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2-in-1 Computational Camera Dualpixel Sensor Coded Capture

Fig. 1. Split-aperture 2-in-1 computational cameras enable simultaneous capture of both optically coded and conventional uncoded images without inverse
image reconstruction or increasing the camera’s physical footprint. To achieve this, we split the aperture into two halves: one half modulated by a diffractive
optical element (DOE) to provide task-specific optical encoding, and the other remaining unmodulated. Then, with a commodity dual-pixel sensor found in
many smartphone and DSLR cameras, we separate the two wavefronts into their coded and uncoded components. The uncoded image retains unperturbed
high-frequency scene content, and enables conditional reconstruction of high-dynamic-range, hyperspectral, and depth measurements when paired with a
task-specific coded capture; outperforming existing computational optics methods or RGB-to-X methods which operate with a single coded or uncoded image.
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1 INTRODUCTION
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Fig. 2. Dual-Pixel Sensing. Increasingly prevalent in DSLRs and smart-
phones for enhanced autofocus, dual-pixel sensors feature two photodiodes
per pixel, each capturing light from one half of the aperture independently.
A microlens on each pixel ensures this division, creating a system akin to
a miniaturized two-sample light field camera or a stereo system with an
extremely small baseline. This dual-pixel split applies to every color chan-
nel, ensuring that both captures retain full-color information, effectively
splitting the color filter array (CFA) into two separate CFAs.
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4 2-IN-1 COMPUTATIONAL CAMERAS
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Fig. 3. Split-Aperture 2-in-1 Computational Cameras. To simultaneously capture an optically coded and a conventional uncoded image in a single shot,
we propose task-specific phase modulation of one half of the aperture while keeping the other half unmodulated. The result is a hybrid imaging method: we
acquire an uncoded image paired with an optically encoded capture tailored to specific scene information. The computational block of the system processes
these dual images using a physics-based feature deconvolution block, relying on the task-specific optical point spread functions for a given application, and a
conditional encoder-decoder backbone, enabling the extraction of task-specific image modalities supported and consistent with the uncoded capture. We
demonstrate the effectiveness of this approach by demonstrating it for various computational photography applications, including high-dynamic-range,
monocular depth, and multispectral imaging, each benefiting from customized optical encoding and tailored reconstruction networks.
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Fig. 4. Experimental Prototype. We built an experimental prototype,
shown in (a), to evaluate the proposed method. The fabricated DOEs, shown
in (c), are manufactured based on the phase profiles designed for each

application, as shown in (d), utilizing a 16-level photolithography process.

While this DOE is designed to be in the aperture plane of the target camera
configuration, we opt to design and 3D print a DOE holder (b) to position
the DOE adjacent to the lens cover glass, circumventing the need to dissect
a commercial multi-element compound lens.

5.1 Experimental Prototype
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Fig. 5. Cross-talk Dual-Pixel Calibration. In theory, each photodiode in
a dual-pixel sensor independently records light from only one half of the
aperture. In practice, off-axis light causes crosstalk, with light intended for
one photodiode being captured by the other. Here, (a) illustrates the angle-
dependent crosstalk. We calibrate a fixed crosstalk ratio for the central

