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Abstract. Given d > 2 and a set of n grid points Q in R?, we design a
randomized algorithm that finds a w-wide separator, which is determined
by a hyper-plane, in O(n% log n) sublinear time such that @ has at most
(fh + o(1))n points one either side of the hyper-plane, and at most

cdwn% points within 3 distance to the hyper-plane, where c4 is a
constant for fixed d. In particular, cs = 1.209. To our best knowledge, this
is the first sublinear time algorithm for finding geometric separators. Our
3D separator is applied to derive an algorithm for the protein side-chain
packing problem, which improves and simplifies the previous algorithm

of Xu [26].

1 Introduction

The work in this paper aims for efficient identification of width-bounded sepa-
rators for a given set of points in the d-dimensional Euclidean space and their
applications to intractable practical problems. Intuitively, a width-bounded sep-
arator utilizes a simple structured hyper-plane to divide the set into two “bal-
anced” subsets, while at the same time maintaining a “low density” of the set
within a given distance to the hyper-plane. This new notion of separators was
initially introduced by Fu in [11], and it was shown that these separators are
very suitable in solving a number of distance-bounded geometric problems such
as the protein folding problem in the HP model in [10] and some other intractable
problems in [11, 6].

The main contributions of this paper are summarized as follows:

In section 5, we present an O(n% log n) sublinear time randomized algorithm
for finding a with-bounded separator in the dimensioinal Euclidean space R¢
for d > 2. To our best knowledge, this is the first sublinear time algorithm
for finding geometric separators. For many other geometric problems, a higher
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dimension brings higher computational complexity. However, it is interesting to
notice that the exponent of our algorithm’s computational complexity is reversely
propotional to the dimension of the space.

In section 6, we exhibit an application of our sublinear time separator to the
protein side-chain packing problem. One of the most fundamental problems in
the molecular biology is to predict a protein’s 3D structure when given its 1D
amino-acid sequence. Although much effort has been made for decades, this prob-
lem remains unsolved. An important component of the general protein structure
prediction problem is the protein side-chain packing problem. It determines the
side-chain positions onto the fixed backbone [23]. This problem has been proved

2
to be NP-complete [1]. Recently, a r(?v(: 1081 time algorithm was shown by
Xu [26], where 74, is the average number of side-chain rotamers in a protein.
We apply width-bounded separators to the protein side-chain packing problem.
The length of side-chain of each amino acid is small compared to the size of
one protein. Two side-chains in a protein molecular do not interact with each
other if their distance is slightly larger than the sum of their lengths according
to models used in (e.g. [4,5,26]). Using our width-bounded separators, we ob-
2
tain an algorithm with computational time 7’8&23 ), where 7.y 18 the maximal
number of side-chain rotamers among a protein. Since the number of rotamers
is usually small, we assume both 74, and 71,4, are constants, hence our new

algorithm has a better complexity bound.

2 The Related Work

There have been extentive efforts on finding separators due to their critical roles
in many issues of algorithm design and analysis. Because of space limit we cannot
give a comprehensive review of the related work but list some representative
results in this area. Lipton and Tarjan [16] proved that every n vertex planar
graph has at most \/8n vertices whose removal separates the graph into two
disconnected parts of size at most %n Their %—separator has been improved
by a series of papers [7,12,2,8] with the best record 1.97y/n by Djidjev and
Venkatesan [8]. Spielman and Teng [25] showed a 3-separator with size 1.82y/n
for planar graphs. Separators for more general graphs were derived in [13, 3, 22].
A planar graph can be induced by a set of non-overlapping discs on the plane
such that every vertex corresponds to a disc center and each edge corresponds
to a tangent relationship between two discs. The separator developed by Miller,
Teng and Vavasis [17] is a generalization of planar graph separators to the d-
dimensional Euclidean space. Some O(Vk - n) size separators for k-thick systems
and the related algorithms were derived in [18, 19,17, 24].

