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Abstract. With the advancement of computer technology, there is a surge of interest in effective mapping
methods for objects in higher-dimensional spaces. To establish a one-to-one correspondence between
objects, higher-dimensional quasi-conformal theory can be utilized for ensuring the bijectivity of
the mappings. In addition, it is often desirable for the mappings to satisfy certain prescribed
geometric constraints and possess low distortion in conformality or volume. In this work, we develop
a unifying framework for computing n-dimensional quasi-conformal mappings. More specifically,
we propose a variational model that integrates quasi-conformal distortion, volumetric distortion,
landmark correspondence, intensity mismatch, and volume prior information to handle a large variety
of deformation problems. We further prove the existence of a minimizer for the proposed model
and devise efficient numerical methods to solve the optimization problem. We demonstrate the
effectiveness of the proposed framework using various experiments in two and three dimensions, with
applications to medical image registration, adaptive remeshing, and shape modeling.
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1. Introduction. A fundamental task in imaging science is to find an optimal transforma-
tion of certain given objects. For instance, given a pair of two-dimensional (2D) images, it is
common to search for a mapping that deforms one of the images to match the other image such
that the features of the two images are aligned as much as possible. Traditional mapping meth-
ods use rigid transformations, isotropic or anisotropic scaling, and shear transformations, which
are limited by their degrees of freedom and hence do not yield an accurate registration between
corresponding objects in general. In recent decades, more advanced nonrigid mapping methods
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have been developed, including the thin plate splines method [4], large deformation diffeomor-
phic metric mapping [2, 32], the Demons algorithm [54, 57], etc. (see [28, 71] for more details).
In particular, prescribed landmarks are commonly used to aid the computation of the map-
pings [31, 50]. Area information has also been utilized in the computation of optimal mass trans-
port maps [24, 25, 69] and density-equalizing maps [12, 18, 19]. More recently, quasi-conformal
mappings have become increasingly popular for the development of nonrigid image registra-
tion [34, 55, 64, 65] and surface mapping methods [8, 14, 15, 21, 35, 41, 42, 44, 59, 61, 62, 63, 65],
with applications to geometry processing [9, 13, 16], biological shape analysis [10, 17], and
medical visualization [11, 20, 53, 66]. Specifically, quasi-conformal theory allows one to ensure
the bijectivity and reduce the local geometric distortion of the mappings. However, most of
the abovementioned methods work only for 2D objects embedded in three-dimensional (3D)
Euclidean space but not higher-dimensional shapes. While a few recent works have extended the
computation of quasi-conformal mappings to higher dimensions [37, 46, 47, 48, 68|, they primar-
ily focus on the conformal distortion and landmark mismatch but not the volumetric distortion
or any other useful prior information. In this work, we propose a unifying framework for comput-
ing n-dimensional quasi-conformal mappings, which are folding-free quasi-regular mappings in
R™. Unlike the prior higher-dimensional mapping methods, our proposed framework considers
a variational model that involves not only quasi-conformality and landmark constraints but also
intensity and volumetric information. The existence of a minimizer for the variational model is
theoretically guaranteed. We also introduce a novel use of an exponential term that significantly
simplifies the numerical computation of the optimization problem. Altogether, our proposed
framework can be effectively applied to a wide range of n-dimensional mapping problems.

The organization of the paper is as follows. In section 2, we highlight the contributions of
our work. In section 3, we introduce the mathematical background of our proposed framework.
The detailed formulation of the proposed framework is then explained in section 4. In section 5,
we demonstrate the effectiveness of the proposed framework for different n-dimensional mapping
problems using various synthetic examples. In section 6, we explore the applications of the
proposed framework to medical image registration, adaptive remeshing, and graphics. We
conclude the paper and discuss possible future works in section 7.

2. Contributions. The contributions of our work are as follows:

(i) Our proposed framework takes quasi-conformal distortion, volumetric distortion, land-
mark correspondence, intensity mismatch, and volume prior into consideration, which
allows us to handle a broader class of n-dimensional mapping problems when compared
to the existing methods.

(ii) The existence of the minimizer for our variational model is theoretically guaranteed.

(iii) The bijectivity of the mappings obtained by our framework is also guaranteed.
(iv) The computation of the mappings is more efficient than the prior quasi-conformal
mapping methods.

(v) The proposed framework can be effectively applied to medical image registration,
adaptive remeshing, and graphics.

3. Mathematical background. In this section, we review some basic mathematical concepts
relevant to this work, including 2D and n-dimensional quasi-conformal maps.
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3.1. 2D quasi-conformal maps. Mathematically, an orientation-preserving homeomor-
phism f(z) : C — C is said to be quasi-conformal if it satisfies the Beltrami equation [38]

of of

3.1 L= b’
(3.1) 55 = (@) 5
for some complex-valued Lebesgue measurable function p : C — C satisfying ||¢lec < 1, where
s caalled thg Beltraémi coefficient [3] and z = z1 + iz2, 21,22 € R. Since % = %(671 + 287,{;)
and 6—£ = %(8—{1 - ianQ)’ we have

IV/I2 = 2det v
(3.2) |u(2)|* = 5 ,

Vg +2det V f
where Vf is the Jacobian of f and || - ||r represents the Frobenius norm. From (3.2), we

can see that |[p(2)]|cc < 1 <= det Vf > 0, which means that a quasi-conformal mapping
is indeed one-to-one. From pu(z), we can know that the angle of maximal magnification is
arg(u(z))/2 with magnifying factor |g—£](1 + |u(2)]) and the angle of maximal shrinking is the
orthogonal angle (arg(u(z)) — 7)/2 with shrinking factor |%|(1 — |u(2)]) [34], which means
that the Beltrami coefficient p represents the local geometric distortion (see Figure 1(a)).
Furthermore, based on the Beltrami coeflicient, we can define by K, the dilatation

_141ul
1— |y

(3.3) Ka(f)

to express the ratio of the largest singular value of the Jacobian of f divided by the smallest
singular value. In addition, if u(z) = 0, we can get the complex form of the Cauchy—Riemann
equation,

; 0F _ 9F

A4 =
(3 ) 181‘1 8952’

which shows that f is a conformal map. From this perspective, quasi-conformal maps are a
generalization of conformal maps.

(a) (b)

\/

Figure 1. An illustration of quasi-conformal maps. (a) Under a 2D quasi-conformal map, infinitesimal
circles are mapped to infinitesimal ellipses. (b) Under an n-dimensional quasi-conformal map, infinitesimal
spheres of dimension n — 1 are mapped to infinitesimal ellipsoids of dimension n — 1.
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3.2. n-dimensional quasi-conformal maps. Since the Beltrami coefficient is only defined
in the complex space, we cannot directly define the n-dimensional quasi-conformal maps by
extending the Beltrami coefficient or the dilatation K4 to the n-dimensional Euclidean space
with n > 3. Nevertheless, one can generalize the notion of conformality distortion for a
diffeomorphism in the n-dimensional space as explained below.

An orientation-preserving mapping f(x) : R" — R" is conformal [23, 30] if

(3.5) VIV = (det VF)?/mI,

where V f represents the Jacobian of the mapping f and I is the identity matrix. Set
A1 > - > A, > 0 as the eigenvalues of VTV f. Then by the eigendecomposition of VTV f,
it is easy to verify that (3.5) holds if and only if \y = --- = \,,. In addition, on one hand, by
the inequality of arithmetic and geometric means,

(3.6) % ; A > (I 2) Y™,
we have

1 VIl
(3.7) ! ((d(|e|t VCU;/H> >1,
since det VF = (TI_, \)/2 and |V F||Z = 3.7, A\i. On the other hand, since the equality
holds in (3.6) if and only if A\ = --- = A, based on the above discussion, we can see that
f is conformal if and only if %(%) = 1. Hence, the quantity %(%) can be

regarded as a measure of how far away f is from a conformal map. In [37], based on this idea,
a generalized conformality distortion K (f) in the n-dimensional space is defined:

1/ IVElE .
(38) K(_f) — E <(detVf)2/"> if detVf >0,

+ o0 otherwise.

Furthermore, for n = 2, it has been pointed out in [68] that

(3.9) K(f) < Ka(f) <2K(f),

which shows that K (f) can be used to measure the dilatation of a n-dimensional quasi-conformal
map (see also Figure 1(b)).

