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Big Data and Applications

Advances in various branches of technology
— data sensing
— data communication
— data computation, and
— data storage
are driving an era of unprecedented innovation for information
retrieval.
* Huge amount of data collected is empowering
analytics and decision making process

* Examples:

upload 100 terabytes of data and 1 Billion piece:

s hold the promise of supporting a wide range of he
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Technology Constraints

* The semiconductor industry has reached its physical scaling limits;

« Physical constraints, such as power and density, have therefore
become the limiting factor

« Big data applications have a high DRAM memory bandwidth demand
compared with standard CPU desktop and parallel applications.

« the rate of computation to memory access is relatively low compared
with standard desktop

« Data movements among components of systems present challenge in
computing

Embedded computers show great advantages in terms of processing
power, energy consumption, moving data around, and communication
speed
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Characterization of Big Data

* Big data applications are characterized by four
critical features, referred as the four “Vs”,
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[Figure 1. lllustration of Four “V”s of big data.
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Computation Power
Cortex™-M3 Cortex™-M4
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Key Cortex™-M4 enhancements over Cortex-M3:
DSP instructions, SIMD instructions, optional floating point unit
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Cortex A53 Processor Architecture

Interfacing Peripherals

Cortex-A53 processor

- Interrupt
—— Core
Master -
A Trace interface
—  Debug
Core 0

Core 1*
Core 2*
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+ Port-mapped I/0
— Use spe
*+  Memory-mapped I/O
— A simpler and more convenient way to interface /O devices

ial CPU instructions: Special_instruction Reg, Port

~ Each device registers is
microprocessor

signed to a memory address in the address

space of the

— Use native CPU load/store instructions:

LDR/STR Reg, [Reg, #imm]

0x48000024
0x48000020
0x4800001C

Core ‘RB)MSOOOGIS Fin guput
0x48000014 | GPIO Data Output Register 9 (?:‘][,(3‘ #
0x48000010

Memory Space
8
ARM Cortex-M microprocessors use memory-mapped 1/0
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Memory Map of Cortex-M4

Memory Map of STM32L4

[" OXFFFFFFFF
NVIC, System Timer, SCB, vendor-
05GB System specific memory

= 0XE0000000

1681 External Device Such as SD card
I~ 0xA0000000

1GB = External RAM Off-chip memory for data

- 6x60000000
05GB = Peripheral AHB & APB, such as timers, GPIO
= 0x40000000
05GB| On-chip RAM, for heap, stack, & code
= 6x20000000
0.5GB~| Code
- 6x00000000

On-chip Flash, for code & data

‘—'—‘ UNIVE 1Y l{
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[" OXFFFFFFFF

05GB 7
= 0xE0000000

168 External Device

I~ 0xA0000000

1GB - External RAM

0x48001000

GPIO D (1KB)

GPIO B (1KB)

GPIO A (1 KB)

= 0X60000000
0.5GB = Peripheral

0x48000C00

= 6x40000000 0x48000800

05GB] 0x48000400
- 6x20000000

0.5GB~ Code

0x48000000

cen
-~ 0x00000000 exaaaeaaaaﬁ
UNIVE I(SH\:{
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GPIO Memory Map

GPIO Memory Map

24

20

1 k. 48 bytes

14

10

Set pin A.14 to high

2¢
24
20
1c
1 L. 48bytes
ODR
0x48000014 _‘
10
N~
Set bit 14 0
ODR to high
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Output Data Register (ODR)

[ ] 1 word (i.e. 32 bits)
14
0x48000017
0x48000016 4 bytes
0x48000015
0x48000014

Output Data Register (ODR)

[ ] 1 word (i.e. 32 bits)
14
0x48000017
0x48000016 4 bytes
0x48000015
0x48000014

1 Little Endian

1

!31302928272625241'23222120191317161514131211109 8 7 6 543 210
1

*((uint32_t *) 0x48000014) |= 1UL<<14;
L J v

T
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T
. 14
Dereferencing 4 pointer

Dereferencing a Memory Address

typedef struct {
volatile uint32_t MODER;  // Mode register
24 volatile uint32_t OTYPER; // Output type register
volatile uint32_t OSPEEDR; // Output speed register
20 volatile uint32_t PUPDR; ~ // Pull-up/pull-down register
volatile uint32_t IDR; 7/ Input data register
1C volatile uint32_t ODR; // Output data register
volatile uint32_t BSRR;  // Bit set/reset register
+ ODR volatile uint32_t LCKR;  // Configuration lock register
14 volatile uint32_t AFR[2]; // Alternate function registers
volatile uint32_t BRR; 7/ Bit Reset register
10 volatile uint32_t ASCR; // Analog switch control register
} GPIO_TypeDef;
// Casting memory address to a pointer
#define GPIOA ((GPIO_TypeDef *) €x48000000)

GPIOA->0DR |= 1UL<<14;
o (*GPIOA).ODR |= 1UL<<14;
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Red LED (PB.2)

