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Abstract

In communication networks, many applications, such as video on demand and video conferencing, must establish a
communications tree that spans a subset K in a vertex set. The source node can then send identical data to all nodes in
set K along this tree. This kind of communication is known as multicast communication. A network optimization problem,
called the Steiner tree problem (STP), is presented to find a least cost multicasting tree. In this paper, an O(|E|) algorithm is
presented to find a minimum Steiner tree for series—parallel graphs where |E| is the number of edges. Based on this algo-
rithm, we proposed an O(2% - |E|) algorithm to solve the Steiner tree problem for general graphs where ¢ is the number of
applied factoring procedures. The ¢ value is strongly related to the topology of a given graph. This is quite different from
other algorithms with exponential time complexities in |K|.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The demand for multimedia transmission in computer networks is rapidly increasing, and these multimedia
transmissions are time sensitive. To maintain Quality of Service (QoS), networks must allocate enough band-
width for transmitting multimedia data. Two types of multimedia transmissions are usually used. They are
point-to-point transmission and point-to-multipoint transmission. The point-to-multipoint transmission,
known as multicast, occurs when the multimedia data is delivered to a subset of nodes in the network. Notable
examples of multicast applications include video conferencing, distributed games, distributed simulations, and
file replication on mirrored sites. In a multicast communication, the source sends identical data to all destina-
tions. Since the data can be duplicated at switching nodes, it is not necessary for the source node to send sep-
arate copies to all destinations. Thus a good multicasting path can help reduce the number of redundant
streams flowing on the network.
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Fig. 1. A minimum Steiner tree in a graph.

A communication network can be modeled as a weighted undirected graph G = (V, E, C), where V'is the set
of vertices that represents communication nodes, E is the set of edges that represents the communication links
and a cost function C : E — R" maps each edge to a positive real number which represents the communica-
tion cost. Let w(H) denote the weight of a graph H which is equal to _, . £ H)c(e,-) where c(e;) is the edge cost
of e;. For a given vertex set K C V, the STP is to find a tree 7, such that K C V(T) and w(T) are minimized.

Throughout this paper, we refer T (H) represents the minimum Steiner tree for graph H with respect to the
Steiner vertex set K. A vertex v in H is also called a non-Steiner vertex if v € K; otherwise, vertex v is called a
Steiner vertex. In Fig. 1, the black nodes indicate the non-Steiner vertices. The heavy line segments indicate the
minimum Steiner tree for this graph.

The STP is known to be NP-complete [10]. Several solution approaches, such as, dynamic programming
[6,17,20], branch-and-bound [9,27,33], enumeration approaches [2,12], linear relaxations [18,32], and Lagran-
gean relaxations [4,7], have been proposed for finding the exact solution for STP. Among these works, Hakimi
[12] has proposed a spanning tree enumeration algorithm that runs in O(k*2"* + »*) time, where n = |V'| and
k = |K|. Levin [17] has proposed a dynamic programming approach algorithm that runs in O(3*n+ 2" s + k*n)
time. Beasley [4] has presented a Lagrangean relaxation algorithm. In addition, there are many centralized
heuristic algorithms [1,8,13,15,19,22-26,28,31,34,35] and distributed heuristic algorithms [3,11,16] presented
for solving STP. For detailed descriptions and more lectures on both exact and heuristic methods, one can
refer to two survey papers, Hwang and Richards [14] and Winter [30].

Note that the computation time for Hakimi’s (Levin’s) algorithm increases exponentially with the number
of set V' — K (K). That is, Levin’s algorithm is favored when the number of non-Steiner vertices is small. Con-
versely, when the number of non-Steiner vertices is large, Hakimi’s algorithm is favored. However, the perfor-
mance of these algorithms are all limited by size of K or V' — K. This paper proposes a factoring approach for
solving undirected STP. The complexity of this algorithm increases exponentially not in the number of k or
n — k but in the number of factoring procedures applied (¢). The ¢ value strongly relates to the graph topology.
This is quite different from other algorithms.

This paper is organized as follows. In Section 2, a polynomial time algorithm for finding the minimum Stei-
ner tree on Series—Parallel (SP) graph is described. In Section 3, we extend the solution method in Section 2 to
general graphs. Concluding remarks are given in Section 4.

2. Solution method for series—parallel graphs

Although the STP is known to be NP-complete, there are many special classes of graphs in which STP are
solvable in polynomial time. Prodon et al. [21], Wald and Colbourn [29] presented algorithms that solve STP
for SP graphs in O(|E|), where E is the set of edges. An SP graph (with two end vertices), also known as Two-
Terminal Series—Parallel graph (TTSP graph), has a well-defined structure. It can be defined recursively as
follows.

1. A single edge is a TTSP graph.

2. If H, and H, are TTSP graphs, so is the graph obtained by collapsing one end vertex of H; with one end
vertex of H, (series composition. The resulting graph is denoted by H; * H,).

3. If H, and H, are TTSP graphs, so is the graph obtained by collapsing two end vertices of H; and two end
vertices of H,, respectively (parallel composition. The resulting graph is denoted by H, V H,).
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Following is a description of the algorithm proposed by Wald and Colbourn [29] which summarize solving
STP on TTSP graphs in detail. The solution strategy here is to reverse the recursive composition; that is, start-
ing from each edge repeatedly applying a series or parallel composition until the whole TTSP graph is com-
pletely constructed. During each composition, we maintain five types of subgraphs, which summarizes useful
Steiner tree information for each TTSP subgraph.

