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~     Scattering strength



Scattering exists in wave imaging

Hilarious Scattering

His brother?



Reconstruct image by inverting scattering

• Microwave imaging

• Ultrasound refraction tomography

• Optical diffraction tomography [T. Kim et al., 2014] 
• …

T. Kim et al. Nature Photonics 8, 256–263 (2014)

Zebra fish dynamics



• Lippmann-Schwinger equation [Lippmann & Schwinger, 1950]  
• Optimization formulation

• ISTA/FISTA/ADMM

• Effective in practice

Inverting scattering as inverse problem

Lippmann, B. A.; Schwinger, J. (1950). Phys. Rev. Lett. 79: 469.
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data-fidelity regularizer

H(f) = Sdiag(u(f))f
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linear ~ single scattering 

nonlinear ~ multiple scattering

u(f) = uin
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u(f) 6= uin
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• Lippmann-Schwinger equation

• Optimization formulation

• ISTA/FISTA/ADMM 
• Effective in practice

Inverting scattering as inverse problem

where
<latexit sha1_base64="J5ZRSD8QUVTc8N2wU8I7RDnNafE=">AAACFHicbVC7TsMwFHXKq4RXgZElokJiQFXSBcYKFsYi0YfURJXj3LRWbSeyHVAV5RvYEPwLG2Jl51eYcNsM0HIky0fn3Gvfe8KUUaVd98uqrK1vbG5Vt+2d3b39g9rhUVclmSTQIQlLZD/EChgV0NFUM+inEjAPGfTCyc3M7z2AVDQR93qaQsDxSNCYEqyN1Hkcg4Rhre423DmcVeKVpI5KtIe1bz9KSMZBaMKwUgPPTXWQY6kpYVDYfqYgxWSCRzAwVGAOKsjnwxbOmVEiJ06kOUI7c/V3R465UlMemkqO9VgtezPxP2+Q6fgqyKlIMw2CLD6KM+boxJlt7kRUAtFsaggmkppZHTLGEhNt8rFtP4LYx3LEqcj92etJurglN5uN/AtjFEVhwvKWo1kl3WbDM/yuWW9dl7FV0Qk6RefIQ5eohW5RG3UQQRQ9oRf0aj1bb9a79bEorVhlzzH6A+vzByLEn9w=</latexit><latexit sha1_base64="J5ZRSD8QUVTc8N2wU8I7RDnNafE=">AAACFHicbVC7TsMwFHXKq4RXgZElokJiQFXSBcYKFsYi0YfURJXj3LRWbSeyHVAV5RvYEPwLG2Jl51eYcNsM0HIky0fn3Gvfe8KUUaVd98uqrK1vbG5Vt+2d3b39g9rhUVclmSTQIQlLZD/EChgV0NFUM+inEjAPGfTCyc3M7z2AVDQR93qaQsDxSNCYEqyN1Hkcg4Rhre423DmcVeKVpI5KtIe1bz9KSMZBaMKwUgPPTXWQY6kpYVDYfqYgxWSCRzAwVGAOKsjnwxbOmVEiJ06kOUI7c/V3R465UlMemkqO9VgtezPxP2+Q6fgqyKlIMw2CLD6KM+boxJlt7kRUAtFsaggmkppZHTLGEhNt8rFtP4LYx3LEqcj92etJurglN5uN/AtjFEVhwvKWo1kl3WbDM/yuWW9dl7FV0Qk6RefIQ5eohW5RG3UQQRQ9oRf0aj1bb9a79bEorVhlzzH6A+vzByLEn9w=</latexit><latexit sha1_base64="J5ZRSD8QUVTc8N2wU8I7RDnNafE=">AAACFHicbVC7TsMwFHXKq4RXgZElokJiQFXSBcYKFsYi0YfURJXj3LRWbSeyHVAV5RvYEPwLG2Jl51eYcNsM0HIky0fn3Gvfe8KUUaVd98uqrK1vbG5Vt+2d3b39g9rhUVclmSTQIQlLZD/EChgV0NFUM+inEjAPGfTCyc3M7z2AVDQR93qaQsDxSNCYEqyN1Hkcg4Rhre423DmcVeKVpI5KtIe1bz9KSMZBaMKwUgPPTXWQY6kpYVDYfqYgxWSCRzAwVGAOKsjnwxbOmVEiJ06kOUI7c/V3R465UlMemkqO9VgtezPxP2+Q6fgqyKlIMw2CLD6KM+boxJlt7kRUAtFsaggmkppZHTLGEhNt8rFtP4LYx3LEqcj92etJurglN5uN/AtjFEVhwvKWo1kl3WbDM/yuWW9dl7FV0Qk6RefIQ5eohW5RG3UQQRQ9oRf0aj1bb9a79bEorVhlzzH6A+vzByLEn9w=</latexit><latexit sha1_base64="J5ZRSD8QUVTc8N2wU8I7RDnNafE=">AAACFHicbVC7TsMwFHXKq4RXgZElokJiQFXSBcYKFsYi0YfURJXj3LRWbSeyHVAV5RvYEPwLG2Jl51eYcNsM0HIky0fn3Gvfe8KUUaVd98uqrK1vbG5Vt+2d3b39g9rhUVclmSTQIQlLZD/EChgV0NFUM+inEjAPGfTCyc3M7z2AVDQR93qaQsDxSNCYEqyN1Hkcg4Rhre423DmcVeKVpI5KtIe1bz9KSMZBaMKwUgPPTXWQY6kpYVDYfqYgxWSCRzAwVGAOKsjnwxbOmVEiJ06kOUI7c/V3R465UlMemkqO9VgtezPxP2+Q6fgqyKlIMw2CLD6KM+boxJlt7kRUAtFsaggmkppZHTLGEhNt8rFtP4LYx3LEqcj92etJurglN5uN/AtjFEVhwvKWo1kl3WbDM/yuWW9dl7FV0Qk6RefIQ5eohW5RG3UQQRQ9oRf0aj1bb9a79bEorVhlzzH6A+vzByLEn9w=</latexit>

