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Outline

I. Linear subspace ROM
Ø Nonlinear radiation diffusion

II. Time-windowing ROM
Ø Lagrangian hydrodynamics
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What is a reduced order model (ROM)?
Goal: accelerate physics simulation without losing much accuracy by exploiting data 
and governing equations [Data-driven and projection-based].
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Open source libROM (https://github.com/LLNL/libROM)



LLNL-PRES-833627
5

§ Governing equation:                                  ,

§ Solution approximation:  

§ Reduced system after Galerkin projection: 

§ Euler time integrator:

Reduced order model approach: projection-based (POD)

dw

dt
= f(w, t;µ)
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<latexit sha1_base64="Ia4j9FRm1bNxiEvMxOzL9gO853c=">AAACG3icbVDLSsNAFJ34rPUVdekmWARxUZJudFl040qq2Ae0MUwmt+3QySTOTIQS+h9u/BU3LhRxJbjwb5ykWdTWAwOHc8+9c+/xY0alsu0fY2l5ZXVtvbRR3tza3tk19/ZbMkoEgSaJWCQ6PpbAKIemoopBJxaAQ59B2x9dZvX2IwhJI36nxjG4IR5w2qcEKy15Zq3nw4DyFB6SXDmdlHshVkPfT28n9+m1J7UAPJgxeGbFrto5rEXiFKSCCjQ886sXRCQJgSvCsJRdx46Vm2KhKGGg5ycSYkxGeABdTTkOQbppftvEOtZKYPUjoR9XVq7OdqQ4lHIc+tqZ7S3na5n4X62bqP65m1IeJwo4mX7UT5ilIisLygqoAKLYWBNMBNW7WmSIBSZKx1nWITjzJy+SVq3q2FXnplapXxRxlNAhOkInyEFnqI6uUAM1EUFP6AW9oXfj2Xg1PozPqXXJKHoO0B8Y379p1aI/</latexit><latexit sha1_base64="Ia4j9FRm1bNxiEvMxOzL9gO853c=">AAACG3icbVDLSsNAFJ34rPUVdekmWARxUZJudFl040qq2Ae0MUwmt+3QySTOTIQS+h9u/BU3LhRxJbjwb5ykWdTWAwOHc8+9c+/xY0alsu0fY2l5ZXVtvbRR3tza3tk19/ZbMkoEgSaJWCQ6PpbAKIemoopBJxaAQ59B2x9dZvX2IwhJI36nxjG4IR5w2qcEKy15Zq3nw4DyFB6SXDmdlHshVkPfT28n9+m1J7UAPJgxeGbFrto5rEXiFKSCCjQ886sXRCQJgSvCsJRdx46Vm2KhKGGg5ycSYkxGeABdTTkOQbppftvEOtZKYPUjoR9XVq7OdqQ4lHIc+tqZ7S3na5n4X62bqP65m1IeJwo4mX7UT5ilIisLygqoAKLYWBNMBNW7WmSIBSZKx1nWITjzJy+SVq3q2FXnplapXxRxlNAhOkInyEFnqI6uUAM1EUFP6AW9oXfj2Xg1PozPqXXJKHoO0B8Y379p1aI/</latexit><latexit sha1_base64="Ia4j9FRm1bNxiEvMxOzL9gO853c=">AAACG3icbVDLSsNAFJ34rPUVdekmWARxUZJudFl040qq2Ae0MUwmt+3QySTOTIQS+h9u/BU3LhRxJbjwb5ykWdTWAwOHc8+9c+/xY0alsu0fY2l5ZXVtvbRR3tza3tk19/ZbMkoEgSaJWCQ6PpbAKIemoopBJxaAQ59B2x9dZvX2IwhJI36nxjG4IR5w2qcEKy15Zq3nw4DyFB6SXDmdlHshVkPfT28n9+m1J7UAPJgxeGbFrto5rEXiFKSCCjQ886sXRCQJgSvCsJRdx46Vm2KhKGGg5ycSYkxGeABdTTkOQbppftvEOtZKYPUjoR9XVq7OdqQ4lHIc+tqZ7S3na5n4X62bqP65m1IeJwo4mX7UT5ilIisLygqoAKLYWBNMBNW7WmSIBSZKx1nWITjzJy+SVq3q2FXnplapXxRxlNAhOkInyEFnqI6uUAM1EUFP6AW9oXfj2Xg1PozPqXXJKHoO0B8Y379p1aI/</latexit><latexit sha1_base64="Ia4j9FRm1bNxiEvMxOzL9gO853c=">AAACG3icbVDLSsNAFJ34rPUVdekmWARxUZJudFl040qq2Ae0MUwmt+3QySTOTIQS+h9u/BU3LhRxJbjwb5ykWdTWAwOHc8+9c+/xY0alsu0fY2l5ZXVtvbRR3tza3tk19/ZbMkoEgSaJWCQ6PpbAKIemoopBJxaAQ59B2x9dZvX2IwhJI36nxjG4IR5w2qcEKy15Zq3nw4DyFB6SXDmdlHshVkPfT28n9+m1J7UAPJgxeGbFrto5rEXiFKSCCjQ886sXRCQJgSvCsJRdx46Vm2KhKGGg5ycSYkxGeABdTTkOQbppftvEOtZKYPUjoR9XVq7OdqQ4lHIc+tqZ7S3na5n4X62bqP65m1IeJwo4mX7UT5ilIisLygqoAKLYWBNMBNW7WmSIBSZKx1nWITjzJy+SVq3q2FXnplapXxRxlNAhOkInyEFnqI6uUAM1EUFP6AW9oXfj2Xg1PozPqXXJKHoO0B8Y379p1aI/</latexit>