Cortex-M4

PE.8

330_1% 040D, green

General Purpose Input/Output

* 8 GPIO Ports:
A,B,C,D,E,F,GH

* Upto 16 pins in each port

General Purpose Input/Output

ARM Cortex-M4
FPU

GPIO A
GPIO B
GPIO C
GPIO D
GPIOE
GPIOF
GPIO G
GPIOH

STM321L4




Basic Structure of an I/O Port Bit

Toonchip  <A0alg | |
peripheral Alternate function input _| |
: onloff :
Read z v

« T N T Vooios /2010«
£ | : |
g
g I

e
®
Z 5 Llnputdriver 110 pin
2 2 -
£ g TOutput driver
] B Protection
& ol diode
£l Output
3 control
<]

Read/write

Vss

Push-pull,
From on-chip |
open-drain or
peripheral Alternate function output etion

——————————— - Analog

A g R and

Basic Structure of an I/O Port Bit:

GPIO Pull-up/Pull-down Register (PUPDR)
90 = No pull-up, pull-down 01 = Pull-up
10 = Pull-down 11 = Reserved

Output Data
Register

GPIO Output Type Register (OTYPER)
0 = Output push-pull (default)
1 = Output open-drain

Vooiox

Bit setreset registers

Output
control

Output data register

Read/write

Vss

Push-pull,
From on-chip open-drain or *
peripheral disabled

GPIO MODE Register

Labemg ©0=Input, 01=Output, 20 UNIVERSITY
AF, 11 = Analog (default) ode

Enable Clock

« AHB2 peripheral clock enable register (RCC_AHB2ENR)

GPIO Mode Register (

+ 32 bits (16 pins, 2 bits per pin)

3 a2 w2 2 25 24 2 2 2 2 18 1w 17 16 3 0 29 2 27 2% 25 24 2z 220 198 11
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ NG P, [ wopersiror | wooeriar | woveratiar | wooetarar | wooerntrar [ wooeional | wooestior | wooesa |
EN I R T T T T
w bl 15 14 13 12 " 10 9 8 7 6 5 4 3 2 1 0
i iad i 12 " ° i 8 ’ ° s b 3 2 ! o | MODE7(1:0] ‘ MODES[1:0] | MODES[1:0) | MODE4[1:0] | MODE3[1:0] MODE2[1:0) MODE1[1:0) | 'MODEO([1:0] |
ADCEN OTGFS GPIOH | GPIOG | GPIOF | GPIOE | GPIOD | GPIOC | GPIOB) GPIOA
EN | EN | EN  EN | EN EN | EN | EN [w [ w [l w T w ] w [ ow v w T fow [ ow [ [ o]
wo | o o e Pin 2 Pin 1 Pin 0
Bits 2y+1:2y MODEy[1:0]: Port x configuration bits (y = 0..15)
Bit 1 GPIOBEN: IO port B clock enable _l-l_l-l_ These bits are written by software to configure the /O mode.
Setand cleared by software. SYSCLK Clock for Port B! it mode (i
1 GPICEN
10: Alternate function mode PES DG R AR
o —ipe Ko pn ]
AND Gate 11: Analog mode (reset state) 330.1% 04077
#define RCC_AHB2ENR_GPIOBEN ((uint32_t)0x00000002U) GPIOB->MODER (3UL<<a); // Clear bits 4 and 5 for Pin 2
RCC->AHB2ENR |= RCC_AHB2ENR_GPIOBEN; GPIOB->MODER 1UL<<4; // Set bit 4, set Pin 2 as output
21 UNIVER: “lf | 2 UNIVE \lf
. . . . « A digital input can have three states: High, Low, and High-Impedance
» 16 bits reserved, 16 data bits, 1 bit for each pin (also called floating, tri-stated, HiZ)
> N
3 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
[ [ [T T 1T T T 1 1 Pe—— Processor Chip
5 14 13 12 _n_ 10 s 8 7 6 5 4 3 [ 1 0
[for1s [ot14 [ or13 [omi2 [ otri [ot10 | ore | ot | o7 | ote | ors [ or¢ | o3 | or2 | om | omo |
W w [ ™ ™ [ ™ [ ™ [ [ ™™™ ™™~ ~] Input Pin
Input
Bits 15:0 OTy: Port x configuration bits (y = 0..15) S
These bits are written by software to configure the I/0 output type. Input Pin e
Input ull down
1> Output open-drain e oo resistor
GPIOB->OTYPE &= ~(1UL<<2); // Clear bit 2
Pull-Up Pull-Down

[ - 23 UNINERSUY of |

If external input is HiZ, the input is
read as a valid HIGH.