data-fidelity regularizer

H(f) = Sdiag(u(f))f
<latexit sha1_base64="loNVOKAIG/a0PicJi3j4qFaUnZ8=">AAACOnicbVDLSgMxFM34rPVVdekmWIR2U2ZE0I1QdNNlRfuAdiiZNNOGZh4kd8QyzG+58i9cCa4EBXHrB5i2U1pbDwTOPfdccu9xQsEVmOarsbK6tr6xmdnKbu/s7u3nDg7rKogkZTUaiEA2HaKY4D6rAQfBmqFkxHMEaziDm1G/8cCk4oF/D8OQ2R7p+dzllICWOrlq2yPQd9y4khSm1E2K+ApPq7ukDewR4i4nvZknmncnxVnRyeXNkjkGXiZWSvIoRbWTe2l3Axp5zAcqiFItywzBjokETgVLsu1IsZDQAemxlqY+8Ziy4/HlCT7VShe7gdTPBzxW5ydi4ik19BztHG2oFnsj8b9eKwL30o65H0bAfDr5yI0EhgCPYsRdLhkFMdSEUMn1rpj2iSQUdNjZrE7BWrx5mdTPSpbmt+f58nWaRwYdoxNUQBa6QGVUQVVUQxQ9oTf0gT6NZ+Pd+DK+J9YVI505Qn9g/PwCjLKu3w==</latexit><latexit sha1_base64="loNVOKAIG/a0PicJi3j4qFaUnZ8=">AAACOnicbVDLSgMxFM34rPVVdekmWIR2U2ZE0I1QdNNlRfuAdiiZNNOGZh4kd8QyzG+58i9cCa4EBXHrB5i2U1pbDwTOPfdccu9xQsEVmOarsbK6tr6xmdnKbu/s7u3nDg7rKogkZTUaiEA2HaKY4D6rAQfBmqFkxHMEaziDm1G/8cCk4oF/D8OQ2R7p+dzllICWOrlq2yPQd9y4khSm1E2K+ApPq7ukDewR4i4nvZknmncnxVnRyeXNkjkGXiZWSvIoRbWTe2l3Axp5zAcqiFItywzBjokETgVLsu1IsZDQAemxlqY+8Ziy4/HlCT7VShe7gdTPBzxW5ydi4ik19BztHG2oFnsj8b9eKwL30o65H0bAfDr5yI0EhgCPYsRdLhkFMdSEUMn1rpj2iSQUdNjZrE7BWrx5mdTPSpbmt+f58nWaRwYdoxNUQBa6QGVUQVVUQxQ9oTf0gT6NZ+Pd+DK+J9YVI505Qn9g/PwCjLKu3w==</latexit><latexit sha1_base64="loNVOKAIG/a0PicJi3j4qFaUnZ8=">AAACOnicbVDLSgMxFM34rPVVdekmWIR2U2ZE0I1QdNNlRfuAdiiZNNOGZh4kd8QyzG+58i9cCa4EBXHrB5i2U1pbDwTOPfdccu9xQsEVmOarsbK6tr6xmdnKbu/s7u3nDg7rKogkZTUaiEA2HaKY4D6rAQfBmqFkxHMEaziDm1G/8cCk4oF/D8OQ2R7p+dzllICWOrlq2yPQd9y4khSm1E2K+ApPq7ukDewR4i4nvZknmncnxVnRyeXNkjkGXiZWSvIoRbWTe2l3Axp5zAcqiFItywzBjokETgVLsu1IsZDQAemxlqY+8Ziy4/HlCT7VShe7gdTPBzxW5ydi4ik19BztHG2oFnsj8b9eKwL30o65H0bAfDr5yI0EhgCPYsRdLhkFMdSEUMn1rpj2iSQUdNjZrE7BWrx5mdTPSpbmt+f58nWaRwYdoxNUQBa6QGVUQVVUQxQ9oTf0gT6NZ+Pd+DK+J9YVI505Qn9g/PwCjLKu3w==</latexit><latexit sha1_base64="loNVOKAIG/a0PicJi3j4qFaUnZ8=">AAACOnicbVDLSgMxFM34rPVVdekmWIR2U2ZE0I1QdNNlRfuAdiiZNNOGZh4kd8QyzG+58i9cCa4EBXHrB5i2U1pbDwTOPfdccu9xQsEVmOarsbK6tr6xmdnKbu/s7u3nDg7rKogkZTUaiEA2HaKY4D6rAQfBmqFkxHMEaziDm1G/8cCk4oF/D8OQ2R7p+dzllICWOrlq2yPQd9y4khSm1E2K+ApPq7ukDewR4i4nvZknmncnxVnRyeXNkjkGXiZWSvIoRbWTe2l3Axp5zAcqiFItywzBjokETgVLsu1IsZDQAemxlqY+8Ziy4/HlCT7VShe7gdTPBzxW5ydi4ik19BztHG2oFnsj8b9eKwL30o65H0bAfDr5yI0EhgCPYsRdLhkFMdSEUMn1rpj2iSQUdNjZrE7BWrx5mdTPSpbmt+f58nWaRwYdoxNUQBa6QGVUQVVUQxQ9oTf0gT6NZ+Pd+DK+J9YVI505Qn9g/PwCjLKu3w==</latexit>

