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Pillars of Science

Science

Particle 
Physics

Cosmology SpaceBiology

Includes 
particle 
physics and 
accelerators

Includes all of 
cosmology,  
astrophysics

Includes 
geology and 
all of 
planetary 
science

DNA here is  
all of biology

Computing

Processing, 
Internet etc

Fermi National 
Accelerator Laboratory

http://home.fnal.gov/%7Ecarrigan/pillars/Accelerators.htm




Embedded systems overview

Computing systems are everywhere
Most of us think of “desktop” computers
 PC’s
 Laptops
 Mainframes
 Servers
 Cluster
 Supercomptuers



Embedded systems overview

Embedded computing systems
Computing systems embedded 
within electronic devices
Hard to define. Nearly any 
computing system other than a 
desktop computer
Billions of units produced yearly, 
versus millions of desktop units
Perhaps 50 per household and per 
automobile

Computers are in here...

and here...

and even here...

Lots more of these, 
though they cost a lot 

less each.



A “short list” of embedded 
systems

And the list goes on and on

Anti-lock brakes
Auto-focus cameras
Automatic teller machines
Automatic toll systems
Automatic transmission
Avionic systems
Battery chargers
Camcorders
Cell phones
Cell-phone base stations
Cordless phones
Cruise control
Curbside check-in systems
Digital cameras
Disk drives
Electronic card readers
Electronic instruments
Electronic toys/games
Factory control
Fax machines
Fingerprint identifiers
Home security systems
Life-support systems
Medical testing systems

Modems
MPEG decoders
Network cards
Network switches/routers
On-board navigation
Pagers
Photocopiers
Point-of-sale systems
Portable video games
Printers
Satellite phones
Scanners
Smart ovens/dishwashers
Speech recognizers
Stereo systems
Teleconferencing systems
Televisions
Temperature controllers
Theft tracking systems
TV set-top boxes
VCR’s, DVD players
Video game consoles
Video phones
Washers and dryers



Embedded System

 Embedded Systems are 
everywhere
 Ubiquitous, invisible
 Hidden (computer inside)
 Dedicated purpose

 Microprocessor
 Intel: 4004, ..8080,.. x86
 Freescale: 6800, .. 9S12,.. 

PowerPC
 ARM, DEC, SPARC, MIPS, 

PowerPC, Natl. Semi.,…
  Microcontroller

 Processor+Memory+
I/O Ports (Interfaces)I/O Ports

Microcontroller Electrical,
mechanical,

chemical,
or

optical
devices

Embedded system

Bus ADC
Analog
signals

LM3S or TM4C

DAC

Processor

RAM

ROM

Medical
Automotive

Communications

Comsumer Industrial

Military



Microcontroller
 Processor – Instruction Set + memory + accelerators

 Ecosystem

 Memory
 Non-Volatile

o ROM 
o EPROM, EEPROM, Flash

 Volatile
o RAM (DRAM, SRAM)

 Interfaces
 H/W: Ports
 S/W: Device Driver
 Parallel, Serial, Analog, Time

 I/O
 Memory-mapped vs. I/O-instructions (I/O-mapped)



Some common characteristics of 
embedded systems

Single-functioned
Executes a single program, repeatedly

Tightly-constrained
Low cost, low power, small, fast, etc.

Reactive and real-time
Continually reacts to changes in the system’s 
environment
Must compute certain results in real-time without 
delay