4. Proposed framework. In this section, we first introduce our proposed unifying frame-
work for n-dimensional quasi-conformal mappings. We then devise the numerical implementa-
tion for solving the proposed variational model.

4.1. A new framework for n-dimensional deformation. Before introducing our proposed
framework, we first review a related work as the motivation of our proposed framework. As
described in section 3, one can define a generalized conformality distortion K as in (3.8) to
measure how far away a map is from a conformal map in the n-dimensional space. Based on
this term K, Lee, Lam, and Lui proposed a landmark-matching model [37]:
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(4.1) min/ K(y)dx + a/ |Ay||ide, st. y(p) =q, i=1,...,m,
Y ) 2 Q

where y : R™ — R" is the desired transformation, o > 0 is a positive parameter to balance the
distortion term and the smooth term, and p; and ¢; are prescribed landmark points. We can see
that minimizing the model (4.1) with a suitable parameter « leads to a smooth transformation
that simultaneously achieves a minimal conformality distortion and satisfies the landmark
constraints. In the 3D case, to solve the model (4.1), an auxiliary variable v is introduced and
an equivalent formulation can be derived:

(4.2)

IVyllZ a ,
Inll'l/s:l W x + 5 o HAyH%d(E, s.t. v = Vy, detv > O; y(p’b) =qi,t = 17 e,

Then the alternating direction method of multipliers (ADMM) can be employed to solve (4.2).
However, note that the model (4.1) does not incorporate any intensity or volume information
which could improve the accuracy of the mappings in registration problems. In addition, one
subproblem in ADMM for solving (4.2) involves the inequality constraint detv > 0, which
makes solving the problem computationally expensive.

To overcome these two issues, we first propose the following model for computing n-
dimensional quasi-conformal mappings:

mln/ 0]2dx + oz /”Vy”%dwro‘?’/ ||Ay||§dx+0‘4/(Toy_R)2dm
(4.3) yo 2 o n(det Vy)2/n 2 Jo 2 Jo

s.t. det Vy = €, ypi) =¢q, i=1,...,m,

where T':  C R™ — R is the template, R : Q C R™ — R is the reference, T oy is the deformed
template, and 6 is a function from Q C R™ to R. When compared to the previous model (4.1),
the model (4.3) contains a new sum of squared differences (SSD). One can also see that the
inequality constraint det v > 0 is converted into an equality constraint by using the exponential
function €. Here we also add a regularizer about @ to minimize the volume change because
the geometric meaning of the Jacobian determinant of the transformation represents the ratio
of the change of the volume. Furthermore, if we know the volume prior in some specific region
Y, then we can combine this information with model (4.3). This leads to the main proposed
unifying model for n-dimensional quasi-conformal mappings in this paper:

IVyl%
m1n/|0| dx + as /Qn(detVy 2/n /|]Ay||2da:

T (95)2dm+/(ToyR)2daz
2 Ql 2 Q

(4.4)

s.t. det Vy = ¢, ypi)=qi, i=1,...,m,

where 0 is a given function indicating the volume prior in the specific region §V'.
Next, we prove the existence of the solution for the proposed model (4.4).
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Theorem 4.1. Suppose €2 is bounded and simply connected, T, R are continuous functions
from Q CR" =R, and a; > 0,i=1,...,5. Let

A= {y € C*(Q),0 € C°(Q) :[|fl|oo < c1, [lYlloo < 2, [IVYllos < e,

(4.5) ) 0 ‘
Hv y”oo S C4adetvy =e€ 7y(pZ) =(qi,1 = 17' "7m}

for some ¢; > 0,i=1,...,4. Then the proposed model (4.4) admits a minimizer in A. In fact,
A is compact.

Proof. By the homogeneity lemma, there exists a C*° mapping y* satisfying the landmarks
constraint [32], which is also orientation-preserving. Then we can find the corresponding
6* such that det Vy* = e, Here, it is clear that #* belongs to C°(Q2). Hence, by setting
c1 = |0 |loos 2 = [[¥*]loos 3 = [VY*||0o, and ¢4 = ||V2y*||oo, we have (y*,0%) in A, which
indicates that A is nonempty.

To prove that A is compact, we need to check that A is complete and totally bounded.

Define lyly = [lloc + IVYlloc + [V2ylloc and ||y, B)lls := [0lloo + 1yl Let the sequence
{y*,0%}2 | in A be the Cauchy sequence with respect to the norm || - ||s. Then {#%}2°, is
also a Cauchy sequence. Since Ay := {6 € C°(Q) : |0]| < c1} is complete with respect to || - ||oo,
there exists @ such that 8* — . Similarly, there exist ¢, u, and v such that y* — g, Vy* — wu,
and V2y* — v, respectively. Furthermore, since g is C2, we have u = Vg and v = V2g. So
Ay :={y € C3(Q) : ||ylloo < 2, |VYloo < 3, [|V2ylloo < ¢4} is complete with respect to || - ||y
Hence, we have (y*,0%) — (¢,0). In addition, since det Vy* = " and y*(p;) = ¢;, by the
continuity, we have det Vg = ¢’ and 9(p;) = ¢;, which shows that (¢, ) is in A. Hence, A is
complete with respect to the norm || - ||s.

To show that A is totally bounded, we prove that the product space A, x Ay, which
contains A4, is totally bounded. Define a regular grid on € with edge lengths n% Denote
the grid points by {x;}icr after re-indexing. We define the set of tent functions on each
grid point by T, ny = {%¢wi}i61,1§kﬁn1- Here, 7% is the length of each interval dividing
[0,1], and ¢, is the tent function such that ¢z,(x;) = ¢1 and ¢g,(x;) = 0 for i # j. Let
Buymi =10 € Ag: 0 =3, Fi, Fi € Tony.ny }, which has finitely many elements. In this way,
given any € > 0, we can choose large enough mi,n; such that for any 6 € Ay, there exists
a0 € By, with [|§ — 0]l < e. Hence, Ay C UéeBml,nlBE(é)7 where B.(6) is the open
ball centering at 6 with radius e. Therefore, Ay is totally bounded. In fact, each element
in Tmym = {nﬁléf’wi}iel,lgkgm is a CY spline. Following this methodology, we can construct
Prman, containing finite C2 splines such that for given any € > 0 and any y € Ay, for large
enough my and no, there exists a ¥ € By n, = {9 € Ay : ¥ =D, Fi, Fi € Trnono } such that
|ly — 9lly < e. Then we can conclude that A, is also totally bounded. Hence, for any given
e > 0, by setting m = max{m;, mo} and n = max{ni,n2}, we see that A, x Ay is totally
bounded. Since any subset of a totally bounded set is totally bounded, we conclude that A is
totally bounded.

Therefore, A is compact. Since the objective functional in the proposed model (4.4) is
continuous in A, the proposed model admits a minimizer in A. [ ]

Note that the proposed unifying model (4.4) contains different components that correspond
to different geometric quantities. By suitably setting the parameters of the components, we can
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obtain different models that yield different types of n-dimensional quasi-conformal mappings.
Below, we list some possible formulations and explain their usage.

1. Landmark-constrained n-dimensional quasi-conformal mapping. Let a3 =

ay = a5 = 0. The proposed model (4.4) becomes

. IvyllE /
dx A
(4.6) IE}gIQQ/Q n(det Vy)2/n * lAy3d

s.t. det Vy =, y(pi) = ¢i, i = 1.

Note that (4.6) is theoretically equivalent to the formulation (4.1) proposed in [37].
However, the use of the exponential function ¢’ in (4.6) largely simplifies the numerical
implementation and hence leads to a significant improvement in practice when compared
o (4.1) (see section 4.2 for more details).

. Landmark- and intensity-based n-dimensional quasi-conformal registration.

Let oy = g = 0. The proposed model (4.4) becomes

. HvyH% Oég/ 9 aE)/ )
————dz + — Ayll{de + — T — R)2d
(4.7) n;’lenag/g n(det Vy)2/n x 2 Jo |Ayllzdz 5 Q( oy )2dx

s.t. det Vy = ¢, ypi)=¢q, i=1,...,m

The model can be viewed as an extension of [34, 37]. It is a hybrid registration model
based on the intensity information and landmarks, which simultaneously guarantees
the bijectivity of the resulting transformation.

