CS:APP Chapter4 =i
Computer Architecture
@vz@wﬁ@ww |

{ER2m
AR A S 2HIF i

Carnegie
BEE: Mellon

Randal E. Bryant and David R. O’Hallaron Umvel'ﬂty

CS:APP3e CS:APP3e



RIS Course Outline SZ

B &t Background
m }5S£E Instruction sets
m 1Z1i81T Logic design
IIfERSEIR Sequential Implementation
n —MNMAREEAERERIVDIERSEIZIT A simple, but not very fast
processor design
im2K& Pipelining

n IFEZHHBRENETT Get more things running
simultaneously

iTIKESEI Pipelined Implementation
m 1FEA&E{ER Make it work
BRER Advanced Topics

n [¥8E92th Performance analysis
-2- n e IEERE T High performance processor design CS:APP3e



Z=AIAS Coverage 2%
F1i189753% Our Approach

s SIS ERSEHRHITIRIT Work through designs for particular
INnstruction set

® Y86-648Intel x86-64RUiALERA Y86-64 — a simplified version of the
Intel x86-64

o NNBTHR—/, BV THELER If you know one, you more-or-less
know them all
n TIEE“FRUERZREEFT 2 Work at “microarchitectural” level
o JSEATE(GIRABIEHEEM BRI Assemble basic hardware

blocks into overall processor structure
» NTE. THEEEITEE Memories, functional units, etc.

o Bi=HIZIRIREIVAIRRBFIESIEMIARLN Surround by control logic

to make sure each instruction flows through properly
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==lIAS Coverage S

FAiJa975 % Our Approach
= (EFEPERIELHEIRIES R imiAi=HIZIE Use simple hardware
description language to describe control logic
o TJLAH BF{Ze¥ Can extend and modify
o 1WItEIMAEIHIT M Test via simulation

o HEIEIGIHEA Verilogi@{4imiRiES Route to design using Verilog
Hardware Description Language

» SIMELEEE: See Web aside ARCH:VLOG
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% HE Schedule > 2
Part A —_

n IS EMRFEELEN Instruction set architecture
m 1ZIi81T Logic design
(EVY : BT HICIBFERE Assignment: Write & test
assembly code programs
Part B
m [FESEM Sequential implementation

n TRIKEFNFMEITRIKESE Pipelining and initial pipelined
Implementation

(LY - 1EINEHESEIRRRSEM Assignment: Add new instructions
to sequential implementation

Part C
m 177K T{E Making the pipeline work

s ICALEERS1G1T Modern processor design
s 1Bl (AR LASEIR IEREER KM Assignment: Optimize:,.

program-+pipeline for maximum performance
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NEARHFRCPUERLT =
Why do We Study the CPU Designa"‘

IHFERITEINALRLZES Understand basic computer
organization

n IS EMRFEELE Instruction set architecture

FREIRZCPULIEN#I Deeply explore the CPU working
mechanism

s I5SEUWIHITAY How the instruction is executed

BHEIF4REE Help you programming
n ERERITENNARNIT LSBT REEINREN=ARIK

3 Fully understand how computer is organized and works
will help you write more stable and efficient code
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EORABRE #1 NE
Instruction Set Architecture #1

H4RISA What is ISA ?

n (CHRES IR Assemble Language Abstraction

o AMEEETIFAUICMIES assembly supported by a processor
n HlZ3ES IR Machine Language Abstraction

o FP/FKT Byte-level representation

B+ 4? What does it provide?
s EECITEA— MR, IS0 7 SEITS An abstraction of the

real computer, hide the details of implementation
o 1TEHlFIES1Ei% The syntax of computer instructions
e IESIENX The semantics of instructions
o H1FIET\ The execution model
o EEFRAIWANTENIATS Programmer-visible computer status
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EORBRGEN A
Instruction Set Architecture

LSS MA Assembly Language Application
View Program
gy | MREF |
m QMESRIRZS Processor state - » oS
o FFE. ME. . . Registers, el y
mites (IRMERSA
memory, ...

= $§% Instructions ISA
CPU

® addq, pushq, ret, ... Design
o IESUMTHIAFHES How CPUSH

instructions are encoded as bytes Circuit

Design
ahiEistan
Chip
Layout
kit
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IRORB RGN

Instruction Set Architecture

S|

=1V /=y

—~10 -

=IN

ZE:

Layer of Abstraction

how to program machine

o WMEZE|HFEMITIES Processor

executes instructions in a
sequence

ZF:

needs to be built

o [ERASZHMHIERIZITHEIR Use

variety of tricks to make it run fast

o FIAFEIRIAITZSRIES E.g., execute

multiple instructions
simultaneously

fERFHESU{RI T{E Above:

SR A Below: what

Application
Program

EFHEF'

Compiler

Sﬁh:EE ?A’Egéff

H

ISA

CPU
Design
CPUigit
Circuit
Design
%ﬁﬁﬁ
Chip
Layout

[akits
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Y36- 64QIE===I*IU\ ‘?Jf:’?
Y86-64 Processor State ot

SEEXH: BEFSEE FH8CC: Stat: Program status fZ2FIRS

RF: Program registers Condition
codes
Srax srsp %r8 %rl2
$rex $rbp $r9 $rl3 ZF|SF|OF DMEM: Memory R
Srdx grsi %rl0 %rl4d PC
$rbx Srdi $rll

n FEFE1FEE Program Registers
o 15PF1FEE (Flg%rl1s5) , 8164 15 registers (omit $r15). Each
64 bits
= {4¥F8 Condition Codes
o SAIZIEIETISSIRERMUISHIIRSE Single-bit flags set by

arithmetic or logical instructions
» ZF: Zero& SF:Negativefaz{ OF: Overflow;z
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Y86-640MIRERINTS "
Y86-64 Processor State —

SEEXH: BEFSEE FH8CC: Stat: Program status fZ2FIRS

RF: Program registers Condition
Srax srsp %r8 %rl2 codes
$rex $rbp $r9 $rl3 ZF|SF|OF DMEM: Memory AIfF
Srdx grsi %rl0 %rl4d PC
$rbx Srdi $rll

n FEF1TE4E8 Program Counter
o I5I A T—545S 1tk Indicates address of next instruction

n 2RSS Program Status
o IBRRIEE IR BR—E4EiIRIE N Indicates either normal operation
or some error condition

= AF Memory
o FPIUTFEEIH Byte-addressable storage array

o “F’RHANMNREFDIMFETFAE Words stored in little-endian byte
order
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Y86 64 Instruction Set ?av

™ Byte

halt

nop

cmovXX rA, B
irmovg V, 1B
rmmovqg A, D (rB)
mrmovqg D (rB), rA
Opqgq rA, 1B

3xx Dest

call Dest

ret

pushqg rA

popqg rA

& #

1

0 1 2 3 4 5 7 9
01]0

110

2 | fn|rA|rB

310]F|rB

410 |rA|rB

510]rA|rB

6 |fn|rA|rB

7 | fn Dest
810 Dest
910

AlO|rA|F

B|OJrA| F

CS:APP3e



Y86-64 Instructions I§< S

S0 Format
n 1-10FBIEEMAFEL 1-10 bytes of information read from
memory

o \NE—PMFDHEEBHERSICE Can determine instruction length
from first byte

o 5x86-64tHLL IESHBAERRS, MBARIBERE Not as many

instruction types, and simpler encoding than with x86-64

n FIRIBIAIFEN—EB S TERFINZS Each accesses and modifies
some part(s) of the program state
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Y86-64 Instruction Set I§SE#2 ii’“/

[ rrmovqg |2 |0
=P Byte 0 1 2 3 4 5 6
cmovle 211
halt 010
cmovl 2|2
nop 110
A< cmove 2|3
cmovXX rA, B 2 [ fn|rA|rB
cmovne 2|4
irmovg V, 1B 310]F |rB \%
cmovge 215
rmmovqg A, D (rB) 410 |rA|rB D
k cmovg 216
mrmovg D(rB), rA | 5| 0 |rA|rB D
OPqg rA, 1B 6 | fn]rA|rB
jXX Dest 7| fn Dest
call Dest 810 Dest
ret 910

® halt FELIFILIE LS HIHAT. x86-64 F A — S5 HYMKIES h1t, x86-64 N H
EFARTEHAXEZRES, BAESSBRENRZRGEEEET. T Y86-64 Kif,
PAT halt FELSREBLHEEFIL, HEREBEFEEN HLI(S W 4. 1.4 1),



Y86-64 Instruction Set I§SHT#3 -
F3 Byte 0 1 2 3 4 5 6 7*8 9 ¥

halt 01]0
nop 110
cmovXX rA, B 2 [ fn|rA|rB
irmovg V, 1B 310]F |rB \%
rmmovqg A, D (rB) 410 |rA|rB D s

addg [ 6|0
mrmovg D(rB), rA | 5| 0 |rA|rB D

subg | 6 | 1
OPq rA, 1B 6 |fn|rA|rB — <

andqg 6| 2
jXX Dest 7| fn Dest

X xorqg | 6 | 3

call Dest 810 Dest .
ret 910
pushqg rA A|lO|rA| F
popqg rA B|O|rA| F CS:APP3e




Y86-64 Instruction Set IS EE #4

F Byte

halt

nop

cmovXX rA, B
irmovg V, 1B
rmmovqg A, D (rB)
mrmovqg D (rB), rA
Opqgq rA, 1B

3xx Dest

call Dest

ret

pushqg rA

popg rA

K\
" /

710
711
T2
713
7| 4
715
716

1 5 [ Jmp
0 jle
0 i1
fn|rA|rB < je

/

O1F|rB / Jne
O JrA|rB Jge
O JrA|rB & ig
fn|rA|rB
fn Dest
0 Dest
0
Of|rA| F
Of|rA| F
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#MiJS1Fas Encoding Registers ==

1 F1FEBH 41D Each register has 4-bit ID

%r8
%r9
%$rl0
$rll
$rl2
%rl3
$rl4d
No Register

$rax

$rcx
$rdx
$rbx

srsp
$rbp
srsi
srdi

dlo|o|s|lw|dv|Rr|o
HE[O|Q|lW| ]| O] o

m 5x86-6445#84H[R Same encoding as in x86-64

DiFaslD 15 (0xF) ER“SBAZSFFEE" Register ID 15
(0xF) indicates “no register”

» TEEEEITS 84 EE Will use this in our hardware design
In multiple places
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> &

<0l Instruction Example s

N;EIES Addition Instruction

WA, Generic Form
/ #mi93Fx Encoded Representation

/
addgq rA, rB 6 0|rA(rB

s 1BEESEHRIEIMN L ASESRPAIE Add value in register rA to that
In register rB

o FEEERFIrBETESE Store result in register rB
o ¥ Y86-6 M NIFSEe B HITINZIZEE Note that Y86-64 only allows
addition to be applied to register data

n fRIBEEERIR B SFHRY Set condition codes based on result
m 580 e.g., addg %$rax,%rsi #h8 Encoding: 60 06
» FAFEBEREE Two-byte encoding

o FE—/PFDIgIPIES B! First indicates instruction type

_19- © BTFHR/LIEMBEISTFEE Second gives source and destinaigsse
registers




BEARAMZEIER B~
Arithmetic and Logical Operations=#

I5SHXEE Instruction Code IJBERS Function Code

Add \\ , /

addg rA, rB 6|0|rA|rB - iiiFE?ﬂ“OPq” Refer to
generically as “Opq”
Subtract (rA from rB) n (YN “TNEERS” RESAE)
Encodings differ only by
subqg rA, B 6 1|rA[rB “function code”
o F—MESFTHIEAAL Low-
And order 4 bits in first

instruction word

n IREFHEIENEIER Set
condition codes as side
effect

andg rA, rB 6| 2|rA[rB

Exclusive-Or

xorq rA, rB 6| 3IrArB
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(E1E1R1E Move Operations S

S17e23IE5FEE Register =& Register

rrmovq A, rB 20

AZANEIZEISEEE Immediate = Register

irmovqV, rB 3/0|F|rB V

FHZF252ATF Register & Memory
rmmovqg rA, D(rB)| 4 | O |[rA|rB D

AEZEIFTEEE Memory = Register
mrmovqg D (rB), rA | 5| 0 |[rA|rB D

n X(LUx86-64E1EIES Like the x86-64 movqg instruction
s RESHHEIVERER Simpler format for memory addresses

n EEABRFFRISFX R Give different names to keep them distinct
—21— CS:APP3e




eI -
Move Instruction Examples e o

X86-64 Y86-64
movqg $0xabcd, %$rdx irmovqg $0xabcd, %rdx

ot ) Encoding: 30 F2 cd ab 00 00 00 00 00 00

movq 3rsp, %rbx rrmovq 3%rsp, %rbx

#%%8 Encoding: 20 43

movqg -12 (%rbp) , $rcx mrmovq -12 (%rbp) ,%rcx

4388 Encoding: 50 15 f4 ff £f £f £f £f £f ff
movqg %rsi,0x4lc (%rsp) rmmovqg %rsi,Ox4lc (%rsp)

4388 Encoding: 40 64 1c 04 00 00 00 00 00 00
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SIEXIES Conditional Move -

Instructlons =
Move Unconditionally 75554

rrmovq rA, rB 2|0 |[rA|rB m ;ZIFA“cmovXX” Refer to
Move When Less or Equal IIVFEF generically as “cmovXx”

cmovle rA, rB 2| 1]|rA|rB - ‘i“Ijjﬁgﬁg,,ﬁﬁgxﬁl
Encodings differ only by

“function code”

Move When Less J\F

cmovl rA, rB 2|2 |rArB s RIESEEM8AY(E Based on
Move When Equal &F values of condition codes

cmove rA, B 2| 3|rA|rB n rrmovgiESAITM Variants
Move When Not Equal & of rrmovq instruction

ovne A 1B AT o (BRM) SHEMFRIE

Z1F=3 (Conditionally) copy

Move When Greater or Equal KXFZHFF value from source to

cmovge IA, 1B 2| 5|rA|rB destination register
Move When Greater XF
cmovg A, rB 2| 6|rArB
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BkEEIES Jump Instructions

BkEE (24%) Jump (Conditionally)

— 24 —

jXX Dest |7 |fn Dest

m ;ZIB{E“jXX” Refer to generically as “jxXx”

n {X“LNEERS " fIndmis AR Encodings differ only
by “function code” fn

= RIESRHEERY(E Based on values of condition
codes

m 5x86-644MIE2EtHE] Same as x86-64
counterparts

n fRIESEEBRIHLE Encode full destination
address

o 5x86-64FEIRYPCHHYIFULARRE Unlike PC-
relative addressing seen in x86-64

CS:APP3e




RIS

Jump Unconditionally F5&&4

> Jump Instructions

— 25—

jmp Dest |7 |0 Dest
Jump When Less or Equal IMNFEF

jleDest |71 Dest
Jump When Less IVF

j1 Dest 7|2 Dest
Jump When Equal &F

je Dest 7|3 Dest
Jump When Not Equal 5

jne Dest |7 | 4 Dest
Jump When Greater or Equal XFHEF

jgeDest |7 |5 Dest
Jump When Greater XF

jgDest |7 |6 Dest

CS:APP3e




\_n’i“‘;

Y86-641EFt% Y86-64 Program StaGJg;

t“JE”’ Stack
“Bottom”

ke hn .
Increasing
Addresses

—— 3rsp

t&“TR” Stack
“Top”

— 26—

n FEEFESRERIAEFXIY Region of

memory holding program data

m 7£Y86-64 (F1x86-64) HAFXiIFiZIE
i Used in Y86-64 (and x86-64) for
supporting procedure calls

n tRIRA%rspfgas Stack top indicated
by $rsp

o HIRrTE=RYMt Address of top stack
element

s HEE(EbIE S AR Stack grows

toward lower addresses

o EIRFTRERRIR(EIEIL Top element

IS at lowest address in the stack

o EteBIw B FTiEmtEIgET When
pushing, must first decrement stack
pointer

o S RRISTHEIR After popping,...

increment stack pointer




RIE4E Stack Operations =

pushg rA A|O|rA| F

m %rspifE8 Decrement $rsp by 8

n 1SrARRBYZETFER%rsptgRAIAITFEEETT Store word from
rA to memory at $rsp

m 2Pl x86-64 Like x86-64

popq rA B O|rA| F

n N\ %rspiEMBIRTFEL S Read word from memory at
3rsp

m FEZIrAHR Save in rA

m %rspfll8 Increment $rsp by 8

m 2(EIx86-64 Like x86-64
—_27— CS:APP3e



FEFABNEE ¥
Subroutine Call and Return g

call Dest 8|0 Dest

n S T—RIESHEENE Push address of next
Instruction onto stack

s FiatiTERILIES Start executing instructions at Dest
m 3Ll x86-64 Like x86-64

ret 910

s S8 H{E Pop value from stack

m {EATEIESHUHER Use as address for next
Instruction

m 3(LIx86-64 Like x86-64

— 28 — CS:APP3e



¢
O 0

ZINIES Miscellaneous Instructioagp

nop 10

s Afi{EMEH1E Don’t do anything

halt 0|0

n E1E13HE8S Stop executing instructions

m x86-64AFHB/IES, (BEAERAFIEILERH x86-64 has
comparable instruction, but can’t execute it in user

mode
s FAIBEFRELEIELIZE We will use it to stop the
simulator

s XN RISIBFREREITEIRFAZTHRZE Encoding
ensures that program hitting memory initialized to zero
will halt

- 29 - CS:APP3e



RS Status Conditions S
» IFEIETT Normal operation
AOK 1

m 1BRENIES Halt instruction encountered

HLT 2

1B RlE1R 1IS4SE ]
o BEEIRIBIE (FESEEME) Bad address

(either instruction or data) encountered

ADR 3
» BEIHEEIES Invalid instruction
INS 4 encountered

¥RHARYTT /9 Desired Behavior
s YIBBAOK, MIEEEETT If AOK, keep going

s BN, ELLFEFIIT Otherwise, stop
program execution

—-30 - CS:APP3e



RS Y86-641LE3 Writing Y86-64 Code

Sl RogEEHCIES fmiEsS Try to Use C Compiler as
Much as Possible
s HCIESHR5{XE Write code in C
n JRiFERkx86-64iC%m Compile for x86-64 with gcc -0g -S
m B48PpLY86-64iC4s Transliterate into Y86-64

s A FEESI LR PN TEZFZEAFME Modern compilers make this
more difficult

£33l Coding Example

s IELISIEESRESIFRAPTTEEIE Find number of elements in
null-terminated list

int lenl (int al]);

a —| 5043

6125

7395
0

-31- CS:APP3e
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Y86-641CH3 R Bl o
Y86-64 Code Generation Example ==

BEEiR First Try |[a)R% Problem
s HEHBIFYEIHENES Write n {£Y86-64FRTRMEEIHZS]
typical array code Hard to do array indexing on
Y86-64
/* Find number of elements in o FHAEBI EMIILFIV Since
null-terminated list */ don’t have scaled
long len(long al]) addressing modes
{ L3:
long len; addq $1,%rax
for (len = 0; a[len]; len++) cmpg $0, (%rdi,%rax,8)
; jne L3
return len;
}

m ¥#miE Compile with gcc -0g -S

- 32 - CS:APP3e



Y86-64{ i3 E R BI#2

Y86-64 Code Generation Exampleﬁ’z‘

#E8 Result

FRE Second Try

n RECIESUISR(HHIER)
Y86-644XHEY Write C code that

mimics expected Y86-64
code

long len2 (long *a)
{
long ip = (long) a;
long val = *(long *) ip;
long len = 0;
while (wval) {
ip += sizeof (long) ;
len++;
val = *(long *) ip;
}

return len;

