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Abstract: In this paper we consider a basic clustering problem that has uses in bioinformat-
ics. A structural fragment is a sequence of ¢ points in a 3D space, where ¢ is a fixed natural
number. Two structural fragments f; and f, are equivalent if and only if f; = fo - R+ 7
under some rotation R and translation 7. We consider the distance between two structural
fragments to be the sum of the squared Euclidean distance between all corresponding points
of the structural fragments. Given a set of n structural fragments, we consider the problem
of finding k (or fewer) structural fragments g1, go, . . ., g, SO as to minimize the sum of the
distances between each of f1, fo, ..., f, toits nearest structural fragment in g, . . . , g. In this
paper we show a polynomial-time approximation scheme (PTAS) for the problem through a
simple sampling strategy.

Keywords: Clustering 3D point sequences; squared Euclidean distance; algorithm;
polynomial-time approximation scheme.

1. Introduction

In this paper we consider the problem of clustering similar sequences of 3D points. Two such se-
quences of points are considered the same if they are equivalent under rotation and translation. The

scenario which we consider is as follows. Suppose there is an original sequence of points that gave rise
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to a few variations of itself, through slight changes in some or all of its points. Now given these varia-

tions of the sequence, we are to reconstruct the original sequence. A likely candidate for such an original

sequence would be a sequence which is “nearest” in terms of some distance measure, to the variations.
A more complicated scenario involves %k original sequences of the same length. Formally, we for-

mulate the problem as follows. Given n sequences of points f1, fo, ..., f,, we are to find a set of k
sequences ¢, - . . , gk, such that the sum of distances
Z mm dzst(fl,gj) (1
1<izn S

is minimized. In this paper we consider the case where dist is the minimum sum of squared Euclidean
distances between each of the points in the two sequences f; and gy, under all possible rigid transforma-
tions on the sequences of points. A cost function in the form of the squared Euclidean distance is used
in many techniques for clustering 3D points [1]. Since our clustering problem is quite different from
those previously studied, it calls for a new technique. (The “square” in the distance measure is to fulfill
a condition needed by the method in this paper. The method does not work, for example, in the case of
the root mean squared Euclidean distance. On the other hand, the method easily adapts to other distance
measures that fulfill the required condition.)

Such a problem has potential use in clustering protein structures. A protein structure is typically given
as a sequence of points in 3D space, and for various reasons, there are typically minor variations in their
measured structures. The problem can be considered a model of the situation where we have a set of
measurements of a few protein structures, and are to reconstruct the original structures.

In this paper, we show that there is a polynomial-time approximation scheme (PTAS) for the problem,
through a sampling strategy. More precisely, we show that an optimal solution obtained by sampling
smaller subsets of the input suffices to give us an approximate solution, and the approximation ratio
improves as we increase the size of the subsets we sample.

2. Preliminaries

Throughout this paper we let £ be a fixed non-zero natural number. A structural fragment is a sequence
of ¢ 3D-points. The mean square distance (M S) between two structural fragments [ = (f[1],..., f[¢])
and g = (g[1], ..., g[¢]), is defined to be

MS(f,g) = min Z I /1] gl +7) |I* 2)

T ReRreT
where R is the set of all rotation matrices, 7 the set of all translation vectors, and || x — y || is the
Euclidean distance between x,y € R3.
The root of the M S measure, RMS(f,g) = /MS(f,g) is a measure that has been extensively
studied. Note that R € R, 7 € 7 that minimize Zle | fli] = (R-g[i] +7) || to give us MS(f, g) will
also give us RM S(f, g), and vice versa. Since given any f and g, there are closed form equations [2, 3]

for finding R and 7 that give RM S(f, g), MS(f, g) can be computed efficiently for any f and g.
Furthermore, it is known that to minimize >, || f[i] — (R - g[i] + 7)

must coincide [2]. Due to this, without loss of generality we assume that all structural fragments have
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centroids at the origin. Such transformations can be done in O(nf) time. After such transformations, in
computing M S(f, g), only the parameter R € R need to be considered, that is,

