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Abstract A dominating set is one of the fundamental graph structure, like clique, independent set, s-t path,

and cut. It is known that there is a polynomial delay algorithm to enumerate theses minimal or maximal graph

structures. However, it is open problem that there is a polynomial delay or amortized polynomial time algorithm

to enumerate minimal dominating sets. In addition, enumeration of all dominating sets has not been paid much

attention. In this paper, we enumerate all dominating sets not only minimal dominating sets. As a main result,

we propose an enumeration algorithm. This algorithm enumerates all dominating set in O
!
k2

"
time per solution

using O (nm) space, where k is degeneracy of an input graph. It is known that planar graphs have the constant

degeneracy. Hence, the proposed algorithm enumerates all dominating set in constant time per solution.

Key words dominating sets, enumeration algorithm, amorized polynomial time, degeneracy

1. Introduction

An enumeration problem is a problem to output all solu-

tions satisfying a given constraint without duplication. In

this paper, we address the enumeration of dominating sets

in an input graph. The number of solutions of enumeration

problems is often considerably smaller than exponential in

the size of an input. Hence, if the estimation of the number

of solutions is not tight, the evaluation of the time complex-

ity according to the size of an input overestimates the actual

behavior. We evaluate the efficiency of an enumeration al-

gorithm by not only the size of input but also the number

of outputs [10]. Let n and N be the size of the input and

the number of outputs, respectively. We call an enumeration

algorithm amortized polynomial time algorithm if the time

complexity of the algorithm is O (poly(n)N). In addition,

we call an enumeration algorithm a polynomial delay algo-

rithm if the followings are bounded by O (poly(n)): the time

until the algorithm outputs the first solution, the interval

between outputting two consecutive solutions, and the time

until the algorithm stops after outputting the last solution.

Moreover, we call an enumeration algorithm an incremental
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polynomial time algorithm if delay is bounded by poly(n,N ′),

where N ′ is the number of solutions that are already gener-

ated by an algorithm, That is, when the algorithm generates

i-th solution, N ′ = i− 1. We propose the amortized polyno-

mial time algorithm that enumerates all dominating sets in

a given graph G in O
!
k2

"
per solution time, where k is the

degeneracy of G.

Until now, researchers developed enumeration algorithms

for minimal dominating sets with polynomial delay for

some graph classes such as interval graphs [6], permutation

graphs [6], and P6-free chordal graphs [5]. In addition, there

are incremental polynomial time algorithm for graphs with

girth at least 7 [7] and chordal bipartite graphs [4]. On the

other hands, the minimal edge dominating set enumeration

problem is solved in polynomial delay [7]. However, to the

best of our knowledge, there is no paper about enumeration

of dominating sets for general graphs. It is actually easy to

obtain an algorithm for a dominating set enumeration prob-

lem whose running time is O (n) time per solution by using

binary partition method. In this paper, we address to de-

velop a strictly faster enumeration algorithm than the triv-

ial algorithm. In addition, we focus on the degeneracy of a

graph G. The degeneracy is one of measures of sparseness of

a graph. It is known that graphs in some graph class have the

constant degeneracy such as, forest, grid graphs, outerplaner

graphs, planer graphs, bounded tree width graphs, H-minor

free graphs for some fixed H, and so on. If a graph has the

small degeneracy, a graph has a good vertex ordering, called

a degeneracy ordering [9] shown in Sect. 4. By using this

ordering, some efficient enumeration algorithms have been

developed [2, 3, 11]. As the main result of this paper, we

propose an efficient algorithm for enumerating dominating

sets in a given graph. Our algorithm is based on reverse

search method [1]. Moreover, by maintaining the number of

neighbors of each vertex and using the degeneracy ordering,

we achieve O
!
k2

"
time per solution to enumerate all solu-

tions. This is the first non-trivial result for a dominating set

enumeration problem.

The organization of this paper is as follows: in Sect. 2.

we define some basic notation. In Sect. 3. we give the out-

line of our proposed algorithm EDS based on reverse search

method, and in Sect. 4. we show some data structures using

a degeneracy ordering for enumerating efficiently and prove

the time complexity. In Sect. 5., we conclude this paper.

