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Abstract

For a given undirected graph with each edge associated with a weight and a length, the
constrained minimum spanning tree (CMST) problem aims to compute a minimum
weight spanning tree with total length bounded by a given fixed integer L € Z™.
In the paper, we first present an exact algorithm with a runtime O (mn?) for CMST
when the edge length is restricted to 0 and 1 based on combining the local search
method and our developed bicameral edge replacement approach. Then we extend the
algorithm to solve a more general case when the edge length is restricted to 0, 1 and 2
via iteratively improving a feasible solution of CMST towards an optimum solution.
At last, numerical experiments are carried out to validate the practical performance of
the proposed algorithms by comparing with previous algorithms as baselines.

Keywords Constrained minimum spanning tree - Bicameral edge replacement -
Local search

1 Introduction

Broadcasting has become a fundamental method for public information dissemination
in nowadays networks because of its advantages in high throughput, energy saving,
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efficiency, etc. Most data broadcasting applications require to minimize the occupied
resources while guarantee customer experience simultaneously, which is typically to
minimize the waiting time of the clients between proposing a request and receiving
the data. In the context, a link has a length as the delay of data transmission over the
link, and a weight as its occupied resource. Then the constrained minimum spanning
tree problem (CMST) arises, which is to compute a tree spanning all the nodes in the
network, such that the total edge weight of the tree is minimized and the total length
is bounded by a given threshold. Formally, we have the following definition:

Definition 1 (The Constrained Minimum Spanning Tree problem, CMST) Given an
undirected graph G = (V, E), a weight function w : E — Za' , a length function
l: E— Z(J)r, and alength bound L € ZS’ , the CMST problem aims to find a spanning
tree 7' with its weight sum minimized and length sum bounded by L, i.e. to minimize

Y ecr w(e) subjectto ", .pl(e) < L.

1.1 Related works

To the best of our knowledge, the CMST problem was first addressed by Aggarwal
etal. (1982) decades ago and was shown weakly N"P-hard by reducing from the knap-
sack problem. Later, Marathe and Ravi (1995) gave a (2, 2)-approximation algorithm
for the CMST problem based on Hassin’s approximation approach for computing
constrained shortest path. Ravi and Goemans (1996) presented a polynomial-time
approximation scheme (PTAS) based on their proposed approximation algorithm via
Lagrangean relaxation, where PTAS is a polynomial-time algorithm which, for any
fixed parameter € > 0, produces a solution with its objective bounded by 1 + €
times of the optimum. Although achieving the best possible solution quality, PTAS is
always considered of some theoretical value rather than practical applications, because
it has the drawback with its time complexity to be similar to O (kn'/€), which in
the case for CMST is O(no(é)(m log? n + nlog® n)) in paper (Ravi and Goemans
1996). In contrast, Hong et al. (2004) proposed a bifactor FPTAS with a runtime
oO(mr’t(l(n — 1)/e], [(n — 1)/8])) based on tree matrix. As the long standing best
theoretical result, Hassin and Levin (2004) proposed an efficient polynomial time
approximate scheme (EPTAS) with a runtime O (O (1/€)°/€) (n*)) via 3-matroid
intersection. Superior to PTAS and EPTAS, a fully polynomial-time approximation
scheme (FPTAS) is also an approximation algorithm which produces a solution within
1 + € times of the optimum, yet with the time complexity polynomial to é, (i.e., poly-
nomial in both the problem size and %); it is thus practically useful and considered
a seed leading to many effective and efficient algorithms. However, whether CMST
admits an FPTAS remains open for more than 20 years.

The famous minimum spanning tree (MST) problem, a special case of CMST
when all edges are with length O that the length constraint is actually nullified, is
one of the most important optimization problems among the others. Many elegant
algorithms were developed for the MST problem, including the two well-known
algorithms due to Kruskal (1956) and Prim (1957). Rather than the length con-
straint, other constraints such as bounding the degrees of the nodes or the delay
from the root to every other nodes in the tree were also studied. For the for-
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mer, Narula and Ho (1980) proposed the degree constrained minimum spanning
tree problem (DCMST) in paper, which was later shown N P-hard via a reduction
from the Hamiltonian path problem by Boldon et al. (1996). Then, an approxi-
mation algorithm was developed by Lau and Singh (2007) with an additive factor
of 1, which achieved the best factor possible under the assumption P # NP.
Later, Gao and Jia (2016) proposed a genetic algorithm to solve three uncertain
edge value models (uncertain expected value DCMST model, uncertain ¢-DCMST
model and uncertain most chance DCMST model) for the DCMST problem. For
the delay constrain, Bicalho et al. (2016) studied the minimum shallow-light span-
ning tree (SLST) problem and gave an exact algorithm based on the branch-and-cut
method with exponential runtime. It was shown that even when the delay constraint
is only 2 and every edge is with delay 1, the SLST problem remains N P-Hard
in paper (Dahl 1998). For a even more special case when all edge costs are
within {1, 2}, Alfandari and Paschos (1999) presented a 1.25-approximation algo-
rithm.

