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Abstract

A graceful labeling of a graph G = (V, E) assigns |V distinct integers from the set {0, ..., |E|}
to the vertices of G so that the absolute values of their differences on the |E| edges of G constitute
the set {1,...,|F|}. A graph is graceful if it admits a graceful labeling. The forty-year old
Graceful Tree Conjecture, due to Ringel and Kotzig, states that every tree is graceful.

We prove a Substitution Theorem for graceful trees, which enables the construction of a
larger graceful tree through combining smaller and not necessarily identical graceful trees. We
present applications of the Substitution Theorem, which generalize earlier constructions com-
bining smaller trees.

Key Words: graceful tree, graceful labeling, gracefully consistent trees, substitution theorem.

AMS Subject Classification: 05C05, 05C78.

*This work has been partially supported by the IST Program of the European Union under projects ALCOM-FT
(contract number IST-1999-14186) and FLAGS (contract number IST-2001-33116), and by research funds at University
of Cyprus.

TDepartment of Computer Science, University of Cyprus, Nicosia CY-1678, Cyprus. Email mavronic@ucy.ac.cy

fContact author. Department of Computer Science, University of Cyprus, Nicosia CY-1678, Cyprus. Part of
the work of this author was performed while at School of Engineering and Applied Sciences, Harvard University,
Cambridge, MA 02138, U.S.A. Email loizosm@cs.ucy.ac.cy



1 Introduction

A labeling of a graph G = (V, E) is an assignment 6 : V' — {0,...,|E|} of labels to the vertices of
G that induces for each edge uv an edge label depending on the labels 0(u) and 6(v) (cf. [4]). A
graceful labeling [14] of G = (V, E) is an injection from the vertices of G to the set {0,...,|E|} such
that when each edge wv is assigned the label |§(u) — 6(v)], the resulting edge labels are all distinct;
so, {|6(u) — 0(v)| |ww € E} = {1,...,|E|}. A graceful graph is one admitting a graceful labeling.
When the graph G is a tree, graceful labeling implies that 8 is a bijection. The long-standing
Ringel-Kotzig Conjecture [13], also known as the Graceful Tree Conjecture, states that all trees are
graceful. Not too many classes of trees are yet known to be graceful — see, e.g., [1, 2, 6, 12, 13].

One successful approach toward extending the class of trees known to be graceful builds on
combining together or modifying trees already known to be graceful, henceforth called the con-
stituent trees, to produce a larger graceful tree, henceforth called the constructed tree (cf. [8]). This
approach has been taken, for example, in the following works:

Koh et al. [7, 9] and Rosa and Siran [15] connect together the constituent trees by attaching
their roots in certain ways; they prove that the resulting tree is also graceful. Lladé and Lépez [10]
extend the constructions in [7, 9, 15] so that they apply to the case where each of the constituent
trees is bigraceful; the constructed tree is then bigraceful. A bigraceful labeling [11] is strictly weaker
than a graceful labeling; the essential deviation is that the labeling is no longer an injection.

Burzio and Ferrarese [3] prove that the tree obtained by subdividing every edge in a graceful
tree is also graceful. Furthermore, they provide ways to attach the constituent trees to vertices
of a given host tree. Lladé and Lépez [10] extend some of the constructions in [3] to the case of
bigraceful labeling.

In this article we present and explore the Substitution Theorem for graceful trees (Theorem 2.3),
a combinatorial tool that enables extending previous results on combining a family of copies of a
graceful tree into a larger graceful tree. Its contribution lies in relaxing the requirement that the
constituent trees be identical; instead it allows arbitrary families of graceful trees to be combined
as long as these trees satisfy a certain combinatorial property.

The Substitution Theorem applies to families of gracefully labeled trees that are pairwise grace-
fully consistent; a pair of gracefully labeled trees is gracefully consistent if there exists an integer
k such that the graceful labeling of each tree assigns to each pair of adjacent vertices a label larger
than k and a label at most equal to k. Such labelings will be called strongly graceful labelings,
and k will be called the strength of the labeling. A family of trees that admit strongly graceful
labelings with the same strength will be called a gracefully consistent family; each tree in the family
has a designated vertex, called the root. Through an application of the Substitution Theorem to a
gracefully consistent family, we obtain the following results:

(1) We present the Extended Garland Construction, where the roots of the constituent trees from
a gracefully consistent family are connected to a new distinct vertex (Theorem 3.2). This
extends the class of graceful trees resulting from the original Garland Construction in [7].

Lladé and Lépez [10, Lemma 2.2] provide a generalization of the Garland Construction where
the roots of the constituent trees are identified with the leaves of an arbitrary tree. In their
generalization, the constituent trees are only bigraceful, as also is the constructed tree.
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We present the Eztended Attachment Construction, where the roots of the constituent trees
from a gracefully consistent family are unified into a single vertex (Theorem 3.4). This extends
the class of graceful trees resulting from the original Attachment Construction in [9)].

Lladé6 and Lépez [10, Lemma 2.1] show that the Attachment Construction can be applied to
two arbitrary bigraceful trees to construct a new bigraceful tree; if the two trees are strongly
graceful (but not necessarily gracefully consistent), the constructed tree is strongly graceful.
The root (vertex labeled with 0) of the constructed tree is necessarily different than the
vertex unifying the roots of the two constituent trees. To extend to an arbitrary number of
constituent trees, the new root must be identified with the root of the third constituent tree,
and so on. In contrast, the roots of all constituent trees in the construction from Theorem 3.4
are unified together. Hence, the two results are incomparable.

Rosa and Sirdn [15, Lemma 2] show that the Attachment Construction can be applied to
two arbitrary strongly graceful trees to construct a new graceful tree. Much in the same way
as [10, Lemma 2.1}, this result is incomparable to Theorem 3.4.

