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Abstract

In the primary visual cortex of primates and carnivores, functional architecture can be characterized by
maps of various stimulus features such as orientation preference (OP), ocular dominance (OD), direction
preference, spatial frequency, and retinotopy. It is a long-standing question in theoretical neuroscience
whether the observed maps should be interpreted as optima of a specific energy functional that summarizes
the design principles of cortical functional architecture. Because the existence of such an optimization
principle should be inferred from the biological data, the optimization approach to explain cortical func-
tional architecture raises the following questions: i) Is there a model independent way to analyze the
coordinated organization of cortical maps predicted by a general optimization principle? ii) What are
the genuine ground states of candidate energy functionals and how can they be calculated with preci-
sion and rigor? iii) How do differences in the energy functional impact on the observable map structure
and conversely what can be learned about the underlying optimization principle from observations of
map structures? To answer these questions we developed a general dynamical systems approach to the
combined optimization of visual cortical maps of OP and another scalar feature such as OD or spatial
frequency preference. Based on basic symmetry assumptions we obtain a comprehensive phenomenolog-
ical classification of possible inter-map coupling energies and examine four representative examples: A
low and a high order gradient-type coupling energy as well as a low and high order product-type coupling
energy. A rigorous evaluation of the coordinated optimization hypothesis is particularly demanded by
recent evidence that the functional architecture of orientation columns follows a set of universal quanti-
tative laws [I]. We systematically assess whether these or similar laws can result from the coordinated
optimization of orientation columns with other feature maps. OP maps are characterized by singulari-
ties, called pinwheel centers [2]. We show that all coupling energies above a critical inter-map coupling
strength predict spatially periodic and pinwheel-rich OP maps which represent energetic ground states
i.e. global optima of the system. Each individual coupling energy leads to a different class of OP solutions
with different correlations among the maps such that inferences about the optimization principle from
map layout appear possible.

Introduction

Neurons in the primary visual cortex are selective to a multidimensional set of visual stimulus features,
including visual field position, contour orientation, ocular dominance, direction of motion, and spatial
frequency. In many mammals, these response properties form spatially complex, two-dimensional pat-
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terns called visual cortical maps. The functional advantage of a two dimensional mapping of stimulus
selectivities is currently unknown [3l[4]. What determines the precise spatial organization of these maps?
It is a plausible hypothesis that natural selection should shape visual cortical maps to build efficient
representations of visual information improving the ’fitness’ of the organism. Cortical maps are therefore
often viewed as optima of some cost function. For instance, it has been proposed that cortical maps
optimize the cortical wiring length [5.[6] or represent an optimal compromise between stimulus coverage
and map continuity [THI2]. If map structure was largely genetically determined map structure might be
optimized through genetic variation and Darwinian selection on an evolutionary timescale. Optimization
may, however, also occur during the ontogenetic maturation of the individual organism for instance by the
activity-dependent refinement of neuronal circuits. If such an activity-dependent refinement of cortical ar-
chitecture realizes an optimization strategy its outcome should be interpreted as the convergence towards
a ground state of a specific energy functional. This hypothesized optimized functional, however, remains
currently unknown. As several different functional maps coexist in the visual cortex candidate energy
functionals are expected to reflect various response properties in the visual cortex. Cortical maps, in fact,
are not independent of each other and various studies proposed a coordinated optimization of different
feature maps [7BI[TOHI7]. Coordinated optimization appears consistent with the observed distinct spatial
relationships between different maps such as the tendency of iso-orientation lines to intersect OD bor-
ders perpendicularly or the preferential positioning of orientation pinwheels at locations of maximal eye
dominance [T2][I8H23]. Specifically these geometric correlations have thus been proposed to indicate the
optimization of a cost function given by a compromise between stimulus coverage and continuity [7HI2],
see however [24].

Visual cortical maps are often spatially complex patterns that can contain defect structures such as point
singularities and line discontinuities (fractures) [2L25H30]. It is conceivable that this spatial complexity
arises from geometric frustration resulting from the coordinated optimization of several feature maps
in which not all inter-map interactions can be simultaneously satisfied [3IH35]. In many optimization
models, however, the resulting map layout is spatially not complex or lacks some of the basic features
such as topological defects [BLBTLB2LB0LB7]. In other studies coordinated optimization was reported to
preserve defects that would otherwise decay [31]. An attempt to rigorously study the hypothesis that the
structure of cortical maps is explained by an optimization process thus raises a number of questions: i) Is
there a model independent approach to analyze the simultaneous organization of cortical maps predicted
by such a general optimization principle? ii) What are the genuine ground states of such hypothetical
energy functionals and how can they be calculated with precision and rigor? iii) How do different choices
of energy functionals impact on the predicted map structure and conversely what can be learned about
the underlying optimization principle from observations of map structures? If theoretical neuroscience
was able to answer these questions with greater confidence, the interpretation and explanation of visual
cortical architecture could build on a more solid foundation than available. To start laying such a foun-
dation, we examine how symmetry principles constrain the form of optimization models and introduce a
formalism to analyze map optimization independent of the specific energy functional assumed. Minima of
a given energy functional can be found by gradient descent which is naturally represented by a dynamical
system describing a formal time evolution of the maps. Response properties in visual cortical maps are
arranged in repetitive modules of a typical spatial length called hypercolumns. Optimization models
that reproduce this typical length scale are therefore effectively pattern forming systems. In the theory
of pattern formation, it is well known that symmetries play a crucial role [38,89]. Some symmetries
are widely considered biologically plausible for cortical maps, for instance the invariance under spatial
translations and rotations or a global shift of orientation preference [40H42]. Here, we show that such
symmetries and an approach that utilizes the analogy between map optimization and pattern forming
systems can open up a novel and systematic approach to the coordinated optimization of visual cortical
representations.

A recent study found strong evidence for a common design in functional architecture of orientation



columns [I]. Different species, widely separated in evolution, share a universal set of quantities such as
the average pinwheel density or the distribution of minimal pinwheel distances. Such universal laws can
be reproduced in a self-organization model if long-range neuronal interactions are dominant [I]. However,
it is unclear whether the common design is a result of intrinsic OP properties or whether it can result from
interactions with other feature maps. We therefore also examine whether the coordinated optimization of
the OP map and another feature map can reproduce the quantitative laws defining the common design.
The presentation of our study is organized in three parts. In part I, we introduce a formalism to analyze
the coordinated optimization of complex and real valued scalar fields. Complex valued fields can rep-
resent for instance orientation preference (OP) or direction preference maps [43.[44]. Real valued fields
may represent for instance ocular dominance (OD) [45], spatial frequency maps [I846] or ON-OFF seg-
regation [47]. We construct several optimization models such that an independent optimization of each
map in isolation results in a regular stripe pattern. A model-free, symmetry-based analysis of potential
optimization principles that couple the real and complex valued fields provides a comprehensive overview
of conceivable coordinated optimization models and identifies representative forms of coupling energies.
For analytical treatment of the optimization problem we adapt a perturbation method from pattern for-
mation theory called weakly nonlinear analysis [48H51]. This method reduces the dimensionality of the
system and leads to amplitude equations as an approximate description of the system. We identify a limit
in which inter-map interactions become unidirectional. In this limit, one can neglect the backreaction
of the complex map on the layout of the co-evolving scalar feature map. We show how to treat low
and high order versions of inter-map coupling energies which enter at different order in the perturbative
expansion.

In part II, we apply the derived formalism by calculating optima of four representative examples of
coordinated optimization models and examine how they impact on the resulting map layout. For con-
creteness, we illustrate the coordinated optimization of visual cortical maps for the most widely studied
example of a complex OP map and a real feature map such as the OD map. In particular, we address
the problem of pinwheel stability in OP maps [31L52]. OP maps are characterized by pinwheels, regions
in which columns preferring all possible orientations are organized around a common center in a radial
fashion [2]. As shown previously, many theoretical models of visual cortical development and optimization
fail to predict OP maps possessing stable pinwheels [5,31L[32/36]. The OP maps we obtained as optima
of different optimization principles are therefore analyzed for the occurrence of pinwheels. We show that
in case of the low order energies, a strong inter-map coupling will typically lead to OP map suppression,
causing the orientation selectivity of all neurons to vanish. In contrast, for the high order versions, orien-
tation selectivity is preserved for arbitrarily strong inter-map coupling. For all considered optimization
models, we identify stationary solutions of the resulting dynamics and mathematically demonstrate their
stability. We further calculate phase diagrams as a function of the inter-map coupling strength and the
amount of overrepresentation of certain stimuli of the co-evolving scalar feature map. We show that the
optimization of any of the analyzed coupling energies can lead to spatially relatively complex patterns.
Moreover, in case of OP maps, these patterns are pinwheel-rich. The phase diagrams, however, differ
for each considered coupling energy, in particular leading to coupling energy specific ground states. We
therefore thoroughly analyze the spatial layout of energetic ground states and in particular their geomet-
ric inter-map relationships. Our analysis identifies a apparently general condition for pinwheel-rich OP
optima namely a bias in the response properties of the co-evolving scalar feature map.

In part III, we complement our analytical results by numerical studies and characterize the dynamics of
coordinated optimization models. In particular, we study the kinetics and conditions of pinwheel crys-
tallization and the creation of pinwheels from a pinwheel-free initial pattern. This process is a general
signature of systems in which a pinwheel-rich state corresponds to the energetic ground state and can be
easily assessed in more complex models that evade analytical treatment. We further explore the impact
of inter-map wavelength differences, as observed in certain species, on the structure of predicted optima.
Finally, we extend the presented models to explore the coordinated optimization of more than two feature



maps.

Results

Part I: Modeling the coordinated optimization of multiple maps

The response properties of neurons in the visual cortex can be described by two-dimensional scalar order
parameter fields which are either complex valued or real valued. A complex valued field z(x) can for
instance describe OP or direction preference of a neuron located at position x. A real valued field o(x)
can describe for instance OD or the spatial frequency preference. Although we introduce a model for the
coordinated optimization of general real and complex valued order parameter fields we consider z(x) as
the field of OP and o(x) as the field of OD throughout this article. In this case, the pattern of preferred
stimulus orientation ¢ is obtained by

90 = 5 ars(z). (1)

The modulus |z(x)| is a measure of the selectivity at cortical location x.

OP maps are characterized by so-called pinwheels, regions in which columns preferring all possible ori-
entations are organized around a common center in a radial fashion. The centers of pinwheels are point
discontinuities of the field ¥(x) where the mean orientation preference of nearby columns changes by 90
degrees. Pinwheels can be characterized by a topological charge ¢ which indicates in particular whether
the orientation preference increases clockwise or counterclockwise around the pinwheel center,

1
¢ = — Vi(x)ds, (2)
2 C;

where C; is a closed curve around a single pinwheel center at x;. Since ¥ is a cyclic variable in the interval
[0, 7] and up to isolated points is a continuous function of x, ¢; can only have values

(3)

qi = 9
where n is an integer number [53]. If its absolute value |¢;| = 1/2, each orientation is represented only
once in the vicinity of a pinwheel center. In experiments, only pinwheels with a topological charge of
+1/2 are observed, which are simple zeros of the field z(x).

OD maps can be described by a real valued two-dimensional field o(x), where o(x) < 0 indicates ipsilateral
eye dominance and o(x) > 0 contralateral eye dominance of the neuron located at position x. The
magnitude indicates the strength of the eye dominance and thus the zeros of the field correspond to the
borders of OD.

In this article, we interpret visual cortical maps as optima of some energy functional F. The time
evolution of these maps can be described by the gradient descent of this energy functional. The field
dynamics thus takes the form

Oy z(x,t) = Flz(x,1),0(x,1)]
O O(Xv t) = G[Z (X7 t)a O(Xv t)]v (4)
where F[z,0] and G[z,0] are nonlinear operators given by F[z,0] = —%£, G[z,0] = —3EZ. The system

then relaxes towards the minima of the energy E. The convergence of this dynamics towards an attractor
is assumed to represent the process of maturation and optimization of the cortical circuitry. Various
biologically detailed models have been cast to this form [9L3TL54].

All visual cortical maps are arranged in repetitive patterns of a typical wavelength A. We splitted the
energy functional E into a part that ensures the emergence of such a typical wavelength for each map and
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Figure 1. Swift-Hohenberg equation, A Cross section through the spectrum A(k) of the
Swift-Hohenberg operator Eq. ([8), » = 0.1. B Time evolution of the Power Eq. ([@).

into a part which describes the coupling among different maps. A well studied model reproducing the
emergence of a typical wavelength by a pattern forming instability is of the Swift-Hohenberg type [38/[55].
Many other pattern forming systems occurring in different physical, chemical, and biological contexts (see
for instance [48-51]) have been cast into a dynamics of this type. Its dynamics in case of the OP map is
of the form

Oy 2(x,t) = Lz(x,t) — |2|%z, (5)

with the linear Swift-Hohenberg operator
L=r—(K2+4)", (6)

k. = 2m/A, and N[z(x,t)] a nonlinear operator. The energy functional of this dynamics is given by
- 1
E=-— /ngc (E(X)Lz(x) - §|z(x)|4) . (7)
In Fourier representation, Lis diagonal with the spectrum

Ak) =r— (K2 = k). (8)

The spectrum exhibits a maximum at k = k., see Fig. [[{a). For r < 0, all modes are damped since
A(k) < 0, VE and only the homogeneous state z(x) = 0 is stable. This is no longer the case for r > 0
when modes on the critical circle k = k. acquire a positive growth rate and now start to grow, resulting
in patterns with a typical wavelength A = 27 /k.. Thus, this model exhibits a supercritical bifurcation
where the homogeneous state looses its stability and spatial modulations start to grow.

While the linear part of the dynamics establishes a typical wavelength the nonlinearity in the dynamics
leads to the selection of the final pattern. The time T" = rt is given in units of the intrinsic timescale
which is associated with the growth rate of the linear part Eq. ([6). Considering the time evolution of
Eq. (@) initialized with a random OP map and low selectivity several different stages of the dynamics can
be distinguished. The linear part forces modes on the critical circle to grow with rate r while strongly
suppressing modes off the critical circle, see Fig. [IA. The OP map becomes more and more ordered in
this linear phase as one dominant wavelength is selected. The total power of the field is given by

P(t) = (l2(x,1)|*)x, 9)



where ()x denotes spatial average. The time dependence of the power reflects the different growth rates
among modes. The time evolution of the power is depicted in Fig. [[B. Initially, the power decreases
slightly due to the suppression of modes outside the circle of positive growth rate. At T ~ 1 there
is a rapid increase and then a saturation of the power. The amplitudes of the Fourier modes reach
their stationary values and P o r. At this stage of the evolution the influence of the nonlinear part
is comparable to that of the linear part. Once the modes saturate the phase of nonlinear competition
between the active modes along with a reorganization of the structure of the OP map starts. The
competition between active modes leads to pattern selection. The final pattern then consists of distinct
modes in Fourier space [38/[56]. Once the active modes are selected a relaxation of their phases takes
place.

Inter-map coupling can influence the time evolution on all stages of the development depending on whether
this coupling affects only the nonlinear part or also the linear one. When incorporating additional maps
into the system in all cases we rescaled the dynamics by the bifurcation parameter of the OP map i.e.
T = r,t. The coupled dynamics we considered is of the form

O z(x,t) = L.z(xt)—|z%2 — i—g
6t O(X7 t) = -i/o O(X7 t) - 03 - (;_U +7, (10)
0

. 2
where Ly, .y = 70,2} — (ki{o,z} + A) , and 7y is a constant. To account for the species differences in

the wavelengths of the pattern we chose two typical wavelengths A, = 27 /k. . and A, = 27/k.,. The
dynamics of z(x,t) and o(x,t) is coupled by interaction terms which can be derived from a coupling
energy U. In the uncoupled case this dynamics leads to pinwheel free OP stripe patterns.

Symmetries constrain inter-map coupling energies

How many inter-map coupling energies U exist? Using a phenomenological approach the inclusion and
exclusion of various terms has to be strictly justified. We did this by symmetry considerations. The
constant vy breaks the inversion symmetry o(x) = —o(x) of inputs from the ipsilateral (o(x) < 0) or
contralateral (o(x) > 0) eye. The inter-map coupling energy U was assumed to be invariant under this
inversion. The primary visual cortex shows no anatomical indication that there are any prominent regions
or directions parallel to the cortical layers [40]. Besides invariance under translations T z(x) = z(x — y)

and rotations Rgz(x) = z(R ” 'x) of both maps we required that the dynamics should be invariant under
orientation shifts z(x) — e¢*?z(x). Note, that the assumption of shift symmetry is an idealization that
uncouples the OP map from the map of visual space [57]. Numerous optimization and developmental
models have been proposed that exhibit this symmetry. A general coupling energy term can be expressed
by integral operators which can be written as a Volterra series

%) Up Uo+uz /2 u
E = Z / d*z; o(x;) H d?z; z(x;) H oy Z(xk) Ku(X1,. .- Xu) (11)
U=Uo+U, i=1 J=uo+1 k=uo+u./2+1

with an u-th. order integral kernel K,,. Inversion symmetry and orientation shift symmetry require u, to
be even and that the number of fields z equals the number of fields Z. The lowest order term, mediating
an interaction between the fields o and z is given by v = 4,u, = 2 i.e.

E, = /d2x1d2x2d2x3d2x4 o(x1)o(x2)z(x3)Z(x4) K4(xX1,X2,X3,X4) . (12)



Next, we rewrite Eq. (I2) as an integral over an energy density U. We use the invariance under translations
to introduce new coordinates

4
xm = (1/4) in
J
Y1 = X1 —Xm
Yo = Xo—Xm
Y3 = X3—Xpn. (13)
This leads to
E, = /dem/dedezdzys o(y1 + Xm)o(y2 + Xm)2(y3 + Xm)

3
(Xm — Z(Y1 — X)) K(y1,¥2,¥3)

%

S

_ t/daanuxm>. (14)

The kernel K may contain local and non-local contributions. Map interactions were assumed to be local.
For local interactions the integral kernel is independent of the locations y;. We expanded both fields in
a Taylor series around X,

2(Xm +yi) = 2(xXm) + V2(Xm)yi + .oy 0(Xm +¥i) = 0(Xm) + Vo(xm)yi + - .. (15)

For a local energy density we could truncate this expansion at the first order in the derivatives. The
energy density can thus be written

Usxp) — /E%m@w@udxw+vwxmem&a+vm&mm> (16)

(2(xm) + Vz(xm)ys) <E(Xm) — VZ(xm) Y (yi — xm)> K(y1,y2,¥3)

%

Due to rotation symmetry this energy density should be invariant under a simultaneous rotation of both
fields. From all possible combinations of Eq. (@) only those are invariant in which the gradients of the
fields appear as scalar products. The energy density can thus be written as

Uy = flei,ea,...,c8)
f(0% 2%, 22,02,VoVo,V2Vz V2VZ,VoVz), (17)

where we suppress the argument x,,. All combinations ¢; can also enter via their complex conjugate.
The general expression for Uy is therefore

U4 == Z lg;)CiCj + Z lg)EiEj + Z ZS)Cﬁj . (18)
4,9

i>j >]



From all possible combinations we selected those which are invariant under orientation shifts and eye
inversions. This leads to

Uy = Lo +1yz)* +13(VoVo)? + 14| VzVz|?
+15(V2VZ)? +16(VoVo)o? + 17(VzVZ)|z|?
+18(V2V2)Z* + 19(VZVZ)22
+110(VoVz)oz + 111(VoVZ)oz
+1120%|2|* 4+ 113| VoV 2|? + 114(V2VZ)0?
+115(VoVo)|z|* + 116(V2VZ)(VoVo) . (19)

The energy densities with prefactor /3 to lg do not mediate a coupling between OD and OP fields and
can be absorbed into the single field energy functionals. The densities with prefactors lg and ly (also with
l10 and l11) are complex and can occur only together with Ig = lg (I19 = l11) to be real. These energy
densities, however, are not bounded from below as their real and imaginary parts can have arbitrary
positive and negative values. The lowest order terms which are real and positive definite are thus given
by

Uy = 1120%|2)? + 113|VoV 2|2 + 1140°V2VZ + 115VoVo|z|? + 116 (V2VZ) (VoVo) . (20)

The next higher order energy terms are given by
Us = 0*|z|* + |2|%0* + 0" V2VZ + ... (21)

Here the fields o(x) and z(x) enter with an unequal power. In the corresponding field equations these
interaction terms enter either in the linear part or in the cubic nonlinearity. We will show in this article
that interaction terms that enter in the linear part of the dynamics can lead to a suppression of the
pattern and possibly to an instability of the pattern solution. Therefore we considered also higher order
interaction terms.