If external input is HiZ, the input is
read as a valid LOW,

UNIVERSITY ¢
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GPIO Output:

+ Voo vee

Source
current

GPIO GPIO GPIO GPIO
Output Bt OuputPin Oup Oumitpin

Controller

Ouputis
Ve

-
1

GPIO Output =1
Source current to external circuit
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GPIO Output:

+ Voo vee

o ,|{

GPIO. s GPIO P10
Output Bit Output Pin Qutput Bt oupur
uigut P

Controller

Ouputis
Grounded.

NMoS

GPIO Output =0
Drain current from external circuit
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GPIO Output:

GPIO Output: Push-Pull vs Open-Drain

GPI0
Output Pin 0
OuputPin
Output is
) ri0 Floating
Output Bit o OuputBit

}
wwios [ H conwoter ,|{ wios

| l

Output=1
GPIO Pin has high-impedance to external circuit
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|_Output Bit _| Push-Pull | Open-Drain |
1

High HiZ

0 Low Low
LD4
PB2 ~yp g —LDR_RES ;})‘)‘
IK_1%_0402 F1 oo
LD5
PE8 5 _LDG RiC [Pl

g30dl %7040?_%% green —

Use push-pull output, instead of open-drain output!
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GPIO Output Data Register (

« 16 bits reserved, 16 data bits, 1 bit for each pin

15 [ oD14 [ 0D13 [ oD12 [ 0Di1 [ opio | ops [ ops | op7 | obs | ops | obs | ops | ooz | obt [ opo |

[(o0
[

W  w [w [ w [ w [w [w [ w]w]w]ww [ w[w ™ w]
Pin2
LD4
LD R R ;:)')‘
LD T4
T
PES i G G Rd6 : ’I)‘)‘
330_1% 403D oreen

GPIOB->O0DR |= 1UL << 2;

ﬁ
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// set bit 2

Light up the Red LED (PB.2)

LD4
LD R R4S }I)')'
LA T4
D5
5 Rd6
PES i G —LDG _ ,’I’) |
330_1% 040350, orcen

RCC->AHB2ENR |= RCC_AHB2ENR_GPIOBEN; // Enable clock of Port B

GPIOB->MODER &= ~(3UL<<4); // Clear mode bits
GPIOB->MODER |=  1UL<<4; // Set mode to output

GPIOB->O0TYPE &= ~(1UL<<2); // Select push-pull output

GPIOB->0DR

= 1UL << 2; // Output 1 to turn on red LED

30 l\l\ll{sn\ul/ § '




GPIO Initialization

* Turn on the clock to the GPIO Port (e.g. Port B)
RCC->AHBENR |= RCC_AHBENR_GPIOBEN; Reset and Clock Control (RCC)

« Configure GPIO mode, output type, speed, pull-up/pull-down

typedef struct

__10 uint32_t MODER;
__10 uint16_t OTYPER;

uint16_t RESERVED®;

__I0 uint32_t OSPEEDR;

10 uint32_t PUPDR;

__10 uint16_t IDR;

uint16_t RESERVED1;

__I0 uint16_t ODR;

uint16_t RESERVED2;

uint16_t BSRRL; /* BSRR register is split to 2 * 16-bit fields BSRRL */
uint16_t BSRRH; /* BSRR register is split to 2 * 16-bit fields BSRRH */
uint32_t LCKR;

uint32_t AFR[2];

} TypeDef;

#define PERIPH_BASE
#define AHBPERIPH_BASE
#define GPIOB_BASE

((uint32_t)ex40000000)
(PERIPH_BASE + 0x20000)
(AHBPERIPH_BASE + 0x0400)

#define GPIOB

((GPIO_TypeDef *) GPIOB_BASE)

STM32L4

STM32L4 Discovery Kit

Joystick with 4-
direction control and
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I/O Debouncing

» Example signal when a button is pressed

——
25
c
i=}
35 /1
5
o
5 /
2 s /
g /
s | /
S
@©
S / /
g os .
o
> 0
-0,
-0.05 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (microseconds)
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HW RC Debouncer

B

RS} -
USER & WAKE-UP Buton Ve coMMON

100_1% 0402

0 10\ RSS 10K 1% 0402 )
PAO oy TR — QL CATER 10K 1% 0402 2 TR

)

E-V] 10K_1% 0402
100nF XTR_10% 0402
g ,<2>6
PAI JOY LEFT RS |

JOY_LEFT G - T = LEFT
PAS oy powy — QDO RS, TS 0 R - /

PA3

JOY_RIGHT
Ve

JOY RIGHT
YO UP

RIGHT
up

MI-08A
Al

1000 XTR_10% 0402

Input pins with pull-down 1000 XTR_10% 0402

Joystick
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Structured Programming, Cont’d

Calling a Subroutine
BL label

e Step 1: LR = PC + 4 Wov ra, #100
e Step 2: PC = label
BL foo
« Notes:
— label is name of
subroutine
— Compiler translates label
to memory address foo PROC
— After call, LR holds return MoV r4, #10
address (the instruction .
following the call) BX LR
ENDP
39 UNIVERSITY ¢ |
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Exiting a Subroutine

BX LR
e PC = LR MOV ra, #100

BL foo

Subroutine/Callee
foo PROC
MOV r4, #10
BX LR
ENDP

o 40 l\I\II(SH\:i/ ' ) |

Recursive Functions

* A recursive function is one that solves its task by
calling itself on smaller pieces of data.

