CS122A: Embedded System Design 10/03/2002

Administrative Stuff

Homework1 due NOW

— No late homework accepted

Homework?2 available on the www
— Due Thursday 10/10

Make sure you
— Sign up for mailing list cs122a@lists.cs.ucr.edu
e Only 19 out of 30 students signed up so far!!!
— Sign up for presentation

E Y
e Only 27 out of 30 students signed up so farl!! 3

CS193 credits available

— Project on design and compile (gcc) embedded system benchmarks
(EMBCQC) to reconfigurable platform (RT-RI SC)
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General-Purpose Processors

Software




CS122A: Embedded System Design

Outline

» Basic architecture

o Operation

* Programmer’sview

» Development environment
 ASIPs

 Selecting a microprocessor

» General-purpose processor design

¥
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General Purpose Processor

» Processor designed for a variety of computation tasks

i Advantage to processor manufacturer
— Low unit cost
» Manufacturer spreads NRE over large numbers of units
« Motorolasold in excess of 500,000,000 68HCO05 microcontrollers per year!
» Carefully designed since higher NRE is acceptable
» Canyield good performance, size, and power
» Advantage to embedded system designer
— User just writes software; no processor design
* Low NRE cost
« Short time-to-market/prototype
* High flexibility

CS122A: Embedded System Design, Fall 02
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68HCO5 in automobiles

 Electric seat control (& storage)
* Audio system (& storage)

e Cruise control
* |Ignition system
o Car dam

* Power window
» Keylessentry
» Airbags
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68HCO5 in computer peripherals

Monitor
Keyboard control
Cordless mice
Tackballs
Gamepad
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68HCO5 in consumer electronics

CD players
Remote control
Washing machines
Oven control

LCD display
Watches
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68HCO5 in industrial application

» Programmable logic controller
» Dataacquisition system

» Smoke detectors

 Security devices

» Thermostats

» Furnace ignition systems
 Factory automation

e Sensor

 Switch applications
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68HCO05 in telecommunication

* Pagers
» Answering machine

» Telephone control
— Auto-dialing
— Number storage
— Display control
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Datapath

« ALU
— +&[>... Datapath

— :O' C,

Control
/Status ALU

» N-bit processor D—
— N-hit I
« ALU
* registers
* buses
» memory datainterface Registers
— N=8,16,32,0r 64
» word

— External bus may be
narrower I

110
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e Performs

Control unit

— Instruction Fetch

— Dataflow control
» ALU operation
» Momery operation
* Register operation
» PC control

» PC bitwidth

Control unit

Control

Controller

Status
[

— Determine the direct address
space
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110
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Basic Architecture

» Typica sequence

— Instruction fetch

Pr ocessor

Instruction decode
Operand fetch

Control unit
Ctrl

Datapath

Execute
Store result

Controller Stat

ALU

* Critical path through DP
— Clock cycle
— Impact performance

Registers

¢ RISC architecture

— Datadependent pipeline

1/0

« Difficult to predict timing

Memory

CS122A: Embedded System Design, Fall 02
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* Princeton

Two Memory Architectures

— Program and data words
share same memory space

Processor

Processor

— Fewer memory wires
* Harvard

— Distinct memory spaces

and data memory access
— Intel 8051

. Memory Program
— Simultaneous program (program and data) memory

Data
memory

implemented with ROM
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— Program may be Princeton

Harvard

13

* Speed up memory access time

o Cacheissmall but fast memory
close to processor
— Holdsacopy of part of the memory

» Neighboring memory locations
recently accessed

— Hitsand Misses
 Hit to missratio must be high to be
effective
» Tempord locality
— E.g. small computation core
» Spatial Locality
— E.g. sequential program, array
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$ Memory

Fast/expensive technol ogy,
usually on the same chip

Processor

Memory

Sower/cheaper technology,

usually on a different chip

14
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Outline

» Basic architecture

o Operation

* Programmer’sview

» Development environment
 ASIPs

 Selecting a microprocessor

» General-purpose processor design

¥
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Pipelining:
Increasing instruction throughput

s
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Pipelining:
Increasing instruction throughput

