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(57) ABSTRACT 

In accordance with some embodiments, systems, methods 
and media for high dynamic range quanta burst imaging are 
provided. In some embodiments, the system comprises: an 
image sensor comprising single photon detectors in an array; 
a processor programmed to: generate a sequence of binary 
images representing a scene; divide the sequence of binary 
images into blocks; generate block-sum images from the 
blocks; determine alignments between the block-sum 
images and a reference block-sum image; warp the sequence 
of binary images based on the alignments; generate warped 
block-sum images using warped binary images; merge the 
warped block-sum images; display a final image of the scene 
based on the merged warped block-sum images. 

20 Claims, 13 Drawing Sheets 
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SYSTEMS, METHODS, AND MEDIA FOR 
HIGH DYNAMIC RANGE QUANTA BURST 

IMAGING 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

This invention was made with government support under 
HR0Oll-16-C-0025 awarded by the DOD/DARPA. The 
government has certain rights in the invention. 

NIA 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

BACKGROUND 

Conventional digital camera image sensors typically cap
ture hundreds to thousands of photons per pixel to create an 
image. Recently, single-photon avalanche diodes (SPADs) 
that can detect individual photons, and precisely measure the 
time-of-arrival, have become more prevalent. SPADs are 
driving the development of new devices with novel func
tionalities due to the sensitivity and picosecond time reso
lution that can be achieved, such as imaging at very high 
frame rates (e.g., in excess of a billion frames per second), 
non-line-of-sight (NLOS) imaging, and microscopic imag
ing of nano time-scale bio-phenomena. 

However, these new SPAD-based imaging techniques are 
typically 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, and microscopy. Due to the output of a SPAD ( e.g., 
a detection of a single photon at a precise time), SPADs are 
not as well suited to more conventional imaging tasks, such 
as capturing images of a scene under passive, uncontrolled 
illumination (e.g., sunlight, moonlight). While passive 
SPAD-based imaging systems could potentially expand the 
scope of SPADs to a considerably larger set of applications, 
including machine vision and photography, images gener
ated from passive SPAD-based data has so far been of 
relatively low quality compared to images captured using 
conventional image sensors. 

Accordingly, new systems, methods, and media for high 
dynamic range quanta burst imaging are desirable. 

SUMMARY 

2 
image based on the set of binary images associated with the 
first auxiliary block; generate a second auxiliary block-sum 
image based on the set of binary images associated with the 
second auxiliary block; determine an aligmnent between the 

5 first auxiliary block-sum image and the reference block-sum 
image; determine an aligmnent between the second auxiliary 
block-sum image and the reference block-sum image; gen
erate a first set of warped binary images by warping at least 
a first subset of binary images in the set of binary images 

10 associated with the first auxiliary block based on the align
ment between the first auxiliary image and the reference 
block-sum image; generate a first warped block-sum image 
based on the first set of warped binary images; generate a 

15 
second set of warped binary images by warping at least a 
second subset of binary images in the set of binary images 
associated with the second auxiliary block based on the 
alignment between the second auxiliary image and the 
reference block-sum image; generate a second warped 

20 block-sum image based on the second set of warped binary 
images; generate a third set of warped binary images by 
warping at least a third subset of binary images in the set of 
binary images associated with the reference block based on 
an alignment between the reference block-sum image and an 

25 adjacent block-sum image; generate a third warped block
sum image based on the third set of warped binary images; 
merge a plurality of warped block-sum images, including at 
least the first warped block-sum image, the second warped 
block-sum image, and the third warped block-sum image; 

30 and cause the display to present a final image of the scene 
based on the merged plurality of warped block-sum images. 

In some embodiments, each of the plurality of detectors 
comprises a single photon avalanche diode. 

In some embodiments, each of the binary images repre-
35 sents photons detected by the image sensor during an 

exposure time -i:, for each binary image, the plurality of 
pixels consists of a first subset of pixels each having a value 
of 1, and a second subset of pixels each having a value of 0, 
the first subset of pixels corresponding to detectors that 

40 detected a photon during exposure time -i:, and the second 
subset of pixels corresponding to detectors that did not 
detect any photons during exposure time -i:. 

In some embodiments, each of the plurality of pixels of 
each binary image has a position (x, y), the reference 

45 block-sum image comprises a plurality of pixels, each 
having a position (x, y), each of the plurality of pixels of the 
reference block-sum image having a value 

In accordance with some embodiments of the disclosed 50 

subject matter, systems, methods, and media for high 
dynamic range quanta burst imaging are provided. 

j 

S(x, y) = ~ B,(x, y), 
t=i 

based on the relationship: where B,(x, y) is the binary frame 
In accordance with some embodiments of the disclosed 

subject matter, a system for generating digital images is 
provided, the system comprising: an image sensor compris
ing a plurality of detectors configured to detect arrival of 
individual photons, the plurality of detectors arranged in an 
array; a display; at least one processor that is programmed 

55 at time t, the reference block includes binary images cap
tured between times i and j, and S(x, y) is the total number 
of photons detected at (x, y) over the set of binary images 
associated with the reference block. 

to: cause the image sensor to generate a sequence of binary 
images representing a scene, each of the binary images 60 

comprising a plurality of pixels; divide the sequence of 
binary images into a plurality of blocks, including a refer
ence block, a first auxiliary block, and a second auxiliary 
block, such that a set of binary images is associated with 
each of the plurality of blocks; generate a reference block- 65 

sum image based on the set of binary images associated with 
the reference block; generate a first auxiliary block-sum 

In some embodiments, the at least one processor that is 
further programmed to: generate a reference image pyramid 
based on the reference block-sum image generate a first 
auxiliary image pyramid based on the first auxiliary block
sum image; generate a second auxiliary image pyramid 
based on the second auxiliary block-sum image; perform a 
hierarchical patch-based matching between the reference 
block-sum pyramid and the first auxiliary block-sum pyra-
mid; determine the alignment between the first auxiliary 
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block-sum image and the reference block-sum image based 
on the hierarchical patch-based matching; perform a hierar
chical patch-based matching between the reference block
sum pyramid and the second auxiliary block-sum pyramid; 
and determine the alignment between the second auxiliary 
block-sum image and the reference block-sum image based 
on the hierarchical patch-based matching; 

In some embodiments, the at least one processor that is 
further programmed to: determine weights to assign to 
pixels of each of the plurality of warped block-sum images 
by applying Wiener frequency-domain filtering; assign the 
weights to the pixels of each of the plurality of warped 
block-sum images; and combine the warped block-sum 
images, such that the merged plurality of warped block-sum 
images is the sum of weighted warped block sum images and 
represents the total number of photons detected at each pixel 
location. 

In some embodiments, the at least one processor that is 

further programmed to: estimate an image intensity ~ for 
each of the plurality of pixels of the merged plurality of 
warped block-sum images based on a total number of 
photons S(x, y) detected at each pixel location (x, y) using 
the relationship: 

S(x, y) 
1---

if,(x, y) = -ln--nq_ 
TJJ 

where nq is a total number of binary images in the sequence 
of binary images, -i: is an exposure time of each binary 
image, ri is a quantum efficiency of each of the plurality of 
detectors, and rq (x, y) is a dark count rate of the pixel at 
location (x, y). 

4 
with the second auxiliary block by combining groups of four 
adjacent pixels corresponding to two green filters, one red 
filter, and one blue filter, such that the reference block-sum 
image is a downsampled grayscale representation of the 

5 second auxiliary block; generate a first set of warped block
sum images based on the first set of warped binary images, 
wherein the first set of warped block-sum images includes 
the first warped block-sum image, a first blue warped 
block-sum image, and a first red warped block-sum image, 

10 the first warped block-sum image based on only green 
pixels, the first blue warped block-sum image based on only 
blue pixels, and the first red warped block-sum image based 
on only red pixels; generate a set of second warped block
sum images based on the second set of warped binary 

15 images, wherein the second set of warped block-sum images 
includes the second warped block-sum image, a second blue 
warped block-sum image, and a second red warped block
sum image; generate a set of third warped block-sum images 
based on the third set of warped binary images, wherein the 

20 third set of warped block-sum images includes the third 
warped block-sum image, a third blue warped block-sum 
image, and a third red warped block-sum image; merge the 
plurality of warped block-sum images to generate a green 
color sum image; merge a second plurality of warped 

25 block-sum images, including the first blue warped block
sum image, the second blue warped block-sum image, and 
the third blue warped block-sum image, to generate a blue 
color sum image; merge a third plurality of warped block
sum images, including the first red warped block-sum 

30 image, the second red warped block-sum image, and the 
third red warped block-sum image, to generate a blue color 
sum image; and generate the final image based on a com
bination of the green color sum image, the blue color sum 
image, and the red color sum image. 

35 

In some embodiments, the at least one processor that is 
further programmed to: calculate a motion field for the first 
auxiliary block based on the alignment between the first 
auxiliary block and the reference block; perform a linear 
interpolation between the motion filed and a motion field 40 

associated with an adjacent block; and determine a motion 
field for each binary image in the first subset of binary 
images based on the linear interpolation. 

In accordance with some embodiments of the disclosed 
subject matter, a method for generating digital images is 
provided, the method comprising: causing an image sensor 
to generate a sequence of binary images representing a 
scene, each of the binary images comprising a plurality of 
pixels, the image sensor comprising a plurality of detectors 
configured to detect arrival of individual photons, the plu-
rality of detectors arranged in an array; dividing the 
sequence of binary images into a plurality of blocks, includ
ing a reference block, a first auxiliary block, and a second 
auxiliary block, such that a set of binary images is associated 
with each of the plurality of blocks; generating a reference 

In some embodiments, the image sensor further comprises 
a plurality of color filters arranged in a Bayer pattern, such 45 

that each of the plurality of detectors is associated with a red 
filter, a green filter, or a blue filter; and wherein the at least 
one processor is further programmed to: generate the refer
ence block-sum image by generating a summation of the set 
of binary images associated with the reference block, and 50 

downsampling the summation of the set of binary images 
associated with the reference block by combining groups of 
four adjacent pixels corresponding to two green filters, one 
red filter, and one blue filter, such that the reference block
sum image is a downsampled grayscale representation of the 55 

reference block; generate the first auxiliary block-sum image 
by generating a summation of the set of binary images 
associated with the first auxiliary block, and downsampling 
the summation of the set of binary images associated with 
the first auxiliary block by combining groups of four adja- 60 

cent pixels corresponding to two green filters, one red filter, 
and one blue filter, such that the reference block-sum image 
is a downsampled grayscale representation of the first aux
iliary block; generate a second auxiliary block-sum image 
by generating a summation of the set of binary images 65 

associated with the second auxiliary block, and downsam
pling the summation of the set of binary images associated 

block-sum image based on the set of binary images associ
ated with the reference block; generating a first auxiliary 
block-sum image based on the set of binary images associ
ated with the first auxiliary block; generating a second 
auxiliary block-sum image based on the set of binary images 
associated with the second auxiliary block; determining an 
alignment between the first auxiliary block-sum image and 
the reference block-sum image; determining an alignment 
between the second auxiliary block-sum image and the 
reference block-sum image; generating a first set of warped 
binary images by warping at least a first subset of binary 
images in the set of binary images associated with the first 
auxiliary block based on the alignment between the first 
auxiliary image and the reference block-sum image; gener
ating a first warped block-sum image based on the first set 
of warped binary images; generating a second set of warped 
binary images by warping at least a second subset of binary 
images in the set of binary images associated with the 
second auxiliary block based on the alignment between the 
second auxiliary image and the reference block-sum image; 
generating a second warped block-sum image based on the 
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second set of warped binary images; generating a third set of 
warped binary images by warping at least a third subset of 
binary images in the set of binary images associated with the 
reference block based on an alignment between the refer
ence block-sum image and an adjacent block-sum image; 5 

generating a third warped block-sum image based on the 
third set of warped binary images; merging a plurality of 
warped block-sum images, including at least the first warped 
block-sum image, the second warped block-sum image, and 
the third warped block-sum image; and causing a display to 10 

present a final image of the scene based on the merged 
plurality of warped block-sum images. 

In accordance with some embodiments of the disclosed 

6 
matter when considered in connection with the following 
drawings, in which like reference numerals identify like 
elements. 

FIG. 1 shows an example of a flow for quanta burst 
imaging in accordance with some embodiments of the 
disclosed subject matter. 

FIG. 2 shows a comparison of a response curve of a 
conventional light detector, and a response curve of a single 
photon avalanche diode detector that can be used to generate 
high dynamic range image data in accordance with some 
embodiments of the disclosed subject matter. 

FIG. 3 shows an example of a system for high dynamic 
range quanta burst imaging in accordance with some 
embodiments of the disclosed subject matter. 

FIG. 4 shows an example of an image sensor that includes 
single photon detectors in accordance with some embodi
ments of the disclosed subject matter. 

