Classification of Microprocessors

General Purpose Proces
(GPP)

GPP proper: general
purpose applications

DSP (Digital Signal Processor):
programmable microprocessor
for extensive numerical
real-time computations

Requirem
e hi
e lo
elo

c

ASIP (Application Specific Instruction
Set Processor): programmable micro-
processor where hardware and
instruction set are designed together
for one special application

Specialization
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DSP vs. GPP: Some Figures

DSP 3,9mm* — 60mm°
GPP ~100mm? — 345mm? (HP PA-RISC 8000)
Fixed-Point DSPs Motorola DSP56812 79
TI TMS320C54x 25% - 40%
Floating-Point DSPs T1 TMSC44 130%
ADSP 2106x SHARC 64% - 358%
General Purpose Processors | Pentium 200 MHz 509%
PowerPC 604e 225 MHz 620%
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Focus: Digital Signal Processors

e Programmable microprocessors specialized for applications of
digital signal processing.
e Characteristics:

Multiply-accumulate units
Multiple access memory architecture

Specialized addressing modes: auto-modify addressing, circular
addressing, bit-reverse addressing

Residual control / predicated execution
Hardware loops / zero-overhead loops

Restricted interconnectivity between registers and functional
units

Encoding restrictions
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Overview

e Next central topic:

. Basics, example
architecture: DLX

— What is / ?
— Code generation: standard algorithms
— Code generation: advanced algorithms

e After that (next year): How to ascertain that the
generated code really does what it should?
— Model checking
— Static program analysis / abstract interpretation
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Types of Microprocessors

large number of complex addressing modes

many versions of instructions for different operands
different execution times for instructions

few processor registers

microprogrammed control logic

one instruction per clock cycle

memory accesses by dedicated load/store instructions
few addressing modes

hard-wired control logic
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Example Instruction (1A-32)

Opcode Instruction Description

04 ib ADD AL imm& Add imm&to AL

05 iw ADD AX.imm16 Add imm 16 to AX

05 id ADD EAX,imm32 Add imm32 to EAX

BO 0 ik ADD rm8 imma Add immEio rm&

B1./0 iw ADD mi&immie Add imm 186 ta FmiE

B1./0id ADD m3z2imma3Z2 Add imm32 o Fm32

B3 0 ib ADD r“m16.imm8 Add sign-extended immé& to ¥mi16

B3 /0ib ADD #m32imma Add sign-extended immé& to #m32

00 fr ADD “m8r8 Add r&8to #’ma

01 fr ADD Fmis.rig Add ri6to ’mT6

01 /fr ADD rm32.r32 Add r32 to rm32

02 fr ADD r8,r/m& Add #m8&to r8

03 /r ADD ri16,r/im16 Add rmi161to ri6

03 /r ADD r32,rm32 Add rm32 to r32
Execution time: Instruction Width:
e 1 cycle: ADD EAX, EBX between 1 byte (NOP)
e 2 cycles: ADD EAX, memvar32 and 16 bytes

e 3 cycles: ADD memvar32, EAX
e 4 cycles: ADD memvarl6, AX
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Types of Microprocessors

statically determined instruction-level parallelism (under
compiler control)

instructions are composed of different machine operations
whose execution is started in parallel

many parallel functional units
large register sets

subclass of RISCs or CISCs

multiple instruction pipelines for overlapping execution of
instructions

parallelism not necessarily exposed to the compiler
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VLIW Architectures

Maim Memory

‘ Control Unit

Z

‘ Imatmuchion Store

()

o4
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VLIW Code Example

(* cycle 0 *)

(* cycle 1 *)
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Types of Microprossesors

e Two classification criteria:

RISC

CISC

VLIW
Superscalar

GPP (General Purpose Processor) / MCU (MicroController Unit)

SPP (Special Purpose Processor)
— ASIC (Application-Specific Integrated Circuit)
— ASIP (Application-Specific Instruction-set Processor)
— DSP (Digital Signal Processor)
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Hardware Design

e |Instruction set architecture: interface of the processor to
the user / compiler writer.

e Design goals:
subject to a given cost limit, or

subject to specified performance requirements
for the application area.

the area; for
evaluating the performance, representative benchmarks for
that application area should be used.

e The achievable of a processor the
guality of the / code generator.
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Classical RISC: DLX

In this lecture: Simplified DLX with instruction set encoding
adapted from the MIPS R2000:

DLX: RISC architecture with :
GPR[31:0]; GPR[O] is always O.
Memory accesses only by that move data
between the general purpose registers and the memory M.