linear ~ single scattering 

nonlinear ~ multiple scattering

u(f) = uin
<latexit sha1_base64="ORtyOIaRHVJPZth5390hJ9A7X2M=">AAACGXicbZDLSsNAFIYn9VbrrerSzWAR6qYmIuhGKLpxWcFeoClhMp20QyeTMHMilpDHcOWjuBIUxG1Xvo3Ti6itBwY+/v8c5pzfjwXXYNufVm5peWV1Lb9e2Njc2t4p7u41dJQoyuo0EpFq+UQzwSWrAwfBWrFiJPQFa/qD67HfvGdK80jewTBmnZD0JA84JWAkr3jihgT6fpAmWfkbg+wYX+Ifw0tdYA+QcpllXrFkV+xJ4UVwZlBCs6p5xZHbjWgSMglUEK3bjh1DJyUKOBUsK7iJZjGhA9JjbYOShEx30slhGT4yShcHkTJPAp6ovydSEmo9DH3TOd5Wz3tj8T+vnUBw0TEHxQkwSacfBYnAEOFxSrjLFaMghgYIVdzsimmfKELBZFkomBSc+ZsXoXFacQzfnpWqV7M88ugAHaIyctA5qqIbVEN1RNEjekav6M16sl6sd+tj2pqzZjP76E9Zoy/tKaFI</latexit><latexit sha1_base64="ORtyOIaRHVJPZth5390hJ9A7X2M=">AAACGXicbZDLSsNAFIYn9VbrrerSzWAR6qYmIuhGKLpxWcFeoClhMp20QyeTMHMilpDHcOWjuBIUxG1Xvo3Ti6itBwY+/v8c5pzfjwXXYNufVm5peWV1Lb9e2Njc2t4p7u41dJQoyuo0EpFq+UQzwSWrAwfBWrFiJPQFa/qD67HfvGdK80jewTBmnZD0JA84JWAkr3jihgT6fpAmWfkbg+wYX+Ifw0tdYA+QcpllXrFkV+xJ4UVwZlBCs6p5xZHbjWgSMglUEK3bjh1DJyUKOBUsK7iJZjGhA9JjbYOShEx30slhGT4yShcHkTJPAp6ovydSEmo9DH3TOd5Wz3tj8T+vnUBw0TEHxQkwSacfBYnAEOFxSrjLFaMghgYIVdzsimmfKELBZFkomBSc+ZsXoXFacQzfnpWqV7M88ugAHaIyctA5qqIbVEN1RNEjekav6M16sl6sd+tj2pqzZjP76E9Zoy/tKaFI</latexit><latexit sha1_base64="ORtyOIaRHVJPZth5390hJ9A7X2M=">AAACGXicbZDLSsNAFIYn9VbrrerSzWAR6qYmIuhGKLpxWcFeoClhMp20QyeTMHMilpDHcOWjuBIUxG1Xvo3Ti6itBwY+/v8c5pzfjwXXYNufVm5peWV1Lb9e2Njc2t4p7u41dJQoyuo0EpFq+UQzwSWrAwfBWrFiJPQFa/qD67HfvGdK80jewTBmnZD0JA84JWAkr3jihgT6fpAmWfkbg+wYX+Ifw0tdYA+QcpllXrFkV+xJ4UVwZlBCs6p5xZHbjWgSMglUEK3bjh1DJyUKOBUsK7iJZjGhA9JjbYOShEx30slhGT4yShcHkTJPAp6ovydSEmo9DH3TOd5Wz3tj8T+vnUBw0TEHxQkwSacfBYnAEOFxSrjLFaMghgYIVdzsimmfKELBZFkomBSc+ZsXoXFacQzfnpWqV7M88ugAHaIyctA5qqIbVEN1RNEjekav6M16sl6sd+tj2pqzZjP76E9Zoy/tKaFI</latexit><latexit sha1_base64="ORtyOIaRHVJPZth5390hJ9A7X2M=">AAACGXicbZDLSsNAFIYn9VbrrerSzWAR6qYmIuhGKLpxWcFeoClhMp20QyeTMHMilpDHcOWjuBIUxG1Xvo3Ti6itBwY+/v8c5pzfjwXXYNufVm5peWV1Lb9e2Njc2t4p7u41dJQoyuo0EpFq+UQzwSWrAwfBWrFiJPQFa/qD67HfvGdK80jewTBmnZD0JA84JWAkr3jihgT6fpAmWfkbg+wYX+Ifw0tdYA+QcpllXrFkV+xJ4UVwZlBCs6p5xZHbjWgSMglUEK3bjh1DJyUKOBUsK7iJZjGhA9JjbYOShEx30slhGT4yShcHkTJPAp6ovydSEmo9DH3TOd5Wz3tj8T+vnUBw0TEHxQkwSacfBYnAEOFxSrjLFaMghgYIVdzsimmfKELBZFkomBSc+ZsXoXFacQzfnpWqV7M88ugAHaIyctA5qqIbVEN1RNEjekav6M16sl6sd+tj2pqzZjP76E9Zoy/tKaFI</latexit>

