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Abstract

We introduce a learning-based framework to optimize tensor programs for deep
learning workloads. Efficient implementations of tensor operators, such as matrix
multiplication and high dimensional convolution, are key enablers of effective
deep learning systems. However, current systems rely on manually optimized
libraries, e.g., cuDNN, that support only a narrow range of server class GPUs.
Such reliance limits the applicability of high-level graph optimizations and incurs
significant engineering costs when deploying to new hardware targets. We use
learning to remove this engineering burden. We learn domain-specific statistical
cost models to guide the search of tensor operator implementations over billions
of possible program variants. We further accelerate the search using effective
model transfer across workloads. Experimental results show that our framework
delivers performance that is competitive with state-of-the-art hand-tuned libraries
for low-power CPUs, mobile GPUs, and server-class GPUs.

1 Introduction

Deep learning (DL) has become ubiquitous in our daily lives. DL models can now recognize
images [23], understand natural language [38], play games [27], and automate system decisions (e.g.,
device placement [26] and indexing [21]). Tensor operators, such as matrix multiplication and high
dimensional convolution, are basic building blocks of DL models. Scalable learning systems [1, 4, 8,
2] rely on manually optimized, high-performance tensor operation libraries, such as cuDNN, that
are optimized for a narrow range of hardware devices. To optimize a tensor operator, programmers
must choose from many implementations that are logically equivalent but differ dramatically in
performance due to differences in threading, memory reuse, pipelining and other hardware factors.
Supporting diverse hardware back-ends therefore requires tremendous engineering effort. Even
on currently supported hardware, developing DL frameworks and models is limited by the set of
optimized operators in libraries, preventing optimizations (such as operator fusion) that can produce
unsupported operators.

This research explores the following question: can we use learning to alleviate this engineering
burden and automatically optimize tensor operator programs for a given hardware platform? Our
affirmative answer is based on statistical cost models we built that predict program run time using a
given low-level program. These cost models, which guide our exploration of the space of possible
programs, use transferable representations that generalize across different workloads to accelerate
search. We make the following contributions:

• We formalize the new problem of learning to optimize tensor programs and summarize its key
characteristics.

• We propose a machine learning framework to solve this problem.
• We further accelerate the optimization by 2× to 10× using transfer learning.
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s2
<latexit sha1_base64="qN923TPi/PUCw4bkJcCJu6fCh+s=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHPJDhuVYbXm1t0FyDrxClKDAq1h9WswiliiuEYmqbV9z43RT6lBwSSfVwaJ5TFlUzrm/Yxqqrj108Wtc3KRKSMSRiYrjWSh/p5IqbJ2poKsU1Gc2FUvF//z+gmGN34qdJwg12y5KEwkwYjkj5ORMJyhnGWEMiOyWwmbUEMZZvHkIXirL6+TTqPuuXXv4arWvC3iKMMZnMMleHANTbiHFrSBwQSe4RXeHOW8OO/Ox7K15BQzp/AHzucPOqqNsA==</latexit><latexit sha1_base64="qN923TPi/PUCw4bkJcCJu6fCh+s=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHPJDhuVYbXm1t0FyDrxClKDAq1h9WswiliiuEYmqbV9z43RT6lBwSSfVwaJ5TFlUzrm/Yxqqrj108Wtc3KRKSMSRiYrjWSh/p5IqbJ2poKsU1Gc2FUvF//z+gmGN34qdJwg12y5KEwkwYjkj5ORMJyhnGWEMiOyWwmbUEMZZvHkIXirL6+TTqPuuXXv4arWvC3iKMMZnMMleHANTbiHFrSBwQSe4RXeHOW8OO/Ox7K15BQzp/AHzucPOqqNsA==</latexit><latexit sha1_base64="qN923TPi/PUCw4bkJcCJu6fCh+s=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHPJDhuVYbXm1t0FyDrxClKDAq1h9WswiliiuEYmqbV9z43RT6lBwSSfVwaJ5TFlUzrm/Yxqqrj108Wtc3KRKSMSRiYrjWSh/p5IqbJ2poKsU1Gc2FUvF//z+gmGN34qdJwg12y5KEwkwYjkj5ORMJyhnGWEMiOyWwmbUEMZZvHkIXirL6+TTqPuuXXv4arWvC3iKMMZnMMleHANTbiHFrSBwQSe4RXeHOW8OO/Ox7K15BQzp/AHzucPOqqNsA==</latexit><latexit sha1_base64="qN923TPi/PUCw4bkJcCJu6fCh+s=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHPJDhuVYbXm1t0FyDrxClKDAq1h9WswiliiuEYmqbV9z43RT6lBwSSfVwaJ5TFlUzrm/Yxqqrj108Wtc3KRKSMSRiYrjWSh/p5IqbJ2poKsU1Gc2FUvF//z+gmGN34qdJwg12y5KEwkwYjkj5ORMJyhnGWEMiOyWwmbUEMZZvHkIXirL6+TTqPuuXXv4arWvC3iKMMZnMMleHANTbiHFrSBwQSe4RXeHOW8OO/Ox7K15BQzp/AHzucPOqqNsA==</latexit>

