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Fig. 1. (a) We propose a new technique for non-line-of-sight (NLOS) imaging that considers the polarization state of the captured light after the three bounce
path of an unpolarized light pulse illuminating the relay surface. (b) Our method addresses a fundamental limitation of unpolarized NLOS methods, namely
the missing cone problem: surfaces that are not placed in a specific position and orientation with respect to the relay surface cannot be imaged since they fall
into the null-reconstruction space of the hidden object (highlighted in green). (c, d) Simulated reconstructions of Lucy with three unpolarized state-of-the-art
NLOS methods (light-cone transform, f-k migration, and phasor fields) compared to the reconstruction of our method in which we can see features of target
hidden object Lucy that could not be imaged previously, such as the base of the figure and the left wing. We leverage the directional information encoded
in the polarization induced by the relay surface to reconstruct a Lucy made of a depolarizing material with diffuse reflectance (c), and a Lucy made of a
polarizing material with higher glossiness (d). In both cases, our method provides highly detailed reconstructions, including features in the missing cone.

We propose a novel method to reconstruct non-line-of-sight (NLOS) scenes
that combines polarization and time-of-flight light transport measurements.
Unpolarized NLOS imaging methods reconstruct objects hidden around cor-
ners by inverting time-gated indirect light paths measured at a visible relay
surface, but fail to reconstruct scene features depending on their position
and orientation with respect to such surface. We address this limitation
(known as the missing cone problem) by capturing the polarization state
of light in time-gated imaging systems at picosecond time resolution, and
introducing a novel inversion method that leverages directionality infor-
mation of polarized measurements to reduce directional ambiguities in the
reconstruction. Our method is capable of imaging features of hidden surfaces
inside the missing cone space of state-of-the-art NLOS methods, yielding
fine reconstruction details even when using a fraction of measured points
on the relay surface. We demonstrate the benefits of our method in both
simulated and experimental scenarios.

CCS Concepts: « Computing methodologies — Computational photog-
raphy.

Additional Key Words and Phrases: non-line-of-sight imaging, time-of-flight
imaging, polarimetric imaging, computational photography

1 INTRODUCTION
Time-gated non-line-of-sight (NLOS) imaging methods provide re-
constructions of scenes hidden around corners by inverting the

paths of light measured on a visible (relay) surface based on its time
of flight [Buttafava et al. 2015; Lindell et al. 2019; Liu et al. 2019b;

O’Toole et al. 2018; Rapp et al. 2020; Velten et al. 2012; Xin et al. 2019].
While fundamental for many modern applications, solely relying on
the time of flight of diffusely reflected light introduces ambiguities
when estimating hidden surfaces due to the existence of multiple
light paths with the same time of flight. Current approaches typi-
cally rely on filtering and feature extraction on either the input data
or the output reconstruction to mitigate these ambiguities. However,
they face a fundamental limitation: surfaces that do not retain a
specific position and orientation with respect to the illuminated
and captured points on the relay surface cannot be reconstructed
(see Figure 1). This is known as the missing cone problem [Liu et al.
2019a], and such surfaces are said to be inside a null-reconstruction
space.

In this work, we propose a novel NLOS imaging method that
addresses the missing cone problem by leveraging directional infor-
mation encoded in the polarization state of measured light. For this
purpose, we formulate a new NLOS imaging model that considers
polarization in the time-gated NLOS imaging capture process, and
propose a novel inversion method that prunes the space of potential
hidden points based on the directionality of polarization.

Our model considers a polarizing relay surface and its polarizing
effect on the last bounce that directs the light to the detector. The
polarization induced by the relay surface is due to the difference in
the parallel and perpendicular components of the Fresnel reflection
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coe cients with respect to the plane of incidence. The capture of the
nal polarization state allows us to reconstruct a depolarizing hidden

object in confocal setups. For polarizing hidden objects, our model is l

capable of reconstructing them by leveraging the light path reversal
properties of a confocal setup, even though these materials are
commonly harder to image for conventional unpolarized methods.
Notice that the only requirement for the capture con guration is
that the detector must implement a polarization analyzer to measure
the polarization state of the captured light.