The study of width-bounded separators were initiated by Fu in [11] and has
yielded successful applications in [10, 6]. Our width-bounded geometric separator
has some interesting advantages over previous geometric separators such as the
popular geometric separator by Miller, Teng and Vavasis [17]. First, the width-
bounded separator has a simple linear structure as the separator is determined
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by a hyper-plane and a width parameter w, but Miller et al.’s separator is a
sphere, which can be also found in linear time [9]. The linear structure is very
crucial for us in deriving sublinear time algorithm in this paper. Second. the
width-bounded separator has a smaller constant in its size upper bound factor
than other separators. The constant factor was not clearly given in Miller et al.’s
separator. Furthermore, their separator only has a balance condition bounded
by g—j_;n due to their transformation to a higher dimension, while The balance
condition of the width-bounded separator is bounded by d%iln. Third, the width-
bounded separator can be used to deal with an arbitrary set of points via using
a set of grid points and weights to characterize the distribution of points from
the input set.

3 Notations, Definitions, and Width-Bounded Separators

For any finite set A, |A| denotes the number of elements in A. Let R be the
set of all real numbers. For two points pi,p2 in the d-dimensional Euclidean
space R9, dist(py,p2) is the Euclidean distance between p; and ps. For a set
A C R dist(p1, A) = mingea dist(p1,q). The diameter of any P C R? is
maxy, p,ep dist(p1,p2). For a > 0 and a set A of points in R¢, if the distance
between every two points in A is at least a, then A is called a-separated. For
€ > 0 and a set @ of points in R?, an e-net of Q is another set P of points in R?
such that each point in @ has a distance < € to some point in P. We say P is a
net of @ if P is an e-net of @ for some constant € > 0 (that does not necessarily
depend on the size of Q). A net set is usually a 1-separated set such as a grid
point set. A weight function w : P — [0, 00) is often used to measure the density
of Q near each point in P. Let f : #¢ — R be a smooth function. Its surface is
the set L(f) = {v € R¢|f(v) = 0}. A hyper-plane in R? through a fixed point
po € N is defined by the equation (p — pg) - v = 0, where v is a normal vector
of the plane and “ .” is the usual vector inner product. A hyper-plane in R? is
determined by L(f) for some linear function f : R¢ — R.

Definition 1. Given any Q C R with a net P C R?, a constant a > 0, and a
weight function w : P — [0,00), an a-wide-separator is determined by the surface
L(f) for some linear function f : R® — R. The separator has two measurements
for its quality of separation: (1) balance(L(f),Q) = W, where Q1 =
{qg € QIf(q) <0} and Q2 = {q € Q|f(q) > 0}; and (2) density(L(f), P, 3,w),
where in general density(A, Pz, w) = 3 cp gisi(p,a)< () for any A C Rd
and © > 0. When f is fized or no confusion arises, we use balance(L, Q) and
density (L, P, §,w) to stand for balance(L(f), Q) and density(L(f), P, §,w), re-
spectively.

Definition 2. A (b,c)-partition of R? divides the space into a disjoint union of
regions Pi, Pa, ..., such that each P;, called a reqular region, has a volume of b
and a diameter < c. A (b, c)-regular point set A is a set of points in R% with a
(b, ¢)-partition Py, Pa,. .., such that each P; contains at most one point from A.
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For two regions A and B, if AC B (ANB #0), we say B contains (intersects
resp.) A.

Let By(r,0) be the d-dimensional ball of radius r at center o. Its volume is
Va(r) = %rd if d is odd, or %rd otherwise. Let Vy(r) = vq -
r?, where vq is a constant for the fixed dimension d. In particular, v; = 2,ve = 7
and v = %’T. We will use the following well-known fact that can be easily derived

from Helly Theorem (see [21]).

Lemma 1. For an n-element set P in the d-dimensional space R¢, there is a
point q with the property that any half-space that does not contain q, covers at
most ﬁn elements of P. (Such a point q is called a centerpoint of P.)