x2 = g(e, s2)
<latexit sha1_base64="Sgd23IBZtjrPnbTlDNqZsZEDwc8=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpSkCHoRil48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7JXv/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9dsPVCoWi3s9TqgX4YFgISNYG8m3S49+DV2hQYWeIeXXTn277FSdGdAycXNShhwN3/7q9WOSRlRowrFSXddJtJdhqRnhdFLspYommIzwgHYNFTiiystmh0/QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif1431eGllzGRpJ oKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WRVNCO7iy8ukVau6TtW9Oy/Xr/M4CnAEx1ABFy6gDrfQgCYQSOEZXuHNerJerHfrY966YuUzh/AH1ucPxvCRNA==</latexit><latexit sha1_base64="Sgd23IBZtjrPnbTlDNqZsZEDwc8=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpSkCHoRil48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7JXv/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9dsPVCoWi3s9TqgX4YFgISNYG8m3S49+DV2hQYWeIeXXTn277FSdGdAycXNShhwN3/7q9WOSRlRowrFSXddJtJdhqRnhdFLspYommIzwgHYNFTiiystmh0/QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif1431eGllzGRpJ oKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WRVNCO7iy8ukVau6TtW9Oy/Xr/M4CnAEx1ABFy6gDrfQgCYQSOEZXuHNerJerHfrY966YuUzh/AH1ucPxvCRNA==</latexit><latexit sha1_base64="Sgd23IBZtjrPnbTlDNqZsZEDwc8=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpSkCHoRil48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7JXv/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9dsPVCoWi3s9TqgX4YFgISNYG8m3S49+DV2hQYWeIeXXTn277FSdGdAycXNShhwN3/7q9WOSRlRowrFSXddJtJdhqRnhdFLspYommIzwgHYNFTiiystmh0/QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif1431eGllzGRpJ oKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WRVNCO7iy8ukVau6TtW9Oy/Xr/M4CnAEx1ABFy6gDrfQgCYQSOEZXuHNerJerHfrY966YuUzh/AH1ucPxvCRNA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYa SblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="/vh5r0qgY2d6MTk2fGhbnHAqDDg=">AAAB7XicbZDNSgMxFIXv1L9aqx3dugkWoYKUmW50IwhuXFawrdAOQya904ZmMkOSEWvpk7hxoYiv4863Mf1ZaOuBwMc5CffmRJng2njet1PY2Nza3inulvbK+wcV97Dc1mmuGLZYKlL1EFGNgktsGW4EPmQKaRIJ7ESjm1neeUSleSrvzTjDIKEDyWPOqLFW6Faewga5IoManhMdNs5Ct+rVvbnIOvhLqMJSzdD96vVTlicoDRNU667vZSaYUGU4Ezgt9XKNGWUjOsCuRUkT1MFkvviUnFqnT+JU2SMNmbu/X0xoovU4iezNhJqhXs1m5n9ZNzfxZTDhMssNSr YYFOeCmJTMWiB9rpAZMbZAmeJ2V8KGVFFmbFclW4K/+uV1aDfqvlf37zwowjGcQA18uIBruIUmtIBBDi/wBu/Os/PqfCzqKjjL3o7gj5zPH4bCj9E=</latexit><latexit