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Temporal imaging of biological epithelial structures
yields shape data at discrete-time points, leading
to a natural question: how can we reconstruct
the most likely path of growth patterns consistent
with these discrete observations? We present a
physically plausible framework to solve this inverse
problem by creating a framework that generalizes
quasi-conformal maps to quasi-conformal flows. By
allowing the spatio-temporal variation of the shear
and dilation fields during the growth process, subject
to regulatory mechanisms, we are led to a type of
generalized Ricci flow. When guided by observational
data associated with surface shape as a function of
time, this leads to a constrained optimization problem.
Deploying our data-driven algorithmic approach to
the shape of insect wings, leaves and even sculpted
faces, we show how optimal quasi-conformal flows
allow us to characterize the morphogenesis of a range
of surfaces.

1. Introduction

Morphogenesis, the process by which organisms generate
and regulate their shape, involves a complex interplay
between biochemical and physical factors. A key goal
is to identify the biophysical factors—and how they
interact with biochemical signalling—that drive the
local deformations and flows during morphogenesis [1].
However, often we do not obtain the local growth and
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Figure 1. Quasi-conformal flows for morphodynamics. (A) Images of growing structures do not provide the correspondence
between points at different times ¢ (normalized by dividing with the total duration 7). We need to infer the (Lagrangian)
trajectory of points computationally. (B) Quasi-conformal (QC) maps and flows are useful for accomplishing this, since they
describe systems that deform smoothly with anisotropic growth, where infinitesimal circles deform into infinitesimal ellipses
over time due to the action of scaling, shear and rotation fields. (C) An illustration of the geometry of deforming surfaces. Each
surface, fort > 0, is given as the function X’(w, 1) : £2; € IR2. Our task is to find a suitable registration w(z, t) that allows us
to infer the true growth patterns shown in panel (A) by constructing the function X(z, t) = X (w(z, t), t). Here fi(z, t) is the
unit normal to the surface at time t.

flow patterns of cells from experiments, which require live imaging. Thus, a key mathematical
challenge is to infer the local growth patterns from snapshots of growing structures taken at
different developmental stages, possibly from different individuals, and learn the dynamical laws
that generate these structures. This requires us to determine the mapping (or flow) rules that
connect points on the different snapshots of the growing structure.

One way to address this correspondence problem is through the use of conformal maps
between planar domains or two-dimensional surfaces embedded in three dimensions. These
maps do not distort angles [2-5]. For example, given two simply connected regions in the plane,
by the Riemann mapping theorem, a unique (up to Mobius transformations) conformal map
exists between them and can be used to determine the correspondence between all points in the
interior domains given their boundary curves. This mathematical fact has been put to use to
study growing leaves [6], insect wings [7] and other biological systems [8,9]. However conformal
maps—which generate isotropic growth, mapping infinitesimal circles to rescaled infinitesimal
circles—are inadequate to describe biological morphogenesis where anisotropic growth—which
distorts angles and maps infinitesimal circles to infinitesimal ellipses (figure 1A)—is the rule
rather than the exception [10,11].

For nearly a century, a generalization of conformal maps known as quasi-conformal maps
that do account for dilation, shear and rotation (figure 1B) has been known [12], although
it is only recently that they have been deployed to study morphogenesis, e.g. to allow for
planar deformations that minimize elastic distortions while also accounting for the presence of
landmarks (points whose mapping is given a priori) [13,14]. When combined with different types
of regularizations, e.g. minimizing squared gradients of the Beltrami fields [13] or restrictions to
smooth Teichmtiller maps [14], it has been possible to study both the phylogeny and ontogeny of
wing shapes using two-dimensional quasi-conformal maps. In parallel, the field of computational

[ZS0V07 181 ¥/ 205§ 201 edsy/jeunol/BioBuysyqndizaposjefos



Downloaded from https://royal societypublishing.org/ on 21 May 2025

quasi-conformal mappings has grown rapidly with applications to complex three-dimensional
shapes, such as teeth, faces, etc. [15,16].

As we gain the ability to monitor growing systems and extract their shape over time
continuously, it is natural to ask whether one can take advantage of the temporal structure
of the growth process by considering flows (instead of maps between discrete times points),
which give smooth transformations of a shape into another shape over time [17,18]. To this end,
we consider k-quasi-conformal flows, which have been studied previously [19-22], in place of
K-quasi-conformal maps that deform (infinitesimal) circles to ellipses with eccentricity bounded
by the value K, but not in the context here, i.e. to compress, and quantify biological shape changes.
As shown below, k-quasi-conformal flows can be considered as the df — 0 limit of a sequence of
(1 + kdt)-quasi-conformal maps.

Due to the limited resolution of spatio-temporal live-tracking of points, the prescribed data
often are not sufficient to uniquely determine a quasi-conformal map and, therefore, additional
criteria are required. Common criteria are minimal distortion [23] and minimal spatial variation
[13] mappings. However, growing structures (including leaves and electrochemical interfaces) are
governed by dynamical processes that couple the curvature, mechanical strain and other fields.
Here, in addition to considering minimal distortion and spatial variation flow, we find optimal
quasi-conformal flows that fit the prescribed data to a dynamical equation that takes the form of a
geometric partial differential equation, similar to a generalized Ricci flow. Our approach is a step
towards blending data-driven and physics-based approaches, since it allows us to automate the
process of the discovery of growth laws and predict growth patterns from incomplete data.

This paper is organized as follows. In §2, we discuss the geometry and kinematics relevant
to evolving surfaces, and define the cost function that will be minimized in the following
sections. Section 3 will discuss the discretization and numerical implementation, and §4 will
present experiments performed on various natural and synthetic examples of flowing surfaces.
We conclude our work and discuss future directions in §5.

2. Formulation of quasi-conformal flow models

This section introduces the formalism for optimal quasi-conformal flows and defines the cost
function that we use in the following sections.

(@) Geometry of surface and quasi-conformal maps

We start with a smooth one parameter family (flow) of surfaces X(w, F), which are embedded in
R3 with parametrization w € £2; C R? and time f € [0, T] (figure 1C). We normalize lengths so that
X(w,t) = X(w, 1)/ A, where A is the area of X'(w,0), and normalize time so that t=1/T € [0, 1].
Our goal is to find a registration—a correspondence between points on the surfaces across time—
as a coordinate system z =z1 + izp € £29 C RZand a family of maps w(z, t) that gives a common
parametrization of the surface across time, X(z, t) = X (w(z, t),t) : 20 — R3. Thus, for a fixed z, the
function X(z, t) gives the trajectory of the ‘same” point evolving over time (orange dashed curve
in figure 1C) and our task is to obtain these trajectories.

For notational convenience, we will express the coordinate vector as z = z; (i =1, 2), and define
derivative operators as 9; = 9/dz;. Furthermore, we will use the Einstein summation convention,
where pairs of repeated indices in an expression are summed over. Using this notation and the
chain rule, a tangent vector to the surface that connects two infinitesimally separated points z;
and z; + dz; at time f can be written as dX(z, t) = 9;X(z, t) dz;.

To describe the kinematics of growing surfaces, it is useful to consider how angles and lengths
change as the surface evolves. The length squared of the line segment connecting the points z;
and z; + dz; is given by

de*(t) = |dX(z, H)* = gij(z, 1) dz;dz; and  g;i(z,t) = 3 X(z 1) - 3 X(z, 1), (2.1)
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where g;i(z, t) gives the components of the metric tensor in the z; coordinate system. Using the
metric tensor, we can define lengths of (and therefore angles between) line segments on the
surface at time t. The inverse of the metric is denoted (with upper indices) as gif (z, 1), and satisfies
gif (z,t)gjk(z, t) = djk, where §j is the Kronecker delta.

