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Why did we need a new 
astrophysics code?
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The scales involved in galactic wind evolution range from 
10 light-years (cooling radius of supernova bubbles) to  

1 million light years (extent of galaxy halo).

~10K light-years

~1M light-years (galaxy halo)

~1K light-years 
(winds generated)

Simulating These Systems Is 
Computationally Challenging

(galaxy disk)
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How can we improve this situation?



Computer Architectures Have 
Changed
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Computer Architectures Have 
Changed



So, the goal was to build a new code, 
that could: 

• achieve high resolution throughout 
the simulation volume (run simulations 
with large numbers of cells) 
• take full advantage of new computing 
architectures 
• address the limitations of the previous 
generation of astrophysics codes.





A (brief) introduction to finite-volume 
methods



A (brief) introduction to finite-volume 
methods

u = [⇢, ⇢u, ⇢v, ⇢w,E]T, a vector of conserved quantities

u
<latexit sha1_base64="ANJjCoQdlpRQrBkxVeXpNewUCjM=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunFZwT6gHUomzbSxSWZIMkIZir/gVvfuxK3f4tYvMZ1W0KIHLhzOuZd77wlizrTxvA8nt7K6tr6R3yxsbe/s7hX3D1o6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++p0qzSN6aSUx9gYeShYxgY6VWLxBpMu0XS55bq1VQpQozcl4uzwlCCCLXy1ACCzT6xc/eICKJoNIQjrXuIi82foqVYYTTaaGXaBpjMsZD2rVUYkG1n2bXTuGJVQYwjJQtaWCm/pxIsdB6IgLbKbAZ6WVvJv7pBWJpswkv/JTJODFUkvniMOHQRHAWBRwwRYnhE0swUczeDskIK0yMDaxgQ/n+HP5PWmcu8lx0Uy7VLxfx5MEROAanAIEqqINr0ABNQMAdeARP4Nl5cF6cV+dt3ppzFjOH4Bec9y/JmJZU</latexit><latexit sha1_base64="ANJjCoQdlpRQrBkxVeXpNewUCjM=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunFZwT6gHUomzbSxSWZIMkIZir/gVvfuxK3f4tYvMZ1W0KIHLhzOuZd77wlizrTxvA8nt7K6tr6R3yxsbe/s7hX3D1o6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++p0qzSN6aSUx9gYeShYxgY6VWLxBpMu0XS55bq1VQpQozcl4uzwlCCCLXy1ACCzT6xc/eICKJoNIQjrXuIi82foqVYYTTaaGXaBpjMsZD2rVUYkG1n2bXTuGJVQYwjJQtaWCm/pxIsdB6IgLbKbAZ6WVvJv7pBWJpswkv/JTJODFUkvniMOHQRHAWBRwwRYnhE0swUczeDskIK0yMDaxgQ/n+HP5PWmcu8lx0Uy7VLxfx5MEROAanAIEqqINr0ABNQMAdeARP4Nl5cF6cV+dt3ppzFjOH4Bec9y/JmJZU</latexit><latexit sha1_base64="ANJjCoQdlpRQrBkxVeXpNewUCjM=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunFZwT6gHUomzbSxSWZIMkIZir/gVvfuxK3f4tYvMZ1W0KIHLhzOuZd77wlizrTxvA8nt7K6tr6R3yxsbe/s7hX3D1o6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++p0qzSN6aSUx9gYeShYxgY6VWLxBpMu0XS55bq1VQpQozcl4uzwlCCCLXy1ACCzT6xc/eICKJoNIQjrXuIi82foqVYYTTaaGXaBpjMsZD2rVUYkG1n2bXTuGJVQYwjJQtaWCm/pxIsdB6IgLbKbAZ6WVvJv7pBWJpswkv/JTJODFUkvniMOHQRHAWBRwwRYnhE0swUczeDskIK0yMDaxgQ/n+HP5PWmcu8lx0Uy7VLxfx5MEROAanAIEqqINr0ABNQMAdeARP4Nl5cF6cV+dt3ppzFjOH4Bec9y/JmJZU</latexit><latexit sha1_base64="ANJjCoQdlpRQrBkxVeXpNewUCjM=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunFZwT6gHUomzbSxSWZIMkIZir/gVvfuxK3f4tYvMZ1W0KIHLhzOuZd77wlizrTxvA8nt7K6tr6R3yxsbe/s7hX3D1o6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++p0qzSN6aSUx9gYeShYxgY6VWLxBpMu0XS55bq1VQpQozcl4uzwlCCCLXy1ACCzT6xc/eICKJoNIQjrXuIi82foqVYYTTaaGXaBpjMsZD2rVUYkG1n2bXTuGJVQYwjJQtaWCm/pxIsdB6IgLbKbAZ6WVvJv7pBWJpswkv/JTJODFUkvniMOHQRHAWBRwwRYnhE0swUczeDskIK0yMDaxgQ/n+HP5PWmcu8lx0Uy7VLxfx5MEROAanAIEqqINr0ABNQMAdeARP4Nl5cF6cV+dt3ppzFjOH4Bec9y/JmJZU</latexit>



A (brief) introduction to finite-volume 
methods

x
<latexit sha1_base64="AgRE2m26I2mxEwe9yM+YTLPmpXY=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn2AHUomzbShSWZIMmId+gVude9O3Po3bv0S02kFLXrgwuGce7n3niDmTBvP+3ByK6tr6xv5zcLW9s7uXnH/oK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOML6a+Z07qjSL5I2ZxNQXeChZyAg2Vmre94slz63VKqhShRk5L5fnBCEEketlKIEFGv3iZ28QkURQaQjHWt8iLzZ+ipVhhNNpoZdoGmMyxkN6a6nEgmo/zQ6dwhOrDGAYKVvSwEz9OZFiofVEBLZTYDPSy95M/NMLxNJmE174KZNxYqgk88VhwqGJ4CwFOGCKEsMnlmCimL0dkhFWmBibVcGG8v05/J+0z1zkuahZLtUvF/HkwRE4BqcAgSqog2vQAC1AAAWP4Ak8Ow/Oi/PqvM1bc85i5hD8gvP+Ba/+lAI=</latexit><latexit sha1_base64="AgRE2m26I2mxEwe9yM+YTLPmpXY=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn2AHUomzbShSWZIMmId+gVude9O3Po3bv0S02kFLXrgwuGce7n3niDmTBvP+3ByK6tr6xv5zcLW9s7uXnH/oK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOML6a+Z07qjSL5I2ZxNQXeChZyAg2Vmre94slz63VKqhShRk5L5fnBCEEketlKIEFGv3iZ28QkURQaQjHWt8iLzZ+ipVhhNNpoZdoGmMyxkN6a6nEgmo/zQ6dwhOrDGAYKVvSwEz9OZFiofVEBLZTYDPSy95M/NMLxNJmE174KZNxYqgk88VhwqGJ4CwFOGCKEsMnlmCimL0dkhFWmBibVcGG8v05/J+0z1zkuahZLtUvF/HkwRE4BqcAgSqog2vQAC1AAAWP4Ak8Ow/Oi/PqvM1bc85i5hD8gvP+Ba/+lAI=</latexit><latexit sha1_base64="AgRE2m26I2mxEwe9yM+YTLPmpXY=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn2AHUomzbShSWZIMmId+gVude9O3Po3bv0S02kFLXrgwuGce7n3niDmTBvP+3ByK6tr6xv5zcLW9s7uXnH/oK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOML6a+Z07qjSL5I2ZxNQXeChZyAg2Vmre94slz63VKqhShRk5L5fnBCEEketlKIEFGv3iZ28QkURQaQjHWt8iLzZ+ipVhhNNpoZdoGmMyxkN6a6nEgmo/zQ6dwhOrDGAYKVvSwEz9OZFiofVEBLZTYDPSy95M/NMLxNJmE174KZNxYqgk88VhwqGJ4CwFOGCKEsMnlmCimL0dkhFWmBibVcGG8v05/J+0z1zkuahZLtUvF/HkwRE4BqcAgSqog2vQAC1AAAWP4Ak8Ow/Oi/PqvM1bc85i5hD8gvP+Ba/+lAI=</latexit><latexit sha1_base64="AgRE2m26I2mxEwe9yM+YTLPmpXY=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn2AHUomzbShSWZIMmId+gVude9O3Po3bv0S02kFLXrgwuGce7n3niDmTBvP+3ByK6tr6xv5zcLW9s7uXnH/oK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOML6a+Z07qjSL5I2ZxNQXeChZyAg2Vmre94slz63VKqhShRk5L5fnBCEEketlKIEFGv3iZ28QkURQaQjHWt8iLzZ+ipVhhNNpoZdoGmMyxkN6a6nEgmo/zQ6dwhOrDGAYKVvSwEz9OZFiofVEBLZTYDPSy95M/NMLxNJmE174KZNxYqgk88VhwqGJ4CwFOGCKEsMnlmCimL0dkhFWmBibVcGG8v05/J+0z1zkuahZLtUvF/HkwRE4BqcAgSqog2vQAC1AAAWP4Ak8Ow/Oi/PqvM1bc85i5hD8gvP+Ba/+lAI=</latexit>

