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Declare Variables

24 #include "tensortlow/lite/micro/micro_log.h"
25  #include "tensorflow/lite/micro/micro_mutable_op_resolver.h"
26 #include "tensorflow/lite/micro/system_ setup.
27  #include "tensorflow/lite/schema/schema_generated.h"
29 // Globals, used for compati ty with Arduino-style sketches.
30 namespace {
31 const tflite::Model* model = nullptr;
32 tflite::MicroInterpreter*® interpreter = nullptr;
33 TfLiteTensor* input = nullptr;
T
35  // In order to use optimized tensorflow lite kernels, a signed int8_t quant
36 // model is preferred over the legacy unsigned model format. This means that
37 // throughout this project, input images must be converted from unisgned to
38 // signed format. The easiest and quickest way to convert from unsigned to
39 // signed 8-bit integers is to subtract 128 from the unsigned value to get a
0 // signed value.
42 // An a of memory to use for input, output, and intermediate arrays.
a3 constexpr int kTensorArenasize = 136 * 1024;
44 // keep aligned to 16 bytes for CMSIS
45 alignas(16) uint8_t tensor_arena[kTensorArenasize];
46} // namespace
7
48 // The name of this function is important for Arduino compatibility.
49 void setup() {
50 tflite::InitializeTarget();
51
52 // map the model into a usable data structure. This doesn't involve any
53 // copying or parsing, it's a very lightweight operation.
54 model = tflite::GetModel(g_person_detect_model _data);
55 if (model->version() != TFLITE_SCHEMA VERSION) {
56 MicroPrintf(
X No board selected L)
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/! Keep alig to 16 bytes for CMSIS
alignas(16) uint8_t tensor_arena[kTensorArenaSize];
} /7 namespace

/! The name of this function is important for Arduino compatibility.
void setup() {
tflite::InitializeTarget();

// map the model into a usable data structure. T doesn't involve any
// copying or parsing, it's a very lightweight operation.
model = tflite::GetModel(g person detect model data);

if (model->version() != TFLITE_SCHEMA_VERSION) {
MicroPrintf(
"Model provided is schema version %d not equal "
"to supported version %d.",
model-»version(), TFLITE_SCHEMA_VERSION);
return;

// Pull in only the operation implementations we need.

// This reli on a complete list of all the ops needed by this graph.
easier approach is to just use the AllopsResolver, but this will
// incur some penalty in code space for op implementations that are not
needed by this graph.

// An

// tflite::AllopsResolver resolver;

// NOLINTNEXTLINE(runtime-global-variables)

static tflite::MicroMutableOpResolver<5> micro_op_resolver;
micro_op_resolver.AddAveragePool2D();
micro_op_resolver.addConv2D();
micro_op_resolver.AddDepthwiseConv2D();
micro_op_resolver.AddReshape();

