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Abstract In this paper, we consider the problem (denoted as EMDRT) of minimizing
the earth mover’s distance between two sets of weighted points A and B in R? under
rigid transformation. EMDRT is an important problem in both theory and applications
and has received considerable attentions in recent years. Previous research on this
problem has resulted in only constant factor approximations and it has been an open
problem for a long time to achieve PTAS solution. In this paper, we present the first
FPTAS algorithm for EMDRT. Our algorithm runs roughly in O ((nm)?*2(log nm)>)
time (which is close to a lower bound on any PTAS for this problem), where n and m
are the sizes of A and B, respectively. Our result is based on several new techniques,
such as the Sequential Orthogonal Decomposition and Optimum Guided Base, and can
be extended to several related problems, such as the problem of earth mover’s distance
under similarity transformation and the alignment problem, to achieve FPTAS for each
of them.
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1 Introduction

In this paper, we study the problem (denoted as EMDRT) of minimizing the earth
mover’s distance between two sets of weighted points A and B (with size n and m,
respectively) in RY under rigid transformation. In EMDRT, each point in A and B
is associated with a nonnegative weight, and the objective is to determine the best
rigid transformation 7 for B so that the earth mover’s distance (EMD) between A and
T (B) is minimized, where EMD measures the minimum transportation cost between
the two point sets. EMDRT is an important problem in both theory and applications. In
theory, it is a natural generalization of the Euclidean bipartite matching problem (i.e.,
from one-to-one matching to many-to-many matching) and is a powerful model for a
number of other matching or partial matching problems. For instance, if all points in
A and B have unit weight, EMDRT becomes a one-to-one matching problem. If all
points in A have unit weight and all points in B have infinity weight, EMDRT becomes
a many-to-one matching problem (i.e., the Hausdorff distance matching problem).

In applications, EMDRT has connections to many EMD (or its variants such as
Proportional Transportation Distance (PTD)) based problems in computer vision
and pattern recognition[12,21,24,28,30], and can be used to solve the challenging
alignment problem for rigid objects and compute their similarities. Besides the com-
monly studied computer vision problems in 2 or 3D space, EMDRT also finds some
interesting applications in general d-dimensional space. One such example is the align-
ment problem of biological networks (such as protein-protein interaction network or
gene regulatory network). Given two biological networks, finding their alignment is
a fundamental problem in bioinformatics for detecting the evolution and mutation of
species [18]. Since the networks are usually represented by graphs, directly computing
their alignment could be very costly and of high time complexity (e.g., reduction to
graph isomorphism). One way to solve this problem is to first make use of the fact that
biological networks can often be embedded into Euclidean space (due to their intrin-
sic nature), and then convert the alignment problem from graph domain to geometry
domain. Since embedding preserves the pairwise distances of the vertices, each bio-
logical network becomes a rigid structure in the Euclidean space. Furthermore, since
the matching between networks is not necessarily one-to-one matching, finding their
alignment can thus be reduced to minimizing the EMD of two point-sets under rigid
transformation, i.e., EMDRT.

A number of results exist for EMDRT and its related problems. Cabello et al. [16]
presented several approximation results in R? space; particularly, they gave a (2 + €)-
approximation solution for the 2D EMDRT problem, and a (1 + €)-approximation
solution for a special case in which only translation is allowed. Later, Klein and
Veltkamp [27] introduced a few improved results by using reference point, and
achieved an O (29~!)-approximation for EMDRT in R¢ space. It has been an open
problem for quite some time to achieve PTAS for this problem [16]. For static points
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(i.e., without transformation), several approximation algorithms for computing EMD
were presented in [4-6,16,26,29].

For the related alignment (also called geometric matching) problem, there is a long
andrichhistory [1-3,7-11,13,14,17,19,22,23,25]. Some early results on this problem
can be found in the survey paper by Alt and Guibas [2]. Points in the alignment problem
can be matched in an either one-to-one or many-to-one (i.e., Hausdorff distance)
manner. For one-to-one matching, Agarwal and Phillips [9] presented a PTAS for 2D
point-sets using the total squared Euclidean distance between matched points as the
cost function. Benkert et al. [11] gave a PTAS for minimizing the bottleneck (i.e.,
the maximum distance between the matched points) of the 2D case. For many-to-one
matching, Goodrich et al. [23] obtained constant approximation solutions in 2 and
3D spaces, and showed practicality of their algorithms. Later, Gavrilov et al. [22]
and Cardoze et al. [17] achieved pseudo-PTAS for 2D and fixed dimensional spaces,
respectively, with running time depending on the spread ratio of the point-sets. There
are also a number heuristic algorithms for the alignment problem. The most popular
technique in practice is probably the Iterative Closest Point (ICP) algorithm [10],
which finds a proper transformation in a step-by-step fashion so that its objective value
converges to a local minimum. Ezra et al. [20] showed that the number of iterations of
ICPis bounded by O (mdnd ). Furthermore, if the correspondences (i.e., to-be-matched
point pairs) between the two point-sets are known in advance, the alignment problem
can be solved optimally by some linear algebra techniques [7].

1.1 Our Results

In this paper, we present the first FPTAS algorithm for EMDRT in any fixed dimen-
sional space. Our result is based on a few new techniques, such as Sequential
Orthogonal Decomposition (SOD) and Optimum-Guided-Base (OGB). SOD decom-
poses a rigid transformation into a sequence of primitive operations which enables us
to accurately analyze how the transportation flow changes in a step-by-step fashion
during the whole process of rigid transformation and therefore have a better estimation
on the quality of solution'. OGB enables us to use some information of the unknown
optimal solution to select some critical points which partially define the rigid trans-
formation. We show that although OGB cannot be explicitly implemented, its result
can actually be implicitly obtained. A major advantage of OGB is that it can help us
to significantly reduce the search space. Consequently, our FPTAS runs in roughly
0((nm)d+2 (log nm)Zd) time, which is close to (i.e., matches the order of magnitude
of the degree of) the lower bound max{n, n}**@ on the running time of any PTAS
for EMDRT [15].

Our techniques for EMDRT can be extended to several related problems, such as the
problem of minimizing EMD under similarity transformation (i.e., rigid transformation
plus scaling) and the alignment problem, and achieve an FPTAS for each of them. For
the alignment problem, we consider three different cost metrics, the I, sense metric

! Note that [17,23] also analyze the rigid transformations in a step-by-step fashion, but their methods are
only for unweighted point-sets.
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and [ sense metric in the one-to-one matching case, and the Hausdorff distance metric
in the many-to-one matching case. Our result for the Hausdorff distance metric is an
FPTAS, while existing results [17,22] are only pseudo-PTAS whose running times
depend on the spread ratios.

The rest of the paper is organized as follows. Section 2 introduces a few definitions.
Section 3 gives an overview of our approach for achieving FPTAS for the EMDRT
problem. In Sect. 4, we discuss our key technique, Sequential Orthogonal Decompo-
sition (SOD), and its properties. In Sect. 5, we present our first FPTAS for the EMDRT
problem. Section 6 shows that our FPTAS can be further improved so that its running
time is close to the lower bound. Section 7 extends our techniques to several other
related problems.

2 Preliminaries
This section introduces several definitions to be used throughout the paper.

Definition 1 (Rigid Transformation) Let P be a set of points in R?. A rigid transfor-
mation 7 (P) of P is a transformation (i.e., rotation, translation, reflection, or their
combination) which preserves the pairwise distances of points in P. After a rigid
transformation, the new set of points 7 (P) is called an image of P.

Definition 2 (Earth Mover’s Distance (EMD)) Let A = {pi1,...,pn} and
B = {q1,...,qm} be two sets of weighted points in R? with nonnegative weights
a; and B; for each p; € A and ¢g; € B respectively, and W4 and W2 be their
respective total weights. The earth mover’s distance between A and B is

ming 330, 20 hijllpi — gl

EMDA, B) = min{WA, WB) :

ey

where H = {h;;} is a feasible flow satisfying the following conditions.

