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Fig. 1. Quanta burst photography. (Top) Single-photon image sensors capture stochastic, binary images at high speeds (~ 100 kfps). Such high-speed
image sequences can be aligned to compensate for scene/camera motion using a spatial-temporal hierarchical alignment algorithm. By merging the
aligned sequence robustly, a high-quality image can be reconstructed, with minimal motion blur and noise, and high dynamic range, even in challenging
photography conditions. (Bottom, from left to right) An example low-light scene captured by a DSLR camera on a tripod; binary image sequence captured
by a handheld single-photon camera; image reconstructed by naive averaging of the binary sequence (shown to illustrate the amount of motion during
capture); super-resolved image reconstructed using the proposed techniques has low blur and noise. Figure reproduced with permission from [1].

Abstract - Single-photon avalanche diodes (SPADs) are an emerging
sensor technology capable of detecting individual incident photons, and
capturing their time-of-arrival with high timing precision. While these
sensors were limited to single-pixel or low-resolution devices in the past,
recently, large (up to 1 MPixel) SPAD arrays have been developed [2].
These single-photon cameras (SPCs) are capable of capturing high-speed
sequences of binary single-photon images with virtually no read noise.
We present quanta burst photography, a computational photography tech-
nique that leverages SPCs as passive imaging devices for photography in
challenging conditions, including ultra low-light and fast motion. Inspired
by recent success of conventional burst photography, we design algorithms
that align and merge binary sequences captured by SPCs into intensity
images with minimal motion blur and artifacts, high signal-to-noise ratio
(SNR), and high dynamic range. We theoretically analyze the SNR and
dynamic range of quanta burst photography, and identify the imaging
regimes where it provides significant benefits. We demonstrate, via a
recently developed SPAD array, that the proposed method is able to gen-
erate high-quality images for scenes with challenging lighting, complex
geometries, high dynamic range and moving objects. With the ongoing de-
velopment of SPAD arrays, we envision quanta burst photography finding
applications in both consumer and scientific photography.

1 THE SINGLE-PHOTON REVOLUTION

A conventional camera typically captures hundreds to thousands
of photons per pixel to create an image. An emerging class of
sensors, called single-photon avalanche diodes (SPADs) [3, 4], can
record individual photons, and precisely measure their time-of-
arrival. Due to their sensitivity and picosecond time resolution,
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SPADs are driving an imaging revolution. A new generation of
devices is emerging, with novel functionalities such as imaging
at trillion fps [5], non-line-of-sight (NLOS) imaging [6, 7], and
microscopic imaging of nano time-scale bio-phenomena [8].

Passive single-photon imaging: So far, most SPAD-based imag-
ing systems are active, where the SPAD is used in precise temporal
synchronization with an active light source (e.g., a pulsed laser).
This includes applications such as NLOS imaging, LiDAR [9], and
microscopy. Can SPADs be used not just with controlled and pre-
cisely synchronized active light sources as is the norm, but more
generally under passive, uncontrolled illumination (e.g., sunlight,
moonlight)? Such passive SPAD-based imaging systems have the
potential to expand the scope of SPADs to a considerably larger
set of applications, including machine vision and photography.

