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ON DISTANCES IN GENERALIZED SIERPINSKI
GRAPHS

Alejandro Estrada-Moreno, Erick D. Rodriguez-Bazan, Juan A.
Rodriguez- Velazquez

In this paper we propose formulas for the distance between vertices of a
generalized Sierpinski graph S(G, t) in terms of the distance between vertices
of the base graph G. In particular, we deduce a recursive formula for the
distance between an arbitrary vertex and an extreme vertex of S(G,t), and
we obtain a recursive formula for the distance between two arbitrary vertices
of S(G,t) when the base graph is triangle-free. From these recursive formulas,
we provide algorithms to compute the distance between vertices of S(G,t).
In addition, we give an explicit formula for the diameter and radius of S(G, t)
when the base graph is a tree.

1. INTRODUCTION

Let G = (V, E) be a non-empty graph, and ¢ a positive integer. We denote by V*
the set of words of length ¢ on alphabet V. The letters of a word u of length t are
denoted by ujus ... us. The concatenation of two words uw and v is denoted by wwv.
Klavzar and Milutinovi¢ introduced in [10] the graph S(K,,t), t > 1, whose vertex
set is V¥, where {u, v} is an edge if and only if there exists i € {1,...,¢} such that:

(i) uj = v, if j <4 (ii) w; # v;; (i) u; = v; and v; = w; if j > 4.
As noted in [8], in a compact form, the edge set can be described as

{{wuiu?*17wuju?*1} Cuguy € Vi jid e tlywe Vit
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The graph S(K3,t) is isomorphic to the graph of the Tower of Hanoi with ¢ disks
[10]. Later, those graphs have been called Sierpiriski graphs in [11] and they
were studied by now from numerous points of view. For instance, the authors of [4]
studied identifying codes, locating-dominating codes, and total-dominating codes in
Sierpinski graphs. In [7] the authors propose an algorithm, which makes use of three
automata and the fact that there are at most two internally vertex-disjoint shortest
paths between any two vertices, to determine all shortest paths in Sierpiniski graphs.
The authors of [11] proved that for any n > 1 and ¢ > 1, the Sierpinski graph
S(Kp,t) has a unique 1-perfect code (or efficient dominating set) if ¢ is even, and
S(K,t) has exactly n 1-perfect codes if ¢ is odd. The Hamming dimension of a
graph G was introduced in [12] as the largest dimension of a Hamming graph into
which G embeds as an irredundant induced subgraph. That paper gives an upper
bound for the Hamming dimension of the Sierpinski graphs S(K,,t) for n > 3. It
also shows that the Hamming dimension of S(K3,t) grows as 373. The idea of
almost-extreme vertex of S(K,,t) was introduced in [13] as a vertex that is either
adjacent to an extreme vertex of S(K,,t) or is incident to an edge between two
subgraphs of S(K,,t) isomorphic to S(K,,t — 1). The authors of [13] deduced
explicit formulas for the distance in S(K,,t) between an arbitrary vertex and an
almost-extreme vertex. Also they gave a formula of the metric dimension of a
Sierpinski graph, which was independently obtained by Parreau in her Ph.D. thesis.
The set S, = {v € V(S(K,,t)) : there exist two shortest u,v-paths in S(K,,t)},
where v is any almost-extreme vertex of S(K,,t), was completely determined in
[17]. The eccentricity of an arbitrary vertex of Sierpiriski graphs was studied in [6]
where the main result gives an expression for the average eccentricity of S(K,,t).
For a general background on Sierpinski graphs, the reader is invited to read the
comprehensive survey [9] and references therein.

The construction of S(K,,t) was generalized in [5] for any graph G = (V, E),
by defining the t-th generalized Sierpiriski graph of G, denoted by S(G,t), as the
graph with vertex set V' and edge set {{wum?il,wujuf*l} : {ui,u i} € Ejd €
[t];w € VI=1}. Figure 1 shows the graph S(K4 — e, 3).

Notice that if {u,v} is an edge of S(G,t), there is an edge {z,y} of G and
a word w such that u = wayy...y and v = wyzz ... z. In general, S(G,t) can be
constructed recursively from G with the following process: S(G,1) = G and, for
t > 2, we copy n times S(G,t—1) and add the letter x at the beginning of each label
of the vertices belonging to the copy of S(G,t — 1) corresponding to x. Then for
every edge {z,y} of G, add an edge between vertex zyy ...y and vertex yzx...x.
Vertices of the form zx ...z are called extreme vertices of S(G,t). Notice that for
any graph G of order n and any integer ¢ > 2, S(G, t) has n extreme vertices and, if
2 has degree d(x) in G, then the extreme vertex zx ...z of S(G,t) also has degree
d(x). Moreover, the degrees of two vertices yxzx ...z and zyy ...y, which connect
two copies of S(G,t — 1), are equal to d(x) + 1 and d(y) + 1, respectively.

The authors of [5] announced some results about generalized Sierpiniski graphs
concerning their automorphism groups and perfect codes. In our opinion, these
results definitely deserve to be published. In the first published article on this
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Figure 1: The distance between vertices 121 and 344 in S(G, 3) is 10.

subject the authors obtained closed formulae for the Randi¢ index of polymeric
networks modelled by generalized Sierpiniski graphs [16], while in [2] this work was
extended to the generalized Randi¢ index. Later, the total chromatic number of
generalized Sierpinski graphs was studied in [3] and the strong metric dimension has
recently been studied in [1]. The authors of [15] obtained closed formulae for the
chromatic, vertex cover, clique and domination numbers of generalized Sierpinski
graphs S(G, t) in terms of parameters of the base graph G. More recently, a general
upper bound on the Roman domination number of S(G,t) was obtained in [14].
In particular, it was studied the case in which the base graph G is a path, a cycle,
a complete graph or a graph having exactly one universal vertex. In this paper
we propose formulas for the distance between vertices of a generalized Sierpinski
graph in terms of the distance between vertices of the base graph. In particular,
we deduce a recursive formula for the distance between an arbitrary vertex and
an extreme vertex of S(G,t), and we obtain a recursive formula for the distance
between two arbitrary vertices of S(G, t) when the base graph is triangle-free. From
these recursive formulas, we provide algorithms to compute the distance between
vertices of S(G,t). In addition, we give an explicit formula for the diameter and
radius of S(G,t) when the base graph is a tree.
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2. MAIN RESULTS
For any t > 2 the subgraph (V,) of S(G,t), induced by V, = {zw : =z € V,w €
Vt=1} is isomorphic to S(G,t — 1). Note that (V) contains exactly one extreme
vertex of S(G,t).