. hij>0,forany 1 <i <nand 1< j <m;
2?21 hij <a; forany 1 <i <n;

> hij < Bjforany 1 < j <m;

Doy 2y hij = min {WA, WE

Definition 3 (Earth Mover’s Distance Under Rigid Transformation (EMDRT)) Given
two weighted point sets A and B in RY, the problem of the earth mover’s distance
between A and B under rigid transformation is to determine a rigid transformation 7°
for B so as to minimize the earth mover’s distance EMD(A, 7 (B)).

B

Orientation and Reflection For simplicity, we do not consider reflection in the rigid
transformation, as it can be captured by performing our algorithm twice, one for the
original point-set B and the other for its mirror image.
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3 Overview of Our Approach

From Definition 3, we know that our main task for achieving an FPTAS is to find a good
approximation of the optimal rigid transformation 7,,; for B. By Lemma 1, we will
know that this is equivalent to identifying d points R (called reference system) from
A and another d points (called base) from B and determining a rigid transformation
7 to map points in the base to the neighborhoods of the points in R.

Our approach consists of two main steps: (1) Design an approximation algorithm to
compute an upper bound of the optimal objective value, and (2) use the upper bound
to derive an FPTAS. In both steps, directly searching for 7 in the rigid transformation
space could be very costly. Our idea is to introduce a new technique called Sequential
Orthogonal Decomposition (SOD), which decomposes a rigid transformation into a
sequence of d primitive operations (i.e., a translation and d — 1 one-dimensional
rotations). One important property of SOD is that its outcome is independent of the
initial position of B and depends only on the choice of R and the base?. This enables
us to assume that B is initially located at 7, (B). Another important property of SOD
is that it allows us to analyze, in a step by step fashion, how the transportation flow
changes when B moves from 7,,,;(B) to SOD(B). This gives us an accurate estimation
on the quality of the solution.

The quality of the rigid transformation 7” determined by SOD depends on the refer-
ence system R and the base. To find a good R, we first build a grid in the neighborhood
of each point in A and then consider R as all possible d-tuple point-set where each
point comes from the neighbor grid of one individual point in A. To find a good base,
a key problem is that a small error in the rotation could cause some point in B to
move a long distance and therefore introduce a large error (see Fig. 1). To avoid this
problem, we select the base as a set of d ordered points in B which are as “dispersed”
as possible (since other choices cause larger error). We consider two types of disper-
sions. Type 1 dispersion is based on the weighted distance (with weight ;) between
each point g; and the flat spanned by all points appearing before ¢ in the sorted order
of the base (see Algorithm Base-Selection in Sect. 5.1). Type 2 dispersion considers
not only the weighted distance, but also the distance between each ¢; and all points
in A in the optimal solution (see Optimum-Guided-Base (OGB) in Sect. 6). We show
that although OGB cannot be explicitly implemented (as it depends on the optimal
solution), it can actually be implicitly obtained. A major advantage of the second type
of dispersion is that it enables us to significantly improve the running time.

4 Sequential Orthogonal Decomposition
To solve the EMDRT problem, we first introduce the sequential orthogonal decom-

position which will be used as a key technique in our algorithms. We start with the
following lemma on rigid structure 3.

2 We just need to determine which point belongs to the base from B, rather than specify the position of
each point.

3 This lemma might have been studied in some other papers or presented in other forms; for self-
completeness, we present our proof here.
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Fig. 1 A small rotation of a g
non-dispersed base ( i.e., the two
red points at the left bottom)
causes a large error for a
faraway point at the right top

Lemma 1 For any rigid structure in R? with m > d vertices (or points), its position
is completely fixed if the locations of any d vertices that are not contained in any
(d — 2)-dimensional flat %, are fixed.

Proof Let P be any rigid structure in R? with vertices {p1, pa, ..., pm}. Without
loss of generality, we assume that {p1, p2, ..., pg} are the d fixed vertices that are
not contained in any (d — 2)-dimensional flat. In other words, span{pi, ..., pa}isa
(d — 1)-dimensional flat.

Consider the process of fixing the positions of the d vertices one by one. In the
first step, we fix the position of p;. Then for any other vertex p; of P, the feasible
region of its location is constrained on a d-dimensional sphere centered at p; and with
radius || p; — p1]|. If we continue this process, in the j-th step, we have already fixed
the positions of {p1, ..., p;}. Let F; = span{p, ..., p;} be the flat spanned by the
first j vertices, and p; be the orthogonal projection of p; on F; for any i > j. Then
the feasible region of the location of p; is constrained on a (d — j + 1)-dimensional
sphere centered at p; and with radius || p; — p;||. Thus, in the d-th step, the positions
of {p1, ..., pa} have all been fixed and any vertex p;, i > d, is constrained on a
1-dimensional sphere, i.e., the two endpoints of a segment. Since reflection is not
allowed in our rigid transformation, only one endpoint is feasible. Thus, each vertex
pi is fixed, and the lemma is true. O

Sequential Orthogonal Decomposition (SOD) Let P = {p1, p2,..., pn} be a set
of points in RY with n > d, and R = {r1,...,rq} be another set of fixed points
(i.e., whose locations will not change), called reference system, which spans a (d — 1)-
dimensional flat in R?. Then for any injective mapping f from {1, ..., d}to{l, ..., n},
if{pray,.... Pr@} spana (d — 1)-dimensional flat, we define a sequential orthog-
onal decomposition, SOD(P, R, f), as follows (before touching the details of SOD in
general d-dimensional space, the reader is referred to Fig. 2 which illustrates a toy
example in 3D).

1. In step 1, perform a translation on P such that p z(;) coincides with r;. Let pl.l be
pi € P inits new position, and P! be the new image of P.
2. Inthe j-thstepfor2 < j <d

4R, a j-dimensional flat for any j < d is a j-dimensional subspace translated by some vector.
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T3 T3
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Fig. 2 An illustrative example of SOD in 3D, where n = 4 and f (i) = i fori = 1,2, 3. a Is the initial
positions of the points; the first step b is a translation of P to coincide r| with pq; ¢ is a rotation of P about
r1 such that r1, rp, and p» are collinear (the rotation axis is the line orthogonal to the two dimensional flat
spanned by rp — | and pp — p before the rotation. See the description of SOD for details); d is a rotation
of P about the line 7177 such that p3 falls onto the two dimensional flat spanned by ry, rp, and r3

(a) Let’H;_ betheflatspanning {ry, ..., r;—1},and ﬁ.jz;'zil) and7; be the orthogonal
projections of pj,(_jl) and r; on H;_1, respectively.

(b) Let A; be the 2-dimensional subspace determined by the two vectors, p}?jl) -
ﬁj;?jl) and r; — 7}, and Aj.- be the (d — 2)-dimensional flat orthogonal to A;
and containing ﬁﬁjl).

(c) Perform a one-dimensional rotation 7 on P/~! about A]* such that the vector
T( p}zj])) — ﬁjc?jl) is parallel to the vector r; — 7; (see Fig. 3).

(d) Let pl.j denote p; in its new position, and P/ denote the new image of P.

We first prove the feasibility of SOD.

Theorem 1 (SOD feasibility) In Step j (2 < j < d) of SOD, there exists a one-
dimensional rotation T on PI~" about A]* such that the vector T (pj,zj])) - ﬁ};jl) is

parallel to the vectorr; — ;.
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Fig. 3 One-dimensional
rotation in SOD

Fig. 4 An illustration for v
Theorem 1

Proof Firstly, since both pjl.(*jl) — ﬁ,{"zi]) and r; — 7; are perpendicular to H; 1, we
know that H; | C A j‘ Thus, for any one-dimensional rotation about AJT, the whole
‘H ;1 stays invariant. Since ﬁjc(_jl) € Hj_1, we have 7 ( ﬁzjl)) ﬁ}(jl)

Let v be the ray starting from ﬁj;.;jl) and parallel to r; — 7;, and 6 be the angle
between pjczjl) — ﬁjc?jl) and v (see Fig. 4). Consider the one-dimensional rotation
about AL with angle 6. Since both v and pjfz]l) 135,?]1) are perpendicular to AL

T(p’ 7 )) must locate on the two- dlmensmnal flat determined by v and p’, j ( J) —p 7 Jl)

Moreover, since 7 (p ¥ (])) = p ¥ (j) and the rotatlon angleis 9 vector 7 ( p T ])) 13}(_]1)

must be collinear with v. In other words, 7 (p’ o j)) — p f( j) is parallel to the vector
rj - fj. o

4.1 Some Properties of SOD

In this section we reveal several important properties of SOD, which will be used to
analyze the proposed algorithms for EMDRT. For convenience, we still use the ray v
constructed in the proof of Theorem 1.

