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Abstract

To meet the combination of perfor-
mance, ASIL safety standards and cost-
e ectiveness, many new architectures in
the automotive industry are adopting a
heterogeneous design combining scalar
and vector DSP processors. The aim
of this thesis is to create a set of tools
and functions to support the new TC4xx
family of microcontrollers adopting the
heterogeneous design. Furthermore, high-
level tools are analyzed and used to enable
accelerated development processes.

The scope of this thesis further in-
cludes an implementation of basic soft-
ware support consisted of multi-core boot-
ing, initialization of essential peripherals,
easy-to-use registration of interrupt ser-
vice routines and printing to UART with
multi-core synchronization. Further it
contains, the inter-processor communica-
tion allowing data exchange between indi-
vidual cores, and thus o oading computa-
tionally intensive operations on a parallel
computing unit.

To demonstrate the capabilities of the
vector processor, two experiment applica-
tions were developed - a Kalman Iter-
based application to estimate the speed
of the lead vehicle and a convolutional
neural network trained to recognize the
drowsy driver.

The correct functionality was veri ed
by running the programs in a simulation
environment and subsequently on the rst
prototype of the evaluation board.

Keywords: Aurix TC4xx,
Pre-development, BSP, SIMD, ADAS,
Model-based design, Embedded code
generation, Kalman Iter, Convolutional
neural network

Supervisor: Ing. Radek Olexa
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Abstrakt

V mnohych novych architektlrach v au-
tomobilovom priemysle sa vyuliva hete-
rogénny dizajn kombinujuci skalarne a
vektorové DSP procesory s cie©om splni’
vykonové kritéria, bezpe£nostné normy
ASIL a kompetitivhu cenu. Cie©om tejto
prace je vytvori” stubor nastrojov a funk-
cii na podporu novej rodiny mikrokont-
rolérov TC4xx s heterogénnym dizajnom.
Okrem toho sa analyzuju a vyulivaja vy-
sokourov-ové nastroje, ktoré umo®-uju
zrychli” vyvojové procesy.

Tato praca ralej zah -a implementéaciu
zakladnej softvérovej podpory pozostavaj-
Ucej z bootovania viacerych jadier, iniciali-
zacie zakladnych periférii, ©ahko pou‘ite©-
nej registracie funkcii obsluhy preru2enia
a vypisu do UART so synchronizaciou vi-
acerych jadier. ,alej implementuje medzi-
procesorova komunikaciu umo®-ujicu vy-
menu Udajov medzi jednotlivymi jadrami,

a tym aj od©ah£enie vypo£tovo naro£nych
operacii na paralelnej jednotke.

Na demon?2traciu mo°nosti vektorového
procesora boli vyvinuté dve aplikacie -
algoritmus zalo®eny na Kalmanovom I-
tri na odhad rychlosti vediceho vozidla a
konvoluEn& neurénova sie” natrénovana na
rozpoznavanie ospalého vodi£a. Spravna
funkcionalita bola overena spustenim pro-
gramov v simulaEnom prostredi a nasledne
na prvom prototype evaluagnej dosky.

Klifova slova: Aurix TC4xx,
Pre-development, Z4kladna softvérova
podpora, Paralelné vypo£ty, Asistent£né
systémy vodif£a, Generovanie kddu,
Kalmanov lter, KonvoluEna neurénova
sie