2. Preliminary

Let G = (V (G), E(G)) be a simple undirected graph, that

is, G has no self loops and multiple edges, with vertex set

V (G) and edge set E(G) ! V (G)× V (G). If G is clear from
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An input graph G. 

A dominating set D = {1, 3, 6, 10, 12}

Fig 1 Black vertices indicate vertices of dominating set D in G.

D is not minimal since D\{6} is also dominating set. 3 and

10 are a private vertex of 4 and 7, respectively. Moreover,

3 is isolated in D since N(3) ∩D = ∅.

the context, we suppose that V = V (G) and E = E(G). Let

u and v be vertices inG. An edge e with u and v is denoted by

e = {u, v}. Two vertices u, v ∈ V are adjacent if {u, v} ∈ E.

We denote by NG(u) the set of vertices that are adjacent to

u on G and by NG[u] = NG(u)∪ {u} the set of closed neigh-

bors of u. We say v is a neighbor of u if v ∈ NG(u). The

set of neighbors of U is defined as N(U) =
#

u∈U NG(u) \U .

Similarly, let N [U ] be
#

u∈U NG(u)∪U . Let dG(u) = |NG(u)|
be the degree of u in G. ∆(G) = maxx∈V d(x) denotes the

maximum degree of G. For any vertex subset V ′ ! V , we

call G[V ′] = (V ′, E[V ′]) an induced subgraph of G, where

E[V ′] = {{u, v} ∈ E(G) | u, v ∈ V ′}. Since G[V ′] is uniquely

determined by V ′, we identify G[V ′] with V ′. We denote by

G \ {e} = (V,E \ {e}) and G \ {v} = G[V \ {v}]. For sim-

plicity, we will use v ∈ G and e ∈ G to refer to v ∈ V (G)

and e ∈ E(G), respectively. A set D of vertices is a dom-

inating set if D satisfies N [D] = V . v in D is the private

vertex of u if u ∈ N [v] and u /∈ N [D \ {v}] hold. Moreover,

v ∈ D is isolated or an isolated vertex if N(v) ∩D = ∅. We

show an example of a dominating set and an isolated vertex

in Figure 1. We now define the dominating set enumeration

problem as follows:

Problem 1. Enumerate all dominating sets in a given graph

G without duplication.

3. Basic algorithm

In this section, we show the proposed algorithm EDS that

is based on reverse search method [1]. The reverse search

method is one of frameworks for constructing an enumeration

algorithm. To enumerate all solution by reverse search, we

first define the parent-child relationship between solutions.
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Algorithm 1: EDS enumerates all dominating sets in

amortized polynomial time.

1 Procedure EDS (G = (V,E)) // G: an input graph

2 AllChildren(V,G);

3 Procedure AllChildren (X,G = (V,E)) // X: the

current solution

4 Output X ;

5 for v ∈ X do

6 if N [X \ {v}] = V ∧ P (X \ {v}) = X then

7 AllChildren(X \ {v} , G);

8 return;

The precise definition of the relationship will be given later.

Let G = (V,E) be an input graph with V = {v1, . . . , vn} and

X and Y be dominating sets on G. We denote by S (G) the

set of solutions, that is, the set of dominating sets ofG, and

by F (G) a digraph on the set of solutions S (G). Here, the

vertex set of F (G) is S (G) and the edge set E (G) of F (G)

is defined according to the parent-child relationship. For any

pair of solutions X and Y , there is a directed edge from D1

to D2 on F (G) if D1 is the parent of D2. We call F (G) the

family tree for G. By traversing on the family tree, we can

obtain the all solutions.

We arbitrarily number the vertices in G from 1 to n and

call the number of a vertex the index of the vertex. pv (X),

called the parent vertex, is the vertex in V \X with the min-

imum index. For any dominating set X such that X |= V ,

Y is the parent P (X) of X if Y = X ∪ {pv (X)}. Note

that since any superset of a dominating set also dominates

G, P (X) is a dominating set of G. We call X is a child of

Y if P (X) = Y . By using this parent-child relationship, we

construct the family tree F (G) mentioned above. Next, we

show that F (G) forms a tree rooted at V . We call V the

root of F (G).

