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Abstract: A matching M of a graph G is a dominating induced matching
(DIM) of G if every edge of G is either in M or adjacent with exactly one
edge in M. We prove sharp upper bounds on the number u(G) of DIMs of
a graph G and characterize all extremal graphs. Our results imply that if G is
a graph of order n, then u(G) < 33; u(G) < 45 provided G is triangle-free;
and u(G) < 47 provided n > 9 and G is connected. © 2014 Wiley Periodicals, Inc.
J. Graph Theory 78: 258-268, 2015

Keywords: dominating induced matching; Fibonacci numbers
AMS subject classification: 05¢35

1. INTRODUCTION

We consider finite, simple, and undirected graphs and use standard terminology. For a
matching M of a graph G, let V(M) denote the set of vertices of G incident with an edge
in M. A matching M of G is a dominating induced matching (DIM) of G if every edge of
G is either in M or adjacent with exactly one edge in M, that is, if G[V (M)] is 1-regular
and V(G) \ V(M) is an independent set where V (G) denotes the vertex set of G and for
aset U of vertices of G, the subgraph of G induced by U is denoted by G[U]. For a graph
G, let £ (G) denote the number of DIMs of G.

In this article, we give sharp upper bounds on the maximum possible value of 1 (G)
for a graph G that is either arbitrary, or triangle-free, or connected. Furthermore, we
characterize all extremal graphs for our bounds.

The algorithmic questions related to DIMs have been studied in great detail. In [9], it
is shown that ©(G) for a given arbitrary graph G of order n can be determined in time
0*(1.1939"). It is unlikely that there is a polynomial time algorithm computing u(G),
because it is already NP-complete to decide whether w(G) = 0 [7], even for planar
bipartite graphs of maximum degree 3 [1], or regular graphs [4]. Dominating induced
matchings have been the main subject of many recent papers [1-6,8,11,12]. Further
studies about DIMs and some applications related to coding theory, network routing, and
resource allocation can be found in [7,10].

Our results are as follows.

Theorem 1. If G is a graph of order n, then 1 (G) < f(n) where

I, ifn<2,
33, if n>3andn=0mod 3,
FW =135 s dandn =1 mod 3. and

4.3, ifn>Sandn=2mod3.

Furthermore, if the graph G of order n withn > 3 is such that u(G) = f(n), then G € F
where

F = {gKg:nZSandnEOmodS}

n—

1
U{K1U K3:n24andnslm0d3}
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FIGURE 1. The graph Hs.

—4
U{K1,3Un K3:n24andn51m0d3}

n—>5
U{K1,4U K3:n25andn52mod3}.

Theorem 2. If G is a triangle-free graph of order n, then u(G) < g(n) where
1, ifn=1,
_n—1, ifne{2,3,6,7},
8(n) = 20, ifn=11, and

n—4t

345, ifn>4tand n = —tmod>5 for somet € {0, 1, 2,3, 4}.

Furthermore, if the triangle-free graph G of order n with n > 2 is such that u(G) = g(n),
then G € G where

G={Ki-1:2<n=<TIU{Kp, UK, 3, K 4 UK 5}
n—4at

U {th U Ki4s:n> 4tandn = —tmod5 forsomet € {0, 1, 2, 3, 4}} .

For an integer n with n > 11 and n = 1 mod 5, let the graph H,, arise from K; U ”_%IKM
by adding edges between the vertex of the K; and each center of the % stars.

Let the graph Hg of order 8 be as shown in Figure 1.
Theorem 3. If G is a connected graph of order n, then 1 (G) < h(n) where

1, ifnefl, 2},
3, if n=3,

hm) =3, -1, ifa<n<8, and
45, ifn>0.

Furthermore, if the connected graph G of order n is such that u(G) = h(n), then G € H
where

H=1{K\,K:, K3, K3, K1 4,Ki5 Ki6,Ki7, H} U{H, : n > 11 and n = 1 mod 5}.

The rest of the article is devoted to the proofs.
2. PROOFS

Before we proceed to the proofs of our theorems, we introduce some further notation and
establish two preliminary results.

