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Abstract. As an important 3D sensing method, photometric stereo es-
timates surface normals from multiple photos taken under varying light-
ing. The surface normal quality highly relies on large number of input
images, which requires long capturing time, high data burden and lim-
its high-speed applications for photometric stereo. Recently, event-based
photometric stereo has emerged as an efficient and rapid approach, but
the low resolution of event sensors and the noise of event signals limit its
high-quality application. In this paper, we propose DualResPS, a novel
photometric stereo pipeline utilizing a frame-event hybrid camera. We de-
sign a lighting and capturing strategy tailored to a hybrid-camera setup
to utilize observations of different spatial and temporal resolutions. The
algorithm explicitly models non-ideal factors including shadow effects
and specular reflection to achieve high-resolution, high-quality normal
reconstruction. Our proposed DualResPS is validated on both semi-real
datasets from the DiLiGenT, DiLiGenT-Pi, and real captured data. The
results demonstrate that DualResPS surpasses its frame-based counter-
part with 18.1% data bandwidth.
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1 Introduction

Photometric stereo |38] is an important method in computer vision for 3D geom-
etry sensing. With photos captured under different lighting directions, surface
normals of the objects are reconstructed with fine-grain details aligned to photo
resolution. However, the accuracy of reconstructed surface normals highly relies
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Fig.1: Comparison between FramePS, EventPS, and the proposed DualResPS. (a)
FramePS§S estimates the surface normal by analyzing images of an object illuminated
from multiple directions, which is not only time-consuming but also demands substan-
tial bandwidth for processing. (b) In contrast, EventPS estimates the surface normal
by analyzing the events triggered by a continuously rotating light source. It is a rapid
and highly bandwidth-friendly approach, but the spatial resolution is limited by event
sensors. (¢) Our DualResPS utilizes a beam splitter to form a frame-event hybrid cam-
era, which simultaneously takes frames and events from a shared view as input. The
rapid speed and low data bandwidth are maintained since we capture sparse and long-
exposure frames under continuous light, and the strategy tailored for complementary
frames and events enable high-resolution normal estimation.

on the number of input images. Increasing the number of input images also in-
creases the capture time consumption, data burden, and reduces time-sensitive
application of photometric stereo. And this limitation is the fundamental prop-
erty of frame-based cameras.

With the advancement of event cameras, researchers utilize their high dy-
namic range, high temporal resolution, and efficient event representation in many
computer vision tasks . In photometric stereo, EventPS has shown
the capability of reconstructing high-quality surface normals in less time and
with less data consumption. Unfortunately, the complexity of event trigger cir-
cuitry limits the potential reconstruction resolution. By the time of writing,
photometric stereo methods using frame-based cameras are proven to work for
4K or higher resolution. However, due to the complexity of the per-pixel event-
triggering circuit, the maximum resolution of commercially available event cam-
eras is only 720p. This limitation of sensor resolution undermines the detail
reconstruction ability of photometric stereo using event cameras.
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Recently, researchers have built hybrid cameras to combine the advantages
of both frame-based cameras and event-based cameras. Many event-frame fusion
methods are proposed to improve the dynamic range [5,/41], motion robustness
[2,/46], frame rate |34], low-light performance [19,/20], etc. The success of hybrid
camera systems in these inspires us to explore the possibility of combining the
high spatial resolution of frame-based cameras and the high temporal resolution
of event cameras. Unfortunately, it is not a trivial task to combine information
from hybrid cameras due to the following challenges: i) Frame degradation
challenge: Under conventional directional light, frame-based pixel intensity is
eliminated under shadow or specular high light; ii) Event resolution challenge:
The spatial resolution of the event camera is lower than surface normal, attached
shadow, and specular highlight frequencies; and iii) Temporal misalignment
challenge: Different from the unified global exposure characteristic of frame-
based cameras, event cameras produce asynchronous event streams unaligned
with frame capture time.

