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Parameters of model



Example evolution
<latexit sha1_base64="iYtcA4A73GBgq5tLGzKzWE5g/sc=">AAACF3icbVDJSgNBEO2JW4xb1KOXxhDwIGFGRb0E3A4eo5gYyAyhp1MxTXoWumvEMMxfePFXvHhQxKve/Bs7y8HtQcHjvSqq6vmxFBpt+9PKTU3PzM7l5wsLi0vLK8XVtYaOEsWhziMZqabPNEgRQh0FSmjGCljgS7j2+6dD//oWlBZReIWDGLyA3YSiKzhDI7WLFRfhDtPjy4xW6e42vWpH1bG079gUGtk2dc9AIqtSh7rldrFkV+wR6F/iTEiJTFBrFz/cTsSTAELkkmndcuwYvZQpFFxCVnATDTHjfXYDLUNDFoD20tFfGS0bpUO7kTIVIh2p3ydSFmg9CHzTGTDs6d/eUPzPayXYPfRSEcYJQsjHi7qJpBjRYUi0IxRwlANDGFfC3Ep5jynG0URZMCE4v1/+Sxo7FWe/4lzslY5OJnHkyQbZJFvEIQfkiJyTGqkTTu7JI3kmL9aD9WS9Wm/j1pw1mVknP2C9fwE+LZzQ</latexit>

AR = 3, To = 610 eV,� = 1%

https://youtu.be/GmIr3O5GLR0


Distribution description
• control parameters


✦ adiabat = preheat temperature = log10(T0) = [1.0, 2.8],   T0 = [10 eV, 630 eV]

✦ liner aspect ratio = R0/w = AR = [3, 9],   w = [800, 266] microns

✦ time = [0.0, 200.0] ns  (equally spaced by 2.5 ns from simulation)


• stochastic parameters

✦ magnitude of liner perturbation (fraction of thickness, w) = log10(Δ) = [-2, -1],   Δ = [1%, 10%]

✦ phase of m=2 liner perturbation = φ2 = [0, 2π]

✦ phase of m=3 liner perturbation = φ3 = [0, 2π]

✦ phase of m=4 liner perturbation = φ4 = [0, 2π]


• constant parameters

✦ liner radius = R0 = 2.4 mm

✦ initial axial magnetic field = Bz0 = 10 T

✦ initial D2 gas density = n0 = 1 mg/cc

✦ maximum axial current = Iz0 = 10 MA


• dependent field parameter

✦ liner density, nl(x, y; t) (resolution 10 microns)

✦ magnetic field, B(x, y; t)


• sampling (539 samples x 81 times x 2 outputs = 87,318 256x256 images = 200k core*hrs)

✦ 27 LHC samples in [log10(T0), AR, log10(Δ)] and uniform in [φ2, φ3, φ4]

✦ 512 uniform in [log10(T0), AR, log10(Δ), φ2, φ3, φ4]



MST of liner density ensemble
<latexit sha1_base64="iYtcA4A73GBgq5tLGzKzWE5g/sc=">AAACF3icbVDJSgNBEO2JW4xb1KOXxhDwIGFGRb0E3A4eo5gYyAyhp1MxTXoWumvEMMxfePFXvHhQxKve/Bs7y8HtQcHjvSqq6vmxFBpt+9PKTU3PzM7l5wsLi0vLK8XVtYaOEsWhziMZqabPNEgRQh0FSmjGCljgS7j2+6dD//oWlBZReIWDGLyA3YSiKzhDI7WLFRfhDtPjy4xW6e42vWpH1bG079gUGtk2dc9AIqtSh7rldrFkV+wR6F/iTEiJTFBrFz/cTsSTAELkkmndcuwYvZQpFFxCVnATDTHjfXYDLUNDFoD20tFfGS0bpUO7kTIVIh2p3ydSFmg9CHzTGTDs6d/eUPzPayXYPfRSEcYJQsjHi7qJpBjRYUi0IxRwlANDGFfC3Ep5jynG0URZMCE4v1/+Sxo7FWe/4lzslY5OJnHkyQbZJFvEIQfkiJyTGqkTTu7JI3kmL9aD9WS9Wm/j1pw1mVknP2C9fwE+LZzQ</latexit>

AR = 3, To = 610 eV,� = 1%
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AR = 6, To = 610 eV,� = 1%
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AR = 9, To = 610 eV,� = 1%

<latexit sha1_base64="0Obu3xaEmKDHdK8TYQL7l2exT6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgrGFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaWV1b3yhvVra2d3b3qvsHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDv1W09cG5GoBxynPIjpQIlIMIpW8pFcE7dXrbl1dwayTLyC1KBAs1f96vYTlsVcIZPUmI7nphjkVKNgkk8q3czwlLIRHfCOpYrG3AT57NgJObFKn0SJtqWQzNTfEzmNjRnHoe2MKQ7NojcV//M6GUZXQS5UmiFXbL4oyiTBhEw/J32hOUM5toQyLeythA2ppgxtPhUbgrf48jJ5PKt7F3Xv/rzWuCniKMMRHMMpeHAJDbiDJvjAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBftmN0w==</latexit>

t = 0

M=N=512 
J=9 

L=16

<latexit sha1_base64="hm9HVH2UWDzaGLqtrtayhkLpG7g=">AAACCXicbVDLSgMxFM3UV62vUZdugkUQhDJT6mMjFN24rGAf0A4lk6ZtaCYzJHfEMszWjb/ixoUibv0Dd/6NaTsLbT1w4eSce8m9x48E1+A431ZuaXlldS2/XtjY3NresXf3GjqMFWV1GopQtXyimeCS1YGDYK1IMRL4gjX90fXEb94zpXko72AcMS8gA8n7nBIwUtfGgC8xdJMOsAdIfCIH6Un5FM+eUqdp1y46JWcKvEjcjBRRhlrX/ur0QhoHTAIVROu260TgJUQBp4KlhU6sWUToiAxY21BJAqa9ZHpJio+M0sP9UJmSgKfq74mEBFqPA990BgSGet6biP957Rj6F17CZRQDk3T2UT8WGEI8iQX3uGIUxNgQQhU3u2I6JIpQMOEVTAju/MmLpFEuuWelym2lWL3K4sijA3SIjpGLzlEV3aAaqiOKHtEzekVv1pP1Yr1bH7PWnJXN7KM/sD5/ADHgmg0=</latexit>

t = tbang+25ns

<latexit sha1_base64="xn/lAdjGy23oOFhiEDXfliHaYHA=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLEmpj41QdOOygn1AG8pkOmmHTiZh5kYsIWs3/oobF4q49Qvc+TdOHwttPXDhcM693HuPHwuuwXG+rYXFpeWV1dxafn1jc2vb3tmt6yhRlNVoJCLV9IlmgktWAw6CNWPFSOgL1vAH1yO/cc+U5pG8g2HMvJD0JA84JWCkjn0A+BI6aRvYA6Q+kb3sxC0VT/FEkDrLOnbBKTpj4HniTkkBTVHt2F/tbkSTkEmggmjdcp0YvJQo4FSwLN9ONIsJHZAeaxkqSci0l45fyfCRUbo4iJQpCXis/p5ISaj1MPRNZ0igr2e9kfif10oguPBSLuMEmKSTRUEiMER4lAvucsUoiKEhhCpubsW0TxShYNLLmxDc2ZfnSb1UdM+K5dtyoXI1jSOH9tEhOkYuOkcVdIOqqIYoekTP6BW9WU/Wi/VufUxaF6zpzB76A+vzB8hwmlg=</latexit>

t = tbang�12.5ns

https://youtu.be/b-p09GZigNA


MLDL architecture



Principal Component Analysis (PCA)

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

<latexit sha1_base64="U6omrINbpvLlY+IjcEuexnC2fYU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V+wXtUrJptg3NJkuSFcrSn+DFgyJe/UXe/Dem7R609cHA470ZZuaFieDGet43Kqytb2xuFbdLO7t7+wflw6OWUammrEmVULoTEsMEl6xpuRWsk2hG4lCwdji+m/ntJ6YNV7JhJwkLYjKUPOKUWCc9NvqqX654VW8OvEr8nFQgR71f/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNTp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdBNkXCapZZIuFkWpwFbh2d94wDWjVkwcIVRzdyumI6IJtS6dkgvBX355lbQuqv5V9fLhslK7zeMowgmcwjn4cA01uIc6NIHCEJ7hFd6QQC/oHX0sWgsonzmGP0CfPzW+jcM=</latexit>

