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ON THE HARDNESS OF APPROXIMATING SOME
NP-OPTIMIZATION PROBLEMS RELATED
TO MINIMUM LINEAR ORDERING PROBLEM

SOUNAKA MISHRA! AND KRIPASINDHU SIKDAR!

Abstract. We study hardness of approximating several minimaximal
and maximinimal NP-optimization problems related to the minimum
linear ordering problem (MINLOP). MINLOP is to find a minimum
weight acyclic tournament in a given arc-weighted complete digraph.
MINLOP is APX-hard but its unweighted version is polynomial time
solvable. We prove that MIN-MAX-SUBDAG problem, which is a
generalization of MINLOP and requires to find a minimum cardinality
maximal acyclic subdigraph of a given digraph, is, however, APX-hard.
Using results of Hastad concerning hardness of approximating inde-
pendence number of a graph we then prove similar results concerning
MAX-MIN-VC (respectively, MAX-MIN-FVS) which requires to find
a maximum cardinality minimal vertex cover in a given graph (respec-
tively, a maximum cardinality minimal feedback vertex set in a given
digraph). We also prove APX-hardness of these and several related
problems on various degree bounded graphs and digraphs.

Mathematics Subject Classification. 68Q17, 68R01, 68W25.

1. INTRODUCTION

In this paper we deal with hardness of approximating several minimum-maximal
(or simply, minimaximal) and maximum-minimal (or simply, maximinimal) NP-
complete optimization problems on graphs as well as related maximum/minimum
problems. In general, for any given instance x of such a problem, it is required
to find a minimum (respectively, maximum) weight (or, cardinality) maximal
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(respectively, minimal) feasible solution with respect to a partial order on the
set of feasible solutions of x. The terminology of minimaximal and maximinimal
is apparently first used by Peters et al. [29], though the concept has received at-
tention of many others, specially in connection with many graph problems. We
may cite for example, minimum chromatic number and its maximum version, the
achromatic number [9,12,20,21], maximum independent set and minimaximal in-
dependent set (minimum independent dominating set) [18,22,23, 25|, minimum
vertex cover and maximinimal vertex cover [28,30], minimum dominating set and
maximinimal dominating set [10,27], minimum vertex (edge) connectivity and
maximinimal vertex (edge) connectivity [20,29] and a recent systematic study of
minimaximal and maximinimal optimization problems by Manlove [30].

We are led to investigation of several such graph problems while considering a
generalization of the minimum linear ordering problem (MINLOP). Given a com-
plete digraph G,, = (V, A,) on a set V = {v1,va,...v,} of n vertices with non-
negative integral arc weights, the MINLOP is to find an acyclic tournament [19]
on V with minimum total arc weight. This is a known NP-complete optimiza-
tion problem [7,16,17,31]. In [31] it is shown that MINLOP is APX-hard, but
A-MINLOP (i.e., MINLOP satisfying a parameterized triangle inequality with
parameter ¢ € (0,2]) is Zt-approximable, Ao-MINLOP is in PO, and, for any

€ (0,2), A+-MINLOP does not admit a polynomial time approximation scheme,
unless P = NP. Two problems related to MINLOP are the maximum acyclic sub-
digraph (MAX-SUBDAG) and the minimum feedback arc set (MIN-FAS) prob-
lems. Given a digraph G = (V, A), the MAX-SUBDAG (respectively, MIN-FAS)
problem is to find a subset of B C A of maximum (respectively, minimum)
cardinality such that (V,B) (respectively, (V, A — B)) is an acyclic subdigraph
(SUBDAG) of G. While MAX-SUBDAG is APX-complete [28] and has a triv-
ial 2-approximate algorithm, MINFAS is not known to be in APX, though it is
APX-hard [24].

A generalization of MINLOP can be formulated as follows. Note that an acyclic
tournament on V is indeed a maximal SUBDAG of G,, (i.e., a SUBDAG of G,
which is not contained in any SUBDAG of G,,). Thus we generalize MINLOP as
the minimum weight maximal SUBDAG (MIN-W-MAX-SUBDAG) problem which
requires to find a maximal SUBDAG of minimum total arc weight in any given arc
weighted digraph (which is not necessarily a complete digraph). MIN-W-MAX-
SUBDAG is thus APX-hard as its special case MINLOP is so. For MIN-W-MAX-
SUBDAG we can not talk about arc weights satisfying triangle (or parameterized
triangle) inequality, and so there is no immediate answer to the question whether it
is in APX with suitable restrictions on arc weights. But it appears to be unlikely
as we show that unweighted version (i.e., all arc weights 1) of MIN-W-MAX-
SUBDAG, called MIN-MAX-SUBDAG, is APX-hard even though MINLOP with
constant arc weight is solvable in polynomial time.

The complementary problem of MIN-MAX-SUBDAG is the maximum cardi-
nality minimal feedback arc set (MAX-MIN-FAS) in which it is required to find
a minimal feedback arc set of maximum cardinality in a given digraph. The
vertex version of this is the maximum cardinality minimal feedback vertex set
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(MAX-MIN-FVS). An NP-optimization problem related to MAX-MIN-FVS is
MAX-MIN-VC, in which it is required to find a minimal vertex cover of maxi-
mum cardinality in a given graph. The related problem of minimum cardinality
maximal independent set (MIN-MAX-IS) problem, where one is required to find
a maximal IS (or an independent dominating set) of minimum cardinality for any
given graph. MIN-MAX-IS and MAX-MIN-VC have the same complexity over
every graph class ([30], Th. 4.2.11) though they may not have similar approxima-
tion properties and are NP-complete even for bipartite graphs [22,23] and dually
chordal graphs [5] though polynomial time algorithms are known for many special
classes of graphs such as chordal graphs [13], interval and circular-arc graphs [8],
permutation graphs [6,14] and many other graph classes (see [30]).

Since the decision versions of these optimization problems are NP-complete, it
is not possible to find optimal solutions in polynomial time, unless P = NP. So
a practical alternative is to find near optimal (or approximate) solutions in poly-
nomial time. However, it is not always possible to obtain such solutions having
desired approximation properties [2,18,26,28]. Thus, it is of considerable theo-
retical and practical interest to provide some qualitative explanation for this by
establishing results about hardness of obtaining such approximate solutions.

In this paper, we shall establish several results about hardness of approximat-
ing such problems using the standard technique of reduction of one problem to
another. The paper is organized as follows. In Section 2, we recall the relevant
concepts about graphs, digraphs, NP-optimization problems and approximation
algorithms. In Section 3, we first prove APX-hardness of MIN-MAX-SUBDAG
for arbitrary digraph by reducing MAX-SUBDAG to it. Then, using the results
of Hastad concerning hardness of approximating MAX-IS, we prove similar re-
sults about MAX-MIN-VC for arbitrary graphs and about MAX-MIN-FVS for
arbitrary graphs and digraphs. In Section 4, we show that, MIN-FVS is APX-
complete for 6-regular graphs and MAX-MIN-FVS is APX-hard for all graphs of
maximum degree 9. We also prove that MAX-MIN-VC is k-approximable for all
graphs without any isolated vertex and having maximum degree k, k > 1, and
is APX-complete for all graphs of maximum degree 5. In Section 5, we prove
APX-hardness of MIN-FAS and MAX-SUBDAG for k-total-regular digraphs, for
all k£ > 4. Then we show that MIN-MAX-SUBDAG is APX-hard for digraphs of
maximum total degree 12 and MAX-MIN-FVS is APX-hard for all digraphs of
maximum total degree 6. Finally, in Section 6, we make some concluding remarks.