Consider a SPAD sensor (an array of SPAD pixels) imaging a
scene illuminated by passive lighting. Since photons arrive at the
sensor randomly according to Poisson statistics, photon detection
events are also random, and can be visualized as a spatio-temporal
photon-cube [10]. A SPAD camera can capture a sequence of thin,
equally-sized temporal slices of the photon-cube, where each slice
is a binary (1-bit) image, as shown in in Fig. 1. Each pixel location
records a 1 if it receives one or more photons during the tem-
poral extent of the slice, and 0 otherwise. For example, a recent
SPAD camera [11] can capture ~ 10° binary frames per second,
at 1/4 MPixel resolution. Due to the random nature of photon
arrivals, the binary images are stochastic. The light intensity at
each pixel can then be recovered from the statistics of photon
arrivals throughout a sequence of binary images. Denoising tech-
niques are often applied such as total variation, BM3D [12, 13],
and end-to-end neural networks [14, 15].
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Fig. 2. Performance under different lighting conditions. We capture two 2000-frame binary sequences for the same scene under different lighting
conditions. A sample binary image from each sequence is shown in the third column. The binary images become sparser as the light level decreases.
For conventional cameras, there is a trade-off between motion blur and noise, which makes it difficult to generate a high-quality image in low-light
environments, either with a single long exposure (first column) or with a burst (second column). For quanta burst photography, it is possible to resolve
fast motion without sacrificing the SNR (fourth column). Even in very low light, a reasonable image is reconstructed by aligning and merging the sparse

and noisy binary frames. Figure adapted with permission from [1].
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Fig. 3. Challenging scenes. Reconstruction results of the proposed
method for challenging scenes involving complex scene geometry and
fine structures. The camera is handheld and follows a random 6DoF mo-
tion. Images are reconstructed from 10000 binary frames. In all cases, the
proposed method is able to create a blur-free image with high SNR. Figure
adapted with permission from [1].

Photon-cubes and single-photon binary image sequences were
first considered in the context of jots [10, 16], another emerging
single-photon sensing technology. By avoiding avalanche, jots
achieve smaller pixel pitch, higher quantum efficiency and lower
dark current, but have lower temporal resolution [13, 17]. In this
paper, we primarily focus on SPADs due to their high frame rate.
However, since both jots and SPADs have similar imaging model
and data format, the analysis and techniques presented here are
applicable to jots as well.

Passive single-photon imaging under motion: How does motion
manifest in a stochastic binary image sequence? If the scene (or
camera) moves during acquisition, the photons emitted by a scene
point get spread over multiple SPC pixels, resulting in motion
blur. In the presence of motion, Fossum [18] suggested shifting
the binary images to compensate for motion and achieve blur-
free image reconstruction. This idea has been implemented re-
cently [19-21], albeit for simplistic motion models (e.g., planar
objects with in-plane motion and no occlusions).

In this paper, we propose quanta burst photography, a computa-
tional photography technique that computationally re-aligns the

photons along motion trajectories, achieving high-quality images
in challenging scenarios including low-light and high-speed mo-
tion (Fig. 1). We develop algorithms that align the binary frames
by estimating the patch-wise 2D translation between frames. To
obtain reliable motion estimates, we first group an entire sequence
into temporal blocks and compute a coarse-level motion between
the blocks. The motion is then interpolated temporally to get a fine-
level motion, which is used to warp and merge the binary frames
into intensity images with minimal motion blur and ghosting ar-
tifacts, high SNR, and high dynamic range, at up to 2x resolution.
Details on the proposed algorithm can be found in [1].

The proposed method is similar in spirit to conventional burst
photography where a burst of short-exposure images (5 — 10)
are aligned and merged into a single high-quality image [22, 23].
Quanta burst photography can be considered a limiting case be-
cause each binary image captures at most one photon per pixel,
thus extremely noisy and quantized. Recently, [24] proposed a
learning-based approach which takes as input a short sequence
of quanta images (8 frames) at photon levels of about 1 photon-
per-pixel (ppp). Due to the fast capture of SPADs, quanta burst
photography is designed to work with longer binary sequences
(102 — 10° frames, depending on light level, dynamic range and
motion), with light levels down to the order of 0.001 ppp.

2 RESULTS

We capture real data using a SwissSPAD2 camera [11] for the
experiments, which takes binary images at a spatial resolution of
512%256 pixels. The maximum frame rate of the camera is 96.8k{ps.
The camera does not have microlenses and has a native fill factor
of about 13% (later built systems do have microlenses equipped).
Currently the sensor is not equipped with Bayer filters, so only
grayscale images are reconstructed.