An embedded system example -- 
a digital camera

Microcontroller

CCD preprocessor Pixel coprocessor
A2D

D2A

JPEG codec

DMA controller

Memory controller ISA bus interface UART LCD ctrl

Display ctrl

Multiplier/Accum

Digital camera chip

lens

CCD

• Single-functioned -- always a digital camera

• Tightly-constrained -- Low cost, low power, small, fast

• Reactive and real-time -- only to a small extent



Texas Instruments TM4C123 

ARM Cortex-M4
+ 256K EEPROM
+ 32K   RAM
+ JTAG
+ Ports
+ SysTick
+ ADC
+ UART

GPIO Port D

GPIO Port A

ADC
2 channels
12 inputs
12 bits

PA7
PA6

PA5/SSI0Tx
PA4/SSI0Rx
PA3/SSI0Fss
PA2/SSI0Clk

PA1/U0Tx
PA0/U0Rx

PC7
PC6
PC5
PC4

PC3/TDO/SWO
PC2/TDI

PC1/TMS/SWDIO
PC0/TCK/SWCLK

PE5
PE4
PE3
PE2
PE1
PE0

GPIO Port C

GPIO Port E

JTAG

Four
SSIs

Eight
UARTs

PB7
PB6
PB5
PB4
PB3/I2C0SDA
PB2/I2C0SCL
PB1
PB0

PD7
PD6
PD5
PD4
PD3
PD2
PD1
PD0

PF4
PF3
PF2
PF1
PF0

GPIO Port B

Four
I2Cs

USB 2.0

Cortex M4 Systick

NVIC

Two Analog
Comparators

Advanced Peripheral Bus

Twelve
Timers

Six
64-bit wide

CAN 2.0

System Bus Interface

GPIO Port F

Advanced High Performance Bus

Two PWM
Modules



LaunchPad Switches and LEDs

TM4C123 PF0
PF4

R1 0

SW1 SW2
PF3

PF2

PF1

330
Red

330
Blue

5V

330

Green

DTC114EET1G

PD0
PB6

PD1
PB7

0R9

0R10

0
R12

0
R11

0
R2

R13 0PA1
PA0

PD5
PD4

Serial

USB

PB1
R29

0

R25
PB0

+5

0

 The switches on the LaunchPad
Negative logic 
Require internal pull-up (set bits in PUR)

 The PF3-1 LEDs are positive logic



Done

 • Hardware
 • Software

 • Specifications
 • Constraints

Analyze
the

problem

Requirements
Design

Constraints

Testing

 • Block diagrams
 • Data flow graphs

Deployment

New requirements
New constraints

Development

Product Life Cycle

Analysis (What?)
Requirements -> Specifications

Design (How?)
High-Level: Block Diagrams
Engineering: Algorithms, Data 

Structures, Interfacing

Implementation(Real)
Hardware, Software

Testing (Works?)
Validation:Correctness
Performance: Efficiency

Maintenance (Improve)



Data Flow Graph

Position
Sensor

Voltage
0 to +3.3V

ADC
hardware

ADC
driver

Sample
0 to 4095

SysTick
ISR

Sample
0 to 4095

SysTick
hardware

LCD
display

LCD
driver Fixed-point

0 to 2.000

Position
0 to 2 cm

main

Mailbox



Call Flow Graph

Position Measurement System

main

SysTick
hardware

SysTick
init

LCD
hardware

LCD
driver

SysTick
ISR

ADC
hardware

ADC
driver



Structured Programming
Common Constructs (as Flowcharts) 

Fork

Join

Trigger
interrupt

Return from
 interrupt

main1

Init1

Body1

main2

Init2

Body2

main

Init

Body

Parallel Distributed Interrupt-driven concurrent

Block 1

Sequence Conditional While-loop

Block 2
Block 1 Block 2 Block



Flowchart
Toaster oven:

Coding in assembly and/or high-level language (C)

main

toast < desired

Output heat
is on Too cold

Input from
switch

Input toast
temperature

toast  desired

Start
Not pressed

Pressed

Output heat
is off

Cook

return

Cook



Processor Architectures

ISA: Instruction Set Architecture
 ARM: Low Power Low Cost
 x86: High Performance 



ARM Cortex M4-based System
 RISC machine

 Pipelining effectively provides single cycle operation for many instructions
 Thumb-2 configuration employs both 16 and 32 bit instructions

CISC RISC 
Many instructions Few instructions 
Instructions have varying lengths Instructions have fixed lengths 
Instructions execute in varying times Instructions execute in 1 or 2 bus cycles 
Many instructions can access memory Few instructions can access memory 

 Load from memory to a register 
 Store from register to memory 

In one instruction, the processor can both  
 read memory and  
 write memory  

No one instruction can both read and write 
memory in the same instruction 

Fewer and more specialized registers.  
 some registers contain data,  
 others contain addresses 

Many identical general purpose registers 

Many different types of addressing modes Limited number of addressing modes 
 register,  
 immediate, and  
 indexed. 