We use Tx(H) to denote a subtree T of TTSP graph H where vertex set K C V(7). In particular, we use
Txiu(H) (Tk-»(H)) to denote a subtree T of H where K C V(T) and u € V(T) (v ¢ V(T)). Note that,
Ty (H) is the minimum Steiner tree for H; i.e., w(Tx(H)) = mingr, acuw(Tx(H)). With respect to SP graph
H which has two end vertices u, v, and a Steiner vertex set K, we define five subgraphs T} H),
TxrwroH)s Ty o(H), Tg_,_,(H), and STy, (H) for H as follows:

K+u—v K+v—u K+u+v

+u+v(

e Tree Ty, ,(H) is a subtree of H such that

W(Thet)) = | min - w(Ticeuen () (1)

(H) is a subtree of H such that
D= min (T o(H)) 2)

Tktu—o(H)CH
(H) is a subtree of H such that
)= min  w(Tgu(H)) (3)

Tk +v—u (H)fH

e Tree T

K+u—v

W(T;(-%—u—v(

T

e Tree T

K+v—u

W(Tl*(ﬂ»v*u(

Ss

e Tree T'y_, ,(H) is a subtree of H such that
w(T_ o (H)) = min _ w(Tk,(H)) (4)

Tk—u—v(H)CH

e Subgraph ST, . (H) is a union of trees Ty,—,(H) and T (x\y)+o—u(H), Where U C K, such that
W(STZ+L¢+U(H)) = I[}lg(l W(TU+M—U(H) U T(K\U)+1>—u(H)) (5)

We refer to these five subgraphs 7y, . (H), Ty, (H), Tx., ,(H), Tx_, ,(H), and STy, (H) as the ele-

mentary Steiner subgraphs of a TTSP graph H. Fig. 2 gives an example of a TTSP graph and its corre-
sponding elementary Steiner subgraphs.

Let H, with end points (uy,v,) and H, with end points (u,, v,) be two TTSP subgraphs, and K; and K, be
the Steiner vertex sets for H; and H,, respectively. Assume that (T ., ., (H1)> T, o (H1)s Tk 4y (H1),
T;(l—u]—vl (Hl )’ ST1*<|+ul+v| (Hl)) and (T}k(2+l¢2+b‘2 (HZ)’ T;<2+uz—vz (H2>9 T1*<2+027uz (Hz), T;(z—uz—vz (Hz), ST;<2+uz+vz <H2>>
denote the elementary Steiner subgraphs for H; and H», respectively. Thus, the elementary Steiner subgraphs
for H; * H, and H, V H, can be numerically computed and summarized as follows.

(1) The elementary Steiner subgraphs for H; vV H, (Parallel composition).

Note that the end point u (v) of graph H, V H, is collapsed by nodes #; and u, (v; and v;). We will consider
the computation for Ty, (H; V H,) first. The definition of Ty, (H; V H,) is equal to the minimum subtree
that contains both end vertices u, v and set K = K; U K,. Obviously, there are only six classes from the com-
binations of TK1+111+01 (Hl)’ TK1+H1*L“1 <H1>’ TK1+01*'41 (Hl)’ STK1+M1+U1 (Hl)? TK2+U2+U2 (HZ)’ TK2+M2*U2 (H2)9
Tkysvy—ur (H2), and STk, yy+v, (H2) for tree Txy,40(H1 V H), which are shown in Fig. 3.

Note that Tx, .y, v, (H1) U Tk, 140, (H>) is not a tree. This is because T'x, 14, 1o, (H1) contains a path from u to
v in subgraph H, and Tk, ., ., (H>) also contains a path from v to u in subgraph H,. Thus, these two paths
form a cycle in T, iy (H1) U Tk, tup0r (H2)-

For any graph H with Steiner vertex set K, using Eq. (5), we have

W(ST1*(+u+L(H)) = lglci}{lw(TUﬂt—v(H) U T(K\U)Jrvfu(H))

If U=K, then
w(ST

K+u+v

(H)) < w(Tiey, (H) U Ty (H)) = W(Ty, - (H)) (6)
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Fig. 2. (a) A TTSP graph H, (b) the elementary Steiner subgraphs for H.
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Fig. 3. Possible combinations for Tx,,(H V Hy).
Similarly, if U = (), we have

W(ST i o(H)) S Ty, (H)) ()
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It is clear that H| and H, are edge disjoint. From Inequation (6), we have
W(T1*<1+u1+vl (Hl) U ST;(2+142+L‘2 (H2)) = W(T;{1+u]+u1 (Hl)) + W(ST;{2+uz+v2 (HZ))
g W(T;k<1+u1+vl (HI )) + W(T;<2+ll2702 (Hz))

= wW(Tk e H) U T,y 0, (H2))

That is,

W(T ko, (HO) UST ey (H2)) S (T (H1) U Ty, (H)) (8)
Similarly, from (7) we have

W(T kg0 ) UST 40, (H2)) S (T o, (HD) U Tk, (H2)) ©)

From (8) and (9), we conclude that if the tree T, (H, V H,) occurs in classes of combinations T'x, ., v, (H1)
and T, w0 (H2)s Tysvsun(H2)s STk, iy, (H2), then tree Ty . (H,V H,) is equal to the combination of
TX, +uy 10, (1) and ST (H). (ie., Tyy,o(HyV Hy) = Tg o (H)U ST .1, (H2)). Similarly, we have