Performance for different lighting conditions. Fig. 2 shows the
performance of quanta burst photography for different lighting
conditions. We choose the same still scene for all sequences. The
camera was moved horizontally to ensure the motion is control-
lable and reproducible across different sequences. The conven-
tional camera images are emulated from the captured binary im-
ages by first reconstructing the intensity and then adding the read
noise and quantization error according to sensor parameters of
a high-end machine vision camera !. Quanta burst photography
generates images with higher quality than conventional single
and burst images. Even in very low light, where the individual bi-
nary frames are sufficiently sparse to make it nearly impossible to

Uhttps://www.flir.com/products/grasshopper3-usb3/?model=GS3-U3-12356C-C
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Fig. 4. Reconstructing high dynamic range scenes. We capture a scene with high dynamic range where the light source (the lamp) is directly visible
in the image. A single conventional image either gets saturated (long exposure) or fails to capture the details in the dark regions (short exposure).
Conventional burst photography improves the dynamic range, but remains noisy in the dark regions due to read noise. Quanta burst photography achieves
very high dynamic range and is able to recover the details of the filament and the text on the plaque at the same time. 100000 frames are captured to
reconstruct the full dynamic range. All images are processed using the same tone-mapping algorithm [25]. Figure reproduced with permission from [1].
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Fig. 5. Resolving scene motion. A person plucking the lowest two strings of a guitar. Averaging the captured binary sequence results in either ghosting
artifacts (long sequence with 2000 binary frames) or a low SNR (short sequence with 100 binary frames). Our method is able to reconstruct a high-quality
image from 2000 frames despite fast and non-rigid scene motion. Figure reproduced with permission from [1].

make out the scene structure, a reasonable image is reconstructed
by aligning and merging the sparse and noisy binary frames.
The purpose of this experiment is not to compare a conven-
tional sensor and SPAD directly. In fact, due to the low resolution
and low quantum efficiency of current SPAD sensors, SPADs will
almost always generate worse-quality images than commercial
CMOS sensors. Here we simulate the conventional images by as-
suming a conventional sensor with the same resolution and quan-
tum efficiency as the SPAD array. Due to the blur-noise trade-off,
conventional sensor struggles in reconstructing high-quality im-
ages, while SPAD has the potential of super-sampling in time and
mitigate motion blur even for low-light and fast-moving scenes.

Reconstructing challenging scenes. Fig. 3 shows challenging scenes
involving complex geometry and fine structures. Such scenes are
usually challenging for optical flow and block matching algo-
rithms. The camera was handheld, and underwent a random 6DoF
motion when capturing the images. Since a long-focus lens is used,
even natural hand tremor causes a large apparent motion in the
image space. Despite these challenges, the proposed method is
able to reconstruct blur-free images with high SNR.

Reconstructing high dynamic range scenes. Fig. 4 shows a high
dynamic range scene captured by the SPAD array. The only light
source in the scene, the lamp (red box), is directly visible in the
image, which is about 2000 times brighter than the text on the
plaque (blue box), which does not receive any direct light. Simi-
lar as in Fig. 2, we simulate the conventional images by adding
read noise and quantization error. With a single capture, the con-
ventional image is either saturated around the lamp, or cannot
recover the texts on the plaque. Conventional burst photography

improves the dynamic range, but the text is still indiscernible due
to read noise. Quanta burst photography is able to recover both
the filament and the text at the same time.

Resolving scene motion. Since the proposed method only com-
putes patch-wise motion and does not assume any global motion
model, it is capable of resolving scene motion. Fig. 5 shows a
person plucking the lowest two strings on the guitar. Simple aver-
aging of binary frames creates ghosting artifacts or strong noise.
Our method is able to resolve the plucking motion of the thumb
and the vibration of the strings with lower noise.

