
Efficient ML on the Edge with 
Apache TVM

ODIW Workshop, co-located with MLSys 2021


Thierry Moreau, Andrew Reusch

OctoML Inc.



Agenda

TVM Intro


TVM optimizations


uTVM - TVM for microcontrollers


Demo (15mins)



Introducing TVM

The open-source optimization framework for machine learning


• Ingests models from Pytorch, Tensorflow, ONNX, MxNet, etc.


• Targets x86, ARM, NVIDIA GPU, AMD GPU, MIPS, RISC-V, etc.


• Linux, Mac, iOS, Android, Zephyr OS, Windows, WebGPU etc.



What problems does TVM address?

Portability: 


• When there are limited hardware options to deploy your model


Efficiency & Productivity: 


• When you need to squeeze as much efficiency out of your target platform




TVM for Portability

Mehrdad Hessar, U.W. Ph.D.

Keyword spotting DS-CNN model architecture from TF

Deploying deep learning on AzureSphere using TVM, Hessar et al., Blog post

limited SRAM, bare bones 
operating system, no C++ 
support, no dynamic linking …

AzureSphere: Microsoft’s 
secure edge IoT device



TVM for Portability
• Use case #1: ML Engineer


• “I’m generally very happy with Tensorflow/Pytorch, but I was asked to deploy a model 
on a platform that is not/poorly supported by these frameworks.”


• Challenge: non x86 ISAs, unsupported GPU/DSP/Accelerator, non-
mainstream Operating System

TVM provides the ability to deploy ML on platforms where 
deployment would be painstakingly difficult otherwise



PyTorch

TVM vanilla

Sparse

Block-sparse

bf16
Poly approx

TVM for Efficiency + Productivity
Facebook AI/Systems 

Engineer
Workload: WaveRNN style model architecture


• Compute dominated by GRU and FC layers


• 24kHz sampling frequency requires 40us inference net runtime


• Initial model runs in PT with 3,400us inference net runtime


• 85x slower than target

113x speedup 
in 1 week!

TVM @ Facebook, Tulloch et al., TVM Conf 2019



TVM for Efficiency + Productivity
• Use case #2: ML-Sys Engineer


• “I am targeting a pretty mainstream system (e.g. x86, GPU) but I want to get the 
most performance out of my model. Every millisecond I shave off results in $$$ 
savings for your service that you’ve deployed in the cloud.”


• Challenge: most frameworks rely on libraries that are optimized for the 
common workload. Framework have inefficient interpreters (1-2us per op. 
overhead on PT)

TVM provides model optimization capabilities to produce a library that 
is fined tune for your one model to run fast on your one platform



TVM Impact on Industry
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Dissecting the black box

the model

G
EM

M

layer, a.k.a. operator

param

tensor
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Example of a operator implementation
Naive Approach Optimized Approach (snippet from 1000s lines of code)

10-100x faster



Halide programming model

Functional definition: what should this function do?


Schedule definitions: how should the function do it?




TVM schedule: Matrix Multiplication

vanilla schedule

Tensor-Expression DSL defines the algorithm and the schedule

primfn(A_1: handle, B_1: handle, C_1: handle) -> ()

  attr = {"global_symbol": "main", "tir.noalias": True}

  buffers = {B: Buffer(B_2: Pointer(float32), float32, [1024, 1024], []),

             C: Buffer(C_2: Pointer(float32), float32, [1024, 1024], []),

             A: Buffer(A_2: Pointer(float32), float32, [1024, 1024], [])}

  buffer_map = {A_1: A, B_1: B, C_1: C} {

  for (x: int32, 0, 1024) {

    for (y: int32, 0, 1024) {

      C_2[((x*1024) + y)] = 0f32

      for (k: int32, 0, 1024) {

        C_2[((x*1024) + y)] = ((float32*)C_2[((x*1024) + y)] + ((float32*)A_2[((x*1024) + k)]*(float32*)B_2[((k*1024) + y)]))

      }

    }

  }

}


3 nested 
loops

Tensor-Level IR (TIR) program defines the low-level implementation (can be compiled down to LLVM IR, CUDA, OpenCL et.)



TVM schedule: Tiling and Reordering

primfn(A_1: handle, B_1: handle, C_1: handle) -> ()

  attr = {"global_symbol": "main", "tir.noalias": True}

  buffers = {C: Buffer(C_2: Pointer(float32), float32, [1024, 1024], []),

             B: Buffer(B_2: Pointer(float32), float32, [1024, 1024], []),

             A: Buffer(A_2: Pointer(float32), float32, [1024, 1024], [])}

  buffer_map = {A_1: A, B_1: B, C_1: C} {

  for (x.outer: int32, 0, 32) {

    for (y.outer: int32, 0, 32) {

      for (x.inner.init: int32, 0, 32) {

        for (y.inner.init: int32, 0, 32) {

          C_2[((((x.outer*32768) + (x.inner.init*1024)) + (y.outer*32)) + y.inner.init)] = 0f32

        }

      }

      for (k.outer: int32, 0, 256) {

        for (k.inner: int32, 0, 4) {

          for (x.inner: int32, 0, 32) {

            for (y.inner: int32, 0, 32) {

              C_2[((((x.outer*32768) + (x.inner*1024)) + (y.outer*32)) + y.inner)] = ((float32*)C_2[((((x.outer*32768) + (x.inner*1024)) + (y.outer*32)) + y.inner)] + 
((float32*)A_2[((((x.outer*32768) + (x.inner*1024)) + (k.outer*4)) + k.inner)]*(float32*)B_2[((((k.outer*4096) + (k.inner*1024)) + (y.outer*32)) + y.inner)]))

