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Background

• Puzzles: dark matter, dark energy, the sum of the neutrino masses, the Hubble 
tension, etc. (Parameters: e.g., , , , )


• Cosmological surveys: the Roman Space Telescope, Euclid, LSST, DESI, etc.

<latexit sha1_base64="mwwhUJsVM9eI8lNu2Qebk3o6LYE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GVBBHdWsA9oQ5hMb9qhM0mYmSglFvwRNy4UceuXuPNvnLRdaOuBC4dz7mXOnCDhTGnH+bYKK6tr6xvFzdLW9s7unl3eb6k4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdJn77XuQisXRnR4n4AkyiFjIKNFG8u1y70bAgPg9QfRQikxMfLviVJ0p8DJx56SC5mj49levH9NUQKQpJ0p1XSfRXkakZpTDpNRLFSSEjsgAuoZGRIDysmn0CT42Sh+HsTQTaTxVf19kRCg1FoHZzBOqRS8X//O6qQ4vvIxFSaohorOHwpRjHeO8B9xnEqjmY0MIlcxkxXRIJKHatFUyJbiLX14mrdOqe1at3dYq9aunWR1FdIiO0Aly0Tmqo2vUQE1E0QN6Rq/ozXq0Xqx362O2WrDmFR6gP7A+fwDXdpTP</latexit>

⌦m
<latexit sha1_base64="ZVMoaNnrjaqr7NiMBUhEzwAahks=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GVBBHdWsA9oQ5hMb9qhM0mYmSglFvwRNy4UceuXuPNvnLRdaOuBC4dz7mXOnCDhTGnH+bYKK6tr6xvFzdLW9s7unl3eb6k4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdJn77XuQisXRnR4n4AkyiFjIKNFG8u1y70bAgPg9QfRQiiyY+HbFqTpT4GXizkkFzdHw7a9eP6apgEhTTpTquk6ivYxIzSiHSamXKkgIHZEBdA2NiADlZdPoE3xslD4OY2km0niq/r7IiFBqLAKzmSdUi14u/ud1Ux1eeBmLklRDRGcPhSnHOsZ5D7jPJFDNx4YQKpnJiumQSEK1aatkSnAXv7xMWqdV96xau61V6ldPszqK6BAdoRPkonNUR9eogZqIogf0jF7Rm/VovVjv1sdstWDNKzxAf2B9/gDGv5TE</latexit>

⌦b
<latexit sha1_base64="TJcu2/e2YTgRtSt8hjrtSm0nHGM=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozIuqyIILLivYBnaFk0kwbmmSGPIQyFPwVblwo4tY/485/Y/pYaOuBwMc5N+TmxBln2vj+t1dYWV1b3yhulra2d3b3yvsHTZ1aRWiDpDxV7RhrypmkDcMMp+1MUSxiTlvx8HqStx6p0iyVD2aU0UjgvmQJI9g4KwzvWV9gJLqhtN1yxa/6U6FlCOZQgbnq3fJX2EuJFVQawrHWncDPTJRjZRjhdFwKraYZJkPcpx2HEguqo3y68xidOKeHklS5Iw2aur9v5FhoPRKxmxTYDPRiNjH/yzrWJFdRzmRmDZVk9lBiOTIpmhSAekxRYvjIASaKuV0RGWCFiXE1lVwJweKXl6F5Vg0uqud355XazdOsjiIcwTGcQgCXUINbqEMDCGTwDK/w5lnvxXv3PmajBW9e4SH8kff5A86zkfY=</latexit>
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<latexit sha1_base64="001yUDoIJNSUAxPqI3TKXz/UUSs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BETwmYB6QLGF20puMmZ1dZmaFsAS8e/GgiFc/yZt/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1FipPuwVS27ZnYGsEm9BSrBArVf86vZjlkYoDRNU647nJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYELzll1dJ86LsXZYr9Uqpevs0jyMPJ3AK5+DBFVThDmrQAAYIz/AKb86D8+K8Ox/z1pyziPAY/sD5/AH3zo14</latexit>
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 galaxies will be observed
<latexit sha1_base64="mnCm0vy1DxN9twdXNP0uFlRNch0=">AAAB8HicbVDJSgNBEK2JW4xb1KOXxiB4CjMiLreACB4jmEWSMfR0epImvQzdPUIYAv6DFw+KePVzvPk3dpaDJj4oeLxXRVW9KOHMWN//9nJLyyura/n1wsbm1vZOcXevblSqCa0RxZVuRthQziStWWY5bSaaYhFx2ogGV2O/8Ui1YUre2WFCQ4F7ksWMYOuk+7ZhAgX+w2WnWPLL/gRokQQzUoIZqp3iV7urSCqotIRjY1qBn9gww9oywumo0E4NTTAZ4B5tOSqxoCbMJgeP0JFTuihW2pW0aKL+nsiwMGYoItcpsO2beW8s/ue1UhtfhBmTSWqpJNNFccqRVWj8PeoyTYnlQ0cw0czdikgfa0ysy6jgQgjmX14k9ZNycFY+vT0tVa6fpnHk4QAO4RgCOIcK3EAVakBAwDO8wpunvRfv3fuYtua8WYT78Afe5w+0spAd</latexit>

⇠ 109

Summary statistics (high precision)
Roman Space Telescope



Background

• The matter power spectrum: how "clumpy" the Universe is at different scales 
(Fourier transform of the two-point correlation function of the overdensity field)

<latexit sha1_base64="z7TDpRtOz5nyb7ylTun5DDnXQV4=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIVEoza7gl24rGAf0IQymUzaoZMHMxOhpN34K25cKOLWz3Dn3zhpS1HRA8MczrmXe+/xU0aFNM1PbWl5ZXVtvbRR3tza3tnV9/ZbIsk4Jk2csIR3fCQIozFpSioZ6aScoMhnpO0Prwu/fU+4oEl8J0cp8SLUj2lIMZJK6umHY7dOmETQ9RMWiFGkvpxPxj29YhrnjmObF9AyzCmgaVQd27KdhVIBczR6+ocbJDiLSCwxQ0J0LTOVXo64pJiRSdnNBEkRHqI+6Soao4gIL58eMIEnSglgmHD1Ygmn6veOHEWi2E1VRkgOxG+vEP/yupkMq15O4zSTJMazQWHGoExgkQYMKCdYspEiCHOqdoV4gDjCUmVWViEsbv+ftM4M69Kwb+1KrT6PowSOwDE4BRa4AjVwAxqgCTCYgEfwDF60B+1Je9XeZqVL2rznAPyA9v4FyiSXOQ==</latexit>

|�r|



Background

• The matter power spectrum: how "clumpy" the Universe is at different scales 
(Fourier transform of the two-point correlation function of the overdensity field)
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|�r| = 130Mpc/h

