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The Computer Revolution O

Progress in computer technology
Underpinned by Moore’'s Law

Makes novel applications feasible
Computers in automobiles
gell phones
Human genome project
World Wide Web
Search Engines

Computers are pervasive
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Moore’s Law
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Classes of Computers

Personal computers
General purpose, variety of software
Subject to cost/performance tradeoff

Server computers

(Network based

High capacity, performance, reliability
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Classes of Computers

Supercomputers [C\op o0 “f;J
High-end scientific and engineering
calculations

Highest capability but represent a small
fraction of the overall computer market

Embedded computers
‘Hidden as components of systems
Stringent, owerfpérformance/cosf constraints

Run one set of related applications that are
normally integrated with the hardware
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l The PostPC Era

') Personal Mobile Device (PMD) —
Battery operated
Connects to the Internet

Hundreds of dollars
Smart phones tablets, electronic glasses

O Cloud computing
Warehouse Scale Computers (WSC)
Software as a Service (SaaS)

Portion of software run on aand a
portion run in the Cloud

Amazon and Google
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Eight Great Ideas (1)

O Design for Moore’s Law

—

. . TTAWQ\SYbV} OOOOOOOOOO
Integrated circuits resources double every 18-24 months

Computer design takes years, the resources can double or l
quadruple between the start and finish of the project [ — J

(2 ) 22 —>293(2%2)
@ Use abstraction to simplify design

Represent the design at multiple levels such that low-level details
aﬁ_h_i.d.den to offer simpler model at high-level

Increase productivity for computer architects and programmers

e >
@ Make the comimon case fast S'J. N hgap, }D

CCCCCCCCCCCCCC

Enhance the performance is better than optimizing the rare case
Example?
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Make the Common Case Fast
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Performance via parallelism ’ B ,

Performance via pipelining ons A

Special pattern of parallelism -—)E}’
Example: Human bridge to fight fires ‘le"

—— ?
V\IJU-‘OVJ(% :
@ Performance via prediction evary \bws

Better ask for forgiveness than ask for permission
QCC,U\\(KQ,\? '\> C\QQ/Q
@ Hierarchy of memories Mewm o

Speed, size, and cost @f:i/

~_$Ie_st smallest and most expensive at the top of the hierarchy

(Cache)

Slowest, largest, and least expensive at the bottom of the hierarchy
(Har rlvesg E‘&‘ C“
L 168 L,.J i
3 Dependability via fedundancy) D DDDDDDDDDDDDD
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Eight Great Ideas (3)

Why these ideas are considered great?

Lasted long after the 1%' computer that used
them

They have been around for the last 60 years
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Below Your Program

Application software A-be
Written in high-level language (HLL) i 2

Allow the programmer to think in a more natural language
(look much more like a text than tables of cryptic symbols)

_Improved productivity (conciseness)

Programs become independent from hardware

@ System software

ompiler: translates HLL code to machine code
perating System: service code
~Handling input/output
Managing memory and storage

Scheduling tasks & sharing resources
E.g. Windows, Linux, iOS

L) Hardware
Processor, memory, /O controllers_}u/
cpl
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Levels of Program Code

H_ h I I I High-level swap(int v[], int k)
igh-level language oo S,
| evel of abstraction closerto o e,

}

problem domain
Provides for productivity and Compie

portability <>
@. A + B Assembly

language S a"l(“h e--s]h x? x11, 3

Assembly language ff;igg?g"cv) il s g%igi“’
Textual representation of /7 7. 000
~mee ine instructions ,,;,WLL Ja1rko. 00

E.g.|Add AB) AN

Hardware representation
Binary digits (bits) | |

i i Binary machine ( 00000000001101011001001100010011

En instructions and datagger | osnoonooooonon oot ooiorooooo:

E.g. 11100011010 ) oY) ) 00000000011100110011000000100011

00000000010100110011010000100011
00000000000000001000000001100111
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Components of a Computer

Same components for

all kinds of computer
Desktop, server,
embedded
Fivg one S
nput, cutput, memory,
CQiataga h and%1 ontrol = \O%f;;so,
Input/output includes

C)User-interface devices
A, G\p “" Display, keyboard, mouse
" Jevief Storage devices —— > TPk ok

Hard disk, CD/DVD, flash
C j\leiwads_adaplers
. For communicating with
\w@wa'\, other computers
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Through the Looking Glass

LCD (liquid crystal display) screen: picture elements (pixels)
An image is composed of a matrix of pixels called a bit map c,!-:lff..s

Bit map size is based on screen size and resolution 0o 000---0
(1024x768ito 2048x1536 (o2 ovooo-- ©
Hardware support for graphics VoS )
Frame buffer (raster refresh buffer) to store the bit map |of the
image to be displayed — N

Bit pattern for pixels is read out at the refresh rate
E—E e —

1 g ’&) Frame buffer
ece

_;‘I—— Raster scan CRT display
) 24 Pps
F(o\lﬂ\e S\‘ l"( - YO_‘_—" 4} Yo ] E] J
ﬁ\l" w\an{ e X Y| sfF=———p—3hL — Ys . FYAMP”
V\Mw\oa‘aﬁ fa;"g (7” L/ I/Céar\cj
01 2eA

_ XO X1 « ' XO X1 J
1038 vy bibs every 57 scconds
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Touchscreen

PostPC device
Supersedes keyboard

and mouse

CD_If{iesistive and
(@Capacitive types

Most tablets, smart
phones use capacitive

Capacitive allows

multiple touches

simultaneously
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Inside the Processor (CPU)

[ Datapath: performs operations on data
Control: sequences datapath, memory, ...

Cache memory

Small fast SRAM memory for immediate

access to data
0! N~

Jaepts [

4 0)ls~ sl s

L 9\“ “/ e~

(o bl b}
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A Safe Place for Data (1)
- Qolatilemain (primary) memory -

Mat g DRAMSs: Dynamic Random Access Memory _
e Holds data and programs while running
Loses instructions and data when power off

—

Non-volatile secondary memory
Magnetic disk

L Flash memory in PMDs
JU )\/ Optical disk (CDROM, DVD)
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A Safe Place for Data (2)

=%
N oy res
o) ‘o TS \

|

Price/GByte Expensive Cheap Moderate
(59) | (0.05-0.1)% . (0.75- 1%
Speed Fas /’ © Slow e \0 Moderale)) \56
50-70)ns (5-20)ms (5-50)1s
Volatility Volatile Non-volatile Non-volatile

N/A N/A 1,00,000-

1,000,000 writes

§0g67<°" - 503
128 68X\ - (28 %
S
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Defining Performance |
Which airplane has the@performanceﬁ

| Boeing 777 |

| | | ( | Boeing 747 |

BAC/Sud | { BAC/Sud |
Concorde ( Concorde |

Douglas ( Douglas DC l
DC-8-50 ( 8-50 T T T T

Boeing 777

0 100 200 300 400 500 0 2000 4000 6000 8000 10000
O Passenger Capacity |<-\ O Cruising_Range (miles)
\
\ [ [
Boeing 777 Boeing 777 | | |
Boeing 747 Boeing 747 |
BAC/Sud| | BAC/Sud | | .'
nco ‘, Concorde '
i . (
ouglas ‘ Douglas DC- \
DC-8-50 :&] , gs0  — 1
0 500 1000 150 0 100000 200000 300000 400000
O Cruising Speed (mph) | O Passengers x mph |

= mllf pa how”
A M( Chapter 1 — Computer Abstractions and Technology — 21
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ikfspggse Time and@rhroqghp_qt

Response or execution time

How long it takes to do a task
Individual users target(feduciné)the response time

Throughput

Total work done per unit time
e.g., tasks/transactions/... per hour

Datacenter managers target@reasing)throughput

How are response time and throughput affected
by — <o

© Replacing the processor with a faster version?

@ Adding more processors? \ :‘l

’ o . '( It

We'll focus on response time for now..." *""* v
(25 ponse Vinue (8dime)

M< P 3\" ?’"V/( Chapter 1 — Computer Abstractions and Technology — 22




Relative Performance .

Define[f’erformance = 1/Execution Tir@
"X is n time faster than Y" fetormencec

-

Performange, /Performance, <"1 |
el
= Execution time, /Execution time, = n _\: =N
ET
Example: time taken to run agrograrr( ’
(= 10s on A, 155 on B ) ETY -n

Execution Timeg / Executi ime, 2k _J
=155/ 10s =(1.5) 1.S-1= 0.5 xjooss

So Ais 1.5 times faster than B— 5o

Ais 567 v e

Chapter 1 — Computer Abstractions and Technology — 23




Measuring Execution Time

Elapsed time (response or wall clock time) of  Greca

: ) . AV
Total [espgg§e time, including all aspects
®Processi11 7 1/05*0S overheao@i;ﬂe time

System performance = 1/ Elapsed time

CPU time = Uses CPUATae T Syys b CPU A1t

—_—

Time spent processing a given job
Discounts 1/O time, other jobs’ shares | Jl. Az
Comprises of.
User CPU time/ CPU time spent in the program
U time/ CPU time spent in the OS performing tasks

on beha

CPU performance = 1/ User CPU time
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CPU CIOCking p\3;\J S\jmc\)ﬂ{a P\O WS
* 7 S‘“j} X~
Operation of digital hardware governed by a

constant-rate clock K- X &z
T o L= 0ons f..r?_j

— : R 2x ol
+—{Clock period}—_. > &
Clock (cycles) | ! : l ’ I: “ !I | S'
T S > |
Data transfer < >< >< >
and computation | | | | :
Update state @(/ ( O) e O L~

T —

Clock perlod duration of a clock cycle 5
1 e.q.. 25088 = 0.25ns = 250 X 10-'2s 'f&:‘-—:
/ ’17.

25”"2“ > Clock frequency (rate): [cycles per second)
____o/" °X 10

so ——= e.q.,4.0GHz = 4000MH% 4.0 X 1O9Hz
m UxX \(\7:' 6F‘E|Z;L Chapter 1 — ‘Coomputer Abstractions and Technology — 25




CPU Time

—

CPU Timg = CPU Clock Cyclee;xlCIock Cycle TiLnJe

[_ CPUClock Cycles | Cleck peed
_____ClockRate |
Performance improved by
'/Iéeducing number of clock cycles
(Increasing clock rate)
Hardware designer must often trade off clock
rate against cycle count
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CPU Time Example

. CPU chalelat

_ - CPUy e = =

Computer A.@GHZ clo@, l1 Os CPU t|meJ = v 1::&' i
Designing Computer B o cP0el k{A
o =fedy

J 0
Aim for(s CPU time\ €04y ey =122 000 (jus ' 210"
Can do faster clock, but causes J.2 X"clock cycles 2X\0  _

How fast must Computer B clock be? = Gytles
Clock Cycles;  1.2xClock Cycles,

Clock Rate, = _ =
CPU Timeg, 6s ¢

. O

Clock Cycles, =CPU Time , xClock Rate , 2 cleck )z.oé

=10sx2GHz =20x10° clockBke  yx0®
R -
9 9 :
Clock Rate, 41“27X260X10 24x10 =4GHz = X \oﬂH2
HBis 2 Bl ey, s A = 4 &M
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Instruction Count and CPI

ﬂcj\/\ YOAV a wW\ Cow$\5\'; cfx' w\u\}\\'\P
P 3 cPI AV e

Clock Cycles = nstruction Cou nt x Cycles per Instruction

CPU Time ={Instruction Count x CPIx Clock Cycle Time

F

nstruction Count x CPI

Clock Rate
TC ¥ Pyt K
Instruction nt for \
struction Cou t or a pég)granag s 5\:,“.3“3\0&05

Determined by proqram ISA and compiler

eze/ \Y\S\(V*M‘\"“
Average cycles per mstructlon * (awive 3 P

Determined by CPU hardware o ComP\T-
If different instructions have different CPI |5« z-3%

Average CPI affected by instruction mix cgehes
C\OU \'\M %OO'X T
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| CPIl Example

Computer A: Cycle Time = 250ps, CPI =2.0
Computer B: Cycle Time = 500ps, CPl =1.2
Same ISA and Complier -1Cg
Which is faster, and by how much?

CPU TimeA = Instruction Count x CPIA x Cycle TimeA
=1x2.0x250ps =1x500ps «~— || Aisfaster... | |

CPU TimeB = Instruction Count x CPIB x Cycle TimeB
=1x1.2x500ps =1x600ps

CPU Timeg _ix600ps

CPU TimeA Ix500ps

=1.2 ...by this much
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\

” , Sewes
S&IW\L ISPt A Sam Caw\?\\w —:> _XC

SG\E‘,AC N >

—
Sawme CPI L

Same Wadre = o s &)

—_
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CPIl in More Detail

ey

If different instruction classes take&lifferent

d! t
|, numbers of cycles ¢ lock Coeles = T el
P9 1&¢ CPI¢ T ivshruskion € \ssses 2

add 12

1 7
sub) f) C‘:}olock Cycles = )" (CPI, xInstruction Count, )
Avidt i=1 ' -

W"“YV;{ 2 - T 4xi0 + 1 X5 4+ 1oX3+ % ¥ Y

—

= Weighted average CP| = '¢t5+32er2&~ 73

10

2¢

= CP|= Clock Cycles Z”: Cp| » Instruction Count,

N Instruction Count < Instruction Count

22 CPU e~ Clock Cyhos X “ - _
'%Z - né((/p IcX Ic;) X T Relative frequency

(= -
= IC X CPJ AC\;\oaptéI Computer Abstractions and Technology — 31
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Cleck Coohes = IC X CP Xavg

r . °°1¢° C3Q\£S \
CPJ, vy = C L

\_ 1<
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CPI Example k2 oaardor 3XE

Alternative compiled code sequences using
instructions:in classes A, B, C

CPleg X ICe (e

CPL‘V':) - gCPIL’(i - cp.\.AﬂT_S_C_Ch\_ = 3C. ,q::i%c_
Class C '
"GP for dass O LANOIMOM

IC in sequence 1.~ 2) (¢ @) | >
IC in sequence 2 .~ %) @ 1 |Te,- ¢

CPT , o = \ K B 4 +'L>‘A—-\37<__

Sequence 1:IC =5 Sequence 2: IC 6
Clock Cycles - &' ¢p1c x I'Ce Clock Cycles
=2X1+1%X2+2X3 =4X1+1%x2+1X%X3
= LO' =_9_

Avg. CPI =10/5=2.0 ' Avg. CPI =9/6 = jj
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&Vw" T"‘JD wﬂ":{ Y%Wg /& fle Saw—e FMW t,-/"J/k fie

Bollowing thfor mehion: CPU,,-M‘,: IC, XCPIay KT,
C Pl gl CPT,; X T ]! = TC, X 2u4x Ty
a — P
R I ¥ e | A Jp [clp
[Z(Ewk » y ""TS“L 3 | 29% |07 Ho"/o/ 3%
L= 0. e, uat ===; i :
ix OZ\ + P — SL“"L | 59 /> | S /s \Ooa) q;jJ
X 0\ + -
[X 6.4 4 o
X 0-3 - 0.0+0-2 + O oA A e S P
4 \.2 - 2- Y o . -~ \ \D B
I ” -
CPlags 3x05+ 240% [gprils | T 11fy
+U4 X oM _
- < AT
- S ~ 6\ _\_\.8 = g'v\ ICZXC?J;:VJz

CPU by _TC, A 39X,
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One More Example

Two compiled sequences of the same program are given below. The
upper table gives the number of instructions from each type for
sequence-1 and sequence-2. The lower table gives the CPI for each
instruction type. Given that the two sequences are running on the
same_computer, What is the number of instructions of type B in
sequence-2 that will make sequence-1 two times faster than

Sequence-2'? (C jor each instruction class
I A B C
ET, CPU ClockCycles, _y Sequence-1 1 /@ /@
ET, CPU Clock Cycles, Sequence-2 J (7)‘ / 2\
) )
? ? \_A C
2X1+.X2+2>_<_3.:8+.X2:2 CPI, N @ w@ 3
1Xx1+2%x2+4 %3 17 = ‘ N
8+7x2=34
CPVdine, 7/
Clocle Gyoter X

C \oc/\c (“3‘/(“"\ XX\
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Instruction Set

The repertoire of instructions of a computer

Instructions represent the computer language
Every language has vocabulary = Instruction Set

Different computers have different instruction sets

But with many aspects in common (Why?)

All computers are constructed from hardware technologies based on
similar underlying principles

There are a few basic operations that all computers must provide

Early computers had very simple instruction sets

Many modern computers also have@mpleW

RISC: Reduced Instruction Set Computer
Fixed length, fast execution, and simple functionality

CISC: Complex Instruction Set Computer
Variable length, slow execution, and complex functionality
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Famous Commercial ISA

/MIPSS IS an elegant example of the instruction sets
designed since the 1980s. (RISC)

e ——

ARMJinstruction set from ARM Holdings plc introduced in
1985. (RISC)

More than 14 billion chips with ARM processors were

manufactured in 2015, making them the most popular instruction

sets in the world.

which powers both the PC and the Cloud of the

post-PC era. (CISC)
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The RISC-V Instruction Set

Used as the example throughout the book
Developed at UC Berkeley as open ISA

Now managed by the RISC-V Foundation
( )

Typical of many modern ISAs
See RISC-V Reference Data tear-out card

Similar ISAs have a large share of embedded
core market

Applications in consumer electronics, network/storage
equipment, cameras, printers, ...

RISC-V has three design principles

w Chapter 2 — Instructions: Language of the Computer — 4




Arithmetic Operations

\

Each arithmetic instruction performs only one operation (Add,
subtract, etc.) and must always have exactly three operands

vﬂwh
\\ Two sources and one destination

< adda, K/E’L:/i,\bjc

tSsembly Knsc “V e hor DagX reAo
All arlthmetlc operations have this form

Example: We want to add four numbers (b, c, d, and e) and

save the resultin a.
=2 — l\ﬂs 0’( fo hav
addtb,c [adda,bc d4~b<c | xc Pl sonime opo«we)
adde) d,2 | adda,ad 2 -4 :4;)? > Three instructions are needed /15
610(.0(“/ éD/l:( add a, a, e qa-=-a te rer aaglrw\wﬂ\o"\ (e
and a5 So

Design Principle 1: Simplicity favors reqularity

Regulari’wl;ees}nplementatioms_impjgr

Simplicity enables higher performance at lower cost
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Arithmetic Example

Compiled RISC-V code:

«dtsrladd €0, g, h // temp t0 = g + h
w‘o”»éadg tl, i, j // temp tl = i + ]
cubbbyisub f, t0, t1 // f = t0 - tl

&9\/\\0\( o-ﬂ/\\‘w [fou\(cci o‘)aﬂJA'o“ Sowvee 2 J
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Register Operands

Arithmetic iﬂstructionsmse(fegister)gpera?d?j

RISC-V has a|32 x 64-bit)register file)

Use for frequently accessed data
64-bit data is called a "doubleword”
32 x 64-bit general purpose registers x0 to x31

3 [e—=1s

~—

32-bit data is called a “"word” 39 = &
" " " ] \
Design Principle 2:@1aller is faster) Xo

Variables in HLL are unlimited while there are only 32
registers in RISC-V

Designers must balance the need for more registers by the
programmers and the desire to keep the clock rate fast (c.f.
main memory: millions of locations) T

Number of registers also affects the number of bits it would .

take to represent a specific register in the instruction format fssemctly

Xo = 00000 = adda,v,¢c — add Y0, K30 %
. — = "

{; I 2 [ .l N Chapter 2 —M\!g\tjgn(sa:kanguage of the Computer — 7
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RISC-V Registers ;isc-v

F xeed L)

?

