the subgraph GUT" for T* € Rp, wherei € {1,...,n}. Thus,
for a given subdrawing of G in D, any subgraph F" is exactly represented by rotp ().

According to the arguments in the proof of the main Theorem 3.1, if we would like to
obtain a drawing of G + D,, with the smallest number of crossings, then the set Rp must
be nonempty. Thus, we will deal with only drawings of the graph G with a possibility of
an existence of a subgraph 7% € Rp. Of course, there is only one drawing of G in which
the edges of GG do not cross each other. Since there is only one subdrawing of its subgraph
isomorphic with the path P; with one crossing among its edges, then we obtain four next
possibilities in which two remaining edges of the graph G are able to cross the edges of
the fixed subgraph. Hence, there are only five possible drawings of G which are presented
in Fig. 1.

Let us assume first a good drawing D of the graph G + D,, in which the edges of G
do not cross each other. In this case, without loss of generality, we can choose the vertex
notation of the graph in such a way as shown in Fig. 1(a). Our aim shall be to list all
possible rotations rotp (¢;) which can appear in D if the edges of T* do not cross the edges
of G. Since there is only one subdrawing of F \ {vs} represented by the rotation (12345),
there are five possibilities for how to obtain the subdrawing of F'* depending on in which
region the edge t;vg is placed. These five possibilities under our consideration will be
denoted by Ay, for £ = 1,...,5. As for our considerations, it does not play a role in
which of the regions is unbounded; assume the drawings shown in Fig. 2. In the rest
of the paper, each cyclic permutation will be represented by the permutation with 1 in
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FIGURE 1. Five possible drawings of the graph G.

the first position. Thus, the configurations A;, A, A3, A4, and As are represented by
the cyclic permutations (123456), (123645), (162345), (123465), and (126345), respectively.
Of course, in a fixed drawing of the graph G + D,,, some configurations from M need
not appear. We denote by M p the subset of M = {A;, A3, A3, A4, As} consisting of all
configurations that exist in the drawing D.

FIGURE 2. Drawings of five possible configurations of the subgraph F".

We remark that if two different subgraphs F* and F7 with configurations from Mp
cross in a drawing D of G + D,,, then only the edges of T cross the edges of T7. Thus,
we will deal with the minimum numbers of crossings between two different subgraphs
F' and FJ depending on their configurations. Let X, Y be the configurations from Mp.
We shortly denote by crp(X,Y) the number of crossings in D between T¢ and T7 for
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different T, T7 € Rp such that F?, 7 have configurations X, Y, respectively. Finally, let
cr(X,Y) = min{crp(X,Y)} over all good drawings of the graph G+ D,, with X, Y € Mp.
Our aim is to establish cr(X,Y’) for all pairs X,Y € M.

Let P; denotes the inverse cyclic permutation to the permutation P;, fori =1,...,120,
where the list with the short names of 6!/6 = 120 cyclic permutations of six elements were
collected in Table 1 of [15]. Woodall [20] have been defined the cyclic-ordered graph COG
with the set of vertices V' = {Py, P, ..., P12}, and with the set of edges E, where two
vertices are joined by the edge if the vertices correspond to the permutations P; and P;,
which are formed by the exchange of exactly two adjacent elements of the 6-tuple (i. e. an
ordered set with 6 elements). Hence, if dcog("rotp(t;)”, ”rotp(t;)”) denotes the distance
between two vertices which correspond to the cyclic permutations rotp(t;) and rotp(t;)
in the graph COG, then

(22) Crp (Ti, Tj) Z Q(I‘OtD (ti), I‘OtD (tj)) = dcog(”l‘OtD (ti)” y 77I'OtD (tj)”)

for any two different subgraphs 7" and 77, where Q(rotp(t;),rotp(t;)) as the minimum
number of interchanges of adjacent elements of rotp(¢;) required to produce the inverse
cyclic permutation of rotp (t;) have been already defined in [15].

Now, we are ready to find the necessary numbers of crossings between subgraphs
T" and TV for the corresponding configurations of F* and FV from M. The configura-
tions A; and A, are represented by the cyclic permutations P, = (123456) and P3; =
(123645), respectively. Since P3; = (154632) = Pi16, we have cr(A4;, A2) > 4 using
of dcog("P1”,” P11s”) = 4. The same reason gives cr(A;, As) > 5, cr(A, A1) > 5,
CI‘(Al, A5) Z 4, CI‘(AQ, A3> 2 4, CI‘(AQ, A4) Z 5, CI‘(AAQ7 A5) Z 5, CI‘(/lg7 A4) Z 4, CI‘(Ag, A5) Z
5, and cr(A4, As) > 4. Clearly, also cr(A;, A;) > 6 forany ¢ = 1,...,5. Thus, all lower-
bounds of number of crossing of two configurations from M are summarized in the sym-
metric Table 1 (here, Ax and A; are configurations of the subgraphs F? and FY, where
k1€ {1,2,3,4,5}).

