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THE OPTIMAL PEBBLING NUMBER OF THE CATERPILLAR

Chin-Lin Shiue and Hung-Lin Fu

Abstract. Let G be a simple graph. If we place p pebbles on the vertices of
G, then a pebbling move is taking two pebbles off one vertex and then placing
one on an adjacent vertex. The optimal pebbling number of G, f'(G), is the
least positive integer p such that p pebbles are placed suitably on vertices of G
and for any target vertex v of GG, we can move one pebble to v by a sequence
of pebbling moves. In this paper, we find the optimal pebbling number of the
caterpillars.

1. INTRODUCTION

Suppose p pebbles are distributed onto the vertices of G; then we have a so-
called distribution 6 where we let 6(v) be the number of pebbles distributed to
veV(G)and 6(H) = Z d(v) for each induced subgraph H of G. Note that

veV (H)
now §(G) = p.

A pebbling move consists of moving two pebbles from one vertex and then
placing one pebble at an adjacent vertex. If a distribution § let us move, for
any vertex v, at least one pebble to v by applying pebbling moves repeatedly(if
necessary), then ¢ is called a pebbling of GG. Suppose 4§ is a distribution of G and
H is an induced subgraph of G and v is a vertex in H. Let 6(H,v) denote the
maximum number of pebbles which can be moved to v by applying pebbling moves
on H. Therefore, for each v € V(G) §(G,v) > 0 if ¢ is a pebbling of G. The
pebbling number f(G) of a graph G is defined as the minimum number of pebbles
p such that any distribution with p pebbles is a pebbling of G. The problem of
pebbling graph was first proposed by M. Saks and J. Lagarias [1] as a tool for
solving a number theoretic problem posed by Lemke and Kleitman [6], and some
excellent results have been obtained, see [1, 2, 3, 5, 8, 12].
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Motivated by the study of pebbling number, the notion of optimal pebbling
was introduced later by L. Pachter et al. [10]. The optimal pebbling number of
G, f'(G), is min{o(G)|J is a pebbling of G}, and a distribution § is an optimal
pebbling of G if ¢ is a pebbling of G such that 6(G) = f/(G). First, L. Pachter et
al. found the optimal pebbling number for the path.

Theorem 1.1. [10]. Let P be a path of order 3t+r, i.e., |V(P)| = 3t +r,
where 0 < r < 3. Then f'(P) = 2t+r. Later, several results have been obtained.

Theorem 1.2. [11]. f/(C,) = f'(Pyn).
Theorem 1.3. [11]. For any graphs G and H, f'(G x H) < f'(G)f'(H).

Theorem 1.4. [9] f/(Qn) = (3)"TOUee™).  Besides, Fu and Shiue devised
a polynomial algorithm to determined the optimal pebbling number of the complete
m-ary tree [4]. With regard to the complexity of determining the pebbling number,
Milan and Clark showed that deciding whether f/(G) < k for a graph G and an
integer k£ is NP-complete [7]. This says that to determine the optimal pebbling
number for a graph is difficult.

In order to find the optimal pebbling number of the caterpillar, we introduce the
notion of weighted pebbling. Let o be a weighted function mapping from V(G)
into the set of positive integers. If ¢ is a distribution of G and §(G,v) > «(v) for
every vertex v, then ¢ is called an a-weighted pebbling of G. In what follows, we
call « a pebbling type of G and the optimal «-weighted pebbling number of G,
fL(@), is min{d(G)|d is an a-weighted pebbling of G}. Clearly, if a(v) = 1 for
each v € V(G), then f/(G) = f'(G). In this paper, we shall determine the optimal
pebbling number of the caterpillar via a special a-weighted pebbling of a path.

2. MaiN ResuLT

A tree T is called a caterpillar if the deletion of all pendent vertices of the tree
results in a path P’. For convenience, we shall call a path P with maximum length
which contains P’ a body of the caterpillar, and all the edges which are incident to
pendent vertices are the legs of the caterpillar 7'. Furthermore, the vertex v € V (P)
is a joint of T" provided that deg,(v) > 3 or v is adjacent to the end vertices, see
Figure 1 for an example.