VAR VAV VRN 2
X0: the constant value 0 L, eea/ 'w\sk\g-;sd.,a
x1:(return a@ g S |
x2: stack pointer add —(—)— —% 32 bk
x3: global pointer N A /1
x4: thread pointer 9 [

[ x5 = x7, x28 — x31:/temporaries
x8: frame pointer
( x9, x18 — x27:|saved registers

x10 — x11: function arguments/results . ‘:
9

x12 — x17: function arguments

Tdn—> 51k K\Sci\/ {01,4)@___9 é%’bifl
(RsY Fachon = //\ é\‘;\f‘ﬁ;,m MY Nuc\long —= 2 .
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Register Operand Example

C code:

=g+ h) -G+ 3);

fﬂfﬁjn1x19 x20, ._,x23
u \3 )(2! )(?,Z

I L
Compiled RISC-V Code

add (x3, x20, x21 addl X4,%e, X2
add X6, x22, x23 swubXqg,Xq, vzz
sub x19, x5, x6

>

wa )([q /)((Q/XZB

Chapter 2 — Instructions: Language of the Computer — 10



Memory Operands

Main memory used for composite data
Arrays, structures, dynamic data

To apply arithmetic operations

—2(Load)values from memory into registers
(Storerresult from register to memory

RISC-V provides[data transfer instructions)
to transfer data from memory to registers
and vice-versa RE g Memesy

e 4’4,]

Chapter 2 — Instructions: Language of the Computer — 11




Memory Organization

Memory can be thought of as a single dimensional arra
Memory[0] = 1, Memory[1] = 101, ... Memovy (2] =10
Index used with HLL

Mewor a.c)()/@} - iV\(’)Cv( X 3
e s ot S size
To access a double word (8 bytes) in memory,
must provide the memory address for that doublewor

Memory is(pyte addressed> Meemory [ -3 f s
N Each address identifies an 8-bit byte J -

v V\‘WMC\G) 16—y 10
RISC-V is(Little Endian) > Mermor g Ce] -

Least-significant byte at least address of a word -3 ™
c.f. Big Endian: most-significant byte at least address |syteGddiesd Data
RISC-V does not require words/doublewords to be aligned in

memory |
Unlike some other‘ISA/ s — /.
(ooft toV) - ~-~- 1L 0”9 "\—_,__- H
S 3 = o | &)

-~ o\
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—

Méwuw ﬁ;)&f ¢85S = S‘?\‘ ¥ "Oac)c)/ccg -|—<vxc)<)( ¥ D«]’kg Ve
((2\96 V) e ' byl
(/\,Hc Cv.e)\av\ \Us. @O €Y\C)§6~V\
u-bit doda: (1R 2 OCDE 13E5 uezc)
\ — N\
{4/4 = (‘éo‘aﬁ-s l‘\lbladzt'ml
= 0X 1AL 6CDF 48E5 wé8C<,

LS
\I\uo\ c)cfcw\ﬁl M'i-& B
pTaIa L sttle :

B ; 6 — - C:hc) & —ooxz%-z"'
- VA 1
T oX ,
tﬁ%:— Chapter 2 — Instructions: Language of the Computer — 13’



Data Transfer Instructions

Load: copies dataa memory locationto|a

i - indec %57
register gy - simchogealls ~ (e k¥R )
|ld ={load(doubleword ~————

e —= — 6 Tk

c)e,sh,w";_'%@yﬂ:z’?—m 18) =|(x28) & Memory [32 + (x18)) |

(AP offset | c,.cce | baseregister |: Cokerks R [Dase {6’3\5\1”
(,_.)\5\«»/ _ ro\NcM A\ S\‘"‘"\'iwa addless
Store: copies dataa register to a memory

location

sd = store doubleword

————

3;,;3«3 /sd@ }; (x18) \z@\/lemory 32 + (x18)] € (x28) |

offset base register

~—

Sov‘ct
f u\\ 5

Chapter 2 — Instructions: Language of the Computer — 14 _



Jodole osd = €1-bor

Lgl__, X258 > O(X,;) <C~-h-h-4-

@ MUbe7 &J)fggs - «Fw A b&}( M!‘d—\,
-0 + (X3)
- O + Y

- Y
@ (Xy5) e— Memoy[4] 72

(XZQ) e—— OK 37F5 CE33 7(l_S
340012 AR
Xo

!

12
n T eX8F
(o oX S
9 66X CE
8 [ oxz3
s OX 34
¢ OXOO
> oX 1\
U oX A®
's
o
Mw7

ox 37 F5 CE33 3uoonp

oxX OO0 0000 000 oo

|

5 0000 0000 00%° 0e0
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1S ] _ex

ox 33

s x5, 4 (%) e —

ox A A

0 eomory addiess Y + (X3 8 | oxfFE
= ¢+‘+’L1 = &

(2) Vemory (5] — (Va5) o M,,;wf

\

. fox W\ 2 334 S5 & ARFE

3
e
—mooc copo pooo oo
o
./

Yo fox 0000 0000 ©p00 ©9°°
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Memory Operand Example 1
_ af ey é‘a“z,J "A“ 4 HPf (°V‘f} low‘}}nﬂ*
C code: L e LZ(TTJ
g h +m s\'z/} qﬂ\%
.[gin x20, hin x21, base address of%i 22"

Compiled RISC-V code: M) e
Index 8 requires offset of 64

8 bytes per doubleword Am'ﬂg
1d x9, 64(x22) # load doubleword
add x20 /x21,\x9 EEEEE%
Aﬁﬂi’ | I —
offset + '.f;:)z‘ X base register l‘"‘w'j
>(2e .M\th's SZJ\}tss _——

Chapter 2 — Instructions: Language of the Com, r—17




Memory Operand Example 2

L/(‘:\COde. v o e avia] ot -\\:V:B&ON\
e A[lZ]/;_h:+ AL8]; / &24/\0(‘\/>

hin x21, base address of A in )_(32_

Compiled RISC-V code:

Index 8 requires offset of 64

Index 12 requires offset of 96

8 bytes per doubleword
x9, 64(x22)(xq) = A (8]
d X9, x21, x9(x ) = Wx A(&]
X9, 96(x22) A(n] - wxAC8)
\X4)

Chapter 2 — Instructions: Language of the Computer — 18
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A2 \pese enisV 4"P“ vs X2z
Ali] - n ACQ}) Ll X5 €1 (¥
A z 3 thj ad&L )(é )5(2,)7(5
\b \l \omj\u*-)
£\9 L o sd X¢ )0]6 ()
()4.\—-\3\'}:
_ i X
ek~ indek =~ bk Su‘b)(\‘t) X205 X5
= B ¥ 2 \
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Registers vs. Memory

\
Registers are ?aster to access than memory and
e consume less energy

Operating on memory data requires loads and

stores

More instructions to be executed

Compiler )must use registers for variables as
much as possible to get better performance and
conserve energy

Only spill to memory for less frequently used variables
(i.e. reqister spilling)

Register optimization is important!
Chapter 2 — Instructions: Language of the Computer — 20




13

Immediate Operands

ﬁ )(‘?'27 W_z?_&’——_/ﬂ::z-'_é
Constant data specified in an instruction |

sy Wk Sow(s (\i(‘lt—:/ld‘i_j . J

No subtract immediate instruction up > slide ?’O
Just use(a@e constant | e . F 7%
addi x22, x22, -1

(KZ’L) = Q(u,) * (‘:D‘ O(’U.) -1 TW/7 ZG‘ /}/?}Z‘

Ug/? Iz
Example of the great idea “Make the common case fast

Small constants are common
More than half of the RISC-V arithmetic instructions have constants

as variables .32 (—?)
Immediate operand@v/cnds a load mstruc) ‘7 - \
Fas X273

add\, XlS/ XZ;, 7

Chapter 2 — Instructions: Language of the Computer — 21




The Constant Zero

RISC-V dedicates register "x0"/to be hard-
wired to the value zero

Cannot be overwritten

\

. 0-%
Useful for common operations 1

E.g.,[negatelthe value in a register TZ
=_L)

sub x22, x0, x21 i
(Kz2) (X))

Chapter 2 — Instructions: Language of the Computer — 22




Binary Integers

Humans use decimal system (Base = 10)
Digits: 0,1, 2, ..., 9

In computers, numbers are stored as series of high and
low electronic signals - Binary system (Base = 2)
Digits: 0, 1
Digit = bit ¢
/
In any number with base (r), the value of the i" digit (d)

RN

value =dxr'
F Hweghlt = r
i starts from 0 and increases from right to left

\O
(V\?Sa\)\o VMML"L}:?ﬂ
—_ ’,}DD
Vm)\huv\B 2 |
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Unsigned Binary Integers , ..
———— Y —

Given an n-bit number oy =7

n—1 n-2 1 0
X=X 42  +X, 2" "+ + X2 + X2

e
Range: 0 to +2" — 1 n-4  Oo-(ss0),
Example . )
(0000 0000 1011,
=0+ ...+ 1x23 + 0%22 +1x21 +1x20 |
=0+..+8+0+2+1=11, (S, = (L),
( RISC-V uses 64 bits) T U
There are 2°* combinations € -\=)S
0to (2% -1) 99_ to +18.446,774,073,709,551,615

Bit 0 is the(east significant biD
Bit 63 is the{ most significant bit )

Chapter 2 — Instructions: Language of the Computer — 24
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.2s-Complement/Signed Integers

' ' = Sigwmb,
Given an n-bit number Xn-\ = Stamorb
15y o ()
X ==X, 2" +X, ,2" "+ +X 21+x020

j\ n—1
R 2n=1)to (+2n -1 - 1 -l = O ek
ange: (— yto(+2"=1-1) i
Example (z2-2 wawbe)

é,gﬂ 1111 ... 1111 1100,
1><231 + 1><230 + ...+ 1x22 +0x21 +0x20
= 22,147,483,648 + 2,147,483,644 =440)

Using 64 bits:|-9,223,372,036,854,775/808
Kyi-v 0 9,223,372,036,854,775,/807)

Noy 7 e 22 o1 = S
VALY AL e w © 2 - - 8
Chapter 2 — Instructions: Language of the Computer — 25




2s-Complement Signed Integers
Bit 63 is sign bit

W\ 1 for negative numbers Re<rd

7( 0 for non-negative numbers < Posi e

~ —(=2n-1) can't be represented ) e 2l 1)
Non-negative numbers have the same u,nquneg

and 2s-complement representatlon

Some specific numbers (q = (o1e0)
0: 0000 0000 ... 0000 60),
~ + Y - (ol
(11114111 . 1111) xz*:;o43;° N
Most-negative: 1000 0000 .. 0000 (. || (-1,
Most-positive: 01111111 ... 111\1}(; V\“ + IX1° _ _ya2s)

CJ«””)Z’C -1 D S

+2a1= =1
nnnnnnnnnnn Aty 2 \f l dx 27 - < %*\&hapter 2 — Instructions: Language of the Computer — 26




@ompTemenDCharacteristics

Simple hardware can be used for both signed and
unsigned numbers

Why not always signed?

Some computation deals with numbers as unsigned. For example, memory
addresses start at 0 and continue to the largest address. In other words,
negative addresses make no sense

[}(Leadin’g_ 0/ means positive number and leading 1 means
negative number

So, hardware treats this bit as@
soec —-- — 0O

Single zero representation

Imbalance between positive and negative numbers

Overflow occurs when the sign bit is incorrect

Chapter 2 — Instructions: Language of the Computer — 27
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Signed(Negation)in 2s-Complement
B O T—— I
First approach: Complem@t and add 1 Yax=-1

B .
Complement means 1 — 0,0 — 1 —
P X+x=1111..11,=-1

Second approach:
Ostart from the right
(Y Search for the first bit with value 1

- ®Complement all bits to the left of the ri it with value 1
X + X - - o =2 CW"‘Q{M

Example: negate +2 "9 ¢igm

0o =X T {0000 0000 . 0010y o AT e T e
OO‘QO‘.?( - _‘ - T Wt (_'\
-——‘—'-" =2=111111 1100\ 1 ( -5 >;Q8—Q“)7—
(f = 11111111 1110, c) 10
| . (S =

Why 2s-Complement is called ke thisdo01 6 1),

x + (—x) =10000...000 , = 2"

—x = 2"—x ( © 5 o\0O

1111--- 1101 ,

\ —-_¢ ] T vV o

§+1:—x\
CompPlomt




¢

25 Complewa Veplescdahor:

Dl i

=\
N A ORI

S
o
¢ o - Ji G~
75 &W\)\LW\»_} o?e/év\\ (\26 w
V\Ubwh. -—& N4
2 > - }———/\1— \
o N O e Cars
N
\ \ B n
\0 oo\ o\ A X + (»—X) } &

) K’ ) _ 2
oo 0 ° ) = 2 =K ,
2( - é Yy Chapter 2 — Instructions: Language of the Computer — 29



Sign Extension

Representing a number using more bits
(_Preserve the numeric value

Replicate the sign bit/to the left
c.f. unsigned values: extend with 0s = Z=* extensie
Examples: 8-bit to 16-bit
+2:(Joo0 0040 =>(0000 0000 0000 0040
e =2: (111 11192‘>L 1111 1110= (- Vo
oo 00 :1052&(2) N 1o
In RISC-V instruction set \° =~ °° <°° )-t2),

1b: sig sign-extend loaded byte Co (B)
1bu: zero-extend loaded bytew/v °600 | 000), =

V‘"‘/S\ﬁp:&\ UOOO) ’(g)lo

e
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Representing Instructions

Instructions are encoded in binary
Called machine code /

RISC-V instructions
Encoded as|32-bit instruction wordsj

Small number of formats encoding operation code
(opcode), register numbers, ...

Regularity! R\sC-V

T b

32-biF LwsY/walon
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Hexadecimal
F- (é . ' ~ ~-~00\

Base 16 e R N - = =
Compact representatlon of bit strmgs

4 bits per hex digit

* DItS |
0 |oooo [4 [o100 |8 [1000 |c 1100
1 o001 |5 o101 [9 [1001 [d [1101
2 |0010 [6 [0110 |a [1010 |e [1110
3 o011 [7 o111 [b [1011 [f |1111

0K

Exampleﬁgcggg@@:/ﬂ\s

1110 1100 1010 1000 0110 0100 0010 0000
¢ ¢ &« 8 g 4 & o
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RISC-V R-format Instructions

. e\ N’“"m
YZ’-—'J S\"'-J o I d;}\’ ,‘/gg
‘ funct7 rs2 rs1 | funct3 / r , opcode
/( e Teee——

7 bits 5 bits 5bits 3 bits W 7 bits
gore ™

T

Instruction fields <J4

(= opcode: operation code ) Swb
rd: destination register number |
funct3: 3-bit function code (additional opcode)
rs1: the first source register number
rs2: the second source register number
funct7: 7-bit function code (additional opcode)

YS\ (DoO O

ef 232 S-bikb<

hapter 2 — Instructions: Language of the Computer — 33




Q\A\/\c\")[: / Eg ’LS’} 7 b'/'
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R-format Example

funct’ rs2 rs1i funct3 rd opcode
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

rc[_ S fSZ_ &
0

add x9,x20,x21

0 21 20

~ —— —

0 © [ & |&

: 9 = T — ) ‘o
l"\%”\(‘): 0000000 | 10701' [ 10100 [ 000" [To100% [C0110019 = "
e o 'RARA

32 Ve zal = G

0000 0001 0101 1010 0000 0100 1011 00114, =

(015A04B315

=
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RISC-V I-format Instructions

\VV\\N\ o?)\
Tnote (3 -,7,@] Lakv 1] Lns*r(w:n] Lesve(niq]  Twsh/ C¢io)
immediate rs1 funct3 rd opcode
12 bits S bits 3bits  Sbits 7 bits ’
G\AJL - Loqd add \fO\) rs\)\'ﬂ\w\
Immediate arithmetic an load instructions LA 1d, oft(¥s)
di
rs1: source or base address register number Lol
n-\ = Immediate: constanf operand, or offset added to base address
~9 to+2 -4)  2s-complement,(sign extended |(—2'") to (+211— 1) = — 2048 ks +2o4?

he load doubleword instruction can refer to any doubleword

£u-bkz 8 bosfes within a region of £2'1 or 2048!b§tes)(+28 or 256 gQubIewords) of

the base address in the base register rs1 2" _ % = 256

w

23
Design Principle 3: Good design demands good compromises
Different formats complicate decoding, but allow 32-bit

instructions uniformly © fubrk 12405
Keep formats as similar as possible (rs)) = /imm
S\ 03 ec) fo‘?C;d

Chapter 2 — Instructlons Language of the Computer — 36



-
ﬂd-d/l )(5/ )(3/ /—[6

J
_ 72048 & _{,7},»\'}
[UH 0 (oooo\oo\\\ \ Cq%\@\oo\o\\ego&&
L/\/(%\y\'k V\O\ ..
M‘OOOJ\JZ’__UOO ;?’F\
CXS’) = (Xq‘) o \é Moy

—
Lol xp0,(32) () = )=zl

\DQOQOO\O 0000\00606\ @Mwnx; \o\o\D/)TP;-«oJQ '
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(_'CJ' 7%; / ~]ba“8(\x@§)
>< f/léwwfy address = - 2o T (X)) =
— 2048 ><
2F

d ('Q_’(' Xs _ (67Y éXé) -

Meory  address = 1024 1+ (X¢)
- I()Z('I X{ """°“L)

-

po A

<

>
1021 35 (‘(»\m'P

(o2wu

M erns 77
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RISC-V S-format Instructions

T o sh»i=
Cev 22 ) Cy-s) [1u : 127 E;zoj
|_imm[11 5] rs2 rs1 funqt3 opcod\e
7 bits 5 bits 5 bits 3 bits

5MB> 7 bits

Leawa T - Q) Y

Different immediate format for store instructions — shse
rs1: base address register number ‘\/
rs2: source operand register number < g‘oﬂ“‘\"

immediate: offset added to base address
Split so that rs1 and rs2 fields always in the same place

sd V‘SZ).O’Q’?S‘—\'CTS\) o
Mm«,%‘*“‘&k ("%
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Instructions Opcodes

mmmmnmn
laad (add) OO [ reg [ r_g reg 011 11 |- 5)
sub (sub) 0100000 reg

reg  \0110011 '5'

mmnmn

addi (add immediate) constant reg | 0010011 = 11
(1d_(load doubleword) | U %aress reg reg | 0000011 -3

immed immed| opcode
-iate -iate

I sd (store doubleword) address reg address 01 11 :‘;5

Opcode helps to dlstlngwsh WhICh 6}\

should be used .p.e. 5 - ﬂo/qu-

opude. 3,19 — L~ Lok
opeole~ 35 = S — fFovmt
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Instruction Representation Example

Translate the C-statement
below to RISC-V machine
code:

m= h + A[30] +T;j imnlediate rs1 funct3 rd opcode I- G,'NJ’

Assume that x10 contains the| 2200 [G0)|3  [9) |3
base address of A and h is

mapped to x21 funct7 rs2 rs1 funct3 rd opcode [2' ‘10 S

Solution: 0 @ @lfo |B) |5
@First: translate to RISC-V
assembly MS"‘" = \\M"K*x immediate rs1 funct3 rd opcode 1 ’%\/ ‘
19, 240 (x10) () = A5 T o)[0 [@)]w
add 59, x21, x9 (X3)2 = A2
addi _)(_9, Xx9,1(L q)-: h« AC"%‘- immediate[11:5] rs2 rs1 funct3 immediate[4:0] opcode

sd x9, 240 (x10) (1) seoe w [9)[@[3 leooo | 35 l

2we @Secopd:tr slate to RISQ{VC sy 32 ¢ 1 o
y machine code |
o000 | ) o o o ?

