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Abstract

We prove lower and upper bounds on bisection widths of the transposition
graphs. This class of graphs contains several frequently studied interconnection
networks including star graphs and hypercubes. In particular, we prove that the
bisection width of the complete transposition graph is of order ©(n.n!) which solves
the open problem (R) 3.356 of the Leighton’s book [10] and determine nearly exact
value of bisection width of the star graph. The results have applications to VLSI
layouts, cutwidths and crossing numbers of transposition graphs. We also study
bandwidths of these graphs.

1 Introduction

Several interconnection networks of parallel computers based on permutations have ap-
peared recently, e.g. bubblesort and star graph, alternating group graphs..., see a survey
paper of Lakshmivarahan et al. [8]. Leighton [10] introduced the n—dimensional complete
transposition graph CT,,. It consists of n! vertices, each of which corresponds to a permu-
tation on n numbers. Two vertices are adjacent iff their corresponding permutations differ
by a single transposition. Leighton suggested to study a computational power of a paral-
lel computer with the complete transposition graph interconnection network. Especially,
he asked what the bisection width of the complete transposition graph is (problem (R)
3.356). The bisection width is the size of the smallest edge cut of a graph which divides
it into two equal parts. This graph invariant is a fundamental concept in the theory of
interconnection networks of parallel computers. It influences both algorithmic design and
lower bound techniques [9, 12, 13]. We study the problem in a more general framework.
For a given graph G with vertices labeled by 1,2, ..., n its transposition graph T'(G) is a
Cayley graph on a permutation group with generators-transpositions {(ij)} whenever ij
is an edge in G (see. [8]). Transposition graphs, when G is a tree, a cycle or a complete
graph, were studied by Akers et al. [1] and Jerrum [6]. Kompel’'makher and Liskovets [7]
and Rosa et al. [15] proved that if G is connected, then the corresponding transposition
graph is hamiltonian. The main contribution of our paper is a unified look on several
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basic parameters of transposition graphs. We give lower and upper bounds on bisection
widths of transposition graphs. In particular, we prove that the bisection width of C'T), is
of order ©(n.n!) and the bisection width of the star graph S, is n!/4 + O(n — 1)!. We ap-
ply the results to optimal VLSI layouts, cutwidths and crossing numbers of transposition
graphs. We also show an upper bound for the bandwidth of transposition graphs, which
can not be improved in general.

2 Preliminaries

Throughout, G = (Vg, Eg) will be a graph with Vg = {1,2,...,n}, where n > 3. Let
Y., be the full symmetric group acting on the set {1,2,...,n} and X to be the set of
transpositions (permutations (i, j) - that is: ¢ maps to 7, j maps to ¢ and everything else
is fixed) which correspond to edges of G, i.e., X = {(ij) € £,, | ij € Eg}.

Let G be a graph and let I' be the group which is generated by the set X. Then
the transposition graph T(G) of G is the Cayley graph C(I', X) of the group I' for the
generating set X. In any case we may define the Cayley graph C(I", X') in the obvious
way: The vertex set of C(I", X) is the group I', and two vertices (=permutations) 7w and
o are adjacent iff 77 = o for some 7 € X. Note that if 77 = o, then also 7 = o7
since 72 = id, where id denotes the identity permutation. It is worth noting that the
composition 7o will be understood “from right to left”, i.e., 7o (i) = w(o(7)).

For example, if ¢ = K,,_1, G = K,,, G = P, - the n-vertex path, or G = C, - the
n-vertex cycle, then T(G) is well-known star graph ! S,,, complete transposition graph
CT,, bubblesort graph and modified bubblesort graph, respectively. Moreover, if G is a
union of m distinct edges, then T(G) = Q,, - the m-dimensional hypercube graph [1, 8].

By definition, two vertices (permutations) of 7'(G), = and o are adjacent if and only
if 77 = o for some 7 € X. In other words, the two permutations differ by a single
transposition. Observe that if 7 and o are adjacent in T'(G), then there is exactly one
transposition 7 € X for which 77 = 0. We say that the edge 2 = mo € Ep() has colour
7 and write col(x) = 7. For a permutation m, expressed in cycle form, let ¢(7) denote the
number of cycles in 7. Similarly, let ¢;(7) denote the number of cycles of 7 of length one.