Lemma 2 Let Z(P) be any image of P (i.e., Z(P) is the new P after a rigid trans-
formation). Then the outputs of SOD(P, R, f) and SOD(Z(P), R, f) are the same.

To prove Lemma 2, we need the following result.

Lemma 3 In the j-th step of SOD, ij(j) locates on 'H ;.
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Proof Notice that pj, ) is the new position of p ¢(;) after performing the rotation in
the j-th step, and H; = span{rl, ...,rjy =span{H;_y,r; —;}. From the proof of
Theorem 1, we know that p’ f( ) locates on the ray v. Furthermore, since v is parallel

tor; — 7; and emits from p p 1 ) (which locates on ‘H 1), we know that v locates on

‘H ;. Thus, pf(j) also locates on H ;. |
With the above lemma, we now prove Lemma 2.

Proof (of Lemma 2) Let Z(p;) and Z(p;)’ denote the corresponding points of p;
and p;j respectively in Z(P). From Lemma 3, we know that pjp( 7 locates on H,
1 < j < d.Note that forany j <! < d, we have H; C H;_1 C AZL. Thus, the
position of p ;) does not change after the j-th step (i.e, always located at pj((j)).
Thus, we just need to show that pjc(j) = I(pf(j))j foreach 1 < j < d, and then use

Lemma 1 to complete the proof. Below we prove pjc( = AG j))j by mathematics
induction on j.
Base case For j = 1, it is easy to know that p}(l) = I(pf(l))l =

Induction step Assume that plf(l) = I(pf([))l forany ! < j—1land j > 2.

Recall that in the SOD procedure, we denote the images of P and Z(P) as P/
and Z(P)/ respectively in the j-th step. Thus, Z(P)/ is also an image of P/ under
some rigid transformation 7. From the induction hypothesis, we know that all
péc(l) ’s stay invariant under the rigid transformation 7. By Lemma 3, we know that

Hi—1 = span{p}(l), e pjp?]l 1y} Thus, the whole Hj—1 also stay invariant under
rigid transformation 77 . Meanwhile, since p’, f( ) locates on H ; j=1 X f( J) stays invari-

ant as well under rigid transformation 7R, i.e., pf(]) = TR(Pf( >) where TR(Pf(]))
is the prOJecuon of Z(py( ]))/ on H;_1. From the proof of Theorem 1, we know

that both pf( N and I(pf(]))f locate on ray v. Since pf(/) = TR(pf( )) and from
the fact that rigid transformation preserves pairwise distance, i.e., || p’, ) ﬁ}( ]1) || =

. - 1 7 . .
WZ(priy) — TR(p}(]))H, we know that Py = Z(pyy)!. This completes the
induction step, and the lemma is true. O

. i 1
Lemma 4 FOrZS]EdyHP;(j) Pf(])H 2||Pf(j)_rj||'

Proof Firstly, from triangle inequality, we know that
. - . -
||P§r(j) - ij(j)” = ||P§f(j) - rj|| + ||P{f(j) _rj||~ (2)

Next, we prove that ||p{c(j) —rjll = ||Pf(j) — rjll. For simplicity,
~j—1 ~j—1 .

we let x = ||p}(j) Fill, y = llrj — Fjl|, and z '— Ilpf(]) pff(j)ll. Since both

ﬁ}zjl) and 7; locate on H 1, we know that vector p’ 7 jl) — 7j is perpendicular to both

rj—rjand pj;(_jl) — ﬁjpzj]). Recall that 6 is the angle between pj;.(_jl) — ﬁj‘?jl) and v in the
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Fig. 5 An illustration for
Lemma 4

proof of Theorem 1 (see Fig. 5). Let k1 and h; denote the projections of pj;.?jl) andr; on
ray v respectively Becauser;—r;jand hy — 13}? 1) are parallel With each other, and both

- p 0) ! andr; i h2 are perpendicular to r; —7; and hp — p’ 7 ), we know that the four
pomts {Fj,rj, ha, P’ 7 /)} form a rectangle. Meanwhlle vector r; / — hy is perpendicular

to the two-dimensional flat determined by v and p’, f( j) p f( ]) Thus, we have

j—1
1Py = rill? = lha = 1117 + 11pYc)) — hal 2
= [lhy = rjI12 + 1P}y — il + 11 = hal?
= x? 4 (zsin6)% + (y — zcos6)?

= x> +y* 4+ 2% — 2yzcos ¥, A3)
phjy = rill> = llha = I + 1Py ;) — hall?
=x"+(y—2)°
=x+ 2+ 22 - 2yz. 4)
Comparing (3) and (4), we know that ||pf(j) rill < ||p{¢?j1) — rj||. Combining this
: 1
and (2), wehave||pf(]) pf(J)||_2||pf()—rj|| O

As for the running time of SOD, we know that there are d steps in the process, and
each step involves computing the projection of one point to the corresponding flat,
which costs O(d?) time. Thus, we have the following lemma.

Lemma 5 SOD can be performed in O (| P |d4) time.

5 FPTAS For EMDRT

In this section, we present an FPTAS for EMDRT. Our algorithm first applies SOD
to obtain an upper bound on the optimal objective value of EMDRT, and then use
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it to determine a proximity region (called grid-ball) for each point in A containing
its possible match in B. By searching a grid in each such grid-ball, we show that an
FPTAS can be attained for EMDRT.

To solve EMDRT, a basic problem is to determine the earth mover’s distance (EMD)
between two sets of fixed points without considering any rigid transformation. In [16],
Cabello et al. introduced a (1 + €)-approximation algorithm for computing EMD in
a plane, and generalized it to any d-dimensional space. Below is a lemma proved in
[16].

Lemma 6 ([16]) Given two weighted point sets A and B in R? and a small € > 0,
there exists an algorithm which outputs a (1 + €)-approximation of EMD between A
and B in O((n*/e*d=D) logz(n/e)) time, where n = max{|A|, | B|}.

5.1 Upper Bound

For the upper bound, we notice that although [27] provides an O(2¢~")-approxim-
ate solution, it cannot be used as an upper bound as it assumes that the two input point
sets have equal total weight, which may not be the case in our problem. To obtain an
upper bound for EMDRT, we need the following definition.

Definition 4 (Bottleneck) Let H={h;;} be any feasible flow between A and B in Defi-
nition 2. Then the Bottleneck of H is definedas BN (A, B, H) = max; ; {%}.
From the above definition, we immediately have the following lemma.
Lemma 7 For any feasible flow H between A and B,
120 20 hijllpi — gl
nm min{W4, W5}

2 2 hijllpi — gl

<BN(A,B, H) < min{WA, W5}

Our main idea for obtaining an upper bound is to first identify a good base from
B, then enumerate all possible subsets of A with cardinality d as the reference system
R, and finally use SOD to obtain a rigid transformation for B. The criterium for
selecting the base is to make them as “dispersed” as possible, where the dispersiveness
is measured by the weighted distance between each point ¢; € B and the flat spanned
by all determined base points.

Algorithm Upper-Bound-for-EMDRT

Input Two weighted point sets A = {p1,..., pp}and B = {q1,...,qn} in RY with
weight o; > 0 and B; > O for p; and g, respectively, and w4 > w5,

Output An upper bound on ming EMD(A, T (B)).

1. Call Base-Selection on B, and let {g,1), . - ., gb(a)} be the output base.
2. Enumerate all d-point tuples from [A]? = A x --- x A. For each tuple
R ={piy, -, Pi}, Do
(a) Define the mapping such that f(i(j)) = b(j) foreach 1 < j <d.
(a) Define the mapping such that f(i(j)) = b(j) foreach 1 < j <d.
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Fig. 6 An illustration for qj
Algorithm base-selection (for A~
1=3)

(b) Emulate the execution of the procedure SOD(B, R, f), and stop at the
final step or at the [-th step if p;(;) locates on the flat span{p;q), ...,
Dil—1)} 5. Then compute the (1 + €)-approximation of EMD between A
and the output the image of B by using the algorithm in Lemma 6.

