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This supplementary material provides additional information that could not be included in the main paper due to space

constraints. It contains:

e a derivation of the diffraction formulas adopted in prior work,

e a detailed derivation of the final visual response function,

o implementation details relevant to our simulation framework,

o a discussion of the computational efficiency of the offline diffraction propagation,
o aset of reference images of the glare phenomenon captured by a camera, and

o a demonstration of how different light sources influence the glare pattern.

S1 Diffraction Equations

While the main text of this article presents the final formula for diffraction propagation (Section 3.2), this supplementary

section provides additional derivation details and discusses the underlying connections.

S1.1 Rayleigh-Sommerfeld Diffraction Theory

Under the scalar diffraction theory and finite aperture boundary conditions (i.e., a finite aperture size), the Rayleigh-
Sommerfeld (RS) diffraction solution provides an approximate monochromatic solution to Maxwell’s equations, which
can be expressed as [Goodman 2017]:

zi 1\ edkr
U(xi, yi, zi) = P i U (xp, yp,0) < Jjk r_zdedyP’ (S1a)

r= \/zlz +(xi = xp)? + (yi — yp)? (S1b)

where (xp, yp,zp = 0) and (x;,y;,z;) are points on the pupil plane and image plane, respectively, U(x, y, z) is the
complex amplitude that encodes the amplitude and phase of a wave at a specific point, A is the wavelength, k = 27” is
the wave vector and P(x, y) is the mask representation of pupil or obstacle at position (x, y). We note that j is used to
represent the imaginary unit.

The RS diffraction integral can be solved through the convolution theorem (Eq. S2), which states that the Fourier

transform of the convolution of two functions is the product of their Fourier transform [Goodman 2017]:

F l// u(x, y)o(x = &y - n)dxdy| = F [u(x, y)|F[o(x, y)], (52)
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where F, F ! are the Fourier transform and its inverse. By defining u and v as:

u(xp, Yp, zp) = Uxp, Yp, 2p), (S3a)
zi (1 .\ ek
o(xi,yi, zi) = ; (; - ]k) 2 7= ‘lzl? +xi2 + yiz, (S3b)

the integral part of RS (Eq. S1) could be written as a convolution:
U(xiyinzi) = F(FWF (). (S4)

Although the convolution solution expressed in Eq. S4 is accurate, it is computationally expensive as we will show in
Section S4. Thus, multiple diffraction approximations exist based on the light propagation distance. In the remainder of

this section, we will briefly review some of these approximations relevant to our simulations.

$1.2 Ochoa’s Approximation

Ochoa [2017] proposes that, for circular apertures, the distance r (Eq.S1b) can be approximated as:

xl'Xp+yin
~ 2 2 2
r~1¢xp +y[7 +Zi - P N (SS)

where a represents the radius of the aperture.

Ochoa’s approximation can be obtained by substituting Eq. S5 into the exponential term (e/ kry of Eq. S1, and replacing

rbyr, = [szj + ylz, + zf in the denominators of Eq. S1a:
Z:
U(xi, yi 2i) =—— [/
27 JJp
efr=lxi yi

.

The error of this approximation decreases as the f-number (f/#) of the optical system increases [Ochoa 2017]. This
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parameter is expressed as:

f
#== S7
fle=2 (57)
where f and a respectively represent the focal length and the radius of the circular aperture causing diffraction.
S$1.3 Fresnel Approximation
If r > A, Eq. Sla can be simplified as [Goodman 2017]:
zZj eJkr
U(xi, yi,zi) = — // U(xp, Yp, 0) —5—dxpdyp. (S8)
JjA JJp r
When the propagation distance d satisfies the condition:
ps
@ {21~ + - ) T (9

where max refers to the maximum possible expression value given any valid (x;, yi, Xp, yp), the parameter r (Eq. S1b)

can be approximated by:

r~d

]
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The Fresnel approximation can then be obtained by substituting Eq. S10 into Eq. S8 [Goodman 2017]:
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We note that the Fresnel approximation was adopted by Ritschel.§2809] and Luidolt et al[2020] to reproduce glare.

S1.4 Fraunhofer Approximation

ot %< ~3Zo0 . .
Iflg izi then the propagation kernet %5'F. approaches to one. The Fraunhofer approximation can

be obtained by removing the exponential term inside the Fourier transform of the Fresnel approximation (Eq. S11)
[Goodman 2017]:
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. (S12)
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We also note that the Fraunhofer approximation has been adopted by Kakimoto et al. [2004] to reproduce the glare.