Fetchinsr. [1[2B[A[5[6[7[8]
Decode  [L23[4[5[6[7 8]

Fetch ops. RABAERHA Pipelined
Execute [1]2]3]4]5]6]718]
Storeres [1]2]3]4]s]6]7]s]
R T TN
Time

pipelined instruction
execution

» Divideinstruction into equal stages
* Instruction must take same number of time
* Pipeline hazard
— Structure: no enough processing unit
— Control: branch (loop, if-then-else)
— Data: RAW, WAR, WAW
! * Pipeline scheduling

CS122A: Embedded System Design, Fall 02
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Structure hazard

» Resource conflict when HW can’t support overlap
— E.g. Functional unit not pipelined
» Signle memory accessin Princeton architecture

e Must stall or reschedule instructions

Fetchvinstr. 6 ]
Decode
Fetch ops.
Bxectte
Sore es 516

T
pipelined instruction
execution

>

T T I_ T
Time

CS122A: Embedded System Design, Fall 02

18

10/03/2002



CS122A: Embedded System Design 10/03/2002

Control and data hazard
 Control hazard Fetchrinstr. [1]2]3]4[5]6]7]8]
— A.k.a branch hazard Decode [1]2]3]4]5]6]7]8]
— Avoid stall by Fetch ops. [1]2]3]4]1516]718]
« Branch prediction: Execute (1]2]3]4]5]6]7]8]
« ...loop branch taken at ~90% Storeres. [1]2]3]4]s]6]7]8]
N S [N [N [ I [ A Ay Ay B |
. [zatsel;ldai?trg Write (RAW) pipefined instruction  Time
btc death execution
 a=btc; d=ar
— Write After Read (WAR)
» Possible only if some instruction write early, like autoincrement
¢ a=b+c; c=b++
— Write After Write (WAW)
» Possible only if some instruction write early
e b=atc; d=b; b=0
! — Read After Read (RAR)
 Isfine 19
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Superscalar and VLIW
 Superscalar I
. . - %
— Execute two or more scalar operation in parallel %
» Scalar: not vector or matrix o a1

— May have to schedule instruction dynamically

Very Long Instruction Word
— Statically encode many scalar operations in one instruction
— Lessrun time overhead, more compile time decision

Isit possible to be superscalar but not VLIW? ﬁ
Isit possible to be VLIW but not superscalar? m

20

CS122A: Embedded System Design, Fall 02

10



CS122A: Embedded System Design

Outline

» Basic architecture

o Operation

* Programmer’sview

» Development environment
 ASIPs

 Selecting a microprocessor

» General-purpose processor design

¥ .

CS122A: Embedded System Design, Fall 02

Programmer’ s view

 Architectura abstraction
— Programmer need not know details of processor’s architecture or
operation
» Different levels of abstraction, from highest to lowest
— Structured-language programming
 for (int 1=10; i'=0; i--) total +=i;
* Processor independent
— Assembly-language programming
« MOV, JZ,R1, R2...
 Processor dependent
— Machine-language programming
e Osandl's
» Thetougher the application, the lower the designer goes
— Most embedded programmer
* Work at structured-language level
» With some assembly level especially for driving external devices 2

CS122A: Embedded System Design, Fall 02

10/03/2002
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Assembly-language programming

* Instruction set
— Allowable atomic operation
— Bit configuration allowed by IR

* |nstructions consist of

Instructions stored in memory

Instruction 1| opcode [operandljoperand2

— Opcodefield Instruction 2 | opcode [operandljoperand2
— Operand fields Instruction 3| opcode [operandl joperand2

) Types of instructions Instruction4 | opcode [operandljoperand2
— Datatransfer

* Move data b/t register, memory, 1/0
— Arithmetic/logical
e ALU instructions
¢ |nstruction to move datain/out of ALU
— Branches
« Conditional/unconditional jump
* Call/return (implement procedure/function)

23
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Operand field addressing modes