3. Output the image of B which has the minimum EMD to A among all images
of B corresponding to the tuples of [A]¢.

Algorithm Base-Selection

Input A weighted point set B = {1, ..., g} in R? with nonnegative weight 8 ; for
each g;.

Output A base which is an ordered subset {g(1), - - ., gb)} of points in B.

1. Select the point with largest weight from B, and denote it as gp(1). Let/ = 1, and
repeat the following steps until / = d.
(a) Let F; be the flat spanned by {gs(1), . ... gb@)}. See Fig. 6.
(b) Find the point realizing max{g; - dist(q;, F;) | 1 < j < m}, and denote it as
qp+1y, where dist(qj, F;) is the distance between ¢; and F;.
(c) Letl =1+ 1.
2. Output {gp(1), - - - » gb(a)}-

Theorem 2 The algorithm of Upper-Bound-for-EMDRT vyields in O (n?t2(log n)?
md®) time an upper bound IT whichisa (1+¢€)nm(n+1)(2n+ 1)a-1 )-approximation
of the optimal objective value.

To prove Theorem 2, we need the following lemma. Let 7,,; be an optimal
rigid transformation (i.e., the one realizing the value of ming EMD(A, 7 (B))), and
H = {h; i} be the corresponding optimal flow. Since the algorithm enumerates all
d-point tuples in [A]Y, we just need to focus on the tuple {p;(), ..., pis)} which
has ;(jy»(j) = max{hipjy | 1 < i < n}foreach 1 < j < d. With a slight abuse
of notation, we use R = {p;(), ..., Pi(a)} to denote the tuple which satisfies this
requirement.

Lemma 8 Let Z(B) be the final output image of B by SOD(B, R, [) in the above
algorithm. Then BN'(A, Z(B), H) < (n + 1)(2n + 1)/~ BN(A, T, (B), H).

5 Actually, another reason causing stop is that g locates on the flat span{qyy, - - - qp(i—1)} for some
2 <[ < d.If that happens, recalling the Algorithm Base-Selection, we know that the whole B would locate
on the (I —2)-dimensional flat. In this case we can assume that SOD(B, R, f) does not stop in the following
d — [ + 1 steps, but the corresponding d — [ + 1 rotation angles are all zeros.
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Proof We analyze how the Bottleneck changes from BN/ (A, Zp; (B), H)to BN (A,
Z(B), H) in a step-by-step fashion. Note that the original position of B may not be
the same as 7,,;(B). By Lemma 2, we know that the final result of SOD(B, R, f) is
always the same. Thus, we can assume that the original position of B is at 7, (B)
if the emulation in Step 2(b) finishes all steps of SOD(B, R, f). Furthermore, if the
emulation stops at the /-th step for some / < d, in this case, by the proof of Lemma 2
we know that the first / — 1 points {gp(1), . . ., gpa—1)} always stay at their respective
same positions even if B does not locate at 7, (B). Below we will show that it does
not affect us from bounding the Bottleneck, even if it happens.

Let ug = BN (A, Top:i (B), H) be the Bottleneck at the beginning, and u ;j be the
Bottleneck in the j-th step of the SOD procedure. Then in the first step, we have the
following forany 1 <t <mand1 <[ <m.

hallpe — 'l < ha(llpe — @il + Nl — g} 1D
< hullpe — il + Booyllgr — g}l

— Bra
=hﬂ||pt—qz||+nx#qum—p,mn, )

where g 11 is the new position of g; after the first step, the second inequality follows from
the fact that fj,(1) is the largest weight (see Step 1 of the Base-Selection algorithm),
and the equality follows from the translation performed in the first step of SOD (i.e.,
llgr — g1l = llgsay — picylD)- Since hicjypj) = max{hipjy | 1 < i < n}, we know
that 71; (1yp(1) > M Combining this and (5), we have hy || p; — g | < hullpr —qil| +
nﬁi(l)b(l) | |5]b(1) — Pi(1)||~ Thus by Definition 4, we have u; < (1 + n)ug.

In the j-th step (j > 2), there are two cases: (1) p;(j) does not locate on the flat
determined by {p;(1), ..., pi(j—1)} and (2) p;(;) locates on the flat. For case (1), by
Lemma 4, we know that

. - -
95y = apy |l < 2llgpy — Pichlls (6)

where qb( ) and qb( are point g at its new locations in the (j — 1)-th and j-th
steps respectlvely The following claim is a key to case (1).

Claim 1 In case (1), foranyl <t <nandl1 <[ <m,

- i i1 - i1
hallpe — g/ 1l < hallps —q] 1| + 2nh,~(/)b(j)||q;f(j) = Pipll-

Proof Note that when we perform the one-dimensional rotation in the j-th step of
SOD, the loci of {g; | 1 < I < m} are a set of co-centered circles with radius
dzst(q Ai) for each [. Let 6 be the angle rotated in the one-dimensional rotation.

Then, since dzst(ql , Aj.-) = dzst(ql , Aj.-) (see Fig. 7), we have

.0
||ql - ql || = 2d15t( ’ Aj_) Sin E )
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Fig. 7 An illustration for
Claim 1

From the Base-Selection algorithm, we know that
. i—1 . i—1
By - dist (q/ , Aj‘) < Bp(j) - dlst(q,i(j), Aj-‘). (8)

Thus, combining (6), (7) and (8), we have

N |
llaf = a1 = 2dist (g ", ) n?
i 0
< 22D iy (4 ( ) Z
Bi 2
= Do ygi gl
B 9b(j) ~ Db(j)
,3b
gﬂum pigill. ©)

where the first inequality follows from (8), the second equality follows from (7) (replac-
ing [ by b(j)), and the second inequality follows from (6). By the assumption that

Ei(j)b(j) = max{ﬁib(j) | 1 <i <n}, weget Ei(j)b(j) > @. Thus, from (9) we have

_ o o
Rallpe = a1l < B (1l = 0] ™11+ g/ =4/ ~'1)

IA

B O o
hallpe —a] 11+ Billg] —aq] |

- j—1 j—1
< hallpe — a} 11+ 2Bpp iy — Pipl

A

- -1 - -1
< hallpr — a] |l + 2nhiiwcpllag gy — pigplls (10)

where the first inequality follows from triangle inequality, the second follows from
the fact that i;; < B, the third follows from (9), and the forth follows from the fact

that h; D) = @ This completes the proof of Claim 1. O

Now We resume to proving case (1). From Definition 4, we know that both

hallp: — || and h,(J)b(])qu(/) pi(j)!l are no more than u ;1 W28 . Thus, we have
uj <(1 + 2n)u/ 1 for case (1).
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For case (2), we know that p; ;) locates on the flat spanning {p;(1), ..., pi (j 1)}
This means that the emulatlon in Step 2(b) stops at the j-th step of SOD. Let g qb( 7 " be

the projection of qb ) on the flat span{p;q), ..., pi(j—1)}. As we mentioned earlier,
in this case the ﬁrst J — 1 points {gp1). - .., gp(j—1)} always stay at their respective
same positions even if B does not 0r1g1nally located at ’]:,pt(B) It is easy to see

that span{p;y, ..., pi(j-1} = span{qb(l), ceey qb(] 1)} Thus, qb( ) is constrained
on the (d — j + 2)- d1men31onal sphere, which is centered at qb( ) and with radius

dzst(qb(j), Aj*) = ||qh(j) — qb(j) ||. By triangle inequality, we have

J Jj—1 J ~j—1 ~i—1
”qb(j) _qb(j)H = ||qb(/) qb(])||+||qh(]) qh(j)H
_ ~j—1
= 2llgj ;) — Gy

<2llgl;) = pip - (11)

where the second inequality follows from the facts that pl( ) locates on A;- and cjlf (_j;

~j—1 -1
is the projection ofqb( ) on AJ- which imply that |Iqb(1) ‘I}f(J)” < ||qg(j) —pipll-

Since (11) is equivalent to (6) 1 1n case (1), by a similar argument, we know that Claim 1
also holds for case (2). This means that u; < (1 +2n)u;_i.
In summary, we have u; < (1+n)(1 + 2n)7 ~1u for either case. This implies that
BN(A,Z(B),H) < (n+ 1)2n + D" 'BN(A, T,pi(B), H). O
With the above lemma, we now prove Theorem 2.