Lemma 1. Let G = (V, E) be a connected non-trivial graph. For any x € V,
w,w’ € V=1 and any integer t > 2,

ds(c.p (zw, zw'") = dg(w,w').
Proof. For any shortest path w, wy,ws, ..., w;,w between w and w’ in S(G,t—1)

and z € V, we have a path zw,zw;,zws,...,rw;, zw’ between zw and zw’ in
S(G,t). Hence, we can conclude that

(1) ds(a.n(zw,zw") < dg(gi—1)(w,w’).

Suppose that there exists a shortest path P between zw and zw’ of the form

Tw = vow(()o), Uowgo), . ,vowl(oo), vlwél), vlwgl), . ,vlwl(ll), . ,vowl(:) =zw'.

_ -1 _ i+1
In such a case, vow(()r) = vo(vr_1)' 71, ”T—lwl(:,l) = v_1(vg)' 71, vi+1w(()z+ ) =
vip1(v;)t 1 and viw(:) = v;(viy1)tt for all i € {0,1,...,r — 2}. Also, the trail
T = Vg, V1,V2,- .., Upr_1,V9 = & associated to P has length greater than zero. Since
P is a shortest path, we obtain that viw((f),viwgz), . ,in(,l) is a shortest path in

i

(Va,), where i € {0,...,r} and v, = vp, so that
dsa,r) (vow, vo(v1)'™) = dg(g -1y (w, (v1)"71),
ds(c.t) (vo(vr—1)"1 vow’) = dg(gi—1) ((vr—1)""', w’) and

ds(a,t) (vi+1(vi)t71aUi+1(”i+2)t71) =ds(q,i-1) ((Ui)tilv (Uz'+2)t71)7i €{0,1,...,7—
2}.

Thus,

r—2
ds (a0 (@w, 2w') =ds(c.o ow, vo(v1) ™) + 3 ds(an Wie1 (0, vt (Vi) )+
=0
+ dS(th) (UO (Ur—l)til, UQ”LUI) +7r
r—2
:dS(G,t—l)(Uh (U1)t—1) + Z dS(G,t—l)((Ui)t_l, (Ui+2)t_1)+
1=0
+ds (G- ((0r-1) 7 W) + 7
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Hence, if r is even, then
7‘;4
ds(c.p) (2w, 2w') >dg(g—1)(w, (1)) + Z ds(G—1)((v2it1)" ™", (v2i43) ™)
i=0
+ ds(g,i-1)((vp—1) 71 w')
>dg(,1—1)(w,w’) (by triangle inequality),

which contradicts (1). Now, if r is odd, then

r—3

2
ds(cp(aw,zw’) >dgc—1)(w, (1)) + Z ds(,t—1)((v2i41)" " (v2igs)' ™)
1=0
r—3
2
+ Y dsii—1)((v2:) 71 (02542)"™ 1) + ds(g 1) ((vr—1) 7 w")
0

1=

>dg(G,1—1)(w,w’) (by triangle inequality),
which contradicts (1). Therefore, the result follows. O

From the lemma above, we deduce the following remark.

Remark 2. Let G = (V, E) be a connected non-trivial graph and let r > 1 and
t > 1 be two integers. If

(%)
(0) 41 (©0) 0 @D @ (1) (") 4™ (r)

VoWG 5 VoW 5 -+ VWY 5 VIWG 5 VIW] 5 ey VIW) s ey VW VW ey Uy
is a shortest path in S(G,t), where v; € V, vy # vg41 and wﬁi) e V=1, for
ie€{0,1,...,r}, ke {0,1,...,r—1} and j € {0,1,...,1;}, then vy, v1,...,v, iS a
path in G.

From now on, we will refer to the path vg,vq,...,v, in G as the G-path
associated to the shortest path (x). We say that a G-path P is triangle-free if
for any set S composed by three consecutive vertices of P, the subgraph of G in-
duced by S is a path. For instance, the G-path associated to the shortest path
121,122,211, 214, 241,244,422, 423,432, 433, 344 shown in Figure 1 is 1,2, 4,3. No-
tice that this G-path is not triangle-free.

Lemma 3. Let G = (V, E) be a connected non-trivial graph and let t > 1 be an
integer such that dg(,p)(u',v*) = (2" — 1)dg(u,v) for all u,v € V.. Then for every
x,y €V and w,w’ € V* the following assertions hold.

(i) The G-path associated to any shortest path between x**1 and yw is triangle-
free.

(i) Let w # at, w' # yt. If dg(x,y) > 2, then the G-path x,v1,v2,..., Vr_1,¥
associated to any shortest path between xw and yw' is triangle-free whenever

x & N(vq).
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Proof. Let P be a shortest path between z'*! and yw and let = vy, v1,vo,.. .,
vr_1,V, = y be the G-path P; associated to P. If P is triangle-free, then we are
done. Now, suppose that j is the minimum subscript such that v; and v;;o are
adjacent and consider the following cases:

(a) j = 0. Suppose that » = 2. In this case, the G-path is x = vg,v1,v9 = ¥, s0
that

ds(G.+1) (@ yw) =ds( 1) ((v0) T, vo(v1)") + ds(G 1) (V1 (v0)", v1(v2)")
+ ds G H_l)(’UQ(Ul)t, UQUJ) +2
=ds(c.p((v0)"; (v1)") + dsa(v0)", (v2)")
+ ds(ap((v1)',w) + 2 (by Lemma 1)
>ds(c.n((v0)",w) + dga,e) ((v0)*, (v2)F) + 2
(by triangle inequality)
>dsa((v0)', w) + dg(,p ((v0)", (v2)") +1
=ds(,t+1)((V0)" 1, v (v2)") + 1 + dg (g e41) (V2(v0)", v2w)
(by Lemma 1)
41