2. BASIC CONCEPTS

We will denote a graph (i.e. an undirected graph) by G = (V, E) and a digraph
(i.e. a directed graph) by G = (V, A), where V = {v1,va,...v,}, E is the edge
set and A is the arc set. An edge between vertices v; and v; is an unordered pair
which will be denoted by {v;,v;}, whereas an arc from v; to v; will be denoted
by the ordered pair (v;,v;). If {v;,v;} is an edge in G then we say that it is
incident on v; and v;. If (v;,v;) is an arc in G then v; is the initial point and v,
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is the terminal point of (v;,v;). In an undirected graph G, degree of a vertex v; is
denoted as d(v;) which is the number of edges incident on v; in G, and G is called
k-regular if each vertex in G has degree k. In a digraph G, d*(v;) and d~(v;)
are the number of arcs in G having v; as the initial vertex and terminal vertex,
respectively, and d(v;), the total degree of v; is defined as d(v;) = d*(v;) +d~ (v;).
A digraph G is k-total-regular if for each vertex v;, d(v;) = k. A path P(v1,v:) in
G = (V, E) (respectively, dipath in G = (V, A)) is a sequence of distinct vertices
(v1,v2, ... ,v¢) such that {v;,v;y1} € E (respectively, (vi,viy1) € A) for 1 < i < t.
A path (respectively, dipath) P(vi,v;) is called a cycle (respectively, dicycle) if
V1 = Vt.

A tournamenton V [19] is a digraph G = (V, T') such that, for every two vertices
u,v € V, T contains exactly one arc with end vertices u and v. A tournament
on V is called an acyclic tournament on V if it does not contain any directed
cycle. An feedback arc set (FAS) in a digraph G = (V, A) is an arc set B C A such
that the subdigraph (V, A — B) is acyclic. Given a digraph G = (V, A), a minimal
FAS is an FAS B C A which does not contain another FAS. (V, B) is called a
directed acyclic subgraph (SUBDAG) of G = (V, A) if B C A and has no directed
cycle. A SUBDAG (V,B) of G is called a maximal SUBDAG if there exists no
SUBDAG (V, B’) of G such that B C B’. Given a graph G = (V, E), C C V is
called a vertexr cover (VC) if for each edge {v;,v;} € E, C contains either v; or
vj. A VC C is called a minimal VC of G if no proper subset of C' is also a VC of
G. S CV is called an feedback vertex set (FVS) of G if the subgraph/subdigraph
G[V — S] induced by the vertex set V' — S is acyclic. Similarly a minimal FVS of
G is defined.

For definitions and notations concerning basic concepts regarding approxima-
tion algorithms for NP-optimization problems we refer to the book [3].

The precise formulations of some of the problems we deal with are given below
where we have ommited the goal as it can be inferred from the name of the prob-
lem.

MINLOP

Instance - A pair x = (G, w), where G,, = (V, 4,,) is a complete digraph on V
and w assigns a nonnegative integer to any e € A,,.

Solution - An acyclic tournament y on V.

Cost - m(z,y) = max{l,> .., w(e)}.

MIN-VC

Instance - A graph © = G = (V, E).
Solution - A VC C of G.

Cost - m(z,C) = max{1,|C|}.

MAX-W-SUBDAG

Instance - A pair z = (G,w), where G = (V, A) is a digraph and w assigns a
nonnegative integer to each e € A.

Solution - A SUBDAG (V, B) of G.

Cost - m(z, B) = max{1,) .z w(e)}.
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MIN-W-FAS

Instance - A pair z = (G,w), where G = (V, A) is a digraph and w assigns a
nonnegative integer to each e € A.

Solution - An FAS B of G.

Cost - m(x, B) = max{1,) .z w(e)}.

MIN-W-FVS

Instance - A pair © = (G, w) where G is a graph/digraph and w assigns a nonneg-
ative integer to each v € V.

Solution - An FVS F of G.

Cost - m(x, F') = max{l,)  cpw(v)}.

In an unweighted version of a weighted optimization problem, we assume that
weight function is a constant function and this constant is 1. We denote the un-
weighted problem without the letter “W” in the problem name. For a given graph
parameter P (for example, the parameter P is vertex cover), in the optimiza-
tion problem MIN-P, it is required to find a minimum weight solution over all
minimal solutions. In the corresponding MAX-MIN-P problem, it is required to
find a maximum weight minimal solution over all minimal solutions satisfying the
parameter P. For example, in MAX-MIN-VC; it is required to find a minimal ver-
tex cover of maximum weight in a given vertex weighted graph (G, w). Similarly,
we define MAX-MIN-FAS, MAX-MIN-FVS and MIN-MAX-SUBDAG. In a graph
optimization problem 7, if the input graph (or, digraph) is k-regular (or, k-total-
regular) then we denote this restricted problem as m-k; and if the input graph (or,
digraph) is of degree (or, total-degree) atmost k then we denote this restricted
problem as m-< k. Other NP-optimization problems that we consider are MIN-
MAX-SUBDAG, MIN-MAX-SUBDAG-< k, MAX-MIN-VC, MAX-MIN-VC-< k,
MAX-MIN-FVS, MAX-MIN-FVS-< k, MIN-W-FAS-< k, MAX-W-SUBDAG-< k
and MIN-FVS-6.

We use the performance ratio [3] Rr(x,y) as a measure of quality of an approxi-
mate solution y of an instance x of . Various notations of approximate algorithms
and approximation classes such as APX, PTAS, FPTAS are formulated as in [3]
in terms of R,(x,y). Though the completeness concepts in approximation classes
are defined with respect to AP-reduction [11], we shall use L-reduction [28] which
suffices our purpose due to the following theorem.

Theorem 2.1. [3] For any two NPO problems m and mo, if m <p m and
m € APX, then my <ap ma.

One purpose of a reduction from m; to 73 is to use an approximation algorithm
for w5 to construct an equally good approximation algorithm for m;. The ap-
proximation preserving reductions, for example L-reduction, work very well when
reducing to the problems with bounded approximation, but this is not the case
when reducing to the problems that can not be approximated within a constant.
This is because, these reductions may transform an input instance of 71 to a much
larger input instance of mo. Because of the size amplification the constructed algo-
rithm for 71 wia a reduction may not be as good as the original algorithm for 7.



292 S. MISHRA AND S. SIKDAR

Kann [25] introduced a size dependent reduction (called S-reduction) between
problems that can not be approximated within a constant.

w1 is said to be S-reducible to 7o, in symbol m; <g me, with size amplification
a(n) from 7 to mq is a tuple (f, g, , ¢) such that:

1. f and g are polynomial time computable functions, « is a monotone increas-

ing positive function and c¢ is a positive constant;

2. f: Iz — I, and Vy € sol, (f(x)), g(x,y) € solr, (x);

3. Vx € Iy, and Yy € solr,(f(z)), Rr,(z,9(z,y)) < c- Rr,(f(x),v);

4. Vo € In,, [f(2)] < af|z]).

The following theorem follows from the definition of S-reduction.