. n-dimensional quasi-conformal mapping with volume prior and optimized

volumetric distortion. Let as = 0 and suppose that there is no landmark. The
proposed model (4.4) becomes

(4.8)

Vy”2 a3 Qy _
0|%d ”—Fd / Ayl2d / 0 — 0)%d
mm /\ |“dx + ag /Qn(detVy)Q/” T+ 5 Q|| yll3dx + 5 Q/( ) dax

s.t. det Vy = ef.

Note that the resulting transformation will be as volume-preserving as possible because
of the first term, while the specific region Q' will change in volume based on the volume
prior.

. The most general model. In case all components are needed, we can set «; # 0 for

alli=1,...,5 to keep all terms in the proposed model (4.4) and solve it directly.

Remark 4.2. While the theoretical minimizer in Theorem 4.1 is a global minimizer of the

energy (4.4), in general it may not fully satisfy the prescribed constraints. Note that the
volume prior and intensity constraints can be set arbitrarily, and in some cases they may not
even be compatible with each other and/or the landmark constraints. Therefore, the minimizer
will just give the lowest energy by considering all components and achieving a balance between

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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them. If a certain constraint is desired to be more important, we can set a larger weight for it
in the unifying model (4.4). As the weight tends to infinity, the constraint violation for the
corresponding term will go to 0 in the resulting minimizer.

Remark 4.3. One may also be interested in the uniqueness of the solution to the proposed
model (4.4). To analyze it, we can consider the components in the model one by one. Note
that the first term and the fourth term involving 6 are invariant under translations and
rotations. The second term involving the generalized conformality distortion is invariant
under Mobius transformations, analogous to the 2D quasi-conformal case. The third term
involving the second-order regularization is invariant under translations, scalings, and rotations.
However, the fifth term and the landmark constraints may not be invariant under translations,
scalings, or rotations. This shows that the Mobius transformation freedom is only in certain
components of the proposed model. If the fitting term and the landmark constraints are
not considered, the solution of the model is not unique, while if we have a general model
with the presence of all components, there may not be any abovementioned freedom in the
solution.

4.2. Implementation. In this section, we devise a numerical method to solve the model
(4.4) using ADMM.

First, we review the main idea of ADMM. Consider the following general optimization
problem:

(4.9) rglgl h(u) + g(v) s.t. c(u) = v,

where h :Ud - R, g:V — R, and ¢: U — V are three functions. The augmented Lagrangian
function of (4.9) is as follows:

(4.10) L(u,v, ), p) = hu) + g(v) + (A, c(u) — v) + ch(u) — |2,

where A € V is the Lagrange multiplier, (-,-) is the corresponding inner product, and p > 0 is
a penalty parameter. ADMM aims to solve (4.10) using an iterative scheme. In particular, the
kth iteration of ADMM is as follows:

2

p AR
Pt = argmin,, h(u) + = |le(u) — o + = |
2 Py
4.11 A2
(4.11) v**L = argmin, g(v) + g ety —w 4 =],
2
\)\k—&-l — )\k —I—p(c(ukH) o Uk+1).

In other words, ADMM first solves for ©**! by fixing v = v* and then solves for v**! by fixing

_ k1
u=u """,
Now, we are ready to apply ADMM to the proposed model (4.4). First, we write the

corresponding augmented Lagrangian function of (4.4):
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412 L) =3 [ e an [ TG 9 [ ay a

+ (9—9)2dm+/(Toy—R)2dx
2 Q/ 2 Q

+ / (A1, det Vy — %)da + % / (det Vy — %)2dax
Q Q

m

DO () —ai) + 2 y(p) — a4l
=1

=1

Here, )\g is the ith component of Ay. Also, for the second term, we can replace det Vy with €,
which helps simplify one subproblem in ADMM without changing the original problem. Hence,
we have the following iterative scheme:

(4.13)

0k .= argmin, / 0)%dex + / | y!Lid +% (0 —0)%dx
Q/

AR 2
+ Py (det AT ef + 1> dx,
2 Jo P1

: IVyl a3 @5
y"*! = argmin, as /Q de + = HAyH%dm + A (T oy — R)%dx

) k1 A’f) P2 L Qo)
det Vy — 4+ — | de+ —
2 Q ( P 2 Z} P2

)

)\kH = A+ py(det VoL — eekﬂ),
LR = DY + pa(y* T (i) — @), i =1,...,m.

Next, we discretize (4.13) and choose the suitable optimization methods to solve the
resulting finite dimensional optimization subproblems.

4.2.1. Discretization. For simplicity, here we describe the discretization for the case
n = 2, which can be easily extended to other n. Let the domain € be [0, 1]2. By using the
standard triangular partition, we divide  into 2N? small triangles and have Q = U2N 2Q,.
Let X,Y e R2(NV +1? he the discretized identity map and discretized transformation on the
nodal grid, respectively. We can then use the piecewise linear function to approximate the
transformation. Let © € R2V” be the discretized 6 and A € R2V” be the discretized A on
each subdomain €2;, respectively. Set Ay € R™ as the discretized A\ and h as the area of the
standard triangle. For the intensity term, we assume that the intensity values are defined on
the cell-centered grid. Hence, we need to give an averaging matrix P from the nodal grid Y to
the cell-centered grid PY [26, 27]. Then we can set T(PY) and R € RN” as the discretized
deformed template image and discretized reference image, respectively.

Remark 4.4. Since Y is usually not located exactly at the pixel points, an interpolation
operator is necessary. Here, we choose the cubic spline interpolation [45] to compute T'(PY).
The linear interpolation cannot be applied because it is not differentiable at grid points.
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Since the approximated first-order partial derivatives are constants in each subdomain §2;,
we can construct A;,l = 1,...,4, as the discrete first-order operator and B as the discrete
Laplace operator [67, 68], namely,

(4.14) 8$1y1 ~ A1K 8x2y1 ~ AQY, anyg ~ A3Y, 8x2y2 ~ A4Y, Ay ~ BY.

Hence, by denoting ® as the Hadamard product, we have

4
(4.15) det Vy = A1Y © AgY — AY © A3Y and [|[Vyllp = Y AY © AY.
=1

Now, for (4.13), we have the following discretized scheme:
(4.16)

h h
OF ! .= argming J1(O) = a1 — 103+ a2 —r*

agsh h
k[Pl + 2|06 — 63 + £ — 5,

YR = argming Jo(Y) = a2h (Z AY © AY ) ./e@’“+1 0‘3h\BY|2 + a5h|T(PY) B2
1
k
+M ALY © ALY — A2Y®A3Y—e@k+l+ﬁ 2 LY — Q+@ :
P1 P2

Alf_H — Al + pl(Alyk+1 o) A4yk+1 _ A2yk+1 @A3Yk+1 _ e®k+1)’
ASHE = A5+ po (LY - Q)

k _
where rF = Zle AYFOAYF sF = A YFOAYF— A Y@ AsY R+ %, © is the discretization
of the prior 6, Q is the vectorization of q;,i = 1,...,m, €® is a vector whose component is e,
./ denotes the componentwise division, I7 is the index matrix of the domain €', and I is the

index matrix of the landmarks.

4.2.2. Subproblem © in (4.16). Now, we consider solving the subproblem © in (4.16).
Note that the subproblem © in (4.16) is nonconvex because it involves the term [e® — s¥|3.
Here, we choose the Gauss—Newton method, which picks a symmetric positive definite part
of its full Hessian as the approximated Hessian and then solves the resulting Gauss—Newton
system to obtain a descent search direction.

We first compute the gradient and Hessian of the subproblem © in (4.16), respectively:

h —
=r%./e® + aihI] (16 = ©) + puf ding () (c© — 5",

h
Ho = ayhl + % diag(r*./e®) + ayhIT I} + p1h diag(2e*® —e® @ s*),

d@ = alh@ -
(4.17)

where diag(v) represents a diagonal matrix whose diagonal entries are v. To get a descent

search direction, we choose

- h
(4.18) Hg = anhl + % diag(r*./e®) + aghIT T, + pyh diag(e?©)
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as the approximated Hessian and the resulting Gauss—Newton system is as follows:
(4.19) Hepe = —de.

Then the iterative scheme of the subproblem © in (4.16) is

(4.20) O = 0" + 5 pb,

where 5’6 is the ith step length obtained by using the Armijo line search [49]. The steps are
summarized in Algorithm 4.1.

Algorithm 4.1 Solving subproblem © in (4.16).