micro op resolver.AddSoftmax

ol 1__X No board selected

Load Model
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21
22 #include "person_detect_model_data.h"
23
77 Keep aligned T0 16 bytes Tor CMST Load Model
25 alignas(16) const unsigned char &per‘sonidetectimodelidata[]| ={
26 oxlc, 0x00, OX08, OX00, OX54, 0XA6, OXAC, OX33, OX00, OX00, OX00, 0X00,
230000 2 0 0x18— D0 24 2,0 2% 2 2
28 0x10, 0x00, Ox14, OX00, Ox0e, 0X00, OXO0, OX00, OX03, OX00, OX00, 0X00,
29 0x84, 0x95, 0x84, 0x00, Oxec, @x5b, Ox03, 0x00, @xd4, ©x5b, 0x03, ©xe0,
30 0x04, 0x08, Ox00, X080, Ox5a, 0X80, OX00, 0X00, OXc4, BxSh, OX03, 0X00,
31 oxac, 0x5b, Ox03, 0x00, 9x94, Ox5h, Ox03, 0x00, Ox84, OX59, Ox03, 0X00,
32 0x74, OX55, Ox03, ©x00, Ox64, OX55, OX02, OX00, OX54, Bx51, Ox02, 0X00,
33 0x44, 0x48, Ox02, OX00, OX34, 0x44, OX0O2, 0X00, OX24, ©x42, Ox02, 0X00,
34 0x94, ox3d, Ox02, 0x00, 0x84, Ox3b, Ox02, 0x00, 0x74, Oxfb, 0x01, 0x00,
35 Oxe4, 0xf6, 0x01, 0x00, oxd4, @xb6, ©x01l, 0xe0, oxc4, exba, oxol, exee,
36 oxba, 0x74, 0x01, 0x00, 0xad, 0X72, OxO1l, 0x00, 0X94, OX70, Ox0l, 0X00,
37 0x84, Ox6e, Ox01, OxX00, Ox74, Ox2e, OxO1, OX00, OX64, Oxee, OX0Q, 0X00,
38 0x54, Oxec, Ox08, Ox00, OXC4, OXe7, OX00, 0x00, Oxbd, Oxe5, Ox00, 0Xx00,
39 ©xad, Oxc5, Ox00, 0x00, Ox94, Oxcd, Ox08, Ox00, Ox44, BxC2, OX00, 0X00,
40 0x34, 0xb2, Ox08, 0x00, ©x24, 0xbl, OX08, 0X00, OX1d, ©Xa9d, OX00, 0X00,
41 0x84, 0Oxa8, 0x00, Ox00, 0x54, Oxa7, Ox00, 0x00, 0x44, Oxa3, Ox00, 0x00,
42 oxba, 0xa2, Ox08, Ox00, OX84, Oxal, Ox00, 0Xx00, OX34, ©xal, OX00, ©X00,
43 ox2c, Oxal, Ox08, 0x00, Ox24, Oxal, Ox08, 0x00, Oxlc, Oxal, Ox00, 0X00,
a4 ox14, 0xal, Oxee, ©x00, Ox0c, Oxal, Ox00, 0Xe0, 0x04, @xal, Ox0e, 0x00,
45 oxfc, oxap, Ox08, 0x00, Oxf4, 0xad, OXO8, 0X00, OXeC, OXad, Ox00, 0X00,
46 oxe4, 0xad, Oxe0, 0x00, Oxdc, Oxad, Ox00, OX00, OxX8c, Oxad, OX00, 0X00,
47 x84, 0xad, Ox08, OX00, OX7C, 0xad, OXO0, 0X00, OX74, OXa0, OX00, 0X00,
48 Ox6c, Oxad, 0x00, Ox00, 0x64, Oxad, Ox00, 0x00, Ox5c, Oxad, Ox00, 0x00,
49 ox4c, 0x9e, OX08, OX00, OX1c, Ox%e, OXO0, 0X00, OX14, OXOe, OX0D, 0X00,
50 ox74, 0x9d, Ox08, 0x00, Oxed, OX9C, OXOD, OX00, OXSC, OXIC, OX0D, 0X00,
51 ox7c, 0x9a, Oxe0, Ox00, Oxec, OX99, OX00, OX00, OX5C, BX99, OX0Q, 0X00,
52 0x54, 0x99, Ox08, Ox00, OX4C, OX99, OX00, 0Xx00, Ox4d, OX99, Ox00, 0X00,

o
X No board selected [
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64 // This relies on a complete list of all the ops needed by this graph.
65 // An er approach is to just use the AllOpsResolver, but this will
66 // incur some penalty in code space for op implementations that are not
67 // needed by this graph.

68

69 // tflite::allopsResolver resolver;

70 // NOLINTNEXTLINE(runtime-global-variables)

71 static tflite::MicroMutableOpResolver<5> micro_op_resolver;

72 micro_op_resolver.AddAveragepPoolan(); Resolve Operators
73 micro_op_resolver.AddConv2D();

74 micro_op_resolver.AddDepthwiseConv2D();

75 micro_op_resolver.addReshape();

76 micro_op_resolver.AddSoftmax();

78 // Build an interpreter to run the model with.