For a graph G and two disjoint subsets B and W of its vertex set V(G), a DIM M of G
is compatible with (G; B,W)if BC V(M) and W NV (M) = (. Let u(G; B, W) denote

Journal of Graph Theory DOI 10.1002/jgt
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the number of DIMs of G that are compatible with (G; B, W). By the definition of DIMs,
we have

w(G; B, W) > 0 = G[B] has maximum degree at most 1 and W is independent. (1)

Note thatif V(G) \ (B U W) has at most  elements, then ¢ (G; B, W) is an integer at most
2". This implies that for a class G of graphs and a nonnegative integer n, the maximum

sg(n) = max{u(G; B,W) : GisagraphinG, Band W are disjoint subsets of V (G),
BUW #@, and |[V(G) \ (BUW)| < n}

is well defined and finite, even though the maximum is possibly taken over infinitely
many graphs. Note that sg(0) < 1. Furthermore, if G contains a nonempty graph that has
a DIM, then s¢g(n) > 1.

Lemma 4. [If C is the class of connected {Cs, Cy}-free graphs of minimum degree at
least 2, then s¢(n) = 1 forn € {0, 1,2, 3} and s¢c(n) < sc(n —4) 4+ sc(n — 2) for every
integer n with n > 4.

Proof. We prove the statement by induction on n. For n = 0, the statement fol-
lows from the above observations using 1 (Cg) > 0 and Cs € C. Now let n > 1. Clearly,
sc(n) > 1 and s¢(n — 1) < s¢(n). Hence, in view of the desired statement, we may
assume that s¢(n) > 2. Let (G; B, W) be a maximizer in the definition of s¢(n), that
is, s¢(n) = u(G; B, W). Since s¢(n) > 2, the set BUW is a proper nonempty subset
of V(G). Since G is connected, there is an edge uv of G such that u € BUW and
veV(G\(BUW).

If u e W, then s¢c(n) = u(G; B,W) Q w(G; BU v}, W) <sec(n—1). If u e B and

u has a neighbor in B, then s¢(n) = u(G; B, W) Q w(G; B,WU{W}) <sec(n—1). If

u € B and all neighbors of u distinct from v belong to W, then s¢(n) = u(G; B, W) @

w(G; BU (v}, W) < sc(n— 1). In all three cases, we obtain s¢(n) < s¢(n — 1). By in-
duction, if n — 1 <3,then 1 <s¢c(n) <sc(n—1)=1,andif n — 1 > 4, then s¢c(n) <
sc(n—1) =sc(n—35) +sc(n—3) <sc(n—4) +sc(n—2).

Hence, we may assume that u belongs to B and that u has a neighbor w in V(G) \ (B U
W) that is distinct from v. Since G is of minimum degree at least 2, the vertex v has a
neighbor V' distinct from u and the vertex w has a neighbor w’ distinct from u. Since G is

{C3, C4}-free, the vertices v, v/, w, and w' are all distinct.

If v eW, then sc(n) = u(G; B, W) Q w(G; BU WL W) <se(n—1). If v €B,

then s¢c(n) = u(G; B, W) Q w(G; B,W U {v}) <sc(n—1). Again, we obtain s¢(n) <
s¢(n — 1) and can argue as above.
Hence, we may assume that v' and w’ belong to V (G) \ (B U W), which implies n > 4.

Now

sc(n) = n(G; B, W)
= w(G; BU{}L W) + w(G; B,W U {v})
2 (G BU (n, w'}, W U (v, w}) + w(G: BU V), W U (1))

< sc(n—4)+sc(n—2),

which completes the proof. ]
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If F (n) denotes the n-th Fibonacci number, that is, F(0) =0, F(1) = 1, and F(n) =
F(n—2)+ F(n— 1) forevery integer n withn > 2, then Lemma 4 immediately implies
max{sc(2n), sc2n+ 1)} < F(n+ 1), (2)
for every nonnegative integer n.

Lemmas. [fGisa{Cs, Cy}-free graph of order n and minimum degree at least 2, then
I’L(G) < 0.928 . (plzl where ¢ — 1+2\f5.

