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Abstract. Given two genomes possibly with duplicate genes, the exem-
plar distance problem is that of removing all but one copy of each gene
in each genome, so as to minimize the distance between the two reduced
genomes according to some measure. Let (s,¢)-EXEMPLAR DISTANCE de-
note the exemplar distance problem on two genomes G1 and G2 where
each gene occurs at most s times in GG1 and at most ¢ times in G2. We
show that the simplest non-trivial variant of the exemplar distance prob-
lem, (1,2)-EXEMPLAR DISTANCE, is already hard to approximate for a
wide variety of distance measures, including popular genome rearrange-
ment measures such as adjacency disruptions and signed reversals, and
classic string edit distance measures such as Levenshtein and Hamming
distances.

Keywords: comparative genomics, hardness of approximation, adja-
cency disruption, sorting by reversals, edit distance, Levenshtein dis-
tance, Hamming distance.

1 Introduction

In the study of genome rearrangement, a gene is usually represented by a signed
integer: the absolute value of the integer (the unsigned integer) denotes the gene
family to which the gene belongs; the sign of the integer denotes the orientation of
the gene in its chromosome. Then a chromosome is a sequence of signed integers,
and a genome is a collection of chromosomes. Given two genomes possibly with
duplicate genes, the exemplar distance problem [14] is that of removing all but
one copy of each gene in each genome, so as to minimize the distance between the
two reduced genomes according to some measure. The reduced genomes are said
to be exemplar subsequences of the original genomes. This approach amounts
to considering that, in the evolution history, duplications have taken place after
the speciation of the genomes (or more generally, that we are able to distinguish
genes that have been duplicated before the speciation). Hence, in each genome,
only one copy of each gene may be matched to an ortholog gene in the other
genome.
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For example, the following two monochromosomal genomes

Gi: —44+1+4243-5+14243 -6
Gy: —-1—-4+4+142-5+3-2-6+3

can both be reduced to the same genome
G': —441+42-543-6

by removing duplicates, thus they have exemplar distance zero for any reason-
able distance measure. In general, unless we are to decide simply whether two
genomes can be reduced to the same genome by removing duplicates, the exem-
plar distance problem is not a single problem but a group of related problems
because the choice of the distance measure is not unique.

We denote by (s,t)-EXEMPLAR DISTANCE the exemplar distance problem
on two genomes (G; and G5 where each gene occurs at most s times in G
and at most ¢ times in G. It is known [5,12] that for any reasonable distance
measure, (2, 2)-EXEMPLAR DISTANCE does not admit any approximation. This is
because to decide simply whether two genomes with maximum occurrence 2 can
be reduced to the same genome by removing duplicates is already NP-hard. In
this paper, we focus on the simplest non-trivial variant of the exemplar distance
problem: (1,2)-EXEMPLAR DISTANCE.

The problem (1,¢)-EXEMPLAR DISTANCE has been studied for several dis-
tance measures commonly used in genome rearrangement. Angibaud et al. [2]
showed that (1,2)-EXEMPLAR BREAKPOINT DISTANCE, (1,2)-EXEMPLAR COM-
MON INTERVAL DISTANCE, and (1, 2)-EXEMPLAR CONSERVED INTERVAL Dis-
TANCE are all APX-hard. Blin et al. [4] showed that (1,9)-EXEMPLAR MAD
DisTANCE is NP-hard to approximate within 2 — e for any € > 0, and that
(1,00)-EXEMPLAR SAD DISTANCE is NP-hard to approximate within clogn
for some constant ¢ > 0, where n is the number of genes in G;. See also [8,6,7]
for related results.

The two distance measures we first consider, MAD and SAD, were introduced

by Sankoff and Haque [15]. For two permutations 7/ = «...7, and n” =
7wy ...m, of n distinct elements, define 7/() as the index j such that 7 = =,
and 7”(i) as the index j such that 77 = mj. Then the maximum adjacency

disruption (MAD) and the summed adjacency disruption (SAD) between 7’ and
7' are

MAD(7',7") = max { |7 (i) — 7' (i + V)], |7"(G) — 7" (i +1)] },

1<i<n—1
SAD(«', 7"y = > (I() =7+ D]+ |7"() —7"(i + 1)]).
1<i<n—1
Our first two theorems sharpen the previous results on the inapproximability

n (1,t)-EXEMPLAR DISTANCE for both MAD and SAD measures:

Theorem 1. (1,2)-EXEMPLAR MAD DISTANCE is NP-hard to approzimate
within 2 — € for any € > 0.
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Theorem 2. (1,2)-EXEMPLAR SAD DISTANCE is NP-hard to approzimate within
10v/5 — 21 — e = 1.3606 ... — €, and is NP-hard to approzimate within 2 — € if
the unique games conjecture is true, for any € > 0.