\L Chapter 2 — Instructions: Language of the Computer — 41
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Stored Program Computers

Processor

c pPU

—a—a——

: Accounting program
[~ (machine code)

——— e s s s~

: Editor program :
'\__(machine code |

—— e ——— o ———————y

C compiler
(machine code)

Source code in C
for editor program

Instructions represented Iin
binary, just like data

Instructions and data stored
INn memory

Programs can operate on
programs
e.g., compilers, linkers, ... |

Binary compatibility allows
compiled programs to work
on _different computers

CStandardized ISAs )
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Logical Operations

Instructions for bitwise manipulation)

Operation C Java L (RISC-V
[shiftleft | /<< << | | S11,7s11]
LShift right / >> >>> \ srl, srli
Bit-by-bit AND || & & | and, andi 2\%{
Bit-by-bit OR || | || or, ori
Bit-by-bit XOR | \ A » [ xor, xori
Bit-by-bit NOD)| \~ ﬁy (Xorii

Useful for extracting and inserting
groups of bits in a word
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]QPQDIMXA' = g—@o/ 'QMN}_

Shift Inmediate Operations ..

T —

ﬂ‘unct6\| ﬁmrTTed\\ rs1 funct?; | rd | |opcode
6bits / \ (6bits) | 5bits| | 3bits | | 5bits | | 7bits

— - \_’_—/

L ——

immed: how many positions to shift

Shift left logical o®eo00-(9)
Shift left and fill with O bits i =)
s111 by i bits multiplies by 2/ ©

Shift right logical
Shift right and fill with O bits

sr1i by i bits divides by gi@igne@
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*
e vd, sy, Cnbar  0& < 4Y

s
| = a
ved L e\ I
S\m‘\’\ \&t L"“) )(7: 000 . ~c00 ® 0006 /'I‘16£
S\\\ 7(5/ 7<’+, - - _‘”///
T o 600
S5 At Xg _:\oooo--aoSoA\ \\‘\ o, .
Sam¥ ’@ gq,b,‘\)\\.\ o
\18*6**31' =

2T = 18 X 1

- A X
} g :> Sl“ XZ}/ XZL/ "/
L1y 'L\i’

—

)(7,1/ -

;(‘iﬁ/@»éj = (rd) = O
ZA&M rd ), Xe ,xo

A QA V’& ;) Xey C}%pter 2 — Instructions: Language of the Computer — 45




§r\‘ rd) WS\/ (MS\'M

. 3’\/
st X5, x73 4 7 =
_ _— — 0702 ceeo
4 \
32/2 = 2 coc°) %\\
Kg:robao‘ - o>c\>’l\\0
- . \
- yA
[ EE——
o —> o
. Xe- o7
4
.
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sil rd, vs),rs2 3 R_ T ov ik

s v\ 7y T, ¢
(Fs2) represeds A 54 - \
Ké’f | —— -~ Qoo |o9°
SH X5 s 7(’}/7(6 - L8)|o
= s\ X5, X3, &

0\((\"1'\ v e s\/AC\’ . T inserhed bk C.B‘/MJ‘ ‘b:l
5\& rox’\r_-__s___\.)V’SL 3‘\’3\"\0\\r

V'S,
S Ca
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AND Operations . .

/'\‘ND c?m)'io"
Useful to mask bits in a word

Select some bits, clear others to O
v Vs VS,

and x9, xlO x11 R-foveadt

x10

00000000 00000000 00000000 00000000 00000000 00000000 0q0011p1 1100000

0
and

x11

00000000 00000000 00000000 00000000 00000000 00000000 00111 0 0000000

J'
x9 | 00000000 00000000 00000000 00000000 00000000 00000000 000 0000000

O\

There is an AND Immediate instruction (andi) T-%evt
(Sign- exten@for the immediate value

v (\2-le k) £1-b
andi QB, xiO OXFFF Xyo 2 | J
Wexa deehne \

WY — oWy an
(% 9)- &\o)
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add/b )(c\l)(\o) o A OOF

X\O:r _ - ~ -=----\W\\ oooo H\o) 0\07\‘
ASD — o — 2005 _Q_QC)O Q000 \\\\

-—

—

o°°” — -

-
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OR Operations

FLse o‘yefq:b;om
Useful to include bits in a word
Set some bits to 1, leave others'/unchangg_c_jb

or x9,x10,x11 R-Fermak

ro (5‘ s=2

x10 | 00000000 00000000 00000000 00000000 00000000 00000000 00001101 11000000

ov Jir

x11 | 00000000 00000000 00000000 00000000 00000000 00000000 00111100 00000000

x9 | 00000000 00000000 00000000 00000000 00000000 00000000 00111101 11000000

There is an OR Immediate instruction (ori) T -Fermt

CS‘ig\n-_e@for the immediate value v-bik
)(’o = _—J

ori x9, x10, OXFFF
rd s, rm

R N N I FTAR T T I

Chapter 2 — Instructions: Language of the Computer — 50



XOR Operations "2 ...."

. . . 1®© X =
Differencing operation 5 ®

Invert some bits, leave others unchanged
addi Xy > Xo > OXKFFE

~*xor x9 xlO x11 // NOT operation
9 Vg, rsl R-Potm AN

x10 | 00000000 00000000 00000000 00000000 00000000 00000000 00001101 110000

X
= X

—

KoV

x11 11111 0 0 T B B e B R e B B R e B B B B B B e e ey
x9 M1 111111 1111111t 11111111 11111111 11111111 11110010 00111161

—_—

- (Xq) = (Xipd -
There is an XOR Immediate instruction (xori) 1 -~
@1 extension)for the immediate value

xori x9, x10, OxFFF= (¥%X4g)= (Xio)
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Conditional Operations

Branch to a labeled instruction if a Condltlon IS

true L fale )
Otherwise, continue sequentially i
b(a\\,\cy\ (C‘ e"LD\/‘A \\
3

beq rsl rsZ L1
if (rs1) (rsZ)) branch to mstructloh labeled L1

oheruize  co~Yinue 520\'\'\#-}‘ 4\\7
\’)(“"‘C\’\ 1F et en i

‘bne rsl, rs2, L1
((ts1)!__([32 ) branch to instruction labeled L1

e —
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Compiling If Statements

C code:
if (i==j) f = g+h;

else f = g-h;

P

f, g,"vey in x19, x20,%2 %\ e (
Compiled RISC-V code: jﬂ )

bne x22, x23, Else beg X X L=
add x19, x20, x2 *lf“'o e X”’g”_!
e > X0, Xo, [=xi
beq x0,x0,Ex1t / unconditional
Else? sub x19, x20, x21 L1 add »g x0x

EXTt: .o Exikb: o . _.

Assembler calculates addresses
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(%% — )~ L1
LT -
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Compiling Loop Statements

beq si,Vs2,\

C code: M‘/,J‘ e bae v, vsy bt

while (save[7] @@ 15 d %, xl»cxz»

- in x22, k in x24, address of save in x25 /

Compiled RISC-V code: ofbsel= & g,
oopy slli1 x10, x22, 3 .
add C:DO,_x.lO x25 C fio 22/
1d x9,_0(x10)a) - seve D

bne X9 X24 EX .EBtYﬁzx”’/L:l Memoly - e“}«-'-—\- \3"1’
addi x22, x22, 1 e Bt ason

L'l‘. Qdd/\ Y‘L'L Yu,j.
. " beq \XO XO LO %xol Xo, L/oo? = Q<t0)-'r ()(zq)
XT1C. ..

Eod} .

Sy
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More Conditional Operations
-— 5 pramcn (& \ess than
blt rsl, rs2, L1- .

if (¢s1)< s2) branch to instruction labeled L1

— 2 b ravch © gveskes aan
bge rsl, rs2, L1 Ve o

if (rs1)>=(rs2) branch to instruction labeled L1

— 1%
Example/ S br=Aa< o = (4> b)

if (§>b)la += 1, Ned
ainx22, bin x23 | bt Xg3 5%, 11
bge x23, x22, Exit /l branch if b >= a w

b addi x22, x22, 1 L1 addi v, 22,1
Exit:

Ex(\\'i - 7
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Signed vs. Unsigned

Signed comparison:
Unsigned comparison:
Example _,

X22 (11111111111111111111111111111
X23 (60 OOOO 0000 0000 0000 0000 0000 0001
x22 < x23 // signed blf 7o Aoz, L2

bge
, bgeu

-1 <+1 Y
x22 > x23 // unsigne@ u »2z xzs , L1
+4,294,967,295 > +1 ‘Calse™

e
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Bounds Check Shortcut

Treating signed numbers as if they were
unsigned gives us a low cost way of checking if O

<x<y, which matches the index -of-bounds
X'10)
check for arrays. ACO 7 W
Ik Xa0, X,, 00B | | 0S¢ < aveysia

ampie bie v ) 00| (B Se et
Use this shortcut to -out=of-bounds check: branch
tO IndexOutOfBounds if x20 > x11 or if x20 is negative.
Answer Xi= | 2= )

,,,,

X0 (0 \
The checking ﬁie jJst AE@S unsigned greater than or equal to do

both checks:
!bggi:l x20, x11, IndexOutOfBoundg // 1f x20 >= x11 or [x20 < 0,)

goto IndexOutOfBounds X20 =6 AND Koo <Ky
=~ \

CoN 1 s 5€1w&«—~\’5q\‘7
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Compiling Loop Statements

For Loop (C code):
for (i = 0; i < 10; i++)
save[i] = save[i] * 2

Case/Switc[]:

O ZSimpIest way is via sequence of conditional tests -
chain of if-else statements

@ Or use branch address table (branch table)

Array of double words containing addresses that corresponds to
labels in the code

The program loads the appropriate entry from the branch table into a
register.

Then use‘jump-and-link registerJ(jaIr) instruction (Unconditional)
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?of (S:.'L’J (<10 (+=+)

(1—
el “ Save(¢]- Save ijx 2
(;——9 X g0
Basz ~JIress ,,g.c;(rml Save
)(\O

1S v~
Q(g,) _ (%X 3
()= GO (Xo)

b(q) = Save CL}

(./

L F b” X?.o X5 Li
‘O@Q XO/)(O/ EKl
L1: sl ’(é X0 , 3

nnnnnnnnnnnnnn

9\"& A_
/’L ad >(QC)) KO/XO

s\ X:,) >(7 / 1

sd X35 0 (%)
addi Xp0, X0, 1

IO% Xe) 7(0, Loog
EXll'_ S

-—
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Sk (0)
case 0. .- - — —

— - -

—

break)

(A K \Zv,’—\

————

—_— -

—

R\SC -V Asseby

—>
—9

L
-7

\0% )(e/ )LO/ GX"\\;

L1: adde X5, Xo, 1
e )(%/X5)L2

pree ¥

—

\?Z’L/)(e/xolcf(\\’
AN aaA\, )(5’ XO/ 2

\;ON 7(7}’ ,)( 5/Jec‘““

L

—3 |
p(g,)(a, GK\"

-k
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| Basic Blocks

A basic block is a sequence|of instructions
with

No embedded branches (except at end)

No branch targets (except at beginning)

. ' A compiler identifies basic
blocks for optimization

An advanced processor

can accelerate execution
of jpasic blocks )
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Procedure Calling

Steps required
Place parameters in registers x10)to x17

Transfer control to procedure”

3. Acquire storage for procedure
Perform procedure’s operations

Place result in register for caller =

Return to place of call (address in @

PMQVA (G'\\'gj
- iﬂ\f'z Y, ‘
hﬂ"’fb);
\g\,.b \cw-b§w\r 2:’_\!:\)

X0, X\

lbwo\ovj PN o S

|

S\awvwa — K "3’\ )
s{&k\\l w SY>wa )
Chapter 2 — Instructions: Language of the Computer — 64




Procedure Call Instructions

Procedure call: jump and (link) jal rdl, Labd

/ja1 x1, ProcedureLabel (ehatn
(Y Address of following instruction (PC+4) put in addfess
@ Emps totarged address ey

Can also be used for(uncondﬂmggl@ bog X/, abe]
e.g., jal x0, Label (xO cannot be changed) _Qﬂ\ Xo, laloef

Procedure return: jump and link fegister ~“~f
jalr x0 ’WOEZSDﬂ rd, obbset (¥s,) XGXPC—M
Like jal, but jumps to O + address in x1
Use x0 as rd (xO cannot be changed Cb(rd): pe

nw +b WOV
Can also be used for computed jump )P !

e.g., for case/switch statements addfess = ‘&f"é :')
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I,M}frwe&nms ar<  emcode ws'w-D
372 -\o\¥

S

 ceu :

tevn Corwhrer C
Py = (ZJ

o —--e|\ococ

Ev-b'vr

PC saves the auldress "Y’
ot ingkruckion Yo be exece |
e

&-biy
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(rd) - pc~
(Vd); (6 +Y = €\1

(PC"m) Qj’k' rd, Labed (X\) - 61
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Using More Registers: Stack

Stack is needed to:

Spill registers during procedure execution

More registers are needed for execution other than the eight argument
registers

Saving return address or arguments (Non-leaf procedures)
Define local arrays or structures inside the procedure

Stack is part of the|program memory space)and it grows in the
direction of decreasing addresses (i.e. from higher to lower

addresses SP - | sP
Last-In First-Out (LIFO) | 1 sp G
Access using stack pointer (SP) Stack Stack Stack

which is register x2 —
SP always points to the top of

the stack Empty Push Pop
Push > Store in Stack (Subtract from SP)

Pop /- Load from Stack (Add to SP)

Chapter 2 — Instructions: Language of the Computer — 68



Leaf Procedure Example

(eak-
A~E Non _ \eal

. i (oc
C Code.ffdg,e, /g oy
long long int leaf_example ( |
long long int g, long long int h,

long long int 1, long long 1nt j) {
Tong Tong int f;— - Jave
f=(g+h - G +jj; ooy & prece

return T;

} eﬂw-l} X\b - )(\’:f-
Arguments g, b, | in‘3<1o,><.u./.*;‘x13J
Iin@ C -\-\I\)’ (,L*\') |
temporaries x5, x6 Vebwn

Result in@ —— Y
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Leaf Procedure Example- 9

PCle

RISC-V code:

eaf_example:

|09
oY
j0%
|1
A

nnnnnnnnnnnn

o [addi sp, ,Sp,-24

sd  x6,8(sp) |——>
(sd  x20,0(sp)
~add x5,x10,x11
add x6 xX12,x13

sub @@5@

EEI'éh @) ,x20,0

1d x6( 8( sg)

? = ilb) 32'5&?.
o~s

SF\

—_—

@e X5, X6, x20 on stacki) PLASV)
sd x5 ;6(sp) / |

X5=g+h [OJ /e
X6 =i+ j \PWCCJV‘{L
f=x5-x6

copy f to return register

!/ 1d  x20,0(sp ; [Ifestore x5, x6, x20 from stack ‘
{0

1d x5[16(sg
Ladd1 sp,sp,24——7

[ﬂ: r x0, XjO(xl}

Return to caller
S—
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main / 1,2 /7““’/)%\‘/7( "’/,%\3
£° ’Vl' ' j 4 (: ) uve
'\9(/’"9' Z) 7///. f{‘JJ
G 2 [wp,a(wptc(iq/b”)) (/Ten
%::' ' QO‘OL\ 5?/5)7/’2“{ -
¢ : - (0° —
oC addc‘ )(10) )<o/ 5
/“ )(\() )/«:,7 P(EWMO
Bz % Xv ) Ko/ 5' )(‘ 20
I // Y13 ) Xo,
6 il X, L"’w |
AJ . ﬁdjl ,('°,Xo,5€ _J’U
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4,0[61'( ST/S?/ -3 2
f

lp D Y‘DCZ,J‘-*N'

\07 yz,,? s
f adc’( "y X’L°>/°

(,A, )(10/ OCS)D) -
Md( 5\715[)/8

JﬂlV Ko, DCX'>

J
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Local Data on the Stack

High address

SP — SP—>»
Contents of register x5 xXs )
Contents of register x6 /—’Qéé';
— (X 12)
SP — | Contents of register x20
Low address
(a) (b) (c)
B_ﬁfg:e During After the procedure call

Garbage daf<
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Register Usage

X — X7, x28 — x31: temporary registers

Not preserved by the callee
NOL preselvi

X8 — x9, x18 — x27: saved reqisters
If used, the callee saves and restores them

In the previous example, the caller does not
expect x5 and x6 to be preserved. Hence, we
can drop two stores and two loads.