Lemma 1. For any dominating set X, by recursively apply-

ing the parent function P (·) to X at most n times, we obtain

V .

Proof. For any dominating set X, since pv (v) always ex-

ists, there always exists the parent vertex for X. In addition,

|P (X) \X| = 1. Hence, the statement holds.

Lemma 2. F (G) forms a tree.

Proof. Let X be any solution in S (G) \ {V }. Since X

has exactly one parent and V has no parent, F (G) has

|V (F (G))| − 1 edges. In addition, since there is a path be-

tween X and V by Lemma 1, F (G) is connected. Hence, the

statement holds.

Algorithm 2: this algorithm shows improved AllChil-

dren procedure.

1 Function

AllChildren(X,C (X) ,Debt (X) ,SIV (X) , G = (V,E))

//X: the current solution, C (X): the candidate

set of X, G: an input graph

2 Output X;

3 for v ∈ C (X) do

4 X′ ← X \ {v};
5 Update(C (X) ,Debt (X) ,SIV (X) , v);

6 AllChildren(X′, C (X′) ,Debt (X′) ,SIV (X′) , v, G);

7 Debt (X)← Debt (X) \N< (v);

8 return;

9 Function Update(C (X) ,Debt (X) ,SIV (X) , v)

10 X′ ← X \ {v};
11 for u ∈ SIV (v,X) do

12 if NX′ (u) = {u} then

13 C (X′)← C (X′) \ {u} ; //Remove vertices in

IV (v,X)

14 for u ∈ N> (v) do

15 if u ∈ Debt (X) ∧ |N>v (u)| = 1 then

16 w,w′ ← arg min {N (u)}, arg min {N (w)};
17 C (X′)← C (X′) \ w;

18 SIV (w′, X′)← SIV (w′, X′) \ {w};
19 Debt (X′)← Debt (X′) \N>v [w];

20 if NX (v) ∩X<v = ∅ then
21 Debt (X′)← Debt (X′) ∪ {v};

Our proposed algorithm EDS shown in Algorithm 1 out-

puts solutions by naively traversing on F (G) in the depth-

first manner.

Theorem 1. EDS outputs all dominating sets in G.

4. Data structures and analysis

In this section, we show the details of the proposed algo-

rithm EDS. We particularly focus on the degeneracy of an

input graph. G is a k-degenerate graph [8] if for any induced

subgraph H of G, the minimum degree in H is less than or

equal to k. The degeneracy of G is the such minimum value

k. If G is a k-degenerate graph, then there always exists an

ordering among vertices in G, called a degeneracy ordering

of G, satisfies the following condition: for any vertex v in G,

the number of vertices that are larger than v and adjacent to

v is at most k. We show an example of a degeneracy ordering

of a graph in Fig. 2. Matula and Beck show that the degen-

eracy of G and a degeneracy ordering of G can be obtained

in O (n+m) time [9]. Note that there are some degeneracy

orderings for a graph. In what follows, we fix a degeneracy

ordering of G and number the indices of vertices from 1 to n
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An input graph G. 

4 539 10 12 678 11

A degeneracy ordering of G.  
The degeneracy of G is 3. 

Fig 2 An example of a degeneracy ordering. In this ordering, each

vertex v satisfies
!!N< (v)

!! ! 3. Hence, G is a 3-degenerate

graph and the degeneracy of G is 3.

according to the degeneracy ordering. If no confusion occurs,

we identify a vertex with its index, that is, for any pair of

vertices u and v, we write u < v if u is smaller than v in the

degeneracy ordering. V <v denotes the set of vertices that

are in V and smaller than v in the ordering. In addition,

we assume that a graph is represented by an adjacency list

and these lists are sorted by a degeneracy order in preprocess

using O (∆n) time.

