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We consider two well-known optimization problems: the Minimum Spanning Tree Problem and
the Maximum Spanning Tree Problem. There are some extensions of these problems, for example,
if we want to find extremal spanning tree with bounded maximum degree of vertices or we search
for extremal spanning tree with bounded diameter from above or from below by some integer. The
diameter of a tree is the number of edges in the longest simple path within the tree connecting a pair of
vertices. In current work, we consider the intractable problem of finding a maximum-weight spanning
tree with a given diameter in a complete undirected graph. We construct O(n?)-time approximation
algorithm solving the Maximum Spanning Tree Problem with a given diameter in a complete undirected
n-vertex graph, and prove the sufficient conditions of asymptotic optimality for this algorithm in the
case of independent uniformly distributed UNI(0; 1)-entries. This algorithm uses the algorithm for the
Minimum Spanning Tree Problem with given diameter in a complete undirected graph.
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Mebr paccmarpuBaeM TPYIHOPEITAEMYIO 33a9y OTHICKAHWS MAKCHMAJLHOTO OCTOBHOTO JepeBa C
PUKCUPOBAHHBIM JIMAMETPOM B ITOJTHOM HEOPUEHTUpOBAaHHOM Tpade. s npubaukeHHOTO aaro-
putma ¢ Tpygoemrocthio O(n?), pemaromiero aTy 3asady, TAe N — KOJIMHECTBO BepimmH B rpade,
MBI JIOKQ3bIBAEM JOCTATOYHBIE YCJIOBHA aCUMIITOTHYECKOW TOYHOCTU B CJydae BecoB pebep rpada
U3 KJIACCAa HE3ABUCHUMBIX, PABHOMEPHO pacmpesenenunix caydaiiubix seauann UNT(0;1).

KiroueBbie coBa: MakCHMAJILHOE OCTOBHOE JIEPEBO, MUHUMAJIbHOE OCTOBHOE JIEPEBO, TPUOJIH-
JKEHHBIM aJTOPUTM, BEPOSITHOCTHBIN aHaan3, aCUMITOTHIECKAsd TOIHOCTD.

Introduction. One of the well-known discrete optimization problems is the Minimum
Spanning Tree Problem. It consists of finding a spanning tree (connected acyclic subgraph,
which covers all the vertices) of a minimal weight in a given undirected edge-weighted graph
G = (V,E). The polynomial solvability of the problem was shown in the classic algorithms
by Boruvka (1926), Kruskal (1956) and Prim (1957). These algorithms have complexities
O(mlogn), O(mlogm) and O(n?), respectively, where m = |E| and n = |V|. Interested reader
may refer to [1-2].

One of the possible generalizations of the above problem may be the bounded diameter
Minimum Spanning Tree Problem. The diameter of a tree is the number of edges in the longest
simple path within the tree connecting a pair of vertices. This problem is N P-hard in general
for the diameter bounded above or from below to given number d.

We assume that weights of graph edges are independent identically distributed random
variables from the class UNI(0; 1) of uniform distribution.

PaGora Boinosinena B pamkax rocyaapcersennoro 3aganus UM CO PAH (upoekr FWNF-2022-0019) u upu
dbunancosoit nopuepkke POOU (npoexr 20-31-90091).
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Earlier, we have studied the bounded from above to given number d, or from below Minimum
Spanning Tree Problem in directed and undirected graphs on UNI(ay; b, )-entries [3-9]. In the
case of a,, > 0 we have implemented an asymptotically optimal approach for these problems.

In current paper we consider the Maximum Spanning Tree Problem with given diameter D
in a complete Undirected graph (Given-D-Max-USTP). An ideologically close formulation of
the problem was considered in the works [10-11], where an upper constraint was imposed on the
radius R of the graph. In these works approximation O(n?)-time algorithms were presented and
some performance ratios obtained on deterministic entries. The best of them, namely, (’)(%),
contains in [11].

In current work we describe an O(n?)-time approximation algorithm to solve the Given-D-
Max-USTP and provide conditions for this algorithm to be asymptotically optimal in the case
of UNI(0; 1)-entries.

