
15-884: Machine Learning Systems

TinyML

Instructor: Tianqi Chen



Machine Learning is Ge8ng into Tiny Devices



Discussions: Why TinyML

• What kinds of machine learning models makes sense on tiny
embedded devices

• What are the potential challenges



TinyML System Challenges



Limited Amount of Resources

SRAM (200KB – 1MB)

CPU

Read-only Flash (1MB – 20MB)

DSP

A Typical Tiny Device

• Extremely limited memory resources

• Limited instruction set support(e.g. 
no floating point units)



Limited System Support

• No standard OS support: no files, dlls

• No virtual memory and malloc

• Limited programming languages(usually C)



Discussions

• How would these challenges impact ML applications

• What are possible ways to resolve these challenges



Model Quantization



Why QuanHzaHon

• Convert floating point operations to integer operations(usually int8)

• Reduce weight size

• Make use of integer arithmetic



Symmetric Quantized Representation

Original floating point number

x = d ⇤ s

<latexit sha1_base64="4KdgvZxtwU+LJLWE6NNoPLCRNZc=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSKIh7IrFb0IRS8eK9gPaZeSzWbb0CS7JFmxLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXpBwpo3rfjtLyyura+uFjeLm1vbObmlvv6njVBHaIDGPVTvAmnImacMww2k7URSLgNNWMLyZ+K1HqjSL5b0ZJdQXuC9ZxAg2Vnp4QlcoRKdI90plt+JOgRaJl5My5Kj3Sl/dMCapoNIQjrXueG5i/Awrwwin42I31TTBZIj7tGOpxIJqP5sePEbHVglRFCtb0qCp+nsiw0LrkQhsp8BmoOe9ifif10lNdOlnTCapoZLMFkUpRyZGk+9RyBQlho8swUQxeysiA6wwMTajog3Bm395kTTPKl61cn5XLdeu8zgKcAhHcAIeXEANbqEODSAg4Ble4c1Rzovz7nzMWpecfOYA/sD5/AG9b48S</latexit>

Integer value
Scale 

(d, s)

<latexit sha1_base64="LvfNGY5wkrOkpDtP1aOQhKDKtxw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdqeix6MVjBfsB7VKy2Wwbm02WJCuUpf/BiwdFvPp/vPlvTNs9aPXBwOO9GWbmBQln2rjul1NYWV1b3yhulra2d3b3yvsHbS1TRWiLSC5VN8CaciZoyzDDaTdRFMcBp51gfDPzO49UaSbFvZkk1I/xULCIEWys1K6GZ0ifDsoVt+bOgf4SLycVyNEclD/7oSRpTIUhHGvd89zE+BlWhhFOp6V+qmmCyRgPac9SgWOq/Wx+7RSdWCVEkVS2hEFz9edEhmOtJ3FgO2NsRnrZm4n/eb3URFd+xkSSGirIYlGUcmQkmr2OQqYoMXxiCSaK2VsRGWGFibEBlWwI3vLLf0n7vObVaxd39UrjOo+jCEdwDFXw4BIacAtNaAGBB3iCF3h1pPPsvDnvi9aCk88cwi84H98jBY4y</latexit>

Use a pair to represent the value



Quan7zed Arithme7c

Quantize(s): convert to Integer

Requantize(s1, s2): convert between different scales

Dequantize(s): convert back to floating point (d, s) ! d ⇤ s

<latexit sha1_base64="3kS2QIRqM19FMkuxm5sm4mNk/6o=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tFqCIlkYoei148VrAf0Iay2WzaxU027G6UUurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZub5CWdKO863lVtYXFpeya8W1tY3Nrfs7Z2GEqkktE4EF7LlY0U5i2ldM81pK5EURz6nTf/uauw376lUTMS3epBQL8K9mIWMYG2krr1XCk6QOkIdyXp9jaUUDyhAx0h17aJTdiZA88TNSBEy1Lr2VycQJI1orAnHSrVdJ9HeEEvNCKejQidVNMHkDvdo29AYR1R5w8kHI3RolACFQpqKNZqovyeGOFJqEPmmM8K6r2a9sfif1051eOENWZykmsZkuihMOdICjeNAAZOUaD4wBBPJzK2I9LHERJvQCiYEd/bledI4LbuV8tlNpVi9zOLIwz4cQAlcOIcqXEMN6kDgEZ7hFd6sJ+vFerc+pq05K5vZhT+wPn8A2cmVPQ==</latexit>

x ! (round(clip(x/s, 2b � 1)), s)