Definition 3. Let a > 0, p and o be two points in R?. Define Prq(a,po,p) to
be the probability that the point p has < a perpendicular distance to a random
hyper-plane L through the point py. Define function fopo(L) = 1 if p has a
distance < a to the hyper-plane L through o, or O otherwise. The expectation of
function fopo(L) is E(fapo(L)) = Prq(a,o,p). Assume P = {p1,p2,...,Pn}
is a set of n points in R and each p; has weight w(p;) > 0. Define function

Fopo(L) = Zpep w(p) fapo(L)-

We give an upper bound for the expectation E(F, p (L)) for Fy po(L) in
the lemma below.

Lemma 2. [11] Let d > 2. Let o be a point in R, a,b,c > 0 be constants
and €,0 > 0 be small constants. Assume that Py, Py, ..., form a (b, c)-partition
for R, and the weights wy > -+ > wy > 0 satisfy k - maxt_ {w;} = O(n°).
Let P be a set of n weighted (b, c)-reqular points in a d-dimensional plane with
w(p) € {w1,...,wi} for each p € P. Let n; be the number of points p € P with
w(p) =wj forj=1,...,k. We have E(F, po(L)) < (kd-(%)é +9) -a-zk:l wj -

J
d—

T 4 O(n ), where kg = %4 o7 with hy = 29=D0t -y poricy]
n;* +O0(n ), where kg = §7¢ -v] with hq = =fo, - In particular,

ko= 2 and ks = § (4)7.

Definition 4. Let aq,...,aq > 0 be positive constants. A (a1, ...,aq)-grid reg-
ular partition divides R into a disjoint union of a1 X --- x agq rectangular
regions. A (a1,...,aq)-grid (reqular) point is a corner point of a rectangular
region. Under certain translation and rotation, each (ai,...,aq)-grid regular
point is represented as (aily,...,aqtq) for some integers t1,...,tq. For a point
p = (z1,...,2q) € R, if x1,...,24 are all integers, then p is simply called a

grid point (it is a (1,...,1)-grid regular point). For each point ¢ and a hyper-
plane L in R?, define sd(q, L) to be the signed distance from q to L, which is
sd(q, L) = (¢ —qo) - vr, where qo is a point on L, and vy, is the normal vector of
the plane L with the first nonzero coordinate to be positive.

For a hyper-plane L in ®¢, if L is through a point go and has the normal vector
v, then it has linear equation (u—qp)-v = 0. If ¢ € R% and d = sd(q, L), then the
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hyper-plane L’ through ¢ and parallel to L has equation (u — (go + dv)) - v = 0.
We use L(d) to represent such a hyper-plane L'.

For an interval I C R, ||I|| is the length of I. For example, ||[a, )| = b—a. We
often use Pr(FE) to represent the probability of an event E. For a real number
x, || is the largest integer y < z, and [x] are the least integer z > x. For an
interval [a,b] C R, define center([a,b]) to be 2£b.

Lemma 3. Let P be a finite set of points in R? and qo be a fized point in
Re. Then for a random hyper-plane L through qo, Pr(sd(pi, L) = sd(p2, L) for
p1,p2 € P with p1 # p2) = 0.

Proof. A random hyper-plane L through a fixed point ¢y can be characterized
by the equation (¢ — qo) - v, = 0, where vy, is the normal vector of L. Each unit
vector can be considered as a point of the surface of the unit ball B,4(1, 0), where
o = (0,...,0) is the origin point. The surface area size of By(r,o0) is equal to
dv%@ = dvgr?=*'. The surface area of By(r,0) is of dimension d — 1.