For an unsigned permutation © = 7y ... 7, an unsigned reversal (i,j) with
1<i<j<nturnsitinto m...m_1 mj... T Tjt1 ... Ty, Where the substring
m; ... m; is reversed. For a signed permutation o = oy...0y,, a signed reversal
(¢,7) with 1 <4 < j <mn turns it into o1 ...05-1 —0j...—0; 0j41...0y, Where
the substring o;...0; is reversed and negated. The unsigned reversal distance
(resp. signed reversal distance) between two unsigned (resp. signed) permuta-
tions is the minimum number of unsigned (resp. signed) reversals required to
transform one to the other. Computing the unsigned reversal distance is APX-
hard [3], although the signed reversal distance can be computed in polynomial
time [11].

Our next theorem answers an open question of Blin et al. [4] on the inap-
proximability of the exemplar reversal distance problem:

Theorem 3. (1,2)-EXEMPLAR SIGNED REVERSAL DISTANCE is NP-hard to
approzimate within 1237/1236 — € for any € > 0.

In the last theorem of this paper, we present the first inapproximability result
on the exemplar distance problem using the classic string edit distance measure:

Theorem 4. (1,2)-EXEMPLAR EDIT DISTANCE is APX-hard to compute when
the cost of a substitution is 1 and the cost of an insertion or a deletion is at least

1.

Note that both Levenshtein distance and Hamming distance are special cases
of the string edit distance: for Levenshtein distance, the cost of every operation
(substitution, insertion, or deletion) is 1; for Hamming distance, the cost of a
substitution is 1 and the cost of an insertion or a deletion is +00. Thus we have
the following corollaries:

Corollary 1. (1,2)-EXEMPLAR LEVENSHTEIN DISTANCE is APX-hard.

Corollary 2. (1,2)-EXEMPLAR HAMMING DISTANCE is APX-hard.

2 MAD Distance

In this section we prove Theorem 1. We prove that EXEMPLAR MAD DISTANCE
is NP-hard by a reduction from the well-known NP-hard problem 3SAT [10]. Let
(V,C) be a 3SAT instance, where V = {v1,...,v,} is a set of n boolean variables,
C ={ec1,...,cm} is a conjunctive boolean formula of m clauses, and each clause
in C'is a disjunction of exactly three literals of the variables in V. The problem
3SAT is that of deciding whether (V,C) is satisfiable, i.e., whether there is a
truth assignment for the variables in V' that satisfies all clauses in C.

Let M be a large number to be specified. We will construct two sequences
(genomes) Gp and Gy over L=3m+ (n+1)+ (2n+1)+(m+1)+ (2M +2) =
2M + 3n + 4m + 5 distinct markers (genes):
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3 literal markers r;, s;,t; for the 3 literals of each clause c;, 1 < j < m;
— n + 1 variable markers z;, 0 <1 < n;

— 2n + 1 separator markers y;, 0 <1 < 2n;

— m+1 clause markers zj, 0 < j <m;

2M + 2 dummy markers ¢ and ¢, 0 < k < M.

For each clause c;, let O; = r;js;t; be the concatenation of the three literal
markers of c¢;. For each variable v;, let P; = p; 1...ps %, be the concatenation of
the k; literal markers of the positive literals of v;, and let Q; = gi.1,...,¢i1, be
the concatenation of the [; literal markers of the negative literals of v;. Without
loss of generality, assume that min{k;,[;} > 1. Note that the two concatenated
sequences O ...0,, and P;Q ... P,Q, are both permutations of the 3m literal
markers.

The two sequences G; and G5 are represented schematically as follows. G
contains exactly one copy of each marker, and has length L; G5 contains exactly
two copies of each literal marker and exactly one copy of each non-literal marker,
and has length L + 3m.