Next, we describe the metric changes in terms of rotations, dilation and shear of the tangent
plane. To facilitate this, we consider the Cartesian coordinates on the plane tangent to the surface
X(z,0) at z, which we denote as z. The Jacobian of the transformation between z and z is given
by Ji(z) = 9;z(z) and the initial metric is given by g;i(z,0) :];r(z) . ]j(z), where T (as a subscript
or superscript) indicates a vector or matrix transpose. We will also denote the inverse Jacobian
Ji(2) so that ]"T (z)]]-(z) =§;;and ]i(z)];'—(z) =1, where I, is the two-dimensional identity matrix. As
the surface evolves over time, the tangent plane at X(z, 0) will be convected by the flow and will
undergo rotation, dilation and shear that we explicitly account for using a polar decomposition
of the deformation gradient of the tangent plane followed by a coordinate transform—using the
Jacobian J;(z)—which leads to the following expression for the metric tensor at time t:

8ij(z, t) = w(z,1)] (@R (z, H)E(z, 1)R(z, B];(2) 2.2)
and
cos[d(z, t)] —sin[6(z,t)] K(z,t) 0

R(z, f) = . , E(z,t)= 1 . (2.3)
sin[f(z,t)]  cos[O(z, )] )

Here the scalar w(z,t) > 0 is the conformal factor giving the dilation of the transformation, the
dilatation K(z,t) > 1 is the ratio of major to minor axes of an ellipse at time ¢ that started as an
infinitesimal circle on X(z, 0)—which is the square root of the ratio between the components
of E(z,t), since the metric gives the squared length of infinitesimal line segments. The two-
dimensional rotation matrix R(z,t) gives the direction of the major axes of the ellipse in the
tangent plane at z, with 6(z, t) € [0, ) being uniquely determined when K(z, t) > 1 (figure 1). The
Beltrami coefficient [12] of this transformation is then given by

_ Kz t) -1 .
u(z, t) = Kz h+1 exp[—2i0(z, t)]. (2.4)
The inverse metric corresponding to equation (2.2) can be written as
3 1 .
ij — i T -1 i
gz, 1) oz, t)JT(Z)R (z, HE™ (z,HR(z, )} (2), (2.5)

an expression which can be checked by direct multiplication with the metric in equation (2.2) and
using the properties of the inverse Jacobian.

In addition to length, the curvature of line segments on the surface will be a useful measure of
its geometry. For a curve on the surface tangent to the line segment connecting the points z; and
z; + dz;, whose length is given in equation (2.1), the normal curvature is defined as the projection
of the curvature of the curve in space (k) in the direction of the unit normal to the surface fi(z, t).
Thus, we write

dz; dz;
de de
where we defined the curvature tensor bji(z,t). At a given point on the surface, the principal
directions (directions of maximum and minimum normal curvatures) will be denoted as k1(z, t)
and £(z,t), with corresponding principal curvatures «1(z,t) and «»(z,t). From the principal

curvatures, we can define the mean curvature H(z,t)=[«x1(z, ) + k2(z,1)]/2 and Gaussian
curvature K(z, t) = k1(z, k2 (z, 1).

kN =k - 0(z, ) = bji(z, ) and  bji(z,t) =0(z,t) - 3%9;X(z, 1), (2.6)

(b) Quasi-conformal flows

In this section, we consider the temporal rate of change of the quantities defined in the previous
section. Since we assume that the trajectories of points X(z, t) are smooth in time, we define the

[ZS0V07 181 ¥/ 205§ 201 edsy/jeunol/BioBuysyqndizaposjefos H



Downloaded from https://royal societypublishing.org/ on 21 May 2025

velocity field as
V(z, ) =Xz ) =V|(z ) + Vi(z ) AEz 1), ze, 2.7)

where the over dot denotes a partial derivative with respect to time, and we have split the velocity
into a component that is parallel to the surface, and a component along the surface normal
n(z, t). For points along the boundary of an open surface, we define the unit tangent vector to
the boundary as 7(z, t) and write

Vi(z, ) =Vi(z, )T(z,t) + Vy(z, Dity(z,t), fa(z,t)=1T(z,t) x 1(z,t), z € 382. (2.8)

The components of the velocity normal to the surface and normal to the boundary curve, V| (z, t)
and Vj(z,t), will be independent of registration since changing the registration w(z, t) at time ¢
can only move the points parallel to the surface X(z,t) [24]. Therefore, the task of finding the
registration w(z, t) given a flow of surfaces X (w,t) is equivalent to finding V/(z,t) given the
perpendicular velocities V| (z, t) and Vj(z, t).

Next, we consider the rate of change of the metric, or strain rate tensor, which can be found by
taking the time derivative of equation (2.1),

iz, 1) =8 X(z,1) - 4V (z, 1) + 3;V(z, 1) - 9X(z, D). (2.9)

Note that, for a fixed registration, the coordinate z represents a Lagrangian (material) coordinate
system and therefore the time derivative of the metric tensor is still a tensor with the same
rank. The rate of change of the metric may also be found by taking the time derivative of the
decomposition given in equation (2.2) and using the chain rule, yielding

. Ko + 1 TeoTo oT (1 0

8ij = ;gij + ?Jz R Eoyz R]j +o]J; [R R,R ER]]]-, o7 = 0 -1} (2.10)
where [0, O] = 010, — 0,01, for any matrices O; and O, and the dependence on (z,t) has
been suppressed for simplicity. The first term in this equation is due to the time derivative of the
conformal factor w(z, t). The second term comes from the derivative of the matrix E(z, t), which is
given by

oo (z,1) .0 K K(z,t) 0 K, 0BGz, oz .
0= ked |"xen| o L |7 K@n o @W
K%(z,t) K(z, t)

The third term in equation (2.10) comes from taking times derivatives of the rotation matrix R(z, )
and its transpose and exploiting the relation R(z, t)R " (z, t) = I, to replace

Rz,HR"(z,t) = —R(z, R ' (z,t) = R(z,t) = —R(z, HR ' (z, )R(z, 1). (2.12)

Lastly, using equation (2.3), we have that RT(z, DR(z,t) = 6(z, ) », where ¥, =ioy is the two-
dimensional Levi-Civita symbol and oy is a Pauli matrix. The three terms in equation (2.10)
represent changes in the metric due to scalings, shears and rotations, respectively. Using
equation (2.10), we calculate the dilation and shear rates as:

w(z, t)

1 1 .
Dz, 1) = 5 Trlgj(z, O] = 78 (@ Dz, = s 21
and
S22, = MTe[e (2,02 = kzh\ | (K@ h - 126 b 214
zh=5 r[gij(z' 1= K(z, t) K2(z,1) I o

where gi],(z, t) is the traceless part of the strain rate tensor which, after multiplying by the inverse

metric in equation (2.5), is given by (see electronic supplementary material, text, Section S1)

G ki ; K S
g]{ = gk]&k(z’ H=J RT [Kaz +0(E ' 3,E — 22)} RJ;, (2.15)
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where we suppressed the dependence on (z, t) in this equation for simplicity. Here, the two terms
follow from the last two terms in equation (2.10), which are traceless. Squaring this expression
and taking the trace leads to equation (2.14) as shown in the electronic supplementary material.

Note that D(z, t)—which may be positive or negative depending on whether the local area is
expanding or contracting—and S(z, t)—which is always positive—are instantaneous quantities,
depending only on the change in the metric at time ¢, while w(z, t), K(z, t) and 6(z, ) depend on the
initial surface, with w(z, 0) = 1 and K(z, 0) = 1. Note that S(z, 0) = K(z, 0), which implies that S(z, 0)
is the rate of growth of the dilatation K(z, t) at t = 0. We define k-quasi-conformal flows as ones for
which S(z, t) <k, which therefore can be thought of as a sequence of (1 + k df)-quasi-conformal
maps. Using equation (2.14), it can be shown (see electronic supplementary material, Section S1)
that the map generated by a k-quasi-conformal flow at t = 1 will satisfy K < ek
results of Reimann [19].

