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—— Abstract
The Shortest Common Superstring (SCS) problem asks for the shortest string that contains each of a

given set of strings as a substring. Its reverse-complement variant, the Shortest Common Superstring
problem with Reverse Complements (SCS-RC), naturally arises in bioinformatics applications,
where for each input string, either the string itself or its reverse complement must appear as a
substring of the superstring. The well-known MGREEDY algorithm for the standard SCS constructs
a superstring by first computing an optimal cycle cover on the overlap graph and then concatenating
the strings corresponding to the cycles, while its refined variant, TGREEDY, further improves the
approximation ratio. Although the original 4- and 3-approximation bounds of these algorithms have
been successively improved for the standard SCS, no such progress has been made for the reverse-
complement setting. A previous study extended MGREEDY to SCS-RC with a 4-approximation
guarantee and briefly suggested that extending TGREEDY to the reverse-complement setting could
achieve a 3-approximation. In this work, we strengthen these results by proving that the extensions of
MGREEDY and TGREEDY to the reverse-complement setting achieve 3.75- and 2.875-approximation
ratios, respectively. Our analysis extends the classical proofs for the standard SCS to handle the
bidirectional overlaps introduced by reverse complements. These results provide the first formal
improvement of approximation guarantees for SCS-RC, with the 2.875-approximate algorithm
currently representing the best known bound for this problem.
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1 Introduction

The Shortest Common Superstring (SCS) problem is a classical problem in string algorithms
and combinatorial optimization. Given a set S of strings, the goal is to find a shortest
possible string that contains every string in S as a substring. SCS has numerous applications
in various fields [7], among which one of the most prominent is DNA sequencing. A DNA
molecule consists of four nucleotides (Adenine, Thymine, Guanine, and Cytosine) and is
assembled from short sequence reads. This process can be viewed as an instance of the SCS
problem over a quaternary alphabet. However, unlike ordinary strings, DNA sequences are
double-stranded, and sequencing technologies often produce reads whose orientation is not
known, i.e., which of the two DNA-duplex strands they came from [9]. Consequently, for each
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read, either the read itself or its reverse complement may occur in the original genome. To
capture this property, the Shortest Common Superstring problem with Reverse Complements
(SCS-RC) extends the classical SCS problem by requiring the superstring to contain, for
each input string, either the string or its reverse complement as a substring. This extension
provides a more realistic abstraction of genomic sequence reconstruction, yet its algorithmic
properties and approximation guarantees have been studied far less extensively than those of
the standard SCS problem.

For the standard SCS problem, Blum et al. [2] showed that the GREEDY algorithm, which
repeatedly merges two distinct strings with the maximum overlap, is 4-approximate. They
also introduced two variants, MGREEDY and TGREEDY, and proved that these achieve 4-
and 3-approximation ratios, respectively. Many subsequent works have further improved
these approximation ratios [1, 3, 14, 11, 12, 4]. Englert et al. [5] established that the
MGREEDY algorithm achieves a guarantee of @ ~ 3.396, and by combining this with the
2

g-approximation algorithm for the maximum asymmetric traveling salesman problem [10, 13],

they obtained the currently best-known approximation ratio for SCS, @ ~ 2.465.

For the SCS-RC problem, Jiang et al. [8] extended the work of Blum et al. [2] to the
reverse-complement setting. They proved that the extension of the MGREEDY algorithm,
which we refer to as MGREEDY-RC (shown in Algorithm 1), is a 4-approximate algorithm for
SCS-RC. They further noted that the TGREEDY algorithm can be similarly extended (the
TGREEDY-RC algorithm shown in Algorithm 3) to achieve a 3-approximation, relying on the
fact that the GREEDY-RC algorithm (shown in Algorithm 2) achieves a % compression ratio,
which was formally proved in [6].

However, no further improvements for SCS-RC have been reported since then, leaving a
substantial gap compared to the standard SCS. Our analysis narrows this gap and provides
new insights into greedy algorithms under the reverse-complement setting.

Our Contributions

We first establish Theorem 1, which provides a framework analogous to that used in the
standard SCS problem [4, 5].

» Theorem 1. If MGREEDY-RC is a (2 + «)-approximation algorithm and there exists an

algorithm that achieves a compression ratio of 6 for SCS-RC, then one can construct a

(24 (1 — 0)a)-approxzimation algorithm for SCS-RC. In particular, TGREEDY-RC corresponds
1

to the case § = 5 within this general framework, which immediately yields a (2 + §)-

approximation guarantee.