FIG. SA shows an example of photons detected by single
photon detectors of a single photon detector-based image 

20 sensor over various frames in accordance with some 
embodiments of the disclosed subject matter. 

subject matter, a non-transitory computer readable medium 
15 

containing computer executable instructions that, when 
executed by a processor, cause the processor to perform a 
method for generating digital images is provided, the 
method comprising: causing an image sensor to generate a 
sequence of binary images representing a scene, each of the 
binary images comprising a plurality of pixels, the image 
sensor comprising a plurality of detectors configured to 
detect arrival of individual photons, the plurality of detectors 
arranged in an array; dividing the sequence of binary images 
into a plurality of blocks, including a reference block, a first 25 

auxiliary block, and a second auxiliary block, such that a set 
of binary images is associated with each of the plurality of 
blocks; generating a reference block-sum image based on 
the set of binary images associated with the reference block; 
generating a first auxiliary block-sum image based on the set 30 

of binary images associated with the first auxiliary block; 
generating a second auxiliary block-sum image based on the 
set of binary images associated with the second auxiliary 
block; determining an alignment between the first auxiliary 

35 
block-sum image and the reference block-sum image; deter
mining an alignment between the second auxiliary block
sum image and the reference block-sum image; generating a 
first set of warped binary images by warping at least a first 
subset of binary images in the set of binary images associ- 40 

ated with the first auxiliary block based on the alignment 
between the first auxiliary image and the reference block
sum image; generating a first warped block-sum image 
based on the first set of warped binary images; generating a 
second set of warped binary images by warping at least a 45 

second subset of binary images in the set of binary images 
associated with the second auxiliary block based on the 
alignment between the second auxiliary image and the 
reference block-sum image; generating a second warped 
block-sum image based on the second set of warped binary 50 

images; generating a third set of warped binary images by 
warping at least a third subset of binary images in the set of 
binary images associated with the reference block based on 
an alignment between the reference block-sum image and an 
adjacent block-sum image; generating a third warped block- 55 

sum image based on the third set of warped binary images; 
merging a plurality of warped block-sum images, including 
at least the first warped block-sum image, the second warped 
block-sum image, and the third warped block-sum image; 
and causing a display to present a final image of the scene 60 

based on the merged plurality of warped block-sum images. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. SB shows an example of various binary frames 
corresponding to the photons detected in the example of 
FIG. SA. 

FIG. 6 shows an example of a flow for generating a high 
dynamic range image from a sequence of binary images 
captured by an image sensor that includes single photon 
detectors in accordance with some embodiments of the 
disclosed subject matter. 

FIG. 7 shows an example of a process for high dynamic 
range quanta burst imaging in accordance with some 
embodiments of the disclosed subject matter. 

FIG. SA shows an example of a high dynamic range 
image generated from a sequence of binary images without 
aligning the binary frames. 

FIG. SB shows an example of a high dynamic range 
image generated from a sequence of binary images using a 
block-level alignment technique implemented in accordance 
with some embodiments of the disclosed subject matter. 

FIG. SC shows an example of a high dynamic range 
image generated from a sequence of binary images using 
block-level alignment and frame level alignment techniques 
implemented in accordance with some embodiments of the 
disclosed subject matter. 

FIG. 9A shows an example of a single binary image 
captured by an image sensor that includes single photon 
detectors in accordance with some embodiments of the 
disclosed subject matter. 

FIG. 9B shows an example of a high dynamic range 
image generated from a sequence of binary images using a 
frame-level Wiener filtering technique to determine weights 
to apply to binary image frames during a merging procedure 
in accordance with some embodiments of the disclosed 
subject matter. 

FIG. 9C shows an example of a high dynamic range 
image generated from a sequence of binary images using a 
block-level Wiener filtering technique to determine weights 
to apply to warped and summed blocks of binary image 
frames during a merging procedure in accordance with some 
embodiments of the disclosed subject matter. 

FIG. 10 shows an example of a flow for generating a 
super-resolution high dynamic range image from a sequence 
of binary images captured by an image sensor that includes 
single photon detectors in accordance with some embodi-

Various objects, features, and advantages of the disclosed 
subject matter can be more fully appreciated with reference 
to the following detailed description of the disclosed subject 

65 ments of the disclosed subject matter. 
FIG. llA shows a plot of the difference in signal to noise 

ratio (SNR) between quanta burst imaging techniques 
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described herein and conventional burst imaging techniques 
for various combinations of apparent speed in the imaging 
space and incident photon flux. 

FIG. llB shows a graph of the difference in signal to noise 
ratio (SNR) between quanta burst imaging techniques 
described herein and conventional burst imaging techniques 
as a function of incident photon flux. 

FIG. llC shows a graph of the difference in signal to noise 
ratio (SNR) between quanta burst imaging techniques 
described herein and conventional burst imaging techniques 
as a function of apparent speed in the imaging space. 

FIG. 12 shows examples of simulated images generated 
using various imaging techniques and under various lighting 
conditions. 

FIG. 13A shows examples of simulated images generated 
using a conventional single image capture and using quanta 
burst imaging techniques described herein with a uniform 
rotation about the y-axis of the simulated camera. 

FIG. 13B shows examples of simulated images generated 
using a conventional single image capture and using quanta 
burst imaging techniques described herein with a uniform 
rotation about the z-axis of the simulated camera. 

FIG. 13C shows examples of simulated images generated 
using a conventional single image capture and using quanta 
burst imaging techniques described herein with a uniform 
translation along the z-axis of camera away from the scene. 

FIG. 13D shows examples of simulated images generated 
using a conventional single image capture and using quanta 
burst imaging techniques described herein with a complex 6 
degree of freedom movement applied to the simulated 
camera. 

DETAILED DESCRIPTION 

In accordance with various embodiments, mechanisms 
(which can, for example, include systems, methods, and 
media) for high dynamic range quanta burst imaging are 
provided. 

In accordance with some embodiments of the disclosed 
subject matter, mechanisms described herein can be used to 
implement a camera with an array of single photon detectors 
(e.g., an array of SPAD pixels) configured to image a scene 
illuminated by passive lighting (e.g., ambient light, such as 
the sun, the moon, room lighting, etc.). As described below, 
because 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. In 
some embodiments, a camera implemented using an array of 
single photon detectors (e.g., an array of SPAD pixels) can 
capture a sequence of thin (e.g., short duration), temporal 
slices of the photon-cube, where each slice is a binary (1-bit) 
image. In such embodiments, each pixel location can be 
encoded as a 1 if the detector corresponding to the pixel 
location received one or more photons during the temporal 
extent of the slice, and can be encoded as a O otherwise. For 
example, a recently described SPAD camera (described in 
Ulku et al., "A 512x512 SPAD Image Sensor with Integrated 
Gating for Widefield FLIM," IEEE Journal of Selected 
Topics in Quantum Electronics, vol. 25, pp. 1-12 (January 
2019), which is hereby incorporated by reference herein in 
its entirety), can be configured to capture 105 binary frames 
per second at 1/s megapixel resolution (e.g., by reading half 
of the pixels from the image sensor). Due to the random 
nature of photon arrivals, the binary images are stochastic. 

In general, if the scene and/or image sensor moves during 
acquisition, photons emitted by a scene point get misaligned 
and spread over multiple pixels, regardless of whether those 

8 
pixels are conventional pixels or based on single photon 
detectors (e.g., using SPADs), which causes blurring in 
conventional digital images. In some embodiments, mecha
nisms described herein can use one or more computational 

5 photography techniques to computationally re-aligns the 
photons received over a sequence of binary frames along 
motion trajectories to achieve high-quality images in chal
lenging scenarios, including low-light and high-speed 
motion. Techniques described herein are sometimes referred 

10 to as quanta burst imaging techniques. In some embodi
ments, mechanisms described herein can align a sequence of 
binary images captured by an array of single photon detec
tors, thus creating a high-bit-depth, high-dynamic-range 
image of the scene, with reduced noise and motion blur. 

15 Additionally, in some embodiments, mechanisms described 
herein can use one or more sub-pixel alignment techniques 
(e.g., as described below in connection with FIGS. 7 and 
10), to generate a super-resolved image of the scene that has 
a resolution that is higher than the resolution of the array. 

20 Note that while quanta burst imaging can be considered a 
limiting case as compared to conventional burst imaging 
techniques due to each binary image capturing approxi
mately one photon per pixel, and thus being extremely noisy 
and quantized (1-bit), due to high frame rates that can be 

25 achieved with single photon detectors, such as SPADs, 
mechanisms described herein can generate much longer 
sequences of images ( e.g., on the order of 102 to 105 frames, 
depending on various parameters, such as light level, 
dynamic range, and motion), instead of 5-10 images as in 

30 conventional burst photography. 
The raw binary frames produced by a SPAD-based array 

do not include read noise. By dividing a total exposure time 
into a long sequence of frames that each have a short 
duration, the absence of read noise and short frame duration 

35 results in virtually negligible intra-frame motion blur and 
low noise, even for rapid motion (e.g., sports and wildlife 
photography). By contrast, in conventional digital cameras 
there is a fixed read noise penalty for each captured frame. 
Therefore, dividing the exposure time finely into a large 

40 number of frames increases the effective read noise in the 
merged image. Additionally, as described below in connec
tion with FIG. 2, although SPADs, due to their high sensi
tivity, are especially useful in photon-starved scenarios, 
SPADs are also well suited to imaging bright scenes where 

45 conventional sensors saturate. This is because although each 
binary image is quantized, a large collection of single
photon measurements, when combined, naturally avoids 
saturation, and thus, can achieve extreme dynamic range. 

In some embodiments, mechanisms described herein can 
50 be used to generate high quality images using a sequence of 

binary images of a scene generated using an image sensor 
implemented using an array of detectors that are capable of 
detecting single photons at relatively high frame rates. For 
example, such an image sensor can be implemented using an 

55 array of SPADs. Until recently, arrays of single photon 
detectors were limited in size, and accordingly limited to 
specialized applications. For example, SPADs were avail
able as single-pixel or small arrays (e.g., up to 32x32 pixels), 
which were sufficient for several scientific imaging appli-

60 cations and specialized active imaging scenarios ( e.g., 
LiDAR), bur are not suitable for consumer domain imaging 
due to the very low resolution. However, due to the com
patibility of SPAD technology with mainstream CMOS 
fabrication techniques, larger SPAD arrays (e.g., on the 

65 order of megapixels) have recently been developed that are 
capable of maintaining high sensor quality, while operating 
at room temperature. SPAD arrays can achieve very high 
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frame rates in comparison to conventional image sensors 
(e.g., CMOS active pixel sensors) on the order of tens of 
thousands of frames per second to in excess of one hundred 
thousand frames per second (i.e., SPAD arrays can be 
configured to generate binary frames at rates of 1,000+ fps, 5 

10,000+ fps, and even 100,000+ fps) with zero read noise. 
As another example, jot-based sensor arrays with very 

small pixel pitch (e.g., sub-2 micron) that are capable of 
detecting the arrival of a single photon have been imple
mented using CMOS technology. For example, jot-based 10 

sensors are described in Fossum et al., "The Quanta Image 
Sensor: Every Photon Counts," Sensors, 16, 1260 (2016), 
which is hereby incorporated by reference herein in its 
entirety. Jot-based devices have a higher fill factor and lower 
dark current than SPADs, but non-negligible read noise. 15 

Note that although mechanisms described herein are gener
ally described in connection with SPADs, this is merely an 
example, and mechanisms described herein can be used in 
connection with any type of quanta image sensor, SPAD
based arrays and jot-based arrays being two current 20 

examples. Of these two examples, SPAD-based image sen
sors can be configured to temporally oversample the incom
ing light (e.g., by generating frames at very high frame 
rates), and jots can spatially oversample the incident light 
using the higher fill factor (e.g., based on the smaller pixel 25 

pitch that can be achieved with jots). 
FIG. 1 shows an example of a flow for quanta burst 

imaging in accordance with some embodiments of the 
disclosed subject matter. As shown in FIG. 1, a camera 
implemented using a SPAD-based array can generate a 30 

sequence of binary images of a scene at a very high frame 
rate compared to conventional imaging ( e.g., on the order of 
thousands of frames per second to a hundred thousand 
frames per second). In FIG. 1, the scene depicted is a scene 
with relatively low ambient light ( e.g., provided mostly by 35 

moonlight), and varying speed (e.g., a car moving relatively 
quickly to the left, and the camera moving to the right with 
respect to the background). 

In some embodiments, the SPAD-based array can gener-
ate a sequence of binary images of the scene, and the 40 

sequence of binary images can be aligned ( e.g., using 
techniques described below in connection with FIGS. 6 and 
7), and the alignment of the frames can be used modify the 
frames for merging to generate a high quality image with a 
high dynamic range compared to the dynamic range that can 45 

be achieved by a single digital image ( e.g., as described 
below in connection with FIGS. 6, 7, and 10). Additionally, 
in some embodiments, one or more techniques can be 
applied to reduce noise in the final image ( e.g., as described 
below in connection with FIGS. 6, 7, and 9). 50 

In general, for a SPAD-based pixel array observing a 
scene, the number of photons Z(x, y) arriving at pixel (x, y) 
during an exposure time of T seconds can be modeled as a 
Poisson random variable, which can be represented using 
the following relationship: 55 

(1) 

10 
arrival, B (x, y) can also be modeled as a random variable 
with Bernoulli distribution, which can be represented using 
the following relationships: 

(2) 

where rq is the dark count rate (DCR), which is the rate of 
spurious counts unrelated to photons. 