We present the Frxtended A-Construction, where the roots of the constituent trees from a
gracefully consistent family are unified with the vertices of some fixed but arbitrary tree,
called the host (Theorem 3.6). This extends the class of graceful trees resulting from the
original A-Construction in [9].

The construction in [10, Lemma 2.1] is the special case of the A-Construction where the host
tree is a single edge. However, this construction assumes that the two arbitrary constituent
trees are bigraceful and the constructed tree is bigraceful. In [10, discussion following Lemma
2.1], the authors note that when their construction is applied to two strongly graceful (but
not necessarily gracefully consistent) trees, the constructed tree is strongly graceful. Since
there is no assumption on the graceful consistency of the constituent trees in [10, Lemma 2.1],
this result is strictly stronger than Theorem 3.6, but it only applies to the special case where
the host tree is a single edge.

The construction in [10, Lemma 2.2] generalizes the A-Construction where the roots of the
constituent trees are unified with some leaves of the host tree. Furthermore, it is assumed
in [10, Lemma 2.2] only that all constituent trees have the same number of edges, while
Theorem 3.6 assumes that they come from a gracefully consistent family. However, [10,
Lemma 2.2] applies when the constituent trees are bigraceful and yields a bigraceful tree.

We also present the Generalized Extended A-Construction, which parallels the Generalized
A-Construction in [3] by allowing certain edges to be moved around in a tree constructed via
the Extended A-Construction while preserving its gracefulness (Theorem 3.7).

We present the Ezxtended A, 1-Construction, which resembles the Extended A-Construction;
however, it allows for one vertex of the host tree not to be unified with a root (Theorem 3.9).
This extends the class of graceful trees resulting from the original A ;-Construction in [3].

We also present the Generalized Extended A 1-Construction, which parallels the Generalized
A 1-Construction by allowing certain edges to be moved around in a tree constructed via
the Extended A, 1-Construction while preserving its gracefulness (Theorem 3.10).



2 The Substitution Theorem

We will focus on graceful labelings for trees, where a graceful labeling 6 for a tree T' = (V, E) is
a bijection from V to {0,...,|F|}. For a graceful labeling 6, the vertex assigned the value 0 will
be called the 0-vertex of 6 and denoted as 0p; thus, (0g) = 0. In what follows, we will use a
triple (T, 0, w) to simultaneously refer to a gracefully labeled tree T, its graceful labeling 6, and a
distinguished vertex w € V(T'), which we will call the root. In general, the root is a single vertex
that satisfies some property specific to each particular construction. By dist(u,v) we will denote
the distance between u and v in a tree.

2.1 Strongly Graceful Labeling

The definition of strongly graceful labeling is due to Rosa [14], who called it a-valuation. For a
gracefully labeled tree (T, 0, w), say that 0 is a strongly graceful labeling of T with strength k € N
if for every edge uv € E(T), either 8(u) < k < 6(v) or (v) < k < 6(u). In such case, say that
(T, 0,w) is strongly gracefully labeled with strength k € N. Define now the sets

EvenLabels((T,0,w)) = {6(v) | v € V(T) and dist(v, w) is even}

and
OddLabels((T, 8, w)) = {#(v) | v € V(T) and dist(v,w) is odd} .

The following claim is a direct consequence of the bipartiteness of trees:

Lemma 2.1 Consider a strongly gracefully labeled tree (T, 6,w) with strength k € N. Then:

(1) If 0(w) < k, then
EvenLabels((T,0,w)) = {0,...,k} and OddLabels((T,0,w)) ={k+1,...,|V(T)| — 1}.

(2) If O(w) > k, then
OddLabels((T’,8,w)) ={0,...,k} and EvenLabels((T,0,w)) ={k+1,...,|V(T)| — 1}.

2.2 Gracefully Consistent Trees

Say that two gracefully labeled trees (T4, 01, w;1) and (T5, 02, we) with |V (T1)| = |V (T2)| are grace-
fully consistent if either of the following conditions holds:

(1) The gracefully labeled trees (17,61, w) and (T3, 02, wy) are identical.

(2) The labelings 6; and 65 are strongly graceful with the same strength, and 61 (w;) = 02(ws).

Say that a family of gracefully labeled trees is gracefully consistent if the trees in the family are
pairwise gracefully consistent. Observe that for any pair of gracefully consistent trees (77,67, w1)
and (Ty, 02, ws), EvenLabels((T1, 61, w1)) = EvenLabels((Ts, 62, ws)) and OddLabels((T7, 61, w1)) =
OddLabels({T%, 02, w2)). This property is illustrated in Figure 1.



Ti T2 T3

5@wi 5@w2 5@ws3
1 0 0 0
4 3 4
2 3 4
1 1
2
2 3

Figure 1: The gracefully consistent family {(77, 01, w1), (T, 02, w2), (T3, 03, ws) }.

2.3 Relabeling Function

We define:

Definition 2.1 (Relabeling Function) Consider a gracefully labeled tree (T,0,w), and a triple

of integers {(c,e,0) € Z3. Define the relabeling function Rg’f’o? :V(T) — Z with

R(T,e,w>( ) = c(@(v)+e), ifdist(v,w) is even
(ce0) Y c(@(v) + o), ifdist(v,w) is odd

The triple {(c, e,0) and the root of the tree T' in the definition of the relabeling function depend
on each specific construction. Roughly speaking, the integers e and o correspond to offsets applied,
respectively, to the labels of vertices at even and odd distance from the root, while the integer ¢
corresponds to a multiplicative factor applied to the labels of all vertices. We observe:

Lemma 2.2 Consider a strongly gracefully labeled tree (T, 0,w) with strength k € N. Then, for all
edges uv € E(T),

‘R

<T’97w> (U) _ <T»97w>( )‘ — ’C| He(u) - 9(”)‘ —e+ 0‘ ’ Zf e(w) S k
(ce,0) (ce,0) lef|10(u) — 0(v)| +e—o|, ifbO(w) >k ’

so that

(THw) \ o (THw) [ A{lelld—e+o|l |1 << |V(T)| -1}, ifO(w) <k
(R @) = RELY @) | ww € B | = { (el [§+e—of [1<6<|V(T) =1}, ifO(w)>k °

The claim follows immediately from Definition 2.1 and Lemma 2.1.