These higher order terms contain combinations of terms in Eq. (20) and are given by

Us = oz|* + |VoVz|! + 0* (V2VZ)® + (VoVo)? |z|*
+(V2V2)* (VoVo)® + 0?|2*|VoVz|? + ... (22)

As we will show below examples of coupling energies
U =ad®|z)? + 8|V2Vo|> + 70 |z|* + €|V2Vo|?, (23)

form a representative set that can be expected to reproduce experimentally observed map relationships.
For this choice of energy the corresponding interaction terms in the dynamics Eq. ([0 are given by

oU
= Nylo,0,z] + Nglo, 0, z] + Nc|o,0,0,0,z,2,Z] + N;[0,0,0,0, 2, z,Z]
z
= —ao’z+ BV (aVo) + €2V (la[*aVo) — 27 0*|2[*2,
oU ~ ~ ~ ~
5y = Nulo, z,Z] + Nglo, z,Z] + Ne[o, 0,0, 2z, 2,%Z,Z] + N-[0,0,0, 2, 2,%, Z|
0

= —ao|z|* + BV (aVz) + €2V (|a]*aVz) — 27 0%|z|* + c.c. (24)

with @ = VzVo and c.c. denoting the complex conjugate. In general, all coupling energies in Uy, Ug,
and Ug can occur in the dynamics and we restrict to those energies which are expected to reproduce
the observed geometric relationships between OP and OD maps. It is important to note that with this
restriction we did not miss any essential parts of the model. When using weakly nonlinear analysis the



Figure 2. Pinwheel annihilation, preservation, and generation in numerical simulations for
different strengths of inter-map coupling and OD bias, r, = 0.2,r, = 0.02. Color code of OP map with
zero contours of OD map superimposed. A vy =0,e =0 B v =0,e¢ =2000 C and D v = 0.15, ¢ = 2000.
Initial conditions identical in A - C, Ty = 10%r; L.

general form of the near threshold dynamics is insensitive to the used type of coupling energy and we
therefore expect similar results also for the remaining coupling energies.

Numerical simulations of the dynamics Eq. (I0]) with the coupling energy Eq. 23) and « = =7 = 0 are
shown in Fig. Bl The initial conditions and final states are shown for different bias terms v and inter-map
coupling strengths e. We observed that for a substantial contralateral bias and above a critical inter-map
coupling pinwheels are preserved from random initial conditions or are generated if the initial condition is
pinwheel free. Without a contralateral bias the final states were pinwheel free stripe solutions irrespective
of the strength of the inter-map coupling.

Calculating ground states by coupled amplitude equations

We studied Eq. (I0) with the inter-map coupling energies Eq. (23) using weakly nonlinear analysis. To
obtain coupled amplitude equations for the fields z(x,t) and o(x,t) we expanded both fields in powers
of the small expansion parameter p. To account for the fact that one bifurcation parameter can be
substantially smaller than the other we expanded the fields as

o(x,t) = poy(x,t) + pPos(x,t) + plos(x,t) + . ..
2(x,t) = (kp)z1(x,t) + (kp)?22(x,t) + (kp)323(x,t) + ... (25)

We further expanded both control parameters as

To = pin + piiy + iz + ...
r, = (kp)ry + (kp)?re + (kp)3rs + ... (26)
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We introduced a common slow timescale T' = r,¢ and insert the expansions in Eq. (I0) and get
0 = umﬁozl
2.2( 70
+uk (—L 2o+ 1121 — r18T21>
+p’ (—T23T2’1 +1roz1 + 1122 — 110722 — L02 — N3 [21, 21,31])
+1°K (—aN3 c[z1, 01, 01))

+u" K" (—ﬁ027 + 1oz + 1razs + 1621 + -+ — Naulzs, 21, 23] + N3 ul2s, 21, 21] + - )
+u” (—OAH5N316[Z5, 01,01] — K*aN3 o[23,03,01] — .. )

+,LL7K’3 (_6N7,C[Z1; 21, E17 01,01, 01, 01])

(27)
and
0 = ull,
( L0y 4 7101 — Kkr1Op01 + \/ i1 + 27 + . Nzu [01,01 )
( 2100701 + F201 + F109 — KT10702 — L2035 — N ulo1, 01, 01])
+u ( CYNchl,Zl,Ol])
—I—,u7 (—ZAL007 + T905 + 7403 + Tgo1 + - -+ — Ng,,u[03, 01,01] — ]\727“[01, o5] — .. )
+u” (—ASQN&C[%, 01,01] — IQBO[N&C[Zg, 03,01] — .. )
+uTk? (—eNzc[zl, 21,%1,%1, 01,01, 01])
(28)

with the nonlinearities N2 w = 0% , N3 = |z| z, N3 w = 0%, and N3, N7, N3 o N7 . the nonlinearities
of the inter-map coupling energy Eq @a).

We further scaled out the inter-map coupling strength o and e. We consider amplitude equations up to
seventh order as this is the order where the nonlinearity of the higher order coupling energy enters first.
For Eq. 27) and Eq. 28) to be fulfilled each individual order in p has to be zero. At linear order in p
we get the two homogeneous equations

lALozl = 0, i001 =0. (29)

Thus z; and 07 are elements of the kernel of LY. The kernel contains linear combinations of modes with
a wavevector on the critical circle i.e.

21(x,T) = zn: (A§1> (T)e®s® + A§g> (T)eﬂ;;jf)

J
alx ) = 3 (B @B @), (30)
J
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with the complex amplitudes A§1 Ajet? B(1 = Bje™i. In view of the hexagonal or stripe layout
of the OD pattern shown in Fig. 2 n = 3 is an appropriate choice. Since in cat visual cortex the
typical wavelength for OD and OP maps are approximately the same [5859] i.e. k., = k. . the Fourier
components of the emerging pattern are located on a common critical circle Ej = E; = (cosaj, sin ;) ke.
To account for species differences we also studied models with detuned OP and OD wavelengths. At
second order in p we get

iOZQ +ri21 —110rz1 = 0
i/OOQ + 701 — kri0rop = 0. (31)

As z; and o0; are elements of the kernel r; = 71 = 0. At third order, when applying the solvability
condition (see Methods), we get

~ a -
rodrz1 = 19z1 — PeN3ylz1, 21,21 — ?PCN&C[Z&, 01,01] (32)
K2roOr o1 = 7201 — /T2 PCN2,u[017 01] — chS,u[Ola 01,01) — "i204pc1\73,c[21751, o1].

We insert the leading order fields Eq. (80) and obtain the amplitude equations
arAt) = AN N7 gi1aW A AW AT hig| BV 2 AL
r20r Ay T2 Zgw| | wa Z il 2

lﬂ'/z'f'gaTBi(l) = TgB —24/7 BlJrlBZJr2 Zgw|B(1 |2 — ar? Z hij|Aj1)|2Bi(1 . (33)
J
For simplicity we have written only the simplest coupling terms. Depending on the configuration of active

modes additional contributions may enter the amplitude equations. In addition there are coupling terms
which contain the constant §, see Methods. The coupling coefficients are given by

fii =0
h” —671k15N37C[€Zk157 ezkjf, e~ ! ji‘]
h” :€_ZklfN 70[61161 76116157 e—lsz] (34)

When we set 7o = 1/k% and 7o = 1 we get

—(1
orAY 1—a Z his| B | AL - 2 Z (gz-j|A§1>|2A§1> n fijAg”A;{)Al(.))

orBY = BY —9BW B, - ngB(l PBY — w2y hylASV B (35)
J

For k — 0 the inter-map coupling term in the dynamics of the modes BM) vanishes, leading to an
uncoupled OD dynamics. In the dynamics for the modes A®) the uncoupled cubic nonlinearities vanishes
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in this limit. Thus the dynamics is governed by the linear terms only. Inter-map coupling thus influences
the growth rate of the Fourier modes. For large enough inter-map coupling strength o the growth rate

becomes negative. In this case only the homogeneous solution A;l) =0, Vj is stable.
Alternatively, we can set ro = 72 = 1 in Eq. [3)), scale back to the fast time ¢, and rescale the amplitudes

as A; = \/EAl(-l), B, = \/EBi(l). This leads to the amplitude equations

— ar,
A = rA— Zgij|Aj|2Ai - Z fijAjAj-Ai- — 2, Z hij| Bj|? A
j j °

J
To = B ~ To
525(% Bz = TOBZ' — 2Bi+1Bi+2 — Zglj|BJ|2Bz — O[IQQE Z h1J|AJ|2B1 . (36)
J J
Since r, /1, = K? + (A4r4 - /127:4) u? + ... we get at leading order
8t Al = T, —« Z hij|Bj|2 Az - Zglj|AJ|2Az — Z fijAjAj*Zi*
J J J
6,5 Bi = TOBZ' — 2§i+1§i+2 — ZE]”'B]FBl — Z hilej|2Bi . (37)

J J

At higher order we obtain corrections to the uncoupled dynamics of z(x,t) and o(x,t). In addition we
get corrections to the third order coupling energy terms. Finally, at seventh order enters the nonlinearity
of the higher order coupling energy term. The amplitude equations up to seventh order are thus derived
from

3 3 35 - A

K°roOr 21 = K°rozy — K- PN3y[21, 21,Z1] — kP N3 c[21, 01, 01]
5 5 5 £ —

K’rodr z3 = K°rozz — -+ — KW PN3 [z, 21, %3] (38)
7 7 74 — 37 -

K'roOr 25 = K'rozs — -+ — K'PN3[23,21,%3] — €k” PNy c[21, 21,%1,01,01,01,01],

and corresponding equations for the fields 01, 03, and 05. The field z; is given in Eq. (30]) and its ampli-
tudes A and BM are determined at third order. The field z3 contains contributions from modes off the

critical circle z3 o ¢, |I§Off| # k. and on the critical circlei.e. z3 = 23057+ (A§3) (T)e“;if + A;Ei) (T)e*“gjf).
J

Its amplitude A®) are determined at fifth order. The field z5 also contains contributions from modes off

the critical circle z5 o7y and on the critical circle i.e. z5 = z5 677+ > (A§-5)(T)e“;f5 + A;i) (T)e—”;jf), Its
J

amplitude A®) are determined at seventh order. This leads to a series of amplitude equations

/@37"28TA§1) _ n3r2A§1) _ 3 Zgij|A§1)|2A§1) _ 3 ZfijA§1)A§-3)ZEP _ naZhijAz(-l)lB](»l)P
J J J
I€5T26TA§3) = I€5T2Al(-3) — s — I<65 Zgij|A§'1)|2Zz(’3) (39)
J
I€7T26TAE5) _ I€7T2Al(-5) . K7Zgij|A§‘3)|2A§1) _ 6:‘<63 Zhijlk|A(1)|2|B(1)|2|B(1)|2A§1) ,
J jlk

which are solved order by order. To derive amplitude equations at seventh order we use the higher order
coupling energies and neglect the low order coupling energies i.e. set & = 0. The higher order corrections
to the uncoupled part are proportional to x° and 7 while the inter-map coupling part is proportional to
k3. For k < 1 we thus can neglect fifth and seventh order corrections in the uncoupled dynamics.
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We set 72 = 7 = 1 and rescale the amplitudes as A1V = r/2AM AG) = 432 4@) AG) = 13/246)
B = r;/zB(l), B® = rg/zB@),B(f’) = rg/2B(5) and rescale to the fast time. This leads to

9 AY = A 23 ADPAN S5 A0 AT
J J
—(3)
atAl('B) = TzAl(-B) = Zgij|A§-1)|2Ai (40)
J
1
315141(-5) — TZAZ(-F)) e Zgij|A§‘3)|2A51) —e— Zhijzk|A(1)|2|B(1)|2|B(1)|2A51) '
K
J jlk

We can combine the amplitude equations up to seventh order by introducing the amplitudes A; =
Agl) + A§3) + A§»5) and B; = BJ(»l) + BJ(»B) + B]@. This leads to the amplitude equations

Ay = 1A — Zgij|Aj|2Ai - Z fijAjAJ;Zif
J J

2
TZ
P, > hiji| A;*| BE||Be[* A; . (41)
o jlk

Since 7. /ro = K% + (k*ry — k?74) p? + ... we finally obtain
O i = A=Y gilAPA =Y fii A A A
J J

—e > hijuel 4517 | B7|| Be P A;
Jglk
6,5 Bl = T‘OBZ' — 2§i+1§i+2 — Z gilej|2ABi
J

—€ > hijik| BiI*| A7 || Ax* B . (42)
ik

In this article we used the amplitude equations (1) when considering the low order inter-map coupling
energies and the amplitude equations ([#2]) when considering the higher order inter-map coupling energies.

Interpretation of coupling energies

Using symmetry considerations we derived inter-map coupling energies up to eighth order in the fields,
see Eq. (20), Eq.@I), and Eq.22). Which of these various optimization principles could reproduce
realistic inter-map relationships such as a uniform coverage of all stimulus features? We identified two
types of optimization principles that can be expected to reproduce realistic inter-map relationships and
good stimulus coverage. First, product-type coupling energies of the form U = o*"[z|*", n = 1,2, ....
These energies favor configurations in which regions of high gradients avoid each other and thus leading
to high coverage. Second, gradient-type coupling energies of the form U = |[VoVz|*" , n = 1,2,....
In experimentally obtained maps, iso-orientation lines show the tendency to intersect the OD borders
perpendicularly. Perpendicular intersection angles lead to high coverage as large changes of the field z in
one direction lead to small changes of the field o in that direction. To see that the gradient-type coupling
energy favors perpendicular intersection angles we decompose the complex field z(x) into the selectivity
|z| and the preferred orientation 9. We obtain

U = |VzVo|[*" = 2| (|VoV In |z||* + 4|VoV¥|*)" . (43)
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If the orientation selectivity is locally homogeneous, i.e. VIn|z| &~ 0, then the energy is minimized if
the direction of the iso-orientation lines (V1) is perpendicular to the OD borders. In our symmetry-
based analysis we further identified terms that are expected to lead to the opposite behavior for instance
mixture terms such as U = 0°VzVZ.

Pinwheels are prominent features in OP maps. We therefore also analyze how different optimization
principles impact on the pinwheel positions with respect to the co-evolving feature maps. The product-
type coupling energies are expected to favor pinwheels at OD extrema. Pinwheels are zeros of z and are
thus expected to reduce this energy term. They will reduce energy the most when |o| is maximal which
should repel pinwheels from OD borders, where o(x) is zero. Also the gradient-type coupling energy is
expected to couple the OD pattern with the position of pinwheels. To see this we decompose the field z
into its real and imaginary part

U = (|[VoVRez|?> + |Vo VImz|?) . (44)

At pinwheel centers the zero contours of Re z and Im z cross. Since there VRe z and VIm z are almost
constant and not parallel the energy can be minimized only if |Vol| is small at the pinwheel centers, i.e.
the extrema or saddle-points of o(x).

Part II: Optima of particular optimization principles

The impact of inter-map coupling: Low order coupling terms

As indicated by numerical simulations and weakly nonlinear analysis of the uncoupled OD dynamics, see
Methods, we discussed the influence of the OD stripe, hexagon, and constant solutions on the OP map
using the coupled amplitude equations derived in the previous section. A potential backreaction onto
the dynamics of the OD map can be neglected if the modes A; of the OP map are much smaller than
the modes B; of the OD map. This can be achieved if ., < 7,. We first give a brief description of the
uncoupled OP solutions. Next, we study the impact of the low order coupling energies in Eq. (23) on
these solutions. We demonstrate that these energies can lead to a complete suppression of orientation
selectivity. In the uncoupled case there are for r, > 0 two stable stationary solutions to the amplitude
equations Eq. (7)), namely OP stripes

g = A’ A= S (45)
and OP rhombic solutions )
2= A (et g TR ) (46)
j=1

with ¢1 + ¢1- = ¢o, @2 + b2 = ¢o + 7, ¢o an arbitrary phase, and A = /r./5 =~ 0.447,/r.. In
the uncoupled case the angle v = arccos kzk; /k? between the Fourier modes is arbitrary. The stripe
solutions are pinwheel free while the pinwheel density for the rhombic solutions varies as p = 4 sin @ and
thus 0 < p < 4. For the rhombic solutions pinwheels are located on a regular lattice. We therefore refer
to these and other pinwheel rich solutions which are spatially periodic as pinwheel crystals (PWC). In
particular, we refer to pinwheel crystals with as rhombic spatial layout as rPWC solutions and pinwheel
crystals with a hexagonal layout as hPWC solutions. Without inter-map coupling, the potential of the
two solutions reads Vi = —%Tﬁ < Vip = — 272, thus the stripe solutions are always energetically preferred
compared to rhombic solutions.

In the following we study three scenarios in which inter-map coupling can lead to pinwheel stabilization.
First, a deformation of the stripe solution can lead to the creation of pinwheels in this solution. Second,
inter-map coupling can energetically prefer the (deformed) rhombic solutions compared to the stripe

5

z9
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solutions. Finally, inter-map coupling can lead to the stabilization of new PWC solutions.
For the_ low order interaction terms the amplitude equations are given by 9;A4; = —0V/0A;, ,B; =
—0V/dB; with the potential

3 3
Vo= Vat+Ve+) adlA4;[>+) adlA;
J j

+2a6A122—Bg + 204(514123— Bg + 20((5141—22?3 + 2(16141—23?2
+ 0y |APIB + g AABiB; + Y 917 A A;- BB
\J

i) i#£]
+ Z gg’)Aiijﬁiﬁj + Z gi?)ZiAjf BiBj y (47)
2] 0]
with the uncoupled contributions

3 13 13 o

Va = =D AP+ 5 D 0l AP + 5 D fiAiAi- A Ay
J 0,J 0,J
3 138

Ve = —rod 1B+ 5 3 Gl BB (48)
J 0,

The coupling coefficients read gg;) = 2a + 28 cos? (i), gg) = 2a + B (1 + cos?(a;)), 91(?) = 20 +

I3 (1 + cosQ(aij)), gE?) = « + 3, where «; is the angle between the wavevector k; and Ej.

Product-type energy U = ao?|z|?

We first studied the impact of the low order product-type coupling energy. Here, the constant 6(7) enters
explicitly in the amplitude equations.

