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Abstract

It has been a challenging open problem whether there is a polynomial time approximation
algorithm for the VERTEX COVER problem whose approximation ratio is bounded by a constant
less than 2. In this paper, we study the VERTEX COVER problem on graphs with perfect
matching (shortly, VC-PM). We show that if the VC-PM problem has a polynomial time
approximation algorithm with approximation ratio bounded by a constant less than 2, then so
does the VERTEX COVER problem on general graphs. Approximation algorithms for VC-PM
are developed, which induce improvements over previously known algorithms on sparse graphs.
For example, for graphs of average degree 5, the approximation ratio of our algorithm is 1.414,
compared with the previously best ratio 1.615 by Halldorsson and Radhakrishnan.
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1 Introduction

Approximation algorithms for NP-hard optimization problems have been a very active research in
recent years. In particular, the study of approximability for certain famous NP-hard optimization
problems has achieved great success. For example, now it is known that the polynomial time
approximability for the MAX-3SAT problem is exactly 8/7, based on the lower bound derived by
Hastad [9], and the fact that a random truth assignment satisfies, on average, 7/8 of the optimal
number of satisfiable clauses [13].

On the other hand, some other famous NP-hard optimization problems still resist stubbornly
improvements. A well-known example is the VERTEX COVER problem. A very simple approx-
imation algorithm based on maximal matchings gives an approximation ratio 2 for the VERTEX
COVER problem. However, despite long time efforts, no significant progress has been made on this
ratio bound. It has become an outstanding open problem whether there is a polynomial time ap-
proximation algorithm for the VERTEX COVER problem whose approximation ratio is bounded by
a constant less than 2. On the other hand, the best lower bound for the ratio is 10v/5 — 21 ~ 1.360,
which was derived by Dinur and Safra [5].

Considerable efforts have been made on trying to improve the upper bound on the approxima-
bility for the VERTEX COVER problem. Hochbaum [10] presented an algorithm of approximation
ratio 2 — 2/d for graphs of degree bounded by d. Monien and Speckenmeyer [15] improved this
bound to 1— (loglogn)/(2logn). The same bound was also achieved independently by Bar-Yehuda
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and Even [1], whose result is also applicable to the weighted vertex cover problem. However, no
further progress has been made on this bound for the last one and a half decades. For the VERTEX
COVER problem on sparse graphs, Berman and Fujito [2] presented an approximation algorithm for
graphs of degree bounded by 3, whose approximation ratio is bounded by 7/6 + e. Halldérsson [7]
developed an algorithm of ratio 2 —log d/d(1 + €) for graphs of degree bounded by d. On graphs of
average degree d, Hochbaum [10] has studied the approximation algorithms for the INDEPENDENT
SET problem. Halldérsson and Radhakrishnan [8] further improved Hochbaum’s algorithm. Under
the assumption that a minimum vertex cover of the input graph contains at least half of the vertices
in the graph, Halldérsson and Radhakrishnan’s algorithm implies an algorithm of approximation
ratio (4d + 1)/(2d + 3) for the VERTEX COVER problem on graphs of average degree d.

For general graphs, no polynomial time approximation algorithms have been developed for
the VERTEX COVER problem whose approximation ratios are bounded by a constant less than 2.
Hochbaum has once conjectured that no such approximation algorithm exists [10]. Motivated by
these facts, we study in the current paper the VERTEX COVER problem on graphs with perfect
matching (or shortly, the VC-PM problem). The VERTEX COVER problem and graph matching
are closely related. In fact, the maximum matching problem is the dual problem of the minimum
vertex cover problem when they are given in their integer linear programming forms. We first
show that unless P = NP, the VC-PM problem cannot be approximated in polynomial time to
a ratio 5v/5 — 10 — € ~ 1.180 — ¢ for any constant ¢ > 0. We then show that if the VC-PM
problem has a polynomial time approximation algorithm with approximation ratio bounded by a
constant less than 2, then so does the VERTEX COVER problem on general graphs. Approximation
algorithms for the VC-PM problem are then investigated, with its close relation to the MAX-2SAT
problem. A polynomial time approximation algorithm is developed for the VC-PM problem, which
induces improvements over previous algorithms for the VERTEX COVER problem on sparse graphs.
For example, for graphs of average degree 5, the approximation ratio of our algorithm is 1.414,
compared with the previously best ratio 1.615 by Halldérsson and Radhakrishnan [8].

We note that after the publication of a preliminary version of this paper, there was a very recent
improvement on these results by Chlebik and Chlebikové [3], who showed that the VERTEX COVER
problem and the VC-PM problem have the same inapproximability threshold (Theorem 1, [3]).