In this paper, we propose DualResPS, a novel photometric stereo pipeline
combining two cameras efficiently and predicting high-resolution, high-quality
surface normal maps. To solve frame degradation, we propose a capture strategy
that simultaneously acquires the events with three long-exposure frames under
continuously rotating light. Then, non-ideal shadow and specular highlights in
frame images are compensated by events to achieve contamination-free images.
To produce high-resolution normal maps aligned to frame images, we explicitly
assign low-frequency parameters (cast shadow, material) to the event camera or
add smoothness constraints. In this way, the DoF (degree of freedom) of high-
frequency parts (albedo, normal) matches the high-resolution frame input. To
efficiently utilize asynchronously generated events, we propose a neural inverse
rendering pipeline equipped with an importance sampling strategy. More compu-
tational power is assigned to instantaneous high-intensity areas (for frames) and
high-fluctuation areas (for events). Our proposed pipeline is validated on both
semi-real datasets derived from DiLiGenT [29] and DiLiGenT-Pi |35], and real
data captured from a hybrid camera prototype. The results indicate that Dual-
ResPS surpasses its frame-based counterpart with less than 20% data bandwidth
and capturing time.

To summarize, our contributions are as follows:

— We propose DualResPS, which formulates that the surface normals can be
efficiently estimated from sparse yet long-exposure frames combined with
event stream. It overcomes the limited spatial resolution of event camera
without sacrificing much data consumption.

— We propose DualResPS in a self-supervised neural inverse rendering manner,
integrating frames with events by efficient sampling to handle shadow effect
and specular reflection.

— We build up a validation platform with a frame-event hybrid camera pair,
showcasing that the proposed DualResPS estimates high-resolution surface
normals with low data burden.
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2 Related Work

Photometric stereo estimates surface normal from images captured from a single
view under different lighting [38], with both optimization-based and learning-
based methods proposed to enhance the performance. Since comprehensive sur-
vey can be found in [1030], this section focuses on photometric stereo by neural
inverse rendering and supervised methods, as well as recent advances in event-
based photometry and hybrid imaging systems.

Supervised photometric stereo. Supervised photometric stereo relies on deep
neural networks. At the early stage, CNN-based architecture is predominant,
with learning techniques including observation maps |[7], pooling [1], graph-
convolution [42], and attention-based weight [11]. Drop-out mechanism [28] and
occlusion layer [17] are proposed to handle shadow, while connection table [17]
and observation map interpolation [45] are proposed to overcome sparse lighting.
Transformer-based architecture [6,/8,(9,122] becomes the main stream in recent
years with the rising of universal photometric stereo [8]. In order to better extract
features and decode information, global-attention [14] inspired by VGGT [36] are
leveraged, generating high-fidelity results even with sparse input. Moreover, ar-
chitectures including scale-invariant encoder [9], multi-scale strategies [6], and
wavelet branch [14] are explored for details preservation.

Photometric stereo by neural inverse rendering. Neural inverse render-
ing is introduced to optimization-based photometric stereo to handle non-ideal
factors in image formulation. Taniai et al. |32] leverages self-supervised con-
volutional neural networks (CNN) taking images as input, for its capacity to
encode the feature of complicated reflectance in photometric stereo. The work
is expanded by Kaya et al. [12| to deal with inter-reflection implicitly in the
context of uncalibrated photometric stereo (UPS). Inspired by Neural Radiance
Fields (NeRF) |23] featuring multilayer-perceptron (MLP) and differentiable vol-
ume rendering, some work utilizes the coordinately-based and view-dependent
3D representation to solve photometric stereo |40] or even multi-view photo-
metric stereo [39]. By contrast, Li et al. |15] proposes view-independent neural
surface representation and view-dependent neural specular bases to better fit
the characteristic of photometric stereo. Meanwhile, cast shadow is handled by
ray marching on depth MLP. Successive work [16}/18] in UPS proposes Spheri-
cal Gaussian (SG) specular bases and differentiable shadow handling, achieving
comparable results. Our work is also implemented with neural inverse rendering,
and it takes events as input in addition to frames.