79 // NOLINTNEXTLINE(runtime-global-variables)

80 static tflite::MicroInterpreter static_interpreter(

81 model, micro_op_resolver, tensor_arena, kTensorArenaSize);

82 interpreter = &static_interpreter;

83

84 // Allocate memory from the tensor_arena for the model's tensors.

85 TfLitestatus allocate_status = interpreter->AllocateTensors();

86 if (allocate_status I= kTfLiteok) {

87 MicroPrintf("AllocateTensors() failed");

88 return;

89 ¥

90

91 // Get information about the memory area to use for the model's input.
92 input = interpreter->input(e);

93

94 if ((input->dims->size != 4) || (input->dims->data[e] != 1) ||

95 (input->dims->data[1] kNumRows) ||

06 input->dims->data[2 khumcols

X No board selected )
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64 // This relies on a complete list of all the ops needed by this graph.
65 // An easier approach is to just use the AllopsResolver, but this will
66 // incur some penalty in code space for op implementations that are not
67 // needed by this graph.
68
69 // tflite::AllOpsResolver resolver;
70 // NOLINTNEXTLINE(runtime-global-variables)
71 static tflite::micromutableopResolver<s> micro_op_resolver;
72 micro_op_resolver.AddAveragePool2D();
73 micro_op_resolver.AddConv2D();
74 micro_op_resolver.AddDepthwiseConvaD();
75 micro_op_resolver.AddReshape();
76 micro_op_resolver.addsoftmax();
_ Initialize Interpreter
78 // Build an interpreter to run the model with.
79 // NOLINTNEXTLINE(runtime-global-variables)
80 static tflite::MicroInterpreter static_interpreter(
81 model, micro_op_resolver, tensor_arena, kTensorArenasize);
82 interpreter = &static_interpreter;
34 // Allocate memory from the tensor_arena for the model's tensors.
85 TflLiteStatus allocate_status = interpreter->AllocateTensors();
86 if (allocate_status != kTfLiteok) {
87 Microprintf("AllocateTensors() failed");
88 return;
89 3}
90
91 // Get information about the memory area to use for the model’s input.
92 input = interpreter->input(e);
93
94 if ((input->dims-»size != 4) || (input->dims->data[e] != 1) ||
95 (input->dims->data[1] != knNumRows) ||
96 input_>dims_>datal2] l=_kNumCols
X No board selected 0}
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// Build an interpreter to run the model with.
// NOLINTNEXTLINE(runtime-global-variables)
static tflite::MicroInterpreter static_interpreter(
model, micro_op_resolver, tensor_arena, kTensorArenaSize);
interpreter = &static_interpreter;

// Allocate memory from the tensor_arena for the model's tensors. \
TfLiteStatus allocate_status = interpreter->AllocateTensors();
if (allocate_status != kTfLiteok) {

MicroPrintf("AllocateTensors() failed");

return;

}

// Get information about the memory area to use for the model's input.
input = interpreter->input(@);

if ((input->dims->size 1= 4) || (input->dims->datafe] != 1) ||
(input->dims->data[1] != kNumRows) ||
(input->dims->data[2] I= knumCols) ||
(input->dims->data[3] != knumChannels) || (input->type != kTfLiteIntg8)) {
MicroPrintf("Bad input tensor parameters in model");
return;

// The name of this function is important for Arduino compatibility.
void loop() {
// Get image from provider.
if (krfLiteok != GetImage(input)) {
MicroPrintf("Image capture failed.");

Allocate Arena
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29
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Camera Initialization -
33
34

arduino_image_provider.cpp

// Get an image from the camera module

TfLitestatus GetImage(int image width, int image height, int channels, int8 t* image data)

{

byte data[176 * 144]; // Receiving QCIF grayscale from camera = 176 * 144 *

static bool g_is_camera_initialized = false;
static bool serial_is_initialized = false;

// Initialize camera if necessary
if (lg_is_camera_initialized) {

[35

if (ICamera.begin(QCIF, GRAYSCALE, 5, OV7675)) {

36
37
38
39
40

MicroPrintf("Failed to initialize cameral”);
return kTflLiteError;

}

g_is_camera_initialized = true;