In summary, our main contribution is the formulation of a polari-
metric NLOS capture model and its inversion model, which allows
us to reconstruct scene features inside the missing cone. As our re-
sults show (both simulated and experimental), our method recovers
geometric features over the entire reconstruction space, including
features that remained invisible to previous unpolarized NLOS imag-
ing methods (see Figure 1), even with fewer sampling points on the
relay surface than NLOS unpolarized methods. In particular, we
show the extreme case of reconstructing a plane in the missing cone
scanning only a single point on the relay surface, both in simulation
and experimental captures.

2 RELATED WORK

NLOS imaging techniques are capable of extracting information of
objects hidden around corners under a variety of operational and
computational aspects [Faccio et aD20; Jarabo et.8#017; Maeda

et al 2019]. While passive approaches typically rely on analyzing
spatial gradients of indirect light measured with conventional cam-
eras [Bouman et al2017; Klein et al2016; Saunders et.&019;
Torralba and Freeman 2012], state-of-the-art results are governed by
active methods based on ultra-fast time-gated illumination. At their
core, these methods obtain 3D reconstructions of hidden objects by
inverting the paths of indirect light measured at visible surfaces at
picosecond temporal resolution [Arellano et &017; Buttafava et al
2015; Laurenzis and Velten 2014; Velten et al. 2012].

Time-gated NLOS imaging methods build upon this principle,
increasing time e ciency by exploiting confocal capture setups
[Lindell et al. 2019; O'Toole et aP018; Young et a020], improving
reconstruction quality through optimization and learning [Ahn et.al
2019; Choi et aR023; Iseringhausen and Hullin 2020; Mu et24122;
Plack et al2023; Shen et 22021; Tsai et aR017, 2019], using inex-
pensive sensors [Heide et.&013, 2014] or adding support for ner
surfaces or non-di use re ectivity under more sophisticated capture
systems [Xin et al2019]. Recent works unveiled analogies between
time-gated NLOS imaging and wave-based image formation [Liu
et al. 2020, 2019b], leading to a novel family of phasor-based meth-
ods operating in real-time [Guillén et a2020; Liao et aP021; Nam

etal 2021, 2020], and enabling new applications such as NLOS scene

relighting [Marco et al 2021] or imaging scenes around two corners
[Royo et al. 2023].

However, despite the steady advances of time-gated methods in
the last decade, their reliance on simpli ed light transport models
leads to fundamental problems such as reconstruction ambiguities
and limited surface visibility [Liu et al2019a]. This is known as
the missing cone problem, one of the longstanding limitations of
NLOS imaging techniques, which refers to the fact that certain scene
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Table 1. Symbols used throughout this paper.

Symbol [ Description ]
;*3 Laser and detector physical positions.
GG Laser and detector points on the relay surface.
le Laser and detector scanned area on the relay surfgce.
G Point in the hidden object .
G Three-bouncepatiit ! G! G! G! 3i.
1G-G-C Unpolarized impulse response function from a laser
point G and capture poin at time instantC
S Stokes vector representing the polarization state.
B!G+G+C® | Stokes impulse response function.
bek Angle of linear polarization and degree of polariza-
tion.
51G:° Albedo ofGe.
e Geometric attenuation of the pat&:
qe\ Azimuthal and incident angle.
B CY Mueller matrix of a three-bounce-paté:
N0 Re ection Mueller matrix in local plane of incidence
with angle of incidenc& with respect to the micro-|
facet normal .

8 Rotation operation of polarization coordinate system
in the Mueller-Stokes calculus. Rotates from the ¢o-
ordinate systen8to the coordinate system.

"ok Re ectance of the perpendicular and parallel compo-
nents of the polarization with respect to the plane of
incidence.

features cannot be accessed by NLOS measurements depending on
their position and orientation with respect to the relay surface.
Recent work by Royo et aJ2023] explored this issue by relying
on fourth-bounce indirect photon paths, but requires particular
combinations of secondary hidden planes to image surfaces invisible
to third-bounce methods.