Hyper-reduction 
(DEIM)

Dylan Copeland, ROM for Simulations
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Radiation Diffusion

Dylan Copeland, ROM for Simulations

Nonlinear system solved on each implicit timestep:
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ROM Formulation of Radiation Diffusion

Dylan Copeland, ROM for Simulations

§ Hyper-reduction (DEIM) is applied to the nonlinear terms and time-dependent terms 
(almost all terms).

§ Newton’s method solves this small nonlinear system, with a direct solver for Jacobian.
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3D Crooked Pipe Test in BLAST (t=600)

Dylan Copeland, ROM for Simulations
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3D Crooked Pipe Test in BLAST (t=600)

Dylan Copeland, ROM for Simulations

• FOM simulation used 8 MPI ranks, and ROM is serial, so speed-up could be multiplied by 8.
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§ This ROM formulation relies on a “linear subspace” solution representation
- Cannot represent “advection-dominated” solution with a small basis
- Sharp gradients, moving shocks, mesh deformation introduce extra challenges

§ We need a more robust ROM approach!

Challenges for linear subspace reduced order models
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Lagrangian hydrodynamics
§ Semi-discrete Lagrangian nonlinear conservation laws

MV
dv

dt
= �F · 1

<latexit sha1_base64="F5xyS0YwMKaBvt7H+rzwxBViOx0="></latexit>

momentum conservation:

energy conservation: ME
de

dt
= �F T · v

<latexit sha1_base64="Xhm7VrdSmZSqMOVMpiwEp4cOmFg="></latexit>

equation of motion:
dx

dt
= v

<latexit sha1_base64="70cTMUlWL8Ow0LcS8L1x/pedN/A=">AAACFXicbVDLSsNAFJ3UV62vqEs3Q4vgQkoiit0IBTcuK9gHNKVMJpN26CQTZibFEvITgvgpiuBCEbeCOz/Cf3DSdlFbDwxzOOde7r3HjRiVyrK+jdzS8srqWn69sLG5tb1j7u41JI8FJnXMGRctF0nCaEjqiipGWpEgKHAZabqDy8xvDomQlIc3ahSRToB6IfUpRkpLXfMYOr5AOPEclzNPjgL9JbdpmngqhRdwVh2mXbNkla0x4CKxp6RUte7t4uPzT61rfjkex3FAQoUZkrJtW5HqJEgoihlJC04sSYTwAPVIW9MQBUR2kvFVKTzUigd9LvQLFRyrsx0JCmS2mq4MkOrLeS8T//PasfIrnYSGUaxIiCeD/JhBxWEWEfSoIFixkSYIC6p3hbiPdEpKB1nQIdjzJy+SxknZPi2fXes0KmCCPDgARXAEbHAOquAK1EAdYHAHnsAreDMejBfj3fiYlOaMac8++APj8xdFGaPY</latexit>