y
<latexit sha1_base64="EI6IqOXf0yNbMkIwWEZqgqSfC5E=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn1AO5RMmrahSWZIMsI49Avc6t6duPVv3PolptMKWvTAhcM593LvPUHEmTae9+Hk1tY3Nrfy24Wd3b39g+LhUVuHsSK0RUIeqm6ANeVM0pZhhtNupCgWAaedYHoz9zv3VGkWyjuTRNQXeCzZiBFsrNRMBsWS59ZqFVSpwoxclssLghCCyPUylMASjUHxsz8MSSyoNIRjrXvIi4yfYmUY4XRW6MeaRphM8Zj2LJVYUO2n2aEzeGaVIRyFypY0MFN/TqRYaJ2IwHYKbCZ61ZuLf3qBWNlsRld+ymQUGyrJYvEo5tCEcJ4CHDJFieGJJZgoZm+HZIIVJsZmVbChfH8O/yftCxd5LmqWS/XrZTx5cAJOwTlAoArq4BY0QAsQQMEjeALPzoPz4rw6b4vWnLOcOQa/4Lx/AbGSlAM=</latexit><latexit sha1_base64="EI6IqOXf0yNbMkIwWEZqgqSfC5E=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn1AO5RMmrahSWZIMsI49Avc6t6duPVv3PolptMKWvTAhcM593LvPUHEmTae9+Hk1tY3Nrfy24Wd3b39g+LhUVuHsSK0RUIeqm6ANeVM0pZhhtNupCgWAaedYHoz9zv3VGkWyjuTRNQXeCzZiBFsrNRMBsWS59ZqFVSpwoxclssLghCCyPUylMASjUHxsz8MSSyoNIRjrXvIi4yfYmUY4XRW6MeaRphM8Zj2LJVYUO2n2aEzeGaVIRyFypY0MFN/TqRYaJ2IwHYKbCZ61ZuLf3qBWNlsRld+ymQUGyrJYvEo5tCEcJ4CHDJFieGJJZgoZm+HZIIVJsZmVbChfH8O/yftCxd5LmqWS/XrZTx5cAJOwTlAoArq4BY0QAsQQMEjeALPzoPz4rw6b4vWnLOcOQa/4Lx/AbGSlAM=</latexit><latexit sha1_base64="EI6IqOXf0yNbMkIwWEZqgqSfC5E=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn1AO5RMmrahSWZIMsI49Avc6t6duPVv3PolptMKWvTAhcM593LvPUHEmTae9+Hk1tY3Nrfy24Wd3b39g+LhUVuHsSK0RUIeqm6ANeVM0pZhhtNupCgWAaedYHoz9zv3VGkWyjuTRNQXeCzZiBFsrNRMBsWS59ZqFVSpwoxclssLghCCyPUylMASjUHxsz8MSSyoNIRjrXvIi4yfYmUY4XRW6MeaRphM8Zj2LJVYUO2n2aEzeGaVIRyFypY0MFN/TqRYaJ2IwHYKbCZ61ZuLf3qBWNlsRld+ymQUGyrJYvEo5tCEcJ4CHDJFieGJJZgoZm+HZIIVJsZmVbChfH8O/yftCxd5LmqWS/XrZTx5cAJOwTlAoArq4BY0QAsQQMEjeALPzoPz4rw6b4vWnLOcOQa/4Lx/AbGSlAM=</latexit><latexit sha1_base64="EI6IqOXf0yNbMkIwWEZqgqSfC5E=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn1AO5RMmrahSWZIMsI49Avc6t6duPVv3PolptMKWvTAhcM593LvPUHEmTae9+Hk1tY3Nrfy24Wd3b39g+LhUVuHsSK0RUIeqm6ANeVM0pZhhtNupCgWAaedYHoz9zv3VGkWyjuTRNQXeCzZiBFsrNRMBsWS59ZqFVSpwoxclssLghCCyPUylMASjUHxsz8MSSyoNIRjrXvIi4yfYmUY4XRW6MeaRphM8Zj2LJVYUO2n2aEzeGaVIRyFypY0MFN/TqRYaJ2IwHYKbCZ61ZuLf3qBWNlsRld+ymQUGyrJYvEo5tCEcJ4CHDJFieGJJZgoZm+HZIIVJsZmVbChfH8O/yftCxd5LmqWS/XrZTx5cAJOwTlAoArq4BY0QAsQQMEjeALPzoPz4rw6b4vWnLOcOQa/4Lx/AbGSlAM=</latexit>

z
<latexit sha1_base64="JtkrUuP4OaxAvdVEpI0/ON2VQ/A=">AAAB+HicdVDLSgMxFM34rPVVdekmWARXw0RbandFNy5bsA9oh5JJM21okhmSjNAO/QK3uncnbv0bt36J6bSCFj1w4XDOvdx7TxBzpo3nfThr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d++0HqjSL5L2ZxNQXeChZyAg2VmpM+4Wi51arZVSuwIxclUoLghCCyPUyFMES9X7hszeISCKoNIRjrbvIi42fYmUY4XSW7yWaxpiM8ZB2LZVYUO2n2aEzeG6VAQwjZUsamKk/J1IstJ6IwHYKbEZ61ZuLf3qBWNlswms/ZTJODJVksThMODQRnKcAB0xRYvjEEkwUs7dDMsIKE2OzyttQvj+H/5PWpYs8FzVKxdrNMp4cOAVn4AIgUAE1cAfqoAkIoOARPIFnZ+q8OK/O26J1zVnOnIBfcN6/ALMmlAQ=</latexit><latexit sha1_base64="JtkrUuP4OaxAvdVEpI0/ON2VQ/A=">AAAB+HicdVDLSgMxFM34rPVVdekmWARXw0RbandFNy5bsA9oh5JJM21okhmSjNAO/QK3uncnbv0bt36J6bSCFj1w4XDOvdx7TxBzpo3nfThr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d++0HqjSL5L2ZxNQXeChZyAg2VmpM+4Wi51arZVSuwIxclUoLghCCyPUyFMES9X7hszeISCKoNIRjrbvIi42fYmUY4XSW7yWaxpiM8ZB2LZVYUO2n2aEzeG6VAQwjZUsamKk/J1IstJ6IwHYKbEZ61ZuLf3qBWNlswms/ZTJODJVksThMODQRnKcAB0xRYvjEEkwUs7dDMsIKE2OzyttQvj+H/5PWpYs8FzVKxdrNMp4cOAVn4AIgUAE1cAfqoAkIoOARPIFnZ+q8OK/O26J1zVnOnIBfcN6/ALMmlAQ=</latexit><latexit sha1_base64="JtkrUuP4OaxAvdVEpI0/ON2VQ/A=">AAAB+HicdVDLSgMxFM34rPVVdekmWARXw0RbandFNy5bsA9oh5JJM21okhmSjNAO/QK3uncnbv0bt36J6bSCFj1w4XDOvdx7TxBzpo3nfThr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d++0HqjSL5L2ZxNQXeChZyAg2VmpM+4Wi51arZVSuwIxclUoLghCCyPUyFMES9X7hszeISCKoNIRjrbvIi42fYmUY4XSW7yWaxpiM8ZB2LZVYUO2n2aEzeG6VAQwjZUsamKk/J1IstJ6IwHYKbEZ61ZuLf3qBWNlswms/ZTJODJVksThMODQRnKcAB0xRYvjEEkwUs7dDMsIKE2OzyttQvj+H/5PWpYs8FzVKxdrNMp4cOAVn4AIgUAE1cAfqoAkIoOARPIFnZ+q8OK/O26J1zVnOnIBfcN6/ALMmlAQ=</latexit><latexit sha1_base64="JtkrUuP4OaxAvdVEpI0/ON2VQ/A=">AAAB+HicdVDLSgMxFM34rPVVdekmWARXw0RbandFNy5bsA9oh5JJM21okhmSjNAO/QK3uncnbv0bt36J6bSCFj1w4XDOvdx7TxBzpo3nfThr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d++0HqjSL5L2ZxNQXeChZyAg2VmpM+4Wi51arZVSuwIxclUoLghCCyPUyFMES9X7hszeISCKoNIRjrbvIi42fYmUY4XSW7yWaxpiM8ZB2LZVYUO2n2aEzeG6VAQwjZUsamKk/J1IstJ6IwHYKbEZ61ZuLf3qBWNlswms/ZTJODJVksThMODQRnKcAB0xRYvjEEkwUs7dDMsIKE2OzyttQvj+H/5PWpYs8FzVKxdrNMp4cOAVn4AIgUAE1cAfqoAkIoOARPIFnZ+q8OK/O26J1zVnOnIBfcN6/ALMmlAQ=</latexit>
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<latexit sha1_base64="or0mk36ys9LDKLz59x873XHy0mw="></latexit><latexit sha1_base64="or0mk36ys9LDKLz59x873XHy0mw="></latexit><latexit sha1_base64="or0mk36ys9LDKLz59x873XHy0mw="></latexit><latexit sha1_base64="or0mk36ys9LDKLz59x873XHy0mw="></latexit>