Now, we are ready to prove the first lemma. First, we need the following facts.
Since they are easy to see, we omit their proofs

Fact 1. Let T be a tree and ¢ be a distribution of 7', and let v be a pendent
vertex of 7" which is adjacent to w. If 6* is a distribution of 7" — v defined by
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5 (u) = 8(u) + 22| and §*(w) = &(w) for each w € V(T) — {u,v}, then
,w) = 0(T,w) for each w € V(T) — {v}.

Fig. 1. A caterpillar with 5 joints.
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Fact 2. Let G be a graph, and let 4; and &, are two distributions of G. If
91(v) > d2(v) for each v € V(G), then §;(G,v) > d2(G,v) for each v € V(G).

The following lemma provides a recursive step to show that the problem of
finding the optimal pebbling number of a caterpillar 7" is equivalent to the problem
of finding the optimal a-weighted pebbling number of a body of 7" for some type c

Lemma 2.1. Let T be a tree, and let v be a pendent vertex of T" which is
adjacent to w. If « is a pebbling type of T satisfying a(v) = 1 and g is a
pebbling type of T — v, defined by 5(u) = max{2, a(u)} and f(w) = a(w) for
w € V(T) — {u,v} then f(T) = f5(T —v).

Proof. Let 6* be an optimal S-weighted pebbling of T'— v. Then we choose a
distribution § of 7" such that 6(v) = 0 and §(w) = §*(w) for each w € V(T') — {v}.
Clearly, §(T") = 6*(T'—v) = f3(T —v) and §(T —v, w) = 6*(T'—v,w) > B(w) =
a(w) for each w € V(T') — v. Since §(T — v,u) = §*(T — v,u) > B(u) > 2, we
have 6(T, v) = 6(v) + 20522 | > |8} > 1 — o(v). This implies that & is an
a-weighted pebbling of 7" and it follows that f;,(T') < f5(T — v).

To prove that f,(T') > f5(T —v), let d be an optimal a-weighted pebbling of 7'
and 6* be a distribution of 7" — v such that 6*(u) = d(u) + d6(v) and §*(w) = §(w)
for each w € V(T — v) — {u}. Clearly, (T —v) = §(T) = fL(T). By Fact 1
and Fact 2, we have

(T —v,w) > (T, w) > a(w) for each w € V(T — v). *

Since B(w) = a(w) for each w € V(T —v)—{u}, 6* will be a -weighted pebbling
as long as 6*(T — v, u) > B(u).

First, if a(u) > 2 then B(u) = a(u). By (*), (T — v,u) > 6(T,u) >
a(u) = [(u). On the other hand, «(u) must be 1 and 5(u) = 2 by the hypothesis.
By the definition of ¢*, if d(v) > 2 or 6(T — v,u) > 2 then 0*(T — v,u) =
T —v,u)+0(v) > 2= F(u). Now, if 6(T — v,u) = 0, then there are at least
two pebbles on v in the distribution 4, i.e., 6(v) > 2. Finally, if (T —v,u) =1
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then 6(v) > 1. For otherwise, there is no way to move a pebble to v by using
the distribution § and pebbling moves. Again, by the definition of ¢*, we have
(T —v,u) = 6(T —v,u) + d(v) > 2= F(u). This concludes the proof. ]

Proposition 2.2. Let T be a caterpillar of order n > 3 and P be a body of
T. If a is a pebbling type of P defined by «(v) = 2 provided that v is a joint of
T and a(v) = 1 otherwise. Then f'(T) = f.(P).

Proof.  This is a direct consequence of Lemma 2.1, by adding legs to P
repeatedly. [ |

In what follows, we try to find an explicit formula for finding the optimal «-
weighted pebbling of a path P with a(v) = 1 or 2 for each v € V(P). Therefore,
the optimal pebbling of a caterpillar can be obtained accordingly.

Throughout the rest of this paper, T is a caterpillar, P is a body of T" and «
is a pebbling type of P which is defined as in Proposition 2.2. Moreover, we let
S ={veV(P)|6(v) =0and 6(P,v) = 1} where § is a distribution of P. Then
the following fact is obvious.

Fact 3. Let § be a distribution of P. If v € S; then there exists exactly one
vertex v adjacent to v which satisfies the inequalities 2 < §(P, u) < 3.