§ Laghos1 (high-order FEM Lagrangian hydrodynamics MFEM miniapp) is 
used for FOM simulation
• Kinematic space,

• Thermodynamics space, 
1 Open source code; github page (https://github.com/CEED/Laghos)

V ⇢
h
H

1(⌦̃)
id

<latexit sha1_base64="qhN5FDyc2YkvufUBsN7L8q3/hUA="></latexit>

E ⇢ L2(⌦̃)

<latexit sha1_base64="hmWLyazMhI4Vn7uNlf/FtpZmV5c=">AAACEnicbVDJSgNBEO1xjXGLevTSmAjJJcwExRwDIngQjGAWyITQ06kkTXoWumuEMOQbvPgrXjwo4tWTN//GznLQxAcFj/eqqKrnRVJotO1va2V1bX1jM7WV3t7Z3dvPHBzWdRgrDjUeylA1PaZBigBqKFBCM1LAfE9CwxteTvzGAygtwuAeRxG0fdYPRE9whkbqZAo512c44EwmV2Pq6tjTgPSmU8q7KGQXEvfWhz4bF3KdTNYu2lPQZeLMSZbMUe1kvtxuyGMfAuSSad1y7AjbCVMouIRx2o01RIwPWR9ahgbMB91Opi+N6alRurQXKlMB0qn6eyJhvtYj3zOdk/v1ojcR//NaMfbK7UQEUYwQ8NmiXiwphnSSD+0KBRzlyBDGlTC3Uj5ginE0KaZNCM7iy8ukXio6Z8Xzu1K2Up7HkSLH5ITkiUMuSIVckyqpEU4eyTN5JW/Wk/VivVsfs9YVaz5zRP7A+vwBBTSdBw==</latexit>

§ Explicit time integration with adaptive time-stepping: RK4, RK2-Average
§ Mesh nodes move with the position variable 𝒙

Dylan Copeland, ROM for Simulations
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ROM formulation for Lagrangian hydrodynamics
§ Substitute bases for each variable, then use Galerkin projection:

momentum conservation:

energy conservation:

equation of motion:

M̂V
dv̂

dt
= ��T

v F · 1

<latexit sha1_base64="GtjCDEr8I2tYMEIPT/QcfV6Z21U="></latexit>

M̂E
dê

dt
= ��T

e F
T · v

<latexit sha1_base64="cfQ017cQL4pRyOFrXMLUqItviVU="></latexit>

dx̂

dt
= �T

x�vv̂

<latexit sha1_base64="mNHKhfJDfaRN6LYPL4Qketn/r84="></latexit>

• Solution spaces (SNS) work well for the nonlinear terms (hyper-
reduced by DEIM):

• The reduced mass matrices: M̂V ⌘ �T
v MV�v,

<latexit sha1_base64="Uq0PTNZBaXRqjoU6p+Qis9+wkno="></latexit>

M̂E ⌘ �T
e ME�e

<latexit sha1_base64="3qeydIKpgmEb83KzA8TG7ha9fV0="></latexit>

fm = �F · 1,

<latexit sha1_base64="F/Z5tO9wq8npRpaeZ+qA3qZmkVE=">AAACIHicbVDLSgMxFM34rPU12qWbYCm40DIjQutCKAjisoJ9QFtKJpNpQzOTIckIZZidv+HGXxHEhSK6sx/gF/gBZtouauuBkMM593LvPU7IqFSW9WUsLa+srq1nNrKbW9s7u+befl3ySGBSw5xx0XSQJIwGpKaoYqQZCoJ8h5GGM7hM/cYdEZLy4FYNQ9LxUS+gHsVIaalrlmDb4cyVQ19/sZd0fXgBT2a1q6SNXa5mJTs57pp5q2iNAReJPSX5Sq5w//P8Pap2zc+2y3Hkk0BhhqRs2VaoOjESimJGkmw7kiREeIB6pKVpgHwiO/H4wAQWtOJCjwv9AgXH6mxHjHyZ7qYrfaT6ct5Lxf+8VqS8ciemQRgpEuDJIC9iUHGYpgVdKghWbKgJwoLqXSHuI4Gw0plmdQj2/MmLpH5atM+K5zc6jTKYIAMOwCE4AjYogQq4BlVQAxg8gCfwCt6MR+PFeDc+JqVLxrQnB/7AGP0C8yuoiw==</latexit>