Let A(G) and §(G) denote the maximum and minimum degree in a graph G, respec-
tively. Let dg(u,v) denote the distance between vertices v and v in G. Let bw(G) denote
the bisection width of a graph G, i.e. the minimal number of edges the removal of which
divides G in two disconnected parts having < [|V|/2] vertices each. The crossing num-
ber cr(G) of a graph G is defined as the least number of crossings of its edges when G is
drawn in a plane.

We use the standard model for laying out VLSI circuits [11, 20]. The circuit is viewed
as a graph G in which vertices correspond to processing elements and edges to wires. The
graph is then embedded in a two-dimensional grid subject to the following assumptions:

o A vertex of degree d occupies a square of side d. The squares corresponding to
distinct vertices do not overlap.

e Edges have unit width and are routed along grid lines with the restriction that
no two edges overlap except possibly when crossing perpendicular to each other or

!'Note that the “star graph” here is not the graph K 1,n—1 for which the term is used more commonly
but the transposition graph of K ,,—1



when bending. Also, an edge can not be routed over a node which does not connect.
The area of a two-dimensional layout of G is defined as the area of the "boundary
rectangle” and it equals the product of the number of vertical tracks and the number
of horizontal tracks that contain a node or a wire segment of the graph. The area
is denoted by area(G).

The cutwidth and the bandwidth are another important parameters of interconnection
networks studied in connection with VLSI layouts [2, 16]. For a labeling ¢ : Vg —
{1,2,...,n} of a graph G = (Vi5, E¢) we define

cwy(G) = max {zy € Ec | ¢(z) <i<y(y)}]

bandy,(G) = max {[(z) —P(y)]}-
zyeEqg
The cutwidth of G, denoted by cw(G) and the bandwidth of G, denoted by band(G), is
the minimum value cwy(G) and band,(G), respectively, over all labelings ¢ of G.

3 'Transposition Graphs and their Properties

In this section we introduce some basic properties of transposition graphs and prove
several useful lemmas.

Recall, G denotes a graph on n vertices 1,2,...,n and X the set of all transpositions
corresponding to edges of G. If G is connected, then X generates ¥,,. Similarly, it is easy to
observe that if G consists of k components G1, G, ..., Gy, with |G;| =n; (i =1,2,..., k),
then X generates X, x ¥,, X ... x %,,. Thus we have the following consequence. If G is
a graph with & connected components G1, Gy, ..., Gy such that |Vg, | =n;(i = 1,2,... k),
then |Vrg| = I15, ni! and 6(T(G)) = A(T(G)) = |Eg|.

Let Aut(G) be the group of all automorphisms of a graph G. If M is a subset of Eg,
put Xy = {(4,4) € X, | iy € M}. The following lemma has been proved in [15].

Lemma 3.1 Let M be an edge orbit under the action of Aut(G) on E¢g. Then for any
two edges x and y of T(G) such that col(x),col(y) € Xy there is an automorphism of
T(G) mapping x onto y.

Lemma 3.2 Let G be a graph with k > 1 connected components G1, G, ..., Gy such
that |Vg,| =n;,n; >1 (i=1,2,... k). Then

7T (G) i=1 i=1
and
k
Z (&1 (ﬂ-) S ~ H n;-,
meT(G) =1



Proof. We start with the first statement. Assume G is connected, i.e. k& = 1. Then
Vi) = En. It is known [14], that the average number of cycles in a random permutation
equals H,. Hence

Z c(m) = nlH,.
WGVT(G)
Let G have kK > 1 connected components G1,Gs,...,Gg. Since these components

are vertex disjoint, any permutation 7 € T(G) can be expressed as a composition 7 =
m omeo...om, where m; € T(G;) (i =1,2,...,k). Then

Z c(m) = Z Xk:c(m Z Z () :iﬁnj! Z c(n)

WGVT(G) WEVT(G) =1 =1 WGVT(G) =1 j:1_ W’GVG.

