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Abstract. Snapshot hyperspectral imaging avoids sequential scanning,
but systems that jointly achieve stable reconstruction, low cost, and
compact optics remain limited. We present a snapshot hyperspectral
imaging system based on angular-to-spectral diversity conversion. A ta-
pered kaleidoscope creates replicated views with distinct incidence di-
rections, and a directly attached birefringent filter converts them into
view-channel-dependent spectral transmittances, yielding complemen-
tary measurements that better condition the inverse problem for more
stable single-shot spectral reconstruction. The system preserves a sim-
ple pixel-wise linear model for fast non-learning-based reconstruction and
uses only off-the-shelf components without relay optics or cascaded mod-
ules. We select the birefringent filter configuration using a condition-
number-based criterion and validate the system on both synthetic and
real data.
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1 Introduction

Hyperspectral imaging (HSI) captures 3D spectral data cubes, providing much
denser spectral information than the human eye or an RGB camera. HSI has
been widely used in computer vision tasks such as object recognition [22], color
consistency [1], and anomaly detection [25]. Conventionally, HSI is acquired by
scanning, sequentially capturing 2D slices and incurring long capture times and
complex systems.

In contrast, snapshot HSI [7,11] reconstructs a spectral data cube from a sin-
gle exposure, avoiding sequential scanning and simplifying acquisition. However,
snapshot HSI systems that simultaneously achieve high reconstruction perfor-
mance, low cost, and compact optics remain limited, which hinders broad adop-
tion. Existing methods often satisfy only a subset of these three requirements.
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Fig. 1: A kaleidoscope produces angularly diverse replicated views, and an attached
BRF converts them into spectral-response diversity for snapshot HSI.

Approaches based on diffractive optical elements (DOEs) [13,24] or custom
filter arrays [5,30] require custom fabrication or permanent hardware modifica-
tion. They can be compact and achieve high reconstruction performance, but
their manufacturing cost is high. By contrast, methods using an RGB camera,
with or without a single additional optical element (e.g., a prism) [2,4,9,20,32],
suffer from weak or spatially localized spectral modulation, which makes the in-
verse problem ill-conditioned. They can be low-cost and compact, but challenges
remain in reconstruction accuracy or computational cost. Spatial-replication
HSI [10, 14, 18] often enables simple and fast reconstruction, but image repli-
cation and spectral modulation are commonly implemented in separate stages,
which increases system size due to relay optics or cascaded components.

To address this gap, we propose a spatial-replication snapshot HSI sys-
tem that converts angular diversity into spectral-response diversity, as illus-
trated in Fig. 1. A tapered kaleidoscope generates multiple replicated views with
distinct incidence directions, and a directly attached birefringent filter (BRF)
translates these directional differences into channel-dependent spectral trans-
mittances. Rather than treating the BRF’s incidence-direction dependence as
an error source, as is commonly done in conventional BRF-based imaging sys-
tems [10, 15,16, 23], we deliberately leverage it as a source of spectral-response
diversity. As a result, the replicated views provide complementary measurements
that better condition the inverse problem for stable single-shot spectral recon-
struction. The proposed design also preserves a simple pixel-wise linear obser-
vation model, enabling fast and stable non-learning-based reconstruction. It re-
mains low-cost by relying on off-the-shelf optical components, and compact by
integrating image replication and spectral modulation into a single attached unit
that eliminates relay optics and cascaded modules.

The main contributions of this paper are as follows:
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We propose angular-to-spectral diversity conversion for snapshot HSI by us-
ing kaleidoscope multi-view sampling and the incidence-direction dependence
of a BRF, with a condition-number-based BRF selection criterion.

We present a low-cost ($1k ) and compact 21 cm o -the-shelf kaleidoscope
BRF add-on that directly integrates spatial replication and BRF spectral
modulation, eliminating relay stages.