¢
MS(7.9) = yia 321 710 - R ol I 3)

Suppose that given a set of n structural fragments f1, fs, ..., f,, we are to find £ structural fragments
g1, - - -, gk, such that each structural fragment f; is “near”, in terms of the M S, to at least one of the

structural fragments in g1, . . ., gx. We formulate such a problem as follows:

k-CONSENSUS STRUCTURAL FRAGMENTS PROBLEM UNDER M S
Input:  n structural fragments fi, ... f,,, and a non-zero natural
number k < n.

Output: £ structural fragments ¢, . . . g, minimizing the cost
> i ming<j<r MS(fi gj)-

In this paper we will demonstrate that there is a PTAS for the problem.

We use the following notations: Cardinality of a set A is written |A|. For a set A and non-zero
natural number n, A™ denotes the set of all length n sequences of elements of A. Let elements in a
set A be indexed, say A = {fi, fa,..., fu}, then A™ denotes the set of all the length m sequences
firs fins ooy fi» where 1 <y < iy < ... <1, < n.Forasequence S, S(i) denotes the i-th element in
S, and |S| denotes its length.

3. PTAS for the k-Consensus Structural Fragments

The following lemma, from [4], is central to the method.

Lemma 1 ([4]) Let ay,as,...,a, be a sequence of real numbers and let r € N, 1 < r < n. Then the

following equation holds:

1 g, et a s THI~ a1 tay+ - +a, 2
— - — ;)" = —a 4
> 2 ; af=——>( w? @

n" .~ , ; n
1<i1,i2,..,ir<n =1 =1

Let Py = (z1,91,21), P2 = (22,Y2, 22), - . ., Py = (Tn, Yn, 2n) be a sequence of 3D points.

D VDL Ak

1<t i2,..ip<n i=1

= Y T ) (T (P

n" ( . T T T
1<iy,.0ir<n i=1

Cortl o+, s it t 2, s 21t ...tz )
= , ;( n )"+ ( n zi)” + ( 0 zi)
r+1z": P+P+--+P, )
= | il (5)

r n

=1
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One can similarly extend the equation for structural fragments. Let fi, ..., f, be n structural frag-
ments, the equation becomes:

i Z Z ” fu +f17 fz H2 r+1 Z ” u . fz ||2 (6)

nr
1<i1,eyir<n i=1

The equation says that there exists a sequence of r structural fragments f;,, fi,, ..., fi, such that

an“ *f“—fin?sr“anl SR g ™

Our strategy uses this fact —in essentially the same way as in [4]— to approximate the optimal
solution for the k-consensus structural fragments problem. That is, by exhaustively sampling every
combination of k sequences, each of r elements from the space R’ x {fi,..., fn}, where fi,..., f, is
the input and R’ is a fixed selected set of rotations, which we next discuss.

3.1. Discretized Rotation Space

Any rotation can be represented by a normalized vector u and a rotation angle #, where w is the axis
about which an object is rotated by 6. If we apply (u, #) to a vector v, we obtain vector 0, which is:

v=u(v-u)+ (v—w- -w))cosl + (v x w)sinf (8)

where - represents dot product, and X represent cross product.

By the equation, one can verify that a change of € in u will result in a change of at most «;€|v| in ||
for some computable o; € R; and a change of € in 6 will result in a change of at most as€|v| in |0] for
some computable v, € R. Now any rotation along an axis through the origin can be written in the form
(01,02, 03), where 0y, 05,05 € [0, 27) are respectively a rotation along each of the x, y, z axes. Similarly,
changes of ¢ in 1, 65 and 05 will result in a change of at most «e|v|, for some computable o € RR.