fe = �F T · v

<latexit sha1_base64="IjyY+aECJfrlWLwnbzqlWmTp8u8=">AAACIHicbVDLSgMxFM34rPU12qWbYCm4scyI0LoQCoK4rNAXtLVkMpk2NDMZkkyhDLPzN9z4K4K4UER39gP8Aj/A9LGorQdCDufcy733OCGjUlnWl7Gyura+sZnaSm/v7O7tmweHNckjgUkVc8ZFw0GSMBqQqqKKkUYoCPIdRupO/2rs1wdESMqDihqGpO2jbkA9ipHSUscstBzOXDn09Rd7SYfAS3g6r10nd5UWdrmaFwdJx8xaeWsCuEzsGcmWMrn7n+fvUbljfrZcjiOfBAozJGXTtkLVjpFQFDOSpFuRJCHCfdQlTU0D5BPZjicHJjCnFRd6XOgXKDhR5zti5MvxarrSR6onF72x+J/XjJRXbMc0CCNFAjwd5EUMKg7HaUGXCoIVG2qCsKB6V4h7SCCsdKZpHYK9ePIyqZ3l7fP8xa1OowimSIEjcAxOgA0KoARuQBlUAQYP4Am8gjfj0Xgx3o2PaemKMevJgD8wRr/1naku</latexit>

• Formulating without FOM mass matrix inverses allows for much less 
DEIM sampling!

• Solution offsets are important for basis accuracy! 

Dylan Copeland, ROM for Simulations
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Relevant previous work
§ Laghos (Lagrangian hydrodynamics high-order FEM solver) is based on:

Dobrev, Kolev, Rieben, High-order curvilinear finite element methods for Lagrangian
hydrodynamics, SIAM Journal on Scientific Computing, 34(5):B606–B641, 2012.

§ Lagrangian POD for 1D convection-diffusion:
Mojgani, Balajewicz, Lagrangian basis method for dimensionality reduction of 
convection dominated nonlinear flows, preprint arXiv:1701.04343, 2017. 

§ Dynamic mode decomposition (DMD) for 1D advection-diffusion:
Lu, Tartakovsky, Lagrangian dynamic mode decomposition for construction of 
reduced-order models of advection-dominated phenomena, Journal of 
Computational Physics, 407:109229, 2020.

§ In this work, time-windowing ROM is used for 2D and 3D Lagrangian advection-
dominated problems.

§ Copeland, Cheung, Huynh, Choi, Reduced order models for Lagrangian
Hydrodynamics, Computer Methods in Applied Mechanics and Engineering, Volume 
338, 114259, 2022.

Dylan Copeland, ROM for Simulations
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Time-windowing ROM
§ Decompose the whole-time domain into        small time windows

§ Generate FOM solution data over the whole-time domain
§ Extract each time window data and build a local ROM,        , for    -th time window
§ For parametric training, snapshots for all parameters are merged for each window
§ Hyper-reduction is done with oversampled DEIM
+ Each local ROM must be accurate
+ Local window basis size must be small to ensure speed

t0

<latexit sha1_base64="sL61DAOzDnh1GikaFgJ3VPMQhoo=">AAAB6nicbVDLSgNBEOyNr7gajXr0MhgCnsKuKOYYEMRjRPOAZAmzk9lkyOyDmV4hLPkELx4U8Sp+iJ/gzb9x8jhoYkFDUdVNd5efSKHRcb6t3Nr6xuZWftve2S3s7RcPDps6ThXjDRbLWLV9qrkUEW+gQMnbieI09CVv+aOrqd964EqLOLrHccK9kA4iEQhG0Uh32HN6xZJTcWYgq8RdkFKt8JmWr+2Peq/41e3HLA15hExSrTuuk6CXUYWCST6xu6nmCWUjOuAdQyMacu1ls1MnpGyUPgliZSpCMlN/T2Q01Hoc+qYzpDjUy95U/M/rpBhUvUxESYo8YvNFQSoJxmT6N+kLxRnKsSGUKWFuJWxIFWVo0rFNCO7yy6ukeVZxzysXtyaNKsyRh2M4gVNw4RJqcAN1aACDATzCM7xY0nqyXq23eWvOWswcwR9Y7z+JE5A0</latexit>