Proof (of Theorem 2) Let I1,,; = EMD(A, T,,;(B)), and IT be the objective value
returned by the algorithm. Obviously, IT,,, < I1. By Lemma 7, we know

T <nmBN(A,Z(B), H), (12)
BN (A, Topi (B), H) < Myp;. (13)

By Lemma 8, we immediately have IT < nm(n + 1)(2n + 1)‘1_1170[,,. Since the
algorithm in Lemma 6 only yields a (1 + €)-approximation of EMD, we have an
additional (1 + €) factor in the approximation ratio.

Running time It is easy to see that the Base-Selection algorithm takes O (md*) time.
Since we enumerate all n¢ tuples in [A]¢ and each tuple corresponds to a call to the
procedure of SOD which costs O (md4) time (by Lemma 5), the total running time is
thus O (n?+2 (log n)2md*) (including the time by the algorithm in Lemma 6), where
the hidden constant depends on € and d. O

5.2 The FPTAS Algorithm

The upper bound determined in last section enables us to achieve a (1 + €)-
approximation for EMDRT in the following way. We first draw d balls (called
Grid-Ball) centered at the d points of A respectively, and then build a grid inside
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each ball. For each d-grid-point tuple (one from each grid-ball), emulate the SOD
procedure on B. The purpose of using grid points is for determining more “accurate”
rigid transformation for B. To implement this approach, we need to resolve two major
issues: (1) What is the radius of each grid-ball and (2) what is the density of the grids.
Below we discuss our ideas on each of them.

Lemma 9 If WA > W5 in EMDRT, then for any 1 < j < m,

B

EMD(A, T,p:(B)). (14)

min ||p; — ZTop:(q))]] <
1<i<n j
Proof Let H = {h;;} be the flow realizing the distance of EMD(A, T, (B)) (i.e., H is
the optimal flow). From Definition 2, we know thatforany 1 <i <nand1 < j <m,

WB
l1pi — Topt (@)1 < TEMD(A»%IN(B))- (15)
ij

By pigeonhole principle, we know that max<;<, h;j > i—’ Combining this and (15),

we have (14). O

Lemma 9 indicates that for each g;, there exists some p; whose grid-ball con-

tains 7,,,(¢g;) if its radius is set to be ”E‘;BEMD(A,TD,,,(B)). However, since

EMD(A, 1,p:(B)) is unknown, we cannot directly use ”KB EMD(A, T,p:(B)) as the

radius. Since the algorithm of Upper-Bound-for-EMDRT yields an upper bound of
EMD(A, T,,:(B)), we can use it to approximate the radius. The following lemma
suggests a way to determine the density of the grid.

Lemma 10 If WA > W8 and T is a rigid transformation for B such that for each
1 < j < m, at least one of the following two conditions hold,
1. 1T(qj) — Topi (g < cemini<j<p || pi — Topi(gj)Il;
B
2. 1T(q)) = Topt (g )| < ce5-EMD(A, Topi(B)),

mﬂj

where ¢ > 0 is a constant, then EMD(A, T (B)) < (1 +2ce€)EMD(A, 15,/ (B)).

Proof By Definition 2 and triangle inequality, we have

1 m
EMD(A, T (B)) < EMD(A, Top(B)) + WEB ZﬂjllT(qJ') = Topt(gj)Il. (16)
j=1

Consider the two conditions in the lemma. Firstly, we assume that Condition 1 holds
forall 1 < j <m(ie., [|7(qj) — Top:(q;)I| < ce miny<j<y ||pi — Zop:(q;)I]). Then
we know that
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BIlIT (@) = Tope(q)I| < ceB; min [1pi = Tope g,

n
= ce Zhij 1r§nii2n [lpi — Tope (g

i=1

n
< ce D" hijllpi = Topi (gl (17)
i=1

where the first equality follows from the fact that 8; = >""_, h;;. Summing both sides
of (17) over j, we have

m m n
> BINT @) = Topi ()l < ce D> hijllpi — Topr (gl = ceWEEMD(A, Top (B).
j=1 j=li=1

Combining the above inequality and (16), we complete the proof for this case.
Secondly, we assume that Condition 2 holds for all 1 < j < m (e,

17(4) = Topt(a)1| = ce g EMD(A, Top (B)). Then we have

m m WB
ZﬂjllT(qj) = Topi (gl < ce Z,Bj mT&EMD(A’ Topi(B)) = ce WP EMD(A, T, (B)).
j=1 j=1 J
Thus, by (16), we know that the lemma holds for the second case as well.
Finally, we consider the case where different j may satisfy different conditions.
In this case, we can use the same strategy to prove the result. The only differ-
ence is that we need to add a factor of 2 (i.e., ZT:] BillT (qj)—Topi(g;)||<2ce w8
EMD(A, T,p:(B))). Thus the lemma holds for all cases. O

Algorithm FPTAS-for-EMDRT
Input Two weighted point sets A = {p1,..., pp}and B = {q1,...,qn} in RY with
weighto; > 0and 8; > 0 for p; and g; respectively, and WA > W58, a small number
€ > 0.
Output A rigid transformation 7 for B

with EMD(A, T (B)) < (1 4+ €)EMD(A, T,,:(B)).

1. Call Upper-Bound-for-EMDRT in Sect. 5.1, and let /7 be the yielded upper bound.

Construct the set I" = {12—_{ |t=0,1,...,2dlog(max{n, m})}.

2. Call Base-Selection on B in Sect. 5.1, and let {g,(1), . . ., gb(a)} be the base.

3. Enumerate all d-point tuples from [A]Y = A x --- x A. For each tuple
R ={pi ---, Pi}, do
(a) Call Grid-Construction algorithm, and let {G1, ..., G4} be the output.

(b) For each tuple {g1,...,84} € G1 x G2 x --- x G4, emulate SOD on B,
{g1,...,&a}, and the mapping f, where f(j) = b(j). Compute the EMD
between A and the output image of B.

4. Output the image of B among all the obtained images which has the minimum

EMD to A.
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Fig. 8 Black points are A, red
points are Typ; (B), and green
points are grid points (Color
figure online)

Algorithm Grid-Construction

Input I, {gsq1) - - - . by} and R = {pi(1. - .., pia)}-

Output Grids {G1, ..., Gg4}

1. Foreach 1 < j <d, do:
(a) Build the set of radius candidates {%X‘(ﬂj y|lyerll}.
J
(b) For each radius candidate r, construct a grid-ball centered at p;(;) and with
. . A - . re
radius r, and build a grid inside the ball with grid length PPyt

(c) Let G denote the union of the grids inside all the grid-balls.

2. Output {G1, ..., Gg}.

Theorem 3 The above FPTAS-for-EMDRT algorithm yields a (1+-€)-approxim- ation
for the EMDRT problem in O((nm)° @) (/d /)34 a%) time.

Sketch of the proof From Lemma 9 and 10, we know that for each 7,,; (g5 (), there
is one grid point close to it. We denote these d grid points as {g1, ..., g4} (see Fig. 8).
We construct an implicit set of points B = {g{,...,q,,} called ‘relayer’, where
qé(j) =gjforl < j <d, and q = Tpp(q) forany I ¢ {b(j) | 1 < j < d},
and assign each ¢, a weight ;. B is used as a bridge to show the quality of solution
from the above algorithm. Particularly, we first prove that EMD(A, B’) is close to the
optimal objective value, since B’ is close to Top: (B). Then, we show that Z(B) is close
to B’, where Z(B) is the output from the execution of SOD on B and {gi, ..., g4}
Finally, we view B’ as the one which relays all flow from Z(B) to A; this implies that
EMD(A,Z(B)) is also close to the optimal objective value.