<latexit sha1_base64="z7TDpRtOz5nyb7ylTun5DDnXQV4=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIVEoza7gl24rGAf0IQymUzaoZMHMxOhpN34K25cKOLWz3Dn3zhpS1HRA8MczrmXe+/xU0aFNM1PbWl5ZXVtvbRR3tza3tnV9/ZbIsk4Jk2csIR3fCQIozFpSioZ6aScoMhnpO0Prwu/fU+4oEl8J0cp8SLUj2lIMZJK6umHY7dOmETQ9RMWiFGkvpxPxj29YhrnjmObF9AyzCmgaVQd27KdhVIBczR6+ocbJDiLSCwxQ0J0LTOVXo64pJiRSdnNBEkRHqI+6Soao4gIL58eMIEnSglgmHD1Ygmn6veOHEWi2E1VRkgOxG+vEP/yupkMq15O4zSTJMazQWHGoExgkQYMKCdYspEiCHOqdoV4gDjCUmVWViEsbv+ftM4M69Kwb+1KrT6PowSOwDE4BRa4AjVwAxqgCTCYgEfwDF60B+1Je9XeZqVL2rznAPyA9v4FyiSXOQ==</latexit>

|�r|

<latexit sha1_base64="2W5anRDsvvZEHFQi9N3tHSasdgk="></latexit>

k =
2⇡

|�r| ⇡ 0.048hMpc�1



Background

• Cosmological inference: Bayesian methods

Y

X

Basic idea: an analogy, suppose we know Y=f(X)

<latexit sha1_base64="f/P857EC0KTpIUscfuhA1jn7wgk=">AAACRnicbVC7SgNBFL0b3/EVtbRZDIJpwq6I2giijWUEkwjJEmZn7+rg7IOZu2JY9+tsrO38BBsLRWydPASjHhg4c+453Jnjp1JocpxnqzQ1PTM7N79QXlxaXlmtrK23dJIpjk2eyERd+kyjFDE2SZDEy1Qhi3yJbf/mdDBv36LSIokvqJ+iF7GrWISCMzJSr+I1drqEd5RHSYCyuB9dAkasqB11Q8V4/u0Yivc/3bXJcK2Y9NaKXqXq1J0h7L/EHZMqjNHoVZ66QcKzCGPikmndcZ2UvJwpElxiUe5mGlPGb9gVdgyNWYTay4c1FPa2UQI7TJQ5MdlD9WciZ5HW/cg3zojRtf49G4j/zToZhYdeLuI0I4z5aFGYSZsSe9CpHQiFnGTfEMaVMG+1+TUz3ZFpvmxKcH9/+S9p7dbd/fre+V71+GRcxzxswhbsgAsHcAxn0IAmcHiAF3iDd+vRerU+rM+RtWSNMxswgRJ8ATbttI8=</latexit>

P (model|data) = P (data|model)P (model)

P (data)
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Background

• Cosmological inference: Bayesian methods

Y

X

Basic idea: an analogy, suppose we know Y=f(X)

data (observed)

model

In practice, X and Y can 
be vectors! 


And f can be complicated!
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Background

• Cosmological inference: Bayesian methods

Y

X

Basic idea: an analogy, suppose we know Y=f(X)

data (observed)

model

In practice, X and Y can 
be vectors! 


And f can be complicated!

How do we get the 
dependence f?

Focus

<latexit sha1_base64="f/P857EC0KTpIUscfuhA1jn7wgk=">AAACRnicbVC7SgNBFL0b3/EVtbRZDIJpwq6I2giijWUEkwjJEmZn7+rg7IOZu2JY9+tsrO38BBsLRWydPASjHhg4c+453Jnjp1JocpxnqzQ1PTM7N79QXlxaXlmtrK23dJIpjk2eyERd+kyjFDE2SZDEy1Qhi3yJbf/mdDBv36LSIokvqJ+iF7GrWISCMzJSr+I1drqEd5RHSYCyuB9dAkasqB11Q8V4/u0Yivc/3bXJcK2Y9NaKXqXq1J0h7L/EHZMqjNHoVZ66QcKzCGPikmndcZ2UvJwpElxiUe5mGlPGb9gVdgyNWYTay4c1FPa2UQI7TJQ5MdlD9WciZ5HW/cg3zojRtf49G4j/zToZhYdeLuI0I4z5aFGYSZsSe9CpHQiFnGTfEMaVMG+1+TUz3ZFpvmxKcH9/+S9p7dbd/fre+V71+GRcxzxswhbsgAsHcAxn0IAmcHiAF3iDd+vRerU+rM+RtWSNMxswgRJ8ATbttI8=</latexit>

P (model|data) = P (data|model)P (model)
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Background

• Theoretical predictions: X (cosmological parameters)→ Y (matter power)

Y

X

using sims directly 

by N-body simulations

 sims required
<latexit sha1_base64="ZrhhoO+mkP58G6kMYrSyhlg0tvw=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZEqsuCCC4r2Ie0Y8mkmTY0yQxJRihDwX9w40IRt36OO//G9LHQ1gMXDufcy733hIngxnreN8qtrK6tb+Q3C1vbO7t7xf2DholTTVmdxiLWrZAYJrhidcutYK1EMyJDwZrh8GriNx+ZNjxWd3aUsECSvuIRp8Q66b5juMS+91DpFkte2ZsCLxN/TkowR61b/Or0YppKpiwVxJi27yU2yIi2nAo2LnRSwxJCh6TP2o4qIpkJsunBY3zilB6OYu1KWTxVf09kRBozkqHrlMQOzKI3Ef/z2qmNLoOMqyS1TNHZoigV2MZ48j3ucc2oFSNHCNXc3YrpgGhCrcuo4ELwF19eJo2zsl8pn9+el6rXT7M48nAEx3AKPlxAFW6gBnWgIOEZXuENafSC3tHHrDWH5hEewh+gzx+wJpAa</latexit>

⇠ 106
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<latexit sha1_base64="ZrhhoO+mkP58G6kMYrSyhlg0tvw=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZEqsuCCC4r2Ie0Y8mkmTY0yQxJRihDwX9w40IRt36OO//G9LHQ1gMXDufcy733hIngxnreN8qtrK6tb+Q3C1vbO7t7xf2DholTTVmdxiLWrZAYJrhidcutYK1EMyJDwZrh8GriNx+ZNjxWd3aUsECSvuIRp8Q66b5juMS+91DpFkte2ZsCLxN/TkowR61b/Or0YppKpiwVxJi27yU2yIi2nAo2LnRSwxJCh6TP2o4qIpkJsunBY3zilB6OYu1KWTxVf09kRBozkqHrlMQOzKI3Ef/z2qmNLoOMqyS1TNHZoigV2MZ48j3ucc2oFSNHCNXc3YrpgGhCrcuo4ELwF19eJo2zsl8pn9+el6rXT7M48nAEx3AKPlxAFW6gBnWgIOEZXuENafSC3tHHrDWH5hEewh+gzx+wJpAa</latexit>

⇠ 106

Too expensive!