2 Preliminaries

We briefly review the related terminologies and previous results used in this paper. Let G = (V| E)
be a graph. A wvertex cover C for G is a set of vertices in GG such that every edge in E has at least
one endpoint in C. An independent set I in G is a set of vertices in G such that no two vertices
in I are adjacent. It is easy to see that a set C' C V is a vertex cover for G if and only if the
complement set V' — C' is an independent set in G. The VERTEX COVER problem is to construct
for a given graph a vertex cover of the minimum number of vertices, and the INDEPENDENT SET
problem is to construct for a given graph an independent set of the maximum number of vertices.
Both VERTEX COVER and INDEPENDENT SET are well-known NP-hard problems [12].

A matching M in a graph G = (V, E) is a set of edges in G such that no two edges in M
share a common endpoint. A vertex is matched if it is an endpoint of an edge in M, and is
unmatched otherwise. A matching M in G is mazimal if no edge can be added to M to make a
larger matching. A matching M is mazimum if no matching in G is larger than M. The MAXIMUM
MATCHING problem is to construct for a given graph a maximum matching. A graph G of n vertices
has a perfect matching if G has a matching of n/2 edges. Given a matching M in a graph G, an



augmenting path in G (with respect to M) is a simple path {ug,u1,...,usx+1} of odd length such
that uo and ugg41 are unmatched, and the edges [ug;—1,u], ¢ = 1,...,k, are in the matching M.
It is well-known that a matching M is maximum if and only if there is no augmenting path in G
with respect to M. The MAXIMUM MATCHING problem can be solved in time O(m+/n) [14]. In
particular, it can be tested in time O(m+/n) whether a graph has a perfect matching.

The current paper will concentrate on the VERTEX COVER problem on graphs with perfect
matching. Formally, the VC-PM problem is, for a graph G with perfect matching, to construct
a minimum vertex cover for G. It is not difficult to prove, via a standard reduction from the
4-SATISFIABILITY problem, that the VC-PM problem is NP-hard.

Let G = (V. E) be a graph. For a subset V' C V of vertices in G, denote by G(V’) the subgraph
induced by V’. That is, the vertex set of the subgraph G(V') is V', and an edge e in G is in G(V)
if and only if both endpoints of e are in V. We denote by Opt(G) the size of the minimum vertex
cover for the graph GG. The importance of the following proposition, due to Nemhauser and Trotter
[16], to the approximation of the VERTEX COVER problem was first observed by Hochbaum [10].

Proposition 2.1 (NT-Theorem) Given a graph G, there is an O(m+/n) time algorithm that
partitions the vertex set of G into three subsets Iy, Cy, and Vy such that
(1) OpHG(Ve) > [Vil/2; and
(2) for any vertex cover C of G(Vp), C Uy is a vertex cover of G satisfying
cual _ [
Opt(G) ~ Opt(G(Vo))

According to the NT-Theorem, the approximation ratio on vertex cover for the graph G(Vj)
implies an equally good approximation ratio on vertex cover for the original graph G. Thus, we only
need to concentrate on approximating vertex cover for the graph G(V}), for which the minimum
vertex cover has a lower bound |Vj|/2.

We say that a graph G is everywhere k-sparse if for any subset V' of vertices in G, the number
of edges in the induced subgraph G(V') is bounded by k|V’|. For a graph G of n vertices and m
edges, we define the average degree d of G by d = 2m/n.

3 On the inapproximability of VC-PM

Theorem 3.1 Unless P = NP, the VC-PM problem has no polynomial time approximation algo-
rithm with ratio 5v/5 — 10 — € ~ 1.180 — € for any constant € > 0.

PrRoOOF. Suppose to the contrary that there is a polynomial time approximation algorithm A,,,
of ratio 7 = 5v/5 — 10 — € for the VC-PM problem, where € > 0 is a constant. We show that this
would imply a polynomial time approximation algorithm of ratio 10/5 — 21 — ¢ for the VERTEX
COVER problem on general graphs for some constant § > 0, which, using [5], would imply that P
= NP.