We discretize the values that each 6;, 1 < ¢ < 3 may take within the range [0, 27) into a series of
angles of angular difference ). There are hence at most O(1/9) of such values for each 0;, 1 < i < 3.
Let R’ denote the set of all possible discretized rotations (6;, 6o, 63). Note that |R’| is of order O(1/9?).

Let d be the diameter of a ball that is able to encapsulate each of f1, fo, ..., f,. Hence any distance
between two points among fi,..., f, is at most d. In this paper we assume d to be constant with
respect to the input size. Note that for a protein structure, d is of order O(¢) [5]. For any b € R, we
can choose 1 so small that for any rotation R and any point p € IR?, there exists R € R’ such that
|R-p—R -pl <avd <.

3.2. A Polynomial-time Algorithm With Cost ((1 + €)Dpt + ¢)

Our algorithm for the k-consensus structural fragments problem is summarized in Table 1.

This is what the algorithm does: In (2), we explore m distinct subsets Ay, ..., A, from fi,..., f,, in
the hope that each subset is from a distinct cluster in the optimal clustering. Since we explore all possible
such subsets this is bound to happen. We then try to evaluate the score of each subset A; by sampling up
to r structural fragments (allowing repeats) from it (from (2.1) onwards). Such an evaluation is possible
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due to Equation 7. The evaluation also requires us to exhaustively try out all possible transformations in
R’, which is what we try to do in (2.2). Each of these samplings of A; produces a consensus structural
fragment u; for A; in (2.3), the score of which is evaluated in (2.4). Finally in (3), we output the
consensus patterns uq, . . . , u,,, Which give us the best score.

We now analyze the runtime complexity of the algorithm. Consider the number of Fy, F5, ..., F,, in
(2.1) that are possible. Let each F); be represented by a length r string of n + 1 symbols, n of which each
represents one of f, ..., f,, while the remaining symbol represents “nothing”. It is clear that for any A;,
any I; € A, or Fj € ALAj ! (where | A;| < ), can be represented by one such string. Furthermore, any
Fy Fs, ... F,, can be completely represented by k£ such strings — that is, to represent the case where
m < k, k — m strings can be set to “nothing” completely. From this, we can see that there are at most
(n 4+ 1)™ = O(n™) possible combinations of Fy, Fy, ..., F,,.

For each of these combinations, there are |R’|"* possible combinations of ©;,0,,...,0,, at (2.2),
hence resulting in O((n|R’|)™*) iterations to run for (2.3) to (2.5). Since (2.3) can be done in O(rk(),
(2.4)in O(nk|R'|¢), and (2.5) in O(n) time, the algorithm completes in O(k((r +n|R'|)(n|R’|)"*) time.

We argue that D,,;,, eventually is at most (r + 1) /r of the optimal solution plus a factor. Suppose the
optimal solution results in the m < k disjoint clusters Ay, Ao, ... A, C{f1,..., [n}-

For each A;, 1 < j < m, let u; be a structural fragment which minimizes ) fe, MS(uj, f). Fur-

Approximation Algorithm £-CONSENSUS STRUCTURAL FRAGMENTS
Input:  structural fragments fi, ... f,, natural numbers & < n and r > 1.

Output: up to k structural fragments w1, . . . Uy, m < k.

(1) Let D,,;, = oo, Consensus= (). (Consensus will contain the output.)
(2) For every possible set of m < k disjoint sets Ay, ..., A, C{f1,-.-, [n}-
(2.1) For every possible set Fy, Fy, ..., F}, of sequences where
Fj € A7 if |Aj| > r, otherwise
F} is the (unique) sequence in A‘jA" " that contains all the elements of Aj.
(Note that every distinct set of F1, ..., [, needs to be considered only once.)
(2.2) For every possible sequence O, 0, ..., 0,,, where O; € RNl for1 < j < m.
(2.3) For j = 1 to m, find u;, the average structural fragment
for ©; (1) - F3(1),
0,(2)- F(2).