We extend the work of Kaplan and Shafrir [11] to the reverse-complement setting,
improving the approximation guarantee of MGREEDY-RC from 4 to 3.75. The presence of
reverse complements prevents the direct application of their method, since it relies on the
overlap rotation lemma (stated in Lemma 13), which no longer holds when the rotated string
is reverse complemented. This highlights the additional structural challenges of the SCS-RC
problem compared with the standard SCS problem. Nevertheless, we manage to adapt part
of their improvement by exploiting the properties of reverse complements.

» Theorem 2. MGREEDY-RC is a 3.75-approximate algorithm.

Combining Theorem 1 and Theorem 2, we immediately obtain improved guarantees for
TGREEDY-RC, tightening its approximation ratio from 3 to 2.875, which currently represents
the best-known bound for SCS-RC.

» Theorem 3. TGREEDY-RC is a 2.875-approximate algorithm.
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2 Preliminaries

Over the alphabet ¥ = {a, t, g, c}, we define the complement mapping - : ¥ — 3 by

a=t, t=a g=c, c=g.

For a string s = b1by ... b, € ¥* its reverse complement is defined as

sB=b,b, 1 ...0;.

In other words, 57 is obtained by reversing s and then replacing each character b; € ¥
with its complement b;. Let S = {s1,...,8m} be a set of strings over X, and define
SE={5% ... 5,%}. Without loss of generality, we assume that S U SF is substring-free,
i.e., no string in S U S® is a substring of another. For a string z, we use

2’ € {z, 727}

to denote either x or its reverse complement. We will use this notation consistently throughout
the paper. Let us formally define the SCS-RC problem:

» Definition 4 (Shortest Common Superstring with Reverse Complements (SCS-RC)).
Input: A set of strings S = {s1,...,8m} over an alphabet X.
Output: The shortest string s such that for each s; € S, either s; or its reverse complement
5 appears as a substring of s.
We call a (not necessarily shortest) string that contains, for each s; € S, either s; or its
reverse complement §; 7%, an approzimate solution for the SCS-RC instance S.
There are two common ways to measure the quality of approximation algorithms.

» Definition 5 (Length ratio and compression ratio). Let ALG(S) denote the length of the
approximate solution for the SCS-RC instance S produced by an algorithm ALG, and let

OPT(S) denote the length of an optimal solution. We define the length ratio of the algorithm
ALG(S)
OPT(S)’

as and the compression ratio as Hgl‘l‘:éillﬁgg’ where [|S]| =3, cglsil-

Since ALG(S) > OPT(.S), we distinguish between two notions of approximation. When
0 > 1, a d-approximation refers to the length ratio, and when § < 1, it refers to the
compression ratio.

For two (not necessarily distinct) strings « and y, let v be the longest string such that
x = uwv and y = vw for some nonempty strings v and w. We call v the overlap between z
and y, and denote its length by |v| = ov(z,y). For example, if © = atat and v = tata, then
ov(u,v) = 3 and ov(u,u) = 2. The string u is called the prefiz of x with respect to y, and is
denoted by pref(z,y). We define the distance from z to y as

dist(z,y) = |pref(z,y)| = |z| — ov(z, y).

For a given sequence of strings x1,...,z,, we define

(v1,..., ) = pref(z1, x2)pref (2, x3) . .. pref(zr—1, T ).
If z1,..., 2, are substring-free, then this string is a shortest string containing x1,...,z, as
substrings in this order. As observed in [2], the optimal solution of SCS-RC must have the
form (s} ,...,s; ) for some permutation iy, ...,4, of {1,...,m}.

CPM 2026
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Algorithm 1 MGREEDY-RC.