k k

= Z H niln\Hy, = HHI'ZH

=1 j=1
J#i

The second statement. Assume again that GG is connected. Let D,,, denote the number
of permutations of m elements without cycles of length 1. It is known from [14] that
Dy =m!Y " (—1) /1! <m!/2. It is easy to see that

" L 0 NP Y P I en‘
> cl(w):Zl<l)Dn—z§Zl<l>( 252 9

TeVr(a) =0 l=l

If G has k > 1 connected components, we generalize the previous formula similarly to
the first one. 0

Lemma 3.3 For any graph G and any m € Vp () it holds that

n

dre(m,id) <2 dg(i, (i) —n — () + 21 ().
=1

Proof. The distance between m € V() and id in T'(G) can be viewed as the minimum
number of (not necessary distinct) transpositions from X whose composition with 7 results
in id. We may assume 7 is expressed in the cycle representation

™ = (al’l CLLQ e alvml)(azl’ a2,2 e a27m2) e (al71 al,g e alml),

where [ > 1 and m; > 1 (5 =1,2,...,1). It is a matter of routine to observe that
[. .. [[(aﬂ aj72 e ajmj) o (ajmj ajmj_l)] o) (aj’m]._l aj7mj_2)] o.. ] (¢] (ajg ajvl) = Zd, (1)
for j = 1,2,...,1. Thus one can see that the set of transpositions {(im(i)) | i =
1,2,...,n} contains a subset such that a composition of 7 with these transpositions results

in id. Not all of these transpositions must belong to X. If, for example, (ay 7w(ax)) ¢ X,
then axm(ag) ¢ E¢. Since 7 is generated by transpositions from X and since X consists
of transpositions corresponding to edges of GG, we have that there is a ay — 7m(ax) path
in G, say agriTs...xym(ay) is a shortest one. The following composition shows how the
transposition (ay 7(ag)) can be replaced by 2dg(ag, m(ag)) — 1 transpositions from X;
where t = dg(ag, w(ag)) — 1.

[...[(agz1) o (1 22)] 0...] o (x4—1 2¢)] 0 (g T(ag))] o (X xp—1)] 0...] 0 (21 0ak) = (ag 7(ak))
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Hence,

dp((m,id) < Z (2dq (i, m( Z (2dg(i,m(i)) — 1) + c1 (7).
i#m(2) =1
Since for any cycle (aj1 ;2. .. ajm;) of m, with m; > 2, the transposition (a; ., a;1) =
(@jm; T(@jm;)) is not in (1), we can decrease the previous estimation by c(m) — ci(m).
Thus,

dra) (m,id) <2 ng(i, 7(i)) —n —c(m) + 2c1(m).
i=1

If G is a forest, then a better bound holds. The following lemma was originally proved
for trees in [1]. A direct inspection of the proof shows that it is valid for forests too.

Lemma 3.4 For any forest GG it holds that

n

drqy(m,id) Z (1,m(7)) — n+ c(m).

4 Bisections

4.1 Lower Bounds

Shahrokhi and Székely [17] generalized Leighton’s lower bound method [9] for estimating
bisection widths in the following formula. The notation (i, 7) will refer to an ordered pair
of vertices ¢ and j.

Theorem 4.1 For each graph G let E}, denote its smallest edge orbit under the action
of automorphism group of G. Then

1 2
2Z(i,j)eVG de (i, 7)

(2)

An application of Theorem 4.1 to transposition graphs gives

Theorem 4.2 Let G be a graph with k > 1 connected components G, G, ..., G} such
that |Vg,| = ns,n; > 1, fori =1,2,...,k. Then

k
|Eé‘ [Tiz ni!

) 2 S 2 Sepere, dates) —n = Sy Ho k)

Proof. Since X contains only involutions (i.e. if the image of a is b, then the image of b is
a), the set of all edges of T'(G) of a given colour constitutes a 1-factor in T'(G). It follows
that T'(G) is a union of | X| 1-factors. This also implies that every vertex is incident with
an edge of an arbitrary prescribed colour. Thus, for each edge (= transposition 7) of G
there are exactly %Hle n;! edges of the same colour 7 in T'(G).