In some embodiments, the number of incident photons 
cp(proportional to the linear intensity image of the scene) at 
a particular pixel can be estimated by capturing a sequence 
of binary frames of the scene, and adding the number of 
photon detections in each pixel. As described above in 
connection with EQS. (1) and (2), the arrival of photons is 
random and proportional to the flux incident from the scene. 
Accordingly, if enough time points are sampled, the count of 
detections is representative of the brightness of the scene 
point corresponding to the pixel assuming no motion 
between binary frames, or that the binary frames are aligned 
perfectly to compensate for motion. Accordingly, the sum of 
all binary frames can be defined as S(x, y), and can be 
represented by the following relationship: 

nq 

S(x, y) = ~ B,(x, y), 

(3) 

t=l 

where B,(x,y) is the binary _frame at time t, and nq is the 
number of frames, and S(x, y) 1s the total number of photons 
detected at (x, y) over the entire binary image sequence. 
Since each binary frame is independent, the expected value 
of the sum image is the product of the number of frames nq, 
and the expected value of the Bernoulli variable B, which 
can be represented by the following relationship: 

E[ S(x,y) ]~n~[B(x,y) ]~nq(l -e-(<lml+rq>)), ( 4) 

A maximum likelihood estimator (MLE) of the intensity 
image cp can be represented using the following relationship: 

(5) 

where ~ is the estimated image intensity. Accordingly, in 
some embodiments, the estimated image intensity can be 
estimated directly, based on the sum image value S (x, y), the 
number of frames nq, and properties of the array, assuming 
that the binary frames have been properly aligned. 

FIG. 2 shows a comparison of a response curve of a 
conventional light detector, and a response curve of a single 
photon avalanche diode detector that can be used to generate 
high dynamic range image data in accordance with some 
embodiments of the disclosed subject matter. As shown in 
FIG. 2, in a conventional image sensor (e.g., a CMOS active 
pixel sensor, or a CCD-based image sensor), there is a linear 
relationship between the total number of photons S detected 
by the detector, and cp, the number of photons incident on the 
camera (the quantity that is estimated to generate a final 
image) until the well reaches full capacity and saturates. In 
a SPAD-based sensor implemented in accordance with some 
embodiments of the disclosed subject matter, the relation-

where cp(x, y) is the photon flux (photons/seconds) incident 
at (x, y). ri is the quantum efficiency. In some embodiments, 
a SPAD-based pixel array can be configured such that each 
pixel detects at most one photon during an exposure time, 
returning a binary value B (x, y) such that B (x, y)=l if Z(x, 
y)> 1; B (x, y)=0 otherwise. Due to the randomness in photon 

60 ship between the total number of photons S detected by the 
detector, and cp, the number of photons incident on the 
camera is non-linear. Instead of reaching a saturation point, 
past which the sensor has no dynamic range, the response 
curve for the SPAD-based sensor asymptotically approaches 

65 its maximum value (nq), while never reaching it. Such a 
response curve can be referred to as soft saturation, which 
suggests that the value of S keeps increasing (albeit pro-
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gressively slowly) as the number of incident photons 
increases. Accordingly, the incident flux can be recovered 
even for extremely bright scenes. In contrast, the response 
curve for conventional sensors is a straight line before 
hitting the full well capacity, and then becomes flat due to 5 

saturation. Therefore, a passive SPAD camera, while 
capable of imaging low-light scenes, somewhat counter
intuitively, can also image scenes that include very bright 
light where conventional sensors saturate (and scenes that 
include both portions of bright light and portions of low 10 

light), thus providing an extremely wide dynamic range. 
Note that conventional image sensors convert discrete 

incident photons to analog current, which is then converted 
to a discrete number by an analog-to-digital converter 
(ADC). This discrete-analog-discrete pipeline results in sub- 15 

stantial read noise, which is the dominant source of noise in 
low-light. This places a limit on the number of short
exposure frames that can be used in conventional burst 
photography. Accordingly, using conventional burst photog
raphy techniques, given a fixed total capture time there is a 20 

tradeoffbetween motion artifacts and read noise. Increasing 
the number of frames may reduce motion artifacts, but since 
each additional frames incurs a read noise penalty, beyond 
a threshold number of frames (which may depend on the 
amount of light in the scene) the SNR of the merged image 25 

is lowered. In contrast, SPAD-based arrays directly measure 
photon counts, skipping the intermediate discrete to analog 
conversion and analog to digital conversion, thereby avoid
ing read noise. This allows a camera implemented using a 
SPAD-based array to divide the exposure time into a large 30 

number nq of binary frames for motion compensation with
out any SNR penalty, thereby simultaneously achieving low 
motion-blur and high SNR. 

FIG. 3 shows an example 300 of a system for high 
dynamic range quanta burst imaging in accordance with 35 

some embodiments of the disclosed subject matter. As 
shown, system 3 00 can include an image sensor 3 04 (e.g., an 
area sensor that includes an array of single photon detec
tors); optics 306 (which can include, for example, one or 
more lenses, one or more attenuation elements such as a 40 

filter, a diaphragm, and/or any other suitable optical ele
ments such as a beam splitter, etc.); a processor 308 for 
controlling operations of system 400 which can include any 
suitable hardware processor (which can be a central pro
cessing unit (CPU), a digital signal processor (DSP), a 45 

microcontroller (MCU), a graphics processing unit (GPU), 
etc.) or combination of hardware processors; an input 
device/display 310 (such as a shutter button, a menu button, 
a microphone, a touchscreen, a motion sensor, a liquid 
crystal display, a light emitting diode display, etc., or any 50 

suitable combination thereof) for accepting input from a user 
and/or from the environment, and/or for presenting infor
mation (e.g., images, user interfaces, etc.) for consumption 
by a user; memory 312; a signal generator 314 for generating 
one or more signals to control operation of image sensor 55 

304; a communication system or systems 316 for facilitating 
communication between system 300 and other devices, such 
as a smartphone, a wearable computer, a tablet computer, a 
laptop computer, a personal computer, a server, an embed
ded computer (e.g., for controlling an autonomous vehicle, 60 

robot, etc.), etc., via a communication link; and a display 
318. In some embodiments, memory 312 can store image 
data, and/or any other suitable data. Memory 312 can 
include a storage device (e.g., a hard disk, a Blu-ray disc, a 
Digital Video Disk, RAM, ROM, EEPROM, etc.) for storing 65 

a computer program for controlling processor 308. In some 
embodiments, memory 312 can include instructions for 

12 
causing processor 308 to execute processes associated with 
the mechanisms described herein, such as processes 
described below in connection with FIGS. 6, 7, and 10. 

In some embodiments, image sensor 304 can be an image 
sensor that is implemented at least in part using an array of 
SPAD detectors (sometimes referred to as a Geiger-mode 
avalanche diode) and/or one or more other detectors that are 
configured to detect the arrival time of individual photons. 
In some embodiments, one or more elements of image 
sensor 304 can be configured to generate data indicative of 
the arrival time of photons from the scene via optics 306. For 
example, in some embodiments, image sensor 304 can be an 
array of multiple SPAD detectors. As yet another example, 
image sensor 304 can be a hybrid array including SPAD 
detectors and one or more conventional light detectors ( e.g., 
CMOS-based pixels). As still another example, image sensor 
304 can be multiple image sensors, such as a first image 
sensor that includes an array of SPAD detectors that can be 
used to generate information about the brightness of the 
scene and a second image sensor that includes one or more 
conventional pixels that can be used to generate information 
about the colors in the scene. In such an example, optics can 
included in optics 306 (e.g., multiple lenses, a beam splitter, 
etc.) to direct a portion of incoming light toward the SPAD
based image sensor and another portion toward the conven
tional image sensor. 

In some embodiments, system 300 can include additional 
optics. For example, although optics 306 is shown as a single 
lens, it can be implemented as a compound lens or combi
nation of lenses. Note that although the mechanisms 
described herein are generally described as using SPAD
based detectors, this is merely an example of a single photon 
detector. As described above, other single photon detectors 
can be used, such as jot-based image sensors. 

In some embodiments, signal generator 314 can be one or 
more signal generators that can generate signals to control 
image sensor 304. For example, in some embodiments, 
signal generator 314 can supply signals to enable and/or 
disable one or more pixels of image sensor 304 (e.g., by 
controlling a gating signal of a SPAD used to implement the 
pixel). As another example, signal generator 314 can supply 
signals to control readout of image signals from image 
sensor 308 ( e.g., to memory 312, to processor 308, to a cache 
memory associated with image sensor 304, etc.). 

In some embodiments, system 300 can communicate with 
a remote device over a network using communication sys
tem( s) 316 and a communication link. Additionally or alter
natively, system 300 can be included as part of another 
device, such as a smartphone, a tablet computer, a laptop 
computer, an autonomous vehicle, a robot, etc. Parts of 
system 300 can be shared with a device within which system 
300 is integrated. For example, if system 300 is integrated 
with an autonomous vehicle, processor 308 can be a pro
cessor of the autonomous vehicle and can be used to control 
operation of system 300. 

In some embodiments, system 300 can communicate with 
any other suitable device, where the other device can be one 
of a general purpose device such as a computer or a special 
purpose device such as a client, a server, etc. Any of these 
general or special purpose devices can include any suitable 
components such as a hardware processor (which can be a 
microprocessor, digital signal processor, a controller, etc.), 
memory, communication interfaces, display controllers, 
input devices, etc. For example, the other device can be 
implemented as a digital camera, security camera, outdoor 
monitoring system, a smartphone, a wearable computer, a 
tablet computer, a personal data assistant (PDA), a personal 
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computer, a laptop computer, a multimedia terminal, a game 
console, a peripheral for a game counsel or any of the above 
devices, a special purpose device, etc. 

Communications by communication system 316 via a 
communication link can be carried out using any suitable 
computer network, or any suitable combination of networks, 
including the Internet, an intranet, a wide-area network 
(WAN), a local-area network (LAN), a wireless network, a 
digital subscriber line (DSL) network, a frame relay net
work, an asynchronous transfer mode (ATM) network, a 
virtual private network (VPN). The communications link 
can include any communication links suitable for commu
nicating data between system 300 and another device, such 
as a network link, a dial-up link, a wireless link, a hard-wired 
link, any other suitable communication link, or any suitable 
combination of such links. 

In some embodiments, display 318 can be used to present 
images and/or video generated by system 300, to present a 
user interface, etc. In some embodiments, display 318 can be 
implemented using any suitable device or combination of 
devices, and can include one or more inputs, such as a 
touchscreen. 

It should also be noted that data received through the 
communication link or any other communication link(s) can 
be received from any suitable source. In some embodiments, 
processor 308 can send and receive data through the com
munication link or any other communication link(s) using, 
for example, a transmitter, receiver, transmitter/receiver, 
transceiver, or any other suitable communication device. 

FIG. 4 shows an example 400 of an image sensor that 
includes single photon detectors in accordance with some 
embodiments of the disclosed subject matter. As shown in 
FIG. 4, image sensor 400 can be a monochrome image 
sensor (i.e., not including individual color filters associated 
with one or more pixels) or a color image sensor (i.e., 
including individual color filters associated with one or more 
pixels) implemented using SPAD pixels. In some embodi
ments, pixels of image sensor 400 can be associated with 
any suitable filters, such as an infrared cut filter that reduces 
the amount of infrared light that can be received by the pixel, 
a neutral density filter that reduces the total amount of light 
that can be received by the pixel, a color filter that reduces 
the amount of light outside a particular color band that can 
be received by the pixel, etc. For example, as shown in FIG. 
4, pixels of image sensor 400 can be configured as a 
repeating pattern of a group 402 of four pixels, with each 
pixel being associated with a different filter (e.g., a different 
color filter, arranged in a Bayer pattern. In a more particular 
example, a first SPAD pixel 404 of group 402 can be 
associated with a green filter, a second SPAD pixel 406 can 

14 
poses of the example shown in FIG. SA, it is assumed that 
group 402 is exposed to white light of relatively uniform 
brightness, and that the brightness of the scene at pixel 412 
is higher. As shown in FIG. SA, a photon is not detected at 

5 each frame at each pixel, and although the pixels within 
group 402 are exposed to uniform light, pixel detections are 
not correlated between the pixels. As described above in 
connection with FIG. 1 and EQS. (1) and (2), photon arrivals 
from the scene are random and can be modeled as a Poisson 

10 distribution, and arrivals at neighboring pixels are not cor
related as each SPAD photon detection is an independent 
event. However, when the scene is brighter, more photon 
detections generally occur. 