Input :A set of strings S

Output : An approximate solution for the SCS-RC instance S
T+ 0

while S # () do

P« {(z,5) € (SUSR) x (SUSR) | (w = y) or (v £y and 38 £ y)}
take (x,y) from P that maximizes the value ov(z,y)

if x = y then

S+ S\ {z,z%}

T+ TU{x}

else

S S\ {x, 2%y, 5"}

S Su{(z,y)}

end

end
Concatenate all the strings in T’

Algorithm 2 GREEDY-RC.
Input :A set of strings S
Output : An approximate solution for the SCS-RC instance S
while |S| > 1 do
P+ {(z,y) € (SUSE) x (SUSE) |z #y and 2T # y)}
take (x,y) from P that maximizes the value ov(z,y)
S S\ {z, 2" y,y"}
S Su{(z,y)}
end
Return the only element of S

The distance graph Gg = (V, E,w) is the weighted complete directed graph constructed
from the strings in SUS. The vertex set is V = SUST, and the edge set is E = {(2,%) | 2,y €
V'}. The weight of each edge (z,y) € E is defined as w(z,y) = dist(z,y). The overlap graph
is defined analogously, except that the weight of each edge (x,y) is given by w(z,y) = ov(z, y).
Each path x1,...,x, in Gg corresponds to the string (z1,...,z,). Let C = x1,..., 2,21 be
a cycle in Gg. We define the weight of the cycle C as w(C) = Y_._, dist(z;, x;41), where
we set x,+1 = 1. A cycle cover of Gg is a set of vertex-disjoint cycles such that, for each
1 < i < m, exactly one of s; and §;7 is contained in the cycles. A cycle cover of Gy is said
to be optimal if it has the minimum total weight among all possible cycle covers. We denote
an optimal cycle cover of Gg by CYC(Gg), and its total weight by w(CYC(Gg)). Since an
optimal solution to SCS-RC corresponds to a single cycle that contains exactly one of s; and
5;7 for each 1 < i < m, it can be viewed as a special case of a cycle cover. Therefore, we
have the following inequation

w(CYC(Gs)) < OPT(S). (1)
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Algorithm 3 TGREEDY-RC.
Input :A set of strings S

Output : An approximate solution for the SCS-RC instance S
1. Compute the set T" using the MGREEDY-RC algorithm
2. Apply the GREEDY-RC algorithm to T’

2.1 Greedy algorithms

Jiang et al. [8] introduced a greedy algorithm shown in Algorithm 1, which we refer to as
MGREEDY-RC. Strictly speaking, they considered reversals rather than reverse complements,
but their formulation and analysis can be adapted directly to our setting by interpreting
R as 5. MGREEDY-RC disallows merging string pairs of the form (x,z%) for = # z%,
since both (distinct)  and % need not be included simultaneously. As discussed in [8],
the MGREEDY-RC algorithm can be viewed as constructing a cycle cover. When it merges

their s

two strings = = (s},,...,s;, ) and y = (s} ,..., s;-g>, this corresponds to selecting an edge
between s}, and s} to create a new path si ,...,s}, ;8% ,..., s;-g. When it merges  and %,
- R - R
: / / : / /
it first replaces the second path Sjir oSG, with 85, 1 Sh and then merges the paths
- R - R
! ! / / : _ / /
to form s; ,..., s} , i, a8y When MGREEDY-RC moves a string = = (s; ,...,s;, )

/ / /

from S to T', it closes the corresponding path into a cycle s; ,...,s; ,s; . These operations

together form a cycle cover of Gg, and it has been shown that this cover is optimal.
» Lemma 6 ([8]). MGREEDY-RC creates an optimal cycle cover CYC(Gg).

Fici et al. [6] proved that the GREEDY-RC algorithm, given in Algorithm 2, achieves a
compression ratio of £, and that this bound is tight for the algorithm. As in [8], they actually
considered reversals rather than reverse complements, but the same analysis applies when

interpreting s as 5%.

» Lemma 7 ([6]). GREEDY-RC achieves a compression ratio of 5.

The TGREEDY-RC algorithm, presented in Algorithm 3, is a refinement of MGREEDY-RC.
Rather than concatenating the strings in 7" directly, it merges them by executing GREEDY-RC.

2.2 Periodicity and the overlap rotation lemma

We adopt the notation from [3, 11]. A string x is called a factor of a string s if s = x'y for
some positive integer 4 and some (possibly empty) prefix y of x. We denote by factor(s) the
shortest such string x, and define the period of s as period(s) = |factor(s)|. A semi-infinite
string s is called periodic if s = xs for some nonempty string x. In this case, we denote the
shortest such = by factor(s) and define period(s) = |factor(s)|.

Let = and y be strings that are either finite or periodic semi-infinite. We call x and
y equivalent if factor(y) is a cyclic shift of factor(z), i.e., there exist strings e and f such
that factor(z) = ef and factor(y) = fe; otherwise, we call them inequivalent. The following
lemmas were proved in [2] and restated in [3].