To
<latexit sha1_base64="QIzNgtZctYLscbYSzy0hTbsQTbE=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaNUY+oF49o5GFgQ2aHASbMzG5meo1kw1d48aAxXv0cb/6NA+xBwUo6qVR1p7srjAU36HnfTm5peWV1Lb9e2Njc2t4p7u7VTZRoymo0EpFuhsQwwRWrIUfBmrFmRIaCNcLh9cRvPDJteKTucRSzQJK+4j1OCVrpoY3sCdPLu3GnWPLK3hTuIvEzUoIM1U7xq92NaCKZQiqIMS3fizFIiUZOBRsX2olhMaFD0mctSxWRzATp9OCxe2SVrtuLtC2F7lT9PZESacxIhrZTEhyYeW8i/ue1EuxdBClXcYJM0dmiXiJcjNzJ926Xa0ZRjCwhVHN7q0sHRBOKNqOCDcGff3mR1E/K/ln59Pa0VLnK4sjDARzCMfhwDhW4gSrUgIKEZ3iFN0c7L8678zFrzTnZzD78gfP5A/qAkIk=</latexit>

AR

<latexit sha1_base64="g8DWupp1gDQQrwfcrQZmtk6XFb4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0oWy2m3bpZrPsbgol9G948aCIV/+MN/+N2zQHbX0w8Hhvhpl5oeRMG9f9dkobm1vbO+Xdyt7+weFR9fiko5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244uV/43SlVmiXiycwkDWI8EixiBBsr+f4UKzlmg4w15oNqza27OdA68QpSgwKtQfXLHyYkjakwhGOt+54rTZBhZRjhdF7xU00lJhM8on1LBY6pDrL85jm6sMoQRYmyJQzK1d8TGY61nsWh7YyxGetVbyH+5/VTE90GGRMyNVSQ5aIo5cgkaBEAGjJFieEzSzBRzN6KyBgrTIyNqWJD8FZfXiedq7p3XW88NmrNuyKOMpzBOVyCBzfQhAdoQRsISHiGV3hzUufFeXc+lq0lp5g5hT9wPn8AP3mR1Q==</latexit>'i4
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t
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<latexit sha1_base64="Vo+iO+6q8uwtZolMneegRHyd2u4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevFYwX5AdynZNNuGZrMhyRbK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhZIzbVz32ylsbe/s7hX3SweHR8cn5dOzjk5SRWibJDxRvRBrypmgbcMMpz2pKI5DTrvh5H7hd6dUaZaIJzOTNIjxSLCIEWys5PtTrOSYDTJWmw/KFbfqLoE2iZeTCuRoDcpf/jAhaUyFIRxr3fdcaYIMK8MIp/OSn2oqMZngEe1bKnBMdZAtb56jK6sMUZQoW8Kgpfp7IsOx1rM4tJ0xNmO97i3E/7x+aqLbIGNCpoYKsloUpRyZBC0CQEOmKDF8ZgkmitlbERljhYmxMZVsCN76y5ukU6t6jWr9sV5p3uVxFOECLuEaPLiBJjxAC9pAQMIzvMKbkzovzrvzsWotOPnMOfyB8/kDPG+R0w==</latexit>'i2
<latexit sha1_base64="e9lMJhF2qzGadeq2ijt/XQjZAnE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9nVUj0WvXisYD+gu5Rsmm1Ds9mQZAtl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzQsmZNq777RQ2Nre2d4q7pb39g8Oj8vFJWyepIrRFEp6obog15UzQlmGG065UFMchp51wfD/3OxOqNEvEk5lKGsR4KFjECDZW8v0JVnLE+hm7nvXLFbfqLoDWiZeTCuRo9stf/iAhaUyFIRxr3fNcaYIMK8MIp7OSn2oqMRnjIe1ZKnBMdZAtbp6hC6sMUJQoW8Kghfp7IsOx1tM4tJ0xNiO96s3F/7xeaqLbIGNCpoYKslwUpRyZBM0DQAOmKDF8agkmitlbERlhhYmxMZVsCN7qy+ukfVX16tXaY63SuMvjKMIZnMMleHADDXiAJrSAgIRneIU3J3VenHfnY9lacPKZU/gD5/MHPfSR1A==</latexit>'i3



Singular Value Decomposition (SVD) of cross correlation 
of input parameters to Mallat Scattering Transformation 



Singular Value Decomposition of PCA to SVD



Support Vector Regression (SVR)
best

used
46%

90%

32%

83%

50%

11%

45%

10%

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

<latexit sha1_base64="U6omrINbpvLlY+IjcEuexnC2fYU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V+wXtUrJptg3NJkuSFcrSn+DFgyJe/UXe/Dem7R609cHA470ZZuaFieDGet43Kqytb2xuFbdLO7t7+wflw6OWUammrEmVULoTEsMEl6xpuRWsk2hG4lCwdji+m/ntJ6YNV7JhJwkLYjKUPOKUWCc9NvqqX654VW8OvEr8nFQgR71f/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNTp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdBNkXCapZZIuFkWpwFbh2d94wDWjVkwcIVRzdyumI6IJtS6dkgvBX355lbQuqv5V9fLhslK7zeMowgmcwjn4cA01uIc6NIHCEJ7hFd6QQC/oHX0sWgsonzmGP0CfPzW+jcM=</latexit>

To

<latexit sha1_base64="QIzNgtZctYLscbYSzy0hTbsQTbE=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaNUY+oF49o5GFgQ2aHASbMzG5meo1kw1d48aAxXv0cb/6NA+xBwUo6qVR1p7srjAU36HnfTm5peWV1Lb9e2Njc2t4p7u7VTZRoymo0EpFuhsQwwRWrIUfBmrFmRIaCNcLh9cRvPDJteKTucRSzQJK+4j1OCVrpoY3sCdPLu3GnWPLK3hTuIvEzUoIM1U7xq92NaCKZQiqIMS3fizFIiUZOBRsX2olhMaFD0mctSxWRzATp9OCxe2SVrtuLtC2F7lT9PZESacxIhrZTEhyYeW8i/ue1EuxdBClXcYJM0dmiXiJcjNzJ926Xa0ZRjCwhVHN7q0sHRBOKNqOCDcGff3mR1E/K/ln59Pa0VLnK4sjDARzCMfhwDhW4gSrUgIKEZ3iFN0c7L8678zFrzTnZzD78gfP5A/qAkIk=</latexit>

AR

<latexit sha1_base64="g8DWupp1gDQQrwfcrQZmtk6XFb4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0oWy2m3bpZrPsbgol9G948aCIV/+MN/+N2zQHbX0w8Hhvhpl5oeRMG9f9dkobm1vbO+Xdyt7+weFR9fiko5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244uV/43SlVmiXiycwkDWI8EixiBBsr+f4UKzlmg4w15oNqza27OdA68QpSgwKtQfXLHyYkjakwhGOt+54rTZBhZRjhdF7xU00lJhM8on1LBY6pDrL85jm6sMoQRYmyJQzK1d8TGY61nsWh7YyxGetVbyH+5/VTE90GGRMyNVSQ5aIo5cgkaBEAGjJFieEzSzBRzN6KyBgrTIyNqWJD8FZfXiedq7p3XW88NmrNuyKOMpzBOVyCBzfQhAdoQRsISHiGV3hzUufFeXc+lq0lp5g5hT9wPn8AP3mR1Q==</latexit>'i4

<latexit sha1_base64="Vo+iO+6q8uwtZolMneegRHyd2u4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevFYwX5AdynZNNuGZrMhyRbK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhZIzbVz32ylsbe/s7hX3SweHR8cn5dOzjk5SRWibJDxRvRBrypmgbcMMpz2pKI5DTrvh5H7hd6dUaZaIJzOTNIjxSLCIEWys5PtTrOSYDTJWmw/KFbfqLoE2iZeTCuRoDcpf/jAhaUyFIRxr3fdcaYIMK8MIp/OSn2oqMZngEe1bKnBMdZAtb56jK6sMUZQoW8Kgpfp7IsOx1rM4tJ0xNmO97i3E/7x+aqLbIGNCpoYKsloUpRyZBC0CQEOmKDF8ZgkmitlbERljhYmxMZVsCN76y5ukU6t6jWr9sV5p3uVxFOECLuEaPLiBJjxAC9pAQMIzvMKbkzovzrvzsWotOPnMOfyB8/kDPG+R0w==</latexit>'i2