Let G be a graph with n vertices. By the NT-Theorem, we can assume that Opt(G) > n/2.
Construct a maximal matching M for G. Let I be the set of the unmatched vertices. Then [ is an
independent set in G. Let s = |I]. Since Opt(G) > n/2, we have s < n/2. Introduce a new clique
@ of s vertices (@ is disjoint with G). Pair the vertices in @ and the vertices in I arbitrarily, and
connect each pair by a new edge. Let the resulting graph be G+. The graph G4 has n + s vertices,
and has a perfect matching. Moreover, it is easy to verify that

Opt(G)+s—1< Opt(G4) < Opt(G) + s. (1)



Now apply the approximation algorithm A,,, on the graph G, we get a vertex cover C for
the graph G1. By our assumption, |C4|/Opt(G+) < r. Remove all vertices in C4 N Q from C,
we get a vertex cover C for the graph G. Since C'y contains at least s — 1 vertices and at most s
vertices in (), we have

IC|+s—1<|C4| <|C|+s. (2)

Consider the approximation ratio for the vertex cover C' for the graph G:

€1 [Cel=s4+1 || = Opt(Gy) +1
Opt(G) — Opt(Gy)—s Opt(G4) — s
(IC+1/0pt(Gy)) — 1+ (1/0pt(G+))
1= (5/0pt(G-))
r—14(1/0pt(G4))

= TG jon6)
< 14 r—1+ (1/Opt(G+))
- 1—((Opt(G1) —n/2+1)/0pt(G4)
_ g4 r= 14+ /O0pt(GY))) - Opt(Gy)
(n/2) -1

(r—1+4+(1/0pt(G4))) - n
< 1+ /2 1 +
B Gl s (1/0_27;(G+)))(2n)
IR Gl s (1/0npt_(C2?+)))(2n —4) _ Alr-1 +Tfl_/§pt(G+)))
= 14200 —1)+ Opt(2G+) LA +Tfl_/§pt(G+)))' 3

The first inequality follows from the relations (2) and (1), the second inequality is true due to
the assumption |C1|/Opt(G1) < r. The third inequality follows from (1) since we have s <
Opt(G1) — Opt(G) + 1, and from our assumption Opt(G) > n/2. The fourth inequality is true
because the vertices in @) plus the vertices in M obviously make a vertex cover for the graph G,
so Opt(G4) < 2|M| +1Q| = n.

Since r = 5v/5 —10 — €, we have 14 2(r — 1) = 10v/5 — 21 — 2¢. Now for n sufficiently large, and
observing that Opt(G,) > n/2+ s — 1, we conclude from (3) that |C|/Opt(G) < 10v/5 — 21 — § for
some constant 6 > 0. This, according to [5], would imply that P = NP. O

Similar results to those of Theorem 3.1 also hold for the VC-PM problem on graphs of bounded
degree and on everywhere sparse graphs.

Theorem 3.2 For any constant € > 0, there is a constant B such that unless unlikely consequences
occur in complezity theory, there is no polynomial time approximation algorithm with ratio 13/12—e
for the VC-PM problem on graphs of degree bounded by B nor on everywhere B-sparse graphs.

PrOOF. By Clementi and Trevisan [4], for any € > 0, there is a constant B, such that unless P =
NP, there is no polynomial time approximation algorithm with ratio 7/6 —e for the VERTEX-COVER
problem on graphs of degree bounded by B, and that unless NP = co-RP, there is no polynomial
time approximation algorithm with ratio 7/6 — € for the VERTEX-COVER problem on everywhere
Be-sparse graphs.



The proof now goes in exactly the same logic as that for Theorem 3.1 except that instead of
introducing a single new clique @ of size s, here we introduce s/B. cliques of size B.. It is easy to
see that if the original graph is of degree bounded by B (resp. everywhere Be-sparse), then the
new graph G is of degree bounded by B¢+ 1 (resp. everywhere (B¢ + 1)-sparse). The analysis for
the approximation ratio goes through with straightforward modifications. O

4 Vertex Cover and VC-PM

In this section, we study the relation between approximating the VC-PM problem and approxi-
mating the VERTEX COVER problem on general graphs. We show that in order to overcome the
bound 2 approximability barrier of the VERTEX COVER problem for general graphs, it suffices to
overcome this barrier for the VC-PM problem.

Theorem 4.1 If the VC-PM problem has a polynomial time approzimation ratio r < 2, then the
VERTEX COVER problem on general graphs has a polynomial time approximation ratio (r + 2)/2.

PRrOOF. Suppose that there is a polynomial time approximation algorithm A,,, of approximation
ratio r for the VC-PM problem.

Given a graph G = (V, E), where |V| = n, according to the NT-Theorem, we can assume
Opt(G) > n/2. Pick any maximal matching M in G. Let Vj; be the set of vertices that are
endpoints of the edges in M, and let I = V — Vj;. Since M is a maximal matching, I is an
independent set and Vi is a vertex cover for G. Moreover, it is also easy to see that if Cys is a
vertex cover for the graph G(Vs), then Cp U T is a vertex cover for the graph G.