Background

• Theoretical predictions: X (cosmological parameters)→ Y (matter power)

Y

X

Y

X

using sims directly 

by N-body simulations

 sims required
<latexit sha1_base64="ZrhhoO+mkP58G6kMYrSyhlg0tvw=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZEqsuCCC4r2Ie0Y8mkmTY0yQxJRihDwX9w40IRt36OO//G9LHQ1gMXDufcy733hIngxnreN8qtrK6tb+Q3C1vbO7t7xf2DholTTVmdxiLWrZAYJrhidcutYK1EMyJDwZrh8GriNx+ZNjxWd3aUsECSvuIRp8Q66b5juMS+91DpFkte2ZsCLxN/TkowR61b/Or0YppKpiwVxJi27yU2yIi2nAo2LnRSwxJCh6TP2o4qIpkJsunBY3zilB6OYu1KWTxVf09kRBozkqHrlMQOzKI3Ef/z2qmNLoOMqyS1TNHZoigV2MZ48j3ucc2oFSNHCNXc3YrpgGhCrcuo4ELwF19eJo2zsl8pn9+el6rXT7M48nAEx3AKPlxAFW6gBnWgIOEZXuENafSC3tHHrDWH5hEewh+gzx+wJpAa</latexit>

⇠ 106

Too expensive!

overcome



Background

• Theoretical predictions: X (cosmological parameters)→ Y (matter power)

Y

X

Y

X

using sims directly 

by N-body simulations

 sims required
<latexit sha1_base64="ZrhhoO+mkP58G6kMYrSyhlg0tvw=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZEqsuCCC4r2Ie0Y8mkmTY0yQxJRihDwX9w40IRt36OO//G9LHQ1gMXDufcy733hIngxnreN8qtrK6tb+Q3C1vbO7t7xf2DholTTVmdxiLWrZAYJrhidcutYK1EMyJDwZrh8GriNx+ZNjxWd3aUsECSvuIRp8Q66b5juMS+91DpFkte2ZsCLxN/TkowR61b/Or0YppKpiwVxJi27yU2yIi2nAo2LnRSwxJCh6TP2o4qIpkJsunBY3zilB6OYu1KWTxVf09kRBozkqHrlMQOzKI3Ef/z2qmNLoOMqyS1TNHZoigV2MZ48j3ucc2oFSNHCNXc3YrpgGhCrcuo4ELwF19eJo2zsl8pn9+el6rXT7M48nAEx3AKPlxAFW6gBnWgIOEZXuENafSC3tHHrDWH5hEewh+gzx+wJpAa</latexit>

⇠ 106

Too expensive!

regression (supervised learning) 
emulation

overcome



Background

• Theoretical predictions: X (cosmological parameters)→ Y (matter power)

Y

X

Y

X

using sims directly 

by N-body simulations

 sims required
<latexit sha1_base64="ZrhhoO+mkP58G6kMYrSyhlg0tvw=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZEqsuCCC4r2Ie0Y8mkmTY0yQxJRihDwX9w40IRt36OO//G9LHQ1gMXDufcy733hIngxnreN8qtrK6tb+Q3C1vbO7t7xf2DholTTVmdxiLWrZAYJrhidcutYK1EMyJDwZrh8GriNx+ZNjxWd3aUsECSvuIRp8Q66b5juMS+91DpFkte2ZsCLxN/TkowR61b/Or0YppKpiwVxJi27yU2yIi2nAo2LnRSwxJCh6TP2o4qIpkJsunBY3zilB6OYu1KWTxVf09kRBozkqHrlMQOzKI3Ef/z2qmNLoOMqyS1TNHZoigV2MZ48j3ucc2oFSNHCNXc3YrpgGhCrcuo4ELwF19eJo2zsl8pn9+el6rXT7M48nAEx3AKPlxAFW6gBnWgIOEZXuENafSC3tHHrDWH5hEewh+gzx+wJpAa</latexit>

⇠ 106

Too expensive!

regression (supervised learning) 
emulation

 sims required
<latexit sha1_base64="srE4fVs+1d7HzejV6JCZ9gy676g=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuykwp6rIggssK9iHtWDJppg1NMkOSEcpQ8B/cuFDErZ/jzr8xfSy09cCFwzn3cu89YSK4sZ73jVZW19Y3NnNb+e2d3b39wsFhw8SppqxOYxHrVkgME1yxuuVWsFaiGZGhYM1weDXxm49MGx6rOztKWCBJX/GIU2KddN8xXGLfeyh3C0Wv5E2Bl4k/J0WYo9YtfHV6MU0lU5YKYkzb9xIbZERbTgUb5zupYQmhQ9JnbUcVkcwE2fTgMT51Sg9HsXalLJ6qvycyIo0ZydB1SmIHZtGbiP957dRGl0HGVZJapuhsUZQKbGM8+R73uGbUipEjhGrubsV0QDSh1mWUdyH4iy8vk0a55J+XKreVYvX6aRZHDo7hBM7Ahwuowg3UoA4UJDzDK7whjV7QO/qYta6geYRH8Afo8weqFpAW</latexit>

⇠ 102

Feasible!

overcome



Background

• We are running a suite of N-body simulations 


• and will build an emulator based on the simulations that can predict the 
matter power spectrum at the percent-level accuracy

X


(cosmological parameters)

Y


(matter power spectrum)



Methods

• Cosmological parameters: 10-dimensional parameter space


• Sampling technique: Sliced Latin Hypercube Design (SLHD)

extensions



Methods

• Cosmological parameters: 10-dimensional parameter space


• Sampling technique: Sliced Latin Hypercube Design (SLHD)


• N-body simulations: MP-Gadget (MPI + OpenMP threads)


• goal:  particles (such high resolution is required to make full use of 
data) in a box of  (large box)

<latexit sha1_base64="Rnn6un3tDqgQEG3+fvAErUh9L/g=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqmRsUZcFEVxWsA9ox5JJM21sJhmSjFBKwU9w40IRt/6PO//G9LHQ1gMXDufcy733hIngxmL87WVWVtfWN7Kbua3tnd29/P5B3ahUU1ajSijdDIlhgktWs9wK1kw0I3EoWCMcXE38xiPThit5Z4cJC2LSkzzilFgn1UsY4/tSJ1/ARTwFWib+nBRgjmon/9XuKprGTFoqiDEtHyc2GBFtORVsnGunhiWEDkiPtRyVJGYmGE2vHaMTp3RRpLQradFU/T0xIrExwzh0nTGxfbPoTcT/vFZqo8tgxGWSWibpbFGUCmQVmryOulwzasXQEUI1d7ci2ieaUOsCyrkQ/MWXl0n9rOifF8u35ULl+mkWRxaO4BhOwYcLqMANVKEGFB7gGV7hzVPei/fufcxaM948wkP4A+/zBxlAjpY=</latexit>