1) and ST, 1,

the following inequalities:
W(Tl*<z+uz+vz (Hz) U ST7<1+H1+L‘1 (Hl)) < W(T1*<2+uz+02 (Hz) U T1*<1+ulful (Hl)) and
W(T* (HQ) U STI):((I+MI+U| (Hl)) < W(TI*<2+u2+v2(H2) U T1*<1+v]—u| (Hl))

Kor+uy+v;
Conversely, if the tree Ty, (HV H,) occurs in classes of combinations Tk, ,v,(H2) and Tk, 4y -, (H1),
Tx vo—wy (H1)s STk tuj+0,(H1), then T H,V H,) = ST; (H) U Ty iy oy (Hy).  Therefore,

! Ky4up+v;
Ty, ,.,(H1 V H>) is the tree such that

W(T o (H1 V Hy)) = min{w(T

+u+v(

;(-HH—U(

(H,) UST;

Kr+ur+uvy

(H2))s WST k0, (H1) U T, (H2)) } (10)

H, V H,). Note that the subgraph H, V H, is composed of two edge-disjoint subgraphs

*
K+u+v

Next, consider T
H, and H,. Thus,

W(T;H—u—v(Hl \ HZ)) = min{W(TKI‘HlI*UI (Hl) U TK2+142*172 (Hz))}
= min{W(TK1+u1—L‘1 (Hl)) + W(TKzﬂtz—Uz (Hz))}
= min{W(TKlJer*vl (Hl )} + min{W(TKzle*vz (HZ))}
= W(Tk, iy, (H1)) + W(Tk 1y, (H2))

+ufv(

Therefore,
T pu oLV Ha) = Ty (H) U Ty, (H2) (11)
Similarly,
T (A V H2) = T (H) U Ty, -, (Ho) (12)
ST pune (HVV Ha) = STy (H) UST 40, (H2) (13)

Now, consider the computation for T}, (H;V Hy). If Ky # () and K, # ( then T, (H,V H,) = . This is

—U

because a tree contains a vertex a € K; and a vertex b € K, should at least contain a vertex u or v. If K; = ()
and K, # 0 then Ty, (H\V H,) =T (H,). Similarly, if K, =0 and K, # 0 then Ty , (H\V H,) =

Ky—uy—vy

Tk, u v, (H1). Thus we have
Ty uy0y(H2) if Ky =0 and K, # 0
Ty ool HVVHy) = Ty (HY) if Ko # 0 and Ky =0 (14
0, otherwise

Therefore, we have the following lemma.

Lemma 1. Given two TTSP graphs H, and H,, the elementary Steiner subgraphs with respect to Hy V H, can be
correctly obtained using Egs. (10)—(14).
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(2) The elementary Steiner subgraphs for H, * H, (Series composition).
Assume that the Steiner vertex set K of H; x H, is equal to K| UK, nodes u;, v, are two end points of
H, = H,, and node s is collapsed by end points v; and u,. It is clear that

T;(+u|+vz (Hl * Hz) T;(]+M]+L] (H ) U T;('>+u2+liz (Hz) (15)

Consider the computation for Ty, . (H) * H,). If K, # 0 (see Fig. 4a), the tree Ty, _, (H1 * H) is equal to

T s (1) U Ty (F12). For the other case Ko = 0 it s clear that T, _, (1 <) = Ti o (1)
That is
T* (H1 *Hz) _ T;(1+u1+v1(H )UTZZJrM2 UZ(HQ), K2 #@ (16)
K+uy—v; T};]ﬂ” _—. ([']1)7 Otherwise
Similarly
Ty (H * H ) = T;(]Jrv‘*"' (H ) U Tl*<z+u2+L2(H2)7 Kl 7é @ (17)
K+vy—uy 1 2 T;(2+vv wy ([—]2), otherwise

The computation for T Ky -0 (H, * H,) can be divided into three cases, i.e., case 1: Ky # 0 and K, # () ; case 2:
K, # 0 and K, = 0; case 3: K|, = 0 and K, # (). These three cases are shown in Fig. 4b. Applying the same

arguments for Eq. (16), we have

T}zlfulfvl(Hl) if K2:¢
Ty yoy(Hix Ha) =S Ty, (H2) if Ki=¢ (18)
T}(IH1 - (H,) U T}Qﬁm » (H,), otherwise

Finally, we will consider ST} S

T (k,\U3) 4021 (H3)) denote two subtrees composed of ST

(Hy x Hy). Let Tuysyu—o (H1) and Tgp\vs)so—u (H1) (Tusiuy-—0, (H2) and
1) (ST 2)). Using Eq. (5):

1Fup+u; ( K2+u2+L2<

W(ST ey (H1 % Ho)) = i w(Tusyo (Hy % Ha) U T vy o (Hy % H2))

Note that there are three cases of U C K, i.e., U = U], U =K, U U} and U = K (see Fig. 5).

v, Vv, Lo Va V) Vv,
T (HYOT () To (H) 5 T (DO T ) T, () T, ()
Ty, (H % H)) T oo, (H, * H))

Fig. 4. Possible cases for T HyxH,)and Ty, . (Hy * Hy).

.
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Therefore, the tree ST (H\ = H3) is the tree such that

K+uy+vy
W(ST;<+ul+v2 (Hl * HZ)) = min{W(ST;<1+ul+vl (Hl) U T}k{'2+u2+vz (HZ))7 W(T;<1+ul+v1 (Hl)
U ST,y 0y (H2))s (T oy (HY) U Ty, (H2)) ) (19)

Therefore we have the following lemma:

Lemma 2. Given two TTSP graphs H, and H,, the elementary Steiner subgraphs with respect to H x Hy can be
correctly obtained using Egs. (15)—(19).