Let ¢ = (2 —r)/4. Consider the following algorithm: if |I| > c¢n, then return Vjs, while if
|I| < cn then call the algorithm Ay, on the graph with perfect matching G(Vas) to get a vertex
cover Oy for the graph G(Vj) and return Cpy U I.

This algorithm obviously constructs a vertex cover C' for the graph G. In case |I| > cn, we have

Il |V _n—|I\<n—cn_2_2C_r—|—2
Opt(G)  Opt(G)  Opt(G) = nj2 2
On the other hand in case |I| < ¢n, since Opt(G(Vyr)) < Opt(G), we have
Cl [Cu| + 11| [Cu] 1| cn r+2
Opi(G) — Opt(@) ~ Opi(G(vVan) T opt@) =" T T T
This completes the proof. L]

In particular, if the VC-PM problem has a polynomial time approximation ratio r» < 2 for a con-
stant r, then the VERTEX COVER problem on general graphs has a polynomial time approximation
ratio (r +2)/2 < 2.

In the following, we present a better approximation algorithm for the VERTEX COVER problem
via approximating the VC-PM problem, which will also be used when we consider approximating
the VERTEX COVER problem on everywhere sparse graphs.

Let M be a maximum matching in a graph G. For each matched vertex v in M, we will denote
by «’ the partner of w in M (i.e., [u,u’] € M). Note that the set Ip; of the unmatched vertices is
an independent set in G.

Definition Let M be a maximum matching in a triangle-free graph G, and let Ij; be as above.
Define the following sets.



Figure 1: Illustration of the sets I}, I, T'(I},), I'(I},), N(I};), and N'(I};)

e [, is the subset of unmatched vertices w in Is such that there are two edges [u, u'] and [v, V']
in M and (w,u,u,v',v,w) is a 5-cycle.

o I}y =TIy —Ij.

e I'(I),) is the set of matched vertices u such that a vertex w in Iy, and two edges [u, '] and
[v,9'] in M make a 5-cycle (w,u,u, v, v, w).

e N(I},) is the set of matched vertices u such that [z, u] is an edge in G for some z € I},.
o I'(I,) ={v | [u,v/] € M and u € T'(I},)}.
o N'(I{,) ={v | [u,u'] € M and u € N(I},)}.

See Figure 1 for illustration, where thicker lines are edges in the matching M.

We first list a number of properties for these sets. Note that since the matching M is maximum,
there is no augmenting path in the graph G with respect to M.

Fact 1. The six sets I}, I}, T'(I},), I'(I},), N(I},), and N'(I};) are mutually disjoint.

By the definitions, each of the sets I}, I}, is mutually disjoint with all the other five sets. For
a vertex u in I'(I},) with a 5-cycle (w, u,u’,v',v,w), where w € Iy, we show that vertex u cannot
be in any other set: (1) u € N(I};) would imply an augmenting path (w,v,v’,u’,u, z), for some
z € Iy, (2) we N'(If;) implies that ' € N(I};) and (w,u,u, z) would be an augmenting path,
for some z € I}j;; and (3) u € I"(I},) implies v’ € T'(I);) so (w,u, v, w") would be an augmenting
path, for some w’ € I}, (note that w’ # w since the graph G is triangle-free). Summarizing all
these, we conclude that the set I'(1},) is disjoint with all the other five sets. Similarly, we can show
that each of the sets I'(I},), N(I},), and N’(I};) is disjoint with all the other five sets.

Fact 2. Let w; € I); with a 5-cycle C; = (w1, uy, u},v],v1,w1) and we € I, with a 5-cycle
Cy = (wa, ug, uh, vh, va, wa). If w1 # ws then the 5-cycles C7 and Cy are disjoint.

This is true because, for example, if u; = wug, then there would be an augmenting path
(w1, uy, ul, vh, va, wa).

Fact 3. 2/1}] < [P(Ty)| = [['(4,)], and [N(I{)| = [N(I4))].

The equalities [['(I},)] = [I"(I},)| and |N(If;)| = |N'(I},)| follow from the definitions and the
disjointness of the sets, and 2|I},| < |T'(I},)| follows from Fact 2.

Fact 4. The sets I}, I'(I};), and N'(I};) are all independent sets in G.