<latexit sha1_base64="e9lMJhF2qzGadeq2ijt/XQjZAnE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9nVUj0WvXisYD+gu5Rsmm1Ds9mQZAtl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzQsmZNq777RQ2Nre2d4q7pb39g8Oj8vFJWyepIrRFEp6obog15UzQlmGG065UFMchp51wfD/3OxOqNEvEk5lKGsR4KFjECDZW8v0JVnLE+hm7nvXLFbfqLoDWiZeTCuRo9stf/iAhaUyFIRxr3fNcaYIMK8MIp7OSn2oqMRnjIe1ZKnBMdZAtbp6hC6sMUJQoW8Kghfp7IsOx1tM4tJ0xNiO96s3F/7xeaqLbIGNCpoYKslwUpRyZBM0DQAOmKDF8agkmitlbERlhhYmxMZVsCN7qy+ukfVX16tXaY63SuMvjKMIZnMMleHADDXiAJrSAgIRneIU3J3VenHfnY9lacPKZU/gD5/MHPfSR1A==</latexit>'i3



Neural Network / Multi Layer Perceptron (NN/MLP) 
regression

best used

97%

81%

85%

96%

78%

80%

57%

73%

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

<latexit sha1_base64="U6omrINbpvLlY+IjcEuexnC2fYU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V+wXtUrJptg3NJkuSFcrSn+DFgyJe/UXe/Dem7R609cHA470ZZuaFieDGet43Kqytb2xuFbdLO7t7+wflw6OWUammrEmVULoTEsMEl6xpuRWsk2hG4lCwdji+m/ntJ6YNV7JhJwkLYjKUPOKUWCc9NvqqX654VW8OvEr8nFQgR71f/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNTp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdBNkXCapZZIuFkWpwFbh2d94wDWjVkwcIVRzdyumI6IJtS6dkgvBX355lbQuqv5V9fLhslK7zeMowgmcwjn4cA01uIc6NIHCEJ7hFd6QQC/oHX0sWgsonzmGP0CfPzW+jcM=</latexit>

To

<latexit sha1_base64="QIzNgtZctYLscbYSzy0hTbsQTbE=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaNUY+oF49o5GFgQ2aHASbMzG5meo1kw1d48aAxXv0cb/6NA+xBwUo6qVR1p7srjAU36HnfTm5peWV1Lb9e2Njc2t4p7u7VTZRoymo0EpFuhsQwwRWrIUfBmrFmRIaCNcLh9cRvPDJteKTucRSzQJK+4j1OCVrpoY3sCdPLu3GnWPLK3hTuIvEzUoIM1U7xq92NaCKZQiqIMS3fizFIiUZOBRsX2olhMaFD0mctSxWRzATp9OCxe2SVrtuLtC2F7lT9PZESacxIhrZTEhyYeW8i/ue1EuxdBClXcYJM0dmiXiJcjNzJ926Xa0ZRjCwhVHN7q0sHRBOKNqOCDcGff3mR1E/K/ln59Pa0VLnK4sjDARzCMfhwDhW4gSrUgIKEZ3iFN0c7L8678zFrzTnZzD78gfP5A/qAkIk=</latexit>

AR

<latexit sha1_base64="g8DWupp1gDQQrwfcrQZmtk6XFb4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0oWy2m3bpZrPsbgol9G948aCIV/+MN/+N2zQHbX0w8Hhvhpl5oeRMG9f9dkobm1vbO+Xdyt7+weFR9fiko5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244uV/43SlVmiXiycwkDWI8EixiBBsr+f4UKzlmg4w15oNqza27OdA68QpSgwKtQfXLHyYkjakwhGOt+54rTZBhZRjhdF7xU00lJhM8on1LBY6pDrL85jm6sMoQRYmyJQzK1d8TGY61nsWh7YyxGetVbyH+5/VTE90GGRMyNVSQ5aIo5cgkaBEAGjJFieEzSzBRzN6KyBgrTIyNqWJD8FZfXiedq7p3XW88NmrNuyKOMpzBOVyCBzfQhAdoQRsISHiGV3hzUufFeXc+lq0lp5g5hT9wPn8AP3mR1Q==</latexit>'i4

<latexit sha1_base64="Vo+iO+6q8uwtZolMneegRHyd2u4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevFYwX5AdynZNNuGZrMhyRbK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhZIzbVz32ylsbe/s7hX3SweHR8cn5dOzjk5SRWibJDxRvRBrypmgbcMMpz2pKI5DTrvh5H7hd6dUaZaIJzOTNIjxSLCIEWys5PtTrOSYDTJWmw/KFbfqLoE2iZeTCuRoDcpf/jAhaUyFIRxr3fdcaYIMK8MIp/OSn2oqMZngEe1bKnBMdZAtb56jK6sMUZQoW8Kgpfp7IsOx1rM4tJ0xNmO97i3E/7x+aqLbIGNCpoYKsloUpRyZBC0CQEOmKDF8ZgkmitlbERljhYmxMZVsCN76y5ukU6t6jWr9sV5p3uVxFOECLuEaPLiBJjxAC9pAQMIzvMKbkzovzrvzsWotOPnMOfyB8/kDPG+R0w==</latexit>'i2

<latexit sha1_base64="e9lMJhF2qzGadeq2ijt/XQjZAnE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9nVUj0WvXisYD+gu5Rsmm1Ds9mQZAtl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzQsmZNq777RQ2Nre2d4q7pb39g8Oj8vFJWyepIrRFEp6obog15UzQlmGG065UFMchp51wfD/3OxOqNEvEk5lKGsR4KFjECDZW8v0JVnLE+hm7nvXLFbfqLoDWiZeTCuRo9stf/iAhaUyFIRxr3fNcaYIMK8MIp7OSn2oqMRnjIe1ZKnBMdZAtbp6hC6sMUJQoW8Kghfp7IsOx1tM4tJ0xNiO96s3F/7xeaqLbIGNCpoYKslwUpRyZBM0DQAOmKDF8agkmitlbERlhhYmxMZVsCN7qy+ukfVX16tXaY63SuMvjKMIZnMMleHADDXiAJrSAgIRneIU3J3VenHfnY9lacPKZU/gD5/MHPfSR1A==</latexit>'i3

<latexit sha1_base64="S6+y1Z+HNRUhB6RXZf/l1vQ4ytg=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9nVUnssePFYwX5AdynZNNuGZrMhyRbK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhZIzbVz32ylsbe/s7hX3SweHR8cn5dOzjk5SRWibJDxRvRBrypmgbcMMpz2pKI5DTrvh5H7hd6dUaZaIJzOTNIjxSLCIEWys5PtTrOSYDTJ2Ox+UK27VXQJtEi8nFcjRGpS//GFC0pgKQzjWuu+50gQZVoYRTuclP9VUYjLBI9q3VOCY6iBb3jxHV1YZoihRtoRBS/X3RIZjrWdxaDtjbMZ63VuI/3n91ESNIGNCpoYKsloUpRyZBC0CQEOmKDF8ZgkmitlbERljhYmxMZVsCN76y5ukc1P16tXaY63SbORxFOECLuEaPLiDJjxAC9pAQMIzvMKbkzovzrvzsWotOPnMOfyB8/kDOvKRyg==</latexit>'i3
<latexit sha1_base64="kOX2ZMNXLYxuNF/RuhVqCN9MWnM=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBU0mkaI8FLx4r2A9oQtlsN+3SzWbZ3RRK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzIsmZNp737ZS2tnd298r7lYPDo+MT9/Sso9NMEdomKU9VL8KaciZo2zDDaU8qipOI0240uV/43SlVmqXiycwkDRM8EixmBBsrBcEUKzlmg5zV5wO36tW8JdAm8QtShQKtgfsVDFOSJVQYwrHWfd+TJsyxMoxwOq8EmaYSkwke0b6lAidUh/ny5jm6ssoQxamyJQxaqr8ncpxoPUsi25lgM9br3kL8z+tnJm6EORMyM1SQ1aI448ikaBEAGjJFieEzSzBRzN6KyBgrTIyNqWJD8Ndf3iSdm5p/W6s/1qvNRhFHGS7gEq7BhztowgO0oA0EJDzDK7w5mfPivDsfq9aSU8ycwx84nz88d5HL</latexit>'i4

<latexit sha1_base64="5EkWJZEvhRAA6tnMJmdEOxtChrQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpfZY8OKxgv2A7lKyabYNzWZDki2UpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2d3bPygelo6OT07PyucXXZ2kitAOSXii+iHWlDNBO4YZTvtSURyHnPbC6f3S782o0iwRT2YuaRDjsWARI9hYyfdnWMkJG2asthiWK27VXQFtEy8nFcjRHpa//FFC0pgKQzjWeuC50gQZVoYRThclP9VUYjLFYzqwVOCY6iBb3bxAN1YZoShRtoRBK/X3RIZjredxaDtjbCZ601uK/3mD1ETNIGNCpoYKsl4UpRyZBC0DQCOmKDF8bgkmitlbEZlghYmxMZVsCN7my9ukW6t6jWr9sV5pNfM4inAF13ALHtxBCx6gDR0gIOEZXuHNSZ0X5935WLcWnHzmEv7A+fwBOW2RyQ==</latexit>'i2