Addressing . Register-file Memory
mode Operand field contents contents
Immediate | Data |
Register-direct [ Register address }—— Data
Register -
direct | Register address i—> Memory address | Data

Direct Memory address | : Data

Indirect Memory address Memory address

Direct: Variables
Indirect: Pointers

CS122A: Embedded System Design, Fall 02

10/03/2002
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A few more addressing modes

 Inherent, or implicit
— Particular reg or mem isin the opcode
* JAZ: jump on accumul ator zero

* Index
— Direct or indirect add to index register
* Relative

— Relative to current address

¥

25
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A simple 7-instruction set

Assembly instruct. First byte Second byte Operation
MOV Rn, direct |oooo | Rn | | direct | Rn = M(direct)
MOV direct, Rn - {0001 | Rn || diret | Mdirect) =Rn
mMov@rnRm [0l [ mRn [ [Rm [ | MEm=rm
MOV Rn,#immed.| 0011 | Rn | | immediate | Rn = immediate
ADDRn,Rm {0100 | Rn | [ Rm | | Rn=Rn+Rm
suBRnRm  [o0101 [ Rn | [ Rm | | Rn=Rn-Rm
JZ Rn, relative | 0110 | Rn | | relative | PC = PC+ relative

(only if Rnis0)

Use assembler to compute

“relative” from labels

26
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C program

int total = 0;

for (int i=10; i!=0; i--)
totd +=1i;

/I next instructions...

¥
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W N P O

Loop:

Next:

Sample Programs

Equivalent assembly program

MOV RO, #0; I/ total =0
MOV R1, #10; /li=10

MOV R2, #1; /I constant 1
MOV RS, #0; /I constant O
JZ R1, Next; // Doneif i=0
ADD RO, R1; [/ total +=i
SUB R1, R2; I'i--

JZ R3, Loop; /I Jump aways

/I next instructions...

27

Interrupts
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Available memory for program and data
— fitinon-chip memory if possible

Number and types of registers
— For general-purpose data storage
— For special-functions like writing and reading external pins
— For programming peripherals

Available /O facilities for communication

— For quick, infrequent, unpredictable tasks
Jump to an Interrupt Service Routine (ISR)
Return to interrupted point when done
Less hardware overhead than Direct Memory Access (DMA)
— Sample applications
 Pressing of abutton, updating of a status...

Embedded system programming awareness

28

10/03/2002
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Outline

» Basic architecture

o Operation

* Programmer’sview

» Development environment
 ASIPs

 Selecting a microprocessor

» General-purpose processor design

¥
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A tale of two processors

» Development processor
— Write and debug program
— Pentium, Sparc...

» Target processor
— Load program and become part of the embedded system
— 68HC11, 8051...

¥
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CFile CFile Asm.
) _ File
Gt
Binary Binary Binary J
File J File ) File

Exec.

N

Standard software devel opment process

File

L — 7

Implementation Phase

Profiler

Verification Phase

¥

Integrated Development Environment (IDE)

CS122A: Embedded System Design, Fall 02
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e Assembler

o Compiler

e Linker

| mplementation phase

CS122A: Embedded System Design, Fall 02

— Translate assembly instructions to machine instructions
— Opcode and operand into binary counterpart
— Labelsinto address offset

— Tranglate structured programs to machine programs
» With lots of optimization for size/performance

— Cross compiler
« Executes on development processor but generates code for target processor

— Combine separately assembled or compiled files into single program
* May linkinlibrary files

32

10/03/2002
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Embedded software design process

Implementation
Phase

LDebugger
1/ >

Emulator

External tools |7

Y

—~— Verification Phase

33
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Verification phase

Typicaly more difficult for embedded systems
— Timeliness aswell as correct results
* Red-time: must compute results within timing constraints
— Coordination with other components of system
Debuggers
— Instruction-set simulator (1SS), virtual machine (VM)
— Fast time-to-verify but inaccurate
* Run on development processor
e “Simulated” environment
Emulators
— Slower time-to-verify but more accurate
* Runon “target” processor, rig up for debug reason
* Runinrea environment
Device programmers
— Highest accuracy but slowest time-to-verify, least debug control

