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Outline

 Lecture 1: Basics of ARM Microcontroller

 Lecture 2: ARM’s Memories

 Lecture 3: ARM’s Data Representation

 Lecture 4: ARM’s Programming

 Lecture 5: ARM’s Data Input/Output

 Lecture 6: ARM’s Data Processing
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Remember your mission as MAE 

undergraduates …

You are here to grow your knowledge 

and skills so as to be able to design 

machines with controllable behaviors 

and hopefully in some intelligent 

ways.
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How to fulfill your mission?
 To apply learnt knowledge and skills into the implementation of the following 

universal blueprint underlying all the intelligent machines or systems.

Systems

Under 

Control

Actual

Workspace

Control

Modules

Sensory

Modules

Planning

Modules
Digital

Workspace

User’s 

Instructions

+
-

Perception

Modules

Automation

Autonomy
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Why to study?

Actuators

Sensors

Controllers

Serial Communication/Parallel Communication

I/O I/O I/O I/O I/O I/O I/O……

Interfacing
Interfacing

Interfacing

Applications in Communication

Applications in Control and Automation

Systems Systems Systems Systems Systems Systems Systems
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What to 
learn?

Microprocessor

Systems

Input
1. Digital Device Interface

2. Analogue Device Interface

3. Asynchronous Communication

4. Synchronous Communication

5. Digital Motion Sensor Interface

Machine Brain

1. ARM’s Architecture

2. ARM’s Memories

3. ARM’s Data Representation

4. ARM’s Programming

5. ARM’s Data Input/Output

6. ARM’s Data Processing 

Output
1. Digital Device Interface

2. Asynchronous Communication

3. Synchronous Communication

4. Digital Actuator Interface

5. Digital Motor Interface

• Programming

• Interfacing

Lecture Slides 2019 - onward/MA4832-Lecture XM (Course Briefing).pptx
Lecture Slides 2019 - onward/MA4832-Lecture XM (Course Briefing).pptx
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What is your role?

Opcode

Problems

to be solved

Algorithms

or Solutions

• Data = {Values, Symbols, Addresses, Instructions}

• Instructions = {Op Code + Addresses + Value/Symbol}

You = Director of Program

Program = {Instructions} 

Memory = {Address + Data/Instruction}
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How to learn?

 To understand data flows inside a microcontroller.

 To translate your solutions into data flows.

 To pay attention to <memory address> and <memory data>.

 Memory Address: Address Label/Name and Address Value.

 Memory Data: Data Label/Name and Data Value.

 To pay attention to <memory address> and <memory code>.

 Memory Address: Address Label/Name and Address Value.

 Memory Code: Code Label/Name and Code Value. 

Data Memory Address

Instruction Memory Address

Memory Content

Memory Content

Series of Instructions
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Example of Using I/O 

Modules

 Configure Control Registers

 Clear/Monitor Status Registers

 Read/Write Data Registers

 Instructions:

 MOV <address of destination>, <source of value>

 LDR <address of destination>, <source of value>

 STR <source of value>，<address of destination>

Word = 2 Bytes
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Today’s Lecture …

 Lecture 1: Basics of ARM Microcontroller

 Lecture 2: ARM’s Memories

 Lecture 3: ARM’s Data Representation

 Lecture 4: ARM’s Programming

 Lecture 5: ARM’s Data Input/Output

 Lecture 6: ARM’s Data Processing
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Design, Machine, Control and Intelligence

ARM’s Data Input and Output

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

MA4832
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Outline

 Nature of Data Input and Output

 Memory-Mapped I/O Devices

 Basics of Address Indexing 

 ARM Instructions for Data I/O

 Maskable Data Registers in ARM 
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Outline

 Nature of Data Input and Output

 Memory-Mapped I/O Devices

 Basics of Address Indexing 

 ARM Instructions for Data I/O

 Maskable Data Registers in ARM 
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Example of Machines with Controllable  Activities
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Example of Data Input
 CPU sequentially outputs 1110, 1101, 1011, 0111 to port A

 CPU inputs data from port B

 By default, all the keys are not pressed.

 When a key is pressed, the corresponding column line will be in logic low (i.e. “0”).

P
o
rt

 A

Port B

Row 0

Row 1

Row 2

Row 3

Col 0 Col 1 Col 2 Col 3

Port A = 1101

Port B = 1101

Which key?

Answer: 5



17(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

School of Mechanical & Aerospace Engineering

Example of Data Output
 CPU outputs $BF to port A and $02 to port B.

 Which LED will light up?