u(f) 6= uin
<latexit sha1_base64="1pzNZwSOiJ1TO3CnTqbMB48/R5U=">AAACHHicbZBNSwMxEIaz9bt+VT16CRahXspuEfQoevFYwVahW0o2nW1Ds9k1mRXLsv/Dkz/Fk6AgngTBf2NaK2p1IPDwvjNk5g0SKQy67rtTmJmdm19YXCour6yurZc2NpsmTjWHBo9lrC8DZkAKBQ0UKOEy0cCiQMJFMDgZ+RfXoI2I1TkOE2hHrKdEKDhDK3VKNT9i2A/CLM0rXxjme9RXcEW/vU7mI9xgJlSed0plt+qOi/4FbwJlMql6p/Tqd2OeRqCQS2ZMy3MTbGdMo+AS8qKfGkgYH7AetCwqFoFpZ+PbcrprlS4NY22fQjpWf05kLDJmGAW2c7StmfZG4n9eK8XwsG0PSlIExT8/ClNJMaajoGhXaOAohxYY18LuSnmfacbRxlks2hS86Zv/QrNW9Syf7ZePjid5LJJtskMqxCMH5IickjppEE5uyT15JE/OnfPgPDsvn60FZzKzRX6V8/YBta2iyQ==</latexit><latexit sha1_base64="1pzNZwSOiJ1TO3CnTqbMB48/R5U=">AAACHHicbZBNSwMxEIaz9bt+VT16CRahXspuEfQoevFYwVahW0o2nW1Ds9k1mRXLsv/Dkz/Fk6AgngTBf2NaK2p1IPDwvjNk5g0SKQy67rtTmJmdm19YXCour6yurZc2NpsmTjWHBo9lrC8DZkAKBQ0UKOEy0cCiQMJFMDgZ+RfXoI2I1TkOE2hHrKdEKDhDK3VKNT9i2A/CLM0rXxjme9RXcEW/vU7mI9xgJlSed0plt+qOi/4FbwJlMql6p/Tqd2OeRqCQS2ZMy3MTbGdMo+AS8qKfGkgYH7AetCwqFoFpZ+PbcrprlS4NY22fQjpWf05kLDJmGAW2c7StmfZG4n9eK8XwsG0PSlIExT8/ClNJMaajoGhXaOAohxYY18LuSnmfacbRxlks2hS86Zv/QrNW9Syf7ZePjid5LJJtskMqxCMH5IickjppEE5uyT15JE/OnfPgPDsvn60FZzKzRX6V8/YBta2iyQ==</latexit><latexit sha1_base64="1pzNZwSOiJ1TO3CnTqbMB48/R5U=">AAACHHicbZBNSwMxEIaz9bt+VT16CRahXspuEfQoevFYwVahW0o2nW1Ds9k1mRXLsv/Dkz/Fk6AgngTBf2NaK2p1IPDwvjNk5g0SKQy67rtTmJmdm19YXCour6yurZc2NpsmTjWHBo9lrC8DZkAKBQ0UKOEy0cCiQMJFMDgZ+RfXoI2I1TkOE2hHrKdEKDhDK3VKNT9i2A/CLM0rXxjme9RXcEW/vU7mI9xgJlSed0plt+qOi/4FbwJlMql6p/Tqd2OeRqCQS2ZMy3MTbGdMo+AS8qKfGkgYH7AetCwqFoFpZ+PbcrprlS4NY22fQjpWf05kLDJmGAW2c7StmfZG4n9eK8XwsG0PSlIExT8/ClNJMaajoGhXaOAohxYY18LuSnmfacbRxlks2hS86Zv/QrNW9Syf7ZePjid5LJJtskMqxCMH5IickjppEE5uyT15JE/OnfPgPDsvn60FZzKzRX6V8/YBta2iyQ==</latexit><latexit sha1_base64="1pzNZwSOiJ1TO3CnTqbMB48/R5U=">AAACHHicbZBNSwMxEIaz9bt+VT16CRahXspuEfQoevFYwVahW0o2nW1Ds9k1mRXLsv/Dkz/Fk6AgngTBf2NaK2p1IPDwvjNk5g0SKQy67rtTmJmdm19YXCour6yurZc2NpsmTjWHBo9lrC8DZkAKBQ0UKOEy0cCiQMJFMDgZ+RfXoI2I1TkOE2hHrKdEKDhDK3VKNT9i2A/CLM0rXxjme9RXcEW/vU7mI9xgJlSed0plt+qOi/4FbwJlMql6p/Tqd2OeRqCQS2ZMy3MTbGdMo+AS8qKfGkgYH7AetCwqFoFpZ+PbcrprlS4NY22fQjpWf05kLDJmGAW2c7StmfZG4n9eK8XwsG0PSlIExT8/ClNJMaajoGhXaOAohxYY18LuSnmfacbRxlks2hS86Zv/QrNW9Syf7ZePjid5LJJtskMqxCMH5IickjppEE5uyT15JE/OnfPgPDsvn60FZzKzRX6V8/YBta2iyQ==</latexit>



Results obtained by linear/nonlinear FISTA-TV

Ma, et al., Proc. IEEE Int. Conf. Acoustics, Speech and Signal Process. (ICASSP 2018) (Calgary, Canada, March 15-20), pp. 6473-6477.