We first define some notations that will be used in this

section. Let X be a dominating set of G and N<u
X (v) =

{w ∈ N (v) | w < u ∧ w ∈ X} be the set of neighbors of v

that are smaller than u and in X. To simplify the no-

tation, We denote N>v
X (v) and N<v

X (v) by N>
X (v) and

N<
X (v). We define the candidate set C (X) of X as

C (X) = {v ∈ X | N [X \ {v}] = V ∧ v < pv (X)}. Note that

v ∈ C (X) is smaller than any vertex in V \X.

Lemma 3. Let X be a dominating set of G and v be a vertex

in X. Then, v ∈ C (X) if and only if X \ {v} is dominating

set and X = P (X \ {v}).

Proof. The only if part is obvious from the definition of

C (X) and P (·). We show the other direction. Since

X = P (X \ {v}), v is smaller than any vertex in V \(X\{v}).
Hence, v < pv (X) holds. From the assumption, X \ {v}
dominates X. Hence, v ∈ C (D). The statement holds.

Lemma 3 implies that we can generate children of X by

removing a vertex in the candidate set of X. That is, we can

avoid to check whether a genereated dominating set is actu-

ally a child of X or not. We next consider how to compute

the children of X, that is, how to compute the candidate of

X. To compute C (X) efficiently, EDS maintains the follow-

ing two data structures: IV (v,X) and Debt (v,X), where

v ∈ C (X). The definition of the isolated vertices IV (v,X)

for v and the debt vertices Debt (v,X) are as follows:

3

59 10

41
2

6

7

8

An input graph G. 

3 5910 412 67 8

vertex v

Isolated vertices IV(v, X)

X = {10, 9, 3, 7, 5, 8, 4}

Debt vertices Debt(v, X)

C(X) = {10, 9, 3, 7, 5, 8} 
C(X \ {v}) = {9, 3, 7}

Fig 3 This figure shows an example of IV (v,X) and Debt (v,X).

X is a dominating set of G. Vertices in G are

sorted in the degeneracy ordering. Let v = 8 and

X = {10, 9, 3, 7, 5, 8, 4}. Here, IV (8, X) = {5} and

Debt (8, X) = {2, 1}. When we remove 8 from X, then

5 and 10 can not be removed from X \ {8} since X \ {8, 5}
does not dominate 5 and X \ {8, 10} does not dominate

1. Then, 10 does not belong to IV (3, X \ {8}), where

3 = arg min {N(10)}. Here, 7 is an isolated vertex. How-

ever, 7 is only dominated by 4. Hence, C (X) does not

include 7.

IV (v,X) =
$
u ∈ N<v

C(X) (v)
%% NX (u) = {v}

&
, and

Debt (v,X) =
'
u ∈ V >v

%%% NX [u] ! C!v (X) ∧ |NX [u]| " 2
(
.

Also, we denote by IV (X) =
#

v∈C(X) IV (v,X). Roughly

speaking, u ∈ IV (v,X) becomes the private vertex of itself

in X \ {v} after removing v from X, and u ∈ Debt (v,X) is

only dominated by vertices smaller than v in X. In Fig. 3, we

show an example of the isolated vertices and debt vertices.

Lemma 4. Let v ∈ C (X). If V <v ! X, then C (X \ {v}) =
C (X)\

)
V >v ∪ IV (v,X) ∪N<v

C(X) (Φ(v,X))
*
, where Φ(v,X) =

'
u ∈ NDebt(v,X) (v)

%%%
%%%N<v

C(X) (u)
%%% = 1

(
.

Proof. We show C (X)\
)
V >v ∪ IV (v,X) ∪N<v

C(X) (Φ(v,X))
*

is a subset or equal of C (X \ {v}). Let w ∈ C (X) \)
V >v ∪ IV (v,X) ∪N<v

C(X) (Φ(v,X))
*
. Hence, w < v. Sup-

pose that w /∈ C (X \ {v}). This implies thatX ′ = X\{v, w}
is not a dominating set of G or P (X ′) |= X \ {v}. (I) We

assume that X ′ is not a dominating set. Since X \ {v} is

a dominating set, there exists a vertex w′ in N [w] that is

not dominated by X ′. Since w ∈ C (X), w′ is only dom-

inated by both v and w. If w′ = w, then w ∈ IV (v,X).