            }

          }

        }

      }

    }

  }

}

6 nested 
loops

compute tiling

split reduction axis

vanilla schedule



TVM schedule: Vectorization

primfn(A_1: handle, B_1: handle, C_1: handle) -> ()

  attr = {"global_symbol": "main", "tir.noalias": True}

  buffers = {C: Buffer(C_2: Pointer(float32), float32, [1024, 1024], []),

             B: Buffer(B_2: Pointer(float32), float32, [1024, 1024], []),

             A: Buffer(A_2: Pointer(float32), float32, [1024, 1024], [])}

  buffer_map = {A_1: A, B_1: B, C_1: C} {

  for (x.outer: int32, 0, 32) {

    for (y.outer: int32, 0, 32) {

      for (x.inner.init: int32, 0, 32) {

        C_2[ramp((((x.outer*32768) + (x.inner.init*1024)) + (y.outer*32)), 1, 32)] = broadcast(0f32, 32)

      }

      for (k.outer: int32, 0, 256) {

        for (k.inner: int32, 0, 4) {

          for (x.inner: int32, 0, 32) {

            C_2[ramp((((x.outer*32768) + (x.inner*1024)) + (y.outer*32)), 1, 32)] = ((float32x32*)C_2[ramp((((x.outer*32768) + (x.inner*1024)) + (y.outer*32)), 1, 32)] + 
(broadcast((float32*)A_2[((((x.outer*32768) + (x.inner*1024)) + (k.outer*4)) + k.inner)], 32)*(float32x32*)B_2[ramp((((k.outer*4096) + (k.inner*1024)) + (y.outer*32)), 1, 32)]))

          }

        }

      }

    }

  }

}


5 nested 
loops

vectorization

compute tiling

split reduction axis

vanilla schedule

vectorize



TVM Schedule: After Several Steps

primfn(A_1: handle, B_1: handle, C_1: handle) -> ()

  attr = {"global_symbol": "main", "tir.noalias": True}

  buffers = {C: Buffer(C_2: Pointer(float32), float32, [1024, 1024], []),

             B: Buffer(B_2: Pointer(float32), float32, [1024, 1024], []),

             A: Buffer(A_2: Pointer(float32), float32, [1024, 1024], [])}

  buffer_map = {A_1: A, B_1: B, C_1: C} {

  attr [packedB: Pointer(float32)] "storage_scope" = "global";

  allocate(packedB, float32x32, [32768]) {

    for (x: int32, 0, 32) "parallel" {

      for (y: int32, 0, 1024) {

        packedB[ramp(((x*32768) + (y*32)), 1, 32)] = (float32x32*)B_2[ramp(((y*1024) + (x*32)), 1, 32)]

      }

    }

    for (x.outer: int32, 0, 32) "parallel" {

      attr [C.global: Pointer(float32)] "storage_scope" = "global";

      allocate(C.global, float32, [1024]);

      for (y.outer: int32, 0, 32) {

        for (x.c.init: int32, 0, 32) {

          C.global[ramp((x.c.init*32), 1, 32)] = broadcast(0f32, 32)

        }

        for (k.outer: int32, 0, 256) {

          for (x.c: int32, 0, 32) {

            C.global[ramp((x.c*32), 1, 32)] = ((float32x32*)C.global[ramp((x.c*32), 1, 32)] + (broadcast((float32*)A_2[(((x.outer*32768) + 
(x.c*1024)) + (k.outer*4))], 32)*(float32x32*)packedB[ramp(((y.outer*32768) + (k.outer*128)), 1, 32)]))

            C.global[ramp((x.c*32), 1, 32)] = ((float32x32*)C.global[ramp((x.c*32), 1, 32)] + (broadcast((float32*)A_2[((((x.outer*32768) + 
(x.c*1024)) + (k.outer*4)) + 1)], 32)*(float32x32*)packedB[ramp((((y.outer*32768) + (k.outer*128)) + 32), 1, 32)]))

            C.global[ramp((x.c*32), 1, 32)] = ((float32x32*)C.global[ramp((x.c*32), 1, 32)] + (broadcast((float32*)A_2[((((x.outer*32768) + 
(x.c*1024)) + (k.outer*4)) + 2)], 32)*(float32x32*)packedB[ramp((((y.outer*32768) + (k.outer*128)) + 64), 1, 32)]))

            C.global[ramp((x.c*32), 1, 32)] = ((float32x32*)C.global[ramp((x.c*32), 1, 32)] + (broadcast((float32*)A_2[((((x.outer*32768) + 
(x.c*1024)) + (k.outer*4)) + 3)], 32)*(float32x32*)packedB[ramp((((y.outer*32768) + (k.outer*128)) + 96), 1, 32)]))

          }

        }

        for (x.inner: int32, 0, 32) {

          for (y.inner: int32, 0, 32) {

            C_2[((((x.outer*32768) + (x.inner*1024)) + (y.outer*32)) + y.inner)] = (float32*)C.global[((x.inner*32) + y.inner)]

          }

        }

      }

    }

  }

}


primfn(A_1: handle, B_1: handle, C_1: handle) -> ()

  attr = {"global_symbol": "main", "tir.noalias": True}

  buffers = {B: Buffer(B_2: Pointer(float32), float32, [1024, 1024], []),

             C: Buffer(C_2: Pointer(float32), float32, [1024, 1024], []),

             A: Buffer(A_2: Pointer(float32), float32, [1024, 1024], [])}

  buffer_map = {A_1: A, B_1: B, C_1: C} {

  for (x: int32, 0, 1024) {

    for (y: int32, 0, 1024) {

      C_2[((x*1024) + y)] = 0f32

      for (k: int32, 0, 1024) {

        C_2[((x*1024) + y)] = ((float32*)C_2[((x*1024) + y)] + ((float32*)A_2[((x*1024) + k)]*(float32*)B_2[((k*1024) + y)]))

      }

    }

  }

}
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Taking optimization to the next level

• In the prior example we can quickly attain ~60% of MLK (hand tuned library) 
performance in a few lines code


• How to we take the performance a notch further with less “human in the loop”?