We start with finding a good lower bound for f/ (P).

Proposition 2.3. If § is an a-weighted pebbling of P, then §(P) > |V (P)| —
ERIE

Proof. Since a(v) > 1, it is easy to see that the lemma holds for |V (P)| < 3.
Let § be an a-weighted pebbling of P, and let Sy = {v € V(P)|é(v) = 0}. Note
that 6(P,v) > 2 for each v € Sy — S;. Hence, we have

> 6(P,v) > (81| +2|S0 — 81| = 2/So| — S €)
vES)

Let P = vivg---v, Where n > 3. For ¢ = 1,2,---n, we define the subpath
L; = vive - - -v; and the subpath R; = v;v;4+1 - - -v,. FOr convenience, we denote
d(Li,v;) by £(v;) and 6(R;,v;) by r(v;) for 1 < i < n. Then it is easy to see
that £(v1) = 6(v1), r(va) = 8(vn), L(vi) = 6(v;) + [ | for 2 < i < m, and
r(v;) = 6(v;)+ {Wj for 1 <i < n—1. This implies that §( P, v) = £(v)+r(v)
if 5(v) = 0. So, we have

S Py =Y lw)+ Y r(v).

vESy vESy vESy
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Now, we will prove that >~ £(v) < 6(P) — [V (P)| +[So|. Let s be a positive
vES)H
number. We define ¢o(s) = s and ¢;(s) = L‘m (s )j for each positive integer i.
Clearly,

Z ¢i(s) < s —1 for any positiveinteger t. 2
Consider the subpath P” = vg110g12 « - " VkpVk1041 - - - Vprem, Which satifies that

O(vg4s) > 1 for 1 <i < land vgypy; € Sp for 1 < j < m. Since §(vgtr4j) =0
for 1 < 5 < m, we have

U(Vkterj) = ¢ (U(vk4e)) for 1 < j <m. (3)

By (2), we also have

U(vrts) = G1(U(Vk4j-1)) +0(Vkts) < L(Vksj—1) —1+0(viy;) for 2 < j < L. (4)

By (3), we have

Gm41(L(vete)) = G1(dm(L(vrre)) = G1(E(Vk+01m))- (5)
By combining (2) and (4), we obtain

m+1

> 0 (U(vrse)) < Lvpge) — 1

j=1
< A(Vkte-1) — 1+ 6(vte) — 1
= l(Vkte-2) = L+ 6(Vke-1) — 1 + 6 (vg4e) — 1

Y4
S( 'Uk—l—l +Z 'Uk—f—j
7=2

Also, by Combining (3) and (5), we have

m
> =3 )

veV(P")( So
m—+1

0(Vk+e)) Z ¢j (L(vk+e)) — Pmt1 (L(vk+e))

Il
Mg i

<.
I
—

l
< (Uvkgr) = 1) = $1(l(0kprem)) + D (5(vky5)
7j=2
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If £ =0 then (vgy1) = £(v1) = 0(v1) = d(vk+1), and so we have

¢
Z l(v) < —=p1(U(Vkyerm)) + Z (Vkte)
veV(P") (N So j=1 (6)

= =1 (l(krerm)) + Y. (6(v) —1).

vEV (P") S

Otherwise, k& > 1 then ¢(viy1) = ¢1(€(vk) + d(vk+1). This implies that

Yo )=o) = g(llonrern)) + Y (8(0) =1). (6)

veV(P")( So VeV (P")—5,

Let P=PFPy~P ~P ~Py~ .-+~ Py~ P ~ P, where P/ is the
maximal subpath such that for each vertex v € V(P/), 6(v) > 1 for 1 < i < m.
Note that Py = 0 if v; € V(P]) and P,, = 0 if v, € V/(P,). We also let u; be the
rightmost vertex of B for 1 < ¢ < m. Obviously, if B # 0, then we have

(i) L(ug) =0and »  L(v) =
veV (Py)

and by combining (6), (6') and (i), we obtain

() D )< —gi(Llu))+ Y. (0 yand > £(v) < ¢1(L(uis1))

veV (Py) veV (Fy) veV (F;)
—61(U(wi)) + X ey (pr(3(v) = 1) for 2 < i < m —1; and
(iii) if Py =P then > L) =0 < ¢1(l(um-1))+ > (6(v)—1).

