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Abstract: Calculus  equations  are  fundamental  mathematical  tools,  whose  numerical  solution  is  crucial.  Existing
solvers with optical analog computing struggle to simultaneously integrate programmability and parallel processing,
thus constraining computational  speed and density.  Herein,  we propose a reconfigurable all-optical  platform capa-
ble  of  solving  variable-coefficient  first-order  ordinary  differential  equations  in  parallel.  We  utilize  the  electrically
tunable liquid crystals (LCs) as computing kernels to address these equations. The solver's applicability to canonical
scientific problems, such as heat conduction and resistor-capacitor circuit dynamics, is further showcased with simul-
taneous solving of 158 equations with only one single forward propagation of light. Experimental results confirm the
efficacy of the platform in solving equations in an ultra-fast, reconfigurable, broadband, and parallel manner.
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 1    Introduction
Differential equations1,2 form a cornerstone of mathematics,
underpinning  a  wide  range  of  applications  in  physics3,4,
biomedicine5,  engineering6,7,  and many other disciplines8−10.
They  are  pivotal  in  modeling  diverse  phenomena,  such  as
thermoelectric  effects11,  compressive  sensing12,  optical
neural  networks13,  and  nonlinear  optics14.  While  solving
differential equations is a central focus across many research
areas,  analytical  solutions  are  feasible  only  for  selected  few
simple  cases.  In  most  real-world  applications,  numerical
methods  that  leverage  computational  techniques  to  obtain
approximate solutions are essential15.

In  high-throughput  data  processing  applications,  tradi-
tional data processing methods based on integrated circuits16

encounter significant challenges, including substantial trans-
mission  losses,  slow  processing  speeds,  and  excessive  heat

generation.  These  issues  create  bottlenecks  at  the  integra-
tion level,  ultimately limiting the efficiency of data process-
ing. All-optical computing17−21 has emerged as a transforma-
tive  technology,  offering  high-speed,  parallel,  and  low-
energy processing of large-scale data. Its application to solv-
ing calculus equations in the spatial domain has been widely
investigated.  A  variety  of  material  systems  and  photonic
computing frameworks have been proposed to achieve high-
speed  solutions  for  calculus  equations,  including  microring
resonators22−25,  metasurfaces26−30,  metamaterials31−34,  and
others35−38.  These  developments  have  brought  a  wide  range
of  applications  in  intelligent  agents39 such  as  wearable
devices40,  pattern  recognition41,  and  edge-enhanced  depth
perception42. A wide variety of optical design methodologies
have  consequently  emerged43−46.  However,  existing  optical
architectures  for  solving  calculus  equations  in  the  spatial
domain26,29−32 are  constrained by their  inability  to  modulate
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the  computing  kernel  of  the  constructed  equations.  This
limitation  restricts  their  application  to  calculus  equations
with fixed coefficients.

Real-world  problems often involve  variations  in  parame-
ters,  necessitating  adjustments  to  the  coefficients  of  the
calculus  equations.  This  creates  an  urgent  demand  for
solvers  capable  of  handling  variable-coefficient  calculus
equations.  While  utilizing  microring  resonators  or  pixel
metamaterials  can  solve  time-domain  variable-coefficient
ordinary differential equations (ODEs), they lack the inher-
ent  parallel  processing  capability  of  spatial  domain  signal
processing.  Furthermore,  the  need  for  input  signal  multi-
plexing  processing  further  restricts  the  speed  of  equation
solving. As an important branch of calculus equations, first-
order  ODEs  constitute  a  fundamental  component.  Many
methods  for  solving  higher-order  ODEs rely  on transform-
ing them into first-order ODEs. Therefore, developing solu-
tions  for  variable-coefficient  first-order  ODEs  is  of  great
importance.