Theorem 2.2. [25] Given two NPO problems w1 and ma, if m1 <g ma with size
amplification a(n) and w2 can be approximated within some monotone increasing
positive function u(n) of the size of the input instance, then w1 can be approzimated
within ¢ - u(a(n)), which is a monotone increasing positive function.

The following theorem says how to get lower bound about approximability of 7o
from the known lower bound of 71 by using a S-reduction from m; to ms.

Theorem 2.3. Let my <g mo with size amplification «(n). Let n = |z| € I, and
N = |f(z)| < an®, for n > ng, where a > 1, k > 0 and ng is a positive integer.
If there exists mo polynomial time algorithm to approzimate w within a factor of
%nq_e for any € > 0, for some positive constants p and q, unless P = NP (unless

NP = ZPP); then there exists no polynomial time algorithm to approzimate o

within a factor of WN%_S, for any € > 0, unless P = NP (unless NP = ZPP).

. . .. . . 1 _ 1 q_ e
Proof. Proof is quite trivial and depends on the inequality p—cnq € > eailF N%—%,
which follows from N < an* and a > 1. O

To conclude this section, we state two results due to Hastad which we shall use
in Section 3 for proving similar results for MAX-MIN-VC and MAX-MIN-FVS.

Theorem 2.4. [18] Unless NP = ZPP, for any € > 0 there exists no polynomial
time algorithm to approzimate MAX-IS within a factor of n'~¢, where n is the
number of vertices in an instance.

Theorem 2.5. [18] Unless P = NP, for any € > 0 there exists no polynomial
time algorithm to approzimate MAX-IS within a factor of n%’e, where n is the
number of vertices in an instance.

3. HARDNESS RESULTS FOR ARBITRARY GRAPHS/DIGRAPHS

In this section, we prove hardness results for several minimaximal and maxi-
minimal problems for general graphs and digraphs. First we consider MIN-MAX-
SUBDAG problem. As already noted, MIN-W-MAX-SUBDAG is APX-hard as
it is a generalization of MINLOP which is APX-hard [31]. However, even though
MINLOP can be solved in polynomial time when the arc weights are constant, as
we show in Theorem 3.1, MIN-MAX-SUBDAG is APX-hard.
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Theorem 3.1. MIN-MAX-SUBDAG is APX-hard.

Proof. Tt is enough to show that MAX-SUBDAG <;MIN-MAX-SUBDAG as MAX-
SUBDAG is APX-complete [28].

For each instance z = (G = (V, A)) of MAX-SUBDAG, we construct in poly-
nomial time an instance f(z) = (G’ = (V', A’)) of MIN-MAX-SUBDAG and with
each feasible solution S’ of f(z), we associate a feasible solution g(S') = S = S'NA
of x such that f and g satisfy the conditions of L-reduction with o =5 and 3 = 1.

Let K = {(vi,v;)|(vi,v;) € A and (v;,v;) ¢ A}. For each arc (v;,v;) € K, we
introduce a new vertex v;; for the construction of G’. Construct G' = (V', A’) as
follows: V' = VU{w;j|(vs,v;) € K} and A" = AU{(v},v:), (v}, vi5), (vig, v3)|(vi, v5) €
K}. For an example, see Figure 1. Let k = |K| and p be the number of pairs of
vertices v;,v; € V such that both (v;,v;), (vj,v;) € A. Hence, p = @.

o4
vl<>4—0>=3 v,
% ) Y Vi A
o3 Va4
G G

FIGURE 1. A digraph G and the corresponding digraph G’.

Next we establish a few claims.

Claim 3.2. Let (V’,S’) be a maximal SUBDAG of G’ and S = S’ N A. Then
(V,S) is a SUBDAG of G and |S’| = 3k +2p — |S|.

Proof. Since (V,S) is just a subdigraph of (V',5’), it is acyclic and so (V,S) is a
SUBDAG of G.

Now note that an arc in S’ — A must come from the set {(v;, v;), (v;, vi;), (vij, v:) }
for any arc (v;,v;) € K. As (V',5) is a maximal SUBDAG of G, if (v;,v;) €
K N§S’, then S’ must contain exactly one of (v;,v;;) and (v;j,v;), and if (v;,v;) €
K — 5, then S’ must contain all the three arcs (vj,v;), (vj, vi;) and (vs,v;). So,
|S'] = |S| + k + 2|K — S|. We now show that |K — S| = k + p — |S|. Note that
|[K—S|=|K|—-|KnS|and [KNS|=|S|—-|S—K]|. Also S—K =(ANS")—K =
(A—K)NS’. Now S’ contains exactly one of the two (v;,v;) and (v;,v;) for every
pair of arcs (v;,v;) and (vj,v;) in A— K as (V’,5") is a maximal SUBDAG of G’.
It follows that [(A— K)NS'| = 2|A— K| =pand |S— K| =pso |KNS|=|S|—p.
Thus |S'| = |S|+k+2(k+p—|S|) =3k+2p—|S|. O

Claim 3.3. If (V’,S) is a minimum maximal SUBDAG of G’, then (V,S, =
S/ N A) is a maximum SUBDAG of G. Also |A] < 2|S,]|.
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Proof. If (V, S,) is not a maximum SUBDAG of G, then let (V,5) be a maximum
SUBDAG of G. Let 8" = SU{(vij,v:)|(vi, v;) € KNSFU{(vj,v:), (v, 5, (vij, v)|
(vi,v;) € K — S}. Now clearly S = S"N A. Also (V,5') is a maximal SUBDAG of
G’. This is because:
(a) as (V,S) is a maximum SUBDAG of G and S’ contains S, no arc from A — S
can be added to S’ without creating a dicycle, and
(b) no arc from A’ — (AU S’) can be added to S” without creating a dicycle. To
see this, note that A’ — (AU S") = {(vj,v:), (vj,vij)|(vi,v;) € KNS}, As
both (v;,v;) and (vij,v;) € S, we can not add any arc from A’ — (AU S’) to
S’ without creating a dicycle.
Also by Claim 3.2, |S'| = 3k 4+ 2p — |S]. Since |S| > [S,|, 3k + 2p — |So| =
|S!| > 3k+2p —|S|, which contradicts the assumption that (V’,S”) is a minimum
cardinality maximal SUBDAG of G’.
To show that |A| < 2|S,|, it is enough to observe that as (V,S,) is a maximum
SUBDAG of G, (V,A—S,) is a SUBDAG of G. Hence, |S,| > |A—S,| = |A|—|5,|,
i.e., 2|S,| > |Al. O

Now returning to the proof of Theorem 3.1, note that |S/| = 3k + 2p — |S,| <
3(k+p) — |So| < 6|S,| — |So| = 5|S,|. Also for any maximal SUBDAG (V',5") of
G, [So| = [S] = 15"] = [S5- O

Next we prove results about hardness of approximating MAX-MIN-VC and

MAX-MIN-FVS, using S-reducibility arguments and the results of Hastad con-
cerning MAX-IS, Theorem 2.4 and Theorem 2.5.

Theorem 3.4. Unless NP = ZPP, for any € > 0 there exists no polynomial time
algorithm to approzimate MAX-MIN-VC within a factor of ﬁin%_e, where n is
the number of vertices in an instance.