The quantities described so far in this section are intrinsic (depending on the metric) and do
not quantify changes in embedding. For example, when unrolling a cylinder into a flat sheet, the
strain rate tensor would vanish, g;i(z,t) =0. To account for changes in embedding that do not
stretch the surface (isometric deformations), we follow Jermyn et al. [25] and define the bending
strain as the rate of change of the unit normal, n(z, ) = 91i(z, t)/3dt, to write a bending-like term in
the cost function as

, consistent with the

Chend[W(z, )] = A3 J dtdAn’(z, 1), (2.16)

where the area element is defined using the determinant of the metric, g(z,t), as dA=
dzq dzp/g(z, t) and Az is a dimensionless constant.

(c) Flow rules

Next, we consider the criteria by which a quasi-conformal flow is uniquely selected from the
many possible ones that fit the given data X'(w, ). In addition to common choices that focus
on the parsimony of the mapping—such as minimizing an energy that measures the extent of
the distortion and its spatial variation—we incorporate dynamical processes that generate and
regulate morphogenetic flows into our framework. For concreteness, we consider shapes that
may be generated from a combination of Ricci flows [26] and mean curvature flows [27], which
may be relevant for growing leaves, beaks and bacterial cell shapes [28-31]. To accomplish this,
we define a growth strain tensor which is the difference between the strain rate tensor g;; and
the predicted value based on the dynamical law, which can be written as an expansion involving
terms proportional to the metric and curvature tensors [32],

1.
Gl']'(Z, t) = Eg,-j(z, i’) — A1 g,']‘(Z, i’) — A2 H(Z, t)b,-j(z, i’) — A3 ’C(Z, t)gij(z, i’), (217)

where b;i(z, t) is the curvature tensor given in equation (2.6), H(z,t) is the mean curvature, and
K(z, t) is the Gaussian curvature. Here, the dimensionless parameters A, are independent of z but
may depend on time. If the flow X'(w, z) is in fact generated by the dynamical law, there exists
a registration w(z, t) such that Gjj(z, t) = 0. For such flows, the A1 term gives exponential rate of
expansion or contraction, the A, term is related to the mean curvature flow, while the A3 term is
related to the Ricci flow [32].

To find a quasi-conformal flow that is as close to satisfying G;i(z, f) =0 as possible, we add a
term quadratic in Gjj(z, t) to the cost function:

Cuiscous[W(z, D] = J dtd AR (2, Gii(z, ) Gu(z, ). (2.18)

Assuming distortions at different locations and along different axes are penalized symmetrically—
homogeneity and isotropy—the tensor Rlljkl(z, t) must satisfy

R (2, 1) = <A1 - %) $(z, D" (z, ) + By g% (z, g (2, 1), (2.19)
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where A; and B; are dimensionless constants—which are analogous to the (scaled) bulk and
shear moduli, respectively, in elasticity theory, with Gl-]- playing the role of the stress tensor in
this analogy [33]. Note that when setting A1 =12 = A3 =0, equation (2.18) measures the extent of
the distortion, since Gij(z, t) reduces to the strain rate g;(z,t)/2 in that case. Subtracting B1/2 in
equation (2.19) then ensures that only A; couples to the trace of ;(z, f) since the integrand of
equation (2.18) will be (A1 D? + 0.5B1S%) when A1 = Ay = A3 =0.

Furthermore, to obtain best-fitting quasi-conformal flows that are as uniform as possible, we
will add the following term—analogous to the Dirichlet energy [34]—to the cost

Caralwiz, 1] = | dtdARY 2,V Gi2, 9" Cuta, 1), (2.20)

where all repeated indices summed over, V; is the covariant derivative compatible with the metric
gif (z,1),and Vi = gif (z,t)V; [35]. The tensor ngl(z, t) is defined analogously to equation (2.19),

R (2, 1) = <A2 - %) ¢z, 09" (z,t) + Br (2, )¢ (, 1), 2.21)

where A, and B; are constants.

(d) Imposing (soft) constraints

Since our goal is to find an optimal quasi-conformal flow that coincides with the given data
X(w, t), we need to impose constraints that fix the computed flow to the data. As mentioned
after equation (2.8), this amounts to fixing the components of the velocity field that are normal to
the surface and its boundary curve, while allowing the tangent components of the velocity field
to vary. We constrain the normal components by adding the following terms to the cost function
being minimized:

Cnormal [W(z, )] =Cy L{ dtdA[VL(z, 1) = Vi(z, )P (2.22)

and
Choundary [W(z, )] =Cp LX dtds[Vs(z, t) — Va(z, b))%, (2.23)

where V(z,t) and Vy(z,t) are the registration independent normal displacements that are
prescribed by the given data, and C,, C; are dimensionless constants. Note that the first integral
is over the area of the surface, while the second is over its boundary curve.

Landmarks are points for which we know the trajectory a priori, either from experiments or
other considerations [36]. If we take z, as the coordinate of a given landmark point, whose
velocity is given by V,(t), we account for landmark constraints by adding the following to the
cost function:

Clandmark [w(z, 0] = C1. | 4t Y[V Gz ) — V.0, (2.24)

where Cj, is a dimensionless constant and we sum over all landmarks.
We are now in a position to define the cost function that will be used for the rest of the paper
to be

Crotal [W(z, £)] = Cyiscous + Cgrad + Cbend + Cnormal + Cboundary + Clandmark, (2.25)

where the individual terms are defined in equations (2.16)—(2.20) and the dimensionless
parameters we choose are A1, B, A, A3, and the constraints will be enforced by choosing C,, =
Cp = C. =10° for all models (see table 1 for a summary of the terms and equations).

In general, the choice of parameters will depend on the context of a particular application. To
demonstrate our approach, we will consider four different choices of parameters in this paper
(table 2).

— Almost-conformal (B =1, all other parameters zero), which generates an as-conformal-
as-possible fit to the flow;
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Table 1. The terms and equations in the models for quasi-conformal flows. The growth strain, defined in equation (2.17), is
the difference between the strain rate tensor g;(z, t) and the value predicted from the geometric flow, where bj(z, t) is the
curvature tensor given in equation (2.6), H(z, t) is the mean curvature and /C(z, t) is the Gaussian curvature. Ciiscous penalizes
non-zero growth strain tensor G;(z, t) given in equation (2.17), while Cyr,g penalizes its spatial variations. The bending energy
Cheng penalizes changes in the shape that do not stretch the surface and the last three costs enforce the constraints from data.
In practice, the constraints are enforced by choosing ¢, = (, = (; = 10°.

terms equations

growth strain (equation (2.17)) Gj(z, 1) = ;g,-,(z, 1) — A gz, 1) — Ay Hiz, by(z, 1) — A3 K(z, t)g;(z, 1)
viscous cost (equation (2.18)) Cuiscus Wz, )] = [ dtdA( (4 — &) TGP + B1T’[G§'])
spatial gradient cost (equation (2.20)) Cyrag W(z, 0] = [ drdA( (A — 2) MViG1 + BzTr[Vng.])
bending cost (equation (2.16)) Cheng [W(zZ, 1)] = 43 f dt d AWz, 1)
enforcing normal displacement Coomal Wz, )] =G, [ x, dtd AV (z,0) — V. (2t
(equation (2.22)
enforcing boundary displacements Choundary [W(z, 1)] = Gy jd x, dt ds[Vy(z, t) — Va (z, 1))
(equation (2.23))
enforcing landmark velocities Crandmark Wz, 0] = ¢ [ dt 3", V(z,, 1) — V(1))
(equation (2.24))