u = [⇢, ⇢u, ⇢v, ⇢w,E]T, a vector of conserved quantities

We want to go from u at 
time t, to u at time t + △t.u

<latexit sha1_base64="ANJjCoQdlpRQrBkxVeXpNewUCjM=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunFZwT6gHUomzbSxSWZIMkIZir/gVvfuxK3f4tYvMZ1W0KIHLhzOuZd77wlizrTxvA8nt7K6tr6R3yxsbe/s7hX3D1o6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++p0qzSN6aSUx9gYeShYxgY6VWLxBpMu0XS55bq1VQpQozcl4uzwlCCCLXy1ACCzT6xc/eICKJoNIQjrXuIi82foqVYYTTaaGXaBpjMsZD2rVUYkG1n2bXTuGJVQYwjJQtaWCm/pxIsdB6IgLbKbAZ6WVvJv7pBWJpswkv/JTJODFUkvniMOHQRHAWBRwwRYnhE0swUczeDskIK0yMDaxgQ/n+HP5PWmcu8lx0Uy7VLxfx5MEROAanAIEqqINr0ABNQMAdeARP4Nl5cF6cV+dt3ppzFjOH4Bec9y/JmJZU</latexit><latexit sha1_base64="ANJjCoQdlpRQrBkxVeXpNewUCjM=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunFZwT6gHUomzbSxSWZIMkIZir/gVvfuxK3f4tYvMZ1W0KIHLhzOuZd77wlizrTxvA8nt7K6tr6R3yxsbe/s7hX3D1o6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++p0qzSN6aSUx9gYeShYxgY6VWLxBpMu0XS55bq1VQpQozcl4uzwlCCCLXy1ACCzT6xc/eICKJoNIQjrXuIi82foqVYYTTaaGXaBpjMsZD2rVUYkG1n2bXTuGJVQYwjJQtaWCm/pxIsdB6IgLbKbAZ6WVvJv7pBWJpswkv/JTJODFUkvniMOHQRHAWBRwwRYnhE0swUczeDskIK0yMDaxgQ/n+HP5PWmcu8lx0Uy7VLxfx5MEROAanAIEqqINr0ABNQMAdeARP4Nl5cF6cV+dt3ppzFjOH4Bec9y/JmJZU</latexit><latexit sha1_base64="ANJjCoQdlpRQrBkxVeXpNewUCjM=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunFZwT6gHUomzbSxSWZIMkIZir/gVvfuxK3f4tYvMZ1W0KIHLhzOuZd77wlizrTxvA8nt7K6tr6R3yxsbe/s7hX3D1o6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++p0qzSN6aSUx9gYeShYxgY6VWLxBpMu0XS55bq1VQpQozcl4uzwlCCCLXy1ACCzT6xc/eICKJoNIQjrXuIi82foqVYYTTaaGXaBpjMsZD2rVUYkG1n2bXTuGJVQYwjJQtaWCm/pxIsdB6IgLbKbAZ6WVvJv7pBWJpswkv/JTJODFUkvniMOHQRHAWBRwwRYnhE0swUczeDskIK0yMDaxgQ/n+HP5PWmcu8lx0Uy7VLxfx5MEROAanAIEqqINr0ABNQMAdeARP4Nl5cF6cV+dt3ppzFjOH4Bec9y/JmJZU</latexit><latexit sha1_base64="ANJjCoQdlpRQrBkxVeXpNewUCjM=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunFZwT6gHUomzbSxSWZIMkIZir/gVvfuxK3f4tYvMZ1W0KIHLhzOuZd77wlizrTxvA8nt7K6tr6R3yxsbe/s7hX3D1o6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++p0qzSN6aSUx9gYeShYxgY6VWLxBpMu0XS55bq1VQpQozcl4uzwlCCCLXy1ACCzT6xc/eICKJoNIQjrXuIi82foqVYYTTaaGXaBpjMsZD2rVUYkG1n2bXTuGJVQYwjJQtaWCm/pxIsdB6IgLbKbAZ6WVvJv7pBWJpswkv/JTJODFUkvniMOHQRHAWBRwwRYnhE0swUczeDskIK0yMDaxgQ/n+HP5PWmcu8lx0Uy7VLxfx5MEROAanAIEqqINr0ABNQMAdeARP4Nl5cF6cV+dt3ppzFjOH4Bec9y/JmJZU</latexit>

{

�x
<latexit sha1_base64="RFQtaY9Ak6ecuZAh8cxy7JZh4JA=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GibaUrsr6sJlBfuQdiiZNG1Dk8yQZMQydOMvuNW9O3Hrn7j1S0ynFbTogQuHc+7l3nuCiDNtPO/DySwtr6yuZddzG5tb2zv53b2GDmNFaJ2EPFStAGvKmaR1wwynrUhRLAJOm8HoYuo376jSLJQ3ZhxRX+CBZH1GsLHSbeeScoOT+0k3X/DcSqWESmWYktNicUYQQhC5XooCmKPWzX92eiGJBZWGcKx1G3mR8ROsDCOcTnKdWNMIkxEe0LalEguq/SQ9eAKPrNKD/VDZkgam6s+JBAutxyKwnQKboV70puKfXiAWNpv+mZ8wGcWGSjJb3I85NCGcpgF7TFFi+NgSTBSzt0MyxAoTYzPL2VC+P4f/k8aJizwXXRcL1fN5PFlwAA7BMUCgDKrgCtRAHRAgwCN4As/Og/PivDpvs9aMM5/ZB7/gvH8BA66XkA==</latexit><latexit sha1_base64="RFQtaY9Ak6ecuZAh8cxy7JZh4JA=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GibaUrsr6sJlBfuQdiiZNG1Dk8yQZMQydOMvuNW9O3Hrn7j1S0ynFbTogQuHc+7l3nuCiDNtPO/DySwtr6yuZddzG5tb2zv53b2GDmNFaJ2EPFStAGvKmaR1wwynrUhRLAJOm8HoYuo376jSLJQ3ZhxRX+CBZH1GsLHSbeeScoOT+0k3X/DcSqWESmWYktNicUYQQhC5XooCmKPWzX92eiGJBZWGcKx1G3mR8ROsDCOcTnKdWNMIkxEe0LalEguq/SQ9eAKPrNKD/VDZkgam6s+JBAutxyKwnQKboV70puKfXiAWNpv+mZ8wGcWGSjJb3I85NCGcpgF7TFFi+NgSTBSzt0MyxAoTYzPL2VC+P4f/k8aJizwXXRcL1fN5PFlwAA7BMUCgDKrgCtRAHRAgwCN4As/Og/PivDpvs9aMM5/ZB7/gvH8BA66XkA==</latexit><latexit sha1_base64="RFQtaY9Ak6ecuZAh8cxy7JZh4JA=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GibaUrsr6sJlBfuQdiiZNG1Dk8yQZMQydOMvuNW9O3Hrn7j1S0ynFbTogQuHc+7l3nuCiDNtPO/DySwtr6yuZddzG5tb2zv53b2GDmNFaJ2EPFStAGvKmaR1wwynrUhRLAJOm8HoYuo376jSLJQ3ZhxRX+CBZH1GsLHSbeeScoOT+0k3X/DcSqWESmWYktNicUYQQhC5XooCmKPWzX92eiGJBZWGcKx1G3mR8ROsDCOcTnKdWNMIkxEe0LalEguq/SQ9eAKPrNKD/VDZkgam6s+JBAutxyKwnQKboV70puKfXiAWNpv+mZ8wGcWGSjJb3I85NCGcpgF7TFFi+NgSTBSzt0MyxAoTYzPL2VC+P4f/k8aJizwXXRcL1fN5PFlwAA7BMUCgDKrgCtRAHRAgwCN4As/Og/PivDpvs9aMM5/ZB7/gvH8BA66XkA==</latexit><latexit sha1_base64="RFQtaY9Ak6ecuZAh8cxy7JZh4JA=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GibaUrsr6sJlBfuQdiiZNG1Dk8yQZMQydOMvuNW9O3Hrn7j1S0ynFbTogQuHc+7l3nuCiDNtPO/DySwtr6yuZddzG5tb2zv53b2GDmNFaJ2EPFStAGvKmaR1wwynrUhRLAJOm8HoYuo376jSLJQ3ZhxRX+CBZH1GsLHSbeeScoOT+0k3X/DcSqWESmWYktNicUYQQhC5XooCmKPWzX92eiGJBZWGcKx1G3mR8ROsDCOcTnKdWNMIkxEe0LalEguq/SQ9eAKPrNKD/VDZkgam6s+JBAutxyKwnQKboV70puKfXiAWNpv+mZ8wGcWGSjJb3I85NCGcpgF7TFFi+NgSTBSzt0MyxAoTYzPL2VC+P4f/k8aJizwXXRcL1fN5PFlwAA7BMUCgDKrgCtRAHRAgwCN4As/Og/PivDpvs9aMM5/ZB7/gvH8BA66XkA==</latexit>



A (brief) introduction to finite-volume 
methods

x
<latexit sha1_base64="AgRE2m26I2mxEwe9yM+YTLPmpXY=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn2AHUomzbShSWZIMmId+gVude9O3Po3bv0S02kFLXrgwuGce7n3niDmTBvP+3ByK6tr6xv5zcLW9s7uXnH/oK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOML6a+Z07qjSL5I2ZxNQXeChZyAg2Vmre94slz63VKqhShRk5L5fnBCEEketlKIEFGv3iZ28QkURQaQjHWt8iLzZ+ipVhhNNpoZdoGmMyxkN6a6nEgmo/zQ6dwhOrDGAYKVvSwEz9OZFiofVEBLZTYDPSy95M/NMLxNJmE174KZNxYqgk88VhwqGJ4CwFOGCKEsMnlmCimL0dkhFWmBibVcGG8v05/J+0z1zkuahZLtUvF/HkwRE4BqcAgSqog2vQAC1AAAWP4Ak8Ow/Oi/PqvM1bc85i5hD8gvP+Ba/+lAI=</latexit><latexit sha1_base64="AgRE2m26I2mxEwe9yM+YTLPmpXY=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn2AHUomzbShSWZIMmId+gVude9O3Po3bv0S02kFLXrgwuGce7n3niDmTBvP+3ByK6tr6xv5zcLW9s7uXnH/oK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOML6a+Z07qjSL5I2ZxNQXeChZyAg2Vmre94slz63VKqhShRk5L5fnBCEEketlKIEFGv3iZ28QkURQaQjHWt8iLzZ+ipVhhNNpoZdoGmMyxkN6a6nEgmo/zQ6dwhOrDGAYKVvSwEz9OZFiofVEBLZTYDPSy95M/NMLxNJmE174KZNxYqgk88VhwqGJ4CwFOGCKEsMnlmCimL0dkhFWmBibVcGG8v05/J+0z1zkuahZLtUvF/HkwRE4BqcAgSqog2vQAC1AAAWP4Ak8Ow/Oi/PqvM1bc85i5hD8gvP+Ba/+lAI=</latexit><latexit sha1_base64="AgRE2m26I2mxEwe9yM+YTLPmpXY=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn2AHUomzbShSWZIMmId+gVude9O3Po3bv0S02kFLXrgwuGce7n3niDmTBvP+3ByK6tr6xv5zcLW9s7uXnH/oK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOML6a+Z07qjSL5I2ZxNQXeChZyAg2Vmre94slz63VKqhShRk5L5fnBCEEketlKIEFGv3iZ28QkURQaQjHWt8iLzZ+ipVhhNNpoZdoGmMyxkN6a6nEgmo/zQ6dwhOrDGAYKVvSwEz9OZFiofVEBLZTYDPSy95M/NMLxNJmE174KZNxYqgk88VhwqGJ4CwFOGCKEsMnlmCimL0dkhFWmBibVcGG8v05/J+0z1zkuahZLtUvF/HkwRE4BqcAgSqog2vQAC1AAAWP4Ak8Ow/Oi/PqvM1bc85i5hD8gvP+Ba/+lAI=</latexit><latexit sha1_base64="AgRE2m26I2mxEwe9yM+YTLPmpXY=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn2AHUomzbShSWZIMmId+gVude9O3Po3bv0S02kFLXrgwuGce7n3niDmTBvP+3ByK6tr6xv5zcLW9s7uXnH/oK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOML6a+Z07qjSL5I2ZxNQXeChZyAg2Vmre94slz63VKqhShRk5L5fnBCEEketlKIEFGv3iZ28QkURQaQjHWt8iLzZ+ipVhhNNpoZdoGmMyxkN6a6nEgmo/zQ6dwhOrDGAYKVvSwEz9OZFiofVEBLZTYDPSy95M/NMLxNJmE174KZNxYqgk88VhwqGJ4CwFOGCKEsMnlmCimL0dkhFWmBibVcGG8v05/J+0z1zkuahZLtUvF/HkwRE4BqcAgSqog2vQAC1AAAWP4Ak8Ow/Oi/PqvM1bc85i5hD8gvP+Ba/+lAI=</latexit>