As shown in FIG. SA, one frame can correspond to a time 
15 period li.t. The time period li.t can include an exposure time 

-i: during which the detectors are active, and may include a 
reset period during which the sensors are inactive. For 
example, SPAD detectors enter a dead time after detection of 
a photon during which another photon detection cannot 

20 occur. In some embodiments, for a sensor that includes an 
array of SPAD sensors, time period li.t can include an 
exposure time -i:, and a reset period following the exposure 
time that allows any SPAD that detected a photon at the end 
of exposure time -i: to complete the dead time prior to the 

25 next frame. Additionally, the reset period can be used to read 
out data from the image sensor. For example, in a SPAD
based image sensor, each frame can include a period for read 
out and reset of the SPADs, which can be a small fraction of 
the exposure time. In a more particular example, at a very 

30 high frame rate (e.g., -100,000 fps), each frame can corre
spond to a time period li.t of 10.24 microseconds (µs), with 
the exposure period -i: during which photons can be detected 
accounting for 10.2 µs, and the time period dedicated to read 
out and/or reset during which photons carmot be detected 

35 accounting for 40 nanoseconds. 
FIG. SB shows an example of various binary frames 

corresponding to the photons detected in the example of 
FIG. SA. As shown in FIG. SB, each binary frame can be 
depicted as an array of zeros and ones, where a pixel that 

40 detected a photon within a particular frame can be assigned 
a value of 1, and a pixel that did not detect a photon can be 
assigned a value of 0. In some embodiments, the frames can 
be represented using any suitable data structure, and using 
any suitable compression. For example, the frames can be 

45 represented as a matrix (e.g., a 2D matrix representing an 
individual frame, a 3D matrix representing a sequence of 
frames), a string of binary values (e.g., the frame can be 
output as a string of binary values without demarcations for 
individual lines). As another example, any suitable com-

50 pression can be applied, such as run length compression, 
delta encoding, etc. be associated with a red filter, a third SPAD pixel 408 can be 

associated with a blue filter, and a fourth SPAD pixel 410 
can be associated with another green filter. FIG. 4 also 
depicts a pixel 412 located on another portion of image 
sensor 400. In general, brightness can be expected to be 
relatively similar at pixels within group 402, whereas at 
pixel 412 the brightness is more likely to be significantly 
differently. Accordingly, for a pixel associated with a par
ticular color filter, brightness values for neighboring pixels 
can be used to interpolate the brightness for the other two 60 

colors. For example, a green value for pixel 408 can be 
inferred based on the values of pixels 404 and 410 (and the 
other two closest neighbors) using known techniques. 

FIG. 6 shows an example of a flow for generating a high 
dynamic range image from a sequence of binary images 
captured by an image sensor that includes single photon 

55 detectors in accordance with some embodiments of the 
disclosed subject matter. As described above in connection 
with EQS. (3) and (5), the image intensity can be estimated 
based on the total number of photons S(x, y) detected at 
pixel (x, y). However, if the scene and/or camera moves 
during capture of the binary sequence of frames, then simply 
s=ing the binary sequence as described above in con
nection with EQ. (3) can lead to merging of photons from 
different scene points, resulting in motion blur and/or incor
rect estimation of image intensity. Accordingly, in some 
embodiments, mechanisms described herein can align the 
binary frames to compensate for inter-frame motion before 
merging the frames, which can reduce motion blur and 

FIG. SA shows an example of photons detected by single
photon detectors of a single photon detector-based image 65 

sensor over various frames in accordance with some 
embodiments of the disclosed subject matter. For the pur-



US 11,170,549 B2 
15 

increase the likelihood that the photons being merged (e.g., 
represented by a "1" in a particular binary frame) originated 
from the same scene point. 

Unlike in a conventional image, each individual binary 
frame has an extremely low SNR. This makes aligning the 5 

binary frames directly using conventional techniques very 
difficult, because such conventional techniques rely on a 
brightness constancy assumption between frames which 
does not hold for the observed random binary signal. 
Although it may be possible to estimate inter-frame motion 10 

when the motion is a global, low-dimensional transform 
such as global 2D translation or global homography, such 
technique are not suitable for general, unstructured scenes 
with unknown geometry. In some embodiments, mecha
nisms described herein can use a transform that is formu- 15 

lated as a pixelwise 2D motion field ( or optical flow). In such 

16 
each temporal block, resulting in sharp images even for fast 
moving scenes. In some embodiment, after warping, a 
frequency-space merging algorithm can be used to merge the 
temporal blocks, which can provide robustness to small 
alignment errors. 

As shown in FIG. 6, given a reference block and an 
auxiliary block, a 2D correspondence map can be computed 
between the two blocks based on the appearance of the 
blocks (e.g., based on the intensity of the pixels). In some 
embodiments, a patch-based alignment approach can be 
used ( e.g., rather than a pixel-wise optical flow approach) as 
such a patch-based approach since is generally more resil
ient to noise than pixel-wise optical flow. Note that as used 
herein, unless otherwise indicated explicitly or by context, 
"blocks" generally refer to the temporal sum of frames, and 
"patches" generally refer to spatial windows of pixels within 
an image (e.g., which can be a block-sum image, or an 
individual binary frame). Additionally, as described below in 

a formulation, the total number of unknown parameters to 
estimate is 2MN for image resolution MxN. Such a com
plex, high-dimensional motion model carmot be solved 
precisely using the random binary input data. 20 connection with FIGS. 9A to 9C, patch-based approaches 

achieve more robust results than pixel-based merging in low 
SNR images. In some embodiments, for patch-based merg
ing, it can be sufficient to compute a motion field at the patch 
level, which can reduce computational complexity. 

However, SPADs can be configured to capture binary 
frames at high frame rates ( e.g., a SP AD-based image sensor 
with a frame rate of about 100,000 frames per second is 
described in Ulku et al., "A 512x512 SPAD Image Sensor 
with Integrated Gating for Widefield FLIM," which has been 25 

incorporated by reference herein). At sufficiently high frame 
rates, the velocity at each pixel can be treated as a constant 
within a local temporal window. This constancy can be used 
as an additional constraint to solve the otherwise challenging 
optical flow problem on stochastic binary frames. In some 30 

embodiments, such a constraint can be incorporated by 
computing a temporally coherent optical flow. Alternatively, 
in some embodiments, a simpler, less computationally inten
sive approach can be used to incorporate such a constraint. 

As shown in FIG. 6, a sequence of binary frames were 35 

generated of a simulated high dynamic range scene, with 
camera motion. As described below in connection with FIG. 
12, the binary frames were generated using a simulated 
SPAD-based image sensor. Although only 300 binary frames 
are depicted in FIG. 6, the resulting final image depicted in 40 

FIG. 6, and in FIGS. SA to 9C are based on 2000 frames. As 
shown in FIG. 6, the image sequence can be divided into 
non-overlapping temporal blocks, a sum image can be 
computed for each block (which are sometimes referred to 
as block-sum images), and the block-sum images can be 45 

aligned. In general, the block-sum images have a higher 
SNR than individual binary frames, which makes it possible 
to use traditional optical flow techniques to align the blocks. 
However, as described below in connection with FIGS. SB 
and SC, while aligning at the block level can produce 50 

relatively high quality images, incorporating additional tech
niques after block level alignments can produce higher 
quality images. 

As shown in FIG. 6, a block in the center of the sequence 
can be referred to as the reference block, and all other blocks 55 

can be referred to as auxiliary blocks. In some embodiments, 
each auxiliary block can be aligned to the reference block. 
While after aligning the block-sum images, the coarse
temporal-scale motion field between temporal blocks can be 
used to merge the blocks directly, for scenes with motion, 60 

this can result in lower quality images (e.g., as shown in 
FIG. SB). Instead, in some embodiments, the motion field 
can be linearly interpolated in time to obtain motion between 
binary frames. This finer-scale motion field can be used to 
warp each binary frame and align to a central reference 65 

frame within the reference block, before merging. This 
hierarchical approach can remove the motion blur within 

In some embodiments, any suitable technique can be used 
to perform patch alignment. For example, a hierarchical 
patch alignment approach can be implemented that uses an 
image pyramid generated from the block-sum images. In 
some embodiments, the number of pyramid levels can be 
adjusted based on the spatial resolution of the binary images. 
In a more particular example, for the relatively low resolu
tion SPAD-based image sensors that are currently being 
produced (e.g., on the order of¼ to½ megapixel) a 3-level 
pyramid can be used. In another more particular example, as 
the resolution of SPAD-based image sensors increase, or if 
techniques described herein are used in connection with 
other types of image sensors ( e.g., jot-based image sensors), 
additional pyramid levels can be added at about 1 level per 
4x increase in resolution in any dimension. However, this is 
merely an example, and the number of levels can be set 
based on desired accuracy and computing resources (e.g., 
more levels can produce greater accuracy, but requires more 
computing resources). In some embodiments, mechanisms 
described herein can perform matching between blocks by 
minimizing Ll matching error in a spatial neighborhood. 
For example, in such embodiments, for a patch with indices 
(p, q), which can cover an area surrounding the pixel indices 
that can be defined as [pM, (p+l)M-l]x [qM, (q+l)M-1], 
mechanisms described herein can determine the smallest 
motion vector (u, v) that minimizes the following relation
ship: 

(p+l)M-1 (q+l)M-1 (6) 

Ed(u, v; p, q) = ~ ~ 
x=pM y=qM 

where the size of the patch is MxM, Saux is the auxiliary 
block-sum image, and Srefis the reference block-sum image. 

In some embodiments, mechanisms described herein can 
perform a global regularization at the finest level of the 
pyramid to further refine the patch alignment results (which 
can be especially helpful for blocks with a very small 
number of photons, such as a block in which there are fewer 
than 10 photons per pixel). Additionally, as described below 
in connection with FIG. 10, global regularization can be 
applied to provide sub-pixel alignment in order to facilitat-
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In some embodiments, process 700 can cause the 
sequence of frames can be captured at any suitable frame 
rate and/or within any suitable time budget. For example, 
process 700 can cause the sequence of frames to be captured 

ing merging the frames to produce a super-resolution image. 
In some embodiments, mechanisms described herein can 
perform the regularization by minimizing an energy that is 
represented by the following relationship: 

minE(u, v) = L Ed(u, v; p, q) +J.(IIVull1 + IIVvll1Jdpdq, 
u,v npq 

(7) 

5 with a high frame rate in situations where there is likely to 
be scene motion and/or high scene intensity. In a more 
particular example, the frame rate can set between about 300 
fps and about 100,000 fps for current SPAD-based image 
sensors. As another more particular example, the frame rate 

where Qpq =[0, W/M]x [0, H/M] is the spatial domain for the 
patch indices p, q, u, v are the motion fields defined on Qpq' 

10 can set between about 30 fps and about 1,000 fps for current 
jot-based image sensors. 

Hx W is the spatial resolution of the input images, and Ed is 
In some embodiments, the total time budget can be in a 

range from about 1 millisecond to about 1 second. In a 
particular example, the total time budget can be in a range the matching error defined in EQ. (6). In some embodiments, 

Charbonnier loss, defined as p(x)=Y~2 +E2 can be minimized 
as a differential alternative for the Ll loss. In such embodi
ments, x can be the vector for which the norm is to be found 
(e.g., Vu and Vv in this case), and Eis a small constant to 
ensure that the Charbonnier loss is differentiable. 

15 from about 10 milliseconds to about 1 second for scenes 
with relatively high dynamic range. In some embodiments, 
the total time budget can be constrained based on the amount 
of motion in the scene, as it is more difficult to generate a 
high quality image for scenes with more motion for longer 

In some embodiments, the inter-block motion that is 
computed ( e.g., using patch alignment techniques described 
above) can be treated as motion between the center frames 

20 time budgets and/or more binary frames, especially if an 
object moves outside of the scene during the time budget. 
Additionally, in some embodiments, the total time budget 
can be constrained based on the amount of available 

of each block. In such embodiments, an interpolation can be 
performed to compute the motion between individual frames 25 

within each block. For example, linear interpolation can be 
performed to compute the motion between individual frames 
within each block. Note that higher-order interpolation ( e.g., 
cubic or spline) may improve the temporal smoothness, but 
increases the dependency on other blocks. As shown in 30 

FIGS. 12 and 13A to 13D, linear interpolation achieved 
good results for SPADs with high temporal resolution. 

In some embodiments, after determining the motion 
between individual frames, each frame can be warped based 
on the inter-frame motion, and a warped block-sum image 35 

can be generated based on the warped frames. In such 
embodiments, by warping the frames before generating a 
block-sum image, the pixels can be realigned such that the 
information from the same scene points is combined with 
fewer errors (e.g., less blurring) in the warped block-sum 40 

image in comparison to the original block-sum images 
generated from the raw binary frames. 