Proof. Given an instance G = (V, E) of MAX-IS, we construct an instance G’ =

(V' E") of MAX-MIN-VC, where V' = V U [Upey{v!,v?, ... 0"} and B =
EU{{v,v'},{v,v?},...{v,o" " }|v € V}. In other words, G’ is obtained from G

by introducing for each vertex v € V, n+1 additional vertices v!,v2,... , 0"+ and
(n + 1) additional edges {v,v'}, {v,v%},...{v,v" !} to the graph G (for example
see Fig. 2).

We first establish a few claims.

Claim 3.5. A vertex cover S’ C V' of G’ is a minimal VC iff
(a) forv e NV, vi ¢S forany 1 <i<n+1,and
(b) forv eV — 8, {vl 02 . .o"T} C S

Proof. Let S’ be a minimal VC of G’. If v € SNV, then for 1 <i < n+ 1, no v
is in S" as S’ is a minimal VC and v covers the edge {v,v'}. If v € V — S’, then
to cover the edges {v,v'}, 1 <i <n+ 1, S’ must include v*.

Conversely, suppose S’ satisfies (a) and (b) of Claim 3.5. We will show that we
can not drop any vertex from S’ to get a proper subset S” C S’ which is also a
VC of G'. If v € 8’ NV then, as for 1 < i < n+ 1, none of v* is in S’ and none
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FIGURE 2. An instance G of MAX-IS and the corresponding in-
stance G’ of MAX-MIN-VC.

of the edges {v,v'} can be covered by a vertex in S’ other than v, v can not be
dropped from S’. If v € V — S’ then no vertex v* € §', 1 < i < n+1, can be
dropped from S’, as no vertex in S’ — {v*} will cover the edge {v,v'}. O

From the Claim 3.5 it follows that, for any minimal VC S’ C V' of G, there
exists a set S C V such that §' = (V — S) U [Uyes{vt,v?,... ;0" T}

Claim 3.6. Let S be amaximal IS of G. Then S’ = (V—=9)U[Uyes{vt,v?, ... o™ H1]
is a minimal VC of G’.

Claim 3.7. Let S’ be a minimal VC in G’. If V — S’ is not a maximal IS of G,
then there exists a minimal VC S” of G’ such that V' — 5" is a maximal IS of G
and, moreover,

(a) [S"] > [57],
(b) |V = 8" > |V — &' and
(c) [S"]=n(V —5"|+1).

Proof. Note that, for any VC S’ of G', VN S" is a VC of G. Hence, V — S5’ =
V — (VN S’) is an independent set of G. Let S’ be a minimal VC of G’ for which
V' — S’ is not a maximal independent set of G. Then we can always extend (V' —.5")
to a unique maximal IS S of G (in polynomial time) by introducing vertices of G
one by one in the order vy, v, ... , v, while maintaining the independence property.
Hence, S D (V — §’). By Claim 3.6, S” = (V — S) U [Upes{v!,v?, ... ,o" T} is a
minimal VC of G" and |S”| = n(|S| 4+ 1). Now we show that S =V —.S”. For this
first note that S C V as S is a maximal independent set of G. Next, let u € S,
then from the definition of S” it follows that u ¢ S”, so u € V — 5”. Hence,
SCV—-8" Also,ifueV —5" thenu ¢S’ ie. u¢V -5 s0ouesS. Hence,
SOV —-8" Thus S =V — S§”. From this it follows that V — S” is a maximal
independent set of G.
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From Claim 3.5, we have |5'| = |V NS |+ (n+ 1)V - (VNS) =nn+1) -
n|VNS|=n+n|V -5 =n(]V-5+1). Since |S| > |V —5”|, it follows that
[S”] > |S’|. Also (b) and (c) follow from the fact that S =V — S”. O

Claim 3.8. S C V isamaximum IS of G iff ' = (V—S)U[Upes{v!,v?, ... o1}
is a maximum cardinality minimal VC of G’.

Proof. Let S be a maximum IS of G. By Claim 3.6, S’ is a minimal VC of G'. If
S’ is not a maximum cardinality minimal VC of G’, then using Claim 3.7 there
exists a minimal VC S” of G’ such that |S”| > |S’|, S =V — 5" is a maximal IS of
G and |S”| = n(|S|+1). As S| < [S”],]S"| = n(|S| +1) and |S”| = n(|S| + 1), it
follows that |S| < |S|, which is a contradiction. Hence S’ is a maximum cardinality
minimal VC in G.

Let S’ be a maximum cardinality minimal VC of G’. Then by Claim 3.7,
S =V — 8 is a maximal IS of G and |S’| = n(|S]| + 1). We claim that S is a
maximum IS in G. Suppose there exists a maximal IS S* C V of G with |S*| > |5].
By Claim 3.6, S = (V — S*) U [Upes+{v",v2,... ,v""1}] is a minimal VC in G’
and |S| = n(]S*| +1). Since |S*| > |S|, it follows that |S| > |S’|, which is a
contradiction. Hence, S is a maximum IS of G. O

We now complete the proof Theorem 3.4. Let a(G) denote the independence
number and ((G) denote the size of a maximum cardinality minimal VC in G.
Hence, from Claim 3.8, we have 5(G’) = n(a(G) + 1). Now let S’ be any minimal
VC of G'. If V — S’ is a maximal IS of G, then to S’ we associate S =V — 5’
as the feasible solution of MAX-IS for G. If V — S’ is not a maximal IS of G,
then let S” be the minimal VC of G’ corresponding to S’ as in Claim 3.7, so that
S =V —5"is a maximal IS of G and |S’| < |S”| = n(]S| + 1). To this minimal
VC S’ of G' we associate S as the feasible solution of MAX-IS for G. Hence for
any minimal VC S’ of G’ we have

alG) _ malG) GG -n_ BE) n
9] sl 18 —n IS —n [ —n
COBG) IS 1 B@) a(Sl4m) 1
RS
_BG) 1 BE)
57 T e Y
< ﬁ|f9€|>+6|gc’i|>_l <since ﬁéﬁﬁ > 1 and |S|21>
8@ . B@)
< e =HsT

Let N be the number of vertices in G’. Since N = n? + 2n and N < 2n?, for

1 1
l—e ~ N2U79 o N2(79) e 1 ari(l—e)
n > 2. Now, for any ¢ > 0, n > P Yewry > 7 22 > \/§N2 . From

Theorem 2.4, it now follows that, unless NP = ZPP, for any € > 0, there exists no
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polynomial time algorithm to approximate S(G’) within a factor of 5 \/_N 3(1-¢),
where N is the number of vertices in G’. Hence the theorem follows.

We also have:

Theorem 3.9. Unless P = NP, for any ¢ > 0, there is no polynomml time algo-
rithm to approrimate MAX-MIN-VC within a factor of n4 —¢, where n is the
number of vertices in an instance.

Proof. Same as that of Theorem 3.4, and the fact that L N3(0-20) < p3—c. O

Ep

Regarding MAX-MIN-FVS, we have similar results. First we shall consider this
problem for digraphs.

Theorem 3.10. Unless NP = ZPP, for any e > 0, there exists no polynomial time

algorithm to approximate MAX-MIN-FVS, for general digraphs, within a factor of

1_ : o .
%n? €, where n is the number of vertices in an instance.

Proof. We prove this by an S-reduction from MAX-MIN-VC to MAX-MIN-FVS
as follows.