sha1_base64="/vh5r0qgY2d6MTk2fGhbnHAqDDg=">AAAB7XicbZDNSgMxFIXv1L9aqx3dugkWoYKUmW50IwhuXFawrdAOQya904ZmMkOSEWvpk7hxoYiv4863Mf1ZaOuBwMc5CffmRJng2njet1PY2Nza3inulvbK+wcV97Dc1mmuGLZYKlL1EFGNgktsGW4EPmQKaRIJ7ESjm1neeUSleSrvzTjDIKEDyWPOqLFW6Faewga5IoManhMdNs5Ct+rVvbnIOvhLqMJSzdD96vVTlicoDRNU667vZSaYUGU4Ezgt9XKNGWUjOsCuRUkT1MFkvviUnFqnT+JU2SMNmbu/X0xoovU4iezNhJqhXs1m5n9ZNzfxZTDhMssNSr YYFOeCmJTMWiB9rpAZMbZAmeJ2V8KGVFFmbFclW4K/+uV1aDfqvlf37zwowjGcQA18uIBruIUmtIBBDi/wBu/Os/PqfCzqKjjL3o7gj5zPH4bCj9E=</latexit><latexit sha1_base64="mlywhQMQMNoDAb34GBg6JwKRXC4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIFaQkvehFKHrxWMF+QBvCZjtpl242YXcj1tBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFvf2Nwqbpd2dvf2y/bBYVvFqaTQojGPZTcgCjgT0NJMc+gmEkgUcOgE45uZ33kAqVgs7vUkAS8iQ8FCRok2km+XH/06vsLDKpxj5dfPfLvi1Jw58Cpxc1JBOZq+/dUfxDSNQGjKiVI910m0lxGpGeUwLfVTBQmhYzKEnqGCRKC8bH74FJ8aZYDDWJoSGs/V3xMZiZSaRIHpjIgeqWVvJv7n9VIdXnoZE0mqQd DFojDlWMd4lgIeMAlU84khhEpmbsV0RCSh2mRVMiG4yy+vkna95jo1986pNK7zOIroGJ2gKnLRBWqgW9RELURRip7RK3qznqwX6936WLQWrHzmCP2B9fkDxbCRMA==</latexit><latexit sha1_base64="Sgd23IBZtjrPnbTlDNqZsZEDwc8=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpSkCHoRil48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7JXv/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9dsPVCoWi3s9TqgX4YFgISNYG8m3S49+DV2hQYWeIeXXTn277FSdGdAycXNShhwN3/7q9WOSRlRowrFSXddJtJdhqRnhdFLspYommIzwgHYNFTiiystmh0/QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif1431eGllzGRpJ oKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WRVNCO7iy8ukVau6TtW9Oy/Xr/M4CnAEx1ABFy6gDrfQgCYQSOEZXuHNerJerHfrY966YuUzh/AH1ucPxvCRNA==</latexit><latexit sha1_base64="Sgd23IBZtjrPnbTlDNqZsZEDwc8=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpSkCHoRil48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7JXv/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9dsPVCoWi3s9TqgX4YFgISNYG8m3S49+DV2hQYWeIeXXTn277FSdGdAycXNShhwN3/7q9WOSRlRowrFSXddJtJdhqRnhdFLspYommIzwgHYNFTiiystmh0/QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif1431eGllzGRpJ oKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WRVNCO7iy8ukVau6TtW9Oy/Xr/M4CnAEx1ABFy6gDrfQgCYQSOEZXuHNerJerHfrY966YuUzh/AH1ucPxvCRNA==</latexit><latexit