veV (Pm) veV(Fy,)
Otherwise, P, # 0 which implies
> ) < dr(lum) = ¢r(lum)) + Y (6(v)—1)
veV (Pm) veV(Fy,)

< G (llum—)) + Y (8(v) = 1).

veV(Pp,)
By combining (i), (ii) and (iii), we have

S-3 Y <y ¥ 6

vESy 1=0 ’UEV(PZ') i=1 ’UEV(P

since | JV(P)=V(P)—Spand 6(P)= > 4(v), we obtain
i=1 VeV (P)-So
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DUy DY B -n= Y 8w) = (V(P)~[Sl)
vESy veV(P)—Sy veV(P)—Sy
= 6(P) = [V(P)| + |Sol-
By a similar argument as above, we also have Z r(v) < 6(P) — |V(P)| + |Sol.

vES)H
Hence,

S 6Py = L)+ Y r(v) 2(6(P)— [V(P)+1S]).  (7)

vESy vESy vESy

By combining (1) and (7), we have 2|Sy|—|S:| < Z §(P,v) <2(8(P)—|V(P)|+
vES)H
|So|), and the proof is complete. |

In order to determine f/ (P), we also need the following notions. A subpath
Q@ of P is said to be 1-maximal with respect to «, if @ is a maximal connected
subgraph of P such that for each v € V(Q), a(v) = 1 and for each vertex u
which is adjacent to v, a(u) = 1; and @ is 2-maximal with respect to «, if Q is
a maximal connected subgraph of P such that for each adjacent pair » and w in
V(Q), a(u) = 1 implies a(w) = 2 or a(u) = a(w) = 2. For clearness, we give
an example in Figure 2.

Z-maximal | -maximal Z-maximal Z-maximal

1 2 1 2 1Al i i I b1 2 1 2 2 1y 41 2 2 1)

R S T —
Fig. 2. a(P).

The following result can be derived from Theorem 1.1.

Lemma 2.4. Let @ be a 1-maximal subpath of P with respective to a.. Then

£(Q = V(@] - | VL.

Lemma 2.5. Let Q = vivg---vk, k > 3 be a 2-maximal subpath of P with
respective to a.. Then fL(Q) =k — 1.

Proof. Let § be an optimal a-weighted pebbling of P. Then by Fact 3, v; € S1
for 2 < i < k — 1. This implies that |S;| < 2. By Proposition 2.3, we have
fL(P) > k—1. Now, by letting ¢ be the distribution satisfying 6(v;) = d(vx) = 0,
d(v2) =2and d(v;) =1for3 <i < k-1, wehave f/(P) < k—1. This concludes
the proof. [ |
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Lemma 2.6. Let P = vjvy---v, and Q = v;v;41 - - -vi+k+1 be a subpath
of Pwhere2 <i<i+k+1<n-—1,and let 5 be a a-weighted pebbling of
P If Ct(’l)z‘_l) = a(vi+k+2) = 2 and Ck(’UH_j) =1 fOI’j =0,2,---k+1, then
V(@) NSl <2(5]+2.

Proof. Let Sy = {v € V(Q)|d(P,v) > 2} and |S2| = x. By the hypothsis and
Fact 3, we conclude that

if viy1 € Sy then v; ¢ Sy and if vy € So then viyp11 ¢ Si. (A)

By Fact 3, each vertex v in (V(Q) \ {vi, vitx+1}) [ S1 is adjacent to exactly one
vertex in S,. Also, since () is a subpath, each vertex in S, is adjacent to at most
two vertices in (V(Q)\ {vs, vi+x+1}) [1S1. Hence, we have |V (Q) () S1] < 2z+2.
This implies

2> V@S2 —1. (8)
Since V(Q) [ S1 € V(Q) — Sa, we have

V@S] < V@) = 12l = [V(Q)| =z < k+3 = [V(Q)[]S1]/2.