2 Related Work

Snapshot HSI for Low-Cost and Compact Systems. Low-cost and com-

pact snapshot HSI has been explored in several forms. RGB-only approaches [2,
20, 32] are attractive for their simplicity, but their spectral responses are of-
ten limited and highly correlated, which can make the inverse problem ill-
conditioned. Adding a single coding element can improve measurement diversity.
However, the resulting spectral cues often remain weak or spatially localized.
Baek et al. [4] combine an RGB camera with a prism, where spectral cues are
sparse and reconstruction is solved iteratively with a reported runtime of about
45 minutes. Zhao et al. [33] use a printer-generated random mask and recon-
struct with a CNN trained on large paired data, with training reportedly taking
about 24 hours on a single GPU. Oh et al. [21] realize HSI using three cam-
eras with di erent spectral sensitivity pro les, but this requires synchronized
multi-camera capture and increases system size.

Low-Cost Spatial-Replication Snapshot HSI. Spatial-replication snapshot

HSI is closest to our approach. We focus on low-cost designs, rather than higher-
end alternatives [10, 19]. Manakov et al. [18] use a kaleidoscope purely as an
image multiplier, then combine a Iter array with relay optics so that each
sub-image receives a distinct spectral modulation. A key drawback is that the
relay optics increase the system size. The overall system length is reported to
be approximately 100cm [18]. Takatani et al. [26] attach color lters directly
onto mirror surfaces to simultaneously realize image replication and spectral
multiplexing without relay optics. However, the Iter-on-mirror con guration

can introduce di use re ections at the added interfaces, which may lead to blur

in the replicated sub-images. Compared with these systems, our method also uses
spatial replication, but realizes spectral diversity through an attached BRF and
incidence-direction di erences, without relay optics or Iter-on-mirror designs.
BRF-Based Spectral Imaging. BRFs have been used for spectral imaging by
varying the optical path di erence (OPD) over time, for example by using liquid
crystal controlled by an applied voltage [3, 8, 34] or by mechanically rotating
polarizers or birefringent elements [23]. Such approaches obtain measurement
diversity through time multiplexing and are therefore scanning HSI methods.
Snapshot HSI with birefringent optics includes cascaded polarization-splitting
designs [10], in which increasing the number of channels generally requires a
deeper cascade, as well as spatially varying OPD in natural materials [9], where
spectral cues can remain localized. Another line of work uses birefringent in-
terferometry [15], which typically relies on specialized optics. In contrast, our
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method obtains channel diversity from incidence-direction di erences using a
single attached BRF together with a kaleidoscope.
Oblique-Incidence E ects in BRF. Because BRF transmittance varies with
incidence direction [16, 27, 31], oblique incidence in imaging is often treated as
a source of spectral non-uniformity. In HSI, pixel-dependent ray angles arise
naturally from the eld of view and nite aperture cone, so many analyses as-
sume near-normal incidence or adopt small-angle approximations. Other studies
explicitly model this e ect or mitigate it by limiting the incidence cone or com-
pensating wavelength shifts in post-processing [16, 17, 31]. By contrast, in laser
systems, BRFs are often operated under oblique incidence, where the incidence
angle and optic axis parameters are deliberately chosen to control spectral se-
lection and improve laser performance [6,28,29]. Our method follows this latter
perspective. Rather than suppressing angle dependence, we exploit it as a source
of diverse channel-wise spectral modulations for snapshot HSI.

A broader qualitative comparison with representative snapshot HSI systems
is provided in Supp. Mat. Sec. 2.

3 A Pixel-Wise Linear Measurement Model for HSI

We use a standard pixel-wise linear model for snapshot HSI, assuming that
all measurement channels are registered to the same scene point. Let 2

fl;:::;Mg index the measurements, and letT,() denote the e ective spec-
tral response of channeim. The m-th measurement is modeled as
Y4
Im= 10T m()s()d; 1)

wherel() is the illumination spectrum and s() is the spectral re ectance.
Discretizing Equation (1) over sampled wavelengthsf kg{:':l gives

i = Hs; (2)

wherei 2 RM is the measurement vector,s 2 RN is the spectral re ectance,
and H2RMN s the sensing matrix with

Hok =10 )Tm( )« 3)

Reconstruction is governed byH, and its stability depends on how distinct
the channel-wise spectral response§ , ()g M_, are.