X ' pixels, as indicated by the colorbar at the top of (b). This
enables accurate retrieval of clean coded and uncoded captures across
various applications, see (b).
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Table 1. Quantitative Evaluation of HDR Reconstruction Quality. We
measure the reconstruction quality in the overall image and the highlight re-
gions, using the RMSE and PSNR, where PSNR is calculated with a maximum
value of . We compare the proposed method against learned LDR-to-HDR
methods, represented by DeepHDR [2020] and CEVR [2023], and recent
DOE-based snapshot HDR imaging methods, represented by Rank-1 Op-
tics [2020]. Additionally, we include a comparison where only the coded
capture is used as the only input to the reconstruction network.
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Fig. 6. Snapshot HDR Methods in Simulation. We assess the proposed method for snapshot HDR imaging in simulation by comparing the proposed
method to the LDR-to-HDR method DeepHDR [Santos et al. 2020], and the DOE-based Rank-1 Optics approach [Sun et al. 2020]. For each scene, the leftmost
column shows our method, followed by the reconstructed scenes at OEV, -3EV, and -6EV. We also provide close-ups of the saturated regions to show the
resolution of fine structures. DeepHDR, constrained by its LDR input, produces plausible HDR imagery but falls short in detailed recovery. Conversely, Rank-1
Optics occasionally struggles to differentiate HDR encoding from LDR content, resulting in visible streak artifacts. By simultaneously obtaining both LDR
uncoded capture and coded capture, the proposed method is able to reconstruct highlight details without affecting the imaging quality of the LDR content.
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Fig. 7. Experimental Assessment of Snapshot HDR Imaging. We assess the proposed method experimentally for snapshot HDR imaging. The top row
reports measured PSFs of the prototype with proposed split-aperture HDR DOE, which confirm that the DOE produces the intended streak PSFs. The next
rows evaluate the method for outdoor scenes, comparing our results with Ground Truth data obtained through bracketed exposures. The proposed method is
able to recover fine detail of the highlights, while the learned LDR-to-HDR method, DeepHDR, produces incorrect HDR estimates with image structure and
intensity levels that significantly deviate from those in the ground truth captures. Please zoom into the electronic version of this document for details.

Tr ns Gr 4 4 r 141 Pu » Ju



141:12 « Shietal.

x pr R owe r W XX RS W pSH wp
s pfin wemgpr ss r wrr wsra  Ww X
N8 x Mo SrpPm™m sw ™m » sx
w ®ms s mSs W »nox x ®ur s Srs
fin ww » X WS g PS%wa sur s x O
s m T ss ppr s » X BT R W
¥ rs s x Su s au m r fim
S 11 nSwUr r SS W nss » Sp fi W
» Ss BSWr SX WX W Ng X WS ru g & S
» Mg r o rom P W S SwWw » ur
s m s » wx msmwm wms T s ppr
jid ns X mS e W o sur
rom x x purs Tur x s r pr
» Sepp wa w W W
»r S i 2 »n 1 mppw » M om
» W™ remms ¥or s m firs per r© 1w
Mg WS Ng S W wx 1 X ss x wg
» Sux s s x Sr W X 18 " »T =
nS W powr s m g nT » ur
Mg SSsp W we » »urs X »
npu W X NSrM  WM® x gmrx X WS re
e AW X R S W Prmm™ rsasrrpr nig’
» Supp w w waam Sr  xr s w s we
» PUr S X WA wrpr » X WSTM WS
X oW wrowa » rorm P ur s » » sur
X ne » wap x S ¥ sus m
® » [S» s 1 m»
we » ur fim PTPS sSwg S W
s x r fim S s wr X g WS Su s
r®m S W™ Wmrs » »Rour Ul
» s B W s m PC W W@T SM S x X xS
Mogm W WM W WS X m e wm T P wur s

5.3 Snapshot Hyperspectral Imaging

Ss ss M S m x rOW g
P XSp r W gng s sx nS 44 Txsw
SS sswa W us frxwm s [ seum ]
X X NN s s w S P rmm Ss ss
PP s W o X purs w noan W
P XS WS US WG S W s s orpr » g
T X sp nooprmw SS SSWA WS r Jpr S W
» g I 11 P XS WS »
Supp w » ava w
5.3.1 Synthetic Assessment. wp x PSS W s
PS smps PrSp r W gnNg nars () ™
G ®rsp r W ST PrsSw [
] X RmSTW S PSP X W I W ¥ W
sng G puc . () fir » S s m s
» Sp r WM oW WP mor x wapu »
rprsm [ ] » o
P XS W rom PUr sSwuS S WpM W wr
pPrps m Sx s pprmms w s x
grum ra G mgs S W ® S xswawn s m
SXW SWrwmS S W P s sgmusp fi CH]
s ®m m s us S® WX rspws wr S
Tr »s Gr p 4 4 141 Pu » Ju 4

Table 2. Quantitative Evaluation of Hyperspectral Reconstruction
Quality. We evaluate reconstruction quality using the SSIM, PSNR, and
SAM metrics. We compare the proposed method against RGB-to-Spectrum
methods, represented by HRNet [2020], and recent DOE-based snapshot
spectral imaging systems, represented by QDO [2022]. Additionally, we
include a comparison where only the coded capture is used as input to our
reconstruction network.