sha1_base64="Sgd23IBZtjrPnbTlDNqZsZEDwc8=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpSkCHoRil48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7JXv/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9dsPVCoWi3s9TqgX4YFgISNYG8m3S49+DV2hQYWeIeXXTn277FSdGdAycXNShhwN3/7q9WOSRlRowrFSXddJtJdhqRnhdFLspYommIzwgHYNFTiiystmh0/QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif1431eGllzGRpJ oKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WRVNCO7iy8ukVau6TtW9Oy/Xr/M4CnAEx1ABFy6gDrfQgCYQSOEZXuHNerJerHfrY966YuUzh/AH1ucPxvCRNA==</latexit><latexit sha1_base64="Sgd23IBZtjrPnbTlDNqZsZEDwc8=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpSkCHoRil48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7JXv/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9dsPVCoWi3s9TqgX4YFgISNYG8m3S49+DV2hQYWeIeXXTn277FSdGdAycXNShhwN3/7q9WOSRlRowrFSXddJtJdhqRnhdFLspYommIzwgHYNFTiiystmh0/QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif1431eGllzGRpJ oKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WRVNCO7iy8ukVau6TtW9Oy/Xr/M4CnAEx1ABFy6gDrfQgCYQSOEZXuHNerJerHfrY966YuUzh/AH1ucPxvCRNA==</latexit><latexit sha1_base64="Sgd23IBZtjrPnbTlDNqZsZEDwc8=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpSkCHoRil48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7JXv/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9dsPVCoWi3s9TqgX4YFgISNYG8m3S49+DV2hQYWeIeXXTn277FSdGdAycXNShhwN3/7q9WOSRlRowrFSXddJtJdhqRnhdFLspYommIzwgHYNFTiiystmh0/QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif1431eGllzGRpJ oKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WRVNCO7iy8ukVau6TtW9Oy/Xr/M4CnAEx1ABFy6gDrfQgCYQSOEZXuHNerJerHfrY966YuUzh/AH1ucPxvCRNA==</latexit><latexit sha1_base64="Sgd23IBZtjrPnbTlDNqZsZEDwc8=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpSkCHoRil48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7JXv/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9dsPVCoWi3s9TqgX4YFgISNYG8m3S49+DV2hQYWeIeXXTn277FSdGdAycXNShhwN3/7q9WOSRlRowrFSXddJtJdhqRnhdFLspYommIzwgHYNFTiiystmh0/QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif1431eGllzGRpJ oKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WRVNCO7iy8ukVau6TtW9Oy/Xr/M4CnAEx1ABFy6gDrfQgCYQSOEZXuHNerJerHfrY966YuUzh/AH1ucPxvCRNA==</latexit>