We still must save and restore x20
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Non-Leaf Procedures

Procedures that call other procedures

For nested call, caller needs to save on the
stack: B

&, Its return address

()« Any arguments and temporaries needed after

the call
Restore from the stack after the call ot
Nw\ﬂ \e~tr Pfo@)""g (e Pﬂ,c‘:\e)u\ICS : 7
— Saved W'O“S\'—VS —'Saved fﬂ;s‘rus are c)uwie
- X1 i) b DR PYOC

ks lren poravies | Vi
& 1 need Yo Ye 5“"‘,\4\'\,’5}“\4
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Non-Leaf Procedure Example

e

C code: re ‘?{’fiw’“
long long 1int faqt (long long int n)

o

w {
if((n < return/ 1; 7 san
else retur@]n fact (n - 1);

uW"
L
V Mk\\'lPltﬂ”{l"m
Argument n inlx10 ) Always
Resultinx10) v, wusk < wasrloc
‘btsam) =  scovediA
NN S A SEZA

5W\C A?N'-'S]”W,C
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——
Nl = Facheid £n
N = A2 &FGr-2) % - -

v 1 - N "é@-\).‘

_ Nk Ca-)g@-?!
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LT:ZJfé

rebruvn 2 §ach?);

=/

S .
{ov:? ‘oy-a Y ¢ kb‘c( [0‘7&»;7 rnlr U\)

(/\ ( C - j } i W=\ s 7\]
' & } ‘ \"V\fv\ } )’

']Y\:. o )/\

.‘7‘(5 C‘—J\A\{{ Co~ \\
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Non-Leaf Procedure Example
RISC-V code: i —~

[Fact: ) *f
act:
addi sp,sp, Save return address and n on stack
Wl EEE T
0(5 X ’)(07
addi x5 xlOf :jff{( i5,1x5—n 1| n<i1 = n-1<
/f k@ x5 x0,L1~ ! f ifn>=1,gotoLl ar«'r»s
addi ,x0,1 % Else, set return value to 1 >/
y\ a Pop stack, don’t bother restoring values
0 jalr x0,0 Return
AL L1: addi x10,x10,-1 n=n-1 ¥ ﬁ’-ﬂ'{"("‘"
k:/“" jal x1.fact (call fact(n-1) ) (Kwo) = Peet (0~ 2
7 - addi x6,x10, move result of fact(n - 1) to x6
— 'Id x10,0(s Restore caller’s n ﬂ_ % Q&QKM - ))
* x1,8(spy” Restore caller’s return address v
NP o add1 sp,sp,16” Pop stack Q(c) - FeckCin - \)
Q(NJ\;J/\ m_u_'l x10,x: xlO \‘*“\\ g\1 return n * fact(n-1)

return
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LC( )(\/ %(SP)
L d K\Q) 0(3\9)

o) sp,sp, 16
VAW\ 7(\5, K\O/Xé
d‘\\( )(Q} o(C 7<\>
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Z:Pﬂ«d’(“)'
o< | B 7 m‘/j A oo
09| | 2dd< S?,S , -\ %) o add: X(O/)(eij L MO
(] w

(ol lLsd X\ , QCsQ) A\l X . 12
1o S Ao QCsQ) id HE_S.& {08

|20 chl(k( —)Z\b)_')(bzi
129 |5 d9C P15 6
SPatV Ko, 0 (X))

(32 YL 1 quA' X\o, X\0,~

136 —> 37 Xy, Gaer

(4o \=addi x¢ , X, © 57— gz
uy (o Ld Xy, 8¢59)

(ug\ >td X ,0¢s5p) Lo~

addi sg,59, 1€
V\'\M‘ )<|O) X\O/XG

ifi.r XO/OQ(SQ
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Local Data on the Stack

High address

FP —~ FP —
Cﬁ?)w é//sp» SP—
FP—~

( Saved argument z!

L‘/Q registers (if any)
Saved return address d/q% _*r

Saved saved
registers (if any)

e

__Localamaysand 1)
SP — r-srrcrcture's'mw)‘: |

———— e —————————

Low address

(@) (b) ()

Local data allocated by callee

Local to the procedure but don't fit in the registers (e.g. local arrays and structures)
Similar to C automatic variables

Procedure frame (activation record)

The part of the stack containing the procedure saved reqisters and local variables

The Frame Pointer (FP), which is register x8, points to the 15t double word of the

procedure frame and offers a stable base within a procedure for local memory
references =
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Memory Layout

O Text: program code mMaclne Laujvw—/b&

(2) Static data: global variables - - qou? byke
e.g., static variables in C, SP — 0000 003f fFff fff0pe, Stack

constant arrays and strings L rd iﬁ_{ (x3) y)
x3 (gidbal pointer) initialized to &7y 15, | S (x5 1
address allowing toffsets into ( Dynamic data
this segment 4) :(gg__;‘f Staticdata [
i 0000 0000 1000 0000,
@ Dynamic data: heap It i ]
PC—= 0000 0000 0040 0000y,
E.g., mallocinC,newinJava — ~ 0 Resenved | ]
De-allocation in C usingCﬁg_e\(‘)) = J
otherwise, there will be memory 02
leak or dangling pointers S T¥Se
g
Java uses automatic garbage i\' v
collection

Stack: automatic storage
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O\\"

m u d X \0 / )(g’
Iteration Vs. Recursion ™~ %%
_/ ‘
Some recursive. procedures ) 40}\(’"’1
can be implemented 7=
iteratively without recursion Iteration (Recursion >
g —
Sum: Sum:
Example: C code: bge x0, x10, Exit i:faddi sp, sp, -8 )
Tong 'Iong int_sum W add x11, x11, x10 sd x1, 0(sp)
Tong int n_"l ong Tona int addi x10, x10, -1 bge X0, x10, Else
ne. jl X0, Sum = bey oo SPTadd x11, X1, x10 acf

acacye) (X -
((3 n) Exit: addi x10, x10, -1 n=-)

Tadd x12, x11, X0 ~[H[jal xT. Sum > esrld
“c (” > < jalr x0, 0(x1) eq x0, x0, Exit €~
turn S n;,\qiidacc + 'c" ng o Else:

\e(a>e) g_‘gm x12, x11, 0

cc
return acc; —J —MC‘S“ S /I:d)é? ,sOgL,Z mp, 8

1 \fza"wiwa\cc)
- 10, acc is x11, and ) / C2 3)
n is x C is x an

1t in x12 Suwa (4, ©) SN T
result in x ;mf C5u~w\ (_& )‘Ccsuw\ Ly f\)

MaZ 3 v~ \~ \Q.‘.hapter 2 — Instructions: T_anguage of the Computer —é

jalr x0, 0(x1)




—
g lorg ik ek ( Lo Loyt ) A %

ANS = 1
,)%wm “
LI Q (A >O) ( n >O>
(CA' S~ WK Q“C.'(W\) i NS — ANS LAY
Aer N o= ne VD

(oA GNS
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RISC-V Register Conventions

Register Preserved
m

The constant value O
xl (ra) 1 Return address (link register) da/\ X‘ ,wgues
X2 (sp) 2 Stack pointer =¥ 2§ y s)
x3 (gp) | 3 Global pointer s\ k¢ JdIAa  yes
x4 (tp) 4 Thread pointer yes
M | 5-7 Temporaries no
x8-x9 | 8-9 _Saved yes
x10-x17 | 10-17 Arguments/results no
x18-x27 | 1827 | Saved B yes
X28-x31 Eil:%_l Temporaries no

Example of “Make the Common Case Fast™ 12 saved, 7_
temporary, and 8 argument is sufficient most of the time
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Character Data

Byte-encoded character sets
ASCII: 128 characters T-bow /c\r\N«c)fV

ASCII: American Standard Code for Information Interchange
95 graphic, 33 control

Size of (1000000000) in ASCII = 10 char ™ 8 bits = 80 bits = [ \ox,h,g

Size of (1000000000) in Binary (‘2_}@ o

| 00®---06 = siae Ak 2 U byres

i Latin-1: 256 characters _ 23‘ ~ fom (Z. \)
ASCII, +96 more graphic characters

8- [c\rorac s N
Unicode: 32-bit charactefset > 2 = 1 W' o

Lj§ed in Java, C++ wide characters, ...
Most of the world’s alphabets, plus symbols UTF- 32

(o]7)
TF-8, UTF-16: variable-length encodings ‘Bo—o"o/o‘gi’/ob\

‘ oA
_ , Daka sizes 190,
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Byte/Halfword/Word Operations

N Y NV i S VARG Sl & ’
RISC-V byte/halfword/word load/store ;\I\

Load byte/halfword/word Sign extend to 64 bits in rd
load ‘ov*‘e/w rd, offset(rsl \c:" t
(9 2 WYy e—1h rd, offset(rsl (rd) Sy Meanty E&** WSXI
) ”)‘ — 1w r offset(rsl \
\o75e Loa(f‘ byte/haI?Noré/word unsigned: Zero extend to 64 bits in rd

¢/13l1 rd, offset(rsl)

WIS Thu rd, offset(rsl)
@ rd, offset(rsl)
Store byte/halfword/word: Store rightmost 8/16/32 bits [z}, 7

X

slrote e—sb rs2, offset(rsl) 16 -k Q‘s,_)
‘o:“* a/ sh rs2, offset(rsl) MMofyt&%**} "'Q/S”} 32- o

oyl R

sAA{Sz ‘ Y

5W!v"‘! / Vﬁz:\ B‘V\’

6M- Yo
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\\3 X5 ¥ + Z Xbl) 00° / ‘?

VWVs{:‘:'»_\—CXc)--J— :
P PIYTN ;\o :%-:X::"
v G FFFEF 2 e
[+ o £0os Soon 0° N
\02

\n X6 ; £10%) ; J
(7<6 Ok o000 0000 0000 (’”%} o L

W xq, 30X gé_ M tamory

17 R oo o0 Qa2 A3 |

\¢'= (Q\09Q o0\ )
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231-%\ »

Xg = fo«x CF09 5648 Anreh 1134

s 8

s b Xg , 11 (Xs) j__%(%; \é

oY 3 Y \2

Sh s, (06e)- B e
sw X5 |5 (Xs) Meaary
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String COpy Example ASCLI= oxs0

7
Al ey oF charaet o N0 =

C k&fa(‘) (V4

C code:
Null-terminated string .~ x{\) = y(d
strcpy (char x[], char y[]

\% ; %1 Ze_t:-l; god”/ka\/
7™ 1 = 0; N\ Wl
while ((x[1]=y[1])!="\0")
1 += y \ | oadl ( - WNSiges]
} 5:7{{ S 2-6,\" = \\’:{r'
L

Base addresses of arrays x, y are in x10, x11

[« iisin x19) N J
X1q +5 4 5 wed NeSOTED
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"'\0\\\/\ )(\Z PCr

String Copy Example sty
vAsC ey C,‘—% S

RISC-V code: - | i
strcpy: 5 \
addi_sp,.sp,-8 // adjust stack for 1 doubleword
sd  x19,0(sp) //_push x19
add x19J_3<0_,_x0 Ri=Fdd X Xo,

L1: add xﬁLﬁlngll / x5 = addrl|of y[1] \1[-(]
LAV\S\6}\,‘_,“,\““"‘Pb‘u x6,0(x5) // X6 = y[1
add _)(7 x19,x10 // x7 = addr of x[1]M¢W\07-"ﬂS‘* (¥s,)

sb  x6, 09(7) /M cddress -
beq x6,)<0 L2 // 1 y[1] —— 0 then exiwt = \?;&

|addi x19,x19,1 //i=1+1 Vs
jal XxO,LE ey s, L2// next iteration of loopltc.)- |
L2: 1d x19,0(sp) // restore saved x19
addi sp,sp,8 // pop 1 doubleword from stack
=pjalr x0 O(xl) ) // and return mneoty | { 0)
pc= o+ LK e oddregs
was ¢ > -by r
st ch?') '
s e (Ke) e XCY e— (X()
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32-bit Constants (1)

12-bs \-
Most constants are small add( rd, sy, vnem
—20ug b «zo4] - LA v, skhar CY5)
12-bit immediate is sufficient s Vs, , . )
o
For the occasional 32-bit constant: Tui rd\" ‘cl:onstant
20-b,F
Copies 20- bit consjtant to bits [31:12] of rd(,,d ik
Extends bit 31 to bits [63:32] “rpv ‘

Clears bits [11:0] of rd to O_
Example: Write RISC-V instructions to load OL{EOB‘D%OOI

in x19. Coqomek & \AL | consende 1¥a \opdel
_ 290~ V‘ 5 -\9 \'} 7\@\@
Tui&XI®, 976 //_0x003DO0 -
0000 0000 00| 00000000 0000 0000 fdooo 0000 QQ~ 1101 QQ__ 0000 0000 0000

K.

P p oa 0106) co00 0000
— — addi x19 x19 128 /( 0x50
0000 0000 0000 0000 | 0000 0000 0000 0000 | 0000 0000 0011 1101 0000 | 0101 0000 0000

00929 ©O o, © O o o 3 D © 509_
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lwi X5, ox F&22 A oV

’f OOO]

Xs=| X CFEEFFEF g &32A g
J‘ L/- \oer .

L_____—— N ZO’b";’ )Z~b‘l’

J
— Qobngzor;bo ] O OOOO}%LI,
sWwie Hle cors\~ A oﬂ\@zﬁ'j’—% NONCILS
Xs
_lut w5, oxE83%h
/
add( X5 , %5, 0X47]

. Y7)
s - oy rbe_FEEE P2l
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32-bit Constants (2)
20_L) LLF
Example: Write RISC-V instructions to load O

In x19. oxFFFF FREF FRFFF - (- 1}
0720030 « 1 = ©Xoo3IDY \0

Tui x19, 977 /AL O0Ox003
0000 0000 0000 0000 | 0000 0000 0000 0000 | 0000 0000 0011 1101 0001 | 0000 0000 0000

|00
addi x19,x19,-2048 // 0x800
0000 0000 0000 0000 | 0000 0000 0000 0000 | 0000 0000 0011 1101 0000 | 1000 0000 0000

(-1-)
7790

: 1
< [mmdinglon)” UL Xiq, 0 XOOIDE gy,

oxFFFFrFFFFFFFono 00 + m(o& X1q , Xg, o><800 )

ox 0000 0060 003 CF ! 800 B‘O
< & ono 0000 003Do B0 O 1
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\\ OO

/\
A o (CB
X9s Ll cov st xﬁ(\@w Lj

32-\ov )
6 AATRARZ ~A = okAHALE cowsrank

lut 7<’2,c)) oX ATARZ
AddU A ro, Xq0, ox CIY

XKoo - oXEEFEEEFE ATAB S 000
1) @REFEFFFER FEFEEIC 34

oX FF FE FFFFA7pB82C34
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Branch Addressirg "

. . . b<y b
Branch instructions specify bb?? %
Opcode, two registers, target addressp, ||, TS\) rgl/ 2,,

Most branc%targets are near branc?ff)(
b 3( U
Forward or backward

SB format: (6\/ wnd) Lok

. . 7-bF
N rs2 rs1 | funct3 | G opcode

P E— ( > é-————? é\)é—/—'a «— la"»>
imm[12] 7 o\ S-bit  S-b't L' g

oy cedHess
pmem
PC-relative addregsgi/ni/> £ e brameh (0 Lnchn)

Target address = PC + immediate’x 2‘)

The immediate represents the pffset injglfwfords}
M“AM’C{} Je e \'6-171} tAS ’ﬁ/\,\c\\‘ov\
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S{ -—Cr/ MJ

\ f\o:\, .\M“'\/

\\mw\(\\ . 0‘1 \Iﬂ chut‘(‘s\ Te‘ \QQ(QJQ \
] T AANTSsS—S—— '

PE—
T 5o PormA \L\M*‘( \ :5}\1 Vs~ \"S\ \("‘“\"\ \3"63‘ Opesde \

4 —
3-bik

L

-~ \ VWA

SB - FD"M‘V":

- W’L\Vsi \\rs\ \ Qm»;\ | \;\O\OLQ«]
\} v () — - l NS

J | ] U

v (V2

W\ —

Uj’p"’“"‘)‘: 1\’ri""‘v'\(\O ; ‘3 \(\‘U'@ rd \opc«B
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v Xl
v ﬂg# ress = Pb%iv+ \

ugy| - -- - -

43$ - -7 11
- _ -/ _ _\.'\\N\W

ca| 7 §0 - 4o

72 v =\O
60 Ex;":~--"/ ,( 3

- kbOOQ S O®Do \Q\QXL

Yo lozq/ Xz, Ko, (\Lg)\o/{_,mko"ﬁ

Tevyek address : U0 X \o X &
= 46

S katpwo/JS
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Unconditional JumpaaquLmﬁﬂdressi@

T 20~ bl
Jump and link (jal) target uses 20-bit immediate for larger
range

mormithnlyuses this format

C

T imm[10:1] T imm[Eﬂjl rd_ opcode
imm[20] imm[11] > bits 7 bits
PC-relative addressing & 3 *
/ ‘W\W\C m '. \3

Target address = PC + W
The immediate represents the(offset in halfwords

The unusual encoding in SB and UJ formats simplifies
datapath design but complicates assembly
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\40 ‘6\\ )(b C/—K"‘— |
\H\.J__ ) _) (Y = Yo  Exvrkl

;3;\_‘,i_- Ewib = _7/%'«Q2’>\0

5o - - -

(o -

6\1E><\“f:—---° ( _—
— ™ O D6 D002 OOoO oYo° ),

uO}A Xo/(Q)m 6 x 000 0 C |

uy . _ - — '?

‘\6-,-——*; /ré\ﬂy»o": HO‘\’ "L%L

sl - - (Y
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)<\ Vo, \W“"“J‘Jf W o v
7}}"/. ko 2
PN N
To«ﬁf)« “JIress = .?CJ +
{u-bik
\ Imo e
_ S| ne-xhen s on T
- PC =+ &(J imW\f—J*“"‘ K G CC A
. G U-br}) At
exles pn
N\ %’
Vil Q e D
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PC-relative Addressing

If absolute addresses were to fit in the 20-bit immediate field, then no
program could be bigger than 220 bytes, which is far too small to be a

realistic option today 220 by Fes

An alternative is to specify a register that would always be added to
the branch/jal offset: £4-r = 2 ;\’\'Qg
Allows the program to be as large as 254 bytes
PC contains the address of the current instruction
PC is the ideal choice 16-1o)" |-

——

The RISC-V architects wanted to support the possibility of
instructions that are only 2 bytes long (i.e. the offset is in_halfwords)

t fl K é/I\/I'aximtm)ffset for branch is@K halfwords = +4K Bytes

V”’Z"% Maximum offset for jal is £512K halfw?w_‘_:is = +1M Byteés <>~

q/g o ) i/ "
2o 3, gkt 1201 > -2 bet(@o) R

— 20Ul o ,\Lé“'”\ Ve
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Branch Offset

oo 2006

e e r‘_J"E
v fer
Loop code from earlier example

In

Assume Loop at location 80000

\2

Machine Language

CE)e (ommgﬂ?\
v

zl

20000 = JOO20 + L@oPX«L Q\“
kb S Ym
VLOOP - "\OJ Qq« ¥ A PO‘/ M\O
L ‘(S, P\AV\QY}
Address tructio = 5 f ﬂua)(
v Loop:slli x10, x22, 3 : X '
— = \,80000 ‘OOOOOSR 00013 (10110 )_.k OlOli!) 0010011
.~ add x10, x10, x25 —_| =X \
= = p 80004 OOOOO;bO 11001 (QlOlOi 000 (OlOlOil 0110011
/ 1dx9, Qx10) . — ] 15
- 2-G »80008 | 0000000 00000 | 01670 | 011 | 01007 | 000011
v Aone x9, x24, Exit (}Zm-ﬂ)‘ = v @rmmju
- - 280012  [L0000000|d 10003 Q100D 001 [(01100] 1100011
l/agdl X22, X22 ‘—w .- M%AM;\——Q'LT e
- 80016 | 0000000 | 0000 "U!D 00010110 0010011
eq x0, x0, m(f}" K e e rd]‘ —
80020, {(111111D| 00000 @TB 000 601@2 1100011

Pxit f\—’

| Mﬁd

Boo2Y . - _

cJdress

oo

-
-

[ad
-

—

PcC o'C b ve

W\

ge0ll + ExikFKT
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5l (-~

Jop oo

Sovoy [ add - -

dpt LA Tavae) addless . oolLs
3 01 sbore X9, X2y @ = 7 Lxo
800{5 /ﬁdp(}‘ T = ooy

Joot2 /b% Mo, ><°/ ~ O Tanet catfrees T2

>
\\’ —1OX

&002(4 Neoe = Roooo
-5
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%

= S\ﬁw———‘-ﬂ\“'ﬂ\sigw CQX 6S=) « (X§>

Long Jumps ana Branching Far Away

For long jumps, e.g., to ’332 bit absolute address) of a
procedure Taga add(ss: ox oooo cooo 3F 2 | iéso

z o~ r \2- ok
[U\i YG O% 3 F2\A

« lui: load address[31:12] to temp register

= Jalr: add address[11:0] and jump to target . ” x5 00( S
X, ok 000 OW]3F2 | A[ 99¢] Javr Xo, 5
5 @ 002%0000 O 0 00 6SO = PC= O} 0000 oaeo—;—:u A €SO