Tor two fixed points p; and pa, if sd(p1, L) = sd(pa, L), then (p1 —qo) -vr =
(p2 — qo) - vr,. It implies that (p; — ps) - v, = 0. Consider the sub-area on the
surface of B(1,0): {v|(p1 — p2) - v =0 and v-v = 1}, which is the intersection
between a plane (p1 — p2) - v = 0 and By(1,0), and is of dimension d — 2. Tt is
easy to see that it has area size 0 in the d-dimensional space. The lemma follows
since the union of a finite number of areas of area size 0 still has 0 area size. O

4 An Overview of Our Techniques

Given any set @ of points in R? with a net P, the idea of our techniques for
finding an a-width-bound separator is to transform the problem from the d-
dimensional space to the 1-dimensional space. By Lemma 1 and Lemma 2, we can
see the existence of a hyper-plane that satisfies both the balance and the density
conditions. Lemma 2 gives an upper bound on the expectation of F, p,(L).
By Markov’s inequality, Pr(F, po(L) > (1 + )E(F, po(L))) < lia. Thus,
a random hyper-plane L has probability > 1 — ﬁ = 175 that Fo.po(L) <
(14 a)E(F,,po(L)). The chance is amplified if we repeat the random selection
of the hyper-plane L multiple times.

Let np = |P| and ng = |Q|. After a hyper-plane L is fixed, we try to find
another hyper-plane L’ that is parallel to L. We want L’ to guarantee the desired
balance and density conditions. To do so, we compute signed distances for all the
points in @ and P to the hyper-plane L. Those signed distances are all different
for the points in @ and, respectively, for the points in P (by Lemma 3). These
signed distances are all in the 1-dimensional real axis, and finding L’ can be done
via finding a “right position” among these distances, hence this transforms the
problem from the d-dimensional space into to the 1-dimensional space as follows:
Find the interval [D1 4+1, Dg,q+1] such that both the left side (—o0, Dy 44+1) and
the right side (Dg, 441, +00) have roughly % signed distances from Q to L. So,
every hyper-plane L' (parallel to L) with a signed distance in [D1 g41, Dga+1]
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to L guarantees the balance condition. For an interval I, we compute its weight
as the sum of the weights of the points of P with their signed distances in I.
We then look for an interval [x — a,x + a] that has © € [D1 g41,Daq+1] and
the smallest weight. Finally, we let L’ be a hyper-plane with a signed distance x
to L. The balance boundaries Dy g4+1 and Dy 441 can be detected by sampling
a small number of points from . Using the Chernoff bound, we have a high
probability that there is a small fraction difference from the exact boundaries.
Similarly, the desired interval can be also detected by sampling a small number
of points from P.

5 The Sublinear Time Randomized Algorithm

We use the following well-known Chernoff bound (see [20] for a proof) and
simplied version in Lemma 4.

Theorem 1. [20] Let X1, -, X,, be n independent random 0,1 variables, where
X; takes 1 with probability p;. Let X = > | X;, and p = E[X]. Then for any

§>0, (1) Pr(X < (1-8)pu) < e~ and (2)Pr(X > (1+6)p) < [Wr

Lemma 4. Let Xy, ---,X, be n independent random 0,1 variables, where X;
takes 1 with probabzlufy1 p.2 Let X = " X;. Then for alnyz3 >e>0, (1)
Pr(X <pn—en) <e 2" and (2)Pr(X >pn+en) < e 3",

Theorem 2. Letd > 2 be the fized dimension number and v be a positive param-
eter. Let a,b,c > 0 be constants and 9, s1, s2 > 0 be small constants. Let Q) be an-
other set of ng points in R¢, and P be a set of np (b, c)-reqular points, which form
a net for Q. Let wy > wa--- > wy, > 0 be positive weights with k- wy = O(np),

1
Y= o(np), £ = O(n%), and w be a mapping from P to {wy,- -, wy}.

Wg ’ WE
2 S S . .
There exists an O(v? - (n}d,+2( o) lognp + logng)) time randomized algo-

rithm to find a hyper plane M with probability > 1 — QL such that (1) each half

space has < (ﬁl + 0)ng points from Q, and (2) 3° _p 4nd dist(p, M) <a w(p) <

- d-1 d—2
(kd b7+ 5) ‘a- Z?:l win; * +O0(np +81) for all large np, where nj > 1 is

the number of points p € P with w(p) =w; (j =1,---,k).