30003
<latexit sha1_base64="K7D5E28+Ft4dqZCttvby7q65sbc=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiVJCa0aIuCyK4ESrYB3TGkknTNjTJDElGKENF8FfcuFDErX/hzr8x03ahrQcuHM65l3vvCSJGlYbw28rMzS8sLmWXcyura+sb9uZWTYWxxKSKQxbKRoAUYVSQqqaakUYkCeIBI/Wgf5H69XsiFQ3FrR5ExOeoK2iHYqSN1LJ3Ci6E0Dv0ONI9yZPrCA+Pegd3Jy07D4twBGeWuBOSBxNUWvaX1w5xzInQmCGlmi6MtJ8gqSlmZJjzYkUihPuoS5qGCsSJ8pPRB0Nn3yhtpxNKU0I7I/X3RIK4UgMemM70UDXtpeJ/XjPWnXM/oSKKNRF4vKgTM0eHThqH06aSYM0GhiAsqbnVwT0kEdYmtJwJwZ1+eZbUjovuabF0U8qXLx/HcWTBLtgDBeCCM1AGV6ACqgCDB/AMXsGb9WS9WO/Wx7g1Y00i3AZ/YH3+ADbdleY=</latexit>

(1000Mpc/h)3 a big simulation!

extensions



Methods

• The role of Frontera:


• essential for running simulations: 


• one aforementioned simulation takes 18 hours on 256 nodes (14336 
cores) on Frontera


• small systems: e.g., on UCR's HPCC: 256 cores accessible, a single run 
would take 42 days to finish!


• this project: equivalent to ~30 runs, would take 3.5 years on HPCC, while 
Frontera makes it achievable within 1 month!



Methods

• The role of Frontera:


• necessary for visualizing simulations: 


• the visualization requires ~1.5 TB memory (10 nodes are used in practice)


• not possible on small systems: e.g., UCR's HPCC 1 TB accessible (per 
user), my laptop 16 GB

Frontera enables our science goals!



Methods

• Emulation based on simulations: 


• Traditional emulator: single-fidelity (# of particles, box size)


• e.g., 8D emulator: EuclidEmulator2 (Euclid collaboration 2020)


• efficient but still needs a large number (>100) of high-resolution sims and 
hard to expand the parameter space to higher dimensions



Methods

• Emulation based on simulations: 


• Traditional emulator: single-fidelity (# of particles, box size)


• e.g., 8D emulator: EuclidEmulator2 (Euclid collaboration 2020)


• efficient but still needs a large number (>100) of high-resolution sims and 
hard to expand the parameter space to higher dimensions


• MF-Box, a multi-fidelity emulation framework based on Gaussian process 
regression; builds the training set on simulations of different fidelities (Ho, Bird 
et al. 2023)


• further reduces the computational budget! (a low-fidelity simulation is 
much less expensive than a high-fidelity one, while can provide a fairly 
good prediction on certain scales)



Methods

• MF-Box emulation: tree structure (Ho, Bird et al. 2023), two low-fidelity (LF) 
nodes (information sources) and one high-fidelity (LF) node

In our work: 
L1:  particles         
L1:  box

<latexit sha1_base64="Olql7GEw0cuFY79eR5NWoOl05co=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexqtR4LInis4LaFdi3ZNNuGZrNLkhXKUvAfePGgiFd/kDf/jenHQVsfDDzem2FmXpAIro3jfKPcyura+kZ+s7C1vbO7V9w/aOg4VZR5NBaxagVEM8El8ww3grUSxUgUCNYMhtcTv/nIlOaxvDejhPkR6UseckqMlbzqhfNw3i2WnLIzBV4m7pyUYI56t/jV6cU0jZg0VBCt266TGD8jynAq2LjQSTVLCB2SPmtbKknEtJ9Njx3jE6v0cBgrW9Lgqfp7IiOR1qMosJ0RMQO96E3E/7x2asIrP+MySQ2TdLYoTAU2MZ58jntcMWrEyBJCFbe3YjogilBj8ynYENzFl5dJ46zsXpYrd5VS7eZpFkcejuAYTsGFKtTgFurgAQUOz/AKb0iiF/SOPmatOTSP8BD+AH3+ALhVjmU=</latexit>

7503
<latexit sha1_base64="0j9xmjb88ASHK1bfXjz+XgBKfMg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCC6kZKeqyIIIboYJ9QGcomTRtQ5PMkGSEOhT9FDcuFHHrf7jzb8y0XWjrgQuHc+4lJyeMOdMGoW8nt7C4tLySXy2srW9sbrnbO3UdJYrQGol4pJoh1pQzSWuGGU6bsaJYhJw2wsFl5jfuqdIskndmGNNA4J5kXUawsVLb3fMQQv6xL7DpK5HexGR00m+7RVRCY8B54k1JEUxRbbtfficiiaDSEI61bnkoNkGKlWGE01HBTzSNMRngHm1ZKrGgOkjH6Ufw0Cod2I2UHWngWP19kWKh9VCEdjNLqWe9TPzPayWmexGkTMaJoZJMHuomHJoIZlXADlOUGD60BBPFbFZI+lhhYmxhBVuCN/vleVI/LXlnpfJtuVi5eprUkQf74AAcAQ+cgwq4BlVQAwQ8gGfwCt6cR+fFeXc+Jqs5Z1rhLvgD5/MHMqiU3A==</latexit>

1000Mpc/h

L2:  particles         
L1:  box

<latexit sha1_base64="Olql7GEw0cuFY79eR5NWoOl05co=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexqtR4LInis4LaFdi3ZNNuGZrNLkhXKUvAfePGgiFd/kDf/jenHQVsfDDzem2FmXpAIro3jfKPcyura+kZ+s7C1vbO7V9w/aOg4VZR5NBaxagVEM8El8ww3grUSxUgUCNYMhtcTv/nIlOaxvDejhPkR6UseckqMlbzqhfNw3i2WnLIzBV4m7pyUYI56t/jV6cU0jZg0VBCt266TGD8jynAq2LjQSTVLCB2SPmtbKknEtJ9Njx3jE6v0cBgrW9Lgqfp7IiOR1qMosJ0RMQO96E3E/7x2asIrP+MySQ2TdLYoTAU2MZ58jntcMWrEyBJCFbe3YjogilBj8ynYENzFl5dJ46zsXpYrd5VS7eZpFkcejuAYTsGFKtTgFurgAQUOz/AKb0iiF/SOPmatOTSP8BD+AH3+ALhVjmU=</latexit>