Recently, some works have incorporated polarization informa-
tion, including passive NLOS imaging approaches [Liu eRai23;
Tanaka et al2020]. Polarization and time-gated detectors have been
combined to recover the full spatio-temporal polarimetric response
of a scene [Baek and Heide 2021], infer geometric and material prop-
erties based on the temporal evolution of polarimetric re ected light
[Baek and Heide 2022], estimate depth through scattering media
[Jeon et al2023; Wu et al2018], or to identify light coming from
a secondary relay surface for multi-view reconstructions [Wang
et al. 2024]. In contrast, we incorporate polarization into time-gated
active NLOS imaging to recover directionality information of light
reaching the detector. This allows us to address the missing cone
problem and reconstruct surfaces in the null-reconstruction space
of previous methods.

3 BACKGROUND

3.1 Non-line-of-sight imaging

Typical time-resolved NLOS imaging setups implement active cap-
ture systems composed of a laser at a positiand a detector at a
position3, both facing a visible relay surface and lacking direct line
of sight to the hidden object to be reconstructed (see Figure 2a, left,
for a confocal example where 3). During the capture process,
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Fig. 2. Schematic comparing an unpolarized NLOS method and our method leveraging directional information encoded in the polarization. (a) Unpolarized
NLOS light transport model depicted as a confocal setup for simplicity. (a, le ) The light emi ed by las&avels along patii ! G ! G! G! 3i

before reaching detectdd. Both laser; and detector3 are coaxial and aim at the same point of the relay surface. (a, right) When inverting a model in
unpolarized methods, the only information of the measured light is its time of flight and, hence, all the possible candi@Gatks on a hemisphere with radius

2 G+2 As aresult, there is no definite recoverable direction. (b) Our polarized NLOS transport model, also depicted as a confocal setup for simplicity. (b, le )
We analyze the polarizing e ects of a conductive, micro-faceted relay wall to retrieve directional information. (b, right) If the hidden object is depolarizing, we
invert the polarizing e ect of the last bounce to determine the direction of the ray and, hence, recover the directigitdote that the analyzer is only
placed in front of the detector.

ultra-fast laser light pulses illuminate a set of poir@ on the visible 3.2 Polarization

relay surface. For every illuminated poi, the detector measures  oyr work exploits additional information contained in the polariza-
the time-resolved indirect light produced by the hidden objectata tjgp of light to improve the reconstruction of hidden objects. The

set of pointsGz on that same relay surface. . Stokes vectoB= 1(ge (1 (2# (3? describes such polarization, where
The resu_lt of this process is a discretized _tlme-resolved signal (, represents the total intensity of light, angh, ( 2, and( s are the
that approximates the impulse response functiotGe G« C of the polarized components de ned by the degree of polarizatiorangle

hidden object to a delta illumination puls¥GeC. NLOS imaging of linear polarizationb, and ellipticity angleZ:

methods assume that the impulse response function only includes _ ) )

three-bounce illumination under di use surface re ectance and no S=(0 1 kcosZcosd kcosZsind ksinZ’ (3)

occlusions, for which thelimpulse response functionis de ned as:  (, (,, and(3 describe horizontal, linearly diagonal, and circular po-
larization, respectively. The linear components of the Stokes vector

1GG-C= . S'& @XC  @d&E @) can be obtained from measurements as:
whereGe 2 + are surface points of the hidden objeet 5:G=° models S= 0, % o0 e 45 135 O (4)
the albedo of such points;*@ represents the geometric attenuation  where eachy represents the intensity of the light beam transmitted
of the three-bounce pati=h ! G ! G! G! 3i;and through a linear polarizer oriented at an anglé In our work, we
G= M%M is the time of ight of such paths at the do not capture circular polarization and, hende, = 0.