<latexit sha1_base64="zet3f+t5flWy5N1ACzJiyqmvYLY=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FPXisYGuhDWWznbRrN5uwuxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMr2f+wxMqzWN5byYJ+hEdSh5yRo2V2r0bFIb2yxW36s5BVomXkwrkaPbLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzVh3c+4TFKDki0WhakgJiaz18mAK2RGTCyhTHF7K2EjqigzNqCSDcFbfnmVtC+q3mW1dlerNOp5HEU4gVM4Bw+uoAG30IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB2B4jvs=</latexit>

�

<latexit sha1_base64="ncEfr42h+bqFyl0EBXzfyvh/PTU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeimHNz4RKUuSKLReFqSQYk/nXZCg0ZyinllCmhb2VsDHVlKHNpmRD8FZfXiftq6p3U71uXlfqtTyOIpzBOVyCB7dQh3toQAsYcHiGV3hzHp0X5935WLYWnHzmFP7A+fwB4BWM9w==</latexit>

t

<latexit sha1_base64="Y5KTPaRA4kqK8Gn6HGn919E5EDs=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY4YLx7RyMPAhswOA0yY2d3M9BrJhq/w4kFjvPo53vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUoS8jgIlb8WaUxVI3gxG11O/+ci1EVF4j+OY+4oOQtEXjKKVHjrInzC9upt0iyW37M5AlomXkRJkqHWLX51exBLFQ2SSGtP23Bj9lGoUTPJJoZMYHlM2ogPetjSkihs/nR08ISdW6ZF+pG2FSGbq74mUKmPGKrCdiuLQLHpT8T+vnWC/4qcijBPkIZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3kX5/Pa8VK1kceThCI7hFDy4hCrcQA3qwEDBM7zCm6OdF+fd+Zi35pxs5hD+wPn8Afd+kH8=</latexit>

AR

<latexit sha1_base64="HFP5ZSuun6u2MPpb/QLPEeyNvtM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx4j5gXJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tFTY2t7Z3irulvf2Dw6Py8UnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E03u5n7niWrDlGzaaUJDgUeSxYxg66TH5kANyhW/6i+A1kmQkwrkaAzKX/2hIqmg0hKOjekFfmLDDGvLCKezUj81NMFkgke056jEgpowW5w6QxdOGaJYaVfSooX6eyLDwpipiFynwHZsVr25+J/XS21cCzMmk9RSSZaL4pQjq9D8bzRkmhLLp45gopm7FZEx1phYl07JhRCsvrxO2lfV4KZ6/XBdqdfyOIpwBudwCQHcQh3uoQEtIDCCZ3iFN497L96797FsLXj5zCn8gff5AzK8jbk=</latexit>

To



Results of Wavelet Phase Harmonics (WPH) analysis
<latexit sha1_base64="DVwOqP7hIEjz39TeogTUz9XMuWs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh6MVjBdMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6G7mt564NiJRjzhOeRDTgRKRYBSt5CO5IW6vXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0HUyESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1mtPdQq9ds8jiKcwCmcgwdXUId7aIAPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8ff8+N1g==</latexit>

t = 0

<latexit sha1_base64="KKsif+ChknDo+azarh0zdf2fwb4=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWRat0IRTcuK9gHNKFMppN26GQSZm7EGoq/4saFIm79D3f+jdPHQlsPXDiccy/33hMkgmtwnG9rYXFpeWU1t5Zf39jc2rZ3dus6ThVlNRqLWDUDopngktWAg2DNRDESBYI1gv71yG/cM6V5LO9gkDA/Il3JQ04JGKlt7wO+xOUzjL0T7AF7gEzqYdsuOEVnDDxP3CkpoCmqbfvL68Q0jZgEKojWLddJwM+IAk4FG+a9VLOE0D7pspahkkRM+9n4+iE+MkoHh7EyJQGP1d8TGYm0HkSB6YwI9PSsNxL/81ophBd+xmWSApN0sihMBYYYj6LAHa4YBTEwhFDFza2Y9ogiFExgeROCO/vyPKmfFt3zYum2VKhcTePIoQN0iI6Ri8qogm5QFdUQRY/oGb2iN+vJerHerY9J64I1ndlDf2B9/gASXpO7</latexit>

t = 75ns

<latexit sha1_base64="F6Z3TqAx9XjGydcC0OIa3S4WznY=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgQkoi9bERim5cVrAPaEKZTCft0MkkzNyIJRT8FTcuFHHrd7jzb5y2WWjrgQuHc+7l3nuCRHANjvNtLSwuLa+sFtaK6xubW9v2zm5Dx6mirE5jEatWQDQTXLI6cBCslShGokCwZjC4GfvNB6Y0j+U9DBPmR6QnecgpASN17H3AV9g9czD2TrAH7BEyqUcdu+SUnQnwPHFzUkI5ah37y+vGNI2YBCqI1m3XScDPiAJOBRsVvVSzhNAB6bG2oZJETPvZ5PwRPjJKF4exMiUBT9TfExmJtB5GgemMCPT1rDcW//PaKYSXfsZlkgKTdLooTAWGGI+zwF2uGAUxNIRQxc2tmPaJIhRMYkUTgjv78jxpnJbd83LlrlKqXudxFNABOkTHyEUXqIpuUQ3VEUUZekav6M16sl6sd+tj2rpg5TN76A+szx96zJPv</latexit>

t = 150 ns
<latexit sha1_base64="F6Z3TqAx9XjGydcC0OIa3S4WznY=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgQkoi9bERim5cVrAPaEKZTCft0MkkzNyIJRT8FTcuFHHrd7jzb5y2WWjrgQuHc+7l3nuCRHANjvNtLSwuLa+sFtaK6xubW9v2zm5Dx6mirE5jEatWQDQTXLI6cBCslShGokCwZjC4GfvNB6Y0j+U9DBPmR6QnecgpASN17H3AV9g9czD2TrAH7BEyqUcdu+SUnQnwPHFzUkI5ah37y+vGNI2YBCqI1m3XScDPiAJOBRsVvVSzhNAB6bG2oZJETPvZ5PwRPjJKF4exMiUBT9TfExmJtB5GgemMCPT1rDcW//PaKYSXfsZlkgKTdLooTAWGGI+zwF2uGAUxNIRQxc2tmPaJIhRMYkUTgjv78jxpnJbd83LlrlKqXudxFNABOkTHyEUXqIpuUQ3VEUUZekav6M16sl6sd+tj2rpg5TN76A+szx96zJPv</latexit>

t = 150 ns

<latexit sha1_base64="FgTwQrAFy89NH/VyZ3K0UqlE4jY=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCBylJKepFKHrxWMF+QBPKZrtpl242YXcillDwr3jxoIhXf4c3/43bNgdtfTDweG+GmXlBIrgGx/m2lpZXVtfWCxvFza3tnV17b7+p41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxjeTPzWA1Oax/IeRgnzI9KXPOSUgJG69iHgK1xxHIy9M+wBe4RM6nHXLjllZwq8SNyclFCOetf+8noxTSMmgQqidcd1EvAzooBTwcZFL9UsIXRI+qxjqCQR0342PX+MT4zSw2GsTEnAU/X3REYirUdRYDojAgM9703E/7xOCuGln3GZpMAknS0KU4EhxpMscI8rRkGMDCFUcXMrpgOiCAWTWNGE4M6/vEialbJ7Xq7eVUu16zyOAjpCx+gUuegC1dAtqqMGoihDz+gVvVlP1ov1bn3MWpesfOYA/YH1+QN0gZPr</latexit>

t = 200 ns

<latexit sha1_base64="3k2nL7x7OtXUoCiNaG8tEbHAGDc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9WX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1jOjdo=</latexit>nl
<latexit sha1_base64="nHV6ZkUj2uHQz28RjqNxNOP9tOc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJdPjM8=</latexit>