Gi: ...zz1 g0 ...T2m0 PMm .91 YoPyiQiya ... Payon—1Qnyon 1...UM  zoz2... tho miT3...
Gy 2 PrQn ... o1 PiQ1xo .. 0100 Yoy1Y2 - Yoan—1Y2n  Yotb1...¥nm 200121 ... Omz;,

Lemma 1. If (V,C) is satisfiable, then G2 has an exemplar subsequence G4 that
satisfies MAD(G1,Gy) < M +3n+4m + 5.

Proof. Let f be a truth assignment for the variables in V' that satisfies all clauses
in C. For each variable v;, compose a subsequence V; of P;Q; such that V; = Q;
if f(v;) is true and V; = P; if f(v;) is false. For each clause ¢;, compose a
subsequence C; of O; containing only the literal markers of the literals that are
true under the assignment f. Then Vi ...V,C;...C,, is a permutation of the
3m literal markers. It is straightforward to verify that the exemplar subsequence
GY of G2 in the following satisfies MAD(G1,G5) < L —M =M +3n+4m + 5:

Gi: ...zz1 g0 ...T2m0 PM .91 YoPiyiQiye ... Payon—1Qnyon 1...¥M  zoz2... o m1T3...
Go: x,PyQpn...x1PIQixo dpr... 0100 Yoy1Y2---Yon—1Y2n YoU1...¥n  200121...O0mzZ;m
GIQ H .'I/‘r,,VT,,4 ..fIJ]V].’I?O (‘f’;‘w~-<¢1$0 Yoyi1y2 - . - Yan—1Y2n ’Lﬁm/)l . ..1/)]\/[ 200121 ~-<szm

O

Lemma 2. If (V,C) is not satisfiable, then every exemplar subsequence GY of
G2 satisfies MAD(G1,G%) > 2M.

Proof. We prove the contrapositive. Suppose G2 has an exemplar subsequence
G, that satisfies MAD(G1, G) < 2M. We will find a truth assignment f for the
variables in V' that satisfies all clauses in C.

First, we claim that for each variable v;, the literal markers of the positive
literals of v; must appear in G% either all before ¢ or all after ¢as. Suppose
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the contrary. Then there would be two literal markers of v;, one before ¢, and
one after ¥y in Gb, that are adjacent in the substring P; in Gy, incurring a
MAD distance larger than 2M. Similarly, we claim that the literal markers of
the negative literals of each variable v; must appear in G either all before ¢y,
or all after ;.

Next, we claim that for each variable v;, the literal markers of either all
positive literals of v; or all negative literals of v; must appear in G4 before ¢y,
between z; and z;_;. Suppose the contrary that all literal markers of both the
positive and the negative literals of v; appear in G after ¢¥5;. Then the two
variable markers x; and x;_1, one before ¢5; and one after ¢y, in G1, would
become adjacent in G%, incurring a MAD distance larger than 2M.

Finally, we claim that for each clause c;, at least one of the three literal
markers r;,s;,¢; must appear in G4 after ¥, between z;_1 and z;. Suppose
the contrary. Then the two clause markers z;_; and z;, one before ¢); and one
after ¢ps in Gp, would become adjacent in G5, again incurring a MAD distance
larger than 2M.

Now compose a truth assignment f for the variables in V such that f(v;) is
true if the literal markers for the negative literals of v; appear before ¢;r, and
is false otherwise. Then f satisfies all clauses in C. ad

For any constant €, 0 < € < 2, we can get a gap of 2M /(M 4+ 3n+4m+5) =
2 — ¢ by setting M = (2 — 1)(3n+ 4m +5). Thus the NP-hardness of 3SAT and
the two preceding lemmas together imply that EXEMPLAR MAD DISTANCE is
NP-hard to approximate within 2 — € for any € > 0.

3 SAD Distance

In this section we prove Theorem 2. We show that EXEMPLAR SAD DISTANCE
is NP-hard to approximate by a reduction from another well-known NP-hard
problem MINIMUM VERTEX COVER [10]. Let (V, E) be a graph, where V =
{v1,...,v,} is a set of n vertices, and E = {e1,...,en} is a set of m edges. The
problem MINIMUM VERTEX COVER is that of finding a subset C C V of the
minimum cardinality such that each edge in E is incident to at least one vertex
in C. Dinur and Safra [9] showed that MINIMUM VERTEX COVER is NP-hard
to approximate within any constant less than 10v/5 — 21 = 1.3606 . . .. Khot and
Regev [13] showed that MINIMUM VERTEX COVER is NP-hard to approximate
within any constant less than 2 if the unique games conjecture is true.