speed of ligh®, as is typically time-normalized at the relay surface, The polarization state of light is transformed by polarization
i.e., thetime of ightof; ! GandG ! 3 sub-pathsis subtracted transformation events aS =" S, where" is a Mueller matrix,
from the time of ight Cof captured photons during calibration. andSe+S are the Stokes vectors after and before the transformation

After capturing the impulse response function, NLOS imaging event de ned by" . Before an interaction, the axes must be aligned
methods typically reconstruct the hidden object by estimating the to the plane of incidence, which requires a rotation of the local

albedo5 of point Ge as: coordinate system. A counterclockwise rotation of the axis by an
vt angleq is represented by the following matrix:
5G°  1G°  1G°G* GYGdG @ d o o g

which approximates an inverse of three-bounce paths with time of g0 = 0 csoif]g] s(')nszqu :z (5)
ight G back to hidden object location&: (see Figure 2a, right),

1G2 represents a spatiat-Iter over the result of the integral in Q 0 0 L
Equation (2),and dG and , dG integrate over all the illuminated For a more in-depth description of polarized light, we refer the
and measured points. Alternatively, a temporal Iter’® may be reader to the work by Wilkie and Weidlich [2012].
used over the temporal domain of, so the integrand becomes o

%GeGe@= 1C 1G+GeC[Liuetal 2019b]. ExistingNLOS ~ 3-3 The missing cone problem
imaging works provide e cient solvers, alternative formulations,  Intime-gated NLOS imaging, the missing cone problem refers to the
and ltering strategies for this inversion process [Ahn et.#019; decrease of performance when reconstructing surfaces at speci ¢
Buttafava et al2015; Lindell et aR019; Liu et al2019b; O'Toole positions and orientations with respect to the capture baseline
et al. 2018; Velten et al. 2012]. i.e., laser and detector targets on the relay surface even though



such surfaces scatter light from laser targets to sensing targets on
the relay surface Liu et a[2019a]. This problem has been studied
in di erent imaging elds, such us computed tomography [Ben-
ning et al 2015; Delaney and Bresler 1998], 3D microscopy [Mertz
2019], and optical di raction tomography [Lim et aR015], under a
frequency-domain perspective.

In an NLOS imaging system, the impulse response function
measures a spatio-temporal projection of light re ected by the hid-
den objects over the relay surface. For an NLOS imaging system
to be able to reconstruct a surface with su cient resolution, the
Fourier transform of the captured data should exhibit a strong
signal at frequencies proportional to such resolution. For surfaces
at speci ¢ orientations with respect to the capture baseline, the
signal intensity of high spatio-temporal frequencies tends to de-
crease to zero, with lower frequencies dominating the spectrum of

. This phenomenon is demonstrated by the Fourier slice theorem.
While reconstructing such planes under dominating lower imaging
frequencies those with a higher signal in the Fourier transform of

is in principle possible, the reconstruction resolution becomes
too coarse.

4 METHOD

In conventional unpolarized NLOS methods, impulse response func-
tions encode only the optical distance traveled by captured photons
(see Figure 2a, left). As a result, existing inverse models su er from
directional ambiguities since all the possible candidate points that
could have re ected such photons lie on an ellipsoidal manifold
(spherical if the capture setup is confocal, see Figure 2a, right). To
address this issue, we make the observation that polarization en-
codes light directionality. We thus extend the impulse response
function to capture the polarization state of light, and propose a
novel method that leverages polarized impulse response functions
to mitigate directional ambiguities.

We rst reformulate the classic NLOS transport model expressed
by Equation (1) to include polarization e ects, resulting in opo-
larized NLOS forward modil Section 4.1. We then show how the
directionality of light re ected from the depolarizing hidden object
can be recovered from the polarizing e ects introduced by the relay
surface (Figure 2b, left), and derive our closed-form inversion model

in Section 4.2 (Figure 2b, right). Last, in Section 4.3 we adapt our

model to handle polarizing hidden objects, such as metallic surfaces,
which are hard to image using conventional methods due to their
increased specular re ectance.

