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ABSTRACT: We introduce the concept of meta-learning into the
design of active optical switches. An optical switch consists of both
tunable and nontunable elements. It has been difficult to apply
conventional inverse design methods to optical switches, since the
optimal choice of the tunable elements depends on the design of
the nontunable elements. Here we show that a bilevel optimization
scheme, closely related to the concept of meta-learning, can be used
for the design of active optical switches. In this scheme, the inner
and outer loops correspond to the optimization of the tunable and
nontunable elements, respectively. We illustrate this scheme with
two designs of optical switches based on different tuning
mechanisms. This approach is generally applicable for the design
of optical switches as well as other active and tunable optical devices.
KEYWORDS: meta-learning, inverse design, tunable, optical switch

■ INTRODUCTION
In recent years, inverse design has emerged as a prominent
framework for the design of optical devices and has witnessed
broad applications.1−11 In comparison to traditional design
methods based on human physical intuition, inverse design
relies on computer optimization algorithms and can produce
structures that are more compact or that have novel
functionalities. Moreover, while most of the initial studies on
inverse design in photonics focused on linear and passive
structures, there are now emerging interests in applying inverse
design to active and nonlinear devices such as optical
switches.12,13

An important approach in inverse design is to use gradient-
based algorithms.14−18 In this approach, one defines an
objective function that mathematically describes the design
objective as a function of various design parameters. During
the optimization process, one starts with a particular point in
the design parameter space and computes the gradient of the
objective function with respect to the design parameters at this
point. A better choice of design parameters is then produced
according to the gradient information. This process continues
until a design with sufficiently high performance is reached.
These gradient-based algorithms are closely related to the
optimization algorithms developed in the machine-learning
communities and have been widely used for the inverse design
of passive photonic devices.19−21

There is, however, an interesting challenge in applying
gradient-based algorithms to design optical switches.12,13,22,23

An optical switch consists of tunable elements where certain
physical properties such as indices can be varied, as well as
nontunable elements where the physical properties are fixed.
During the operation of the switch, the physical properties of
the tunable elements are varied such that the device can switch
between performing different functionalities, while the physical
properties of the nontunable elements are kept constant. For
example, the nontunable elements can be a region of the device
where the index is kept constant, whereas the tunable elements
can be a region where the index is varied. Alternatively, the
nontunable elements can be a background refractive index
distribution, and the tunable elements can be a small refractive
index modulation of the background.
Unlike the design of a passive structure, the refractive indices

of the tunable elements are not fixed during the operation of
the device. Moreover, the optimal choices of refractive indices
of the tunable elements for the operation of the switches are
not known before the design is completed, since these choices
depend on the refractive index distribution of the nontunable
elements. The gradient-based algorithms therefore must take
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into account the different characteristics of tunable and
nontunable elements.
In this paper we show that the inverse design of optical

switches can be achieved with the meta-learning algorithm
recently developed in the machine-learning community.24−27

Meta-learning aims to produce a machine-learning model that
can perform well on various tasks upon fine-tuning and is
typically formulated as a bilevel optimization problem
consisting of two nested loops, where the outer loop
corresponds to producing the model itself and the inner loop
is the fine-tuning. Here we apply the meta-learning concept to
the design of an optical switch, where the choice of parameters
for the tunable elements correspond to the inner fine-tuning
loop. Our result indicates that the concept of meta-learning can
be applied to the design of optical switches. This work
represents a step forward in the applications of inverse design
for active optical devices and highlights a connection between
the literature of machine learning and optical design.

■ RESULTS AND DISCUSSION
As the first example that illustrates our approach, we consider
the inverse design problem of a compact optical switch with
one input port and three output ports. Each port consists of a
single-mode waveguide of dielectric constant εr = 12. There are
3 different modes of operation where we desire output in the
top, middle, and bottom waveguide, respectively. The
dielectric constant is only tunable in two small disk regions
of radius 0.192 μm, as shown in Figure 1a. The tunable

elements are assumed to have dielectric constants ε1, ε2 ∈ [1,
12], which can be implemented with, e.g., microelectrome-
chanical systems,28−30 where the effective permittivity in a
region can be changed mechanically by varying the fraction of
high-index materials in that region. The tunable elements are
surrounded by a static structure that is fixed upon fabrication,
with the spatial distribution of the dielectric constant binarized
at either εr = 12 or εr = 1. The static structure is the
nontunable element of the switch. The design region, which
includes both the tunable and nontunable elements, has a
dimension of 2.4 μm × 2.4 μm and is located at the center of a
simulated region with a size of 4.8 μm × 4.8 μm. The operating
frequency corresponds to a free-space wavelength of 1.5 μm.
Denote the dielectric distribution in the design region as