>dg(G+1) (2", yw) (by triangle inequality),

which is a contradiction.
Now, assume that r > 3 and let
r—2
a5 = Z dS(G,t+1)('Ui+1Ufa Ui+1vf+2) + dS(G,tH)(Ur(’Urq)t, vpw) + 17— 2.
i=2
So,

t+1 )t+1

s yw) =dg (G e11)((v0) T vo(v1)") + ds(,e41) (01 (v0)", v1(v2)")
+ ds(c 1) (va(v1)', v2(v3)") + @ + 2
=dgs(a,t)((v0)", (11)") + ds(ap ((v0)", (v2)")
+dsc.p((v1)", (v3)") + a;j +2 (by Lemma 1)

>dsa, ()’ (v3)") + ds(an (v0)", (v2)") + o + 2
(by triangle inequality)

ds(a+1) (T

=dg(G,t+1)((v0)", v (v2)") + ds(G,t41) (v2(v0)", v2(v3)")
+ a; + 2 (by Lemma 1)

>ds(c,e+1)(00) ™ v0(v2)") + 1 + ds(ge41) (v2(v0)", v2(v3)")
+ O[j
ZdS(G’t+1)($t+1, yw) (by triangle inequality),

which is a contradiction.
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(b) 1 <j<r—3. Let

Jj—2

o =dg(c,e+1)((v0) T, vo(v1)") + Z ds(G,e+1) (Vig10], vig1 (Vi) ')+
1=0
r—2

+ Z dS(G,t+1)(Ui+1Uf, Ui+1(vi+2)t) + dS(G,t+1)(Ur(Ur—1)ta Urw) +r—2
i=j+2

Notice that dG(Uj_l, ’Uj+1) = 2, dG (’Uj, ’Uj+2) = land dG (Uj+1, ’Uj+3), dG (’Uj_1, ’Uj+2),
da(vj,vj4+3) € {1,2}. Hence,

dS(G,t+1)(fEt+l,yw) =a; + dS(G,tH)(vj(vj,l)t,vj(vjﬂ)t)
+ ds(G,u41)(V41(05)" Vi1 (vj42)")
+ds(G 1) (Vj42(vi1)", vj42(0j43)") + 2
=a; + dS(G,t)((Ujfl)ta (vj+1)t) + ds(g,t)((vj)t, (Uj+2)t)
+ dS(G,t)((”j+1)tv (vj+3)") + 2 (by Lemma 1)
>a; +2(2" = 1)+ (2° — 1) + (2" — 1) + 2 (by assumption)
>a; +ds(a,) (vj-1)"s (vj3+2)") + dsa,n (v))"s (vj43)°) + 2
(by assumption)
=a; + dS(G,t+1)(Uj(Uj—1)ta 0;(vj42)")
+ dS(G1t+1)(Uj+2(Uj)t7Uj+2 'Uj+3)t) + 2 (by Lemma 1)
> 4 ds(Gig1) (v (vj-1)" v (vj42)") + 1
+ds(G.e+1) (Vj42(05)", vj2(vj43)")

st(g7t+1)(zt“, yw) (by triangle inequality),

which is a contradiction.

(¢) j=r—2andr >3. Let

r—4

;= dS(G,t+1)((UO)t+17 'UO('Ul)t) + Z dS(G,t+1)(Ui+1(Ui)ta Ui+1(11i+2)t) +r—2.
i=0

Notice that dg(vy—3,v,—1) = 2,dg(Vy—2,vr-1) = dg(vr—2,v,) = 1 and
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dg(vr—3,v,) € {1,2}. In this case,

ds(G.e+1) (@ yw) =a; + ds(g 1) (Vr—2(vr—3)", vr_2(vr_1)")

+ ds(ci+1) (Vr—1(vr—2)", vp—1(v,)")
+ ds(ct+1) (vr (V1) vow) + 2

=a; +ds(a,n((vr-3)", (v--1)") + ds(a,p (vr-2)", (vr)")
+ ds(c)((r—1)",w) + 2 (by Lemma 1)

=a; +2(2' = 1) + (2" = 1) + ds(a) (vr-1)", w) +2
(by assumption)

>a; + dsian((vr-3)" (v)") + dsa.n ((vr—2)"s (v,-1)")
+ ds(at)((vr_l)t, w) + 2 (by assumption)

>a; + ds(a,n (vr-3)"s (vr)") + ds(an ((0r-2)", (vr-1)")
+ dscp)((vr—1)",w) + 1

>aj +dg(a,)(vr-3)"s (0:)") + dsa,p) (v:—2)", w) + 1
(by triangle inequality)

=a; + ds(c,e+1) (Ur—2(Vr—3)", vr_a(v,)") + 1
+ ds(c,t+1)(vr(vr—2)", vyw) (by Lemma 1)

ZdS(G’t+1)(xt+17 yw) (by triangle inequality),

which is a contradiction.

Considering the previous cases, we deduce that the G-path associated to any short-
est path between z!*! and yw is triangle-free. Therefore, (i) holds.

Now, assume that dg(z,y) > 2. If € N(va) and = = wg,v1,v9,...,
vr_1,v, = y is the G-path associated to a shortest path between zw and yw’,
then by analogy to the proof of (i), cases (b) and (c), we deduce that the above
mentioned G-path is triangle-free. Therefore, (ii) holds. O

Theorem 4. Let G = (V, E) be a connected non-trivial graph. For any xz,y € V
and any integer t > 1,

dsap (' y") = (2" = Dda(z,y).

Proof. We will proceed by induction on ¢t. For ¢t = 1, we have that als(c;,l)(gcl7 yt) =
da(z,y) = (2 — 1)dg(z,y). Suppose that dg(g (2!, y') = (2¢ — 1)de(x,y) holds
true for an integer ¢ > 1 and any pair of vertices of G. We will show that
ds(c i (@Yt = (27 = 1)dg (2, y).