B

<latexit sha1_base64="DVwOqP7hIEjz39TeogTUz9XMuWs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh6MVjBdMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6G7mt564NiJRjzhOeRDTgRKRYBSt5CO5IW6vXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0HUyESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1mtPdQq9ds8jiKcwCmcgwdXUId7aIAPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8ff8+N1g==</latexit>

t = 0

<latexit sha1_base64="KKsif+ChknDo+azarh0zdf2fwb4=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWRat0IRTcuK9gHNKFMppN26GQSZm7EGoq/4saFIm79D3f+jdPHQlsPXDiccy/33hMkgmtwnG9rYXFpeWU1t5Zf39jc2rZ3dus6ThVlNRqLWDUDopngktWAg2DNRDESBYI1gv71yG/cM6V5LO9gkDA/Il3JQ04JGKlt7wO+xOUzjL0T7AF7gEzqYdsuOEVnDDxP3CkpoCmqbfvL68Q0jZgEKojWLddJwM+IAk4FG+a9VLOE0D7pspahkkRM+9n4+iE+MkoHh7EyJQGP1d8TGYm0HkSB6YwI9PSsNxL/81ophBd+xmWSApN0sihMBYYYj6LAHa4YBTEwhFDFza2Y9ogiFExgeROCO/vyPKmfFt3zYum2VKhcTePIoQN0iI6Ri8qogm5QFdUQRY/oGb2iN+vJerHerY9J64I1ndlDf2B9/gASXpO7</latexit>

t = 75ns

<latexit sha1_base64="FgTwQrAFy89NH/VyZ3K0UqlE4jY=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCBylJKepFKHrxWMF+QBPKZrtpl242YXcillDwr3jxoIhXf4c3/43bNgdtfTDweG+GmXlBIrgGx/m2lpZXVtfWCxvFza3tnV17b7+p41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxjeTPzWA1Oax/IeRgnzI9KXPOSUgJG69iHgK1xxHIy9M+wBe4RM6nHXLjllZwq8SNyclFCOetf+8noxTSMmgQqidcd1EvAzooBTwcZFL9UsIXRI+qxjqCQR0342PX+MT4zSw2GsTEnAU/X3REYirUdRYDojAgM9703E/7xOCuGln3GZpMAknS0KU4EhxpMscI8rRkGMDCFUcXMrpgOiCAWTWNGE4M6/vEialbJ7Xq7eVUu16zyOAjpCx+gUuegC1dAtqqMGoihDz+gVvVlP1ov1bn3MWpesfOYA/YH1+QN0gZPr</latexit>

t = 200 ns



A closer look at the results
<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t<latexit sha1_base64="g8DWupp1gDQQrwfcrQZmtk6XFb4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0oWy2m3bpZrPsbgol9G948aCIV/+MN/+N2zQHbX0w8Hhvhpl5oeRMG9f9dkobm1vbO+Xdyt7+weFR9fiko5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244uV/43SlVmiXiycwkDWI8EixiBBsr+f4UKzlmg4w15oNqza27OdA68QpSgwKtQfXLHyYkjakwhGOt+54rTZBhZRjhdF7xU00lJhM8on1LBY6pDrL85jm6sMoQRYmyJQzK1d8TGY61nsWh7YyxGetVbyH+5/VTE90GGRMyNVSQ5aIo5cgkaBEAGjJFieEzSzBRzN6KyBgrTIyNqWJD8FZfXiedq7p3XW88NmrNuyKOMpzBOVyCBzfQhAdoQRsISHiGV3hzUufFeXc+lq0lp5g5hT9wPn8AP3mR1Q==</latexit>'i4

<latexit sha1_base64="Vo+iO+6q8uwtZolMneegRHyd2u4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevFYwX5AdynZNNuGZrMhyRbK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhZIzbVz32ylsbe/s7hX3SweHR8cn5dOzjk5SRWibJDxRvRBrypmgbcMMpz2pKI5DTrvh5H7hd6dUaZaIJzOTNIjxSLCIEWys5PtTrOSYDTJWmw/KFbfqLoE2iZeTCuRoDcpf/jAhaUyFIRxr3fdcaYIMK8MIp/OSn2oqMZngEe1bKnBMdZAtb56jK6sMUZQoW8Kgpfp7IsOx1rM4tJ0xNmO97i3E/7x+aqLbIGNCpoYKsloUpRyZBC0CQEOmKDF8ZgkmitlbERljhYmxMZVsCN76y5ukU6t6jWr9sV5p3uVxFOECLuEaPLiBJjxAC9pAQMIzvMKbkzovzrvzsWotOPnMOfyB8/kDPG+R0w==</latexit>'i2

<latexit sha1_base64="S6+y1Z+HNRUhB6RXZf/l1vQ4ytg=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9nVUnssePFYwX5AdynZNNuGZrMhyRbK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhZIzbVz32ylsbe/s7hX3SweHR8cn5dOzjk5SRWibJDxRvRBrypmgbcMMpz2pKI5DTrvh5H7hd6dUaZaIJzOTNIjxSLCIEWys5PtTrOSYDTJ2Ox+UK27VXQJtEi8nFcjRGpS//GFC0pgKQzjWuu+50gQZVoYRTuclP9VUYjLBI9q3VOCY6iBb3jxHV1YZoihRtoRBS/X3RIZjrWdxaDtjbMZ63VuI/3n91ESNIGNCpoYKsloUpRyZBC0CQEOmKDF8ZgkmitlbERljhYmxMZVsCN76y5ukc1P16tXaY63SbORxFOECLuEaPLiDJjxAC9pAQMIzvMKbkzovzrvzsWotOPnMOfyB8/kDOvKRyg==</latexit>'i3
<latexit sha1_base64="kOX2ZMNXLYxuNF/RuhVqCN9MWnM=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBU0mkaI8FLx4r2A9oQtlsN+3SzWbZ3RRK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzIsmZNp737ZS2tnd298r7lYPDo+MT9/Sso9NMEdomKU9VL8KaciZo2zDDaU8qipOI0240uV/43SlVmqXiycwkDRM8EixmBBsrBcEUKzlmg5zV5wO36tW8JdAm8QtShQKtgfsVDFOSJVQYwrHWfd+TJsyxMoxwOq8EmaYSkwke0b6lAidUh/ny5jm6ssoQxamyJQxaqr8ncpxoPUsi25lgM9br3kL8z+tnJm6EORMyM1SQ1aI448ikaBEAGjJFieEzSzBRzN6KyBgrTIyNqWJD8Ndf3iSdm5p/W6s/1qvNRhFHGS7gEq7BhztowgO0oA0EJDzDK7w5mfPivDsfq9aSU8ycwx84nz88d5HL</latexit>'i4

<latexit sha1_base64="5EkWJZEvhRAA6tnMJmdEOxtChrQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpfZY8OKxgv2A7lKyabYNzWZDki2UpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2d3bPygelo6OT07PyucXXZ2kitAOSXii+iHWlDNBO4YZTvtSURyHnPbC6f3S782o0iwRT2YuaRDjsWARI9hYyfdnWMkJG2asthiWK27VXQFtEy8nFcjRHpa//FFC0pgKQzjWeuC50gQZVoYRThclP9VUYjLFYzqwVOCY6iBb3bxAN1YZoShRtoRBK/X3RIZjredxaDtjbCZ601uK/3mD1ETNIGNCpoYKsl4UpRyZBC0DQCOmKDF8bgkmitlbEZlghYmxMZVsCN7my9ukW6t6jWr9sV5pNfM4inAF13ALHtxBCx6gDR0gIOEZXuHNSZ0X5935WLcWnHzmEv7A+fwBOW2RyQ==</latexit>'i2

<latexit sha1_base64="zet3f+t5flWy5N1ACzJiyqmvYLY=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FPXisYGuhDWWznbRrN5uwuxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMr2f+wxMqzWN5byYJ+hEdSh5yRo2V2r0bFIb2yxW36s5BVomXkwrkaPbLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzVh3c+4TFKDki0WhakgJiaz18mAK2RGTCyhTHF7K2EjqigzNqCSDcFbfnmVtC+q3mW1dlerNOp5HEU4gVM4Bw+uoAG30IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB2B4jvs=</latexit>

�

<latexit sha1_base64="ncEfr42h+bqFyl0EBXzfyvh/PTU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeimHNz4RKUuSKLReFqSQYk/nXZCg0ZyinllCmhb2VsDHVlKHNpmRD8FZfXiftq6p3U71uXlfqtTyOIpzBOVyCB7dQh3toQAsYcHiGV3hzHp0X5935WLYWnHzmFP7A+fwB4BWM9w==</latexit>

t

<latexit sha1_base64="Y5KTPaRA4kqK8Gn6HGn919E5EDs=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY4YLx7RyMPAhswOA0yY2d3M9BrJhq/w4kFjvPo53vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUoS8jgIlb8WaUxVI3gxG11O/+ci1EVF4j+OY+4oOQtEXjKKVHjrInzC9upt0iyW37M5AlomXkRJkqHWLX51exBLFQ2SSGtP23Bj9lGoUTPJJoZMYHlM2ogPetjSkihs/nR08ISdW6ZF+pG2FSGbq74mUKmPGKrCdiuLQLHpT8T+vnWC/4qcijBPkIZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3kX5/Pa8VK1kceThCI7hFDy4hCrcQA3qwEDBM7zCm6OdF+fd+Zi35pxs5hD+wPn8Afd+kH8=</latexit>