Table 2. The parameter choices for different quasi-conformal flow models. The almost-conformal model (B, = 1, and all other
parameters zero) generates a fit to the flow that s as conformal as possible. The viscous model (4; = B; = A; =1,and all other
parameters zero) generates a minimal distortion fit to the flow. The almost-uniform model (4, = B, =1, all other parameters
zero) minimizes the spatial variation of the flow in space. The geometric model (4, = By =1, solve for A4, 1, A3 7 0, and all
other parameters zero) fits the flow to a dynamical equation, which is a geometric flow in the example considered in this paper.

parameters
models A B, A B, A A, Ay A3
almost-conformal 0 1 0 0 0 0
s [ [ Jo S e S
S o o [ [ g
geome L [ [ G G o e

— viscous (A1 =B1 =Az =1, and all other parameters zero), which generates a minimal
distortion fit to the flow;

— almost-uniform (A =B>=1, and all other parameters zero), which minimizes the
variation of the flow in space; and

— geometric (A; =By =1, solve for A1, A2, A3 # 0, and all other parameters zero), which fits
the flow to a dynamical equation, which in this paper is a geometric flow parametrized
by 11, A2 and A3 (which are solved for during our fitting procedure).

Note that (C,,Cp,Cr) are much larger than other model parameters since they enforce
constraints from the registration-independent component of the velocity field that can be
extracted from the given data. The choice of parameters corresponding to the viscous model
minimizes the quadratic viscous term equation (2.18) along with the bending term (2.16) subject
to the constraints. Under this choice of parameters (including ; = 0), we look for a velocity field
that makes the rate of change of the metric (strain rate) and the normal (bending rate) as small as
possible, which is why we refer to this as a viscous fit to the data. On the other hand, if we only
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Figure 2. Surface registration with optimal quasi-conformal flows. This figure illustrates the workflow in our approach: We
first choose a model type from those shown in table 2, which gives us a fixed choice of parameters in the cost function. The
flow is then broken up into discrete-time steps ty, triangulating each surface and pre-computing geometric quantities that do
not depend on the variable being optimized (the velocity field V), such as the unit normal to the surface i, unit normal to the
boundary curve iy, and the curvature tensor b. The component of the velocity normal to the surface ¥V, and boundary curve
V5, in addition to the velocity of the landmark points V, are fixed from the input data (see also figure 3 for an illustration of
these quantities). The velocity V is calculated for each vertex at time t = ty before moving to the next time step.

want an as-conformal-as-possible fit to the flow, then we set A1 = A3 = 0 since in that case we only
need to minimize the values of S(z, t), while D(z, t) and n(z, t) can have arbitrary values. Lastly,
the almost-uniform case minimizes the spatial variations of G(z, t) given by equation (2.20).

3. Computational procedure

In this section, we describe how we compute and minimize the cost function defined in
equation (2.25). We start by pre-processing input data and determining mesh connectivity and
curvature, which are quantities that do not vary throughout the minimization process. We then
compute the registration-dependent quantities that characterize the distortion of the shape data
over time and across space. Lastly, we will describe how we minimize the cost function to obtain
an optimal velocity field and post-process the results (figure 2).

(a) Data preparation and mesh pre-processing

In this section, we describe how we pre-processed the various datasets to obtain a sequence of
triangulations 7 (tn) = {F, £, V(in)} at (equally spaced) time points fy, with 1 <N < Npax =30.
The connectivity of each triangulation, which is fixed over time, is defined by the faces f; € F (a
list of triplets of indices, where 1 <M < Mmax) and edges ¢ € £ (a list of pairs of indices, where
1 <L < Lmax). The list of vertex positions, which vary across time, is denoted as V(ty).

To study the growth of two-dimensional insect wings, we considered the Manduca sexta
(tobacco hawk moth) and Junonia coenia (buckeye butterfly) wing data from Nijhout et al. [37].
For each species, two-dimensional triangular meshes were constructed based on the wing images
at the larval, prepupal, pupal and adult stages using the di st mesh package [38]. An initial
registration between each pair of consecutive stages was then computed using a variation of the
mapping method in [14], where the boundary correspondence was obtained using the curvature-
guided matching method in [14] and the interior correspondence was obtained using the smooth
quasi-conformal mapping formulation in [9]. After getting the initial registration between the four
stages above, we then applied the Piecewise Cubic Hermite Interpolating Polynomial (pchi p)
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Figure 3. Geometric quantities used in our computational procedure. (A) lllustrates the surface normal f, in addition to the
principal directions (i1, k'5) and curvatures (iy, i) at the same point. The vector fi; is normal to both the boundary curve and
n. The corresponding normal velocity components V; and V3, defined by equations (2.7) and (2.8), are illustrated on the lower
right. The figure also illustrates the velocity V, of the landmark point shown in red. (B) Shows the vertex positions P;(fy, ty),
i =0,1,2for the triangle fj; at consecutive time points t and . The face index satisfies 1 < M < Mz and the time index
satisfies 1 < N < Npax. The edge vectors E;(fy, ty) shown in red are defined in equation (3.2). (C) The centroid positions of each
triangle, P(fy, ty) which are averages of the vertex positions of the triangle are indicated for two consecutive triangles f,y and
fyar. The displacement vectors starting at the centroid of triangle M and ending at the midpoint of edge ¢; are indicated by
Uiy, where o € {1, 2, 3} indicates the component of the vector in IR3. The parenthesis (Mc) represents a multi-index, thus
expressing Uj(ug) as an Lpay X 3 s Mpa, matrix.

function in MATLAB to get a flow of wing shapes with smooth growth over 30 time steps, which
then served as the starting point for our subsequent analysis.

To study the growth of three-dimensional plant leaves using the proposed method, we
considered the persea americana (avocado) leaf dataset from Derr & Bastien [39]. Each leaf scan
consists of about 100 tracked points in R3. To create a triangular mesh for each scan, we first
used the principal component analysis (pca) function in MATLAB to project the points onto
the two-dimensional plane and constructed a two-dimensional Delaunay triangulation using
the MATLAB del aunay function, with sharp triangles at the boundary removed. The planar
triangulation then induced a triangulation on the set of three-dimensional points, resulting in
a triangulated leaf mesh. Next, we further applied the Taubin smoothing [40] and the Loop
subdivision [41] to obtain a smooth, refined mesh with about 400 vertices.

(b) Computation of geometric quantities

After pre-processing the meshes, we consider geometric quantities that are independent of the
registration—gauge invariant quantities as described in [24]—which allows us to pre-compute
these quantities, thus reducing the time per function call during the optimization procedure.
These quantities include (figures 2 and 3) the normal vector to the surface n, the normal vector
to the boundary curve iy, and the principal curvatures «1 and «; along with the corresponding
principal directions &1 and k.

The boundary normal vector ny was calculated using the MATLAB Li neNor mal s2D
package [42]. For surfaces in R3, we computed the surface normal fn, principal curvatures
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k1,k2, mean curvature H = (k1 + k2)/2 and Gaussian curvature K =«kjk2 using the MATLAB
pat chcur vat ur e package [43]. The tangent and normal vectors of the boundaries of open
surfaces were calculated using the MATLAB f r enet _r obust package [44].

(c) Discretizing the growth and bending strains

In this section, we describe how we calculate the bending strain, defined in equation (2.16),
and the growth strain tensor, defined in equation (2.17), as summarized in algorithm 1 (see also
electronic supplementary material, Section S2 for a concrete example of the calculation).