Let M be an edge orbit under action of Aut(G) on Eq. Let Xy = {(kl) € £, | kl € M}
and let M" = {e € Epg) | 37 € Xy, col(e) = 7}, called lift of M. By Lemma 3.1, it
follows that M’ is a subset of an edge orbit under the action of Aut(T(G)) on Ep).
Moreover, it follows by Lemma 3.1 that each edge orbit under the action of Aut(T(G))
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on Erpq) contains a lift of some edge orbit under action of Aut(G) on E¢. By the above
observations we have [M'| = | Xy | TIi_; ni!. Thus |Ep | > 3BT, nil.
Now it is sufficient to evaluate the denominator in the formula (2) applied to (T'(G)).

2 > drey(a,b) <2Vl D dr)(r,id)
(a,b)EVT(G) TI'EVT(G)

n

<2Vrl D 2 da(l,m(1) = [Va| = e(m) + 2c1(m))

TrEVT(G> =1

=2[Vrel( 22 S da(l,m() = VrllVal = D (elr) = 2¢1(m)))

=1 WEVT(G) WGVT(G)

k
< Vr)l( 22 > > dalz, (@) — [ViellVal — an'(ZHm — ek))
=1 =1

1= 1:L‘€VG TI'EVT(G)

! K k
=2Vr|2>. Y. D D dalxy) — Ve llVal = [ ! Ha, — k)
=1 =1

=1 IGVGi erGi eV (@)
m(z)=y

k k
=2|Vrel( 22 >y ] Uk —=—dg(z,y) — Ve |IVal = [[na! O Hy, — €k))
=1 =1

= leVG yGVG
= 2|V ? 22 > dala,y) — Vel - ZH +ek). o
(7y)EVG

Corollary 4.1 If G is an edge symmetric graph with k > 1 connected components
Gl, GQ, ey Gk, then

|Ec|(7)*
2 n .
4(% Z(z,y)eVGi dg(r,y) —n — k(In ' e))

bw(T(G))

v

Proof. The graphs G; are mutually isomorphic and n; = n/k. Substituting this into
Theorem 4.2 and noting that H,, > Inm we get the claimed result. ]

Corollary 4.2 If G is edge symmetric and connected then

|Ec|n!
4(% Z(:p,y)EVG dg(.%', y) - 7’L) .

b (T(G)) >

The complete transposition graph CT, is the transposition graph of K.

Corollary 4.3 It holds that



If G is a forest then using Lemmas 3.2 and 3.4 and the same approach as in the proof
of Theorem 4.2 one can easily show

Theorem 4.3 Let G be a forest with k > 1 connected components G, G, ..., G} such
that |Vg,| = ni,n; > 1, fori=1,2,...,k. Then

|Eé'\ H?:l n;!
(Zf:l n% (z,y)EVa, da(z,y) —n+ Zf:l Hp,)

bw(T(G)) > 1

Corollary 4.4 If G is an edge symmetric forest with k > 1 connected components
Gl, GQ, ey Gk, then

n\N\k
(T(G)) > —g ML) |
4(? Z(r,y)EVGi dG(mv y) —n+ kH%)

According to [8] the m—dimensional hypercube is the transposition graph of the graph
consisting of m independent edges. Setting n = 2m,k = m in Corollary 4.4 we get the
well known optimal lower bound.

Corollary 4.5 It holds that

bw(Qp) > 271,

The star graph S, is the transposition graph of Kj,_; [1]. Setting k = 1 and G =
K -1 in Corollary 4.4 we get

Corollary 4.6 It holds that

n! n!
bw(S,) > =T 1 -0(1)).
A1-2 -+ oty) 4

n—1

4.2 Upper Bounds

In this subsection we prove a general upper bound for bisection widths of transposition
graphs and apply it to hypercubes, complete transposition graphs and star graphs.