The set I}, is an independent set since I}, is a subset of the independent set Ip;. Let
wp € I'(I};) with a 5-cycles C1 = (wi,ur,u),v],v1,w1) and let up € T'(I},;) with a 5-cycle
Cy = (wa, ug, uh, vh, ve, wa), where wy,wy € I}, If [u1,ug] is an edge, then w; # ws since the
graph G is triangle-free. By Fact 2, the two cycles C'; and Cy are disjoint. Thus, there would
be an augmenting path (wq,v1, v}, u}, w1, ug, uh, vh, va,wy). This contradiction shows that the set



Algorithm. VC-Apx.
Input: a triangle-free graph G = (V, E) with |V| = n and Opt(G) > n/2.
Output: a vertex cover for the graph G.

. construct a maximum matching M in G, let Vs be the set of matched vertices;
. construct the sets Iy, I, T(Iy), T'(I3;), N(I3), and N'(Iy;) given in the Definition;
o=@ r)/3+ Tl
Tl + [Tl + [N+ [D(T30)] > en
then return C; =V — (Iy; UN'(I3;) UT(I}))

else let S be the set of minimum cardinality among Iy, and N (Iy;);

= W N =

apply the algorithm A, to G(Var) and let C be the vertex cover returned by Apm;
return Co = CUS U I},.

Figure 2: The algorithm VC-Apx

I'(I};) must be an independent set. Finally, let v}, u5 € N'(I};), and [u],uf] is an edge in G,
then (z1,u1,u], ub, ug, 22), where 21,29 € I}, would be an augmenting path (note z; # z9 since
otherwise z; = zp would be a vertex in I},). Thus, the set N'(I};) must be an independent set.

Fact 5. The set I}, UN'(I};) UT'(I},) is an independent set in G.

By Fact 4, it suffices to prove that there is no edge between the sets I, N'(I},), and I'(I};).
Let z be a vertex in I}, u be a vertex in I'(I},) with a 5-cycle (w,u,u’,v',v,w), where w € I}, and
z’ be a vertex in N'(I}j;) such that [z,2'] € M and [z,y] is an edge where y € I},. The edge [u, z']
would imply an augmenting path (y,z,2’,u,u',v',v,w). The edge [z, u] implies u € N(I},) and
the edge [z, 2'] implies &’ € N(I};), both contradicting the disjointness of the sets I'(I},), N(I},)
and N'(I};) proved in Fact 1.

Theorem 4.2 If the VC-PM problem has a polynomial time approximation algorithm of ratio r,
then the VERTEX COVER problem on general graphs has a polynomial time approximation algorithm
of ratio max{1.5, (2r +2)/3}.

Proor. Let A, be an approximation algorithm of ratio r for the VC-PM problem.

We first assume that the input graph G of n vertices is triangle-free and satisfies Opt(G) > n/2.
Consider the algorithm VC-Apx given in Figure 2.

We analyze the approximation ratio for the algorithm VC-Apx.

If |13, + Iy + |N'(I3,)| + [T (L) > cn, then the set Cy = V — (I}, U N'(I},;) U T(1},))
is returned. By Fact 5, the set Iy, U N'(I};) UT(I},) is an independent set in G so the set
C1 is a vertex cover for G. Moreover, from |I},| + |[I},| + |N'(I};)| + [T'(I};)| > cn, we have

I+ NIy + [T (1) > en—|I),|, hence |Ci| < n— (en—|I},]). Since Opt(G) > n/2, we have:

_ _ ! !
|C | Sn (cn |IM‘):2_2C+2|IM‘:27“+2.
Opt(G) n/2 n 3

Consider now the case |I),| + |1}, + |[N'(I};)| + |T'(I};)| < cn. Since by the definitions the
vertices in I}, are only adjacent to vertices in the set N(I};), the set S, which is either I}, or
N(I},), will cover all the edges incident on vertices in I7,. Since C' is a vertex cover for the induced
subgraph G(Vir), the set Co = C' U S U I}, is a vertex cover for the original graph G. Now

[Tl + 1|+ INT U]+ ()l = 31Ty |+ [T |+ [N (T



> 3|y | + 2min{ |y [, [N (I3[} = 3|13] + 21S].
The first inequality has used the relations |I'(I),)| > 2|I),| and |N'(I};)| = |[N(I},)| in Fact 3.
Thus, 3|I},| + 2|S| < ¢n and |S| < (en — 3|I},])/2. This gives
en — 3|1)|
2

By our assumption, |C|/Opt(G(Var)) < r. We also have Opt(G) > Opt(G(Var)) and Opt(G) > n/2.
We finally derive the ratio

cn — |I]

|Co = |CUSUIY| <[C]+S]+|Iy] < |Cl + 5

+ Iy =1C| +

|C | cn — |y C| cn — |y [yl 2r+2
< < < Sl A R el
Opt(G) — Opt(G) = 20pt(G) ~ Opt(G(Var)) T STt 3

This proves that the algorithm VC-Apx on a triangle-free graph G with Opt(G) > n/2 returns
a vertex cover C for G satisfying |C|/Opt(G) < (2r + 2)/3.