tf

<latexit sha1_base64="ZSP36aLQqRAKXZE3hGwW7UvPkyE=">AAAB6nicbVDJSgNBEK2JS2LiEvWYS2MQPIUZUcwx6MVjRLNAMoSeTk/SpGehu0YIQ/5ALx4U8eoXefM3PHuwsxw08UHB470qqup5sRQabfvTyqytb2xmc1v5wvbO7l5x/6Cpo0Qx3mCRjFTbo5pLEfIGCpS8HStOA0/ylje6mvqte660iMI7HMfcDeggFL5gFI10iz2/VyzbFXsGskqcBSnXSl+X2cLDd71X/Oj2I5YEPEQmqdYdx47RTalCwSSf5LuJ5jFlIzrgHUNDGnDtprNTJ+TYKH3iR8pUiGSm/p5IaaD1OPBMZ0BxqJe9qfif10nQr7qpCOMEecjmi/xEEozI9G/SF4ozlGNDKFPC3ErYkCrK0KSTNyE4yy+vkuZpxTmrnN+YNKowRw5KcAQn4MAF1OAa6tAABgN4hGd4saT1ZL1ab/PWjLWYOYQ/sN5/AJL2kPQ=</latexit>

T1

<latexit sha1_base64="KdWFvjl72KgHCEoOS4qABtVSPXQ=">AAAB9HicbVDLSgMxFL1TX3W0WnXpJlgKrsqMKHZZEMRlhb6gHUomzbShmcyYZApl6He4caGILv0IP8Gdf2Om7UJbDwQO59zLPTl+zJnSjvNt5TY2t7Z38rv23n7h4LB4dNxSUSIJbZKIR7LjY0U5E7Spmea0E0uKQ5/Ttj++yfz2hErFItHQ05h6IR4KFjCCtZG8Xoj1iGCeNmZ9t18sORVnDrRO3CUp1QqfSfnWfq/3i1+9QUSSkApNOFaq6zqx9lIsNSOczuxeomiMyRgPaddQgUOqvHQeeobKRhmgIJLmCY3m6u+NFIdKTUPfTGYh1aqXif953UQHVS9lIk40FWRxKEg40hHKGkADJinRfGoIJpKZrIiMsMREm55sU4K7+uV10rqouJeVq3vTRhUWyMMpnME5uHANNbiDOjSBwAM8wjO8WBPryXq13hajOWu5cwJ/YH38AD/flKc=</latexit>

T2

<latexit sha1_base64="tfwgfyPYQiGS8bhYsh2zJAiXKE8=">AAAB9XicbVDLSgMxFL3js45Wqy7dBEvBVZkpil0WBHFZoS9ox5JJM21oJjMkGaUM/Q83LhTp1n/wE9z5N2baLrT1QOBwzr3ck+PHnCntON/WxubW9s5ubs/eP8gfHhWOT1oqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sc3md9+pFKxSDT0JKZeiIeCBYxgbaSHXoj1iGCeNqb9it0vFJ2yMwdaJ+6SFGv5z6R0a8/q/cJXbxCRJKRCE46V6rpOrL0US80Ip1O7lygaYzLGQ9o1VOCQKi+dp56iklEGKIikeUKjufp7I8WhUpPQN5NZSrXqZeJ/XjfRQdVLmYgTTQVZHAoSjnSEsgrQgElKNJ8YgolkJisiIywx0aaorAR39cvrpFUpu5flq3vTRhUWyMEZnMMFuHANNbiDOjSBgIRneIU368l6sd6t2WJ0w1runMIfWB8/epqUvA==</latexit>