Note, that proposed algorithm can be transformed to solve the Maximum Spanning Tree
Problem with bounded diameter from below or above.

Statement 1. Let v’ : E — (0;1), w : £ — (0;1) be two weight functions such that
w, = 1 — we. Let T be a tree with total weight W'(T') = > __,w,, which is constructed in
a graph G = (V,E), |V| = n with weight function (w.). Then T is a tree with total weight
W(T) =n—1—W/'(T), which is constructed in a graph G with weight function (w.).

The idea of finding an approximation Algorithm A for the Given- D-Max-USTP with weight
function (w,) is to construct an approximation Algorithm A’ for the Minimum Spanning Tree
Problem with given diameter in a complete Undirected graph (Given-D-Min-USTP) with weight
function (w)) which according to Statement 1 the required solution for the problem.

1. The Algorithm A for the Given-D-Max-USTP. First of all, we introduce the Given-
D-Min-USTP and approximation Algorithm A’ for its solution. After that we describe the
Given-D-Max-USTP and approximation Algorithm A, which solves the Given-D-Max-USTP.

1.1. The Given-D-Min-USTP. Let G = (V,E) be a complete edge-weighted undirected n-
vertex graph with weight function (w), the Given-D-Min-USTP is to find a spanning tree T
with a given diameter D = D,, < n of minimum total weight. We assume that the weights of the
edges are independent and identically distributed random reals, with probability distribution
function f(z) defined on (0;1).

1.2. The description of Algorithm A’. Preliminary Step 0°. In graph G choose an arbitrary
(D + 1)-vertex subset V'.

Step 1°. Starting at arbitrary vertex of the subgraph G(V’) construct in it a Hamiltonian
path P which consists of D = D,, edges using the approach “Go to the nearest unvisited vertex”.

Step 2’. Each vertex of the subgraph G(V \ V') connect by the shortest edge to the inner
vertex of the path P. Thus, we add this edge to T

The description of Algorithm A’ is completed.

1.3. The Given-D-Maz-USTP. Let G = (V,E) be a complete edge-weighted undirected n-
vertex graph with weight function (w.), the Given-D-Max-USTP is to find a spanning tree T
with a given diameter D = D,, < n of maximum total weight. We assume that the weights of the
edges are independent and identically distributed random reals, with probability distribution
function f(z) defined on (0;1).

1.4. The description of Algorithm A. Step 1. Introduce weight function (w)) of graph G
instead of initial weight function (w,) such that w, =1 — w,.

Step 2. Apply Algorithm A’ to the graph G with weight function (w)), obtain tree 7'

Step 3. The constructed tree T' is the solution for Given-D-Max-USTP.
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Fig. 2. Step 1’ and Step 2’ of Algorithm A’ in 12-vertex complete graph G, D = 7. The hatched vertices are
end vertices of path P

The description of Algorithm A is completed.

Denote by W/, the total weight of tree 7" constructed by Algorithm A’. Let us formulate
statements concerning Algorithm A" and Algorithm A.

Statement 2. Algorithm A’ constructs a feasible solution for the Given-D-Min-USTP.

Proof. A subgraph T' consists of n vertices and n — 1 edges since we firstly create the tree
as the path on D + 1 vertices during Step 1’ and then we add edges to the tree by connecting
all other vertices to the vertices in path on Step 2’, finally, we obtain such construction, and
we indeed get feasible solution for the Given-D-Min-USTP.

Statement 3. Algorithm A constructs a feasible solution for the Given-D-Max-USTP.

Proof. According to Statement 2 Algorithm A’ finds feasible solution for the Given-D-
Min-USTP and according to Statement 1 this solution with changed weight function is feasible
solution for the Given-D-Max-USTP. Step 3 of Algorithm A doesn’t change the constructed
solution.

Statement 4. Time complexities of Algorithms A" and A are equal to O(n?).

Proof. Preliminary Step 0’ of Algorithm A’ takes O(n) time.
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At Step 17, the path P is built in O(D?) time.

Step 27 takes O(n?) operations since we connect all of n — D — 1 vertices by the shortest
edge to the inner vertex of the path P for the spanning tree T

Thus, the total time complexity of the Algorithm A’ is O(n?). So Step 2 of Algorithm A
requires O(n?) operations.