 Answer: the one at row 1 and column 6

7  6   5   4   3   2   1   07  6   5   4   3   2   1   0

0  0   0   0   0    0   1   01  0   1   1   1    1   1   1
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Examples of Digital Devices for Output
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Examples of Digital Devices of Input/Output
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Outline

 Nature of Data Input and Output

 Memory-Mapped I/O Devices

 Basics of Address Indexing 

 ARM Instructions for Data I/O

 Maskable Data Registers in ARM 
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A microcontroller animates data flow …

From Source Memory

 A memory is a space which 

has:

 Memory Location

 Memory Address*

 Memory Label

To Destination Memory

 A memory is a space which 

has:

 Memory Location

 Memory Address*

 Memory Label

Data = {Values, Symbols, Addresses, Instructions}

Data flows …



22(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

School of Mechanical & Aerospace Engineering

Basic Unit of 

Input/Output Data
 A port has eight pins.

 Hence, the basic unit of input/output data is 

one-Byte.

 However, inside ARM Cortex, the data bus 

transfer 4-Bytes per cycle.

Bit

Address

Two-dimensional Space

1. Memory Data/

2. Memory Address

3. Memory Label

mem32[address]: consider the memory as a vector
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Allocation of Memory is One Major Task of Programmers …

To Store Variable Values

 Assign a memory label to a 

variable value, which indicates:

 A fixed memory address

 Useful to users

 Multiple instances of value

 Needed by users

 Example:

TravelledDistance   DCD   0

To Store Fixed Values

 Assign a memory label to a 

fixed value, which indicates:

 Multiple memory addresses

 Not useful to users

 Single instance of value

 Needed by users

 Example:

GravityAcceleration   EQU   9.8

Data = {Values, Symbols, Addresses, Instructions}
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ARM Cortex-M’s Memory Space
 On-chip Memory Sub-space

 Off-chip Memory Sub-space

 Private Memory Sub-space

On-chip Memory Sub-space

Private Memory Sub-space
Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label

Analogy:

1. Main Building with Guest Rooms.

2. Annex Buildings with Functional Rooms.
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On-chip Memory Sub-space in ARM

Programs

Data

Memory

Mapped

IO

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label

Data = {Values, Symbols, Addresses, Instructions}
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ARM’s Interfaces for Input/Output

Each port has eight pins …

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label
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Example of Internal Data Input from Port F

 Hardware

Two Types of Switches

R4 = 0x4002.5FFFAddress of Port F’s Data:

At Pin/Bit 4

Manual Setting of 

Pin Values
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Continued …
 Sample Code: Hexadecimal(0x10) = Binary(0001 0000)

; Negative Logic Switch

; Negative Logic Switch

; Negative Logic Switch

; Negative Logic Switch

R4 = 0x4002.5FFFAddress of Port F’s Data:

If not pressed,

Continue the loop.

If not released,

Continue the loop.

If not pressed,

Continue the loop.

If not released,

Continue the loop.

01 01

10

0101



29(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

School of Mechanical & Aerospace Engineering

ARM’s 

GPIO 

Module

Each GPIO port is a separate 

hardware instantiation of the 

same physical block.

One interrupt

per port • Port A

• Port B

• Port C

• Port D

• Port E

• Port F
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ARM’s ADC Module (Some pins could receive analogue values)
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ARM’s Module for PWM

8 sensors’ signals

2 motors’ signals

Source 1

Source 0

(Two PWM Modules, Four PWM Generators per Module)
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Outline

 Nature of Data Input and Output

 Memory-Mapped I/O Devices

 Basics of Address Indexing 

 ARM Instructions for Data I/O

 Maskable Data Registers in ARM 
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Notations of Data’s Organizations
 Data is organized into 8 bits: one byte 

(basic unit of data)

 Data is organized into 16 bits: half-word

 Data is organized into 32 bits: one word

 etc …

Byte23 Byte22 Byte21 Byte20

• Memory Unit in Hardware: 1-byte

• Memory Unit in Software: 4-byte by default

ARM Cortex is 32-bit microcontroller

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label

First Byte First Address
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Notation of Memory’s Address and Value

 Format:

 mem{data size} [data address] : get or set the value of “data size” from “data address”.

 Examples:

Source

Source

Get or return a value

Set a value

mem32[address] = data

(In terms of technical language, a memory is a vector. Hence, an address is an index to a vector)
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Definition of Address Indexing
 Base Address: It is a common reference for a  series of related addresses.

 Address Offset: It is an individual offset from a common reference address.

 Address Indexing: It refers to the operation of adding offset to base address.

Example: A configuration register is a register with programmable switches.

