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1. Introduction

A topological index is a numerical value associated with the chemical constitution purporting for the correlation of the
chemical structure with various physical properties, chemical reactivity or biological activity. The Wiener index [18] is one
of the oldest molecular-graph-based structure-descriptors. In fact let G be an undirected connected graph without loops or
multiple edges. The set of vertices and edges of G are denoted by V(G) and E(G) respectively. For vertices x and y in V(G),
we denote by d(x, y) (or dg(x, y) when we deal with more than one graph) the topological distance i.e., the number of edges
on the shortest path, joining the two vertices of G. The Wiener index of G is the half sum of all distances in the graph G:

WG = Y dv).
{u.v}cV(G)
Mathematical properties and chemical applications of the Wiener index have been intensively studied over the past thirty
years. For more information about the Wiener index in chemistry and mathematics see [1,5,6,8,10-12], respectively.
Motivated by the Wiener index Randi¢ in [16] introduced an extension of the Wiener index for trees, and this has come
to be known as the hyper-Wiener index. Klein et al. [15] generalized this extension to cyclic structures as:

1 1
WWEG) =-WG) +5 Y duwv)’
2
{u,v}CV(G)

WW (G) has seen widespread use in correlations; references may be found in [9]. For information about the hyper-Wiener in-
dex in mathematics see [4,9,14]. Recently topological indices of many of composite graphs have been studied [7,13,17,20,21].
In particular Ashrafi et al. computed the hyper-Wiener index of Cartesian product, joint and other graph operations [13].
Here we compute the hyper-Wiener index of a generalized hierarchical product. Also we give some applications of this
operation to compute the hyper-Wiener index of well-known graphs such as F-sum [7].
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2. Generalized hierarchical product
The Cartesian product GOH of graphs G and H has the vertex set V(GOH) = V(G) x V(H) and two vertices (gi, hy) and

(g2, hy) adjoint by an edge if and only if

g1=g and hy~h, inH,

(g1, ) ~ (&, ) & :or
h] = h2 and g1~ & inG.

Barriére et al. [2,3], defined a new product of graphs, namely the generalized hierarchical product, as follows.
Definition 1. Let G and H be two graphs with nonempty vertex subset U € V(G). Then the generalized hierarchical product
G(U) M H is the graph with the vertex set V(G) x V(H) and two vertices (g, h) and (g’, h’) adjoint by an edge if and only if

g=g' €U and h~HN inH
(g h~(@g.h) & jor
h=HK and g~g inG.

The following lemma gives some basic properties of the generalized hierarchical product of graphs.

Lemma 1 (See [3]). Let G and H be graphs with U C V(G). Then we have

(a) If U = V(G), then the generalized hierarchical product G(U) rn H is the Cartesian product of G and H,
(b) IV(GWU) NH)| = V(G| IVH)I, [E(GU) nH)| = [E(G)|V(H)| + [E(H)] U],

(c) G(U) N H is connected if and only if G and H are connected,
)

’ _ [dewy(e. &) +duh, i) ifh# N
(@) dewyrn((@. h). (&', 1)) = |00, Ay

LetG = (V,E)beagraphand ¥ # U C V.Apathbetween verticesu, v € V through U isau—v pathin G containing some
vertex z € U (vertex z could be the vertex u or v). The distance between u and v in through U, d¢ ) (u, v), is the length of a
shortest path between u and v through U. Note that, if one of the vertices u and v belongs to U, then dg) (u, v) = d¢(u, v).
We define

1
WGWU) = 5 > dew . v),
(u,v)

1
WW(GW)) = 7 3 [dew) (1, v)* + doy (@, v)]-
(u,v)

Using this notation, in the following theorem, we compute the Wiener index of the generalized hierarchical product.

Theorem 1. Let G and H be graphs with U C V(G). Then we have
WW(GU) M H) = |V(H)|WW(G) + |V(G)|2WW(H)
+IVEDI(IVED] = 1) WW (GU) + 2W ()W (G(U)).