Scattering Levels

• Effective in practice

Nonlinear

Linear

NonLinear



• Slow reconstruction  
• ~ hours for 1 example


• Artifacts / inaccurate 
• strong noise

But, optimization-based methods have drawbacks

u
<latexit sha1_base64="6Nu171EKi3qhNUHb7a07Z4gfdqk=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhls4G1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou5Zfn9Za9wUdZThBE7hHDy4ggbcQRNawEDBM7zCm2OcF+fd+ViMlpxi5xj+wPn8AfiskRk=</latexit><latexit sha1_base64="6Nu171EKi3qhNUHb7a07Z4gfdqk=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhls4G1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou5Zfn9Za9wUdZThBE7hHDy4ggbcQRNawEDBM7zCm2OcF+fd+ViMlpxi5xj+wPn8AfiskRk=</latexit><latexit sha1_base64="6Nu171EKi3qhNUHb7a07Z4gfdqk=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhls4G1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou5Zfn9Za9wUdZThBE7hHDy4ggbcQRNawEDBM7zCm2OcF+fd+ViMlpxi5xj+wPn8AfiskRk=</latexit><latexit sha1_base64="6Nu171EKi3qhNUHb7a07Z4gfdqk=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhls4G1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou5Zfn9Za9wUdZThBE7hHDy4ggbcQRNawEDBM7zCm2OcF+fd+ViMlpxi5xj+wPn8AfiskRk=</latexit>
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H. Liu, et al., IEEE Transactions on Computational Imaging, vol. 4, no. 1, pp. 73-86, March 2018.



But, optimization-based methods have drawbacks
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• ~ hours for 1 example


• Artifacts / inaccurate 
• strong noise



Can we do faster and more accurate simultaneously ?

Deep Learning !



Why we consider deep learning ?

• Multiple scattering = repeated convolutions 
• Inverting scattering = repeated deconvolution

Kamilov, et al., Optica vol. 2, no. 6, pp. 517–522, June 2015 (Nature News)



Why we consider deep learning ?

• Multiple scattering = repeated convolutions 
• Inverting scattering = repeated deconvolution


• Naturally fit to image 
• Denoising / impainting / deblurring

Ulyanov, et al., CVPR 2018



Why we consider deep learning ?

• Multiple scattering = repeated convolutions 
• Inverting scattering = repeated deconvolution


• Naturally fit to image 
• Denoising / impainting / deblurring


• Fast prediction 
• Single forward propagation

Ulyanov, et al., CVPR 2018



The framework of Scattering decoder (ScaDec)

diag(u⇤
in)H

H
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Yu Sun, et al., Opt. Express 26, 14678-14688 (2018)
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skip connection + concatenation2 x 2 up-conv. + BN + ReLU 3 x 3 conv. + BN + ReLU2 x 2 max pooling 1 x 1 conv.

• U-Net [Ronneberger et al., 2015] 
• Cited by 3314

We design the decoder based on U-Net

Ronneberger, et al., Medical Image Computing and Computer-Assisted Intervention (MICCAI) 9351, 234–241 (2015)
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• Multi-resolution decomposition 
• Increasing effective receptive field

We design the decoder based on U-Net

Ronneberger, et al., Medical Image Computing and Computer-Assisted Intervention (MICCAI) 9351, 234–241 (2015)



128 × 128 x 64 64 × 64 × 128 32 × 32 × 256 16 × 16 × 512 16 × 16 × 512 32 × 32 × 2568 × 8 × 1024 64 × 64 × 128 128 × 128 × 64

skip connection + concatenation2 x 2 up-conv. + BN + ReLU 3 x 3 conv. + BN + ReLU2 x 2 max pooling 1 x 1 conv.

• U-Net [Ronneberger et al., 2015] 
• Cited by 3314


• Multi-resolution decomposition 
• Increasing effective receptive field


• Local-global composition 
• Local details + global features

We design the decoder based on U-Net

Ronneberger, et al., Medical Image Computing and Computer-Assisted Intervention (MICCAI) 9351, 234–241 (2015)



We firstly validate ScaDec on simulated datasets

Simulated data 
• Piece-wise smooth & Human faces (CelebA)

• Use high fidelity model to simulate measurements

• Add noise with Input SNR = 20 dB 

• Training: 1500 / Test: 24 (randomly selected)
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Yu Sun, et al., Opt. Express 26, 14678-14688 (2018)



Visual comparison on Piece-wise smooth and Faces
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ScaDec is also competitive in terms of average SNR

Yu Sun, et al., Opt. Express 26, 14678-14688 (2018)



Experimental data 
• Plastic & foam (J.M. Geffrin, et al. 2005) 
• Microwave / Very Noisy 
• Use 6500 synthesized data to train

• Strong prior

Validation on experimental microwave dataset

Jean-Michel Geffrin et al 2005 Inverse Problems 21 S117 
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Experimental data 
• Microwave data (J.M. Geffrin, et al. 2005)

• Very Noise

• Use 6500 synthesized data to train 
• Strong prior

2.3

0

Synthesized examples

Examples of synthesized data for training ScaDec

Yu Sun, et al., Opt. Express 26, 14678-14688 (2018)



ScaDec successfully reconstructs the image from real 
data

Yu Sun, et al., Opt. Express 26, 14678-14688 (2018)
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Yu Sun, et al., Opt. Express 26, 14678-14688 (2018)