2.4 The Theorem

We are now ready to state and prove the Substitution Theorem:



Theorem 2.3 Consider any pair of gracefully consistent trees (11,61, w1) and (Ty, 02, w2). Then,
for all triples of integers (c,e,o0) € Z3,

(1) R T1,91,w1>(w1) _ R<T2’92’w2>(w2)'

(c,e,0) (c,e,0)

(2) RS @) [ve v | = {REEG0) [ve V(T) }:

(c,e,0) (c,e,0)

(3) { RS @) = R ™ ()

{(c,e,0) (c,e,0)

luv e B(T) = {|R{EEE" () - RS ()] | w € B(Ty)}.

(c,e,0) (c,e,0)

Proof: Assume that the labelings 61 and 0y are strongly graceful with the same strength k£ € N,
and 91 (wl) = 92(71)2).

For (1), since dist(w;, w;) = dist(wa, w2) = 0, the definition of relabeling function implies that
(TL01w) (1)) = (6 (wy)+e) and R0

(c,e,0) (c,e,0)

It follows that RS LAWY () = RIT202:2) (4y0).

(c,e,0) (c,e,0)

(w2) = ¢(f2(wz)+e€). By assumption 01 (w;1) = O2(ws2).

For (2), the definition of relabeling function and an earlier observation imply that

(RIS w) v evim)

(c,e,0)

= {c(01(v) +¢€)|veV(T) and dist(v,w;) is even} U {c(01(v) + 0) | v € V(T}) and dist(v,w;) is odd}
{c(62(v) + €) | v € V(Tz) and dist(v, ws) is even} U {c(82(v) + 0) | v € V(T3) and dist(v,w2) is odd}
{R<T2’92’w2>(v) lve V(TQ)} .

(c,e,0)

For (3), Lemma 2.2 implies that

{[REo ™ 0 = RS @) o € B@)}
_ JHldld—e+ol [1 <o <[V(T1)[ =1}, if O1(w1) <k
L A{ledlo+e—of[1<d < V(T -1}, if Oi(wr) >k
_ S {ldld—etol |1 < <[V(T2)] -1}, if O2(we) <k
N {le||6 +e—o| |1 <6 < |V(To)| — 1}, if O2(we) >k

= {[RES" ) - RS )] |uv € B(T) ).

(c,e,0) (c,e,0)

Since the three conditions also hold (trivially) when (71,601, w1) = (T%, 62, we), the claim follows. m

The Substitution Theorem implies that applying the same relabeling function on any of a pair of
gracefully consistent trees produces the same sets of vertex and edge labels; moreover, the roots of
the two relabeled trees have the same label.

3 Applications

Unless otherwise stated, the family S = {(T1, 601, w1), ..., (Th,0p, wp)} of gracefully labeled trees is
employed in all constructions.



Figure 2: The tree GARLAND(S), when S consists of the trees (14,01, w1), (Ts,02,we), and
(T3, 03, ws) taken from Figure 1. The special vertex of the constructed tree is circled.

3.1 The Garland Construction

Denote by GARLAND(S) the tree constructed by connecting a distinguished vertex r to the roots of
all the trees in §; we call r the special vertex of the constructed tree. The original construction is
due to Koh et al. [7]; Goldenberg [5] calls it the Garland Construction. Koh et al. [7] prove:

Proposition 3.1 Consider a gracefully labeled tree (T, 0, w) with O(w) = |V (T)|—1. Let S consist
of h copies of (T,0,w). Then, the labeling

RV (T)|, ifv=r
0*(v) = —(0;(v) + 1 —13|V(T3)|) , if ve V(T;) and dist(v,w;) is even
Oi(v) +1—(h+1—0)|V(T3)|), ifve V(L) and dist(v,w;) is odd

is a graceful labeling for the tree GARLAND(S).

(T3,0;,w;)
(=11=4|V(Ty)|, 1= (h+1=3) |V (T3)])

The Extended Garland Construction requires that S be a gracefully consistent family; it returns
a graceful labeling 6* for the tree GARLAND(S) as follows:

Note that the relabeling function used on copy (T, 0;, w;) is R

R<_11’i’—;|V(Ti)I,l—(h+1—z‘)\V(Ti)|>(U) ) if v € V(T;)

Figure 2 provides an illustration for the Extended Garland Construction. We show:

Theorem 3.2 Consider a gracefully consistent family S with 6;(w;) = |V(T;)| —1, 1 < i < h.
Then, the Extended Garland Construction provides a graceful labeling 6* for the tree GARLAND(S).

Proof: Consider the family S = {(TZ, 0, ;) | (T}, 0;,w5) = (T, Oy wp), 1 <i < h}. By Proposi-
tion 3.1, the tree GARLAND(S) is graceful. Recall that the labeling §* for the tree GARLAND(S) is
(T:,0:w3) .
(=1L1=i|V(Ty) |, 1= (h+1=0) |V (T;)])’
the labeling #* for the tree GARLAND(S) is obtained by relabeling every tree T;, 1 < i < h using

. (Ti,Gi,wi>
the function Ry 71"y 1— (hr1-a) vz

obtained by relabeling every tree T;, 1 < i < h using the function R



Since (T3, 0;,w;) = (Th, On, wy,) and (T}, 0;, w;) are gracefully consistent, |V (T;)| = |V (T;)|; thus,
for each i, 1 < i < h, (T;,0;,w;) and (T},0;, w;) are relabeled using a relabeling function with
the same triple of integers (c,e,0). Hence, by the Substitution Theorem, we get that for each
i, 1 <i < h: (i) 0* and 0* assign the same labels to the roots of T; and T}, respectively; (i) 6*
and 6* assign the same vertex and edge labels to the trees T; and T}, respectively. In addition, 8*
and 0* assign the same label to the special vertices 7 and 7 of the constructed trees GARLAND(S)
and GARLAND(S), respectively. Hence, the labels of the edges that are adjacent to 7 and r are also

the same under the two labelings.