In some embodiments, for example, as described below in 
connection with 714 of FIG. 7 and FIGS. 9A to 9C, any 
suitable technique or combination of technique can be used 45 

to merge the warped block-sum images, and to create a final 
image. For example, as described below in connection with 
FIGS. 9A to 9C, a Wiener frequency-domain filtering tech
nique can be applied to correct errors during merging of the 
warped block-sum images. As another example, a linear 50 

image ( e.g., based on the estimated image intensity can be 
generated based on the count of photons at each pixel ( e.g., 
representing the non-linear response of the SPAD-based 
image sensor). As yet another example, ganima correction, 
tone mapping, and/or other image processing techniques can 55 

be applied to enhance the quality of the final image. 
FIG. 7 shows an example of a process for high dynamic 

range quanta burst imaging in accordance with some 
embodiments of the disclosed subject matter. At 702, pro
cess 700 can capture a sequence of binary frames of a scene 60 

using any suitable image sensor. For example, as described 
above in connection with FIGS. 3 and 4, the image sensor 
can be a SPAD-based image sensor, or a jot-based image 
sensor. However, these are merely examples, and mecha
nisms described herein can be used to generate high quality, 65 

high dynamic range images using any sensor that include 
single photon detectors. 

memory, as a longer time budget and/or more binary frames 
requires additional memory availability that can be written 
to at speeds that are comparable to the frame rates of the 
image sensor. 

In some embodiments, the total time budget can be 
omitted, and a stream of binary frames can be captured, with 
a sequence of binary frames corresponding to a particular 
time period selected after the frames have already been 
captured. For example, process 700 can cause binary frames 
of a scene to be captured continuously, and a sequence of 
frames can be selected from the continuously captured 
sequence at any suitable time for use in generating an image. 

At 704, process 700 can divide the sequence of binary 
frames into any suitable number of blocks. In some embodi
ments, the sequence of binary images can be divided into 
blocks of a particular size ( e.g., blocks of 100 frames) and/or 
into an equal number of blocks ( e.g., five equal sized 
blocks). In some embodiments, blocks can include at least a 
minimum number of binary frames to ensure that when 
added together the binary frames generate a block-sum 
image with sufficient information to perform alignment 
(e.g., as described below in connection with 708). For 
example, in some embodiments, each block can include at 
least 20 binary frames. In some embodiments, the maximum 
number of binary frames included in each block can depend 
on the amount of motion in the scene. For example, as 
described below in connection with FIGS. llA to llC, if a 
scene includes relatively fast motion ( e.g., due to movement 
of one or more objects in the scene and/or due to motion of 
the camera), shorter total exposure time can generally gen
erate higher quality images. In such an example, smaller 
block sizes can also be used to generate higher quality 
images, as the total amount of motion within the block is 
generally reduced as the total number of binary frames 
included in the block is reduced, thereby reducing the 
likelihood that each block violates the assumption that 
inter-frame velocity is relatively constant within the block. 
However, as block size is reduced, the amount of compu-
tational resources used to process the same number of binary 
frames is increased. For example, if 1,000 frames are 
divided into blocks of 100 binary frames each, fewer block
level operations are performed (e.g., fewer alignments, 
fewer block-level Weiner filtering operations) than if the 
same 1,000 frames are divided into blocks of 50 binary 
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frames each. In some embodiments, the number of frames in 
a block can be between about 20 and about 500. However, 
this is merely an example, and a different number of binary 
frames per block may be appropriate based on the amount of 
scene motion, the scene brightness, and/or the amount of 5 

computing resources available. 

points, the reduced resolution binary frames can be summed 
and aligned more quickly, which can reduce the use of 
computation resources. 

In some embodiments, process 700 can also perform a 
portion of process 700 (e.g., including 704 and 706, but 
potential including other portions of process 700, such as 
708 to 716) to generate data that can be used to determine 
brightness and/or dynamic range of a scene during capture 
of the sequence of binary frames at 702 and/or prior to 

In some embodiments, one or more portions of the binary 
frames captured at 702 can be omitted from the blocks 
generated at 704. For example, an image can be generated 
from a subset of the binary frames, in which case the 10 

remaining binary frames can be omitted from the blocks that 
are generated at 704. Additionally or alternatively, in some 
embodiments, multiple images can be generated from dif
ferent subsets of the binary frames, in which case different 

15 
portions of the binary frames can be omitted from the blocks 
generated at 704 for each image to be generated. 

capture of the sequence of capture of the sequence of binary 
frames at 702. For example, as binary frames are captured at 
702 and output, the binary frames can be used to generate 
data that can be used to determine an average brightness in 
the scene to determine an appropriate total capture time 
( e.g., represented by the total number of frames captured 
multiplied by the length of each frame). In some embodi-
ments, process 700 can use a reduced resolution version of 
the binary frames to determine the brightness and/or 
dynamic range of a scene during capture of the sequence of 
binary frames, and/or prior to capture. If the average bright
ness is relatively low and/or if at least a portion of the scene 

At 706, process 700 can generate a surmnation for each 
block of binary frames (e.g., a block-sum image) by adding 
the value at each pixel. For example, if each block includes 20 

100 binary frames, each pixel of the block-sum image has a 
value in a range of [0, 100], as the maximum value would be 
realized if a particular pixel was a "1" in each frame, and the 
minimum value would be realized if a particular pixel was 

includes a portion that is relatively low brightness, the total 
time budget can be set to be relatively long, which can 
increase resource use compared to capturing a sequence of 
images with a shorter total time budget ( e.g., increased 
memory use, increased computational resource use, etc.). In 

a "0" in each frame. Note that because of the random nature 25 

of pixel arrival times, extreme values are relatively unlikely. 
At 708, process 700 can align the block-sum images using 

a reference block-sum image. In some embodiments, any 
suitable technique can be used to align each block-sum 
image to the reference block-sum image. For example, as 
described above in connection with FIG. 6, one or more 
patch alignnient techniques can be used to determine an 
alignnient between the various block-sum images and the 
reference block-sum image. Note that, as shown in FIG. 6, 
the reference block-sum image can be a block-sum image 
generated from a central block of binary frames, as there is 
likely to be less motion between the central block and the 
first block or last block, than between the first black and the 
last block. 

In some embodiments, process 700 can determine 
whether the amount of motion in the scene represented by 
the alignments generated at 708 is indicative of excessive 
non-linear intra-block motion (e.g., an assumption that the 
velocity is constant at each pixel within the block is not 
valid), and if the amount of non-linear intra-block motion is 
excessive, process 700 can return to 704 to divide the 
sequence of binary frames into smaller blocks such that the 
amount of non-linear motion within each block is reduced. 

a more particular example, a sequence of frames represent
ing a relatively short total time ( e.g., on the order ofless than 
1 millisecond) can be used to determine brightness and/or 

30 dynamic range in the scene, which can be used to dynami
cally control the total time budget of the sequence of binary 
frames. 

At 710, process 700 can determine a local motion of the 
pixels within each block based on the alignment of the 

35 block-sum images. In some embodiments, any suitable 
technique or combination of techniques can be used to 
determine the local motion of the pixels within each block. 
For example, as described above in connection with FIG. 6, 
process 700 can perform an interpolation using the align-

40 ment of the neighboring blocks to determine the local 
motion of the pixels between binary frames within the 
blocks. In a more particular example, process 700 can 
perform a linear interpolation for each pixel index (x, y), and 
can use the interpolation to assign a motion to each pixel 

45 within the block for which the interpolation is valid. In such 
an example, for binary frames that fall between two central 
frames (e.g., frames B1 to B99 in FIG. 6), an interpolation 
based on the alignment of those two blocks can be used to 

Additionally or alternatively, in some embodiments, process 
700 can determine whether the amount of motion in the 50 

determine pixel motions. However, for binary frames that do 
not fall between two central frames (e.g., frames B101 to 
B149), the interpolation based on the alignment of the two scene represented by the alignments generated at 708 is 

indicative of linear intra-block motion (e.g., the assumption 
of linear intra-block motion is generally valid), and if the 
amount of non-linear intra-block motion is low, process 700 
can return to 704 to divide the sequence of binary frames 
into larger blocks such that the total number of blocks is 
reduced. 

In some embodiments, process 700 can perform 704 to 
708 using a reduced resolution version of the binary frames 
(e.g., using every other pixel, every fourth pixel, etc.) to 
estimate scene motion, and evaluate whether the block size 
is appropriate. In such embodiments, process 700 can per
form 704 to 708 on the reduced resolution binary frames 
prior to generating blocks of full-resolution binary frames 
(or higher resolution binary frames) at 704, or in parallel 
with performing 704 to 708 using the full-resolution binary 
frames. For example, due to the reduced number of data 

closest blocks can be used to determine pixel motions. 
At 712, process 700 can warp the pixels of each binary 

frame using the local motion determined at 710. In some 
55 embodiments, motions determined at 710 can be used to 

reassign pixel values to a different pixel index for each frame 
in each block ( e.g., except for a central frame, which can be 
assigned the alignments determined for the block at 708, and 
can used as a reference frame). For example, if the motion 

60 for a pixel at a particular pixel index (x, y) in frame B101 in 
FIG. 6 was determined as being (+1, -1), that pixel can be 
reassigned to pixel index (x+l, y-1). 

At 714, process 700 can generate another surmnation for 
each block by using the warped binary frames ( e.g., a 

65 warped block-sum image) by adding the reassigned values at 
each pixel. For example, for each pixel of a reference image 
(e.g., the central binary frame of the block), values that have 
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treated as a set of sample points, and each patch can be 
warped to sub-pixel locations on a super-resolution output 
pixel grid that has a higher-resolution than the binary frames 
themselves. In some embodiments, process 700 can then 

been reassigned to that pixel's pixel index can be added to 
the value of that pixel for the reference image. In some 
embodiments, generation of warped block-sum images at 
714 can be omitted. For example, in some embodiments, 
after estimating inter-frame motion at 710 and warping the 
binary frames at 712, process 700 can directly compute a 
sum image of all warped images, and compute the MLE of 
the sum (e.g., as described above in connection with EQ. 
( 5) ). However, the estimated motion field may include errors 
due to occlusions, motion discontinuities, and non-rigid 
scene deformations. In this case, simply summing the 
warped binary images can create strong blurring or ghosting 
artifacts. While techniques can be applied on a per frame 
basis to attempt to mitigate some of these errors (e.g., as 
described below in connection with FIG. 9B), generating 
warped block-sum images, and performing additional pro
cessing using the block-sum images can lead to superior 
results (e.g., as described below in connection with FIG. 
9C). 

5 scan through each pixel on the super-resolution output grid, 
and at each pixel can use an anisotropic Gaussian kernel to 
combine the sample points within a spatial neighborhood. 
Note that this approach can also use the Wiener frequency
domain filtering described in the preceding example, rather 

10 than a point-wise robustness term used in recent conven
tional burst photography approached. Wiener filter is gen
erally more robust in practice, at the cost of slightly higher 
computational complexity. Additional details related to the 
kernel regression techniques are described in Appendix A, 

15 which is hereby incorporated by reference herein in its 
entirety. 

At 718, process 700 can generate a final image based on 
the merged warped block-sum images. In some embodi
ments, process 700 can apply any suitable technique or 

At 716, process 700 can merge the warped block-sum 
images. In some embodiments, any suitable technique or 
combination of techniques can be used to merge the warped 
block-sum images. For example, in some embodiments, a 
Wiener frequency-domain filtering technique can applied 
during merging to reduce noise in the final merged image. 
Wiener frequency-domain filtering can be used to account 
for potentially incorrect estimated motion. When applied to 
conventional imaging, if a patch in a warped frame is 
significantly different from that in the reference frame, then 
the aligmnent is likely erroneous, and the final merged patch 
can be computed by taking a weighted average of all 
matched patches, where the patches with large difference 
with the reference patch (likely erroneous) are given a lower 
weight. While this approach is successful for conventional 
cameras, it cannot be directly applied to merge single
photon binary frames, because even if two binary frames are 
perfectly aligned the difference between the frames may still 

20 combination of techniques to the final sum image to generate 
the final image. For example, in some embodiments, the 
final sum image has a nonlinear response curve as a function 
of the incoming photon flux (e.g., as described above in 
connection with FIG. 2), and process 700 can invert the 

25 non-linear response (e.g., using EQ. (5)) to generate a final 
linear image based on the estimated image intensities. 

As another example, process 700 can apply a ganima 
correction to the final image to generate an image suitable 
for viewing. In some embodiments, process 700 can use any 

30 suitable gamma correction technique or combination of 
techniques to generate a gamma corrected image. 

As yet another example, process 700 can apply a tone 
mapping to reveal details in both low light regions and high 
light regions of the image. In some embodiments, tone 

35 mapping can be performed for scenes with high dynamic 
range. In some embodiments, process 700 can use any 
suitable tone mapping technique or combination of tech
niques to generate a tone mapped high dynamic range be high due to the dominating shot noise. As a result, every 

auxiliary frame will have a low weight, and will make a low 
contribution to the final merged image, resulting in low SNR 40 

(e.g., as shown in FIG. 9B). 
In some embodiments, Wiener frequency-domain filtering 

can be applied at the block level to the warped block-sum 
images, since the amount of motion within each block is 
relatively small (assuming that the blocks represent rela- 45 

tively short periods of time), reducing the likelihood of 
aligmnent errors. Warping the frames within a block and 
adding the frames to generate warped block-sum images 
facilitates removal of motion blur within each block ( e.g., as 
shown in FIG. SC), and the warped block-sum images have 50 

sufficient SNR to apply Wiener filtering to the warped 
block-sum images in order to stably merge the warped 
block-sum images to reduce the noise level. 