If Wrget is too far to encode with 12-bit offset,

assembler rewrites the code b LLs furtn e Hlop
« Example £ 148 9
[begL x10, xO Lj bf\b Xo, Xo, L2
Ladot - -~ ) d“\ %2, L3
— 1 (2 . -
bne x10,x0, L } L] xo, LT
. 3 . e ) N —
Ja-|®, lDY&v\c(‘\ IL”(B
_ _I__Z_: addi-_—

J(AI ;".J-M&

—
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RISC-V Addressing Summary

1. Immediate addressing

Jr S formdr , SB-Nrmak

,Cu’”‘
W\W\u)\‘*‘ \A\,,%D(V*’JV

Ul %fmﬂr

immediate | rs1 |funct3| rd | op
2. Register addressing
funct7| rs2 | rs1 |funct3| rd | op

Registers Aol

> Register

@Baseaddressmgb §h7'§, (;a.f)} J‘ '{‘

immediate | rs1 |funct3

N e —

rd | op

Memory

I s.s\n‘&\'ws DA

Py

(pa s«  Register

+ [Byte | Halfword Word ﬂ Doubleword

b(awe, "\ /A J‘(‘

4. PC-relative addressing pC J
imm | rs2 | rs1 |funct3|imm| op 1 Memory
I |(\3:.',“,,4}M“’"\7(
PC Word l
T
C
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RISC-V Encoding Summary
—

'(W\"’\EP : \3

Name Field Comments
(Field Siz2) 7 bits 5 bits 5 bits 3 bits 5 bits
R-type funct7 | rs2 rsl funct3 rd opcode Arithmetic instruction format
I-type immediate[11:0] rsi funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsl funct3 | immed[4:0] opcode Stores
SB-type \ immed[12,10:5] rs2 rsl funct3 |immed[4:1,11] opcode Conditional branch format
UJ-type \\——-—mmelzq 10:1,11,19:1@ rd_ opcode Unconditional jump format
U-type ) immediate[3_}: ] rd opcode | Upper immediate format \ut
Quest€ | mrbeawed] v, | il I opod | s\, svli
€-Yr

2l VA5 Lmw
\ L D) \W‘w"‘

| . .
- YS/OXHZBI,?@? S5 oow] ]
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M< COMPUTER ORGANIZATION AND DESIGN  riscv

The Hardware/Software Interface

Chapter 4

The Processor




Introduction

CPU performance factors

Instruction count
Determined by ISA and compiler

CPl and Cycle time
Determined by CPU hardware

We will examine fwo)RISC-V implementations
v O A simplified version (i.e. Single-Cycle implementation)
@ Wale implementatimppwc);x C
/() = A more realistic pipelined version
Simple subset, shows mgt\aspects
Memory reference: 1d, sd
Arithmetic/logical: add, sub, and, or

ontrol transfer: beq
Chapter 4 — The Processor — 2




Instruction Execution

0 PC — instruction memory, r fetch instruction )

@ eqi ister numbers — register file Cead registers |
Depending on instruction class .,y v,

Use JALU\to calculate o
Arithmetic result  /Z-Rvawrt (V1) OP""‘“M ( Vs2) -

64
a\ciﬂk“°2 Memory address,for load/store i‘;«uvy (s) +( Mg >
) \0%., /Branch_ comparison Lfs\) ~(Vs2) —=> 2eoFle JZ
® Access data memoryjfor load/store

@ C « target address or PC + 4 |
S -bi~ -t 5,

‘ wis LS el
Wr'ﬂ-/ﬂe_w—a(ﬂ \r,,' sv| v N

J‘c C’P(QJL
_ A T—
/Mb Y‘J, \M‘”\ R Lorme § ek

- WA v
J a'. rel> ) Chapter 4 — The Processor — 3
F L]




PC

e

L/-"\, 3 —'b“ r J

Instruction
memory

Address Instruction |

S —>

CPU Overview

\

sd rs,, K (v3)
P v (W5) z‘ilﬂe—» (Vs )

Sy

<
R_a*t'a (rjq)
Register #
Registers 1 Address Q'J)
Register # ) 6 d Y @ .
: $2 (Y memory
Register # -
: . i (Y5 _»sd
RF Z Dataj,,
- v
(ead Voq Grgn-ext
egobry SV
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Multiplexers

z-\o-
< : ..
SV Tt Can’t just join
\ pea b / . wires together
N > Use multiplexers
Add Add 5 oA VWX
[
|-> Data
Register #
> PC (&> Address Instruction -o{ Registers Address
Register # Data
Instruction - memory —
memory o> Register #
\I » Data

2-lo- ¥ MUX

Chapter 4 — The Processor — 5




Control

ranch )

NG
M l< fl-«ﬁ\’&
u
Uz LA
4—»\ >
/
y N Add
Data |
o~| Register # (MemWrite)
> PC /@ Address Instruction 18— Registers »| Address
&> Register # ('\51, Zero Data J
Instruction Data |
memory ¢+ Register # RegWritel ry
> Data r
MemRead
51a-trtCan)
\\
—% Control [l
Y/
OP(,ec)e. Unv

Chapter 4 — The Processor — 6
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Logic Design Basics

Information encoded in binary
Low voltage = 0, High voltage = 1

COne wire per bit )

‘\M"" Multi-bit data encoded on muilti erelbusesi

64 s, —' £ ~—
MJL”(\Combﬂatlonal element éﬁ \
A Operate on data —

C

@utput Is a function of input)

State (sequential) elements
Store information : RF Trstredione & Dt

Loy - 25

. pe

Chapter 4 — The Processor — 7




Combinational Elements

AND-gate Adder A ULy
Y=A&B Y=A+B -
s )Y

Multil Arithmetic/Logic Unit
ultiplexer
Y = F(A, B)

A o/
0 N\ .0 - y 29905y
T Y S5” AL \+
x é:"\ B S
S

F
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Sequential Elements ok foke_ )
—_— T

Register: stores data in a circuit

Uses a clock signal to determine when to
update the stored value

|Edge-triggered: Jupdate when Clk changes

from O to 1 B -
Vigyany e99€ Ne
*W‘J‘?( | & 2 — < Co¥ —

Clk _I_U_ T

AS
C\i‘)(——-i &j N%J:Vc. e()ty( s\’hﬁsdké D/FF

14 =0 Chapter 4 — The Processor — 9



Sequential Elements bes, i, e, o

Register with write control =9 sz, ety

Only updates on clock edge when(yv_r_i_te T
control input is 1

Used when stored value is required later

Clk i
EY ‘
D —» . Q Write \‘K/\ Ob ;
1= [write — o NOC VR XV
Clk — A i e
I o I a%
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—

Clocking Methodology

Clocking methodology defines when signals can be
[@QQ_QLW_UIED c’”‘”‘ s Vo f4ge ehemedrs T\ e vend)ing wevend

e Va lur
This is important because if a signal is to be read and written, #¢ Q"
simultaneously, then the value read could correspond to the gd

value, new value, or‘a mix L PWNE i Vg e W
d-]__—_‘ e v:.:%ﬂ‘ "“ D

Most CPUs use |edge- triggered clocking methodology):- o

This methodology allows us to read the contents of a state

element at the beqginning of the clock cycle, send the value
through Combinational logic during the clock cycle, then write the
output to the same state element or another state element at the
end of the clock cycle Crticd path

Combinational ines cl eriod

(Nﬁ) ALY i X¢) ) _ned a0de
State | e State State / fes A
element Comblnatlonél logic )—=s element element | Combinational logic :

1 P eda 2 : 5

_ g | ) | { |
Clock cycle <, — <

low¢
T= 1o~ Chapter 4 — The Processor — 11




rondd X5 Weke ¥ Negista” 1
(Ashuds (ol \ Nen Wik contnl =

Ve lue Chapter 4 — The Processor — 12



Building Datapath for|Single-Cycle CPU)

(_ Every instruction is executed in one c@@

No datapath resource can be used more than once

per instruction = any element needed more t‘hanﬁ_{
once must be [duplicated ) CPL;- J

1T C =00 PO _ 90 J L JT

§\M)\g C oy M PV = clcke _ e xcPl 7
Ctad( s = o .
Datapath oo = woxeti S in ‘“’*\‘[";{‘f,a\ )
Elements that process dafa and addresses
in the CPU

PC N
\ _OTTF e

(14 T~ tn T
S‘r‘\ #“‘M,\x C—*\ tﬂ'jb"

Registers, ALUs, mux’s, memories, ...

We will build a RISC-V datapath increme 3 1tally
Refining the overview design (Kr;i)-:r‘\/f‘bb‘f“\&

Chapter 4 — The Processor — 13
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Instruction Fetch rml Y vt

o he exec e
—
PSRV S oA

vl /

e
W( CoC

\ Increment by

22-b, | 4 for next

64-bit ( Instruction: — s, instruction
register ke Covnsyart o’vm dre clock
Instruction €y A<
Vead memory
Fhe verlue c — r
of PC - — —
O\c) V;JM
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R-Format)instructions

. € "\“} E e (ead
Read two register operands ¢ ports,

g owe s b~

Perform arithmetic/logical operation Pt

. . owd
Write register result A
Sl \(5\3

G nd

. ol
4 ALU operation a\éJ s V‘b
. slr

Zero —

result ]
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PN T 2 VY
K»ﬁmwt ],@.Ad"% {VB» wasu Iﬁwsf red ldpwg}

(2 bl

W I I'm m IM rd (oﬁ‘“)_j
ek —
S~ bt T T T [orear)

M 12y 716 0
D‘S"/ Cgl:oj

Jaske Cuie 3 2 ’"N'\: nun b=
[ nsrv (\q S ) =>,f51 ”
Tvsvr (v 203 ;5 Cse s
Vead s Wharm\ess buk wiile islf\cﬂ’\‘u
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Register File

Read register
I |
number 1 Read
=
Read register data 1
|
number 2
. Register file
Write Read
" reaqi .
register data 2
Write Req
data Write

Chapter 4 — The Processor — 17




Register File — Read Ports

TV\C\' "4 \A :\Ic?;)ad register g-
o number 1 .
QCesS e
S Register 0 - G ( 5‘ )
Register 1 4 /T M \1
:s\ﬂf; - 4 u /—~ Read data 1
V\' {bﬁ / Register n — 2-—1 : s
l Register n — 1+ : \ N U
‘.'7;5 . X
Tinst Qo e g [ x5
00000
= 4 (VSL) )(0_:) :
? u / > Read data 2 = (
X \
. ‘
\_/ X o 1
3\=

Use‘two}64-bit 32-to-1 multiplexers wh control lines are
the register numbers. 22 )

° Chapter 4 — The Processor — 18




—_— D2 Rez Go

D(e:9) HED\ X &\K_f_ §C63:0]}
\/r Wﬁ
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Register File — Write Port

H ) B
5 (1) Register O Q
| /nto2n | - - 0
Reqgister number 7C—1| decoder : }c;\wﬂc:_’l ;"
i nsyy E\\ ‘;ﬂ o % °  Register 1 e\
, 0 ——T—
£l i Xg’?l’g‘-{ ¢\ |
(- X900 A7D f |
20 ‘—' *— )
k jﬁ ’ Reqgister n—2
)
Wﬂ.“t deka (A L DTC Register n— 1 @
Register data / ng
—“—J

R We need 5-t0-32 decoder in addition to the Write signal to
wg( generate actual write signal — T
The register data is common to all registers D Xy Ji"

—r
€\ Clle -
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T — .
g{ [,.‘LA‘(,"" '\V\S"(wtﬁfbwg \/“‘V‘\’{ - j. 7
— Lo=d — k@)c)\'

(nsY rackong TL)")\/\”:\‘Q = o 7

- 5\q>f‘(.
_ \o(a\wCN
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Wa,
g‘o ke 12—:_3'\5\4/ C:,-[Q. FA V'SC’V
T
C‘\ — £\ / 2 E'q"ﬂ
- v QT T /B el
l,’““j‘ 6u

— 4 . 1\ Qdal
%\ )—F %}D 1o (Vs )
H oV | Hﬁ»
9 ‘6‘ ¢ w D ( :[:ms\‘/(?—‘"pj
| (-] . 5 . J S Qu\a\ 1
' \ Ay ey
A " o——] , 13)
‘(S\‘ ga O N 0 ‘i’rwA 2 (6
D ’ R
( L ‘( 6“4 (M Y ((1
. O — & -1 Red
Walke €= —D X 1o /) ot
D‘\A'( M ,/AD o

6 M- bt (32-1’0—.1) MUy
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Load/Store Instructions

S\ju -

Read register operands momery = (pase verish) *(33,9
Calculate address using 12-bit offset ~ ) i‘%’f
Use ALU, but sign-extend offset
Load: Read memory and update register
Store: Write register value to memory
‘MemWrite\ | “//w('\wm)"'p
—— Address Read > S‘j —~
data .
| write "‘E:'tgfy 1mwmedid e
data ﬁwq/{\‘bu\

MemRead

a. Data memory uni b. Immediate generation unit

Chapter 4 — The Processor — 23



X W\Mc.z)i“#‘ G&«u&*‘;"”
O EXY(M\( \W\\N\Le)\ﬂu"L Qo e TMS\(F\AM‘D\A

LOQ. @ \\Lb\— \ \

\% st (2V: 207N
n \wava
sd = [1)2-viv S-hir ) 7-bil

7 i\«g\‘(@\ 251 _Lms\'/ (\\ 7—.3
B 5”" Foomas N—
@ S\{)V\ _,—C?““wj'\o"\

ﬁg@ 2ok e

[wsh fJD 52 4)mms

2 ("
3 é:. I

&V
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\"\M?“J

AJItes

Wk B

[ nwse

[2:‘0 fon~t
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Branch Instructions

" p s: \
Read register operands 2D v
Compare operands (1)~ (Vsa)

Use ALU, subtract and check |Zero|output

Taken Branch:CCmdj.ti.m_Flu_@l - Jump to branch
target zer=d

Not-Taken Branch:|Condition is‘false - EXxecute
instruction next to branch ™ ¢~

Calculate target address 2. .| Tavget Al = B30
Sign-extend displacement @27pa - PC - w)xz

hift left 1 placel (halfword displacement)

Add to PC value ialde
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Just
re-routes
wires

Instruction

0
(
2

>

Branch Instructions

If_gfrom instruction datapath

e

Sum Branch
@ Add target <o)ess

_ | Read

" | register 1

Read
register 2

Write Registers

register

Write
data

Read |
data 1

ALU operation Aravd Bﬂ:"‘"‘;"P

oo o

RegWrite ‘

[

To branch
control logic

AL USVL - 0O

Sign-bit wire
replicated
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Composing the Elements

First-cut data path does an instruction in
| one clock cycle |

Each datapath element can only do one
function at a time

Hence, we need separate instruction and data
memories. Also we need separate Adders for

EC + 4) and BTA calculation beside the main
ALU

Use multiplexers where alternate data
sources are used for different instructions

Chapter 4 — The Processor — 29



R-Type/Load/Store Datapath

Locd

| Read ALU operation
register 1 Read
€a > MemWrite
Regd data 1 MephtoReg
Instruction | register 2 ALUSTrc
[ . Registers .4 Read
L3 Qj *— W”f‘et data 2 result Address  jat
register
(rs2) ‘ |
= Write \
data Wit Data
) > W  memo
RegWrite ‘ data y
_d 32 .| Imm o4 R- Fovimal | MemRead
N Gen

I S
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Full Datapath of sy Cooe <Y

e —————— mmm— —
PC4N
>Add
o 7
0
L Road Regd 1 ALUSrc 4 ALU operation 1
PC address register dea? . ‘ | MemWrite
Read ata .@ MemtoRe
Instruction 32 | register 2 - )
Regist
Write "+ J'St€rS Read Address Rdeatd
|I'IStI'UCti0n register data 2 ata
memory . .
. Write
{ ) data )
—\ | Write  Data
RegWrite " | data memory
32 64 MemRead .
Gen

M<

MORGAN KAUFMANN

<
A
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ALU Control operakion

S|‘ w -exch
(o¥®ex)

ALU used for  Soors’ = (P %
[Load/Store: F =
Branch: F = subtract (fs)-(¥s,)

R-type: F depends on opcode
Aiavert, B I\Cﬂﬂgl OP(/«J‘.\MC l'.°3

m\o\ ALU control Function
or 0doo) AND
add 0001 OR
Sub 0010 add

5l \' 0110 subtract
o)1 st

Chapter 4 — The Processor — 32



ALU Control

Assume 2-bit ALUOp derived from opcode
« Combinational logic derives ALU control

Instruction Desired ALU control
opcode ALUOp \ Operation AI..U action input
Id

load doubleword XXXXXXX 0010
sd store doubleword [ XXXXXXX add 0010
01 branch if equal m subtract | \ |
— 1 10 [ |add 0000000 | 000 | | add_ 0010 _
10 sub 0100000 000 subtract 0110
10 and 0000000 111 { |AND. 0000
10 _J |or i O~ { 0000000 110 OR_ 0001

_QR bape
A LUOF Lalsd
" Pinve b, Bregak, OpanhionCia
o © o 1O
p wekio c“’(a; o \ \ O
. Chapter 4 — The Processor — 33
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The Main Control Unit

Control signals derived from instruction’s opcode

Name Fields
(Bit position)  31:25 24:20 19:15  14:12  11:7
(@ Rtype | funct7 | rs2 | rs1 | funct3 | rd |/ opcode
(b) Itype | immediate[11:0] | st | funct3 | rd ||  opcode
(c) Stype | immedi11:5] |  rs2 | rs1 | funct3 | immed[4:0] || opcode |
(d) SBtype | immed[12,0:5] |  rs2 |  rs1 | funct3 [immed[4:1,11]|]  opcode |

o ST
'U\sffféfoj /\Eﬁmw«ﬁw
Cu _,3|2¢ﬂWh}‘<¢/
—;g\ ’—’aB‘(av\O"\ “
l\) z ALUOp
NWl'opgf/J

Chapter 4 — The Processor — 34

X-bif

Wy

(otol




Datapath With Control

Add

Y

- xc= ©

4 — Add Sum

Branch

\_MemRead
Instruction [6-0] L Memto

» Control ALUOD » 2 _ﬁ
(U Mem\Nrite 4

A

eq\Write

Instruction [19-15] Read ‘
register 1 Read

Read data 1
i register 2
Instruction » J

3
3101 [ T jnstruction 1171 | write Read

ALU ALy Read
Instruction register data?2
memory
Write

B result Address data
data Registers

Instruction [31-0] 32 ‘ﬁm\ 64 L‘

"\ Gen gf

PC Read
address Instruction [24-20]

Zero

OXC =) e

. Data
> \é\gt';e memory

Instruction [30,14-12]

MORGAN KAUFMANN
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R-Type Instruction _;

<
A

A

Instruction [6-0]

R’I‘ 7{)(_

Control

Oc,c:c)‘-

Branch Z©

\ MemRead =0

MemtoReg = Q

ALUOp=\O

MemWrite =Q

/ ALUSrc =@®

RegWrite = |

Mol'\

M<

MORGAN KAUFMANN

J Instruction [19-15] Read
aRdec?r%ss register 1 Read ¢ n
Instruction [24-20] data 1 7 .
| Read 7
Instruction ) | register 2 (4 ALU ero
310 Instruction [11-7] \| Write Read G réo‘sIIJlIJt Address Rdeaatg (1
Instruction register data 2 M
memory u u
~ | Write ) 1x
| data i
Registers Write Data
> data Memory
Instruction [31-0] 32 ;® 64 Y =
Gen b
S L/J‘ — | AD
v\o\( M e— | Jinstruction [30,14-12] (O O
adQ
Suy
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Load Instruction (d rd, #.0rs)

WUV .
adons] = (51) = i,:’\l"

Add >
4 — Add Sum
, 0
Branch =9 .
\ MemRead= }
Instruction [6-0] MemtoReg = |
{ Control ALUOp-.:_oo
MemWrite = ©
/ ALUSrc = |
RegWrite = \
o Instruction [19-15] || Read
| PC [ N8 register 1 Read
address Instruction [24-20] dateaa1
Instruction || por A 64
[31-0] . Read 1
Instruction [11-7] Address data
Instruction register
memory v e X
| Write /N’\ <
~| data i
Registers (| write Er%tgry
data
Q\z/['a A U
Instruction [31-0] 32 Imm 64 }
Gen hl ~
\ adhnon
x - r )
Instruction [3014.42] 00 60 \O

MORGAN KAUFMANN
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BEQ Instruction be v, b

V\.S\ - WSL
LI p—
-

TA-PCA
'% o ¢09J> KT

a&%

( — Z<ro
Branch =
\ MemRead =©
Instruction [6-0] MemtoReg< X
Control ALUOp = OV
MemWrite - ©
/| ALUSrc = O
RegWrite = o6
Instruction [19-15] Read
Read — :
»-| PC &> ‘, register 1 paaq
address Instruction [24-20] date]
Read
Instruction | | ? register 2
B1-011" Tnstruction [11-7] AddressR2ad L1
Instruction > a “lf
memory \ \A;‘A/ X
( e L
Write _Data -

data Mmemory
QM 0[,\ Instruction [31-0] 3\2= imm | %4 9 I
Gen \_’ S\Ab\'(ﬂb\'“""‘
InstructioR 30 1512 ol Dl |0
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Datapath With Contr
e——\

(2, &b Org) | W)t Siarest(Se)

!
\

A LWJop 00->(0)

4_,/ M\*Jle,.