S1.5 Fresnel and Fraunhofer Approximations

Kakimoto et al [2004] proposed that the light wave on the image plane can be obtained by applying Fraunhofer
di raction on a given pupil or obstacles (represented as a mask) on the pupil plane. Ritschel[208B] proposed the

use of Fresnel di raction to replace the former since it has higher physical accuracy. Considering the perfect focus
setup described in Section. 4ik(lg=3 = 5), by substituting Eq. 11 into Eq. S11, we obtain:

5 1Gp-g® | Fo* 1Ge—es®s & 7 1/4%-2;
= F# glGe~e® %Ge~° CGe~ 0495*8“‘5"%01/4%';2
e G T (S13)
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Eq. S13 shows that the point spread function (PSF) generated using the Fresnel approximation with perfect focused lens
setup is equivalent to the PSF generated using the Fraunhofer approximation with the lens removed as indicated by
Goodman [2017]. Therefore, we will treat these two approximations as the same propagation method and refer to them
as the Fresnel approximation” in this work.

S2 Brightness Mapping Function

In this section, we provide more details about the nal step of our proposed visual response function. Initially, we denote
the luminance mapped to reference white (display level 255) and the luminance mapped to reference black (display level
0) by! A45, 8C4gnd| A45 (02: regpectively. We then employ*=Fto denote the luminance of the environment. Lastly,
,,g%iig;’:t d! ;gggfﬁgg denote the patterns' photopic luminance (associated with the cones) and scotopic

luminance (associated with the rods), respectively.

we use!
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The brightness values assigned to reference white, reference black, and the combination of pattern and environment
stimuli are respectively calculated using the following expressions:

A45, 8C4_ 1) A45, 8C4 |A45, 8Ch, (S14)
A45 ;02: _ 1!A45 ;02:.!A45 ;02:0, (315)

and
POCCUE 4 T00CHES 1455, 200 . (516

where the function represents the mapping from luminance to brightness (Eg. 16).
The color2 assigned to ?0€C444=Ejg then de ned through the following linear interpolation expression:

?0CC4A4=E_ A45 ;02: 21 A45,8C4  A45 ;02:, (S17)

which can be rewritten as:
20CC4A4=E  A45 ;02:

2= A45,8C4 A4S 02
1) 70CC4A= | 4=F, | 20CCAA= | 4=F, 1| A45 :02:, | A45 020 (S18)
_ U2>Cc>782 1 | 'B2>C>782" - - )
- 11 A45, 8C4 1A45, 8ChH 1] A45 ;02:4 |A45 ;02:0
Since is monotonic and Eq. S18 is an inverse linear interpolation /> :02: 1 1A45.8C4 then2 2 011,

Finally, Eq. 17 can be obtained by applying Eq. S18 for three color channels:
1 200N 1 4 Ba TSI 1 4Bl 1 AGS 025,41 A45 020

" = . S19
2! ( B/ 1) A45, 804>8./4‘!A45, BC4>8/40 1] A45 ;02:>8A1!A45 ;02:)8/40 ( )

where LMS is the color space that represents the response of three types of cones [Banter204i8] with8= 1¢2¢3
representing each color component. Note that, in the main body of the article, we added a sulistripach of the
notations to emphasize that they are luminance in contrast to radiance. For formatting reasons, we also abbreviated

?0CC4A=,?0CC4A5A45 ;02: A45,8C4, 72 : : .
L Can85!B25C>2B0E and! g to! !B A andA, , respectively, in the main text.

S3 Implementation Aspects

This section provides details on the representation of the wave plane and the implementation of the visual response
function, including the overall setup, the software framework used, and the construction of luminance to brightness
functions.

The light wave, as a core component of the propagation stage, is represented as a square matrix2of sizefor
some integer with complex number entries. The physical size assigned to the matrix that represents the pupil plane is
8<<  8<< . Note that for the direct Fast Fourier transform (FFT) implementations, we doubled the physical size of
the plane tol6<<  16<< for better visual results (padding with zeros the rows and columns that become empty
once the pupil representation inside the square matrix is reduced). The valuengfs chosen to meet the requirement
of sampling or the desired visual quality.

We implemented each approximation algorithm with NumPy and Di ractio [Sanchez-Brea €2@24] library, which
provides routines that implement the RS di raction with convolution and Chirp Z transform (CZT). To facilitate visual
interaction, we implemented the response stage in a fragment shader with OpenGL [KessenicR@1 3] and adopted
Dear ImGui [Cornut 2024] as the user interface.
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Parameters Photopic  Scotopic

6.311 2.168
10.441 1.135
11.373 0.004

0.122 22.552

3.471 4.091
-9.058 0.000

0.566 1.000

-12.916 13.395

Table S1. Parameter values used to obtain the photopic and scotopic fi ed curves depicted in Fig. S1

o o MW NE O

For the choice of spectral luminous e ciencies, we adopted the CIE XYZ color matching function for cere$)
(convert to LMS color space and RGB color space afterwards), and CIE Scotopic luminosity curve fer¥od$ [Ohno
et al. 2020].