—- 33—

s EiFEERIARIRTE—HER
{$#8 Compiler generates
exact same code as before!

n FFEIESEN R EREEIR AL
HFRYAEIREEC Compiler

converts both versions into
same intermediate form
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Y86-641CEERL R HIH3
Y86-64 Code Generation Example #8=

len:

irmovqg $1, %r8

irmovg $8, %r9
irmovqg $0, %rax

mrmovqg (%rdi), %rdx
andq %rdx, 3%rdx
je Done

Loop:

addg %r8, %rax
addg %r9, %rdi
mrmovqg (%rdi), Srdx

Done:

andg %rdx, S%rdx
jne Loop
ret

3H H H H HH

H H H H

Constant 1
Constant 8
len = 0
val = *a
Test val
If zero, goto Done
len++

a++

val = *a

Test val

If '0, goto Loop

— 34—

bﬁé

Si7as | HiE
Register | Use

srdi a
srax len
Srdx val
%r8 1
%r9 8
CS:APP3e



Y861Z% Y86 Programs e

iInt Sum(int *Start, int Count)

{
iInt sum = 0;
while (Count) {
sum += *Start;

Start++;
Count--;
}
return sum:

}

_35_ CS:APP3e



Y86 Assembly

|A64 code

1 sum:

2 movl $0, Y%eax
3 Jmp.L2

4 L3:

5 addq (%rdi), %rax
6 addq $8, %ordi
7 subq %1, %rsi

8 .L2:

9 testq %orsi, %orsi
10 jne .L3

11 rep; ret

— 36 —

Y86 code

Int Sum(int *Start, int Count)
1 sum:

2 irmovq $8,%r8

3 irmovq $1,%r9

4 xorq %rax,%rax

5 andq %rsi,%rsi

6 jmp test

7 loop:

8 mrmovq (%rdi),%r10
9 addqg %r10,%rax

10 addq %r8,%rdi

11 subqg %r9,%rsi

12 test:

13 jne loop

14 ret

CS:APP3e



Y86EI1FiER% Y86 Object Program ;f;

# Execution begins ataddress 0 {5245 Symbolic Name
Jpos 0

1
2
3
4
5
6

iIrmovq stack, %orsp # Set up stack pointer
call main # Execute main program
halt # Terminate program

= R P B FTEE 84 Init part of program generated

Skile

automatically

ICéRSe(hiE S Assembler directives

m .pos0, .pos0x200
m .align

_ 37—
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&

Y86EI1FiER% Y86 Object Program ;‘i

7 # Array of 4 elements

8 .align 8

9 array:

10 .quad 0x000d000d000d
11 .quad 0x00c000c000c0
12 .quad 0x0b000b000b00
13 .quad 0xa000a000a000
14

#IEX Data area

n ArrayfaEZBRY%els array denotes the start of an array
n YFFRISFTHINR Aligned on 8-byte boundary

- 38— CS:APP3e



Y86EI1FiER% Y86 Object Program i

15 main:
16 irmovgq array,%rdi

17 irmovqg  $4,%rsi

18 call sum # sum(array, 4)
19 ret
20

-39 — CS:APP3e



Y86EI1FiER% Y86 Object Program ;f;

21 # long sum(long *start, long count)

22 # start in 2ordi, count in %orsi

23 sum:

24 irmovq $8,%r8 # Constant 8
25 irmovq $1,%r9 # Constant 1
26 Xorq %rax,%rax #sum =20

27 andqg %rsi,%rsi # Set CC

28 jmp test # Goto test

— 40— CS:APP3e



Y86 EIFIEER Y86 Object Program = -

29
30
31
32
33
34
35
36
37

loop:
mrmov(q (%rdi),%r10
addq %r10,%rax
addq %r8,%rdi
subqg %r9,%rsi

test:
jne loop

ret

g

# Get *start

# Add to sum

# start++

# count--. Set CC

# Stop when 0
# Return

38 # Stack starts here and grows to lower addresses
-39-.pos 0x200
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&

Y86 BEtFIER Y86 Object Program ;i

38 # Stack starts here and grows to lower addresses
39 Jpos 0x200

40 stack:

952 Symbolic Name

EFERUIECSCHI Programmers must write

assembly codes themselves
s EEEIEAITE including manage the memory

o fSlaN BN P ELATE such as allocate

memory for array and stack

o LAkt NTEE = as well as avoid the memory

overwritting
—42 — CS:APP3e




Y86-641E IR FREEIDH#1 S
Y86-64 Sample Program Structureﬁ{r

init: # Initialization s IEERIgIEHEAS
o Program starts at
call Main address 0
halt ) ra=s
m IEERE Must set
.align 8 # Program data up stack
array: o AY(IE Where
... located
e t&IBEHE Pointer
Main: # Main function values
o ¢ IRFASERNI
call len
Make sure don’t
len: # Length function overwrite code!
n WAL ENE
Must initialize data
.pos 0x100 # Placement of stack
Stack:

— 45— CS:APP3e



Y86-64FE R et a2
Y86-64 Program Structure #2 -

init:

# Set up stack pointer
irmovqg Stack, S3rsp

# Execute main program
call Main

# Terminate

halt

# Array of 4 elements + terminating O

Array:

.align 8

.quad 0x000d40004000d000d
.quad 0x00c000c000c000cO
.quad 0x0b000b000b000bOO
.quad 0xa000a000a000a000
.quad O

— 44 —

s _f\‘q“c_ =
K.\.
-

» IEFRIGHEIEAE

Program starts at
address O

m YN B Must set

up stack

n IR ER

Must initialize data

= BJLAERAFfFS®E Can
use symbolic
names
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Y86-6412FREEIGH3 S
Y86-64 Program Structure #3  ~ *

Main:
irmovq array, srdi
# call len(array)
call len
ret

1EXenfUiEH Set up call to len

n 1E1Ex86-641 M Follow x86-64 procedure conventions
n FAWIHEHZSE(E®E Push array address as argument
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SR Y 86-6412 R

Assembling Y86-64 Program

unix> yas len.ys

len.yo

n 2Rk “BInfAi8 X len.yo Generates “object code” file

o SCfREEREEGRICHIEE Actually looks like disassembler output

0x054:
0x054:
0x05e:
0x068:
0x072:
0x07c:
0x07e:
0x087:
0x087:
0x089:
0x08b:
0x095:
0x097:
0x0a0:
0x0a0:

30£80100000000000000
30£90800000000000000
30£00000000000000000
50270000000000000000
6222
73a000000000000000

6080

6097
50270000000000000000
6222
748700000000000000

90

| len:

| irmovg $1, %r8
| irmovg $8, %r9
| irmovg $0, %rax
| mrmovq (%rdi), %$rdx
| andg %rdx, %rdx

| je Done

| Loop:

| addg %r8, %rax

| addg %r9, %$rdi

| mrmovqg (%rdi), %$rdx
| andg %rdx, %rdx

| jne Loop

| Done:

| ret

H HHHH

H H HH K

Constant 1
Constant 8

len = 0

val = *a

Test val

If zero, goto Done

len++

a++

val = *a

Test val

If '0, goto Loop

— 46 —
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RILETT

unix>

yis len.yo

Y86-64FEFR
Simulating Y86-64 Program

n IS EIEIES Instruction set simulator

o 11REHFIESYUIEEIRSAISZ N Computes effect of each

o FTENMFFIRZIIMTEANAEST(L Prints changes in state from

instruction on processor state

original

Changes
rax:
srsp:
grdi:
%r8:
%r9:

Changes
0x00£0:
0x00£8:

Stopped in 33 steps at PC = 0x13.

to registers:

0x0000000000000000
0x0000000000000000
0x0000000000000000
0x0000000000000000
0x0000000000000000

to memory:
0x0000000000000000
0x0000000000000000

0x0000000000000004
0x0000000000000100
0x0000000000000038
0x0000000000000001
0x0000000000000008

0x0000000000000053
0x0000000000000013

—47 —

Status 'HLT', CC Z=1 S=0 0O=0
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IESERRSG #3 2%
Instruction Set Architecture #3 —o

ISAREN T EEE92E ISA define the processor family

n FPEEHE: Two main kind: RISC and CISC
® RISC: SPARC, MIPS, PowerPC, ARM
® CISC: X86 (or called IA32)

KXARERNISA, BRSARRILIERS Under same ISA,

there are many different processors

s RBAREBENER From different manufacturers
® X86 from Intel, AMD and VIA

s ARERBLS Different models
® 8086, 80386, Pentium, atom, core i7
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RISC vs. CISC e

ISA
m IBSEMFERLZR Instruction set architecture

o IESHISELIEEESZIF Instructions supported by
a particular processor
o HEHHmAY Their byte-level encodings
CISC
s EESEITE Complex instruction set
computer

RISC
n FSEHBESEITE Reduced instruction set
computer

— 49— CS:APP3e



CISC e
MEREANTEIFE Involved from the earliest computers
KB FEHNFIER BN Mainframe and Minicomputers
s BE_FH22808K By the early 1980s
n HIFSEHEIBKEBAEE MK their instruction sets had grown quite
large
o I{EMZEEMIX Manipulating circular buffers
o T HHENEE performing decimal arithmetic
o 1IF{KhZInz evaluating polynomials

B EH Microcomputer
n BINE L7054, BBRAIFESE Appeared in 1970s, had

limited instruction sets

o THTH RIS HERIPRE constrained by number of transistors
on a single chip

s Bl FiH4S80FRH, IERXPMIRLIEINEIESER By the early
1980s, followed the path to increase their instruction sets

- 50— CS:APP3e



RISC

FA&TF Liti2 80 RHA Developed in the early 1980s
n 55 philosophy
o MWFHRELRHESERILGEISERMZAFLET One are able to

generate efficient code for a simpler form of instruction set

o SHESRHERARmIFREAMBRIER Complex instructions are

hard to generated with a compiler and seldom used

John Cocke (1925-2002)
m 1987 ACM Turing Award E|R3Z

David Patterson(UC Berkeley), John Hennessy
(Stanford U)

m 2017 ACM Turing Award ER3E
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RISC o
IBM Power
IBM and Motorola PowerPC
Sun Microsystems SPARC
Digital Equipment Corporation | Alpha
Hewlett Pack Pa-risc
MIPS Technologies MIPS
Acorn Computers Ltd ARM(Acorn RISC Machine)

—52 —
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RISC vs. CISC

CICS

=)

RISC Early RISC

15SEIRZ A large number of
Instructions

=g

33/ Many fewer

Instructions (<100)

5L ESHITRTIENERIS Some
Instructions with long execution
times

=]

LBEPITRIEMRIKAYES No

21

Instruction with a long execution
time

A< mAY Variable-length
encodings. (x86-64 1~15 bytes)

| EI<EJRLY Fixed-length

encodings, (4 bytes in usual)

ZHMETVS U/ FEL Multiple

formats for specifying operands

4?\
I=1

I ERAYSFHMETC Simple

addressing formats

BAMNZEzEA LN EEIN
FANE e FEL Arithmetic

and logical operations can be
applied to both memory and
register operands

%K*DEEE\_ /\ﬁb _%"f¥
SEIRIERY SEER/1hE (RREH

Arithmetic and logical operations
only use register operands.
load/store Architecture




RISC vs. CISC

CICS

FHHRISC Early RISC

I ee Rtz LIAT 2
A<8] DAAY Implementation
artifacts hidden from machine

level programs

s RIEF IR SCINA T
DAAY Implementation artifa
exposed to machine level
programs

Cts

ZX{4H5 Condition codes

EIVDIESENHER
TEESFeEPRLIRT

{&5 explicit test mstructlons

store the test results in normal

registers for use in conditio
evaluation

EZi
KT

nal

WiEnHRIEIT X

SCI) Stack-

Intensive procedure linkage

HESEEBEFMIREESR

{7253 Registers are used for
procedure arguments and return

addresses

==

si=¥)
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Y86-64 o

Y86-64I5SEE The Y86-64 instruction set .
s €457 CISCFHIRISCCERIBTE Includes attributes of both
CISC and RISC
n AJLABRRACISCGESE (x86-64) RAIRMAIRISC—EL[RN#H
{3 7@t Can be viewed as taking a CISC instruction set
(x86-64) and simplifying it by applying some of the
principles of RISC

/

{ECISCIXZ M On the CISC side
n FHRE. vJTIKIES condition codes, variable-length
Instructions

» (EAEEFEERIRLL uses the stack to store return

addresses.

{fERISCHHE On the RISC side,

m L /TF0E IFEEE a load/store architecture

s NEAGIESHRES a reqgular instruction encoding

n BT SESEEIIESEL passes procedure arguments
through reqisters

CS:APP3e



SIS EE CISC Instruction Sets ;.;

n SRIESEITE Complex Instruction Set Computer
m IA32FR 2T 1A32 is example

EEERIIESEE Stack-oriented instruction set
s ERIREESH, (RFEFITEES Use stack to pass

arguments, save program counter
n EXAIANEFILIEIES Explicit push and pop instructions

1IE8 I8 S EEIZIAIBIATE Arithmetic instructions can
access memory
m addg %rax, 12 (%rbx, %rcx,8)

o EENTFHEMS requires memory read and write
o SZupIitblitiE AT\ Complex address calculation
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K\_n’ié'

SRI8S5R CISC Instruction Sets ==

(489 Condition codes
n (EARATIZIEIERIESHIRERIS B SRS Set as side effect

of arithmetic and logical instructions

IHZ Philosophy

n IS ST BIBIRY  SRER(ESS Add instructions to perform
“typical” programming tasks

- 57— CS:APP3e



ISaie S RISC Instruction Sets ;.‘

n FERIIESEITEN Reduced Instruction Set Computer

= IBMBIRIERIRE, EEMHennessy(HiB{E)FPatterson ({H7EFY)
AHUSIHEN Internal project at IBM, later popularized by

Hennessy (Stanford) and Patterson (Berkeley)

{5SwE/L, BEE Fewer, simpler instructions

s 7 IS RIgEEEEERZIES Might take more to get given
task done

s A ITIESHANNBRBPUERE{Y Can execute them with small
and fast hardware

HRSFTERAIIESEE Register-oriented instruction set

s BEZNSFEE (HE324) Many more (typically 32)
registers

s AFSEERE. REFEHIRRIZESETFE Use for arguments,

return pointer, temporaries
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&

faaiga St RISC Instruction Sets ;;Z

RBloadflistoreig SEEIZIBIAIATE Only load and store
Instructions can access memaory

n R{UFY86-64mrmovgfllrmmovgig$ Similar to Y86-64
mrmovq and rmmovq
2B 543 No Condition codes

m R $§ SR MDI0/1TES{FEEH Test instructions return 0/1 in
register
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MIPSE{Fes MIPS Registers ==

— 60—

$0
S1
$2
$3
S4
$5
$6
$7
$8
$9
$10
$11
$12
$13
$14
$15

$0

Sat

Svo0

Svl

$a0

Sal

Sa2

Sa3

S$to

Stl

St2

$t3

$t4

$t5

$t6

St7

Constant O
Reserved Temp.

Return Values

Procedure arguments

Caller Save
Temporaries:

May be overwritten by
called procedures

$16
$17
$18
$19
$20
$21
$22
$23
$24
$25
$26
$27
$28
$29
$30
$31

$s0

$sl

$s2

$s3

$Ss4

$s5

S$s6

$s7

St8

S$t9

SkO

Skl

$gp

Ssp

$s8

$ra

[
—

&

Callee Save
Temporaries:
May not be
overwritten by
called procedures

Caller Save Temp
Reserved for
Operating Sys

Global Pointer
Stack Pointer
Callee Save Temp
Return Address
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MIPSIE SR o
MIPS Instruction Examples =

R-R
Op Ra Rb Rd 00000 Fn
addu $3,$2,61 # Register add: $3 = $2+$1
R-I
Op Ra Rb Immediate

addu $3,$2, 3145 # Immediate add: $3 = $2+3145

sll $3,%2,2 # Shift left: $3 = $2 << 2
Branch
Op Ra Rb Offset
beq $3,$2,dest # Branch when $3 = $2
Load/Store
Op Ra Rb Offset
lw $3,16($2) # Load Word: $3 = M[$2+16]
sw $3,16($2) # Store Word: M[$2+16] = $3
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CISC vs. RISC e

[RIeSFHE Original Debate
s Fie+2i%Y Strong opinions!
» CISC3ZIFE-miF=aLbRAE, RIVKIEFT CISC
proponents---easy for compiler, fewer code bytes
» RISCZIFE-iitmiFEREE, ARBESCHZTRAILIEESETEIR
RISC proponents---better for optimizing compilers, can make
run fast with simple chip design
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CISC vs. RISC e

Beidk7s Current Status
s WFEXLIESR, ISAEEFHIER AR For desktop

processors, choice of ISA not a technical issue
o HEBZAEHAILAEEMIFEZDSEITAVEIR With enough hardware,

can make anything run fast
o (KIEFEREEE Code compatibility more important

m X86-64KM T RSB RISCIIEE x86-64 adopted many RISC
features

o HEMNFEEE,; FHEESEEE More registers; use them for
argument passing

s YWFERAIVALIERE, RISCEE(E# For embedded processors,
RISC makes sense

e BH/\, EH(EH. INIEE(EK Smaller, cheaper, less power
o KERFHERARMELIESE Most cell phones use ARM processor
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& Summary S

Y86-64IESEMRFELEIT Y86-64 Instruction Set
Architecture

n 5x86-64Z{BPIRESFIIES Similar state and instructions as
X86-64

s BHiEBENmES Simpler encodings

s HLEFmENTFCISCFIRISCZIA Somewhere between CISC and
RISC

ISAIITBZEE? How Important is ISA Design?

s MELLLABIZE{E—LE Less now than before
o BEZRIEMH, JNUFILUEEMFEIFEESER With enough

hardware, can make almost anything go fast
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CS:APP Chapter 4
Compuiter Architecture
Logic Desigin

2t

(EiFREm:
BaE SR B Eta]

_ Carnegie
RAFE: Mellon

Randal E. Bryant and David R. O’Hallaron UI]iVGI’%ity
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BERHIA ¥
Overview of Logic Design =

EfbiEEER Fundamental Hardware Requirements

= (S Communication
o U{ANFEM— MG (EESIS—/ M7 How to get values from one
place to another

= 115 Computation
m =i Storage

EbiS 1234898/ Bits are Our Friends
s —{1EBEILABEOFILHITERIX Everything expressed in

terms of values 0 and 1
= JHB{E Communication
o TERRSS H{ER{KEXSHIE Low or high voltage on wire

» 1TH Computation
o 1TEfHREEL Compute Boolean functions

m =i Storage
66— o TFHE(=ELLIF(I Store bits of information CS:APP3e




$1F(FS Digital Signals S
—0—f  b—1— F—o0—

HJE Voltage

i@l Time

= (EFHAREE(EH

ELELEESHISEE Use voltage thresholds to

extract discrete values from continuous signal

n SR BAIRRES :

1fi{S= Simplest version: 1-bit signal

o EAESHYCHE (1) EAEWHEFEEE (0) Either high range

(1) or low range (0)
o Z AR FE{EENZERBEl With guard range between them

» AEFIRFNRRERBIETTERIESZ Not strongly affected by
noise or low quality circuit elements