LA A [ Ay [ Ad ]| A ]

A 6] 4] 5] 5] 4
A, 4] 6| 4] 5] 5
A 5] 4] 6] 4| 5
A 5] 5] 4| 6] 4
A 4] 5| 5] 4| 6

TABLE 1. The necessary number of crossings between 7% and 77 for
the configurations Ay, A;.

Assume a good drawing D of the graph G + D,, with at least one crossing among
edges of the graph G (in which there is a subgraph T% € Rp). In this case, without loss
of generality, we can choose the vertex notations of the graphs in such a way as shown in
Fig. 1(b), (c), (d), and (e). In all mentioned cases, we are able to use the same idea as above,
i.e., we obtain the same configurations, and also the same corresponding lower-bounds of
numbers of crossings between two configurations as in Table 1.

3. THE CROSSING NUMBER OF G + D,,

Two vertices t; and t; of G + D, are antipodal in a drawing of G 4 D,, if the subgraphs
T% and TV do not cross. A drawing is antipodal-free if it has no antipodal vertices. In the



Cyclic permutations and crossing numbers of join products of symmetric graph of order six 141

proof of the main theorem, the following lemma related to some restricted drawing of the
graph G + D, is needful.

Lemma 3.1. cr(G + D3) = 1.

Proof. In Fig. 3(a) it is easy to see that cr(G + D3) < 1. Thus, it remains to prove the
reverse inequality. Let us suppose that there is a drawing D of the graph G' + D, with no
crossing. Then crp(G) = 0, and the edges of both subgraphs 7™, 72 do not cross the edges
of G,i.e., T',T? € Rp. Hence, the positive values in Table 1 force a contradiction. O

(a) (b)

FIGURE 3. The good drawings of G + D> and of G + D,,.

Now we are able to prove the main results of the paper.

Theorem 3.1. cr(G + D,,) = 6{% V’;lJ + L%J forn > 1.

Proof. In Fig. 3(b) there is the drawing of G + D,, with 6 EJ VT_IJ + {gJ crossings. Thus,

cr(G+Dy) <6 {%J V;J + {%J . We prove the reverse inequality by induction on n. The

graph G + D is planar; hence, cr(G + D) = 0. By Lemma 3.1, the result is true for n = 2.
Suppose now that for n > 3, there is a drawing D with

(3.3) crp(G + Dy) < qu [";J + L%J
and let
(3.4) cr(G+ Dyy,) > 6{%J VnT_lJ + L%J for any integer m < n.

Let us first show that the considered drawing D must be antipodal-free. As a con-
tradiction, suppose that, without loss of generality, crp(7"~1,T") = 0. Using positive
values in Table 1, one can easily verify that both subgraphs 7™ and 7" ~! are not from the
set Rp,ie., crp(G,T"UT"" 1) > 1. The known fact that cr(Kg 3) = 6 implies that any Tk,
k=1,2,...,n— 2, crosses T"~1 UT™ at least six times. So, for the number of crossings in
D we have

cep(G+ Dy) =crp (G+ Dy—2) + ch(T”*1 UT"™) + crp(Ken—2, Tty )

sty 2o 5 |15 |15 - <ol 25 5]
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This contradiction with the assumption (3.3) confirms that D must be an antipodal-free
drawing. Moreover, if r = |Rp| and s = |Sp|, the assumption (3.4) together with the well-

known fact cr(Ke ) = 6 {%J [%J imply that, in D, there are at least [ %] + 1 subgraphs

T which do not cross the edges of G. More precisely

crp(G)+cap(G, Kepn) <cap(G)+0r+1s+2(n—r—3s) < LgJ )
ie.,
n
(3.5) s+2n—r—s)< bJ

This forces that r > [2] + 1 > 3. Now, for T° € Rp, we will discuss the existence of
possible configurations of subgraphs F* = G U T" in the drawing D. Moreover, if n = 3
then r = 3, and crp(G + D3) > crp(TT UT? UT3) > 12 holds by summing of three
minimal values of Table 1 in all possible drawings of G which are presented in Fig. 1. This
contradiction with the assumption (3.3) confirms that n > 4.

Case 1: crp(G) = 0.