Set ©° and i = 0; Compute di, and H} from (4.17) and (4.18);
while stopping criteria is not satisfied do

Solve ﬁéplé = — Zé;

Update ©'! by Armijo line search;

Seti=1+1;

Compute di, and fI’e from (4.17) and (4.18);
end while

4.2.3. Subproblem Y in (4.16). Here, for the subproblem Y in (4.16), we again use the
Gauss—Newton method. Although the cost of computing the approximated Hessian and solving
a linear system may be expensive, in practice we find that it is still much faster than first-order
methods such as L-BFGS [43]. This is because first-order methods usually require many more
iterations and computing interpolation many times, which can consume a lot of running time.

To implement the Gauss—Newton method, we need to compute the gradient and the
approximated Hessian of subproblem Y in (4.16), respectively:

dy = ashMT(1./e®"") + ashBYBY + ashPTTh, (T(PY) — R)

AF A
+ 1) +polf (LY —Q + =2),
P1 P2
Hy = aohM{ My + a3hBY B + ashPTTEy Ty P + pih M My + poIX I,

®k+1

(4.21) —{—pthQT (A1Y@A4Y—A2Y®A3Y_e

where Tpy is the Jacobian of T with respect to PY, My = 2?21 diag(A;Y)A;, and My =
diag(AlY)A4 + dlag(A4Y)A1 — dlag(AQY)Ag — dlag(A3Y)A2
Hence, the iterative scheme of the subproblem Y in (4.16) is

(4.22) Y =y 4 5iph,

where pg'/ is solved by the Gauss—Newton system ﬁ{,p§/ = —dg/ and (5@ is the ith step length
obtained again by using the Armijo line search. The steps are summarized in Algorithm 4.2.

Remark 4.5. The Gauss—Newton method has been successfully used to solve the resulting
optimization problem derived by different image registration models [7, 67]. Note that in [7, 67],
the line search strategy has to satisfy the sufficient descent condition and simultaneously
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Algorithm 4.2 Solving subproblem Y in (4.16).
Set Y© and i = 0; Compute di and H% from (4.21);
while stopping criteria is not satisfied do
Solve Hg,pg/ = —dg/;
Update Y1 by Armijo line search;
Set i =1+ 1;
Compute d and H{ from (4.21);
end while

guarantee that the transformation is diffeomorphic under the sense of discretization. However,
in this paper, due to the nonnegative constraint, we only need to focus on the sufficient descent
condition and the diffeomorphic property is ensured by the quadratic penalty term in the
augmented Lagrangian function (4.12).

4.2.4. Summary of ADMM. In sections 4.2.2 and 4.2.3, we have discussed how to use
the Gauss-Newton method to solve the subproblems in the iterative scheme of ADMM (4.16).
Altogether, the procedure of solving the proposed model (4.4) is summarized in Algorithm
4.3. Note that in the standard ADMM, the penalty parameters p; and po are fixed. Changing
these penalty parameters p; and ps dynamically may heavily affect the convergence rate of
ADMM [5]. In practice, we set £ = A1Y ® A Y — AsY ® A3Y —e© and enlarge p; by a factor
of 2 if |[E¥*1| o > 0.95|E*| and keep py fixed.

Algorithm 4.3 Solving the proposed model (4.4) by ADMM.
Input T, R, volume prior ©, and landmarks (p;, ¢;),i = 1,...,m. Set Y°, 0% AY A9 09, po,
and k = 0; Give parameters «;,1 =1,...,5;
while stopping criteria is not satisfied do
Compute ©%F! by Algorithm 4.1;
Compute Y**! by Algorithm 4.2;
Compute AFF! by AF 4 ph (A YR © AV R — Ay YR+ @ AgyRtl — O,
Compute A5 by A5 + po(LYF! — Q);
if |E*Yo > 0.95|E%| then
Update plf'H = 2p’f;
else
Update pr+?
end if
Set k =k +1;
end while

— k.
_pla

Note that there are some existing convergence results of ADMM in nonconvex optimiza-
tion [58] but they are not applicable to the proposed Algorithm 4.3 as the equality constraint
in (4.4) is nonlinear. Although the convergence of Algorithm 4.3 cannot be guaranteed in
theory, we can show that Algorithms 4.1 and 4.2, which solve the subproblems in (4.16), are
convergent. To prove this result, we first recall the following lemma.
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Lemma 4.6 (see [33]). Consider the following unconstrained optimization problem:
(4.23) min f(z),

where f : R® — R s a twice differentiable function. Let V[ be Lipschitz continuous with
Lipschitz constant L. Assume that the approzimated Hessian matrices H' are symmetric
positive definite and that there are & and & such that k(H") < &1, and |H'|| < & for all i.
Then either f(x') is unbounded from below or

(4.24) lim Vf(z') =0

1—00

and hence any limit point of the sequence of iterates produced by the Gauss—Newton method
with Armijo line search is a stationary point.

In particular, if f(x') is bounded from below and z;, — =* is any convergent subsequence
of {z'}, then V f(x*) = 0.

Based on Lemma 4.6, we have the following convergence result about the subproblems in
(4.16).

Theorem 4.7. Assume that T' and R are twice differentiable. Let the parameters ay,l =
1,...,5,p, and o be positive. In addition, assume that as BT B + nggIQ 18 symmetric positive
definite. Then Algorithms 4.1 and 4.2, which solve the subproblems in (4.16), are globally
convergent.

Proof. For Algorithm 4.1, from (4.18), since each component of r* is nonnegative, it is
obvious that f[@ is symmetric positive definite. In addition, it is also clear that J;(©) tends to
infinity when some component of © goes to infinity. Hence, the sublevel set {©|J;(0) < J1(6%)}
can be covered by a compact (closed and bounded) set ¢;. Then V.J;(©) is Lipschitz continuous
with Lipschitz constant Ly, and x(H) and ||[Hg|| for all i have the upper bound under the set
Uy, respectively. In addition, 0 is a lower bound of J;(©). Therefore, by Lemma 4.6, we have

(4.25) lim V.J;(0%) = 0.
1— 00

For Algorithm 4.2, since a3 BT B + UIZT I is assumed to be symmetric positive definite, fAI;
for all 7 in (4.21) is symmetric positive definite. We also have that J2(Y") tends to infinity when
some component of Y goes to infinity. This is because A1Y ® A4Y — AY ® A3Y represents
the discrete Jacobian determinant and the ratio of change of the area. When Y goes to infinity,
the area will expand to infinity and then A1Y ® A4Y — AsY ® A3Y will go to infinity. Hence, a
compact set Us can cover the sublevel set {Y|Jo(Y) < Jo(Y?)}. Following a similar discussion
in the first part, we can conclude that
(4.26) lim VJo(Y") =0. |

1—00
Remark 4.8. In Theorem 4.7, we assume that asBT BB + poIT Iy is symmetric positive

definite, which can be guaranteed when the Dirichlet boundary condition is employed or the
Neumann boundary condition is employed and ps is positive. In addition, we also let the
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parameters a7, = 1,...,5, p1, and p2 be positive. In fact, this requirement can be relaxed to
(1) p1 = 0 with no landmarks; (2) as = 0 with no fitting term; (3) ay = 0 with no volume
prior. Theorem 4.7 can still be established under these conditions.

Remark 4.9. While Theorem 4.7 guarantees the global convergence of Algorithms 4.1
and 4.2 for solving the subproblems in (4.16), the global convergence of the entire ADMM
framework (Algorithm 4.3) has not been proved due to the nonlinear equality constraint (4.4).
Nevertheless, we find that the solutions satisfy the KKT conditions in all our experiments. As
the solutions may not be unique, from this point of view, the current approach only finds a
stationary point which may not necessarily be the global optimum.

5. Experiments. In this section, we test the proposed framework (4.4) with several
synthetic examples. The algorithms are implemented in MATLAB R2019a and tested on a
MacBook Pro with a 2.2 GHz Quad-Core Intel Core i7 processor and 16 GB RAM.

5.1. Landmark-constrained n-dimensional quasi-conformal mapping. We first test our
proposed model for landmark-constrained n-dimensional quasi-conformal mappings as described
in (4.6). Here, we set o = 1 and a3 = 0.01.