« An effective tactic is to

— divide a problem into sub-problems of the same
type as the original,

— solve those sub-problems, and
— combine the results

UNIVERSHY of l

Defining Factorial(n)

Product of the first n numbers

factorial(@) =1
factorial(1) =1 = 1 x factorial(@)
factorial(2) = 2x1 = 2 x factorial(1)
factorial(3) = 3x2x1 = 3 x factorial(2)
factorial(4) = 4x3x2x1 = 4 x factorial(3)
factorial(n) = nx(n-1)x.x1 = n x factorial(n-1)
[ 0 UNIVERSITY l
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Classic Example: Factorial

« Factorial is the classic example:
- 6! =6 x5!
- 6! =6 x5 x 4!

- 6! =6 x5x4x3x2x1
* The factorial function can be easily written as a recursive
function:

int Factorial(int n) {

if (n < 2)
return 1; /* base case */

return (n * Factorial(n - 1));

2 UNIVERSITY o

Recursion vs Iteration

Any problem that can be solved recursively can also be solved
iteratively (using loop).

Recursive functions vs Iterative functions
» Cons:

— Recursive functions are slow

— Recursive function take more memory
* Pros

— Recursive functions resembles the problem more naturally
— Recursive function are easier to program, and debug.

[P UNIVERSITY g l

}

int factorial(int n);

int main(void){

int factorial(int n) {

factorial(s);
return @;

int £;
if(n==1)

return 1;
else

f = n * factorial(n-1);
return f;

UNIVERSITY ¢ l
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45

Recursive Functions

* push LR (& working registers) onto stack
before nested call

* pop LR (& working registers) off stack after
nested return

46 UNIVERSI 1‘\1 ’ l

0x08000130 BL factorial
0x08000134 | stop B stop
ENDP

cur Factorial in

AREA  main, CODE, READONLY
EXPORT __main

ENTRY

__main  PROC
MOV 10, #0x03

return 6

I\
3 * factorial(2)

factorial
0x08000136 PUSH  {r4,Ir} 2 * factorial(1)
008000138 MOV 4,10
0x0800013A CMP 4, #0x01 |
0x0800013C BNE NZ
0x0800013E MOVS 10, #0x01
0x08000140 | loop POP {4, pe}
0x08000142| Nz~ SUBS 10, 4, #1
0x08000144 BL  factorial
0x08000148 MUL 10, 14,10
0x0800014C B loop

Rhode fstand

Data Address
AREA  main, CODE, READONLY
EXPORT __main 0x08000130 | P¢ XFFFFFFFF
TRFFTTTTT | |
o r
ENTRY :
0x20000600 | *° > 0x12345678 | 0x20000600
__main  PROC .
MOV 10, #0x03 0x200005FC
008000130 BL factorial @ 0x200005F8
0x08000134 | stop B stop 2
ENDP 0x200005F4
[ 0 | 0x200005F0
factorial 0x200005EC
008000136 PUSH  {r4,Ir} :
0x08000138 MOV 4,10 0 0x200003E8
0x0800013A CMP 4, #0x01 = 0x200005E4
0x0800013C BNE NZ
0x0800013E MOVS 10, #0x01 0x200005E0
0x08000140 | loop POP {4, pe} 0x200005DC
O0x08000142| Nz SUBS 10, rd, #1 0x200005D8
0x08000144 BL factorial
0x08000148 MUL 10, 14,10 0x200005D4
0x0800014C B loop
END T 00000

4 UNIV TSt




0x08000130
0x08000134

__main

stop B stop P
ENDP

AREA  main, CODE, READONLY
EXPORT __main

Data

Recursive Factorial in Assembly

Address

0x08000136

ENTRY

PROC
MOV 10, #0x03
BL factorial

factorial
0x08000136 PUSH {rd,Ir} &
0x08000138 MOV 4,10
0x0800013A CMP 14, #0x01
0x0800013C BNE NZ
0x0800013E MOVS 10, #0x01
0x08000140 | loop POP  {r4, pe}
0x08000142f NZ  SUBS 10, 14, #1
0x08000144 BL  factorial
0x08000148 MUL 10, r4, 10
0x0800014C B loop
‘ END o