Let G = (V, E) be a graph (an instance of MAX-MIN-VC). Construct an in-
stance G/ = (V’ A’) of MAX-MIN- FVS from G with V' = U,,ev{v}, v} and

A" = [Up,evi(v},v2)} U [U{u,,u,}eE{( 7,07), (vf,vzl)}] In other words, for each

v; €V, G’ has 2 vertlces v}, v? and an arc (v},v?). Also for each {v;,v;} € E G

177

has (vz,v]) and (v? vy, v}). Hence, G’ has 2n vertices and n + 2m arcs. See Figure 3

for an example.

u
v X vl x1
v2 X2
w
w
w2 U—
G=(V, E) G=(V',E)

FIGURE 3. An instance G of MAX-MIN-VC and the correspond-
ing instance G’ of MAX-MIN-FVS.

First we establish two claims.

Claim 3.11. For any C C V,

(1) Cisa VCof G iff F = {v}|v; € C} is an FVS of G'.
(2) C is a minimal VC of G iff F is a minimal FVS of G.
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Proof. (1) Let C be a VC of G. We will show that F'is a FVS of G’. Every dicycle
in G’ contains the sequence of four vertices (v}, v2, vjl,v?) for some {v;,v;} € E.
Since C' is a VC, it follows that at least one of v} and vjl» isin F. Hence, F'is an
FVS of G'.

Conversely, let ' be an FVS of G. Suppose C'is not a VC of G. Then there exists
an edge {v;,v;} € F none of v; and v; is in C. Hence, the dicycle (v}, v2, v}, v]z, v})
isin G’ — F, and hence, F is not an FVS of G’ which is a contradiction.

(2) Let C' be a minimal VC of G. Thus, for any v; € C, there existsav; € V-C
such that {v;,v;} € E. Hence for any v} € F, there is some v; € V — C such that
the dicycle (vil,vf,v},v?,vil) contains one and only one vertex namely v} in F.
Hence F' is a minimal FVS of G'.

Conversely, let F' be a minimal FVS of G’ and suppose C' is not a minimal VC
of G. Let ¢’ C C be a minimal VC of G. By (1), F’ isan FVS of G’ and F’ C F,

which is a contradiction. So C must be a minimal VC of G. O

Claim 3.12. Let F' be any minimal FVS of G’. Then:
(1) for any v; € V, F N {v},v?} is either empty or singleton;

(2) for any v; € V such that F' N {v},v?} # ¢, F' = F — {v},v?} + v} is also a
minimal FVS of G';

(3) there is a minimal FVS F’ of G’ such that |F’'| = |F| and F' = {v}|v; € C}
for some minimal VC C of G such that |C| = |F'|.

Proof. (1) This follows because F is a minimal FVS and every dicycle of G’ con-
tains either both v} and v? or none at all.

(2) If F contains v} then F = F'. If F contains v?, then F/ = F —v? + v} and,
as every cycle in G’ containing v? must contain v} and vice versa, F’ must be a
minimal FVS of G'.

(3) By repeated application of (2), we get a minimal FVS F’ of G’ such that
|F'| = |F| and any vertex v € F’ is v} for some v; € V. Let C = {v;|v} € F'}.
Then F' = {v}|v; € C}. Now by Claim 3.11, as F’ is a minimal FVS of G’, C is
a minimal VC of G. o

Now coming back to the proof of Theorem 3.10, let F,, be a maximum minimal
FVS of G’ and F be any minimal FVS of G’. By Claim 3.12, without loss of
generality we can assume that every vertex in F, (respectively, in F') is of the
form v} for some v; € V. Also by Claim 3.12, C, = {v;|v} € F,}, (respectively,
C = {vilv} € F}) is a maximum minimal VC (respectively, minimal VC) of G,

and |C,| = |Fy| (respectively, |C| = |F|). Hence |‘%"‘ = ‘IZ;O\"

Let N = |V’|. Then N = 2n. Now for any € > 0, ﬁn%_f S mCOL B

iN%_e -2¢ > iN%_E. Hence, by Theorem 3.4, the result follows. O
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We also have:

Theorem 3.13. Unless P = NP, for any ¢ > 0, there exists no polynomial time
algorithm to approximate MAX-MIN-FVS, for general digraphs, within a factor of
ﬁin%’e, where n is the number of vertices in an instance.

Towards MAX-MIN-FVS for general graphs we have:

Theorem 3.14. Unless NP = ZPP, for any € > 0, there exists no polynomial time
algorithm to approximate MAX-MIN-FVS, for general graphs, within a factor of

1_ . . ; .
in2 €, where n is the number of vertices in an instance.

Proof. We shall prove this by establishing an S-reduction from MAX-MIN-VC.
For any given instance of MAX-MIN-VC, i.e. a graph G = (V, E), construct an
instance G’ = (V', E’) from G by introducing a new vertex ¢ and connecting each
vertex of G to t by an edge. Hence in G', V' = VU{t} and E' = EU{(v;, t)|v; € V'}.
Clearly, |[V'| =n+ 1.

Obviously, if C' C V is a minimal VC of G then C is also a minimal FVS of G’.
It can be easily observed that, for any graph G, G’ has a maximum cardinality
minimal FVS without containing the vertex t. Also, if ' C V' is a minimal FVS
of G’ with t ¢ F, then F is a minimal VC of G. From this, it follows that,
if C, is a maximum cardinality minimal VC of G then C, is also a maximum
cardinality minimal FVS of G’. It is important to observe that if F' is a minimal
FVS of G’ with t € F then in polynomial time one can construct an FVS F’ of
G’ with |F| < |F’| and t ¢ F’. Since an optimal solution of MAX-MIN-FVS for
the instance G’ does not contain the special vertex t, without loss of generality,
we can assume that a minimal FVS of G’ does not contain the vertex t. Hence,
this is an S-reduction with the parameter ¢ = 1.

Now, let N = |V’|. Hence N = n+ 1. As N > 2, for any ¢ > 0, we have
(N—-1)z7¢ > \%Né_e. Thus ﬁn%_f > %N%_e. Hence, by Theorem 3.4, the
result follows. O

Similarly we can prove:

Theorem 3.15. Unless P = NP, for any € > 0, there exists no polynomial time
algorithm to approximate MAX-MIN-FVS, for general graphs, within a factor of
ﬁin%’e, where n is the number of vertices in an instance.

4. HARDNESS RESULTS FOR BOUNDED DEGREE GRAPHS

In this section we establish APX-hardness of MIN-FVS and MAX-MIN-FVS
for certain restricted class of undirected graphs. Regarding MIN-FVS, it is known
that it can be solved in polynomial time for all graphs of maximum degree 3 [33],
but it is not known whether MIN-FVS is NP-complete for graphs of maximum
degree 4 or 5. However, as suggested by Fujito [15], it is easy to show that:

Proposition 4.1. MIN-W-FVS-</ is NP-complete and also APX-complete.
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Proof. From a 3-regular graph (an instance of MIN-VC-3) construct a vertex
weighted graph (G’ = (V’, E'), w) of degree at most 4 as follows. V' = VU {vi[1 <
i < 3} B = EUUicicg {{vai1, 0"}, {vzs, v U [{{v", 0" }1 < i < §}], and
w(v) =1 for v € V and w(v) = M for v € V' —V, where M > n is a positive
large integer.