Let M = 2(n + m)?. We will construct two sequences (genomes) G; and G
over L =n+m+ M + 1 distinct markers (genes):

— n vertex markers v;, 1 < i <mn;
— m edge markers e;, 1 < j < m;
— M dummy markers ¢, 0 < k < M.

For each vertex v;, let E; = e;1...e;, be the concatenation of the edge
markers of all edges incident to v;, where k; is the degree of v;. The two sequences
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(1 and G are represented schematically as follows. G; contains exactly one copy
of each marker, and has length L; G2 contains exactly two copies of each edge
marker and exactly one copy of each non-edge marker, and has length L + m.

G12 €1...€Em ¢O¢1¢M V1...Unp
G22 ¢O¢1¢M El’Ul...En’Un

Lemma 3. G has a vertex cover of size at most k if and only if G2 has an
exemplar subsequence GY that satisfies SAD(G1,Gh) < (2k 4+ 4)M.

Proof. We first prove the direct implication. Let C' be a vertex cover of size at
most k in G. Extract a subsequence E. of E; for each vertex v; in C such that
the concatenated sequence E ... E/ contains each edge marker e; exactly once.
From Gj, remove E; for each vertex v; not in C, and replace E; by E! for each
vertex v; in C. Then we obtain an exemplar subsequence G4 of Ga.

The two sequences G and G have the same length L =n+m+ M + 1 and
together have 2n 4+ 2m + 2M adjacencies. The contributions of these adjacencies
to SAD(G1, G%) are as follows:

1. The shared adjacencies ¢;¢;+1 in G; and G5, 0 < i < M — 1, contribute a
total value of exactly 2M.

2. The adjacency en¢o in G1 contributes a value of at least M and at most
M+ n+m.

3. Each adjacency between an edge marker and a non-edge marker in G/, con-
tributes a value of at least M and at most M + n + m.

4. Each remaining adjacency contributes a value of at least 1 and at most n+m.

The number of adjacencies between an edge marker and a non-edge marker
in G}, is exactly twice the size of the vertex cover C. Thus we have

SAD(G1,Gh) < 2M + (2k + 1)(M +n +m)
+(2n+2m+2M —2M — 2k — 1)(n +m)
= (2k +3)M +2(n+m)? = (2k + 4) M.

We next prove the reverse implication. Let G7, be an exemplar subsequence of
G+ such that SAD(G1, G5) < (2k 4+ 4) M. Refer back to the list of contributions
to SAD(G1,G%). Let [ be the number of adjacencies between an edge marker
and a non-edge marker in G5. Then we have the following inequality:

SAD(G1,GY) >2M + (I + 1)M = (I + 3)M.

Since SAD(G1, Gh) < (2k+4) M, we have [+3 < 2k+4 and hence ! < 2k+1. Note
that [ must be an even number: for each adjacency between an edge marker in
FE; and a non-edge marker to its left, there must be another adjacency between
an edge marker in F; and a non-edge marker (indeed a vertex marker) to its
right, and vice versa. It follows that there are at most k vertex markers v; that
are adjacent to an edge marker to its left. The corresponding at most k vertices
v; form a vertex cover of G. O
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The inapproximability of MINIMUM VERTEX COVER and the preceding lemma
together imply that EXEMPLAR SAD DISTANCE is NP-hard to approximate
within 10v/5 — 21 — €, and is NP-hard to approximate within 2 — € if the unique
games conjecture is true, for any € > 0.

4 Signed Reversal Distance

In this section we prove Theorem 3. We show that (1,2)-EXEMPLAR SIGNED RE-
VERSAL DISTANCE is APX-hard by a reduction from the problem MIN-SBR [3],
which asks for the minimum number of unsigned reversals to sort a given un-
signed permutation into the identity permutation.

Let m = w1 ... 7, be an unsigned permutation of 1...n. We construct two
sequences Gy =1...nand Go = m — 71 ... 7T —Tp.

Lemma 4. 7 can be sorted into the identity permutation 1...n by at most k
unsigned reversals if and only if Go has an exemplar subsequence G4 with signed
reversal distance at most k from Gy.