1.2 Ourresults

In this paper, we present two exact algorithms for CMST when its edge length is within
{0, 1} and {0, 1, 2}, respectively. The two algorithms are based on combining local
search and our proposed bicameral edge replacement method. The main results of our
paper can be summarized as follows:

1. Two exact algorithms are presented for special cases of CMST that the length of
edges is in a given set of integers, with time complexity O (mn?) and O (m*n?),
respectively.

2. Numerical results demonstrate the practical performance gain of our algorithm.
Compared to two baselines including the integer linear programming for the special
CMST and the traditional algorithm for computing minimum spanning tree without
length constraint, we show that our algorithms achieve the best solution quality
among all the tested algorithms. In addition, they also have better runtime in
practical than any other algorithms, while retaining the same solution quality.

1.3 Organization

The rest of this paper is organized as follows. Section 2 gives the definition of bicameral
edge replacement as well as some related propositions; Sect. 3 proposes an algorithm to
solve CMST when /(e) € {0, 1} via the proposed bicameral edge replacement; Sect. 4
shows that the algorithm can be extended to optimally solve the case when I(e) €
{0, 1, 2} Sect. 5 gives numerical experiments to demonstrate the practical performance
and runtime of the proposed algorithms; At last, Sect. 6 concludes the paper.
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2 Bicameral edge replacement

Forapairofedgeseande’,e € T,e' € G\T,wesay (¢, e) isatree edge replacement
(TER) iff T\{e} U {¢’} remains a tree. For notation briefness, we denote /(¢’, ¢) =

[(e") —I(e) and w(e', ¢) = w(e’) — w(e). Then obviously, i)(("e/; ee))
rate between length and weight, when using (¢’, ) to improve the length of 7.
For the constrained minimum spanning tree problem (CMST), the crucial question

remains how to decide which one TER would benefit better. Intuitively, r(e’, ¢) =
for T. Note that when [(¢’, e¢) < 0 and w(e’, e) > 0, we want to minimize (¢, ¢) as
it means maximizing the rate of length decrement over weight increment; identically,
when l(e’, ) > 0and w(e’, ) < 0, we want to maximize r(e’, e). For briefness, we
say aTER (¢, e) is positiveifI(e¢’, €) < 0and w(e’, ¢) > 0; and the TER is negative,
ifl(e/, ) > 0 and w(e’, e) < 0. It remains to choose between the best negative and
positive TERs i.e. choose between the positive TER with minimum r(¢’, ¢) and the
negative TER with maximum r(e’, e). For the task, inspired by the bicameral cycle
cancellation in Guo et al. (2015), we introduce bicameral edge replacement formally
as below:

is the exchanging

is the exchanging rate with respect to length and weight while swapping e and ¢/

Definition 2 (Bicameral Edge Replacement, BER) Let T be a spanning tree with
I(T) > L+ 1 and (¢, ¢) be a TER wrt T. Let AL = L — I(T) and AW =
Wopr —w(T), where Wo pr is the weight of an optimal solution to CMST. Then we
have three types of bicameral edge replacements as in the following:

1. Let (¢/, e) be a TER. If I(¢/, ¢) < 0 and w(e’, ¢) < 0 or [(¢/, ¢) < 0 and
w(e’, e) < 0, then it is a type-I bicameral edge replacement (BER-I);
. 1,
2. Let (¢}, e1) be a TER with I(e], 1) < 0, w(e}, ;) > 0 and w((‘el,l’eell)) < &L
such that

le,e | , . .
r(el, el)—mln (e, e)isa positive TER } ;
w(e', e)
Similarly, let (¢}, ¢2) be a TER with (¢}, €2) > 0, w(e}, €2) < O and = (f!{,gell)> >
%, such that
1€,
r (62, ez) = min { w((ee’,ee)) (e, e)isanegative TER} .

Then If r (e’l, el) >r (6’2, ez), (e/l, el) is a type-II bicameral edge replacement
(BER-II); Otherwise, (eé, ez) is a type-III bicameral edge replacement (BER-III).

Let T be the current spanning tree and 7* be an optimal solution to CMST. The
key observation inspiring our algorithm is that the edges of T\T™* can pair with the
edges of T*\T to form a set of disjoint edge pairs, each of which is a TER. So first of
all, we will show the edges of T\T* can pair with the edges of T*\T to form a set of
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disjoint TERs. Actually, we have a more general property over the relationship of the
two sets of different edges of any two distinct spanning trees, as stated below:

Lemma 1 Let T, T' be two distinct spanning trees in graph that E1 = E(T)\E(T’)
and Ey = E(T")\E(T). Let H = (U, V, E) be a bipartite graph whose vertex
setsare U = Eyand V = Ej. Let E(H) = {(¢/, e)le € Ei, ¢ € E;, T\{e} U
{e}is atree}. Then there exists a perfect matching in H.