4.1 Polarized NLOS forward model

Conventional impulse response functions'Ge« G« C capture only
the intensity of light, ignoring its polarization state. We rst aim to
extend to include polarization, which will allow us to constrain
the set of points in the scene that re ected light with a speci c time
of ight based on its polarization state. We reformulate the forward
transport model exprelssed by Equation (1) as:

B!'G*G+C® = @S5G @S XIC @°dG:  (6)
where Srepresents the Stokes vector of the polarization state of the
light reaching the detectof, 1@ is the Mueller matrix encoding the

+
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polarization events through the three-bounce paghands is the
Stokes vector representing the polarization state of the laser source.
We name pthe Stokes impulse response function.
The Mueller matrix* 1@ is composed by the Mueller matrices as-
sociated to each bounce @and the change in the coordinate system
to align the plane of incidence at each bounce (see Section 3.2):

@)

where" g is the Mueller matrix at the re ection point (8 2
f;eE«g),and g, @ rotate the polarization coordinate system from
the initial coordinate system of to the nal coordinate system of
G. Mueller matrices' and rotation matrices g, g modify the
polarization of light, independent of its intensity. The polarization
state depends on three factors: i) the polarimetric properties of
materials, ii) the incoming and outgoing directions of light reaching
the surface, and iii) the plane of incidence.

Our nal goal is to provide an inverse of Equation (6), to be able
to reconstruct the hidden object. We incorporate angular discrimi-
nation as:

"1®= 3 3"6 6 &' G G GG G

SRE - B'G*G* &(c°

! 8
X1 81Q'Q,' (5 1@35’0 dQ dCB

where g'GeGe G (o° represents intensity, ani! ° incorporates

such angular discrimination by constraining the integrated value

at G=to a three-bounce patlg whose expected polarization state

matches the state captured bys.

Solving Equation (8) is ill-posed since it involves three indepen-
dent polarizing events (i.e., bounces @ Gz and ) including
unknown polarimetric properties and geometry of the hidden ob-
ject, as well as a rotation of the polarization coordinate system to
align polarization components to the plane of incidence. The com-
bination of the three Mueller matrices with said unknowns leads to
di erent possible solutions for every scanned poi@® on the relay
surface.

However, for a pointG: in a general depolarizing hidden object,
the Mueller matrix is:

3000
"&= 0000 ©)
0000
which allows us to simplify Equation (7) into:
" 16) = 3 Q" (;3 " GE (10)

Since the hidden geometry depolarizes lightd), all the pre-
vious polarizationterms g ¢" g g ; and the rotation of the
linear component g G- can be ignored. Equation (10) allows us
to de ne a simpler Stokes impulse response functiog as:

1

B!G* G C® = IP5G° T g g HXC @ dGe (11)

"
where the unpolarized scattered light from the hidden objé&gt
is only transformed by the Mueller matriX g of the last bounce,
followed by a change in the polarization coordinate system g,

1 ¢° to align the plane of incidence to the detector reference
system.
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Fig. 3. (a) Two possible solutions for the azimuth= fbe b, ¢ g, and (b) two
possible solutions for the incident angle around the pseudo-Brewster
angle[ ; calculated from the angle of linear polarizatidmand the degree
of polarizationk respectively. The combination 6fj32g2° 1\, *\, °yields
four possible solutions, but we discard the solutions including because
the angles fall behind the relay surface.

4.2 Inverting our model

Based on our forward model in Equation (11), we now aim to build
an inverse model to exploit the directionality of light scattered
by a polarizing relay surface (see Figure 2b, left) and reduce the
candidate directions of inverted paths (see Figure 2b, right). For
convenience, we describe the polarizing e ects of the relay surface
with a microfacet model [Beckmann and Spizzichino 1963].
Polarization e ects in a microfacet model occur in the plane
of incidence of the re ection. They are described by the Fresnel
equations, which indicate that light polarized in the axis parallel
to the plane of incidence is a ected di erently than light polarized
perpendicularly to such plane. The re ection Mueller matrix is given

"2k Tk 0 0
1@7 k' 2,k 0 0 a
" e ®
N o= E- 0 0 f 2' KCOS 2 Zp' 2' ksin ? 12)
« 0 0 '?'ksin 2 2 '?'kCOS ?2 4

where' » and' | are the re ection coe cients for the perpendicular
and parallel components of the polarization with respect to the
incident plane, and > is the delay on phase shift, which depends on
the complex refractive index and angle of incidencewith respect

to the microfacet normal .