Let P be a shortest path between '+, y**1 and let © = vg, v1, V2, ..., Ur_1, Uy =
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y be the G-path associated to P. So,
r—2

ds(G i) (@ YY) =ds(g e (V5T vov]) + Z ds(Gt+1) (Vig1V], V1)1 0)+
=0

+ ds( t1) (Vrvl_y, 0
By hypothesis and Lemmas 1 and 3, we obtain
dsesn (@ Tyt =2 —1420Q2 = 1)(r—1)+2" =14
Also, since r > dg(x,y) we have

ds(Ga) (@ Ty > 2 = 1)da(z, y).

Now, let * = wug,u1,...,us = y be a shortest path between x and y. By
Lemma 1 and induction hypothesis we have that

ds(aesny (@ T x(ur)') = 28 = 1, dg(a,eq1) (y(us—1)', y') = 2" — 1 and

ds(g7t+1)(ui+1(ui)t,ui+1(ui+2)t) = 2(2t - 1) for i € {0, 1, ey S — 2}

Thus, since u;(u;41)" is adjacent to u;41(u;)! for all i € {0,1,...,s — 1}, we have
s—2

dS(G,t—o—l)(-TH_lv ytﬂ) SdS(G,tH)(CUtHa CC(Ul)t) + Z ds(G,t+1)(Ui+1(Ui)t, Ui+1(ui+2)t)+
i=0

+ds(c 1) (yus—1), y' ) + s
s—2
=2/~ 14> 2(2 - 1)+2" —1+s
=0

=2'—1+42(2" - 1) (dg(z,y) — 1) + 2" — 1 + dg(z,y)
=2 = )dg(2,y).
Therefore, dg(g 1) (', y'th) = (2! — 1)dg(z, y). O

For any w € V=1, the subgraph induced by {wz : z € V} is isomorphic to G
and so dg(,y) (2", 2" 'y) = dg(z,y). Hence, as we will see in Theorem 5, we only
study dg(c,¢) (2", w) for the cases in which w is not of the form z'~1y.

Given two vertices z,y € V, we define P(z,y) as the set of all shortest paths
between = and y. For any P; € P(z,y), the neighbour of y lying on P; will be

denoted by y(*. With this notation in mind we can state the following result.

Theorem 5. Let G = (V, E) be a connected non-trivial graph. For any integer
t>2and anyxz €V and w = mj_lzjzj+1~-~zt €Vt such that 1 < j<t—1 and

T # 25,
. D\t
dS(G,t)(.’Et7 w) = min {dS(G,t—j) ((Z]( )> JZj1 Zt> } +

P,LEP(w,zJ-)
+ (279 — Ddg(w, 2) — (277 — 1),
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Proof. By Lemma 1, we have that dggs(2',w) = dsG—ji1) (@71, 25 ).
Let x = vg,v1,v2,...,0--1,v, = z; be a shortest path P between x and z;. Let P,
be a path of minimum length among all the paths from '~/ to z; - - - 2; having
P as its associated path. So, the length of P; is given by

r—2

(Py) =ds(ca—j+1) (@ 2(01) ™) + Y d(ei—jrn) (0ip1 (0) 7, vig1 (vig2) ™)+
1=0

+ 7+ dse—j1) (Vr(vr—1) 7 2 2)
r—2

=ds(a—p (@07 7) + D dsa—g ()7 (vig2) )
=0

+ds(c,i—j) ((v:-1)"7, 241+ z) (by Lemma 1)
:(Qt_‘j — 1) + 2(2t_j — 1)(7" — ].) —+7r + ds(G7t_j)(('Ur,‘,1)t_j, Zj+1 e Zt)

(2) (by Theorem 4).

Now, let P, be a shortest path between z'~7*! and zj - -+ z; and let Py be the G-path
associated to Py. By Lemma 3 and Theorem 4, we learned that Pj is triangle-free.
Suppose that Pj given by @ = ug, u1, ug, ..., Us—1,Us = zj has length s > de(z, zj).
Analogously to the way in which we obtained the length of P; in (2), we deduce
that the length of P; is given by

l(Pg) = (2tij — 1) + 2(2tij — 1)(5 — 1) + S + ds(Gyt_j)((Us_l)tij, Zj+1 e Zt).

Hence,

I(Py) >(2077 — 1) + 227 — 1)r +r + dS(G,t_j)((us_l)t*j, Zjt1---2) (as s >r+1)
=2 1) 202" —1)(r— 1)+ 227 — 1) +r+
+ dS(G,t—j)((usfl)t_jﬂ Zj41 - 2t)
>(2"77 = 1)+ 22" = 1)(r = 1) + 7+ ds(a ) (0r—1) 7, (us—1)" )
+ds(Gi—j)((us—1)""7, zj41 -+ ) (by Theorem 4 and u,_1,v,—1 € N(2;))
=27 = 1)+ 22" = 1(r = 1) 47+ ds(ga—p (r-1)" 7, 2j41 0 21)
(by triangle inequality)
=l(P1),
which is a contradiction. Therefore, the G-path associated to any shortest path

between /771 and z; - - - 2 is a shortest path between x and z;, so that (2) leads
to the result. O

We can use Theorem 5 as a tool to prove the following known result.
Corollary 6. [10] Let t > 1 and n > 2 be integers, let K,, = (V, E) be a complete
graph, x € V and and w = 2120 ---2; € V. Then

ds(x, 1) (x", w) = Z 2!,
ZiFT
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Theorem 5 leads to Algorithm 1 which allows us to compute the distance
between an extreme vertex and any vertex of S(G,t). In this algorithm we are
using two functions, dist(x,y) and dist*(x,y). The first one gives the distance
between = and y and the second one gives the same distance and stores in v(x,y)
the set of neighbours of y lying on the corresponding shortest paths. For instance, if
we compute the distances by using Dijkstra’s algorithm, then Algorithm 1 has time
complexity of O(¢|V|?), while Dijkstra’s algorithm for S(G,t) has time complexity
of O(|V[*).