In conclusion, the two labelings 6* and 6* assign the same vertex and edge labels to the trees
GARLAND(S) and GARLAND(S), respectively. By Proposition 3.1, 6* is a graceful labeling for the
tree GARLAND(S). Hence, 6* is a graceful labeling for the tree GARLAND(S). ]

3.2 The Attachment Construction

Denote by ATTACHMENT(S) the tree constructed by unifying together the roots of all the trees in S
into a single vertex r; we call r the special vertex of the constructed tree. The original construction
is due to Koh et al. [9]; Goldenberg [5] calls it the Attachment Construction; a technical condition
on the graceful labeling 0 is assumed. Koh et al. [9] prove:

Proposition 3.3 Consider a gracefully labeled tree (T, 0,w) with O(w) = |V (T)| —1. Let S consist
of h copies of (T,0,w). Assume that

{0(u) [uw e E(T)} < {03 U{(IV(T)| = 1) = 0(u) | uw € E(T)}.
Then, the labeling
h(|V(T)| - 1), ifv=r
0*(v) = Oi(v) + (h—0)(|V(T3)| — 1), ifve V(L) \{w} and dist(v,w;) is even
O;(v)+ (i —DH(IV(Ty)| = 1), ifveV(T;) \{w:} and dist(v,w;) is odd

is a graceful labeling for the tree ATTACHMENT(S).

Note that the relabeling function used on copy (77}, 0;, w;), with the single exception of its root wj,
: (T3,0i,w3)
18 Ry, (b2 (v (1) -1, G- (V (1) |- 1):

The Extended Attachment Construction requires that S be a gracefully consistent family; it
returns a graceful labeling 6* for the tree ATTACHMENT(S) as follows:

0" (v) — h((\;/ng)l —1) (=h(V(Ty)|-1)=...=h(|V(Ty)| - 1)), ifvo=r
R(lj(’hzi)zﬂv(Ti)l—1)7(i—1)(|V(Ti)|_1)>(U)7 ifve V(T)\ {w;}

Figure 3 provides an illustration for the Extended Attachment Construction. We show:
Theorem 3.4 Consider a gracefully consistent family S with 6;(w;) = |V(T;)| —1, 1 < i < h.
Assume that

{On(u) | uwp, € E(Th)} € {0} U{([V(Th)| — 1) = On(u) | uwy € E(Th)}

and that {0;(u) | vw; € E(T;)} = {0k(u) | uwy, € E(Th)}, for each i, 2 < i < h. Then, the Extended
Attachment Construction provides a graceful labeling 0* for the tree ATTACHMENT(S).



Figure 3: The tree ATTACHMENT(S), when S consists of the trees (T4,601,w1), (Tb, 02, ws), and
(T3,05,ws) taken from Figure 1. The special vertex of the constructed tree is circled.

Proof: Consider the family S = {<TZ, 0;,w3) | (T}, 0;,w5) = (Th, Opywp), 1 <0< h}. Consider the

following algorithm for labeling the tree ATTACHMENT(S):

e For each 7, 1 <4 < h, do:

— Label 7 = w; with the value |V (T;)| — 1.
_ e . (T 65 w3)
Relabel the tree T; using the function R(l,(hfi)(W(Ti)\71),(i71)(|V(T¢)\71)>'

e Label 7 with the value h(|V(T})| — 1).

Clearly, the resulting labeling for the tree ATTACHMENT(S) that is obtained by applying this algo-
rithm is 6%, which is a graceful labeling for the tree ATTACHMENT(S) (by Proposition 3.3). Now
consider the following algorithm for labeling the tree ATTACHMENT(S):

e For each 7, 1 <i < h, do:

— Label r = w; with the value |V(T;)| — 1.

— Relabel the tree T; using the function RTu6iwi)

(L(h=)(IV(T5)|=1),i=D)(|V(T3)[-1))"

e Label r with the value h(|V(T})| — 1).

Clearly, the resulting labeling for the tree ATTACHMENT(S) that is obtained by applying this algo-
rithm is #*, which would also have been obtained if we had applied instead the Extended Attachment
Construction on the tree ATTACHMENT(S). Therefore, to establish the claim it suffices to show that
the two algorithms assign the same vertex and edge labels to each constituent tree.

Since (T}, 0;,w;) = (T}, On, wp,) and (T}, 0;, w;) are gracefully consistent, |V (T;)| = |V (T;)|; thus,
in the first step of the two algorithms above, for each i, 1 < i < h, (T}, 0;,w;) and (T}, 6;, w;)
are relabeled using a relabeling function with the same triple of integers (c, e, 0). Hence, by the
Substitution Theorem, we get that for each ¢, 1 < i < h, immediately after the relabeling step in the
i-th iteration: (i) the two algorithms assign the same labels to the roots of T; and Tj, respectively;

(ii) the two algorithms assign the same vertex and edge labels to the trees T; and T}, respectively.