A single operator has a very large space of schedules to 
explore, often 1,000,000,000s of possible schedule 

implementations



Problem Formalization
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Search SpaceSe
<latexit sha1_base64="tAVAC9U/qBVzQqUzJzuAwTDLLCw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7QPaoWTS2zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLVDqhGwSU2DDcC27FCGgYCW8H4NvNbE1SaR/LRTGP0QzqUfMAZNVbyuyE1I0ZF+jDrYa9ccavuHGSVeDmpQI56r/zV7UcsCVEaJqjWHc+NjZ9SZTgTOCt1E40xZWM6xI6lkoao/XQeekbOrNIng0jZJw2Zq783UhpqPQ0DO5mF1MteJv7ndRIzuPZTLuPEoGSLQ4NEEBORrAHS5wqZEVNLKFPcZiVsRBVlxvZUsiV4y19eJc2LqudWvfvLSu0mr6MIJ3AK5+DBFdTgDurQAAZP8Ayv8OZMnBfn3flYjBacfOcY/sD5/AEIKZJB</latexit><latexit sha1_base64="tAVAC9U/qBVzQqUzJzuAwTDLLCw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7QPaoWTS2zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLVDqhGwSU2DDcC27FCGgYCW8H4NvNbE1SaR/LRTGP0QzqUfMAZNVbyuyE1I0ZF+jDrYa9ccavuHGSVeDmpQI56r/zV7UcsCVEaJqjWHc+NjZ9SZTgTOCt1E40xZWM6xI6lkoao/XQeekbOrNIng0jZJw2Zq783UhpqPQ0DO5mF1MteJv7ndRIzuPZTLuPEoGSLQ4NEEBORrAHS5wqZEVNLKFPcZiVsRBVlxvZUsiV4y19eJc2LqudWvfvLSu0mr6MIJ3AK5+DBFdTgDurQAAZP8Ayv8OZMnBfn3flYjBacfOcY/sD5/AEIKZJB</latexit><latexit sha1_base64="tAVAC9U/qBVzQqUzJzuAwTDLLCw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7QPaoWTS2zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLVDqhGwSU2DDcC27FCGgYCW8H4NvNbE1SaR/LRTGP0QzqUfMAZNVbyuyE1I0ZF+jDrYa9ccavuHGSVeDmpQI56r/zV7UcsCVEaJqjWHc+NjZ9SZTgTOCt1E40xZWM6xI6lkoao/XQeekbOrNIng0jZJw2Zq783UhpqPQ0DO5mF1MteJv7ndRIzuPZTLuPEoGSLQ4NEEBORrAHS5wqZEVNLKFPcZiVsRBVlxvZUsiV4y19eJc2LqudWvfvLSu0mr6MIJ3AK5+DBFdTgDurQAAZP8Ayv8OZMnBfn3flYjBacfOcY/sD5/AEIKZJB</latexit><latexit sha1_base64="tAVAC9U/qBVzQqUzJzuAwTDLLCw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7QPaoWTS2zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLVDqhGwSU2DDcC27FCGgYCW8H4NvNbE1SaR/LRTGP0QzqUfMAZNVbyuyE1I0ZF+jDrYa9ccavuHGSVeDmpQI56r/zV7UcsCVEaJqjWHc+NjZ9SZTgTOCt1E40xZWM6xI6lkoao/XQeekbOrNIng0jZJw2Zq783UhpqPQ0DO5mF1MteJv7ndRIzuPZTLuPEoGSLQ4NEEBORrAHS5wqZEVNLKFPcZiVsRBVlxvZUsiV4y19eJc2LqudWvfvLSu0mr6MIJ3AK5+DBFdTgDurQAAZP8Ayv8OZMnBfn3flYjBacfOcY/sD5/AEIKZJB</latexit>