If w′ |= w, then since w < v, w ∈ N<v
C(X) (Φ(v,X)) holds.

However, these contradict the assumption. (II) We as-

sume that X ′ is a dominating set but P (X ′) |= X \ {v}.
This implies that pv (X ′) |= w. Since pv (X \ {v}) = v,

there is no smaller vertex than v in V \ (X \ {v}). From

the assumption w < v, w is smaller than any vertex in

V \ (X \ {v, w}). However, this contradicts the assumption,
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and thus, w ∈ C (X \ {v}). We next show C (X \ {v}) !
C (X)\

)
V >v ∪ IV (v,X) ∪N<v

C(X) (Φ(v,X))
*
. From the def-

inition, C (X \ {v}) ! C (X) holds. Let w ∈ C (X \ {v}).
Then, w is not included by V >v since w < v. Moreover, w is

not included by IV (v,X)∪N<v
C(X) (Φ(v,X)) since X \{v, w}

is a dominating set. Hence, the statement holds.

Lemma 5. Let v, w ∈ C (X) such that v < w. If V <v !
X, then IV (v,X \ {w}) = IV (v,X) ∪ Γ(v, w,X), where

Γ(v, w,X) =
$
u ∈ N<

X (v)
%% NX (u) = {v, w}

&
.

Proof. Since for any u ∈ IV (v,X), u is adjacent to

only v, IV (v,X) ! IV (v,X \ {w}). If u ∈ Γ(v, w,X),

from the definition of IV (v,X \ {w}) and Γ(v, w,X),

u ∈ IV (v,X \ {w}). Hence, IV (v,X) ∪ Γ(v, w,X) !
IV (v,X \ {w}). We next show IV (v,X \ {w}) !
IV (v,X) ∪ Γ(v, w,X). If u ∈ IV (v,X \ {w}), from the

definition of IV (v,X \ {w}), NX\{w} (u) = {v}. Hence,

NX (u) = {v} or NX (u) = {v, w}. This implies that

u ∈ IV (v,X) ∪ Γ(v,X). Thus, the statement holds.

Lemma 6. Let v, w ∈ X such that v < w. Moreover, there

is no vertex x ∈ X such that v < x < w. If V <v ! X, then

Debt (v,X) = Debt (w,X) \N>v (w).

Proof. If u ∈ Debt (w,X) \ N>v (w), since u is not adja-

cent to w and from the assumption, all neighbors of u in X

are smaller than v and X \ {u} also dominates G. Hence,

u ∈ Debt (v,X). If u ∈ Debt (v,X), u does not belong to

N>v (w). In addition, u is also in Debt (w,X) since w ∈ X.

Thus, the statement holds.

Lemma 7. Let v, w ∈ C (X) such that v < w. Moreover,

there is no vertex x ∈ X such that v < x < w. If V <v !
X, then Debt (v,X \ {w}) = (Debt (w,X) ∪ U(v, w,X)) \
(W (v, w,X) ∪ T (v, w,X)), where

W (v, w,X) =
"
u ∈ Debt (w,X)

!!!
!!!NX\{w} (u)

!!! = 1
#

and,

T (v, w,X) =
"
u ∈ Debt (w,X)

!!! u ∈ N
$
N<v

C(X) (Φ(v,X))
%#

and,

U(v, w,X) =
"
u ∈ N>v (w)

!!!NX\{w} [u] " C!v (X \ {w}) ∧
!!!NX\{w} [u]

!!! # 2
#
.