Without loss of generality, we can choose the vertex notation of the graph G in such a
way as shown in Fig. 1(a). Thus, we will deal with the configurations belonging to the
nonempty set M p, i.e., we will discuss over all cardinalities of the set M p in the following
subcases:
a) [Mp| > 3.
We will consider two subcases. Let us first assume that {4;, A;, A} € Mp with
i+2=j+1=k (mod 5). Without lost of generality, let us consider three different
subgraphs T"~2, T"~! T"™ € Rp such that F"~2, F"~! and F" have mentioned
configurations 4;, A; and Ay, respectively. Then crp (GUT™2UT™ LuT™, T™) >
14 forany T™ € Rp withm # n—2,n—1,n by summing the values in all columns
in the considered three rows of Table 1. Moreover, crp(T"2UT"~tUT™, T™) > 4
for any subgraph 7" ¢ Rp provided by there is no permutation P, for some | €
{1,...,120} with Q (rotp(tn—2), P) = Q (rotp(t,—1),P) = Q (rotp(t,), P) = 1,
for more see (2.2). Since crp (T2 UT"1 UT™) > 13 holds by summing of three
corresponding values of Table 1 between the mentioned configurations A;, A; and
Ay, then by fixing the subgraph GU T2 UT"~ ' UT™",

erp(@+ Dy) > 6| 2| [”;4

:6{";3H”;4J+5n+9r—2926{”;3J {”;ﬂ

san o (3] +1) - >o2] |75+ 2]

In addition, let us assume that Mp = {4;, A, Ay} withi +1 = j (mod 5),
j+1#k (mod 5),and k+1 # i (mod 5). Without lost of generality, let us consider
two different subgraphs 7!, T™ € Rp such that F"~! and F™ have mentioned
configurations A4; and A;, respectively. Then crp(G U Tt UT™,T™) > 10 for
any 7™ € Rp with m # n — 1,n by Table 1. Hence, by fixing the subgraph

| 140 =3) + 55+ 5(n - —5) +13

Gurrturn,
ch(G+Dn)26tn;2J {HQSJ +10(r —2)+3s+4(n—r—s5)+4
525 s e 252 5
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n nijn—1 n

+an+5([5] +1) +0-16>6| 2] | “5=] + | 5]

b) [Mp| =2,ie, Mp ={A;,A;} forsomei,j e {1,...,5} withi # j.
Without lost of generality, let us consider two different subgraphs 7", T™ € Rp
such that F"~! and F™ have mentioned configurations A; and A;, respectively.
Then crp(GUT 1 UT™, T*) > 6 +4 = 10 for any T* € Rp with k # n — 1,n by
Table 1. Hence, by fixing the subgraph GUT"~* UT™, we are able to use the same
inequalities as in the previous subcase.

c) IMp|=1,ie, Mp ={A4;} forsome j € {1,...,5}.
Without lost of generality, let us assume that 7" € Rp with the configuration
A; € Mp of the subgraph F™ for some j € {1,...,5}. Hence, by fixing the

subgraph G UT™",
ch(G—&-Dn)ZGLn;lJ VL;QJ+6(r—1)+2s+3(n—r—s)+0
ZGVl;lJLn;q+3n+2r+<7’_3)_626{n;1JLn;ﬂ

sanea([5]e0) om0 ol 25 o)

Case 2: crp(G) > 1.
In all considered cases, we can choose the vertex notations of the graph G in such a way
as shown in Fig. 1(b), (c), (d) or (e). According to r > 1, there is a subgraph 7% € Rp.
Without lost of generality, we can also assume that 7" € Rp with the configuration A; of
the subgraph G UT™ = F™ for some j € {1,...,5}. Since there is no region with at least
four vertices of GG on its boundary (in the subdrawing of F'"), then there is no subgraph
TF € Sp with crp(T™,T*) = 1, ie., ctp(GUT™, T*) > 3 for any T* € Sp. Of course,
crp(GUT™, TF) > 2+1 = 3 for any Tk ¢ RpUSp. Hence, by fixing the subgraph GUT™,

n—lJ[n—Q

ch(G—&—Dn)zG{ 5 5

J+4(T—1)+3s+3(n—r—3)+1:q”;lJLHQQJ

san e -020[ 75|75 eam (3] +1) -5 o[ 3] 25 4 2]

Thus, it was shown that there is no good drawing D of the graph G + D,, with less than
62|25 ] + | 2] crossings. This completes the proof of the main theorem. O

4. TwWO OTHER GRAPHS

G]_ GZ

FIGURE 4. Two graphs (G; and G; by adding new edges to the graph G.
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In Fig. 3(b) we are able to add some edges to the graph G without additional crossings.
So the drawing of the graphs G1 + D,, and G2 + D,, with 6] 2| [ 25| + | %] crossings is
obtained. Thus, the next results are obvious.

Corollary 4.1. cr(G; + D,,) = 6{% VTAJ + {%J forn > 1, wherei =1,2.

Remark that the crossing numbers of the graph G2 + D,, was obtained in [8] without
using the vertex rotation.

5. THE JOIN PRODUCT WITH PATHS

FIGURE 5. The good drawing of G + P, with 6| 2 || 252 | 4+ | 2] 4 1 crossings.

Theorem 5.2. cr(G + P,) = GEJ {%J + {%J +1forn > 2.