It follows that [V(Q)(S1] < [2] +2. Letk =3t+rand 0 <r < 2. Then
t=|%].
Casel. r=o0o0r 1. Wehave |V(Q)NS1| < 2t+|%|+2 =2t+2 =2|£|+2.

Case2. r =2. We have |V(Q) N S1| < 2t+252] 42 = 2t+3. Suppose that
[V(Q)N S1| =2t+3. Thenz < |V(Q)|—|V(Q) N S1]| = (Bt+2+2)—(2t+3) =
t+ 1. But, we have = > (2t +3)/2—1 =t+1/2 by (B) and thus = =t + 1.
This implies that |Sa| + [V(Q) (N S1| = 3t+4 =k + 2 = |V(Q)|. Therefore, for
each v € V(Q), either v € S; or v € Sy. By (A), Fact 3 and the hypothesis, if
Vitj € SQ and Vitj+1 € Sl then Vitj+2 € Sl, and if Vitj € Sl and Vitj+1 € Sl
then v; 112 € Sy for 0 < j < k — 1. This implies that |V(Q) ().S1] is even. It
is a contradiction to our assumption. Therefore, we have |[V(Q)(S1| <2t +2 =
2|45] +2. u

Now, we are ready for the main theorem.

Theorem 2.7. Let T be a caterpillar with P a body of 7" and |V (P)| = n > 3.
Let a(v) = 2 if v is a joint of T and «a(v) = 1 otherwise. Let P{, P;,---, P’ be
2-maximal subpaths of P with respect to o and P; be a subpath between P/ and

m—1
) V(P)|
P fori=1,2,---,m—1. Then f(T) =n—m — ‘71.
i q for i L2, .m en f'(T)=n—m ;{ 3 J



The Optimal Pebbling Number of the Caterpillar 427

" — — | IV(P,
Proof. By Proposition 2.2, it suffices to prove f.,(P) = n—m— Z {L?))‘J .
i=1

First, if m = 1, the proof follows by Lemma 2.5. Now, we let m > 1. Clearly, for
eachi=1,2,...,m—1, P; is either an empty graph or a 1-maximal subpath of P
with respect to «. If P; is an empty graph then |V (B;)| — Uv(gﬂj = 0. Combining
with Lemma 2.4 and Lemma 2.5, it is easy to see

V(P -1) +Z<\v VV(?‘D
zéawmu§ywm0—mntw 2]

=1

fa(P) <

[Q

Therefore, it is left to show that the above upper bound is also a lower bound. By
.. 1 1 .
Proposition 2.3, we have f.(P) > |V(P)| — {—\SﬂJ =n-— E\SﬂJ. Hence, it

suffices to show | S| < 2m + Z VV(?, )‘J .

For 1 <3 <m, letw; and wZ be the leftmost vertex and the rightmost vertex of
P/ respectively. Note that w; and ;. are adjacent to the left end vertex and the right
end vertex of P, respectively. We denote the subpath induced by {w;, u;+1} J V()
by w; ~ P, ~ uj11. By Fact 3, we have {V(F) — {u;,w;}}(NS1 = 0 for
1 <4 < m. This implies that

P81 = ok (U Vs~ Pr~i) ()11

Hene, we have

m—1

|S1] < {ur, wn}| + D |V (wi ~ Py~ ) () Sl

=1

By Lemma 2.6, we have

V(P ,
‘V(wz‘NPiNuz‘—I—l)ﬂSl‘SQ“ (3 )‘J —|—2for1§z§m—1.

Therefore, we obtain

\Sl\<2+z {

J+2 —2m+z {
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This concludes the proof. ]

Before we finish this paper, we give an example to clarify the idea used in this
paper.

m—1
Example. Let T be a caterpillar in Figure 3. Here, n = 25, m = 4, Z

PV(gPZ-)lJ —2and f/(T) =25—4—2=19.

Py

2 1y €1 2 1)Lyl

L2 11 1pr o221 2 2 h
= S = = - = = = - o= s = - = S = = = o= * -
(1) W B W
I s P P

ol 1)
o 20 0 200 2 0 0 2 101510 o.n 2 0 102 0
- * + = = & + * = = * + &= = * * &= &= & + = & *

Fig. 3. An optimal a-weighted pebbling of P.
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