We test the stability of ScaDec with respect to 
noise and refractive index

Not enough, is the model robust ? 
• Learning-based

• Input noise 
• Refractive index



ScaDec degrades as noise level increases
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k
<latexit sha1_base64="XKM9fAAaRsEEf6pVa3KrH1szVeo=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJJBkzM7vM9AphCf6CV717E69+i1e/xEmyB00saCiquqmmokQKi77/5a2srq1vbBa2its7u3v7pYPDho1Tw3idxTI2rYhaLoXmdRQoeSsxnKpI8mY0upn6zUdurIj1PY4THio60KIvGEUnNTqRykaTbqnsV/wZyDIJclKGHLVu6bvTi1mquEYmqbXtwE8wzKhBwSSfFDup5QllIzrgbUc1VdyG2ezbCTl1So/0Y+NGI5mpvy8yqqwdq8htKopDu+hNxX+9SC0kY/8qzIROUuSazYP7qSQYk2kVpCcMZyjHjlBmhPudsCE1lKErrOhKCRYrWCaN80rgV4K7i3L1Oq+nAMdwAmcQwCVU4RZqUAcGD/AML/DqPXlv3rv3MV9d8fKbI/gD7/MHKDiV6g==</latexit><latexit sha1_base64="XKM9fAAaRsEEf6pVa3KrH1szVeo=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJJBkzM7vM9AphCf6CV717E69+i1e/xEmyB00saCiquqmmokQKi77/5a2srq1vbBa2its7u3v7pYPDho1Tw3idxTI2rYhaLoXmdRQoeSsxnKpI8mY0upn6zUdurIj1PY4THio60KIvGEUnNTqRykaTbqnsV/wZyDIJclKGHLVu6bvTi1mquEYmqbXtwE8wzKhBwSSfFDup5QllIzrgbUc1VdyG2ezbCTl1So/0Y+NGI5mpvy8yqqwdq8htKopDu+hNxX+9SC0kY/8qzIROUuSazYP7qSQYk2kVpCcMZyjHjlBmhPudsCE1lKErrOhKCRYrWCaN80rgV4K7i3L1Oq+nAMdwAmcQwCVU4RZqUAcGD/AML/DqPXlv3rv3MV9d8fKbI/gD7/MHKDiV6g==</latexit><latexit sha1_base64="XKM9fAAaRsEEf6pVa3KrH1szVeo=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJJBkzM7vM9AphCf6CV717E69+i1e/xEmyB00saCiquqmmokQKi77/5a2srq1vbBa2its7u3v7pYPDho1Tw3idxTI2rYhaLoXmdRQoeSsxnKpI8mY0upn6zUdurIj1PY4THio60KIvGEUnNTqRykaTbqnsV/wZyDIJclKGHLVu6bvTi1mquEYmqbXtwE8wzKhBwSSfFDup5QllIzrgbUc1VdyG2ezbCTl1So/0Y+NGI5mpvy8yqqwdq8htKopDu+hNxX+9SC0kY/8qzIROUuSazYP7qSQYk2kVpCcMZyjHjlBmhPudsCE1lKErrOhKCRYrWCaN80rgV4K7i3L1Oq+nAMdwAmcQwCVU4RZqUAcGD/AML/DqPXlv3rv3MV9d8fKbI/gD7/MHKDiV6g==</latexit><latexit sha1_base64="XKM9fAAaRsEEf6pVa3KrH1szVeo=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJJBkzM7vM9AphCf6CV717E69+i1e/xEmyB00saCiquqmmokQKi77/5a2srq1vbBa2its7u3v7pYPDho1Tw3idxTI2rYhaLoXmdRQoeSsxnKpI8mY0upn6zUdurIj1PY4THio60KIvGEUnNTqRykaTbqnsV/wZyDIJclKGHLVu6bvTi1mquEYmqbXtwE8wzKhBwSSfFDup5QllIzrgbUc1VdyG2ezbCTl1So/0Y+NGI5mpvy8yqqwdq8htKopDu+hNxX+9SC0kY/8qzIROUuSazYP7qSQYk2kVpCcMZyjHjlBmhPudsCE1lKErrOhKCRYrWCaN80rgV4K7i3L1Oq+nAMdwAmcQwCVU4RZqUAcGD/AML/DqPXlv3rv3MV9d8fKbI/gD7/MHKDiV6g==</latexit>