We now examine two cases:



(1) Consider first the case ¢ = 1. Following the first iteration of the two algorithms and the
application of the same relabeling function to the trees 77 and T}, their roots are both assigned
the label h(|V(T1)| — 1) = h(|V(T})| — 1) = h(|V(T1)| — 1); so, the two trees have the same
vertex and edge labels. Their roots are their only vertices that change labels subsequently.
Upon completion of executing the two algorithms, the roots are again assigned the label
h(JV(Th)| — 1). So, each tree has the same vertex and edge labels as it had immediately
following the first iteration; hence, the two trees have the same vertex and edge labels.

(2) Consider now the case i > 1. Following the relabeling step of the trees T; and T}, the only way
the labels of those trees are affected by the execution of the two algorithms is by having the
labels of their roots changed. Since both roots are eventually assigned the value h(|V (T})|—1),
it follows that at the end the two trees have the same vertex labels. It remains to show that
they also have the same edge labels. The only edge labels that change are the labels of the
edges that are adjacent to the tree roots. We show that these edge labels are affected in the
same way in the trees T; and T;; thus, the two trees have the same edge labels at the end.

Let N; = {u | vw; € E(T;)} (vesp., N; = {u | vw; € E(T;)}), and let L; ; (resp., L; ;) denote
the set of labels of vertices in N; (resp., N;), following iteration j of the first (resp., second)
algorithm. When j = i — 1, the vertices of the trees T; and T; other than their roots are
labeled according to the graceful labelings ; and 6;, respectively. Thus, L;;—1 = {0;(u) |
ww; € E(T;)} and L;;—1 = {0;(u) | uw; € E(T;)}. By assumption, {6;(u) | vw; € E(T;)} =
{0n(u) | vwy, € E(Ty)}; since (Ty, 0;,w;) = (Th, 0, wy), it also holds that {0;(u) | uw; €
E(TZ)} = {Gh(u) | uwp, € E(Th)} Thus, Li,i—l = Li,i—l-

When j = i, the vertices in IV; and N; are relabeled using the same relabeling function. Recall
that vertices in N; and NN; are all at odd distance from the roots of their respective trees; since
m = L;;—1, it follows by definition of relabeling function that L—“ = L;;. Since the two
algorithms do not affect the labels of vertices in N; and N; during subsequent iterations, it
holds that m = L; . Since the roots of T; and T} are assigned the same label after iteration
h, the set of labels of the edges of the two trees that are adjacent to the roots are the same.

In conclusion, the two labelings 6* and 6* assign the same vertex and edge labels to the trees
ATTACHMENT(S) and ATTACHMENT(S), respectively. By Proposition 3.3, 6* is a graceful labeling

for the tree ATTACHMENT(S). Hence, 6* is a graceful labeling for the tree ATTACHMENT(S). ]

We note here that the two assumptions in the Extended Attachment Construction are a strict
relaxation of the technical assumption of the original Attachment Construction, since now the
special technical assumption need not hold for every tree. This is yet another generalization.

3.3 The A-Construction

Consider a gracefully labeled tree (Tp, 6, wo) with V(Ty) = {u1,...,un}, called the host tree.
Denote by DELTA((Tp, 0o, wo),S) the tree constructed by unifying the root of every tree (13, 6;, w;)
in § with vertex w; of the host tree (T, 0y, wp). The original construction is due to Koh et al. [9],
who call it the A-Construction. Koh et al. [9] prove:

10



(b)

Figure 4: (a) The tree DELTA((T1,61,w1),S), when S consists of three copies of tree (T5, 02, w2)
and three copies of tree (T3, 03, ws); the host and all constituent trees are taken from Figure 1. The
dotted vertices are those of the host tree, which are identified with the roots of the constituent
trees. (b) The gracefully labeled tree obtained by moving around some edges (drawn in bold) of
the tree in Figure 4(a).

Proposition 3.5 Consider two gracefully labeled trees (T,0,w) and (Tp,00,wo) with V(Tp) =
{u1,...,up}. Let S consist of h copies of (T,0,w). Then, the labeling

{ 0i(v) + 0o (uw)|V(T3)| if v e V(T;) and dist(v,w;) is even

0" (v) 0;(v) + (h—0o(u;) — 1)|V(T3)|, ifve V(T;) and dist(v,w;) is odd

is a graceful labeling for the tree DELTA((Ty, 0o, wp),S).

. . ] ) N e <Ti,9¢,wi>
Note that the‘relabehng function used on copy (T}, 0;, w;) is R<1790(ul_)|v ) (h—0o (us) 1) |V (T)])- Note
also that, unlike the Garland and Attachment Constructions, the A-Construction does not make
any assumption on the roots of the trees in S.

Burzio and Ferrarese [3] generalize the A-Construction by observing that for any two (identical)
constituent trees (T3, 6;, w;) and (T}, 6;,w;) of the constructed tree DELTA((Ty, by, wo), S) such that
T; and Tj are attached to adjacent vertices u; and w; of the host tree, the edge wu; = w;w;
connecting their roots can be replaced by a new edge connecting two corresponding vertices in the
identical trees T; and T}. Call the resulting construction the Generalized A-Construction.

The Extended A-Construction requires that S be a gracefully consistent family; it returns a
graceful labeling 0* for the tree DELTA((Ty, 0y, wp),S) as follows:
* _ (T3,0i,w;) :
) = Riaoulv e t—sow)-nvey ) v eV(T)

Figure 4(a) provides an illustration for the Extended A-Construction. We show:
Theorem 3.6 Consider a gracefully consistent family S and a gracefully labeled tree (T, 6y, wo)

with V(Ty) = {u1,...,up}. Then, the Extended A-Construction provides a graceful labeling 6* for
the tree DELTA((Tp, 6o, wo), S).
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Proof: Consider the family S = {(Tl, 0;,w;) | (T;, 0;,w5) = (T, O, wp), 1< < h}. By Propo-
sition 3.5, the tree DELTA((Tp, 0o, wo),S) is graceful. Recall that the labeling 6* for the tree
DELTA((Tp, 0p, wp),S) is obtained by relabeling every tree T;, 1 < i < h using the function