67— o HJLAEEBIEREE. IEFNIRIE Can make circuits simple, small,zppae

and fast




A28 HEmTE =
Computing with Logic Gates o

And Or Not
a — a
h_ — out bD out a_[><>.out
out=a &s& b out=a || b out='a

s fHH R /REE] Outputs are Boolean functions of inputs

n YA RNTGESHTITIIM Respond continuously to changes in inputs
o B—sURIRIZE With some, small delay

EFHAIFE Rising Delay TRERIZE Falling Delay
as&&hb

HJE Voltage

_ 68— BdlE Time CS:APP3e



HE), 21588 Combinational Clrcuﬁ;ﬁ;

FToIAMIZE Acyclic Network

1 F T
Bxgn | 1> L AT
rimar rimar
Inputs.y D ) Output)s/
R 1
>

1ZEE JRFTIARILE Acyclic Network of Logic Gates
n EEMNEREAIITE Continously responds to changes
on primary inputs

» BEFRMLIER (—EER) BFMARNHRER Primary

outputs become (after some delay) Boolean functions of
_e9_ Primary inputs CS:APP3e



{185 Bit Equality s

{\#8%F Bit equal
a .__\
- HCLEIAT HCL Expression
) T eq
Xé—\ bool eq = (a&&b) || ('a&&!b)
b — |

n YR aFIbiHEF~4E1 Generate 1 if a and b are equal

f@f=EHhES (HCL) Hardware Control Language
(HCL)
n JEEERAIEMERGARIES Very simple hardware description
language
o HRIMESCIEEZIBIRIEERMIARYSIE Boolean operations have
syntax similar to C logical operations

= BfiSReRE R ERRRIERHIZIE We'll use it to describe

. CS:APP3e
control logic for processors




FHEEFE Word Equality S

—71 -

FRF T Word-Level Representation

B —

A—

HCLZR7x HCL Representation

}— Eq bool Eq = (A == B)

g | %
Bit equal
vZ;== I
Bit equal
(] (]
(] (]
(] (]
frEg | %
Bit equal
frigs | °%
Bit equal

m 644\ I=FE< 64-bit word size
m HCLZ7: HCL representation
o HHSFE{E Equality operation
o MM I/RIE Generates Boolean
value

CS:APP3e



W g g e g

S L 2

Bit MUX

Kzﬁzﬂﬂéiﬁ%

— out

n EH{ESs Control signal s

 HRES

J’A’

= Bit-Level Multlplexég;

HCLZFIZT, HCL Expression

bool out = (s&&a) || (!'s&&b)

afllb Data signals a and b

s HsH1mEa, s/A0REEH /b Output a when s=1, b when s=0

72—

CS:APP3e



BT IRIFITES Word Multiplexor =

&

PR/ Word-Level Representa¥

MUX Out

OUtgs A —

HCLZR7x HCL Representation
int Out = |
s : A;
1 : B;
17
s RIBIEHIE S SEERAFALEEDB
Select input word A or B depending
on control signal s

s HCLERIEZ{ HCL representation
® CasefRiXz{ Case expression

out, ® —ZRFUiMlzL: {EXJ Series of test :
value pairs

o SE—REIATRIEEE Qutput

value for first successful test




HCLFRZHI "~
HCL Word-Level Examples =

3NEFRRIJME Minimum of 3 Words

s RM=NMEANFRERDE

int M _ _ T
in in3 [ Find minimum of three

C— A<B&&A<C : A; :

B — MIN3 Min3 B<A & B<C : B; Input words

A — 1 . ¢, ® HCL casefRi&z{ HCL case
1; expression

» m=xgfcaseffifRILtEL Final

AB5HFEE 4-Way Multiplexor case guarantees match

S e
5] O J—
P NSRRI AN

JEE & Iy int outd = [ = IRIEFNMEHIRLERAMEA

DO — 2Z— Select one of 4 inputs
L 1s1&&'!'s0: DO; :

g%_ MUX4 — Out4 Is1 . D1: based on two control bits
03—, 1s0 . D2 m HCL case®iX3{ HCL case

N 1 . D3: expression

1; » {Ril LR iz

Simplify tests by assuming
— 74— sequential matchitgAPP3e



n HE124H Combinational logic
o ELZEIMMASE N Continuously responding to inputs

n IEFISSE®EEFETERILIEE Control signal selects function
computed

o Y FY86-64FRRY4TEARNEEIEZEE Corresponding to 4

arithmetic/logical operations in Y86-64

s BIEREIBENE Also computes values for condition codes
— 75— CS:APP3e
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{Fii# 141 Storing 1 Bit

WiaA7oiE Bistable Element

CS:APP3e




fFili1f2 (&) Storing 1 Bit (cont.);i

WiaA7oiE Bistable Element

q o
] q Q_
g =0o0rl
&7 Stable 1
’)/
A

/

—Vin

/—vz

7 N
Vin DG /' |Metastable | |
Vl 0.2
0.1 //
f&75 Stable 0 — e

_ 77 _ 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 CSAPPSe

Vin
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275 Stable 0 \.O

fazs /- Stable left

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

LA
/
—Vin
/—v2
N
/ Wes
/| Metastable
Vv
4
R
TIfazsMetastable

f97& 7 Stable right

&

. 5
HIEREL Physical ANAIOQY s s 1 g



Fiaflin1z o
Storing and Accessing 1 Bit e o

WIS Toi Bistable Element R-S$ilifFe R-S Latch
R
q Q+
Q+
g =0o0rl
B0 Resetting B1 Setting {Ffi& Storing

1 1 0 0 0 '
0 1 -q
1 0 m 'q
0 1 0
s &= s Q= s ) > Q-

- 79— CS:APP3e



1{u§ifFER 1-Bit Latch e

D§ifFEes D Latch
D

%—[>o— R
iz

Data — Q+

) . S
Clock

HTE Latching f=fi# Storing

d {>c!d 'd 'd d d
— Q+

—-80 - CS:APP3e



ZIRRY I UTFRS o
Transparent 1-Bit Latch =

§l%E Latching p2FED Changing D
d Do 10 1d !'d d .
— Q+ w
D \ )
1 - ]
d d 'd Q+ \ v
AJ1E) Time

» STEERIURT, HASZIEEEMDEIQ+FIQ- When in latching

mode, combinational propogation from D to Q+ and Q-

» SiIFRYEEARFLHCTIERDAYE Value latched depends on

value of D as C falls

- 81— CS:APP3e



LANEY LY R e
Edge-Triggered Latch

D
iz I: R
Data i Q+
Do >
B¢ sz
Clock Trigger
n (VRFEAIELFHITFHRETU Only in
C— latching mode for brief period
T 5 o FHARIB Rising clock edge
D » ffFAYERNR T2 BTt EHEIAVEN
— < & Value latched depends on
Q+ data as clock rises
AdiE) Time s B RISRSERBHTERE
_g2_ Output remains stable atall gther

times



S1Fes Registers

—- 83—

£X4J Structure

D
c Q 07
|6 | CDJ Q+ 06
i D
5 L le Q+ 05
'4 [ e O 0y || =P O
|3 | (D: Q+ 03
1 | e Q+ 0, A ¢
i 5 Clock
0 . c Q+ 00

B%% Clock

s FEEUES Stores word of data
o ARIFCHmAIBAPERIRIFZRZ1FEE Different from program

registers seen in assembly code
n BBt &ZAYS{FEEEES Collection of edge-triggered latches

n 7EHY

h_EFHBZEH I Loads input on rising edge of cleskese



SR {E Register Operation

IRZESx State = x

BINAY kg /9x

| — =
nput . y DX %Jtput X
n FHgEN

s EFr
Rising
clock

{3 Stores data bits

=

K&y State =y
Ay

OQutput =y
>

&
K 7

y
o

o

n XZSHAIEFTIH A 6L ZBRYFEES For most of time acts as

barrier between input and output

= SR

— 84—

m_EFRY, I As clock rises, loads input
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J

KSINTHI State Machine Examplg;’;

{5248 Comb. Logic
0

s RN

A Accumulator
T . i
L 0 B O Circuit
Y MUX l N E e S A A
B I . il Load or
— accumulate on
Load Ad$h Clock each cycle
Bd%h Clock | | : : : I_
B2 | oad | : : ' = =
%t Out Xo XotXy [XotXatXp| X Gty ARG

—% CS:APP3e



HFEXH S
Register File =

valA
—

SrcA A

— RNt R
15Eim[] Read ports Register W |lisw  Big[] Write port

valB f||e r

srcB

T

Clock
m FEERA=F Stores single word

o ittt NIEEIEELBMIMN=F Address input specifies which word to read or write

n FEENHF Reqgister file
o FiEIEFS1=850Y(8 Holds values of program registers
® 3rax, Srsp, elc.
o SFEIRNTIRSZS(EMLE Register identifier serves as address
» ID 15 (OxF) BEEAHITIEES ID 15 (0xF) implies no read or write performed
s Z/MNiwO Multiple Ports
o TJLA—/AEHRE/EEZ/NF Can read and/or write multiple words in one cycle

» BB ERMAVHEIEFNZEES N/ Each has separate address and data
_ge— Input/output CS:APP3e



&

SiFes {4 Register File Tlmlnép

" % Reading
T n FELESIBEE Like combinational logic
Register s RIES L= AR R Output data
X Szl file generated based on input address
srcB o —ILFJFEfE After some delay
2 — 5 Writing
n XR{UF{FES Like register
s (R{ERSHR EHIGEFR Update only as
clock rises
L i 2
s |y didinsdl S |..
Register W Josw Rising S Ea-3va L N
file 2 I:> clock I:> Regllster w s
e
| |
g Clock Ad$h Clock

- 87 — CS:APP3e



fEtiGIEEF GRS
g

Random-Access Memory

gy
error<-----' T
# o
5 ll ife SE
11
Mk HIEHA

m FES1=F Stores multiple words
o ittt NIEEIEELBMIMN=F Address input specifies which word to read or write

n ESIRE
o Lithhitim A\ TN iEL S Read word when address input changes
» LaFEME, FHEEEEIRENL, BESREN0, S —EERE, WEEUETER

e k.
o LAY EHAIB A Write word as clock rises
REEES N1, EHES,

» IREHE, SARIEURRIE SRR E5%L,
55 EFIHRSNEIE

iNEE

CS:APP3e
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EHSRES S
Hardware Control Language =

s IEERENEEEIERIES Very simple hardware description language
n (NAJLARIEBIRAIE(SIE(E Can only express limited aspects of

hardware operation
o FAIVEERZFSIZAIES Parts we want to explore and modify

RSB Data Types

m bool: Boolean
® ab,c,...

m int:words
® A BC,...
o RMEEFIK-FPIERO6MUZF Does not specify word size---bytes, 64-bit
words, ...

124) Statements

B bool a = bool-expr ;
B int A = int-expr ;

n JZERIRO{EZBIR S Classify by type of value returned

-89 — CS:APP3e



HCLER{E HCL Operations ;;’;

fh/RFET Boolean Expressions

m 1ZIHIR{E Logic Operations
® a && b,a || b, 'a
s FELE Word Comparisons
@A == B,A !=B A< BA<=BA > BA>B

s EESHRXZR Set Membership
® Ain { B, C, D }
» Z&ETF SameasAr == B || A == C || A == D

FaIAT, Word Expressions

m Casef®iZT| Case expressions
® [ a : A; b: B; c¢c: C]
o ZlMF TN FRIZT( Evaluate test expressions a, b, ¢, ... in
sequence
o IREISE—/1 kIl aYFFIXT, Return word expression A, B, C, ...

for first successful test
—-90 - CS:APP3e



NG Summary =

iT+8& Computation
s HAESIZiFHN1T Performed by combinational logic
n TR /REKE Computes Boolean functions

n IEEN AT /R Continuously reacts to input
changes

{Ffi#§ Storage
m F{FEE Registers
o FfiEEE/=F Hold single words
o £ EHBIEER Loaded as clock rises

= fEHiGIaE6EES Random-access memories
o FiEZ 1 =F Hold multiple words
o TJEEEZMEL BRI Possible multiple read or write ports
o ittt A T(EEEH S Read word when address input changes
o N3¢ EHBIE AN Write word as clock rises

-91 - CS:APP3e
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CS:APP Chapter 4
Compuiter Architecture
Sequential lmplementation

Il 2

(EiFREm:
BaE SR B Eta]

_ Carnegie
RAFE: Mellon

Randal E. Bryant and David R. O’Hallaron UIIiVBI'Gity
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Y86-64 Instruction Set IS E#1

F71 Byte
halt

nop

cmovXX rA, B
irmovg V, 1B
rmmovqg A, D (rB)
mrmovg D (rB), rA
Opqgq rA, 1B

3xxX Dest

call Dest

ret

pushg rA

popg rA

1

rA

rB

2

3

4

5

6

7

8

rB

rA

rB

rA

rB

fn

rA

rB

fn

Dest

Dest

rA

rA
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Y86-64 Instruction Set I§SE#2

F71 Byte
halt

nop

cmovXX rA, B
irmovg V, 1B
rmmovqg A, D (rB)
mrmovg D (rB), rA
Opqgq rA, 1B

3xx Dest

call Dest

ret

pushqg rA

popg rA

710
711
7|2
713
7| 4
715
716

[ rrmovq
1 2 3 4 5 0
cmovle
0
cmovl
0
‘< cmove
fn|rA|rB
cmovne
Ol F |rB
cmovge
O|rA|rB
K cmovg
O |rA|rB
fn|rA|rB
fn Dest
0 Dest
0
O|rA| F
O|rA| F

CS:APP3e



Y86-64 Instruction Set IgSE#3
F3 Byte 0 1 2 3 4 5 6 7*8 9 ¥

halt 01]0
nop 110
cmovXX rA, B 2 [ fn|rA|rB
irmovg V, 1B 310]F |rB \%
rmmovqg A, D (rB) 410 |rA|rB D s

addg [ 6|0
mrmovg D(rB), rA | 5| 0 |rA|rB D

subg | 6 | 1
OPq rA, 1B 6 |fn|rA|rB — <

andqg 6| 2
jXX Dest 7| fn Dest

X xorqg | 6 | 3

call Dest 810 Dest .
ret 910
pushqg rA A|lO|rA| F
popqg rA B|O|rA| F CS:APP3e




F Byte

halt

nop

cmovXX rA, B
irmovg V, 1B
rmmovqg A, D (rB)
mrmovqg D (rB), rA
Opqgq rA, 1B

3xx Dest

call Dest

ret

pushqg rA

popqg rA

1 5 [ Jmp
0 jle
0 i1
fn|rA| B < Je

/

O]F B / Jne
O |rA|rB Jge
O JrA|IB & ig
fn|rA|rB
fn Dest
0 Dest
0
O|rA| F
O|rA| F

710
711
T2
713
7| 4
715
716

CS:APP3e



IR Building Block e
t9i21R Building Blocks

R . . . SR
HE12% Combinational Logic A A
s RSN RITR/REEL Compute L =
Boolean functions of inputs 5 | Y —1 ,
n EZEI RS A\ BIZEE Continuously 0
respond to input changes MUX —
« SRR TIRIEH LI _,
Operate on data and implement —
control
{Ffi#7c= Storage Elements o]
n IFHEETHL Store bits " Regiser ., —
= AJFAYATFE Addressable v il ——
memories B | ° }— Clock
s JESHEAYSFEE Non-addressable Clolck
registers

s (RERISP_EFAIZREL Loaded only

-97- asclock rises CS:APP3e



IR LESHE SEQ  =we

Hardware Structure>E. ...

R State iB1E Memory

s EEFITEIESSF1FES Program
counter register (PC)

s FHBEFT1FEES Condition code
register (CC)

n SEENH () Register File

s J7F Memories
o iKIAFEEFRIATEFZSAE Access
same memory space
o HiE: iF/ESIEFEIR Data: for i¥#3 Decode
reading/writing program data
e IS iEES Instruction: for cads fun
reading instructions valC

4T Execute

&
newPC N [ =

val alM

valM

Data
memory

Addr, Data

valE

............. cc
cnd ALU

aluA, aluB

valA, valB

SrcA, srcB
A B
dstA, dstB Register
file

valP

Instfuction PC

ER;E FetCh memory incremen

— 08—




IRFEIR{%4E19 SEQ g

H

—99 —

ardware Structure== ...

{8SiR Instruction Flow i5%E Memory

n EPCISTEMIIAAIIES Read
instruction at address
specified by PC

n DR ERIE Process through

stages

n EHERITTEIRE Update

program counter

4T Execute

i¥#5 Decode

icode ifun
rA,rB
valC

newPC

val alM

valM

Data
memory

Addr, Data

valE

............. cc
cnd ALU

aluA, aluB

valA, valB

SrcA, srcB
dstA, dstB

valP

Instluction PC

EY;E FetCh memory incremen

PC

A B
Register

file




IR ER SEQ Stages =ww

=
HY}g Fetch S[@ Write back
n NESHTFEIRS Read
Instruction from instruction
memory iB1E Memory

%68 Decode

n RS 13Ees Read program
registers

1T Execute 1T Execute
s (TE(EsREE Compute value

or address

BTE Memory
m EofSEE Read or write data

EE erte BaCk icode ifun

i¥#5 Decode

valC

newPC

valEg, valM

valM

Data
memory

Addr, Data

valE

............. cc
cnd ALU

aluA, aluB

valA, valB

SrcA, srcB
A B
dstA, dstB Register
file

valP

n SiEFESFE8 Write program

Instruction PC

reg isters B} Fetch it neremen

EFIPC
_ 100 ™ SEFRERITELES Update

program counter

o '———j



I5S1%08 Instruction Decoding e

A% Optional
(_A_\/

A

A% Optional

5

rA

rB

D

icode /

Ifun
rA
rB

valC

BSIEIL Instruction Format

n IS Instruction byte
T Optional register byte
s BiERYFEEF Optional constant word

n NIEAISTFSRTF

- 101 -

icode:ifun
rA:rB
valC
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MTRRAZEIRME