Consider a 2D example with eight prescribed landmarks A, B,C, D, E, F,G, H in the
domain [0,1] x [0,1] (see Figure 2(a)). The landmarks are divided into four pairs (4, B),
(C,D), (E,F), (G,H), and for each pair of landmarks we constrain the points to swap
their positions under the quasi-conformal mapping, which involves a large deformation and
could easily lead to overlaps. Using our proposed model, we can easily achieve a smooth
transformation y that satisfies the landmark constraints (see Figure 2(b)). By computing the
Jacobian determinant det Vy as shown in Figure 2(c), we can see that det Vy is always greater
than 0 and hence the mapping is folding-free.

We then consider a 3D example with eight prescribed landmarks A, B,C, D, E, F, G, H
in the domain [0,1] x [0,1] x [0,1] (see Figure 3(a)). This time, the landmarks are divided
into two groups (A, B,C, D) and (E, F,G, H), and for each group of landmarks we enforce
the points to their neighboring points to form two large-scale twists at two different angles.

(a) Landmarks (b) Transformation y (c) det Vy

Figure 2. An example of landmark-constrained 2D quasi-conformal mapping achieved by our proposed
framework. (a) The corresponding landmarks. (b)—(c) The transformation and the corresponding Jacobian
determinant.
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Figure 3. An example of landmark-constrained 3D quasi-conformal mapping achieved by our proposed
framework. (a) The eight landmarks with their target positions indicated by the arrows. (b) A cross-sectional
view of the transformation y. (c)—(e) Several rotated versions of (b) for visualizing the large 3D deformation
(see also supplementary file M145749_01.mp4 [local/web 5.16MB]). (f) The corresponding Jacobian determinant
det Vy.

As shown in Figure 3(b)—(f), our model is capable of producing a smooth and folding-free 3D
mapping that satisfies the landmark constraints (see also supplementary file M145749_01.mp4
[local/web 5.16MB]).

It is natural to compare the performance of our model with the existing landmark-
constrained n-dimensional quasi-conformal mapping method in [37]. For the algorithm in [37],
to apply ADMM, it introduces an auxiliary variable v such that v = Vy and then substitutes
v into the denominator of K in (3.8). A comparison between the performance of the proposed
algorithm and the algorithm in [37] is provided in Figure 4, from which it can be observed that
our proposed model outperforms the method [37]. More specifically, note that both algorithms
are capable of achieving a similar final energy. However, for the violation of the equality
constraint, the proposed algorithm only needs about 100 iterations to reach 10~8 with respect
to the infinity norm while the method in [37] requires 2000 iterations and only reaches 10~! for
the constraint violation. In other words, the proposed method is significantly faster and hence
more practical when compared to the prior method [37]. The main reason for the improvement
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posed algorithm

Figure 4. Comparison between the proposed algorithm and the algorithm in [37] for landmark-constrained
n-dimensional quasi-conformal mapping. The first row displays the energy generated by the proposed algorithm
(Algorithm 4.3) and the algorithm in [37]. The second row gives the gaps of the equality constraint by these
two algorithms. It is clear that these two algorithms achieve a similar final energy but the proposed algorithm
converges much faster. More specifically, the proposed algorithm only takes about 100 iterations to reach 1078
for the violation of the equality constraint with respect to the infinity norm, while the prior method in [37]
requires over 2000 iterations and only reaches 10~ for the constraint violation.

achieved by our method is the use of the exponential term e’ for the Jacobian determinant
of the transformation, which largely simplifies the computation for the energy minimization
problem.

5.2. Landmark- and intensity-based n-dimensional quasi-conformal registration. Next,
we test our proposed model for landmark- and intensity-based n-dimensional quasi-conformal
registration as described in (4.7). Here, we set ap = 1, a3 = 0.01, and a5 = 10%.

Again, we start with a 2D example as shown in Figure 5. In this example, the goal is to
obtain a registration between an “I” shape and a “C” shape (see Figure 5(a)—(b)). In addition
to the intensity of the two letters, six landmarks are prescribed to represent the correspondence
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a) Template with landmarks ) Reference with landmarks

|
(¢) T'(y) with landmarks (d) y with landmarks (e) det Vy with landmarks

B | :

05

il

(f) T'(y) without landmarks (g) y without landmarks (h) det Vy without landmarks

Figure 5. An example of landmark- and intensity-based 2D quasi-conformal registration achieved by our
proposed framework. The first row gives the template and reference with landmarks. The second and third rows
show the deformed template, the transformation, and the corresponding Jacobian determinant with and without
landmarks, respectively.

between the two shapes. This makes the proposed model (4.7) well-suited for computing the
registration. As shown in Figure 5(c)—(d), the landmark- and intensity-based quasi-conformal
registration model gives a smooth and accurate registration result with the overall shape as
well as the landmarks well-matched. From Figure 5(e), we see that the registration is bijective.
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(@

(©

Figure 6. An example of landmark- and intensity-based 3D quasi-conformal registration achieved by our
proposed framework. (a) The template with landmarks. (b) The reference with landmarks. (c)—(e) The deformed
template, a cross-sectional view of transformation T(y), and the corresponding Jacobian determinant det Vy
obtained using the landmark- and intensity-based model. (f)—(h) The result obtained using a purely intensity-based
model without landmark constraints.

For comparison, we consider a purely intensity-based registration without any prescribed
landmarks (Figure 5(f)—(h)). It can be observed that while the overall intensity is matched in
the registration result, the corners of the “C” shape are not perfectly matched.

We then consider a 3D analogue of the “I” to “C” problem as shown in Figure 6. This
time, the template shape is a rectangular solid that represents an “I” shape, and the reference
shape is a solid “C” shape. Similar to the 2D case, 12 landmarks are prescribed to represent
the correspondence between the two shapes. Using the proposed model, we can compute
a landmark- and intensity-based 3D quasi-conformal registration between the two shapes
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(Figure 6(c)—(e)). Even for this large deformation problem, our model is capable of producing
a smooth and accurate registration result with the overall shape as well as the landmarks
well-matched, and with bijectivity ensured. On the contrary, if we use a purely intensity-based
model, the mapping will not be able to match the endpoints of the “C” shape perfectly
(see Figure 6(f)—(h)). This demonstrates the strength of the proposed model in combining
landmarks and intensity for producing an accurate registration.

5.3. n-dimensional quasi-conformal mapping with volume prior and optimized volumet-
ric distortion. We now test the proposed model (4.8). In the following experiments, we set
a1 =1, a2 =1, a3 =0.1, and ag = 10° in (4.8).

As shown in Figure 7(a), here we consider a m-shaped region (denoted as ') in a 2D domain
and set different volume priors for the specific region to produce different deformations. Here,
we use four different volume priors, In(0.3), In(0.5), In(2), and In(3), with results presented
in Figure 7(b)—(e). For each experiment, the corresponding transformation, the Jacobian
determinant map, and the histogram of the Jacobian determinant are also shown. It can be
observed that in all cases, the transformations are folding-free. The Jacobian determinant
maps also illustrate that the proposed model (4.4) indeed produces the desired transformations
that satisfy the volume priors.

We then test the proposed model using another synthetic example in 3D. For this example,
we again set a volume prior of In(3) for a specific region in a solid domain (see Figure 8(a)—(b))
and solve the proposed model to obtain a 3D transformation. This results in a deformed
volumetric domain with the specified region is significantly expanded (see Figure 8(c)—(d)).
As shown in the histogram of the Jacobian determinant in Figure 8(e), the quasi-conformal
mapping satisfies the volume prior accurately.

5.4. The most general model. Here, we use a synthetic 3D example to highlight the
advantage of the general model (4.4). As shown in Figure 9(a)—(b), the template and the
reference are both cubes but the reference misses some parts, which represent occlusions. The
eight outermost corner vertices are chosen as the landmarks. Figure 9(c)—(f) shows the mapping
results using different models, from which we can clearly see that the general model (4.4) gives
the best result (Figure 9(c)). More specifically, note that the intensity term helps match the
deformed template and the reference. However, because of the missing part in the reference,
the intensity term may cause some overfitting in matching the two shapes. By introducing the
volume prior, we can prevent such overfitting effectively. Finally, the landmarks are useful for
registering the salient features of the two shapes. As shown in Figure 9(d)—(f), missing any of
these components leads to an unsatisfactory result.

6. Applications. After evaluating the performance of the proposed unifying framework
using the above examples, we explore the applications of the framework in medical imaging,
engineering and graphics.