Event-based photometry and hybrid imaging. The development of neuro-
morphic sensors fuels the enthusiasm of relavant research including event-based
photometry. EventPS [44] pioneers to solve photometric stereo using an event
camera, where a fast-rotating light source is set in the far field. It achieves real-
time surface normal recovery by the elegant optimization algorithm, as well as
learning-based versions for better quality. PS-EIP |13| reconstructs event inter-
val profile with coarse masks for shadow and specularity, and focuses on the
ideal part for normal estimation. With the designed scanning pattern of ring
light, EventPSR [43] can further estimate surface normal along with metallic
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and roughness efficiently. In EventUPS [21], the expansion to UPS and ambient
light is realized. All these works demonstrate the superiority of event cameras
over frame cameras in speed, data bandwidth, and dynamic range, which is cru-
cial in the application to dynamic objects. Meanwhile, hybrid imaging systems
emerge as an approach to exploit the complementary of frames and events in spa-
tial and temporal resolution, noise control, dynamic range and so on. There are
multiple works on tasks such as super-resolution [41/24,137], deblurring [2531}33],
motion magnification |2|, denoising 37|, and high dynamic range (HDR) [5/41].
Regarding photometric stereo, EFPS-Net [27] proposes event fusion observation
maps to overcome the issue of dynamic range. Our work pays special attention
to the high temporal resolution of events, and compresses the data rate with
severely sparse input of frames.

3 Proposed Method

3.1 Problem formulation

Image formulation. The image formation starts from the steady radiometric
rendering equation, where the outgoing radiance L, at world coordinate x in
direction w, is as follows without emissive objects:

Lo(@, wy) = /er(ac,wi,wo)Li(ac,wi)[wi (@] dws. (1)

In this equation, f,(x,w;,w,) denotes the bidirectional reflectance distribu-
tion function (BRDF); L; is the incident radiance; w; is the incident direction
over the upper hemisphere (2; n(x) is the unit surface normal; [-]; = max(0,-)
clamps negative contributions. The irradiance received by a camera sensor is
proportional to the outgoing radiance of a ray from a specific direction. If the
radiance field is dynamic, then the irradiance from « is also a function of time:

I(x,t) x Lo(x,wo(x), t). (2)

In our work, we mainly focus on the incident radiance carried by the direct
illumination of punctual light sources. As the light source sweeps, the incident
direction of direct illumination I evolves over time t. By combining Eq. with
Eq. and extracting the indirect (inter-reflection) term Ijnq(a,t), the irradi-
ance I(x,t) becomes:

I(w,t) = efo(z, 1(t)V (2, 1(1)) 1) - n(2)] 1 + Lina (@, 1), (3)

where:
fe(@, (1)) = pa(@) + ps(@,L(t)). (4)
We express BRDF f; as diffuse albedo pq plus specular reflectance pg, and
substitute L;(x,t) with the light intensity e and the visibility of direct illumi-
nation V(x,l(t)). If the punctual lights can be seen as far-field and spatially-
uniform, i.e., directional lights, e is a constant and I = I(¢). When a sensor is
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exposed to light between ¢y and t;, the instantaneous irradiance contributions
is integrated. We use A(x,tg,t1) to represent the temporally accumulated pixel
intensity at @, which is radiant exposure in precise term:

t1

A(m,to,tl) = / I(CC,’T)dT. (5)
to

Event camera model. An event (x,t,p) is triggered when the change in log-

arithmic irradiance at @ reaches a contrast threshold C, where x is the pixel

location, t is the timestamp, and p € {+1,—1} is the polarity which represents

the increase or decrease of irradiance.

An event camera outputs an asynchronous stream £. We further define the
event stream at the pixel = as &, = {(m,t(mk)7p(wk))}, where the bracketed su-
perscript (k) indicates the chronological order. Given two temporally adjacent
events at x, the relationship holds:

log(I(z, t$) + ¢) = log(I (=, 13" +n) +¢) + pC, (6)

I(z, t9)) + €
"ItV ) e
where € > 0 is a small offset to avoid numerical issues, and 7 approximates the
refractory time. For simplicity, we hereafter use @ to denote the world coordinate
that corresponds to the pixel location, and it is evident that events provide a
constraint on the instantaneous irradiance I(x,t).

