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Images are Interesting



But When you Look Close…

pixel



conventional camera pixel

~100-1000 photons

And When you Look Even Closer…

photons as quantas



conventional camera pixel

single photon

single-photon camera pixel

single-photon sensitivity

Single-Photon Cameras

~100-1000 photons



Scattering media NLOS ImagingMicroscopy

Single-Photon Cameras: Scientific Imaging

images courtesy: http://www.noao.edu/, http://www.futurahma.it/ , http://www.computationalimaging.org/, http://www.upi.com/ , www.openmv.io

Astronomy



The Single-Photon Revolution
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Emergence of Large-Format Single-Photon Cameras
A. C. Ulku et al., “A 512 × 512 SPAD Image Sensor With Integrated Gating for Widefield FLIM,” IEEE J. Select. Topics Quantum Electron., vol. 25, no. 1, pp. 1–12, Jan. 2019,
K. Morimoto et al., “Megapixel time-gated SPAD image sensor for 2D and 3D imaging applications,” Optica, vol. 7, no. 4, pp. 346–354, Apr. 2020..

SONY
Canon
Apple

…



Single-Photon Cameras: Attractive Features

single photon

Single-Photon
Sensitivity

CMOS compatible
Low cost, Compact

Room Temperature 
Operation

25oC



Single-Photon Camera (SPC): Image Formation

Camera Pixel Array

Pixel: Photon ‘Tea-Spoon’



random arrival

arrival of light is a discrete random process (Poisson)

photon 
bucket

light

photon
bucket

photon
bucket

measured signal 
(1 exposure)

𝜙: mean photon flux (per exposure)
Example: 𝜙 = 3 Photons

measured signal 
(1 exposure)

measured signal 
(1 exposure)

photons

Random Arrival of Photons



𝜙: mean photon flux (per exposure)
Example: 𝜙 = 3 Photons

photon 
teaspoon

photon
teaspoon

photon
teaspoon

𝐵: recorded value 
= 1

Random Arrival of Photons: Single-Photon Cameras

𝐵: recorded value 
= 1

𝐵: recorded value 
= 0

SPC pixel measurements are binary random variables



Random Arrival of Photons: Single-Photon Cameras

𝜙: mean photon flux (per exposure)

SPC pixel measurements are binary random variables

𝑃 𝐵 = 0 = 𝑒−𝜙

𝑃 𝐵 = 1 = 1 − 𝑒−𝜙

SPC Image Formation Model



Single-Photon Camera Image: Binary

Noise: randomness of photon arrivals (shot noise)
Negligible read noise

Quanta Image



Single-Photon Camera Image: Random

Bright pixel: High frequency of 1s

Dark pixel: Low frequency of 1s

High-Speed Binary Capture (~100K FPS)



Single-Photon Cameras Capture Photon Streams

Can you tell what the scene looks like?

pixel measurements are Bernoulli (binary) random variables



Object Detection: Single Quanta Frame
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Extremely Dark Scene

<1 lux



Object Detection: Naïve Approach
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High Blur or High Noise: Detection Fails in All Cases

<1 lux
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Object Detection: Quanta Vision Algorithm

Low Blur and Noise: Successful Detection with Few Photons

<1 lux



Quanta Vision in the Real World

[QR Decode, OpenCV/WeChat[42]] [2M frames]
[Dark/Strobe Light, Camera Motion, Fast, Indoor]

[Scene Text Detection, PP-OCR[14]] [2M frames]
[Dark/Strobe Light, Camera Motion, Fast, Indoor]

[Human Pose Estimation, AlphaPose[15]] [200K 
frames] [Bright/Dark, Scene Motion, Fast, Indoor]

[Action Recognition, I3D[9]] [400K frames]
[Bright/Dark, Scene Motion, Slow/Fast, Indoor]

[Object Tracking, SiamRPN++[31]] [200K frames] 
[Bright/Dark, Scene Motion, Fast, Indoor]

[Background Subtraction, DECOLOR[51]] [200K frames] 
[Bright/Dark, Scene Motion, Slow/Fast, Indoor]

[SLAM, ORB-SLAM3[8]] [18M frames]
[Dark, Camera Motion, Fast, Outdoor] [Face Detection, MTCNN[54]] [520K frames] 

[Bright/Dark, Scene Motion, Fast, Indoor]