Stationary solutions and their stability

In the case of OD stripes, see Methods, with By = B, By = By = 0 we get the following amplitude
equations

®A = (r.—as®—2a|B*) Ay —aB”A;- +nct.
Oy Ay = (Tz —ad? — 2a|B|2) Ay —2a0A5- B + nct.
A3 = (r.— ad? — 2a|B|2) Az — 206 Ay~ B + nct. (49)

where nct. refers to non inter-map coupling terms — Zj’ gii|Aj12A; — Zj’# fijAjA;- A~ resulting from
the potential Vy, see Eq. ([@8]). The equations for the modes A;- are given by interchanging the modes
A; and A;- as well as interchanging the modes B; and B;. The OP stripe solution in case of inter-map
coupling is given by

2= AyeFrfton) 4 g emr(hiFte, ) (50)

with A; = p*/2/(2v2B%a), A~ = p/V/2, and

p=r,—2B%a—aé* — \/(r. — ad?)(r, — a(4B% + 62)) and the phase relation

¢1 — ¢1- =21 + 7. In the uncoupled case (o = 0) they reduce to A;- = 0 and A, = /r;. With
increasing inter-map coupling the amplitude A;- grows and the solutions are transformed, reducing the
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representation of all but two preferred orientations. The parameter dependence of this solution is shown
in Fig. B for different values of the bias 7. Both amplitudes become identical at o = r,/(4B? + 62) with

r, —aB? — ad?

A =A== 3 (51)
This pattern solution finally vanishes at
ae=r1,/(B*+6%) =3r./r,. (52)

This existence border is thus independent of the OD bias v. Above this coupling strength only the trivial
solution A; = 0, Vj is stable.

In addition to the OP stripe patterns there exist rhombic OP solutions, see Fig. BB. These rhombic
solutions are pinwheel rich with a pinwheel density of p = 4sin7/3 &~ 3.46 but are energetically not
preferred compared to the stripe solutions, see Fig. BE. The rhombic solutions in the uncoupled case
Al = Aj- = Ay = Ay, A3 = A3- = 0 are transformed by inter-map coupling. The phase relations are
given by

b1+ d1- = oo
P2+ @o- = Qo+
$3t+¢3- = Po+m
P —¢g1- = 21 +7
1+ g2+¢3 = o, (53)

where ¢g is an arbitrary phase. Stationary amplitudes are given by

r, + a(B% —6?)

./41 = Al, = 5
3r, — 12820 — 362 — 1/3
Ay = Ay — \/ r « « /3q
30
3r, — 12B%a — 3a6% + 1/3q
As=As;- = A 50Bas , (54)

with ¢ = 1/—3600B2a262 + (—9r, + 36B%a + 9a?)2. With increasing inter-map coupling strength « the
amplitudes As = Ay- are suppressed, see Fig. [B)B. In addition, for nonzero bias 7, there is an increase
of the amplitudes Az = A3-. The amplitudes Ay and A3 collapse at o/r, = 3/(128% + 2085 + 362%). A
further increase of the inter-map coupling strength leads to a suppression of these amplitudes and finally
to the OP stripe pattern where Ay = A3z = 0.

In the case the OD map is a constant, Eq. (IT7), the amplitude equations simplify to

8t Al = (7’2 — 0152) Az — Z glg|Ag|2Az — Z fijAjAj*Zi* . (55)
J J

Thus inter-map coupling in this case only renormalizes the bifurcation parameter and the energetic ground
state is thus a stripe pattern with an inter-map coupling dependent reduction of the amplitudes

Al =Vr, —ad?2, Ay = A3 =0. (56)

Therefore at a, = r, /6% the stripe pattern ceases to exist and the only stable solution is the trivial one
i.e. A; = 0. In addition, there is the rhombic solution with the stationary amplitudes

r, — o>

Al =A- = Ay = Ay = 3

As =0. (57)
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In the case of OD hexagons B; = Be'¥i, Eq. ([I0), the amplitude equations read

6,5 Ai = (TZ — 60482 — a(52) Al — CYB2 (Alf 62Zwi + 2A(i+1)—ez(wi+wi+l) + 2A(i+2)—61(wi+wi+2))
—92a32 (Ai+1e"('¢’i*’¢’i+l) + Ai+2el(¢i*¢i+2))
—20&58 (A(i-‘rl)* 6_“/”+2 + A(i+2)—6_zwi+l) -+ nct. 5 (58)

where the indices are cyclic i.e. i + 3 = i. These amplitude equations have stripe-like solutions as well
as solutions with a rhombic layout of the form A; = A;- = Ay = Ay-, A3 = As-. For both solutions
the stationary phases depend on the inter-map coupling strength «. In this case stationary solutions of
Eq. (B8)) are calculated numerically using a Newton method and initial conditions close to these solutions.
In contrast to the case of OD stripes and OD constant solutions the amplitude equations (B8) have an
additional type of PWC solution which have uniform amplitudes, A; = Ae*?i. The dynamics of their
phases is given by

O, 0; = 2A2 Zsin (¢i + di- — 5 — &)

[Py
—52042 (2sin (¢; — ¢ — s + ;) + 2sin (¢ — ¢j— — i — ¥j))
J#i
—B2asin (¢; — ¢ — 20;)
=260 (sin (¢i — d(iy1)- + Yite) +sin (¢ — Gt~ + Vig1)) - (59)

When solving the amplitude equations numerically we observe that the phase relations vary with the
inter-map coupling strength for non-uniform solutions. But for the uniform solution the phase relations
are independent of the inter-map coupling strength. The phases of the uniform solution are determined
up to a free phase ¢ which results from the orientation shift symmetry z — z €*¥ of Eq. (I0). We therefore
choose ¢1 = 11. As an ansatz for the uniform solutions we use

A] == A]* :Ag j:17273
o = Y+ —-1)21/3+A0,2
b = —j+(j—1)27/3+ A (§;1 + 8;3) , (60)

where §; ; is the Kronecker delta and A a constant parameter. Note, that z(x) cannot become real since
¢j # —¢;-. The equation for the uniform amplitudes is then given by

Oy A=r.,A—9A® —4aB’*A — ad’ A+ ABa (B — 26) cos A, (61)

while the phase dynamics reads

Orpj = —Ba (B —20)sinA. (62)

The stationarity condition is fulfilled for an arbitrary § only if A = 0 or A = 7. The corresponding
amplitudes are given by solving the stationarity condition for the real part and read

. — a(3B% 4 2B6 + §2 . —a(bB% — 286 + §2
AA:O = \/r a( 9+ + ) ) AA:TF = \/r a( 9 + ) : (63)

We calculate the stability properties of all solutions by linear stability analysis considering perturbations
of the amplitudes A; — A +a;, Aj- — A+ a;- and of the phases ¢; — ¢; + @;, ¢j- — ¢;- + @;-.
This leads to a perturbation matrix M. Amplitude and phase perturbations in general do not decouple.
We calculated the eigenvalues of the perturbation M matrix numerically and checked the results by
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direct numerical simulation of the amplitude equations. In case of the uniform solutions Eq. (60) the
perturbation matrix M is explicitly stated in the appendix.

The stability of the A = 0and A = 7« uniform solutions depends on the coupling strength « and on the
sign of (B — 2§). As the solution of B(y) = 24(7) is given by v = +* in the stability range of OD hexagons
there is only one possible stable uniform solution, the A = 7 uniform solution. This solution ceases to
exist at r; < o (5B% — 2B0 + 62). This existence border is in fact independent of the bias v and given by

ae =3r,/r,. (64)

Thus the limit 7, — 0 makes the uniform solution unstable for smaller and smaller coupling strengths.

Bifurcation diagram

The course of OP solutions when interacting with OD stripes is shown in Fig. BA,B. In case of OP
stripes inter-map coupling suppresses the amplitude Ay of the stripe pattern while increasing the ampli-
tude of the opposite mode A;-. This transformation reduces the representation of all but two preferred
orientations. When both amplitudes collapse the resulting OP map is selective only to two orthogonal
orientations namely ¥ = ¢ and ¥ = ¢ + /2. We refer to these unrealistic solutions as orientation
scotoma solutions. The phase relations ensure that OD borders that run parallel to the OP stripes are
located at the OP maxima and minima i.e. in the center of the orientation scotoma stripes. With in-
creasing inter-map coupling, this orientation scotoma pattern is suppressed until finally all amplitudes
are zero and only the homogeneous solution is stable. In case of OP rhombs inter-map coupling makes
the rhombic pattern more stripe-like by reducing the amplitude As = A,-. The mode A3 = A3~ which
is zero in the uncoupled case increases and finally collapses with the mode As. Increasing inter-map
coupling more suppresses all but the two modes A; = A;-, leading again to the orientation scotoma
stripe pattern.

The parameter dependence of OP solutions when interacting with OD hexagons is shown in Fig. BIC,D.
OP stripe solutions became above a critical inter-map coupling strength unstable against PWC solutions.
This critical coupling strength strongly depended on the OD bias. OP rhombic solutions also became
unstable against PWC but for a lower coupling strength than the OP stripes. Thus there is at interme-
diate coupling strength a bistability between stripe-like solutions and PWC solutions. The potential of
the OP stripe and OP rhombic solutions is shown in Fig. BE,F. Stripes are energetically preferred in the
uncoupled case as well as for small inter-map coupling strength for which they are stable.

To summarize, stripe solutions were deformed but no pinwheels were created for this solution. The
rhombic solutions were energetically not preferred for low inter-map coupling whereas for intermediate
inter-map coupling these solutions lose pinwheels and became stripe solutions. Instead, additional pin-
wheel rich solutions with a crystal layout became stable for intermediate inter-map coupling. For large
inter-map coupling orientation selectivity was completely suppressed.
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2

— OP stripes, y=14y"

— OP rhombs, y=1.4y"

— OP stripes, y=3y
OP rhombs, y=23y

, (VAIVB) /II’

Figure 3. Stationary amplitudes with coupling energy U = «|z|?02, r, = 0.2. Solid (dashed)
lines: stable (unstable) solutions to Eq. (@) (OD stripes) and Eq. (B8) (OD hexagons). A,B OD
stripes, 7 = 0 (blue), v = v* (green), v = 1.49* (orange). C,D OD hexagons, v = 1.49* (blue), v = 3v*
(red). E Potential for OP stripes (red) and OP rhombs (blue) interacting with OD stripes, v = 0. F
Potential for OP stripes and OP rhombs interacting with OD hexagons.



20

15 ! | -

~ 10 i i -

= i i )

5 i i o
e ' :

% 1 4 5 6

Figure 4. Phase diagram with the coupling energy U = a0?|z|?, r, = 0.2,7, < r,. Vertical
lines: stability range of OD stripes, hexagons, and constant solution. Green line: transition to the
orientation scotoma solution. Blue line: stability border for the A = 7 uniform solution (hPWC).
Orange line: stability line of stripe-like solutions. Red line: pattern solutions ceases to exist, see

Eq. (52) and Eq. (64)). Blue region: stability region of hPWC, gray region: No pattern solution stable.

Phase diagram

The phase diagram as a function of the OD bias v and the inter-map coupling strength « for this coupling
energy is shown in Fig. @l When rescaling the inter-map coupling strength as «/r. the phase diagram is
independent of the bifurcation parameter of the OP map r,. Thus for fixed r, > r, the phase diagram
depends only on two control parameters v/v* and «/r,. The phase diagram contains the stability borders
of the uncoupled OD solutions v*,v5, Vs, vi. They correspond to vertical lines, as they are independent of
the inter-map coupling in the limit r, < r,. At v = v* hexagons become stable. Stripe solutions become
unstable at v = v5. At v = 73 the homogeneous solution becomes stable while at v = v} hexagons lose
their stability. In the units «v/+* the borders 73,3, vary slightly with r, , see Fig. 20 and are drawn
here for r, = 0.2. Colored lines correspond to the stability and existence borders of OP solutions. In
the region of stable OD stripes the OP stripes run parallel to the OD stripes. With increasing inter-map
coupling strength the orientation preference of all but two orthogonal orientations is suppressed. In the
region of stable OD hexagons stripe-like OP solutions dominate for low inter-map coupling strength.
Above a critical bias dependent coupling strength the A = 7 uniform solution becomes stable (blue line).
There is a region of bistability between stripe-like and uniform solutions until the stripe-like solutions lose
their stability (orange line). OP rhombic solutions lose their stability when the uniform solution becomes
stable. Thus there is no bistability between OP rhombs and OP uniform solutions. As in the case of OD
stripes the uniform solution becomes unstable at a = r./(3B%). Also in the case of OD hexagons the
inter-map coupling leads to a transition towards the trivial solution where there is no OP pattern at all.
In case of the OD constant solution the OP map is a stripe solution. Pinwheel rich solutions thus occur
only in the region of stable OD hexagons. In the following we discuss the properties of these solutions.
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Figure 5. Ipsi-center pinwheel crystal. A OP map, superimposed are the OD borders (gray), 90%
ipsilateral eye dominance (black), and 90% contralateral eye dominance (white), r, = 0.2,y = 3v*.
Dashed lines mark the unit cell of the regular pattern. B Distribution of preferred orientations.

Interaction induced pinwheel crystals

The uniform solution Eq. ([60) with A = = is illustrated in Fig. Bl For all stationary solutions the positions
of the pinwheels are fixed by the OD map and there are no translational degrees of freedom. The unit cell
(dashed line) contains 6 pinwheels which leads to a pinwheel density of p = 6 cos7/6 ~ 5.2. Two of them
are located at OD maxima (contra center) while one is located at an OD minimum (ipsi center). The
remaining three pinwheels are located at OD saddle-points. Therefore, all pinwheels are located where
the gradient of the OD map is zero. The pinwheel in the center of the OP hexagon is at the ipsilateral
OD peak. Because these pinwheels organize most of the map while the others essentially only match one
OP hexagon to its neighbors we refer to this pinwheel crystal as the Ipsi-center pinwheel crystal. The
iso-orientation lines intersect the OD borders (gray) exactly with a right angle. The intersection angles
are, within the stability range of OD hexagons, independent of the bias 7. The remarkable property of
perfect intersection angles cannot be deduced directly from the coupling energy term. The solution is
symmetric under a combined rotation by 60° and an orientation shift by —60°. The symmetry of the
pattern is reflected by the distribution of preferred orientations, see Fig. BB. Although the pattern is
selective to all orientations the six orientations ¢ +ng, n =0,...,5 are slightly overrepresented.

To summarize, the low order product-type inter-map coupling leads in case of OD hexagons to a transition
from pinwheel free stripe solutions towards pinwheel crystals. The design of the PWC is an example of
an orientation hypercolumn dominated by one pinwheel. With increasing inter-map coupling the PWC
solution is suppressed until only the homogeneous solution is stable. In case of OD stripes or the constant
solution the OP solutions are pinwheel free stripe pattern.

Gradient-type energy U = 3|V2Vol|?

When using a gradient-type inter-map coupling energy the interaction terms are independent of the OD
shift §. In this case, the coupling strength can be rescaled as 332 and is therefore independent of the bias
~. The bias in this case only determines the stability of OD stripes, hexagons or the constant solution.
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Stationary solutions and their stability

A coupling to OD stripes is easy to analyze in the case of a gradient-type inter-map coupling. The
energetically preferred solutions are OP stripes with the direction perpendicular to the OD stripes for
which U = 0. This configuration corresponds to the Hubel and Wiesel Ice-cube model [45]. In addition
there are rPWC solutions with the stationary amplitudes A1 = A;- = /(r, + 2B25)/5, As = Ay- =
V(r. —B28)/5, A3 = A3- = 0, and the stationary phases as in Eq. (B3). Increasing inter-map coupling
strength 5 leads to an increase of the amplitudes A; = A;- while decreasing the amplitudes Ay = Ay-
thus making the rhombic solution more stripe-like.

In the case the OD map is a constant, Eq. (IT7), the gradient-type inter-map coupling leaves the OP
dynamics unaffected. The stationary states are therefore OP stripes with an arbitrary direction and
rPWC solutions as in the uncoupled case.

In the case of OD hexagons the amplitude equations read

5
815 AZ = (Tz - 3[’382) Al + ZﬂB2 (AiJrleZ(wiid)iJrl) + Ai+261(¢i*¢i+2))
) )
_BBZ (Az e2Wi | ZA(Z,+1)7€1(1ZJ¢+1/J¢+1) + ZA(HQ)ez(wﬁsz)) + nct. . (65)

Using A; = A;e*® we obtain the phase equations

A0y ¢y = Z AjA;- A sin (¢i + Q- — ¢ — (bj*)

J#i
8252 ( Ajsin (¢; — ¢ —¢i+¢j)+§«4j— sin (¢; — ¢;- —1/%—%‘))
JFi
—B2BA;- sin (¢ — ¢i— — 2¢;) . (66)

These amplitude equations have stripe-like and rhombic solutions with inter-map coupling dependent
phase relations. We therefore calculate their stationary phases and amplitudes numerically using a
Newton method and initial conditions close to these solutions. Besides stripe-like and rhombic solutions
these amplitude equations have uniform solutions. Again we find that the ansatz Eq. ([@0) can satisfy the
stationarity condition. The phase dynamics in this case reads

Oy ; = —i[ﬁﬂﬁsinA. (67)

As in the case of the product-type inter-map coupling energy stationary solutions are A =0 and A =«
with the stationary amplitudes

. — 3/282 . — 2132
-AA:O:\/#a AA:WZ\/%- (68)

We studied the stability properties of both stationary solutions by linear stability analysis where ampli-
tude and phase perturbations in general do not decouple. The stability matrix of the uniform solutions is
given in the appendix. The eigenvalues are calculated numerically. It turned out that the A = 7 solution
is unstable for 8 > 0 while the A = 0 solution becomes stable for 8 ~ 0.05r,/B%. The A = 0 solution
loses its stability above

B.B%*=2r,/3. (69)

From thereon only the homogeneous solution 4; = 0 is stable.
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Figure 6. Stationary amplitudes with U = 3|VzVo|? and OD hexagons. Solid (dashed) lines:
Stable (unstable) solutions to Eq. (G3]). Transition from OP stripes towards the uniform solution (red),
transition from OP rhombs towards the uniform solution (blue).

Bifurcation diagram

The course of the stationary amplitudes when interacting with OD hexagons is shown in Fig. The
OP rhombic solution is almost unchanged by inter-map coupling but above a critical coupling strength
the rhombs decay into a stripe-like solution. The amplitude of the OP stripe solution is suppressed by
inter-map coupling and finally becomes unstable against the A = 0 uniform solution. Thus for large
inter-map coupling only the uniform solution is stable. A further increase in the inter-map coupling
suppresses the amplitude of this uniform solution until finally only the homogeneous solution is stable.

Phase diagram

The phase diagram of this coupling energy is shown in Fig. [l We rescaled the inter-map coupling
strength as 8B2/r., where B is the stationary amplitude of the OD hexagons. The stability borders are
then independent of the OD bias in the OD solutions and further independent of the bifurcation parameter
r,. This simplifies the analysis since the OP solutions and their stability depend on v only indirect via
the amplitudes B. In case of OD stripes or OD constant solution there is no pinwheel crystallization.
Instead the OP solutions are pinwheel free stripes. In case of OD hexagons hPWCs become stable above
B ~ 0.05r,/B2 (blue line). Rhombic OP patterns become unstable at 3B%/r, ~ 0.17 and decay into a
stripe-like solution (green line). At SB*/r, ~ 0.36 these stripe-like solutions become unstable (orange
line). Thus above 8B%/r, ~ 0.36 the hPWC is the only stable solution. At 3B%/r, = 2/3 the pattern
solution ceases to exist (red line).