Proof. SetV(G) = {g1,82,...,8&}and V(H) = {hy, hy, ..., hy}, we have

WW (G(U) N H)

B

(dG(U)HH(us v) + dew)nu (U, U)z)

(u,v)eV(GWU)MH)

1
DI (dcw)m((g,-, he). (g ) + dowyrn (8. ). (g5, hz))2>
(gj.hy) (gihie)

-l m n
=3 |:Z > <dG(U)nH (g, ) (s M) + dewyrn (8, hi), (g hk))2>

k=1 ij=1

+> > (dcw)m((gi, ho), (g, ) + dewynn (@i, o), (g, h»)z)}
kAl=11,j=1

1 m n
= [Z > <dc(g,-, g) + do(gi, gj)2>

k=1ij=1
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m n

+ ) Z([dc(u) (&, &) + di (e, b1 + [dew) (&, &) + du (hi, h:)]z)}

k#l=11,j=1
1 m n
= [Z Z(ddg,,gj) +dc(gi, &) ) Z Z(dcw)(gl,gp + dew) (8> &) )
k=1 ij=1 k#l=11i,j=
n m n m
+y (dH(hk, h) + dy (h, h1>2> +2y > (dam(gf,gj)dﬂ(hk, ho)}
ij=1k#I=1 ij=1k#l=1

= VIDIWW(G) + V() PWW (H) + [V(H) IV (H)| = 1)WW(G(U)) + 2W (H)W (GU)
which completes the proof. O

Corollary 2. Let G and H be two connected graphs. Then
WW (GOH) = [V(H)PW(G) + [V(G)PW (H) + 2W (H)W (G).

Proof. Let U := V(G). Then WW(G(U)) = WW(G) and W(G(U)) = W(G) and the desired result obtains from
Theorem 1. O

Let G be a graph and u be a vertex of G. We denote the summation of distances between u and all vertices in the G by
dg(u). Also we let ddg(u) = Y, oy [dc(u. %) + dg(u, X)2].
Proposition 1. Let G be a graph and U = {u} be a singleton vertex of G. Then W(G(U)) = |V(G)|dg(u) and WW(G(U)) =
WO dd (u) + 4 dg(w)2.
Proof. We have

W(GU)) = = ch(m(x y = 22(dc<x,u)+dc<u,y)>=|V<G>|dc<u>,

(x y) *.y)
WW(GU)) = ~ Z dow) (%, y) + dew) (x, )]
(x y)
=3 ;[ddx’ 1)+ dg(u,y) + (do(x, ) + do(u, ))*]
Xy
1
=2 {Z[dc("» W) + do(x, w1+ ) [de(y, w) + de(y, u)’] + Y 2de(x, wd(u, y):|
Vol " e
V(G

= 7ddc( )+ dc(u)

which gives the result. O

By Theorem 1 and Proposition 1, we have the following corollary:

Corollary 3. If G and H are two graphs and U = {u} is a singleton vertex of G, then
WW (G(U) MH) = |[V(H)[WW (G) + |V(G)[* + 2W (H)|V (G)|dc (u) WW (H)

G
v (e - 1)<|()|ddc(u) + Lasw )

3. Hyper-Wiener index of F-sum of graphs

As an application of Theorem 1, we give a new method to compute the hyper-Wiener index of graphs which was
introduced in [7]. First we recall some definitions and notations (See [19]). Let G be a connected graph.

(a) S(G) is obtained from G by replacing each edge of G by a path of length two.

(b) R(G) is obtained from G by adding a new vertex corresponding to each edge of G, then joining each new vertex to the
end vertices of the corresponding edge.

(c) Q(G) is obtained from G by inserting a new vertex into each edge of G, then joining with edges those pairs of new vertices
on adjacent edges of G.

(d) T(G) has as its vertices the edges and vertices of G. Adjacency in T(G) is defined as adjacency or incidence for the
corresponding elements of G. (This graph is called total graph of G).
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Some graph operations have been defined in [7] as follows.

Definition 2. Let F be one of the symbols S, R, Q or T. The F-sum G +f G is a graph with the set of vertices V(G +r G;) =
(V(G1) UE(Gy)) x V(Gy) and two vertices (g1, £2) and (g}, g) of Gy +F G, are adjacent if and only if [g; = gjand g, ~
g, inGylor [g2 =g and gy ~ g} in F(G)].

The Wiener index of G+ H has been computed in [7]. Note that if we set U = V(G) € V(F(G)), then G+rH =
F(G)(U) n H. Thus we have a new and short method in computing the Wiener index of G +r H.