Proof. First, we assume that G is connected. Note thatn > 5. If n = 5, then G = Cs
and 1 (G) = 0. Hence, letn > 6. Let u be a vertex of G. Since u has at least two neighbors,

we obtain 12(G) = u(G; B, {u}) + u(G; {u}, #) £ 11(G; No(u), {u}) + 11(G; {u}, §) <
sc(n—3)4+sc(n—1). If nis odd, then u(G) <sc(n—3)+sc(n—1) %) F (”2;1) +
F (&) =F (%2). If n is even, then u(G) <sc(n—3)+sc(n—1) %)F(%) +
F (%) = F (*£2). Using¢ 2 + ¢~ = 1 and max {F(4) p 3, F(5)-¢ 3, F(6) -¢r%}
< 0.928, it follows easily by induction on n that for n > 6, we have

3
F (n—;— >, if nis odd and

<0.928 - ¢:
2
F<n+ ), if niseven
2
and hence 1 (G) < 0.928 - ¢7.
If G has components Gy, ..., Gy of orders ny, ..., n, respectively, then u(G) <
15, w(G) < 0.928% - ¢ < 0.928 - %, which completes the proof. [

We proceed to the proofs of our theorems. The general structure of all three proofs is
very similar.

A. Proof of Theorem 1

Let G be a graph of order n and size m. We prove, by induction on n + m, that u(G) < f(n)
and, for n > 3, u(G) = f(n) if and only if G belongs to F. Since the result is easily
verified for n < 5, we assume now that n > 6. We establish a series of claims concerning
properties that G can be assumed to have.

Claim 1. Every edge of G belongs to some DIM of G.

Proof of Claim 1. If G contains an edge e such that no DIM of G contains e, then
every DIM of G is a DIM of G — e and, by induction, u(G) < u(G —e) < f(n). If
w(G) = f(n), then u(G — e) = f(n) and hence, by induction, G — e € F. It is easily
verified that adding any edge to a graph H in F results in a graph with strictly less DIMs
than H. Therefore, u(G) < u(G — e), which is the contradiction u(G) < f(n). |

Since no DIM of G can contain an edge that belongs to a cycle of length 4, Claim 1
implies that G has no such cycle.

Claim 2. The graph G is triangle-free.

Journal of Graph Theory DOI 10.1002/jgt
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Proof of Claim 2.  Let T : xyzx be a triangle in G. Since every DIM of G contains
exactly one of the three edges of 7', no DIM of G contains an edge between a vertex in
V(T) and a vertex in V(G) \ V(T'). By Claim 1, this implies that T is a component of
G. Now, by induction, u(G) =3 - (G —V(T)) <3- f(n — 3) = f(n). Furthermore, if
w(G) = f(n), then u(G —V(T)) = f(n — 3) and hence, by induction, G — V(T) € F.
Since G is the disjoint union of a triangle and G — V (T'), we obtain G € F. |

Claim 3. The graph G has no isolated vertex.

Proof of Claim 3.  If uis anisolated vertex of G, then every DIM of Gis a DIM of G —
u. Therefore, by induction, u(G) < u(G —u) < f(n—1) < f(n).lf u(G) = f(n),then
f(n—1) = f(n), which implies that » = 1 mod 3. Furthermore, (G — u) = f(n — 1)
and hence, by induction, G — u = %K; Now G = K; U %K3 e F. [ |

Claim 4. The graph G has minimum degree at least 2.

Proof of Claim 4. By Claim 3, the graph G has no isolated vertex. If u is a vertex
of degree 1 and v is the unique neighbor of u in G, then every DIM of G contains an
edge incident with v. Hence, no DIM contains an edge between a vertex in Ng[v] and
V(G)\Ng[v]. By Claims 1 and 2, the closed neighborhood Ng[v] of v in G is the vertex
set of a component of G and induces a star K; ; where d = dg(v) > 1. Now, by induction,
u(G) =d - n(G—Nglv])) <d- f(n—(d+1)).

If d € {1,2} or d > 5, then it is easily verified that d - f(n — (d + 1)) < f(n) and
hence 1 (G) < f(n) in these cases.

