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Abstract—Optical sensing, imaging, and detection in degraded 

and turbid environments is a challenging problem and there are 

many applications. Applications include oceanography, 

underwater communication, imaging in fog, low light, occlusion, 

autonomous navigation, security, defense, surveillance, etc. 

Conventional sensing and imaging systems are not capable of 

addressing these challenges and thus dedicated hardware and 

algorithms are needed. Sensing and imaging in degraded 

environments causes light scattering and absorption which 

adversely affect image quality and lowers signal to noise ratio, 

and compromising the system performance. This Keynote 

Address presents an overview of multi-dimensional optical 

sensing and imaging systems and dedicated algorithms designed 

for applications in degraded environments including operation in 

turbid water.  
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I. INTRODUCTION 

Optics is attractive for sensing, imaging, 
communication, visualization, and classification as it offers 
large bandwidth and high spatial resolution. However, 
photons scatter during optical transmission in fog, turbid 
water, smoke, etc. This Keynote Address paper presents an 
overview of previously published papers on using 
multidimensional optical systems for sensing, imaging, 
visualization, detection, and classification in degraded 
environments including underwater sensing, detection, and 
imaging in turbidity [1-28]. We shall review a variety of 
optical systems and algorithms to address sensing, imaging, 
detection, and classification in scattering environment. 
Degraded environment includes fog, turbid water, and 
other types of obscurations. We shall investigate their 
performance in tasks such as signal detection, object 
classification, ranging, and visualization in degraded 
environments. Both lens bases systems and lensless 
systems utilizing thin pseudo-random encoders will be 
discussed. 

Integral imaging (InIm) is a passive Three-dimensional 
(3D) imaging technique [29, 1-10]. The capture stage 
records multiple perspectives of a scene. It is capable of 
measuring the object depth and image through partial 
environmental obscurants. The reconstruction can be 
performed optically or numerically [computationally] by 
reconstructing depth-sliced images. InIm can segment 
objects of interest from occlusions and background noise. 

Recently, high-speed temporal optical signal detection 
in turbid media using lensless single random phase 
encoding has been reported [1]. Physics informed 
Bayesian neural networks have been reported for image 
restoration in low light illumination and turbidity [2, 8]. 

3D integral imaging polarimetric profilometry in occlusion 
and low light has been investigated in [3]. The longitudinal 
resolution of 3D integral imaging in noisy conditions has 
been evaluated in [4]. Mutual information and Bayesian 
optimization have been used as an information theoretic 
metric to analyze passive 3D ranging and depth estimation 
of partially occluded objects [10].  Furthermore, tracking 
of 3D objects has been performed with mutual information 
and Bayesian optimization [8]. 3D imaging information 
loss in degraded environments has been measured using 
Information theory [5]. Passive 3D integral imaging and 
active LiDAR sensing have been compared in a Lab 
setting for 3D object detection through fog and occlusion 
[12]. Various hardware architectures have been 
investigated for imaging in degraded environments. 
Recently, an end-to-end integrated pipeline for underwater 
optical signal detection has been reported. It is based on a 
1D integral imaging capture with a convolutional neural 
network processing [13]. This approach improves the 
computational efficiency and performance. High-speed 3D 
imaging in turbidity for sensing and visualization of 
dynamic underwater events has been investigated [30]. 
This approach can operate at mega frames per second. 

Lensless imaging that use a thin pseudo-random mask 
to capture the information about the object and/or scene 
have been investigated in degraded environment 1, 7]. 
Typically, deep learning algorithms are used to analyze the 
captured information. In [1], high-speed temporal optical 
signal detection in turbid media using lensless single 
random phase encoding is reported. In [7], underwater 
optical signal detection using diffuser-based lensless 
imaging has been reported. The experiments in this report 
[7] are performed in turbid water. Lensless object 
classification in long wave infrared domain using double 
random phase encoding with thin materials instead of 
lenses are reported in [31]. A number of papers have 
investigated the robustness of lensless single random phase 
encoding systems to noise, camera pixel size, sampling, etc. 
[32-34]. 

In summary, this keynote address paper presents an 
overview of our reported research in imaging in degraded 
environments. Both lens based systems and lensless 
systems are discussed. The reported approaches are robust, 
highly efficient, compact, and noise-resilient. Various 
applications including visualization, object and signal 
detection, and depth estimation are presented [1-35].  