Proof (of Theorem 3) Firstly, by Theorem 2 and Step 1 of the FPTAS-for-EMDRT
algorithm, we know that there must exist yp € I" such that

EMD(A, Topi (B)) < yo < 2EMD(A, Topi (B)). (18)

Since the algorithm enumerates all d-tuples from [A]?, we can focus on the tuple

{Piys - -+ Piy} whichhas || p; ;) — Zope (qp(j) || = mini<i<n |1 pi — Topr (gn(j)) | for
B

each 1 < j < d. We know that if we let r; = %yo forall 1 < j <d, then the grid
J

length satisfies the following inequality,
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Fig. 9 An example showing the I((Jj)
flow from Z(g ) to p; passing PY
through the q}

rje € WB

< EMD(A, 7,,;(B)). 19
8-3dnm\/z - 4'3dm\/3/3b(j) ( pt( ) (19)

From Lemma 9, we know that 7, (g5 () locates inside the grid-ball centered at p; ;)
and with radius r;. Thus, there exists one grid point g; € G such that

B
l1g; — Topt (gn(j)I| < ce EMD(A, Top:(B)), (20)
MmPp(j)
where ¢ = 1/(4 - 3%) (see Fig. 8). Now, we construct an implicit point set
B' = {q}.....q,,} as the relayer point set, where qé(j) =gjforl < j <d,

and g; = Top(qr) forany I ¢ {b(j) | 1 < j < d}, and assign each g, a weight f3;.
From Lemma 10 and inequality (20), we have

EMD(A, B') < (1 4 2¢€)EMD(A, Top (B)). 1)

This means that EMD(A, B’) is close to the optimal objective value.
Consider executing the SOD procedure on B and {gi,..., g4} (e, {‘11/;(1)’

. qé(d)}), and let Z(B) be the output image of B. We define the flow H' = {h;j}
from 7,,,(B) to B as h/jj = Bj foreach 1 < j < m and hgj =0 forall i # j. Note
that from (20), we have

ce
BN (Top1(B), B', H') < ZEMD(A, Topi (B)). (22)
Using a similar idea in the proof of Lemma 8, we have

BN(Z(B),B',H') <2-3"'BN(T,:(B), B', H') < %EMD(A, Topt (B)).
(23)

The only difference from Lemma 8 is that we replace the factor of (n + 1)(2n + 141
in Lemma 8 by 2 - 39-1 (due to the difference in the flow H').

In the above construction, B’ can be viewed as a point set which relays all the flow
from Z(B) to A. More specifically, any flow from Z(g;) to p; can be thought as a
flow arriving q} first, and then flowing to p; (see Fig. 9). From (21), (23), and triangle
inequality, we have
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EMD(A,Z(B)) <EMD(A, B’)—}—Z BN(Z(B), B, H'") <(1+€)EMD(A, Top;(B)).
j=1

This means that Z(B) is the desired image of B which yields a (1 + €)-approxim- ation
for EMDRT. Since the algorithm enumerates all tuples in [A] and G| x G2 x - - - x Gy,
Z(B) must be one of the output images.

Running time The most time consuming step is enumerating all tuples in G| x

Gax---xGy.Sinceeach |G j| = O(d log(max{n, m})(w)d), the total running
time is O ((nm)©@) (J/d /e)?*3%° 4*) (including the time for SOD). O

6 FPTAS with Improved Running Time

The FPTAS algorithm given in Sect. 5.2 can be further improved in its running time.
To achieve this, we notice that the most time-consuming part of the algorithm is for
examining all combinations of the grid points inside the d grid-balls. To speed up
the computation, it is desirable to reduce the size of the grids. For this purpose, we
first observe that the contribution of a point g; € B to the optimal objective value
is D7y hijllpi — Tope(g )|/ min{W4, WB}, where "%, h;; can be viewed as the
weight B of g; (by Definition 2) and || p; — 7, (g;)| is the distance between p; € A
and the position of g; in the optimal solution. This means that, to reduce the error
caused by the rigid transformation, we need to consider both 8; and || p; — Zop: (g )]l
when selecting the base. The Base-Selection Algorithm in Sect. 5.1 maximizes the
dispersion of the base using only the weight (i.e., type 1 dispersion; see Sect. 3). Thus,
a better way for maximizing the dispersion of the base is to consider both factors
(i.e., type 2 dispersion). This motivates us to consider the following base selection
algorithm.

Algorithm Optimum-Guided-Base (OGB)
Input A weighted point set B = {q1, ..., gn} in R? with weight Bj = Oforg;.
Output A base which is an ordered subset of points in B.

1. Foreach 1 < j < m, define a value

WB
vj = max [121321 [lpi — %pt(qj)Hv m_,BjEMD(A’ %pl(B))} .

2. Select the point in B with the minimum v; value, and denote it as gp(1).
3. Set! = 1, and repeat the following steps until / = d.

(a) Let F; the flat spanning {gp1), - .., gp)}-

(b) Find the point in B realizing the value of

1
max [—dist(qj,fl) [1<j< m] ,
Vj
and denote it as gp(+ 1), where dist(q;, F7) is the distance between g and ;.
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(¢c) Letl =1+ 1.
4. Output {gp(1) - - -, Gb(a)}-

Note: The above OGB algorithm differs from the Base-Selection algorithm mainly on
the use of v; value for selecting the base. Since v; depends on the optimal solution,
OGB cannot be directly implemented. To resolve this issue, we can enumerate all
d-tuples in [B]¢, and find the one corresponding to the output of OGB. Thus, for ease
of analysis, we can assume that OGB is available.

With OGB, we can now discuss our improved FPTAS algorithm. Since most part of
the improved algorithm is similar to the original FPTAS algorithm given in Sect. 5.2,
below we just list the main differences.

1. Replace the Base-Selection algorithm by the OGB algorithm.
2. In the Grid-Construction algorithm, replace the set of radius candidates by

y |y elt=1,2,..,log(nm)} foreach 1 < j < d, and change
83df

Before analyzing the above algorithm, we first consider the following two essential
questions.
Why is the grid size reduced? To see why the above algorithm is an improved FPTAS,
we first analyze the grid size. Similar to the original FPTAS, we can build a grid-ball
centered at p;(;y and with radius

{3, — ﬁb i
the grid length to

B
Up(j) = max []I;Iiléln pi = Topt (qui)lls m,Bb(j)EMD(A’ Topz(B))] (24

By Lemma 10, we know that we can choose the grid length to be

B
€ )
0 (— max [121’,12,, [lpi — opt(qb(j))”

Vd
=0 (%vb(/’)) ; (25)

This means that the ratio between the radius and grid length is O(*/E) which is

independent of m and n, while the ratio in the first FPTAS (in Sect. 5.2) is O(~= nm)
(see Step 1(b) in Algorithm Grid-Construction). Thus, the grid size in each grld ball
is bounded by a constant depending only on d and €, and consequently the running
time can be significantly reduced.

———EMD(A, Topz(B))])
7)

Why take the maximum of the two terms as the radius? In the above improved
algorithm, a natural question is “Why do we take the maximum of minj<;<, ||pi —

Topt (@i and EMD(A Topt (B)), rather than just one of them, as the radius
of the grid- balls"” To understand the rationale behind this, we first consider what
happens if only one of them is used as the radius. If minj<;<, [|pi — Zop: (gu(jHll is
the radius, an immediate difficulty is how to estimate the value of mini<;<, ||pi —

Topi (q(j))|l, since it might be extremely small. Also, if m‘gb?) EMD(A, T,p:(B)) is
J
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the radius, the grid-ball may not even contain 7,,;(¢5(;)) and therefore it is difficult
to estimate the error related to gp( ). This indicates that using either term as the radius
leads to different problem. Surprisingly, if we simply take the maximum of the two

. B .
terms, mini<;<u || pi — Zopt (qn(j))|| and m‘g)(/_)EMD(A, Topt(B)), as the radius, both

difficulties can be rather easily overcome. This is because with max{min<;<, || p; —

Topt (gb(jlls % EMD(A, T, (B))} as the radius, we can determine its approximate
value by guessing O (log mn) times, using the upper bound (of the optimal objective
value) from Sect. 5.1 (note that there is no need to obtain the exact value; some constant
approximation will be sufficient for us to reduce the grid size). Also with this radius,
we can always guarantee that the grid ball contains 7, (¢p(jy) (i-e., ensured by the
first term). Thus, it is necessary to use the maximum of the two terms as the radius.