Proof. (I) Suppose that z ∈ (Debt (w,X) ∪ U(v, w,X)) \
(W (v, w,X) ∪ T (v, w,X). If z ∈ Debt (w,X), then since

z /∈ W (v, w,X) ∪ T (v, w,X), the number of neighbors of

z in C!v (X) is at least two. Moreover, w ∈ C (X) and

z is not included by N
)
N<v

C(X) (Φ(v,X))
*
. This implies z

is not dominated by (X \ {w}) \ C (X \ {w}) Hence, z ∈
Debt (v,X \ {w}). On the other hands, from the definition

of debt vertices, U(v, w,X) ! Debt (v,X \ {w}). Thus, z ∈
Debt (v,X \ {w}). (II) Suppose that z ∈ Debt (v,X \ {w}).
Since

%%NX\{w} (z)
%% " 2, z /∈ W (v, w,X). Moreover, z /∈

T (v, w,X) since z is only dominated by C (X \ {w}). If

z ∈ N (w), then since z ∈ Debt (v,X \ {w}), z ∈ U(v, w,X).

If z /∈ N (w), then since z ∈ Debt (v,X \ {w}), NX\{w} [z] =

NX [z]. Hence, z ∈ Debt (w,X). Thus, the statement

holds.

The algorithm constructs the following data structures in

O (n+m) time in preprocess: Debt (v, V ) = ∅, IV (u, V ) for

each u ∈ V , and C (V ), where v has the maximum index

in V . When the algorithm computes the children of a cur-

rent solution X, the algorithm also updates data structures

of them. In the remaining of this section, we consider the

time complexity for updating these data structures. We first

show that computing Debt (w,X \ {v}) from Debt (v,X) can

be done in O
!
k2

"
time. During the execution, for each ver-

tex w, EDS maintains the number δ(w) of neighbors of w

that belong to X>v, where X and v are a dominating set

and a vertex in C (X), respectively.

Lemma 8. Let v, w ∈ V such that v < w. Moreover, there

is no vertex x ∈ X such that v < x < w. If V <v ! X,

then the time complexity for updating debt vertices both (1)

from Debt (w,X) to Debt (v,X) and (2) from Debt (w,X) to

Debt (v,X \ {w}) is O
!
k2

"
time.

Proof. Case (1): From Lemma 6, this can be done in

O (k) time. Case (2): We first consider how to obtain

W (v, w,X). For any vertex u ∈ N>v (w), we can compute
%%NX\{w} [u]

%% = 1 in constant time by checking the small-

est and the second smallest neighbors of u since V <v ! X

holds and adjacency lists are sorted in the degeneracy order-

ing. If u also belongs to Debt (w,X), then u ∈ W . This

check can be done in constant time. Thus, W (v, w,X) can

be computed in O (k) time. We next consider how to obtain

U(v, w,X). For any vertex u ∈ N>v (w), we can compute
%%NX\{w} [u]

%% " 2 in constant time by the same fashion as

W (v, w,X). By checking whether u is in Debt (w,X) or not,

we can also computeNX\{w} [u] ! C!v (X) in constant time.

Thus, U(v, w,X) can be computed in O (k) time. Finally,

we consider how to obtain T (v, w,X)). From the definition,%%%N<v
C(X) (Φ(v,X))

%%% # |Φ(v,X)| # k and u has the larger index

than v. Hence, the size of N
)
N<v

C(X) (Φ(v,X))
*

is at most

k2. Since we can decide a vertex z is included by Debt (w,X)

or not in constant time, the statement holds.

Next, we consider how to find IV (v,X), where v is a

vertex such that v < pv (X) and v ∈ C (X \ {pv (X)}).
EDS maintains a super set SIV (v,X) of IV (v,X)

for finding IV (v,X). The definition of SIV (v,X) is

SIV (v,X) = {u ∈ C (X) | arg min {N(u)} = v}. We denote

by SIV (X) =
#

v∈C(X) SIV (v,X).

Lemma 9. Let v and u be a vertex in C (X) such that u < v
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holds. If V <u ! X, then IV (v,X) ! SIV (v,X) holds.

Proof. Let w be a vertex in IV (v,X). From the definition

of IV (v,X), w < v < u and NX (w) = {v} holds. If w has a

neighbor x /∈ X, then v < x. Hence, arg min {N(w)} =

v. Moreover, IV (v,X) ! C (X). Thus, the statement

holds.