Proof. We use two phases to find the separator hyper-plane. The first phase
determines the orientation of the hyper-plane by selecting a random hyper-plane,
and finds the region of the separator hyper-plane for a balanced partition. The
second phase finds the position of the separator plane with a small sum of weights
for the points of the set P close to it. Without loss of generality, we assume that
0<d <1 Sincen; >1(j =1,---,k), we have k <np. Let b = Hle a;. Select
constant co > 0 and let §; = ¢od so that (kg - bT +301)(1+61)2 < (ka - bT +9).
Let a; = a(l+ 61) and o = 1. Let ¢; be a constant such that

k
k-w <einp and o < c1n®2. (1)
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Let o be the center point from Lemma 1 (our algorithm does not need to find
such a center point o, but will use its existence). By Lemma 2, E(F,, po) < (kq-

1 d-1 d—2 . :
bT +51)~a1-2521 win; T +0(np? * "). By Markov inequality, Pr(F,, po(L) >
(1+ a)E(Fu, po)) < 1_%& This tells us that a random hyper-plane L has the
probability at least 1 — % such that there exists a separator hyper-plane L’ (it

+a
may be through o) that satisfies the conditions of the theorem and is parallel to

L. We assign the values to some parameters:

r = c4v, where ¢4 is a constant to be fixed later (2)
51 - a
do = 3
2= 3)
o
€= —1— (4)
3eng T
4]
€©0=75 ()
€1 = 560 (6)
3(In100 + r 4 logn
my = ( + log Q) )
€0
In100 4 2lognp + r
my = & ogne + 1) (8)

€

Phase 1 of the algorithm: The input of our algorithm is P, Q,ng = |Q|,
and np = |P|. Each input point p € P has the format < (z1,---,zq), w(p) >,
where p = (21,---,24) and w(p) is the weight of p. The algorithm starts with
the following steps: Select a fixed point 0* € R? and a random plane L through
o* (random hyper-plane can be selected via selecting a random normal vec-
tor). Select m random points gy, -, gm, from Q and let Q' =< q1, -, Gm, >
represent the list of these points (one point may appear multiple times). For
each ¢; € @', compute its signed distance d,, = sd(¢;,L) to L. Find the
L(d%rl — €1)my |-th least point Dy ;. = sd(qf, L) for dg,,---,dg, . Find the
((#‘ll + €e1)my|-th least point Dj ;. = sd(g3, L) for dy,,---,dq,, . Select may
random points py, -+, pm, from P and let P’ =< py,---,pm, > represent the
list of these points. For each p; € P’, compute dp, = sd(p;, L). It is well-
known that finding the i-th element from a list takes linear steps. The com-
putation above takes (mj; + mg) steps. In the rest of the algorithm, we locate
the position of the separator hyper-plane by finding its signed distance to L.
Its position will be at the center of an interval of size 2a. In the rest of the
proof, we treat both P and @ as lists of points from R¢. Each point appears
only at most once on both P and Q. Let tg; = kg - bT + 6. For q € R and
A C R, define Pr(A,L,« q) = l{a'la’cA and rjﬁq/’L)SSd(q’L)}l. For a list of

points B =< @1, -+, 2, > from R¢ and a point ¢ € R?, define Xp 1 4(i) = 1 if
sd(gi, L) < sd(g, L), or 0 otherwise. We also define Y (B, L,q) = > | Xp.14(7).
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Lemma 5. It has probability > 1 — 65_(; such that Pr(Q,L,— qf) € [d%q —
8,71 — 8] and Pr(Q,L,— ¢3) € [7%5 + &, 7% + 6.

Phase 2 of the algorithm: In this phase, we will find a position of L’
(parallel to L) with the signed distance to L in the range [D} ;. 1, D] 441]-
Lemma 5 guarantees (with high probability) that each position in the inter-
val [D{,d_H, D;7d+1] gives a balance partition. We look for the position that has
the small sum of weights for the points of P close to L'.