A 01 =)
Branch =Q 1 0 -
\ MemRead—=©
Instruction [6-0] l‘ control MeMoReg =X "4 ,\'.ﬂ)(
l > ALUOp = D0
~'—J MemWrite = |
Sd | ALUSrc =|(

RegWrite =@

. o¢
oe Road Instruction [19-15] Re?dt 1 W‘A’J
Ly | o> register 1 Read
address Instruction [24-20] daead \
» Read w2
Instruction o register 2 \’ ﬁ
B1-01T T instruction [11-7] AddreskRead LAY | VXN L;L

Instruction M

memory u

0

( el
P‘@VC\A Instruction [31-0] 32 [ imm | 54
"\ Gen \I S, qa‘)gh‘aw

Instruction f36‘,1’2?§2] io ¢ o O \o

. Data
\é\;r{;e memory
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Control Signals

6 single-bit control signals plus 2-bit ALUop signal
« Total of 8 control signals
Asserted means that signal is logically high

Deasserted means that signal is logically low
4

RegWrite | | None. The register on the Write register input is

[ o [Writted with the value on the Write data input. 2~

ALUSrc ' The second ALU operand comes The second ALU operand is the_sign-extended,

I from the second register file output | 12 bits of the instruction.

QReag ga:a 23 — :
(PCSrc > The PC is replaced by the output of | The PC is replaced by the output of the adder
/ th der that computes the value | that computes the branch target.
Rrawen 320 of |PC + 4.)

MemRead None. Data memory contents designated by the
address input are put on the Read data
output.

MemWrite None. Data memory contents designated by the

address input are replaced by the value on

the Write data input.

MemtoReg The value fed to the register Write | The value fed to the register Write data input
data input comes froﬁ%@ comes from the(data memory. )

e

/Z\ M< Chapter 4 — The Processor — 40
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Control Unit .r=: (o) ﬁ_:;\m
Main

The input is the Opcode field (7 bits) from the instruction register

The output is 8 control signals

« Control signals can be set solely based on the opcode field, except
PCSrc (i.e. PCSrc = Branch AND Zero)

Input or
output Signal name

Inputs I[6]
I[3]
I[4]
I[3]
I[2]
R (6]
\9 I[O]
Outputs ALUSrc —
/ MemtoReg
090 (+) RegWrite

0O ’ (_~ ) 7 MemRead
MemWrite

l 0 [Ur“& ‘ Branch )

[~ ALUOpL
ALUOPO |

Hﬁv-soo»-\»-o

o‘{\

+

h (-

O R O|OJOIXNPOWN= | OO |0k |+
»
\V

O|lRPr OO0 |O]F|IO

(ooo»—x‘ooxpp:s—\ooo»

tOOOO¢HHHIHH—*OOOOO
\_
¥

-
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Control Unit Design

|[6] ® ¢ ® ® 8
o Edcu e

I[3] 3 3 ® ®
0%7 |[2] o ® o ®

|[1] ® ® ® ®

O 00 O 1000 000

OO O

R-format
— ALUSrc

MemtoReg

i; RegWrite
MemRead

[ MemWrite

® Branch
[ ALUOp1
¢ ALUOpO




ALU Control Opertin(3 -3

A LYop
. ruvxc ‘o)
The ALU control has two inputs: et ' Ak, Bmagry
ALUOp (2 bits) from the control unit P

Funct3 and Funct7 fields from the instruction register

The ALU control has a 4-bit output

Bnegate

A i"\/(" Oper‘at on
. (
Ainvert Bnegate
Functi — ? Operation a /{‘2\ L/\ N /Oi\
unction ‘Operation' Operation [1:0] w I |=
[2] —
e — 1
—.and (o 0 00 'HLé »
> or 0 0 01 ® ﬂ 1 - )
~add 0 0 10 |
_xsub 0 1 10 "
g l'\‘ O 1 1 1‘ CarryOut
A 1 i 0 O A Lu 5 “’ (& 4

Chapter 4 — The Processor — 43



ALU Control

Operation[3] = Ai nJe/)

Operation[2] = Emgwh’-

—

Operation[1]
AL o?

Operation[0]
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Datapath With Control “ -/ ,ix
e @ (d)-Pc
- ——— ~ [\

I

Add

/ v ‘F\:‘ Shift

left 1
e — CBranc ‘2X
MemRead = @
Instruction [6-0 -
0] » Control MemtoReg = X

ALUOp = X%

MemWrite= 0 X
< /“ALUSrc =X ,_t\P ,9‘
' R .,1)\ —RegWrite = | ~J
["5“( ' d“l -~ Instructiori19-15] /R_e\aa'\ \\L ,
—— PC es| o8 “_register 1 =
[0 address Instruction [24-2 Reaa\

)( Rea data 1 )
Instruction

(J

- d 0 ] egister 2

= [31-01 [ T instruction [11-7] 2 Write Rea
ﬂ “"IPC (0 Innslter#::)tli'!c;n 1 register data 2

Read.
Address data

9

Write) .
( “J\data/ Registers

RN UL | . "
PC "(l-“ o Instruction [31-0] o Imm y o

Gen

Instruction [30,14-12]
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Control Unit Design

——l{e}o—s ' ? ? ‘ Je -
f—~—1-[-51—— ! ® ® ® J ”A o ECO .
4 NECAR
| e
. @ @ L 9
[1}— ¢ ¢ ¢ 9
WA T j L]
Aa\— R-format Id sd beq
: [ 4
oy f . D— ALUSrc
® MemtoReg.
r,f = — ;%_b‘ RegWrite = )
I MemRead
® MemWrite
Branch
ALUOp1
° ALUOpO

\—\J"a‘ :'



Datapath With Control ;"

Add

Y

- xc= ©

4 — Add Sum

Branch
\ MemRead
Instruction [6-0] MemtoReg
» Control ALUOp
MemWrite
| ALUSrc
RegWrite

Instruction [19-15] Read

PC Read

o> register 1 Read

address . ea
Instruction [24-20

[ ] »|Reaq datal

Instruction register 2

01! . ALU
[31-01 [ Tinstruction [11-7] | write Read -0 réo‘slald Address%eaatg

Instruction register data?2
memory
Write <

data Registers

\

Zero

Oxc=—

“xc=

. Data
> \é\gt';e memory

Instruction [31-0] 32 ‘ﬁ‘m\ 64 I

"\ Gen

Instruction [30,14-12]

MORGAN KAUFMANN
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Control Unit Design " zddi

I[6] * s . *
I[5] * * * °
1[4] * * * °
I[3] ’ . . *
1[2] * * * °

|[1] ® ® ® ®

oOow

R-format Id sd beq

! »
® ALUSrc

® MemtoReg

[ 3
) RegWrite
I MemRead
4 MemWrite
® Branch
[ 3 ALUOPp1
¢ ALUOpO




ALU CO“tTO' (New Instruction Example)

| Awop |  Funct7field | Funct3field |
ALUOp1 ALUOpO I[31] I[30] I[29] I[28] I[27] 1[26] I[25] I[14] I[13] I[12]]| Operation
0 ¢ | X [ X XU ST X %1% [ %1% ] X 10,
0 1 X X | % (| x| = | ¥ | x | x [ x [ =] 0
1 0 o | o | ol o o|o]|]o|o]|o]fo opalo
1 0 0 1 o | o 0 0 0 0 0 o |
1 0 o | o | ol o]| o | o ]| o] 1| 1|1 0o
) 0 o | o[ o]l ol ol o] o] 1 [flaT o] (opoa ¥
T Y X X X ) [EK=] | o/oq 1)¥
D ] xFX-K K X XK X
= 0 Operation[3] ]
1[30]
ﬁtgggg * D_I@ operation[2]] H\/\/
L
I[14] )0 Operation[1]
I[13] —Q_/ Operation|[0] bP«h"'“aJ

[ —
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Performance Issues = S

Longest delay determines clock period

Critical path?\l_cgd instruction &
Instruction mem ry - rQéDgister file > ALU —

®Ddata memory — register file e-f;\c ’:g,’@,’(g’g
Not feasible to vary period for different

. . laaL '-@) ©/©
Instructions

Violates design principle
Making the common case fast

We will improve performance by@pelining}
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Pipelining

An implementation technique In which
multiple instructions are overlapped in
execution W SN

7
¢35 Cf.  Single-Cycle  and Multi-Cycle
C°‘;‘§: implementations in which only a single

w

instruction is executing at any time

Today, pipelining is nearly universal
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Pipelining A"alogy:o 05 &Q

Pipelined laundry: overlapping execution

. . N
Parallelism improves performance -~ ...
as Q&%
v 5 2 hewvs  Four loads:
5 e | - =
¢ ks @ N Speedup
: #0= = 8/3.5 =[2.3)
1|1 1|2 1| 2AM \Non Stop3
_ 2her v ‘3___)7‘ Speedup

i
=]

Ol
1
=P

13l

2.6 hows =2n/0.5n +1.5=4
- [= number of stages |
Ffbllweo' tc\uv\O)IY XS 2-3 'HM}

\"(..4 k% WON - D C‘;M() launday
\V/ 2t (n-«)x 0.5 Ck& 4 Chaptz 4V — The Processor — 527

nnnnnnnnnnnn

re—

C\
4 @il

Ol |



RISC-V Pipeline - . ... ..

Five stages, one step per stage
IF: Instruction fetch from memoryJ
ID: Instruction decode & register read
EX: Execute operation or calculate address
MEM: Access{memory |operand
WB: Write result back to register

Stages can operate concurrently as long as
separate resources are available for each stage

‘ Pipeline design is based on Slngle -Cycle CPU desmﬂ
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Pipeline Performance

(CoC = 220 % |00+ 200y 204100 ,;de»,RF»«Aw
- 800 ?5 ch _ ck}c\'z-jc
Assume time for stages is \ond

| OOps]for register read or write He
|200ps for other stages ALY, Mewevy
Compare pipelined th-smgle-cycl
datapath CC pipeline = 200 PS

Instr Instr fetch | Register | ALU op Memory | Register | Total time
read access write
Tia [2000s  [100ps  [200ps  [200ps  [100ps  {BOOpS™
sd 200ps 100 ps 200ps 200ps >< ZiOOpsS
R-format || 200ps 100 ps | 200ps >< 100 ps
Lbeq | 200ps  |100ps | 200ps > % g\?og)s
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Pipeline Performance .55 _ ..
\dro«v] « .

Single-cycle (T.= 800ps)

Program
execution Time 200 400 600 800 1000 1200 1400 1600 1800
order 1 I 1 I 1 I 1 1 l'
(in instructions) _(— \ f C PUT‘V‘; - 2\ °°PS
C
e [P (2 el
; W > @%N) 2009
EESE N G .—’soo T e I I P [ P
— w
fb\kw?s Id x3, 400(x4) 7 /\_3 800 ps Instruction yc
I At P fetch
\on> —-—e e —p ; ‘g
Xene ™ . . 800 ps
\aXer e Pipelined (T.= 200ps) 1= Z‘
Program
execution - 200 400 600 800 1000 1200 1 400
me 1 1 1 1 1 1
order
(in instructions) ) C QU W - [mo +
) | v -
Instruct Dat
3 A Id x1, 100(x4) nericionl e Reg| ALU 2@ |Reg Yn\‘ AL 2% w00
2. 20000\ 200 ps §"meref |regf| A || 222, freg
Moo < - uoo
Id x3, 400(x4) 200 ps \Secton| |Reg| ALU | D2 fReg - \ PS

200 ps 200ps 200ps 200 ps 200 ps
e S WM: 2 — \q» Q&éka a\‘"\"\

C \ M pé ﬂ Chapter 4 — The Processor — 55
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- « c.wu.J
>C \ooo X v =D Cod lg\'zx\{,cs
C ?U \’\MV\Q)L“M EX?/O% ~ @’07( 200

_ 00 X ’ZQOXV\
- B oos 5

\\\\m _ 00 X)"/ - /%06:*
100

n—s 09
/3,00/« "U’Q)S)’( . sc

p\()-c\ we Vg M \la=rs e"'s Chapter4 The Processor — 56




Pipeline Speedup
(If all stages are balancech Now shp ¥ ruchiont

: . — whef
i.e., all take the same time Speedup = M es
T. — . ¥ MD g"q‘\j

ime between instructions;yejined

= Time between instructions,,inelined
- Number of stages

If not balanced, speedup is less s, ..

TP U

Speedup due toﬁncreased throughput l oA finn
Latency (time for each instruction) does not

decreasgl:. S bays e senme
T Y,

fA\CY ea S¢S
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Pipelining and ISA Design

RISC-V ISA designed for pipelining

All instructions are |32-bits |
Easier to fetch and decode in one cycle

c\C W 1- to 17-byte instructions

Few and regular instruction formats
Can decode and read registers in one step

Load/store addressing

Can calculate address in 3 stage, access memory
in 4th stage
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| Hazards

Situations that prevent starting the next
instruction in the next cycle

Structure hazards
A required resource is busy
Data hazard

Need to wait for previous instruction to
complete its data read/write

Control hazard

Deciding on control action depends on
previous instruction

A ‘ Chapter 4 — The Processor — 59



Structure Hazards  s©/-cru=! s

: wm\\‘\\”\‘ ‘\f\s»\”'dj“‘“‘I
C\Confllcugr use of a resource ) g bo wge B

URT . . S awt
In RISC-V pipeline with a single memory vesowve.
— O 7 : T A Y\« Savantl
Y Load/store requires data access =
MEN Instruction fetch would have to stall for that cycle

g— Would cause a pipeline “bubble”

Hence, pipelined datapaths require separate
instruction/data memories

Or separate instruction/data caches

RISC-V pipeline is designed carefully such
that there are no structure hazards /
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Data Hazards ke inccS o) b

read w Cc 3 e
e 3 Q”ﬁz-.