Expression AutoTVM

f(x)
<latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit>

x
<latexit sha1_base64="aU2pysM3BHfN5UL25fiuMETI3Uw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cqthbaUDbbTbt0swm7E7GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjG17n/8Mi1EbG6x0nC/YgOlQgFo2ilu6dKv1pz6+4MZJl4BalBgWa/+tUbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXUsVjbjxs9mlU3JilQEJY21LIZmpvycyGhkziQLbGVEcmUUvF//zuimGl34mVJIiV2y+KEwlwZjkb5OB0JyhnFhCmRb2VsJGVFOGNpw8BG/x5WXSPqt7bt27Pa81roo4ynAEx3AKHlxAA26gCS1gEMIzvMKbM3ZenHfnY95acoqZQ/gD5/MHGsyNEA==</latexit><latexit sha1_base64="aU2pysM3BHfN5UL25fiuMETI3Uw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cqthbaUDbbTbt0swm7E7GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjG17n/8Mi1EbG6x0nC/YgOlQgFo2ilu6dKv1pz6+4MZJl4BalBgWa/+tUbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXUsVjbjxs9mlU3JilQEJY21LIZmpvycyGhkziQLbGVEcmUUvF//zuimGl34mVJIiV2y+KEwlwZjkb5OB0JyhnFhCmRb2VsJGVFOGNpw8BG/x5WXSPqt7bt27Pa81roo4ynAEx3AKHlxAA26gCS1gEMIzvMKbM3ZenHfnY95acoqZQ/gD5/MHGsyNEA==</latexit><latexit sha1_base64="aU2pysM3BHfN5UL25fiuMETI3Uw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cqthbaUDbbTbt0swm7E7GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjG17n/8Mi1EbG6x0nC/YgOlQgFo2ilu6dKv1pz6+4MZJl4BalBgWa/+tUbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXUsVjbjxs9mlU3JilQEJY21LIZmpvycyGhkziQLbGVEcmUUvF//zuimGl34mVJIiV2y+KEwlwZjkb5OB0JyhnFhCmRb2VsJGVFOGNpw8BG/x5WXSPqt7bt27Pa81roo4ynAEx3AKHlxAA26gCS1gEMIzvMKbM3ZenHfnY95acoqZQ/gD5/MHGsyNEA==</latexit><latexit sha1_base64="aU2pysM3BHfN5UL25fiuMETI3Uw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cqthbaUDbbTbt0swm7E7GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjG17n/8Mi1EbG6x0nC/YgOlQgFo2ilu6dKv1pz6+4MZJl4BalBgWa/+tUbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXUsVjbjxs9mlU3JilQEJY21LIZmpvycyGhkziQLbGVEcmUUvF//zuimGl34mVJIiV2y+KEwlwZjkb5OB0JyhnFhCmRb2VsJGVFOGNpw8BG/x5WXSPqt7bt27Pa81roo4ynAEx3AKHlxAA26gCS1gEMIzvMKbM3ZenHfnY95acoqZQ/gD5/MHGsyNEA==</latexit>

Program

Cost: Execute Time

Code Generatorc
<latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit>

Optimization

Configuration

x = g(e, c)
<latexit sha1_base64="3Iwz7sxhu2857QlhPoWgkaq4hyw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWeYnvbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP3O+PqQ==</latexit><latexit sha1_base64="3Iwz7sxhu2857QlhPoWgkaq4hyw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWeYnvbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP3O+PqQ==</latexit><latexit sha1_base64="3Iwz7sxhu2857QlhPoWgkaq4hyw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWeYnvbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP3O+PqQ==</latexit><latexit sha1_base64="3Iwz7sxhu2857QlhPoWgkaq4hyw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWeYnvbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP3O+PqQ==</latexit>

Objective argminc2Sef(g(e, c))
<latexit sha1_base64="ZCHsWwERxsuuK3AxdLGw0zZnNkw=">AAACB3icbVDLSsNAFJ3UV62vqktBBovQipREBF0W3bisaB/QhDCZ3rRDJ5MwMxFK6M6Nv+LGhSJu/QV3/o3Tx0JbD1w4nHMv994TJJwpbdvfVm5peWV1Lb9e2Njc2t4p7u41VZxKCg0a81i2A6KAMwENzTSHdiKBRAGHVjC4HvutB5CKxeJeDxPwItITLGSUaCP5xUMie+5JxISfUZcJfOfDCIflXhlOMa1U/GLJrtoT4EXizEgJzVD3i19uN6ZpBEJTTpTqOHaivYxIzSiHUcFNFSSEDkgPOoYKEoHysskfI3xslC4OY2lKaDxRf09kJFJqGAWmMyK6r+a9sfif10l1eOllTCSpBkGni8KUYx3jcSi4yyRQzYeGECqZuRXTPpGEahNdwYTgzL+8SJpnVceuOrfnpdrVLI48OkBHqIwcdIFq6AbVUQNR9Iie0St6s56sF+vd+pi25qzZzD76A+vzB1DOl6I=</latexit><latexit sha1_base64="ZCHsWwERxsuuK3AxdLGw0zZnNkw=">AAACB3icbVDLSsNAFJ3UV62vqktBBovQipREBF0W3bisaB/QhDCZ3rRDJ5MwMxFK6M6Nv+LGhSJu/QV3/o3Tx0JbD1w4nHMv994TJJwpbdvfVm5peWV1Lb9e2Njc2t4p7u41VZxKCg0a81i2A6KAMwENzTSHdiKBRAGHVjC4HvutB5CKxeJeDxPwItITLGSUaCP5xUMie+5JxISfUZcJfOfDCIflXhlOMa1U/GLJrtoT4EXizEgJzVD3i19uN6ZpBEJTTpTqOHaivYxIzSiHUcFNFSSEDkgPOoYKEoHysskfI3xslC4OY2lKaDxRf09kJFJqGAWmMyK6r+a9sfif10l1eOllTCSpBkGni8KUYx3jcSi4yyRQzYeGECqZuRXTPpGEahNdwYTgzL+8SJpnVceuOrfnpdrVLI48OkBHqIwcdIFq6AbVUQNR9Iie0St6s56sF+vd+pi25qzZzD76A+vzB1DOl6I=</latexit><latexit sha1_base64="ZCHsWwERxsuuK3AxdLGw0zZnNkw=">AAACB3icbVDLSsNAFJ3UV62vqktBBovQipREBF0W3bisaB/QhDCZ3rRDJ5MwMxFK6M6Nv+LGhSJu/QV3/o3Tx0JbD1w4nHMv994TJJwpbdvfVm5peWV1Lb9e2Njc2t4p7u41VZxKCg0a81i2A6KAMwENzTSHdiKBRAGHVjC4HvutB5CKxeJeDxPwItITLGSUaCP5xUMie+5JxISfUZcJfOfDCIflXhlOMa1U/GLJrtoT4EXizEgJzVD3i19uN6ZpBEJTTpTqOHaivYxIzSiHUcFNFSSEDkgPOoYKEoHysskfI3xslC4OY2lKaDxRf09kJFJqGAWmMyK6r+a9sfif10l1eOllTCSpBkGni8KUYx3jcSi4yyRQzYeGECqZuRXTPpGEahNdwYTgzL+8SJpnVceuOrfnpdrVLI48OkBHqIwcdIFq6AbVUQNR9Iie0St6s56sF+vd+pi25qzZzD76A+vzB1DOl6I=</latexit><latexit sha1_base64="ZCHsWwERxsuuK3AxdLGw0zZnNkw=">AAACB3icbVDLSsNAFJ3UV62vqktBBovQipREBF0W3bisaB/QhDCZ3rRDJ5MwMxFK6M6Nv+LGhSJu/QV3/o3Tx0JbD1w4nHMv994TJJwpbdvfVm5peWV1Lb9e2Njc2t4p7u41VZxKCg0a81i2A6KAMwENzTSHdiKBRAGHVjC4HvutB5CKxeJeDxPwItITLGSUaCP5xUMie+5JxISfUZcJfOfDCIflXhlOMa1U/GLJrtoT4EXizEgJzVD3i19uN6ZpBEJTTpTqOHaivYxIzSiHUcFNFSSEDkgPOoYKEoHysskfI3xslC4OY2lKaDxRf09kJFJqGAWmMyK6r+a9sfif10l1eOllTCSpBkGni8KUYx3jcSi4yyRQzYeGECqZuRXTPpGEahNdwYTgzL+8SJpnVceuOrfnpdrVLI48OkBHqIwcdIFq6AbVUQNR9Iie0St6s56sF+vd+pi25qzZzD76A+vzB1DOl6I=</latexit>