6.1. Medical image registration. The prior landmark-constrained n-dimensional quasi-
conformal mapping method [37] has been shown to be useful for medical image registration.
Analogously, our proposed framework can be effectively applied to the registration of n-
dimensional medical images. More specifically, given two medical images and some common
prominent features in each of them, we can compute a landmark-matching quasi-conformal
mapping between them using the proposed model in (4.6). In addition, we also incorporate the
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Prescribed Region

()

Figure 7. An example of quasi-conformal mapping with volume prior and optimized volumetric distortion in
two dimensions. (a) A 2D domain with a prescribed w-shaped region. (b)—(e) The results with volume prior
# =1n0.3, In0.5, In2, and In3 for the specific region Q. For each volume prior, the resulting transformation,
the Jacobian determinant map, and its corresponding histograms are shown.
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@ (b) (©

(d) (€) .

Figure 8. An adaptive remeshing example in three dimensions. (a) The initial volumetric domain, with the
region for which we specify a volume prior of In(3) highlighted in red. For better visualization, only a part of
the grid lines are shown. (b) A cross-sectional view of the domain in (a) with all grid lines shown. (c) The
3D quasi-conformal mapping result color-coded with the Jacobian determinant. For better visualization, only a
part of the grid lines are shown. (d) A cross-sectional view of the result in (c) with all grid lines shown. (e) A
histogram of the Jacobian determinant.

intensity information and find a landmark- and intensity-matching quasi-conformal mapping
by using the proposed model in (4.7).

We test (4.6) and (4.7) using lung CT data with 300 pairs of landmarks as shown in
Figure 10(a)—(b), which is freely available from the Deformable Image Registration Laboratory
(www.dir-lab.com). We rescale the data into the size of 128 x 128 x 128. For the parameters,
we set ag = 1,3 = 0.01 for (4.6) and ag = 1,a3 = 0.01,a5 = 0.1 for (4.7). The registration
results for the two cases are displayed in Figure 10(c)—(d). Both of the registration results
satisfy the landmark constraints, with the landmark mismatch error less than 1076, This
indicates that both models are capable of matching prescribed landmark features. To better
compare the two registration results, we consider the axial, sagittal, and coronal views as
shown in Figure 11. The reference and the template from the three views are first provided in
Figure 11(a)—(b). We then consider their intensity difference as shown in Figure 11(c) and
quantify the intensity mismatch by defining

_I7(y) - B3

(6.1) Ressp = ———-= x 100%,
IT - R|3
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)
Figure 9. An 3D example of quasi-conformal mapping with intensity, volume prior and landmarks. (a) The
template. (b) The reference. (c) The registration result obtained using the general model (4.4). (d)—(f) The

registration result obtained using the models without intensity, volume prior, and landmarks respectively. Here,
the landmarks are the eight corner vertices of the cubes.

where T and R denote the template and reference images, and y is the deformation. This
gives Regsp = 100% for the original difference (with y = Id). For the registration result
obtained by the landmark-based model (4.6) (Figure 11(d)—(e)), it is clear that the intensity
is not well-matched, with Regsp = 75.74%. By contrast, for the result obtained by the
landmark- and intensity-based model (4.7) (Figure 11(f)—(g)), it can be observed that the
intensity mismatch is low (with Regsp = 9.10%). This demonstrates the effectiveness of our
framework for medical image registration.

6.2. Adaptive remeshing. For many applications that involve solving differential equations,
it is crucial to remesh an object in an adaptive manner so that certain parts of it are with a
finer mesh resolution. Using our proposed framework, adaptive remeshing in any n-dimensional
domain can be easily achieved. More specifically, to remesh an object such that different
regions of it have different mesh density, we can set an area/volume prior for each specific
region and utilize the proposed model in (4.8) to find a quasi-conformal transformation.

We illustrate this idea using the examples presented in Figures 7 and 8. After finding the
resulting transformations, the remeshing result can be constructed by inverting them. Figure
12(a)—(d) shows the adaptive remeshing results corresponding to the four volume priors in
Figure 7(b)—(e). We can see that different volume priors can lead to either a finer mesh in
the prescribed region when 6 > 0 or a coarser mesh in the prescribed region when 6 < 0.
Analogously, we achieve an adaptive remeshing result of a 3D solid domain with a higher
mesh density at the specified region by generating a regular grid and transforming it using the
inverse of the 3D quasi-conformal mapping (see Figure 12(e)).
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@ (b)

(© (d)

Figure 10. Registration of 3D lung images. (a) The template image with landmarks. (b) The reference
image with landmarks. (c) The deformed template generated by our proposed model with landmarks only (i.e.,
(4.6)). (d) The deformed template generated by our model with both landmark and intensity considered (i.e.,

(4.7)).

6.3. Deformation-based shape modeling. Mesh deformations are frequently used in
computer graphics for achieving different shape modeling and animation effects [29, 70]. As
our proposed model is capable of producing quasi-conformal mappings in n-dimensional space,
which are smooth and folding-free, it is well-suited for deformation-based shape modeling.

To illustrate this idea, we consider a 3D dragon model adapted from the Stanford 3D
Scanning Repository [1] (Figure 13(a)). Note that the volumetric density-equalizing reference
map method in [19] is capable of producing a magnification of the dragon head by setting
a higher density at a specific region of the volumetric domain. Analogously, by using the
proposed model (4.8) and setting a large volume prior at the head of the dragon, we can
precisely enlarge the head of the dragon as shown in Figure 13(b). Moreover, using the
proposed model (4.6) and setting the corners of the bounding box of the head as rotating
landmarks, we can effectively turn the dragon head as shown in Figure 13(c). It is also possible
to change the position of the head and enlarge various parts of the dragon simultaneously
by using the most general formulation of the proposed model (4.4) (see Figure 13(d)). More
specifically, landmarks are used for controlling the translational effect of the head, and volume
priors are used for enlarging the head and the tail of the dragon. Similarly, one can twist
and shrink the body of the dragon simultaneously (see Figure 13(e)). The above results
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) Difference between T'(y) and R, Ressp = 75.74%

(f) T'(y) with landmarks and intensity from three views (g) Difference between T'(y) and R, Ressp = 9.10%

Figure 11. Visualization of the 3D lung image registration results via the axial view, sagittal view, and
coronal view. The difference between the reference and the template, and the difference between the reference
and the two registration results are both provided. Note that both registration models (4.6) and (4.7) are capable
of matching the features, and the more advanced model (4.7) with the intensity fidelity term added gives a more
accurate registration.

demonstrate the effectiveness of the proposed framework for producing a large variety of
graphical effects.

7. Conclusion and future works. In this work, we have proposed a unifying framework
for computing n-dimensional quasi-conformal mappings. Specifically, our framework allows for
the consideration of prescribed landmark and intensity information, volume prior, and overall
quasi-conformal and volumetric distortion. By adjusting the weights of different terms in the
proposed energy model, we can easily achieve a large variety of mappings with different effects.

For future work, we plan to employ the proposed framework on other real medical datasets
for disease diagnosis. Another possible future direction is to explore the possibility of combining
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Figure 12. Adaptive remeshing using our proposed model (4.8). (a)—(d) The adaptive remeshing results
achieved using the transformations in Figure 7(b)—(e), respectively. (e) The adaptive remeshing result achieved
using the transformation in Figure 8.

the framework with machine learning approaches [36] for further improving n-dimensional
image registrations.