Algorithm 1

Input: A connected graph G, a vertex x and a word w = 2129 - -+ 2.
Output: dg(g (2", w)
function RECURSIVEEXTREME(x, w)
j+1
while j <t and z = z; do
j—j+1
end while
if j =t then
ds(cp (@', w) « dist(x, z)
else
m < 400
(da e, 2)),v(z, 7))  dist* (z, z)
for each v € v(z, z;) do
m < min{m, RECURSIVEEXTREME (v, z;4+1- - - %) }
end for
ds(g)t) (xt,w) —m+ (Qt_j'H — Ddg(z, Zj) — (Qt_j -1
end if
end function

The result exposed in Lemma 3 cannot be generalized to the case of two
non-extreme vertices. For instance, for the graph S(G,3) shown in Figure 1 the
G-path 1,2, 4,3 associated to the shortest path between 121 and 344 contains two
triangles. Our next result concerns triangle-free G-paths.

Theorem 7. Let G = (V, E) be a connected non-trivial graph, t > 2 an integer,
z,y,z2 €V and w,w' € V' such that w = 27 Yoxjq - x, W = 27 yyipr oy,
1<j<t—1and x # y. If (a) z does not belong to any cycle or (b) any
path x,uy, ..., us—1,y of length s > dg(z,y) + 2 satisfies that x ¢ Ng(uz) (or
y & Ng(us—2)), then

ds(ap(w,w') = Az,y) + (277 = Dda(z,y) — 227 - 1),
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where

N\ t—J
AMz,y) = min {dS(G7t_j)<(x<z>) ,mj+1...xt>+

P, eP(z,y)

N\ t—J
+ ds(a,t—j) ((y(l)> yYj+1 e yt)}

Proof. By Lemma 1, we have that dg(q ) (w,w") = ds(q,t—j+1) (XTj1 - Te, YY1 Ye)-
Let z = vg,v1,v2, ..., v._1,v, =y be a shortest path P between x and y in G. Let

Py be a path of minimum length among all the paths from xx ;1 -+ - 2 to YY1 - - Ye
having P as its associated path. So, the length of P; is given by

r—2

UP1) =ds(Gt—j+1) (@2 2, 2(01)77) + Z ds(Gt—j+1) Wig1 (v3) 77 vig1 (vig2)"7)
i=0

+ 7+ dsi—jr1) (Or (V1) T Yy )
r—2
=ds(ai—g) (€1 xe, (01)77) + Z ds(G—p (Vi)' ™, (Vig2) ™) + 1+
1=0

+ds(i—j)((vr=1)"7, yjs1 - y:) (by Lemma 1)
=ds(ct—g) (@jr1 - mp, (01) )+ 2027 = 1)(r = 1) + 7

(3)
+ dsG—j)(vr=1)"7,yj41 -~ y) (by Theorem 4).

Let P, be a shortest path between zx;i1---x; and yy;41---y, and let x =
Ug, U, U2,y .., Us—1,Us = Yy be the G-path Pj associated to P,. Suppose that
s> dg(z,y).

We first assume premiss (a). In this case u1 = v1 and s > r + 1, and by
Lemma 3 and Theorem 4 we can conclude that Pj is triangle-free. Following a
procedure analogous to that described in (3), we deduce that the length of P, is
given by

UPy) =ds(Gi—j)(@ja1- - ae, (01)77) 420277 = 1)(s — 1) + 5
+ds(a i) ((ws—1)"7, yj1 - ye).-
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Hence,
U(P2) >ds(,t—j) (xj1 - xe, (01)77) + 2277 = D)r v
+dsai—((us—1)" 7y ye) (as s >+ 1)
=ds(c1—j) (@1 we, (1) 7) +227 = 1)(r = 1) + 1
+2(277 = 1) + ds(a—g) (ws—1)" 7 i1 92)
>dg(i—g) (@1 e, (1)) + 202577 = 1) (r = 1) 7
+ds(c—) (0r-1)"7, (us-1)"7) + dsa i) ((ws—1)"7, yjr1 -~ ye)
(by Theorem 4 and the fact that us_1,v,—1 € N(y))
>dg(co g (@541 0, (02)'9) +2(2079 ~ 1)(r — 1) +7
+ dS(G,t_j)((v,«,l)t_j, Yj+1- - ye) (by triangle inequality)
=l(P),

which is a contradiction.

Finally, assume premiss (b). In this case, s > r+2 and by Lemma 3 and The-
orem 4 we can conclude that P} is triangle-free. Following a procedure analogous
to that described in (3), we deduce that the length of P, is given by

UP2) =ds(G1—j)(@j41 - @, (u) ™) + 2027 = 1) (s = 1) + s
+dsc - (us—1)" " yja1 - ye).

Hence,

I(P) >dg(G,i—j)(Tjq1- -2, (u)"™) +22 = D)(r+1) + 7
+ds i) (ws—1)""7 yjer o) (as s > +2)
=ds(G1—j)(@jp1 -z, (W) )+ 227 = 1) + 202" —D)(r—1) +r
+2(277 = 1) + ds(aa—j) (us—1)""7 i1 e)
>ds(Gi—g) (@Tjr1 - @, (u1) 7) + dsiau—j) (wa)™, (1)) + 2257 = 1)(r — 1)
+ 1+ dgaa—g) (0r-1)77, (us—1)"™) + ds(ai—g) (ws—1)"", g1 ve)
(by Theorem 4 and the fact that uy,v; € N(z) and us—1,v,—1 € N(y))
>dgaa—j) (@1, (1)) +2(277 = 1) (r = 1) +r
+ dS(G,t,j)((vr_l)t_j, Yj+1---ye) (by triangle inequality)
=l(P1),

which is a contradiction.
Therefore, the G-path associated to any shortest path between zz;1--- ¢
and yy;41--- ¢ is a shortest path between x and y, so that (3) leads to the result.
O