For a list A =< z1,--+, &, >, |A| = m is denoted to be the length of A and
x € A means that x is one of the elements in A (z = x; for some 1 < i < m).
For a real subset J C R and a list A of finite points in R?, define

Pro(A, L g uy) = PP EA A () IZATj and sdlp. L) € T3

and Z(A, L, Jowj) = > 4 X7 pogw,» Where X7 5 o= 1if sd(p,L) € J and
w(p) = wj, or 0 otherwise. We also define W(A,L,J) =
By the definitions, It is easy to see that

peA and sd(p,L)eJ w(p).

k k
WAL, J) =Y w;Z(A, L, Jyw;) =Y w;Pr.(A, L, Jw,)|Al (9)

J=1 Jj=1

Since Z?:l nj = np, we have that n; > %2 for some 1 < j < k. By (1), we have

=t d=1_ a— d-1
that n3? > cﬁvk > % This implies that n p? 52 < cle("TP)Tl < cqwin; ?
for some 1 < j < k. By (3), for some 1 < j <k,

el s, d—1
02 - np? <di-a-win;? . (10)

Lemma 6. Let f < np be an integer and Hy, Ho,---,Hy C R be f real inter-
vals. It has probability > 1 — fize™" such that W (P, L, H;) € [W(P', L, H;) e —

d—1 d—1
52nPT_82,W(P’,L,Hi)% +0anpT %)) fori < f and j < k.

2
Case 1. |Dy 4.1 — D 44| = 3anp. Partition [DY ;,,, D} 4, ,] into disjoint in-
tervals [I1,12), [l2,13), - -, [lu—1,lu), [lus lus1] such that each {41 —Li(i = 1,-- -, u)

. DY —Dj 2 .
is equal to ‘1"1;11(7@31’“1' > 3a, where g1(np) = v = np. Let J; = [l;,1;11) if

i < u, and Jy, = [ly,lys1]. Compute W(P', L, J;) for i = 1,---,u, which takes
O(mg + g1(np)) = O(mz) steps. The algorithm selects J = J;, that has the
least W(P', L, J;,) and let L' = L(center(J;,)), which takes O(g1(np)) = O(mz2)
steps. Assume that J;, is the interval with the least W (P, L, J;, ).

Lemma 7. It has probability > 17%6*" such that W (P, L, J;,) < (kd b7+ 5)~
d—1

k a
a‘Zj:1 wj - 1
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Case 2. |D} 4,1 —Dj 4141 < 3an1%:.. Let J* be interval such that center(J*) €
(D} 411, D ay1] and [J*| = 2a1 = 2a(1 + 61) and W(P, L, J*) is the least.

Subcase 2.1. [D] ;11 — Dj 41| < d1a. Let J = [D7 4,4 —a, D7 4,4 + a] and
let L' = L(D7 4,,) (In other words, L' = L(center(J))). Clearly, J C J* and
W(P,L,J) < W(P,L,J*.

Subcase 2.2. d1a < |D7 4,1 —Dj 44| < 3anp. Let ga(np) be the least integer

D* —D* +2a D* — D= +2a
v > 2 such that 1Da.asr Ul’d“‘ < 51“ . Since v > 2 and Disr =Di s | >

v—1
dia |D3.a11—DF apal+2a v—1 ‘Dd a1~ D7 ay1l+2a 1d1a dia
1%, we have = = o1 > =8 > 22 There-
D} 441—D7 aq1l+2a 3an +2a 6(3n +2) 2
fore, v < o < —%—=—%F"=0(np). Let s =

6 6
‘Dz,d+1*DI,d+1|+20«

€ [&e 9] Partition [D} 441 — a, D} 4,1 + a] into the union

g2(np) 6 3
of ga(np) disjoint intervals of size s: [r1,r2) U[ra,r3) U -U[ry—1,74) U [Ty, Tyr1],
where v = go(np) and r;41 = r, + s for ¢ = 1,--- v. Let I; = [ry,7i41)

for i =1,---,v—1and I, = [ry,rp41]. Let J* = L; U Ly U Liqpq for
i1=1,...,v —h+ 1, where h is an integer with 2a < h - s < 2a + 2s. The algo-
rithm selects the interval J = J; that has the least W (P’, L, J;). Finally, the
algorithm outputs L’ = L(center(J)) for the separator hyper-plane. We analyze
the algorithm for the case 2.