Executing Arith./Logical Operatiof *

OPq rA, 1B

BY#§ Fetch
m E2/FT Read 2 bytes
168 Decode
» ERMEESTFES Read
operand registers

#17 Execute
n FIITIEE Perform operation

m IRES(HRS Set condition
codes

—-102 -

6 | fn|rA|rB

IBTE Memory
m FSiR{E Do nothing

5[o] Write back
s EBFIS{FES Update register

PCEE#ff PC Update
m PCHlI2 Increment PC by 2

CS:APP3e



SMBRANTH: RAZIRME -
Stage Computation: Arith/Log. OpS¥—

OPq A, 1B
icode:ifun « M [PC] EIE S Read instruction byte
BRSE Feich rA:rB « M,[PC+1] IESFEeF 1 Read register byte
valP « PC+2 &2 TF—4"PC Compute next PC
Z55 valA « R[rA] IER{EEIA Read operand A
Decode valB « R[rB] SERESIB Read operand B
T valE « valB OP valA HITALUIR{E Perform ALU operation
Execute Set CC IBEEZMIBSTESR Set condition code
i5%F Memory register
BlE Write  |R[rB] « valE SE4EE Write back result
back
PCEE#i PC update |PC « valP EFPC Update PC

n IBSBIMITLARM—R 5 BB Formulate instruction
execution as sequence of simple steps

s YWErBRIESHEBEFERNERA Il Use same general form for

_103— allinstructions CS:APP3e




&

MITEIEZEIES Executing rmmovq;{;

rmmovqg rA, D(rB)| 4 | 0 [rA|rB D
BY}§ Fetch % Memory
m E10PFET Read 10 bytes s 5 AATE Write to memory
%45 Decode 5[a] Write back
n ER(EESFFES Read » F5#24E Do nothing
. operand registers PCEEZf PC Update
1T Execute » PCIEHI10 Increment PC by
n TEBWNE Compute 10

effective address

— 104 — CS:APP3e



SRS GEREe 0 O
o

Stage Computation: rmmovg

rmmovqg rA, D(rB)
icode:ifun « M,[PC] Read instruction byte
Fetch rA:rB « M,;[PC+1] Read register byte
valC « Mg[PC+2] i&EZEHHE Read displacement D
valP « PC+10 Compute next PC
valA « R[rA] Read operand A
Decode
valB « R[rB] Read operand B
valE « valB + valC Compute effective address
Execute
Memory Mg[valE] « valA Write value to memory
Write
back
PC update |PC « valP Update PC

s FRALUBTTHIIETE Use ALU for address computation

- 105 - CS:APP3e



w
e 1S

S
ATHRIES Executing popg ==
popq rA b|0|rA F
BY}§ Fetch % Memory
m E2FT Read 2 bytes n MEREIBEHE Read from
i®50 Decode old stack pointer
m EHISET Read stack pointer 5[@] Write back
o s EBFt%IEET Update stack
s Exe(;utem pointer
D ?ﬁ?_a’f‘l‘iabijﬂz Increment stack . SEEETEL=22 \Write result
pointer by to register

PCE# PC Update
= PCI&EBN2 Increment PC by 2

— 106 - CS:APP3e



SRR R e
Stage Computation: popg ~_g-

popq r'A
icode:ifun « M,[PC] Read instruction byte
rA:rB « M,[PC+1 Read register byte
Fetch al ] g yt
valP « PC+2 Compute next PC
valA « R[%rsp] Read stack pointer
Decode :
valB « R[%rsp] Read stack pointer
valE « valB + 8 Increment stack pointer
Execute
Memory valM « Mg[valA] Read from stack
Write R[%rsp] « valE Update stack pointer
back R[rA] « valM Write back result
PC update |PC « valP Update PC

s {HEAALUIEINHISET Use ALU to increment stack pointer

s WIREBEFINSTEes Must update two registers
o MY HY{E Popped value

_107 - o FAYHEIEET New stack pointer CS:APP3e



MITEME% Executing Conditional -
Moves e ot

cmovXX rA, rB 2 | fn|rA|rB

HUE Fetch iATE Memory
m E2FT Read 2 bytes m F5R{E Do nothing
#8138 Decode 5[o] Write back
n EEIR{EEIS1FERE Read » BNSES (AEH)
operand registers Update register (or not)
1T Execute PCER#f PC Update
s WIREBEIRESFHE, WiEH s PCI%H02 Increment PC by 2

BFEFESRR T/ HOXF If Iend,
then set destination register

to OxF

— 108 - CS:APP3e



BAONEBRANTE: FMHEE

Stage Computation: Cond. Move

cmovXX rA, rB

icode:ifun « M,[PC]
rA:rB « M,[PC+1
Fetch il ]
valP « PC+2
valA « R[rA
Decode Al
valB « 0
valE « valB + valA
Execute :
If I Cond(CC,ifun) rB « OxF
Memory
Write R[rB] « valE
back
PC update |PC « valP

Read instruction byte
Read register byte

Compute next PC
Read operand A

Pass valA through ALU
(Disable register update)

Write back result

Update PC

\_n*’*"

k_ L\’/
\.._H

n ESEFSErAFHEIZALU Read register rA and pass through ALU

s BiEEEETIREBRISFEE/90xF Cancel move by setting

destination register to OxF

- 109 -

condition indicate no move

o R FRHBSEERMHEESIBATEIEE If condition codes & mMveapp3ze




¢
O 0

MITELIS2IES Executing Jumps e

jXX Dest |7 | fn Dest
HiB - [xxxx A HtEE
fall thru: Not taken
BiF
arger. XXX Hb¥E Taken
BY#§ Fetch iF Memory
m EOPNETS Read 9 bytes m FCi#{E Do nothing
= PCIENNY IncrementPCby 9 E[g] Write back
8 Decode = FIR(E Do nothing
= FG#R{E Do nothing PCEE§f PC Update
1T Execute s MNREFHDZIREPCHRITM
. RIEBMS RIS ERER i, SEURAEIZGZIIE
F3#1TZEERE Determine BIPC Set PC to Dest if
whether to take branch branch taken or to

incremented PC if not

based on jump condition
branch CS:APP3e
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S1NMERANTE: BS W
g

Stage Computation: Jumps

JXX Dest
icode:ifun « M,[PC] Read instruction byte
Fetch .
valC « Mg[PC+1] Read destination address
valP « PC+9 T—5%35S bt Fall through address
Decode
Execute :
Cnd « Cond(CC,ifun) Take branch?
Memory
Write
back
PC update |PC « Cnd ? valC : valP Update PC

s 1TEHEFIA TSR/ MELE Compute both addresses
s IRIESHBANZ B2 ZFR I EE—PHBLE Choose based on

setting of condition codes and branch condition
- 111 - CS:APP3e




&

K_ w_;?
@
.

$=>3}
m *E‘”m ExeCUtlng call o
call Dest 8|0 Dest
IREE return: |XX|XX
BiRitbilt target:
BY}§ Fetch 5% Memory
m E9MNFTS Read 9 bytes = SIRMNERPCESRItEIg
s PCIZHN9 Increment PC by 9 {8 Write incremented PC to

new value of stack pointer

5[o] Write back

o= n EFHEIEET Update stack
1T Execute pointer

» 1S5RS Decrement stack PCE#i PC Update

pointer by 8 R -
» IZEHPCHBRIIL Set PC to
Dest CS:AP

%65 Decode
m 1EHIEST Read stack pointer

- 112 —



S1NMEINTR: ZERA .
==

Stage Computation: call

call Dest

icode:ifun « M,[PC] Read instruction byte
Fetch .

valC « Mg[PC+1] Read destination address

valP « PC+9 Compute return point
Decode

valB « R[%rsp] Read stack pointer

valE « valB + -8 Decrement stack pointer
Execute
Memory Mg[valE] « valP Write return value on stack
Write R[%rsp] « valE Update stack pointer
back
PC update |PC « valC Set PC to destination

s (ERALUREIEET Use ALU to decrement stack pointer
s {EEIEIMNBAIPC Store incremented PC

— 113 - CS:APP3e



&

: ‘l_r_’7
%
.

T3 IFIR[E] Executing ret =

BY#§ Fetch

ret

ROtk return:

m E1PMFH Read 1 byte

1%##3 Decode

9

0

XX

XX

m iEFEIEET Read stack pointer

1T Execute

n FEIESHENNS Increment stack

pointer by 8

— 114 -

iB%E Memory
s \EREIEHHERBEIE Read

return address from old
stack pointer

5[o] Write back
n EBFtEIEET Update stack

pointer

PCER#f PC Update
» IZBPCAHIRMEIRIE Set PC to

return address

CS:APP3e



SNMEBRMNTR: IREE o
~_g-

Stage Computation: ret

ret
icode:ifun « M,[PC] Read instruction byte

Fetch

Decode valA « R[%rsp] Read operand stack pointer
valB « R[%rsp] Read operand stack pointer
valE « valB + 8 Increment stack pointer

Execute

Memory valM « Mg[valA] Read return address

Write R[%rsp] « valE Update stack pointer

back

PC update |PC « valM Set PC to return address

s {HEAALUIEINHISET Use ALU to increment stack pointer
s \NAFEREELE Read return address from memory

— 115 - CS:APP3e



iHE 8 Computation Steps

W«
k-\\_n‘;,_

-
—

IEESF T Read instruction byte
IES1FEEF P Read register byte
IZEHE S [Read constant word]
HET—4PC Compute next PC
EREEIA Read operand A

ZR{EEIB Read operand B

MITALUIE(E Perform ALU operation
R B (ERAFRMEBS1FEESet/use cond. code reg

AITfFiE/ S[Memory read/write]

BSEIALUZEER Write back ALU result
Elﬁllﬂgﬁzﬁﬁ [Write back memory result]

EHPC Update PC

OPqrA, rB
icode,ifun |icode:ifun « M,[PC]
BRIE Fetch rA,rB rA:rB « M,[PC+1]
valC
valP valP « PC+2
=19 valA, srcA |valA « R[rA]
Decode valB, srcB |valB « R[rB]
Wi valE valE « valB OP valA
Execute Cond code |Set CC
ABTE Memory |valM
Blo] Write |dstE R[rB] « valE
back dstM
58 PC update |PC PC « valP
s FIEIESEREHFREBIET, All instructions follow same

general pattern
s EZNEFEEHE A Differ in what gets computed on each

— 116 —

step
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i8] E I Computation

call Dest

icode,ifun |icode:ifun « M,[PC]
BY$§ Fetch rArB

valC valC « Mg[PC+1]

valP valP « PC+9
=19 valA, srcA
Decode valB, srcB |valB « R[$rsp]
T valE valE « valB + -8
Execute  |Cond code
AfF Memory |valM Mg[valE] « valP
B[m] Write  |dstE R[%rsp] « valE
back dstM
58§ PC update |PC PC « valC

Steps Sy

IEESFT Read instruction byte
iESFEEF T [Read register byte]
IEEES Read constant word
HETF— 1 PC Compute next PC
EEVEEIA [Read operand A]
SEEEIB Read operand B
MITALUIE(E Perform ALU operation
2B /(HERASMRIS1E88 [Set /use cond. code reg]
RIFE/S Memory read/write
BSLlALUZEER Write back ALU result
BEIRPEFELEER [Write back memory result]

EFIPC Update PC

s FiBIESEREFEREAIET All instructions follow same
general pattern

s EZNEFEEHE A Differ in what gets computed on each
_u7- Step

CS:APP3e



w
e 1S

HESRYE Computed Values ;“;

HUE Fetch 1T Execute
icode 3BL{LHES Instruction code m valE ALUZER ALU
ifun ¥ESINEE Instruction function result
rA IBSEHTFEA Instr. Register A = Cnd  BNEETE
rB 18 SS{FaEB Instr. Register B Branch/move flag
valC IBESESE Instruction constant AF Memory
valP IEINBAYPC Incremented PC = valM  AEHIE Value

i%ﬁ?l Decode from memory

SrcA FHfFe51D Register ID A

srcB H1F=8ID Register ID B

dstE BA9Z1Fs8 Destination Register E
dstM BAYS1=FEE Destination Register M
valA STFESABNE Register value A
valB S1Fe=BAYE Register value B

—~118 — CS:APP3e



IR FR IR RS G
SEQ Hardware

“.':

XHE Key
n I5HE: FORITAYEEEIR Blue Memory

boxes: predesigned
hardware blocks

o flANATE. ALU E.g.,
memories, ALU
m FRIE: =524 Gray boxes:
control logic
e HCLHEIA Describe in HCL

« EIRENE: (SRS White il OSSN

ovals: labelsforsignals | 77TV

Execute

Decode - ~ 5 1

m $HZ: 644U=FRY(E Thick lines: ]
64-bit word values Write back
. . . . . Im_ﬂué cod @ A ua@ \la@
m W& 4-8{ifE Thin lines: ——
4-8 bit values Fetch .|  Instucten _FC
m [B%: 1{d{E Dotted lines: '

1-bit values
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&

PC
_increment
Split N
Byte O IBytesl-Q
P Instruction
imem_error memaory
FAxE X R Predefined Blocks .

m PC: €5PCHIZTEEE PC: Register containing PC

m IBSATFE: E104FT Instruction memory: Read 10 bytes (PC to
PC+9)
o ASikiblttgH{SSaa Signal invalid address

n DB BSFUapkicodeflifunf@afs Split: Divide instruction
byte into icode and ifun

- 100 XI3F: ZFFIrA. rBflvalC=FEg Align: Get fields for rA, rB, ahd valc




B PPN @
imem_error

¥=#iZ%8 Control Logic

If invalid address

= Need regids: XFIESHEHF
Instruction have a register byte?
= Need valC: XFESBEEFNGE? Does this instruction g xppae

- 121 -
have a constant word?

icode ifun

rA

rB valC

Split

A\ [ToTg JR SSS——

T Byte O

I Bytes 1-9

Instruction
memory

N
3,

m Instr. Valid: XEIESETS;

m icode, ifun: MBI ASixE, FFES:

&
valP T-,?

iIncrement

| <=

P

|

PC

= — e a

B 1J

I§? Does this

£? Is this instruction valid?
B Generate no-op



SIS EEBEHCLIER N

Fetch Control Logic .

in HCL

Split
Byte 0
Instruction
. . ; Corrrrrnnns Y-
# Determine instruction code mem error memory

imem;error: INOP;

int icode = [ ‘
1: imem icode;

1 PC

# Determine instruction function
int ifun = [

imem error: FNONE;

l: imem ifun;

1;
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AsiEsh2igHCLimiR

Fetch Control=-"~

Logic in HCL T ‘l‘
nop 1|0
cmovXX rA, 1B 2 | fnrA|rB
L irmovg V, B 31018 |[rB \%
rmmovg 1A, D(aB) |4 |0 |rA|rB D
——————— mrmovg D(B), tA |5 | 0 |rA|rB D
____  , OPq rA, B 6 [fn]rA|rB
jxx Dest 7 | fn Dest
call Dest 810 Dest
ret 910
———————— pushqg rA A|O]JrA| F
popq A B|O|rA| F
bool need_regéds =
icode in { IRRMOVQ, IOPQ, IPUSHQ, IPOPQ,
IIRMOVQ, IRMMOVQ, IMRMOVQ 1}
bool instr valid = icode in
_ 123 { INOP, IHALT, IRRMOVQ, IIRMOVQ, IRMMOVQ, IMRMOVQ, CS:APP3e
IOPQ, IJXX, ICALL, IRET, IPUSHQ, IPOPQ 1},



ERSE ERIBYR Decode Logic -

SEX{H () Register File N

» iEEOAFIB Read ports A, B

n Eﬁﬁ‘ﬁDEﬂ]M Write ports E, M Cnd valA valB valM valE
= MWRFEFRDKLS (0xF) | ] |
(i) Addresses are S }
register IDs or 15 (0xF) (no Reﬁ:‘;’ter 1
aCCGSS) dstE dstE/I srcf\ src.B
j=HliZ48 Control Logic ;
m srcA, srcB: Ottt read cecvnf st | st srcA [ sro8]
port addresses I i It 11
m dstE, dstM: SigOibit write T
port addresses icode A 1B

{= Signals

m Cnd: ]

RIBESIITRMAEE

Indicate whether or not to
perform conditional move

Con n ITMERITE Computed in CS APP3e
Execute stage



OPq A, rB

D Aﬂg Decode valA « R[rA]

* ',E cmovXX rA, rB

Decode valA « R[rA]
A Source

rmmovqg A, D(rB)

Decode valA « R[rA]

popq rA
Decode valA « R[%rsp]

JXX Dest
Decode

call Dest
Decode

ret
Decode valA « R[%rsp]

int srcA = |

icode in { IRRMOVQ, IRMMOVQ, IOPQ,

icode in { IPOPQ, IRET } : RRSP;
1 : RNONE; # Don't need register

— 125~

IPUSHQ

ERESA

Read operand¥
IEHRIEEIA
Read operand A

EIRIEEIA
Read operand A
iEteiast

Read stack pointer

FoIR(ERY

No operand

FoIR(ERY

No operand

iEteiatt

Read stack pointer

} : rA;

CS:APP3e



ROERY
=[:hichils
E Desti-

nation

int dstE = [

icode in { IRRMOVQ } && Cnd :
icode in { IIRMOVQ,
icode in { IPUSHQ,

1 : RNONE;

- 1247

OPqgrA, rB

Write-back

R[rB] « valE

cmovXX rA, rB

Write-back

R[rB] « valE

rmmovqg rA, D(rB)

Write-back

popq r'A

Write-back

R[%rsp] « valE

JXX Dest

Write-back

call Dest

Write-back

R[%rsp] « valE

ret

Write-back

R[%rsp] « valE

IOPQ} : rB;
IPOPQ, ICALL,

rB;

IRET }
# Don't write any register

SOER

Write back resv
FHERER
Conditionally write

back result

7c None

Hifteiast
Update stack pointer

7c None

HiftEiast
Update stack pointer

Sttt
Update stack pointer

: RRSP;

CS:APP3e



TR ENZ4R Execute Logic ;f;

EAJT Units
n EARZ5EET ALU
o SEIANEERITNEE Implements 4 Cnd valE
required functions :

o FEARHRIAI(E Generates
condition code values
n SR8 CC CC

o B3NMFHABIIAISERS Register
with 3 condition code bits

cond

ALU

= cond

o ITRFMHL/AEEIRE Computes |

conditional jump/move flag

? 1 |

icode ifun valC valA valB

- 127 - CS:APP3e



TR ENZ4R Execute Logic ;f;

}=#iB48 Control Logic

» Set CC: =R FHFR13?
Should condition code register Cnd valg
be loaded? :

s ALU A: ALUBSAEEA Input A to cond
ALU

m ALU B: ALUEEAIRB Input B to
ALU

m ALU fun: ALUBSTTEIIEE What
function should ALU compute?