(T:,0:3) , N . .
(100 (i) [V (T, (bl () DV (T} the labeling 6* for the(;cfjé P;ELTA((TO,HO,w()),S) is obtained by

relabeling every tree T;, 1 < ¢ < h using the function R<1,90(ui)|V(Ti)\,(h—Go(ui)—l)IV(Ti)\)'

Since (T3, 0;,w;) = (Th, O, wy,) and (T}, 0;, w;) are gracefully consistent, |V (T;)| = |V (T})|; thus,
for each i, 1 < i < h, (T;,0;,w;) and (T}, 0;,w;) are relabeled using a relabeling function with
the same triple of integers (c,e,0). Hence, by the Substitution Theorem, we get that for each
i, 1 <i < h: (i) 0* and 0* assign the same labels to the roots of T; and T;, respectively; (i) 0*
and #* assign the same vertex and edge labels to the trees T; and T, respectively. So, 6* and 6*
assign the same edge labels to the edges that connect the roots of the constituent trees in S and
S, respectively; these are the edges of the host trees.

In conclusion, the two labelings 6* and 6* assign the same vertex and edge labels to the
trees DELTA((Tp, 0o, wo),S) and DELTA((Ty, 0y, wp),S), respectively. By Proposition 3.5, 6* is a

graceful labeling for the tree DELTA((Ty, 0y, wo),S). Hence, 0* is a graceful labeling for the tree
DELTA((Ty, 0y, wo), S). |

We generalize the Extended A-Construction to the Generalized Extended A-Construction, much
in the same way that the A-Construction is generalized to the Generalized A-Construction by
Burzio and Ferrarese [3]: Consider any two constituent trees (75, 0;,w;) and (T}, 6;, w;) of the tree
DELTA ((T0, o, wo),S) such that T; and T; are attached to adjacent vertices u; and u; of the host
tree. Replace the edge u;u; = w;w; with an edge v;v; where v; and v; are vertices of the trees T;
and T}, respectively, that had been assigned the same label in the original graceful labelings 6; and
6;, respectively. Figure 4(b) provides an illustration for the Generalized Extended A-Construction.
We show:

Theorem 3.7 Consider a gracefully consistent family S and a gracefully labeled tree (T, 6y, wo)
with V(Ty) = {u1,...,up}. Then, the Generalized Extended A-Construction provides a graceful
labeling 0 for the tree obtained by moving around some edges of the tree DELTA((Tp, 0o, wo),S) as
described in the preceding paragraph.

Proof: Let 0* be the graceful labeling for the tree DELTA((Tp, 0y, wo),S), whose gracefulness is
established by Theorem 3.6. Recall that the distances dist(v;, w;) and dist(v;,w;) of the vertices
v; and v; from the roots w; and wj, respectively, are either both even or both odd. By the
Extended A-Construction, it follows that either 6*(v;) = 0;(v;)+6o(uw;)|V (T;)| and 6*(v;) = 0;(v;)+
00(1) |V (T3, or 6 () = 03(v3) + (h—B ()~ 1)|V ()] and 6%(v;) = 6 (v;)+ (h—Bo ;) ~ DIV (Ty)].
Since (T3, 60;, w;) and (T}, 0;,w;) are gracefully consistent, |V (T;)| = |[V(T})|. Since also 0;(v;) =
6;(v;), it follows that in all cases, |0*(v;) — 6*(v;)| = |0o(wi) — Oo(u;)||V (T3)|. By the Extended A-
Construction, 0*(w;) = 6;(w;) +60o(u;) |V (1;)| and 6*(w;) = 0;(w;)+00(u;)|V (T5)|. Since (T3, 6;, w;)
and (T},0;,w;) are gracefully consistent, |V (T;)| = |V (T})| and 0;(w;) = 6;(w;). It follows that

|6*(vi) — 0% (vj)| = |6*(w;) — 0" (w;)|, so that the label of the removed edge u;u; = w;wj is the same
as the label of the added edge v;v;. Hence, 6* is a graceful labeling for the tree constructed under
the Generalized Extended A-Construction. [ |
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3.4 The A,;-Construction

Consider a gracefully labeled tree (Tp, 0y, wo) with V(Tp) = {u1,...,up, wo}, called the host tree.
Denote by DELTA 11 ((Tp, 6o, wo),S) the tree constructed by the following procedure:

e Remove the root wq of (Tp, 0y, wp) and all its adjacent edges.
e Unify the root of every tree (T}, 0;,w;) in S with vertex wu; of the host tree (Tp, 0y, wp).
e Add a distinguished vertex r; we call r the special vertex of the constructed tree.

e For every tree (1;,0;,w;) in S such that u;wp is an edge of Ty, connect 7 to Op,.

The original construction is due to Burzio and Ferrarese [3], who call it the A ;-Construction; a
condition on the O-vertex of T" is assumed. Burzio and Ferrarese [3] prove:

Proposition 3.8 Consider two gracefully labeled trees (T,0,w) and (Tp,00,wo) with V(Tp) =
{ui,...,up,wo} and Oy(wo) = h. Let S consist of h copies of (T,0,w). Assume that the 0-vertex
of T is at even distance from its root w. Then, the labeling

RV (T)], ifv=r
0*(v) = 0i(v) + 0o (u;) |V (T3)| , if ve V(T;) and dist(v,w;) is even
0;(v) + (h — 0o(u;) — 1)|V(T;)|, ifve V(T;) and dist(v,w;) is odd

is a graceful labeling for the tree DELTA 1 ({Ty, 6o, wo),S).

T’L)017 1
Note that the relabeling function used on copy (7%, 0;, w;) is R ) %o w)|V )| (h—0 ()~ DIV (1)) Note

also that, unlike the Garland and Attachment Constructions, the onstructlon only makes an
indirect (and weaker) assumption on the roots of the trees in S.