. effective address ea is the sum of a
register and an immediate constant.

Except for shifts, are always sign
extended.
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DLX: Instruction Formats

. Standard layout for instructions with an

Immediate operand
6 5 5 16

opcode | RS1 RD Immediate

- control instructions.

6 26
opcode PC offset
6 5 5 5 5 6

opcode | RS1 | RS2 RD SA [function
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DLX: Instruction
Set Encoding:
I-Type
Instructions

[ IR[31 : 26] || Mnemonic | d | Effect

Data Transfer

hx20 Ib 1 | RD = sxt(m)
hx21 1h 2 | RD = sxt(m)
hx23 Iw 4 | RD=m
hx24 Ibu 1 | RD=0"m
hx25 lhu 2 | RD=0"%m
hx28 sb 1 | m=RDI[7:0]
hx29 sh 2 | m=RD[15:0]
hx2b SW 4 | m=RD
Arithmetic, Logical Operation
hx08 addi RD =RST1 + imm
hx09 addi RD =RS1 + imm
hx0a subi RD =RS1 - imm
hx0b subi RD =RS1 - imm
hx0c andi RD = RS1 A sxt(imm)
hx0d ori RD =RS1 V sxt(imm)
hxOe xori RD = RS1 & sxt(imm)
hxOf lhgi RD = imm 0'°
Test Set Operation
hx18 clri RD = (false ? 1 :0),
hx19 sgri RD =(RS1 >imm ? 1:0),
hxla seqi RD=(RS1 =imm ? 1:0),
hx1lb sgei RD =(RS1 >imm ? 1 :0);
hxlc slsi RD =(RS1 <imm ? 1:0);
hx1d snei RD =(RS1#imm ? 1:0);
hxle slei RD =(RS1 <imm ? 1:0);
hx1f seti RD=(true ? 1:0);
Control Operation
hx04 beqz PC=PC+4+RS1=0 ? imm: 0)
hx05 bnez PC=PC+4+ RS1#0 ? imm: 0)
hx16 jr PC =RSI1
hx17 jalr R31=PC+4; PC=RSI
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DLX:
Instruction
Set
Encoding:
R-Type
Instructions
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| IR[31:26] | IR[5: 0]

Mnemonic

Effect

| Shift Operation

hx (00 hix (0 slh RD =sll{RS1, SA)
hx00 hx02 srli | RD =srl(RS1, SA)
hx 00 hx03 srai RD =sra(RS1, SA)
hx00 hx04 sl RD = sll(RS1, RS2[4: 0])
hx00 hx06 srl RD = srl(RS1, RS2[4: 0])
hx00 hx(7 sra RD = sra(RS1, RS2[4 : 0])
Arithmetic, Logical Operation
hx00 hx20 add R = RS1 + RS2
hx 00 hx21 add RD =RS1 + RS2
hx00 hx22 sub RD = RS1 - RS2
hix 00 hx23 sub RD =RS1 - R52
hx 00 hx24 and RD =R51 A RS2
hx 00 hx25 or RD = RS1 v RS§2
Fux 0 hx26 xor RD = R51 & RS2
hx00 hx27 Ihg RD = RS2[15:0] 0'%
Test E"Et_:}perar_iﬁn
hx00 hx28 clr RD = false 7 1:0);
hx00 hx29 SET RD=(RS]1 =RS82 7 1:0)
hx00 hx2a | RD=(RS1 =RS§2 7 1:0);
hix (0 hx2b sge RD=(RS1 >RS82 7 1:0);
hx 00 hx2c sls RD=(RS] <RS2 7 1: Q)
hx00 hx2d sne RD=(RS1#RS2 7 1:0)
hx 00 hx2e sle RD=(RS1 <RS2 710y
hix 00 hx2f set RD=(true 7 1:0)




DLX: Instruction Set Encoding: J-
Type Instructions

| IR[31:26] || Mnemonic | Effect |

| Control Operation T
| hx02 | i PC = PC + 4 + sxt(imm)
| hx03 J jal R3l=PC+4: PC=PC + 4 + sxt(imm)
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DLX: Memory Organization

Memory is and performs byte, half word, and
word accesses.

h must have (byte) addresses:
h[15:0] = M[e+1:e]
w must have (byte) addresses
w[31:0] = M[e+3:e]

Memory word with address e: Mword[e] = M[e+3:e].