y
<latexit sha1_base64="EI6IqOXf0yNbMkIwWEZqgqSfC5E=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn1AO5RMmrahSWZIMsI49Avc6t6duPVv3PolptMKWvTAhcM593LvPUHEmTae9+Hk1tY3Nrfy24Wd3b39g+LhUVuHsSK0RUIeqm6ANeVM0pZhhtNupCgWAaedYHoz9zv3VGkWyjuTRNQXeCzZiBFsrNRMBsWS59ZqFVSpwoxclssLghCCyPUylMASjUHxsz8MSSyoNIRjrXvIi4yfYmUY4XRW6MeaRphM8Zj2LJVYUO2n2aEzeGaVIRyFypY0MFN/TqRYaJ2IwHYKbCZ61ZuLf3qBWNlsRld+ymQUGyrJYvEo5tCEcJ4CHDJFieGJJZgoZm+HZIIVJsZmVbChfH8O/yftCxd5LmqWS/XrZTx5cAJOwTlAoArq4BY0QAsQQMEjeALPzoPz4rw6b4vWnLOcOQa/4Lx/AbGSlAM=</latexit><latexit sha1_base64="EI6IqOXf0yNbMkIwWEZqgqSfC5E=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn1AO5RMmrahSWZIMsI49Avc6t6duPVv3PolptMKWvTAhcM593LvPUHEmTae9+Hk1tY3Nrfy24Wd3b39g+LhUVuHsSK0RUIeqm6ANeVM0pZhhtNupCgWAaedYHoz9zv3VGkWyjuTRNQXeCzZiBFsrNRMBsWS59ZqFVSpwoxclssLghCCyPUylMASjUHxsz8MSSyoNIRjrXvIi4yfYmUY4XRW6MeaRphM8Zj2LJVYUO2n2aEzeGaVIRyFypY0MFN/TqRYaJ2IwHYKbCZ61ZuLf3qBWNlsRld+ymQUGyrJYvEo5tCEcJ4CHDJFieGJJZgoZm+HZIIVJsZmVbChfH8O/yftCxd5LmqWS/XrZTx5cAJOwTlAoArq4BY0QAsQQMEjeALPzoPz4rw6b4vWnLOcOQa/4Lx/AbGSlAM=</latexit><latexit sha1_base64="EI6IqOXf0yNbMkIwWEZqgqSfC5E=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn1AO5RMmrahSWZIMsI49Avc6t6duPVv3PolptMKWvTAhcM593LvPUHEmTae9+Hk1tY3Nrfy24Wd3b39g+LhUVuHsSK0RUIeqm6ANeVM0pZhhtNupCgWAaedYHoz9zv3VGkWyjuTRNQXeCzZiBFsrNRMBsWS59ZqFVSpwoxclssLghCCyPUylMASjUHxsz8MSSyoNIRjrXvIi4yfYmUY4XRW6MeaRphM8Zj2LJVYUO2n2aEzeGaVIRyFypY0MFN/TqRYaJ2IwHYKbCZ61ZuLf3qBWNlsRld+ymQUGyrJYvEo5tCEcJ4CHDJFieGJJZgoZm+HZIIVJsZmVbChfH8O/yftCxd5LmqWS/XrZTx5cAJOwTlAoArq4BY0QAsQQMEjeALPzoPz4rw6b4vWnLOcOQa/4Lx/AbGSlAM=</latexit><latexit sha1_base64="EI6IqOXf0yNbMkIwWEZqgqSfC5E=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUrsrunHZgn1AO5RMmrahSWZIMsI49Avc6t6duPVv3PolptMKWvTAhcM593LvPUHEmTae9+Hk1tY3Nrfy24Wd3b39g+LhUVuHsSK0RUIeqm6ANeVM0pZhhtNupCgWAaedYHoz9zv3VGkWyjuTRNQXeCzZiBFsrNRMBsWS59ZqFVSpwoxclssLghCCyPUylMASjUHxsz8MSSyoNIRjrXvIi4yfYmUY4XRW6MeaRphM8Zj2LJVYUO2n2aEzeGaVIRyFypY0MFN/TqRYaJ2IwHYKbCZ61ZuLf3qBWNlsRld+ymQUGyrJYvEo5tCEcJ4CHDJFieGJJZgoZm+HZIIVJsZmVbChfH8O/yftCxd5LmqWS/XrZTx5cAJOwTlAoArq4BY0QAsQQMEjeALPzoPz4rw6b4vWnLOcOQa/4Lx/AbGSlAM=</latexit>

z
<latexit sha1_base64="JtkrUuP4OaxAvdVEpI0/ON2VQ/A=">AAAB+HicdVDLSgMxFM34rPVVdekmWARXw0RbandFNy5bsA9oh5JJM21okhmSjNAO/QK3uncnbv0bt36J6bSCFj1w4XDOvdx7TxBzpo3nfThr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d++0HqjSL5L2ZxNQXeChZyAg2VmpM+4Wi51arZVSuwIxclUoLghCCyPUyFMES9X7hszeISCKoNIRjrbvIi42fYmUY4XSW7yWaxpiM8ZB2LZVYUO2n2aEzeG6VAQwjZUsamKk/J1IstJ6IwHYKbEZ61ZuLf3qBWNlswms/ZTJODJVksThMODQRnKcAB0xRYvjEEkwUs7dDMsIKE2OzyttQvj+H/5PWpYs8FzVKxdrNMp4cOAVn4AIgUAE1cAfqoAkIoOARPIFnZ+q8OK/O26J1zVnOnIBfcN6/ALMmlAQ=</latexit><latexit sha1_base64="JtkrUuP4OaxAvdVEpI0/ON2VQ/A=">AAAB+HicdVDLSgMxFM34rPVVdekmWARXw0RbandFNy5bsA9oh5JJM21okhmSjNAO/QK3uncnbv0bt36J6bSCFj1w4XDOvdx7TxBzpo3nfThr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d++0HqjSL5L2ZxNQXeChZyAg2VmpM+4Wi51arZVSuwIxclUoLghCCyPUyFMES9X7hszeISCKoNIRjrbvIi42fYmUY4XSW7yWaxpiM8ZB2LZVYUO2n2aEzeG6VAQwjZUsamKk/J1IstJ6IwHYKbEZ61ZuLf3qBWNlswms/ZTJODJVksThMODQRnKcAB0xRYvjEEkwUs7dDMsIKE2OzyttQvj+H/5PWpYs8FzVKxdrNMp4cOAVn4AIgUAE1cAfqoAkIoOARPIFnZ+q8OK/O26J1zVnOnIBfcN6/ALMmlAQ=</latexit><latexit sha1_base64="JtkrUuP4OaxAvdVEpI0/ON2VQ/A=">AAAB+HicdVDLSgMxFM34rPVVdekmWARXw0RbandFNy5bsA9oh5JJM21okhmSjNAO/QK3uncnbv0bt36J6bSCFj1w4XDOvdx7TxBzpo3nfThr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d++0HqjSL5L2ZxNQXeChZyAg2VmpM+4Wi51arZVSuwIxclUoLghCCyPUyFMES9X7hszeISCKoNIRjrbvIi42fYmUY4XSW7yWaxpiM8ZB2LZVYUO2n2aEzeG6VAQwjZUsamKk/J1IstJ6IwHYKbEZ61ZuLf3qBWNlswms/ZTJODJVksThMODQRnKcAB0xRYvjEEkwUs7dDMsIKE2OzyttQvj+H/5PWpYs8FzVKxdrNMp4cOAVn4AIgUAE1cAfqoAkIoOARPIFnZ+q8OK/O26J1zVnOnIBfcN6/ALMmlAQ=</latexit><latexit sha1_base64="JtkrUuP4OaxAvdVEpI0/ON2VQ/A=">AAAB+HicdVDLSgMxFM34rPVVdekmWARXw0RbandFNy5bsA9oh5JJM21okhmSjNAO/QK3uncnbv0bt36J6bSCFj1w4XDOvdx7TxBzpo3nfThr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d++0HqjSL5L2ZxNQXeChZyAg2VmpM+4Wi51arZVSuwIxclUoLghCCyPUyFMES9X7hszeISCKoNIRjrbvIi42fYmUY4XSW7yWaxpiM8ZB2LZVYUO2n2aEzeG6VAQwjZUsamKk/J1IstJ6IwHYKbEZ61ZuLf3qBWNlswms/ZTJODJVksThMODQRnKcAB0xRYvjEEkwUs7dDMsIKE2OzyttQvj+H/5PWpYs8FzVKxdrNMp4cOAVn4AIgUAE1cAfqoAkIoOARPIFnZ+q8OK/O26J1zVnOnIBfcN6/ALMmlAQ=</latexit>

u = [⇢, ⇢u, ⇢v, ⇢w,E]T, a vector of conserved quantities
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<latexit sha1_base64="QogmQpSTlI2Izdvl5TZViLyque8="></latexit><latexit sha1_base64="QogmQpSTlI2Izdvl5TZViLyque8="></latexit><latexit sha1_base64="QogmQpSTlI2Izdvl5TZViLyque8="></latexit><latexit sha1_base64="QogmQpSTlI2Izdvl5TZViLyque8="></latexit>

And that’s it!
Well, not so fast…



How do we do it?

i i + 1i - 1

i i + 1i - 1

i i + 1i - 1

Reconstruct interface values 
using cell averages.