Theorem 2. Let G = (Vy,E{) and H = (V,, E;) be two connected graphs. Suppose that U = V(G) < V(F(G)). Then
WW(G+rH) =

|V (H)IWW (F(G)) + |V (F(G))*WW (H) + IV(H)I(IV(H)I - 1) (WW(F(G))

1
+W(L(G) + Z[|E1|2 + 6|51|]> +2W(H) (W(F(G)) + W(L(G)) + [E1| + IE1|2> F=Q,T

V(H)IWW (F(G)) + |V (F(G))*WW (H)

3
+Hvan| (v —1) (WW(F<G)> - 2|El|> +2WH)WF©) +|E) F=SR.

Proof. Let F = S, R. Then for every y # x € V(F(G)), we have: drw) (X, ¥) = dr) (X, ). Also for every x € V(F(G)) \ U,
dr(cyw) (%, X) = 2. So we obtain

1
WWEOGU) =~ Y > ldrow ) + drowy 1+ Y [drgw®.X)

eV (F(G)) y#xeV(F(G)) xeV(F(G)\U

+ dr o)) (%, 0] + Z[dF(G)(U) x, %) + dr o)) (%, X)2]>

xeU

1 1
= 4( YooY dre®y) +dek y)ﬁ) +5 2 o9 +dow® 0]

€V(F(G)) y#xeV(F(G)) xeV(F(G)\U

1 2
+t2 Z[dF(G)(U) (*, %) + dr ) (X, X)7]

xeU

%<4WW(F(G)) +6|V(F(G)) \U| + O>

3
WW(F(C))+5|E1|- (1)

A similar argument shows that
W(F@G)U)) = W(F(G)) + |E1]. (2)

Combining (1), (2) and Theorem 1, we obtain the desired result when F = S, R.

Now let F = Q, T.Then clearly for every y # x where {x, y} C (V(F(G))\U) = E(G), we have: dr)u) (X, ¥) = dr) (X, ¥)
+ 1 = dy®,y) + 1 and for other pair vertices of F(G), drc)w)(X,¥) = drc (%, ¥). Also note that for every x €
V(F(G)) \ U, drg)u) (X, x) = 2. So by using these facts, we obtain

1
WWEFGU) =~ > Y ldrow ®Y) + drgw . 3)’]
€V(F(G)\U y#xeV (F(G)\U

+ Z Z [dryw) (%, ¥) + deeyw) (%, ¥)°]
YeV(F(G)) y#xeU

+ Z [dr6yw) (%, X) + droyw) (%, X1 + Z[dF(G)(U) (*, %) + dr 6w (%, X)z]:|
xeV(FG)\U xeU

I,

L > > ldro (. y) + 14 (dr (. y) + 1]

€V(F(O)\U y#xeV(F(G)\U
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Fig. 1. TUHCg[2n, 2] zig-zag polyhex nanotube.

OOONe®

Fig. 2. The hexagonal chain L,.

+ Z Z[dnc)(x,)’)erF(G)(X’Y)z]+ Z 6+ZO}

yeV(F(G)) y#xeU xeV (F(G)\U xeU

1
4wawm»+2§j ij@mw+me+mﬂ®q

Y€EE(G) y#x€E(G)

1
WW (F(G)) + W(L(G) + Z[IE:I” + 6IEx 1.
A similar argument shows that

W(F(G)(U)) = W(F(G) + W(L(G)) + |E1| + |E4|*.
Again by Theorem 1, (4) and (3) we obtain the result. O

Let C, and P, be cycle and path with n vertices, respectively.

Example 1. If G’ = S(C,)(U) 1 P, the zig-zag polyhex nanotube TUHCg[2n, 2] (See Fig. 1), then

1
WW(G) = 3n (4n® 4+ 15 + 14n + 12n%) .

Proof. It is easy to see W (P,) = @ and WW(P,) = . (n* + 2n® — n? — 2n). Also W(G,) =

n2(n+1)(n+2)

_ 48
WW(G) = n(n? — 1)(n + 3)

2|n

24n.
48
So by Theorem 1, we obtain the desired result. O
Example 2. Let L, be a hexagonal chains with n hexagonal, Fig. 2. Then

8n* +32n% +46n%* +37+3
3 .

WW(L,) =

Proof. Since L, = S(P;41)(U) M Py, where U = V(P1), so by Theorem 1, we obtain the result. O

|3,

nn? —1)

2|n

2{n.

and
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