¥

34
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typedef struct {
unsi gned char
} instruction;

switch( fb
case O:
case 1:
case 2:
case 3:

¥

instruction progranf1024]; //instruction nenory
unsi gned char nenory[256]; //data nenory

voi d run_progran(int numbytes) {

I nstruction-set ssimulator (ISS) for asimple

Processor

* ISS: runs on one processor and executes instructions of another processor

first_byte, second_byte;

MOV Rn, direct
MOQV direct, Rn
MOV @Rn, Rm

int pc =-1; MOV Rn, #immed.
unsi gned char reg[16], fb, sb;
ADD Rn, Rm
while( ++pc < (numbytes / 2) ) {
fb = progranpc].first_byte; SUB Rn, Rm
sb = progranipc].second_byte; JZ Rn, relative

>>4) {

reg[fb & OxOf] = nenory[sb]; break;

nenory[sb] = reg[fb & Ox0f]; break;
menory[reg[fb & OxOf]] =reg[sb >> 4]; break;
reg[fb & 0xOf] = sh; break;

CS122A: Embedded System Design, Fall 02

e Operation

* ASIPs

Outline

» Basic architecture

* Programmer’s view
» Development environment

« Selecting a microprocessor
» Genera-purpose processor design
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Application-specific Instruction-set
processors (ASIPs)

» Specific to an application or application domain
— Control
— Data processing
— Networking
» Spread NRE cost over many applications within the
domain
— Processor design, compiler, linker, etc.
* Programmed by writing software
— Shorter time-to-market, better flexibility
@ 37
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Microcontroller

» Cheap, small device contains
— Processor core
— Timers, A2D, Serial communication, ROM, RAM
— A.k.a. embedded processor (when they get big)

¥

38
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Digital Signal Processor

» Usually more expansive than microcontroller
— Higher performance for signal processor
— Largeregister files, memory blocks, multiplier...

— Special MAC unitsand MAC instruction
 For useinfiltering and matrix transformation

— May contain A2D, D2A, PWM, DMA, timer, or counter

39
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M otorola DSP56301

e 80/100 MIPS with a80/100 MHz clock at 3.3V

* Fully pipelined 24 x 24-bit parallel MAC

e 56-bit parallel barrel shifter

e 24-bit or 16-bit arithmetic support under software control
* Addressing modes optimized for DSP applications

* Nested hardware DO loops

e Fast auto-return interrupts

e On-chip concurrent six-channel DMA controller

e On-chip Phase Lock Loop (PLL) and clock generator

e 1024-4096 x 24-bit Program RAM

e 2048/3072 x 24-bit data RAM

e 32-bit parallel PCl/Universal Host Interface (H132),

e Two Enhanced Synchronous Seria Interfaces (ESSI)

e Seriad Communications Interface (SCI) with baud rate generator
e Tripletimer module

e 42 programmable General Purpose 1/0O pins GPIO

40
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Network processor

Packets are 1t class citizen
— QoS guarantee
— Secure transmission
— Intelligent/dynamic routing and switching
Very limited programmability
Very high network performance
Low NRE cost

Moderate flexibility for network application

— Each switch maker can program to meet
« Local traffic requirement
 Local policy reguirement

» Operate a up to 10Ghit/S

41
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MMC's EPIF-200 Packet Processor

» Multi-tasking processor St s

* Programmable modules
— Packet transoform
— Statigtics engine
— Policy engine
 Packet classification
 Future-proof

— Search engine
« Longest prefix match routing
e Fast ethernet interfaces

Coprocessar Interface

42
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Selecting a microprocessor

» Non-technical aspect
— Prior expertise
— Development environment
— Special licensing
e Technical Aspect:
— Desired power, cost, speed, performance

— Clock speed may not be meaningful
» Number instruction per cycle may differ

— Instruction per second may not be meaningful
« Complexity of instruction may differ

— Dhrystone benchmark, MIPS, EEMBC

¥
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Dhrystone & MIPS

» Dhrystone benchmark
— Artificial benchmark exercise
* Integer arithmetic
 String manipulation
— MIPS
1757 Dhrystones/Second
* VAX 11/780isal MIPS machine