The complete algorithm for solving STP on TTSP graphs is shown in Fig. 6. Fig. 7 shows the solution steps
for a TTSP graph H with Steiner vertex set K = {u, u;,us} (see Fig. 7a). Initially, each edge (u, v) is associated
with elementary Steiner subgraphs ({(u,v)}, {u},{v},0,{u,v}). We can apply series composition to edges
(u,ur) and (uy,us) and find the elementary Steiner subgraphs for H; = (u,u;) * (uy,us) by Egs. (15)—(19)
(see Fig. 7b). Similarly, the elementary Steiner subgraphs for H,,H;, and H, can also be obtained.

Next, we apply parallel composition to TTSP subgraphs H, and H, (H; and H,) and obtain elementary
Steiner subgraphs for Hs = H, V H, (Hs = H3 V H,) (see Fig. 7c). Apply a series composition for Hs and

£

H:HI*HZ STK+1¢1+V2(H1*H2)
Qul
5o’
H, \°,

Fig. 5. The possible cases for ST (Hy * Hy).

K+uy+uvy

Algorithm 1;
input: a weighted TTSP graph H and a Steiner vertex set K
output: a minimum cost tree which spans every vertex in K.
begin
Step 1. Associate each edge (u,v) with elementary Steiner subgraphs ({(u,v)}, {u},
{v},0, {u, v});
Step 2. Apply any possible series or parallel composition until no composition
can be applied. Let the resulting elementary Steiner subgraphs be
(Tl*(+u+v (H)7 Tl*(+u7v (H)7 Tl*(qtvfu(H)’ ,T;;'fufv(kl)7 ST;;'+u+u(H))!
Step 3. Output the tree 7™ such that:

W(Tf 4 yqn(H)) ifu,ve K
min{w(Tg ,_,(H)), w(Tk \(H))} ifuc Kandov ¢ K
min{w(Tg ,_(H)), w(Tj i (H))} ifveKandu ¢ K
’LU(T*) = mln{w(TI*(—u—v(H));w(TI*(-!—u—v(H));
w(TI*{+v—u(H))7 w(TI*{+u+v(H))} Zf u,v ¢ K and Ti*(—u—v(H) 7é w
mzn{w(TI*(—&-u—v(H))v w(T}*(—t-v—u(H)):
(T oy (H))} ifuv¢ KandTy_,_,(H)=0

end

Fig. 6. Algorithm for finding minimum Steiner tree in a TTSP graph.
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Hg and obtain the elementary Steiner subgraphs (Ty.,.,(H), Tx., ,(H),Tx., ,(H), Tx_,_ ,(H),ST }} suss(H))
for graph H = HsxHg (see Fig. 7d). Since u € K and v ¢K, then w(Tyx(H))=min{w(Ty,, ,(H)),
w(Tx . n(H))} = min{7,9} = 7, the minimum Steiner tree is Ty (H) = Ty, ,(H).

1. Apply series compositions

H, = @,u,)*(u,,u;) H, =(u,u2)*(u2,u3)

Ty () Ty () Tg, D T (H) ST, (H)

T H) T () T3, ((H) T5, L, (H) STy (H)
u
< ./3 ! kS kS
w 2 ui ui 2 u e >uz ¢
us .\33 e °
us us us
Hy = (us,u,)*(uy,v) H, = (us,us)*(us,v)
T iy T (H) To,, () T¢, (H) Ty (D Ty J(H) T (H) T, J(H) ST{,,., (H)
us us us
e e .
ua we us (I)
< .\o ? o °
A\ v \4
(o
2. Apply parallel compositions
H;,=H v H, u
Ky (D) Ty () T (D) ST, (H)
u
L J
\>uz ux/ u e u‘\o H6:H3VH4
3 s Qus T (D) Ty (D) Ty (H) T, (H) STg,, ., (H)
us us us
< /° °
us us us we w
O P N S
v ° .\3 .\O
v
3. Apply series composition
H=H,v H,
T (H) Tewu () T, (H) STy (H) u
u
we, w e, ux‘Quz Since,u € K andv ¢ K
2 > v w Thus, the Steiner treeis 7,,,_, ()
us4 ua ua
° \3
A\

Fig. 7. A numerical example for solving STP in TTSP graph H.



2426 C.-F. Wang, R.-H. Jan | Information Sciences 177 (2007) 2418-2435

Let us consider the complexity of this algorithm. Note that the computation of either series or parallel com-
position takes only constant time. Moreover, the number of series or parallel composition processes applied to
a TTSP graph is equal to the number of edges |E|. Thus, we have the following theorem:

Theorem 3. Algorithm 1 takes O(|E|) to determine the minimum Steiner tree for weighted TTSP graph
H=(V,E,C).