In  this  study,  we  propose  and  experimentally  demon-
strate  a  spatially  all-optical  variable-coefficient  first-order
ODE  solver  (SAO-VODE  Solver)  based  on  electrically
tunable  liquid  crystals  (LCs).  With  their  high  transparency
and electrically tunable properties, LCs have become one of
the  most  attractive  reconfigurable  material  platforms  for
optical  computing.  By  carefully  arranging  the  orientation

distribution  of  the  LCs' director,  we  align  the  LC  transfer
function  to  the  Taylor  series  expansion  of  the  first-order
ODE  transfer  function.  By  precisely  adjusting  the  voltages
applied  to  the  LCs,  we  can modulate  the  coefficients  of  the
first-order  ODEs  and  solve  multiple  equations  simultane-
ously across multiple wavelengths. We further showcase the
solver’s  applicability  to  canonical  scientific  problems,  such
as heat conduction under varying temperatures and resistor-
capacitor circuit dynamics with varying input voltages. Our
method  combines  the  parallel  computing  capability  of
spatial-domain  processing  with  the  reconfigurability  of
time-domain  processing,  delivering  an  efficient  all-optical
computing  solution  with  high  speed,  full  parallelism,  and
multitasking capability.

 2    Principles
 2.1  SAO-VODE Solver concept

The concept of SAO-VODE Solver is illustrated in Fig. 1(a).
Two  Fourier  lenses  are  employed  to  construct  a  classic  4f
system,  and  the  tunable  LC solver  is  placed  at  the  confocal
plane of the 4f system as the computing kernel for ODEs. By
adjusting  the  voltage  applied  to  the  LC  solver  to  impart
different phases to the input signals, it implements different
transfer  functions  corresponding  to  ODEs  with  varied
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Fig. 1 | Schematic  representation  of  the  spatially  all-optical  variable-coefficient  first-order  ordinary  differential  equation  solver.  (a)  The  architecture  of
SAO-VODE Solver, featuring a 4f system, a liquid crystal ODE solver to construct the computing kernel, multiple input signals gm(x) (m=1, 2, 3) and corre-
sponding solution output signals fm(x) (m=1, 2, 3) under varied voltages (for different coefficients A/B). (b) The characteristic classification of existing calcu-
lus equation processors. This work combines both spatial signal processing capability, multitasking ability, and reconfigurability. (c) Illustration of the solu-
tions of trigonometric function sin(120πx) and quadratic polynomial function 500x2 + x + 0.01 under different voltages Un (n=1, 2, 3, 4). The abbreviation
‘Norm. Amp.’ has the full name of ‘Normalized Amplitude’.
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coefficients.  Leveraging  the  inherent  parallel  processing
capability of spatial domain optical signal processing, multi-
ple  input  signals g(x)  with  varying  waveforms  can  be
processed  simultaneously.  The  solutions f(x)  are  obtained
independently and simultaneously on the image plane of the
4f system.  Our  approach  combines  both  spatial  signal
processing  capability,  multitasking  ability,  and  reconfigura-
bility, as illustrated in Fig. 1(b).

Figure 1(c) illustrates  the  simulation  results  of  the  solu-
tions  of  trigonometric  function g1(x)  =  sin(120πx)  and
quadratic  polynomial  function g2(x)  =  500x2 + x +  0.01
under different voltages Un (n=1,  2,  3,  4).  When a constant
voltage  is  applied  to  the  LCs,  their  dispersive  properties
facilitate the solution of equations with variable coefficients
for  incident  light  of  different  wavelengths.  Furthermore,  by
utilizing  the  electrically  tunable  characteristics  of  LCs,  we
can achieve solutions to differential  equations with variable
coefficients  without  the  need  to  change  the  wavelength.
These two properties of LCs significantly enhance the capa-
bility for high-throughput signal processing.