Interaction induced pinwheel crystals

The uniform solution Eq. (60), A = 0 is illustrated in Fig. B This PWC contains only three pinwheels
per unit cell leading to a pinwheel density of p = 3cos /6 = 2.6. Two of the three pinwheels are located
at maxima of the OD map (contra peak) while the remaining pinwheel is located at the minimum (ipsi
peak) of the OD map. A remarkable property of this solution is that the pinwheel located at the OD
minimum, carries a topological charge of 1 such that each orientation is represented twice around this
pinwheel. Pinwheels of this kind have not yet been observed in experimentally recorded OP maps. This
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Figure 7. Phase diagram with the coupling energy U = 3|VzVol|?, r, < 7,. Vertical black lines:
stability range of OD stripes, hexagons, and constant solution. Blue line: stability border for the A =0
uniform solution. Green line: rhombic solutions become unstable. Orange line: stripe-like solutions
become unstable. Red line: pattern solutions cease to exist, see Eq. (68). Gray region: No pattern
solution stable.

kind of uniform solution corresponds to the structural pinwheel model by Braitenberg [60]. We therefore
refer to this solution as the Braitenberg pinwheel crystal.

The iso-orientation lines are again perfectly perpendicular to OD borders and this is independent of the
bias 4. The solution is symmetric under a combined rotation by 120° and an orientation shift by —2m/3.
Further it is symmetric under a rotation by 180°. The pattern is selective to all orientations but the
distribution of represented orientations is not uniform. The three orientations ¥ + ng, n = 0,...,2 are
overrepresented, see Fig. RB.

Overall this OP map is dominated by uniform regions around hyperbolic points. In contrast to the ipsi
center PWC all pinwheels in this OP map organize a roughly similar fraction of the cortical surface.

The impact of inter-map coupling: Higher order coupling terms

In the last section we demonstrated that the low order coupling terms can lead to a complete suppression
of OP selectivity. As the coupling terms are effectively linear they not only influence pattern selection
but also whether there is a pattern at all. This is in general not the case for higher order coupling energies
using the amplitude equations Eq. [@2). In this case the coupling is an effective cubic interaction term
and complete selectivity suppression is impossible. Moreover, we could identify the limit r, < r, in which
the backreaction onto the OD map formally becomes negligible. When using the higher order inter-map



25

1 1 1 1
-Ti/3 -T1/6 0 /6 /3 T/

Figure 8. The Braitenberg pinwheel crystal, A = 0 uniform solution of Eq. ([GO). A OP map,
superimposed are the OD borders (gray), 90% ipsilateral eye dominance (black), and 90% contralateral
eye dominance (white), 7, = 0.2,y = 3v*. Dashed lines mark the unit cell of the regular pattern. B
Distribution of preferred orientations.

coupling terms and assuming B; = Be'¥i the potential reads
V= Va+Ve+
3
+eB S (hg;;kAjAlzkm R A A A A+ B A A A
ijlk
Ay A A+ RO A AR A+ B, A A A
R A - A A A+ WA AR A + R A AR A ) (70)

where izz(fl)k, u=1,3,4 is given by the coefficient hz(';l)k for which all phases 1,,, are replaced by —,,,. The
amplitude equations can be derived from a potential given by

3 3
A = 1A — Z gilej|2Ai — Z fijAjAj—Zi—
J j#i

3
B (WA AT + W3 A A T+ R A A T
7k

+h1(';'ll)kAJ" A=A + hz('?l)kAjAle_ + hEJG'l)kAjAl—Zk—> ) (71)

with g;; = 1, g;; = 2 and hf;l)k effective self-interaction coupling coefficients given in the Appendix.
We have not written terms containing the constant ¢ for simplicity. The phases 1); are absorbed into
the coupling coefficients. The dynamics for the modes A;- is given by interchanging A; and A;-. For
negligible backreaction B = Bpe,, B = By, or B = B.. In the following we identify classes of stationary
solutions of the amplitude equations Eq. (7I]) and provide their stability criteria for the two higher order
pendants of the coupling energies.
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Product-type energy U = 70%|z|*

First, we studied the higher order product-type inter-map coupling energy in Eq. [23). As for the lower
order version of this coupling energy the shift §(y) explicitly enters the amplitude equations resulting in
a rather complex parameter dependence.

Stationary solutions and their stability

In the case of OD stripes the amplitude equations of OP modes read

oAy = i = (o144 + 014,24 + g8 4,4, Ay + gl 4,4, A))
J
~BUAL T - Y AuAA, ((80°B +249B7B) oy
uAvEW

+ (853§ + 2453?2) 5e

Bt s R k+8(5B(5

Ko thon— 72121)

Ody = Az =3 (gl)1A;[P A0 + 6 454, Ay )

J

—g P A A Ay — gD A A — 129D A2 A, —1)290) AZA,-
7
- Z AuA Ay (9000, 5, g, 5 9 )%ﬁzzfzzw,zzmzz

(s) ©s 10y,
915 Oy K —FrtRa T 9ij OR 4 Ry—Fo 2k ba T 95 ORy4Ry—Foy—2Fs 4Kz )

where d; ; denotes the Kronecker delta and

o = 14 6%+ 126%BJ? +6|B|*, 95k =205,

9 = g0, =120°B + 8B°B,

g = 0, 92, =2 +12|B|* + 246  BJ? + 25°,
g = 0, 9, =120°B2 + 8B3§

g® = 126°B° + 8BB", g = 6|B[* + 65| B2, g, =24,
9\ = 4B5® +1BBS, gf&éu 294,

g = 4B5* + 1B?BS, o = 2000

g = 6B°57, 0. =248,

g = 68262, g0, =290

The equation for the mode Aj is given by interchanging the modes Ay and Az in Eq. ({2). The equations
for the modes A;- are given by interchanging the modes A4; and A;- and interchanging the modes B
and FZ

In this case, at low inter-map coupling the OP stripes given by

o= mperForin) _ g Bz, ) 73

with ¢ — ¢1- = 291 + 7 run parallel to the OD stripes. Their stationary amplitudes are given by

2
A2 = (u—v— Vu? — 2uv + v? —16w2) /32w
Al— = ZZ?/2, (74)
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with 2 = r. (u— v+ Vu? = 2uv + 02 — 16w?) /(uv — v? — 8w?), u = 2 + 13B*7 + 24B%5%T + 26*7, v =
(6B* +12B%52 +6*)7, w = (2B2 +362)7B2%. The parameter dependence of these stripe solutions is shown
in Fig. DA.

At large inter-map coupling the attractor states of the OP map consist of a stripe pattern containing
only two preferred orientations, namely ¥ = ¢1 and ¥ = ¢1 + /2. The zero contour lines of the OD map
are along the maximum amplitude of orientation preference minimizing the energy term.

In addition there are rhombic solutions

Y — Alel(Elf‘i’wl) + Aliefz(];lf*wl‘i’ﬂ') + AQSZ(EﬂJﬂm) + ATe*l(’?zfﬂbl) , (75)

which exist also in the uncoupled case, see Fig. @B. However, these rhombic solutions are energetically
not favored compared to stripe solutions, see Fig. [@IC. The inclusion of the inter-map coupling makes
these rhombic solution even more stripe-like.

In case of a OD constant solution the amplitude equations read

A =1 A = gijlAjIPA =Y fijAj A A (76)
J J

with g;; = 1+ %7, gij = 2+ 26 and f;; = 2+ 26*7. Inter-map coupling thus leads to a renormalization
of the uncoupled interaction terms. Stationary solutions are stripes with the amplitude

Tz
A=\Trsr (77

and rhombic solutions with the stationary phases ¢1 + ¢1- — ¢p2 — po— = 7 and the stationary amplitudes

Ay =Aj- = Ay = Ay- = \/1./(5+ 5o%7). (78)

In the case of OD hexagons we identify, in addition to stripe-like and rhombic solutions, uniform solutions
A; = A. When solving the amplitude equations numerically we have seen that the phase relations vary
with the inter-map coupling strength 7 for non-uniform solutions. But for the uniform solution the phase
relations are independent of the inter-map coupling strength. When we use the ansatz Eq. ([@0) for
uniform solutions we get the stationarity condition

6A°B [4 (—4B® + TB*§ — B§® + 6°) + Beos A (13B* — 8B§ + 66%)] sin A = 0. (79)

Four types of stationary solutions exist namely the A = 0, A = 7, which we already observed in case of
the low order energies, and the solutions

(80)

3 =122 2 53
A = A(y) = + arccos (4(4[3 B0 + Bé* —§ )> 7

B(13B2 — 8B3 + 652)

which depends on B and ¢ and thus on the bias . The course of Eq. (80) as a function of « is shown in
Fig. [[OB. Stationary amplitudes for these solutions are given by

2 _ Tz
SN (3/7 +33B% + 56838 + 508262 + 16843 + 304)
A, = L (81)
= 7(9/7 + 48384 — 504830 + 24618262 — 4815° + 96*)
) 7. (1382 — 8B4 + 662)
Arg =

37 (411887 + T04B501 — 37684627 + 3283537 + 262(9 — 76%7) — 39B2(3647 — 1) + 8B4 (5047

We study the stability properties of OP stripe-like, rhombic and uniform solutions using linear stability
analysis. The eigenvalues of the stability matrix , see appendix, are calculated numerically. Linear
stability analysis shows that for 7 > 0 the A = 0 solution is unstable for all bias values. The stability
region of the A = 7 solution and the solution Eq. (80) is bias dependent. The bias dependent solution
Eq. (B0) is stable for v > v* and v < 7, for which A = 7, see Fig. [[OB. For larger bias v > ~. only the
d = 7 uniform solution is stable.
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Bifurcation diagram

The parameter dependence of OP solutions when interacting with OD stripes is shown in Fig. OA,B.
Similar to the low order variant of this coupling energy the amplitude of the stripes pattern A; is
suppressed while the amplitude of the opposite mode A;- grows. Finally both amplitudes collapse,
leading to an orientation scotoma solution. In contrast to the low order variant this stripe pattern is stable
for arbitrary large inter-map coupling. In case of OP rhombic solutions inter-map coupling transforms
this solution by reducing the amplitudes Ay = A,- while increasing the amplitudes Az = A3-. Without
OD bias this solution is then transformed into the orientation scotoma stripe pattern, similar to the low
order variant of this energy. In contrast to the low order energy, for non-zero bias the amplitudes A5 and
As stay small but non-zero.

The parameter dependence of OP solutions when interacting with OD hexagons is shown in Fig. QIC,D.
For a small OD bias (v = v*) OP rhombic solutions decay into OP stripe-like patterns. These stripe-like
patterns stay stable also for large-inter map coupling. In case of a larger OD bias (y = 37*), both the OP
stripe and the OP rhombic solutions decay into the uniform PWC solution. Thus for small bias there is
a bistability between stripe-like and uniform PWC solutions while for larger OD bias the uniform PWC
solution is the only stable solution. The potential of OP stripe and OP rhombic solutions is shown in
Fig. [OE,F. In the uncoupled case as well as for small inter-map coupling strength OP stripe solutions are
for all bias values the energetic ground state. For large inter-map coupling and a small bias (v ~ v*)
rhombic solutions are unstable and the stripe-like solutions are energetically preferred compared to PWC
solutions. For larger bias, however, PWC solutions are the only stable solutions for large inter-map
coupling.
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Figure 9. Stationary amplitudes with coupling energy U = 7|z|*0%. Solid (dashed) lines: stable
(unstable) solutions to Eq. (7). A,B OD stripes, v =0 (blue), v = v* (green), v = 1.4v* (red). A OP
stripe-like solutions, B OP rhombic solutions, C,D OD hexagons, v = v* (blue), v = 3v* (red). C OP
stripe-like solutions, D OP rhombic solutions, E Potential, Eq. (Z0), of OP stripes and OP rhombs
interacting with OD stripes. F Potential, Eq. ([{Q), of OP stripes, OP rhombs, and hPWC interacting
with OD hexagons.
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Figure 10. A Phase diagram with coupling energy U = 70?|z|%, r, = 0.2,7, < r,. Vertical black
lines: stability range of OD stripes, hexagons, and constant solutions. Orange dashed line: Stability
border of orientation scotoma stripes. Green solid line: Stability border of rhombic solutions. Red solid
line: Stability border of PWC solutions, red dashed line: ~., B Course of Eq. [80), dashed line: A = .
C Stability border between Eq. ([80) solution and the A = 7 solution as a function of r, (vertical red
line in A).

Phase diagram

The stability properties of all stationary solutions are summarized in the phase diagram Fig. Compared
to the gradient-type interaction energy we cannot scale out the dependence on r,. The phase diagram is
thus plotted for r, = 0.2. We rescale the inter-map coupling strength as 73* where B is the stationary
amplitude of the OD hexagons. In the regime of stable OD stripes there is a transition from OP stripes
towards the orientation scotoma stripe solution. In the regime of stable OD hexagons there is a transition
from OP stripes towards PWC solutions (red line). The stability border of PWC solutions is strongly
OD bias dependent and has a peak at v ~ 2v*. For small OD bias v the uniform solution Eq. (80)
is stable. With increasing bias there is a smooth transition of this solution until at v = v, the d = =
uniform solution becomes stable. In Fig. [[OC the stability border 7. between the two types of uniform
solutions is plotted as a function of r,. We observe that there is only a weak dependence on the control
parameter and 7. ~= 2y*.

Interaction induced pinwheel crystals

Figure [T illustrates the uniform solutions Eq. (80) for different values of the OD bias 7. For small bias,
the OP pattern has six pinwheels per unit cell. Two of them are located at OD maxima while one is
located at an OD minimum. The remaining three pinwheels are located near the OD border. With
increasing bias, these three pinwheels are pushed further away from the OD border, being attracted to
the OD maxima. With further increasing bias three shifted pinwheels merge with the one at the OD
maximum building a single charge 1 pinwheel centered on a contralateral peak. The remaining two
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Figure 11. Bias dependent pinwheel crystals, Eq. 80) Ay=~*, By=134", Cy=1.6~*D
v = 2+*. OP map, superimposed are the OD borders (gray), 90% ipsilateral eye dominance (black),
and 90% contralateral eye dominance (white), 7, = 0.2. Dashed lines mark the unit cell of the regular

pattern. E,F Distribution of orientation preference. G Intersection angles between iso-orientation lines
and OD borders.

pinwheels are located at an ispi and contra peak, respectively. Note, compared to the Braitenberg PWC
of the A = 0 uniform solution the charge 1 pinwheel here is located at the contralateral OD peak. Finally,
the charge 1 pinwheels split up again into four pinwheels. With increasing bias the solution more and
more resembles the Ipsi-center PWC (A = 7 solution) which is stable also in the lower order version of
the coupling energy. Finally, at v/v* & 2 the Ipsi-center PWC becomes stable and fixed for v > 2v*. The
distribution of preferred orientations for different values of the bias v is shown in Fig.[TTE,F, reflecting the
symmetry of each pattern. The distribution of intersection angles is shown in Fig. [IIG. Remarkably, all
solutions show a tendency towards perpendicular intersection angles. This tendency is more pronounced
with increasing OD bias. At about v/v* & 1.9 parallel intersection angles are completely absent and at
v/~ & 2 there are exclusively perpendicular intersection angles.

Gradient-type energy U = ¢|VoVz[*

Finally, we examine the higher order version of the gradient-type inter-map coupling. The interaction
terms are independent of the OD shift . In this case the coupling strength can be rescaled as 38* and
is therefore independent of the bias . The bias in this case only determines the stability of OD stripes,
hexagons or the constant solution.

Stationary solutions and their stability

As for its lower order pendant a coupling to OD stripes is relatively easy to analyze. The energetic ground
state corresponds to OP stripes with the direction perpendicular to the OD stripes for which U = 0.
In addition, there are rhombic solutions with the stationary amplitudes A; = A;- = Ay = Ay~ =

\/7-/(5+ 80eB*). In case the OD map is a constant, Eq. (I11), the gradient-type inter-map coupling
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Figure 12. Stationary amplitudes with coupling energy U = ¢|VzVol|4, A Solid (dashed) lines:
Stable (unstable) solutions of Eq. ((71]). Blue: rPWC, green: distorted rPWC, red: hPWC. Black lines:
stripe-like solutions. B Potential, Eq. ([Q), of OP stripes (black), OP rhombs (blue), and hPWC
solutions (red).

leaves the OP unaffected. As for its lower order pendant the stationary states are therefore OP stripes
running in an arbitrary direction and the uncoupled rhombic solutions.
In case of OD hexagons, Eq. (II6]), we identified three types of non-uniform solutions. Besides stripe-like
solutions of z(x) with one dominant mode we find IPWCs A; = A;- = (A, a, A) with a < A and distorted
rPWCs A; = (A1, Az, Ag) , Aj— = (A3, A, A1) with Ay # Az #+ A3 Note, that distorted rPWCs are not
stable in case of the product- type coupling energy or the analyzed low-order coupling energies. For these
non-uniform solutions the stationary phases are inter-map coupling strength dependent. We therefore
calculate the stationary phases and amplitudes numerically using a Newton method and initial conditions
close to these solutions.
In case of OD hexagons there are further uniform solutions A; = A;- = A, B; = B and ¢ = 13 =
0,12 = m. The imaginary part of Eq. ([{I]) leads to equations for the phases ¢J The ansatz Eq. (G0)
leads to the stationarity condition

(I13cosA —5)sinA =0. (82)

The solutions are A = 0,A = 7, and A = + arccos (13) +1.176 where the stationary amplitude are
given by

A= /r./(9+ eB4(61.875 — 7.5cos A + 4.875 cos(2A))) . (83)

We calculated the stability properties of all stationary solutions by linear stability analysis considering
perturbations of the amplitudes A; — A + aj, A;- — A+ a;- and of the phases ¢; — ¢; + ©;,
¢j- — ¢j- +@;-. This leads to a perturbation matrix M. In general amplitude and phase perturbations
do not decouple. We therefore calculate the eigenvalues of the perturbation M matrix numerically. It
turns out that for this type of coupling energy only the uniform solutions with A = + arccos (1—53) are

stable while the A = 0 and A = 7 solutions are unstable in general.

Bifurcation diagram

For increasing inter-map coupling strength the amplitudes of the OP stripe and OP rhombic solutions
are shown in Fig. [[2A. In case of stable OD hexagons there is a transition from rPWC (blue) towards
distorted rPWC (green). The distorted rPWCs then decay into the hPWC (red). In case of OP stripes
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(black dashed lines) inter-map coupling leads to a slight suppression of the dominant mode and a growth
of the remaining modes. This growth saturates at small amplitudes and thus the solution stays stripe-
like. This stripe-like solution remains stable for arbitrary large inter-map coupling. Therefore there is a
bistability between hPWC solutions and stripe-like solutions for large inter-map coupling.

The stability borders for the rPWC and distorted rPWC solutions were obtained by calculating their
bifurcation diagram numerically from the amplitude equations Eq. (7I)). With increasing map coupling
we observe a transition from a TPWC towards a distorted tPWC at eB* ~ 0.033 (blue dashed line in
Fig. [[3A), see also Fig. [GA. The distorted TPWC loses its stability at eB* ~ 0.065 (blue solid line in
Fig. [3A) and from thereon all amplitudes are equal corresponding to the hPWC. There is a bistability
between hPWC, rPWC, and stripe-like solutions. To calculate the inter-map coupling needed for the
hexagonal solution to become the energetic ground state we calculated the potential Eq. ([{Q) for the
three solutions. In case of the uniform solution Eq. ([60) the potential is given by

4
V = —6A%, —3B%,+27TA" + 7554
1
+EA4B4E (3210 — 456 cos A + 90 cos(24)) . (84)

The potential in case of the rhombic and stripe-like solutions was obtained by numerically solving the
amplitude equations using Newtons method and initial conditions close to these solutions. Above e ~
0.12 the hPWC is energetically preferred compared to stripe-like solutions (red dashed line in in Fig. [[3])
and thus corresponds to the energetic ground state for large inter-map coupling, see Fig. (I2)B.