Assuming that light with time of ight Ccapturedin g'GeG+C®
was re ected by a single poinGin the hidden object, we obtain the
direction fromG in the relay surface t@=through the estimation of
the microfacet normal" for each transient bin. Note that the relay
surface scatters light towards all directions, but the polarization
state of re ected light from pointsG= at di erent distances from&x
is captured with di erent times of ight.

Under this assumption, we can replace the integrand over the
volume+ in Equation (11) with the contribution of a single-point,

INote that we refer to light re ected by a nite surface area centered@t, not by an
in nitesimal mathematical point. Such area can be safely considered su ciently small
compared to the scene size.

and" g =" g (see Figure 2b, left) under the microfacet model:
"k,
1@51 "2 'k cost2g°
B!G*GeC® = ﬁ K (13)
’ 2 ' 'k sinige
0

We provide a step-by-step derivation in the supplemental docu-
ment.

The captured Stokes vector (in brackets) shows that the angle of
linear polarizationb = %tan 11(5¢ (1° depends on the azimuthal
angleq through the rotationq1 g° (terms2>B2q° and B8£2q°).

The degree of polarizatiok = (f R (%’(o depends on the angle of

incidence\ of the bounce in the relay through the Mueller matrix
" NGO (terms' 2 and' ).

We invert Equation (13) constraining backprojection by leverag-
ing the polarization state of the captured light. The angle of linear
polarizationb constrains the azimuthal anglg, whereas the degree
of polariz?tiolnk constrains the incidence angle :

51C:‘EO IG.Q. C*E.(OO lel BlG.(é. C‘E.SJO b15300
! X1k 1 BlG,' Ge &° kigx© dG,‘ dG
o (14)
where | dGdG integrates over the polarization state of &8

andG points, ands =" 1@S. Due to the simpli ed model from
Equation (10), we can compute the expected polarization skate
Note that this inversion does not require prior knowledge of the
normals in the hidden geometry, nor attempts to estimate them,
since we only exploit the polarization state of re ected light.

Given the above, we next show how this formulation allows us
to reduce the candidate directions (see Figure 2b, right), and how
these can be computed directly based on the polarization state. This
eliminates the need of having to reconstruct a certain volume and
then check which parts of the signal match the expected angle of
linear polarizationb and degree of polarizatiok. Our method re-
covers the candidate microfacet normathat caused the re ection.

In particular, we map the polarization state to spherical coordinates
1g+\° and recover” = 1sin\ cosgesin\ singecos\ © by comput-
ing the azimuth angley from the angle of linear polarizatiot, and
the angle of incidencé from the degree of polarizatiok .

We recover a total of four candidate solutions (depicted in Fig-
ure 3) as possible directions that lead to the captured polarization
state. The azimuthal anglg has two possible solutions from the
angle of linear polarization (Figure 3&):2 fbe b, cg The angle of
incidence\ also has two possible solutions from the degree of po-
larizationk around the pseudo-Brewster's angle (Figure 3b), which
we obtain by building a look-up table mappirig! f \,*\,g The
set of four possible solutions from the polarization state corresponds
to the possible directions (combinations td1s gpg andf\ ;»\,, )
that light could have followed. However, the two solutions corre-
sponding to\ , are not considered, since the candidate directions
fall behind the relay (see Figure 3b).

Then, we obtain the outgoing directio6g !
specular re ection of the incident vectos !