Lemma 8. Assume that J is the interval output from the case 2 (either subcase
2.1 or subcase 2.2). It has probability > 1 — ti5e™" such that W(P,L,J) <

W(P, L, J*) + 261 - aw;n; T for some j < k.

For a list A of finite points in #¢ and a hyper-plane My, define Fy (M, a, A) =
Zpi €A and diSt(Pan)Saw(pi)- If M; and M, are two hyper-planes with signed
distance das, a, = sd(p, M7) for some point p in the My, then Fy(Ms,a, A) =
W (A, M1, J), where J is the interval [da, a,, —a, dary m, + a]. The the hyper-
plane L(center(.J;,)) output by the algorithm has that Fy (L(center(J,)),a, P') <

d—1

Fi(L(center(J*)), a1, P') + 201 - aw;n; T for some j < k. See the section ?? for
the algorithm description in the Appendlx.

Time and accuracy of the algorithm: After the hyper-plane L is selected
in phase one, by Lemma 5 we have the probability at least 1 — e™" that both
Pr(Q,L,— qf) € [745 — 6, 745 — 8] and Pr(Q,L,— ¢3) € %5 + 2, 7% +4].
This means every L’ (parallel to L) with the signed distance in the interval
(D7 a115 D} gyi]s it has at most (d+1 + 0)ng points of @ in each of the half

spaces. In phase 2, we have probability at least 1 — e™" to output the separator
d—1

L' such that Fy(L/;a,P) < (kd T+ 5) a- Z§=1 w; -n; T (case 1 of phase
1, see Lemma 7) or Fy(L/',a,P)) < Fi(L(J*),a1,P) + 262wjnj7 (case 2 of
phase 2, see Lemma 8), where J* is the interval of length 2a; with the least
Fi(L(J*),a1, P) and center between Dj ;,, and D} ;..

Assume that L is a fixed hyper—plane and L* is a another hyper-plane that
is parallel to L and Fy(L*,aq, P) is the least. By Lemma 7 and Lemma 8, it has
probability > (1 — e~")? such that we can get another L’ (parallel to L) such
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that F1(L',a, P) < Fi(L*, a1, P) + 261w;n Jd for some j < k or F1(L',a,P) <

(kd T 4 5) ‘a- 25:1 w; -n; 7 . The number of points in @ in each side of L’
is < (dil +)ng.

We have probability at most ;=— that Fy, po(L) > (1+a)E(Fy, po). If the
algorithm repeats z times, let Ll, . LZ be the random hyper planes selected for
L. With probability > (1 — (Hl_a)z), one of those L;s has another hyper-plane
L¥ such that L} is parallel to L; and has F,, po(L}) < (1 + &)E(Fa, po)-
Therefore, we have probability at least (1 — (=++)?)(1 — e~ ")?* to find out

a+1
such a L' with F1(L',a,P) < (1 4+ a)E(Fu, po) + 251w] ]d for some j <
_1 d—
k or Fi(L',a,P) < (kd-b7+5) -a-zj Lw;-n, T . Thus, Fi(L',a,P) <
1 d—1

(kd b +5) ‘G‘Z;C L wing© +O(“Pd +61)

Now we give a bound for the probability. Let z =
1—e™".

\

1n(1+a) Then 1— (1+a )Z

1
1+«

1

=) > (1—e )P > 1 - 224+ D)e > 1-

(1=
where we let 7 = c4v for some constant ¢4 large enough.