From Lemma 9, we can easily obtain IV (v,X) from

SIV (v,X) by removing redundant vertices. From Lemma 8

and Lemma 9, we show the time complexity of each proce-

dure AllChildren is O
!
k2 |C (X)|

"

Lemma 10. AllChildren except for recursive calls can be

done in O
!
k2 |C (X)|

"
.

Proof. Let v be a vertex in C (X). We first consider the time

complexity for computing debt vertices of a child X \ {v} of

X. Let u be a vertex satisfying u < v. From Lemma 8, the

time complexity of Line 15 and Line 19 is O
!
k2

"
time. If a

vertex w ∈ C (X) is not included by C (X \ {v}), the algo-

rithm maintains SIV (arg minw,X \ {v}) to dominate a ver-

tex in Debt (v,X). From Lemma 9, it can be done in constant

time. Hence, the time complexity of from Line 14 to Line 19

is O
!
k2

"
. Therefore, since each child needs O (k) time to

compute debt vertices, the time complexity for computing

sets of debt vertices of all children of X is O
!
k2 |C (X)|

"

times. Next, we consider the time complexity for updat-

ing SIV (X). |SIV (X)| is at most the size of C (X) since

each pair of sets in SIV (X) have not same vertices. For

each vertex u ∈ SIV (v,X), u ∈ IV (v,X) if NX [u] = {u}.
Hence, it can be done in O (k) time for all sets of isolated ver-

tices. Therefore, the time complexity of Line 11 to Line 13

is O (k |SIV (X)|) = O (k |C (X)|) in AllChildren. Finally,

Line 7 and Line 20 can be done in O (k |C (X)|) time from

Lemma 6. Hence, the time complexity of AllChildren is

O
!
k2 |C (X)|

"
except for recursive calls. The statement

holds.

We show EDS enumerates all dominating set in O (k) time

per solution.

Theorem 2. EDS enumerates all dominating sets in a given

graph G in O
!
k2

"
time per solution with O (∆n+m) pre-

process time and O (nm) space.

Proof. EDS constructs a degeneracy ordering and an ad-

jacency list sorted by a degeneracy ordering in preprocess.

From [9], we can compute a degeneracy ordering inO (n+m)

time and construct an adjacency list in O (∆n) time by us-

ing bucket sort. In addition, EDS stores an input graph,

a current solution, and three data structures. These data

costs O (n+m) space. Since the depth of F (G) is at most

n. Hence, this algorithm needs O (nm) space.

We consider the time complexity of EDS. From Lemma 10,

each recursive call AllChildren needs O
!
k2 |C (X)|

"
time.

Hence, the total time of EDS is O
)+

X∈S(G)(k
2 |C (X)|)

*
.

Since F (G) forms tree from Lemma 2, each solution X ex-

cept for the root solution V is a child of its parent. Hence,

the sum of candidate sets X in S (G) is O (|S (G)|) and

O
)+

X∈S(G) k
2 |C (X)|

*
= O

!
k2 |S (G)|

"
. Therefore, the

time complexity of EDS is O
)

k2|S(G)|
|S(G)|

*
and the statement

holds.

From Theorem 2, we can easily obtain the following corol-

lary.

Corollary 1. If the degeneracy of an input graph is con-

stant, e.g., an input graph is a planer graph, then EDS solves

Problem 1 in constant time per solution.

5. Conclusion

In this paper, we proposed the enumeration algorithm

EDS. It solves the dominating set enumeration problem in

O
!
k2

"
time per solution by using O (nm) space, where k is

a degeneracy of an input graph G. As a future work, we are

interested in an efficient enumeration algorithm of dominat-

ing sets for dense graphs. If a graph is dense, then k is large

and G has many dominating sets. For example, if an input

graph is a complete graph, then k is equal to n−1 and every

subset of a vertex set is a dominating set without ∅. Hence,

G has 2|V | − 1 dominating sets. When a graph is dense, the

number of solution is larger than the number of solution in

a sparse graph. Also, k is equal to ∆ when a graph is dense

EDS is not efficient for dense graphs nevertheless the number

of solution is large. Hence, we are interested in more efficient

enumeration algorithm for dense graphs.
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