Now we consider a general graph G’ = (V' E’). We first remove all disjoint triangles from
the graph G’ (in an arbitrary order). Let the resulting graph be G and let VA be the set of
vertices of the removed triangles. Then, G is the triangle-free subgraph induced by the vertex
set V.= V' — VaA. Now apply the NT-Theorem to the graph G and let Iy, Cpy, and Vj be the
three vertex sets given in the NT-Theorem. Then the induced subgraph G(Vj) is triangle-free and
satisfies Opt(G(Vp)) > |Vo|/2. Thus, we can apply the algorithm VC-Apx to the graph G(Vy). Let
C' be the vertex cover returned by the algorithm VC-Apx on the graph G(V}). By the discussion
above, we have |C|/Opt(Vp) < (2r +2)/3. According to the NT-Theorem, C; = C U is a vertex
cover for the graph G satisfying |C1|/Opt(G) < (2r 4 2)/3.

Obviously, Cy = C1UVA is a vertex cover of the original graph G’. According to the Local-Ratio
Theorem by Bar-Yehuda and Even [1], we have

[Val |C1 [VA| 2r 4+ 2
opt(G) = { Opt(G(Va))' Opt<G>} = max { Opt(G(Va)) 3 } '

The theorem follows from |Va|/Opt(G(Va)) < 1.5, because every vertex cover of G(Va) contains
at least two vertices from each triangle in G(Va). 0

We remark that it is possible to extend the method of Theorem 4.2 to first consider graphs
that have neither triangles nor 5-cycles. However, when we work on general graphs, we need to
apply the Local-Ratio Theorem of Bar-Yehuda and Even to eliminate all 5-cycles. This makes the
resulting algorithm have approximation ratio at least 5/3 > 1.66.

5 On approximating VC-PM

In this section, we study approximation algorithms for the VC-PM problem.

Recall that an instance of the MAX-2SAT problem is a set F' of clauses in which each clause is
a disjunction of at most two literals, and we are looking for an assignment ¢ to the variables in F’
that satisfies the largest number of clauses in F'. For an assignment o to F', we denote by |o| the
number of clauses satisfied by o. Let Opt(F') be the largest |o| among all assignments o to F'.



Theorem 5.1 If the MAX-2SAT problem has a polynomial time approximation algorithm of ratio
r, then the VC-PM problem has a polynomial time approzimation algorithm of ratio 14+ (r—1)(2m+
n)/(rn) (n and m are the number of vertices and the number of edges in the graph, respectively).

ProOOF. Let G = (V, E) be an instance of the VC-PM problem, where G has n vertices and m
edges, and let M be a maximum matching in G. Define an instance Fg of the MAX-2SAT problem
as follows:

Fo= |J {@uvm), @ Vvi,)tu  J  {@.Va)}

[u,v]eM [uv]eE—M

The set Fg consists of m + n/2 clauses on the Boolean variable set X¢ = {z, | u € V}.

Suppose that C' is a minimum vertex cover for the graph G. Since C contains at least one
endpoint of each edge in the matching M, the edges in M can be classified into two sets M; and
M> such that each edge in M7 has exactly one endpoint in C' and each edge in M3 has both endpoints
in C. Thus, |C| = |Mi| + 2|Mz|. Define an assignment o¢ for Fg such that o¢(z,) = TRUE if
and only if u € C. Then o¢ satisfies all m clauses of the form (z, V z,) in Fg. For each edge
[u,v] in Mj, o¢ satisfies both corresponding clauses (z, V z,) and (Z, V ), while for each edge
[u,v] in Ma, o¢ satisfies exactly one of the corresponding clauses (z, V x,) and (Z, V ) (i.e., the
clause (z, V x,)). In conclusion, there are exactly |Mas| clauses in F; that are not satisfied by the
assignment o¢. Since the clause set Fgz totally contains m + n/2 clauses, the number of clauses
satisfied by the assignment o¢ is (note that n/2 = |M| = |My| + | M3))

m+n/2—|Ms| = m+n—(n/2+|Ms])=m+n— (|M]|+ 2|Ms|)
= m+n—|C|=m+n—Opt(G).