0x08000134

0x20000600

XFFFFFFFF

0x12345678

0x20000600

0x200005FC

0x200005F8

0x200005F4

0x200005F0

0x200005EC

0x200005E8

0x200005E4

0x200005E0

0x200005DC

0x200005D8

0x200005D4

UNIV

00000

Rhode Btand

Data Address
AREA  main, CODE, READONLY
EXPORT __main 0x08000138 | P¢ XFFFFFFER
0x08000134 | Ir
ENTRY - §
0x200005F8 | P 0x12345678 | 0x20000600
—'“"‘“MO':/R%C#O 0 0x08000134 | 0x200005FC
. #0xd
0x08000130 BL factorial 0 0x200005F8§
0x08000134 | stop SND stop 0x200005F4
[ 3 ] 0x200005F0
factorial 0x200005EC
0x08000136 PUSH  {rd,Ir} H
008000138 MOV rd, r0 0 0x20000SE8
0x0800013A CMP 4, #0x01 l_l 0x200005E4
0x0800013C BNE NZ
0x0800013E MOVS 10, #0x01 — = 0x200003E0
0x08000140 | loop POP  {r4, pe} Order in which registers are 0x200005DC
0x08000142 | Nz SUBS 10, 14, #1 specified is not important: 0x200005D§
0x08000144 BL  factorial the lowest register is always
0x08000148 MUL 10, 4, 10 stored at the lowest address 0x200005D4
0x0800014C B loop
00000
END
[ UNIVERS
. Rhode'fstaid

Data

Recursive Factorial in Assembly

Address

AREA  main, CODE, READONLY
EXPORT __main
ENTRY
__main  PROC
MOV 10, #0x03
008000130 BL factorial
0x08000134 | stop B stop
factorial
008000136 PUSH {rd, Ir}
0x08000138 MOV 4,10
0x0800013A CMP  r4, #0x01
0x0800013C BNE NZ
0x0800013E MOVS 10, #0x01
008000140 | loop POP  {r4, pc}
0x08000142| NZ  SUBS 10, r4, #1
0x08000144 BL  factorial @
0x08000148 MUL 10, r4, 10
0x0800014C B loop
END

0x08000144

0x08000134

0x200005F8

XFFFFFFFF

0x12345678

0x20000600

0x08000134

0x200005FC

0

0x200005F8

0x200005F4

0x200005F0

0x200005EC

0x200005E8

0x200005E4

0x200005E0

0x200005DC

0x200005D8

0x200005D4

UNIV

TG 00000
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Factorial in Assembly

2 UNIV

Data Address
AREA  main, CODE, READONLY
EXPORT __main 0x08000136 | P¢ XFEFFFFER
Pty 0x08000148 | Ir
ENTRY |
0x200005F8 | P 0x12345678 | 0x20000600
s OI\’,R?UC 03 008000134 | 0x200005FC
0x08000130 BL factorial 0 0x200005F8
0x08000134 | stop SN stop 0x200005F4
s 1= 0x200005F0
factorial 0x200005EC
0x08000136 PUSH  {rd4,Ir} @ .
0x08000138 MOV 14,10 0x200003E8
0x0800013A CMP 1, #0x01 0x200005E4
0x0800013C BNE  NZ
Fivhroot MOVS x0 #0501 0x200005E0
0x08000140 | loop POP {4, pe} 0x200005DC
008000142 | NZ  SUBS 10, 14, #1 0x200005D8
0x08000144 BL  factorial
0x08000148 MUL 10, 14, 10 h 0x200005D4
0x0800014C B loop
END TG 00000

Rhode stand

Recursive Factorial in Assembly

Recursive Factorial in Assembly

Data
0x08000138 | P¢
0x08000148 | I
0x200005F0 | sp 0x12345678
0x08000134
0
0x08000148

AREA  main, CODE, READONLY

EXPORT __main

ENTRY

__main  PROC

MOV 10, #0x03
0x08000130 BL  factorial
0x08000134 | stop B stop

EN

factorial

0x08000136 PUSH  {r4,Ir}
0x08000138 MOV r4,r0
0x0800013A CMP 14, #0x01
0x0800013C BNE  NZ
(0x0800013E| MOVS 10, #0x01
0x08000140 | loop POP  {r4, pc}
0x08000142| Nz~ SUBS 10, 14, #1
0x08000144 BL factorial
0x08000148 MUL 10, 4, 10
0x0800014C B loop.

END

Address
XFFFFFFFF

0x20000600
0x200005FC
0x200005F8
0x200005F4
0x200005F0
0x200005EC
0x200005E8
0x200005E4
0x200005E0
0x200005DC
0x200005D8
0x200005D4

UNIV

T 00000

Data ‘Address
AREA  main, CODE, READONLY
EXPORT __main 0x08000144 | P¢ XFFFFFFFF
008000148 | Ir
ENTRY .
0x200005F0 | P 0x12345678 | 0x20000600
s o}:/R?oC o0 008000134 | 0x200005FC
0x08000130 BL factorial 0 0x200005F8
008000134 | stop SN stop 0x08000148 | 0x200005F4
= |~ 3 0x200005F0
factorial 0x200005EC
0x08000136 PUSH {14, Ir} :
0x08000138 MOV 4,10 E 0 0x200003E8
0x0800013A CMP 4, #0x01 0x200005E4
0x0800013C BNE  NZ
0x0800013F MOVS 10, #0x01 0x200005E0
0508000140 | loop POP {4, pe} 0x200005DC
008000142 | N7 SUBS 10, rd, 0x200005D8
0x08000144 BL  factorial
0308000148 MUL 10,0, 10 0x200005D4
0x0800014C B loop
TG00000
END " UNIV