Proof Firstly and obviously, |Ej| = |E>| holds since T and T’ are both spanning
trees. Suppose the lemma is not true, then there exists a maximal matching P’ with
|P'| < |Ei| = |E>|. Assume that E{ C E;, E; C E, be the two sets of edges
that do not appear in P’. Obviously, for any p € Ej, T' U {p} contains a cycle O.
Note that O N E), = @, since otherwise suppose ¢ € O\O N E), then T" U {p}\{q}
remains a tree, and hence P’ U {(p, ¢)} remains a matching, which contradicts with
the maximality of P’. So O € T’ U {p}\E} holds. Since T N T’ = T'\E}, = T\E|,
we have O\{p} C T NT’' C T. Then since p € E{ C T also holds, O C T is true.
Thus, T contains a cycle, contradicting with the fact that T is a tree. O

Following the above lemma, we immediately have the following corollary:

Corollary 1 There exists a perfect matching P between the edges of T\T* and T*\T,
such that: (1) |P| = |T\T*| = |T*\T|, (2) x Ny = @ for any distinct x # y € P; (3)
Forany (¢/, e) € P, e € T\T* and &' € T*\T both hold, and T\{e} U {¢'} is a tree.

3 An optimal algorithm for CMST with edges of length 0 and 1

In this section, we present an algorithm with a polynomial runtime for the special
case of the constrained minimum spanning tree problem (CMST) problem that the
length of the edge is either 0 or 1. The key idea is similar to the local search method:
initially compute a minimum weight spanning tree 7 without considering the length
constraint, then repeatedly improve the length sum of 7 towards an optimal solution
of CMST.

3.1 A naive algorithm

A naive idea to improve the length sum of 7 by directly employing local search
can be simply as: repeat swapping an edge inside 7 with another edge outside T
(with comparative smaller length), such that the length of T decreases until the length

constraint is satisfied. The edge swap simply processes as: (1) Compute a tree edge
1(e,e)

w(@ e Attains minimum; 2)SetT :=

replacement (¢’, e), such that [(¢, ¢) < 0 and
T\{e} U {€'}.

The traditional local search method might generate poor solutions because it only
swaps edges to decrease the length of 7', but never allows increasing the length of
T. So different to traditional local search method, our algorithm allows necessary
increment over the length of 7', and in general acts like a crafty merchant who sells

or buys items depending on whichever produces better profit. That is, the algorithm
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decides to decrease or increase the length (and the weight of 7 will increase or decrease
accordingly) depending on whichever produces better “profit”.

3.2 Our exact algorithm

Different with the naive algorithm, the key idea of our algorithm is to use
the definition of bicameral edge replacement (BER) as in Definition 2 based
on local search. Firstly, compute a minimum weight spanning tree 7; Then,
classify all tree edge replacements (TERs) of T, the type-I of bicameral edge
replacement (BER-I) is chosen firstly since it can decrease the length (weight)
without any increase the weight (length), otherwise find an optimal TER (¢, ¢)

which is the maximum LIU((Z/ : ee)) between min [ LIU((Z/ : ee)) [(e’, e)is, BER —I1 } and

max {%W, ¢)is BER — 111}; Finally, set T := T\{e} U {¢'}, such that via
repeatedly choosing process against 7', the length of T can be decreased until the
length constraint is satisfied. BER-I is preferred since it decreases the length without
any weight gain. However, there exists no BER-I for every tree T, since every 7 is a
minimum weight tree under the length bound /(7). The detail algorithm is described

as in Algorithm 1.

Algorithm 1 An algorithm for CMST.

Input: An undirected graph G = (V, E), a weight function w : E — Za’ , a length function
[: E — {0, 1}, and a length bound L € R*;
Output: An exactly solution to CMST.
1: Calculate a minimum weight spanning tree 7', without considering edge length;
/*T can be computed by Prim’s algorithm Prim (1957). */
2:X I(T) =) ,cr l(e) < L thenreturn T';
/* Otherwise [(T') > L, decrease [(T') as in the following.*/
3: While /(T) > L do

4: Setr =0, R :=0;
5:  For each TER (e, ¢’) do
6: If i/, e) <0, w(e, e) > 0thenset Ry := Ry U (¢, e);
7: IfI(e, e) > 0, w(e/, e) <Othenset Ry := Ry U (¢, e);
/* Ry is an empty-set for [(e) € {0, 1}. */
§: Endfor/ . (¢, e) ’ / (e, e) /
9:  Setrq(e’, ) = min w(e;’e) |(e, e) € Ry }, ra(e’, e) = max w(@. o) [(e', e) € Rz}

10:  Ifri(e, e) < (e, e) then set R := arg maxrp(e’, e); /* That is BER-IIL*/
11:  Else set R := arg minry (¢, e), ;/* BER-IL is obtained.*/

12: SetT :=TURy;

13: Endwhile

14: Return 7.

The runtime and the correctness of Algorithm 1 can be stated as in the following:
Theorem 1 Algorithm 1 produces an optimal solution to special CMST with [(e) €
{0, 1}, Ye € G, or determines the instance of special CMST is infeasible after

O (mnz) iterations.
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Algorithm 1 length decreases 1 in each iteration. That is the algorithm iterates at most
[(Tp) times where Ty is minimum weight spanning tree and /(7p) < n, each of which
takes O (mn) time to find a bicameral edge replacement. Hence, the running time of
Algorithm 1 is O (mnz) The proof of the above theorem will be given in the next
section, as there are some propositions that need to be given first.