3 OUTLOOK ON SINGLE-PHOTON SENSORS

In this section, we discuss the current state and future outlook of
SPAD sensor arrays, in terms of their key characteristics: spatial
resolution, temporal frame rate, photon detection efficiency (PDE),
and the dark count rate (DCR).

Spatial resolution. Due to their compatibility with mainstream
CMOS fabrication lines, it was predicted in 2008 that SPAD image
sensors could reach large resolutions within one decade [26, 27].
In recent years, significant effort has been devoted to achieve
this goal, with the world’s first 1 MPixel SPAD array reported
recently [2]. With the same fabrication process, it is possible to
go up to 5-10 MPixel, not far from their counterparts in CMOS
imagers in several cell-phone cameras. Can we go even higher
(e.g., 50 MPixel) in the long term? The key factor that limits the
spatial resolution is the minimum pixel pitch, which in turn is
limited by the necessity of placing a guard ring ? around each

2 A SPAD pixel detects single photons by creating an avalanche of photo-electrons
(large current) when a photon is incident, and sensing the avalanche current via a
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SPAD pixel. In current CMOS technologies, due to the guard ring,
SPAD pitch cannot be reduced below 1um [28]. At that pitch, the
guard ring occupies a large portion of the pixel, thus reducing the
fill factor to a minimum. This limitation could be addressed via
3D-stacking [29], a potentially effective way to reduce SPAD pixel
pitch by moving all the active and passive components associated
with a SPAD pixel to the bottom tier of the sensor.

Frame rate and power consumption. The frame rate of a SPAD
sensor array is limited by the bit-rate the chip can deliver and by
the number of communication channels it can host. For example, a
1 Mpixel camera with a frame rate of 1kfps will generate 1Gbps of
data, which can be handled by a single LVDS (low-voltage differ-
ential signalling) communication channel. Typically, this kind of
channel requires about 10mW of power at full speed. If one wants
to increase the frame rate by, say, 100X, the data rate will increase
to 100Gbps, with 1W of power required, which may be prohibitive
for consumer devices.? Recent SerDes can work at 16Gbps with
less than 50mW, which means 128Gbps can be achieved with a
dissipation of 400mW. The communication power consumption
can be mitigated by performing on-chip image processing opera-
tions, and designing more efficient motion computation and image
alignment operations that are amenable to on-chip processing.
Furthermore, it is possible to exploit the spatio-temporal sparsity
in the photon-cube raw data in low-light scenarios. Depending
on the light-level in the scene, one could achieve a considerable
data rate reduction by compressing raw photon-cube data [30].

Photon detection efficiency (PDE). PDE is defined as the product
of the pixel fill factor, and the photon detection probability (PDP),
which is the probability that an impinging photon generates a de-
tectable signal. PDP is the product of quantum efficiency and the
probability of triggering an avalanche. PDP is dependent on the
wavelength of photons; for current devices, the PDP is typically
50 — 70% at 450 — 550 nm. Due to low fill factors, earlier SPAD
arrays had PDEs as low as 1% making them highly inefficient due
to significant light loss. However, the PDE in recent arrays has
increased to approximately 40% by using microlens arrays, which
increase PDE by effectively increasing the fill factor. While still
lagging the quantum efficiency of conventional sensors (approxi-
mately 60 — 90%), the PDE of SPAD arrays will likely improve due
to improving fabrication processes, including 3D stacking.

Dark count rate (DCR). DCR is the rate of avalanche counts
unrelated to photons, measured in counts-per-second (cps). Earlier
SPAD devices were largely considered impractical due to high
DCR, up to several tens of cps at cryogenic temperatures, and tens
of keps at room temperature. Fortunately, for current devices, DCR
has been drastically reduced to 2 cps [2], even at room temperature.
Since SPADs do not have read noise, this DCR is sufficiently low
to achieve nearly shot-noise-limited SNR, even in ultra low-light.
Since DCR is proportional to the active area, as the pixels become
smaller, DCR could be further reduced.
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