Theorem 4.4 Let G be a graph with k > 1 connected components Gy, G, ..., Gy, such

that |Vg,| = ngy,n; > 1, fori =1,2,... k. Let x; be a vertex with minimum degree in G;.
Denote o, = n; (mod 2). Then

ni |? j v — i — Li i d
bw(T(G))gm,in{Qﬂ m‘“iJr% - 16(G )+25(G)> H”j!}'

1 (’I’Ll — 1) ’I’Ll(TLl — 2)

Proof. Consider an arbitrary component G; and assume (without any lose of generality)
that Vg, = {1,2,...,n;}. Let A;(Ay) denote the set of all vertices (=permutations) 7 in
T(G) such that 1 < 7w(x;) < [%] ([5] +1 < 7w(2;) < ny). Let Ag denote the set of all
vertices (=permutations) 7 in 7'(G) such that 7(z;) = [%]. Observe that since G; is a
component of G it holds for any permutation 7 in 7'(G) that m(z;) < n;. Hence Ay, Ay
(A1, Ay, A3) is a partition of Vi) if n; is even (odd). Let x; be a vertex of minimum
positive degree in G; — z;. Let As;(Ass) denote the set of all permutations 7 in Az such
that 1 < 7w(z;) < [%] ([%] +1 < 7w(x) < ny). Again, Az, Asp is a partition of As.
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Obviously, |A;| = |As| and |As1| = |As2|. Deleting all edges joining A; with Ay if n; is
evel, and all edges jOiHiIlg Al with AQ, A31 with A32, Al with A32, and A2 with A31 if n; is
odd, results in an edge cut which divides 7'(G) into two parts having at most [|Vp)|/2]
vertices each. The cardinality of the cut is at most

D) B (e Ee e )

g i

Indeed, the first term denotes the number of edges joining A; with As. If 7 € Ay,
o € Ay and mo € Ep(q), then since 7(x;) # o(x;) there must exist y; € Vg, such that
m(y;) = o(x;), m(x;) = o(y;) and for all x # x;,y; m(x) = o(x). We have z; fixed and for
y; there are at most 0(G;) possibilities (since y; must be adjacent to z;). Similarly, there
are at most | %] possibilities for 7(x;) and o(x;), respectively. It can be observed that
under these conditions there are (n; — 2)! H’?;l_ n;! possibilities to complete m and o.

YE
The second term contributes to the expression iff n; is odd and can be explained
similarly. Hence the cardinality of the cut is at most

{’”JQ = (G Hn'+0 —3)Mﬁn-l(é(a—x-)mé(a))

2 ¥ g ’L . 4 e 7] 7 (2 7 )
Jsﬁz JF#i

which immediately implies the desired result. 0

Corollary 4.7 Let G be an edge symmetric graph with k > 1 connected components G,
Ga, ..., Gi. Let z; be a vertex with minimum degree in G;. Denote o,, = n; (mod 2).
Then

bw(T(G)) < Q%Jz % +on % ; 1(G; —%(ﬁf%z‘)j;)é(@)) ((%);)k

This upper bound gives the well known bisection width of the hypercube graph.

Corollary 4.8 For the m-dimensional hypercube it holds that
bw(Qy,) < 2™ L,

Corollary 4.9 Assume G is edge symmetric and connected. Let x be an arbitrary vertex
of G. Then

n 2 n — — X
bw(T(G)) < <\‘2J n(i(f)l) +on 4 ! 5(0 n(n)_—l_;)d(G)) nl.

For the complete transposition graph we get an upper bound which differs only by a
multiplicative factor of 2 from the lower bound.

Corollary 4.10 For n > 3, the bisection width of the complete transposition graph
satisfies
(n+ 2)n!
4
For the star graph, we get an upper bound which is exact up to the second order term.

bw(CT,) <

Corollary 4.11 For n > 3, the bisection width of the star graph satisfies

n! 2
< — .
bw(Sy,) < 1 <l—l— n—2>




4.3 Applications

In this section we describe a general approach how to find area-efficient VLSI layouts
of transposition graphs. As a special case, we get an optimal layout for the complete
transposition graph. This result will also imply an optimal bound for the crossing number
of this graph.

Let H, = G and let vy, be an arbitrary vertex of H,, belonging to a component Fp, of
H,. Consider all permutations 7 in T'(H,,) such that 7(vg,) = m, where m € Fy,. The
graph induced by these permutations is isomorphic to T'(H,,_1) = T'(H, — vy, ) . Hence, if
m ranges over the set Fiy, then we partition T'(H,) into |Fpy, | distinct graphs isomorphic
to T'(H,-1). Let wy, h, be the width and the height of the layout of the graph T'(H,).