Learning to Optimize Tensor Programs. Chen et al. NeurIPS 18



ML based Models
Use machine learning to learn a statistical cost model

e
<latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="DprgtIzi24Eq9y5/8TyqdCxQO58=">AAAB3XicbZBLSwMxFIXv+Ky1anXrJlgEV2XGjS4FNy5bsA9oh5JJ77SxmcyQ3BHK0F/gxoUi/i13/hvTx0JbDwQ+zknIvSfKlLTk+9/e1vbO7t5+6aB8WDk6PqmeVto2zY3AlkhVaroRt6ikxhZJUtjNDPIkUtiJJvfzvPOMxspUP9I0wzDhIy1jKTg5q4mDas2v+wuxTQhWUIOVGoPqV3+YijxBTUJxa3uBn1FYcENSKJyV+7nFjIsJH2HPoeYJ2rBYDDpjl84Zsjg17mhiC/f3i4In1k6TyN1MOI3tejY3/8t6OcW3YSF1lhNqsfwozhWjlM23ZkNpUJCaOuDCSDcrE2NuuCDXTdmVEKyvvAnt63rg14OmDyU4hwu4ggBu4A4eoAEtEIDwAm/w7j15r97Hsq4tb9XbGfyR9/kDtZiLlg==</latexit><latexit sha1_base64="DprgtIzi24Eq9y5/8TyqdCxQO58=">AAAB3XicbZBLSwMxFIXv+Ky1anXrJlgEV2XGjS4FNy5bsA9oh5JJ77SxmcyQ3BHK0F/gxoUi/i13/hvTx0JbDwQ+zknIvSfKlLTk+9/e1vbO7t5+6aB8WDk6PqmeVto2zY3AlkhVaroRt6ikxhZJUtjNDPIkUtiJJvfzvPOMxspUP9I0wzDhIy1jKTg5q4mDas2v+wuxTQhWUIOVGoPqV3+YijxBTUJxa3uBn1FYcENSKJyV+7nFjIsJH2HPoeYJ2rBYDDpjl84Zsjg17mhiC/f3i4In1k6TyN1MOI3tejY3/8t6OcW3YSF1lhNqsfwozhWjlM23ZkNpUJCaOuDCSDcrE2NuuCDXTdmVEKyvvAnt63rg14OmDyU4hwu4ggBu4A4eoAEtEIDwAm/w7j15r97Hsq4tb9XbGfyR9/kDtZiLlg==</latexit><latexit sha1_base64="f06LPawGe2Q0Ej/v9kIC5ARzRvQ=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVaOKjW3Lq7AFknXkFqUKA5qH71hwnLYpSGCap1z3NTE+RUGc4Ezir9TGNK2YSOsGeppDHqIF8cOiMXVhmSKFG2pCEL9fdETmOtp3FoO2NqxnrVm4v/eb3MRDdBzmWaGZRsuSjKBDEJmX9NhlwhM2JqCWWK21sJG1NFmbHZVGwI3urL66R9Vffcutdya43bIo4ynME5XIIH19CAe2iCDwwQnuEV3pxH58V5dz6WrSWnmDmFP3A+fwDILYzl</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit>