O;(1F51) - F5([F31)-

(2.4) Fori=1ton, findd; = min{|| u; — R- fi |’ 1 <j<m,Re R}
2.5) If S di < Diins
set D,,in to Zj d; and set Consensus to {u1, ..., Up}.

(3) Output Consensus.

Table 1. Polynomial-time algorithm for the problem.
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thermore, for each f € A;, let R be a rotation where

3 o — . 2
Ry € argmin [|u; — R f || )
and let
D, = Z lu; — Ry - f||* (Hence the optimal cost, D = }" | D;.) (10)

JeA;

By the property of the //.S measure, it can be shown that u; is the average of {R; - f | f € A;}. For
each A; where |A;| > r, by Equation 6,

P Ry = D, (1
r r
F AT fEA;
For each such A;, let F; € A; be such that
RF 1 F ) -+ RF F ( ) T + 1
S = ~ Ry [|? < D, (12)
r r
feA;
Without loss of generality assume that each F; € A;T!. Let
RF]-(I)'Fj(1)+'7'l'+RFj(r)'F]'('r') if |AJ| S
;= Rpjm-Fj<1>+---|Z{|1Fj(‘A].D-Fj(\Aj|> otherwise (13)
J
Then we may write,
m r+1
.0 lm =R fIP < ——D (14)
J=1 feA;
For each rotation Ry, let I2; be a closest rotation to R ; within R'. Also, let
Rp (1) Fj()+-+Rp () F;(r )
= B PO g BOAD (15)

A1

Since we exhaustively sample all possible F; € A;T’ for all possible A; and for all R € R/, it is clear
that:

Dinin Z Z | pi— R f H2 (16)

J=1 feA;
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We will now relate the LHS of Equation 14 with the RHS of Equation 16. The RHS of Equation 16 is

Y > lw =R fIP

J=1 feA;

= D>l =)+ Ry f = Ry )= Ry TP

3

IN
=
|

Ry f 4+l —my 1+ | By - f = Ry - £ 1)

= > > =R fIP+U s —my |+ | Ry~ f = Ry - f)?

7j=1 fGAj

2y =R [l (s = I+ | Ry - f = Ry - f D)

| p; — Ry f >+ 8nlb (17)

NE

J=1 feA;

Hence by Equation 14, D,,;, is at most (r + 1)/r = 1 4+ 1/r of the optimal solution plus a factor
c=8nlb. Lete =1/r,

Theorem 2 Forany c,e € R, a ((1+€) D, + c)-approximation solution for the k-consensus structural

fragments problem can be computed in

k
€

)

O(kﬂ(% F R (RS

time.

The factor ¢ in Theorem 2 is due to error introduced by the use of discretization in rotations. If we are
able to estimate a lower bound of D,,;, we can scale this error by refining the discretization such that ¢
is an arbitrarily small factor of D,,;. To do so, in the next section we show a lower bound to D,;.

3.3. A Polynomial-time 4-approximation Algorithm

We now show a 4-approximation algorithm for the k-consensus structural fragments problem. We

first show the case for k£ = 1, and then generalizes the result to all £ > 2.

Let the input n structural fragments be f1, fo, ..., f,.. Let f,, 1 < a < n be the structural fragment
where
> MS(fu fy)
1<j<nAj#a

is minimized. Note that f, can be found in time O(n?¢), since for any 1 < i, j < n, MS(f;, f;) (more
precisely, RM S(f;, f;)) can be computed in time O(¢) using closed form equations from [3].

We argue that f, is a 4-approximation. Let the optimal structural fragment be f,,, the corresponding
distance D,,, and let f;, (1 < b < n) be the fragment where M S( fy, fopt) is minimized.

We first note that the cost of using f, as solution, ), 2o MS (far i) <220 MS(fy, fi). To continue
we first establish the following claim.
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Claim 1 MS(f, f') < 2(MS(f, /") + MS(f", f')).