Phase diagram

We calculated the phase diagram of the coupled system in the limit r, < r,, shown in Fig. The phase
diagram contains the stability borders of the uncoupled OD solutions v*,~3,~3,7vi. They correspond to
vertical lines, as they are independent of the inter-map coupling in the limit r, < r,. At v = +* hexagons
become stable. Stripe solutions become unstable at v = 5. At v = 4 the homogeneous solution becomes
stable while at v = «} hexagons loose their stability. In units v/~* the borders 75, ~v5,vi vary slightly
with 7, , see Fig. 26 and are drawn here for 7, = 0.2. We rescale the inter-map coupling strength as ¢34
where B is the stationary amplitude of the OD hexagons. The stability borders of OP solutions are then
horizontal lines. For v < v* or for v > ~; pinwheel free orientation stripes are dynamically selected. For
7% < < i and above a critical effective coupling strength ¢3* ~ 0.042 hPWC solutions are stable and
become the energetic ground state of Eq. (T0) above eB* ~ 0.117. Below ¢B* ~ 0.065, rPWC solutions
are stable leading to a bistability region between rPWC and hPWC solutions. We find in this region
that rhombic solutions transform into distorted rhombic solutions above an effective coupling strength of
eB* =~ 0.033.

Interaction induced pinwheel crystals

First, we studied the spatial layout of the rhombic solutions which is illustrated in Fig. [[4 The rPWC
solutions are symmetric under rotation by 180 degree. The rhombic solution has 4 pinwheels per unit
cell and its pinwheel density is thus p = 4 cos(7/6) & 3.5. One may expect that the energy term Eq. ([23)
favors pinwheels to co-localize with OD extrema. In case of the rhombic layout there is only one pinwheel
at an OD extremum while the other three pinwheels are located at OD saddle-points which are also
energetically favorable positions with respect to U. The orientation selectivity |z(x)| for the rPWC is
shown in Fig. [4B. The pattern of selectivity is arranged in small patches of highly selective regions.

The hexagonal layout of the two stable uniform solutions is shown in Fig. The A = +arccos(5/13)
solutions have six pinwheels per unit cell. Their pinwheel density is therefore p = 6 cos7/6 ~ 5.2. Three
pinwheels of the same topological charge are located at the extrema of the OD map. Two of these are
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Figure 13. Phase diagram with coupling energy U = ¢|VzVol|4, for r, < r,. Vertical lines:
stability range of OD hexagons, red solid line: stability border of hPWC, blue solid line: stability
border of rPWC, blue dashed line: transition from rPWC to distorted rPWC. Dashed red line: hPWC
corresponds to ground state of energy.
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Figure 14. Rhombic pinwheel crystals. A OP map with superimposed OD borders (gray), 90%
ipsilateral eye dominance (black), and 90% contralateral eye dominance (white), v = 3y*,r, = 0.2. B
Selectivity |z(x)|, white: high selectivity, black: low selectivity.

located at the OD maximum while one is located at the OD minimum. The remaining three pinwheels
are not at an OD extremum but near the OD border. The distance to the OD border depends on the
OD bias, see Fig. [HD. For a small bias (v ~ ~*) these three pinwheels are close to the OD borders
and with increasing bias the OD border moves away from the pinwheels. The pinwheel in the center
of the OP hexagon is at the contralateral OD peak. Because these pinwheels organize most of the
map while the others essentially only match one OP hexagon to its neighbors we refer to this pinwheel
crystal as the Contra-center pinwheel crystal. Note, that some pinwheels are located at the vertices of
the hexagonal pattern. Pinwheels located between these vertices (on the edge) are not in the middle
of this edge. Solutions with A = 4 arccos(5/13) are therefore not symmetric under a rotation by 60
degree but symmetric under a rotation by 120 degree. Therefore the solution A = + arccos(5/13) cannot
be transformed into the solution A = — arccos(5/13) by a rotation of the OD and OP pattern by 180
degrees. This symmetry is also reflected by the distribution of preferred orientations, see Fig. [[OF. Six
orientations are slightly overrepresented. Compared to the Ipsi-center PWC, which have a 60° symmetry,
this distribution illustrates the 120° symmetry of the pattern. The distribution of intersection angles is
continuous, see Fig. [IBIC. Although there is a fixed uniform solution with varying OD bias the distribution
of intersection angles changes. The reason for this is the bias dependent change in the OD borders, see
Fig. [AD. For all bias values there is a tendency towards perpendicular intersection angles, although for
low OD bias there is an additional small peak at parallel intersection angles. The orientation selectivity
|z(x)| for the hPWC is shown in Fig. IDE. The pattern shows hexagonal bands of high selectivity.
Finally, we study changes in pinwheel positions during the transition from a rPWC towards a hPWC i.e.
with increasing inter-map coupling strength. In case of the higher order gradient-type coupling energy
there is a transition towards a contra-center PWC, see Fig. [[GA. In the regime where the distorted
rPWC is stable, three of the four pinwheels of the rPWC are moving either from an OD saddle-point
to a position near an OD border (pinwheel 1 and 3) or from an OD saddle-point to an OD extremum
(pinwheel 4). One pinwheel (pinwheel 2) is fixed in space. At the transition to the hPWC two additional
pinwheels are created, one near an OD border (pinwheel 5) and one at an OD extremum (pinwheel 6).
We compare the inter-map coupling strength dependent pinwheel positions of the gradient-type coupling
energy with those of the product type coupling energy, see Fig. (I6)B. In this case three (pinwheel 2,3,4)
of the four rPWC pinwheels have a inter-map coupling strength independent position. The remaining
pinwheel (pinwheel 1) with increasing inter-map coupling strength splits up into three pinwheels. While
one of these three pinwheels (pinwheel 1) is fixed in space the remaining two pinwheels (pinwheel 5,6)
move towards the extrema of OD. Thus for large inter-map coupling, where hPWC solutions are stable,
all six pinwheels are located at OD extrema.
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Figure 15. Contra-center pinwheel crystals. A,B OP map, superimposed are the OD borders
(gray), 90% ipsilateral eye dominance (black), and 90% contralateral eye dominance (white),

ro = 0.2,y =3y*. A A =arccos(5/13), B A = —arccos(5/13). C Distribution of orientation preference.
D OP map with superimposed OD map for three different values

(v=9%v= i —7%)/2+~%,~v=n~4) of the OD bias. E Selectivity |z(x)|, white: high selectivity,
black: low selectivity. F Distribution of intersection angles.

Synopsis of analytical results

We have examined the impact of four different interaction energies on the structure of local minima and
ground states of models for the coordinated optimization of a complex and a real scalar feature map
such as OP and OD maps. The models were constructed such that in the absence of interactions, the
maps reorganized into simple stripe or blob pattern. In particular, the complex scalar map without
interactions would form a periodic stripe pattern without any phase singularity. In all four models, in-
creasing the strength of interactions could eventually stabilize qualitatively different more complex and
biologically more realistic patterns containing pinwheels that can become the energetic ground states for
strong enough inter-map interactions. The way in which this happens provides fundamental insights into
the relationships between map structure and energy functionals in optimization models for visual cortical
functional architecture.

Our results demonstrate that the structure of maps shaped by inter-map interactions is in principle
informative about the type of coupling energy. Pinwheel positions in rPWCs tracked while increasing
inter-map coupling strength were different for different coupling terms examined and thus can in prin-
ciple serve as a trace of the underlying optimization principle. Furthermore, the organization of the
complex scalar map that optimizes the joined energy functional was in general different for all four types
of coupling terms examined. This organization, however, was often not inferable by simple qualitative
considerations on the energy functional. For instance, the higher order gradient-type interaction term
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Figure 16. Inter-map coupling strength dependent pinwheel positions. OD map,
superimposed pinwheel positions (points) for different inter-map coupling strengths, v/7* = 3. Numbers
label pinwheels within the unit cell (dashed lines). Blue (green, red) points: pinwheel positions for
rPWC (distorted rPWC, hPWC) solutions. A U = € |VzVo|*, using stationary amplitudes from

Fig. (I)(a). Positions of distorted rPWCs move continuously (pinwheel 1,3,4). B U = 7 |z|*0%, using
stationary amplitudes from Fig. ([@)D. Positions of rPWCs move continuously (pinwheel 5,6).

positioned half of the pinwheels close to OD borders although examination of the interaction term per
se suggests that OD extrema should be energetically preferred. Also, in all models, intersection angles of
iso-orientation lines and OD borders have a tendency towards perpendicular angles whether the energy
term mathematically depends on this angle, as for the gradient-type energies, or not, as for the product-
type energies. Intersection angle statistics thus are not a very sensitive indicator of the type of interaction
optimized. Mathematically, these phenomena result from the complex interplay between the single map
energies and the interaction energies.

The information provided by the map structure appears rather qualitative than quantitative. In three of
the four models, hPWC patterns resulting from strong interactions were fixed, not exhibiting any sub-
stantial dependence on the precise choice of interaction coefficient. In principle, the spatial organization
of stimulus preferences in a map is an infinite dimensional object that could depend and be sensitively
in distinct ways on a large number of model parameters. It is thus important to note that this structure
often essentially gives no information about the value of coupling constant in our simple models. The
situation is reversed when considering the structure of rPWCs. These solutions exist and are stable
although energetically not favored in the absence of inter-map interactions. Some of their pinwheel posi-
tions continuously depend on the strength of inter-map interactions. These solutions and their parameter
dependence however are largely uninformative about the nature of the interaction energy. This reflects
that the rPWC state essentially is an uncoupled system solution that is only modified by the inter-map
interaction. In summary, although distinct types of coupling energies can leave distinguishing signature
on the structure of maps shaped by interaction (as the OP map in our example), drawing precise conclu-
sions about the coordinated optimization principle from observed map structures is not possible for the
analyzed models.

Part IIl: Dynamics and higher feature dimensions

So far, we presented an analytical treatment of the coordinated optimization of interacting pairs of maps.
Our results demonstrate that various types of inter-map coupling energies can induce the formation of
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pinwheel-like singularities in the complex scalar map. In the solutions that are energetically favored by
the interaction energy and can become global ground states of the model, singularities are arranged on
regular periodic lattices (rPWCs, hPWCs). However, our perturbative treatment gives no information
on the speed with which singularities that were initially generated during spontaneous symmetry break-
ing will crystallize into such highly ordered arrays. In principle, this process may occur on very long
timescales. If this was the case, developmental optimization may lead to long-lived spatially irregular
states that are transients towards regular patterns that would be reached after very long times or poten-
tially never if the relevant time scale would be bigger than the critical period. In addition, we showed
that for higher order inter-map coupling energies we could neglect the backreaction onto the OD map
for a sufficiently small ratio r,/r,. Also this finding raises questions that cannot be addressed purely
perturbatively. Do the observed local minima and ground states of the analyzed optimization princi-
ples persist when taking the backreaction into account or when considering map formation far from the
pattern forming threshold? Besides the influence of the backreaction the full dynamical system receives
additional corrections. There are higher order corrections to the uncoupled amplitude equations which
can become important for finite bifurcation parameters r,,r, but which we neglected above. Finally, it
seems appropriate to assess whether our main results might qualitatively depend on the relatively low
number of feature maps considered. While our analysis so far was confined to two interacting maps such
as OP and OD the visual cortex contains additional mapped representations. Theoretically, multiple
interacting maps with conflicting design requirements may more easily lead to spatially aperiodic layouts
that would be biologically more realistic than the regular pattern we found in the models considered so
far. To assess these issues we solved the full field dynamics Eq. (I0) numerically. The numerical inte-
gration scheme is detailed in the Methods part. Initial conditions for the OD map are stripe, hexagonal,
or constant patterns plus white noise. Initial conditions for the OP map are either pinwheel-free OP
stripes or band-pass filtered Gaussian random noise for which the average pinwheel density equals the
mathematical constant 7. For this numerical analysis we focus on the high order gradient-type inter-map
coupling energy that can reproduce all qualitative relationships found between OP and OD maps, does
not suffer from potential OP map suppression, and has a relatively simple phase diagram.

Kinetics of pinwheel crystallization

To characterize the process of pinwheel annihilation, preservation, and creation during progressive map
optimization we calculated the pinwheel density as well as various other pinwheel statistics, see Methods,
during the convergence of patterns to attractor states. The time evolution of the pinwheel density is
shown in Fig.[I7 In the uncoupled case (¢ = 0) most of the patterns decayed into a stripe solution and
their pinwheel density dropped to a value near zero. At small coupling strengths (¢ = 200) the pinwheel
density converged either to zero (stripes), to values near 3.5 for the rPWC, or to approximately 5.2 for
the contra-center PWC. At high map coupling (e = 2000) pinwheel free stripe patterns formed neither
from pinwheel rich nor from pinwheel free initial conditions. In this regime the dominant layout was
the contra-center PWC. When starting from OD and OP stripes, see Fig. [[7IC (green lines), the random
orientation between the stripes first evolved towards a perpendicular orientation (7" = 1). This lead to a
transient increase in the pinwheel density. At the time (T' &~ 10) where the OD stripes dissolve towards
OD hexagons hPWC solutions formed and the pinwheel density reached its final value.

Regions of hPWC layout can however be inter-digitated with long lived rPWC solutions and stripe do-
mains. Figure[I7D shows the time course of the normalized power P, (t) = (|2(x,t)ayn|*)x/{|2(X, t)tn|*)x,
where ()x denotes spatial average. The field zy, is obtained from solution of the amplitude equations
Eq. (@2) while zqyy is the field obtained from the simulations. Starting from a small but nonzero power
the amplitudes grew and saturated after "~ 1. When the amplitudes were saturated the selection of
the final pattern started. Quantitatively, we found that with backreaction the critical coupling strengths
were slightly increased compared to their values in the limit 7, < r,. Snapshots of the simulation leading
to hPWC solutions at three time frames are shown in Fig. At T ~ 0.8 a broad rearrangement of the
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Figure 17. Time evolution of the pinwheel density, U = ¢|VzVol|*,

r, = 0.05,7, = 0.25,v = 0.15. For each parameter set A-C simulations in blue started from an identical
set of 20 initial conditions. Red dashed line: p = 4 cos(w/6) and p = 6 cos(r/6). A e=0B e=200C

e = 2000. D Normalized power of OP map, ¢ =0 (red), e = 200 (blue), and e = 2000 (green). In green
C: OD and OP stripes as initial conditions. Parameters: 128 x 128 mesh, I' = 22.

pattern took place and we could identify different domains in the pattern.

During time evolution we further calculated the distributions of pinwheel next-neighbor distances d,
measured in units of the column spacing A. The distributions of distances for simulations leading to
rhombic and hPWC solutions are shown in Fig. We could identify three stages in the evolution of
the pinwheel distances. At early stages of the evolution (T~ 10~2) there was a continuous distribution
starting approximately linearly from d = 0. At the time where the amplitudes saturated (T" = 1) the
distribution of pinwheels became very inhomogeneous. Different domains with stripe-like, rhombic, or
hexagonal patterns appeared (see also Fig. ZIIC,D) until finally the rhombic or hexagonal pattern took
over the whole area.

As pinwheels carry a topological charge we could divide the distributions according to distances be-
tween pinwheels of the same charge or according to distances between pinwheels of the opposite charge.
In Fig. we present pinwheel distances for the final states of the dynamics. In case of the rhombic
solutions there is only a single pinwheel to pinwheel distance with d = 1/v/3 ~ 0.58 A. In numerical sim-
ulations small variations in the amplitudes lead to a slightly larger distance between pinwheels of equal
charge than between pinwheels of opposite charge. Therefore their distance distributions do not collapse
exactly, see Fig. BOA. In case of the hPWC there are three peaks at d =~ 0.28 A,d ~ 0.36 A and d =~ 0.56 A
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Figure 18. Snapshots of the pinwheel crystallization process. Top panel: OP map, bottom
panel: selectivity |z(x)|. Left: 7'= 0.01, middle: T = 0.8, right: 7' = T} = 10*. Parameters as in
Fig. I7(c).

in the pinwheel distance distribution of arbitrary charge, see Fig. 2OB. These three peaks all result from
distances between pinwheels carrying the opposite charge while the distance between pinwheels of the
same charge shows two peaks at d ~ 0.48 A and d ~ 0.64 A in the distribution. The origin of the peaks
is indicated in Fig. 2OC and Fig. 2OD.

We have shown that inter-map coupling leads to a stabilization of pinwheels in the OP pattern. This
however does not mean that pinwheels initially generated by spontaneous symmetry breaking will be
preserved during convergence of the map. To what extent are the pinwheels in the crystalline OP maps
rearrangements of pinwheels of the initial OP pattern? To answer this question we calculated the pin-
wheel annihilation a(t) and creation c¢(t) rate during time evolution, see Methods. The time evolution
of these rates, averaged over 20 simulations leading to a hPWC, is shown in Fig. ZIIA. We observe that
both rates are fairly equal throughout the development, with a slightly higher creation rate in the later
stage of development. During the initial stages of time evolution creation and annihilation rates decay
algebraically. At T ~ 3 both rates deviate from this algebraic decay. From thereon annihilation and
creation rates increase, reflecting a broad rearrangement of the pattern. After T' ~ 15 no pinwheels are
created or annihilated anymore and the pinwheels of the final pattern are present.

Pinwheels are created and annihilated until the crystal pattern is formed. How many pinwheels of the
initial pattern are still present in the final pattern? For a given set of pinwheels at an initial time 7" = T*
we further calculate the fraction s(t) of those pinwheels surviving until time 7T'. The fraction of pinwheels
present at time T that survive up to the final time 7" = T is given by p(t). Both fractions are shown in
Fig. 2IB for T* = 0.01 and in Fig. 2IIC for T* = 2, a time where the power P(t) has almost saturated,
see Fig. [D. We observed that about 20% of the initial pinwheels are preserved until the final time
and therefore most of the pinwheels of the crystal pattern are created during development. From those
pinwheels which are present when the power saturates about 65% are also present in the final pattern.

Detuning OD and OP wavelengths: OD stripes

The previous analytical as well as numerical results showed that OD stripes do not lead to spatially com-
plex patterns and are not capable of stabilizing pinwheels. In case of gradient-type inter-map couplings
the OP map consists of stripes which run perpendicular to the OD stripes, see Fig. [l and Fig. [[3A.
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Figure 19. Distribution of nearest neighbor distances during development. A-C rPWC D-F
hPWC. Distance to the next pinwheel of arbitrary A,D, opposite B,E, and equal C,F topological
charge. Parameters as in Fig. [[7B.

In case of the product-type inter-map coupling high gradient regions of both maps avoid each other by
producing again OP stripes but now running in the same direction as the OD stripes, see Fig. BA and
Fig. @A. In numerical simulations we also investigated the case of OD stripes of larger wavelength than
OP columns, as is the case in macaque monkeys [20]. In case of a gradient-type inter-map coupling the
OD bands are perpendicular to the OP bands independent of the ratio A,/A, > 1, see Fig. 22A-C. In
case of the product-type inter-map coupling if the ratio A,/A, > 1 orientation representation does not
collapse, as seen in Fig. [@D-F. The system, however, again finds a way to put a zero contour of z along
the OD maximum which now is a fracture line, see Fig. The angle between the active OP and OD
modes is given by a = arccos ke o/kc. .. This leads to the resonance relation lglyz — 15272 — 2]2170 =0, see
Fig. 22A. Interaction terms between OD and OP Fourier modes thus arise through amplitude equations
of the form

A1 = 1A —|APAr — 2|Ao)? Ay — 67| B|* (JA1[PAr + 2] 422 Ay)
—47 BB (|As|* Ay + 2| A1 |2 Ay) — 47B° BA%A, — rB*A, A3, (85)

and a corresponding equation for the mode As.