Se
<latexit sha1_base64="tAVAC9U/qBVzQqUzJzuAwTDLLCw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7QPaoWTS2zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLVDqhGwSU2DDcC27FCGgYCW8H4NvNbE1SaR/LRTGP0QzqUfMAZNVbyuyE1I0ZF+jDrYa9ccavuHGSVeDmpQI56r/zV7UcsCVEaJqjWHc+NjZ9SZTgTOCt1E40xZWM6xI6lkoao/XQeekbOrNIng0jZJw2Zq783UhpqPQ0DO5mF1MteJv7ndRIzuPZTLuPEoGSLQ4NEEBORrAHS5wqZEVNLKFPcZiVsRBVlxvZUsiV4y19eJc2LqudWvfvLSu0mr6MIJ3AK5+DBFdTgDurQAAZP8Ayv8OZMnBfn3flYjBacfOcY/sD5/AEIKZJB</latexit><latexit sha1_base64="tAVAC9U/qBVzQqUzJzuAwTDLLCw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7QPaoWTS2zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLVDqhGwSU2DDcC27FCGgYCW8H4NvNbE1SaR/LRTGP0QzqUfMAZNVbyuyE1I0ZF+jDrYa9ccavuHGSVeDmpQI56r/zV7UcsCVEaJqjWHc+NjZ9SZTgTOCt1E40xZWM6xI6lkoao/XQeekbOrNIng0jZJw2Zq783UhpqPQ0DO5mF1MteJv7ndRIzuPZTLuPEoGSLQ4NEEBORrAHS5wqZEVNLKFPcZiVsRBVlxvZUsiV4y19eJc2LqudWvfvLSu0mr6MIJ3AK5+DBFdTgDurQAAZP8Ayv8OZMnBfn3flYjBacfOcY/sD5/AEIKZJB</latexit><latexit sha1_base64="tAVAC9U/qBVzQqUzJzuAwTDLLCw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7QPaoWTS2zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLVDqhGwSU2DDcC27FCGgYCW8H4NvNbE1SaR/LRTGP0QzqUfMAZNVbyuyE1I0ZF+jDrYa9ccavuHGSVeDmpQI56r/zV7UcsCVEaJqjWHc+NjZ9SZTgTOCt1E40xZWM6xI6lkoao/XQeekbOrNIng0jZJw2Zq783UhpqPQ0DO5mF1MteJv7ndRIzuPZTLuPEoGSLQ4NEEBORrAHS5wqZEVNLKFPcZiVsRBVlxvZUsiV4y19eJc2LqudWvfvLSu0mr6MIJ3AK5+DBFdTgDurQAAZP8Ayv8OZMnBfn3flYjBacfOcY/sD5/AEIKZJB</latexit><latexit sha1_base64="tAVAC9U/qBVzQqUzJzuAwTDLLCw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7QPaoWTS2zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLVDqhGwSU2DDcC27FCGgYCW8H4NvNbE1SaR/LRTGP0QzqUfMAZNVbyuyE1I0ZF+jDrYa9ccavuHGSVeDmpQI56r/zV7UcsCVEaJqjWHc+NjZ9SZTgTOCt1E40xZWM6xI6lkoao/XQeekbOrNIng0jZJw2Zq783UhpqPQ0DO5mF1MteJv7ndRIzuPZTLuPEoGSLQ4NEEBORrAHS5wqZEVNLKFPcZiVsRBVlxvZUsiV4y19eJc2LqudWvfvLSu0mr6MIJ3AK5+DBFdTgDurQAAZP8Ayv8OZMnBfn3flYjBacfOcY/sD5/AEIKZJB</latexit>

Search Space

Expression AutoTVM Code Generator
c

<latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit>

x
<latexit sha1_base64="aU2pysM3BHfN5UL25fiuMETI3Uw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cqthbaUDbbTbt0swm7E7GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjG17n/8Mi1EbG6x0nC/YgOlQgFo2ilu6dKv1pz6+4MZJl4BalBgWa/+tUbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXUsVjbjxs9mlU3JilQEJY21LIZmpvycyGhkziQLbGVEcmUUvF//zuimGl34mVJIiV2y+KEwlwZjkb5OB0JyhnFhCmRb2VsJGVFOGNpw8BG/x5WXSPqt7bt27Pa81roo4ynAEx3AKHlxAA26gCS1gEMIzvMKbM3ZenHfnY95acoqZQ/gD5/MHGsyNEA==</latexit><latexit sha1_base64="aU2pysM3BHfN5UL25fiuMETI3Uw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cqthbaUDbbTbt0swm7E7GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjG17n/8Mi1EbG6x0nC/YgOlQgFo2ilu6dKv1pz6+4MZJl4BalBgWa/+tUbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXUsVjbjxs9mlU3JilQEJY21LIZmpvycyGhkziQLbGVEcmUUvF//zuimGl34mVJIiV2y+KEwlwZjkb5OB0JyhnFhCmRb2VsJGVFOGNpw8BG/x5WXSPqt7bt27Pa81roo4ynAEx3AKHlxAA26gCS1gEMIzvMKbM3ZenHfnY95acoqZQ/gD5/MHGsyNEA==</latexit><latexit sha1_base64="aU2pysM3BHfN5UL25fiuMETI3Uw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cqthbaUDbbTbt0swm7E7GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjG17n/8Mi1EbG6x0nC/YgOlQgFo2ilu6dKv1pz6+4MZJl4BalBgWa/+tUbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXUsVjbjxs9mlU3JilQEJY21LIZmpvycyGhkziQLbGVEcmUUvF//zuimGl34mVJIiV2y+KEwlwZjkb5OB0JyhnFhCmRb2VsJGVFOGNpw8BG/x5WXSPqt7bt27Pa81roo4ynAEx3AKHlxAA26gCS1gEMIzvMKbM3ZenHfnY95acoqZQ/gD5/MHGsyNEA==</latexit><latexit sha1_base64="aU2pysM3BHfN5UL25fiuMETI3Uw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cqthbaUDbbTbt0swm7E7GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjG17n/8Mi1EbG6x0nC/YgOlQgFo2ilu6dKv1pz6+4MZJl4BalBgWa/+tUbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXUsVjbjxs9mlU3JilQEJY21LIZmpvycyGhkziQLbGVEcmUUvF//zuimGl34mVJIiV2y+KEwlwZjkb5OB0JyhnFhCmRb2VsJGVFOGNpw8BG/x5WXSPqt7bt27Pa81roo4ynAEx3AKHlxAA26gCS1gEMIzvMKbM3ZenHfnY95acoqZQ/gD5/MHGsyNEA==</latexit>