»  Whetstone benchmark
— Mainly usefor scientific computation
Integer
Boolean
Floating-point
Subroutine call
Transcendental functions

CS122A: Embedded System Design, Fall 02
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EEMBC Benchmark

« EDN Embedded Benchmark Consortium
— Automotive/industrial

* PWM, Matrix arithmetic, FFT, DCT, IIR filter, FIR filter, Floating point,
Consumer electronics

* JPEG Com/decom, filter, RGB conversion
Networking

» Packet flow, Route lookup, Dijkstra
Office automation

» Text processing, image rotation, dithering, Bezier curve
Telecommunications

* GSM decoder, FFT, Bit allocation, Convolutional Encoder, Auto-
Correlation

» All measured for size and speed

45
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Automotiveindustrial Benchmarks

ST Micro ST20C 50 MH:
NEC VRS000 - 250 MFH:
Motorola MPCSSS - 40MH:
Mutsubishi MIGCHEQ - 20 MHz

Infinecn Tricors TCIDGEF - S0MHE

IBM Power FC TIOCY - 500 MHz

AMD J06 JITE+ 5500 ACR

AutoTmark
0 41 1 1M 166 207 M8 200

CS122A: Embedded System Design, Fall 02
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Consumer Benchmarks

TMI200-166 MHz
ST20C2 50 Mhz

NEC VES000- 250 MHz

MNational (eode EXT - 200

AMD A T4 S500MhofACR
B 11 32 3 4 i3 66 T
Consumermark
spTight (o} 1088-3001 Embastdes Momproceasss Benchomark Consdrtaemn (EEMBC), 47
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Networking Benchmarks

Toshiba THPRIGZTF . 133 MH:
NEC VRSO0 - 2350 MFz
JDT79RCHEI73.250MHz

AMD K6.[{[E+ S50Mhe/ACR

Metmark

Copyright fc] 1IERP001 Embaadoed Momprniesssy Senchmans Consorum {EEMBCY, In

48
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General-purpose processor design

e Similar design technique as

]
. Controll Datapath
used for single-purpose Controller | | Datapath E ontrofter i
Control i
procaésor Cont_rol Register E Ic:)r;iré)
+ Key differences: 'gg:jc file || total
— Program stored in external State | T—1 E State
memory, can be changed register Genera ||1 | lregister
]
— Datapath has no knowledge = Eﬂ ALU -
: |
of program when designed !
1 Data
[ , memory
]
Program Data |}
memory memory |}
Assembly :
codefor: H
]
total =0 E
E fori=1to !
General-purpose; Single~purpose49
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A Simple Microprocessor

Declarations:
bit PC[16], IR[16];
MOV Rn, direct bit M[64K][16], RF[16][16];
MOQV direct, Rn
MOV @Rn, Rm _
Aliases:

MOV Rn, #immed. op IR[15..12] dir IR[7.0]

m IR[11.8] imm IR[7..0]
ADD Rn, Rm rm IR[7.4] red  IR[7.0]
SUB Rn, Rm
JZ Rn, relative

50
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A Simple Microprocessor

MOV Rn, direct
MOV direct, Rn
MOV @Rn, Rm
MOV Rn, #immed.
ADD Rn, Rm
SUB Rn, Rm

JZ Rn, relative

Decode

0100

PC=0;

IR=M[PC];
~BC=PC+1

fromstates

Add

CS122A: Embedded System Design, Fall 02

0101 |

Sub

—{ X ]PC=(RF[rn]=0) el :PC
0110 to Fetch

below

s ML NG A

op = 0000 to Fetch
Mov2 M[dir] = RF[rn]

ooor M2 ] g5
Mov3 M[rn] = RF[rm]

oo L Mov3 ] MiIml =R

Mov4 RF[rn]=imm
oo L Movd ) RAm-in

RF[rn] =RF[rn]+RFrm]
to Fetch

RF[rn] = RF[rn]-RFrm]
to Fetch

51

Architecture Of A Simple Microprocessor

input RE 1 L 20}
control S—] 2x1 mux |
signals
Controller  — RF% RFw
RFwe
output RE
control r_».’l_a_, RF (16)
} signals RFrle
16 RFr2a__,
Pald —f pc Rl — RrFr1 RFr2
PCinc —» RFr2e s p
PCclr — AL ALU
2 Ll 0 ALUz I
. v _
Ms — 3x1 mux | | Mre Mwe
| Il |
A Memory D
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Architecture Of A Simple Microprocessor