Algorithm 1. Discretize the growth and bending strains. (See equations (2.16)~(2.17)).

Input: Triangulations 7 (tn). (See §3a.)
Output: The discretized growth G(fy, tn) and bending n(fy, fn) strains.
for1 <N < Npax do
for 1 <M < Mmax do
* Compute basis edges E;(fp, tn), and E;(far, tn+1)- (See equation (3.2)).

* Compute the discrete metric Q| (fa, tN)- (See equations (3.6) and (3.7)).
* Compute the velocity gradient, §;V(fu, tn). (See equation (3.5)).
* Compute the discretized strain rate J (faz, tn). (See equation (3.8)).
* Compute the discretized growth strain tensor G(fp, tn). (See equation (3.10)).
* Compute the discretized bending strain n(fy, tn). (See equation (3.11)).
end for
end for

For a given triangle at time ty, labelled with face index fy; € 7 and spanned by the three
vertices with positions Py (fa1, In), P1(fm, tn), and Pa(far, tn), the triangle centroid will approximate
the smooth surface at the point z = zy so that (figure 3B)

Po(far, tN) + P1(famt, tN) + Palfm, t)

X(zum, tN) = P(fy, tn) = 3

3.1)

At the same point (z = zy), the tangent plane will be spanned by the two edge vectors (shown in
red in figure 3C):

E1(fm, tN) = P1(fm, tn) — Po(fm, tn)  and  Ex(far, tN) = Pa(fum, tn) — Po(fm, IN), (3.2)

which point along the edges of the triangle and correspond to the tangent vectors, 3;X(zps, tN) ~
Ei(fm, tn).! To compute the strain rate given in equation (2.9), we approximate the velocities of the
vertices of the triangle (labelled by index i =0, 1, 2), along with its centroid velocity, by

P;(fp, t — Pi(fp, t
Vil ) = ifm ;\l;jl)_tl\zl(fM N) (3.3)
and
_ Vo(fu, t) + Vi(fu, ) + Va(far, ¢
Vifur, by) = o(fm, tn) + Vai(fm, tn) + Va(fm N), (3.4)

3

where the second equation defined the centroid velocity for face fj;. To calculate the strain rate
tensor, we need the spatial gradient of the velocity field, 3;V(zp, tn), which we approximate by

I This will be an (approximate) equality in local coordinate system z that parametrized a point on the triangle using X(zu, tn) =
Po(fm, tn) + z1E1(fm, tn) + 22E2(fm, n), where 0 < z1, 22 <1 and z; 4 22 <1 (see electronic supplementary material, Section S2
for details).
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its finite difference analogue,

E;(fm, tn+1) — Ei(fm, tn)
IN+1 — IN

0 V(zm, tN) ~ 8iV(fm, IN) = , i=12, 3.5)
where §; indicates a spatial finite difference. While the two vectors E1 (fys, tn) and Ex(fy, ty) span
the plane tangent to the triangle labelled by index fys, it will be convenient as in the continuum
case to introduce the dual basis, denoted as E'(fj1, tn) ~ 9" X(zp1, tn), which are defined as the (row)
vectors in R3 satisfying

E'(fu, tN) - Ej(fu, tn) = 5} and  E;(fur, tn) ® E'(fu, tn) = Q) (fir, tn), (3.6)

where ® gives a direct product between the two vectors in R3 and Q (fm, tn) is a (3 x 3) projection
matrix onto the plane of the triangle indexed by fjs and represents an approximation of the metric
tensor in the orthonormal frame spanning the plane of the triangle:

T(zm, tn) gij(za, tN) ~ Q) (fur, ) and T =[0X(zu, tn) ® 9 X(zum, t)]- (3.7)

Since it is composed of products of the Jacobian 3X(zp, tN), the factor TU(zyy, ty) transforms
rank-two tensors from the local coordinate basis corresponding to the (arbitrary) coordinate
system z to a tensor in the embedding Cartesian space, R3—this will turn out to be very useful
when computing the gradient cost in the next section. The fact that the two expressions for
Q, (fm, tn) given in equations (3.6) and (3.7) are the same can be checked by multiplying Q, (fu1, tn)
with an arbitrary vector (field) in R% and showing that in both cases it functions as a projection
operator onto the tangent plane to the surface (or triangle in the discrete setting).

Using equations (3.5)-(3.7) and (2.9), we define the discrete strain rate using the time derivative
(or finite difference) of Q,

T (zpm, tn) &ij(za, ) ~ T (fu, tN)

= Q) (fm, N[5 V(fir, tn) ® E'(far, tn) + E'(Fu, tN) @ 8V (Fat, N)1Qy (Fut, E), (3.8)

where the approximate equality follows by evaluating both expressions on the left and right of
J (fm, tn)—which is a scalar with respect to the coordinate transformations on the surface and
therefore can be evaluated in any coordinate system without loss of generality—in the particular
coordinate system that parametrizes the triangle as X(zpg, tn) =Po(fam, tN) + 21 E1(fm, tn) +
73 Ex(fm, tN), as shown in electronic supplementary material, Section S2.

The last ingredient we need to compute the growth strain, given in equation (2.17), will be
the curvature tensor. Using the previously computed principal curvatures and directions, the
curvature tensor is written as

T (zp, tN) bijza, tn) ~ B(fa, ) = k1 k1 ® R+ k2 ko ® k2, (3.9)

where the dependence of the principal curvatures and directions on (fj, fny) has been suppressed
to simplify the expression. The equivalence of the left- and right-hand sides of equation (3.9)
follows since both expressions describe a symmetric matrix whose eigenvalues are (0, k1, k2) in
the normal and two principal directions, respectively.

Next, we can calculate the discrete growth strain, which following equation (2.17) is given by

T (2, tn) Gijlzam, tn) > Glfu, )
=J (fm, tN) — 21 Qy(fm, tN) — A2 H(fm, tN) B(fm, tN) — A3 K(f, tN)Q (fm, IN)- (3.10)

In addition to the growth strain, we will need the bending strain, which is the time derivative
of the normal vector used in equation (2.16). We calculate this using the (finite) difference between
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the normal vector to each triangle at two consecutive time points:
E1(fm, tn) x Ex(fum, tN)
[1E1(fm, tn) x Ea(fa, tN)I]

The growth and bending strains calculated in this section will be used in computing the total cost
below, which also includes the gradient (Dirichlet energy) contributions that we turn to next.

Ay, 1) — Blfvr, EN)
INy1 — IN

n(fp, In) = and n(fy, In) = (3.11)

(d) Discretizing the growth strain gradient

Having calculated the growth strain tensors G(f, ty) in equation (3.10), we proceed to estimate
the discrete gradient, denoted as 8,G(fp, tn), where o € {1,2,3} indicates the direction of the
derivative in R3. Our strategy will be to compute the gradient of G(fy1,tn) as tensors in the
embedding space (R3) and exploiting the relation (see electronic supplementary material, Section
S1 for a derivation) between the covariant derivative of a tensor and the gradient in the Euclidean
space R3 [45-47]. The steps are summarized in algorithm 2.

Algorithm 2. Discretizing the growth strain gradient. (See equation (2.20).)