3. Solution method for general graphs

Given a weighted undirected graph G = (V,E,C) and a Steiner vertex set K, if G is a TTSP graph, then
algorithm 1 can solve STP in G to optimal using O(|E|) time. However, algorithm 1 will fail if the input graph
is not a TTSP graph. In this section, we will extend the solution method for algorithm 1 to solve STP in gen-
eral graph cases. The proposed solution method consists of two major operations called the TTSP subgraphs
reduction and the factoring reduction. For the TTSP subgraphs reduction, a recognizing procedure is first
applied to identify every TTSP subgraph in G. Algorithm 1 can then compute the five elementary Steiner sub-
graphs with respect to each TTSP subgraph. Each TTSP subgraph is replaced using a single edge and asso-
ciating this edge with the respective elementary Steiner subgraphs. We call the above operations the TTSP
subgraph reduction (a detailed description will be given in Section 3.1) and the resulting graph is denoted
by [G]. For the factoring reduction, an edge in graph [G] is chosen arbitrarily for application to the reduction
operation, which can decompose the STP into several subproblems. Note that the graph size for each subprob-
lem is reduced compared to the original graph size of [G]. Moreover, the optimal solution for the original
problem can easily be computed using the solutions from those subproblems (a detailed description will be
shown in Section 3.2).

The complete solution method for solving STP in a general graph is illustrated by constructing a solution
problem tree and summarized as follows. In the first step, we apply the TTSP subgraph reduction to the ori-
ginal problem and regard the resulting reduced problem as the root node of the solution problem tree. An edge
is arbitrarily chosen in the resulting graph for applying the factoring reduction and then several subproblems
will be obtained. Meanwhile, the TTSP subgraph reduction is applied to each subproblem. Let each of the
resulting reduced subproblems be the child-node of the root in the solution problem tree. By continuously
applying the factoring reduction and the TTSP subgraph reduction to the problem of each leaf node, the solu-
tion problem tree can be expanded. Note that if the resulting graph of a subproblem is a TTSP it can then be
solved using algorithm 1 and no further expansion of this branch is required. The complete solution problem
tree can then be constructed. In the solution problem tree, since the optimal solution with respect to each of
the non-leaf node’s problem can be determined by the solutions of its child-nodes, in the second step, we start
the optimal solution computation from the leaf-nodes of the solution problem tree and then go upward until
the root node is reached. The Steiner tree of the original graph will then be obtained. A detailed description of
this proposed method will be discussed later in Section 3.2.

Now we define some notations and operations for graphs that will help to illustrate the proposed method.
Given a weighted graph G = (V,E, C) and a vertex u in G, let G — u be a subgraph of G obtained by deleting u
and all edges that incident to u from G. Let H be a TTSP subgraph with end vertices uand vin G. G— His a
subgraph of G in which the vertex set of G— H is V(G) — V(H) U {u,v} and the edge set of G— H is
E(G) — E(H). In graph G, contracting the TTSP subgraph H of G involves finding G — H and then merging
the end vertices u and v into a supervertex. Furthermore, if parallel edges occur in the resulting graph, only
the edge with the least cost is retained. The graph obtained from G by contracting H is denoted by G- H.
Fig. 8 shows an example for TTSP subgraph deletion and contraction. Fig. 8a shows a graph G and a TTSP
subgraph H with end vertices u and v, which is enclosed by a dashed line. The subgraph G — H is shown in
Fig. 8b. The subgraph G - H can be obtained by merging u and v of G — H into a supervertex u'. The resulting
graph is shown in Fig. 8c.

The following subsections will detail the proposed method for solving the Steiner tree problem in general
graphs. In Section 3.1, an O(|E|) procedure to identify all TTSP subgraphs in a graph is first given. Based on
this procedure, the TTSP subgraphs reduction is discussed. The factoring reduction and the complete algo-
rithm to solve STP for general graphs will be discussed in Section 3.2.
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Fig. 8. An example for TTSP subgraph deletion and contraction.

3.1. The TTSP subgraphs reduction

A more stricter and more formal definition of TTSP subgraphs, called the maximal strict TTSP subgraphs,
is given as follows:

Definition 1. A strict TTSP subgraph H,, of a graph G is a TTSP with end vertices u and v, such that there
does not exist any edge e, in G, where x € V(G) — V(H,,;) and y € V(H,,) — {u,v}.

Definition 2. A strict TTSP subgraph H,, of a graph G is called maximal if H,, is not a proper subgraph of any
other strict TTSP subgraph of G.

Consider a graph G as shown in Fig. 9a. The maximal strict TTSP subgraphs H,, and H ., are shown by
heavy line and dash line in Fig. 9b, respectively. In the following, a recognized procedure called MaxStri-
TTSP-Recog is proposed to identify every maximal strict TTSP subgraph in a given graph. We will illustrate
this procedure step by step by taking Fig. 9 as an example. Note that any TTSP subgraph can be recognized
and constructed alternatively by series composition and parallel composition. For example, as shown in
Fig. 9b, the TTSP subgraph H,, can be constructed using the following steps. At first, the series composition
of two edges e.. and e, in G can be easily recognized since the degree of the incidence node e is 2. We then
update the graph G by removing node e from G and then add a new edge ¢.sinto G; thatis G= G — e+ e,.
Since, e, is already an edge in G before updating, the resulting graph will therefore contain two parallel
edges, which reveals a parallel composition case. Now we retain only one edge in the resulting graph and

Fig. 9. An example of maximal strict TTSP subgraphs.
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consequently another series composition case occurrs due to node degree of / becoming 2. Continue the same
approach until no series or parallel composition case is found. A maximal strict TTSP subgraph H, will then
be obtained.