<latexit sha1_base64="/Y/fyh6FeKGEWoW+LJsH8lTW2qE=">AAACH3icbVDLTgIxFO3gC/E16tJNIzGBBHGG4GNJdOMSE3kkgKRTCjR02knbUciEP3Hjr7hxoTHGHX9jgVkoeJKbnJ5zb3rv8QJGlXaciZVYWV1b30hupra2d3b37P2DqhKhxKSCBROy7iFFGOWkoqlmpB5IgnyPkZo3uJn6tUciFRX8Xo8C0vJRj9MuxUgbqW1fDJuS9voaSSmeMk3fE8NIipB3xvEDMxqMM8MzlYOFB+/UzWZzUGXbdtrJOzPAZeLGJA1ilNv2d7MjcOgTrjFDSjVcJ9CtCElNMSPjVDNUJEB4gHqkYShHPlGtaHbfGJ4YpQO7QpriGs7U3xMR8pUa+Z7p9JHuq0VvKv7nNULdvWpFlAehJhzPP+qGDGoBp2HBDpUEazYyBGFJza4Q95FEWJtIUyYEd/HkZVIt5N1i/vyumC5dx3EkwRE4BhnggktQAregDCoAg2fwCt7Bh/VivVmf1te8NWHFM4fgD6zJDwP/ojg=</latexit>

(d, s1) ! (round(clip(d ⇤ s1/s2), 2b � 1), s2)

<latexit sha1_base64="tUCnHtOZQmd8fO9iKULEKsDdAxA="></latexit>

Effective value bits 



MulHplicaHons in Symmetric QuanHzaHon

x1 ⇤ x2 = (d1 ⇤ d2) ⇤ (s2 ⇤ s1)

<latexit sha1_base64="En+Kl3wOLMagGC7JnPBIU6K95bw=">AAACDXicbVC7TsMwFHV4lvIKMLJYFKS2Q5VERbAgVbAwFok+pDaKHMdprToP2Q5qFfUHWPgVFgYQYmVn429w0wzQciTLx+fcq+t73JhRIQ3jW1tZXVvf2CxsFbd3dvf29YPDtogSjkkLRyziXRcJwmhIWpJKRroxJyhwGem4o5uZ33kgXNAovJeTmNgBGoTUpxhJJTn66dgxYRWOHQtewbKXPTzHqqirLByrCoVjVhy9ZNSMDHCZmDkpgRxNR//qexFOAhJKzJAQPdOIpZ0iLilmZFrsJ4LECI/QgPQUDVFAhJ1m20zhmVI86EdcnVDCTP3dkaJAiEngqsoAyaFY9Gbif14vkf6lndIwTiQJ8XyQnzAoIziLBnqUEyzZRBGEOVV/hXiIOMJSBVhUIZiLKy+TtlUz67Xzu3qpcZ3HUQDH4ASUgQkuQAPcgiZoAQwewTN4BW/ak/aivWsf89IVLe85An+gff4AdzaWww==</latexit>

Integer value
usually need higher 
amounts of bits to store

New scale 



quantize(   )  

Representing Quantized Model

x conv

W

relu
s1

<latexit sha1_base64="wKY/i5a18uH8TnPQFEPOTZtpj38=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAGqo2j</latexit>

s2

<latexit sha1_base64="4q2J26ISrIOLxvT5AcJjmIWCXEU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOle92v9csVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnXql69enFXrzSu8ziKcAKncA4eXEIDbqEJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMILo2k</latexit>

s3

<latexit sha1_base64="xRYyT5o3UQaWMQBwgYh2cbwjj/4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSvemf98sVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOql6tenFXq9Sv8ziKcATHcAoeXEIdbqEBTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0Jso2l</latexit>