Choose either piecewise 
constant, piecewise linear, or 
piecewise parabolic 
reconstruction.

Piecewise linear and piecewise 
parabolic reconstruction can be 
done in either the primitive 
variables or the characteristic 
variables.
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Calculate fluxes across cell 
interfaces using reconstructed 
interface values.
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<latexit sha1_base64="G8M6NkosfFSYw92/JvUaOi187p8=">AAACCnicdVDLSgMxFM3UV62vqS7dBIsgCGVSW2p3RUFcVrAPaIchk2ba0MyDJKOUYf7AX3Cre3fi1p9w65eYTito0QMXDufcy733uBFnUlnWh5FbWV1b38hvFra2d3b3zOJ+R4axILRNQh6Knosl5SygbcUUp71IUOy7nHbdyeXM795RIVkY3KppRG0fjwLmMYKVlhyzeOUk7HTgCUwSlCaVNHXMklVuNGqoVocZOatW5wQhBFHZylACC7Qc83MwDEns00ARjqXsIytSdoKFYoTTtDCIJY0wmeAR7WsaYJ9KO8lOT+GxVobQC4WuQMFM/TmRYF/Kqe/qTh+rsVz2ZuKfnusvbVbeuZ2wIIoVDch8sRdzqEI4ywUOmaBE8akmmAimb4dkjHUsSqdX0KF8fw7/J51KGVlldFMtNS8W8eTBITgCJwCBOmiCa9ACbUDAPXgET+DZeDBejFfjbd6aMxYzB+AXjPcvKvSa1w==</latexit><latexit sha1_base64="G8M6NkosfFSYw92/JvUaOi187p8=">AAACCnicdVDLSgMxFM3UV62vqS7dBIsgCGVSW2p3RUFcVrAPaIchk2ba0MyDJKOUYf7AX3Cre3fi1p9w65eYTito0QMXDufcy733uBFnUlnWh5FbWV1b38hvFra2d3b3zOJ+R4axILRNQh6Knosl5SygbcUUp71IUOy7nHbdyeXM795RIVkY3KppRG0fjwLmMYKVlhyzeOUk7HTgCUwSlCaVNHXMklVuNGqoVocZOatW5wQhBFHZylACC7Qc83MwDEns00ARjqXsIytSdoKFYoTTtDCIJY0wmeAR7WsaYJ9KO8lOT+GxVobQC4WuQMFM/TmRYF/Kqe/qTh+rsVz2ZuKfnusvbVbeuZ2wIIoVDch8sRdzqEI4ywUOmaBE8akmmAimb4dkjHUsSqdX0KF8fw7/J51KGVlldFMtNS8W8eTBITgCJwCBOmiCa9ACbUDAPXgET+DZeDBejFfjbd6aMxYzB+AXjPcvKvSa1w==</latexit><latexit sha1_base64="G8M6NkosfFSYw92/JvUaOi187p8=">AAACCnicdVDLSgMxFM3UV62vqS7dBIsgCGVSW2p3RUFcVrAPaIchk2ba0MyDJKOUYf7AX3Cre3fi1p9w65eYTito0QMXDufcy733uBFnUlnWh5FbWV1b38hvFra2d3b3zOJ+R4axILRNQh6Knosl5SygbcUUp71IUOy7nHbdyeXM795RIVkY3KppRG0fjwLmMYKVlhyzeOUk7HTgCUwSlCaVNHXMklVuNGqoVocZOatW5wQhBFHZylACC7Qc83MwDEns00ARjqXsIytSdoKFYoTTtDCIJY0wmeAR7WsaYJ9KO8lOT+GxVobQC4WuQMFM/TmRYF/Kqe/qTh+rsVz2ZuKfnusvbVbeuZ2wIIoVDch8sRdzqEI4ywUOmaBE8akmmAimb4dkjHUsSqdX0KF8fw7/J51KGVlldFMtNS8W8eTBITgCJwCBOmiCa9ACbUDAPXgET+DZeDBejFfjbd6aMxYzB+AXjPcvKvSa1w==</latexit><latexit sha1_base64="G8M6NkosfFSYw92/JvUaOi187p8=">AAACCnicdVDLSgMxFM3UV62vqS7dBIsgCGVSW2p3RUFcVrAPaIchk2ba0MyDJKOUYf7AX3Cre3fi1p9w65eYTito0QMXDufcy733uBFnUlnWh5FbWV1b38hvFra2d3b3zOJ+R4axILRNQh6Knosl5SygbcUUp71IUOy7nHbdyeXM795RIVkY3KppRG0fjwLmMYKVlhyzeOUk7HTgCUwSlCaVNHXMklVuNGqoVocZOatW5wQhBFHZylACC7Qc83MwDEns00ARjqXsIytSdoKFYoTTtDCIJY0wmeAR7WsaYJ9KO8lOT+GxVobQC4WuQMFM/TmRYF/Kqe/qTh+rsVz2ZuKfnusvbVbeuZ2wIIoVDch8sRdzqEI4ywUOmaBE8akmmAimb4dkjHUsSqdX0KF8fw7/J51KGVlldFMtNS8W8eTBITgCJwCBOmiCa9ACbUDAPXgET+DZeDBejFfjbd6aMxYzB+AXjPcvKvSa1w==</latexit>

Fi� 1
2

<latexit sha1_base64="ChjImlTE2p+fXO729RrYKh9roGE=">AAACCnicdVDLSgMxFM3UV62vqS7dBIvgxjKpLbW7oiAuK9gHtMOQSTNtaOZBklHKMH/gL7jVvTtx60+49UtMpxW06IELh3Pu5d573IgzqSzrw8itrK6tb+Q3C1vbO7t7ZnG/I8NYENomIQ9Fz8WSchbQtmKK014kKPZdTrvu5HLmd++okCwMbtU0oraPRwHzGMFKS45ZvHISdjrwBCYJSpNKmjpmySo3GjVUq8OMnFWrc4IQgqhsZSiBBVqO+TkYhiT2aaAIx1L2kRUpO8FCMcJpWhjEkkaYTPCI9jUNsE+lnWSnp/BYK0PohUJXoGCm/pxIsC/l1Hd1p4/VWC57M/FPz/WXNivv3E5YEMWKBmS+2Is5VCGc5QKHTFCi+FQTTATTt0MyxjoWpdMr6FC+P4f/k06ljKwyuqmWmheLePLgEByBE4BAHTTBNWiBNiDgHjyCJ/BsPBgvxqvxNm/NGYuZA/ALxvsXLjSa2Q==</latexit><latexit sha1_base64="ChjImlTE2p+fXO729RrYKh9roGE=">AAACCnicdVDLSgMxFM3UV62vqS7dBIvgxjKpLbW7oiAuK9gHtMOQSTNtaOZBklHKMH/gL7jVvTtx60+49UtMpxW06IELh3Pu5d573IgzqSzrw8itrK6tb+Q3C1vbO7t7ZnG/I8NYENomIQ9Fz8WSchbQtmKK014kKPZdTrvu5HLmd++okCwMbtU0oraPRwHzGMFKS45ZvHISdjrwBCYJSpNKmjpmySo3GjVUq8OMnFWrc4IQgqhsZSiBBVqO+TkYhiT2aaAIx1L2kRUpO8FCMcJpWhjEkkaYTPCI9jUNsE+lnWSnp/BYK0PohUJXoGCm/pxIsC/l1Hd1p4/VWC57M/FPz/WXNivv3E5YEMWKBmS+2Is5VCGc5QKHTFCi+FQTTATTt0MyxjoWpdMr6FC+P4f/k06ljKwyuqmWmheLePLgEByBE4BAHTTBNWiBNiDgHjyCJ/BsPBgvxqvxNm/NGYuZA/ALxvsXLjSa2Q==</latexit><latexit sha1_base64="ChjImlTE2p+fXO729RrYKh9roGE=">AAACCnicdVDLSgMxFM3UV62vqS7dBIvgxjKpLbW7oiAuK9gHtMOQSTNtaOZBklHKMH/gL7jVvTtx60+49UtMpxW06IELh3Pu5d573IgzqSzrw8itrK6tb+Q3C1vbO7t7ZnG/I8NYENomIQ9Fz8WSchbQtmKK014kKPZdTrvu5HLmd++okCwMbtU0oraPRwHzGMFKS45ZvHISdjrwBCYJSpNKmjpmySo3GjVUq8OMnFWrc4IQgqhsZSiBBVqO+TkYhiT2aaAIx1L2kRUpO8FCMcJpWhjEkkaYTPCI9jUNsE+lnWSnp/BYK0PohUJXoGCm/pxIsC/l1Hd1p4/VWC57M/FPz/WXNivv3E5YEMWKBmS+2Is5VCGc5QKHTFCi+FQTTATTt0MyxjoWpdMr6FC+P4f/k06ljKwyuqmWmheLePLgEByBE4BAHTTBNWiBNiDgHjyCJ/BsPBgvxqvxNm/NGYuZA/ALxvsXLjSa2Q==</latexit><latexit sha1_base64="ChjImlTE2p+fXO729RrYKh9roGE=">AAACCnicdVDLSgMxFM3UV62vqS7dBIvgxjKpLbW7oiAuK9gHtMOQSTNtaOZBklHKMH/gL7jVvTtx60+49UtMpxW06IELh3Pu5d573IgzqSzrw8itrK6tb+Q3C1vbO7t7ZnG/I8NYENomIQ9Fz8WSchbQtmKK014kKPZdTrvu5HLmd++okCwMbtU0oraPRwHzGMFKS45ZvHISdjrwBCYJSpNKmjpmySo3GjVUq8OMnFWrc4IQgqhsZSiBBVqO+TkYhiT2aaAIx1L2kRUpO8FCMcJpWhjEkkaYTPCI9jUNsE+lnWSnp/BYK0PohUJXoGCm/pxIsC/l1Hd1p4/VWC57M/FPz/WXNivv3E5YEMWKBmS+2Is5VCGc5QKHTFCi+FQTTATTt0MyxjoWpdMr6FC+P4f/k06ljKwyuqmWmheLePLgEByBE4BAHTTBNWiBNiDgHjyCJ/BsPBgvxqvxNm/NGYuZA/ALxvsXLjSa2Q==</latexit>