3.3 Proof of Theorem 1

To prove the correctness of both Algorithm 1 as in Theorem 1, we first show that
Algorithm 1 terminates in finite steps. Assume that the algorithm terminates in f
iterations. Without loss of generality, assume that f > 1. Then we first give the
following lemma and show that our algorithm will either improve the average rate or
keep the average rate unchanged but decrease the length of the tree. Therefore, the
algorithm will terminate once there exists no further decrement of the average rate and
the length of the tree. Before presenting the proof, we will first prove the proposition
as follows:

Proposition 1 Let{ay, ..., a,}and {by, ..., b,} be two sets of numbers. Then when
a; and b; are with the same sign, there must exist an integer i* € [1, n] and an integer
%k ai Zl aj a_*

Jj* € [l, n] such that e = Z, l b

Proof We shall only show that % b % when a;, b; > 0 as the second inequality

and a;, b; < 0 are similar. When n 1 the proposition is obviously true. When
n = 2, w.lo.g. assume that “—1 < ”—2 then we have axb; — a1b, > 0 and hence

aitay _ a1 _ abi—aiby a1+az ap a ay
bitbs — by = bbby > 0. Thatls, R > b > mln{b By }1strue
By induction hypothesis, the proposition holds when n =/ — 1, i.e. there exists an
-1
i=14

integer i* € [1, [ — 1] such that % = ZT;,[, :

When n = [, by hypothesis, we have

-1 1
min { D14 a } < D izl ai.
Zz—l b bi Zi:l b

Again by hypothesis, there must exist i* € [1, [ — 1], such that

S

)
i* Z,_% aij

=<

bi* Zt—l b

Then combining the two inequalities above, we have

-1 i

Cfar a . iai o . a

mm{ L —} < min —Z;j L2t < —Z’_l L.
bi= " by St bi b ;

O
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Lemma2 Let T; be obtained spanning tree in ith iteration, and L; and W; be the
length and weight of the current solution, respectively. Let (e;, e;) be chosen TER in
ith step. Let AL; = L — Li, AW = Wopr — W; and r; = £yt Then for the ith
iteration, i < f, at least one of the following two cases holds:

l.rig1 =ri,and ALjy1 < AL;;

2. riy1 > ri.

Proof Assume that (e;, ei) is the edge replacement in the ith iteration. If (el/., ei) is
BER-1, then eitherlSe;, ei) <0and —Wopr < w (e, e;) <0orl (e, e) <0and
—Wopr < w (e;, e;) < 0 hold. That is, Clause 2 always holds for BER-I. So we
need only to prove the lemma holds for BER-II and BER-III, as the two cases in the

following:
1. (e, e;) is BER-II

. .. . 1(e e .
According the Definition 2, we can obtain w((ee’,_ ee ‘)) < ri. Thensince w (¢}, ¢;) > 0,
we have:
(ef,ei) <ri-wle, ei). (1

For the ratio r;, we have the following equation after one edge replacement:

ALjyy AL; =1 (e}, ei)
= - , 2
T T AW T AW —w (el er) @

Then, combining Inequality 1 with Inequality 2 immediately yields the following
inequality:

AL; —ri-w (e, ) AW; —w (e}, &)

= - 3
AW,-—w(el/-,ei) i AW,-—w(e;,e,-) i )

Figl =

Apparently, when the first equality in Inequality 3 holds, Clause 1 is true; Other-
wise, Clause 2 is true.

2. (elf, ei) is BER-III
This proof is similar to the first case. Firstly, according to Definition 2, % >r;

holds and w (e}, ¢;) < 0. Hence,

[(ej ei) <ri-wlef,e). )
Thensincer;y; = ﬁ‘ﬁ,’:r'l = ﬁ;ii:;((e;féi)),fromInequality4we have the following
inequality:
AL; —r; ~w(e;,e,-) AW; —w(e;,e,-)
Tiy1 = S =r——FF =1i. Q)
AW; —w(el-,e,-) AW; —w(ei,e,-)
Similar to the first case, either Clause 1 or Clause 2 holds. O

@ Springer



Journal of Combinatorial Optimization (2022) 44:2085-2103 2093

According to the above lemma, Algorithm 1 will terminate in finite steps. It remains
to show the optimality of the output of Algorithm 1. For the task, we first propose the
following property:

Theorem 2 In each iteration, Algorithm 1 obtains a spanning tree Tj;, for which there
exists no other spanning tree T # T; such that [(T) = I(T;) and w(T;) > w(T).

Proof Assume that the theorem holds before the ith step (exclusive). Then we shall
first show that the length of the tree never increases until the ith step (inclusive).
Otherwise, suppose j < i is the first iteration that the length increases. Apparently,
J = 2 since Ty is the tree with minimum weight. Then we have [(T;) = [(T;_>) since
each edge is with length either O or 1. By the induction hypothesis, T;_» is with the

minimum weight under the length /(T _2), so we have w(T;) > w(T;2). This results
AL; < ALj_»
AW, = AW,

Let (elf, e;) be the TER in the ith iteration. Suppose there exists a spanning tree 7’
such that [(T") = I(T;), w(T') < w(T;). We shall show T; will not be chosen as a
BER for 7;_ in the algorithm and hence a contradiction.