We generalize the A 1-Construction by observing that for any two (identical) constituent trees
(T3, 0;, w;) and (Tj,0;,w;) of the constructed tree DELTA 1 ((Tp, fp, wo),S) such that T; and T} are
attached to adjacent vertices u; and u; of the host tree, the edge u;u; = w;w; connecting their
roots can be replaced by a new edge connecting two corresponding vertices in the identical trees T;
and T}. Call the resulting construction the Generalized A 1-Construction.

The Extended A, 1-Construction requires that S be a gracefully consistent family; it returns a
graceful labeling 0* for the tree DELTA 11 ((Tp, 6o, wo),S) as follows:

o WV (= V(D) = ... = BIV(TY))), ifv=r
= 15,0 w; .
{180 () V(T3 (b0 (us) 1V () ) (V) 5 if v e V(T3)

Figure 5(a) provides an illustration for the Extended A_;-Construction. We show:

Theorem 3.9 Consider a gracefully consistent family S and a gracefully labeled tree (T, 6y, wo)
with V(Ty) = {u1,...,un, wo} and Og(wo) = h. Assume that the 0-vertez of T; is at even distance
from its root w;, for every (T;,0;,w;) € S such that wywg € E(Ty). Then, the Extended Ay-
Construction provides a graceful labeling 6* for the tree DELTA +1((Ty, 6o, wo),S).
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(b)

Figure 5: (a) The tree DELTA 1 ((T1,01,w1),S), when S consists of three copies of tree (T4, 02, w2)
and two copies of tree (T3, 63, ws); the host and all constituent trees are taken from Figure 1. The
dotted vertices are those of the host tree other than its root, which are identified with the roots
of the constituent trees; the special vertex of the constructed tree is circled. (b) The gracefully
labeled tree obtained by moving around some edges (drawn in bold) of the tree in Figure 5(a).

Proof: Consider the family S = {(f, 0;,w5) | (T}, 0;,w5) = (T, Op,wp), 1 <i < h}. By Propo-
sition 3.8, the tree DELTAH((TO,GO,ZUO),E) is graceful. Recall that the labeling 0* for the tree
DELTA 11((Tp, 0y, wp),S) is obtained by relabeling every tree T;, 1 < ¢ < h using the function

(T:.0; 7ws) . : * : -
{180 (ui) |V (T5) (b () — D)V (T ) the labeling 6* for the trfj ;DEL;FA+1((TO,90,w0>,S) is obtained

by relabeling every tree T;, 1 < i < h using the function R(L(?o(ui)lV(Ti)\,(h—90(ui)—1)lV(Ti)|>‘

Since (T}, 0;,w;) = (T}, On, wy,) and (T}, 0;, w;) are gracefully consistent, |V (T;)| = |V (T;)|; thus,
for each i, 1 < i < h, the trees (T}, 0;,w;) and (T}, 0;,w;) are relabeled using a relabeling function
with the same triple of integers (c, e,0). Hence, by the Substitution Theorem, we get that for each
i, 1 <4 < h: (i) 0* and #* assign the same labels to the roots of T; and T}, respectively; (i) 6*
and 6* assign the same vertex and edge labels to the trees T; and T}, respectively. So, 6* and 0*
assign the same edge labels to the edges that connect the roots of the constituent trees in S and
S, respectively; these are the edges of the host trees.

Recall that the final step of the Extended A _i-Construction connects the O-vertex of every
constituent tree (T}, 0;, ;) in S such that u;wo € E(Tp) to the special vertex 7 of the constructed tree
DELTA 11 ({Tp, 0o, wo),S); analogously, it connects the 0-vertex of every constituent tree (T}, 6;, w;)
in § such that u;wg € E(Tp) to the special vertex r of the constructed tree DELTA 11 ((Tp, 6o, wo), S).
By assumption, the O-vertices that are connected to 7 and r are at even distances from the original
roots of their respective constituent trees. Hence, by definition of relabeling function, they are
relabeled in the same way, and end up, therefore, with the same label. Since 7 and r are assigned
the same label in the trees DELTA 1 ({Tp, 0o, wo),S) and DELTA 11 ((Tp, 0o, wo),S), respectively, it
follows that the edges connecting the 0-vertices of the constituent trees to 7 and r, respectively, are
also assigned the same edge labels. Thus, the last step in the Extended A 1-Construction preserves
the labels between the trees DELTA 41 ({Tp, o, wo),S) and DELTA 1 ((Tp, O, wo), S).

In conclusion, the two labelings * and 6* assign the same vertex and edge labels to the trees
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DELTA 41 ((Tp, 0o, wo),S) and DELTA 41 ((Tp, 0o, wo),S), respectively. By Proposition 3.8, * is a
graceful labeling for the tree DELTA . 1((Tp, 6y, wo),S). Hence, 6* is a graceful labeling for the tree
DELTA+1(<T0,90,’LU0>,S). |

We note here that the assumption on the Extended A_;-Construction is a strict relaxation of the
technical assumption of the original A ;-Construction, since now the special technical assumption
need not hold for every tree. This is yet another generalization.

We generalize the Extended A 1-Construction to the Generalized Extended A 1-Construction,
much in the same way that the A ;-Construction is generalized to the Generalized A 4 1-Construction:
Consider any two constituent trees (T3, 6;, w;) and (T}, 0;,w;) of the tree DELTA 1 ((To, 6o, wo),S)
such that T; and T} are attached to adjacent vertices u; and w; of the host tree. Replace the edge
u;u; = w;w; with an edge v;v; where v; and v; are vertices of the trees T; and Tj, respectively,
that had been assigned the same label in the original graceful labelings 6; and 6, respectively.
Figure 5(b) provides an illustration for the Generalized Extended A i-Construction. We show:

Theorem 3.10 Consider a gracefully consistent family S and a gracefully labeled tree (T, 6y, wo)
with V(Ty) = {u1,...,un, wo} and Oy(wp) = h. Assume that the 0-vertex of T; is at even distance
from its root w;, for every (T;,0;,w;) € S such that uywg € E(Ty). Then, the Generalized Ezxtended
A 1-Construction provides a graceful labeling 0* for the tree obtained by moving around some edges
of the tree DELTA 1 ({70, 0o, wo),S) as described in the preceding paragraph.