fmax
<latexit sha1_base64="ZpvXNBkAVwpQXcxKKtfS3U5HS9Q=">AAACEHicbVDLSsNAFJ34rPVVdeHCzWARXJVEBF0W3bisYB/QhDCZTtqhM5MwcyMtIT/hL7jVvTtx6x+49UucPhbaeuDC4Zx7ufeeKBXcgOt+OSura+sbm6Wt8vbO7t5+5eCwZZJMU9akiUh0JyKGCa5YEzgI1kk1IzISrB0Nbyd++5FpwxP1AOOUBZL0FY85JWClsHLsRzKPi9AHNoLcB67GWJJREVaqbs2dAi8Tb06qaI5GWPn2ewnNJFNABTGm67kpBDnRwKlgRdnPDEsJHZI+61qqiGQmyKcPFPjMKj0cJ9qWAjxVf0/kRBozlpHtlAQGZtGbiP96kVzYDPF1kHOVZsAUnS2OM4EhwZN0cI9rRkGMLSFUc3s7pgOiCQWbYdmG4i1GsExaFzXPrXn3l9X6zTyeEjpBp+gceegK1dEdaqAmoqhAz+gFvTpPzpvz7nzMWlec+cwR+gPn8wd9gZ2+</latexit><latexit sha1_base64="ZpvXNBkAVwpQXcxKKtfS3U5HS9Q=">AAACEHicbVDLSsNAFJ34rPVVdeHCzWARXJVEBF0W3bisYB/QhDCZTtqhM5MwcyMtIT/hL7jVvTtx6x+49UucPhbaeuDC4Zx7ufeeKBXcgOt+OSura+sbm6Wt8vbO7t5+5eCwZZJMU9akiUh0JyKGCa5YEzgI1kk1IzISrB0Nbyd++5FpwxP1AOOUBZL0FY85JWClsHLsRzKPi9AHNoLcB67GWJJREVaqbs2dAi8Tb06qaI5GWPn2ewnNJFNABTGm67kpBDnRwKlgRdnPDEsJHZI+61qqiGQmyKcPFPjMKj0cJ9qWAjxVf0/kRBozlpHtlAQGZtGbiP96kVzYDPF1kHOVZsAUnS2OM4EhwZN0cI9rRkGMLSFUc3s7pgOiCQWbYdmG4i1GsExaFzXPrXn3l9X6zTyeEjpBp+gceegK1dEdaqAmoqhAz+gFvTpPzpvz7nzMWlec+cwR+gPn8wd9gZ2+</latexit><latexit sha1_base64="ZpvXNBkAVwpQXcxKKtfS3U5HS9Q=">AAACEHicbVDLSsNAFJ34rPVVdeHCzWARXJVEBF0W3bisYB/QhDCZTtqhM5MwcyMtIT/hL7jVvTtx6x+49UucPhbaeuDC4Zx7ufeeKBXcgOt+OSura+sbm6Wt8vbO7t5+5eCwZZJMU9akiUh0JyKGCa5YEzgI1kk1IzISrB0Nbyd++5FpwxP1AOOUBZL0FY85JWClsHLsRzKPi9AHNoLcB67GWJJREVaqbs2dAi8Tb06qaI5GWPn2ewnNJFNABTGm67kpBDnRwKlgRdnPDEsJHZI+61qqiGQmyKcPFPjMKj0cJ9qWAjxVf0/kRBozlpHtlAQGZtGbiP96kVzYDPF1kHOVZsAUnS2OM4EhwZN0cI9rRkGMLSFUc3s7pgOiCQWbYdmG4i1GsExaFzXPrXn3l9X6zTyeEjpBp+gceegK1dEdaqAmoqhAz+gFvTpPzpvz7nzMWlec+cwR+gPn8wd9gZ2+</latexit><latexit sha1_base64="ZpvXNBkAVwpQXcxKKtfS3U5HS9Q=">AAACEHicbVDLSsNAFJ34rPVVdeHCzWARXJVEBF0W3bisYB/QhDCZTtqhM5MwcyMtIT/hL7jVvTtx6x+49UucPhbaeuDC4Zx7ufeeKBXcgOt+OSura+sbm6Wt8vbO7t5+5eCwZZJMU9akiUh0JyKGCa5YEzgI1kk1IzISrB0Nbyd++5FpwxP1AOOUBZL0FY85JWClsHLsRzKPi9AHNoLcB67GWJJREVaqbs2dAi8Tb06qaI5GWPn2ewnNJFNABTGm67kpBDnRwKlgRdnPDEsJHZI+61qqiGQmyKcPFPjMKj0cJ9qWAjxVf0/kRBozlpHtlAQGZtGbiP96kVzYDPF1kHOVZsAUnS2OM4EhwZN0cI9rRkGMLSFUc3s7pgOiCQWbYdmG4i1GsExaFzXPrXn3l9X6zTyeEjpBp+gceegK1dEdaqAmoqhAz+gFvTpPzpvz7nzMWlec+cwR+gPn8wd9gZ2+</latexit>