Step 1 of Algorithm A is completed in O(n) actions. Step 3 of Algorithm A is carried out
in time O(1).

Finally, the total running time of the Algorithm A is O(n?) too.

2. A probabilistic analysis of Algorithm A for the Given-D-Max-USTP.

We perform the probabilistic analysis under conditions that weights of graph edges are
random variables £ from the class UNI(0; 1).

By Fa(l) and OPT(I) we denote respectively the approximate (obtained by some
approximation algorithm A) and the optimum value of the objective function for the problem
on the input 7. An algorithm A is said to have estimates (performance guarantees) (en,én) on
the set of random inputs of the n-sized problem (it is the problem with parameter n, where n
is amount of input data required to describe the problem, see [12]), if

P“OPTU)—EAUV>%OPTU&5§%, (1)

where g, = £4(n) is an estimation of the relative error for the solution obtained by algorithm
A, 6, = 04(n) is an estimation of the failure probability for the algorithm, which is equal to the
proportion of cases when the algorithm does not hold the relative error ¢, or does not produce
any answer at all.

Following [13] we say that an approximation algorithm A is called asymptotically optimal
on the class of input data for the problem, if there exist such performance guarantees that for
all input [ of size n

e, — 0and §, — 0 as n — 0.

We denote random variable equal to minimum over k variables from the class UNI(0; 1) by
&

According to the description of Algorithm A’ the weight W/, of the constructed minimum
spanning tree T is a random value equal to W’. The weight of desired maximum spanning tree
T equals W = (n— 1) — W'. Let W{ and W be random variables for weight of edges added to
T on Step 1" and Step 2’ of Algorithm A’, respectively. Obviously, W’ = W] + Wj.

Let & be random variable modeling the construction of the edge during the process of
Algorithm A’

Wi = Zszl & since we construct the path P consists of D edges during Step 1°.

W5 = (n— D — 1)§p-1) since we connect each vertex from G(V\ V'), [V\V/|=n—-D -1
by the shortest edge to the (D — 1) inner vertex of the path P.

Lemma 1. For E(W’) the next inequality is true

—1 —
mwwgzmn+35—:Ewa

Proof. Consider separately expectations of random variables for values W and Wj.
|

D
E(W]) = ZE(&:) =2 1 <hnD,
k=1 k=1
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n—D—1 n—1
< .

B(V}) = (1~ D~ DB(§n 1) = 5 — < "
From the previous equations we get

n—1

1
E(W’):E(W{+W2’> <D+ <21nn+”T:E(Wf).

Lemma 1 is proved.
Lemma 2. Algorithm A for the Given-D-Max-USTP with weights of edges from UNI(0; 1)
has the following estimates of the relative error €, and the failure probability d,,:

EW
5n:P{WI>AnE/w7'}, (3)

where A\, > 0, W =W — EW’, and EW is some upper bound for expectation EW’.
Proof. Taking into account that in the case of the Given-D-Max-USTP the inequality
OPT < n —1is true, we have

P{W <1 —5n)OPT} < P{W <(1—ey)(n— 1)} - P{(n— 1) — W' < (1—e,)(n— 1)} -
P{W’ > en(n — 1)} - P{W’ —EW >e,(n—1)— EW’} < P{Wl > (1+ \)EW — EV?} -
= P{MN/’ > AnETI/V’} = 0.

Lemma 2 is completely proved.

Further for the probabilistic analysis we use the following probabilistic statement.

Theorem 1. (Petrov’s Theorem [14]) Consider independent random variables Xi, ..., X,.
Let there be positive constants Z and hq,...,h, such that forall k =1,... . nand 0 <t < 7

the following inequalities hold
hyt?

EetXr < e75 . (4)
Set S=5,_, Xy and H=>,_ hy. Then

exp{—%}, if 0<zx< HZ,
exp —%}, if x> HZ.