Proof: Let 6" be the graceful labeling for the tree DELTA 1 ((T0, 0o, wo),S), whose gracefulness
is established by Theorem 3.9. Recall that the distances dist(v;, w;) and dist(v;,w;) of the vertices
v; and v; from the roots w; and wj, respectively, are either both even or both odd. By the
Extended A_;-Construction, it follows that either 6*(v;) = 0;(vi) + 0o(w;)|V (T;)| and 0*(v;) =
0, (v5) + 8 (117) [V (T, o1 0% (03) = B3(w5) + (h— B (1) — D)V (T3] and 6 (0;) = 05 (v5) + (h— O (115) —
1)|V(T})|. Since (T3, 0;,w;) and (T}, 0;,w;) are gracefully consistent, |V (7T;)| = [V (T})|. Since also
0;(v;) = 0;(vj), it follows that in all cases, |6*(v;) — 6*(v;)| = |6o(ui) — Oo(u;)||V(T3)|. By the
Extended A;-Construction, 0*(w;) = 0;(w;) + 0o(us)|V (T3)| and 6*(w;) = 0;(w;) + Oo(uy)|V (T5)].
Since (T}, 6;, w;) and (T}, 0;,w;) are gracefully consistent, |V(T;)| = |V (T})| and 6;(w;) = 6;(w;). It
follows that |6*(v;) —6*(v;)| = |6* (w;) — % (wj)]|, so that the label of the removed edge u;u; = w;w; is
the same as the label of the added edge v;v;. Hence, 6* is a graceful labeling for the tree constructed
under the Generalized Extended A ;-Construction. ]

4 Conclusion

We presented a Substitution Theorem for graceful trees as a combinatorial tool for the enlargement
of known graceful classes of trees. In turn, we applied the Substitution Theorem on several known
constructions [3, 7, 9]. Our results extend the class of trees known to be graceful. Wu [16, 17]
has recently and independently investigated alternative extensions for the particular case of the
Garland Construction [7] to families of bipartite or isomorphic graphs.

Acknowledgments. We would like to thank all the anonymous Discrete Mathematics reviewers
for their helpful comments.

15



References

[1]

[10]
11]
12]
13]
[14]
[15]
16]

[17]

J.-C. Bermond and D. Sotteau, “Graph Decompositions and G-Design”, Proceedings of Fifth British
Combinatorial Conference, pp. 53-72, 1975.

G. S. Bloom, “A Chronology of the Ringel-Kotzig Conjecture and the Continuing Quest to Call All
Trees Graceful”, Annals of the New York Academy of Sciences, Vol. 328, pp. 32-51, 1979.

M. Burzio and G. Ferrarese, “The Subdivision Graph of a Graceful Tree is a Graceful Tree”, Discrete
Mathematics, Vol. 181, pp. 275-278, 1998.

J. A. Gallian, “A Dynamic Survey of Graph Labeling”, FElectronic Journal of Combinatorics, Vol. 15,
(Dynamic Surveys #DS6), February 2008.

M. Goldenberg, Normed Division Domains, M.Sc. Thesis, Department of Mathematical Sciences, Uni-
versity of Alberta, August 2001.

C. Huang, A. Kotzig and A. Rosa, “Further Results on Tree Labelings”, Utilitas Mathematica, Vol. 21c,
pp. 31-48, 1982.

K. M. Koh, D. G. Rogers and T. Tan, “On Graceful Trees”, Nanta Mathematica, Vol. 10, No. 2, pp.
27-31, 1977.

K. M. Koh, D. G. Rogers and T. Tan, “Products of Graceful Trees”, Discrete Mathematics, Vol. 31, pp.
279-292, 1980.

K. M. Koh, T. Tan and D. G. Rogers, “T'wo Theorems on Graceful Trees”, Discrete Mathematics,
Vol. 25, pp. 141-148, 1979.

A. Lladé and S. C. Lépez, “Edge-Decompositions of K, , Into Isomorphic Copies of a Given Tree”,
Journal of Graph Theory, Vol. 48, pp. 1-18, 2005.

A. Llado, G. Ringel and O. Serra, “Decomposition of Complete Bipartite Grafs Into Trees”, DMAT
Research Report 11/96, Universitat Politecnica de Catalunya, 1996.

A. M. Pastel and H. Raynaud, “Les Oliviers sont Gracieux”, in Colloquium Grenoble, Université de
Grenoble, 1978.

G. Ringel, Problem 25 in Theory of Graphs and its Applications, Proceedings of Symposium Smolenice,
Prague, 1963.

A. Rosa, “On Certain Valuations of the Vertices of a Graph”, Proceedings of International Symposium
on Theory of Graphs (Rome, July 1966), Gordon and Breach, pp. 349-355, 1967.

A. Rosa and J. Sirdn, “Bipartite Labelings of Trees and the Gracesize”, Journal of Graph Theory,
Vol. 19, pp. 201-215, 1995.

S.-L. Wu, “Graceful Labelings of Vertex-Saturated Graphs and Related Graphs”, Ars Combinatoria,
Vol. 62, pp. 109-120, 2002.

S.-L. Wu, “New Graceful Families of Bipartite Graphs”, Ars Combinatoria, Vol. 73, pp. 79-87, 2004.

16