Recursive Factorial in Assembly

AREA  main, CODE, READONLY
EXPORT __main

Data

Address

0x08000136 | P¢

0x08000148 | Ir

0x200005F0 | sp

XFFFFFFFF

0x12345678

0x20000600

0x08000134

0x200005FC

0

0x200005F8

0x08000148

0x200005F4

3

0x200005F0

ENTRY
__main  PROC
MOV 10, #0x03
0x08000130 BL factorial
0x08000134 | stop B stop
ENDP
factorial
0x08000136 PUSH {rd,Ir} @
008000138 MOV 4,10
0x0800013A CMP 4, #0x01
0x0800013C BNE NZ
0x0800013E MOVS 10, #0x01
0x08000140 | loop POP {4, pe}
0x08000142f NZ  SUBS 10, 14, #1
0x08000144 BL  factorial
0x08000148 MUL 10, 4, 10 h
0x0800014C B loop
4 END

0x200005EC

0x200005E8

0x200005E4

0x200005E0

0x200005DC

0x200005D8

0x200005D4

UNIV

00000

Rhode Btand

Recursive Factorial in Assembly

Data Address
AREA  main, CODE, READONLY X
EXPORT __main 0x08000138 | PC XFEFFFFER
0x08000148 | Ir
ENTRY e ;
0x200005E8 | P 0x12345678 | 0x20000600
—'“"‘“MO':/R(;C#O 0 0x08000134 | 0x200005FC
. #0x
0x08000130 BL factorial 0 0x200005F8
0x08000134 | stop SND stop 0x08000148 | 0x200005F4
[ T ] = 3 0x200005F0
factorial . 0x08000148 | 0x200005EC
0x08000136 PUSH  {rd,Ir} : >
008000138 MOV rd, r0 <* 0 - 0x200005E8
0x0800013A CMP 4, #0x01 I_I 0x200005E4
0x0800013C BNE NZ
0x0800013E MOVS 10, #0x01 0x200003E0
0x08000140 | loop POP  {r4, pe} 0x200005DC
0x08000142| Nz SUBS 10, 14, #1 0x200005D8
0x08000144 BL  factorial
008000148 MUL 10, 4, 10 0x200005D4
0x0800014C B loop
00000
P N

Rhode Btand

0x08000130
0x08000134

0x08000136
0x08000138
0x0800013A

0x0800013C
0x0800013E
0x08000140°
0x08000142
0x08000144
0x08000148
0x0800014C

AREA  main, CODE, READONLY

Recursive Factorial in Assembly

EXPORT __main
ENTRY

__main  PROC
MOV 10, #0x03
BL factorial

factorial
PUSH
MOV 14,10
CMP  rd, #0x01
BNE NZ
MOVS 0, #0x01 e
loop POP  {r4, pc}
NZ SUBS 10,14, #1
BL factorial
10, 14, 10
B loop

{4, Iy

Data Address
0x0800013E pe xFFFFFFFF
0x08000148 | Ir
0x200003E8 | P 0x12345678 | 0x20000600

008000134 | 0x200005FC
0 0x200005F8
0x08000148 | 0x200005F4

T 1= 3 0x200005F0

- 0x08000148 | 0x20000SEC

- 2 0x200005E8
E 0 0x200005E4
0x200005E0

0x200005DC

0x200005D8

0x200005D4

UNIV

TG 00000

Rhode tand

0x08000130
0x08000134

0x08000136
0x08000138
0x0800013A

0x0800013C
0x0800013E
0x08000140°
0x08000142
0x08000144
0x08000148
0x0800014C

__main

factorial

loop POP

NZ

AREA  main, CODE, READONLY
EXPORT __main

Recursive Factorial in Assembly

Data Address

ENTRY

PROC
MOV 10, #0x03

PUSH
MOV
CMP

{rd, Ir}
4, 10

4, #0x01
BNE NZ
MOVS 10, #0x01

{rd, pc}
SUBS 10, 14, #1
BL factorial
10, 14, 10
B loop

0x08000148

XFFFFFFFF

2

0x08000148

0x200005F0

2

0x12345678 | 0x20000600

0x08000134 | 0x200005FC
0 0x200005F8

0x08000148 | 0x200005F4

I 4 3 0x200005F0

0x200005EC

0x200005E8
0x200005E4
0x200005E0

0x200005DC
0x200005D8

0x200005D4

TG 00000
UNIV
Rhode'staind

Recursive Factorial in Assembly

Recursive Factorial in Assembly

0x08000130
0x08000134

0x08000136
0x08000138
0x0800013A

0x0800013C
0x0800013E!
0x08000140°
0x08000142
0x08000144
0x08000148
0x0800014C

NZ

AREA  main, CODE, READONLY

Address

EXPORT __main
ENTRY

__main  PROC
MOV 10, #0x03
BL factorial

stop B stop
EN

factorial
PUSH
MoV
cMP
BNE NZ
MOVS 10, #0x01
loop POP  {r4, pc}
SUBS 10, r4, #1
BL  factorial
MUL 10, rd, r0
B loop