Detuning OD and OP wavelengths: OD hexagons

In case of identical wavelengths k., = k. . strong interaction with OD hexagons leads to hPWC solu-
tions. For these solutions pinwheel positions are correlated with OD extrema. For instance in case of
the higher order gradient-type inter-map coupling energy, for which the contra-center PWC corresponds
to the energetic ground state, half of the pinwheels are located at OD extrema. However, if the typical
wavelengths of OD and OP patterns are detuned such a precise relationship cannot be fulfilled in gen-
eral. We therefore studied whether a detuning of typical wavelengths can lead to spatially irregular and
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Figure 20. Distribution of nearest neighbor distances for final states (T = Ty = 10%). A
rPWC, B hPWC with pinwheels of equal (red) and opposite (blue) charge. C and D Tllustration of
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occurring pinwheel distances. Pinwheels are marked with star symbols according to their charge. Units

are given in A. Parameters as in Fig. [[7B.
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Figure 21. Pinwheel annihilation and creation. A Creation (blue) and annihilation (red) rates
during time evolution. B,C Survival fraction (red) and fraction of preserved pinwheels (blue) compared
to the initial time 7 = 0.01 B and T* = 2 C. Parameters as in Fig. [[TIC.

pinwheel rich OP patterns. In numerical simulations which lead to OD hexagons with a fixed wavelength
we varied the OP wavelength using identical initial conditions. Examples of final patterns of such simu-
lations are shown in Fig. 23 using the high order gradient-type inter-map coupling energy. In all studied
cases the final patterns are spatially regular. The observed patterns are either patterns with two active
modes Fig. 23A,C,D,E or rtPWC, see Fig. 23B,F. For a large ratio k¢ ,/k., . the patterns with two active
modes are pinwheel free, see Fig. Z3A,C,D. For smaller ratios k. ,/kc . the patterns are pinwheel rich,

see Fig. 23E.



Figure 22. Map interactions with detuned wavelengths and OD stripes. OD stripes
interacting with OP columns where A,/A, > 1. A,B Tllustration of active modes in Fourier space with
keo < ke,», o = arccos ke,o/ke,.. C,D U = €|VzVol*, E,F U = To*|z|*. C,E A,/A, =1.3,D,F

Ao/A, = 2. Left: initial condition, middle: T' = 1, right: 7' =5 - 10%. Parameters:

7 =2000,r, = 0.05,7, = 0.2,", = 20,256 x 256 mesh. Initial condition identical in all simulations.
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Figure 23. Map interactions with detuned wavelength and OD hexagons. U = ¢|VzVo[*. A
Ay/A. =0.927, B A,/A, =0.829, C A,/A. =0.634, D A,/A, =0.586, E A,/A. = 0.537, F

A,/A, = 0.488. Parameters: v = 0.15,r, = 0.05,7, = 0.2, = 2000,T, = 41, Ty = 10%, 256 x 256 mesh.
Initial condition identical in all simulations.
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Higher feature dimensions

The inclusion of more feature dimensions into the dynamics can be performed in a similar fashion as the
geometric correlations between the maps seem to be universal [I8]. To illustrate this we used the higher
order gradient-type inter-map coupling with three and four cortical maps which are mutually coupled.
Whereas in the case of two maps the coupling energy is zero if the two stripe solutions are perpendicular
to each other the interactions between more maps potentially leads to a frustration as not all of the
individual coupling energies can simultaneously vanish. Using the gradient coupling energy

U=U4+Uy+Us =€ |[VzVor|* + €3 |V2Vos|* + €3 |[Vo1 Voo |*, (86)

and no OD bias (v = 0) we observed two types of stationary solutions, see Fig. Here we used equal
coupling strengths €; = €2 = €3 = €. In case all bifurcation parameters were equal the OP map consisted
of stripes. Also the two real fields consisted of stripes, both perpendicular to the OP stripes i.e.

z(x) = Aeti#
01(x) = 2B cos(ky)
02(x) = 2Bocos(ka+1p), ki-ky=0. (87)

The energy in this case is given by Uy = Uy = 0, Uz = #?r (18 4 16 cos(21)) + cos(4%))) which is
minimal for ¢ = 7/2, i.e. the energy is minimized by shifting one real field by half of the typical
wavelength. When the bifurcation parameter of the OP map was smaller than that of the two real fields
we obtained PWC patterns, see Fig. 24B. The pinwheels were arranged such that they are in the center
of a square spanned by the two orthogonal real fields and the resulting pinwheel density is p = 4. All
intersection angles between iso-orientation lines and borders of the real fields were perpendicular. When
extending the system by another real field we observed a similar behavior. Figure 24IC,D shows the
stationary states of a complex field coupled to three real fields. In case of equal bifurcation parameters
the stationary patterns were OP stripes, perpendicular to the stripe and meandering real solutions. In
case the bifurcation parameter of the OP map was smaller than the other bifurcation parameters we again
observed pinwheel crystallization. Note, that in this case all pinwheels were located at the border of one
of the three real fields. To summarize, pinwheel crystallization was only observed if the OP is driven
by the real field i.e. if the OP amplitudes are small. In all observed cases the patterns were spatially
periodic.
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Figure 24. Map interactions in higher feature dimensions. A,B Map layout by interactions
between three columnar systems (z(x), 01(x), 02(x)). All maps are mutually coupled. Superimposed on
the OP map there are the borders of two real fields (black, white). A r, =7, =71, =0.1 B

r, =0.01,7y, =r,, =0.1. C,D Interactions with four columnar systems (z(x), 01(x), 02(x, t), 03(x,t)).
Cr,=r, =70, =70, =0.1. Dr, =0.01,r,, =1, =170, =0.1. Superimposed on the OP map there
are the borders the of three real fields (black, gray, white). Left panel: initial conditions, middle panel:
T =10, right panel: T'=Ty =5 - 10%. Parameters in all simulations: € = 2000,y = 0, = 22, 128 x 128
mesh.
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Discussion

Summary of results

In this study we presented a symmetry-based analysis of the hypothesis that visual cortical architecture
is shaped by the coordinated optimization of different functional maps. In particular, we focused on the
question of how and whether different optimization principles impact on the spatial layout of functional
maps in the primary visual cortex. Specifically, we identified different representative candidate optimiza-
tion principles. We developed a dynamical systems approach for analyzing the simultaneous optimization
of interacting maps and showed how their layout is influenced by coordinated optimization. In partic-
ular, we demonstrated that inter-map coupling can stabilize pinwheel-rich layouts even if pinwheels are
intrinsically unstable in the uncoupled system. We calculated and analyzed the stability properties of
solutions forming a spatially regular layout with pinwheels arranged in a crystalline array. We analyzed
the structure of these pinwheel crystals in terms of their stability properties, spatial layout, and geomet-
ric inter-map relationships. For all models, we calculated phase diagrams showing the stability of the
pinwheel crystals depending on the OD bias and the inter-map coupling strength. The main phenomena
characterizing all considered models, crystallization induced by coordinated optimization and inter-map
coupling, was found to be robust to a substantial degree of backreaction between the maps and persisted
in models with higher feature space dimensionality.

Comparison to previous work

Our results rigorously establish that models of interacting OP and OD maps in principle offer a so-
lution to the problem of pinwheel stability [311[52]. This problem and other aspects of the influence
of OD segregation on OP maps have previously been studied in a series of models such as elastic net
models [T2HIBIBTB3], self-organizing map models [RIT0,TTLT6LIT], spin-like Hamiltonian models [32/[61],
spectral filter models [62], correlation based models [63], and evolving field models [64]. Several of these
simulation studies found a higher number of pinwheels per hypercolumn if the OP map is influenced
by strong OD segregation compared to the OP layout in isolation or the influence of weak OD segrega-
tion [3ILGIL64]. In such models, high gradients of OP and OD avoid each other [I0L[16]. As a result,
pinwheel centers tend to be located at centers of OD columns as seen in experiments [I8][19]63L65,66].
By this mechanism, pinwheels are spatially trapped and pinwheel annihilation is reduced [3I]. More-
over, many models appear capable of reproducing realistic geometric inter-map relationships such as
perpendicular intersection angles between OD borders and iso-orientation lines [33/[621[63]. Furthermore,
Tanaka et al. have reported that the relative positioning of orientation pinwheels and OD columns was
dependent on model details [63]. Informative as they were, one must note that almost all of these pre-
vious studies entirely relied on numerical approaches using methodologies that do not easily permit to
assess the progress and convergence of solutions. Whether the reported solutions are attractors or just
transient states and whether the solutions further develop towards pinwheel-free solutions or other states
thus remained unclear. Moreover, in almost all previous models, a continuous variation of the inter-map
coupling strength was not possible which makes it hard to disentangle the contribution of inter-map
interactions from intrinsic mechanisms. Our results consistently show that coordinated optimization
models exhibit a complex dynamics that persistently reorganizes maps over a broad range of timescales
before attractors or optimized ground states are reached. Although our models exhibit various different
attractor states none of them was able to directly converge to the final layout. Rather all of them were
found to require substantial rearrangement of orientation columns after initial symmetry breaking. The
only prior simulation study of a coordinated optimization model that tracked the number of pinwheels
during the optimization process did not provide evidence that pinwheel annihilation could be stopped
but only reported a reduction in annihilation speed [31]. In view of these findings, the prior evidence
for coordination induced pinwheel stabilization appears rather limited. Our analytical calculations of
attractor and ground states thus close a fundamental gap in the theory of visual cortical architecture and
its development.
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The mathematical structure of interaction models

To the best of our knowledge our study for the first time describes an analytical approach for examining
the coordinated optimization of OP and OD maps. To achieve this we mapped the optimization problem
to a dynamical systems problem which allows for a perturbative expansion of fixed points, metastable
states, and ground states. Extending standard weakly nonlinear analysis to fifth order, we derived am-
plitude equations as an approximate description near the symmetry breaking threshold. We identified
fixed points and study their stability properties using different types of inter-map coupling energies. For
the low order version of these energies, a strong inter-map coupling often leads to OP map suppression,
causing the orientation selectivity of all neurons to vanish. In contrast, the higher order variants of the
coupling energies do not lead to map suppression but only influence pattern selection. In addition, high
order coupling energies exhibit a limit in which the inter-map coupling becomes unidirectional enabling
the use of the uncoupled OD patterns. We did not consider an interaction with the retinotopic map.
Compared to other feature maps, the retinotopic map seems to be exceptional concerning its geometric
relationships. It has been observed that the correlations between OP and retinotopic map are such that
high gradient regions do not avoid each other [67]. Such correlations cannot be easily treated with dimen-
sion reduction models, see [68]. It is noteworthy that our phenomenological analysis identified coupling
terms that could induce an attraction of high gradient regions. Such terms contain the gradient of only
one field and can thus be considered as a mixture of the gradient and the product-type energy.

To confirm our results and to study the impact of a finite backreaction on the OD map we solved the
full field dynamics numerically. In particular, we studied the dynamics of pinwheel crystallization. With
the presented analytical approach we were able to show that pinwheel rich solutions correspond to the
energetic ground state of the system for large inter-map coupling. This is reflected by the fact that in
simulations, pinwheels can actually be created from an initial OP stripe pattern. Assessing pinwheel
creation from pinwheel-free initial conditions can in general serve as a simple test of a pinwheel-rich ener-
getic ground state in models of OP development. Taken together our results and approaches thus provide
a formal basis and general methodology for the rigorous characterization of coordinated optimization
models.

Modeling experimentally induced heterogeneities and areal borders

The presented map interaction model offers the possibility to study the impact of spatial inhomogeneities
in the visual cortex on OP map structure. In such an application, the co-evolving field does not represent
a feature map but would be designed to describe a real or artificial areal border or a disruption of local
circuitry, which can be induced also experimentally [69]. To this end, the OP map is coupled to the field
describing the areal border using low order coupling energies. At the areal border a strong inter-map
coupling can lead to complete suppression of orientation selectivity. Using a gradient-type inter-map
coupling energy inter-map coupling can furthermore lead to perpendicular crossings of iso-orientation
lines with the areal borders as observed in experiments [70]. While in the past artificial heterogeneities
and areal borders could only be induced by ablation of local surgical interventions, viral approaches now
make it possible to impose them with minimal intervention and potentially in a reversible fashion.
Conditions for pinwheel stabilization

Our results indicate that a patchy layout of a second visual map interacting with the OP map is important
for the effectiveness of pinwheel stabilization by inter-map coupling. Such a patchy layout can be easily
induced by an asymmetry in the representation of a stimulus feature such as eye dominance or spatial
frequency preference. In spatial frequency maps, for instance, low spatial frequency patches tend to form
islands in a sea of high spatial frequency preference [18]. In our model, the patchy layout results from the
overall dominance of one eye. In this case, OD domains form a system of hexagonal patches rather than
stripes enabling the capture and stabilization of pinwheels by inter-map coupling. The results from all
models question the view that OD stripes are capable of stabilizing pinwheels [BIL[6TL64]. Our analysis
shows that OD stripes are indeed not able to stabilize pinwheels, a result that appears to be independent
of the specific type of map interaction and further independent of a detuning of typical wavelength. In
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line with this, several other theoretical studies, using numerical simulations [BILGIL64], in fact indicated
that more banded OD patterns lead to less pinwheel rich OP maps. For instance, in simulations using
an elastic net model, the average pinwheel density of OP maps interacting with a patchy OD layout is
substantially higher (about 2.5 pinwheels per hypercolumn) than for OP maps interacting with a more
stripe-like OD layout (about 2 pinwheels per hypercolumn) [31].

We showed that our framework can be generalized to include any additional number of columnar systems
and thus is not restricted to interactions among OD and OP maps. One reason to consider additional
visual cortical maps originates from the finding that the removal of the OD map in experiments does not
completely destabilize pinwheels [IT]. In additions, higher feature dimensions are often treated with di-
mension reduction models [I0[7T]. Moreover, in tree shrews, animals which completely lack OD columus,
OP maps contain pinwheels and exhibit a pinwheel arrangement essentially indistinguishable from species
with columnar OD segregation [70]. This might reflect the influence of additional columnar systems like
spatial frequency columns that can be expected to interact with the OP map in a similar fashion as OD
columns [I8]. We also extended the map interaction model to more than two feature dimensions. In
numerical simulations we explored coordinated optimization with three and four columnar systems. Al-
though in this case, pinwheel stabilization is possible even without an OD bias, the resulting stationary
OP patterns are either stripes or PWC solutions. Asymmetry of one feature dimension is thus not a
necessary condition for pinwheel stabilization by coordinated optimization.

Experimental evidence for pinwheel stabilization by inter-map coupling

Supporting the notion that pinwheels might be stabilized by the interaction with patchy OD columns,
visual cortex is indeed dominated by one eye in early postnatal development and has a pronounced patchy
layout of OD domains [72H74]. Further support for the potential relevance of this picture comes from ex-
periments in which the OD map was artificially removed resulting apparently in a significantly smoother
OP map [11]. In this respect it is noteworthy that macaque visual cortex appears to exhibit all three
fundamental solutions of our model for OD maps: stripes, hexagons, and a constant solution, which are
stable depending on the OD bias. In the visual cortex of macaque monkeys, all three types of patterns are
found to coexist [74]. Here, OD domains form bands in the binocular region and a system of ipsilateral
eye patches at the transition zone to the monocular region where the contralateral eye gradually becomes
more dominant, see Fig. [23) and [75]. If pinwheel stability depends on a geometric coupling to the
system of OD columns one predicts systematic differences in pinwheel density between these three zones
of macaque primary visual cortex.

The geometry of interaction induced pinwheel crystals

We analyzed the stationary patterns with respect to intersection angles and pinwheel positions. Remark-
ably, all analyzed PWC solutions and models show the tendency for iso-orientation lines to intersect OD
borders perpendicularly, even in the case of the product-type energy which is not explicitly dependent
on intersection angles. For the low order versions of the coupling energy the distribution of intersection
angles is not continuous. Half of the pinwheels in the analyzed PWC solutions are located at OD extrema,
as expected from the used coupling energies. Some pinwheels, however, are located at OD saddle-points.
Remarkably, such correlations, which are expected from the gradient-type coupling energies, occur also
in the case of the product-type energies. Such correlations are not expected in product-type energies per
se and presumably result from the periodic layout of OP and OD maps. Correlations between pinwheels
and OD saddle-points have not yet been studied quantitatively in experiments and may thus provide
valuable information on the principles shaping cortical functional architecture.

How informative is map structure?

In the past numerous studies have attempted to identify signatures of coordinated optimization in the
layout of visual cortical maps and to infer the validity of specific optimization models from aspects of
their coordinated geometry [8[T0HIT7,BTH33L6I]. It was, however, never clarified theoretically in which
respect and to which degree map layout and geometrical factors of inter-map relations are informative of
an underlying optimization principle. Because our analysis provides complete information of the detailed
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relation between map geometry and optimization principle for our different models our results enable to
critically assess whether different choices of energy functionals impact on the predicted map structure
and conversely what can be learned about the underlying optimization principle from observations of
map structures. The stabilization of pinwheel crystals for strong inter-map coupling appears to be uni-
versal and provides per se no specific information about the underlying optimization principle. In fact,
the general structure of the amplitude equations is universal and only the coupling coefficients change
when changing the coupling energy. It is thus expected that also for other coupling energies, respecting
the proposed set of symmetries, PWC solutions can become stable for large inter-map coupling. As
pointed out before, preferentially orthogonal intersection angles between iso-orientation lines and OD
borders appear to be a general feature of coordinated optimization models in the strong coupling regime.
Although the detailed form of the intersection angle histogram is solution and thus model specific, our
analysis does not corroborate attempts to use this feature to support specific optimization principles, see
also [241[76l[77]. We identified a class of PWC solutions which become stable for large inter-map coupling.
This class depends on a single parameter which is specific to the used inter-map coupling energy. This
demonstrates that, although pinwheel stabilization is not restricted to a particular choice of the interac-
tion term, each analyzed phase diagram is specific to the used coupling energy. In the strong coupling
regime substantial information can thus be obtained from a detailed inspection of solutions. In the case
of the product-type coupling energies, the resulting phase diagrams are relatively complex as stationary
solutions and stability borders explicitly depend on the OD bias. Here, even quantitative values of model
parameters could in principle be constrained by analysis of map layout. In contrast, for the gradient-type
coupling energies, the bias dependence can be absorbed into the coupling strength and only selects the
stationary OD pattern. This leads to rather simple phase diagrams. For these models map layout is
thus uninformative of quantitative model parameters. We identified several biologically implausible OP
patterns. In the case of the product-type energies, we found orientation scotoma solutions which are
selective to only two preferred orientations. In the case of the low order gradient-type energy, we found
OP patterns containing pinwheels with a topological charge of 1 which have not yet been observed in
experiments. If the relevant terms in the coupling energy were known by other means, the parameter
regions in which these patterns occur could be used to constrain model parameters by theoretical bounds.
From a practical point of view, the analyzed phase diagrams and pattern properties indicate that the
higher order gradient-type coupling energy is the simplest and most convenient choice for constructing
models that reflect the correlations of map layouts in the visual cortex. For this coupling, intersection
angle statistics is reproduced well, pinwheels can be stabilized, and pattern collapse cannot occur.
Periodic and aperiodic solutions of optimization

We presented a complete characterization of the stable OP and OD patterns, stripe-like solutions, rhombic
and hexagonal crystal patterns predicted by the coordinated optimization models. The pinwheel crystals
we obtained, although beautiful and easy to characterize, deviate from experimentally obtained maps in
several respects. All PWC solutions that we found have a large pinwheel density of about 3.5 or even
5.2 pinwheels per hypercolumn. Densities obtained from experiments, although somewhat variable, are
in the range of 3 pinwheels per hypercolumn [IL[78]. Moreover, other pinwheel statistics such as the dis-
tribution of minimal pinwheel distances have been shown to be continuous [I] whereas such distributions
have distinct peaks in case of PWC solutions. In contrast to the large variability of local map layouts
in experimentally observed maps, the pinwheel crystals show a regular and stereotyped structure. The
reason for this difference might be the presence of biological factors neglected in the models examined
here. Such factors might be realistic boundary conditions, biological noise in the system or long-range
neuronal interactions. We examined whether the non-crystalline layout of visual cortical maps can result
from a detuning of OP and OD wavelengths. However, while destabilizing hPWC solutions, a detuning
leads to spatially regular solutions in all studied cases. Given the close agreement of model solutions and
actual cortical architecture that can be achieved by including long-range interactions the latter possibility
appears quite plausible [IL[52L[79]. Another relevant aspect in this respect might be the developmental
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stage which is represented by the maps of our model. PWC solutions represent attractor states and thus
must be compared to late stages of development potentially only comparable to very late adult patterns.
One might therefore expect that later in development, a crystallization of the pinwheel pattern, along
with an increase in the pinwheel density takes place. With regard to this one should note that pinwheel
crystals have been previously reported in several abstract [BLB6] as well as detailed synaptic plasticity
based models [80H82]. Remarkably, in a model of receptive field development based on a detailed dynam-
ics of synaptic connections the resulting OP map showed a striking similarity to the hPWC presented
above, see Fig. ([3]) and [81]. These observations indicate that pinwheel crystallization is not an artefact
of the highly idealized mathematical approach used here. In fact, the first OP map predicted ever by a
synaptically based self-organization model exhibited a clearly hexagonal column arrangement [80]. Very
late or very long term chronic studies of map layout are needed to assess this possibility systematically.
In our models, however, crystallization is not intrinsically a process that would be restricted to very long
timescales.