From Theorem 7 we can state the formula for the distance between vertices
in S(G,t) for any bipartite graph G.
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Corollary 8. Let G = (V,E) be a connected bipartite graph, t > 2 an integer,
z,y,z €V and w,w' € V' such that w = 29z g - xy, w' = 29 yyjon -y,
1<j<t—1andzx#vy. Then

ds(ap(w,w') = Az,y) + 277 = Ddg(z,y) — 227 - 1),

where

i @)™
)\(.T;y) = min ){dS(G,t—j) <(5(;Z ) ,Ij—‘,-l"'xt) —+

P,eP(z,y

N\ t—J
+ ds(a,t—j) <(y(l)) yYj+1 e yt>}

For instance, for the cycle graph Cy = (V,E) whose vertex set is V =
{a,b,c,d} and edge set is E = {{a,b},{b,c},{c,d},{d,a}}, Corollary 8 leads to
ds(c,,3)(dab,bdc) = 13. In this case, t =3, j =1, v =d, y = b and
A(d, b) = min{dgc,,2)(aa, ab) + ds(c, 2)(aa, dc),ds(c, 2)(cc, ab) + dg(c, 2)(cc, dc) }

= min{1 + 4,5+ 2}

= 5.
Analogously, dg(c, 3)(dab,cad) = 8, ast =3, j =1,z =d, y = c and \(d,c) =
ds(c4,2)(CC, ab) + dS(C4,2) (dd, ad) =5+4+2=17.

Given two vertices x,y € V', we define P’(z, y) as the set of all paths between
x and y of length dg(z,y) + 1. For any P, € P’(x,y) between z and y, the
neighbour of y lying on Pj, will be denoted by y*). With this notation in mind we

proceed to state the following result which can be deduced by analogy to the proof
of Theorem 7.

Theorem 9. Let G = (V, E) be a connected non-trivial triangle-free graph, t > 2

an integer, x,y,z € V and w,w' € V' such that w = 27 tozjiy e, W o=

Py, 1<j<t—1andx#y. Then
ds(c .ty (w, w') = min{d(z, ), (z,y)},
where
I(z,y) =A,y) + (277 = 1) da(2,y) — 20277 - 1),
V' (x,y) =N (z,y) + (27 = 1) da(z,y) + 1,

i A
)\(CC,y) = min {dS(G,t—j) <<I ? ) ,xj+1 P xt> +

P;eP(z,y)

N\ t—J
+ dsa,t—j) ((y(l)) yYj41 ’yt> } ;

t—j
N(z,y) = min {dS(G,tj) ((ﬂf(k)) 733j+1'~'$t> +

PreP!(z,y)

t—j
+ ds(Gi-j) ((y(k)) Y1 yt) } :
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Figure 2: The G-path 1,2,3,4 associated to the shortest path 16,12,21,22, 23,
32,33,34,43,47 between 16 and 47, is not a shortest path between the vertices 1
and 4.

Proof. By Lemma, 1, we have that dg(q ) (w,w') = dg(,i—j+1)(ZTjp1 - T, YYjp1 - Ye)-
Let © = vg,v1,v2,...,v._1,v, =y be a shortest path P between x and y in G. Let

Py be a path of minimum length among all the paths from xz 41 - -z to yy41 - -
having P as its associated path. Following a procedure analogous to that described

in the proof of Theorem 7 we deduce that the length of P; is given by

UPy) =ds(a,i—j)(Tjp1 - T, (V)" ) +2@"7 = 1)(r—1) +r+
+ds(i—j) (r—1)" 7 yja1 - yr).
Let P, be a shortest path between zx;i1---x; and yyjr1---y, and let z =
UQ, U, Uy .., Us_1,Us = Yy be the G-path Pj associated to P,. Following a pro-
cedure analogous to that described in the proof of Theorem 7 we deduce that the
length of P, is given by
WPy) =ds(G,t—j)(@ja1 2, (ur) ™) + 227 = 1)(s — 1) + s+
+ dS(G,tfj)((Us—l)t_ja Yj+1 - Yt)-
Now, since G is a triangle-free graph, if s > dg(x,y) + 2, then we can follow

a procedure analogous to that described in the proof of Theorem 7 (when we used
premiss (b)) to conclude that I(Pz) > I(P1), which is a contradiction. Hence, the
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G-path associated to any shortest path between xx;41 -2z, and yyjq1 -y is a
shortest path between x and y or it has length d(z,y) + 1. Therefore, the result
follows. 0

Figure 2 shows an example where the path associated to the shortest path
between the vertices 16 and 47 of S(G,2) is not a shortest path between 1 and 4.
According to Theorem 9 we have that dg(q,2)(16,47) = 9 =1'(1,4), as X'(1,4) = 2
while A(1,4) = 6.

Theorem 9 leads to Algorithm 2 which allows us to compute the distance
between two arbitrary vertices of S(G,t) for any connected triangle-free graph G.
In this algorithm we are using a function, dist**(z,y) which gives the distance
between x and y and stores in ¢(x,y) the set of pairs (2',y’) such that 2’ and 3’
are, respectively, neighbours of z and y lying on the shortest paths between them,
and stores in ¢'(z,y) the set of pairs (z”,y”) such that 2" and y" are, respectively,
neighbours of z and y lying on the paths of length dg(x,y) + 1.

Algorithm 2
Input: A connected triangle-free graph G and two words w = zizs---x; and
W= Y12 Yi-
Output: dg(g ) (w,w’)
j<1
while j <t and z; = y; do
j+—j+1
end while
if j =t then
ds(ap(w,w') < dist(z, yz)
else
(da(@j,y5), o(x),y5), €' (25,4;))  dist™ (2, y;)
A 400
for each (u,v) € ¢(z;,y;) do
dy < RECURSIVEEXTREME(u, ;11 - - &)
dy < RECURSIVEEXTREME(V, Yj+1 - - Yt)
A min{\, d; +d,}
end for
N+ 400
for each (u,v) € ¢'(z;,y;) do
dy < RECURSIVEEXTREME(u, ;11 - - &)
dy < RECURSIVEEXTREME(v, Y1 ¥¢)
N —min{XN,d, + dy}
end for
9 N+ (2079 — D)dg(z,25) — 22077 — 1)
V<~ XN+ (2t7j+1 - 1)dg(:c, Zj) +1
ds(cp (w,w’) < min{d, '}
end if
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3. DISTANCES IN TREES

As shown in [15], for any tree T and any positive integer ¢ the Sierpiriski graph
S(T,t) is a tree. Thus, there exists only one path between two vertices of S(T,t).
Notice that Corollary 8 leads to the next remark.