Thus, there is an assignment that satisfies m + n — Opt(G) clauses in Fg, and Opt(Fg) >
m +n — Opt(G).

Now let o be an assignment to the clause set Fg. We first modify the assignment o as follows.
If we have both o(x,) = FALSE and o(z,) = FALSE for an edge [u,v] € E, then we modify o by
setting o(x,) = TRUE, where u is arbitrarily picked from the two endpoints of the edge [u,v]. We
claim that this change does not decrease the value |o|. In fact, there is only one clause (Z, V Z,,) in
F¢ that contains the literal Z,,, where [u,w] is an edge in the matching M. Therefore, converting
from o(z,) = FALSE to o(z,) = TRUE can make at most one satisfied clause become unsatisfied.
On the other hand, the unsatisfied clause (z, V z,) becomes satisfied after this change. Therefore,
the value |o| is not decreased.

Let o’ be the resulting assignment, then |¢'| > |o|, and for each edge [u,v] € E, o’ assigns
at least one of the variables x, and x, the value TRUE. Now we let C, be a set of vertices in
G as follows: a vertex u is in C, if and only if ¢/(z,) = TRUE. Since for each edge [u,v] € E,
we have either o’(z,) = TRUE or ¢’(x,) = TRUE (or both), the set C, is a vertex cover for the
graph G. By the construction of the assignment o', the m clauses of the form (z, V z,) in Fg
are all satisfied by o’. Therefore, exactly |o’| — m clauses of the form (z, V Z,) in Fg are satisfied
by ¢’. Since these |o/| — m clauses correspond to |o’| — m disjoint edges in the matching M, we
conclude that the assignment ¢’ has assigned exactly |o’| — m Boolean variables in X¢ the value
FALSE. Thus, exactly |o’| —m vertices in G are not in C, and the vertex cover C,, contains exactly
n—(lo'l —=m)=m+n—|o'| <m+n—|o| vertices. It follows that Opt(G) < m + n — |o|, which
gives |o| < m+n— Opt(G). Since o was arbitrarily chosen, this shows that an optimal assignment
satisfies at most m + n — Opt(G) clauses in Fg, and Opt(Fg) < m+n — Opt(G).

We conclude from the above discussion that Opt(Fg) = m + n — Opt(G).



The above construction suggests a polynomial time approximation algorithm for the VC-PM
problem via a polynomial time approximation algorithm for the MAX-2SAT problem, as follows.
Given an instance G of VC-PM, we first construct a perfect matching M in G and define Fg as
above. We then use the polynomial time approximation algorithm for MAX-2SAT to construct a
truth assignment o to F, and we return the vertex cover C, of G as defined above. Clearly, this
is a polynomial time approximation algorithm for VC-PM.

If the approximation algorithm for MAX-2SAT has ratio r, then we have Opt(Fg)/|lo| < r.
According to the above discussion, the vertex cover C, contains at most m +n — |o] < m+n —
Opt(Fg)/r vertices in the graph G. Noting that Opt(Fg) < m + n/2 we have:

|Cyl o m +n — Opt(Fg)/r B r(m+n) — Opt(Fg)

Opt(G) — m+n—Opt(Fg)  r(m+n—Opt(Fg))
. (r —1)Opt(Fa)  _ (r—1)(m+n/2)
m+n—Opi(Fa) = T tmtn—(m+n/2)
- 14 (r— 1)(2m—i—n)'

This shows that the polynomial time approximation algorithm for VC-PM has ratio 1 + (r —
1)(2m 4+ n)/(rn), and proves the theorem. 0

Based on the currently best approximation algorithm for the MAX-2SAT problem, Theorem 5.1
describes an approximation algorithm for the VC-PM problem.

Corollary 5.2 There is a polynomial time approrimation algorithm VCPM-Apx of ratio 1 +
0.069(2m + n)/n for the VC-PM problem on graphs of n vertices and m edges.

PrROOF. The polynomial time approximation algorithm VCPM-Apx for the VC-PM problem
is obtained from the polynomial time approximation algorithm of ratio 1.074 for the MAX-2SAT
problem developed by Feige and Goemans [6], and the reduction described in Theorem 5.1. O

Corollary 5.2 gives the best approximation algorithm for the VC-PM problem on sparse graphs.
Based on a greedy strategy, Halldérsson and Radhakrishnan [8] proposed an approximation algo-
rithm of ratio (2d + 3)/5 for the INDEPENDENT SET problem on graphs of average degree d. This
result, plus the assumption that a minimum vertex cover for the graph G contains at least half of
the vertices in G, gives us a polynomial time approximation algorithm of ratio (4d+1)/(2d+ 3) for
the VERTEX COVER problem on graphs of average degree d. This is also currently the best result
for the VC-PM problem on graphs of average degree d.