Dual-resolution photometric stereo. To efficiently recover shape and re-
flectance, especially surface normal n(x) and diffuse albedo pq(x) with known
intensities e and directions I(t) of directional lights, we design a dual-resolution
configuration to obtain information about irradiance I(x,t). This is an efficient
variant of photometric stereo that enables low data rate and high capture speed.

ie.

= exp(pyC), (7)

3.2 Dual-resolution methodology

Dual-resolution configuration. In our configuration, the illumination varies
with time period T per round. We decouple the measurements of irradiance
I(x,t) into two streams: high-spatial-resolution frames {Aﬁj)(m)} with a global
long-exposure, and low-spatial-resolution event samples £ that capture rapid
radiometric changes of I (:c,tgck)) asynchronously. The captures of two streams
share a single-view and start from ¢g:

Agj)(ili) = A(il?, tjfl, tj) , T € ’Pf7 tj = to + g], (8)

£=J& x <P, (9)

where |Pe| < | Pyl In practice, P denotes the world coordinates that project onto
the grid of event sensors, while P refers to the world coordinates that project
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onto the grid of frame sensors. We will refer to their elements as super pixels
and frame pixels respectively. Within 7', three frames are captured to estimate
a normal map, which is a challenging condition for classical photometric stereo.
Despite the low temporal resolution of frames, high-temporal-resolution events
are concurrently recorded. Our strategy leverages the complementarity of sparse
frames and the event stream by navigating the inherent trade-off between spatial
fidelity and temporal density under a fixed data budget. It is a spatiotemporally
dual-resolution downsampling scheme for efficiently sampling irradiance I(x,t).
Equivalent directional light. Our goal is to decode information from frames
{AEJ)(ZI:)} and events £. Within T, we gather three frames (j) = 1,2, 3:

. tj .
AP () = / efo(, L)V (2, 1(1))I(t) - ()] dt + AZ) 4 (x).  (10)
tj—1
Similar to the representation in [3], we initially consider an ideal image for-
mulation model without some terms:

0@ = [ enatat) - n@a (1)

tj—1

"
= epa(x) </ ' l(t)dt) -n(x) = epa(x)*Y) - n(z). (12)
ti—1

This equality holds by linearity of both the time integral and the dot product,

leading to the definition of the lighting vector I*. Intuitively, I* acts as an equiva-
lent directional light that aggregates the swept light within the exposure window.
These observations connect to classical photometric stereo: if each exposure ad-
mits an equivalent directional light, then under a Lambertian reflectance and
shadow-free observations, three linearly independent lighting directions suffice
to recover the per-pixel surface normal and diffuse albedo.
Non-ideal factors. However, deviations from the assumptions mentioned above
break the linear model. There are non-ideal factors including attached shadow,
cast shadow, and specular reflection. Taking these into account, we need to
propose a modification of the theory and discuss each factor in turn.

Factor 1: Cast shadow. The V(«,[(t)) term is an indication of cast shadow,
which is determined by lighting and geometry. Another feature of cast shadow
is that the pixel intensity will change drastically when getting into or out of
it. Owing to the logarithmic sensation, brightness change capture, and high
temporal resolution of the event stream, it is possible to infer the instantaneous
V(x,l(t)) from events £. We therefore define the mask for cast shadow m.(x,t)
as a binary mask under an opaque object assumption. Assuming the mask aligns
with the ground truth, substituting V(x,1(t)) with m¢(x,t) yields:

AP @) = [ epa@V @ L) - nla)de (13)

ti—1

= epa(z) </t mc(%t)l(t)dt) (@) = epa(x)I"V (@) - n(z). (14)

tj—1
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Fig. 2: Visualization of equivalent lights under dual-resolution configuration in consid-
eration of non-ideal factors. On the right, we plot the irradiance profile and triggered
events for intuitive understanding of the methodology. The horizontal axis denotes time
while the vertical axis denotes irradiance.