15:5
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» Lemma 8 ([2]). Let C = s , s, st s be a cycle in CYC(Gg). Then

117 127"'7 17 "1
factor((s 21,...,sgk>) factor((s;,,. ..,sék,s;))
= pref(s;, s;,) ... pref(s;, _,, s} )pref(s] , s;),
period((s;,,...,s;,)) = w(C).
(Si,s---s85,,8;,) = factor((s] ..., s}, ))s;,

» Lemma 9 ([2]). The strings <s;1,...7s;k>7 (sgz,...,s;k,s;), cey <s;k,s§1,..‘,s§kil> are
all equivalent.
» Lemma 10 ([2]). Let C=s],8,,...,8,5 adD = sh,sh,...,s] , 8%, be two distinct
cycles in Gs. If (s} ,si,,...,8},) is equivalent to (s}, , s}, ..., S5, ") Then there exists a third

cycle E with weight w(C) containing all the vertices in C and D.

Lemma 10 implies that strings taken from distinct cycles in an optimal cycle cover are
inequivalent, and this property naturally extends to the reverse-complement setting.

» Lemma 11. Let C = s} ,s],,...,8;,,5;, and D = s’ s’ ... s’ s’ be two distinct cycles
h el J1
in CYC(Gs). Then the strings e = (sj ,...,s;,) and f = (s}, ,...,s} ) are inequivalent.

Moreover, the pairs (e, f%), (€%, f), and (€%, f%) are also inequivalent.
The following lemma was used to gain a 4-approximate bound in [8].
» Lemma 12 ([2]). If strings x and y are inequivalent, then ov(z,y) < period(z)+ period(y).

Given a semi-infinite string @ = 122+, we denote the rotation afk] = zrxp41---.
Breslauer et al. [3] proved the following overlap rotation lemma.

» Lemma 13 (overlap rotation lemma [3]). Let a be a periodic semi-infinite string. There
exists an integer k, such that for any finite string s that is inequivalent to a,

ov(s,alk]) < period(s) + %period(a)

We denote a rotation «afk] that satisfies Lemma 13 as the critical rotation. The following
lemma, originally proved in [3] and restated in [11], shows that it is possible to extract such
a rotation from each cycle in CYC(Gg). Property (4) relies on the fact that zp and z¢ are
inequivalent, which follows from Property (3) together with Lemmas 9 and 11.

» Lemma 14 ([3]). Let C = s;,...,s; ,5;, be a cycle in CYC(Ggs). Then there exvist a
string xc and an index j such that:

(1) The string (s;, -+ i Si,s---,8;,) @5 a suffiv of zc.

(2) The string xc is contained in yc = (sj ..., s; , E sé/)

(3) z¢ is equivalent to (s H,...,s;ﬁsgﬂ...,s;)

(4) The semi-infinite string factor(xc)* is the critical rotation of factor((sj ,...,s; ))>.

Specifically, let xp be the string obtained by this lemma corresponding to a different cycle
D € CYC(Gg); then ov(zp,zc) < w(D) + tw(C).
3 Analysis

We begin by proving Theorem 1, which serves as the reverse-complement analogue of
Theorem 3.1 in [4]. The argument follows the same ideas as the original proof.
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3.1 Proof of Theorem 1

In MGREEDY-RC, we first compute the optimal cycle cover CY C(Gg) and obtain the set of
strings corresponding to its cycles, denoted by T' (see Algorithm 1). We then observe that
the optimal solution to the SCS-RC problem on this set T is at most twice as long as the
optimal solution to the original instance.

» Lemma 15. OPT(T) < OPT(S) + w(CYC(Gs)) < 20PT(S).

Proof. For each cycle C = sj ,...,s; ,s; in CYC(Gs), we select a single representative
string sgl. Let S’ C S denote the set of these representatives, one per cycle. Let u be an

optimal solution to the SCS-RC problem on S’. Clearly, |u| < OPT(S).
. / / . ’ . 7 R : /
For each string s;, € S', either s; or its reverse complement s} occurs in w. If si

occurs, we replace one occurrence of it with

e = pref(s; ,s;,)...pref(s; _,s; )pref(s; ,s; )s

Gpr—17

/
21"
R
Otherwise, we replace s; ~~ with ef. Note that s, is both the prefix and the suffix of e, and

similarly sglR is both the prefix and the suffix of é®. This ensures that the replacement
operation is well-defined and produces a valid superstring.