In the MaxStri-TTSP-Recog procedure, let node set S be the collection of nodes whose degree are 2, P a
multi-set of edges that contains every parallel edge in graph G, and T a subgraph set that contains the TTSP
subgraphs found so far. Initially, we compute the degree of each node in G. In the case of a node with degree 2
we put it into set S. Fig. 10a shows the results after the initial step is applied, where S = {b,e}, P = (), and
T = (). A node in S is arbitrarily chosen, say node b. Since the degree of node b is 2, a series composition case
in G is found. We let the newly found TTSP subgraph be H,; = ({a,b,d}, {ew, e }) and then put it into set 7.
The graph G is update to G = G — b + ¢,4. Note that the resulting graph contains two parallel edges. We use
notation €2, to denote these two parallel edges and then put ¢?, into set P. Similarly, the same operations are
made on node e € S. The results are shown in Fig. 10b. Since set P = {¢},, e;, }, two parallel composition cases
were found. For the parallel edges eff in P, we only retain one edge in G and update the node degrees of ¢ and f
by decreasing 1, respectively. After the updating process, since the node degree of f becomes 2, another series
composition case is found and we add node f into S for later manipulation. The respective TTSP subgraph
H. €T is updated by adding edge e, into it. Similarly, the same operations are made on parallel edges
2, in P. The results are shown in Fig. 11a. The same steps are continued until both set S and P are empty,
and every maximal strict TTSP subgraph in G is recognized (see Fig. 11b). Notice that any edge in the resulting
graph G may represent a single edge or a TTSP subgraph in the original graph. The complete description for
MaxStri-TTSP-recog is shown in Fig. 12. Obviously, the computation time for procedure MaxStri-TTSP-
recog is O(|E|).

Let H ilvl JH iw ..., Hy be all the maximal strict TTSP subgraphs of G that were recognized by MaxStri-
TTSP-recog (see Fig. 13a). If we apply algorithm 1 to each TTSP subgraph H, , (1 < i < m), then five elemen-

deg(a)=4

S=1{b,e}
deg(b)=2 deg(c) =4
P=¢
€ T
deg(e) =2 - (I)
deg(f)=3
deg(g) =3
b a
deg(a)=4 S = (I)
c _ 2 2
de(c)=4 P ={e,,, ecf}

r'=1{H,, H,}

4 c
deg(f)=3 b< > ¢
d f

Fig. 10. An example for applying procedure MaxStri-TTSP-recog.

f

g

deg(g)=3
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a a
deg(a)=3 S = {f}

c P=¢

deg(c)=3

r=1H,, H,;

a c
S deet)=2 hq » e
2 4

& deg(g)=3

b a
deg(a) =3 S = ¢

C P:d)
deg(c)=3
r ={H,,. H.,}
e
b
q f
d
g
g deg(g)=3

Fig. 11. An example for applying procedure MaxStri-TTSP-recog (cont.).

tary Steiner_ Subgraphs ( }F(/+u;+vi (H;,'v,-% ;<'+u,'fv,- (Hft,»vl)’ TI*(’+U,'7M,> (H;,'v,-% ;;,*M,‘*L’,' (Hft(vi)’ STI*(’+u,-+v; (H;,o,)) with
respect to H, , are obtained, where K’ C K is the collection of Steiner vertices in /, . In the next subsection
we will show that the intersection of the Steiner tree and the TTSP subgraph H L,-vf is equal to one of the fol-
lowing elementary Steiner subgraphs Ty, .. (H, ), Ti o (Hy )y Tiopy o (Hy)s Thoy o (HL ), oF
ST 1 440, (H,,.). Based on this fact, for each TTSP subgraph H',  , we only need to retain its respective elemen-
tary Steiner subgraphs for later Steiner tree computation. Thus, we replace H, , (1 <i < m) in G with only a
single edge e,,, and associate the respective elementary Steiner subgraphs with this edge. A problem that is
reduced and equivalent to the original STP will then be obtained. We call the above operation the TTSP sub-

graphs reduction.
3.2. The factoring reduction

Let H be a TTSP subgraph with end vertices u and v in G, subset K’ C K the collection of Steiner vertices in
H. Let (Ty,,.,(H), Txr o(H), Ty (H), T, (H), STy, ,(H)) be the elementary Steiner subgraphs for
H. Without loss of generality, we assume K’ # (). We call a subtree found by H N T (G) an induced subtree
of T, (G) and denote it as (H). Note that every path from a vertex in H to a vertex in G — H must pass u or v.
Because K’ # (), tree T, (G) at least contained an end vertex u or v. On the condition of the connectivity
between u and v for T;(G), we have

Case 1: T (G) does not contain a path from u to v. Since Ty (G) is a tree and at least has an end vertex u or v,
case 1 can be divided into two subcases: one is u € Tx(G), v ¢ T(G) and the other is
ug Ty(G), veT(G). In subcase u€ Ty(G), v¢Ty(G), it is clear that (H)=Ty(G)N
H=T; (H) since Ty(G) 1is connected (see Fig. 14b). Similarly, in subcase u &

K'+u—v

Tx(G), ve Tx(G), we have (H) = Tx(G)NH = Ty, ,(H) (see Fig. 14c).
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Procedure MaxStri-TTSP-Recog;
input: an undirected graph G = (V, E);
output: all maximal strict TTSP subgraphs in G.
begin
{ Initial step }
compute deg(v), Vv € V;
let S = {v|deg(v) =2,Yv eV}, P =0, and T = 0;