x y x y x y( , ) ( , ) ( , )r = + (1)

where εϕ(x, y) is the dielectric distribution of the tunable
elements, parametrized by ϕ and nonzero only in the disk
regions. εθ(x, y) is the dielectric distribution of the static
structure, parametrized by θ and nonzero outside the disk
regions. The specific form for the parametrization depends on
the design constraints.31 Here we use 61 61× to define the
dielectric distribution pixel by pixel, where εθ = εmin + (εmax −
εmin)(1 + tanh(βθ))/2, with εmin = 1 and εmax = 12. β is
initialized at 500 and gradually increased toward 1500 to
encourage binarization.
For each of the 3 modes of operation, denote the desired

mode profile as Pi(x, y), which is nonzero only on a line
segment across the ith output waveguide, as indicated by the
blue lines in Figure 2. On the line segments, Pi(x, y)

corresponds to the fundamental mode of the ith output
waveguide. The objective is to maximize the overlap integral
between the field Ez(x, y) and the desired mode profile Pi(x, y).
The optimal setting of the tunable elements for the ith mode of
operation is thus given by

( ) argmin ( , )i i* =
(2)

P x y E x y x ywhere ( , ) ( , ) ( , )d di i z= *
(3)

Figure 1. Illustration of (a) the problem of designing an optical switch
and (b) the optimization algorithm. In (a), the objective is to design
the nontunable element (gray region) such that light can be directed
from one input port into one of the three different output ports when
the tunable element (blue region) is set to proper values. In (b),

i i 1
3{ }= and θ are alternatingly improved using their corresponding loss

functions. During each update step, the colored regions are updated,
while the shaded regions are frozen.

Figure 2. Field distribution (left) in the optimized structure (right)
for optical switch that directs incoming light to the bottom (top),
middle (middle), and top (bottom) output waveguide. Only the two
disk regions are tunable, with their relative permittivities (ε1, ε2) being
(11.9, 5.8) (top), (1.1, 1.1) (middle), and (5.8, 11.9) (bottom).
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The integration in eq 3 is over the whole 4.8 μm × 4.8 μm
simulated region, but we recall that P x y( , )i* is nonzero only at
a line segment across the ith output waveguide.
The optimization problem for the static structure para-

metrized by θ can be written as

argmin ( , ( ) )i itotal 1
3* = { * }=

(4)

where ( , ) ( , )i i
i

i itotal 1
3

1

3

{ } ==
= (5)

where ( )i
* is the optimal value of the tunable elements for

the ith mode of operation, found from eq 2. Here we want to
ensure that all modes function equally well, so we modify eq 5
as

( , ) log exp ( , )i i
i

i itotal 1
3

1

3

{ } ==
= (6)

where the sum is replaced by the LogSumExp function32 in
order to get a worst-case optimization. The LogSumExp
function is a smooth approximation to the maximum function,
with x x x xlog exp( ) ... exp( ) max , ...,n n

1
1 1[ + + ] { } as

β → ∞. Therefore, our optimization objective here is related
to worst-case optimizations for optical design.33−35

Numerically, the optimization problems in eqs 2−6 can be
solved together in an interleaving fashion, as sketched in Figure
1b, by repeating the following algorithm

iargmin ( , ) ( 1, 2, 3)i i =
(7)

argmin ( , )i itotal 1
3{ }=

(8)

In each step, we iteratively improve the parameters in the
optimization problems of eqs 7 and 8. At the jth step, the
parameters are updated as

( , )
i

j
i

j i
j

i

i

( ) ( 1)
( 1)

i
j( 1)

= ·
(9)

( , )j j i
j

i( ) ( 1) total
( )

1
3

j( 1)

= ·
{ } =

(10)

As j increases, we expect that i
j( ) asymptotically approaches

i
*, and θ(j) asymptotically approaches θ*. For numerical
demonstration, we optimize for 100 steps with a learning rate
of α = 2 × 10−4.
Our approach is closely related to the concept of meta-

learning,24−27 which aims to train a machine learning model to
be quickly adaptable across multiple tasks. It can be formulated
as a bilevel optimization problem, where forM tasks of interest,
the model is parametrized by , i i