i� 1
<latexit sha1_base64="P5Mu8lspbmy27GIw2+YBsl9xZrk=">AAAB+nicdVDLSgMxFM34rPVVdekmWAQ3DhNtqQUXBTcuK9oHtEPJpJk2NMkMSUYoYz/Bre7diVt/xq1fYjqtoEUPXDiccy/33hPEnGnjeR/O0vLK6tp6biO/ubW9s1vY22/qKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyupn7rnirNInlnxjH1BR5IFjKCjZVu2SnqFYqeW62WUbkCM3JeKs0IQggi18tQBHPUe4XPbj8iiaDSEI617iAvNn6KlWGE00m+m2gaYzLCA9qxVGJBtZ9mp07gsVX6MIyULWlgpv6cSLHQeiwC2ymwGepFbyr+6QViYbMJL/yUyTgxVJLZ4jDh0ERwmgPsM0WJ4WNLMFHM3g7JECtMjE0rb0P5/hz+T5pnLvJcdFMq1i7n8eTAITgCJwCBCqiBa1AHDUDAADyCJ/DsPDgvzqvzNmtdcuYzB+AXnPcvddSUXw==</latexit><latexit sha1_base64="P5Mu8lspbmy27GIw2+YBsl9xZrk=">AAAB+nicdVDLSgMxFM34rPVVdekmWAQ3DhNtqQUXBTcuK9oHtEPJpJk2NMkMSUYoYz/Bre7diVt/xq1fYjqtoEUPXDiccy/33hPEnGnjeR/O0vLK6tp6biO/ubW9s1vY22/qKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyupn7rnirNInlnxjH1BR5IFjKCjZVu2SnqFYqeW62WUbkCM3JeKs0IQggi18tQBHPUe4XPbj8iiaDSEI617iAvNn6KlWGE00m+m2gaYzLCA9qxVGJBtZ9mp07gsVX6MIyULWlgpv6cSLHQeiwC2ymwGepFbyr+6QViYbMJL/yUyTgxVJLZ4jDh0ERwmgPsM0WJ4WNLMFHM3g7JECtMjE0rb0P5/hz+T5pnLvJcdFMq1i7n8eTAITgCJwCBCqiBa1AHDUDAADyCJ/DsPDgvzqvzNmtdcuYzB+AXnPcvddSUXw==</latexit><latexit sha1_base64="P5Mu8lspbmy27GIw2+YBsl9xZrk=">AAAB+nicdVDLSgMxFM34rPVVdekmWAQ3DhNtqQUXBTcuK9oHtEPJpJk2NMkMSUYoYz/Bre7diVt/xq1fYjqtoEUPXDiccy/33hPEnGnjeR/O0vLK6tp6biO/ubW9s1vY22/qKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyupn7rnirNInlnxjH1BR5IFjKCjZVu2SnqFYqeW62WUbkCM3JeKs0IQggi18tQBHPUe4XPbj8iiaDSEI617iAvNn6KlWGE00m+m2gaYzLCA9qxVGJBtZ9mp07gsVX6MIyULWlgpv6cSLHQeiwC2ymwGepFbyr+6QViYbMJL/yUyTgxVJLZ4jDh0ERwmgPsM0WJ4WNLMFHM3g7JECtMjE0rb0P5/hz+T5pnLvJcdFMq1i7n8eTAITgCJwCBCqiBa1AHDUDAADyCJ/DsPDgvzqvzNmtdcuYzB+AXnPcvddSUXw==</latexit><latexit sha1_base64="P5Mu8lspbmy27GIw2+YBsl9xZrk=">AAAB+nicdVDLSgMxFM34rPVVdekmWAQ3DhNtqQUXBTcuK9oHtEPJpJk2NMkMSUYoYz/Bre7diVt/xq1fYjqtoEUPXDiccy/33hPEnGnjeR/O0vLK6tp6biO/ubW9s1vY22/qKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyupn7rnirNInlnxjH1BR5IFjKCjZVu2SnqFYqeW62WUbkCM3JeKs0IQggi18tQBHPUe4XPbj8iiaDSEI617iAvNn6KlWGE00m+m2gaYzLCA9qxVGJBtZ9mp07gsVX6MIyULWlgpv6cSLHQeiwC2ymwGepFbyr+6QViYbMJL/yUyTgxVJLZ4jDh0ERwmgPsM0WJ4WNLMFHM3g7JECtMjE0rb0P5/hz+T5pnLvJcdFMq1i7n8eTAITgCJwCBCqiBa1AHDUDAADyCJ/DsPDgvzqvzNmtdcuYzB+AXnPcvddSUXw==</latexit>

i+ 1
<latexit sha1_base64="p8zYeRwmHb+TcRP58r8ITN43o+c=">AAAB+nicdVDLSgMxFM34rPVVdekmWARBGCbaUgsuCm5cVrQPaIeSSTNtaJIZkoxQxn6CW927E7f+jFu/xHRaQYseuHA4517uvSeIOdPG8z6cpeWV1bX13EZ+c2t7Z7ewt9/UUaIIbZCIR6odYE05k7RhmOG0HSuKRcBpKxhdTf3WPVWaRfLOjGPqCzyQLGQEGyvdslPUKxQ9t1oto3IFZuS8VJoRhBBErpehCOao9wqf3X5EEkGlIRxr3UFebPwUK8MIp5N8N9E0xmSEB7RjqcSCaj/NTp3AY6v0YRgpW9LATP05kWKh9VgEtlNgM9SL3lT80wvEwmYTXvgpk3FiqCSzxWHCoYngNAfYZ4oSw8eWYKKYvR2SIVaYGJtW3oby/Tn8nzTPXOS56KZUrF3O48mBQ3AETgACFVAD16AOGoCAAXgET+DZeXBenFfnbda65MxnDsAvOO9fcqqUXQ==</latexit><latexit sha1_base64="p8zYeRwmHb+TcRP58r8ITN43o+c=">AAAB+nicdVDLSgMxFM34rPVVdekmWARBGCbaUgsuCm5cVrQPaIeSSTNtaJIZkoxQxn6CW927E7f+jFu/xHRaQYseuHA4517uvSeIOdPG8z6cpeWV1bX13EZ+c2t7Z7ewt9/UUaIIbZCIR6odYE05k7RhmOG0HSuKRcBpKxhdTf3WPVWaRfLOjGPqCzyQLGQEGyvdslPUKxQ9t1oto3IFZuS8VJoRhBBErpehCOao9wqf3X5EEkGlIRxr3UFebPwUK8MIp5N8N9E0xmSEB7RjqcSCaj/NTp3AY6v0YRgpW9LATP05kWKh9VgEtlNgM9SL3lT80wvEwmYTXvgpk3FiqCSzxWHCoYngNAfYZ4oSw8eWYKKYvR2SIVaYGJtW3oby/Tn8nzTPXOS56KZUrF3O48mBQ3AETgACFVAD16AOGoCAAXgET+DZeXBenFfnbda65MxnDsAvOO9fcqqUXQ==</latexit><latexit sha1_base64="p8zYeRwmHb+TcRP58r8ITN43o+c=">AAAB+nicdVDLSgMxFM34rPVVdekmWARBGCbaUgsuCm5cVrQPaIeSSTNtaJIZkoxQxn6CW927E7f+jFu/xHRaQYseuHA4517uvSeIOdPG8z6cpeWV1bX13EZ+c2t7Z7ewt9/UUaIIbZCIR6odYE05k7RhmOG0HSuKRcBpKxhdTf3WPVWaRfLOjGPqCzyQLGQEGyvdslPUKxQ9t1oto3IFZuS8VJoRhBBErpehCOao9wqf3X5EEkGlIRxr3UFebPwUK8MIp5N8N9E0xmSEB7RjqcSCaj/NTp3AY6v0YRgpW9LATP05kWKh9VgEtlNgM9SL3lT80wvEwmYTXvgpk3FiqCSzxWHCoYngNAfYZ4oSw8eWYKKYvR2SIVaYGJtW3oby/Tn8nzTPXOS56KZUrF3O48mBQ3AETgACFVAD16AOGoCAAXgET+DZeXBenFfnbda65MxnDsAvOO9fcqqUXQ==</latexit><latexit sha1_base64="p8zYeRwmHb+TcRP58r8ITN43o+c=">AAAB+nicdVDLSgMxFM34rPVVdekmWARBGCbaUgsuCm5cVrQPaIeSSTNtaJIZkoxQxn6CW927E7f+jFu/xHRaQYseuHA4517uvSeIOdPG8z6cpeWV1bX13EZ+c2t7Z7ewt9/UUaIIbZCIR6odYE05k7RhmOG0HSuKRcBpKxhdTf3WPVWaRfLOjGPqCzyQLGQEGyvdslPUKxQ9t1oto3IFZuS8VJoRhBBErpehCOao9wqf3X5EEkGlIRxr3UFebPwUK8MIp5N8N9E0xmSEB7RjqcSCaj/NTp3AY6v0YRgpW9LATP05kWKh9VgEtlNgM9SL3lT80wvEwmYTXvgpk3FiqCSzxWHCoYngNAfYZ4oSw8eWYKKYvR2SIVaYGJtW3oby/Tn8nzTPXOS56KZUrF3O48mBQ3AETgACFVAD16AOGoCAAXgET+DZeXBenFfnbda65MxnDsAvOO9fcqqUXQ==</latexit>