An instruction depends on completion of data access by <

a previous s instruction ccl cc? cc\1 ccS| ccé
read [T add  dx19, (X9, t ;
7»

Al sub X2, x19 x3

oke — 2~ 7,1'\ —
tuneo) P1peline must be sta11ed (1.e. stopped)
\,.)) = Pipeline stall = bubble 2 F
QK N D Time 200 400 600 __ 800 /X000 1200 1400 1600
\f\«’? Ccl CC‘L S N l{g}l CCé T Cc? |_ ch—r>
add x19, x0, x1 IF >EX—HMEM ﬂB X1 =]
- bubble bubbl
q
hlé bubble bubble

a g—F

sub x2, x19, x3 . IF ID )—MEM WB
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> E
u\bxz\& ) s
Cs e m
add Kiq, 120, (K5) F\) EM
cceS
Q dd  F DE MDD
“ | E n W
suY F%@ e
add
- ®)

Chapter 4 — The Processor — 62



g MW
E M W
F nE MW
F(D) E MW
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1«/\ \)\()(,\\V\‘\V\;)I 0\\\ \M\'/\/‘ CX\\D\/\S 630 \/\,\,(ov\.)\/\
AL Q:\\IL §\‘_"\9>CS Lo 0\\/0{4 g¥f-b\’\m{d

\f\c\’t&"JS' 4 ><
Ld c D E M :\"
F nd

add D E W
A

§\"ru\c)(‘\m\ W arewd \3-“::
o\ (Lc \,J(.‘\"'- eé{\"
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Forwarding (aka Bypassing)

Mﬂ\/ﬁé k\f\é""ﬂ AS

Use result when it is computed
Don’t wait for it to be stored in a register
Requires extra connections in the datapath
[Forwarding paths are valid only if the destination stage is later in
lime than the source stage

Ex: There can’t be a path from the output of the memory stage to the
input of the execution stage

Program
execution _ 200 400
order Time T
(in instruco:fions) S
r i
add x1, x2, x3 IF —C ID

e
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e Value A %5 1S Comp-tedl
- -2
add X205, X JoM W
@‘2\2} 2\ F D E "
Ld X ,0(&s) F P 33_5_ M

V‘s\
M eumory cddess — o +(Xs)

ke h instruchions Com Forwd Joba & Fam cilchs
5\"'705 1 .
@ R- h”)e. (an Fovesd o MEM ov W ks
5\15&1
@ Log\d Caon Qc)(.pad gl(om W g :
[*\%H“’J’\b" Shpe i Prrading |

A 'U“m ’M«& E’( 5'~C‘ﬁzt%L[—The Processor—66'




(Load-Use Data Hazard /

Can’t always avoid stalls by forwarding
If value not computed when needed

Can’t forward backward in time!
4" F D e e [u)
Program Sub F b 6 ‘@ w
iﬁ;;?“°” Time 200 400 600 800 1000 1200 1400
(in instructions) o sy
1963 o(x2) F —5 1D WB |
ra oo/ 0 Lty

>EX MEM B!
bubble bubble bubble bubble bubble
©. O ' O O
IF oD | EX—IMEM

sub x4,@ X5 WB
’ / s
( ) New vz/lu&t_/t' Ky
' Yeceav
o\ Jy\(?{‘“ ¢ Chapter 4 — The Processor — 67




.Chapter 4 — The Processor — 68



Code Scheduling to Avoid Stalls

— Leg d
. . —_ A\fl}\\w«/"t.(—
“Reorder code to avoid use of load result in the next” =
instruction ((A=lbre > l

e; c=b + f; € :=bif;

f are 1n memory
, 8, 16)—Friem. xQ .\

—=1d e ,b,og_(_oj'“ [1d L x1, 0(x0)
8(x e(x2) 8(x0)
. P (g 160

c 2

x5, 32(x0)

13 | 11 |
cvcles —”5‘:70% ‘ cyces‘ \

[?(rsk 1ASkrne o Z . Acs Chapter 4 — The Processor — 69
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oh = !
Control Hazards @ 5

Branch determines flow of control

Fetching next instruction depends on branch
o een — et \avyer

outcome _— e b —o Fobew PC

Pipeline can’t always fetch correct instruction
Still working on ID stage of brarich (@3 [€c3{ ce4 <@
Dl Eof M W

b F
1 5585

In RISC-V pipeline F
Need to@mpare registers| and compute
’/D&OJL f hﬂ <

target garly in the pipeline
Add hardware to do it in ID stage B
BTA = PC < \mwm K ot | G

Desa 2/
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Stall on Branch

Wait until branch outcome determined
before fetching next instruction

Program

execution Ti 200 400 600 800 1000 1200 1400 -
order Ime T | | | | T | -
(in instructions)

add x4, x5, x6 '"S]f;‘t‘f;b" Reg| ALU asjézs Reg

Instructi Dat
ve 110,40 ot Tl | 228 T —
bubble buble buble bubble buble
A A A
or X7, x8, x9 - »|Instruction Data
\ 400 ps fetch Reg| ALU access | K9

\00 \prawe \vxg\(hu)‘[vws — lod 9\’2\“3
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Branch Prediction

Longer pipelines can't readily determine
branch outcome early

Stall penalty becomes unacceptable AR

Predi < b
Predict outcome of branch (A Toy,, bt

Only stall if ére\(ﬂction iSWrong ) (spelete ey
In RISC-V pipeline  Gloosys R re bfame b

Can predict branches/n‘ot taken
Fetch instruction after branch, with no delay

Qmw‘/k Vth‘C—‘fbf__-% i 5275 "\chﬂcy
~ —=> 536'3&(05 as¢ (oSt

(0o \oﬂ\wz
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More-Realistic Branch rediction
Taken b%' — —]
Static branch prediction

Based on typical branch behavior S:f

Example: loop and if-statement branches

Predlctm'b'ra'hﬁﬁe}taken % )
Predict forward branches fiot taken) \;‘/) Mot TRl e
Dynamic branch prediction
Hardware measures actual branch behavior
e.g., record recent history of each branch

Assume future behavior will continue the trend
When wrong, stall while re-fetching, and update history
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‘ALOO : 6¢L r‘s\, rSZ/ EK‘LE

Y
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V\’l’f""s no¥ Rku\‘ ore-t = )< ken

D”'(wvbs

J" o")'o"\ f; .

- HM = P/game A

;’e,/)' chi2n ;Su/am
C’(mc)_cL’w enoc/b»



- et o )i’

- / Tab~
peck” ”@“‘ )15, LooPF /n/ \PM

h’, Ona_ ‘HM-'\

Fines fmbor 7 Mok Taka )
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RISC-V Pipelined Datapath

EX: Execute/
address calculation

ID: Instruction decode/ WB: Write back

register file read

IF: Instruction fetch MEM: Memory access

| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
I | |
I | |
4— | | |
| | |
| | |
Add T T [
| | |
. [ | ADD Sum ? '
| | \ |
| | [ Shift ‘ |
| | \left1 | |
| | [ |
| | [ |
| | | |
0 " : Read Read : . \ [ :
ister 1 \
u PC Address | register data 1 | Zero Y ———» |
X | Read | ALU |
1 ) | register 2 | , :‘slﬂ]: »| Address Read |
Instruction | Registers i deaa;a
| Write Read | | Data
M E M Instruction | register data 2 | memory
memo
i : Write :
data Write
| /V | >
data
N :
- | |
Right-to-left | 22 |
WB \

flow leads to i
hazards |

MORGAN KAUFMANN
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Pipeline registers

Need registers between stages
To hold information produced in previous cycle

Stage registers must be wide enough to store all the data corresponding to
the lines that go through them

IF/ID is{96-bit\: 32-bit instruction and 64-bit for PC

ID/EX is 256-bit: (rs1), (rs2), Sign-Extended value, and PC

EX/MEM is 193-bit and MEM/WB is 128-bit

E FL: EX/MEM| @m)
cw:‘) 64
b ‘r 7 ¢4
- P | ¢y
Nk » Ny zf A .
Ty N (s sars g 3
2 1 a ;
) =
LoV A A Y e
c | 1
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Pipeline Operation

Cycle-by-cycle flow of instructions through
the plpellned datapath o Denah oo
© “Sin le-clock-cycle” pipeline diagram  +w wiiw
Showsﬁpeline usage’in a single cycle 53 *3\* -Coke
o 2Cp”
Highlight resources used
2 c.f. “multi-clock-cycle” diagram Do wet confuge

—_— e  wirk
Graph of operation over time 7 MW - Cgels
eV

We’'ll look at “single-clock-cycle” diagrams
for load & store
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IF for Load, Store, ...

Instruction fetch

iFIID ) ID/EX EX/MEM MEM/WB
pC oY
>Add > -
4 Add Sum
/ Shift
left 1
[ =4
Address % Read
2 register 1 Read >
® data 1
= Read > —
Instruction e register2 Rond
mengy 7 i Registers Read > - ~@—»-| Address data = 1
Write data 2 > "
register Data v
Write memary .
data 0
> .| Write
{%4 ” " | data
32 64 -
PI\J v
N
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ID for Load, Store, ...
B | )

Instruction decode

|F/ID, ID/EX EX/MEM MEM/WB
4 Add Sum| >
Shift
left 1
[ 2
- 0
i} 5 ~— 61
u Address % Read
x E register 1 Readyl ¢
1 @ data 4
= Read > —
Instruction o register2 fead
memory > ] Regigters Rea - L@ Address ot L | f
Write data | e "
register "" Data "
Write memory X
> data 0
> o | Write
o "] data
32 64 >

£
e
T
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EX for Load

Werory addfess = (/s,) fSci ™ ;‘—"g

Id
|

Execution

IF/ID ID/EX EX/MEM MEM/WB

Add > - > \L
Shift ,
left 1

(0
M
u PC »| Address c > Read Read
X 2 register 1 ea >
1 S data 1
= Read e
Instruction I " |register 2 N
> Registers _ ead
memory 1 _ | Write g Read > >| Address data [
" | register data 2 Data
—| Write memory
data
Write
> data
32 Imm | 64 >
AN
| Gen

Yomke
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MEM for Loa

IF/ID ID/EX EX/MEM MEM/WB

>Add » > \‘
4 —] Add Sum| >
Shift
left 1
>0 /9 ‘w'
-

M c
u PC Address £ Read
x 2 register 1 Read > >
1 k7] data 1 .
= Read Zero > —> \
Instruction register2 ALU Ay R
> Registers o . ea
memo ead > Address "a
i Write data 2 » OM result datal
ists
reg-ls er u / 1
Write X merhory
data 1
_ | Write
o I 7| data
32 64
\ Imm ] — "

\i

Gen

— —re\LJ I8
J

Wi e
/Z\ M( Chapter 4 — The Processor — 83
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WB for Load “4' "« Mo

7 T

“‘/\S‘,V L‘ ‘ Mqi} ‘ V\ S*'r 2 {“S "\f 1 Write-back '

Address

Wrong

register L ! - |
number == —— 4%—
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Corrected Datapath foré\L[gad
‘N =T ' 0\ (
(Zg" ot \a\w,,\;‘( 2 \’7777\0\\(
7 i \@%7

IF/ID ID/EX EX/MEM < MEM/WB >
7 >
4 m
Shift
left 1

Instruction

bt !&7 ht

176.3565 kklawj
V pcl("“— ftﬁ\SH’

V(?M\L l""'l‘c ('

do es NoT pass

Fneo . ¢
,,,,,,,,,,,,,, 1" w:}?ﬂ (‘ﬁ‘s\d - Chapter 4 — The Processor — 85




EX for Store

| N |
| Execution |
IF/ID ID/EX EX/MEM MEM/WB
Add > >
4 —p AddSum
Shift
left 1
-
PC »| Address c o |Read Read
2] 7 |register 1 ea > >
L g data 1
= »| Read Zero > >
Instruction < register 2 ALU ALy _ Read 1
memory P »| Write RegIStersRead > > (;II et i g e 7] "
register data 2 u / Data u
—( Write X —— memory Ox
data ‘ 1
-~ . | Write
g ~ | data
32 Imm | 64 >
A _
V| Gen

Vo wrte
/Z\ M< Chapter 4 — The Processor — 86
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MEM for Store

s Vs, e (rg)

|3

DER EXRSEM MEMAE

‘ |‘ ﬂq\nﬂ\k:; @-‘B— l»ll:)“'
T | IEE_= -5 |10
amary ] E :
e 5 T |
_\‘_ |
» \,:(s'\-<.
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WB for Store

=D

A I -Fype
C— — L S—

IF/D.
>Add
— [’

7 7 D)
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Multi-Cycle Pipeline Diagram

Form showing resource usage
ZACat
(&

(in clock cycles) N\ >~
cC2 CC3 CC4 (CC 5) CC6 CcC7 CcC8 CCo9

Program . \IJ(
execution \A\ ‘9

order \ O
(in instructions) ’IZ - - - l (A \( S
\ N¥
| [ 1
Id x10, 40(x1 IM Re DM — egl
w | [iirRe ﬁ oM s
fere | _ —_—
sub x11, x2, X3 @ l DM[H —Reg
[~ —1
add x12, x3, x4 IM —EilR_eEl: ALU oM —Ee_g:
\ ] A | | -
-~
IM — eg @ -[DM_
pjadd x14,55, x6 IM —':l:R:eEI_ @
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Multi-Cycle Pipeline Diagram

<
A

CTraditionaI fclmj

Program
execution
order

(in instructions)

Id x10, 40(x1)
sub x11, x2, x3
add x12, x3, x4
Id x13, 48(x1)

add x14, x5, x6

M<

MORGAN KAUFMANN

Time (in clock cycles)

CC1 CcC2 CcC3 CC4 CC5 CC6 CC7 CcCs8 CC9

IF b &£ h@ W
Instruction)| Instruction . Data .

fetch ) decode Execution acCess Write-back

Instruction | Instruction Execution Data Write-back
fetch decode access
Instruction | Instruction Execution Data Write-back
fetch decode access
Instruction | Instruction Execution Data Write-back
fetch decode access
Instruction|| Instruction Execution Data Write-back
fetch decode access

G\ =)

J

\e -

e P
-0
o ©
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Single-Cycle Pipeline Diagram

State of pipeline in a given cycle c<5)

add x14, x5, x6 | @x13, 48(x1) | add x12, x3, x4 | sub x11, x2, x3 | Id x10, 40(x1) |

Instruction fetch | Instruction decode | Execution | Memory | Write-back |
o
}—/—-—9 ;

—— — — \
IF/ID ID/EX EX/MEM MEM/WB
EEEEE—
¢ . \.\\'J
AW

[ Instruction

mem Write
register

Write
data

-
| Address Read
register 1 ad
- k 1
J Read
: register 2
Instrul:tiol Regictel
ory

Read
Address data [
Data
memory

Write
data
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Pipelined Control (Simplified)

PCSrc

IF/ID ID/EX EX/MEM MEM/WB

Shift / Branch
left 1 I_:>_ Q W " h
p—

L0 RegWr@
M ( | i
u PC »| Address c »/Read
- <
1 g " - MemtoRe
< ™ Tegster 2 9
Instruction = register 2 fend
memory > — Write Reglstersc'?e’(a d2 . > »| Address Py L | .
i ata
register Data
—-| Write memory
data
_ | Write
. g data
Instruction
[31-0] .
Instruction MemRead
[30, 14-12]
—— j
Instruction S- S
11-7, 3

/g\ M( Chapter 4 — The Processor — 92

MORGAN KAUFMANN




Pipelined Control

Control signals derived from instruction

E As in single-cyclé\implementatioD //\19\9#
MC—@U \%3’(?’

Mo ke £ /
WB [ W

M
_ A(USe - .
—f 'ALU,P M % WB
wY¢

\J\haV\ M‘

(¢~

Log =

IF/ID 3529 M |qg*5'- Zoj
/ b

241+8 = A )”Iéhapter 4 — The Processor — 93




Pipelined Control . R

PCsrc 7! :\;D/EX- “Wh%

]:\AS\'\I \ n %_( S— w17 3 WY/

" ReaWride L6 %/m wri le

Control l A\_\] s“ E I; mwMMB _‘_ \’\S‘ 'S
x> A\ 0? " 4 WB 2 w‘:k
1 Mun ‘. ] 4 0
_ ﬁh\n&
<>‘ AddSum >
Shift h
left 1 L
ALUSrc
S—

o - Meenty

s

6 B g
M =
: PC Address 5 Read Read £
1 s register 1 data 1> \ -
: Read Zero > I
Instruction _ = register 2 ALU A1y Read
memory Write ReglstersRea d 6 R result »| Address data [T
register data 2 :‘ll Data
—»-| Write memory
data
Write
~| data

B 5 (| 4
D Ex. ks s Q_: [ [ —
KD /EX ¢ 12; * [ﬁt_ruc n ) 4 'I;—;' :3
o - '
— // A I¥ifp. ‘ID/&-Rd Hi EX/MEM-R) ) -

Lr/1D.24, f

- L. sy [“'-' q

F/7sD. R $,° Tnsky (24 : 20) Chapter 4 — The Processor — 94



ce\ ccr <cd Cc"" S ccb <«?
¥1d E b E MWD
¥ add F D @ @ w
rsd Fpl® M W
Sub \Ea D E M
/ A‘J?
in CCM LV Y o zlee # E'X/HEH.M‘”‘ :
s = EX . Manl4-d7
e A IDIEK Ml
T cey  whts €8 A

- 0O "
Ahsw” ML\M QC .
1”\ (Cc A (,-/L\a/" r‘} ',‘l”\ waf— x M

Avguwe = O T

LUSre = )
L C 5 s [D/EX' A ,' -
Ji': CCS , Ex/MEM: 2C‘ﬁ?pl;'t‘e/r':lteThe !'rocessor 95




Data Hazards in ALU Instructions

Consider this sequence:

sub x2, x1,x3
and x12 , X
or x13,Xx

add x14,x7,
sd x15,100(x7)

e

We can resolve hazards with forwarding
(= How do we detect when to forwar@
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Dependencies & Forwarding

Time (in clock cycles) >
Value of CC1 CC2 CC3 CC4 CC5 CC6 CC7 ccCs8 CC9

register x2: ]i 10 10 10 (10/-20) -20 =20 -20 -20
Program :
execution
order
(in instructions) - (W >
|
f su , x1, x3 IM Rng
O M\ | W
T
dx12, x2, x5 Regl
‘-3 & 2 Reg

or x13, x6,@ IM— HReg |

(Fs2)

T A
1 ——
O
<
| 7
|fD
_Q

N 1
add x14, 32, 2 M fReg | | [ TDM— —Ee_gJ

} sdx15,100(x2) IM | [-oRe S DM Re_gJ:

| D UL

/g\ M( Chapter 4 — The Processor — 97
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| Detecting the Need to Forward

Pass register numbers along pipeline
e.g., ID/EX.RegisterRs1 = register number for Rs1
sitting in ID/EX pipeline register
ALU operand register numbers in EX stage
are given by
ID/EX.RegisterRs1, ID/EX.RegisterRs2
Data hazards when
EX/MEM.RegisterRd = ID/EX.RegisterRs 1 } M
EX/MEM.RegisterRd = ID/EX.RegisterRs2 ) |Pipeline reg
MEM/WB.RegisterRd |= ID/EX.RegisterRs1 ;Fwd from . |
MEM/WB.RegisterRd = ID/EX.RegisterRs2 [ | boiie®

| pipeline reg
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Detecting the Need to Forward

But only if forwarding instruction will write
to a register!

EXIMEM.RegWrite, MEM/WB.RegWrite
g @ gWrite

Nof = ne specafien = GJCAXQ/ Xg X6
And only if Rd)for that instruction is not X0

EX/MEM.RegisterRd # O, ,
VIEM/WB.RegisterRd # O

<
Ex / \%"’
4& -.S'/’(G 1

~
5“bx8/ X""\ l()( o) GM[ME\“‘?‘O\"')L
52

=0

L L
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2.6 Y for wardi EX/MEM. PegWinte
MUK, \

ID/EX EX/MEM MEM/WB ,
(rs\) J NEM/WB RegWesy,

Forwarding Pa Qs

. ¥ ki
Q‘ S
Registers FojwardA ALU
1o \ ’
* -
W 0 B Data _ _ \
mTer o memo ] (M
5 i u
\
Siah.e*‘d VA -
ForwardB
IDAS. Reysreds! | -
v .o R 1iRe2 | (EX/MEM.RegisterRd)

—— 4
L7 f
s | S
] Ll Fo“ﬁiirtd'”g (MEM/WB RegisterRd )
4 .
S N S
! \

‘ P

= _
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Forwarding Conditions

rForwardA = Q0 (DIE The first ALU operand comes from the register file.
ForwardA = 10 CEX/MEM ) The first ALU operand is forwarded from the prior
ALU TesuIt
ForwardA =01 | MEM/WB The first ALU operand is forwarded from data
— memory or an earlier ALU resullt.

—

e

ForwardB = 00) ID/EX The second ALU operand comes from the register
file.

ForwardB = 10| EX/MEM The second ALU operand is forwarded from the prior
ALU result.