We leave the proof of Lemma 4 to the reader as an easy exercise. Since MIN-
SBR is NP-hard to approximate within 1237/1236 — e for any € > 0 [3], (1, 2)-
EXEMPLAR SIGNED REVERSAL DISTANCE is NP-hard to approximate within
1237/1236 — € for any € > 0 too.

5 Edit Distance

In this section we prove Theorem 4. For any edit distance where the cost of a
substitution is 1 and the cost of an insertion or a deletion is at least 1 (possibly
+00), we show that the problem (1, 2)-EXEMPLAR EDIT DISTANCE is APX-hard
by a reduction from the problem MINIMUM VERTEX COVER IN CUBIC GRAPHS.

Let G = (V, E) be a cubic graph of n vertices and m edges, where 3n = 2m.
We will construct two sequences (genomes) G; and G2 over an alphabet of

3m+4n+2(m+Tn) +2(m—1)+ (n—1)

distinct markers (genes). For each edge e = {u,v} € E, we have three edge
markers e, e,, and e,. For each vertex v € V', we have a vertex marker v and 3
dummy markers v{, v4, v5. In addition, we have 2(m + ™)+ 2(m —1) 4+ (n — 1)
markers for separators.

The two sequences G1 and G2 are composed from m+n+1 gadgets: an edge
gadget for each edge, a vertex gadget for each vertex, and a tail gadget. The
m+n+ 1 gadgets are separated by m + n separators of total length 2(m + 7n) +
2(m—1)+ (n —1):

— two long separators, each of length m+ 7n: one between the last edge gadget
and the first vertex gadget, one between the last vertex gadget and the tail
gadget;
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— m+n—2 short separators: a length-2 separator between any two consecutive
edge gadgets, and a length-1 separator between any two consecutive vertex
gadgets.

For each edge e = {u, v}, the edge gadget for e is

Gile)= e
Ga (e) = eyey

For each vertex v incident to edges e, f, g, the vertex gadget for v is

G1 (v) = vvjvhvy
G2 (v) = evfuguve fg

Let V' be the 3n markers v}, v}, v for v € V. Let E’ be the 2m = 3n markers
e, and e, for e = {u,v} € E. The tail gadget is

Gl (tail> = El
G2 (tail> = VI

This completes the construction.

Lemma 5. G has a vertex cover of size at most k if and only if G2 has an
exemplar subsequence GY with edit distance at most m + 6n + k from Gi.

Proof. We first prove the direct implication. Let X be a vertex cover of G with
| X| < k. Create G} as follows. For each edge e = {u, v}, at least one vertex, say u,
is in X. Remove e, and retain e, in the edge gadget G2 (e}, and correspondingly
retain e, in the vertex gadget G (u) and remove e, in the vertex gadget G (v),
then remove e in Ga (u) and retain e in G (v). We claim that the edit distance
from G to G4 is at most m + 6n + k.

It suffices to show that the Hamming distance of G; and G% is at most
m-+6n+ k since, for the edit distance that we consider, the cost of a substitution
is 1. Observe that in both G; and GY, each edge gadget has length 1, and
each vertex gadget has length 4. Thus all gadgets are aligned and all separators
are matched. The Hamming distance for each edge gadget is 1, so the total
Hamming distance over all edge gadgets is m. The Hamming distance for each
vertex gadget is at most 4. Moreover, for each vertex v ¢ X (v incident to
edges e, f,g), since the markers e,, f,, g, are removed (and the markers e, f, g
are retained) in the vertex gadget, the marker v is matched, which reduces the
Hamming distance by 1. Thus the total Hamming distance over all vertex gadgets
is at most 4n — (n — | X|) = 3n + | X/|. Finally, since the Hamming distance for
the tail gadget is 3n, the overall Hamming distance of G; and G is at most
m+6n+ | X| <m+6n+k.

We next prove the reverse implication. Let GY be an exemplar subsequence
of G5 with edit distance at most m + 6n + k from G;. Compute an alignment of
G1 and G corresponding to the edit distance, then obtain the following three
sets Xp(G5), Xv(GY), and X (G5):
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— The set Xg(GY) C E contains every edge e = {u, v} such that either G} (e)
contains both e, and e,, or G} (e) has an adjacent separator marker which
is unmatched.

— The set Xy (G%) C V contains every vertex v (v incident to edges e, f, g)
such that either G (v) contains one of {e, fu, gv}, or G} (v) has an adjacent
separator marker (to its left) which is unmatched.