default code

loop tiling tiling, map to micro kernel intrinsics 

for yo in range(1024 / ty):
  for xo in range(1024 / tx):
    C[yo*ty:yo*ty+ty][xo*tx:xo*tx+tx] = 0
    for k in range(1024):
      for yi in range(ty):
        for xi in range(tx):
          C[yo*ty+yi][xo*tx+xi] += 
             A[k][yo*ty+yi] * B[k][xo*tx+xi]

for yo in range(128):
  for xo in range(128):
    intrin.fill_zero(C[yo*8:yo*8+8][xo*8:xo*8+8])
    for ko in range(128):
      intrin.fused_gemm8x8_add(
        C[yo*8:yo*8+8][xo*8:xo*8+8], 
        A[ko*8:ko*8+8][yo*8:yo*8+8],
        B[ko*8:ko*8+8][xo*8:xo*8+8])

for y in range(1024):
  for x in range(1024):
    C[y][x] = 0
    for k in range(1024):
      C[y][x] += A[k][y] * B[k][x]

yo, xo, yi, xi = s[C].title(y, x, ty, tx)
s[C].reorder(yo, xo, k, yi, xi)

yo,xo,ko,yi,xi,ki = s[C].title(y,x,k,8,8,8)
s[C].tensorize(yi, intrin.gemm8x8)

compute expression
A = t.placeholder((1024, 1024))
B = t.placeholder((1024, 1024))
k = t.reduce_axis((0, 1024))
C = t.compute((1024, 1024), 
   lambda y, x: 
   t.sum(A[k, y] * B[k, x], axis=k))

x0
<latexit sha1_base64="R135vjpnIa7C4FCMWzv6Aw3hypQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9R3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKLI2f</latexit><latexit sha1_base64="R135vjpnIa7C4FCMWzv6Aw3hypQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9R3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKLI2f</latexit><latexit sha1_base64="R135vjpnIa7C4FCMWzv6Aw3hypQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9R3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKLI2f</latexit><latexit sha1_base64="R135vjpnIa7C4FCMWzv6Aw3hypQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9R3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKLI2f</latexit>

Figure 1: Sample problem. For a given tensor operator specification (Cij =
P

k AkiBkj), there are multiple
possible low-level program implementations, each with different choices of loop order, tiling size, and other
options. Each choice creates a logically equivalent program with different performance. Our problem is to
explore the space of programs to find the fastest implementation.

We provide a detailed empirical analysis of component design choices in this framework. Experi-
mental results on real-world DL workloads show that our framework yields end-to-end performance
improvements ranging from 1.2× to 3.8× over existing frameworks.

2 Problem Formalization

We begin by walking through the motivating example in Figure 1. To enable automatic code
generation, we specify tensor operators using index expressions (e.g., Cij =

P
k Aki Bkj ). Let E

denote the space of index expressions. The index expression leaves many low-level implementation
details, such as loop order, memory scope, and threading unspecified. As a result, we can generate
multiple variants of low-level code that are logically equivalent to the expression for a given e ∈ E .
We use Se to denote the space of possible transformations (schedules) from e to low-level code. For
an s ∈ Se, let x = g(e, s) be the generated low-level code. Here, g represents a compiler framework
that generates low-level code from e, s. We are interested in minimizing f(x), which is the real run
time cost on the hardware. Importantly, we do not know an analytical expression for f(x) but can
query it by running experiments on the hardware. For a given tuple of (g, e,Se, f), our problem can
be formalized as the following objective:

argmin
s∈Se

f(g(e, s)) (1)

This problem formalization is similar to that of traditional hyper-parameter optimization problems [34,
33, 35, 13, 17, 25] but with several key differentiating characteristics:

Relatively Low Experiment Cost. Traditionally, hyper-parameter optimization problems incur
a high cost to query f , viz., running experiments could take hours or days. However, the cost of
compiling and running a tensor program is a few seconds. This property requires that model training
and inference be fast ; otherwise, there is no benefit over profiling execution on real hardware. It also
means that we can collect more training data during optimization.

Domain-Specific Problem Structure. Most existing hyper-parameter optimization algorithms
treat the problem as a black box. As we optimize programs, we can leverage their rich structures to
build effective models.

Large Quantity of Similar Operators. An end-to-end DL system must optimize tensor operator
programs for different input sizes, shapes, and data layout configurations. These tasks are similar and
can offer opportunities for transfer learning.

We describe two key prerequisites for automatic code generation that is competitive with hand-
optimized code. (1) We need to define an exhaustive search space Se that covers all hardware-aware
optimizations in hand-tuned libraries. (2) We need to efficiently find an optimal schedule in Se.

There are many domain-specific languages (DSLs) for code generation [32, 36, 15, 37, 20, 30], each
with with a different E , Se and g. Polyhedral models [5, 42, 41] are a popular choice for Se; they
model the loop domains as integer linear constraints. An alternative approach originating from
Halide [32] defines a schedule space using a set of transformation primitives. Improving Se is an
important research direction that is beyond the scope of this paper; we pick a rich Se and focus on
schedule optimization in the rest of the paper.
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