Remark 10. Let T = (V,E) be a tree and t > 2 an integer. For any w =
P lgxiqcx and w' =2y oy, where 1 < j<t—1,z,y,2€V, x £y,
and w,w' € V¢,

dS(T,t)(w7’lUl) :dS(T,tfj) ((m’)t_j y Lj4+1° --xt) + dS(T,tfj) ((Z/)t_j yYj+1 - "yt)
+ (2 = Ddr(,y) — 20277 - 1),

where ' and y' are the neighbours of x and y lying on the path between x and y,
respectively.

The eccentricity e(v) of a vertex v in a connected graph G is the maximum
distance between v and any other vertex u of G. The diameter of G is defined as

D(G) = vénva()é){e(v)},

and the radius of G is defined as

r(G) = min {e(v)}.
(©) = min {e(v)}
For a vertex v, each vertex at distance e(v) from v is an eccentric vertex for v. A
leaf in a tree is a vertex of degree one, while a support vertex is a vertex adjacent
to a leaf.

Remark 11. Let u and v be two different vertices in a tree T. If v is an eccentric
vertez for u, then v is a leaf and e(v) = D(T).

From now on we will assume that T has order n > 3, as S(K3,t) & Py.

Lemma 12. Let T = (V,E) be a tree of order greater than or equal to three,
u,v €V and t > 2 an integer. Then the following statements hold.

(i) If e(u) > €(v), then e(u') > e(v?).

(ii) e(u’) = e (2"71) + (28 — 1)e(u) — (2~ — 1), where z is the support vertex of
an eccentric vertex for u.

Proof. Let w = uiilmxiﬂ vy € VP and w' = vjflyyjﬂ -y, € V' such that

e(u') = d(u',w) and e(vt) = d(vt,w’). If i > 1, then for any u’ € Nr(u) we have
that

ds(rn (U, u/'n' " rwiy - xy) >dgrgy (uf, u(u) )+

t—1

/ 1, 1—2
+dgergy (U uu T e - y)

fot—1 g i—2
>dgrp(uu' ™ u'u' T e w g - 2)

:dS(T,t) (Uta w),
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which is a contradiction. Hence, i = j = 1 and by Remark 10 we have
(4)  dsrpu',w) =dgr (@ 2z ay) + (28 = Ddp(u,z) — (2071 = 1)

and

(5) dsn (', w') =ds@i0)(y -y vz ye) + (28 = Ddr(v,y) — (271 = 1),

where z’ is the neighbour of z lying on the path between z and w and ¥’ is the
neighbour of y lying on the path between y and v. From now on we assume that
€(u) > e(v) and then we will show that e(u') > e(v?) by induction. Let ¢t = 2. By
(4) ds(r,2)(v?,w) = dp(a’, x2) + 3dr(u,z) — 1 < (D(T) — 1) + 3e(u) — 1 and the
equality holds for x, zo satisfying dr(x,u) = e¢(u) and dr(z2,2) = D(T'). Hence,

e(u?) = D(T) + 3e(u) — 2 > D(T) + 3e(v) — 2 = €(v?).

Our hypothesis is that e(u’) > e(v'). For x € V such that dp(x,u) = €(u), and
taking 2’ as the neighbour of z lying on the path between = and u, we have e(z') =
D(T) — 1 (by Remark 11). Hence, by hypothesis we have that e((z")?) > e((y/')?),
for every internal vertex y’. Thus, (4) leads to

(6) (™) = e((@)) + 2 = De(u) - (2 = 1)
and, analogously,
(7) (™) =e((y)") + 27— e(v) — (2 - 1),

which implies that e(u'T!) > e(v'*!). Therefore, (i) follows by induction and (ii)
by (6). O

Theorem 13. Let T = (V, E) be a tree of order greater than or equal to three.
Then for any uw € V and any integer t > 1,

e(u’) = (2" — De(u) + (28 —t — 1)(D(T) — 2).

Proof. We proceed by induction on t. The equality holds for t = 1. Suppose that
e(ut) = (28 — 1)e(u) + (28 — t — 1)(D(T) — 2). Then we have
e(u™) =e(v") + (2" — 1)e(u) — (2 — 1) (by Lemma 12 (ii))
=(2" = De(v) + (2" =t = )(D(T) = 2) + (27 — De(u) — (2° ~ 1)
(by hipothesis)
=2' = 1)(D(T) = 1) + (2" =t = 1)(D(T) — 2) + (2" — D)e(u) — (2" — 1)
(as v is the support of a diametral vertex)
=2 — De(u) + (2 — (t+1) — 1)(D(T) - 2).

Therefore, the result follows O
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Theorem 14. For any tree T of order greater than or equal to three and any
positive integer t,

D(S(T,t)) = (3-2" =2t —3)D(T) — 4(2" —t — 1).

Proof. Let u,u’,v,v" € V and wy,ws € V=1 such that dr(u, v) D(T), v and v
are the support vertices of u and v, respectively, ds(ri—1) (W)~ w) = e(( ni=h)
and dg(r—1)((v)'!, wa) = €((v/)*~1). By Remark 10 and Lemma 12 (i) we have
that for any =,y € V and w,w’ € V1,

ds () (uwr, vwa) = e((u)' ™) +e((v) 1) + (2" = )D(T) - 2(2'~" — 1)

> dg(r,p) (2w, yw').

Therefore, uw; and vws are diametral vertices and so Theorem 13 leads to

D(S(T,t)) = dg(r.) (vw, vwe) = (3-2" =2t = 3)D(T) — 4(2" —t — 1).

O

It is well known that if D(T') is even, then r(T) = $D(T), otherwise, r(T) =
+(D(T) + 1). Now, by Theorem 14 we have that D(T) is even if and only if
D(S(T,t)) is even, so that we deduce the following result.