First suppose that H, — vy, has a connected component of at least 2 vertices. Place
| Fly, | layouts of T'(H,,_1) on a line with widths perpendicular to the line. Now we route the
Ve B, — | Fu Ve, || Er,_, |/2 remaining edges in the following way: Consider
an edge that connects two vertices (squares) from different copies of T'(H,_1). We open
two vertical tracks close to the right-hand sides of the squares. Then we add one new
track above the temporary layout. See Fig. 1.

Wn—1 D L o
hn,1 D_

Wn

Fig. 1: The recursive layout of transposition graphs
We get a layout of T'(H,) of the width and the height
wn = |Fu, |1 + Vo) |1 En, | = 1 Fu Ve, ol En, (3)

Ve 1B PV, [ B,y

hp, = w,_ 4
w. 1+ 9 9 ()

Second, suppose that H, i is a graph of isolated vertices. Then T(H, 1) is a graph
isomorphic to (|Fg, | —1)! isolated vertices. Put all vertices of T'(H,,_1) on a line provided
that each vertex has a square shape of the side |Fy, | = A(T(H,)). Then

Wn1 = (|Fp, | = D En,|-
hn—1=|En,].

Place |Fy, | layouts of T'(H,_1) on a line with widths perpendicular to the line. Now we
route the |Vieu,)||Er,|/2 remaining edges similarly as above and get a layout of T'(H,)
of the width and the height

b = (|Fu,| = D En, | + Vo) Er, /2.
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The solution of the above recurrence relations heavily depends on the graph H, = G
and a choice of the vertex vy,. If G = K;,_1 and vy, is a vertex of degree 1 then the
solution of (3),(4) gives area optimal VLSI layout of the star graph with area(S,) =
©((n!)?). Now we apply the method for the complete transposition graph.

Theorem 4.5 The area of the optimal VLSI layout of the complete transposition graph
satisfies

area(CT,) = O((n.n!)?).
Proof. The lower bound follows from Corollary 4.3 and a Thompson’s result: area(G) =
Qw?*(@)), [20].

In case G = K, the above approach gives H; = K, for j = 1,2, ..., n and the equations
(3) and (4) turn to

w; = jhj_1 +j1(j — 1),

(7 —1
hj:U)jl—i-J(jT),

for j = 2,3, ...,n, with initial conditions
n(n—1
wy, = hl = ‘EKn‘ = %

It is easy to verify that the solution of these relations satisfies
w, = O(n.nl), h, = O(n.nl). 4

The cutwidth is a parameter that reflects the quality of linear VLSI layouts, i.e. when
the components are placed on a line and wires are placed above the line using vertical and
horizontal tracks. The minimal number of horizontal tracks over all placements equals
the cutwidth of the underlying graph.

Theorem 4.6 Cutwidths of the complete transposition and star graph satisfies:
cw(CT,) = O(n.n!) and cw(S,) = O(n!).

Proof: The lower bound follows from the fact that the cutwidth is bounded below by
the bisection width. Consider the same notation as for the VLSI layout. We can easily
construct a linear layout v of a graph G = H,, by placing the vertices of the graphs H,,_1’s
on a line and proceeding recursively. Then

Vi [ Br| P |Vean, ol B,y
2 2 '

In the case of transposition and star graphs we easily verify that the solutions are ©(n.n!)
and O(n!), respectively.

C’LUw(Hn) S CW¢(Hn_1) +

Crossing numbers have been widely studied in graph theory but very little is known even
on the approximative values of cr(G) for explicitly given graphs [3, 18]. The importance
of crossing numbers of graphs in VLSI complexity theory was pointed out by Leighton
[9]. As a direct consequence of the above result we get an optimal upper bound on the
crossing number of the transposition graph.
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Theorem 4.7 The crossing number of the complete transposition graph satisfies
cr(CTy) = O((n.n!)?).