— Theset X (G%) C V is the union of Xy (G%) and a set composed by arbitrarily
choosing one vertex from each edge in Xg(G%) (thus | X(GS)| < | Xv(GS)| +
Xp(Gh)).

We first show that the edit distance from G; to G} is at least m+6n+| X (G5)].
If a long separator (with m + 7n markers) is completely unmatched, then the
edit distance is at least m + 7n > m+ 6n + | X (G%)|. Hence we can assume that
there is at least one matched marker in each long separator. Consequently, the
markers e, e,, e, for all e € E and v}, vh, v} for all v € V are unmatched.

Consider an edge e = {u,v} € E. If e ¢ Xg(G}), then the edit distance for
G1 (e) is at least 1 since the marker e is unmatched. If e € Xg(G5), then consider
the substring of G (e) containing the marker e and the at most two separator
markers adjacent to it (for the first edge gadget, there is only one separator
marker adjacent to e, to its right). The edit distance for this substring is at least
2: the marker e is unmatched, and moreover either an adjacent separator marker
is unmatched or an insertion is required. The total edit distance over all edge
gadgets is at least m + | Xg(Gh)|.

Consider a vertex v € V incident to three edges e, f,g9. If v ¢ Xy (GY),
then the edit distance for Gy (v) is at least 3 since the markers v],v5,v5 are
unmatched. If v € Xy (GY), then consider the substring of G containing G (v)
and the separator to its left. The edit distance for this substring is at least 4: the
markers v, vy, v4 are unmatched, and moreover at least one insertion is required
unless either the marker v or the separator marker to its left is unmatched. The
total edit distance over the vertex gadgets is at least 3n + | Xy (G%)|.

Finally, the edit distance over the tail gadget is at least the length of G; (tail),
which is 3n. Hence the overall edit distance is at least

m+ | Xg(GS)| +3n+ | Xv(Gy)| + 3n > m+ 6n + | X (GY)].

Since the edit distance from Gp to G4 is at most m + 6n + k, it follows that
[X(Gy)] < k.

To complete the proof, we show that X (GY%) is a vertex cover of G. Consider
any edge e = {u,v}. If e € Xg(GY), then, by our choice of X(GY), either
u € X(Gh) or v € X(GY). Otherwise, if e ¢ Xg(G5), then in the edge gadget
G (e) = eyey, at least one marker is removed to obtain G5 (e). Assume that e, is
removed: then the second copy, in G (u), is retained, and u € Xy (G5) C X(G5).
Likewise if e, is removed, then v € X (G%). In summary, X (G%) contains a vertex
from every edge in F, hence it is a vertex cover of G. ad

The problem MINIMUM VERTEX COVER IN CUBIC GRAPHS is APX-hard;
see e.g. [1]. For a cubic graph G of n vertices and m edges, where 3n = 2m,
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the minimum size k* of a vertex cover is @(m + n). By Lemma 5, the exem-
plar edit distance of the two sequences G; and G5 in the reduced instance is
also ©(m + n). Thus by the standard technique of L-reduction, it follows that
(1,2)-EXEMPLAR EDIT DISTANCE, when the cost of a substitution is 1 and the
cost of an insertion or a deletion is at least 1, is APX-hard too. Then the APX-
hardness of (1,2)-EXEMPLAR LEVENSHTEIN DISTANCE and the APX-hardness
of (1,2)-EXEMPLAR HAMMING DISTANCE follow as special cases. Moreover,
since the lengths of the two sequences (G; and G2 in the reduced instance are
both ©(m + n) as well, it follows that the complementary maximization prob-
lem (1,2)-EXEMPLAR HAMMING SIMILARITY is also APX-hard, if we define the
Hamming similarity of two sequences of the same length ¢ as ¢ minus their
Hamming distance.

6 Concluding Remarks

We find it most intriguing that although the problem (1,2)-EXEMPLAR Dis-
TANCE has been shown to be APX-hard for a wide variety of distance mea-
sures, including breakpoints, conserved intervals, common intervals, MAD, SAD,
signed reversals, Levenshtein distance, Hamming distance..., no constant ap-
proximation is known for any one of these measures, while on the other hand, it
seems difficult to improve the constant lower bound in any one of these APX-
hardness results into a lower bound that grows with the input size similar to the
logarithmic lower bound for MINIMUM SET COVER.
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