In contrast with the ideal condition, the constant vector I* becomes a vector
function I*(z). Surface normal n(x) can still be determined by the equivalent
lights for each pixel, unless m¢(x,t) = 0 for some (j) and the lighting vector
1" = 0 (collapses). We will later analyze these cases by the number of effective
lighting vectors 1* # 0.

Factor 2: Attached shadow. [-]; for I(¢) - n(x) originates from attached
shadow. Its effect can be substituted with a mask for attached shadow:

1, ifl(t) n(x) >0,

. (15)
0, otherwise.

ma(x,t;n) = {

Note that the mask for attached shadow m,(x,t;n) is a parametric function of
the surface normal. Therefore, the only free parameter at each pixel is still the
normal n(x). This dependence motivates the following reformulation (replacing
mem, with m for simplicity):

tj71 t]‘71

AV (2) = / j epa()[l(t) - n(z)]1dt = epa(z) (/ : m(w,tm)l(t)dt) -n(x).
(16)

Similarly, we obtain the vector function I*(x;n) in dependence on surface
normal. In our lighting configuration, there is no more than one lighting vector
of three that collapses due to attached shadow. The determination of the normal
n(x) remains possible along with the equivalent lights, despite subtle changes
in adaptation. Details are shown in the supplementary material, Sec. 1.1.
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Factor 3: Specular reflection. The specular reflectance ps introduces ad-
ditional specular reflection to the image formation model. It gives:

A9 () = / " e(pa(@) + pul@, (W (@ L)L) - n(@)odt (17)

tj—1

= epa(@)l" (x;n) - n(z) + AY) (z;n, B), (18)

Here we define 3(x) to be the parameter of specular reflectance ps other than

normal n. It is impossible to distinguish the portion of specular reflection in
pixel intensity with three frames alone, but we can fully exploit the information
in events £ at the adjacent super pixels to constrain I (:c,t;(f);n, B3). Since the
temporal resolution of events is high, the event stream £, in a period T' contains
sufficient information to estimate the parameter B(x) of ps with the smooth
nature of material. By removing the effect of the specular term, it is possible to
jointly estimate surface normal n(x) at each frame pixel.
Analysis by lighting. The recovery of surface normal n(x) and diffuse albedo
pda(x) at each frame pixel depends on the number of effective lighting vectors. Ide-
ally, the spatial fidelity is aligned with high-spatial-resoltuion frames {Agj ) (z)}.
When frames are not sufficient, the compromise is to interpolate from super pix-
els or adjacent frame pixels with more effective lighting vectors by the smooth
nature of surface normal and diffuse albedo. Specially, when exactly two effective
lighting vectors exist, there is one unconstrained degree of freedom in normal
that is estimated by smooth interpolation. Detailed analysis can be found in the
supplementary material, Sec. 1.2.

3.3 DualResPS by neural inverse rendering

The dual-resolution methodology theoretically minimizes ambiguity under sparse
input. To handle the complex analysis and non-convex optimization, we propose
a unified preprocessing and neural inverse rendering pipeline that produces a
high-fidelity solution.
Neural representation. We model the surface parameters by a coordinate-
based MLP M (x;©):

n(x), pa(x), B(x) = M(z; 0), (19)

where © is the trainable parameters of the MLP, and B(x) is the intrinsic pa-
rameters of specular reflectance. The implementation details are provided in
the supplementary material, Sec. 2.4. This neural representation bridges dual-
resolution input based on the nature of surface smoothness, implicitly reducing
a plausible solution without explicit interpolation. Moreover, the compact rep-
resentation naturally induces priors like material sparsity without hampering
high-frequency details. The output of the MLP is passed forward to the phys-
ically based model of differentiable rendering, together with preprocessed data
including the mask for cast shadow me(x, t).