ALU

CC

|T 1

icode ifun valC valA valB

— 128 — CS:APP3e



ALU A

PN
ALU A
Input

int aluA = |
icode
icode
icode
icode

OPqrA, rB
Execute valE « valB OP valA
CMovXX rA, rB
Execute valE « 0 + valA
rmmovq rA, D(rB)
Execute valE « valB + valC
popg r'A
Execute valE « valB + 8
JXX Dest
Execute
call Dest
Execute valE « valB + -8
ret
Execute valE « valB + 8

in
in
in
in

L T e B e ¥

ICALL,
{ IRET,
_ 129 — # Other instructions don't need ALU

IRRMOVQ, IOPQ } : wvalA;
ITRMOVQ, IRMMOVQ, IMRMOVQ }
IPUSHQ } : -8;

IPOPQ } : 8;

w
e 1S

y
o

MATALUIRIE ¥
Perform ALU operation

{ZiEvalAEIBALU
Pass valA through ALU

ap LS bt

Compute effective address

Ehnterast

Increment stack pointer

Fo424E No operation

R terEst

Decrement stack pointer

EhnteiEst

Increment stack pointer

valC;

CS:APP3e



ALU
=1
ALU
Oper-
ation

valE

|
ey,

— 130 -

OPqrA, rB
Execute valE « valB OP valA
cmovXX rA, rB
Execute valE « 0 + valA
rmmovl rA, D(rB)
Execute valE « valB + valC
popq r'A
Execute valE <« valB + 8
JXX Dest
Execute
call Dest
Execute valE « valB + -8
ret
Execute valE « valB + 8

int alufun
icode == IOPQ :
: ALUADD;

1;

=1

ifun;

&
HATALUIRIE o i

Perform ALU operatiav

(EiEvalARIBALU
Pass valA through ALU

TRk

Compute effective address

HEhntEtaEt

Increment stack pointer
FoiR{E No operation

Rt

Decrement stack pointer

Ehnteisst

Increment stack pointer

CS:APP3e



BEMEEE Memory Logic S

IBTE Memory
m S RT{ESE Reads or @

writes memory word

valM

dmem_error

(SHIEM Conuol Logic . | g L=
= stat: f§SIATE What is | Data

imem_error memor
instruction status? ._. ; y

m Mem. read: = should
word be read?

m Mem. write: 5= should .
word be written?

m Mem. addr.: i%#Fithll Select
address

m Mem. data.: 1%IFEUE Select
data
- 131 - CS:APP3e

data in

icode valE valA valP




IBSIRE Instruction Status ;i

=524 Control Logic
m stat: SIS What is
instruction status?

s

data in

## Determine instruction status icode valE  valA valP
int Stat = [

imem error || dmem error : SADR;

!instr valid: SINS;

icode == IHALT : SHLT;

1 : SAOK;

~132- CS:APP3e



&

1 Memory Address =
bk y s

OPq A, 1B
Memory Fo2{E No operation
rmmovqg A, D(rB) EXIEIINTG
Memory MelvalE Reivaln Write value to memory
popq r'A
Memory valM « Mg[valA] MIZiEEUE Read from stack
JXX Dest
Memory FoIE{E No operation
call Dest .
5iR[o]ittit Fi
Memory Mg[valE] « valP _
Write return value on stack
ret
\a\ mt&
Memory valM « Mg[valA] R

Read return address
int mem addr = |
icode in { IRMMOVQ, IPUSHQ, ICALL, IMRMOVQ } : valE;
icode in { IPOPQ, IRET } : valA;

# Other instructions don't need address
—133 - 1; CS:APP3e



REFEE Memory Read

OPq A, B
Memory

rmmovqg rA, D(rB)
Memory Mg[valE] « valA

popq r'A
Memory valM « Mg[valA]

JXX Dest
Memory

call Dest
Memory Mg[valE] « valP

ret
Memory valM « Mg[valA]

w
e 1S

> &
e

Fo2{E No operation

S#iEEINE

Write value to memory

MIEiEENE Read from stack

FoiR{E No operation

Bz [olithitZl%
Write return value on stack
iR o]t

Read return address

bool mem read = icode in { IMRMOVQ, IPOPQ, IRET };

— 134 -
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PCEFFNERIZIE PC Update Logic ;i

PC
n FEEPCRIT—/ME Select
next value of PC icode Cnd valC vaM valP

T CS:APP3e



PCEE#h
PC

Update

- 136 -

OPqrA, rB

PC update

PC « valP

rmmovqg rA, D(rB)

PC update

PC « valP

popq r'A

PC update

PC « valP

JXX Dest

PC update

PC « Cnd ? valC : valP

call Dest

PC update

PC « valC

ret

PC update

PC « valM

int new_pc

icode == ICALL :

= [
valC;

icode == IJXX && Cnd :

icode == IRET
: valpP;

1

: valM;

w
e 1S

\‘“7_(7
EFHPC Update P(£¥

BFPC Update PC
EFIPC Update PC

EFIPC Update PC

& BPCH BRI
Set PC to destination

& BPCHRE it

Set PC to return address

valC;

CS:APP3e



W«
I

y
o

IRFRLERESIRE SEQ Operation ==

IR7& State
4 m PCEH1F88 PC register
Combinational <§d -  FHEEFERES Cond.
logic % | o Code register
:> memory
n FEAI{FE Data memory
100 wit s FFEENE (1)
<‘}’: _ Pore Register file
e L PR BRI A8 Al
::> S updated as clock rises
\ Y
4p
e

— 137 - CS:APP3e



&
K ]

y
o

IRFRLERESIRE SEQ Operation ==

{41848 Combinational
e Logic
= HARABIHETT ALU
Data n 5§24 Control logic
memory

17 » ATFE Memory reads
1Co% e }§SMAITF Instruction
on orts memory

o FiFRaNH (i)

Register file
o ¥EMITFE Data memory

Combinational
logic

ANE

ArE

— =+

© 4
=1

B o
g =

Register
file

$rbx = 0x100

X

AL

o /
2

PC
0x014

— 138 - CS:APP3e



SEQ

RME
SEQ

Operation

BJEh Clock

JE#A1 Cycle 1:
JE#A2 Cycle 2:
JE#A3 Cycle 3:

[E1#A4 Cycle 4:

W
Cycle3 —Mé— Cycled —» W

4— Cyclel —»¢— Cycle2 —
ol A
@ O @
0x000: irmovqg $OXlOO,%rb-x # %$rbx <-- 0x100
0x00a: irmovg $0x200,%rdx # %$rdx <-- 0x200
0x014: addg %$rdx, $rbx # $rbx <-- 0x300 CC <-- 000

#2 5 Cycle 5: | 0x01f:  rmmovq %rbx, 0 (3rdx) # M[0x200] <-- 0x300
4 N\
Read Write
Combinational
logic Data <rL n KSR EIRIEE T
7 nemary irmovgig$ state set
CC according to second
100 . e irmovq Instruction
ports ports
o = AEBEFAREIATS
T = P23 combinational
— logic starting to react
to state changes
e

— 139 —
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¥

SEQ — Cyclel —»¢— Cycle2 —»¢— Cycle3 ¢— Cycled —P :{?
A4 Clock [ ] [ ] [ ] [ ] M

L X F

1R{E S

E#A1 Cycle 1: 0x000: irmovg $0x100,%rbx # %rbx <-- 0x100
SEQ FE#A2 Cycle 2: 0x00a: irmovg $0x200,%rdx # %rdx <-- 0x200
# $rbx <-- 0x300 CC <-- 000

0 eration B#A3Cycle 3: | 0x014: addg $rdx,3rbx

m JEI#A5 Cycle 5: 0x01f: rmmovqg %$rbx, 0 ($rdx) # M[0x200] <-- 0x300

4 N\

Read Write

Mege KA baa kd|  w ASREEES-S
ZAN memory [ ] irmovofgSstate set
CC according to second
Read Wite irmovqg Instruction
ports ports
Register | o | | *= n HEZIEF _-*-af_ﬂdq?EQEl_{l
Cdle K5 oo, &SR combinational logic
- generates results for

addgq instruction

PC
0x014

— 140 — CS:APP3e




IRME o

JE#A1 Cycle 1: 0

SEQ E1#A2 Cycle 2: 0
O ti EI#A3 Cycle 3: 0

peration...... pr e ——

— 141 -

[ ]

W
4— Cyclel —»¢— Cycle2 —»¢— Cycle3 —P¥ Cycle4 —» ::if;?

[ ]

X A A
@ G (©) @

x000:

irmovg $0x100,%rbx # %$rbx <-- 0x100

x00a:

irmovg $0x200,%rdx # $rdx <-- 0x200

JEIEA5 Cycle 5: 0

x014:

x01f:

addg %rdx, $rbx # $rbx <-- 0x300 CC <-- 000

rmmovqg %$rbx, 0 (%rdx) # M[0x200] <-- 0x300

-

2\

Read Write
Combinational
logic Data Pt
f memory N\
CcC
000
Read Write
ports ports
Register
fgille ¢
Srbx = 0x300

PC
0x016

s RS EKIRaddg
{8<S state set
according to addq

instruction

n HEBIEFIRRM
RSN
combinational

logic starting to
react to state

changes

CS:APP3e



SEQ 4— Cyclel —»¢— Cycle2 —»¢«— Cycle3 —»¢— Cycle4 t%
Bi$Clock [ ] 1 ' |
X 7 T

[E#A1 Cycle 1: 0x000: irmovg $0x100,%rbx # %$rbx <-- 0x100
SEQ JEEA2 Cycle 2: 0x00a: irmovg $0x200,%rdx # $rdx <-- 0x200
i 1433 Cycle 3: 0x014: addg $rdx, $rbx # %rbx <-- 0x300 CC <-- 000
Operation.......
% JEI#A5 Cycle 5: 0x01f: rmmovqg %$rbx, 0 (%rdx) # M[0x200] <-- 0x300

n RTiREFERaddg
8 state set
according to addq

instruction

o HEZETEjlES

Register

file Eggél:i

Srbx = 0x300

combinational

logic generates
results for je

instruction
— 142 — CS:APP3e




IRFEANMEESVE SEQ Summary =

SEIR Implementation

n REABFIESH—EFREBERIEE Express every instruction as
series of simple steps

s BNMESBLEEREFEEBAREE Follow same general flow for
each instruction type

n FheSFes. NEMIGSITHRIESIZIFIR Assemble registers,

memories, predesigned combinational blocks
s FiEhZiEiH 1% Connect with control logic

PRl Limitations
n XNIEASEH Too slow to be practical

n —MAHAVGERBZIESHE. SFESXH () . ALUHD
iﬁliEP{lﬁ In one cycle, must propagate through instruction

memory, register file, ALU, and data memory
s EEEITHRHHIEEE Would need to run clock very slowly

n (B SCINTERT S A HE RO —ER 2 RSBl N2i&ENRY Hardware units

-143- only active for fraction of clock cycle CS:APP3e




CS:APP Chapier 4 e

Compuiter Architecture
Ripelined Implenmentation
Pait: |

78 s
S—is

(EiREM:
B3R oKiE BB15 it

, Carnegie
iﬁfl&. Bryant and David R. O’Hallaron %Ifl}:l’(é?@lty
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e 1S

y
o

R Overview =

RIKERY—ARBRIR General Principles of Pipelining

s BfE Goal
m ¥ Difficulties

liE— /BB k&R Y86-644LIBEE Creating a Pipelined
Y86-64 Processor

s EFHEIMEAIEZESEQ Rearranging SEQ
n HEANRIKESTFES Inserting pipeline registers
s ZUEFNIEHIE IR Problems with data and control hazards

—145 - CS:APP3e



R RARKS: RE =2
Real-World Pipelines: Car Washes=#

IiE Sequential 4T Parallel

%8 |dea
n SR TEITIED A T IRIZAIMER Divide

process into independent stages

i
:.:l:‘:}

: W » RIS EREE S IER Move

objects through stages in sequence

» fE{EIGEENE, EXNSPBIRETL
I# At any given times, multiple

objects being processed
— 146 — CS:APP3e




&
K\q\k_-ﬂ—
.

it/ 6l Computational Example ==

300 ps 20 ps
YREB1E
Coflalzilnli??nal E HIJSE Delay = 320 ps
o Z0t& Throughput = 3.12 GIPS
ogic g
|
A3$9 Clock

&t System
n TEFEER{T300ps Computation requires total of 300

picoseconds

n 5HP20psIRFEERESFEEH Additional 20 picoseconds to
save result in reqister

s AS$hEHEA SZE A 320ps Must have clock cycle of at least 320
pS

— 147 - CS:APP3e



RMIKEZR IR >
3-Way Pipelined Version e o

100 ps 20 ps 100 ps 20 ps 100 ps 20 ps

HE1EE R HEEE R HEEE R
Comb. o Comb. o Comb. o BYZE Delay = 360 ps
logic logic logic HitE
A g B g C 91" Throughput = 8.33 GIPS
Ad%$ Clock
&t System

n JSEEBIESRE3R, SHREE100ps Divide combinational
logic into 3 blocks of 100 ps each
s QE F—MREEIMERA, FREILAZBPFIRFRAYIRIE Can begin
new operation as soon as previous one passes through
stage A.
o FIF120psHIa— 1 FMIE(E Begin new operation every 120 ps

s SYERIZEIEDN Overall latency increases
— 148 - o MFIRZEIZERE360ps 360 ps from start to finish CS:APP3e



IR E] Pipeline Diagrams =

JE# K& Unpipelined

OP1

OP2
OP3

AY18] Time

n £ E—NMEERBIA ST IAFIAE(E Cannot start new

operation until previous one completes

3RiRIKE 3-Way Pipelined
op1 A | B | C
OoP2 A B C
OP3 A B C
Ag[8) Time

n RS IMEEERILIER Up to 3 operations in process
-149-  simultaneously CS:APP3e



IKEIRIE O

&

239241 300 359

perating a Pipeline ii

BJEd Clock
OP1
OP2 C
OP3 , B C
0 120 240 360 480 600
B8] Time
100 ps 20 ps 100 ps 20 ps 100 ps 20 ps
HEIBE . HEBE
§> Comb. 52 §> Comb.
logic S logic
A B
g9 Clock
CS:APP3e
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fREl: IEHR—BIE -

Limitations: Non-uniform Delays ==

S50ps 20 ps 150 ps 20 ps 100 ps 20 ps
ag HEB1E HEBIE
Cl%igb_ E Comb. E Comb. I(:: FY%ZE Delay = 510 ps
logic logic logic it
A g B g C 91" Throughput = 5.88 GIPS
T lock
OP1 |A B C sk Cloc
OP2 A B C
OP3 A B C
BE] Time

»
»

n FISZREFRIEAIMER Throughput limited by slowest stage
» HEMERKER IHEELFZHIRT Other stages sit idle for

much of the time

» HEERTETFIE R G RTEERIBER Challenging to partition

_151- System into balanced stages CS:APP3e




PR#l: SFTFaHiH >
Limitations: Register Overhead ~%

50ps 20ps 50ps 20ps 50ps 20ps 50ps 20ps 50ps 20ps 50ps 20 ps

BHE
ZE
Comb.
logic

HE
ZE
Comb.
logic

HE
I
Comb.
logic

HE
I
Comb.
logic

HE
I
Comb.
logic

R R

e e

g g
BJ$$ Clock BYZE Delay = 420 ps, &M1& Throughput = 14.29 GIPS

» [ESETKERENR, FESFSEAHEEGHREX As try to
deepen pipeline, overhead of loading registers becomes more
significant

s [ EHIE R STEesfIB 2LL: Percentage of clock cycle
spent loading register:

e 1-stage pipeline:  6.25% 1PfiERifitIK&E: 20/320
® 3-stage pipeline: 16.67%  3BERIFIKZE: 60/360
® 6-stage pipeline: 28.57%  6RYERiRIKZ: 120/420
s ML ERGITHSEEBIIIFE RERRKZEIRAFAY High
speec_:ls: of modern processor designs obtained through very c(I:eS:e N
pipelining

PG
B4
Comb.
logic

Q @ 0
«Q o OU

R
e
9

«Q o »U

— 152 -



IRIFRRIENEIEXR W

Data Dependencies in Processors—*

1 irmovqg $50, @
L @ @

3 mrmovqg 100 ( @ ), %rdx

» —RISSHERRAES—RISSHIRIES Result from one
Instruction used as operand for another
e 55iE (RAW) #H3X Read-after-write (RAW) dependency
s EEEFEERRPIEEER Very common in actual programs

n WRTRIRITR K Zae0 IEIRL IEIXLEER Must make sure our
pipeline handles these properly
o SRIEHHRILESR Get correct results

o E/IMEITTEBERISZIM Minimize performance impact

— 153 - CS:APP3e



EtEX Data Dependencies ;‘i

- R iBRkEH (EF) ASES
logic g
B4d Clock

OP1
OP2 ()

OP3

H8] Time

&t System

s FMEERBRT E—XIRERISESR Each operation depends on
_154_ Tresult from preceding one CS-APP3e



#IEEIE Data Hazards

— 155 -

HEELE
Comb.
logic
A

OP1
OP2
OP3
OP4

IR AR IR ES
‘BEEE BEBE |
Comb. Comb. o
logic logic
B C 9
= C BJEh Clock
A B C
B C
N A | B | C
B8] Time

»
»

&

32
=

R o E R RIES T —iIRI2{E Result does not feed back

around in time for next operation

MK T 7 EZ%AY1T Pipelining has changed behavior of

system

CS:APP3e



s WEFEFES R Stages

occur in sequence

— XRIAE—MEEEHITR
I# One operation in
process at a time

— 156 —

Memory

Execute

Decode

restr,_valld

Imem_emor

Fetch

\\.':

Write back
Instruction PC
MEMory increment
[ 1 [ ]
|~ |
CS:APP3e



SEQ+iE{t @ .
SEQ+ Hardware " w7

emory ———  memory
n {BPARIREEM Still sequential ﬁ
implementation —
= iCRPCHIERM{EF IR Reorder ¢ @
PC stage to put at beginning execute | |+ o} au .
PCRER PC Stage

n (ESSENHBIESIEIFPC Task

is to select PC for current e e () Y Gt o8
Instruction IO S ——

u *E;E J:%;Eéi-l-%ﬂggﬁ% Based Decode R;ég -

on results computed by fle
previous instruction

AMEBSRIRAS Processor State

Write back

s PCABFEESFERE PC is
no longer stored in register

w {BE, ALMRIEHCEFHERHE

ZEPC But, can determine PC
_157_ based on other stored

L:Imc%pﬂ"c| pWalM | pvalC | pyalP |

iInformation



&
—

IRk ESTESS Adding Pipeline RegisteLs;

newPC W_icode, W_valM W_valE, W_valM, W_dstE, W_dsitM -

PC

valg, valM

5[o] Write back

Memory
PIF Memory
Addr, Data
Execute
alud, aluB
,—
17 Execute
aluA aluB
valA valB
Decode R%gist%r”
file z
S SrcA srcB .
1%55 Decode dstA dstB Write back
icode ifun
A, 1B
valC
Fetch Instruction
Instruction PC memory oredPC
= memor increment
HUE Fetch J
PC

— 158 -



W_icode, W_valM W_valE, W_valM, W_dstE, W_dstM

Pipeline Stages

BY$g Fetch

m EEFEYBIPC Select current PC

m EEf8S Read instruction

n 1TEPCIENNE Compute incremen
1%Ef8 Decode

n EFEFESTFES Read program regis
1T Execute

n IE{EALU Operate ALU

RE Memory

n iENSEIEATE Read or write datare
memory

5[o] Write Back
_ . BEiEFRX () Update regi

file

Memory

Decode

Write back

predPC

pC



PIPE-f&@{%
PIPE- Hardware

n K& STFRFEIE ST
FRRIAR[EE Pipeline
registers hold
Intermediate values from
INnstruction execution

54 ([FRY) ¥R Forward
(Upward) Paths
s A—1TEEITT—1 R
{8 Values passed from
one stage to next

n AgEEIHEEII ZRIM ER
Cannot jump past stages
o fliNvalCEfEESiFEM
EZ e.g., valC passes
through decode

— 160 —

dstE

M _stat

Execute

E st

E stat |icode n

Decode

D stat

L |

stat |icode n| r
T st
- y
Imem_aror
Instr_vapd | |

Fetch

memaory

P

W_valM




ESwaill | 32
Signal Naming Conventions =

S Field
» SHERAKESFRRFieldFRIYE write
Value of Field held in stage S pipeline :
register _
s_Field ® .
- SMEQI:P'E:I-%EQF'eId?-EQEg{E Value of Memory
Field computed in stage S -

EE B

— 161 — CS:APP3e



RIS
Feedback Paths

FMPC Predicted PC
n JFTF—IRPCRI{H Guess
value of next PC

PZ{SE Branch

Information
n HEEE/AHREE Jump

taken/not-taken
s BHigogBnibik Fall-through
or target address
1R[] Return point
m MMATFEE Read from
memory

F{EeS8#T Register updates
_162 W BENHSIRO To

reaister file write ports

Execute

E sat

Esﬁti 2 n

Decode

D_siat

stat |icode | ifun | ©
N

T _eTor

Inst_valid |

Fetc h_

F

~a

v



&,

M_icode
fmPC =
P@dicting the u stat |icode| fun | rA | B | vaic - ‘-'ﬂlP_.- M—Vinliic;djam

increment
..:’4.