Theorem 15. For any tree T of order greater than or equal to three and any
positive integer t,

(3-28—2t—3)D(T) —2(2t =t —1), for D(T) even;

N | =

r(S(T,t)) =
((3-2" =2t —3)D(T) — 22 44t +5) , otherwise.

N | =

4. CONCLUDING REMARKS

In this paper we have discussed the problem of finding formulas for the distance be-
tween two vertices of a generalized Sierpiriski graph S(G, t) in terms of the distance
between vertices of the base graph G. We have solved the problem for the case of
an arbitrary vertex and an extreme vertex of S(G,t), and also for two arbitrary
vertices of S(G,t) when G is a triangle-free graph. From the recursive formulas
proposed, we have devised algorithms to compute the distances. In addition, we
have derived explicit formulas for the diameter and radius of S(7,t), for every tree
T.

The general problem of computing the distance between two non-extreme
vertices of S(G,t) remains open as long as the graph G has triangles.



68 A. Estrada-Moreno, E. D. Rodriguez-Bazan, J. A. Rodriguez-Veldzquez

Acknowledgment. We are very grateful to the anonymous referees for the evalu-
ation of our paper and for the constructive criticism. This work has been partially
supported by the “Ministerio de Economia y Competititvidad” (MTM2016-78227-
C2-1-P, TRA2013-48180-C3-P and TRA2015-71883-REDT).

REFERENCES

1. E. EstaJ, J. A. RODRIGUEZ-VELAZQUEZ: The strong metric dimension of general-
ized Sierpiriski graphs with pendant vertices. Ars Mathematica Contemporanea 12 (1)
(2017), 127-134.

2. A. ESTRADA-MORENO, E. D. RODRIGUEZ-BAZAN, J. A. RODRIGUEZ-VELAZQUEZ: On
the General Randié¢ index of polymeric networks modelled by generalized Sierpiniski
graphs. Discrete Applied Mathematics, to appear.

3. J. GEETHA, K. SOMASUNDARAM: Total coloring of generalized Sierpiriski graphs. The
Australasian Journal of Combinatorics 63 (2015) 58-69.

4. S. GRAVIER, M. KOVSE, M. MOLLARD, J. MONCEL, A. PARREAU: New results on vari-
ants of covering codes in Sierpirniski graphs. Designs, Codes and Cryptography 69 (2)
(2013) 181-188.

5. S. GRAVIER, M. KOVSE, A. PARREAU: Generalized Sierpiniski graphs in Posters at
EuroComb’11, Rényi Institute, Budapest, 2011.

6. A. HiNz, D. PARISSE: The Average Eccentricity of Sierpiriski Graphs. Graphs and
Combinatorics 28 (5) (2012) 671-686.

7. A. M. Hinz, C. H. AUF DER HEIDE: An efficient algorithm to determine all shortest
paths in Sierpinski graphs. Discrete Applied Mathematics 177 (2014) 111-120.

8. A. M. Hinz, S. KLAVZAR, U. MiLuTINOVIC, C. PETR: The Tower of Hanoi — Myths
and Maths. Birkhauser/Springer Basel, 2013.

9. A. M. Hinz, S. KLAVZAR, S. S. ZEMLJIC: A survey and classification of Sierpinski-type
graphs. Discrete Applied Mathematics 217 (part 3) (2017) 565-600.

10. S. KLAVZAR, U. MILUTINOVIC: Graphs S(n, k) and a variant of the Tower of Hanoi
problem. Czechoslovak Mathematical Journal 47 (1) (1997) 95-104.

11. S. KLAvZAR, U. MILUTINOVIC, C. PETR: I-perfect codes in Sierpiniski graphs. Bul-
letin of the Australian Mathematical Society 66 (3) (2002) 369-384.

12. S. KLAVZAR, I. PETERIN, S. S. ZEMLJIC: Hamming dimension of a graph—the case
of Sierpiniski graphs. European Journal of Combinatorics 34 (2) (2013) 460 — 473.

13. S. KLAVZAR, S. S. ZEMLJIC: On distances in Sierpinski graphs: Almost-extreme
vertices and metric dimension. Applicable Analysis and Discrete Mathematics 7 (1)
(2013) 72-82.

14. F. RAMEZANI, E. D. RODRIGUEZ-BAzZAN, J. A. RODRIGUEZ-VELAZQUEZ: On the

Roman domination number of generalized Sierpirnski graphs. Filomat, to appear.

15. J. A. RODRIGUEZ-VELAZQUEZ, E. D. RODRIGUEZ-BAZAN, A. ESTRADA-MORENO:
On Generalized Sierpiriski Graphs.. Discussiones Mathematicae Graph Theory 37 (3)
(2017) 547-560.



On distances in generalized Sierpiniski graphs 69

16. J. A. RODRIGUEZ-VELAZQUEZ, J. TOMAS-ANDREU: On the Randié¢ Index of Poly-
mer Networks Modelled by Generalized Sierpinski Graphs. MATCH Communications
in Mathematical and in Computer Chemistry 74 (1) (2015) 145-160.

17. B. XuEg, L. Zvo, G. WANG, G. Li: Shortest paths in Sierpinski graphs. Discrete
Applied Mathematics 162 (2014) 314-321.

Alejandro Estrada-Moreno (Received 02.08.2016)
IN3 - Computer Science Department, (Revised 15.11.2017)
Open University of Catalonia.

Av. Carl Friedrich Gauss 5,

08860 Barcelona, Spain

E-mail: aestradamo@uoc.edu

Erick D. Rodriguez-Bazan
Department of Matemathics,

Central University of Las Villas.
Carretera a Camajuan{ km. 51,

50100 Villa Clara, Cuba

E-mail: erickrodriguezbazan@gmail.com

Juan A. Rodriguez-Velazquez

Departament d’Enginyeria Informatica i Matematiques,
Universitat Rovira i Virgili.

Av. Pailsos Catalans 26,

43007 Tarragona, Spain

E-mail: juanalberto.rodriguez@urv.cat