10 H. Zhuang et al.

Coordinate ) O . g
(frame pixel) L l) Reconstructed
Frame

Frame *Normal Diffuse Specular Roughness
(long-exposure) ;
)
f\‘ I 3 Frame Pixel-wise Asynchronous P
2 17 1 1s
h g I Rendering
3 i 4] Equation
. = Reconstructed
Object 1 2 Event Profile !
S (approximated « Ll
irradiance) .
o Sampled Light =
& ) '» Event Coordinate 4 oy
"g « (super pixel) “'»‘ ¢
N o SN N
! r -
EVeNnt —me——— = Light Reconstructed
Cast Shadow (calibrated, directional) Event

Fig. 3: An overview of our preprocessing and neural inverse rendering pipeline. The
cast shadow and sampled light are calculated in the preprocessing stage, while the coor-
dinately based neural network iteratively outputs intrinsic properties including normal
estimation, and updates parameters through rendering losses. The neural rendering
model is pixel-wise asynchronous.

Shadow handling. By analyzing discrete samples £, we can infer continu-
ous cast shadow m.(x,t) at each super pixel, and assign the masks to nearby
frame pixels for the low-frequency characteristics of cast shadow. Thanks to the
integral process of frame exposure and the high temporal resolution of events, er-
rors of instantaneous cast shadow hardly affect the reconstructed pixel intensity.
Therefore, we detect cast shadow merely from events by detecting:

(k)
(k) _ Pz C
fm - tg:k) _ t;(vkil) ’ (2())

where fék) is a modification of event interval profile \ for higher temporal
resolution. We also observe a phenomenon in which cast shadow sometimes
overlaps with attached shadow, softening one of the two shadow edges. The
detection threshold for that edge is therefore iteratively reduced to locate mixed
cast shadows. The implementation details are provided in the supplementary
material, Sec. 2.1.

Reflectance model. Our dual-resolution configuration requires to sample spec-
ular reflectance ps(z, I, v) for different light directions for every frame in inverse
rendering, so it is important to save computing resource regarding reflectance
model. Meanwhile, the sparse inputs make it necessary to strengthen reflectance
priors. Thus, our modeling for reflectance is physically based BRDF via neural
representation: ps = ps(x,l(t);n, Fy,r), where Fj is the constant fresnel term
with RGB channels, and r is roughness. Material parameters of specular re-
flectance is described as B(x) = [Fo(x),r(x)]. The implementation details are
provided in the supplementary material, Sec. 2.3. The replacement of the conven-
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tional parameter metallic is to avoid the misleading of incorrect white balance.
Fp serves as the specular color in the specular-glossiness workflow and boost the
generalization of reflectance model for inverse rendering.

Asynchronous importance sampling. The integral of long-exposure frames
is calculated by discrete sampling of I(x,t):

A9 () = /t t I )t~ Y, T 1) AL (21)
Iz, t) = efi(a, U(t))me(@, L) - A(2))+, (22)

where I, f, and f are the reconstructed irradiance, reflectance and surface nor-
mal by neural inverse rendering. Meanwhile, it is necessary to sample I(x,t) at
event timestamps that is not in cast shadow to reconstruct events. We propose a
pixel-wise asynchronous importance sampling scheme, where the sample points
are determined and fixed during preprocessing, and sampled iteratively during
neural rendering. We perform importance sampling according to the approxi-
mated pixel-wise irradiance {fék)} (see Sec. 2.2 of the supplementary material).
Specifically, we uniformly sample between adjacent events so that the integral
between adjacent sampled timestamps nears a global constant. The number of
samples between adjacent events becomes:

N = {round (U\/ AL At(wk)> — 1] , (23)

+

where o is the hyperparameter of sampling density. This scheme improves the
efficiency of inverse rendering. The intermediate approximated irradiance also
provides an added benefit: since events in dark regions are sensitive to noise
and unmodeled inter-reflections, they are downweighted by reduced confidence
accordingly.