TN

<latexit sha1_base64="OXS6ZU3EZE7yMwhynicWzOMoGDM=">AAACA3icbVDLSsNAFJ34rNFq1J1uBkvBVUlEscuCIK6kQl/QhjCZTtqhk0mYmQglBNz4K924UMStGz/BnX/jpC2irQcGzpxzL/fe48eMSmXbX8bK6tr6xmZhy9zeKe7uWfsHLRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7o6vcb98TIWnEG2ocEzdEA04DipHSkmcd9UKkhhixtJF56c/nNstMzyrZFXsKuEycOSnVih9J+dqc1D3rs9ePcBISrjBDUnYdO1ZuioSimJHM7CWSxAiP0IB0NeUoJNJNpzdksKyVPgwioR9XcKr+7khRKOU49HVlvqRc9HLxP6+bqKDqppTHiSIczwYFCYMqgnkgsE8FwYqNNUFYUL0rxEMkEFY6tjwEZ/HkZdI6qzjnlYs7nUYVzFAAx+AEnAIHXIIauAF10AQYPIAJeAYvxqPxZLwab7PSFWPecwj+wHj/BgjXmqc=</latexit>

TN�1

<latexit sha1_base64="X13ymNra2+f5Tr/sUSetyeNspD4=">AAACBXicbVDLSsNAFJ3UV62vqOBGF4NFcGNJRLEboeDGlVToC9oQJtNJO3QyCTMToYRs3PgrblwoUnDlP7hz6Z84aYto64GBM+fcy733eBGjUlnWp5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwigndUUVI61IEBR4jDS9wVXmN++IkDTkNTWMiBOgHqc+xUhpyTUPOgFSfYxYUkvd5Odzk57YacE1i1bJGgPOE3tKipW9r0v7bRRVXfOj0w1xHBCuMENStm0rUk6ChKKYkbTQiSWJEB6gHmlrylFApJOMr0jhkVa60A+FflzBsfq7I0GBlMPA05XZmnLWy8T/vHas/LKTUB7FinA8GeTHDKoQZpHALhUEKzbUBGFB9a4Q95FAWOngshDs2ZPnSeO0ZJ+Vzm91GmUwQR7sg0NwDGxwASrgGlRBHWBwDx7BM3gxHown49UYTUpzxrRnF/yB8f4NKSKb/g==</latexit>

T3

<latexit sha1_base64="n38XC4zqAmixxyX3gnVM5LGLn6U=">AAAB+XicbVDLSsNAFL2pr1qtRl26GSwFVyXxgV0WBHFZoS9oQ5hMJ+3QyYOZSaGE/IkbFxZx6x/4Ce78GydtF9p6YOBwzr3cM8eLOZPKsr6Nwtb2zu5ecb90cFg+OjZPTjsySgShbRLxSPQ8LClnIW0rpjjtxYLiwOO0603uc787pUKyKGypWUydAI9C5jOClZZc0xwEWI0J5mkrc9PrrOSaFatmLYA2ib0ilUb5M6k+lOZN1/waDCOSBDRUhGMp+7YVKyfFQjHCaVYaJJLGmEzwiPY1DXFApZMukmeoqpUh8iOhX6jQQv29keJAylng6ck8p1z3cvE/r58ov+6kLIwTRUOyPOQnHKkI5TWgIROUKD7TBBPBdFZExlhgonRZeQn2+pc3SeeqZt/Ubp90G3VYogjncAGXYMMdNOARmtAGAlN4hleYG6nxYrwZ78vRgrHaOYM/MD5+AMHSlfo=</latexit>

T4

<latexit sha1_base64="lSg2POnBHqL87JP0zAoKcIzrZLE=">AAAB+XicbVDLSsNAFL2prxqtRl26CZaCq5JIxS4Lgris0Be0IUymk3boZBJmJoUS+iduXFjErX/gJ7jzb5y0XWjrgYHDOfdyz5wgYVQqx/k2Cju7e/sHxUPz6Lh0cmqdnXdknApM2jhmsegFSBJGOWkrqhjpJYKgKGCkG0zuc787JULSmLfULCFehEachhQjpSXfsgYRUmOMWNaa+1ltbvpW2ak6S9jbxF2TcqP0mVYezEXTt74GwxinEeEKMyRl33US5WVIKIoZmZuDVJIE4Qkakb6mHEVEetky+dyuaGVoh7HQjyt7qf7eyFAk5SwK9GSeU256ufif109VWPcyypNUEY5Xh8KU2Sq28xrsIRUEKzbTBGFBdVYbj5FAWOmy8hLczS9vk85N1a1Vb590G3VYoQiXcAXX4MIdNOARmtAGDFN4hldYGJnxYrwZ76vRgrHeuYA/MD5+AMNYlfs=</latexit>