ACKNOWLEDGMENT 

We wish to acknowledge support under The Office of 

Naval Research (ONR) (ONR N000142212349; 



    

N000142212375); Air-Force Office of Scientific Research 

(AFOSR) (FA9550-21-1-0333, FA9550-24-1-0128), and 

National Science Foundation grant # 2141473. Any 

opinions, findings, conclusions, or recommendations 

expressed in this material are those of the authors and do 

not necessarily reflect the views of the U.S. Department of 

Defense. 

REFERENCES 

[1] G. Aschenbrenner, Y. Huang, R. Joshi, B. Javidi, “High-speed 

Temporal Optical Signal Detection in Turbid Media using Lensless 

Single Random Phase Encoding,” Optics and Lasers in Engineering, 

Volume 188, 2025.  

[2] G. Krishnan, J. Lee, S. Goswami, and B. Javidi, "Physics informed 

image restoration under low illumination with simultaneous 

parameter estimation using 3D integral imaging and Bayesian neural 

networks," Optics Express 33, 6121-6134, 2025. 

[3] J. Lee, K. Usmani, and B. Javidi, "Polarimetric 3D integral imaging 

profilometry under degraded environmental conditions," Opt. 

Express 32, 43172-43183, 2024. 

[4] K. Usmani and B. Javidi, "Longitudinal resolution of three-

dimensional integral imaging in the presence of noise," Opt. Express 

32, 40605-40619, 2024. 

[5] P. Wani, K. Usmani, G. Krishnan and B. Javidi, "Assessment of 3D 

Integral Imaging Information Loss in Degraded Environments," 

IEEE Access, vol. 12, pp. 166643-166651, 2024. 

[6] P. Wani, K. Usmani, G. Krishnan, and B. Javidi, "3D object 

tracking using integral imaging with mutual information and 

Bayesian optimization," Optics Express 32, 7495-7512, 2024. 

[7] Y. Huang, G. Krishnan, S. Goswami, and B. Javidi, "Underwater 

optical signal detection system using diffuser-based lensless 

imaging," Optics Express 32, 1489-1500, 2024. 

[8] G. Krishnan, S. Goswami, R. Joshi, and B. Javidi, "Three-

dimensional integral imaging-based image descattering and 

recovery using physics informed unsupervised CycleGAN," Optics 

Express 32, 1825-1835, 2024. 

[9] R. Joshi, K. Usmani, G. Krishnan, F. Blackmon, and B. Javidi, 

"Underwater object detection and temporal signal detection in turbid 

water using 3D-integral imaging and deep learning," Opt. Express 

32, 1789-1801, 2024. 

[10] P. Wani, K.Usmani, and B. Javidi, "3D integral imaging depth 

estimation of partially occluded objects using mutual information 

and Bayesian optimization," Optics Express, 31, 2023.  

[11] Y. Huang, G. Krishnan, T. O’Connor, R. Joshi, and B. Javidi, "End-

to-end integrated pipeline for underwater optical signal detection 

using 1D integral imaging capture with a convolutional neural 

network," Optics Express 31, 1367-138, 2023. 

[12] K. Usmani, T. O’Connor, P. Wani, and B. Javidi, “3D object 

detection through fog and occlusion: passive integral imaging vs 

active (LiDAR) sensing,” Optics Express, 31, 479-491, 2023. 

[13] P. Wani, G. Krishnan, T. O’Connor, and B. Javidi, "Information 

theoretic performance evaluation of 3D integral imaging," Optics 

Express 30, 43157-43171, 2022. 

[14] M. Perez, X. Shen, S. Bosch, B. Javidi, A. Carnicer,” Estimation of 

Degree of Polarization in low light using truncated Poisson 

distribution,” IEEE Photonic Journal, 14, pp. 1-8, 2022.   

[15] P. Wani, K. Usmani, G. Krishnan, T. O'Connor, B. Javidi, 

“Lowlight object recognition by deep learning with passive three-

dimensional integral imaging in visible and long wave infrared 

wavelengths,” Optics Express 30, 1205-1218, 2022. 

[16] G. Krishnan, R. Joshi, T. O’Connor, and B. Javidi, “Optical signal 

detection in turbid water using multidimensional integral imaging 

with deep learning,” Optics Express, Vol. 29, Issue 22, pp. 35691-

35701, 2021. 

[17] K. Usmani, T. O’Connor, and B. Javidi, "Three-dimensional 

polarimetric image restoration in low light with deep residual 

learning and integral imaging," Optics Express 29, 29505-29517, 

2021. 

[18] G. Krishnan, Y. Huang, R. Joshi, T. O’Connor, and B. Javidi, 

"Spatio-temporal continuous gesture recognition under degraded 

environments: performance comparison between 3D integral 

imaging (InIm) and RGB-D sensors," Optics Express 29, 30937-

30951, 2021. 