 2.2  Taylor expansion and Fourier transform methods

We  employed  the  Fourier  transform  method  to  solve  the
first-order  ODEs with  variable  coefficients.  Without  loss  of
generality,  we consider one-dimensional scenarios in which
input  signals  and  the  orientation  distribution  of  the  LCs’
director  depend  solely  on  the  horizontal  coordinate x.  As
shown in Fig. 2(a), a general first-order ordinary differential
equation can be expressed as follows 

Af ′ (x) + Bf (x) = g (x) , (1)
where A and B are  the  coefficients, g(x)  is  a  known  signal
and f(x)  is  the  function  to  be  solved.  By  employing  the
Fourier transform method and first-order Taylor expansion
when kx approaches  0  m−1,  the  transfer  function  of Eq.  (1)
can be expressed as follows: 

Ĥ (kx) =
F (kx)
G (kx)

=
1

iAkx + B
≈ 1

B

(
−i

A
B
kx + 1

)
, (2)

where F(kx) and G(kx) are the Fourier transforms of f(x) and
g(x), respectively. kx denotes the spatial frequency along the
x-axis direction.

An electrically tunable planar liquid-crystal can be used to
implement the transfer functions in Eq. (2). This implemen-
tation remains effective even when the parameters A and B
vary. The relevant transmission coefficient (see Supplemen-
tary Section 1 for its derivation), which governs this behav-
ior, is given by 

H (θ,φ) = cos
φ
2
− isin

φ
2
sin2θ , (3)

where θ represents the in-plane orientation angle of the LCs
director.  By  placing  the  LCs  at  the  confocal  plane  of  the  4f
system,  and  setting θ =  [sin−1kxλf/(L/2)]/2  and kx = x/(λf),

where L denotes the size of the LCs, Eq. (3) can be reformu-
lated as 

H (kx,φ) = cos
φ
2

(
−itan

φ
2
.
λf
L
kx + 1

)
. (4)

By comparing Eq. (2) and Eq. (4), we can see that Eq. (4)
exhibits an expression identical to Eq. (2) upon the removal
of  an  overall  constant  coefficient.  Furthermore,  the  phase
delay φ associated with the LCs is correlated with the coeffi-
cients A and B in the ODEs, by the relation as follows 

φ = 2tan−1 AL
Bλf

. (5)

According to Eq. (5),  we can construct the transfer func-
tions  of  the  first-order  ODEs  with  variable  coefficients  by
adjusting  the  working  wavelength,  or  applying  different
voltages on the LCs to attach different phase delays φ.  This
forms the basic principle of the ODE solving via liquid-crys-
tal photonic solver.

Figure 2(b) shows  the  designed  orientation  distributions
of θ based on the above analysis, where the azimuth angle of
the  LCs  varies  along  the x-coordinate.  The  inset  illustrates
the 3D direction of the LC molecules, including the in-plane
orientation θ and the  out-of-plane  angle α.  The  right  panel
of Fig. 2(b) illustrates  the  relationship  between  the  coeffi-
cient A/B,  the  phase  delay φ,  and  the  out-of-plane  angle α.
To  demonstrate  the  effectiveness  of  our  proposed  method
for  solving  the  first-order  ODEs,  we  present  simulation
results  obtained  under  different  ODE  coefficients  while
maintaining  a  fixed  input  signal g(x).  As  illustrated  in Fig.
2(c),  the  input  signal  expression  is g(x)  =  cos(40x)  +
0.8sin(30x + π/4) + 0.5sin(20x + π/7) + 3. Figure 2(d–f) illus-
trates  the  theoretical  transfer  function H(kx),  alongside  the
transfer  function Ĥ(kx),  and  the  first-order  Taylor  expan-
sion approximation of H(kx),  implemented by  the  LCs.  We
can  observe  that  as  the  spatial  frequency kx approaches
0  m−1,  the  designed  transfer  function Ĥm(kx)  = −iAkx/B2 +
1/B (m=1,  2,  3)  exhibits  high consistency with the theoreti-
cal  transfer  function Hm(kx)  =  1/(iAkx + B)  (m=1,  2,  3).  As
the  results, Fig. 2(g–i) presents  the  output  signals f(x)  after
processing  through  both  the  theoretical  transfer  function
and the transfer function derived through Taylor expansion.
It is noted that the simulation results in Fig. 2(g–i) have been
appropriately translated and scaled for easy comparison. It is
observed  that  the  theoretical  results  closely  align  with  the
simulation  results  while  discrepancies  between  the  two
transfer  functions  lead  to  a  slight  deviation  between  the
theoretical and simulation outcomes. As the coefficient A/B
increases, the range of kx where H(kx) and Ĥ(kx) match well
becomes  progressively  narrow.  To  ensure  the  LC  solver
processes  only  the  aligned  components,  the  spatial
frequency  range  of  the  kernel  can  be  limited  by  increasing
the  focal  length f.  In  our  experiments,  constrained  by  the
focal length of the lens, we conducted demonstrations using
a relatively small coefficient A/B. Nonetheless, the proposed
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method  is  fully  scalable  to  scenarios  involving  large
coefficient A/B.