Training. Finally, our loss functions for the dual-resolution data stream become:

Li= 5 YAV (@) - AP (@), (24)

1 ") T, t8) + € 1 ’
Lo = Ne wa 1og<l~(m,t§ﬂk_1)) +eal) exp(pg@)C)> ’ (%)
L =ML+ AeLe + M Loy (26)

where Ly and L. denote the frame and event loss terms, respectively; A and
I are the reconstructed pixel intensity and irradiance; Nr and N, are the total
(k)

numbers of frame pixels and event samples; oy~ is the scaling factor for refrac-
tory compensation; w(wk) is the confidence weight for each event; and ¢, Ao, Agy
are balancing coefficients. The total loss £ is combined with the warm-up (total

variation) loss term Ly, [15] in addition at the early stage of training.
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Fig. 4: Components of the proposed validation platform. The rendered image (left)
aligns with the viewpoint of the photographed real platform (right). The hybrid camera
system includes a beam splitter, a frame camera and an event camera. The illuminance
device, a ring light module, is oriented towards the target object.

4 Experiments

4.1 Implementation Details

Algorithms implementation. The input of our framework is sparse (exactly
3 in a lighting cycle) RGB frames and low-spatial-resolution mono event stream,
while the target resolution of the output is aligned with input frames. The ob-
servation data is assumed to be captured in a dark room. During the neural
inverse rendering stage, we iterate in total 1200 epochs when optimizing the
network. Our method is implemented in PyTorch and is running on a A6000
GPU. The inference (i.e., training) time for DiLiGenT semi-real dataset
at 256 x 256 target resolution is about 1 min per object. For DiLiGenT-Pi |35
semi-real dataset at 608 x 608 target resolution, it takes about 6 mins per object.
Validation platform. To verify the performance of the algorithms on real-world
objects, we design a high-speed illumination and capturing validation platform
as shown in Fig. @ We use a Prophesee EVK4 HD camera (with an IMX 636
sensor) to capture event, and a global-exposure HIK MV-CA050-12UC camera
to capture frames. The spatial resolution is 2048 x 2448 for frame and 720 x 1280
for event. To meet the assumption of a single shared view, we utilize a beam
splitter to form a frame-event camera pair. The illumination device and hybrid
camera pair are controlled by Arduino and camera SDK, with external trigger
signals sent to two cameras for synchronization. We set the frame rate as 10 fps
to avoid underexposure, which is up to 60 fps given brighter illumination.

4.2 Datasets

Semi-real datasets. We conduct quantitative comparisons on two publicly
available real-world datasets: DiLiGenT and DiLiGenT-Pi . DiLiGenT-
Pi targets near-planar surfaces with rich details across four material categories:
metallic, specular, rough, and translucent. Ground-truth normal maps are ob-
tained via 3D scanning. Following EventPS, we select HDR images from dense
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Table 1: Quantitative comparison (MAE in degrees) on the DiLiGenT semi-real
dataset. Our self-supervised method outperforms the frame-based method LL22a
(best self-supervised method in DiLiGenT ) with 18.1% data rate, and matches
recent supervised FramePS methods. The last column shows the percentage of data
rate compared to one frame. The last row indicates the number of events per round for
each data.

&
& . > T e & 2 2
S K& S g S & i & q
$ 38y s B O T A S P
N} @ & > Jed) Q @) O < Q> R Q < < 7
Cal X 4 frames  Uni-MS-PS | 3.76 7.65 553 523 6.25 14.71 536 499 9.05 6.95 |17.4%
Uni X 4 frames SDM-UniPS | 1.83 791 6.60 5.73 6.53 1329 7.28 572 9.29 7.13 |17.4%
Uni X 3 frames LINO 241 758 679 6.45 797 11.33 6.72 5.69 10.37 7.26 | 13.0%
Cal ' 23 frames LL22a 226 9.88 5.16 529 6.44 1854 540 539 1095 7.70 | 100%
Cal v 3f + Ev DualResPS | 2.08 8.64 4.86 4.47 6.88 18.01 5.38 5.31 10.59 7.36 |18.1%
Cal v Events EventPS ‘ 11.00 19.96 12.10 26.14 18.94 3829 11.54 15.79 26.18 19.99 ‘ 5.0%
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Fig. 5: Comparison of data rate and MAE on DiLiGenT and DiLiGenT-Pi [35]
semi-real dataset. On the left, the data rate for FramePS increases linearly as the
number of images increases. In contrast, DualResPS has a low and constant data rate
paramount to about 4 frame images, similar to EventPS. We also mark the data size of
DualResPS’s frame input for reference. On the right, the MAE for FramePS decreases
with more images, while DualResPS achieves comparable or superior accuracy.

trajectory circles, convert them to event streams using ESIM , and aggre-
gate them into long-exposure frames. Images are 2 x 2 downsampled to match
the RGB sensor resolution, and further downsampled to simulate low-resolution
events. The resulting semi-real datasets contain LDR-clamped frames, fused
long-exposure frames, and event streams.