Input: Triangulations 7 (fy) and the growth strains G(f, tn). (See algorithm 1.)
Output: The discrete growth strain §G(f, tn). (See equation (3.15).)
for1 <N < Npax do

for all faces f and all edges e in the triangulation 7 (fyy) do

* Calculate the finite difference matrix Ajps. (See equation (3.12).)
* Calculate the face-displacement vectors Uy a)- (See equation (3.12).)
* Calculate the pseudoinverse U&Q)L. (See equation (3.13).)
* Find the gradient stiffness matrix, My,,. (See equation (3.14).)
* Find the discrete growth strain §G(fys, tn). (See equation (3.15).)
end for
end for

To estimate the gradient V, G(zyy, t), we consider a pair of triangles (fp; and fas41 in figure 3C)
connected by edge e; and denote the vector pointing from the centroid of triangle fj; towards the
midpoint of the edge as Uj(jq)- On the other hand, for the second triangle in the pair, we have
Up(M+1«) will point from the midpoint of the edge e, towards its centroid, as shown in figure 3C.
Lastly, when fj is a triangle not contained in the pair connected by edge e, Urpi414) =0. We
also define the finite difference matrix, Arys, which equals Ay = —1 for the first triangle in the
pair connected by edge er, Arp41 =1 for the other, and zero otherwise. Therefore, using a finite
difference approximation, we have the relation

Z UrMa) Ve G(fm, tN) ~ Z Arm G(fp, tN), (3.12)
(Ma) M

which expresses the fact that, for each edge e, dotting the gradient with the two displacement
vectors connecting the triangle centroids (figure 3C) should give the difference G(far11,tN) —
G(fm, tn). Taking Upe) as a matrix whose rows are labelled by the edges L and columns are
labelled by the multi-index (M«), the above linear equation can be solved to give the gradient of
the growth strain tensor as

Vo G(zm, i) ~ 82 Glfmt, tN) = ) Ufiponr Aray Glfuey ), (3.13)
M,,L

where U(JFMQ)L is the pseudoinverse of the matrix Uy yq)- This allows us to compute the gradient

squared term in the cost function using the following matrix:

2 — + +
M= D SAMALM Ugyr, Yo, ALt (3.14)
Ly,Ly,(Ma)
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where 5.Ay is the area of triangle fis. The matrix defined by equation (3.14)) is positive definite
since it has the form of a matrix times its transpose, and therefore we may formally write its
square root as M, m,. The advantage of introducing the matrix My, um, is that it depends on
the triangulation 7 (fy), and can be precomputed so that during optimization, calculating the
discrete growth strain gradient is done by the following matrix multiplication (see electronic
supplementary material, Section S1),

1
5G(fM, tN) = —5 Z MMM1 G(fMl, N)- (3.15)
SAM My

Thus, during optimization, only the growth strain G(fas, tn) needs to be computed, and
the gradient term follows my matrix multiplication, which enables significantly faster
implementation of the algorithm—through vectorization [48]—using the packages JAX and
numpy in python [49,50]. Once obtained, the quantity §G(fas, tn) is used to compute the gradient
contribution to the cost function in a manner similar to that used in computing the viscous term,
as we show next (see also electronic supplementary material, Section S1).

(e) Discretizing and minimizing the total cost

Having calculated the growth strain along with its gradients, we now proceed to calculate the
total cost function defined in equation (2.25) by adding up all the different contributions. Using
equation (3.11), the bending contribution to the cost is

Mmax Nmax
Coend =43 Y Y Sty 8 A, tn) - 1, tn)], (3.16)
M=1 N=1
where §. Ay is the area of the triangle f)1 at time t =ty, 8ty =tn41 — tN, and we sum over all
triangles and time steps. We compute the contribution of triangle fa, at time ty, to the viscous
cost defined in equation (2.18) through

Minax Nimax

Coscons = . 3, 0t 8. ( (41 = 51 ) TG )P + BTG n?1) . (37)

M=1 N=1

The gradient cost defined in equation (2.20) is calculated (see electronic supplementary
material, Section S1) as in equation (3.17) with G(fy, tn) replaced with 8G(fas, tn):

Minax Nmax

cgrad = Z Z Stn 8 AM ((Az — %) TI‘[SG(fM, i’N)]2 + BzTr[SG(fM, tN)Z]) . (3.18)

M=1 N=1

The soft constraints forcing the normal velocities, defined in equations (2.22) and (2.23), can be
calculated as

Mmax Nmax
Crormal =Cn ) D 8tn 8Amlf(fi, tN) - Vi, tN) = Vi (f, I (3.19)
M=1N=1
and
Liax Nnax )
Cooundary =Cb Y Y 8tn 8LL[Rs(er, tn) - Vier, tn) — Valer, tn)T, (3.20)
L=1 N=1

where equation (3.20) is summed over the boundary edges e € £; with lengths given by L.
The last contribution we must add is the landmark constraint given in equation (2.24)

Nimax

Clandmark = CL Z Z Stn[ Vs (tN) - V*(tN)]zr (3~21)
* N=1

where, as before, x indexes the landmark vertices, V(fy) is the velocity of the landmark vertex,
while V,(ty) is the prescribed landmark velocity.
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Figure 4. Optimal two-dimensional quasi-conformal flows for a disc undergoing simple shear. The starting point is a disc
undergoing expansion by a factor of 3/2in the horizontal direction, while shrinking by the same factor in the vertical, with area
conserved at all times. To infer the possible growth patterns, we run the optimization with three different parameter choices
given in table 2: almost-conformal (A; =1, all other parameters zero), viscous (4; = B; = A; =1, and all other parameters
zero) and almost-uniform (A, = B, =1, and all other parameters zero). Here D is the dilation rate given in equation (2.13),
and & is the shear rate given in equation (2.14). The triangles are colour-coded according to the normalized dilation rate,
D= D/ max(D, S), while the length of the yellow line segments represents the magnitude of normalized shear rate,
S= S/ max(D, S), and their direction is along the largest eigen direction of the strain rate tensor. The last column shows
the maximum and mean dilation and shear rates plotted against normalized time for the different registrations in each row.

Finally, we can sum up the contributions to get the total cost as in equation (2.25),

Crotal [7 (tn)] = Cviscous + Cgrad + Cpend + Cnormal + Cboundary + Clandmark- (3.22)

(f) Minimization and post-processing

To speed up the computation and minimization of equation (3.22), we use the package JAX for
just-in-time (JIT) compilation and automatic differentiation [50]. We use the limited memory
BFGS [51] to find the optimal velocity field for each vertex at each time step Ty. Once an
optimal velocity field is obtained, it can be used to analyse the resulting deformation fields:
For each triangle )y and time ty, we calculate the growth strain tensor using the velocity field
as explained in the previous sections. To visualize the growth strain tensor G(fys, tn)—that
resulted from the minimization procedure—we calculate its eigenvalues and eigenvectors. One
eigenvalue will be zero, with corresponding eigenvector normal to the triangle, while the other
two (G1(fm, tn), G2(far, tn)) will be in the plane of the triangle. The sum of the eigenvalues will
be the dilation rate, D(fy1, tn) = G1(fm, tN) + Go(far, tn), while the difference gives the shear rate,
S(fm, tN) = 1G1(fm, tN) — Ga(fm, tn)|. The dilation rate D(fay, ty) is represented using a colour code
(figure 4), while the shear rate S(f, tn) is illustrated using the length of line segments that point
along the eigenvector corresponding to the largest eigenvalue of G(fy1, tn).

When post-processing our results, we perform a smoothing step by applying a Gaussian
filter to the dilation and shear rates. This is done in Mathematica [52] by using the function
GraphDistanceMatrix that calculates the geodesic distances dpy, p, (fn) between the centroids of
triangles fp1, and fp, in the mesh 7 (ty) (represented as a weighted graph with edge weights given
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by their lengths). Smoothing of a quantity Q(fy, fn) is then given by

Minax 42 (tn)

My M, "N

Qsmooth (fm;/ EN) = NV le ex <—121—;2
—

)Q(sz, tN), (3.23)
where d is the smoothing length scale of the filter, which we take as 10% the maximum distance
between any two triangles and N'(M;) = Zﬁ;“;ﬁ exp (—d%/h Mz(tN) /2d2) is the filter normalization
factor.