AR

<latexit sha1_base64="HFP5ZSuun6u2MPpb/QLPEeyNvtM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx4j5gXJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tFTY2t7Z3irulvf2Dw6Py8UnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E03u5n7niWrDlGzaaUJDgUeSxYxg66TH5kANyhW/6i+A1kmQkwrkaAzKX/2hIqmg0hKOjekFfmLDDGvLCKezUj81NMFkgke056jEgpowW5w6QxdOGaJYaVfSooX6eyLDwpipiFynwHZsVr25+J/XS21cCzMmk9RSSZaL4pQjq9D8bzRkmhLLp45gopm7FZEx1phYl07JhRCsvrxO2lfV4KZ6/XBdqdfyOIpwBudwCQHcQh3uoQEtIDCCZ3iFN497L96797FsLXj5zCn8gff5AzK8jbk=</latexit>

To



Variations on MLDL architecture



The geometry of the workflow — Heisenberg Scattering 
Transformation (HST)

Banach space 
of all functionals

HST

Logarithmic Generating 
functional (LG) of H(z)

Hilbert space of all 
renormalization 

functions

PCA MLP

dynamical manifold or 
solutions of Renormalization 

Group Equations (RGE)

low dimensional 
complex linear 

subspace

<latexit sha1_base64="8uG9UlVd2hm+fMzQjuc8i8X/Tqw=">AAACAHicbVBNS8NAEN34WetX1IMHL8EieCqJFPUkRS8eK9gPaELYbCft0s0HuxOhxF78K148KOLVn+HNf+O2zUFbHww83pthZl6QCq7Qtr+NpeWV1bX10kZ5c2t7Z9fc22+pJJMMmiwRiewEVIHgMTSRo4BOKoFGgYB2MLyZ+O0HkIon8T2OUvAi2o95yBlFLfnmoSsgxEc3AKR+bg/HruT9AV75ZsWu2lNYi8QpSIUUaPjml9tLWBZBjExQpbqOnaKXU4mcCRiX3UxBStmQ9qGraUwjUF4+fWBsnWilZ4WJ1BWjNVV/T+Q0UmoUBbozojhQ895E/M/rZhheejmP0wwhZrNFYSYsTKxJGlaPS2AoRppQJrm+1WIDKilDnVlZh+DMv7xIWmdV57xau6tV6tdFHCVyRI7JKXHIBamTW9IgTcLImDyTV/JmPBkvxrvxMWtdMoqZA/IHxucPHGOWvw==</latexit>

|�0ki
<latexit sha1_base64="NPd6cWqxzum/YPmUhaSfuSE8F08=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKeqx6KXHCvYD2lA2m027dLMJuxOxhHrxr3jxoIhX/4U3/43bNgdtfTDweG+GmXl+IrgGx/m2Ciura+sbxc3S1vbO7p69f9DScaooa9JYxKrjE80El6wJHATrJIqRyBes7Y9upn77ninNY3kH44R5ERlIHnJKwEh9+6gH7AEyIgM8wXXci4FHTOOg3rfLTsWZAS8TNydllKPRt796QUzTiEmggmjddZ0EvIwo4FSwSamXapYQOiID1jVUErPHy2YfTPCpUQIcxsqUBDxTf09kJNJ6HPmmMyIw1IveVPzP66YQXnkZl0kKTNL5ojAVGGI8jQMHXDEKYmwIoYqbWzEdEkUomNBKJgR38eVl0jqvuBeV6m21XLvO4yiiY3SCzpCLLlEN1VEDNRFFj+gZvaI368l6sd6tj3lrwcpnDtEfWJ8/jgmWUQ==</latexit>

and H ⌦ dH

or

topology 
analytic function, H(β) 

or 
ground states (topological obstructions or homology classes) 

+ foliations (H and Ad(H) leaves)

<latexit sha1_base64="ZLbAxgL3LaZjrs5SCKhTK0yIAAw="></latexit>

Re(H) = constant V H group action
<latexit sha1_base64="LyL8TULkz8t48invUEDeu0xBnZw="></latexit>

Im(H) = constant V dH group action

<latexit sha1_base64="aRAFIZr48KXG5qoypTwZu410QXg=">AAACHXicbVC7TsNAEDzzDOFloKQ5ESFBE9koAkoEDWWQyENKouh8WcOJs8/crSMiKz9Cw6/QUIAQBQ3ibzgnLnhNNZrd0e5MkEhh0PM+nZnZufmFxdJSeXlldW3d3dhsGpVqDg2upNLtgBmQIoYGCpTQTjSwKJDQCm7O8nlrCNoIFV/iKIFexK5iEQrO0Ep9txbu3e3TLtymYki7CHeYhQLkgCpNE60CFggpcEQH9hUtgjR3jftuxat6E9C/xC9IhRSo99337kDxNIIYuWTGdHwvwV7GNAouYVzupgYSxm/YFXQsjVkEppdN0o3prlUGNLQPhSpGOlG/OzIWGTOKArsZMbw2v2e5+N+sk2J43MtEnKQIMZ8eClNJUdG8KptZA0eZh2dcC/sr5ddMM4620LItwf8d+S9pHlT9w2rtolY5OS3qKJFtskP2iE+OyAk5J3XSIJzck0fyTF6cB+fJeXXepqszTuHZIj/gfHwBbGii0A==</latexit>

f(x) ⌘ field or probability distribution

<latexit sha1_base64="DPeDG2J3/rFugvwGBTjzyVtFlmk=">AAACEnicbVC7SgNBFJ31GeMramkzGARtwq6IWgZtrCSCeUASwuzkbjJkdnaduSsJS77Bxl+xsVDE1srOv3HyKDTxwIUz59zL3Hv8WAqDrvvtLCwuLa+sZtay6xubW9u5nd2KiRLNocwjGemazwxIoaCMAiXUYg0s9CVU/d7VyK8+gDYiUnc4iKEZso4SgeAMrdTKHd/QBtwn4oE2EPqYqiT0QdMooB0t2pSDlGb0GvZbubxbcMeg88SbkjyZotTKfTXaEU9CUMglM6buuTE2U6ZRcAnDbCMxEDPeYx2oW6pYCKaZjk8a0kOrtGkQaVsK6Vj9PZGy0JhB6NvOkGHXzHoj8T+vnmBw0UyFihMExScfBYmkGNFRPrQtNHCUA0sY18LuSnmXacbRppi1IXizJ8+TyknBOyuc3p7mi5fTODJknxyQI+KRc1Ik16REyoSTR/JMXsmb8+S8OO/Ox6R1wZnO7JE/cD5/ALC7nX8=</latexit>

N ⌘ number of grid cells of x

<latexit sha1_base64="VXWqhol2Ss0pSxS7qu2S4GGIy80=">AAACAHicbVBNS8NAEN34WetX1IMHL8EieCqJFPUkRS8eK9gPaELYbCft0s0HuxOhxF78K148KOLVn+HNf+O2zUFbHww83pthZl6QCq7Qtr+NpeWV1bX10kZ5c2t7Z9fc22+pJJMMmiwRiewEVIHgMTSRo4BOKoFGgYB2MLyZ+O0HkIon8T2OUvAi2o95yBlFLfnmoSsgxEc3AKR+bttjV/L+AK98s2JX7SmsReIUpEIKNHzzy+0lLIsgRiaoUl3HTtHLqUTOBIzLbqYgpWxI+9DVNKYRKC+fPjC2TrTSs8JE6orRmqq/J3IaKTWKAt0ZURyoeW8i/ud1MwwvvZzHaYYQs9miMBMWJtYkDavHJTAUI00ok1zfarEBlZShzqysQ3DmX14krbOqc16t3dUq9esijhI5IsfklDjkgtTJLWmQJmFkTJ7JK3kznowX4934mLUuGcXMAfkD4/MHwRCWhA==</latexit>

|�00i

<latexit sha1_base64="JFdwYn5vBcNQ9WcjrJEs2FN/HJc=">AAACAHicdVDLSgNBEJz1GeMr6sGDl8EgeFpm42tPEvTiUcGokA1hdtKbDM4+mOkVwpqLv+LFgyJe/Qxv/o2TGEFFCxqKqm66u8JMSYOMvTsTk1PTM7OlufL8wuLScmVl9cKkuRbQEKlK9VXIDSiZQAMlKrjKNPA4VHAZXh8P/csb0EamyTn2M2jFvJvISAqOVmpX1gMFEd4GISBvF8wbBFp2e3jYrlSZ6/v7zGeUubXanlcbEW/HP9ijnstGqJIxTtuVt6CTijyGBIXixjQ9lmGr4BqlUDAoB7mBjItr3oWmpQmPwbSK0QMDumWVDo1SbStBOlK/TxQ8NqYfh7Yz5tgzv72h+JfXzDHyW4VMshwhEZ+LolxRTOkwDdqRGgSqviVcaGlvpaLHNRdoMyvbEL4+pf+Ti5rr7bu7Z7vV+tE4jhLZIJtkm3jkgNTJCTklDSLIgNyTR/Lk3DkPzrPz8tk64Yxn1sgPOK8fJUSWyQ==</latexit>