 3    Results and discussions
 3.1  Characterization of SAO-VODE Solver

The  experimental  setup  is  schematically  illustrated  in Fig.
3(a).  A  50×  magnification  objective  lens  and  lens  1  are
arranged  in  a  confocal  configuration  to  collimate  and
expand  the  incident  beam.  An  aperture  is  employed  to

control the beam size. A signal mask based on a 1951 USAF
resolution  test  chart  (see  Supplementary  Section  3,  for  the
photograph of  the signal  mask),  is  used to generate  various
input  signals g(x)  by  selectively  illuminating  different
regions of the resolution chart, as illustrated in Fig. 3(e). The
1951  USAF  resolution  test  chart  is  positioned  at  the  front
focal plane of the Fourier lens 2, while the solver is placed at
the  confocal  plane  of  the  4f  system  (f =  150  mm).  A  linear
polarizer and an analyzer are positioned before and after the
LC device,  respectively,  to  control  the  polarization states  of
the  input  and  transmitted  light.  The  output  signals  are
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captured by a charge-coupled-device (CCD) camera located
at the back focal plane of the Fourier lens 3.

Figure 3(b) shows the microscopic polarized image of the
designed LC solver (see Methods for the fabrication process
of the LC solver). The working area (2.12 mm × 2.12 mm) is
marked within an orange dashed box. Figure 3(c) illustrates
the  polarization  conversion  efficiency  (PCE)  and  phase
curves of LCs at the wavelengths of 590 nm and 630 nm. The
solid lines correspond to the PCE as a function of voltage U
(see  Supplementary  Section  1  for  more  details  about  PCE
measurement  and  phase  curves  calculation). Figure 3(d)
shows the variable coefficient A/B varies with respect to volt-
age U.  The  zoomed-in  photography  framed  by  the  orange
box in Fig. 3(e) highlights the actual two-dimensional signal
region,  with  each  column  corresponding  to  different  input
signals.

To  validate  the  broadband working  characteristics  of  the
proposed  method,  two  distinct  operating  wavelengths,  590
nm  and  630  nm  were  selected.  Using Eq.  (5),  the  phase

values φ corresponding  to  different  coefficients A/B can  be
calculated.  By comparing these  phase  values  with  the  curve
shown in Fig. 3(d),  the corresponding voltage values can be
determined  (see  Supplementary  Section  4  for  more  details
about  the  relationship  between  the  voltage U and  different
coefficients A and B at various wavelengths λ). The proposed
SAO-VODE Solver  is  able  to  process  input  signals  directly,
without  requiring  the  analog-to-digital  signal  conversion.
The  input  signals  are  obtained  directly  from  the  spatial
domain  capture.  In  the  first  column  of Fig. 3(f),  the  input
signals  are  generated  by  illuminating  different  areas  in  the
1951 USAF resolution chart with a laser operating at 590 nm
and  630  nm,  corresponding  to  the  intensity  distribution
marked at various locations on the signal mask in Fig. 3(e).