7503
<latexit sha1_base64="uiC1+kPDc/S00lKeLhB0rWNOVRE=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcSJ0p9bEsiOBGqGAf0BlKJs20oUlmSDLCMFT8EzcuFHHrh7jzb8y0XWjrgQuHc+4lJyeIGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+pKJGYNHHEItkJkCKMCtLUVDPSiSVBPGCkHYyucr/9QKSikbjXaUx8jgaChhQjbaSeXaqeOd6Jx5EeSp7dxnh8OuzZZafiTAAXiTsjZTBDo2d/ef0IJ5wIjRlSqus6sfYzJDXFjIyLXqJIjPAIDUjXUIE4UX42CT+GR0bpwzCSZoSGE/X3RYa4UikPzGaeUs17ufif1010eOlnVMSJJgJPHwoTBnUE8yZgn0qCNUsNQVhSkxXiIZIIa9NX0ZTgzn95kbSqFfe8UrurlevXT9M6CuAAHIJj4IILUAc3oAGaAIMUPINX8GY9Wi/Wu/UxXV2yZhWWwB9Ynz/KoJSo</latexit>

250Mpc/h

HF:  particles         
L1:  box

<latexit sha1_base64="Rnn6un3tDqgQEG3+fvAErUh9L/g=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqmRsUZcFEVxWsA9ox5JJM21sJhmSjFBKwU9w40IRt/6PO//G9LHQ1gMXDufcy733hIngxmL87WVWVtfWN7Kbua3tnd29/P5B3ahUU1ajSijdDIlhgktWs9wK1kw0I3EoWCMcXE38xiPThit5Z4cJC2LSkzzilFgn1UsY4/tSJ1/ARTwFWib+nBRgjmon/9XuKprGTFoqiDEtHyc2GBFtORVsnGunhiWEDkiPtRyVJGYmGE2vHaMTp3RRpLQradFU/T0xIrExwzh0nTGxfbPoTcT/vFZqo8tgxGWSWibpbFGUCmQVmryOulwzasXQEUI1d7ci2ieaUOsCyrkQ/MWXl0n9rOifF8u35ULl+mkWRxaO4BhOwYcLqMANVKEGFB7gGV7hzVPei/fufcxaM948wkP4A+/zBxlAjpY=</latexit>

30003
<latexit sha1_base64="0j9xmjb88ASHK1bfXjz+XgBKfMg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCC6kZKeqyIIIboYJ9QGcomTRtQ5PMkGSEOhT9FDcuFHHrf7jzb8y0XWjrgQuHc+4lJyeMOdMGoW8nt7C4tLySXy2srW9sbrnbO3UdJYrQGol4pJoh1pQzSWuGGU6bsaJYhJw2wsFl5jfuqdIskndmGNNA4J5kXUawsVLb3fMQQv6xL7DpK5HexGR00m+7RVRCY8B54k1JEUxRbbtfficiiaDSEI61bnkoNkGKlWGE01HBTzSNMRngHm1ZKrGgOkjH6Ufw0Cod2I2UHWngWP19kWKh9VCEdjNLqWe9TPzPayWmexGkTMaJoZJMHuomHJoIZlXADlOUGD60BBPFbFZI+lhhYmxhBVuCN/vleVI/LXlnpfJtuVi5eprUkQf74AAcAQ+cgwq4BlVQAwQ8gGfwCt6cR+fFeXc+Jqs5Z1rhLvgD5/MHMqiU3A==</latexit>

1000Mpc/h

10X



Methods

• MF-Box emulation: tree structure (Ho, Bird et al. 2023), two low-fidelity (LF) 
nodes (information sources) and one high-fidelity (LF) node

In our work: 
L1:  particles         
L1:  box

<latexit sha1_base64="Olql7GEw0cuFY79eR5NWoOl05co=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexqtR4LInis4LaFdi3ZNNuGZrNLkhXKUvAfePGgiFd/kDf/jenHQVsfDDzem2FmXpAIro3jfKPcyura+kZ+s7C1vbO7V9w/aOg4VZR5NBaxagVEM8El8ww3grUSxUgUCNYMhtcTv/nIlOaxvDejhPkR6UseckqMlbzqhfNw3i2WnLIzBV4m7pyUYI56t/jV6cU0jZg0VBCt266TGD8jynAq2LjQSTVLCB2SPmtbKknEtJ9Njx3jE6v0cBgrW9Lgqfp7IiOR1qMosJ0RMQO96E3E/7x2asIrP+MySQ2TdLYoTAU2MZ58jntcMWrEyBJCFbe3YjogilBj8ynYENzFl5dJ46zsXpYrd5VS7eZpFkcejuAYTsGFKtTgFurgAQUOz/AKb0iiF/SOPmatOTSP8BD+AH3+ALhVjmU=</latexit>

7503
<latexit sha1_base64="0j9xmjb88ASHK1bfXjz+XgBKfMg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCC6kZKeqyIIIboYJ9QGcomTRtQ5PMkGSEOhT9FDcuFHHrf7jzb8y0XWjrgQuHc+4lJyeMOdMGoW8nt7C4tLySXy2srW9sbrnbO3UdJYrQGol4pJoh1pQzSWuGGU6bsaJYhJw2wsFl5jfuqdIskndmGNNA4J5kXUawsVLb3fMQQv6xL7DpK5HexGR00m+7RVRCY8B54k1JEUxRbbtfficiiaDSEI61bnkoNkGKlWGE01HBTzSNMRngHm1ZKrGgOkjH6Ufw0Cod2I2UHWngWP19kWKh9VCEdjNLqWe9TPzPayWmexGkTMaJoZJMHuomHJoIZlXADlOUGD60BBPFbFZI+lhhYmxhBVuCN/vleVI/LXlnpfJtuVi5eprUkQf74AAcAQ+cgwq4BlVQAwQ8gGfwCt6cR+fFeXc+Jqs5Z1rhLvgD5/MHMqiU3A==</latexit>

1000Mpc/h

L2:  particles         
L1:  box

<latexit sha1_base64="Olql7GEw0cuFY79eR5NWoOl05co=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexqtR4LInis4LaFdi3ZNNuGZrNLkhXKUvAfePGgiFd/kDf/jenHQVsfDDzem2FmXpAIro3jfKPcyura+kZ+s7C1vbO7V9w/aOg4VZR5NBaxagVEM8El8ww3grUSxUgUCNYMhtcTv/nIlOaxvDejhPkR6UseckqMlbzqhfNw3i2WnLIzBV4m7pyUYI56t/jV6cU0jZg0VBCt266TGD8jynAq2LjQSTVLCB2SPmtbKknEtJ9Njx3jE6v0cBgrW9Lgqfp7IiOR1qMosJ0RMQO96E3E/7x2asIrP+MySQ2TdLYoTAU2MZ58jntcMWrEyBJCFbe3YjogilBj8ynYENzFl5dJ46zsXpYrd5VS7eZpFkcejuAYTsGFKtTgFurgAQUOz/AKb0iiF/SOPmatOTSP8BD+AH3+ALhVjmU=</latexit>