This replacement increases the length of u by w(CYC(Gg)), yielding an approximate
solution for the SCS-RC instance T'. <

In practice, we do not know the optimal solution for the instance T. Instead, we can
apply the given d-approximation algorithm in terms of the compression ratio. Let ALG(T)
denote the length of the solution produced by this d-approximation algorithm on the set T
By the definition of the compression ratio, we have

6 (||T]] — OPT(T)) < ||IT]| — ALG(T),

where ||T|| = >, cp || denotes the total length of strings in 7. Note that ||T| is also the
length of the superstring produced by MGREEDY-RC. Hence, the (2 + «)-approximation
guarantee of MGREEDY implies
[IT]] < (2+ a)OPT(S).
Combining these inequalities, we obtain
ALG(T) < (1 =9)||T|| + 6 OPT(T)
< (1-10)(2+ a)OPT(S) + 25 OPT(S)
=2+ (1-96)a)OPT(S).
TGREEDY-RC corresponds to the case where we run GREEDY-RC on the set T. From

Lemma 7, GREEDY-RC is a %—approximation algorithm in terms of compression ratio, that
. 1
is, 6 = 3.

3.2 Proof of Theorem 2

For each cycle C' = sj ,s; ,...,s; ,5; in CYC(Ggs), the existence of strings zc and yc

satisfying the properties stated in Lemma 14 is guaranteed. We define

A={zc|CeCYC(Ge)}, A=Y Jal.

z€A

By property (1) of Lemma 14, ||A|| provides an upper bound on ||T|.

CPM 2026
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» Lemma 16. ||T|| < ||4]].

Proof. Consider a cycle C = s ,s} ,...,s, ,s; in CYC(Gg), and let j be the index whose

i1 190 Y ) T
existence is guaranteed by Lemma 14. By property (1) of that lemma, we have

I(sh ,...,8: s ...,s;j>|§|xc|.

G541 994,024

Since MGREEDY-RC greedily merges string pairs with the maximum overlap, the cycle-
closing edge from s;T to s;, has the smallest overlap among edges in the cycle. Hence,

ov(s: ,st ) <ov(s, ,si ) foralll <k<nr.

i) 11 wc’ k41

The string produced by MGREEDY-RC is (s} ,...,s; ), whose length can be computed as

1,17..

[(iys -+ 53,0 = [pref(s;, , i, )pref(sf,, si,) ... pref(s; . 5} )s, |
= [pref(s;, , i, )pref(s;,, si,) ... pref(s; s Jpref(s; , si, )| + ov(sj . s,)
=w(C) + ov(s] ,s. ).

Z”Ll

On the other hand, for the rotated sequence starting at index j + 1, we have

|<S;j+1""78{ir7s;17"' >| - |pref( l]+1’8fL]+2) prEf( ’LT 17 ’LT)pI'Ef( r? ’Ll)|
+ |pref(8i178i2) : pref( ZJ7 ’L +1)| + OV( ’L ’S{L +1)
=w(C) +ov(s, ,si ).

27 541

/

Since ov(s] , s ) <ov(s} s ), we conclude that

1) T 257 Tl541
|<s;1,...,s;r> < |<5i,-+17~-~75;,,a521a .. ,s;JH
Summing over all cycles in CYC(Gg) yields ||T|| < ||A]l. <

From the previous lemma, we have established that ||T|| < ||A]|. Our next goal is to
obtain an upper bound on ||A||. To this end, consider the SCS-RC problem on A, and let
OV(A) denote the maximal overlap in A, defined as

k—1
OV(4) =) ov(ag,.2g,,,),
j=1

where C1,...,Cy are the k = |CYC(Gg)| cycles in CYC(Gg), ordered according to an
optimal superstring <:E/C1 s ,:L'/Ck> for the SCS-RC instance on A.
Then, by definition, we have

[|A]| = OPT(A) + OV(A).
An upper bound on OPT(A) can be obtained in a manner similar to Lemma 15.
» Lemma 17. OPT(A) < OPT(S) 4+ w(CYC(Gs)).