Contents

1 Introduction 1
1.1 Motivation.................... 2
2 Aurix TC4xx 3
2.1 Compliance with Safety
Requirements ................... 4
2.2 Virtualization ................. 4
2.3 Cyber-security Cluster ......... 6
2.4 Parallel Processing Unit ........ 6
25Summary ... 6
3 Basic Software Support 7
3.1 C run-time Initialization. .. ... .. 8
32BSP ... 9
3.3 Linker Script .. ............... 10
3.4 Example Application.......... 11
3.5 UART Example .............. 12
3.5.1 Application ............... 14
36Summary .................... 14
4 Preliminary Phase of
Development 15
4.0.1 First HW Sample .......... 16
4.1Summary ... 17
5 Parallel Processing Unit 19
51ScalarCore .................. 20
52VectorDSP .................. 20
5.3 DNN Accelerator ............. 22
5.4 PPU-booting Example ........ 22
6 Inter-processor Communication 25
6.1 IPC using software mailboxes .. 25
6.2 Example Using IPC ........... 27
6.3 Potential Improvements ....... 28
6.4Summary .................... 29
7 Application Vectorization 31
7.1 Application Size .............. 33

7.2 Impact of Data Transfers .. ....

7.3 E ect of Multi-core Application
7.4 Summary

8 Model-based Design
8.1 Code-replacement library

9 Neural Network SDK
9.0.1 Summary

10 ADAS Applications

10.1 Architectures for ADAS
10.1.1 Multi-core Design
10.1.2 GPU
10.1.3 FPGA

47

10.1.4 Vector DSP with NN Engine 48

10.2 Driver Monitoring

49

10.2.1 Neural Network Architecture 49

10.2.2 Dataset
10.2.3 Training and Testing
10.2.4 Running on TC4xx
10.3 Adaptive Cruise Control
10.3.1 Kalman Filter
10.3.2 Time Update
10.3.3 Measurement Update
10.3.4 Application
10.3.5 Results

11 Results

11.1 Basic Software Support for
TriCores

11.2 IPC and PPU Integration
11.3 Model-based Approach
11.4 Neural Network

Vii

50



12 Conclusion 61

A Keras Model of Driver Drowsiness
Classi cation 63

B Matlab-generated Kalman Filter 65

C Implemented Functions 70
C.1 BSP-uC sub-module API .. .. .. 70
C.2 BSP ISR Sub-module API. . ... 72
C.3 BSP BOARD Sub-module API. 72
C.4 Mutex Module APl ........... 72
C.5 Printf Module API ........... 73
C.6 Asclin Module API ........... 73
C.7PPUBOOtAPI .............. 74
C8PPUIPCAPI ............... 74

D Printf Module Con guration 75

E List of Abbreviations 77
F Bibliography 79
G Sources - Images 82

viii



Figures

2.1 Evolution of TriCore families prior
to TC4xx [3]

2.2 Functional blocks of TC4x [24] .. 4
2.3 Virtualization in TC4xx

3.1 Components of BSP [7]
3.2 Linking of an executable le [21] 10

3.3 Application view of the example
[7] 11

3.4 Execution ow of the example [7] 12

3.5 UART data frame [51]......... 13
3.6 Terminal window view of the
application output [9] ........... 14
4.1 Triboard TC499A COM [27] ... 16
5.1 PPU Components [23]......... 19
5.2 Functional blocks of PPU [24] .. 20
5.3 PPU CNN engine [15] ......... 22
5.4 PPU boot sequence ........... 23
5.5 Application view of PPU booting
example ......... ... ..ol 23
6.1 Remote procedure call [8]...... 26
6.2 Remote call processing [8] ..... 27
6.3 IPC setup between TriCores and
PPUI8] ... 28
6.4 Components of SPEED runtime
[45] ..o 28
7.1 Visualization of Amdahl Law [4] 33
7.2 Computation time of matrix
multiplication .................. 34
7.3 E ect of data transfer in task
ooading .........cooiiiiiii... 35
8.1 A model-based design process
based on MatLab Simulink [53] ... 37
9.1 NNSDK Workow ............ 40

9.2 Convolutional neural network

architecture [11] ............... 40
9.3 Neural network training process

1 41
9.4 Activation of CNN layer .. ..... 43
10.1 Di erent types of ADAS systems

[B5] « oo 45

10.2 Camera-based driver monitoring

1 49
10.3 Samples from driver drowsiness

dataset ................ ... ... 50
10.4 NN training process.......... 51
10.5 Confusion matrix ........... 51
10.6 NN simulation output ....... 52
10.7 A car with active ACC [2] .... 53
10.8 Dynamic system with noise ... 53
10.9 Timeline showing state estimates 54
10.10 Estimation algorithm........ 56
10.11 Simulink model of Kalman