Following Lemma 1, assume that there exists a disjoint TER set M such that 7;_; U

M = T’ and |[M| > 2. Then by the definition of 7", we have %M“e;” < Mepe)
puwie,e) w(e;, ;)

Note that in M there may exist both I(¢/, ¢) < 0 and I(¢, ¢) > 0 by the assumption
I(T") = I(T;). So M can be divided into two disjoint sets M| and M, which are the
two sets of TERs respectively with I(¢/, ¢) < 0 and I(¢/, €¢) > 0. Then we need only
to discuss the following two cases by comparing M| and M5:

inr; = =rjpand AL;j = AL; 5, which contradict with Lemma 2.

1 >ule, e - 2 om I(¢,e)
Y mwee) = ZMI w(e', e)

By Proposition 1, there exists (¢/, ) such that

/ Sl e 1(e], e;
lij((ee;,ee)) =5, 11 we, e = w((el‘l’., e,-)) :
This contradicts the minimality selection rule of Algorithm 1, as it should be (¢, ¢)
be selected instead of (el’. , €).

>yl e ZMI I e)
) YETICAS B DIVTIC

Yl e Yy, e o)
We shall first show SR e~ Ty, 00

. Because the length of the tree must

decrease, we have

Zl(e’, e) <0. (6)
M

Sy lle e - ZMI I(e,e)
Yomw, e Yo wie o)
6, we have Zle(e/, e) ZMl w(e” e) — ZMZ w(e’, e) ZMI l(e’, e) < 0, iec
ZMI 1, e) ZMz I, e) L1 o) ZMZ 1. o) )
ZMI w(e, e) < ZMz w(e,e)" VW o) < ZMZ (@ o) can be

. . . 4 (e, i
obtained. However, there exists (¢’, ¢) with lehe) (e’, &)
w(e', e) w(e;, €)

0, w(e', ¢) < 0 by Proposition 1. Similar to case 1, this contradicts with the
minimality selection rule. O

Then by combining the assumption with Inequality

Hence, inequality 3=

and I(¢/, e) >
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Combining Lemma 2 and Theorem 2, we immediately have the correctness of Theorem
1. Moreover, from the proof of Theorem 1, we have the following corollary:

Corollary 2 There exist no BER-III in any iteration of Algorithm 1.

4 Extension to CMST with /(e) € {0, 1, 2}

In this section, we propose an algorithm for the constrained minimum spanning tree
problem (CMST) wheni(e) € {0, 1, 2} by generalizing Algorithm 1. Note that differ-
ent with the case of /(e) € {0, 1}, there can exist type-III bicameral edge replacements
(BER-IID), since Corollary 2 no longer holds.

4.1 Exact algorithm for I(e) € {0, 1, 2}

Our algorithm employs a similar idea of Algorithm 1 to solve the case /(e) € {0, 1, 2}.
However, the algorithm encounters a different case in which the length of 7 is larger
than L. In that case, we still have [(T') < L + 1. Our algorithm will improve the tree
by using the best tree edge replacement (TER) between the two best TERs that is

respectively in the two sets: (1) Find a TER with minimum b o) for all I, e) =

w(e', e)
1) for all

(e, e)+l(e

w(e’, e)+w(e], er)
(e, ) = —2 where [(¢], e;) = 1. Finally, by applying the best TER to the current
tree which violates the length constraint, we obtain a minimum weight spanning tree
satisfying the length constraint. The detailed algorithm is stated in Algorithm 2.

Figure 1 compares the results of three methods: our algorithm, the mixed normalized
spanning tree and Prim’s algorithm. In the example, we set [(e) € {0, 1, 2} and the
length constraint L = 3. Figure 2 illustrates an execution of Algorithm 2. The length
of dashed edge is 0, the length of normal edge is 1 and the dotted edge is 2 in Fig. la.

With the given complete graph in Fig. la and the length constraint L = 3, our
algorithm will first produce a minimum weight spanning tree 7 by Prim’s algorithm
as in Fig.2a. In Fig.2b, the new tree is generated by replacing the dashed edge of
Fig.2a with dotted edge. In Fig. 2c, we show the second iteration of our algorithm by
replacing the dashed edge with the dotted edge in the tree of the lower part of the graph.
In Fig. 2d, we construct three new trees, where tree (I) is generated via decreases length
1 of the spanning tree 75 by replacing the dashed edge with the dotted edge, tree (II) is
obtained via replacing the dash-dotted edge by the dotted edge with length decreased
by 2, and tree (III) is produced by replacing the dash edge in tree (II) with dotted edge
and the length is increased by 1. Figure 2e shows the optimal tree produced by our
algorithm.