Also, note that the volumetric prior considered in the proposed framework is naturally
related to optimal transportation (OT) maps [25, 39, 40, 52, 56]. In particular, conventional
OT maps are guaranteed to satisfy any prescribed volumetric constraints, and if we do not
care about the optimality, there are infinitely many solutions according to Brenier’s polar
decomposition theorem [6]. When compared to the OT maps, our method considers additional
components such as the generalized conformality distortion and the regularization and hence
is likely to produce a smoother mapping which may not be exactly a solution of the discrete
OT problem. Nevertheless, our method involves relatively simpler computation procedures
and hence is likely to be more efficient. As a preliminary experiment, we consider a simple 2D
problem of mapping a given initial Voronoi diagram to a new Voronoi diagram with prescribed
area and compare the performance of our approach and the OT approach in [25, 60]. For
a domain of size 64 x 64, our method only takes about 1.5 seconds while the OT approach
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(a)

Figure 13. Deformation-based shape modeling using the proposed framework. (a) The original dragon model
from [1]. (b) A deformed dragon model with the head enlarged. (c) A deformed dragon model with the head
rotated. (d) A deformed dragon model with the head lifted and the head and tail enlarged. (e) A deformed dragon
model with the body twisted and shrunk.

in [25, 60] takes about 4.7 seconds. For a domain of size 128 x 128, our method takes
about 4.5 seconds while the OT approach takes over 30 seconds. This suggests that our
method is likely to be much more efficient than the existing OT approaches. Therefore, our
framework with the volumetric prior may serve as a good initial map for the computation of
OT maps.
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Another natural next step is to extend the proposed framework for more general n-
dimensional triangulations. Note that the current framework assumes the problem domain
to be regular grids, as images often have a rectangular shape and the computation involves
a differentiable interpolation operator for the deformed template (such as the cubic spline
interpolation). If we only consider volume prior, landmark constraints, and conformal distortion
in searching for an optimal transformation, i.e., by using the proposed model (4.4) without the
intensity fitting term, the finite element method is a good candidate to solve the problem for
more general triangulations. In particular, the key step for the finite element implementation
is to compute the Jacobian determinant of the transformation, which has already been studied
in prior hyperelastic regularization image registration works [22, 51]. We plan to investigate
the extension in detail in our future work.

REFERENCES

[1] The Stanford 3D Scanning Repository, http://graphics.stanford.edu/data/3Dscanrep/.
[2] M. F. BEG, M. I. MILLER, A. TROUVE, AND L. YOUNES, Computing large deformation metric mappings
via geodesic flows of diffeomorphisms, Int. J. Comput. Vis., 61 (2005), pp. 139-157.
[3] L. BERS, Quasiconformal mappings, with applications to differential equations, function theory and topology,
Bull. Amer. Math. Soc., 83 (1977), pp. 1083-1100.
[4] F. L. BOOKSTEIN, Principal warps: Thin-plate splines and the decomposition of deformations, IEEE Trans.
Pattern Anal. Machine Intelligence, 11 (1989), pp. 567-585.
[5] S. BoyD, N. PARIKH, AND E. CHU, Distributed Optimization and Statistical Learning via the Alternating
Direction Method of Multipliers, Now Publishers, 2011.
Y. BRENIER, Polar factorization and monotone rearrangement of vector-valued functions, Commun. Pure
Appl. Math., 44 (1991), pp. 375—417.
[7] M. BURGER, J. MODERSITZKI, AND L. RUTHOTTO, A hyperelastic regularization energy for image
registration, STAM J. Sci. Comput., 35 (2013), pp. B132-B148.
[8] E. CHIEN, Z. LEVI, AND O. WEBER, Bounded distortion parametrization in the space of metrics, ACM
Trans. Graphics, 35 (2016), pp. 1-16.
[9] C. P. CHo1, X. Gu, AND L. M. Lui, Subdivision connectivity remeshing via Teichmdller extremal map,
Inverse Problems Imaging, 11 (2017), p. 825.

[10] G.P. T. CHol, H. L. CHAN, R. YONG, S. RANJITKAR, A. BROOK, G. TOWNSEND, K. CHEN, AND L. M.
Lul, Tooth morphometry using quasi-conformal theory, Pattern Recognition, 99 (2020), 107064.

[11] G. P. T. CHol, Y. CHEN, L. M. Lul, AND B. CHIU, Conformal mapping of carotid vessel wall and plaque
thickness measured from 3D wultrasound images, Medical Biological Engineering Computing, 55 (2017),
pp. 2183-2195.

[12] G. P. T. CHol, B. CHIU, AND C. H. RYCROFT, Area-preserving mapping of 3D carotid ultrasound images
using density-equalizing reference map, IEEE Trans. Biomedical Engineering, 67 (2020), pp. 1507-1517.

[13] G. P.-T. CHol, K. T. Ho, AND L. M. Lul, Spherical conformal parameterization of genus-0 point clouds
for meshing, SIAM J. Imaging Sci., 9 (2016), pp. 1582-1618.

[14] G. P. T. CHo1, Y. LEUNG-L1U, X. GuU, AND L. M. Lul, Parallelizable global conformal parameterization
of simply connected surfaces via partial welding, STAM J. Imaging Sci., 13 (2020), pp. 1049-1083.

[15] G. P.-T. Cuor aND L. M. Lul, A linear formulation for disk conformal parameterization of simply-
connected open surfaces, Adv. Comput. Math., 44 (2018), pp. 87-114.

[16] G. P.-T. Cnor, M. H.-Y. MAN, AND L. M. Lul, Fast spherical quasiconformal parameterization of

genus-0 closed surfaces with application to adaptive remeshing, Geom. Imaging Comput., 3 (2016),
pp. 1-29.

[17] G. P. T. CHol, D. Qiu, aAND L. M. Lul, Shape analysis via inconsistent surface registration, Proc. A, 476
(2020), 20200147.

[18] G. P. T. Cuo1 AND C. H. RYCROFT, Density-equalizing maps for simply connected open surfaces, SIAM
J. Imaging Sci., 11 (2018), pp. 1134-1178.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


http://graphics.stanford.edu/data/3Dscanrep/

Downloaded 06/30/22 to 137.189.49.42 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

n-DIMENSIONAL QUASI-CONFORMAL MAPPINGS 987

(19]
20]
(21]
(22]
23]
24]
(25]
(26]
27]

28]

29]
(30]
(31]
32]

(33]
(34]

(35]
(36]
37]
(38]
(39]

(40]

[41]
(42]
(43]
(44]

(45]

G. P. T. CHo1 anD C. H. RYCROFT, Volumetric density-equalizing reference map with applications, J.
Sci. Comput., 86 (2021), pp. 1-23.

P. T. Cnot, K. C. LAM, AND L. M. Lut, FLASH: Fast landmark aligned spherical harmonic parameteri-
zation for genus-0 closed brain surfaces, SIAM J. Imaging Sci., 8 (2015), pp. 67-94.

P. T. CHol AND L. M. Lui, Fast disk conformal parameterization of simply-connected open surfaces, J.
Sci. Comput., 65 (2015), pp. 1065-1090.

M. DROSKE AND M. RUMPF, A wariational approach to nonrigid morphological image registration, STAM
J. Appl. Math., 64 (2004), pp. 668—687.

F. W. GEHRING, G. J. MARTIN, AND B. P. PALKA, An Introduction to the Theory of Higher-Dimensional
Quasiconformal Mappings, Math. Surveys Monogr. 216, AMS, Providence, RI, 2017.

A. Girl, G. P. T. CHoI, AND L. KUMAR, Open and closed anatomical surface description via hemispherical
area-preserving map, Signal Process., 180 (2021), 107867.

X. Gu, F. Luo, J. Sun, AND S.-T. YAu, Variational principles for Minkowski type problems, discrete
optimal transport, and discrete Monge—Ampére equations, Asian J. Math., 20 (2016), pp. 383-398.

E. HABER AND J. MODERSITZKI, Numerical methods for volume preserving image registration, Inverse
Problems, 20 (2004), 1621.

E. HABER AND J. MODERSITZKI, Image registration with guaranteed displacement reqularity, Int. J. Comput.
Vis., 71 (2007), pp. 361-372.

M. HERNANDEZ, X. PENNEC, AND S. OLMOS GAssO, Comparing algorithms for diffeomorphic registra-
tion: Stationary LDDMM and diffeomorphic demons, in Workshop on Mathematical Foundations of
Computational Anatomy, 2008, p. 24.

K. HiLDEBRANDT, C. ScHULZ, C. VON Tycowicz, AND K. POLTHIER, Interactive surface modeling using
modal analysis, ACM Trans. Graphics, 30 (2011), pp. 1-11.

T. IWANIEC AND G. MARTIN, Geometric Function Theory and Non-Linear Analysis, Clarendon Press,
Oxford, UK, 2001.

H. J. JoOHNSON AND G. E. CHRISTENSEN, Consistent landmark and intensity-based image registration,
IEEE Trans. Medical Imaging, 21 (2002), pp. 450-461.

S. C. JosHI AND M. I. MILLER, Landmark matching via large deformation diffeomorphisms, IEEE Trans.
Image Proc., 9 (2000), pp. 1357-1370.

C. T. KELLEY, Iterative Methods for Optimization, SIAM, Philadelphia, 1999.

K. C. LaM AND L. M. Lul, Landmark- and intensity-based registration with large deformations via
quasi-conformal maps, SIAM J. Imaging Sci., 7 (2014), pp. 2364-2392.