D
<latexit sha1_base64="1Z6CzjBl0OMVztfQ+m452YDkcY0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxDE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AdN2RWg==</latexit><latexit sha1_base64="1Z6CzjBl0OMVztfQ+m452YDkcY0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxDE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AdN2RWg==</latexit><latexit sha1_base64="1Z6CzjBl0OMVztfQ+m452YDkcY0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxDE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AdN2RWg==</latexit><latexit sha1_base64="1Z6CzjBl0OMVztfQ+m452YDkcY0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxDE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AdN2RWg==</latexit>

Training data

f(x)
<latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit>

Benefit: Automatically adapt to hardware type

Statistical Cost Model

c
<latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit>

learning
f̂(e, c)

<latexit sha1_base64="16qeGbmTCS0jj1DslSxMOfKFjtQ=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQQcKuCHoMevEYwTwgWcLsZDYZMju7zvQGwpLv8OJBEa9+jDf/xsnjoIkFDUVVN91dQSKFQdf9dnJr6xubW/ntws7u3v5B8fCoYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMY3k395ohrI2L1iOOE+xHtKxEKRtFKfmdAMQsnZX5B2Hm3WHIr7gxklXgLUoIFat3iV6cXszTiCpmkxrQ9N0E/oxoFk3xS6KSGJ5QNaZ+3LVU04sbPZkdPyJlVeiSMtS2FZKb+nshoZMw4CmxnRHFglr2p+J/XTjG88TOhkhS5YvNFYSoJxmSaAOkJzRnKsSWUaWFvJWxANWVocyrYELzll1dJ47LiuRXv4apUvV3EkYcTOIUyeHANVbiHGtSBwRM8wyu8OSPnxXl3PuatOWcxcwx/4Hz+AKUukVg=</latexit><latexit sha1_base64="16qeGbmTCS0jj1DslSxMOfKFjtQ=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQQcKuCHoMevEYwTwgWcLsZDYZMju7zvQGwpLv8OJBEa9+jDf/xsnjoIkFDUVVN91dQSKFQdf9dnJr6xubW/ntws7u3v5B8fCoYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMY3k395ohrI2L1iOOE+xHtKxEKRtFKfmdAMQsnZX5B2Hm3WHIr7gxklXgLUoIFat3iV6cXszTiCpmkxrQ9N0E/oxoFk3xS6KSGJ5QNaZ+3LVU04sbPZkdPyJlVeiSMtS2FZKb+nshoZMw4CmxnRHFglr2p+J/XTjG88TOhkhS5YvNFYSoJxmSaAOkJzRnKsSWUaWFvJWxANWVocyrYELzll1dJ47LiuRXv4apUvV3EkYcTOIUyeHANVbiHGtSBwRM8wyu8OSPnxXl3PuatOWcxcwx/4Hz+AKUukVg=</latexit><latexit sha1_base64="16qeGbmTCS0jj1DslSxMOfKFjtQ=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQQcKuCHoMevEYwTwgWcLsZDYZMju7zvQGwpLv8OJBEa9+jDf/xsnjoIkFDUVVN91dQSKFQdf9dnJr6xubW/ntws7u3v5B8fCoYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMY3k395ohrI2L1iOOE+xHtKxEKRtFKfmdAMQsnZX5B2Hm3WHIr7gxklXgLUoIFat3iV6cXszTiCpmkxrQ9N0E/oxoFk3xS6KSGJ5QNaZ+3LVU04sbPZkdPyJlVeiSMtS2FZKb+nshoZMw4CmxnRHFglr2p+J/XTjG88TOhkhS5YvNFYSoJxmSaAOkJzRnKsSWUaWFvJWxANWVocyrYELzll1dJ47LiuRXv4apUvV3EkYcTOIUyeHANVbiHGtSBwRM8wyu8OSPnxXl3PuatOWcxcwx/4Hz+AKUukVg=</latexit><latexit sha1_base64="16qeGbmTCS0jj1DslSxMOfKFjtQ=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQQcKuCHoMevEYwTwgWcLsZDYZMju7zvQGwpLv8OJBEa9+jDf/xsnjoIkFDUVVN91dQSKFQdf9dnJr6xubW/ntws7u3v5B8fCoYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMY3k395ohrI2L1iOOE+xHtKxEKRtFKfmdAMQsnZX5B2Hm3WHIr7gxklXgLUoIFat3iV6cXszTiCpmkxrQ9N0E/oxoFk3xS6KSGJ5QNaZ+3LVU04sbPZkdPyJlVeiSMtS2FZKb+nshoZMw4CmxnRHFglr2p+J/XTjG88TOhkhS5YvNFYSoJxmSaAOkJzRnKsSWUaWFvJWxANWVocyrYELzll1dJ47LiuRXv4apUvV3EkYcTOIUyeHANVbiHGtSBwRM8wyu8OSPnxXl3PuatOWcxcwx/4Hz+AKUukVg=</latexit>