{4, Iy

€

XFFFFFFFF

0x20000600

0x200005FC

Data
0x08000148 | P¢
0x08000148 | I
0x200005F0 | sp 0x12345678
0x08000134
0
0x08000148

3

0x200005F8
0x200005F4
0x200005F0
0x200005EC
0x200005E8
0x200005E4
0x200005E0
0x200005DC
0x200005D8
0x200005D4

UNIV

T 00000

Data Address
AREA  main, CODE, READONLY
EXPORT __main 0x08000140 | PC XFFFFFFFF
0x08000148 | Ir
ENTRY 0x200005F0 | st
x P 0x12345678 | 0x20000600
=N Of,R?OC H0x03 0x08000134 | 0x200005FC
0x08000130 BL factorial 0 0x200005F8
0x08000134 | stop :N stop 0x08000148 | 0x200005F4
[ 2 ] 3 0x200005F0
factorial 0x20000SEC
0x08000136 PUSH {rd, Ir}
0x08000138 MOV 4,10 0x200003E8
008000134 CMP 4, #0x01 0x20000SE4
0x0800013C BNE NZ
Ox0800013E MOVS 10, #0x01 0x200005E0
008000140 | loop POP  {r4, pe} 0x200005DC
0x08000142| NZ  SUBS 10, rd, #1 o whi ;i
0x08000144 BL ,-um:, fal Order in which registers are 0x200005D8
0x08000148 MUL 10, r4, 10 specified is not important. 0x200005D4
0x0800014C B loop
Tgo0000
END @ UNIV

10



0x0800013E |
0x08000140 | loop POP

AREA  main, CODE, READONLY
EXPORT __main

ENTRY
__main  PROC
MOV 10, #0x03
0x08000130 BL factorial
0x08000134 | stop B stop
ENDP
factorial
0x08000136 PUSH {rd,Ir}
008000138 MOV 4,10
0x0800013A CMP 4, #0x01
0x0800013C BNE

NZ
MOVS 10, #0x01

0x08000142| N7 SUBS 10, r4, #1

0x08000144 BL factorial
0x08000148 MUL 10, r4, 10
0x0800014C B loop
A END ,

Data

Recursive Factorial in Assembly

Address

<

{r4, pe}

0x08000148 | P¢

0x08000148 | Ir

0x200005F8 | sp

XFFFFFFFF

0x12345678

0x20000600

0x08000134

0x200005FC

0

0x200005F8

0x200005F4

0x200005F0

0x200005EC

0x200005E8

0x200005E4

0x200005E0

0x200005DC

0x200005D8

0x200005D4

UNIV

00000

Rhode Btand

EXPORT __main
ENTRY

__main  PROC
MOV 10, #0x03
0x08000130 BL factorial
0x08000134 | stop B stop
ENDP

AREA  main, CODE, READONLY

Recursive Factorial in Assembly

Data Address

0x08000148 | P¢

factorial
0x08000136 PUSH  {rd,Ir}
008000138 MOV 4,10
0x0800013A CMP 4, #0x01
0x0800013C BNE NZ
0x0800013E MOVS 10, #0x01
0x08000140 | loop POP {4, pe}
0x08000142f NZ ~ SUBS 10, 14, #1
0x08000144 BL  factorial
0x08000148 MUL 10, r4, r0 @
0x0800014C B loop

‘ END

0x08000148 | Ir

0x200005F8 | sp

XFFFFFFFF

0x12345678 | 0x20000600
0x200005FC
0 0x200005F8

0x200005F4

0x08000134

0x200005F0

0x200005EC

0x200005E8

0x200005E4

0x200005E0

0x200005DC

0x200005D8

0x200005D4

00000

UNIV

Rhode Btand

__main Pl

0x08000130 BL

AREA  main, CODE, READONLY
EXPORT __main

ENTRY

MOV 10, #0x03

0x08000134 | stop B
ENDP

factorial
008000136 PUSH {r4,Ir}
008000138 MOV 4,10
0x0300013A CMP 4, #0x01
0x0800013C BNE NZ
0x0800013E MOVS 10, #0x01
0x08000140 | loop POP  {rd, pe}

0x08000142 | NZ  SUBS 10,14, #1
0x08000144 BL factorial
0x08000148 MUL 10, r4, 10
0x0800014C B loop