™ws [ ] 188 S

[ ] ’ 4
(] ' 4
»ux w 44 ' 4
Proposed 32.96 0.90 0.15
e s m x s s x TR A
x mrs[ r ] ®r us prorom
X WS WmW s w TS W@spr w TS
X om »oOopPpRZ W P S SgW W X WMSrM W
o »noanw WP rS WS X xrer ng m
T X Sp » P XS WS X Pr S W »
Supp w » we w
[ ] PP X TR R T
Sp «r msre wmorwm G mwmg ng [ r
] meg Tr w zs 4 xox X grss wmm
x »nor G mgsw mrsp r ms X ne
BSSM@SP X W KR W X Wg F XS xW wrNg r Mg
wrxaurngsp fis wps r mrx s s
g au uppus w wap ¥ SS s xs ur W
S S s r g & S s m ®S msSp ¥ wr
Pr owx mw u sp x RS
[ Iprpssaumz = X I
x i S® »S P ISP X W gNg WS Ng L ]
Nz W o n z » s X msre W
» x S T W x ® WNST WS x
@ n z now sgep S S ®ap ng »
s r S Sgm X m e fin mg au
T mwrms 1 ®marx ss wmwmrgs » "o
s ® swmg » Ss ®m ®m wNg » ur sp

BB R X Mg P » ne rww W R S|

XS W W ss ss sp
Ng WA TXgWM rXgr W » PS » wa

gm nS x S mg W T x wsxu wau

S WS r W CRC I T Poux ww » wr »

W Neg e » ur PSS W S W
mssw ¥ v ffr » s s m s H
»w s mnl o omrx S gm

=t
2
=

5.3.2 Experimental Assessment. » ne P X w
x i 2 » mrsp r wmgr-g

s s PS"m swrwmams su oz W G I |

IR sgwm PSS T s wma sur mawms wirm

xmpr W S ne PR WS »

P R X WS W BXSH WMgm X oW PS* X

L oswrwWamWmSs S r s g wr m o owg fir fhi

s rss ffrm ng s T W

wrng mowr N s®r s pfin wewgpr ss

s s« rowrr NS T Rmm X P WS

7]

=

SR N



Split-Aperture 2-in-1 Computational Cameras « 141:13

Coded Capture Uncoded Capture Hyperspectral

Feat. Encoder

— [] Do
0 0{|~> .
’ Right Pixels 4 L;| o T Iﬁl;”ﬂ_} l] ”

Uncoded Capture Ground Truth Hyperspectral HRNet [2020] Hyperspectral
«2
—
Q
T
3 Coded Capture Proposed Hyperspectral QDO [2022] Hyperspectral
| Encoding PSF | o1 1] os 2] o4 3]
Ground Truth [l \ Z >
Proposed il
HRNet [l oo >3== 00 ool -
QDO . 400nm 700nm 400nm 700nm 400nm 700nm 400nm 700nm

Uncoded Capture Ground Truth Hyperspectral HRNet [2020] Hyperspectral
o
Q
T
& Coded Capture Proposed Hyperspectral QDO [2022] Hyperspectral

Fig. 8. Snapshot Hyperspectral Imaging in Simulation. We assess the proposed method for snapshot hyperspectral imaging with simulated ground truth
spectral data (400nm to 700nm) and compare the RGB-to-Spectrum HRNet [Zhao et al. 2020], and DOE-based QDO systems [Li et al. 2022]. For each scene,
the leftmost column shows the sensor captures using our method, followed by reconstructions in both RGB and hyperspectral formats. The RGB images are
generated from hyperspectral reconstructions and sensor response curves. Due to space constraints, we display alternate hyperspectral channels (410nm
to 700nm at 20nm intervals). We also present spectral validation plots of all approaches for four specific points, marked on the Ground Truth RGB image.
QCO, limited by its heavily quantized design and spatial resolution loss from optical encoding, faces challenges in high-quality reconstruction. HRNet, while

generating plausible results, tends to overfit to its training dataset, particularly at both ends of the spectrum. Our method, capturing both uncoded and coded
images, achieves high fidelity in recovering spatial and spectral details.
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Fig. 9. Experimental Assessment of Snapshot Hyperspectral Imaging. We evaluate our method experimentally for snapshot hyperspectral imaging