N

<latexit sha1_base64="kpaqQ2+mLWoINwYrxq/EbLwQ3GM=">AAAB83icbVC7SgNBFL3rM8ZX1FKQwSBYhV1RTGfAxkoSMA/ILmF2MpsMmZ1dZmaFsKT0F2wsFLG1T+VH2PkN/oSzSQpNPDBwOOde7pnjx5wpbdtf1tLyyuraem4jv7m1vbNb2NtvqCiRhNZJxCPZ8rGinAla10xz2oolxaHPadMfXGd+855KxSJxp4cx9ULcEyxgBGsjuW6IdZ9gnt6O8p1C0S7ZE6BF4sxI8epjXPt+OBpXO4VPtxuRJKRCE46Vajt2rL0US80Ip6O8mygaYzLAPdo2VOCQKi+dZB6hE6N0URBJ84RGE/X3RopDpYahbyazjGrey8T/vHaig7KXMhEnmgoyPRQkHOkIZQWgLpOUaD40BBPJTFZE+lhiok1NWQnO/JcXSeOs5JyXLmp2sVKGKXJwCMdwCg5cQgVuoAp1IBDDIzzDi5VYT9ar9TYdXbJmOwfwB9b7D4OJlb4=</latexit>

Rk

<latexit sha1_base64="GI+4EK2fYB+yMdIX1/QG2XoPzrA=">AAAB+XicbVDLSsNAFL2prxqtRl26GSwFVyURxS4LgrisYmuhDWEynbRDJw9mJoUS8iduXFjErX/gJ7jzb5y0XWjrgYHDOfdyzxw/4Uwq2/42ShubW9s75V1zb79ycGgdHXdknApC2yTmsej6WFLOItpWTHHaTQTFoc/pkz++KfynCRWSxdGjmibUDfEwYgEjWGnJs6x+iNWIYJ495F42zk3Pqtp1ew60TpwlqTYrn2nt1py1POurP4hJGtJIEY6l7Dl2otwMC8UIp7nZTyVNMBnjIe1pGuGQSjebJ89RTSsDFMRCv0ihufp7I8OhlNPQ15NFTrnqFeJ/Xi9VQcPNWJSkikZkcShIOVIxKmpAAyYoUXyqCSaC6ayIjLDAROmyihKc1S+vk85F3bmsX93rNhqwQBlO4QzOwYFraMIdtKANBCbwDK8wMzLjxXgz3hejJWO5cwJ/YHz8ABQdljA=</latexit>

k

<latexit sha1_base64="Z+hVoPsl0xyU8cczMOC18UOJ1sY=">AAAB6XicbZC7SgNBFIbPeo3xFrUUZDAIVmFXFNMZsLFMxFwgWcLsZDYZdnZ2mZkVwpLSzsZCEVtfIpUPYecz+BLOJik08YeBj/8/hznneDFnStv2l7W0vLK6tp7byG9ube/sFvb2GypKJKF1EvFItjysKGeC1jXTnLZiSXHocdr0gussb95TqVgk7vQwpm6I+4L5jGBtrNsg3y0U7ZI9EVoEZwbFq49x7fvhaFztFj47vYgkIRWacKxU27Fj7aZYakY4HeU7iaIxJgHu07ZBgUOq3HQy6QidGKeH/EiaJzSauL87UhwqNQw9UxliPVDzWWb+l7UT7ZfdlIk40VSQ6Ud+wpGOULY26jFJieZDA5hIZmZFZIAlJtocJzuCM7/yIjTOSs556aJmFytlmCoHh3AMp+DAJVTgBqpQBwI+PMIzvFiB9WS9Wm/T0iVr1nMAf2S9/wDN2pFJ</latexit>