As another example, in some embodiments, in some 
embodiments, a kernel regression technique can be applied 55 

during merging to reduce noise in the final merged image 
and to generate a final merged image with a resolution that 
exceeds the resolution of the image sensor used to generate 
the data (e.g., a super-resolution image). The high-speed 
single-photon data represented by the sequence of binary 60 

frames leads to small inter-frame motion (e.g., on the order 
of 0.01 pixels per frame), which can be leveraged to generate 
a merged image that has a higher resolution than the input 
frames. In such an example, as described below in connec
tion with FIG. 10, rather than computing the weighted 65 

average of patches as is done in Wiener filtering, the 
weighted patches of the warped block-sum images can be 

image. 
In some embodiments, process 700 can be used in con

nection with image data corresponding to multiple color 
channels ( e.g., RGB color filters, which can be arranged in 
a Bayer pattern, RGB and white/neutral filters sometimes 
referred to as RGBW, RYYB, CYYM, etc.), to determine 
alignment, and the aligmnent can be used to perform pixel 
warp for each color channel independently based on the 
computed alignments, and merged to generated a final 
image. For example, if the image sensor (e.g., image sensor 
304) is associated with a color filter array (e.g., in a Bayer 
pattern), process 700 can downsample the image data (e.g., 
in each binary image frame, in each block-sum image). For 
example, process 700 can spatially group pixels in each 
binary image frame into 2x2 pixel windows ( e.g., each 
corresponding to a group of RGGB pixels, such as group 
402 described above in connection with FIG. 4) and calcu
late a single grayscale value (e.g., based on the combined 
pixel count, using a conventional weighting function used to 
convert RGB to grayscale, etc.). In some embodiments, 
process 700 can use the downsampled image data to gen
erate alignments for each block ( e.g., at 706 and 708), and 
can use alignments to estimate inter-frame motion for each 
individual pixel (e.g., at 710). In some embodiments, pro
cess 700 can generate separate binary images for each color 
channel, warp the binary images for each color channel, 
generate separate warped block-sum images for each color 
channel, and merge the color channel warped block-sum 
images (e.g., 712 to 716 can be performed in parallel for 
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each color channel). In some embodiments, any suitable 
technique or combination of techniques can be used to 
merge the three final color channel sum images. For 
example, each final color channel sum image has a nonlinear 
response curve as a function of the incoming photon flux 
(e.g., as described above in connection with FIG. 2), and 
process 700 can invert the non-linear response (e.g., using 
EQ. (5)) to generate final linear images for each color 
channel based on the estimated image intensities. As another 
example, process 700 can use one or more conventional 
color demosaicking techniques to spatially interpolate the 
color channels and merge the final linear images for each 
color channel. 

In some embodiments, process 700 can be used in con
nection with image data corresponding to a single color 
channel (e.g., a green color filter, a neutral density filter) to 
determine aligmnent and/or pixel warp to determine initial 
intensity values for a final image, and image data corre
sponding to one or more other color channels can be used to 
determine color data for a final image. For example, if the 
image sensor (e.g., image sensor 304) is associated with a 
color filter array (e.g., in a Bayer pattern), process 700 can 
use information from a single color channel ( e.g., green, 
which has twice the pixel density in a Bayer filter pattern as 
red or blue), and the alignments and/or pixel warp informa
tion generated for the first color channel can be applied to 
the other color channels. As another example, if the image 
sensor (e.g., image sensor 304) is a hybrid image sensor 
including a SPAD-based array that generates monochrome 
image data, and an array of conventional CMOS pixels 
interspersed with the SPAD-based array that generate color 
image data ( e.g., at a lower frame rate), the information from 
the SPAD-based array can be used to generate intensities of 
a final image, and information from the conventional CMOS 
pixels can be used to generate color information. 

In some embodiments, process 700 can be used to gen
erate final images in parallel using image data corresponding 
to multiple different color channels ( e.g., RGB color filters, 
RGB and white/neutral filters sometimes referred to as 
RGBW, RYYB, CYYM, etc.), and resulting final images 
from each color channel can be merged using any suitable 
technique or combination of techniques. For example, the 
final images can be merged using conventional color inter
polation and other image processing techniques used to 
combine image data from separate color channels. As 
another example, the final images can be merged using one 
or more techniques to account for differences in the com
position of the final image that are based on differences in 
the image data generated between the color channels ( e.g. 
resulting from the spatial offset of each color channel). 

FIG. SA shows an example of a high dynamic range 
image generated from a sequence of binary images without 
aligning the binary frames. The examples shown in FIGS. 
SA to SC were generated using binary frames from an 
example used in describing the flow depicted in FIG. 6. In 
the example of FIG. SA, the image was generated by simply 
summing all of the individual binary frames. As shown in 
FIG. SA, due to motion in the scene and/or camera motion, 
simply summing the binary images without performing any 
aligmnent results in a poor quality image with blurring. 

24 
ments (e.g., by omitting 710 to 714 of FIG. 7, and merging 
the block-sum images generated at 706 using the alignments 
determined at 708). 

FIG. SC shows an example of a high dynamic range 
5 image generated from a sequence of binary images using 

block-level alignment and frame level aligmnent techniques 
implemented in accordance with some embodiments of the 
disclosed subject matter. The example of FIG. SC was 
generated using frame-level alignment techniques described 

10 above in connection with 710 to 714 of FIG. 7. As shown in 
the inset portions of FIGS. SB and SC, the frame-level 
alignment generated a final image of higher quality (e.g., 
sharper with finer details observable). 

FIG. 9A shows an example of a single binary image 
15 captured by an image sensor that includes single photon 

detectors in accordance with some embodiments of the 
disclosed subject matter. The examples shown in FIGS. 9A 
to 9C were generated using binary frames from an example 
used in describing the flow depicted in FIG. 6. As shown in 

20 FIG. 9A, while macroscopic shapes in the scene, as well as 
light and dark regions, can be observed in the individual 
binary frame, the SNR is very low and details cannot be 
observed. 

FIG. 9B shows an example of a high dynamic range 
25 image generated from a sequence of binary images using a 

frame-level Wiener filtering technique to determine weights 
to apply to binary image frames during a merging procedure 
in accordance with some embodiments of the disclosed 
subject matter. The example of FIG. 9B was generated by 

30 applying Winer filtering at the frame level, by comparing 
patches of individual binary frames. 

FIG. 9C shows an example of a high dynamic range 
image generated from a sequence of binary images using a 
block-level Wiener filtering technique to determine weights 

35 to apply to warped and summed blocks of binary image 
frames during a merging procedure in accordance with some 
embodiments of the disclosed subject matter. The example 
of FIG. 9C was generated by applying Winer filtering at the 
block level as described above in connection with 716 of 

40 FIG. 7. As shown in FIGS. 9B and 9C, the very low SNR in 
the individual binary frames caused the final image gener
ated using the frame-level Wiener filtering to incorporate 
noise from the individual frames that was averaged out in the 
block-sum images used to generate the final image using the 

45 block-level Wiener filtering in FIG. 9C. 
FIG. 10 shows an example of a flow for generating a 

super-resolution high dynamic range image from a sequence 
of binary images captured by an image sensor that includes 
single photon detectors in accordance with some embodi-

50 ments of the disclosed subject matter. As shown in FIG. 10, 
warped block-sum images can be generated (e.g., as 
described above in connection with 704 to 714 of FIG. 7), 
and weighted image patches corresponding to portions of the 
warped block-sum images can be treated as sample points 

55 used to fill a super-resolution pixel grid. Each patch can be 
warped to sub-pixel locations on the super-resolution output 
pixel grid, and at each pixel an anisotropic Gaussian kernel 
can be used to combine the sample points within a spatial 
neighborhood. Note that this approach can also use the 

60 Wiener frequency-domain filtering described in the preced
ing example, rather than a point-wise robustness term used 
in recent conventional burst photography approached. Addi
tional details are described in Appendix A, which has been 

FIG. SB shows an example of a high dynamic range 
image generated from a sequence of binary images using a 
block-level alignment technique implemented in accordance 
with some embodiments of the disclosed subject matter. The 65 

example of FIG. SB was generated by merging the block
sum images generated without warping based on the align-

incorporated by reference herein. 
FIG. llA shows a plot of the difference in signal to noise 

ratio (SNR) between quanta burst imaging techniques 
described herein and conventional burst imaging techniques 
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for various combinations of apparent speed in the imaging 
space and incident photon flux. 

FIG. llB shows a graph of the difference in signal to noise 
ratio (SNR) between quanta burst imaging techniques 
described herein and conventional burst imaging techniques 
as a function of incident photon flux. 

FIG. llC shows a graph of the difference in signal to noise 
ratio (SNR) between quanta burst imaging techniques 
described herein and conventional burst imaging techniques 
as a function of apparent speed in the imaging space. 

In FIGS. llA to llC, the difference ofSNRs (SNRquanta
SNRconJ in dB for a wide range of photon fluxes and 
apparent speeds is plotted in different formats. The imaging 
parameters of the conventional and quanta image sensors 
used to generate the analyses are listed below in TABLE 1. 

26 
where Z-Pois(cjrtcllc) is the photon counts as in EQ. (1) (tc 
and 11c are the exposure time and quantum efficiency for the 
conventional sensor, respectively), Erc-N (0, arc) is the read 
noise, and Edc-Pois(tcllc) is the dark current noise caused 

5 by thermal current with flux rd. These three components are 
statistically independent of each other. To simplify the 
analysis, it is assumed that all images are captured at the 
same ISO speed and temperature such that arc and rd are 
fixed. 

10 If a conventional burst photography algorithm captures a 
burst of nc images, the process of merging the nc captured 
images into a result image can be viewed as a maximum 
likelihood estimation process. Assuming the images are 
perfectly aligned, the nc images can be merged simply by 

15 taking their average, which can be represented by the 
relationship: At ultra-low light and high movement speeds, quanta burst 

imaging performs considerably better than conventional 
burst photography (up to 27.5 dB=23.7 times). On the other 
hand, in well-lit scenes with negligible motion, quanta burst 
imaging performs worse (albeit at most by a factor of 0.5) 20 

due to lower quantum efficiency and higher dark current 
noise in current SPAD arrays. Note that the analysis 
described in connection with FIGS. llA to llC is not meant 

(10) 

where I, is the image captured at time t. It is assumed the 
dark current noise can be calibrated at each pixel. The mean 
of the calibrated dark current noise is subtracted from the 
sum of images to give an unbiased estimate of the photon 
flux (linear intensity image). 

to directly compare capabilities of current single-photon 
sensors to conventional digital cameras, as conventional 25 

CMOS sensor technology is much more mature, and accord
ingly, such sensors have much higher spatial resolution, and 
will generally produce higher quality images. However, this 
analysis can provide guidelines regarding when using quanta 
burst imaging can be beneficial, when SPAD arrays are 30 

available that have spatial resolution that are more compa
rable to that of currently available conventional CMOS 
sensors. In some embodiments, the performance of conven
tional and quanta burst imaging can be characterized in 
terms of the SNR of the reconstructed linear image sing the 35 

following relationship: 

From the noise model, the root mean squared error 
(RMSE) of this estimator due to noise variance, which can 
be represented by the relationship: 

RMSE(¢J = ✓var[¢J = 
(11) 

;p 
SNR = 20log10 ---,, 

RMS£(¢) 

(8) 

where ~ is the estimated image intensity, and RMSE ~ is 
the root mean squared error of the estimate. It is assumed, 
for the analysis described in connection with FIGS. llA to 
llC, that the input images are perfectly aligned (no mis
alignment errors) for both conventional and single-photon 
image sensors, so that the estimation error is only due to 
image noise. 

TABLE 1 

Sensor Type Quanta Conventional 

Resolution Same 
Pixel Pitch Same 
Bit Depth 10 

Quantum Efficiency (R) 17% 59% 
Quantum Efficiency (G) 23% 64% 
Quantum Efficiency (B) 21% 47% 

Read Noise 0 2.4 
Dark Current Noise le-/s 

Dark Count Rate 7.5 cps 

Image formation of conventional image sensors can be 
represented using an affine model, for example, based on the 
following relationship: 

(9) 

where T=nc-cc is the total exposure time for the sequence. 
A maximum likelihood estimator for quanta burst imag

ing using single-photon detectors is described above in 
40 connection with EQ. (5). For a sufficiently long sequence 

nq(e.g., nq>30), the variance of the MLE can be estimated 
using Fisher information (for example as described in more 
detail in Appendix A, which has been incorporated by 
reference herein.), which can be represented by the follow-

45 ing relationship: 

50 

(12) 

where -cq and llq are the exposure time and quantum effi
ciency for the single-photon camera. 