K. C. Lam AND L. M. Lui, Optimized quasiconformal parameterization with user-defined area distortions,
Commun. Math. Sci., 15 (2017), pp. 2027-2054.

H. Law, G. P. T. CHol, K. C. LAM, AND L. M. Lul, Quasiconformal Model with CNN Features for
Large Deformation Image Registration, preprint, arXiv:2011.00731, 2020.

Y. T. Leg, K. C. LaM, AND L. M. Lul, Landmark-matching transformation with large deformation via
n-dimensional quasi-conformal maps, J. Sci. Comput., 67 (2016), pp. 926-954.

O. LEHTO AND K. I. VIRTANEN, Quasiconformal Mappings in the Plane, Grundlehren Math. Wiss. 126,
Springer-Verlag, Berlin, 1973.

B. LEVY, A numerical algorithm for L2 semi-discrete optimal transport in 3D, ESAIM Math. Model.
Numer. Anal., 49 (2015), pp. 1693-1715.

W.-W. LiN, C. JuaNG, M.-H. Yuen, T.-M. Huang, T. L1, S. WANG, AND S.-T. Yau, 3D brain
tumor segmentation using a two-stage optimal mass transport algorithm, Scientific Reports, 11 (2021),
pp. 1-19.

Y. LipPMAN, Bounded distortion mapping spaces for triangular meshes, ACM Trans. Graphics, 31 (2012),
pp- 1-13.

Y. LipmaN, V. G. KM, AND T. A. FUNKHOUSER, Simple formulas for quasiconformal plane deformations,
ACM Trans. Graphics, 31 (2012), pp. 1-13.

D. C. Liu AND J. NOCEDAL, On the limited memory bfgs method for large scale optimization, Math.
Program., 45 (1989), pp. 503-528.

T. W. MENG, G. P.-T. CHol, AND L. M. Lui, TEMPO: Feature-endowed Teichmiiller extremal mappings
of point clouds, STAM J. Imaging Sci., 9 (2016), pp. 1922-1962.

J. MODERSITZKI, FAIR: Flexible Algorithms for Image Registration, STAM, Philadelphia, 2009.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/30/22 to 137.189.49.42 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

(66]

(67]
(68]
(69]
[70]

[71]

D. ZHANG, G. P. T. CHOI, J. ZHANG, AND L. M. LUI

A. NarrsaT, S. CHENG, X. Qu, X. FaN, E. SAucAN, AND Y. Y. ZEEVI, Geomelric approach to detecting
volumetric changes in medical images, J. Comput. Appl. Math., 329 (2018), pp. 37-50.

A. NArTsaT, G. NAITZAT, AND Y. Y. ZEEVI, On inversion-free mapping and distortion minimization, J.
Math. Imaging Vis., 63 (2021), pp. 974-1009.

A. NAITSAT, E. SAUCAN, AND Y. Y. ZEEVI, Geometry-based distortion measures for space deformation,
Graphical Models, 100 (2018), pp. 12-25.

J. NOCEDAL AND S. WRIGHT, Numerical Optimization, Springer, New York, 2006.

K. RoHr, H. S. STieHL, R. SPRENGEL, T. M. Buzuqg, J. WEESE, AND M. H. KUHN, Landmark-based
elastic registration using approzimating thin-plate splines, IEEE Trans. Medical Imaging, 20 (2001),
pp. 526-534.

L. RutHOTTO, Hyperelastic Image Registration, Ph.D. thesis, WWU Miinster, 2012.

K. Su, W. CHEN, N. LE1, J. ZHANG, K. QIAN, AND X. GU, Volume preserving mesh parameterization
based on optimal mass transportation, Comput.-Aided Des., 82 (2017), pp. 42-56.

D. TaA, Y. Tu, Z.-L. Lu, AND Y. WANG, Quantitative characterization of the human retinotopic map
based on quasiconformal mapping, Medical Image Analysis, 75 (2021), 102230.

J.-P. THIRION, Image matching as a diffusion process: an analogy with Mazwell’s demons, Medical Image
Analysis, 2 (1998), pp. 243-260.

Y. Tu, D. Ta, X. D. Gu, Z.-L. Lu, AND Y. WANG, Diffeomorphic registration for retinotopic mapping via
quasiconformal mapping, in Proceedings of the 17th International Symposium on Biomedical Imaging,
IEEE, 2020, pp. 687—691.

T. UR REHMAN, E. HABER, G. PRYOR, J. MELONAKOS, AND A. TANNENBAUM, 3D nonrigid registration
via optimal mass transport on the GPU, Medical Image Analysis, 13 (2009), pp. 931-940.

T. VERCAUTEREN, X. PENNEC, A. PERCHANT, AND N. AYACHE, Diffeomorphic demons: Efficient
non-parametric image registration, Neurolmage, 45 (2009), pp. S61-S72.

Y. WaNG, W. YIN, AND J. ZENG, Global convergence of ADMM in nonconvex nonsmooth optimization, J.
Sci. Comput., 78 (2019), pp. 29-63.

O. WEBER, A. MYLES, AND D. ZORIN, Computing extremal quasiconformal maps, Computer Graphics
Forum, 31 (2012), pp. 1679-1689.

C. F. WEN, Optimal Mass Transport. https://github.com/cfwen/optimal-mass-transport, 2019.

T. W. WONG AND H.-K. ZHAO, Computation of quasi-conformal surface maps using discrete Beltrami
flow, STAM J. Imaging Sci., 7 (2014), pp. 2675-2699.

T. W. WoNG AND H.-K. ZHAO, Computing surface uniformization using discrete Beltrami flow, STAM J.
Sci. Comput., 37 (2015), pp. A1342-A1364.

Y.-J. YANG AND W. ZENG, Quasiconformal rectilinear map, Graphical Models, 107 (2020), 101057.

C. P. Yung, G. P. T. CHoi, K. CHEN, AND L. M. Lui, Efficient feature-based image registration by
mapping sparsified surfaces, J. Visual Communication Image Representation, 55 (2018), pp. 561-571.

W. ZENG AND X. D. Gu, Registration for 3D surfaces with large deformations using quasi-conformal
curvature flow, in Proceedings of the Conference on Computer Vision and Pattern Recognition, IEEE,
2011, pp. 2457-2464.

W. ZENG AND Y.-J. YANG, Colon flattening by landmark-driven optimal quasiconformal mapping, in
International Conference on Medical Image Computing and Computer-Assisted Intervention, Springer,
New York, 2014, pp. 244-251.

D. Zuanc AND K. CHEN, A novel diffeomorphic model for image registration and its algorithm, J. Math.
Imaging Vision, 60 (2018), pp. 1261-1283.

D. ZuanNG AND K. CHEN, 3D orientation-preserving variational models for accurate image registration,
SIAM J. Imaging Sci., 13 (2020), pp. 1653-1691.

X. ZHAO, Z. Su, X. D. Gu, A. KAUFMAN, J. SUN, J. GAao, AND F. Luo, Area-preservation mapping using
optimal mass transport, IEEE Trans. Visualization Computer Graphics, 19 (2013), pp. 2838-2847.

K. Zuou, J. Huang, J. SNYDER, X. Liu, H. Bao, B. Guo, AND H.-Y. SHUM, Large mesh deformation
using the volumetric graph Laplacian, ACM Trans. Graphics, 24 (2005), pp. 496-503.

B. Z1TovA AND J. FLUSSER, Image registration methods: A survey, Image Vision Computing, 21 (2003),
pp- 977-1000.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


https://github.com/cfwen/optimal-mass-transport

	Introduction
	Contributions
	Mathematical background
	2D quasi-conformal maps
	n-dimensional quasi-conformal maps

	Proposed framework
	A new framework for n-dimensional deformation
	Implementation
	Discretization
	Subproblem  in (4.16)
	Subproblem Y in (4.16)
	Summary of ADMM


	Experiments
	Landmark-constrained n-dimensional quasi-conformal mapping
	Landmark- and intensity-based n-dimensional quasi-conformal registration
	n-dimensional quasi-conformal mapping with volume prior and optimized volumetric distortion
	The most general model

	Applications
	Medical image registration
	Adaptive remeshing
	Deformation-based shape modeling

	Conclusion and future works