R4

<latexit sha1_base64="v/d+Z8jPMSNiVtfokVotWzIVRw8=">AAAB9XicbVDLSgMxFL1TX3W0WnXpJlgKrsqMKHZZEMRlFfuAdiyZNNOGZjJDklHK0P9w40KRbv0HP8Gdf2Om7UJbDwQO59zLPTl+zJnSjvNt5dbWNza38tv2zm5hb794cNhUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6yvzWI5WKReJej2PqhXggWMAI1kZ66IZYDwnm6d2kd273iiWn4syAVom7IKVa4TMpX9vTeq/41e1HJAmp0IRjpTquE2svxVIzwunE7iaKxpiM8IB2DBU4pMpLZ6knqGyUPgoiaZ7QaKb+3khxqNQ49M1kllIte5n4n9dJdFD1UibiRFNB5oeChCMdoawC1GeSEs3HhmAimcmKyBBLTLQpKivBXf7yKmmeVdzzysWtaaMKc+ThGE7gFFy4hBrcQB0aQEDCM7zCm/VkvVjv1nQ+mrMWO0fwB9bHD3qUlLw=</latexit>

Dylan Copeland, ROM for Simulations
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Gresho vortex (reproductive test, tf=0.62 sec)
FOM ROM

Position: 4.3E-7
Velocity: 3.5E-6
Energy  : 3.5E-7

+ Speed-up: 25
• 335 windows
• Max basis size:

position: 6
velocity: 8
energy: 10

Relative differencesKinematic dofs: 18,818, order 4
Energy dofs: 9,216, order 3
RK2-Average time integration
1672 FOM timesteps

Dylan Copeland, ROM for Simulations



LLNL-PRES-833627
16

Triple-point (reproductive test, tf=0.8 sec)

FOM ROM

Position: 3.8e-5
Velocity: 9.3e-4
Energy  : 7.0e-4 

+ Speed-up: 75
• 39 windows
• Max basis size:

position: 5
velocity: 7
energy: 8

Relative differences
Kinematic dofs: 38,475, order 3
Energy dofs: 10,752, order 2
RK4 time integration, 193 FOM steps

Dylan Copeland, ROM for Simulations
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Taylor–Green (reproductive test, tf=0.25 sec)
FOM ROM

Position: 7.0e-9
Velocity: 1.2e-6
Energy  : 5.4e-8

+ Speed-up: 23
• 180 windows
• Max basis size:

position: 2
velocity: 3
energy: 5

Relative differencesKinematic dofs: 14,739, order 3
Energy dofs: 4,096, order 2
RK4 time integration, 897 FOM steps

Dylan Copeland, ROM for Simulations
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Time–windowingNo time–windowing

Sedov blast (reproductive test, tf=0.8 sec)

FOM

Kinematic dofs: 14,739, order 3
Energy dofs: 4,096, order 2
RK4 time integration, 719 FOM steps
Delta function energy source at origin

ROM

Position: 3.9e-5 
Velocity: 4.6e-4
Energy  : 3.0E-5

+ Speed-up: 26
• 144 windows
• Max basis size:

position: 7
velocity: 10
energy: 7

Relative differences
Position: 0.0001 
Velocity: 0.0097
Energy  : 0.0002

+ Speed-up: 1.7
• Basis size:

position: 29
velocity: 169
energy: 26

Relative differences

Dylan Copeland, ROM for Simulations
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Predictive ROM in Laghos: Sedov blast with parameter variation 

μ = 0.7 predictive, extrapolating

Energy source relative magnitude parameter training values: μ in {0.8, 1, 1.2}

μ = 0.9 predictive, interpolating

Dylan Copeland, ROM for Simulations
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+ Linear subspace ROM works well for nonlinear diffusion problems
+ Time-windowing ROM achieved good accuracy and speed-up for hydrodynamics
+ Speed-up should be greater for larger problems (higher order, larger mesh)
+ Parametric cases were solved accurately and robustly
+ libROM is efficient, scalable, and parallel

Summary and future work

Dylan Copeland, ROM for Simulations
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§ Future work
—Develop space-time ROM or nonlinear manifold ROM for these applications.
—Apply ROM to more challenging applications, such as ALE hydrodynamics.

Summary and future work

Dylan Copeland, ROM for Simulations
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