55 As shown in EQS. (11) and (12), the RMSE for both 
modalities depends on the total exposure time T of the image 
sequence and the total number of frames n, which, in 
practice, in turn depend on the photon flux level cp and 
camera motion: longer exposure is preferred when the light 

60 level is low and the camera is moving slowly. For example 
motion metering techniques can be used which automati
cally select a total exposure time based on a prediction of 
future scene and camera motion. In the analysis shown in 
FIGS. llA to llC, it is assumed that the scene properties 

65 (e.g., brightness) and camera motion are known or can be 
estimated such that T and n can be determined according to 
the following three principles: (1) when the motion is slow, 
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the total exposure time is chosen to meet a target total 
number of photons to ensure high SNR; (2) when the motion 

28 
the conventional CMOS image sensor. In the extremely low 
light case, the objects in the conventional burst results 
become completely indiscernible, while in the quanta burst 
results the rough structures can still be discerned. 

FIG. 13A shows examples of simulated images generated 
using a conventional single image capture and using quanta 
burst imaging techniques described herein with a uniform 
rotation about the y-axis of the simulated camera. 

is fast, the total exposure time is limited by a maximum 
amount of motion across the sequence; (3) and the total 
number of frames is chosen to ensure the per-frame motion 5 

blur is below a threshold. Details about strategies for select
ing total exposure time (sometimes referred to herein as a 
time budget) and number of frames are described in Appen
dix A, which has been incorporated by reference herein. This 
makes it possible to express the SNR of both approaches as 

FIG. 13B shows examples of simulated images generated 
10 using a conventional single image capture and using quanta 

burst imaging techniques described herein with a uniform 
rotation about the z-axis of the simulated camera. 

a function of photon flux and camera motion, which allows 
direct comparison of the two approaches, as shown in FIG. 
11. 

FIG. 12 shows examples of simulated images generated 
using various imaging techniques and under various lighting 
conditions. The imaging process for a camera implemented 
with a SPAD-based image sensor and a conventional camera 

FIG. 13C shows examples of simulated images generated 
using a conventional single image capture and using quanta 

15 burst imaging techniques described herein with a uniform 
translation along the z-axis of camera away from the scene. 

FIG. 13D shows examples of simulated images generated 
using a conventional single image capture and using quanta 
burst imaging techniques described herein with a complex 6 

20 degree of freedom movement applied to the simulated 

of the same resolution and pixel pitch were simulated. 
Ground-truth linear intensity images were first simulated 
using a ray tracer (POV-Ray) and then Bernoulli samples 
were drawn based on EQ. (2) to synthesize binary images. 
TABLE 1 shows the sensor parameters used for the simu
lation. The parameters for the conventional sensor are for a 
high-end machine-vision camera. The parameters for the 
SPAD camera are based on the SPAD-based image sensor 25 

described in Ulku et al., "A 512x512 SPAD Image Sensor 
with Integrated Gating for Widefield FLIM," which has been 
incorporated by reference herein. The simulation engine is 
only capable of generating color images three separate color 
channels instead of a continuous spectrum. Therefore, the 30 

quantum efficiency was taken into account only at three 
discrete wavelengths: 640 nm (red), 525 nm (green), 470 nm 
(blue). The photon detection efficiency (PDE) of SPADs was 
computed by multiplying the photon detection probability 
(PDP) and the fill factor (assumed to be 50% which can be 35 

achieved with microlenses). The sensor described in Ulku 
does not use a color filter array (e.g., a Bayer color filter 
array) for color imaging. To simulate RGB images, the PDE 
was simulated at the three wavelengths by multiplying the 
experimental measurements of the sensor described in Ulku 40 

by 90% (assuming 10% loss due to Bayer filters). Bayer 
filters and demosaicing process were not simulated, as 
separate RGB channels were simulated directly. Alignment 
was performed on a grayscale version of the image and the 
merging was applied to the three channels independently. 45 

The dark count rate was assumed to be spatially uniform 
(i.e., no hot pixels were included in the simulation). 

camera. 
FIGS. 13A to 13D show quanta burst reconstruction 

results for different types of camera motion. In all cases, 
relatively blur-free images are reconstructed. 

In some embodiments, any suitable computer readable 
media can be used for storing instructions for performing the 
functions and/or processes described herein. For example, in 
some embodiments, computer readable media can be tran
sitory or non-transitory. For example, non-transitory com
puter readable media can include media such as magnetic 
media (such as hard disks, floppy disks, etc.), optical media 
(such as compact discs, digital video discs, Blu-ray discs, 
etc.), semiconductor media (such as RAM, Flash memory, 
electrically programmable read only memory (EPROM), 
electrically erasable programmable read only memory (EE
PROM), etc.), any suitable media that is not fleeting or 
devoid of any semblance of permanence during transmis
sion, and/or any suitable tangible media. As another 
example, transitory computer readable media can include 
signals on networks, in wires, conductors, optical fibers, 
circuits, or any suitable media that is fleeting and devoid of 
any semblance of permanence during transmission, and/or 
any suitable intangible media. 

It should be noted that, as used herein, the term mecha
nism can encompass hardware, software, firmware, or any 
suitable combination thereof. 

It should be understood that the above described steps of 
the process of FIG. 7 can be executed or performed in any 
suitable order or sequence not limited to the order and 
sequence shown and described in the figures. Also, some of 
the above steps of the process of FIG. 7 can be executed or 
performed substantially simultaneously where appropriate 
or in parallel to reduce latency and processing times. 

Although the invention has been described and illustrated 
in the foregoing illustrative embodiments, it is understood 
that the present disclosure has been made only by way of 
example, and that numerous changes in the details of imple
mentation of the invention can be made without departing 
from the spirit and scope of the invention, which is limited 

FIG. 12 includes results for a single-shot conventional 
image, conventional burst photography, and quanta burst 
imaging for different lighting conditions. The conventional 50 

burst results were generated using an approach similar to 
conventional burst photography techniques described in 
Hasinoff et al., "Burst Photography for High Dynamic 
Range and Low-Light Imaging on Mobile Cameras," ACM 
Transactions on Graphics, vol. 35, pp. 1-12 (2016), which is 55 

hereby incorporated by reference herein in its entirety. The 
exposure time and number of frames captured for the bursts 
were determined using the strategy described above in 
connection with FIGS. llA to llC. The scene in FIG. 12 was 
kept static while the camera was moved. The trajectory of 
the camera was set to be a linear 3D translation plus a small, 
smooth, random 6 degrees-of-freedom (DoF) perturbation at 
each frame. For a scene with sufficient light, both burst 
approaches generated high-quality images. As the light level 
goes down, the quality of conventional burst result deterio- 65 

rates more quickly than quanta burst as the number of 
incoming photons becomes comparable to the read noise for 

60 only by the claims that follow. Features of the disclosed 
embodiments can be combined and rearranged in various 
ways. 

What is claimed is: 
1. A system for generating digital images, comprising: 
an image sensor comprising a plurality of detectors con

figured to detect arrival of individual photons, the 
plurality of detectors arranged in an array; 
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a display; 
at least one processor that is progrannned to: 

30 
the second subset of pixels corresponding to detectors 

that did not detect any photons during exposure time 
't. cause the image sensor to generate a sequence of binary 

images representing a scene, each of the binary 
images comprising a plurality of pixels; 

4. The system of claim 1, wherein each of the plurality of 
5 pixels of each binary image has a position (x, y), 

divide the sequence of binary images into a plurality of 
blocks, including a reference block, a first auxiliary 
block, and a second auxiliary block, such that a set 
of binary images is associated with each of the 
plurality of blocks; 10 

generate a reference block-sum image based on a sum 
of the set of binary images associated with the 
reference block; 

generate a first auxiliary block-sum image based on a 
15 

sum of the set of binary images associated with the 
first auxiliary block; 

generate a second auxiliary block-sum image based on 

the reference block-sum image comprises a plurality of 
pixels, each having a position (x, y), 

each of the plurality of pixels of the reference block-sum 
image having a value based on the relationship: 

j 

S(x, y) = ~ B,(x, y), 
t=i 

where B,(x,y) is the binary frame at time t, the reference 
block includes binary images captured between times i and 
j, and S(x, y) is the total number of photons detected at (x, a sum of the set of binary images associated with the 

second auxiliary block; 
determine an aligmnent between the first auxiliary 

block-sum image and the reference block-sum 
image; 

20 y) over the set of binary images associated with the reference 
block. 

determine an alignment between the second auxiliary 
block-sum image and the reference block-sum 25 

image; 
generate a first set of warped binary images by warping 

at least a first subset of binary images in the set of 
binary images associated with the first auxiliary 
block based on the alignment between the first 30 

auxiliary image and the reference block-sum image; 
generate a first warped block-sum image based on the 

first set of warped binary images; 
generate a second set of warped binary images by 

warping at least a second subset of binary images in 35 

the set of binary images associated with the second 
auxiliary block based on the alignment between the 
second auxiliary image and the reference block-sum 
image; 

generate a second warped block-sum image based on 40 

the second set of warped binary images; 
generate a third set of warped binary images by warp

ing at least a third subset of binary images in the set 
of binary images associated with the reference block 
based on an alignment between the reference block- 45 

sum image and an adjacent block-sum image; 
generate a third warped block-sum image based on the 

third set of warped binary images; 
merge a plurality of warped block-sum images, includ

ing at least the first warped block-sum image, the 50 

second warped block-sum image, and the third 
warped block-sum image; and 

cause the display to present a final image of the scene 
based on the merged plurality of warped block-sum 
images. 

2. The system of claim 1, wherein each of the plurality of 
detectors comprises a single photon avalanche diode 
(SPAD). 

55 

3. The system of claim 1, wherein each of the binary 
images represents photons detected by the image sensor 60 

during an exposure time -i:, 

for each binary image, 

5. The system of claim 1, wherein the at least one 
processor that is further progrannned to: 

generate a reference block-sum pyramid based on the 
reference block-sum image, wherein the reference 
block-sum pyramid comprises a plurality of represen
tations of the reference block-sum image at a respective 
plurality of resolutions; 

generate a first auxiliary block-sum pyramid based on the 
first auxiliary block-sum image, wherein the first aux
iliary block-sum pyramid comprises a plurality of rep
resentations of the first auxiliary block-sum image at a 
respective plurality of resolutions; 

generate a second auxiliary block-sum pyramid based on 
the second auxiliary block-sum image, wherein the 
second auxiliary block-sum pyramid comprises a plu
rality of representations of the second auxiliary block
sum image at a respective plurality of resolutions; 

perform a hierarchical patch-based matching between the 
reference block-sum pyramid and the first auxiliary 
block-sum pyramid; 

determine the alignment between the first auxiliary block
sum image and the reference block-sum image based 
on the hierarchical patch-based matching; 

perform a hierarchical patch-based matching between the 
reference block-sum pyramid and the second auxiliary 
block-sum pyramid; and 

determine the alignment between the second auxiliary 
block-sum image and the reference block-sum image 
based on the hierarchical patch-based matching. 

6. The system of claim 1, wherein the at least one 
processor that is further progrannned to: 

determine weights to assign to pixels of each of the 
plurality of warped block-sum images by applying 
Wiener frequency-domain filtering; 

assign the weights to the pixels of each of the plurality of 
warped block-sum images; and 

combine the warped block-sum images, such that the 
merged plurality of warped block-sum images is the 
sum of weighted warped block sum images and repre
sents the total number of photons detected at each pixel 
location. the plurality of pixels consists of a first subset of pixels 

each having a value of 1, and a second subset of 
pixels each having a value of 0, 

7. The system of claim 1, wherein the at least one 

65 
processor that is further progrannned to: 

the first subset of pixels corresponding to detectors that 
detected a photon during exposure time -i:, and 

estimate an image intensity ~ for each of the plurality of 
pixels of the merged plurality of warped block-sum 
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images based on a total number of photons S(x, y) 
detected at each pixel location (x, y) using the rela
tionship: 

(x,y)~- !n(l -S(x,y)/nq)l,;17-rq(x,y)/17 

where nq is a total number of binary images in the sequence 
of binary images, -i: is an exposure time of each binary 
image, ri is a quantum efficiency of each of the plurality of 
detectors, and rq (x, y) is a dark count rate of the pixel at 
location (x, y). 