Data

Recursive Factorial in Assembly

Address

ROC

factorial

0x08000148 | P¢

0x08000148 | Ir
0x200005F8 | sp

XFFFFFFFF

0x12345678

0x20000600

0x08000134

0x200005FC

0

0x200005F8

0x200005F4

0x200005F0

0x200005EC

0x200005E8

0x200005E4

0x200005E0

0x200005DC

0x200005D8

0x200005D4

UNIV

TG 00000

Rhode tand

Recursive Factorial in Assembly

EXPORT __main
ENTRY
__main  PROC

0x08000130 BL
0x08000134 | stop B
ENDP

factorial
0x08000136 PUSH {4, Ir}
0x08000138 MOV 14,10
0x0300013A CMP 14, #0x01
0x0800013C BNE NZ

AREA  main, CODE, READONLY

Data Address

2

0x0800013E MOVS 10, #0x01
0x08000140 | loop POP {4, pe} <
0x08000142| N7 SUBS 10, r4, #1
0x08000144 BL  factorial
0x08000148 MUL 10, 14,10
0x0800014C B loop

0x08000134

0x08000148 | Ir

XFFFFFFFF

0x20000600

0x12345678 | 0x20000600

0x200005FC

0x200005F8

0x200005F4

0x200005F0

0x200005EC

0x200005E8

0x200005E4

0x200005E0

0x200005DC

0x200005D8

0x200005D4

TG 00000

UNIV

Rhode stand

Recursive Factorial in Assembly

Address

XFFFFFFFF

0x20000600

0x200005FC

Data

AREA  main, CODE, READONLY
EXPORT __main 0x08000134 | P®

0x08000148 | I
ENTRY ;

0x20000600 | sp > Ox12345678

__main  PROC
MOV 10, #0x03
0x08000130 BL factorial

0x08000134 | stop B
EN

factorial

0x08000136 PUSH  {r4,Ir}

stop @
pP

0x200005F8

0x200005F4

008000138 MOV 4,10 E 0
0x0800013A CMP 4, #0x01

0x0800013C BNE NZ

0x0800013E MOVS 10, #0x01

0x08000140 | loop POP  {r4, pc}

0x08000142 | NZ  SUBS 10,14, #1
0x08000144 BL factorial
0x08000148 MUL 10, 4, 10
0x0800014C B loop

0x200005F0
0x200005EC
0x200005E8
0x200005E4
0x200005E0
0x200005DC
0x200005D8
0x200005D4

UNIV

Rhode

tand

T 00000

SIMD(Single instruction Multiple data) Operatior

SIMD extensions perform multiple operations in one cycle

Sum=Sum + (AxC)+ (BxD)

acked data
32-bit [ETI—'ﬂ

acked data
Tcol B 32-bit

11



DSP Example: Cortex™-M4 FIR

Cross Bar Switch Configuration

R oo @1 [ean}

- 3 40 1l 2 culN)
y,, ~filter ouput (32 bit): N~ filter order wo Y wn Y oem Y Y
X, =16 bit input data; ¢, =16 bit filter coeff [+} © 0 ©
Cortex-M3 Code Segment: Cortex-id Code Segment:
FIR_Loop: ere_ono-
LR R2,[RO),#4  ;(2) Load input xy, LDR R2,[Re],#4 ;(1) Load input x[n-i],x[n-i-2] |
LDR  R3,[R1],#4 ;(2) Load coeff ¢, LOR 73, [R],#4 5(2) Load coeff culil, eulin]
SXTH R4, R2 5(1) Extract xy[n-i] SUBS RS, RS, #2 ;(1) loop count -
AR R2) R2,416 (1) Extract xg[n-i-1] SHLAD Ra, R2, R3 5(1) Yoo +=xaaln-i,n-5-20 Culi, 101] |
SXTH RS, R3 3(1) Extract c[d] BE FIRLo0P ()

ASR R3, R3,#16 (1) Extract cy[i+1]

MLA  R6, R4, RS ;(2) yy += xis[n-i]*c¢[i]
|'suss  R7, R7, #2  ;(1) loop count -= 2

BNE  FIRLOOP  3(2) e
Note: CortexMa | 1 | 7 e[S
1. In these examples, FIRLOOP is unrolled by 2 | pduantage  8x  ~2.2x o TH

2. This example assumes number of taps is even.

from

UNIV l

[ 67 Rl I“"l/l |

St Mo

PRy

« Symmetric crossbar bus switch implementation
+ Allows concurrent accesses from different masters to different slaves

+ Slave arbitration attributes configured on a slave by slave basis

+ 32 -bit wide and supports byte. 2 byte. 4 byte. and 16 byte burst transfers
+ Operates ata 1-to-1 clock frequency with the bus masters

* Low-power park mode support
68 l\I\IvRSH\al/ .

XBS Example

Memory Bandwidth

XBS Example 1

<> Core reading code from flash

i = s
: DMA reading from UART
== And writing fo RAM on Flex®t
Ed = BN x 4> DMA fetching graphic buffer
i e ] e From SORAM

69 UNIVERSI n:f l
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