Firstly,  to  demonstrate  the  capability  of  the  proposed
SAO-VODE Solver in processing multiple input signals,  we
obtained  ODE  solving  results  for  three  different  input
signals gm(x) (m=1,2,3),  as illustrated in the second column
of Fig. 3(f).  The third column of Fig. 3(f) demonstrates that
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Fig. 3 | Experimental setup and measurement of the LCs properties. (a) Experimental setup for ODE solving. The signal mask is the 1951 USAF resolution
chart. (b) Photograph of the fabricated LC solver sample under orthogonally polarized light. The scale bar is 1 mm. (c) LC polarization conversion efficiency
(PCE)  and  phase  delay φ curves  versus  applied  voltages  at  the  wavelengths  of  590  nm  and  630  nm.  (d)  The  coefficients  curves  of A/B of  ODEs  versus
applied voltages on LC at the wavelengths of 590 nm (blue) and 630 nm (red). The image inside the red and blue box further showcase the details of the
curves. (e) The illustration of the input signals gm(x) (m=1,2,3). The image inside the orange box represents the input signal, and the yellow dashed lines
indicate the input signal used in (f). (f) Comparison of the experimental results and theoretical results of ODE solution fm(x) (m=1,2,3) under different wave-
lengths λ,  voltages U,  coefficients A/B,  and input signals gm(x)  (m=1,2,3).  The abbreviation ‘Norm. Amp.’ has the full  name of ‘Normalized Amplitude’. E
represents the deviations between the experimental results and theoretical results.
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by adjusting the voltage U, the coefficient A/B can be modi-
fied,  enabling  the  corresponding  solution  results  to  be
obtained.  The  fourth  column  illustrates  that  expected  solu-
tions  for  the  ODEs  can  also  be  achieved  at  different  wave-
lengths. To avoid variations in focal length for incident light
of  different  wavelengths  caused  by  lens  dispersion.  In  this
work, we employ an achromatic lens (LBTEK, MAD410-A)
designed for the visible spectrum, the focal length tolerance
of the lens is ±1%. During the experiment, the signal mask,
Fourier lens, liquid crystal solver and CCD (charge-coupled
device)  are  all  mounted  on  a  five-axis  translation  stage
(PDV,  SZ500),  which  provides  an  adjustment  precision  of
5  μm  in  each  of  the x, y,  and z directions.  The  slight  focal
length variation introduced by  the  incident  wavelength can
be  compensated  by  adjusting  the  five-axis  translation  stage
to maintain the conjugate planes of the 4f system. All input
and  output  signals  have  been  normalized  for  visualization.
To  quantitative  evaluation  of  the  deviation  between  the
experimental  results fd(x)  and  theoretical  results ft(x),  we
define  the  solving  error  as E =  (∫  (ft(x) − fd(x))2dx)  /
(∫(ft(x))2dx × ∫(fd(x))2dx).  According to quantitative evalua-
tion  results,  the  deviation  between  the  experimental  and
theoretical  results  is  mostly  within  0.05.  The  results  show
that  the experimental  results  agree well  with the theoretical
predictions  across  multiple  wavelengths  and  parallel  input
signals,  discontinuous  signals  are  directly  processed  in  the
spatial  domain,  better  reflecting  the  input  signals  distribu-
tion  typically  encountered  in  practical  scenarios,  though
minor  discrepancies  exist  due  to  the  transfer  function
approximation.  Additionally,  positional  offsets  between  the
zero frequency of the input signals and the center position of
the LC solver, as well as the limited design focal length, can
introduce  errors  in  the  results  (see  Supplementary  Sections
5,  6,  and  7  for  more  details  about  the  error  analysis).  It  is
noted  that  the  experimental  results  in  Fig.  3(f)  have  been
appropriately translated and scaled for easy comparison (see
Supplementary  Section  8,  for  the  details  of  the  selection  of
the  scaling  and  translation  coefficients).  To  the  best  of  our
knowledge,  this  represents  the  first  demonstration  of  a
method to solve first-order variable-coefficient ODEs in the
spatial domain.