Ifd=3,thend- f(n— (d+ 1)) < f(n) with equality if and only if n = 1 mod 3.
Hence, 1 (G) < f(n). Furthermore, if £ (G) = f(n), then u(G — Ng[v]) = f(n — (d +
1)) and hence, by induction, G — Ng[v] = %Kg. Now G =K ;3 U %Kg e F.

Ifd=4,thend- f(n— (d+ 1)) < f(n) with equality if and only if n = 2 mod 3.
Hence, 1 (G) < f(n). Furthermore, if £ (G) = f(n), then u(G — Ng[v]) = f(n — (d +
1)) and hence, by induction, G — Ng[v] = ?Kg. Now G =K; 4 U %IQ e F. |

By Claims 1-4, the graph G is a {C3, C4}-free graph of minimum degree at least
2. Since f(n) > 4-373 3% and 0.928 - ¢ < 4-37%.3% forn > 6, Lemma 5 implies
w(G) < f(n), which completes the proof. [ |

B. Proof of Theorem 2

Let G be a triangle-free graph of order n and size m. We prove, by induction on n + m,
that 4 (G) < g(n) and, for n > 2, u(G) = g(n) if and only if G belongs to G. Since the
result is easily verified for n < 8, we assume now that n > 9. We establish a series of
claims concerning properties that G can be assumed to have.

Claim 5. Every edge of G belongs to some DIM of G.
Proof of Claim 5.  This can be proved exactly as Claim 1. ]
Claim 5 implies that G is {C3, C4}-free.

Claim 6. The graph G has no isolated vertex.

Proof of Claim 6. Note that unlike the function f from Theorem 1, the function g is
strictly increasing for n > 3. Using this fact, this claim can be proved as Claim 3. |

Journal of Graph Theory DOI 10.1002/jgt
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Claim 7. The graph G has minimum degree at least 2.

Proof of Claim 7. By Claim 6, the graph G has no isolated vertex. Let u be a
vertex of degree 1 and let v be the unique neighbor of u in G. Arguing as in the proof
of Claim 4, we obtain that the closed neighborhood Ng[v] of v in G is the vertex set
of a component of G and induces a star K; ; where d = dg(v) > 1. Now, by induction,
u(G) =d - u(G—Nglvl) <d-gln—(d+1)).

Itis easy to verify d - g(n — (d + 1)) < g(n) for every n > 9 with equality if and only
if

e citherd =3,nmod 5 # 0 andn # 11,
eord=4andn ¢ {12, 16},
sord=5andn=11.

The proof can now be completed similarly as the proof of Claim 4. We give details
only for d = 3.

Let d =3. We obtain u(G) =d-u(G—Ng[v]) <d-gln—(d+1)) <gn). If
w(G) = g(n), thend - g(n — (d + 1)) = g(n), which implies n mod 5 # 0 and n # 11.
Furthermore, (G — Ng[v]) = g(n — (d + 1)), which implies, by induction, that G —
N[v] € G. Since for every graph H in G of order n’ = n — 4 withn’ > 5, n" mod 5 # 1,
and n’ # 7, we have K13 UH € G, we obtain G € G. |

By Claims 5-7, the graph G is a {C3, C4}-free graph of minimum degree at least
2. Clearly, g(n) > 0.928 - ¢% for n € {9, 10, 11}. Furthermore, for n > 12, we have
g(n) > 81-4"3" > 0.956-1.319" > 0.928 - %, Lemma 5 implies 11(G) < g(n), which

completes the proof. |

C. Proof of Theorem 3

Let G be a connected graph of order n and size m. We prove the statement by induction
on n + m. For n < §, the result is easily verified. Note that

for every positive integer p, we have p - 4 5 < 1 withequality ifandonlyif p = 4. (3)

This implies that if n < 8 and G is neither a star nor a triangle nor Hg, then n > 4 and
w(G) <h(n)—1=n—2<45.
We assume now that n > 9. Note that if G’ is a graph of order n’ less than n and no

component of G’ is a star or a triangle or Hg, then, by induction, every component K of
n(K)—

G of order n(K) satisfies u(K) <45 l, which implies 1 (G") < 4% We establish a
series of claims concerning properties that G can be assumed to have.

Claim 8. Every edge of G that does not belong to some DIM of G is a bridge.