}

15
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Pre-processing

176
117  void loop()
18 |
119 // Get image from provider.
L0 If (kTFLiteok |- GetInage(kimcols, kiumRous, kiunchamnels, input->data.int@)) (
121 ‘ MicroPrintf("Image capture failed.");
122 1
123
Read Image

42 // Read camera data
43 Camera.readFrame(data);

Crop & Convert

19
.
0
Pre-processing Square B2
96
176

a5 int min_x = (176 - 96) / 2;
46 int min_y = (144 - 96) / 2;
47 int index = @;
48
49 // Crop 96x96 image. This lowers FOV, ideally we would downsample but this is simpler.

crop & Convert 50 for (int y = min_y; y < min_y + 96; y++) {
51 for (int x = min_x; x < min_x + 96; x++) {
52 image data[index++] = static_cast<int8 t>(data[(y = 176) + x] - 128); // convert TF
53 1
54 3

20
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110 T le n this it : ke sure
111 if (kTfLiteok != [IRterpreter-sInvoke()) {
112 MicroPrintf("Invoke failed.");
113 1
114
115 TfLiteTensor* output = interpreter->output(e);
116
117 cess ere i1ts.
118 int8_t person_score = output->data.uint8[kPersonIndex];

Model g 119 int8 t no_person_score = output->data.uint8[kNotAPersonIndex];

S 120 float person_score_f =

® [ ) é 121 (person_score - output->params.zero_point) * output->params.scale;

® ® 3 122 float no_person_score f =

o g 123 (no_person_score - output->params.zero_point) * output->params.scale;
124 RespondToDetection(person_score_f, no_person_score f);
125

22
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Post-processing

MAIN LOOP

LED

117 // Process the inference results.

118 int8_t person_score = output->data.uint8[kPersonIndex];

119 int8_t no_person_score = output->data.uints[knotAPersonindex];
Detection responder 120 float person_score f =

121 (person_score - output->params.zero_point) * output->params.scale;

122 float no_person_score f =

123 (no_person_score - output->params.zero_point) * output->params.scale;

124 RespondToDetection(person_score_f, no_person_score f);

23

arduino_detection_responder.cpp

18 // Switch on the green LED when a person is detected,
49 // the blue when no person is detected
50 if (person_score > no_person_score) {
51 digitalWrite(LEDG, LOW);
Detection responder 52 digitalWrite(LEDB, HIGH);
53 } else {
54 digitalwrite(LEDG, HIGH);
55 digitalwrite(LEDB, LOW);
56 1
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Example Person Detection Application
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control that enforces
mask wearing
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detection

28

14



MultiTenant

®
o
® o
o
®
| ®
@
o
\_/ o
29
MultiTenant ML Workflow
Collect Preprocess Evaluate Convert Deploy Make
Data Data Optimize Model Model Inferences
( J
same
A 4
30

15



Cascade Multi Tenant

&

MultiTenant ML Workflow

YES
. K

ek

Deploy Make
Model Inferences

31
MultiTenant ML Workflow
Model Inferences
Cascade Multi Tenant
o o
@ @
-~ o — ]
T o IF o
32

16



Credits

A previous edition of this course was developed in collaboration with Dr. Susan C. Schneider of
Marquette University.

We are very grateful and thank all the following professors, researchers, and practitioners for jump-
starting courses on TinyML and for sharing their teaching materials:

Prof. Marcelo Rovai - TinyML - Machine Learning for Embedding Devices, UNIFEI
O https://github.com/Mjrovai/UNIFEI-IESTIO1-TinyML-2022.1

Prof. Vijay Janapa Reddi - CS249r: Tiny Machine Learning, Applied Machine Learning on Embedded loT Devices,
Harvard

O  https://sites.google.com/g.harvard.edu/tinyml/home

Prof. Rahul Mangharam — ESE3600: Tiny Machine Learning, Univ. of Pennsylvania

O https://tinyml.seas.upenn.edu/#

Prof. Brian Plancher - Harvard CS249r: Tiny Machine Learning (TinyML), Barnard College, Columbia University
O https://a2r-lab.org/courses/cs249r_tinyml/
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