 3.2  Optical solutions to heat conduction and resistor-
capacitor circuit problems

Solving differential equations has significant applications in
thermodynamics,  electromagnetics,  and  other  scientific
domains.  Here,  we  present  two  practical  examples  demon-
strating the application of the proposed SAO-VODE Solver
for  solving  differential  equations.  The  first  example
addresses the transient heat transfer problem of small-sized
spheres  in  a  gradually  varying  low-temperature  environ-
ment,  as  illustrated in Fig. 4(a).  According to  Newton’s  law
of  cooling,  the  temperature To(t)  of  the  high-temperature
object and the environment temperature Te(t) are governed

by the following ODE: 

1
k
dTo (t)
dt

+ To (t) = Te (t) , (6)

where k denotes the thermal conductivity. Another example
is  the  resistor-capacitor  (RC)  circuit,  as  illustrated  in Fig.
4(b). For a simple RC series circuit with a time-varying volt-
age V(t),  the  charge q(t)  between  the  capacitor  satisfies  the
following ODE: 

Rdq (t)
dt

+
1
C
q (t) = V (t) , (7)

here, R denotes the resistance and C denotes the capacitance.
To generate  various  input  signals Te(t)  and V(t),  a  custom-
designed signal board is employed, as indicated by the white
dashed region in Fig. 4(c). The signal board consists of 768 ×
768 pixels, each with dimensions of 41 μm × 41 μm. Differ-
ent columns of the signal board encode signals with variable
coefficients.  In  the  experiment  implementation,  temporal
variations of the input signals are mapped onto spatial varia-
tions along the x-axis. The left half of the signal board repre-
sents a quadratic polynomial, expressed as Te(x) = 500x2 + x
+ (100 + 2m) × 10−4, where m gradually increases from 0 to
384  toward  the  center  of  the  signal  board.  The  right  half
corresponds  to  a  sinusoidal  wave,  expressed  as V(x)  =  sin
[(60 + n) πx] + 1, where n gradually decreases from 384 to 0
when  moving  away  from  the  center.  Two  representative
regions  from  the  signal  board  are  selected  as  input  signals
for  the  heat  conduction  scenario  and  RC  circuit  scenario,
respectively, as indicated by input function sets (IFS) 1 and 2
in Fig. 4(c).  The  intensity  distributions  of  the  input  signals
along the x-axis direction of the input signals are shown for
four distinct lines, denoted as gm (m=1, 2, 3, 4).

Figure 4(d) illustrates  the  corresponding  output  function
sets  (OFS) obtained experimentally for the heat  conduction
scenario  with  1/k =  7.5  ×  10−3 and  the  RC circuit  with R =
1.5 × 104 and C = 0.5 × 10−6. Similarly, Fig. 4(e) illustrates the
experimental  results  for cases with 1/k = 2.5 × 10−3 and the
RC circuit  with R = 5 × 103,  while  keeping C as  a  constant.
The  resulting  output  signals,  denoted  as fm (m=1,  2,  3,  4),
correspond to the solutions of input signals gm (m=1, 2, 3, 4)
under the respective scenarios.

Additionally,  parallel  solution  results  are  illustrated.  In
Fig. 4(c),  the  input  signal  window  size  is  6.5  mm  ×  7  mm,
corresponding  to  a  simultaneous  solution  of  158  equations
(6.5 mm/41 μm = 158). Among these signals, four represen-
tative  signals  are  selected  to  facilitate  a  direct  comparison
between the experimental and theoretical results. The excel-
lent agreement observed between them underscores the reli-
ability  and  accuracy  of  the  proposed  approach.  These  two
practical examples validate the capability and applicability of
the  SAO-VODE  Solver  in  solving  real-world  differential
equations,  thereby  demonstrating  its  potential  for  broader
application scenarios.