 



ARM ISA: Thumb2 Instruction Set

 Variable-length instructions
ARM instructions are a fixed 

length of 32 bits
Thumb instructions are a fixed 

length of 16 bits
Thumb-2 instructions can be 

either 16-bit or 32-bit
 Thumb-2 gives approximately 26% 

improvement in code density over 
ARM

 Thumb-2 gives approximately 25% 
improvement in performance over 
Thumb



ARM ISA: Registers, Memory-map

R0
R1
R2
R3
R4
R5
R6
R7
R8
R9

R10
R11
R12

R13 (MSP)
R14 (LR)
R15 (PC)

Stack pointer
Link register

Program counter

General
purpose
registers

TI TM4C123
Microcontroller

256k Flash
ROM

32k RAM

I/O ports

Internal I/O
PPB

0x0000.0000

0x0003.FFFF

0x2000.0000

0x2000.7FFF

0x4000.0000

0x400F.FFFF

0xE000.0000

0xE004.1FFF

Condition Code Bits Indicates
N negative Result is negative
Z zero Result is zero
V overflow Signed overflow
C carry Unsigned overflow 



SW Development 
Environment

0x00000142 4912
0x00000144 6808
0x00000146 F040000F
0x0000014A 6008

Start
; direction register
  LDR R1,=GPIO_PORTD_DIR_R
  LDR R0,[R1]
  ORR R0,R0,#0x0F
; make PD3-0 output
  STR R0, [R1]

Source code

Build Target (F7)

Download

Object code

Processor

Memory

I/O

Simulated
Microcontroller

Address   Data

Editor KeilTM uVision®

Processor

Memory

I/O

Real
Microcontroller

Start
Debug
Session

Start
Debug
Session



Design challenge – optimizing 
design metrics

Obvious design goal:
Construct an implementation with desired 
functionality

Key design challenge:
Simultaneously optimize numerous design metrics

Design metric
 A measurable feature of a system’s implementation
Optimizing design metrics is a key challenge



Design challenge – optimizing 
design metrics

Common metrics
Unit cost: the monetary cost of manufacturing each copy of the system, 
excluding NRE cost

NRE cost (Non-Recurring Engineering cost): The one-
time monetary cost of designing the system

Size: the physical space required by the system

Performance: the execution time or throughput of the system

Power: the amount of power consumed by the system

Flexibility: the ability to change the functionality of the system without 
incurring heavy NRE cost



Design challenge – optimizing 
design metrics

Common metrics (continued)
Time-to-prototype: the time needed to build a working version of the 
system

Time-to-market: the time required to develop a system to the point that 
it can be released and sold to customers

Maintainability: the ability to modify the system after its initial release

Correctness, safety, many more



Design metric competition -- 
improving one may worsen 

others
Expertise with both software 
and hardware is needed to 
optimize design metrics
Not just a hardware or software 
expert, as is common
A designer must be comfortable 
with various technologies in order 
to choose the best for a given 
application and constraints

SizePerformance

Power

NRE cost

Microcontroller

CCD preprocessor Pixel coprocessor
A2D

D2A

JPEG codec

DMA controller

Memory controller ISA bus interface UART LCD ctrl

Display ctrl

Multiplier/Accum

Digital camera chip

lens

CCD

Hardware

Software



Time-to-market: a demanding 
design metric

Time required to develop a 
product to the point it can be 
sold to customers
Market window
Period during which the product 
would have highest sales

Average time-to-market 
constraint is about 8 months
Delays can be costly

Reve
nues 
($)

Time (months)



Losses due to delayed market 
entry

Simplified revenue model
Product life = 2W, peak at W
Time of market entry defines a 
triangle, representing market 
penetration
Triangle area equals revenue

Loss 
The difference between the on-
time and delayed triangle areas

On-time      Delayed
entry           entry

Peak revenue

Peak revenue from 
delayed entry

Market rise Market fall

W 2W

Time

D

On-time

Delayed

R
ev

en
ue

s 
($

)



Losses due to delayed market 
entry (cont.)

Area = 1/2 * base * height
On-time = 1/2 * 2W * W
Delayed = 1/2 * (W-D+W)*(W-D)

Percentage revenue loss = 
(D(3W-D)/2W2)*100%
Try some examples

On-time      Delayed
entry           entry

Peak revenue

Peak revenue from 
delayed entry

Market rise Market fall

W 2W

Time

D

On-time

Delayed

R
ev

en
ue

s 
($

)

– Lifetime 2W=52 wks, delay D=4 wks
– (4*(3*26 –4)/2*26^2) = 22%
– Lifetime 2W=52 wks, delay D=10 wks
– (10*(3*26 –10)/2*26^2) = 50%
– Delays are costly!