4. Experimental results

To demonstrate the effectiveness of our proposed framework, we consider different classes of
surfaces starting from simple two-dimensional shapes with and without landmarks to more
complex closed or open surfaces in three dimensions.

(a) Two-dimensional shapes without landmarks

Planar shapes are a special example of surfaces with boundary that are confined to the plane.
In this case, all normal displacements vanish, v 1(z,t)=0, and the first term of equation (2.22)
is minimized by setting V| (z,t) =0 everywhere. We start by studying the deformation of a disc
undergoing simple shear, shrinking by a factor of 1.5 in the vertical direction and expanding by
the same factor in the horizontal direction over the course of 30 discrete time steps (figure 4).

We perform three different minimizations, corresponding to the almost-conformal, viscous,
and almost-uniform models described in table 2. The almost-conformal model minimizes the
shear rate (absolute difference in eigenvalues of the strain rate tensor) and will therefore find
a nearly conformal fit to the flow (figure 4). The viscous model minimizes a combination of
shear and dilation rates (sum of eigenvalues of the strain rate tensor), while the almost-uniform
model favours a strain rate tensor that is uniform in space. Line segments in the third row of
figure 4 point in the same direction and have the same length, indicating a constant shear rate,
while the dilation rate is zero everywhere. Note that the almost-uniform fit to the flow recovers
the constant simple shear transformation that was used to generate this test example, while the
almost-conformal and viscous fits predict a completely different growth pattern. Interestingly, as
shown in the second row of figure 4, the viscous fits produce domains with distinct orientations
and where the dilation rate changes from position (expansion) to negative (contraction).

(b) Two-dimensional shapes with landmarks

In this section, we assume that a subset of the vertices of the mesh are given as landmarks, points
where a trajectory xp(t) is given a priori (e.g. by florescent labeling). These trajectories are enforced
in the minimization procedure by adding the corresponding cost as described in equation (2.24)
and implemented as described in equation (3.21). We perform the same three minimizations as in
the previous section (table 2).

Figure 5 shows the results of our analysis performed on M. sexta (tobacco hawk moth) data,
which were taken from Nijhout et al. [37]. For the almost-conformal model, we observe that
the more landmarks we have, the less conformal—as determined by higher values of S/D
shown in figure 5 compared with electronic supplementary material, figure S1. In addition, the
inferred growth patterns depend on the assumed model, just as in the disc example (figure 4).
For example, in the absence of landmark constraints (electronic supplementary material, figure
S1), the almost-conformal model contains area shrinking (green regions) and expansion (purple
regions), while the viscous and almost-uniform models contain only area expansion. Interestingly,
we observe that the proximal and distal parts of the wing behave differently in all models with
a wave of expansion moving from the proximal to the distal direction over time (see electronic
supplementary material, Movie S1).
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Figure 5. Optimal two-dimensional quasi-conformal flows for M. sexta (tobacco hawk moth) wings registration with
landmarks. Images of growing M. sexta wings are taken from Nijhout et al. [37]. To infer the possible growth patterns, we run the
optimization with three different parameter choices given in table 2: almost-conformal, viscous and almost-uniform (see the
caption of figure 4 for details). See also electronic supplementary material, Movie ST for the full quasi-conformal flow process.

The corresponding results for |. coenia (buckeye butterfly) wing data, also taken from Nijhout
et al. [37], are shown in figure 6 (see also electronic supplementary material, figure S2 and Movie
S2). By comparing the growth patterns obtained with and without landmarks along with the
different choice of parameters, we gain insights into the likely growth patterns during insect
wing development. For example, for butterfly wings (J. coenia), the growth pattern is dominated
by isotropic dilation, with S <D across all models (see figure 6 and electronic supplementary
material, figure 52). Even in the almost-uniform model, where S is not minimized (only its spatial
gradients), the calculated growth patterns exhibit low shear (S < D), which further decreases
when landmarks are included. Furthermore, by noting that the curves for max(D) and mean(D)
are nearly equal, we see that the spatial variation of D are small. In other words, the butterfly wing
grows predominantly but not entirely by uniform scaling (isometric growth). On the other hand,
moth wings (M. sexta) exhibit much higher shear rates, which increase further when landmarks
are included (figure 5 and electronic supplementary material, figure S1). their wings change shape
significantly. This can be expected since, as figure 5 shows, the moth wings grow more along the
proximal-distal axis compared with the anterior—posterior axis (allometric growth).

(c) Closed surfaces in three dimensions

For surfaces embedded in three dimensions, vertices may move in all three directions, but their
movement is constrained by the contributions to the cost function given in equations (2.22)
and (2.23), which enforce the displacement of each vertex to be parallel to the surface and the
boundary curve. For closed surfaces (our analysis should work independent of the topology of
the surface as long as the flow is smooth), we do not need to enforce boundary displacements
and we may run the same three registration models as before (almost-conformal, viscous, almost-
uniform). The first example (electronic supplementary material, figure S3) is a sphere expanding
in one direction by a factor of 1.5 and contracting in the other two to preserve volume in the
course of 30 times steps. We see that the conformal model (first row in electronic supplementary
material, figure S3) generates nearly conformal flows (small shear rates), where expansion is
initially concentrated at the poles of the sphere while contraction dominates in the equator.

The second example we consider (see figure 7 and electronic supplementary material, Movie
S3) is a head deforming into a sphere with a linear interpolation in the course of 30 time steps.
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Figure 6. Optimal two-dimensional quasi-conformal flows for J. coenia (buckeye butterfly) wing registration with landmarks.
Images of growing J. coenia wings are taken from Nijhout et al. [37]. To infer the possible growth patterns, we run the
optimization with three different parameter choices given in table 2: almost-conformal, viscous and almost-uniform (see the
caption of figure 4 for details). See also electronic supplementary material, Movie S2 for the full quasi-conformal flow process.

Unlike the first example (electronic supplementary material, figure S3), the almost-conformal
model when deforming the head does not reduce the shear rate to zero (orange curve in the
first row of figure 7), which happens at sharp features on the mesh, where it becomes harder
to estimate the normal vector and tangent plane to the surface. On the other hand, the uniform
model leads to a smoother pattern of dilation and shear rates (both in direction and magnitude),
including at sharp features.

(d) Surfaces with boundary in three dimensions

We test our algorithm on a persea americana (avocado) leaf dataset [39], using almost-conformal,
viscous and almost-uniform models (table 2). We see from the results shown in figure 8 (see also
electronic supplementary material, Movie S4), that the conformal model leads to low values of
the mean shear rate, and therefore a nearly conformal flow. However, it still leads to non-zero
shear rate near the tips of the leaf, where the margin deviates from a smooth curve. As before,
the inferred growth pattern depends strongly on the model assumed (almost-conformal, viscous
or almost-uniform). Therefore, we now explore how modelling the dynamics generating a given
flow can help us better recover the growth patterns.

To validate our algorithm, we generate a synthetic dataset involving a cylinder deforming
according to the Ricci flow—a solution to G;;=0, where G; is given in equation (2.17)
and A1 =22 =0, and A3 =0.007—as given by the following equation (illustrated in electronic
supplementary material, figure S5):

(z3) = (rg + r1 sin(kzz)e*)i(g) + <Z3 - :0—1k cos(kz3)[e™ — 1]) Lozs. (4.1)
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Figure 7. Optimal three-dimensional quasi-conformal flows for closed surfaces. Here we consider a head mesh evolving
towards a sphere. We run the optimization with three different parameter choices given in table 2: almost-conformal, viscous
and almost-uniform (see the caption of figure 4 for details). See also electronic supplementary material, Movie S3 for the full
quasi-conformal flow process.