Split Align Pt
| Byte 0 | Bytes 1-9

. Instruction
mmmmmmmm memaory

T_pc

n HAESEEEUEMERE, FIRFhiESEUERER Start fetch of
new instruction after current one has completed fetch stage

¢ ZBAFRERMERATERiFHET—51ES Not enough time to reliably
determine next instruction

m J5NSERE T —5RIES Guess which instruction will follow
_ 163 o WRFHNAIEIRMIKE Recover if prediction was incorrect cs-appze




FRABGTRIUSERS -
Our Prediction Strategy —

BRI EIRYIES Instructions that Don’t Transfer Control
m JETF— "PCHvalP Predict next PC to be valP
s SR20J5ERY Always reliable

SRR BMEFEDEIES Call and Unconditional Jumps

n T F—/PCAvalC (Bfxitit) Predict next PC to be valC
(destination)

s S E20JEERY Always reliable

S(4PkeEE S Conditional Jumps

s F T —PCHvalC (Bfritkil) Predict next PC to be valC
(destination)

n (N{EEFE S ZAYIER Only correct if branch is taken
o HIBIAYIFHAZEE/60% Typically right 60% of time

IR[EPEES Return Instruction
-164- w ZH1TFRN Don’t try to predict CS:APP3e




( M_valA
u stat |icode| ifun | rA B Aicode r
| W_valM

Recovering .‘_____
from PC
Misprediction .. .[ =

=

E1ES

M _icode
_Cnd

[
- ..... l
PC
increment
T

| Byte 0 | Bytes 1-9

T_pc

FRiMkEE Mispredicted Jump

o —BIESHIARNTEMER, BN ZHMHRE Will see branch condition flag once
instruction reaches memory stage

o TJlAMvalA (M_valA(H) HBFEIEEPC Can get fall-through PC from valA
(value M_valA)

= R[OS

% Return Instruction

o LREHESEIABEIMER (W_valM) BISRIREIPC Will get return PC when
- 165- ret reaches write-back stage (W_valM) CS:APP3e



{4 File: demo-basic.ys

— 166 —

irmovg
irmovg
i1rmovq
i1rmovq

halt

$1, %rax
$2,%rcx
$3, %$rdx
$4, %rbx

#I1
#12
#13
#I4
#I5

F

T |O|(m

ZKER /R Pipeline Demonstrations =

TMIom|Z

2%

Mmom(Z|(s

om|iZ|S

<=2

Cycle 5

I1

I2

I3

I4

I5

CS:APP3e



HEtEx: 3RTIES
Data Dependenmes 3 Nop'’s

2 3 4 5 6 7 8 9

# demo-h3.ys

0x000: irmovqg $10, $rdx F Dl E| M| W
0x00a: irmovg $3,%rax F Dl E| M| W
0x014: nop F| D| E| M| W
0x015: nop F| D| E| M| W
0x016: nop F{ D| E| M| W
0x017: addg %rdx, $rax F{ D| E| M| W
0x019: halt F| D| E| M| W
Cycle 6
W
R[srax] <3
Cycle 7
D
valA < R[%rdx] =
— 167 — valB € R[%rax] = e




HiEtEX: 2RTIES

Data Dependencies: 2 Nop’s

— 168 —

# demo-h2.ys

0x000:
0x00a:
0x014:
0x015:
0x01l6:
0x018:

irmovg $10, $rdx
irmovg $3,%rax
nop

nop

addg %rdx, srax

halt

1 2 3 4 5 6 7 8 9 10
F| D| E| M| W
F| D| E| M| W
F| D| E| M| W
F| D| E| M| W
F| D| E| M| W
F| D| E| M| W
Cycle 6
W

R[srax] €3

D

valA €< R[2rdx] =10
valB €«R[%rax] =0

| #E& 2 Error
CS:APP3e




ZUEEK

- 169 -

1R=ES

# demo-hl.ys

0x000:
0x00a:
0x014:
0x015:
0x017:

irmovg $10, $rdx
irmovg $3,%rax
nop

addg %rdx, $rax

halt

Data Dependencies: 1 Nfbp

3 4 5 6
F D E M| W
F D E M| W
F D E M| W
F D E M| W
F D E M| W
Cycle 5
W
R[ rdx] <10
M
M valE =3
M_dstE = srax
D
|2 Error
valA <R[srdx] = ::/ Hix
valB < R[%rax] = CS:APP3e




SHEIRX: X=IESC Iata Dépéﬂdémiés‘

—-170 -

# demo-hO0.ys

0x000:
0x00a:
0x014:
0x016:

irmovg $10, $rdx
irmovg $3,%rax
addg %rdx, Srax

halt

g

D E| M| W
F| D| E| M| W
F| D| E| M| W
F| D| E| M
Cycle 4
M
M_valE = 10
M_dStE = 3rdx
E
e valE «0+3=3
E_dstE = 2rax
D
- - A7~
valA <R[%rdx] = ::/falje Error
valB <R[srax] =

CS:APP3e
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b2 -3 Tl E N i
Branch Misprediction Example -

demo-j.ys

0x000: Xorq %rax,%rax

0x002: jne t # Not taken

0x00b: irmovqg $1, %rax # Fall through

0x015: nop

0x016: nop

0x017: nop

0x018: halt

0x019: t: irmovg $3, $rdx # Target (Should not execute)
0x023: irmovqg $4, %rcx # Should not execute

0x02d: irmovg $5, %rdx # Should not execute

s MAZ{(NH1TEISSEIES Should only execute first 8 instructions

_171— CS:APP3e



S ETRNERIBER Branch Misprediction Trace

- 172 -

9

e

# demo-j 1 2 3 4 5 6 7 8
0x000: xorq %rax, $rax F D E M | W
0x002: jne t # Not taken F D E M W
0x019: t: irmovqg $3, %rdx # Target F D E M W
0x023: irmovqg $4, %rcx # Target+1 F D E M W
0x00b: irmovg $1, %rax # Fall Through F |/ D  E M
Cycle 5
M
a Z:IEﬁﬂtﬂ’.#l. T332 B RIARSR M_Cnd =0

¥8< Incorrectly execute two
Instructions at branch target

M_valA = 0x007

E

valE < 3
dstE = $rdx

D

valC =4
dstE = $rcx

F

valC < 1
B < Srax

CS:APP3e



R[B!

Return Exam

0x000:

0x00a:
0x00b:
0x00c:
0x00d:
0x01l6:
0x020:
0x020:
0x020:
0x021:
0x022:
0x023:
0x024:
0x02e:
0x038:
0x042:
0x100:
0x100:

irmovq
nop
nop
nop
call p
irmovq
halt

.pos 0x20

P:

.pos 0x100

nop
nop
nop
ret
irmovq
irmovq
irmovq
irmovq

Stack:

=

n E
data hazards

- 173 -

EFERSTY

ple

Stack, Srsp

$5,%rsi

$1,%rax
$2,%rcx
$3,%rdx
$4,%rbx

SRR

demo-ret.ys

# Intialize stack pointer

# Avoid hazard on

# Procedure call
# Return point

# procedure

H H= H HF

#

Should
Should
Should
Should

not be
not be
not be
not be

Initial stack

3rsp

executed
executed
executed
executed

pointer

25 B& Require lots of nops to avoid

CS:APP3e



A IEffREITRA Incorrect Return Example?%,

- 174 —

# demo-ret

» (HIRAITret FEMNSFES
Incorrectly execute 3
Instructions following ret

0x033: ret FIDIE|M|W

0x034: irmovg $1,%rax # Oops!| F D E M| W

0x03e: irmovg $2,%rcx # Oops! F D E M W
0x048: irmovg $3,%rdx # Oops! F D E M| W
0x052: irmovg $5,%rsi # Return F D E M

W

valM = Ox0e

M

valE=1
dstE = 2rax

E

valg « 2
dstE = trex

D

valC = 3
dastE = ¢ rdx

F

valC « 5

IB « 5rsi

o

CS:APP3e
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IR Pipeline Summary &~
& Concept =

s BIESHITR RS TER Break instruction execution into 5 stages
s LURIKEARINIE1TH5S Run instructions through in pipelined mode

PRl Limitations
» HIESTHAXEZRAELIBIES ZARIHEXM Can’t handle

dependencies between instructions when instructions follow too
closely

n ZEfESK Data dependencies
o —FIESEHFRE, ARR—5FIBSIEE One instruction writes register,
later one reads |t
n EHIfEK Control dependency
o IESIREPCHILIL, ARTKLIERFIMAYIZSR Instruction sets PC in

way that pipeline did not predict correctly

o FRMKIRAY9 ZFR[E] Mispredicted branch and return

(EIEfIKE Fixing the Pipeline
~175-m F—IRBEIXP IIE We'll do that next time CS:APP3e




e
CS:APP Chapter 4 =
Computer Architecture
Pipelined lnmplementation
Pairt Il

KL LI
BB

(EiFREm:
B3R oKiE BB15 it

, Carnegie
,Ii?ile Bryant and David R. O’Hallaron l“}‘::}l%‘;ql ty

—176 — CS:APP3e CS:APP3e



iR Overview -
(KM EEZE T (E Make the pipelined processor on!!

BRSPS Data Hazards
n LIS1FEE R IEARBRIESERELISEFSE REABNNIESZE

Instruction having register R as source follows shortly after
Instruction having register R as destination

m BRER, AEREIERIKEGE Common condition, don’t want to slow
down pipeline

14588 Control Hazards

FEIRTRMISR(H 43X Mispredict conditional branch
o BRI ITFUNERE 932 /9:%1% 5 5Z Our design predicts all branches

as being taken
o FMERIKEMITHARETNIMES Nawe pipeline executes two extra
instructions
n 3RS retig SAYRMELE Getting return address for ret instruction

o FNEFRIKEMIT=ETNIMES Nave pipeline executes three extra

instructions
_177 - CS:APP3e




Overview e
Btk S

(KL EZE T E Make the pipelined processor work!

BIFESHEIET{E Making Sure It Really Works

s NRSHSFIFBREIREZESEZ? What if multiple special cases
happen simultaneously?

— 178 — CS:APP3e



: &
iﬁfﬁkﬁm E2 .
Pipeline Stages
BYE Fetch
m EIRLHIPC Select current PC ™
» 5SS Read instruction
» 1HEPCIZHNE Compute incremented
PC
i%Ef5 Decode
= EFRFSH1FER Read program registers

#‘;*i Execute Decode
n #E{EALU Operate ALU

A{E Memory

s EHEEIEATE Read or write data’
memory .

5[o] Write Back

- 179 -

n BESESENY (ME) update register file

Execute

Write back

predPC



i AK LR E{
PIPE- Hardware

n K& STFRFEIE ST
iJF2RYRIEE Pipeline
registers hold
Intermediate values from
INnstruction execution

54 ([FRY) ¥R Forward
(Upward) Paths
s A—1TERET—1ERE
{8 Values passed from
one stage to next

n AeebtEEEiI ZRMER
Cannot jump past stages
o fliNvalCEfEESiFEM
EZ e.g., valC passes
through decode

— 180 —

Write
back

Memory

M _stat

Execute

E st

Esﬂ:ﬂi 2 n

Decode

D stat

A B W oval
Register et
E

W valE

stat |icode n| r

Instr_vapd |
Fetch

1t
- #—41
Imem_sror

Instruction
MEmory

P

increment

M vala
=

W_valM



SUEERX: 2RTI_S =2
Data Dependencies* 2 Nop s .

# demo-h2.ys ? 10
0x000: irmovg $10, $rdx F| D| E| M| W
0x00a: irmovg $3,%rax F D E| M| W
0x014: nop F| D| E| M| W
0x015: nop F| DI E| M| W
0x016: addg %rdx, $rax F| D| E| M| W
0x018: halt F D E|l M| W
Cycle 6
W
R[srax] <3
D
valA «R[srdx] =10 | —#&iE Error
—181— valB < R[%rax] = CS:APP3e




SUERX: RRFEe

Data Dependencies* No Nop

# demo-h0.ys

0x000:
0x00a:
0x014:
0x016:

- 182 -

irmovg $10, $rdx
irmovg $3,%rax
addg %rdx, srax

halt

4 5 7
D| E| M| W
F| D| E| M| W
F| D| E| M| W
F| D| E| M
Cycle 4
M
M_valE = 10
M_dstE = $rdx
E
e valE «0+3=3
E_dstE = 3rax
D
| &7 Error
valA <R[%rdx] =0 ::/fEle
valB “Rlsrax] = CS:APP3e



S ERRIUEEX

Stalling for Data Dependencies

# demo-h2.ys

0x000:
0x00a:
0x014:
0x015:

0x016:
0x018:

irmovg $10, $rdx F D E M| W

irmovg $3,%rax F D E [ M| W

nop F|I DIE|M|W

nop F|I DIE|M|W

bubble r E M| W

addg %$rdx, $rax F|D|D|E|[M|W

halt F F|I DIE|M|W
R SEEFEIESEEISORARSE, BEETRI

instruction follows too closely after one that writes register,
slow it down

= R

TS STEIFBMER Hold instruction in

s FISENSESEIMITHER Dynamically
execute Stage

» SBESTFERIE

- 183 -

5S, RATAFEE

decode
Inject nop into

BT

CS:APP3e




8FERY
Stall Condition

IRSTF8% Source Registers

n IFREMERAISHBIIESAIsIcA
FllsrcB srcA and srcB of
current instruction in
decode stage

EEI’:‘I%}??EE Destination Registers

m dstEFldstMZ=E& dstE and
dstM fields

n IESTENT. IBFHIS0H
E& Instructions in execute,
memory, and write-back
stages

—184 —

valM dstE dstM
data out
Data
memory
ite
data in
M_st
- M_Cnd L M_ual
I [
n stat icode- Cnd - vale valA dstE dstM
e_Cnd'?
cc '7/_15\.LU_\§7 dstE
Execute -
E_stat
ﬂ stat |icode| ifun - valC valA valB dstE gLkl srcA | srcB
d_srcA|d_srcB
Decode A B —
Register M
file W walE
E
D_stat
u stat |icode| ifun | rA B valP
f_stal*
iI'IjIEI'n_EIT\?rE Instruction PC
instr_valid{ memory increment
Fetch
f po 1 ]

M_wvalA

W_walM




Stall Condition

$EFEISR Special Case

s AEEEID/AL5 (0xF) BY

H1{F2E Don’t stall for
register ID 15 (OxF)
o IBERIR B S F=aiRIEE
Indicates absence of
register operand

o SR KMRAYFMFIZIE Or

failed cond. move

— 185 —

valM

data out

Data
memaory

e
L dauin

dstE dstM

M_st
- M_Cnd M_ual
]
n stat (i de- Cnd - W valA dstE dstM
e_Cnd'?
cc '7/_._\§7 dstE
Execute -
E_stat
ﬂ stat ifun - valC valA valB dstE gLkl srcA | srcB

d_srcA|d_srcB

1]

A B
Register M

file
E

valC - valP

Instruction
memory

f pc

PC
increment

M_wvalA

W_walM




MIMEBRH Detecting Stal condnﬁ

# demo-h2.ys ! ? !
0x000: irmovg $10,%rdx F D E M| W
0x00a: irmovg $3,%rax F D E M| W
0x014: nop F|ID|E|M|W
0x015: nop F|ID|E|M|[W
bubble r E M| W
0x016: addg %$rdx, %rax F| DID|E|M|W
0x018: halt F|F|D|E|M|[W
Cycle 6
W
W_dSstE = $rax
W_valE =3
D
SIcA = Srdx
— 186 — SrcB = $rax CS:APP3e




E{E=R Stalling X3

# demo-hO0.ys

0x000:
0x00a:

0x014:
0x01l6:

— 187 -

irmovg $10, $rdx F E M | W
irmovg $3, %rax DI E|M|W
bubble E M| W
bubble E M| W
bubble [’ r E M| W
addg %rdx, $rax F| D|ID|D|DJ|E|[M|W
halt F F F F|{D|E[M|W
Cycle 6
W
Cycle 5 W_dstE = $rax
M
Cycle 4 M_dstE = $rax .
E : :
e_dstE = srax .
D D D
zggz ;ii SICA = $rdx SICA = $rdx CS-APP3e

srcB = $rax

srcB = $rax




SEFRRETHA? "~
What Happens When Stalling? —%%=

# demo-hO0.ys Cyc|e 8
0x000: irmovg $10, $rdx Write Back bubble
0x00a: irmovg $3,%rax Memory bubble
0x014: addg %rdx,srax Execute | 0x014: addg %rdx, $rax
0x016: halt Decode | 0x016: halt

Fetch

s EEIESIHERISTEIEBMER Stalling instruction held back in
decode stage
s [SEIESIERERYEMER Following instruction stays in fetch
stage
s SEEAZIITIER Bubbles injected into execute stage
o EK{UUFNEFEETIES Like dynamically generated nop’s
o IEEBmIEEAIMER Move through later stages

— 188 — CS:APP3e



implementing Stalling .

icode - Cnd - valE valA - dstE | dstM

icode | ifun - valC valA valB dstE | dstM | srcA | srcB

icode | ifun - ré rB valC valP

Tk izl Pipeline Control
s AS1ZIFIENE{ES{Y Combinational logic detects stall condition

n IRBIR ESIETRIKESEFSZUMERT Sets mode signals for
~189- how pipeline registers should update CS:APP3e




K TIFRRIRI
Pipeline Register Modes

1IFE Normal

= Stall

=it Bubble

—190 —

Input =y

—

_{>

stall ﬁ bubble
=0 =0

Output = x

stall

bubble

:O_ﬂ_ =1

Output = x

Output = x

X=p

=

=

=

Rising
clock

Rising
clock

Rising
clock

=

—>

Output = x

X=

Output = nop

—>

T o B

CS:APP3e



2UEEAR Data Forwarding e

FPEERIKEE Nawe Pipeline
s HRSEIMERRTHITSIZER5IE(E Register isn’t written

until completion of write-back stage

n IZEMEREENTFEI X (O )iERIER(EEL Source operands

read from register file in decode stage

o FEEMEFHRMESTFEE ()T 1T Needs to be in register

file at start of stage

MER Observation
s ERITEBTEMERF4E(E Value generated in execute or

memory stage

$515 Trick
s \NERIESABIERETIFEBMER Pass value directly from

generating instruction to decode stage

s EEEFEMERESRAIBIH Needs to be available at end of
—191 - decode Stage CS:APP3e
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BTS2~ Data Forwardlng Examg'g

# demo-h2.ys

0x000: irmovg $10, %rdx
0x00a: irmovg $3,%rax
0x014: nop

0x015: nop

0x016: addg %rdx, Srax
0x018: halt

= irmovgESEIRER
irmovgqg in write-
back stage

s BREEWIRKES
{782 Destination
value in W pipeline
register

n YRR ERRY

valB Forward as
valB for decode
_192- Stage

3 4 5
F E|l M| W
Dl E| M| W
F| D| Ef M| W
F| D] E| M| W
F| D| E| M| W
F| D| E| M| W
Cycle 6
W
W_dstE = $rax R[¢rax] <3
W_valE = 3
2 \ 4