The propagation results were generated for each wavelength of the spectrum region3fito 830=<, and stored
in OpenEXR format [Kainz et a003]. Simulations were executed on a workstation with 128 GB RAM equipped with
an AMD Ryzen 3990X.

The mapping function (Eq. 15) is data-driven and discrete, which makes it di cult to invert and accommodate
continuous input. To address, we tted the data with the following equation us2IQAES 8@/irtanen et al. 2020]:

~1@ =10G, 11 logtip, 1344% o4 186 .., (S20)

B s

with the : parameters being assigned the values listed in Table. S1. We then plotted the tted curve depicted in Fig. S1.

Fig. S1. Fied curves for luminance to brightness mapping function (inverse of Eq. 15). Two solid curves are data-driven functions for
photopic and scotopic cases. The do ed curves are fi ed results obtained using Eq. S20 and the parameter values listed in Table S1.
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S4 Time and Space E iciency

In this section, we provide more quantitative details regarding the o ine pre-computation of the point spread function
(PSF) of the glare pattern. All propagation methods introduced in Section 3.2 and Chirp Z transform (CZT) were
implemented using a constant number of FFT operations and their inverses. Thus, they all have time complexity
O# 2>6#° and space complexit® # 2°, where# is the number of rows of the square input matrix [Hu et.&020;

Shen and Wang 2006]. We pro led the performance of these algorithms considering distinct valués famd recorded

the time consumption and peak memory usage in Table S2. Although the implementation a ects the exact performance,
the asymptotic trends of time and space matched the theoretical complexities outlined earlier. Furthermore, as expected,
the algorithms that employed FFT were faster than those that used CZT since CZT operations were implemented with
two FFT operations and one inverse Fast Fourier transform (iFFT) operation.

Note that when the input matrix size increases by a factor of 4 (from 4096 to 16384) in a Fresnel di raction execution
employing FFT, the memory usage increases by a factor of 16, growing from 2.82 GB to 45.07 GB. This is because
the matrix size is a one-dimensional measure, whereas memory usage scales with two-dimension. Furthermore, we
observe that with the FFT-based implementation, Ochoa's approximation is approximafisger than the reference
solution, whereas the Fresnel approximation is only aboGtf8ster. This di erence is mainly due to the fact that the
Fresnel approximation formula (Eq. S11) contains a coe cient whose computation requires a markedly larger number
of oating point operations than that of Ochoa's approximation (Eq. S6).

It is also worth noting that Ochoa's approximation produces results that approximate the reference patterns (obtained
using the RS di raction solution) more closely than those produced by the Fresnel approximation. Moreover, the
computational time associated with Ochoa's approximation is lower than that associated with the Fresnel approximation.
For these reasons, we suggest the use of Ochoa's approximation, instead of the Fresnel approximation, in the generation
of the glare patterns discussed in this work.
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Table S2. Time and peak memory costs. Matrix size refers to the size of the 2D matrix that represents y&ues.is the time

spent in executing of the propagation stage8<4: refers to the time to scale the propagation results to a specific size. This metric is
only available for FFT implementations as CZT is capable of generating a matrix representing the image plane with a user-selected
physical size. Memory usage corresponds to the peak usage during the whole execution procedure.

Rayleigh-Sommerfeld di raction with Fast Fourier transform
Matrix Size )8<4)y )8<4 Memory Usage
16384 288.95s 233.86s 106.50 GB

Ochoa's approximation with Fast Fourier transform

Matrix Size )8<4) )8<4 Memory Usage
1024 0.08s 0.22s 0.17 GB
4096 2.83s 10.88s 2.69GB
16384  46.34s 285.10s 43.02 GB

Fresnel di raction with Fast Fourier transform

Matrix Size )8<4)  )8<4 Memory Usage
1024 0.12s 0.22s 0.19GB
4096 6.53s 10.94s 2.82GB
16384 95.22s 286.42s 45.07 GB

Ochoa's approximation with Chirp Z transform

Matrix Size )8<4)  )8<4 Memory Usage
1024 0.25s N/A 0.27 GB
4096 8.96s N/A 4.36 GB
16384 152.23s N/A 69.65 GB

Fresnel di raction with Chirp Z transform

Matrix Size )8<4) )8<4 Memory Usage
1024 0.27s N/A 0.28 GB
4096 9.15s N/A 435GB

16384 157.45s N/A 69.63 GB
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