Iter ... 57
10.12 Model verication .......... 57
10.13 Kalman lIter response....... 58



Tables

5.1 Examples of vector instructions. 21
8.1 Code-replacement functions [41] 38

9.1 Layers supported by NNSDK... 41

C.1 uC derivative specic API ... .. 72
C.2 Interrupt sub-module API .. ... 72
C.3 Board sub-module API........ 72
C.4 Mutex module APl ........... 72
C.5 Printf module API ........... 73
C.6 AsclinO module API .......... 74
C.7PPUDbOOtAPI............... 74
C8PPUIPCAPI ............... 74

D.1 Supported Format Speci ers [33] 75
D.2 Supported ags[33] .......... 76
D.3 Supported width speciers .... 76
D.4 Supported precision speciers.. 76



Chapter 1

Introduction

The pressure to improve driver safety through neural network-based algo-
rithms in driver assistance systems is forcing automotive microcontroller
manufacturers to create new architectures satisfying the latest safety and
security standards while delivering adequate performance to utilize complex
algorithms.

This is also the case with In neon's new TC4xx family of microchips, which
has adopted a heterogeneous architecture consisting of TriCore safety micro-
controllers and an ARC71 Parallel Processing Unit optimized for compute-
intensive operations. Currently, TC4xx is in an early development phase
where support is being gradually built up. A simulation environment is
provided to speed up SW development before the hardware availability and
can be used to perform the initial tests. The same code is reused on hardware
later on.

This thesis focuses on developing a set of software tools and features
allowing to boot the platform, provide basic run-time capabilities, establish
communication between computing modules, and explore the capabilities of
PPU using parallel algorithms. Another objective is to use modern high-level
approaches to model complex algorithms and generate optimized code for the
PPU unit, replacing the hand-written code.

After the analysis of TC4xx architecture in Chapter 2, requirements for the
essential software tools are listed in Chapter 3. Their correct functionality
is veri ed by a multi-core application that properly initializes all cores and
utilizes interrupts for LED ashing.

The following Chapter 4 describes en early development process of the
TC49x device, analyses the simulation environment, and depicts encountered
problems and their workarounds for the rst hardware samples.

The processing capabilities of a Parallel Processing Unit unit for o oading
computationally intensive operations and algorithms are provided in Chapter
5. It also builds support for booting PPU and notifying TriCores using
inter-core interrupts. Chapter 6 speci es an inter-processor communication
between scalar and vector cores using shared memory and software mailboxes
and creates an application demonstrating the use of a vector processor for

1



1. Introduction

o oading tasks. Following on from this, several experiments are carried out
to demonstrate the advantages and disadvantages of using a vector processor
within the TC4xx architecture in Chapter 7.

Last but not least, the possibilities of speeding up development with the
use of high-level tools that enable code generation are studied in Chapter
8. The following Chapter 10 speci es the requirements of modern ADAS
on embedded devices and compares frequently used architectures. A model-
based approach using Matlab Simulink is applied to model and deploy the
estimation algorithm using a Kalman Iter. The neural network mapping
tool is used to tailor CNN for the target embedded implementation.

B 11 Motivation

This thesis was created in cooperation with HighTec EDV company, a supplier
of Toolchain for AURIX Tricore architecture. This cooperation allowed
us to use the prototype of the development board, draft versions of other
development tools, and documents currently unavailable to the general public.
The following projects have been developed and documented in details and
are available to HighTec's customers as a support for TC49x compiler:

n tc49x-bsp-example [7]
m tc49x-uart-example [9]

m tc49x-ppu-base-example [8]
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