SrcA = srdx | valA «R[%rdx] =10
srcB = $rax| valB «<W _valE =3

CS:APP3e



BIRIRTS
Bypass Paths

=3 ER Decode Stage

- 193 -

n S ZiEI%E valAfllvalB
Forwarding logic selects
valA and valB

s IEERBSFRIH(E)
Normally from register
file

m BB MISHEIRIKZEMER
BZlvalAggvalB
Forwarding: get valA or
valB from later pipeline
stage

Memory

Execute

Decode

Fetch

pC

W_icode, W_valM

W_valE, W_valM, W_dstE, W_dstM

vala, valB

d_srcA,
d srcB

Write back

predPC




%‘ Eg Eg E W_icode, W_valM W_valE, W_valM, W_dStE, W_dstM
Bypass Paths

Memory

EEA&ZiIR Forwarding
Sources

= ITBNER: valE Execute:
valE

m IGTEMER: valEFllvalM
Memory: valE, valM

s S5OER: valEFllvalM
Write back: valE, valM

Execute

vala, valB

d_srcA,

Decode d_srcB

Write back

Fetch

predPC

pC

— 194 -



LEEE R Bl Data Forwarding Exampl 49

# demo-h0.ys

0x000: irmovg $10,%rdx F D E M W
0x00a: irmovg $3,%rax F D E M W
0x014: addg %rdx, $rax F D E M W
0x016: halt F | DI E[M|W
SFEes%rdx Register $rdx
s LAEEBALUFEE Cycle 4
Generated by ALU M
during previous cycle M dSiE = Srdx
s MNiGEMEREER{EvalA M_valE = 10
Forward from memory e
as valA
I ] E_dstE = $rax
SFEes%rax Register $rax e valE « 0+3=3
n MIEBALUFEAERY(E Value D
Just 9_eneiated by ALU SIcA = %$rdx | valA « M_valE =10
u M#lﬂ:rllﬁﬁzﬁ’.%?i{’ﬁvalB srcB=%rax | valB «e valE=3
Forward from execute

“1%5- % valb CS:APP3e



SR NTER Forwardlng Prlorlty

# demo-priority.ys

0x000:
0x00a:
0x014:
O0x01le:
0x020:

irmovg $1, %rax
irmovqg $2, %rax
irmovqg $3, %rax
rrmovqg srax, $rdx

halt

SHEEAZIERE Multiple

— 196 -

Forwarding Choices

n B RGZETTY
Which one should
have priority

= BITILECIEN Match

serial semantics

» (FARBERERKSEGM

ERRYILEL(E Use

matching value from
earliest pipeline stage

m

T

T

O
T(Oo|m|Z

&

S a
¥

mo|m(g|s
o|miZ|=

<

Cycle 5

W

R[srax] <1

M

R[¢rax] <2

E

R[¢srax] <3

D

valA <« R[%rax] =7
valB <0

B

CS:APP3e



BRRRARHCLETER

SRR

4.5.5 WHIEEHE S MARKERE, B8 - MEEFH—-HNFER ID:

BT FH4E 1D 7 4 A

e valE e_dstE ALU & i

m valM M dstM PAPER T

M valE M_dstE Vit B Rt O E KT E
W_valM W_dstM EE B a0 M R#ETHE
W valE W_dstE FEBpBEFXHD EARAATHS

WORAT R R &M, XNPBMIEERE o _rval A EREREE, BENF

framim 0 A R BIME.
Pk, BAVRBEILITHKKLFF4 E B vals ${EA HCL #iA .

word d_valA = [
D_icode in { ICALL, IJXX } : D_valP; # Use incremented PC

d_srcA == e_dstE : e_valE; # Forward valE from execute
d_srcA == M_dstM : m_valM; # Forward valM from memory
d_srcA == M_dstE : M_valE; # Forward valE from memory
d_srcA == W_dstM : W_valM; # Forward valM from write back
d_srcA == W_dstE : W_valE; # Forward valE from write back

1 : d_rvalA; # Use value read from register file

~197 -
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Implement
Forwarding

n IZHNBEDABORRIEEEIR, ME.
MFIWiRIK &S Fe55 45

1Z=8MER Add additional
feedback paths from E, M,
and W pipeline registers
Execute Into decode stage

E stat | icode | ifun valC valA valB dsiE | dstM | srcA | srcB - euEigEEt*}Ag/l\iﬁ&E{’E

* | s e o iFhakEzRYvalAfllvalB
Create logic blocks to
select from muiltiple
sources for valA and valB
In decode stage

Decode

A . B
Register™
file

u stat |icode| ifun ra B valC . valP

— 198 — CS:APP3e




SEIEE A Implementing Forwardin ¥

W walE

I I W_yaihd ## What should be the A wvalue?

ot ot m_vall # Use incremented PC
Imﬂ mgg:;‘w D icode in { ICALL, IJXX } : D _valP;
e | | # Forward valE from execute

- d srcA == e dstE : e valk;

_— # Forward valM from memory

A m d srcA == M dstM : m valM;
# Forward valE from memory
' d srcA == M dstE : M valEg;
# Forward valM from write back

d srcA == W dstM : W _valM;

# Forward valE from write back
valA valB dsiE | dstM | srcA | srcB d srcA == W dstE : W valk;
ke Lk # Use value read from register file

m 1 : d rvalA;
1;

e_wvalE

W ovalld

A B
Register™
file W_valE

I




$EZR9BRE Limitation of Forwardnﬁ

# demo-luh.ys

0x000:

irmov
: ‘irmov
! rmmov
2 irmov
: mrmov
: addq

:+ halt

Qg a9 Qa9 4a 4Qa

Z<5x-EAE>X Load-use

dependency

n BT EEREBMERRISRS
25(H Value needed by end of
decode stage in cycle 7

= 5E8ANE

1 2 3 4 5 6 7 8 9 10
$128, %rdx F D E M W
$3,%rex F D E M| W
s of e 0 ({%rdx) F D E M W
10, %rbx F D E M W
O(%rdx), *rax # Load %rax F D E M W
rbx, trax # Use %rax F D E M| W
FID|IE| M|W
Cycle 7 Cycle 8
M M
M_dSstE = S rbx M_dstM = “rax
M_valE =10 =1 | m_valM « M[128] = 3
D

IREM ERIEENE

Value read from memory in
_200- Memory stage of cycle 8

vy

valA « M_valE =10__-
valB « R[trax] =0

Error

CO.AFFoe



R/ EREEIE A\miding Load//Use Haz%

# demo-luh.ys

0x000: irmovg $128, %rdx = D E M| W
0x00a: irmovg &3,%rcx FIDIE|M|W
0x014: rmmovqg %rcx, 0(%rdx) F D E M| W
Ox0le: irmovqg $10, %rbx E D E M| W
0x028: mrmovg 0(%rdx),%rax § Load %rax FID|IE|IM|W
bubble rE|M|W
0x032: addg %rbx, %rax # Use %rax F D|ID|IE[M|W
0x034: halt B F D E M| W
Cycle 8
W
EEMERBES— 1 FM Stal W osE =
using instruction for one —
cycle M
M_dstM = $rax
n AISEEIZEE MAEMERE R m_vaiM « M[128] =3 |

IRENZEERY(E Can then pick

up loaded value by

forwarding from memory D 1]
_o01- Stage valA « W_valE = 10
valB « m_valM =3




W/EHEE Detecting Load/Use Ha

— 202 —

Execute

Decode

e_wvalE
ce -7/ ALU \ll |
| | i| e_dstE

E stat |icode [ ifun valC valA valB dstE EEiIM srcA | srcB
i I d_srcAl d_srcB

A "B W_valM

Register™
file c W_valE

1R Condition

% Trigger

R/ EFR SR

Load/Use Hazard

E icode in { IMRMOVQ, IPOPQ }
E dstM in { d srcA, d srcB }

&&

CS:APP3e



&3[R EIREE Control for Load/Use Hazard
# demo-luh.ys 1 2 3 4 5 6 7 8 9 10 11 12¥

0x000: irmovg $128, $rdx F D| E| M| W
0x00a: irmovg $3,%rcx F| D| E| M| W
0x014: rmmovg %$rcx, 0 (%rdx) F| D| E| M| W
0x0le: irmovg $10, %ebx F| D| E| M| W
0x028: mrmovqg 0 (%rdx),%rax # Load S%rax F| D| E| M| W
bubble Pl E| M| W
0x032: addg %ebx, $rax # Use %rax F| D| D| E| M| W
0x034: halt F| F| D| E| M| W
n EEESHERUSHIFEMBMER Stall
Instructions in fetch and decode stages
n SEASERIITINER Inject bubble into
execute Stage
KR Condition F D E M W
xEk/(EASKN = S S8 IEE IE®
Load/Use Hazard stall stall bubble | normal | normal
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B 3ZIRERTH 3 E
Branch Misprediction Example ~%

demo-j.ys

0x000: xXorq %rax,%rax

0x002: jne t # Not taken

0x00b: irmovg $1, %rax # Fall through
0x015: nop

0x016: nop

0x017: nop

0x018: halt

0x019: t: irmovqg $3, %$rdx # Target

0x023: irmovg $4, %rcx # Should not execute
0x02d: irmovg $5, %rdx # Should not execute

s MAZ{UITTEISSRIES Should only execute first 8
Instructions

— 204 — CS:APP3e



SMBTREER Handling Mispredictib‘ﬁ

# demo-7j.ys
0x000: xorqg %rax, $rax F D E M| W
0x002: jne target # Not taken F D E M| W
0x016: irmovqg $2,%rdx # Target F | D
bubble LE|M|w
0x020: irmovg $3, ¥rbx # Target+l F
bubble LplE|[M|wW
0x00b: irmovq $1,%rax # Fall through F D E M| W
0x015: halt DIE|M|W

i‘ﬁ;ﬁ!]ﬁiﬁajhﬁi'z Predict branch as taken

n Y Birb25518<$ Fetch 2 instructions at target

RS =AIELGE Cancel when mispredicted
n ERITIMERIE NI 93 2 A1 Detect branch not-taken in

execute stage

= T 1A, BSBHRITIIFEEMERAIES On following

cycle, replace instructions in execute and decode by bubbles
s W IEEBERWEREE No side effects have occurred yet s appae




SN TR S
Detecting Mispredicted Branch =¥

m stat |icode Cnd valg valA - dstE | dstM -

e valE
e dsiE
Execute
E stat | icode | ifun valC valA valB dstkE | dstM | srcA | srcB
AR Condition % Trigger
2 o TR E icode = IJXX & 'e Cnd
Mispredicted Branch
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FEEIRISH Control for Mispredict

# demo-j.ys 1 2 3 4 5 6 7 5 9 10
0x000: xorqg %rax, ¥rax F D E MW
0x002: jne target # Not taken F D E M| W
0x016: irmovqg $2,%rdx # Target F D

bubble LE|[M|W
0x020: irmovqg $3, ¥rbx # Target+l F

bubble LD|E[M|W
0x00b: irmovq $1,%rax # Fall through F D E M| W
0x015: halt F D E M| W
K5 Condition F D E M w

N oLy Y —N N
TR 1IEs it i IES IES
Mispredicted Branch| normal | bubble | bubble | normal | normal
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IR[EI7RHI Return Example

0x000:
0x00a:
0x013:
0x01d:
0x020:
0x020:
0x02a:
0x02b:
0x035:
0x03f:
0x049:
0x100:
0x100:

n PARIHAIT = SRMINNAY:

instructions

— 208 —

irmovq
call p
irmovq
halt

.pos 0x20

p:

.pos 0x100

irmovq
ret

irmovq
irmovq
irmovq
irmovq

Stack:

$1,%rax
$2,%rcx
$3,%rdx
$4,%rbx

Stack, %$rsp #

#

$5,%rsi #

$-1,%rdi #

H H= H HF

=

demo-retb.ys

Intialize stack pointer
Procedure call
Return point

procedure

Should not be executed
Should not be executed
Should not be executed
Should not be executed

Stack: Stack pointer

i8S Previously executed three additional

CS:APP3e



# demo-retb

IEiEEIRAI Correct Return ExamEﬂ"‘é

0x02a: ret F| D| E| M| W
bubble F D E M W
bubble F D E M W
bubble F D E M W
0x013: irmovg $5,%rsi # Return F Dl E| M| W
s HretBEFKER, HSEUEM W
E% As ret passes through valM = 0x013
pipeline, stall at fetch stage

o [ERFretiFiLiERS. MITFIREM .
E& While in decode, execute, .
and memory stage

Sm N Ad - F
n SEANSBAEEBMER Inject valC <5
bubble into decode stage B «srsi

n HEXS LM ERNEINEE
Release stall when reach

—209- write-back stage CS:APP3e



8] Detecting Return W

m_stat ' data out m_valM

-_ dmem_error

Memory
M_valA
[N -
e valE

e _dstE

Execute

E stat |icode | ifun valC valA valB dstE | dstM | srcA | srcB

AR Condition  |f§i& Trigger

Qb Bret IRET in { D icode, E icode, M icode }

Processing ret CS:APP3
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iREHZEI Control for Return

w
e 1S

> &
e

# demo-retb
0x02a: F|{ D M| W
0x02b: irmovg $1,%rax F
bubble E M| W
0x02b: irmovg $1, %rax
bubble D E M| W
0x02b: irmovg $1, %rax F
bubble D| E| M| W
0x013: irmovg $5,%rsi # Return D E M| W
R Condition F D F M W
b Bret gi= i IES IEE IEE
Processing ret stall bubble | normal | normal | normal
CS:APP3e
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SIRIEHlE R Special

f&ill Detection

x_ﬂ’*’gf

Control Cases
g

1R Condition

& Trigger

LbIret Processing ret

IRET in { D _icode, E_icode, M _icode }

R /MEHEPBE Load/Use Hazard

E_icode in { IMRMOVQ, IPOPQ } &&

E dstMin{d _srcA, d srcB}

P ZIRMERIR Mispredicted Branch

E icode =1JXX & 'e_Cnd

) Action (on next cycle)

— 212

Condition F D E M w

2 et =i |8 IESE IES IES
Processing ret stall bubble | normal | normal | normal
=5/ EFHEE 1= 1= S IESE IES
Load/Use Hazard stall stall bubble | normal | normal
3 3ZIsER IES S8 S IES IER
Mispredicted Branch| normal | bubble | bubble | normal nc():?r:ﬁg T




Implementing Pipeline Control

W _stat

dst

valA - dstE

dst

valB

dstE

dst

SrCA

srcB

code
JE.butdle
stat |icode | ifun valC valA
&
&

2
........ Lo
,,,,,, s E’"”ﬂ stat |icode | ifun - rA rB valC

valP

=3

s AEIZEFERKEIEFBIES Combinational logic generates
pipeline control signals

| = EHEREET—AE

-21 .
following cycle

JE9FFES Action occurs at start of

CS:APP3e



REIERIRIGRR A 5
Initial Version of Pipeline Control ==

bool F_stall =
# Conditions for a load/use hazard
E icode in { IMRMOVQ, IPOPQ } && E dstM in { d srcA, d srcB } ||
# Stalling at fetch while ret passes through pipeline
IRET in { D_icode, E icode, M icode };

bool D stall =
# Conditions for a load/use hazard
E icode in { IMRMOVQ, IPOPQ } && E dstM in { d srcA, d srcB };

bool D bubble =
# Mispredicted branch
(E_icode == IJXX && 'e Cnd) ||
# Stalling at fetch while ret passes through pipeline
IRET in { D_icode, E icode, M icode };

bool E bubble =
# Mispredicted branch
(E_icode == IJXX && 'e Cnd) ||
# Load/use hazard
E icode in { IMRMOVQ, IPOPQ } && E dstM in { d srcA, d srcB };

_214-— CS:APP3e
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IE#Hl4A S Control Combinations -

Load/use
M
E Load
D Use

|

g

Mispredict retl ret 2 ret 3
M M M ret
E JXX E E ret bubble
D D| ret D | bubble bubble

Combination B

T Combination A TI

s EF—A I

arise on same clock cycle

!

HE A Combination A

m X AEEE Not-taken branch
n RetiESTERZBIFA ret instruction at branch target

& B Combination B
n IESMAFEER%rsp Instruction that reads from memory to

3rsp

-215- m [5iRretf§ < Followed by ret instruction

e EBATISTRIE R Special cases that can

CS:APP3e



iEs#EI4RE A Control Combination A

IVIM|spred|ct M retl mr o = -
E| Jxx E e - d -
D D ret -
T Combination A T F
AR Condition F D E M W
2Fret =i S8 IEE IES IEE
Processing ret stall bubble | normal | normal | normal
S 3ZIAEER IER S8 S8 IER IER
Mispredicted Branch| normal | bubble | bubble | normal | normal
£& Combination 15 Sl SH 734 734
stall bubble | bubble | normal | normal

==

n HoZINsEREIMIZAME Should handle as mispredicted branch

n BIEFiRKESESE Stalls F pipeline register

.15 {BPCIEEFRZIEFTICAA{EAM_valM But PC selection logig yvithbe
using M valM anyhow



2#I4HSB Control Combination B -
;:Eﬂﬂgﬂn e

Load/use retl
M M
E Load E
D Use D ret
Combination B
1R Condition F D r M w
QbIBret 8= S8 IEE IEE IEE
Processing ret stall bubble | normal | normal | normal
=/ (EHERE 8= 8= Sig IEE N3
Load/Use Hazard stall stall bubble | normal | normal
Zg&Combination gE | S| sS4 IE= IE%
=
stall bubble + bubble | normal | normal
stall

 ZiiENSBNEERKESTFEED Would attempt to bubble and
stall pipeline register D

T GMBSE (SIS RIEIKAEE Signaled by processor as pipelFr?éAFéFF?%r




LMBISHIA S B Handling Control

Combination B

03
—
\

o
o

Load/use retl
M M
E| Load E
D Use D ret
Combination B
AR Condition F D E M W
2 ret =i S8 IEE IES IEE
Processing ret stall bubble | normal | normal | normal
=5/ EFEE g SIS S8 IESE IEE
Load/Use Hazard stall stall bubble | normal | normal
£4& Combination 15 25 SH 734 734
stall stall bubble | normal | normal

n XE/(ERERMNMZSEINF I Load/use hazard should get

priority
s retiE SFRISEFRIM ER—ERFINNRHE

held in decode stage for additional cycle

— 218 -

ret instruction should be
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{EIERKEI=HNEE
Corrected Pipeline Control Logic =%

bool D_bubble

# Mispredicted branch
== IJXX && 'e Cnd) ||
# Stalling at fetch while ret passes through pipeline
IRET in { D_icode, E icode, M icode }
# but not condition for a load/use hazard
&& !'(E_icode in { IMRMOVQ, IPOPQ }

(E_icode

&& E dstM in { d srcA, d srcB });

AR Condition F D E M W
2 ret =i S8 IEE IES IEE
Processing ret stall bubble | normal | normal | normal
=5/ EFHEE 5 SIS S8 IESE IES
Load/Use Hazard stall stall bubble | normal | normal
£4& Combination 15 2= SH 734 734
stall stall bubble | normal | normal