4 Proposed System

Building on the discussion in Sec. 3, this section introduces the proposed system
and explains how it converts angular diversity into spectral-response diversity.
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Fig. 2: Proposed optics: (a) System overview; (b) angular-to-spectral diversity conver-
sion by the o -surface optic axis BRF; (c) angular geometry in the BRF.

4.1 System Overview

To clarify the core idea behind our method, we begin with an overview of the
optical system shown in Figures 2a and 2b. The system consists of an objective
lens, a di user, a BRF, a tapered kaleidoscope, and a camera.

The objective lens forms a 2D image of the scene on the di user plane. The
di user suppresses parallax induced by scene depth, ensuring that the replicated
images share the same spatial structure across viewpoints [14, 18]. However, the
di user's Bidirectional Transmittance Distribution Function (BTDF) introduces
di erences in the spectral intensity distribution. This issue is addressed through
calibration in our method.

A BRF is placed immediately behind the di user. The BRF is mounted at
the entrance of the tapered kaleidoscope. The tapered kaleidoscope is a hollow
mirrored tube that replicates the input image into multiple sub-images through
internal re ections [12]. These replicated sub-images are recorded by a single
camera.

4.2 Angular-to-Spectral Diversity Conversion

The central mechanism of the proposed system is angular-to-spectral diversity
conversion. The system rst generates diversity in incidence directions across
view channels, and then converts that angular diversity into spectral-modulation
diversity through the incidence-direction-dependent spectral modulation of the
BRF.
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The tapered kaleidoscope produces multiple replicated sub-images, which
we call view channels. Because these channels correspond to dierent re ec-
tion paths, they also correspond to di erent incidence directions at the BRF.
Let ( v; v) denote the incidence direction associated with view channeV 2

The taper enlarges the spread of these sampled directions, increasing the angular
diversity across channels.

This angular diversity is then converted into channel-wise spectral-response
diversity by the BRF. A BRF is implemented as a birefringent plate sandwiched
between two linear polarizers. After passing through the rst polarizer, the in-
cident light becomes linearly polarized and splits inside the birefringent plate
into ordinary and extraordinary components. These components accumulate an
OPD, denoted by ,¢ , and the second polarizer projects both components onto
a common polarization axis, resulting in a transmitted intensity that varies with

oe =. Because ,. depends on the incidence direction, the BRF spectral
transmittance also changes with(; ) . Under the crossed-Nicols con guration
shown in Figure 2c, the BRF spectral transmittance is written as

B(;;;)/sin 2 _oe i) (4)

where denotes the optic axis diving angle (the angle between the optic axis
and the surface plane). Therefore, the di erent incidence directions( v; )9\,
generated by the kaleidoscope are mapped to di erent BRF spectral transmit-
tances,

Bv()=B(; vi v ) %)

The camera further observes each view through one of the RGB sensor sen-
sitivities f¢() , wherec 2 fR; G; Bg . Hence, the e ective spectral response as-
sociated with view channelv and color channelc becomes

Te()=f (OB v(): (6)

As a result, the angular diversity produced by the kaleidoscope is converted into
channel-wise spectral-response diversitffT v.c ()g V=, Oc2fr:G:Bg - Which provides
the measurement diversity required for stable spectral reconstruction.

Thanks to the di user, the view channels retain nearly the same spatial struc-
ture and di er mainly in spectral modulation. This enables shapshot spectral
multiplexing with a simple channel-wise image formation model. The kaleido-
scope produces angular diversity, and the BRF converts it into spectral-response
diversity across channels, yielding complementary measurements that improve
the conditioning of the inverse problem. Because the BRF is mounted directly at
the entrance of the tapered kaleidoscope, this angular-to-spectral conversion is
realized within a compact optical architecture, without relay optics or cascaded
components.
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