[19] K. Usmani, G. Krishnan, T. O’Connor, and B. Javidi, “Deep 

learning polarimetric three-dimensional integral imaging object 

recognition in adverse environmental conditions,” Optics Express, 

29, 12215-12228, 2021. 

[20] B. Javidi, F. Pla, J. M. Sotoca, X. Shen, P. Latorre-Carmona, M. 

Martínez-Corral, R. Fernández-Beltrán, and G. Krishnan, 

"Fundamentals of automated human gesture recognition using 3D 

integral imaging: a tutorial," Advances in Optics and Photonics, 12, 

1237-1299, 2020. 

[21] R. Joshi, G. Krishnan, T. O’Connor, and B. Javidi, “Signal detection 

in turbid water using temporally encoded polarimetric integral 

imaging,” Optics Express, 28, 36033-36045, 2020. 

[22] B. Javidi, A. Carnicer, J. Arai, T. Fujii, H. Hua, H. Liao, M. 

Martínez-corral, F. Pla, A. Stern, L. Waller, Q. H. Wang, G. 

Wetzstein, M. Yamaguchi, and H. Yamamoto, “Roadmap on 3D 

integral imaging: sensing, processing, and display,” Optics Express, 

28, pp. 32266-32293, 2020. 

[23] K. Usmani, T. O’Connor, X. Shen, P. Marasco, A. Carnicer, D. Dey, 

and B. Javidi, "Three-dimensional polarimetric integral imaging in 

photon-starved conditions: performance comparison between visible 

and long wave infrared imaging," Optics Express 28, 19281-19294 

2020. 

[24] G. Krishnan, R. Joshi, T. O’Connor, F. Pla, and B. Javidi, “Human 

Gesture Recognition under Degraded Environments using 3D-

Integral Imaging and Deep Learning,” Optics Express, 28, 19711-

19725, 2020. 

[25] R. Joshi, T. O'Connor, X. Shen, M. Wardlaw, and B. Javidi, 

“Optical 4D signal detection in turbid water by multi-dimensional 

integral imaging using spatially distributed and temporally encoded 

multiple light sources,” Optics Express, 28, pp. 10477-10490, 2020. 

[26] A. Markman, T. O’Connor, H. Hotaka, S. Ohsuka, and B. Javidi, 

“Three-dimensional integral imaging in photon starved 

environments with high sensitivity image sensors,” Optics Express, 

27, 26355-26368, 2019. 

[27] X. Shen, A. Carnicer, and B. Javidi, “Three-dimensional 

polarimetric integral imaging under low illumination conditions,” 

Optics Letters, 44, pp. 3230-3233, 2019.  

[28] D. LeMaster, B. Karch, and B. Javidi, "Mid-Wave Infrared 3D 

Integral Imaging at Long Range," J. Display Technol. 9, 545-551, 

2013. 

[29] G. Lippmann, “Epreuves reversibles donnant la sensation du relief,” 

J. Phys. 7, 821–825, 1908. 

[30] R. Joshi, J. Lee, and B. Javidi, "High-speed 3D integral imaging for  

sensing and visualization of dynamic underwater events," Optics 

Continuum 3, 1498-1508, 2024. 

[31] G. Aschenbrenner, K. Usmani, S. Goswami, B. Javidi, “Lensless 

object classification in long wave infrared using double random 

phase encoding”, Optical Engineering 63, 111809, 2024. 

[32] S. Goswami, G. Krishnan, and B. Javidi, “Robustness of lensless 

single random phase encoding imaging in presence of camera 

noise,” Optics Express 32, 4916-4930, 2024. 

[33] S. Goswami, P. Wani, G. Gupta, and B. Javidi, "Assessment of 

lateral resolution of single random phase encoded lensless imaging  

systems," Opt. Express 31, 11213-11226, 2023. 

[34] S. Goswami, G. Krishnan, and B. Javidi, "Robustness of lensless 

single random phase encoding systems to image sensor pixel size," 

Optics Express 33, 6987-7004, 2025. 

[35] B. Javidi, “Multi-Dimensional Optical Sensing and Imaging in 

Degraded Environment,” 2025 Optica Imaging Congress, 18 – 21 

August 2025, Seattle, Washington. 

 



    

 
Name of the PRESENTER Bahram Javidi 
What is the preferred PRESENTATION 

TYPE?  

(Oral / Poster / Oral and Poster available) 

Oral 

Is the presenter a STUDENT? (Yes / No) No 
Will the presenter apply for the STUDENT 

POSTER AWARD, provided he or she is a 

student? (Yes / No) 

N/A 

 

 