The phase 1 of the algorithm takes O(m; 4+ ms) steps. The case 1 of phase
2 takes O(mq) steps. The case 2 of phase 2 takes O(ms) steps. Totally, it takes

O(z(m1+ma)) = O(v~(n§+2(81+52)-(10g np+v)+vlogng)) = 0(112~(n1%3+2(51+52)-
lognp +logng)) steps. m|

Corollary 1. Let d > 2 be the dimension number and the parameter v > 0. Let
a > 0 be a constant and § > 0 be a small constant. There exists a randomized
O(v? ni logn) time such that given a set @ of n grid poz'nts in R, the algorithm
finds a hyper-plane L with probability at least 1 — —U such that each side of L
has at most (d+1 +0)n pomts of Q, and the number of points of Q with distance

SatoLisg(kd—l—é)an T

6 An Application to Protein Side-Chain Packing Problem

We follow the description of Xu [26] for the model of protein side chain packing.
The side-chain prediction problem can be formulated as follows. We use a reside
interaction graph G = (V, E) to represent a protein resides and their interactions.
Each vertex in V represents a residue of the protein. For each reside i € V', D(i)
is the set of all possible rotamers of side chain i. There is an interaction edge
(i,7) € E if and only if there are | € D(i) and k € D(j) such that there exist
an atom in the rotamer [ conflicts with another atom in the rotamer k. Two
atoms conflict each other iff their distance is less than the sum of their radii.
For each two rotamers [ € D(i) and k € D(j) (i # j), there is an associated
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score P; ; (I, k) if residue ¢ interacts with residue j. For each rotamer I € D(i),
there is a score S;(1), which characterizes the interaction energy between [ and
the backbone of the protein. The prediction problem is to give A(i) € D(i)
to residues ¢ € V so that the following energy value is minimized. F(G) =
diev SiA) + 2isj.1.5yer Pii(AlD), AF))-

For more detailed description about the protein side chain packing, see (e.g.
[23,4,26,5]). Let d¥ be distance such that there is no interaction between two
resides if their distance is > dj. Let dj be the minimal distance between two
amino acids. Both d;, and d] are constants.

2

Theorem 3. There exists a rﬁéﬁs)-time algorithm to find the optimal solution
for the protein side chain packing problem, where ryax is the maximal number
of rotamers of one amino acid. In other words, rma.x = max; |D(i)].

* V2
172
be the unit distance. Since dj = ﬁdo, we consider that the minimal distance
between two amino acids is d; = v/2 and the minimal distance for the interaction

between two side chains is d, = %. For a grid point p = (z,y,2) (z,y,z are

integers), define cube(p) = {(u,v,w) € Rz — 1 <u <z +iandy— 3 <

v < Y+ % and z — % <w < z+ %} The 3D space R is partitioned into
many cubes: 3 = cube(py) U cube(py) U - - -. For different grid points p # p/,
cube(p) Ncube(p’) = 0. Each amino acid is represented by the position of its Cj.
Therefore, no two amino acids can stay at the same cube(p) for any grid point
p. Let P be the set of all grid points p such that cube(p) contains the C, for an
amino acid.

Let w = d,, + 2v/2. By Corollary 1, there exists a w-wide separator L plane
such that each side has at most (2 4+ §)n contain amino acid, and the number of

Proof. Our algorithm is based on the divide and conquer method. Let dy =

grid points (with amino acids in its cube) is bounded by 1.209wn %, where § > 0
is an arbitrary small constant. The w-wide separator partitions the problem into
Py, S and P», where S is the separator area. Clearly, a side chain whose amino
acid C,, is in cube(p) with p € P; does not interact another side chain in Py
because of the w-wide separator between P; and Ps.

The number of ways to arrange the side chains in the separator area S is

2
bounded by rL:209%n3 “We only need O(n) time for computing the separator. We
assume that rya > 2 (otherwise, it is trivial). Let T'(n) is the computational
time for the protein side chain packing problem with n resides. Solving each

sub-problem P;(i = 1,2) takes T'((3 + 6)n) steps. We have the recursive T'(n) <

2 2
2(rL209wn5 4 O(n))T((2 + 6)n). This gives that T(n) = rae . u]
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