According to Corollary 5.2, our algorithm VCPM-Apx improves the above approximation
ratio by Halldérsson and Radhakrishnan on the VC-PM problem when the average degree d is not
larger than 10. The approximation ratios of our algorithm and Halldérsson and Radhakrishnan’s
are compared in the table in Figure 3.

Strictly speaking, neither of Halldérsson and Radhakrishnan’s algorithm and the algorithm
VCPM-Apx is applicable directly to general graphs of average degree d. Halldérsson and Rad-
hakrishnan’s algorithm requires that the minimum vertex cover of the input graph contain at least
half of the vertices in the graph, while our algorithm requires that the input graph have a per-
fect matching. Note that the condition in Halldérsson and Radhakrishnan’s algorithm, namely
that the minimum vertex cover should contain at least half of the vertices in the input graph, can
be obtained by first applying the NT-Theorem to the input graph. Unfortunately, applying the
NT-Theorem does not preserve the average degree of a graph.
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Avg-degree 2 3 4 5 6 7 8 9 10
VCPM-Apx | 1.207 | 1.276 | 1.345 | 1.414 | 1.483 | 1.552 | 1.621 | 1.690 | 1.759
H&R [§] 1.286 | 1.444 | 1.545 | 1.615 | 1.666 | 1.706 | 1.737 | 1.762 | 1.783

Figure 3: The approximation ratios of VCPM-Apx and the algorithm in [8]

A graph class for which both Halldérsson and Radhakrishnan’s algorithm and the algorithms we
developed in this paper are applicable, is the class of everywhere sparse graphs. Note that a graph
of degree bounded by d is an everywhere (d/2)-sparse graph, and an everywhere k-sparse graph
has average degree bounded by 2k. According to Clementi and Trevisan [4], unless NP = co-RP,
for each fixed € > 0, there is a constant k£ such that there is no polynomial time approximation
algorithm of ratio 7/6 — € for the VERTEX COVER problem on everywhere k-sparse graphs.

Theorem 5.3 Hallddrsson and Radhakrishnan’s algorithm has approxzimation ratio (8k+1)/(4k+
3) for the VERTEX COVER problem on everywhere k-sparse graphs.

Proor. Given an everywhere k-sparse graph G, we first apply the NT-theorem to G to obtain
the sets Cp, Iy, and V. Now the induced subgraph G(Vjp) is still everywhere k-sparse and satisfies
Opt(G(Vh)) > |W|/2. Thus, Halldérsson and Radhakrishnan’s algorithm can be directly applied
to the graph G(V)) to get a vertex cover C; for G(V). Since an everywhere k-sparse graph has
average degree d bounded by 2k, we have

Gl 4d + 1 8kt
Opt(G(Vp)) — 2d+3 ~ 4k +3°

Now the theorem follows from the NT-Theorem. ]

Combining the algorithms VC-Apx and VCPM-Apx developed in the current paper, we have
the following theorem.

Theorem 5.4 There is a polynomial time approximation algorithm whose ratio is bounded by
max{1.5,0.092k + 1.379} for the VERTEX COVER problem on everywhere k-sparse graphs.

ProoOF. The NT-Theorem preserves everywhere k-sparseness, and thus we can assume that the
input graph G of n vertices and m edges, which is everywhere k-sparse, satisfies Opt(G) > n/2.

Let M be a maximum matching in G, and let Vj; be the set of matched vertices. Let njs
and mps be the number of vertices and number of edges in the graph G(Vjy), respectively. The
subgraph G(V)y) is still everywhere k-sparse, and my; < knps. Since the graph G(V)s) has a perfect
matching, we can use the algorithm VCPM-Apx in Corollary 5.2 to construct a vertex cover for
G (V). According to Corollary 5.2, the ratio r of VCPM-Apx satisfies:

i 0.069(2mM + TLM)
na

r<1 < 1.069 + 0.138k.

Now the theorem follows directly from Theorem 4.2. [

For certain values of k, the approximation ratio in Theorem 5.4 is better than the one in
Theorem 5.3 derived from Halldérsson and Radhakrishnan’s algorithm [8]. For example, for k = 2.5,
3, and 3.5, Theorem 5.3 gives ratios 1.615, 1.667, and 1.705, respectively, while Theorem 5.4 gives
ratios 1.609, 1.655, and 1.701, respectively.
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