Prototype data. To validate the performance of the proposed DualResPS
method, we fabricate 3 objects and capture a real dataset with ground truth nor-
mal maps from 3D model. The real dataset covers simple geometry with strong
shadow effect (STAR), shapes with moderate details (LION), and near-planar
surfaces with rich details (KING). Each object is captured using our validation
platform under few ambient light.
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Fig. 6: Results on the DiLiGenT and DiLiGenT-Pi semi-real datasets. Our
method produces reconstructions superior to EventPS and the frame-based LL22a [15].

The optimization based on event loss often struggles to converge and causes artifacts
as described in EventPSR 7 but our method effectively mitigates the effects.

4.3 Quantitative comparison

We conduct a quantitative comparison of the proposed DualResPS with repre-
sentative FramePS and EventPS methods on the DiLiGenT and DiLiGenT-
Pi semi-real datasets. To compute the data rate required by the event in-
put and frame input, we assume that the event streams employ 16-bit Proph-
esee EVT 3.06 format, and frame images are captured as 24-bit RGB images.
For FramePS algorithms, we uniformly select images from 36 light directions of
the trajectory boundary in DiLiGenT dataset, and from 24 light directions of
the trajectory circle in DiLiGenT-Pi dataset. For EventPS algorithms, different
numbers of low-spatial-resolution events are generated for each scene. The Mean
Angular Error (MAE) and data rate comparison are shown in Tab.

As shown in Fig. p] FramePS shows a linear increase in data rate as the
number of input images increases, accompanied by a decrease in normal MAE.
In contrast, EventPS and DualResPS both maintain constant data rate and
MAE. The self-supervised frame-based counterpart LL22a converges to our
accuracy only with significantly more data, while EventPS remains inferior. Su-
pervised FramePS methods match DualResPS on DiLiGenT due to strong pre-
trained priors, but DiLiGenT-Pi results confirm that DualResPS achieves lower
MAE with better data efficiency on diverse shapes and materials. Representa-
tively, four examples in Fig. [6]show that DualResPS produces evenly distributed
errors across objects.

4.4 Evaluation on prototype

We evaluate DualResPS on real captured data, with results shown in Fig. [7]
EventPS results are warped via the estimated affine transformation between
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Fig. 7: Results on the prototype data. Our method produces reconstructions superior
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frame and event views for fair comparison. Due to different event camera param-
eters, the event data bandwidth is relatively low (under 0.5 frames). DualResPS
achieves superior MAE over both EventPS and LL22a [15] (8 frames), demon-
strating the complementarity of frames and events for photometric stereo. No-
tably, cast shadow effects on STAR are substantially reduced in our results, con-
firming the effectiveness of shadow handling. Residual errors in high-frequency
regions are partly attributed to coarse frame-event alignment and fabrication
errors in the 3D-printed ground truth.

5 Conclusion and Discussion

In this paper, we propose DualResPS, a novel photometric stereo model using a
hybrid frame-event camera. Our method utilizes the complementary advantages
of frame and event cameras in spatial-temporal resolutions, which shows great
potential to extend the efficiency and quality for rapid sensing of the surface
normal and other intrinsic properties.

Limitations and future work. Our model does not explicitly handle inter-
reflections, limiting its applicability to scene-level reconstruction. The self-
supervised architecture is sensitive to event camera parameters and requires
careful calibration. As hybrid camera systems mature, it is worth exploring an
end-to-end model that leverages learned data priors.
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