It can be shown that, any FVS F of G’ with w(F) < nis also a VC of G and any
VC C of G is also an FVS of G'. From this, NP-completeness of MIN-W-FVS-<4
follows. Further, as MIN-W-FVS € APX [4], MIN-W-FVS-<4 € APX. Now, if
C, is a minimum VC of G then C, is also a minimum FVS of G’ and they are
of same cost. To an FVS F of G' with w(F) = > .pw(v) > n we assign V as
a vertex cover of G. Hence, from any FVS F of G’ we can construct a VC C of
G such that |C] < w(F). So % < ;U”((}i)). From this it follows that, MIN-VC-3
<ap MIN-W-FVS-<4 with a = 1, and so, MIN-W-FVS-<4 is APX-complete as
MIN-VC-3 is so [1]. O

Next we show that MIN-FVS-6 is APX-complete.
Theorem 4.2. MIN-FVS-6 is APX-complete.

Proof. As MIN-FVS is in class APX [4], it is enough to show that MIN-FVS-6 is
APX-hard. Towards this we will show that MIN-VC-3 < MIN-FVS-6.

Let G = (V, E) be a 3-regular graph. From G construct a 6-regular graph G’ =
(V', E') as follows: for every edge {vi,v;} € E, let Vij = {v};, v3;, v, v, v3;, v, o]
be the set of seven new vertices and H;; = (Vi;, E;j) be the graph obtained
from the complete graph on V;; by removing the edge {vilj, vZJ} Now V/ =V U
[U{Uq‘,,vj}GE’Vij] and B = E U [U{qu,vj}EE[Eij U {{vivvz‘lj}a {’UZ]»,U]‘}}H, see
Figure 4. Clearly G’ is 6-regular.

FIGURE 4. An edge {v;,v;} € E and corresponding subgraph in G’.

Next we establish a few claims. But first note that if F' is an FVS of G’, then
F' contains at least 4 vertices from Vj;.

Claim 4.3. Let F' be any FVS of G’ containing exactly 4 vertices from V;; for
some {v;,v;} € E. Then F must contain either v; or v;.

Proof. If "uilj € F, then then the three vertices vfj,vfj, v;; not in F form a cycle

in G’. Hence, F' can not be an FVS of G’. So vilj ¢ F. By similar argument,

7 ; : 2 03 a4 o5 .6
one can show that vf; ¢ F. Hence, ' contains 4 vertices from v}, vy}, vi;, v}, vp);-
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Let vfj ¢ F for some 2 < | < 6. Since F is an FVS of G and the vertices
Vi, ’uilj, ’uéj, ’qu, v; form a cycle in G’, F' must contain either v; or v;. O

To an FVS F of G’, we associate the set C' of vertices in G defined as C =
(FQV)U{’Ui | |Fﬂ‘/;]| Z5andz<]}

Claim 4.4. C'is a VC of G and |F| > |C| + 4|E| = |C| + 6n.

Proof. If C is not a VC of G, then there exists {v;, v;} € E such that CN{v;,v;} =
¢. By the definition of C, it follows that |[FF N V;;| < 4 and F N {v;,v;} = ¢. If
|F'NVi;| <4, then F is not an FVS of G/, so |[FF'NV;;| = 4. By Claim 4.3, F' must
contain either v; or v;. Otherwise F' can not be an FVS of G’. This contradicts
that F N {v;,v;} = ¢. Hence, C is a VC of G.

Now |F| =4|E|+ |[FNV|+ {v; | |[FNV;;| > 5,i < j}|, as F contains at least
4 vertices from V;; for each {v;,v;} € E, and for the edges {v;,v;} € E such that
|F'NV;j| > 5, F contains at least one more vertex from V;; in addition to 4 vertices
already considered. Hence, |F| > |C| + 4|E| = |C| + 6n as G is a 3-regular and
|E| = 2n. a

Claim 4.5. For any VC C in G, the set F = C'U{v;, v}, v}, v};|{vi, v;} € E} is
an FVS of G’ such that C = FNV and |F| = |C| + 6n.

Proof. Take any cycle K in G’. If K is a cycle in GG, then K has a vertex in
C C F. Hence, F breaks all cycles in G. If K contains a vertex in G’ and if K
contains none of vgj, vf’j, vfj, vfj for any {v;,v;} € E, then it must contain both v;
and v;, and so K has a common vertex with C' C F. Thus every cycle K in G’
intersects F'. So F'is an FVS of G'.

Clearly, C = FNV and so |F| = |C| + 6n. O

Claim 4.6. If F, is a minimum FVS of G’, then the associated set C, is a mini-
mum VC of G and |Fy,| = |Cy| + n.

Proof. Let C, be the VC of G associated with F,, and F be the FVS of G’
associated with C, as constructed in proof of Claim 4.5. Then |F,| > |C,| 4+ 6n =
|F'|. But as F, is a minimum FVS of G’, equality holds, i.e., |F,| = |Co| +n. From
this it follows that C, is a minimum VC of G. O

Now to complete the proof of Theorem 4.2, first note that, any VC C in a
3-regular graph G contains at least & vertices. To see this, if possible let |C] < 3.
Then note that V' — C' is an IS of G and the number of edges between V' — C and
Cis 3|V — C| = 3n—3|C| > 2n, the number of edges in G, which is not possible.

Now note that |F,| = |C,| + 6n < |C,| + 12|C,| = 13|C,|. Hence, the first
inequality of L-reduction holds with @ = 13. Next, for any FVS F of G', |F| —
|EFy) > |C| +6n —|Co| — 6n = |C| — |C,l]. So the second inequality of L-reduction

holds with g = 1. O
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Next we shall consider MAX-MIN-FVS. Before that we note the following:
Lemma 4.7. For any FVS F of a 6-reqular graph G = (V, E), |F| > %n

Proof. Observe that, G has 3n edges and the subgraph G[V — F] induced by V — F,
is a forest. Since G[V — F| has at most n — |F| — 1 edges and the number of edges
removed by removing F' is at most 6|F|, we have 3n — 6|F| < n — |F| — 1, i.e.
|F| > 2n. O

Theorem 4.8. MAX-MIN-FVS-<9 is APX-hard.

Proof. Let G = (V, E) be a 6-regular graph. Construct a graph G' = (V' E’)
of degree at most 9 as follows: V/ = V U {v!,v2,v*lv € V} and B/ = E U
{(v,v1), (v,0?), (v,03), (v1,v?), (v}, v3) |[v € V} (see Fig. 5).

v3 v2

v vl

FIGURE 5. A vertex v in G and its corresponding neighbors in G'.

Let F be any minimal FVS of G’. Note that, for any v € V — F, F contains
either v! or both v? and v®. Further, if v € F NV, then F N {v!,v% 03} = ¢.
To F we associate C = F'NV, which is clearly an FVS of G. Note that |F| <
|C|+2|V —F|=|C|+2|V—-C|=2n—|C]|.

If C is an FVS of G, then we show that F = CU{v?,v3|v € V —C} is a minimal
FVS of G’ and |F| = 2n — |C|. Clearly F is an FVS of G'. F is a minimal FVS
of G’ as (a) any v € C' can not be dropped from F as {v!,v?,v3} N F = ¢ and
G'[{v,v!,v?,v3}] contains cycles; and (b) for any v € V —C, none of v? and v3 can
be dropped from F as G’[{v,v!,v?}] and G'[{v,v!,v3}] contain cycles. Obviously
|F| =2n—|C|.