Control unit input DatF?';:)ath 1 ¥ 0
control S—] 2xl+mux |
signals RE

Controller ',_—' RFWU_'L’ RFw
output €
control RFrla_| RF (16)
} signals RFrle
16 RFr.
PCld_ o R e—Lld 2y o RFr2
PCi nc,| RFr2e 3 3
—]
PCclr ; y AL ALU
ALUz
2| 1 0 |
~ Y v
Ms pf 3x1 mux | | Mre Mwe
A
A Memory D
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(4]

3

Architecture Of A Simple Microprocessor

storage devices for each

declared variable
— register file holds each of the
variables
functional unitsto carry out the
FSMD operations
— anALU isused to carry out
the required operations
connections added among the
components’ ports
corresponding to the operationg
required by the FSM

unique identifiers created for

every control signal

—_—
Control unit Toall Datzpath 1 L ; 0
i e
control
signals RAw
/a
Controller —p :t RFw
(Next-state and ¢ RFwe
control From all RF (16)
logic; state register) | output RFria
control 3
signals RFrle
16 * RFr2a
SN R Ird =B re RF12
PCinc RFr2e
pcd ALUs
h ALU
ALUz
Ms
Mre Mwe
|
¢ |
A Memory D
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Cruer Crusoe overview

#  Our produet =Froceassr sdican + Code Marphing Sefteat [0S
% w8 competibk inchuding DX, SR, cbe,
#  CLIS dynamicelly trarslabes 86 cods to native Veoy Long Instruction Word (VLI nstouctions

Operiting System

sees an x84
!

BIO=
seeE 2n TRE
Applications
TERLE s0¢ 4n xHE
i

i

TRAKSHETA
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Crusoe Code Morphing Software (CMS)

Operating Systemand Application Software

Code Morphing Software

{In separate memey address space)

Low-power VLIW processor ‘

TRANSMETA¥

e

#
56
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Crusoe sCMS

Interpreter
— Interpret one x86 instruction at atime
« Low overhead, but ow running code
Translator
— Translate frequently executed x86 code into native code
— Translate multiple instruction into one VLIW instruction
« High overhead, but fast running code
Trandation cache
— Optimized for common case
Runtime
— Manage translation cache
— Quick lookup
— Chaintrandlationsfor efficiency

57

¥
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The skinny on Crusoe

Allow infrequent-used logic to be in software
— Expensivelogic vs. cheap memory

More flexible
— Easy upgrade and work around silicon bugs

Can improve independently and concurrently
— Process technology
— Circuit
— Architecture
— Software
Bottom line
— Perform 70-110% of comparable chip (pentium 111) at 30% of the power
— Well, 30% of power of the processor
 Screen, hard-drive are actually bigger power hog
— At least the heatsinks are smaller...

58
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Crusoe [R Photographs of CPU

Intel Perttium Il CPU
decoding a DVD

22 degrees

TRANSMETA™

TM 5400 CPU decoding a DVD

118 degreas

TRANSMETA

59
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Administrative Stuff

Homework1 due 80 minutes ago
— No late homework accepted
Homework?2 available on the www
— Due Thursday 10/10

Make sure you
— Sign up for mailing list cs122a@lists.cs.ucr.edu
e Only 19 out of 30 students signed up so far!!!
— Sign up for presentation

-
e Only 27 out of 30 students signed up so far!!! 3

CS193 credits available

— Project on design and compile (gcc) embedded system benchmarks
(EMBCC) to reconfigurable platform (RT-RISC)

60
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