M
1{ } = , with θ being the same

across tasks and ϕi being different for each task i i i
M

1{ }= .
The training aims to find optimum , i{ * *} via

argmin ( , ( ) )i itotal 1
3* = { * }=

(11)

where ( ) argmin ( , )i i* =
(12)

The outer-level optimization (eq 11) aims to optimize the
meta parameter θ, and the inner-level optimization (eq 12)
aims to optimize the task-dependent parameter ϕi. The inner-
level optimization is typically highly constrained, e.g., in a few-
shot fashion27 where it only takes very few gradient steps and is
thus computationally cheap. Our optimization of the tunable
and nontunable elements, as discussed in eqs 9 and 10,
corresponds closely to the inner- and outer-loop optimization
in meta-learning. Despite the analogy, our optimization
problem is not data-driven and is formulated as a deterministic
one. Our work also has connections to multitask learning.36,37

Here we draw the parallel to meta-learning because our inverse
design problem is inherently bilevel, which formally resembles
meta-learning.
For our inverse design problem as depicted in Figure 1a, the

optimized structure and field distributions for the three tasks
are shown in Figure 2, where the first row corresponds to task
1, second row corresponds to task 2, and third row
corresponds to task 3. The structures for the tasks are shown
in the right column and differ only in the two disk regions
where their relative permittivities for each task are different.
The field distributions on the left show that the input light is
completely directed into different output waveguides as the
permittivities in the two disk regions are varied. The simulation
and the optimization are performed with finite-difference
frequency-domain method.31

The dynamics of the optimization process is shown in Figure
3. The total loss function for the outer loop (Figure 3a), as

defined in eq 6, improves quickly in the first few steps, but the
improvement significantly slows down after around 100 steps.
The loss function for the inner loop (Figure 3b), as defined in
eq 3, shows that it is much easier to direct the light to the
middle waveguide than to the top and bottom waveguides. In
the early stage of optimization, especially during steps 50−100,
task 2 has the best performance. The gradient of the total loss
function in eq 6 is largely dominated by ( , )2 2 , which
corresponds to the middle output waveguide. Since eq 6
assigns more weights to tasks with bad performance, the three
loss curves in Figure 3b eventually converge to very similar
values. Here we did not encounter any convergence issue,
unlike min−max optimizations.38
Figure 4 visualizes the expressivity39 of the structure, namely,

how much output variation one can achieve by varying the
tunable elements, before and after the optimization of the

Figure 3. Loss functions evaluated at each step, for the outer loop (a),
as defined in eq 6, and the inner loop (b), as defined in eq 3,
respectively.
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nontunable element. The color encodes the proportion of
mode overlaps with each output waveguide, where the red (R),
green (G), and blue (B) components in a color correspond to
the amount of light directed into the top, middle, and bottom
waveguides, respectively. More specifically, the coupling
efficiency is defined as

C
P x y E x y x y

P x y E x y x y

( , ) ( , )d d

( , ) ( , )d d
i

i z

s z

=
*

*
(13)

where Pi corresponds to the fundamental mode profile of the
ith output waveguides, for i = 1, 2, and 3, and Ps corresponds to
the fundamental mode profile of the input waveguide at the
source location. Figure 4 plots the color (R, G, B) = (Ctop, Cmid,
Cbot) as a function of the dielectric constants of the two disk
regions ε1 and ε2. Before optimization, the static structure is
initialized with a uniform background permittivity of εr = 6.5,
and the coupling efficiencies into the three output waveguides
are relatively low, as shown in Figure 4a, no matter how the
tunable elements are adjusted. After optimization, the static
structure is parametrized by θ*, and the coupling efficiencies
into the three output waveguides can be higher than 99% when
the tunable elements are properly set. Based on Figure 4b, one
could initialize the tunable elements at, e.g., ε1 = ε2 = 5.5,
which is close to the optimal operating values for all three
switch operations, in order to reduce the permittivity variation
required for the switching action. Note that, in machine-
learning literature, expressivity can adopt various metrics: for a
single neural network, it often characterizes sensitivity to input
variation;40 for a class of neural networks, it often characterizes
what functions can be performed upon parameter tuning.39

Here we draw the analogy to the latter.
As a second example, we consider the design of optical

switch based on a different tuning mechanism. Instead of
having small regions where the permittivity can be tuned over a
wide range as considered above, here we consider the case
where the dielectric permittivity is tunable everywhere but only
within a small range. This case is typical when exploiting
electro-optical effects for modulation.41−43