7503
<latexit sha1_base64="uiC1+kPDc/S00lKeLhB0rWNOVRE=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcSJ0p9bEsiOBGqGAf0BlKJs20oUlmSDLCMFT8EzcuFHHrh7jzb8y0XWjrgQuHc+4lJyeIGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+pKJGYNHHEItkJkCKMCtLUVDPSiSVBPGCkHYyucr/9QKSikbjXaUx8jgaChhQjbaSeXaqeOd6Jx5EeSp7dxnh8OuzZZafiTAAXiTsjZTBDo2d/ef0IJ5wIjRlSqus6sfYzJDXFjIyLXqJIjPAIDUjXUIE4UX42CT+GR0bpwzCSZoSGE/X3RYa4UikPzGaeUs17ufif1010eOlnVMSJJgJPHwoTBnUE8yZgn0qCNUsNQVhSkxXiIZIIa9NX0ZTgzn95kbSqFfe8UrurlevXT9M6CuAAHIJj4IILUAc3oAGaAIMUPINX8GY9Wi/Wu/UxXV2yZhWWwB9Ynz/KoJSo</latexit>

250Mpc/h

HF:  particles         
L1:  box

<latexit sha1_base64="Rnn6un3tDqgQEG3+fvAErUh9L/g=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqmRsUZcFEVxWsA9ox5JJM21sJhmSjFBKwU9w40IRt/6PO//G9LHQ1gMXDufcy733hIngxmL87WVWVtfWN7Kbua3tnd29/P5B3ahUU1ajSijdDIlhgktWs9wK1kw0I3EoWCMcXE38xiPThit5Z4cJC2LSkzzilFgn1UsY4/tSJ1/ARTwFWib+nBRgjmon/9XuKprGTFoqiDEtHyc2GBFtORVsnGunhiWEDkiPtRyVJGYmGE2vHaMTp3RRpLQradFU/T0xIrExwzh0nTGxfbPoTcT/vFZqo8tgxGWSWibpbFGUCmQVmryOulwzasXQEUI1d7ci2ieaUOsCyrkQ/MWXl0n9rOifF8u35ULl+mkWRxaO4BhOwYcLqMANVKEGFB7gGV7hzVPei/fufcxaM948wkP4A+/zBxlAjpY=</latexit>

30003
<latexit sha1_base64="0j9xmjb88ASHK1bfXjz+XgBKfMg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCC6kZKeqyIIIboYJ9QGcomTRtQ5PMkGSEOhT9FDcuFHHrf7jzb8y0XWjrgQuHc+4lJyeMOdMGoW8nt7C4tLySXy2srW9sbrnbO3UdJYrQGol4pJoh1pQzSWuGGU6bsaJYhJw2wsFl5jfuqdIskndmGNNA4J5kXUawsVLb3fMQQv6xL7DpK5HexGR00m+7RVRCY8B54k1JEUxRbbtfficiiaDSEI61bnkoNkGKlWGE01HBTzSNMRngHm1ZKrGgOkjH6Ufw0Cod2I2UHWngWP19kWKh9VCEdjNLqWe9TPzPayWmexGkTMaJoZJMHuomHJoIZlXADlOUGD60BBPFbFZI+lhhYmxhBVuCN/vleVI/LXlnpfJtuVi5eprUkQf74AAcAQ+cgwq4BlVQAwQ8gGfwCt6cR+fFeXc+Jqs5Z1rhLvgD5/MHMqiU3A==</latexit>

1000Mpc/h

10X

L1: large scales


L2: small scales



Methods

• Optimization of the computational budget


•  pairs of LF sims, and  HF sims: total cost


•

<latexit sha1_base64="7Gge/2jlp6vEjCHb2iktT9d1Ozs=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeACB48RDAPTJYwO5lNhszOLjO9YlgCfoQXD4p49W+8+TdOHgdNLGgoqrrp7goSKQy67reTW1peWV3Lrxc2Nre2d4q7e3UTp5rxGotlrJsBNVwKxWsoUPJmojmNAskbweBy7DceuDYiVnc4TLgf0Z4SoWAUrXSvOm3kj5jdjDrFklt2JyCLxJuREsxQ7RS/2t2YpRFXyCQ1puW5CfoZ1SiY5KNCOzU8oWxAe7xlqaIRN342uXhEjqzSJWGsbSkkE/X3REYjY4ZRYDsjin0z743F/7xWiuGFnwmVpMgVmy4KU0kwJuP3SVdozlAOLaFMC3srYX2qKUMbUsGG4M2/vEjqJ2XvrHx6e1qqXD1N48jDARzCMXhwDhW4hirUgIGCZ3iFN8c4L8678zFtzTmzCPfhD5zPHxVDkZw=</latexit>nL
<latexit sha1_base64="hWLq0NKD5ssgiGHDE4LVqKijgYU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeACDlGMA9MljA7mU2GzM4uM71iWAJ+hBcPinj1b7z5N04eB00saCiquunuChIpDLrut5NbWV1b38hvFra2d3b3ivsHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8HriNx+4NiJWdzhKuB/RvhKhYBStdK+6HeSPmFXH3WLJLbtTkGXizUkJ5qh1i1+dXszSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5tePCYnVumRMNa2FJKp+nsio5ExoyiwnRHFgVn0JuJ/XjvF8MrPhEpS5IrNFoWpJBiTyfukJzRnKEeWUKaFvZWwAdWUoQ2pYEPwFl9eJo2zsndRPr89L1VunmZx5OEIjuEUPLiEClShBnVgoOAZXuHNMc6L8+58zFpzzjzCQ/gD5/MHDy+RmA==</latexit>nH

<latexit sha1_base64="lnYXhXMJP83CZ3Qk0hHWaFxdavk=">AAACOnicbVDLSgMxFM3UV62vqks3wSJUlDIjRd0IhSJ04aIF+4B2GDJp2oYmmSHJCGUo+Fdu/Ap3Lty4UMStH2D6AMfqhcDJOedy7z1+yKjStv1spZaWV1bX0uuZjc2t7Z3s7l5DBZHEpI4DFsiWjxRhVJC6ppqRVigJ4j4jTX9YnujNOyIVDcStHoXE5agvaI9ipA3lZWvlvPA6HOmB5PHN+BT+/Crj46tyQkv64AksJ4zJJi+bswv2tOBf4MxBDsyr6mWfOt0AR5wIjRlSqu3YoXZjJDXFjIwznUiREOEh6pO2gQJxotx4evoYHhmmC3uBNE9oOGWTHTHiSo24b5yTDdWiNiH/09qR7l26MRVhpInAs0G9iEEdwEmOsEslwZqNDEBYUrMrxAMkEdYm7YwJwVk8+S9onBWc80KxVsyVru9ncaTBATgEeeCAC1ACFVAFdYDBA3gBb+DderRerQ/rc2ZNWfMI98Gvsr6+ARWgr0s=</latexit>