[Object Detection, YOLOv3[45]] [1.8M frames]
[HDR, Camera/Scene Motion, Slow, Outdoor]

Clap



Recovering Semantics for a Variety of Tasks

Background Subtraction [1] Human Pose Estimation [2]

Face Detection [3] Action Recognition [4]

[1] Xiaowei Zhou, Can Yang, and Weichuan Yu, “Moving Object Detection by Detecting Contiguous Outliers in the Low-Rank Representation,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 35, no. 3, pp. 597–610, Mar. 2013.
[2] H.-S. Fang, S. Xie, Y.-W. Tai, and C. Lu, “RMPE: Regional Multi-person Pose Estimation,” in IEEE International Conference on Computer Vision (ICCV), Venice, Oct. 2017, pp. 2353–2362.
[3] K. Zhang, Z. Zhang, Z. Li, and Y. Qiao, “Joint Face Detection and Alignment Using Multitask Cascaded Convolutional Networks,” IEEE Signal Process. Lett., vol. 23, no. 10, pp. 1499–1503, Oct. 2016.
[4] J. Carreira and A. Zisserman, “Quo Vadis, Action Recognition? A New Model and the Kinetics Dataset,” in IEEE Conference on Computer Vision and Pattern Recognition (CVPR), 2017, pp. 6299–6308.



Recovering High-Frequency Spatial Details

WeChat QR code detector for detecting and parsing QR code, https://github.com/opencv/opencv_contrib/

Noisy & Blurry, Detection Fails

QR Decoding

Naive Average Burst Vision

Code Decoded Successfully

https://github.com/opencv/opencv_contrib/


Recovering High-Frequency Spatial Details

Y. Du et al., “PP-OCR: A Practical Ultra Lightweight OCR System,” arXiv:2009.09941 [cs], Oct. 2020, Accessed: Nov. 10, 2021. [Online]. Available: http://arxiv.org/abs/2009.09941

Naive Average Burst Vision

Text Detection and Recognition

Noisy & Blurry, Detection Fails Text Recognized Successfully



Existing SPAD Cameras: Naive Average

Naive Average (Short Exposure) Naive Average (Long Exposure)

J. Redmon and A. Farhadi, “YOLOv3: An Incremental Improvement,” arXiv:1804.02767 [cs], Apr. 2018, [Online]. Available: http://arxiv.org/abs/1804.02767

Object Detection Fails

Noisy Blurred

http://arxiv.org/abs/1804.02767


Quanta Burst Vision

Burst Reconstruction [1]

[1] S. Ma, S. Gupta, A. C. Ulku, C. Bruschini, E. Charbon, and M. Gupta, “Quanta burst photography,” ACM Trans. Graph., vol. 39, no. 4, Jul. 2020.

Much higher image quality and detection



Comparison to Other Low-Light Sensors?

Single-Photon CamerasNight Vision Camera Thermal Camera

Object Tracking

B. Li, W. Wu, Q. Wang, F. Zhang, J. Xing, and J. Yan, “SiamRPN++: Evolution of Siamese Visual Tracking With Very Deep Networks,” in IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR), Long Beach, CA, 
USA, Jun. 2019, pp. 4277–4286.

Tracking Failure Tracking Maintained



Quanta Vision in the Wild

SPAD with Burst Vision

SPAD with Naive Averaging (Noise) Night Vision (Noise, Blur, Low Contrast)

No Detection No Detection

Successful Detection



Quanta Vision in Dark and Bright



High Dynamic Range Photography

Lens
flare

Conventional Camera (Long Exposure) Conventional Camera (Short Exposure)

Saturation Noisy, indiscernible

Simulated from captured SPAD binary images



High Dynamic Range Photography

Recovers both bright and dark regions

Quanta Burst Photography



Comparison with Conventional CMOS Sensor



Is Quanta Vision Ready for Prime Time? 
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Photo by Stavrialena Gontzou, Alexandre Debiève, and Markus Spiske on Unsplash

Efficient ComputationPhoton Data Deluge: Bandwidth

https://unsplash.com/@stavrialena?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/@alexkixa?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/@markusspiske?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/s/photos/fluttering-flag?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText


Is Quanta Vision Ready for Prime Time? 
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3D stacking, on-chip computation



High dynamic 
range

Single-Photon
Cameras

Low power

High depth 
resolution

Extreme sensitivity

Long range

http://wisionlab.cs.wisc.edu/project/quanta-burst-photography/