03
—
\

&

n X /(ERERMIZSEILF I Load/use hazard should get priority

n retig SR

I 8B ER—ER BN

held in decode stage for additional cycle

] ret instruction should be
CS:APP3e



WIKE UM Pipeline Summary -
iR BME Data Hazards g

n KZiE TR FTLIE Most handled by forwarding
o B HEEIRS% No performance penalty

S5/ (BN EEE(E—1EH] Load/use hazard requires one
cycle stall

1458 Control Hazards
s HiEME) o ZFRNEERATEGEHIES Cancel instructions when

detect mispredicted branch
o BEEFMYENEHEA Two clock cycles wasted

n HretiE@diRIKEIIEESEUEMER Stall fetch stage while ret
passes through pipeline

o BREE=/HJ¥hEHA Three clock cycles wasted

=HEIZH S Control Combinations

n W FH St Must analyze carefully

n F—PMREIEHGIAEEIR First version had subtle bug

_220-  © (NEARTERHESEESHLIM Only arises with unusual instrestigm.
combination




CS:APP Chapter 4 =
Computer Architecture

Wirap-Up

=)
(EiREM:
B3R oKiE BB15 it
, Carnegie
iﬁfl&. Bryant and David R. O’Hallaron %I(l}}l’(éll}glty
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ik Overview =

FRIKEIRITHEEIE Wrap-Up of PIPE Design
n BB Exceptional conditions
n 8892 th Performance analysis
= B ERIGLT Fetch stage design

NS EEELLEEEE Modern High-Performance Processors
m FLFEH1T Out-of-order execution

_ 222 CS:APP3e



S5 Exceptions >
s XSS FAEERAGEHEZETE E1E{E Conditions under which i

processor cannot continue normal operation

JR&E Causes
n £35S Halt instruction (Current)
s 155k ZREIIEAIENH Bad address for instruction or data
(Previous)
s A5EBES Invalid instruction (Previous)

BIRYHREBAYEN{E Typical Desired Action
n STREERELES Complete some instructions

o EARINEAEHEIES (HURFFEEZE) Either current or previous
(depends on exception type)

m [EXEHEIES Discard others

s FHERELIERTER Call exception handler
o X(AEFRHEARYZTERAMA Like an unexpected procedure call

F{iJA9SCEIW Our Implementation
-223-n HIESSIRFBERMSH Halt when instruction causes excefstidhse




Fma0l Exception Examples ;i

(EEUEMEIS RIS E Detect in Fetch Stage

jmp $-1 # Invalid jump target
.byte OxFF # Invalid instruction code
halt # Halt instruction

ELREMERENRIR S Detect in Memory Stage

irmovqg $100,%rax
rmmovqg $%$rax,0x10000 (%rax) # invalid address
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KR LIRS PRIFR AL &

Exceptions in Pipeline Processor #1%

# demo-excl.ys
irmovqg $100,%rax
rmmovq %$rax,0x10000(%rax) # Invalid address

nop
.byte OxFF # Invalid instruction code
: SRS
0x000: irmovg $100,%rax F D E ’rﬁiﬁ! EUFF
4 / Exception detected

X

0x00a: rmmovqg %rax,0x1000(%rax) | F D

0x014: nop F
0x015: .byte OxFF

TM|Iom(Z
om(Zg|s

RNEFE
Exception detected

HAtEA995H Desired Behavior
» rmmovgMi%5 iR E rmmovg should cause exception

» [REHESMNIZXIUIESRIAESIRB M Following instructions
-225- should have no effect on processor state CS:APP3e




KRR R #2 <&

Exceptions in Pipeline Processor #2=

# demo-exc2.ys

0x000: Xorq %rax,%rax # Set condition codes
0x002: jne t # Not taken
0x00b: irmovg $1,%rax
0x015: irmovg $2,%rdx
0x01f: halt
0x020: t: .byte OxFF # Target
0x000: Xorq %rax,%rax F|{D|E|[M|W
0x002: jne t F|{D| E|M
0x020: t: .byte OXFF FE|D|E|M|W
0x???: (I'm lost!) F | DI E|M|W
0x00b: irmovg $1,%rax / F|{D|E[M|W

f&MZSE Exception detected

AtEBAY1TH Desired Behavior
n ARZEERE No exception should occur
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L

n IKESEFSRIZINASSER Add status field to pipeline registers

= BUERMENIRE “AOK”, “ADR” (HEUSHILES) , “HLT” (SH#ES) %
“INS” (JEiXIES) K& 22— Fetch stage sets to either “AOK,” “ADR”
(when bad fetch address), “HLT” (halt instruction) or “INS” (illegal
instruction)

n FEHRITIMERBRIREBIRS{E Decode & execute pass values through

n IGEMERBEEEEHIRERM “ADR” Memory either passes through or
sets to “ADR”

» (NHIESENXE O ERRIRA SR Exception triggered only when

instruction hits write back
_ 227 — CS:APP3e



REQETE 200000
Exception Handling Logic
BEV$EBER Fetch Stage

# Determine status code for fetched instruction
int £ stat = |

imem error: SADR;

!instr valid : SINS;

f_icode == IHALT : SHLT;

1l : SAOK;

17
IBEMER Memory Stage

# Update the status

int m stat = [
dmem error : SADR;
1 : M stat;
1;
BoliE& Writeback Stage

int Stat = [
# SBUB in earlier stages indicates bubble
W_stat == SBUB : SAOK;
1 : W_stat;

— 228 -
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- dmem_error

—E

Execute

o

icode

Decode




MR IR IR P AORIERS o
Side Effects in Pipeline Processor *

# demo-exc3.ys
irmovqg $100,%rax
rmmovq %$rax,0x10000 (%$rax) # invalid address

addg 3%rax, srax # Sets condition codes
: Rl ESIle
0x000: irmovg $100,%rax F DIE[M|W m;m:': 7T
4 ,/ Exception detected
O0x00a: rmmovqg %rax,0x1000 (%rax) F D E M
0x014: addg %rax,%rax F|D]|E

IRESRE Condition code set
HAtBAY47 5 Desired Behavior

» rmmovgMi%5 iR E rmmovg should cause exception

s BEIESRIZASE{E[EZE No following instruction should
-229- have any effect CS:APP3e




BRASIHER Avoiding Side Effects =/

HI BB MZEGEIASEFT Presence of Exception Should
Disable State Update

n A5 EESEERIKESA Invalid instructions are converted to
pipeline bubbles
o [RAEBIKESIBIBRE IR Except have stat indicating exception status

n HIEREFEASSZRIFE AL Data memory will not write to invalid
address
n PHLEAEEEFRSE(HRS Prevent invalid update of condition codes

o (EIHTEMERENRE Detect exception in memory stage
o {EMITM ERBYiEHSR{4HY Disable condition code setting in execute

o WI{ERI— AT EHAA&Z Y Must happen in same clock cycle
s EREMERLIESE Handling exception in final stages
o HEIBFEMERENRIRE When detect exception in memory stage

» F—1PEEFEENSBRIREMER Start injecting bubbles into
memory stage on next cycle
o HESMHIMERENREIFRE When detect exception in write-back stage

» HEREIES Stall excepting instruction
~ 20y AFEEHCLALREER Included in HCL code

CS:APP3e




KSHERIERLZE

Control Logic for State Changes
IRES{HRS Setting Condition Codes

# Should the condition codes be updated?

bool set cc = E icode == IOPQ &&
# State changes only during normal operation
'm stat in { SADR, SINS, SHLT } msfat ‘C‘“el
&& 'W_stat in { SADR, SINS, SHLT };

Execute

E stat | icode

I ERIEE] Stage Control
» tHiSSIRTEESR Also controls updating of memory

# Start injecting bubbles as soon as exception passes
through memory stage
bool M bubble = m stat in { SADR, SINS, SHLT }

|| W _stat in { SADR, SINS, SHLT };

Decode

# Stall pipeline register W when exception encountered
bool W_stall = W_stat in { SADR, SINS, SHLT }; ustat

instr_valid I_ ........ L
N Fetch




L FEPHHGRRAEE o~
Rest of Real-Life Exception Handlitig~

AR ELIEFER Call Exception Handler

m PCIEA#E Push PC onto stack
o HIIEIESE T—58SHIPC Either PC of faulting instruction or of
next instruction

o BEMERENTEEERIKE(EE Usually pass through
pipeline along with exception status

s HEAESIAIBEEE R HIE Jump to handler address
o BEEEEMIL Usually fixed address

o EEMAISARI—ERS Defined as part of ISA

SEIR Implementation
= IESHBSEM Haven't tried it yet!
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&
( 7

y
o

[E8EEEE Performance Metrics ==

AJ$SR=ZR Clock rate
n fAGHzE = Measured in Gigahertz

= MYERAYITNEERI S FNEBERIRIT Function of stage partitioning and
circuit design

o (RIFEMMERTIEER Keep amount of work per stage small

IBSHITRNESR Rate at which instructions executed
m CPI: B85S HBIIEHAZEL CPI: cycles per instruction

s EPFFIESEES /ORBEE On average, how many clock
cycles does each instruction require?

n kG INEEE T FIEENIFERE Function of pipeline design

and benchmark programs

o fflans Sz nNsERAISE=RE E.g., how frequently are branches
mispredicted?
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Wk EBAbIEIZRICPI CPI for PIPE S o
CPI=~10

s 1 HE#EHIEN—5%18<S Fetch instruction each clock cycle

n JLFEBNEEBERIE—EFES Effectively process new
Instruction almost every cycle

o REFFRMIESEIESIEHEARIBIZE Although each individual
instruction has latency of 5 cycles

CPI>1.0
s B SEEEGE S Sometimes must stall or cancel
branches

i1+ECPI Computing CPI
s CERhEHA%L C clock cycles
s IBITSEREAYIESEL | instructions executed to completion
s BEFABRNSE%I B bubbles injected (C =1 + B)
CPI = C/l = (I+B)/l = 1.0+ B/

_,q, @ EIFBIRFSBHIFEIIET Factor B/l represents average penalty
due to bubbles




AR AMEZEAICPI CPI for PIPE (Coht;)‘. i

— 235 -

_\_n’& .

Bl=LP+MP+RP gy 1ynical values
LPE2RTFEH/(ERA B EESHRYET] LP: Penalty due to
load/use hazard stalling
o LoadigSHINLE Fraction of instructions that are loads 0.25
o LoadiESEEEEAILLHI Fraction of load instructions requiring

stall 0.20
o FRENBISEAEL Number of bubbles injected each time 1
= LP=0.25*0.20*1=0.05

MPEHTF 53 ZFlltHiRSERIZES] MP: Penalty due to
mispredicted branches
o FHBHEEIESAIALLEL Fraction of instructions that are cond. jumps

0.20
o F(HHrEEFRMEEIRAYELHI Fraction of cond. jumps mispredicted
0.40

FRENISEE Number of bubbles injected each time 2
= MP=0.20*0.40*2=0.16

CS:APP3e



Tk B4 IRIZAICPI CPI for PIPE (Coﬁ

BA=LP+MP+RP gy Typical Values
n RPEREHIESEFHAVET] RP: Penalty due to ret instructions

o RMIIESHINLEL Fraction of instructions that are returns 0.02

o FRENBS;EEL Number of bubbles injected each time 3
= RP =0.02*3 =0.06

n  FEIIAYFHER Net effect of penalties 0.05 + 0.16 + 0.06 = 0.27
= CPI=1.27 (&FKE Not bad!)
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m Fetch Logic ReVisited..;

{£EV$5FHARRIE) During o
Fetch Cycle

M_ualh
l. L;:FPC Select PC u stat |icode| ifun | rA B valC - valP . W_lc;djam

2. MESHITREFT *‘ =
Read bytes from - - """ 1 e
instruction memory =

s iBicodelfEigsik T |
,E Examine iCOde to S?l[[aweu Al}g;wesl._.; .....................

determine nsircon
instruction length

4. 1BINPC Increment PC

B3R Timing

s ZER2HAFEBRI<AIAY
|8] Steps 2 & 4
require significant
-237- amount of time CS:APP3e
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IR EAUBIRR Standard Fetch Timiii

E3RPC Select PC need_regids, need valC
\ ATEiE Mem. Read \ 180 Increment
~— _/
—~

11NEI$REHER 1 clock cycle

s WARIIRERITEMEE Must Perform Everything in Sequence

s EAIEPCHRERMS L EIELZEITHPCIEN Can’t compute
incremented PC until know how much to increment it by
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HRiERPCIZINERES -
A Fast PC Increment Circuit ot

incrPC
=60{iZ High-order 60 bits {%443L Low-order 4 bits
o, carry I
[ . MUX .
s N\
{2 Slow < incre- - 4-bit adder > R Fast
menter
need _regids

—_ SPU ; O O

=60{iL High-order 60 bits Pl need valC
T{EEM_L Low-order 4 bits
PC
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{EYANIEEI R Modified Feteh Tinﬁﬁjg;

need_regids, need valC

1#EIZPC Select PC \ AMSihNi% 4-bit add
\ Wﬁiﬁ Mem. Read I I gﬂ%i&ﬁ:ﬁ% MUX
T r—— ‘
~~ ~ _— FniEEREE Standard cycle

1MNEI$hEHER 1 clock cycle

60fZAIIE =S 60-Bit Incrementer
m OEEIRPCIE, MZBIFFIR1T3E] Acts as soon as PC selected

n HIREZREFESEAEERH Output not needed until final
MUX

s S5AFEHITIAE Works in parallel with memory read
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SEHLAIASISE o

More Realistic Fetch Logic o
Other PC Controls
A N
l l l il ! Byte 0 ByteS 1-9
Fetch Instr. ,  Current
Control Length Instruction
' Current Block
Instruction
Cache f
Next Block

HYSHE Fetch Box

s EEpHIESEIRETF Integrated into instruction cache

m BYEE/ M cachelR (168§32=F15) Fetches entire cache block (16
or 32 bytes)

s ASHBIBRIEES B
current block

s 128 TAEBN F—/ MR Works ahead to fetch next block

o MFEXBIMRAIESER As reaches end of current block
o TEHZBIFA At branch target

BZ Selects current instruction from
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MECPUIRit Modern CPU Desigrﬁ

Instruction Control
T T T T LTI rer Address

Register
File

Register| : Prediction
Updates| i OK?

structions

Operations

Operation Results

Executio

_ 242 — CS:APP3e



5S84 Instruction Control L

Instruction Control

Address
Register
File

structions

Operations

MAEIMEES=FT Grabs Instruction Bytes From Memory
n EFYFIPC+a 2 ASFNN B4E Based on Current PC + Predicted

Targets for Predicted Branches

s EHENSIENREIEE AEFESZH (AJ8ERY) 232 Bitx Hardware
dynamically guesses whether branches taken/not taken and
(possibly) branch target

EIEIESRR{E Translates Instructions Into Operations

n ITHESIIEERRIELEE Primitive steps required to perform
Instruction

n HABHESEE]-3/MR(E Typical instruction requires 1-3 operations
— 243 — CS:APP3e



18 S4=#l Instruction Control 2

Instruction Control

Address
Register
File

structions

Operations

IS TFEES | BRkIFIC Converts Register References Into Tags
n JE—MEERY B RO RS (ERYIFIb I R E—RATHSIRRTT

Abstract identifier linking destination of one operation with sources
of later operations
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uﬁﬁ ISJE%Ii:tt:sr gpéid?icuon Operations :%
Execution ,, ==
Unit

Operation Results Addr Addf

Data

Data

Execution

n ZIJgEERIT Multiple functional units
o /Nt LANIZINIETT Each can operate in independently
s —BIR(EENIE, FRIZBPITIRIE Operations performed as
soon as operands available

o JZWEIRIBTEREMIIARE Not necessarily in program order
o TEIhgEERITBEIN Within limits of functional units

n EHZ4F Control logic
o IHIFRITAEMTFIRFIEFMIT Ensures behavior equivalent tCo
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Intel HaswellBICPUEEZ] 7
CPU Capabilities of Intel Haswell =%

ZEIESTLAFITIIT Multiple Instructions Can Execute in Parallel
m 25%loadig$ 2 load
m 15&storefgS 1 store
m ASERHIES 4 integer
m 25KiFE5kEiE 2 FP multiply
n 1SZZE0N/B8 1 FP add/ divide

BLEESHAIMALEREE, (BREAILLEKEZ Some Instructions Take > 1
Cycle, but Can be Pipelined

m }§< Instruction BJZE Latency BJBR/ &8 Ccycles/issue
m 3F&/{FHE Load / Store 4 1

m BEEY5E Integer Multiply 3 1

n BEIBR Integer Divide 3—30 3—30

n YWW/EBFEEIZ =3k Double/Single FP Multiply 5 1

» W/EEFSREZ =N Double/Single FP Add 3 1

_ 48 WEBFSEF RBR Double/Single FP Divide 10—15 66—l ppae
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HaswelHE{E Haswell Operation =

NSEEE S “Uops” Translates instructions
dynamically into “Uops”
m BT 118{\UE ~118 bits wide
n SFRIEE. WAIERLLFIBAOHELL Holds operation, two

sources, and destination

MiTUopsH“ELF 5|8 Executes Uops with “Out of
Order” engine
m UopitT, HEATEHE Uop executed when
o IR{EEYDIA Operands available
e IfJgEERITuI F Functional unit available

» B“FAERUL 5 $I1T Execution controlled by “Reservation
Stations”

o (RiFiIRERuopsZ[BIAYEUEIEX Keeps track of data dependencies
between uops

o #figiFiR Allocates resources
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High-Perforamnce Branch Prediction

YEgEZEARTEEE Critical to Performance
» HEIBEERTE11-15RHRES] Typically 11-15 cycle
penalty for misprediction
22 BiREM Branch Target Buffer (BTB)
m 51245%H 512 entries
m Ai[BSA 4 bits of history
s BEiEMNEE Adaptive algorithm
o FENZINBIESRIIREI, HIINEIERE-A9%EEE Can recognize

repeated patterns, e.g., alternating taken—not taken

2MEBTBERSE Handling BTB misses
n IEMALY5E6/NEHE Detect in ~cycle 6
s WA EBMNEE:, YWIEREBRNAEERE Predict taken for

negative offset, not taken for positive

\ a it
s o fEIANISFE{H = Loops vs. conditionals AP




Rl ZIRN o
Example Branch Prediction =

93258 Branch History
s WEXLIBIDZIESHBEHITEERES Encode information

about prior history of branch instructions
m Ji 9 ZE2EERE Predict whether or not branch will be taken

NT NT NT

N N R
T Yes! ) <Yes?) ( No? ) ( No! NT
)y N N "

T T T

IRZSH State Machine

s FIROFIEE, @R Each time branch taken, transition to
right

m LHAEEE, MAEFEHE When not taken, transition to left

m F 9 STk LA F RS Yes! 8Yes? Predict branch taken

when in state Yes! or Yes?
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QIRERNGE Processor Summary ==

121K Design Technique

s HFBIES IR —AIESR Create uniform framework for all
Instructions

o HEFIESZIAHEM{HF Want to share hardware among
instructions

n FiSEEBERHEEITEBIEIR Connect standard logic blocks

with bits of control logic

$2{E Operation
o IRESEEEPRFEHINFES{ESSAR State held in memories and

clocked registers
s RAESEIZESITE Computation done by combinational
logic

n SF5/AERTHELUEFISF{TA Clocking of
registers/memories sufficient to control overall behavior
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QMBS Processor Summary ;;’;

j@iREEE Enhancing Performance
n KGN Y EEMNNHE 7 FIFEFIAZE Pipelining increases
throughput and improves resource utilization

n WRIRRGEIFISATTH Must make sure to maintain ISA
behavior
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