ForwardB = 01| MEM/WB The second ALU operand is forwarded from data
memory or an earlier ALU resullt.
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Forwarding Conditions

CQ/MEM te or e < 5,
L
if (EXIMEM

RegWrite)and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs1))

/

if (EX/MEM.RegWrit®and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs2))

CEovardB = 1D o = )
MEM hazard| MEw Jg bk 0'\?7; Wb < Vio

@ if (QIEM/WQ.RegWrite and (MEM/WB.RegisterRd # 0)
~ and (MEM/WB.RegisterRd = ID/EX.RegisterRs1))

@ if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and (I\/IEI\/I%B.Registeer = |ID/EX.RegisterRs2))

@ 8@ ave F;'l-g_,c Tz)ﬁ.u.«)A:oo
@ X@ “ r = RveawB = o0
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@)ouble Data Hazard)

Consider the sequence:, [ccz|ccu & ¢ =7

\  Cel

® add x1,x2 £ D E{™M (W
ey ¢ R
a(g\f = S M W

() @dd) X1, 17 X4 Flo \E

e

e -

Both hazards occur _ o - 10
Inccs z

Want to use the@ost recent Nrund € - 00

ReviseMEM hazard |condition
Only fwd if EX hazard condition isn’t true
RVHMJ A = 009
‘n CC3 (%‘/WJI?:OO

- O
N Fo/wstA -
A C -
\ Cc\ ‘<F3f-'ﬂa‘p't’§4 - 0o
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Revised Forwarding Condition

V3.3

SV AN} <

[MEMhazaer

E (MEM/WB.RegWrite
nd (MEM/WB.RegisterRd # 0)
andEX/MEI\/I.R_e_gV_V‘rite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs 1 )) j
End (MEM/WB.RegisterRd = ID/EX.RegisterRs 1)) ForwardA =
if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd # 0)
andEX/I\/IEI\/I.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs2))
and (MEM/WB.RegisterRd = ID/EX.RegisterRs2)) ForwardB = 01
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<
A

Instruction
memory

IF/ID

Datapath with Forwarding

| Instruction

M<

MORGAN KAUFMANN

ID/EX
’_'WB EX/MEM
Control > M ~WB MEM/WB
L EX > M »\VB
7\
> ﬂ o C . /
» X/MEH -%""‘-k \
. ~u M B
- —> X Q ‘ ?‘v"nh
Registers t ALUL—» . . 1
g u
> > °M X
o | Data
T memory
[ S
= >
IF/ID.RegisterRs1 Rs1 _ o -
IF/ID-RegisterRs2 | [Rs2| | | 29w €xk twava
IF/ID.RegisterRd Rd . EX/MEM.RegisterRd
."J
| -t

MEM/WB.RegisterRd
. 4

unit T
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Load-Use Hazard Detection

Check when using mstruc::uD@ls decoded

o(xw) F W

in LD stage | wdd vy JB) g5 DD

F DE MW

ALU operand register numbers | in ID‘ D, ““

LD xs_ oCX\o) E

are given by ad v7 x5 %
IF/ID.RegisterRs1, IF/ID ReglsterRSZ FF DE

Load-use hazard when @S“b
D/EX.MemRead and (ID/EX.RegisterRd(# 0
and{(ID/EX.RegisterRd = IF/ID.RegisterRs1 @

(ID/EX.RegisterRd = IF/ID. ReglsterRSZ))

If detected, stall and msert bubble

Chapter 4 — The Processor — 107



How to Stall the Pipeline

Force control values in ID/EX register

%WY l"f'e ol o ] @"M\A e~

00 merdee |

EX, MEM and WB do nop (r&g-operation)

Prevent upcci)ate of PC and IF/ID reqister
Using instruction is decoded again
Following instruction is fetched again

1-cycle stall allows MEM to read data for 1d

Can subsequently forward to EX stage

E’ Sn 20d H
M< | > [
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Load-Use Data Hazard

Time (in clock cycles) >
CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC38 CCH9 CC 10

Program
execution
order

(in instructions) _ _

|y 1
Id x2, 20(x1) IM LRe§ —[DM —T—Eg_g}
/15

= = - bubble / Stall inserted
s
( and becomes@ IM — —C:Reg 7C> 3 here
N [ \L
- — \ — —
[~ |
and x4, x2, x5 IM — —Qieg »; } -[DM —T—gegj
el L / el -
o+ —|
- LR
or X8, X2, X6 M FRE ] [ DM —[e_gJ
| add x9, x4, x2 M H Fred | [ DM (HReg
| R— [ ]
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Datapath with Hazard Detection
fm%‘w_ Lias o biven shell=1 _, pewWnbe =

Hazard - ,,:M =0
— Hazard ID/EX.MemRead.;l '7 ¢ /oW
unit .
oS T skl |a° Y Shelhzo o powrives |
S o Bl SRl ’ ‘
2 TF/AD-Hes'e ’SF/I_DVN-V‘\
c —wBl=g /_ersw\
- 8 y -
" MJ > @ "— > M :6 / »>|\WB
| B
Ky ~
CL* OI G Xy Zy X¢ 8 and ~ N /,2 Ld
» M .‘—
o u Dubble
c > X
% Registers \JFomvardA > ] > M
" ) 5 ~ ALU u
Instruction £
memory [| [ M Data X
> u memory
> X '
ForwardB >
IF/ID.RegisterRs1 -

o
IF/IDRegisterRs2__ sigu.| ext

IF/ID.RegisterRd T Rd - >
Rs2

TD /Y. Rayish. R i =
PGIE N\ DLy PC=20

)
vV

I's cq—-zbii'aiis'o’
cc (Cc§ ~< Chapter4ﬂ(1lheoﬂrbc s§o!—111
TElINW vid= =)

cc3



.
Iv\ cC S- = EK/E_EI" {\4&.\\/‘[(‘)"— - O

FD/M/J /"'; 6’
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Appendix A.5:

Constructing a Basic Arithmetic Logic
Unit (ALU)

Dr. Gheith Abandah

[Adapted from the slides of Professor Mary lrwin
( ) which in turn Adapted from Computer
Organization and Design,

Patterson & Hennessy]

CPE 232 MIPS Arithmetic 1


http://www.cse.psu.edu/~mji

RISC-V Number Representations

0 64-bit s\ig_@j numbers (2’'s complement):

Oten maXint
Lwo + lten

000 0000 0000 0000 0000 0000 0000 000P\yo
0qo00 0000 0000 0000 0000 0000 0000 0001

111 1111 1111 1111 1111 1111 1111 1120},
111 1111 1111 1111 1111 1111 1111 1131,
000 00000606 000006666080 TUUT 00001,
000 0000 0000 0000 0000 0000 0000 0001{y,

+ 9,223,372,036,854,775,806.0,
+ 9,223,372,036,854,775, 807 cn
_—____9_,223,372,036,854,775,8018);11
= 9,223,372,836,854,775,807cap

0
0
1
1

= Zten minint

WO -1 ten

0 Converting <64-bit values into 64-bit values

® copy the most significant bit (the sign bit) into the “empty” bits
0010 -> 0000 0010

1010 -> 1111 1010

1111 1111 1111 1111 17111 1111 1111 1110kye
@ 111 1111 1111 1111 1111 1111 1111 111\1/[
.

® sign extend versus zero extend (lb vs. 1lbu)

R T

4;’)" LGhrafen QO

CPE 232 MIPS Arithmetic



RISC-V Arithmetic Logic Unit (ALU

0 Must support the Arithmetic/Logic . zero ov = o flow

operations of the ISA oc A ‘i‘ﬂ J\

add, addi ke /’ as

— T A—f— C@,wﬂ

sub RC)\ 64 ,:c; K

T 63

and, andi, or, ori, xor, xori >ALU result
m slt, slti, sltiu, sltu

’B
i 4

Y

@C(&’& m (operation)
0 With special handling for oog? AND
0
® sign extend — addi, andi, ori, xori 7 OK

® zero extend — 1bu ” . '
0 RISC-V world is 64-bit wide > 64-bit wide ALU G4-bik ALV
a First, generate\1-bit ALU|slice then replicate 64 times
O ALU is constructed from: AND, OR, inverters, MUXes
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Review: 2’s Complement Binary Representation

2'sc binary decimal
23 = 1000 -8
0 Negate (22-1) = 1001 il
1010 -6
1011 (5)
1100 -4
1101 -3 6N
1011 N%ok
1110 -2 N=— N
and add a 1 111 il ~
010 0000 0 ~N-N+]
e 0001 £ 1
complement all the bits 0010 + 2
J . T e b 0011 x 3
: . e 0100 + o4
- negy W0 -C(010D D] + 5
0 Note: negate and 110 g
invert_are different!
23-1= 0111 s 7

CPE 232 MIPS Arithmetic 4



Binary Addition
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Review: Halfgg2!2) Adderjand Full((3,2) Adder | .
A o ~X¢

A | B |Cin|Cout| S
. @ oo s o
A|B|[Cout|s Q—ot@ 0 |Aa
ojo] o |of(ash, .. of1ko)f o [aj
1-bit Half a1 o | 1—'A%td':‘:" L s ot 1) (1 ]o
Adder S [@lo| 0 |G @) © 0] 0| o |a]
| 11 @ o @;} M| alo
l ‘ (Gout) o] o f Do
Cout : 1
AreAB - PO e3==slIEMII
S=A®B (odd parity function) S=A®B®Cin (odd parity function)
\_" )(OK N = oY
Cout = A&B (majority function) Cout = A&B | A&Cin | B&Cin
l B —Fajorit fynction)\
AND \Y \
0 Howac >Ee.|1 tdbuild a 64-t&it a@ld’ér’?{w) =
> o — NP S
0 How ca dify it egsily to bui@eang@@o&g
CPE 232 MIPS Arithmetic . C fi D-r 6



A 64-bit\Ripple Carry|Adder/Subtractor
. o addirin
add/sub —
0 Remember 2's N ‘ _1@44 f%m
complement is just o 1o ety
adliion S AT D ER0 [
e complement all the bits Bo ] 0 _®
control A 1 bit
(°=ad&lis‘éb) :}D— Bif control =0, ~ _jD—» FA, [~ S
B¢ 0 B, if control = 1 1 C,
Selest =2 S (63 :9]
= . ))— A, —| 1-bit
¢ FAQ_ e S2
e add a 1 in the least B, D [c o
significant bit 1114 _ °
A 0}11) > 0111 :
B - 9ilof — + 1001 | Ces
§0001| ‘99 _ 1 Aes— 1-bit| o
o1 (000D o) o1 | 2
03 lC64=COUt

A - @ A+ (-8
A+
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Tailoring the ALU to the RISC-V ISA
2 Need to support the logic operations (and, or, xor)

@ Bit wise operations (no carry operation involved)

® Need a logic gate for each function, mux to choose the output
0 Need to support the set-on-less-than instruction (s1t)

® Use subtraction to determine if (a — b) < 0 (implies a < b)

® Copy the sign bit into the low order bit of the result, set
remaining result bits to O

0 Need to support test for equality (bne, beq)
® Again use subtraction: (a-b)=0impliesa=Db
@ Additional logic to “nor” all result bits together

0 Immediates are sign extended outside the ALU with
wiring (i.e., no logic needed)

CPE 232 MIPS Arithmetic 8



RISC-V ALU

0 Least-significant bits

Ai Jc/b’___
ny —D—

Ainyert
I Binyert

oYV
0, Ree, K30 A'\W""\-
1.
Function Binvert | Operation __1
~“and 0 ©) To
S or 0 ©) s
" add 0 10 0
./ sub D) f_g 1O
/ slt 1 K 0
nev | 7 co 11

CarryOut
CPE 232'MIPS Arithmetic .

nebk (VS )

T5"Uh g MUX

not ((1's,) orCviz))

‘-‘V\C)Q V\b\-( A 7)
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A—JJ/SuB:C(nx (O 2 M’bv\

D1

B Re e
T = signlieany
\—

g\.\( <

Ri A %
- (TS\) -( rsl)
1>
563 /('S‘)(Vn)

\%¢ 3
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Set if less than (sit Wi A, LA
- (A<3

0 sltrd, rst, rs2 N R )
o Iffs1)<(s2) > rd = (0000000................ 0000 o<, PO
o If(rs1)>=(s2)> rd = (0000000................ 0000),,, 4 by ¢t/

0 For ALU, to ALUg;, connect the Less input to ground or

Zero . & ‘ . \~”_~J{'

S\\CAi s 9(3"”‘2\; =

0 Use subtraction to determine if rs1 is less than rs2
———/-_—

® rs1 —rs2 is dde z/subtractor output in ALUg is 1
@ The adder/subtractor utpu

of ALUg; and is
connected to the Less input of ALU, (essp = 1)

0 Since we need a special ALU slice for the most
significant digit to generate the Set output, we add the
functionality needed to generate the overflow detection
logic since it is associated with that bit too (s I+ wu
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RISC-V ALU

0 Most-significant bit

Ainvert

Operation

‘ Binvert Carryln

L

0

> Result

©

N ol W b
A
Less
Function Binvert | Operation
and 0 00
| or 0 01
Nadd | 0 10 |
sub 1 10
sltf 1 1L
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Overflow Detection
a Overflow: the result is too large to represent in 64 bits

2 Overflow occurs when

@ adding two positives yields a negative
® or, adding two neqgatives gives a positive

® or, subtract a negative from a positive gives a negative
® or, subtract a positive from a negative gives|a positive

0 On your own: Prove you can detect overflow by:
e Carry into MSB(XOR Carry out of MSB, ex for 4 bit signed numbers
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Overflow Detection
k“@wb = -P

A63 B63 C53 (Cln) C64 (Cout) 863 Overflow (OV)
ty)Q,(‘)Q 0 0 &*)0 0
70 [0 1 0 71 1|
T1%% [ 0 0 1 0
0 | 1 1 1 0 0
110 0 0 1 0
1110 1 1 0 0 -
(1 11 0 1 40 1 |
91 1 1 1 31 0
Ces
OV = ove F‘o«u
Ces
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RISC-VALU. ¢ bek veer. Binver C

bve .
Q For sub, slt, and branch: Binvert = 1 and C, = 1 P&

—_— NG *Qfl
0 For add: Binvert = 0 and Cy = 0 )
GV\C} oY _» Jor

a For logical except NOR: Binvert=0and C; =X =0

/‘%d°“" Y o &

0 For NOR:Bin t—1andCo X-1

a wnee b e awu)\ o
0 Based on above: Blnvert and C, are merged together into

once signal called|Bnegate

<
e
E
S
I
I
0
)

‘v v

Ainvert Bnegate Operation
0 0 00 AND
0 0 01 OR
0 0 10 ADD
0 1 10 SUB/Branch
0 1 11 SLT
1 1 00 NOR
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RISC-V ALU

Zero ov

b,

A—F—

64
——/— result
64
B—F—
64 4
“Ainvert, Bnegate, Operation “

[\ . o)
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Bnegate Operation
Ainvert E |
al==r Carryln Result)
b0 esu "
s e —
CarryOut
al—= Carryln
bl —» ALU Result1 | _ g "
80— Less S
CarryOut : Zei
.— . —
- l L r l
az—= Carryln
b2—» ALU2  [Resul2 -
00— Less
CarryQut
] ; ; : : Carryln :
— |y
a6 Cartyin Results3 [
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Set if less than correction

0 Previously we connected Less, to Set which is only correct if there

is no overflow sttt A3
0 From the truth table below, we deduce that:
LeSSO - Set 6—) OV Aimi:egate Operation
=11 |
a1 Lo Resultd
Set ov Less, B i e |
0 0 0 CarryOut
0 1 1 :i_:; C{ggjn Result1 | _
1 0 1 CarryQut : Zero
=1 ]
1 1 0 a2—= Carryln ——
Se> =
CarryQu
) Set OV T
L (e ] |
SQ/(’ 6 \/ ( © 9> ¢ 63— ‘ Earlr"yln* ﬁas“"e—agl
T b5 33— ALUB3 Set
_0.. 0 0—= Less = Overflow
2 | O
|
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Appendix A.6: ENA

Faster Addition: Carry Loo&heﬁj
S

P(k”][,oj\ox o(ﬂ'v{' row = jja/k Jo(dv + )4017 4 Muxté

Dels b LIt < Jday h61-biF Rigfe 7
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Improving Addition Performance . ond/ov
~1 4 basic gade = 1 guhe by

a The ripple-carry adder is slow

o o4 Conphx 4 e Jel<
qu"" RCA N 8 3“'\()4‘? Cb\-l)?Xo\f/ )(V\oEj ’
b a, be a0
B) o ®) 4 vy v v gy
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Carry-Lookahead Adder

0 Need fast way to find the carry c, 2 _’[
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Carry-Lookahead Adder

0 Carry generate and carry
propagatey- a,

A pe i i a; b; e f Pi

)" 2 p.
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Carry-Lookahead Adder

ﬁ
Carry Equations: 7 __ (3) C:JFA} kA, 5,'
(o)&%— c -
= {
cl g0 + p0cO 9, -

Sop LW )
" 2\ endh ArCal) 9 e 3)
X e2 =gl +pler - 91+ Pi(%O*%C*) ('&TCBD} _ S,
\/CL = gl + plg0 + plp0OcO (o —
-, 4 — (o)Co
d 0)31

A e3 = g2 + p2c2 = %4 1, (9 rR9+ARce) 0k ﬁ)j_}
C

l/ <y = g2 + p2gl + p2plg0 + p2plpOcO ((3%

= 2 . —> 3
V3, ] (3)
P,
A ca = g3 + p3c3 O | }3)
\‘

v Cy =93 + p392 + p3p2gl + p3p2plg0 + p3p2plp0cO0 |3

Do = ZF
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4-bit Carry-Lookahead Adder
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Fi e it G, Py, G, Dy,

/
2 L A G G) ) & 17
é’élc C}Pg éz ‘51 'CLLGIH GoR f

al (W@ ¢V
’5,(7‘1 5,3 [2
V'L 95+ P31 Py 3r + PaB8:3,

2)
I\ = P7 P‘ Pg‘ p\‘

CPE 232 MIPS Arithmetic




—
O » VP, (3
(q = Go*f )O'Co (®) Co jj;:‘:b—— C,,1
(3 Go — )

Cg: 6 : ,D.Co(?\os >, 5)
o ‘*RGOJFP‘\O‘B)GD s 2

= e

Chi 'Zf

SICY
Ca G4 PG, + PPC. . @Pfoco

(DPL

(3)6 | l 1 w) \7.
1S P‘ | —
P.
<o

1)6

uﬁ

~






\“‘) aA( \2) &8) Cé - (35 + Ps 3‘4 Al E’Bc‘t
D NN

‘) Cé )FD\' 5 c ((\3) Pé-“ - C¢
\ G S\’;‘;i ":'D/ (é)
Wew T [ e
M) 9 s //
Deley f 16- ik CLA = 4 geke Jedoy
2 7 RCA=-32 » 7

Lok LA 1s 3.5 hews fas b #heu
l6-bit RCA

CPE 232 MIPS Arithmetic 33



ot CLA = Dy - 5 gon MK
H-bit C(,A —) p{/(Cu/ = 5 ij’L )
it o = i 9 gade Jekrys

for e’y 4 Adi Flond cLL” ‘/{ Fle
)dw/ Q& CLA 5 /V\C(WJ lp7‘j;

C/P(‘Tfa

b\)l/\\,? © e need. 2/9;4{ JJwU.
to  Compee G'C; P(

O r VLewl (Z, -e/bh’i 7&
Jo(“*/ﬁ Fo  comp—re +le ‘7)%[9

cCavvy V‘f ((&1 (8 (/2/



K?:\ D-\ G/~ D\ (S} > (; / D
<‘TD} I3 ot [z ctL ' b"’/"

b FCA

6&?3 cLL G?I

ul8 63} W___ C'é F
Q) ) % - “‘J(é)@ =) J

CPE 232 MIPS Arithmetic . 35



Larger Carry-Lookahead Adders

’ P, = p0p1p2p3j

/

G0= g3 + g2p3 + glp2p3

+ gOplp2p3
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