At  last,  as  shown  in Table 1,  a  comparison  is  presented
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Fig. 4 | Diagrams of practical examples for solving differential equations. (a) Schematic diagram of the heat conduction, a small high-temperature sphere
with temperature To(t) and thermal conductivity k, is placed in a low-temperature environment with varying temperature Te(t). (b) A schematic diagram of
the RC series  circuit,  a  varying  voltage V(t)  is  applied.  (c)  The bright-field  microscopic  images  of  the  signal  board under  parallel  polarization states.  The
signal board consists of sinusoidal signals and second-order polynomial signals, with signal intensity varying along the x-axis direction and signal coefficient
varying along the y-axis direction. IFS 1 and 2 present the experimental input signals of the second-order polynomial type and sinusoidal type, respectively.
The right side shows the signal intensity distributions along the x-direction corresponding to the white dashed lines gm (m=1,2,3,4). The red line represents
the design signal, and the purple line represents the actual input signal. (d, e) The comparison between experimental and theoretical results for parallel
solving under different equation coefficients. fm (m=1,2,3,4) corresponds to the solution results of input signals gm (m=1,2,3,4). The experimental results of
OFS 1 and 2 correspond to the solution results of IFS 1 and 2. Both the experimental and theoretical results are subjected to simple sliding window smooth-
ing for easy comparison. Both the input and output signals are normalized.

 

Table 1 | Comparison of various calculus equation solver.
 

Ref. Methods PT (cycles) Neqs (single operation) Reconfigurable Operation domain

23 MRR NG 1 √ TD

37 AMS NG 1 × SD

29 DMM NG 1 × SD

32 MS 50 1 × SD

28 MG 60 1 × SD

33 PMM 30 1 √ TD

47 MZI 1 3 √ TD

This work LCs 1 158 √ SD

Ref. reference, PT processing time, Neqs number of equations, MRR microring resonators, AMS acoustic metasurface, DMM dielectric metamaterials, MS

metastructures, MG metagratings, PMM pixel metamaterials, MZI Mach-Zehnder interferometer, LCs liquid crystals, NG not given, TD time domain, SD spatial domain.
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between  this  work  and  other  existing  methods  for  solving
calculus  equations.  Our  method  solves  differential  equa-
tions with a single forward propagation of light waves, elimi-
nating  the  need  for  multiple  iterations  of  light  signals  to
achieve  stability,  as  required  by  methods  based  on  metas-
tructures  (MS),  metagratings  (MG),  and  pixel  metamateri-
als  (PMM).  Moreover,  with  a  single  operation,  we  experi-
mentally achieve the parallel solving of 158 equations, which
represents an improvement of 102 magnitude in the number
of  equations  solved  per  computation  compared  to  existing
methods  for  solving  calculus  equations.  Existing  spatial-
domain  computing  methods  such  as  acoustic  metasurface
(AMS),  MS  and  MG  based  on  inverse-designed  approach,
are  difficult  to  be  integrated  with  reconfigurable  or
programmable devices.

 4    Conclusions
We  have  proposed  and  experimentally  demonstrated  an
electrically  tunable  liquid  crystal-based  optical  solver  capa-
ble of simultaneously solving multiple first-order ODEs with
variable  coefficients  in  the  spatial  domain.  The  approach
begins  with a  Taylor  expansion-based analysis  of  the  trans-
fer  function  corresponding  to  first-order  ODEs,  which  is
matched to the complex amplitude modulation characteris-
tics  of  the  liquid  crystal.  By  electrically  tuning  the  applied
voltage  to  attach  different  phases,  the  coefficients  of  the
differential  equations can be flexibly  adjusted.  The system’s
capability  is  validated  experimentally  through  a  series  of
tests  involving  both  synthesized  and  physically  meaningful
input  signals.  Furthermore,  we  demonstrate  its  application
to  practical  scenarios  in  thermal  conduction  and  electrical
circuits.  The  experimental  results  exhibit  excellent  agree-
ment  with  theoretical  predictions,  thereby  confirming  the
accuracy  and  robustness  of  the  proposed  method.  Notably,
parallel  computation  of  up  to  158  differential  equations  is
achieved within a single measurement, and this capacity can
be further scaled by increasing the sensor area.