Proof of Claim 8.  If G contains an edge e such that no DIM of G contains e and e is
not a bridge of G, then every DIM of G is a DIM of the connected graph G — ¢ and, by
induction, u(G) < u(G —e) < h(n).If u(G) = h(n), then £ (G — ¢) = h(n) and hence,
by induction, G — e € H. It is easily verified that adding any edge to a graph H in ‘H
results in a graph with strictly less DIMs than H. Therefore, u(G) < u(G — e) = h(n),
which is a contradiction. |

By Claim 8, the graph G has no cycle of length 4.
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Claim 9. No edge of G that does not belong to some DIM of G is incident with a vertex
of degree 1.

Proof of Claim 9.  If uv is an edge of G that does not belong to some DIM of G such
that u has degree 1, then u(G) < u(G —u) < h(n — 1) < h(n). |

Claim 10. The graph G is triangle-free.

Proof of Claim 10. Let T : xyzx be a triangle in G. Since G is connected, we may
assume that z has a neighbor 7’ that does not lie on 7.

First, we assume that y has a neighbor y’ that does not lie on 7. Since G has no cycle
of length 4, the vertices y' and 7’ are distinct. For every DIM M of G, the set M contains
anedgeof T and M \ E(T) is a DIM of G — V(T'). This implies, by induction,

w(G) = u(G; {x,y}, 9) + n(G; {x, z}, 9) + w(G; {y, z}, ¥)

2 (G {3, 21 YD + (G {x, 2y L AZD) + (G 2h 1Y 7))

< uG=VT;{ZL D+ G =V @) (YL {ZH + (G -=V(T);8,{y,7})
< uw(G-=V(T))

< h(n—3)

< h(n).

Hence, we may assume that for every triangle T of G, exactly one vertex of T has degree
at least 3.
Next, we assume that no component of G — V (T') is either a star or a triangle or Hg.
(n=3)—1

By induction, this implies that (G —V(T)) <4 5 . Now
w(G) = n(G; {x, ¥}, 9) + w(G; {x, 2}, 9) + u(G; {y, z}, 9)
2 (G x,y, 70, 0) + (G {x, 21 42D + 1(G; {y, 21 42D

<uw(G=V(T){Z} D) +2 - w(G-=V(T): 0,{z})
<2-u(G-=V(D))

< 2. 4@

< 4%.

Hence, we may assume that for every triangle T of G, some component of G — V (T') is
either a star or a triangle or Hg.

Next, we assume that some component S of G — V(T') is a star of order s. Since the
edge xy belongs to some DIM of G, we obtain that s > 2. Since the edge xz belongs to
some DIM of G, we obtain that s > 3 and that z is adjacent to a leaf 7’ of S. If z has degree
3, then the graph is completely determined. Note that the structure of G is similar to Hg
in this case. Using n > 9, it is easy to verify that £ (G) < h(n). Hence, we may assume
that z has degree at least 4. If G — V (S) is Hg, then the graph is completely determined.
Again, it is easy to verify that u(G) < h(n). Hence, no component of G — V (S) is either
a star or a triangle or Hg, which implies, by induction, u(G — V (S)) < 4(”7?71 . Since
every DIM of G contains an edge of S, we obtain, by induction,

w(G) = n(G; {2}, 9) + n(G; 9, {z'})

2 1(G: (7} 42) + u(G: {2 {2)

S u(G=V(8);0,{z}) + (s = 2) - u(G =V (S); {z}, D)
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=< (s—2)-u(G V(S))
(n=s)—1 \)

<(s—2)-4 5

D4t
Hence, we may assume that for every triangle T of G, no component of G — V(T is a
star.

Next, we assume that some component 7’ of G — V(T') is a triangle. Since n > 9, the
degree of z is at least 4. This implies that the connected graph G — V(T") is Hg. Now the
graph is completely determined, n = 11, and 4 (G) = 8 < h(n). Hence, we may assume
that for every triangle T of G, some component of G — V (T) is Hg. Now the graph G
arises from 7' U Hg by adding an edge between z and the vertex a in Hg (see Fig. 1). This
implies n = 11 and u(G) = 13 < h(n), which completes the proof of the claim. |

Claims 8 and 10 imply that G is {C3, C4}-free. By assumption, G has no isolated vertex.
Claim 11.  The graph G has minimum degree at least 2.