|�01i

<latexit sha1_base64="icdos0Ti0xTMvroWMin+BsjpYQA=">AAACA3icbVDJSgNBEO1xjXGLetNLYxAEJcyI2zHoxWMEs0AmhJ5OJWnSs9hdExKHgBd/xYsHRbz6E978GzvLQRMfFDzeq6KqnhdJodG2v625+YXFpeXUSnp1bX1jM7O1XdJhrDgUeShDVfGYBikCKKJACZVIAfM9CWWvcz30y11QWoTBHfYjqPmsFYim4AyNVM/sPlAX7mPRpRE9oi5CDxMxoO4x7dUzWTtnj0BniTMhWTJBoZ75chshj30IkEumddWxI6wlTKHgEgZpN9YQMd5hLagaGjAfdC0Z/TCgB0Zp0GaoTAVIR+rviYT5Wvd9z3T6DNt62huK/3nVGJuXtUQEUYwQ8PGiZiwphnQYCG0IBRxl3xDGlTC3Ut5minE0saVNCM70y7OkdJJzznNnt6fZ/NUkjhTZI/vkkDjkguTJDSmQIuHkkTyTV/JmPVkv1rv1MW6dsyYzO+QPrM8fKf2Wlg==</latexit>

z ⌘ p+ ix

<latexit sha1_base64="gKp+RmrB88uoN/WS+rfU6Xf+6DU="></latexit>

iHm[f(x)](z) = �px ?

 
mY

k=1

i lnR0 pk?

!
i lnR0f(x)

<latexit sha1_base64="Fyf23PuwjCgxo6/aFND3znThbD8=">AAACAHicbVDJSgNBEO2JW4xb1IMHL4NBiJcwI24nCXrxGMEskBmGnk5N0qRnobtGiDEXf8WLB0W8+hne/Bs7yRw08UHB470qqur5ieAKLevbyC0sLi2v5FcLa+sbm1vF7Z2GilPJoM5iEcuWTxUIHkEdOQpoJRJo6Ato+v3rsd+8B6l4HN3hIAE3pN2IB5xR1JJX3HMEBPjo+IDU4+WHI0fybg8vvWLJqlgTmPPEzkiJZKh5xS+nE7M0hAiZoEq1bStBd0glciZgVHBSBQllfdqFtqYRDUG5w8kDI/NQKx0ziKWuCM2J+ntiSEOlBqGvO0OKPTXrjcX/vHaKwYU75FGSIkRsuihIhYmxOU7D7HAJDMVAE8ok17earEclZagzK+gQ7NmX50njuGKfVU5vT0rVqyyOPNknB6RMbHJOquSG1EidMDIiz+SVvBlPxovxbnxMW3NGNrNL/sD4/AGJ2pZh</latexit>

|�i(z)i
<latexit sha1_base64="jQs/ZASqpSAdgLQD/pFbjD5/OlU=">AAAB/nicbVDJSgNBEO2JW4zbqHjyMhiEeAkz4naSoBePEcwCmRB6OjVJk56F7hohjgF/xYsHRbz6Hd78GzvJHDTxQcHjvSqq6nmx4Apt+9vILSwuLa/kVwtr6xubW+b2Tl1FiWRQY5GIZNOjCgQPoYYcBTRjCTTwBDS8wfXYb9yDVDwK73AYQzugvZD7nFHUUsfccwX4+Oh6gLT0cORK3uvjZccs2mV7AmueOBkpkgzVjvnldiOWBBAiE1SplmPH2E6pRM4EjApuoiCmbEB70NI0pAGodjo5f2QdaqVr+ZHUFaI1UX9PpDRQahh4ujOg2Fez3lj8z2sl6F+0Ux7GCULIpov8RFgYWeMsrC6XwFAMNaFMcn2rxfpUUoY6sYIOwZl9eZ7Uj8vOWfn09qRYucriyJN9ckBKxCHnpEJuSJXUCCMpeSav5M14Ml6Md+Nj2pozspld8gfG5w//H5WF</latexit>

|�(z)i<latexit sha1_base64="+8wsMIxUgNcwJTK8bMycJeWN7mc=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGBfEYwTxgs4TZyWwyZHZmnZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunuChPOtHHdb6ewtLyyulZcL21sbm3vlHf3mlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh8Gbit56o0kyKBzNKaBDjvmARI9hYqX3rRyedhAXdcsWtulOgReLlpAI56t3yV6cnSRpTYQjHWvuem5ggw8owwum41Ek1TTAZ4j71LRU4pjrIpveO0ZFVeiiSypYwaKr+nshwrPUoDm1njM1Az3sT8T/PT010FWRMJKmhgswWRSlHRqLJ86jHFCWGjyzBRDF7KyIDrDAxNqKSDcGbf3mRNE+r3kX1/P6sUrvO4yjCARzCMXhwCTW4gzo0gACHZ3iFN+fReXHenY9Za8HJZ/bhD5zPH3H1j5k=</latexit>

F [f,⇡]

<latexit sha1_base64="KZX0zLjSZxdS+lBQTNyK7Gwhz4I=">AAACAnicbVDJSgNBEO1xjXEb9SReBoMQL2EmuJ0k4MVjBLNAZgg9nZqkSc9Cd40Qx+DFX/HiQRGvfoU3/8bOctDEBwWP96qoqucngiu07W9jYXFpeWU1t5Zf39jc2jZ3dusqTiWDGotFLJs+VSB4BDXkKKCZSKChL6Dh969GfuMOpOJxdIuDBLyQdiMecEZRS21z3xUQ4IPrA9J2Zg+L98eu5N0eXrbNgl2yx7DmiTMlBTJFtW1+uZ2YpSFEyARVquXYCXoZlciZgGHeTRUklPVpF1qaRjQE5WXjF4bWkVY6VhBLXRFaY/X3REZDpQahrztDij01643E/7xWisGFl/EoSREiNlkUpMLC2BrlYXW4BIZioAllkutbLdajkjLUqeV1CM7sy/OkXi45Z6XTm5NCpTyNI0cOyCEpEoeckwq5JlVSI4w8kmfySt6MJ+PFeDc+Jq0LxnRmj/yB8fkDA1SXJA==</latexit>

|�0(z)i

<latexit sha1_base64="ngOvSWjAxhA//cFAg9UXzfuruyE=">AAACAnicbVDJSgNBEO1xjXEb9SReBoMQL2EmuJ0k4MVjBLNAZgg9nZqkSc9Cd40Qx+DFX/HiQRGvfoU3/8bOctDEBwWP96qoqucngiu07W9jYXFpeWU1t5Zf39jc2jZ3dusqTiWDGotFLJs+VSB4BDXkKKCZSKChL6Dh969GfuMOpOJxdIuDBLyQdiMecEZRS21z3xUQ4IPrA9J25gyL98eu5N0eXrbNgl2yx7DmiTMlBTJFtW1+uZ2YpSFEyARVquXYCXoZlciZgGHeTRUklPVpF1qaRjQE5WXjF4bWkVY6VhBLXRFaY/X3REZDpQahrztDij01643E/7xWisGFl/EoSREiNlkUpMLC2BrlYXW4BIZioAllkutbLdajkjLUqeV1CM7sy/OkXi45Z6XTm5NCpTyNI0cOyCEpEoeckwq5JlVSI4w8kmfySt6MJ+PFeDc+Jq0LxnRmj/yB8fkDBOOXJQ==</latexit>

|�1(z)i

<latexit sha1_base64="AtB1CxSxp1Fwcfsnz/cfV5o6KaM=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQS44RzAOSJcxOJsmQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsriKUw6Lrfzsrq2vrGZm4rv72zu7dfODhsmCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGd1O/+cS1EZF6wHHM/ZAOlOgLRtFKrWqpE3CkZ91C0S27M5Bl4mWkCBlq3cJXpxexJOQKmaTGtD03Rj+lGgWTfJLvJIbHlI3ogLctVTTkxk9n907IqVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/GT4WKE+SKzRf1E0kwItPnSU9ozlCOLaFMC3srYUOqKUMbUd6G4C2+vEwa52Xvqnx5f1Gs3GZx5OAYTqAEHlxDBapQgzowkPAMr/DmPDovzrvzMW9dcbKZI/gD5/MHIsKPZQ==</latexit>

H(�)