i
<latexit sha1_base64="4KYqEGDAQPUNwBhH9ThGvAZjWdo=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUgsuCm5ctmAf0A4lk2ba0CQzJBmhDv0Ct7p3J279G7d+iem0ghY9cOFwzr3ce08Qc6aN5304ubX1jc2t/HZhZ3dv/6B4eNTWUaIIbZGIR6obYE05k7RlmOG0GyuKRcBpJ5jczP3OPVWaRfLOTGPqCzySLGQEGys12aBY8txarYIqVZiRy3J5QRBCELlehhJYojEofvaHEUkElYZwrHUPebHxU6wMI5zOCv1E0xiTCR7RnqUSC6r9NDt0Bs+sMoRhpGxJAzP150SKhdZTEdhOgc1Yr3pz8U8vECubTXjlp0zGiaGSLBaHCYcmgvMU4JApSgyfWoKJYvZ2SMZYYWJsVgUbyvfn8H/SvnCR56JmuVS/XsaTByfgFJwDBKqgDm5BA7QAARQ8gifw7Dw4L86r87ZozTnLmWPwC877F5aEk+0=</latexit><latexit sha1_base64="4KYqEGDAQPUNwBhH9ThGvAZjWdo=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUgsuCm5ctmAf0A4lk2ba0CQzJBmhDv0Ct7p3J279G7d+iem0ghY9cOFwzr3ce08Qc6aN5304ubX1jc2t/HZhZ3dv/6B4eNTWUaIIbZGIR6obYE05k7RlmOG0GyuKRcBpJ5jczP3OPVWaRfLOTGPqCzySLGQEGys12aBY8txarYIqVZiRy3J5QRBCELlehhJYojEofvaHEUkElYZwrHUPebHxU6wMI5zOCv1E0xiTCR7RnqUSC6r9NDt0Bs+sMoRhpGxJAzP150SKhdZTEdhOgc1Yr3pz8U8vECubTXjlp0zGiaGSLBaHCYcmgvMU4JApSgyfWoKJYvZ2SMZYYWJsVgUbyvfn8H/SvnCR56JmuVS/XsaTByfgFJwDBKqgDm5BA7QAARQ8gifw7Dw4L86r87ZozTnLmWPwC877F5aEk+0=</latexit><latexit sha1_base64="4KYqEGDAQPUNwBhH9ThGvAZjWdo=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUgsuCm5ctmAf0A4lk2ba0CQzJBmhDv0Ct7p3J279G7d+iem0ghY9cOFwzr3ce08Qc6aN5304ubX1jc2t/HZhZ3dv/6B4eNTWUaIIbZGIR6obYE05k7RlmOG0GyuKRcBpJ5jczP3OPVWaRfLOTGPqCzySLGQEGys12aBY8txarYIqVZiRy3J5QRBCELlehhJYojEofvaHEUkElYZwrHUPebHxU6wMI5zOCv1E0xiTCR7RnqUSC6r9NDt0Bs+sMoRhpGxJAzP150SKhdZTEdhOgc1Yr3pz8U8vECubTXjlp0zGiaGSLBaHCYcmgvMU4JApSgyfWoKJYvZ2SMZYYWJsVgUbyvfn8H/SvnCR56JmuVS/XsaTByfgFJwDBKqgDm5BA7QAARQ8gifw7Dw4L86r87ZozTnLmWPwC877F5aEk+0=</latexit><latexit sha1_base64="4KYqEGDAQPUNwBhH9ThGvAZjWdo=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4GibaUgsuCm5ctmAf0A4lk2ba0CQzJBmhDv0Ct7p3J279G7d+iem0ghY9cOFwzr3ce08Qc6aN5304ubX1jc2t/HZhZ3dv/6B4eNTWUaIIbZGIR6obYE05k7RlmOG0GyuKRcBpJ5jczP3OPVWaRfLOTGPqCzySLGQEGys12aBY8txarYIqVZiRy3J5QRBCELlehhJYojEofvaHEUkElYZwrHUPebHxU6wMI5zOCv1E0xiTCR7RnqUSC6r9NDt0Bs+sMoRhpGxJAzP150SKhdZTEdhOgc1Yr3pz8U8vECubTXjlp0zGiaGSLBaHCYcmgvMU4JApSgyfWoKJYvZ2SMZYYWJsVgUbyvfn8H/SvnCR56JmuVS/XsaTByfgFJwDBKqgDm5BA7QAARQ8gifw7Dw4L86r87ZozTnLmWPwC877F5aEk+0=</latexit>

How do we do it?
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How do we do it?



Multiprocessor 1

(64 Cores)

Multiprocessor 2

(64 Cores)

GPU

Multiprocessor 3

(64 Cores)

Multiprocessor 4

(64 Cores)

Multiprocessor 59

(64 Cores)

Multiprocessor 60

(64 Cores)

What’s the GPU advantage?
• Grid-based hydro codes are eminently 

parallelizable - each cell needs data from 
only a few nearby cells to reconstruct 
interface values, calculate fluxes across 
interfaces, and update conserved quantities.

• Hydro solvers are computationally 
expensive. Many unsplit algorithms 
require 6 Riemann problems per cell, per 
timestep (in 3D).

• With GPUs, we massively parallelize the 
calculation across many cores, allowing us 
to speed up computation by an order of 
magnitude as compared to similarly 
intensive CPU codes.