(a) k = 40, s = 20
<latexit sha1_base64="1CBde1BqQsJe5irRHhcTsFgNIqo=">AAACF3icbZDLSgMxFIYz9VbrrepSkMEiVJCSKQXdFIpuXFawF2hLyaSZNjSZGZIzYhnGlS/hK7jVvTtx69KtT2LazkKrPwQ+/nMO5+R3Q8E1YPxpZZaWV1bXsuu5jc2t7Z387l5TB5GirEEDEai2SzQT3GcN4CBYO1SMSFewlju+nNZbt0xpHvg3MAlZT5Khzz1OCRirnz/sAruDuEhOkvuuK+NxUq3g0ynppFrG/XwBl/BM9l9wUiigVPV+/qs7CGgkmQ9UEK07Dg6hFxMFnAqW5LqRZiGhYzJkHYM+kUz34tk/EvvYOAPbC5R5Ptgz9+dETKTWE+maTklgpBdrU/PfmisXNoN33ou5H0bAfDpf7EXChsCehmQPuGIUxMQAoYqb2206IopQMFHmTCjOYgR/oVkuObjkXFcKtYs0niw6QEeoiBx0hmroCtVRA1H0gJ7QM3qxHq1X6816n7dmrHRmH/2S9fEN1GWfVg==</latexit><latexit sha1_base64="1CBde1BqQsJe5irRHhcTsFgNIqo=">AAACF3icbZDLSgMxFIYz9VbrrepSkMEiVJCSKQXdFIpuXFawF2hLyaSZNjSZGZIzYhnGlS/hK7jVvTtx69KtT2LazkKrPwQ+/nMO5+R3Q8E1YPxpZZaWV1bXsuu5jc2t7Z387l5TB5GirEEDEai2SzQT3GcN4CBYO1SMSFewlju+nNZbt0xpHvg3MAlZT5Khzz1OCRirnz/sAruDuEhOkvuuK+NxUq3g0ynppFrG/XwBl/BM9l9wUiigVPV+/qs7CGgkmQ9UEK07Dg6hFxMFnAqW5LqRZiGhYzJkHYM+kUz34tk/EvvYOAPbC5R5Ptgz9+dETKTWE+maTklgpBdrU/PfmisXNoN33ou5H0bAfDpf7EXChsCehmQPuGIUxMQAoYqb2206IopQMFHmTCjOYgR/oVkuObjkXFcKtYs0niw6QEeoiBx0hmroCtVRA1H0gJ7QM3qxHq1X6816n7dmrHRmH/2S9fEN1GWfVg==</latexit><latexit sha1_base64="1CBde1BqQsJe5irRHhcTsFgNIqo=">AAACF3icbZDLSgMxFIYz9VbrrepSkMEiVJCSKQXdFIpuXFawF2hLyaSZNjSZGZIzYhnGlS/hK7jVvTtx69KtT2LazkKrPwQ+/nMO5+R3Q8E1YPxpZZaWV1bXsuu5jc2t7Z387l5TB5GirEEDEai2SzQT3GcN4CBYO1SMSFewlju+nNZbt0xpHvg3MAlZT5Khzz1OCRirnz/sAruDuEhOkvuuK+NxUq3g0ynppFrG/XwBl/BM9l9wUiigVPV+/qs7CGgkmQ9UEK07Dg6hFxMFnAqW5LqRZiGhYzJkHYM+kUz34tk/EvvYOAPbC5R5Ptgz9+dETKTWE+maTklgpBdrU/PfmisXNoN33ou5H0bAfDpf7EXChsCehmQPuGIUxMQAoYqb2206IopQMFHmTCjOYgR/oVkuObjkXFcKtYs0niw6QEeoiBx0hmroCtVRA1H0gJ7QM3qxHq1X6816n7dmrHRmH/2S9fEN1GWfVg==</latexit><latexit sha1_base64="1CBde1BqQsJe5irRHhcTsFgNIqo=">AAACF3icbZDLSgMxFIYz9VbrrepSkMEiVJCSKQXdFIpuXFawF2hLyaSZNjSZGZIzYhnGlS/hK7jVvTtx69KtT2LazkKrPwQ+/nMO5+R3Q8E1YPxpZZaWV1bXsuu5jc2t7Z387l5TB5GirEEDEai2SzQT3GcN4CBYO1SMSFewlju+nNZbt0xpHvg3MAlZT5Khzz1OCRirnz/sAruDuEhOkvuuK+NxUq3g0ynppFrG/XwBl/BM9l9wUiigVPV+/qs7CGgkmQ9UEK07Dg6hFxMFnAqW5LqRZiGhYzJkHYM+kUz34tk/EvvYOAPbC5R5Ptgz9+dETKTWE+maTklgpBdrU/PfmisXNoN33ou5H0bAfDpf7EXChsCehmQPuGIUxMQAoYqb2206IopQMFHmTCjOYgR/oVkuObjkXFcKtYs0niw6QEeoiBx0hmroCtVRA1H0gJ7QM3qxHq1X6816n7dmrHRmH/2S9fEN1GWfVg==</latexit>

(c) k = 40,fmax = 1⇥ 10�1
<latexit sha1_base64="ioLvdCv5aqnyck4Lgrk/5UISnWc="></latexit><latexit sha1_base64="ioLvdCv5aqnyck4Lgrk/5UISnWc="></latexit><latexit sha1_base64="ioLvdCv5aqnyck4Lgrk/5UISnWc="></latexit><latexit sha1_base64="ioLvdCv5aqnyck4Lgrk/5UISnWc="></latexit>

(b) s = 20,fmax = 1⇥ 10�1
<latexit sha1_base64="Q4KqDVEvH9c5TgT22iiajcUukgI="></latexit><latexit sha1_base64="Q4KqDVEvH9c5TgT22iiajcUukgI="></latexit><latexit sha1_base64="Q4KqDVEvH9c5TgT22iiajcUukgI="></latexit><latexit sha1_base64="Q4KqDVEvH9c5TgT22iiajcUukgI="></latexit>

Refractive Index

extreme

extreme

joint

joint

# 20 # 40 # 60 # 80

10 dB 25 dB20 dB15 dB 30 dB

1 × 10-11 × 10-21 × 10-31 × 10-4

individual

joint

17.51 dB 17.44 dB 17.52 dB 16.64 dB

17.87 dB 17.74 dB 18.31 dB 18.09 dB

15.99 dB 17.83 dB 18.45 dB 18.68 dB

15.78 dB 17.23 dB 17.79 dB 18.18 dB

15.17 dB 15.95 dB 16.76 dB 17.12 dB 17.45 dB

15.11 dB 15.86 dB 16.29 dB 16.62 dB 17.06 dB

Scat-Indiv

Scat-Joint

Trans-Joint

Trans-Extreme

Noise-Joint

Noise-Extreme

SN
R

 (d
B)

Δ = 1dB

ScaDec generalizes well by training jointly



Conclusion

• Inverting Scattering is important & difficult 

• ScaDec is shown to achieve fast and accurate 
reconstruction 

• ScaDec is stable with respect to noise and scattering 
strength 

• Code available here: https://github.com/sunyumark/
ScaDec-deep-learning-diffractive-tomography 

Hit & Follow us

https://github.com/sunyumark/ScaDec-deep-learning-diffractive-tomography
https://github.com/sunyumark/ScaDec-deep-learning-diffractive-tomography
https://github.com/sunyumark/ScaDec-deep-learning-diffractive-tomography
https://twitter.com/wustlcig