Proof of Claim 11. Let v be a vertex of G of degree p + ¢ such that v has p > 1
neighbors uy, ..., u, of degree 1 and g neighbors wy, ..., w, of degree at least 2. If G is
a star, then the theorem is easily verified. Hence, we may assume that ¢ > 1. Since every
DIM of G contains an edge incident with v, every edge between a vertex in Ng[v] and
V(G) \ Ng[v] is a bridge. Since G is triangle-free, this implies that every edge incident
with a vertex in Ng[v] is a bridge and that Ng[v] induces a star S. For j € [g], let z; denote
a neighbor of w; that is distinct from v. Let Z = {zy, ..., z,}.

We have

14

q
w(G) = 3" u(G: v ). 0) + Y (G (v, wy). )

i=1 j=1

ZM(G v} UZ 9) + ZM(G vow U@\ g, fz)

i=1 j=1

IA
~

Y (G =V(©S);Z )+ Z w(G—=V(S): Z\ {zjh {z})

i=1 j=1

q
p- (G —=VES;Z D)+ Y w(G=VES):Z\{zj} {z,})

j=1

=p- (G =VI($)).

If ¢ > 2 and some component S’ of G — V (S) is a star, then Claim 9 implies that S” has
order at least 2 and, by exchanging the roles of S and §’, we may assume that g = 1.
Hence, we may assume that

e cither ¢ > 2 and no component of G — V() is a star,
eorg=1.

If ¢ > 2 and no component of G — V (S) is a star, then, by induction, (G — V(S)) <

R g 4 and we obtain w(G) < p- (G —V(S)) < p-
n—(p+3)-1 (3)  »
e 245 . Hence, we may assume now that ¢ = 1.
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First, we assume that the edge vw; does not belong to any DIM of G. In this case,
w(G) < p-u(G—{uy,...,up, v}).If the connected graph G — {uy, ..., u,, v} is a star,

then the result is easily verified. Hence, we may assume that G — {uy, ..., u,, v} isnot a
(n— (/+l)) 1

star. By induction, this implies (G — {u, . . up, v}) <4 and hence 1 (G) <

n—(p (3) n—
PG —{uy, ... up,v}) < p-4""55"" < 4°5 Furthermore, if 1(G) = 4'5, then,
by (3), we have p=4, n=1mod 5, and (G — {uy, ..., up, v}) = Y By in-
duction, this implies G — {uy, ..., u,, v} = H,_s, which easily implies G = H, € H.
Hence, we may assume that the edge vw; belongs to some DIM of G.

Next, we assume that some component S’ of G — V(S) is a star of order s'. Since, by
Claim 9, the edge u;v belongs to some DIM of G, we obtain that s > 2. Since the edge
vw; belongs to some DIM of G, we obtain that s > 3 and that w; is adjacent to a leaf
Z of §'. If wy has degree 2, then the graph is completely determined and it is easy to
verify that £ (G) < h(n). Hence, we may assume that w; has degree at least 3. Since vw
belongs to some DIM of G, the graph G — V(§") does not belong to H and n — 5" > 6.
By induction, this implies u(G — V (S’
edge of §’, we obtain

w(G) = u(G; {Z'}, ) + n(G; 9, {z'})

2 (G (), D) + (G {wi ), (D)

< u(G=V ()0, {w}) + " =2) - u(G—=V(S); {wi}, 9)
< —=2)-u(G-V(S))

< (§ —2). 45

2yt

Hence, we may assume that no component of G — V (S) is a star. By induction, this implies
(n— (p+2)) 1 (n— (p+2)) 1 (’3)

/,L(G V(S)) <475 — and we obtain u(G) <p-u(G-V(©S) <p-4— 5 <
4", which completes the proof of the claim. |

By Claims 8-11, the graph G is a {C3, C4}-free graph of minimum degree at least 2.
Since 0.928 - ¢7 < 4" forn > 9, Lemma 5 implies (G) < h(n), which completes the
proof. ]
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