Proof. Let B ={yc | C € CYC(Ggs)}. By property (2) of Lemma 14, each yc contains z¢,
which implies OPT(A) < OPT(B).
Let yo = (s} ,...,8i . 8i,,---,5;,), and select s; as the representative of the cycle C'. Let

S’ C S denote the set of these representatlves over all cycles C' € CYC(Gg).
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Let u be an optimal solution of SCS-RC for S’. Clearly, |u| < OPT(S). For each string

sﬁj € S, either sgj or its reverse complement s;_ occurs in u. If sgj occurs, replace once
' - R

occurence of it with the original yc; otherwise, replace s;j with 3¢ ®. This replacement

increases the length of u by w(CY C(Gg)), yielding an approximate solution for the SCS-RC
instance B. Hence, OPT(B) < OPT(S)+w(CYC(Ggs)). Together with OPT(A) < OPT(B),

we obtain OPT(4) < OPT(S) + w(CYC(Gg)). <
For each cycle C = s] ,s; ,...,s; ,s; in CYC(Gs), we can consider its reverse comple-

- R - R -R + R
ment, CF = s/ ’S;,- ....,s, s, . For this C®, there exists a strmg zar that satisfies

the properties stated in Lemma 14. However, since x5z and o™ may differ, we cannot
directly derive the upper bound OV(A) < 1.5w(CY C(Gg)) from Lemmas 13 and 14.

Therefore, when the reverse complement ¢’ appears in the optimal solution, we must
apply Lemma 12 instead of Lemma 13. The key observation is that, by also considering the
reverse complement of the entire optimal superstring, the proportion of such strings can be
limited to at most half.

» Lemma 18. OV(4) < 1.75w(CYC(Gg)).

Proof. Let C1,...,Cy be the k = |CYC(Gg)| cycles in CYC(Gg), ordered according to an
optimal solution for the SCS-RC instance on A. Let v = (z(,,...,2(, ) denote this optimal
superstring. Recall that for any i # j, the strings m’c and x’cj are inequivalent, as discussed
in Section 2.2. Then,

k—1
A) = Z ov(ze, ve,,,)
j=1

w(Cj-1) +0.5w(C)), if g, =xc, (by Lemma 13),

k
<D
j=2

Rearranging the terms gives

w(Cj—1) +w(Cj), if 2, = zo,® (by Lemma 12).

z’“: L5w(Cy), if 2, = zcy,
. - R
j=1 Cj)7 if 2, = ¢,
. : . -R ;o PR
Next, consider the reverse complement of the optimal solution, v = (zf. ...,z ),
k 1

which is also an optimal superstring for the same instance. In this reversed solution, every
occurrence of z¢; is replaced by x’ch, and vice versa. Hence, we also have

z’“: ),

= L 5w(C ), ifag, = zo, B

ot
if v, = zg,,

By adding the two inequalities and dividing by two, we obtain
20V(A Zs 5w(Cj), thatis, OV(A) < 1.75w(CYC(Gs)). <

From Lemmas 17 and 18, we obtain the following upper bound on ||A||:
[|A|| = OPT(A) + OV(A)

< OPT(S) + w(CYC(Gs)) + 1.T5w(CY C(Gs))

= OPT(S) + 2.75w(CY C(Gy)).

15:9
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Using Lemma 16, we then have
|T|| < [|A|| < OPT(S) + 2.75w(CY C(Gs)) < 3.75 OPT(S),

which completes the proof of Theorem 2.

4  Conclusion and Future Work

We have improved the approximation guarantees of MGREEDY-RC and TGREEDY-RC for the
SCS-RC problem by leveraging the overlap rotation lemma and certain properties of reverse
complements. The remaining gaps compared to the standard SCS problem are mainly in
two aspects:

(1) The approximation guarantee of MGREEDY-RC.

(2) The compression ratio.

For the first aspect, we improved the approximation guarantee from 4 to 3.75. However, for
the standard SCS problem, the best known ratio of the corresponding MGREEDY algorithm
is @ ~2 3.396 [5], so closing this gap remains an open research direction.

For the second aspect, we used the %—approximation compression ratio algorithm in
GREEDY-RC. In the case of the standard SCS, the problem can be reduced to the max-
imum asymmetric traveling salesman problem (MAX-ATSP), which is known to have a
%—approximation algorithm [10, 13]. However, for the SCS-RC problem, we must consider
clusters containing two vertices each, which prevents the direct application of approximation
algorithms for MAX-ATSP. Another research direction is to find a suitable reduction related
to the MAX-ATSP problem, or to consider an entirely different approach to improve the

compression ratio.
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