For the time complexity and correctness of Algorithm 2, we have:

—1; (2) Find a pair TERs (¢/, ¢) and (¢, e1) with minimum

Theorem 3 Algorithm 2 runs in time O (m2n2) and produces an optimal solution to
CMST when the length is only included in {0, 1, 2} for all edges, or determines the
instance of CMST is infeasible.
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Algorithm 2 An algorithm for CMST when I(e) € {0, 1, 2}

Input: An undirected graph G = (V, E), a weight function w : E — ZT.a length function
[: E — {0, 1, 2}, and a length bound L € R*;
Output: An exact solution to CMST when I(e) € {0, 1, 2}.
1: Calculate a minimum weight spanning tree 7', without considering edge length;
/*T can be computed by Prim’s algorithm Prim (1957). */
2:IfI(T) =Y ,c7 l(e) < L then return T';
/* Otherwise [(T') > L, decrease [(T') as in the following.*/
3: While /(T) > L do
4: Setr =0, R :=0;
5: Foreach TER (e, ¢') do
6: Ifi(e, e) <0, w(e, e) > 0thenset Ry := Ry U (¢, e);
7
8

Ifi(e/, e) > 0, w(e, e) < 0thenset Ry := Ry U (¢/, e);
Endfor

. / /
9:  Setr(e/, e) = min { L[U(é;yeg) ¢/, e) € Ry }, (e, e) = max i}é;,?) [, e) € R2}

10: Ifri(e’, e) < (e, e) thenset R := arg maxrp(e’, e); /* That is BER-IIL*/
11:  Else set R := arg minry(¢’, e); /* BER-II is obtained.*/

12 IfI(T) =L+ 1andI(R) < —1 then

13: Compute-min-tree (7, L), break;

14: Else

15: SetT :=T UR;

16: If [(T) = L then break;

17:  Endif

18: Endwhile

19: Return 7.

Algorithm 3 Compute-min-tree (7', R)

Input: A spanning tree 7 with /(T) > L.

Output: A spanning tree 7 with [(T) < L.
1: Set S| := ¥ and S; := @, where Sj is a set of TERs of length —1;
2: For each TER (¢/, ¢) of T do

3: Ifi(e/, e) = —1thenset S| := S U (¢, e);

4: If (e, e) = —2 then /*To compute an optimal pair of TERs. */

5: Set T; := T\{e} U {e’} and S, := @, where S, will be the set of pairs of TERs with
a total length —1, i.e. two TERSs respectively with length —2 and 1;

5: For each TER (¢/, e1) of T; do

6: If l(e/l, e;) = 1thenset S, ;=S U{(€, o), (e/l, e}

7 Endfor

9:  Endif

10: Endfor ,

11: Set the best TER of length —1 as Ry := arg min Ii((i; ‘2) €, e) eSS } and the best

(e, e)+l(e], er)
w(e’,e)er(e’l,e])
12: Return T := T U R, where R = arg min{w(R}), w(R>)}.

TER pair of length —2 as Ry := arg min { €, e), (e’] ,ep) € SQ};

4.2 Proof of Theorem 3

The key idea of the proof is to show that each calculated tree 7; attains minimum
weight under the length bound /(7;) excepting the last iteration.

Lemma 3 Algorithm 2 produces optimal solutions in each iteration before [(T) > L.

Proof This proof is similar to Theorem 2 but with more sophisticated details.
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Fig. 1 Comparison of the results output by Algorithm 2, the mixed normalized spanning tree algorithm, and
Prim’s algorithm. a A random complete graph with six vertices and a length constraint L = 3, where the
length of dashed edges is 0, the length of solid edges is 1 and the length of dotted edges is 2; b A spanning
tree Tp pr produced by our exact algorithm with [(Topr) = 3 and w(Top7) = 78; ¢ A spanning tree
produced by the mixed normalized spanning tree algorithm with length 6 and weight 72; d A tree produced
by Prim’s algorithm with length and weight respectively being /(Tp) = 8 and w(7Tp) = 71

" il T

(c) (d) (e)

Fig. 2 Example of executing our algorithm on Fig. la with the length constraint L = 3: a the minimum
weight spanning tree T with [(T) = 8 and w(7p) = 71; b Ty that is obtained from 7 by an iteration
of improvement as Algorithm 2, with /(77) = 6 and w(T7) = 72; ¢ T, that is produced by improving 7
by a second iteration with [(7T) = 4 = L + 1 and w(72) = 76 ; d The set of TERs where tree (I) is the
spanning tree generated from the spanning tree 7 by decreasing length 1 and increasing weight 3, tree (II)
is obtained by decreasing length 2 and increasing weight 5, tree (III) is produced by increasing the length
of (II) by 1 and decreasing its weight by 3; e The optimal spanning tree generated by our algorithm with
I(Topr) =3 and w(Topr) =78

Firstly, assume that the theorem holds before the ith-step (exclusive). Let (elf , €)
be the TER in the ith step and 7; be a spanning tree that is produced by Algorithm 2.
Suppose there exists a spanning tree T’ such that [(T") = I(T}), w(T’) < w(T;). We
shall show that 7; can not be selected in the algorithm and hence a contradiction.