With the above understanding, we can show the following theorem using a similar
argument given in the proof of Theorem 3.

Theorem 4 The improved FPTAS algorithm yields a (1 + €)-approximation for the
EMDRT problem in O ((nm)@+2(log(nm))?4 (V/d /e)?*3%° a*) time.

Proof Firstly, from Lemma 9 and the definition of v; we know that there must exist
one r; in the set of radius candidates such that v; < r; < 2v;. By a similar argument
in the proof of Theorem 3, we know that there exists one grid point g; € G ; such that

l1gj — Topt (qn(j)I| < cevy, (26)

where ¢ = 1/(4 - 39). Following the same strategy in the proof of Theorem 3, we
construct an implicit point set B" = {g, ..., ¢;,}, where ql/)(j) =gjforl <j<d,
and g; = T,p(q) forany [ ¢ {b(j) | 1 < j < d}, and assign each g, a weight f;.
Consider the execution of SOD on B with {g1, ..., g4} as the reference system. In the
llg}—a/1l
CEUj

[-th step of SOD, we let ulj =
position in the /-th step. When / = 0, we know that

foreach 1 < j < m, where q§. is g; atits new

Wl <1 (27)

by (26). For other values of /, we have the following claim.
Claim 2 Forany 1 < j <m, u} < 2and ul] < ulj*] + ZuZ?[; foralll > 2.

Proof Firstly, when translating 7,,; (B) to make q;(l) coincident with q,;(l), we have

o llgj =gl
Uy =———"-—
cevj
g} — %1l + 1) — ¢/
- CeV;
g = a1+ gy = dhenl
CGUj
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<u
<2, (28)

where the second inequality follows from the fact that vj(;) = min;<;<, v;, and the
last inequality follows from (27).

Secondly, in the /-th step for I > 2, from OGB we know that g, realizes the value
ofmax{vljdist(qj, Fi—1) | 1 < j <m}. Thus foreach 1 < j < m, we have

dist(q;, Fi-1)

_Astgj, -1 -l
dist(nar, 10 11960 ~ b

l1g; = a1l =

IA

Vj I -1
——gp0y — By - (29)
g, ~ aigl|
Moreover, from Lemma 4, we have

1 -1 -1
||qb(1) 0 | < 2||qb(l) - CIL([)H

= ZCGUb(l)uizlﬁ. 30)
Combining (29) and (30), we have
[ -1 -1
g} = ai 1| < 2cevjuyg,. (3D
By triangle inequality and (31), we have
] /
I ||qj' - qj‘”
u, = ———
J cev;
g =g N+ la " =ail
< cev, su; + 2“b(1)~ (32)
Thus Claim 2 is true. O

From Claim 2 and (27), we can know that u? <2.3% 1 foreach 1 < j < m (by
simple calculation and mathematical induction). Together with triangle inequality and
(26) (note that g; = g ;)), we have ||q;’ — Top (@Il < (142 -39 Ncev;. Using
Lemma 10, we obtain the desired FPTAS solution.

Running time Comparing to the previous FPTAS algorithm, there are two major
differences which affect the running time. One is that we have to enumerate
all m? tuples in [B]¢ to implement OGB. The other is that |G jl is reduced to

0 (d(log(nm))z(wyi ). Thus, the total time is reduced to O ((nm)?+? (log(nm))3?
(Vd /)38 q%). o
Lower bound on running time Cabello et al. [15] showed that given two point sets A
and B in R? with size |A| = m < |B| = n, itis not only NP-hard, but also W[1]-hard
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(with d as a parameter) to determine whether A is congruent with a subset of B, and
cannot be solved in O (mn°@)-time unless SN P C DT IM E (2°™). Since the subset
congruent problem can be reduced to our EMDRT problem (i.e., leteacha; = 8; =1,
and EMD(A, T,p:(B)) = 0), this means that obtaining an FPTAS for EMDRT costs
at least mn®?(¥)_time (this is because the optimal objective value of the congruent
problem is 0 and a (1 + €)-approximation of the objective value implies an exact
solution to the congruent problem). As our algorithm takes O ((nm)?*2(log(nm))*¢)-
time (if ignore the factor involving only d and €), this suggests that it almost reaches
the limit.

7 Extensions to Some Related Problems

In this section, we show that our techniques for EMDRT can be extended to several
related problems and achieve FPTAS for each of them.

7.1 EMD Under Similarity Transformation

In this section, we consider the problem of minimizing EMD of two weighted point sets
under Similarity Transformation (EMDST). We start with the definition of similarity
transformation.

Definition 5 (Similarity Transformation) Similarity transformation in R¢ includes
rigid transformation, scaling, or their combination.

Similar to SOD, we have the following decomposition for similarity transformation.

Orthogonal Similarity Transformation Decomposition (OSTD) OSTD consists all
steps of SOD and an additional step (after Step 1; i.e., the translation step making
P (1) coincident with r1) which scales P about r; by some factor to be determined
later.

As shown in Lemma 2, the outcome of SOD is independent of the initial position
of the point set P. Due to the additional scaling step, this nice property seemingly no
longer holds for OSTD. However, as it will be shown later, this property is actually
still true for OSTD for some carefully chosen scaling factor. Below, we first present
an algorithm similar to the Upper-Bound on EMDRT algorithm in Sect. 5.1, and
determine the scaling factor in one of its main steps.

Algorithm Upper-Bound on EMDST The main body of the algorithm is almost the
same as Upper-Bound on EMDRT (in Sect. 5.1); the only difference is that SOD is
replaced by OSTD in Step 2(b). The scaling factor of OSTD is determined as follows.
Let 7, be an optimal similarity transformation, 7, (qb(2))1 be gp(2) in its new posi-
tion after B is translated to make g1y coincident with p;(1), and p;, be the point in
A closest to 7, (qb(z))l (note that p;, is not necessary in R = {p;1), ..., Pi@)})-
Since p;, depends on the unknown optimal transformation 7, it cannot be found
directly; however, it is possible to obtain it implicitly by the same strategy used in the
Optimum-Guided-Base algorithm in Sect. 6. With p;_, we can then choose the scaling
factor of OSTD as such a value that
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||QZ(2) - ‘Ig(l)” = ||Pi* - Pi(1)||,

where qj is g; in its new position after scaling about p; (1) for each 1 < j < m (note

that qg(l) = q;(l) since qg(l) coincides with p;(1)).
The following lemma is the counterpart of Lemma 2 for OSTD.

Lemma 11 In the algorithm of Upper-Bound on EMDST, if the reference system
R = {piq), ..., pi} and the mapping function f are fixed, the output of
OSTD(B, R, f) is always the same as that of OST D(Z(B), R, f) for any simi-
larity transformation T.

Proof To prove this lemma, our strategy is to first show that the outputs are congruent
with each other 6, and then demonstrate that they are exactly the same.

Claim 3 OSTD(B, R, f) and OSTD(Z(B), R, f) are congruent with each other.

Proof Since all the steps of O ST D, except for the scaling step, are rigid transforma-
tions, we only need to show that B and Z(B) are congruent with each other after the
scaling step. To prove this, we first introduce the following basic fact.

Fact Let Q = {q1, ..., qn} beapoint set, and T (Q) be its image transformed by some
similarity transformation T . Q is congruent with T (Q) if and only if there exists a pair
of points qj and q;r in Q satisfying the condition ||q; — q;/|| = |17 (q;) — T (g;)]|.

With this fact, we now show the correctness of Claim 3. For any chosen 7, we
know that both 7;,;(B) and 7, (qb(z))l are fixed. Thus, the index i, is also fixed.
This means that the length between ¢g;2) and g (1) is always scaled to be the fixed
value of || p;, — pi(1)ll|. By the above Fact, we know that B* and Z(B)* are congruent
with each other, where B* and Z(B)* are the new B and Z(B), respectively, after the
scaling. This completes the proof for the claim. O

Since OSTD(B, R, f) and OST D(Z(B), R, f) are always congruent with each
other after the scaling step and the following d — 1 steps of OSTD are the same as
SOD, using the same idea in the proof of Lemma 2, we can show that the final outputs
are exactly the same. O

The lemma below on the running time of OSTD trivially follows from Lemma 5
and the definition of OSTD.