Here z3 € [0, 1] is the vertical coordinate increasing along the length of the cylinder, ¢ € [0,27] is
the azimuthal coordinate, 7 and Z3 are cylindrical basis vectors, 2 =1 is a growth rate (multiplied
by the duration of the flow T), rg = 0.16 is the unperturbed cylinder radius, r; = 0.1r is the initial
amplitude of the deformation, and Ly =1 is the initial height of the cylinder.

To determine whether the dynamical equation G;; =0 explains the given flow of surfaces
X(z, t), we minimize the cost function in equation (2.25) using the geometric model parameters
given in the last row of table 2, where 11, A2, A3 # 0, and comparing it to a viscous model (having
the same Ay, By but with A1 =4, =3 =0). In addition, we perform separate fits for the Ricci
(A1 =242=0,13 #0) and Mean (11 = A3 =0, 1, # 0) curvature flows. We find that, as expected, the
geometric and Ricci fits, when applied to the growing cylinder dataset, significantly reduce the
growth cost (electronic supplementary material, figures S4 and S5), especially for early times, as
expected since the dataset was generated using equation (4.1), which is an approximate solution
to the Ricci flow, assuming small deviations from a cylinder. Furthermore, the Ricci fit recovers
the value A3 ~ 0.007 (with less than 3% error).

The last row of figure 8 shows the results for a growing leaf. While we obtain a correlation
between curvature and dilation rate, the minimum growth cost Cyiscous 1S not significantly
reduced in the geometric model. This implies that while growth rate may be correlated with
curvature in leaves, the equation G;; =0 is not sufficient to explain the entire growth pattern,
some of which may be prescribed in-plane growth that is not curvature-dependent or is triggered
by movement of the mid-vain as described in [39]. Furthermore, when we compared the flow
inferred by each model to known landmark velocities on the leaf, we found that the Ricci or mean
curvature flows are closest to the actual landmark flow compared with other models, followed by
the nearly conformal model (see electronic supplementary material, figure S6 for more details).
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Figure 8. Optimal three-dimensional quasi-conformal flows using geometric flows for growing leaves. Leaf data were taken
from Derr & Bastien [39] and processed as described in the text and figure 2. We run the optimization with four different
parameter choices given in table 2: almost-conformal, viscous, almost-uniform and geometric (see the caption of figure 4 for
details). See also electronic supplementary material, Movie 54 for the full quasi-conformal flow process. The plot on the lower
right gives the magnitude of the growth cost, which is defined as n(t) = (DI(z, t) + S(z, t)) /2, where the angle brackets
represent averaging over the area of the surface. The purple curve represents the viscous model, while black represents the
geometric model.

(e) Computational cost

As we described above, in our proposed framework we can consider different models, including
the almost-conformal, viscous and almost-uniform models. It is natural to ask how the
computational cost of the algorithm scales with the input mesh size for each of these models.
In electronic supplementary material, figure 57, we consider running the models with various
meshes with different number of vertices and recording the run time per simulation step. We see
that the almost-conformal and viscous models exhibit comparable computational cost, while the
almost-uniform model is more computationally expensive due to the gradient cost computations.

(f) Comparison with other methods

In electronic supplementary material, figure S8, we compare our quasi-conformal flow model
with the usual quasi-conformal mapping method [14] and the thin-plate splines mapping method
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[53]. More specifically, for both methods, we only use the initial and final time points of the dataset
and compute a landmark-based mapping between them. We can then use the mapping result to
infer the intermediate state of the growth process. It can be observed that both the landmark-based
quasi-conformal mapping method and the thin-plate splines method are unable to capture the
intermediate growth patterns of the insect wing shape, and thus unable to interpolate between
the initial and final shapes in a biologically consistent manner. This shows the importance of using
the proposed quasi-conformal flow method in the study of the temporal developmental processes
underlying morphogenesis.

5. Conclusion

In this paper, we have extended the notion of K-quasi-conformal maps to k-quasi-conformal flows
for modelling the continuous growth process of biological shapes.

From a biological perspective, understanding the growth and form of shapes is a central
problem in biology. The flexibility of our proposed framework allows us to infer growth patterns
using a wide range of models with different properties, thereby paving a new way for unveiling
the growth dynamics of different biological structures. In addition, besides the almost-conformal,
viscous, almost-uniform, and geometric models considered in our current framework, we plan
to apply our method to larger datasets to study the dynamics underlying growth processes
associated with different biological structures, for example, those that involve nonlocal feedback
between mechanical stress and growth [30,54].

From a mathematical perspective, it is worth noting that an optimal quasi-conformal flow?
between two shapes generally differs from a linear temporal interpolation of an optimal quasi-
conformal map between two shapes. Therefore, the use of quasi-conformal flows is important to
capture the spatio-temporal variation of the shear and dilation fields during the growth process
and opens important mathematical questions with applications to morphodynamics. Considering
k-quasi-conformal flows leads to interesting mathematical problems, for example, a Teichmiiller
map (a K-quasi-conformal map with minimal K) between two surfaces may be distinct from the
map generated by a k-quasi-conformal flow—S(z, t) < k = K/T with minimal k—connecting them.
Our framework, especially equation (2.14), can help elucidate such questions by connecting the
quantities relevant to quasi-conformal maps, such as K(z,t), to those related to flows, such as
S(z, t) as given in equation (2.14).

From an algorithmic perspective, we have proposed a unifying framework for inferring
growth patterns using a diverse set of criteria, including local geometric distortions, spatial
variations, and fits to dynamical equations, such as geometric flows. Specifically, we can
effectively fit different models to a sequence of observed data by considering different
combinations of the cost functions described in our work. As demonstrated by our experimental
results on different two- and three-dimensional shapes, including insect wings, plant leaves and
other open or closed surfaces, our framework is useful whenever a growing structure—in nature
or industry—is observed but the identities of individual points are not tracked over time (except
possibly for a small set of landmarks).

Our approach depends on minimal finite difference approximations—for example, see
equations (3.5)—(3.8)—valid up to first order in 8y, and is therefore best suited to situations with
dense sampling of the growth process. The cost function equation (2.25) can be thought of as
a Riemannian metric [17] that gives lengths of paths (or flows) in the space of parametrized
surfaces. Therefore, extending our methods beyond the first-order approximations in time
amounts to higher-order interpolations of these geodesics. While such geodesics flows have been
calculated in the past for special cost functions [56], the advantage of the current approach is
greater flexibility in choosing the cost function.

2Since our flows minimize integral measures, given in equation (2.25), generalizations of quasi-conformal flows to flows of
finite distortion [55]—for example, by requiring that S(z, t) is square integrable, but not uniformly bounded by k—maybe
more suitable to describe our flows.
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Analogously, in the spatial domain, our computations rely on decomposing the displacements
into components that are tangent and normal to the surface and its boundary. Such decomposition
may not be well behaved for irregular meshes with sharp features. These potential limitations
may be overcome by following the philosophy of discrete differential geometry, aiming to develop
methods robust for discrete meshes [57,58]. Therefore, it will be fruitful to define discrete quasi-
conformal flows in future iterations.

Another direction for future work is the comparison of hard and soft constraints to enforce
landmark and normal displacements that are taken from the input data. The advantages of soft
constraints are ease of implementation and tunability of the relative importance of input data
compared with model prediction. This is analogous to optimal filters used in control theory to
tune the relative importance of measurement data versus model predictions based on the strength
of the noise from each source (measurement uncertainty and model error), or equivalently, the role
of priors and data in the context of inference problems. More generally, there is much to be gained
by combining the power of geometrical approaches that harness the structured information in
morphodynamics with data-driven computational models that are efficient and fast, and this
paper takes a step in this direction.
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