P{S>x}§{

Lemma 3. Let & be random variable equal to minimum over k independent random

variables from the class UNI(0; 1). Given constants Z = 1 and hy, = m Then for variables

& = & — E&; the condition (4) of Petrov’s Theorem holds for each t < Z and 1 < k < n.
Proof. Evidently, E¢;, = -, denote a = . Using the formula

k410 E+1°
Eelts = i t
2t 1) (k+ i)

(see in the book [15], p. 120), we estimate the value Ee** from above:
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oo i P i
E6t€k<1+a+a2(k+;)2(—t ) :1+OK+CY2'Qk,t<€a+T:etEgk.ehth7

(k+2) k+3
where Q¢ = % Qrz = % < 1if k > 1. From this we have

Eeté—E&) — Eetgk < 6#.
Lemma 3 is proved.
Lemma 4. The following upper bound for the sum of constants hy =

(o that correspond
to edges of the spanning tree 7' is true.

(k+1

n
H<¢+ﬁ7

where 1 = 0.645.
Proof. The parameter H equal to the sum of H; and H, according to the steps of Algorithm
A’ number 1’ and 2’, respectively. Knowing that notation and estimates from above, we obtain

1
th Z (k +1)2 <¥

We have used the Well—known Euler s estimate for the inverse square
. 2 . .
equation 1 + 2% + 3% + 4% +... =% < 1.645 in the calculation of H;.
For parameter H,, we get

n

Hy = (n— (D +1)hp-n) < 75

Finally, we obtain

H = H1+H2<77Z)+D2

Lemma 4 is completely proved.
Theorem 2. The Given-D-Max-USTP with weights of edges from UNI(0; 1) can be solved
by Algorithm A with the relative error

2Inn 1
=0( =) 5
£ —+5 (5)
and the failure probability
6p=n"1—=0, as n — oo. (6)

Proof. Let us remind that W = (n—1) — W’ so in Petrov’s Theorem we interest in values,
which are equal to sums of minimum &;.

Set A, = 1. First of all, we prove the equation (6). From Lemma 2 and the upper bound for
EW’ (see Lemma 1) we have

- - s 25 o8t )

Note that in the course of the Algorithm A" we have deal with random variables of the type
&, 1 < k < D. In the case of graphs with weights of edges from UNI(0;1), these variables
satisfy the conditions of the Petrov’s Theorem for constants Z = 1 and h; = see Lemma,

1
e
3). Now using Petrov’s Theorem and Lemma 2, we estimate the failure probability:
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—~ — —~ —1
6, = P{IW’ > \EW'} = P{IW" > 2lnn + T 1.

Define constants Z = 1 and hy = ﬁ for each variable whose weight corresponds to a
random variable &, and which are included to the constructed spanning tree.
From Lemma 4 we have

1
@Z)—l——<21nn—|—T:x.

According to Petrov’s Theorem, we have an estimate for the failure probability of Algorithm
A"

8, = P{W' > z} <exp{ —%}

Given the value z we have

From this, it follows that
b= P{IW' >} <exp{ = -} < exp{—Inn} == 0.
n

Theorem 2 is completely proved.

We have the evident corollaries from this Theorem.

Corollary 1. The Given-D-Max-USTP is solved asymptotically optimal in the case of
D = D,, — oo, for example, for D > Inn.

Corollary 2. In the case of the Given-D-Max-USTP on entries from UNI(a,;b,), a, = 0,
Algorithm A has the same conditions of asymptotic optimality as for UNI(0; 1)-entries without
additional condition for ratio b,/a,, which appears in minimum problems on UNI(a,;b,)-
entries, a, > 0 (see [3-9]).

Conclusion. In this work, we have described an O(n?)-time approximation algorithm for the
Maximum Spanning Tree Problem with given diameter in a complete edge-weighted undirected
graph. In the case of uniform distribution UNI(0;1) for the weights of the graph edges, we
have obtained estimates of performance guarantees for solving the problem and suggested
sufficient asymptotic optimality conditions for obtained solution. It would be interesting to
investigate this problem on input data with infinite support like exponential or truncated-
normal distribution and on discrete distributions. It is interesting to consider asymptotic
optimality for the problem of finding several edge-disjoined Maximum Spanning Trees with
a given or bounded diameter.
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