{ Iteration step }
repeat

{ The series composition case }
while (S # 0) do
arbitrarily choose a node v € S and let ey, €,, be the edges that incident on v;
let Hy, and H,, be the correspondent TTSP subgraphs of edge e, and e, in T,
respectively; Note that, if (Hy, ¢ T') then Hy, < {ey,} and if (Hyy ¢ T)
then va ~ {emu};
if (eyw € E and ey, ¢ P) then P «— P U {eyw, Cuw};
else if (eyw € F and ey, € P) then P «— P U{eyw};
G — G —v+ Cuw;
T—T- {Huvavw} U {Huv * va};
end while

The parallel composition case }
while (P # 0) do
arbitrarily choose two parallel edges e, and €, in P;
let H,, and H,, be the correspondent TTSP subgraphs of edge ey, and ey 1
respectively; Note that, if (Hy, ¢ T) then H,, < {ey,} and if (H), ¢ T)
then H/, — {el,};
G—G- e
dcggu) — deg(u) -1
deg(v) « deg(v) — 1;
if (deg(u) ==2 then § — S U ul;
if (deg(v) ==2) then S «— S U {v};
if the number of parallel edges e, in P is equal to 2 then
P—P- {eum uu}
else
P—P-—{e,
T—T- {HWMH’ YU{Hyuw V H, };
end while
until (S =0 and P = 0)

n T,

end

Fig. 12. Procedure MaxStri-TTSP-Recog.

b [G]

Fig. 13. The TTSP subgraphs reduction.

Case 2: T (G) contains a path P,, from u to v. We also divide case 2 into two subcases: one is P,, Z H, and the
other is P,, C H. In subcase P,,  H, it is clear that (H) = ST, (see Fig. 14d). In the other
subcase P,, C H, we have (H) = Ty, (H) (see Fig. 14e).

"tutv (H)
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a

ueTy(G) and veT(G)  ueT((G) and veT;(G) ueTy(G), veTi(G) ueT.(G), veT.(G)
and path P notin H and path Pin H

Fig. 14. Possible cases for T, (G) N H.

Therefore, we claim that
}k(urufz:(H) lf ue TI*((G)’ % ¢ T;((G)
© (H) ifugTi(G), ve TL(G
<H> _ K*‘H/ u( ) ] g K(* ) K( ) (20)
STk vuso(H) if u,v € Ti(G), pathP,, £ H
;{/+L‘+U(H) if u,v e T;((G)7 pathPuv c H

This result implies that we only need to maintain the elementary Steiner subgraphs for each TTSP subgraph H
of G, and based on subgraph H, the STP for G can be composed into four subproblems (four subcases). Con-
sider a graph G as shown in Fig. 15. The Steiner vertex set K = {r,s,x, y} is indicated by black points. To find
a Steiner tree T (G) for G, we apply MaxStri-TTSP-Recog to identify every maximal strict TTSP subgraph of
G. Assume that subgraph H is a maximal strict TTSP subgraph of G. Thus, the elementary Steiner subgraphs
(T e ), T H), Ty (H), T,y (H),STgr..,.,(H)) for H can be obtained using algorithm 1 where
K’ = {x,y} (see Fig. 15).

Using Eq. (20), we decompose the STP for G into four subproblems. Fig. 16 shows the tree that is generated
using our solution method. Node 0 of the tree has four child nodes that represent four cases (subproblems).
Node 1 of the tree shown in Fig. 16 represents case 1. In case 1, (H) = T, ,(H). Since Ty, ,(H) is a rooted
tree with root vertex u, and does not contain vertex v, we shrink tree T, ,(H) into vertex u and then consider
STP for graph G| = G — H — v with Steiner vertex set K; = K — K’ 4+ {u}. Similarly, we shrink tree T4, ,(H)
into vertex v and consider STP for graph G, = G — H — u with Steiner vertex set K = K — K’ + {v} (see Node
2 in Fig. 16). Since tree ST}, ,(H) contains two subtrees Ty-y,—,(H) and T(x_y+)p—u(H), We shrink
Ty yu—o(H) and T _y+4e—(H) into vertices u and v, respectively, and then consider STP for graph
G; = G — H with Steiner vertex set K3 = K — K’ + {u, v} (see Node 3 in Fig. 16).

Node 4 of the tree shown in Fig. 16 represents case 4. Note that tree T, (H) contains vertices u and v.
We apply the contracting operation on H and obtain the graph G - H. After contraction, we consider STP on
resulting graph G- H with Steiner vertex set K4 = K — K’ + {u'} where vertex w/ is the supervertex that is
merged by u and v. In this way, we can solve this problem recursively. The optimal solution T (G) is the tree
such that

+u+v



2432 C.-F. Wang, R.-H. Jan | Information Sciences 177 (2007) 2418-2435

K={r,s,x,y}

Apply any possible of
series and parallel compositions.

: K+1+v ) K+u V(H) TKH u(H) TK'—n L(H) N K+!(+1(H)§

J ;
t J 1 5 1

4 1 .

o

Fig. 15. A numerical example for finding minimum Steiner tree in graph G.

w(Tx(G)) = min{w(T,, (H)) +w(Ty (G—H = v)),w(Tk, ,(H))
+w(T, (G = H —u),w(STy ., (H)) + w(Tie, (G = H)),w(T ., (H)) + w(T, (G- H))}
(21)

We call Eq. (21) the factoring theorem. In Fig. 16, since graphs G, G, and Gz are TTSP graphs, we can solve
these subproblems directly and obtain the optimal solutions 7, 7> and T3, respectively. Because graph G; is
not an SP graph, we choose a maximal strict TTSP subgraph from G4, say edge (r,s) for applying the factoring
theorem. Node 5 represents subproblem 1 for G,. Note that if vertex s € K then this case (r € Ks and s & K5s)
violates the constraint of the STP (i.e., s € Tx(G)). Thus this node is bounded. Similarly, node 6 is also
bounded. We solve STPs for TTSP graphs G; and Gg and obtain the minimum Steiner trees 7 and Tg. Since
w(T,(Gs)) = min{w(77),w(Ts)} = min{11,12} = 11. Thus, we have the optimal solution 77 for STP in
graph G, with Steiner vertex set K4 = {r,s,u'}. Now, we claim that the optimal solution 7% (G) = T, since
w(Tx(G)) = min{w(Ty), w(T2),w(T3),w(T7)} = min{7,14,10,11} = 7. The complete algorithm for solving
STP for general graphs is shown in Fig. 17.