Attach the scale on the output of each layer 

Convert to the integer representation

x conv

W

relu

s2

<latexit sha1_base64="4q2J26ISrIOLxvT5AcJjmIWCXEU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOle92v9csVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnXql69enFXrzSu8ziKcAKncA4eXEIDbqEJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMILo2k</latexit>

quantize(   )  s1

<latexit sha1_base64="wKY/i5a18uH8TnPQFEPOTZtpj38=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAGqo2j</latexit>

s3

<latexit sha1_base64="xRYyT5o3UQaWMQBwgYh2cbwjj/4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSvemf98sVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOql6tenFXq9Sv8ziKcATHcAoeXEIdbqEBTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0Jso2l</latexit>

requantize(       ,  )  s1 ⇤ s2

<latexit sha1_base64="4qEaPbBJxNczdFLx+TcwZxZ8UhQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBPJTdUtFj0YvHCvZD2mXJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJx7czv/NElWaxfDCThPoCDyWLGMHGSo868NAF0kEtKFfcqjsHWiVeTiqQoxmUv/qDmKSCSkM41rrnuYnxM6wMI5xOS/1U0wSTMR7SnqUSC6r9bH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8Xmqiaz9jMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RC85ZdXSbtW9erVy/t6pXGTx1GEEziFc/DgChpwB01oAQEBz/AKb45yXpx352PRWnDymWP4A+fzBxgcj00=</latexit>

s3

<latexit sha1_base64="xRYyT5o3UQaWMQBwgYh2cbwjj/4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSvemf98sVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOql6tenFXq9Sv8ziKcATHcAoeXEIdbqEBTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0Jso2l</latexit>

dequantize(   )  s3

<latexit sha1_base64="xRYyT5o3UQaWMQBwgYh2cbwjj/4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSvemf98sVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOql6tenFXq9Sv8ziKcATHcAoeXEIdbqEBTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0Jso2l</latexit>

Full integer pipeline if restricting s to be power of 2

Can be constant 
folded to integer



Discussions

• How can we decide the scale in each layer?

• How to handle re-quantize in a full integer setting



Calibration: Deciding the Scale of Each Layer

x ! (round(clip(x/s, 2b � 1)), s)

<latexit sha1_base64="/Y/fyh6FeKGEWoW+LJsH8lTW2qE=">AAACH3icbVDLTgIxFO3gC/E16tJNIzGBBHGG4GNJdOMSE3kkgKRTCjR02knbUciEP3Hjr7hxoTHGHX9jgVkoeJKbnJ5zb3rv8QJGlXaciZVYWV1b30hupra2d3b37P2DqhKhxKSCBROy7iFFGOWkoqlmpB5IgnyPkZo3uJn6tUciFRX8Xo8C0vJRj9MuxUgbqW1fDJuS9voaSSmeMk3fE8NIipB3xvEDMxqMM8MzlYOFB+/UzWZzUGXbdtrJOzPAZeLGJA1ilNv2d7MjcOgTrjFDSjVcJ9CtCElNMSPjVDNUJEB4gHqkYShHPlGtaHbfGJ4YpQO7QpriGs7U3xMR8pUa+Z7p9JHuq0VvKv7nNULdvWpFlAehJhzPP+qGDGoBp2HBDpUEazYyBGFJza4Q95FEWJtIUyYEd/HkZVIt5N1i/vyumC5dx3EkwRE4BhnggktQAregDCoAg2fwCt7Bh/VivVmf1te8NWHFM4fgD6zJDwP/ojg=</latexit>

Quantize(s): 

Two source of errors:
• Rounding error
• Clip by maximum number of bits

Compare and minimize difference between x and Dequantize(Quantize(x, s)) 
according to data distribution