Conclusions

Our analysis conclusively demonstrates that OD segregation can stabilize pinwheels and induce pinwheel-
rich ground states in models for the coordinated optimization of OP and OD maps even if pinwheels are
intrinsically unstable in the uncoupled dynamics of the OP map. This allows to systematically assess the
possibility that inter-map coupling might be the mechanism of pinwheel stabilization in the visual cortex.
The analytical approach developed here is independent of the specific optimization principle and thus
allowed to systematically analyze how different optimization principles impact on map layout. Moreover,
our analysis clarifies to which extend the observation of the layout in physiological maps can provide
information about optimization principles shaping visual cortical organization. To clarify the question of
pinwheel stabilization by inter-map interaction the current study focused on models in which the scalar
(OD-like) map is dominant. Recent work strongly suggests that the aperiodic pinwheel-rich layout of
pinwheels and orientation columns in the visual cortex can be reproduced very well by models that repre-
sent only the orientation map but include long-range interactions [ILBTL52]. Using the general approach
developed here it is possible to construct a complementary type of models in which the complex OP
map is dominant. Such models, using non-local terms in the energy functional, thus reduce to the model
in [ILBIL52] in the weak coupling limit. Because of their mathematical transparency and tractability
such models are expected to provide powerful tools for examining to which extend long-range interaction
models are robust against coupling to other cortical maps and how coupling to an aperiodic orientation
map can shape other visual cortical representations.

Methods

Tracking and counting pinwheels

During the evolution of OD and OP maps we monitored the states from the initial time 7" = 0 to the
final time T" = T’y using about 150 time frames. To account for the various temporal scales the dynamics
encounters the time frames were separated by exponentially increasing time intervals. Pinwheel centers
were identified as the crossing of the zero contour lines of the real and imaginary parts of z(x). During time
evolution we tracked all the pinwheel positions and, as the pinwheels carry a topological charge, we divided
the pinwheels according to their charge. The distribution of pinwheel distances indicates the regularity
and periodicity of the maps. Therefore we calculated the minimal distance between pinwheels, measured
in units of the column spacing A during time evolution. In simulations we used periodic boundary
conditions. We accounted for a 'wrap around’ effect by searching also for corresponding pinwheels in
periodically continued maps.

The rearrangement of OP maps leads to annihilation and creation of pinwheels in pairs. Between two
time frames at T; and T;y; we identified a pinwheel to move if two pinwheels differ in position less than
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Az = 0.2A and carry the same topological charge. If no corresponding pinwheel was found within Az it
was considered as annihilated. If a pinwheel at T;41 could not be assigned to one at T; it was considered
as created. We define the pinwheel creation ¢(t) and annihilation a(t) rates per hypercolumn as

dN. dN,
C(t):A2dt7 a():A2dt5

where N, and N, are the numbers of created and annihilated pinwheels. Creation and annihilation rates
were confirmed by doubling the number of time frames.

To what extend are the pinwheels of the final pattern just rearrangements of pinwheels at some given time
T? To answer this question for a given set of pinwheels at an initial time T = T we further calculated
the fraction s(t) of those pinwheels surviving until time 7. Finally, the fraction of pinwheels present at
time T* that survive up to the final time 7' = T is given by p(t).

(83)

Intersection angles

We studied the intersection angles between iso-orientation lines and OD borders. The distribution of
intersection angles is given by
Vo(x) - VI(x) )

-1
o) =cos” (o)
where x denotes the position of the OD zero-contour lines. A continuous expression for the OP gradient
is given by Vi = ImVz/z. We emphasized those parts of the maps from which the most significant
information about the intersection angles can be obtained [I9L20]. These are the regions where the OP
gradient is high and thus every intersection angle receives a statistical weight according to |V9|.

(89)

The transition from OD stripes to OD blobs

We studied how the emerging OD map depends on the overall eye dominance. To this end we mapped the
uncoupled OD dynamics to a Swift-Hohenberg equation containing a quadratic interaction term instead
of a constant bias. This allowed for the use of weakly nonlinear analysis to derive amplitude equations
as an approximate description of the shifted OD dynamics near the bifurcation point. We identified the
stationary solutions and studied their stability properties. Finally, we derived expressions for the fraction
of contralateral eye dominance for the stable solutions.

Mapping to a dynamics with a quadratic term
Here we describe how to map the Swift-Hohenberg equation
815 O(Xv t) = f’ O(Xv t) - O(Xa t)3 + v (90)

to one with a quadratic interaction term. To eliminate the constant term we shift the field by a constant
amount o(x,t) = o(x,t) + d. This changes the linear and nonlinear terms as

Lo — Lo- (kff—ro)é

0> — —0°+360°+35%+5°. (91)
We define the new parameters 7, = r, — 362 and 7 = —36. This leads to the new dynamics
0i6=ro0— (K2+A)"6+530%-3% -8 — (kX, —r,) 6+ 7. (92)

The condition that the constant part is zero is thus given by

— 6 — (ki —7o) 0+ =0. (93)
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For r, < 1 the real solution to Eq. ([@3) is given by
B 213 (ke — 1) 8

J ﬁ - 3 21/3 ) (94)
1/3
with 8 = <—27’y + \/108 (ro — ke)® + 72972> . For small + this formula is approximated as
1 1 1
§~ -3 37° . 95
R v s )
The uncoupled OD dynamics we consider in the following is therefore given by

016 =70 — (k2 +A)°5+76% —5°. (96)

This equation has been extensively studied in pattern formation literature [50].

Amplitude equations for OD patterns

We studied Eq. ([@€) using weakly nonlinear analysis. This method leads to amplitude equation as an
approximate description of the full field dynamics Eq. (@6]) near the bifurcation point 7, = 0. We
summarize the derivation of the amplitude equations for the OD dynamics which is of the form

9y o(x,t) = Lo(x,t) + Nafo, 0] — N3[o,0,0] , (97)

with the linear operator L = r, — (k?o + A)Q. In this section we use for simplicity the variables (o, r,,7)
instead of (8,7,7%). The derivation is performed for general quadratic and cubic nonlinearities but are
specified later according to Eq. () as N3[o,0,0] = 0® and N3[o,0] = v0?. For the calculations in the

following, it is useful to separate 7, from the linear operator
L=ry+1L", (98)

therefore the largest eigenvalue of L is zero. The amplitude of the field o(x,t) is assumed to be small
near the onset 7, = 0 and thus the nonlinearities are small. We therefore expand both the field o(x,t)
and the control parameter r, in powers of a small expansion parameter u as

O(Xv t) = o1 (X7 t) + ,LL202(X, t) + ,LL303(X, t) + ... 9 (99)

and
To = pury + pry + pdrs + ... (100)
The dynamics at the critical point 7, = 0 becomes arbitrarily slow since the intrinsic timescale 7 = r;!
diverges at the critical point. To compensate we introduce a rescaled time scale T' as
T=r,t, O =r,0r. (101)

In order for all terms in Eq. ([@7) to be of the same order the quadratic interaction term N3 must be
small. We therefore rescale Ny as /7, No. This preserves the nature of the bifurcation compared to the
case No = 0.

We insert the expansion Eq. [@9) and Eq. (I00) in the dynamics Eq. ([@1) and get

0 = uf)ool

+ u (—fi002 — 110701 + 1101 + \/ pr1 + e + . -N2[01,01])

+ (—ji003 + 71 (02 — Or02) + 12 (01 — Or01) — N3lo1, 01, 01])

(102)
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We sort and collect all terms in order of their power in . The equation can be fulfilled for g > 0 only if
each of these terms is zero. We therefore solve the equation order by order. In the leading order we get
the homogeneous equation

L%, =0. (103)
Thus o is an element of the kernelaof L°. The kernel contains linear combinations of modes with
wavevector k; on the critical circle |kj| = kqo. At this level any of such wavevectors is possible. We
choose . .
01 =Y By(T)e™7 + 3" By(T)e ™7, (104)
J J

where the wavevectors are chosen to be equally spaced Ej = ke,o (cos(jm/n),sin(jm/n)) and the complex
amplitudes B; = Bjewﬂ'. The homogeneous equation leaves the amplitudes B; undetermined. These
amplitudes are fixed by the higher order equations. Besides the leading order homogeneous equation we
get inhomogeneous equations of the form

L0, = F, (105)

To solve this inhomogeneous equation we first apply a solvability condition. We thus apply the Fredholm
Alternative theorem to Eq. (I05). Since the operator LY is self-adjoint L° = LT, the equation is solvable
if and onmly if F}, is orthogonal to the kernel of L i.e.

(F,,6) =0, YL% =0 (106)

The orthogonality to the kernel can be expressed by a projection operator P, onto the kernel and the
condition (F,6) = 0 can be rewritten as P,F = 0.
At second order we get

.EOOQ =T (01 — 6’1“01) . (107)

Applying the solvability condition Eq. (I06) we see that this equation can be fulfilled only for r; = 0. At
third order we get R
L3 =13 (01 — Or01) + Nafo1,01] — Ns[o1,01,01] . (108)

The parameter ry sets the scale in which o0y is measured and we can set 1o = 1. We apply the solvability
condition and get A A
Or 01 = 01 + P.N3[o1,01] — P.N3[o1,01,01]. (109)

We insert our ansatz Eq. (I04]) which leads to the amplitude equations at third order

OrB; = B; + ﬁ)l Z BjBke_lkiiNQ[elkjf, ezkkf] _ Pz ZBjBkBle—zking [elkji7 ezkki'7 ezkli] , (110)

Jik J:k
i1 of the kernel. P; picks out all combinations
of the modes which have their wavevector equal to k;. In our case the three active modes form a so called
triad resonance El + EQ + Eg = 0. The quadratic coupling terms which are resonant to the mode By are
therefore given by

where P, is the projection operator onto the subspace {e

§2§3e—zl_§15 (N2[e—zlzgf,e—zggf] + Ng[e_zgi”i,e_z%i]) . (111)

Resonant contributions from the cubic nonlinearity result from terms of the form | B;|>B;. Their coupling
coefficients are given by
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Figure 25. OD patterns. A Stationary amplitudes of the OD dynamics. The course of B ()

Eq. (II3) (blue), Brer(v) Eq. IG) (red), and of §(v) Eq. (@4) (green) for r, = 0.2. The solutions are
plotted in solid lines within their stability ranges. B OD map of macaque monkey. Adapted from [74].
C Details of B with stripe-like, patchy, and homogeneous layout.

and

— Nyfe LN k.f’eﬂl&f] +N3[61Ei57eﬂkif Ef] 4 Nyle™ Ef7ezﬁif’ed€if]_ (113)

When specifying the nonlinearities Eq. (I0) the coupling coefficients are given by g;; = 6, gi;; = 3. Finally,
the amplitude equations (here in the shifted variables (7,,7) are given by

9By = ToB1 — 3|B1|*By — 6 (| Ba|* + |Bs|*) By 4+ 27B, B3, (114)

where we scaled back to the original time variable t. Equations for By and Bjs are given by cyclic
permutation of the indices.

Stationary solutions

The amplitude equations (II14]) have three types of stationary solutions, namely OD stripes

0st(x) = 2B cos (x + ) + 0, (115)
with Bs: = \/7/3, hexagons
3
Ohez(X) = Bhe Z eWieiT 4 e+ 6, (116)
j=1

with the resonance condition Z? kj = 0 and Bpew = —7/15 4+ 1/ (3/15)° + 7/15. Finally, there is a

homogeneous solution with spatially constant eye dominance
0c(x) = 0. (117)

The spatial average of all solutions is (o(x)) = d. The course of Bs;, Bhes, and of §(y) is shown in

Fig. 25A.
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Linear stability analysis for OD patterns

We decomposed the amplitude equations ([I4)) into the real and imaginary parts. From the imaginary
part we get the phase equation
Opr = —27sin (Y1 + b2 + ¥3) (118)

and equations for s, ¥3 by cyclic permutation of the indices. The stationary phases are given by 1 +
o + 13 = {0, 7}. The phase equation can be derived from the potential V|| = —27 cos(¢ + 12 + 3).
We see that the solution 11 + 9 + 13 = 0 is stable for ¥ > 0(y < 0) and the solution ¢ + o + 13 =7
is stable for 7 < 0(y > 0).
We calculate the stability borders of the OD stripe, hexagon, and constant solution in the uncoupled case.
This treatment follows [50]. In case of stripes the three modes of the amplitude equations are perturbed
as

By —>B5t+b1, B> —)bg, B3 —)bg, (119)

assuming small perturbations b1, bo, and bs. This leads to the linear equations Aub = Mb with the stability
matrix

F—9B2, 0 0
M= 0 F—6B% 2yBg | . (120)
0 299By T —6B%

The corresponding eigenvalues are given by

A= (—2?, F 2T, —F + 2\/?/35) . (121)
This leads to the two borders for the stripe stability

4
F=0, 7= 552 : (122)

In terms of the original variables r,,y the borders are given by (0 < r, < 1)

(3 —=210)\/To . (15 —14r,) /1o ' (123)

7; = 33/2 ’ Y2 153/2
To derive the stability borders for the hexagon solution o, (x) we perturb the amplitudes as
By = Bpey +b1, Bz — Bpeg +b2, B3z — Bpes + b3. (124)

The stability matrix is then given by

—21Bpes + 7 —12B?_. —2Bpe,y —12B3,, — 2Bpesy
M= | —12B}?_ . —2Bpey —21Bpes + 7 —12B},. — 2Bpesy | » (125)
—12B? . —2Bpesy —12B?., — 2Bpesy —21Bhes + 7
and the corresponding eigenvalues are given by
A= (—45B; +7 — 4By7, —9B; + 7 + 2B,7, —9B; + 7 + 2B;,7) . (126)
The stability borders for the hexagon solution are given by
~ 1 ., . 164
- =52, 127
T TT R (127)

In terms of the original variables we finally get

. (12=Tr) V5, (51 —50r,) /T
vi= ( ) . = % (128)
24+/3 513/




58

B T T T T T
100
. 90 i
S
5
= 80 B
g
[ -
£ 70} — r,=0.01 ]
8 L — 1,=0.05
. —r,=01
60| —r,= 0.15 .
»,/"‘f r,=02
. " " 50 ¢”.f«é | . ! . ! . 1 A 1
0 0.05 0.1 0.15 0.2 0 1 2 3 O 4 5 6
Y yly

Figure 26. The uncoupled OD dynamics. A Phase diagram of the OD model Eq. [@0). Dashed
lines: stability border of hexagon solutions, solid line: stability border of stripe solution, gray regions:
stability region of constant solution B Percentage of neurons dominated by the contralateral eye plotted
for the three stationary solutions. Circles: numerically obtained values, solid lines: Cg; and Chey.

The phase diagram of this model is depicted in Fig. 26A. It shows the stability borders v*,~3,~3, and v}
for the three solutions obtained by linear stability analysis. Without a bias term the OD map is either
constant, for r, < 0, or has a stripe layout, for r, > 0. For positive r, and increasing bias term there are
two transition regions, first a transition region from stripes to hexagons and second a transition region
from hexagons to the constant solution.

The spatial layout of the OD hexagons consists of hexagonal arrays of ipsilateral eye dominance blobs in
a sea of contralateral eye dominance, see Fig. RGA.

Contralateral eye fraction

To compare the obtained solutions with physiological OD maps we quantified the fraction of neurons
selective to the contralateral eye inputs. For stripe and hexagon solutions we thus calculated the fraction
of contralateral eye dominated territory Cs; and Che,.. In case of stripes this is a purely one-dimensional
problem. The zeros of the field are given by

ost(x) =2Bgicos(x +v¢)+d =0, (129)

with the solution

x = arccos (2;3(;) . (130)

As the field has a periodicity of w the area fraction is given by

st

-4
Cst = arccos (26 > /7. (131)

In case of hexagons we observe that the territory of negative o(x) values is approximately a circular area.
We obtain the fraction of negative o(x) values by relating this area to the area of the whole hexagonal
lattice. In case of hexagons the field is given by

Onea (%) = 2Bnea _ cos (K7 + 1) +9. (132)
J
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As an approximation we project the field onto the z-axis and choose for simplicity 1; = 0, Vj. The field
has its maximum at the origin ope,(0,0) = 6 + §. The projection leads to

f(z) = 2Bhes (cosz + 2cos(1/2)x) + 0. (133)

The zeros f(x1) = 0 are located at

1 / )
1 = 2arccos <§ (—1 +4/3+ Bhem)) . (134)

The circular area of positive ope,(x) values is now given by A. = mz?. The periodicity of the hexagonal
pattern is given by f(z2)s—o = min(f)s—o = —3. This leads to x5 = 47/3. The area of the hexagon is
therefore given by Ape, = 3x§\/§/ 2. The contra fraction is finally given by

Ae V3 1 5 \\’
1= Chex =~ A =5 arccos (5 <—1 +4/3+ Bh81>> ) (135)

The course of the fractions Cy and Cje, is shown in Fig. 2GB. At the border v = ~*, where hexagons
become stable Che, ~ 65.4%. At the border v = 7, where hexagons loose stability Cj. = 95.2%. Both
quantities are independent of r,. We confirmed our results by direct numerical calculation of the fraction
of positive opey (%) pixel values. Deviations from the result Eq. (I35) are small. For v/+* ~ 1 the zeros of
Eq. (I33) are not that well approximated with a circular shape and the projection described above leads
to the small deviations which decrease with increasing bias ~.