As an illustration, we consider the same design objective as
above, where we aim to design a 1-by-3 optical switch, but in
this case, we allow the permittivity to be tuned over the entire
design region with a smaller tuning range. For this case, one
can easily modify the parametrization of the dielectric
distribution, by changing eq 1 to

x y M x y x y( , ) ( , ) ( , )r = * (14)

where 1 − η < Mϕ(x, y) < 1 + η corresponds to a spatially
dependent small perturbation of the background dielectric
distribution ϵθ(x, y). Here we choose η = 0.02 for illustration.
The algorithm depicted in Figure 1b and the objective
functions in eqs 2−6 still apply. The resulting optimized
structure and field distributions are shown in Figure 5. Here

the difference between the three structures is small since the
range of tunability in Mϕ(x, y) is small. However, the field
distributions are drastically different and perfectly meet our
stated objective of this optical switch.
The dynamics of the optimization process in this case is

shown in Figure 6a,b. For better convergence, we set a
curriculum for the tunable range parameter η where it is
initialized as 0.1 and decrements by 0.002 every 20 steps until
it reaches 0.02. The loss curve started increasing after around
500 steps, indicating that the limited tunable range became a
bottleneck for the performance. Such a grayscale design with
pixel-level modulation is typically prone to error. We evaluated
the tolerance of our design to error in Figure 6c, where the
dielectric distribution with error takes the form

x y x y s x y( , ) ( , ) (1 ( , ))r r= * + , with s(x, y) sampled from
a Gaussian distribution (0, )2 at each pixel. The result is
averaged over 100 noise realizations, with the shaded band
showing the confidence interval. In conventional methods,12

the tunable parameters for each task are heuristically

Figure 4. Expressivity of the tunable elements (a) before and (b) after
optimization. The color encodes the proportion of mode overlaps
with each output waveguide, where red, blue, and green correspond to
the coupling efficiency into the top, middle, and bottom waveguides,
respectively.

Figure 5. Field distribution (left) in the optimized structure (right)
for optical switch that directs incoming light to the bottom (top),
middle (middle), and top (bottom) output waveguide. Dielectric
distribution in the whole design region is tunable only within 2%.
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prescribed before the optimization and therefore, the
optimized structure’s performance is highly dependent on
the prescription quality; here our tunable part has a huge
number of degrees of freedom, which makes conventional
methods infeasible. The optimal settings for the tunable part,
i.e. Mϕ(x, y), is shown in Figure 6d, which is nontrivial for
heuristic-based methodology.
In addition to these two examples, our algorithm is versatile

and can be generalized to other scenarios. For example, one
could desire a design involving multiple materials, each with a
different tunable range of permittivity and occupying a
different region, potentially with different constraints. All
these complications can be formulated into the parametrization
of the dielectric distribution as in eq 14 or incorporated into
the objective function as regularization terms. As another
example, one may desire a design that performs different
functionalities at different frequencies or incident angles, but
the frequencies and the incident angles themselves can be
adjusted. In these cases, we can use the outer loop to optimize
the design, and the optimal adjustments of the frequencies or
incident angles can be obtained in the inner loop. Our
algorithm is also general across different optimizers, simulation
methods, and parametrizations. For example, our optimization
process can be applied with 3D finite-difference frequency-
domain method44 or finite element methods45 as well. Other
switching mechanisms, such as phase-change materials,46−48

and other types of tunable photonic devices49−55 could also be
considered.

■ CONCLUSION
We introduce the concept of meta-learning into the design of
active optical switches. An optical switch consists of both
tunable and nontunable elements. There are many limitations
in conventional inverse design methods for optical switches,
since the optimal choices of the tunable elements depends on
the design of the nontunable elements. While it is possible to
prescribe heuristic values for tunable elements in simple cases,
it is highly suboptimal when more complicated tunable
elements are involved. Here we show that a bilevel
optimization scheme consisting of two nested loops, closely
related to the concept of meta-learning, can be used for the
design of active optical switches. In this scheme, the inner and
outer loops correspond to the optimization of the tunable and
nontunable elements, respectively. We illustrate this scheme
with two designs of optical switches based on different tuning
mechanisms. This approach is generally applicable for the
design of optical switches as well as other active and tunable
optical devices. Overall, our work points out the huge potential
in exploiting bilevel optimization for inverse design of tunable
optical devices.
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