C(nL, nH) = CLnL + CHnH



Methods

• Optimization of the computational budget


•  pairs of LF sims, and  HF sims: total cost


• 


• Target accuracy 


• constraint:  (error function will be detailed in our paper)

<latexit sha1_base64="7Gge/2jlp6vEjCHb2iktT9d1Ozs=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeACB48RDAPTJYwO5lNhszOLjO9YlgCfoQXD4p49W+8+TdOHgdNLGgoqrrp7goSKQy67reTW1peWV3Lrxc2Nre2d4q7e3UTp5rxGotlrJsBNVwKxWsoUPJmojmNAskbweBy7DceuDYiVnc4TLgf0Z4SoWAUrXSvOm3kj5jdjDrFklt2JyCLxJuREsxQ7RS/2t2YpRFXyCQ1puW5CfoZ1SiY5KNCOzU8oWxAe7xlqaIRN342uXhEjqzSJWGsbSkkE/X3REYjY4ZRYDsjin0z743F/7xWiuGFnwmVpMgVmy4KU0kwJuP3SVdozlAOLaFMC3srYX2qKUMbUsGG4M2/vEjqJ2XvrHx6e1qqXD1N48jDARzCMXhwDhW4hirUgIGCZ3iFN8c4L8678zFtzTmzCPfhD5zPHxVDkZw=</latexit>nL
<latexit sha1_base64="hWLq0NKD5ssgiGHDE4LVqKijgYU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeACDlGMA9MljA7mU2GzM4uM71iWAJ+hBcPinj1b7z5N04eB00saCiquunuChIpDLrut5NbWV1b38hvFra2d3b3ivsHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8HriNx+4NiJWdzhKuB/RvhKhYBStdK+6HeSPmFXH3WLJLbtTkGXizUkJ5qh1i1+dXszSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5tePCYnVumRMNa2FJKp+nsio5ExoyiwnRHFgVn0JuJ/XjvF8MrPhEpS5IrNFoWpJBiTyfukJzRnKEeWUKaFvZWwAdWUoQ2pYEPwFl9eJo2zsndRPr89L1VunmZx5OEIjuEUPLiEClShBnVgoOAZXuHNMc6L8+58zFpzzjzCQ/gD5/MHDy+RmA==</latexit>nH

<latexit sha1_base64="lnYXhXMJP83CZ3Qk0hHWaFxdavk=">AAACOnicbVDLSgMxFM3UV62vqks3wSJUlDIjRd0IhSJ04aIF+4B2GDJp2oYmmSHJCGUo+Fdu/Ap3Lty4UMStH2D6AMfqhcDJOedy7z1+yKjStv1spZaWV1bX0uuZjc2t7Z3s7l5DBZHEpI4DFsiWjxRhVJC6ppqRVigJ4j4jTX9YnujNOyIVDcStHoXE5agvaI9ipA3lZWvlvPA6HOmB5PHN+BT+/Crj46tyQkv64AksJ4zJJi+bswv2tOBf4MxBDsyr6mWfOt0AR5wIjRlSqu3YoXZjJDXFjIwznUiREOEh6pO2gQJxotx4evoYHhmmC3uBNE9oOGWTHTHiSo24b5yTDdWiNiH/09qR7l26MRVhpInAs0G9iEEdwEmOsEslwZqNDEBYUrMrxAMkEdYm7YwJwVk8+S9onBWc80KxVsyVru9ncaTBATgEeeCAC1ACFVAFdYDBA3gBb+DderRerQ/rc2ZNWfMI98Gvsr6+ARWgr0s=</latexit>

C(nL, nH) = CLnL + CHnH

<latexit sha1_base64="uzRys3gk+kPNNGBLEfWHguvVhFk=">AAAB73icbVBNSwMxEJ2tX7V+VT16CZaCp7IrRT0WRPBYwX5AdynZNNuGJtk1yQplKfgbvHhQxKt/x5v/xmzbg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK3jVBHaIjGPVTfEmnImacsww2k3URSLkNNOOL7O/c4jVZrF8t5MEhoIPJQsYgQbK3V9zQTy/Gq/XHFr7gxolXgLUoEFmv3ylz+ISSqoNIRjrXuem5ggw8owwum05KeaJpiM8ZD2LJVYUB1ks3unqGqVAYpiZUsaNFN/T2RYaD0Roe0U2Iz0speL/3m91ERXQcZkkhoqyXxRlHJkYpQ/jwZMUWL4xBJMFLO3IjLCChNjIyrZELzll1dJ+7zmXdTqd/VK4+ZpHkcRTuAUzsCDS2jALTShBQQ4PMMrvDkPzovz7nzMWwvOIsJj+APn8wcjUI/N</latexit>

⇠ 1%
<latexit sha1_base64="F4I2L+L1KGW2DuHsc2KFV8IpcFQ=">AAACGnicbZDNSgMxFIUz/tb6V3XpJlgEBSkzIupGEETowkUFa4W2lEx62wYzmSG5I5ZhwLdw46u4caGIO3Hj25i2I2j1QODjnBuSe/xICoOu++lMTE5Nz8zm5vLzC4tLy4WV1UsTxppDlYcy1Fc+MyCFgioKlHAVaWCBL6HmX58M8toNaCNCdYH9CJoB6yrREZyhtVoFr1HpCbqlWg2EW0zO0p1vLKfb9IgO4sxApruAaatQdEvuUPQveBkUSaZKq/DeaIc8DkAhl8yYuudG2EyYRsElpPlGbCBi/Jp1oW5RsQBMMxmultJN67RpJ9T2KKRD9+eNhAXG9APfTgYMe2Y8G5j/ZfUYO4fNRKgoRlB89FAnlhRDOuiJtoUGjrJvgXEt7F8p7zHNONo287YEb3zlv3C5W/L2S3vne8Xj07tRHTmyTjbIFvHIATkmZVIhVcLJPXkkz+TFeXCenFfnbTQ64WQVrpFfcj6+AG39oZQ=</latexit>