PROOF. In [6], it is shown that

RMS(f, ') < RMS(f, f") + RMS(f", ') (18)
Squaring both sides gives
MS(f, f') < MS(f, f") + MS(f", f') + 2RMS(f, f")RMS(f", f') (19)
Since
2RMS(f, f)RMS(f", f') < MS(f, f") + MS(f", f') (20)
we have MS(f, f') < 2(MS(f, f") + MS(f", f'))- i
By the above claim,
S MS(fo, fi) < 2D (MS(fy, fopt) + MS(fopt, ) 1)
i#£b i#b
= 2> MS(fy, for) 2 MS(fi, fopt) (22)
i#b i#b
< 2 MS(fo, fopt) + 2Dopt (23)
i#b
S 2ZMS(fjafopt)+2Dopt (24)
JF#b
< 2Dopt + 2-Dopt = 4Dopt (25)

Hence ), 2o M S(fas fi) < 4D,p. We now extend this to & structural fragments.

4-Approximation Algorithm k-CONSENSUS STRUCTURAL FRAGMENTS
Input:  structural fragments S = { f1, ... f, }, natural number k£ < n.

Output: up to k structural fragments A.

(1) For every set A C S of up to k structural fragments, do
(2)  Compute cost(A) =3 g, minpea MS(f, f')
(3) Output A with the least cost(A).

We first pre-compute MS(f, f') for every pair of f, f' € S, which takes time O(n?(). Then, at
step (1), there are at most O(n*) combinations of A, each which takes O(nk) time to compute at step
(2). Hence in total we can perform the computation in O(n?¢ + kn**!) time. To see that the solution
is a 4-approximation, let Sy, Ss,...,.5,, where m < k be an optimal clustering. Then, by our earlier
argument, there exists f;, € Sy, fi, € So, ..., fi,, € Sp such that each f;, is a 4-approximation for .S,,
and hence f;, fi,, ..., fi,, is a4-approximation for the k-consensus structural fragments problem. Since
the algorithm exhaustively search for every combination of up to %k fragments, it gives a solution at least

as good as f;,, fi, - - ., fi,, and hence is a 4-approximation algorithm.

Theorem 3 A 4-approximation solution for the k-consensus structural fragments problem can be com-
puted in O(n?( + kn*1) time.
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3.4. A (1+ €) Polynomial-time Approximation Scheme

Recall that the algorithm in Section 3.2 has cost D < (1 + €)D,,; + 8nfb where b = avd. From
Section 3.3 we have a lower bound D,,; of D,,,.. We want 8nlb < eD,,; < €D,,. To do so, it suffices
that we set ¥ < eD,,,;/(8nlad). This results in an |R'| of order O(1/9%) = O((n/d)?). Substituting this

in Theorem 2, and combining with Theorem 3, we get the following.

Theorem 4 For any ¢ € R, a ((1 + €) D,y )-approximation solution for the k-consensus structural

Jfragments problem can be computed in

2

O(n?l + kn* + ké(% +nA)(nA)*)

o[

time, where \ = (nld)3.
4. Discussions

The method in this paper depends on Lemma 1. For this reason, the technique does not extend to the
problem under distance measures where Lemma 1 cannot be applied, for example, the RM S measure.
However, should Lemma 1 apply to a distance measure, it should be easy to adapt the method here to
solve the problem for that distance measure.

One can also formulate variations of the k-consensus structural fragments problem. For example,

k-CLOSEST STRUCTURAL FRAGMENTS PROBLEM UNDER M S
Input:  n structural fragments fi, ... f,,, and a non-zero natural
number £ < n.
Output: £ structural fragments ¢, . . . gx, minimizing the threshold

maxj<i<n miIhgjgk MS(fla gj)'

While the cost function of the k-consensus structural fragments problem resembles that of the k-
means problem, the cost function of the k-closest structural fragments resembles that of the (absolute)
k-center problem. One interesting problem for future study is whether this problem has a PTAS or not.
It is not clear how to generalize the technique employed in this paper to k-closest structural fragments

problem under M S.
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