Let F, be a maximum minimal FVS of G’ and C, = F, N V. We claim that
|F,| = 2n — |C,|. For, if |F,| < 2n — |C,|, then F = C, U {v?, v3jv € V — C,} is
a minimal FVS of G’ with |F| = 2n — |C,| > |F,| contradicting the assumption
that I, is a maximum minimal FVS of G’. Next we claim that C, is a minimum
FVS of G. If possible, let C' be an FVS of G with |C| < |Cy|. Then F =
C U {v}v3lv € V — C} is a minimal FVS of G’ with |F| = 2n — |C|. But as
|C| < |Cyl, |F| = 2n—|C| > 2n — |C,| = |F,|, which is a contradiction to our
assumption that F, is a maximum minimal FVS of G’.

Now, |F,| = 2n — |Cy| < 5|Cy| — |Co| = 4|C,|, (by Lem. 4.7). So, the first
inequality of L-reduction holds with @ = 4. Next, for any minimal FVS F of
G, |Fo| — |F| > 2n — |Co| — 2n + |C] = |C| — |C,|. So the second inequality of
L-reduction holds with g = 1. O
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Next we shall consider MAX-MIN-VC. First we have the following two simple
lemmas:

Lemma 4.9. For any 3-reqular graph G = (V, E) and any mazimal IS I in G,
1] > 11V

Proof. Let I be any maximal IS of G. Then the subgraph G[V —I] of G induced by
V —1 is of degree at most 2. Thus G[V —I] contains at most |V —I| edges. Thus the
number of edges in G is bounded above by 3|I|+ [V —I|. Hence 3|V| < |V|+2|1],
pe, M < 1| O
e, o <.

Lemma 4.10. MAX-MIN-VC is k-approximable for graphs of mazimum degree
k, k> 1, and having no isolated vertex.

Proof. Let G = (V, E) be any graph of maximum degree k, k > 1, and having
no isolated vertex. We show that any minimal VC C of G is a k-approximable
solution for MAX-MIN-VC. A minimal VC of G can be obtained by the simple
algorithm:

begin
c=V;
while there exists v; € C such that N(v;) N (V — C) = ¢ do
C=C—-w;
od
end

where N(v;) = {v;|{vi,v,;} € E}.

Claim 4.11. For any minimal VC C of G, |C| < kkfl, where n = |V|.

Proof. As C is a minimal VC of G, V — C is a maximal IS of G. Also as V — C
is a maximal IS of G and G has no isolated vertices, for any v; € V — C, v; is not
adjacent to any w € V — C, but is adjacent to some v; € C. Let S,, = {v; €
CH{vi,v;} € E}, forv; € V—C. Then C = Uy, ev—cSy,. Clearly, Uy, ev—cSy, C C.
Conversely, let v; € C, then there exists v; € V — C such that {v;,v;} € E and so
vj € Sy,. Hence C C Uy, cv—cSy,. Therefore, |C| < ZU,‘,EV—C ISy, | <KV = C| <

nk — k|C|. So |C|§%. O
Claim 4.12. For any VC C of G, |C| > 35.

Proof. AsV —(C is an IS of G and G has no isolated vertices, for any v; € V — C|
v; is not adjacent to any v, € V — C but must be adjacent to some v; € C. Let
Sv; = {vi € V= CH{vi,v;} € B}, for v; € C. Then V — C = Uy,ecS,;. Hence,

EIC| > |V = C, ie. [C| > 5. O
Let C, be a maximum cardinality minimal VC of G. By Claim 4.11, |C,| < %,
and so by Claim 4.12, |‘%"‘ <k. O

Now we have:

Theorem 4.13. MAX-MIN-VC-<5 is APX-complete.
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Proof. Since MAX-MIN-VC is in class APX for bounded degree graphs (Lem. 4.10)
and MAX-IS-3 is APX-complete [1], it is enough to show that MAX-IS-3 <; MAX-
MIN-VC-<5.

Let G = (V, E) be a 3-regular graph. From G construct G’ = (V', E’) of degree
at most 5 as follows: V! = VU[U,ey {v!,v?}] and E' = EU[Uyey {{v, v}, {v,v?}}]
(see Fig. 6 for an example).

FIGURE 6

As in the proof of Theorem 3.4, we can prove the following;:

(1) Any VC C of G’ is a minimal VC of G’ iff
(a) veCNV = vlv? ¢ C and
(b) ve (V-C)= {vl,v?} CC.
Moreover, any minimal VC C of G is of the form C = (V —I)U[Uyer{v!, v?}],
for some IS I of G where I =V — (C NV). The IS I of G defined above is
the IS of G associated with the minimal VC C of G.
(2) C is a minimal VC of G’ iff the associated I is a maximal IS of G, with
IC| = |I| +n.
(3) C, is a maximum cardinality minimal VC of G’ iff the associated I, is a
maximum IS of G, with |C,| = |I,| + n.
Now, |Cy| = || + n < || 4+ 4|I,] = 5|1, (by Lem. 4.9), so that, the first
inequality of L-reduction holds with o = 5. Next, for any minimal VC C of G,
|Col = |C| = |Io| +n — |I| = n = |I,| = |I|, so that, the second inequality of
L-reduction holds with g = 1. O

5. HARDNESS RESULTS FOR BOUNDED DEGREE DIGRAPHS

We know that MIN-FAS is APX-hard [24] and MAX-SUBDAG is APX-complete
[28] for general digraphs. In this section, we show that these problems remain
APX-hard even for k-total-regular digraphs for all & > 4. We also show that
MIN-MAX-SUBDAG is APX-hard for digraphs of maximum total degree 12 and
MAX-MIN-VC is APX-hard for graphs of maximum degree 5. Regarding MIN-
FAS, we first prove the following;:
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Lemma 5.1. MIN-FAS-k <; MIN-FAS-(k+1), for all k> 1.

Proof. We construct in polynomial time, from a k-total-regular digraph G =
(V,A), a (k + 1)-total-regular digraph G’ = (V’, A’) where V' = {v!,v*|v € V}
and A" = {(ul,0!), (u?,v?)|(u,v) € A} U {(v},v?)|v € V}. We shall denote
Vi={v'|lv € V} and A" = {(u?,v")|(u,v) € A}, for i = 1,2. From a minimal FAS
S’ of G’ construct a minimal FAS S of G as follows: S = {(u,v)|(ut,v!) € St}
where without loss of generality we assume that S’ = S' U S? with S! and S? are
minimal FASs of G! = (V!, A!) and G? = (V2, A?) respectively, and |S!| < |S?|.
It is easy to see that, if S? is a minimum FAS of G’, then the corresponding S, is a
minimum FAS of G and |S/| = 2|S,|. Further, for any minimal FAS S’ = St U S?
of G/, with |SY < [S?], |S7] — |SL] = || + |So| — 2]Se] > 2(]S"| — |S,|) so that
IS| = 1S, < 4(|8"] = |S,]). Thus, the two inequalities of L-reduction hold with
a=1and g = % O

We now have the following:
Theorem 5.2. MIN-FAS-k is APX-hard for all k > 4.

Proof. By Lemma 5.1, it is enough to show that MIN-FAS-4 is APX-hard. For
this we show that MIN-VC-3 <; MIN-FAS-4.