The  parallel  processing  characteristics  inherent  to  spatial
domain  signals,  combined  with  the  high-speed  nature  of
optical  solutions,  offer  substantial  potential  for  high-
throughput  data  processing  applications.  Additionally,  the
system  supports  signal  processing  across  multiple  wave-
lengths,  further  enhancing  its  versatility.  It  is  anticipated
that  inputting  time-varying  signals  will  enable  even  greater
processing  throughput,  extending  the  applicability  of  the
proposed approach.

Compared  to  metasurface- and  metamaterial-based
approaches,  the  LC  solver  stands  out  as  a  lithography-free
solution  with  greater  flexibility  and  lower  fabrication
complexity, but achieves equation-solving capability as good
as  those  lithography-made  devices.  Metasurface-based
devices  exhibit  static  computing  capabilities  after  fabrica-
tion,  whereas  the  LC solver  can  achieve  reconfigurable  and
adaptable  functionalities,  benefiting  from  its  soft-matter

building  blocks.  Overall,  the  proposed  approach  provides  a
reconfigurable,  ultra-fast,  and  highly  compact  solution  for
multi-channel  broadband  parallel  signal  processing,  which
holds  promising  application  potential  in  fields  such  as  all-
optical  diffractive neural  networks,  feature recognition,  and
signal processing.

 5    Materials and Methods
 5.1  Fabrication of the SAO-VODE Solver

The fabrication of the SAO-VODE Solver primarily involves
two steps: the preparation of the LC cell and ultraviolet (UV)
photopatterning  (Supplementary Fig.  S2).  First,  the  ITO
glass substrates undergo ultrasonic cleaning and UV-Ozone
treatment.  Next,  a  0.35% solution  of  the  sulphonic  azo-dye
SD1  in  dimethylformamide  is  spin-coated  onto  the
substrates.  After  curing  at  100  °C  for  10  minutes,  the  3.23
μm-thick  cell  is  then  sealed  using  spacer-doped  epoxy  glue
between two SD1-coated substrates.  To transfer  the desired
azimuth pattern to the SD1 layer, we use a digital-micromir-
ror-device  (DMD)-based  UV  microlithography  system,
which  includes  a  light  source,  components  for  dynamic
pattern generation and focusing, and a monitor. Specifically,
a  UV  beam  carrying  the  designed  pattern  is  reflected  onto
the DMD (Discovery 3000, Texas Instruments), focused by a
tunable  lens,  polarized  by  a  motorized  polarizer,  and
projected onto the LC cell.  The empty cell  coated with SD1
was exposed to linearly polarized UV light through a multi-
step partly overlapping exposure process with synchronized
polarizer rotation, reorienting the SD1 molecules perpendic-
ular to the UV polarization. Upon injecting the E7 LCs, the
patterned  SD1  effectively  guides  the  orientation  of  the  LC
directors  through  intermolecular  interactions,  resulting
in  a  fully  assembled  LC  cell  with  the  desired  azimuth
orientations.

 5.2  PCE measurement

To calibrate the PCE of the LC solver at three specific wave-
lengths, we utilize a super-continuum light source (YSL SC-
pro)  and  a  commercial  optical  power  meter  (Thorlabs,
PM100D), as shown in Supplementary Fig.  S1.  An aperture
is placed in front of the LC solver to minimize the influence
of stray light. In addition, a left-hand circular polarizer (LCP
polarizer)  and  a  right-handed  circular  analyzer  (RCP
analyzer)  are  utilized  to  eliminate  the  unwanted  co-
polarized  light.  By  applying  square  wave  signals  with  a
frequency  of  1  kHz  and  varying  peak-to-peak  amplitude
generated  by  a  signal  generator  (Tektronix,  AFG31052)  to
the LC solver,  we obtained a series of intensities of selected
wavelengths at different applied voltages. Consequently, the
PCE of the SAO-VODE Solver can be measured at different
wavelengths.
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