Ge by tracing the
G with respect to
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Fig. 4. Simulated results comparing reconstructionsBafnnyand Lucy. Previous works (LCT [O'Toole et.&018],f-k migration [Lindell et al 2019], phasor
fields [Liu et al 2019b]) fail to reconstruct certain features when they fall into the missing cone (8gnnys ears,Lucys wings and base). By leveraging

polarization, our method yields full reconstructions even when using 16 times less scanned points (without decrease in quality, but reducing reconstruction
time). As shown in (c), our method also produces high-quality reconstructions in the presence of polarizing rough conductors materials for the hidden object.

the recovered mlcrofacet normal We achieve this with the spheri-
cal coordinates OG;GE_ 1sin2 cosgesin2 singecosA °. We
recover the pointG: in the hidden object that re ected the light to
the relay surface a6 = G , !C%C;EZ—QC—E combined with the time of
ight G (in a confocal setup). Although the reconstructed point
cloud can be visualized directly, we voxelize the hidden object and
compute every voxel value as the sum of all reconstructed points
contained within such voxel for comparison purposes.

4.3 Polarized NLOS on polarizing hidden object

In the previous section we explained how we can extract directional-
ity in the general case when the hidden geometry depolarizes light.
However, we can also adapt our formulation for cases where such
hidden geometry is made of a polarizing material, which is hard to
image with existing techniques.

Forward modeMe rely on a confocal setup, wheeé  G,; 3,
the path from; to G is co-axial to the path fron8 to G, and the path
from G to Gz is co-axial to the path fronGg to Gz (see Figure 2a).
This ylelds three important observations (see Figure 2b, left):

(1) Lightis only polarized linearly, since all the light bounces lie
on the same plane of incidence and we initially illuminate
the relay surface with unpolarized light.

(2) The rstand the third bounce on the relay surface & and
G produce the same polarizing e ect, since they have the
same angle of |nC|dence ThIS implies thag = \g and
therefore,' S and' © K-

(3) The hldden obJect does not modify polarization, since in
a confocal path the re ected angle;. with respect to the
average angle of the microfacet distribution is zero. This
implies that' 5% =" *. Since light is only polarized linearly,
phase shifts can be ignored.

These observations imply that N g ° =" 1\G sinceG G
share the same angle of incidencey ¢ = g & =| (|dent|ty

matrix), since the bounces in the relay surface and the hidden object
share the plane of incidence; afid!\ o. = O° = |, since the phase
shift does not a ect linear polarization within the plane of incidence.
Moreover, the G ;term is unnecessary since the emitted light is
unpolarized, so onIy the third bounce introduces a rotational change
in the coordinate systemsz g, . As a result, the Mueller matrix
(Equation (7)) becomes:

RIRTC IR %" 1\%0" 1\Go: 1 qgo 1\%02 (15)

where 1 q°is the rotation needed to align to the detector's coor-
dinate system. The Mueller matrix of the three-bounce path with
polarizing geometry is similar to the Mueller matrix with depolar-
izing geometry from Equation (10), but replacing the depolarizing
matrix by " 1\ % leading to the squared terrh \ g, 02

Inverse modeFollowing a similar derivation as in the case of
depolarizing hidden geometry, and assuming again that light is
only re ected from one point of the hidden object, the captured
polarization state corresponds to (see Supplementary for details):

)
ko 7
v 2 v 2 1 o
1@51(;E0 COS
BGCP= —— =8 ? kK X (16)
2 '3 2 sintge

0

where gis now a three-parameter function sind@ G. This
formulation can be inverted as described in Section 4.2, with the
only di erence that the mappingk ! f \,+\, gis built from the

degree of polarization of "\ g °Zjnstead of' 1\ g’

5 EXPERIMENTAL VALIDATION
5.1 Simulation results

We rst evaluate our method in synthetic NLOS scenarios using tran-
sient path tracing techniques optimized for NLOS imaging [Jarabo
et al. 2014; Royo et a022] built oveMitsuba 3 [Jakob et al2022]
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