Proof. The upper bound follows from a simple observation that cr(G) < area(G). The
lower bound follows from a formula of Shahrokhi and Székely [17]:

4 L2 A2
G) o LB WSO
(Z(i,j)EVG da(i,7)) 2
where |E}| and 3 ; jyev, da(i, j) have the same meaning as in Theorem 4.1.

5 Bandwidths of Transposition Graphs

In this section we prove a general upper bound on the bandwidth of transposition graphs.
The bound can not be improved in general.

Theorem 5.1 Let G be a graph with k > 1 connected components G, G, ..., G} such
that |Vg,| = ns,n; > 1, fori=1,2,... k. Then

k
band(G) < 2 max Z H s(ni, z;),

<<
k<i<n 1<z;<n; 1<i<k =1
z1+12+m+zk:l

where s(n;, x;) is the sign-free Stirling number of the first kind.

Proof. Partition the vertices (=permutations) of 7(G) into n groups such that the
[-th group, denoted by D; contains all permutations having exactly [ cycles. For all
l=Fk,k+1,...,n consider bijections

fio: D — {1,2, ..., | Dy},
-1 -1 -1

fro D= {1+ 1Di|, 24+ |Dsl, . | Dl + > 1Dil},
i=k i=k 1=k

for | > k. These bijections define a labeling

f Ve = {12, Ve l}-

Consider an edge uv € Ep(g). We claim that if v € D; then v belongs either to D;_;
or to D;y1. This follows from the fact: if two permutations differ by a transposition then
the numbers of cycles in them differ by 1. Then clearly

£w) = £(0)] < 2max{|Di]}.

Finally, we estimate |D;|. Each permutation © € T'(G) can be expressed as a product
T To... Tk, Where m; € T(G;),i = 1,2,...,k. If a permutation 7 € T(G) has exactly [
cycles then the permutation m; has x; cycles, for ¢« = 1,2,....k, where 1 < x; < n; and
x1 + 29 + ... + xx = . It is known that there are s(n;,z;) permutations of n; elements
having exactly z; cycles [14]. Hence for a given k-tuple 1, xs, ...z, there are [T, s(n;, 2;)
possible permutations of n elements having [ cycles. Summing this over all permissible
partition of [ into 1, xe, ...z, wWe get the claimed estimation for |D;|. ]
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Corollary 5.1 For bandwidths of the star graph and the complete transposition graph
we have
n!
< = — .
band(Sy), band(CT,) < ZmZaX{s(n,l)} O (\/@)

The rightmost estimation follows from [4]. The well known lower bound argument [2]
shows that band(G) > (|Vg| — 1)/diam(G), where diam(G) denotes the diameter of G.
Diameters of the star and complete transposition graphs are of order ©(n) which implies
lower bounds for bandwidths of order Q((n — 1)!).

The n-dimensional hypercube is an example that the bound in Theorem 5.1 can not be
improved in general.

Corollary 5.2 The bandwidth of the m-dimensional hypercube satisfies

band(Qum) < 2(@0 -0 (%) :

Proof. As the m-dimensional hypercube is a transposition graph of a graph consisting
of m independent edges, we have n; = 2,n = 2m, k = m in Theorem 5.1. Hence

band(Qn) < 2mlax Z ﬁ s(2,x;) = QmIaX Z 1

1<w;<2,1<i<m =1 1<e;<2,1<i<m

T +To+...FTm=l T tzo+.. . Frm=l

oo (z inm> _2<ng> -0(yz)- o

This is asymptotically optimal as Harper [5] proved that band(Q.,,) = 2?;0( : ) =

o li/2|
o(2L).

6 Conclusions

We studied bisection widths of transposition graphs. In particular, we proved asymp-
totically optimal bisection width of the complete transposition graph and nearly exact
value of the bisection width of the star graph. The first result solves an open problem
of Leighton [10]. The results have consequences for optimal VLSI layouts, cutwidths
and crossing numbers of transposition graphs. We also give a general upper bounds for
bandwidths of transposition graphs. Our paper leaves a few open problems.

Applying our approach to finding bisection width of the bubblesort and modified bubble-
sort graph we get upper and lower bounds differing by multiplicative factors of n? and n,
respectively.