Mixed Precision in Integer Inference

quantize(   )  

x conv

W

relu

s2

<latexit sha1_base64="4q2J26ISrIOLxvT5AcJjmIWCXEU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOle92v9csVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnXql69enFXrzSu8ziKcAKncA4eXEIDbqEJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMILo2k</latexit>

quantize(   )  s1

<latexit sha1_base64="wKY/i5a18uH8TnPQFEPOTZtpj38=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAGqo2j</latexit>

requantize(       ,  )  s1 ⇤ s2

<latexit sha1_base64="4qEaPbBJxNczdFLx+TcwZxZ8UhQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBPJTdUtFj0YvHCvZD2mXJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJx7czv/NElWaxfDCThPoCDyWLGMHGSo868NAF0kEtKFfcqjsHWiVeTiqQoxmUv/qDmKSCSkM41rrnuYnxM6wMI5xOS/1U0wSTMR7SnqUSC6r9bH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8Xmqiaz9jMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RC85ZdXSbtW9erVy/t6pXGTx1GEEziFc/DgChpwB01oAQEBz/AKb45yXpx352PRWnDymWP4A+fzBxgcj00=</latexit>

s3

<latexit sha1_base64="xRYyT5o3UQaWMQBwgYh2cbwjj/4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSvemf98sVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOql6tenFXq9Sv8ziKcATHcAoeXEIdbqEBTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0Jso2l</latexit>

dequantize(   )  s3

<latexit sha1_base64="xRYyT5o3UQaWMQBwgYh2cbwjj/4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSvemf98sVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOql6tenFXq9Sv8ziKcATHcAoeXEIdbqEBTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0Jso2l</latexit>

i8

i8

i32 i8f32 f32

User higher amounts of bits for
accumulation 



Quantization Aware Training

x conv

W

Fix a global scale, insert simulated quantization into the pipeline to simulate 
the error obtained due to quantization

simQ simQ

simQ

relu

simQ(x, s) = Dequan:ze(Quan:ze(x, s), s) 



Discussions

• What are other possible integer number representations other
than the scale-based quantization?

• How to implement them effectively in embedded settings?

• How to support other neural network operators 
in full integer setting?



Beyond 8bit Integer

• Change accumulator bits (use i16 instead of i32)

• Smaller amount of input bits (use i4, i1) 



Direct Model CompilaHon Approach



Ahead of Time Compiler based Approach

AOT Compiler

libmodel.a

SRAM 

CPU

Read-only Flash

DSP

acTvaTon

weight code

• Store weight on flash
• Use SRAM to store intermediate acLvaLons



AOT Compiler

softmax

x w

b@dot-add

@model(x, w, b) @dot-add(x, w, b)

for i, j in grid(16, 16):

Y[i, j] = b[j]

for k in range(16):

Y[i, j] += x[i, k] * w[j, x] 

return Y 

dot_add

softmax

Compiled Op Func<ons

….

Runtime Execution

Compiled Run Func<ons

def run(s):

dot_add(s.x, s.w, s.act0)

softmax(s.act0, s.out)

Weight in static section



Discussion

• What are the complications when building a AOT compiler

• How to handle memory allocations



Solving Automa7on Infra Challenges: uTVM

Client Server

UART / USB / 
Ethernet / 

SemihosAng

Graph JSON

Local CPU
(DLDevice)

Remote CPU
(DLDevice)

TVM RPC Client

TVM RPC 
Server

Lightweight 
Session Layer

Lightweight 
Session Layer

Compiled Operators

Graph Executor

Simplified 
Parameters (FLASH)





Summary

• Tiny ML brings new challenges

• Algorithm approaches to model pruning and quantization

• System approaches to reduce the memory footprint



LogisHcs

Informal mid-term check-in (required, deadline April 18)
• Come to one of the office hours to talk about your current progress 

in the project

• Alternative: send a short email note about your current progress

Guest Lecture next week, separate zoom link, see piazza on thursday