Following Lemma 1, we can assume that there exists a disjoint TERs set M such

that 7;_;UM = T’ and [M| > 2. Then by the assumption of 7', we have M <
2w e
l(e], e)

; when I(e}, e;) < 0, otherwise 2u l(e/,‘ ) > l(e;,’ e . Note that in M there
w(e;, €;) i dYuwe, e w(e;, e;)
may exist both BER-II and BER-III. So we divide M into two disjoint sets M; and
M>, which are respectively the set of BER-II and BER-III. When l(el’., ¢;) < 0, wecan
know that there no exist T’ that satisfied [(T") = I(T;), w(T") < w(T;) by Theorem
2. Hence, we need only to discuss the case [ (e;, ¢;) > 0. Similar to Theorem 2, we
need only to consider the following two cases that compare M» and M:

1. Yule, e < ZMZI(G,»C‘)

2mywleie) = Yoy, wie'e)
. l(e], e) Yo, e 1, e
There exists a BER-III (¢/, e) such that v < ZMzzw(e/»e) < w((ee,,‘e)) by

Proposition 1. This contradicts the maximality selection rule of Algorithm 2 about
BER-III, that is (¢, e) should be selected instead of (e;, ¢;).
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Syl e) _ Xl o
C Yy ywee) > ZM w(e, e)
ZMI 1(e, e)

We firstly show %M ;((ee ee)) > e holds. Combining the assumption
My

Yul.e) Zle(e e Z]l(e’,e)ZMz w(e,e) > w(e,e)ZMz I, e) 0 with
Ymw, e ZMZ w(e',e) — >u w(e’,e)ZMl w(e,e) > Uwl
Yomle, e)>0,3 51, &)Yy we, e)= rw(e, e) )y I, e) <0can
ZMI I, e) ZMZ I, e) Ml(e e)
S, 0 < S 0@ e Hence, the inequality S IETICA)

holds. Then similar to case 1, there exists a BER-II (¢/, e) with

be obtained, i.e

ZMI I(e', e)
ZMI w(e, e)
1(e', e) I(e]
w(e', e) = w(e
rithm 2 between BER-II and BER-III, it would be (¢’, e) to be selected instead of
(e}, e;), contradicting with the assumption that (¢;, ¢;) is selected.

e’) by Proposition 1. According to the selection rule of Algo-

m}

It remains to show the case for the last iteration of Algorithm 2, which immediately
results in the optimality of the algorithm as stated below:

Theorem 4 The spanning tree T* produced by Algorithm 2 is optimal, i.e. there does
not exist any spanning tree that satisfies [(T) < L and w(T) < w(T™*).

Proof Assume that the theorem is not true, then there exists a spanning tree 7' with
I(T) < L and w(T) < w(T*). Suppose T* is obtained from 7; by applying one or
more TERs. Then [(T;) = L 4+ 1 holds. If [(T;) = L + 2 and [(T*) = L, then let
e/, e;) be a TER applied on T;. Then there must exist a TER set M between T; and

l!
Syl e I(e], ¢;)
T such that —Z e < o e

o) 1 e if (¢, e) is BER-II otherwise 1+ ef, ei)

w(e, e) we], e;) w(e, e) w(e;, e;)
That contradiction the selection rule of Algorithm 2. And /(7)) < L — 2 can not exist,
since the decrease of length is produced by the increase of weight. Hence, through
Algorithm 2, we know that there are two cases for the length of 7* and T'. Hence, we
need only to discuss the following cases:

1. (T)=L
T* is obtained by applying one or more TERs on 7; but that is no more than
three TERs. Let S be a TERs set between 7; and 7*. Then there exists a disjoint
TERs set M between 7; and T by Lemma 1. Through the assumption, we have

ZZA’;’;(:;,’ ee)) < ZZSS;((E;,’ ee)). Since [(T) — I(T;) = —1 and M is a disjoint TERs set,

then these elements in M must be combined some subset M; such that the sum
length of these subset is —1 where i > 1, the number of subset satisfies | M;| < 2.
Hence, we have Li L €0 ZM‘ e

i lw(e e) ZMI w(e', e)
let M be a set of these subsets with length —1 and M, is a set that all element
length is 1. Then through similar to Theorem 2, there exists a subset M; such that

(e, e) e (e, e) /

%,th(e’, e) < %:;;(:e;,ee)) and ZM,‘ l(e/’ e) = —lor %:,le(e’,e) > ZZ;L((EE;’Z)) and

Hence, there must exist a TER (¢’, e) such that

by Theorem 3.

and M can be divided two parts,
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3 M, I(¢’, e) = 1. For the former, it contradicts the selection rule of Algorithm 2.
For the later, the element of length in M; must be {—1, 2} then there must exist a

element of M; such that its ratio is better than % That is contradiction the
S s

operation of Algorithm 2.
2. (TY=L—-1

By Lemma 1, there must exist a disjoint TERs set M such that 7; can be changed
to T by applying M. Then assume that 7; uses a TERs set S to obtain 7*. Then,
Yl e - dgle, e
Ymw, e Yosw(e, e
the length of these subset is no more than 2. Since »_,, I(¢/, ¢) = —2 < 0, then
the proof is similar to Case 1.

holds. And M can be divided some disjoint subsets and

O

It remains to show the time complexity of Algorithm 2. The algorithm decreases the
length of the tree by 1 or 2 in each iteration when the length of the tree is bounded by
L. That is, the algorithm terminates after at most /(7p) iterations, where /(Ty) < 2n
is the weight of a minimum spanning tree. Each of the iterations takes O (mn) time to
compute a TER. When [(T) = L + 1, the algorithm takes O (m?n?) to find a TER to
decrease the length of T by 1. Therefore, the running time of Algorithm 1is O (m*n?).