<latexit sha1_base64="261GREx90QRZED1cWevtl0Wdhi4=">AAACFnicbVDLSiNBFK32MWrUMTMu3RQGQReGbvG1lHHjUsGokA6hunI7ltajrbolhiZfMRt/xY0LRdyKO//GSszC0TlQcDjnHm7dkxVSOIzjt2hsfGLyx9T0TGV2bv7nQvXX7xNnvOXQ4EYae5YxB1JoaKBACWeFBaYyCafZ5f7AP70G64TRx9groKVYV4tccIZBalfX00Ks3qzRFK68uKYpwg2W3OgL32UINBcgO1QZBRq96rertbgeD0G/k2REamSEw3b1Ne0Y7gdxLplzzSQusFUyi4JL6FdS76Bg/JJ1oRmoZgpcqxye1acrQenQ3NjwNNKh+jlRMuVcT2VhUjE8d1+9gfg/r+kx322VQhceQfOPRbmXFA0ddEQ7wgJH2QuEcSvCXyk/Z5ZxDE1WQgnJ15O/k5ONerJd3zrarO39GdUxTZbIMlklCdkhe+SAHJIG4eQvuSMP5DG6je6jp+j5Y3QsGmUWyT+IXt4BwPqfyg==</latexit>

⇡(x) ⌘ conjugate field momentum

<latexit sha1_base64="hirhygVo6QIW9Ey7JgHtE5rG7Ho=">AAACEnicbVA9SwNBEN3z2/gVtbRZDII24U78KkUbSwWjgSSEvc1cXNzbPXdnxXDkN9j4V2wsFLG1svPfuPkoNPHBwOO9GWbmxZkUFsPwO5iYnJqemZ2bLywsLi2vFFfXrqx2hkOFa6lNNWYWpFBQQYESqpkBlsYSruPb055/fQ/GCq0usZNBI2VtJRLBGXqpWdxRzTatw50T97SO8IC5cmkMhuqEto12qkUtMgTbbRZLYTnsg46TaEhKZIjzZvGr3tLcpaCQS2ZtLQozbOTMoOASuoW6s5AxfsvaUPNUsRRsI++/1KVbXmnRRBtfCmlf/T2Rs9TaThr7zpThjR31euJ/Xs1hctTIhcocguKDRYmTFDXt5UNbwgBH2fGEcSP8rZTfMMM4+hQLPoRo9OVxcrVbjg7K+xd7peOTYRxzZINskm0SkUNyTM7IOakQTh7JM3klb8FT8BK8Bx+D1olgOLNO/iD4/AHh4J5D</latexit>

ng ⌘ number of ground states

<latexit sha1_base64="TLhUYAUTu6YGHyDcqxWuxvR/4Fs="></latexit>

n ⌘ dimension of f or the base dynamical manifold, or number of fields

<latexit sha1_base64="wasj2dYKLZbfn6wB9CM/8+7I2sw=">AAACJnicbVC7TsMwFHV4U14FRhaLCompShCvBQnBwggShUptVTnOTWvh2MG+Qa2ifg0Lv8LCAEKIjU/BKRl4neno3HNfJ0ylsOj7797E5NT0zOzcfGVhcWl5pbq6dmV1Zjg0uJbaNENmQQoFDRQooZkaYEko4Tq8OS3q13dgrNDqEocpdBLWUyIWnKGTutUj1R3QNtxm4o62EQaYRyIBVfipjuloUKpUG4p9oMUumjA3Qsto1K3W/Lo/Bv1LgpLUSInzbvW5HWmeuQ3IJbO2FfgpdnJmUHAJo0o7s5AyfsN60HJUsQRsJx+/OaJbTolo7C6JtUI6Vr935CyxdpiEzpkw7NvftUL8r9bKMD7s5EKlGYLiX4viTFLUtMiMRsIARzl0hHEj3K2U95lhHF2yFRdC8Pvlv+Rqpx7s1/cudmvHJ2Ucc2SDbJJtEpADckzOyDlpEE7uySN5Ji/eg/fkvXpvX9YJr+xZJz/gfXwCUd6mTg==</latexit>

nx ⌘ dimension of x or the base manifold

<latexit sha1_base64="hgwPYW5eBFnFD9mg5ukyviL5S6E=">AAACE3icbVA9SwNBEN2L3/EramlzGITEItyJX40StLGSCEaFXAx7m7lkcW/v2J0T45n/YONfsbFQxNbGzn/jJqbQxAcDj/dmmJnnx4JrdJwvKzM2PjE5NT2TnZ2bX1jMLS2f6yhRDKosEpG69KkGwSVUkaOAy1gBDX0BF/71Uc+/uAGleSTPsBNDPaQtyQPOKBqpkdvwEG4xbfKwW/AEBHjv+YC0cFf0FG+18aC4f3KVbsrGbbeRyzslpw97lLgDkicDVBq5T68ZsSQEiUxQrWuuE2M9pQo5E9DNeomGmLJr2oKaoZKGoOtp/6euvW6Uph1EypREu6/+nkhpqHUn9E1nSLGth72e+J9XSzDYq6dcxgmCZD+LgkTYGNm9gOwmV8BQdAyhTHFzq83aVFGGJsasCcEdfnmUnG+W3J3S9ulWvnw4iGOarJI1UiAu2SVlckwqpEoYeSBP5IW8Wo/Ws/Vmvf+0ZqzBzAr5A+vjGyfFnlM=</latexit>

dim(|�(z)i) = N2nx

<latexit sha1_base64="8FoKi91SxqcVvrBo7j0cco5I66o=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiRi1WWxG5cV7APatEymk3boZBJmJkoJ+Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCorcJYEtoiIQ9l18OKciZoSzPNaTeSFAcepx1v2sj8ziOVioXiQc8i6gZ4LJjPCNZGGvQDrCeelzTSQSLSYbliV+050CpxclKBHM1h+as/CkkcUKEJx0r1HDvSboKlZoTTtNSPFY0wmeIx7RkqcECVm8xTp+jMKCPkh9I8odFc/b2R4ECpWeCZySylWvYy8T+vF2v/xk2YiGJNBVkc8mOOdIiyCtCISUo0nxmCiWQmKyITLDHRpqiSKcFZ/vIqaV9Unatq7f6yUr/N6yjCCZzCOThwDXW4gya0gICEZ3iFN+vJerHerY/FaMHKd47hD6zPH/2Hktk=</latexit>

Cn
<latexit sha1_base64="UrcYYwRn24lx2N3rQPgFp/n+390="></latexit>

dim(|�0ki) = 2ng < 2n ⌧ N2nx
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Topological discovery of dynamical systems

motion on       
(cotangent bundle) with 
symplectic metric df^dπ 
and H[f,π] governed by 
Hamilton’s equations

HST+PCA 
using local harmonic wavelet basis 
or local coherent states, with fast 

forward and inverse

MLP 
with encoder/decoder structure

analytic function that 
specifies geodesics and 
adjoints, equivalently the 

topology of the 
dynamical manifold

geodesic motion on    
governed by Cauchy 
Riemann equations, 

equivalently the 
dimension and basis 

vectors (solutions to the 
Renormalization Group 

Equations) of the 
dynamical manifold
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Discussion and conclusions
• fast, high fidelity, surrogate developed for resistive MHD


✦ 107 acceleration over conventional finite volume calculation (from 360 core*hrs to less than 0.1 core*sec)

✦ simple MLDL architecture that is fast to train (1 core*sec PCA, 20 core*sec MLP + 16/27 GPU*hrs for MST/WPH on training data, 200k core*hrs to generate 

training data)

✦ gives field-to-field correlation

✦ physically interpretable results with meaningful graphical displays

✦ gives fundamental insight into physics


‣ nonlinear dynamics

‣ physical kinetics

‣ quantization and second quantization

‣ renormalization

‣ topology


✦ based on a transformation to a renormalization basis

‣ dynamics is constrained to a low dimensional linear subspace of a complex Hilbert space (manifold) — the solutions to the Renormalization Group 

Equations, fβ(p) , with basis |β(p)>, a Reduced Order Model

‣ a transformation from the cotangent bundle T*MN with a symplectic metric dπ^df to CN with analyticity, Wigner-Weyl-like manifold-safe transformation

‣ dynamics is geodesic motion determined by the topology of the low dimensional linear subspace CN spanned by |β(p)>, determined by the analytic 

function H(z) with curvature given by dH/dβ (the S-Matrix or Heisenberg’s Scattering Matrix)


• surrogate extrapolates well, if new physics (not captured by resistive MHD) is not becoming significant


• surrogate can be combined with experimental measurement to test causality hypothesis, and to characterize additional causality (model estimation), if needed


• emergent behavior of 2D MagLIF to self organized dipole state definitively demonstrated