x

t
SWCD  RW    

Fi+ 1
2

<latexit sha1_base64="G8M6NkosfFSYw92/JvUaOi187p8=">AAACCnicdVDLSgMxFM3UV62vqS7dBIsgCGVSW2p3RUFcVrAPaIchk2ba0MyDJKOUYf7AX3Cre3fi1p9w65eYTito0QMXDufcy733uBFnUlnWh5FbWV1b38hvFra2d3b3zOJ+R4axILRNQh6Knosl5SygbcUUp71IUOy7nHbdyeXM795RIVkY3KppRG0fjwLmMYKVlhyzeOUk7HTgCUwSlCaVNHXMklVuNGqoVocZOatW5wQhBFHZylACC7Qc83MwDEns00ARjqXsIytSdoKFYoTTtDCIJY0wmeAR7WsaYJ9KO8lOT+GxVobQC4WuQMFM/TmRYF/Kqe/qTh+rsVz2ZuKfnusvbVbeuZ2wIIoVDch8sRdzqEI4ywUOmaBE8akmmAimb4dkjHUsSqdX0KF8fw7/J51KGVlldFMtNS8W8eTBITgCJwCBOmiCa9ACbUDAPXgET+DZeDBejFfjbd6aMxYzB+AXjPcvKvSa1w==</latexit><latexit sha1_base64="G8M6NkosfFSYw92/JvUaOi187p8=">AAACCnicdVDLSgMxFM3UV62vqS7dBIsgCGVSW2p3RUFcVrAPaIchk2ba0MyDJKOUYf7AX3Cre3fi1p9w65eYTito0QMXDufcy733uBFnUlnWh5FbWV1b38hvFra2d3b3zOJ+R4axILRNQh6Knosl5SygbcUUp71IUOy7nHbdyeXM795RIVkY3KppRG0fjwLmMYKVlhyzeOUk7HTgCUwSlCaVNHXMklVuNGqoVocZOatW5wQhBFHZylACC7Qc83MwDEns00ARjqXsIytSdoKFYoTTtDCIJY0wmeAR7WsaYJ9KO8lOT+GxVobQC4WuQMFM/TmRYF/Kqe/qTh+rsVz2ZuKfnusvbVbeuZ2wIIoVDch8sRdzqEI4ywUOmaBE8akmmAimb4dkjHUsSqdX0KF8fw7/J51KGVlldFMtNS8W8eTBITgCJwCBOmiCa9ACbUDAPXgET+DZeDBejFfjbd6aMxYzB+AXjPcvKvSa1w==</latexit><latexit sha1_base64="G8M6NkosfFSYw92/JvUaOi187p8=">AAACCnicdVDLSgMxFM3UV62vqS7dBIsgCGVSW2p3RUFcVrAPaIchk2ba0MyDJKOUYf7AX3Cre3fi1p9w65eYTito0QMXDufcy733uBFnUlnWh5FbWV1b38hvFra2d3b3zOJ+R4axILRNQh6Knosl5SygbcUUp71IUOy7nHbdyeXM795RIVkY3KppRG0fjwLmMYKVlhyzeOUk7HTgCUwSlCaVNHXMklVuNGqoVocZOatW5wQhBFHZylACC7Qc83MwDEns00ARjqXsIytSdoKFYoTTtDCIJY0wmeAR7WsaYJ9KO8lOT+GxVobQC4WuQMFM/TmRYF/Kqe/qTh+rsVz2ZuKfnusvbVbeuZ2wIIoVDch8sRdzqEI4ywUOmaBE8akmmAimb4dkjHUsSqdX0KF8fw7/J51KGVlldFMtNS8W8eTBITgCJwCBOmiCa9ACbUDAPXgET+DZeDBejFfjbd6aMxYzB+AXjPcvKvSa1w==</latexit><latexit sha1_base64="G8M6NkosfFSYw92/JvUaOi187p8=">AAACCnicdVDLSgMxFM3UV62vqS7dBIsgCGVSW2p3RUFcVrAPaIchk2ba0MyDJKOUYf7AX3Cre3fi1p9w65eYTito0QMXDufcy733uBFnUlnWh5FbWV1b38hvFra2d3b3zOJ+R4axILRNQh6Knosl5SygbcUUp71IUOy7nHbdyeXM795RIVkY3KppRG0fjwLmMYKVlhyzeOUk7HTgCUwSlCaVNHXMklVuNGqoVocZOatW5wQhBFHZylACC7Qc83MwDEns00ARjqXsIytSdoKFYoTTtDCIJY0wmeAR7WsaYJ9KO8lOT+GxVobQC4WuQMFM/TmRYF/Kqe/qTh+rsVz2ZuKfnusvbVbeuZ2wIIoVDch8sRdzqEI4ywUOmaBE8akmmAimb4dkjHUsSqdX0KF8fw7/J51KGVlldFMtNS8W8eTBITgCJwCBOmiCa9ACbUDAPXgET+DZeDBejFfjbd6aMxYzB+AXjPcvKvSa1w==</latexit>
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i� 1
<latexit sha1_base64="P5Mu8lspbmy27GIw2+YBsl9xZrk=">AAAB+nicdVDLSgMxFM34rPVVdekmWAQ3DhNtqQUXBTcuK9oHtEPJpJk2NMkMSUYoYz/Bre7diVt/xq1fYjqtoEUPXDiccy/33hPEnGnjeR/O0vLK6tp6biO/ubW9s1vY22/qKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyupn7rnirNInlnxjH1BR5IFjKCjZVu2SnqFYqeW62WUbkCM3JeKs0IQggi18tQBHPUe4XPbj8iiaDSEI617iAvNn6KlWGE00m+m2gaYzLCA9qxVGJBtZ9mp07gsVX6MIyULWlgpv6cSLHQeiwC2ymwGepFbyr+6QViYbMJL/yUyTgxVJLZ4jDh0ERwmgPsM0WJ4WNLMFHM3g7JECtMjE0rb0P5/hz+T5pnLvJcdFMq1i7n8eTAITgCJwCBCqiBa1AHDUDAADyCJ/DsPDgvzqvzNmtdcuYzB+AXnPcvddSUXw==</latexit><latexit sha1_base64="P5Mu8lspbmy27GIw2+YBsl9xZrk=">AAAB+nicdVDLSgMxFM34rPVVdekmWAQ3DhNtqQUXBTcuK9oHtEPJpJk2NMkMSUYoYz/Bre7diVt/xq1fYjqtoEUPXDiccy/33hPEnGnjeR/O0vLK6tp6biO/ubW9s1vY22/qKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyupn7rnirNInlnxjH1BR5IFjKCjZVu2SnqFYqeW62WUbkCM3JeKs0IQggi18tQBHPUe4XPbj8iiaDSEI617iAvNn6KlWGE00m+m2gaYzLCA9qxVGJBtZ9mp07gsVX6MIyULWlgpv6cSLHQeiwC2ymwGepFbyr+6QViYbMJL/yUyTgxVJLZ4jDh0ERwmgPsM0WJ4WNLMFHM3g7JECtMjE0rb0P5/hz+T5pnLvJcdFMq1i7n8eTAITgCJwCBCqiBa1AHDUDAADyCJ/DsPDgvzqvzNmtdcuYzB+AXnPcvddSUXw==</latexit><latexit sha1_base64="P5Mu8lspbmy27GIw2+YBsl9xZrk=">AAAB+nicdVDLSgMxFM34rPVVdekmWAQ3DhNtqQUXBTcuK9oHtEPJpJk2NMkMSUYoYz/Bre7diVt/xq1fYjqtoEUPXDiccy/33hPEnGnjeR/O0vLK6tp6biO/ubW9s1vY22/qKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyupn7rnirNInlnxjH1BR5IFjKCjZVu2SnqFYqeW62WUbkCM3JeKs0IQggi18tQBHPUe4XPbj8iiaDSEI617iAvNn6KlWGE00m+m2gaYzLCA9qxVGJBtZ9mp07gsVX6MIyULWlgpv6cSLHQeiwC2ymwGepFbyr+6QViYbMJL/yUyTgxVJLZ4jDh0ERwmgPsM0WJ4WNLMFHM3g7JECtMjE0rb0P5/hz+T5pnLvJcdFMq1i7n8eTAITgCJwCBCqiBa1AHDUDAADyCJ/DsPDgvzqvzNmtdcuYzB+AXnPcvddSUXw==</latexit><latexit sha1_base64="P5Mu8lspbmy27GIw2+YBsl9xZrk=">AAAB+nicdVDLSgMxFM34rPVVdekmWAQ3DhNtqQUXBTcuK9oHtEPJpJk2NMkMSUYoYz/Bre7diVt/xq1fYjqtoEUPXDiccy/33hPEnGnjeR/O0vLK6tp6biO/ubW9s1vY22/qKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyupn7rnirNInlnxjH1BR5IFjKCjZVu2SnqFYqeW62WUbkCM3JeKs0IQggi18tQBHPUe4XPbj8iiaDSEI617iAvNn6KlWGE00m+m2gaYzLCA9qxVGJBtZ9mp07gsVX6MIyULWlgpv6cSLHQeiwC2ymwGepFbyr+6QViYbMJL/yUyTgxVJLZ4jDh0ERwmgPsM0WJ4WNLMFHM3g7JECtMjE0rb0P5/hz+T5pnLvJcdFMq1i7n8eTAITgCJwCBCqiBa1AHDUDAADyCJ/DsPDgvzqvzNmtdcuYzB+AXnPcvddSUXw==</latexit>

i+ 1
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Grid code on a CPU Grid code on a GPU

What’s the GPU advantage?



Block 
0,0

Block 
1,0

Block 
2,0

Block 
3,0

Block 
0,1

Block 
1,1

Block 
2,1

Block 
3,1

How does it work?

• GPU functions execute 
as CUDA kernels on a 
grid of thread blocks - 
each cell in the 
simulation is mapped 
to a single thread.

• Our design minimizes 
memory transfers 
between the CPU and 
GPU, reducing 
computational 
overhead.

GPU Global Memory

each thread processes data for one cell

grid of 
thread 
blocks

CPU

Shared Memory
threads 
{0…n}



How does it work?

Serial parts of code 
execute on the CPU

Parallel portions 
execute on the GPU

Initialization

Interface Reconstruction

Riemann Solution

CPU

GPU
Half step update

Riemann Solution

Conserved variable update

Set initial conditions

Calculate first time step

Calculate next time step

Output

Hydro Module

Set values of ghost cells

MPI communications

t = tout

Boundary Conditions



An aside: using texture mapping 
to accelerate cooling calculations.



Skyrim, Bethesda Game Studios

What is texture mapping?



Many astrophysical cooling calculations 
rely on multidimensional table lookups to 
calculate radiative cooling / heating rates.



1. Copy 2D cooling tables to texture memory on the GPU 
2. Calculate density and temperature of gas 
3. “Fetch” cooling and heating rates from the texture - 

bilinear interpolation comes for free!

Texture mapping is a natural fit to 
the cooling implementation.

__device__ double Cloudy_cool(double n, double T) 
{ 
  double lambda = 0.0; // cooling rate, erg s^-1 cm^3 
  double H = 0.0;      // heating rate, erg s^-1 cm^3 
  double cool = 0.0;   // cooling per unit volume, erg / s / cm^3 

  // fetch cooling and heating rates 
  lambda = tex2D<float>(coolTexObj, T, n); 
  H      = tex2D<float>(heatTexObj, T, n); 

  // cooling rate per unit volume 
  cool = n*n*(lambda - H); 

  return cool; 
}



How does it compare to the 
CPU version?

Loops/
Threads GSL (CPU) CUDA (GPU)

102 0.006 ms 0.023 ms

104 0.31 ms 0.023 ms

106 30 ms 0.023 ms



So basically, texture mapping 
makes our cooling calculations free.



• A GPU-native, massively-
parallel, grid-based 
hydrodynamics code (publicly 
available at github.com/cholla-
hydro/cholla)

• Incorporates state-of-the-art 
hydrodynamics algorithms 
(unsplit integrators, 3rd order 
spatial reconstruction, precise 
Riemann solvers, dual energy 
formulation, etc.) 

• Also includes optically-thin 
cooling and photoionization 
heating based on precomputed 
rate tables, and static gravity.

Cholla are also a group 
of cactus species that 
grows in the Sonoran 

Desert of southern 
Arizona. Schneider & Robertson (2015, 2017)

Cholla:
Computational 
hydrodynamics 
on 
ll 
architectures



Cholla takes advantage of the world’s 
most powerful supercomputers.

Titan: Fastest Open Science Supercomputer in the US Titan: Fastest Open Science Supercomputer in the US 



Cholla takes advantage of the world’s 
most powerful supercomputers.

Summit: 
Fastest Open 
Science 
Supercomputer 
in the World 
• 200 petaflops
• 4600 nodes
• 27,600 NVIDIA 

V100 GPUs



Cholla Achieves Excellent Scaling

Weak scaling:
Total problem size 

increases, work 
assigned to each 

processor stays the 
same.

Strong scaling:
Same total problem 
size, work divided 

amongst more 
processors.

Strong Scaling test, 5123 cells Weak Scaling test, ~3223 cells / GPU

Schneider & Robertson (2015)



Graphics Processors as a Scientific Tool

Advantages 
• Optimized for fast 

execution of parallel tasks 
• Blocked architecture 

easily transitions to new 
hardware models 

• Specialized hardware 
functions are FAST 

• Offloading computation to 
GPU leaves CPU free to 
perform other tasks 

• Energy efficient!

Challenges 
• Limited memory on GPU 
• Need lots of computation 

to make up for data 
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Cholla Galactic OutfLow Simulations 
Schneider & Robertson (2018)
Schneider, Robertson, & Thompson (2018) 

~100 million core hour Titan 
allocation via INCITE



CGOLS Simulation - 17 billion cells

Density Projection Temperature Projection



Cholla plus IndeX - Next 
Generation Data Visualization



Cholla plus IndeX - Next 
Generation Data Visualization



M82, real data

M82, CGOLS simulation



3840 x 2160 Resolution2D Kelvin Helmholtz test

Thanks!