Proof. In Fig. 5 there is the drawing of G + P, with 6| % | | 251 | 4 | 2| 4 1 crossings. Thus,
ca(G+ P,) <6| %] |25 + [ 2] + 1. We prove the reverse inequality by induction on n.
The graph G + P, contains a subdivision of the graph (Cy U {v}) + P>. It was proved in
[19] that cr ((C4 U {v}) + P») = 2. Thus, the result is true for n = 2. Suppose now that for
n > 3, there is a drawing D with

(5.6) crp(G+ P) <6{%J Lnglj + {%J +1,
and let
(5.7) crp(G+ Pp) > qu {mTilJ + L%J +1 for any integer m < n.

As the graph G + P, contains G + D, like a subgraph, by Theorem 3.1, crp(G + P,) =
62| [252] + |%], and therefore, no edge of the path P, is crossed in D. Let us first
show that the considered drawing D must be antipodal-free. As a contradiction, suppose
that, without loss of generality, cr p(T"=1,T") = 0. Using positive values in Table 1,
one can also easily verify that both subgraphs 7"~! and 7™ are not from the set Rp, i.e.,
crp(G, T"~1UT"™) > 1. The known fact cr(Kg 3) = 6 implies thatany 7%, k = 1,...,n—2,
crosses T"~1 U T™ at least six times. So, for the number of crossings in D we have

crp(G+P,) =crp (G + Pn,g)—i—ch(T"_luT")—i—ch(KG’n,g, T UT™) +erp (G, T UT™)

o2 (25 0oy o[ 3] 25 3]
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This contradiction with the assumption (5.6) forces that D must be an antipodal-free
drawing. Moreover, our assumption on D together with cr(Ks,) = 6 |%]| |2%5+] also
imply that, in D, there are at least [ %] subgraphs 7% which do not cross the edges of G.

More precisely

(5.8) crp(G)+0r+1s+2(n—r—s) < {SJ

This forces that r > [2] > 2,and 2r + s > 2n — [ 2]. Now, for T% € Rp, we will discuss

the existence of possible configurations of subgraphs F* = G U T" in the drawing D.
Case 1: crp(G) = 0.

Without loss of generality, we can choose the vertex notation of the graph G in such a way

as shown in Fig. 1(a). We will discuss two possibilities over congruence n modulo 2.

e Let n be even, and let us also assume that 7" € Rp with the configuration A; €
Mp of the subgraph F™ for some j € {1,...,5}. Since no edge of the path P, is
crossed in D, then crp(G U T", T*) > 3 for any Tk € Sp, see Fig. 2. Hence, by
fixing the subgraph G UT™",

ch(G+Pn)26[”;1H";2J F4(r—1)+3s+3(n—r—s)+0

S| ez |5 o 3] -

n—2n-—2 n
5 5 +3n+2 4>62 5 T3

e Let n be odd, and let us also consider two different subgraphs 7"~', T" € Rp
with some configurations from M p, of the subgraphs F"~! and F" (of course, the
mentioned configurations can be same). Since no edge of the path P, is crossed in
D, then crp(GUT™ 1, T*) > 3and crp(GUT™, T*) > 3 for any T* € Sp, see Fig.
2. Moreover, crp(G U T 1 UT™, T*) > 8 for any T* € Rp with k # n — 1,n by
summing the values in all columns in the considered two rows of Table 1. Hence,
by fixing the subgraph GUT" 1 UT™",

n 5 QJ [” 5 3J F8(r—2)4+5s+4(n—r—s)+4 = GVL N QJ {” 5 3J

nn—2 n

=6

crp(G+P,) > 6[

—2((n-3
+4n+2r+2r+s—1226[n2 an J+4n+2[g]+2n—gj—12

n—3n-—3 n+1 n—1 n—1n—-1 n-—1
5 3 +4n+2T+2n— —12>6 5 5 + 5

Case 2: crp(G) > 1.
In all considered cases, we can also choose the vertex notations of the graph G in such a
way as shown in Fig. 1(b), (c), (d) or (e). Since we are able to use the same arguments like
in Case 2 in the proof of Theorem 3.1, then by fixing the subgraph G UT" withT™ € Rp,

=6

ch(G—&-Pn)Z(SVL;lJ {n;2J +4(r—1)+3s+3(n—r—s)+1

=6 [ s 2 o] S| [P [esar 5] -0 > ol ] [+ 5

These contradictions with the assumption of less than 6 {%J {%J + {%J + 1 crossings

in D completes the proof.
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The crossing number of the graph G + P, with 6|2 || 251]| + | 2] + 1 crossings was

established in [8]. Since G + P, is a subgraph of G2 + P, and G + P, is a subgraph of
G1 + P, the next result is also obvious.

Corollary 5.2. cr(G1 + P,) = 6{%J VT_IJ + L%J +1forn>2.
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