Another important parameter of interconnection networks (graphs) is the vertex bisection
width, i.e. the smallest vertex cut that divides a graph into roughly equal parts. It is
known that the vertex bisection width is no greater than the bandwidth. On the other
hand, the bisection width is at most the vertex bisection width x the maximum degree
of the graph. These observations give the same lower and upper bounds for the vertex
bisection widths of the star and complete transposition graphs as those for bandwidths
(Corollary 5.1).

An important open problem is to find the best possible bound for dg(7,id) in transposi-
tion graphs. In particular, the diameter of the modified bubblesort graph is not known,
although there exists a polynomial time algorithm for determining the shortest path [6].

12



References

1]

[12]

[13]

Akers, S.B., Harel, D., Krishnamurthy, B., The star graph: An attractive alterna-
tive to the n—Cube. Proc. International Conference on Parallel Processing, IEEE
Computer Society Press, Silver Spring, 1987, pp. 393-400.

Chung, F.R.K., Labelings of graphs. In Beineke, Wilson (Eds.). Graph Theory 3,
Academic Press, New York, 1988, pp. 152-167.

Erdos, P., Guy, R. P, Crossing number problems. American Mathematical Monthly
80 (1973), pp. 52-58.

Hammersley, J.M., The sum of products of the natural numbers. Proc. London Math-
ematical Society 3 (1952), pp. 435-452.

Harper, L.H., Optimal numberings and isoperimetric problems on graphs. J. Combi-
natorial Theory 1 (1966), pp. 385-393.

Jerrum, M.R., The complexity of finding minimum-length generator sequences. The-
oretical computer Science 36 (1985), pp. 265-289.

Kompel’'makher, V.L, Liskovets, A.V., Sequential generation of of arrangements by
means of a basis of transpositions. Kibernetica 3 (1975), pp. 17-21.

Lakshmivarahan, L..S., Jung-Sing Jwo, Dall, S.K., Symmetry in interconnection net-
works based on Cayley graphs of permutation groups: A survey. Parallel Computing
19 (1993), pp. 361-407.

Leighton, F. T., Complexity Issues in VLSI. M.I.'T. Press, Cambridge, 1983.

F. T. Leighton, Introduction to Parallel Algorithms and Architectures. Morgan Kauf-
mann Publishers, San Mateo, 1992.

Leiserson, C. E., Area efficient graph layouts (for VLSI). Proc. 21-st Annual IEEE
Symp. on Foundations of Computer Science. IEEE Computer Society Press, Silver
Spring, 1980, pp. 270-281.

Lipton, R.J., Tarjan, R.E., A separator theorem for planar graphs. SIAM J. Applied
Mathematics 36 (1979), pp. 177-189.

McColl, W.F., Special purpose parallel computing. In Gibbons, A., Spirakis, P.
(Eds.). Lectures on Parallel Computations. Cambridge University Press, Cambridge,
1993, pp. 261-311.

Riordan, J., An Introduction to Combinatorial Analysis. Wiley & Sons, New York,
1958.

Rosa, A., Siran, J., Zndm, S., The graph of all labelings of a connected graph is

hamiltonian. Technical Report, Department of Mathematics and Statistics, McMas-
ter University, 1990.

13



[16]

[17]

[18]

Rosenberg, A.L., Graph embedding 1988, recent breakthrough, new directions.
Proc 3rd Aegean Workshop on Computing, Lecture Notes in Computer Science 319,
Springer Verlag, Berlin, 1988, pp. 169-179.

Shahrokhi, F., Székely, L. A., An algebraic approach to the uniform concurrent mul-
ticommodity flow problem: theory and applications. Technical Report CRPDC-91-4,
Department of Computer Science, University of North Texas, Denton, 1991.

Shahrokhi, F., Székely, L.A., Vrt’o, I.: Crossing numbers of graphs, lower bound
techniques and algorithms. Proc. Graph Drawing, Lecture Notes in Computer Science
894, Springer Verlag, Berlin, 1995, pp. 131-142.

Sykora, O., Vrt'o, I., On the VLSI layout of the star graph and related networks.
Integration the VLSI Journal 17 (1994), pp. 83-93.

Thompson, C.D., Area-time complexity for VLSI. Proc. 11th Annual Symposium on
Theory of Computing, ACM Press, 1979, pp. 81-88.

14