NRE and unit cost metrics

Costs:
Unit cost: the monetary cost of manufacturing each copy of the system, excluding 
NRE cost
NRE cost (Non-Recurring Engineering cost): The one-time monetary cost of 
designing the system
total cost = NRE cost  +    unit cost * # of units
per-product cost  = total cost  /   # of units   

=  (NRE cost / # of units)  + unit cost

• Example
– NRE=$2000, unit=$100
– For 10 units

– total cost = $2000 + 10*$100 = $3000
– per-product cost = $2000/10 + $100 = $300

Amortizing NRE cost over the units results in an 
additional $200 per unit



NRE and unit cost metrics

$0

$40,000

$80,000

$120,000

$160,000

$200,000

0 800 1600 2400

A

B

C

$0

$40

$80

$120

$160

$200

0 800 1600 2400

Number of units (volume)

A

B

C

Number of units (volume)

to
ta

l c
o

st
 (

x1
00

0)

p
e

r 
p

ro
d

u
c

t 
c
o

st

Compare technologies by costs -- best depends on quantity
Technology A:  NRE=$2,000,   unit=$100
Technology B:  NRE=$30,000,  unit=$30
Technology C:  NRE=$100,000, unit=$2

• But, must also consider time-to-market



The performance design metric

Widely-used measure of system, widely-abused
Clock frequency, instructions per second – not good measures
Digital camera example – a user cares about how fast it processes images, not 
clock speed or instructions per second

Latency (response time)
Time between task start and end
e.g., Camera’s A and B process images in 0.25 seconds

Throughput
Tasks per second, e.g. Camera A processes 4 images per second
Throughput can be more than latency seems to imply due to concurrency, e.g. 
Camera B may process 8 images per second (by capturing a new image while 
previous image is being stored).

Speedup of B over S = B’s performance / A’s performance
Throughput speedup = 8/4 = 2



Three key embedded system 
technologies

Technology
A manner of accomplishing a task, especially using 
technical processes, methods, or knowledge

Three key technologies for embedded 
systems
Processor technology
IC technology
Design technology



Processor technology

The architecture of the computation engine used to 
implement a system’s desired functionality
Processor does not have to be programmable
“Processor” not equal to general-purpose processor

Application-specific

Registers

Custom
ALU

DatapathController

Program memory

Assembly code 
for:

  
  total = 0
  for i =1 to …

Control logic 
and State 
register

Data
memory

IR PC

Single-purpose (“hardware”)

DatapathController

Control
 logic

State 
register

Data
memory

index

total

+

IR PC

Register
file

General
ALU

DatapathController

Program 
memory

Assembly code 
for:

  total = 0
  for i =1 to …

Control 
logic and 

State register

Data
memory

General-purpose (“software”)



Processor technology

Processors vary in their customization for the problem at hand

total = 0
for i = 1 to N  loop
   total += M[i]
end loop  

General-purpose 
processor

Single-purpose 
processor

Application-specific 
processor

Desired 
functionality



General-purpose processors

Programmable device used in a variety 
of applications
Also known as “microprocessor”

Features
Program memory
General datapath with large register file and 
general ALU

User benefits
Low time-to-market and NRE costs
High flexibility

“Pentium” the most well-known, but 
there are hundreds of others

IR PC

Register
file

General
ALU

DatapathController

Program 
memory

Assembly 
code for:

  total = 0
  for i =1 to …

Control 
logic and 

State 
register

Data
memory



Single-purpose processors

Digital circuit designed to execute exactly 
one program
a.k.a. coprocessor, accelerator or peripheral

Features
Contains only the components needed to execute 
a single program
No program memory

Benefits
Fast
Low power
Small size

DatapathController

Control 
logic

State 
register

Data
memory

index

total

+



Application-specific processors

Programmable processor optimized for a 
particular class of applications having 
common characteristics
Compromise between general-purpose and 
single-purpose processors

Features
Program memory
Optimized datapath
Special functional units

Benefits
Some flexibility, good performance, size and 
power

IR PC

Registers

Custom
ALU

DatapathController

Program 
memory

Assembly 
code for:

  total = 0
  for i =1 to …

Control 
logic and 

State 
register

Data
memory



IC technology

The manner in which a digital (gate-level) 
implementation is mapped onto an IC
IC: Integrated circuit, or “chip”
IC technologies differ in their customization to a design
IC’s consist of numerous layers (perhaps 10 or more)