Learning to Optimize Tensor Programs. Chen et al. NeurIPS 18



AutoTVM: ML for ML

Automated solution outperforms vendor deep learning libraries!
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High-Level Data Flow Graph

• TVM uses Relay, a functional and statically typed IR to 
describe ML computation


• Relay implements common features in ML 
frameworks like quantization, and shape inference as 
standard compiler optimization passes

Relay: A High-Level Compiler for Deep Learning. Roesch et al. ArXiv 19



Graph-Level Optimization Passes

• Relay lets us compose a optimization passes to improve performance of DL 
workloads

Relay: A High-Level Compiler for Deep Learning. Roesch et al. ArXiv 19



Graph-Level Optimization: Quantization

Credit: Ziheng Jiang, TVM Conference 2019
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µController challenges

Really stringent memory and compute budgets!



µTVM: TVM for µControllers
• µTVM can be used with only the standard C library


• C/LLVM IR code-generator for GCC / LLVM


• This lets us target ARM, MIPS, RISC-V etc. architectures


• Highly transparent/auditable output


• µTVM leverages RTOS platforms for portability



uTVM 15 min Tutorial

• Carefully prepared by my colleague Andrew Reusch!


• Great way to recap everything we’ve gone through so far 
into a single demo


• Reproduce it here: https://github.com/areusch/microtvm-
blogpost-eval 

https://github.com/areusch/microtvm-blogpost-eval
https://github.com/areusch/microtvm-blogpost-eval




uTVM - Things to look forward to
Heterogeneous execution to accelerators (e.g. Ethos U-55)


More flexible memory planner


Multi-ISA support (e.g. RISC-V)


Increased model coverage


Improve developer experience (generate Arduino, Zephyr projects)


> For more details, see the MicroTVM Roadmap

https://discuss.tvm.apache.org/t/tvm-microtvm-m2-roadmap/8821
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A lot of topics not covered here…

• RPC communication mechanism for programming edge devices


• GPU, tensor core support


• Support for hardware accelerators, FPGAs


• Sparse operator support


• Int 4 quantization, ultra low bit width quantization


• Training, auto differentiation



Where to learn more about TVM?

• TVM Website is a good starting point: https://tvm.apache.org/

• Documentation, tutorials, very active discuss forums


• We have hosted  3 yearly TVM conferences!


• Great resource for past talks and presentations from academia/industry


• Lots of very encouraging success stories

https://tvm.apache.org/


: taking automation to the next level



Applying TVM optimizations



… and we’re hiring!

https://octoml.ai/careers

https://octoml.ai/careers


Resources
• Good reads on TVM


• TVM Paper, Chen et al., OSDI 2018: https://arxiv.org/abs/1802.04799

• AutoTVM Paper, Chen et al., NeurIPS 2018: https://arxiv.org/abs/1805.08166

• Relay Paper, Roesch et al., ArXiv 2019: https://arxiv.org/abs/1904.08368

• VTA Paper, Moreau et al., IEEE Micro 2019: https://arxiv.org/abs/1807.04188 


• Ansor Paper, Zheng et al., OSDI 2020: https://arxiv.org/abs/2006.06762

• Quantization Paper, Jain et al., ArXiv 2020: https://arxiv.org/pdf/2006.10226.pdf 

https://arxiv.org/abs/1802.04799
https://arxiv.org/abs/1805.08166
https://arxiv.org/abs/1904.08368
https://arxiv.org/abs/1807.04188
https://arxiv.org/abs/2006.06762
https://arxiv.org/pdf/2006.10226.pdf


Resources

• Tutorials: 


• Optimize GEMM on CPU to get 200x speedup

• Automatically optimize a network on ARM CPU

• AutoQuantize a neural network in TVM

• Micro TVM tutorial

• Azuresphere Demo Blogpost

https://tvm.apache.org/docs/tutorials/optimize/opt_gemm.html#sphx-glr-tutorials-optimize-opt-gemm-py
https://tvm.apache.org/docs/tutorials/autotvm/tune_relay_arm.html#sphx-glr-tutorials-autotvm-tune-relay-arm-py
https://tvm.apache.org/docs/tutorials/frontend/deploy_quantized.html#sphx-glr-tutorials-frontend-deploy-quantized-py
https://tvm.apache.org/docs/tutorials/micro/micro_reference_vm.html
https://medium.com/octoml/bringing-tiny-ml-to-the-cloud-connected-iot-with-tvm-2ab800b065b7


TVM is a community effort, and much of this work credit goes to Tianqi Chen, Jared Roesch, 
Andrew Reusch and many amazing TVM contributors and collaborators at the University of 

Washington, OctoML, ARM (Ramana Radhakrishnan & team),  AWS, Berkeley etc.

Questions or interest? 


Reach out to tmoreau@octoml.ai 

mailto:tmoreau@octoml.ai