�(nL, nH) = �target

The optimal  that minimizes 
<latexit sha1_base64="pfsRKaBQyiAolaOzwI4vThZLJVw=">AAACAHicbZBLS8NAFIUn9VXrK+rChZtgESpISaSoy4IIXbioYB/QhjCZTtqhk0mYuRFLCIh/xY0LRdz6M9z5b5w+BK0eGPg45w4z9/gxZwps+9PILSwuLa/kVwtr6xubW+b2TlNFiSS0QSIeybaPFeVM0AYw4LQdS4pDn9OWP7wY561bKhWLxA2MYuqGuC9YwAgGbXnmXkl4XaB3kF5lx99Yy448s2iX7Ymsv+DMoIhmqnvmR7cXkSSkAgjHSnUcOwY3xRIY4TQrdBNFY0yGuE87GgUOqXLTyQKZdaidnhVEUh8B1sT9eSPFoVKj0NeTIYaBms/G5n9ZJ4Hg3E2ZiBOggkwfChJuQWSN27B6TFICfKQBE8n0Xy0ywBIT0J0VdAnO/Mp/oXlSdk7LletKsXp5P60jj/bRASohB52hKqqhOmoggjL0iJ7Ri/FgPBmvxtt0NGfMKtxFv2S8fwHRHJb6</latexit>

(nL, nH)
<latexit sha1_base64="6jYlcEDCzImoZiqoNhAUmkuoMrs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMdAEDwmYB6QLGF20puMmZ1dZmaFsAS8e/GgiFc/yZt/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoJRdeq3HlFpHst7M07Qj+hA8pAzaqxUr/aKJbfszkBWibcgJVig1it+dfsxSyOUhgmqdcdzE+NnVBnOBE4K3VRjQtmIDrBjqaQRaj+bHTohZ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ62ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRsCN7yy6ukeVH2rsqX9ctS5fZpHkceTuAUzsGDa6jAHdSgAQwQnuEV3pwH58V5dz7mrTlnEeEx/IHz+QO/uo1T</latexit>

C

the Lagrange multiplier method



Results (Preliminary)

• # of sims:


• 564 pairs of LF simulations and 21 HF simulations 


• computational cost  node hours (Frontera)


• In contrast, a single-fidelity emulator based on 564 HF simulations would 
consume  node hours (much more computationally expensive!)

<latexit sha1_base64="EbAXerGCAlc+nPGnjAZdeEOo4vE=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgaphIfSwLIrisYB/QGUsmzbShSWZIMkIZKv6JGxeKuPVD3Pk3po+Fth64cDjnXu69J0o508b3v53Cyura+kZxs7S1vbO75+4fNHWSKUIbJOGJakdYU84kbRhmOG2nimIRcdqKhlcTv/VAlWaJvDOjlIYC9yWLGcHGSl23HGgmIPJQYJigGiL//qzrVnzPnwIuEzQnFTBHvet+Bb2EZIJKQzjWuoP81IQ5VoYRTselINM0xWSI+7RjqcR2U5hPjx/DY6v0YJwoW9LAqfp7IsdC65GIbKfAZqAXvYn4n9fJTHwZ5kymmaGSzBbFGYcmgZMkYI8pSgwfWYKJYvZWSAZYYWJsXiUbAlp8eZk0Tz107lVvq5Xa9dMsjiI4BEfgBCBwAWrgBtRBAxAwAs/gFbw5j86L8+58zFoLzjzCMvgD5/MHllST3A==</latexit>

⇠ 1.1⇥ 105

<latexit sha1_base64="f+wqXCIClnyNY7HvFCAC38sqJqQ=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJlOqyIILLCvYCTSyT6aQdOpOEmRMhhIpv4saFIm59EHe+jdPLQlsPDPz8/xnOOV+QCK7Bcb6twtr6xuZWcbu0s7u3f2AfHrV1nCrKWjQWseoGRDPBI9YCDoJ1E8WIDATrBOOrad55YErzOLqDLGG+JMOIh5wSMFbfLnuaS3xedT3gkmnsOvf1vl1xqs6s8KpwF6KCFtXs21/eIKapZBFQQbTuuU4Cfk4UcCrYpOSlmiWEjsmQ9YyMiJnk57PlJ/jUOAMcxsq8CPDM/f0jJ1LrTAamUxIY6eVsav6X9VIIL/2cR0kKLKLzQWEqMMR4SgIPuGIURGYEoYqbXTEdEUUoGF4lA8FdPnlVtA25erV2W6s0rp/mOIroGJ2gM+SiC9RAN6iJWoiiDD2jV/RmPVov1rv1MW8tWAuEZfSnrM8fmWmT3g==</latexit>

⇠ 2.1⇥ 106



Results (Preliminary)

• Sampling of cosmologies: 


• a good space-filling design


• HF points are selected from LF 
points

 imposed
<latexit sha1_base64="6Qirxd4QaUQjaUvoROIQ0ne5zfk=">AAAB+XicbZBLSwMxFIXv+Kz1NerSTbAIglhmSlEXLgoiuKxgH9AOQybNtKGZzJBkWspQ8Ie4caGIW/+JO/+N6WOhrQcCH+fckJsTJJwp7Tjf1srq2vrGZm4rv72zu7dvHxzWVZxKQmsk5rFsBlhRzgStaaY5bSaS4ijgtBH0byd5Y0ClYrF41KOEehHuChYygrWxfNse+g46R0Mfoxt04RRLvl1wis5UaBncORRgrqpvf7U7MUkjKjThWKmW6yTay7DUjHA6zrdTRRNM+rhLWwYFjqjysunmY3RqnA4KY2mO0Gjq/r6R4UipURSYyQjrnlrMJuZ/WSvV4bWXMZGkmgoyeyhMOdIxmtSAOkxSovnIACaSmV0R6WGJiTZl5U0J7uKXl6FeKrqXxfJDuVC5e5rVkYNjOIEzcOEKKnAPVagBgQE8wyu8WZn1Yr1bH7PRFWte4RH8kfX5A/4vkbg=</latexit>

w0 + wa < �0.2



Results (Preliminary)

• Case study:


• an HF sim and 
its LF 
counterparts


• L1 almost the 
same as HF on 
large scales


• L2 is accurate 
on small scales



Results (Preliminary)

• Case study:


• LF and HF matter 
power spectra


• L1 and L2 approximate 
the matter power 
spectrum very well at 
large and small scales 
respectively



Summary

• Goku: 564 pairs of LF sims and 21 HF sims


• 10D emulator for the matter power spectrum: GokuEmu (the highest-
dimensional emulator at present)


• Confirms: MF-Box significantly reduces the computational cost of building a 
cosmological emulator

constrain cosmological models in an unprecedentedly high-dimensional 
parameter space, using data from the Roman Space Telescope!



Summary

• Goku: 564 pairs of LF sims and 21 HF sims


• 10D emulator for the matter power spectrum: GokuEmu (the highest-
dimensional emulator at present)


• Confirms: MF-Box significantly reduces the computational cost of building a 
cosmological emulator

Thank you !

constrain cosmological models in an unprecedentedly high-dimensional 
parameter space, using data from the Roman Space Telescope!