We construct in polynomial time, from any 3-regular graph G = (V, E)) a 4-total-
regular digraph G’ = (V’, A’) where V' = {v!,v?|v € V} and A’ = {(v!,0?)|v €
VU {(u?vY), (v?,ut){u,v} € E}. Clearly, G’ is a 4-total-regular digraph. For
an example see Figure 3. For each FAS F of G’ we associate a VC C' of G defined
as C = {v| either (u?,v!) € F or (v!,v?) € F}. Further, C is a VC of G with
|C| < |F|. For every edge {u,v} € E, as (u',u?,v!,v?,ul) is a dicycle in G’, F
must contain at least one arc from this dicycle, and so, C' must contain either u
or v. Hence, C is a VC of G, and by the construction of C' from F', |C| < |F|.

Next we show that if F, is a minimum FAS of G’, then the associated VC C,, of
G is a minimum VC of G and |F,| = |C,|. As F, is a minimum FAS of G, without
loss of generality we may assume that F, contains arcs only of the form (v!,v?)
for some v € V. For, if F, contains arcs of the form (u?,v'), then F obtained
from F by replacing any such arc (u?,v!) by (v!,v?), we have F an FAS of G’
with |F)| < |F,|. Hence, C, = {v|(v!,v?) € F,}. If C, is not a minimum VC of G,
let C' be a minimum VC of G. Now F = {(v!,v?)|v € C} is an FAS of G’. If not,
let K be a cycle in G’ without containing any arc of F. Let (u?,v!) be an arc in
K. Then both (v!,v?) and (u',u?) are in K. Hence, u,v ¢ C, but {u,v} € E as
(u?,v') € K C A’. This implies that C is not a VC of G, which contradicts our
assumption. Hence F' must be an FAS of G’. But then |F| = |C| < |Cy| = |Fyl,
which contradicts that F, is a minimum FAS of G’. Hence, C, is a minimum VC
of G.

Also, |Fy| = |Co| and for any FAS F' of G', |C| — |C,| < |F| — |Fo|. So the
transformation from G to G’ is an L-reduction with a =1 and 8 = 1. O

Similarly, for MAX-SUBDAG, we first prove the following;:
Lemma 5.3. MAX-SUBDAG-k < MAX-SUBDAG-(k+1).
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Proof. From a k-total-regular digraph G = (V, A) construct a (k+ 1)-total-regular
digraph G’ = (V', A’) as constructed in the proof of Lemma 5.1. We shall use
the notations used in the proof of Lemma 5.1 and let B = {(v!,v?)|v € V}. Let
S = {(u,v)|(ut,v!) € S} where without loss of generality we assume that S’ =
S1US2UB and |St| > |S?] and (V) S?) is a maximal SUBDAG of G?, for i = 1, 2.
Clearly, (V, S) is a maximal SUBDAG of G. Now, if S/ is a maximum SUBDAG of
G', S! = S1US2UB, then note that |S}| = |S2%| and S, = {(u,v)|(ul,v!) € Sl}isa
maximum SUBDAG of G. Also, |S)| = 2|S,|+|B| = 2|So|+n < 2|S,|+|A| < 4]S,],
since |A| < 2|S,|. So, the first inequality of L-reduction holds with o = 4. Next
for any maximal SUBDAG (V’,S") of G’, |S!| — |S'| = |SL| +|S2%| + |B| — |St| —
|S?| — |B| = |SY + |S2| — |SY — |S?| > [Ss] — |S|- So, the second inequality of
L-reduction holds with g = 1. O

We now prove the following;:
Theorem 5.4. MAX-SUBDAG-k is APX-complete for any k > 4.

Proof. By Lemma 5.3, it is enough to show that MAX-SUBDAG-4 is APX-hard.
For this we show that MIN-VC-3 <; MAX-SUBDAG-4.

Let G = (V, E) be any 3-regular graph. From G we construct a 4-total-regular
digraph G’ = (V', A’) as constructed in Theorem 5.2. To each SUBDAG (V’,5”)
of G', we associate a VC of G, C defined as C = {v] either (u?,v!) € A’ — 5" or
(vt v?) € A’—8'}. Cis indeed a VC of G. If C is not then there exists {u,v} € E
for which both v and v are not in C. For this edge {u,v}, G’ contains the cycle
{(u?,vh), (v, v?), (v, ub), (ut,u?)}. As none of u and v is in C, A’ — S’ does not
contain any of the arcs in this cycle. So, A’ — S’ is not an FAS of G/, which is a
contradiction. Further, note that |A’| = 2|E|+n, |C| < |[A' = 5’| = 2|E| +n— |5’
which implies that |S'| < 2|E|4+n — |C].

Now, if (V/,S!) is a maximum SUBDAG of G’, then the VC C, of G associated
with it is a minimum VC of G and |S!| = 2|E| 4+ n — |C,|. To see this, note that
A’ — 8! is a minimum FAS of G’. So by the proof of Theorem 5.2, C, is a minimum
VCof G and |C,| = |A — S)| =2|E| +n — |S)|.

Next note that, any VC C in a 3-regular graph G contains at least 5 vertices
(see proof of Th. 4.2). Now, |S/| =2|E|+n—|Co| =3n+n—|C,| =4n —|C,| <
8|Co| — |Co| = 7|C,|. So the first inequality of L-reduction from G to G’ holds
with o = 7.

Next, for any SUBDAG (V',S") of G', S]] —|S’| = |A"| — |S'| — |A'| + |S)| =
|A" =S| —|A"= 5| > |C|—]|C,|. Hence the second inequality of L-reduction holds
with g = 1. O

Regarding MIN-MAX-SUBDAG, we have the following easy theorem:
Theorem 5.5. MIN-MAX-SUBDAG-<12 is APX-hard.

Proof. In the proof of Theorem 3.1, we constructed an instance G’ of MIN-MAX-
SUBDAG from an instance G of MAX-SUBDAG in such a way that if G is 4-
total-regular then, every vertex in G’ is of total degree at most 12. Since MAX-
SUBDAG-4 is APX-complete, the result follows. O
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Finally, we have:
Theorem 5.6. MAX-MIN-FVS-<6, for digraphs, is APX-hard.

Proof. In the proof of Theorem 3.10, we constructed an instance G’ of MAX-MIN-
FVS, for digraphs, from an instance of G of MAX-MIN-VC in such a way that
if G is of degree at most 5, then G’ is of total-degree at most 6. Since MAX-MIN-
VC-<5 is APX-complete it follows that MAX-MIN-FVS-<6 is APX-hard. O

6. CONCLUDING REMARKS

In this paper we have established hardness results for several NP-optimization
problems related to MINLOP. These problems are variations or generalizations of
well-known NP-optimization problems on graphs/digraphs. While for MAX-MIN-
VC and MAX-MIN-FVS we have established strong results like those of Hastad [18]
concerning MAX-IS and MAX-CLIQUE, for others we have just shown them to be
APX-hard. Whether strong results about hardness of approximating such prob-
lems can be obtained is worth investigating. Despite such negative results, efforts
may be made to obtain useful positive results giving efficient algorithms which
may be f(n)-approximate for suitable function f(n). Also, we do not have any re-
sults about MAX-MIN-FAS problem similar to MAX-MIN-FVS. These and other
relevant issues concerning these problems are being pursued.
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