The bytes of words are numbered in order, i.e.
— byte(w) = w[8j+7:8]].
— byte;;(w) = byte(w)...byte;(w)
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FCenv
PC

DLX: Data Paths

Large Units, Environments

fetch {1

W ‘lf MDout
Dc| D MDRr]
i |
SH4Lenv
[
e
GPRenv IRenv
AEQZ A B’ co
T
ZCro
\/ \/ 4 0 _
F ey
’r V Meny
ALUenv SHenv
| | P MDin
P MAR|  DMDRw|
l—I
0 MA
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GPRenv | environment of the general purpose register file GPR
ALUenv | environment of the arithmetic logic unit ALU
SHenv environment of the shifter SH
SH4Lenv | environment of the shifter for loads SH4L
PCenv environment of the program counter PC
IRenv environment of the instruction register IR
Menv environment of the memory M
Registers )
A,B output registers of GPR
MAR memory address register
MDRw memory data register for data to be written to M
MDRr memory data register for data read from M
[ Busses
A, B’ input of register A and register B
a,b left/right source operand of the ALU and the SH
D internal data bus of the CPU
MA memory address
MDin Input data of the memory M
MDout Output data of the memory M
Inputs for the control
AEQZ indicates that the current content of register A equals zero
IR[31:26] | primary opcode
IR[5:0] secondary opcode
18




DLX: FSD and Pipeline

IF fetch = e
________________________ ‘b‘ else
D decode
EX $

D1 D2 D3 |D4 N5 | D6 D7 DR DYvDIO |D11 DI12

/ ¥ /
alu shiftl testl addr I jreg savePC jimm branch

, \ v D13,/ \yDI3 DS 10 {or =
| shift test alul shds jalR jall btaken
M

= whR ') "sh4l wbL
wni

Y Y v \
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DLX: FSD
Paths of
Instructions

DLX instruction type

path through the FSD

arithmetic/logical, I-type:
addi, subi, andi, ori, xori, lhgi

fetch, decode, alul, wbl

“arithmetic/logical, R-type:

add, sub, and, or, xor, lhg

fetch, decode, alu, wbR

test set, I-type:
clri, sgri, seqi, sgei, slsi, snei, slei,
seti

fetch, decode, testl, wbl

test set, R-type:
clr, sgr, seq, sge, sls, sne, sle, set

fetch, decode, test, wbR

shift immediate: slli, srli, srai

fetch, decode, shiftl, wbR

shift register: sll, srl, sra

fetch, decode, shift, wbR

load: Ib, Ih, lw, Ibu, lhu

fetch, decode, addr, load, sh4l

store: sb, sh, sw

fetch, decode, addr, shds, store

jump register: jr

fetch, decode, jreg

jump immediate: |

fetch, decode, jimm

jump & link register: jalr

fetch, decode, savePC, jalR, wbL

jump & link immediate: jal

fetch, decode, savePC, jall, wbLL

taken branch beqz, bnez

fetch, decode, branch, btaken

untaken branch beqz, bnez

fetch, decode, branch

Embedded Systems 2002/2003 (c) Daniel Kastner. 20




DLX: Instruction
Semantics in
Register Transfer
Language (RTL)

[ State | RTL Instruction

fetch IR = M({PC))

decode | A = RS1,
B { RD  if I-type instruction

RS2 if R-type instruction
+27SA if shift immediate slli, srli, srai

“= { sxt(imm) otherwise
PC=PC+4

alu C=AopB

test C=(ArelB?71:0)

shift C = shift(A,B[4 :0])

alul C=Aopco

testl C=(Arelco?1:0)

shiftl C = shift(A,col4 : 0])

wbR RD=C (R-type)

wbl RD=C (I-type)

addr MAR=A+co

load MDRr = Mword[(MAR|[31 : 2]00)]

sh4l RD = sh4l(MDRr,MAR][1 : 0]000)

sh4s MDRw = ¢ls(B,MAR[1 : 0]000)

store m = bytes(MDRw)

branch

btaken | PC = PC+ co

Jimm PC = PC+co

jreg PC=A

savePC | C=PC

jalR PC=A

jall PC=PC+Hco

wbL | GPR[31]=C
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DLX: Pipelining

IF

10

11 12 13 14

14

13 14

12 13 14

11 12 13 14
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cycles
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