Shi et al.
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under varying lighting conditions, and compare it against the learned RGB-to-HS approach, HRNet [2020]. On the left, we display the measured PSFs, which
verify that the DOE generates the intended rainbow-like PSF. Scene 1 on the top illustrates results from a lab environment, and we include spectral validation

plots for all 4 color blocks, with ground truth spectra obtained via a miniature spectrometer. The subsequent rows validate the method in outdoor (Scenes 2
and 3) and indoor (Scene 4) settings. The spectral reconstructions from our method align closely with the measured spectral intensities, in contrast to HRNet,

which exhibits notable inaccuracies, especially at the spectrum boundaries. This discrepancy is also evident in out-of-lab experiments, where HRNet struggles

with color accuracy, see red and purple images. In the absence of Ground Truth RGB captures, we present the uncoded and coded captures at double intensity,

where the uncoded capture serves as a pseudo-ground truth in the RGB domain.
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Table 3. Quantitative Evaluation of Monocular Depth Imaging Accu-
racy. We evaluate reconstruction quality using several metrics: MAE, RMSE,
average logarithmic error (log, ), and the percentage of pixels where the
ratio of predicted to ground truth depth is within a factor of 1. (d<1. ).
We compare the proposed method against monocular depth methods, repre-
sented by MiDaS [2022] and Zoedepth [2023], and recent DOE-based depth
from defocus method, represented by Deep DfD [2021]. MiDaS generates
only relative depth information, which we adjust to align with the known
target depth range. Zoedepth is designed to provide monocular depth esti-
mation with metric scale. Therefore, we report its performance using both
the original output and the output scaled to the known target depth range.
Additionally, we include a comparison where only the coded capture is used
as input to the proposed method.
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Fig. 10. Monocular Depth Imaging in Simulation. We assess our approach for monocular depth estimation in simulation by comparing our method to the
monocular depth estimation method MiDaS$ [Ranftl et al. 2022], and DOE-based depth from defocus method Deep DfD [Ikoma et al. 2021]. For each scene,
the leftmost two columns display the sensor captures using our method at double intensity, followed by depth reconstructions from different methods. We
scale MiDas relative depth output to match the known target depth range. While MiDaS$ estimates a qualitatively plausible depth map, their estimation
remains relative and misrepresent the spatial relationship of non-adjacent objects. Deep DfD, capable of recovering depth scale, faces challenges in resolving fine
details. Our method, leveraging both the sharp details from the in-focus uncoded capture and the depth cues from the coded captures, is able to accurately
capture both the scale and details in the scene.
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Fig. 11. Experimental Assessment of Optically Coded Depth Imaging. We evaluate the proposed method in both indoor (Scenes 1 to 3) and outdoor
(Scene 4) environments and compare it to the monocular depth method MiDaS [Ranftl et al. 2021] run on the uncoded capture and rescaled to the target depth
range. The top row of our results shows the measured depth-dependent encoding PSFs from our prototype, covering depths from 1m to 5m, which contain the
intended half-ring PSF as per our design. For each scene, the leftmost two columns display the sensor captures using our method at double intensity, followed
by depth reconstructions from different methods. In the case of indoor scenes, we employ a solid-state LiDAR camera (RealSense L515) to gather absolute
depth data from the scenes, serving as a reference. Areas where the RealSense L515 camera was unable to provide measurements are indicated with a black
mask. The depth reconstructions produced by our proposed method are in close alignment with the RealSense L515 reference depth. In contrast, MiDaS is
limited to provide a plausible relative depth map and often inaccurately merges unconnected objects into a singular, continuous depth profile.
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