• IC technologies differ with respect to who builds each 
layer and when

source drainchannel
oxide
gate

Silicon 
substrate

IC package IC 



IC technology

Three types of IC technologies
Full-custom/VLSI
Semi-custom ASIC (gate array and standard cell)
PLD (Programmable Logic Device)



Full-custom/VLSI

All layers are optimized for an embedded 
system’s particular digital implementation
Placing transistors
Sizing transistors
Routing wires

Benefits
Excellent performance, small size, low power

Drawbacks
High NRE cost (e.g., $300k), long time-to-market



Semi-custom

Lower layers are fully or partially built
Designers are left with routing of wires and maybe 
placing some blocks

Benefits
Good performance, good size, less NRE cost than 
a full-custom implementation (perhaps $10k to 
$100k)

Drawbacks
Still require weeks to months to develop



PLD (Programmable Logic 
Device)

All layers already exist
Designers can purchase an IC
Connections on the IC are either created or destroyed to 
implement desired functionality
Field-Programmable Gate Array (FPGA) very popular

Benefits
Low NRE costs, almost instant IC availability

Drawbacks
Bigger, expensive (perhaps $30 per unit), power hungry, 
slower



Design Technology

The manner in which we convert our concept of 
desired system functionality into an implementation

Libraries/IP: Incorporates pre-
designed implementation from 
lower abstraction level into 
higher level.

System
specification

Behavioral
specification

RT
specification

Logic
specification

To final implementation

Compilation/Synthesis: 
Automates exploration and 
insertion of implementation 
details for lower level.

Test/Verification: Ensures 
correct functionality at each 
level, thus reducing costly 
iterations between levels.

Compilation/
Synthesis

Libraries/
IP

Test/
Verification

System
synthesis

Behavior
synthesis

RT
synthesis

Logic
synthesis

Hw/Sw/
OS

Cores

RT
components

Gates/
Cells

Model simulat./
checkers

Hw-Sw
cosimulators

HDL simulators

Gate
 simulators



Financial Factor

● Actual investment 

● Compound Annual Growth Rate

● Average Product Price

● ROI

● IRR

● Payback Period



Design productivity exponential 
increase

Exponential increase over the past few decades

100,000

10,000

1,000

100

10

1

0.1

0.01

1983
1981

1987 1989 1991 19931985 1995 1997 1999 2001 2003 2005 2007 2009

Productivity
(K) Trans./Staff – Mo.



The co-design ladder

In the past:
Hardware and software design 
technologies were very different
Recent maturation of synthesis 
enables a unified view of 
hardware and software

Hardware/software 
“codesign”

Implementation

Assembly instructions

Machine instructions

Register transfers

Compilers
(1960's,1970's)

Assemblers, linkers
(1950's, 1960's)

Behavioral synthesis
(1990's)

RT synthesis
(1980's, 1990's)

Logic synthesis
(1970's, 1980's)

Microprocessor plus 
program bits: “software”

VLSI, ASIC, or PLD 
implementation: 

“hardware”

Logic gates

Logic equations / FSM's

Sequential program code (e.g., C, VHDL)

The choice of hardware versus software for a particular function is simply a tradeoff 
among various design metrics, like performance, power, size, NRE cost, and especially 
flexibility; there is no fundamental difference between what hardware or software can 

implement.



Independence of processor and 
IC technologies

Basic tradeoff
General vs. custom
With respect to processor technology or IC technology
The two technologies are independent

General-
purpose

processor

ASIP
Single-
purpose

processor

Semi-customPLD Full-custom

General,
providing improved:

Customized, 
providing improved:

Power efficiency
Performance

Size
Cost (high volume)

Flexibility
Maintainability

NRE cost
Time- to-prototype

Time-to-market
Cost (low volume)



Design productivity gap

While designer productivity has grown at an impressive rate 
over the past decades, the rate of improvement has not kept 
pace with chip capacity
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Design productivity gap

1981 leading edge chip required 100 designer months
10,000 transistors  /  100 transistors/month

2002 leading edge chip requires 30,000 designer months
150,000,000  /  5000 transistors/month

Designer cost increase from $1M to $300M
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Summary

Embedded systems are everywhere
Key challenge: optimization of design metrics
Design metrics compete with one another

A unified view of hardware and software is necessary to 
improve productivity
Three key technologies
Processor: general-purpose, application-specific, single-purpose
IC: Full-custom, semi-custom, PLD
Design: Compilation/synthesis, libraries/IP, test/verification
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