Lemma 12 OSTD can be performed in O(|P|d*) time.
We now present the main result for the upper bound algorithm of EMDST.

Theorem 5 The algorithm of Upper-Bound on EMDST yields in O (n“*3(logn)?
md®) time an upper bound Il whichis a2(1+€)(nm+1)nm(2n+1 yd-1 -approximation
of the optimal objective value.

6 Two point sets are congruent if one can be transformed to completely coincide with the other by some
rigid transformation.
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Proof By Lemma 11, we can assume that the initial position of B is at 7,,;(B). This
indicates that we can use the same idea in the proof of Theorem 2 to analyze the
change of the bottleneck between A and B in a step-by-step fashion, and obtain the
approximation ratio of EMD(A, T, (B)). The only place that we need to pay attention
is the scaling step. We have the following claim first.

Claim 4 Let d;j be the distance traveled by q;j, 1 < j < m, when performing the
scaling step in OSTD. Then B;jd; < Bp2)dp2).

Proof First, we have the following two inequalities.

Billa; — apyll < Boyllan2) — apll, (33)
d _
b2 _ llgp2) ‘Ib(l)||, (34)
dj llg; — abyll

where the first inequality follows from the fact that b(2) = arg; max{B;llg; — )|l |
1 < j < m}, and the second inequality follows from the property of the scaling.
Combining (33) and (34), we have the inequality in Claim 4.

Let B! and B* be the images of B after the first step and the scaling step of OSTD.
By Claim 4 and triangle inequality, we have

! 1
EMD(A, B®) < EMD(A, B") + Wmﬁ,,(z)d,,@). (35)
Also, we have the following inequality for dj(2).
Claim 5 dp() < ||61;§(2) — pillforany 1 <i <n.

Proof First, since |g5 ., — 45|l = I1pi, — pivll and g}, = g}y, = piq) (see
Fig. 10), we know that

dp2y = g}y — dp)|
~ 1 1 1
=| ||6115,(2) - qb(l)” - ||qb(2) - 5]},(1)” |
=1 1lpi, — Pivll = llah) — Pioll I, (36)
where the second equality follows from the fact that the three points qg( 1y qbl(z) and
qp (2) are collinear (see Fig. 10). By triangle inequality, we have the following inequal-
ity.
gh) — pill =1 1pi, — picnll = lgpay — Picyll | - (37)

Plugging (37) into (36), we have dp2) < ||q;i(2) — pi,||. Meanwhile, since p;, is the
closest point to qg(z) in A, we know that dp,2) < ||6]1i(2) — pillforany1 <i <n. O
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Fig. 10 An illustration for

Claim 5 bi.

From Claim 5, Definition 4, and Lemma 7, we know that

n
Br)dp2) = zhib(z)db(z)

i=1

n
< Zhib(z)llq;(z) = pill
i=l1
<nWBBN(A, B!, H)
<nWBEMD(A, BY), (38)

where H is the flow realizing EMD(A, B'). Combining (35) and (38), we get
EMD(A, B®) < (1 +mn)EMD(A, BY). (39)

It means that due to the scaling step, we have an extra factor (1 + mn) in the approx-
imation ratio, comparing to that in Theorem 2.

As for the running time, comparing to Theorem 2, there is an additional factor of
n which is for guessing p;, (for determining the scaling factor). This completes the
proof. O

Using the above upper bound and techniques similar to the ones in Sects. 5 and 6,
we have an FPTAS algorithm for EMDST. The following theorem summarizes the
result for EMDST. Similar to Theorem 5, there is an additional factor of n which is
for guessing p;, .

Theorem 6 There exists a (1 + €)-approximation algorithm for the EMDST problem
which runs in O (43 m+2(log(nm))2@+V (/d /e) @+ 36+ g4y fime.

7.2 Alignment problem

In this section, we show that the Alignment problem is a natural extension of EMDRT,
and can be solved in a similar fashion.
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Definition 6 (One-to-One Matching) Let A = {py, ..., pp}and B = {q1, ..., gm}
be two sets of points in R? with n < m. A one-to-one matching between A and B is
an injective mapping f from {1, ..., n} to {1, ..., m} which matches p; to ¢ for
1 <i < n.The cost of the matching can be either in /o, orin/ sense, and is defined as
Muo(A, B) =max{||p; —qspll | 1 <i <n}and Mi(A, B) =2/ lIpi —qrall
respectively.

Definition 7 ((Directed) Hausdorff Distance) Let A = {p1,...,pn,} and B =
{q1, ..., gm}betwo sets of points in R4 withn < m.The (directed) Hausdorff Distance
from A to B is defined as HD(A, B) = max<;j<, min{||p; —g;|| | 1 < j < m]}.

Note We only consider the directed Hausdorff distance from A to B, as the undirected
Hausdorff distance can be obtained by computing the directed Hausdorff distance
twice, one from A to B and the other from B to A.

Definition 8 (Alignment) Let A = {p1,..., pn}and B = {q1, ..., qm} be two sets
of points in RY. The alignment of A and B is to find a rigid transformation 7 so as to
minimize the cost between A and 7 (B), where the cost metric is My, M or HD.

From the above definitions, we immediately have the following lemma.

Lemma 13 Let A = {p1,...,pa} and B = {q1, ..., qm} be two sets of weighted
points in R with n < m. If all point in A and B have unit weight, then minimizing
the EMD between A and B under rigid transformation is equivalent to determining
the alignment of A and B using cost metric M.

This means that we can use our FPTAS algorithm to directly solve the alignment
problem with cost metric M.

Theorem 7 There exists a (14-€)-approximation algorithm for the alignment problem
with cost metrics My which runs in O ((nm)d+2(10g(nm))2d («/E/e)d2 3d3d4) time.

The following lemma shows the connection between the alignment problem and
the Bottleneck problem and directly follows from the definitions.

Lemma 14 Let A = {p1,...,pa} and B = {q1, ..., qm} be two sets of weighted
points in RY withn < m.

1. If all points in A and B have unit weight, then minimizing the Bottleneck BN
between A and B under rigid transformation is equivalent to determining the
alignment of A and B using cost metric Mo,

2. if each p; has unit weight and each q; has infinity weight, then minimizing the
Bottleneck BN between A and B under rigid transformation is equivalent to
determining the alignment of A and B using cost metric HD.

Note In the above lemma, A or B having infinity weight will not cause issue in our
FPTAS algorithm. This is because, by Definition 2, we know that the cost function (1)
only allows min{W4, Wz} amount of flow transporting from A to B.
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Although we do not present an FPTAS algorithm for the Bottleneck problem BN
in Sect. 5, we can use techniques similar to those in the FPTAS algorithm for EMDRT
to achieve an FPTAS for BA.

Minimizing the Bottleneck First of all, from Lemma 8, we know that the algo-
rithm given in Sect. 5.1 yields a (n + 1)(2n + 1)?~!-approximation for the
Bottleneck problem, which can be used to build grids and achieve an FPTAS
for the Bottleneck problem in a way similar to the algorithm in Sect. 5.2. Note
that to build the grids, we still need to determine the radius and grid length of

the grid-balls. For the radius, it is easy to achieve a result similar to Lemma 9

(i.e., mini<j<y |1pi — Zope (@I < n/?;B BN opt, where BN ,p; is the optimal value,

and 7,,; is the corresponding optimal rigid transformation). For grid length, we
also have a result similar to Lemma 10 (i.e., ||7(q;) — Zop:(g;)| is no more than

cemini<j<p ||pi — Zopi(qj)| or ce vg—fBNop,). Thus, it is easy to see that we can
use the same algorithm in Sect. 5.2 (with slight changes on the radius and density of
the grids) to achieve an FPTAS for the Bottleneck problem. This means that we have
FPTAS for the alignment problem using either M, or H D as the cost metric.

Theorem 8 There exists a (1 + €)-approximation algorithm for the alignment
problem using either Mo, or HD as the cost metrics which runs in O((nm)4+?

(log(nm))24 (J/d /e)?*3% d*) time.
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