Let us consider the complexity of this algorithm. Note that if G is reduced into a TTSP graph using the
factoring theorem, then it takes only O(|E|) to solve it. Assume in the worst case, graph G applies the factoring
theorem c¢ times before graph G is decomposed into TTSP graphs. The complexity for algorithm 2 is then
O(2* - |E]). Using the above arguments through this section, we have the following theorem:

Theorem 4. Algorithm?2 takes O(2% - |E|) to determine the minimum Steiner tree of a weighted undirected graph G.

The ¢ value in Theorem 4 is strongly related to the topology of a given graph G. For one extreme case,
assume G is a TTSP graph, and regardless of how many vertices are in the graph, the value ¢ will be zero. That
is, no factoring theorem needs to be applied and the time complexity becomes polynomial time. In the worst
case, assume G is a complete graph K. Let ¢(K,) denote the number of factoring theorem applications on K,
before K, is decomposed into TTSP graphs, and let the vertex set V'be {v, v, ...,v,}. Assume we choose edge
e = (u,v) for applying the factoring theorem and then K, will be decomposed into four subcases of graphs;
they are Gi=K,—e—u, G, =K,—e—v, G;=K,—e, and G, =K, -e. Because the topology of
G; = K, — e is more complex than the others, the problem of determining the number of factoring theorem
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T H)  Tio (H) ST (H) T (H)  Tic, (H)

I_[u1 l o1 1
RWARREP
v °

< H>: T;;+M7V(H) < H >= T* (H) < H >= STI:'+u+v(H) < H >= T[:,_HH_V(I"D

K'+v—u

T () T (H)

<H'">= S];(*"+r+s(H') <H">= 7?"+r+.s(H')

bounded

Fig. 16. The solution tree for finding minimum Steiner tree in graph H.

applications on the subcases of graph G, G5, and G4 is dominated by the subcase of G;. Now, we will only

consider this subcase. If we choose edges (v, v2), (v1,03), (v1,04), - .-, (v1,v,_2) to apply the factoring theorem
iteratively, then the resulting graph will become K, ;. That is, [[--[[[K,— (vi,v2)] — (v1,03)] —
(v1,04)] -] = (v1,0,-2)] = K,_1. Thus we have ¢(K,) = (n — 3) + ¢(K,_1). Using the fact of ¢(K3) = 0 to solve

the above recurrence relation, we then have ¢(K,) = (n —2)(n — 3)/2 = O(n?), for n > 3. Our proposed algo-
rithm becomes worse in such an extreme case.

Note that a better choice of a TTSP subgraph for factoring may cause the logarithmic term to become
small. However, a bad choice will not. It is an important issue of our proposed method to determine which
TTSP subgraph to apply the factoring theorem to, such that the value ¢ is as small as possible. Fortunately,
Bein et al. [5] showed that for any DAG (directed acyclic graph) G there exists an edges sequence ey, ey, . . ., €.
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Algorithm 2 Factoring algorithm for general graphs;
input: a weighted graph G and a Steiner vertex set K;
output: a minimum cost tree which spans every vertex in K.
begin
if G is an SP graph then apply algorithm 1;
else begin
apply TTSP subgraphs reduction on G and let the resulting graph as [G];
choose any maximal strict TTSP subgraph H with Steiner vertex set K’ # (§
and apply factoring theorem:;
en
end

Fig. 17. Factoring algorithm for general graphs.

called a reduction sequence. If we choose the edge in the above edge sequence for factoring iteratively, then the
logarithmic term c¢ of the algorithm will be minimized. They also presented an algorithm to find the minimum
reduction sequence in O(|V'|**). Because our considered graph G is undirected, a transformation which con-
verts graph G into a DAG is required. The transformation procedures are given as follows. Firstly, apply the
breadth-first-search on graph G, where the starting node is chosen randomly. Secondly, label each node
sequentially from 1 to |V| according to the order of visiting. Lastly, convert each undirected edge in graph
G into a directed edge (u,v) if label(u) < label(v). Obviously, the resulting graph is a DAG. Apply the algo-
rithm of Bein et al. on the resulting graph and then an edge reduction sequence will be obtained. The edge
reduction sequence will provide a good choice for factoring in our proposed method, with the consequence
that the value ¢ becomes small.

4. Concluding remarks

In this paper, we consider the Steiner tree problem for weighted graphs and propose a factoring algorithm
with time complexity O(2* - |E|) to solve it. Comparing this algorithm’s logarithmic term of time complexity
with other algorithms, our algorithm is strongly related to the topology of the graph, while the others are
related to the number of Steiner vertices. In the future, we will try to enhance our proposed method to min-
imize the ¢ value for any given undirected graph. A distributed algorithm to solve STP will also be the focus of
our future work.
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