8. The system of claim 1, wherein the at least one 
processor that is further programmed to: 

calculate a motion field for the first auxiliary block based 
on the alignment between the first auxiliary block and 
the reference block; 

perform a linear interpolation between the motion field 
and a motion field associated with an adjacent block; 
and 

10 

15 

determine a motion field for each binary image in the first 
subset of binary images based on the linear interpola- 20 

tion. 
9. The system of claim 1, wherein the image sensor 

further comprises a plurality of color filters arranged in a 
Bayer pattern, such that each of the plurality of detectors is 
associated with a red filter, a green filter, or a blue filter; and 25 

wherein the at least one processor is further programmed 
to: 
generate the reference block-sum image by 

generating a summation of the set of binary images 
associated with the reference block, and 30 

downsampling the summation of the set of binary 
images associated with the reference block by 
combining groups of four adjacent pixels corre

sponding to two green filters, one red filter, and 
one blue filter, such that the reference block- 35 

sum image is a downsampled grayscale repre
sentation of the reference block; 

generate the first auxiliary block-sum image by 
generating a summation of the set of binary images 

associated with the first auxiliary block, and 40 

downsampling the summation of the set of binary 
images associated with the first auxiliary block by 
combining groups of four adjacent pixels corre

sponding to two green filters, one red filter, and 
one blue filter, such that the reference block- 45 

sum image is a downsampled grayscale repre
sentation of the first auxiliary block; 

generate a second auxiliary block-sum image by 
generating a summation of the set of binary images 

associated with the second auxiliary block, and 50 

downsampling the summation of the set of binary 
images associated with the second auxiliary block 
by 
combining groups of four adjacent pixels corre

sponding to two green filters, one red filter, and 55 

one blue filter, such that the reference block
sum image is a downsampled grayscale repre
sentation of the second auxiliary block; 

generate a first set of warped block-sum images based 
on the first set of warped binary images, wherein the 60 

first set of warped block-sum images includes the 
first warped block-sum image, a first blue warped 
block-sum image, and a first red warped block-sum 
image, the first warped block-sum image based on 
only green pixels, the first blue warped block-sum 65 

image based on only blue pixels, and the first red 
warped block-sum image based on only red pixels; 
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generate a set of second warped block-sum images 

based on the second set of warped binary images, 
wherein the second set of warped block-sum images 
includes the second warped block-sum image, a 
second blue warped block-sum image, and a second 
red warped block-sum image; 

generate a set of third warped block-sum images based 
on the third set of warped binary images, wherein the 
third set of warped block-sum images includes the 
third warped block-sum image, a third blue warped 
block-sum image, and a third red warped block-sum 
image; 

merge the plurality of warped block-sum images to 
generate a green color sum image; 

merge a second plurality of warped block-sum images, 
including the first blue warped block-sum image, the 
second blue warped block-sum image, and the third 
blue warped block-sum image, to generate a blue 
color sum image; 

merge a third plurality of warped block-sum images, 
including the first red warped block-sum image, the 
second red warped block-sum image, and the third 
red warped block-sum image, to generate a blue 
color sum image; and 

generate the final image based on a combination of the 
green color sum image, the blue color sum image, 
and the red color sum image. 

10. A method for generating digital images, comprising: 
causing an image sensor to generate a sequence of binary 

images representing a scene, each of the binary images 
comprising a plurality of pixels, 
the image sensor comprising a plurality of detectors 

configured to detect arrival of individual photons, the 
plurality of detectors arranged in an array; 

dividing the sequence of binary images into a plurality of 
blocks, including a reference block, a first auxiliary 
block, and a second auxiliary block, such that a set of 
binary images is associated with each of the plurality of 
blocks; 

generating a reference block-sum image based on a sum 
of the set of binary images associated with the refer
ence block; 

generating a first auxiliary block-sum image based on a 
sum of the set of binary images associated with the first 
auxiliary block; 

generating a second auxiliary block-sum image based on 
a sum of the set of binary images associated with the 
second auxiliary block; 

determining an alignment between the first auxiliary 
block-sum image and the reference block-sum image; 

determining an alignment between the second auxiliary 
block-sum image and the reference block-sum image; 

generating a first set of warped binary images by warping 
at least a first subset of binary images in the set of 
binary images associated with the first auxiliary block 
based on the alignment between the first auxiliary 
image and the reference block-sum image; 

generating a first warped block-sum image based on the 
first set of warped binary images; 

generating a second set of warped binary images by 
warping at least a second subset of binary images in the 
set of binary images associated with the second auxil
iary block based on the alignment between the second 
auxiliary image and the reference block-sum image; 

generating a second warped block-sum image based on 
the second set of warped binary images; 
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generating a third set of warped binary images by warping 
at least a third subset of binary images in the set of 
binary images associated with the reference block 
based on an aligmnent between the reference block-
sum image and an adjacent block-sum image; 5 

generating a third warped block-sum image based on the 
third set of warped binary images; 

merging a plurality of warped block-sum images, includ
ing at least the first warped block-sum image, the 
second warped block-sum image, and the third warped 10 

block-sum image; and 
causing a display to present a final image of the scene 

based on the merged plurality of warped block-sum 
images. 

11. The method of claim 10, wherein each of the plurality 
of pixels of each binary image has a position (x, y), 

the reference block-sum image comprises a plurality of 
pixels, each having a position (x, y), 

15 

each of the plurality of pixels of the reference block-sum 20 

image having a value based on the relationship: 

j 
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13. The method of claim 10, wherein merging the plural

ity of warped block-sum images comprises: 
determining weights to assign to pixels of each of the 

plurality of warped block-sum images by applying 
Wiener frequency-domain filtering; 

assigning the weights to the pixels of each of the plurality 
of warped block-sum images; and 

combining the warped block-sum images, such that the 
merged plurality of warped block-sum images is the 
sum of weighted warped block sum images and repre
sents the total number of photons detected at each pixel 
location. 

14. The method of claim 10, further comprising: 

estimating an image intensity ~ for each of the plurality 
of pixels of the merged plurality of warped block-sum 
images based on a total number of photons S(x, y) 
detected at each pixel location (x, y) using the rela
tionship: 

(x,y)~- !n(l -S(x,y)/nq)lriq-rq(x,y)lri 

where nq is a total number of binary images in the sequence 
of binary images, -i: is an exposure time of each binary 
image, ri is a quantum efficiency of each of the plurality of 

S(x, y) = ~ B,(x, y), 
t=i 

25 detectors, and rq (x, y) is a dark count rate of the pixel at 
location (x, y). 

where B,(x,y) is the binary frame at time t, the reference 
block includes binary images captured between times i and 
j, and S(x, y) is the total number of photons detected at (x, 30 

y) over the set of binary images associated with the reference 
block. 

12. The method of claim 10, further comprising: 
generating a reference block-sum pyramid based on the 

reference block-sum image, wherein the reference 35 

block-sum pyramid comprises a plurality of represen
tations of the reference block-sum image a respective 
plurality of resolutions; 

generating a first auxiliary block-sum pyramid based on 
the first auxiliary block-sum image, wherein the first 40 

auxiliary block-sum pyramid comprises a plurality of 
representations of the first auxiliary block-sum image a 
respective plurality of resolutions; 

generating a second auxiliary block-sum pyramid based 
on the second auxiliary block-sum image, wherein the 45 

second auxiliary block-sum pyramid comprises a plu
rality of representations of the second auxiliary block
sum image a respective plurality of resolutions; 

wherein determining the aligmnent between the first aux
iliary block-sum image and the reference block-sum 50 

image comprises: 
performing a hierarchical patch-based matching 

between the reference block-sum pyramid and the 
first auxiliary block-sum pyramid; 

determining the alignment between the first auxiliary 55 

block-sum image and the reference block-sum image 
based on the hierarchical patch-based matching; and 

wherein determining the alignment between the second 
auxiliary block-sum image and the reference block
sum image comprises: 
performing a hierarchical patch-based matching 

between the reference block-sum pyramid and the 
second auxiliary block-sum pyramid; and 

determining the alignment between the second auxil-

60 

iary block-sum image and the reference block-sum 65 

image based on the hierarchical patch-based match-
ing. 

15. The method of claim 10, further comprising: 
calculating a motion field for the first auxiliary block 

based on the alignment between the first auxiliary block 
and the reference block; 

performing a linear interpolation between the motion field 
and a motion field associated with an adjacent block; 
and 

determining a motion field for each binary image in the 
first subset of binary images based on the linear inter
polation. 

16. A non-transitory computer readable medium contain
ing computer executable instructions that, when executed by 
a processor, cause the processor to perform a method for 
generating digital images, the method comprising: 

causing an image sensor to generate a sequence of binary 
images representing a scene, each of the binary images 
comprising a plurality of pixels, 
the image sensor comprising a plurality of detectors 

configured to detect arrival of individual photons, the 
plurality of detectors arranged in an array; 

dividing the sequence of binary images into a plurality of 
blocks, including a reference block, a first auxiliary 
block, and a second auxiliary block, such that a set of 
binary images is associated with each of the plurality of 
blocks; 

generating a reference block-sum image based on a sum 
of the set of binary images associated with the refer
ence block; 

generating a first auxiliary block-sum image based on a 
sum of the set of binary images associated with the first 
auxiliary block; 

generating a second auxiliary block-sum image based on 
a sum of the set of binary images associated with the 
second auxiliary block; 

determining an alignment between the first auxiliary 
block-sum image and the reference block-sum image; 

determining an alignment between the second auxiliary 
block-sum image and the reference block-sum image; 

generating a first set of warped binary images by warping 
at least a first subset of binary images in the set of 
binary images associated with the first auxiliary block 
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based on the alignment between the first auxiliary 
image and the reference block-sum image; 

generating a first warped block-sum image based on the 
first set of warped binary images; 

generating a second set of warped binary images by 5 

warping at least a second subset of binary images in the 
set of binary images associated with the second auxil
iary block based on the alignment between the second 
auxiliary image and the reference block-sum image; 

generating a second warped block-sum image based on 10 

the second set of warped binary images; 
generating a third set of warped binary images by warping 

at least a third subset of binary images in the set of 
binary images associated with the reference block 
based on an alignment between the reference block- 15 

sum image and an adjacent block-sum image; 
generating a third warped block-sum image based on the 

third set of warped binary images; 
merging a plurality of warped block-sum images, includ

ing at least the first warped block-sum image, the 20 

second warped block-sum image, and the third warped 
block-sum image; and 

causing a display to present a final image of the scene 
based on the merged plurality of warped block-sum 
images. 25 

17. The non-transitory computer readable medium of 
claim 16, the method further comprising: 

generating a reference block-sum pyramid based on the 
reference block-sum image, wherein the reference 
block-sum pyramid comprises a plurality of represen- 30 

tations of the reference block-sum image a respective 
plurality of resolutions; 

generating a first auxiliary block-sum pyramid based on 
the first auxiliary block-sum image, wherein the first 
auxiliary block-sum pyramid comprises a plurality of 35 

representations of the first auxiliary block-sum image a 
respective plurality of resolutions; 

generating a second auxiliary block-sum pyramid based 
on the second auxiliary block-sum image, wherein the 
second auxiliary block-sum pyramid comprises a plu- 40 

rality of representations of the second auxiliary block
sum image a respective plurality of resolutions; 

wherein determining the alignment between the first aux
iliary block-sum image and the reference block-sum 
image comprises: 45 

performing a hierarchical patch-based matching 
between the reference block-sum pyramid and the 
first auxiliary block-sum pyramid; 

determining the alignment between the first auxiliary 
block-sum image and the reference block-sum image 50 

based on the hierarchical patch-based matching; and 
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wherein determining the alignment between the second 

auxiliary block-sum image and the reference block
sum image comprises: 
performing a hierarchical patch-based matching 

between the reference block-sum pyramid and the 
second auxiliary block-sum pyramid; and 

determining the alignment between the second auxil
iary block-sum image and the reference block-sum 
image based on the hierarchical patch-based match
ing. 

18. The non-transitory computer readable medium of 
claim 16, wherein merging the plurality of warped block
sum images comprises: 

determining weights to assign to pixels of each of the 
plurality of warped block-sum images by applying 
Wiener frequency-domain filtering; 

assigning the weights to the pixels of each of the plurality 
of warped block-sum images; and 

combining the warped block-sum images, such that the 
merged plurality of warped block-sum images is the 
sum of weighted warped block sum images and repre
sents the total number of photons detected at each pixel 
location. 

19. The non-transitory computer readable medium of 
claim 16, the method further comprising: 

estimating an image intensity ~ for each of the plurality 
of pixels of the merged plurality of warped block-sum 
images based on a total number of photons S(x, y) 
detected at each pixel location (x, y) using the rela
tionship: 

(x,y)~- !n(l -S(x,y)/nq)l,;17-r q(x,y)/17 

where nq is a total number of binary images in the sequence 
of binary images, -i: is an exposure time of each binary 
image, ri is a quantum efficiency of each of the plurality of 
detectors, and rq (x, y) is a dark count rate of the pixel at 
location (x, y). 

20. The non-transitory computer readable medium of 
claim 16, the method further comprising: 

calculating a motion field for the first auxiliary block 
based on the alignment between the first auxiliary block 
and the reference block; 

performing a linear interpolation between the motion field 
and a motion field associated with an adjacent block; 
and 
determining a motion field for each binary image in the 

first subset of binary images based on the linear 
interpolation. 

* * * * * 