5 Numerical experiments

In this section, we shall evaluate the practical performance of Algorithm 1 and Algo-
rithm 2 (the exact algorithm, denoted by EA) by comparing its runtime and solution
quality with two other baselines: the integer liner programs of the constrained mini-
mum spanning tree (CMST) problem (denoted by ILP), the PRIM algorithm that is a
traditional algorithm for computing minimum spanning tree without length constraint
(denoted by MST) (Prim 1957). The testing instances for the experiments are com-
posed by a set of randomly generated graphs. In experiments, the number of the edges
is denoted by m, and the length constrained is denoted by L. For better comparison, all
the algorithms are implemented in Java, on a PC with Intel Core i7 processor and 16GB
memory. The ILP for CMST we use in the paper is similar to the ILP for minimum
spanning tree as in Korte et al. (2002).

The runtime of EA is evaluated by simulation experiments. In these experiments, we
randomly generate a complete graph via randomly producing edges between vertices.
The edge weight is integer and uniformly distributed in [1, 1000], while the length is
chosen from {0, 1} or {0, 1, 2}. These experimental results are reported in Table 1 and
Table 2, where the length in Table 1 is restricted in {0, 1} and Table 2 is in {0, 1, 2}.

Among the three algorithms in Table 1, EA and ILP both produce solutions with the
best quality. This agrees with the theoretical analysis that EA and ILP both produce
optimal solutions. In contrast, MST always produces solutions with the minimum
weight (even smaller than our EA in some of cases), but the solution might violate the
length constraint, where it has an average length sum of 1.2L. As with compromising
solution quality, MST compares favorably in the practical runtime against EA and
ILP, while ILP has the worst runtime which is rapidly rising as the number of edge
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Fig.3 Runtime comparison for /(e) € {0, 1}
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Fig.4 Runtime comparison for /(e) € {0, 1, 2}

increases. When the number of edge is not less than 190 (i.e. a complete graph with 20
vertices), the runtime of ILP rises so high that it could not be used to solve the CMST
problem, but our EA can obtain an optimal solution with less than 1 seconds time when
the number of edge is no more than 16110 (i.e. a complete graph with 180 vertices).
Since there has two variables m and L in Table 1 and we could not find which is
more important for the change of runtime. Hence, we use the Matlab software to draw
figures to show the influences of the length constraint and the number of edges for the
runtime of algorithms. Figure 3a demonstrates the influence of length constraint for
l(e) € {0, 1} for the number of edges being fixed at 120 (i.e. a complete graph with
16 vertices). It is shown that the runtime of ILP grows when the difference between
length constraint and the length of minimum weight spanning tree increases. Figure
3b demonstrates the change of runtime when the number of edges increases from 55
to 153 where the graph is a complete graph and the number of vertices increases from
11 to 18 with one at each time. In this figure, we can see the runtime of ILP grows
much faster than EA when the number of edge increases, indicating the large runtime
gap between ILP and EA.

The experimental results for/(e) € {0, 1, 2} are as illustrated in Table 2, where ILP
and EA produce identical solutions, while the length of the spanning tree computed
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by MST is almost 1.2 L that is larger than the length constraint. The runtime of our EA
is always less than ILP that cannot solve CMST in practice when the number of edges
is larger than 4950 (i.e a complete graph with 100 vertices). In contrast, the runtime of
our EA is less than one second for the instances. We use Fig. 4 to better evaluate the
influence of the length constraint and the number of edges. The number of edges is
fixed at 120 (i.e. a complete graph with 16 vertices) in Fig. 4a and the length constraint
is fixed at 17 in Fig.4b. As illustrated in Figs. 3 and 4, the runtime of EA grows much
slower for I(e) € {0, 1} than for I(e) € {0, 1, 2} provided that the two algorithms are
against the same increasing rate of either length constraint or edge number.

6 Conclusion

In this paper, we have devised two exact algorithms for the constrained minimum
spanning tree (CMST) problem when the edge length is within /(e) € {0, 1} and
I(e) € {0, 1, 2}, respectively. The two algorithms respectively run in time O (mn?)
and O (m*n?), where m and n are respectively the number of edges and the number of
vertices. The key idea of the algorithm is based on an enhanced local search method
combining with our proposed bicameral edge replacement approach. Then we carried
numerical experiments to evaluate the performance of our algorithms by comparing
with other baselines. Our algorithm has the potential to be extended to solve CMST
withl(e) € {0, 1, ..., n}.
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