Numerical integration scheme

As the Swift-Hohenberg equation is a stiff partial differential equation we used a fully implicit integrator
[83]. Such an integration scheme avoids numerical instabilities and enables the use of increasing step sizes
when approaching an attractor state. The equation

0 2(x,t) = La(x,t) = N[z(x,1)], L=r—(k2+A)%, (136)

is discretized in time. Using a Crank-Nicolson scheme this differential equation is approximated by the
nonlinear difference equation

Zt+1 — 2z B (izt+1 —|— N[Zt+1]) + (jizt —|— N[Zt])
At 2 '

(137)

This equation is solved iteratively for z;; with the help of the Newton method which finds the root of
the function

Glzis1] = <—1i + é) Zep1 — Nlzeg1] — <<L + %) 2+ N[zt]) : (138)

The field z(x) is discretized. For a grid with N meshpoints in z-direction and M meshpoints in y-direction
this leads to a M x N dimensional state vector u. Discretization is performed in Fourier space. The
Newton iteration at step k is then given by

DG(uF)Au* = —G(u¥), u**! =u*f 4+ AuF, (139)

with DG the Jacobian of G. Instead of calculating the matrix DG explicitly a matrix free method is
used, where the action of the matrix is approximated using finite differences. To solve the linear system
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Ax = b with A = DG(u*), b = —G(u*) we used the Krylov subspace method [83]. The Krylov subspace
of dimensionality k is defined as

Kr(A,v1) = span{vy, Avy, A%vq,..., AF" 1y ) (140)

In the Generalized Minimum Residual (GMRES) algorithm the Krylov subspace is generated by v; =
ro/|ro| with rg = Axg — b, and x¢ an initial guess, see [83]. After k iterations, the refined solution is
given by

X, =Xo + Wy, (141)

where the matrix Vi = (vi1,...,vy) has the base vectors of the Krylov subspace as its columns. The
vector y is chosen by minimizing the residuum

! .
b — Axk|l2 = |10 — AVEy|l2 = min, (142)

where ||.||2 denotes the Euclidean norm. For this procedure an orthonormal basis of the Krylov subspace
is generated with an Arnoldi process. With the use of the similarity transformation

AV = Vi1 Hy (143)

where Hj is an upper Hessenberg matrix, vi = ro/|ro|, and the orthogonality of Vj, the optimality
condition Eq. (I42) becomes

- Lo
| Iy — [blex]l> = min, (144)
with e; = (1,0,...,0) the first unit vector of dimension k + 1. For a y that minimizes this norm the
approximate solution is given by x; = xg + V3y. To improve the convergence of this iterative method
preconditioning was used. A preconditioner M is multiplied to Ax = b such that M ~'A4 is close to unity.
A preconditioner suitable for our model is the inverse of the linear operator in Fourier space with a small
shift 0 < € < 1 in order to avoid singularities i.e.
s 2\ !
M= B-k) +—=] . 145
(e -+ ) (145)
The convergence of Newton’s method is only guaranteed from a starting point close enough to a solution.
In the integration scheme we use a line search method to ensure also a global convergence [84]. Newton’s

method Eq. (I39) is thus modified as
u" ! = u” 4 N\AUF, (146)

where the function

ft) = SGENG"), (147)

is iteratively minimized with respect to A.

This integrator was implemented using the PetSc library [85]. As the dynamics converges towards an
attractor an adaptive stepsize control is very efficient. The employed adaptive stepsize control was
implemented as described in [86]. The described integration scheme has been generalized for an arbitrary
number of real or complex fields. The coupling terms are treated as additional nonlinearities in N. As
a common intrinsic timescale we choose T' = tr, with r, the bifurcation parameter of the OP map. Due
to the spatial discretization not all points of the critical circle lie on the grid. Thus, the maximal growth
rate on the discretized circle is not exactly equal to r, the theoretical growth rate. In particular, some
modes may be suppressed or even become unstable. Due to this we expect deviations from analytical
solutions. To minimize such deviations the size of the critical circle was chosen such that this disbalance
between the active modes was minimized. Periodic boundary conditions were applied to account for the
translation invariance of the spatial pattern.
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Appendix

Coupling coefficients

In this appendix we list the explicit form of the coupling tensor lfﬁ)k of the coupled amplitude equations

(). They have the symmetry hE;z)k = hz(.fj)k, u=1,2,4,5.

MY —4056+907, A\ = (16.125¢+487) er¥i—¥1),

iiig

hij); = (16.125 ¢ + 48 7) €' v2), hil) =40.5¢+ 180T,
hi) = (3225 +967) %) h) = (4125 €+ 67) e 2V,
h() = = (16.5¢+967) @), Al) = (T.5¢+ 247) 2Vimvi—vn),
hz(-;l)l = (16.5¢+967) e"Vi=¥i), hz(;])l = (3.75 €+ 127) eWrtii=2¢;)

In terms containing also the opposite wavevectors A;- triad resonances El + Eg + Eg appear. They lead
to the phase relation ¢y + 12 + 13 = 7 for the modes B; and therefore the coupling coefficients depend
only on two of the three phases.

h2 = (19.25e+347) ¥, B = (1575 e+ 607) et(¥it¥s),

1917 777

hgfz)J = (3.5e+47) B¥iT¥i), hgfj)i = (31.5€+ 120 7) e ¥itvs)
2 s 2 s
) = (9.875¢ +347) e, W2 = (19.75¢ + 68 7) 21,
il — . €+ T) € g j7 = €+ 7-61'7
thj)l 7.95 32 1(39i+2v;5) hg?l)l 9 120 21
W = (9e+1207) et B3 = (3,625 €+ 167) e!(20it30)
h) = (38.5¢+687) €21, B =nG) =) = (31.5¢+ 120 7) erWitvs)
he) = (Te+87) eG¥imvs), h). = (19.75¢ + 687) e*¥s,
e, = h) = (1975 e+ 687) eV, h$) = —(9e+1207) e,
B = B = — (125¢ +327) e (Vim20), W) = (125 ¢+ 327) eH(0e¥30),
3 1(; i 3) b
Py = (9e+1207) e'etvs), W) = — (9 +1207) e
hﬁi{ = (2e+7) M, hgj)-j = (3.125¢ + 16 7) eM(Witdvs)
hi) = (3.125€+ 167) e'GVitva), hi), =2h),
hg;lj)z = (5,125 €434 T) 621(1l11'-i-1/lj)7 hgzlj)j -9 hg;lg)zv
W = h( = (9e—1207) e, B = (~9e+1207) e (Hitva),

h

ijil —

(4.5¢—60T) eV
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by = (19.25¢+347) eV, A}, = (35c+47) 'm0,

hy) = (15.75 ¢ + 60 ) e (Vi+¥s), he =2h),
) o, () )
h). = (9.875 ¢+ 347) e 23, hG) =2h0),
hioh = (T.25€+327) GVt p0) = — (3.625¢+167) Vi),

B2 =) = _(9e+1207) ¥

digl — "Yigls T

RO = (2e+1807) e, h%) = (32.25¢+967) er(—¥it¥s),

11 23
RO = O = pl8) — (32.25 ¢+ 96 7) e (Pis),
WO =h0 = (405e4+1807), K = (8254 127) 2 (Wimvi),

KN KAWN} 1Jt)

hih = —(T5e+247) e, h() = (T.5e+247) H00i+va),
hiSh = (16.5e+967) e i=¥9) p(®) = —(16.5¢+967) e~ (2Vitws)
hig) = h), = — (16.5¢ + 96 7) ¢V +209)

Stability matrix
In this appendix we state the stability matrix M, defined by

ReAi ReAl ReAl
) RQA,L'— - M RQA,L'— . ( M1 M2 ) RQA,L'—
1 Im4; | ImA; |~ \ M3 M4 ImA;
ImAi— ImAr ImAr

for the uniform solutions Eq. ([60]). We separate the uncoupled contributions from the inter-map coupling
contributions i.e. M1 = M1® 4+ M1(®)_ The uncoupled contributions are given by

—13 -3 3 —2c —3¢—+/3s 3¢ —/3s
-3 —23/2 0 —3c—/3s —2c 0
“ 9 3 0 —23/2 3¢ —/3s 0 —2¢
M1 = r.T+A —2¢ —3¢c—13s 3¢c—+3s —12—cos2A -2 —2u 2+ 20
—3d+/3s —2d 0 —2—2u  —12—cos(2A +107/3)  —4d?
3c—/3s 0 —2c —2—2v —4s? —12+4u
0 V3 V3 2s 2cos(A —w/6) 2cos(A+7/6)
V3 V3/2 0 2 cos(A — 7/6) 2s 4s
M2 — 42 V3 0 —/3/2  2cos(A +7/6) 4s 2s
—2s V3d—3s +/3d+3s —sin2A 2x 2y
V3d —2s —2d 0 2z Y 2sin 2A
V3d + 3s 0 —2s 2y 2sin 2A —z
0 V3 V3 2s 2cos(A —7/6) 2cos(A 4+ 7/6)
V3 V3/2 0 2 cos(A — 7/6) 2s 4s
M3 — 42 3 0 —V/3/2  2cos(A +7/6) 4s 25
—2s V3c—3s V3c+3s —sin 2A 2x 2y
V3d — 3s —2s 0 22 Y 2sin 2A

V3c+ 3s 0 —2s 2y 2sin 2A —x
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—11 -1 1 —2c 2w 2z
-1 =25/2 -4 2w —2c —4c
(w) _ 9 1 -4 —25/2 2z —4¢ —2c
MET=rIH AT 50 9 22 —124cos2A 2(u— 1) 2(1 + v)
2w —2c —4e 2(u—1) —12 4 cos(2A + 107/3) —4c?
2z —4c —2¢ 2(v+1) —4c? —12 + cos(2A 4 87/3),

where I denotes the 6 x 6 identity matrix and s = sin A,¢ = cos A, u = sin(2A+,7/6),v = sin(2A —
w/6), 2 = cos(2A + 7/6),y = cos(2A — 7/6),w = sin(A — 7/6), z = sin(A + 7/6).
The coupling part in case of the low order product-type inter-map coupling energy is given by

—(6B% + §?) 212 —2B? —B? 2B(B—48) —2B(B-9)
23 —(6B%+ 6%) 2132 2B(B - 6) -B? 2B(B - §)
M1@ — o —232 2132 —(6B? +6%) 2B(-B+4) 2B(B-9) -B?
—-B2 2B(B—6) —2B(B-46) —(6B2+62) 2132 —2?
2B2%(B - 6) -B2 2B(B — 6) 232 —(6B% + §?) 232
2B(-B+4d) 2B(B-9) -B? —232 2132 —(6B%+ 62)

MA@ = M1 M2 = p3(e) =0,
The coupling part in case of the low order gradient-type inter-map coupling energy is given by

3 -5/4 5/4 1 -5/4 5/4
—5/4 3 —5/4 —5/4 1 —5/4
5/4 —5/4 3  5/4 —5/4 1
1  -5/4 5/4 3 —5/4 5/4
-5/4 1 —5/4 -5/4 3 —5/4
5/4 -5/4 1  5/4 -5/4 3

M1B) = ﬁ32

M4®B) = M1 p208) = pr38) = .

The coupling part of the high order gradient-type coupling energy is given by

The stationary amplitudes A are given in Eq. (G3), Eq. (68), Eq. 1), and Eq. (83). The stationary
amplitudes B and the constant § are given by Eq. (IT6) and Eq. ([@4]), respectively.
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Phase diagram with the coupling energy U = 3|VzVo|?, r, < r,. Vertical black
lines: stability range of OD stripes, hexagons, and constant solution. Blue line: stability
border for the A = 0 uniform solution. Green line: rhombic solutions become unstable.
Orange line: stripe-like solutions become unstable. Red line: pattern solutions cease to
exist, see Eq. ([G8). Gray region: No pattern solution stable. . . . .. .. ... ... ... 4
The Braitenberg pinwheel crystal, A = 0 uniform solution of Eq. (60). A OP map,
superimposed are the OD borders (gray), 90% ipsilateral eye dominance (black), and 90%
contralateral eye dominance (white), r, = 0.2,y = 3v*. Dashed lines mark the unit cell of
the regular pattern. B Distribution of preferred orientations. . . . . . .. ... ... ... k3
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Stationary amplitudes with coupling energy U = 7|z|[*0%. Solid (dashed) lines:
stable (unstable) solutions to Eq. (71l). A,B OD stripes, v = 0 (blue), v = v* (green),
v = 1.4~* (red). A OP stripe-like solutions, B OP rhombic solutions, C,D OD hexagons,
v = ~* (blue), v = 37* (red). C OP stripe-like solutions, D OP rhombic solutions, E
Potential, Eq. ([{0), of OP stripes and OP rhombs interacting with OD stripes. F Potential,
Eq. [@), of OP stripes, OP rhombs, and hPWC interacting with OD hexagons. . . . . .
A Phase diagram with coupling energy U = 70?|z|%, r, = 0.2,7, < 7,. Vertical
black lines: stability range of OD stripes, hexagons, and constant solutions. Orange dashed
line: Stability border of orientation scotoma stripes. Green solid line: Stability border of
rhombic solutions. Red solid line: Stability border of PWC solutions, red dashed line: ~,,
B Course of Eq. (80), dashed line: A = 7. C Stability border between Eq. (B0) solution
and the A = 7 solution as a function of r, (vertical red line in A). . . . . ... ... ...
Bias dependent pinwheel crystals, Eq. @0) Ay =~*, By =1.3+*, Cy=1.6~*,D
~v = 2+*. OP map, superimposed are the OD borders (gray), 90% ipsilateral eye dominance
(black), and 90% contralateral eye dominance (white), r, = 0.2. Dashed lines mark the
unit cell of the regular pattern. E,F Distribution of orientation preference. G Intersection
angles between iso-orientation lines and OD borders. . . . . . ... ... ... ... ...
Stationary amplitudes with coupling energy U = ¢ |VzVol|%, A Solid (dashed) lines:
Stable (unstable) solutions of Eq. ([[]). Blue: rPWC, green: distorted rPWC, red: hPWC.
Black lines: stripe-like solutions. B Potential, Eq. (), of OP stripes (black), OP rhombs
(blue), and hPWC solutions (red). . . . . . . . ... .
Phase diagram with coupling energy U = ¢|VzVol|?%, for r, < r,. Vertical lines:
stability range of OD hexagons, red solid line: stability border of hPWC, blue solid line:
stability border of rPWC, blue dashed line: transition from rPWC to distorted rPWC.
Dashed red line: hPWC corresponds to ground state of energy. . . . . . .. ... ... ..
Rhombic pinwheel crystals. A OP map with superimposed OD borders (gray), 90%
ipsilateral eye dominance (black), and 90% contralateral eye dominance (white), v =
3v*, 1o = 0.2. B Selectivity |z(x)[, white: high selectivity, black: low selectivity. . . . . . .
Contra-center pinwheel crystals. A,B OP map, superimposed are the OD borders
(gray), 90% ipsilateral eye dominance (black), and 90% contralateral eye dominance (white),
ro = 0.2,y = 3y*. A A = arccos(5/13), B A = —arccos(5/13). C Distribution of ori-
entation preference. D OP map with superimposed OD map for three different values
(v=~v"7v= 04— /2+~"v="~;) of the OD bias. E Selectivity |z(x)|, white: high
selectivity, black: low selectivity. F Distribution of intersection angles. . . . . .. .. ..
Inter-map coupling strength dependent pinwheel positions. OD map, superim-
posed pinwheel positions (points) for different inter-map coupling strengths, v/v* = 3.
Numbers label pinwheels within the unit cell (dashed lines). Blue (green, red) points: pin-
wheel positions for IPWC (distorted rPWC, hPWC) solutions. A U = ¢|VzVol|*, using
stationary amplitudes from Fig. ([I2))(a). Positions of distorted rPWCs move continuously
(pinwheel 1,3,4). B U = 7|z|*0%, using stationary amplitudes from Fig. [@)D. Positions
of rPWCs move continuously (pinwheel 5,6). . . . . ... ... ... . ...
Time evolution of the pinwheel density, U = ¢|VzVo|*, r, = 0.05,7, = 0.25,7 =
0.15. For each parameter set A-C simulations in blue started from an identical set of 20
initial conditions. Red dashed line: p = 4 cos(mw/6) and p = 6 cos(w/6). A e =0 B e =200
C ¢ = 2000. D Normalized power of OP map, € = 0 (red), ¢ = 200 (blue), and ¢ = 2000
(green). In green C: OD and OP stripes as initial conditions. Parameters: 128 x 128 mesh,
T =22, e e
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Snapshots of the pinwheel crystallization process. Top panel: OP map, bottom
panel: selectivity |2(x)|. Left: 7= 0.01, middle: T = 0.8, right: 7' = Ty = 10*. Parame-
ters as in Fig. [TT(c). . . . . . o o o
Distribution of nearest neighbor distances during development. A-C rPWC D-
F hPWC. Distance to the next pinwheel of arbitrary A,D, opposite B,E, and equal C,F
topological charge. Parameters as in Fig. [7B. . . . .. . .. .. ... ... ........
Distribution of nearest neighbor distances for final states (T' = Ty = 10%). A
rPWC, B hPWC with pinwheels of equal (red) and opposite (blue) charge. C and D
Tllustration of occurring pinwheel distances. Pinwheels are marked with star symbols
according to their charge. Units are given in A. Parameters as in Fig. I7B. . ... .. ..
Pinwheel annihilation and creation. A Creation (blue) and annihilation (red) rates
during time evolution. B,C Survival fraction (red) and fraction of preserved pinwheels

(blue) compared to the initial time 7% = 0.01 B and T* = 2 C. Parameters as in Fig. [[7IC.

Map interactions with detuned wavelengths and OD stripes. OD stripes inter-
acting with OP columns where A,/A, > 1. A,B Illustration of active modes in Fourier
space with k., < ke ., a = arccoske,o/ke.. C,D U = ¢|VzVo|*, E,F U = 70*|z|*. C,E
Ao/A, = 1.3, D,F A,/A, = 2. Left: initial condition, middle: T' = 1, right: 7" = 5 - 10%.
Parameters: 7 = 2000,7, = 0.05,7, = 0.2,I", = 20,256 x 256 mesh. Initial condition
identical in all simulations. . . . . . . .. .. oL Lo
Map interactions with detuned wavelength and OD hexagons. U = ¢|VzVo[*. A
Ao/A, =0.927, B A,/A, =0.829, C A,/A, =0.634, D A,/A, =0.586, E A,/A. = 0.537,
F Ao/A, = 0.488. Parameters: v = 0.15,7, = 0.05,7, = 0.2,e = 2000,T, = 41,7y = 10%,
256 x 256 mesh. Initial condition identical in all simulations. . . . . .. ... .. ... ..
Map interactions in higher feature dimensions. A,B Map layout by interactions
between three columnar systems (z(x),01(x),02(x)). All maps are mutually coupled.
Superimposed on the OP map there are the borders of two real fields (black, white).
Ar, =r, =15 =01Br, =001, =1, = 0.1. CD Interactions with four
columnar systems (z(x),01(x),02(x,t),03(x,t)). C 71, = 1oy = To, = 7o, = 0.1. D
r, = 0.01,7, =10, =70, = 0.1. Superimposed on the OP map there are the borders the of
three real fields (black, gray, white). Left panel: initial conditions, middle panel: 7' = 10,
right panel: T = Ty = 5-10*. Parameters in all simulations: € = 2000,y = 0,T" = 22,
128 x 128 mesh. . . . . . . e
OD patterns. A Stationary amplitudes of the OD dynamics. The course of B (7)
Eq. (II5) (blue), Bhes(y) Eq. (II6) (red), and of 6(v) Eq. [@4) (green) for r, = 0.2. The
solutions are plotted in solid lines within their stability ranges. B OD map of macaque
monkey. Adapted from [74]. C Details of B with stripe-like, patchy, and homogeneous
layout. . . . . e
The uncoupled OD dynamics. A Phase diagram of the OD model Eq. ([@0). Dashed
lines: stability border of hexagon solutions, solid line: stability border of stripe solution,
gray regions: stability region of constant solution B Percentage of neurons dominated
by the contralateral eye plotted for the three stationary solutions. Circles: numerically
obtained values, solid lines: Cy; and Chez. . . o o o o o v 0 0 o o e e
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