Port APort F

Address Indexing  = Base Address + Offset = [Base Address, Offset]

• Turn on or Turn off

• Enable or Disable

• Input or Output
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Address

Indexing 

Methods

• Shift Left: Scale up

• Shift Right: Scale down

Address Indexing = Base Address + Offset = [Base Address, Offset]

• Preindexing without writeback

• Preindexing with writeback

• Postindexing



37(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

School of Mechanical & Aerospace Engineering

Examples of Doing Address Indexing …

Use [Base+Offset] and Do not do post-update of base address

Use [base] and Do post-update of base address

Use [Base+Offset] and Do post-update of base address

mem32[address] = data

without writeback
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More Examples of Determining Addresses …

 Example 1:

 Example 2:

Pre-indexed Address

Pre-indexed or Pre-indexed with writeback

without writeback
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(Summary)

Without writeback
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(Summary)

10

10

10
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Outline

 Nature of Data Input and Output

 Memory-Mapped I/O Devices

 Basics of Address Indexing 

 ARM Instructions for Data I/O

 Maskable Data Registers in ARM 
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Questions to focus on …

1. What is the address of port for getting input data?

2. What is the address of port for sending output data?

3. What are the instructions for doing input and output?

Pay Attention:

The first 12 bits are all zeros. Hence, no pin 

is being selected for input and/or output. 
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Encoding of 

Instructions 

in ARM

Encoding ≠ Formatting

• S=1: signed

• S=0: unsigned

• S=1: update CPSR

• S=0: not update CPSR
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LDR and STR Instructions for Data I/O

 Load (input to ALU) and store (output from ALU) words and 

unsigned bytes 
This is the value at the address from register PC
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Examples of Using LDR Instructions …

Set 0x01010101 to 0x00009000

Set 0x02020202 to 0x00009004

Get value from 0x00009004

Get value from 0x00009000

Post-update r1

Get value from 0x00009004

Post-update r1

Initial values inside r0 and r1

Case 3

Case 2

Case 1

without writeback
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Examples of Using STR Instructions …

Pre-indexing

With

Writeback

Post-indexing

Pre-indexing

Without

Writeback
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LDR and STR Instructions for Data I/O

 Load (input to ALU) and store (output from ALU) halfwords or 

doublewords, and unsigned bytes 

• S=1: signed

• S=0: unsigned
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Example of 

Using LDR 

and STR …

to R1

Post-indexing

Pre-indexing

With Writeback

#0x40]

Pre-indexing

Without Writeback
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MOV Instruction

 Purpose:

 Coding:

 Syntax:

• S=1: update CPSR

• S=0: not update CPSR
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Example
 MOV: move a 32-bit word (i.e., four bytes).

 MOVW: move a 16-bit halfword into the lower bits [15, 0] of register.

 MOVT: move a 16-bit halfword into the upper bits [31, 16] of register.

 What is the value of r1 at the end of the following code?

r1=0x0c5a.5c18+0x3242.ba78

The value of r1 is the value at the 

following address:

Answer:
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Outline

 Nature of Data Input and Output

 Memory-Mapped I/O Devices

 Basics of Address Indexing 

 ARM Instructions for Data I/O

 Maskable Data Registers in ARM 
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Question to focus on …

 All the data registers in 

ARM Cortex-M4 are 

maskable.

 Question:

 What is maskable data 

register?

 Where to add and 

retrieve masks 

imposed to data flow?
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What is Maskable Data Register?

 A data register, which has a pin selection mask, is called Maskable data 

register.

 Example: Inside the first 12 bits, Bit 9 to Bit 2 are for pin selection.

Port’s Address 

with 

Pin Selection Mask
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Why to have maskable data registers?

Security in Control

 We do not want to allow any 

incident such as:

 Intention is to turn on one 

motor.

 Actual effort is that several 

other motors have been 

turned on.

Security in Communication

 We do not want others to interpret 

the intercepted data in 

communication network. This is 

possible because:

 Intercepted data is not filtered by 

any specific mask.

 Received data is filtered by any 

specific mask.
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ARM Cortex M4 has Six 

Maskable Data Registers …

 Data Registers for Input and Output

By default, choose offset = 0xFFF

Note: Last 12 bits are 

not used for address.

They are used to mask 

Input/output data!!!

Pin Selection
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Output 

Value

Transmitted Value

Received

Value

Bits 2 to 9 are used for mask



57(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

School of Mechanical & Aerospace Engineering

Example with Port F

ADR[9:0] = 0 0000 0100

ADR[9:0] = 0 0000 1000

ADR[9:0] = 0 0001 0000

ADR[9:0] = 0 0010 0000

+
038h = 0000 0011 1000

0x4002.5000 

0  0  0  0  0  0  0  1  1  1  0  0  0

x  x  x   x  x  x  x  xPort F

Data Mask
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Example with Port F (continued)

0x38

Pin Selection
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Summary

 Nature of Data Input and Output

 Memory-Mapped I/O Devices

 Basics of Address Indexing 

 ARM Instructions for Data I/O

 Maskable Data Registers in ARM 
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Design, Machine, Control and Intelligence

Thank You for Listening!

“Ask not what your country can do for you – ask what you can do for 
your country,” - John F. Kennedy

“Do not think that you are needy – think that you are needed in the 
world”, - Manis Friedman

“Study will make you knowledgeable, resourceful, and hence more 
needed”, - Xie Ming
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